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ABSTRACT. Jupiter and Saturn have extended, nearly toroidal atmospheres composed of material ejected from
their moons or rings. Here we suggest that similar atmospheres must exist around giant extrasolar planets and
might be observable in a transit of the parent star. Observation of such an atmosphere would be a marker for
the presence of orbiting debris in the form of rings or moons that might otherwise be too small to be detected.

1. INTRODUCTION extended neutral atmospheres are magnetically confined plas-

In addition to thei | spherical at h antplanet mas that are representative of the source material (Ejg. 1
n addition to Ih€lr usual spherical aimospheres, glantpianels = ¢, q 1gig| atmospheres observed around Jupiter and Saturn
have highly extended, often toroidal atmospheres that are the

. . ; are expected to be present in other planetary systems and to be
gaseous envelopes of material orbiting the planet as rings or

X . ubiquitous as the gaseous envelopes of satellites and grains in
satellites. At Jupiter and Saturn, these atmospheres are pro q g P g

e ) the early epochs of planet formation. These extended atmo-
duce(_j by the ejectlon_of atoms a_nd molecule_s from their moon_sspheres should be more readily detected than the moons or rings
and rings by outgassing, volcanism, sputterlrjg, and meteor0|d0f a giant extrasolar planet. Such a detection would therefore
boml_aardment. Such atmospheres are also likely to be presenbrovide a means for determining the presence and the compo-
on giant e>ftrasolar pIanets._ . L sition of satellites or rings orbiting an extrasolar planet. The
The sodpm cloud at. Jupiter, associated with its moon lo, ossibility of detecting gas from a star-grazing comet orbiting
was the first observation of such an .extende.d atmospher an extrasolar body has been considered but not yet observed
(B“’WP & Chaffee 19.7 4). Bec_ause of its considerable tidal (Mendelowitz et al. 2004). However, sodium (Charbonneau et
stressw_]g, lo is volcanically active (e.g., Bagenal et al. 2004), al. 2002), hydrogen, oxygen, and carbon (Vidal-Madjar et al.
t2004) have been seen in absorption in the atmosphere of the
Jupiter-sized extrasolar planet HD 209458b.
" In this paper we first review the properties of the toroidal
atmospheres of Jupiter and Saturn and use the observations of
the atmosphere of HD 209458b as a measure of the amount
of absorbing material that can be detected in a transit. We then
examine under what circumstances giant toroidal atmospheres
produced by orbiting moons or ring particles might be observed
around an extrasolar planet.

10° g s* by the plasma trapped in Jupiter's magnetosphere
(Thomas et al. 2004), a process often called atmospheric sput
tering (Johnson 1990, 1994). The ejected neutrals are even
tually ionized, adding to the trapped plasma in a self-limiting
feedback process (Johnson & McGrath 1993; McGrath et al.
2004). The neutral cloud and its ionized component are con-
fined to a region around lo’s orbit but have a radial scale
comparable to the size of Jupiter (Figy) 1Observations using
the Hubble Space Telescope have shown that Saturn has a
similar extended, roughly toroidal atmosphere composed pri-
marily of water products (Shemansky et al. 1992; Jurac et al. 2. TOROIDAL ATMOSPHERES AT JUPITER

