Uranus

Uranus, symbol {Uranus} in astronomy, is the seventh planet in order of distance from the Sun. Its low density (1.285 grams per cubic centimetre) and large size (radius four times that of the Earth) place it among the four giant planets, which have no solid surfaces and are composed primarily of hydrogen, helium, water, and other volatile compounds. Absorption of red light by methane gas gives the planet a blue-green colour (see Figure 25). Uranus spins on its side; its rotation axis is tipped at an angle of 98o relative to its orbit axis. In addition, the magnetic field is tipped at an angle of 59o relative to the rotation axis. Uranus has 15 known satellites, ranging up to 789 kilometres in radius, and 10 narrow rings. Its mean distance from the Sun is 2,870.99 million kilometres, and its mean distance from the Earth at closest approach is 2,721.39 million kilometres. 

PRINCIPAL CHARACTERISTICS

Basic information about the Uranian system is summarized in Table 17. The Uranian year is 84.01 Earth years. The eccentricity of the orbit is 0.0461, and the inclination of the orbit to the Earth's orbital plane is 0.774o. Low eccentricity and low inclination such as those of Uranus are characteristic of all planetary orbits. It is believed that collisions and gaseous drag took energy out of the orbits while the planets were forming and so reduced the eccentricities and inclinations to their present values. Thus, Uranus formed with the rest of the planets soon after the birth of the Sun. 

The mass of Uranus, 8.684 ( 1025 kilograms, is 85 percent that of Neptune. At the level where the atmospheric pressure is one bar (roughly equivalent to the Earth's sea-level pressure), the equatorial radius is 25,559 kilometres, which is 3.2 percent greater than that of Neptune. Thus Uranus and Neptune are nearly twin planets, although the difference in their respective bulk densities, 1.285 as compared with 1.64 grams per cubic centimetre, reveals a fundamental difference in composition and internal structure. Although Uranus and Neptune are significantly larger than the terrestrial planets, their radii are less than half those of the largest planets, Jupiter and Saturn. The equatorial surface gravity of Uranus is 8.69 metres per square second, which is 11 percent smaller than that of the Earth. 

According to international convention, the north pole of a planet is defined as the pole that is above the equatorial plane of the solar system, regardless of the direction in which the planet is spinning. In terms of this definition, Uranus spins clockwise about its north pole, which is opposite to the spin of the Earth. When the Voyager 2 spacecraft flew by Uranus on Jan. 24, 1986, the north pole was in darkness and the Sun was almost directly overhead at the south pole. In 42 years (one-half the Uranian year), the Sun moves from being overhead at one pole to being overhead at the other. The 98o tilt is thought to have arisen during the final stages of planetary accretion when bodies comparable in size to the present planets collided in a series of violent events that knocked Uranus on its side.  

The rotational period of Uranus, 17.24 hours, was inferred when the Voyager spacecraft detected periodic radio emissions that were coming from charged particles trapped in the magnetic field. Direct measurements of the field showed that it is tipped at an angle of 58.6o relative to the rotation axis and that it rotates with the same period. Since the field is thought to be generated in the electrically conducting interior of the planet, the 17.24-hour period is assumed to be that of the interior. The rotation causes an oblateness, or flattening of the planet's poles such that the polar radius is 2.29 percent smaller than the equatorial radius. Winds in the atmosphere cause cloud markings to rotate at periods ranging from 18 hours to slightly more than 14 hours. 

THE ATMOSPHERE

Molecular hydrogen (H2) and helium (He) are the two main constituents of the atmosphere. Hydrogen is detectable from the Earth in the spectrum of sunlight scattered by the clouds of Uranus. The helium-to-hydrogen ratio was determined from the bending of the Voyager radio signal as it passed through the atmosphere. The ratio of the number of helium molecules to the total number of diatomic hydrogen and helium molecules is 0.15, while the corresponding mass ratio of helium to the total is 0.26. These values are consistent with the values inferred for the Sun and are significantly greater than the values inferred for the atmospheres of Jupiter and Saturn. It is assumed that all four of the giant planets have the same proportions of hydrogen and helium as the Sun but that the helium has settled toward the centres of Jupiter and Saturn. The processes that cause this settling have been shown not to operate on less massive planets like Uranus and Neptune. 

