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SS 433 is one of the most exotic star systems observed. It is an eclipsing X-ray binary system, with the primary most likely a black hole, or possibly a neutron star.[3], pp. 23–24. The spectrum of the secondary companion star suggests that it is a late A-type star.[4] SS 433 is a microquasar, the first discovered.[5]

SS 433's designation comes from its catalogers, Case Western Reserve astronomers Nicholas Sanduleak and C. Bruce Stephenson. It was the 433rd entry in their 1977 catalog of stars with strong emission lines.[5]
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 System

The compact central object is consuming the companion star which rapidly loses mass into an accretion disc formed around the central object. The accretion disc is subject to extreme heating as it spirals into the primary and this heating causes the accretion disc to give off intense X-rays and opposing jets of hot hydrogen along the axis of rotation, above and below the plane of the accretion disc. The material in the jets travels at 26% of the speed of light.[3], pp. 23–24; [6], p. 508. The companion star presumably had lower mass than the original primary object and was therefore longer lived. Estimates for its mass range from 3[3], p. 25 to 30[7] solar masses. The primary and secondary orbit each other at a very close distance in stellar terms, with an orbital period of 13.1 days.[6], p. 510.

 Observational data

The jets from the primary are emitted perpendicular to its accretion disk. The jets and disk precess around an axis inclined about 79° to a line between us and SS 433. The angle between the jets and the axis is around 20°, and the precessional period is around 162.5 days.[3] Precession means that the jets sometimes point more towards the Earth, and sometimes more away, producing both blue and red Doppler shifts in the observed visible spectrum.[6], p. 508. Also, the precession means that the jets corkscrew through space in an expanding helical spray.[8] As they impact the surrounding W50 supernova remnant clouds, they distort it into an elongated shape.[9]

Observations in 2004 by the Very Long Baseline Array for 42 consecutive days gave new data and understanding of the action of the jets. It appears that the jets are sometimes impacting material shortly after being created and thus brightening. The material the jets are impacting appears to be replaced some of the time, but not always, leading to variations in the brightening of the jets.[10][11]

The spectrum of SS 433 is affected not just by Doppler shifts but also by relativity: when the effects of the Doppler shift are subtracted, there is a residual redshift which corresponds to a velocity of about 12,000 kilometers per second. This does not represent an actual velocity of the system away from the Earth; rather, it is due to time dilation, which makes moving clocks appear to stationary observers to be ticking more slowly. In this case, the relativistically moving excited atoms in the jets appear to vibrate more slowly and their radiation thus appears red-shifted.[6], p. 508.
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"UFO" redirects here. For other uses, see UFO (disambiguation).
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Photograph of an alleged UFO in New Jersey, taken on July 31, 1952





An unidentified flying object, or UFO, in its most general definition, is any apparent anomaly in the sky (or near or on the ground, but observed hovering, landing, or departing into the sky) that is not readily identifiable as any known object or phenomenon by visual observation and/or use of associated instrumentation such as radar. These anomalies were referred to popularly as "flying saucers" or "flying discs" during the late 1940s and early 1950s.

The term "UFO" (or "UFOB") was officially created in 1953 by the U.S. Air Force (USAF) to replace the more popular terms because of the variety of shapes described other than "discs" or "saucers". It was stated that a "UFOB" was "any airborne object which by performance, aerodynamic characteristics, or unusual features, does not conform to any presently known aircraft or missile type, or which cannot be positively identified as a familiar object." As originally defined, the term was restricted to those fraction of cases which remained unidentified after investigation, with USAF interest being for potential national security reasons and/or "technical aspects". (See Air Force Regulation 200-2) The term UFO became more widespread during the 1950s, at first in professional literature, but later in popular use. UFOs garnered considerable interest during the Cold War, an era associated with a heightened concern for national security.

Various studies, both governmental and civilian, have reached widely varying conclusions, some concluding that the phenomenon does not represent a threat to national security nor does it contain anything worthy of scientific pursuit (see, e.g., 1953 CIA Robertson Panel, USAF Project Blue Book, Condon Committee), while others have reached the exact opposite conclusions (see, e.g., 1999 French COMETA study, 1948 USAF Estimate of the Situation, Sturrock Panel). A number of military personnel and others have given statements about having witnessed UFOs themselves or having been privy to information about them. Culturally, the phenomenon has often been associated with extraterrestrial life or government-related conspiracy theories, and thus has become a popular theme in fiction.
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 Terminology

The Oxford English Dictionary defines a UFO as "An unidentified flying object; a 'flying saucer'." The word was first used in print by Donald Keyhoe in 1953.[1]

The acronym "UFO" was coined by Capt. Edward J. Ruppelt, who headed Project Blue Book, then the USAF's official investigation of UFOs. He wrote, "Obviously the term 'flying saucer' is misleading when applied to objects of every conceivable shape and performance. For this reason the military prefers the more general, if less colorful, name: unidentified flying objects. UFO (pronounced Yoo-foe) for short." [2] Other phrases that were used officially and that predate the UFO acronym include "flying flapjack", "flying disc", "unexplained flying discs", "unidentifiable flying object", and "flying saucer".[3][4][5]

The phrase "flying saucer" had gained widespread attention after the summer of 1947. On June 24, a civilian pilot named Kenneth Arnold reported seeing nine objects flying in formation near Mount Rainer. Arnold timed the sighting and estimated the speed of discs to be over 1,200 mph. At the time, he described the objects' shape as being somewhat disc-like or saucer-like, leading to newspaper accounts of "flying saucers" and "flying discs". (see Kenneth Arnold UFO sighting for details).

In popular usage the term UFO came to be used to refer to alien spacecraft.[6] and because of the public and media ridicule associated with the topic, some investigators prefer to use such terms as unidentified aerial phenomenon (or UAP)or anomalous phenomena, as in the title of the National Aviation Reporting Center on Anomalous Phenomena or NARCAP.[7]

The equivalent acronym for UFO in Spanish, Portuguese, French, and Italian is OVNI (Objeto Volador No Identificado, Objeto Voador Não Identificado, Objet volant non-identifié or Oggetto Volante Non Identificato), pronounced as one word.

 Studies

Studies have established that the majority of UFO observations are misidentified conventional objects or natural phenomena—most commonly aircraft, balloons, noctilucent clouds, nacreous clouds, or astronomical objects such as meteors or bright planets with a small percentage even being hoaxes.[8] After excluding incorrect reports, however, most investigators have acknowledged that between 5% and 20% of reported sightings remain unexplained, and therefore can be classified as unidentified in the strictest sense. Many reports have been made by such trained observers as pilots, police, and the military; some have involved simultaneous radar tracking and visual accounts.[9] Proponents of the extraterrestrial hypothesis suggest that these unexplained reports are of alien spacecraft, though various other hypotheses have been proposed.

While UFOs have been the subject of extensive investigation by various governments and although some scientists support the extraterrestrial hypothesis, few scientific papers about UFOs have been published in peer-reviewed journals.[10] There has been some debate in the scientific community about whether any scientific investigation into UFO sightings is warranted.[11][12][13][14][15][16][17]

The void left by the lack of institutional scientific study has given rise to independent researchers and groups, including NICAP (the National Investigations Committee on Aerial Phenomena) in the mid-20th century and, more recently, MUFON (Mutual UFO Network) [18] and CUFOS (Center for UFO Studies).[19] The term "Ufology" is used to describe the collective efforts of those who study reports and associated evidence of unidentified flying objects. According to MUFON, as of 2011 the number of UFO reports to their worldwide offices has increased by 67% from the previous three years and now averages around 500 reported sightings per month.[20]

UFOs have become a relevant theme in modern culture,[21] and the social phenomena have been the subject of academic research in sociology and psychology.[10]

 Early history

Unexplained aerial observations have been reported throughout history. Some were undoubtedly astronomical in nature: comets, bright meteors, one or more of the five planets that can be seen with the naked eye, planetary conjunctions, or atmospheric optical phenomena such as parhelia and lenticular clouds. An example is Halley's Comet, which was recorded first by Chinese astronomers in 240 BC and possibly as early as 467 BC. Such sightings throughout history often were treated as supernatural portents, angels, or other religious omens. Some current-day UFO researchers have noticed similarities between some religious symbols in medieval paintings and UFO reports[22] though the canonical and symbolic character of such images is documented by art historians placing more conventional religious interpretations on such images.[23]


	On January 25, 1878, The Denison Daily News noted that John Martin, a local farmer, had reported seeing a large, dark, circular object resembling a balloon flying "at wonderful speed." Martin, according to the newspaper account, said it appeared to be about the size of a saucer, the first known use of the word "saucer" in association with a UFO.[24]

	On February 28, 1904, there was a sighting by three crew members on the USS Supply 300 miles west of San Francisco, reported by Lt. Frank Schofield, later to become Commander-in-Chief of the Pacific Battle Fleet. Schofield wrote of three bright red egg-shaped and circular objects flying in echelon formation that approached beneath the cloud layer, then changed course and "soared" above the clouds, departing directly away from the earth after two to three minutes. The largest had an apparent size of about six suns, he said.[25]

	The three earliest known pilot UFO sightings, of 1,305 similar sitings cataloged by NARCAP, took place in 1916 and 1926. On January 31, 1916, a UK pilot near Rochford reported a row of lights, resembling lighted windows on a railway carriage, that rose and disappeared. In January 1926 a pilot reported six "flying manhole covers" between Wichita, Kansas, and Colorado Springs, Colorado. In late September 1926 an airmail pilot over Nevada said he had been forced to land by a huge, wingless, cylindrical object.[26]

	On August 5, 1926, while traveling in the Humboldt Mountains of Tibet's Kokonor region, Russian explorer Nicholas Roerich reported, members of his expedition saw "something big and shiny reflecting the sun, like a huge oval moving at great speed. Crossing our camp the thing changed in its direction from south to southwest. And we saw how it disappeared in the intense blue sky. We even had time to take our field glasses and saw quite distinctly an oval form with shiny surface, one side of which was brilliant from the sun.”[27] Another description by Roerich was of a "shiny body flying from north to south. Field glasses are at hand. It is a huge body. One side glows in the sun. It is oval in shape. Then it somehow turns in another direction and disappears in the southwest."[28]

	In the Pacific and European theatres during World War II, "foo-fighters" (metallic spheres, balls of light and other shapes that followed aircraft) were reported and on occasion photographed by Allied and Axis pilots. Some proposed Allied explanations at the time included St. Elmo's Fire, the planet Venus, hallucinations from oxygen deprivation, or German secret weapons.[29][30]

	On February 25, 1942, U.S. Army observers reported unidentified aircraft both visually and on radar over the Los Angeles, California, region. Antiaircraft artillery was fired at what were presumed to be Japanese planes. No readily apparent explanation was offered, though some officials dismissed the reports of aircraft as being triggered by anxieties over expected Japanese air attacks on California. However, Army Chief of Staff Gen. George C. Marshall and Secretary of War Henry Stimson insisted that real aircraft were involved. The incident later became known as the Battle of Los Angeles, or the West coast air raid.

	In 1946 more than 2,000 reports were collected, primarily by the Swedish military, of unidentified aerial objects over the Scandinavian nations, along with isolated reports from France, Portugal, Italy and Greece. The objects were referred to as "Russian hail" and later as "ghost rockets" because it was thought that the mysterious objects were possibly Russian tests of captured German V1 or V2 rockets. Although most were thought to be such natural phenomena as meteors, more than 200 were tracked on radar by the Swedish military and deemed to be "real physical objects." In a 1948 top secret document, Swedish authorities advised the USAF Europe that some of their investigators believed these craft to be extraterrestrial in origin.



 Investigations

UFOs have been subject to investigations over the years that varied widely in scope and scientific rigor. Governments or independent academics in the United States, Canada, the United Kingdom, Japan, Peru, France, Belgium, Sweden, Brazil, Chile, Uruguay, Mexico, Spain, and the Soviet Union are known to have investigated UFO reports at various times.

Among the best known government studies are the ghost rockets investigation by the Swedish military (1946–1947), Project Blue Book, previously Project Sign and Project Grudge, conducted by the United States Air Force from 1947 until 1969, the secret U.S. Army/Air Force Project Twinkle investigation into green fireballs (1948–1951), the secret USAF Project Blue Book Special Report #14[31] by the Battelle Memorial Institute, and Brazilian Air Force Operation Saucer (1977). France has had an ongoing investigation (GEPAN/SEPRA/GEIPAN) within its space agency CNES since 1977; the government of Uruguay has had a similar investigation since 1989.

 Project Sign

Project Sign in 1948 produced a highly classified finding (see Estimate of the Situation) that the best UFO reports probably had an extraterrestrial explanation; the private but high-level French COMETA study of 1999 reached a similar conclusion. A top secret Swedish military opinion given to the USAF in 1948 stated that some of their analysts believed that the 1946 ghost rockets and later flying saucers had extraterrestrial origins. (see Ghost rockets for document). In 1954 German rocket scientist Hermann Oberth revealed that an internal West German government investigation, which he headed, had arrived at an extraterrestrial conclusion, but this study was never made public.

 Project Magnet

Classified, internal reports by the Canadian Project Magnet in 1952 and 1953 also assigned high probability to extraterrestrial origins. Publicly, however, neither Project Magnet nor later Canadian defense studies ever stated such a conclusion.

 Project Grudge

Project Sign was dismantled and became Project Grudge at the end of 1948. Angered by the low quality of investigations by Grudge, the Air Force Director of Intelligence reorganized it as Project Blue Book in late 1951, placing Ruppelt in charge. Blue Book closed down in 1970, using the Condon Commission's negative conclusion as a rationale, thus ending official Air Force UFO investigations. However, a 1969 USAF document, known as the Bolender memo, along with later government documents, revealed that non-public U.S. government UFO investigations continued after 1970. The Bollender memo first stated that "reports of unidentified flying objects that could affect national security . . . are not part of the Blue Book system," indicating that more serious UFO incidents already were handled outside the public Blue Book investigation. The memo then added, "reports of UFOs which could affect national security would continue to be handled through the standard Air Force procedures designed for this purpose."[32] In addition, in the late 1960s a chapter on UFOs in the Space Sciences course at the U.S. Air Force Academy gave serious consideration to possible extraterrestrial origins. When word of the curriculum became public, the Air Force in 1970 issued a statement to the effect that the book was outdated and that cadets instead were being informed of the Condon report's negative conclusion.[33]

 USAF Regulation 200-2

Air Force Regulation 200-2,[34] issued in 1953 and 1954, defined an Unidentified Flying Object ("UFOB") as "any airborne object which by performance, aerodynamic characteristics, or unusual features, does not conform to any presently known aircraft or missile type, or which cannot be positively identified as a familiar object." The regulation also said UFOBs were to be investigated as a "possible threat to the security of the United States" and "to determine technical aspects involved." The regulation went on to say that "it is permissible to inform news media representatives on UFOB's when the object is positively identified as a familiar object," but added: "For those objects which are not explainable, only the fact that ATIC [Air Technical Intelligence Center] will analyze the data is worthy of release, due to many unknowns involved."[35][36]

 Project Bluebook

J. Allen Hynek, a trained astronomer who served as a scientific advisor for Project Bluebook, was initially skeptical of UFO reports, but eventually came to the conclusion that many of them could not be satisfactorily explained and was highly critical of what he described as "the cavalier disregard by Project Blue Book of the principles of scientific investigation."[37] Leaving government work, he founded the privately funded Center for UFO Studies, to whose work he devoted the rest of his life. Other private groups studying the phenomenon include the Mutual UFO Network, a grass roots organization whose investigator's handbooks go into great detail on the documentation of alleged UFO sightings.

Like Hynek, Jacques Vallée, a scientist and prominent UFO researcher, has pointed to what he believes is the scientific deficiency of most UFO research, including government studies. He complains of the mythology and cultism often associated with the phenomenon, but alleges that several hundred professional scientists—a group both he and Hyneck have termed "the invisible college"—continue to study UFOs in private.[21]

 Scientific studies

The study of UFOs has received little support in mainstream scientific literature. Official studies ended in the U.S. in December 1969, following the statement by the government scientist Edward Condon that further study of UFOs could not be justified on grounds of scientific advancement.[13] The Condon report and its conclusions were endorsed by the National Academy of Scientists, of which Condon was a member. On the other hand, a scientific review by the UFO subcommittee of the AIAA disagreed with Condon's conclusion, noting that at least 30 percent of the cases studied remained unexplained and that scientific benefit might be gained by continued study.

Critics argue that all UFO evidence is anecdotal[38] and can be explained as prosaic natural phenomena. Defenders of UFO research counter that knowledge of observational data, other than what is reported in the popular media, is limited in the scientific community and that further study is needed.[21][39]

No official government investigation has ever publicly concluded that UFOs are indisputably real, physical objects, extraterrestrial in origin, or of concern to national defense. These same negative conclusions also have been found in studies that were highly classified for many years, such as the UK's Flying Saucer Working Party, Project Condign, the US CIA-sponsored Robertson Panel, the US military investigation into the green fireballs from 1948 to 1951, and the Battelle Memorial Institute study for the USAF from 1952 to 1955 (Project Blue Book Special Report #14).

Some public government reports have acknowledged the possibility of physical reality of UFOs, but have stopped short of proposing extraterrestrial origins, though not dismissing the possibility entirely. Examples are the Belgian military investigation into large triangles over their airspace in 1989–1991 and the recent 2009 Uruguay Air Force study conclusion (see below).

Some private studies have been neutral in their conclusions, but argued that the inexplicable core cases call for continued scientific study. Examples are the Sturrock Panel study of 1998 and the 1970 AIAA review of the Condon Report.

 United States

US investigations into UFOs include:


	The Interplanetary Phenomenon Unit (IPU), established by the US Army sometime in the 1940s, and about which little is known. In 1987 British UFO researcher Timothy Good received from the Army's director of counter-intelligence a letter confirming the existence of the IPU. The letter stated that "the aforementioned Army unit was disestablished during the late 1950s and never reactivated. All records pertaining to this unit were surrendered to the U.S. Air Force Office of Special Investigations in conjunction with operation BLUEBOOK." The IPU records have never been released.[40]

	Project Blue Book, previously Project Sign and Project Grudge, conducted by the United States Air Force from 1947 until 1969

	The secret U.S. Army/Air Force Project Twinkle investigation into green fireballs (1948–1951)

	Ghost rockets investigations by the Swedish, U.K., U.S., and Greek militaries (1946–1947)

	The secret CIA Office of Scientific Investigation (OS/I) study (1952–53)

	The secret CIA Robertson Panel (1953)

	The secret USAF Project Blue Book Special Report No. 14 by the Battelle Memorial Institute (1951–1954)

	The Brookings Report (1960), commissioned by NASA

	The public Condon Committee (1966–1968)

	The private, internal RAND Corporation study (1968)[41]

	The private Sturrock Panel (1998)



Thousands of documents released under FOIA also indicate that many U.S. intelligence agencies collected (and still collect) information on UFOs. These agencies include the Defense Intelligence Agency (DIA), FBI,[5] CIA, National Security Agency (NSA), as well as military intelligence agencies of the Army and Navy, in addition to the Air Force.[5][42]

The investigation of UFOs has also attracted many civilians, who in the U.S formed research groups such as National Investigations Committee on Aerial Phenomena (NICAP, active 1956–1980), Aerial Phenomena Research Organization (APRO, 1952–1988), Mutual UFO Network (MUFON, 1969–), and Center for UFO Studies (CUFOS, 1973–).

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 this planet 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."[43][44] Also, according to the response, there is "no credible information to suggest that any evidence is being hidden from the public's eye."[43][44] 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."[43][44]

 Post-1947 sightings

Following the large U.S. surge in sightings in June and early July 1947, on July 9, 1947, Army Air Force (AAF) intelligence, in cooperation with the FBI,[5] began a formal investigation into selected sightings with characteristics that could not be immediately rationalized, which included Kenneth Arnold’s and that of the United Airlines crew. The AAF used "all of its top scientists" to determine whether "such a phenomenon could, in fact, occur." The research was "being conducted with the thought that the flying objects might be a celestial phenomenon," or that "they might be a foreign body mechanically devised and controlled."[45] Three weeks later in a preliminary defense estimate, the air force investigation decided that, "This 'flying saucer' situation is not all imaginary or seeing too much in some natural phenomenon. Something is really flying around."[46]

A further review by the intelligence and technical divisions of the Air Materiel Command at Wright Field reached the same conclusion. It reported that "the phenomenon is something real and not visionary or fictitious," that there were objects in the shape of a disc, metallic in appearance, and as big as man-made aircraft. They were characterized by "extreme rates of climb [and] maneuverability," general lack of noise, absence of trail, occasional formation flying, and "evasive" behavior "when sighted or contacted by friendly aircraft and radar," suggesting a controlled craft. It was therefore recommended in late September 1947 that an official Air Force investigation be set up to investigate the phenomenon. It was also recommended that other government agencies should assist in the investigation.[47]

 Project Sign

This led to the creation of the Air Force's Project Sign at the end of 1947, one of the earliest government studies to come to a secret extraterrestrial conclusion. In August 1948 Sign investigators wrote a top-secret intelligence estimate to that effect, but the Air Force Chief of Staff Hoyt Vandenberg ordered it destroyed. The existence of this suppressed report was revealed by several insiders who had read it, such as astronomer and USAF consultant J. Allen Hynek and Capt. Edward J. Ruppelt, the first head of the USAF's Project Blue Book.[48]

Another highly classified U.S. study was conducted by the CIA's Office of Scientific Investigation (OS/I) in the latter half of 1952 in response to orders from the National Security Council (NSC). This study concluded UFOs were real physical objects of potential threat to national security. One OS/I memo to the CIA Director (DCI) in December read, "...the reports of incidents convince us that there is something going on that must have immediate attention.... Sightings of unexplained objects at great altitudes and traveling at high speeds in the vicinity of major U.S. defense installations are of such a nature that they are not attributable to natural phenomena or any known types of aerial vehicles." The matter was considered so urgent that OS/I drafted a memorandum from the DCI to the NSC proposing that the NSC establish an investigation of UFOs as a priority project throughout the intelligence and the defense research and development community. It also urged the DCI to establish an external research project of top-level scientists, now known as the Robertson Panel to analyze the problem of UFOs. The OS/I investigation was called off after the Robertson Panel's negative conclusions in January 1953.[49]

 The Condon Committee

A public research effort conducted by the Condon Committee for the USAF, which arrived at a negative conclusion in 1968, marked the end of the US government's official investigation of UFOs, though various government intelligence agencies continue unofficially to investigate or monitor the situation.[50]

Controversy has surrounded the Condon report, both before and after it was released. It has been observed that the report was "harshly criticized by numerous scientists, particularly at the powerful AIAA ... [which] recommended moderate, but continuous scientific work on UFOs".[13] In an address to the AAAS, James E. McDonald stated that he believed science had failed to mount adequate studies of the problem and criticized the Condon report and earlier studies by the US Air Force as scientifically deficient. He also questioned the basis for Condon's conclusions[51] and argued that the reports of UFOs have been "laughed out of scientific court."[12] J. Allen Hynek, an astronomer who worked as a USAF consultant from 1948, sharply criticized Condon Committee Report and later wrote two nontechnical books that set forth the case for continuing to investigate UFO reports.

Ruppelt recounted his experiences with Project Blue Book, a USAF investigation that preceded Condon's.[52]

 Notable cases


	The Roswell Incident (1947) involved New Mexico residents, local law enforcement officers, and the US military, the latter of whom allegedly collected physical evidence from the UFO crash site.




	The Mantell UFO Incident January 7, 1948




	The Betty and Barney Hill abduction (1961) was the first reported abduction incident.




	In the Kecksburg Incident, Pennsylvania (1965), residents reported seeing a bell shaped object crash in the area. Police officers, and possibly military personnel, were sent to investigate.




	The Travis Walton abduction case (1975): The movie Fire in the Sky was based on this event, but embellished greatly the original account.




	The "Phoenix Lights" March 13, 1997



 Canada

In Canada, the Department of National Defence has dealt with reports, sightings and investigations of UFOs across Canada. In addition to conducting investigations into crop circles in Duhamel, Alberta, it still considers "unsolved" the Falcon Lake incident in Manitoba and the Shag Harbour incident in Nova Scotia.[53]

Early Canadian studies included Project Magnet (1950–1954) and Project Second Storey (1952–1954), supported by the Defence Research Board. These studies were headed by Canadian Department of Transport radio engineer Wilbert B. Smith, who later publicly supported extraterrestrial origins.

In the Shag Harbour incident, a large object sequentially flashing lights was seen and heard to dive into the water by multiple witnesses. The Royal Canadian Mounted Police and many local residents also witnessed a light floating on the water immediately afterward, and a large patch of unusual yellow foam when a water search was initiated. Multiple government agencies were eventually involved in trying to identify the crashed object and searching for it. Canadian naval divers later purportedly found no wreckage. In official documents, the object was called a "UFO" because no conventional explanation for the crashed object was discovered. Around the same time, both the Canadian and US military were involved in another UFO-related search at Shelburne, Nova Scotia, approximately 30 miles from Shag Harbour.

 France

On March 2007, the French Centre National d'Études Spatiales (CNES) published an archive of UFO sightings and other phenomena online.[54]

French studies include GEPAN/SEPRA/GEIPAN (1977–), within the French space agency CNES, the longest ongoing government-sponsored investigation. About 14% of some 6000 cases studied remained unexplained. The official opinion of GEPAN/SEPRA/GEIPAN has been neutral or negative, but the three heads of the studies have gone on record in stating that UFOs were real physical flying machines beyond our knowledge or that the best explanation for the most inexplicable cases was an extraterrestrial one.[55]

The French COMETA panel (1996–1999) was a private study undertaken mostly by aerospace scientists and engineers affiliated with CNES and high-level French Air Force military intelligence analysts, with ultimate distribution of their study intended for high government officials. The COMETA panel likewise concluded the best explanation for the inexplicable cases was the extraterrestrial hypothesis and went further in accusing the United States government of a massive cover-up.[56]

 Italy
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According to some Italian ufologists the first documented case of a UFO in Italy dates back to April 11, 1933, in a campaign in Varese. Some documents of the time show that an alleged UFO would it's have crashed or landed near Vergiate. Following the fact, Benito Mussolini would have created the Cabinet RS/33.[57][58]

The alleged UFO sightings are gradually increased since the war, peaking in 1978 and 2005. The most egregious cases include:


	The UFO sighting in Florence, of October 28, 1954.[59]




	In 1973, an airline of Alitalia left Rome to Naples sighted above a mysterious round object gray on Latina. Two Air Force parties from Ciampino confirmed the sighting.[60][61]




	Enough known is the close encounter reported in September 1978 in Torrita, in the province of Siena. A young motorist saw before him a bright object, since they left two beings of small stature who wore a suit and a helmet, and the two approached the car, and after watching her carefully went back and rose again the UFO, which is broken.[62]




	In 1978, there has been also the story of Fortunato Zanfretta, best known and most controversial case of an italian alleged alien abduction. Zanfretta said to have been kidnapped on the night of 6 December and 7 December while he was performing his job at Marzano, in the municipality of Torriglia in the province of Genoa.[63]



 United Kingdom

The UK's Flying Saucer Working Party published its final report in 1951, which remained secret for over 50 years. The Working Party concluded that all UFO sightings could be explained as misidentifications of ordinary objects or phenomena, optical illusions, psychological misperceptions/aberrations, or hoaxes. The report stated: "We accordingly recommend very strongly that no further investigation of reported mysterious aerial phenomena be undertaken, unless and until some material evidence becomes available."

Eight file collections on UFO sightings, dating from 1978 to 1987, were first released on May 14, 2008, to the UK National Archives by the Ministry of Defence.[64] Although kept secret from the public for many years, most of the files have low levels of classification and none are classified Top Secret. 200 files are set to be made public by 2012. The files are correspondence from the public sent to government officials, such as the MoD and Margaret Thatcher. The MoD released the files under the Freedom of Information Act due to requests from researchers.[65] These files include, but are not limited to, UFOs over Liverpool and the Waterloo Bridge in London.[66]

On October 20, 2008 more UFO files were released. One case released detailed that in 1991 an Alitalia passenger aircraft was approaching Heathrow Airport when the pilots saw what they described as a "cruise missile" fly extremely close to the cockpit. The pilots believed that a collision was imminent. UFO expert David Clarke says that this is one of the most convincing cases for a UFO he has come across.[67]

A secret study of UFOs was undertaken for the UK's Ministry of Defence (MoD) between 1996 and 2000 and was code-named Project Condign. The resulting report, titled "Unidentified Aerial Phenomena in the UK Defence Region", was publicly released in 2006, but the identity and credentials of whomever constituted Project Condign remains classified. The report confirmed earlier findings that the main causes of UFO sightings are misidentification of man-made and natural objects. The report noted: "No artefacts of unknown or unexplained origin have been reported or handed to the UK authorities, despite thousands of UAP reports. There are no SIGINT, ELINT or radiation measurements and little useful video or still IMINT." It concluded: "There is no evidence that any UAP, seen in the UKADR [UK Air Defence Region], are incursions by air-objects of any intelligent (extraterrestrial or foreign) origin, or that they represent any hostile intent." A little-discussed conclusion of the report was that novel meteorological plasma phenomenon akin to Ball Lightning are responsible for "the majority, if not all" of otherwise inexplicable sightings, especially reports of Black Triangle UFOs.[68]

On December 1, 2009, the British Ministry of Defense (MoD) quietly closed down its UFO investigations unit. The unit's hotline and email address were suspended by the Ministry of Defense on that date. The MoD said there was no value in continuing to receive and investigate sightings in a release, stating


	

	"... in over fifty years, no UFO report has revealed any evidence of a potential threat to the United Kingdom. The MoD has no specific capability for identifying the nature of such sightings. There is no Defence benefit in such investigation and it would be an inappropriate use of defence resources. Furthermore, responding to reported UFO sightings diverts MoD resources from tasks that are relevant to Defence."







The Guardian reported that the MoD claimed the closure would save the Ministry around £50,000 a year. The MoD said that it would continue to release UFO files to the public through the National Archives.[69]

 Notable cases
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	According to records released on August 5, 2010, British wartime prime minister Winston Churchill banned the reporting for 50 years of an alleged UFO incident because of fears it could create mass panic. Reports given to Churchill asserted that the incident involved an RAF reconnaissance plane returning from a mission in France or Germany toward the end of the Second World War. It was over or near the English coastline when it was allegedly intercepted by a strange metallic object that matched the aircraft's course and speed for a time before accelerating away and disappearing. The plane's crew were reported to have photographed the object, which they said had "hovered noiselessly" near the aircraft, before moving off.[70] According to the documents, details of the coverup emerged when a man wrote the government in 1999 seeking to find out more about the incident and described how his grandfather, who had served with the Royal Air Force (RAF) in the Second World War, was present when Churchill and U.S. General Dwight Eisenhower discussed how to deal with the UFO encounter.[71][72] The files come from more than 5,000 pages of UFO reports, letters and drawings from members of the public, as well as questions raised in Parliament. They are available to download from The National Archives website.[73]

	In the April 1957 West Freugh Incident in Scotland, named after the principal military base involved, two unidentified objects flying high over the UK were tracked by radar operators. The objects were reported to operate at speeds and perform maneuvers beyond the capability of any known craft. Also significant is their alleged size, which – based on the radar returns – was closer to that of a ship than an aircraft.

	In the Rendlesham Forest incident of December 1980, US military personnel witnessed UFOs near the air base at Woodbridge, Suffolk, over a period of three nights. On one night the deputy base commander, Col. Charles Halt, and other personnel followed one or more UFOs that were moving in and above the forest for several hours. Col. Halt made an audio recording while this was happening and subsequently wrote an official memorandum summarizing the incident. After retirement from the military, he said that he had deliberately downplayed the event (officially termed 'Unexplained Lights') to avoid damaging his career. Other base personnel are said to have observed one of the UFOs, which had landed in the forest, and even gone up to and touched it.



 Uruguay

The Uruguayan Air Force has been conducting an ongoing UFO investigation since 1989 and analyzed 2100 cases, of which they regard only 40 (about 2%) as definitely lacking any conventional explanation. All files have recently been declassified. The unexplained cases include military jet interceptions, abductions, cattle mutilations, and physical landing trace evidence. Colonel Ariel Sanchez, who currently heads the investigation, summarized its findings as follows: "The commission managed to determine modifications to the chemical composition of the soil where landings are reported. The phenomenon exists. It could be a phenomenon that occurs in the lower sectors of the atmosphere, the landing of aircraft from a foreign air force, up to the extraterrestrial hypothesis. It could be a monitoring probe from outer space, much in the same way that we send probes to explore distant worlds. The UFO phenomenon exists in the country. I must stress that the Air Force does not dismiss an extraterrestrial hypothesis based on our scientific analysis."[74]

 Astronomer reports

The United States Air Force's Project Blue Book files indicate that approximately 1 %[75] of all unknown reports came from amateur and professional astronomers or other users of telescopes (such as missile trackers or surveyors). In 1952, astronomer J. Allen Hynek, then a consultant to Blue Book, conducted a small survey of 45 fellow professional astronomers. Five reported UFO sightings (about 11%). In the 1970s, astrophysicist Peter A. Sturrock conducted two large surveys of the American Institute of Aeronautics and Astronautics and American Astronomical Society. About 5 % of the members polled indicated that they had had UFO sightings.

Astronomer Clyde Tombaugh, who admitted to six UFO sightings, including three green fireballs, supported the Extraterrestrial hypothesis (ETH) for UFOs and stated he thought scientists who dismissed it without study were being "unscientific". Another astronomer was Lincoln LaPaz, who had headed the Air Force's investigation into the green fireballs and other UFO phenomena in New Mexico. LaPaz reported two personal sightings, one of a green fireball, the other of an anomalous disc-like object. (Both Tombaugh and LaPaz were part of Hynek's 1952 survey.) Hynek himself took two photos through the window of a commercial airliner of a disc-like object that seemed to pace his aircraft.[76] Even later UFO debunker Donald Menzel filed a UFO report in 1949.

In 1980, a survey of 1800 members of various amateur astronomer associations by Gert Helb and Hynek for 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?"[77]

 Identification of UFOs

Main article: Identification studies of UFOs
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Fata Morgana, a type of mirage in which objects located below the astronomical horizon appear to be hovering in the sky, may be responsible for some UFO sightings. (Here, the shape floating above the horizon is the reflected image of a boat.) Fata Morgana can also magnify the appearance of distant objects or distort them to be unrecognizable.[78]






[image: ]

[image: ]

Lenticular clouds have been reported as UFOs due to their peculiar shape.





Studies show that after careful investigation, the majority of UFOs can be identified as ordinary objects or phenomena (see Identification studies of UFOs). The most commonly found identified sources of UFO reports are:


	Astronomical objects (bright stars, planets, meteors, re-entering man-made spacecraft, artificial satellites, and the moon)

	Aircraft (Aerial advertising and other aircraft, missile launches)

	Balloons (weather balloons, prank balloons, large research balloons)

	Other atmospheric objects and phenomena (birds, unusual clouds, kites, flares)

	Light phenomena (mirages, Fata Morgana, moon dogs, searchlights and other ground lights, etc.)

	Hoaxes



A 1952–1955 study by the Battelle Memorial Institute for the US Air Force included these categories as well as a "psychological" one. However, the scientific analysts were unable to come up with prosaic explanations for 21.5 % of the 3200 cases they examined and 33 % of what were considered the best cases remained unexplained, double the number of the worst cases. (See full statistical breakdown in Identification studies of UFOs). Of the 69 % identifieds, 38 % were deemed definitely explained while 31 % were thought to be "questionable." About 9 % of the cases were considered to have insufficient information to make a determination.

The official French government UFO investigation (GEPAN/SEPRA/GEIPAN), run within the French space agency CNES between 1977 and 2004, scientifically investigated about 6000 cases and found that 13.5 % defied any rational explanation, 46 % were deemed definitely or likely identifiable, while 41 % lacked sufficient information for classification.

An individual 1979 study by CUFOS researcher Allan Hendry found, as did other investigations, that only a small percentage of cases he investigated were hoaxes (<1 %) and that most sightings were actually honest misidentifications of prosaic phenomena. Hendry attributed most of these to inexperience or misperception.[79] However, Hendry's figure for unidentified cases was considerably lower than many other UFO studies such as Project Blue Book or the Condon Report that have found rates of unidentified cases ranging from 6 % to 30 %. Hendry found that 88.6 % of the cases he studied had a clear prosaic explanation, and he discarded a further 2.8 % due to unreliable or contradictory witnesses or insufficient information. The remaining 8.6 % of reports could not definitively be explained by prosaic phenomena, although he felt that a further 7.1 % could possibly be explained, leaving only the very best 1.5 % without plausible explanation.

 Claims by military, government, and aviation personnel

Since 2001 there have been calls for greater openness on the part of the government by various persons. In May 2001, a press conference was held at the National Press Club in Washington D.C. by an organization called the Disclosure Project, featuring twenty persons including retired Air Force and Federal Aviation Administration personnel, intelligence officers and an air traffic controller.[80] [81] [82] [83] [84] [85] They all gave a brief account of what they knew or had witnessed, and stated that they would be willing to testify to what they had said under oath to a Congressional committee. According to a 2002 report in the Oregon Daily Emerald, Disclosure Project founder Steven Greer has gathered 120 hours of testimony from various government officials on the topic of UFO's, including astronaut Gordon Cooper and a Brigadier General.[86]

On September 27, 2010, a group of six former US Air Force officers and one former enlisted Air Force man held a press conference at the National Press Club in Washington D.C. on the theme "U.S. Nuclear Weapons Have Been Compromised by Unidentified Aerial Objects."[87] They told how they had witnessed UFOs hovering near missile sites and even disarming the missiles.

 Extraterrestrial hypothesis

Main article: Extraterrestrial hypothesis

While technically a UFO refers to any unidentified flying object, in modern popular culture the term UFO has generally become synonymous with alien spacecraft;[88] however, the term ETV (ExtraTerrestrial Vehicle) is sometimes used to separate this explanation of UFOs from totally earthbound explanations.[89]

Proponents argue that because these objects appear to be technological and not natural phenomena and are alleged to display flight characteristics or have shapes seemingly unknown to conventional technology, the conclusion is that they must not be from Earth.[90][91][92][93] Though UFO sightings have occurred throughout recorded history, modern interest in them dates from World War II (see foo fighter), further fueled in the late 1940s by Kenneth Arnold's report of a close encounter, which led to coining of the term flying saucer, and the Roswell UFO Incident. Since then governments have investigated UFO reports, often from a military perspective, and UFO researchers have investigated, written about, and created organizations devoted to the subject. One such investigation, the UK's Project Condign, made public in 2006, attributed unaccountable UFO sightings to a hitherto unknown and scientifically unexplained "plasma field." It also concluded that Russian, former Soviet Republics, and Chinese authorities had made a co-ordinated effort to understand the UFO phenomenon and that military organizations, particularly in Russia, had done "considerably more work (than is evident from open sources)" on military applications stemming from their UFO research. The report also noted that "several aircraft have been destroyed and at least four pilots have been killed 'chasing UFOs'."[94]

 Associated claims

Besides anecdotal visual sightings, reports sometimes include claims of other kinds of evidence, including cases studied by the military and various government agencies of different countries (such as Project Blue Book, the Condon Committee, the French GEPAN/SEPRA, and Uruguay's current Air Force study).

A comprehensive scientific review of cases where physical evidence was available was carried out by the 1998 Sturrock UFO panel, with specific examples of many of the categories listed below.[95]


	Radar contact and tracking, sometimes from multiple sites. These have included military personnel and control tower operators, simultaneous visual sightings, and aircraft intercepts. One such recent example were the mass sightings of large, silent, low-flying black triangles in 1989 and 1990 over Belgium, tracked by NATO radar and jet interceptors, and investigated by Belgium's military (included photographic evidence).[96] Another famous case from 1986 was the JAL 1628 case over Alaska investigated by the FAA.

	Photographic evidence, including still photos, movie film, and video.

	Claims of physical trace of landing UFOs, including ground impressions, burned and/or desiccated soil, burned and broken foliage, magnetic anomalies[specify], increased radiation levels, and metallic traces. See, e. g. Height 611 UFO Incident or the 1964 Lonnie Zamora's Socorro, New Mexico encounter of the USAF Project Blue Book cases). A well-known example from December 1980 was the USAF Rendlesham Forest Incident in England. Another occurred in January 1981 in Trans-en-Provence and was investigated by GEPAN, then France's official government UFO-investigation agency. Project Blue Book head Edward J. Ruppelt described a classic 1952 CE2 case involving a patch of charred grass roots.

	Physiological effects on people and animals including temporary paralysis, skin burns and rashes, corneal burns, and symptoms superficially resembling radiation poisoning, such as the Cash-Landrum incident in 1980.

	Animal/cattle mutilation cases, that some feel are also part of the UFO phenomenon.

	Biological effects on plants such as increased or decreased growth, germination effects on seeds, and blown-out stem nodes (usually associated with physical trace cases or crop circles)

	Electromagnetic interference (EM) effects. A famous 1976 military case over Tehran, recorded in CIA and DIA classified documents, was associated with communication losses in multiple aircraft and weapons system failure in an F-4 Phantom II jet interceptor as it was about to fire a missile on one of the UFOs.[97]

	Apparent remote radiation detection, some noted in FBI and CIA documents occurring over government nuclear installations at Los Alamos National Laboratory and Oak Ridge National Laboratory in 1950, also reported by Project Blue Book director Ed Ruppelt in his book.

	Claimed artifacts of UFOs themselves, such as 1957, Ubatuba, Brazil, magnesium fragments analyzed by the Brazilian government and in the Condon Report and by others. The 1964 Socorro/Lonnie Zamora incident also left metal traces, analyzed by NASA.[98] A more recent example involves "the Bob White object" a tear drop shaped object recovered by Bob White and was featured in the TV show UFO Hunters.

	Angel hair and angel grass, possibly explained in some cases as nests from ballooning spiders or chaff.[citation needed]



 Reverse engineering

Attempts have been made to reverse engineer the possible physics behind UFOs through analysis of both eyewitness reports and the physical evidence, on the assumption that they are powered vehicles. Examples are former NASA and nuclear engineer James McCampbell in his book Ufology, NACA/NASA engineer Paul R. Hill in his book Unconventional Flying Objects, and German rocketry pioneer Hermann Oberth. Among subjects tackled by McCampbell, Hill, and Oberth was the question of how UFOs can fly at supersonic speeds without creating a sonic boom. McCampbell's proposed solution is microwave plasma parting the air in front of the craft. In contrast, Hill and Oberth believed UFOs utilize an as-yet-unknown anti-gravity field to accomplish the same thing as well as provide propulsion and protection of occupants from the effects of high acceleration.[99]

 Ufology

Main article: Ufology

Ufology is a neologism describing the collective efforts of those who study UFO reports and associated evidence.

 Researchers

Main article: List of Ufologists

 Sightings

Main article: List of sightings of unidentified flying objects

 Organizations

Main article: UFO organizations

 Categorization
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Some ufologists recommend that observations be classified according to the features of the phenomenon or object that are reported or recorded. Typical categories include:


	Saucer, toy-top, or disk-shaped "craft" without visible or audible propulsion. (day and night)

	Large triangular "craft" or triangular light pattern, usually reported at night.

	Cigar-shaped "craft" with lighted windows (Meteor fireballs are sometimes reported this way, but are very different phenomena).

	Other: chevrons, (equilateral) triangles, crescent, boomerangs, spheres (usually reported to be shining, glowing at night), domes, diamonds, shapeless black masses, eggs, pyramids and cylinders, classic "lights".



Popular UFO classification systems include the Hynek system, created by J. Allen Hynek, and the Vallée system, created by Jacques Vallée.

Hynek's system involves dividing the sighted object by appearance, subdivided further into the type of "close encounter" (a term from which the film director Steven Spielberg derived the title of his 1977 UFO movie, Close Encounters of the Third Kind).

Jacques Vallée's system classifies UFOs into five broad types, each with from three to five subtypes that vary according to type.

 Scientific skepticism

A scientifically skeptical group that has for many years offered critical analysis of UFO claims is the Committee for Skeptical Inquiry (CSI).

Responding to local beliefs that "extraterrestrial beings" in UFOs were responsible for crop circles appearing in Indonesia, the government and the National Aeronautics and Space Agency (Lapan) described them as "man-made". Thomas Djamaluddin, research professor of astronomy and astrophysics at Lapan stated: "We have come to agree that this 'thing' cannot be scientifically proven. A professor at the Indonesian National Aeronautics and Space Agency put UFOs in the category of pseudoscience."[100]

 Conspiracy theories

See also: UFO conspiracy theory, Disclosure Project, Men in Black, and Brookings Report

UFOs are sometimes an element of conspiracy theories in which governments are allegedly intentionally "covering up" the existence of aliens by removing physical evidence of their presence, or even collaborating with extraterrestrial beings. There are many versions of this story; some are exclusive, while others overlap with various other conspiracy theories.

In the U.S., an opinion poll conducted in 1997 suggested that 80 % of Americans believed the U.S. government was withholding such information.[101][102] Various notables have also expressed such views. Some examples are astronauts Gordon Cooper and Edgar Mitchell, Senator Barry Goldwater, Vice Admiral Roscoe H. Hillenkoetter (the first CIA director), Lord Hill-Norton (former British Chief of Defense Staff and NATO head), the 1999 high-level French COMETA report by various French generals and aerospace experts, and Yves Sillard (former director of the French space agency CNES, new director of French UFO research organization GEIPAN).[103]

It has also been suggested by a few paranormal authors that all or most human technology and culture is based on extraterrestrial contact. See also ancient astronauts.

 Famous hoaxes

Main article: List of UFO-related hoaxes


	The Maury Island incident

	The Ummo affair, a decades-long series of detailed letters and documents allegedly from extraterrestrials. The total length of the documents is at least 1000 pages, and some estimate that further undiscovered documents may total nearly 4000 pages. A José Luis Jordan Pena came forward in the early 1990s claiming responsibility for the phenomenon, and most[who?] consider there to be little reason to challenge his claims.[104]

	George Adamski over the space of two decades made various claims about his meetings with telepathic aliens from nearby planets. He claimed that photographs of the far side of the moon taken by a Soviet orbital probe in 1959 were fake, and that there were cities, trees and snow-capped mountains on the far side of the moon. Among copycats was a shadowy British figure named Cedric Allingham.

	Ed Walters, a building contractor, in 1987 allegedly perpetrated a hoax in Gulf Breeze, Florida. Walters claimed at first having seen a small UFO flying near his home and took some photographs of the craft. Walters reported and documented a series of UFO sightings over a period of three weeks and took several photographs. These sightings became famous and were called Gulf Breeze UFO incident. Three years later, in 1990, after the Walters family had moved, the new residents discovered a model of a UFO poorly hidden in the attic that bore an undeniable resemblance to the craft in Walters' photographs. Most investigators like the forensic photo expert William G. Hyzer[105] now consider the sightings to be a hoax.

	Warren William "Billy" Smith is a popular writer and confessed hoaxster.[106]



 In popular culture

Main article: UFOs in fiction

UFOs constitute a widespread international cultural phenomenon of the last 60 years. Gallup polls rank UFOs near the top of lists for subjects of widespread recognition. In 1973, a survey found that 95 percent of the public reported having heard of UFOs, whereas only 92 percent had heard of U.S. President Gerald Ford in a 1977 poll taken just nine months after he left the White House.[107] A 1996 Gallup poll reported that 71 percent of the United States population believed that the government was covering up information regarding UFOs. A 2002 Roper poll for the Sci Fi Channel found similar results, but with more people believing that UFOs are extraterrestrial craft. In that latest poll, 56 percent thought UFOs were real craft and 48 percent that aliens had visited the Earth. Again, about 70 percent felt the government was not sharing everything it knew about UFOs or extraterrestrial life. In the film Yellow Submarine, Ringo states that the yellow submarine that is following him "must be one of them unidentified flying cupcakes."[108][109][110] Another effect of the flying saucer type of UFO sightings has been Earth-made flying saucer craft in space fiction, for example the Earth spacecraft Starship C-57D in Forbidden Planet, the Jupiter Two in Lost in Space, and the saucer section of the USS Enterprise in Star Trek, and many others.

 See also
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Photograph of "an unusual atmospheric occurrence observed over Sri Lanka," forwarded to the UK Ministry of Defence by RAF Fylingdales, 2004.
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55 Cancri e (abbreviated 55 Cnc e) is an extrasolar planet orbiting the Sun-like star 55 Cancri A. Its mass is about 7.8 Earth masses and its diameter is about twice that of Earth's,[4] thus classifying it as the first Super-Earth discovered around a main sequence star, predating Gliese 876 d by a year. It takes less than 18 hours to complete an orbit and is the innermost known planet in its planetary system. 55 Cancri e was discovered on August 30, 2004. However, until the 2010 observations and recalculations, this planet had been thought to take about 2.8 days to orbit the star.[2] In October 2012, it was announced that 55 Cancri e could be a carbon planet.[5][6]
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 Discovery

Like the majority of known extrasolar planets (found previous to the Kepler mission), 55 Cancri e was discovered by detecting variations in its star's radial velocity. This was achieved by making sensitive measurements of the Doppler shift of the spectrum of 55 Cancri A. At the time of its discovery, three other planets were known orbiting the star. After accounting for these planets, a signal at around 2.8 days remained, which could be explained by a planet of at least 14.2 Earth masses in a very close orbit.[7] The same measurements were used to confirm the existence of the uncertain planet 55 Cancri c.

55 Cancri e was one of the first extrasolar planets with a mass comparable to that of Neptune to be discovered. It was announced at the same time as another "hot Neptune" orbiting the red dwarf star Gliese 436 named Gliese 436 b.

 Planet challenged

In 2005 the existence of planet e was questioned by Jack Wisdom in a reanalysis of the data.[8] According to him, instead of the 2.8-day planet there is a planet with a mass similar to that of Neptune in a 261-day orbit around 55 Cancri A. In 2007, Debra Fischer and colleagues at San Francisco State University published a new analysis[9] indicating that both planets existed; the planet in the 260-day orbit was accordingly designated 55 Cancri f.

 Transit

The planet's transit of its primary was announced on April 27, 2011, based on two weeks of nearly continuous photometric monitoring with the MOST space telescope.[10] The transits occur with the period (0.74 days) and phase that had been predicted by Dawson & Fabrycky. This is one of the few planetary transits to be confirmed around a well-known star, and allowed investigations into the planet's composition.

 Orbit and mass

The radial velocity method used to detect 55 Cancri e obtains the minimum mass of 7.8 times that of Earth,[4] or 48% of the mass of Neptune. The transit shows that its inclination is about 83.4 ± 1.7. So the real mass is close to the minimum. 55 Cancri e is further coplanar with b.

 Characteristics

55 Cancri e receives more radiation than Gliese 436 b.[11] The side of the planet facing its star has temperatures more than 2,000 Kelvin(more than 3,140 Fahrenheit), hot enough to melt metal.[12]

It was initially unknown whether 55 Cancri e was a small gas giant like Neptune or a large rocky terrestrial planet. In 2011, a transit of the planet was confirmed, allowing scientists to calculate its density. At first it was suspected to be a water planet.[3][4] As initial observations showed no hydrogen in its Lyman-alpha transit signature, Ehrenreich mused that its volatiles might be carbon dioxide instead of water or hydrogen.[13]

An alternative possibility is that 55 Cancri e is a solid planet made of carbon-rich material rather than the oxygen-rich material that makes up the terrestrial planets in our solar system.[14] In this case, roughly a third of the planet's mass would be carbon, much of which may be in the form of diamond as a result of the temperatures and pressures in the planet's interior. Further observations are necessary to confirm the nature of the planet.[5][6]

 See also
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Epsilon Eridani (ε Eri, ε Eridani) is a star in the southern constellation Eridanus, along a declination 9.46° south of the celestial equator. This allows the star to be viewed from most of the Earth's surface. At a distance of 10.5 light years (ly), it has an apparent magnitude of 3.73. It is the third closest of the individual stars or star systems visible to the unaided eye and was the closest star known to host a planet until the discovery of Alpha Centauri Bb. Its age is estimated at less than a billion years. Because of its youth, Epsilon Eridani has a higher level of magnetic activity than the present-day Sun, with a stellar wind 30 times as strong. Its rotation period is 11.2 days at the equator. Epsilon Eridani is smaller and less massive than the Sun, and has a comparatively lower level of elements heavier than helium.[17] Astronomers categorize it as a main-sequence star of spectral class K2, which means that energy generated at the core through nuclear fusion of hydrogen is emitted from the surface at a temperature of about 5,000 K, giving the star an orange hue.