2002). In this case it is the gaseous envelope of a disk of icy AND SATURN

debris (Fig. b) apparently produced by venting from the icy Jupiter’s closest moon lo has lost most of its early volatile
moon Enceladus (Waite et al. 2006; Tokar et al. 2006). This inventory, but it has a thin, volcanically produced atmosphere
atmosphere is also sustained by sputtering of the ice grains incomposed primarily of S§) with other trace gases (e.g.,
Saturn’s tenuous E ring (Jurac et al. 2002) and has an extended/cGrath et al. 2004). The atmosphere is stripped by interaction
component formed by charge exchange (Johnson et al. 2005with ions trapped in Jupiter's magnetosphere, producing an
2006a). Saturn’s main rings also have a toroidal atmosphereextended toroidal atmosphere of neutral atoms and ions. Due
of molecular oxygen produced by the decomposition of ice by to its strong resonance fluorescence in the visible, sodium was
the solar UV (Johnson et al. 2006b). Associated with thesethe first species detected in this extended atmosphere (Brown
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Fic. 1.—(a) Image of the sodium cloud at lo in the D&890 resonance florescence line. The image was taken with the 61 cm telescope on Table Mountain
(Goldberg et al. 1984) and is adapted from Fig. 4 of Smyth (1992). The intensity is in rayldighs 10°° photams $sr ), with the peak a7 x
1C° R. The sodium is ejected from lo’s volcanic atmosphere by incident magnetospheric plasma ions and co-orbits with lo until ionized. The imagésof Jupite
superposed, and the ellipse indicates Io’s orbit aR5.B;, = 71,472 km). b) Model of the OH toroidal atmosphere at Saturn, constructed using the line-of-sight
column densities measured using tHebble Space Telescope (Jurac et al. 2002). The observational lines of sight are indicated in the figure. The peak densities
(~1000 cm®) occur near the orbit of the moon Enceladus;at9Rs Rs = 60,300 km). The neutral torus is formed from gas and ice grains ejected by the moon.
(c) Image of the lo plasma torus in emission in tha §6731 line (Schneider & Trauger 1995). The sulfur originates from Io’s volcanic atmosphere and is ionized
and picked up by Jupiter’s rotating magnetic field. The emission is produced by electron-impact excitation.

& Chaffee 1974). The cloud of escaping sodium shown in material from the surface of Jupiter's moon Europa has a com-
Figure lIa co-orbits with lo and is now nearly continuously parable content of water products from Europa’s icy surface
imaged from Earth. Using the stripping rate of sodium, (Burger & Johnson 2004; Hansen et al. 2005).
~3 x 10%° atoms s, and the average electron-impact lifetime, The more distant giant planet Saturn has a small icy moon,
~2 hr, this Jupiter-sized cloud contair® x 10°° Na1 atoms Enceladus, that is ejecting ice grains (Spahn et al. 2006) and
(e.g., Thomas et al. 2004). The sodium that is ionized in this gas, primarily HO, with trace carbon and nitrogen species
cloud is confined by the local magnetic fields and contributes (Waite et al. 2006). The orbiting grains make up Saturn’s ten-
to the ambient plasma. It is eventually lost, primarily by charge uous E ring, which extends from3 to 8 Saturn radii R ;
exchange, producing energetic neutrals that form a giant so-Showalter et al. 1991). The gas ejected from Enceladus and
dium nebula with a radial extent ef500 Jupiter radii R; ) the sputtering of the E-ring grains create a large toroidal atmo-
containing~10* Na1 atoms (Mendillo et al. 1990). sphere of HO (Johnson et al. 2006a; Jurac et al. 2002) and its
The total rate of stripping from lo’s atmosphere is more than products, initially detected by thelubble Space Telescope
100 times that for sodium. The principal species ejected are(Fig. 1b; Shemansky et al. 1992; Jurac et al. 2002). This atmo-
sulfur and oxygen, which have longer lifetimes than sodium. sphere also has a toroidal ionized plasma composed principally
This material also orbits Jupiter, forming a giant torus of neu- of H,O*, H,O*, OH", O*, and H" (Young et al. 2005). How-
trals with a density and spatial distribution determined primarily ever, unlike the lo torus, the average neutral density is larger
by electron-impact ionization. The neutral sulfur and oxygen than the ion density. The neutral toroidal cloud contait&®®
tori so formed have cross-sectional areas that are comparabl®©H molecules and comparable amounts gdHO, and H, with
to Jupiter's and contair3 x 10** S1 atoms and=1 x 10%* an average line-of-sight column density-ef0"™ cm2 over a
O 1 atoms (Smyth & Marconi 2003). Because lo is embedded region of ~1Rg (see Fig. ). Saturn’s giant moon Titan also
deeply in Jupiter's magnetic field, the ionized plasma formed produces a toroidal cloud (Smith et al. 2004) of nitrogen, meth-
from the orbiting neutrals is also confined, leading to peak ion ane, and hydrogen. Because it resides in Satwuter mag-
densities=2000 cm? (e.g., Thomas et al. 2004). This toroidal netosphere, the atmospheric stripping rate is low (Johnson
plasma has been imaged in emission in lines af S, and 2004; Michael et al. 2005) and the ions that are formed are
O u. The spatial distribution of the & A\6731 emission is  rapidly lost down the magnetotail. Therefore, due to its location
shown in Figure & Since the plasma lifetimes are much longer in the magnetosphere, Titan’s toroidal cloud is not nearly as
than the neutral lifetimes, the plasma torus has a significantly robust as the water-product torus in the inner magnetosphere.
larger total content than the neutral tores§ x 10** ions, with Although the atmospheres described above were detected in
an average column density 2 x 10 cm? and a cross-  emission, we consider the likelihood of seeing such features
sectional area comparable to Jupiter's. The torus of ejectedin absorption associated with a giant planet transiting the disk
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TOROIDAL EXOPLANET ATMOSPHERES 1139

