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ABSTRACT

Past studies addressing the thermal atmospheric escape of hydrogen from “hot Jupiters” have been based on
the planet’s effective temperature, which, as we show here, is not physically relevant for loss processes. In
consequence, these studies led to significant underestimations of the atmospheric escap6’ e ) and to
the conclusion of long-term atmospheric stability. From more realistic exospheric temperatures, determined from
X-ray and extreme-ultraviolet (XUV) irradiation and thermal conduction in the thermosphere, we find that energy-
limited escape and atmospheric expansion arise, leading to much higher estimations for the lossl@&tes (

g s Y. These fluxes are in good agreement with recent determinations for HD 209458b based on observations
of its extended exosphere. We also show that for young solar-type stars, which emit stronger XUV fluxes, the
inferred loss rates are significantly higher. Thus, hydrogen-rich giant exoplanets under such strong XUV irradiances
may evaporate down to their core sizes or shrink to levels at which heavier atmospheric constituents may prevent
hydrodynamic escape. These results could explain the apparent paucity of exoplanets so far detected at orbital
distances less than 0.04 AU.

Subject headings: astrobiology — conduction — hydrodynamics — instabilities — planetary systems

1. INTRODUCTION to check for the onset of atmospheric blow-off conditions (e.g.,
. Opik 1963; Chamberlain 1963; Watson, Donahue, & Walker
The recent observation of an extended and hydrogen-

evaporating atmosphere for HD 209458b raises the question of-l 981; Zahnle, Kasting, & Pollack 1990) in hydrogen-rich close-

atmospheric stability against escape at very short orbitaldistance%n giant exoplanets. When this is the case, we adopt a hydro-
(Guillot et al. 1996: Wuchterl, Guillot, & Lissauer 2000: Hub- ynamic model for the calculation of the temperature and atmo-

bard, Burrows, & Lunine 2002 Del Popolo & Eksi 2002: Vidal- spheric escape, as the scaling law discussed above is no longer

Madjar et al. 2003). In former studies of close-in exoplanets, the applicable.
radiative effective temperaturd,{ ) was used to estimate the
atmospheric evaporation rates. However, it is the exosphere tem- 2 XUV HEATING OF UPPER PLANETARY ATMOSPHERES

perature .. ), usually much higher thag, , that is responsible Tne effective heat production below the exosphere is bal-
for thermal escape processes, also suggested by Schneider et glyceq py the divergence of the conductive heat flux of the

(1998) and Moutou et al. (2001). For example, Jupiter's observedy v radiation, which leads to the following expression for
T, =~ 700-1000K (Smith & Hunten 1990) is actually close to Ty, (Gross 1972, 1974):

the expected value of,, for 51 Peg b. For terrestrial planets,

T.. depends solely on the X-ray and extreme-ultraviolet (XUV) ssok [

flux, but additional heating sources, mostly related to accelerated Toov, = J dA Loy AEIZ(N)] + In [7(N)]
particles and atmospheric gravity waves, become important for Ko M

giant planets in the outer solar system (Atreya, Pollack, & Mat-

thews 1989; Johnson 1990). Because the efficiencies of such oy - m [1- e—rm]} +TS (1)

additional heating sources are different for each planet, we con-
sider here only the external energy source.
To estimate the XUV contribution to the exospheric heating, where) is the wavelengthr is the optical thickness is the
we use a scaling law based on an approximate solution of theexponential integralyy is Euler's constantg is the heating
heat balance equation in planetary upper atmospheres (Baueefficiency,k is the Boltzmann constant, amd amgd  are the
1971; Gross 1972). This method has been shown to apply tomasses of the atmospheric constituents. Also in equation (1),
solar system planets (Gross 1972, 1974; Bauer 1973; Bauer &K(T) = K,T?is the thermal conductivity coefficiergdepends
Hantsch 1989) and is applied for the first time to estimate the on the thermospheric compositiog,is the gravitational ac-
values ofT,, for exoplanets. This estimationTQf,,.  isused celeration,l,,, is the XUV intensity at the orbital distance
considered, and, is the temperature at the base of the ther-
! Space Research Institute, Austrian Academy of Sciences, Schmiedistrass¢énosphere. In the case of a hydrogen-dominated thermosphere
6, A-8042 Graz, Austria; helmut.lammer@oeaw.ac.at. i ~j (Gross 1972).
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Fic. 1.—ScaledT,,,, and. for Jupiter-class exoplanets are shown as a g 2 __xUv-driven expansion of the upper atmosphere illustrated for a
function of orbital distance for Sunlike stars with ages of 4.5, 1, 0.2, and ot Jupiter with the mass of HD 209458b. The curves show the ratio, given
0.1 Gyr. The corresponding XUV fluxes are 1, 6, 50, and 100 times the presentby the hydrodynamic expansion model, between the altiRige (where most
value.Dashed lines: T. calculated by scaling solely the XUV contribution and  of the XUV is absorbed) and the altitud®, , where the visible opacity is 1.
assuming the additional heating sources to be a constant$em1in¢s: Only The computed expansion depends on the XUV flux (and thus on the age of
the scaledTy,y. . As can be seen, regardless of the case considered, the €Xne star) and also oK, (see text), which is a dimensionless parameter of the
osphere temperature reaches blow-off conditialoti¢d lines). Dashed-dotted model constrained in the range 20—-30. The solid and dashed lines correspond
line: Teq, which is much smaller thafi.  at close orbital distances. to a 4.5 and 0.1 Gyr solar-type star, respectively. The thick and thin lines show