The motion of this star along the line of sight to the Earth, known as the radial velocity, has been regularly observed for more than twenty years. Periodic changes in this data yielded evidence of a giant planet orbiting Epsilon Eridani, making it one of the nearest extrasolar system with a candidate exoplanet.[18] This object, Epsilon Eridani b, was formally announced in 2000 by a team of astronomers led by Artie Hatzes.[18] Current data indicate that this planet orbits with a period of about 7 years at a mean separation of 3.4 astronomical units (AU), where 1 AU is the mean distance between the Earth and the Sun.[19] Although this discovery has been controversial because of the amount of background noise in the radial velocity data,[20] many astronomers now regard the planet as confirmed.

The system includes two belts of rocky asteroids: one at about 3 AU and a second at about 20 AU, whose structure may be maintained by a hypothetical second planet, Epsilon Eridani c.[21] Epsilon Eridani harbors an extensive outer debris disk of remnant planetesimals left over from the system's formation.[22]

The designation for this star was established in 1603 by Johann Bayer. It may be a member of the Ursa Major Moving Group of stars that share a similar motion through the Milky Way, implying these stars shared a common origin in an open cluster. Its nearest neighbor, the binary star system Luyten 726-8, will have a close encounter with Epsilon Eridani in approximately 31,500 years when they will be separated by about 0.93 ly.[23] As one of the nearest Sun-like stars with the potential for a planet that may harbor life,[24] Epsilon Eridani has been the target of SETI searches. The star appears in science fiction stories and has been suggested as a destination for interstellar travel.[25]
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 Observation history


[image: The upper photograph shows a region of many point-like stars with colored lines marking the constellations. The lower image shows several stars and two white lines.]
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Above, the northern section of the Eridanus constellation is delineated in green, whilst the blue lines outline Orion. Below, an enlarged view of the region in the white box shows the location of Epsilon Eridani at the intersection of the two lines.





Epsilon Eridani, the Bayer designation for this star, was established in 1603 as part of the Uranometria, a star catalogue produced by German celestial cartographer Johann Bayer. His catalogue assigned letters from the Greek alphabet to groups of stars belonging to the same visual magnitude class in each constellation, beginning with alpha (α) for a star in the brightest class. However, Bayer made no attempt to arrange stars by relative brightness within each class. Thus, although Epsilon is the fifth letter in the Greek alphabet,[26] the star is the tenth brightest star in Eridanus.[27] The star catalogue of English astronomer John Flamsteed, published in 1712, gave this star the Flamsteed designation 18 Eridani as it was the eighteenth catalogued star in the constellation of Eridanus by order of increasing right ascension.[4] In 1918 this star appeared in the Henry Draper Catalogue with the designation HD 22049 and a preliminary spectral classification of K0.[28]

Based on observations between 1800 and 1880, Epsilon Eridani was found to have a large proper motion across the celestial sphere, which was estimated at an angular velocity of three arcseconds annually.[29] This movement implied it was relatively close to the Sun,[30] making it a star of interest for the purpose of trigonometric parallax measurements. This process involves recording the position of the star as the Earth moves around the Sun, which allows the star's distance to be estimated.[29] From 1881 to 1883, American astronomer William L. Elkin used a heliometer at the Royal Observatory at the Cape of Good Hope, South Africa to compare the position of Epsilon Eridani with two nearby stars. From these observations, a parallax of 0.14 ± 0.02 arcseconds was calculated.[31][32] By 1917, observers had refined their parallax estimate to 0.317 arcseconds.[33] The modern value of 0.3109 arcseconds is equivalent to a distance of about 10.50 ly (3.22 parsecs).[1]

 Circumstellar discoveries

Based on unexplained changes in the position of Epsilon Eridani between 1938 and 1972, Dutch–American astronomer Peter van de Kamp proposed that an unseen companion with an orbital period of 25 years was causing gravitational perturbations in the star's position.[34] This claim was refuted in 1993 by German astronomer Wulff-Dieter Heintz and the false detection was blamed on a systematic error in the photographic plates.[35]

Launched in 1983, the space telescope IRAS detected infrared emissions from stars near to the Sun.[36] Two years later, the presence of an excess infrared emission close to Epsilon Eridani was announced, which indicated a disk of fine-grained cosmic dust was orbiting the star.[37] This debris disk has been extensively studied since that time. Evidence for a planetary system was discovered in 1998 by the observation of asymmetries in this dust ring. These clumps of dust could be explained by gravitational interaction with a planet orbiting just inside the ring of dust.[38]

From 1980 to 2000, a team of astronomers led by American Artie P. Hatzes made radial velocity observations of Epsilon Eridani, measuring changes in motion of the star along the line of sight to the Earth, which provided evidence of the gravitational effect of a planet orbiting the star with a period of about seven years.[18] Although there is a high level of noise in the radial velocity data due to magnetic activity in the star's photosphere,[39] any periodicity caused by this magnetic activity is expected to show a strong correlation with variations in emission lines of ionized calcium (the Ca II H and K lines). Because no such correlation was found, a planetary companion was deemed the most likely cause.[40] This discovery was supported by astrometric measurements of Epsilon Eridani made between 2001 and 2003 with the Hubble Space Telescope, which showed evidence for gravitational perturbation of the star by a planet.[41]

American astrophysicist Alice C. Quillen and her student Stephen Thorndike performed computer simulations of the structure of the dust disk around the star. Their model suggested that the clumping of the dust particles could be explained by the presence of a second planet in an eccentric orbit. They announced this finding in 2002.[42]

 SETI and proposed exploration

In 1960, American physicist Philip Morrison and Italian physicist Giuseppe Cocconi proposed that extraterrestrial civilizations might be using radio signals for communication.[43] Project Ozma, headed by American astronomer Frank Drake, used the Tatel Telescope to search for such signals from the nearby Sun-like stars Epsilon Eridani and Tau Ceti. They were observed at the emission frequency of neutral hydrogen, 1,420 MHz. No signals of intelligent extraterrestrial origin were detected.[44] The experiment was repeated by Drake in 2010, with the same negative result.[43] Despite this lack of success, Epsilon Eridani made its way into science fiction literature and television shows for many years following news of Drake's initial experiment.[45]

In Habitable Planets for Man, a 1964 RAND Corporation study by American space scientist Stephen H. Dole, the odds of a habitable planet being in orbit around Epsilon Eridani were estimated at 3.3%. Among the known stars within 22 ly, it was listed with the 14 stars that were thought most likely to have a habitable planet.[46]

A new strategy in the search for extraterrestrial intelligence (SETI) was proposed by American space scientist William I. McLaughlin in 1977. He suggested that widely observable events such as nova explosions might be used by intelligent extraterrestrials to synchronize the transmission and reception of their signals. This idea was tested from the National Radio Astronomy Observatory in 1988, which used outbursts of Nova Cygni 1975 as the timer. Fifteen days of observation showed no anomalous radio signals coming from Epsilon Eridani.[47]

Because of the proximity and Sun-like properties of this star, it was considered as one of the targets for interstellar travel by American physicist Robert L. Forward in 1985.[48] The following year, Epsilon Eridani was suggested as one of several targets in the Project Daedalus paper study by the British Interplanetary Society.[49] It has continued to be among the targets of such proposals, as with Project Icarus in 2011.[50]

Based on its location within 23.5 ly (7.2 parsecs), Epsilon Eridani was among the target stars of Project Phoenix, a 1995 microwave survey for signals from extraterrestrial intelligence.[51] The project had checked about 800 stars by 2004, but had not yet detected an unimpeachable signal.[52]

 Properties
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Illustration of the relative sizes of Epsilon Eridani (left) and the Sun (right)





At a distance of 10.50 ly (3.22 parsecs), Epsilon Eridani is the 13th nearest known star (and ninth nearest solitary star or stellar system) to the Sun as of 2011.[8] The proximity of this star makes it one of the most studied stars of its stellar classification.[53] This star is located in the northern part of the constellation Eridanus, about 3° east of the slightly brighter star Delta Eridani. With a declination of −9.46°, Epsilon Eridani can be viewed from much of the Earth's surface. Only to the north of latitude 80° N is it permanently hidden below the horizon.[54] The apparent magnitude of 3.73 can make this star difficult to observe from an urban area with the unaided eye, as the night skies over cities are obscured by light pollution.[55]

Epsilon Eridani has an estimated 82% of the Sun's mass[9][10] and 74% of the Sun's radius,[11] but only 34% of its luminosity.[12] The estimated surface temperature is 5,084 K.[13] With a stellar classification of K2 V, it is the second-nearest K-type main-sequence star after Alpha Centauri B.[8] Indeed, since 1943, the spectrum of this star has served as one of the stable anchor points by which other stars are classified.[56] Its metallicity, or enrichment in elements heavier than helium, is slightly lower than the Sun's. In the star's chromosphere, a region of the outer atmosphere just above the light emitting photosphere, the proportion of iron is estimated at 74% of the Sun's abundance.[14]

The K-type classification of this star indicates that the spectrum displays relatively weak absorption lines from energy absorbed by hydrogen, plus strong lines of neutral atoms and singly ionized calcium (Ca II). The luminosity class V is assigned to stars that are undergoing thermonuclear fusion of hydrogen at their core. For a K-type main-sequence star, this fusion is dominated by the proton–proton chain reaction, wherein a series of mergers of four hydrogen nuclei results in a helium nucleus. In the inner region of this star, energy is transported outward from the core by means of radiation, which results in no net motion of the surrounding plasma. Outside of this region, in the star's envelope, energy is carried to the photosphere by plasma convection, where it radiates into space.[57]

 Magnetic activity
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An example of a region of magnetic activity on the surface of a star; in this case the Sun





Epsilon Eridani has a higher level of magnetic activity than the Sun, and hence demonstrates increased activity in the outer parts of the star's atmosphere: the chromosphere and corona. The average magnetic field strength of this star across the entire surface is (1.65 ± 0.30) × 10−2 T,[58] which is more than forty times greater than the (5–40) × 10−5 T magnetic field strength in the Sun's photosphere.[59] The magnetic properties can be modeled by assuming that regions with a magnetic flux of about 0.14 T randomly cover approximately 9% of the photosphere, while the remainder of the surface is free of magnetic fields.[60] The overall magnetic activity of this star is irregular, but it may vary with a 4.9-year period.[61] Assuming that the radius of the star does not change over this interval, the long term variation in activity level appears to produce a temperature variation of 15 K, which corresponds to a variation in visual magnitude (V) of 0.014.[62]

The magnetic field on the surface of Epsilon Eridani causes variations in the hydrodynamic behavior of the photosphere. This results in greater jitter during measurements of the star's radial velocity Doppler shift. Variations of 15 m s−1 were measured over a 20 year period, which is much higher than the measurement error rate of 3 m s−1. This makes interpretation of periodicities in the radial velocity of Epsilon Eridani, such as those caused by the gravitational perturbations of an orbiting planet, more difficult.[39]

Epsilon Eridani is classified as a BY Draconis variable because it has regions of higher magnetic activity that move into and out of the line of sight as the star rotates.[6] Measurement of this rotational modulation suggests that the equatorial region of the star rotates with an average period of 11.2 days,[15] which is less than half of the rotation period of the Sun. Observations have shown this star to vary as much as 0.050 in V magnitude due to starspots and other short-term magnetic activity.[63] Photometry has also shown that the surface of Epsilon Eridani, like the Sun, is undergoing differential rotation, which means that the rotation period at the surface varies by latitude. The measured periods range from 10.8 to 12.3 days.[62][note 1] The axial tilt of Epsilon Eridani toward the line of sight from Earth is uncertain. Estimates range from 24° to 72°.[15]

The high levels of chromospheric activity, strong magnetic field, and relatively fast rotation rate of Epsilon Eridani are characteristic of a young star.[64] The age of Epsilon Eridani is about 440 million years, but this remains subject to debate. Most age estimation methods place it in the range from 200 million to 800 million years.[16] However, the low abundance of heavy elements in the chromosphere of Epsilon Eridani is indicative of an older star, because the medium out of which stars form is steadily enriched by heavier elements produced by older generations of stars.[65] This anomaly might be caused by a diffusion process that has transported some of the helium and heavier elements out of the photosphere and into a region below the star's convection zone.[66]

The X-ray luminosity of Epsilon Eridani is about 2 × 1028 ergs/s (2 × 1021 W). It is brighter in X-ray emission than the Sun at peak activity. The source for this strong X-ray emission is the star's hot corona.[67][68] Epsilon Eridani's corona appears larger and hotter than the Sun's, with a temperature of 3.4 × 106 K as measured from observation of the corona's ultraviolet and X-ray emission.[69]

The stellar wind emitted by Epsilon Eridani expands until it collides with the surrounding interstellar medium of sparse gas and dust, resulting in a bubble of heated hydrogen gas. The absorption spectrum from this gas has been measured with the Hubble Space Telescope, allowing the properties of the stellar wind to be estimated.[69] Epsilon Eridani's hot corona results in a mass loss rate from the star's stellar wind that is 30 times higher than the Sun's. This wind is generating an astrosphere (the equivalent of the heliosphere that surrounds the Sun) that spans about 8,000 AU and contains a bow shock that lies 1,600 AU from the star. At its estimated distance from Earth, this astrosphere spans 42 arcminutes, which is wider than the apparent size of the full Moon.[70]

 Kinematics

This star has a high proper motion, moving −0.976 arcseconds per year in right ascension (the celestial longitude) and 0.018 arcseconds per year in declination (the celestial latitude), for a total proper motion of 0.962 arcseconds per year.[1][note 2] It has a radial velocity of +15.5 km/s away from the Sun.[7] The space velocity components of Epsilon Eridani in the Galactic coordinate system are (U, V, W) = (−3, +7, −20) km/s, which means that it is traveling within the Milky Way at a mean galactocentric distance of 28.7 kly (8.79 kiloparsecs) from the core along an orbit that has an eccentricity of 0.09.[72] The velocity and heading of this star indicates that it may be a member of the Ursa Major Moving Group of stars that share a common motion through space. This behavior suggests that the members originated in an open cluster of stars that has since diffused.[16][73] The estimated age of this group is 500 ± 100 million years,[74] which lies within the range of the age estimates for this star.

During the past million years, three stars are believed to have come within 7 ly (2 parsecs) of Epsilon Eridani. The most recent and closest of these encounters was with Kapteyn's Star, which approached to a distance of about 3 ly (0.9 parsecs) roughly 12,500 years ago. The other two stars were Sirius and Ross 614. None of these encounters are thought to have affected the circumstellar disk orbiting Epsilon Eridani.[75]

Epsilon Eridani made its closest approach to the Sun about 105,000 years ago, when the two stars were separated by 7 ly (2.1 parsecs).[76] Based upon a simulation of close encounters by nearby stars, in approximately 31,500 years, the binary star system Luyten 726-8, which includes the variable star UV Ceti, will encounter Epsilon Eridani at a minimum distance of about 0.9 ly (0.29 parsecs). They will be less than 1 ly (0.3 parsecs) apart for about 4,600 years. If Epsilon Eridani has an Oort cloud, Luyten 726-8 could gravitationally perturb some of the comets with long orbital periods.[23]

 Planetary system


The Epsilon Eridani system[22][41][77][78]

	Companion

(in order from star)
	Mass
	Semimajor axis

(AU)
	Orbital period

(days)
	Eccentricity
	Inclination
	Radius



	Asteroid belt
	3 AU



	b (unconfirmed)
	1.55 ± 0.24 MJ
	3.38–3.50
	2,502–2,630
	0.25–0.702
	—



	Asteroid belt
	20 AU



	c (unconfirmed)
	0.1 MJ
	40?
	102,270
	0.3
	—



	Dust disk
	35–100 AU







[image: An uneven, multi-colored ring arranged around a five-sided star at the middle, with the strongest concentration below center. A smaller oval showing the scale of Pluto's orbit is in the lower right]

Submillimeter wavelength image of a ring of dust particles around the star Epsilon Eridani (above center). The brightest areas indicate the regions with the highest concentrations of dust.




[image: The upper two illustrations show brown oval bands for the asteroid belts and oval lines for the known planet orbits, with the glowing star at the center. The second brown band is narrower than the first. The lower two illustrations have gray bands for the comet belts, oval lines for the planetary orbits and the glowing stars at the center. The lower gray band is much wider than the upper gray band.]

Comparison of the planets and debris belts in the Solar System to the Epsilon Eridani system. At the top is the asteroid belt and the inner planets of the Solar System. Second from top is the proposed inner asteroid belt and planet b of Epsilon Eridani. The lower illustrations show the corresponding features for the two stars' outer systems.







 Dust disk

Observations with the James Clerk Maxwell Telescope at a wavelength of 850 μm show an extended flux of radiation out to an angular radius of 35 arcseconds around the star. The peak emission occurs at an angular radius of 18 arcseconds, which at the distance of the star corresponds to a radius of about 60 AU. The highest level of emission occurs over the radius 35–75 AU from the star and is substantially reduced inside 30 AU. This emission is interpreted as coming from a young analogue of the Solar System's Kuiper belt: a compact dusty disk structure surrounding the star. From the Earth, this belt is viewed at an inclination of roughly 25° to the line of sight.[38]

Dust and possibly water ice from this belt migrates inward because of drag from the stellar wind and a process by which stellar radiation causes dust grains to slowly spiral toward the star, known as the Poynting–Robertson effect.[79] At the same time, these dust particles can be destroyed through mutual collisions. The time scale for all of the dust in the disk to be cleared away by these processes is less than the estimated age of the star. Hence, the current dust disk must have been created by collisions or other effects of larger parent bodies, and the disk represents a late stage in the planet formation process of this star. It would have required collisions between 11 Earth masses' worth of parent bodies to have maintained the disk in its current state over the estimated age of the star.[22]

The disk contains an estimated mass of dust equal to a sixth of the mass of the Moon, with individual dust grains exceeding 3.5 μm in size at a temperature of about 55 K. This dust is being generated by the collision of comets, which range up to 10 to 30 km in diameter and have a combined mass of 5 to 9 times the mass of the Earth. This is similar to the estimated 10 Earth masses in the primordial Kuiper belt.[80][81] However, the disk around Epsilon Eridani contains less than 2.2 × 1017 kg of carbon monoxide. This low level suggests a paucity of volatile-bearing comets and icy planetesimals compared to the Kuiper belt.[82]

The clumpy structure of the dust belt may be explained by gravitational perturbation from a planet, dubbed Epsilon Eridani b. The clumps in the dust occur at orbits that have an integer resonance with the orbit of the suspected planet. For example, the region of the disk that completes two orbits for every three orbits of a planet is in a 3:2 orbital resonance.[83] In computer simulations the ring morphology can be reproduced by the capture of dust particles in 5:3 and 3:2 orbital resonances with a planet that has an orbital eccentricity of about 0.3.[42] Alternatively, the clumpiness may have been caused by collisions between minor planets known as plutinos.[84]

Observations from NASA's Spitzer Space Telescope suggest that Epsilon Eridani actually has two asteroid belts and a cloud of exozodiacal dust. The latter is an analog of the zodiacal dust that occupies the plane of the Solar System. One belt sits at approximately the same position as the one in our solar system, orbiting at a distance of 3.00 ± 0.75 AU from the star, and consists of silicate grains with a diameter of 3 μm and a combined mass of about 1018 kg. If the planet Epsilon Eridani b exists then this belt is unlikely to have had a source outside the orbit of the planet, so the dust may have been created by fragmentation and cratering of larger bodies such as asteroids.[85] The second, denser belt, most likely also populated by asteroids, lies between the first belt and the outer comet disk. The structure of the belts and the dust disk suggests that more than two planets in the Epsilon Eridani system are needed to maintain this configuration.[22][86]

In an alternative scenario, the exozodiacal dust may be generated in an outer belt, which is orbiting between 55 and 90 AU from the host star and has an assumed mass of 10−3 times the mass of the Earth. This dust is then transported inward past the orbit of Epsilon Eridani b. When collisions between the dust grains are taken into account, the dust will reproduce the observed infrared spectrum and brightness. Outside the radius of ice sublimation, located beyond 10 AU from the star where the temperatures fall below 100 K, the best fit to the observations occurs when a mix of ice and silicate dust is assumed. Inside this radius, the dust must consist of silicate grains that lack volatiles.[79]

The inner region around the star, from a radius of 2.5 AU inward, appears to be clear of dust down to the detection limit of the 6.5 m MMT telescope. Grains of dust in this region are efficiently removed by drag from the stellar wind, while the presence of a planetary system may also help keep this area clear of debris. Still, this does not preclude the possibility that an inner asteroid belt may be present with a combined mass no greater than the asteroid belt in the Solar System.[87]

 Possible planets
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An artist's illustration showing two asteroid belts and a planet (left) orbiting Epsilon Eridani (right)





As one of the nearest Sun-like stars, Epsilon Eridani has been the target of many attempts to search for planetary companions.[16][18] However, its chromospheric activity and variability means that finding planets with the radial velocity method is difficult, because the stellar activity may create signals that mimic the presence of planets.[88] Attempts at direct imaging of potential exoplanets have proven unsuccessful to date.[40][89] Infrared observation has shown there are no bodies of three or more Jupiter masses in this system.[16]

 Planet b

Further information: Epsilon Eridani b

Referred to as Epsilon Eridani b, this planet was announced in 2000, but the discovery has remained controversial. A comprehensive study in 2008 called the detection "tentative" and described the proposed planet as "long suspected but still unconfirmed."[22] However, many astronomers believe the evidence is sufficiently compelling that they regard the discovery as confirmed.[16][79][85][89]


[image: At left is a shadowed, spherical red object encircled by a ring, with a smaller crescent at lower center portraying a moon. To the right is a luminous source bisected by a line representing a debris disk.]
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Artist's impression of the proposed planet Epsilon Eridani b orbiting within a zone that has been cleared of dust. Near the bottom center is a conjectured moon.





Published sources remain in disagreement as to the proposed planet's basic parameters. Values for its orbital period range from 6.85 to 7.2 years.[41] Estimates of the maximum radius of its elliptical orbit—the semimajor axis—range from 3.38 AU to 3.50 AU[77][78] and approximations of its orbital eccentricity range from 0.25 ± 0.23 to 0.702 ± 0.039.[41][78]

The true mass of this planet remains unknown, but it can be estimated based on the displacement effect of the planet's gravity upon the star. Only the component of the displacement along the line of sight to the Earth is known, which yields a value for the formula m sin i, where m is the mass of the planet and i is the orbital inclination. Estimates for the value of m sin i range from 0.60 Jupiter masses to 1.06 Jupiter masses,[77][78] which sets the lower limit for the mass of the planet (since the sine function has a maximum value of 1). By choosing a mass of 0.78 and an estimated inclination of 30°, this yields the frequently cited value of 1.55 ± 0.24 Jupiter masses for the planet's mass.[41]

Of all the measured parameters for this planet, the value for orbital eccentricity is the most uncertain. The frequently cited value of 0.7 for Epsilon Eridani b's eccentricity is inconsistent with the presence of the proposed asteroid belt at a distance of 3 AU from the star. If the eccentricity was actually this high, the planet would pass through the asteroid belt and clear it out within about ten thousand years. If the belt has existed for longer than this period, which appears likely, it imposes an upper limit on Epsilon Eridani b's eccentricity of about 0.10–0.15.[85][86] If the dust disk is instead being generated from the outer debris disk, rather than from collisions in an asteroid belt, then no constraints on the planet's orbital eccentricity are needed to explain the dust distribution.[79]

 Planet c


[image: At left is a luminous point encircled by a nebulous gray belt. To the right is a crescent-shaped blue planet. Along the bottom is the rugged terrain of a moon surface.]
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Rendered illustration of the unconfirmed second planet as seen from a hypothetical moon. The distant Epsilon Eridani is visible on the left, surrounded by a faint disk of dust particles.





Computer simulations of the dusty disk orbiting Epsilon Eridani suggest that the disk shape may be explained by the presence of a second planet, tentatively dubbed Epsilon Eridani c. Clumping in the dust disk may occur because dust particles are being trapped in orbits that have resonant orbital periods with a planet in an eccentric orbit. The postulated Epsilon Eridani c would orbit at a distance of 40 AU, with an eccentricity of 0.3 and a period of 280 years.[42] The inner cavity of the disk may be explained by the presence of additional planets.[16] Current models of planet formation cannot easily explain how a planet could have been created at this distance from the star. The disk is expected to have dissipated long before a gas giant could have formed. Instead, the planet may have formed at an orbital distance of about 10 AU then migrated outward because of gravitational interaction with the disc or with other planets in the system.[90]

 Potential habitability

Epsilon Eridani is a target for planet finding programs because it has properties that allow an Earth-like planet to form. Although this system was not chosen as a primary candidate for the now-canceled Terrestrial Planet Finder, it was a target star for NASA's proposed Space Interferometry Mission to search for Earth-sized planets.[91] The proximity, Sun-like properties and suspected planets of this star have also made it the subject of multiple studies on whether an interstellar probe can be sent to Epsilon Eridani.[48][49][92]

The orbital radius at which the stellar flux from Epsilon Eridani matches the solar constant—where the emission matches the Sun's output at the orbital distance of the Earth—is 0.61 astronomical units (AU).[93] That is within the maximum habitable zone of a conjectured Earth-like planet orbiting Epsilon Eridani, which currently stretches from about 0.5 to 1.0 AU. As the star ages over a period of 20 billion years, the net luminosity will increase, causing this zone to slowly expand outward to about 0.6–1.4 AU.[94] However, the presence of a large planet with a highly elliptical orbit in proximity to the habitable zone of the star reduces the likelihood of a terrestrial planet having a stable orbit within the habitable zone.[95]

A young star such as Epsilon Eridani can produce large amounts of ultraviolet radiation that may be harmful to life. The orbital radius where the UV flux matches that on the early Earth lies at just under 0.5 AU.[20] The proximity, Sun-like properties and suspected planets of this star have made it a destination for interstellar travel in science fiction stories.[25]

 See also
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 Notes and references

 Notes



	^ The rotation period Pβ at latitude β is given by:

	Pβ = Peq/(1 − k sin β)



where Peq is the equatorial rotation period and k is the differential rotation parameter. The value of this parameter is estimated to be in the range:

	0.03 ≤ k ≤ 0.10[15]





	^ The total proper motion μ can be computed from:

	μ2 = (μα cos δ)2 + μδ2



where μα is the proper motion in right ascension, μδ is the proper motion in declination, and δ is the declination.[71] This yields:

	μ2 = (−975.17 · cos(−9.458°))2 + 19.492 = 925658.1



or μ equals 962.11.
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Artist's conception of a red dwarf, the most common type of star in the Sun's stellar neighborhood, and in the universe. Although termed a red dwarf, the surface temperature of this star would give it an orange hue when viewed from close proximity





This list contains all known stars and brown dwarfs at a distance of up to 5 parsecs (16.3 light-years) from the Solar System, ordered by increasing distance. In addition to the Solar System, there are another 55 stellar systems currently known lying within this distance. These systems contain a total of 56 hydrogen-fusing stars (of which 46 are red dwarfs), 15 brown dwarfs, and 4 white dwarfs. Despite the relative proximity of these objects to the Earth, only nine of them have an apparent magnitude less than 6.5, which means only about 13% of these objects can be observed with the naked eye.[1] Besides the Sun, only three are first-magnitude stars: Alpha Centauri, Sirius, and Procyon. All of these objects are located in the Local Bubble, a region within the Orion–Cygnus Arm of the Milky Way Galaxy.



	

Contents




	1 List

	2 Map of nearby stars

	3 Future and past

	4 See also

	5 References

	6 External links








 List

Stars visible to the unaided eye have their magnitude shown in light blue below. The classes of the stars and brown dwarfs are shown in the color of their spectral types (these colors are derived from conventional names for the spectral types and do not represent the star's observed color). Many brown dwarfs are not listed by visual magnitude but are listed by near-IR J band magnitude. Some of the parallax and distance results are preliminary measurements.[2]



	#
	Distance[3]

Light-years (±err)
	Designation
	Stellar class
	Apparent magnitude (mV or mJ)
	Absolute magnitude (MV or MJ)
	Epoch J2000.0
	Parallax[2][4]

mas(±err)
	Discovery date
	Additional

references



	System
	Star
	Star #
	Right ascension[2]
	Declination[2]



	
	0
	Solar System
	Sun
	
	G2V[2]
	−26.74[2]
	4.85[2]
	—
	—
	—
	has eight planets



	1
	4.2421(16)
	Alpha Centauri

(Rigil Kentaurus)
	Proxima Centauri (V645 Centauri)
	1
	M5.5Ve
	11.09[2]
	15.53[2]
	14h 29m 43.0s
	−62° 40′ 46″
	768.87(029)[5][6]
	1915
	[7]



	4.3650(68)
	α Centauri A (HD 128620)
	2
	G2V[2]
	0.01[2]
	4.38[2]
	14h 39m 36.5s
	−60° 50′ 02″
	747.23(117)[5][8]
	—
	



	α Centauri B (HD 128621)
	2
	K1V[2]
	1.34[2]
	5.71[2]
	14h 39m 35.1s
	−60° 50′ 14″
	1689
	has one known planet[9]



	2
	5.9630(109)
	Barnard's Star (BD+04°3561a)
	4
	M4.0Ve
	9.53[2]
	13.22[2]
	17h 57m 48.5s
	+04° 41′ 36″
	546.98(1 00)[5][6]
	1916
	largest known proper motion[10]



	3
	6.52(49)
	WISE 1049-5319
	WISE 1049-5319 A
	5
	L7.5[11]
	10.7 J
	
	10h 49m 15.57s
	−53° 19′ 06″
	496 (37)[12]
	2013
	



	WISE 1049-5319 B
	5
	T0.5[11]
	
	



	4
	7.7825(390)
	Wolf 359 (CN Leonis)
	7
	M6.0V[2]
	13.44[2]
	16.55[2]
	10h 56m 29.2s
	+07° 00′ 53″
	419.10(210)[5]
	
	



	5
	8.2905(148)
	Lalande 21185 (BD+36°2147)
	8
	M2.0V[2]
	7.47[2]
	10.44[2]
	11h 03m 20.2s
	+35° 58′ 12″
	393.42(070)[5][6]
	
	



	6
	8.5828(289)
	Sirius

(α Canis Majoris)
	Sirius A
	9
	A1V[2]
	−1.46[2]
	1.42[2]
	06h 45m 08.9s
	−16° 42′ 58″
	380.02(128)[5][6]
	—
	brightest star in the night sky



	Sirius B
	9
	DA2[2]
	8.44[2]
	11.34[2]
	1844



	7
	8.7280(631)
	Luyten 726-8
	Luyten 726-8 A (BL Ceti)
	11
	M5.5Ve
	12.54[2]
	15.40[2]
	01h 39m 01.3s
	−17° 57′ 01″
	373.70(270)[5]
	1948
	



	Luyten 726-8 B (UV Ceti)
	11
	M6.0Ve
	12.99[2]
	15.85[2]
	



	8
	9.6813(512)
	Ross 154 (V1216 Sagittarii)
	13
	M3.5Ve
	10.43[2]
	13.07[2]
	18h 49m 49.4s
	−23° 50′ 10″
	336.90(178)[5][6]
	
	



	9
	10.322(36)
	Ross 248 (HH Andromedae)
	14
	M5.5Ve
	12.29[2]
	14.79[2]
	23h 41m 54.7s
	+44° 10′ 30″
	316.00(110)[5]
	
	



	10
	10.521[13]
	WISE 1506+7027
	15
	T6
	14.3 J
	
	15h 06m 49.9s
	+70° 27′ 36″
	310(042)[13]
	2011
	



	11
	10.522(27)
	Epsilon Eridani (BD−09°697)
	16
	K2V[2]
	3.73[2]
	6.19[2]
	03h 32m 55.8s
	−09° 27′ 30″
	309.99(079)[5][6]
	
	believed to have two planets[14]



	12
	10.742(31)
	Lacaille 9352 (CD−36°15693)
	17
	M1.5Ve
	7.34[2]
	9.75[2]
	23h 05m 52.0s
	−35° 51′ 11″
	303.64(087)[5][6]
	
	



	13
	10.919(49)
	Ross 128 (FI Virginis)
	18
	M4.0Vn
	11.13[2]
	13.51[2]
	11h 47m 44.4s
	+00° 48′ 16″
	298.72(135)[5][6]
	
	



	14
	11.208[13]
	WISE 0350-5658
	19
	Y1
	>22.8 J[15]
	
	03h 50m
	−56° 58′
	291(050)[13]
	2012
	



	15
	11.266(171)
	EZ Aquarii

(Gliese 866, Luyten 789-6)
	EZ Aquarii A
	20
	M5.0Ve
	13.33[2]
	15.64[2]
	22h 38m 33.4s
	−15° 18′ 07″
	289.50(440)[5]
	
	



	EZ Aquarii B
	20
	M?
	13.27[2]
	15.58[2]
	



	EZ Aquarii C
	20
	M?
	14.03[2]
	16.34[2]
	



	16
	11.402(32)
	Procyon

(α Canis Minoris)
	Procyon A
	23
	F5V–IV[2]
	0.38[2]
	2.66[2]
	07h 39m 18.1s
	+05° 13′ 30″
	286.05(081)[5][6]
	
	



	Procyon B
	23
	DQZ[2]
	10.70[2]
	12.98[2]
	



	17
	11.403(22)
	61 Cygni
	61 Cygni A (BD+38°4343)
	25
	K5.0V[2]
	5.21[2]
	7.49[2]
	21h 06m 53.9s
	+38° 44′ 58″
	286.04(056)[5][6]
	
	first star (other than Sun) to have its distance measured[16]



	61 Cygni B (BD+38°4344)
	25
	K7.0V[2]
	6.03[2]
	8.31[2]
	21h 06m 55.3s
	+38° 44′ 31″
	



	18
	11.525(69)
	Struve 2398

(Gliese 725, BD+59°1915)
	Struve 2398 A (HD 173739)
	27
	M3.0V[2]
	8.90[2]
	11.16[2]
	18h 42m 46.7s
	+59° 37′ 49″
	283.00(169)[5][6]
	
	



	Struve 2398 B (HD 173740)
	27
	M3.5V[2]
	9.69[2]
	11.95[2]
	18h 42m 46.9s
	+59° 37′ 37″
	



	19
	11.624(39)
	Groombridge 34

(Gliese 15)
	Groombridge 34 A (GX Andromedae)
	29
	M1.5V[2]
	8.08[2]
	10.32[2]
	0h 18m 22.9s
	+44° 01′ 23″
	280.59(095)[5][6]
	
	



	Groombridge 34 B (GQ Andromedae)
	29
	M3.5V[2]
	11.06[2]
	13.30[2]
	



	20
	11.824(30)
	Epsilon Indi

(CPD−57°10015)
	Epsilon Indi A
	31
	K5Ve[2]
	4.69[2]
	6.89[2]
	22h 03m 21.7s
	−56° 47′ 10″
	275.84(069)[5][6]
	
	



	Epsilon Indi Ba
	31
	T1.0V
	12.3 J[17]
	
	22h 04m 10.5s
	−56° 46′ 58″
	January 2003



	Epsilon Indi Bb
	31
	T6.0V
	13.2 J[17]
	
	August 2003



	21
	11.826(129)
	DX Cancri (G 51-15)
	34
	M6.5Ve
	14.78[2]
	16.98[2]
	08h 29m 49.5s
	+26° 46′ 37″
	275.80(300)[5]
	
	



	22
	11.887(33)
	Tau Ceti (BD−16°295)
	35
	G8Vp[2]
	3.49[2]
	5.68[2]
	01h 44m 04.1s
	−15° 56′ 15″
	274.39(076)[5][6]
	
	believed to have five planets



	23
	11.991(57)
	GJ 1061 (LHS 1565)
	36
	M5.5V[2]
	13.09[2]
	15.26[2]
	03h 35m 59.7s
	−44° 30′ 45″
	272.01(130)[18]
	
	[19][20]



	24
	12.132(133)
	YZ Ceti (LHS 138)
	37
	M4.5V[2]
	12.02[2]
	14.17[2]
	01h 12m 30.6s
	−16° 59′ 56″
	268.84(295)[5][6]
	
	



	25
	12.366(59)
	Luyten's Star (BD+05°1668)
	38
	M3.5Vn
	9.86[2]
	11.97[2]
	07h 27m 24.5s
	+05° 13′ 33″
	263.76(125)[5][6]
	
	



	26
	12.514(129)
	Teegarden's star (SO025300.5+165258)
	39
	M6.5V
	15.14[2]
	17.22[2]
	02h 53m 00.9s
	+16° 52′ 53″
	260.63(269)[18]
	2003
	[20]



	27
	12.571(54)
	SCR 1845-6357
	SCR 1845-6357 A
	40
	M8.5V[2]
	17.39
	19.41
	18h 45m 05.3s
	−63° 57′ 48″
	259.45(111)[18]
	
	[20]



	SCR 1845-6357 B
	40
	T6[21]
	13.3 J[17]
	
	18h 45m 02.6s
	−63° 57′ 52″
	



	28
	12.777(43)
	Kapteyn's Star (CD−45°1841)
	42
	M1.5V[2]
	8.84[2]
	10.87[2]
	05h 11m 40.6s
	−45° 01′ 06″
	255.27(086)[5][6]
	
	



	29
	12.870(57)
	Lacaille 8760 (AX Microscopii)
	43
	M0.0V[2]
	6.67[2]
	8.69[2]
	21h 17m 15.3s
	−38° 52′ 03″
	253.43(112)[5][6]
	
	



	31
	13.149(74)
	Kruger 60

(BD+56°2783)
	Kruger 60 A
	45
	M3.0V[2]
	9.79[2]
	11.76[2]
	22h 27m 59.5s
	+57° 41′ 45″
	248.06(139)[5][8]
	
	



	Kruger 60 B (DO Cephei)
	45
	M4.0V[2]
	11.41[2]
	13.38[2]
	



	32
	13.167(82)
	DEN 1048-3956
	47
	M8.5V[2]
	17.39[2]
	19.37[2]
	10h 48m 14.7s
	−39° 56′ 06″
	247.71(155)[18]
	
	[22][23]



	33
	13.259
	UGPS 0722-05
	48
	T9[2]
	16.52 J[24]
	
	07h 22m 27.3s
	–05° 40′ 30″
	246
	2010
	[25]



	34
	13.349(110)
	Ross 614

(V577 Monocerotis, Gliese 234)
	Ross 614A (LHS 1849)
	49
	M4.5V[2]
	11.15[2]
	13.09[2]
	06h 29m 23.4s
	−02° 48′ 50″
	244.34(201)[5][8]
	1927
	



	Ross 614B (LHS 1850)
	49
	M5.5V
	14.23[2]
	16.17[2]
	1936



	35
	13.820(98)
	Wolf 1061 (Gliese 628, BD−12°4523)
	51
	M3.0V[2]
	10.07[2]
	11.93[2]
	16h 30m 18.1s
	−12° 39′ 45″
	236.01(167)[5][6]
	
	



	36
	13.998[13]
	WISE 0410+1502
	52
	Y0
	19.3 J
	
	04h 10m 22.79s
	+15° 02′ 47″
	233(056)[13]
	2011
	



	37
	14.066(109)
	Van Maanen's star (Gliese 35, LHS 7)
	53
	DZ7[2]
	12.38[2]
	14.21[2]
	00h 49m 09.9s
	+05° 23′ 19″
	231.88(179)[5][6]
	1917
	



	38
	14.231(66)
	Gliese 1 (CD−37°15492)
	54
	M3.0V[2]
	8.55[2]
	10.35[2]
	00h 05m 24.4s
	−37° 21′ 27″
	229.20(107)[5][6]
	
	



	39
	14.312(289)
	Wolf 424

(FL Virginis, LHS 333, Gliese 473)
	Wolf 424 A
	55
	M5.5Ve
	13.18[2]
	14.97[2]
	12h 33m 17.2s
	+09° 01′ 15″
	227.90(460)[5]
	
	



	Wolf 424 B
	55
	M7Ve
	13.17[2]
	14.96[2]
	



	40
	14.509(187)
	TZ Arietis (Gliese 83.1, Luyten 1159-16)
	57
	M4.5V[2]
	12.27[2]
	14.03[2]
	02h 00m 13.2s
	+13° 03′ 08″
	224.80(290)[5]
	
	



	41
	14.793(55)
	Gliese 687 (LHS 450, BD+68°946)
	58
	M3.0V[2]
	9.17[2]
	10.89[2]
	17h 36m 25.9s
	+68° 20′ 21″
	220.49(082)[5][6]
	
	



	42
	14.805(242)
	LHS 292 (LP 731-58)
	59
	M6.5V[2]
	15.60[2]
	17.32[2]
	10h 48m 12.6s
	−11° 20′ 14″
	220.30(360)[5]
	
	



	43
	14.809(107)
	Gliese 674 (LHS 449)
	60
	M3.0V[2]
	9.38[2]
	11.09[2]
	17h 28m 39.9s
	−46° 53′ 43″
	220.25(159)[5][6]
	
	has one known planet[26]



	44
	14.812(67)
	GJ 1245
	GJ 1245 A
	61
	M5.5V[2]
	13.46[2]
	15.17[2]
	19h 53m 54.2s
	+44° 24′ 55″
	220.20(100)[5]
	
	



	GJ 1245 B
	61
	M6.0V[2]
	14.01[2]
	15.72[2]
	19h 53m 55.2s
	+44° 24′ 56″
	



	GJ 1245 C
	61
	M5.5
	16.75[2]
	18.46[2]
	19h 53m 54.2s
	+44° 24′ 55″
	



	45
	15.060(140)
	Gliese 440 (WD 1142-645)
	64
	DQ6[2]
	11.50[2]
	13.18[2]
	11h 45m 42.9s
	−64° 50′ 29″
	216.57(201)[5][6]
	
	



	46
	15.313(259)
	GJ 1002
	65
	M5.5V[2]
	13.76[2]
	15.40[2]
	00h 06m 43.8s
	−07° 32′ 22″
	213.00(360)[5]
	
	



	47
	15.342(141)
	Gliese 876 (Ross 780)
	66
	M3.5V[2]
	10.17[2]
	11.81[2]
	22h 53m 16.7s
	−14° 15′ 49″
	212.59(196)[5][6]
	
	has four known planets[27]



	48
	15.610(204)
	LHS 288 (Luyten 143-23)
	67
	M5.5V[2]
	13.90[2]
	15.51[2]
	10h 44m 21.2s
	−61° 12′ 36″
	208.95(273)[18]
	
	[20]



	49
	15.757[15]
	WISE 1405+5534
	68
	Y0p
	20.09 J[15]
	
	14h 05m
	+55° 34′
	207 [15]
	2011
	



	50
	15.832(83)
	Gliese 412
	Gliese 412 A
	69
	M1.0V[2]
	8.77[2]
	10.34[2]
	11h 05m 28.6s
	+43° 31′ 36″
	206.02(108)[5][6]
	
	



	Gliese 412 B (WX Ursae Majoris)
	69
	M5.5V[2]
	14.48[2]
	16.05[2]
	11h 05m 30.4s
	+43° 31′ 18″
	



	51
	15.848(52)
	Groombridge 1618 (Gliese 380)
	71
	K7.0V[2]
	6.59[2]
	8.16[2]
	10h 11m 22.1s
	+49° 27′ 15″
	205.81(067)[5][6]
	
	



	52
	15.942(218)
	AD Leonis
	72
	M3.0V[2]
	9.32[2]
	10.87[2]
	10h 19m 36.4s
	+19° 52′ 10″
	204.60(280)[5]
	
	



	53
	16.067[15]
	DENIS J081730.0-615520
	73
	T6
	
	
	08h 17m
	-61° 55′
	203 [15]
	2010
	



	54
	16.085(105)
	Gliese 832
	74
	M3.0V[2]
	8.66[2]
	10.20[2]
	21h 33m 34.0s
	−49° 00′ 32″
	202.78(132)[5][6]
	
	has one known planet[28]



	55
	16.195(338)
	LP 944-020
	75
	M9.0V[2]
	18.69[2]
	20.02[2]
	03h 39m 35.2s
	−35° 25′ 41″
	201.40(420)[29]
	
	



	56
	16.197(313)
	DEN 0255-4700
	76
	L7.5V[2]
	22.92[2]
	24.44[2]
	02h 55m 03.7s
	−47° 00′ 52″
	201.37(389)[18]
	
	[23]



	#
	Distance[3]

Light-years (±err)
	System
	Star
	Star #
	Stellar class
	Apparent magnitude (mV or mJ)
	Absolute magnitude (MV or MJ)
	Right ascension[2]
	Declination[2]
	Parallax[2][4]

mas(±err)
	Discovery date
	Additional

references



	Designation
	Epoch J2000.0




 Map of nearby stars

The following map shows all of the star systems within 14 light-years of the Sun (shown as Sol), except for four brown dwarfs discovered after 2009. Double and triple stars are shown "stacked", but the true location is the star closest to the central plane. Color corresponds to the table above.
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 Future and past
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Distances of the nearest stars from 20,000 years ago until 80,000 years in the future





Ross 248, currently at a distance of 10.3 light-years, has a radial velocity of −81 km/s. In about 31,000 years it may be the closest star to the Sun for several millennia, with a minimum distance of 0.927 parsecs (3.02 light-years) in 36,000 years.[30] Gliese 445, currently at a distance of 17.6 light-years, has a radial velocity of −119 km/s. In about 40,000 years it will be the closest star for a period of several thousand years.[30]


Known Hipparcos stars that have passed or will pass within 5.1 light-years of the Sun within ±2 million years:[31]



	Star name
	HIP#
	Minimum distance in parsecs
	Minimum distance in light-years
	Approach date in kiloyears
	Current distance in parsecs
	Current distance in light-years
	Stellar classification
	Mass in M☉
	Current apparent magnitude
	Constellation
	Right ascension
	Declination



	Gliese 710
	89825
	0.311
	1.01
	1447
	19.3
	62.9
	K7V
	0.4–0.6
	9.6
	Serpens
	18h 19m 50.843s
	−01° 56′ 18.98″



	Proxima Centauri
	70890
	0.890
	2.90
	27.4
	1.29
	4.24
	M5Ve
	0.15
	11.05
	Centaurus
	14h 29m 42.949s
	−62° 40′ 46.14″



	Alpha Centauri A
	71683
	0.910
	2.97
	28.4
	1.338
	4.36
	G2V
	1.100[32]
	−0.01
	Centaurus
	14h 39m 36.495s
	−60° 50′ 02.31″



	Alpha Centauri B
	71681
	0.910
	2.97
	28.4
	1.338
	4.36
	K1V
	0.907[32]
	1.33
	Centaurus
	14h 39m 35.080s
	−60° 50′ 13.76″



	AC+79 3888
	57544
	1.059
	3.45
	46.0
	5.39
	17.6
	M4
	0.15?
	10.8
	Camelopardalis
	11h 47m 41.377s
	+78° 41′ 28.18″



	Barnard's Star
	87937
	1.148
	3.74
	9.8
	1.834
	5.98
	sdM4
	0.144
	9.54
	Ophiuchus
	17h 57m 48.498s
	+04° 41′ 36.25″



	Zeta Leporis
	27288
	1.275
	4.16
	−861
	21.5
	70.2
	A2Vann
	2.0
	3.55
	Lepus
	05h 46m 57.341s
	−14° 49′ 19.02″



	Lalande 21185
	54035
	1.426
	4.65
	20.5
	2.55
	8.32
	M2V
	0.39
	7.52
	Ursa Major
	11h 03m 20.194s
	+35° 58′ 11.55″



	Gliese 208
	26335
	1.537
	5.01
	−500
	11.38
	37.1
	K7
	0.47
	8.9
	Orion
	05h 36m 30.991s
	+11° 19′ 40.32″




 See also
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"Visible light" redirects here. For light that cannot be seen with human eye, see Electromagnetic radiation.  For other uses, see Light (disambiguation) and Visible light (disambiguation).
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The Sun is Earth's primary source of light. About 44% of the sun's electromagnetic radiation that reaches the ground is in the visible light range.





Visible light (commonly referred to simply as light) is electromagnetic radiation that is visible to the human eye, and is responsible for the sense of sight.[1] Visible light has a wavelength in the range of about 380 nanometres (nm) to about 740 nanometres – between the invisible infrared, with longer wavelengths and the invisible ultraviolet, with shorter wavelengths.

Primary properties of visible light are intensity, propagation direction, frequency or wavelength spectrum, and polarisation, while its speed in a vacuum, 299,792,458 meters per second, is one of the fundamental constants of nature. Visible light, as with all types of electromagnetic radiation (EMR), is experimentally found to always move at this speed in vacuum.

In common with all types of EMR, visible light is emitted and absorbed in tiny "packets" called photons, and exhibits properties of both waves and particles. This property is referred to as the wave–particle duality. The study of light, known as optics, is an important research area in modern physics.

In physics, the term light sometimes refers to electromagnetic radiation of any wavelength, whether visible or not.[2][3] This article focuses on visible light. See the electromagnetic radiation article for the general term.
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 Speed of visible light

Main article: Speed of light

The speed of light in a vacuum is defined to be exactly 299,792,458 m/s (approximately 186,282 miles per second). The fixed value of the speed of light in SI units results from the fact that the metre is now defined in terms of the speed of light. All forms of electromagnetic radiation are believed to move at exactly this same speed in vacuum.

Different physicists have attempted to measure the speed of light throughout history. Galileo attempted to measure the speed of light in the seventeenth century. An early experiment to measure the speed of light was conducted by Ole Rømer, a Danish physicist, in 1676. Using a telescope, Rømer observed the motions of Jupiter and one of its moons, Io. Noting discrepancies in the apparent period of Io's orbit, he calculated that light takes about 22 minutes to traverse the diameter of Earth's orbit.[4] However, its size was not known at that time. If Rømer had known the diameter of the Earth's orbit, he would have calculated a speed of 227,000,000 m/s.

Another, more accurate, measurement of the speed of light was performed in Europe by Hippolyte Fizeau in 1849. Fizeau directed a beam of light at a mirror several kilometers away. A rotating cog wheel was placed in the path of the light beam as it traveled from the source, to the mirror and then returned to its origin. Fizeau found that at a certain rate of rotation, the beam would pass through one gap in the wheel on the way out and the next gap on the way back. Knowing the distance to the mirror, the number of teeth on the wheel, and the rate of rotation, Fizeau was able to calculate the speed of light as 313,000,000 m/s.

Léon Foucault used an experiment which used rotating mirrors to obtain a value of 298,000,000 m/s in 1862. Albert A. Michelson conducted experiments on the speed of light from 1877 until his death in 1931. He refined Foucault's methods in 1926 using improved rotating mirrors to measure the time it took light to make a round trip from Mt. Wilson to Mt. San Antonio in California. The precise measurements yielded a speed of 299,796,000 m/s.

The effective velocity of light in various transparent substances containing ordinary matter, is less than in vacuum. For example the speed of light in water is about 3/4 of that in vacuum. However, the slowing process in matter is thought to result not from actual slowing of particles of light, but rather from their absorption and re-emission from charged particles in matter.

As an extreme example of the nature of light-slowing in matter, two independent teams of physicists were able to bring light to a "complete standstill" by passing it through a Bose-Einstein Condensate of the element rubidium, one team at Harvard University and the Rowland Institute for Science in Cambridge, Mass., and the other at the Harvard-Smithsonian Center for Astrophysics, also in Cambridge.[5] However, the popular description of light being "stopped" in these experiments refers only to light being stored in the excited states of atoms, then re-emitted at an arbitrary later time, as stimulated by a second laser pulse. During the time it had "stopped" it had ceased to be light.

 Electromagnetic spectrum and visible light

Main article: Electromagnetic spectrum
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Electromagnetic spectrum with light highlighted





Generally, EM radiation, or EMR (the designation 'radiation' excludes static electric and magnetic and near fields) is classified by wavelength into radio, microwave, infrared, the visible region that we perceive as light, ultraviolet, X-rays and gamma rays.

The behaviour of EMR depends on its wavelength. Higher frequencies have shorter wavelengths, and lower frequencies have longer wavelengths. When EMR interacts with single atoms and molecules, its behaviour depends on the amount of energy per quantum it carries.

EMR in the visible light region consists of quanta (called photons) that are at the lower end of the energies that are capable of causing electronic excitation within molecules, which lead to changes in the bonding or chemistry of the molecule. At the lower end of the visible light spectrum, EMR becomes invisible to humans (infrared) because its photons no longer have enough individual energy to cause a lasting molecular change (a change in conformation) in the visual molecule retinal in the human retina. This change triggers the sensation of vision.

There exist animals that are sensitive to various types of infrared, but not by means of quantum-absorption. Infrared sensing in snakes depends on a kind of natural thermal imaging, in which tiny packets of cellular water are raised in temperature by the infrared radiation. EMR in this range causes molecular vibration and heating effects, and this is how living animals detect it.

