Molecular formation along the atmospheric mass td$$D 209458 b and
similar Hot Jupiters

R. Pinotti*®, H.M. Boechat-Roberty

20bservatério do Valongo, Universidade Federal do & Janeiro - UFRJ, Ladeira Pedro Antdnio 43, 2B080, Rio de Janeiro, RJ, Brasil
bPetrobras, Av. Henrique Valadares, 28, A1 f@or, 20231-030, Rio de Janeiro, RJ, Brazil

Abstract:

The chemistry along the mass loss of Hot Jupitergenerally considered to be simple, consistinghipaf atoms, prevented from
forming more complex species by the intense raatidteld from their host stars. In order to probe tegion where the temperature is low (T
<2000 K), we developed a 1D chemical and photodtedmeaction model of the atmospheric mass lo$8#®209458 b, involving 56 species,
including carbon chain and oxygen bearing onesréating through 566 reactions. The simulationtssndicate that simple molecules like
OH*, H.0* and HO* are formed inside the region, considering thadued H: survives in the exosphere, a possibility indicatgdecent
observational work. The molecules are formed awdrdyed within a radial distance of less thahkif, but the estimated integrated column
density of OH, a potential tracer of His high enough to allow detection, which, oncei@eed, would indicate a revision of chemical madel
of the upper atmosphere of Hot Jupiters. For lowsig Hot Jupiters receiving less intense XUV rédia from their host stars than HD
209458 b, molecular species could conceivably badd with a higher total column density.
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1. Introduction star was itself a Hot Jupiter, 51 Peg b, with aimim
mass of 0.47 Mand an orbital semi-major axis of 0.052

The discovery of extrasolar planets orbitindhU. The improvement in the sensitivity of the meatho
main sequence stars, which began with the discaMeryover time, together with the increasing successiloér
51 Peg b in 1995Mayor and Queloz, 1995 has methods, particularly the transit method, havevadid a
uncovered a class of planet not foreseen by theprisr less biased statistics of extrasolar planets, whkre
observed in our Solar System: the so called Hatehgp Jupiters play a minor role. Still, Hot Jupiters @aat for
gas giant planets orbiting their host stars abdsts of around 20% of all known planets, and are expecibe t
0.1 AU or less. Some of them are so close that thieer present in around 1.2% of all F, G and K dwarfthie
atmospheres are continuously losing mass. There Smdar vicinity ((Vright et al., 201}, although this
several studies dedicated to modeling the massolossstimate is still not well established/éng J. et al.,
Hot Jupiters, particularly of HD 209458 B(urrier and 2015).

Lecavelier des Etangs, 2013; Guo, 2013; 2011; In spite of the apparent minor role of Hot
Koskinen et al.,, 2013a, 2013b; Murray-Clay et alupiters in the general exoplanet population, their
2009; Penz et al, 2008, Garcia-Mufoz, 2007existence has spurred a wealth of research, maimly
Nevertheless, the study of chemical reactions tifeories of planetary formation and migration, eikiot
molecules along the atmospheric mass loss has bédepiters are thought to have been formed furtheirou
overlooked, supposedly because it is thought that the protoplanetary disk, with subsequent inward
intense UV radiation field of the host stars wouldchigration Eerryman, 2011; Lubow and Ida, 2010
prevent their formation. However, these studies a®tudies of atmospheric composition of extrasolas ga
generally limited to a distance of five times thanet's giants have also been allowed for transiting Hpttéus,
radius Garcia Munoz, 2007; Koskinen et al., 2013dhrough spectroscopy and photometry during primary
2013h. and secondary transits.

The radial velocity method for finding The most studied transiting Hot Jupiter is
exoplanets favors a star-planet system with a highikely to be HD 209458 blLinsky et al. 2010)that has
planet mass and/or a smaller orliite(ryman, 2001 a mass of 0.64 Mand an orbital radius of 0.0475 AU.
Therefore, it is no surprise, looking in retrospedtich This exoplanet, also known as Osiris, is orbitinQ H
the first exoplanet discovered around a main sezpien 209458, a GO V type star that is relatively neai@y
pc). Charbonneau et al. (200@ade the first detection
"Corresponding author. Email addresszloisa@astro.ufrj.br of an extrasolar atmosphere during a transit of HD




209458 b. Many molecules, such as methanes(CHsimulations are presented and discussed. In Settian
water vapor (HO) and carbon dioxide (Gf) have been draw some conclusions.
detected in its atmospherev(ain et al., 2000
Vidal-Madjar et al(2003)discovered that the 2. Methods
Lyman-u line flux from the star HD 209458 was reduced
by ~15% during primary transit, a value much superi 2.1 Massloss models
than the 1.5% reduction by the planet’s disk, dwadl the
hydrogen in its extended atmosphere has velocities Mass loss models of Hot Jupiters are complex,
ranging from -130 to +100 km's They concluded that because there are many important and sometimelypoor
the planet is losing neutral hydrogen to space, andderstood or quantified factors. The incident XUV
subsequent detection of ~13% absorption in Oldimg radiation (X ray and extreme UV), responsible foe t
~7.5% absorption in Cll lineé/dal-Madjar et al., 2004 heating and swelling of the atmosphere, is notctlire
confirmed this conclusion. The fact that heavieneasured, since the EUV is strongly absorbed by
elements have also been detected at high altitudes interstellar atomic and molecular hydrogen; thealde
HD 209458 b, including Si lll (insky et al., 201)) stellar wind also plays a role, as well as tidalcés
leads to the conclusion that the atmosphere ishioav-  (Garcia-Mufioz, 200)/ interaction of stellar and
off” state Bourrier and Lecavelier des Etangs, 2)13 planetary magnetic fieldS{rugarek et al., 2014; Lanza,
After this discovery, the planet HD 189733 b2013 and magnetohydrodynamicssnaka et al., 20)4
orbiting a nearby (19.3 pc) K 1.5V type star, wka Figure 1 illustrates the mass loss from a Hot &upit
found to exhibit mass loss€cavelier des Etangs et al. Until now, no detailed mass loss model in the ditere
2010; Bouchy et al., 2005 many molecules were takes into account all these variables.
discovered in its atmospherg(Kok et al., 2013; Tinetti
et al., 2007; Swain et al., 2008 Hetluiter
Other Hot Jupiters are suspected of losir ,
mass, including WASP-12 bLi et al., 2010; str P Mesbs |
Maciejewski et al., 2001 and 55 Cnc bEhrenreich et |
al., 2012. In special, the planet 55 Cnc b, with an orbit: | o seniaions |
mean distance of 0.115 AU, slightly violates therfal T Demeto
maximum orbital distance of 0.1 AU for Hot Jupiterﬁqg' 1. Illustration (not in scale) of the massslosf the