of its parent star. However, we first consider the observationssonetti & Martin 2005), so that~ 1.2 x 10°** cinThe num-
of the HD 209458b transit as an example of the size of the ber of absorbing atoms in each sublevel is théhl3A, /o,
absorbing column of gas that can be detected at present. ~ whereA, is the area of the stellar disk, which givex3 x
10* O atoms. If they have a radial distribution of a few planet
3. HD 2094580 OBSERVATIONS radii, the cqrresponding ©column density is~10™ cm™2. In
a low-density extended atmosphere, the sublevels above the

Sodium has been observed at the extrasolar planet HDground state will not be excited, so the single line values are
209458b in absorption when the planet crosses the disk of itsappropriate. Similarly, for the observations ofit\1335, the
parent star (Charbonneau et al. 2002). This sodium is likely to excited\1336 line also contributes. Treating this in the same
be a component of the planet's gravitationally bound atmo- way, with a band depth o£0.075 andf, = 0.12 (Sansonetti
sphere (e.g., Charbonneau et al. 2002, 2006) or its escaping Martin 2005), impliess ~ 2 x 10°** crhand a total content
atmosphere (Vidal-Madjar et al. 2004). The sodium absorption of ~8 x 10%* C u ions, which gives a similar column density.
feature that is detected corresponds to a small change in in-
tensity A1/l = 0.0232%) at the\A\5890, 5896 doublet (Char-
bonneau et al. 2002), and we use this to estimate the minimum
number of sodium atoms in a cloud that are needed to produce
an absorption feature at this level, realizing that new detection We expect that extended atmospheres like those observed
techniques will soon be available (e.g., Arribas et al. 2006). around Jupiter and Saturn are present around gas giants in other
Ignoring the effects of the background stellar spectrum, the ab-planetary systems and are likely to be ubiquitous as the gaseous

4. TOROIDAL ATMOSPHERES AROUND
EXTRASOLAR PLANETS

sorption signal can be expressedadd ~ W,/AN , Wigre  is envelopes of satellites and grains in the early epochs of planet
the equivalent width and\ is the observing wid#i2 A. In formation. The toroidal gas clouds around Jupiter and Saturn are
the optically thin, linear absorption regime, the equivalentwidth seen in emission, excited by resonance fluorescence or electron
is given by the expression, = 8.9 x 10 °N, N*f,, ° Avhere impact. Because of the extremely low density, the atoms and