Above the range of visible light, ultraviolet light becomes invisible to humans, mostly because it is absorbed by the tissues of the eye and in particular the lens. Furthermore, the rods and cones located at the back of the human eye cannot detect the short ultraviolet wavelengths, and are in fact damaged by ultraviolet rays, a condition known as snow eye.[6] Many animals with eyes that do not require lenses (such as insects and shrimp) are able to directly detect ultraviolet visually, by quantum photon-absorption mechanisms, in much the same chemical way that normal humans detect visible light.

 Optics

Main article: Optics

The study of light and the interaction of light and matter is termed optics. The observation and study of optical phenomena such as rainbows and the aurora borealis offer many clues as to the nature of light.

 Refraction

Main article: Refraction
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An example of refraction of light. The straw appears bent, because of refraction of light as it enters liquid from air.
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A cloud illuminated by sunlight





Refraction is the bending of light rays when passing through a surface between one transparent material and another. It is described by Snell's Law:


	[image: n_1\sin\theta_1 = n_2\sin\theta_2\ .]



where [image: \theta_1] is the angle between the ray and the surface normal in the first medium, [image: \theta_2] is the angle between the ray and the surface normal in the second medium, and n1 and n2 are the indices of refraction, n = 1 in a vacuum and n > 1 in a transparent substance.

When a beam of light crosses the boundary between a vacuum and another medium, or between two different media, the wavelength of the light changes, but the frequency remains constant. If the beam of light is not orthogonal (or rather normal) to the boundary, the change in wavelength results in a change in the direction of the beam. This change of direction is known as refraction.

The refractive quality of lenses is frequently used to manipulate light in order to change the apparent size of images. Magnifying glasses, spectacles, contact lenses, microscopes and refracting telescopes are all examples of this manipulation.

 Light sources

Further information: List of light sources

There are many sources of light. The most common light sources are thermal: a body at a given temperature emits a characteristic spectrum of black-body radiation. A simple thermal source is sunlight, the radiation emitted by the chromosphere of the Sun at around 6,000 Kelvin peaks in the visible region of the electromagnetic spectrum when plotted in wavelength units [7] and roughly 44% of sunlight energy that reaches the ground is visible.[8] Another example is incandescent light bulbs, which emit only around 10% of their energy as visible light and the remainder as infrared. A common thermal light source in history is the glowing solid particles in flames, but these also emit most of their radiation in the infrared, and only a fraction in the visible spectrum. The peak of the blackbody spectrum is in the deep infrared, at about 10 micrometer wavelength, for relatively cool objects like human beings. As the temperature increases, the peak shifts to shorter wavelengths, producing first a red glow, then a white one, and finally a blue-white colour as the peak moves out of the visible part of the spectrum and into the ultraviolet. These colours can be seen when metal is heated to "red hot" or "white hot". Blue-white thermal emission is not often seen, except in stars (the commonly seen pure-blue colour in a gas flame or a welder's torch is in fact due to molecular emission, notably by CH radicals (emitting a wavelength band around 425 nm, and is not seen in stars or pure thermal radiation).

Atoms emit and absorb light at characteristic energies. This produces "emission lines" in the spectrum of each atom. Emission can be spontaneous, as in light-emitting diodes, gas discharge lamps (such as neon lamps and neon signs, mercury-vapor lamps, etc.), and flames (light from the hot gas itself—so, for example, sodium in a gas flame emits characteristic yellow light). Emission can also be stimulated, as in a laser or a microwave maser.

Deceleration of a free charged particle, such as an electron, can produce visible radiation: cyclotron radiation, synchrotron radiation, and bremsstrahlung radiation are all examples of this. Particles moving through a medium faster than the speed of light in that medium can produce visible Cherenkov radiation.

Certain chemicals produce visible radiation by chemoluminescence. In living things, this process is called bioluminescence. For example, fireflies produce light by this means, and boats moving through water can disturb plankton which produce a glowing wake.

Certain substances produce light when they are illuminated by more energetic radiation, a process known as fluorescence. Some substances emit light slowly after excitation by more energetic radiation. This is known as phosphorescence.

Phosphorescent materials can also be excited by bombarding them with subatomic particles. Cathodoluminescence is one example. This mechanism is used in cathode ray tube television sets and computer monitors.
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A city illuminated by artificial lighting





Certain other mechanisms can produce light:


	Bioluminescence

	Cherenkov radiation

	Electroluminescence

	Scintillation

	Sonoluminescence

	triboluminescence



When the concept of light is intended to include very-high-energy photons (gamma rays), additional generation mechanisms include:


	Particle–antiparticle annihilation

	Radioactive decay



 Units and measures

Main articles: Photometry (optics) and Radiometry

Light is measured with two main alternative sets of units: radiometry consists of measurements of light power at all wavelengths, while photometry measures light with wavelength weighted with respect to a standardised model of human brightness perception. Photometry is useful, for example, to quantify Illumination (lighting) intended for human use. The SI units for both systems are summarised in the following tables.



Table 1. SI radiometry units


	v

	t

	e









	Quantity
	Unit
	Dimension
	Notes



	Name
	Symbol[nb 1]
	Name
	Symbol
	Symbol



	Radiant energy
	Qe[nb 2]
	joule
	J
	M⋅L2⋅T−2
	energy



	Radiant flux
	Φe[nb 2]
	watt
	W
	M⋅L2⋅T−3
	radiant energy per unit time, also called radiant power.



	Spectral power
	Φeλ[nb 2][nb 3]
	watt per metre
	W⋅m−1
	M⋅L⋅T−3
	radiant power per wavelength.



	Radiant intensity
	Ie
	watt per steradian
	W⋅sr−1
	M⋅L2⋅T−3
	power per unit solid angle.



	Spectral intensity
	Ieλ[nb 3]
	watt per steradian per metre
	W⋅sr−1⋅m−1
	M⋅L⋅T−3
	radiant intensity per wavelength.



	Radiance
	Le
	watt per steradian per square metre
	W⋅sr−1⋅m−2
	M⋅T−3
	power per unit solid angle per unit projected source area.

confusingly called "intensity" in some other fields of study.





	Spectral radiance
	Leλ[nb 3]

or

Leν[nb 4]
	watt per steradian per metre3

or

watt per steradian per square

metre per hertz


	W⋅sr−1⋅m−3

or

W⋅sr−1⋅m−2⋅Hz−1
	M⋅L−1⋅T−3

or

M⋅T−2
	commonly measured in W⋅sr−1⋅m−2⋅nm−1 with surface area and either wavelength or frequency.








	Irradiance
	Ee[nb 2]
	watt per square metre
	W⋅m−2
	M⋅T−3
	power incident on a surface, also called radiant flux density.

sometimes confusingly called "intensity" as well.





	Spectral irradiance
	Eeλ[nb 3]

or

Eeν[nb 4]
	watt per metre3

or

watt per square metre per hertz
	W⋅m−3

or

W⋅m−2⋅Hz−1
	M⋅L−1⋅T−3

or

M⋅T−2
	commonly measured in W⋅m−2⋅nm−1

or 10−22W⋅m−2⋅Hz−1, known as solar flux unit.[nb 5]








	Radiant exitance /

Radiant emittance
	Me[nb 2]
	watt per square metre
	W⋅m−2
	M⋅T−3
	power emitted from a surface.



	Spectral radiant exitance /

Spectral radiant emittance
	Meλ[nb 3]

or

Meν[nb 4]
	watt per metre3

or

watt per square

metre per hertz


	W⋅m−3

or

W⋅m−2⋅Hz−1
	M⋅L−1⋅T−3

or

M⋅T−2
	power emitted from a surface per wavelength or frequency.








	Radiosity
	Je or Jeλ[nb 3]
	watt per square metre
	W⋅m−2
	M⋅T−3
	emitted plus reflected power leaving a surface.



	Radiant exposure
	He
	joule per square metre
	J⋅m−2
	M⋅T−2
	



	Radiant energy density
	ωe
	joule per metre3
	J⋅m−3
	M⋅L−1⋅T−2
	



	See also: SI · Radiometry · Photometry ·  (Compare)






Table 2. SI photometry units


	v

	t

	e









	Quantity
	Unit
	Dimension
	Notes



	Name
	Symbol[nb 6]
	Name
	Symbol
	Symbol



	Luminous energy
	Qv [nb 7]
	lumen second
	lm⋅s
	T⋅J [nb 8]
	units are sometimes called talbots



	Luminous flux
	Φv [nb 7]
	lumen (= cd⋅sr)
	lm
	J [nb 8]
	also called luminous power



	Luminous intensity
	Iv
	candela (= lm/sr)
	cd
	J [nb 8]
	an SI base unit, luminous flux per unit solid angle



	Luminance
	Lv
	candela per square metre
	cd/m2
	L−2⋅J
	units are sometimes called nits



	Illuminance
	Ev
	lux (= lm/m2)
	lx
	L−2⋅J
	used for light incident on a surface



	Luminous emittance
	Mv
	lux (= lm/m2)
	lx
	L−2⋅J
	used for light emitted from a surface



	Luminous exposure
	Hv
	lux second
	lx⋅s
	L−2⋅T⋅J
	



	Luminous energy density
	ωv
	lumen second per metre3
	lm⋅s⋅m−3
	L−3⋅T⋅J
	



	Luminous efficacy
	η [nb 7]
	lumen per watt
	lm/W
	M−1⋅L−2⋅T3⋅J
	ratio of luminous flux to radiant flux



	Luminous efficiency
	V
	
	
	1
	also called luminous coefficient



	See also: SI · Photometry · Radiometry ·  (Compare)




The photometry units are different from most systems of physical units in that they take into account how the human eye responds to light. The cone cells in the human eye are of three types which respond differently across the visible spectrum, and the cumulative response peaks at a wavelength of around 555 nm. Therefore, two sources of light which produce the same intensity (W/m2) of visible light do not necessarily appear equally bright. The photometry units are designed to take this into account, and therefore are a better representation of how "bright" a light appears to be than raw intensity. They relate to raw power by a quantity called luminous efficacy, and are used for purposes like determining how to best achieve sufficient illumination for various tasks in indoor and outdoor settings. The illumination measured by a photocell sensor does not necessarily correspond to what is perceived by the human eye, and without filters which may be costly, photocells and charge-coupled devices (CCD) tend to respond to some infrared, ultraviolet or both.

 Light pressure

Main article: Radiation pressure

Light exerts physical pressure on objects in its path, a phenomenon which can be deduced by Maxwell's equations, but can be more easily explained by the particle nature of light: photons strike and transfer their momentum. Light pressure is equal to the power of the light beam divided by c, the speed of light.  Due to the magnitude of c, the effect of light pressure is negligible for everyday objects.  For example, a one-milliwatt laser pointer exerts a force of about 3.3 piconewtons on the object being illuminated; thus, one could lift a U. S. penny with laser pointers, but doing so would require about 30 billion 1-mW laser pointers.[9]  However, in nanometer-scale applications such as NEMS, the effect of light pressure is more significant, and exploiting light pressure to drive NEMS mechanisms and to flip nanometer-scale physical switches in integrated circuits is an active area of research.[10]

At larger scales, light pressure can cause asteroids to spin faster,[11] acting on their irregular shapes as on the vanes of a windmill.  The possibility of making solar sails that would accelerate spaceships in space is also under investigation.[12][13]

Although the motion of the Crookes radiometer was originally attributed to light pressure, this interpretation is incorrect; the characteristic Crookes rotation is the result of a partial vacuum.[14] This should not be confused with the Nichols radiometer, in which the (slight) motion caused by torque (though not enough for full rotation against friction) is directly caused by light pressure.[15]

 Historical theories about light, in chronological order

 Classical Greece and Hellenism



	
[image: ]


	This article needs additional citations for verification. Please help improve this article by adding citations to reliable sources. Unsourced material may be challenged and removed. (May 2011) 




In the fifth century BC, Empedocles postulated that everything was composed of four elements; fire, air, earth and water. He believed that Aphrodite made the human eye out of the four elements and that she lit the fire in the eye which shone out from the eye making sight possible. If this were true, then one could see during the night just as well as during the day, so Empedocles postulated an interaction between rays from the eyes and rays from a source such as the sun.

In about 300 BC, Euclid wrote Optica, in which he studied the properties of light. Euclid postulated that light travelled in straight lines and he described the laws of reflection and studied them mathematically. He questioned that sight is the result of a beam from the eye, for he asks how one sees the stars immediately, if one closes one's eyes, then opens them at night. Of course if the beam from the eye travels infinitely fast this is not a problem.

In 55 BC, Lucretius, a Roman who carried on the ideas of earlier Greek atomists, wrote:

"The light & heat of the sun; these are composed of minute atoms which, when they are shoved off, lose no time in shooting right across the interspace of air in the direction imparted by the shove." – On the nature of the Universe

Despite being similar to later particle theories, Lucretius's views were not generally accepted.

Ptolemy (c. 2nd century) wrote about the refraction of light in his book Optics.[16]

 Classical India
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In ancient India, the Hindu schools of Samkhya and Vaisheshika, from around the early centuries CE developed theories on light. According to the Samkhya school, light is one of the five fundamental "subtle" elements (tanmatra) out of which emerge the gross elements. The atomicity of these elements is not specifically mentioned and it appears that they were actually taken to be continuous.

On the other hand, the Vaisheshika school gives an atomic theory of the physical world on the non-atomic ground of ether, space and time. (See Indian atomism.) The basic atoms are those of earth (prthivi), water (pani), fire (agni), and air (vayu) Light rays are taken to be a stream of high velocity of tejas (fire) atoms. The particles of light can exhibit different characteristics depending on the speed and the arrangements of the tejas atoms.[citation needed] The Vishnu Purana refers to sunlight as "the seven rays of the sun".[citation needed]

The Indian Buddhists, such as Dignāga in the 5th century and Dharmakirti in the 7th century, developed a type of atomism that is a philosophy about reality being composed of atomic entities that are momentary flashes of light or energy. They viewed light as being an atomic entity equivalent to energy.[citation needed]

 Descartes

René Descartes (1596–1650) held that light was a mechanical property of the luminous body, rejecting the "forms" of Ibn al-Haytham and Witelo as well as the "species" of Bacon, Grosseteste, and Kepler.[17] In 1637 he published a theory of the refraction of light that assumed, incorrectly, that light travelled faster in a denser medium than in a less dense medium. Descartes arrived at this conclusion by analogy with the behaviour of sound waves.[citation needed] Although Descartes was incorrect about the relative speeds, he was correct in assuming that light behaved like a wave and in concluding that refraction could be explained by the speed of light in different media.

Descartes is not the first to use the mechanical analogies but because he clearly asserts that light is only a mechanical property of the luminous body and the transmitting medium, Descartes' theory of light is regarded as the start of modern physical optics.[17]

 Particle theory

Main article: Corpuscular theory of light
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Pierre Gassendi.





Pierre Gassendi (1592–1655), an atomist, proposed a particle theory of light which was published posthumously in the 1660s. Isaac Newton studied Gassendi's work at an early age, and preferred his view to Descartes' theory of the plenum. He stated in his Hypothesis of Light of 1675 that light was composed of corpuscles (particles of matter) which were emitted in all directions from a source. One of Newton's arguments against the wave nature of light was that waves were known to bend around obstacles, while light travelled only in straight lines. He did, however, explain the phenomenon of the diffraction of light (which had been observed by Francesco Grimaldi) by allowing that a light particle could create a localised wave in the aether.

Newton's theory could be used to predict the reflection of light, but could only explain refraction by incorrectly assuming that light accelerated upon entering a denser medium because the gravitational pull was greater. Newton published the final version of his theory in his Opticks of 1704. His reputation helped the particle theory of light to hold sway during the 18th century. The particle theory of light led Laplace to argue that a body could be so massive that light could not escape from it. In other words it would become what is now called a black hole. Laplace withdrew his suggestion later, after a wave theory of light became firmly established as the model for light (as has been explained, neither a particle or wave theory is fully correct). A translation of Newton's essay on light appears in The large scale structure of space-time, by Stephen Hawking and George F. R. Ellis.

 Wave theory

To explain the origin of colors, Robert Hooke (1635-1703) developed a "pulse theory" and compared the spreading of light to that of waves in water in his 1665 Micrographia ("Observation XI"). In 1672 Hooke suggested that light's vibrations could be perpendicular to the direction of propagation. Christiaan Huygens (1629-1695) worked out a mathematical wave theory of light in 1678, and published it in his Treatise on light in 1690. He proposed that light was emitted in all directions as a series of waves in a medium called the Luminiferous ether. As waves are not affected by gravity, it was assumed that they slowed down upon entering a denser medium. [18]
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Thomas Young's sketch of the two-slit experiment showing the diffraction of light. Young's experiments supported the theory that light consists of waves.





The wave theory predicted that light waves could interfere with each other like sound waves (as noted around 1800 by Thomas Young), and that light could be polarised, if it were a transverse wave. Young showed by means of a diffraction experiment that light behaved as waves. He also proposed that different colours were caused by different wavelengths of light, and explained colour vision in terms of three-coloured receptors in the eye.

Another supporter of the wave theory was Leonhard Euler. He argued in Nova theoria lucis et colorum (1746) that diffraction could more easily be explained by a wave theory.

Later, Augustin-Jean Fresnel independently worked out his own wave theory of light, and presented it to the Académie des Sciences in 1817. Simeon Denis Poisson added to Fresnel's mathematical work to produce a convincing argument in favour of the wave theory, helping to overturn Newton's corpuscular theory. By the year 1821, Fresnel was able to show via mathematical methods that polarisation could be explained only by the wave theory of light and only if light was entirely transverse, with no longitudinal vibration whatsoever.

The weakness of the wave theory was that light waves, like sound waves, would need a medium for transmission. The existence of the hypothetical substance luminiferous aether proposed by Huygens in 1678 was cast into strong doubt in the late nineteenth century by the Michelson-Morley experiment.

Newton's corpuscular theory implied that light would travel faster in a denser medium, while the wave theory of Huygens and others implied the opposite. At that time, the speed of light could not be measured accurately enough to decide which theory was correct. The first to make a sufficiently accurate measurement was Léon Foucault, in 1850.[19] His result supported the wave theory, and the classical particle theory was finally abandoned, only to partly re-emerge in the 20th century.

 Quantum theory

In 1900 Max Planck, attempting to explain black body radiation suggested that although light was a wave, these waves could gain or lose energy only in finite amounts related to their frequency. Planck called these "lumps" of light energy "quanta" (from a Latin word for "how much"). In 1905, Albert Einstein used the idea of light quanta to explain the photoelectric effect, and suggested that these light quanta had a "real" existence. In 1923 Arthur Holly Compton showed that the wavelength shift seen when low intensity X-rays scattered from electrons (so called Compton scattering) could be explained by a particle-theory of X-rays, but not a wave theory. In 1926 Gilbert N. Lewis named these liqht quanta particles photons.

Eventually the modern theory of quantum quantum mechanics came to picture light as (in some sense) both a particle and a wave, and (in another sense), as a phenomenon which is neither a particle nor a wave (which actually are macroscopic phenomena, such as baseballs or ocean waves). Instead, modern physics sees light as something that can be described sometimes with mathematics appropriate to one type of macroscopic metaphor (particles), and sometimes another macroscopic metaphor (water waves), but is actually something that cannot be fully imagined. As in the case for radio waves and the X-rays involved in Compton scattering, physicists have noted that electromagnetic radiation tends to behave more like a classical wave at lower frequencies, but more like a classical particle at higher frequencies, but never completely loses all qualities of one or the other. Visible light, which occupies a middle ground in frequency, can easily be shown in experiments to be describable using either a wave or particle model, or sometimes both.

 Electromagnetic theory as explanation for all types of visible light and all EM radiation

Main article: Electromagnetic radiation
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A linearly polarised light wave frozen in time and showing the two oscillating components of light; an electric field and a magnetic field perpendicular to each other and to the direction of motion (a transverse wave).





In 1845, Michael Faraday discovered that the plane of polarisation of linearly polarised light is rotated when the light rays travel along the magnetic field direction in the presence of a transparent dielectric, an effect now known as Faraday rotation.[20] This was the first evidence that light was related to electromagnetism. In 1846 he speculated that light might be some form of disturbance propagating along magnetic field lines.[20] Faraday proposed in 1847 that light was a high-frequency electromagnetic vibration, which could propagate even in the absence of a medium such as the ether.

Faraday's work inspired James Clerk Maxwell to study electromagnetic radiation and light. Maxwell discovered that self-propagating electromagnetic waves would travel through space at a constant speed, which happened to be equal to the previously measured speed of light. From this, Maxwell concluded that light was a form of electromagnetic radiation: he first stated this result in 1862 in On Physical Lines of Force. In 1873, he published A Treatise on Electricity and Magnetism, which contained a full mathematical description of the behaviour of electric and magnetic fields, still known as Maxwell's equations. Soon after, Heinrich Hertz confirmed Maxwell's theory experimentally by generating and detecting radio waves in the laboratory, and demonstrating that these waves behaved exactly like visible light, exhibiting properties such as reflection, refraction, diffraction, and interference. Maxwell's theory and Hertz's experiments led directly to the development of modern radio, radar, television, electromagnetic imaging, and wireless communications.

In the quantum theory, photons are seen as wave packets of the waves described in the classical theory of Maxwell. The quantum theory was needed to explain effects even with visual light that Maxwell's classical theory could not (such as spectral lines).

 See also
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 Notes



	^ Standards organizations recommend that radiometric quantities should be denoted with a suffix "e" (for "energetic") to avoid confusion with photometric or photon quantities.

	^ a b c d e Alternative symbols sometimes seen: W or E for radiant energy, P or F for radiant flux, I for irradiance, W for radiant emittance.

	^ a b c d e f Spectral quantities given per unit wavelength are denoted with suffix "λ" (Greek) to indicate a spectral concentration. Spectral functions of wavelength are indicated by "(λ)" in parentheses instead, for example in spectral transmittance, reflectance and responsivity.

	^ a b c Spectral quantities given per unit frequency are denoted with suffix "ν" (Greek)—not to be confused with the suffix "v" (for "visual") indicating a photometric quantity.

	^ NOAA / Space Weather Prediction Center includes a definition of the solar flux unit (SFU).

	^ Standards organizations recommend that photometric quantities be denoted with a suffix "v" (for "visual") to avoid confusion with radiometric or photon quantities.

	^ a b c Alternative symbols sometimes seen: W for luminous energy, P or F for luminous flux, and ρ or K for luminous efficacy.

	^ a b c "J" here is the symbol for the dimension of luminous intensity, not the symbol for the unit joules.
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The heliospheric current sheet results from the influence of the Sun's rotating magnetic field on the plasma in the solar wind.





The solar wind is a stream of charged particles released from the upper atmosphere of the Sun. It mostly consists of electrons and protons with energies usually between 1.5 and 10 keV. The stream of particles varies in temperature and speed over time. These particles can escape the Sun's gravity because of their high kinetic energy and the high temperature of the corona.

The solar wind creates the heliosphere, an enormous bubble in the interstellar medium that surrounds the Solar System. Other related phenomena include geomagnetic storms that can knock out power grids on Earth, the aurora (northern and southern lights), and the plasma tails of comets that always point away from the Sun.
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 History

The continuous stream of particles flowing outward from the Sun was first suggested by British astronomer Richard C. Carrington. In 1859, Carrington and Richard Hodgson independently made the first observation of what would later be called a solar flare. This is a sudden outburst of energy from the Sun's atmosphere. On the following day, a geomagnetic storm was observed, and Carrington suspected that there might be a connection. George Fitzgerald later suggested that matter was being regularly accelerated away from the Sun and was reaching the Earth after several days.[1]
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Laboratory simulation of the magnetosphere's influence on the Solar Wind; these auroral-like Birkeland currents were created in a terrella, a magnetised anode globe in an evacuated chamber.





In 1910 British astrophysicist Arthur Eddington essentially suggested the existence of the solar wind, without naming it, in a footnote to an article on Comet Morehouse.[2] The idea never fully caught on even though Eddington had also made a similar suggestion at a Royal Institution address the previous year. In the latter case, he postulated that the ejected material consisted of electrons while in his study of Comet Morehouse he supposed them to be ions.[2] The first person to suggest that they were both was Norwegian physicist Kristian Birkeland. His geomagnetic surveys showed that auroral activity was nearly uninterrupted. As these displays and other geomagnetic activity were being produced by particles from the Sun, he concluded that the Earth was being continually bombarded by "rays of electric corpuscles emitted by the Sun".[1] In 1916, Birkeland proposed that, "From a physical point of view it is most probable that solar rays are neither exclusively negative nor positive rays, but of both kinds". In other words, the solar wind consists of both negative electrons and positive ions.[3] Three years later in 1919, Frederick Lindemann also suggested that particles of both polarities, protons as well as electrons, come from the Sun.[4]

Around the 1930s, scientists had determined that the temperature of the solar corona must be a million degrees Celsius because of the way it stood out into space (as seen during total eclipses). Later spectroscopic work confirmed this extraordinary temperature. In the mid-1950s the British mathematician Sydney Chapman calculated the properties of a gas at such a temperature and determined it was such a superb conductor of heat that it must extend way out into space, beyond the orbit of Earth. Also in the 1950s, a German scientist named Ludwig Biermann became interested in the fact that no matter whether a comet is headed towards or away from the Sun, its tail always points away from the Sun. Biermann postulated that this happens because the Sun emits a steady stream of particles that pushes the comet's tail away.[5] Wilfried Schröder claims in his book, Who First Discovered the Solar Wind?, that the German astronomer Paul Ahnert was the first to relate solar wind to comet tail direction based on observations of the comet Whipple-Fedke (1942g).[6]

Eugene Parker realised that the heat flowing from the Sun in Chapman's model and the comet tail blowing away from the Sun in Biermann's hypothesis had to be the result of the same phenomenon, which he termed the "solar wind".[7][8] Parker showed that even though the Sun's corona is strongly attracted by solar gravity, it is such a good conductor of heat that it is still very hot at large distances. Since gravity weakens as distance from the Sun increases, the outer coronal atmosphere escapes supersonically into interstellar space. Furthermore, Parker was the first person to notice that the weakening effect of the gravity has the same effect on hydrodynamic flow as a de Laval nozzle: it incites a transition from subsonic to supersonic flow.[9]

Opposition to Parker's hypothesis on the solar wind was strong. The paper he submitted to the Astrophysical Journal in 1958 was rejected by two reviewers. It was saved by the editor Subrahmanyan Chandrasekhar (who later received the 1983 Nobel Prize in physics).

In January 1959, the Soviet satellite Luna 1 first directly observed the solar wind and measured its strength.[10][11][12] They were detected by hemispherical ion traps. The discovery, made by Konstantin Gringauz, was verified by Luna 2, Luna 3 and by the more distant measurements of Venera 1. Three years later its measurement was performed by Americans (Neugebauer and collaborators) using the Mariner 2 spacecraft.[13]

In the late 1990s the Ultraviolet Coronal Spectrometer (UVCS) instrument on board the SOHO spacecraft observed the acceleration region of the fast solar wind emanating from the poles of the Sun, and found that the wind accelerates much faster than can be accounted for by thermodynamic expansion alone. Parker's model predicted that the wind should make the transition to supersonic flow at an altitude of about 4 solar radii from the photosphere; but the transition (or "sonic point") now appears to be much lower, perhaps only 1 solar radius above the photosphere, suggesting that some additional mechanism accelerates the solar wind away from the Sun. The acceleration of the fast wind is still not understood and cannot be fully explained by Parker's theory. The gravitational and electromagnetic explanation for this acceleration is, however, detailed in an earlier paper by 1970 Nobel laureate for Physics, Hannes Alfvén.[14][15]

The first numerical simulation of the solar wind in the solar corona including closed and open field lines was performed by Pneuman and Knopp in 1971. The magnetohydrodynamics equations in steady state were solved iteratively starting with an initial dipolar configuration.[16]



In 1990, the Ulysses probe was launched to study the solar wind from high solar latitudes. All prior observations had been made at or near the Solar System's ecliptic plane.[17]

 Emission

While early models of the solar wind used primarily thermal energy to accelerate the material, by the 1960s it was clear that thermal acceleration alone cannot account for the high speed of solar wind. An additional unknown acceleration mechanism is required, and likely relates to magnetic fields in the solar atmosphere.

The Sun's corona, or extended outer layer, is a region of plasma that is heated to over a million degrees Celsius. As a result of thermal collisions, the particles within the inner corona have a range and distribution of speeds described by a Maxwellian distribution. The mean velocity of these particles is about 145 km/s, which is well below the solar escape velocity of 618 km/s. However, a few of the particles achieve energies sufficient to reach the terminal velocity of 400 km/s, which allows them to feed the solar wind. At the same temperature, electrons, due to their much smaller mass, reach escape velocity and build up an electric field that further accelerates ions - charged atoms - away from the Sun.[18]

The total number of particles carried away from the Sun by the solar wind is about 1.3×1036 per second.[19] Thus, the total mass loss each year is about (2–3)×10−14 solar masses,[20] or about 4–6 billion tonnes per hour. This is equivalent to losing a mass equal to the Earth every 150 million years.[21] However, only about 0.01% of the Sun's total mass has been lost through the solar wind.[22] Other stars have much stronger stellar winds that result in significantly higher mass loss rates.

 Components

The solar wind is divided into two components, respectively termed the slow solar wind and the fast solar wind. The slow solar wind has a velocity of about 400 km/s, a temperature of 1.4–1.6×106 K and a composition that is a close match to the corona. By contrast, the fast solar wind has a typical velocity of 750 km/s, a temperature of 8×105 K and it nearly matches the composition of the Sun's photosphere.[23] The slow solar wind is twice as dense and more variable in intensity than the fast solar wind. The slow wind also has a more complex structure, with turbulent regions and large-scale structures.[19][24]

The slow solar wind appears to originate from a region around the Sun's equatorial belt that is known as the "streamer belt". Coronal streamers extend outward from this region, carrying plasma from the interior along closed magnetic loops.[25][26] Observations of the Sun between 1996 and 2001 showed that emission of the slow solar wind occurred between latitudes of 30–35° around the equator during the solar minimum (the period of lowest solar activity), then expanded toward the poles as the minimum waned. By the time of the solar maximum, the poles were also emitting a slow solar wind.[27]

The fast solar wind is thought to originate from coronal holes, which are funnel-like regions of open field lines in the Sun's magnetic field.[28] Such open lines are particularly prevalent around the Sun's magnetic poles. The plasma source is small magnetic fields created by convection cells in the solar atmosphere. These fields confine the plasma and transport it into the narrow necks of the coronal funnels, which are located only 20,000 kilometers above the photosphere. The plasma is released into the funnel when these magnetic field lines reconnect.[29]

 Coronal mass ejection

Main article: Coronal mass ejection

Both the fast and slow solar wind can be interrupted by large, fast-moving bursts of plasma called interplanetary coronal mass ejections, or ICMEs. ICMEs are the interplanetary manifestation of solar coronal mass ejections, which are caused by release of magnetic energy at the Sun. CMEs are often called "solar storms" or "space storms" in the popular media. They are sometimes, but not always, associated with solar flares, which are another manifestation of magnetic energy release at the Sun. ICMEs cause shock waves in the thin plasma of the heliosphere, launching electromagnetic waves and accelerating particles (mostly protons and electrons) to form showers of ionizing radiation that precede the CME.

When a CME impacts the Earth's magnetosphere, it temporarily deforms the Earth's magnetic field, changing the direction of compass needles and inducing large electrical ground currents in Earth itself; this is called a geomagnetic storm and it is a global phenomenon. CME impacts can induce magnetic reconnection in Earth's magnetotail (the midnight side of the magnetosphere); this launches protons and electrons downward toward Earth's atmosphere, where they form the aurora.

ICMEs are not the only cause of space weather. Different patches on the Sun are known to give rise to slightly different speeds and densities of wind depending on local conditions. In isolation, each of these different wind streams would form a spiral with a slightly different angle, with fast-moving streams moving out more directly and slow-moving streams wrapping more around the Sun. Fast moving streams tend to overtake slower streams that originate westward of them on the Sun, forming turbulent co-rotating interaction regions that give rise to wave motions and accelerated particles, and that affect Earth's magnetosphere in the same way as, but more gently than, CMEs.

 Effect on the Solar System

Main article: Space weather

Over the lifetime of the Sun, the surface rotation rate has decreased significantly. This loss of rotation is thought to have been caused by interaction of the Sun's surface layers with the escaping solar wind.[30] The wind is considered responsible for the tails of comets, along with the Sun's radiation.[31] The solar wind contributes to fluctuations in celestial radio waves observed on the Earth, through an effect called interplanetary scintillation.[32]

 Magnetospheres

Main article: Magnetosphere
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Schematic of Earth's magnetosphere. The solar wind, flows from left to right.





As the solar wind approaches a planet that has a well-developed magnetic field (such as Earth, Jupiter and Saturn), the particles are deflected by the Lorentz force. This region, known as the magnetosphere, causes the particles to travel around the planet rather than bombarding the atmosphere or surface. The magnetosphere is roughly shaped like a hemisphere on the side facing the Sun, then is drawn out in a long wake on the opposite side. The boundary of this region is called the magnetopause, and some of the particles are able to penetrate the magnetosphere through this region by partial reconnection of the magnetic field lines.[18]
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Noon meridian section of magnetosphere.





The solar wind is responsible for the overall shape of Earth's magnetosphere, and fluctuations in its speed, density, direction, and entrained magnetic field strongly affect Earth's local space environment. For example, the levels of ionizing radiation and radio interference can vary by factors of hundreds to thousands; and the shape and location of the magnetopause and bow shock wave upstream of it can change by several Earth radii, exposing geosynchronous satellites to the direct solar wind. These phenomena are collectively called space weather.

From the European Space Agency’s Cluster mission, a new study has taken place that proposes it easier for the solar wind to infiltrate the magnetosphere than it had been previously believed. A group of scientists directly observed the existence of certain waves in the solar wind that were not expected. A recent publishing in the Journal of Geophysical Research shows that these waves enable incoming charged particles of solar wind to breach the magnetopause. This suggests that the magnetic bubble forms more as a filter than a continuous barrier. This latest discovery occurred through the distinctive arrangement of the four identical Cluster spacecraft, which fly in a strictly controlled configuration through near-Earth space. As they sweep from the magnetosphere into interplanetary space and back again, the fleet provides exceptional three-dimensional insights on the processes that connect the sun to Earth.

The team of scientists was able to characterize how variances in IMF formation largely influenced by Kelvin-Helmholtz waves (which occur upon the interface of two fluids) as a result of differences in thickness and numerous other characteristics of the boundary layer. Experts believe that this was the first occasion that the appearance "of Kelvin-Helmholtz waves at the magnetopause has be displayed at high latitude dawnward orientation of the IMF. These waves of being seen in unforeseeable places under solar wind conditions that were formerly believed to be undesired for their generation.The discoveries found through this mission are of great importance by ESA project scientists because it shows how Earth’s magnetosphere can be penetrated by solar particles under specific interplanetary magnetic field circumstances. The findings are also relevant to studies of magnetospheric progressions around other planetary bodies in the solar system. This study suggests that Kelvin-Helmholtz waves can be a somewhat common, and possibly constant, instrument for the entrance of solar wind into terrestrial magnetospheres under various IMF orientations.[33]

 Atmospheres

The solar wind affects the other incoming cosmic rays interacting with the atmosphere of planets. Moreover, planets with a weak or non-existent magnetosphere are subject to atmospheric stripping by the solar wind.

Venus, the nearest and most similar planet to Earth in the Solar System, has an atmosphere 100 times denser than our own, with little or no geo-magnetic field. Modern space probes have discovered a comet-like tail that extends to the orbit of the Earth.[34]

Earth itself is largely protected from the solar wind by its magnetic field, which deflects most of the charged particles; however some of the charged particles are trapped in the Van Allen radiation belt. A smaller number of particles from the solar wind manage to travel, as though on an electromagnetic energy transmission line, to the Earth's upper atmosphere and ionosphere in the auroral zones. The only time the solar wind is observable on the Earth is when it is strong enough to produce phenomena such as the aurora and geomagnetic storms. Bright auroras strongly heat the ionosphere, causing its plasma to expand into the magnetosphere, increasing the size of the plasma geosphere, and causing escape of atmospheric matter into the solar wind. Geomagnetic storms result when the pressure of plasmas contained inside the magnetosphere is sufficiently large to inflate and thereby distort the geomagnetic field.

Mars is larger than Mercury and four times farther from the Sun, and yet even here it is thought that the solar wind has stripped away up to a third of its original atmosphere, leaving a layer 1/100th as dense as the Earth's. It is believed the mechanism for this atmospheric stripping is gas being caught in bubbles of magnetic field, which are ripped off by solar winds.[35]

 Planetary surfaces

Mercury, the nearest planet to the Sun, bears the full brunt of the solar wind, and its atmosphere is vestigial and transient, its surface bathed in radiation.

Mercury has an intrinsic magnetic field, so under normal solar wind conditions, the solar wind cannot penetrate the magnetosphere created around the planet, and particles only reach the surface in the cusp regions. During coronal mass ejections, however, the magnetopause may get pressed into the surface of the planet, and under these conditions, the solar wind may interact freely with the planetary surface.

The Earth's Moon has no atmosphere or intrinsic magnetic field, and consequently its surface is bombarded with the full solar wind. The Project Apollo missions deployed passive aluminum collectors in an attempt to sample the solar wind, and lunar soil returned for study confirmed that the lunar regolith is enriched in atomic nuclei deposited from the solar wind. There has been speculation that these elements may prove to be useful resources for future lunar colonies.[36]

 Outer limits

Main article: Heliopause (astronomy)

The solar wind "blows a bubble" in the interstellar medium (the rarefied hydrogen and helium gas that permeates the galaxy). The point where the solar wind's strength is no longer great enough to push back the interstellar medium is known as the heliopause, and is often considered to be the outer border of the Solar System. The distance to the heliopause is not precisely known, and probably varies widely depending on the current velocity of the solar wind and the local density of the interstellar medium, but it is known to lie far outside the orbit of Pluto. Scientists hope to gain more perspective on the heliopause from data acquired through the Interstellar Boundary Explorer (IBEX) mission, launched in October 2008.

 Notable events


	From May 10 to May 12, 1999, NASA's Advanced Composition Explorer (ACE) and WIND spacecraft observed a 98% decrease of solar wind density. This allowed energetic electrons from the Sun to flow to Earth in narrow beams known as "strahl", which caused a highly unusual "polar rain" event, in which a visible aurora appeared over the North Pole. In addition, Earth's magnetosphere increased to between 5 and 6 times its normal size.[37]

	See also the solar variation entry.

	December 13, 2010, Voyager 1 determined that the velocity of the solar wind, at its location 10.8 billion miles from Earth has now slowed to zero. "We have gotten to the point where the wind from the Sun, which until now has always had an outward motion, is no longer moving outward; it is only moving sideways so that it can end up going down the tail of the heliosphere, which is a comet-shaped-like object," said Dr. Edward Stone, the Voyager project scientist.[38][39]



 See also
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This article is about the sunspot cycle.  For 28-year cycle of Julian calendar, see Solar cycle (calendar).
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400 year sunspot history
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Evolution of magnetism on the Sun.





The solar cycle (or solar magnetic activity cycle) is the periodic change in the sun's activity (including changes in the levels of solar radiation and ejection of solar material) and appearance (visible in changes in the number of sunspots, flares, and other visible manifestations). Solar cycles have an average duration of about 11 years. They have been observed (by changes in the sun's appearance and by changes seen on Earth, such as auroras) for hundreds of years.

Solar variation causes changes in space weather, weather, and climate on Earth. It causes a periodic change in the amount of irradiation from the Sun that is experienced on Earth.

It is one component of solar variation, the other being aperiodic fluctuations.

Powered by a hydromagnetic dynamo process, driven by the inductive action of internal solar flows, the solar cycle:


	Structures the Sun's atmosphere, its corona and the wind;

	Modulates the solar irradiance;

	Modulates the flux of short-wavelength solar radiation, from ultraviolet to X-ray;

	Modulates the occurrence frequency of solar flares, coronal mass ejections, and other geoeffective solar eruptive phenomena;

	Indirectly modulates the flux of high-energy galactic cosmic rays entering the solar system.
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Samuel Heinrich Schwabe (1789–1875). German astronomer, discovered the solar cycle through extended observations of sunspots
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Rudolf Wolf (1816–1893), Swiss astronomer, carried out historical reconstruction of solar activity back to the seventeenth century





The solar cycle was discovered in 1843 by Samuel Heinrich Schwabe, who after 17 years of observations noticed a periodic variation in the average number of sunspots seen from year to year on the solar disk. Rudolf Wolf compiled and studied these and other observations, reconstructing the cycle back to 1745, eventually pushing these reconstructions to the earliest observations of sunspots by Galileo and contemporaries in the early seventeenth century. Starting with Wolf, solar astronomers have found it useful to define a standard sunspot number index, which continues to be used today.

Until recently it was thought that there were 28 cycles in the 309 years between 1699 and 2008, giving an average length of 11.04 years, but recent research has showed that the longest of these (1784–1799) seems actually to have been two cycles,[1][2] so that the average length is only around 10.66 years. Cycles as short as 9 years and as long as 14 years have been observed, and in the double cycle of 1784-1799 one of the two component cycles had to be less than 8 years in length. Significant variations in amplitude also occur. Solar maximum and solar minimum refer respectively to epochs of maximum and minimum sunspot counts. Individual sunspot cycles are partitioned from one minimum to the next.

Following the numbering scheme established by Wolf, the 1755–1766 cycle is traditionally numbered "1". The period between 1645 and 1715, a time during which very few sunspots were observed, is a real feature, as opposed to an artifact due to missing data.[3] This epoch is now known as the Maunder minimum, after Edward Walter Maunder, who extensively researched this peculiar event, first noted by Gustav Spörer. In the second half of the nineteenth century it was also noted (independently) by Richard Carrington and by Spörer that as the cycle progresses, sunspots appear first at mid-latitudes, and then closer and closer to the equator until solar minimum is reached. This pattern is best visualized in the form of the so-called butterfly diagram, first constructed by the husband-wife team of E. Walter and Annie Maunder in the early twentieth century (see graph below). Images of the Sun are divided into latitudinal strips, and the monthly-averaged fractional surface of sunspots calculated. This is plotted vertically as a color-coded bar, and the process is repeated month after month to produce this time-latitude diagram.
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The sunspot butterfly diagram. This modern version is constructed (and regularly updated) by the solar group at NASA Marshall Space Flight Center.







The physical basis of the solar cycle was elucidated in the early twentieth century by George Ellery Hale and collaborators, who in 1908 showed that sunspots were strongly magnetized (this was the first detection of magnetic fields outside the Earth), and in 1919 went on to show that the magnetic polarity of sunspot pairs:


	Is always the same in a given solar hemisphere throughout a given sunspot cycle;

	Is opposite across hemispheres throughout a cycle;

	Reverses itself in both hemispheres from one sunspot cycle to the next.



Hale's observations revealed that the solar cycle is a magnetic cycle with an average duration of 22 years. However, because very nearly all manifestations of the solar cycle are insensitive to magnetic polarity, it remains common usage to speak of the "11-year solar cycle".

Half a century later, the father-and-son team of Harold Babcock and Horace Babcock showed that the solar surface is magnetized even outside of sunspots; that this weaker magnetic field is to first order a dipole; and that this dipole also undergoes polarity reversals with the same period as the sunspot cycle (see graph below). These various observations established that the solar cycle is a spatiotemporal magnetic process unfolding over the Sun as a whole.
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Time vs. solar latitude diagram of the radial component of the solar magnetic field, averaged over successive solar rotation. The "butterfly" signature of sunspots is clearly visible at low latitudes. Diagram constructed (and regularly updated) by the solar group at NASA Marshall Space Flight Center.







 Phenomena, measurement, and causes

Spots from multiple cycles can co-exist for some time, and since it was discovered that the sun reverses magnetic polarity from one solar half cycle to the next, spots from different cycles can be torn apart.[clarification needed] However, it takes some months before a definite decision can be made as to the true date of solar minimum. One of the principal authorities that determine the date of the solar minimum is SIDC (the Solar Influences Data Analysis Center), which is located in Belgium and works with agencies such as NASA and ESA.

The most important information today comes from SOHO (a project of international cooperation between ESA and NASA), such as the MDI magneto gram, where the solar "surface" magnetic field can be seen.

The basic causes of the solar variability and solar cycles are still under debate, with some researchers suggesting a link with the tidal forces due to the gas giants Jupiter and Saturn,[4][5] or due to the solar inertial motion.[6][7] Another cause of sun spots can be solar jet stream "torsional oscillation".

Patterns have been noted in solar cycles. For example, the Waldmeier effect is the phenomenon that cycles with larger maximum amplitudes tend to take less time to reach their maxima than cycles with smaller amplitudes;[8] there is also a negative correlation between maximum amplitudes and the lengths of earlier cycles, which allows a degree of prediction.[9]

 Effects of the solar cycle
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Activity cycles 21, 22 and 23 seen in sunspot number index, TSI, 10.7cm radio flux, and flare index. The vertical scales for each quantity have been adjusted to permit overplotting on the same vertical axis as TSI. Temporal variations of all quantities are tightly locked in phase, but the degree of correlation in amplitudes is variable to some degree.





The Sun's magnetic field structures its atmosphere and outer layers all the way through the corona and into the solar wind. Its spatiotemporal variations lead to a host of phenomena collectively known as solar activity. All of solar activity is strongly modulated by the solar magnetic cycle, since the latter serves as the energy source and dynamical engine for the former.

 Surface magnetism

Sunspots may exist anywhere from a few days to a few months, but they eventually decay, and this releases magnetic flux in the solar photosphere. This magnetic field is dispersed and churned by turbulent convection, and solar large-scale flows. These transport mechanisms lead to the accumulation of the magnetized decay products at high solar latitudes, eventually reversing the polarity of the polar fields (notice how the blue and yellow fields reverse in the graph above).

The dipolar component of the solar magnetic field is observed to reverse polarity around the time of solar maximum, and reaches peak strength at the solar minimum. Sunspots, on the other hand, are produced from a strong toroidal (longitudinally directed) magnetic field within the solar interior. Physically, the solar cycle can be thought of as a regenerative loop where the toroidal component produces a poloidal field, which later produces a new toroidal component of sign such as to reverse the polarity of the original toroidal field, which then produces a new poloidal component of reversed polarity, and so on.

 Solar irradiance

The total solar irradiance (TSI) is the amount of solar radiative energy incident on the Earth's upper atmosphere. TSI variations were undetectable until satellite observations began in late 1978. Radiometers carried on satellites from the 1970s to the 2000s[10] has shown that solar irradiance varies systematically over the 11-year sunspot cycle, both in total irradiance and in the relative components of the irradiance (UV Light ratios to Visible Light Ratios). The solar luminosity is about 0.07 percent brighter during solar maximum than during solar minimum but observations from spacecraft in the 2000s showed that the ratio of ultraviolet to visible light is much more variable than previously thought.[11]

The major finding of satellite observations is that TSI varies in phase with the solar magnetic activity cycle[12] with an amplitude of about 0.1% and an average value of about 1366 W/m2 (the "solar constant"). Variations about the average up to −0.3% are caused by large sunspot groups and of +0.05% by large faculae and bright network on a week to 10 day timescale.[13] (see TSI variation graphics.[14]) TSI variations over the several decades of continuous satellite observation show small but detectable trends.[15][16]

TSI is higher at solar maximum, even though sunspots are darker (cooler) than the average photosphere. This is caused by magnetized structures other than sunspots during solar maxima, such as faculae and active elements of the "bright" network, that are brighter (hotter) than the average photosphere. They collectively overcompensate for the irradiance deficit associated with the cooler but less numerous sunspots. The primary driver of TSI changes on solar rotational and sunspot cycle timescales is the varying photospheric coverage of these radiatively active solar magnetic structures.



 Short-wavelength radiation
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A solar cycle: a montage of ten years' worth of Yohkoh SXT images, demonstrating the variation in solar activity during a sunspot cycle, from after August 30, 1991, to September 6, 2001. Credit: the Yohkoh mission of ISAS (Japan) and NASA (US).





With a temperature of 5870 kelvins, the photosphere of the Sun emits a very small proportion of radiation in the extreme ultraviolet (EUV) and above. However, hotter upper layers of the Sun's atmosphere (chromosphere and corona) emit more short-wavelength radiation. Since the upper atmosphere is not homogeneous and contains significant magnetic structure, the solar ultraviolet (UV), EUV and X-ray flux varies markedly in the course of the solar cycle.

The photo montage to the left illustrates this variation for soft X-ray, as observed by the Japanese satellite Yohkoh from after August 30, 1991, at the peak of cycle 22, to September 6, 2001, at the peak of cycle 23. Similar cycle-related variations are observed in the flux of solar UV or EUV radiation, as observed, for example, by the SOHO or TRACE satellites.

Even though it only accounts for a minuscule fraction of total solar radiation, the impact of solar UV, EUV and X-ray radiation on the Earth's upper atmosphere is profound. Solar UV flux is a major driver of stratospheric chemistry, and increases in ionizing radiation significantly affect ionosphere-influenced temperature and electrical conductivity.



 Solar radio flux

Emission from the Sun at centimetric (radio) wavelength is due primarily to coronal plasma trapped in the magnetic fields overlying active regions.[17] The F10.7 index is a measure of the solar radio flux per unit frequency at a wavelength of 10.7 cm, near the peak of the observed solar radio emission. F10.7 is often expressed in SFU or solar flux units (1 SFU = 10-22 W m-2 Hz-1). It represents a measure of diffuse, nonradiative heating of the coronal plasma trapped by magnetic fields over active regions. It is an excellent indicator of overall solar activity levels and correlates well with solar UV emissions.

The solar F10.7 index is measured daily at local noon in a bandwidth of 100 MHz centered on 2800 MHz at the Penticton site of the Dominion Radio Astrophysical Observatory (DRAO), Canada. The solar F10.7 cm record extends back to 1947, and is the longest direct record of solar activity available, other than sunspot-related quantities.[18][19]

Sunspot activity has a major effect on long distance radio communications particularly on the shortwave bands although medium wave and low VHF frequencies are also affected. High levels of sunspot activity lead to improved signal propagation on higher frequency bands, although they also increase the levels of solar noise and ionospheric disturbances. These effects are caused by impact of the increased level of solar radiation on the ionosphere.

It has been proposed that 10.7 cm solar flux can interfere with point-to-point terrestrial communications.[20]

 Geoeffective eruptive phenomena
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An overview of three solar cycles shows the relationship between the sunspot cycle, galactic cosmic rays, and the state of our near-space environment. [21]





The solar magnetic field structures the corona, giving it its characteristic shape visible at times of solar eclipses. Complex coronal magnetic field structures evolve in response to fluid motions at the solar surface, and emergence of magnetic flux produced by dynamo action in the solar interior. For reasons not yet understood in detail, sometimes these structures lose stability, leading to coronal mass ejections into interplanetary space, or flares, caused by sudden localized release of magnetic energy driving copious emission of ultraviolet and X-ray radiation as well as energetic particles. These eruptive phenomena can have a significant impact on Earth's upper atmosphere and space environment, and are the primary drivers of what is now called space weather.

The occurrence frequency of coronal mass ejections and flares is strongly modulated by the solar activity cycle. Flares of any given size are some 50 times more frequent at solar maximum than at minimum. Large coronal mass ejections occur on average a few times a day at solar maximum, down to one every few days at solar minimum. The size of these events themselves does not depend sensitively on the phase of the solar cycle. A good recent case in point are the three large X-class flares having occurred in December 2006, very near solar minimum; one of these (an X9.0 flare on Dec 5) stands as one of the brightest on record.[22]

 Cosmic ray flux

The outward expansion of solar ejecta into interplanetary space provides overdensities of plasma that are efficient at scattering high-energy cosmic rays entering the solar system from elsewhere in the galaxy. Since the frequency of solar eruptive events is strongly modulated by the solar cycle, the degree of cosmic ray scattering in the outer solar system varies in step. As a consequence, the cosmic ray flux in the inner solar system is anticorrelated with the overall level of solar activity. This anticorrelation is clearly detected in cosmic ray flux measurements at the Earth's surface.
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A drawing of a sunspot in the Chronicles of John of Worcester.





Some high-energy cosmic rays entering Earth's atmosphere collide hard enough with molecular atmospheric constituents to cause occasionally nuclear spallation reactions. Some of the fission products include radionuclides such as 14C and 10Be, which settle down on Earth's surface. Their concentration can be measured in ice cores, allowing a reconstruction of solar activity levels into the distant past.[23] Such reconstructions indicate that the overall level of solar activity since the middle of the twentieth century stands amongst the highest of the past 10,000 years, and that Maunder minimum-like epochs of suppressed activity, of varying durations have occurred repeatedly over that time span.