This planet is part Of_"fl rich system of five plangbn atmosphere of a Hot Jupiter. The suitable region fo
Braun et al., 207)lorbiting an also nearby (12.3 pc) KQjmylations in our study is from 6.9 to 27.5 Rvhere R is

IV-V type star. the radius of the planet.
This work explores the possibility of the
formation of molecules along the atmospheric mess | Most of the mass lossdels in the

of Hot Jupiters, both oxygen bearing and carbonrchaiterature for Hot Jupiters like HD 209458b and HD
ones, in a further out region not covered by ttegdture 189733 b predict a hydrogen mass loss rate Sf1T8
We conducted a series of chemical and photochemigad® (Lammer et al., 2003; Lecavelier des Etangs et al.,
reaction simulations, using a network of 5@008; Garcia Mufioz, 2007; Penz etal., 2008; Gid.?
ions/molecules and 566 reactions retrieved from the13; Murray-Clay et al2009 Koskinen et al., 2013a,
UMIST database \(cElroy et al., 201} All the 2013}). Garcia-Mufioz (2007 modelled the physical
parameter values used for HD 209458b, such asd chemical aeronomy of HD 209458b, and concluded
hydrogen density, velocity of gas expansionthat beyond a few planetary radii all elements are
temperature and ion/atom abundances, were taken frstrongly ionized, assuming that the emission spectr
the literature. of the star is identical to the Sun’s, and usimgavork

In Section 2 we explore the models of massf 223 reactions involving 46 species.
loss from Hot Jupiters, in order to acquire paramsedn More recently,Bourrier and Lecavelier des
the environment where the molecules are formed afnthngs (2013have developed a 3D particle code in
destroyed, including radiation field, C/O ratioprder to model hydrogen atmospheric escape
temperature, velocity and number density radidiile  specificallyin the exosphere (altitude higher thk&Rp)
We elaborate on known chemical and photochemiasfl HD 209458b and HD 189733b, which takes into
pathways to the formation and destruction of carb@ecount radiation pressure, ionization, self-shigj@nd
chain molecules, focusing on benzene and PAHS; thetellar wind interactions. The fact that their mode
we combine the available physical, chemical armgbnsider only neutral hydrogen does not exclutte lie
photochemical data, as well as mass loss models,ut®d for heavier speciesqurrier et al., 2014, Koskinen
build the simulations; in Section 3 the resultsrfrthe et al. (2013h)



As for HD 209458bBourrier and Lecavelier interstellar radiation field\({cElroy et al., 201} so they
des Etangs (2013conclude that radiation-pressurédnave to be corrected for the environment of Hottéug
acceleration account for escape velocities of up3® where the UV radiation field is many orders of
km s?; for HD 189733b, measured velocities up to 23@agnitude higher. In order to estimate the comecti
km s! require additional acceleration mechanisms, afactor for the mass loss of HD 209458 b and othatr H
interaction with stellar wind protons is suggested. Jupiters of interest, we modeled the radiatiordfalthe
addition, the mass loss from HD 189733b is appbrenstars, considering them as black bodies, and iatiegr
not steadyl(ecavelier des Etangs et al., 212 through the FUV range, extending from 6 to 13.6 eV.

Table 1 summarizes results of recenthe resulting fluxes in photons st are then divided
theoretical models on the mass loss from HD 209458ty the ISM UV flux of 18 photons cm s* (Boechat-
namely, velocity, temperature and density radiaoberty et al., 2009giving the estimated multiplicative
profiles, which were used in our chemical andorrection factorC. By using a black body model for the
photochemical reaction simulations. Except for tHdV region of a Sun-like star, which is the case-Haf
model of Bourrier and Lecavelier des Etangs (204iB), 209458, the resulting FUV photon flux is expectetée
the others are hydrodynamic models valid for theonservative (higher than the actual), since thaahc
thermosphere up to the exobase. In this contéxiiso spectrum is expected to contain several absorfities
important to note that observations by Vidal-Madar (de Pater and Lissauer, 200For HD 209458b, the
al. (2013) indicates neutral hydrogen velocitiesveen estimated correction factor was °10This value is
40 km s and 130 km s in the exosphere, which is aonservative, when compared to the integrated and
region of interest, since it is in the exospherat threscaled stellar spectra shown by France et al0j20
temperature drops below 2000 K, an upper limit @oand Vidal-Madjar et al. 2004 (including line em@ss),
which many of the molecules studied undergo thermahich give correction factors of 5x40and 10

dissociation respectively. Even if we add the estimated contimuu
contribution from 170 nm to 206 nm, the correction
2.2 Photochemical Rate Constant Corrections factor from Vidal-Madjar et al. 2004 reaches 5%18

more realistic correction factor
The reaction constants of the photochemical
reactions in the UMIST database are estimatedhr t