Methane (CH4) absorbs strongly at near-infrared wavelengths, and it dominates that part of the spectrum even though the number of methane molecules is only 2.3 percent of the total. This estimate of the abundance was determined using Voyager 2 radio signals that probed to depths where the methane-to-hydrogen ratio is likely to be constant. If this constant is characteristic of the planet as a whole, the carbon-to-hydrogen (C:H) ratio of Uranus is 24 times that of the Sun. The large value of the C:H ratio suggests that the elements oxygen, nitrogen, and sulfur also are enriched relative to solar values. However, these elements are tied up in molecules of water (H2O), ammonia (NH3), and hydrogen sulfide (H2S), which condense at levels below the part of the atmosphere that can be seen. Earth-based radio observations reveal a curious depletion of ammonia in the atmosphere, perhaps because hydrogen sulfide is more abundant and sequesters all the ammonia in cloud particles of ammonium hydrosulfide (NH4SH). The Voyager ultraviolet spectrometer experiment detected traces of acetylene (C2H2) and ethane (C2H6) in abundances on the order of 10-8. These gases are by-products of methane, which dissociates when ultraviolet light from the Sun strikes the upper atmosphere. 

The average power radiated by Uranus is equivalent to that of a blackbody radiating at a temperature of 59.1 K. This radiation temperature is equal to the physical temperature of the atmospheric gases at a pressure of about 0.4 bar. Temperature decreases with height throughout this portion of the atmosphere up to the 70-millibar level, where it is about 52 K. The temperature rises from this point until it reaches 750 K in the exosphere (the top of the atmosphere at a distance of 1.1 Uranian radii from the planetary centre), where pressures are on the order of 10-12 bar. The cause of the high exospheric temperatures is uncertain, but it may involve a combination of ultraviolet absorption, electron bombardment, and inability of the gas to radiate at infrared wavelengths.  

Horizontal contrasts of temperature were measured by Voyager in two broad altitude ranges, one located in the range of 60 to 200 millibars and the other of 500 to 1,000 millibars. In both ranges the pole-to-pole temperature contrast is small, less than 1 K, despite the fact that the south pole was facing the Sun at the time of the Voyager encounter. This lack of global contrast is related to the efficient horizontal heat transfer and the large heat storage capacity of the deep atmosphere. 

Although Uranus is nearly featureless, extreme contrast enhancement of the Voyager images reveals faint bands oriented parallel to circles of constant latitude (Figure 25). Apparently the rotation of the planet and not the distribution of absorbed sunlight controls the cloud patterns. Rotation manifests itself through the Coriolis force, an effect that causes material moving on a rotating planet to appear to be deflected to either the right or the left depending on the sign of the latitude. Uranus therefore looks like a tipped-over version of Jupiter and Saturn in terms of cloud patterns. 

The wind is the motion of the atmosphere relative to the rotating planet. At high latitudes on Uranus, as on the Earth, this relative motion is in the direction of the planet's rotation. At low (that is, equatorial) latitudes, the relative motion is in the opposite direction. On the Earth these directions are called east and west, respectively, but the more general terms are prograde and retrograde. The winds that exist on Uranus are several times stronger than those of the Earth. The wind is 200 metres per second (prograde) at a latitude of -55o and 110 metres per second (retrograde) at the equator. Neptune's equatorial winds are also retrograde, although those of Jupiter and Saturn are prograde. No satisfactory theory exists to explain these differences. 

Uranus has no large spots like the Great Red Spot of Jupiter or the Great Dark Spot of Neptune. The measurements of the wind profile come from just four small spots whose contrast is no more than 2 or 3 percent relative to the surrounding atmosphere. Since the giant planets have no solid surfaces, the spots represent atmospheric storms. For reasons that are not clear, Uranus seems to have the smallest number of storms of any of the giant planets. 