 Effects on Earth

 Terrestrial organisms

Main article: Solar variation

The impact of the solar cycle on living organisms has been investigated (see chronobiology). Some researchers claim to have found connections with human health.[24][25]

The amount of ultraviolet UVB light at 300 nm reaching the Earth varies by as much as 400% over the solar cycle due to variations in the protective ozone layer. In the stratosphere, ozone is continuously regenerated by the splitting of O2 molecules by ultraviolet light. During a solar minimum, the decrease in ultraviolet light received from the Sun leads to a decrease in the concentration of ozone, allowing increased UVB to penetrate to the Earth's surface.[26]

 Radio communication

Main article: Skywave

Skywave modes of radio communication operate by bending (refracting) radio waves (electromagnetic radiation) through the Ionosphere. During the "peaks" of the solar cycle, the ionosphere becomes increasingly ionized by solar photons and cosmic rays. This affects the path (propagation) of the radio wave in complex ways which can either facilitate or hinder local and long distance communications. Forecasting of skywave modes is of considerable interest to commercial marine and aircraft communications, amateur radio operators, and shortwave broadcasters. These users utilize frequencies within the High Frequency or 'HF' radio spectrum which are most affected by these solar and ionospheric variances. Changes in solar output affect the maximum usable frequency, a limit on the highest frequency usable for communications.

 Terrestrial climate

Main article: Solar variation

Both long-term and short-term variations in solar activity are hypothesized to affect global climate, but it has proven extremely challenging to directly quantify the link between solar variation and the earth's climate. [27] The topic continues to be a subject of active study.

Early research attempted to find a correlation between weather and sunspot activity, mostly without notable success.[28] Later research has concentrated more on correlating solar activity with global temperature. Most recently, research suggests that there may also be regional climate impacts due to the solar cycle. Measurements from the Spectral Irradiance Monitor on NASA's Solar Radiation and Climate Experiment show that solar UV output is more variable over the course of the solar cycle than scientists had previously thought, resulting in, for example, colder winters in the US and southern Europe and warmer winters in Canada and northern Europe during solar minima.[29]

There are three suggested mechanisms by which solar variations are hypothesized to have an effect on climate:


	Solar irradiance changes directly affecting the climate ("Radiative forcing").

	Variations in the ultraviolet component. The UV component varies by more than the total, so if UV were for some (as yet unknown) reason having a disproportionate effect, this might cause an effect on climate.

	Effects mediated by changes in cosmic rays (which are affected by the solar wind) such as changes in cloud cover.



The sunspot cycle variation of 0.1% has small but detectable effects on the Earth's climate.[30] Work by Camp and Tung suggests that changes in solar irradiance correlates with a variation of ±0.1°K (±0.18°F) in measured average global temperature between the peak and minimum of the 11-year solar cycle.[31]

The effect of solar variation at time scales longer than a solar cycle is also of interest to climate science. The current scientific consensus is that solar variations do not play a major role in determining present-day global warming,[27] since the measured magnitude of recent solar variation is much smaller than the forcing due to greenhouse gases,[32] but the level of understanding of solar impacts is low.[33]

 Effects on Spacecraft

The coronal mass ejections ("CME") associated with solar flares produces a radiation flux of high-energy protons, sometimes known as solar cosmic rays. These can cause radiation damage to electronics and solar cells in satellites. The solar proton events also can cause single-event upset (SEU) events on electronics; at the same, the reduced flux of galactic cosmic radiation during solar maximum (see section "Cosmic ray flux" above) will decrease the high-energy component of particle flux.

If astronauts on a space mission are above the shielding effect produced the Earth's magnetic field, the radiation from a CME would also be dangerous to humans; many future mission designs (e.g., for a Mars Mission) therefore incorporate a radiation-shielded "storm shelter" for astronauts to retreat to during such a radiation event.

In view of the problems in space flight occurring during high solar activity, prediction of the latter becomes more and more important. A particular method that relies on several consecutive cycles was established by Wolfgang Gleißberg.[34]
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"Hubble" redirects here. For other uses, see Hubble (disambiguation).

The Hubble Space Telescope (HST) is a space telescope that was carried into orbit by a Space Shuttle in 1990 and remains in operation. A 2.4-meter (7.9 ft) aperture telescope in low Earth orbit, Hubble's four main instruments observe in the near ultraviolet, visible, and near infrared. The telescope is named after the astronomer Edwin Hubble.

Hubble's orbit outside the distortion of Earth's atmosphere allows it to take extremely sharp images with almost no background light. Hubble's Deep Field have been some of the most detailed visible-light images ever, allowing a deep view into space and time. Many Hubble observations have led to breakthroughs in astrophysics, such as accurately determining the rate of expansion of the universe.

Although not the first space telescope, Hubble is one of the largest and most versatile, and is well known as both a vital research tool and a public relations boon for astronomy. The HST was built by the United States space agency NASA, with contributions from the European Space Agency, and is operated by the Space Telescope Science Institute. The HST is one of NASA's Great Observatories, along with the Compton Gamma Ray Observatory, the Chandra X-ray Observatory, and the Spitzer Space Telescope.[6]

Space telescopes were proposed as early as 1923.[7] Hubble was funded in the 1970s, with a proposed launch in 1983, but the project was beset by technical delays, budget problems, and the Challenger disaster. When finally launched in 1990, scientists found that the main mirror had been ground incorrectly, compromising the telescope's capabilities. The telescope was restored to its intended quality by a servicing mission in 1993.

Hubble is the only telescope designed to be serviced in space by astronauts. Between 1993 and 2002, four missions repaired, upgraded, and replaced systems on the telescope; a fifth mission was canceled on safety grounds following the Columbia disaster. However, after spirited public discussion, NASA administrator Mike Griffin approved one final servicing mission, completed in 2009 by Space Shuttle Atlantis. The telescope is now expected to function until at least 2013. Its scientific successor, the James Webb Space Telescope (JWST), is to be launched in 2018 or possibly later.
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 Conception, design and aims
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One of Hubble's most famous images, Pillars of Creation shows stars forming in the Eagle Nebula





 Proposals and precursors

In 1923, Hermann Oberth—considered a father of modern rocketry, along with Robert H. Goddard and Konstantin Tsiolkovsky—published Die Rakete zu den Planetenräumen ("The Rocket into Planetary Space"), which mentioned how a telescope could be propelled into Earth orbit by a rocket.[8]

The history of the Hubble Space Telescope can be traced back as far as 1946, to the astronomer Lyman Spitzer's paper "Astronomical advantages of an extraterrestrial observatory".[9] In it, he discussed the two main advantages that a space-based observatory would have over ground-based telescopes. First, the angular resolution (smallest separation at which objects can be clearly distinguished) would be limited only by diffraction, rather than by the turbulence in the atmosphere, which causes stars to twinkle, known to astronomers as seeing. At that time ground-based telescopes were limited to resolutions of 0.5–1.0 arcseconds, compared to a theoretical diffraction-limited resolution of about 0.05 arcsec for a telescope with a mirror 2.5 m in diameter. Second, a space-based telescope could observe infrared and ultraviolet light, which are strongly absorbed by the atmosphere.

Spitzer devoted much of his career to pushing for the development of a space telescope. In 1962, a report by the US National Academy of Sciences recommended the development of a space telescope as part of the space program, and in 1965 Spitzer was appointed as head of a committee given the task of defining scientific objectives for a large space telescope.[10]

Space-based astronomy had begun on a very small scale following World War II, as scientists made use of developments that had taken place in rocket technology. The first ultraviolet spectrum of the Sun was obtained in 1946,[11] and the National Aeronautics and Space Administration (NASA) launched the Orbiting Solar Observatory (OSO) to obtain UV, X-ray, and gamma-ray spectra in 1962.[12] An orbiting solar telescope was launched in 1962 by the United Kingdom as part of the Ariel space program, and in 1966 NASA launched the first Orbiting Astronomical Observatory (OAO) mission. OAO-1's battery failed after three days, terminating the mission. It was followed by OAO-2, which carried out ultraviolet observations of stars and galaxies from its launch in 1968 until 1972, well beyond its original planned lifetime of one year.[13]

The OSO and OAO missions demonstrated the important role space-based observations could play in astronomy, and in 1968, NASA developed firm plans for a space-based reflecting telescope with a mirror 3 m in diameter, known provisionally as the Large Orbiting Telescope or Large Space Telescope (LST), with a launch slated for 1979. These plans emphasized the need for manned maintenance missions to the telescope to ensure such a costly program had a lengthy working life, and the concurrent development of plans for the reusable space shuttle indicated that the technology to allow this was soon to become available.[14]

 Quest for funding

The continuing success of the OAO program encouraged increasingly strong consensus within the astronomical community that the LST should be a major goal. In 1970, NASA established two committees, one to plan the engineering side of the space telescope project, and the other to determine the scientific goals of the mission. Once these had been established, the next hurdle for NASA was to obtain funding for the instrument, which would be far more costly than any Earth-based telescope. The U.S. Congress questioned many aspects of the proposed budget for the telescope and forced cuts in the budget for the planning stages, which at the time consisted of very detailed studies of potential instruments and hardware for the telescope. In 1974, public spending cuts led to Congress deleting all funding for the telescope project.[15]

In response to this, a nationwide lobbying effort was coordinated among astronomers. Many astronomers met congressmen and senators in person, and large scale letter-writing campaigns were organized. The National Academy of Sciences published a report emphasizing the need for a space telescope, and eventually the Senate agreed to half of the budget that had originally been approved by Congress.[16]

The funding issues led to something of a reduction in the scale of the project, with the proposed mirror diameter reduced from 3 m to 2.4 m, both to cut costs [17] and to allow a more compact and effective configuration for the telescope hardware. A proposed precursor 1.5 m space telescope to test the systems to be used on the main satellite was dropped, and budgetary concerns also prompted collaboration with the European Space Agency. ESA agreed to provide funding and supply one of the first generation instruments for the telescope, as well as the solar cells that would power it, and staff to work on the telescope in the United States, in return for European astronomers being guaranteed at least 15% of the observing time on the telescope.[18] Congress eventually approved funding of US$36,000,000 for 1978, and the design of the LST began in earnest, aiming for a launch date of 1983.[16] In 1983 the telescope was named after Edwin Hubble,[19] who made one of the greatest scientific breakthroughs of the 20th century when he discovered that the universe is expanding.[20]

 Construction and engineering
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Grinding of Hubble's primary mirror at Perkin-Elmer, March 1979.





Once the Space Telescope project had been given the go-ahead, work on the program was divided among many institutions. Marshall Space Flight Center (MSFC) was given responsibility for the design, development, and construction of the telescope, while Goddard Space Flight Center was given overall control of the scientific instruments and ground-control center for the mission.[21] MSFC commissioned the optics company Perkin-Elmer to design and build the Optical Telescope Assembly (OTA) and Fine Guidance Sensors for the space telescope. Lockheed was commissioned to construct and integrate the spacecraft in which the telescope would be housed.[22]

 Optical Telescope Assembly (OTA)

Optically, the HST is a Cassegrain reflector of Ritchey–Chrétien design, as are most large professional telescopes. This design, with two hyperbolic mirrors, is known for good imaging performance over a wide field of view, with the disadvantage that the mirrors have shapes that are hard to fabricate and test. The mirror and optical systems of the telescope determine the final performance, and they were designed to exacting specifications. Optical telescopes typically have mirrors polished to an accuracy of about a tenth of the wavelength of visible light, but the Space Telescope was to be used for observations from the visible through the ultraviolet (shorter wavelengths) and was specified to be diffraction limited to take full advantage of the space environment. Therefore its mirror needed to be polished to an accuracy of 10 nanometers, or about 1/65 of the wavelength of red light.[23] On the long wavelength end, the OTA was not designed with optimum IR performance in mind—for example, the mirrors are kept at stable (and warm, about 15 °C) temperatures by heaters. This limits Hubble's performance as an infrared telescope.[24]
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The backup mirror, by Kodak; its inner support structure can be seen because it is not coated with a reflective surface.





Perkin-Elmer intended to use custom-built and extremely sophisticated computer-controlled polishing machines to grind the mirror to the required shape.[22] However, in case their cutting-edge technology ran into difficulties, NASA demanded that PE sub-contract to Kodak to construct a back-up mirror using traditional mirror-polishing techniques.[25] (The team of Kodak and Itek also bid on the original mirror polishing work. Their bid called for the two companies to double-check each other's work, which would have almost certainly caught the polishing error that later caused such problems.[26]) The Kodak mirror is now on permanent display at the National Air and Space Museum.[27][28] An Itek mirror built as part of the effort is now used in the 2.4 m telescope at the Magdalena Ridge Observatory.[29]
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The OTA, metering truss, and secondary baffle are visible in this image of Hubble during early construction.





Construction of the Perkin-Elmer mirror began in 1979, starting with a blank manufactured by Corning from their ultra-low expansion glass. To keep the mirror's weight to a minimum it consisted of inch-thick top and bottom plates sandwiching a honeycomb lattice. Perkin-Elmer simulated microgravity by supporting the mirror on both sides with 138 rods that exerted varying amounts of force. This ensured that the mirror's final shape would be correct and to specification when finally deployed. Mirror polishing continued until May 1981. NASA reports at the time questioned Perkin-Elmer's managerial structure, and the polishing began to slip behind schedule and over budget. To save money, NASA halted work on the back-up mirror and put the launch date of the telescope back to October 1984.[30] The mirror was completed by the end of 1981; it was washed using 2,400 gallons (9,100 L) of hot, deionized water and then received a reflective coating of 65 nm-thick aluminum and a protective coating of 25 nm-thick magnesium fluoride.[24][31]

Doubts continued to be expressed about Perkin-Elmer's competence on a project of this importance, as their budget and timescale for producing the rest of the OTA continued to inflate. In response to a schedule described as "unsettled and changing daily", NASA postponed the launch date of the telescope until April 1985. Perkin-Elmer's schedules continued to slip at a rate of about one month per quarter, and at times delays reached one day for each day of work. NASA was forced to postpone the launch date until March and then September 1986. By this time, the total project budget had risen to US$1.175 billion.[32]

 Spacecraft systems

The spacecraft in which the telescope and instruments were to be housed was another major engineering challenge. It would have to withstand frequent passages from direct sunlight into the darkness of Earth's shadow, which would cause major changes in temperature, while being stable enough to allow extremely accurate pointing of the telescope. A shroud of multi-layer insulation keeps the temperature within the telescope stable, and surrounds a light aluminum shell in which the telescope and instruments sit. Within the shell, a graphite-epoxy frame keeps the working parts of the telescope firmly aligned.[33] Because graphite composites are hygroscopic, there was a risk that water vapor absorbed by the truss while in Lockheed's clean room would later be expressed in the vacuum of space; the telescope's instruments would be covered in ice. To reduce that risk, a nitrogen gas purge was performed before launching the telescope into space.[34]
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Exploded view of the Hubble Telescope





While construction of the spacecraft in which the telescope and instruments would be housed proceeded somewhat more smoothly than the construction of the OTA, Lockheed still experienced some budget and schedule slippage, and by the summer of 1985, construction of the spacecraft was 30% over budget and three months behind schedule. An MSFC report said that Lockheed tended to rely on NASA directions rather than take their own initiative in the construction.[35]

 Initial instruments

Main articles: Wide Field and Planetary Camera, Goddard High Resolution Spectrograph, High Speed Photometer, Faint Object Camera, and Faint Object Spectrograph

When launched, the HST carried five scientific instruments: the Wide Field and Planetary Camera (WF/PC), Goddard High Resolution Spectrograph (GHRS), High Speed Photometer (HSP), Faint Object Camera (FOC) and the Faint Object Spectrograph (FOS). WF/PC was a high-resolution imaging device primarily intended for optical observations. It was built by NASA's Jet Propulsion Laboratory, and incorporated a set of 48 filters isolating spectral lines of particular astrophysical interest. The instrument contained eight charge-coupled device (CCD) chips divided between two cameras, each using four CCDs. Each CCD has a resolution of 0.64 megapixels.[36] The "wide field camera" (WFC) covered a large angular field at the expense of resolution, while the "planetary camera" (PC) took images at a longer effective focal length than the WF chips, giving it a greater magnification.[37]

The GHRS was a spectrograph designed to operate in the ultraviolet. It was built by the Goddard Space Flight Center and could achieve a spectral resolution of 90,000.[38] Also optimized for ultraviolet observations were the FOC and FOS, which were capable of the highest spatial resolution of any instruments on Hubble. Rather than CCDs these three instruments used photon-counting digicons as their detectors. The FOC was constructed by ESA, while the University of California, San Diego, and Martin Marietta Corporation built the FOS.[37]

The final instrument was the HSP, designed and built at the University of Wisconsin–Madison. It was optimized for visible and ultraviolet light observations of variable stars and other astronomical objects varying in brightness. It could take up to 100,000 measurements per second with a photometric accuracy of about 2% or better.[39]

HST's guidance system can also be used as a scientific instrument. Its three Fine Guidance Sensors (FGS) are primarily used to keep the telescope accurately pointed during an observation, but can also be used to carry out extremely accurate astrometry; measurements accurate to within 0.0003 arcseconds have been achieved.[40]

 Ground support
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Hubble Control Center at Goddard Space Flight Center, 1999





Main article: Space Telescope Science Institute

The Space Telescope Science Institute (STScI) is responsible for the scientific operation of the telescope and the delivery of data products to astronomers. STScI is operated by the Association of Universities for Research in Astronomy (AURA) and is physically located in Baltimore, Maryland on the Homewood campus of Johns Hopkins University, one of the 39 US universities and seven international affiliates that make up the AURA consortium. STScI was established in 1981 [41][42] after something of a power struggle between NASA and the scientific community at large. NASA had wanted to keep this function in-house, but scientists wanted it to be based in an academic establishment.[43][44] The Space Telescope European Coordinating Facility (ST-ECF), established at Garching bei München near Munich in 1984, provides similar support for European astronomers.
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Hubble's low orbit means many targets are visible for somewhat less than half of elapsed time, since they are blocked from view by the Earth for one-half of each orbit.





One rather complex task that falls to STScI is scheduling observations for the telescope.[45] Hubble is in a low-Earth orbit to enable servicing missions, but this means that most astronomical targets are occulted by the Earth for slightly less than half of each orbit. Observations cannot take place when the telescope passes through the South Atlantic Anomaly due to elevated radiation levels, and there are also sizable exclusion zones around the Sun (precluding observations of Mercury), Moon and Earth. The solar avoidance angle is about 50°, to keep sunlight from illuminating any part of the OTA. Earth and Moon avoidance keeps bright light out of the FGSs, and keeps scattered light from entering the instruments. If the FGSs are turned off, however, the Moon and Earth can be observed. Earth observations were used very early in the program to generate flat-fields for the WFPC1 instrument. There is a so-called continuous viewing zone (CVZ), at roughly 90° to the plane of Hubble's orbit, in which targets are not occulted for long periods. Due to the precession of the orbit, the location of the CVZ moves slowly over a period of eight weeks. Because the limb of the Earth is always within about 30° of regions within the CVZ, the brightness of scattered earthshine may be elevated for long periods during CVZ observations.

Hubble orbits in the upper atmosphere at an altitude of approximately 559 km (347 mi). The position along its orbit changes over time in a way that is not accurately predictable. The density of the upper atmosphere varies according to many factors, and this means that Hubble's predicted position for six weeks' time could be in error by up to 4,000 km. Observation schedules are typically finalized only a few days in advance, as a longer lead time would mean there was a chance that the target would be unobservable by the time it was due to be observed.[46]

Engineering support for HST is provided by NASA and contractor personnel at the Goddard Space Flight Center in Greenbelt, Maryland, 48 km south of the STScI. Hubble's operation is monitored 24 hours per day by four teams of flight controllers who make up Hubble's Flight Operations Team.[45]

 Challenger disaster, delays, and eventual launch
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STS-31 lifts off, carrying Hubble into orbit.





By early 1986, the planned launch date of October that year looked feasible, but the Challenger accident brought the U.S. space program to a halt, grounding the space shuttle fleet and forcing the launch of Hubble to be postponed for several years. The telescope had to be kept in a clean room, powered up and purged with nitrogen, until a launch could be rescheduled. This costly situation (about $6 million per month) pushed the overall costs of the project even higher. This delay did allow time for engineers to perform extensive tests, swap out a possibly failure-prone battery, and make other improvements.[47] Furthermore, the ground software needed to control Hubble was not ready in 1986, and in fact was barely ready by the 1990 launch.[48]

Eventually, following the resumption of shuttle flights in 1988, the launch of the telescope was scheduled for 1990. On April 24, 1990, shuttle mission STS-31 saw Discovery launch the telescope successfully into its planned orbit.[49]

From its original total cost estimate of about US$400 million, the telescope had by now cost over $2.5 billion to construct. Hubble's cumulative costs up to this day are estimated to be several times higher still, roughly US$10 billion as of 2010.[50]

 Flawed mirror

Within weeks of the launch of the telescope, the returned images indicated a serious problem with the optical system. Although the first images appeared to be sharper than those of ground-based telescopes, Hubble failed to achieve a final sharp focus and the best image quality obtained was drastically lower than expected. Images of point sources spread out over a radius of more than one arcsecond, instead of having a point spread function (PSF) concentrated within a circle 0.1 arcsec in diameter as had been specified in the design criteria.[51][52]
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Hubble is deployed from Discovery in 1990.





Analysis of the flawed images showed that the cause of the problem was that the primary mirror had been ground to the wrong shape. Although it was probably the most precisely figured mirror ever made, with variations from the prescribed curve of only 10 nanometers,[23] at the perimeter it was too flat by about 2,200 nanometers (2.2 micrometres).[53] This difference was catastrophic, introducing severe spherical aberration, a flaw in which light reflecting off the edge of a mirror focuses on a different point from the light reflecting off its center.[54]

The effect of the mirror flaw on scientific observations depended on the particular observation—the core of the aberrated PSF was sharp enough to permit high-resolution observations of bright objects, and spectroscopy was largely unaffected. However, the loss of light to the large, out of focus halo severely reduced the usefulness of the telescope for faint objects or high-contrast imaging. This meant that nearly all of the cosmological programs were essentially impossible, since they required observation of exceptionally faint objects.[54] NASA and the telescope became the butt of many jokes, and the project was popularly regarded as a white elephant. For instance, in the 1991 comedy The Naked Gun 2½: The Smell of Fear, the Hubble was pictured with the Titanic, the Hindenburg, and the Edsel.[55] Nonetheless, during the first three years of the Hubble mission, before the optical corrections, the telescope still carried out a large number of productive observations of less demanding targets.[56] The error was well characterized and stable, enabling astronomers to optimize the results obtained using sophisticated image processing techniques such as deconvolution.[57]

 Origin of the problem
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An extract from a WF/PC image shows the light from a star spread over a wide area instead of being concentrated on a few pixels.





A commission headed by Lew Allen, director of the Jet Propulsion Laboratory, was established to determine how the error could have arisen. The Allen Commission found that the main null corrector, a testing device used to achieve a properly shaped non-spherical mirror, had been incorrectly assembled—one lens was out of position by 1.3 mm.[58] During the initial grinding and polishing of the mirror, Perkin-Elmer analyzed its surface with two conventional null correctors. However, for the final manufacturing step (figuring), they switched to a custom-built null corrector, designed explicitly to meet very strict tolerances. Ironically, this device was assembled incorrectly, resulting in an extremely precise (but wrong) shape for the mirror. There was one final opportunity to catch the error, since a few of the final tests needed to use conventional null correctors for various technical reasons. These tests correctly indicated spherical aberration. However, the company ignored these results, as it believed they were less accurate than the primary device which reported that the mirror was perfectly figured.[59]

The commission blamed the failings primarily on Perkin-Elmer. Relations between NASA and the optics company had been severely strained during the telescope construction, due to frequent schedule slippage and cost overruns. NASA found that Perkin-Elmer did not review or supervise the mirror construction adequately, did not assign its best optical scientists to the project (as it had for the prototype), and in particular did not involve the optical designers in the construction and verification of the mirror. While the commission heavily criticized Perkin-Elmer for these managerial failings, NASA was also criticized for not picking up on the quality control shortcomings, such as relying totally on test results from a single instrument.[60]

 Design of a solution
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The spiral galaxy M100, imaged with Hubble before and after corrective optics.





The design of the telescope had always incorporated servicing missions, and astronomers immediately began to seek potential solutions to the problem that could be applied at the first servicing mission, scheduled for 1993. While Kodak had ground a back-up mirror for Hubble, it would have been impossible to replace the mirror in orbit, and too expensive and time-consuming to bring the telescope back to Earth for a refit. Instead, the fact that the mirror had been ground so precisely to the wrong shape led to the design of new optical components with exactly the same error but in the opposite sense, to be added to the telescope at the servicing mission, effectively acting as "spectacles" to correct the spherical aberration.[61][62]

The first step was a precise characterization of the error in the main mirror. Working backwards from images of point sources, astronomers determined that the conic constant of the mirror as built was −1.01390±0.0002, instead of the intended −1.00230.[63][64] The same number was also derived by analyzing the null corrector used by Perkin-Elmer to figure the mirror, as well as by analyzing interferograms obtained during ground testing of the mirror.[65]
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COSTAR on display at the National Air and Space Museum





Because of the way the HST's instruments were designed, two different sets of correctors were required. The design of the Wide Field and Planetary Camera 2, already planned to replace the existing WF/PC, included relay mirrors to direct light onto the eight separate Charge-coupled device (CCD) chips making up its two cameras. An inverse error built into their surfaces could completely cancel the aberration of the primary. However, the other instruments lacked any intermediate surfaces that could be figured in this way, and so required an external correction device.[66]

The Corrective Optics Space Telescope Axial Replacement (COSTAR) system was designed to correct the spherical aberration for light focused at the FOC, FOS, and GHRS. It consists of two mirrors in the light path with one ground to correct the aberration.[67] To fit the COSTAR system onto the telescope, one of the other instruments had to be removed, and astronomers selected the High Speed Photometer to be sacrificed.[66] By 2002, all of the original instruments requiring COSTAR had been replaced by instruments with their own corrective optics.[68] COSTAR was removed and returned to Earth in 2009 where it is exhibited at the National Air and Space Museum. The area previously used by COSTAR is now occupied by the Cosmic Origins Spectrograph.[69]

 Servicing missions and new instruments


















Hubble was designed to accommodate regular servicing and equipment upgrades. Five servicing missions (SM 1, 2, 3A, 3B, and 4) were flown by NASA space shuttles, the first in December 1993 and the last in May 2009. Servicing missions were delicate operations that began with maneuvering to intercept the telescope in orbit and carefully retrieving it with the shuttle's mechanical arm. The necessary work was then carried out in multiple tethered spacewalks over a period of four to five days. After a visual inspection of the telescope, astronauts conducted repairs, replaced failed or degraded components, upgraded equipment, and installed new instruments. Once work was completed, the telescope was redeployed, typically after boosting to a higher orbit to address any orbital decay caused by atmospheric drag.

 Servicing Mission 1

Main article: STS-61
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Astronauts Musgrave and Hoffman install corrective optics during SM1





After the problems with Hubble's mirror came to light, the first servicing mission assumed a much greater importance, as the astronauts would have to carry out extensive work on the telescope to install the corrective optics. The seven astronauts selected for the mission were trained intensively in the use of the hundred or more specialized tools that would be needed.[70] SM1 flew aboard Endeavour in December 1993, and involved installation of several instruments and other equipment over 10 days.

Most importantly, the High Speed Photometer was replaced with the COSTAR corrective optics package, and WFPC was replaced with the Wide Field and Planetary Camera 2 (WFPC2) with its internal optical correction system. In addition, the solar arrays and their drive electronics were replaced, as well as four of the gyroscopes used in the telescope pointing system, two electrical control units and other electrical components, and two magnetometers. The onboard computers were upgraded, and the telescope's orbit was boosted.[53]

On January 13, 1994, NASA declared the mission a complete success and showed the first of many much sharper images.[71] At the time, the mission was one of the most complex ever undertaken, involving five lengthy periods of extra-vehicular activity, and its resounding success was an enormous boon for NASA, as well as for the astronomers who now had a fully capable space telescope.

 Servicing Mission 2

Main article: STS-82
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Hubble as seen from Discovery during its second servicing mission





Servicing Mission 2, flown by Discovery in February 1997, replaced the GHRS and the FOS with the Space Telescope Imaging Spectrograph (STIS) and the Near Infrared Camera and Multi-Object Spectrometer (NICMOS), replaced an Engineering and Science Tape Recorder with a new Solid State Recorder, and repaired thermal insulation.[72] NICMOS contained a heat sink of solid nitrogen to reduce the thermal noise from the instrument, but shortly after it was installed, an unexpected thermal expansion resulted in part of the heat sink coming into contact with an optical baffle. This led to an increased warming rate for the instrument and reduced its original expected lifetime of 4.5 years to about 2 years.[73]

 Servicing Mission 3A

Main article: STS-103

Servicing Mission 3A, flown by Discovery, took place in December 1999, and was a split-off from Servicing Mission 3 after three of the six onboard gyroscopes had failed. A fourth failed a few weeks before the mission, rendering the telescope incapable of performing scientific observations. The mission replaced all six gyroscopes, replaced a Fine Guidance Sensor and the computer, installed a Voltage/temperature Improvement Kit (VIK) to prevent battery overcharging, and replaced thermal insulation blankets.[74] The new computer is 20 times faster, with six times more memory, than the DF-224 it replaced. It increases throughput by moving some computing tasks from the ground to the spacecraft, and saves money by allowing the use of modern programming languages.[75]

 Servicing Mission 3B

Main article: STS-109

Servicing Mission 3B flown by Columbia in March 2002 saw the installation of a new instrument, with the FOC (the last original instrument) being replaced by the Advanced Camera for Surveys (ACS). This meant that COSTAR was no longer required, since all new instruments had built-in correction for the main mirror aberration.[68] The mission also revived NICMOS[73] and replaced the solar arrays for the second time, providing 30 percent more power.[76]



 Servicing Mission 4

Main article: STS-125
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Hubble during SM4 and after release










Plans called for Hubble to be serviced in February 2005, but the Columbia disaster in 2003, in which Columbia disintegrated on re-entry into the atmosphere, had wide-ranging effects on the Hubble program. NASA Administrator Sean O'Keefe decided that all future shuttle missions had to be able to reach the safe haven of the International Space Station should in-flight problems develop. As no shuttles were capable of reaching both HST and the ISS during the same mission, future manned service missions were canceled.[77] This decision was assailed by numerous astronomers, who felt that Hubble was valuable enough to merit the human risk.[78] HST's planned successor, the James Webb Telescope, is not expected to launch until at least 2018. A gap in space-observing capabilities between a decommissioning of Hubble and the commissioning of a successor is of major concern to many astronomers, given the significant scientific impact of HST.[79] The consideration that JWST will not be located in low Earth orbit, and therefore cannot be easily upgraded or repaired in the event of an early failure, only makes these concerns more acute. On the other hand, many astronomers felt strongly that the servicing of Hubble should not take place if the expense were to come from the JWST budget.
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SM4 installed the WFC3, which captured this image of the Butterfly Nebula.





In January 2004, O'Keefe said he would review his decision to cancel the final servicing mission to HST due to public outcry and requests from Congress for NASA to look for a way to save it. The National Academy of Sciences convened an official panel, which recommended in July 2004 that the HST should be preserved despite the apparent risks. Their report urged "NASA should take no actions that would preclude a space shuttle servicing mission to the Hubble Space Telescope".[80] In August 2004, O'Keefe asked Goddard Space Flight Center to prepare a detailed proposal for a robotic service mission. These plans were later canceled, the robotic mission being described as "not feasible".[81] In late 2004, several Congressional members, led by Senator Barbara Mikulski, held public hearings and carried on a fight with much public support (including thousands of letters from school children across the country) to get the Bush Administration and NASA to reconsider the decision to drop plans for a Hubble rescue mission.[82]

The nomination in April 2005 of a new NASA Administrator, Michael D. Griffin, changed the situation, as Griffin stated he would consider a manned servicing mission.[83] Soon after his appointment Griffin authorized Goddard to proceed with preparations for a manned Hubble maintenance flight, saying he would make the final decision after the next two shuttle missions. In October 2006 Griffin gave the final go-ahead, and the 11-day mission by Atlantis was scheduled for October 2008. Hubble's main data-handling unit failed in September 2008,[84] halting all reporting of scientific data until its back-up was brought online on October 25, 2008.[85] Since a failure of the backup unit would leave the HST helpless, the service mission was postponed to incorporate a replacement for the primary unit.[84]

Servicing Mission 4, flown by Atlantis in May 2009, was the last scheduled shuttle mission for HST.[69][86] SM4 installed the replacement data-handling unit, repaired the ACS and STIS systems, installed improved nickel hydrogen batteries, and replaced other components. SM4 also installed two new observation instruments—Wide Field Camera 3 (WFC3) and the Cosmic Origins Spectrograph (COS)[87]—and the Soft Capture and Rendezvous System, which will enable the future rendezvous, capture, and safe disposal of Hubble by either a crewed or robotic mission.[88] The work accomplished during SM4 is expected to render the telescope fully functioning at least into 2014, and perhaps longer.[69]

 Scientific results





 Key projects

In the early 1980s, NASA and STScI convened four panels to discuss Key Projects. These were projects that were both scientifically important and would require significant telescope time, which would be explicitly dedicated to each project. This guaranteed that these particular projects would be completed early, in case the telescope failed sooner than expected. The panels identified three such projects: 1) a study of the nearby intergalactic medium using quasar absorption lines to determine the properties of the intergalactic medium and the gaseous content of galaxies and groups of galaxies;[89] 2) a medium deep survey using the Wide Field Camera to take data whenever one of the other instruments was being used[90] and 3) a project to determine the Hubble Constant within ten percent by reducing the errors, both external and internal, in the calibration of the distance scale.[91]

 Important discoveries
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Hubble's STIS UV and ACS visible light are combined to reveal Saturn's southern aurora.





Hubble has helped resolve some long-standing problems in astronomy, as well as raising new questions. Some results have required new theories to explain them. Among its primary mission targets was to measure distances to Cepheid variable stars more accurately than ever before, and thus constrain the value of the Hubble constant, the measure of the rate at which the universe is expanding, which is also related to its age. Before the launch of HST, estimates of the Hubble constant typically had errors of up to 50%, but Hubble measurements of Cepheid variables in the Virgo Cluster and other distant galaxy clusters provided a measured value with an accuracy of ±10%, which is consistent with other more accurate measurements made since Hubble's launch using other techniques.[92]

While Hubble helped to refine estimates of the age of the universe, it also cast doubt on theories about its future. Astronomers from the High-z Supernova Search Team and the Supernova Cosmology Project used the telescope to observe distant supernovae and uncovered evidence that, far from decelerating under the influence of gravity, the expansion of the universe may in fact be accelerating. This acceleration was later measured more accurately by other ground-based and space-based telescopes, confirming Hubble's finding. The cause of this acceleration remains poorly understood;[93] the most common cause attributed is dark energy.[94]

The high-resolution spectra and images provided by the HST have been especially well-suited to establishing the prevalence of black holes in the nuclei of nearby galaxies. While it had been hypothesized in the early 1960s that black holes would be found at the centers of some galaxies, and work in the 1980s identified a number of good black hole candidates, it fell to work conducted with Hubble to show that black holes are probably common to the centers of all galaxies.[95][96][97] The Hubble programs further established that the masses of the nuclear black holes and properties of the galaxies are closely related. The legacy of the Hubble programs on black holes in galaxies is thus to demonstrate a deep connection between galaxies and their central black holes.
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Hubble Extreme Deep Field image of space in the constellation Fornax





The collision of Comet Shoemaker-Levy 9 with Jupiter in 1994 was fortuitously timed for astronomers, coming just a few months after Servicing Mission 1 had restored Hubble's optical performance. Hubble images of the planet were sharper than any taken since the passage of Voyager 2 in 1979, and were crucial in studying the dynamics of the collision of a comet with Jupiter, an event believed to occur once every few centuries.

Other discoveries made with Hubble data include proto-planetary disks (proplyds) in the Orion Nebula;[98] evidence for the presence of extrasolar planets around sun-like stars;[99] and the optical counterparts of the still-mysterious gamma ray bursts.[100] HST has also been used to study objects in the outer reaches of the Solar System, including the dwarf planets Pluto[101] and Eris.[102]

A unique window on the Universe enabled by Hubble are the Hubble Deep Field, Hubble Ultra-Deep Field, and Hubble Extreme Deep Field images, which utilized Hubble's unmatched sensitivity at visible wavelengths to create images of small patches of sky that are the deepest ever obtained at optical wavelengths. The images reveal galaxies billions of light years away, and have generated a wealth of scientific papers, providing a new window on the early Universe. The Wide Field Camera 3 improved the view of these fields in the infrared and ultraviolet, supporting the discovery of some of the most distant objects yet discovered, such as MACS0647-JD.

The non-standard object SCP 06F6 was discovered by the Hubble Space Telescope in February 2006.[103][104] During June and July 2012, US astronomers using Hubble discovered a tiny fifth moon moving around icy Pluto.[105]

 Impact on astronomy
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Evolution of detecting the early Universe





Many objective measures show the positive impact of Hubble data on astronomy. Over 9,000 papers based on Hubble data have been published in peer-reviewed journals,[106] and countless more have appeared in conference proceedings. Looking at papers several years after their publication, about one-third of all astronomy papers have no citations, while only 2% of papers based on Hubble data have no citations. On average, a paper based on Hubble data receives about twice as many citations as papers based on non-Hubble data. Of the 200 papers published each year that receive the most citations, about 10% are based on Hubble data.[107]

Although the HST has clearly helped astronomical research, its financial cost has been large. A study on the relative astronomical benefits of different sizes of telescopes found that while papers based on HST data generate 15 times as many citations as a 4 m ground-based telescope such as the William Herschel Telescope, the HST costs about 100 times as much to build and maintain.[108]

Deciding between building ground- versus space-based telescopes is complex. Even before Hubble was launched, specialized ground-based techniques such as aperture masking interferometry had obtained higher-resolution optical and infrared images than Hubble would achieve, though restricted to targets about 108 times brighter than the faintest targets observed by Hubble.[109][110] Since then, advances in adaptive optics have extended the high-resolution imaging capabilities of ground-based telescopes to the infrared imaging of faint objects. The usefulness of adaptive optics versus HST observations depends strongly on the particular details of the research questions being asked. In the visible bands, adaptive optics can only correct a relatively small field of view, whereas HST can conduct high-resolution optical imaging over a wide field. Only a small fraction of astronomical objects are accessible to high-resolution ground-based imaging; in contrast Hubble can perform high-resolution observations of any part of the night sky, and on objects that are extremely faint.

 Usage
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Star cluster Pismis 24 with nebula





Anyone can apply for time on the telescope; there are no restrictions on nationality or academic affiliation.[111] Competition for time on the telescope is intense, and only about one-fifth of the proposals submitted in each cycle earn time on the schedule.[112][113]

Calls for proposals are issued roughly annually, with time allocated for a cycle lasting about one year. Proposals are divided into several categories; 'general observer' proposals are the most common, covering routine observations. 'Snapshot observations' are those in which targets require only 45 minutes or less of telescope time, including overheads such as acquiring the target; snapshot observations are used to fill in gaps in the telescope schedule that cannot be filled by regular GO programs.[114]

Astronomers may make 'Target of Opportunity' proposals, in which observations are scheduled if a transient event covered by the proposal occurs during the scheduling cycle. In addition, up to 10% of the telescope time is designated Director's Discretionary (DD) Time. Astronomers can apply to use DD time at any time of year, and it is typically awarded for study of unexpected transient phenomena such as supernovae.[115]

Other uses of DD time have included the observations that led to the production of the Hubble Deep Field and Hubble Ultra Deep Field, and in the first four cycles of telescope time, observations carried out by amateur astronomers.

 Amateur observations

The first director of STScI, Riccardo Giacconi, announced in 1986 that he intended to devote some of his Director Discretionary time to allowing amateur astronomers to use the telescope. The total time to be allocated was only a few hours per cycle, but excited great interest among amateur astronomers.[116]
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Near-infrared-light image from WFC3 of "Mystic Mountain" in the stellar nursery of Carina Nebula. More stars can be seen because of transparency to heat





Proposals for amateur time were stringently peer reviewed by a committee of leading amateur astronomers, and time was awarded only to proposals that were deemed to have genuine scientific merit, did not duplicate proposals made by professionals, and required the unique capabilities of the space telescope. In total, 13 amateur astronomers were awarded time on the telescope, with observations being carried out between 1990 and 1997. One such study was Transition Comets – UV Search for OH Emissions in Asteroids. The very first proposal, "A Hubble Space Telescope Study of Post Eclipse Brightening and Albedo Changes on Io", was published in Icarus,[117] a journal devoted to solar system studies. After that time, however, budget reductions at STScI made the support of work by amateur astronomers untenable, and no further amateur programs have been carried out.[118]

 20th anniversary


[image: ]

[image: ]

A pillar of gas and dust in the Carina Nebula. This Wide Field Camera 3 image, dubbed "Mystic Mountain", was released in 2010 to commemorate Hubble's 20th anniversary in space.





The Hubble Telescope celebrated its 20th anniversary in space on April 22, 2010. To commemorate the occasion, NASA, ESA, and Space Telescope Institute (STScI) released an image from the Carina Nebula.[119]

 Hubble data

 Transmission to Earth

Hubble data was initially stored on the spacecraft. When launched, the storage facilities were old-fashioned reel-to-reel tape recorders, but these were replaced by solid state data storage facilities during servicing missions 2 and 3A. About twice daily, the Hubble Space Telescope radios data to a satellite in the geosynchronous Tracking and Data Relay Satellite System, which then downlinks the science data to one of two 60-foot (18-meter) diameter high-gain microwave antennas located at the White Sands Test Facility in White Sands, New Mexico.[120] From there they are sent to the Space Telescope Operations Control Center at Goddard Space Flight Center, and finally to the Space Telescope Science Institute for archiving.[120] Each week, HST downlinks approximately 120 gigabytes of data.[121]

 Archives

All Hubble data is eventually made available via the archives at STScI,[122] CADC[123] and ESA/ESAC.[124] Data is usually proprietary—available only to the principal investigator (PI) and astronomers designated by the PI—for one year after being taken. The PI can apply to the director of the STScI to extend or reduce the proprietary period in some circumstances.[125]

Observations made on Director's Discretionary Time are exempt from the proprietary period, and are released to the public immediately. Calibration data such as flat fields and dark frames are also publicly available straight away. All data in the archive is in the FITS format, which is suitable for astronomical analysis but not for public use.[126] The Hubble Heritage Project processes and releases to the public a small selection of the most striking images in JPEG and TIFF formats.[127]

 Pipeline reduction
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Data analysis of a spectrum reveals the chemistry of hidden clouds





Astronomical data taken with CCDs must undergo several calibration steps before they are suitable for astronomical analysis. STScI has developed sophisticated software that automatically calibrates data when they are requested from the archive using the best calibration files available. This 'on-the-fly' processing means that large data requests can take a day or more to be processed and returned. The process by which data are calibrated automatically is known as 'pipeline reduction', and is increasingly common at major observatories. Astronomers may if they wish retrieve the calibration files themselves and run the pipeline reduction software locally. This may be desirable when calibration files other than those selected automatically need to be used.[128]

 Data analysis

Hubble data can be analysed using many different packages. STScI maintains the custom-made STSDAS (Space Telescope Science Data Analysis System) software, which contains all the programs needed to run pipeline reduction on raw data files, as well as many other astronomical image processing tools, tailored to the requirements of Hubble data. The software runs as a module of IRAF, a popular astronomical data reduction program.[129]

 Outreach activities
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In 2001, NASA polled internet users to find out what they would most like Hubble to observe; they overwhelmingly selected the Horsehead Nebula.





It has always been important for the Space Telescope to capture the public's imagination, given the considerable contribution of taxpayers to its construction and operational costs.[130] After the difficult early years when the faulty mirror severely dented Hubble's reputation with the public, the first servicing mission allowed its rehabilitation as the corrected optics produced numerous remarkable images.

Several initiatives have helped to keep the public informed about Hubble activities. The Hubble Heritage Project was established to provide the public with high-quality images of the most interesting and striking objects observed. The Heritage team is composed of amateur and professional astronomers, as well as people with backgrounds outside astronomy, and emphasizes the aesthetic nature of Hubble images. The Heritage Project is granted a small amount of time to observe objects which, for scientific reasons, may not have images taken at enough wavelengths to construct a full-color image.[127]

STScI maintains several comprehensive websites for the general public containing Hubble images and information about the observatory.[131][132][133][134] The outreach efforts are coordinated by the Office for Public Outreach, which was established in 2000 to ensure that US taxpayers saw the benefits of their investment in the space telescope program.
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Hubblecast logo





Since 1999, the leading Hubble outreach group in Europe has been the Hubble European Space Agency Information Centre (HEIC).[135] This office was established at the Space Telescope - European Coordinating Facility in Munich, Germany. HEIC's mission is to fulfill HST outreach and education tasks for the European Space Agency. The work is centered on the production of news and photo releases that highlight interesting Hubble results and images. These are often European in origin, and so increase awareness of both ESA's Hubble share (15%) and the contribution of European scientists to the observatory. ESA produces innovative educational material, including a videocast series called Hubblecast designed to share world-class scientific news with the public.

The Hubble Space Telescope has won two Space Achievement Awards from the Space Foundation for its outreach activities, in 2001 and 2010.[136]

There is a replica of the Hubble Telescope on the courthouse lawn in Marshfield, Missouri, the hometown of namesake Edwin P. Hubble.
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A small-scale replica of the Hubble Space Telescope in Marshfield, Missouri
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The "Twenty Years at the Frontier of Science" exhibition at the Istituto Veneto di Scienze, Lettere ed Arti in Venice, Italy.
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A WFPC2 image of a small region of the Tarantula Nebula in the Large Magellanic Cloud
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The panoramic view of super star cluster, R136.









 Future

 Equipment failure
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Hubble views the Fomalhaut system, imaged with a now offline ACS channel





Past servicing missions have exchanged old instruments for new ones, both avoiding failure and making possible new types of science. Without servicing missions, all of the instruments will eventually fail. In August 2004, the power system of the Space Telescope Imaging Spectrograph (STIS) failed, rendering the instrument inoperable. The electronics had originally been fully redundant, but the first set of electronics failed in May 2001.[137] This power supply was fixed during servicing mission 4 in May 2009. Similarly, the main camera (the ACS) primary electronics failed in June 2006, and the power supply for the backup electronics failed on January 27, 2007.[138] Only the instrument's Solar Blind Channel (SBC) was operable using the side-1 electronics. A new power supply for the wide angle channel was added during SM 4, but quick tests revealed this did not help the high resolution channel.[139]

HST uses gyroscopes to stabilize itself in orbit and point accurately and steadily at astronomical targets. Normally, three gyroscopes are required for operation; observations are still possible with two, but the area of sky that can be viewed would be somewhat restricted, and observations requiring very accurate pointing are more difficult.[140] There are further contingency plans for observations with just one gyro,[141] but if all gyros fail, continued scientific observations will not be possible. In 2005, it was decided to switch to two-gyroscope mode for regular telescope operations as a means of extending the lifetime of the mission. The switch to this mode was made in August 2005, leaving Hubble with two gyroscopes in use, two on backup, and two inoperable.[142] One more gyro failed in 2007.[143] By the time of the final repair mission, during which all six gyros were replaced (with two new pairs and one refurbished pair), only three gyros were still working. Engineers are confident that they have identified the root causes of the gyro failures,[144] and the new models should be much more reliable.[145]

 Orbital decay
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Hubble image of dust lanes in the elliptical galaxy Centaurus A





Hubble orbits the Earth in the extremely tenuous upper atmosphere, and over time its orbit decays due to drag. If it is not re-boosted by a shuttle or other means, it will re-enter the Earth's atmosphere sometime between 2019 and 2032, with the exact date depending on how active the Sun is and its impact on the upper atmosphere. If Hubble were to descend in a completely uncontrolled re-entry, parts of the main mirror and its support structure would probably survive, leaving the potential for damage or even human fatalities.[146]

NASA's original plan for safely de-orbiting Hubble was to retrieve it using a space shuttle. The Hubble telescope would then have most likely been displayed in the Smithsonian Institution. This is no longer possible since the space shuttle fleet has been retired, and would have been unlikely in any case due to the cost of the mission and risk to the crew. Instead NASA considered adding an external propulsion module to allow controlled re-entry.[147] Ultimately NASA installed the Soft Capture and Rendezvous System, to enable retrieval by either a crewed or robotic mission.[88]

 Successors

Further information: James Webb Space Telescope



	 Visible spectrum range 



	Color
	Wavelength



	violet
	380–450 nm



	blue
	450–475 nm



	cyan
	476–495 nm



	green
	495–570 nm



	yellow
	570–590 nm



	orange
	590–620 nm



	red
	620–750 nm




There is no direct successor to the Hubble as an ultraviolet and visible-light space telescope, as near-term space telescopes do not duplicate Hubble's wavelength coverage (near-ultraviolet to near-infrared wavelengths), instead concentrating on the farther infrared bands. These bands are preferred for studying high redshift and low-temperature objects, objects generally older and farther away in the universe. These wavelengths are also difficult or impossible to study from the ground, justifying the expense of a space-based telescope. Large ground-based telescopes can image some of the same wavelengths as Hubble, sometimes challenge HST in terms of resolution (via adaptive optics), have much larger light-gathering power, and can be upgraded more easily, but cannot yet match the Hubble's excellent resolution over a wide field of view with the very dark background of space.

Plans for a Hubble successor materialized as the Next Generation Space Telescope project, which culminated in plans for the James Webb Space Telescope (JWST), the formal successor of Hubble.[148] Very different from a scaled-up Hubble, it is designed to operate colder and farther away from the Earth at the L2 Lagrangian point, where thermal and optical interference from the Earth and Moon are lessened. It is not engineered to be fully serviceable (such as replaceable instruments), but the design includes a docking ring to enable visits from other spacecraft.[149] A main scientific goal of JWST is to observe the most distant objects in the universe, beyond the reach of existing instruments. It is expected to detect stars in the early Universe approximately 280 million years older than stars HST now detects.[150] The telescope is an international collaboration between NASA, the European Space Agency, and the Canadian Space Agency since 1996,[151] and is planned for launch on an Ariane 5 rocket.[152] Although JWST is primarily an infrared instrument, its coverage extends down to 600 nm wavelength light, or roughly orange in the visible spectrum. A typical human eye can see to about 750 nm wavelength light, so there is some overlap with the longest visible wavelength bands, including orange and red light.
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Hubble and JWST mirrors (4.5 m2 and 25 m2 respectively)





A complementary telescope, looking at even longer wavelengths than Hubble or JWST, is the European Space Agency's Herschel Space Observatory, launched on May 14, 2009. Like JWST, Herschel is not designed to be serviced after launch, and has a mirror substantially larger than Hubble's, but observes only in the far infrared and submillimeter. It also needs hydrogen coolant, of which it will likely run out of in the spring of 2013.

Further concepts for advanced 21st-century space telescopes include the Advanced Technology Large-Aperture Space Telescope,[153] a conceptualized 8- to 16-meter (320- to 640-inch) optical space telescope that if realized could be a more direct successor to HST, with the ability to observe and photograph astronomical objects in the visible, ultraviolet, and infrared wavelengths, with substantially better resolution than Hubble or the Spitzer Space telescope. This effort is being planned for the 2025–2035 time frame.



	Selected space telescopes & instruments[154]



	Name
	Year
	Wavelength
	Aperture



	Human eye
	—
	0.39–0.75 μm
	0.01 m



	Spitzer
	2003
	3–180 μm
	0.85 m



	Hubble STIS
	1997
	0.115–1.03 μm
	2.4 m



	Hubble WFC3
	2009
	0.2–1.7 μm
	2.4 m



	Herschel
	2009
	55–672 μm
	3.5 m



	JWST
	Planned
	0.6–28.5 μm
	6.5 m




Existing ground-based telescopes, and various proposed Extremely Large Telescopes, can exceed the HST in terms of sheer light-gathering power and diffraction limit due to larger mirrors, but other factors affect telescopes. In some cases, they may be able to match or beat Hubble in resolution by using adaptive optics (AO). However, AO on large ground-based reflectors will not make Hubble and other space telescopes obsolete. Most AO systems sharpen the view over a very narrow field—Lucky Cam, for example, produces crisp images just 10" to 20" wide, whereas Hubble's cameras are super sharp across a 2½' (150") field. Furthermore, space telescopes can study the heavens across the entire electromagnetic spectrum, most of which is blocked by Earth's atmosphere. Finally, the background sky is darker in space than on the ground, because air absorbs solar energy during the day and then releases it at night, producing a faint—but nevertheless discernible—airglow that washes out low-contrast astronomical objects.[155]

 List of Hubble instruments
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WFC3 on Sharpless 2-106








	Advanced Camera for Surveys (ACS)

	Cosmic Origins Spectrograph (COS)

	Corrective Optics Space Telescope Axial Replacement (COSTAR)

	Faint Object Camera (FOC)

	Faint Object Spectrograph (FOS)

	Fine Guidance Sensor (FGS)

	Goddard High Resolution Spectrograph (GHRS/HRS)

	High Speed Photometer (HSP)

	Near Infrared Camera and Multi-Object Spectrometer (NICMOS)

	Space Telescope Imaging Spectrograph (STIS)

	Wide Field and Planetary Camera (WFPC)

	Wide Field and Planetary Camera 2 (WFPC2)

	Wide Field Camera 3 (WFC3)



 See also
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	Astronomy portal
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	Spaceflight portal







	List of largest optical reflecting telescopes

	KH-11 spy satellite (launched in 1976) from which Hubble is understood to have been derived
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Cygnus (pron.: /ˈsɪɡnəs/) is a northern constellation lying on the plane of the Milky Way. Its name is the Latinized Hellenic (Greek) word for swan. One of the most recognizable constellations of the northern summer and autumn, it features a prominent asterism known as the Northern Cross (in contrast to the Southern Cross). Cygnus was among the 48 constellations listed by the 2nd century astronomer Ptolemy, and it remains one of the 88 modern constellations.
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 Notable features
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The constellation Cygnus as it can be seen by the naked eye.