Tablel

Results from theoretical models of mass loss frdn289458 b; * private communication; B the planet radius
Reference HI Velocity (k' profile | Temperature (K) profile HI Density ( ch profile
Bourrier and Lecavelier des 0 to 100in 5 h 1.3x1C at 2.8 Rto 1x1G at 20 R *
Etangs (2013)
Guo (2013,2011) 0to 18 between 1 and,5R | 6300 at 3.5 Rto 5000 at 5 R 1.6 x 10 at 3Rp to 2 x 10at 5Rp
Koskinenet al.(2013a) 10 to 30 between 5 and 20 R 8000 at 4 Rto 3000 at 11 R 10at3Rto10at5R
Murray-Clayet al. (2009) 0to15 betweenlandp R 5000 at 3.5 Rto 3400 at5 R 1.3x106 at3Rtol1.6x10 at5R
Penzet al.(2008) 3to 8 between3and 5 R 4100 at 3 Rto 2500 at5 R 10'at3Rto7x10at5R
Garcia-Mufioz (2007) 10 to 20 between 5 and 15 R 6000 at 5 Rto 3000 at 15 R

Table2

Integrated luminosities in wavelength randes:at X-ray (5-1005\) andLeuv, at EUV (100-920&) of the host stars and the
respective fluxe&x andFeuv incident on selected Hot Jupiter (Sanz-Forastoa. 2011)

Planet |Og_x |Og Leuv |0g Fx |Og Feuv Fx Feuv
(erg s (erg ) (erg s' cnt?) (erg st cnm?) (photons cn# s%) (photons cr? s?)

55Cncb 26.65 27.49 1.08 1.92 <90 ~ 10¢

HD209458 b < 26.40 < 27.74 < 1.60 < 3.29 4110 ~ 104

HD189733 b 28.18 28.48 3.73 4.03 <4410 ~ 104

would also require the contribution of X-ray (L<100ray telescopes like XMM-Newton, and EUV
A) and EUV (100 <. < 912 A) radiation, generated yminosities based on scarce EUV luminosities
non-thermal processes in the coronae of starshwhivailable from the Sun and a few other stars, haen
powered by the stellar rotation, which in turn @aseduilt (Sanz-Forcada et al., 2011

with age. But since EUV radiation is mostly absarbe Table 2 shows measurements of X-ray (5-100
by interstellar atomic and molecular hydrogém, and EUV (100-920 A) luminosities by XMM-
correlations based on observed X-ray luminositieX{Newton and Chandra observatories for three Hotdupi



host stars, which were used by Sanz-Forcedal. Line et al. (2014have made an analysis of
(2011). As expected, the old star 55 Cnc (~ 10.2) GYC/O ratio for a number of transiting exoplanetsdoas
presents a weaker XUV (X-ray + EUV) luminosity thamn secondary eclipse spectroscopy. They have found
that of HD209458 (~ 4 Gyr), and much weaker than tha value of C/O = 1 for HD 209458b, which is in line
of HD189733 (~ 0.6 Gyr), These data will be used, fwith the result of C/O> 1 by Madhusudhan and

the simulation scenarios in section 4. Seager (2009), although the C/O ratio of the parent
star HD 209458 is apparently lowo(inson et al.,
2.3 C/O ratiosfor Hot Jupiter 2012.

The objective of this development is not to
The study of C/O ratio in Hot Jupitersexhaust the ongoing discussion on C/O ratio okstar
atmospheres is important for theories of planand their planets, but to justify our assumptions o
formation and migrationJphnson et al., 2012; Oberg eC/O ratios used in the simulations, based on
al., 2011; Stevenson and Lunine, 1988; |da and Liobservational evidence. From the previous expasitio
2004; Pollack et al, 1996 The condensation we conclude that it is reasonable to suppose tmés
temperature of the ensemble of available volatild aHot Jupiters, beyond HD209458b, may indeed have a
refractory species (whose relative abundancediisade high C/O ratio, approaching or even surpassing<€/O
by the C/O ratio), will dictate the radial densggofile 1, by carbon enrichment during planetary formation.
of ices and dust, which form the cores of gas giahherefore, we will use a range of C/O ratios for
planets and the bulk of rocky ones respectivdlis diso  HD209458b and hypothetical Hot Jupiters that exhibi
fundamental for the modelling of Hot Jupitesimilar mass loss profiles.
atmospheres, since the C/O in hydrogen-rich As a result of the evidence shown above, we
atmospheres will define the relative abundances dadcided to use C/O=1.0 in our base simulations, as
several molecules and the temperature structure.  well as to explore how the results are affected by
Some studies of transiting Hot Jupiters hawehanging the C/O ratio.
indicated considerable deviations from solar Finally, it is worth mentioning that Jupiter
abundanceslL(ne et al., 2014; Madhusudhan, 201Z4tself may have a higher C/O ratio than that of Slug@
Madhusudhan et al., 20), with C/O ratios significantly (Mousis et al., 2012; Wang and Lunine, 2)JTPhe
higher than the solar value. Madhusudhan (2012) haain uncertainty factor regarding the evaluation of
proposed C/O ratio and irradiation (or temperataie) C/O ratios of solar system’s giant planets isOH
the two main factors dictating atmospheric chemistcondensation down to deeper layers due to low
and structure. atmospheric temperaturé&/éng D. et al., 2005
Another approach to C/O ratio in exoplanets
in general is the study of the C/O ratio of themsh
stars, which, along with metallicity and refractor.4 Building the smulations
element abundance estimates, provide a more robust
starting point for inferences about formation In order to simulate scenarios of molecular
probability, composition and, perhaps, the optim&brmation along the mass loss of Hot Jupiter HD
locus of their planetsN(ssen, 2013; Ghezzi et al,209458 b, we used a 1@eneral chemical reaction
2010; Melendez et al., 2009; Fischer and Valenmodel, based on the molecule balance on the element
2005; Pinotti et al., 20Q5But this approach is subjectvolumeAdr, whereA is the area perpendicular to the
to debate; for exampleDelgado Mena et al. (2010)radial velocityv. The model is represented by
have estimated a high C/O ratio for 55 Cnc (1.12),
which led to the supposition that the interior bét < |,,(x )] =¥ 0. (1)
super-earth 55 Cnc e may also be carbon-riéh
(Madhusudhan et al., 20.2But the very high C/O

ratio of 55 Cnc have been disputed byske et al. V\{herep is the hydrogen number density @ is

(2013) who found a value of 0.78, on the basis thi';he radial velocity of the mass loss (cf),€2, is the

the O abundance evaluation requires a much MQCction rate (crhs?) of any reactiom (from the 566
detailed analysis than is usually made.