INTERIOR STRUCTURE AND COMPOSITION

Although Uranus has a somewhat lower density than Jupiter, it has a higher proportion of elements heavier than hydrogen and helium. Jupiter's greater mass (by a factor of 22) leads to a greater gravitational force and greater self-compression than on Uranus. If the two planets were made of the same material, Jupiter would be considerably denser than Uranus. Models proposed for the Uranian interior assume different ratios of rock (metals and their oxides), ice (water, methane, and ammonia), and gas (essentially hydrogen and helium). At the high temperatures and pressures within the giant planets, the "ices" will in fact be liquids. To be consistent with the bulk density data, the mass of rock plus ice must constitute roughly 80 percent of the total mass of Uranus, compared with 10 percent for Jupiter and 2 percent for a mixture of solar composition. In all models Uranus is a fluid planet, with the gaseous atmosphere gradually merging with the liquid interior. Pressure at the centre is about five megabars. 

More information about the interior is obtained by comparing the model's response to centrifugal forces (as would arise from the planet's rotation) with the actual response measured as spacecraft are accelerated by the planet. This response is expressed in terms of the planet's oblateness. By measuring the degree of flattening at the poles as compared with the speed of rotation, one can infer the density distribution inside the planet. If two planets had the same mass and bulk density, the planet with most of its mass concentrated close to the centre would be less flattened by rotation. Before the Voyager mission, it was difficult to choose between models in which the three components rock, ice, and gas were separated into distinct layers and those in which the ice and gas were well mixed. From the large oblateness of Uranus combined with the planet's slow rotation, it now appears that the ice and gas are well mixed and a rocky core is small or nonexistent. The fact that the mixed model of Uranus fits the data better than the layered model may reveal information on the planet's formation. Instead of Uranus forming from a rock-ice core that subsequently captured gas from the solar nebula, the model seems to favour a process in which large, solid objects were continually captured into a giant planet that already contained major amounts of the gaseous component. 

Uranus is different from the other giant planets in that it is not radiating a substantial amount of excess internal heat. The total heat output is determined from the measured infrared emissions, while the heat input is determined from the fraction of incident sunlight that is absorbed--i.e., not scattered back into space. The fraction that is scattered is called the albedo, which for Uranus is about 0.3. The ratio of total power radiated to total power absorbed is between 1.00 and 1.06 for Uranus. (The equivalent ratios for the other giant planets are greater than 1.7.) Thus the internal heat source on Uranus is no more than 6 percent of the power absorbed. The small terrestrial planets generate relatively little internal heat; the comparable number for the Earth is only 10- 4. 

It is not clear why Uranus has such a low internal heat output compared to the other Jovian planets. All the planets should have started warm, when gravitational energy was transformed into heat during planetary accretion. Over the age of the solar system, the Earth and the other smaller objects have lost most of their heat of formation. Being massive objects with cold surfaces, however, the giant planets store heat well and radiate poorly. Therefore, they should have retained large fractions of their heat of formation, which should still be escaping today. Chance events (collisions between large bodies) at the time of formation and the resulting differences in internal structure are one of the explanations that have been proposed to explain differences among the giant planets such as the anomalous heat output of Uranus. 

MAGNETIC FIELD AND MAGNETOSPHERE

Like the other giant planets, Uranus has a magnetic field that is generated by convection currents in the electrically conducting interior. The magnetic dipole field, which resembles the field of a small but intense bar magnet, has a strength of 0.23 gauss in its equatorial plane at a distance of one Uranian equatorial radius (1 RU) from the centre. The dipole axis is tilted with respect to the planet's rotation axis at an angle of 58.6o. This angle greatly exceeds that for the Earth (11o ), Jupiter (9.6o), and Saturn (less than 1o). The magnetic centre is displaced by 0.3 RU from the planet's centre. The displacement is mainly along the rotation axis toward the north pole. 