 Stars

See also: List of stars in Cygnus

There are several bright stars in Cygnus. Alpha Cygni, called Deneb, is the brightest star in Cygnus. It is a blue-white hued supergiant star of magnitude 1.3,[1] about 3200 light-years away.[2] The traditional name of Alpha Cygni means "tail" and refers to its position in the constellation. Albireo, designated Beta Cygni, is a celebrated binary star among amateur astronomers for its contrasting hues. The primary is an orange-hued giant star of magnitude 3.1 and the secondary is a blue-green hued star of magnitude 5.1. The system is 380 light-years away and is divisible in large binoculars and all amateur telescopes.[3] Gamma Cygni, traditionally named Sadr, is a yellow-tinged supergiant star of magnitude 2.2, 1500 light-years away. Its traditional name means "breast" and refers to its position in the constellation.[4] Delta Cygni is another bright binary star in Cygnus, 171 light-years with a period of 800 years. The primary is a blue-white hued giant star of magnitude 2.9, and the secondary is a star of magnitude 6.6. The two components are divisible in a medium-sized amateur telescope.[5] The fifth star in Cygnus above magnitude 3 is Gienah, designated Epsilon Cygni. It is an orange-hued giant star of magnitude 2.5, 72 light-years from Earth.[6][7]

There are several other dimmer double and binary stars in Cygnus. Mu Cygni is a binary star with an optical tertiary component. The binary system has a period of 790 years and is 73 light-years from Earth. The primary and secondary, both white stars, are of magnitude 4.8 and 6.2, respectively. The unrelated tertiary component is of magnitude 6.9. Though the tertiary component is divisible in binoculars, the primary and secondary currently require a medium-sized amateur telescope to split, as they will through the year 2020. The two stars will be closest between 2043 and 2050, when they will require a telescope with larger aperture to split. Omicron Cygni is a contrasting double star similar to the brighter Albireo. The components, 30 Cygni and 31 Cygni, are divisible in binoculars. The primary, 31 Cygni, is an orange-hued star of magnitude 3.8, 1400 light-years from Earth. The secondary, 30 Cygni, is a blue-green hued star of magnitude 4.8, 720 light-years from Earth. 31 Cygni itself is a binary star; the tertiary component is a blue star of magnitude 7.0. Psi Cygni is a binary star divisible in small amateur telescopes, with two white components. The primary is of magnitude 5.0 and the secondary is of magnitude 7.5. 61 Cygni is a binary star divisible in large binoculars or a small amateur telescope. It is 11.4 light-years from Earth and has a period of 650 years. Both components are orange-hued dwarf (main sequence) stars; the primary is of magnitude 5.2 and the secondary is of magnitude 6.1. 61 Cygni is significant because Friedrich Wilhelm Bessel determined its parallax in 1838, the first star to have a known parallax. 16 Cygni is a binary star 70 light-years from Earth. Both components are white and of the 6th magnitude.[7]

Cygnus is also home to several variable stars. Chi Cygni is a red giant and the second-brightest Mira variable star at its maximum. Its maximum magnitude is 3.3 and its minimum magnitude is 14; it has a diameter of 300 solar diameters. Chi Cygni has a period of 400 days and is 350 light-years from Earth. P Cygni is a large, unstable blue supergiant that is evolving into a red supergiant. In 1600, it brightened suddenly to 3rd magnitude, though its normal magnitude is approximately 5. It began to brighten gradually in the 1700s and has continued to brighten to the present day; this is part of the process of stellar evolution. W Cygni is a semi-regular variable red giant star, 618 light-years from Earth. It has a maximum magnitude of 5 and a minimum magnitude 8; its period of 130 days.[7]

There are several asterisms in Cygnus. Patchik 56 is one less prominent, a small asterism that measures 3.3 by 2.2 arcminutes. Named for its discoverer, Dana Patchik, an amateur astronomer, it appears in small amateur telescopes as a group of six stars described as resembling a dolphin.[8]
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The two component stars of Albireo are easily distinguished, even in a small telescope.





 Deep-sky objects

Several star clusters and nebulae are found in Cygnus due to its position on the Milky Way.

M39 (NGC 7092) is an open cluster 950 light-years from Earth that is visible to the unaided eye under dark skies. It is loose, with about 30 stars arranged over a wide area; their conformation appears triangular. The brightest stars of M39 are of the 7th magnitude.[7] Another open cluster in Cygnus is NGC 6910, also called the Rocking Horse Cluster, possessing 16 stars with a diameter of 5 arcminutes visible in a small amateur instrument; it is of magnitude 7.4. The brightest of these are two gold-hued stars, which represent the bottom of the toy it is named for. A larger amateur instrument reveals 8 more stars, nebulosity to the east and west of the cluster, and a diameter of 9 arcminutes. The nebulosity in this region is part of the Gamma Cygni Nebula. The other stars, approximately 3700 light-years from Earth, are mostly blue-white and very hot.[8]
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This Hubble Space Telescope picture captures a brief but beautiful phase late in the life of a star in the constellation of Cygnus.





Other open clusters in Cygnus include Dolidze 9, Collinder 421, Dolidze 11, and Berkeley 90. Dolidze 9, 2800 light-years from Earth and relatively young at 20 million light-years old, is a faint open cluster with up to 22 stars visible in small and medium-sized amateur telescopes. Nebulosity is visible to the north and east of the cluster, which is 7 arcminutes in diameter. The brightest star appears in the eastern part of the cluster and is of the 7th magnitude; another bright star has a yellow hue. Dolidze 11 is an open cluster 400 million years old, farthest away of the three at 3700 light-years. More than 10 stars are visible in an amateur instrument in this cluster, of similar size to Dolidze 9 at 7 arcminutes in diameter, whose brightest star is of magnitude 7.5. It, too, has nebulosity in the east. Collinder 421 is a particularly old open cluster at an age of approximately 1 billion years; it is of magnitude 10.1. 3100 light-years from Earth, more than 30 stars are visible in a diameter of 8 arcseconds. The prominent star in the north of the cluster has a golden color, whereas the stars in the south of the cluster appear orange. Collinder 421 appears to be embedded in nebulosity, which extends past the cluster's borders to its west. Berkeley 90 is a smaller open cluster, with a diameter of 5 arcminutes. More than 16 members appear in an amateur telescope.[8]

NGC 6826, the Blinking Planetary Nebula, is a planetary nebula with a magnitude of 8.5, 3200 light-years from Earth. It appears to "blink" in the eyepiece of a telescope because its central star is unusually bright[9] (10th magnitude).[7] When an observer focuses on the star, the nebula appears to fade out.[9] Less than one degree from the Blinking Planetary is the double star 16 Cygni.[7]

The North America Nebula (NGC 7000) is one of the most well-known nebulae in Cygnus, because it is visible to the unaided eye under dark skies, as a bright patch in the Milky Way. However, its characteristic shape is only visible in long-exposure photographs - it is difficult to observe in telescopes because of its low surface brightness. It has low surface brightness because it is so large; at its widest, the North America Nebula is 2 degrees across. Illuminated by a hot embedded star of magnitude 6, NGC 7000 is 1500 light-years from Earth.[7]

To the south of Epsilon Cygni is the Veil Nebula (NGC 6960, 6962, 6979, 6992, and 6995), a 5,000-year-old supernova remnant covering approximately 3 degrees of the sky -[10] it is over 50 light-years long.[7] Because of its appearance, it is also called the Cygnus Loop.[10] The Loop is only visible in long-exposure astrophotographs. However, the brightest portion, NGC 6992, is faintly visible in binoculars, and a dimmer portion, NGC 6960, is visible in wide-angle telescopes.[7]

The Northern Coalsack Nebula, also called the Cygnus Rift, is a dark nebula located in the Cygnus Milky Way.[7]

The Gamma Cygni Nebula (IC 1318) includes both bright and dark nebulae in an area of over 4 degrees. DWB 87 is another of the many bright emission nebulae in Cygnus, 7.8 by 4.3 arcminutes. It is in the Gamma Cygni area. Two other emission nebulae include Sharpless 2-112 and Sharpless 2-115. When viewed in an amateur telescope, Sharpless 2-112 appears to be in a teardrop shape. More of the nebula's eastern portion is visible with an O III (doubly ionized oxygen) filter. There is an orange star of magnitude 10 nearby and a star of magnitude 9 near the nebula's northwest edge. Further to the northwest, there is a dark rift and another bright patch. The whole nebula measures 15 arcminutes in diameter. Sharpless 2-115 is another emission nebula with a complex pattern of light and dark patches. Two pairs of stars appear in the nebula; it is larger near the southwestern pair. The open cluster Berkeley 90 is embedded in this large nebula, which measures 30 by 20 arcminutes.[8]

Also of note is the Crescent Nebula (NGC 6888), located between Gamma and Eta Cygni, which was formed by the Wolf-Rayet star HD 192163.

In recent years, amateur astronomers have made some notable Cygnus discoveries. The "Soap bubble nebula" (PN G75.5+1.7), near the Crescent nebula, was discovered on a digital image by Dave Jurasevich in 2007. In 2011, Austrian amateur Matthias Kronberger discovered a planetary nebula (Kronberger 61, now nicknamed "The Soccer Ball") on old survey photos, confirmed recently in images by the Gemini Observatory; both of these are likely too faint to be detected by eye in a small amateur scope.

But a much more obscure and relatively 'tiny' object—one which is readily seen in dark skies by amateur telescopes, under good conditions—is the newly-discovered nebula (likely reflection type) associated with the star 4 Cygni (HD 183056): an approximately fan-shaped glowing region of several arcminutes' diameter, to the south and west of the fifth-magnitude star. It was first discovered visually near San Jose, California and publicly reported by amateur astronomer Stephen Waldee in 2007, and was confirmed photographically by Al Howard in 2010. California amateur astronomer Dana Patchick also says he detected it on the Palomar Observatory survey photos in 2005 but had not published it for others to confirm and analyze at the time of Waldee's first official notices and later 2010 paper.
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A bubbling cauldron of star birth is highlighted in this image from NASA's Spitzer Space Telescope.





The constellation also contains the X-ray source Cygnus X-1, which is now thought to be caused by a black hole accreting matter in a binary star system. The system is located close to the star Eta Cygni on star charts.

More supernovae have been seen in the Fireworks Galaxy (NGC 6946) than in any other galaxy.

Cygnus A is the first radio galaxy discovered; at a distance of 730 million light-years from Earth, it is the closest powerful radio galaxy. In the visible spectrum, it appears as an elliptical galaxy in a small cluster. It is classified as an active galaxy because the supermassive black hole at its nucleus is accreting matter, which produces two jets of matter from the poles. The jets' interaction with the interstellar medium creates radio lobes, one source of radio emissions.[10]

 Extrasolar planets

Several extrasolar planets including HAT-P-7b, HAT-P-11b, HD 185269 b, HD 187123 b and c, Gliese 777 b and c, and 16 Cygni Bb, have been discovered in Cygnus, but the most notable is Kepler 22b, which is believed to be the first "Earth-twin" planet ever discovered, with an estimated average surface temperature of 73 degrees Fahrenheit. In January 2010 the Kepler Mission announced the discovery of the additional planets Kepler-5b and Kepler-6b, which are expected to be the first of many discovered by the mission, which has a significant part of its field of view in Cygnus. Now with numerous planets discovered by Kepler, Cygnus contains more identified planet-hosting stars than any other constellation, it currently stands at 57.

 History and mythology
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Cygnus as depicted in Urania's Mirror, a set of constellation cards published in London c.1825. Surrounding it are Lacerta, Vulpecula and Lyra.





In Greek mythology, Cygnus has been identified with several different legendary swans. Zeus disguised himself as a swan to seduce Leda, Spartan king Tyndareus's wife, who gave birth to the Gemini, Helen of Troy and Clytemnestra;[7] Orpheus was transformed into a swan after his murder, and was said to have been placed in the sky next to his lyre (Lyra); and the King Cycnus was transformed into a swan.

In Ovid's Metamorphoses, there are three people named Cygnus, all of whom are transformed into swans. Alongside Cycnus, noted above, he mentions a boy from Tempe who commits suicide when Phyllius refuses to give him a tamed bull that he demands, but is transformed into a swan and flies away. He also mentions a son of Neptune who is an invulnerable warrior in the Trojan War who is eventually defeated by Achilles, but Neptune saves him by transforming him into a swan.

Cygnus, together with other avian constellations near the summer solstice, Vultur cadens and Aquila, may be a significant part of the origin of the myth of the Stymphalian Birds, one of The Twelve Labours of Hercules.[11]

Normally, Cygnus is depicted with Delta and Epsilon Cygni as its wings, Deneb as its tail, and Albireo as the tip of its beak.[7]

 Equivalents

In Polynesia, Cygnus was often recognized as a separate constellation. In the Society Islands it was called Pirae-tea, in Tonga it was called Tuula-lupe, and in the Tuamotus it was called Fanui-tai. Deneb was also often given a name. In New Zealand it was called Mara-tea, in the Society Islands it was called Pirae-tea or Taurua-i-te-haapa-raa-manu, and in the Tuamotus it was called Fanui-raro. Beta Cygni was named in New Zealand; it was likely called Whetu-kaupo. Gamma Cygni was called Fanui-runga in the Tuamotus.[12]

 Musical references

Biosphere's song Cygnus-A, The Mars Volta's song Cygnus....Vismund Cygnus, the Cygnus X-1 duology by Rush, and throughout The Lonely Forest's concept album Nuclear Winter, all include references to Cygnus.

 Namesakes


	USS Cygnus (AF-23), a former cargo ship of the United States Navy, is named after the constellation.



 Popular Culture

Cygnus Hyōga is one of the main characters of the manga and anime series Saint Seiya whose cloth is named after the Cygnus constellation.

The 2008 video game Dead Space is set in a star system named Cygnus.

 See also


	Cygnus Loop

	John Birmingham (astronomer)

	Cygnus Bubble

	Cygnus (Chinese astronomy)

	Kronberger 61

	Orion can be confused with Cygnus by novice observers.



 Notes



	^ Jim Kaler (26 Jun 2009). "Deneb". Stars. Retrieved 15 Jan 2013. 

	^ "Deneb: A distant and very luminous star". Retrieved 15 Jan 2013. 

	^ Jim Kaler. "Albireo". Stars. Retrieved 15 Janurary 2013. 

	^ Jim Kaler (30 Nov 2012). "Sadr". Stars. Retrieved 15 Jan 2013. 

	^ Jim Kaler. "DELTA CYG". Stars. Retrieved 15 Jan 2013. 

	^ Jim Kaler. "GIENAH CYGNI". Stars. Retrieved 15 Jan 2013. 

	^ a b c d e f g h i j k l Ridpath & Tirion 2001, pp. 134-137.

	^ a b c d French, Sue (September 2012). "Guide Me, Cygnus". Sky and Telescope: 58–60. 

	^ a b Levy 2005, pp. 130-131.

	^ a b c Wilkins, Jamie; Dunn, Robert (2006). 300 Astronomical Objects: A Visual Reference to the Universe. Buffalo, New York: Firefly Books. ISBN 978-1-55407-175-3. 

	^ Allen (1963) p. 56.

	^ Makemson 1941, p. 282.
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 External links


	The Deep Photographic Guide to the Constellations: Cygnus

	Northern Cygnus Mosaic Pan and Zoom In on deep sky objects in Cygnus.

	The clickable Cygnus

	Star Tales – Cygnus

	4 Cygni Nebula
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For other uses, see Polaris (disambiguation).


Alpha Ursae Minoris
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Polaris as seen by the Hubble Space Telescope.





	Observation data

Epoch J2000      Equinox J2000



	Constellation
	Ursa Minor



	Component
	α UMi Aa
	α UMi Ab
	α UMi B



	Right ascension
	02h 31m 49.09s
	
	02h 30m 41.63s



	Declination
	+89° 15′ 50.8″
	
	+89° 15′ 38.1″



	Apparent magnitude (V)
	1.98v[1]
	9.2[1]
	8.7[1]



	Characteristics



	Spectral type
	F7Ib
	F6V
	F3V



	U-B color index
	0.38[1]
	
	0.01[2]



	B-V color index
	0.60[1]
	
	0.42[2]



	Variable type
	Classical Cepheid
	
	



	Astrometry



	Radial velocity (Rv)
	-17 km/s



	Proper motion:
	 



	RA (μα cos δ)
	44.48±0.11 mas/yr



	Dec. (μδ)
	-11.85±0.13 mas/yr



	Parallax (π)
	7.54 ± 0.11 mas



	Distance
	325[3] - 425[4] ly

(99[3] - 129.5[4] pc)



	Absolute magnitude (MV)
	-3.6[1]
	3.6[1]
	3.1[1]



	Details



	Mass
	4.5[1] M☉
	1.26[1] M☉
	1.39[1] M☉



	Radius
	46±3[1] R☉
	
	1.38[2] R☉



	Surface gravity (log g)
	2.2[5]
	
	4.3[2]



	Luminosity (bolometric)
	2500[6] L☉
	3[1] L☉
	3.9[2] L☉



	Temperature
	6015[2] K
	
	6900[2] K



	Metallicity
	112% solar[7]
	
	



	Rotation
	119 days[8]
	
	



	Rotational velocity (v sin i)
	14[8]km/s
	
	110[2]km/s



	Age
	7×107[9] years



	Orbits[1]



	Secondary/primary
	Ab/Aa
	B/A



	Period (P)
	29.59 years
	~100,000 years



	Semimajor axis (a)
	0.133"
	32" (0.02 pc)



	Eccentricity (e)
	0.608
	



	Inclination (i)
	128°
	



	Longitude of node (Ω)
	19°
	



	Argument of periastron (ω)

(secondary)
	303°
	



	Semi-amplitude (K1)

(primary)
	3.72km/s
	



	Position (relative to Aa)



	Epoch of observation
	
	2005.5880
	2005.5880



	Angular distance
	
	0.172″
	18.217″



	Position angle
	
	231.4°
	230.540°



	Database references



	SIMBAD
	data
	
	data



	Other designations



	
Polaris, North Star, 1 Ursae Minoris, HR 424, BD +88°8, HD 8890, SAO 308, FK5 907, GC 2243, ADS 1477, CCDM 02319+8915, HIP 11767, Cynosura, Alruccabah, Phoenice, Navigatoria, Star of Arcady, Yilduz, Mismar





	




Polaris (α UMi, α Ursae Minoris, Alpha Ursae Minoris, commonly North Star, Northern Star or Pole Star, also Lodestar, sometimes Guiding star) is the brightest star in the constellation Ursa Minor. It is very close to the north celestial pole, making it the current northern pole star.

It is a multiple star, consisting of the main star α UMi Aa, two smaller companions, α UMi B and α UMi Ab, and two distant components α UMi C and α UMi D. α UMi B was discovered in 1780 by William Herschel.

Many recent papers calculate the distance to Polaris at about 434 light-years (133 parsecs).[4] Some suggest it may be 30% closer which, if correct, is especially notable because Polaris is the closest Cepheid variable to Earth so its physical parameters are of critical importance to the whole astronomical distance scale.[3]
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 Star system

α UMi Aa is a 4.5 solar mass F7 supergiant (Ib). This is the first classical Cepheid to have a dynamical mass determined from its orbit. The two smaller companions are: α UMi B, a 1.39 solar mass F3 main sequence star orbiting at a distance of 2400 AU, and α UMi Ab (or P), a very close F6 main sequence star with an 18.8 AU radius orbit and 1.26 solar masses. There are also two distant components α UMi C and α UMi D.[9]

Polaris B can be seen even with a modest telescope. It was found by William Herschel in 1780 using one of the most powerful telescopes at the time: a reflecting telescope that he had made. In 1929, it was discovered by examining the spectrum of Polaris A that it was a very close binary with the secondary being a dwarf (variously α UMi P, α UMi a or α UMi Ab), which had been theorized in earlier observations (Moore, J.H and Kholodovsky, E. A.). In January 2006, NASA released images from the Hubble telescope, directly showing all three members of the Polaris ternary system. The nearer dwarf star is in an orbit of only 18.5 AU (2.8 billion km,[10] about the distance from our Sun to Uranus) from Polaris A, explaining why its light is swamped by its close and much brighter companion.[4]

 Variable star

Polaris A, the supergiant primary component, is a classic Population I Cepheid variable, although it was once thought to be Population II due to its high galactic latitude. Since Cepheids are an important standard candle for determining distance, Polaris, as the closest such star, is heavily studied. The variability of Polaris had been suspected since 1852; this variation was confirmed by Ejnar Hertzsprung in 1911.[11]

Both the amplitude and period of the variations have changed since discovery. Prior to 1963 the amplitude was over 0.1 magnitude and decreasing very gradually. After 1966 it decreased very rapidly until it was less than 0.05 magnitude and since then has varied erratically near that range. It has been reported that the period is now increasing.[8] The period increased fairly steadily by around 4 seconds per year until 1963. It then stayed constant for 3 years, but began to increase again from 1966 onwards. Current measurements show a consistent increase of 3.2 seconds per year in the period. This was originally thought to be due to secular red-ward evolution across the instability strip, but is now considered to be interference between the primary and first overtone pulsation modes. Comparison of the period luminosity relationship and the observed luminosity indicate that the main pulsations are the first overtone.[4][12][13]

Research reported in Science suggests that Polaris is 2.5 times brighter today than when Ptolemy observed it, changing from third to its current second magnitude.[14] Astronomer Edward Guinan considers this to be a remarkable rate of change and is on record as saying that "If they are real, these changes are 100 times larger than [those] predicted by current theories of stellar evolution."

 Names

Further information: Axis mundi
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This artist's concept shows two class F stars: supergiant Polaris A and its distant companion Polaris B





Because of its importance in celestial navigation, Polaris is known by numerous names.

One ancient name for Polaris was Cynosūra, from the Greek κυνόσουρα "the dog’s tail" (reflecting a time when the constellation of Ursa Minor "Little Bear" was taken to represent a dog), whence the English word cynosure.[15][16] Most other names are directly tied to its role as pole star.

In English, it was known as "pole star" or "north star", in Spenser also "steadfast star". An older English name, attested since the 14th century, is lodestar "guiding star", cognate with the Old Norse leiðarstjarna, Middle High German leitsterne. Use of the name Polaris in English dates to the 17th century. It is an ellipsis for the Latin stella polaris "pole star". Another Latin name is stella maris "sea-star", from an early time also used as a title of the Blessed Virgin Mary, popularized in the hymn Ave Maris Stella (8th century).[17] In traditional Indian astronomy, its name in Sanskrit dhruva tāra, literally "fixed star". Its name in medieval Islamic astronomy was variously reported as Mismar "needle, nail", al-kutb al-shamaliyy "the northern axle/spindle", al-kaukab al-shamaliyy "north star". The name Alruccabah or Ruccabah reported in 16th century western sources was that of the constellation.[18]

In the Old English rune poem, the T-rune is identified with Tyr "fame, honour", which is compared to the pole star, ᛏ [tir] biþ tacna sum, healdeð trywa wel "[fame] is a sign, it keeps faith well". Shakespeare's sonnet 116 is an example of the symbolism of the north star as a guiding principle: "[Love] is the star to every wandering bark / Whose worth's unknown, although his height be taken."




 Role as pole star
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A typical star trail with Polaris in the center





Further information: Pole star

Because in the current era[19] α UMi lies nearly in a direct line with the axis of the Earth's rotation "above" the North Pole—the north celestial pole—Polaris stands almost motionless in the sky, and all the stars of the Northern sky appear to rotate around it. Therefore, it makes an excellent fixed point from which to draw measurements for celestial navigation and for astrometry. The moving of Polaris towards, and in the future away from, the celestial pole, is due to the precession of the equinoxes.[19] The celestial pole will move away from α UMi after the 21st century, passing close by Gamma Cephei by about the 41st century. Historically, the celestial pole was close to Thuban around 2500 BC.,[19] and during Classical Antiquity, it was closer to Kochab (β UMi) than to α UMi. It was about the same angular distance from either β UMi than to α UMi by the end of Late Antiquity. The Greek navigator Pytheas in ca. 320 BC described the celestial pole as devoid of stars. However, as one of the brighter stars close to the celestial pole, Polaris was used for navigation at least from Late Antiquity, and described as αει φανης "always visible" by Stobaeus (5th century). α UMi could reasonably be described as stella polaris from about the High Middle Ages.

In more recent history it was referenced in Nathaniel Bowditch's 1802 book, The American Practical Navigator, where it is listed as one of the navigational stars.[20] At present, Polaris is 0.7° away from the pole of rotation (1.4 times the Moon disc) and hence revolves around the pole in a small circle 1½° in diameter. Only twice during every sidereal day does Polaris accurately define the true north azimuth; the rest of the time it is slightly displaced to East or West, and to bearing must be corrected using tables or a rough rule of thumb. The best approximate[21] was made using the leading edge of the "Big Dipper" asterism in the constellation Ursa Major as a point of reference. The leading edge (defined by the stars Dubhe and Merak) was referenced to a clock face, and the true azimuth of Polaris worked out for different latitudes.

 Distance


Selected distance estimates to Polaris

	Year
	Distance, ly (pc)
	Notes



	
	433 ly (133 pc)
	Hipparcos



	2006
	330 ly (101 pc)
	Turner[12]



	2008
	359 ly (110 pc)
	Usenko & Klochkova[2]



	2012
	323 ly (99 pc)
	Turner, et al.[3]





[image: ]

[image: ]

Stellar parallax is the basis for the parsec, which is the distance from the Sun to an astronomical object which has a parallax angle of one arcsecond. (1 AU and 1 pc are not to scale, 1 pc = about 206265 AU)





Many recent papers calculate the distance to Polaris at about 434 light-years (133 parsecs),[4] in agreement with parallax measurements from the Hipparcos astrometry satellite. Older distance estimates were often slightly less, and recent research based on high resolution spectral analysis suggests it's about 100 light years closer (323 ly/99 pc).[3] Polaris is the closest Cepheid variable to Earth so its physical parameters are of critical importance to the whole astronomical distance scale.[3] It is also the only one with a dynamically measured mass.

The Hipparcos spacecraft used stellar parallax to take measurements from 1989 and 1993 with an accuracy of 0.97 milliarcseconds (970 microarcseconds), and it obtained accurate measurements for stellar distances up to 1,000 pc away.[22][23] Despite the advantages of Hipparcos astrometry, the uncertainty in its Polaris data has been pointed out and some researches have questioned the accuracy of Hipparcos when measuring binary Cephids like Polaris.[3]

The next major step in high precision parallax measurements will come from Gaia, a space astrometry mission due to launch in 2013 intended to measure stellar distances to within 20 microarcseconds (μas), with only 10% error for stars 8,000 pc (26 kly) away.[24] Gaia will not be able to take measurements on bright stars like Polaris, but it may help with measurements of other members of assumed associations and with the general galactic distance scale. Radio telescopes have also been used to produce accurate parallax measurements at large distances, but these require a compact radio source in close association with the star which is typically only the case for cool supergiants with masers in their circumstellar material.[25]

 See also


	Polar alignment

	Polaris in fiction
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	^ a b c d e f g h i j k l m n Evans, N. R.; Schaefer, G. H.; Bond, H. E.; Bono, G.; Karovska, M.; Nelan, E.; Sasselov, D.; Mason, B. D. (2008). "Direct Detection of the Close Companion of Polaris with Thehubble Space Telescope". The Astronomical Journal 136 (3): 1137. doi:10.1088/0004-6256/136/3/1137.  edit
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	^ a b c d e f g Turner; Kovtyukh; Igor Usenko; Gorlova (2012). "The Pulsation Mode of the Cepheid Polaris". arXiv:1211.6103v1 [astro-ph.SR].
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	^ Usenko, I. A.; Miroshnichenko, A. S.; Klochkova, V. G.; Yushkin, M. V. (2005). "Polaris, the nearest Cepheid in the Galaxy: Atmosphere parameters, reddening and chemical composition". Monthly Notices of the Royal Astronomical Society 362 (4): 1219. doi:10.1111/j.1365-2966.2005.09353.x.  edit

	^ Spreckley, S. A.; Stevens, I. R. (2008). "The period and amplitude changes of Polaris ( UMi) from 2003 to 2007 measured with SMEI". Monthly Notices of the Royal Astronomical Society: –. doi:10.1111/j.1365-2966.2008.13439.x.  edit

	^ Cayrel De Strobel, G.; Soubiran, C.; Ralite, N. (2001). "Catalogue of \Fe/H] determinations for FGK stars: 2001 edition". Astronomy and Astrophysics 373: 159. doi:10.1051/0004-6361:20010525.  edit

	^ a b c Lee, B. C.; Mkrtichian, D. E.; Han, I.; Park, M. G.; Kim, K. M. (2008). "Precise Radial Velocities of Polaris: Detection of Amplitude Growth". The Astronomical Journal 135 (6): 2240. doi:10.1088/0004-6256/135/6/2240.  edit

	^ a b Wielen; Jahreiss; Dettbarn; Lenhardt; Schwan (2000). "Polaris: Astrometric orbit, position, and proper motion". arXiv:astro-ph/0002406 [astro-ph].
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	^ Hertzsprung, Ejnar (August 1911). "Nachweis der Veränderlichkeit von α Ursae Minoris". Astronomische Nachrichten (in German) 189 (6): 89. Bibcode:1911AN....189...89H. doi:10.1002/asna.19111890602. 
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	^ Richard Hinckley Allen, Star names: their lore and meaning (1899), p. 457.

	^ a b c Norton, Arthur P. (1973). Norton's Star Atlas. Edinburgh: Sky Publishing. p. 10. ISBN 0-85248-900-5. "4500 years ago it was Thuban (α Draconis); 8000 years hence it will be Deneb" 

	^ Nathaniel Bowditch: The American Practical Navigator, 2002 Bicentennial Ed., Chapter 15 Navigational Astronomy, page 248, Figure 1530a. Navigational stars and the planets

	^ A visual method to correct a ship's compass using Polaris using Ursa Major as a point of reference [1]

	^ "The Hipparcos Space Astrometry Mission". Retrieved August 28, 2007. 

	^ Catherine Turon, From Hipparchus to Hipparcos

	^ GAIA from ESA.

	^ Radio Telescopes' Precise Measurements Yield Rich Scientific Payoffs





 External links


	Info on Polaris

	Finding the Pole Star
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HD 188753 is a hierarchical triple star system approximately 151 light-years away in the constellation of Cygnus, the Swan. In 2005, an extrasolar planet was announced to be orbiting the primary star (designated HD 188753 A) in the system. Follow-up measurements by an independent group in 2007 did not confirm the planet's existence.[8]
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 Stellar components
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The orbit of HD 188753 BC





The primary star, HD 188753 A, is similar to the Sun[9] with a mass only 6% larger and a stellar classification of G8V.[3] Orbiting this primary at a distance of 12.3 AU[5] is a pair of smaller stars that orbit each other with a period of 156.0 ± 0.1 days, a semi-major axis of 0.67 AU, and eccentricity of 0.1 ± 0.03. The pair have estimated masses of 0.96 and 0.67 solar masses.[5] They orbit the primary with a period of about 25.7 years and an orbital eccentricity of about 0.50.[5] The periastron distance of this orbit is 6.2 AU.[8]

 Possible planet

In 2005 the discovery of a candidate planet orbiting the primary star of the triple star system was announced. This planet, which received the designation HD 188753 Ab, was announced by a Polish astronomer working in the United States, Dr. Maciej Konacki.[9] This would not be the first known planet in a triple star system – for example, the planet 16 Cygni Bb had been discovered earlier, orbiting one of the components of a wide triple system also in the constellation of Cygnus.

Since HD 188753 Ab was believed to be orbiting in a multi-star system, Konacki referred to planets of this type as "Tatooine planets" after Luke Skywalker's home world.[10] The detection of this planet has been challenged by Eggenberger et al.[8][11]
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Artist's impression of the sight from a (hypothetical) moon of planet HD 188753 Ab (upper left), which orbits HD 188753. The brightest star is just below the horizon.





The candidate planet, a hot Jupiter gas giant slightly more massive than Jupiter, was thought to orbit the star HD 188753 A once every 80 hours or so (3.3 days), at a distance of about 8 million kilometers, a twentieth of the distance between Earth and the Sun. The existence of HD 188753 Ab in a relatively close triple star system challenged the current models of planet formation. The current idea is that giant planets form in the outer reaches of their system (in orbits similar to those of Jupiter and Saturn). Once formed, some of these planets may migrate close to their stars, becoming hot Jupiters. The theoretical difficulty in understanding HD 188753 Ab is that any protoplanetary disk would have ended around 1 astronomical unit from the primary star (due to the presence of the secondary stars). A Jovian planet should not have been able to form so close to the primary, and with no disk material beyond 1 AU, a planet should not have been able to form beyond that distance to migrate inward.[12] One of the possibilities suggested that the planet formed before the secondary stars had reached their current configuration. This suggests that the two secondary stars were once more distant than they are now.

An attempt to confirm the discovery failed. In 2007, a team at the Geneva Observatory stated that they had the precision and sampling rate sufficient to have detected the would-be planet, and that they did not detect it.[8] Konacki responded to this, stating that the precision of the follow-up measurements was not sufficient to confirm or deny the planet's existence and that he planned to release an update in 2007.[11] As of August 2012["http://adsabs.harvard.edu/cgi-bin/nph-ref_query?bibcode=2007A%26A...466.1179E&refs=CITATIONS&db_key=AST" [ref]], no update appears to have been published.
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This article is about the star in the Alpha Centauri system.  For other uses, see Proxima Centauri (disambiguation).

Proxima Centauri (Latin proxima, meaning "next to" or "nearest to")[12] is a red dwarf about 4.24 light-years distant inside the G-cloud in the constellation of Centaurus.[13][14] It was discovered in 1915 by Robert Innes, the Director of the Union Observatory in South Africa, and is the nearest known star to the Sun,[11] although it is too faint to be seen with the naked eye. Its distance to the second- and third-nearest stars, which form the bright binary Alpha Centauri, is 0.237 ± 0.011 ly (15,000 ± 700 AU).[15] Proxima Centauri is very likely part of a triple star system with Alpha Centauri A and B.

Because of the proximity of this star, its distance from the Sun and angular diameter can be measured directly, from which it can be determined that its diameter is about one-seventh of that of the Sun.[11] Proxima Centauri's mass is about an eighth of the Sun's, and its average density is about 40 times that of the Sun.[nb 2] Although it has a very low average luminosity, Proxima is a flare star that undergoes random dramatic increases in brightness because of magnetic activity.[16] The star's magnetic field is created by convection throughout the stellar body, and the resulting flare activity generates a total X-ray emission similar to that produced by the Sun.[17] The mixing of the fuel at Proxima Centauri's core through convection and the star's relatively low energy-production rate suggest that it will be a main-sequence star for another four trillion years,[18] or nearly 300 times the current age of the universe.[19]

Searches for companions orbiting Proxima Centauri have been unsuccessful, ruling out the presence of brown dwarfs and supermassive planets.[20][21] Precision radial velocity surveys have also ruled out the presence of super-Earths within the star's habitable zone.[22][nb 3] The detection of smaller objects will require the use of new instruments, such as the proposed James Webb Space Telescope.[23] Because Proxima Centauri is a red dwarf and a flare star, whether a planet orbiting this star could support life is disputed.[24][25] Nevertheless, because of the star's proximity to Earth, it has been proposed as a destination for interstellar travel.[26]
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 Observation

In 1915, Robert Innes, Director of the Union Observatory in Johannesburg, South Africa, discovered a star that had the same proper motion as Alpha Centauri.[27][28][29] He suggested it be named Proxima Centauri.[30] In 1917, at the Royal Observatory at the Cape of Good Hope, the Dutch astronomer Joan Voûte measured the star's trigonometric parallax and determined, incorrectly, that Proxima Centauri was the same distance from the Sun as Alpha Centauri. It was also found to be the lowest-luminosity star known at the time.[31] The first accurate parallax determination of Proxima Centauri was made by American astronomer Harold L. Alden in 1928, who confirmed Innes's view that this star is closer, with a parallax of 0.783 ± 0.005″.[27][30]

In 1951, American astronomer Harlow Shapley announced that Proxima Centauri is a flare star. Examination of past photographic records showed that the star displayed a measurable increase in magnitude on about 8% of the images, making it the most active flare star then known.[32][33] The proximity of the star allows for detailed observation of its flare activity. In 1980, the Einstein Observatory produced a detailed X-ray energy curve of a stellar flare on Proxima Centauri. Further observations of flare activity were made with the EXOSAT and ROSAT satellites, and the X-ray emissions of smaller, solar-like flares were observed by the Japanese ASCA satellite in 1995.[34] Proxima Centauri has since been the subject of study by most X-ray observatories, including XMM-Newton and Chandra.[35]

Because of Proxima Centauri's southern declination, it can only be viewed south of latitude 27° N.[nb 4] Red dwarfs such as Proxima Centauri are far too faint to be seen with the naked eye. Even from Alpha Centauri A or B, Proxima would only be seen as a fifth magnitude star.[36][37] It has an apparent visual magnitude of 11, so a telescope with an aperture of at least 8 cm (3.1 in.) is needed to observe this star even under ideal viewing conditions—under clear, dark skies with Proxima Centauri well above the horizon.[38]

 Characteristics

Proxima Centauri is classified as a red dwarf because it belongs to the main sequence on the Hertzsprung–Russell diagram and is of spectral class M5.5. It is further classified as a "late M-dwarf star", meaning that at M5.5, it falls to the low-mass extreme of M-type stars.[11] This star's absolute visual magnitude, or its visual magnitude as viewed from a distance of 10 parsecs, is 15.5.[4] Its total luminosity over all wavelengths is 0.17% that of the Sun,[7] although when observed in the wavelengths of visible light the eye is most sensitive to, it is only 0.0056% as luminous as the Sun.[39] More than 85% of its radiated power is at infrared wavelengths.[40]
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This illustration shows the comparative sizes of (from left to right) the Sun, α Centauri A, α Centauri B, and Proxima Centauri
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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.







In 2002, optical interferometry with the Very Large Telescope (VLTI) found that the angular diameter of Proxima Centauri was 1.02 ± 0.08 milliarcsec. Because its distance is known, the actual diameter of Proxima Centauri can be calculated to be about 1/7 that of the Sun, or 1.5 times that of Jupiter.[29] The star's estimated mass is only 12.3% of a solar mass, or 129 Jupiter masses.[11] The mean density of a main-sequence star increases with decreasing mass,[41] and Proxima Centauri is no exception: it has a mean density of 56,800 kg/m3 (56.8 g/cm3), compared with the Sun's mean density of 1,409 kg/m3 (1.409 g/cm3).[nb 2]

Because of its low mass, the interior of the star is completely convective, causing energy to be transferred to the exterior by the physical movement of plasma rather than through radiative processes. This convection means that the helium ash left over from the thermonuclear fusion of hydrogen does not accumulate at the core, but is instead circulated throughout the star. Unlike the Sun, which will only burn through about 10% of its total hydrogen supply before leaving the main sequence, Proxima Centauri will consume nearly all of its fuel before the fusion of hydrogen comes to an end.[18]

Convection is associated with the generation and persistence of a magnetic field. The magnetic energy from this field is released at the surface through stellar flares that briefly increase the overall luminosity of the star. These flares can grow as large as the star and reach temperatures measured as high as 27 million K[35]—hot enough to radiate X-rays.[42] Indeed, the quiescent X-ray luminosity of this star, approximately (4–16) × 1026 erg/s ((4–16) × 1019 W), is roughly equal to that of the much larger Sun. The peak X-ray luminosity of the largest flares can reach 1028 erg/s (1021 W.)[35]

The chromosphere of this star is active, and its spectrum displays a strong emission line of singly ionized magnesium at a wavelength of 280 nm.[43] About 88% of the surface of Proxima Centauri may be active, a percentage that is much higher than that of the Sun even at the peak of the solar cycle. Even during quiescent periods with few or no flares, this activity increases the corona temperature of Proxima Centauri to 3.5 million K, compared to the 2 million K of the Sun's corona.[44] However, the overall activity level of this star is considered low compared to other M-class dwarfs,[17] which is consistent with the star's estimated age of 4.85 × 109 years,[11] since the activity level of a red dwarf is expected to steadily wane over billions of years as its stellar rotation rate decreases.[45] The activity level also appears to vary with a period of roughly 442 days, which is shorter than the solar cycle of 11 years.[46]

Proxima Centauri has a relatively weak stellar wind, resulting in no more than 20% of the Sun's mass loss rate from the solar wind. Because the star is much smaller than the Sun, however, the mass loss per unit surface area from Proxima Centauri may be eight times that from the solar surface.[47]

A red dwarf with the mass of Proxima Centauri will remain on the main sequence for about four trillion years. As the proportion of helium increases because of hydrogen fusion, the star will become smaller and hotter, gradually transforming from red to blue. Near the end of this period it will become significantly more luminous, reaching 2.5% of the Sun's luminosity and warming up any orbiting bodies for a period of several billion years. Once the hydrogen fuel is exhausted, Proxima Centauri will then evolve into a white dwarf (without passing through the red giant phase) and steadily lose any remaining heat energy.[18]

 Distance and motion

Based on the parallax of 768.7 ± 0.3 milliarcseconds, measured using the Hipparcos astrometry satellite,[48] and more precisely with the Fine Guidance Sensors on the Hubble Space Telescope,[3] Proxima Centauri is about 4.24 light years from the Sun, or 270,000 times more distant than the Earth is from the Sun. From Earth's vantage point, Proxima is separated by 2.18°[49] from Alpha Centauri, or four times the angular diameter of the full Moon.[50] Proxima also has a relatively large proper motion—moving 3.85 arcseconds per year across the sky.[51] It has a radial velocity toward the Sun of 21.7 km/s.[1]
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Distances of the nearest stars from 20,000 years ago until 80,000 years in the future. Proxima Centauri is in yellow





Among the known stars, Proxima Centauri has been the closest star to the Sun for about 32,000 years and will be so for about another 33,000 years, after which the closest star to the Sun will be Ross 248.[52] In 2001, J. García-Sánchez et al. predicted that Proxima will make its closest approach to the Sun, coming within 3.11 light years of the latter, in approximately 26,700 years.[2] A 2010 study by V. V. Bobylev predicted a closest approach distance of 2.90 ly in about 27,400 years.[53] Proxima Centauri is orbiting through the Milky Way at a distance from the Galactic Center that varies from 8.3 to 9.5 kpc, with an orbital eccentricity of 0.07.[54]

Ever since the discovery of Proxima it has been suspected to be a true companion of the Alpha Centauri binary star system. At a distance to Alpha Centauri of just 0.21 ly (15,000 ± 700 astronomical units [AU]),[15] Proxima Centauri may be in orbit around Alpha Centauri, with an orbital period of the order of 500,000 years or more. For this reason, Proxima is sometimes referred to as Alpha Centauri C. Modern estimates, taking into account the small separation between and relative velocity of the stars, suggest that the chance of the observed alignment being a coincidence is roughly one in a million.[55] Data from the Hipparcos satellite, combined with ground-based observations, is consistent with the hypothesis that the three stars are truly a bound system. If so, Proxima would currently be near apastron, the farthest point in its orbit from the Alpha Centauri system. Such a triple Proxima Cen-alpha Cen A/B system can form naturally through a low-mass star being dynamically captured by a more massive binary of 1.5–2 solar masses within their embedded star cluster before the cluster disperses.[56] More accurate measurement of the radial velocity is needed to confirm this hypothesis.[15]

If Proxima was bound to the Alpha Centauri system during its formation, the stars would be likely to share the same elemental composition. The gravitational influence of Proxima may also have stirred up the Alpha Centauri protoplanetary disks. This would have increased the delivery of volatiles such as water to the dry inner regions. Any terrestrial planets in the system may have been enriched by this material.[15]

Six single stars, two binary star systems, and a triple star share a common motion through space with Proxima Centauri and the Alpha Centauri system. The space velocities of these stars are all within 10 km/s of Alpha Centauri's peculiar motion. Thus, they may form a moving group of stars, which would indicate a common point of origin,[57] such as in a star cluster. If it is determined that Proxima Centauri is not gravitationally bound to Alpha Centauri, then such a moving group would help explain their relatively close proximity.[58]

Though Proxima Centauri is the nearest bona fide star, it is still possible that one or more as-yet undetected sub-stellar brown dwarfs may lie closer.[59]

 Possible companions


RV-derived Upper Mass

Limits of Companion[22]

	Orbital

period

(days)
	Separation

(AU)
	Maximum

Mass[nb 3]

(× Earth)



	3.6–13.8
	0.022–0.054
	2–3



	<100
	<0.21
	8.5



	<1000
	<1
	16




If a massive planet is orbiting Proxima Centauri, some displacement of the star would occur over the course of each orbit. If the orbital plane of the planet is not perpendicular to the line of sight from the Earth, then this displacement would cause periodic changes in the radial velocity of Proxima Centauri. The fact that multiple measurements of the star's radial velocity have detected no such shifts has lowered the maximum mass that a possible companion to Proxima Centauri could possess.[3][20] The activity level of the star adds noise to the radial velocity measurements, limiting future prospects for detection of a companion using this method.[60]

In 1998, an examination of Proxima Centauri using the Faint Object Spectrograph on board the Hubble Space Telescope appeared to show evidence of a companion orbiting at a distance of about 0.5 AU.[61] However, a subsequent search using the Wide Field Planetary Camera 2 failed to locate any companions.[21] Proxima Centauri, along with Alpha Centauri A and B, was among the "Tier 1" target stars for NASA's now-canceled Space Interferometry Mission (SIM), which would theoretically have been able to detect planets as small as three Earth-masses within two AU of a "Tier 1" target star.[23]
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Artist's concept of a red dwarf





 Habitable zone

See also: Habitability of red dwarf systems

The TV documentary Alien Worlds hypothesized that a life-sustaining planet could exist in orbit around Proxima Centauri or other red dwarf. Such a planet would lie within the habitable zone of Proxima Centauri, about 0.023–0.054 AU from the star, and would have an orbital period of 3.6–14 days.[62] A planet orbiting within this zone will experience tidal locking to the star, so that Proxima Centauri moves little in the planet's sky, and most of the surface experiences either day or night perpetually. However, the presence of an atmosphere could serve to redistribute the energy from the star-lit side to the far side of the planet.[24]

Proxima Centauri's flare outbursts could erode the atmosphere of any planet in its habitable zone, but the documentary's scientists thought that this obstacle could be overcome (see continued theories). Gibor Basri of the University of California, Berkeley, even mentioned that "no one [has] found any showstoppers to habitability." For example, one concern was that the torrents of charged particles from the star's flares could strip the atmosphere off any nearby planet. However, if the planet had a strong magnetic field, the field would deflect the particles from the atmosphere; even the slow rotation of a tidally locked dwarf planet that spins once for every time it orbits its star would be enough to generate a magnetic field, as long as part of the planet's interior remained molten.[63]

Other scientists, especially proponents of the Rare Earth hypothesis,[64] disagree that red dwarfs can sustain life. The tide-locked rotation may result in a relatively weak planetary magnetic moment, leading to strong atmospheric erosion by coronal mass ejections from Proxima Centauri.[25]

 Interstellar travel
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The Sun as seen from the Alpha Centauri system, using Celestia





Proxima Centauri has been suggested as a possible first destination for interstellar travel.[26] The star is in motion toward Earth at a rate of 21.7 km/s.[1] Ηowever, after 26,700 years, when it will come as close as 3.11 light-years, it will begin to move farther away.[2] If non-nuclear propulsion were used, a voyage of a spacecraft to a planet orbiting Proxima Centauri would probably require thousands of years.[65] For example, Voyager 1, which is now travelling 17.043 km/s (38,120 mph) relative to the Sun, would reach Proxima in 73,775 years, were the spacecraft traveling in the direction of that star. A slow-moving probe would have only several tens of thousands of years to catch Proxima Centauri near its closest approach, and could end up watching it recede into the distance.[66] Nuclear pulse propulsion might enable such interstellar travel with a trip timescale of a century, beginning within the next century, inspiring several studies such as Project Orion, Project Daedalus, and Project Longshot.[66]

From Proxima Centauri, the Sun would appear as a bright 0.4-magnitude star in the constellation Cassiopeia.[67]

 See also
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 Explanatory notes



	^ Proxima is pronounced /ˈprɒksɪmə/. Centauri may be pronounced /sɛnˈtɔriː/ or /sɛnˈtɔraɪ/.

	^ a b The density (ρ) is given by the mass divided by the volume. Relative to the Sun, therefore, the density is:
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	= [image: \begin{smallmatrix}\frac{M}{M_{\odot}} \cdot \left( \frac{R}{R_{\odot}} \right)^{-3} \cdot \rho_{\odot}\end{smallmatrix}]



	
	= 0.123 · 0.145−3 · 1.41 × 103 kg/m3



	
	= 40.3 · 1.41 × 103 kg/m3



	
	= 5.68 × 104 kg/m3








where [image: \begin{smallmatrix}\rho_{\odot}\end{smallmatrix}] is the average solar density. See:
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	^ a b This is actually an upper limit on the quantity m sin i, where i is the angle between the orbit normal and the line of sight. If the planetary orbits are close to face-on as observed from Earth, more massive planets could have evaded detection by the radial velocity method.

	^ For a star south of the zenith, the angle to the zenith is equal to the Latitude minus the Declination. The star is hidden from sight when the zenith angle is 90° or more, i.e. below the horizon. Thus, for Proxima Centauri:

	Highest latitude = 90° + −62.68° = 27.32°.



See: Campbell, William Wallace (1899). The Elements of Practical Astronomy. London: Macmillan. pp. 109–110. Retrieved 2008-08-12. 
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"Yellow dwarf" redirects here. For the fairy tale by Madame d'Aulnoy, see The Yellow Dwarf.
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The Sun, a typical example of a G-type main-sequence star (yellow-toned B/W photo)





A G-type main-sequence star (G V), often (and imprecisely) called a yellow dwarf, or G dwarf star, is a main-sequence star (luminosity class V) of spectral type G. Such a star has about 0.8 to 1.2 solar masses and surface temperature of between 5,300 and 6,000 K.[1], Tables VII, VIII. Like other main-sequence stars, a G-type main-sequence star is in the process of converting hydrogen to helium in its core by means of nuclear fusion.[2] The Sun is the best known (and most visible) example of a G-type main-sequence star. Each second, it fuses approximately 600 million tons of hydrogen to helium, converting about 4 million tons of matter to energy.[3][4] Besides the Sun, other well-known examples of G-type main-sequence stars include Alpha Centauri A, Tau Ceti, and 51 Pegasi.[5][6][7]

The term yellow dwarf is a misnomer, as G stars actually range in color from white, for more luminous types like the Sun, to only slightly yellow for the less luminous GV stars.[8] Our own Sun is in fact white, but appears yellow through the Earth's atmosphere due to Rayleigh scattering. In addition, although the term "dwarf" is used to contrast yellow main-sequence stars from giant stars, yellow dwarfs like the Sun outshine 90% of the stars in the Galaxy (which are largely orange dwarfs, red dwarfs, and white dwarfs, the latter being a post-main-sequence star).

