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For the hip hop group, see Binary Star (band).
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Artist's impression of the evolution of a hot high-mass binary star.
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Hubble image of the Sirius binary system, in which Sirius B can be clearly distinguished (lower left)





A binary star is a star system consisting of two stars orbiting around their common center of mass. The brighter star is called the primary and the other is its companion star, [image: Wiktionary Logo] comes /ˈkoʊmiːz/, or secondary. Research between the early 19th century and today suggests that many stars are part of either binary star systems or star systems with more than two stars, called multiple star systems. The term double star may be used synonymously with binary star, but more generally, a double star may be either a binary star or an optical double star which consists of two stars with no physical connection but which appear close together in the sky as seen from the Earth. A double star may be determined to be optical if its components have sufficiently different proper motions or radial velocities, or if parallax measurements reveal its two components to be at sufficiently different distances from the Earth. Most known double stars have not yet been determined to be either bound binary star systems or optical doubles.

Binary star systems are very important in astrophysics because calculations of their orbits allow the masses of their component stars to be directly determined, which in turn allows other stellar parameters, such as radius and density, to be indirectly estimated. This also determines an empirical mass-luminosity relationship (MLR) from which the masses of single stars can be estimated.

Binary stars are often detected optically, in which case they are called visual binaries. Many visual binaries have long orbital periods of several centuries or millennia and therefore have orbits which are uncertain or poorly known. They may also be detected by indirect techniques, such as spectroscopy (spectroscopic binaries) or astrometry (astrometric binaries). If a binary star happens to orbit in a plane along our line of sight, its components will eclipse and transit each other; these pairs are called eclipsing binaries, or, as they are detected by their changes in brightness during eclipses and transits, photometric binaries.

If components in binary star systems are close enough they can gravitationally distort their mutual outer stellar atmospheres. In some cases, these close binary systems can exchange mass, which may bring their evolution to stages that single stars cannot attain. Examples of binaries are Sirius and Cygnus X-1 (of which one member is probably a black hole). Binary stars are also common as the nuclei of many planetary nebulae, and are the progenitors of both novae and type Ia supernovae.
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 Discovery

The term binary was first used in this context by Sir William Herschel in 1802,[1] when he wrote:[2]


"If, on the contrary, two stars should really be situated very near each other, and at the same time so far insulated as not to be materially affected by the attractions of neighbouring stars, they will then compose a separate system, and remain united by the bond of their own mutual gravitation towards each other. This should be called a real double star; and any two stars that are thus mutually connected, form the binary sidereal system which we are now to consider."



By the modern definition, the term binary star is generally restricted to pairs of stars which revolve around a common centre of mass. Binary stars which can be resolved with a telescope or interferometric methods are known as visual binaries.[3][4] For most of the known visual binary stars one whole revolution has not been observed yet, they are observed to have travelled along a curved path or a partial arc.[5]
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This figure shows a system with two stars





The more general term double star is used for pairs of stars which are seen to be close together in the sky.[1] This distinction is rarely made in languages other than English.[3] Double stars may be binary systems or may be merely two stars that appear to be close together in the sky but have vastly different true distances from the Sun. The latter are termed optical doubles or optical pairs.[6]

Since the invention of the telescope, many pairs of double stars have been found. Early examples include Mizar and Acrux. Mizar, in the Big Dipper (Ursa Major), was observed to be double by Giovanni Battista Riccioli in 1650[7][8] (and probably earlier by Benedetto Castelli and Galileo).[9] The bright southern star Acrux, in the Southern Cross, was discovered to be double by Father Fontenay in 1685.[7]

John Michell was the first to suggest that double stars might be physically attached to each other when he argued in 1767 that the probability that a double star was due to a chance alignment was small.[10][11] William Herschel began observing double stars in 1779 and soon thereafter published catalogs of about 700 double stars.[12] By 1803, he had observed changes in the relative positions in a number of double stars over the course of 25 years, and concluded that they must be binary systems;[13] the first orbit of a binary star, however, was not computed until 1827, when Félix Savary computed the orbit of Xi Ursae Majoris.[14] Since this time, many more double stars have been catalogued and measured. The Washington Double Star Catalog, a database of visual double stars compiled by the United States Naval Observatory, contains over 100,000 pairs of double stars,[15] including optical doubles as well as binary stars. Orbits are known for only a few thousand of these double stars,[16] and most have not been ascertained to be either true binaries or optical double stars.[17] This can be determined by observing the relative motion of the pairs. If the motion is part of an orbit, or if the stars have similar radial velocities and the difference in their proper motions is small compared to their common proper motion, the pair is probably physical.[18] One of the tasks that remains for visual observers of double stars is to obtain sufficient observations to prove or disprove gravitational connection.

 Classifications

 Methods of observation

Binary stars are classified into four types according to the way in which they are observed: visually, by observation; spectroscopically, by periodic changes in spectral lines; photometrically, by changes in brightness caused by an eclipse; or astrometrically, by measuring a deviation in a star's position caused by an unseen companion.[3][19] Any binary star can belong to several of these classes; for example, several spectroscopic binaries are also eclipsing binaries.

 Visual binaries

A visual binary star is a binary star for which the angular separation between the two components is great enough to permit them to be observed as a double star in a telescope, or even high-powered binoculars. The angular resolution of the telescope is an important factor in the detection of visual binaries, and as better angular resolutions are applied to binary star observations increasing number of visual binaries will be detected. The relative brightness of the two stars is also an important factor, as glare from a bright star may make it difficult to detect the presence of a fainter component.

The brighter star of a visual binary is the primary star, and the dimmer is considered the secondary. In some publications (especially older ones), a faint secondary is called the comes (plural comites; English: companion). If the stars are the same brightness, the discoverer designation for the primary is customarily accepted.[20]

The position angle of the secondary with respect to the primary is measured, together with the angular distance between the two stars. The time of observation is also recorded. After a sufficient number of observations are recorded over a period of time, they are plotted in polar coordinates with the primary star at the origin, and the most probable ellipse is drawn through these points such that the Keplerian law of areas is satisfied. This ellipse is known as the apparent ellipse, and is the projection of the actual elliptical orbit of the secondary with respect to the primary on the plane of the sky. From this projected ellipse the complete elements of the orbit may be computed, where the semi-major axis can only be expressed in angular units unless the stellar parallax, and hence the distance, of the system is known.[4]

 Spectroscopic binaries
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	This section needs additional citations for verification. Please help improve this article by adding citations to reliable sources. Unsourced material may be challenged and removed. (July 2012) 




Sometimes, the only evidence of a binary star comes from the Doppler effect on its emitted light. In these cases, the binary consists of a pair of stars where the spectral lines in the light emitted from each star shifts first toward the blue, then toward the red, as each moves first toward us, and then away from us, during its motion about their common center of mass, with the period of their common orbit.

In these systems, the separation between the stars is usually very small, and the orbital velocity very high. Unless the plane of the orbit happens to be perpendicular to the line of sight, the orbital velocities will have components in the line of sight and the observed radial velocity of the system will vary periodically. Since radial velocity can be measured with a spectrometer by observing the Doppler shift of the stars' spectral lines, the binaries detected in this manner are known as spectroscopic binaries. Most of these cannot be resolved as a visual binary, even with telescopes of the highest existing resolving power.

In some spectroscopic binaries, spectral lines from both stars are visible and the lines are alternately double and single. Such a system is known as a double-lined spectroscopic binary (often denoted "SB2"). In other systems, the spectrum of only one of the stars is seen and the lines in the spectrum shift periodically towards the blue, then towards red and back again. Such stars are known as single-lined spectroscopic binaries ("SB1").

The orbit of a spectroscopic binary is determined by making a long series of observations of the radial velocity of one or both components of the system. The observations are plotted against time, and from the resulting curve a period is determined. If the orbit is circular then the curve will be a sine curve. If the orbit is elliptical, the shape of the curve will depend on the eccentricity of the ellipse and the orientation of the major axis with reference to the line of sight.

It is impossible to determine individually the semi-major axis a and the inclination of the orbit plane i. However, the product of the semi-major axis and the sine of the inclination (i.e. a sin i) may be determined directly in linear units (e.g. kilometres). If either a or i can be determined by other means, as in the case of eclipsing binaries, a complete solution for the orbit can be found.[21]

Binary stars that are both visual and spectroscopic binaries are rare, and are a precious source of valuable information when found. Visual binary stars often have large true separations, with periods measured in decades to centuries; consequently, they usually have orbital speeds too small to be measured spectroscopically. Conversely, spectroscopic binary stars move fast in their orbits because they are close together, usually too close to be detected as visual binaries. Binaries that are both visual and spectroscopic thus must be relatively close to Earth.

 Eclipsing binaries
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Artist’s impression of eclipsing binary.[22]
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Algol B orbits Algol A. This animation was assembled from 55 images of the CHARA interferometer in the near-infrared H-band, sorted according to orbital phase.





An eclipsing binary star is a binary star in which the orbit plane of the two stars lies so nearly in the line of sight of the observer that the components undergo mutual eclipses. In the case where the binary is also a spectroscopic binary and the parallax of the system is known, the binary is quite valuable for stellar analysis.[23] Algol is the best-known example of an eclipsing binary.[24]

In the last decade, measurement of eclipsing binaries' fundamental parameters has become possible with 8 meter class telescopes. This makes it feasible to use them as standard candles. Recently, they have been used to give direct distance estimates to the LMC, SMC, Andromeda Galaxy and Triangulum Galaxy. Eclipsing binaries offer a direct method to gauge the distance to galaxies to a new improved 5% level of accuracy.[25]
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This video shows an artist’s impression of an eclipsing binary star system. As the two stars orbit each other they pass in front of one another and their combined brightness, seen from a distance, decreases.





Eclipsing binaries are variable stars, not because the light of the individual components vary but because of the eclipses. The light curve of an eclipsing binary is characterized by periods of practically constant light, with periodic drops in intensity. If one of the stars is larger than the other, one will be obscured by a total eclipse while the other will be obscured by an annular eclipse.

The period of the orbit of an eclipsing binary may be determined from a study of the light curve, and the relative sizes of the individual stars can be determined in terms of the radius of the orbit by observing how quickly the brightness changes as the disc of the near star slides over the disc of the distant star. If it is also a spectroscopic binary the orbital elements can also be determined, and the mass of the stars can be determined relatively easily, which means that the relative densities of the stars can be determined in this case.[26]

 Astrometric binaries

Astronomers have discovered some stars that seemingly orbit around an empty space. Astrometric binaries are relatively nearby stars which can be seen to wobble around a point in space, with no visible companion. The same mathematics used for ordinary binaries can be applied to infer the mass of the missing companion. The companion could be very dim, so that it is currently undetectable or masked by the glare of its primary, or it could be an object that emits little or no electromagnetic radiation, for example a neutron star.[27]

The visible star's position is carefully measured and detected to vary, due to the gravitational influence from its counterpart. The position of the star is repeatedly measured relative to more distant stars, and then checked for periodic shifts in position. Typically this type of measurement can only be performed on nearby stars, such as those within 10 parsecs. Nearby stars often have a relatively high proper motion, so astrometric binaries will appear to follow a sinusoidal path across the sky.

If the companion is sufficiently massive to cause an observable shift in position of the star, then its presence can be deduced. From precise astrometric measurements of the movement of the visible star over a sufficiently long period of time, information about the mass of the companion and its orbital period can be determined.[28] Even though the companion is not visible, the characteristics of the system can be determined from the observations using Kepler's laws.[29]

This method of detecting binaries is also used to locate extrasolar planets orbiting a star. However, the requirements to perform this measurement are very exacting, due to the great difference in the mass ratio, and the typically long period of the planet's orbit. Detection of position shifts of a star is a very exacting science, and it is difficult to achieve the necessary precision. Space telescopes can avoid the blurring effect of the Earth's atmosphere, resulting in more precise resolution.

 Configuration of the system
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Artist's conception of a cataclysmic variable system





Another classification is based on the distance of the stars, relative to their sizes:[30]

Detached binaries are binary stars where each component is within its Roche lobe, i.e. the area where the gravitational pull of the star itself is larger than that of the other component. The stars have no major effect on each other, and essentially evolve separately. Most binaries belong to this class.

Semidetached binary stars are binary stars where one of the components fills the binary star's Roche lobe and the other does not. Gas from the surface of the Roche-lobe-filling component (donor) is transferred to the other, accreting star. The mass transfer dominates the evolution of the system. In many cases, the inflowing gas forms an accretion disc around the accretor.

A contact binary is a type of binary star in which both components of the binary fill their Roche lobes. The uppermost part of the stellar atmospheres forms a common envelope that surrounds both stars. As the friction of the envelope brakes the orbital motion, the stars may eventually merge.[31]

 Cataclysmic variables and X-ray binaries

When a binary system contains a compact object such as a white dwarf, neutron star or black hole, gas from the other (donor) star can accrete onto the compact object. This releases gravitational potential energy, causing the gas to become hotter and emit radiation. Cataclysmic variables, where the compact object is a white dwarf, are examples of such systems.[32] In X-ray binaries, the compact object can be either a neutron star or a black hole. These binaries are classified as low-mass or high-mass according to the mass of the donor star. High-mass X-ray binaries contain a young, early type, high-mass donor star which transfers mass by its stellar wind, while low-mass X-ray binaries are semidetached binaries in which gas from a late-type donor star overflows the Roche lobe and falls towards the neutron star or black hole.[33] Probably the best known example of an X-ray binary at present is the high-mass X-ray binary Cygnus X-1. In Cygnus X-1, the mass of the unseen companion is believed to be about nine times that of our sun,[34] far exceeding the Tolman-Oppenheimer-Volkoff limit for the maximum theoretical mass of a neutron star. It is therefore believed to be a black hole; it was the first object for which this was widely believed.[35]

 Orbital period

Orbital periods can be less than an hour (for AM CVn stars), or a few days (components of Beta Lyrae), but also hundreds of thousands of years (Proxima Centauri around Alpha Centauri AB).

 Designations

 A and B

The components of binary stars are denoted by the suffixes A and B appended to the system's designation, A denoting the primary and B the secondary. The suffix AB may be used to denote the pair (for example, the binary star α Centauri AB consists of the stars α Centauri A and α Centauri B.) Additional letters, such as C, D, etc., may be used for systems with more than two stars.[36] In cases where the binary star has a Bayer designation and is widely separated, it is possible that the members of the pair will be designated with superscripts; an example is ζ Reticuli, whose components are ζ1 Reticuli and ζ2 Reticuli.[37]

 Discoverer designations

Double stars are also designated by an abbreviation giving the discoverer together with an index number.[38] α Centauri, for example, was found to be double by Father Richaud in 1689, and so is designated RHD 1.[7][39] These discoverer codes can be found in the Washington Double Star Catalog.[40]

 Hot and cold

The components of a binary star system may be designated by their relative temperatures as the hot companion and cool companion.

Examples:


	Antares (Alpha Scorpii) is a red supergiant star in a binary system with a hotter blue main sequence star Antares B. Antares B can therefore be termed a hot companion of the cool supergiant.[41]

	Symbiotic stars are binary star systems composed of a late-type giant star and a hotter companion object. Since the nature of the companion is not well-established in all cases, it may be termed a "hot companion".[42]

	The luminous blue variable Eta Carinae has recently been determined to be a binary star system. The secondary appears to have a higher temperature than the primary and has therefore been described as being the "hot companion" star. It may be a Wolf-Rayet star.[43]

	R Aquarii shows a spectrum which simultaneously displays both a cool and hot signature. This combination is the result of a cool red supergiant accompanied by a smaller, hotter companion. Matter flows from the supergiant to the smaller, denser companion.[44]

	NASA's Kepler mission has discovered examples of eclipsing binary stars where the secondary is the hotter component. KOI-74b is a 12,000 K white dwarf companion of KOI-74 (KIC 6889235), a 9,400 K early A-type main sequence star.[45][46][47] KOI-81b is a 13,000 K white dwarf companion of KOI-81 (KIC 8823868), a 10,000 K late B-type main sequence star.[45][46][47]



 Evolution

 Formation

While it is not impossible that some binaries might be created through gravitational capture between two single stars, given the very low likelihood of such an event (three objects are actually required, as conservation of energy rules out a single gravitating body capturing another) and the high number of binaries, this cannot be the primary formation process. Also, the observation of binaries consisting of pre main sequence stars, supports the theory that binaries are already formed during star formation. Fragmentation of the molecular cloud during the formation of protostars is an acceptable explanation for the formation of a binary or multiple star system.[48][49]

The outcome of the three body problem, where the three stars are of comparable mass, is that eventually one of the three stars will be ejected from the system and, assuming no significant further perturbations, the remaining two will form a stable binary system.

 Mass transfer and accretion

As a main-sequence star increases in size during its evolution, it may at some point exceed its Roche lobe, meaning that some of its matter ventures into a region where the gravitational pull of its companion star is larger than its own.[50] The result is that matter will transfer from one star to another through a process known as Roche Lobe overflow (RLOF), either being absorbed by direct impact or through an accretion disc. The mathematical point through which this transfer happens is called the first Lagrangian point.[51] It is not uncommon that the accretion disc is the brightest (and thus sometimes the only visible) element of a binary star.
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An animation of an eclipsing binary system undergoing mass transfer





If a star grows outside of its Roche lobe too fast for all abundant matter to be transferred to the other component, it is also possible that matter will leave the system through other Lagrange points or as stellar wind, thus being effectively lost to both components.[52] Since the evolution of a star is determined by its mass, the process influences the evolution of both companions, and creates stages that cannot be attained by single stars.[53][54]

Studies of the eclipsing ternary Algol led to the Algol paradox in the theory of stellar evolution: although components of a binary star form at the same time, and massive stars evolve much faster than the less massive ones, it was observed that the more massive component Algol A is still in the main sequence, while the less massive Algol B is a subgiant star at a later evolutionary stage. The paradox can be solved by mass transfer: when the more massive star became a subgiant, it filled its Roche lobe, and most of the mass was transferred to the other star, which is still in the main sequence. In some binaries similar to Algol, a gas flow can actually be seen.[55]

 Runaways and novae
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A composite image of the remnants of the SN 1572 supernova





It is also possible for widely separated binaries to lose gravitational contact with each other during their lifetime, as a result of external perturbations. The components will then move on to evolve as single stars. A close encounter between two binary systems can also result in the gravitational disruption of both systems, with some of the stars being ejected at high velocities, leading to runaway stars.[56][57]

If a white dwarf has a close companion star that overflows its Roche lobe, the white dwarf will steadily accrete gases from the star's outer atmosphere. These are compacted on the white dwarf's surface by its intense gravity, compressed and heated to very high temperatures as additional material is drawn in. The white dwarf consists of degenerate matter, and so is largely unresponsive to heat, while the accreted hydrogen is not. Hydrogen fusion can occur in a stable manner on the surface through the CNO cycle, causing the enormous amount of energy liberated by this process to blow the remaining gases away from the white dwarf's surface. The result is an extremely bright outburst of light, known as a nova.[58]

In extreme cases this event can cause the white dwarf to exceed the Chandrasekhar limit and trigger a supernova that destroys the entire star, and is another possible cause for runaways.[59][60] An example of such an event is the supernova SN 1572, which was observed by Tycho Brahe. The Hubble Space Telescope recently took a picture of the remnants of this event.

 Astrophysics
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A simulated example of a binary star, where two bodies with similar mass orbit around a common barycenter in elliptic orbits





Binaries provide the best method for astronomers to determine the mass of a distant star. The gravitational pull between them causes them to orbit around their common center of mass. From the orbital pattern of a visual binary, or the time variation of the spectrum of a spectroscopic binary, the mass of its stars can be determined. In this way, the relation between a star's appearance (temperature and radius) and its mass can be found, which allows for the determination of the mass of non-binaries.

Because a large proportion of stars exist in binary systems, binaries are particularly important to our understanding of the processes by which stars form. In particular, the period and masses of the binary tell us about the amount of angular momentum in the system. Because this is a conserved quantity in physics, binaries give us important clues about the conditions under which the stars were formed.

 Research findings

It is estimated that approximately 1/3 of the star systems in the Milky Way are binary or multiple, with the remaining 2/3 consisting of single stars.[61]

There is a direct correlation between the period of revolution of a binary star and the eccentricity of its orbit, with systems of short period having smaller eccentricity. Binary stars may be found with any conceivable separation, from pairs orbiting so closely that they are practically in contact with each other, to pairs so distantly separated that their connection is indicated only by their common proper motion through space. Among gravitationally bound binary star systems, there exists a so-called log normal distribution of periods, with the majority of these systems orbiting with a period of about 100 years. This is supporting evidence for the theory that binary systems are formed during star formation.[62]

In pairs where the two stars are of equal brightness, they are also of the same spectral type. In systems where the brightnesses are different, the fainter star is bluer if the brighter star is a giant star, and redder if the brighter star belongs to the main sequence.[63]
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Artist's impression of the sight from a (hypothetical) moon of planet HD 188753 Ab (upper left), which orbits a triple star system. The brightest companion is just below the horizon.





The mass of a star can be directly determined only from its gravitational attraction. Apart from the Sun and stars which act as gravitational lenses, this can be done only in binary and multiple star systems, making the binary stars an important class of stars. In the case of a visual binary star, after the orbit and the stellar parallax of the system has been determined, the combined mass of the two stars may be obtained by a direct application of the Keplerian harmonic law.[64]

Unfortunately, it is impossible to obtain the complete orbit of a spectroscopic binary unless it is also a visual or an eclipsing binary, so from these objects only a determination of the joint product of mass and the sine of the angle of inclination relative to the line of sight is possible. In the case of eclipsing binaries which are also spectroscopic binaries, it is possible to find a complete solution for the specifications (mass, density, size, luminosity, and approximate shape) of both members of the system.

 Planets

Science fiction has often featured planets of binary or ternary stars as a setting, for example George Lucas' Tatooine from Star Wars, and one notable story, Nightfall, even takes this to a six-star system. In reality, some orbital ranges are impossible for dynamical reasons (the planet would be expelled from its orbit relatively quickly, being either ejected from the system altogether or transferred to a more inner or outer orbital range), whilst other orbits present serious challenges for eventual biospheres because of likely extreme variations in surface temperature during different parts of the orbit. Planets that orbit just one star in a binary pair are said to have "S-type" orbits, whereas those that orbit around both stars have "P-type" or "circumbinary" orbits. It is estimated that 50–60% of binary stars are capable of supporting habitable terrestrial planets within stable orbital ranges.[65]

Simulations have shown that the presence of a binary companion can actually improve the rate of planet formation within stable orbital zones by "stirring up" the protoplanetary disk, increasing the accretion rate of the protoplanets within.[65]

Detecting planets in multiple star systems introduces additional technical difficulties, which may be why they are only rarely found.[66] Examples include the white dwarf-pulsar binary PSR B1620-26, the subgiant-red dwarf binary Gamma Cephei, and the white dwarf-red dwarf binary NN Serpentis. More planets around binaries are listed in: [Muterspaugh; Lane; Kulkarni; Maciej Konacki; Burke; Colavita; Shao; Hartkopf et al. (2010). "The PHASES Differential Astrometry Data Archive. V. Candidate Substellar Companions to Binary Systems". arXiv:1010.4048 [astro-ph.SR].].

A study of fourteen previously known planetary systems found three of these systems to be binary systems. All planets were found to be in S-type orbits around the primary star. In these three cases the secondary star was much dimmer than the primary and so was not previously detected. This discovery resulted in a recalculation of parameters for both the planet and the primary star.[67]

 Examples
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The two visibly distinguishable components of Albireo





The large distance between the components, as well as their difference in color, make Albireo one of the easiest observable visual binaries. The brightest member, which is the third brightest star in the constellation Cygnus, is actually a close binary itself. Also in the Cygnus constellation is Cygnus X-1, an X-ray source considered to be a black hole. It is a high-mass X-ray binary, with the optical counterpart being a variable star.[68] Sirius is another binary and the brightest star in the night time sky, with a visual apparent magnitude of −1.46. It is located in the constellation Canis Major. In 1844 Friedrich Bessel deduced that Sirius was a binary. In 1862 Alvan Graham Clark discovered the companion (Sirius B; the visible star is Sirius A). In 1915 astronomers at the Mount Wilson Observatory determined that Sirius B was a white dwarf, the first to be discovered. In 2005, using the Hubble Space Telescope, astronomers determined Sirius B to be 12,000 km (7,456 mi) in diameter, with a mass that is 98% of the Sun.[69]

An example of an eclipsing binary is Epsilon Aurigae in the constellation Auriga. The visible component belongs to the spectral class F0, the other (eclipsing) component is not visible. The next such eclipse occurs from 2009–2011, and it is hoped that the extensive observations that will likely be carried out may yield further insights into the nature of this system. Another eclipsing binary is Beta Lyrae, which is a semi-detached binary star system in the constellation of Lyra.

Other interesting binaries include 61 Cygni (a binary in the constellation Cygnus, composed of two K class (orange) main sequence stars, 61 Cygni A and 61 Cygni B, which is known for its large proper motion), Procyon (the brightest star in the constellation Canis Minor and the eighth brightest star in the night time sky, which is a binary consisting of the main star with a faint white dwarf companion), SS Lacertae (an eclipsing binary which stopped eclipsing), V907 Sco (an eclipsing binary which stopped, restarted, then stopped again) and BG Geminorum (an eclipsing binary which is thought to contain a black hole with a K0 star in orbit around it).

 Multiple star examples

Systems with more than two stars are termed multiple stars. Algol is the most noted ternary (long thought to be a binary), located in the constellation Perseus. Two components of the system eclipse each other, the variation in the intensity of Algol first being recorded in 1670 by Geminiano Montanari. The name Algol means "demon star" (from Arabic: الغول‎ al-ghūl), which was probably given due to its peculiar behavior. Another visible ternary is Alpha Centauri, in the southern constellation of Centaurus, which contains the fourth brightest star in the night sky, with an apparent visual magnitude of −0.01. This system also underscores the fact that binaries need not be discounted in the search for habitable planets. Alpha Centauri A and B have an 11 AU distance at closest approach, and both should have stable habitable zones.[70]

There are also examples of systems beyond ternaries: Castor is a sextuple star system, which is the second brightest star in the constellation Gemini and one of the brightest stars in the nighttime sky. Astronomically, Castor was discovered to be a visual binary in 1719. Each of the components of Castor is itself a spectroscopic binary. Castor also has a faint and widely separated companion, which is also a spectroscopic binary. The Alcor-Mizar visual binary in Ursa Majoris also consists of six stars, four comprising Mizar and two comprising Alcor.

 See also
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Artist's impression of the orbits of HD 188753, a triple star system





A multiple star consists of three or more stars which appear from the Earth to be close to one another in the sky. This may result from the stars being physically close and gravitationally bound to each other, in which case it is physical, or this closeness may be merely apparent, in which case the multiple star is optical.[1][2][3] Physical multiple stars are also commonly called multiple stars or multiple star systems.

Most multiple star systems are triple stars, also called trinary or ternary. Systems with four or more components are less likely to occur.[2]

Multiple stars have sizes intermediate between binary systems, with two stars in a stable orbit, and open star clusters, which have more complex dynamics and typically have from 100 to 1,000 stars.[4] They can be divided into two classes corresponding dynamically to these two extremes. Most multiple stars are organized in a hierarchical manner, with smaller orbits nested inside larger orbits. In these systems there is little interaction between the orbits and, as in binary stars, the orbits are stable.[2][5] Other multiple stars, termed trapezia, are usually very young, unstable systems. These are thought to form in stellar nurseries, and quickly fragment into stable multiple stars, which in the process may eject components as galactic high velocity stars. An example of such a system is the Trapezium in the heart of the Orion nebula.[6][7]
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 Hierarchical systems

 Triple star systems

In a physical triple star system, each star orbits the center of mass of the system. Usually, two of the stars form a close binary system, and the third orbits this pair at a distance much larger than that of the binary orbit. This arrangement is called hierarchical.[8][9] The reason for this is that if the inner and outer orbits are comparable in size, the system may become dynamically unstable, leading to a star being ejected from the system.[10] Triple stars that are not all gravitationally bound might comprise a physical binary and an optical companion, such as Beta Cephei, or rarely, a purely optical triple star, such as Gamma Serpentis.

 Higher multiplicities
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Mobile diagrams: (a) multiplex; (b) simplex, binary system; (c) simplex, triple system; (d) simplex, quadruple system, hierarchy 2; (e) simplex, quadruple system, hierarchy 3; (f) simplex, quintuple system, hierarchy 4.





Hierarchical multiple star systems with more than three stars can produce a number of more complicated arrangements, which can be illustrated by what Evans (1968) has called a mobile diagram. These are similar to ornamental mobiles hung from the ceiling. Some examples can be seen in the figure to the left. Each level of the diagram illustrates the decomposition of the system into two or more systems with smaller size. Evans calls a diagram multiplex if there is a node with more than two children, i.e., if the decomposition of some subsystem involves two or more orbits with comparable size. Since, as we have already seen for triple stars, this may be unstable, multiple stars are expected to be simplex, meaning that at each level there are exactly two children. Evans calls the number of levels in the diagram its hierarchy.[11]


	A simplex diagram of hierarchy 1, as in (b), describes a binary system.




	A simplex diagram of hierarchy 2 may describe a triple system, as in (c), or a quadruple system, as in (d).




	A simplex diagram of hierarchy 3 may describe a system with anywhere from four to eight components. The mobile diagram in (e) shows an example of a quadruple system with hierarchy 3, consisting of a single distant component orbiting a close binary system, with one of the components of the close binary being an even closer binary.




	A real example of a system with hierarchy 3 is Castor, also known as Alpha Geminorum or α Gem. It consists of what appears to be a visual binary star which, upon closer inspection, can be seen to consist of two spectroscopic binary stars. By itself, this would be a quadruple hierarchy 2 system as in (d), but it is orbited by a fainter more distant component, which is also a close red dwarf binary. This forms a sextuple system of hierarchy 3.[12]




	The maximum hierarchy occurring in A. A. Tokovinin's Multiple Star Catalogue, as of 1999, is 4.[13] For example, the stars Gliese 644A and Gliese 644B form what appears to be a close visual binary star; since Gliese 644B is a spectroscopic binary, this is actually a triple system. The triple system has the more distant visual companion Gliese 643 and the still more distant visual companion Gliese 644C, which, because of their common motion with Gliese 644AB, are thought to be gravitationally bound to the triple system. This forms a quintuple system whose mobile diagram would be the diagram of level 4 appearing in (f).[14]



Higher hierarchies are also possible.[9][15] Most of these higher hierarchies either are stable or suffer from internal perturbations.[16][17][18] Others consider complex multiple stars will in time theoretically disintegrate into less complex multiple stars, like more common observed triples or quadruples are possible.[19][20]

 Trapezia

A second known class of multiple stars consists of the young trapezia, named after the multiple star known as the Trapezium in the heart of the Orion Nebula.[6] Such systems are not rare, and commonly appear close to or within bright nebulae. These stars have no standard hierarchical arrangements, but compete for stable orbits, where the center of gravity is not fixed at some point but moves as the stars change their mutual positions. This relationship is called interplay.[21] Such stars eventually settle down to a close binary with a distant companion, with the other star(s) previously in the system ejected into interstellar space at high velocities.[21] Example of such events may explain the runaway stars that might have been ejected during a collision of two binary star groups or a multiple system. This event is credited with ejecting AE Aurigae, Mu Columbae and 53 Arietis at above 200 km·s−1 and has been traced to the Trapezium cluster in the Orion Nebula some two million years ago.[22][23]

 Orbital motion in multiple stars

 Calculating the center of mass in binary stars

In a simple binary case, r1, the distance from the center of the first star to the center of mass, is given by:


	[image: r_1 = a \cdot {m_2 \over m_1 + m_2} = {a \over 1 + m_1/m_2}]



where:


	a is the distance between the two stellar centers and

	m1 and m2 are the masses of the two stars.



If a is taken to be the semimajor axis of the orbit of one body around the other, then r1 will be the semimajor axis of the first body's orbit around the center of mass or barycenter, and r2 = a – r1 will be the semimajor axis of the second body's orbit. When the center of mass is located within the more massive body, that body will appear to wobble rather than following a discernible orbit.

 Center of mass animations

Images are representative, not simulated. The position of the red cross indicates the center of mass of the system.
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(a.) Two bodies of similar mass orbiting around a common center of mass, or barycenter.
	[image: Orbit2.gif]

(b.) Two bodies with a difference in mass orbiting around a common barycenter, like the Charon-Pluto system
	[image: Orbit3.gif]

(c.) Two bodies with a major difference in mass orbiting around a common barycenter (similar to the Earth-Moon system)



	[image: Orbit4.gif]

(d.) Two bodies with an extreme difference in mass orbiting around a common barycenter (similar to the Sun-Earth system)
	[image: Orbit5.gif]

(e.) Two bodies with similar mass orbiting in an ellipse around a common barycenter.




 Designations and nomenclature

 Multiple star designations

The components of multiple stars can be specified by appending the suffixes A, B, C, etc., to the system's designation. Suffixes such as AB may be used to denote the pair consisting of A and B. The sequence of letters B, C, etc. may be assigned in order of separation from the component A.[24][25] Components discovered close to an existing component may be assigned suffixes such as Aa, Ba, and so forth.[25]

 Nomenclature in the Multiple Star Catalogue
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Subsystem notation in Tokovinin's Multiple Star Catalogue.





A. A. Tokovinin's Multiple Star Catalogue uses a system in which each subsystem in a mobile diagram is encoded by a sequence of digits. In the mobile diagram (d) above, for example, the widest system would be given the number 1, while the subsystem containing its primary component would be numbered 11 and the subsystem containing its secondary component would be numbered 12. Subsystems which would appear below this in the mobile diagram will be given numbers with three, four, or more digits. When describing a non-hierarchical system by this method, the same subsystem number will be used more than once; for example, a system with three visual components, A, B, and C, no two of which can be grouped into a subsystem, would have two subsystems numbered 1 denoting the two binaries AB and AC. In this case, if B and C were subsequently resolved into binaries, they would be given the subsystem numbers 12 and 13.[26]

 Future multiple star system nomenclature

The current nomenclature for double and multiple stars can cause confusion as binary stars discovered in different ways are given different designations (for example, discoverer designations for visual binary stars and variable star designations for eclipsing binary stars), and, worse, component letters may be assigned differently by different authors, so that, for example, one person's A can be another's C.[27] Discussion starting in 1999 resulted in four proposed schemes to address this problem:[27]


	KoMa, a hierarchical scheme using upper- and lower-case letters and Arabic and Roman numerals;

	The Urban/Corbin Designation Method, a hierarchical numeric scheme similar to the Dewey Decimal system;[28]

	The Sequential Designation Method, a non-hierarchical scheme in which components and subsystems are assigned numbers in order of discovery;[29] and

	WMC, the Washington Multiplicity Catalog, a hierarchical scheme in which the suffixes used in the Washington Double Star Catalog are extended with additional suffixed letters and numbers.



For a designation system, identifying the hierarchy within the system has the advantage that it makes identifying subsystems and computing their properties easier. However, it causes problems when new components are discovered at a level above or intermediate to the existing hierarchy. In this case, part of the hierarchy will shift inwards. Components which are found to be nonexistent, or are later reassigned to a different subsystem, also cause problems.[30][31]

During the 24th General Assembly of the International Astronomical Union in 2000, the WMC scheme was endorsed and it was resolved by Commissions 5, 8, 26, 42, and 45 that it should be expanded into a usable uniform designation scheme.[27] A sample of a catalog using the WMC scheme, covering half an hour of right ascension, was later prepared.[32] The issue was discussed again at the 25th General Assembly in 2003, and it was again resolved by commissions 5, 8, 26, 42, and 45, as well as the Working Group on Interferometry, that the WMC scheme should be expanded and further developed.[33]

The sample WMC is hierarchically organized; the hierarchy used is based on observed orbital periods or separations. Since it contains many visual double stars, which may be optical rather than physical, this hierarchy may be only apparent. It uses upper-case letters (A, B, ...) for the first level of the hierarchy, lower-case letters (a, b, ...) for the second level, and numbers (1, 2, ...) for the third. Subsequent levels would use alternating lower-case letters and numbers, but no examples of this were found in the sample.[27]

 Examples
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HD 98800 is a quadruple star system located in the TW Hydrae association






	HR 3617 is a multiple star with three component stars, HR 3617A, HR 3617B, and HR 3617C. A and B form a physical binary star, while C appears to be optical.

	Alpha Centauri is a triple star composed of a main binary yellow dwarf pair (Alpha Centauri A and Alpha Centauri B), and an outlying red dwarf, Proxima Centauri. Both A and B form a physical binary star, designated as Alpha Centauri AB, α Cen AB, or RHD 1 AB, where the AB denotes this is a binary system.[34] The moderately eccentric orbit of the binary can make the components be as close as 11 AU or as far away as 36 AU. Proxima is much further away (~15,000 AU) from α Cen AB than they are to each other. Although this distance is still comparatively small to interstellar distances, it is still debatable whether Proxima, whose orbital period would be more than 500,000 years, is gravitationally bound to α Cen AB.[35]

	HD 188753 is a physical triple star system located approximately 149 light-years away from Earth in the constellation Cygnus. The system is composed of HD 188753A, a yellow dwarf; HD 188753B, an orange dwarf; and HD 188753C, a red dwarf. B and C orbit each other every 156 days, and, as a group, orbit A every 25.7 years. A hot Jupiter type extrasolar planet was claimed to be in orbit around the primary star HD 188753A,[36] however its existence has been called into question by a more recent study.[37]

	Polaris or Alpha Ursa Minoris (α UMi), the north star, is a triple star system in which the closer companion star is extremely close to the main star—so close that it was only known from its gravitational tug on Polaris A (α UMi A) until it was imaged by the Hubble Space Telescope in 2006.
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Location of Alpha Centauri in Centaurus





Alpha Centauri (α Centauri, α Cen; also known as Rigel Kent /ˈraɪdʒəl ˈkɛnt/—see Names) is the brightest star in the southern constellation of Centaurus, and the third brightest star in the night sky.[10][11] The Alpha Centauri system is located 1.34 parsecs or 4.37 light years from the Sun, making it the closest star system to the Solar System.[12] Although it appears to the unaided eye as a single object, Alpha Centauri is actually a binary star system (designated Alpha Centauri AB or α Cen AB) whose combined visual magnitude of −0.27 makes it the third brightest star seen from Earth after the −1.46 magnitude Sirius and the −0.72 magnitude Canopus.

Its individual component stars are named Alpha Centauri A (α Cen A), with 110% of the mass and 151.9% the luminosity of the Sun, and Alpha Centauri B (α Cen B), at 90.7% of the Sun's mass and 44.5% of its luminosity. During the pair's 79.91-year orbit about a common center, the distance between them varies from about that between Pluto and the Sun to that between Saturn and the Sun.

A third star, known as Proxima Centauri, Proxima, or Alpha Centauri C (α Cen C), is probably gravitationally associated with Alpha Centauri AB. Proxima is at the slightly smaller distance of 1.29 parsecs or 4.24 light years from the Sun, making it the closest star to the Sun, even though it is not visible to the naked eye. The separation of Proxima from Alpha Centauri AB is about 0.06 parsecs, 0.2 light years or 13,000 astronomical units (AU); equivalent to 400 times the size of Neptune's orbit.

The system may also contain at least one planet, the Earth-sized Alpha Centauri Bb, which if confirmed will be the closest known exoplanet to Earth. The planet has a mass at least 113% of Earth's[13] and orbits Alpha Centauri B with a period of 3.236 days.[14] Orbiting at a distance of 6 million kilometers from the star,[13] 4% of the distance of the Earth to the Sun and a tenth of the distance between Mercury and the Sun, the planet has an estimated surface temperature of 1500 K (roughly 1200 °C), too hot to be habitable.[15]
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Mobile notation diagram of the system





"Alpha Centauri" is the name given to what appears as a single star to the naked eye and the brightest star in the southern constellation of Centaurus. With the aid of a telescope, Alpha Centauri can be resolved into a binary star system in close orbit. This is known as the Alpha Centauri AB system, which is abbreviated as α Centauri AB or α Cen AB.

Alpha Centauri A (α Cen A) and Alpha Centauri B (α Cen B) are the individual stars of the binary system, usually defined to identify them as the different components of the binary α Cen AB. A third companion, Proxima Centauri (or Proxima or α Cen C), has a distance much greater than the observed separation between stars A and B and is probably gravitationally associated with the AB system. As viewed from Earth, it is located at an angular separation of 2.2° from the AB system. If it were bright enough to be seen without a telescope, Proxima Centauri would appear to the naked eye as a star separate from α Cen AB. Alpha Centauri AB and Proxima Centauri form a visual double star. Direct evidence that Proxima Centauri has an elliptical orbit typical of binary stars has yet to be found.[16]

Together all three components make a triple star system, referred to by double-star observers as the triple star (or multiple star), α Cen AB-C.

 Nature of the system

At −0.27v visual magnitude,[17] Alpha Centauri appears to the naked eye as a single star and is fainter than Sirius and Canopus. The next brightest star in the night sky is Arcturus. When considered among the individual brightest stars in the sky (excluding the Sun), Alpha Centauri A is the fourth brightest at −0.01 magnitude,[18] being only fractionally fainter than Arcturus at −0.04v magnitude. Alpha Centauri B at 1.33v magnitude is twenty-first in brightness.
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Artist’s impression of the planet around Alpha Centauri B
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View of Alpha Centauri from the Digitized Sky Survey 2
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Component sizes and colors. Shows the relative sizes and colors of stars in the Alpha Centauri system and compares them with those of the Sun.





Alpha Centauri A is the principal member, or primary, of the binary system, being slightly larger and more luminous than the Sun. It is a solar-like main-sequence star with a similar yellowish color,[19] whose stellar classification is spectral type G2 V.[18] From the determined mutual orbital parameters, Alpha Centauri A is about 10% more massive than the Sun, with a radius about 23% larger.[6] The projected rotational velocity ( v·sin i ) of this star is 2.7 ± 0.7 km·s−1, resulting in an estimated rotational period of 22 days,[8] which gives it a slightly faster rotational period than the Sun's 25 days.

Alpha Centauri B is the companion star, or secondary, of the binary system, and is slightly smaller and less luminous than the Sun. It is a main-sequence star is of spectral type K1 V,[4][18] making it more an orange color than the primary star.[19] Alpha Centauri B is about 90% the mass of the Sun and 14% smaller in radius.[6] The projected rotational velocity ( v·sin i ) is 1.1 ± 0.8 km·s−1, resulting in an estimated rotational period of 41 days.[8] (An earlier, 1995 estimate gave a similar rotation period of 36.8 days.)[20] Although it has a lower luminosity than component A, star B emits more energy in the X-ray band. The light curve of B varies on a short time scale and there has been at least one observed flare.[21]

Alpha Centauri C, also known as Proxima Centauri, is of spectral class M5 Ve[18] or M5 VIe, suggesting this is either a small main-sequence star (Type V) or subdwarf (VI) with emission lines. Its B−V color index is +1.90 and its mass is about 0.123 M☉,[22] or 129 Jupiter masses.[23]

Together, the bright visible components of the binary star system are called Alpha Centauri AB (α Cen AB). This "AB" designation denotes the apparent gravitational centre of the main binary system relative to other companion star(s) in any multiple star system.[24] "AB-C" refers to the orbit of Proxima around the central binary, being the distance between the centre of gravity and the outlying companion. Some older references use the confusing and now discontinued designation of A×B. Since the distance between the Sun and Alpha Centauri AB does not differ significantly from either star, gravitationally this binary system is considered as if it were one object.[25]

Asteroseismic studies, chromospheric activity, and stellar rotation (gyrochronology), are all consistent with the α Cen system being similar in age to, or slightly older than, the Sun, with typical ages quoted between 4.5 and 7 billion years (Gyr).[26] Asteroseismic analyses that incorporate the tight observational constraints on the stellar parameters for α Cen A and/or B have yielded age estimates of 4.85 ± 0.5 Gyr,[27] 5.0 ± 0.5 Gyr,[28] 5.2–7.1 Gyr,[29] 6.4 Gyr,[30] 6.52 ± 0.3 Gyr.[31] Age estimates for stars A and B based on chromospheric activity (Calcium H & K emission) yield 4.4–6.5 Gyr, while gyrochronology yields 5.0 ± 0.3 Gyr.[26]

 Observation

The Alpha Centauri AB binary is too close to be resolved by the naked eye, because the angular separation varies between 2 and 22 arcsec,[32] but through much of the orbit, both are easily resolved in binoculars or small 5 cm (2 in) telescopes.[33]

In the southern hemisphere, Alpha Centauri forms the outer star of The Pointers or The Southern Pointers,[33] so called because the line through Beta Centauri (Hadar/Agena),[34] some 4.5° west,[33] points directly to the constellation Crux — the Southern Cross.[33] The Pointers easily distinguish the true Southern Cross from the fainter asterism known as the False Cross.[35]

South of about 29° S latitude, Alpha Centauri is circumpolar and never sets below the horizon.[36] Both stars, including Crux, are too far south to be visible for mid-latitude northern observers. Below about 29° N latitude to the equator (roughly Hermosillo, Chihuahua in Mexico, Galveston, Texas, Ocala, Florida and Lanzarote, the Canary Islands of Spain) during the northern summer, Alpha Centauri lies close to the southern horizon.[34] The star culminates each year at midnight on 24 April or 9 p.m. on 8 June.[34][37]

As seen from Earth, Proxima Centauri lies 2.2° southwest from Alpha Centauri AB.[38] This is about four times the angular diameter of the Full Moon, and almost exactly half the distance between Alpha Centauri AB and Beta Centauri. Proxima usually appears as a deep-red star of 13.1v visual magnitude in a poorly populated star field, requiring moderately sized telescopes to see. Listed as V645 Cen in the General Catalogue of Variable Stars (G.C.V.S.) Version 4.2, this UV Ceti-type flare star can unexpectedly brighten rapidly to about 11.0v or 11.09V magnitude.[18] Some amateur and professional astronomers regularly monitor for outbursts using either optical or radio telescopes.[39]

 Observational history

The binary nature of Alpha Centauri AB was first recognized in December 1689 by astronomer and Jesuit priest Jean Richaud. The finding was made incidentally while observing a passing comet from his station in Puducherry. Alpha Centauri was only the second binary star system to be discovered, preceded only by Alpha Crucis.[40] By 1752, French astronomer Abbé Nicolas Louis de Lacaille made astrometric positional measurements using a meridian circle while John Herschel, in 1834, made the first micrometrical observations.[41] Since the early 20th century, measures have been made with photographic plates.[42]

By 1926, South African astronomer William Stephen Finsen calculated the approximate orbit elements close to those now accepted for this system.[43] All future positions are now sufficiently accurate for visual observers to determine the relative places of the stars from a binary star ephemeris.[44] Others, like the Belgian astronomer D. Pourbaix (2002), have regularly refined the precision of any new published orbital elements.[45]
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Alpha Centauri A and B resolved over the limb of Saturn, as seen by Cassini–Huygens
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The two bright stars are (left) Alpha Centauri and (right) Beta Centauri. The faint red star in the center of the red circle is Proxima Centauri. Taken with Canon 85mm f/1.8 lens with 11 frames stacked, each frame exposed 30 seconds.





Alpha Centauri is the closest star system to the Solar System. It lies about 4.37 light-years in distance, or about 41.5 trillion kilometres, 25.8 trillion miles or 277,600 AU. Astronomer Thomas James Henderson made the original discovery from many exacting observations of the trigonometric parallaxes of the AB system between April 1832 and May 1833. He withheld the results because he suspected they were too large to be true, but eventually published in 1839 after Friedrich Wilhelm Bessel released his own accurately determined parallax for 61 Cygni in 1838.[46] For this reason, Alpha Centauri is considered as the second star to have its distance measured because it was not formally recognized first.[46] Alpha Centauri is currently inside the G-cloud, and the nearest known system to it is WISE 1049-5319 at 3.6 ly.[citation needed]

R.T.A. Innes from South Africa discovered Proxima Centauri in 1915 by blinking photographic plates taken at different times during a dedicated proper motion survey. This showed the large proper motion and parallax of the star was similar in both size and direction to those of Alpha Centauri AB, suggesting immediately it was part of the system and slightly closer to us than Alpha Centauri AB. Lying 4.22 light-years away, Proxima Centauri is the nearest star to the Sun. All current derived distances for the three stars are from the parallaxes obtained from the Hipparcos star catalog (HIP).[47][48][49][50]

 Binary system
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Apparent and true orbits of Alpha Centauri. The A component is held stationary and the relative orbital motion of the B component is shown. The apparent orbit (thin ellipse) is the shape of the orbit as seen by an observer on Earth. The true orbit is the shape of the orbit viewed perpendicular to the plane of the orbital motion. According to the radial velocity vs. time [9] the radial separation of A and B along the line of sight had reached a maximum in 2007 with B being behind A. Since the orbit is divided here into 80 points, each step refers to a timestep of approx. 0.99888 years or 364.84 days.





With the orbital period of 79.91 years,[45] the A and B components of this binary star can approach each other to 11.2 astronomical units, equivalent to 1.67 billion km or about the mean distance between the Sun and Saturn, or may recede as far as 35.6 AU (5.3 billion km—approximately the distance from the Sun to Pluto).[45][51] This is a consequence of the binary's moderate orbital eccentricity e = 0.5179.[45] From the orbital elements, the total mass of both stars is about 2.0 M☉[52]—or twice that of the Sun.[51] The average individual stellar masses are 1.09 M☉ and 0.90 M☉, respectively,[53] though slightly higher masses have been quoted in recent years, such as 1.14 M☉ and 0.92 M☉,[18] or totalling 2.06 M☉. Alpha Centauri A and B have absolute magnitudes of +4.38 and +5.71, respectively.[18][42] Stellar evolution theory implies both stars are slightly older than the Sun[6] at 5 to 6 billion years, as derived by both mass and their spectral characteristics.[38][54]

Viewed from Earth, the apparent orbit of this binary star means that the separation and position angle (P.A.) are in continuous change throughout the projected orbit. Observed stellar positions in 2010 are separated by 6.74 arcsec through the P.A. of 245.7°, reducing to 6.04 arcsec through 251.8° in 2011.[45] Next closest approach will be in February 2016, at 4.0 arcsec through 300°.[45][55] Observed maximum separation of these stars is about 22 arcsec, while the minimum distance is 1.7 arcsec.[56] Widest separation occurred during February 1976 and the next will be in January 2056.[45]

In the true orbit, closest approach or periastron was in August 1955, and next in May 2035. Furthest orbital separation at apastron last occurred in May 1995 and the next will be in 2075. The apparent distance between the two stars is presently rapidly decreasing, at least until 2019.[45]

 Companion: Proxima Centauri

Main article: Proxima Centauri

The much fainter red dwarf star named Proxima Centauri, or simply Proxima, is about 15,000 AU away from Alpha Centauri AB.[24][38][42] This is equivalent to 0.24 light years or 2.2 trillion kilometres—about 5% the distance between the Sun and Alpha Centauri AB. Proxima is likely gravitationally bound to Alpha Centauri AB, orbiting it with a period between 100,000 and 500,000 years.[38] However, it is also possible that Proxima is not gravitationally bound and thus moving along a hyperbolic trajectory[57] with respect to Alpha Centauri AB.[24] The main evidence for a bound orbit is that Proxima's association with Alpha Centauri AB is unlikely to be accidental, since they share approximately the same motion through space.[38] Theoretically, Proxima could leave the system after several million years.[58] It is not yet certain whether Proxima and Alpha are truly gravitationally bound.[59]

Proxima is an M5.5 V spectral class red dwarf with an absolute magnitude of +15.53, which is only a small fraction of the Sun's luminosity. By mass, Proxima is presently calculated as 0.123 ± 0.06 M☉ (rounded to 0.12 M☉) or about one-eighth that of the Sun.[60]

 High-proper-motion star

All components of Alpha Centauri display significant proper motions against the background sky, similar to the first magnitude stars Sirius and Arcturus. Over the centuries, this causes the apparent stellar positions to slowly change. Such motions define the high-proper-motion stars.[61] These stellar motions were unknown to ancient astronomers. Most assumed that all stars were immortal and permanently fixed on the celestial sphere, as stated in the works of the philosopher Aristotle.[62]

Edmond Halley in 1718 found that some stars had significantly moved from their ancient astrometric positions.[63] For example, the bright star Arcturus (α Boo) in the constellation of Boötes showed an almost 0.5° difference in 1800 years,[64] as did the brightest star, Sirius, in Canis Major (α CMa).[65] Halley's positional comparison was Ptolemy's catalogue of stars contained in the Almagest[66] whose original data included portions from an earlier catalog by Hipparchos during the 1st century BCE.[67][68][69] Halley's proper motions were mostly for northern stars, so the southern star Alpha Centauri was not determined until the early 19th century.[56]

Scottish-born observer Thomas James Henderson in the 1830s at the Royal Observatory at the Cape of Good Hope discovered the true distance to Alpha Centauri.[70][71] He soon realised this system displayed an unusually high proper motion,[72] and therefore its observed true velocity through space should be much larger.[73][56] In this case, the apparent stellar motion was found using Abbé Nicolas Louis de Lacaille's astrometric observations of 1751–1752,[74] by the observed differences between the two measured positions in different epochs. Using the Hipparcos Star Catalogue (HIP) data, the mean individual proper motions are −3678 mas/yr or −3.678 arcsec per year in right ascension and +481.84 mas/yr or 0.48184 arcsec per year in declination.[75][76] As proper motions are cumulative, the motion of Alpha Centauri is about 6.1 arcmin each century, and 61.3 arcmin or 1.02° each millennium. These motions are about one-fifth and twice, respectively, the diameter of the full moon.[58] Using spectroscopy the mean radial velocity has been determined to be 25.1 ± 0.3 km/s towards the Solar System.[77][78]

As the stars of Alpha Centauri approach us, the measured proper motion and trigonometric parallax slowly increase.[38][58][58][75] Changes are also observed in the size of the semi-major axis 'a' of the orbital ellipse, increasing by 0.03 arcsec per century.[24][79] This slightly shortens the observed orbital period of Alpha Centauri AB by some 0.006 years per century being caused by the changes in the size of semi-major axis 'a'. This small effect is gradually reducing, until the star system is closest to us, and is then reversed as the distance increases again.[24] Consequently, the observed position angles of the stars are subject to changes in the orbital elements over time, as first determined by W. H. van den Bos in 1926.[80][81][82] Some slight differences of about 0.5% in the measured proper motions are caused by Alpha Centauri AB's orbital motion.[75]

Based on these observed proper motions and radial velocities, Alpha Centauri will continue to gradually brighten, passing just north of the Southern Cross or Crux, before moving northwest and up towards the celestial equator and away from the galactic plane. By about 29,700 AD, in the present-day constellation of Hydra, Alpha Centauri will be 1.00 pc or 3.26 ly away.[58] Then it will reach the stationary radial velocity (RVel) of 0.0 km/s and the maximum apparent magnitude of −0.86V (which is comparable to present-day magnitude of Canopus). However, even during the time of this nearest approach, the apparent magnitude of Alpha Centauri will still not surpass that of Sirius (which will brighten incrementally over the next 60,000 years, and will continue to be the brightest star as seen from Earth for the next 210,000 years).[83]

The Alpha Centauri system will then begin to move away from the Solar System, showing a positive radial velocity.[58] Due to visual perspective, about 100,000 years from now, these stars will reach a final vanishing point and slowly disappear among the countless stars of the Milky Way. Here this once bright yellow star will fall below naked-eye visibility somewhere in the faint present day southern constellation of Telescopium (this unusual location results from the fact that Alpha Centauri's orbit around the galactic centre is highly tilted with respect to the plane of the Milky Way galaxy).[58]

 Apparent movement

In about 4000 years, the proper motion of Alpha Centauri will mean that from the point of view of Earth it will appear close enough to Beta Centauri to form an optical double star. Beta Centauri is in reality far more distant than Alpha Centauri.
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Apparent motion of Alpha Centauri relative to Beta Centauri





 Planets

Until the last decade of the twentieth century, technologies did not exist that could detect planets outside the Solar System.[84]


The Alpha Centauri B system[85]

	Companion

(in order from star)
	Mass
	Semimajor axis

(AU)
	Orbital period

(days)
	Eccentricity
	Inclination
	Radius



	b
	1.13 ± 0.09 M⊕
	0.04
	3.2357 ± 0.0008
	—
	—
	—




 Alpha Centauri Bb

Further information: Alpha Centauri Bb

On 16 October 2012, researchers, mainly from the Observatory of Geneva and from the Centre for Astrophysics of the University of Porto, announced that an Earth-mass planet had been detected in orbit around Alpha Centauri B using the radial velocity technique.[86][87] Over three years of observations had been needed for the difficult analysis.[13] The planet has a minimum mass of 1.13 times Earth's mass.[14] It is not in the habitable zone, orbiting very close to the host star at just 0.04 AU and completing one orbit every 3.236 days.[14] Its surface temperature is estimated to be 1200 °C (about 1500 K),[88][89] far too hot for liquid water and also above the melting temperatures of many silicate magmas. For comparison, the surface temperature of Venus, the hottest planet in the Solar System, is 462 °C (735 K).

 Possibility of additional planets

The discovery of planets orbiting other star systems, including similar binary systems (Gamma Cephei), raises the possibility that additional planets may exist in the Alpha Centauri system. Such planets could orbit Alpha Centauri A or Alpha Centauri B individually, or be on large orbits around the binary Alpha Centauri AB. Since both the principal stars are fairly similar to the Sun (for example, in age and metallicity), astronomers have been especially interested in making detailed searches for planets in the Alpha Centauri system. Several established planet-hunting teams have used various radial velocity or star transit methods in their searches around these two bright stars.[90] All the observational studies have so far failed to find any evidence for brown dwarfs or gas giant planets.[90][91]

In 2009, computer simulations (then unaware of the close-in planet Bb) showed that a planet might have been able to form near the inner edge of Alpha Centauri B's habitable zone, which extends from 0.5 to 0.9 AU from the star. Certain special assumptions, such as considering that Alpha Centauri A and B may have initially formed with a wider separation and later moved closer to each other (as might be possible if they formed in a dense star cluster) would permit an accretion-friendly environment farther from the star.[92] Bodies around A would be able to orbit at slightly farther distances due to A's stronger gravity. In addition, the lack of any brown dwarfs or gas giants in close orbits around A or B make the likelihood of terrestrial planets greater than otherwise.[84] Theoretical studies on the detectability via radial velocity analysis have shown that a dedicated campaign of high-cadence observations with a 1–m class telescope can reliably detect a hypothetical planet of 1.8 Earth masses in the habitable zone of B within three years.[93]

Radial velocity measurements of Alpha Centauri B with HARPS spectrograph ruled out planets of more than 4 Earth masses to the distance of the habitable zone of the star (rotation period P = 200 days).[14]

Alpha Centauri is envisioned as the first target for unmanned interstellar exploration. Crossing the huge distance between the Sun and Alpha Centauri using current spacecraft technologies would take several millennia, though the possibility of solar sail or nuclear pulse propulsion technology could cut this down to a matter of decades.[94]

 Theoretical planets

Early computer-generated models of planetary formation predicted the existence of terrestrial planets around both Alpha Centauri A and B,[93][95][96] but most recent numerical investigations have shown that the gravitational pull of the companion star renders the accretion of planets very difficult.[92][97] Despite these difficulties, given the similarities to the Sun in spectral types, star type, age and probable stability of the orbits, it has been suggested that this stellar system could hold one of the best possibilities for harbouring extraterrestrial life on a potential planet.[98][99][100][101]

Some astronomers speculated that any possible terrestrial planets in the Alpha Centauri system may be bone dry or lack significant atmospheres. In the Solar System both Jupiter and Saturn were probably crucial in perturbing comets into the inner Solar System. Here the comets provided the inner planets with their own source of water and various other ices[102] but Proxima Centauri may have influenced the planetary disk as the Alpha Centauri system was forming enriching the area round Alpha Centauri A and B with volatile materials.[103] This would be discounted if, for example, Alpha Centauri B happened to have gas giants orbiting Alpha Centauri A (or conversely, Alpha Centauri A for Alpha Centauri B), or if the stars B and A themselves were able to successfully perturb comets into each other's inner system as Jupiter and Saturn presumably have done in the Solar System. Because icy bodies probably also reside in Oort clouds of other planetary systems, when they are influenced gravitationally by either the gas giants or disruptions by passing nearby stars many of these icy bodies then travel starwards.[58] There is no direct evidence yet of the existence of such an Oort cloud around Alpha Centauri AB, and theoretically this may have been totally destroyed during the system's formation.[58]

To be in the star's habitable zone, any suspected Earth-like planet around Alpha Centauri A would have to be placed about 1.25 AU away – about halfway between the distances of Earth's orbit and Mars's orbit in the Solar System – so as to have similar planetary temperatures and conditions for liquid water to exist. For the slightly less luminous and cooler Alpha Centauri B, this distance would be closer to its star at about 0.7 AU (100 million km), being about the distance that Venus is from the Sun.[102][104]

With the goal of finding evidence of such planets, both Proxima Centauri and Alpha Centauri AB were among the listed "Tier 1" target stars for NASA's Space Interferometry Mission (SIM). Detecting planets as small as three Earth-masses or smaller within two astronomical units of a "Tier 1" target would have been possible with this new instrument.[105] However, the SIM mission was cancelled due to financial issues in 2010.[106]

 View from this system
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Looking toward the Sun from Alpha Centauri in Celestia
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Looking toward the sky around Orion from Alpha Centauri with Sirius near Betelgeuse and the Sun between Perseus and Cassiopeia generated by Celestia





Viewed from near the Alpha Centauri system, the sky would appear very much as it does for earthbound observers, except that Centaurus would be missing its brightest star. The Sun would be a yellow +0.5 visual magnitude star in eastern Cassiopeia at the antipodal point of Alpha Centauri's current RA and Dec. at 02h 39m 35s +60° 50′ (2000). This place is close to the 3.4 magnitude star ε Cassiopeiae. An interstellar or alien observer would find the \/\/ of Cassiopeia had become a /\/\/ shape [107] nearly in front of the Heart Nebula in Cassiopeia. Sirius lies less than a degree from Betelgeuse in the otherwise unmodified Orion and is with −1.2 a little fainter than from Earth but still the brightest star in the Alpha Centauri sky. Procyon is also displaced into the middle of Gemini, outshining Pollux, while both Vega and Altair are shifted northwestward relative to Deneb (which barely moves, due to its great distance)- giving the Summer Triangle a more equilateral appearance.

From Proxima itself, Alpha Centauri AB would appear like two close bright stars with the combined magnitude of −6.8. Depending on the binary's orbital position, the bright stars would appear noticeably divisible to the naked eye, or occasionally, but briefly, as single unresolved star. Based on the calculated absolute magnitudes, the visual magnitudes of Alpha Centauri A and B would be −6.5 and −5.2, respectively.[108]

 View from a hypothetical planet
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Artist's rendition of the view from a hypothetical airless planet orbiting Alpha Centauri A





An observer on a hypothetical planet orbiting around either Alpha Centauri A or Alpha Centauri B would see the other star of the binary system as an intensely bright object in the night sky, showing a small but discernible disk.

For example, some theoretical Earth-like planet orbiting about 1.25 AU from Alpha Centauri A (so that the star appears roughly as bright as the Sun viewed from the Earth) would see Alpha Centauri B orbit the entire sky once roughly every one year and three months (or 1.3(4) a), the planet's own orbital period. Added to this would be the changing apparent position of Alpha Centauri B during its long eighty-year elliptical orbit with respect to Alpha Centauri A (comparable in speed to Uranus here). Depending on the position on its orbit, Alpha Centauri B would vary in apparent magnitude between −18.2 (dimmest) and −21.0 (brightest). These visual magnitudes are much dimmer than the currently observed −26.7 magnitude for the Sun as viewed from the Earth. The difference of 5.7 to 8.6 magnitudes means Alpha Centauri B would appear, on a linear scale, 2500 to 190 times dimmer than Alpha Centauri A (or the Sun viewed from the Earth), but also 190 to 2500 times brighter than the −12.5 magnitude full Moon as seen from the Earth.

Also, if another similar Earth-like planet orbited at 0.71 AU from Alpha Centauri B (so that in turn Alpha Centauri B appeared as bright as the Sun seen from the Earth), this hypothetical planet would receive slightly more light from the more luminous Alpha Centauri A, which would shine 4.7 to 7.3 magnitudes dimmer than Alpha Centauri B (or the Sun seen from the Earth), ranging in apparent magnitude between −19.4 (dimmest) and −22.1 (brightest). Thus Alpha Centauri A would appear between 830 and 70 times dimmer than the Sun but some 580 to 6900 times brighter than the full Moon. During such planet's orbital period of 0.6(3) a, an observer on the planet would see this intensely bright companion star circle the sky just as we see with the Solar System's planets. Furthermore, Alpha Centauri A sidereal period of approximately eighty years means that this star would move through the local ecliptic as slowly as Uranus with its eighty-four year period, but as the orbit of Alpha Centauri A is more elliptical, its apparent magnitude will be far more variable. Although intensely bright to the eye, the overall illumination would not significantly affect climate nor influence normal plant photosynthesis.[102]

An observer on the hypothetical planet would notice a change in orientation to VLBI reference points commensurate with the binary orbit periodicity plus or minus any local effects such as precession or nutation.

Assuming this hypothetical planet had a low orbital inclination with respect to the mutual orbit of Alpha Centauri A and B, then the secondary star would start beside the primary at 'stellar' conjunction. Half the period later, at 'stellar' opposition, both stars would be opposite each other in the sky. Then, for about half the planetary year the appearance of the night sky would be a darker blue – similar to the sky during totality at any total solar eclipse. Humans could easily walk around and clearly see the surrounding terrain, and reading a book would be quite possible without any artificial light.[102] After another half period in the stellar orbit, the stars would complete their orbital cycle and return to the next stellar conjunction, and the familiar Earth-like day and night cycle would return.

 Names

The colloquial name of Alpha Centauri is Rigel Kent or Rigil Kent,[109] short for Rigil/Rigel Kentaurus,[110][nb 1] the romanization of the Arabic name رجل القنطورس Rijl Qanṭūris,[109] from the phrase Rijl al-Qanṭūris "the foot of the Centaur".[111] This is sometimes further abbreviated to Rigel, though that is ambiguous with Beta Orionis. Although the short form Rigel Kent is common in English, the stars are most often referred to by their Bayer designation Alpha Centauri.

A medieval name is Toliman, whose etymology may be Arabic الظلمان al-Ẓulmān "the ostriches".[109] During the 19th century, the northern amateur popularist Elijah H. Burritt used the now-obscure name Bungula,[112] possibly coined from "β" and the Latin ungula ("hoof").[109] Together, Alpha and Beta Centauri form the "Southern Pointers" or "The Pointers", as they point towards the Southern Cross, the asterism of the constellation of Crux.[33]

In Chinese, 南門 Nán Mén, meaning Southern Gate, refers to an asterism consisting of α Centauri and ε Centauri. Consequently, α Centauri itself is known as 南門二 Nán Mén Èr, the Second Star of the Southern Gate.[113]

To the Australian aboriginal Boorong people[who?] of northwestern Victoria, Alpha and Beta Centauri are Bermbermgle,[114] two brothers noted for their courage and destructiveness, who speared and killed Tchingal "The Emu" (the Coalsack Nebula).[115] The form in Wotjobaluk is Bram-bram-bult.[114]

 Use in modern fiction


[image: ]

[image: ]

Distances of the nearest stars from 20,000 years ago until 80,000 years in the future. .





Main article: Alpha Centauri in fiction

Alpha Centauri's relative proximity makes it in some ways the logical choice as "first port of call". Speculative fiction about interstellar travel often predicts eventual human exploration, and even the discovery and colonization of planetary systems. These themes are common to many works of science fiction and video games.

 See also


	List of brightest stars

	List of nearest stars

	Project Longshot



 Notes



	^ Spellings include Rigjl Kentaurus, Hyde T., "Ulugh Beighi Tabulae Stellarum Fixarum", Tabulae Long. ac Lat. Stellarum Fixarum ex Observatione Ulugh Beighi, Oxford, 1665, p. 142., Hyde T., "In Ulugh Beighi Tabulae Stellarum Fixarum Commentarii", op. cit., p. 67., Portuguese Riguel Kentaurus da Silva Oliveira, R., [ "Crux Australis: o Cruzeiro do Sul"], Artigos: Planetario Movel Inflavel AsterDomus.
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2 January 2013: Astronomers state that the Milky Way galaxy may contain as many as 400 billion exoplanets, with almost every star hosting at least one planet.[1][2][3]
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Artist's view gives an impression of how commonly planets revolve around the stars in the Milky Way Galaxy.[4]





An extrasolar planet, or exoplanet, is a planet outside the Solar System. A total of 884 such planets (in 692 planetary systems, including 132 multiple planetary systems) have been identified as of 2 May 2013.[5] The Kepler mission has detected over 18,000 additional transit events, including 262 that may be habitable planets.[6][7] In the Milky Way galaxy, it is expected that there are many billions of planets (at least one planet, on average, orbiting around each star, resulting in 100–400 billion exoplanets),[1][2][3][8] with many more free-floating planetary-mass bodies orbiting the galaxy directly.[9] The nearest known exoplanet is Alpha Centauri Bb. Almost all of the planets detected so far are within our home galaxy the Milky Way; however, there have been a small number of possible detections of extragalactic planets. Astronomers at the Harvard-Smithsonian Center for Astrophysics (CfA) reported in January 2013, that "at least 17 billion" Earth-sized exoplanets are estimated to reside in the Milky Way galaxy.[10]

For centuries, many philosophers and scientists supposed that extrasolar planets existed, but there was no way of knowing how common they were or how similar they might be to the planets of the Solar System. Various detection claims, starting in the nineteenth century, were all eventually rejected by astronomers. The first confirmed detection came in 1992, with the discovery of several terrestrial-mass planets orbiting the pulsar PSR B1257+12.[11] The first confirmed detection of an exoplanet orbiting a main-sequence star was made in 1995, when a giant planet was found in a four-day orbit around the nearby star 51 Pegasi. Due to improved observational techniques, the rate of detections has increased rapidly since then.[5] Some exoplanets have been directly imaged by telescopes, but the vast majority have been detected through indirect methods such as radial velocity measurements.[5] Besides exoplanets, "exocomets", comets beyond our solar system, have also been detected and may be common in the Milky Way galaxy.[10]

Most known exoplanets are giant planets believed to resemble Jupiter or Neptune, but this reflects a sampling bias, as massive planets are more easily observed.[12] Some relatively lightweight exoplanets, only a few times more massive than Earth (now known by the term Super-Earth), are known as well; statistical studies now indicate that they actually outnumber giant planets[13] while recent discoveries have included Earth-sized and smaller planets and a handful that appear to exhibit other Earth-like properties.[14][15][16] There also exist planetary-mass objects that orbit brown dwarfs and other bodies that "float free" in space not bound to any star; however, the term "planet" is not always applied to these objects.