More recentlyTeske et al. (20143ublished reactions used) which produces or consumes the

a list of C/O ratios of stars with transiting Hapiers, Species, andx is the abundance of the species

o . rc—ilatlve to hydrogenThe parameterg, x andp are
which indicate that previously-measured exoplan tnction ofr ( x=xi(r), p= p(r) andv= v(r) ). Notice
host star C/O ratios may have been overestimat d! —X PP - '

; . . at the equation does not include sguared-f
Their work also supports evidence of increase @ C . !
: : factor, since the mass loss from Hot Jupitersotsan
with Fe/H (Nissen, 2013



expanding spherical shell of gas. The radial psfi We have run the simulations by using 566
of p andv and will be taken from the literature (seeeactions from the UMIST database, involving 56
Section 2) and used by the differential equati®dpecies containing H, He, C and O. Table 4 shows th
solver. list of the species considered. The simulationsewer
The rate constants for the reactio?s are modeled using MATLAB, coupled with the solver
defined according the UMIST database formalisRASSLC (Differential Algebraic System Solver in C)
(McElroy et al., 201R adapted for use in MATLABSecchi, 201)) which
integrates the set of 53 differential equations @l
and H profiles are predetermined).
The simulations require density,
temperature and velocity radial profiles for hydeng
for two-body reactions, where T (K) is the gaglong the mass loss. For the case of HD 209458b, we
temperature (T = T(r)) and ay,, B, v, and are assumed the density profile of Bourrier and
parameters available in the database; fpecavelier des Etangs (2013), since it has been
photoreactions, the rate constant is given by: developed specifically for the exosphere; the vigloc
profile has been taken from Vidal-Madjar et al.
(2003). Table 4 summarizes our profile definitions;
Kphotm = anexp(—ynAy) s* (3)  the initial radius chosen for the simulations wa® 6
Rp,where the temperature is around 2000 K (estimated
by extrapolating the hydrodynamic models), thetlimi
Wherea, represents the rate coefficient irwhere water molecule suffers thermal dissociation;
the unshielded interstellar ultraviolet radiatioeld, the end radius was 27.5,Rwhere the hydrogen
and y,, and Ay are parameters accounting for dustensity is low enough so that chemical reactioasrat
extinction in the UV and visible respectively. start to be surpassed by photodissociation reaction
We have also included direct cosmic-rayates. The resulting radial length spans ~ 25kh@
ionization  reactions and  cosmic-ray-induceth order to run the simulations, a set of initial
photoreactions, although their very low rate comtsta abundances of species (at 6 iR required; we have
(10* — 10'" s — UMIST database) do not have aaken these fronxoskinen et al. (2013awho used
significant impact on the main results, since theet solar abundances. Abundance data framkinen et
scale of the simulations is measured in hourg 10 al. (2013)reach 5 B so we have underestimated the
and estimates of molecular dissociation alorgitial ion abundances relative to atomic abundance
interplanetary distances is measured in day$-(1@ However, in section 5 we will show that the main
s). However, direct cosmic-ray ionization reaction®gsults are not very sensitive to ionization degree
and cosmic-ray-induced photoreactions could playTable 5 shows the values of initial abundances%t 6
role in the abundance of trace species. Ry, for C/O different from the solar value, the
Since the temperature also depends on thbundances of the C and O species were corrected
radial profile of the mass los§£T(r)), it follows that proportionally, maintaining the total atom number
the rate constants will also vary radially in théhence the metalicity).
simulations k.=kn(r) andkgnot,=Kphot,{r))- The values of electron density in the
For most of then photochemical reactionssimulations are centered around 5 x®1lines the
used in the simulations, the rate constakits{n S*) hydrogen density, or ~ $0m?, which is consistent
will be corrected according to the factors estidate with calculations of electron densiti€ésoskinen et

k, = an( ! )ﬁn exp (_Ty”) cn? st (2)

300

section 2.1, that is, al., 2014)at the higher atmosphere of HD 209458 b
(10'2-10"* m® at 10'° bar), once allowing for the
Kohot,n =K phot,i*C(r) dilution along the mass loss.

The abundances of chemical species along
whereC(r) is the correction factor; since the radiatiothe atmospheric layers of HD 209458 b have been
field of the host star decreases with the squareddeled(Moseset al, 2011; Garcia-Muiioz 2007;
distance Koskinen, 2013aand the results generally agree that
(C a 1/r%, and the reaction locus is of considerabliae H molecule abundance drops steeply &40
radial length (~ 10km) in a region very near the star! bar, where hydrogen atoms become the dominant
Cis relatively sensible to distance. Thereforehaee species. Moses et al. (2011)includes both
built in the simulation correction factors that dagd disequilibrium thermochemistry and photochemistry
on the distance from the star. in their model in order for it to become more rsiidi,

and conclude that the radical OH efficiently atgack



H.. They assume that molecular and eddy diffusiavhich would pose an obstacle to possible convective
are the relevant vertical transport mechanismtlaaid cells toward the thermosphere.
the atmospheric profile exhibits thermal inversion,