A G-type main-sequence star will fuse hydrogen for approximately 10 billion years, until it is exhausted at the center of the star. When this happens, the star expands to many times its previous size and becomes a red giant, such as Aldebaran (Alpha Tauri).[9] Eventually the red giant sheds its outer layers of gas, which become a planetary nebula, while the core cools and contracts into a compact, dense white dwarf.[2]

 Spectral Standard Stars

The revised Yerkes Atlas system (Johnson & Morgan 1953)[10] listed 11 G-type dwarf spectral standard stars; however, not all of these have survived to this day as standards. The "anchor points" of the MK spectral classification system among the G-type main-sequence dwarf stars, i.e. those standard stars that have remained unchanged over years, are beta CVn (G0 V), the Sun (G2 V), Kappa1 Ceti (G5 V), 61 Ursae Majoris (G8 V).[11] Other primary MK standard stars include HD 115043 (G1 V) and 16 Cygni B (G3 V).[12] The choices of G4 and G6 dwarf standards have changed slightly over the years among expert classifiers, but often-used examples include 70 Virginis (G4 V) and 82 Eridani (G6 V). There are not yet any generally agreed upon G7 V and G9 V standards.

 See also


	Brown dwarf

	K V star

	Red dwarf

	Solar twin

	Star count, survey of stars

	Stellar classification, Class G
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For other uses, see Double star (disambiguation).

In observational astronomy, a double star is a pair of stars that appear close to each other in the sky as seen from Earth when viewed through an optical telescope. This can happen either because the pair forms a binary star, i.e. a binary system of stars in mutual orbit, gravitationally bound to each other, or because it is an optical double, a chance alignment of two stars in the sky that lie at different distances.[1][2] Binary stars are important to stellar astronomers as knowledge of their motions allows direct calculation of stellar mass and other stellar parameters.

Since the beginning of the 1780s, both professional and amateur double star observers have telescopically measured the distances and angles between double stars to determine the relative motions of the pairs.[3] If the relative motion of a pair determines a curved arc of an orbit, or if the relative motion is small compared to the common proper motion of both stars, it may be concluded that the pair is in mutual orbit as a binary star. Otherwise, the pair is optical.[2] Multiple stars are also studied in this way, although the dynamics of multiple stellar systems are more complex than those of binary stars.

There are three types of paired stars:


	optical doubles — unrelated stars which appear close together through chance alignment with Earth

	visual binaries — gravitationally-bound stars which are separately visible with a telescope

	non-visual binaries — stars whose binary status was deduced through more esoteric means such as occultation (eclipsing binaries), spectroscopy (spectroscopic binaries), or anomalies in proper motion (astrometric binaries).



Conceptually, there is no difference between the latter two categories, and improvements in telescopes can shift previously non-visual binaries into the visual class, as happened with Polaris in 2006. Thus it is only our inability to observe the third group telescopically that makes the difference.
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 History

Mizar, in Ursa Major, was observed to be double by Giovanni Battista Riccioli in 1650[1][4] (and probably earlier by Benedetto Castelli and Galileo).[5] The identification of other doubles soon followed: Robert Hooke discovered one of the first double-star systems, Gamma Arietis, in 1664,[6] while the bright southern star Acrux, in the Southern Cross, was discovered to be double by Fontenay in 1685.[1] Since that time, the search has been carried out thoroughly and the entire sky has been examined for double stars down to a limiting apparent magnitude of about 9.0.[7] At least 1 in 18 stars brighter than 9.0 magnitude in the northern half of the sky are known to be double stars visible with a 36-inch (910 mm) telescope.[8]

The unrelated categories of optical doubles and true binaries are lumped together for historical and practical reasons. When Mizar was found to be a binary, it was quite difficult to determine whether a double star was a binary system or only an optical double. Improved telescopes, spectroscopy,[9] and photography are the basic tools used to make the distinction. After it was determined to be a visual binary, Mizar's components were found to be spectroscopic binaries themselves.[10] Additionally, Mizar forms an optical double with the star Alcor. With a separation of 3 lightyears, it is doubted, but not absolutely proven, that there is no significant gravitational interaction between them. Thus "double star" remains a useful term for pairs whose status is not fully known.

 Observation of double stars
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Astronomers have also mistakenly reported observations of a double star in place of J 900 and a faint star in the constellation of Gemini.[11]





Visual double stars are defined as double stars which are visible in an optical telescope. This is the majority of all known double stars.[12] If visual doubles show similar properties, such as similar proper motion through space, trigonometric parallaxes, or radial velocities, this is evidence that they are gravitationally attached and form a binary system; in this case, the visual double star is called a visual binary.[2][12]

Observation of visual double stars by visual measurement will yield the separation, or angular distance, between the two component stars in the sky and the position angle. The position angle specifies the direction in which the stars are separated and is defined as the bearing from the brighter component to the fainter, where north is 0°.[13] These measurements are called measures. In the measures of a visual binary, the position angle will change progressively and the separation between the two stars will oscillate between maximum and minimum values. Plotting the measures in the plane will produce an ellipse. This is the apparent orbit, the projection of the orbit of the two stars onto the celestial sphere; the true orbit can be computed from it.[14] Although it is expected that the majority of catalogued visual doubles are visual binaries,[12] orbits have been computed for only a few thousand of the over 100,000 known visual double stars.[15][16]

 Distinction between binary stars and other double stars

Visual double stars may be distinguished from binary stars by observing their relative motion. If the motion is part of an orbit, or if the stars have similar radial velocities or the difference in their proper motions is small compared to their common proper motion, the pair is probably physical. When observed over a short period of time, the components of both optical doubles and long-period visual binaries will appear to be moving in straight lines; for this reason, it can be difficult to distinguish between these two possibilities.[17]

 Designations

Some bright visual double stars have a Bayer designation. In this case, the components may be denoted by superscripts. An example of this is α Crucis (Acrux), whose components are α1 Crucis and α2 Crucis. Since α1 Crucis is a spectroscopic binary, this is actually a multiple star. Superscripts are also used to distinguish more distant, physically unrelated, pairs of stars with the same Bayer designation, such as α1,2 Capricorni (separated by 0.11°), ξ1,2 Centauri (separated by 0.66°), and ξ1,2 Sagittarii (separated by 0.46°.) These optical pairs are resolvable by the naked eye.

Apart from these pairs, the components of a double star are generally denoted by the letters A (for the brighter, primary, star) and B (for the fainter, secondary, star) appended to the designation, of whatever sort, of the double star. For example, the components of α Canis Majoris (Sirius) are α Canis Majoris A and α Canis Majoris B (Sirius A and Sirius B); the components of 44 Boötis are 44 Boötis A and 44 Boötis B; the components of ADS 16402 are ADS 16402A and ADS 16402B; and so on. The letters AB may be used together to designate the pair. In the case of multiple stars, the letters C, D, and so on may be used to denote additional components, often in order of increasing separation from the brightest star, A.[18]


Double star discoverer designations[19]

	Discoverer
	Traditional code
	WDS code



	Brisbane Observatory
	Brs0
	BSO



	S. W. Burnham
	β
	BU



	James Dunlop
	Δ
	DUN



	William Herschel
	H I, II, etc.
	H 1, 2, etc.



	N. Lacaille
	Lac
	LCL



	F. G. W. Struve
	Σ
	STF



	Struve Appendix Catalogue I
	Σ I
	STFA



	Struve Appendix Catalogue I
	Σ II
	STFB



	Otto Struve
	OΣ
	STT



	Pulkova Appendix Catalogue
	OΣΣ
	STTA




Visual doubles are also designated by an abbreviation for the name of their discoverer followed by a catalogue number unique to that observer. For example, the pair α Centauri AB was discovered by Father Richaud in 1689, and so is designated RHD 1.[1][20] Other examples include Δ65, the 65th double discovered by James Dunlop, and Σ2451, discovered by F. G. W. Struve.

The Washington Double Star Catalog, a large database of double and multiple stars, contains over 100,000 entries,[15] each of which gives measures for the separation of two components. Each double star forms one entry in the catalog; multiple stars with n components will be represented by entries in the catalog for n−1 pairs, each giving the separation of one component of the multiple star from another. Codes such as AC are used to denote which components are being measured—in this case, component C relative to component A. This may be altered to a form such as AB-D to indicate the separation of a component from a close pair of components (in this case, component D relative to the pair AB.) Codes such as Aa may also be used to denote a component which is being measured relative to another component, A in this case.[21] Discoverer designations are also listed; however, traditional discoverer abbreviations such as Δ and Σ have been encoded into a string of uppercase Roman letters, so that, for example, Δ65 has become DUN  65 and Σ2451 has become STF2451. Further examples of this are shown in the table to the right.[19][22]

 Examples

 Visual binaries


	Alpha Centauri

	Sirius

	Procyon

	Capella

	p Eridani

	Polaris

	Acrux



 Optical doubles


	Alpha¹ and Alpha² Capricorni

	Eta¹ and Eta² Coronae Australis

	Kappa¹ and Kappa² Coronae Australis

	Winnecke 4



 Uncertain


	Alpha Centauri system (AB) and Proxima Centauri (thus α Cen C): association is generally considered a physically connected system

	Castor system (Aa/Ab/Ba/Bb) and YY Geminorum (thus Castor Ca/Cb) is generally considered a physical system

	Mizar system (Aa/Ab/Ba/Bb) and Alcor (itself a binary, thus Mizar Ca/Cb, though generally not considered physical until 2009)



 See also


	Binary star

	Binary stars in fiction

	Multiple star
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This article is about the star.  For the genus, see Procyon (genus).  For the mountain range, see Procyon Peaks.  For the US Navy's ships, see USS Procyon.

Procyon (α CMi, α Canis Minoris, Alpha Canis Minoris; Br. pronunciation /ˈprəʊsɪən/[8]) is the brightest star in the constellation Canis Minor. To the naked eye, it appears to be a single star, the seventh brightest in the night sky with a visual apparent magnitude of 0.34.[3] It is actually a binary star system, consisting of a white main-sequence star of spectral type F5 IV–V, named Procyon A, and a faint white dwarf companion of spectral type DA, named Procyon B. The reason for its brightness is not its intrinsic luminosity but its relative closeness to the Sun; as determined by the European Space Agency Hipparcos astrometry satellite,[1][9] it lies at a distance of just 11.46 light-years (3.51 parsecs),[2] and is therefore one of our nearest stellar neighbours. Its closest neighbour is Luyten's Star, about 1.12 ly (0.34 pc) away, and the latter would appear as a visual magnitude 2.7 star in the night sky of a hypothetical planet orbiting Procyon.[10]
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 Visibility

Procyon forms one of the three vertices of the Winter Triangle, along with Sirius and Betelgeuse.[11]

Its color index is 0.42, and its hue has been described as having a faint yellow tinge to it.[11]

 System

Procyon A has a stellar classification of F5IV–V. The effective surface temperature of the star is an estimated 6,530 K,[3] giving it a white hue. It is 1.4 times the mass, twice the radius, and 6.9 times more luminous than the Sun.[3][12] Procyon A is bright for its spectral class, suggesting that it is a subgiant that has nearly fused its core hydrogen into helium, after which it will expand as "burning" moves outside the core.[3] As it continues to expand, the star will eventually swell to about 80 to 150 times its current diameter and become a red or orange color. This will probably happen within 10 to 100 million years.[13]

Like Sirius B, Procyon's companion is a white dwarf that was inferred from astrometric data long before it was observed. Its existence had been postulated by Friedrich Bessel as early as 1844, and although its orbital elements had been calculated by Arthur Auwers in 1862 as part of his thesis,[14] Procyon B was not visually confirmed until 1896 when John Martin Schaeberle observed it at the predicted position using the 36-inch refractor at Lick Observatory.[15] It is more difficult to observe from Earth than Sirius B, due to a greater apparent magnitude difference and smaller angular separation from its primary. The average separation of the two components is 15.0 AUs, a little less than the distance between Uranus and the Sun, though the eccentric orbit carries them as close as 8.9 AUs and as far as 21.0 AU.[16]

At 0.6 solar masses, Procyon B is considerably less massive than Sirius B; however, the peculiarities of degenerate matter ensure that it is larger than its more famous neighbor, with an estimated radius of 8,600 km, versus 5,800 km for Sirius B.[5][17] With a surface temperature of 7,740 K, it is also much cooler than Sirius B; this is a testament to its lesser mass and greater age. The mass of the progenitor star for Procyon B was about 2.5 solar masses and it came to the end of its life some 1.7 ± 0.1 Gyr ago,[3] after a main-sequence lifetime of 400–600 Myr. For this reason, the age of Procyon A is expected to be at least 2 Gyr.[18]

 Oscillations controversy

In late June 2004, Canada's orbital MOST satellite telescope carried out a 32-day survey of Procyon A. The continuous optical monitoring was intended to confirm solar-like oscillations in its brightness observed from Earth and to permit asteroseismology. No oscillations were detected and the authors concluded that the theory of stellar oscillations may need to be reconsidered.[19] However, others argued that the non-detection was consistent with published ground-based radial velocity observations of solar-like oscillations.[20][21]

Photometric measurements from the NASA Wide Field Infrared Explorer (WIRE) satellite from 1999 and 2000 showed evidence of granulation (convection near the surface of the star) and solar-like oscillations.[22] Unlike the MOST result, the variation seen in the WIRE photometry was in agreement with radial velocity measurements from the ground.

 Possibility of life

Life is unlikely around Procyon, because the habitable zone around 2.7 AU from the primary may not contain stable orbits, due to the white dwarf companion with a periastron of 8.9 AU. Also the white dwarf companion to Procyon would have stressed life severely during its red-giant phase. Procyon emits more of its light in the ultraviolet spectrum, which may be damaging to life. Still, life cannot be ruled out for other stars of the spectral type of Procyon but such life would have a relatively short time to evolve and would face heavy bombardment from comets and meteorites as happened in the first few million years of the Earth’s existence. Shortly after the phase of heavy bombardment has ended for a planet orbiting a star like Procyon the star is likely to leave the main sequence preventing further development of life.[23]

 X-ray source

Attempts to detect X-ray emission from Procyon with nonimaging, soft X-ray sensitive detectors prior to 1975 failed.[24][24] Extensive observations of Procyon were carried out with the Copernicus and TD-1A satellites in the late 1970s.[25] The X-ray source associated with Procyon A/B was observed on April 1, 1979, with the Einstein Observatory high-resolution imager (HRI).[26] The HRI X-ray pointlike source location is ~4" south of Procyon A, on the edge of the 90% confidence error circle, indicating identification with Procyon A rather than Procyon B which was located about 5" north of Procyon A (about 9" from the X-ray source location).[25]

 Etymology and cultural significance

Its name comes from the Greek προκύον (prokyon), meaning "before the dog", since it precedes the "Dog Star" Sirius as it travels across the sky due to Earth's rotation. (Although Procyon has a greater right ascension, it also has a more northerly declination, which means it will rise above the horizon earlier than Sirius from most northerly latitudes.) In Greek mythology, Procyon is associated with Maera, a hound belonging to Erigone, daughter of Icarius of Athens.[27]

These two dog stars are referred to in the most ancient literature and were venerated by the Babylonians and the Egyptians: in Babylonian mythology Procyon was known as Nangar the Carpenter, an aspect of Marduk, involved in constructing and organising the celestial sky.[28]

The constellations in Macedonian folklore represented agricultural items and animals, reflecting their village way of life. To them, Procyon and Sirius were Volci "the wolves", circling hungrily around Orion which depicted a plough with oxen.[29]

Rarer names are the Latin translation of Procyon, Antecanis, and the Arabic-derived names Al Shira and Elgomaisa. Medieval astrolabes of England and Western Europe used a variant of this, Algomeiza/Algomeyza.[30] Al Shira derives from الشعرى الشامية aš-ši‘ra aš-šamiyah, "the Syrian sign" (the other sign being Sirius; "Syria" is supposedly a reference to its northern location relative to Sirius); Elgomaisa.' derives from الغميصاء al-ghumaisa’ "the bleary-eyed (woman)", in contrast to العبور "the teary-eyed (woman)", which is Sirius. (See Gomeisa.) The modern Arabic name for Procyon is غموص ghumūṣ. It is known as 南河三 (Mandarin nánhésān, the Third Star in the Southern River) in Chinese.

The Hawaiians saw Procyon as part of an asterism Ke ka o Makali'i ("The canoe bailer of Makali'i") that helped them navigate at sea. Called Puana "blossom", it formed this asterism with Capella, Sirius, Castor and Pollux.[31] In Tahitian lore, Procyon was one of the pillars propping up the sky, known as Anâ-tahu'a-vahine-o-toa-te-manava ("star-the-priestess-of-brave-heart"), the pillar for elocution.[32] The Maori knew the star as Puangahori.[33]

Procyon appears on the flag of Brazil, symbolising the state of Amazonas.[34]

Known as Sikuliarsiujuittuq to the Inuit, Procyon was quite significant in their astronomy and mythology. Its eponymous name means "the one who never goes onto the newly formed sea-ice", and refers to a man who stole food from his village's hunters because he was too obese to hunt on ice. He was killed by the other hunters who convinced him to go on the sea ice. Procyon received this designation because it typically appears red (though sometimes slightly greenish) as it rises during the Arctic winter; this red color was associated with Sikuliarsiujuittuq's bloody end.[35]

 See also


	List of brightest stars

	List of nearest stars

	Procyon in astrology

	Procyon in fiction



 References



	^ a b c d e f Perryman, M. A. C.; Lindegren, L.; Kovalevsky, J.; et al. (July 1997), "The Hipparcos Catalogue", Astronomy and Astrophysics 323: L49–L52, Bibcode:1997A&A...323L..49P 

	^ a b c d e f van Leeuwen, F. (November 2007), "Validation of the new Hipparcos reduction", Astronomy and Astrophysics 474 (2): 653–664, arXiv:0708.1752, Bibcode:2007A&A...474..653V, doi:10.1051/0004-6361:20078357 

	^ a b c d e f g h i j k l m n Kervella, P. et al. (January 2004), "The diameter and evolutionary state of Procyon A. Multi-technique modeling using asteroseismic and interferometric constraints", Astronomy and Astrophysics 413 (1): 251–256, arXiv:astro-ph/0309148, Bibcode:2004A&A...413..251K, doi:10.1051/0004-6361:20031527 

	^ Koncewicz, R.; Jordan (January 2007), "OI line emission in cool stars: calculations using partial redistribution", Monthly Notices of the Royal Astronomical Society 374 (1): 220–231, Bibcode:2007MNRAS.374..220K, doi:10.1111/j.1365-2966.2006.11130.x 

	^ a b c d e f Provencal, J. L. (2002), "Procyon B: Outside the Iron Box", The Astrophysical Journal 568 (1): 324–334, Bibcode:2002ApJ...568..324P, doi:10.1086/338769 

	^ Girard, T. M. et al. (May 2000), "A Redetermination of the Mass of Procyon", The Astronomical Journal 119 (5): 2428–2436, Bibcode:2000AJ....119.2428G, doi:10.1086/301353 

	^ "PROCYON AB -- Spectroscopic binary", SIMBAD (Centre de Données astronomiques de Strasbourg), retrieved 2011-11-23 

	^ "Procyon". Oxford English Dictionary (3rd ed.). Oxford University Press. September 2005. 

	^ Perryman, Michael (2010), The Making of History's Greatest Star Map, Heidelberg: Springer-Verlag, doi:10.1007/978-3-642-11602-5 

	^ "Annotations on LHS 33 object", SIMBAD (Centre de Données astronomiques de Strasbourg), retrieved 2010-04-21 

	^ a b Schaaf 2008, p. 166.

	^ Gatewood, G.; Han, I. (February 2006), "An Astrometric Study of Procyon", Astronomical Journal 131 (2): 1015–1021, Bibcode:2006AJ....131.1015G, doi:10.1086/498894 

	^ Schaaf 2008, p. 168.

	^ Auwers, Arthur (1868), Untersuchungen uber veranderliche eigenbewegungen (in German), Leipzig: W. Engelmann, Bibcode:1868QB1.A68........ 

	^ Burnham Jr., Robert (1978), Burnham's Celestial Handbook 1, New York: Dover Publications Inc., p. 450, ISBN 0-486-23567-X 

	^ Kaler, James B., "Procyon", Stars (University of Illinois), retrieved 2011-11-23 

	^ Holberg, J. B. et al. (1998-04-20), "Sirius B: A New, More Accurate View", The Astrophysical Journal 497 (2): 935–942, Bibcode:1998ApJ...497..935H, doi:10.1086/305489 

	^ Provost, J.; Berthomieu, G.; Martić, M.; Morel, P. (December 2006), "Asteroseismology and evolutionary status of Procyon A", Astronomy and Astrophysics 460 (3): 759–767, Bibcode:2006A&A...460..759P, doi:10.1051/0004-6361:20065251 

	^ Matthews, Jaymie M. et al. (2004), "No stellar p-mode oscillations in space-based photometry of Procyon", Nature 430 (921): 51–3, Bibcode:2004Natur.430...51M, doi:10.1038/nature02671, PMID 15229593 

	^ Bouchy, François et al. (2004), "Brief Communications Arising: Oscillations on the star Procyon", Nature 432 (7015), arXiv:astro-ph/0510303, Bibcode:2004Natur.432....2B, doi:10.1038/nature03165 

	^ Bedding, T. R. et al. (2005), "The non-detection of oscillations in Procyon by MOST: Is it really a surprise?", Astronomy and Astrophysics 432 (2): L43, arXiv:astro-ph/0501662, Bibcode:2005A&A...432L..43B, doi:10.1051/0004-6361:200500019 

	^ Bruntt, H. et al. (2005), "Evidence for Granulation and Oscillations in Procyon from Photometry with the WIRE Satellite", The Astrophysical Journal 633 (1): 440, arXiv:astro-ph/0504469, Bibcode:2005ApJ...633..440B, doi:10.1086/462401 

	^ Kuhlmann, Christoph; Requejo, Xavier Dalmau, "Spectral Type F - Procyon", exoplaneten.de, retrieved 2010-05-01 

	^ a b Mewe, R. et al. (December 1, 1975), "Detection of X-ray emission from stellar coronae with ANS", Astrophysical Journal, pt. 2 202: L67–L71, Bibcode:1975ApJ...202L..67M, doi:10.1086/181983 

	^ a b Schmitt, J. H. M. M. et al. (January 15, 1985), "The X-ray corona of Procyon", Astrophysical Journal, Part 1 288: 751–755, Bibcode:1985ApJ...288..751S, doi:10.1086/162843 

	^ Giacconi, R. et al. (1979), "The Einstein /HEAO 2/ X-ray Observatory", Astrophysical Journal 230: 540–550, Bibcode:1979ApJ...230..540G, doi:10.1086/157110 

	^ Wendy Doniger, ed. (1999), "Erigone", Merriam-Webster's encyclopedia of world religions, Merriam-Webster, p. 333, ISBN 0-87779-044-2 

	^ Kelley, David H.; Milone, Eugene F.; Aveni, A.F. (2011). Exploring Ancient Skies: A Survey of Ancient and Cultural Astronomy. New York, New York: Springer. p. 217. ISBN 144197623X. 

	^ Cenev, Gjore. "Macedonian Folk Constellations". Publications of the Astronomical Observatory of Belgrade 85: 97–109. 

	^ Gingerich, O. (1987). "Zoomorphic Astrolabes and the Introduction of Arabic Star Names into Europe". Annals of the New York Academy of Sciences 500: 89–104. doi:10.1111/j.1749-6632.1987.tb37197.x. 

	^ Brosch, Noah (2008). Sirius Matters. Springer. p. 46. ISBN 1-4020-8318-1. 

	^ Henry, Teuira (1907). "Tahitian Astronomy: Birth of Heavenly Bodies". The Journal of the Polynesian Society 16 (2): 101–04. JSTOR 20700813. 

	^ Best, Elsdon (1922). Astronomical Knowledge of the Maori: Genuine and Empirical. Wellington, New Zealand: Dominion Museum. p. 33. 

	^ MacDonald, Ian (August 9, 2009), Astronomy of the Brazilian Flag, FOTW Flags Of The World website, retrieved 2011-11-23 

	^ MacDonald, John (1998). The Arctic sky: Inuit astronomy, star lore, and legend. Toronto, Ontario/Iqaluit, NWT: Royal Ontario Museum/Nunavut Research Institute. pp. 72, 231–33. ISBN 9780888544278. 





 Cited texts


	Schaaf, Fred (2008). The Brightest Stars: Discovering the Universe through the Sky's Most Brilliant Stars. Hoboken, New Jersey: John Wiley & Sons. ISBN 978-0-471-70410-2. 



Coordinates: [image: Sky map] 07h 39m 18.1s, +05° 13′ 29″




				Retrieved from "http://en.wikipedia.org/w/index.php?title=Procyon&oldid=550522878"				







This article was downloaded by calibre from http://en.wikipedia.org/wiki/Procyon



 | 章节菜单 | 主菜单 | 
| 下一项 | 章节菜单 | 主菜单 | 前一项 | 


Capella (star)

From Wikipedia, the free encyclopedia




					Jump to:					navigation, 					search


For other uses, see Capella.


Capella Aa/Ab
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Capella is the brightest star in Auriga





	Observation data

Epoch J2000.0      Equinox J2000.0 (ICRS)



	Constellation
	Auriga



	Component
	Aa
	Ab



	Right ascension
	05h 16m 41.3591s[1][note 1]



	Declination
	+45° 59′ 52.768″[1][note 1]



	Apparent magnitude (V)
	0.91[2][note 2]
	0.76[2][note 2]



	 
	0.08   

(0.03 to 0.16)[1][3]



	Characteristics



	Spectral type
	G8III/K0III[4]
	G1III[4]



	U-B color index
	+0.44[5]



	B-V color index
	+0.80[5]



	V-R color index
	−0.3[1]



	R-I color index
	+0.44[5]



	Variable type
	RS CVn[1]



	Astrometry



	Radial velocity (Rv)
	29.19 ± 0.074[6][note 3] km/s



	Proper motion:
	 



	RA (μα cos δ)
	75.52[1][note 1] mas/yr



	Dec. (μδ)
	−427.11[1][note 1] mas/yr



	Parallax (π)
	77.29 ± 0.89[1] mas



	Distance
	42.2 ± 0.5 ly

(12.9 ± 0.1 pc)



	Absolute magnitude (MV)
	0.35[note 4]
	0.20[note 4]



	 
	−0.48[note 4]



	Details



	Mass
	2.69 ± 0.06[4] M☉
	2.56 ± 0.04[4] M☉



	Radius
	12.2 ± 0.2[4] R☉
	9.2 ± 0.4[4] R☉



	Luminosity (bolometric)
	78.5 ± 1.2[4] L☉
	77.6 ± 2.6[4] L☉



	Temperature
	4940 ± 50[4] K
	5700 ± 100[4] K



	Metallicity
	40% Sun[note 5]



	Rotation
	106 ± 3 d [7]
	8.64 ± 0.09 d [7]



	Rotational velocity (v sin i)
	3[8]km/s
	36[8]km/s



	Age
	5.2 × 108  [4] years



	Orbit[4]



	Period (P)
	104.022 ± 0.002 d



	Semimajor axis (a)
	56.47 ± 0.05 mas



	Eccentricity (e)
	0.0000 ± 0.0002



	Inclination (i)
	137.18 ± 0.05°



	Longitude of node (Ω)
	40.8 ± 0.1°



	Periastron epoch (T)
	2447528.45 ± 0.02 JD



	Database references



	SIMBAD
	data



	 
	data
	data



	Other designations



	
Alhajoth, Capella, Hokulei, α Aurigae, α Aur, Alpha Aurigae, Alpha Aur, 13 Aurigae, 13 Aur, ADS 3841 AP, BD+45°1077, CCDM J05168+4559AP, FK5 193, GC 6427, GJ 194, HD 34029, HIP 24608, HR 1708, IDS 05093+4554 AP, LTT 11619, NLTT 14766, PPM 47925, SAO 40186, WDS 05167+4600Aa/Ab.[1][5][9][10]





	




Capella (α Aurigae, α Aur, Alpha Aurigae, Alpha Aur) is the brightest star in the constellation Auriga, the eleventh brightest star in the night sky and the third brightest star in the northern celestial hemisphere, after Arcturus and Vega. Although it appears to be a single star to the naked eye, it is actually a star system of four stars in two binary pairs. The first pair consists of two bright, large type-G giant stars, both with a radius around 10 times the Sun's, in close orbit around each other. These two stars are thought to be cooling and expanding on their way to becoming red giants. The second pair, around 10,000 astronomical units from the first, consists of two faint, small and relatively cool red dwarfs.[11][12] The Capella system is relatively close, at only 42.2 light-years (12.9 pc) from Earth.
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 System

The Capella system consists of a bright binary pair of giant stars, orbiting at some distance from a fainter binary pair of red dwarfs.[12] The system is a member of the Hyades moving group, a group of stars moving in the same direction as the Hyades cluster.[5][13]

 Bright binary pair

Capella was first announced to be binary in 1899, based on spectroscopic observations.[14][15] Known as "The Interferometrist's Friend", it was first resolved interferometrically in 1919 by John Anderson and Francis Pease at Mount Wilson Observatory, who published an orbit in 1920 based on their observations.[16][17] This was the first interferometric measurement of any object outside the Solar System.[18] A high-precision orbit was published in 1994 based on observations by the Mark III Stellar Interferometer, again at Mount Wilson Observatory.[4] Capella also became the first astronomical object to be imaged by a separate element optical interferometer when it was imaged by the Cambridge Optical Aperture Synthesis Telescope in September 1995.[19]

The bright binary pair of Capella consists of two type-G giant stars. The first, primary, star has a surface temperature of approximately 4900 K, a radius of approximately 12 solar radii, a mass of approximately 2.7 solar masses, and a luminosity, measured over all wavelengths, approximately 79 times that of the Sun. The other, secondary, star has a surface temperature of approximately 5700 K, a radius of approximately 9 solar radii, a mass of approximately 2.6 solar masses, and a luminosity, again measured over all wavelengths, approximately 78 times that of the Sun.[4] Although the primary is the brighter star when considering radiation at all wavelengths, it is the fainter when observed in visible light, with an apparent visual magnitude of approximately 0.91, compared to the secondary's apparent visual magnitude of 0.76.[4]

The pair is a non-eclipsing binary—that is, as seen from Earth, neither star passes in front of the other. The two components orbit each other at a distance of around 100 million km and an orbital period of approximately 104 days. The stars were probably of spectral class A during their main-sequence lifetime, similar to Vega; they are now expanding, cooling, and brightening to become red giants, a process that will take a few million years. It is thought that the more massive star of the pair has begun fusing helium to carbon and oxygen at its center, a process that has not yet begun for the less massive star.[20]

 X-ray source

Two Aerobee-Hi rocket flights on September 20, 1962, and March 15, 1963, apparently detected and confirmed an X-ray source in Auriga at RA 05h 09m Dec +45°.[21] It was identified as Capella which is in the error box. Capella was much more readily detected on the second rocket flight.[21]

Stellar X-ray astronomy started on April 5, 1974, with the detection of X-rays from Capella.[22] A rocket flight on that date briefly calibrated its attitude control system when a star sensor pointed the payload axis at Capella (α Aur). During this period, X-rays in the range 0.2–1.6 keV were detected by an X-ray reflector system co-aligned with the star sensor.[22] The X-ray luminosity (Lx) of ~1024 W (1031 erg s−1) is four orders of magnitude above the Sun's X-ray luminosity.[22]

Capella is a source of X-rays, thought to be primarily from the corona of the more massive star.[23] Capella is ROSAT X-ray source 1RXS J051642.2+460001. The high temperature of Capella's corona as obtained from the first coronal X-ray spectrum of Capella using HEAO 1 required magnetic confinement unless it was a free-flowing coronal wind.[24]

 Companion binary


Capella HL[12]

	Observation data

Epoch J2000.0      Equinox J2000.0 (ICRS)



	Constellation
	Auriga



	Component
	H
	L



	Right ascension
	05h 17m
	05h 17m



	 
	23.728s
	23.77s



	Declination
	+45° 50′[25]
	+45° 50′[26]



	 
	22.97″
	29.0″



	Apparent magnitude (V)
	10.16[25]
	13.7[26]



	Characteristics



	Spectral type
	M1[25]
	M5[26]



	B-V color index
	1.5[25]
	0.3[26]



	V-R color index
	0.5[25]
	



	R-I color index
	0.9[27]
	



	Astrometry



	Radial velocity (Rv)
	36 ± 5[25] km/s
	



	Proper motion:
	 



	RA (μα cos δ) 
	58.5[25] mas/yr 
	58[26] mas/yr 



	Dec. (μδ) 
	−410.0[25] mas/yr 
	−401[26] mas/yr 



	Parallax (π)
	72.00 ± 4.00[25] mas



	Distance
	45 ± 3 ly

(13.9 ± 0.8 pc)



	Absolute magnitude (MV)
	9.53[28]
	13.0[note 4]



	Details



	Mass
	0.53[29] M☉
	0.19[29] M☉



	Radius
	0.54 ± 0.03[28] R☉
	



	Surface gravity (log g)
	4.7—4.8[28]
	



	Luminosity (bolometric)
	0.05[28] L☉
	



	Temperature
	3700 ± 150[28] K
	



	Metallicity
	[M/H] = 0.1[28]
	



	Orbit[30]



	Period (P)
	388 years



	Semimajor axis (a)
	3.72″



	Eccentricity (e)
	0



	Inclination (i)
	65.0°



	Longitude of node (Ω)
	168.5°



	Periastron epoch (T)
	2010



	Argument of periastron (ω)

(secondary)
	0°



	Database references



	SIMBAD
	data
	data



	Other designations



	
HL: ADS 3841 HL, CCDM J05168+4559HL, GJ 195 AB, WDS 05167+4600HL.

H: G 96-29, LTT 11622, NLTT 14788, PPM 47938.[10][25][26]





	




In 1914, R. Furuhjelm observed that the spectroscopic binary mentioned above had a faint companion star, which, as its proper motion was similar to that of the spectroscopic binary, was probably physically bound to it.[31] In 1936, Carl L. Stearns observed that this companion appeared to be double itself; this was later confirmed by G. P. Kuiper.[32][33] This double companion star is a binary system of red dwarfs, thought to be separated from the pair of G-type giants by a distance of around 10,000 AU.[12] Although this pair has only been observed to cover approximately 30° of its orbit, a rough, preliminary orbit has been computed, giving an orbital period of approximately 400 years.[30]

 Visibility

Capella appears to be a rich yellow color. It is the brightest star in the constellation Auriga, the sixth brightest star in the night sky, the third brightest star in the northern celestial hemisphere (after Arcturus and Vega), and the fourth brightest star visible to the naked eye from the latitude 40° N.[34] It is closer to the north celestial pole than any other first magnitude star[35] (Polaris is only second magnitude). It lies a few degrees to the northeast from the triangle of stars known as "The Kids" (ε, ζ, and η Aurigae).[2][36]

Capella's northern declination is such that it is actually invisible south of latitude 44°S – this includes southernmost New Zealand, Argentina and Chile as well as the Falkland Islands. Conversely it is circumpolar north of 44°north: for the whole of the United Kingdom and Scandinavia, most of France, Canada and the northernmost United States, the star never sets.

Capella was the brightest star in the night sky from 210,000 years ago to 160,000 years ago, at about -1.8 in magnitude. At -1.1, Aldebaran was brightest before this period, and it and Capella were situated rather close to each other and served as boreal polestars at the time.[37]

 Etymology and cultural significance

The name Capella (English: small female goat) is from Latin, and is a diminutive of the Latin Capra (English: female goat).[38] Capella traditionally marks the left shoulder of the constellation's eponymous charioteer, or, according to the 2nd century astronomer Ptolemy's Almagest, the goat that the charioteer is carrying. In Roman mythology, the star represented the goat Amalthea that suckled Jupiter. It was this goat whose horn, after accidentally being broken off by Jupiter, was transformed into the Cornucopia, or "horn of plenty", which would be filled with whatever its owner desired.[39] Astrologically, Capella portends civic and military honors and wealth.[40] In the Middle Ages, it was considered a Behenian fixed star, with the stone sapphire and the plants horehound, mint, mugwort, and mandrake as attributes. Cornelius Agrippa listed its kabbalistic sign [image: Agrippa1531 Hircus.png] with the name Hircus (Latin for goat).[41][42]

In medieval accounts, it also has the uncommon name Alhajoth (also spelled Alhaior, Althaiot, Alhaiset, Alhatod, Alhojet, Alanac, Alanat, Alioc), which (especially the last) may be a corruption of its Arabic name, العيوق, al-cayyūq.[43] cAyyūq has no clear significance in Arabic,[44] but may be an Arabized form of the Greek αίξ aiks "goat"; cf. the modern Greek Αίγα Aiga, the feminine of goat.[45]

Capella is thought to be mentioned in an Akkadian inscription dating to the 20th century BC.[39] It is sometimes called the Shepherd's Star in English literature.[40] Other names used by other cultures include: in Arabic, Al-Rākib "the driver", a translation of the Greek;[45] in Quechua, Colca;[40] and in Hawaiian, Hoku-lei (English: Star-wreath).[9] To the Bedouin of the Negev and Sinai, Capella al-‘Ayyūq ath-Thurayyā "Capella of the Pleiades", from its role as pointing out the position of that asterism.[46] Conversely in Macedonian folklore, Capella was Jastreb "the hawk", flying high above and ready to pounce on Mother Hen (the Pleiades) and the Rooster (Nath).[47]

In Hindu mythology, Capella was seen as the heart of Brahma, Brahma Hridaya.[40] In traditional Chinese astronomy, Capella was part of the asterism 五車 (Simplified Chinese: 五车; Wŭ chē; English: Five Chariots), which consisted of Capella together with β, ι, and θ Aurigae, as well as β Tauri.[48][49] Since it was the second star in this asterism, it has the name 五車二 (Simplified Chinese: 五车二; Wŭ chē èr; English: Second of the Five Chariots).[50] In Australian Aboriginal mythology for the Booroung people of Victoria, Capella was Purra, the kangaroo, pursued and killed by the nearby Gemini twins, Yurree (Castor) and Wanjel (Pollux).[51]

The Hawaiians saw Capella as part of an asterism Ke ka o Makali'i ("The canoe bailer of Makali'i") that helped them navigate at sea. Called Hoku-lei "star wreath", it formed this asterism with Procyon, Sirius, Castor and Pollux.[52] In Tahitian folklore, Capella was Tahi-ari'i, the wife of '"Fa'a-nui (Auriga) and mother of prince Ta'urua (Venus) who sails his canoe across the sky.[53]

 Capella as the name


	USS Capella (AK-13) and USNS Capella (T-AKR-293), both of United States Navy ships.

	Mazda Capella, a model of automobile manufactured by Mazda



 Visual companions

In addition to the stars mentioned above, Capella has six additional visual companions—that is, stars which appear to be close to Capella in the sky. However, they are not thought to be physically close to Capella.[54] They are shown in the table below.




	Multiple/double star designation: WDS 05167+4600[10]



	Component
	Primary
	Right

ascension (α)

Equinox J2000.0
	Declination (δ)

Equinox J2000.0
	Epoch of

observed

separation
	Angular

distance

from

primary
	Position

angle

(relative

to primary)
	Apparent

magnitude

(V)
	Database

reference



	B
	A
	05h 16m 42.7s
	+46° 00′ 55″[55]
	1898
	46.6″
	23°
	17.1
	Simbad



	C
	A
	05h 16m 35.9s
	+46° 01′ 12″[56]
	1878
	78.2″
	318°
	15.1
	Simbad



	D
	A
	05h 16m 40.1s
	+45° 58′ 07″[57]
	1878
	126.2″
	183°
	13.6
	Simbad



	E
	A
	05h 16.5m
	+46° 02′[58]
	1908
	154.1″
	319°
	12.1
	Simbad



	F
	A
	05h 16m 48.748s
	+45° 58′ 30.84″[59]
	1999
	112.0″
	137°
	10.21
	Simbad



	G
	A
	05h 16m 31.852s
	+46° 08′ 27.42″[60]
	2003
	522.4″
	349°
	8.10
	Simbad






 See also


	Capella in fiction



 Notes



	^ a b c d Astrometric data, mirrored by SIMBAD from the Hipparcos catalogue, pertains to the center of mass of the Capella Aa/Ab binary system. See Volume 1, The Hipparcos and Tycho Catalogues, European Space Agency, 1997, §2.3.4, and the entry in the Hipparcos catalogue (CDS ID I/239.)

	^ a b The cooler and more massive star, the spectroscopic primary, is the visually fainter star. See Hummel et al. 1994, §1.

	^ Radial velocity figure is for the center of mass of the Capella Aa/Ab binary system. See Pourbaix 2000, Table 2.

	^ a b c d From apparent magnitude and parallax.

	^ From Z=0.02 for the Sun and Hummel et al. 1994, §6.3, which gives Z=0.008 for Capella.
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p Eridani (6 Eri, DUN 5) is a binary star system in the constellation of Eridanus (the River) whose distance is approximately 26 light-years. It was found to be a double star in December 1825 by James Dunlop in Australia at his home at Paramatta, now spelt Parramatta.
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 Naming

The name "p Eridani", according to Nature, p. 589 (19 April 1883) has been:

"... occasionally miscalled 6 Eridani, which would imply that it was one of Flamsteed's stars. Flamsteed, it is true has a star which he calls 6 Eridani. The designated letter 'p' was attached to a star by Lacaille in the catalogue at the end of his Calum Australe Stelliferum. The number '6' is merely borrowed from Bode."

The use of Bode numbers was commonly used in the early 19th century, but this antiquated system has now fallen into disuse for more than a century.

 Physical characteristics

p Eridani is a southern binary star system that lies about 1.1 degrees north of the brilliant bluish coloured star, the 1st magnitude southern star Achernar. When "p" was first found by James Dunlop, he adequately describes this bright and fairly wide pair as double (both of the small 6th magnitude). He further went on to say of the telescopic appearance of the system:


A beautiful double star; both stars white; the preceding a little dusky. I cannot say which of the stars is larger; perhaps the following, if there be any difference. The distance is about equal to one diameter of the following star, which I estimate at about 2½ seconds.



Since Dunlop's discovery, the stars have significantly widened, and now both stars are easily visible in small telescopes.

We know today it among the stars that are reasonably close to the Sun, which is currently is estimated to lie about 25.5 ± 0.4 light-years from the Sun. The system consists of two visible components that orbit each other in a wide orbit with relatively high eccentricity.

 Poor quality

Our knowledge of p Eridani is presently incomplete. As such, the orbit has been deemed as very poor quality in the Sixth Binary Star Catalog being listed as "5" - an "Intermediate" orbit. Most of the problems remains with the original observations made by James Dunlop in December 1825, being given as an estimated 2.5 arcsec through the near northern position angle of 343o, who unfortunately observed and measured the system after it had passed the moment of its periastron passage in 1813. His positional errors he presents seems to be quite discordant with observations made since 1825, leaving us uncertain of a critical part of the binary star's apparent orbit. There may also be problems with John Herschel's early measures made on 22 February 1835, who found the separation as 3.68 arcsec through position angle 301.7o. If true, this indicates significant positional changes in just under ten years of observation. Herschel then contributed two other micrometrical measures between 1835 and 1838, which seem also flawed against the current orbit. Much debate continues on the validity and importance of these early measures, all being critical to the accuracy of the determined orbit.

 Orbit solutions

Several orbits have been calculated, including W.C. Jacob (1850), Bernhard Dawson (1919), W.J. Luyten & E.G. Ebbinghausen (1934), and J.G. Gore (1956) The most recent solution being produced by the Dutch astronomer Gale Bruno van Albada (1957), while he was acting as the Director of the Bosscha Observatory in Java, Indonesia. Currently van Albada's own orbital elements remain only temporary at best, whose orbital solution is still just considered as approximate. However, it remains fairly good between the measured and calculated positions roughly between 1950 and 2000. This orbital solution will unlike be improved at least until the mid to late- 21st Century, when the orbital motion will again narrow towards periastron.

 Possible companion

The fainter of the two stars was suspected in the 1960s to have a spectroscopic companion. This information was based on the Yale Bright Star Catalog for the star HR 486, which is the 'B' component. It seems this conclusion was not properly referenced in the Yale catalogue, and such, no information has appeared in either the Washington Double Star Catalog (WDS), nor by Batten A.H., et al. in the “Eighth Spectroscopic Binary Catalogue.”. The spectroscopic companion was also suggested in 1957 by G.B. Aldaba in "Note on the Binary Star p Eridani.", to account for the larger parallax, which made the masses smaller. O.J. Eggen in 1956, earlier stated that both stars were under luminous and were probably not main-sequence stars. He determined the total mass as 0.63±0.19 M⊙. This problem remained until Hipparcos improved the parallax value of 122.75±1.4 mas, making the total masses the more reasonable 1.74±0.08 M⊙. As such, these stars are likely on the main sequence. There is now no need for some unseen companion, and there is no visual or instrumental observations to support this view.

 Fiction


	In the Revelation Space fiction series, the system harbours a life supporting planet named Ararat. Much of the book Absolution Gap takes place within the system.
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This article is about the star.  For the Christian college, see Alphacrucis.

Alpha Crucis (α Cru, α Crucis, also Acrux, HD 108248) is the brightest star in the constellation Crux, the Southern Cross, and, at a combined visual magnitude 0.77,[6] is the twelfth brightest star[6] in the night sky. Acrux is the southernmost first-magnitude star,[6] just a bit more southerly than Alpha Centauri.
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 Physical properties

Acrux is a multiple star system located 321 light years from the solar system.[1][2][7] Only two components are visually distinguishable, α1 and α2, separated by 4 arcseconds. α1 is magnitude 1.40 and α2 is magnitude 2.09, both hot class B (almost class O) stars, with surface temperatures of about 28,000 and 26,000 K respectively. Their luminosities are 25,000 and 16,000 times that of the Sun. α1 and α2 orbit over such a long period that motion is only barely seen. From their minimum separation of 430 astronomical units, the period is at least 1,500 years, and may be much longer.

α1 is itself a spectroscopic binary star, with its components thought to be around 14 and 10 times the mass of the Sun and orbiting in only 76 days at a separation of about 1 AU. The masses of α2 and the brighter component of α1 suggest that the stars will someday explode as supernovae. The fainter component of α1 may survive to become a massive white dwarf.

Another class-B4 subgiant, Alpha Crucis C or alpha-3 Crucis, lies 90 arcseconds away from triple Acrux and shares Acrux's motion through space, suggesting it may be gravitationally bound to Acrux. It is therefore generally assumed to be physically associated with Acrux.[8][9] It has also been suggested that Alpha Crucis C is under-luminous for its class, meaning that the system would be an optical double star.[10]

 Etymology

"Acrux" is an "Americanism" for the full Bayer designation "Alpha Crucis", coined in the 19th century, but entering common use only by the mid 20th century.[11]

Since Acrux is at −63° declination, the southermost first-magnitude star, it is only visible south of latitude 27°N. Therefore, it barely rises from cities such as Miami, Florida, or Karachi, Pakistan (both around 25°N) and not at all from New Orleans, Louisiana, or Cairo, Egypt (both about 30°N). Because of Earth's axial precession, however, the star was visible to ancient Hindu astronomers in India who named it “Tri-shanku”. It was also visible to the ancient Romans and Greeks, who regarded it to be part of the constellation Centaurus.[12]

In Chinese, 十字架 (Shí Zì Jià), meaning Cross, refers to an asterism consisting of α Crucis, γ Crucis, β Crucis and δ Crucis.[13] Consequently, α Crucis itself is known as 十字架二 (Shí Zì Jià èr, English: the Second Star of Cross.).[14]

This star is become Estrela de Magalhães (Star of Magalhães) in Portuguese.

Acrux is represented in the flags of Australia, New Zealand and Papua New Guinea as one of five stars which comprise the Southern Cross. It is also featured in the flag of Brazil, along with 26 other stars, each of which represents a state. Acrux represents the State of São Paulo.[15]

 Notable observations

On 2008 October 2, the Cassini–Huygens spacecraft resolved three of the components (A, B and C) of the multiple star system as Saturn's disk occulted it.[16][17]
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More than 100 Russian Soyuz manned spacecraft (TMA version shown) have flown since 1967, originally for a Soviet manned lunar program, but currently supporting the International Space Station.
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The US Space Shuttle flew 135 times from 1981 to 2011, supporting Spacelab, Mir, and ISS. (Columbia's first launch shown)





A spacecraft (or spaceship) is a vehicle, vessel or machine designed to fly in outer space. Spacecraft are used for a variety of purposes, including communications, earth observation, meteorology, navigation, planetary exploration and transportation of humans and cargo.

On a sub-orbital spaceflight, a spacecraft enters space and then returns to the surface, without having gone into an orbit. For orbital spaceflights, spacecraft enter closed orbits around the Earth or around other celestial bodies. Spacecraft used for human spaceflight carry people on board as crew or passengers from start or on orbit (space stations) only, while those used for robotic space missions operate either autonomously or telerobotically. Robotic spacecraft used to support scientific research are space probes. Robotic spacecraft that remain in orbit around a planetary body are artificial satellites. Only a handful of interstellar probes, such as Pioneer 10 and 11, Voyager 1 and 2, and New Horizons, are currently on trajectories that leave our Solar System.

Orbital spacecraft may be recoverable or not. By method of reentry to Earth they may be divided in non-winged space capsules and winged spaceplanes.

Currently, only twenty-four nations have spaceflight technology: Russia (Roscosmos, the Russian Space Forces), the United States (NASA, the US Air Force, SpaceX (a U.S private aerospace company)), the member states of the European Space Agency, the People's Republic of China (China National Space Administration), Japan (Japan Aerospace Exploration Agency), and India (Indian Space Research Organisation).

Spacecraft and space travel are common themes in works of science fiction.
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 History

See also: History of spaceflight
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The first spacecraft, Sputnik 1.





Sputnik 1 (Russian: "Cпутник-1" lit. "Satellite-1")[1] was the first artificial satellite. It was launched into an elliptical low Earth orbit by the Soviet Union on 4 October 1957. The launch ushered in new political, military, technological, and scientific developments. While the Sputnik launch was a single event, it marked the start of the Space Age.[2][3] Apart from its value as a technological first, Sputnik also helped to identify the upper atmospheric layer's density, through measuring the satellite's orbital changes. It also provided data on radio-signal distribution in the ionosphere. Pressurized nitrogen in the satellite's false body provided the first opportunity for meteoroid detection. If a meteoroid penetrated the satellite's outer hull, it would be detected by the temperature data sent back to Earth[citation needed]. Sputnik 1 was launched during the International Geophysical Year from Site No.1/5, at the 5th Tyuratam range, in Kazakh SSR (now at the Baikonur Cosmodrome). The satellite travelled at 29,000 kilometers (18,000 mi) per hour, taking 96.2 minutes to complete an orbit, and emitted radio signals at 20.005 and 40.002 MHz

While Sputnik 1 was the first spacecraft to orbit the Earth, other man-made objects had previously reached an altitude of 100 km, which is the height required by the international organization Fédération Aéronautique Internationale to count as a spaceflight. This altitude is called the Kármán line. In particular, in the 1940s there were several test launches of the V-2 rocket, some of which reached altitudes well over 100 km.

 Past and present spacecraft

 Manned spacecraft

See also: List of manned spacecraft and Human spaceflight
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The first manned spacecraft, Vostok 1





As of 2011, only three nations have flown manned spacecraft: USSR/Russia, USA, and China. India, Japan, Europe/ESA, Iran, South Korea, North Korea, Denmark, and Romania have plans for manned spacecraft (for manned suborbital rockets).[citation needed]

The first manned spacecraft was Vostok 1, which carried Soviet cosmonaut Yuri Gagarin into space in 1961, and completed a full Earth orbit. There were five other manned missions which used a Vostok spacecraft.[4] The second manned spacecraft was named Freedom 7, and it performed a sub-orbital spaceflight in 1961 carrying American astronaut Alan Shepard to an altitude of just over 187 kilometres (116 mi). There were five other manned missions using Mercury spacecraft.

Other Soviet manned spacecraft include the Voskhod, Soyuz, flown unmanned as Zond/L1, L3, TKS, and the Salyut and Mir manned space stations. Other American manned spacecraft include the Gemini Spacecraft, Apollo Spacecraft, the Skylab space station, and the Space Shuttle with undetached European Spacelab and private US Spacehab space stations-modules. China developed unflown Shuguang and currently using Shenzhou (the first manned mission was in 2003).

All of these recovery manned spacecraft were space capsules.

The International Space Station, manned since November 2000, is a joint venture between Russia, the United States, Canada and several other countries.

 Spaceplanes

Main article: Spaceplane
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Columbia orbiter landing





Some reusable vehicles have been designed only for manned spaceflight, and these are often called spaceplanes. The first example of such was the North American X-15 spaceplane, which conducted two manned flights which reached a height over 100 km in the 1960s. The first reusable spacecraft, the X-15, was air-launched on a suborbital trajectory on July 19, 1963.

The first partially reusable orbital spacecraft, winged non-capsule, the Space Shuttle, was launched by the USA on the 20th anniversary of Yuri Gagarin's flight, on April 12, 1981. During the Shuttle era, six orbiters were built, all of which have flown in the atmosphere and five of which have flown in space. Enterprise was used only for approach and landing tests, launching from the back of a Boeing 747 SCA and gliding to deadstick landings at Edwards AFB, California. The first Space Shuttle to fly into space was Columbia, followed by Challenger, Discovery, Atlantis, and Endeavour. Endeavour was built to replace Challenger when it was lost in January 1986. Columbia broke up during reentry in February 2003.