The discovery of extrasolar planets, particularly those that orbit in the habitable zone where it is possible for liquid water to exist on the surface (and therefore also life), has intensified interest in the search for extraterrestrial life.[17] Thus, the search for extrasolar planets also includes the study of planetary habitability, which considers a wide range of factors in determining an extrasolar planet's suitability for hosting life.

On 7 January 2013, astronomers from the Kepler Mission space observatory announced the discovery of KOI-172.02, an Earth-like exoplanet candidate orbiting a star similar to our Sun in the habitable zone and possibly a "prime candidate to host alien life".[18]




	

Contents




	1 History of detection

	1.1 Early speculations

	1.2 Discredited claims

	1.3 Confirmed discoveries





	2 Detection methods

	3 Definition

	4 Nomenclature

	4.1 Multiple-star standard

	4.2 Extrasolar planet standard

	4.3 Circumbinary planets and 2010 proposal

	4.4 Other naming systems





	5 General properties

	5.1 Number of stars with planets

	5.2 Characteristics of planet-hosting stars

	5.2.1 Spectral classification

	5.2.2 Metallicity





	5.3 Orbital parameters

	5.3.1 Semi-major axis

	5.3.2 Eccentricity

	5.3.3 Inclination

	5.3.4 Resonance

	5.3.5 Circumbinary orbit





	5.4 Mass distribution

	5.5 Density and bulk composition

	5.6 Atmosphere

	5.7 Temperature

	5.8 Other properties





	6 Habitability

	7 See also

	7.1 Lists

	7.2 Classifications

	7.3 Habitability and life

	7.4 Astronomers

	7.5 Observing programs and instruments

	7.6 Missions

	7.6.1 Current

	7.6.2 Under development

	7.6.3 Proposed

	7.6.4 Canceled





	7.7 Websites





	8 References

	9 External links

	9.1 Search projects

	9.2 Resources

	9.3 News














 History of detection

 Early speculations



	“
	This space we declare to be infinite... In it are an infinity of worlds of the same kind as our own.
	”



	
—Giordano Bruno (1584)[19]






In the sixteenth century the Italian philosopher Giordano Bruno, an early supporter of the Copernican theory that the Earth and other planets orbit the Sun (heliocentrism), put forward the view that the fixed stars are similar to the Sun and are likewise accompanied by planets. He was burned at the stake by the Roman Inquisition in 1600, though his views on astronomy were not the main reason for his condemnation.[20]

In the eighteenth century the same possibility was mentioned by Isaac Newton in the "General Scholium" that concludes his Principia. Making a comparison to the Sun's planets, he wrote "And if the fixed stars are the centers of similar systems, they will all be constructed according to a similar design and subject to the dominion of One."[21]

In the nineteenth century Bahá'u'lláh, the prophet-founder of the Bahá'í Faith, who spent much of his life in prison or exile for his teachings, stated "Every fixed star hath its own planets, and every planet its own creatures, whose number no man can compute." [22]

 Discredited claims

Claims of exoplanet detections have been made since the nineteenth century. Some of the earliest involve the binary star 70 Ophiuchi. In 1855 Capt. W. S. Jacob at the East India Company's Madras Observatory reported that orbital anomalies made it "highly probable" that there was a "planetary body" in this system.[23] In the 1890s, Thomas J. J. See of the University of Chicago and the United States Naval Observatory stated that the orbital anomalies proved the existence of a dark body in the 70 Ophiuchi system with a 36-year period around one of the stars.[24] However, Forest Ray Moulton published a paper proving that a three-body system with those orbital parameters would be highly unstable.[25] During the 1950s and 1960s, Peter van de Kamp of Swarthmore College made another prominent series of detection claims, this time for planets orbiting Barnard's Star.[26] Astronomers now generally regard all the early reports of detection as erroneous.[27]

In 1991 Andrew Lyne, M. Bailes and S. L. Shemar claimed to have discovered a pulsar planet in orbit around PSR 1829-10, using pulsar timing variations.[28] The claim briefly received intense attention, but Lyne and his team soon retracted it.[29]

 Confirmed discoveries
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The three known planets of the star HR8799, as imaged by the Hale Telescope. The light from the central star was blanked out by a vector vortex coronagraph.
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2MASS J044144 is a brown dwarf with a companion about 5–10 times the mass of Jupiter. It is not clear whether this companion object is a sub-brown dwarf or a planet.






[image: ]

[image: ]

Coronagraphic image of AB Pictoris showing a companion (bottom left), which is either a brown dwarf or a massive planet. The data was obtained on 16 March 2003 with NACO on the VLT, using a 1.4 arcsec occulting mask on top of AB Pictoris.





The first published discovery to receive subsequent confirmation was made in 1988 by the Canadian astronomers Bruce Campbell, G. A. H. Walker, and Stephenson Yang of University of Victoria and University of British Columbia.[30] Although they were cautious about claiming a planetary detection, their radial-velocity observations suggested that a planet orbits the star Gamma Cephei. Partly because the observations were at the very limits of instrumental capabilities at the time, astronomers remained skeptical for several years about this and other similar observations. It was thought some of the apparent planets might instead have been brown dwarfs, objects intermediate in mass between planets and stars. In 1990 additional observations were published that supported the existence of the planet orbiting Gamma Cephei,[31] but subsequent work in 1992 again raised serious doubts.[32] Finally, in 2003, improved techniques allowed the planet's existence to be confirmed.[33]

On 21 April 1992,[34] radio astronomers Aleksander Wolszczan and Dale Frail announced the discovery of two planets orbiting the pulsar PSR 1257+12.[11] This discovery was confirmed, and is generally considered to be the first definitive detection of exoplanets. These pulsar planets are believed to have formed from the unusual remnants of the supernova that produced the pulsar, in a second round of planet formation, or else to be the remaining rocky cores of gas giants that somehow survived the supernova and then decayed into their current orbits.

On 6 October 1995, Michel Mayor and Didier Queloz of the University of Geneva announced the first definitive detection of an exoplanet orbiting a main-sequence star, namely the nearby G-type star 51 Pegasi.[35] This discovery, made at the Observatoire de Haute-Provence, ushered in the modern era of exoplanetary discovery. Technological advances, most notably in high-resolution spectroscopy, led to the rapid detection of many new exoplanets: astronomers could detect exoplanets indirectly by measuring their gravitational influence on the motion of their parent stars. More extrasolar planets were later detected by observing the variation in a star's apparent luminosity as an orbiting planet passed in front of it.

Initially, most known exoplanets were massive planets that orbited very close to their parent stars. Astronomers were surprised by these "hot Jupiters", since theories of planetary formation had indicated that giant planets should only form at large distances from stars. But eventually more planets of other sorts were found, and it is now clear that hot Jupiters are a minority of exoplanets. In 1999, Upsilon Andromedae became the first main-sequence star known to have multiple planets.[36] Other multiple planetary systems were found subsequently.

As of 2 May 2013, a total of 884 confirmed exoplanets are listed in the Extrasolar Planets Encyclopaedia, including a few that were confirmations of controversial claims from the late 1980s.[5] That count includes 692 planetary systems, of which 132 are multiple planetary systems. Kepler-16 contains the first discovered planet that orbits around a binary star system.[37]

As of February 2012, NASA's Kepler mission had identified 2,321 planetary candidates associated with 1,790 host stars, based on the first sixteen months of data from the space-based telescope.[38]

17 October 2012 brought the announcement of the discovery of a planet, Alpha Centauri Bb, orbiting a star in the star system closest to Earth, Alpha Centauri. It is an Earth-size planet, but not in the habitable zone within which liquid water can exist.[39]

 Detection methods

Main article: Methods of detecting extrasolar planets

Planets are extremely faint compared to their parent stars. At visible wavelengths, they usually have less than a millionth of their parent star's brightness. It is difficult to detect such a faint light source, and furthermore the parent star causes a glare that tends to wash it out. It is necessary to block the light from the parent star in order to reduce the glare, while leaving the light from the planet detectable; doing so is a major technical challenge.[40]
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An infrared image of the HR 8799 system. The central blob is noise left over after light from the star has been largely removed. The three known planets can be seen: HR 8799d (bottom), HR 8799c (upper right), and HR 8799b (upper left).





All exoplanets that have been directly imaged are both large (more massive than Jupiter) and widely separated from their parent star. Most of them are also very hot, so that they emit intense infrared radiation; the images have then been made at infrared where the planet is brighter than it is at visible wavelengths.

Though direct imaging may become more important in the future, the vast majority of known extrasolar planets have only been detected through indirect methods. The following are the indirect methods that have proven useful:


	Radial velocity or Doppler method




	As a planet orbits a star, the star also moves in its own small orbit around the system's center of mass. Variations in the star's radial velocity — that is, the speed with which it moves towards or away from Earth — can be detected from displacements in the star's spectral lines due to the Doppler effect. Extremely small radial-velocity variations can be observed, of 1 m/s or even somewhat less.[41] This has been by far the most productive method of discovering exoplanets. It has the advantage of being applicable to stars with a wide range of characteristics. One of its disadvantages is that it cannot determine a planet's true mass, but can only set a lower limit on that mass. However, if the radial-velocity of the planet itself can be distinguished from the radial-velocity of the star then the true mass can be determined.[42]




	Transit method




	If a planet crosses (or transits) in front of its parent star's disk, then the observed brightness of the star drops by a small amount. The amount by which the star dims depends on its size and on the size of the planet, among other factors. This has been the second most productive method of detection, though it suffers from a substantial rate of false positives and confirmation from another method is usually considered necessary. The transit method reveals the radius of a planet, and it has the benefit that it sometimes allows a planet's atmosphere to be investigated through spectroscopy.




	Transit Timing Variation (TTV)
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Animation showing difference between planet transit timing of 1-planet and 2-planet systems. Credit: NASA/Kepler Mission.






	When multiple planets are present, each one slightly perturbs the others' orbits. Small variations in the times of transit for one planet can thus indicate the presence of another planet, which itself may or may not transit. For example, variations in the transits of the planet WASP-3b suggest the existence of a second planet in the system, the non-transiting WASP-3c.[43] If multiple transiting planets exist in one system, then this method can be used to confirm their existence.[44] In another form of the method, timing the eclipses in an eclipsing binary star can reveal an outer planet that orbits both stars; as of November 2011, five planets have been found in that way.




	Gravitational microlensing




	Microlensing occurs when the gravitational field of a star acts like a lens, magnifying the light of a distant background star. Planets orbiting the lensing star can cause detectable anomalies in the magnification as it varies over time. This method has resulted in only 13 detections as of June 2011, but it has the advantage of being especially sensitive to planets at large separations from their parent stars.




	Astrometry




	Astrometry consists of precisely measuring a star's position in the sky and observing the changes in that position over time. The motion of a star due to the gravitational influence of a planet may be observable. Because the motion is so small, however, this method has not yet been very productive. It has produced only a few disputed detections, though it has been successfully used to investigate the properties of planets found in other ways.




	Pulsar timing




	A pulsar (the small, ultradense remnant of a star that has exploded as a supernova) emits radio waves extremely regularly as it rotates. If planets orbit the pulsar, they will cause slight anomalies in the timing of its observed radio pulses. The first confirmed discovery of an extrasolar planet was made using this method. But as of 2011, it has not been very productive; five planets have been detected in this way, around three different pulsars.




	Circumstellar disks




	Disks of space dust surround many stars, believed to originate from collisions among asteroids and comets. The dust can be detected because it absorbs starlight and re-emits it as infrared radiation. Features in the disks may suggest the presence of planets, though this is not considered a definitive detection method.



Most confirmed extrasolar planets have been found using ground-based telescopes. However, many of the methods can work more effectively with space-based telescopes that avoid atmospheric haze and turbulence. COROT (launched December 2006) and Kepler (launched March 2009) are the two currently active space missions dedicated to searching for extrasolar planets. Hubble Space Telescope and MOST have also found or confirmed a few planets. The Gaia mission, to be launched in October 2013,[45][46] will use astrometry to determine the true masses of 1000 nearby exoplanets.

 Definition

The official definition of "planet" used by the International Astronomical Union (IAU) only covers the Solar System and thus does not apply to exoplanets.[47][48] As of April 2011, the only definitional statement issued by the IAU that pertains to exoplanets is a working definition issued in 2001 and modified in 2003.[49] That definition contains the following criteria:




	Objects with true masses below the limiting mass for thermonuclear fusion of deuterium (currently calculated to be 13 Jupiter masses for objects of solar metallicity) that orbit stars or stellar remnants are "planets" (no matter how they formed). The minimum mass/size required for an extrasolar object to be considered a planet should be the same as that used in our solar system.

	Substellar objects with true masses above the limiting mass for thermonuclear fusion of deuterium are "brown dwarfs", no matter how they formed or where they are located.

	Free-floating objects in young star clusters with masses below the limiting mass for thermonuclear fusion of deuterium are not "planets", but are "sub-brown dwarfs" (or whatever name is most appropriate).







This article follows the above working definition. Therefore it only discusses planets that orbit stars or brown dwarfs. (There have also been several reported detections of planetary-mass objects that do not orbit any parent body.[50] Some of these may have once belonged to a star's planetary system before being ejected from it; the term "rogue planet" is sometimes applied to such objects.)

However, the IAU's working definition is not universally accepted. One alternate suggestion is that planets should be distinguished from brown dwarfs on the basis of formation. It is widely believed that giant planets form through core accretion, and that process may sometimes produce planets with masses above the deuterium fusion threshold;[51][52] massive planets of that sort may have already been observed.[53] This viewpoint also admits the possibility of sub-brown dwarfs, which have planetary masses but form like stars from the direct collapse of clouds of gas.

Also, the 13 Jupiter-mass cutoff does not have precise physical significance. Deuterium fusion can occur in some objects with mass below that cutoff. The amount of deuterium fused depends to some extent on the composition of the object.[54] The Extrasolar Planets Encyclopaedia includes objects up to 25 Jupiter masses, saying, "The fact that there is no special feature around 13 MJup in the observed mass spectrum reinforces the choice to forget this mass limit,"[55] and the Exoplanet Data Explorer includes objects up to 24 Jupiter masses with the advisory: "The 13 Jupiter-mass distinction by the IAU Working Group is physically unmotivated for planets with rocky cores, and observationally problematic due to the sin i ambiguity."[56]

 Nomenclature

 Multiple-star standard

The standard for naming exoplanets is an extension of the one used by the Washington Multiplicity Catalog (WMC) for multiple-star systems.[57] This section will therefore start by briefly discussing the WMC standard, which has been adopted by the International Astronomical Union.[57]

Under that standard, the brightest member of a system receives the letter "A". Distinct components not contained within "A" are labeled "B", "C", etc. Sub-components are designated by one or more suffixes with the primary label, starting with lowercase letters for the 2nd hierarchical level and then numbers for the 3rd.[58] For example, if there is a triple star system in which two stars orbit each other closely while a third star is in a more distant orbit, the two closely orbiting stars would be considered a component with two subcomponents. They would receive the designations Aa and Ab, while the third star would receive the designation B. (Note that, for historical reasons, this standard is not always strictly followed. For example, the three members of the Alpha Centauri triple star system are conventionally referred to as Alpha Centauri A, B and C while the formal standard would give their designations as Alpha Centauri Aa, Ab and B respectively.)

 Extrasolar planet standard

Following an extension of the above standard, an exoplanet's name is normally formed by taking the name of its parent star and adding a lowercase letter. The first planet discovered in a system is given the designation "b" and later planets are given subsequent letters. If several planets in the same system are discovered at the same time, the closest one to the star gets the next letter, followed by the other planets in order of orbital size.

For instance, in the 55 Cancri system the first planet – 55 Cancri b – was discovered in 1996; two additional farther planets were simultaneously discovered in 2002 with the nearest to the star being named 55 Cancri c and the other 55 Cancri d; a fourth planet was claimed (its existence was later disputed) in 2004 and named 55 Cancri e despite lying closer to the star than 55 Cancri b; and the most recently discovered planet, in 2007, was named 55 Cancri f despite lying between 55 Cancri c and 55 Cancri d.[59] As of April 2012 the highest letter in use is "j", for the unconfirmed planet HD 10180 j (HD 10180 h is the confirmed planet with the highest letter).[5]

If a planet orbits one member of a binary star system, then an uppercase letter for the star will be followed by a lowercase letter for the planet. Examples are 16 Cygni Bb[60] and HD 178911 Bb.[61] Planets orbiting the primary or "A" star should have 'Ab' after the name of the system, as in HD 41004 Ab.[62] However, the "A" is sometimes omitted; for example the first planet discovered around the primary star of the Tau Boötis binary system is usually called simply Tau Boötis b.[63]

If the parent star is a single star, then it may still be regarded as having an "A" designation, though the "A" is not normally written. The first exoplanet found to be orbiting such a star could then be regarded as a secondary sub-component that should be given the suffix "Ab". For example, 51 Peg Aa is the host star in the system 51 Peg; and the first exoplanet is then 51 Peg Ab. Since most exoplanets are in single star systems, the implicit "A" designation was simply dropped, leaving the exoplanet name with the lower-case letter only: 51 Peg b.

A few exoplanets have been given names that do not conform to the above standard. For example, the planets that orbit the pulsar PSR 1257 are often referred to with capital rather than lowercase letters. Also, the underlying name of the star system itself can follow several different systems. In fact, some stars (such as Kepler-11) have only received their names due to their inclusion in planet-search programs, previously only being referred to by their celestial coordinates.

 Circumbinary planets and 2010 proposal

Hessman et al. state that the implicit system for exoplanet names utterly failed with the discovery of circumbinary planets.[57] They note that the discoverers of the two planets around HW Virginis tried to circumvent the naming problem by calling them "HW Vir 3" and "HW Vir 4", i.e. the latter is the 4th object – stellar or planetary – discovered in the system. They also note that the discoverers of the two planets around NN Serpentis were confronted with multiple suggestions from various official sources and finally chose to use the designations "NN Ser c" and "NN Ser d".

The proposal of Hessman et al. starts with the following two rules:


	Rule 1. The formal name of an exoplanet is obtained by appending the appropriate suffixes to the formal name of the host star or stellar system. The upper hierarchy is defined by upper-case letters, followed by lower-case letters, followed by numbers, etc. The naming order within a hierarchical level is for the order of discovery only. (This rule corresponds to the present provisional WMC naming convention.)

	Rule 2. Whenever the leading capital letter designation is missing, this is interpreted as being an informal form with an implicit "A" unless otherwise explicitly stated. (This rule corresponds to the present exoplanet community usage for planets around single stars.)



They note that under these two proposed rules all of the present names for 99% of the planets around single stars are preserved as informal forms of the IAU sanctioned provisional standard. They would rename Tau Boötis b formally as Tau Boötis Ab, retaining the prior form as an informal usage (using Rule 2, above).

To deal with the difficulties relating to circumbinary planets, the proposal contains two further rules:


	Rule 3. As an alternative to the nomenclature standard in Rule 1, a hierarchical relationship can be expressed by concatenating the names of the higher order system and placing them in parentheses, after which the suffix for a lower order system is added.

	Rule 4. When in doubt (i.e. if a different name has not been clearly set in the literature), the hierarchy expressed by the nomenclature should correspond to dynamically distinct (sub-)systems in order of their dynamical relevance. The choice of hierarchical levels should be made to emphasize dynamical relationships, if known.



They submit that the new form using parentheses is the best for known circumbinary planets and has the desirable effect of giving these planets identical sub-level hierarchical labels and stellar component names which conform to the usage for binary stars. They say that it requires the complete renaming of only two exoplanetary systems: The planets around HW Virginis would be renamed HW Vir (AB) b & (AB) c, while those around NN Serpentis would be renamed NN Ser (AB) b & (AB) c. In addition the previously known single circumbinary planets around PSR B1620-26 and DP Leonis) can almost retain their names (PSR B1620-26 b and DP Leonis b) as unofficial informal forms of the "(AB)b" designation where the "(AB)" is left out.

The discoverers of the circumbinary planet around Kepler-16 followed Hessman et al.'s proposed naming scheme when naming the body Kepler-16 (AB)-b, or simply Kepler-16b when there is no ambiguity.[64]

 Other naming systems

Another nomenclature, often seen in science fiction, uses Roman numerals in the order of planets' positions from the star. (This was inspired by an old system for naming moons of the outer planets, such as "Jupiter IV" for Callisto.) But such a system is impractical for scientific use, since new planets may be found closer to the star, changing all numerals.

Finally, several planets have received unofficial "real" names: notably Osiris (HD 209458 b), Bellerophon (51 Pegasi b), Zarmina (Gliese 581 g) and Methuselah (PSR B1620-26 b). W. Lyra of the Max Planck Institute for Astronomy has suggested names mostly drawn from Roman-Greek mythology for the 403 extrasolar planet candidates known as of October 2009.[65] But the International Astronomical Union (IAU) currently has no plans to assign names of this sort to extrasolar planets, considering it impractical.[66]

 General properties

 Number of stars with planets
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Most of the discovered extrasolar planets lie within 300 light years of the Solar System.





Planet-search programs have discovered planets orbiting a substantial fraction of the stars they have looked at. However, the overall proportion of stars with planets is uncertain because not all planets can yet be detected. The radial-velocity method and the transit method (which between them are responsible for the vast majority of detections) are most sensitive to large planets in small orbits. Thus many known exoplanets are "hot Jupiters": planets of Jovian mass or larger in very small orbits with periods of only a few days. It is now estimated that 1% to 1.5% of sunlike stars possess such a planet, where "sunlike star" refers to any main-sequence star of spectral classes late-F, G, or early-K without a close stellar companion.[67] It is further estimated that 3% to 4.5% of sunlike stars possess a giant planet with an orbital period of 100 days or less, where "giant planet" means a planet of at least 30 Earth masses.[68]

The proportion of stars with smaller or more distant planets is less certain. It is known that small planets (of roughly Earth-like mass or somewhat larger) are more common than giant planets. It also appears that there are more planets in large orbits than in small orbits. Based on this, it is estimated that perhaps 20% of sunlike stars have at least one giant planet while at least 40% may have planets of lower mass.[68][69][70] A 2012 study of gravitational microlensing data collected between 2002 and 2007 concludes the proportion of stars with planets is much higher and estimates an average of 1.6 planets orbiting between 0.5–10 AU per star in the Milky Way galaxy, the authors of this study conclude that "stars are orbited by planets as a rule, rather than the exception".[3]

Whatever the proportion of stars with planets, the total number of exoplanets must be very large. Since our own Milky Way galaxy has at least 200 billion stars, it must also contain tens or hundreds of billions of planets.

 Characteristics of planet-hosting stars

 Spectral classification
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The Morgan-Keenan spectral classification





Most known exoplanets orbit stars roughly similar to the Sun, that is, main-sequence stars of spectral categories F, G, or K. One reason is that planet search programs have tended to concentrate on such stars. But in addition, statistical analysis indicates that lower-mass stars (red dwarfs, of spectral category M) are less likely to have planets massive enough to detect.[68][71] Stars of spectral category A typically rotate very quickly, which makes it very difficult to measure the small Doppler shifts induced by orbiting planets since the spectral lines are very broad. However, this type of massive star eventually evolves into a cooler red giant which rotates more slowly and thus can be measured using the radial velocity method. As of early 2011 about 30 Jupiter class planets had been found around K-giant stars including Pollux, Gamma Cephei and Iota Draconis. Doppler surveys around a wide variety of stars indicate about 1 in 6 stars having twice the mass of the Sun are orbited by one or more Jupiter-sized planets, vs. 1 in 16 for Sun-like stars and only 1 in 50 for class M red dwarfs. On the other hand, microlensing surveys indicate that long-period Neptune-mass planets are found around 1 in 3 M dwarfs. [72] Observations using the Spitzer Space Telescope indicate that extremely massive stars of spectral category O, which are much hotter than our Sun, produce a photo-evaporation effect that inhibits planetary formation.[73]

 Metallicity

Ordinary stars are composed mainly of the light elements hydrogen and helium. They also contain a small proportion of heavier elements, and this fraction is referred to as a star's metallicity (even if the elements are not metals in the traditional sense, such as iron). Giant planets are more likely to be found the higher the star's metallicity;[67] however, smaller planets are present around stars with a wide range of metallicities.[74] It has also been shown that stars with planets are more likely to be deficient in lithium.[75]

 Orbital parameters
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Scatterplot showing masses and orbital periods of all extrasolar planets discovered through 2010-10-03, with colors indicating method of detection:
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For reference, Solar System planets are marked as gray circles. The horizontal axis plots the log of the semi-major axis, while the vertical axis plots the log of the mass.





Many planetary systems are not as placid as the Solar System, and have extreme orbital parameters and strongly interacting orbits, so that Kepler's laws do not hold in such systems.[76]

Most known extrasolar planet candidates have been discovered using indirect methods and therefore only some of their physical and orbital parameters can be determined. For example, out of the six independent parameters that define an orbit, the radial-velocity method can determine four: semi-major axis, eccentricity, longitude of periastron, and time of periastron. Two parameters remain unknown: inclination and longitude of the ascending node.

 Semi-major axis

Many exoplanets have orbits with very small semi-major axes, and are thus much closer to their parent star than any planet in the Solar System is to the Sun. This is mainly due to observational selection: the radial-velocity method is most sensitive to planets with small orbits. Astronomers were initially very surprised by these "hot Jupiters", but it is now clear that most exoplanets have much larger orbits, some located in habitable zones with temperature potentially suitable for liquid water and life.[68] It appears plausible that in most exoplanetary systems, there are one or two giant planets with orbits comparable in size to those of Jupiter and Saturn in the Solar System. Giant planets with substantially larger orbits are now known to be rare, at least around Sun-like stars.[77]

 Eccentricity

The eccentricity of an orbit is a measure of how elliptical (elongated) it is. Most exoplanets with orbital periods of 20 days or less have near-circular orbits, i.e. very low eccentricity. That is believed to be due to tidal circularization: reduction of eccentricity over time due to gravitational interaction between two bodies. By contrast, most known exoplanets with longer orbital periods have quite eccentric orbits. (As of July 2010, 55% of such exoplanets have eccentricities greater than 0.2 while 17% have eccentricities greater than 0.5.[5]) This is not an observational selection effect, since a planet can be detected about equally well regardless of the eccentricity of its orbit. The prevalence of elliptical orbits is a major puzzle, since current theories of planetary formation strongly suggest planets should form with circular (that is, non-eccentric) orbits.[27] The prevalence of eccentric orbits may also indicate that the Solar System is unusual, since all of its planets except for Mercury have near-circular orbits.[67]

However, it is suggested that some of the high eccentricity values reported for exoplanets may be overestimates, since simulations show that many observations are also consistent with two planets on circular orbits. Reported observations of single planets in moderately eccentric orbits have about a 15% chance of being a pair of planets.[78] This misinterpretation is especially likely if the two planets orbit with a 2:1 resonance. One group of astronomers has concluded that "(1) around 35% of the published eccentric one-planet solutions are statistically indistinguishable from planetary systems in 2:1 orbital resonance, (2) another 40% cannot be statistically distinguished from a circular orbital solution" and "(3) planets with masses comparable to Earth could be hidden in known orbital solutions of eccentric super-Earths and Neptune mass planets".[79]

 Inclination

A combination of astrometric and radial velocity measurements has shown that some planetary systems contain planets whose orbital planes are significantly tilted relative to each other, unlike the Solar System.[80] Research has now also shown that more than half of hot Jupiters have orbital planes substantially misaligned with their parent star's rotation. A substantial fraction even have retrograde orbits, meaning that they orbit in the opposite direction from the star's rotation.[81] Andrew Cameron of the University of St Andrews stated "The new results really challenge the conventional wisdom that planets should always orbit in the same direction as their star's spin."[82] Rather than a planet's orbit having been disturbed, it may be that the star itself flipped early in their system's formation due to interactions between the star's magnetic field and the planet-forming disc.[83]

 Resonance

Extrasolar planets with notable orbital parameters include KOI-730, which contains four planets in a 8:6:4:3 orbital resonance.[84] This was originally thought to be 6:4:4:3, where one of the center planets was trapped in the other's L4 or L5 Lagrange point.[85] Such co-orbital planets are thought to be the origin of the impact that produced the Earth–Moon system because models suggest the collision was low-speed.[86]

 Circumbinary orbit

Kepler-16 contains a planet orbiting around two suns, which orbit around each other. The planet is comparable to Saturn in mass and size and is on a nearly circular 229-day orbit around its two stars. The stars have an eccentric 41-day orbit.[37]

 Mass distribution

When a planet is found by the radial-velocity method, its orbital inclination i is unknown and can range from 0 to 90 degrees. The method is unable to determine the true mass (M) of the planet, but rather gives a lower limit for its mass M sini. In a few cases an apparent exoplanet may be a more massive object such as a brown dwarf or red dwarf. However, the probability of a small value of i (say less than 30 degrees, which would give a true mass at least double the observed lower limit) is relatively low (1-(√3)/2 ≈ 13%) and hence most planets will have true masses fairly close to the observed lower limit.[68] Furthermore, if the planet's orbit is nearly perpendicular to the line of vision (i.e. i close to 90°), the planet can also be detected through the transit method. The inclination will then be known, and the planet's true mass can be found. Also, astrometric observations and dynamical considerations in multiple-planet systems can sometimes provide an upper limit to the planet's true mass.

As of September 2011, all but 50 of the many known exoplanets have more than ten times the mass of Earth.[5] Many are considerably more massive than Jupiter, the most massive planet in the Solar System. However, these high masses are in large part due to an observational selection effect: all detection methods are more likely to discover massive planets. This bias makes statistical analysis difficult, but it appears that lower-mass planets are actually more common than higher-mass ones, at least within a broad mass range that includes all giant planets. In addition, the discovery of several planets only a few times more massive than Earth, despite the great difficulty of detecting them, indicates that such planets are fairly common.[67]

The results from the first 43 days of the Kepler mission "imply that small candidate planets with periods less than 30 days are much more common than large candidate planets with periods less than 30 days and that the ground-based discoveries are sampling the large-size tail of the size distribution".[13]

 Density and bulk composition
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Comparison of sizes of planets with different compositions





If a planet is detectable by both the radial-velocity and the transit methods, then both its true mass and its radius can be found. The planet's density can then be calculated. Planets with low density are inferred to be composed mainly of hydrogen and helium, while planets of intermediate density are inferred to have water as a major constituent. A planet of high density is believed to be rocky, like Earth and the other terrestrial planets of the Solar System.

Many transiting exoplanets are much larger than expected given their mass, meaning that they have surprisingly low density. Several theories have been proposed to explain this observation, but none have yet been widely accepted among astronomers.[87]

 Atmosphere

Spectroscopic measurements can be used to study a transiting planet's atmospheric composition.[88] Water vapor, sodium vapor, methane, and carbon dioxide have been detected in the atmospheres of various exoplanets in this way.[89][90] The presence of oxygen may be detectable by ground-based telescopes.[91] These techniques might conceivably discover atmospheric characteristics that suggest the presence of life on an exoplanet, but no such discovery has yet been made.

Another line of information about exoplanetary atmospheres comes from observations of orbital phase functions. Extrasolar planets have phases similar to the phases of the Moon. By observing the exact variation of brightness with phase, astronomers can calculate particle sizes in the atmospheres of planets.

Stellar light is polarized by atmospheric molecules; this could be detected with a polarimeter. So far, one planet has been studied by polarimetry.

 Temperature

One can estimate the temperature of an exoplanet based on the intensity of the light it receives from its parent star. For example, the planet OGLE-2005-BLG-390Lb is estimated to have a surface temperature of roughly −220 °C (50 K). However, such estimates may be substantially in error because they depend on the planet's usually unknown albedo, and because factors such as the greenhouse effect may introduce unknown complications. A few planets have had their temperature measured by observing the variation in infrared radiation as the planet moves around in its orbit and is eclipsed by its parent star. For example, the planet HD 189733b has been found to have an average temperature of 1205±9 K (932±9 °C) on its dayside and 973±33 K (700±33 °C) on its nightside.[92]

 Other properties

On Earth-sized planets, plate tectonics is more likely if there are oceans of water; however, in 2007 two independent teams of researchers came to opposing conclusions about the likelihood of plate tectonics on larger super-earths[93][94] with one team saying that plate tectonics would be episodic or stagnant[95] and the other team saying that plate tectonics is very likely on super-earths even if the planet is dry.[96]

Other questions are how likely exoplanets are to possess moons and magnetospheres. No such moons and magnetospheres have yet been detected, but they may be fairly common.

 Habitability

Main article: Planetary habitability
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Artist's impression of Kepler-22b, a "Super-Earth" within its star's habitable zone.





Several planets have orbits in their parent star's habitable zone, where it should be possible for liquid water to exist and for Earth-like conditions to prevail. Most of those planets are giant planets more similar to Jupiter than to Earth; if any of them have large moons, the moons might be a more plausible abode of life. Discovery of Gliese 581 g, thought to be a rocky planet orbiting in the middle of its star's habitable zone, was claimed in September 2010 and, if confirmed,[97] it could be the most "Earth-like" extrasolar planet discovered to date.[98] However, the existence of Gliese 581 g has been questioned or even discarded by other teams of astronomers; it is listed as unconfirmed at The Extrasolar Planets Encyclopaedia.[97]

Confirmed discoveries following the inconclusive detection of Gliese 581 g include the Kepler-22b, the first super-Earth located in the habitable zone of a Sun-like star.[99] In September 2012, the discovery of two planets orbiting the red dwarf Gliese 163[100] was announced.[101][102] One of the planets, Gliese 163 c, about 6.9 times the mass of Earth and somewhat hotter, was considered to be within the habitable zone.[101][102] In 2013, three more potentially habitable planets, Kepler-62 e, Kepler-62 f, and Kepler-69 c, orbiting Kepler-62 and Kepler-69 respectively, were discovered.[103][104] All three planets were super-Earths[103] and may be covered by oceans thousands of kilometers deep.[105]

Various estimates have been made as to how many planets might support simple or even intelligent life. However, these estimates have large uncertainties, because the complexity of cellular life may make biogenesis highly improbable. For example, Dr. Alan Boss of the Carnegie Institution of Science estimates there may be a "hundred billion" terrestrial planets in our Milky Way galaxy, many with simple life forms. He further believes there could be thousands of civilizations in our galaxy. Recent work by Duncan Forgan of Edinburgh University has also tried to estimate the number of intelligent civilizations in our galaxy. The research suggested there could be thousands of them, although presently there is no scientific evidence for extraterrestrial life. These estimates do not account for the unknown probability of the origins of life, but if life originates, it may spread among habitable planets by natural or directed panspermia.[106]

Data from the Habitable Exoplanets Catalog (HEC) suggests that, of the 859 exoplanets which have been confirmed as of 3 January 2013, nine potentially habitable planets have been found, and the same source predicts that there may be 30 habitable extrasolar moons around confirmed planets.[107] The HEC also states, of the 15,874 transit threshold crossing events (TCE) which have recurred more than three times (thus making them more likely to be actual planets) discovered by the Kepler probe up until 3 January 2013, that 262 planets (1.65%) have the potential to be habitable, with an additional 35 "warm jovian" planets which may have habitable natural satellites.[7]

In February 2013, researchers calculated that up to 6% of small red dwarf stars may have planets with Earth-like properties. This suggests that there could be up to 4.5 billion such planets within our galaxy, and, statistically speaking, the closest "alien Earth" to the Solar System could be 13 light-years away.[108]
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Artists’s impression of the rocky super-Earth HD 85512 b





HD 85512 b is an extrasolar planet orbiting Gliese 370, a K-type or "orange dwarf" star, approximately 36 light-years distance from Earth in the constellation of Vela (the Sail).[1][2]

Due to its mass of at least 3.6 times the mass of Earth, HD 85512 b is classified as a super-Earth and is one of the smallest exoplanets discovered to be on the edge of the habitable zone.[2] HD 85512 b, along with Gliese 581 d is considered to be one of the best candidates for habitability as of August 30, 2011.[4]
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 Detection and discovery

The planet was discovered by scientists at University of Geneva, Switzerland,[4][5] led by Swiss astronomer Stéphane Udry[6] of the Guaranteed Time Observations (GTO) program of High Accuracy Radial velocity Planet Searcher (HARPS), a high-precision echelle spectrograph installed on ESO's 3.6 m telescope at La Silla Observatory in Chile.[3] The team used the Doppler spectroscopy technique which determines the minimum mass of the planet through slight changes in motion of the parent star. It was discovered on August 17, 2011.

 Physical characteristics

On August 17, 2011, researchers released a study of the planet. The study makes assumptions about the planet actually having the minimum mass allowed by existing observations, not being tidally locked, and having one specific composition out of the wide parameter set available to conclude that HD 85512 b is the most habitable exoplanet discovered up to that point[2] and one of the most stable exoplanets discovered by the High Accuracy Radial Velocity Planet Searcher.[3]

The planet has a minimum Earth mass of 3.6 ± 0.5, minimum surface gravity of about 1.4 g and assuming an atmosphere like earth's despite its far greater mass, an estimated temperature of 298 K (24.85 °C or 76.73 °F) at the top of its atmosphere. The estimated temperature is noted to be similar to temperatures in Southern France,[3][7] but various atmospheric conditions prevalent in the planet have to be analyzed to estimate the temperature of the surface.[3] It orbits the parent star at a distance of about 0.26 AU,[4] with an orbital period of about 54 days [4] with the possibility of it being tidally locked to its star.

 Habitability and climate

For the temperature to be below 270 K (-3.15° C), for a circular orbit, the planetary albedo should be 0.48 ± 0.05 and for an eccentricity of 0.11, the planetary albedo should be 0.52.[2] If the planet has 50% cloud cover, water may exist in liquid form on the planet[6] provided its atmosphere is similar to our own, thus making the planet habitable.[5][8][9] Also, if the albedo of the planet is increased due to cloud cover, water could be present in its liquid form on the planet, which would mean that the planet is on the edge of habitability.[2][9]

Based on the bolometric luminosity of its parent star, the planet would receive 1.86 times as much light as Earth does from the Sun.[citation needed] This amount is only slightly less than Venus at 1.92, suggesting that it may have suffered a runaway greenhouse effect.[citation needed]

 Effective temperatures

Using the measured stellar luminosity of Gliese 370 of 0.126 times that of our Sun, it is possible to calculate HD 85512 b's effective temperature a.k.a. black body temperature, which probably differs from its surface temperature. The effective temperature for HD 85512 b, assuming an aforementioned albedo, would be 24.138 °C (75 °F).[10]

 Possibility as target for interstellar probe

Reaching HD 85512 b at the current record spacecraft speed, the Helios Probes (247,517 km/hour | 153,800 mi/hour), it would take approximately 156,971 years.[11]

 See also
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The Solar System's four giant planets against the Sun, to scale
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Relative masses of the gas giants of the Solar System





A gas giant (sometimes also known as a jovian planet after the planet Jupiter, or giant planet) is a large planet that is not primarily composed of rock or other solid matter. There are four gas giants in the Solar System: Jupiter, Saturn, Uranus and Neptune. However, astronomers sometimes categorize Uranus and Neptune as "ice giants", in order to emphasize the differences in composition between them and larger gas giants like Jupiter and Saturn.[1][2] Many extrasolar gas giants have been identified orbiting other stars.

Planets above 10 Earth masses are termed giant planets.[3] Lower-mass gassy planets are sometimes called "gas dwarfs".[4]

Objects large enough to start deuterium fusion (above 13 Jupiter masses for solar composition) are called brown dwarfs and these occupy the mass range between that of large gas giants and the lowest-mass stars. The 13 Jupiter mass (MJ) cutoff is a rule of thumb rather than something of precise physical significance. Larger objects will burn most of their deuterium and smaller ones will burn only a little, and the 13 MJ value is somewhere in between. The amount of deuterium burnt depends not only on mass but also on the composition of the planet, especially on the amount of helium and deuterium present.[5] The Extrasolar Planets Encyclopaedia includes objects up to 25 Jupiter masses, and the Exoplanet Data Explorer up to 24 Jupiter masses.
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 Description
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These cut-aways illustrate interior models of their interiors. Jupiter shown with a rocky core overlaid by a deep layer of metallic hydrogen.





A gas giant is a massive planet with a thick atmosphere of hydrogen and helium. They may have a dense molten core of rocky elements or the core may have completely dissolved and dispersed throughout the planet if the planet is hot enough.[6] The hydrogen and helium in "traditional" gas giants like Jupiter and Saturn constitutes most of the planet, whereas the hydrogen/helium only makes up an outer envelope on Uranus and Neptune which are sometimes called ice giants, as they are mostly composed of water, ammonia, and methane molten ices.

Among extrasolar planets, Hot Jupiters are gas giants that orbit very close to their stars and thus have a very high surface temperature. Hot Jupiters are currently the most common form of extrasolar planet known, perhaps due to the relative ease of detecting them.

Gas giants are commonly said to lack solid surfaces, but it is closer to the truth to say that they lack surfaces altogether since the gases that make them up simply become thinner and thinner with increasing distance from the planets' centers, eventually becoming indistinguishable from the interplanetary medium. Therefore landing on a gas giant may or may not be possible, depending on the size and composition of its core.

 Belt-zone circulation

The bands seen in the Jovian atmosphere are due to counter-circulating streams of material called zones and belts, encircling the planet parallel to its equator. The zones are the lighter bands, and are at higher altitudes in the atmosphere. They have an internal updraft, and are high-pressure regions. The belts are the darker bands. They are lower in the atmosphere, and have an internal downdraft. They are low-pressure regions. These structures are somewhat analogous to high- and low-pressure cells in Earth's atmosphere, but they have a very different structure—latitudinal bands that circle the entire planet, as opposed to small confined cells of pressure. This appears to be a result of the rapid rotation and underlying symmetry of the planet. There are no oceans or landmasses to cause local heating, and the rotation speed is much higher than that of Earth.

There are smaller structures as well: spots of different sizes and colors. On Jupiter, the most noticeable of these features is the Great Red Spot, which has been present for at least 300 years. These structures are huge storms. Some such spots are thunderheads as well.

 Jupiter and Saturn
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Saturn's north polar vortex





Jupiter and Saturn consist mostly of hydrogen and helium, with heavier elements making up between 3 and 13 percent of the mass.[7] Their structures are thought to consist of an outer layer of molecular hydrogen, surrounding a layer of liquid metallic hydrogen, with a probable molten core with a rocky composition. The outermost portion of the hydrogen atmosphere is characterized by many layers of visible clouds that are mostly composed of water and ammonia. The metallic hydrogen layer makes up the bulk of each planet, and is described as "metallic" because the great pressure turns hydrogen into an electrical conductor. The core is thought to consist of heavier elements at such high temperatures (20,000 K) and pressures that their properties are poorly understood.[7]

 Uranus and Neptune

See also: Ice giant

Uranus and Neptune have distinctly different interior compositions from Jupiter and Saturn. Models of their interiors begin with a hydrogen-rich atmosphere that extends from the cloud tops down to about 85% of Neptune's radius and 80% of Uranus's. Below this, they are predominantly "icy", i.e. consist mostly of water, methane, and ammonia. There is also some rock and gas, but various proportions of ice/rock/gas could mimic pure ice, so the exact proportions are unknown.[8]

Very hazy atmosphere layers with a small amount of methane gives them aquamarine colors such as baby blue and ultramarine colors respectively. Both have magnetic fields that are sharply inclined to their axes of rotation.

Unlike the other giant planets, Uranus has an extreme tilt that causes its seasons to be severely pronounced. The two planets have other subtle but important differences. Uranus has more hydrogen and helium than Neptune, despite being less massive overall. Neptune is therefore denser and has much more internal heat, and a more active atmosphere. The Nice model in fact suggests that Neptune formed closer to the Sun than Uranus did, and would therefore have more heavy elements.

 Extrasolar gas giants
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Comparison of sizes of planets of a given mass with different compositions





See also: Hot Jupiter, Super-Jupiter, and Brown dwarf

Because of the limited techniques currently available to detect extrasolar planets, many of those found to date have been of a size associated, in the Solar System, with gas giants. Because these large planets are inferred to share more in common with Jupiter than with the other giant planets, some have claimed that "jovian planet" is a more accurate term for them. Many of the extrasolar planets are much closer to their parent stars and hence much hotter than gas giants in the Solar System, making it possible that some of those planets are a type not observed in the Solar System. Considering the relative abundances of the elements in the universe (approximately 98% hydrogen and helium) it would be surprising to find a predominantly rocky planet more massive than Jupiter. On the other hand, previous models of planetary system formation suggested that gas giants would be inhibited from forming as close to their stars as have many of the new planets that have been observed.

 Cold gas giants

A cold hydrogen-rich gas giant more massive than Jupiter but less than about 500 M⊕ (1.6 MJ), will be just slightly larger in volume than Jupiter.[9] For masses above 500 M⊕, degenerate pressure will cause the planet to shrink.[9] Kelvin–Helmholtz heating can cause a gas giant, such as Jupiter, to radiate more energy than it receives from its host star.[10][11]

 Smaller gas planets


[image: ]

[image: ]

An artist's conception of 79 Ceti b, the first extrasolar gas giant found with a minimum mass less than Saturn.





Although the words "gas" and "giant" are often combined, hydrogen planets need not be as large as the familiar gas giants from the Solar System. However, smaller gas planets and planets closer to their star will lose atmospheric mass more quickly via hydrodynamic escape than larger planets or planets farther out.[12][13]

The smallest known extrasolar planet that is likely a "gas planet" is Kepler-11f, at about 2.3 Earth masses.

A low-mass gas planet can still have a radius resembling that of a gas giant if it has the right temperature.[14]

 Terminology

The term gas giant was coined in 1952 by the science fiction writer James Blish. Arguably it is something of a misnomer, since throughout most of the volume of these planets all the components (other than solid materials in the core) are above the critical point and therefore there is no distinction between liquids and gases. Fluid planet would be a more accurate term. Jupiter is an exceptional case, having metallic hydrogen near the center, but much of its volume is hydrogen, helium and traces of other gases above their critical points. The observable atmospheres of any of these planets (at less than unit optical depth) are quite thin compared to the planetary radii, only extending perhaps one percent of the way to the center. Thus the observable portions are gaseous (in contrast to Mars and Earth, which have gaseous atmospheres through which the crust may be seen).

The rather misleading term has caught on because planetary scientists typically use "rock", "gas", and "ice" as shorthands for classes of elements and compounds commonly found as planetary constituents, irrespective of what phase the matter may appear in. In the outer Solar System, hydrogen and helium are referred to as "gases"; water, methane, and ammonia as "ices"; and silicates and metals as "rock". When deep planetary interiors are considered, it may not be far off to say that, by "ice" astronomers mean oxygen and carbon, by "rock" they mean silicon, and by "gas" they mean hydrogen and helium.

The alternative term jovian planet refers to the Roman god Jupiter—the genitive form of which is Jovis, hence Jovian—and was intended to indicate that all of these planets were similar to Jupiter. However, the many ways in which Uranus and Neptune differ from Jupiter and Saturn have led some to use the term only for the planets similar to the latter two.

With this terminology in mind, some astronomers are starting to refer to Uranus and Neptune as "ice giants" to indicate the apparent predominance of the "ices" (in liquid form) in their interior composition.[15]

 See also
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Two renderings of possible super-Earths, with Earth itself to the right for comparison





A super-Earth is an extrasolar planet with a mass higher than Earth's, but substantially below the mass of the Solar System's smaller gas giants Uranus and Neptune, which are both more or less 15 Earth masses.[1] The term super-Earth refers only to the mass of the planet, and does not imply anything about the surface conditions or habitability. The alternative term "gas dwarfs" may be more accurate for those at the higher end of the mass scale, as suggested by MIT professor Sara Seager, although in actual parlance, mini-Neptunes seems more common.
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 Definition

In general, the super-Earths are defined as exclusively by their mass, and the term does not imply temperatures, compositions, orbital properties, adaptability, or environments similar to that of Earth. A variety of specific mass values are cited in definitions of super-Earths. While sources generally agree on an upper bound of 10 Earth masses,[1][2][3] (~69% of the mass of Uranus, which is the Solar System gas giant with the least mass), the lower bound varies from 1[1] or 1.9[3] to 5,[2] with various other definitions appearing in the popular media.[4][5][6] Some authors further suggest that the term be limited to planets without a significant atmosphere, or planets that have not just atmospheres but also solid surfaces, which the four giant planets in our solar system do not have.[7] Planets above 10 Earth masses are termed giant planets.[8] By informal convention, giant planets may be subdivided into "super-Jupiters" (more than 2-3 Jupiter masses up to brown dwarf mass), "Jupiters" (like Jupiter and Saturn, greater than 30 Earth masses), and "Neptunes" (of a mass similar to Uranus and Neptune, of 10-30 Earth masses).

 Discoveries
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Illustration of the inferred size of the super-Earth Kepler-10b (right) in comparison with Earth





The Solar System does not contain examples of this category of planets, as the largest terrestrial planet in the Solar System is the Earth, and all larger planets have at least 14 times Earth's mass.

 First super-Earth found
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Sizes of Kepler Planet Candidates - based on 2,740 candidates orbiting 2,036 stars as of January 7, 2013 (NASA).





The first super-Earths were discovered by Aleksander Wolszczan and Dale Frail around the pulsar PSR B1257+12 in 1992. The two outer planets of the system have masses approximately four times Earth—too small to be gas giants.

The first super-Earth around a main sequence star was discovered by a team under Eugenio Rivera in 2005. It orbits Gliese 876 and received the designation Gliese 876 d (two Jupiter-sized gas giants had previously been discovered in that system). It has an estimated mass of 7.5 Earth masses and a very short orbital period of just about 2 days. Due to the proximity of Gliese 876 d to its host star (a red dwarf), it may have a surface temperature of 430–650 kelvin[9] and may support liquid water.[10]

 First super-Earth in habitable zone

In April 2007, a team headed by Stéphane Udry based in Switzerland announced the discovery of two new super-Earths around Gliese 581,[11] both on the edge of the habitable zone around the star where liquid water may be possible on the surface. With Gliese 581 c having a mass of at least 5 Earth masses and a distance from Gliese 581 of 0.073 astronomical units (AU; 6.8 million mi, 11 million km), it is on the "warm" edge of the habitable zone around Gliese 581 with an estimated mean temperature (without taking into consideration effects from an atmosphere) of −3 degrees Celsius with an albedo comparable to Venus and 40 degrees Celsius with an albedo comparable to Earth. Subsequent research suggests Gliese 581 c has likely suffered a runaway greenhouse effect like Venus, but that its sister planet, Gliese 581 d, does in fact lie within the star's habitable zone, with an orbit at 0.22 AU and a mass of 7.7 Earths.
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Mass and radius values for transiting super-Earths in context of other detected exoplanets and selected composition models. The "Fe" line defines planets made purely of iron, and "H2O" for those made of water. Those between the two lines, and closer to the Fe line, are most likely solid rocky planets, while those near or above the water line are more likely gas and fluid. Planets in our solar system are on the chart, labeled with their astronomical symbols.





 More notable super-Earth discoveries by year

 2006

Two further super-Earths were discovered in 2006: OGLE-2005-BLG-390Lb with a mass of 5.5 Earth masses, which was found by gravitational microlensing, and HD 69830 b with a mass of 10 Earth masses.[1]

 2008

The smallest super-Earth found as of 2008 is MOA-2007-BLG-192Lb. The planet was announced by astrophysicist David P. Bennett for the international MOA collaboration on June 2, 2008.[12][13] This planet has approximately 3.3 Earth masses and orbits a brown dwarf. It was detected by gravitational microlensing.

In June 2008, European researchers announced the discovery of three super-Earths around the star HD 40307, a star that is only slightly less massive than our Sun. The planets have at least the following minimum masses: 4.2, 6.7, and 9.4 times Earth's. The planets were detected by the radial velocity method by the HARPS (High Accuracy Radial Velocity Planet Searcher) in Chile.[14]

In addition, the same European research team announced a planet 7.5 times the mass of Earth orbiting the star HD 181433. This star also has a Jupiter-like planet that orbits every three years.[15]

 2009
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Illustration of the inferred size of the super-Earth COROT-7b (center) in comparison with Earth and Neptune





Planet COROT-7b, with a mass estimated at 4.8 Earth masses and an orbital period of only 0.853 days, was announced on 3 February 2009. The density estimate obtained for COROT-7b points to a composition including rocky silicate minerals, similar to the four inner planets of Earth's solar system, a new and significant discovery.[16] COROT-7b, discovered right after HD 7924 b, is the first super-Earth discovered that orbits a main sequence star that is G class or larger.[17]

The discovery of Gliese 581 e with a minimum mass of 1.9 Earth masses was announced on April 21, 2009. It is the smallest extrasolar planet discovered around a normal star and the closest in mass to Earth. Being at an orbital distance of just 0.03 AU and orbiting its star in just 3.15 days, it is not in the habitable zone,[18] and may have 100 times more tidal heating than Jupiter’s volcanic satellite Io.[19]

Additionally, Gliese 581 d, at 0.2 AU with a 67-day orbital period, has been confirmed to be within the habitable zone of the red dwarf star, making it the first exoplanet where the existence of liquid water is a real possibility.[18]

A planet found in December 2009, GJ 1214 b, is 2.7 times as large as Earth and orbits a star much smaller and less luminous than our Sun. "This planet probably does have liquid water," said David Charbonneau, a Harvard professor of astronomy and lead author of an article on the discovery.[20] However, interior models of this planet suggest that under most conditions it does not have liquid water.[21]

By November 2009, a total of 30 super-Earths had been discovered, 24 of which were first observed by HARPS.[22]

 2010

Discovered on January 5, 2010, a planet HD 156668 b with a minimum mass of 4.15 Earth masses, is the second least massive planet detected by the radial velocity method.[23] The only confirmed radial velocity planet smaller than this planet is Gliese 581 e at 1.9 Earth masses (see above). On August 24 astronomers using ESO’s HARPS instrument announced the discovery of a planetary system with up to seven planets orbiting a Sun-like star, HD 10180, one of which, although not yet confirmed, has an estimated minimum mass of 1.35 ± 0.23 times that of Earth, which would be the lowest mass of any exoplanet found to date orbiting a main-sequence star.[24] Although unconfirmed, there is 98.6% probability that this planet does exist.[25]

The National Science Foundation announced on September 29 the discovery of a fourth super-Earth (Gliese 581 g) orbiting the M dwarf star Gliese 581. The planet has a minimum mass 3.1 times that of Earth and a nearly circular orbit at 0.146 AU with a period of 36.6 days, placing it in the middle of the habitable zone where liquid water could exist and midway between the planets c and d. It was discovered using the radial velocity method by scientists at the University of California at Santa Cruz and the Carnegie Institution of Washington.[26][27][28] However, the existence of Gliese 581 g has been questioned by another team of astronomers, and it is currently listed as unconfirmed at The Extrasolar Planets Encyclopaedia.[29]

 2011

On February 2, the Kepler Space Observatory Mission team released a list of 1235 extrasolar planet candidates, including 68 candidates of approximately "Earth-size" (Rp < 1.25 Re) and 288 candidates of "super-Earth-size" (1.25 Re < Rp < 2 Re).[30][31] In addition, 54 planet candidates were detected in the "habitable zone." Six candidates in this zone were less than twice the size of the Earth [namely: KOI 326.01 (Rp=0.85), KOI 701.03 (Rp=1.73), KOI 268.01 (Rp=1.75), KOI 1026.01 (Rp=1.77), KOI 854.01 (Rp=1.91), KOI 70.03 (Rp=1.96) - Table 6][30] A more recent study found that one of these candidates (KOI 326.01) is in fact much larger and hotter than first reported.[32] Based on the latest Kepler findings, astronomer Seth Shostak estimates "within a thousand light-years of Earth" there are "at least 30,000 of these habitable worlds."[33] Also based on the findings, the Kepler Team has estimated "at least 50 billion planets in the Milky Way" of which "at least 500 million" are in the habitable zone.[34]

On August 17, a potentially habitable super-Earth HD 85512 b was found using the HARPS as well as a three super-Earth system 82 G. Eridani.[35] On HD 85512 b, it would be habitable if it exhibits more than 50% cloud cover.[36][37] Then less than a month later, a flood of 41 new exoplanets including 10 super-Earths were announced.[38]

On December 5, the Kepler space telescope discovered its first planet within the habitable zone or "Goldilocks region" of its Sun-like star. Kepler-22b is 2.4 times the radius of the earth and occupies an orbit 15% closer to its star than the Earth to the Sun. This is compensated for however, as the star, with a spectral type G5V is slightly dimmer than the Sun (G2V), and thus the surface temperatures would still allow liquid water on its surface.

On 5 December 2011, the Kepler team announced that they had discovered 2,326 planetary candidates, of which 207 are similar in size to Earth, 680 are super-Earth-size, 1,181 are Neptune-size, 203 are Jupiter-size and 55 are larger than Jupiter. Compared to the February 2011 figures, the number of Earth-size and super-Earth-size planets increased by 200% and 140% respectively. Moreover, 48 planet candidates were found in the habitable zones of surveyed stars, marking a decrease from the February figure; this was due to the more stringent criteria in use in the December data.

On 20 December 2011, the Kepler team announced the discovery of the first Earth-size exoplanets, Kepler-20e and Kepler-20f, orbiting a Sun-like star, Kepler-20.

Planet Gliese 667 Cb (GJ 667 Cb) was announced by HARPS on 19 October 2009, together with 29 other planets, while Gliese 667 Cc (GJ 667 Cc) was included in a paper published on 21 November 2011. More detailed data on Gliese 667 Cc were published in early February 2012.

 2012

In September 2012, the discovery of two planets orbiting Gliese 163[39] was announced.[40][41] One of the planets, Gliese 163 c, about 6.9 times the mass of Earth and somewhat hotter, was considered to be within the habitable zone.[40][41]

 2013

On January 7, 2013, astronomers from the Kepler Mission space observatory announced the discovery of Kepler-69c (formerly KOI-172.02), an Earth-like exoplanet candidate (1.5 times the radius of Earth) orbiting a star similar to our Sun in the habitable zone and possibly a "prime candidate to host alien life".[42]

In April 2013, using observations by NASA's Kepler Mission, a team led by William Borucki, of the agency's Ames Research Center, found five planets orbiting in the habitable zone of a Sun-like star, Kepler-62, 1,200 light years from Earth. These new super-Earths have radii of 1.3, 1.4, 1.6, and 1.9 times that of Earth. Theoretical modelling of two of these super-Earths, Kepler-62e and Kepler-62f, suggests both could be solid, either rocky or rocky with frozen water.[43]

 Characteristics
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Comparison of sizes of planets with different compositions[44]





Due to the larger mass of super-Earths, their physical characteristics differ from Earth's. A study on Gliese 876 d by a team around Diana Valencia[1] revealed that it would be possible to infer from a radius measured by the transit method of detecting planets and the mass of the relevant planet what the structural composition of a relevant super-Earth is. For Gliese 876, calculations range from 9,200 km (1.4 Earth radii) for a rocky planet and very large iron core to 12,500 km (2.0 Earth radii) for a watery and icy planet. Within this range of radii the super-Earth Gliese 876 d would have a surface gravity between 1.9g and 3.3g (19 and 32 m/s²).

Further theoretical work by Valencia and others suggests that super-Earths would be more geologically active than Earth, with more vigorous plate tectonics due to thinner plates under more stress. In fact, their models suggested that Earth was itself a "borderline" case, just barely large enough to sustain plate tectonics.[45] However, other studies determine that strong convection currents in the mantle acting on strong gravity would make the crust stronger and thus inhibit plate tectonics. The planet's surface would be too strong for the forces of magma to break the crust into plates.[46]

Additional studies, conducted with lasers at the Lawrence Livermore National Laboratory and at the OMEGA laboratory at the University of Rochester show that the magnesium-silicate internal regions of the planet would undergo phase changes under the immense pressures and temperatures of a super-Earth planet, and that the different phases of this liquid magnesium silicate would separate into layers.

 Radius

The new research suggests that the rocky centres of super-Earths are unlikely to evolve into terrestrial rocky planets like the inner planets of our Solar System because they appear to hold on to their large atmospheres. Rather than evolving to a planet composed mainly of rock with a thin atmosphere, the small rocky core remains engulfed by its large hydrogen-rich envelope.[47][48]

 Temperatures

Since the atmospheres and greenhouse effects of super-Earths are unknown, the surface temperatures are unknown and generally only an equilibrium temperature is given. For example, the black-body temperature of the Earth is 254.3 K (−19 °C or −2 °F ).[49] It is the greenhouse gases that keep the Earth warmer. Venus has a black-body temperature of only 184.2 K (−89 °C or −128 °F ) even though Venus has a true temperature of 737 K (464 °C or 867 °F ). [50] Though the atmosphere of Venus traps more heat than Earth's, NASA lists the black-body temperature of Venus based on the fact that Venus has an extremely high albedo (Bond albedo 0.90, Visual geometric albedo 0.67),[50] giving it a lower black body temperature than the more absorbent (lower albedo) Earth.

 See also
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An example of a system based on stellar luminosity for predicting the location of the habitable zone around various types of stars. Planet sizes, star sizes, orbit lengths, and habitable zone sizes are not to scale.





In astronomy and astrobiology, the circumstellar habitable zone is the region around a star within which a sufficiently large planet or natural satellite could support liquid water at its surface.[1] Also known simply as the habitable zone, the concept of a circumstellar habitable zone was first posited in 1953,[2] with the contemporary term "habitable zone" introduced in 1959.[3] An equivalent term is Goldilocks zone, referencing specifically a region around a star that is neither "too hot" nor "too cold" for water to become liquid, just as the porridge consumed by Goldilocks was neither too hot nor too cold.[4]

Both a location in the habitable zone and a stable, circular orbit (or, in the case of a natural satellite, a host planet with a circular orbit) are required in order to maintain planetary habitability. Dozens of planets have been found fulfilling these criteria, though those planets that have been detected often have more mass than the Earth as a result of their being easier to detect than smaller planets. Based on these data, the total number of terrestrial planets orbiting within the circumstellar habitable zone has been estimated to be anywhere from 500 million[5] to over 150 billion.[1][6]

A circular orbit and a location in the habitable zone are not the only criteria for planetary habitability. In order to remain habitable, planets and natural satellites must have sufficient mass to accrete thick atmospheres,[7] to create the magnetospheres required to maintain the atmospheres,[8] and to sustain plate tectonics.[8] At the same time, though, a planet or natural satellite must not have so much mass that it becomes a gas giant or ice giant.[9] In addition, any habitable body must be in a star system where stars are massive enough to fuse hydrogen, but not so massive that they run out of their hydrogen within a few million years—too short to develop any form of life.[10]

There are, however, exceptions to many of these criteria. For example, subsurface oceans created by tidal heating of the moons of giant planets[11][12] may harbor carbon-based life, despite being well outside the traditional habitable zone. Furthermore, some planetary scientists have suggested that existing criteria for the circumstellar habitable zone are overly simplistic, and have therefore suggested a generalization of the concept to include separate circumstellar habitable zones where non-water solvents, such as ammonia or methane, could remain liquid[13] and provide habitats for life based on various hypothetical forms of alternative biochemistry. The concept of a habitable zone has also been expanded to include regions such as the galactic habitable zone, the region of the galaxy in which life could exist,[14] as well as the circumplanetary habitable zone, the region around giant planets where habitable natural satellites could be found.[15]
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 History

The concept of a circumstellar habitable zone was first introduced in 1953 by Hubertus Strughold, who in his treatise The Green and the Red Planet: A Physiological Study of the possibility of Life on Mars coined the term "ecosphere" and referred to various "zones" in which life could emerge.[2][16] Su-Shu Huang, an American astrophysicist, first introduced the term "habitable zone" in 1959 to refer to the area around a star where liquid water could exist on a sufficiently large body, and was the first to introduce it in the context of planetary habitability and extraterrestrial life.[3][17] Huang, a major early contributor to habitable zone theory, argued in 1960 that circumstellar habitable zones, and by extension extraterrestrial life, would be uncommon in multiple star systems, given the gravitational instabilities of those systems.[18]

The theory of habitable zones was further developed in 1964 by Stephen H. Dole in his book Habitable Planets for Man, in which he covered the circumstellar habitable zone itself as well as various other determinants of planetary habitability, eventually estimating the number of habitable planets in the Milky Way to be about 600 million.[19] At the same time, science-fiction author Isaac Asimov introduced the concept of a circumstellar habitable zone to the general public through his various explorations of space colonization,[20] and in 1993, planetary scientist James Kasting introduced the term "circumstellar habitable zone" to more precisely refer to the region previously (and still) known as the habitable zone.

The concept of the habitable zone would continue to see expansion and generalization in the years that followed, though. In 2000, astronomers Peter Ward and David Brownlee introduced the theory of the "galactic habitable zone", which they later developed with Guillermo Gonzalez.[8][14] The galactic habitable zone, defined as the region where life is most likely to emerge in a galaxy, encompasses those regions close enough to a galactic center that stars there are enriched with heavier elements, but not so close that star systems, planetary orbits, and the emergence of life would be frequently disrupted by the intense radiation and enormous gravitational forces commonly found at galactic centers.[8]

More recently, various planetary scientists have criticized the circumstellar habitable zone theory for its carbon chauvinism, proposing that the concept be extended to other solvents, such as ammonia or methane, which could be the basis of life based off of an alternative biochemistry.[13] In 2013, further developments in habitable zone theory were made with the proposal of a circumplanetary habitable zone, also known as the "habitable edge," to encompass the region around a planet where the orbits of natural satellites would not be disrupted, while at the same time tidal heating from the planet would not cause a boiling away of liquid water.[15]

 Determination of the circumstellar habitable zone
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Prediction of the extent of the Solar System's habitable zone indicated by two dimensional orbits of the inner Solar System bodies. The orbital region in which Earth could possess liquid water is indicated in green, with the core habitable zone indicated in dark green, along with the light-green extended habitable zone.





Whether a body is in the circumstellar habitable zone of its host star is dependent on both the radius of the planet's orbit (for natural satellites, the host planet's orbit) and the mass of the body itself. Given the large spread in the masses of planets within a circumstellar habitable zone, coupled with the discovery of super-Earth planets which can sustain thicker atmospheres and stronger magnetic fields than Earth, circumstellar habitable zones are now split into two separate regions—a "conservative habitable zone" in which lower-mass planets like Earth or Venus can remain habitable, complemented by a larger "extended habitable zone" in which super-Earth planets, which have stronger greenhouse effects, more powerful geomagnetic dynamos, and greater amounts of plate tectonics, can have the right temperature for liquid water to exist at the surface.

 Solar System estimates

Estimates for the habitable zone within the Solar System range from 0.725 to 3.0 astronomical units, though arriving at these estimates has been challenging for a variety of reasons. Venus, for example, has an orbit whose aphelion touches the inner reaches of the Solar System's habitable zone, but has an extremely thick carbon dioxide atmosphere which causes the surface temperature to reach 462 °C (864 °F).[21] While the entire orbits of the Moon,[22] Mars,[23] and the dwarf planet Ceres[24] lie within various estimates of the habitable zone, and seasonal flows on warm Martian slopes have not yet been ruled out, the three bodies have atmospheric pressures that are far too low to create a strong greenhouse effect and sustain liquid water on their surfaces.

Most estimates, therefore, are inferred on the effect that repositioned orbit would have on the habitability of Earth or Venus;. According to extended habitable zone theory, however, a planet with a more dense atmosphere than Earth orbiting in the extended habitable zone, such as Gliese 667 Cd[25] or Gliese 581 d,[26][27] might theoretically possess liquid water.





Estimates of the circumstellar-habitable-zone boundaries of the Solar System

	Inner Edge (AU)
	Outer Edge (AU)
	Year
	Notes



	0.725
	1.24
	Dole 1964[19]
	Used optically thin atmospheres and fixed albedos. Places the aphelion of Venus just inside the zone.



	
	1.385–1.398
	Budyko 1969[28]
	Based on studies of ice albedo feedback models to determine the point at which Earth would experience global glaciation. This estimate was supported in studies by Sellers 1969[29] and North 1975.[30]



	0.88–0.912
	
	Rasool and DeBurgh 1970[31]
	Based on studies of Venus's atmosphere, Rasool and DeBurgh concluded that this is the minimum distance at which Earth would have formed stable oceans.



	0.95
	1.01
	Hart et al. 1979[32]
	Based on computer modelling and simulations of the evolution of the Earth's atmospheric composition and surface temperature. This estimate has often been cited by subsequent publications.



	
	3.0
	Fogg 1992[33]
	Used the carbon cycle to estimate the outer edge of the circumstellar habitable zone.



	
	1.37
	Kasting et al. 1993[3]
	Noted the cooling effect of cloud albedo.



	
	2.0
	Spiegel et al. 2010[34]
	Proposed that seasonal habitability is possible to this limit when combining high obliquity and orbital eccentricity.



	0.75
	
	Abe et al. 2011[35]
	Found that land-dominated "desert planets" with water at the poles could exist closer to the Sun than watery planets like Earth.



	0.77—0.87
	1.02—1.18
	Vladilo et al. 2013[36]
	Inner edge of circumstellar habitable zone is closer and outer edge is farther for higher atmospheric pressures; no habitability below 15 millibar of pressure.



	0.99
	1.688
	Kopparapu et al. 2013[1]
	Revised estimates using updated runaway greenhouse and water loss algorithms. According to this measure Earth is at the inner edge of the HZ and close to, but just outside, of the runaway greenhouse limit.