N,..is the average column density of the absorbing species andons are typically in the ground state. In an extrasolar planetary
fi is the oscillator strength: 0.641 and 0.320 for the 5890 and system, these extended atmospheres could give rise to absorption
5895 A lines, respectively (Sansonetti & Martin 2005). The spectra when the planet transits the disk of the star.
minimum average column densiti,,, , associated with this In order to assess the feasibility of observing the extended
feature is therefore-1.2 x 10" cm 2 spread over the area of atmospheres of exoplanets, we compare the content of these
the stellar disk£2 x 10% cn?). If the sodium is a component  atmospheres in Jupiter and Saturn with the minimum content
of the planet's atmosphere, then the absorbing area is veryneeded to account for the absorption features measured for HD
small, so that the actual column density is large and the line 209458b as it transits its parent star. The minimum number of
is heavily saturated. If, however, the sodium were in an ex- Na1 atoms that contribute to the absorption feature detected
tended cloud of a radius of one or a few planet radii, the actual at HD 209458b~2 x 10%, is approximately 2 orders of mag-
attenuating column density would bel0"-10"2 cm ™2 The nitude larger than that in the sodium cloud immediately sur-
total minimum number of sodium atoms in the linear regime rounding lo. It is, however, fortuitously close to the number
is ~2 x 10% However, sodium is a trace gas, and there are of Na 1 atoms in the very extended Jovian sodium nebula.
much larger amounts of more abundant species. Similarly, the minimum amount of G at HD 209458b,
Vidal-Madjar et al. (2004) observed H O 1, and Cu at ~2 x 10*® atoms, is about 2 orders of magnitude larger than
HD 209458b by detecting a reduction in the parent star’'s emis-the O1 content in I0’s torus, but it is comparable to the amount
sion features in the UV during transit. They find that their of oxygen-containing species in Saturn’s more substantial neu-
results can be understood if the absorbing material has a ve+ral torus. In addition, the minimum amount iiized carbon
locity dispersion that is comparable to or greater than the widthsseen at HD 209458b8 x 10* C u ions, is comparable to
of the stellar lines €15 and 25 km &' for O 1 and C, the sulfur and oxygeron content in the lo plasma torus. There-
respectively) and conclude that the absorbing species are comfore, detection of sulfur ions at this level during a planet transit
ponents of an escaping atmosphere. For the observations otould be evidence for the presence of an lo-like moon.
O 1 A\1302, Vidal-Madjar et al. show that the collisionally ex- Thus, the ion or neutral content of a toroidal atmosphere
cited A\1304 and\1306 lines also contribute to the absorption. produced by a satellite or ring about a transiting extrasolar
For simplicity, we assume that the lines contribute equally to planet could be sufficient to give a detectable absorption fea-
the absorption and that the band depth-6f13 applies to each  ture. The steady state densities formed in the vicinity of a
one. A rough lower limit on the column of absorbing material transiting giant planet are dependent on a number of different
can be placed by writing the average absorption cross sectiorfactors, and we consider below whether there are situations in
aso =~ af, /JAv, witha ~ 0.027 cnd s *. Using 15 km s* for which toroidal atmospheres like those around Jupiter or Saturn
the stellar line widthsA» = 1.1 x 10" s andf, =~ 0.05 (San- might be seen around a giant planet transiting its parent star.
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4.1. Orbit Size and Stability if the atoms and molecules are ejected from a continuous ring

The possibility of observing a toroidal atmosphere in ab- of materialor if they are ejected from an orbiting modit

sorption when a giant planet transits the disk of its parent star‘()v't? I|fet|r(;1$sf >?hT°Z A torou(jjal atcrjnqspherhe otf I|_on|§ed| gas can
is determined not only by the amount of material and the di- e formed from the ions produced Bigher short-livedor long-

mensions of the cloud, but also by the geometry of the ob- lived neutrals that are picked up and distributed azimuthally

servation. The orbital period of planet HD 209458b is short, by the rr]otatln_g Eagne(tic field, which is the case for the S
3.5 days. Its orbital plane cuts across our line of sight to the torlus sdown '.n Igure he ch istics of |
parent star, and repeated transits have been observed (e.g. n order to lllustrate the characteristics of a neutral torus, we

Charbonneau et al. 2000; Wittenmyer et al. 2005). A planet show in Figure 2 the line-of-sight column densities calculated
with an orbital plane that is randomly oriented with respect to using a Monte Carlo model (see, e.9., Jurac etal. 2002; Johnson

the line of sight to the star will have a probability R, /a et al. 2006a) for an outgassing moon orbiting a planet with the

of transiting the disk of its star, wheR, s the radius of the mass of Saturn. The orbit radil,, = 3.9Rs , the orbital ve-

) N . ] S _
star anda is the radius of the planet’s orbit, which we assume loc('jtyh”*? N ﬂz'gstm_s (,)3t5he ejectlonhvelocn)ve =2 km s, q
to be circular (Borucki & Summers 1984). Small orbital radii and the productr = 1 atoms. These quantities correspon

are therefore favored for observation. The probability that a to the orbital parameters of the moon Enceladus and the content

planet such as HD 2094586 would be seen transiting the OIiSkof its neutral toroidal atmosphere, but a higher ejection speed
of its parent star is-0.1 (Johnson et al. 2006a). The column densities in Figure 2 are

When the orbital radius of a planet is small, it can become obtained by viewing the torus edge-on. This is approximately

phase-locked to its star, and its ability to maintain satellites in thg a"?”'””.e"?t expecltle d Im a érar?sr:t,_ becgusle the pla;et's ro-
stable orbits is reduced (Barnes & O’Brien 2002). For instance, tational axis s typically alighe W't Its or .|ta aX|s,,an mo;t
HD 209458h is thought to be phase-locked to its star (.g., Seage|,<nown satellites and all rings orbit near their planets’ equatorial