the atmospheric expansion f = 30 and 20, respectively.

After some approximations, one obtains (Bauer 1971, 1973;

Bauer & Hantsch 1989)

s . salxyy Ko .
-rXUVoc ~ Komgo_a + TO! (2)
in which o, ando, are the collision and absorption cross sec-
tions, respectively, anld,,, is the XUV intensity at the planet’s LA T T
Orbital distance. a)D =0.045 AU 25l b) D =0.023 AU los
As a check, we investigated possible cooling arising from | = 112 = '
the production and decay ¢f; ions, which are observed in [R= cong;, .
the auroral regions of giant planets (Stallard et al. 2002). In | .t “\":.\ .
the case of “hot Jupiters,” however, thermal dissociation pf H & Y
strongly limits the production oH; (involving Hand H?} 5 N
produced by energetic electrons). It is therefore unlikely that go'a N
a significant fraction of the large amount of energy deposited = LEILN
from the XUV (including Hi Ly 121.6 nm) can be reemitted ! 106
in the IR bands oH; .
Bauer (1971) and Bauer & Hantsch (1989) showed thatwhen — %*f 14
planets 1 and 2 have thermospheres with comparable gas com-
positions, the following scaling relation is applicable: nar . 102
0.01 0.10 1.00 10.00 0.0t ' UJID - ;00 - 1000
(TXSUVX _ TOS)l N lXUV192 (3) TIME (Gyr) TIME (Gyr)
(T;U"x - TOS)Z IXUVzgl Fic. 3.—Long-term evolution of the mass of hot Jupiters from XUV-driven
thermal escape. For a given set of parameters characterizing an exoplanet at
Equations (1)—(3) indicate thd},, dependslgg, , which a given ager (r,: radius,M: massD: orbital distance), one can calculate the
decreases with the distance from the star, andj,onhich is mass evolution by assuming (1) that the only loss process is energy-limited
related to the mass and radius of the planet. escape, (2) a mass-radius relation, (3) a constant orbital distance, and (4) a

hydrogen-rich atmosphere. The observed parameters for HD 2094p8he(
r, = 1.43+ 0.0R,,, M = 0.69+ 0.02V,,, and7 = 5.2 Gyr (Cody & Sas-
3. EVOLUTION OF THE STELLAR XUV FLUX selov 2002). For OGLE-TR-56kb), we adopted,, = 1.3+ 0.1R,,, M =
. . " . 0.9 + 0.3V,,, and7 = 3 £ 1 Gyr (Konacki et al. 2003; Sasselov 2003). The

The time depend_ence d)>tU_v is critical to the evolution of dashed and dash-dotted lines show the evolution obtained with the mean ob-
thermal escape during the history of a planetary system (Lam-served parameters, considering, respectively, a constant radius or density.
mer et al. 2003a). Estimates of the solar high-energy flux evo- Shaded area: Envelope of all possible evolution scenarios within the uncer-
lution (Simon, Boesgaard, & Herbig 1985) are indirectly pos- tainties of the planetary paramete$slid curve: Evolution of a gaseous planet

: : : at the same orbital distance with a constant density of 0.3 ¢,anhich fully
sible by the study of stellar proxies for the Sun at different evaporates after 1 Gyr. In the case of OGLE-TR-56b, whose nature is still in

ages. Multiwavelength (from X-rays to the UV) _Obser_Va.tions debate, our calculations yield an initial mass208 + 0.2M,,, if its current
have been collected for a sample of solar proxies within the mass turned out to be twice the value determined by Konacki et al. (2003).
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Sun in Time program (Guinan & Ribas 2002) containing stars have occurred at distances of up to 1 AU in the past because
that represent most of the Sun’s main-sequence lifetime fromof the young star’s expected higher XUV flux. It should also
~130 Myr to 8 Gyr. The resulting relative XUV fluxes yield be noted that our estimate may even be conservative, since
an excellent correlation between the emitted flux and stellar neglected heating processes other than XUV irradiation may
age. In the 1-100@ interval, the fluxes follow a power-law be significant also at small orbital distances.