	0.5
	
	Zsom et al. 2013[37]
	Estimate based on various possible combinations of atmospheric composition, pressure and relative humidity of the planet's atmosphere.




 Extrasolar extrapolation
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Kepler-16(AB)-b is a circumbinary planet in the circumstellar habitable zone of its two host stars.[38]





See also: Habitability of red dwarf systems

Astronomers use stellar flux and the inverse-square law to extrapolate cirumstellar-habitable-zone models created for the Solar System to other stars. For example, while the Solar System has a circumstellar habitable zone centered at 1.34 AU from the Sun,[1] a star with 0.25 times the luminosity of the Sun would have a habitable zone centered at [image: \sqrt{0.25}], or 0.5, the distance from the star, corresponding to a distance of 0.67 AU. Beyond this, though, there are numerous roadblocks to a perfect extrasolar extrapolation of the circumstellar habitable zone concept.

 Spectral types and star-system characteristics

Some scientists argue that the concept of a circumstellar habitable zone is actually limited to stars in certain types of systems or of certain spectral types. Binary systems, for example, have circumstellar habitable zones that differ from those of single-star planetary systems, in addition to the orbital-stability concerns inherent with a three-body configuration.[39] If the Solar System were such a binary system, the outer limits of the resulting circumstellar habitable zone could extend as far as 2.4 AU.[40][41]

With regard to spectral types, Zoltán Balog proposes that O-type stars cannot form planets due to photoevaporation.[42] On the other end of the spectral scale, Michael Hart proposed that only main-sequence stars of spectral class K0 could possess habitable zones, an idea which has been extended in modern times with the concept of a tidal locking radius for red dwarfs. Within this radius, which is coincidental with the red-dwarf habitable zone, it has been suggested that the volcanism caused by tidal heating could cause a "tidal Venus" planet with high temperatures and no ability to support life.[43]

Others maintain that circumstellar habitable zones are more common and that it is indeed possible for water to exist on planets orbiting cooler stars. Recent climate modelling supports the idea that red dwarfs could sustain surface water suitable for supporting extremophiles and that the terminator of tidally locked planets in the habitable zone may be sufficiently "life friendly".[44] Astronomy professor Eric Agol argues that white dwarfs may support a relatively brief habitable zone through planetary migration.[45] At the same time, others have written in similar support of semi-stable, temporary habitable zones around brown dwarfs.[43]

 Stellar evolution
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Natural defenses against space weather, such as the magnetosphere depicted in this artistic rendition, may be required for planets to sustain surface water for prolonged periods.





Circumstellar habitable zones change over time with stellar evolution. For example, hot O-type stars, which may remain on the main sequence for fewer than 10 million years,[46] would have rapidly changing habitable zones not conducive to the development of life. Red dwarf stars, on the other hand, which can live for hundreds of billions of years on the main sequence, would have planets with ample time to develop complex life.[47][10] Even while stars are on the main sequence, though, their energy output steadily increases, pushing their habitable zones further and further out; our Sun, for example, was only 75% as bright in the Archaean as it is now,[48] and in the future continued increases in energy output will put Earth outside of the Sun's habitable zone, even before it reaches the red giant phase.[49] In order to deal with this increase in luminosity, the concept of a continuously habitable zone has been introduced. As the name suggests, the continuously habitable zone is a region around a star in which planetary-mass bodies can sustain liquid water for a given period of time. Like the general circumstellar habitable zone, the continuously habitable zone of a star is divided into a conservative and extended region.[49]

In red dwarf systems, gigantic stellar flares which could double a star's brightness in minutes[50] and huge starspots which can cover 20% of the star's surface area,[51] have the potential to strip an otherwise habitable planet of its atmosphere and water.[52] However, stellar evolution is at play with red dwarf system habitability as well, reducing the wild fluctuations in luminosity so planets are more likely to have life.[53] As red dwarf stars grow older, they have fewer and fewer violent outbursts, until by 1.2 billion years of age they become sufficiently constant to allow for the development of life.[54][52]

Once a star has evolved sufficiently to become a red giant, its circumstellar habitable zone will change dramatically from its main-sequence size. For example, the Sun is expected to engulf the previously-habitable Earth as a red giant.[55] However, once a red giant star reaches the horizontal branch, it achieves a new equilibrium and can sustain a circumstellar habitable zone, which in the case of the Sun would range from 7 to 22 AU.[56] Given that this new equilibrium lasts for about 1 Gyr, and since life on Earth emerged by 0.7 Gyr from the formation of the Solar System at latest, life could conceivably develop on red-giant planets in the habitable zone.[56] However, important life processes like photosynthesis could only happen around planets where the atmosphere has been artificially seeded with carbon dioxide, as by the time a solar-mass star becomes a red giant, planetary-mass bodies would have already absorbed much of their free carbon dioxide.[57]

 Other considerations
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The Earth's hydrosphere. Water covers 71% of the Earth's surface, with the global ocean accounting for 97.3% of the water distribution on Earth.





See also: Planetary habitability and Natural satellite habitability

A planet cannot have a hydrosphere—a key ingredient for the formation of carbon-based life—unless there is a source for water within its stellar system. The origin of water on Earth, for example, is likely the result of impacts with icy bodies, outgassing, mineralization, leakage from hydrous minerals from the lithosphere, and photolysis.[58][59] For an extrasolar system, an icy body from beyond the frost line could migrate into the habitable zone of its star, creating an ocean planet with seas hundreds of kilometers deep[60] such as GJ 1214 b[61][62] or Kepler-22b.[63]

Maintenance of habitability also requires a sufficiently thick atmosphere. In a 2013 study led by Italian astronomer Giovanni Vladilo, it was shown that the size of the circumstellar habitable zone increased with greater atmospheric pressure.[36] Below an atmospheric pressure of about 15 millibars, it was found that habitability could not be maintained[36] because even a small shift in pressure or temperature could render water unable to form a liquid.[64]

Planetary-mass natural satellites have the potential to be habitable as well. However, these bodies need to fulfill additional parameters, in particular being located within the circumplanetary habitable zones of their host planets.[15] More specifically, planets need to be far enough from their host giant planets that they are not transformed by tidal heating into volcanic worlds like Io,[15] but within the Hill radius of the planet so that they are not pulled out of orbit of their host planet.[65] Red dwarfs that have masses less than 20% of that of the Sun cannot have habitable moons around giant planets, as the small size of the circumstellar habitable zone would put a habitable moon so close to astar that it would be stripped from its host planet. Moving a moon closer to a host planet to maintain its orbit would create tidal heating so intense as to eliminate any prospects of habitability.[15]

In order for planets and natural satellites to remain habitable, they (or their host planets) need to have low orbital eccentricity so that they can orbit within the circumstellar habitable zone throughout the year. In the case of planets moving into the circumstellar habitable zone outward, though, extremophiles may be able to increase their metabolism rates as the planet approaches its periastron and becomes warmer, while going into a state of hibernation near apastron, when the planet would be at its coldest.[66]

 Discoveries in the circumstellar habitable zone

See also: List of potential habitable exoplanets

Planets in the circumstellar habitable zone are of key interest to researchers looking either for existing (and possibly intelligent) life or for future homes for the human race.[67]

The Drake equation, used in order to calculate the number of intelligent civilizations in our galaxy, contains a parameter ηe which estimates the fraction of stars that have terrestrial planets or exomoons in a circumstellar habitable zone. A low value lends support to the rare Earth hypothesis, which posits that there are few planets suitable for intelligent extraterrestrial life in the Universe, while a high value provides evidence for the Copernican mediocrity principle, the view that habitability—and therefore life—is common throughout the Universe.[8] A 2013 study by Ravi Kumar Kopparapu put ηe at 0.48,[1] meaning that there may be roughly 95-180 billion habitable planets in the Milky Way.[6] However, this is merely a statistical prediction; only a small fraction of these possible planets have yet been discovered.[68]

 A decade of gas giants

See also category: Gas giant planets in the habitable zone
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Artist's impression of Upsilon Andromedae d, as seen from a hypothetical large moon with surface liquid water.





From 1996 to 2006, many extrasolar planets were found to be located in the circumstellar habitable zones of their parent stars. One of the first to be discovered was 70 Virginis b, a gas giant which was initially nicknamed "Goldilocks" due to it being neither "too hot" nor "too cold." Later study, though, revealed 70 Virginis b to be an inhospitable planet whose surface temperatures would be more analogous to Venus than to Earth.[69] 16 Cygni Bb, also discovered in 1996, is another gas giant orbiting in the habitable zone; however, it has an extremely eccentric orbit that causes extreme seasonal effects on the planet's surface. In spite of this, simulations suggest that a terrestrial natural satellite would be able to support water at its surface year-round.[70]

Gliese 876 b, discovered in 1998, and Gliese 876 c, discovered in 2001, are both gas giants discovered in the habitable zone around Gliese 876. although they are not thought to themselves possess significant water at their surfaces, both may have habitable moons.[71] Upsilon Andromedae d, discovered in 1999, is a gas giant in its star's circumstellar habitable zone considered to be large enough to favor the formation of large, Earth-like moons.[72]

Announced on April 4, 2001, HD 28185 b is a gas giant found to orbit entirely within its star's circumstellar habitable zone[73] and has a low orbital eccentricity, comparable to that of Mars in the Solar System.[74] Tidal interactions suggest that HD 28185 b could harbor habitable Earth-mass satellites in orbit around it for many billions of years,[75] though it is unclear whether such satellites could form in the first place.[76]

HD 69830 d, a gas giant with 17 times the mass of the Earth, was in 2006 found orbiting within the circumstellar habitable zone of HD 69830, 41 light years away from Earth.[77] The following year, 55 Cancri f was discovered within 55 Cancri A's circumstellar habitable zone.[78] [79] While conditions on this massive and dense planet are not conducive to the formation of water or for that matter biological life as we know it, the potential exists for a system of moons to be orbiting the planet and thus transiting through this zone and being conducive for biological development.

 Habitable super-Earths

See also category: Super-Earths in the habitable zone
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The habitable zone of Gliese 581 compared with our Solar System's habitable zone.





The 2007 discovery of Gliese 581 c, the first super-Earth in the circumstellar habitable zone, created significant interest in the system by the scientific community, although the planet was later found to have surface conditions that likely resemble Venus more than Earth.[80] Gliese 581 d, another planet in the same system and a better candidate for habitability, was also discovered in 2007. Though it receives only 30% of the stellar flux that the Earth gets from the Sun, a strong greenhouse effect may allow it to retain liquid water at its surface, thereby creating a water cycle and perhaps life.[26][81][82][83] Gliese 581 g, yet another planet discovered in the circumstellar habitable zone of the system, has the best prospects for habitability of all three planets, but its existence has recently been put into doubt in an analysis by Mikko Tuomi,[84] an analysis that was subsequently disputed.[85][86] The planet is currently listed as unconfirmed by the Extrasolar Planets Encyclopedia.[87]

Discovered in August 2011, HD 85512 b was initially believed to be habitable,[88] but the new circumstellar-habitable-zone criteria devised by Kopparapu et al. in 2013 preclude the planet from being habitable.[68] With an increase in the intensity of exoplanet discovery, the Earth Similarity Index was devised in October 2011 as a way of comparing planetary properties, such as surface temperature and density, to those of the Earth in order to better gauge the habitability of extrasolar bodies.[89]
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A diagram comparing size (artists impression) and orbital position of planet Kepler-22b within Sun-like star Kepler 22's habitable zone and that of the Earth in the Solar System





Kepler-22 b, discovered in December 2011 by the Kepler space probe,[90] is the first transiting exoplanet discovered around a sunlike star. With a radius 2.4 times that of the Earth, Kepler-22b has been predicted by some to be an ocean planet.[91] Gliese 667 Cc, discovered in 2011 but announced in 2012,[92] is a super-Earth orbiting in the circumstellar habitable zone of Gliese 667 C. Described as one of the best candidates to support liquid water at its surface, Gliese 667 Cc has an Earth Similarity Index of 0.79.

Gliese 163 c, discovered in September 2012 in orbit around the red dwarf Gliese 163[93] 49 ly from Earth, with 6.9 Earth masses and 1.8 to 2.4 Earth radii is expected to be on the hot side, receiving 40% more light from its star than Earth and with surface temperatures of at least 60C, though still has strong potential to possess surface water.[94][95][96] HD 40307 g, a candidate planet tentatively discovered in November 2012 is in the circumstellar habitable zone of HD 40307.[97] In December of 2012, Tau Ceti e and Tau Ceti f were found in the circumstellar habitable zone of Tau Ceti, a sunlike star just 12 light years away from Earth that was previously known to have planets.[98] While more massive than Earth, they are among the least massive planets found to date orbiting in the zone;[99] however, Tau Ceti f, like HD 85512 b, did not fit the new circumstellar-habitable-zone criteria established by the 2013 Kopparapu study.[100]

On January 7, 2013, astronomers from the Kepler team announced the discovery of Kepler-69c (formerly KOI-172.02), an Earth-like exoplanet candidate (1.5 times the radius of Earth) orbiting a star, Kepler-69, similar to our Sun in the "habitable zone" and possibly a "prime candidate to host alien life".[101][102][103][104] The discovery of two planets orbiting in the habitable zone of Kepler-62, also by the same group, was announced on April 19, 2013. The planets, named Kepler-62e and Kepler-62f, are likely solid planets similar to the size of the Earth.[103][104][105]


 Criticism
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The discovery of hydrocarbon lakes on Saturn's moon Titan has begun to call into question the carbon chauvinism that underpins habitable zone theory.





The concept of a habitable zone is criticized by Ian Stewart and Jack Cohen in their book Evolving the Alien based on the fact that habitable environments can be found outside of the circumstellar habitable zone. For example, Jupiter's moon Europa is believed to have a subsurface ocean with an environment similar to Earth's deep ocean, which may be conducive to extremophilic forms of life akin to the tardigrades found on Earth.[106]

Stewart and Cohen also criticize the circumstellar habitable zone for applying the restrictions of terrestrial biochemistry to life on other worlds, despite the fact that such life could indeed be based on a form of alternative biochemistry.[106] In a similar vein, some astrobiologists, including NASA's Christopher McKay, have suggested that methane may be a solvent conducive to the development of "cryolife", with the Sun's methane habitable zone being centered around 1.6×109 km (1,000,000,000 mi) from the star.[13] This distance is coincidental with the location of Saturn's moon Titan, whose lakes and rain of methane make it an ideal location to find McKay's proposed cryolife.[13]

The habitable zone has also been criticized because it does not take into account the fact that solutions, with water as the solvent, may retain a liquid state at temperatures or pressures that are not traditionally considered habitable. For example, seasonal flows on warm Martian slopes may be caused by briny water, despite the fact that Mars is at the very edge of the traditional circumstellar habitable zone[1][107] and has an atmospheric pressure that can barely turn water to liquid.[108][64]


 See also
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Extraterrestrial liquid water, the presence of water in its liquid state, is a subject of wide interest because it is commonly believed to be a prerequisite for extraterrestrial life.

Earth, with oceanic water covering 71% of its surface, is the only planet known to have stable bodies of liquid water on its surface[1] and liquid water is essential to all life on Earth. Earth orbits within the Sun's habitable zone, a region in which liquid water can exist on the surface of a planet with sufficient atmospheric pressure.

There is growing evidence of liquids below the surface of several moons and dwarf planets elsewhere in the Solar System that may consist of liquid water, some are speculated to be large "oceans"; however, none have been confirmed. Oceans and water may be common in other planetary systems; for example, water vapour was found in 2007 in the proplanetary disc of a young star MWC 480, within 1 AU of the star.[2]

Surface water was once thought to cover large areas of Venus and Mars and possible seasonal flows on warm Martian slopes have been observed since 2008.
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 Solar System

 Obsolete theories

Lunar maria are vast basaltic plains on the Moon that were thought to be bodies of water by early astronomers, who referred to them as "seas". Galileo expressed some doubt about the lunar 'seas' in his Dialogue Concerning the Two Chief World Systems.[a]

Before space probes were landed, the idea of oceans on Venus was credible science. But it was discovered to be much too hot.

Telescopic observations from the time of Galileo onward have shown that Mars had no features resembling watery oceans.[citation needed] Mars' dryness was long recognized, and gave credibility to the spurious Martian canals.

 Past surface water
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An artist's impression of ancient Mars and its hypothesized oceans based on geological data





Assuming that the Giant impact hypothesis is correct, there were never real seas or oceans on the Moon, only perhaps a little moisture (liquid or ice) in some places, when the Moon had a thin atmosphere created by degassing of volcanoes or impacts of icy bodies.

Astronomers believe that Venus had liquid water and perhaps oceans in its very early history. Given that Venus has been completely resurfaced by its own active geology, the idea of a primeval ocean is hard to test. Rock samples may one day give the answer.[3]

It was once thought that Mars might have dried up from something more Earth-like. The initial discovery of a cratered surface made this seem unlikely, but further evidence has changed this view. Liquid water may have existed on the surface of Mars in the distant past, and several basins on Mars have been proposed as dry sea beds.[4] The largest is Vastitas Borealis; others include Hellas Planitia and Argyre Planitia.

There is currently much debate over whether Mars once had an ocean of water in its northern hemisphere, and over what happened to it if it did. Recent findings by the Mars Exploration Rover mission indicate it had some long-term standing water in at least one location, but its extent is not known. The Opportunity Mars rover photographed bright veins of a mineral leading to conclusive confirmation of deposition by liquid water.[5]

Further information: Mars Ocean Hypothesis

 Groundwater

It is thought that liquid water may exist in the Martian subsurface. Research suggests that in the past there was liquid water flowing on the surface,[6] creating large areas similar to Earth's oceans. However, the question remains as to where the water has gone.[7] There are a number[8] of direct and indirect proofs of water's presence either on or under the surface, e.g. stream beds, polar caps, spectroscopic measurement, eroded craters or minerals directly connected to the existence of liquid water (such as Goethite). In an article in the Journal of Geophysical Research, scientists studied Lake Vostok in Antarctica and discovered that it may have implications for liquid water still being on Mars. Through their research, scientists came to the conclusion that if Lake Vostok existed before the perennial glaciation began, that it is likely that the lake did not freeze all the way to the bottom. Due to this hypothesis, scientists say that if water had existed before the polar ice caps on Mars, it is likely that there is still liquid water below the ice caps that may even contain evidence of life.[9]

Thomas Gold has posited that many Solar System bodies could potentially hold groundwater farther down. [1]

 Icy-moon and trans-Neptunian-object subsurface oceans
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Two models for the composition of Europa predict a large sub-surface ocean of liquid water. Similar models have been proposed for other celestial bodies in the Solar System





Subsurface oceans have been postulated for most of the icy moons of the outer planets, which are covered by a thick layer of water ice. In some cases it is thought that an ocean layer may have been present in the past, but has since cooled into solid ice.

Liquid water is thought to be present under the surface of several natural satellites, particularly the Galilean moons of Jupiter, such as Europa (liquid water underneath its icy surface due to tidal heating), and, with less certainty, Callisto and Ganymede.

Models of heat retention and heating via radioactive decay in smaller icy bodies suggest that Rhea, Titania, Oberon, Triton, Pluto, Eris, Sedna, and Orcus may have oceans underneath solid icy crusts approximately 100 km thick.[10] Of particular interest in these cases is the fact that the models predict that the liquid layers are in direct contact with the rocky core, which allows efficient mixing of minerals and salts into the water. This is in contrast with the oceans that may be inside larger icy satellites like Ganymede, Callisto, or Titan, where layers of high-pressure phases of ice are thought to underlie the liquid water layer.[10]

Geysers have been found on Enceladus. These contain water vapour and may mean liquid water deeper down. The water is either heated tidally or geothermally. It is known that Enceladus has liquid water, as there are active cryovolcanic mountains around its southern pole.[11] It could also be just ice.[12] In June 2009, evidence was put forward for salty subterranean oceans.[13]

It was believed after the Voyager observations that Titan might have seas or oceans of liquid hydrocarbons. The Cassini–Huygens space mission initially discovered only what appeared to be dry lakebeds and empty river channels, suggesting that Titan had lost what surface liquids it might have had. A more recent fly-by of Titan made by Cassini has produced radar images that strongly suggest hydrocarbon lakes near the polar regions where it is colder.[14] Titan is also thought likely to have a subterranean water ocean under the mix of ice and hydrocarbons that forms its outer crust.[15][16]

 Gas giants

Jupiter possesses a gaseous layer where, because of the Earthlike temperature and pressure, droplets may condense from the water vapor.[citation needed]

Uranus and Neptune may possess large oceans of hot, highly compressed, supercritical water[b] under their thick atmospheres, though their internal structure is not well understood at this time. It is agreed that they are different from the gas giants Jupiter and Saturn—some astronomers would class them separately as 'ice giants'.[17]

 Water-ammonia layers on cool small bodies

A solution of water with ammonia would have an antifreeze effect, and enable liquid water to exist in small bodies that would otherwise be too cold.

The dwarf planet Ceres is believed to contain large amounts of water-ice,[18] and might possess a tenuous atmosphere.[19] It is too cold for liquid water, but an ocean of water plus ammonia has been suggested.[20] More information will be available in 2015, when the Dawn Mission visits it.

 Liquid water inside comets

Comets contain large proportions of water ice, but are generally thought to be completely frozen due to their small size and large distance from the Sun. However, studies on dust collected from comet Wild-2 show evidence for liquid water inside the comet at some point in the past.[21] It is yet unclear what source of heat may have caused melting of some of the comet's water ice.

 Extrasolar Habitable zone Candidates for water

Most known extrasolar planetary systems appear to have very different compositions to the Solar System, though there is probably sample bias arising from the detection methods.

The goal of current searches is to find Earth-sized planets in the habitable zone of their planetary systems (also sometimes called the Goldilocks zone).[22] Planets with oceans could include Earth-sized moons of giant planets, though it remains speculative whether such 'moons' really exist. The Kepler telescope might be sensitive enough to detect them.[23] But there is evidence that rocky planets hosting water may be commonplace throughout the Milky Way.[24]

 55 Cancri e

55 Cancri e orbits very close to its sun, but observations suggest that it is 30% supercritical water, a global ocean.[25]

 55 Cancri f

55 Cancri f is a large planet orbiting in the habitable zone of the star 55 Cancri A. Its composition is unknown but it is believed to be a gas giant. If it has rocky moons, these could have liquid water.[26]

There is also a gap in the orbits of that system's five (known) planets which might contain something more Earth-like. If it exists, it cannot be detected by present methods, though these are constantly being improved.

 AA Tauri

AA Tauri is a young star, less than a million years old and a typical example of a young star with a protoplanetary disk. Astronomers have recently found the spectral signatures of water vapor, plus three simple organic molecules – hydrogen cyanide, acetylene and carbon dioxide.[27] Solid bodies condensing from the disk should have liquid water, if they are the right distance from the star.

 COROT-7b

COROT-7b is an exoplanet less than twice the size of Earth orbiting a Sun-like star very closely. It was discovered by the CoRoT space telescope and was announced to the public on 3 February 2009. The surface is predicted to be in the range of 1,000–1,500 degrees Celsius, but since its composition is not known it could be covered in molten lava or enshrouded in a thick water vapour cloud layer. The planet could also be made up of water and rock in almost equal amounts. If COROT-7b is water-rich it could be an ‘ocean planet’.[28]

 COROT-9b

COROT-9b has been called a temperate exoplanet as its cloudtop temperature ranges from −20 degrees to 160 degrees Celsius. It is the size of Jupiter but a similar distance as Mercury is from our Sun. There are other similar planets cases known, but this planet can be studied in detail because it transits its star. Although it is mostly made of hydrogen and helium it may contain up to 20 Earth masses of other elements, including water and rock at high temperatures and pressures.[29]
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Artist's impression of Upsilon Andromedae d, portrayed as a class II planet with water vapor clouds, as seen from a hypothetical large moon with surface liquid water





 Gliese 581 c, d and g

Gliese 581 c, a world five times the size of the Earth, was originally reported to be the right distance from its sun for liquid water to exist on the planet's surface.[30] Since it does not transit its sun, there is no way to know if there is any water there.

Later work suggests that Gliese 581 c would probably be too hot for liquid water. It was then suggested that Gliese 581 d might be warm enough for oceans if a greenhouse effect was operating.[31] Gliese 581 d is eight times the mass of the Earth and might have a thick atmosphere.

Gliese 581 d looks an even better candidate. The orbital period was originally estimated at 83 days and has now been revised to 66 days.[32] This was announced along with another new world, Gliese 581 e, which is next to twice the mass of Earth but too close to its sun for liquid water. In May 2011, a new study suggested that the planet might have a thick atmosphere, oceans and even life.[33]

The unconfirmed planet Gliese 581 g is another good candidate. This planet is estimated to be between three to four times as massive as the earth, and as such it is too small to be a gas giant. The orbital period is estimated at 37 days, which places its orbit right in the middle of the habitable zone of the star Gliese 581.[34]

 Gliese 667 Cc
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Artist's impression of Gliese 667 Cc. The brightest star in the sky is the red dwarf Gliese 667 C, which is part of a triple star system.[35]





Gliese 667 Cc is one of two 'super-Earth' planets around Gliese 667 C, a dim red star that is part of a triple star system. The stars of this system have a concentration of heavy elements only 25% that of our Sun's. Such elements are the building blocks of terrestrial planets so it was thought to be unusual for such star systems to have an abundance of low mass planets.[36] It seems that habitable planets can form in a greater variety of environments than previously believed.

Gliese 667 Cc, in a tight 28-day orbit of a dim red star, must receive 90% of the light that Earth receives, but most of its incoming light is in the infrared, a higher percentage of this incoming energy should be absorbed by the planet. The planet is expected to absorb about the same amount of energy from its star that Earth absorbs from the Sun, which would allow surface temperatures similar to Earth and perhaps liquid water.[37]

 GJ 1214 b

GJ 1214 b was the second exoplanet (after CoRoT-7b) to have an established mass and radius less than those of the giant Solar System planets. It is three times the size of Earth and about 6.5 times as massive. Its low density indicated that it is likely a mix of rock and water,[38] and follow-up observations using the Hubble telescope now seem to confirm that a large fraction of its mass is water, so it is a large waterworld. The high temperatures and pressures would form exotic materials like 'hot ice' or 'superfluid water'.[39][40]

 HD 28185 b

HD 28185 b was the first exoplanet to be detected in the habitable zone.[41] The planet has only been detected indirectly, but is believed to be a gas giant, with no solid surface. Some scientists have argued that it could have moons large and stable enough to have oceans.[42]

 HD 85512 b

HD 85512 b was discovered in August 2011. It is larger than Earth, but small enough to be probably a rocky world. It is on the borders of its star's habitable zone and might have liquid water, maybe even life.[43][44]

 MOA-2007-BLG-192Lb

MOA-2007-BLG-192Lb is a small planet orbiting a small star. It is about 3 Earth masses, currently the second smallest detected extrasolar planet orbiting a normal star, after Gliese 581 e.

The planet orbits its host star or brown dwarf with an orbital radius similar to that of Venus. But the host is likely to be between 3,000 and 1 million times fainter than the Sun, so the top of the planet's atmosphere is likely to be colder than Pluto. However, the planet is likely to maintain a massive atmosphere that would allow warmer temperatures at lower altitudes. It is even possible that interior heating by radioactive decays would be sufficient to make the surface as warm as the Earth, but theory suggests that the surface may be completely covered by a very deep ocean.[45]

 Kepler-22b

Kepler-22b is a planet 2.4 times the size of the Earth, with an estimated temperature of 22 °C. It was one of 54 candidates found by the Kepler telescope and reported in February as potentially habitable. It is the first of these to be formally confirmed using other telescopes. Its composition is currently unknown.[46]

 Kepler-62e and Kepler-62f

The star Kepler-62 has five planets, two of which are the right distance from the star to have liquid water and even life.[47].

Kepler-62f is only 40 percent larger than Earth, making it the exoplanet closest to the size of our planet known in the habitable zone of another star. Kepler-62e orbits on the inner edge of the habitable zone and is roughly 60 percent larger than Earth. [48] Both are assumed to be rocky planets, but since the star is 1200 light-years away, it is hard to be sure.

 Kepler-69c

This large rocky planets is one of two known to be orbiting the star Kepler 69, which is similar to our sun. It is believed to be in the star's habitable zone.

It is 70% more massive than the Earth and has a 242-day orbit, similar to that of Venus in our own solar system.

NASA announced its discovery on 18th April, along with the two Earth-like planets of Kepler 62 [48]

 Kepler (other results)

Among the 1,235 possible extrasolar planet candidates detected by NASA's planet-hunting Kepler space telescope during its first four months of operation, 54 are orbiting in the parent star's habitable 'Goldilocks' zone where liquid water could exist.[49] Five of these are near Earth-size, and the remaining 49 habitable zone candidates range from twice the size of Earth to larger than Jupiter.[50]

 TW Hydrae

TW Hydrae is a very young star is in the process of forming a solar system. Scientists have now detected clouds of water vapour cold enough to form comets. This could eventually deliver oceans to dry planets, which is believed by most scientists to have happened on the early Earth and other rocky planets.

Water vapour has previously been detected in planet-forming disks, but too warm to form comets. This cloud is cool enough and is estimated to contain thousands of Earth-oceans' worth of water.[51]

 See also




	[image: Portal icon]
	Space portal







	Earth analog




	Extraterrestrial water vapor

	Gliese 163 c

	Gliese 581 d

	Gliese 581 g

	Gliese 667 Cc

	Habitable zone

	HD 85512 b

	Kepler 22 b

	List of nearest terrestrial exoplanet candidates

	Planetary habitability

	Super-Earth



 References

Explanatory notes



	^ 'Salviati', who normally gives Galileo's own opinions, says:


I say then that if there were in nature only one way for two surfaces to be illuminated by the sun so that one appears lighter than the other, and that this were by having one made of land and the other of water, it would be necessary to say that the moon's surface was partly terrene and partly aqueous. But because there are more ways known to us that could produce the same effect, and perhaps others that we do not know of, I shall not make bold to affirm one rather than another to exist on the moon...

What is clearly seen in the moon is that the darker parts are all plains, with few rocks and ridges in them, though there are some. The brighter remainder is all fill of rocks, mountains, round ridges, and other shapes, and in particular there are great ranges of mountains around the spots...

I think that the material of the lunar globe is not land and water, and this alone is enough to prevent generations and alterations similar to ours.







	^ At pressures above one million atmospheres (for example, centre of Uranus is about 8 million atmospheres and 5000 Kelvin) water exists in a supercritical state with properties very different from water at one atmosphere. (Water Phase Diagram)
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Illustration of a hypothetical ocean planet with a terrestrial atmosphere and two satellites





An ocean planet (also termed a waterworld) is a type of planet whose surface is completely covered with an ocean of water.

Planetary objects that form in the outer Solar System begin as a comet-like mixture of roughly half water and half rock by mass. Simulations of Solar System formation have shown that planets are likely to migrate inward or outward as they form, presenting the possibility that icy planets could move to orbits where their ice melts into liquid form, turning them into ocean planets. This possibility was first discussed in the professional astronomical literature by Marc Kuchner[1] and Alain Léger[2] in 2003. Such planets could therefore theoretically support life that would be aquatic.[3]

The oceans on such planets would be hundreds of kilometers deep, much deeper than the oceans of Earth. The immense pressures in the lower regions of these oceans could lead to the formation of a mantle of exotic forms of ice. This ice would not necessarily be as cold as conventional ice. If the planet is close enough to its sun that the water's temperature reaches the boiling point, the water will become supercritical and lack a well-defined surface.[2] Even on cooler water-dominated planets, the atmosphere can be much thicker than that of Earth, and composed largely of water vapor, producing a very strong greenhouse effect.

The extrasolar planet GJ 1214 b is the most likely known candidate for an ocean planet.[4][5] Many more such objects are expected to be discovered by the ongoing Kepler spacecraft mission, such as the recently discovered ocean planet candidate Kepler-22b.

Smaller ocean planets would have less dense atmospheres and lower gravity; thus, liquid could evaporate much more easily than on more massive ocean planets. Theoretically, such planets could have higher waves than their more massive counterparts due to their lower gravity.
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 Other types of ocean

Oceans, seas, lakes, etc., can be composed of liquids other than water: e.g. the hydrocarbon lakes on Titan. The possibility of seas of nitrogen on Triton was also considered but ruled out.[6] Underneath the thick atmospheres of Uranus and Neptune it is expected that these planets are composed of oceans of hot high-density fluid mixtures of water, ammonia and other volatiles.[7] The gaseous outer layers of Jupiter and Saturn transition smoothly into oceans of liquid hydrogen.[8][9] There is evidence that the icy surfaces of the moons Ganymede, Callisto, Europa, Titan and Enceladus are shells floating on oceans of very dense liquid water or water-ammonia.[10][11][12][13][14] Our own planet Earth is often called the ocean planet since it is 70% covered in water.[15][16] The atmosphere of Venus is 96.5% carbon dioxide and at the surface the pressure makes the CO2 a supercritical fluid. Extrasolar terrestrial planets that are extremely close to their parent star will be tidally locked and so one half of the planet will be a magma ocean.[17] It is also possible that terrestrial planets had magma oceans at some point during their formation as a result of giant impacts.[18] Where there are suitable temperatures and pressures, volatile chemicals which might exist as liquids in abundant quantities on planets include ammonia, argon, carbon disulfide, ethane, hydrazine, hydrogen, hydrogen cyanide, hydrogen sulfide, methane, neon, nitrogen, nitric oxide, phosphine, silane, sulfuric acid, and water.[19] Hot Neptunes close to their star could lose their atmospheres via hydrodynamic escape, leaving behind their cores with various liquids on the surface.[20]

Terrestrial planets will acquire water during their accretion, some of which will be buried in the magma ocean but most of it will go into a steam atmosphere, and when the atmosphere cools it will collapse on to the surface forming an ocean. There will also be outgassing of water from the mantle as the magma solidifies - this will happen even for planets with a low percentage of their mass composed of water, so "super-Earth exoplanets may be expected to commonly produce water oceans within tens to hundreds of millions of years of their last major accretionary impact."[21]

 See also
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The terrestrial planets Mercury, Venus, Earth and Mars in true colors, sizes to scale





A terrestrial planet, telluric planet or rocky planet is a planet that is composed primarily of silicate rocks or metals. Within the Solar System, the terrestrial planets are the inner planets closest to the Sun. The terms are derived from Latin words for Earth (Terra and Tellus), as these planets are, in terms of composition, "Earth-like".

Terrestrial planets have a solid planetary surface, making them substantially different from the much larger gas giants, which are composed mostly of some combination of hydrogen, helium, and water existing in various physical states.

Astronomers at the Harvard-Smithsonian Center for Astrophysics (CfA) reported in January, 2013, that "at least 17 billion" Earth-sized exoplanets are estimated to reside in the Milky Way Galaxy.[1]
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 Structure

Terrestrial planets all have approximately the same type of structure: a central metallic core, mostly iron, with a surrounding silicate mantle. The Moon is similar, but has a much smaller iron core. Terrestrial planets can have canyons, craters, mountains, and volcanoes. Terrestrial planets possess secondary atmospheres, generated through internal volcanism or comet impacts, in contrast to the gas giants, whose atmospheres are primary, captured directly from the original solar nebula.[2]

 Solar terrestrial planets
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Relative masses of the terrestrial planets of the Solar System, including the Moon





Earth's Solar System has four terrestrial planets: Mercury, Venus, Earth, and Mars. Only one terrestrial planet, Earth, is known to have an active hydrosphere.

During the formation of the Solar System, there were probably many more "terrestrial" planetesimals, but they have all merged with, or been ejected by, the four remaining worlds in the solar nebula.

Dwarf planets, like Ceres and Pluto, and other large asteroids are similar to terrestrial planets in the fact that they do have a solid surface, but are, on average, composed of more icy materials (Ceres and Pluto have a density of 2.1 g cm−3, and Haumea's density is similar to Pallas's 2.8 g cm−3).

 Density trends

The uncompressed density of a terrestrial planet is the average density its materials would have at zero pressure. A greater uncompressed density indicates greater metal content. Uncompressed density differs from the true average density because compression within planet cores increases their density; the average density depends on planet size as well as composition.

The densities of the solar terrestrial planets, the Moon, and the three largest asteroids are shown below. Densities generally trend towards lower values as the distance from the Sun increases.



	Object
	mean density
	uncompressed density
	semi-major axis



	Mercury[image: ☿]
	5.4 g cm−3
	5.3 g cm−3
	0.39 AU



	Venus [image: ♀]
	5.2 g cm−3
	4.4 g cm−3
	0.72 AU



	Earth [image: ⊕]
	5.5 g cm−3
	4.4 g cm−3
	1.0 AU



	Moon [image: Moon symbol decrescent.svg]
	3.3 g cm−3
	3.3 g cm−3
	1.0 AU



	Mars [image: ♂]
	3.9 g cm−3
	3.8 g cm−3
	1.5 AU



	Vesta [image: Vesta symbol.svg]
	3.4 g cm−3
	3.4 g cm−3
	2.3 AU



	Ceres [image: Ceres symbol.svg]
	2.1 g cm−3
	2.1 g cm−3
	2.8 AU



	Pallas [image: Pallas symbol.svg]
	2.8 g cm−3
	2.8 g cm−3
	2.8 AU




The main exception to this rule is the density of the Moon, which probably owes its lesser density to its unusual origin.

It is unknown whether extrasolar terrestrial planets in general will also follow this trend. E.g. Kepler-10b does: it has a density of 8.8+2.1

−2.9 g cm−3, and orbits its star much closer than Mercury orbits the Sun.

 Extrasolar terrestrial planets

See also: Super-Earth, Pulsar planet, and List of nearest terrestrial exoplanet candidates
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Sizes of Kepler Planet Candidates - based on 2,740 candidates orbiting 2,036 stars as of January 7, 2013 (NASA).





The majority of planets found outside the Solar System have been gas giants, since they produce more pronounced wobbles in the host stars and are thus more easily detectable.[3][4][5] However, a number of extrasolar planets are suspected to be terrestrial.

During the early 1990s, the first extrasolar planets were discovered orbiting the pulsar PSR B1257+12, with masses of 0.02, 4.3, and 3.9 times that of Earth's, by pulsar timing (a method only applicable to pulsars).

When 51 Pegasi b, the first planet found around a star still undergoing fusion, was discovered, many astronomers assumed it must be a gigantic terrestrial, as it was assumed no gas giant could exist as close to its star (0.052 AU) as 51 Pegasi b did. However, subsequent diameter measurements of a similar extrasolar planet (HD 209458 b), which transited its star, showed that these objects were indeed gas giants.

In June 2005, the first planet around a fusing star that may be terrestrial was found orbiting around the red dwarf star Gliese 876, 15 light years away. That planet, Gliese 876 d, has a mass 7 to 9 times that of Earth and an orbital period of just two Earth days. But the radius and composition of the planet is unknown.

On 10 August 2005, Probing Lensing Anomalies NETwork/Robotic Telescope Network (PLANET/RoboNet) and Optical Gravitational Lensing Experiment (OGLE) observed the signs of a cold planet designated OGLE-2005-BLG-390Lb, about 5.5 times the mass of Earth, orbiting a star about 21,000 light years away in the constellation Scorpius. The newly discovered planet orbits its parent star at a distance similar to that of the Solar System's asteroid belt. The planet revealed its existence through a technique known as gravitational microlensing, currently unique in its capability to detect planets with masses down to that of Earth.

In April 2007, a team of 11 European scientists announced the discovery of a planet outside the Solar System that is potentially habitable, with Earth-like temperatures. The planet was discovered by the European Southern Observatory's telescope in La Silla, Chile, which has a special instrument that splits light to find wobbles in different wavelengths. Those wobbles can reveal the existence of other worlds. What they revealed is planets circling the red dwarf star, Gliese 581. Gliese 581 c was considered to be habitable at first, but more recent study (April 2009)[6] suggests Gliese 581 d is a better candidate. Regardless, it has increased interest in examining planets circling dimmer stars. About 80 percent of the stars near Earth are red dwarfs. The Gliese 581 (c and d) planets are about five to seven times heavier than Earth, classifying them as super-Earths.
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Artist's rendering of an Earthlike planet





Gliese 581 e is only about 1.9 Earth mass,[6] but could have 2 orders of magnitude more tidal heating than Jupiter’s volcanic satellite Io.[7] An ideal terrestrial planet would be 2 Earth masses with a 25-day orbital period around an M dwarf star.[8]

The discovery of Gliese 581 g was announced in September 2010, and is believed to be the first so-called "Goldilocks planet" ever found, the most Earth-like planet, and the best exoplanet candidate with the potential for sheltering life found to date. However, its discovery has been called into doubt - recent analyses of the data by different researchers have yielded different conclusions as to the existence of the planet.[9][10]

Using the HARPS facility, scientists discovered a Goldilocks planet named HD85512b with 3.6 times the mass of Earth and the right conditions for liquid water.[when?] The acceleration of gravity is 1.4 times that on Earth. The orange dwarf star orbited by HD85512b is 5.6 billion years old and resides 36 light years from the solar system in the constellation Vela.[11]

The Kepler Mission endeavours to discover Earth-like planets orbiting around other stars by observing their transits across the star. The Kepler spacecraft was launched on 6 March 2009. The duration of the mission will need to be about three and a half years long to detect and confirm an Earth-like planet orbiting at an Earth-like distance from the host star. Since it will take intervals of one year for a truly Earth-like planet to transit (cross in front of its star), it will take about four transits for a reliable reading.

Dimitar Sasselov, the Kepler mission co-investigator, recently mentioned at the 2010 TED Conference that there have been hundreds more candidate terrestrial planets discovered since Kepler went online. If these planets are confirmed via further investigation, then it will represent the largest find of extrasolar planets to date. The Kepler science teams are, for now, keeping the initial results of any candidate planets a secret so they can confirm their results. The first public announcement of any such results is expected during the early part of 2011.[12][13][14]

On 2 February 2011, the Kepler Space Observatory Mission team released a list of 1235 extrasolar planet candidates, including 54 that may be in the "habitable zone."[15][16] Some of these candidates were "Earth-size" and "super-Earth-size" (defined as "less than or equal to 2 Earth radii [Re]" [or, Rp ≤ 2.0 Re] - Table 5).[15] Six of these candidates (namely: KOI 326.01 [Rp=0.85], KOI 701.03 [Rp=1.73], KOI 268.01 [Rp=1.75], KOI 1026.01 [Rp=1.77], KOI 854.01 [Rp=1.91], KOI 70.03 [Rp=1.96] - Table 6)[15] are in the "habitable zone."[15] A more recent study found that one of these candidates (KOI 326.01) is in fact much larger and hotter than first reported.[17]

A number of other telescopes capable of directly imaging extrasolar terrestrial planets are also being designed. These include the Terrestrial Planet Finder, Space Interferometry Mission, Darwin, New Worlds Mission, and Overwhelmingly Large Telescope.

 Types
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Several possible classifications for terrestrial planets have been proposed:[18]


	Silicate planet

	The standard type of terrestrial planet seen in the Solar System, made primarily of silicon-based rocky mantle with a metallic (iron) core.




	Iron planet

	A theoretical type of terrestrial planet that consists almost entirely of iron and therefore has a greater density and a smaller radius than other terrestrial planets of comparable mass. Mercury in the Solar System has a metallic core equal to 60–70% of its planetary mass. Iron planets are believed to form in the high-temperature regions close to a star, like Mercury, and if the protoplanetary disk is rich in iron.




	Coreless planet

	A theoretical type of terrestrial planet that consists of silicate rock but has no metallic core, i.e. the opposite of an iron planet. The Solar System contains no coreless planets, but chondrite asteroids and meteorites are common in it. Coreless planets are believed to form farther from the star where volatile oxidizing material is more common.
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Artist's impression of a carbon planet






	Carbon planet (also called "diamond planet")

	A theoretical class of planets, composed of a metal core surrounded by primarily carbon-based minerals. They may be considered a type of terrestrial planet if the metal content dominates. The Solar System contains no carbon planets, but does have carbonaceous asteroids.




	Super-Earth

	Super-Earths are planets with masses between Earth's and Neptune's. They may be gas planets or terrestrial, depending on their mass and other parameters. The latter represent the upper-end of the terrestrial-planet mass range.



 See also


	Dwarf planet

	Earth analog

	Gas giant — also known as Jovian or Giant planets.

	Chthonian planet





	List of nearest terrestrial exoplanet candidates

	Planetary habitability
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For the journal, see Astrobiology (journal).
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Nucleic acids may not be the only biomolecules in the Universe capable of coding for life processes.[1]





Astrobiology is the study of the origin, evolution, distribution, and future of life in the universe: extraterrestrial life and life on Earth. This interdisciplinary field encompasses the search for habitable environments in our Solar System and habitable planets outside our Solar System, the search for evidence of prebiotic chemistry, laboratory and field research into the origins and early evolution of life on Earth, and studies of the potential for life to adapt to challenges on Earth and in outer space.[2] Astrobiology addresses the question of whether life exists beyond Earth, and how humans can detect it if it does.[3] (The term exobiology is similar but more specific — it covers the search for life beyond Earth, and the effects of extraterrestrial environments on living things.)[4]

Astrobiology makes use of physics, chemistry, astronomy, biology, molecular biology, ecology, planetary science, geography, and geology to investigate the possibility of life on other worlds and help recognize biospheres that might be different from the biosphere on Earth.[5][6] Astrobiology concerns itself with interpretation of existing scientific data; given more detailed and reliable data from other parts of the universe, the roots of astrobiology itself—physics, chemistry and biology—may have their theoretical bases challenged. Although speculation is entertained to give context, astrobiology concerns itself primarily with hypotheses that fit firmly into existing scientific theories.

Earth is the only place in the universe known to harbor life.[7][8] However, recent advances in planetary science have changed fundamental assumptions about the possibility of life in the universe, raising the estimates of habitable zones around other stars and the search for extraterrestrial microbial life.[9] The possibility of life on Mars, either currently or in the past, is an active area of research.

On 17 March 2013, researchers reported data that suggested microbial life forms thrive in the Mariana Trench, the deepest spot on the Earth.[10][11] Other researchers reported related studies that microbes thrive inside rocks up to 1900 feet below the sea floor under 8500 feet of ocean off the coast of the northwestern United States.[10][12] According to one of the researchers,"You can find microbes everywhere — they're extremely adaptable to conditions, and survive wherever they are."[10]
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It is not known whether life elsewhere in the universe would utilize cell structures like those found on Earth. (Chloroplasts within plant cells shown here.)[13]
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The Martian meteorite ALH84001 shows microscopic formations that may have been created by life.





Astrobiology is etymologically derived from the Greek ἄστρον, astron, "constellation, star"; βίος, bios, "life"; and -λογία, -logia, study. The synonyms of astrobiology are diverse; however, the synonyms were structured in relation to the most important sciences implied in its development: astronomy and biology. A close synonym is exobiology from the Greek Έξω, "external"; Βίος, bios, "life"; and λογία, -logia, study. The term exobiology was first coined by molecular biologist Joshua Lederberg. Exobiology is considered to have a narrow scope limited to search of life external to earth, whereas subject area of astrobiology is wider and investigates the link between life and the universe, which includes the search for extraterrestrial life, but also includes the study of life on earth, its origin, evolution and limits. Exobiology as a term has tended to be replaced by astrobiology.

Another term used in the past is xenobiology, ("biology of the foreigners") a word coined in 1954 by science fiction writer Robert Heinlein in his work The Star Beast.[14] The term xenobiology(fr) has also been used in a more specialized sense, to mean "biology based on foreign chemistry", whether of extraterrestrial or terrestrial (possibly synthetic) origin. Since alternate chemistry analogs to some life-processes have been created in the laboratory, xenobiology can be said to be an extant subject.[15]

While it is an emerging and developing field, the question of whether life exists elsewhere in the universe is a verifiable hypothesis and thus a valid line of scientific inquiry. Though once considered outside the mainstream of scientific inquiry, astrobiology has become a formalized field of study. Planetary scientist David Grinspoon calls astrobiology a field of natural philosophy, grounding speculation on the unknown, in known scientific theory.[16] NASA's interest in exobiology first began with the development of the U.S. Space Program. In 1959, NASA funded its first exobiology project, and in 1960, NASA founded an Exobiology Program; Exobiology research is now one of four elements of NASA's current Astrobiology Program.[3][17] In 1971, NASA funded the Search for Extra-Terrestrial Intelligence (SETI) to search radio frequencies of the electromagnetic spectrum for signals being transmitted by extraterrestrial life outside the Solar System. NASA's Viking missions to Mars, launched in 1976, included three biology experiments designed to look for possible signs of present life on Mars. The Mars Pathfinder lander in 1997 carried a scientific payload intended for exopaleontology in the hopes of finding microbial fossils entombed in the rocks.[18]

In the 21st century, astrobiology is a focus of a growing number of NASA and European Space Agency Solar System exploration missions. The first European workshop on astrobiology took place in May 2001 in Italy,[19] and the outcome was the Aurora programme.[20] Currently, NASA hosts the NASA Astrobiology Institute and a growing number of universities in the United States (e.g., University of Arizona, Penn State University, Montana State University, University of Washington, and Arizona State University),[21] Britain (e.g., The University of Glamorgan),[22] Canada, Ireland, and Australia (e.g., The University of New South Wales)[23] now offer graduate degree programs in astrobiology. The International Astronomical Union regularly organizes international conferences through its Bioastronomy Commission.[24]

Advancements in the fields of astrobiology, observational astronomy and discovery of large varieties of extremophiles with extraordinary capability to thrive in the harshest environments on Earth, have led to speculation that life may possibly be thriving on many of the extraterrestrial bodies in the universe. A particular focus of current astrobiology research is the search for life on Mars due to its proximity to Earth and geological history. There is a growing body of evidence to suggest that Mars has previously had a considerable amount of water on its surface, water being considered an essential precursor to the development of carbon-based life.[25]

Missions specifically designed to search for life include the Viking program and Beagle 2 probes, both directed to Mars. The Viking results were inconclusive,[26] and Beagle 2 failed to transmit from the surface and is assumed to have crashed.[27] A future mission with a strong astrobiology role would have been the Jupiter Icy Moons Orbiter, designed to study the frozen moons of Jupiter—some of which may have liquid water—had it not been cancelled. In late 2008, the Phoenix lander probed the environment for past and present planetary habitability of microbial life on Mars, and to research the history of water there.

In November 2011, NASA launched the Mars Science Laboratory (MSL) rover, nicknamed Curiosity, which continues the search for past or present life on Mars. Curiosity landed on Mars at Gale Crater in August 2012.[28][29][30] The European Space Agency is developing the ExoMars astrobiology rover, which is to be launched in 2018.

 Methodology

 Planetary habitability

Main article: Planetary habitability

When looking for life on other planets like the earth, some simplifying assumptions are useful to reduce the size of the task of the astrobiologist. One is to assume that the vast majority of life forms in our galaxy are based on carbon chemistries, as are all life forms on Earth.[31] Carbon is well known for the unusually wide variety of molecules that can be formed around it. Carbon is the fourth most abundant element in the universe and the energy required to make or break a bond is just at an appropriate level for building molecules which are not only stable, but also reactive. The fact that carbon atoms bond readily to other carbon atoms allows for the building of arbitrarily long and complex molecules.

The presence of liquid water is a useful assumption, as it is a common molecule and provides an excellent environment for the formation of complicated carbon-based molecules that could eventually lead to the emergence of life.[32] Some researchers posit environments of ammonia, or more likely, water-ammonia mixtures.[33]

A third assumption is to focus on sun-like stars. This comes from the idea of planetary habitability.[34] Very big stars have relatively short lifetimes, meaning that life would not likely have time to evolve on planets orbiting them. Very small stars provide so little heat and warmth that only planets in very close orbits around them would not be frozen solid, and in such close orbits these planets would be tidally "locked" to the star.[35] Without a thick atmosphere, one side of the planet would be perpetually baked and the other perpetually frozen. In 2005, the question was brought back to the attention of the scientific community, as the long lifetimes of red dwarfs could allow some biology on planets with thick atmospheres. This is significant, as red dwarfs are extremely common. (See Habitability of red dwarf systems).

It is estimated that 10% of the stars in our galaxy are sun-like; there are about a thousand such stars within 100 light-years of our Sun. These stars would be useful primary targets for interstellar listening. Since Earth is the only planet known to harbor life, there is no evident way to know if any of the simplifying assumptions are correct.

 Communication attempts

Main article: Communication with extraterrestrial intelligence
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The illustration on the Pioneer plaque





Research on communication with extraterrestrial intelligence (CETI) focuses on composing and deciphering messages that could theoretically be understood by another technological civilization. Communication attempts by humans have included broadcasting mathematical languages, pictorial systems such as the Arecibo message and computational approaches to detecting and deciphering 'natural' language communication. The SETI program, for example, uses both radio telescopes and optical telescopes to search for deliberate signals from extraterrestrial intelligence.

While some high-profile scientists, such as Carl Sagan, have advocated the transmission of messages,[36][37] scientist Stephen Hawking has warned against it, suggesting that aliens might simply raid Earth for its resources and then move on.[38]

 Elements of astrobiology

 Astronomy

Main article: Astronomy
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Artist's impression of the extrasolar planet OGLE-2005-BLG-390Lb orbiting its star 20,000 light-years from Earth; this planet was discovered with gravitational microlensing.
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The NASA Kepler mission, launched in March 2009, searches for extrasolar planets.





Most astronomy-related astrobiological research falls into the category of extrasolar planet (exoplanet) detection, the hypothesis being that if life arose on Earth, then it could also arise on other planets with similar characteristics. To that end, a number of instruments designed to detect Earth-like exoplanets have been considered, most notably NASA's Terrestrial Planet Finder (TPF) and ESA's Darwin programs, both of which have been cancelled. Additionally, NASA has launched the Kepler mission in March 2009, and the French Space Agency has launched the COROT space mission in 2006.[39][40] There are also several less ambitious ground-based efforts underway. (See exoplanet).

The goal of these missions is not only to detect Earth-sized planets, but also to directly detect light from the planet so that it may be studied spectroscopically. By examining planetary spectra, it would be possible to determine the basic composition of an extrasolar planet's atmosphere and/or surface; given this knowledge, it may be possible to assess the likelihood of life being found on that planet. A NASA research group, the Virtual Planet Laboratory,[41] is using computer modeling to generate a wide variety of virtual planets to see what they would look like if viewed by TPF or Darwin. It is hoped that once these missions come online, their spectra can be cross-checked with these virtual planetary spectra for features that might indicate the presence of life. The photometry temporal variability of extrasolar planets may also provide clues to their surface and atmospheric properties.

An estimate for the number of planets with intelligent extraterrestrial life can be gleaned from the Drake equation, essentially an equation expressing the probability of intelligent life as the product of factors such as the fraction of planets that might be habitable and the fraction of planets on which life might arise:[42] [image: N = R^{*} ~ \times ~ f_{p} ~ \times ~ n_{e} ~ \times ~ f_{l} ~ \times ~ f_{i} ~ \times ~ f_{c} ~ \times ~ L]

where, N = The number of communicative civilizations, R* = The rate of formation of suitable stars (stars such as our Sun), fp = The fraction of those stars with planets. (Current evidence indicates that planetary systems may be common for stars like the Sun), ne = The number of Earth-like worlds per planetary system, fl = The fraction of those Earth-like planets where life actually develops, fi = The fraction of life sites where intelligence develops, fc = The fraction of communicative planets (those on which electromagnetic communications technology develops), L = The "lifetime" of communicating civilizations.

However, whilst the rationale behind the equation is sound, it is unlikely that the equation will be constrained to reasonable error limits any time soon. The first term, Number of Stars, is generally constrained within a few orders of magnitude. The second and third terms, Stars with Planets and Planets with Habitable Conditions, are being evaluated for the sun's neighborhood. The problem of the formula is that it is not usable to emit hypothesis because it contains units that can never be verified. Drake originally formulated the equation merely as an agenda for discussion at the Green Bank conference,[43] but some applications of the formula had been taken literally and related to simplistic or pseudoscientific arguments.[44] Another associated topic is the Fermi paradox, which suggests that if intelligent life is common in the universe, then there should be obvious signs of it. This is the purpose of projects like SETI, which tries to detect signs of radio transmissions from intelligent extraterrestrial civilizations.

Another active research area in astrobiology is planetary system formation. It has been suggested that the peculiarities of our Solar System (for example, the presence of Jupiter as a protective shield)[45] may have greatly increased the probability of intelligent life arising on our planet.[46][47] No firm conclusions have been reached so far.

 Biology

See also: Abiogenesis, Biology, and Extremophile
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Hydrothermal vents are able to support extremophile bacteria on Earth and may also support life in other parts of the cosmos.





Biology and chemistry, as opposed to physics, do not admit ideological contexts: either the biological phenomena are real, or they are abstract. Biologists cannot say that a process or phenomenon, by being mathematically possible, have to exist forcibly in the real nature. For biologists, the ground of speculations is well noticeable, and biologists specify what is speculative and what is not.[44]

Until the 1970s, life was believed to be entirely dependent on energy from the Sun. Plants on Earth's surface capture energy from sunlight to photosynthesize sugars from carbon dioxide and water, releasing oxygen in the process, and are then eaten by oxygen-respiring animals, passing their energy up the food chain. Even life in the ocean depths, where sunlight cannot reach, was believed to obtain its nourishment either from consuming organic detritus rained down from the surface waters or from eating animals that did.[48] A world's ability to support life was thought to depend on its access to sunlight. However, in 1977, during an exploratory dive to the Galapagos Rift in the deep-sea exploration submersible Alvin, scientists discovered colonies of giant tube worms, clams, crustaceans, mussels, and other assorted creatures clustered around undersea volcanic features known as black smokers.[48] These creatures thrive despite having no access to sunlight, and it was soon discovered that they comprise an entirely independent food chain. Instead of plants, the basis for this food chain is a form of bacterium that derives its energy from oxidization of reactive chemicals, such as hydrogen or hydrogen sulfide, that bubble up from the Earth's interior. This chemosynthesis revolutionized the study of biology by revealing that life need not be sun-dependent; it only requires water and an energy gradient in order to exist.

Extremophiles (organisms able to survive in extreme environments) are a core research element for astrobiologists. Such organisms include biota which are able to survive several kilometers below the ocean's surface near hydrothermal vents and microbes that thrive in highly acidic environments.[49] It is now known that extremophiles thrive in ice, boiling water, acid, the water core of nuclear reactors, salt crystals, toxic waste and in a range of other extreme habitats that were previously thought to be inhospitable for life.[50] It opened up a new avenue in astrobiology by massively expanding the number of possible extraterrestrial habitats. Characterization of these organisms—their environments and their evolutionary pathways—is considered a crucial component to understanding how life might evolve elsewhere in the universe. According to astrophysicist Dr. Steinn Sigurdsson, "There are viable bacterial spores that have been found that are 40 million years old on Earth - and we know they're very hardened to radiation."[51] Some organisms able to withstand exposure to the vacuum and radiation of space include the lichen fungi Rhizocarpon geographicum and Xanthoria elegans,[52] the bacterium Bacillus safensis,[53] Deinococcus radiodurans,[53] Bacillus subtilis,[53] yeast Saccharomyces cerevisiae,[53] seeds from Arabidopsis thaliana ('mouse-ear cress'),[53] as well as the invertebrate animal Tardigrade.[53]

On 27 June 2011, it was reported that a new E. coli bacterium was produced from an engineered DNA in which approximately 90% of its thymine was replaced with the synthetic building block 5-chlorouracil, a substance "toxic to other organisms".[54][55] Jupiter's moon, Europa,[50][56][57][58][59][60] and Saturn's moon, Enceladus,[61][62] are now considered the most likely locations for extant extraterrestrial life in the solar system.

The origin of life, distinct from the evolution of life, is another ongoing field of research. Oparin and Haldane postulated that the conditions on the early Earth were conducive to the formation of organic compounds from inorganic elements and thus to the formation of many of the chemicals common to all forms of life we see today. The study of this process, known as prebiotic chemistry, has made some progress, but it is still unclear whether or not life could have formed in such a manner on Earth. The alternative hypothesis of panspermia is that the first elements of life may have formed on another planet with even more favorable conditions (or even in interstellar space, asteroids, etc.) and then have been carried over to Earth by a variety of means. Somewhat related to such a hypothesis, NIH scientists reported studies that life began 9.7±2.5 billion years ago, billions of years before the Earth was formed, based on extrapolating the "genetic complexity of organisms" [from "major phylogenetic lineages"] to earlier times.[63][64] (also see Abiogenesis#Coenzyme world)

In October 2011, scientists found that the cosmic dust permeating the universe contains complex organic matter ("amorphous organic solids with a mixed aromatic-aliphatic structure") that could be created naturally, and rapidly, by stars.[65][66][67] As one of the scientists noted, "Coal and kerogen are products of life and it took a long time for them to form ... How do stars make such complicated organics under seemingly unfavorable conditions and [do] it so rapidly?"[65] Further, the scientist suggested that these compounds may have been related to the development of life on earth and said that, "If this is the case, life on Earth may have had an easier time getting started as these organics can serve as basic ingredients for life."[65] In September 2012, NASA scientists reported that polycyclic aromatic hydrocarbons (PAHs), subjected to interstellar medium (ISM) conditions, are transformed, through hydrogenation, oxygenation and hydroxylation, to more complex organics - "a step along the path toward amino acids and nucleotides, the raw materials of proteins and DNA, respectively".[68][69] Further, as a result of these transformations, the PAHs lose their spectroscopic signature which could be one of the reasons "for the lack of PAH detection in interstellar ice grains, particularly the outer regions of cold, dense clouds or the upper molecular layers of protoplanetary disks."[68][69]

On August 29, 2012, and in a world first, astronomers at Copenhagen University reported the detection of a specific sugar molecule, glycolaldehyde, in a distant star system. The molecule was found around the protostellar binary IRAS 16293-2422, which is located 400 light years from Earth.[70][71] Glycolaldehyde is needed to form ribonucleic acid, or RNA, which is similar in function to DNA. This finding suggests that complex organic molecules may form in stellar systems prior to the formation of planets, eventually arriving on young planets early in their formation.[72]

 Astroecology

Main article: Astroecology

Astroecology concerns the interactions of life with space environments and resources, in planets, asteroids and comets. On a larger scale, astroecology concerns resources for life about stars in the galaxy through the cosmological future. Astroecology attempts to quantify future life in space, addressing this area of astrobiology.

Experimental astroecology investigates resources in planetary soils, using actual space materials in meteorites.[73] The results suggest that Martian and carbonaceous chondrite materials can support bacteria, algae and plant (asparagus, potato) cultures, with high soil fertilities. The results support that life could have survived in early aqueous asteroids and on similar materials imported to Earth by dust, comets and meteorites, and that such asteroid materials can be used as soil for future space colonies.[73][74]

On the largest scale, cosmoecology concerns life in the universe over cosmological times. The main sources of energy may be red giant stars and white and red dwarf stars, sustaining life for 1020 years.[73][73][75] Astroecologists suggest that their mathematical models may quantify the immense potential amounts of future life in space, allowing a comparable expansion in biodiversity, potentially leading to diverse intelligent life-forms.[76]

 Astrogeology

Main article: Geology of solar terrestrial planets

Astrogeology is a planetary science discipline concerned with the geology of the celestial bodies such as the planets and their moons, asteroids, comets, and meteorites. The information gathered by this discipline allows the measure of a planet's or a natural satellite's potential to develop and sustain life, or planetary habitability.

An additional discipline of astrogeology is geochemistry, which involves study of the chemical composition of the Earth and other planets, chemical processes and reactions that govern the composition of rocks and soils, the cycles of matter and energy and their interaction with the hydrosphere and the atmosphere of the planet. Specializations include cosmochemistry, biochemistry and organic geochemistry.

The fossil record provides the oldest known evidence for life on Earth.[77] By examining this evidence, paleontologists are able to understand better the types of organisms that arose on the early Earth. Some regions on Earth, such as the Pilbara in Western Australia and the McMurdo Dry Valleys of Antarctica, are also considered to be geological analogs to regions of Mars, and as such, might be able to provide clues on how to search for past life on Mars.

 Life in the Solar System

See also: Life on Mars, Life on Europa, Life on Titan, and Hypothetical types of biochemistry
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Europa, due to the ocean that exists under its icy surface, might host some form of microbial life.





People have long speculated about the possibility of life in settings other than Earth, however, speculation on the nature of life elsewhere often has paid little heed to constraints imposed by the nature of biochemistry.[78] The likelihood that life throughout the universe is probably carbon-based is encouraged by the fact that carbon is one of the most abundant of the higher elements. Only two of the natural atoms, carbon and silicon, are known to serve as the backbones of molecules sufficiently large to carry biological information. As the structural basis for life, one of carbon's important features is that unlike silicon it can readily engage in the formation of chemical bonds with many other atoms, thereby allowing for the chemical versatility required to conduct the reactions of biological metabolism and propagation. The various organic functional groups, composed of hydrogen, oxygen, nitrogen, phosphorus, sulfur, and a host of metals, such as iron, magnesium, and zinc, provide the enormous diversity of chemical reactions necessarily catalyzed by a living organism. Silicon, in contrast, interacts with only a few other atoms, and the large silicon molecules are monotonous compared with the combinatorial universe of organic macromolecules.[44][78] Indeed, it seems likely that the basic building blocks of life anywhere will be similar to our own, in the generality if not in the detail.[78] Although terrestrial life and life that might arise independently of Earth are expected to use many similar, if not identical, building blocks, they also are expected to have some biochemical qualities that are unique. If life has had a comparable impact elsewhere in the solar system, the relative abundances of chemicals key for its survival - whatever they may be - could betray its presence. Whatever extraterrestrial life may be, its tendency to chemically alter its environment might just give it away.[79] Thought on where in the Solar System life might occur was limited historically by the belief that life relies ultimately on light and warmth from the Sun and, therefore, is restricted to the surfaces of planets.[78] The three most likely candidates for life in the Solar System are the planet Mars, the Jovian moon Europa, and Saturn's moon Titan.[80][81][82][83][84] More recently, Saturn's moon Enceladus may be considered a likely candidate as well.[62][85] This speculation of likely candidates of life is primarily based on the fact that (in the cases of Mars and Europa) the planetary bodies may have liquid water, a molecule essential for life as we know it, for its use as a solvent in cells.[25] Water on Mars is found in its polar ice caps, and newly carved gullies recently observed on Mars suggest that liquid water may exist, at least transiently, on the planet's surface,[86][87] and possibly in subsurface environments such as hydrothermal springs as well. At the Martian low temperatures and low pressure, liquid water is likely to be highly saline.[88] As for Europa, liquid water likely exists beneath the moon's icy outer crust.[57][80][81] This water may be warmed to a liquid state by volcanic vents on the ocean floor (an especially intriguing theory considering the various types of extremophiles that live near Earth's volcanic vents), but the primary source of heat is probably tidal heating.[89]

Another planetary body that could potentially sustain extraterrestrial life is Saturn's largest moon, Titan.[84] Titan has been described as having conditions similar to those of early Earth.[90] On its surface, scientists have discovered the first liquid lakes outside of Earth, but they seem to be composed of ethane and/or methane, not water.[91] After Cassini data was studied, it was reported on March 2008 that Titan may also have an underground ocean composed of liquid water and ammonia.[92] Additionally, Saturn's moon Enceladus may have an ocean below its icy surface[93] and, according to NASA scientists in May 2011, "is emerging as the most habitable spot beyond Earth in the Solar System for life as we know it".[62][85]

On 26 April 2012, scientists reported that lichen survived and showed remarkable results on the adaptation capacity of photosynthetic activity within the simulation time of 34 days under Martian conditions in the Mars Simulation Laboratory (MSL) maintained by the German Aerospace Center (DLR).[94][95] In June, 2012, scientists reported that measuring the ratio of hydrogen and methane levels on Mars may help determine the likelihood of life on Mars.[96][97] According to the scientists, "...low H2/CH4 ratios (less than approximately 40) indicate that life is likely present and active."[96] Other scientists have recently reported methods of detecting hydrogen and methane in extraterrestrial atmospheres.[98][99]

 Rare Earth hypothesis

Main article: Rare Earth hypothesis

This hypothesis states that based on astrobiological findings, multi-cellular life forms found on Earth may actually be more of a rarity than scientists initially assumed. It provides a possible answer to the Fermi paradox which suggests, "If extraterrestrial aliens are common, why aren't they obvious?" It is apparently in opposition to the principle of mediocrity, assumed by famed astronomers Frank Drake, Carl Sagan, and others. The Principle of Mediocrity suggests that life on Earth is not exceptional, but rather that life is more than likely to be found on innumerable other worlds.

The anthropic principle states that fundamental laws of the universe work specifically in a way that life would be possible. The anthropic principle supports the Rare Earth Hypothesis by arguing the overall elements that are needed to support life on Earth are so fine-tuned that it is nearly impossible for another just like it to exist by random chance (note that these terms are used by scientists in a different way from the vernacular conception of them). However, Stephen Jay Gould compared the claim that the universe is fine-tuned for the benefit of our kind of life to saying that sausages were made long and narrow so that they could fit into modern hot dog buns, or saying that ships had been invented to house barnacles.[100][101]

 Research

The systematic search for possible life outside of Earth is a valid multidisciplinary scientific endeavor.[102] The University of Glamorgan, UK, started just such a degree in 2006,[22] and the American government funds the NASA Astrobiology Institute. However, characterization of non-Earth life is unsettled; hypotheses and predictions as to its existence and origin vary widely, but at the present, the development of theories to inform and support the exploratory search for life may be considered astrobiology's most concrete practical application.

Biologist Jack Cohen and mathematician Ian Stewart, amongst others, consider xenobiology separate from astrobiology. Cohen and Stewart stipulate that astrobiology is the search for Earth-like life outside of our solar system and say that xenobiologists are concerned with the possibilities open to us once we consider that life need not be carbon-based or oxygen-breathing, so long as it has the defining characteristics of life. (See carbon chauvinism).

 Research outcomes
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Asteroid(s) may have transported life to Earth.