& Hui 2002; Griessmeier et al. 2004), and its Hill sphere is only planes. Small tilts in the orbital plane will reduce the line-of-
about 4.3 t}mes its radius. Barmes & O'Brien (2002) estimate sight column density somewhat. The neutrals in this torus have

that an lo-like moon would last only2 x 10° yr around HD an average speed that is roughly equal to the orbital speed,

. . -
209458b, and the largest satellite that could survive would havewh'.Ch for Enceladus is-13 km s™. The plasma formgd from
a radius of~1/40 that of lo. Therefore, although giant planets ionized neutrals V.VOUId c_orotate with the planet, which corre-
certainly had orbiting material early in their history, they are not sponds at the orbital radius of Enceladus to a speedi0fkm

likely to maintain large satellites if they orbit close to their parent

s *. These speeds would result in line widths that are com-
star. Using conventional ideas on tidal locking, a Jupiter-size

d parable to the stellar line widths discussedsi 3 for the HD
planet orbiting at~0.05 AU could become phase-locked to a 209458b observations. If the absorption lines could be observed
solar-type star in~2 x 10° yr (Guillot et al. 1996; Seager &

at high spectral resolution, the change in line profile at the
Hui 2002). This time increases tel x 10° yr at 0.1 AU and be_ic_];]nnlng anc:l end of theftrr?nsn Woglddbe avalu;’;lble Q|ag_n05t|k;:.
~7 x 10° yr at 0.2 AU. The planet’s Hill sphere also increases e neutral content of the extended atmosphere Is given by

with distance from the star. Therefore, although toroidal atmo- the quan?t);]Sr » as ZOted :bovek,] but _the fvehrt|cal and _rad_lal
spheres associated with orbiting debris might be detected earIthendtS oft 3 t(rJ]rus bfeplen ont e\;\?tlo oft € mean”ejeﬁpc;]n
in the history of a giant planet at a small orbital radius, we focus speedy, , and the orbital speeql, . Wheh, IS smafl, whic

on the possibility of detecting toroidal atmospheres associatediS the case for the model in Figure 2 and for the features in
with planets having orbital radiz0.1 AU.

Figures B-1c, centrifugal confinement dominates. That is, in
a collisionless torus, the vertical and radial extents of the cloud
are determined by the distribution in the eccentricities and in-
clinations of the orbiting neutrals. For smally, , the maximum
The total content, morphology, and kinematics all affect the excursion above or below the orbital plane is approximately
absorption characteristics of an extended atmosphere. Thesequal to the vertical component of divided by the angular
depend on several parameters, including the sourceSeaad velocity of the sourcey,/R,, , wheR,; is the distance from
lifetime () of the species of interest, as well as the ejection the planet to the ring or satellite source. Using isotropic emis-
velocity (.) and the orbital velocity of the source, ( ). The sion from the source, the average vertical distribution about
total number of atoms or molecules in a neutral cloud dependsthe orbital plane is roughl ~ R w./v, . Similarly, the radial
on the productSr . Atoms and molecules ejected from an or- extent along the orbit plane ig4H (e.g., Johnson 1990; John-
biting moon in a region whereis much shorter than the orbital  son et al. 2006a). Observing a torus with an average circum-
period, 7, , will form a neutral cloud with a morphology resem- ference of27R,; seen edge-on, the extent along the line of
bling the sodium cloud at o shown in Figur@.1The mean sight through the source region 4st(R .H)"% Therefore, an
radial extent of the cloud is given By, ~ v.r , so that the cloud average column densit) ~ Sr/[27R%(v,/v,)*?]  can be ob-
has a cross section Af ~ 7R? , and the average column densityserved over an ared ~ 4H? = 4R?(v./v,)?> centered on the
is N ~ Smv’7. A cloud with a toroidal morphology is formed  source. Using the parameters of the model given above, this

4.2. Structure of a Toroidal Atmosphere
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column density Nx (1 014Jcm2, E0=O.089V)

2.5 3 3.5 4 4.5 5

Y (Rs)