relationship of the form

lo(t
Lo® = 6.16f(Gyr)] . (4) For T,>2 x 10* K (X< 3), the thermal energy becomes
0

I comparable to the gravitational potential energykT(3>

o 2MmG/r), the exosphere cools down because of expansion, and
At longer wavelengths, the HLya emission feature can con- g gas flows away, limited only by the incoming XUV flux
tribute a significant fraction of the XUV flux. For a few of the (Opik 1963: Chambérlain 1963; Watson et al. 1981). As shown
Sun in Time targets, high-resolutiokiubble Space Telescope in Figure 1, the closest hot Jupiters reach blow-off conditions
spectroscopic observations were used to estimate the net stell%r all the stellar ages considered. Then, the loss of particles

ahffects the hydrostatic structure of the atmosphereland  itself,
P thus invalidating the application of the scaling law in equa-
tion (3) and Jeans escape. In such a case, hydrodynamic treat-
1L(©) = 3.17HGyr)] 7. (5) ment must be considered (Watson et al. 1981), in which the
I, upper atmospheric temperature, the atmospheric expansion, and
the mass loss are tightly coupled. Energy-limited ldsg,( ) in
In both of these XUV and Ly flux-age relations, which are  hydrogen-dominated atmospheres (Watson et al. 1981; Zahnle
valid for solar-type stars with ages between 0.1 and 8 Gyr, et al. 1990) can be written as
andl_ are the present solar integrated fluxes at 1 AUlatid (
andl,__¢) are the integrated fluxes as a function of time. For our Aaror A on.
study, we considel,, (t) = I,(t) + I, (t) . The above relation- Lo = —Gvm G - (6)
ships are in good agreement with previous studies (Zahnle &

Walker 1982; Ayres 1997) and indicate fluxes =6l, and . . . .
~3l, about 3.5 Gyr ago, and100, and~20l, about 100 Myr In this relation |y, is the effective XUV heat flux averaged
afteLr“the sun's arrival 0;,] the ma?n sequenLéye over the planetary sphere, is the altitude below which the

gas is bound to the planet and no escape takes place, and is
the altitude where the bulk of the XUV is absorbed. Because
of the hydrodynamic expansiom, amgd are usually much
higher than the altitudes where the visible opacity is near unity.

WhenT. is large and the thermal escape paramétet = The altituder, corresponds to an escape factor greater than 20,
GMnVKT..r; whereG is the gravitational constar] is the plan-  for which aboutl x 10°° of the particles are escaping. (Note
etary mass, andis the planetocentric distance) reaches values that Watson et al. 1981 suggesdgr 30 as the relevant value,
between 3 and 1.5, the exosphere becomes unstable and hydrder which less tharl x 1072 particles are escaping.) We solve
static equilibrium no longer applies ik 1963). For larger val-  simultaneously the equations for the flux of the escaping par-
ues ofX, the escape flux is given by the Jeans equatiqniKO ticles and the escape parameXgr  to calculate the expansion
1963; Chamberlain 1963)p,,..s= (vo/20")N.(1+ X)e™ ,  radiusr, (Watson et al. 1981):
wheren,, is the density of the escaping constituent at the exobase
andv, = (2kT./m)*? is the most probable velocity of exospheric 2 (x1/2)1<s+1>/21+1'|2
particles. Note that the fraction of escaping particles becomes $m = st1 X —x. | (7)
small (10°) if X ~ 20and is negligible for valueX > 30 , where o
it drops below 10 (Bauer 1973; Watson et al. 1981).

To estimateT,,, for giant exoplanets, we scale Jupiter's
calculated values ofy,, ~ and, . Using also the XUV flux
evolu_tion law in § 3, in I_:igure 1 we shoily; afid,,, asa 8 5 A 1\
function of the orbital distance for planets around solar-type X, = (_{Xo _ [7"] } ) , (8)
stars of different aged,,,. v T 0 and thel,,, flux are $m 1+ 95
used as scaling parameters (Smith & Hunten 1990; Gross 1972;