As of 2013[update], no evidence of extraterrestrial life has been identified. Examination of the Allan Hills 84001 meteorite, which was recovered in Antarctica in 1984 and believed to have originated from Mars, is thought by David McKay, Chief Scientist for Astrobiology at NASA's Johnson Space Center, as well as other scientists, to contain microfossils of extraterrestrial origin; this interpretation is controversial.[103][104][105] On 5 March 2011, Richard B. Hoover, a scientist with the Marshall Space Flight Center, speculated on the finding of alleged microfossils similar to cyanobacteria in CI1 carbonaceous meteorites.[106][107] However, NASA formally distanced itself from Hoover's claim.[108][109][110] According to American astrophysicist Neil deGrasse Tyson: "At the moment, life on Earth is the only known life in the Universe, but there are compelling arguments to suggest we are not alone."[111]


	Methane



In 2004, the spectral signature of methane was detected in the Martian atmosphere by both Earth-based telescopes as well as by the Mars Express probe. Because of solar radiation and cosmic radiation, methane is predicted to disappear from the Martian atmosphere within several years, so the gas must be actively replenished in order to maintain the present concentration.[112][113] The Mars Science Laboratory rover will perform precision measurements of oxygen and carbon isotope ratios in carbon dioxide (CO2) and methane (CH4) in the atmosphere of Mars in order to distinguish between a geochemical and a biological origin.[114][115][116]


	Planetary systems



It is possible that some planets, like the gas giant Jupiter in our solar system, may have moons with solid surfaces or liquid oceans that are more hospitable. Most of the planets so far discovered outside our solar system are hot gas giants thought to be inhospitable to life, so it is not yet known whether our solar system, with a warm, rocky, metal-rich inner planet such as Earth, is of an aberrant composition. Improved detection methods and increased observing time will undoubtedly discover more planetary systems, and possibly some more like ours. For example, NASA's Kepler Mission seeks to discover Earth-sized planets around other stars by measuring minute changes in the star's light curve as the planet passes between the star and the spacecraft. Progress in infrared astronomy and submillimeter astronomy has revealed the constituents of other star systems. Infrared searches have detected belts of dust and asteroids around distant stars, underpinning the formation of planets.


	Planetary habitability



Main article: Planetary habitability

Efforts to answer questions such as the abundance of potentially habitable planets in habitable zones and chemical precursors have had much success. Numerous extrasolar planets have been detected using the wobble method and transit method, showing that planets around other stars are more numerous than previously postulated. The first Earth-like extrasolar planet to be discovered within its star's habitable zone is Gliese 581 c, which was found using radial velocity.[117]

 Missions

Research into the environmental limits of life and the workings of extreme ecosystems is ongoing, enabling researchers to better predict what planetary environments might be most likely to harbor life. Missions such as the Phoenix lander, Mars Science Laboratory, ExoMars to Mars, and the Cassini probe to Saturn's moon Titan hope to further explore the possibilities of life on other planets in our solar system.

 Viking program

Main article: Viking biological experiments
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Carl Sagan posing with a model of the Viking Lander.





The two Viking spacecraft each carried four types of biological experiments to the surface of Mars in the late 1970s. These were the only Mars landers to carry out experiments to look specifically for biosignatures of life on Mars. The landers used a robotic arm to put soil samples into sealed test containers on the craft. The two landers were identical, so the same tests were carried out at two places on Mars' surface; Viking 1 near the equator and Viking 2 further north.[118] The result was inconclusive,[119] and is still disputed by some scientists.[120][121][122][123]

 Beagle 2

Main article: Beagle 2
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Replica of the 33.2 kg Beagle-2 lander
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Mars Science Laboratory rover concept artwork





Beagle 2 was an unsuccessful British Mars lander that formed part of the European Space Agency's 2003 Mars Express mission. Its primary purpose was to search for signs of life on Mars, past or present. All contact with it was lost upon its entry into the atmosphere.[124]

 Mars Science Laboratory

Main article: Mars Science Laboratory

The Mars Science Laboratory (MSL) mission landed a rover that currently in operation on Mars.[125] It was launched November 26, 2011, and landed at Gale Crater on August 6, 2012.[30] Mission objectives are to help assess Mars' habitability and in doing so, determine whether Mars is or has ever been able to support life,[126] collect data for a future manned mission, study Martian geology, its climate, and further assess the role that water, an essential ingredient for life as we know it, played in forming minerals on Mars.

 ExoMars

Main article: ExoMars
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ExoMars rover model





ExoMars is a robotic mission to Mars to search for possible biosignatures of Martian life, past or present. This astrobiological mission is currently under development by the European Space Agency (ESA) with likely collaboration by the Russian Federal Space Agency (Roscosmos); it is planned for a 2018 launch.[127][128][129]

 Red Dragon

Main article: Red Dragon (spacecraft)

Red Dragon is a proposed concept for a low-cost Mars lander mission that would utilize a SpaceX Falcon Heavy launch vehicle, and a modified Dragon capsule to enter the Martian atmosphere. The lander's primary mission would be to search for evidence of life on Mars (biosignatures), past or present. The concept will be proposed for funding in 2012/2013 as a NASA Discovery mission, for launch in 2018.[130][131]

 See also
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Not to be confused with UFO religion.

Ufology (pron.: /juːˈfɒlədʒiː/) is the array of subject matter and activities associated with an interest in unidentified flying objects (UFOs). UFOs have been subject to various investigations over the years by governments, independent groups, and scientists. The term derives from UFO, which is pronounced as an acronym, and the suffix -logy, which comes from the Ancient Greek λογία (logiā).
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 Etymology

According to the Oxford English Dictionary, one of the first documented uses of the word ufology can be found in the Times Literary Supplement from January 23, 1959, in which it writes, "The articles, reports, and bureaucratic studies which have been written about this perplexing visitant constitute 'ufology'." This article was printed eight years after Edward J. Ruppelt of the United States Air Force (USAF) coined the word UFO in 1951.

 Historical background
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A Swedish Air Force officer searches for a "ghost rocket" in Lake Kölmjärv, Norrland, Sweden, in July 1946.





The modern UFO mythology has three traceable roots: the late 19th century "mystery airships" reported in the newspapers of western United States, "foo fighters" reported by Allied airmen during World War II, and the Kenneth Arnold "flying saucer" sighting near Mt. Rainier, Washington on June 24, 1947.[1] UFO reports between "The Great Airship Wave" and the Arnold sighting were limited in number compared to the post-war period: notable cases include reports of "ghost fliers" in Europe and North America during the 1930s and the numerous reports of "ghost rockets" in Scandinavia (mostly Sweden) from May to December 1946.[2] Media hype in the late 1940s and early 1950s following the Arnold sighting brought the concept of flying saucers to the public audience.[3]

As the public's preoccupation in UFOs grew, along with the number of reported sightings, the United States military began to take notice of the phenomenon. The UFO explosion of the early post-war era coincides with the escalation of the Cold War and the Korean War.[1] The U.S. military feared that secret aircraft of the Soviet Union, possibly developed from captured German technology, were behind the sightings.[4] If correct, the craft causing the sightings were thus of importance to national security[5] and of need of systematic investigation. By 1952, however, the official US government interest in UFOs began to fade as the USAF projects Sign and Grudge concluded, along with the CIA's Robertson Panel that UFO reports indicated no direct threat to national security.[6] The government's official research into UFOs ended with the publication of the Condon Committee report in 1969,[6] which concluded that the study of UFOs in the past 21 years had achieved little, if anything, and that further extensive study of UFO sightings was unwarranted.[6] It also recommended the termination of the USAF special unit Project Blue Book.[6]

As the U.S. government ceased officially studying UFO sightings, the same became true for most governments of the world. A notable exception is France, which still maintains the GEIPAN,[7] formerly known as GEPAN (1977–1988) and SEPRA (1988–2004), a unit under the French Space Agency CNES. During the Cold War, British,[8] Canadian,[9] Danish,[10] Italian,[11] and Swedish[12] governments have each collected reports of UFO sightings. Britain's Ministry of Defence ceased accepting any new reports as of 2010.[13]

 Status as a field

Further information: List of ufologists

Ufology has generally not been embraced by academia as a scientific field of study,[14][15] even though UFOs were during the late 1940s and early 1950s the subject of large-scale scientific studies. The lack of acceptance of ufology by academia as a field of study means that people can claim to be "UFO researchers", without the sorts of scientific consensus building and, in many cases peer review, that otherwise shape and influence scientific paradigms. Even among scientifically inclined UFO research efforts, data collecting is often done by amateur investigators.[14]

Famous mainstream scientists who have shown interest in the UFO phenomenon include Stanford physicist Peter A. Sturrock,[16] astronomer J. Allen Hynek,[17] computer scientist and astronomer Jacques F. Vallée,[18] and University of Arizona meteorologist James E. McDonald.[19]

 As a pseudoscience

Ufology has sometimes been characterized as a partial[20] or total[21][22] pseudoscience, which many ufologists reject.[23] Pseudoscience is a term that classifies studies that are claimed to exemplify the methods and principles of science, but that do not adhere to an appropriate scientific methodology, lack supporting evidence or plausibility, or otherwise lack scientific status.[24][25]

Feist thinks that ufology can be categorized as a pseudoscience because, he says, its adherents claim it to be a science while being rejected as being one by the scientific community and because, he says, the field lacks a cumulative scientific progress; ufology has not, in his view, advanced since the 1950s.[26] Cooper states that the fundamental problem in ufology is not the lack of scientific methodology, as many ufologists have striven to meet standards of scientific acceptability, but rather the fact that the assumptions on which the research is often based are considered highly speculative.[27]

 Methodological issues

Scientific UFO research suffers from the fact that the phenomena under observation do not usually make predictable appearances at a time and place convenient for the researcher.[28] Ufologist Diana Palmer Hoyt argues,


The UFO problem seems to bear a closer resemblance to problems in meteorology than in physics. The phenomena are observed, occur episodically, are not reproducible, and in large part, are identified by statistical gathering of data for possible organization into patterns. They are not experiments that can be replicated at will at the laboratory bench under controlled conditions.[29]



On the other hand, skeptics have argued that UFOs are not a scientific problem at all, as there is no tangible physical evidence to study.[15][28] Barry Markovsky argues that, under scrutiny by qualified investigators, the vast majority of UFO sightings turn out to have mundane explanations.[30] Astronomer Carl Sagan stated on UFO sightings, "The reliable cases are uninteresting and the interesting cases are unreliable. Unfortunately there are no cases that are both reliable and interesting."[31]

Peter A. Sturrock states that UFO studies should be compartmentalized into at least "the following distinct activities":[32]


	Field investigations leading to case documentation and the measurement or retrieval of physical evidence;

	Laboratory analysis of physical evidence;

	The systematic compilation of data (descriptive and physical) to look for patterns and so extract significant facts;

	The analysis of compilations of data (descriptive and physical) to look for patterns and so extract significant facts;

	The development of theories and the evaluation of those theories on the basis of facts.



Denzler states that ufology as a field of study has branched into two different mindsets: the first group of investigators wants to convince the unbelievers and earn intellectual legitimacy through systematic study using the scientific method, and the second group sees the follow-up questions concerning the origin and "mission" of the UFOs as more important than a potential academic standing.[33]

 UFO categorization
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J. Allen Hynek (left) and Jacques Vallée





The "UFO" is unidentified flying object. Because it is unidentified, the classification and categorization are impossible. However, ufologists have proposed different systems for the classification.

 Hynek system

Developed in the 1970s, J. Allen Hynek's original system of description divides sightings into six categories.[34] It first separates sightings into distant- and close-encounter categories, arbitrarily setting five-hundred feet as the cutoff point. It then subdivides these close and distant categories based on appearance or special features:


	Nocturnal Lights (NL): Anomalous lights seen in the night sky.

	Daylight Discs (DD): Any anomalous object, generally but not necessarily "discoidal", seen in the distant daytime sky.

	Radar/Visual cases (RV): Objects seen simultaneously by eye and on radar.



Hynek also defined three close encounter (CE) subcategories:


	CE1: Strange objects seen nearby but without physical interaction with the environment.

	CE2: A CE1 case that leaves physical evidence, e.g. soil depressions, vegetation damage, or causes electromagnetic interference.

	CE3: CE1 or CE2 cases where occupants or entities are seen.



Later, Hynek introduced a fourth category, CE4, which is used to describe cases where the witness feels he was abducted by a UFO.[35] Some ufologists have adopted a fifth category, CE5, which involves conscious human-initiated contact with extraterrestrial intelligence.[35]

 Vallée system

Jacques Vallée has devised a UFO classification system, where the UFO sightings of four different categories are divided into five subcategories:[36]


	Close Encounter (CE): As per Hynek.

	Maneuver (MA): Trajectory discontinuity in flight.

	Fly-by (FB): No observed discontinuity in flight.

	Anomaly (AN): Unusual lights or unexplained entities.



The five subcategories can apply to all previous categories of sightings:


	Sighting

	Physical effects: for example, radar sighting

	Life form or living entity

	Reality transformation: witnesses experienced a transformation of their sense of reality (often corresponding to the popular characterization of the incident as an abduction)

	Physiological impact: Such as death or serious injury



Thus, the Vallée categorization categorizes cases as MA-2, AN-1, CE-4, for example.

 Alleged academic ridicule

Stanton Friedman considers the general attitude of mainstream academics as arrogant and dismissive, or bound to a rigid world view that disallows any evidence contrary to previously held notions.[37] Denzler states that the fear of ridicule and a loss of status has prevented scientists of pursuing a public interest in UFOs.[38] J. Allen Hynek's also commented, "Ridicule is not part of the scientific method and people should not be taught that it is."[39] Hynek said of the frequent dismissal of UFO reports by astronomers that the critics knew little about the sightings, and should thus not be taken seriously.[40] Peter A. Sturrock suggests that a lack of funding is a major factor in the institutional disinterest in UFOs.[41]

 Ufology and UFO reports

In addition to UFO sightings, certain supposedly related phenomena are of interest to some in the field of ufology, including crop circles,[42] cattle mutilations,[43] and alien abductions and implants.[44] Some ufologists have also promoted UFO conspiracy theories, including the alleged Roswell UFO Incident of 1947,[45][46] the Majestic 12 documents,[47] and UFO disclosure advocation.[48][49]

Skeptic Robert Sheaffer has accused ufology of having a "credulity explosion".[50] He claims a trend of increasingly sensational ideas steadily gaining popularity within ufology.[50] Sheaffer remarked, "the kind of stories generating excitement and attention in any given year would have been rejected by mainstream ufologists a few years earlier for being too outlandish."[50]

Likewise, James McDonald has expressed the view that extreme groups undermined serious scientific investigation, stating that a "bizarre 'literature' of pseudo-scientific discussion" on "spaceships bringing messengers of terrestrial salvation and occult truth" had been "one of the prime factors in discouraging serious scientists from looking into the UFO matter to the extent that might have led them to recognize quickly enough that cultism and wishful thinking have nothing to do with the core of the UFO problem."[51] In the same statement, McDonald said that, "Again, one must here criticize a good deal of armchair-researching (done chiefly via the daily newspapers that enjoy feature-writing the antics of the more extreme of such subgroups). A disturbing number of prominent scientists have jumped all too easily to the conclusion that only the nuts see UFOs".[51]

 Surveys of scientists and amateur astronomers concerning UFOs

In 1973, Peter A. Sturrock conducted a survey among members of the San Francisco chapter of the American Institute of Aeronautics and Astronautics, where 1175 questionnaires were mailed and 423 were returned, and found no consensus concerning the nature and scientific importance of the UFO phenomenon, with views ranging equally from "impossible" to "certain" in reply to the question, "Do UFOs represent a scientifically significant phenomenon?" [52] In a later larger survey conducted among the members of the American Astronomical Society, where 2611 were questionnaires mailed and 1356 were returned, Sturrock found out that opinions were equally diverse, with 23% replying "certainly", 30% "probably", 27% "possibly", 17% "probably not", and 3% "certainly not", to the question of whether the UFO problem deserves scientific study.[53] Sturrock also asked in the same survey if the surveyee had witnessed any event which they could not have identified and which could have been related to the UFO phenomenon, with around 5% replying affirmatively.[53]

In 1980, a survey of 1800 members of various amateur astronomer associations by Gert Herb and J. Allen Hynek of the Center for UFO Studies (CUFOS) found that 24% responded "yes" to the question, "Have you ever observed an object which resisted your most exhaustive efforts at identification?"[54]

 Notable studies, panels, and conferences in ufology

Further information: Identification studies of UFOs

Further information: List of government responses to UFOs

 Project Sign, Project Grudge (USA, 1947–1949)
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Main article: Project Sign

The first official USAF investigations of UFOs were Project Sign (1947–1949) and its successor Project Grudge (1949). Several hundred sightings were examined, a majority of them having a mundane explanation.[55] Some sightings were classified as credible but inexplicable, and in these cases the possibility of an advanced unknown aircraft could not be ruled out.[56] The initial memos of the project took the UFO question seriously. After surveying 16 early reports, Lt. Col. George D. Garrett estimated that the sightings were not imaginary or exaggerations of natural phenomena.[57] Lt. General Nathan F. Twining expressed the same estimate in a letter to Brig. General Schulgen.[58]

 Flying Saucer Working Party (UK, 1950–1951)

Main article: Flying Saucer Working Party

The United Kingdom's Ministry of Defence, alarmed by reports of seemingly advanced unidentified aircraft, followed the US military's example by conducting its own study on UFOs in 1950.[59] A research group was formed based on the recommendation of the chemist Henry Tizard, and was involved in similar work, such as "Project Sign".[59] After less than a year, the directorate, named the "Flying Saucer Working Party" (FSWP), concluded that most observations were either cases of mistaken identity, optical illusions, psychological delusions, or hoaxes, and recommended that no further investigation on the phenomena should be undertaken.[60] In 1952, the directorate informed Prime Minister Winston Churchill, after his inquiry about UFOs, that they had found no evidence of extraterrestrial spacecraft.[59] The FSWP files were classified for fifty years and were released to the British public in 2001.[59]

 Project Magnet, Project Second Story (Canada, 1950–1954)

Main article: Project Magnet

Project Magnet, led by senior senior radio engineer Wilbert B. Smith from the Department of Transport, had the goal of studying magnetic phenomena, specifically geomagnetism, as a potential propulsion method for vehicles.[61][62] Smith believed UFOs were using this method to achieve flight.[62] The final report of the project, however, contained no mention of geomagnetism.[63] It discussed twenty-five UFO sightings reported during 1952, and concluded with the notion that "extraterrestrial space vehicles" are probable.[63]

Along with the Smith group, a parallel committee dedicated solely to dealing with "flying saucer" reports was formed.[64] This committee, called Project Second Story, was sponsored by the Defence Research Board, with its main purpose being to collect, catalog, and correlate data from UFO sighting reports.[64] The committee appeared to have dissolved after five meetings, as the group deemed the collected material unsuitable for scientific analysis.[65]

 Project Blue Book (USA, 1951–1969)

Main article: Project Blue Book

As a continuation of Project Sign and Project Grudge in 1951, the USAF launched Project Blue Book, led by Captain Edward J. Ruppelt. Under Ruppelt, the collection and investigation of UFO sightings became more systematic.[66] The project issued a series of status reports, which were declassified in September 1960 and made available in 1968.[67] Project Blue Book was terminated in December 1969, following the report of the Condon Committee. Until then, 12,618 incidents had been investigated, the grand majority of which explained by conventional means. 701 cases, around 6%, remained "unidentified".[68] Officially, the USAF concluded from the project that the phenomena investigated were of no concern to national security, and that there was no evidence the sightings categorized as "unidentified" were caused by extraterrestrial aircraft.[68]

 Project Blue Book Special Report No. 14 (USA, 1952–1954)


[image: ]

[image: ]

The main entrance to Battelle Memorial Institute in Columbus, Ohio





Main article: Project Blue Book#Project Blue Book Special Report No. 14

Ruppelt contracted a team of scientists from the Battelle Memorial Institute to evaluate the early sightings gathered by Project Blue Book. They conducted analysis, primarily statistical, on the subject for almost two years. The study concluded that the more complete the data was and the better the report, the more likely it was that the report was classified as "unidentified".[69][70] However, the report emphasized the subjectivity of the data, and stated that the conclusions drawn from the study were not based on facts, but on the subjective observations and estimations of the individual.[71][original research?] Furthermore, the report summary and conclusion stated that "unknowns" were not likely something beyond the era's technology, and almost certainly not "flying saucers".[66]

 Robertson Panel (USA, 1953)

Main article: Robertson Panel

Before the final Battelle report was published, the Central Intelligence Agency (CIA) had developed an interest in UFOs as a national security issue, and set up a committee to examine existing UFO data.[66] The panel, headed by mathematician and physicist Howard Percy Robertson, met from January 14 to 17, 1953.[6] It concluded unanimously that the UFO sightings posed no direct threat to national security, but did find that a continued emphasis on UFO reporting might threaten government functions by causing the channels of communication to clog with irrelevant reports and by inducing mass hysteria.[6] Also, the panel worried that nations hostile to the US might use the UFO phenomena to disrupt air defenses.[6] To meet these problems, the panel stated that a policy of public education on the lack of evidence behind UFOs was needed, to be done through the mass media and schools, among others.[6] It also recommended monitoring private UFO groups for subversive activities.[6]

The recommendations of the Roberson Panel were partly implemented through a series of special military regulations.[72] The December 1953 Joint-Army-Navy-Air Force Publication 146 (JANAP 146) made publication of UFO sightings a crime under the Espionage Act.[72] The Air Force Regulation 200-2 (AFR 200-2) revision of 1954 made all UFO sightings reported to the USAF classified.[72] AFR 200-2 revision of February 1958 allowed the military to deliver to the FBI names of those who were "illegally or deceptively" bringing UFOs to public attention.[72]

 Condon Committee (USA, 1966–1968)
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Main article: Condon Committee

After the recommendations of the Robertson Panel, the USAF wanted to end its involvement in UFOs, and pass Project Blue Book to another agency.[73] In October 1966, the USAF contracted the University of Colorado, under the leadership of physicist Edward U. Condon, for $325,000 to conduct more scientific investigations of selected UFO sightings and to make recommendations about the project's future.[6][73] The committee looked at ninety-one UFO sightings, of which 30% was unidentifiable.[69] The report concluded that there was no "direct evidence" that UFOs were extraterrestrial spacecraft,[69] that UFO research from the past twenty-one years had not contributed anything to scientific knowledge, and that further study was not justified.[74] As a direct result of the Condon report, Project Blue Book was closed in December 1969.[69] Many ufologists, however, were not satisfied with the Condon report, and considered it a cover-up.[6]

 RAND Corporation paper (USA, 1968)

The RAND Corporation produced a short internal document titled "UFOs: What to Do?", published in November 1968.[75] The paper gave a historical summary of the UFO phenomenon, talked briefly about issues concerning extraterrestrial life and interstellar travel, presented a few case studies and discussed the phenomenological content of a UFO sighting, reviewed hypotheses, and concluded with a recommendation to organize a central UFO report-receiving agency and conducting more research on the phenomenon.[75]

 Project Identification (USA, 1973–1980)

In 1973, a wave of UFO sightings in southeast Missouri prompted Harley D. Rutledge, physics professor at the University of Missouri, to conduct an extensive field investigation of the phenomenon.[76] The findings were published in the book Project Identification: the first scientific field study of UFO phenomena.[77] Although taking a specific interest in describing unidentified aerial phenomena, as opposed to identifying them, the book references the presumed intelligence of the sighted objects.[78] Rutledge's study results were not published in any peer-reviewed journal or other scientific venue or format.[76]

 Studies by GEPAN, SERPA & GEIPAN (France, 1977–present)
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Main article: Groupe d'études et d'informations sur les phénomènes aérospatiaux non identifiés

In 1977, the French Space Agency CNES Director General set up a unit to record UFO sighting reports.[79] The unit was initially known as Groupe d’Etudes des Phénomènes Aérospatiaux Non identifiés (GEPAN), changed in 1988 to Service d'expertise de rentrée atmosphérique Phenom (SERPA) and in 2005 to Groupe d'études et d'informations sur les phénomènes aérospatiaux non identifiés (GEIPAN).[79]

GEIPAN found a mundane explanation for the vast majority of recorded cases, but in 2007, after 30 years of investigation, 1,600 cases, approximately 28% of total cases, remained unexplained "despite precise witness accounts and good-quality evidence recovered from the scene" and are categorized as "Type D".[79] In April 2010, GEIPAN statistics stated that 23% of all cases were of Type D.[80] However, Jean-Jacques Velasco, the head of SEPRA from 1983 to 2004, wrote a book in 2004 noting that 13.5% of the 5,800 cases studied by SEPRA were dismissed without any rational explanation, and stated that UFOs are extraterrestrial in origin.[81][82]

 United Nations (1977–1979)

Thanks to the lobbying of Eric Gairy, the Prime Minister of Grenada, the United Nations General Assembly addressed the UFO issue in the late 1970s.[83] On July 14, 1978, a panel, with Gordon Cooper, J. Allen Hynek, and Jacques Vallée among its members, held a hearing to inform the UN Secretary General Kurt Waldheim about the matter.[84] As a consequence of this meeting, the UN adopted decisions A/DEC/32/424 and A/DEC/33/426, which called for the "establishment of an agency or a department of the United Nations for undertaking, co-ordinating and disseminating the results of research into unidentified flying objects and related phenomena".[85][86][87]

 Project Hessdalen / Project EMBLA (Norway, 1983–present / Italy 1999–2004)

Main article: Hessdalen light

Since 1981, in an area near Hessdalen in Norway, unidentified flying objects have been commonly observed. This so-called Hessdalen phenomenon has twice been the subject of scientific field studies: Project Hessdalen (1983–1985, 1995–) secured technical assistance from the Norwegian Defense Research Establishment, the University of Oslo, and the University of Bergen, while Project EMBLA (1999–2004) was a team of Italian scientists led by Ph.D. Massimo Teodorani from the Istituto di Radioastronomia di Bologna.

Both studies confirmed the presence of the phenomenon and were able to record it with cameras and various technical equipment such as radar, laser, and infrared.[88][89] The origin and nature of the lights remains unclear.[90][91] Researchers from Project EMBLA speculated the possibility that atmospheric plasma had been the origin of the phenomenon.[92]

 Project Condign (UK, 1996–2000)

Main article: Project Condign

The British Ministry of Defence (MoD) published in 2006 the "Scientific & Technical Memorandum 55/2/00a" of a four-volume, 460-page report entitled Unidentified Aerial Phenomena in the UK Air Defence Region, based on a study by DI55 (a section of the Directorate of Scientific and Technical Intelligence of the Defence Intelligence Staff) codenamed Project Condign.[93] It discusses the British UFO reports received between 1959 and 1997.

The report affirms that UFOs are an existing phenomenon,[94] but points out that they present no threat to national defense.[95] The report further states that there is no evidence that UFO sightings are caused by incursions of intelligent origin, or that any UFO consists of solid objects which might create a collision hazard.[96] Although the study admits of being unable to explain all analyzed UFO sightings with certainty, it recommends that section DI55 ceases monitoring UFO reports, as they do not provide information useful for Defence Intelligence.[97] The report concludes that a small percentage of sightings that can not be easily explained are caused by atmospheric plasma phenomenon similar to ball lightning; Magnetic and other energy fields produced by these "buoyant plasma formations" are responsible for the appearance of so-called "Black Triangles" as well as having hallucinogenic effects on the human mind, inducing experiences of Close Encounters.

 Sturrock Panel Report (USA, 1997)

From Sept. 29 to Oct. 4, 1997 a workshop examining selected UFO incidents took place in Tarrytown, New York. The meeting was initiated by Peter A. Sturrock, who had reviewed the Condon report and found it dissatisfying.[98] The international review panel consisted of nine physical scientists, who responded to eight investigators of UFO reports, who were asked to present their strongest data.[99] The final report of the workshop was published under the title "Physical Evidence Related to UFO Reports" in the Journal of Scientific Exploration in 1998.[100] The study concluded that the studied cases presented no unequivocal evidence for the presence of unknown physical phenomena or for extraterrestrial intelligence,[101] but argued that a continued study of UFO cases might be scientifically valuable.[102]

 COMETA Report (France, 1999)

Main article: COMETA

COMETA (Comité d'Études Approfondies, "Committee for in-depth studies") is a private French group, which is mainly composed of high-ranking individuals from the French Ministry of Defence. In 1999 the group published a ninety-page report entitled "Les OVNI et la défense: à quoi doit-on se préparer?" ("UFOs and Defense: What Should We Prepare For?").[103] The report analyzed various UFO cases and concluded that UFOs are real, complex flying objects, and that the extraterrestrial hypothesis has a high probability of being the correct explanation for the UFO phenomenon.[104] The study recommended that the French government should adjust to the reality of the phenomenon and conduct further research.[105] Skeptic Claude Maugé criticized COMETA for research incompetency, and claimed that the report tried to present itself as an official French document, when in fact it was published by a private group.[106]

 "Disclosure Project" Press Conference (USA, 2001)
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Main article: Disclosure Project

On May 9, 2001, twenty government workers from military and civilian organizations spoke about their experiences regarding UFOs and UFO confidentiality at the National Press Club in Washington D.C..[107] The press conference was initiated by Steven M. Greer, founder of the Disclosure Project, which has the goal of disclosing alleged government UFO secrecy.[108] The purpose of the press conference was to build public pressure through the media to obtain a hearing before the United States Congress on the issue.[109] Although major American media outlets reported on the conference,[110] the interest quickly died down, and no hearing came forth.

 Fife Symington Press Conference (USA, 2007)

On November 12, 2007, a press conference, moderated by former Governor of Arizona Fife Symington, was held at the National Press Club in Washington D.C.[111] Nineteen former pilots and military and civilian officials spoke about their experiences with UFOs, demanding that the U.S. government engage in a new investigation of the phenomenon.[112]

 Notable cases in ufology

Further information: List of UFO sightings

Below are short summaries of select famous cases in UFO research. All of the incidents remain subject to controversy.

 Kenneth Arnold UFO sighting (USA, 1947)

Main article: Kenneth Arnold UFO sighting

On June 24, 1947 pilot Kenneth Arnold reported seeing nine metallic objects flying near Mt. Rainier, Washington.[113] The term "flying saucer" was coined by an Associated Press reporter, Bill Bequette, who based it on Arnold's description of the objects.[113]

 Roswell UFO Incident (USA, 1947)

Main article: Roswell UFO Incident

The Roswell Incident of 1947 ranks as one of the most publicized and controversial UFO incidents.[114] The US Army recovered an object which crashed near Roswell, New Mexico in July 1947, allegedly an extraterrestrial spacecraft, and alien pilots,[115] Many books on the incident have been written since the 1970s, and numerous alleged witnesses have spoken on the event.[116] The USAF maintains that the crashed object was a top-secret military spy balloon, a part of Project Mogul, many UFO proponents maintain that an alien craft was found and its occupants were captured, and that the military covered it up.[117]

 July 1952 Washington D.C. UFO incident (USA, 1952)

Main article: 1952 Washington D.C. UFO incident

From July 13 to 29, 1952, there was a major wave of UFO sightings over Washington D.C. Simultaneous radar and visual sightings were reported, of what appeared to be a group of UFOs flying over the city, and the Capitol Building.[118][119] Fighter jets were scrambled to intercept the objects, which allegedly disappeared when the planes got close enough to engage, and reappeared when the jets disengaged.[118] The USAF held a major press conference to respond to the media and public inquiry, and brought in Harvard astronomer Donald Menzel to explain away the sightings as being caused by temperature inversion.[118]

 Tehran UFO Incident (Iran, 1976)
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Main article: 1976 Tehran UFO incident

On the morning of September 19, 1976, a bright object was sighted and recorded by radar over Tehran, Imperial State of Iran. Two Imperial Iranian Air Force F-4 Phantom jet fighters tried to intercept the object, but turned back, reportedly after an instrumentation and communications failure on both planes.[120] The second plane's weapons system reportedly also died when it tried to fire a missile at a smaller object, which had emerged from the object pursued.[120] The case is confirmed both by the statements of a senior Iranian military official and by a report from the U.S. Defense Department on the case.[121] [122] Skeptic Philip J. Klass, after having examined the case, claims the witnesses initially saw an astronomical body, possibly Jupiter, while equipment malfunction and pilot incompetence accounted for the technical malfunctions.[123] Klass also pointed out that although being supposedly such a spectacular UFO case, it remained unclassified, and that there was no evidence of a follow-up investigation.[124]

 Rendlesham Forest Incident (UK, 1980)

Main article: Rendlesham Forest incident

From December 26 to 28, 1980, several bright UFOs were reportedly observed by military personnel in Rendlesham Forest, Suffolk, England.[125] In one case, a witness reported seeing a landed object, which he then touched and felt characters etched on its surface, before the object flew off.[126] Later, military personnel found impressions and increased radioactivity measurements on the supposed landing site.[127] The witnesses were all military personnel, including the deputy commander of the nearby Bentwaters Royal Air Force base, Lt. Col. Charles I. Halt. An official USAF memo dated January 13, 1981 documents the incident.[128] An audio recording of the military investigation that took place on December 27 is also available to the public.[128] Skeptic Brian Dunning of the Skeptoid podcast suggests the UFO and strange light sightings were misidentifications of the nearby Orfordness lighthouse, the re-entry of the Russian Cosmos 749 rocket, and meteors.[129]

 Belgian UFO wave (Belgium, 1989–1991)

Main article: Belgian UFO wave

From 1989 to mid-1991, around 3,500 UFO sightings were recorded in Belgium.[130] On the night of March 30, 1990, hundreds of people reported seeing UFOs in the airspace over Belgium, and unknown targets were confirmed by radar.[131] Two Belgian Air Force (BAF) F-16 fighters attempted to intercept the objects, with no success.[131] The radar tapes were later analyzed by the BAF, who concluded that the anomalies could have been caused by processing errors on the on-board computers.[131] Ufologist Renaud Leclet states that some of the sightings could be explained by helicopters with unusual designs, with which the public was unfamiliar.[132]

 Phoenix Lights (USA, 1997)

Main article: Phoenix Lights

On March 13, 1997, from around 8:15 to 10 p.m. local time, hundreds of citizens in the city of Phoenix, Arizona reported seeing a formation of lights move over city and surrounding mountains, giving the impression of a large "V"-shaped object.[131][133] Along with eyewitness testimony, video material and pictures of the lights exist.[131] It was revealed that the visiting 104th Fighter Squadron of the Maryland Air National Guard dropped illumination flares as a part of an exercise near Phoenix around 8:15 to 8:30 p.m.[134][135]

 Notable UFO organizations

Main article: List of UFO organizations

 United States

In the US, groups and affiliates interested in UFO investigation number in the hundreds, of which a few have achieved prominence based on their longevity, size, and researcher involvement with scientific credentials.[136] The first significant UFO interest group in the US was the Aerial Phenomena Research Organization (APRO), formed in 1952 by Coral and James Lorenzen.[136] The organization closed down in 1988.[136] The National Investigations Committee on Aerial Phenomena (NICAP), which formed in 1957 and shut down in the 1970ṣ,[136] whose Board of Directors included former Director of Central Intelligence and first head of the Central Intelligence Agency, VADM Roscoe H. Hillenkoetter, was, at one time, the largest UFO organization in the country, with numerous chapters.[136] In 1957, brothers W. H. and J. A. Spaulding founded the Ground Saucer Watch, which later became famous when, in 1977, the group filed a suit under the Freedom of Information Act against the CIA.[136]

The two major UFO investigative groups active today are the Mutual UFO Network (MUFON), founded in 1969, and the Center for UFO Studies (CUFOS), founded in 1973 by J. Allen Hynek.[136] MUFON grew as the key members of NICAP joined the organization in the 1970s.[136] CUFOS has tried to limit its membership to established researchers, but has found little academic acceptance.[136]

National UFO Reporting Center takes UFO reports, and has been in operation since 1974.[137]

 United Kingdom

The British UFO Research Association (BUFORA) is the largest and oldest of the active British UFO organizations.[138] It traces its roots to the London UFO Research Association, founded in 1959, which merged with the British UFO Association (BUFOA) to form BUFORA in 1964.[138]

 Ukraine

The Ukrainian Ufologic Club (UFODOS) has released and placed on the Internet (ufobua.org.ua) a national archive of UFO evidences.[139] It was complied based on people's evidences about strange flying objects over Ukraine. The "secret files" comprise about 500 eyewitnesses testimonies who saw UFO in Ukraine starting from the 17th century. According to UFODOS chief Yaroslav Sochka, the materials were collected from various sources, basically, Hydrometeorological Center of Ukraine Air Force and public ufological organizations.

 Australia

Further information: Australian ufology

The Australian Flying Saucer Bureau (AFSB) and the Australian Flying Saucer Research Society (AFSRS) were the earliest UFO groups established in Australia, with both being founded in the early 1950s.[140] The Australian Centre for UFO Studies (ACUFOS) was established in 1974 with links to the American CUFOS.[141] Other currently active Australian UFO groups include the Victorian UFO Research Society (VUFORS),[140] the Australian UFO Research Network (AUFORN),[142] and UFO Research Queensland (UFORQ).[143]

 Skeptic organizations

Further information: List of skeptics and skeptical organizations

The Committee for Skeptical Inquiry (CSI), although not a UFO organization, has investigated various UFO cases and has given a skeptical review of the phenomena in its publications, often in the Skeptical Inquirer magazine.[144] Founded as the Committee for the Scientific Investigation of Claims of the Paranormal (CSICOP) in 1976 by professor of philosophy Paul Kurtz, the committee is notable for its member scientists and skeptics, such as Carl Sagan, Isaac Asimov, Philip J. Klass, Ray Hyman, James Randi, and Martin Gardner.[145] The Skeptics Society, founded by science historian Michael Shermer in 1992, has also addressed the UFO issue in its magazine Skeptic.[146]

 World UFO Day

World UFO Day is a day for people to gather together and watch the skies for unidentified flying objects.[147][148] The goal of the July 2 celebration is to raise awareness of the Roswell findings, and to gain support in forcing governments to "tell the truth about earthly visits from outer space aliens".[149] This day is celebrated in the United States, the United Kingdom, Germany, Canada, China, Thailand, Belgium, Hong Kong, India, Indonesia, Japan, Netherlands, South Africa, Taiwan, Turkey, Czech Republic, Australia, Spain, Korea, Brazil, Italy, France, Nigeria, Finland, Austria and Poland.[150]

 See also
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	SETI
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This article is about a measuring method.  For the album by Greydon Square, see The Kardashev Scale (album).

The Kardashev scale is a method of measuring a civilization's level of technological advancement, based on the amount of energy a civilization is able to utilize. The scale has three designated categories called Type I, II, and III. A Type I civilization uses all available resources impinging on its home planet, Type II harnesses all the energy of its star, and Type III of its galaxy. The scale is only hypothetical and in terms of an actual civilization, highly speculative; however, it puts energy consumption of an entire civilization in a cosmic perspective. It was first proposed in 1964 by the Soviet astronomer Nikolai Kardashev. Various extensions to the scale have been proposed since, ranging from a wider range of power levels (types 0, IV and V) to the use of metrics other than pure power.



	

Contents




	1 Definition

	2 Current status of human civilization

	3 Energy development

	3.1 Type I civilization methods

	3.2 Type II civilization methods

	3.3 Type III civilization methods





	4 Civilization implications

	5 Extensions to the original scale

	6 Examples in science fiction

	6.1 Type 0

	6.2 Type Ⅰ

	6.3 Type Ⅱ

	6.4 Type Ⅲ

	6.5 Type Ⅳ

	6.6 Type Ⅴ, and beyond





	7 Connections with sociology and anthropology

	8 Criticism

	9 See also

	10 References

	11 Further reading

	12 External links








 Definition

In 1964, Kardashev defined three levels of civilizations, based on the order of magnitude of the amount of power available to them:


	Type Ⅰ

	"Technological level close to the level presently (here referring to 1964) attained on earth, with energy consumption at ≈4×1019 erg/sec[1] (4 × 1012 watts.) Guillermo A. Lemarchand stated this as "A level near contemporary terrestrial civilization with an energy capability equivalent to the solar insolation on Earth, between 1016 and 10 17 watts."[2]

	Type Ⅱ

	"A civilization capable of harnessing the energy radiated by its own star (for example, the stage of successful construction of a Dyson sphere), with energy consumption at ≈4×1033 erg/sec.[1] Lemarchand stated this as "A civilization capable of utilizing and channeling the entire radiation output of its star. The energy utilization would then be comparable to the luminosity of our Sun, about 4 × 1026 watts."[2]

	Type Ⅲ

	"A civilization in possession of energy on the scale of its own galaxy, with energy consumption at ≈4×1044 erg/sec."[1] Lemarchand stated this as "A civilization with access to the power comparable to the luminosity of the entire Milky Way galaxy, about 4 × 1037 Watts."[2]



 Current status of human civilization

Further information: World energy resources and consumption

Michio Kaku suggested that humans may attain Type Ⅰ status in about 100–200 years, Type Ⅱ status in a few thousand years, and Type Ⅲ status in about 100,000 to a million years.[3]

Carl Sagan suggested defining intermediate values (not considered in Kardashev's original scale) by interpolating and extrapolating the values given above for types 1, 2 and 3, using the formula


	[image: K = \frac{\log_{10}{MW}} {10}],



where value K is a civilization's Kardashev rating and MW is the power it uses, in megawatts. Using this extrapolation, a "Type 0" civilization, though not define by Karashev, would control about 1 MW of energy, and humanity's civilization type (in 1973) was about 0.7 (apparently using 10 terawatt (TW) as the value for 1970s humanity).[4]

In 2008, total world energy consumption was 474 exajoules (474×1018 J=132,000 TWh), equivalent to an average power consumption of 15 terawatts (1.504×1013 W or 0.717 on the Kardashev scale).[5]

The total photosynthetic productivity of earth is between ~1500–2250 TW, or 47,300–71,000 exajoules per year, making nature a 0.9 Kardashev scale civilization.

 Energy development

See also: Energy development

 Type I civilization methods


	Large-scale application of fusion power. According to mass-energy equivalence, Type I implies the conversion of about 2 kg of matter to energy per second. While there is no known method to convert matter (by itself) completely into energy, an equivalent energy release could theoretically be achieved by fusing approximately 280 kg of hydrogen into helium per second,[6] a rate roughly equivalent to 8.9×109 kg/year. A cubic km of water contains about 1011 kg of hydrogen, and the Earth's oceans contain about 1.3×109 cubic km of water, meaning that this rate of consumption could be sustained over geological time scales.

	Antimatter[7] in large quantities would have a mechanism to produce power on a scale several magnitudes above our current level of technology. In antimatter-matter collisions, the entire rest mass of the particles is converted to kinetic energy. Their energy density (energy released per mass) is about four orders of magnitude greater than that from using nuclear fission, and about two orders of magnitude greater than the best possible yield from fusion.[8] The reaction of 1 kg of anti-matter with 1 kg of matter would produce 1.8×1017 J (180 petajoules) of energy.[9] Although antimatter is sometimes proposed as a source of energy, this is currently infeasible. Artificially producing antimatter according to current understanding of the laws of physics involves first converting energy into mass, so there is no net gain. Artificially created antimatter is only usable as a medium of energy storage but not as an energy source, unless future technological developments (contrary to the conservation of the baryon number, such as a CP Violation in favour of antimatter) allow the conversion of ordinary matter into anti-matter. There are a number of naturally occurring sources of antimatter [10][11][12] we may theoretically be able to cultivate and harvest in the future.

	Renewable energy through converting sunlight into electricity by either solar cells and concentrating solar power or indirectly through wind and hydroelectric power. Currently, there is no known way for human civilization to successfully use the equivalent of the Earth's total absorbed solar energy without completely coating the surface with man-made structures, which is presently not feasible. However, if a civilization constructed very large space-based solar power satellites, Type I power levels might be achievable.
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Figure of a Dyson swarm surrounding a star





 Type II civilization methods


	A Dyson sphere or Dyson swarm and similar constructs are hypothetical megastructures originally described by Freeman Dyson as a system of orbiting solar power satellites meant to enclose a star completely and capture most or all of its energy output.[13]

	Perhaps a more exotic means to generate usable energy would be to feed a stellar mass into a black hole, and collect photons emitted by the accretion disc.[14][15] Less exotic would be simply to capture photons already escaping from the accretion disc, reducing a black hole's angular momentum; known as the Penrose process.

	Star lifting is a process where an advanced civilization could remove a substantial portion of a star's matter in a controlled manner for other uses.

	Antimatter is likely to be produced as an industrial byproduct of a number of megascale engineering processes (such as the aforementioned star lifting) and therefore could be recycled.

	In multiple-star systems of a sufficiently large number of stars, absorbing a small but significant fraction of the output of each individual star.

	White holes, if they exist, theoretically could provide large amounts of energy from collecting the matter propelling outwards.

	Capturing the energy of gamma-ray bursts is another theoretically possible power source for a highly advanced civilization.



 Type III civilization methods


	Type III civilizations might use the same techniques employed by a Type II civilization, but applied to all possible stars of one or more galaxies individually.[16]

	They may also be able to tap into the energy released from the supermassive black holes which are believed to exist at the center of most galaxies.

	The emissions from quasars can be readily compared to those of small active galaxies and could provide a massive power source if collectable.



 Civilization implications

There are many historical examples of human civilization undergoing large-scale transitions, such as the Industrial Revolution. The transition between Kardashev scale levels could potentially represent similarly dramatic periods of social upheaval, since they entail surpassing the hard limits of the resources available in a civilization's existing territory. A common speculation[17] suggests that the transition from Type 0 to Type I might carry a strong risk of self-destruction since, in some scenarios, there would no longer be room for further expansion on the civilization's home planet, similar to a Malthusian catastrophe. Excessive use of energy without adequate disposal of heat, for example, could plausibly make the planet of a civilization approaching Type I unsuitable to the biology of the dominant life-forms and their food sources. If Earth is an example, then sea temperatures in excess of 35 °C would jeopardize marine life and make the cooling of mammals to temperatures suitable for their metabolism difficult if not impossible. Of course, these theoretical speculations may not become problems in reality due to evolution or the application of future engineering and technology. Also, by the time a civilization reaches Type I it may have colonized other planets or created O'Neill-type colonies, so the amount of waste heat could be distributed throughout the solar system.

 Extensions to the original scale

Many extensions and modifications to the Kardashev scale have been proposed. The most straightforward extend the scale to even more hypothetical Type IV beings who can control or use the entire universe, or Type V that control collections of universes. Other proposed changes use different metrics such as 'mastery' of systems, amount of information used, or progress in control of the very small as opposed to the very large.

Zoltan Galantai has defined a further extrapolation of the scale, a Type IV level which controls the energy output of the visible universe; this is within a few orders of magnitude of 1045 W. Such a civilization approaches or surpasses the limits of speculation based on current scientific understanding, and may not be possible. Frank J. Tipler's Omega point would presumably occupy this level, as would the Biocosm hypothesis. Galantai has argued that such a civilization could not be detected, as its activities would be indistinguishable from the workings of nature (there being nothing to compare them to).[18]

However, Milan M. Ćirković has argued that "Type IV" should instead be used to refer to a civilization that has harnessed the power of its supercluster, or "the largest gravitationally bound structure it originated in."[19] For the Local Supercluster, this would be approximately 1042 W.

Dr. Michio Kaku has discussed a Type IV civilization, which could harness "extragalactic" energy sources such as dark energy, in his book Parallel Worlds.[20]

Metrics other than pure power usage have also been proposed. One is 'mastery' of a planet, system or galaxy rather than considering energy alone.[21] Alternatively, Carl Sagan suggested adding another dimension in addition to pure energy usage: the information available to the civilization. He assigned the letter A to represent 106 unique bits of information (less than any recorded human culture) and each successive letter to represent an order of magnitude increase, so that a level Z civilization would have 1031 bits. In this classification, 1973 Earth is a 0.7 H civilization, with access to 1013 bits of information. Sagan believed that no civilization has yet reached level Z, conjecturing that so much unique information would exceed that of all the intelligent species in a galactic supercluster and observing that the universe is not old enough to exchange information effectively over larger distances. The information and energy axes are not strictly interdependent, so that even a level Z civilization would not need to be Kardashev Type Ⅲ.[4]

John D. Barrow, going by the fact that humans have found it more cost-effective to extend any abilities to manipulate their environment over increasingly smaller dimensions rather than increasingly larger ones, reverses the classification downward from Type Ⅰ-minus to Type Omega-minus:

Type Ⅰ-minus is capable of manipulating objects over the scale of themselves: building structures, mining, joining and breaking solids; Type Ⅱ-minus is capable of manipulating genes and altering the development of living things, transplanting or replacing parts of themselves, reading and engineering their genetic code; Type Ⅲ-minus is capable of manipulating molecules and molecular bonds, creating new materials; Type Ⅳ-minus is capable of manipulating individual atoms, creating nanotechnologies on the atomic scale and creating complex forms of artificial life; Type Ⅴ-minus is capable of manipulating the atomic nucleus and engineering the nucleons that compose it; Type ⅤI-minus is capable of manipulating the most elementary particles of matter (quarks and leptons) to create organized complexity among populations of elementary particles; culminating in. Type Omega-minus is capable of manipulating the basic structure of space and time.[22] According to this scale, human civilization is between III- and IV-minus.

 Examples in science fiction

 Type 0

A Type 0 civilization extracts its energy, information, raw-materials from crude organic-based sources (i.e. Food/Wood/Fossil Fuel).


	Cyberpunk genre (and Post-cyberpunk) is frequently centered on the transitional inter-periods between Type-0 and Type-I status. While frequently focused on how the concepts of "Transhumanism" and "Singularity" will eventually overcome the problems that have, up until now, been endemic to human nature, Cyberpunk subverts this to describe the Dystopian side should a civilization "self-destruct" in the process of achieving Type-I status. In such fiction, most current world problems are local in warfare, local in culture, and usually mono-cultural, and theistic; further aggravated by various groups trying to retain a Type-0 monoculture through religious fanaticism and opposition to technological progress, and others trying to move forward to a Type-I global civilization through technological advances and institutional change.[23][24][25]



 Type Ⅰ

A Type Ⅰ civilization is capable of orbital spaceflight and colonization, medical and technological singularity, planetary engineering, trade and defense, and stellar system-scale influence:


	In Down and Out in the Magic Kingdom, which takes place in the 22nd century, mostly in Walt Disney World. Disney World is run by rival adhocracies, each dedicated to providing the best experience to the park's visitors and competing for the Whuffie the guests offer. Synthesized memory, suspended animation, life extension, rejuvenation (aging) and genetic enhancement technologies have made death obsolete, material goods are no longer scarce, and everyone is granted basic human rights that in our present age are mostly considered luxuries.[26]




	In "Gears of War", the humans of Sera have obtained type 1 status. By 16 A.E. they were capable of controlling the weather, using the Adaptive Atmospheric Manipulator which would create artificial hurricanes.



 Type Ⅱ

A Type Ⅱ civilization is capable of interplanetary spaceflight, interplanetary communication, stellar engineering, and star cluster-scale influence:


	In the Ringworld series by Larry Niven, a ring a million miles wide is built and spun (for gravity) around a star roughly one astronomical unit away. The ring can be viewed as a functional version of a Dyson sphere with the interior surface area of 3 million Earth-sized planets. Because it is only a partial Dyson sphere, it can be viewed as an intermediary between Type Ⅰ and Type Ⅱ. Both Dyson spheres and the Ringworld suffer from gravitational instability, however—a major focus of the Ringworld series is coping with this instability in the face of partial collapse of the Ringworld civilization.

	The territory of Eelong in the Pendragon Series by D. J. MacHale uses all power from a belt of stars known as the Skaa.[27]

	Stephen Baxter's "Morlock" of The Time Ships occupy a spherical shell around the sun the diameter of earth's orbit, spinning for gravity along one band. The shell's inner surface along this band is inhabited by cultures in many lower stages of development, while the K II Morlock civilization uses the entire structure for power and computation.[citation needed]

	In the Star Trek: The Next Generation episode "Relics", the Enterprise discovers an abandoned Dyson sphere.[28]

	In the Halo universe, the United Nations Space Command (UNSC) and the hostile alien society known as the Covenant have both attained Type Ⅱ status. The UNSC is shown to be able to induce a star to go supernova and has a territory consisting of more than 800 planetary systems.[29]

	In the Mass Effect Universe, according to Michio Kaku,[30] Humanity has advanced to a Type Ⅱ civilization, having colonized several planets and competing with other Type Ⅱ civilizations (such as the Asari, Salarians, and Turians).[31]



 Type Ⅲ

A Type Ⅲ civilization is capable of interstellar travel, interstellar communication, galactic engineering and galaxy-scale influence:


	In Xenosaga by Namco. The human race, depicted in the what would be 7277 AD, humanity is just cresting the beginings of this.

	In Star Maker by Olaf Stapledon. The stellar energy output of the whole galaxy is used by the Galactic Community of Worlds.[32]

	In the Halo universe, The Forerunners attained Type Ⅲ status; the species had the ability to manipulate gravitational force, create AI with full sentience, fabricate extremely dense materials, perform highly accurate slipspace navigation, the ability to create life, and the ability to create worlds.[29]

	In the Mass Effect universe, an advanced race of sentient machines exists known as the Reapers. In "cycles" of roughly 50,000 years, the Reapers return to the Milky Way to destroy any civilizations that have reached a certain level of technological advancement, then return to intergalactic space and await the next cycle. Reapers possess highly powerful sources of energy and can communicate across distances of thousands of light years in real time.

	While not much is known about them, the Ancient Humanoids from Star Trek have manipulated the course of biological evolution across the entire galaxy billions of years ago. As a result, the vast majority of species in the Milky Way is humanoid, and possess a secret code embedded in their DNA.[33]



 Type Ⅳ

A Type Ⅳ civilization is capable of intergalactic travel, intergalactic communication, and universal-scale influence:


	The backstory of The Dancers at the End of Time series by Michael Moorcock describes a civilization which consumed all the energy in all the stars in the universe, save Earth's own star, in order to fuel an existence in which the inheritors of Earth lived as near omnipotent gods.[34]

	In a rare mention of the scale within a work of fiction, the Doctor Who novel The Gallifrey Chronicles, a Time Lord named Marnal asserts that "the Time Lords were the Type-4 civilization. We had no equals. We controlled the fundamental forces of the entire universe. Nothing could communicate with us on our level." It also could be argued that the Daleks -also from Doctor Who- were a Type Ⅳ civilization at the time of the Last Great Time War, as they had the same universe-altering capabilities of the Time Lords. [35]

	Michio Kaku, in a lecture, said that in Star Trek: The Next Generation, the god-like Q Continuum could be considered above Type Ⅳ, drawing their energy from outside the universe.

	The Players of The New Cosmogony, a fictional Nobel Prize oration in A Perfect Vacuum by Stanisław Lem, are altering the laws of physics for their own purposes.[36]

	In Lexx a character named Mantrid uses exponential growth to make copies upon copies of his constructor arms called "Mantrid drones", eventually using all the matter in the light universe, which ends up destroying the universe when too much matter accumulates in one place, "unbalancing" it.

	In The Gods Themselves by Isaac Asimov, a sentient species from another universe reaches Type Ⅰ in conjunction with humanity, by developing a technique of exchanging electrons and protons across universes. To combat the flux of energy, humans reach Type Ⅳ by developing a technique of harvesting the energy from yet another universe, which exists in a pre-big-bang state, or a "Cosmic Egg" state.[citation needed]

	In the Bionicle universe, the Great Beings attained this type. While they haven't been shown travelling through space, they have shown to be capable of constructing a 40 million foot high sentient robot that is capable of moving planets, and capable of creating fully sentient and synthetic cyborg civilisations. They have the ability to genetically engineer creatures to give them superpowers. Amongst their notable achievements are objects capable of manipulating fundamental forces of the universe, such as the Mask of Life and the Mask of Creation. They also possess the ability to travel between dimensions and even universes.[citation needed]

	The immortal "Guardians of the Universe", creators of the Green Lantern Corps (DC Comics), have manipulated events on an intergalactic scale for three billion years.

	The Xeelee from Stephen Baxter's Xeelee Sequence are present throughout the universe, have instantaneous communication and constructed an artefact 10 million light year across, using the material of many galaxies. They possess time travel capabilities which they used to construct closed timelike curves in which they modified their own evolution, becoming the most advanced baryonic civilization.

	The "Ancients" from the multiple Stargate series. The building of wormhole travel devices, time travel devices as well as the potential to bridge parallel universes for the purpose of travel and energy production classify these as a class IV civilisation. The Stargate Atlantis series is based with technology hundreds of thousands of years beyond that of space travel on a universal scale, as shown in the Stargate Universe series, potentially classifying them as class V, but with no proof.



 Type Ⅴ, and beyond

Such hypothetical civilizations have either transcended their universe of origin or arose within a multiverse or other higher-order membrane of existence, and are capable of universe-scale manipulation of individual discrete universes from an external frame of reference. In fiction, their artifacts or endowed abilities find their way into the hands of relatively juvenile civilizations, such as humanity:


	The 2011 God and the Universe episode of the American History Channel television series The Universe explored the possibility of sufficiently advanced civilizations custom-building new universes.[37]

	The Half-Life series of videogames featured a group known as the Combine. In Half-Life, human scientists create a resonance cascade, which enables transit between universes, via the 'borderworld' of Xen. Largely unable to harness this ability, alien fugitives on Xen then arrive on Earth, but their fear and hostility leads to their arrival being interpreted as an invasion. As the cascade's effect spreads beyond the walls of the research facility it was created at, concerted military efforts are made to contain the incident. However, The Combine, a totalitarian group shown to be the rulers of multiple universes, are attracted by the cascade to Xen, and use the cascade as a springboard to launch their own invasion of Earth. So powerful are the Combine, and so overwhelming, that the human military defence is overwhelmed in seven hours.

	The organization known as the Infinite Consortium from Magic: the Gathering stretches between the planes of existence throughout the multiverse.[citation needed]

	The Downstreamers from Manifold: Time, after completely controlling their universe, used time travel to induce the creation of a multiverse.[citation needed]

	Excession by Iain M. Banks is based on idea of travel to multiple universes.



 Connections with sociology and anthropology

Kardashev's theory can be viewed as the expansion of some social theories, especially from social evolutionism. It is close to the theory of Leslie White, author of The Evolution of Culture: The Development of Civilization to the Fall of Rome (1959). White attempted to create a theory explaining the entire history of humanity. The most important factor in his theory is technology: Social systems are determined by technological systems, wrote White in his book, echoing the earlier theory of Lewis Henry Morgan. As a measure of society advancement, he proposed the measure of energy consumption of a given society (thus his theory is known as the energy theory of cultural evolution). He differentiates between five stages of human development. In the first stage, people use energy of their own muscles. In the second stage, they use energy of domesticated animals. In the third stage, they use the energy of plants (which White refers to as agricultural revolution). In the fourth stage, they learn to use the energy of natural resources—such as coal, oil, and gas. Finally, in the fifth stage, they harness nuclear energy. White introduced a formula P=E×T, where P measures the advancement of the culture, E is a measure of energy consumed, and T is the measure of efficiency of technical factors utilizing the energy.[citation needed]

 Criticism

It has been argued that, because we cannot understand advanced civilizations, we cannot predict their behavior; thus, Kardashev's visualization may not reflect what will actually occur for an advanced civilization. This central argument is found in the book Evolving the Alien: The Science of Extraterrestrial Life.[38]

Robert Zubrin uses the terms to refer to how widespread a civilization is in space, rather than to its energy use. In other words, a Type Ⅰ civilization has spread across its planet, a Type Ⅱ has extensive colonies in its respective stellar system, and a Type Ⅲ has colonized its galaxy.[citation needed]

 See also
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	This television-related article needs additional citations for verification. Please help improve this article by adding citations to reliable sources. Unsourced material may be challenged and removed. (October 2011) 




Aurelia and Blue Moon are hypothetical examples of a planet and a moon on which extraterrestrial life could evolve. They are the outcome of a collaboration between television company Blue Wave Productions Ltd. and a group of American and British scientists who were collectively commissioned by National Geographic. The team used a combination of accretion theory, climatology, and xenobiology to imagine the most likely locations for extraterrestrial life and most probable evolutionary path such life would take.

The beginning concepts appeared in a two-part television broadcast called Alien Worlds, aired in 2005 in the UK by Channel 4. Channel 4 has also released a DVD of the program. The show was also aired on the National Geographic Channel as Extraterrestrial on Monday, May 30, 2005[1] and focuses more on the alien life on the two worlds.

The first program in the series focused on Aurelia, a hypothetical Earth-sized extrasolar planet orbiting a red dwarf star in our local area of the Milky Way. The second focuses on a moon called Blue Moon, which orbits an enormous gas giant that is itself orbiting a binary star system.
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 Reasons for theorizing

Discoveries regarding extrasolar planets were first published in 1989 raising the prospect of whether life (as we know it or imagine it) could be supported on other planets. It is currently believed that for this to happen a planet must orbit in a relatively narrow band around its parent star, where temperatures are suitable for water to exist as a liquid. This region is called the habitable zone.

The most Earth-like exoplanets yet found, Gliese 667Cc and Gliese 581g (disputed), have masses larger than Earth's and orbit red dwarf stars in the habitable zone. All currently known smaller extra solar bodies orbit pulsar PSR 1257+12.

The sensitivity of current detection methods makes it difficult for scientists to search for terrestrial planets smaller than this. To allow smaller bodies to be detected, NASA was studying a project called the Terrestrial Planet Finder (TPF), a two-telescope concept slated to begin launching around 2014. However, Congressional spending limits under House Resolution 20 passed on January 31, 2007 by the U.S. House of Representatives and February 14 by the U.S. Senate have all but canceled the program.

Prior to TPF's cancellation, astrophysicists had begun speculating about the best places to point the telescope in order to find Earth-like planets. While life on earth has formed around a stable yellow dwarf, solar twins are not as common in the galaxy as red dwarf stars (which have a mass of less than one-half that of the Sun and consequently emit less heat), or bigger, brighter blue giants. In addition, it is estimated that more than a quarter of all stars are at least binary systems, with as many as 10% of these systems containing more than two stars (trinary etc.)—unlike our own sun, which has no companion. Therefore it may be prudent to consider how life might evolve in such environments. Such speculation may still be of use should a future planet-finding telescope be launched, and possibly for NASA's Kepler mission.

 Aurelia

The scientists on the project theorized that aiming the TPF at a red dwarf star might yield the best opportunities for seeing smaller planets. Due to the slow rate at which they burn hydrogen, red dwarfs have an enormous estimated lifespan; allowing plenty of time for life to evolve on surrounding planets. Also, red dwarves are very common in the universe. Therefore, if they support habitable planets, it substantially increases the chances of finding life in the universe. However, being much dimmer than other stars, it will be harder to detect planetary systems around them. In addition, lower gravity would limit the potential size of a system. The discovery of Gliese 581 g raises hopes of finding more red dwarf systems, including potentially habitable ones.

 Tidal lock

However, the dwarf's smaller nature and fainter heat/light output would mean that such a planet would need to be particularly close to the star's surface. The cost of such an orbit would be that an Earth-sized body would become tidally locked. When this happens, the object presents the same face to its parent at all times as it orbits, just as the Moon does with the Earth (more technically, one sidereal day is exactly equal to one year for the orbiting body).

 Traditional theories

Traditional scientific theories proposed that such a tidally locked planet might be incapable of holding on to an atmosphere. Having such a slow rotation would weaken the magnetic effect that protects the atmosphere from being blown away by solar wind (see Rare Earth hypothesis).

 Traditional assumptions tested

Nonetheless, the scientists employed by the programme decided to test the traditional assumptions for such a planet and start a model out for it from a proplyd through to its eventual death. Their estimations suggested such a planet could indeed hold on to its atmosphere, although with freakishly unusual results by Earth standards. Aurelia would be gravitationally locked to its star (a red dwarf). Due to this, Aurelia would not have seasons or a day-night cycle,[1] as half of Aurelia would be in perpetual darkness and would be in a permanent ice age. The other half would contain a giant, unending hurricane with permanent torrential rain at the point directly opposite the local star. In between these two zones would be a place suitable for life.

This hurricane could perhaps generate enormous waves in the ocean and the waves would migrate outwards. Oceanographers should test how high these waves would be in the postulated nearby swamps and delta area. They would be wind driven waves and would not reach from the top of an ocean to the bottom like a Tsunami. Nonetheless, waves as big and as devastating as those that humans call freak waves might be regular.[citation needed] Simple bacterial and algal life would not be threatened.

 Continued theories

The theorizations continued, and assuming that there was land in this habitable zone, it would be likely to form large networks of river deltas and swampland, due to rain runoff from the nearby storm.

At the far end of assumptions about Aurelia were attempts to construct lifeforms based on Earthly evolutionary models and how ecosystems might develop. The scientists' assumptions included the idea that the long life of a red dwarf allows for evolution to fine tune any ecosystem on the planet. The scientists involved in the project hypothesized that the vast majority, if not all, of extra-solar biology will be carbon based.

This assumption is often referred to by critics as carbon chauvinism, as it may be possible for life to form that is not based on carbon.

From this carbon-based hypothesis the scientific team assumed some form of staple photosynthesizing animal/plant combination would be the principal autotroph. They decided upon a plant-like creature called a Stinger Fan. It has five hearts and limited mobility. Its fan-like leaves trap the red dwarf star's energy to produce sugars. Its hearts pump them around its body.[2]

Feeding upon the Stinger Fans are six-legged semi-amphibious creatures called Mudpods, based somewhat upon newts, slugs,and beavers. They use their long, continually growing thumb claws to cut down a Stinger Fan and dam the river systems, creating artificial lagoons and swamps which provide safety from predators.[3] Upon that animal, a large emu and wild hog-like carnivore, a Gulphog, is the main predator. These 2 meter tall carnivores live socially in packs, and display promising signs of intelligence. Finally, there is a second semi-amphibious creature called the Hysteria - a cross between a plague of tadpoles and piranha. These tiny, orange creatures can collect together (in a manner similar to slime molds) and form one huge super-organism, moving together up banks to paralyze and consume other animals. Scabian Slugs that live by the water can fall victim to the Hysteria, but it can take something as large as a Gulphog to satisfy them.

The planet's ecosystem suffers from a number of particular peculiarities, most notably evolutionary quirks to allow all living organisms to detect and avoid solar flares. Red dwarf stars are unstable and eject frequent solar flares. Such intense ultraviolet radiation is deadly to all carbon-based life forms as it breaks down the atomic bonds formed by organic compounds. The Gulphogs have adapted by having an ultraviolet light sensitive eye on top of their heads. Stinger Fans fold up to protect themselves. Mudpods have sensitive backs that can sense the ultraviolet rays. The Hysteria's adaption is unknown. However, the flare stage might only be when the red dwarfs are relatively young.
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 Blue Moon
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A hypothetical rendition of The Blue Moon orbiting high above the plane of its parent gas giant planet.





Blue Moon is covered in life-giving water and an atmosphere so dense that enormous creatures can take flight. The Blue Moon orbits a Water Cloud Jovian planet (a Jupiter-like planet that is cool enough to have visible rain clouds in its atmosphere) orbiting a close binary star system. The Blue Moon itself is roughly an earth mass but has an air pressure around three times that of Earth's at sea level.

A distinguishing feature of Blue Moon is that it has no polar ice caps: the thick atmosphere keeps temperatures constant across the moon's surface. There is also a greenish haze over the moon from large carpets of floating moss and algae.

The denser atmosphere allows more massive creatures to remain airborne than on Earth. Skywhales, gargantuan whale-like animals which evolved away from the ocean into the air, fill the ecological niche this creates. Because of the increased muscle power from excess atmospheric oxygen, these creatures can have wingspans of ten meters and remain airborne their entire lives. They feed on the previously mentioned Air Moss. They evolved from seagoing animals into flying ones in one evolutionary leap.

High levels of oxygen (30% of the atmosphere) push the atmosphere to the brink of spontaneous combustion during lightning storms. Carbon dioxide levels are thirty times higher than on Earth making the air clammy and warm. Like our moon, Blue Moon is tidally locked, meaning it keeps the same side of the moon faced towards its planet.

With an orbital time of roughly ten days, that means five days of continuous night and five days of continuous daytime. The long days and nights also create strong cross-hemisphere winds that help keep the Skywhales afloat, in addition to the density of the atmosphere and its increased oxygen concentration compared to Earth.

Skywhales are prey to the insect-like caped Stalkers, colony-living predators that have several different tasks. Scouts find skywhales and mark them with a special scent, then return to the nest to spread the word. Workers then swarm out in huge numbers, detecting the whale and working together to bring them down from the sky and kill them. Finally, there is a queen, who stays in the nest and constantly lays eggs that become new stalkers. This lifestyle is based on earth's hornets. The Stalkers are also prey, for the Pagoda branches are draped with the lethal webs of the plant-like ghost traps. Once a Stalker is caught in a ghost trap web, the carnivore uses its tentacles to lift its catch up into its mouth, to be digested by the acid in a primitive stomach.

As well as Skywhales, giant Kites also fly above the forest canopy. These parasol-like grazers can grow up to 5 m (16 ft) in diameter and still stay airborne. Their tethers help control their floating, while their jellyfish-like tentacles snatch Helibug larvæ from the water-filled skyponds. Helibugs have a trilaterally symmetrical body plan, with three eyes, three wings, three legs, three mouth parts and three tongues.

70% of Blue Moon's land mass is coated in two main plant types, pagoda trees and balloon plants. Pagoda trees interconnect with each other to allow them to grow 700 ft (210 m) tall. Their hollow leaves collect rainwater, since the trees are too tall to draw it from the ground. Balloon plants release their seeds by filling them with hydrogen to float in the dense atmosphere, in a way similar to kelp on Earth.

The Blue Moon is threatened by mass wildfires that can wipe out entire pagoda forests. Balloon plants grow in the gaps resulting. The floating balloons released by the plants are full of explosive hydrogen, and when a fire hits, they explode like bombs, releasing seeds flying through the air. Skywhales and Kites will gain altitude until the fire ends. The Stalkers' escape strategy is unknown.
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Gravitational biology is the study of the effects gravity has on living organisms. Throughout the history of the Earth life has evolved to survive changing conditions, such as changes in the climate and habitat. The only constant factor in evolution since life first began on Earth is the force of gravity. As a consequence, all biological processes are accustomed to the ever-present force of gravity and even small variations in this force can have significant impact on the health and function of organisms.[1]
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 Gravity and life on Earth

The force of gravity on the surface of the Earth, normally denoted g, has remained constant in both direction and magnitude since the formation of the planet.[citation needed] As a result, both plant and animal life have evolved to rely upon and cope with it in various ways.