Fic. 2.—Monte Carlo model for the column density of gas in a neutral torus formed from an outgassing moon. The torus is seen edge-on. The horizontal and
vertical axes are the distance from the planet in the orbital plane and perpendicular to the plane, respectively, in Saturn radii. The orbitathrediush is
the same as that of Enceladus,R,9 . The model paramete®s arel0*® v, = 2 “tlkandw, = 12.6 km s*. The ratiov /v, determines the vertical and radial
extents of the torus. (See text for details.)

expression gives a column density~ef0* cm 2, roughly con- with different orbits using estimates of the source rate, mean
sistent with the simulation shown in Figure 2. For this toroidal lifetime, mean ejection speed, orbital location, and stellar lu-
atmosphere, the average column density and area over whichminosity. Motivated by the considerations given in § 4.1, we
the gas is distributed are comparable to those for the atmospherese this scaling to consider whether an extended atmosphere
detected at HD 209458b. around a giant planet closer to its parent star than Jupiter or

In the simulation shown in Figure 2, the initial molecular Saturn could be observed in a transit. As an example, we con-
motion is controlled by the mean ejection spegd . However, sider a planet with an orbital radius 60.2 AU that might
if the neutrals are long-lived, they can be heated by interactionphaye a torus with absorption features that are comparable in
with the co-orbiting plasma, which expands the cloud, as is the syrength to those observed in the atmosphere of HD 209458b.
case for the OH torus shown in Figurie(ohnson etal. 2006a). At 4 distance of 0.2 AU, the probability that the planet would
We also note that, varies @8, , so that toroidal neutral yanqijt the stellar disk along our line of sight 49.02. The
clouds formed at smaller orbital radii give higher line-of-sight  yatetion of transits at such orbital distances requires searches
column densities, and hence deeper absorption features. of significant numbers of stars over an extended time, because

of the relatively long orbital periods (e.g., Sozzetti et al. 2004;

4.3. Scaling to Smaller Orbits Pepper & Gaudi 2005).

With the equations given above, the content, column density, As described above, the origin of lo’s atmosphere is volca-
and size of a neutral torus can be roughly scaled for planetsnism, which is produced by tidal heating of the interior. The
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supply of gas to the atmosphere depends on I0’s position relativeln this case, the ability to confine the ions would also be similar
to its parent planet and its companion moons, but not on theto that at lo. Based on the Jovian torus observations discussed
distance from the Sun. However, the size and content of lo’sin § 2, ion lifetimes are determined by a plasma-diffusion pro-
atmosphere, which affects the stripping rate, does depend on theesses and are therefore less affected by the photoionization flux
orbital radius of the parent planet. If the Jovian system were at a planet with a small orbital radius. Using the average ion
moved closer to the Sun, to an orbit with a radius-6f2 AU, lifetimes near lo, the required source rate woulddZex 10°°

the increased temperature would increase the atmospheric losatoms s*, much smaller than the case discussed above for
rate to a level approaching the volcanic gas production rate,producing an observable neutral torus. This rate is comparable
about an order of magnitude larger than the present source rat¢o the present outgassing rate of Enceladus and the atmospheric
for the lo torus. However, the increased radiation field at stripping rate at lo. Therefore, if the planet has a robust mag-
0.2 AU would decrease the Nghotoionization lifetime by a  netic field, an lo-like moon can produce a toroigkdsma, like
factor ~600. The net effect is that the neutral sodium cloud that in Figure &, that has a content and scale that is roughly
would become more tenuous than the current cloud around lo.comparable to the plasma feature already observed in the atmo-
However, this conclusion needs to be modified if the star has sphere of HD 209458b.

a spectral type much later than G2, so that the [Whotoion- A toroidal atmosphere like that at Saturn, formed from the
ization rate is significantly lower than in the solar system (the outgassing of an icy moon, is unlikely to be present around a
Nar1 absorption edge lies at 240°Q Jor if the objectis observed  solar-type star at an orbital radius much less thaAU, because

at an early epoch during the loss of the moon’s primordial the ice mantle could not survive. The probability of observing
atmosphere, when the source rate is expected to be significantha transit in this case is therefore low. Recently, however, a planet
larger (e.g., Johnson 2004). candidate has been seen orbiting the young brown dwarf 2M