Table 3
Species considered in the simulations
Species with H Species with Species Species | Species with H and G Specieg Species Species
He with C with O with H with C with H, C
and O and O and O
H* He* ct o* CH*, CH, CH, CH*, | OH* co HCO
H- He C O CHz, CHs*, CHs, | OH CO HCO*
H C o CHs*, CHs, CH*, | OH Co* H2CO
H2* CH, CH, CHy*, | HO* CO2
H2 CoH2, CHs*, CoHs, | H20
Hs* CoHs*, CoH4, GCsHz, | H3O*
CsHs*, CsHs, CsH4*,
C4H2*, C4H3*, CsHs*,
CeHs* CeHs, CeHs",
CeH7*
Table 4
Profiles of velocity, density and temperature uisetthe simulations for HD 209458 b. ; R 1.38 R
Variable Value at 6.9 Rp Value at 27.5 Rp Obs
Temperature (K) 2000 500 Power law with -1
Density (cnm?) 5.0x 168 1.0x 10 Power law witha= -2.8
Velocity (km s!) 40 130 Linear
Table 5
Abundances relative to neutral hydrogen (HI) usetha starting point of the simulations; solar rieity
C/o 0.68 0.54 (solar) 0.75 1.00 1.25 1.50 2.00
H* 15x10 1.5x10 15x10 1.5x 10 15x10 1.5x 10 1.5x 10
C 2 x 10 1.75 x 1¢ 2.14 x 1¢¢ 25 x 10 2.78 x 1¢¢ 3x10° 3.33 x 16
c* 8 x 10* 7.00 x 16 8.55 x 10 1.0 x 16° 1.11x 16° 1.2 x 16° 1.33 x 1&¢
o] 5x 10 5.40 x 1¢¢ 479x10° | 4.17x10" | 3.70x106* | 3.33x10¢ | 2.78x 1¢¥
o* 1x10° 1.08 x 1&¢ 9.58 x 10" | 8.34x10¢ | 7.40x10" | 6.66x 10" | 5.56 x 1¢/
He 5x 1% 5x 10? 5 x 102 5x 10? 5 x 102 5x 10? 5x 10?
He* 2x10 2x10! 2 x 10! 2x10! 2 x 10! 2x10! 2x10!
Table 6
Estimated values of k for photochemical reaction®iving GHs and GHe"
Reaction c (cn?) Estimatedk (s?)
HD 209458 b HD 189733 b 55Cnchb
CeHs + FUV 2 CeHe" + € 1.5 x 16Y 3.0x 10 3.2x10 6.3 x 107
CeHs + FUV =2 CoH2 +CaHa 1.5 x 10'¢ 3.0 x 10 3.2 x 1% 6.3 x 10°
CsHe + X-ray = CeHs*+ € 1.2 x 10 1.2x10 1.2x10° 1.2 x106°
CsHe + X-ray 2 CoH2+C4H4 3.8 x10Y 3.8 x10° 3.8x10" 3.8 x 107

However, they acknowledge that hydrodynamic flowtrong winds in HD 209458 b down to at leasf bar

could affect the stratospheric composition,

if afGnellen et al., 20)Das well as observational evidence

atmospheric bulk wind dominates down to the base affthe lack of thermal inversion in the atmospharelD
the thermosphere. There is observational evidemfice209458 b Echwarz et al., 2015; Diamond-Lowe et al.,



2014). Moreover, France et al. (2010detected a These reaction rates are also modulated by a
significant feature in the FUV spectra of HD 209458ctor which decreases with the squared distance. A
b,which may be due to Jtexcitation. The feature, atrapid inspection on Table 6 shows an important
1582 A, was observed at +15 (+ 20) km i® the rest conclusion, that is, although XUV photons (X-ray +
frame of the planet. They admit that the excitatidBUV) are more energetic than FUV photons, the
mechanism is unclear, and point out the possibdfty contribution of the former in the ionization and
excitation by EUV radiation from the star, stregsihat dissociation processes is irrelevant compared & th
the possibility is remote due to attenuation bytbhe latter, in the context of Hot Jupiters, and thatli® to
in the wupper atmosphere. But an alternatitee high difference in photon flux. For HD 209458dy
interpretation is that the feature at 158% indeed due example, while the estimated FUV photon flux is 2.0
to H in the thermosphere/exosphere with the velocity a0’ cmi? s, the EUV and X-ray fluxes are ¥@&n? st
+ 15 km ¢!, which is consistent with values of mass losand 10 cm? srespectively.
velocities discussed in this paper, and where the H
density is sufficiently low to allow Hexcitation by EUV 3 Results and Discussion
radiation from the star. Finally, the detectionMd I, a
heavy atom, escaping from the planet at several rad 3.1 Carbon chain molecules
(Vidal-Madjaret al, 2013 gives more credence to the
case for atmospheric hydrodynamic escape. Depending on the C/O ratio used in
Furthermore, there is observational evidence of teenulation, carbon-chain molecules might be
existence of an optically thin dust layer (carb@uass, preferentially formed, so we included in the sintolas
TiO, VO, silicates) in the outer atmosphere of HDarbon reactions which lead to the formation of
209458b (Richardson et al. 2007, Burrows et al8200Benzene, the precursor of Polycyclic Aromatic
which could shield the Hmolecules from the stellar Hydrocarbon (PAH).
radiation field, thus extending their survival thgh the The PAH hypothesis was formulated, 30 years
thermosphere and exosphere. ago (éger and Puget, 1984; Allamandola et al., 1985;
Given these evidences and the extreme amgklens, 201), in order to account for strong mid-IR
poorly understood conditions of the atmosphere emission features in the spectra of a great vaoéty
Osiris, we assume in this work that 3D hydrodynamistronomical objects. Theoretical, experimental and
flow allows residual K molecules to reach theobservational studies have not only corroboratebluit
thermosphere and exosphere, taking part of thkso developed techniques to understand physighl an
chemical/photochemical reaction simulations withhemical characteristics of the sources, basedhen t
abundances ranging from-16€ 10° relative to HI. complexity of the PAH emission bands. This comgiexi
The values ofA, used in the simulations will is caused by the fact that the family of PAHs is
be set between 0.5 and 1.5, consistent with the togxtensive, both due to the carbon number and in
hydrogen column density from 6.9, Bnd 2 R in the molecular configurations. Complexity variables uu#
mass loss references used in this work, and wigh tmergers of aliphatic and aromatic groupsvok and
formula A, = Ny / 1.6x16" (Wakelam et al., 20)3 Zhang, 201} multiple ionization statesS(oan et al.,
Although the formula is fit in principle for the Mg the 1999; Maaskant et al., 20),4he presence of hetero-
metallicity of the environment studied here isdegater atoms such as nitrogen in the aromatic ridgdgins et
than the metallicity of the ISM, so the extinctionthe al., 2005, and clusters/complexes with irogiion et
UV from atoms would be more intense; if we alsel., 201).
consider the possible presence of dust describedeab The main source of interstellar PAHs is
we conclude that the estimate @& is probably thought to be evolved circumstellar environments
conservative, and, although a precise estimatiaris (Cherchneff, 201)l which have the necessary formation
possible, the reader will be able to appreciateeffext conditions, that is, an initial carbon, hydrogeshri
of this parameter on the results. chemical composition, high densities and high
For photoreactions involving benzene and thtemperatures. Although UIR emission bands have been
benzene cation ¢Els*, we developed a more detailedletected in some of these objects, and attribot&RH
treatment (see 3.1.1), since we have informatiocross excitation through absorption UV radiation emittgda
sections for incident X-ray and EUV (Section 2) @thi companion star, the lack of detection of UIR enaissi
are practically absent in the ISM, and also the)and bands from most of the carbon stars is probablytdue
EUV fluxes. Table 7 summarizes the resultskidor the lack of exciting radiation. For example, carliazh
photochemical reactions involvinglds and GHs*, for AGB stars have surface temperatures of the order of
three Hot Jupiters. 3,000 K, too low for the emission of a substantis
radiation field.