 Plant use of gravity

Main article: Gravitropism

Plant tropisms are directional movements of a plant with respect to a directional stimulus. One such tropism is gravitropism, or the growth or movement of a plant with respect to gravity. Plant roots grow towards the pull of gravity and away from sunlight, and shoots and stems grow against the pull of gravity and towards sunlight.

 Animal struggles with gravity

Gravity has had an effect on the development of animal life since the first single-celled organism. The size of single biological cells is inversely proportional to the strength of the gravitational field exerted on the cell. That is, in stronger gravitational fields the size of cells decreases, and in weaker gravitational fields the size of cells increases. Gravity is thus a limiting factor in the growth of individual cells.

Cells which were naturally larger than the size that gravity alone would allow for had to develop means to protect against internal sedimentation. Several of these methods are based upon protoplasmic motion, thin and elongated shape of the cell body, increased cytoplasmic viscosity, and a reduced range of specific gravity of cell components relative to the ground-plasma.[2]

The effects of gravity on many-celled organisms is even more drastic. During the period when animals first evolved to survive on land some method of directed locomotion and thus a form of inner skeleton or outer skeleton would have been required to cope with the increase in the force of gravity due to the weakened upward force of buoyancy. Prior to this point, most lifeforms were small and had a worm- or jellyfish-like appearance, and without this evolutionary step would not have been able to maintain their form or move on land.

In larger terrestrial vertebrates gravitational forces influence musculoskeletal systems, fluid distribution, and hydrodynamics of the circulation.

 Gravity and life elsewhere

Further information: Weightlessness#Human health effects and G-force#Human tolerance of g-force

Every day the realization of space habitation becomes closer, and even today space stations exist and are home to long-term, though not yet permanent, residents. Because of this there is a growing scientific interest in how changes in the gravitational field influence different aspects of the physiology of living organisms, especially mammals since these results can normally be closely related to the expected effects on humans. All current research in this field can be classified into two groups.[3]

The first group consists of the experiments that involve gravitational fields of less than one g, termed hypogravity. Without artificial gravity, a space station or a spacecraft in a spaceflight will be in hypogravity. Therefore understanding of the effects of hypogravity on the human body is necessary for prolonged space travel and colonization.

The second group consist of those involving gravitational fields of more than one g, termed hypergravity. For brief periods during take-off and landing of space craft astronauts are under the influence of hypergravity. Understanding the effects of hypergravity are also necessary if colonization of planets larger than the Earth is ever to take place.

 Recent experiments

Recent experiments have proven that alterations in metabolism, immune cell function, cell division, and cell attachment all occur in the hypogravity of space. For example, after a matter of days in microgravity (< 10-3 g), human immune cells were unable to differentiate into mature cells. One of the large implications of this is that if certain cells cannot differentiate in space, organisms may not be able to reproduce successfully after exposure to zero gravity.

Scientists believe that the stress associated with space flight is responsible for the inability of some cells to differentiate. These stresses can alter metabolic activities and can disturb the chemical processes in living organisms. A specific example would be that of bone cell growth. Microgravity impedes the development of bone cells. Bone cells must attach themselves to something shortly after development and will die if they cannot. Without the downward pull of a gravitational force on these bone cells, they float around randomly and eventually die off. This suggests that the direction of gravity may give the cells clues as to where to attach themselves.
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For other uses, see Astrobiology and Alien (disambiguation).
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The official U.S. government position on extraterrestrial life, and the three major efforts in the search for it:

1. Looking for extrasolar planets (File: Kepler spacecraft)

2. Listening for signals (File: Allen array)

3. Robotic exploration of the Solar System (File: Curiosity rover)





Extraterrestrial life (from the Latin words: extra ["beyond", or "not of"] and terrestris ["of or belonging to Earth"]) is defined as life that does not originate from Earth. It is often also referred to as alien life, or simply aliens (or space aliens, to differentiate from other definitions of alien or aliens). These hypothetical forms of life range from simple bacteria-like organisms to beings far more complex than humans.

The development and testing of hypotheses on extraterrestrial life is known as exobiology or astrobiology; the term astrobiology, however, includes the study of life on Earth viewed in its astronomical context. Nonetheless, in a National Institutes of Health study, the authors hypothesize that if biological complexity increased exponentially during evolution, life in the universe may have begun "10 billion years ago"[1]—more than 5 billion years before the formation of Earth. Many scientists consider extraterrestrial life to be plausible, but there is no direct evidence of its existence. Since the mid-20th century, there has been an ongoing search for signs of extraterrestrial life, from radios used to detect possible extraterrestrial signals, to telescopes used to search for potentially habitable extrasolar planets. It has also played a major role in works of science fiction.



	

Contents




	1 Background

	2 Possible basis

	2.1 Biochemistry

	2.2 Evolution and morphology





	3 Planetary habitability in the Solar System

	3.1 Venus

	3.2 Mars

	3.3 Jupiter

	3.3.1 Europa





	3.4 Saturn

	3.4.1 Titan

	3.4.2 Enceladus





	3.5 Small Solar System bodies





	4 Scientific search

	4.1 Direct search

	4.2 Indirect search

	4.3 Extrasolar planets





	5 The Drake equation

	6 Beliefs

	6.1 Ancient and medieval ideas

	6.2 Early modern period

	6.3 19th century

	6.4 20th century

	6.5 Recent history





	7 See also

	8 References

	9 Further reading

	10 External links








 Background

Alien life, such as bacteria, has been hypothesized to exist in the Solar System and throughout the universe. This hypothesis relies on the vast size and consistent physical laws of the observable universe. According to this argument, made by scientists such as Carl Sagan and Stephen Hawking, it would be improbable for life not to exist somewhere other than Earth.[2][3] This argument is embodied in the Copernican principle, which states that the Earth does not occupy a unique position in the Universe, and the mediocrity principle, which holds that there is nothing special about life on Earth.[4] Life may have emerged independently at many places throughout the Universe. Alternatively life may form less frequently, then spread between habitable planets through panspermia or exogenesis.[5] In any case, complex organic molecules necessary for life may have formed in the protoplanetary disk of dust grains surrounding the Sun before the formation of the Earth based on computer model studies.[6] According to these studies, this same process may also occur around other stars that acquire planets.[6] (Also see Extraterrestrial organic molecules.) Suggested locations at which life might have developed include the planets Venus[7] and Mars, Jupiter's moon Europa,[8] and Saturn's moons Titan and Enceladus.[9] In May 2011, NASA scientists reported that Enceladus "is emerging as the most habitable spot beyond Earth in the Solar System for life as we know it".[10][11] Life may appear on extrasolar planets, such as Gliese 581 c, g and d, recently discovered to be near Earth mass and apparently located in their star's habitable zone, with the potential to have liquid water.[12] In December 2011, scientists working with NASA's Kepler space telescope announced the discovery of Kepler-22b, an exoplanet that appears to be orbiting a sun-like star within the habitable zone.[13]

No widely accepted evidence of extraterrestrial life has been found; however, various controversial claims have been made.[14] Beliefs that some unidentified flying objects are of extraterrestrial origin (see Extraterrestrial hypothesis),[15] along with claims of alien abduction,[16] are dismissed by most scientists. Most UFO sightings are explained either as sightings of Earth-based aircraft or known astronomical objects, or as hoaxes.[17]

In November 2011, the White House released an official response to two petitions asking the U.S. government to acknowledge formally that aliens have visited Earth and to disclose any intentional withholding of government interactions with extraterrestrial beings. According to the response, "The U.S. government has no evidence that any life exists outside our planet, or that an extraterrestrial presence has contacted or engaged any member of the human race."[18][19] Also, according to the response, there is "no credible information to suggest that any evidence is being hidden from the public's eye."[18][19] The response further noted that efforts, like SETI, the Kepler space telescope and the NASA Mars rover, continue looking for signs of life. The response noted "odds are pretty high" that there may be life on other planets but "the odds of us making contact with any of them—especially any intelligent ones—are extremely small, given the distances involved."[18][19]

 Possible basis

Several hypotheses have been proposed about the possible basis of alien life from a biochemical, evolutionary or morphological viewpoint.

 Biochemistry

Main articles: Biochemistry, Hypothetical types of biochemistry, and Water and life

All life on Earth is based upon 26 chemical elements. However, about 95% of this life is built upon only six of these elements: carbon, hydrogen, nitrogen, oxygen, phosphorus and sulfur, abbreviated CHNOPS. These six elements form the basic building blocks of virtually all life on Earth, while most of the remaining elements are found in only trace amounts.[20]

Life on Earth requires water as the solvent in which biochemical reactions take place. Sufficient quantities of carbon and the other elements along with water, may enable the formation of living organisms on other planets with a chemical make-up and temperature range similar to that of Earth.[21] Terrestrial planets such as Earth are formed in a process that allows for the possibility of having compositions similar to Earth's.[22] The combination of carbon, hydrogen and oxygen in the chemical form of carbohydrates (e.g. sugar) can be a source of chemical energy on which life depends, and can provide structural elements for life (such as ribose, in the molecules DNA and RNA, and cellulose in plants). Plants derive energy through the conversion of light energy into chemical energy via photosynthesis. Life, as currently recognized, requires carbon in both reduced (methane derivatives) and partially oxidized (carbon oxides) states. Nitrogen is needed as a reduced ammonia derivative in all proteins, sulfur as a derivative of hydrogen sulfide in some necessary proteins, and phosphorus oxidized to phosphates in genetic material and in energy transfer.

Pure water is useful because it has a neutral pH due to its continued dissociation between hydroxide and hydronium ions. As a result, it can dissolve both positive metallic ions and negative non-metallic ions with equal ability. Furthermore, the fact that organic molecules can be either hydrophobic (repelled by water) or hydrophilic (soluble in water) creates the ability of organic compounds to orient themselves to form water-enclosing membranes. Additionally, the hydrogen bonds between water molecules give it an ability to store energy with evaporation, which upon condensation is released. This helps to moderate the climate, cooling the tropics and warming the poles, helping to maintain the thermodynamic stability needed for life.

Carbon is fundamental to terrestrial life for its immense flexibility in creating covalent chemical bonds with a variety of non-metallic elements, principally nitrogen, oxygen and hydrogen. Carbon dioxide and water together enable the storage of solar energy in sugars and starches, such as glucose. The oxidation of glucose releases biochemical energy needed to fuel all other biochemical reactions.

The ability to form organic acids (–COOH) and amine bases (–NH2) gives rise to the possibility of neutralization dehydrating reactions to build long polymer peptides and catalytic proteins from monomer amino acids. When combined with phosphates, these acids can build the information-storing molecule of inheritance, DNA, and the principal energy transfer molecule of cellular life, ATP.

Due to their relative abundance and usefulness in sustaining life, many have hypothesized that life forms elsewhere in the universe would utilize these basic materials. However, other elements and solvents could provide a basis for life. Life forms based in ammonia (rather than water) have been suggested, though this solution appears less optimal than water.[23]

From a chemical perspective, life is fundamentally a self-replicating reaction, but one which could arise under a great many conditions and with various possible ingredients, though carbon-oxygen within the liquid temperature range of water seems most conducive. Suggestions have even been made that self-replicating reactions of some sort could occur within the plasma of a star, though it would be highly unconventional.[24] Life on the surface of a neutron star, based on nuclear reactions, has also been suggested. However, communicating with such creatures would be difficult because the time scales involved are much faster.[25]

Several pre-conceived ideas about the characteristics of life outside of Earth have been questioned. For example, a NASA scientist suggested that the color of photosynthesizing pigments of hypothetical life on extrasolar planets might not be green.[26]

 Evolution and morphology

In addition to the biochemical basis of extraterrestrial life, many have considered evolution and morphology. Science fiction has often depicted extraterrestrial life with humanoid and/or reptilian forms. Aliens have often been depicted as having light green or grey skin, with a large head, as well as four limbs—i.e. fundamentally humanoid. Other subjects, such as felines, insects, blobs, etc., have occurred in fictional representations of aliens.

A division has been suggested between universal and parochial (narrowly restricted) characteristics. Universals are features which are thought to have evolved independently more than once on Earth (and thus, presumably, are not too difficult to develop) and are so intrinsically useful that species will inevitably tend towards them. The most fundamental of these is probably bilateral symmetry, but more complex (though still basic) characteristics include flight, sight, photosynthesis and limbs, all of which are thought to have evolved several times here on Earth. There is a huge variety of eyes, for example, and many of these have radically different working schematics and different visual foci: the visual spectrum, infrared, polarity and echolocation. Parochials, however, are essentially arbitrary evolutionary forms. These often have little inherent utility (or at least have a function which can be equally served by dissimilar morphology) and probably will not be replicated. Intelligent aliens could communicate through gestures, as deaf humans do, by sounds created from structures unrelated to breathing, which happens on Earth when, for instance, cicadas vibrate their wings or crickets stridulate their wings, or visually through bioluminescence or chromatophore-like structures.

Attempting to define parochial features challenges many taken-for-granted notions about morphological necessity. Skeletons, which are essential to large terrestrial organisms according to the experts of the field of gravitational biology, are almost assured to be replicated elsewhere in one form or another. The assumption of radical diversity amongst putative extraterrestrials is by no means settled. While many exobiologists do stress that the enormously heterogeneous nature of life on Earth foreshadows an even greater variety in outer space, others point out that convergent evolution may dictate substantial similarities between Earth and extraterrestrial life. These two schools of thought are called "divergionism" and "convergionism" respectively.[24]

 Planetary habitability in the Solar System

See also: Planetary habitability and Natural satellite habitability

Some bodies in the Solar System have been suggested as having the potential for an environment that could host extraterrestrial life, particularly those with possible subsurface oceans. Though due to the lack of habitable environments beyond Earth, should life be discovered elsewhere in the Solar System, astrobiologists suggest that it will more likely be in the form of extremophile microorganisms.

The planets Venus and Mars, along with several natural satellites orbiting Jupiter and Saturn, and even comets, are suspected to possess niche environments in which life might exist. A subsurface marine environment on Jupiter's moon Europa might be the most suitable habitat in the Solar System, outside of Earth, for multicellular organisms.

Panspermia suggests that life elsewhere in the Solar System may have a common origin. If extraterrestrial life was found on another body in the Solar System, it could have originated from Earth just as life on Earth may have been seeded from elsewhere (exogenesis). The Living Interplanetary Flight Experiment, developed by the Planetary Society launched in 2011 was designed to test some aspect of these hypotheses, but it was destroyed along with the carrier Fobos-Grunt mission.[27] The first known mention of the term Panspermia was in the writings of the 5th century BC Greek philosopher Anaxagoras.[28] In the nineteenth century it was again revived in modern form by several scientists, including Jöns Jacob Berzelius (1834),[29] Kelvin (1871),[30] Hermann von Helmholtz (1879)[citation needed] and, somewhat later, by Svante Arrhenius (1903).[31] Sir Fred Hoyle (1915–2001) and Chandra Wickramasinghe (born 1939) were important proponents of the hypothesis who further contended that lifeforms continue to enter the Earth's atmosphere, and may be responsible for epidemic outbreaks, new diseases, and the genetic novelty necessary for macroevolution.[32]

Directed panspermia concerns the deliberate transport of microorganisms in space, sent to Earth to start life here, or sent from Earth to seed new solar systems with life. The Nobel prize winner Francis Crick, along with Leslie Orgel proposed seeds of life may have been purposely spread by an advanced extraterrestrial civilization,[33] but considering an early "RNA world" Crick noted later that life originating may have originated on Earth.[34]

Proponents of Intelligent Design creationism (ID) attempting to evade objections to religious views being introduced into science education have claimed that the "designer" might be aliens rather than God. The movie "Expelled" promoting ID featured narrator Ben Stein asking Richard Dawkins about ID, and presented his response as an endorsement of panspermia. In an op-ed on 18 April 2008, shortly before the film opened, Dawkins explained that he was going through this science fiction scenario as the nearest ID got to science, to show that even if evidence could be detected that life on Earth had been seeded by intelligent aliens, the designers themselves would have had to have evolved.[35]

In a virtual presentation on Tuesday, April 7, 2009, Stephen Hawking discussed the possibility of building a human base on another planet and gave reasons why alien life might not be contacting the human race, during his conclusion of the Origins Symposium at Arizona State University. Hawking also talked about what humans may find when venturing into space, such as the possibility of alien life through the theory of panspermia.[36]

 Venus

Carl Sagan, David Grinspoon and Dirk Schulze-Makuch have put forward a hypothesis that microbes could exist in the stable cloud layers 50 km (31 mi) above the surface of Venus; the hypothesis is based on the premises of hospitable climates and chemical disequilibrium.[37]

 Mars

Main article: Life on Mars (planet)

See also: Water on Mars

Life on Mars has been long speculated. Liquid water is widely thought to have existed on Mars in the past, and there may still be liquid water beneath the surface. The origin of the potential biosignature of methane in Mars atmosphere is unexplained, although abiotic hypotheses have also been proposed.[38] By July 2008, laboratory tests aboard NASA's Phoenix Mars Lander had identified water in a soil sample. The lander's robotic arm delivered the sample to an instrument which identifies vapours produced by the heating of samples. Photographs from the Mars Global Surveyor from 2006 showed evidence of recent (i.e. within 10 years) flows of a liquid on Mars's frigid surface.[39] There is evidence that Mars had a warmer and wetter past: dried-up river beds, polar ice caps, volcanoes and minerals that form in the presence of water have all been found. Nonetheless, present conditions on Mars may support life since lichens were found to successfully survive Martian conditions in the Mars Simulation Laboratory (MSL) maintained by the German Aerospace Center (DLR).[40][41] In June 2012, scientists reported that measuring the ratio of hydrogen and methane levels on Mars may help determine the likelihood of life on Mars.[42][43] According to the scientists, "...low H2/CH4 ratios (less than approximately 40) indicate that life is likely present and active."[42] Other scientists have recently reported methods of detecting hydrogen and methane in extraterrestrial atmospheres.[44][45]

 Jupiter

Carl Sagan and others[46] in the 1960s and 1970s computed conditions for hypothetical amino acid-based macroscopic life in the atmosphere of Jupiter, based on observed conditions of this atmosphere. However, the conditions do not appear to permit the type of encapsulation thought necessary for molecular biochemistry, so life is thought to be unlikely.[47]

However, some of Jupiter's moons may have habitats to sustain life. Scientists have suggested that heated subsurface oceans of water may exist deep under the crusts of the three outer Galilean moons—Europa, Ganymede, and Callisto. The EJSM/Laplace is planned to determine the habitability of these environments. However, Europa is seen as the main target for the discovery of life.

 Europa
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Subsurface oceans such as the one pictured of Europa, could possibly harbour basic life forms.[8][48]





Jupiter's moon Europa has been subject to speculation about the existence of life due to the strong possibility of liquid water beneath an ice layer. Hydrothermal vents on the bottom of the ocean, if they exist, may warm the ice and could be capable of supporting multicellular microorganisms.[8] It is also possible that Europa could support aerobic macrofauna using oxygen created by cosmic rays impacting its surface ice.[49]

The case for life on Europa was greatly enhanced in 2011 when it was discovered that vast lakes exist within Europa's thick, icy shell. Scientists found that ice shelves surrounding the lakes appear to be collapsing into them, thereby providing a mechanism through which life-forming chemicals created in sunlit areas on Europa's surface could be transferred to its interior.[50][51]

 Saturn

While Saturn is itself considered inhospitable to life, the planet's natural satellites Titan and Enceladus have been speculated to possess possible habitats for life.

 Titan

See also: Life on Titan

Titan, the largest moon of Saturn, is the only known moon with a significant atmosphere. Data from the Cassini–Huygens mission refuted the hypothesis of a global hydrocarbon ocean, but later demonstrated the existence of liquid hydrocarbon lakes in the polar regions—the first stable bodies of liquid discovered outside of Earth.[52][53][54] Analysis of data from the mission has uncovered aspects of atmospheric chemistry near the surface which are consistent with—but do not prove—the hypothesis that organisms there are consuming hydrogen, acetylene and ethane, and producing methane.[55][56][57]

An alternate explanation for the hypothetical existence of microbial life on Titan has already been formally proposed[58][59]—hypothesizing that microorganisms could have left Earth when it suffered a massive asteroid or comet impact (such as the impact that created Chicxulub crater only 65 mya), and survived a journey through space to land on Titan.

 Enceladus

Enceladus (moon of Saturn) has some of the conditions for life including geothermal activity and water vapor as well as possible under-ice oceans heated by tidal effects. The Cassini probe detected carbon, hydrogen, nitrogen and oxygen—all key elements for supporting living organisms—during a fly-by through one of Enceladus's geysers spewing ice and gas in 2005. The temperature and density of the plumes indicate a warmer, watery source beneath the surface. However, no life has been confirmed.[38]

 Small Solar System bodies

Small Solar System bodies have also been suggested as habitats for extremophiles. Fred Hoyle has proposed that microbial life life might exist on comets.[60] Live bacteria were found on the camera of the Surveyor 3 probe that had stayed on the surface of the Moon for two and a half years. This finding was later considered doubtful as sterile procedures may not have been fully followed.

 Scientific search
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The NASA Kepler Mission for the search of extrasolar planets.





The scientific search for extraterrestrial life is being carried out both directly and indirectly.

 Direct search

Scientists are directly searching for evidence of unicellular life within the Solar System, carrying out studies on the surface of Mars and examining meteors which have fallen to Earth. At the moment, no concrete plan exists for exploration of Europa for life. In 2008, a joint mission by NASA and the European Space Agency was announced that would have included studies of Europa.[61] However, in 2011 NASA was forced to deprioritize the mission due to a lack of funding, and it is possible that the ESA will take on the mission by itself.[62]

There is some limited evidence that microbial life might possibly exist (or have existed) on Mars.[63] An experiment on the Viking Mars lander reported gas emissions from heated Martian soil that some argue are consistent with the presence of microbes. However, the lack of corroborating evidence from other experiments on the Viking lander indicates that a non-biological reaction is a more likely hypothesis. Independently, in 1996, structures resembling nanobacteria were reportedly discovered in a meteorite, ALH84001, thought to be formed of rock ejected from Mars. This report is controversial.
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Electron micrograph of martian meteorite ALH84001 showing structures that some scientists think could be fossilized bacteria-like life forms.





In February 2005, NASA scientists reported that they may have found some evidence of present life on Mars.[64] The two scientists, Carol Stoker and Larry Lemke of NASA's Ames Research Center, based their claim on methane signatures found in Mars' atmosphere resembling the methane production of some forms of primitive life on Earth, as well as on their own study of primitive life near the Rio Tinto river in Spain. NASA officials soon distanced NASA from the scientists' claims, and Stoker herself backed off from her initial assertions.[65] Subterranean tunnels in the United States have also been investigated for extraterrestrial life.[66] Due to advances in Gravimetry, colorful images are available to assist scientists in uncovering potential underground cities.[67][68]

Though such methane findings are still very much in debate, support among some scientists for the existence of life on Mars seems to be growing: an informal survey conducted at the conference at which the European Space Agency presented its findings on methane in Mars' atmosphere, indicated that 75% of the people present agreed that bacteria once lived on Mars. Roughly 25% agreed that bacteria inhabit the planet today.[69]

In November 2011, NASA launched the Mars Science Laboratory (MSL) rover which is designed to search for past or present habitability on Mars using a variety of scientific instruments. The MSL landed on Mars at Gale Crater in August 2012.[70][71][72]

The Gaia hypothesis stipulates that any planet with a robust population of life will have an atmosphere in chemical disequilibrium, which is relatively easy to determine from a distance by spectroscopy. However, significant advances in the ability to find and resolve light from smaller rocky worlds near their star are necessary before such spectroscopic methods can be used to analyze extrasolar planets.

On March 5, 2011, Richard B. Hoover, an astrobiologist with the Marshall Space Flight Center, speculated on the finding of alleged microfossils similar to cyanobacteria in CI1 carbonaceous meteorites.[73][74] However, NASA formally distanced itself from Hoover's claim.[75][76][77] See Hoover paper controversy for more details.

In August 2011, findings by NASA, based on studies of meteorites found on Earth, suggests DNA and RNA components (adenine, guanine and related organic molecules), building blocks for life as we know it, may be formed extraterrestrially in outer space.[78][79][80] In October 2011, scientists reported that cosmic dust contains complex organic matter ("amorphous organic solids with a mixed aromatic-aliphatic structure") that could be created naturally, and rapidly, by stars.[81][82][83] One of the scientists suggested that these compounds may have been related to the development of life on Earth and said that, "If this is the case, life on Earth may have had an easier time getting started as these organics can serve as basic ingredients for life."[81]

On August 29, 2012, and in a world first, astronomers at Copenhagen University reported the detection of a specific sugar molecule, glycolaldehyde, in a distant star system. The molecule was found around the protostellar binary IRAS 16293-2422, which is located 400 light years from Earth.[84][85] Glycolaldehyde is needed to form ribonucleic acid, or RNA, which is similar in function to DNA. This finding suggests that complex organic molecules may form in stellar systems prior to the formation of planets, eventually arriving on young planets early in their formation.[86]

In September 2012, NASA scientists reported that polycyclic aromatic hydrocarbons (PAHs), subjected to interstellar medium (ISM) conditions, are transformed, through hydrogenation, oxygenation and hydroxylation, to more complex organics - "a step along the path toward amino acids and nucleotides, the raw materials of proteins and DNA, respectively".[87][88] Further, as a result of these transformations, the PAHs lose their spectroscopic signature which could be one of the reasons "for the lack of PAH detection in interstellar ice grains, particularly the outer regions of cold, dense clouds or the upper molecular layers of protoplanetary disks."[87][88]

On January 10, 2013, Chandra Wickramasinghe reported in the fringe science Journal of Cosmology, of shapes resembling fossil diatom frustules in a new carbonaceous meteorite that landed in the North Central Province of Sri Lanka on 29 December 2012.[89]

 Indirect search
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Terrestrial Planet Finder





If there is an advanced extraterrestrial society, there is no guarantee that they are transmitting information in the direction of Earth or that this information could be interpreted as such by humans.[citation needed] The length of time required for a signal to travel across the vastness of space means that any signal detected, or not detected, would come from the distant past.[citation needed]

Projects such as SETI are conducting an astronomical search for radio activity which would confirm the presence of intelligent life. A related suggestion is that aliens might broadcast pulsed and continuous laser signals in the optical, as well as infrared, spectrum;[90] laser signals have the advantage of not "smearing" in the interstellar medium, and may prove more conducive to communication between the stars. While other communication techniques, including laser transmission and interstellar spaceflight, have been discussed seriously and may well be feasible, the measure of effectiveness is the amount of information communicated per unit cost. This results in radio transmission as the method of choice.[citation needed]

Some have hypothesized that very advanced civilizations may create artificial black holes as an energy source or method of waste disposal. Thus, they suggest that the observation of a black hole with a mass of less than 3.5 solar masses, the theoretical lower mass limit for a naturally occurring black hole, would be evidence of an alien civilization.[91]

 Extrasolar planets

Main article: Extrasolar planets

See also: List of planetary systems

Astronomers search for extrasolar planets that may be conducive to life, such as Gliese 581 c, Gliese 581 g, Gliese 581 d and OGLE-2005-BLG-390Lb, which have been found to have few Earth-like qualities.[92][93] Current radiodetection methods have been inadequate for such a search, since the resolution afforded by recent technology is inadequate for a detailed study of extrasolar planetary objects. Future telescopes should be able to image planets around nearby stars, which may reveal the presence of life – either directly or through spectrography – and would reveal key information, such as the presence of free oxygen in a planet's atmosphere:
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Artist's Impression of Gliese 581 c, the first terrestrial extrasolar planet discovered within its star's habitable zone.






	Darwin was a proposed ESA mission designed to find Earth-like planets and analyze their atmosphere.

	The COROT mission, initiated by the French Space Agency, was launched in 2006, and is currently looking for extrasolar planets; it is the first of its kind.

	The Terrestrial Planet Finder was supposed to have been launched by NASA, but as of 2011, budget cuts have caused it to be delayed indefinitely.

	The Kepler Mission, largely replacing the Terrestrial Planet Finder, was launched in March 2009.



It has been argued that Alpha Centauri, the closest star system to Earth, may contain planets which could be capable of sustaining life.[94]

On April 24, 2007, scientists at the European Southern Observatory in La Silla, Chile said they had found the first Earth-like planet. The planet, known as Gliese 581 c, orbits within the habitable zone of its star Gliese 581, a red dwarf star which is 20.5 light years (194 trillion km) from the Earth. It was initially thought that this planet could contain liquid water, but recent computer simulations of the climate on Gliese 581 c by Werner von Bloh and his team at Germany's Institute for Climate Impact Research suggest that carbon dioxide and methane in the atmosphere would create a runaway greenhouse effect. This would warm the planet well above the boiling point of water (100 degrees Celsius/212 degrees Fahrenheit), thus dimming the hopes of finding life. As a result of greenhouse models, scientists are now turning their attention to Gliese 581 d, which lies just outside of the star's traditional habitable zone.[95]

On May 29, 2007, the Associated Press released a report stating that scientists identified twenty-eight new extra-solar planetary bodies. One of these newly discovered planets is said to have many similarities to Neptune.[96]

In May 2011, researchers predicted that Gliese 581 d, not only exists in the "Goldilocks zone" where water can be present in liquid form, but is big enough to have a stable carbon dioxide atmosphere and "warm enough to have oceans, clouds, and rainfall," according to France's National Centre for Scientific Research.[97]

In December 2011, NASA confirmed that 600-light-year distant Kepler-22b, at 2.4 times the radius of Earth, is potentially the closest match to Earth in terms of both size and temperature.[98][99]

Since 1992, hundreds of planets around other stars ("extrasolar planets" or "exoplanets") in the Milky Way Galaxy have been discovered. As of 2 May 2013, the Extrasolar Planets Encyclopaedia identified 884 extrasolar planets (in 692 planetary systems and 132 multiple planetary systems); the extrasolar planets range in size from that of terrestrial planets similar to Earth to that of gas giants larger than Jupiter.[100] The number of observed exoplanets is expected to increase greatly in the coming years. Because the Kepler spacecraft must view three stellar transits by exoplanets before it identifies them as candidate planets, it has so far only been able to identify planets that orbit their star at a relatively quick rate. The mission is expected to continue until at least 2016, in which time many more exoplanet candidates are expected to be found.[101]

Despite these successes, the transit method employed by the Kepler spacecraft requires that planetary orbits be at a small inclination to the line of sight of the observer. Due to this constraint, the probability of detecting a planet of Earth's size and orbital radius around a distant star is just 0.47%. Thus, the number of planets we are currently able to detect is only a small fraction of the total number of planets present within the galaxy.[102]

 The Drake equation

Main article: Drake equation

In 1961, University of California, Santa Cruz astronomer and astrophysicist Dr. Frank Drake devised the Drake equation. This controversial equation multiplied estimates of the following terms together:


	The rate of formation of suitable stars.

	The fraction of those stars which are orbited by planets.

	The number of Earth-like worlds per planetary system.

	The fraction of planets where intelligent life develops.

	The fraction of possible communicative planets.

	The "lifetime" of possible communicative civilizations.



Criticism of the Drake equation follows mostly from the observation that the terms in the equation are entirely based on conjecture. Thus the equation cannot be used to draw firm conclusions of any kind.[103] Although the Drake equation currently involves speculation about unmeasured parameters, it was not meant to be science, but intended as a way to stimulate dialogue on these topics. Then the focus becomes how to proceed experimentally. Indeed, Drake originally formulated the equation merely as an agenda for discussion at the Green Bank conference.[104]

Drake used the equation to estimate that there are approximately 10,000 planets in the Milky Way galaxy containing intelligent life with the possible capability of communicating with Earth.[105]

Based on observations from the Hubble Space Telescope, there are at least 125 billion galaxies in the observable Universe. It is estimated that at least ten percent of all sun-like stars have a system of planets,[106] i.e. there are 6.25×1018 stars with planets orbiting them in the observable Universe. Even if we assume that only one out of a billion of these stars have planets supporting life, there would be some 6.25×109 (billion) life-supporting planetary systems in the observable Universe.

The apparent contradiction between high estimates of the probability of the existence of extraterrestrial civilizations and the lack of evidence for, or contact with, such civilizations is known as the Fermi paradox.

 Beliefs

 Ancient and medieval ideas

Main article: Cosmic pluralism
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In antiquity, it was common to assume a cosmos consisting of "many worlds" inhabited by intelligent, non-human life-forms, but these "worlds" were mythological and not informed by the heliocentric understanding of the solar system, or the understanding of the Sun as one among countless stars.[107] An example would be the fourteen Loka of Hindu cosmology, or the Nine Worlds of Old Norse mythology, etc. The Sun and the Moon often appear as inhabited worlds in such contexts, or as vehicles (chariots or boats, etc.) driven by gods. The Japanese folk tale of The Tale of the Bamboo Cutter (10th century) is an example of a princess of the Moon people visiting Earth.

The Jewish Talmud states that there are at least 18,000 other worlds, but provides little elaboration on the nature of those worlds, or on whether they are physical or spiritual. Based on this, however, the 18th-century exposition "Sefer HaB'rit" posits that extraterrestrial creatures exist, and that some may well possess intelligence. It adds that humans should not expect creatures from another world to resemble earthly life any more than sea creatures resemble land animals.[108][109]

Hindu beliefs of endlessly repeated cycles of life have led to descriptions of multiple worlds in existence and their mutual contacts (Sanskrit word sampark (सम्पर्क) means "contact" as in Mahasamparka (महासम्पर्क) = "the great contact"). According to Hindu scriptures, there are innumerable universes to facilitate the fulfillment of the separated desires of innumerable living entities. However, the purpose of such creations is to bring back the deluded souls to correct understanding about the purpose of life. Aside from the innumerable universes which are material, there is the unlimited spiritual world, where the purified living entities live with perfect conception about life and ultimate reality. The spiritually aspiring saints and devotees, as well as thoughtful men of the material world, have been getting guidance and help from these purified living entities of the spiritual world from time immemorial.[citation needed]

According to Ahmadiyya a more direct reference from the Quran is presented by Mirza Tahir Ahmad as a proof that life on other planets may exist according to the Quran. In his book, Revelation, Rationality, Knowledge & Truth, he quotes verse 42:29 "And among His Signs is the creation of the heavens and the earth, and of whatever living creatures (da'bbah) He has spread forth in both..."; according to this verse there is life in heavens. According to the same verse "And He has the power to gather them together (jam-'i-him) when He will so please"; indicates the bringing together the life on Earth and the life elsewhere in the Universe. The verse does not specify the time or the place of this meeting but rather states that this event will most certainly come to pass whenever God so desires. It should be pointed out that the Arabic term Jam-i-him used to express the gathering event can imply either a physical encounter or a contact through communication.[110]

When Christianity spread throughout the West, the Ptolemaic system became very widely accepted, and although the Church never issued any formal pronouncement on the question of alien life,[111] at least tacitly, the idea was aberrant. In 1277, the Bishop of Paris, Étienne Tempier, did overturn Aristotle on one point: God could have created more than one world (given His omnipotence). Taking a further step, and arguing that aliens actually existed, remained rare. Notably, Cardinal Nicholas of Kues speculated about aliens on the Moon and Sun.[112] William Vorilong also speculated about the existence of humans on alien worlds, but he came to the conclusion that God, although empowered to create them, would choose to not do so.

 Early modern period
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Giordano Bruno, De l'Infinito Universo et Mondi, 1584





There was a dramatic shift in thinking initiated by the invention of the telescope and the Copernican assault on geocentric cosmology. Once it became clear that the Earth was merely one planet amongst countless bodies in the universe, the extraterrestrial idea moved towards the scientific mainstream. The best known early-modern proponent of such ideas was the Italian philosopher Giordano Bruno, who argued in the 16th century for an infinite Universe in which every star is surrounded by its own planetary system. Bruno wrote that other worlds "have no less virtue nor a nature different to that of our earth" and, like Earth, "contain animals and inhabitants".[113]

In the early 17th century, the Czech astronomer Anton Maria Schyrleus of Rheita mused that "if Jupiter has (...) inhabitants (...) they must be larger and more beautiful than the inhabitants of the Earth, in proportion to the [characteristics] of the two spheres".[114]

In Baroque literature such as The Other World: The Societies and Governments of the Moon by Cyrano de Bergerac, extraterrestrial societies are presented as humoristic or ironic parodies of earthly society. The didactic poet Henry More took up the classical theme of the Greek Democritus in "Democritus Platonissans, or an Essay Upon the Infinity of Worlds" (1647). In "The Creation: a Philosophical Poem in Seven Books" (1712), Sir Richard Blackmore observed: "We may pronounce each orb sustains a race / Of living things adapted to the place". With the new relative viewpoint that the Copernican revolution had wrought, he suggested "our world's sunne / Becomes a starre elsewhere". Fontanelle's "Conversations on the Plurality of Worlds" (translated into English in 1686) offered similar excursions on the possibility of extraterrestrial life, expanding, rather than denying, the creative sphere of a Maker.

The possibility of extraterrestrials remained a widespread speculation as scientific discovery accelerated. William Herschel, the discoverer of Uranus, was one of many 18th–19th-century astronomers convinced that the Solar System, and perhaps others, would be well populated by alien life. Other luminaries of the period who championed "cosmic pluralism" included Immanuel Kant and Benjamin Franklin. At the height of the Enlightenment, even the Sun and Moon were considered candidates for extraterrestrial inhabitants.

 19th century

Since the 1830s, Mormons have believed that God has created and will create many Earth-like planets on which humans live.[115] They believe that all of these people are children of God. Joseph Smith, the founder of The Church of Jesus Christ of Latter-day Saints, taught that God revealed this information to Moses and that the Creation account written by Moses corresponded only to "our" earth.[116] There is no official doctrine relating to the location or commonality of these inhabited planets.[117]

Speculation about life on Mars increased in the late 19th century, following telescopic observation by some observers of apparent Martian canals — which were however soon found to be optical illusions. Despite this, in 1895, American astronomer Percival Lowell published his book Mars, followed by Mars and its Canals in 1906, proposing that the canals were the work of a long-gone civilization.[118] This idea led British writer H. G. Wells to write The War of the Worlds in 1897, telling of an invasion by aliens from Mars who were fleeing the planet's desiccation.

Spectroscopic analysis of Mars' atmosphere began in earnest in 1894, when U.S. astronomer William Wallace Campbell showed that neither water nor oxygen were present in the Martian atmosphere.[119] By 1909 better telescopes and the best perihelic opposition of Mars since 1877 conclusively put an end to the canal hypothesis.

The science fiction genre, although not so named during the time, develops during the late 19th century. Jules Verne's Around the Moon (1870) features a discussion of the possibility of life on the Moon, but with the conclusion that it is barren. Stories involving extraterrestrials are found in e.g. Garrett P. Serviss's Edison's Conquest of Mars (1897). The War of the Worlds by H. G. Wells was published in 1898 and stands at the beginning of the popular idea of the "Martian invasion" of Earth prominent in 20th-century pop culture.

 20th century

See also: Space exploration
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The Arecibo message is a digital message sent to globular star cluster M13, and is a well-known symbol of human attempts to contact extraterrestrials.





A radio drama version of Wells' novel broadcast in 1938 over the CBS Radio Network led to outrage because it supposedly suggested to many listeners that an actual alien invasion by Martians was in progress.

In the wake of the Roswell UFO incident in 1947, conspiracy theories on the presence of extraterrestrials became a widespread phenomenon in the United States during the 1940s and the beginning Space Age during the 1950s, accompanied by a surge of UFO reports. The term UFO itself was coined in 1952 in the context of the enormous popularity of the concept of "flying saucers" in the wake of the Kenneth Arnold UFO sighting in 1947. The Majestic 12 documents published in 1982 suggest that there was genuine interest in UFO conspiracy theories in the US government during the 1940s.

The trend to assume that celestial bodies were populated almost by default was tempered as actual probes visited potential alien abodes in the Solar System beginning in the second half of the 20th century, and by the 1970s belief in UFOs had become part of the fringe beliefs associated with the paranormal, New Age, Earth mysteries, Forteana etc. A number of UFO religions developed during the surge in UFO belief during the 1950s to 1970s period, and some, such as Scientology (founded 1953) and Raëlism (founded 1974) remain active into the present. The idea of "paleocontact", supposing that extraterrestrials ("ancient astronauts") have visited the Earth in the remote past and left traces in ancient cultures, appears in early-20th-century fiction such as The Call of Cthulhu (1926) and the idea came to be established as a notable aspect of the Ufology subculture in the wake of Erich von Däniken's Chariots of the Gods? (1968). Alien abduction claims were widespread during the 1960s and 1970s in the United States.

On the scientific side, the possibility of extraterrestrial life on the Moon was decisively ruled out by the 1960s, and during the 1970s it became clear that most of the other bodies of the Solar System do not harbour highly developed life, although the question of primitive life on bodies in the Solar System remains an open question. Carl Sagan, Bruce Murray, and Louis Friedman founded the U.S. Planetary Society, partly as a vehicle for SETI studies in 1980, and since the 1990s, systematic search for radio signals attributable to intelligent extraterrestrial life has been ongoing.

In the early 1990s, NASA was set to join in on SETI research with a planned targeted search and all-sky survey. However, Senator Richard Bryan of Nevada cut funding for the project, and no comparable search has taken place since.[120]

 Recent history

The failure so far of the SETI program to detect an intelligent radio signal after decades of effort, has at least partially dimmed the prevailing optimism of the beginning of the space age. Notwithstanding, the belief in extraterrestrial beings continues to be voiced in pseudoscience, conspiracy theories, and in popular folklore, notably "Area 51" and legends. It has become a pop culture trope given less-than-serious treatment in popular entertainment with e.g. the ALF TV series (1986–1990), The X-Files (1993–2002), etc.

The SETI program is not the result of a continuous, dedicated search, but instead utilizes what resources and manpower it can, when it can. Furthermore, the SETI program only searches a limited range of frequencies at any one time.[121]

In the words of SETI's Frank Drake, "All we know for sure is that the sky is not littered with powerful microwave transmitters".[122] Drake noted that it is entirely possible that advanced technology results in communication being carried out in some way other than conventional radio transmission. At the same time, the data returned by space probes, and giant strides in detection methods, have allowed science to begin delineating habitability criteria on other worlds, and to confirm that at least other planets are plentiful, though aliens remain a question mark. The Wow! signal, detected in 1977 by a SETI project, remains a subject of speculative debate.

In 2000, geologist and paleontologist Peter Ward and astrobiologist Donald Brownlee published a book entitled Rare Earth: Why Complex Life is Uncommon in the Universe.[123] In it, they discussed the Rare Earth hypothesis, in which they claim that Earth-like life is rare in the Universe, while microbial life is common. Ward and Brownlee are open to the idea of evolution on other planets which is not based on essential Earth-like characteristics (such as DNA and carbon).

The possible existence of primitive (microbial) life outside of Earth is much less controversial to mainstream scientists, although, at present, no direct evidence of such life has been found. Indirect evidence has been offered for the current existence of primitive life on Mars. However, the conclusions that should be drawn from such evidence remain in debate.

The Catholic Church has not made a formal ruling on the existence of extraterrestrials. However, writing in the Vatican newspaper, the astronomer, Father José Gabriel Funes, director of the Vatican Observatory near Rome, said in 2008 that intelligent beings created by God could exist in outer space.[124][125]

In September 2010, it was reported that the U.N. General Assembly had appointed Mazlan Othman as their official extraterrestrial liaison by the UK paper The Sunday Times.[126] This claim was later refuted.[127]

Theoretical physicist Stephen Hawking in 2010 warned that humans should not try to contact alien life forms. He warned that aliens might pillage Earth for resources. "If aliens visit us, the outcome would be much as when Columbus landed in America, which didn't turn out well for the Native Americans", he said.[128] Jared Diamond has expressed similar concerns.[129] Scientists at NASA and Penn State University published a paper in April 2011 addressing the question "Would contact with extraterrestrials benefit or harm humanity?" The paper describes positive, negative and neutral scenarios.[130]

In 2011, Richard Hoover, an astrobiologist at the U.S. Space Flight Center in Alabama, claimed that filaments and other structures in rare meteorites appear to be microscopic fossils of extraterrestrial beings that resemble cyanobacteria—a phylum of photosynthetic bacteria.[131]

 See also
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A representation of the 1679-bit Arecibo message.





Active SETI (Active Search for Extra-Terrestrial Intelligence) is the attempt to send messages to intelligent aliens. Active SETI messages are usually in the form of radio signals. Physical messages like that of the Pioneer plaque may also be considered an active SETI message. Active SETI is also known as METI (Messaging to Extra-Terrestrial Intelligence), or positive SETI. Active SETI is contrasted to passive SETI, which only searches for signals, without any attempt to send them.

The term METI was coined by Russian scientist Alexander Zaitsev, who denoted the clear-cut distinction between Active SETI and METI:[1]


The science known as SETI deals with searching for messages from aliens. METI science deals with the creation of messages to aliens. Thus, SETI and METI proponents have quite different perspectives. SETI scientists are in a position to address only the local question “does Active SETI make sense?” In other words, would it be reasonable, for SETI success, to transmit with the object of attracting ETI’s attention? In contrast to Active SETI, METI pursues not a local and lucrative impulse, but a more global and unselfish one – to overcome the Great Silence in the Universe, bringing to our extraterrestrial neighbors the long-expected annunciation “You are not alone!”
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 Rationale for METI

In the paper Rationale for METI transmission of the information into the Cosmos is treated as one of the pressing needs of an advanced civilization. This view is not universally accepted, and it does not agree to those who are against the transmission of interstellar radio messages.

 Radio Message construction

The lack of an established communications protocol is a challenge for METI.

First of all, while trying to synthesize an Interstellar Radio Message (IRM), we should bear in mind that Extraterrestrials will first deal with a physical phenomenon and, only after that, perceive the information. At first, ET's receiving system will detect the radio signal; then, the issue of extraction of the received information and comprehension of the obtained message will arise. Therefore, above all, the Constructor of an IRM should be concerned about the ease of signal determination. In other words, the signal should have maximum openness, which is understood here as an antonym of the term security. This branch of signal synthesis can be named anticryptography.

Also characteristics of the radio signal such as wavelength, type of polarization, and modulation have to be considered.

Over galactic distances, the interstellar medium induces some scintillation effects and artificial modulation of electromagnetic signals. This modulation is higher at lower frequencies and is a function of the sky direction. Over large distances, the depth of the modulation can exceed 100%, making any METI signal very difficult to decode.

 Error correction

In METI research it is implied that any message must have some redundancy, although the exact amount of redundancy and message formats are still in great dispute.

Using ideograms instead of binary sequence already offers some improvement against noise resistance. In faxlike transmissions ideograms will be spread on many lines. This increases its resistance against short bursts of noise like radio frequency interference or interstellar scintillation.

One format approach proposed for interstellar messages was to use the product of two prime numbers to construct an image. Unfortunately, this method works only if all the bits are present. As an example, the message sent by Frank Drake from the Arecibo Observatory in 1974 did not have any feature to support mechanisms to cope with the inevitable noise degradation of the interstellar medium.

Error correction tolerance rates for previous METI messages


	Arecibo Message (1974) : 8.9% (one page)

	Yevpatoria message (1999) : 44% (23 separate pages)

	Yevpatoria message (2003) : 46% (one page, estimated)



 Examples

The 1999 Cosmic Call transmission was far from being optimal (from our terrestrial point of view) as it was essentially a monochromatic signal spiced with a supplementary information. Additionally, the message had a very small modulation index overall, a condition not viewed as being optimal for interstellar communication.


	Over the 370,967 bits (46,371 bytes) sent, some 314,239 were “1” and 56,768 were “0”, creating a ratio of 5.54 times more “1” than “0”.

	Since frequency shift keying modulation scheme was used, most of the time the signal was on the “0” frequency.

	In addition, “0” tended to be sent in long stretches (white lines in the message).



 Realized projects

These projects have targeted stars between 20 and 69 light-years from the Earth. The exception is the Arecibo message, which targeted globular cluster M13, approximately 24,000 light-years away.

The first message to reach its destination will be A Message From Earth, which should reach Gliese 581 in Libra in 2029.


	The Morse Message (1962)[2]

	Arecibo message (1974)

	Cosmic Call 1 (1999)

	Teen Age Message (2001)

	Cosmic Call 2 (2003)

	Across the Universe (2008)

	A Message From Earth (2008)

	Hello From Earth (2009)

	RuBisCo Stars (2009)[3]

	Wow! Reply (2012) [4][5]



 Transmissions

Stars to which messages were sent, are the following:[6][7][8][9]



	Name
	Designation
	Constellation
	Date sent
	Arrival date
	Message



	Messier 13
	NGC 6205
	Hercules
	1974-11-16November 16, 1974
	approx. 27000
	Arecibo Message



	Altair
	Alpha Aql
	Aquila
	1983-8-15 August 15 1983
	1999
	Altair (Morimoto - Hirabayashi) Message



	Spica
	Alpha Vir
	Virgo
	1997-8 August 1997
	2247
	NASDA Cosmic-College



	16 Cyg A
	HD 186408
	Cygnus
	1999-05-24May 24, 1999
	2069-11November 2069
	Cosmic Call 1



	15 Sge
	HD 190406
	Sagitta
	1999-06-30June 30, 1999
	2057-02February 2057
	Cosmic Call 1



	
	HD 178428
	Sagitta
	1999-06-30June 30, 1999
	2067-10October 2067
	Cosmic Call 1



	Gl 777
	HD 190360
	Cygnus
	1999-07-01July 1, 1999
	2051-04April 2051
	Cosmic Call 1



	
	HD 197076
	Delphinus
	2000-08-29August 29, 2001
	2070-02February 2070
	Teen Age Message



	47 UMa
	HD 95128
	Ursa Major
	2001-09-03September 3, 2001
	2047-07July 2047
	Teen Age Message



	37 Gem
	HD 50692
	Gemini
	2001-09-03September 3, 2001
	2057-12December 2057
	Teen Age Message



	
	HD 126053
	Virgo
	2001-09-03September 3, 2001
	2059-12January 2059
	Teen Age Message



	
	HD 76151
	Hydra
	2001-09-04September 4, 2001
	2057-05May 2057
	Teen Age Message



	
	HD 193664
	Draco
	2001-09-04September 4, 2001
	2059-01January 2059
	Teen Age Message



	
	HIP 4872
	Cassiopeia
	2003-07-06July 6, 2003
	2036-04April 2036
	Cosmic Call 2



	
	HD 245409
	Orion
	2003-07-06July 6, 2003
	2040-08August 2040
	Cosmic Call 2



	55 Cnc
	HD 75732
	Cancer
	2003-07-06July 6, 2003
	2044-05May 2044
	Cosmic Call 2



	
	HD 10307
	Andromeda
	2003-07-06July 6, 2003
	2044-09September 2044
	Cosmic Call 2



	47 UMa
	HD 95128
	Ursa Major
	2003-07-06July 6, 2003
	2049-05May 2049
	Cosmic Call 2



	Polaris
	HIP 11767
	Ursa Minor
	2008-10-09February 4, 2008
	20292439
	Across the Universe



	Gliese 581
	HIP 74995
	Libra
	2008-10-09October 9, 2008
	20292029
	A Message From Earth



	Gliese 581
	HIP 74995
	Libra
	2008-10-09August 28, 2009
	20302030
	Hello From Earth



	GJ 83.1
	GJ 83.1
	Aries
	2009-11-07November 7, 2009
	2024
	RuBisCo Stars



	Teegarden's Star
	SO J025300.5+165258
	Aries
	2009-11-07November 7, 2009
	2022
	RuBisCo Stars



	Kappa1 Ceti
	GJ 137
	Cetus
	2009-11-07November 7, 2009
	2039
	RuBisCo Stars



	
	HIP 34511
	Gemini
	2012-08-15August 15, 2012
	2163
	Wow! Reply



	37 Gem
	HD 50692
	Gemini
	2012-08-15August 15, 2012
	2069
	Wow! Reply



	55 Cnc
	HD 75732
	Cancer
	2012-08-15August 15, 2012
	2053
	Wow! Reply




 Potential risk

Active SETI has been heavily criticized due to the perceived risk of revealing the location of the Earth to alien civilizations, without some process of prior international consultation. Notable among its critics is scientist and science fiction author David Brin, particularly in his article/"expose" Shouting at the Cosmos.

However, Russian and Soviet radio engineer and astronomer Alexander L. Zaitsev has argued against these fears: see Sending and Searching for Interstellar Messages and Detection Probability of Terrestrial Radio Signals by a Hostile Super-civilization. Indeed, Zaitsev argues that we should consider the risks of NOT reaching out to extraterrestrial civilizations: see Making a Case for METI.

To lend a quantitative basis to discussions of the risks of transmitting deliberate messages from Earth, the SETI Permanent Study Group of the International Academy of Astronautics [1] adopted in 2007 a new analytical tool, the San Marino Scale [2]. Developed by Prof. Ivan Almar and Prof. H. Paul Shuch, the San Marino Scale evaluates the significance of transmissions from Earth as a function of signal intensity and information content. Its adoption suggests that not all such transmissions are created equal, thus each must be evaluated on a case-by-case basis before establishing blanket international policy regarding Active SETI.

 Beacon proposal

One proposal for a 10 billion watt interstellar SETI beacon was dismissed by Robert A. Freitas Jr. to be infeasible for a pre-Type I civilization on the Kardashev scale.[10] As a result it has been suggested that civilizations must advance into Type I before mustering the energy required for reliable contact with other civilizations.[citation needed]

However, this 1980s technical argument assumes omni-directional beacons which may not be the best way to proceed on many technical grounds. Advances in consumer electronics have made possible transmitters that simultaneously transmit many narrow beams, covering the million or so nearest stars but not the spaces between.[11] This multibeam approach can reduce the power and cost to levels that are reasonable with current mid-2000s Earth technology.

Once civilizations have discovered each others' locations, the energy requirements for maintaining contact and exchanging information can be significantly reduced through the use of highly directional transmission technologies.

In 1974, the Arecibo Observatory transmitted a message toward the M13 globular cluster about 25,000 light-years away, for example, and the use of larger antennas or shorter wavelengths would allow transmissions of the same energy to be focused on even more remote targets, such as those attempted by Active SETI.

 See also


	SETIcon
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"Origin of life" redirects here. For non-scientific views on the origins of life, see Creation myth.
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Precambrian stromatolites in the Siyeh Formation, Glacier National Park. In 2002, a paper in the scientific journal Nature suggested that these 3.5 Ga (billion years old) geological formations contain fossilized cyanobacteria microbes. This suggests they are evidence of the earliest known life on earth.





Abiogenesis (/ˌeɪbaɪ.ɵˈdʒɛnɨsɪs/ AY-by-oh-JEN-ə-siss[1]) or biopoiesis is a natural process by which life arises from simple organic compounds.[2][3][4][5] The earliest known life on Earth existed between 3.9 and 3.5 billion years ago, during the Eoarchean Era when sufficient crust had solidified following the molten Hadean Eon.

Scientific hypotheses about the origins of life may be divided into several categories. Most approaches investigate how self-replicating molecules or their components came into existence. For example, the Miller–Urey experiment and similar experiments demonstrated that most amino acids, often called "the building blocks of life", can be racemically synthesized in conditions thought to be similar to those of the early Earth. Several mechanisms have been investigated, including lightning and radiation. Other approaches ("metabolism first" hypotheses) focus on understanding how catalysis in chemical systems in the early Earth might have provided the precursor molecules necessary for self-replication.
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 Conceptual history

 Spontaneous generation

Main article: Spontaneous generation

Belief in the ongoing spontaneous generation of certain forms of life from non-living matter goes back to ancient Greek philosophy and continued to have support in Western scholarship until the 19th century; this was paired with the belief in heterogenesis, i.e. that one form of life derived from a different form (e.g. bees from flowers).[6] Classical notions of spontaneous generation, which can be considered under the modern term, abiogenesis, held that certain complex, living organisms are generated by decaying organic substances. According to Aristotle, it was a readily observable truth that aphids arise from the dew which falls on plants, flies from putrid matter, mice from dirty hay, crocodiles from rotting logs at the bottom of bodies of water, and so on.[7] In the 17th century, such assumptions started to be questioned. In 1646, Sir Thomas Browne published his Pseudodoxia Epidemica (subtitled Enquiries into Very many Received Tenets, and Commonly Presumed Truths), which was an attack on false beliefs and "vulgar errors." His conclusions were not widely accepted at the time. His contemporary, Alexander Ross wrote: "To question this (i.e., spontaneous generation) is to question reason, sense and experience. If he doubts of this let him go to Egypt, and there he will find the fields swarming with mice, begot of the mud of Nylus, to the great calamity of the inhabitants."[8]

In 1665, Robert Hooke published the first drawings of a microorganism. Hooke was followed in 1676 by Anton van Leeuwenhoek, who drew and described microorganisms that are now thought to have been protozoa and bacteria.[9] Many felt the existence of microorganisms was evidence in support of spontaneous generation, since microorganisms seemed too simplistic for sexual reproduction, and asexual reproduction through cell division had not yet been observed. Van Leeuwenhoek took issue with the ideas common at the time that fleas and lice could spontaneously result from putrefaction, and that frogs could likewise arise from slime. Using a broad range of experiments ranging from sealed and open meat incubation and the close study of insect reproduction, by the 1680s he became convinced that spontaneous generation was incorrect.[10]

The first experimental evidence against spontaneous generation came in 1668 when Francesco Redi showed that no maggots appeared in meat when flies were prevented from laying eggs. It was gradually shown that, at least in the case of all the higher and readily visible organisms, the previous sentiment regarding spontaneous generation was false. The alternative seemed to be biogenesis: that every living thing came from a pre-existing living thing (omne vivum ex ovo, Latin for "every living thing from an egg").

In 1768, Lazzaro Spallanzani demonstrated that microbes were present in the air, and could be killed by boiling. In 1861, Louis Pasteur performed a series of experiments that demonstrated that organisms such as bacteria and fungi do not spontaneously appear in sterile, nutrient-rich media, but only invade them from outside.

 Pasteur and Darwin


[image: Head and shoulders portrait, increasingly bald with rather uneven bushy white eyebrows and beard, his wrinkled forehead suggesting a puzzled frown]
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Charles Darwin in 1879.





By the middle of the 19th century, the theory of biogenesis had accumulated so much evidential support, due to the work of Louis Pasteur and others, that the alternative theory of spontaneous generation had been effectively disproven. Pasteur himself remarked, after a definitive finding in 1864, "Never will the doctrine of spontaneous generation recover from the mortal blow struck by this simple experiment."[11][12]

In a letter to Joseph Dalton Hooker on February 1, 1871,[13] Charles Darwin addressed the question, suggesting that the original spark of life may have begun in a "warm little pond, with all sorts of ammonia and phosphoric salts, lights, heat, electricity, etc. present, so that a protein compound was chemically formed ready to undergo still more complex changes". He went on to explain that "at the present day such matter would be instantly devoured or absorbed, which would not have been the case before living creatures were formed."[14] In other words, the presence of life itself makes the search for the origin of life dependent on the sterile conditions of the laboratory.

 "Primordial soup" hypothesis
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Alexander Oparin (right) at the laboratory.





Further information: Miller–Urey experiment

No new notable research or theory on the subject appeared until 1924, when Alexander Oparin reasoned that atmospheric oxygen prevents the synthesis of certain organic compounds that are necessary building blocks for the evolution of life. In his The Origin of Life,[15][16] Oparin proposed that the "spontaneous generation of life" that had been attacked by Louis Pasteur did in fact occur once, but was now impossible because the conditions found on the early Earth had changed, and preexisting organisms would immediately consume any spontaneously generated organism. Oparin argued that a "primeval soup" of organic molecules could be created in an oxygenless atmosphere through the action of sunlight. These would combine in evermore complex ways until they formed coacervate droplets. These droplets would "grow" by fusion with other droplets, and "reproduce" through fission into daughter droplets, and so have a primitive metabolism in which those factors which promote "cell integrity" survive, and those that do not become extinct. Many modern theories of the origin of life still take Oparin's ideas as a starting point.

Around the same time, J. B. S. Haldane suggested that the Earth's prebiotic oceans—different from their modern counterparts—would have formed a "hot dilute soup" in which organic compounds could have formed. This idea was called biopoiesis or biopoesis, the process of living matter evolving from self-replicating but nonliving molecules.[17][18]

In 1952, in the Miller–Urey experiment, a mixture of water, hydrogen, methane, and ammonia was cycled through an apparatus that delivered electrical sparks to the mixture. After one week, it was found that about 10% to 15% of the carbon in the system was now in the form of a racemic mixture of organic compounds, including amino acids, which are the building blocks of proteins.

The underlying hypothesis held by Oparin and Haldane was that conditions on the primeval Earth favored chemical reactions that synthesized organic compounds from inorganic precursors. A recent reanalysis of the saved vials containing the original extracts that resulted from the Miller and Urey experiments, using current and more advanced analytical equipment and technology, has uncovered more biochemicals than originally discovered in the 1950s. One of the more important findings was 23 amino acids, far more than the five originally discovered.[19]

 Complex biological molecules and protocells

Sidney W. Fox also experimented with abiogenesis and the primordial soup theory producing a number of reports between 1964 and 1988. In one of his experiments, he allowed amino acids to dry out as if puddled in a warm, dry spot in prebiotic conditions. He found that, as they dried, the amino acids formed long, often cross-linked, thread-like, submicroscopic molecules now named "proteinoids".

In another experiment using a similar method to set suitable conditions for life to form, Fox collected volcanic material from a cinder cone in Hawaii. He discovered that the temperature was over 100 °C (212 °F) just 4 inches (100 mm) beneath the surface of the cinder cone, and suggested that this might have been the environment in which life was created—molecules could have formed and then been washed through the loose volcanic ash and into the sea. He placed lumps of lava over amino acids derived from methane, ammonia and water, sterilized all materials, and baked the lava over the amino acids for a few hours in a glass oven. A brown, sticky substance formed over the surface and when the lava was drenched in sterilized water a thick, brown liquid leached out. It turned out that the amino acids had combined to form proteinoids, and the proteinoids had combined to form small, cell-like spheres. Fox called these "microspheres", a name that subsequently was displaced by the more informative term protobionts. His protobionts were not cells, although they formed clumps and chains reminiscent of cyanobacteria. They contained no functional nucleic acids, but split asexually and formed within double membranes that had some attributes suggestive of cell membranes. Professor Colin S. Pittendrigh stated in December 1967 that "laboratories will be creating a living cell within ten years," a remark that reflected the typical contemporary levels of innocence of the complexity of cell structures.[20]

 Early conditions

Main article: Timeline of evolution

The Hadean Earth is thought to have had a secondary atmosphere, formed through degassing of the rocks that accumulated from planetesimal impactors. At first it was thought by scientists like Harold Urey that the earth's atmosphere was made up of hydrides—methane, ammonia and water vapour, and that life began under such reducing conditions, conducive to the formation of organic molecules. However, it is now thought that the early atmosphere, based on today's volcanic evidence, would have contained 60% hydrogen, 20% oxygen (mostly in the form of water vapour), 10% carbon dioxide, 5 to 7% hydrogen sulfide, and smaller amounts of nitrogen, carbon monoxide, free hydrogen, methane and inert gases. As the earth lacks the gravity to hold any molecular hydrogen, this component of the atmosphere was rapidly lost during the Hadean period. Solution of the carbon dioxide in water is thought to have made the seas slightly acidic, with a pH of about 5.5.[21]

Morse and MacKenzie have suggested that oceans may have appeared first in the Hadean eon, as soon as two hundred million years (200 Ma) after the Earth was formed, in a hot 100 °C (212 °F) reducing environment, and that the pH of about 5.8 rose rapidly towards neutral.[22] This has been supported by Wilde[23] who has pushed the date of the zircon crystals found in the metamorphosed quartzite of Mount Narryer in Western Australia, previously thought to be 4.1–4.2 Ga, to 4.404 Ga. This means that oceans and continental crust existed within 150 Ma of Earth's formation. Rosing et al.,[24] suggest that between 4.4 and 4.3 Ga, the Earth was a water world, with little if any continental crust, with an extremely turbulent atmosphere and a hydrosphere subject to high UV, from a T Tauri sun and cosmic radiation and continued bolide impact.

As a result, the Hadean environment was one highly hazardous to modern life. Frequent collisions with large objects, up to 500 kilometres (310 mi) in diameter, would have been sufficient to vaporise the ocean within a few months of impact, with hot steam mixed with rock vapour leading to high altitude clouds completely covering the planet. After a few months the height of these clouds would have begun to decrease but the cloud base would still have been elevated for about the next thousand years. After that, it would have begun to rain at low altitude. For another two thousand years rains would slowly have drawn down the height of the clouds, returning the oceans to their original depth only 3,000 years after the impact event.[25]

Between 3.8 and 4.1 Ga, changes in the orbits of the gaseous giant planets may have caused a late heavy bombardment that pockmarked the Moon and the other inner planets (Mercury, Mars, and presumably Earth and Venus). This would likely have sterilized the planet, had life appeared before that time. Geologically the Hadean Earth would have been far more active than at any other time in its history. Studies of meteorites suggests that radioactive isotopes such as aluminium-26 with a half-life of 7.17×105 years, and potassium-40 with a half-life of 1.250×109 years, isotopes mainly produced in supernovae, were much more common, with the result that the earth was more than 96% more radioactive than it is today. Coupled with internal heating as a result of gravitational sorting between the core and the mantle generated a great deal of mantle convection, with the probable result that there would have been many more smaller very active tectonic plates, than in modern times.

By examining the time interval between such devastating environmental events, the time interval when life might first have come into existence can be found for different early environments. The study by Maher and Stevenson shows that if the deep marine hydrothermal setting provides a suitable site for the origin of life, abiogenesis could have happened as early as 4.0 to 4.2 Ga, whereas if it occurred at the surface of the Earth abiogenesis could only have occurred between 3.7 and 4.0 Ga.[26]

Other research suggests a colder start to life. Work by Leslie Orgel and colleagues on the synthesis of purines has shown that freezing temperatures are advantageous, due to the concentrating effect for key precursors such as hydrogen cyanide.[27] Research by Stanley Miller and colleagues suggested that while adenine and guanine require freezing conditions for synthesis, cytosine and uracil may require boiling temperatures.[28] Research by the Miller group notes the formation of seven different amino acids and 11 types of nucleobases in ice when ammonia and cyanide were left in a freezer from 1972 to 1997.[29][30] This article also describes research by Christof Biebricher showing the formation of RNA molecules 400 bases long under freezing conditions using an RNA template, a single-strand chain of RNA that guides the formation of a new strand of RNA. As that new RNA strand grows, it adheres to the template.[31] The explanation given for the unusual speed of these reactions at such a low temperature is eutectic freezing. As an ice crystal forms, it stays pure: only molecules of water join the growing crystal, while impurities like salt or cyanide are excluded. These impurities become crowded in microscopic pockets of liquid within the ice, and this crowding causes the molecules to collide more often.

Evidence of the early appearance of life comes from the Isua supercrustal belt in Western Greenland and from similar formations in the nearby Akilia Island. Carbon entering into rock formations has a ratio of carbon-13 (13C) to carbon-12 (12C) of about −5.5 (in units of δ13C), where because of a preferential biotic uptake of 12C, biomass has a δ13C of between −20 and −30. These isotopic fingerprints are preserved in the sediments, and Mojzis has used this technique to suggest that life existed on the planet already by 3.85 billion years ago.[32] Lazcano and Miller (1994) suggest that the rapidity of the evolution of life is dictated by the rate of recirculating water through mid-ocean submarine vents. Complete recirculation takes 10 million years, thus any organic compounds produced by then would be altered or destroyed by temperatures exceeding 300 °C (572 °F). They estimate that the development of a 100 kilobase genome of a DNA/protein primitive heterotroph into a 7000 gene filamentous cyanobacterium would have required only 7 Ma.[33] Chemist Christian de Duve argues that the determination of chemistry means that "life has to emerge quickly ... Chemical reactions happen quickly or not at all; if any reaction takes a millennium to complete then the chances are all the reagents will simply dissipate or breakdown in the meantime, unless they are replenished by other faster reactions".[34][35]

 Current models

There is no "standard model" of the origin of life. Most currently accepted models draw at least some elements from the framework laid out by the Oparin-Haldane hypothesis. Under that umbrella, however, are a wide array of disparate discoveries and conjectures such as the following, listed in a rough order of postulated emergence:


	The Oparin-Haldane hypothesis suggests that the atmosphere of the early Earth may have been chemically reducing in nature, composed primarily of methane (CH4), ammonia (NH3), water (H2O), hydrogen sulfide (H2S), carbon dioxide (CO2) or carbon monoxide (CO), and phosphate (PO43-), with molecular oxygen (O2) and ozone (O3) either rare or absent.

	In such a reducing atmosphere, electrical activity can catalyze the creation of certain basic small molecules (monomers) of life, such as amino acids. This was demonstrated in the Miller–Urey experiment by Stanley L. Miller and Harold C. Urey in 1953.

	Phospholipids (of an appropriate length) can form lipid bilayers, a basic component of the cell membrane.

	A fundamental question is about the nature of the first self-replicating molecule. Since replication is accomplished in modern cells through the cooperative action of proteins and nucleic acids, the major schools of thought about how the process originated can be broadly classified as "proteins first" and "nucleic acids first".

	The principal thrust of the "nucleic acids first" argument is as follows:

	The polymerization of nucleotides into random RNA molecules might have resulted in self-replicating ribozymes (RNA world hypothesis)

	Selection pressures for catalytic efficiency and diversity might have resulted in ribozymes which catalyse peptidyl transfer (hence formation of small proteins), since oligopeptides complex with RNA to form better catalysts. The first ribosome might have been created by such a process, resulting in more prevalent protein synthesis.

	Synthesized proteins might then outcompete ribozymes in catalytic ability, and therefore become the dominant biopolymer, relegating nucleic acids to their modern use, predominantly as a carrier of genomic information.