Oxygen in the toroidal cloud at lo is ionized by electron 1207 (2MASSW J1207334393254; Chauvin et al. 2004), sug-
impact, with a lifetime of~10° s. However, when the neutral gesting the presence of planets around low-luminosity stars. By
source rate is very large, the electrons are rapidly cooled andscaling from the solar system, we find that a toroidal atmosphere
photoionization becomes the limiting factor. Photoionization is produced by outgassing from an Enceladus-like object could be
also the dominant destruction mechanism if the planet is closepresent on a planet with an orbital radius of 0.2 AU around a
to the star. The average photoionization lifetime of oxygen at star of much lower luminosity;-1.5 x 10°° L . Measurement
0.2 AU is~10°k_s (Huebner et al. 1992), where s the ratio of the spectral signature of the torus becomes correspondingly
of the photoionizing luminosity of the star to the photoionizing more difficult in the low-luminosity system, but intermediate
luminosity of the Sun. cases could be observable, especially where the source rate is

For a solar-type star, this is comparable to the present elec-significantly larger than for Enceladus, which is easily feasible
tron-impact lifetime at lo. For an ©torus at~0.2 AU, a cloud especially at early epochs.
the size of~10*® atoms extending 1R, would require a source
rate of S~ 10%r, atoms's. This would require an escape rate
of ~5 x 10", atoms cm? s*. Forr, = 1, this is only about
10 times the current atomic loss rate at lo, which has at present The giant planets Jupiter and Saturn have large emission
a thin atmosphere. Therefore, such a loss rate is certainly feasibldeatures associated with ejecta from satellites and ring particles.
in an early epoch for a moon like lo, with a thick, Titan-like These ejecta can form clouds of neutrals and ions that have
atmosphere and an exobase altitude that is a significant fractiorcross sections that are comparable to or much larger than the
of its radius. At this rate, a thick, primordial atmosphere planet, as seen in Figure 1. We point out that such features in
(7 x 10*”amu cm?) would be lost in abouB x 10r, yr. This  our solar system have sizes and contents that are comparable
is consistent with loss rates for the early atmospheres of theto the escaping atmosphere already observed in absorption
Galilean satellites of Jupiter (Johnson 2004) but would require when HD 209458b transits its parent star. Therefore, we suggest
observations of the planetary system at an early epoch. Duethat although it is difficult to observe a moon or ring on an
to its much larger surface area, the erosion of a ring of debris extrasolar planet (Sartoretti & Schneider 1999; Brown et al.
could more readily supply such a toroidal atmosphere, as could2001; Arnold & Schneider 2004), one might be more likely to
volcanic emission or outgassing from a small body for which observe the torus of gas escaping from a satellite or a ring of
escape is not significantly limited by gravity, such as an En- debris when a giant planet makes a transit across the disk of
celadus-like object. its star.

The magnetic field is crucial for the maintenance of atoroidal  Since the probability of observing a transiting planet in-
ionized plasma, but the presence of a magnetic dynamo on areases with decreasing distance from the parent star, detection
planet with a small orbital radius is uncertain (Griessmeier et al. of giant planets with small orbital radii is favored. Such planets
2004). For the orbital radii that we are consideriegd(1 AU), very likely had toroidal atmospheres from orbiting debris or
planets are not likely to be phase-locked to their star, so theirsatellite venting early in their history. For instance, the large
magnetic field strength could be comparable to that of Jupiter. Jovian satellites, which have been fully stripped of their pri-

5. SUMMARY
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mordial atmospheres (e.g., Johnson 2004), likely had robustplanet would be important. It would indicate the presence of
atmospheres at earlier epochs. However, for a planet with asatellites or rings, and possibly the presence of a magnetic field.
small orbital radius, such as HD 209458b, maintaining satellites
in stable orbits is problematic (Barnes & O'Brien 2002). We thank J.-M. Griessmeier, D. P. O'Brien, and the referee
For stars with giant planets that have larger orbital radii, an for many helpful comments, and M. Liu for assistance in pre-
observable toroidal atmosphere formed from refractory mate- paring the manuscript and figures. R. E. J. also thanks the De-
rials could be present, as is the case at Jupiter. In addition, gpartment of Physics at New York University for hospitality while
planet orbiting a much cooler star at a relatively small radius on sabbatical leave. We acknowledge support from NASA Plan-
could maintain a toroidal atmosphere formed from icy bodies etary Atmospheres, Origins, and Geology and Geophysics pro-
like that seen at Saturn. Detecting such features on an extrasolagrams (R. J. E.) and NSF grant AST 03-07277 (P. J. H.).
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