The field is unusual not only because the dipole is tilted and offset from the centre of the planet but also because the small-scale components of the field are relatively large. This "roughness" suggests that the field is generated at shallow depths within the planet, because small-scale components of a field die out rapidly above the electrically conducting region. Thus the interior of Uranus must become electrically conducting closer to the surface than on Jupiter, Saturn, and the Earth. This inference is consistent with what is known about the internal composition, which must be mostly water, methane, and ammonia in order to match the average density of the planet. Since water and ammonia dissociate into positive and negative ions at relatively low pressures and temperatures, the field is expected to be generated close to the surface where these moderate conditions obtain. 

As with the other magnetic planets, the field repels the stream of charged particles (the solar wind) flowing outward from the Sun. The planetary magnetosphere--a huge cavity containing charged particles that are bound to the magnetic field--surrounds the planet and extends downstream from it. On the upstream side, the boundary between the magnetosphere and the solar wind is 18 RU from the centre of the planet. 

Because the largest Uranian satellites orbit within the magnetosphere, they absorb some of the trapped particles. The particles behave as if they were attached to the magnetic field lines, so that those lines intersecting a satellite in its orbit have fewer trapped particles than neighbouring field lines. The Uranian magnetosphere is composed of protons and electrons, indicating that the planet's upper atmosphere is supplying most of the material. There is no evidence of helium, which might originate from the solar wind, and no evidence of heavier ions, which might come from the Uranian satellites or their atmospheres. 

Charged particles from the magnetosphere impinge on the upper atmosphere and stimulate the aurora. Auroral heating can just barely account for the high temperature (750 K) of the Uranian exosphere. One effect of the high temperature is that the atmosphere extends outward into the region occupied by ring particles and severely limits their orbital lifetime to values less than the age of the solar system. 

THE SATELLITES AND RINGS

Uranus has 15 satellites and 10 narrow rings, all in nearly circular orbits with low inclinations relative to the equatorial plane of the planet. In general, the rings orbit closest to the planet, the smaller satellites orbit just outside the rings, and the larger satellites orbit farthest from the planet. 

Satellites.

Properties of the five major satellites are summarized in Table 18, and characteristics of the rings are given in Table 19. The 10 minor satellites, all of which were discovered by Voyager 2, have radii from 13 to 77 kilometres and orbit the planet at distances ranging from 49,750 to 86,000 kilometres. The innermost satellite, Cordelia, orbits just inside the outermost rings, Lambda and Epsilon. 

The four largest satellites, Ariel, Umbriel, Titania, and Oberon, have densities that range from 1.5 to 1.7 grams per cubic centimetre, which is slightly greater than the density of a hypothetical satellite that is 60 percent ice and 40 percent rock. This hypothetical satellite would be obtained by cooling a mixture of solar composition and removing all the gaseous components. In contrast, Miranda and the smaller satellites of Saturn have densities that are slightly below the solar composition value, indicating a higher ice-to-rock ratio for these satellites. 

Water ice shows up in the spectra of the five major satellites. At wavelengths outside the water bands, the spectral lines are neutral, indicating a gray colour. The Bond albedo, which is the ratio of sunlight reflected in all directions to incident sunlight, is low, ranging from 0.10 to 0.22 for the 5 large satellites and less than 0.1 for the 10 minor satellites. The obvious implication is that the surfaces consist of dirty water ice. The composition of the dark component is unknown. One possibility is carbon, originating from the inside of the planet or from the rings, which could release methane gas that later decomposes to produce solid carbon when bombarded by charged particles and solar ultraviolet light. 

Two further observations indicate that the surfaces are porous and highly insulating. First, the reflectivity increases dramatically at opposition, when the observer is within 2o of the Sun as viewed from the planet. Such so-called opposition surges are characteristic of loosely stacked particles that shadow each other except in this special geometry. Second, the temperatures seem to follow the Sun during the day with no appreciable lag due to thermal inertia. Again, such behaviour is characteristic of porous surfaces. 