Atreya et al. 1989). Becaudg;~ T, for hydrogen-dominated where@ = I, (GMm/KT,2x,) is a dimensionless energy pa-
planets (Smith & Hunten 1990; Atreya et al. 1989), can rameter, andk, is a thermal conductivity parameter of
be used instead of, . Values @f,, ~ 140 K are obtained =~4.45x 10° ergs cm* s * K™* (Watson et al. 1981; Hanley,
for Jupiter-size planets at 5 AU by considering only the heating McCarty, & Interman 1970). The expansion radius=
caused by stellar XUV radiation (Gross 1972). However, the (X,/X,)r, is about 3 planetary radir{ ) iK,~ 30 and about
dashed lines in Figure 1 show that additional heating processe4 planetary radii ifX, = 20 . By using(, = 30 (Watson et al.
are important at large orbital distances, while at distances1981),r, agrees well with the observed expanded exosphere
<0.3 AU, the heat input by the present solar XUV flux alone of HD 209458b of=3r, (Vidal-Madjar et al. 2003).

can be sufficient to result in exospheric blow-agbl{d lines). Figure 2 shows the expansion of the atmosphereXfoe

One can see thdt,,  reaches values on the ordef®f000 30 and X, = 20 driven by the present solar XUV flusgo{id

K as suggested by Schneider et al. (1998) and Moutou et al.lines) and by the higher flux of a 0.1 Gyr solar-type si@daghed
(2001). Our study suggests that hydrodynamic conditions maylines) as function of orbital distance. As discussed before, the

5. ATMOSPHERIC EXPANSION AND HYDRODYNAMIC ESCAPE

Ly« integrated flux, accurately define a power-law relationshi

4. ESTIMATION OF THE XUV FLUX CONTRIBUTION TO THE
EXOSPHERE TEMPERATURE OF “HOT JUPITERS”

where¢,, = L,,(K*Ty/k GMm) is a dimensionless flux param-
eter,
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increasingr,. displaces the exobase to higher altitudes until thealtitudes, hydrogen-dominated giant planets do not have a
Jeans treatment is no longer valki€< 3 ) and a hydrodynamic source from below until they shrink to their core sizes or heavier
approach must be used (Watson et al. 1981). constituents become dominant. A detailed study addressing
diffusion-limited atmospheric escape is beyond the scope of
this work, but a study is in progress, in which we will consider
a multicomponent composition of light and heavy constituents.
Giant gaseous exoplanets with small initial masses may
an expansion radius of = (X,/X)r,~ 3r, corresponding to evolve into volatile-rich large terrestrial planets (Kuchner 2003;
a present mass-loss rate=ff0"? g s*, which is in good agree-  Lammer et al. 2003b). This process could explain the observed
ment with the value measured by Vidal-Madjar et al. (2003) paucity of massive close-in exoplanetsti#dd & Rauer 2002).
from planetary transit observations. Indeed, they determined aThe remnant cores of giant exoplanets orbiting close to their
lower limit to the escape rate ef1l0'° g s * that can be orders  host stars may be detectable for the first time with the new
of magnitude higher because of the saturation of the absorptiongeneration of space observatories suclCasvection and Ro-
line (A. Vidal-Madjar 2003, private communication). For com- tation (COROT) or Kepler. In conclusion, our study shows that
parison, the escape rate resulting from Jeans escape at a tenthermal escape at close orbital distance, once claimed to be
perature equal td,, is less than 1 g3. For OGLE-TR-56b, negligible, is a major loss process that should be included in
currently the other exoplanet with a measured radius, we es-any realistic model of the mass and radius evolution of close-
timate a present mass-loss rateadf x 102 g s*. Our cal- in exoplanets.
culations, which are illustrated in Figure 3, were made with )
the published planetary characteristics resulting from the plan- H. Lammer, |. Ribas, and F. Selsis thank thet@reichischer
etary transit analysis (Konacki et al. 2003). In this case, the Akademischer Austauschdienst AD) for supporting this
mass-loss rates that we derive are even larger than former eswork, which is part of the Austrian-Spanish program Acciones
timations of nonthermal ion escape of the order@f° g s* Integradas, project 7/2001 related to the evolution of planetary
(Guillot et al. 1996). Figure 3 shows that HD 209458b and paleo-atmospheres. W. W. Weiss thanks the Austrian Ministry
OGLE-TR-56b may have lost by evaporation a significant frac- for Science, Education and Culture (bm:bwk) for supporting
tion of their original masses during their lifetime. the COROT project. E. F. Guinan and I|. Ribas acknowledge
In contrast with terrestrial planets, where hydrogen is a minor support from NASAFUSE grants NAG5-10387 and NAG5-

6. RESULTS
By solving equations (7) and (8) for HD 209458b, we obtain

atmospheric constituent and is supplied by diffusion from lower 12125.
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