However, the mass loss from Hot Jupiters The understanding of photoionization and
with high C/O ratios might be a new possibilityRAH dissociative photoionization of the benzene
forming region where the UV radiation field is stgp  molecule is important for the estimation of its net

enough to excite the molecules, allowing the olzseym production rate (formation — destruction) in
of IR emission features, and, perhaps, the ideatifin astrophysical environment8pechat-Roberty et al.
of specific PAH molecules. (2009)have studied the UV and soft X-ray photons

3.1.1 Formation and destruction of CeHs

Table 8. Formation pathways of benzene in CRL 618,
In the Solar System, only the simplest according Woods et al. (2002).

aromatic molecule, benzene, was identified in t —

atmosphere of the planets Jupiter and Sattim ¢t al., HCO:J' GoHa — GoHs ++ Co (1)

1985; Bezard et al., 20p7and in Titan's atmosphere C2H+3 *+ GH, — CaHs ++ H (2)

(Coustenis et al., 2003; Vinatier et al., 2@utside the CiHs" + GHa — ¢-GHs™ + v (3)

Solar System, benzene was again the on C-GeHs" + H, — ¢c-GH7" + hv (4)

unambiguously identified PAH, a discovery made b c-GH7" + € — c-GHs + H (5)

Cernicharo et al. (2001in the proto-planetary nebula

CRL 618. interaction with benzene molecule, using synchrotro

Benzene formation is the rate-limiting step if@diation coupled with time of flight mass spectedry.

chemical pathways to PAHs. Therefore, laboratohey confirmed the relative high stability oétds under

studies of benzene formation, as well as simulatio/V radiation, where the ion¢8s" is preponderant over

have been extensively conducted in order to estim&@W different fragments from the destruction aofHe,

benzene abundances in astronomical objettsads et and its vulnerability under soft X-ray radiationhish

al. (2002)simulated the formation of benzene in CRProduces many and abundant fragments.

618, using a route of ion-molecule reactions wtigh This experimental work has allowed the

based on high abundances of HG@d GH, and a high determination of the photoionizatiorsy: (E)) and

flux of ionizing photons from the hot central stahe Photodissociationdirq (E)) cross sections as a function

final step of this path is the dissociative recamatipn ©f the photon enerdly, of benzene, in the UV and X-ray

of the ¢c-GH-" ion, which is also thought to be the finalanges. Integrating the respective values of cross

step leading to the formation of benzene in Titan&ectionss (E) (cn¥) and the photon flux(E) (photons

atmosphere\(uitton et al., 200% Experimental studies CM* ?) in a range of photon energies, fréito Ey, it

by Hamberget al. (2011) conclude that dissociativeS POssible to estimate the photodissociation and

electron recombination of csB+* can be regarded as @hotoionization rate constants:

feasible final step in the synthesis of benzen¢ha ‘

interstellar medium and planetary atmospheres. [

The chemical pathways used in simulations of fpn—i = fEl Opn-i(E)f (E)dE

benzene formation in the circumstellar environments

carbon-rich AGB stars are based on studies of ety E,
kph—a =J

oD

\<u<

flames (Cherchneff, 201), and involve radicals, with
the assumption of negligible ionization by radiat{(see
Table 7). However, as shown in Section 2.1, the
environment of mass loss from Hot Jupiters is
dominated by a strong UV radiation field, and tieme Benzene abundance results suggest the lack of
the ion-molecule mechanism proposediyods et al. carbon-chain molecules formation along the mass los

(2002)was chosen for our simulations (see Table 8). of HD 209458b. FoA, =1.0 and C/O = 1.0 the peak
mixing ratio (relative to HI) is 18 Variations of Av

i Oph—a(E)f(E)dE

Table 7 --. Benzene formation mechanisms in and C/O do not improve the scenario. The main reaso
acetylenic flames. Source: Cherchneff (2011) for the absence of benzene in significant abundaisce
CsHs + GHsz — CeHe that acetylene, which participates in three ouficé
CsHs + GHs — CgHs+ H steps in the reaction chain leading to benzenegs not
1-CiHs + GH, — CgHs reach significant mixing ratio either (<-39. It should
1-CHs + GH; — CsHs + H also be noted that benzene formation is the resfult

many reactions, which translates to a low overall
reaction rate. These results agree with previoudies



that indicate the lack of formation of carbon-chaito 5x10, with estimated total column densities of OH

species in these environments. ranging from 6.5x10 cnm? and 1.1x10 cnt?
respectively. Therefore, if we take into accoum t
3.3 Molecules containing oxygen and hydrogen uncertainty of C, the total column density of Osiill