The first automatic partially reusable spacecraft was the Buran (Snowstorm), launched by the USSR on November 15, 1988, although it made only one flight. This spaceplane was designed for a crew and strongly resembled the U.S. Space Shuttle, although its drop-off boosters used liquid propellants and its main engines were located at the base of what would be the external tank in the American Shuttle. Lack of funding, complicated by the dissolution of the USSR, prevented any further flights of Buran. The Space Shuttle has since been modified to allow for autonomous re-entry in case of necessity.

Per the Vision for Space Exploration, the Space Shuttle was retired in 2011 due mainly to its old age and high cost of program reaching over a billion dollars per flight. The Shuttle's human transport role is to be replaced by the partially reusable Crew Exploration Vehicle (CEV) no later than 2014. The Shuttle's heavy cargo transport role is to be replaced by expendable rockets such as the Evolved Expendable Launch Vehicle (EELV) or a Shuttle Derived Launch Vehicle.

Scaled Composites' SpaceShipOne was a reusable suborbital spaceplane that carried pilots Mike Melvill and Brian Binnie on consecutive flights in 2004 to win the Ansari X Prize. The Spaceship Company will build its successor SpaceShipTwo. A fleet of SpaceShipTwos operated by Virgin Galactic should begin reusable private spaceflight carrying paying passengers in 2011.

XCOR Aerospace also plans to initiate a suborbital commercial spaceflight service with the Lynx rocketplane in 2012 through a partnership with RocketShip Tours. First test flights are planned for 2011.

 Unmanned spacecraft

See also: List of unmanned spacecraft by program, Timeline of spaceflight, Timeline of artificial satellites and space probes, List of Solar System probes, Space probe, Robotic spacecraft , Unmanned resupply spacecraft , and Satellite
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The Hubble Space Telescope






[image: ]

[image: ]

Jules Verne Automated Transfer Vehicle (ATV) approaches the International Space Station on Monday, March 31, 2008.
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	Designed as manned but flown as unmanned only spacecraft




	Zond/L1 – lunar flyby capsule

	L3 – capsule and lunar lander

	TKS – capsule

	Buran Soviet shuttle




	Semi-manned – manned as space stations or part of space stations




	Progress – unmanned USSR/Russia cargo spacecraft

	TKS – unmanned USSR/Russia cargo spacecraft ans space station module

	Automated Transfer Vehicle (ATV) – unmanned European cargo spacecraft

	H-II Transfer Vehicle (HTV) – unmanned Japanese cargo spacecraft

	Dragon (spacecraft) - unmanned private spacecraft (SpaceX)




	Earth Orbit satellites




	Explorer 1 – first US satellite

	Project SCORE – first communications satellite

	SOHO - Orbits the Sun near L1

	Sputnik 1 – world's first artificial satellite

	Sputnik 2 – first animal in orbit (Laika)

	Sputnik 5 – first capsule recovered from orbit (Vostok precursor) – animals survived

	Syncom – first geosynchronous communications satellite

	Hubble Space Telescope – largest orbital observatory

	X-37 – spaceplane



As of June 2011, there are more than 2,000 spacecraft in orbit.[citation needed]


	Lunar probes




	Clementine – US Navy mission, orbited Moon, detected hydrogen at the poles

	Kaguya JPN – Lunar orbiter

	Luna 1 – first lunar flyby

	Luna 2 – first lunar impact

	Luna 3 – first images of lunar far side

	Luna 9 – first soft landing on the Moon

	Luna 10 – first lunar orbiter

	Luna 16 – first unmanned lunar sample retrieval

	Lunar Orbiter – very successful series of lunar mapping spacecraft

	Lunar Prospector – confirmed detection of hydrogen at the lunar poles

	Lunar Reconnaissance Orbiter – Identifies safe landing sites & Locates moon resources

	Lunokhod - Soviet lunar rovers

	SMART-1 ESA – Lunar Impact

	Surveyor – first USA soft lander

	Chandrayaan 1 – first Indian Lunar mission
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Artist's conception of Cassini–Huygens as it enters Saturn's orbit
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Artist's conception of the Phoenix spacecraft as it lands on Mars






	Planetary probes




	Akatsuki JPN – a Venus orbiter

	Cassini–Huygens – first Saturn orbiter + Titan lander

	Curiosity rover - Rover sent to mars by NASA in 2012

	Galileo – first Jupiter orbiter+descent probe

	IKAROS JPN – first solar-sail spacecraft

	Mariner 4 – first Mars flyby, first close and high resulution images of Mars

	Mariner 9 – first Mars orbiter

	Mariner 10 – first Mercury flyby, first close up images

	Mars Exploration Rover – a Mars rover

	Mars Express – a Mars orbiter

	Mars Global Surveyor – a Mars orbiter

	Mars Reconnaissance Orbiter – an advanced climate, imaging, sub-surface radar, and telecommunications Mars orbiter

	MESSENGER – first Mercury orbiter (arrival 2011)

	Mars Pathfinder – a Mars lander + rover

	New Horizons – first Pluto flyby (arrival 2015)

	Pioneer 10 – first Jupiter flyby, first close up images

	Pioneer 11 – second Jupiter flyby + first Saturn flyby (first close up images of Saturn)

	Pioneer Venus – first Venus orbiter+landers

	Vega 1 – Balloon release into Venus atmosphere and lander (joint mission with Vega 2), mothership continued on to fly by Halley's Comet[citation needed]

	Venera 4 – first soft landing on another planet (Venus)

	Viking 1 – first soft landing on Mars

	Voyager 2 – Jupiter flyby + Saturn flyby + first flybys/images of Neptune and Uranus




	Other – deep space



Main article: Space probe


	Cluster

	Deep Space 1

	Deep Impact

	Genesis

	Hayabusa

	Near Earth Asteroid Rendezvous

	Stardust

	STEREO – Heliospheric and solar sensing; first images of the entire Sun

	WMAP




	Fastest spacecraft




	Helios I & II Solar Probes (252,792 km/h or 157,078 mph)




	Furthest spacecraft from the Sun




	Pioneer 10 at 89.7 AU as of 2005, traveling outward at about 2.6 AU/year

	Pioneer 11

	Voyager 1 at 106.3 AU as of July 2008, traveling outward at about 3.6 AU/year

	Voyager 2 at 85.49 AU as of July 2008, traveling outward at about 3.3 AU/year



 Unfunded/canceled programs


[image: ]

[image: ]

The First Test Flight of the Delta Clipper-Experimental Advanced (DC-XA), a prototype launch system






	Manned spacecraft




	Shuguang – Chinese capsule

	Soyuz Kontakt – USSR capsule

	Almaz – USSR space station

	Manned Orbiting Laboratory – US space station

	Altair – US lunar lander of Orion spacecraft




	Multi-stage spaceplanes




	X-20 – US shuttle

	Soviet Spiral Shuttle

	Soviet Buran Shuttle

	ESA Hermes shuttle

	Kliper Russian semi-shuttle/semi-capsule

	Japanese HOPE-X shuttle

	Chinese Shuguang Project 921-3 shuttle




	SSTO spaceplanes




	RR/British Aerospace HOTOL

	ESA Hopper Orbiter

	McDonnell Douglas DC-X (Delta Clipper)

	Roton Rotored-Hybrid

	Lockheed-Martin VentureStar



 Spacecraft under development
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The Orion spacecraft





 Manned


	(USA-NASA) Orion Multi-Purpose Crew Vehicle – capsule

	(USA-SpaceX ) Dragon – capsule

	(USA-Boeing) CST-100 – capsule

	(USA-Sierra Nevada Corporation) Dream Chaser – suborbital spaceplane

	(USA-The Spaceship Company) Spaceship Two – suborbital spaceplane

	(USA-Blue Origin) New Shepard – VTVL capsule

	(USA-XCOR) Lynx rocketplane – suborbital spaceplane

	(Russia-RKA) Prospective Piloted Transport System (PPTS) – capsule

	(China-CNSA) Shenzhou – capsule

	(Europe-ESA) Advanced Crew Transportation System – capsule

	(Iranian Space Agency) Orbital Vehicle – capsule

	(India-ISRO) Orbital Vehicle – capsule



 Unmanned


	SpaceX Dragon – cargo delivery to the ISS

	Orbital Sciences Cygnus – cargo delivery to the ISS

	CNES Mars Netlander

	James Webb Space Telescope (delayed)

	ESA Darwin probe

	Mars Science Laboratory rover

	Shenzhou spacecraft Cargo

	Terrestrial Planet Finder cancelled probe

	System F6—a DARPA Fractionated Spacecraft demonstrator

	Reaction Engines Limited Skylon (spacecraft)



 Subsystems

A spacecraft system comprises various subsystems, dependent upon mission profile. Spacecraft subsystems comprise the spacecraft "bus" and may include: attitude determination and control (variously called ADAC, ADC or ACS), guidance, navigation and control (GNC or GN&C), communications (Comms), command and data handling (CDH or C&DH), power (EPS), thermal control (TCS), propulsion, and structures. Attached to the bus are typically payloads.


	Life support 

	Spacecraft intended for human spaceflight must also include a life support system for the crew.
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Reaction control system thrusters on the front of the U.S. Space Shuttle






	Attitude control 

	A Spacecraft needs an attitude control subsystem to be correctly oriented in space and respond to external torques and forces properly. The attitude control subsystem consists of sensors and actuators, together with controlling algorithms. The attitude control subsystem permits proper pointing for the science objective, sun pointing for power to the solar arrays and earth-pointing for communications.




	GNC 

	Guidance refers to the calculation of the commands (usually done by the CDH subsystem) needed to steer the spacecraft where it is desired to be. Navigation means determining a spacecraft's orbital elements or position. Control means adjusting the path of the spacecraft to meet mission requirements. On some missions, GNC and Attitude Control are combined into one subsystem of the spacecraft.[citation needed]




	Command and data handling 

	The CDH subsystem receives commands from the communications subsystem, performs validation and decoding of the commands, and distributes the commands to the appropriate spacecraft subsystems and components. The CDH also receives housekeeping data and science data from the other spacecraft subsystems and components, and packages the data for storage on a data recorder or transmission to the ground via the communications subsystem. Other functions of the CDH include maintaining the spacecraft clock and state-of-health monitoring.



Further information: On-Board Data Handling


	Power 

	Spacecraft need an electrical power generation and distribution subsystem for powering the various spacecraft subsystems. For spacecraft near the Sun, solar panels are frequently used to generate electrical power. Spacecraft designed to operate in more distant locations, for example Jupiter, might employ a Radioisotope Thermoelectric Generator (RTG) to generate electrical power. Electrical power is sent through power conditioning equipment before it passes through a power distribution unit over an electrical bus to other spacecraft components. Batteries are typically connected to the bus via a battery charge regulator, and the batteries are used to provide electrical power during periods when primary power is not available, for example when a Low Earth Orbit (LEO) spacecraft is eclipsed by the Earth.




	Thermal control 

	Spacecraft must be engineered to withstand transit through the Earth's atmosphere and the space environment. They must operate in a vacuum with temperatures potentially ranging across hundreds of degrees Celsius as well as (if subject to reentry) in the presence of plasmas. Material requirements are such that either high melting temperature, low density materials such as beryllium and reinforced carbon-carbon or (possibly due to the lower thickness requirements despite its high density) tungsten or ablative carbon/carbon composites are used. Depending on mission profile, spacecraft may also need to operate on the surface of another planetary body. The thermal control subsystem can be passive, dependent on the selection of materials with specific radiative properties. Active thermal control makes use of electrical heaters and certain actuators such as louvers to control temperature ranges of equipments within specific ranges.
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A launch vehicle, like this Proton rocket, is typically used to take a spacecraft to orbit.






	Propulsion 

	Spacecraft may or may not have a propulsion subsystem, depending upon whether or not the mission profile calls for propulsion. The Swift spacecraft is an example of a spacecraft that does not have a propulsion subsystem. Typically though, LEO spacecraft (for example Terra (EOS AM-1) include a propulsion subsystem for altitude adjustments (called drag make-up maneuvers) and inclination adjustment maneuvers. A propulsion system is also needed for spacecraft that perform momentum management maneuvers. Components of a conventional propulsion subsystem include fuel, tankage, valves, pipes, and thrusters. The TCS interfaces with the propulsion subsystem by monitoring the temperature of those components, and by preheating tanks and thrusters in preparation for a spacecraft maneuver.




	Structures 

	Spacecraft must be engineered to withstand launch loads imparted by the launch vehicle, and must have a point of attachment for all the other subsystems. Depending upon mission profile, the structural subsystem might need to withstand loads imparted by entry into the atmosphere of another planetary body, and landing on the surface of another planetary body.




	Payload 

	The payload is dependent upon the mission of the spacecraft, and is typically regarded as the part of the spacecraft "that pays the bills". Typical payloads could include scientific instruments (cameras, telescopes, or particle detectors, for example), cargo, or a human crew.




	Ground segment 

	The ground segment, though not technically part of the spacecraft, is vital to the operation of the spacecraft. Typical components of a ground segment in use during normal operations include a mission operations facility where the flight operations team conducts the operations of the spacecraft, a data processing and storage facility, ground stations to radiate signals to and receive signals from the spacecraft, and a voice and data communications network to connect all mission elements.[5]




	Launch vehicle 

	The launch vehicle propels the spacecraft from the Earth's surface, through the atmosphere, and into an orbit, the exact orbit being dependent upon mission configuration. The launch vehicle may be expendable or reusable.
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Orlan space suit, worn by astronaut Michael Fincke outside the International Space Station
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Apollo A7L space suit worn by astronaut Buzz Aldrin on Apollo 11





A space suit is a garment worn to keep a human alive in the harsh environment of outer space, vacuum and temperature extremes. Space suits are often worn inside spacecraft as a safety precaution in case of loss of cabin pressure, and are necessary for extra-vehicular activity (EVA), work done outside spacecraft. Space suits have been worn for such work in Earth orbit, on the surface of the Moon, and en route back to Earth from the Moon. Modern space suits augment the basic pressure garment with a complex system of equipment and environmental systems designed to keep the wearer comfortable, and to minimize the effort required to bend the limbs, resisting a soft pressure garment's natural tendency to stiffen against the vacuum. A self-contained oxygen supply and environmental control system is frequently employed to allow complete freedom of movement, independent of the spacecraft.

Some of these requirements also apply to pressure suits worn for other specialized tasks, such as high-altitude reconnaissance flight. Above Armstrong's Line (around 19,000 m/62,336 ft), the atmosphere is so thin that pressurized suits are needed.

The first full pressure-suits for use at extreme altitudes were designed by individual inventors as early as the 1930s. The first space suit worn by a human in space was the Soviet SK-1 suit worn by Yuri Gagarin in 1961.
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 Spacesuit requirements
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Space suits being used to work on the International Space Station.





A space suit must perform several functions to allow its occupant to work safely and comfortably, inside or outside of a spacecraft. It must provide:


	A stable internal pressure. This can be less than earth's atmosphere, as there is usually no need for the spacesuit to carry nitrogen (which comprises about 78% of earth's atmosphere and is not used by the body). Lower pressure allows for greater mobility, but requires the suit occupant to breathe pure oxygen for a time before going into this lower pressure, to avoid decompression sickness.

	Mobility. Movement is typically opposed by the pressure of the suit; mobility is achieved by careful joint design. See the Theories of spacesuit design section.

	Supply of breathable oxygen and elimination of carbon dioxide; these gases are exchanged with the spacecraft or a portable life support system (PLSS)

	Temperature regulation. Unlike on Earth, where heat can be transferred by convection to the atmosphere, in space, heat can be lost only by thermal radiation or by conduction to objects in physical contact with the exterior of the suit. Since the temperature on the outside of the suit varies greatly between sunlight and shadow, the suit is heavily insulated, and air temperature is maintained at a comfortable level.

	A communication system, with external electrical connection to the spacecraft or PLSS

	Means of collecting and containing solid and liquid waste (such as a Maximum Absorbency Garment)



 Optional requirements


	Advanced suits better regulate the astronaut's temperature with a Liquid Cooling Garment in contact with the astronaut's skin, from which the heat is dumped into space through an external radiator in the PLSS.



Additional requirements for EVA include:


	Shielding against ultraviolet radiation

	Limited shielding against particle radiation

	Means to maneuver, dock, release, and/or tether onto a spacecraft

	Protection against small micrometeoroids, some traveling at up to 27,000 kilometers per hour, provided by a puncture-resistant Thermal Micrometeoroid Garment, which is the outermost layer of the suit. Experience has shown the greatest chance of exposure occurs near the gravitational field of a moon or planet, so these were first employed on the Apollo lunar EVA suits (see American suit models below).



As part of astronautical hygiene control (i.e., protecting astronauts from extremes of temperature, radiation, etc.), a spacesuit is essential for extravehicular activity. The Apollo/Skylab A7L suit included eleven layers in all: an inner liner, a liquid cooling and ventilation garment, a pressure bladder, a restraint layer, another liner, and a thermal micrometeoroid garment consisting of five aluminized insulation layers and an external layer of white Ortho-Fabric. This spacesuit is capable of protecting the astronaut from temperatures ranging from −156 °C (−249 °F) to 121 °C (250 °F).[citation needed]

It is expected that manned exploration of the Moon and Mars will occur within the next two decades. During exploration, there will be the potential for lunar/Martian dust to be retained on the spacesuit. When the spacesuit is removed on return to the spacecraft, there will be the potential for the dust to contaminate surfaces and increase the risks of inhalation and skin exposure. Astronautical hygienists are testing materials with reduced dust retention times and the potential to control the dust exposure risks during planetary exploration. Novel ingress/egress approaches, such as suitports, are being explored as well.

In NASA spacesuits, communications are provided via a cap worn over the head, which includes earphones and a microphone. Due to the coloration of the version used for Apollo and Skylab, which resembled the coloration of the comic strip character Snoopy, these caps became known as "Snoopy caps".

 Operating pressure
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Astronaut Steven G. MacLean pre-breathes prior to an EVA.





Generally, to supply enough oxygen for respiration, a spacesuit using pure oxygen must have a pressure of about 32.4 kPa (240 Torr; 4.7 psi), equal to the 20.7 kPa (160 Torr; 3.0 psi) partial pressure of oxygen in the Earth's atmosphere at sea level, plus 5.3 kPa (40 Torr; 0.77 psi) CO2 and 6.3 kPa (47 Torr; 0.91 psi) water vapor pressure, both of which must be subtracted from the alveolar pressure to get alveolar oxygen partial pressure in 100% oxygen atmospheres, by the alveolar gas equation.[1] The latter two figures add to 11.6 kPa (87 Torr, 1.7 psi), which is why many modern spacesuits do not use 20.7 kPa (160 Torr; 3.0 psi), but 32.4 kPa (240 Torr; 4.7 psi) (this is a slight overcorrection, as alveolar partial pressures at sea level are slightly less than the former). In spacesuits that use 20.7 kPa, the astronaut gets only 20.7 kPa − 11.7 kPa = 9.0 kPa (68 Torr; 1.3 psi) of oxygen, which is about the alveolar oxygen partial pressure attained at an altitude of 1,860 m (6,100 ft) above sea level. This is about 78% of normal sea level pressure, about the same as pressure in a commercial passenger jet aircraft, and is the realistic lower limit for safe ordinary space suit pressurization which allows reasonable capacity for work.

When space suits below a specific operating pressure are used from craft that are pressurized to normal atmospheric pressure (such as the space shuttle), this requires astronauts to "pre-breathe" (meaning pre-breathe pure oxygen for a period) before donning their suits and depressurizing in the air lock. This procedure purges the body of dissolved nitrogen, so as to avoid decompression sickness ("the bends") due to overrapid depressurization from a nitrogen-containing atmosphere.

 Exposure to space without a spacesuit

The human body can briefly survive the hard vacuum of space unprotected,[2] despite contrary depictions in some popular science fiction. Human flesh expands to about twice its size in such conditions, giving the visual effect of a body builder rather than an overfilled balloon. Consciousness is retained for up to 15 seconds as the effects of oxygen starvation set in. No snap freeze effect occurs because all heat must be lost through thermal radiation or the evaporation of liquids, and the blood does not boil because it remains pressurized within the body. The greatest danger is in attempting to hold one's breath before exposure, as the subsequent explosive decompression can damage the lungs. These effects have been confirmed through various accidents (including in very-high-altitude conditions, outer space and training vacuum chambers).[3][4] Human skin does not need to be protected from vacuum and is gas-tight by itself. Instead it only needs to be mechanically compressed to retain its normal shape. This can be accomplished with a tight-fitting elastic body suit and a helmet for containing breathing gases, known as a space activity suit.

 Theories of spacesuit design
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	This section does not cite any references or sources. Please help improve this section by adding citations to reliable sources. Unsourced material may be challenged and removed. (February 2012) 




A space suit should allow its user natural unencumbered movement. Nearly all designs try to maintain a constant volume no matter what movements the wearer makes. This is because mechanical work is needed to change the volume of a constant pressure system. If flexing a joint reduces the volume of the spacesuit, then the astronaut must do extra work every time he bends that joint, and he has to maintain a force to keep the joint bent. Even if this force is very small, it can be seriously fatiguing to constantly fight against one's suit. It also makes delicate movements very difficult. The work required to bend a joint is dictated by the formula


	[image: W=\int_{V_i}^{V_f} \,P\,dV]



where Vi and Vf are respectively the initial and final volume of the joint, P is the pressure in the suit, and W is the resultant work. It is generally true that all suits are more mobile at lower pressures. However, because a minimum internal pressure is dictated by life support requirements, the only means of further reducing work is to minimize the change in volume.

All space suit designs try to minimize or eliminate this problem. The most common solution is to form the suit out of multiple layers. The bladder layer is a rubbery, airtight layer much like a balloon. The restraint layer goes outside the bladder, and provides a specific shape for the suit. Since the bladder layer is larger than the restraint layer, the restraint takes all of the stresses caused by the pressure inside the suit. Since the bladder is not under pressure, it will not "pop" like a balloon, even if punctured. The restraint layer is shaped in such a way that bending a joint causes pockets of fabric, called "gores", to open up on the outside of the joint, while folds called "convolutes" fold up on the inside of the joint. The gores make up for the volume lost on the inside of the joint, and keep the suit at a nearly constant volume. However, once the gores are opened all the way, the joint cannot be bent any further without a considerable amount of work.

In some Russian space suits, strips of cloth were wrapped tightly around the cosmonaut's arms and legs outside the spacesuit to stop the spacesuit from ballooning when in space.

The outermost layer of a space suit, the Thermal Micrometeoroid Garment, provides thermal insulation, protection from micrometeoroids, and shielding from harmful solar radiation.

There are four theoretical approaches to suit design:
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NASA's experimental AX-5 hard suit (1988)





 Soft suits

Soft suits typically are made mostly of fabrics. All soft suits have some hard parts, some even have hard joint bearings. Intra-vehicular activity and early EVA suits were soft suits.

 Hard-shell suits

Hard-shell suits are usually made of metal or composite materials and do not use fabric for joints. Hard suits joints use ball bearings and wedge-ring segments similar to an adjustable elbow of a stove pipe to allow a wide range of movement with the arms and legs. The joints maintain a constant volume of air internally and do not have any counter force. Therefore, the astronaut does not need to exert to hold the suit in any position. Hard suits can also operate at higher pressures which would eliminate the need for an astronaut to pre-breathe oxygen to use a 34 kPa (4.9 psi) space suit before an EVA from the 101 kPa (14.6 psi) space shuttle as astronauts currently do. The joints may get into a restricted or locked position requiring the astronaut to manipulate or program the joint. The Nasa Ames AX5 suit had a flexibility rating of 95%. The wearer could move into 95% of the positions he or she could while nude.

 Hybrid suits

Hybrid suits have hard-shell parts and fabric parts. NASA's Extravehicular Mobility Unit uses a fiberglass Hard Upper Torso (HUT) and fabric limbs. ILC Dover's I-Suit replaces the hard upper torso with a fabric soft upper torso to save weight, restricting the use of hard components to the joint bearings, helmet, waist seal, and rear entry hatch. Virtually all workable spacesuit designs incorporate hard components, particularly at interfaces such as the waist seal, bearings, and in the case of rear-entry suits, the back hatch, where all-soft alternatives are not viable.

 Skintight suits

For more details on this topic, see Space activity suit.

Skintight suits, also known as mechanical counterpressure suits or space activity suits, are a proposed design which would use a heavy elastic body stocking to compress the body. The head is in a pressurized helmet, but the rest of the body is pressurized only by the elastic effect of the suit. This eliminates the constant volume problem, reduces the possibility of a space suit depressurization and gives a very lightweight suit. However, these suits are very difficult to put on and face problems with providing a constant pressure everywhere. Most proposals use the body's natural sweat to keep cool.

 Contributing technologies
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	This section requires expansion. (October 2010)




Related preceding technologies include the gas mask used in World War II, the oxygen mask used by pilots of high flying bombers in World War II, the high altitude or vacuum suit required by pilots of the Lockheed U-2 and SR-71 Blackbird, the diving suit, rebreather, scuba diving gear, and many others.

The development of the spheroidal dome helmet was key in balancing the need for field of view, pressure compensation, and low weight. One inconvenience with some spacesuits is the head being fixed facing forwards and being unable to turn to look sideways. Astronauts call this effect "alligator head".

 High-altitude suits
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Space suit designed by military engineer Emilio Herrera Linares for stratospheric balloon






	Evgeniy Chertovsky created his full-pressure suit or high-altitude "skafandr" (скафандр) in 1931. (скафандр also means "diving apparatus").

	Emilio Herrera Linares designed and built a full pressure suit "escafandra estratonáutica" in 1935, which was to have been used during an open-basket balloon stratospheric flight scheduled for early 1936.[5]

	Wiley Post experimented with a number of pressure suits for record-breaking flights.

	Russell Colley created the spacesuits worn by the Project Mercury astronauts, including fitting Alan Shepard for his ride as America's first man in space on May 5, 1961.



 Spacesuit models of historical significance

 Soviet and Russian suit models


	SK series (CK), the space suit used for the Vostok program (1961–1963). Worn by Yuri Gagarin on the first manned space flight.

	No pressures suits were worn aboard Voskhod 1.

	Berkut (Беркут = "golden eagle"), the space suit was a modified SK-1 used by the crew of Voskhod 2 which included Alexey Leonov on the first spacewalk during (1965).

	From Soyuz 1 to Soyuz 11 (1967–1971) no pressure suits were worn during launch and re-entry.

	Yastreb (Ястреб = "hawk") extra-vehicular activity space suit used during a crew exchange between Soyuz 4 and Soyuz 5 (1969).

	Krechet-94 (Кречет = "gyrfalcon") suit, designed for the canceled Soviet manned moon landing.

	Strizh (Стриж = "swift (bird)") spacesuit developed for pilots of the Buran space shuttle

	Sokol (Сокол = "falcon") suits worn by Soyuz crew members during lift-off and re-entry They were first worn on Soyuz 12. They have been used from 1973 to present.

	Orlan (Орлан = "sea-eagle" or "bald eagle") suits for extra-vehicular activity, originally developed for the Soviet lunar program as a lunar orbit EVA suit. It is Russia's current EVA suit. Used from 1977 to present.
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SK-1 space suit
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Berkut space suit
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Yastreb space suit
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Krechet space suit
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Strizh space suit
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Sokol-KV2 space suit
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Orlan-MK space suit











 United States suit models


	In the early 1950s Siegfried Hansen and colleagues at Litton Industries designed and built a working hard-shell suit, which was used inside vacuum chambers and was the predecessor of space suits used in NASA missions.[6]

	Navy Mark IV high-altitude/vacuum suit used for Project Mercury (1961–1963).

	Gemini space suits (1965–1966), there were three main variants developed: G3C designed for intra-vehicle use; G4C specially designed for EVA and intra-vehicle use; and a special G5C suit worn by the Gemini 7 crew for 14 days inside the spacecraft.

	Manned Orbital Laboratory MH-7 space suits for the canceled MOL program.

	Apollo Block I A1C suit (1966–1967) was a derivative of the Gemini suit, worn by primary and backup crews in training for two early Apollo missions. The nylon pressure garment melted and burned through in the Apollo 1 cabin fire. This suit became obsolete when manned Block I Apollo flights were discontinued after the fire.

	Apollo/Skylab A7L EVA and Moon suits. The Block II Apollo suit was the primary pressure suit worn for 11 Project Apollo flights, 3 Skylab flights, and the US astronauts on the Apollo-Soyuz Test Project between 1968 and 1975. The pressure garment's nylon outer layer was replaced with fireproof Beta cloth after the Apollo 1 fire. This suit was the first to employ a liquid-cooled inner garment and outer micrometeroid garment.

	Shuttle Ejection Escape Suit used from STS-1 (1981) to STS-4 (1982) by a two-man crew used in conjunction with the then-installed ejection seats. Derived from a USAF model.[7] These were removed once the Shuttle became certified.

	From STS-5 (1982) to STS-25 (1986) no pressure suits were worn during launch and re-entry. The crew would wear only a blue-flight suit with an oxygen helmet.

	Launch Entry Suit first used on STS-26, the first flight after the Challenger disaster. It was a partial pressure suit derived from a USAF model.[8] It was used from 1988 to 1998.

	Advanced Crew Escape Suit used on the Space Shuttle starting in 1994.[9] The Advanced Crew Escape Suit or ACES suit, is a full pressure suit worn by all Space Shuttle crews for the ascent and entry portions of flight. The suit is a direct descendant of the U.S. Air Force high-altitude pressure suits worn by SR-71 Blackbird and U-2 spy plane pilots, X-15 and Gemini pilot-astronauts and the Launch-Entry Suits worn by NASA previously worn by astronauts. It is derived from a USAF model.

	Extravehicular Mobility Unit used on both the Space Shuttle and International Space Station. The EMU is an independent anthropomorphic system that provides environmental protection, mobility, life support, and communications for a Shuttle or ISS crew member to perform extra-vehicular activity (EVA) in earth orbit. Used from 1982 to present.
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Mercury suit
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Gemini G4C suit
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Manned Orbital Laboratory MH-7 space suit
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Apollo Block I A1C suit
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Apollo Block II/Skylab A7L EVA and Moon suit
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Shuttle Ejection Escape Suit
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Shuttle Flight Suit
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Launch Entry Suit
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Advance Crew Escape System Pressure Suit
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Extravehicular Mobility Unit











 Chinese suit models


	Shuguang space suit. First generation EVA space suit developed by China for the 1967 canceled Project 714 manned space program. With a mass of about 10 kilograms (20 lb), of orange colour, made of high-resistance multi-layers polyester fabric. The astronaut could use it inside the cabin and conduct EVA as well.[10][11][12]

	Project 863 space suit. Cancelled project of second generation Chinese EVA space suit.[13]

	Shenzhou IVA(神舟) space suit. The suit was first worn by Yang Liwei on Shenzhou 5, the first manned Chinese space flight, it closely resembles a Sokol-KV2 suit, but it is believed to be a Chinese-made version rather than an actual Russian suit.[14][15] Pictures show that the suits on Shenzhou 6 differ in detail from the earlier suit, they are also reported to be lighter.[16]

	Haiying (海鹰号航天服) EVA space suit. The imported Russian Orlan-M EVA suit is called Haiying. Used on Shenzhou 7.

	Feitian (飞天号航天服) EVA space suit. New generation indigenously developed Chinese-made EVA space suit also used for the Shenzhou 7 mission.[17] The suit was designed for a spacewalk mission of up to seven hours.[18] The astronauts had been training in the out-of-capsule space suits since July 2007, and movements are seriously restricted in the suits, with a mass of more than 110 kilograms each.[19]
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Shenzhou Intra-Vehicular Activity space suit
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Feitian space suit











 Emerging technologies

Several companies and universities are developing technologies and prototypes which represent improvements over current spacesuits.

 Mark III

The Mark III is a NASA prototype, constructed by ILC Dover, which incorporates a hard lower torso section and a mix of soft and hard components. The Mark III is markedly more mobile than previous suits, despite its high operating pressure (57 kPa or 8.3 psi), which makes it a "zero-prebreathe" suit, meaning that astronauts would be able to transition directly from a one atmosphere, mixed-gas space station environment, such as that on the International Space Station, to the suit, without risking decompression sickness, which can occur with rapid depressurization from an atmosphere containing Nitrogen or another inert gas.

 I-Suit

The I-Suit is a spacesuit prototype also constructed by ILC Dover, which incorporates several design improvements over the EMU, including a weight-saving soft upper torso. Both the Mark III and the I-Suit have taken part in NASA's annual Desert Research and Technology Studies (D-RATS) field trials, during which suit occupants interact with one another, and with rovers and other equipment.

 Bio-Suit

Bio-Suit is a space activity suit under development at the Massachusetts Institute of Technology, which as of 2006[update] consists of several lower leg prototypes. Bio-suit is custom fit to each wearer, using laser body scanning.

 MX-2

The MX-2 is a space suit analogue constructed at the University of Maryland's Space Systems Laboratory. The MX-2 is used for manned neutral buoyancy testing at the Space Systems Lab's Neutral Buoyancy Research Facility. By approximating the work envelope of a real EVA suit, without meeting the requirements of a flight-rated suit, the MX-2 provides an inexpensive platform for EVA research, compared to using EMU suits at facilities like NASA's Neutral Buoyancy Laboratory.

The MX-2 has an operating pressure of 2.5–4 psi. It is a rear-entry suit, featuring a fiberglass hard upper torso. Air, LCG cooling water, and power are open loop systems, provided through an umbilical. The suit contains a Mac mini computer to capture sensor data, such as suit pressure, inlet and outlet air temperatures, and heart rate.[20] Resizable suit elements and adjustable ballast allow the suit to accommodate subjects ranging in height from 68 to 75 inches (170–190 cm), and with a weight range of 120 lb (54 kg).[21]

North Dakota suit

Beginning in May 2006 five North Dakota colleges collaborated on a new spacesuit prototype, funded by a $100,000 grant from NASA, to demonstrate technologies which could be incorporated into a planetary suit. The suit was tested in the Theodore Roosevelt National Park badlands of western North Dakota. The suit has a mass of 47 pounds (21 kg) without a life support backpack, and costs only a fraction of the standard $12,000,000 cost for a flight-rated NASA spacesuit.[22] The suit was developed in just over a year by students from the University of North Dakota, North Dakota State, Dickinson State, the state College of Science and Turtle Mountain Community College.[23] The mobility of the North Dakota suit can be attributed to its low operating pressure; while the North Dakota suit was field tested at a pressure of 1 psi (6.9 kPa; 52 Torr) differential, NASA's EMU suit operates at a pressure of 4.7 psi (32 kPa; 240 Torr), a pressure designed to supply approximately sea-level oxygen partial pressure for respiration (see discussion above).

 Aouda.X
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Aouda.X





Since 2009, the Austrian Space Forum[24] has been developing "Aouda.X", an experimental Mars analogue spacesuit focusing on an advanced man-machine interface and on-board computing network to increase situational awareness. The suit is designed to study contamination vectors in planetary exploration analogue environments and create limitations depending on the pressure regime chosen for a simulation.

An advanced human-machine interface, a set of sensors and a purpose designed software act as a local virtual assistant to the crewman. It is designed to interact with other field components like the a rover, georadar and subsurface drilling instruments. Aouda.X weighs 45 kg, and is based upon a Hard-Upper-Torso system with ambient air ventilation. The outermost layer consists of a Panox/Kevlar tissue with aluminium coating; the pressure simulation is implemented via a modifiable exoskeleton able to simulate various pressure regimes for all major human joints including fingers. A biomedical and engineering telemetry package communicates via via W-Lan (including continuous video & audio, various temperatures, CO2, GPS, air pressure, humidity, acceleration,…), the man-machine interface is realized using speech recognition and accelerometer input devices in the gloves.

Since 2012, for the Mars2013 analogue mission[25] by the Austrian Space Forum to Erfoud, Morocco, the Aouda.X analogue spacesuit has a sister in the form of Aouda.S.[26] This is a slightly less sophisticated suit meant primarily to assist Aouda.X operations and be able to study the interactions between two (analogue) astronauts in similar suits.

The Aouda.X and Aouda.S spacesuits have been named after the fictional princess from the 'Around the World' novel by Jules Verne and can be followed on Facebook.[27] A public display mock-up of Aouda.X (called Aouda.D) is currently on display at the Dachstein ice caves in Austria after the experiments done there in 2012.[28]

 NASA Constellation Space Suit system

On August 2, 2006, NASA indicated plans to issue a Request for Proposal (RFP) for the design, development, certification, production, and sustaining engineering of the Constellation Space Suit to meet the needs of Project Constellation.[29] NASA foresees a single suit capable of supporting: survivability during launch, entry and abort; zero-gravity EVA; lunar surface EVA; and Mars surface EVA.

On June 11, 2008, NASA awarded a $745 million contract to Oceaneering International to create the new spacesuit.[30]

 Suitports

A suitport is a theoretical alternative to an airlock, designed for use in hazardous environments and in human spaceflight, especially planetary surface exploration. In a suitport system, a rear-entry space suit is attached and sealed against the outside of a spacecraft, such that an astronaut can enter and seal up the suit, then go on EVA, without the need for an airlock or depressurizing the spacecraft cabin. Suitports require less mass and volume than airlocks, provide dust mitigation, and prevent cross-contamination of the inside and outside environments. Patents for suitport designs were filed in 1996 by Philip Culbertson Jr. of NASA's Ames Research Center and in 2003 by Joerg Boettcher, Stephen Ransom, and Frank Steinsiek.[31][32]

 Astronaut Glove Challenge

There are certain difficulties in designing a dexterous spacesuit glove and there are limitations to the current designs. So to build a better glove the Centennial Astronaut Glove Challenge was created. Competitions have been held in 2007 and 2009, and another is planned. The 2009 contest required the glove to be covered with a micro-meteorite layer.

 Spacesuits in fiction

For more details on this topic, see Spacesuits in fiction.

The oldest space fiction ignored the problems of traveling through a vacuum, and launched its heroes through space without any special protection. In the later 19th century, however, a more realistic brand of space fiction emerged, in which authors have tried to describe or depict the space suits worn by their characters. These fictional suits vary in appearance and technology, and range from the highly authentic to the utterly improbable.

A very early fictional account of space suits can be seen in the book Edison's Conquest of Mars (1898). Later comic book series such as Buck Rogers (1930s) and Dan Dare (1950s) also featured their own takes on space suit design. Science fiction authors such as Robert A. Heinlein contributed to the development of fictional space suit concepts.

 See also
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Teddy bears lifted to 30,085 metres above sea level on a helium balloon in a materials experiment by CU Spaceflight and SPARKS science club. Each of the bears wore a different space suit designed by 11- to 13-year-olds from SPARKS.
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The modular International Space Station





A space station (or orbital station) is a spacecraft capable of supporting a crew which is designed to remain in space (most commonly in low Earth orbit) for an extended period of time, and to which other spacecraft can dock. A space station is distinguished from other spacecraft used for human spaceflight by lack of major propulsion or landing systems. Instead other vehicles transport people and cargo to and from the station. As of November 2012[update] two space stations are in orbit: the International Space Station, and China's Tiangong 1 (which successfully launched on September 29, 2011, after failing in its prior August launch attempt).[1][2] Previous stations include the Almaz and Salyut series, Skylab and most recently Mir.

Space stations are used to study the effects of long-term space flight on the human body as well as to provide platforms for greater number and length of scientific studies than available on other space vehicles. All space stations have been designed with the intention of rotating multiple crews, with each crew member staying aboard the station for weeks or months, but rarely more than a year. Since the ill-fated flight of Soyuz 11 to Salyut 1, all manned spaceflight duration records have been set aboard space stations. The duration record for a single spaceflight is 437.7 days, set by Valeriy Polyakov aboard Mir from 1994 to 1995. As of 2011[update], three astronauts have completed single missions of over a year, all aboard Mir.

Space stations have been used for both military and civilian purposes. The last military-use space station was Salyut 5, which was used by the Almaz program of the Soviet Union in 1976 and 1977.[3]
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 History

 Early concepts
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The Brick Moon, first known depiction of a space station.





See also: History of spaceflight

Space stations have been envisaged since at least 1869 when Everett Hale wrote about a 'brick moon' in Atlantic monthly magazine.[4] Space stations were also later envisaged by Konstantin Tsiolkovsky and Hermann Oberth.[4]

In 1929 Herman Potočnik's The Problem of Space Travel was published, and remained popular for over 30 years. In 1951, in Collier's weekly, Wernher von Braun published his design for a wheel-shaped space station.[4]

During the Second World War, German scientists researched an orbital weapon that could utilize the sun's energy. This so-called "sun gun" would be part of a space station orbiting Earth at a height of 5,100 miles (8,200 km).[5]

With the Apollo 11 landing on the Moon in July 1969, the United States won the race to the Moon over the world's other superpower of the era, the Soviet Union.[6] This caused the Soviet Union to seek other ways to display their spaceflight capabilities.[6]

 Salyut, Almaz, and Skylab (1971–1986)

Main articles: Salyut program, Almaz, and Skylab

The first space station was Salyut 1, which was launched by the Soviet Union on April 19, 1971. Like all the early space stations, it was "monolithic", intended to be constructed and launched in one piece, and then manned by a crew later. As such, monolithic stations generally contained all their supplies and experimental equipment when launched, and were considered "expended", and then abandoned, when these were used up.

The earlier Soviet stations were all designated "Salyut", but among these there were two distinct types: civilian and military. The military stations, Salyut 2, Salyut 3, and Salyut 5, were also known as Almaz stations.

The civilian stations Salyut 6 and Salyut 7 were built with two docking ports, which allowed a second crew to visit, bringing a new spacecraft with them; the Soyuz ferry could spend 90 days in space, after which point it needed to be replaced by a fresh Soyuz spacecraft.[7] This allowed for a crew to man the station continually. Skylab was also equipped with two docking ports, like second-generation stations, but the extra port was never utilized. The presence of a second port on the new stations allowed Progress supply vehicles to be docked to the station, meaning that fresh supplies could be brought to aid long-duration missions. This concept was expanded on Salyut 7, which "hard docked" with a TKS tug shortly before it was abandoned; this served as a proof-of-concept for the use of modular space stations. The later Salyuts may reasonably be seen as a transition between the two groups.

 Mir (1986–1998)

Main article: Mir
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Earth and the Mir station





Unlike previous stations, the Soviet space station Mir had a modular design; a core unit was launched, and additional modules, generally with a specific role, were later added to that. This method allows for greater flexibility in operation, as well as removing the need for a single immensely powerful launch vehicle. Modular stations are also designed from the outset to have their supplies provided by logistical support, which allows for a longer lifetime at the cost of requiring regular support launches.

 ISS (1998–present)

Main article: International Space Station

The core module of the International Space Station was launched in 1998.

The ISS is divided into two main sections, the Russian orbital segment (ROS), and the United States operational segment (USOS).

USOS modules were brought to the station by the Space Shuttle and manually attached to the ISS by crews during EVAs. Connections are made manually for electrical, data, propulsion and cooling fluids. This results in a single piece which is not designed for disassembly.[8]

The Russian orbital segment's modules are able to launch, fly and dock themselves without human intervention using Proton rockets.[9] Connections are automatically made for power, data and propulsion fluids and gases. The Russian approach allows assembly of space stations orbiting other worlds in preparation for manned missions. The Nauka module of the ISS will be used in the 12th Russian(/Soviet) space station, OPSEK, whose main goal is supporting manned deep space exploration.

Russian Modular or 'next generation' space stations differ from 'Monolithic' single piece stations by allowing reconfiguration of the station to suit changing needs. According to a 2009 report, RKK Energia is considering methods to remove from the station some modules of the Russian Orbital Segment when the end of mission is reached for the ISS and use them as a basis for a new station, known as the Orbital Piloted Assembly and Experiment Complex. None of these modules would have reached the end of their useful lives in 2016 or 2020. The report presents a statement from an unnamed Russian engineer who believes that, based on the experience from Mir, a thirty-year life should be possible, except for micrometeorite damage, because the Russian modules have been built with on-orbit refurbishment in mind.[10]

 Tiangong (2011–present)

Main article: Tiangong

China's first space station, Tiangong-1 was launched in September 2011. The unmanned Shenzhou 8 then successfully performed an automatic rendezvous and docking in November 2011. The manned Shenzhou 9 then docked with Tiangong-1 in June 2012. The manned Shenzhou 10 is expected to visit in 2013. Two more space stations, Tiangong 2 and Tiangong 3 are expected to be launched in subsequent years, paving the way for the construction of a larger space station around 2020.

 Habitability

Main article: Effect of spaceflight on the human body

These stations have various issues that limit their long-term habitability, such as very low recycling rates, relatively high radiation levels and a lack of gravity. Some of these problems cause discomfort and long-term health effects. In the case of solar flares, all current habitats are protected by the Earth's magnetic field, and are below the Van Allen belts.

Future space habitats may attempt to address these issues, and could be intended for long-term occupation. Some designs might even accommodate large numbers of people, essentially "cities in space" where people would make their homes. No such design has yet been constructed, since even for a small station, the current (2010) launch costs are not economically or politically viable.

Possible ways to deal with these costs would be to build a large number of rockets (economies of scale), employ reusable rockets, In Situ Resource Utilisation, or non-rocket spacelaunch methods such as space elevators. For example, in 1975, proposing to seek long-term habitability through artificial gravity and enough mass in space to allow high radiation shielding, the most ambitious historical NASA study, a conceptual 10000-person spacestation, envisioned a future mass driver base launching 600 times its own mass in lunar material cumulatively over years.[11]

 Architecture
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Solar arrays of space station modules backlit by the Sun





A space station is a complex system with many interrelated subsystems:


	Structure

	Electrical power

	Thermal control

	Attitude determination and control

	Orbital navigation and propulsion

	Automation and robotics

	Computing and communications

	Environmental and life support

	Crew facilities

	Crew and cargo transportation



 List of space stations

Main article: List of space stations

The Soviet space stations came in two types, the civilian Durable Orbital Station (DOS), and the military Almaz stations. (dates refer to periods when stations were inhabited by crews)


	Salyut space stations [image: Soviet Union] (USSR, 1971–1986)

	Salyut 1 (1971, 1 crew and 1 failed docking)

	DOS-2 (1972, launch failure)

	Salyut 2/Almaz (1973, failed shortly after launch)

	Cosmos 557 (1973, re-entered eleven days after launch)

	Salyut 3/Almaz (1974, 1 crew and 1 failed docking)

	Salyut 4 (1975, 2 crews and 1 planned crew failed to achieve orbit)

	Salyut 5/Almaz (1976–1977, 2 crews and 1 failed docking)

	Salyut 6 (1977–1981, 16 crews (5 long duration, 11 short duration and 1 failed docking)

	Salyut 7 (1982–1986, 10 crews (6 long duration, 4 short duration and 1 failed docking)





	Skylab [image: United States] (USA, 1973–1979, 3 crews)

	Mir [image: Soviet Union]/[image: Russia] (USSR/Russia, 1986–2000, 28 long duration crews)

	International Space Station (ISS) [image: United States]/[image: Not the esa flag.png]/[image: Japan]/[image: Russia]/[image: Canada] (United States, European Space Agency, Japan, Russia, and Canada 2000–ongoing, 30 long duration crews as of April 2012)

	Tiangong [image: China] (China, 2011–ongoing)

	Tiangong 1 (2011–ongoing, 1 crew as of June 2012)





























 Canceled projects


	United States Air Force Manned Orbiting Laboratory project, canceled in 1969 about a year before the first planned test flight; this was unusual in being an explicitly military project, as opposed to the Soviet Almaz program, which was heavily intertwined with, and concealed by, the contemporaneous Salyut program.
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Gemini B reentry module separates from the MOL. 1967 conceptual drawing using Gemini reentry spacecraft. (USAF)






	A second Skylab unit (Skylab B) was manufactured, as a backup article; due to the high costs of providing launch vehicles, and a desire by NASA to cease Saturn and Apollo operations in time to prepare for the Space Shuttle coming into service, it was never flown. The hull can now be seen in the National Air and Space Museum, in Washington DC.




	A number of additional Salyuts were produced, as backups or as flight articles that were later canceled.




	The U.S. Space Station Freedom program, which, despite being under development for ten years, was never launched, instead evolving into the International Space Station




	The Soviet/Russian Mir-2 station, which was never constructed, had some of its elements incorporated into the International Space Station.




	The Industrial Space Facility was a station proposed in the 1980s that was to be privately funded. The project was canceled when the company created to build it, Space Industries Incorporated, was unable to secure funding from the United States government.[12]




	The European Columbus project planned to create a small space station serviced by the Hermes shuttle. It evolved into the ISS Columbus module.



 Future developments


	The People's Republic of China is expected to launch two more space labs called Tiangong 2 and Tiangong 3 before 2016. It will then launch a three module 60-ton space station by 2020. Project 921-2 is the working name given by the People's Republic of China for plans to create a manned space station. The public is being asked to submit suggestions for names and symbols to adorn the planned Chinese space station.[13]




	U.S. company Bigelow Aerospace is developing the Bigelow Commercial Space Station, a private orbital complex. Bigelow proposes to construct the space station using both Sundancer and BA 330 expandable spacecraft modules as well as a central docking node, propulsion, solar arrays, and attached crew capsules. Initial launch of space station components is planned for 2014, with portions of the station available for leased use as early as 2015.[14] Bigelow began to publicly refer to the initial configuration—two Sundancer modules and one BA-330 module—of the first Bigelow station as Space Complex Alpha in October 2010.[15] A second orbital station—Space Complex Bravo—is scheduled to begin launches in 2016.[16] As of February 2011[update], the launches for Space Complex Alpha have been contracted to launch on Atlas V and Falcon 9 launch vehicles, from Cape Canaveral, starting in 2014.[17][18][19]




	In April 2008, the Russian space agency proposed the construction of an orbital construction yard (OPSEK) for spacecraft too heavy to launch from Earth directly. It would not begin construction or be finished until after the decommissioning of the International Space Station.[20] This plan was described to ISS partners by Anatoly Perminov June 17, 2009.[21]




	The Orbital Technologies Commercial Space Station is a project of a Russian corporation (Orbital Technologies). The CSS is intended to accommodate diverse functions such as:[citation needed]

	Enabling space-based microgravity research.

	Providing a destination for commercial human spaceflight, space tourism, and state sponsored human spaceflight programs.

	Acting as a backup and emergency safe haven for the International Space Station and its crew.

	Enabling product development.

	Facilitating satellite servicing and maintenance.

	Providing a staging outpost for human space flight missions beyond low Еarth orbit.

	Supplying a uniquely capable remote sensing platform.
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Proposed Exploration Gateway Platform at EML-1





The business arrangement for developing and marketing the station was recently clarified by Russian firm Orbital Technologies, who is collaborating to develop the station with the Rocket and Space Technology Corporation Energia (RSC Energia). [22]


	Excalibur Almaz, an international company based in the Isle of Man in the UK and headed by Arthur Dula, is developing a system integrated by a reusable space vehicle and a space station based on the technology of the Soviet military stations "Almaz".[23] In this efforts, Excalibur-Almaz is co-working with a Russian corporation with a large tradition in aerospace technology, the military-industrial association "Mashinostroyenia".[24]




	In December 2011 Boeing proposed using Node 4 as the core of an Exploration Gateway Platform to be constructed at the ISS and relocated via space tug to an Earth-Moon Lagrange point (EML-1 or 2). The purpose of the platform would be to support lunar landing missions with a reusable lunar lander after the first two SLS flights. It would also bypass the need for a L1 propellant depot for lunar missions. Other hardware would include an airlock, an 'international module', and a MPLM based habitat module.[25]




	In February 2012 Playboy proposed an orbital "space club", in conjunction with Virgin Galactic. Their plans include a restaurant and a zero gravity dance club. [26]



 See also
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	List of space stations

	Kerim Kerimov, lead architect behind earliest space stations

	Lunar outpost

	Lunar space elevator

	Martian outpost

	Propellant depot, future space station complexes may permit spacecraft to refuel

	Rotating wheel space station

	Timeline of Solar System exploration
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Stellar nucleosynthesis refers to the process by which the natural abundances of the chemical elements assemble in the cores of stars. Stars are said to evolve (age) with changes in the abundances of the elements within. Stars lose most of their mass when it is ejected late in their stellar lifetimes, thereby increasing the abundance of elements heavier than helium in the interstellar medium. The term supernova nucleosynthesis is used to describe the creation of elements during the explosion of a star. The primary stimulus to the development of the theory of nucleosynthesis was the variations in the abundances of elements found in the universe. Those abundances, when plotted on a graph as a function of atomic number of the element, have a jagged sawtooth shape that varies by factors of tens million. This suggested a natural process other than a random distribution. Such a graph of the abundances can be seen at History of nucleosynthesis theory. Stellar nucleosynthesis is the dominating contributor to several processes that also occur under the collective term nucleosynthesis.