No one has yet synthesized a "protocell" using basic components which would have the necessary properties of life (the so-called "bottom-up-approach"). Without such a proof-of-principle, explanations have tended to be focused on chemosynthesis of polymers. However, some researchers are working in this field, notably Steen Rasmussen at Los Alamos National Laboratory and Jack Szostak at Harvard University. Others have argued that a "top-down approach" is more feasible. One such approach, successfully attempted by Craig Venter and others at The Institute for Genomic Research, involves engineering existing prokaryotic cells with progressively fewer genes, attempting to discern at which point the most minimal requirements for life were reached.[36][37] The biologist John Desmond Bernal coined the term biopoiesis for this process,[38] and suggested that there were a number of clearly defined "stages" that could be recognised in explaining the origin of life.


	Stage 1: The origin of biological monomers

	Stage 2: The origin of biological polymers

	Stage 3: The evolution from molecules to cell



Bernal suggested that evolution commenced between Stage 1 and 2.[39]

 Origin of organic molecules

There are two possible sources of organic molecules on the early Earth:


	Terrestrial origins – organic synthesis driven by impact shocks or by other energy sources (such as ultraviolet light or electrical discharges) (e.g. Miller's experiments)

	Extraterrestrial origins – delivery by objects (e.g. carbonaceous chondrites) or gravitational attraction of organic molecules or primitive life-forms from space (see Panspermia)



Recently, estimates of these sources suggest that the heavy bombardment before 3.5 Ga within the early atmosphere made available quantities of organics comparable to those produced by other energy sources.[40][41]

 "Soup" theory

Biochemist Robert Shapiro has summarized the "primordial soup" theory of Oparin and Haldane in its "mature form" as follows:[42]


	The early Earth had a chemically reducing atmosphere.

	This atmosphere, exposed to energy in various forms, produced simple organic compounds ("monomers").

	These compounds accumulated in a "soup", which may have been concentrated at various locations (shorelines, oceanic vents etc.).

	By further transformation, more complex organic polymers – and ultimately life – developed in the soup.



While steps 1-3 have been basically observed experimentally, step 4 has been criticised as simplistic - a stage of "then magic happens".

 Reducing atmosphere

At the time of the Miller–Urey experiment, scientific consensus was that the early earth had a reducing atmosphere with compounds relatively rich in hydrogen and poor in oxygen (e.g., CH4 and NH3 as opposed to CO2 and NO2). However, current scientific consensus describes the primitive atmosphere as either a weakly reducing or neutral[43][44] (see also Oxygen catastrophe). Such an atmosphere would diminish both the amount and variety of amino acids that could be produced. This change in opinion has focused scientific research on two other potential reducing environments: outer space and deep-sea thermal vents.[45][46][47]

 Monomer formation

Main article: Miller–Urey experiment

One of the most important pieces of experimental support for the "soup" theory came in 1953. A graduate student, Stanley Miller, and his professor, Harold Urey, performed an experiment that demonstrated how organic molecules could have spontaneously formed from inorganic precursors, under conditions like those posited by the Oparin-Haldane Hypothesis. The now-famous "Miller–Urey experiment" used a highly reduced mixture of gases—methane, ammonia and hydrogen—to form basic organic monomers, such as amino acids.[48] This provided direct experimental support for the second point of the "soup" theory, and it is around the remaining two points of the theory that much of the debate now centers.

Apart from the Miller–Urey experiment, the next most important step in research on prebiotic organic synthesis was the demonstration by Joan Oró that the nucleic acid purine base, adenine, was formed by heating aqueous ammonium cyanide solutions.[49] In support of abiogenesis in eutectic ice, more recent work demonstrated the formation of s-triazines (alternative nucleobases), pyrimidines (including cytosine and uracil), and adenine from urea solutions subjected to freeze-thaw cycles under a reductive atmosphere (with spark discharges as an energy source).[50]

 Monomer accumulation

The "soup" theory relies on the assumption proposed by Darwin that in an environment with no pre-existing life, organic molecules may have accumulated and provided an environment for chemical evolution.

 Further transformation

The spontaneous formation of complex polymers from abiotically generated monomers under the conditions posited by the "soup" theory is not at all a straightforward process. Besides the necessary basic organic monomers, compounds that would have prohibited the formation of polymers were formed in high concentration during the Miller–Urey and Oró experiments.[citation needed] The Miller experiment, for example, produces many substances that would undergo cross-reactions with the amino acids or terminate the peptide chain.[51]

More fundamentally, it can be argued that the most crucial challenge unanswered by this theory is how the relatively simple organic building blocks polymerise and form more complex structures, interacting in consistent ways to form a protocell.[citation needed] For example, in an aqueous environment hydrolysis of oligomers/polymers into their constituent monomers would be favored over the condensation of individual monomers into polymers.[citation needed]

 Fox's experiments

In the 1950s and 1960s, Sidney W. Fox studied the spontaneous formation of peptide structures under conditions that might plausibly have existed early in Earth's history. He demonstrated that amino acids could spontaneously form small peptides. These amino acids and small peptides could be encouraged to form closed spherical membranes, called proteinoid microspheres, which show many of the basic characteristics of 'life'.[52]

 Eigen's hypothesis

In the early 1970s, the problem of the origin of life was approached by Manfred Eigen and Peter Schuster of the Max Planck Institute for Biophysical Chemistry. They examined the transient stages between the molecular chaos and a self-replicating hypercycle in a prebiotic soup.[53]

In a hypercycle, the information storing system (possibly RNA) produces an enzyme, which catalyzes the formation of another information system, in sequence until the product of the last aids in the formation of the first information system. Mathematically treated, hypercycles could create quasispecies, which through natural selection entered into a form of Darwinian evolution. A boost to hypercycle theory was the discovery that RNA, in certain circumstances, forms itself into ribozymes, capable of catalyzing their own chemical reactions.[54] However, these reactions are limited to self-excisions (in which a longer RNA molecule becomes shorter), and much rarer small additions that are incapable of coding for any useful protein. The hypercycle theory is further degraded since the hypothetical RNA would require the existence of complex biochemicals such as nucleotides which are not formed under the conditions proposed by the Miller–Urey experiment.

Sol Spiegelman aimed to find the simplest life form by taking advantage of evolution's natural selection process. His new life form, Spiegelman's Monster, had a genome with just 218 bases. Manfred Eigen built on Spiegelman's work and produced a life form with just 48 or 54 nucleotides.[55] M. Sumper and R. Luce of Eigen's laboratory accidentally discovered that a mixture containing no RNA at all but only RNA bases and Q-Beta Replicase can, under the right conditions, spontaneously generate self-replicating RNA which evolves into a form similar to Spiegelman's Monster.[56]

 Hoffmann's contributions

Geoffrey W. Hoffmann, a student of Eigen, contributed to the concept of life involving both replication and metabolism emerging from catalytic noise. His contributions included showing that an early sloppy translation machinery can be stable against an error catastrophe of the type that had been envisaged as problematical by Leslie Orgel ("Orgel's paradox")[57][58] and calculations regarding the occurrence of a set of required catalytic activities together with the exclusion of catalytic activities that would be disruptive. This is called the stochastic theory of the origin of life.[59]

 Wächtershäuser's hypothesis

Main article: Iron–sulfur world theory
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Another possible answer to this polymerization conundrum was provided in the 1980s by the German chemist Günter Wächtershäuser, encouraged and supported by Karl R. Popper,[60][61][62] in his iron–sulfur world theory. In this theory, he postulated the evolution of (bio)chemical pathways as fundamentals of the evolution of life. Moreover, he presented a consistent system of tracing today's biochemistry back to ancestral reactions that provide alternative pathways to the synthesis of organic building blocks from simple gaseous compounds.

In contrast to the classical Miller experiments, which depend on external sources of energy (such as simulated lightning or ultraviolet irradiation), "Wächtershäuser systems" come with a built-in source of energy, sulfides of iron and other minerals (e.g. pyrite). The energy released from redox reactions of these metal sulfides is not only available for the synthesis of organic molecules, but also for the formation of oligomers and polymers. It is therefore hypothesized that such systems may be able to evolve into autocatalytic sets of self-replicating, metabolically active entities that would predate the life forms known today.

The experiment produced a relatively small yield of dipeptides (0.4% to 12.4%) and a smaller yield of tripeptides (0.10%) but the authors also noted that: "under these same conditions dipeptides hydrolysed rapidly."[63]

 Zn-World hypothesis

The Zn-World (Zinc world) theory of Armen Mulkidjanian [64] is an extension of Wächtershäuser's pyrite hypothesis. Wächtershäuser based his theory of the initial chemical processes leading to informational molecules (i.e. RNA, peptides) on a regular mesh of electric charges at the surface of pyrite that may have made the primeval polymerization thermodynamically more favourable by attracting reactants and arranging them appropriately relative to each other.[65] The Zn-World theory specifies and differentiates further.[64][66] Hydrothermal fluids rich in H2S interacting with cold primordial ocean (or "Darwin pond") water leads to the precipitation of metal sulfide particles. Oceanic vent systems and other hydrothermal systems have a zonal structure reflected in ancient volcanogenic massive sulfide deposits (VMS) of hydrothermal origin. They reach many kilometers in diameter and date back to the Archean eon. Most abundant are pyrite (FeS2), chalcopyrite (CuFeS2), and sphalerite (ZnS), with additions of galena (PbS) and alabandite (MnS). ZnS and MnS have a unique ability to store radiation energy, e.g. provided by UV light. Since during the relevant time window of the origins of replicating molecules the primordial atmospheric pressure was high enough (> 100 bar) to precipitate ZnS near the earth's surface and UV irradiation was 10 to 100 times more intense than now, the unique photosynthetic properties mediated by ZnS provided just the right energy conditions to energize the synthesis of informational and metabolic molecules and the selection of photostable nucleobases.

The Zn-World theory has been further filled out with experimental and theoretical evidence for the ionic constitution of the interior of the first proto-cells before Archea, Eubacteria and Proto-Eukarya evolved. Archibald Maccallum noted the resemblance of organismal fluids such as blood, lymph to seawater;[67] however, the inorganic composition of all cells differ from that of modern sea water, which led Mulkidjanian and colleagues to reconstruct the "hatcheries" of the first cells combining geochemical analysis with phylogenomic scrutiny of the inorganic ion requirements of universal components of modern cells. The authors conclude that ubiquitous, and by inference primordial, proteins and functional systems show affinity to and functional requirement for K+, Zn2+, Mn2+, and phosphate. Geochemical reconstruction shows that the ionic composition conducive to the origin of cells could not have existed in what we today call marine settings but is compatible with emissions of vapor-dominated zones of what we today call inland geothermal systems. Under the anoxic, CO2-dominated primordial atmosphere, the chemistry of water condensates and exhalations near geothermal fields would resemble the internal milieu of modern cells. Therefore, the precellular stages of evolution may have taken place in shallow "Darwin-ponds" lined with porous silicate minerals mixed with metal sulfides and enriched in K+, Zn2+, and phosphorus compounds.[68][69]

 Radioactive beach hypothesis

Zachary Adam at the University of Washington, Seattle, claims that tidal processes that occurred during a time when the moon was much closer may have concentrated grains of uranium and other radioactive elements at the high-water mark on primordial beaches, where they may have been responsible for generating life's building blocks.[70] According to computer models reported in Astrobiology,[71] a deposit of such radioactive materials could show the same self-sustaining nuclear reaction as that found in the Oklo uranium ore seam in Gabon. Such radioactive beach sand might have provided sufficient energy to generate organic molecules, such as amino acids and sugars from acetonitrile in water. Radioactive monazite also have released soluble phosphate into the regions between sand-grains, making it biologically "accessible". Thus amino acids, sugars, and soluble phosphates might have been produced simultaneously, according to Adam. Radioactive actinides, left behind in some concentration by the reaction, might have formed part of organo-metallic complexes. These complexes could have been important early catalysts to living processes.

John Parnell of the University of Aberdeen has suggested that such a process could provide part of the "crucible of life" in the early stages of any early wet rocky planet, so long as the planet is large enough to have generated a system of plate tectonics which brings radioactive minerals to the surface. As the early Earth is believed to have had many smaller "platelets" it might have provided a suitable environment for such processes.[72]

 Ultraviolet and temperature-assisted replication model

From a thermodynamic perspective of the origin of life, springs the ultraviolet and temperature-assisted replication (UVTAR) model. Karo Michaelian of the National Autonomous University of Mexico points out that any model for the origin of life must take into account the fact that life is an irreversible thermodynamic process which arises and persists because it produces entropy. Entropy production is not incidental to the process of life, but rather the fundamental reason for its existence. Present day life augments the entropy production of Earth by catalysing the water cycle through evapotranspiration.[73][74] Michaelian argues that if the thermodynamic function of life today is to produce entropy through coupling with the water cycle, then this probably was its function at its very beginnings. It turns out that both RNA and DNA when in water solution are very strong absorbers and extremely rapid dissipaters of ultraviolet light within the 200–300 nm wavelength range, which is that part of the sun's spectrum that could have penetrated the dense prebiotic atmosphere. Cnossen et al.[75] have shown that the amount of ultraviolet (UV) light reaching the Earth's surface in the Archean eon could have been up to 31 orders of magnitude greater than it is today at 260 nm where RNA and DNA absorb most strongly. Absorption and dissipation of UV light by the organic molecules at the Archean ocean surface would have significantly increased the temperature of the surface skin layer and led to enhanced evaporation and thus to have augmented the primitive water cycle. Since absorption and dissipation of high energy photons is an entropy producing process, Michaelian argues that non-equilbrium abiogenic synthesis of RNA and DNA utilizing UV light[76] would have been thermodynamically favored.

A simple mechanism that could explain the replication of RNA and DNA without resort to the use of enzymes could also be provided within the same thermodynamic framework by assuming that life arose when the temperature of the primitive seas had cooled to somewhat below the denaturing temperature of RNA or DNA (based on the ratio of 18O/16O found in cherts of the Barberton greenstone belt of South Africa of about 3.5 to 3.2 Ga., surface temperatures are predicted to have been around 70±15 °C,[77] close to RNA or DNA denaturing temperatures). During the night, the surface water temperature would drop below the denaturing temperature and single strand RNA/DNA could act as a template for the formation of double strand RNA/DNA. During the daylight hours, RNA and DNA would absorb UV light and convert this directly to heat the ocean surface, thereby raising the local temperature enough to allow for denaturing of RNA and DNA. The copying process would have been repeated with each diurnal cycle.[78][79] Such a temperature assisted mechanism of replication bears similarity to polymerase chain reaction (PCR), a routine laboratory procedure employed to multiply DNA segments. Michaelian suggests that the traditional origin of life research, that expects to describe the emergence of life from near-equilibrium conditions, is erroneous and that non-equilibrium conditions must be considered, in particular, the importance of entropy production to the emergence of life.

Since denaturation would be most probable in the late afternoon when the Archean sea surface temperature would be highest, and since late afternoon submarine sunlight is somewhat circularly polarized, the homochirality of the organic molecules of life can also be explained within the proposed thermodynamic framework.[80][81]

 Models to explain homochirality

Main article: Homochirality

Some process in chemical evolution must account for the origin of homochirality, i.e. all building blocks in living organisms having the same "handedness" (amino acids being left-handed, nucleic acid sugars (ribose and deoxyribose) being right-handed, and chiral phosphoglycerides). Chiral molecules can be synthesized, but in the absence of a chiral source or a chiral catalyst, they are formed in a 50/50 mixture of both enantiomers. This is called a racemic mixture. Clark has suggested that homochirality may have started in space, as the studies of the amino acids on the Murchison meteorite showed L-alanine to be more than twice as frequent as its D form, and L-glutamic acid was more than 3 times prevalent than its D counterpart. It is suggested that polarised light has the power to destroy one enantiomer within the proto-planetary disk. Noyes[82] showed that beta decay caused the breakdown of D-leucine, in a racemic mixture, and that the presence of 14C, present in larger amounts in organic chemicals in the early Earth environment, could have been the cause. Robert M. Hazen reports upon experiments conducted in which various chiral crystal surfaces act as sites for possible concentration and assembly of chiral monomer units into macromolecules.[83] Once established, chirality would be selected for.[84] Work with organic compounds found on meteorites tends to suggest that chirality is a characteristic of abiogenic synthesis, as amino acids show a left-handed bias, whereas sugars show a predominantly right-handed bias.[85]





 Self-organization and replication

Main article: Self-organization

While features of self-organization and self-replication are often considered the hallmark of living systems, there are many instances of abiotic molecules exhibiting such characteristics under proper conditions. For example Martin and Russell show that physical compartmentation by cell membranes from the environment and self-organization of self-contained redox reactions are the most conserved attributes of living things, and they argue therefore that inorganic matter with such attributes would be life's most likely last common ancestor.[86]

Virus self-assembly within host cells has implications for the study of the origin of life,[87] as it lends further credence to the hypothesis that life could have started as self-assembling organic molecules.[88][89]

 From organic molecules to protocells

The question "How do simple organic molecules form a protocell?" is largely unanswered but there are many hypotheses. Some of these postulate the early appearance of nucleic acids ("genes-first") whereas others postulate the evolution of biochemical reactions and pathways first ("metabolism-first"). Recently, trends are emerging to create hybrid models that combine aspects of both.

Researcher Martin Hanczyc supports the idea of a gradient between life and non-life (i.e. there is no simple line between the two). He thinks that building simple protocells, in the lab, is one of the first steps towards understanding more complex cells, including those that may have later evolved into complex life. Hanczyc says that living cells often consist of somewhere around 1,000,000 types of molecules, whereas his labs are first aiming at creating lifelike systems using around 10 molecules. His protocells display behaviors even simpler than those displayed by things like viruses (e.g. only basic motion, dividing and combining cell walls, and so on).[90]

 Deep sea vent hypothesis

The deep sea vent, or alkaline hydrothermal vent, theory for the origin of life on Earth posits that life may have begun at submarine hydrothermal vents, where hydrogen-rich fluids emerge from below the sea floor, as a result of serpentization of ultra mafic olivine with sea water and a pH interface with carbon dioxide-rich ocean water. Sustained chemical energy in such systems is derived from redox reactions, in which electron donors, such as molecular hydrogen, react with electron acceptors, such as carbon dioxide (see iron-sulfur world theory).These are highly exothermic reactions.

Reaction 1a:

Fayalite + water → magnetite + aqueous silica + hydrogen


	3Fe2SiO4 + 2H2O → 2Fe3O4 + 3SiO2 + 2H2





Reaction 1b:

Forsterite + aqueous silica → serpentine


	3Mg2SiO4 + SiO2 + 4H2O → 2Mg3Si2O5(OH)4





Reaction 1c:

Forsterite + water → serpentine + brucite


	2Mg2SiO4 + 3H2O → Mg3Si2O5(OH)4 + Mg(OH)2



Reaction 1c describes the hydration of olivine with water only to yield serpentine and Mg(OH)2 (brucite). Serpentine is stable at high pH in the presence of brucite like calcium silicate hydrate, (C-S-H) phases formed along with portlandite (Ca(OH)2) in hardened Portland cement paste after the hydration of belite (Ca2SiO4), the artificial calcium equivalent of forsterite.

Analogy of reaction 1c with belite hydration in ordinary Portland cement:

Belite + water → C-S-H phase + portlandite


	2 Ca2SiO4 + 4 H2O → 3 CaO · 2 SiO2 · 3 H2O + Ca(OH)2



Mike Russell demonstrated that alkaline vents created an abiogenic proton-motive force chemiosmotic gradient,[91] in which conditions are ideal for an abiogenic hatchery for life. Their microscopic compartments "provide a natural means of concentrating organic molecules", composed of iron-sulfur minerals such as mackinawite, endowed these mineral cells with the catalytic properties envisaged by Günter Wächtershäuser.[92] This movement of ions across the membrane depends on a combination of two factors:


	Diffusion force caused by concentration gradient - all particles including ions tend to diffuse from higher concentration to lower.

	Electrostatic force caused by electrical potential gradient - cations like protons H+ tend to diffuse down the electrical potential, anions in the opposite direction.



These two gradients taken together can be expressed as an electrochemical gradient, providing energy for abiogenic synthesis. The proton-motive force (PMF) can be described as the measure of the potential energy stored as a combination of proton and voltage gradients across a membrane (differences in proton concentration and electrical potential). In 1978, for the discovery of the PMF, Peter Mitchell was awarded the Nobel Prize in Chemistry.[93]

 Coenzyme world

Further information: Panspermia#Complexity
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Regression of complexity increase.





Recent studies, applying the equivalent of Moore's Law to biological evolution and extrapolating backwards, propose that life began "9.7±2.5 billion years ago", billions of years before the Earth was formed.[94][95] In the case of evolution, empirical evidence suggested a doubling of complexity every 376 million years. As the age of trees can be measured by the number of rings, the hypothesis that the age of life could be measured by biological complexity (i.e., the length of functional non-redundant DNA in the genome) was studied.[94][95] If log-transformed complexity is plotted against the time of origin of large evolutionary lineages, then the points fit to a straight line (see figure). The exponential increase in complexity can be explained by a positive self-activating feed back loop.[95] The regression line hits zero (i.e., one nucleotide) at "9.7±2.5 billion years ago".[94] If this model is correct, and since our Solar System is 4.6 billion years ago,[96] then life somehow arrived to Earth from older stellar systems. This hypothesis was criticized by Eugene Koonin who suggested that the rates of early biological evolution might have been much faster due to the absence of competition on early Earth.[97] Chris Adami argued that "it is inconceivable that life began with just a few nucleotides" (see discussion[95]). To answer this criticism, Sharov proposed a hypothetical abiogenesis scenario that starts from coenzyme-like molecules that are functionally equivalent to single nucleotides.[98][99]

 RNA world

Main article: RNA world hypothesis

The RNA world hypothesis describes an early Earth with self-replicating and catalytic RNA but no DNA or proteins. This has spurred scientists to try to determine if RNA molecules could have spontaneously formed that were capable of catalyzing their own replication.[100] A number of hypotheses of modes of formation have been put forward. Early cell membranes could have formed spontaneously from proteinoids, which are protein-like molecules produced when amino acid solutions are heated while in the correct concentration in aqueous solution. These are seen to form micro-spheres which are observed to behave similarly to membrane-enclosed compartments. Other possibilities include systems of chemical reactions that take place within clay substrates or on the surface of pyrite rocks. Factors supportive of an important role for RNA in early life include its ability to act both to store information and to catalyze chemical reactions (as a ribozyme); its many important roles as an intermediate in the expression and maintenance of the genetic information (in the form of DNA) in modern organisms; and the ease of chemical synthesis of at least the components of the molecule under the conditions that approximated the early Earth. Relatively short RNA molecules have been artificially produced in labs, which are capable of replication.[101] Such replicase RNA, which functions as both code and catalyst provides its own template upon which copying can occur. Jack Szostak has shown that certain catalytic RNAs can, indeed, join smaller RNA sequences together, creating the potential, in the right conditions for self-replication. If these conditions were present, Darwinian selection would favour the proliferation of such self-catalysing structures, to which further functionalities could be added.[102] Lincoln and Joyce have identified an RNA enzyme capable of self-sustained replication.[103]

Researchers have pointed out difficulties for the abiotic synthesis of nucleotides from cytosine and uracil.[104] Cytosine has a half-life of 19 days at 100 °C (212 °F) and 17,000 years in freezing water.[105] Larralde et al., say that "the generally accepted prebiotic synthesis of ribose, the formose reaction, yields numerous sugars without any selectivity."[106] and they conclude that their "results suggest that the backbone of the first genetic material could not have contained ribose or other sugars because of their instability." The ester linkage of ribose and phosphoric acid in RNA is known to be prone to hydrolysis.[107]

A slightly different version of the RNA-world hypothesis is that a different type of nucleic acid, such as PNA, TNA or GNA, was the first one to emerge as a self-reproducing molecule, to be replaced by RNA only later.[108][109] Pyrimidine ribonucleosides and their respective nucleotides have been prebiotically synthesised by a sequence of reactions which by-pass the free sugars, and are assembled in a stepwise fashion by going against the dogma that nitrogenous and oxygenous chemistries should be avoided. In a series of publications, The Sutherland Group at the School of Chemistry, University of Manchester have demonstrated high yielding routes to cytidine and uridine ribonucleotides built from small 2 and 3 carbon fragments such as glycolaldehyde, glyceraldehyde or glyceraldehyde-3-phosphate, cyanamide and cyanoacetylene. One of the steps in this sequence allows the isolation of enantiopure ribose aminooxazoline if the enantiomeric excess of glyceraldehyde is 60% or greater.[110] This can be viewed as a prebiotic purification step, where the said compound spontaneously crystallised out from a mixture of the other pentose aminooxazolines. Ribose aminooxazoline can then react with cyanoacetylene in a mild and highly efficient manner to give the alpha cytidine ribonucleotide. Photoanomerization with UV light allows for inversion about the 1' anomeric centre to give the correct beta stereochemistry.[111] In 2009 they showed that the same simple building blocks allow access, via phosphate controlled nucleobase elaboration, to 2',3'-cyclic pyrimidine nucleotides directly, which are known to be able to polymerise into RNA. This paper also highlights the possibility for the photo-sanitization of the pyrimidine-2',3'-cyclic phosphates.[76] James Ferris's studies have shown that clay minerals of montmorillonite will catalyze the formation of RNA in aqueous solution, by joining activated mono RNA nucleotides to join together to form longer chains.[112] Although these chains have random sequences, the possibility that one sequence began to non-randomly increase its frequency by increasing the speed of its catalysis is possible to "kick start" biochemical evolution.

 "Metabolism first" models

Several models reject the idea of the self-replication of a "naked-gene" and postulate the emergence of a primitive metabolism which could provide an environment for the later emergence of RNA replication. The centrality of the Krebs cycle to energy production in aerobic organisms, and in drawing in carbon dioxide and hydrogen ions in biosynthesis of complex organic chemicals, including amino acids and nucleotides, suggests that it was one of the first parts of the metabolism to evolve.[113] Harold J. Morowitz concludes that given sufficient concentrations of ingredients the cycle will "spin" of its own, as the concentration of each intermediate rises, it tends to convert into the next intermediate spontaneously. It thus appears to be in origin, not a creation of the genes, but the product of thermodynamics and chemistry alone.[114] Somewhat in agreement with these notions, physicist Sean Carroll has proposed that "the purpose of life is to hydrogenate carbon dioxide" (as part of a "metabolism-first", rather than a "genetics-first", scenario).[115]

 Iron-sulfur world

One of the earliest incarnations of this idea was put forward in 1924 with Alexander Oparin's notion of primitive self-replicating vesicles which predated the discovery of the structure of DNA. More recent variants in the 1980s and 1990s include Günter Wächtershäuser's iron-sulfur world theory and models introduced by Christian de Duve based on the chemistry of thioesters. More abstract and theoretical arguments for the plausibility of the emergence of metabolism without the presence of genes include a mathematical model introduced by Freeman Dyson in the early 1980s and Stuart Kauffman's notion of collectively autocatalytic sets, discussed later in that decade.

However, the idea that a closed metabolic cycle, such as the reductive citric acid cycle, could form spontaneously (proposed by Günter Wächtershäuser) remains debated. In an article entitled "Self-Organizing Biochemical Cycles",[116] the late Leslie Orgel summarized his analysis of the proposal by stating, "There is at present no reason to expect that multistep cycles such as the reductive citric acid cycle will self-organize on the surface of FeS/FeS2 or some other mineral." It is possible that another type of metabolic pathway was used at the beginning of life. For example, instead of the reductive citric acid cycle, the "open" acetyl-CoA pathway (another one of the five recognised ways of carbon dioxide fixation in nature today) would be compatible with the idea of self-organisation on a metal sulfide surface. The key enzyme of this pathway, carbon monoxide dehydrogenase/acetyl-CoA synthase harbours mixed nickel-iron-sulfur clusters in its reaction centers and catalyses the formation of acetyl-CoA (which may be regarded as a modern form of acetyl-thiol) in a single step.

 Thermosynthesis world

Today's bioenergetic process of fermentation is a carried out by either the aforementioned citric acid cycle or the Acetyl-CoA pathway, both of which have been connected to the primordial iron-sulfur world. In a different approach, the Thermosynthesis hypothesis considers the bioenergetic process of chemiosmosis, which plays an essential role in cellular respiration and photosynthesis, more basal than fermentation: in Anthonie Muller's "thermosynthesis world" the ATP Synthase enzyme, which sustains chemiosmosis, is proposed as the currently extant enzyme most closely related to the first metabolic process.[117][118]

First life needed an energy source to bring about the condensation reaction that yielded the peptide bonds of proteins and the phosphodiester bonds of RNA. In a generalization and thermal variation of the binding change mechanism of today's ATP Synthase, the "First Protein" would have bound substrates (peptides, phosphate, nucleosides, RNA 'monomers') and condensed them to a reaction product that remained bound until after a temperature change it was released by thermal unfolding.

The energy source of the thermosynthesis world was thermal cycling, the result of suspension of the protocell in a convection current, as is plausible in a volcanic hot spring; the convection accounts for the self-organization and dissipative structure required in any origin of life model. The still ubiquitous role of thermal cycling in germination and cell division is considered a relic of primordial thermosynthesis.

By phosphorylating cell membrane lipids, this 'First Protein' gave a selective advantage to the lipid protocell that contained the protein. In the beginning this First Protein also synthesized a library of many proteins, of which only a minute fraction had thermosynthesis capabilities. Just as proposed by Dyson[119] for the first proteins, the First Protein propagated functionally: it made daughters with similar capabilities, but it did not copy itself. Functioning daughters consisted of different amino acid sequences.

It is assumed RNA sequences were selected among the randomly synthesized RNAs by the relative speed and efficiency increase of First Protein synthesis, for instance by the creation of RNA that functioned as messenger RNA,[120] Transfer RNA[121] and ribosomal RNA, or, even more generally, all the components of the RNA World were also generated and selected. The thermosynthesis world therefore in theory accounts for the origin of the genetic machinery.

Whereas the iron-sulfur world identifies a circular pathway as the most simple—and therefore assumes the existence of enzymes—the thermosynthesis world does not even invoke a pathway, and does not assume the existence of regular enzymes: ATP Synthase's binding change mechanism resembles a physical adsorption process that yields free energy,[122] rather than a regular enzyme's mechanism, which decreases the free energy. The RNA World also implies the existence of several enzymes. It has been claimed that even the emergence of a single enzyme by chance is implausible.[123]

 Bubbles

Waves breaking on the shore create a delicate foam composed of bubbles. Winds sweeping across the ocean have a tendency to drive floating surface particles to shore. Possibly such shoreline sea foam and windblown organic particles could interact on the beach.[citation needed] Shallow coastal waters also tend to be warmer, possibly concentrating organic molecules through more rapid evaporation. While bubbles composed mostly of water burst quickly, water containing amphiphiles forms much more stable bubbles, allowing more time for crucial reactions to occur inside them.

Amphiphiles are oily compounds containing a hydrophilic head on one or both ends of a hydrophobic molecule. Some amphiphiles have the tendency to spontaneously form membranes in water. A spherically closed membrane contains water and is a hypothetical precursor to the modern cell membrane. If a protein would increase the integrity of its parent bubble, that bubble had an advantage, and was placed nearer the top of the natural selection "waiting list". Primitive reproduction can be envisioned when the bubbles burst, releasing the results of the 'experiment' into the surrounding medium. Once enough of the 'right stuff' was released into the medium, the development of the first prokaryotes, eukaryotes, and multicellular organisms could be achieved.[124]

Similarly, bubbles formed entirely out of protein-like molecules, called microspheres, will form spontaneously under the right conditions. But they are not a likely precursor to the modern cell membrane, as cell membranes are composed primarily of lipid compounds rather than amino-acid compounds (for types of membrane spheres associated with abiogenesis, see protobionts, micelle, coacervate).

A recent model by Fernando and Rowe[125] suggests that the enclosure of an autocatalytic non-enzymatic metabolism within protocells may have been one way of avoiding the side-reaction problem that is typical of metabolism first models.

 Pumice rafts

An alternative (or perhaps adjunct) theory, to the formation of bubbles via waves breaking on the shore creating delicate foam, is the hypothetical creation of bubbles formed within pores of a pumice raft. Like the windblown foam, the pumice rafts would also have made landfall, and this is observed in modern times. Paleontological evidence of pumice rafts associated with Archean life have been discovered in Australia.[126]

Although the windblown concentration of organic molecules may have been a key part of the abiogenesis puzzle, even with amphiphilic stabilization, exposure to the elements may have rendered the fragile foam too unstable to be an abiogenesis precursor and/or its ongoing natural selection actor.

A possibly more probable bubble formation environment for the 'cradle of life' to occur (due to its greater stability-longer 'lifetime') and optimum size (micron) range would have been the protected environment within the pores of the pumice. The crucial reaction time necessary could have been greatly extended in this protected environment.[citation needed] Relatively rapid selection pressure could have been applied if the pumice raft landed on an active geothermal outgassing site (acting something like an airstone in an aquarium) producing various types of bubbles which interacted and evolved.[citation needed]

 Other models

 Autocatalysis

In 1993 Stuart Kauffman proposed that life initially arose as autocatalytic chemical networks.[127]

Autocatalysts are substances that catalyze the production of themselves, and therefore have the property of being a simple molecular replicator. British ethologist Richard Dawkins wrote about autocatalysis as a potential explanation for the origin of life in his 2004 book The Ancestor's Tale. In his book, Dawkins cites experiments performed by Julius Rebek and his colleagues at the Scripps Research Institute in California in which they combined amino adenosine and pentafluorophenyl esters with the autocatalyst amino adenosine triacid ester (AATE). One system from the experiment contained variants of AATE which catalysed the synthesis of themselves. This experiment demonstrated the possibility that autocatalysts could exhibit competition within a population of entities with heredity, which could be interpreted as a rudimentary form of natural selection.[citation needed]


 Clay hypothesis

A model for the origin of life based on clay was forwarded by A. Graham Cairns-Smith of the University of Glasgow in 1985 and explored as a plausible illustration by several scientists.[128] The Clay hypothesis postulates that complex organic molecules arose gradually on a pre-existing, non-organic replication platform of silicate crystals in solution.

Cairns-Smith is a trenchant critic of other models of chemical evolution.[129] However, he admits that like many models of the origin of life, his own also has its shortcomings.

In 2007, Kahr and colleagues reported their experiments that tested the idea that crystals can act as a source of transferable information, using crystals of potassium hydrogen phthalate. "Mother" crystals with imperfections were cleaved and used as seeds to grow "daughter" crystals from solution. They then examined the distribution of imperfections in the new crystals and found that the imperfections in the mother crystals were reproduced in the daughters, but the daughter crystals also had many additional imperfections. For gene-like behavior to be observed, the quantity of inheritance of these imperfections should have exceeded that of the mutations in the successive generations, but it did not. Thus Kahr concluded that the crystals, "were not faithful enough to store and transfer information from one generation to the next".[130][131]

 Gold's "deep-hot biosphere" model

In the 1970s, Thomas Gold proposed the theory that life first developed not on the surface of the Earth, but several kilometers below the surface. The discovery in the late 1990s of nanobes (filamental structures that are smaller than bacteria, but that may contain DNA) in deep rocks[132] might be seen as lending support to Gold's theory.

It is now reasonably well established that microbial life is plentiful at shallow depths in the Earth, up to 5 kilometres (3.1 mi) below the surface,[132] in the form of extremophile archaea, rather than the better-known eubacteria (which live in more accessible conditions). It is claimed that discovery of microbial life below the surface of another body in our solar system would lend significant credence to this theory. Thomas Gold also asserted that a trickle of food from a deep, unreachable, source is needed for survival because life arising in a puddle of organic material is likely to consume all of its food and become extinct. Gold's theory is that the flow of such food is due to out-gassing of primordial methane from the Earth's mantle; more conventional explanations of the food supply of deep microbes (away from sedimentary carbon compounds) is that the organisms subsist on hydrogen released by an interaction between water and (reduced) iron compounds in rocks.

 "Primitive" extraterrestrial life

An alternative to Earthly abiogenesis is the hypothesis that primitive life may have originally formed extraterrestrially,[94][95] either in space, on Mars or elsewhere. (Note that exogenesis is related to, but not the same as, the notion of panspermia). A supporter of this theory was Francis Crick. Also related, NIH scientists reported studies, based on extrapolating "genetic complexity of organisms to earlier times", suggesting life began "9.7±2.5 billion years ago", billions of years before the Earth was formed. The scientists noted that Life may have started "from systems with single heritable elements that are functionally equivalent to a nucleotide".[94][95] (see Abiogenesis#Coenzyme world and Panspermia#Complexity)

Organic compounds are relatively common in space, especially in the outer solar system where volatiles are not evaporated by solar heating.[133] Comets are encrusted by outer layers of dark material, thought to be a tar-like substance composed of complex organic material formed from simple carbon compounds after reactions initiated mostly by irradiation by ultraviolet light. It is supposed that a rain of material from comets could have brought significant quantities of such complex organic molecules to Earth.

An alternative but related hypothesis, proposed to explain the presence of life on Earth so soon after the planet had cooled down, with apparently very little time for prebiotic evolution, is that life formed first on early Mars. Due to its smaller size Mars cooled before Earth (a difference of hundreds of millions of years), allowing prebiotic processes there while Earth was still too hot. Life was then transported to the cooled Earth when crustal material was blasted off Mars by asteroid and comet impacts. Mars continued to cool faster and eventually became hostile to the continued evolution or even existence of life (it lost its atmosphere due to low volcanism); Earth is following the same fate as Mars, but at a slower rate.

Neither hypothesis actually answers the question of how life first originated, but merely shifts it to another planet or a comet. However, the advantage of an extraterrestrial origin of primitive life is that life is not required to have evolved on each planet it occurs on, but rather in a single location, and then spread about the galaxy to other star systems via cometary and/or meteorite impact. Evidence to support the hypothesis is scant, but it finds support in studies of Martian meteorites found in Antarctica and in studies of extremophile microbes.[134] Additional support comes from a recent discovery of a bacterial ecosystem whose energy source is radioactivity.[135]

A 2001 experiment led by Jason Dworkin[136] subjected a frozen mixture of water, methanol, ammonia and carbon monoxide to UV radiation, mimicking conditions found in an extraterrestrial environment. This combination yielded large amounts of organic material that self-organised to form bubbles or micelles when immersed in water. Dworkin considered these bubbles to resemble cell membranes that enclose and concentrate the chemistry of life, separating their interior from the outside world.

The bubbles produced in these experiments were between 10 to 40 micrometres (0.00039 to 0.0016 in), or about the size of red blood cells. Remarkably, the bubbles fluoresced, or glowed, when exposed to UV light. Absorbing UV and converting it into visible light in this way was considered one possible way of providing energy to a primitive cell. If such bubbles played a role in the origin of life, the fluorescence could have been a precursor to primitive photosynthesis. Such fluorescence also provides the benefit of acting as a sunscreen, diffusing any damage that otherwise would be inflicted by UV radiation. Such a protective function would have been vital for life on the early Earth, since the ozone layer, which blocks out the sun's most destructive UV rays, did not form until after photosynthetic life began to produce oxygen.[85]

 Extraterrestrial organic molecules

Another idea is that amino acids which were formed extraterrestrially arrived on Earth via comets. In 2009 it was announced by NASA that scientists had identified one of the fundamental chemical building blocks of life in a comet for the first time: glycine, an amino acid, was detected in the material ejected from Comet Wild-2 in 2004 and grabbed by NASA's Stardust probe. Tiny grains, just a few thousandths of a millimeter in size, were collected from the comet and returned to Earth in 2006 in a sealed capsule, and distributed among the world's leading astro-biology labs. NASA said in a statement that it took some time for the investigating team, led by Dr Jamie Elsila, to convince itself that the glycine signature found in Stardust's sample bay was genuine and not just Earthly contamination. Glycine has been detected in meteorites before and there are also observations in interstellar gas clouds claimed for telescopes, but the Stardust find is described as a first in cometary material. Isotope analysis indicates that the Late Heavy Bombardment included cometary impacts after the Earth coalesced but before life evolved.[137] Dr. Carl Pilcher, who leads NASA's Astrobiology Institute commented that "The discovery of glycine in a comet supports the idea that the fundamental building blocks of life are prevalent in space, and strengthens the argument that life in the Universe may be common rather than rare."[138]

Based on computer model studies, the complex organic molecules necessary for life may have formed in the protoplanetary disk of dust grains surrounding the Sun before the formation of the Earth.[139] According to the computer studies, this same process may also occur around other stars that acquire planets.[139] (Also see Cosmic dust/Earth.)

Recent observations suggests that the majority of organic compounds introduced on Earth by interstellar dust particles are considered principal agents in the formation of complex molecules, thanks to their peculiar surface-catalytic activities.[140][141] Studies reported in 2008, based on 12C/13C isotopic ratios of organic compounds found in the Murchison meteorite, suggested that the RNA component uracil and related molecules, including xanthine, were formed extraterrestrially.[142][143] On August 8, 2011, a report, based on NASA studies with meteorites found on Earth, was published suggesting DNA components (adenine, guanine and related organic molecules) were made in outer space.[140][144][145][146] More recently, scientists found that the cosmic dust permeating the universe contains complex organic matter ("amorphous organic solids with a mixed aromatic-aliphatic structure") that could be created naturally, and rapidly, by stars.[147][148][149] As one of the scientists noted, "Coal and kerogen are products of life and it took a long time for them to form ... How do stars make such complicated organics under seemingly unfavorable conditions and [do] it so rapidly?"[147] Further, the scientist suggested that these compounds may have been related to the development of life on earth and said that, "If this is the case, life on Earth may have had an easier time getting started as these organics can serve as basic ingredients for life."[147]

In 2000, Jes Jørgensen and Jan M. Hollis from the Copenhagen University, reported that in the star-forming region near the center of our galaxy they found glycolaldehyde – the first evidence of an interstellar sugar molecule.[150] Then, in August 29, 2012, the same team reported the detection of glycolaldehyde in a distant star system. The molecule was found around the protostellar binary IRAS 16293-2422, which is located 400 light years from Earth.[151][152] Glycolaldehyde is needed to form ribonucleic acid, or RNA, which is similar in function to DNA. These findings suggest that complex organic molecules may form in stellar systems prior to the formation of planets, eventually arriving on young planets early in their formation.[153] Because sugars are associated with both metabolism and the genetic code, two of the most basic aspects of life, it is rationalized the discovery of any sugar in space would increase the likelihood that life may exist elsewhere in our galaxy.[150]

On April 3, 2013, NASA reported that complex organic chemicals could arise on Titan, a moon of Saturn, based on studies simulating the atmosphere of Titan.[154]

 Lipid world

Main article: Gard model
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Self-organization of phospholipids: a spherical liposome, a micelle, and a bilayer sheet





The lipid world theory postulates that the first self-replicating object was lipid-like.[155][156] It is known that phospholipids form lipid bilayers in water while under agitation – the same structure as in cell membranes. These molecules were not present on early Earth, but other amphiphilic long chain molecules also form membranes. Furthermore, these bodies may expand (by insertion of additional lipids), and under excessive expansion may undergo spontaneous splitting which preserves the same size and composition of lipids in the two progenies. The main idea in this theory is that the molecular composition of the lipid bodies is the preliminary way for information storage, and evolution led to the appearance of polymer entities such as RNA or DNA that may store information favorably. Studies on vesicles from potentially prebiotic amphiphiles have so far been limited to systems containing one or two types of amphiphiles. This in contrast to the output of simulated prebiotic chemical reactions, which typically produce very heterogeneous mixtures of compounds.[157] Within the hypothesis of a lipid bilayer membrane composed of a mixture of various distinct amphiphilic compounds there is the opportunity of a huge number of theoretically possible combinations in the arrangements of these amphiphiles in the membrane. Among all these potential combinations, a specific local arrangement of the membrane would have favored the constitution of an hypercycle,[158][159] according to the terminology by Manfred Eigen, actually a positive feedback composed of two mutual catalysts represented by a membrane site and a specific compound trapped in the vesicle. Such site/compound pairs are transmissible to the daughter vesicles leading to the emergence of distinct lineages of vesicles which would have allowed Darwinian natural selection.[160]


 Polyphosphates

The problem with most scenarios of abiogenesis is that the thermodynamic equilibrium of amino acid versus peptides is in the direction of separate amino acids. What has been missing is some force that drives polymerization. The resolution of this problem may well be in the properties of polyphosphates.[161][162] Polyphosphates are formed by polymerization of ordinary monophosphate ions PO4−3. Several mechanisms for such polymerization have been suggested. Polyphosphates cause polymerization of amino acids into peptides. They are also logical precursors in the synthesis of such key biochemical compounds as ATP. A key issue seems to be that calcium reacts with soluble phosphate to form insoluble calcium phosphate (apatite), so some plausible mechanism must be found to keep calcium ions from causing precipitation of phosphate. There has been much work on this topic over the years, but an interesting new idea is that meteorites may have introduced reactive phosphorus species on the early Earth.[163]

 PAH world hypothesis

Main article: PAH world hypothesis

Other sources of complex molecules have been postulated, including extraterrestrial stellar or interstellar origin. For example, from spectral analyses, organic molecules are known to be present in comets and meteorites. In 2004, a team detected traces of polycyclic aromatic hydrocarbons (PAHs) in a nebula.[164] More recently, in 2010, another team also detected PAHs, along with fullerenes (or "buckyballs"), in nebulae.[165] PAHs are the most complex molecules so far found in space. The use of PAHs has also been proposed as a precursor to the RNA world in the PAH world hypothesis.[citation needed] The Spitzer Space Telescope has recently detected a star, HH 46-IR, which is forming by a process similar to that by which the sun formed. In the disk of material surrounding the star, there is a very large range of molecules, including cyanide compounds, hydrocarbons, and carbon monoxide. PAHs have also been found all over the surface of galaxy M81, which is 12 million light years away from the Earth, confirming their widespread distribution in space.[166] In September 2012, NASA scientists reported that PAHs, subjected to interstellar medium (ISM) conditions, are transformed, through hydrogenation, oxygenation and hydroxylation, to more complex organics - "a step along the path toward amino acids and nucleotides, the raw materials of proteins and DNA, respectively".[167][168] Further, as a result of these transformations, the PAHs lose their spectroscopic signature which could be one of the reasons "for the lack of PAH detection in interstellar ice grains, particularly the outer regions of cold, dense clouds or the upper molecular layers of protoplanetary disks."[167][168]

 Multiple genesis

Different forms of life may have appeared quasi-simultaneously in the early history of Earth.[169] The other forms may be extinct, leaving distinctive fossils through their different biochemistry (e.g., using arsenic instead of phosphorus), survive as extremophiles, or simply be unnoticed through their being analogous to organisms of the current life tree. Hartman[170] for example combines a number of theories together, by proposing that:


The first organisms were self-replicating iron-rich clays which fixed carbon dioxide into oxalic and other dicarboxylic acids. This system of replicating clays and their metabolic phenotype then evolved into the sulfide rich region of the hotspring acquiring the ability to fix nitrogen. Finally phosphate was incorporated into the evolving system which allowed the synthesis of nucleotides and phospholipids. If biosynthesis recapitulates biopoiesis, then the synthesis of amino acids preceded the synthesis of the purine and pyrimidine bases. Furthermore the polymerization of the amino acid thioesters into polypeptides preceded the directed polymerization of amino acid esters by polynucleotides.



Lynn Margulis's endosymbiotic theory suggests that multiple forms of archea entered into symbiotic relationship to form the eukaryotic cell. The horizontal transfer of genetic material between archea promotes such symbiotic relationships, and thus many separate organisms may have contributed to building what has been recognised as the Last Universal Common Ancestor (LUCA) of modern organisms.
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Hypothetical types of biochemistry are forms of biochemistry speculated to be scientifically viable but not proven to exist at this time. While the kinds of living beings we know on Earth commonly use carbon for basic structural and metabolic functions, water as a solvent and DNA or RNA to define and control their form, it may be possible that undiscovered life-forms could exist that differ radically in their basic structures and biochemistry from that known to science.

The possibility of extraterrestrial life being based on these "alternative" biochemistries is a common subject in science fiction, but is also discussed in a non-fiction scientific context.
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 Scientists who have considered this topic

Scientists who have considered possible alternatives to carbon-water biochemistry include:


	J.B.S. Haldane (1892 to 1964), a geneticist noted for his work on abiogenesis.[1]

	V.Axel Firsoff (1910 to 1981), British astronomer.[2]

	Peter Sneath (1923 to 2011), microbiologist, author of the book Planets and Life.[3]

	The physicist Gerald Feinberg (1933-1992) and the chemist Robert Shapiro (1935-2011), co-authors of the book Life Beyond Earth.[4][5]

	The American chemist George Pimentel of the University of California, Berkeley.[6]

	Isaac Asimov, biochemist and science fiction writer.[7]

	Carl Sagan, astronomer.[6]

	Robert A. Freitas Jnr, specialist in nano-technology and nano-medicine; author of the book Xenology.[8][9]

	The Cambridge biologist William Bains, a contributor to the journal Astrobiology.[10]

	John Baross, oceanographer and astrobiologist, who chaired a committee of scientists under the United States National Research Council which in 2007 published a report on life's limiting conditions.[11] The report addresses the concern that a space agency might conduct a well-resourced search for life on other worlds "and then fail to recognize it if it is encountered".[12]



 Earth as a possible habitat

Apart from the prospect of finding different forms of life on other planets or moons, Earth itself has been suggested as a place where a shadow biosphere of biochemically unfamiliar micro-organisms may have lived in the past, or may still exist today.[13][14]

 Alternative-chirality biomolecules
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Perhaps the least unusual alternative biochemistry would be one with differing chirality of its biomolecules. In known Earth-based life, amino acids are almost universally of the L form and sugars are of the D form. Molecules of opposite chirality have identical chemical properties to their mirrored forms, so life that used D amino acids or L sugars may be possible; molecules of such a chirality, however, would be incompatible with organisms using the opposing chirality molecules. It is questionable, however, whether such a biochemistry would be truly alien; while it is certainly an alternative stereochemistry, molecules that are overwhelmingly found in one enantiomer throughout the vast majority of organisms can nonetheless often be found in another enantiomer in different (often basal) organisms such as in comparisons between members of Archea and other domains,[citation needed] making it an open topic whether an alternative stereochemistry is truly novel.

 Non-carbon-based biochemistries
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On Earth, all living things have a molecular machinery of carbon compounds. Scientists have speculated about the pros and cons of using atoms other than carbon to form the molecular structures necessary for life, but no one has proposed a theory employing such atoms to form all the necessary structures. However, as Carl Sagan argued, it is very difficult to be certain whether a statement that applies to all life on Earth will turn out to apply to all life throughout the universe.[15] Sagan used the term "carbon chauvinism" for such an assumption.[16] Carl Sagan regarded silicon and germanium as conceivable alternatives to carbon;[16] but, on the other hand, he noted that carbon does seem more chemically versatile and is more abundant in the cosmos.[17]

 Silicon biochemistry
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The structure of silane, the silicon-based analogue of methane.





See also: organosilicon

The most commonly proposed basis for an alternative biochemical system is the silicon atom, since silicon has many chemical properties similar to carbon and is in the same periodic table group, the carbon group. Like carbon, silicon can create molecules that are sufficiently large to carry biological information.[18]

However, silicon has several drawbacks as a carbon alternative. Silicon, unlike carbon, lacks the ability to form chemical bonds with diverse types of atoms necessary for the chemical versatility required for metabolism. Elements creating organic functional groups with carbon include hydrogen, oxygen, nitrogen, phosphorus, sulfur, and metals such as iron, magnesium, and zinc. Silicon, on the other hand, interacts with very few other types of atoms.[18] Moreover, where it does interact with other atoms, silicon creates molecules that have been described as "monotonous compared with the combinatorial universe of organic macromolecules".[18] This is because silicon atoms are much bigger, having a larger mass and atomic radius, and so have difficulty forming double bonds (the double bonded carbon is part of the carbonyl group, a fundamental motif of bio-organic chemistry).

Silanes, which are chemical compounds of hydrogen and silicon that are analogous to the alkane hydrocarbons, are highly reactive with water, and long-chain silanes spontaneously decompose. Molecules incorporating polymers of alternating silicon and oxygen atoms instead of direct bonds between silicon, known collectively as silicones, are much more stable. It has been suggested that silicone-based chemicals would be more stable than equivalent hydrocarbons in a sulfuric-acid-rich environment, as is found in some extraterrestrial locations.[19] Complex long-chain silicone molecules are still less stable than their carbon counterparts, though.

Another obstacle is that silicon dioxide (a common ingredient of many sands), the analog of carbon dioxide, is a non-soluble solid at the temperature range where water is liquid, making it difficult for silicon to be introduced into water-based biochemical systems even if the necessary range of biochemical molecules could be constructed out of it. Another problem with silicon dioxide is that it would be the product of aerobic respiration. If a silicon-based life form were to breathe using oxygen, as life on Earth does, it would possibly produce silicon dioxide as a by-product of this, assuming that the only difference between the two types of life is silicon in place of carbon. This implies that the exhaled product, silicon dioxide, would be a solid, thus filling the respiratory organs of the organism with sand. This however would be solved if the organism lives in temperatures of several hundred to thousand degrees, where the silicon dioxide becomes a liquid. Oxygen-breathing silicon life, if it exists, is therefore most likely to exist in environments with very high temperatures or pressure.

Finally, of the varieties of molecules identified in the interstellar medium as of 1998[update], 84 are based on carbon while only 8 are based on silicon.[20] Moreover, of those 8 compounds, four also include carbon within them. The cosmic abundance of carbon to silicon is roughly 10 to 1. This may suggest a greater variety of complex carbon compounds throughout the cosmos, providing less of a foundation upon which to build silicon-based biologies, at least under the conditions prevalent on the surface of planets. Somewhat in support, in September 2012, NASA scientists reported that polycyclic aromatic hydrocarbons (PAHs), subjected to interstellar medium (ISM) conditions, are transformed, through hydrogenation, oxygenation and hydroxylation, to more complex organics - "a step along the path toward amino acids and nucleotides, the raw materials of proteins and DNA, respectively".[21][22] (Further, as a result of these transformations, the PAHs lose their spectroscopic signature which could be one of the reasons "for the lack of PAH detection in interstellar ice grains, particularly the outer regions of cold, dense clouds or the upper molecular layers of protoplanetary disks."[21][22])

Also, even though Earth and other terrestrial planets are exceptionally silicon-rich and carbon-poor (the relative abundance of silicon to carbon in the Earth's crust is roughly 925:1[23]), terrestrial life is carbon-based. The fact that carbon, though rare, has proven to be much more successful as a life base than the much more abundant silicon, may be evidence that silicon is poorly suited for biochemistry on Earth-like planets. For example: silicon is less versatile than carbon in forming compounds; the compounds formed by silicon are unstable and it blocks the flow of heat.[24] Even so, biogenic silica is used by some Earth life, such as the silicate skeletal structure of diatoms. This suggests that extraterrestrial life forms may have silicon-based structure molecules and carbon-based proteins for metabolic purposes, therefore enabling the ability to feed on a common resource on a terrestrial planet like Earth for building up the silicon-based part of their body.

Silicon compounds may possibly be biologically useful under temperatures or pressures different from the surface of a terrestrial planet, either in conjunction with or in a role less directly analogous to carbon.

A. G. Cairns-Smith has proposed that the first living organisms to exist on Earth were clay minerals—which were probably based on silicon.[25]

In cinematic and literary science fiction, a moment when man-made machines cross from nonliving to living, it is often posited, this new form would be the first example of non-carbon-based life. Since the advent of the microprocessor in the late 1960s, these machines are often classed as computers (or computer-guided robots) and filed under "silicon-based life", even though the silicon backing matrix of these processors is not nearly as fundamental to their operation as carbon is for "wet life".

 Other exotic element-based biochemistries
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	Boron's chemistry is possibly even more variable than that of carbon, since it has the ability to form polyhedral clusters and three-center two-electron bonds. Boranes are dangerously explosive in Earth's atmosphere, but would be more stable in a reducing environment. However, boron's low cosmic abundance makes it less likely as a base for life than carbon.

	Various metals, together with oxygen, can form very complex and thermally stable structures rivaling those of organic compounds; the heteropoly acids are one such family. Some metal oxides are also similar to carbon in their ability to form both nanotube structures and diamond-like crystals (such as cubic zirconia). Titanium, aluminium, magnesium, and iron are all more abundant in the Earth's crust than carbon. Metal-oxide-based life could therefore be a possibility under certain conditions, including those (such as high temperatures) at which carbon-based life would be unlikely.

	Sulfur is also able to form long-chain molecules, but suffers from the same high-reactivity problems as phosphorus and silanes. The biological use of sulfur as an alternative to carbon is purely theoretical, especially because sulfur usually forms only linear chains rather than branched ones. (The biological use of sulfur as an electron acceptor is widespread and can be traced back 3.5 billion years on Earth, thus predating the use of molecular oxygen.[26] Sulfur-reducing bacteria can utilize elemental sulfur instead of oxygen, reducing sulfur to hydrogen sulfide.)



 Chlorine as an alternative to oxygen
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A number of alternatives to molecular oxygen as a terminal electron acceptor are known from anaerobic life forms on Earth. However, it has been proposed that chlorine might serve as a more general biological alternative to oxygen,[citation needed] either in carbon-based biologies or hypothetical non-carbon-based ones. But chlorine is much less abundant than oxygen in the universe, and so planets with a sufficiently chlorine-rich atmosphere are likely to be rare, if they exist at all. Chlorine will, instead, likely be bound up as salts and other inert compounds.

 Arsenic as an alternative to phosphorus

Further information: GFAJ-1

Arsenic, which is chemically similar to phosphorus, while poisonous for most life forms on Earth, is incorporated into the biochemistry of some organisms.[27] Some marine algae incorporate arsenic into complex organic molecules such as arsenosugars and arsenobetaines. Fungi and bacteria can produce volatile methylated arsenic compounds. Arsenate reduction and arsenite oxidation have been observed in microbes (Chrysiogenes arsenatis).[28] Additionally, some prokaryotes can use arsenate as a terminal electron acceptor during anaerobic growth and some can utilize arsenite as an electron donor to generate energy.

It has been speculated that the earliest life forms on Earth may have used arsenic in place of phosphorus in the backbone of their DNA.[29] A common objection to this scenario is that arsenate esters are so much less stable to hydrolysis than corresponding phosphate esters that arsenic would not be suitable for this function.[30]

The authors of a 2010 geomicrobiology study, supported in part by NASA, have postulated that a bacterium, named GFAJ-1, collected in the sediments of Mono Lake in eastern California, can employ such 'arsenic DNA' when cultured without phosphorus.[31][32] They proposed that the bacterium may employ high levels of poly-β-hydroxybutyrate or other means to reduce the effective concentration of water and stabilize its arsenate esters.[32] This claim was heavily criticized almost immediately after publication for the perceived lack of appropriate controls[33][34] Science writer Carl Zimmer contacted several scientists for an assessment: "I reached out to a dozen experts ... Almost unanimously, they think the NASA scientists have failed to make their case".[35] Other authors were unable to reproduce their results and showed that the NASA scientists had issues with phosphate contamination (3 microM), which could sustain extremophile lifeforms.[36]

 Selenium or tellurium as an alternative to protein sulfur
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Some organisms are already known to feature selenoproteins, in which sulfur is replaced by selenium. Some fungi also can produce telluro-methionine and telluro-cysteine. Selenomethionine is commonly included in media used to culture transformed bacteria for the purposes of X-ray diffraction studies of a protein target.

 Non-water solvents

In addition to carbon compounds, all currently known terrestrial life also requires water as a solvent. This has led to discussions about whether water is the only liquid capable of filling that role. The idea that an extraterrestrial life-form might be based on a solvent other than water has been taken seriously in recent scientific literature by the biochemist Steven Benner,[37] and by the astrobiological committee chaired by John A. Baross.[38] Solvents discussed by the Baross committee include ammonia,[39] sulfuric acid,[40] formamide,[41] hydrocarbons,[41] and (at temperatures much lower than Earth's) liquid nitrogen, or hydrogen in the form of a supercritical fluid.[42]

Carl Sagan once described himself as both a carbon chauvinist and a water chauvinist;[43] however on another occasion he said he was a carbon chauvinist but "not that much of a water chauvinist".[44] He considered hydrocarbons,[44] hydrofluoric acid,[45] and ammonia [44][45] as possible alternatives to water.

Some of the properties of water that are important for life processes include a large temperature range over which it is liquid, a high heat capacity (useful for temperature regulation), a large heat of vaporization, and the ability to dissolve a wide variety of compounds. Water is also amphoteric, meaning it can donate and accept an H+ ion, allowing it to act as an acid or a base. This property is crucial in many organic and biochemical reactions, where water serves as a solvent, a reactant, or a product. There are other chemicals with similar properties that have sometimes been proposed as alternatives. Additionally, water has the unusual property of being less dense as a solid (ice) than as a liquid. This is why bodies of water freeze over but do not freeze solid (from the bottom up). If ice were denser than liquid water (as is true for nearly all other compounds), then large bodies of liquid would slowly freeze solid, which would not be conducive to the formation of life.

Not all properties of water are necessarily advantageous for life, however.[46] For instance, water ice has a high albedo,[46] meaning that it reflects a lot of light and heat from the Sun. During ice ages, as reflective ice builds up over the surface of the water, the effects of global cooling are increased.[46]

There are some properties that make certain compounds and elements much more favorable than others as solvents in a successful biosphere. The solvent must be able to exist in liquid equilibrium over a range of temperatures the planetary object would normally encounter. Because boiling points vary with the pressure, the question tends not to be does the prospective solvent remain liquid, but at what pressure. For example, hydrogen cyanide has a narrow liquid phase temperature range at 1 atmosphere, but in an atmosphere with the pressure of Venus, with 92 bars (9.2 MPa) of pressure, it can indeed exist in liquid form over a wide temperature range.

 Ammonia
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Artist's conception of how a planet with ammonia-based life may look.





The ammonia molecule (NH3), like the water molecule, is abundant in the universe, being a compound of hydrogen (the simplest and most common element) with another very common element, nitrogen.[7] The possible role of liquid ammonia as an alternative solvent for life is an idea that goes back at least to 1954, when J.B.S. Haldane raised the topic at a symposium about life's origin.[1]

Numerous chemical reactions are possible in an ammonia solution, and liquid ammonia has chemical similarities with water.[7][47] Ammonia can dissolve most organic molecules at least as well as water does and, in addition, it is capable of dissolving many elemental metals. Haldane made the point that various common water-related organic compounds have ammonia-related analogs; for instance the ammonia-related amine group (-NH2) is analogous to the water-related alcohol group (-OH).[47]

Ammonia, like water, can either accept or donate an H+ ion. When ammonia accepts an H+, it forms the ammonium cation (NH4+), analogous to hydronium (H3O+). When it donates an H+ ion, it forms the amide anion (NH2−), analogous to the hydroxide anion (OH−).[39] Compared to water, however, ammonia is more inclined to accept an H+ ion, and less inclined to donate one; it is a stronger nucleophile.[39] Ammonia added to water functions as Arrhenius base: it increases the concentration of the anion hydroxide. Conversely, using a solvent system definition of acidity and basicity, water added to liquid ammonia functions as an acid, because it increases the concentration of the cation ammonium.[47] The carbonyl group (C=O), which is much used in terrestrial biochemistry, would not be stable in ammonia solution, but the analogous imine group (C=N) could be used instead.[39]

However, ammonia has some problems as a basis for life. The hydrogen bonds between ammonia molecules are weaker than those in water, causing ammonia's heat of vaporization to be half that of water, its surface tension to be a third, and reducing its ability to concentrate non-polar molecules through a hydrophobic effect. Gerald Feinberg and Robert Shapiro have questioned whether ammonia could hold prebiotic molecules together well enough to allow the emergence of a self-reproducing system.[48] Ammonia is also flammable in oxygen, and could not exist sustainably in an environment suitable for aerobic metabolism.[49]
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Titan's theorized internal structure, subsurface ocean shown blue.





A biosphere based on ammonia would likely exist at temperatures or air pressures that are extremely unusual in relation to life on Earth. Life on Earth usually exists within the melting point and boiling point of water at normal pressure, between 0 °C (273 K) and 100 °C (373 K); at normal pressure ammonia's melting and boiling points are between −78 °C (195 K) and −33 °C (240 K). Chemical reactions generally proceed more slowly at a lower temperature, therefore liquid-ammonia life, if it exists, might metabolize more slowly and evolve more slowly than life on Earth.[49] On the other hand, lower temperatures could also enable living systems to use chemical species which at Earth temperatures would be too unstable to be useful.[7]

Ammonia could be a liquid at Earth-like temperatures, but at much higher pressures; for example, at 60 atm, ammonia melts at −77 °C (196 K) and boils at 98 °C (371 K).[39]

Ammonia and ammonia–water mixtures remain liquid at temperatures far below the freezing point of pure water, so such biochemistries might be well suited to planets and moons orbiting outside the water-based habitability zone. Such conditions could exist, for example, under the surface of Saturn's largest moon Titan.[50]

 Methane and other hydrocarbons

Methane (CH4) is a simple hydrocarbon: that is, a compound of two of the most common elements in the cosmos, hydrogen and carbon. It has a cosmic abundance comparable with ammonia.[7] Hydrocarbons could act as a solvent over a wide range of temperatures, but would lack polarity. Isaac Asimov, the biochemist and science fiction writer, suggested in 1981 that poly-lipids could form a substitute for proteins in a non-polar solvent such as methane.[7] Lakes composed of a mixture of hydrocarbons, including methane and ethane, have been detected on Titan by the Cassini spacecraft.
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Titan's surface lakes of liquid methane and ethane. False-color Cassini radar mosaic of Titan's north polar region. Blue coloring indicates low radar reflectivity, caused by the lakes.





There is debate about the effectiveness of methane and other hydrocarbons as a medium for life compared to water or ammonia.[51] Water is a stronger solvent than the hydrocarbons, enabling easier transport of substances in a cell.[52] However, water is also more chemically reactive, and can break down large organic molecules through hydrolysis.[51] A life-form whose solvent was a hydrocarbon would not face the threat of its biomolecules being destroyed in this way.[51] Also, the water molecule's tendency to form strong hydrogen bonds can interfere with internal hydrogen bonding in complex organic molecules.[46] Life with a hydrocarbon solvent could make more use of hydrogen bonds within its biomolecules.[51] Moreover, the strength of hydrogen bonds within biomolecules would be appropriate to a low temperature biochemistry.[51]

Astrobiologist Chris McKay has argued, on thermodynamic grounds, that if life does exist on Titan's surface, using hydrocarbons as a solvent, it is likely also to use the more complex hydrocarbons as an energy source by reacting them with hydrogen, reducing ethane and acetylene to methane.[53] Possible evidence for this form of life on Titan was identified in 2010 by Darrell Strobel of Johns Hopkins University; a greater abundance of molecular hydrogen in the upper atmospheric layers of Titan compared to the lower layers, arguing for a downward diffusion at a rate of roughly 1025 molecules per second and disappearance of hydrogen near Titan's surface. As Strobel noted, his findings were in line with the effects Chris McKay had predicted if methanogenic life-forms were present.[52][53][54] The same year, another study showed low levels of acetylene on Titan's surface, which were interpreted by Chris McKay as consistent with the hypothesis of organisms reducing acetylene to methane.[52] While restating the biological hypothesis, McKay cautioned that other explanations for the hydrogen and acetylene findings are to be considered more likely: the possibilities of yet unidentified physical or chemical processes (e.g., a non-living surface catalyst enabling acetylene to react with hydrogen), or flaws in the current models of material flow.[55] He noted that even a non-biological catalyst, effective at 95 Kelvin, would in itself be a startling discovery.[55]

(While Mars is not known to have liquid methane, methane gas in its atmosphere is of astrobiological interest as a substance that might be produced by living organisms.[56] See Life on Mars (planet).)

 Hydrogen fluoride

Hydrogen fluoride (HF), like water, is a polar molecule, and due to its polarity it can dissolve many ionic compounds. Its melting point is −84 °C and its boiling point is 19.54 °C (at atmospheric pressure); the difference between the two is a little more than 100 K. HF also makes hydrogen bonds with its neighbor molecules, as do water and ammonia. It has been considered as a possible solvent for life by scientists such as Peter Sneath[3] and Carl Sagan.[45]

The biota in an HF ocean could use the fluorine as an electron acceptor to photosynthesize energy. HF is dangerous to the systems of molecules that Earth-life is made of, but certain other organic compounds, such as paraffin waxes, are stable with it.[45] Like water and ammonia, liquid hydrogen fluoride supports an acid-base chemistry. Using a solvent system definition of acidity and basicity, nitric acid functions as a base when it is added to liquid HF.[57]

However, hydrogen fluoride, unlike water, ammonia and methane, is cosmically rare.[58]

 Other solvents or cosolvents
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Model of sulfuric acid molecule (H2SO4).





Other solvents sometimes proposed:


	Simple hydrogen compounds: hydrogen sulfide,[59] hydrogen chloride,[59]

	More complex compounds: sulfuric acid,[40] formamide,[41] methanol,[59]

	Very-low-temperature fluids: liquid nitrogen,[42] hydrogen in the form of a supercritical fluid.[42]



Hydrogen sulfide is the closest chemical analog to water,[60] but is less polar and a weaker inorganic solvent.[61] Hydrogen sulfide and hydrogen chloride are cosmically rarer than water and ammonia.[62]

Sulfuric acid in liquid form is strongly polar. It is known to be abundant in the clouds of Venus, in the form of as aerosol droplets. In a biochemistry that used sulfuric acid as a solvent, the alkene group (C=C), with two carbon atoms joined by a double bond, could function analogously to the carbonyl group (C=O) in water-based biochemistry.[40]

A proposal has been made that life on Mars may exist and be using a mixture of water and hydrogen peroxide as its solvent.[63] A 61.2% (by weight) mix of water and hydrogen peroxide has a freezing point of −56.5 °C, and also tends to super-cool rather than crystallize. It is also hygroscopic, an advantage in a water-scarce environment.[64][65]

 Other types of speculations

 Non-green photosynthesizers

Physicists have noted that, while photosynthesis on Earth generally involves green plants, a variety of other colored plants could also support photosynthesis, essential for most life on Earth, and that other colors might be preferred in places that receive a different mix of stellar radiation than that received on Earth.[66][67] These studies indicate that, while blue photosynthetic plants would be unlikely (because absorbed blue light provides some of the highest photosynthetic yields in the light spectrum[citation needed]), yellow or red plants are plausible. These conclusions are, in part, based on the luminosity spectra of different types of stars, the transmission characteristics of hypothetical planetary atmospheres, and the absorption spectra of various photosynthetic pigments from organisms on Earth.