Oberon and Umbriel display a dense population of large impact craters, similar to the lunar highlands and many of the oldest terrains in the solar system. In contrast, Titania and Ariel have far fewer craters in the large size range (50- to 100-kilometre diameter) but have comparable numbers in the smaller size ranges. The former craters are thought to date back more than four billion years to the early history of the solar system, while the latter are thought to reflect more recent events including, perhaps, secondary objects knocked loose from other satellites in the Uranian system. Thus the surfaces of Titania and Ariel are younger than those of Oberon and Umbriel. These differences do not follow an obvious pattern with respect to either distance from Uranus or satellite radius and are largely unexplained. 

Volcanic deposits are generally flat, with lobate edges and surface ripples characteristic of fluid flow. Some of the deposits are bright, while some are dark. Since temperatures in the outer solar system are likely to be low, the erupting fluid was probably a water-ammonia mixture with a melting point well below the melting point of pure water ice. Brightness differences could reflect differences in the composition of the erupting fluid or differences in the history of the surface. 

Riftlike canyons on all the Uranian satellites imply extension and fracturing of the surface. Miranda is the most spectacular; some canyons are as much as 80 kilometres wide and 15 kilometres deep. The rupturing of the crust was caused by an expansion in the volume of the satellites, inferred to be in the range of 1 to 2 percent, except for Miranda, for which the expansions are 6 percent. Miranda's expansion could be explained if all the water in the satellite were once liquid and then froze in its interior after the crust had formed. Freezing under low pressure, the water would have expanded and thereby stretched the surface. The presence of liquid water at any stage of the satellite's history seems unlikely, however. 

Miranda (Figure 26) has the appearance of an object that formed from separate pieces that did not totally merge. The basic surface is heavily cratered, but it is interrupted by three lightly cratered regions called coronae. These are fairly squarish, roughly one satellite radius on a side, and are surrounded by parallel bands that curve around the edges. The boundaries where the coronae meet the cratered terrain are sharp. The coronae are unlike any features found elsewhere in the solar system. Whether they reflect the satellite's heterogeneous origins, a giant impact that shattered the satellite, or a new pattern of eruption from the interior is not known. 

Rings.

The rings of Uranus were discovered from the Earth during stellar occultations--i.e., when the planet passed between a star and the Earth, thereby momentarily blocking the star's light. The rings are narrow and fairly opaque. Observed widths are simply the radial distances between the beginning and end of the occultation. Equivalent widths are the product (more precisely, the integral) of the radial distance and the fraction of starlight removed. The fact that the equivalent widths are generally less than the observed widths indicates that the rings are not completely opaque.  

Combining the brightness in Voyager images with the equivalent widths from occultations, one finds that the ring particles reflect only 1 or 2 percent of the incident sunlight. The reflectance spectrum is nearly flat. Ordinary soot, which is mostly carbon, is the closest terrestrial analogue. It is not known whether the carbon comes from darkening of methane by particle bombardment or is intrinsic to the ring particles. 

Propagation of the Voyager radio signal through the rings to the Earth reveals that the rings consist of mostly large particles with radii greater than 70 centimetres. Scattering of sunlight at large phase angles, when the rings are almost between the Sun and the Voyager camera, also reveals small dust particles, whose size is comparable to the wavelength of light. Only a small amount of dust is found in the main rings. Most microscopic-size particles are instead distributed in the spaces between the main rings, suggesting that the rings are losing mass as a result of collisions. The lifetime of the dust in orbit around Uranus is limited by drag exerted by the planet's extended atmosphere and by light pressure; the dust particles are driven to lower orbits and eventually fall into the Uranian atmosphere. The calculated orbital lifetimes are so short (1,000 years) that the dust must be rapidly and continually created. 

Collisions between the tightly packed ring particles would naturally lead to an increase in the radial width of the rings. Satellites more massive than the rings can halt this spreading in a process known as shepherding. At certain radii, termed resonances, in which the satellite's orbital period is a whole number ratio of the ring particles' orbital period, the satellite exerts a net torque on the ring by gravitational interaction. As the satellite and ring exchange angular momentum, energy is dissipated by collisions among the ring particles. The outcome of this interaction is that the satellite and ring repel each other. The one in the outer orbit moves outward, and the one in the inner orbit moves inward. Since the satellite is much more massive than the ring, it prevents the ring from spreading across the radius at which resonance occurs. A pair of satellites on either side of a ring can maintain its narrow width. 