A second stimulus to understanding the processes of stellar nucleosynthesis occurred during the 20th century, when it was realized that the energy released from nuclear fusion reactions accounted for the longevity of the Sun as a source[1] of heat and light. The fusion of nuclei in a star, starting from its initial hydrogen and helium abundance, provides that energy and synthesizes new nuclei as a byproduct of that fusion process. This became clear during the decade prior to WWII. The fusion product nuclei are restricted to those only slightly heavier than the fusing nuclei; thus they do not contribute heavily to the natural abundances of the elements. Nonetheless, this insight raised the plausibility of explaining all of the natural abundances of elements in this way. The prime energy producer in the sun is the fusion of hydrogen to helium, which occurs at a minimum temperature of 3 million kelvin.
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In 1920 Arthur Eddington was the first one to suggest that stars obtained their energy from nuclear fusion of hydrogen to form helium.





In 1920, Arthur Eddington, on the basis of the precise measurements of atoms by F.W. Aston, was the first to suggest that stars obtained their energy from nuclear fusion of hydrogen to form helium. In 1928, George Gamow derived what is now called the Gamow factor, a quantum-mechanical formula that gave the probability of bringing two nuclei sufficiently close for the strong nuclear force to overcome the Coulomb barrier. The Gamow factor was used in the decade that followed by Atkinson and Houtermans and later by Gamow himself and Edward Teller to derive the rate at which nuclear reactions would proceed at the high temperatures believed to exist in stellar interiors.

In 1939, in a paper entitled "Energy Production in Stars", Hans Bethe analyzed the different possibilities for reactions by which hydrogen is fused into helium.[2] He selected two processes that he believed to be the sources of energy in stars. The first one, the proton-proton chain, is the dominant energy source in stars with masses up to about the mass of the Sun. The second process, the carbon-nitrogen-oxygen cycle, which was also considered by Carl Friedrich von Weizsäcker in 1938, is most important in more massive stars. These works concerned the energy generation capable of keeping stars hot. They did not address the creation of heavier nuclei, however. That theory was begun by Fred Hoyle in 1946 with his argument that a collection of very hot nuclei would assemble into iron.[3] Hoyle followed that in 1954 with a large paper describing how advanced fusion stages within stars would synthesize elements between carbon and iron in mass.[4] This is the dominant work in stellar nucleosynthesis.[5] It provided the roadmap to how the most abundant elements on earth had been synthesized from initial hydrogen and helium, making clear how those abundant elements increased their galactic abundances as the galaxy aged.

Quickly, many important omissions in Hoyle's theory were corrected, beginning with the publication of a celebrated review paper in 1957 by Burbidge, Burbidge, Fowler and Hoyle (commonly referred to as the B2FH paper).[6] This review paper collected and refined earlier research into a heavily cited picture that gave promise of accounting for the observed relative abundances of the elements; but it did not itself enlarge Hoyle's 1954 work as much as many assumed, except in the understanding of nucleosynthesis of those elements heavier than iron. Significant improvements were made by Alastair GW Cameron and by Donald D. Clayton. Cameron presented his own independent approach[7] (following Hoyle's approach for the most part) of nucleosynthesis. He introduced computers into time-dependent calculations of evolution of nuclear systems. Clayton calculated the first time-dependent models of the S-process[8] and of the R-process,[9] of the burning of silicon into iron-group elements,[10] and discovered radiogenic chronologies[11] for determining the age of the elements. The entire research field expanded rapidly in the 1970s.

 Key reactions
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Cross section of a red giant showing nucleosynthesis and elements formed.





The most important reactions in stellar nucleosynthesis:


	Hydrogen fusing:

	Deuterium burning

	The proton-proton chain

	The carbon-nitrogen-oxygen cycle





	Helium burning:

	The triple-alpha process

	The alpha process





	Burning of heavier elements:

	Lithium burning: a process found most commonly in brown dwarfs

	Carbon burning process

	Neon burning process

	Oxygen burning process

	Silicon burning process





	Production of elements heavier than iron:

	Neutron capture:

	The R-process

	The S-process





	Proton capture:

	The Rp-process





	Photo-disintegration:

	The P-process











 Hydrogen burning

Main articles: Proton-proton chain reaction, CNO cycle, and Deuterium burning
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Illustration of the proton–proton chain reaction sequence
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Overview of the CNO-I cycle. The helium nucleus is released at the top-left step.







"Hydrogen burning" is an expression that astronomers sometimes use for the stellar process that results in the nuclear fusion of four protons to form a nucleus of helium-4.[12] (This should not be confused with the chemical combustion of hydrogen in an oxidizing atmosphere.) There are two predominant processes by which stellar hydrogen burning occurs.

In the cores of lower mass main sequence stars such as the Sun, the dominant process is the proton-proton chain reaction (pp-chain reaction). This creates a helium-4 nucleus through a sequence of chain reactions that begin with the fusion of two protons to form a nucleus of deuterium.[13] The subsequent process of deuterium burning will consume any pre-existing deuterium found at the core. The pp-chain reaction cycle is relatively insensitive to temperature, so this hydrogen burning process can occur in up to a third of the star's radius and occupy half the star's mass. As a result, for stars above 35% of the Sun's mass,[14] the energy flux toward the surface is sufficiently low that the core region remains a radiative zone, rather than becoming convective.[15] In each complete fusion cycle, the p-p chain reaction releases about 26.2 MeV.[13]

In higher mass stars, the dominant process is the CNO cycle, which is a catalytic cycle that uses nuclei of carbon, nitrogen and oxygen as intermediaries to produce a helium nucleus.[13] During a complete CNO cycle, 25.0 MeV of energy is released. The difference in energy compared to the p-p chain reaction is accounted for by the energy lost through neutrino emission.[13] The CNO cycle is very temperature sensitive, so it is strongly concentrated at the core. About 90% of the CNO cycle energy generation occurs within the inner 15% of the star's mass.[16] This results in an intense outward energy flux that can not be sustained by radiative transfer. As a result, the core region becomes a convection zone, which stirs the hydrogen burning region and keeps it well mixed with the surrounding proton-rich region.[17] This core convection occurs in stars where the CNO cycle contributes more than 20% of the total energy. As the star ages and the core temperature increases, the region occupied by the convection zone slowly shrinks from 20% of the mass down to the inner 8% of the mass.[16]

The type of hydrogen burning process that dominates inside a star is determined by the temperature dependency differences between the two reactions. The pp-chain reaction starts at temperatures around 4×106 K,[18] making it the dominant mechanism in smaller stars. A self-maintaining CNO chain requires a higher temperature of approximately 15×106 K, but thereafter it increases more rapidly in efficiency than the pp-chain reaction as the temperature grows.[19] Above approximately 17×106 K, the CNO cycle becomes the dominant source of energy. This temperature is achieved in the cores of main sequence stars with at least 1.3 times the mass of the Sun.[20] The Sun itself has a core temperature of around 15.7×106 K and only 0.8% of the energy being produced in the Sun comes from the CNO cycle.[21] As a main sequence star ages, the core temperature will rise, resulting in a steadily increasing contribution from its CNO cycle.[16]

Once a star with about 0.5–10 times the mass of the Sun has consumed nearly all the hydrogen at its core, it begins to evolve up the red giant branch. Hydrogen burning occurs in a shell surrounding an inert helium core until the steadily increasing core temperature exceeds 1×108 K. At that point helium burning begins with a thermal runaway process called the helium flash with hydrogen burning continuing in a thin shell surrounding the now active helium core.[15]
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For the video game, see Halley's Comet (video game).

Halley's Comet or Comet Halley (pron.: /ˈhæli/ or /ˈheɪli/), officially designated 1P/Halley,[2] is the best-known of the short-period comets and is visible from Earth every 75–76 years.[2][10] Halley is the only short-period comet that is clearly visible to the naked eye from Earth, and thus the only naked-eye comet that might appear twice in a human lifetime.[11] Other naked-eye comets may be brighter and more spectacular, but will appear only once in thousands of years.

Halley's returns to the inner Solar System have been observed and recorded by astronomers since at least 240 BCE. Clear records of the comet's appearances were made by Chinese, Babylonian, and medieval European chroniclers, but were not recognized as reappearances of the same object at the time. The comet's periodicity was first determined in 1705 by English astronomer Edmond Halley, after whom it is now named. Halley's Comet last appeared in the inner Solar System in 1986 and will next appear in mid-2061.[12]

During its 1986 apparition, Halley became the first comet to be observed in detail by spacecraft, providing the first observational data on the structure of a comet nucleus and the mechanism of coma and tail formation.[13][14] These observations supported a number of longstanding hypotheses about comet construction, particularly Fred Whipple's "dirty snowball" model, which correctly predicted that Halley would be composed of a mixture of volatile ices – such as water, carbon dioxide and ammonia – and dust. The missions also provided data which substantially reformed and reconfigured these ideas; for instance it is now understood that Halley's surface is largely composed of dusty, non-volatile materials, and that only a small portion of it is icy.
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 Pronunciation

Comet Halley is commonly pronounced /ˈhæli/, rhyming with valley, or more recently /ˈheɪli/, rhyming with daily.[15] Spellings of Edmond Halley's name during his lifetime included Hailey, Haley, Hayley, Halley, Hawley, and Hawly, so its correct pronunciation is uncertain.[16]

 Computation of orbit

Halley was the first comet to be recognized as periodic. Until the Renaissance, the philosophical consensus on the nature of comets, promoted by Aristotle, was that they were disturbances in the Earth's atmosphere. This idea was disproved in 1577 by Tycho Brahe, who used parallax measurements to show that comets must lie beyond the Moon. Many were still unconvinced that comets actually orbited the Sun, and assumed they must instead follow straight paths through the Solar System.[17]

In 1687, Sir Isaac Newton published his Principia, in which he outlined his laws of gravity and motion. His work on comets was decidedly incomplete. Although he had suspected that two comets that had appeared in succession in 1680 and 1681 were the same comet before and after passing behind the Sun (he was later found to be correct; see Newton's Comet),[18] he was unable to completely reconcile comets into his model. Ultimately, it was Newton's friend, editor and publisher, Edmond Halley, who, in his 1705 Synopsis of the Astronomy of Comets, used Newton's new laws to calculate the gravitational effects of Jupiter and Saturn on cometary orbits.[19] This calculation enabled him, after examining historical records, to determine that the orbital elements of a second comet which had appeared in 1682 were nearly the same as those of two comets which had appeared in 1531 (observed by Petrus Apianus) and 1607 (observed by Johannes Kepler).[19] Halley thus concluded that all three comets were in fact the same object returning every 76 years, a period that has since been amended to every 75–76 years. After a rough estimate of the perturbations the comet would sustain from the gravitational attraction of the planets, he predicted its return for 1758.[20]

Halley's prediction of the comet's return proved to be correct, although it was not seen until 25 December 1758, by Johann Georg Palitzsch, a German farmer and amateur astronomer. It did not pass through its perihelion until 13 March 1759, the attraction of Jupiter and Saturn having caused a retardation of 618 days.[21] This effect was computed prior to its return (with a one-month error to 13 April)[22] by a team of three French mathematicians, Alexis Clairaut, Joseph Lalande, and Nicole-Reine Lepaute.[23] Halley himself did not live to see the comet return, as he died in 1742.[24] The confirmation of the comet's return was the first time anything other than planets had been shown to orbit the Sun. It was also one of the earliest successful tests of Newtonian physics, and a clear demonstration of its explanatory power.[25] The comet was first named in his honour by French astronomer Nicolas Louis de Lacaille in 1759.[25]

The possibility has been raised that 1st-century Jewish astronomers had already recognized Halley's Comet as periodic.[26] This theory notes a passage in the Talmud[27] which refers to "a star which appears once in seventy years that makes the captains of the ships err."[28]

 Orbit and origin


[image: The orbital paths of Halley, outlined in blue, against the orbits of Jupiter, Saturn, Uranus and Neptune, outlined in red]
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The orbit of Halley's Comet (blue) set against the orbits of the outer planets (red)





Halley's orbital period over the last 3 centuries has been between 75–76 years, though it has varied between 74–79 years since 240 BCE.[25][29] Its orbit around the Sun is highly elliptical, with an orbital eccentricity of 0.967 (with 0 being a perfect circle and 1 being a parabolic trajectory). The perihelion, the point in the comet's orbit when it is nearest the Sun, is just 0.6 AU[a] (between the orbits of Mercury and Venus), while its aphelion, or farthest distance from the Sun, is 35 AU (roughly the distance of Pluto). Unusually for an object in the Solar System, Halley's orbit is retrograde; it orbits the Sun in the opposite direction to the planets, or clockwise from above the Sun's north pole. The orbit is inclined by 18° to the ecliptic, with much of it lying south of the ecliptic, but is retrograde (true inclination is 162°).[30] Due to the retrograde orbit, it has one of the highest velocities relative to the Earth of any object in the Solar System. The 1910 passage was at a relative velocity of 70.56 km/s (157,838 mph or 254,016 km/h).[31] Because its orbit comes close to Earth's in two places, Halley's Comet is the parent body of two meteor showers: the Eta Aquariids in early May, and the Orionids in late October.[32] However, observations conducted around the time of Halley's Comet's appearance in 1986 suggest that the Eta Aquarid meteor shower might not originate from Halley's Comet, though it might be perturbed by the comet.[33]

Halley is classified as a periodic or short-period comet; one with an orbit lasting 200 years or less.[34] This contrasts it with long-period comets, whose orbits last for thousands of years. Periodic comets have an average inclination to the ecliptic of only ten degrees, and an orbital period of just 6.5 years, so Halley's orbit is atypical.[25] Most short-period comets (those with orbital periods shorter than 20 years and inclinations of 20–30 degrees or less) are called Jupiter-family comets. Those like Halley, with orbital periods of between 20 and 200 years and inclinations extending from zero to more than 90 degrees, are called Halley-type comets.[34][35] To date, only 54 Halley-type comets have been observed, compared with nearly 400 identified Jupiter-family comets.[36]

The orbits of the Halley-type comets suggest that they were originally long-period comets whose orbits were perturbed by the gravity of the giant planets and directed into the inner Solar System.[34] If Halley was once a long-period comet, it is likely to have originated in the Oort Cloud,[35] a sphere of cometary bodies that has an inner edge of 20,000–50,000 AU. Conversely the Jupiter-family comets are believed to originate in the Kuiper belt,[35] a flat disc of icy debris between 30 AU (Neptune's orbit) and 50 AU from the Sun (in the scattered disc). Another point of origin for the Halley-type comets has been proposed. In 2008, a trans-Neptunian object with a retrograde orbit similar to Halley's was discovered, 2008 KV42, whose orbit takes it from just outside that of Uranus to twice the distance of Pluto. It may be a member of a new population of small Solar System bodies that serves as the source of Halley-type comets.[37]


[image: A meteor strikes the bottom left, while the Milky Way arcs overhead and a dawn-like light lines the lower horizon. The image was taken through a curved lens.]
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Orionid meteor striking the sky below the Milky Way and to the right of Venus. Zodiacal light is also seen at the image.





Halley's Comet has probably been in its current orbit for 16,000–200,000 years, although it is not possible to numerically integrate its orbit for more than a few tens of apparitions, and close approaches before 837 CE can only be verified from recorded observations.[38] The non-gravitational effects can be crucial;[38] as Halley approaches the Sun, it expels jets of sublimating gas from its surface, which knock it very slightly off its orbital path. These orbital changes can cause deviations in its perihelion of four days.[39]

In 1989, Boris Chirikov and Vitaly Vecheslavov performed an analysis of 46 apparitions of Halley's Comet taken from historical records and computer simulations. These studies showed that its dynamics were chaotic and unpredictable on long timescales.[40] Halley's projected lifetime could be as long as 10 million years. More recent work suggests that Halley will evaporate, or split in two, within the next few tens of thousands of years, or will be ejected from the Solar System within a few hundred thousand years.[35] Observations by D.W. Hughes suggest that Halley's nucleus has been reduced in mass by 80–90% over the last 2000–3000 revolutions.[14]

 Structure and composition


[image: A large, black, rock-like structure is visible amid an onrushing cloud of dust. A stream of brilliant white arcs up from the left.]
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The nucleus of Halley's Comet, imaged by the Giotto probe in 1986. The dark coloration of the nucleus can be observed, as well as the jets of dust and gas erupting from its surface.





The Giotto and Vega missions gave planetary scientists their first view of Halley's surface and structure. Like all comets, as Halley nears the Sun, its volatile compounds (those with low boiling points, such as water, carbon monoxide, carbon dioxide and other ices) begin to sublime from the surface of its nucleus.[41] This causes the comet to develop a coma, or atmosphere, up to 100,000 km across.[3] Evaporation of this dirty ice releases dust particles, which travel with the gas away from the nucleus. Gas molecules in the coma absorb solar light and then re-radiate it at different wavelengths, a phenomenon known as fluorescence, whereas dust particles scatter the solar light. Both processes are responsible for making the coma visible.[11] As a fraction of the gas molecules in the coma are ionized by the solar ultraviolet radiation,[11] pressure from the solar wind, a stream of charged particles emitted by the Sun, pulls the coma's ions out into a long tail, which may extend more than 100 million kilometers into space.[41][42] Changes in the flow of the solar wind can cause disconnection events, in which the tail completely breaks off from the nucleus.[13]

Despite the vast size of its coma, Halley's nucleus is relatively small: barely 15 kilometers long, 8 kilometers wide and perhaps 8 kilometers thick.[b] Its shape vaguely resembles that of a peanut.[3] Its mass is relatively low (roughly 2.2 × 1014 kg)[4] and its average density is about 0.6 g/cm3, indicating that it is made of a large number of small pieces, held together very loosely, forming a structure known as a rubble pile.[5] Ground-based observations of coma brightness suggested that Halley's rotation period was about 7.4 days. Images taken by the various spacecraft, along with observations of the jets and shell, suggested a period of 52 hours.[14] Given the irregular shape of the nucleus, Halley's rotation is likely to be complex.[41] Although only 25% of Halley's surface was imaged in detail during the flyby missions, the images revealed an extremely varied topography, with hills, mountains, ridges, depressions, and at least one crater.[14]

Halley is the most active of all the periodic comets, with others, such as Comet Encke and Comet Holmes, displaying activity one or two orders of magnitude weaker.[14] Its day side (the side facing the Sun) is far more active than the night side. Spacecraft observations showed that the gases ejected from the nucleus were 80% water vapor, 17% carbon monoxide and 3–4% carbon dioxide,[43] with traces of hydrocarbons[44] although more recent sources give a value of 10% for carbon monoxide and also include traces of methane and ammonia.[45] The dust particles were found to be primarily a mixture of carbon-hydrogen-oxygen-nitrogen (CHON) compounds common in the outer Solar System, and silicates, such as are found in terrestrial rocks.[41] The dust particles decreased in size down to the limits of detection (~0.001 µm).[13] The ratio of deuterium to hydrogen in the water released by Halley was initially thought to be similar to that found in Earth's ocean water, suggesting that Halley-type comets may have delivered water to Earth in the distant past. Subsequent observations showed Halley's deuterium ratio to be far higher than that in found in the Earth's oceans, making such comets unlikely sources for Earth's water.[41]

Giotto provided the first evidence in support of Fred Whipple's "dirty snowball" hypothesis for comet construction; Whipple postulated that comets are icy objects warmed by the Sun as they approach the inner Solar System, causing ices on their surfaces to sublimate (change directly from a solid to a gas), and jets of volatile material to burst outward, creating the coma. Giotto showed that this model was broadly correct,[41] though with modifications. Halley's albedo, for instance, is about 4%, meaning that it reflects only 4% of the sunlight hitting it; about what one would expect for coal.[46] Thus, despite appearing brilliant white to observers on Earth, Halley's Comet is in fact pitch black. The surface temperature of evaporating "dirty ice" ranges from 170 K (−103 °C) at higher albedo to 220 K (−53 °C) at low albedo; Vega 1 found Halley's surface temperature to be in the range 300–400 K (30–130 °C). This suggested only 10% of Halley's surface was active, and that large portions of it were coated in a layer of dark dust, which retained heat.[13] Together, these observations suggested that Halley was in fact predominantly composed of non-volatile materials, and thus more closely resembled a "snowy dirtball" than a "dirty snowball".[14][47]

 Apparitions

Halley's calculations enabled the comet's earlier appearances to be found in the historical record. The following table sets out the astronomical designations for every apparition of Halley's Comet from 240 BCE, the earliest documented widespread sighting.[2][48] For example, "1P/1982 U1, 1986 III, 1982i" indicates that for the perihelion in 1986, Halley's Comet was the first period comet known (designated 1P) and this apparition was the first seen in "half-month" U (the first half of November) in 1982 (giving 1P/1982 U1); it was the third comet past perihelion in 1986 (1986 III); and it was the ninth comet spotted in 1982 (provisional designation 1982i). The perihelion dates of each apparition are shown.[49] The perihelion dates farther from the present are approximate, mainly because of uncertainties in the modeling of non-gravitational effects. Perihelion dates 1607 and later are in the Gregorian calendar, while perihelion dates of 1531 and earlier are in the Julian calendar.[50]



	

	1P/−239 K1, −239 (25 May 240 BCE)

	1P/−163 U1, −163 (12 November 164 BCE)

	1P/−86 Q1, −86 (6 August 87 BCE)

	1P/−11 Q1, −11 (10 October 12 BCE)

	1P/66 B1, 66 (25 January 66 CE)

	1P/141 F1, 141 (22 March 141)

	1P/218 H1, 218 (17 May 218)

	1P/295 J1, 295 (20 April 295)

	1P/374 E1, 374 (16 February 374)

	1P/451 L1, 451 (28 June 451)

	1P/530 Q1, 530 (27 September 530)

	1P/607 H1, 607 (15 March 607)

	1P/684 R1, 684 (2 October 684)

	1P/760 K1, 760 (20 May 760)

	1P/837 F1, 837 (28 February 837)

	1P/912 J1, 912 (18 July 912)




	

	1P/989 N1, 989 (5 September 989)

	1P/1066 G1, 1066 (20 March 1066)

	1P/1145 G1, 1145 (18 April 1145)

	1P/1222 R1, 1222 (28 September 1222)

	1P/1301 R1, 1301 (25 October 1301)

	1P/1378 S1, 1378 (10 November 1378)

	1P/1456 K1, 1456 (9 June 1456)

	1P/1531 P1, 1531 (26 August 1531)

	1P/1607 S1, 1607 (27 October 1607)

	1P/1682 Q1, 1682 (15 September 1682)

	1P/1758 Y1, 1759 I (13 March 1759)

	1P/1835 P1, 1835 III (16 November 1835)

	1P/1909 R1, 1910 II, 1909c (20 April 1910)

	1P/1982 U1, 1986 III, 1982i (9 February 1986)

	Next perihelion predicted 28 July 2061








 Prior to 1066
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Observation of Halley's Comet, recorded in cuneiform on a clay tablet between 22 and 28 September 164 BCE, Babylon, Iraq. British Museum.





Halley may have been recorded as early as 467 BCE, but this is uncertain. A comet was recorded in ancient Greece between 468 and 466 BCE; its timing, location, duration, and associated meteor shower all suggest it was Halley.[51] According to Pliny the Elder, that same year a meteorite fell in the town of Aegospotami, in Thrace. He described it as brown in colour and the size of a wagon load.[52] Chinese chroniclers also mention a comet in that year.[53]

The first certain appearance of Halley's Comet in the historical record is a description from 240 BCE, in the Chinese chronicle Records of the Grand Historian or Shiji, which describes a comet that appeared in the east and moved north.[54] The only surviving record of the 164 BCE apparition is found on two fragmentary Babylonian tablets, now owned by the British Museum.[54]

The apparition of 87 BCE was recorded in Babylonian tablets which state that the comet was seen "day beyond day" for a month.[55] This appearance may be recalled in the representation of Tigranes the Great, an Armenian king who is depicted on coins with a crown that features, according to Vahe Gurzadyan and R. Vardanyan, "a star with a curved tail [that] may represent the passage of Halley's Comet in 87 BCE." Gurzadyan and Vardanyan argue that "Tigranes could have seen Halley's Comet when it passed closest to the Sun on August 6 in 87 BCE" as the comet would have been a "most recordable event"; for ancient Armenians it could have heralded the New Era of the brilliant King of Kings.[56]

The apparition of 12 BCE was recorded in the Book of Han by Chinese astronomers of the Han Dynasty who tracked it from August through October.[10] It passed within 0.16 AU of the Earth.[57] Halley's appearance in 12 BCE, only a few years distant from the conventionally assigned date of the birth of Jesus Christ, has led some theologians and astronomers to suggest that it might explain the biblical story of the Star of Bethlehem. There are other explanations for the phenomenon, such as planetary conjunctions, and there are also records of other comets that appeared closer to the date of Jesus' birth.[58]

If, as has been suggested, the reference in the Talmud to "a star which appears once in seventy years that makes the captains of the ships err"[59] (see above) refers to Halley's Comet, it may be a reference to the 66 CE appearance, because this passage is attributed to the Rabbi Yehoshua ben Hananiah. This apparition was the only one to occur during ben Hananiah's lifetime.[60]

The 141 CE apparition was recorded in Chinese chronicles.[61] The 374 CE and 607 approaches each came within 0.09 AU of the Earth.[57] The 684 CE apparition was recorded in Europe in one of the sources used by the compiler of the 1493 Nuremberg Chronicles. Chinese records also report it as the "broom star".[62]

In 837, Halley's Comet may have passed as close as 0.03 AU (3.2 million miles; 5.1 million kilometers) from Earth, by far its closest approach.[57] Its tail may have stretched 60 degrees across the sky. It was recorded by astronomers in China, Japan, Germany and the greater Middle East.[10] In 912, Halley's Comet is recorded in the Annals of Ulster, which state "A dark and rainy year. A comet appeared."[63]

 1066


[image: White embroidery showing several people on the left pointing to Halley, top right, over a tower]
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The comet's appearance in 1066 was recorded on the Bayeux Tapestry.





In 1066, the comet was seen in England and thought to be an omen: later that year Harold II of England died at the Battle of Hastings; it was a bad omen for Harold, but a good omen for the man who defeated him, William the Conqueror. The comet is represented on the Bayeux Tapestry as a fiery star, and the surviving accounts describe it as appearing to be four times the size of Venus and shining with a light equal to a quarter of that of the Moon. Halley came within 0.10 AU of the Earth at that time.[57]

This appearance of the comet is also noted in the Anglo-Saxon Chronicle. Eilmer of Malmesbury may have seen Halley previously in 989, as he wrote of it in 1066: "You've come, have you? ... You've come, you source of tears to many mothers, you evil. I hate you! It is long since I saw you; but as I see you now you are much more terrible, for I see you brandishing the downfall of my country. I hate you!"[64]

The Irish Annals of the Four Masters recorded the comet as "A star [that] appeared on the seventh of the Calends of May, on Tuesday after Little Easter, than whose light the brilliance or light of the moon was not greater; and it was visible to all in this manner till the end of four nights afterwards."[63] Chaco Native Americans in New Mexico may have recorded the 1066 apparition in their petroglyphs.[65]

 1145–1378


[image: The wise men and several animals cluster around the baby Jesus, while a comet-like object streaks overhead]
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The Adoration of the Magi (circa 1305) by Giotto, who purportedly modeled the star of Bethlehem on Halley, which had been sighted 4 years prior to this painting.





The 1145 apparition was recorded by the monk Eadwine. The 1986 apparition exhibited a fan tail similar to Eadwine's drawing.[62] Some claim that Genghis Khan was inspired to turn his conquests toward Europe by the 1222 apparition.[66] The 1301 apparition may have been seen by the artist Giotto di Bondone, who represented the Star of Bethlehem as a fire-colored comet in the Nativity section of his Arena Chapel cycle, completed in 1305.[62] No record survives of the 1378 apparition.

 1456

In 1456, the year of Halley's next apparition, the Ottoman Empire invaded the Kingdom of Hungary, culminating in the Siege of Belgrade in July of that year. In a Papal Bull, Pope Calixtus III ordered special prayers be said for the city's protection. In 1470, the humanist scholar Bartolomeo Platina wrote in his Lives of the Popes that,[67]


A hairy and fiery star having then made its appearance for several days, the mathematicians declared that there would follow grievous pestilence, dearth and some great calamity. Calixtus, to avert the wrath of God, ordered supplications that if evils were impending for the human race He would turn all upon the Turks, the enemies of the Christian name. He likewise ordered, to move God by continual entreaty, that notice should be given by the bells to call the faithful at midday to aid by their prayers those engaged in battle with the Turk.



Platina's account is not mentioned in official records. In the 18th century, a Frenchman further embellished the story, in anger at the Church, by claiming that the Pope had "excommunicated" Halley's Comet, though this story was most likely his own invention.[68]

Halley's apparition of 1456 was also witnessed in Kashmir and depicted in great detail by Śrīvara, a Sanskrit poet and biographer to the Sultans of Kashmir. He read the apparition as a cometary portent of doom foreshadowing the imminent fall of Sultan Zayn al-Abidin ( AD 1418/1420-1470).[69]

After witnessing a bright light in the sky (which most historians have identified as Halley's Comet, visible in Ethiopia in 1456), Emperor Zara Yaqob, ruler from 1434 to 1468, founded the city of Debre Berhan (tr. City of Light) and made it his capital for the remainder of his reign.[70]

 1531–1835
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A photograph of Halley's Comet taken during its 1910 approach





Halley's periodic returns have been subject to scientific investigation since the 16th century. The three apparitions from 1531 to 1682 were noted by Edmond Halley, enabling him to predict its 1759 return. Streams of vapour observed during the comet's 1835 apparition prompted astronomer Friedrich Wilhelm Bessel to propose that the jet forces of evaporating material could be great enough to significantly alter a comet's orbit.[71]

 1910

The 1910 approach, which came into naked-eye view around 10 April[57] and came to perihelion on 20 April,[57] was notable for several reasons: it was the first approach of which photographs exist, and the first for which spectroscopic data were obtained.[13] Furthermore, the comet made a relatively close approach of 0.15AU,[57] making it a spectacular sight. Indeed, on 19 May, the Earth actually passed through the tail of the comet.[72][73] One of the substances discovered in the tail by spectroscopic analysis was the toxic gas cyanogen,[74] which led astronomer Camille Flammarion to claim that, when Earth passed through the tail, the gas "would impregnate the atmosphere and possibly snuff out all life on the planet."[75] His pronouncement led to panicked buying of gas masks and quack "anti-comet pills" and "anti-comet umbrellas" by the public.[76] In reality, as other astronomers were quick to point out, the gas is so diffuse that the world suffered no ill effects from the passage through the tail.[75]

The comet was also fertile ground for hoaxes. One that reached major newspapers claimed that the Sacred Followers, a supposed Oklahoma religious group, attempted to sacrifice a virgin to ward off the impending disaster, but were stopped by the police.[77]

American satirist and writer Mark Twain was born on 30 November 1835, exactly two weeks after the comet's perihelion. In his autobiography, published in 1909, he said,


I came in with Halley's comet in 1835. It is coming again next year, and I expect to go out with it. It will be the greatest disappointment of my life if I don't go out with Halley's comet. The Almighty has said, no doubt: 'Now here are these two unaccountable freaks; they came in together, they must go out together.'[78][79]



Twain died on 21 April 1910, the day following the comet's subsequent perihelion.[80] The 1985 fantasy film The Adventures of Mark Twain was inspired by the quotation.

Halley's 1910 apparition is distinct from the Great Daylight Comet of 1910, which surpassed Halley in brilliance and was actually visible in broad daylight for a short period, approximately four months before Halley made its appearance.[81][82]

 1986


[image: Halley's Comet, tail barely visible, against a background of stars. The Milky Way is seen in the background.]
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Halley's Comet in 1986





Halley's 1986 apparition was the least favorable on record. The comet and the Earth were on opposite sides of the Sun in February 1986, creating the worst viewing circumstances for Earth observers for the last 2,000 years.[83] Halley's closest approach was 0.42 AU.[84] Additionally, with increased light pollution from urbanization, many people never saw the comet at all. It was possible to observe it in areas outside of cities with the help of binoculars.[85] Further, the comet appeared brightest when it was almost invisible from the northern hemisphere in March and April.[86] Halley's approach was first detected by astronomers David Jewitt and G. Edward Danielson on 16 October 1982 using the 5.1 m Hale telescope at Mount Palomar and a CCD camera.[87] The first person to visually observe the comet on its 1986 return was amateur astronomer Stephen James O'Meara on 24 January 1985. O'Meara used a home-built 24-inch telescope on top of Mauna Kea to detect the magnitude 19.6 comet.[88] On 8 November 1985, Stephen Edberg (then serving as the Coordinator for Amateur Observations at NASA's Jet Propulsion Laboratory) and Charles Morris were the first to observe Halley's Comet with the naked eye in its 1986 apparition.[89][90]

The development of space travel gave scientists the opportunity to study the comet at close quarters, and several probes were launched to do so. The Soviet Vega 1 started returning images of Halley on 4 March 1986, and the first ever of its nucleus,[14] and made its flyby on 6 March, followed by Vega 2 making its flyby on 9 March. On 14 March, the Giotto space probe, launched by the European Space Agency, made the closest pass of the comet's nucleus.[14] There were also two Japanese probes, Suisei and Sakigake. The probes were unofficially known as the Halley Armada.[91]

Based on data retrieved by Astron, the largest ultraviolet space telescope of the time, during its Halley's Comet observations in December 1985, a group of Soviet scientists developed a model of the comet's coma.[92] The comet was also observed from space by the International Cometary Explorer. Originally International Sun-Earth Explorer 3, the probe was renamed and freed from its L1 Lagrangian point location in Earth's orbit to intercept comets 21P/Giacobini-Zinner and Halley.[93]

Two Space Shuttle missions – the ill-fated STS-51-L (ended by the Challenger disaster)[94] and STS-61-E – were scheduled to observe Halley's Comet from low Earth orbit. STS-51-L carried the Shuttle-Pointed Tool for Astronomy (SPARTAN-203) satellite, also called the Halley's Comet Experiment Deployable (HCED).[95] STS-61-E was a Columbia mission scheduled for March 1986, carrying the ASTRO-1 platform to study the comet.[96] Due to the suspension of America's manned space program after the Challenger explosion, the mission was canceled, and ASTRO-1 would not fly until late 1990 on STS-35.[97]

 After 1986
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Halley's Comet observed in 2003 at 28 AU from the Sun





On 12 February 1991, at a distance of 14.4 AU (2.15×109 km) from the Sun, Halley displayed an outburst that lasted for several months, releasing a cloud of dust 300,000 km across.[41] The outburst likely started in December 1990, and then the comet brightened from magnitude 24.3 to magnitude 18.9.[98] Halley was most recently observed in 2003 by three of the Very Large Telescopes at Paranal, Chile, when Halley's magnitude was 28.2. The telescopes observed Halley, at the faintest and furthest any comet has ever been imaged, in order to verify a method for finding very faint trans-Neptunian objects.[9] Astronomers are now able to observe the comet at any point in its orbit.[9]

The next predicted perihelion of Halley's Comet is 28 July 2061,[1] when it is expected to be better positioned for observation than during the 1985–1986 apparition, as it will be on the same side of the Sun as Earth.[29] It is expected to have an apparent magnitude of −0.3, compared with only +2.1 for the 1986 apparition.[99] It has been calculated that on 9 September 2060, Halley will pass within 0.98 AU (147,000,000 km) of Jupiter, and then on 20 August 2061 will pass within 0.0543 AU (8,120,000 km) of Venus.[100] In 2134, Halley is expected to pass within 0.09 AU (13,000,000 km) of the Earth.[100] Its apparent magnitude is expected to be −2.0.[99]
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Montage of Jupiter's four Galilean moons, in a composite image comparing their sizes and the size of Jupiter. From top to bottom: Io, Europa, Ganymede, Callisto





The Galilean moons are the four moons of Jupiter discovered by Galileo Galilei in January 1610. They are the largest of the many moons of Jupiter and derive their names from the lovers of Zeus: Io, Europa, Ganymede, and Callisto. They are among the most massive objects in the Solar System outside the Sun and the eight planets, with radii larger than any of the dwarf planets. The three inner moons – Ganymede, Europa, and Io – participate in a 1:2:4 orbital resonance.

The four moons were discovered sometime between 1609 and 1610 when Galileo made improvements to his telescope, which enabled him to observe celestial bodies more distinctly than had ever been possible before.[1] Galileo's discovery showed the importance of the telescope as a tool for astronomers by proving that there were objects in space that cannot be seen by the naked eye. More importantly, the incontrovertible discovery of celestial bodies orbiting something other than the Earth dealt a serious blow to the then-accepted Ptolemaic world system, or the geocentric theory in which everything orbits around the Earth.

Galileo initially named his discovery the Cosmica Sidera ("Cosimo's stars"), but names that eventually prevailed were chosen by Simon Marius. Marius discovered the moons independently at the same time as Galileo, and gave them their present names, which were suggested by Johannes Kepler, in his Mundus Jovialis, published in 1614.
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Galileo Galilei, the discoverer of the four Galilean moons





As a result of improvements Galileo Galilei made to the telescope, with a magnifying capability of 20×,[2] he was able to see celestial bodies more distinctly than was ever possible before. This allowed Galilei to discover sometime between December 1609 and January 1610 what came to be known as the Galilean moons.[1][3]

On January 7, 1610, Galileo wrote a letter containing the first mention of Jupiter’s moons. At the time, he saw only three of them, and he believed them to be fixed stars near Jupiter. He continued to observe these celestial orbs from January 8 to March 2, 1610. In these observations, he discovered a fourth body, and also observed that the four were not fixed stars, but rather were orbiting Jupiter.[1]

Galileo’s discovery proved the importance of the telescope as a tool for astronomers by showing that there were objects in space to be discovered that until then had remained unseen by the naked eye. More importantly, the discovery of celestial bodies orbiting something other than the Earth dealt a blow to the then-accepted Ptolemaic world system, which held that the Earth was at the center of the universe and all other celestial bodies revolved around it.[4] Galileo's Sidereus Nuncius (Starry Messenger), which announced celestial observations through his telescope, does not explicitly mention Copernican heliocentrism, a theory that placed the Sun at the center of the universe. Nevertheless, Galileo accepted the Copernican theory.[1] As a result of these discoveries, Galileo was able to develop a method of determining longitude based on the timing of the orbits of the Galilean moons.[5]

A Chinese historian of astronomy, Xi Zezong, has claimed that a "small reddish star" observed near Jupiter in 362 BC by Chinese astronomer Gan De may have been Ganymede, predating Galileo's discovery by around two millennia.[6]

 Dedication to the Medicis

In 1605, Galileo had been employed as a mathematics tutor for Cosimo de' Medici. In 1609, Cosimo became Grand Duke Cosimo II of Tuscany. Galileo, seeking patronage from his now-wealthy former student and his powerful family, used the discovery of Jupiter’s moons to gain it.[1] On February 13, 1610, Galileo wrote to the Grand Duke’s secretary:


God graced me with being able, through such a singular sign, to reveal to my Lord my devotion and the desire I have that his glorious name live as equal among the stars, and since it is up to me, the first discoverer, to name these new planets, I wish, in imitation of the great sages who placed the most excellent heroes of that age among the stars, to inscribe these with the name of the Most Serene Grand Duke.[1]



Galileo asked whether he should name the moons the "Cosmian Stars", after Cosimo alone, or the "Medician Stars", which would honor all four brothers in the Medici clan. The secretary replied that the latter name would be best.[1]

On March 12, 1610, Galileo wrote his dedicatory letter to the Duke of Tuscany, and the next day sent a copy to the Grand Duke, hoping to obtain the Grand Duke's support as quickly as possible. On March 19, he sent the telescope he had used to first view Jupiter's moons to the Grand Duke, along with an official copy of Sidereus Nuncius (The Starry Messenger) that, following the secretary's advice, named the four moons the Medician Stars.[1] In his dedicatory introduction, Galileo wrote:


Scarcely have the immortal graces of your soul begun to shine forth on earth than bright stars offer themselves in the heavens which, like tongues, will speak of and celebrate your most excellent virtues for all time. Behold, therefore, four stars reserved for your illustrious name ... which ... make their journeys and orbits with a marvelous speed around the star of Jupiter ... like children of the same family ... Indeed, it appears the Maker of the Stars himself, by clear arguments, admonished me to call these new planets by the illustrious name of Your Highness before all others.[1]



 Name


[image: ]

[image: ]

An apparatus from the mid-18th century for demonstrating the orbits of Jupiter's satellites





Galileo initially called his discovery the Cosmica Sidera ("Cosimo's stars"), in honour of Cosimo II de' Medici (1590–1621). At Cosimo's suggestion, Galileo changed the name to Medicea Sidera ("the Medician stars"), honouring all four Medici brothers (Cosimo, Francesco, Carlo, and Lorenzo). The discovery was announced in the Sidereus Nuncius ("Starry Messenger"), published in Venice in March 1610, less than two months after the first observations.

Other names put forward include:


	I. Principharus (for the "prince" of Tuscany), II. Victripharus (after Vittoria della Rovere), III. Cosmipharus (after Cosimo de' Medici) and IV. Fernipharus (after Duke Ferdinando de' Medici)[1] - by Giovanni Battista Hodierna, a disciple of Galileo and author of the first ephemerides (Medicaeorum Ephemerides, 1656);

	Circulatores Jovis, or Jovis Comites - by Johannes Hevelius;

	Gardes, or Satellites (from the Latin satelles, satellitis, meaning "escorts") - by Jacques Ozanam.



The names that eventually prevailed were chosen by Simon Marius, who discovered the moons independently at the same time as Galileo: he named them at the suggestion of Johannes Kepler after lovers of the god Zeus (the Greek equivalent of Jupiter): Io, Europa, Ganymede and Callisto, in his Mundus Jovialis, published in 1614.[7]

Galileo steadfastly refused to use Marius' names and invented as a result the numbering scheme that is still used nowadays, in parallel with proper moon names. The numbers run from Jupiter outward, thus I, II, III and IV for Io, Europa, Ganymede, and Callisto respectively.[7] Galileo used this system in his notebooks but never actually published it. The numbered names (Jupiter x) were used until mid-20th century when other inner moons were discovered, and Marius' names became widely used.[7]

 Members

Simulations suggest there may have been several generations of Galilean satellites in Jupiter's early history. Each generation of moons to have formed would have spiraled into Jupiter and been destroyed, due to drag from Jupiter's proto-lunar disk, with new moons forming from the remaining debris. By the time the present generation formed, the debris had thinned out to the point that it no longer greatly interfered with the moons' orbits.[8] Io is anhydrous and likely has an interior of rock and metal.[9] Europa is thought to contain 8% ice and water by mass with the remainder rock.[9] These moons are, in increasing order of distance from Jupiter:



	Name

	Image
	Model of Interior

I E G C
	Diameter

(km)
	Mass

(kg)
	Density

(g/cm³)
	Semi-major axis

(km)[10]
	Orbital period(d)

[11](relative)
	Inclination

(°)[12]
	Eccentricity



	Io

Jupiter I
	[image: Io, moon of Jupiter, NASA.jpg]
	[image: PIA01129 Interior of Io.jpg]
	3660.0

×3637.4

×3630.6
	0893 !8.93×1022
	3.528
	421,800
	1.769



(1)
	0.050
	0.0041



	Europa

Jupiter II
	[image: Europa-moon.jpg]
	[image: PIA01130 Interior of Europa.jpg]
	3121.6
	0480 !4.8×1022
	3.014
	671,100
	3.551



(2)
	0.471
	0.0094



	Ganymede

Jupiter III
	[image: Ganymede, moon of Jupiter, NASA.jpg]
	[image: PIA00519 Interior of Ganymede.jpg]
	5262.4
	1480 !1.48×1023
	1.942
	1,070,400
	7.155



(4)
	0.204
	0.0011



	Callisto

Jupiter IV
	[image: Callisto, moon of Jupiter, NASA.jpg]
	[image: PIA01478 Interior of Callisto.jpg]
	4820.6
	1080 !1.08×1023
	1.834
	1,882,700
	16.69



(9.4)
	0.205
	0.0074




 Io

Main article: Io (moon)
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The three inner Galilean moons revolve in a 4:2:1 resonance.





Io is the innermost of the four Galilean moons of Jupiter and, with a diameter of 3,642 kilometers, the fourth-largest moon in the Solar System. It was named after Io, a priestess of Hera who became one of the lovers of Zeus. Nevertheless, it was simply referred to as “Jupiter I,” or “The first satellite of Jupiter,” until the mid-20th century.[7]

With over 400 active volcanoes, Io is the most geologically active object in the Solar System.[13] Its surface is dotted with more than 100 mountains, some of which are taller than Earth's Mount Everest.[14] Unlike most satellites in the outer Solar System (which have a thick coating of ice), Io is primarily composed of silicate rock surrounding a molten iron or iron sulfide core.

Although not proven, recent data from the Galileo orbiter indicates that Io might have its own magnetic field.[15] Io has an extremely thin atmosphere made up mostly of sulfur dioxide (SO2).[16] If a surface data or collection vessel were to land on Io in the future, it would have to be extremely tough (similar to the tank-like bodies of the Soviet Venera landers) to survive the radiation and magnetic fields that originate from Jupiter.[17]

 Europa

Main article: Europa (moon)

Europa, the second of the four Galilean moons, is the second closest to Jupiter and the smallest at 3121.6 kilometers in diameter, which is slightly smaller than Earth's Moon. The name, Europa was after a mythical Phoenician noblewoman, Europa, who was courted by Zeus and became the queen of Crete, but did not become widely used until the mid-20th century.[7]

It is one of the smoothest objects in the solar system,[18] with a layer of water surrounding the mantle of the planet, thought to be 100 kilometers thick.[19] The smooth surface includes a layer of ice, while the bottom of the ice is theorized to be liquid water.[20] The apparent youth and smoothness of the surface have led to the hypothesis that a water ocean exists beneath it, which could conceivably serve as an abode for extraterrestrial life.[21] Heat energy from tidal flexing ensures that the ocean remains liquid and drives geological activity.[22] Life may exist in Europa's under-ice ocean, perhaps subsisting in an environment similar to Earth's deep-ocean hydrothermal vents or the Antarctic Lake Vostok.[23] Life in such an ocean could possibly be similar to microbial life on Earth in the deep ocean.[24] So far, there is no evidence that life exists on Europa, but the likely presence of liquid water has spurred calls to send a probe there.[25]

The prominent markings that criss-cross the moon seem to be mainly albedo features, which emphasize low topography. There are few craters on Europa because its surface is tectonically active and young.[26] Some theories suggest that Jupiter’s gravity is causing these markings, as one side of Europa is constantly facing Jupiter. Also, volcanic water eruptions splitting the surface of Europa, and even geysers have been considered as a cause. The color of the markings, reddish-brown, is theorized to be caused by sulfur, but scientists cannot confirm that, because no data collection devices have been sent to Europa.[27] Europa is primarily made of silicate rock and likely has an iron core. It has a tenuous atmosphere composed primarily of oxygen.

 Ganymede

Main article: Ganymede (moon)

Ganymede, the third Galilean moon is named after the mythological Ganymede, cupbearer of the Greek gods and Zeus's beloved.[28] Ganymede is the largest natural satellite in the Solar System at 5262.4 kilometers in diameter, which makes it larger than the planet Mercury - although only at about half of its mass[29] since Ganymede is an icy world. It is the only satellite in the Solar System known to possess a magnetosphere, likely created through convection within the liquid iron core.[30]

Ganymede is composed primarily of silicate rock and water ice, and a salt-water ocean is believed to exist nearly 200 km below Ganymede's surface, sandwiched between layers of ice.[31] The metallic core of Ganymede suggests a greater heat at some time in its past than had previously been proposed. The surface is a mix of two types of terrain – highly cratered dark regions and younger, but still ancient, regions with a large array of grooves and ridges. Ganymede has a high number of craters, but many are gone or barely visible due to its icy crust forming over them. The satellite has a thin oxygen atmosphere that includes O, O2, and possibly O3 (ozone), and some atomic hydrogen.[32][33]
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Relative masses of the Jovian moons. Io and Callisto together are about 50%, as are Europa and Ganymede. The Galileans so dominate the system that all the other Jovian moons put together are not visible at this scale.





 Callisto

Main article: Callisto (moon)

Callisto is the fourth and last Galilean moon, and is the second largest of the four, and at 4820.6 kilometers in diameter, it is the third largest moon in the Solar System. Callisto was a daughter of the Arkadian King Lykaon and a hunting companion of the goddess Artemis. It does not form part of the orbital resonance that affects three inner Galilean satellites and thus does not experience appreciable tidal heating.[34] Callisto is composed of approximately equal amounts of rock and ices, which makes it the least dense of the Galilean moons. It is one of the most heavily cratered satellites in the solar system, and one major feature is a basin around 3000 km wide called Valhalla.

Callisto is surrounded by an extremely thin atmosphere composed of carbon dioxide[35] and probably molecular oxygen.[36] Investigation revealed that Callisto may possibly have a subsurface ocean of liquid water at depths greater than 100 kilometers.[37] The likely presence of an ocean within Callisto indicates that it can or could harbor life. However, this is less likely than on nearby Europa.[38] Callisto has long been considered the most suitable place for a human base for future exploration of the Jupiter system since it is furthest from the intense radiation of Jupiter.[39]

 Comparative structure



Jovian Radiation

	Moon
	rem/day



	Io
	3600[40]



	Europa
	540[40]



	Ganymede
	8[40]



	Callisto
	0.01[40]






Fluctuations in the orbits of the moons indicate that their mean density decreases with distance from Jupiter. Callisto, the outermost and least dense of the four, has a density intermediate between ice and rock whereas Io, the innermost and densest moon, has a density intermediate between rock and iron. Callisto has an ancient, heavily-cratered and unaltered ice surface and the way it rotates indicates that its density is equally distributed, suggesting that it has no rocky or metallic core but consists of a homogenous mix of rock and ice. This may well have been the original structure of all the moons. The rotation of the three inner moons, in contrast, indicates differentiation of their interiors with denser matter at the core and lighter matter above. They also reveal significant alteration of the surface. Ganymede reveals past tectonic movement of the ice surface which required partial melting of subsurface layers. Europa reveals more dynamic and recent movement of this nature, suggesting a thinner ice crust. Finally, Io, the innermost moon, has a sulphur surface, active volcanism and no sign of ice. All this evidence suggests that the nearer a moon is to Jupiter the hotter its interior. The current model is that the moons experience tidal heating as a result of the gravitational field of Jupiter in inverse proportion to the square of their distance from the giant planet. In all but Callisto this will have melted the interior ice, allowing rock and iron to sink to the interior and water to cover the surface. In Ganymede a thick and solid ice crust then formed. In warmer Europa a thinner more easily broken crust formed. In Io the heating is so extreme that all the rock has melted and water has long ago boiled out into space.
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Surface features of the four members at different levels of zoom in each row











 Size
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Galilean moons compared with other Solar System bodies, although pixel scale is not accurate at this resolution.











 Latest flyby
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Jupiter and Io
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Jupiter's moon

Io
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Jupiter's moon Europa
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Jupiter's moon Ganymede
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Jupiter's moon Callisto




Jupiter and Galilean moons circa 2007, imaged by New Horizons during flyby. (greyscale colour)









 Visibility
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The Galilean moons seen with an amateur telescope.





All four Galilean moons are bright enough that they could, if they were farther away from Jupiter, be sighted from Earth without a telescope. (They are, however, easily visible with even low-powered binoculars.) They have apparent magnitudes between 4.6 and 5.6 when Jupiter is in opposition with the Sun,[41] and are about one unit of magnitude dimmer when Jupiter is in conjunction. The main difficulty in observing the moons from Earth is their proximity to Jupiter since they are obscured by its brightness.[42] The maximum angular separations of the moons are between 2 and 10 minutes of arc from Jupiter,[43] close to the limit of human visual acuity. Ganymede and Callisto, at their maximum separation, are the likeliest targets for potential naked-eye observation. The easiest way to observe them is to "cover" Jupiter with an object, e.g., a tree limb or a utility pole that is perpendicular to the plane of the moons' orbits.

 See also


	Moons of Jupiter

	Jupiter's moons in fiction
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Ganymede: (5th root of 100)^(4.4 Ganymede APmag - (-2.8 Jup APmag)) = 758

Callisto: (5th root of 100)^(5.5 Callisto APmag - (-2.8 Jup APmag)) = 2089

	^ Jupiter near perihelion 2010-Sep-19: 656.7 (Callisto angular separation arcsec) - 24.9 (jup angular radius arcsec) = 631 arcsec = 10 arcmin
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