 Alternative atmospheres
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The gases present in the atmosphere on Earth have varied greatly over its history. Traditional plant photosynthesis transformed the atmosphere by sequestering carbon from carbon dioxide, increasing the proportion of molecular oxygen, and by participating in the nitrogen cycle. Modern oxygen breathing animals would have been biochemically impossible until earlier photosynthetic life transformed Earth's atmosphere. The first dramatic rise in atmospheric oxygen on Earth, to about a tenth of its present-day value, occurred approximately 2.5 billion years ago, and that level did not change significantly until the Cambrian era approximately 600 million years ago.[68]

Changes in the gas mixture in the atmosphere, even in an atmosphere made up predominantly of the same molecules of Earth's atmosphere, impacts the biochemistry and morphology of life. For example, periods of high oxygen concentrations (determined from ice core samples) have been associated with fauna of a larger scale in the fossil record, while periods of low oxygen concentrations have been associated with fauna of a smaller scale in the fossil record.[69]

Also, while it is customary to think of plants on one side of the oxygen and nitrogen cycles as being sessile, and of animals on the other side as being motile, this is not a biological imperative[citation needed]. There are animals which are sessile for all or most of their lives (such as corals), and there are plants (such as tumbleweeds, and venus fly traps) that exhibit more mobility than is customarily associated with plants. On a slowly rotating planet, for example, it might be adaptive for photosynthesis to be performed by "plants" that can move to remain in the light,[citation needed] like Earth's sunflowers; while non-photosynthetic "animals", much like Earth's fungi, might have a lesser need to move from place to place on their own. This would be a mirror image of Earth's ecology.

 Variable environments
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Many Earth plants and animals undergo major biochemical changes during their life cycles as a response to changing environmental conditions, for example, by having a spore or hibernation state that can be sustained for years or even millennia between more active life stages. Thus, it would be biochemically possible to sustain life in environments that are only periodically consistent with life as we know it.[citation needed]

For example, frogs in cold climates can survive for extended periods of time with most of their body water in a frozen state,[70] whereas desert frogs in Australia can become inactive and dehydrate in dry periods, losing up to 75% of their fluids, yet return to life by rapidly rehydrating in wet periods.[71] Either type of frog would appear biochemically inactive (i.e. not living) during dormant periods to anyone lacking a sensitive means of detecting low levels of metabolism.[citation needed]

 Nonplanetary life

 Dust and plasma-based

In 2007, V. N. Tsytovich and colleagues proposed that lifelike behaviors could be exhibited by dust particles suspended in a plasma, under conditions that might exist in space.[72][73] Computer models showed that, when the dust became charged, the particles could self-organize into microscopic helical structures capable of replicating themselves, interacting with other neighboring structures, and evolving into more stable forms. Similar forms of life were described in Fred Hoyle's classic novel The Black Cloud.

 Usage in fiction

In the realm of science fiction, there have occasionally been forms of life proposed that, while often highly speculative and unsupported by rigorous theoretical examination, are nevertheless interesting and in some cases even plausible.

In Arthur C. Clarke's short story "Technical Error", there is an example of differing chirality. This is not a case of alien life, rather it is an accident. The concept of reversed chirality also figured prominently in the plot of James Blish's Star Trek novel Spock Must Die!, where a transporter experiment gone awry ends up creating a duplicate Spock who turns out to be a perfect mirror-image of the original all the way down to the atomic level.

An example of silicon based life forms takes place in the Alan Dean Foster novel Sentenced to Prism in which the protagonist, Evan Orgell, is trapped on a planet whose entire ecosystem is mostly silicon-based.

Perhaps the most extreme example in science fiction is James White's Sector General: a series of novels and short stories about multienvironment hospital for the strangest life-forms imaginable, some of them breathing methane, chlorine, water and sometimes also oxygen. Some of the species directly metabolise hard radiation and their environment doesn't differ much from the atmosphere of a star, while others live in near absolute zero temperatures. All life forms are classified according to their metabolism, internal and external features, and more extreme abilities (telepathy, empathy, hive mind, etc.) with four letter codes.

One of the major sentient species in Terry Pratchett's Discworld universe are the "Earth"-based (ranging from Detritus to Diamond) Trolls. Fred Hoyle's classic novel The Black Cloud features a life form consisting of a vast cloud of interstellar dust, the individual particles of which interact via electromagnetic signalling analogous to how the individual cells of multicellular terrestrial life interact.

Outside of science-fiction, life in interstellar dust has been proposed as part of the panspermia hypothesis. The low temperatures and densities of interstellar clouds would seem to imply that life processes would operate much more slowly there than on Earth. Inorganic dust-based life has been speculated upon based on recent computer simulations.[73] Similarly, Arthur C. Clarke's "Crusade" revolves around a planetwide life-form based on silicon and superfluid helium located in deep intergalactic space, processing its thoughts slowly by human standards, that sends probes to look for similar life in nearby galaxies. It concludes that it needs to make planets more habitable for similar life-forms, and sends out other probes to foment supernovae to do so.

Robert L. Forward's Camelot 30K describes an ecosystem on the surface of Kuiper belt objects that is based on a fluorocarbon chemistry with OF2 as the principal solvent instead of H2O. The organisms in this ecology keep warm by secreting a pellet of uranium-235 inside themselves and then moderating its nuclear fission using a boron-rich carapace around it. Kuiper belt objects are known to be rich in organic compounds, such as tholins, so some form of life existing on their surfaces is not entirely implausible–though perhaps not going so far as to develop natural internal nuclear reactors, as have Forward's. In Forward's Rocheworld series, an Earth-like biochemistry is proposed that uses a mixture of water and ammonia as its solvent. In Dragon's Egg and Starquake, Forward proposes life on the surface of a neutron star utilizing "nuclear chemistry" in the degenerate matter crust. Since such life utilised strong nuclear forces instead of electromagnetic interactions, it was posited that life might function millions of times faster than typical on Earth.

Gregory Benford and David Brin's Heart of the Comet features a comet with a conventional carbon-and-water-based ecosystem that becomes active near the perihelion when the Sun warms it. Brin's own novel Sundiver is an example of science fiction proposing a form of life existing within the plasma atmosphere of a star using complex self-sustaining magnetic fields. Gregory Benford had a form of plasma-based life exist in the accretion disk of a primordial black hole in his novel Eater. The suggestion that life could even occur within the plasma of a star has been picked up by other science fiction writers, as in David Brin's Uplift Saga or Frederik Pohl's novel The World at the End of Time. The idea is that places where reactions occur–even an incredible environment as a star–presents a possible medium for some chain of events that could produce a system able to replicate.

The Outsiders in Larry Niven's Known Space universe are cryogenic creatures based on liquid helium. They derive thermoelectric energy from a temperature gradient by basking half their body in sunlight, keeping the other half in shadow and exposed to interstellar vacuum.

Stephen Baxter has, perhaps, imagined some of the most unusual exotic life-forms in his Xeelee series of novels and stories, including supersymmetric photino-based life that congregate in the gravity wells of stars, entities composed of quantum wave functions, and the Qax, who thrive in any form of convection cells, from swamp gas to the atmospheres of gas giants. In his book Manifold: Space, he also proposes natural robots, life forms made of iron, called the Gaijin, evolving from creatures in oceans of iron carbonyl.

In his novel Diaspora, Greg Egan posits entire virtual universes implemented on Turing Machines encoded by Wang Tiles in gargantuan polysaccharide 'carpets.' The sentient ocean that covers much of the surface of Solaris in Stanislaw Lem's eponymous novel also seems, from much of the fictional research quoted and discussed in the book, to be based on some element other than carbon. In the same novel, Egan describes lifeforms in the 6-D 'macrosphere' that use a collapsed atom chemistry with energetic processes of the same order as nuclear reactions, due to the peculiarities of higher dimensional physics.

In her novel Brain Plague, Joan Slonczewski describes a species of intelligent microrganisms with arsenic based chemistries that live symbiotically with human hosts.

Sergeant Schlock is one of the lead characters in the webcomic Schlock Mercenary. His species, Carbosilicate Amorphs, evolved from self-repairing distributed data storage devices and, as such, redundantly distribute their 'brain' throughout their body. They are highly resistant to hard vacuum, explosive decompression, projectile weapons, chemical-based explosives, and dismemberment. Their only specialty organ is their eyes, which they harvest as fruit from the Ghanj-Rho eye-tree on their home planet. While the Amorphs have the ability to move fast, quietly,[74] and sprout appendages at will, they excel at 'closer-than-melee-range combat, primarily "meme-toxins" against other Amorphs.

Alien warriors recruited by the god Klael in David Eddings' "Tamuli" trilogy are noted by their human opponents to breathe marsh-gas (methane). Within Eddings' universe, this limits their capacity for exertion in an oxygen atmosphere, and also determines the tactics used to fight them and eventually to destroy them in their encampments.

The eponymous organism in Michael Crichton's The Andromeda Strain is described as reproducing via the direct conversion of energy into matter.

 Star Trek
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A Horta, a fictional silicon-based life-form in the Star Trek universe.





A well-known example of a non–carbon-based life-form in science fiction is the Horta in the original Star Trek episode "Devil in the Dark". A highly intelligent silicon-based creature made almost entirely of pure rock, it tunnels through rock as easily as humans move through air. The entire species dies out every 50,000 years except for one who tends the eggs, which take the form of silicon nodules scattered throughout the caverns and tunnels of its home planet, Janus VI. The inadvertent destruction of many of these eggs by a human mining colony led the mother Horta to respond by killing the colonists and sabotaging their equipment; it was only through a Vulcan mind meld that the race's benevolence and intelligence were discovered and peaceful relations established.

Star Trek would later offer other corporeal life-forms with an alternative biochemistry. The Tholians of "The Tholian Web" are depicted and described, in that episode and later in the Star Trek: Enterprise episode "In a Mirror, Darkly" as being primarily of mineral-based composition and thriving only in superheated conditions. Another episode from TOS's third season, "The Savage Curtain", depicted another rock creature called an Excalbian, which is believed in fanon to also have been silicon-based.[75]' [76]

In Star Trek: The Next Generation, the Crystalline Entity appeared in two episodes, "Datalore" and "Silicon Avatar". This was an enormous spacefaring crystal lattice that had taken thousands of lives in its quest for energy. It may have been unaware of this, however, but it was destroyed before communications could be established at a level sufficient to ascertain it. In another episode, "Home Soil", intelligent crystals that formed a "microbrain" were discovered during a terraforming mission, and they described the humans they encountered as "ugly bags of mostly water."

"The Disease", an episode of Star Trek: Voyager featured some artificially engineered silicon-based parasites, and an Enterprise episode, "Observer Effect", also presented a lethal silicon-based virus. In another Voyager episode, "Hope and Fear", a xenon-based life-form was mentioned. In the Enterprise episode "The Communicator", an alien species is encountered whose blood chemistry, while not explicitly stated, is sufficiently different from terrestrial organisms that it is not red and iron is toxic to it. Various Star Trek series also had episodes featuring photonic lifeforms.

 Star Wars

In the Star Wars movie The Empire Strikes Back, two life-forms were encountered by the characters that were non-carbon based entities. Although details of their physiology were not mentioned on screen, the space slug, (a giant worm-like creature that lived on asteroids in the vacuum of space),[77][78] and the Mynock, (pesky bat-like vermin that would attach to spaceship hulls and chew through power conduits to feed off the raw energy),[79][80] are said to be silicon-based organisms in Star Wars Expanded Universe sources. Also from The Empire Strikes Back, the bounty hunter Zuckuss is a member of the Gand race, an ammonia-based life-form. However, it is worth noting that the Gand are divided into two subspecies, only one of which breathes at all, the other drawing all their required sustenance from food intake and producing speech by essentially modulated flatulence.

Appearing only in the Star Wars Expanded Universe is the spice spider of Kessel, a creature made of glitterstim spice and silicon that spun crystalline webs harvested by miners as glitterstim spice, an illegal psychoactive narcotic. The spider used the webs to catch bogeys, tiny energy creatures that it consumed for energy.[81][82]

 Other film and television


	In the movie The Monolith Monsters (1957), a silicon meteor reproduces, draining silicates from everything it touches. It needs water to start its cycle and contains molecular structures typical of many kinds of rocks, mixed together. A geologist says that its structure is nearly impossible. The meteor is killed by salt water, which can stop the cycle.

	On the Island of Terror (1966), silicon based life-forms are created accidentally by scientists while researching a cure for cancer. The "Silicates" are not pretty, they feed on bones (human or otherwise) and they can reproduce by mitosis. Not much to say about the scientific side though, since the survivors ignore how the creatures are exactly made of. They eventually use a very 60's way to defeat them.

	In Firewalker, a second-season episode of The X-Files, a silicon-based plant that infects humans parasitically through its spores is discovered living deep in a volcano.

	Also from The X-Files, the first-season episode "Ice" deals with an ammonia-based vermiform parasite.

	A key plot point in the comedy Evolution involves nitrogen-based life forms, and using selenium-based shampoo to poison them (with the bonus of a product placement for Head & Shoulders).

	In the Stargate SG-1 fourth season episode "Scorched Earth", a Human society known as the Enkarans are threatened on their new homeworld by an alien ship that is terraforming the planet to be suitable for the sulfur-based Gadmeer species.

	In the Stargate Atlantis fifth season episode "Remnants", a device is found whose purpose was to seed a planet with silicon-based life.

	In Ben 10, both the Omnitrix alien Diamondhead and the alien bounty hunter Tetrax Shard are members of the Petrosapien species, which are a form of silicon-based life. Other silicon-based lifeforms on the show include the Omnitrix aliens Chromostone (who is crystalline), and Echo Echo and Upgrade (who are both biomechanical). Other member's of Upgrade's species have appeared, including the shape-shifting "Ship," a pet of Ben's girlfriend, Julie.

	Indiana Jones and the Kingdom of the Crystal Skull (2008) introduces thirteen "extra dimensional beings" with crystal skeletons, who founded a city that became the basis of the El Dorado myth. Though their flesh has died and rotted away, their minds still live on within their skeletons, which communicate telepathically.

	The episode "The Stones of Blood", of the 16th season of Doctor Who, the Fourth Doctor encounters the Ogri, a silicon-based life form, and in the same sub-plot, the Megara, who are made entirely out of an unknown substance, possibly energy, and they uphold the word of the law, and execute all who break the law with a beam of energy.

	in Doctor Who's first series after its revival, episodes 4-5 and 11 featured the alien Slitheen family of the planet Raxicoricofallapatorius, which were said to be Calcium-based life forms, causing them to be blown up in contact with vinegar. The Slitheen family also reappeared in several episodes in The Sarah Jane Adventures series, as well as cameo appearances in later Doctor who Episodes.

	In the anime movie Mobile Suit Gundam 00 the Movie: A Wakening of the Trailblazer, there is a race of techno-organic sentient lifeform named ELS (Extraterrestrial Living-Metal Shape-Shifters).



 Computer and video games

In the Command & Conquer real-time strategy games, both the gameplay and storyline revolve heavily around the introduction to Earth, via meteor, of the extraterrestrial mutagen Tiberium, which displays strikingly lifelike behaviours, such as self-replication, evolution, and homeostasis, without undergoing anything like common carbon-based metabolic cycles, and which appears to be colonising the Earth, converting it into an environment unsuited to carbon-based biology. Earth creatures (such as animals, plants and even humans) exposed to Tiberium can either be killed because of the radiation or be transformed into Tiberium-based life-forms, to whom Tiberium radiation is curative rather than toxic. It is later revealed that Tiberium was introduced to Earth by the Scrin, an extremely advanced race of Tiberium-based aliens bent on mining the planet after the Tiberium deposits have reached maturity.

In the Halo franchise, the weak, low-ranking Grunts of the Covenant originate on a frozen exoplanet named Balaho, where methane is a primary constituent of the atmosphere, prevents the planet becoming even more frigid than it already is due to its distance from its parent star, and thus, Grunts have evolved to utilize the gas for respiration. Grunts are also shown to be able to use benzene as a recreational drug.

In the Master of Orion series of space strategy games, there exists an extraterrestrial race called Silicoids, whose appearance (and presumably composition) is similar to crystalline mineral structures. The game posits that this grants them immunity to the effects of hostile environments and pollution and they require no sustenance, at the expense of impeding their reproductive rate and their ability to interact with other intelligent species.

In the Metroid Prime series, Phazon is a highly radioactive, self-regenerating mineral with organic properties that is generated by the sentient planet Phaaze.

In Metroid Prime Hunters, Spire is a rock-like, silicon-based alien. He is the last Diamont (presumably a play on the word diamond, which is composed of carbon).

In the Submarine TITANS strategy game, the alien race in the game are called "the Silicons" because they are silicon-based life forms.

In the Star Control series, the Chenjesu, are hyperintelligent, peaceful silicon-based life-forms that were the backbone of the Alliance of Free Stars. Their crystalline biology apparently gives them the ability to send and receive hyperwave transmissions. Also, there are the Slylandro, who are gas beings residing in the upper atmosphere of a gas giant. As well, there are evidences of another silicon-based race, the Taalo who are described by the xenophobic Ur-Quan as the only race to have not awakened their territorial instincts. The Taalo were also immune to mind control.

In the game of Xenosaga, artificial life forms known as Realians have been created using silicon-based chemistry. They resemble humans in every aspect, except they are considered to be lower than humans on the social ladder.

In Mass Effect the alien Turians and Quarians, are both based on dextro-amino acids, as opposed to all the other sentient species of the galaxy based on levo-amino acids. There are also the Volus, an ammonia based species that must wear pressure suits to survive in environments suited to the other races.

In Spore, the Grox refer to the player and to other alien empires as "slow thinking carbon-based lifeforms" and "carbon wads", implying that the Grox (which are at least partly machine life) are not carbon-based. Also, the Grox can only exist on barren planets which cannot support other life, and when a planet is terraformed the Grox inhabiting it die immediately. The Grox seem to gather sustenance from the radiation from the galactic core, as the Grox colonies are larger the closer they are to the galactic core.

In Muv Luv, the BETA which calls itself the "higher/superior existence" says they were created by a silicon-based being simply called "The Creator". As such, they don't consider any non-silicon-based creature to be alive, not even themselves. Its reasoning was that only silicon-based beings occur naturally and have the ability to reproduce and disperse. When the human main character, Takeru, argues that humans also have the ability to reproduce and disperse, the higher existence says carbon too easily mingles with other elements and therefore it would be impossible for a carbon-based existence to have evolved on its own. Thus, humans must be other biological machines created by a life form just as the BETA are.
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Understanding planetary habitability is partly an extrapolation of the Earth's conditions, as this is the only planet currently known to support life.





Planetary habitability is the measure of a planet's or a natural satellite's potential to develop and sustain life. Life may develop directly on a planet or satellite or be transferred to it from another body, a theoretical process known as panspermia. As the existence of life beyond Earth is currently uncertain, planetary habitability is largely an extrapolation of conditions on Earth and the characteristics of the Sun and Solar System which appear favourable to life's flourishing—in particular those factors that have sustained complex, multicellular organisms and not just simpler, unicellular creatures. Research and theory in this regard is a component of planetary science and the emerging discipline of astrobiology.

An absolute requirement for life is an energy source, and the notion of planetary habitability implies that many other geophysical, geochemical, and astrophysical criteria must be met before an astronomical body can support life. In its astrobiology roadmap, NASA has defined the principal habitability criteria as "extended regions of liquid water, conditions favourable for the assembly of complex organic molecules, and energy sources to sustain metabolism."[1]
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In determining the habitability potential of a body, studies focus on its bulk composition, orbital properties, atmosphere, and potential chemical interactions. Stellar characteristics of importance include mass and luminosity, stable variability, and high metallicity. Rocky, terrestrial-type planets and moons with the potential for Earth-like chemistry are a primary focus of astrobiological research, although more speculative habitability theories occasionally examine alternative biochemistries and other types of astronomical bodies.

The idea that planets beyond Earth might host life is an ancient one, though historically it was framed by philosophy as much as physical science.[a] The late 20th century saw two breakthroughs in the field. The observation and robotic spacecraft exploration of other planets and moons within the Solar System has provided critical information on defining habitability criteria and allowed for substantial geophysical comparisons between the Earth and other bodies. The discovery of extrasolar planets, beginning in the early 1990s[2][3] and accelerating thereafter, has provided further information for the study of possible extraterrestrial life. These findings confirm that the Sun is not unique among stars in hosting planets and expands the habitability research horizon beyond the Solar System. In 1964 Stephen H. Dole estimated the number of habitable planets in our galaxy to be about 600 million.[4]

 Suitable star systems

An understanding of planetary habitability begins with stars. While bodies that are generally Earth-like may be plentiful, it is just as important that their larger system be agreeable to life. Under the auspices of SETI's Project Phoenix, scientists Margaret Turnbull and Jill Tarter developed the "HabCat" (or Catalogue of Habitable Stellar Systems) in 2002. The catalogue was formed by winnowing the nearly 120,000 stars of the larger Hipparcos Catalogue into a core group of 17,000 "HabStars," and the selection criteria that were used provide a good starting point for understanding which astrophysical factors are necessary to habitable planets.[5]

 Spectral class

The spectral class of a star indicates its photospheric temperature, which (for main-sequence stars) correlates to overall mass. The appropriate spectral range for "HabStars" is presently considered to be "early F" or "G", to "mid-K". This corresponds to temperatures of a little more than 7,000 K down to a little more than 4,000 K; the Sun, a G2 star, is well within these bounds. "Middle-class" stars of this sort have a number of characteristics considered important to planetary habitability:


	They live at least a few billion years, allowing life a chance to evolve. More luminous main-sequence stars of the "O", "B", and "A" classes usually live less than a billion years and in exceptional cases less than 10 million.[6][b]

	They emit enough high-frequency ultraviolet radiation to trigger important atmospheric dynamics such as ozone formation, but not so much that ionisation destroys incipient life.[7]

	Liquid water may exist on the surface of planets orbiting them at a distance that does not induce tidal locking (see next section and 3.2). K Spectrum stars may be able to support life for long periods, far longer than the Sun.[8]



This spectral range probably accounts for between 5% and 10% of stars in the local Milky Way galaxy. Whether fainter late K and M class red dwarf stars are also suitable hosts for habitable planets is perhaps the most important open question in the entire field of planetary habitability given their ubiquity (habitability of red dwarf systems). Gliese 581 c, a "super-Earth", has been found orbiting in the "habitable zone" of a red dwarf and may possess liquid water. Alternately, a greenhouse effect may render it too hot to support life, while its neighbor, Gliese 581 d, may in fact be a more likely candidate for habitability.[9] In September 2010, the discovery was announced of another planet, Gliese 581 g, in an orbit between these two planets. However, reviews of the discovery have placed the existence of this planet in doubt, and it is currently listed as "unconfirmed". In September 2012, the discovery of two planets orbiting Gliese 163[10] was announced.[11][12] One of the planets, Gliese 163 c, about 6.9 times the mass of Earth and somewhat hotter, was considered to be within the habitable zone.[11][12]

 A stable habitable zone

Main article: Habitable zone

The habitable zone (HZ, categorized by the Planetary Habitability Index) is a theoretical shell surrounding a star in which any planet present would have liquid water on its surface. After an energy source, liquid water is considered the most important ingredient for life, considering how integral it is to all life-systems on Earth. This may reflect the bias of humanity's water-dependent biology, however, and if life is discovered in the absence of water (for example, in a liquid-ammonia solution), the notion of an HZ may have to be greatly expanded or else discarded altogether as too restricting.[c]

A "stable" HZ denotes two factors. First, the range of an HZ should not vary greatly over time. All stars increase in luminosity as they age and a given HZ naturally migrates outwards, but if this happens too quickly (for example, with a super-massive star), planets may only have a brief window inside the HZ and a correspondingly weaker chance to develop life. Calculating an HZ range and its long-term movement is never straightforward, given that negative feedback loops such as the CNO cycle will tend to offset the increases in luminosity. Assumptions made about atmospheric conditions and geology thus have as great an impact on a putative HZ range as does Solar evolution; the proposed parameters of the Sun's HZ, for example, have fluctuated greatly.[13]

Secondly, no large-mass body such as a gas giant should be present in or relatively close to the HZ, thus disrupting the formation of Earth-like bodies. The mass of the asteroid belt, for example, appears to have been unable to accrete into a planet due to orbital resonances with Jupiter; if the giant had appeared in the region that is now between the orbits of Venus and Mars, Earth would almost certainly not have developed its present form. This is somewhat ameliorated by suggestions that a gas giant inside the HZ might have habitable moons under the right conditions.[14]

In the Solar System, the inner planets are terrestrial, the outer ones gas giants, but discoveries of extrasolar planets suggest this arrangement may not be at all common: numerous Jupiter-sized bodies have been found in close orbit about their primary, disrupting potential HZs. However, present data for extrasolar planets is likely to be skewed towards these types (large planets in close orbits) because they are far easier to identify; thus, it remains to be seen which type of planetary system is the norm, or indeed if there is one.

 Low stellar variation

Main article: Variable star

Changes in luminosity are common to all stars, but the severity of such fluctuations covers a broad range. Most stars are relatively stable, but a significant minority of variable stars often experience sudden and intense increases in luminosity and consequently the amount of energy radiated toward bodies in orbit. These are considered poor candidates for hosting life-bearing planets as their unpredictability and energy output changes would negatively impact organisms. Particularly, living things adapted to a specific temperature range would probably be unable to survive too great a temperature deviation. Further, upswings in luminosity are generally accompanied by massive doses of gamma ray and X-ray radiation which might prove lethal. Atmospheres do mitigate such effects, but atmosphere retention might not occur on planets orbiting variables, because the high-frequency energy buffeting these bodies would continually strip them of their protective covering.

The Sun, in this respect as in many others, is relatively benign: the variation between solar max and minimum is roughly 0.1% over its 11-year solar cycle. There is strong (though not undisputed) evidence that even minor changes in the Sun's luminosity have had significant effects on the Earth's climate well within the historical era; the Little Ice Age of the mid-second millennium, for instance, may have been caused by a relatively long-term decline in the Sun's luminosity.[15] Thus, a star does not have to be a true variable for differences in luminosity to affect habitability. Of known "solar analogs," one that closely resembles the Sun is considered to be 18 Scorpii; unfortunately for the prospects of life existing in its proximity, the only significant difference between the two bodies is the amplitude of the solar cycle, which appears to be much greater for 18 Scorpii.[16]

 High metallicity

See also: Metallicity

While the bulk of material in any star is hydrogen and helium, there is a great variation in the amount of heavier elements (metals) stars contain. A high proportion of metals in a star correlates to the amount of heavy material initially available in the protoplanetary disk. A low amount of metal significantly decreases the probability that planets will have formed around that star, under the solar nebula theory of planetary system formation. Any planets that did form around a metal-poor star would probably be low in mass, and thus unfavorable for life. Spectroscopic studies of systems where exoplanets have been found to date confirm the relationship between high metal content and planet formation: "Stars with planets, or at least with planets similar to the ones we are finding today, are clearly more metal rich than stars without planetary companions."[17] This relationship between high metallicity and planet formation also means that habitable systems are more likely to be found around younger stars, since stars that formed early in the universe's history have low metal content.

 Planetary characteristics
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The moons of some gas giants could potentially be habitable.[18]





The chief assumption about habitable planets is that they are terrestrial. Such planets, roughly within one order of magnitude of Earth mass, are primarily composed of silicate rocks and have not accreted the gaseous outer layers of hydrogen and helium found on gas giants. That life could evolve in the cloud tops of giant planets has not been decisively ruled out,[d] though it is considered unlikely given that they have no surface and their gravity is enormous.[21] The natural satellites of giant planets, meanwhile, remain perfectly valid candidates for hosting life.[18]

In February 2011 the Kepler Space Observatory Mission team released a list of 1235 extrasolar planet candidates, including 54 that may be in the habitable zone.[22][23] Six of the candidates in this zone are smaller than twice the size of Earth.[22] A more recent study found that one of these candidates (KOI 326.01) is in fact much larger and hotter than first reported.[24] Based on the findings, the Kepler Team estimated there to be "at least 50 billion planets in the Milky Way" of which "at least 500 million" are in the habitable zone.[25]

In analyzing which environments are likely to support life, a distinction is usually made between simple, unicellular organisms such as bacteria and archaea and complex metazoans (animals). Unicellularity necessarily precedes multicellularity in any hypothetical tree of life and where single-celled organisms do emerge there is no assurance that this will lead to greater complexity.[e] The planetary characteristics listed below are considered crucial for life generally, but in every case habitability impediments should be considered greater for multicellular organisms such as plants and animals versus unicellular life.

 Mass
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Mars, with its rarefied atmosphere, is colder than the Earth would be if it were at a similar distance from the Sun





Low-mass planets are poor candidates for life for two reasons. First, their lesser gravity makes atmosphere retention difficult. Constituent molecules are more likely to reach escape velocity and be lost to space when buffeted by solar wind or stirred by collision. Planets without a thick atmosphere lack the matter necessary for primal biochemistry, have little insulation and poor heat transfer across their surfaces (for example, Mars, with its thin atmosphere, is colder than the Earth would be if it were at a similar distance from the Sun), and provide less protection against meteoroids and high-frequency radiation. Further, where an atmosphere is less than 0.006 Earth atmospheres, water cannot exist in liquid form as the required atmospheric pressure, 4.56 mm Hg (608 Pa) (0.18 inch Hg), does not occur. The temperature range at which water is liquid is smaller at low pressures generally.

Secondly, smaller planets have smaller diameters and thus higher surface-to-volume ratios than their larger cousins. Such bodies tend to lose the energy left over from their formation quickly and end up geologically dead, lacking the volcanoes, earthquakes and tectonic activity which supply the surface with life-sustaining material and the atmosphere with temperature moderators like carbon dioxide. Plate tectonics appear particularly crucial, at least on Earth: not only does the process recycle important chemicals and minerals, it also fosters bio-diversity through continent creation and increased environmental complexity and helps create the convective cells necessary to generate Earth's magnetic field.[26]

"Low mass" is partly a relative label; the Earth is considered low mass when compared to the Solar System's gas giants, but it is the largest, by diameter and mass, and densest of all terrestrial bodies.[f] It is large enough to retain an atmosphere through gravity alone and large enough that its molten core remains a heat engine, driving the diverse geology of the surface (the decay of radioactive elements within a planet's core is the other significant component of planetary heating). Mars, by contrast, is nearly (or perhaps totally) geologically dead and has lost much of its atmosphere.[27] Thus, it would be fair to infer that the lower mass limit for habitability lies somewhere between that of Mars and Earth or Venus; 0.3 Earth masses has been offered as a rough dividing line for habitable planets.[28] However, a 2008 study by the Harvard-Smithsonian Center for Astrophysics suggests that the dividing line may be higher. Earth may in fact lie on the lower boundary of habitability, since if it were any smaller, plate tectonics would be impossible. Venus, which has 85 percent Earth's mass, shows no signs of tectonic activity. Conversely, "super-Earths", terrestrial planets with higher masses than Earth, would have higher levels of plate tectonics and thus be firmly placed in the habitable range.[29]

Exceptional circumstances do offer exceptional cases: Jupiter's moon Io (which is smaller than any of the terrestrial planets) is volcanically dynamic because of the gravitational stresses induced by its orbit, and its neighbor Europa may have a liquid ocean or icy slush underneath a frozen shell also due to power generated from orbiting a gas giant.

Saturn's Titan, meanwhile, has an outside chance of harbouring life, as it has retained a thick atmosphere and has liquid methane seas on its surface. Organic-chemical reactions that only require minimum energy are possible in these seas, but whether any living system can be based on such minimal reactions is unclear, and would seem unlikely. These satellites are exceptions, but they prove that mass, as a criterion for habitability, cannot necessarily be considered definitive at this stage of our understanding.

A larger planet is likely to have a more massive atmosphere. A combination of higher escape velocity to retain lighter atoms, and extensive outgassing from enhanced plate tectonics may greatly increase the atmospheric pressure and temperature at the surface compared to Earth. The enhanced greenhouse effect of such a heavy atmosphere would tend to suggest that the habitable zone should be further out from the central star for such massive planets.

Finally, a larger planet is likely to have a large iron core. This allows for a magnetic field to protect the planet from stellar wind and cosmic radiation, which otherwise would tend to strip away planetary atmosphere and to bombard living things with ionized particles. Mass is not the only criterion for producing a magnetic field—as the planet must also rotate fast enough to produce a dynamo effect within its core[30]—but it is a significant component of the process.

 Orbit and rotation

As with other criteria, stability is the critical consideration in evaluating the effect of orbital and rotational characteristics on planetary habitability. Orbital eccentricity is the difference between a planet's farthest and closest approach to its parent star divided by the sum of said distances. It is a ratio describing the shape of the elliptical orbit. The greater the eccentricity the greater the temperature fluctuation on a planet's surface. Although they are adaptive, living organisms can stand only so much variation, particularly if the fluctuations overlap both the freezing point and boiling point of the planet's main biotic solvent (e.g., water on Earth). If, for example, Earth's oceans were alternately boiling and freezing solid, it is difficult to imagine life as we know it having evolved. The more complex the organism, the greater the temperature sensitivity.[31] The Earth's orbit is almost wholly circular, with an eccentricity of less than 0.02; other planets in the Solar System (with the exception of Mercury) have eccentricities that are similarly benign.

Data collected on the orbital eccentricities of extrasolar planets has surprised most researchers: 90% have an orbital eccentricity greater than that found within the Solar System, and the average is fully 0.25.[32] This means that the vast majority of planets have highly eccentric orbits and of these, even if their average distance from their star is deemed to be within the HZ, they nonetheless would be spending only a small portion of their time within the zone.

A planet's movement around its rotational axis must also meet certain criteria if life is to have the opportunity to evolve. A first assumption is that the planet should have moderate seasons. If there is little or no axial tilt (or obliquity) relative to the perpendicular of the ecliptic, seasons will not occur and a main stimulant to biospheric dynamism will disappear. The planet would also be colder than it would be with a significant tilt: when the greatest intensity of radiation is always within a few degrees of the equator, warm weather cannot move poleward and a planet's climate becomes dominated by colder polar weather systems.

If a planet is radically tilted, meanwhile, seasons will be extreme and make it more difficult for a biosphere to achieve homeostasis. The axial tilt of the Earth is higher now (in the Quaternary) than it has been in the past, coinciding with reduced polar ice, warmer temperatures and less seasonal variation. Scientists do not know whether this trend will continue indefinitely with further increases in axial tilt (see Snowball Earth).

The exact effects of these changes can only be computer modelled at present, and studies have shown that even extreme tilts of up to 85 degrees do not absolutely preclude life "provided it does not occupy continental surfaces plagued seasonally by the highest temperature."[33] Not only the mean axial tilt, but also its variation over time must be considered. The Earth's tilt varies between 21.5 and 24.5 degrees over 41,000 years. A more drastic variation, or a much shorter periodicity, would induce climatic effects such as variations in seasonal severity.

Other orbital considerations include:


	The planet should rotate relatively quickly so that the day-night cycle is not overlong. If a day takes years, the temperature differential between the day and night side will be pronounced, and problems similar to those noted with extreme orbital eccentricity will come to the fore.

	The planet also should rotate quickly enough so that a magnetic dynamo may be started in its iron core to produce a magnetic field.

	Change in the direction of the axis rotation (precession) should not be pronounced. In itself, precession need not affect habitability as it changes the direction of the tilt, not its degree. However, precession tends to accentuate variations caused by other orbital deviations; see Milankovitch cycles. Precession on Earth occurs over a 26,000-year cycle.



The Earth's Moon appears to play a crucial role in moderating the Earth's climate by stabilising the axial tilt. It has been suggested that a chaotic tilt may be a "deal-breaker" in terms of habitability—i.e. a satellite the size of the Moon is not only helpful but required to produce stability.[34] This position remains controversial.[g]

 Geochemistry

Main article: Geochemistry

It is generally assumed that any extraterrestrial life that might exist will be based on the same fundamental biochemistry as found on Earth, as the four elements most vital for life, carbon, hydrogen, oxygen, and nitrogen, are also the most common chemically reactive elements in the universe. Indeed, simple biogenic compounds, such as very simple amino acids such as glycine, have been found in meteorites and in the interstellar medium.[35] These four elements together comprise over 96% of Earth's collective biomass. Carbon has an unparalleled ability to bond with itself and to form a massive array of intricate and varied structures, making it an ideal material for the complex mechanisms that form living cells. Hydrogen and oxygen, in the form of water, compose the solvent in which biological processes take place and in which the first reactions occurred that led to life's emergence. The energy released in the formation of powerful covalent bonds between carbon and oxygen, available by oxidizing organic compounds, is the fuel of all complex life-forms. These four elements together make up amino acids, which in turn are the building blocks of proteins, the substance of living tissue. In addition, neither sulfur, required for the building of proteins, nor phosphorus, needed for the formation of DNA, RNA, and the adenosine phosphates essential to metabolism, are rare.

Relative abundance in space does not always mirror differentiated abundance within planets; of the four life elements, for instance, only oxygen is present in any abundance in the Earth's crust.[36] This can be partly explained by the fact that many of these elements, such as hydrogen and nitrogen, along with their simplest and most common compounds, such as carbon dioxide, carbon monoxide, methane, ammonia, and water, are gaseous at warm temperatures. In the hot region close to the Sun, these volatile compounds could not have played a significant role in the planets' geological formation. Instead, they were trapped as gases underneath the newly formed crusts, which were largely made of rocky, involatile compounds such as silica (a compound of silicon and oxygen, accounting for oxygen's relative abundance). Outgassing of volatile compounds through the first volcanoes would have contributed to the formation of the planets' atmospheres. The Miller-Urey experiment showed that, with the application of energy, amino acids can form from the synthesis of the simple compounds within a primordial atmosphere.[37]

Even so, volcanic outgassing could not have accounted for the amount of water in Earth's oceans.[38] The vast majority of the water —and arguably carbon— necessary for life must have come from the outer Solar System, away from the Sun's heat, where it could remain solid. Comets impacting with the Earth in the Solar System's early years would have deposited vast amounts of water, along with the other volatile compounds life requires (including amino acids) onto the early Earth, providing a kick-start to the origin of life.

Thus, while there is reason to suspect that the four "life elements" ought to be readily available elsewhere, a habitable system probably also requires a supply of long-term orbiting bodies to seed inner planets. Without comets there is a possibility that life as we know it would not exist on Earth.

 Microenvironments and extremophiles
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The Atacama Desert provides an analog to Mars and an ideal environment to study the boundary between sterility and habitability.





One important qualification to habitability criteria is that only a tiny portion of a planet is required to support life. Astrobiologists often concern themselves with "micro-environments," noting that "we lack a fundamental understanding of how evolutionary forces, such as mutation, selection, and genetic drift, operate in micro-organisms that act on and respond to changing micro-environments."[39] Extremophiles are Earth organisms that live in niche environments under severe conditions generally considered inimical to life. Usually (although not always) unicellular, extremophiles include acutely alkaliphilic and acidophilic organisms and others that can survive water temperatures above 100 °C in hydrothermal vents.

The discovery of life in extreme conditions has complicated definitions of habitability, but also generated much excitement amongst researchers in greatly broadening the known range of conditions under which life can persist. For example, a planet that might otherwise be unable to support an atmosphere given the solar conditions in its vicinity, might be able to do so within a deep shadowed rift or volcanic cave.[40] Similarly, craterous terrain might offer a refuge for primitive life. The Lawn Hill crater has been studied as an astrobiological analog, with researchers suggesting rapid sediment infill created a protected microenvironment for microbial organisms; similar conditions may have occurred over the geological history of Mars.[41]

Earth environments that cannot support life are still instructive to astrobiologists in defining the limits of what organisms can endure. The heart of the Atacama desert, generally considered the driest place on Earth, appears unable to support life, but it has been subject to study by NASA for that reason: it provides a Mars analog and the moisture gradients along its edges are ideal for studying the boundary between sterility and habitability.[42] The Atacama was the subject of study in 2003 that partly replicated experiments from the Viking landings on Mars in the 1970s; no DNA could be recovered from two soil samples, and incubation experiments were also negative for biosignatures.[43]

On 26 November 2011, NASA launched the Mars Science Laboratory (MSL) rover which will search for past or present life on Mars using a variety of scientific instruments. The MSL landed on Mars at Gale Crater in August 2012.[44][45][46]

 Uninhabited habitats

An important distinction in habitability is between habitats that contain active life (inhabited habitats) and habitats that are habitable for life, but uninhabited.[47] Uninhabited (or vacant) habitats could arise on a planet where there was no origin of life (and no transfer of life to the planet from another, inhabited, planet), but where habitable environments exist. They might also occur on a planet that is inhabited, but the lack of connectivity between habitats might mean that many habitats remain uninhabited. Uninhabited habitats underline the importance of decoupling habitability and the presence of life, which can be stated as the general hypothesis, 'where there are habitats, there is life'. The hypothesis is falsifiable by finding uninhabited habitats and it is experimentally testable. Charles Cockell and co-workers discuss Mars as one plausible world that might harbor uninhabited habitats. Other stellar systems might host planets that are habitable, but devoid of life.

 Alternative star systems

In determining the feasibility of extraterrestrial life, astronomers had long focused their attention on stars like the Sun. However, since planetary systems that resemble the Solar System are proving to be rare, they have begun to explore the possibility that life might form in systems very unlike our own.

 Binary systems

Typical estimates often suggest that 50% or more of all stellar systems are binary systems. This may be partly sample bias, as massive and bright stars tend to be in binaries and these are most easily observed and catalogued; a more precise analysis has suggested that the more common fainter stars are usually singular, and that up to two thirds of all stellar systems are therefore solitary.[48]

The separation between stars in a binary may range from less than one astronomical unit (AU, the average Earth–Sun distance) to several hundred. In latter instances, the gravitational effects will be negligible on a planet orbiting an otherwise suitable star and habitability potential will not be disrupted unless the orbit is highly eccentric (see Nemesis, for example). However, where the separation is significantly less, a stable orbit may be impossible. If a planet’s distance to its primary exceeds about one fifth of the closest approach of the other star, orbital stability is not guaranteed.[49] Whether planets might form in binaries at all had long been unclear, given that gravitational forces might interfere with planet formation. Theoretical work by Alan Boss at the Carnegie Institution has shown that gas giants can form around stars in binary systems much as they do around solitary stars.[50]

One study of Alpha Centauri, the nearest star system to the Sun, suggested that binaries need not be discounted in the search for habitable planets. Centauri A and B have an 11 AU distance at closest approach (23 AU mean), and both should have stable habitable zones. A study of long-term orbital stability for simulated planets within the system shows that planets within approximately three AU of either star may remain stable (i.e. the semi-major axis deviating by less than 5%). The HZ for Centauri A is conservatively estimated at 1.2 to 1.3 AU and Centauri B at 0.73 to 0.74—well within the stable region in both cases.[51]

 Red dwarf systems

Main article: Habitability of red dwarf systems
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Relative star sizes and photospheric temperatures. Any planet around a red dwarf such as the one shown here would have to huddle close to achieve Earth-like temperatures, probably inducing tidal locking. See Aurelia.





Determining the habitability of red dwarf stars could help determine how common life in the universe might be, as red dwarfs make up between 70 to 90% of all the stars in the galaxy. Brown dwarfs are probably more numerous than red dwarfs. However, they are not generally classified as stars, and could never support life as we understand it, since what little heat they emit quickly disappears.

 Size

Astronomers for many years ruled out red dwarfs as potential abodes for life. Their small size (from 0.1 to 0.6 solar masses) means that their nuclear reactions proceed exceptionally slowly, and they emit very little light (from 3% of that produced by the Sun to as little as 0.01%). Any planet in orbit around a red dwarf would have to huddle very close to its parent star to attain Earth-like surface temperatures; from 0.3 AU (just inside the orbit of Mercury) for a star like Lacaille 8760, to as little as 0.032 AU for a star like Proxima Centauri[52] (such a world would have a year lasting just 6.3 days). At those distances, the star's gravity would cause tidal locking. One side of the planet would eternally face the star, while the other would always face away from it. The only ways in which potential life could avoid either an inferno or a deep freeze would be if the planet had an atmosphere thick enough to transfer the star's heat from the day side to the night side, or if there was a gas giant in the habitable zone, with a habitable moon, which would be locked to the planet instead of the star, allowing a more even distribution of radiation over the planet. It was long assumed that such a thick atmosphere would prevent sunlight from reaching the surface in the first place, preventing photosynthesis.
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An artist's impression of GJ 667 Cc, a potentially habitable planet orbiting a red dwarf constituent in a trinary star system.





This pessimism has been tempered by research. Studies by Robert Haberle and Manoj Joshi of NASA's Ames Research Center in California have shown that a planet's atmosphere (assuming it included greenhouse gases CO2 and H2O) need only be 100 mbs, or 10% of Earth's atmosphere, for the star's heat to be effectively carried to the night side.[53] This is well within the levels required for photosynthesis, though water would still remain frozen on the dark side in some of their models. Martin Heath of Greenwich Community College, has shown that seawater, too, could be effectively circulated without freezing solid if the ocean basins were deep enough to allow free flow beneath the night side's ice cap. Further research—including a consideration of the amount of photosynthetically active radiation—suggested that tidally locked planets in red dwarf systems might at least be habitable for higher plants.[54]

 Other factors limiting habitability

Size is not the only factor in making red dwarfs potentially unsuitable for life, however. On a red dwarf planet, photosynthesis on the night side would be impossible, since it would never see the sun. On the day side, because the sun does not rise or set, areas in the shadows of mountains would remain so forever. Photosynthesis as we understand it would be complicated by the fact that a red dwarf produces most of its radiation in the infrared, and on the Earth the process depends on visible light. There are potential positives to this scenario. Numerous terrestrial ecosystems rely on chemosynthesis rather than photosynthesis, for instance, which would be possible in a red dwarf system. A static primary star position removes the need for plants to steer leaves toward the sun, deal with changing shade/sun patterns, or change from photosynthesis to stored energy during night. Because of the lack of a day-night cycle, including the weak light of morning and evening, far more energy would be available at a given radiation level.

Red dwarfs are far more variable and violent than their more stable, larger cousins. Often they are covered in starspots that can dim their emitted light by up to 40% for months at a time, while at other times they emit gigantic flares that can double their brightness in a matter of minutes.[55] Such variation would be very damaging for life, as it would not only destroy any complex organic molecules that could possibly form biological precursors, but also because it would blow off sizeable portions of the planet's atmosphere.

For a planet around a red dwarf star to support life, it would require a rapidly rotating magnetic field to protect it from the flares. However, a tidally locked planet rotates only very slowly, and so cannot produce a geodynamo at its core. However, the violent flaring period of a red dwarf's life cycle is estimated to only last roughly the first 1.2 billion years of its existence. If a planet forms far away from a red dwarf so as to avoid tidal locking, and then migrates into the star's habitable zone after this turbulent initial period, it is possible that life may have a chance to develop.[56]

 Longevity and ubiquity

There is, however, one major advantage that red dwarfs have over other stars as abodes for life: they live a long time. It took 4.5 billion years before humanity appeared on Earth, and life as we know it will see suitable conditions for 1[57] to 2.3[58] billion years more. Red dwarfs, by contrast, could live for trillions of years because their nuclear reactions are far slower than those of larger stars, meaning that life would have longer to evolve and survive.

While the odds of finding a planet in the habitable zone around any specific red dwarf are slim, the total amount of habitable zone around all red dwarfs combined is equal to the total amount around Sun-like stars given their ubiquity.[59] Furthermore, this total amount of habitable zone will last longer, because red dwarf stars live for hundreds of billions of years or even longer on the main sequence.[60]

 Massive stars

Recent research suggests that very large stars, greater than ~100 solar masses, could have planetary systems consisting of hundreds of Mercury-sized planets within the habitable zone. Such systems could also contain brown dwarfs and low-mass stars (~0.1-0.3 solar masses).[61] However the very short lifespans of stars of more than a few solar masses would scarcely allow time for a planet to cool, let alone the time needed for a stable biosphere to develop. Massive stars are thus eliminated as possible abodes for life.[62]

However, a massive-star system could be a progenitor of life in another way - the supernova explosion of the massive star in the central part of the system. This supernova will disperse heavier elements throughout its vicinity, created during the phase when the massive star has moved off of the main sequence, and the systems of the potential low-mass stars (which are still on the main sequence) within the former massive-star system may be enriched with the relatively large supply of the heavy elements so close to a supernova explosion. However, this states nothing about what types of planets would form as a result of the supernova material, or what their habitability potential would be.

 The galactic neighborhood

Along with the characteristics of planets and their star systems, the wider galactic environment may also impact habitability. Scientists considered the possibility that particular areas of galaxies (galactic habitable zones) are better suited to life than others; the Solar System in which we live, in the Orion Spur, on the Milky Way galaxy's edge is considered to be in a life-favorable spot:[63]


	It is not in a globular cluster where immense star densities are inimical to life, given excessive radiation and gravitational disturbance. Globular clusters are also primarily composed of older, probably metal-poor, stars. Furthermore, in globular clusters, the great ages of the stars would mean a large amount of stellar evolution by the host or other nearby stars, which due to their proximity may cause extreme harm to life on any planets, provided that they can form.

	It is not near an active gamma ray source.

	It is not near the galactic center where once again star densities increase the likelihood of ionizing radiation (e.g., from magnetars and supernovae). A supermassive black hole is also believed to lie at the middle of the galaxy which might prove a danger to any nearby bodies.

	The circular orbit of the Sun around the galactic center keeps it out of the way of the galaxy's spiral arms where intense radiation and gravitation may again lead to disruption.[64]



Thus, relative loneliness is ultimately what a life-bearing system needs. If the Sun were crowded amongst other systems, the chance of being fatally close to dangerous radiation sources would increase significantly. Further, close neighbours might disrupt the stability of various orbiting bodies such as Oort cloud and Kuiper belt objects, which can bring catastrophe if knocked into the inner Solar System.

While stellar crowding proves disadvantageous to habitability, so too does extreme isolation. A star as metal-rich as the Sun would probably not have formed in the very outermost regions of the Milky Way given a decline in the relative abundance of metals and a general lack of star formation. Thus, a "suburban" location, such as the Solar System enjoys, is preferable to a Galaxy's center or farthest reaches.[65]

 Other considerations

 Alternative biochemistries

Main article: Hypothetical types of biochemistry

While most investigations of extraterrestrial life start with the assumption that advanced life-forms must have similar requirements for life as on Earth, the hypothesis of other types of biochemistry suggests the possibility of lifeforms evolving around a different metabolic mechanism. In Evolving the Alien, biologist Jack Cohen and mathematician Ian Stewart argue astrobiology, based on the Rare Earth hypothesis, is restrictive and unimaginative. They suggest that Earth-like planets may be very rare, but non-carbon-based complex life could possibly emerge in other environments. The most frequently mentioned alternative to carbon is silicon-based life, while ammonia is sometimes suggested as an alternative solvent to water.

More speculative ideas have focused on bodies altogether different than Earth-like planets. Astronomer Frank Drake, a well-known proponent of the search for extraterrestrial life, imagined life on a neutron star: submicroscopic "nuclear molecules" combining to form creatures with a life cycle millions of times quicker than Earth life.[66] Called "imaginative and tongue-in-cheek," the idea gave rise to science fiction depictions.[67] Carl Sagan, another optimist with regards to extraterrestrial life, considered the possibility of organisms that are always airborne within the high atmosphere of Jupiter in a 1976 paper.[19][20] Cohen and Stewart also envisioned life in both a solar environment and in the atmosphere of a gas giant.

 "Good Jupiters"

"Good Jupiters" are gas giants, like the Solar System's Jupiter, that orbit their stars in circular orbits far enough away from the habitable zone not to disturb it but close enough to "protect" terrestrial planets in closer orbit in two critical ways. First, they help to stabilize the orbits, and thereby the climates, of the inner planets. Second, they keep the inner Solar System relatively free of comets and asteroids that could cause devastating impacts.[68] Jupiter orbits the Sun at about five times the distance between the Earth and the Sun. This is the rough distance we should expect to find good Jupiters elsewhere. Jupiter's "caretaker" role was dramatically illustrated in 1994 when Comet Shoemaker–Levy 9 impacted the giant; had Jovian gravity not captured the comet, it may well have entered the inner Solar System.

However, the story is not quite so clear cut. Recent research[69][70][71][72] has shown that Jupiter's role in determining the rate at which objects hit the Earth is, at the very least, significantly more complicated than once thought. Whilst for the long-period comets (which contribute only a small fraction of the impact risk to the Earth) it is true that Jupiter acts as a shield, it actually seems to increase the rate at which asteroids and short-period comets are flung towards our planet. Were Jupiter absent, it seems likely that the Earth would actually experience significantly fewer impacts from potentially hazardous objects. By extension, it is becoming clear that the presence of Jupiter-like planets is no longer required as a pre-requisite for planetary habitability - indeed, our first searches for life beyond the Solar System might be better directed to systems where no such planet has formed, since in those systems, less material will be directed to impact on the potentially inhabited planets.

The role of Jupiter in the early history of the Solar System is somewhat better established, and the source of significantly less debate. Early in the Solar System's history, Jupiter is accepted as having played an important role in the hydration of our planet: it increased the eccentricity of asteroid belt orbits and enabled many to cross Earth's orbit and supply the planet with important volatiles. Before Earth reached half its present mass, icy bodies from the Jupiter–Saturn region and small bodies from the primordial asteroid belt supplied water to the Earth due to the gravitational scattering of Jupiter and, to a lesser extent, Saturn.[73] Thus, while the gas giants are now helpful protectors, they were once suppliers of critical habitability material.

In contrast, Jupiter-sized bodies that orbit too close to the habitable zone but not in it (as in 47 Ursae Majoris), or have a highly elliptical orbit that crosses the habitable zone (like 16 Cygni B) make it very difficult for an independent Earthlike planet to exist in the system. See the discussion of a stable habitable zone above. However, during the process of migrating into a habitable zone, a Jupiter-size planet may capture a terrestrial planet as a moon. Even if such a planet is initially loosely bound and following a strongly inclined orbit, gravitational interactions with the star can stabilize the new moon into a close, circular orbit that is coplanar with the planet's orbit around the star.[74]

 Life's impact on habitability

A supplement to the factors that support life's emergence is the notion that life itself, once formed, becomes a habitability factor in its own right. An important Earth example was the production of oxygen by ancient cyanobacteria, and eventually photosynthesizing plants, leading to a radical change in the composition of Earth’s atmosphere. This oxygen would prove fundamental to the respiration of later animal species. The Gaia hypothesis, a class of scientific models of the geo-biosphere pioneered by Sir James Lovelock in 1975, argues that life as a whole fosters and maintains suitable conditions for itself by helping to create a planetary environment suitable for its continuity. Similarly, David Grinspoon has suggested a "Living Worlds hypothesis" in which our understanding of what constitutes habitability cannot be separated from life already extant on a planet. Planets that are geologically and meteorologically alive are much more likely to be biologically alive as well and "a planet and its life will co-evolve."[75]
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 Notes



	^ This article is an analysis of planetary habitability from the perspective of contemporary physical science. A historical viewpoint on the possibility of habitable planets can be found at Beliefs in extraterrestrial life and Cosmic pluralism. For a discussion of the probability of alien life see the Drake Equation and Fermi Paradox. Habitable planets are also a staple of fiction; see Planets in science fiction.

	^ Life appears to have emerged on Earth approximately 500 million years after the planet’s formation. "A" class stars (which shine for between 600 million and 1.2 billion years) and a small fraction of "B" class stars (which shine 10+ million to 600 million) fall within this window. At least theoretically life could emerge in such systems but it would almost certainly not reach a sophisticated level given these time-frames and the fact that increases in luminosity would occur quite rapidly. Life around "O" class stars is exceptionally unlikely, as they shine for less than ten million years.

	^ That Europa and to a lesser extent Titan (respectively, 3.5 and 8 astronomical units outside the Sun’s putative habitable zone) are considered prime extraterrestrial possibilities underscores the problematic nature of the HZ criterion. In secondary and tertiary descriptions of habitability it is often stated that habitable planets must be within the HZ—this remains to be proven.

	^ In Evolving the Alien, Jack Cohen and Ian Stewart evaluate plausible scenarios in which life might form in the cloud-tops of Jovian planets. Similarly, Carl Sagan suggested that the clouds of Jupiter might host life.[19][20]

	^ There is an emerging consensus that single-celled micro-organisms may in fact be common in the universe, especially since Earth’s extremophiles flourish in environments that were once considered hostile to life. The potential occurrence of complex multi-celled life remains much more controversial. In their work Rare Earth: Why Complex Life Is Uncommon in the Universe, Peter Ward and Donald Brownlee argue that microbial life is probably widespread while complex life is very rare and perhaps even unique to Earth. Current knowledge of Earth’s history partly buttresses this theory: multi-celled organisms are believed to have emerged at the time of the Cambrian explosion close to 600 mya but more than 3 billion years after life itself appeared. That Earth life remained unicellular for so long underscores that the decisive step toward complex organisms need not necessarily occur.

	^ There is a "mass-gap" in the Solar System between Earth and the two smallest gas giants, Uranus and Neptune, which are 13 and 17 Earth-masses. This is probably coincidence as there is no geophysical barrier to the formation of intermediary bodies (see for instance OGLE-2005-BLG-390Lb and Super-Earth) and we should expect to find planets throughout the galaxy between two and twelve Earth-masses. If the star system is otherwise favourable, such planets would be good candidates for life as they would be large enough to remain internally dynamic and atmosphere retentive over billions of years but not so large as to accrete the gaseous shell which limits the possibility of life formation.

	^ According to prevailing theory, the formation of the Moon commenced when a Mars-sized body struck the Earth in a glancing collision late in its formation, and the ejected material coalesced and fell into orbit (see giant impact hypothesis). In Rare Earth Ward and Brownlee emphasize that such impacts ought to be rare, reducing the probability of other Earth-Moon type systems and hence the probability of other habitable planets. Other moon formation processes are possible, however, and the proposition that a planet may be habitable in the absence of a moon has not been disproven.
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Are planets that support complex life, such as Earth, rare?





In planetary astronomy and astrobiology, the Rare Earth hypothesis argues that the emergence of complex multicellular life (metazoa) on Earth (and, as follows, intelligence) required an improbable combination of astrophysical and geological events and circumstances. The hypothesis argues that complex extraterrestrial life requires an Earth-like planet with similar circumstance and that few if any such planets exist. The term "Rare Earth" originates from Rare Earth: Why Complex Life Is Uncommon in the Universe (2000), a book by Peter Ward, a geologist and paleontologist, and Donald E. Brownlee, an astronomer and astrobiologist.

The rare earth hypothesis is the contrary of the widely accepted principle of mediocrity (also called the Copernican principle), advocated by Carl Sagan and Frank Drake, among others.[1] The principle of mediocrity states that the Earth is a typical rocky planet in a typical planetary system, located in a non-exceptional region of a common barred-spiral galaxy. Hence it is probable that the universe teems with complex life. Ward and Brownlee argue to the contrary: planets, planetary systems, and galactic regions that are as friendly to complex life as are the Earth, the Solar System, and our region of the Milky Way are very rare.

By concluding that complex life is uncommon, the Rare Earth hypothesis is a possible solution to the Fermi paradox: "If extraterrestrial aliens are common, why aren't they obvious?"[2]



	

Contents




	1 Rare Earth's requirements for complex life

	1.1 The right location in the right kind of galaxy

	1.2 Orbiting at the right distance from the right type of star

	1.3 Enough time elapsed since the big bang for evolution to occur

	1.4 With the right arrangement of planets

	1.5 A continuously stable orbit

	1.6 A terrestrial planet of the right size

	1.7 With plate tectonics

	1.8 A large moon

	1.9 An evolutionary trigger for complex life





	2 Rare Earth equation

	3 Advocates

	4 Criticism

	4.1 Exoplanets with Earth-like properties are being discovered

	4.2 Oxygen is not a requirement for multicellular life

	4.3 Anthropic reasoning

	4.4 Alternative habitats for complex Life

	4.5 Uncertainty over Jupiter's role

	4.6 Necessity of tectonics

	4.7 Giant Impacts may not be rare





	5 See also

	6 Notes

	7 References

	8 External links








 Rare Earth's requirements for complex life

The Rare Earth hypothesis argues that the emergence of complex life requires a host of fortuitous circumstances. A number of such circumstances are set out below under the following headings: galactic habitable zone, a central star and planetary system having the requisite character, the circumstellar habitable zone, a right sized terrestrial planet, the advantage of a gas giant guardian and large satellite, conditions needed to assure the planet has a magnetosphere and plate tectonics, the chemistry of the lithosphere, atmosphere, and oceans, the role of "evolutionary pumps" such as massive glaciation and rare bolide impacts, and whatever led to the still mysterious Cambrian explosion of animal phyla. The emergence of intelligent life may have required yet other rare events.

In order for a small rocky planet to support complex life, Ward and Brownlee argue, the values of several variables must fall within narrow ranges. The universe is so vast that it could contain many Earth-like planets. But if such planets exist, they are likely to be separated from each other by many thousands of light years. Such distances may preclude communication among any intelligent species evolving on such planets, which would solve the Fermi paradox.

 The right location in the right kind of galaxy
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The dense centre of galaxies such as NGC 7331 (often referred to as a "twin" of the Milky Way[3])) have high levels of radiation which are dangerous to complex life





Rare Earth suggests that much of the known universe, including large parts of our galaxy, cannot support complex life; Ward and Brownlee refer to such regions as "dead zones." Those parts of a galaxy where complex life is possible make up the galactic habitable zone. This zone is primarily a function of distance from the galactic center. As that distance increases:


	Star metallicity declines. Metals (which in astronomy means all elements other than hydrogen and helium) are necessary to the formation of terrestrial planets.

	The X-ray and gamma ray radiation from the black hole at the galactic center, and from nearby neutron stars, becomes less intense. Radiation of this nature is considered dangerous to complex life, hence the Rare Earth hypothesis predicts that the early universe, and galactic regions where stellar density is high and supernovae are common, will be unfit for the development of complex life.[4]

	Gravitational perturbation of planets and planetesimals by nearby stars becomes less likely as the density of stars decreases. Hence the further a planet lies from the galactic center or a spiral arm, the less likely it is to be struck by a large bolide. A sufficiently large impact may extinguish all complex life on a planet.



(1) rules out the outer reaches of a galaxy; (2) and (3) rule out galactic inner regions, globular clusters,[citation needed] and the spiral arms of spiral galaxies.[citation needed] These arms are not physical objects, but regions of a galaxy characterized by a higher rate of star formation, moving very slowly through the galaxy in a wave-like manner. As one moves from the center of a galaxy to its furthest extremity, the ability to support life rises then falls. Hence the galactic habitable zone may be ring-shaped, sandwiched between its uninhabitable center and outer reaches.

While a planetary system may enjoy a location favorable to complex life, it must also maintain that location for a span of time sufficiently long for complex life to evolve. Hence a central star with a galactic orbit that steers clear of galactic regions where radiation levels are high, such as the galactic center and the spiral arms, would appear most favourable. If the central star's galactic orbit is eccentric (elliptic or hyperbolic), it will pass through some spiral arms, but if the orbit is a near perfect circle and the orbital velocity equals the "rotational" velocity of the spiral arms, the star will drift into a spiral arm region only gradually—if at all. Therefore Rare Earth proponents conclude that a life-bearing star must have a galactic orbit that is nearly circular about the center of its galaxy. The required synchronization of the orbital velocity of a central star with the wave velocity of the spiral arms can occur only within a fairly narrow range of distances from the galactic center. This region is termed the "galactic habitable zone". Lineweaver et al.[5] calculate that the galactic habitable zone is a ring 7 to 9 kiloparsecs in diameter, that includes no more than 10% of the stars in the Milky Way.[6] Based on conservative estimates of the total number of stars in the galaxy, this could represent something like 20 to 40 billion stars. Gonzalez, et al.[7] would halve these numbers; he estimates that at most 5% of stars in the Milky Way fall in the galactic habitable zone.

The orbit of the Sun around the center of the Milky Way is indeed almost perfectly circular, with a period of 226 Ma (1 Ma = 1 million years), one closely matching the rotational period of the galaxy. While the Rare Earth hypothesis predicts that the Sun should rarely, if ever, have passed through a spiral arm since its formation, astronomer Karen Masters has calculated that the orbit of the Sun takes it through a major spiral arm approximately every 100 million years.[8] Some researchers have suggested that several mass extinctions do correspond with previous crossings of the spiral arms.[9]

Andromeda and the Milky Way have a similar mass, but whereas Andromeda is a typical spiral galaxy the Milky Way is unusually quiet and dim. It appears to have suffered fewer collisions with other galaxies over the last 10 billion years, and its peaceful history may have made it more hospitable to complex life than galaxies which have suffered more collisions, and consequently more supernovae and other disturbances.[10] The level of activity of the black hole at the centre of the Milky Way may also be important: too much or too little and the conditions for life may be rare. The Milky Way black hole appears to be just right.[11]

 Orbiting at the right distance from the right type of star

The terrestrial example suggests that complex life requires water in the liquid state, and a central star's planet must therefore be at an appropriate distance. This is the core of the notion of the habitable zone or Goldilocks Principle.[12] The habitable zone forms a ring around the central star. If a planet orbits its sun too closely or too far away, the surface temperature is incompatible with water being liquid.

The habitable zone varies with the type and age of the central star. The habitable zone for a main sequence star very gradually moves out over time until the star becomes a white dwarf, at which time the habitable zone vanishes. The habitable zone is closely connected to the greenhouse warming afforded by atmospheric water vapor (H2O), carbon dioxide (CO2), and/or other greenhouse gases. Even though the Earth's atmosphere contains a water vapor concentration from 0% (in arid regions) to 4% (in rain forest and ocean regions) and only 387 parts per million of CO2, these small amounts suffice to raise the average surface temperature of the Earth by about 40 °C from what it would otherwise be,[13] with the dominant contribution being due to water vapor, which together with clouds makes up between 66% and 85% of Earth's greenhouse effect, with CO2 contributing between 9% and 26% of the effect.[14]

It is then presumed a star needs to have rocky planets within its habitable zone. While the habitable zone of hot stars such as Sirius or Vega is wide, there are two problems:


	Given that rocky planets were (at the time Rare Earth was written) thought to form closer to their central stars, the planet probably forms too close to the star to lie within the habitable zone. This does not rule out life on a moon of a gas giant. Hot stars also emit much more ultraviolet radiation, which will ionize any planetary atmosphere.

	Hot stars, as mentioned above, have short lives, becoming red giants in as little as 1 Ga (1 billion years). This may not allow enough time for advanced life to evolve.



These considerations rule out the massive and powerful stars of type F6 to O (see stellar classification) as homes to evolved metazoan life.

Small red dwarf stars, on the other hand, have habitable zones with a small radius. This proximity causes one face of the planet to constantly face the star, and the other to always remain dark, a situation known as tidal lock. Tidal locking of a planetary hemisphere to its primary will cause one side of a planet to be extremely hot, while the other will be extremely cold. Planets within a habitable zone with a small radius are also at increased risk of solar flares (see Aurelia), which would tend to ionize the atmosphere and are otherwise inimical to complex life. Rare Earth proponents argue that this rules out the possibility of life in such systems, though some exobiologists have suggested that habitability may exist under the right circumstances. This is a central point of contention for the theory, since these late-K and M category stars make up about 82% of all hydrogen-burning stars.[15]

Rare Earth proponents argue that the stellar type of central stars that are "just right" ranges from F7 to K1. Such stars are not common: G type stars such as the Sun (between the hotter F and cooler K) comprise only 9%[15] of the hydrogen-burning stars in the Milky Way.
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According to Rare Earth, globular clusters are unlikely to support life.





Aged stars, such as red giants and white dwarfs, are also unlikely to support life. Red giants are common in globular clusters and elliptical galaxies. White dwarfs are mostly dying stars that have already gone through their red giant phase. The diameter of a red giant has substantially increased from its youth. If a planet was in the habitable zone during a star's youth and middle age, it will be fried when its parent star becomes a red giant (though theoretically planets at a much greater distance may become habitable).

The energy output of a star over its lifespan should only change very gradually; variable stars such as Cepheid variables, for instance, are highly unlikely to support life. If the central star's energy output suddenly decreases, even for a relatively short while, the planet's water may freeze. Conversely, if the central star's energy output significantly increases, the oceans may evaporate, resulting in a greenhouse effect; this may preclude the oceans from reforming.

There is no known way to achieve life without complex chemistry, and such chemistry requires metals, namely elements other than hydrogen or helium. This suggests a condition for life is a planetary system rich in metals. The only known mechanism for creating and dispersing metals is a supernova explosion. The presence of metals in stars is revealed by their absorption spectrum, and studies of stellar spectra reveal that many, perhaps most, stars are poor in metals. Low metallicity characterizes the early universe, globular clusters and other stars formed when the universe was young, stars in most galaxies other than large spirals, and stars in the outer regions of all galaxies. Thus metal-rich central stars capable of supporting complex life are believed most common in the quiet suburbs of the larger spiral galaxies, regions hospitable to complex life for another reason, namely the absence of high radiation.[16]

 Enough time elapsed since the big bang for evolution to occur

The Geneticists Sharov and Gordon have analysed the complexity of living organisms using the evolutionary equivalent of Moores's law. This lets you work backwards and estimate when the process of evolution must have originated to reach the level of complexity observed today. If their conclusion is correct, then it has taken 10 billion years rather than 5 billion years for life to evolve to its present form. (They estimate the time required as 9.7 ±2.5 billion years).

It would follow from their conclusion, if accepted, that the Earth was seeded by life that had already had 5 billion years of evolution behind it. This is a reasonable hypothesis given the increasing evidence for resistance of some organisms to radiation, and the capability of some micro-organisms to survive even long interplanetary and even interstellar flights shielded within a rock or comet.