The inner two satellites, Cordelia and Ophelia, orbit on either side of the Epsilon ring at exactly the right radii required for shepherding (see Figure 27). Shepherds for the other rings have not been found, perhaps because the shepherds are too small to be seen in the Voyager images. Small moons may also be the reservoir that supplies the dust that leaves the ring system. Atmospheric drag is so large that the rings may be short-lived, in which case their origin and history are still unknown. 

HISTORY OF OBSERVATION

Uranus was discovered in 1781 by the English astronomer William Herschel, who had undertaken a survey of all stars down to eighth magnitude--i.e., those about five times fainter than stars visible to the naked eye. On March 13, 1781, he found "a curious either nebulous star or perhaps a comet," distinguished from the stars by its clearly visible disk. Its lack of any trace of a tail and its slow motion led to the suggestion that the observations were consistent with a planet, rather than a comet or asteroid, moving in a nearly circular orbit. Observations of the orbit during the next 65 years revealed discrepancies--gravitational forces on Uranus that were not due to any known planet and which ultimately led to the discovery of Neptune in 1846. 

Herschel suggested naming the new planet the Georgian Planet after his patron, King George III of England, while the French favoured the name Herschel. The planet was eventually named according to the tradition of naming planets for the gods of Greek and Roman mythology; Uranus is the father of Saturn, who is in turn the father of Jupiter. 

The orbit of Uranus seemed to fit a simple equation, Bode's law, that had been developed in 1766 and was popularized in 1772 to explain the orbits of the six planets known to the ancients. In addition, asteroids seemed to fill a gap where the law predicted another planet. For about three-quarters of a century, these successes overcame doubts stemming from the fact that the law had no theoretical basis and provided only an approximate fit to the planetary orbits. Neptune did not fit the pattern at all (being 21 percent closer to the Sun than predicted), nor did Pluto, and now Bode's law is of only historical significance. 

After the discovery in 1781, Herschel continued to observe the planet with larger and better telescopes and eventually discovered the outer two satellites, Titania and Oberon, in 1787. Two more satellites, Ariel and Umbriel, were discovered by the British astronomer William Lassell in 1851. The names of the four satellites come from English literature, three taken from Shakespeare, and were proposed by Herschel's son, John Herschel. A fifth satellite, Miranda, was discovered by Gerard P. Kuiper in 1948. The tradition of naming the satellites after characters in Shakespeare's plays continues to the present. 

Since the 1860s the spectrum of Uranus has been known to contain deep absorption bands in the red region of the electromagnetic spectrum. In 1932 the German-American astronomer Rupert Wildt showed that these must be due to methane in the planet's atmosphere. The Canadian physicist Gerhard Herzberg first detected hydrogen in the atmospheres of both Uranus and Neptune in 1952. The rings were discovered by James L. Elliot of the United States in 1977 while he was observing the planet pass in front of a bright star. They showed up as places where the starlight briefly faded at some considerable distance above the atmosphere. The somewhat cumbersome nomenclature ( Table 19) arose as subsequent observations revealed new rings in places that did not fit the original nomenclature.  

The Voyager 2 spacecraft flew by Uranus on Jan. 24, 1986. It was the first man-made object to visit the planet, and it revealed much about the Uranian system. A montage of Voyager 2 photographs (Figure 28) shows Uranus and its rings in a simulated view as if seen from the horizon of Miranda. Voyager provided an accurate determination of the masses and radii of the planet and its major satellites. It detected the magnetic field and determined its strength and orientation. Voyager instruments measured the rotation rate of the field and hence of the planet itself. Images from Voyager revealed for the first time the weather patterns in the atmosphere and the surface morphology of the satellites. Voyager discovered 10 new satellites, a narrow ring, and dust bands between the narrow rings. It provided details of ring structure at scales unachievable from the Earth. Yet, despite these advances, many unanswered questions remain that can be answered only by another spacecraft or by a major advance in Earth-based observations. (A.P.I.) 