remains in the 10 cm? level. An alternative
The fractional abundance profiles (relative toterpretation of Figure 7 is that of moving theupet
HI) for simple species containing oxygen and hyerog closer or away from the star; the correction fagtdr
are distinctively improved over the ones fobe proportional to the radiation flux, which sca@$/r?
hydrocarbons, as Figures 2 show (distance isveled wherer is the orbital distance. This means, for example,
the starting point of simulations, at 6.9)RThe peak that the simulation results for C=2.5 x1@ould be that
fractional abundance for:®* reaches 1# and the ion for a planet similar to Osiris, orbiting an idemfictar,
OH' reaches a remarkable peak value of 1@ith an but with an orbital distance twice that of the ovaj
estimated total column density of 3X16m?2 Small value. The conclusion would be that the total calum
species containing carbon and oxygen (Figure 3péxh density of OH would not be sensibly altered by
fractional abundance peak values betweett 406d 10 considerable orbital distance variation. Howevéis t
19 In general, the simulation results are inserssiiivthe extrapolation has to be taken with extreme resainee
initial ionization ratios CII/CI and OII/Ol, so ourthe alteration of the radiation flux would alteetmass
assumption of ratios in Table 5 is robust. loss profiles of density, velocity and temperatuvkich
Figure 4 shows the results for OWhen all remains fixed in the simulations. But, considerabgp
carbon and oxygen are initially in the form of @Hd that the new profiles for more distant planet wolbél
Oll, for different H abundance profiles; for axlgrofile more favorable for molecular formation (lower
of 10t to 102 which is used for all the results showmwelocities and temperatures, higher densities)covad
previously, the peak fractional abundance of *OHspeculate that the column densities for our sirmanat
remains in the level of {0However, the peak fractionalwould be minimum values for more distant planets
abundance is very sensitive te fflactional abundance similar to Osiris and orbiting identical stars. Almer
profile: the OH peak abundance drops to®@or a . speculation exercise allowed by the simulationthas
fractional abundance radial profile ranging fron?16 lower/higher C values correspond to a planet awiti
10°, causing the estimated total column density of Oldter/earlier type stars at the same orbital distafhis
to drop to 3.3 x 10cn2 scenario has to be taken with even greater ressines
Therefore, a spectroscopic detection of ‘OHhere are, other factors that add to the alteratfanass
during the transit of HD209458 b would not only e loss profiles, such as increased stellar activity.
discovery of a new species in this environment,abst The abundance of all molecules start to drop at
a strong indication of the presence ofiH significant the distance of ~ 2 x 30cm; at this point, the plasma
abundances along the mass loss. density is low enough so that the dissociation
Figure 5 shows how the results for Obre photoreactions start to take over. In order tawestie the
altered by changing the value &, which is, as abundances we use the results of our chemicalioeact
discussed before, a parameter subject to uncert&iot model of HD 209458 b, and equation (4) for numérica
the most favorable case Af = 1.5, the peak fractionalintegration, considering that the species are only
abundance of OHreaches 18, and its estimated totalsubjected to dissociation from the stellar radiafield:
column density, 6 x 7@n? ; for the least favorable case
(A, = 0.5) the results are 10 and 1x10 cm® x = x e~tkorsS (4)
respectively. So, the total column density does not

change more than one order of magnitude with 50¥here X, and X are the initial and final abundances,
variation ofA, . respectivelyko is the dissociation rate at(0.005 AU

Figure 6 shows the effect of C/O ration on the 27,5 R = 107 km) t is the time lapse between steps
OH"profile. This parameter has less impact than tiee o = Ar /), 7 is the mean velocity of the species, and S
of A, and the peak fractional abundance stays@Bov s the sum of the steps, with each step with aection

10 for any value of C/O ranging from solar and 1.5factor for the decreasirlg value with distance:
with total column densities of 4.3x18nd 2.7x10cn?
respectively. n 1

Finally, Figure 7 shows the simulation results 5~z—.
for variations in the correction factor C. As dissed £ (ro + iAr)?
before, our standard value of °10s probably
conservative, and values down to - 4 a possibility S=]

for HD 209458b. The chosen valuesfange from 19 n

n 1

im )i o=
—>oozl_0(r0+iAr)2
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photochemical reactions. Besides, the fact thabthss

The results of the estimates, for valuesiof loss is almost certainly not constant in time, laseoved
ranging from 30 to 100 km'sshow that the species arén HD 189733 b, will certainly have a weight on the
restricted to a radial region of less thari Rifh. results.

Our 1D model is a crude representation of the But our objective is to probe the possibility of
actual environment where we studied the formatibn molecular formation, and the order of magnitude of
molecules. Beyond the intrinsic limitations of a 1@olumn densities indicate that this possibility sési
model, it uses data which is the result of oth&ioreover, there are factors not accounted for is th
simulations, like our choice of parameters (velgcitstudy that could amplify the total column density o
temperature, number density) from the literatune,the OH': the magnetosphere of the pla(etrugarek et al.,
correction factorC which is applied equally to all

fractional abundance

Ll Ll Ll Ll Ll R S| L
10° 107 10° 10° 10" 10" 10"
distance (cm)

Fig. 2. Fractional abundance of selected spebiegydhe atmospheric mass loss of HD 209458 b,;
C=1¢,Av=1.0,and C/O=1.0

1oL —CO+ _
—Hco+
—co

8 10"k .
s
3
= 1oL |
o)
[ov]
o -20
S0 -
o
o
ST -
=

24

10741 -
-6
10 L TR | L Lol L | L Lol Ll Lol TR I W
10° 10° 107 10° 10° 10" 10" 10"

distance (cm)

Fig. 3. Fractional abundance for selected spedms) the mass loss of HD 209458®s; 1C°, A, = 1.0,
and C/O=1.0
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Fig. 4. Results for OH fractional abundance along the mass loss of HD 28®4for three different Habundance
profiles; thick line: 16+ to 102 times the HI abundance; medium line:316 10* times the HI abundance; thin line: 10
5 to 108 times the HI abundance; Av = 1.0, C/O = 1.0; atboa ionized to ClI, all oxygen ionized to Oll aktbktart
of simulations
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Figure 5. OH fractional abundance profiles for differektvalues. With C=19and C/O = 1.0
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—C/O=solar
—C/0=0.75
—C/0=1.0
—C/0=1.25
—C/0=15

fractional abundance

10’ L ol I ol I co il 1 Lol ool Lol Lo
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Figure 6. OHi fractional abundance profiles for different C/Goat with C=10 andA, = 1.0