The original Drake equation for guesstimating the number of civilizations in our galaxy may be wrong, as we conclude that intelligent life like us has just begun appearing in our universe. The Drake equation is a steady state model, and we may be at the beginning of a pulse of civilization. Emergence of civilizations is a non-ergodic process, and some parameters of the equation are therefore time-dependent. Because the cosmic transport of life is most likely limited to prokaryotes, young planets have not had enough time to develop intelligent life. Another time-dependent process is the probability of interstellar transfer of bacteria, which we expect to have become more frequent as the total pool of bacteria in the galaxy increased with time. There are many modifications of the Drake equation, but if civilizations have just begun to appear, any version is of limited use. The answer to the Fermi paradox may be that we are amongst the first, if not the only so far, civilization to emerge in our galaxy. The “Rare Earth” hypothesis need not be invoked. The linking of civilization to the lifetime of a particular star, such as our Sun , is also not necessary. [17][18]



So the Earth may be one of the first planets in our galaxy to evolve to the stage where intelligent life is possible. Intelligent life might not have occurred in earlier planets because not enough time had elapsed since the Big Bang for evolution to reach that stage.

 With the right arrangement of planets


[image: ]

[image: ]

According to Rare Earth, without the presence of the massive gas giant Jupiter (fifth planet from the Sun and the largest) complex life on Earth would not have arisen.





Rare Earth proponents argue that a planetary system capable of sustaining complex life must be structured more or less like the Solar System, with small and rocky inner planets and outer gas giants.[citation needed]

In addition, Rare Earth proponents have argued that the arrangement of the Solar System is not only rare, but optimal as the large mass and gravitational attraction of the gas giants provide protection for the inner rocky planets from Small Solar System body impacts and asteroid bombardment.

 A continuously stable orbit

Rare Earth argues that a gas giant must not be too close to a body upon which life is developing, unless that body is one of its moons. Close placement of gas giant(s) could disrupt the orbit of a potential life-bearing planet, either directly or by drifting into the habitable zone.

Newtonian dynamics can produce chaotic planetary orbits, especially in a system having large planets at high orbital eccentricity.[19]

The need for stable orbits rules out stars with systems of planets that contain large planets with orbits close to the host star (called "hot Jupiters"). It is believed that hot Jupiters formed much further from their parent stars than they are now, and have migrated inwards to their current orbits. In the process, they would have catastrophically disrupted the orbits of any planets in the habitable zone.[20]

 A terrestrial planet of the right size

It is argued that life requires terrestrial planets like Earth[21] and as gas giants lack such a surface, that complex life cannot arise there.[citation needed]

A planet that is too small cannot hold much of an atmosphere. Hence the surface temperature becomes more variable and the average temperature drops. Substantial and long-lasting oceans become impossible. A small planet will also tend to have a rough surface, with large mountains and deep canyons. The core will cool faster, and plate tectonics will either not last as long as they would on a larger planet or may not occur at all.[22]

 With plate tectonics

Rare Earth proponents argue that plate tectonics is essential for the emergence and sustenance of complex life.[23] Ward & Brownlee assert that biodiversity, global temperature regulation, carbon cycle and the magnetic field of the Earth that make it habitable for complex terrestrial life all depends on plate tectonics.[24]

Ward & Brownlee contend that the lack of mountain chains elsewhere in the Solar System is direct evidence that Earth is the only body with plate tectonics and as such the only body capable of supporting life.[25]

Plate tectonics is dependent on chemical composition and a long-lasting source of heat in the form of radioactive decay occurring deep in the planet's interior. Continents must also be made up of less dense felsic rocks that "float" on underlying denser mafic rock. Taylor[26] emphasizes that subduction zones (an essential part of plate tectonics) require the lubricating action of ample water; on Earth, such zones exist only at the bottom of oceans.

Ward & Brownlee and others such as Tilman Spohn of the German Space Research Centre Institute of Planetary Research[27] argue that plate tectonics provides a means of biochemical cycling which promotes complex life on Earth and that water is required to lubricate planetary plates.

 A large moon

The Moon is unusual because the other rocky planets in the Solar System either have no satellites (Mercury and Venus), or have tiny satellites that are probably captured asteroids (Mars).

The giant impact theory hypothesizes that the Moon resulted from the impact of a Mars-sized body, Theia, with the very young Earth. This giant impact also gave the Earth its axis tilt and velocity of rotation.[26] Rapid rotation reduces the daily variation in temperature and makes photosynthesis viable.[citation needed] The Rare Earth hypothesis further argues that the axis tilt cannot be too large or too small (relative to the orbital plane). A planet with a large tilt will experience extreme seasonal variations in climate, unfriendly to complex life. A planet with little or no tilt will lack the stimulus to evolution that climate variation provides. In this view, the Earth's tilt is "just right". The gravity of a large satellite also stabilizes the planet's tilt; without this effect the variation in tilt would be chaotic, probably making complex life forms on land impossible.[28]

If the Earth had no Moon, the ocean tides resulting solely from the Sun's gravity would be only half that of the lunar tides. A large satellite gives rise to tidal pools, which may be essential for the formation of complex life, though this is far from certain.[29]

A large satellite also increases the likelihood of plate tectonics through the effect of tidal forces on the planet's crust. The impact that formed the Moon may also have initiated plate tectonics, without which the continental crust would cover the entire planet, leaving no room for oceanic crust.[citation needed] It is possible that the large scale mantle convection needed to drive plate tectonics could not have emerged in the absence of crustal inhomogeneity.

If a giant impact is the only way for a rocky inner planet to acquire a large satellite, any planet in the circumstellar habitable zone will need to form as a double planet in order that there be an impacting object sufficiently massive to give rise in due course to a large satellite. An impacting object of this nature is not necessarily improbable.

 An evolutionary trigger for complex life

Regardless of whether planets with similar physical attributes to the Earth are rare or not, there are arguments that whenever life does emerge it is unlikely to develop beyond simple bacteria. Biochemist Nick Lane argues that simple cells (prokaryotes) emerged soon after earth's formation, but it took almost half the planet's life before they evolved into complex ones (eukaryotes), and as all complex life has a common origin this can have happened only once. In his view, prokaryotes do not have the cellular architecture to evolve into eukaryotes, because if a bacterium is expanded up to eukaryotic proportions it would have tens of thousands of times less energy available. Two billion years ago this problem was solved when one simple cell became incorporated in another one, and the cell within multiplied and evolved into mitochondria, supplying the vast increase in energy available which made the evolution of complex life possible. The fact that this occurred only once in four billion years suggests that it may be a freak occurrence which very rarely occurs, and life on most planets does not evolve beyond simple cells.[30]

 Rare Earth equation

The following discussion is adapted from Cramer.[31] The Rare Earth equation is Ward and Brownlee's riposte to the Drake equation. It calculates [image: N], the number of Earth-like planets in the Milky Way having complex life forms, as:


	[image: N = N^* \cdot n_e \cdot f_g \cdot f_p \cdot f_{pm} \cdot f_i \cdot f_c \cdot f_l \cdot f_m \cdot f_j \cdot f_{me}][32]



where:


	N* is the number of stars in the Milky Way. This number is not well-estimated, because the Milky Way's mass is not well estimated. Moreover, there is little information about the number of very small stars. N* is at least 100 billion, and may be as high as 500 billion, if there are many low visibility stars.

	[image: n_e] is the average number of planets in a star's habitable zone. This zone is fairly narrow, because constrained by the requirement that the average planetary temperature be consistent with water remaining liquid throughout the time required for complex life to evolve. Thus [image: n_e] = 1 is a likely upper bound.



We assume [image: N^* \cdot n_e = 5\cdot10^{11}]. The Rare Earth hypothesis can then be viewed as asserting that the product of the other nine Rare Earth equation factors listed below, which are all fractions, is no greater than 10−10 and could plausibly be as small as 10−12. In the latter case, [image: N] could be as small as 0 or 1. Ward and Brownlee do not actually calculate the value of [image: N], because the numerical values of quite a few of the factors below can only be conjectured. They cannot be estimated simply because we have but one data point: the Earth, a rocky planet orbiting a G2 star in a quiet suburb of a large barred spiral galaxy, and the home of the only intelligent species we know, namely ourselves.


	[image: f_g] is the fraction of stars in the galactic habitable zone (Ward, Brownlee, and Gonzalez estimate this factor as 0.1[7]).

	[image: f_p] is the fraction of stars in the Milky Way with planets.

	[image: f_{pm}] is the fraction of planets that are rocky ("metallic") rather than gaseous.

	[image: f_i] is the fraction of habitable planets where microbial life arises. Ward and Brownlee believe this fraction is unlikely to be small.

	[image: f_c] is the fraction of planets where complex life evolves. For 80% of the time since microbial life first appeared on the Earth, there was only bacterial life. Hence Ward and Brownlee argue that this fraction may be very small.

	[image: f_l] is the fraction of the total lifespan of a planet during which complex life is present. Complex life cannot endure indefinitely, because the energy put out by the sort of star that allows complex life to emerge gradually rises, and the central star eventually becomes a red giant, engulfing all planets in the planetary habitable zone. Also, given enough time, a catastrophic extinction of all complex life becomes ever more likely.

	[image: f_m] is the fraction of habitable planets with a large moon. If the giant impact theory of the Moon's origin is correct, this fraction is small.

	[image: f_j] is the fraction of planetary systems with large Jovian planets. This fraction could be large.

	[image: f_{me}] is the fraction of planets with a sufficiently low number of extinction events. Ward and Brownlee argue that the low number of such events the Earth has experienced since the Cambrian explosion may be unusual, in which case this fraction would be small.



The Rare Earth equation, unlike the Drake equation, does not factor the probability that complex life evolves into intelligent life that discovers technology (Ward and Brownlee are not evolutionary biologists). Barrow and Tipler[33] review the consensus among such biologists that the evolutionary path from primitive Cambrian chordates, e.g. Pikaia to Homo sapiens, was a highly improbable event. For example, the large brains of humans have marked adaptive disadvantages, requiring as they do an expensive metabolism, a long gestation period, and a childhood lasting more than 25% of the average total life span. Other improbable features of humans include:


	Being the only extant bipedal land (non-avian) vertebrate.[dubious – discuss] Combined with an unusual eye–hand coordination, this permits dextrous manipulations of the physical environment with the hands;

	A vocal apparatus far more expressive than that of any other mammal, enabling speech. Speech makes it possible for humans to interact cooperatively, to share knowledge, and to acquire a culture;

	The capability of formulating abstractions to a degree permitting the invention of mathematics, and the discovery of science and technology. Only recently did humans acquire anything like their current scientific and technological sophistication.



 Advocates

Authors that advocate the Rare Earth hypothesis:


	Stuart Ross Taylor,[26] a specialist on the solar system, firmly believes in the hypothesis, but its truth is not central to his purpose, which is to write a short introductory book on the solar system and its formation. Taylor concludes that the solar system is probably very unusual, because it resulted from so many chance factors and events.

	Stephen Webb,[2] a physicist, mainly presents and rejects candidate solutions for the Fermi paradox. The Rare Earth hypothesis emerges as one of the few solutions left standing by the end of the book.

	Simon Conway Morris, a paleontologist, endorses the Rare Earth hypothesis in chapter 5 of his Life's Solution: Inevitable Humans in a Lonely Universe,[34] and cites Ward and Brownlee's book with approval.[35] His main purpose, however, is to argue that if a planet does harbour life, intelligent beings something like humans are inevitable.[36]

	John D. Barrow and Frank J. Tipler (1986. 3.2, 8.7, 9), cosmologists, vigorously defend the hypothesis that humans are likely to be the only intelligent life in the Milky Way, and perhaps the entire universe. But this hypothesis is not central to their book The Anthropic Cosmological Principle, a very thorough study of the anthropic principle, and of how the laws of physics are peculiarly suited to enable the emergence of complexity in nature.

	Ray Kurzweil, a computer pioneer and self-proclaimed Singularitarian, argues in The Singularity Is Near that the coming Singularity requires that Earth be the first planet on which sentient, technology-using life evolved. Although other Earth-like planets could exist, Earth must be the most evolutionarily advanced, because otherwise we would have seen evidence that another culture had experienced the Singularity and expanded to harness the full computational capacity of the physical universe.

	John Gribbin, a prolific science writer, defends the hypothesis in a book devoted to it called Alone in the Universe: Why our planet is unique.[37]

	Guillermo Gonzalez, astrophysicist who coined the term Galactic Habitable Zone uses the hypothesis in his book The Privileged Planet to promote the concept of intelligent design[38]

	Michael H. Hart, astrophysicist who proposed a very narrow habitable zone based on climate studies edited the influential book "Extraterrestrials: Where are They" and authored "Atmospheric Evolution, the Drake Equation and DNA: Sparse Life in an Infinite Universe"[39]



 Criticism

Cases against the Rare Earth Hypothesis take various forms.

 Exoplanets with Earth-like properties are being discovered

See also: Estimated frequency of Earth-like planets

An increasing number of extrasolar planet discoveries are being made with 884 now known.[40] Based on these discoveries, and tools such as the Kepler space telescope scientists are better equipped to estimate the frequency of Earth-like planets and increasingly these studies show results more in favour of the Copernican principle than the Rare Earth Hypothesis. In 2011 NASA's Jet Propulsion Laboratory (JPL) calculated that about "1.4 to 2.7 percent" of all sun-like stars are expected to have earthlike planets "within the habitable zones of their stars". This means there are "two billion" of them in our own Milky Way galaxy alone and assuming that all galaxies have a similar number as the Milky Way, in the 50 billion galaxies in the observable universe there may be as many as a sextillion.[41]

NASA and the SETI Institute now categorise Earth like planets using an Earth Similarity Index (ESI) based on mass, radius and temperature.[42][43]

In defense of the Rare Earth hypothesis, no Earth-like planet has been confirmed to date to possess surface water, tectonic plates or a large moon, however such measurements are beyond the limits of current technology. In addition, of the 132 multiplanetary systems discovered, few have found to bear a resemblance to the planetary arrangement of the Solar System, though again, the current methodology for detecting planets does not favor detecting Solar System like planetary bodies.

 Oxygen is not a requirement for multicellular life

See also: Alternative biochemistry

Ward & Brownlee assert that there is irrefutable evidence that oxygen is a necessary ingredient for animal life.[44] However this argument has since been disproven by the discovery of anaerobic metazoa. Three multicellular species including Spinoloricus nov. sp. discovered in the hypersaline anoxic L'Atalante basin at the bottom of the Mediterranean Sea in 2010, appear to metabolise with hydrogen instead of oxygen, lacking mitochondria and using hydrogenosomes instead.[45][46]

 Anthropic reasoning

The hypothesis concludes, more or less, that complex life is rare because it can evolve only on the surface of an Earth-like planet or on a suitable satellite of a planet. Some biologists, such as Jack Cohen, believe this assumption too restrictive and unimaginative; they see it as a form of circular reasoning.

According to David Darling, the Rare Earth hypothesis is neither hypothesis nor prediction, but merely a description of how life arose on Earth.[47] In his view Ward and Brownlee have done nothing more than select the factors that best suit their case.


What matters is not whether there's anything unusual about the Earth; there's going to be something idiosyncratic about every planet in space. What matters is whether any of Earth's circumstances are not only unusual but also essential for complex life. So far we've seen nothing to suggest there is.[48]



Critics also point to a link between the Rare Earth Hypothesis and the creationist ideas of intelligent design.[49]

 Alternative habitats for complex Life

See also: Alternative biochemistry
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Complex life may exist elsewhere in environments similar to those found around black smokers on Earth.





Rare Earth proponents argue that simple life may be common, though complex life requires specific environmental conditions to arise. It has been argued by some that complex life may exist in diverse habitats, including some beyond the Solar System's habitable zone and on bodies that are not planets where both water and an active energy source may exist. For example, theorised sub-surface water habitats may exist on Europa and Enceladus where tidal heating may be a potential energy source.[50][51] Some theories on the origin of life on Earth point to complex life evolving in such environments before arising on the surface.

 Uncertainty over Jupiter's role

Recent computer simulations on Jupiter's role as guardian of the terrestrial planets has shown that while the gas giant's mass appears to provide increased protection against asteroids, the total effect on all orbital bodies within the Solar System is unclear.[52][53]

Some studies[which?] show that Jupiter has caused more impacts on Earth than it has prevented.[53] Such models would appear to invalidate the argument that Jupiter-like planets as necessary protectors.[citation needed] The role of Jupiter, has since been revised by the Nice model.[how?]

 Necessity of tectonics

The discovery of tectonic features and mountain chains on other Solar System objects (including mountain ranges on the moon, Montes on Mars and Montes on Venus and Montes on Titan including a massive new feature discovered on the moon in 2006), many of which have been formed by geological folds and faults counter Ward & Brownlee's minor argument that such geological features are unique to Earth. There is growing evidence of tectonic like activity on Mars,[54] Venus[55] and Titan.[56]

Many Rare Earth proponents argue that the Earth's plate tectonics would likely not exist if not for the tidal forces of the moon. However there is currently no proof of the hypothesis that the moon's tidal influence initiated Earth's plate tectonics. Additionally, there is strong evidence that plate tectonics existed on Mars which does not currently have a large companion.[57]

NASA scientists Hartman and McKay argue that plate tectonics may in fact slow the rise of oxygenation (and thus stymie complex life rather than promote it).[58]

Possible biogeochemical cycles have recently been detected on Europa, Titan and Mars.

 Giant Impacts may not be rare

Recent work by Edward Belbruno and J. Richard Gott of Princeton University suggests that Giant Impacts such as those that form the moon can indeed form in planetary trojan points (L4 or L5 Lagrangian point) which means that similar circumstances may occur in other planetary systems.[59]
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Natural satellite habitability is the measure of a natural satellite's potential to sustain life. The study of natural satellite habitability is important to astrobiology for several reasons. While theoretical conditions under which life might be sustained on natural satellites (moons) are similar to those of planets, there are key environmental differences which can make moons of particular interest in the search for extraterrestrial life.

The probability of life on natural satellites within the Solar System is considered remote, though the possibility has not been ruled out. Within Sol's habitable zone, the only candidates are the Moon, Phobos and Deimos, and none have either an atmosphere or water in liquid form. Significantly, some of the strongest known candidates for harbouring extraterrestrial life are located outside of the solar habitable zone, on satellites of Jupiter and Saturn.

No extrasolar moons are yet confirmed to exist. While there is no way of knowing how common they may be, what their attributes are or how many could be considered habitable, some scientists estimate that there are as many habitable exomoons as habitable planets.[1] The Kepler mission appears to confirm this.[citation needed] While substantially more difficult to detect and confirm there are a similar number of habitable exomoon candidates as candidate habitable exoplanets.
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 Possible origins

Complex conditions thought to be required for abiogenesis are not known to exist anywhere within the solar system. However several candidates beyond Sol's habitable zone have been identified that have some of the ingredients thought necessary for life to exist. The alternate theory of panspermia suggests life may have been introduced to such environments.

There is also the theoretical possibility of extraterrestrial biochemistries exotic beyond current human speculation.

Deliberate or accidental future forward-contamination by organisms originating from Earth is a distinct possibility in these potentially habitable environments. Such cases would make it difficult to determine where the origin of life was.

 Presumed conditions

The conditions of habitability for natural satellites are similar to those of planetary habitability however there are several factors which differentiate natural satellite habitability and additionally extend their habitability outside of the planetary habitable zone.[2]

 Liquid water

Main article: Extraterrestrial liquid water

Liquid water is suggested by many astrobiologists as a prerequisite for extraterrestrial life. There is growing evidence of sub-surface liquid water on several moons in the Solar System orbiting the gas giants Jupiter, Saturn, Uranus, and Neptune. However, none of these subsurface bodies of water has received final confirmation to date.

 Orbital stability

For a stable orbit the ratio between the moon's orbital period Ps around its primary and that of the primary around its star Pp must be < 1/9, e.g. if a planet takes 90 days to orbit its star, the maximum stable orbit for a moon of that planet is less than 10 days.[3] Simulations suggest that a moon with an orbital period less than about 45 to 60 days will remain safely bound to a massive giant planet or brown dwarf that orbits 1 AU from a Sun-like star.[4]

 Atmosphere

An atmosphere is considered by astrobiologists to be important in developing primal biochemistry, sustaining life and for surface water to exist. Most natural satellites in the Solar System lack significant atmospheres, the sole exception being Saturn's moon, Titan)..

Sputtering, a process whereby atoms are ejected from a solid target material due to bombardment of the target by energetic particles, presents a significant problem for natural satellites. All the gas giants in the Solar System, and likely those orbiting other stars, have magnetospheres with radiation belts potent enough to completely erode an atmosphere of an Earth-like moon in just a few hundred million years. Strong stellar winds can also strip gas atoms from the top of an atmosphere causing them to be lost to space.

To support an Earth-like atmosphere for around 4.6 billion years (Earth's current age), a moon with a Mars-like density is estimated to need at least 7% of Earth's mass.[5] One way to decrease loss from sputtering is for the moon to have strong magnetic field which can deflect stellar wind and radiation belts. NASA's Galileo's measurements hints large moons can have magnetic fields; it found Ganymede has its own magnetosphere, even though its mass is only 2.5% of Earth's.[4] An exception is if the moon's atmosphere is constantly replenished by gases from sub-surface sources (as believed by some scientists to be the case with Titan).[citation needed]

 Tidal effects

While the effects of tidal acceleration are relatively modest on planets, it can be a significant source of energy for natural satellites and an alternative energy source for sustaining life.

Moons orbiting gas giants or brown dwarfs are likely to be tidally locked to their primary: that is, their days are as long as their orbits. While tidal locking may adversely affect planets within habitable zones by interfering with the distribution of stellar radiation, it may work in favour of satellite habitability by allowing tidal heating. Monoj Joshi and Robert Haberle (NASA/Ames Research Center) and their colleagues modelled the temperature on tide-locked exoplanets in the habitability zone of red dwarfs. They found that an atmosphere with a carbon-dioxide pressure of only 1 to 1.5 atmospheres not only allows habitable temperatures but allows liquid water on the dark side. The temperature range of a moon that is tidally locked to a gas giant could be less extreme than with a planet that locked to a sun. Even though no studies have been done on the subject, modest amounts of CO2 would make the temperature habitable.[4]

Furthermore, tidal effects could also allow a moon to sustain plate tectonics, which would cause volcanic activity to regulate the moon's temperature[6][7] and create a geodynamo effect which would give the satellite a strong magnetic field.[8]

 Axial tilt

Provided gravitational interaction of a moon with other satellites can be neglected, moons tend to be tidally locked with their planets. In addition to the rotational locking mentioned above, there will also be a process termed 'tilt erosion', which has originally been coined for the tidal erosion of planetary obliquity against a planet's orbit around its host star.[9] The final spin state of a moon then consists of a rotational period equal to its orbital period around the planet and a rotational axis that is perpendicular to the orbital plane.

If the moon's mass is not too low compared to the planet, it may in turn stabilize the planet's axial tilt, i.e. its obliquity against the orbit around the star. On Earth, the Moon has played an important role in stabilizing the axial tilt of the Earth, thereby reducing the impact of gravitational perturbations from the other planets and ensuring only moderate climate variations throughout the planet.[10] On Mars, however, a planet without significant tidal effects from its relatively low-mass moons Phobos and Deimos, axial tilt can undergo extreme changes from 13° to 40° on timescales of 5 to 10 million years.[11][12]

 Temperature

Being tidally locked to a giant planet or sub-brown-dwarf would allow for more moderate climates on a moon than there would be if the moon were a similar-sized planet orbiting in locked rotation in the habitable zone of the star.[13] This is especially true of red dwarf systems, where comparatively high gravitational forces and low luminosities leave the habitable zone in an area where tidal locking would occur. If tidally locked, one rotation about the axis may take a long time relative to a planet (for example, ignoring the slight axial tilt of earth's moon and topographical shadowing, any given point on it has two weeks - in Earth time - of sunshine and two weeks of night in its lunar day) but these long periods of light and darkness are not as challenging for habitability as the eternal days and eternal nights on a planet tidally locked to its star.

 In the Solar System
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Europa, a moon of Jupiter, with a possibility of having life





The following is a list of natural satellites and environments in the Solar System with a possibility of harboring extraterrestrial life.



	Name
	System
	Article
	Notes



	Europa
	Jupiter
	Life on Europa
	A subsurface ocean is maintained by geologic activity, tidal heating, and irradiation.[14][15] The moon may have more water and oxygen than Earth and a thin oxygen atmosphere.[16]



	Enceladus
	Saturn
	
	Water could be maintained liquid under the surface due to geothermal activity.[17]



	Titan
	Saturn
	Life on Titan
	Its atmosphere is considered similar to the early Earth although it is somewhat thicker. The surface is characterized by hydrocarbon lakes, cryovolcanos, and eventually by rain and snow. It has a remote possibility of an exotic methane-based biochemistry.[18]



	Callisto
	Jupiter
	
	Thought to have a sub-surface ocean heated by tidal forces.[19]



	Io
	Jupiter
	
	Due to its proximity to Jupiter, it is subject to intense tidal heating which makes it the most volcanically active object in the Solar System. The outgasing generates a trace atmosphere.[20]



	Triton
	Neptune
	
	Triton orbits retrograde around Neptune and cannot haved formed in-situ. It is believed to be a captured member from a former binary.[21] Its high orbital inclination with respect to Neptune's equator drives significant tidal heating, responsible for the dashing surface arrangements observed by the Voyager 2 space probe. This heating possibly maintains a layer of liquid water or a subterranean ocean.[22]



	Charon
	Pluto
	
	Possible internal ocean of water and ammonia evidenced by possible cryovolcanic activity.[23]




 Extrasolar

Further information: Extrasolar moon

See also category: Gas giant planets in the habitable zone
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Artist's impression of a hypothetical moon around a Saturn-like exoplanet that could be habitable.





No extrasolar natural satellites have yet been detected. Large planets in the Solar System like Jupiter and Saturn are known to have large moons with some of the conditions for life. Therefore some scientists speculate that large extrasolar planets (and double planets) may have similarly large moons that are potentially habitable. A moon with sufficient mass may support an atmosphere like Titan and may also sustain liquid water on the surface.

Massive exoplanets known to be located within a habitable zone (such as Gliese 876 b, 55 Cancri f, Upsilon Andromedae d, 47 Ursae Majoris b, HD 28185 b and HD 37124 c) are of particular interest as they may potentially possess natural satellites with liquid water on the surface.

Habitability of extrasolar moons has been considered in at least two studies published in peer-reviewed journals. René Heller & Rory Barnes[24] considered stellar and planetary illumination on moons as well as the effect of eclipses on their orbit-averaged surface illumination. They also considered tidal heating as a threat for their habitability. In Sect. 4 in their paper, they introduce a new concept to define the habitable orbits of moons. Referring to the concept of the circumstellar habitable zone for planets, they define an inner border for a moon to be habitable around a certain planet and call it the circumplanetary "habitable edge". Moons closer to their planet than the habitable edge are uninhabitable. In a second study, René Heller [25] then included the effect of eclipses into this concept as well as constraints from a satellite's orbital stability. He found that, depending on a moon's orbital eccentricity, there is a minimum mass for stars to host habitable moons and located it around 0.2 solar masses.

 In fiction

The concept of habitable exo-moons has been popularized by the moons of Star Wars such as Return of the Jedi's forest moon of Endor, and Yavin 4 from A New Hope, several habitable planets and habitable moons in Stargate SG1, Pandora from the 2009 film Avatar, a broad range of terraformed habitable planets and moons (such as Whitefall, Persephone) in the Firefly TV series and related movie Serenity.
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This article is about the Sun and its planetary system. For other systems, see planetary system and star system.
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The Solar System[a] consists of the Sun and its planetary system of eight planets, their moons, and other non-stellar objects.[b] It formed 4.6 billion years ago from the gravitational collapse of a giant molecular cloud. The vast majority of the system's mass is in the Sun, with most of the remaining mass contained in Jupiter. The four smaller inner planets, Mercury, Venus, Earth and Mars, also called the terrestrial planets, are primarily composed of rock and metal. The four outer planets, called the gas giants, are substantially more massive than the terrestrials. The two largest, Jupiter and Saturn, are composed mainly of hydrogen and helium; the two outermost planets, Uranus and Neptune, are composed largely of substances with relatively high melting points (compared with hydrogen and helium), called ices, such as water, ammonia and methane, and are often referred to separately as "ice giants". All planets have almost circular orbits that lie within a nearly flat disc called the ecliptic plane.

The Solar System also contains a number of regions populated by smaller objects.[b] The asteroid belt, which lies between Mars and Jupiter, is similar to the terrestrial planets as it mostly contains objects composed of rock and metal. Beyond Neptune's orbit lie the Kuiper belt and scattered disc, linked populations of trans-Neptunian objects composed mostly of ices. Within these populations are several dozen to more than ten thousand objects that may be large enough to have been rounded by their own gravity.[10] Such objects are referred to as dwarf planets. Identified dwarf planets include the asteroid Ceres and the trans-Neptunian objects Pluto, Eris, Haumea, and Makemake.[b] In addition to these two regions, various other small-body populations including comets, centaurs and interplanetary dust freely travel between regions. Six of the planets, at least three of the dwarf planets, and many of the smaller bodies are orbited by natural satellites,[c] usually termed "moons" after Earth's Moon. Each of the outer planets is encircled by planetary rings of dust and other small objects.

The solar wind, a flow of plasma from the Sun, creates a bubble in the interstellar medium known as the heliosphere, which extends out to the edge of the scattered disc. The Oort cloud, which is believed to be the source for long-period comets, may also exist at a distance roughly a thousand times further than the heliosphere. The heliopause is the point at which pressure from the solar wind is equal to the opposing pressure of interstellar wind. The Solar System is located within one of the outer arms of Milky Way galaxy, which contains about 200 billion stars.
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 Discovery and exploration
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Planets of the Solar System to scale. Jupiter and Saturn (top row), Uranus and Neptune (top middle), Earth and Venus (bottom middle), Mars and Mercury. If the Sun-Neptune distance were scaled to the length of a football or soccer field of about 100 meters long, the Sun would be less than 3 cm in diameter (about two-thirds that of a golf ball), the gas giants would all be less than 3 mm across (smaller than a BB pellet) and Earth's diameter and the other terrestrial planets would be less than 0.3 mm (smaller than a flea).





Main article: Discovery and exploration of the Solar System

For many thousands of years, humanity, with a few notable exceptions, did not recognize the existence of the Solar System. People believed the Earth to be stationary at the centre of the universe and categorically different from the divine or ethereal objects that moved through the sky. Although the Greek philosopher Aristarchus of Samos had speculated on a heliocentric reordering of the cosmos,[11] Nicolaus Copernicus was the first to develop a mathematically predictive heliocentric system.[12] His 17th-century successors, Galileo Galilei, Johannes Kepler and Isaac Newton, developed an understanding of physics that led to the gradual acceptance of the idea that the Earth moves around the Sun and that the planets are governed by the same physical laws that governed the Earth. Additionally, the invention of the telescope led to the discovery of further planets and moons. In more recent times, improvements in the telescope and the use of unmanned spacecraft have enabled the investigation of geological phenomena such as mountains and craters, and seasonal meteorological phenomena such as clouds, dust storms and ice caps on the other planets.

 Structure and composition
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The orbits of the bodies in the Solar System to scale (clockwise from top left)
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Solar System showing the plane of the Earth's orbit around the Sun in 3D. Mercury, Venus, Earth, and Mars are shown in both panels; the right panel also shows Jupiter making one full revolution with Saturn and Uranus making less than one full revolution.





The principal component of the Solar System is the Sun, a G2 main-sequence star that contains 99.86% of the system's known mass and dominates it gravitationally.[13] The Sun's four largest orbiting bodies, the gas giants, account for 99% of the remaining mass, with Jupiter and Saturn together comprising more than 90%.[d]

Most large objects in orbit around the Sun lie near the plane of Earth's orbit, known as the ecliptic. The planets are very close to the ecliptic while comets and Kuiper belt objects are frequently at significantly greater angles to it.[17][18] All the planets and most other objects orbit the Sun in the same direction that the Sun is rotating (counter-clockwise, as viewed from above the Sun's north pole).[19] There are exceptions, such as Halley's Comet.

The overall structure of the charted regions of the Solar System consists of the Sun, four relatively small inner planets surrounded by a belt of rocky asteroids, and four gas giants surrounded by the Kuiper belt of icy objects. Astronomers sometimes informally divide this structure into separate regions. The inner Solar System includes the four terrestrial planets and the asteroid belt. The outer Solar System is beyond the asteroids, including the four gas giants.[20] Since the discovery of the Kuiper belt, the outermost parts of the Solar System are considered a distinct region consisting of the objects beyond Neptune.[21]

Most of the planets in the Solar System possess secondary systems of their own, being orbited by planetary objects called natural satellites, or moons (two of which are larger than the planet Mercury), or, in the case of the four gas giants, by planetary rings; thin bands of tiny particles that orbit them in unison. Most of the largest natural satellites are in synchronous rotation, with one face permanently turned toward their parent.

Kepler's laws of planetary motion describe the orbits of objects about the Sun. Following Kepler's laws, each object travels along an ellipse with the Sun at one focus. Objects closer to the Sun (with smaller semi-major axes) travel more quickly, as they are more affected by the Sun's gravity. On an elliptical orbit, a body's distance from the Sun varies over the course of its year. A body's closest approach to the Sun is called its perihelion, while its most distant point from the Sun is called its aphelion. The orbits of the planets are nearly circular, but many comets, asteroids and Kuiper belt objects follow highly elliptical orbits. The positions of the bodies in the Solar System can be predicted using numerical models.

Although the Sun dominates the system by mass, it accounts for only about 2% of the angular momentum[22] due to the differential rotation within the gaseous Sun.[23] The planets, dominated by Jupiter, account for most of the rest of the angular momentum due to the combination of their mass, orbit, and distance from the Sun, with a possibly significant contribution from comets.[22]

The Sun, which comprises nearly all the matter in the Solar System, is composed of roughly 98% hydrogen and helium.[24] Jupiter and Saturn, which comprise nearly all the remaining matter, possess atmospheres composed of roughly 99% of those same elements.[25][26] A composition gradient exists in the Solar System, created by heat and light pressure from the Sun; those objects closer to the Sun, which are more affected by heat and light pressure, are composed of elements with high melting points. Objects farther from the Sun are composed largely of materials with lower melting points.[27] The boundary in the Solar System beyond which those volatile substances could condense is known as the frost line, and it lies at roughly 5 AU from the Sun.[5]

The objects of the inner Solar System are composed mostly of rock,[28] the collective name for compounds with high melting points, such as silicates, iron or nickel, that remained solid under almost all conditions in the protoplanetary nebula.[29] Jupiter and Saturn are composed mainly of gases, the astronomical term for materials with extremely low melting points and high vapor pressure such as molecular hydrogen, helium, and neon, which were always in the gaseous phase in the nebula.[29] Ices, like water, methane, ammonia, hydrogen sulfide and carbon dioxide,[28] have melting points up to a few hundred kelvins, while their phase depends on the ambient pressure and temperature.[29] They can be found as ices, liquids, or gases in various places in the Solar System, while in the nebula they were either in the solid or gaseous phase.[29] Icy substances comprise the majority of the satellites of the giant planets, as well as most of Uranus and Neptune (the so-called "ice giants") and the numerous small objects that lie beyond Neptune's orbit.[28][30] Together, gases and ices are referred to as volatiles.[31]

 Distances and scales

The distance from the Earth to the Sun is 1 astronomical unit (150,000,000 km). For comparison, the radius of the Sun is 700,000 km (0.0047 AU). Thus, the Sun occupies 0.00001% (10–5 %) of the volume of a sphere with a radius the size of the Earth's orbit, while the Earth's volume is roughly one million (106) times smaller than that of the Sun. Jupiter, the largest planet, is 5.2 astronomical units (780,000,000 km) from the Sun and has a radius of 71,000 km (0.00047 AU), while the most distant planet, Neptune, is 30 AU (4.5×109 km) from the Sun.

With a few exceptions, the farther a planet or belt is from the Sun, the larger the distance between it and the previous orbit. For example, Venus is approximately 0.33 AU farther out from the Sun than Mercury, while Saturn is 4.3 AU out from Jupiter, and Neptune lies 10.5 AU out from Uranus. Attempts have been made to determine a relationship between these orbital distances (for example, the Titius–Bode law),[32] but no such theory has been accepted. The images at the beginning of this section show the orbits of the various constituents of the Solar System on different scales.

A number of Solar System models on Earth attempt to convey the relative scales involved in the Solar System on human terms. Some models are mechanical — called orreries — while others extend across cities or regional areas.[33] The largest such scale model, the Sweden Solar System, uses the 110-metre Ericsson Globe in Stockholm as its substitute Sun, and, following the scale, Jupiter is a 7.5 metre sphere at Arlanda International Airport, 40 km away, while the farthest current object, Sedna, is a 10-cm sphere in Luleå, 912 km away.[34][35]

If the Sun–Neptune distance is scaled to the length of a football or soccer pitch of about 100 metre, then the Sun is about 3 cm in diameter (roughly two-thirds the diameter of a golf ball) at one goal line with the gas giants all smaller than about 3 mm and Neptune found at the opposite goal line. Earth's diameter along with the other terrestrial planets would be smaller than a flea (0.3 mm) at this scale.[36]









































Distances of selected bodies of the Solar System from the Sun. The left and right edges of each bar correspond to the perihelion and aphelion of the body, respectively. Long bars denote high orbital eccentricity. The radius of the Sun is 0.7 million km, and the radius of Jupiter (the largest planet) is 0.07 million km, both too small to resolve on this image.



 Formation and evolution

Main article: Formation and evolution of the Solar System
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Artist's concept of the early Solar System





The Solar System formed 4.568 billion years ago from the gravitational collapse of a region within a large molecular cloud.[37] This initial cloud was likely several light-years across and probably birthed several stars.[38] As is typical of molecular clouds, this one consisted mostly of hydrogen, with some helium, and small amounts of heavier elements fused by previous generations of stars. As the region that would become the Solar System, known as the pre-solar nebula,[39] collapsed, conservation of angular momentum caused it to rotate faster. The centre, where most of the mass collected, became increasingly hotter than the surrounding disc.[38] As the contracting nebula rotated faster, it began to flatten into a protoplanetary disc with a diameter of roughly 200 AU[38] and a hot, dense protostar at the centre.[40][41] The planets formed by accretion from this disc,[42] in which dust and gas gravitationally attracted each other, coalescing to form ever larger bodies. Hundreds of protoplanets may have existed in the early Solar System, but they either merged or were destroyed, leaving the planets, dwarf planets, and leftover minor bodies.

Due to their higher boiling points, only metals and silicates could exist in the warm inner Solar System close to the Sun, and these would form the rocky planets of Mercury, Venus, Earth, and Mars. Since metallic elements only comprised a very small fraction of the solar nebula, the terrestrial planets could not grow very large. The gas giants (Jupiter, Saturn, Uranus, and Neptune) formed further out, beyond the frost line, the point between the orbits of Mars and Jupiter where material is cool enough for volatile icy compounds to remain solid. The ices that formed these planets were more plentiful than the metals and silicates that formed the terrestrial inner planets, allowing them to grow massive enough to capture large atmospheres of hydrogen and helium, the lightest and most abundant elements. Leftover debris that never became planets congregated in regions such as the asteroid belt, Kuiper belt, and Oort cloud. The Nice model is an explanation for the creation of these regions, and how the outer planets could have formed in different positions and migrated to their current orbits through various gravitational interactions.

Within 50 million years, the pressure and density of hydrogen in the centre of the protostar became great enough for it to begin thermonuclear fusion.[43] The temperature, reaction rate, pressure, and density increased until hydrostatic equilibrium was achieved: the thermal pressure equaled the force of gravity. At this point the Sun became a main-sequence star.[44] Solar wind from the Sun created the heliosphere and swept away the remaining gas and dust from the protoplanetary disc into interstellar space, ending the planetary formation process.

The Solar System will remain roughly as we know it today until the hydrogen in the core of the Sun has been entirely converted to helium, which will occur roughly 5.4 billion years from now. This will mark the end of the Sun's main-sequence life. At this time, the core of the Sun will collapse, and the energy output will be much greater than at present. The outer layers of the Sun will expand to roughly up to 260 times its current diameter and the Sun will become a red giant. Because of its vastly increased surface area, the surface of the Sun will be considerably cooler (2600 K at its coolest) than it is on the main sequence.[45] The expanding Sun is expected to vaporize Mercury and Venus and render the Earth uninhabitable, as the habitable zone moves out to the orbit of Mars. Eventually, the core will be hot enough for helium fusion; the Sun will burn helium for a fraction of the time it burned hydrogen in the core. The Sun is not massive enough to commence fusion of heavier elements, and nuclear reactions in the core will dwindle. Its outer layers will move away into space, leaving a white dwarf, an extraordinarily dense object, half the original mass of the Sun but only the size of the Earth.[46] The ejected outer layers will form what is known as a planetary nebula, returning some of the material that formed the Sun—but now enriched with heavier elements like carbon—to the interstellar medium.

 Sun

Main article: Sun
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A transit of Venus





The Sun is the Solar System's star, and by far its chief component. Its large mass (332,900 Earth masses)[47] produces temperatures and densities in its core high enough to sustain nuclear fusion,[48] which releases enormous amounts of energy, mostly radiated into space as electromagnetic radiation, peaking in the 400–700 nm band of visible light.[49]

The Sun is classified as a type G2 yellow dwarf, but this name is misleading as, compared to the majority of stars in our galaxy, the Sun is rather large and bright.[50] Stars are classified by the Hertzsprung–Russell diagram, a graph that plots the brightness of stars with their surface temperatures. Generally, hotter stars are brighter. Stars following this pattern are said to be on the main sequence, and the Sun lies right in the middle of it. However, stars brighter and hotter than the Sun are rare, whereas substantially dimmer and cooler stars, known as red dwarfs, are common, making up 85% of the stars in the galaxy.[50][51]

Evidence suggests that the Sun's position on the main sequence puts it in the "prime of life" for a star, in that it has not yet exhausted its store of hydrogen for nuclear fusion. The Sun is growing brighter; early in its history its brightness was 70% of that of what it is today.[52]

The Sun is a population I star; it was born in the later stages of the universe's evolution, and thus contains more elements heavier than hydrogen and helium ("metals" in astronomical parlance) than the older population II stars.[53] Elements heavier than hydrogen and helium were formed in the cores of ancient and exploding stars, so the first generation of stars had to die before the universe could be enriched with these atoms. The oldest stars contain few metals, whereas stars born later have more. This high metallicity is thought to have been crucial to the Sun's development of a planetary system, because the planets form from the accretion of "metals".[54]

 Interplanetary medium
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The heliospheric current sheet





Main articles: Interplanetary medium and Heliosphere

The vast majority of the volume of the Solar System consists of a near-vacuum known as the interplanetary medium. However, along with light, the Sun radiates a continuous stream of charged particles (a plasma) known as the solar wind. This stream of particles spreads outwards at roughly 1.5 million kilometres per hour,[55] creating a tenuous atmosphere (the heliosphere) that permeates the interplanetary medium out to at least 100 AU (see heliopause).[56] Activity on the Sun's surface, such as solar flares and coronal mass ejections, disturb the heliosphere, creating space weather and causing geomagnetic storms.[57] The largest structure within the heliosphere is the heliospheric current sheet, a spiral form created by the actions of the Sun's rotating magnetic field on the interplanetary medium.[58][59]

Earth's magnetic field stops its atmosphere from being stripped away by the solar wind. Venus and Mars do not have magnetic fields, and as a result, the solar wind causes their atmospheres to gradually bleed away into space.[60] Coronal mass ejections and similar events blow a magnetic field and huge quantities of material from the surface of the Sun. The interaction of this magnetic field and material with Earth's magnetic field funnels charged particles into the Earth's upper atmosphere, where its interactions create aurorae seen near the magnetic poles.

The heliosphere and planetary magnetic fields (for those planets that have them) partially shield the Solar System from high-energy interstellar particles called cosmic rays. The density of cosmic rays in the interstellar medium and the strength of the Sun's magnetic field change on very long timescales, so the level of cosmic-ray penetration in the Solar System varies, though by how much is unknown.[61]

The interplanetary medium is home to at least two disc-like regions of cosmic dust. The first, the zodiacal dust cloud, lies in the inner Solar System and causes the zodiacal light. It was likely formed by collisions within the asteroid belt brought on by interactions with the planets.[62] The second dust cloud extends from about 10 AU to about 40 AU, and was probably created by similar collisions within the Kuiper belt.[63][64]

 Inner Solar System

The inner Solar System is the traditional name for the region comprising the terrestrial planets and asteroids.[65] Composed mainly of silicates and metals, the objects of the inner Solar System are relatively close to the Sun; the radius of this entire region is shorter than the distance between the orbits of Jupiter and Saturn.

 Inner planets

Main article: Terrestrial planet
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The inner planets. From left to right: Mercury, Venus, Earth, and Mars in true-colour (sizes to scale, interplanetary distances not)





The four inner or terrestrial planets have dense, rocky compositions, few or no moons, and no ring systems. They are composed largely of refractory minerals, such as the silicates, which form their crusts and mantles, and metals such as iron and nickel, which form their cores. Three of the four inner planets (Venus, Earth and Mars) have atmospheres substantial enough to generate weather; all have impact craters and tectonic surface features such as rift valleys and volcanoes. The term inner planet should not be confused with inferior planet, which designates those planets that are closer to the Sun than Earth is (i.e. Mercury and Venus).

 Mercury


	Mercury (0.4 AU from the Sun) is the closest planet to the Sun and the smallest planet in the Solar System (0.055 Earth masses). Mercury has no natural satellites, and its only known geological features besides impact craters are lobed ridges or rupes, probably produced by a period of contraction early in its history.[66] Mercury's almost negligible atmosphere consists of atoms blasted off its surface by the solar wind.[67] Its relatively large iron core and thin mantle have not yet been adequately explained. Hypotheses include that its outer layers were stripped off by a giant impact, and that it was prevented from fully accreting by the young Sun's energy.[68][69]



 Venus


	Venus (0.7 AU from the Sun) is close in size to Earth (0.815 Earth masses), and, like Earth, has a thick silicate mantle around an iron core, a substantial atmosphere and evidence of internal geological activity. However, it is much drier than Earth and its atmosphere is ninety times as dense. Venus has no natural satellites. It is the hottest planet, with surface temperatures over 400 °C, most likely due to the amount of greenhouse gases in the atmosphere.[70] No definitive evidence of current geological activity has been detected on Venus, but it has no magnetic field that would prevent depletion of its substantial atmosphere, which suggests that its atmosphere is regularly replenished by volcanic eruptions.[71]



 Earth


	Earth (1 AU from the Sun) is the largest and densest of the inner planets, the only one known to have current geological activity, and is the only place where life is known to exist.[72] Its liquid hydrosphere is unique among the terrestrial planets, and it is also the only planet where plate tectonics has been observed. Earth's atmosphere is radically different from those of the other planets, having been altered by the presence of life to contain 21% free oxygen.[73] It has one natural satellite, the Moon, the only large satellite of a terrestrial planet in the Solar System.



 Mars


	Mars (1.5 AU from the Sun) is smaller than Earth and Venus (0.107 Earth masses). It possesses an atmosphere of mostly carbon dioxide with a surface pressure of 6.1 millibars (roughly 0.6% of that of the Earth).[74] Its surface, peppered with vast volcanoes such as Olympus Mons and rift valleys such as Valles Marineris, shows geological activity that may have persisted until as recently as 2 million years ago.[75] Its red colour comes from iron oxide (rust) in its soil.[76] Mars has two tiny natural satellites (Deimos and Phobos) thought to be captured asteroids.[77]



 Asteroid belt

Main article: Asteroid belt
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Image of the asteroid belt (white), the Jupiter Trojans (green), the Hildas (orange), and near-Earth asteroids.





Asteroids are small Solar System bodies[b] composed mainly of refractory rocky and metallic minerals, with some ice.[78]

The asteroid belt occupies the orbit between Mars and Jupiter, between 2.3 and 3.3 AU from the Sun. It is thought to be remnants from the Solar System's formation that failed to coalesce because of the gravitational interference of Jupiter.[79]

Asteroids range in size from hundreds of kilometres across to microscopic. All asteroids except the largest, Ceres, are classified as small Solar System bodies.[80]

The asteroid belt contains tens of thousands, possibly millions, of objects over one kilometre in diameter.[81] Despite this, the total mass of the asteroid belt is unlikely to be more than a thousandth of that of the Earth.[16] The asteroid belt is very sparsely populated; spacecraft routinely pass through without incident. Asteroids with diameters between 10 and 10−4 m are called meteoroids.[82]

 Ceres

Ceres (2.77 AU) is the largest asteroid, a protoplanet, and a dwarf planet.[b] It has a diameter of slightly under 1000 km, and a mass large enough for its own gravity to pull it into a spherical shape. Ceres was considered a planet when it was discovered in the 19th century, but was reclassified to asteroid in the 1850s as further observations revealed additional asteroids.[83] It was classified as a dwarf planet in 2006.

 Asteroid groups

Asteroids in the asteroid belt are divided into asteroid groups and families based on their orbital characteristics. Asteroid moons are asteroids that orbit larger asteroids. They are not as clearly distinguished as planetary moons, sometimes being almost as large as their partners. The asteroid belt also contains main-belt comets, which may have been the source of Earth's water.[84]

Jupiter trojans are located in either of Jupiter's L4 or L5 points (gravitationally stable regions leading and trailing a planet in its orbit); the term "Trojan" is also used for small bodies in any other planetary or satellite Lagrange point. Hilda asteroids are in a 2:3 resonance with Jupiter; that is, they go around the Sun three times for every two Jupiter orbits.[85]

The inner Solar System is also dusted with rogue asteroids, many of which cross the orbits of the inner planets.[86]

 Outer Solar System

The outer region of the Solar System is home to the gas giants and their large moons. Many short-period comets, including the centaurs, also orbit in this region. Due to their greater distance from the Sun, the solid objects in the outer Solar System contain a higher proportion of volatiles such as water, ammonia and methane, than the rocky denizens of the inner Solar System, as the colder temperatures allow these compounds to remain solid.

 Outer planets

Main articles: Outer planets and Gas giant
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From top to bottom: Neptune, Uranus, Saturn, and Jupiter (Montage with approximate color and size)





The four outer planets, or gas giants (sometimes called Jovian planets), collectively make up 99% of the mass known to orbit the Sun.[d] Jupiter and Saturn are each many tens of times the mass of the Earth and consist overwhelmingly of hydrogen and helium; Uranus and Neptune are far less massive (<20 Earth masses) and possess more ices in their makeup. For these reasons, some astronomers suggest they belong in their own category, "ice giants".[87] All four gas giants have rings, although only Saturn's ring system is easily observed from Earth. The term outer planet should not be confused with superior planet, which designates planets outside Earth's orbit and thus includes both the outer planets and Mars.

 Jupiter


	Jupiter (5.2 AU), at 318 Earth masses, is 2.5 times the mass of all the other planets put together. It is composed largely of hydrogen and helium. Jupiter's strong internal heat creates a number of semi-permanent features in its atmosphere, such as cloud bands and the Great Red Spot.

	Jupiter has 67 known satellites. The four largest, Ganymede, Callisto, Io, and Europa, show similarities to the terrestrial planets, such as volcanism and internal heating.[88] Ganymede, the largest satellite in the Solar System, is larger than Mercury.



 Saturn


	Saturn (9.5 AU), distinguished by its extensive ring system, has several similarities to Jupiter, such as its atmospheric composition and magnetosphere. Although Saturn has 60% of Jupiter's volume, it is less than a third as massive, at 95 Earth masses, making it the least dense planet in the Solar System. The rings of Saturn are made up of small ice and rock particles.

	Saturn has 62 confirmed satellites; two of which, Titan and Enceladus, show signs of geological activity, though they are largely made of ice.[89] Titan, the second-largest moon in the Solar System, is larger than Mercury and the only satellite in the Solar System with a substantial atmosphere.







 Uranus


	Uranus (19.6 AU), at 14 Earth masses, is the lightest of the outer planets. Uniquely among the planets, it orbits the Sun on its side; its axial tilt is over ninety degrees to the ecliptic. It has a much colder core than the other gas giants, and radiates very little heat into space.[90]

	Uranus has 27 known satellites, the largest ones being Titania, Oberon, Umbriel, Ariel and Miranda.



 Neptune


	Neptune (30 AU), though slightly smaller than Uranus, is more massive (equivalent to 17 Earths) and therefore more dense. It radiates more internal heat, but not as much as Jupiter or Saturn.[91]

	Neptune has 13 known satellites. The largest, Triton, is geologically active, with geysers of liquid nitrogen.[92] Triton is the only large satellite with a retrograde orbit. Neptune is accompanied in its orbit by a number of minor planets, termed Neptune trojans, that are in 1:1 resonance with it.



 Centaurs

Main article: Centaur (minor planet)

The centaurs are icy comet-like bodies with a semi-major axis greater than Jupiter's (5.5 AU) and less than Neptune's (30 AU). The largest known centaur, 10199 Chariklo, has a diameter of about 250 km.[93] The first centaur discovered, 2060 Chiron, has also been classified as comet (95P) because it develops a coma just as comets do when they approach the Sun.[94]

 Comets

Main article: Comet
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Comet Hale–Bopp





Comets are small Solar System bodies,[b] typically only a few kilometres across, composed largely of volatile ices. They have highly eccentric orbits, generally a perihelion within the orbits of the inner planets and an aphelion far beyond Pluto. When a comet enters the inner Solar System, its proximity to the Sun causes its icy surface to sublimate and ionise, creating a coma: a long tail of gas and dust often visible to the naked eye.

Short-period comets have orbits lasting less than two hundred years. Long-period comets have orbits lasting thousands of years. Short-period comets are believed to originate in the Kuiper belt, while long-period comets, such as Hale–Bopp, are believed to originate in the Oort cloud. Many comet groups, such as the Kreutz Sungrazers, formed from the breakup of a single parent.[95] Some comets with hyperbolic orbits may originate outside the Solar System, but determining their precise orbits is difficult.[96] Old comets that have had most of their volatiles driven out by solar warming are often categorised as asteroids.[97]

 Trans-Neptunian region

The area beyond Neptune, or the "trans-Neptunian region", is still largely unexplored. It appears to consist overwhelmingly of small worlds (the largest having a diameter only a fifth that of the Earth and a mass far smaller than that of the Moon) composed mainly of rock and ice. This region is sometimes known as the "outer Solar System", though others use that term to mean the region beyond the asteroid belt.

 Kuiper belt

Main article: Kuiper belt
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Plot of all Kuiper belt objects known in 2007, set against the four outer planets





The Kuiper belt is a great ring of debris similar to the asteroid belt, but consisting mainly of objects composed primarily of ice.[98] It extends between 30 and 50 AU from the Sun. Though it is thought to contain dozens of dwarf planets, it is composed mainly of small Solar System bodies. Many of the larger Kuiper belt objects, such as Quaoar, Varuna, and Orcus, may be recognized as dwarf planets with further data. There are estimated to be over 100,000 Kuiper belt objects with a diameter greater than 50 km, but the total mass of the Kuiper belt is thought to be only a tenth or even a hundredth the mass of the Earth.[15] Many Kuiper belt objects have multiple satellites,[99] and most have orbits that take them outside the plane of the ecliptic.[100]

The Kuiper belt can be roughly divided into the "classical" belt and the resonances.[98] Resonances are orbits linked to that of Neptune (e.g. twice for every three Neptune orbits, or once for every two). The first resonance begins within the orbit of Neptune itself. The classical belt consists of objects having no resonance with Neptune, and extends from roughly 39.4 AU to 47.7 AU.[101] Members of the classical Kuiper belt are classified as cubewanos, after the first of their kind to be discovered, (15760) 1992 QB1, and are still in near primordial, low-eccentricity orbits.[102]

 Pluto and Charon
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Artistic comparison of Eris, Pluto, Makemake, Haumea, Sedna, 2007 OR10, Quaoar, Orcus, and Earth. (
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The dwarf planet Pluto (39 AU average) is the largest known object in the Kuiper belt. When discovered in 1930, it was considered to be the ninth planet; this changed in 2006 with the adoption of a formal definition of planet. Pluto has a relatively eccentric orbit inclined 17 degrees to the ecliptic plane and ranging from 29.7 AU from the Sun at perihelion (within the orbit of Neptune) to 49.5 AU at aphelion.

Charon, Pluto's largest moon, is sometimes described as part of a binary system with Pluto, as the two bodies orbit a barycentre of gravity above their surfaces (i.e., they appear to "orbit each other"). Beyond Charon, four much smaller moons, P5, Nix, P4, and Hydra are known to orbit within the system.

Pluto has a 3:2 resonance with Neptune, meaning that Pluto orbits twice round the Sun for every three Neptunian orbits. Kuiper belt objects whose orbits share this resonance are called plutinos.[103]

 Makemake and Haumea

Makemake (45.79 AU average), while smaller than Pluto, is the largest known object in the classical Kuiper belt (that is, it is not in a confirmed resonance with Neptune). Makemake is the brightest object in the Kuiper belt after Pluto. It was named and designated a dwarf planet in 2008.[7] Its orbit is far more inclined than Pluto's, at 29°.[104]

Haumea (43.13 AU average) is in an orbit similar to Makemake except that it is caught in a 7:12 orbital resonance with Neptune.[105] It is about the same size as Makemake and has two natural satellites. A rapid, 3.9-hour rotation gives it a flattened and elongated shape. It was named and designated a dwarf planet in 2008. [106]

 Scattered disc

Main article: Scattered disc

The scattered disc, which overlaps the Kuiper belt but extends much further outwards, is thought to be the source of short-period comets. Scattered disc objects are believed to have been ejected into erratic orbits by the gravitational influence of Neptune's early outward migration. Most scattered disc objects (SDOs) have perihelia within the Kuiper belt but aphelia far beyond it (some have aphelia farther than 150 AU from the Sun). SDOs' orbits are also highly inclined to the ecliptic plane, and are often almost perpendicular to it. Some astronomers consider the scattered disc to be merely another region of the Kuiper belt, and describe scattered disc objects as "scattered Kuiper belt objects".[107] Some astronomers also classify centaurs as inward-scattered Kuiper belt objects along with the outward-scattered residents of the scattered disc.[108]

 Eris

Eris (68 AU average) is the largest known scattered disc object, and caused a debate about what constitutes a planet, since it is 25% more massive than Pluto[109] and about the same diameter. It is the most massive of the known dwarf planets. It has one known moon, Dysnomia. Like Pluto, its orbit is highly eccentric, with a perihelion of 38.2 AU (roughly Pluto's distance from the Sun) and an aphelion of 97.6 AU, and steeply inclined to the ecliptic plane.

 Farthest regions

The point at which the Solar System ends and interstellar space begins is not precisely defined, since its outer boundaries are shaped by two separate forces: the solar wind and the Sun's gravity. The outer limit of the solar wind's influence is roughly four times Pluto's distance from the Sun; this heliopause is considered the beginning of the interstellar medium.[56] However, the Sun's Hill sphere, the effective range of its gravitational dominance, is believed to extend up to a thousand times farther.[110]

 Heliopause
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Energetic neutral atoms map of heliosheath and heliopause by IBEX. Credit: NASA/Goddard Space Flight Center Scientific Visualization Studio.





The heliosphere is divided into two separate regions. The solar wind travels at roughly 400 km/s until it collides with the interstellar wind; the flow of plasma in the interstellar medium. The collision occurs at the termination shock, which is roughly 80–100 AU from the Sun upwind of the interstellar medium and roughly 200 AU from the Sun downwind.[111] Here the wind slows dramatically, condenses and becomes more turbulent,[111] forming a great oval structure known as the heliosheath. This structure is believed to look and behave very much like a comet's tail, extending outward for a further 40 AU on the upwind side but tailing many times that distance downwind; but evidence from the Cassini and Interstellar Boundary Explorer spacecraft has suggested that it is in fact forced into a bubble shape by the constraining action of the interstellar magnetic field.[112] Both Voyager 1 and Voyager 2 are reported to have passed the termination shock and entered the heliosheath, at 94 and 84 AU from the Sun, respectively.[113][114] The outer boundary of the heliosphere, the heliopause, is the point at which the solar wind finally terminates and is the beginning of interstellar space.[56]

The shape and form of the outer edge of the heliosphere is likely affected by the fluid dynamics of interactions with the interstellar medium[111] as well as solar magnetic fields prevailing to the south, e.g. it is bluntly shaped with the northern hemisphere extending 9 AU farther than the southern hemisphere. Beyond the heliopause, at around 230 AU, lies the bow shock, a plasma "wake" left by the Sun as it travels through the Milky Way.[115]

No spacecraft have yet passed beyond the heliopause, so it is impossible to know for certain the conditions in local interstellar space. It is expected that NASA's Voyager spacecraft will pass the heliopause some time in the next decade and transmit valuable data on radiation levels and solar wind back to the Earth.[116] How well the heliosphere shields the Solar System from cosmic rays is poorly understood. A NASA-funded team has developed a concept of a "Vision Mission" dedicated to sending a probe to the heliosphere.[117][118]

 Detached objects

Main article: Detached object

90377 Sedna (520 AU average) is a large, reddish object with a gigantic, highly elliptical orbit that takes it from about 76 AU at perihelion to 940 AU at aphelion and takes 11,400 years to complete. Mike Brown, who discovered the object in 2003, asserts that it cannot be part of the scattered disc or the Kuiper belt as its perihelion is too distant to have been affected by Neptune's migration. He and other astronomers consider it to be the first in an entirely new population, which also may include the object 2000 CR105, which has a perihelion of 45 AU, an aphelion of 415 AU, and an orbital period of 3,420 years.[119] Brown terms this population the "inner Oort cloud", as it may have formed through a similar process, although it is far closer to the Sun,[120] whereas Jewitt believes these bodies were scattered outward and then had their perihelia lifted through interaction with planets besides Neptune. Sedna is very likely a dwarf planet, though its shape has yet to be determined.

 Oort cloud

Main article: Oort cloud
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An artist's rendering of the Oort cloud, the Hills cloud, and the Kuiper belt (inset)





The Oort cloud is a hypothetical spherical cloud of up to a trillion icy objects that is believed to be the source for all long-period comets and to surround the Solar System at roughly 50,000 AU (around 1 light-year (ly)), and possibly to as far as 100,000 AU (1.87 ly). It is believed to be composed of comets that were ejected from the inner Solar System by gravitational interactions with the outer planets. Oort cloud objects move very slowly, and can be perturbed by infrequent events such as collisions, the gravitational effects of a passing star, or the galactic tide, the tidal force exerted by the Milky Way.[121][122]

 Boundaries

See also: Vulcanoid asteroid, Planets beyond Neptune, Nemesis (hypothetical star), and Tyche (hypothetical planet)

Much of the Solar System is still unknown. The Sun's gravitational field is estimated to dominate the gravitational forces of surrounding stars out to about two light years (125,000 AU). Lower estimates for the radius of the Oort cloud, by contrast, do not place it farther than 50,000 AU.[123] Despite discoveries such as Sedna, the region between the Kuiper belt and the Oort cloud, an area tens of thousands of AU in radius, is still virtually unmapped. There are also ongoing studies of the region between Mercury and the Sun.[124] Objects may yet be discovered in the Solar System's uncharted regions.

In November 2012 NASA announced that as Voyager I approached the transition zone to the outer limit of the Solar System its instruments detected a sharp intensification of the magnetic field. No change in the direction of the magnetic field had occurred, which NASA scientists then interpreted to indicate that Voyager I had not yet left the Solar System.[125]

 Galactic context
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Location of the Solar System within our galaxy





The Solar System is located in the Milky Way galaxy, a barred spiral galaxy with a diameter of about 100,000 light-years containing about 200 billion stars.[126] The Sun resides in one of the Milky Way's outer spiral arms, known as the Orion–Cygnus Arm or Local Spur.[127] The Sun lies between 25,000 and 28,000 light years from the Galactic Centre,[128] and its speed within the galaxy is about 220 kilometres per second, so that it completes one revolution every 225–250 million years. This revolution is known as the Solar System's galactic year.[129] The solar apex, the direction of the Sun's path through interstellar space, is near the constellation of Hercules in the direction of the current location of the bright star Vega.[130] The plane of the ecliptic lies at an angle of about 60° to the galactic plane.[e]

The Solar System's location in the galaxy is a factor in the evolution of life on Earth. Its orbit is close to circular, and orbits near the Sun are at roughly the same speed as that of the spiral arms. Therefore, the Sun passes through arms only rarely. Since spiral arms are home to a far larger concentration of supernovae, gravitational instabilities, and radiation which could disrupt the Solar System, this has given Earth long periods of stability for life to evolve.[132] The Solar System also lies well outside the star-crowded environs of the galactic centre. Near the centre, gravitational tugs from nearby stars could perturb bodies in the Oort Cloud and send many comets into the inner Solar System, producing collisions with potentially catastrophic implications for life on Earth. The intense radiation of the galactic centre could also interfere with the development of complex life.[132] Even at the Solar System's current location, some scientists have hypothesised that recent supernovae may have adversely affected life in the last 35,000 years by flinging pieces of expelled stellar core towards the Sun as radioactive dust grains and larger, comet-like bodies.[133]

 Neighbourhood

The immediate galactic neighbourhood of the Solar System is known as the Local Interstellar Cloud or Local Fluff, an area of denser cloud in an otherwise sparse region known as the Local Bubble, an hourglass-shaped cavity in the interstellar medium roughly 300 light years across. The bubble is suffused with high-temperature plasma that suggests it is the product of several recent supernovae.[134]

There are relatively few stars within ten light years (95 trillion km) of the Sun. The closest is the triple star system Alpha Centauri, which is about 4.4 light years away. Alpha Centauri A and B are a closely tied pair of Sun-like stars, while the small red dwarf Alpha Centauri C (also known as Proxima Centauri) orbits the pair at a distance of 0.2 light years. The stars next closest to the Sun are the red dwarfs Barnard's Star (at 5.9 light years), Wolf 359 (7.8 light years) and Lalande 21185 (8.3 light years). The largest star within ten light years is Sirius, a bright main-sequence star roughly twice the Sun's mass and orbited by a white dwarf called Sirius B. It lies 8.6 light years away. The remaining systems within ten light years are the binary red-dwarf system Luyten 726-8 (8.7 light years) and the solitary red dwarf Ross 154 (9.7 light years).[135] The Solar System's closest solitary sun-like star is Tau Ceti, which lies 11.9 light years away. It has roughly 80% of the Sun's mass, but only 60% of its luminosity.[136] The closest known extrasolar planet to the Sun lies around Alpha Centauri B. Its one confirmed planet, Alpha Centauri Bb, is at least 1.1 times Earth's mass and orbits its star every 3.236 days.[137]
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A diagram of our location in the observable Universe. (Click here for an alternate image.)





 Visual summary

A sampling of closely imaged Solar System bodies, selected for size and high-quality imaged and sorted by volume. The Sun is approximately 10,000 times larger than, and 41 trillion times the volume of, the smallest object shown (Prometheus). Other lists include: List of Solar System objects by size, List of natural satellites, List of minor planets, and Lists of comets. Note: A number of omitted objects are larger than the ones included here, notably Pluto, because these have not been imaged in high quality.
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The Sun and planets Mercury through Neptune drawn to scale in both size and distance.
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 Notes



	^ Capitalization of the name varies. The IAU, the authoritative body regarding astronomical nomenclature, specifies capitalizing the names of all individual astronomical objects (Solar System). However, the name is commonly rendered in lower case (solar system) – as, for example, in the Oxford English Dictionary and Merriam-Webster's 11th Collegiate Dictionary

	^ a b c d e f According to current definitions, objects in orbit around the Sun are classed dynamically and physically into three categories: planets, dwarf planets, and small Solar System bodies. A planet is any body in orbit around the Sun that has enough mass to form itself into a spherical shape and has cleared its immediate neighbourhood of all smaller objects. By this definition, the Solar System has eight known planets: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. Pluto does not fit this definition, because it has not cleared its orbit of surrounding Kuiper belt objects.[6] A dwarf planet is a celestial body orbiting the Sun that is massive enough to be rounded by its own gravity but has not cleared its neighbouring region of planetesimals and is not a satellite.[6] The IAU has recognized five dwarf planets: Ceres, Pluto, Haumea, Makemake, and Eris.[7] However, only Ceres and Pluto have been observed in enough detail to prove that they fit the definition.[citation needed] Other objects may be accepted as dwarf planets in the future, such as Sedna, Orcus, and Quaoar.[8] Dwarf planets that orbit in the trans-Neptunian region are called "plutoids", though that term is not in widespread use.[9] The remainder of the objects in orbit around the Sun are small Solar System bodies.[6]

	^ See List of natural satellites for the full list of natural satellites of the eight planets and first five dwarf planets.

	^ a b The mass of the Solar System excluding the Sun, Jupiter and Saturn can be determined by adding together all the calculated masses for its largest objects and using rough calculations for the masses of the Oort cloud (estimated at roughly 3 Earth masses),[14] the Kuiper belt (estimated at roughly 0.1 Earth mass)[15] and the asteroid belt (estimated to be 0.0005 Earth mass)[16] for a total, rounded upwards, of ~37 Earth masses, or 8.1% of the mass in orbit around the Sun. With the combined masses of Uranus and Neptune (~31 Earth masses) subtracted, the remaining ~6 Earth masses of material comprise 1.3% of the total.

	^ If ψ is the angle between the north pole of the ecliptic and the north galactic pole then:

	[image: \cos\psi=\cos(\beta_g)\cos(\beta_e)\cos(\alpha_g-\alpha_e)+\sin(\beta_g)\sin(\beta_e)],



where [image: \beta_g=]27° 07′ 42.01″ and [image: \alpha_g=]12h 51m 26.282 are the declination and right ascension of the north galactic pole,[131] while [image: \beta_e=]66° 33′ 38.6″ and [image: \alpha_e=]18h 0m 00 are those for the north pole of the ecliptic. (Both pairs of coordinates are for J2000 epoch.) The result of the calculation is 60.19°.
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