— =1 0x10°
—_—=2.5x10°
—C=5.0x10°
—C=1.0x10°
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Figure 7. OH fractional abundance profiles for different cotiee factors C), with C/O=1.0 and\, = 1.0

2014; Lanza, 2013 which acts as an inhibitor towould present high mass loss rates; a simple nogss |
dilution of the mass loss, theoretically allowindess estimate by Sanz-Forcada et al. (2011), indichissthe
steep radial decline in the number density of iand mass loss is inversely proportional to the planbtik
consequently sustaining molecular formation in afensity p), as represented by Eq. (5):
extended region; and the possible presence of dust
particles in the mass loss, synthesized in the dowg — 3fxuv 5) (
atmosphere of the Hot Jupiter. These dust partiatedgd 4Gp
have an attenuation effect on the incident XUV atidn,
allowing a higher abundance of Oldnd other species
along the formation region.

For other Hot Jupiters with less intense XU

where G is the gravitational constant, arg/Hs incident
XUV flux. And very low density Hot Jupiters and Ho
ypaturns, approaching 1/10 of Jupiter's densitylangr
radiation field, the total column density could deen '€ @n observational fact (Anderson et al., 2036ham
y e%t al., 2010, Mandushev et al., 2007). Finallyshivival

higher, provided that the effect of decreas h h < facilitated by | .
photodestruction rate compensates the decreasesi rfr{égtiazoﬁ);ﬁjg ere is facilitated by less intense XUV

loss rate. But, on the other hand, low density Mipiters,
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4, Conclusions

The results of our simulations for chemical and

Boechat-Roberty, H M., Neves, R., Pilling, S., Lagd;., and de
Souza, G.G.B. (2009) Dissociation of the benzenecoub¢ by
ultraviolet and soft X-rays in circumstellar enviroent.Mon Not
R Astron So894:810-817

photochemical reactions along the atmospheric 08Ss Bouchy, F., Udry, S., Mayor, M., Moutou, C., Pont, Iibarne, N.,
of HD 209458b suggest that many species, especiallya Silva, R., llovaisky, S., Queloz, D., Santos, NS&gransan, D.,

small ions with oxygen, are formed with high abumcks

in a region where the temperature is low enoughtad

and Zucker, S. (2005) ELODIE metallicity-biased rsbafor
transiting Hot Jupiters. Il. A very hot Jupiterrisiting the bright
K star HD 189733Astron Astrophyg44:L.15-L19

number density is still high enough for reactions fgoyrrier, v., Lecavelier des Etangs, A., and Vidaadiar, A. (2014)

proceed. The formed molecules are then

rapidly Modeling magnesium escape from HD 209458b atmospher

dissociated by the UV flux from the host star, with Astron Astrophy§65:A105-A119

formation and destruction encapsulated

distance of less than 10km. This conclusion is

in a rad%ﬂ””ier V., Lecavelier des Etangs A. (2013) 3D maxfehydrogen

atmospheric escape from HD 209458b and HD 189 738lative
blow-out and stellar wind interactionsAstron Astrophys

conditioned to the presence of residual molecularss7:a124-a141

hydrogen along the mass loss, a premise that posigul

Bourrier, V. et al. (2012) in Boissier, S., de LawerR., Nardetto, N.,

by some observational evidence, but not yet provenSamadi, R., Valis-Gabaud, D., Wozniak, H., eds, Paicthe

correct.

The species which reaches the maximu

n,fAnnuaI Meeting of the French Society of Astronompda
Astrophysics, p. 231

abundance, OHis expected to eXhi_bit COI‘;'mn densitiegyrrows, A., Ibgui, L., Hubeny, 1. (2008) Opticabatio theory of
of ~ 10 cm? or perhaps even higher if the plasma strongly irradiated giant planets: the case of HD9458b.

dilution is attenuated by a magnetosphere, whichldvo

enable detection by current instruments, or if ghodust

form the lower atmosphere survives the travel ® th

exosphere. In the event of the detection of*@Hthe
mass loss of Hot Jupiters, the models of the chieyro$

Astrophys J. 682:1277-1282
Charbonneau, D., Brown, T.M., Noyes, R.W., and k&iilil R.L.
(2002) Detection of an Extrasolar Planet Atmosph&s&rophys J
568:377-384
Cherchneff, I. (2011) in Joblin, C., Tielens, A.G.G.&dls, PAHs and
the Universe, EAS Publications Series, 46, p. 3

the outer atmospheres of these planets would lalpe t Coustenis, A., Salama, A., Schulz, B., Ott, S.\dueh, E., Encrenaz,

revised. Higher values of the total column densit@QH"
and other species could be expected for low dehkity
Jupiters subject to less intense XUV radiation.

T., Gautier, D., and Feuchtgruber, H. (2003) T&eaatmosphere
from ISO mid-infrared spectroscopyicarus161:383-403

Kok, R.J., Brogi, M., Snellen, |.LA.G., Birkby, 8lprecht, S., and
de Mooij, E.J.W. (2013) Detection of carbon monexiathe high-

de

The results for benzene production through the resolution day-side spectrum of the exoplanet H®7B3b.
ion-molecule mechanism indicate that formation of AStron Astiophy$54:A82-A90

carbon chain molecules is not significant in thi

environment, even with high values of C/O ratiasc8

de Pater, I., and Lissauer, J.J. (2001) Planetaign8es, Cambridge
S University Press
Delgado Mena, E., Israelian, G., Gonzalez HernandesBond, J.C.,

benzene is the basis for PAH production, we corlud Santos, N.C., Udry, S., and Mayor, M. (2010) Chen@iakes on

that PAH formation is probably also inhibited.
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