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ABSTRACT

Context. The atmosphere of hot Jupiters can be probed by primaryitia@ms secondary eclipse spectroscopy. Due to the intense UV
irradiation, mixing and circulation, their chemical consfimn is maintained out of equilibrium and must be modeleth kinetic
models.

Aims. Our purpose is to release a chemical network, and the assdcite cofficients, developed for the temperature and pressure
range relevant to hot Jupiters atmospheres. Using thisonketwe study the vertical atmospheric composition of the het Jupiters
(HD 209458b and HD 189733b) with a model that includes plystes and vertical mixing and we produce synthetic spectra.
Methods. The chemical scheme is derived from applied combustion ledtat have been methodically validated over a range of
temperatures and pressures typical of the atmosphericslayfiencing the observations of hot Jupiters. We compa@tedictions
obtained from this scheme with equilibrium calculationgthwdifferent schemes available in the literature that contain &tibg
species and with previously published photochemical nsodel

Results. Compared to other chemical schemes that were not subjectieel $ame systematic validation, we find significaffedences
whenever non-equilibrium processes take place (photocietons or vertical mixing). The deviations from the ditpium, and thus

the sensitivity to the network, are more important for HD 183b, as we assume a cooler atmosphere than for HD 209458bunée
that the abundances of Ntland HCN can vary by two orders of magnitude depending on ttveamk, demonstrating the importance
of comprehensive experimental validation. A spectralufembf NH, at 10.5um is sensitive to these abundance variations and thus to
the chemical scheme.

Conclusions. Due to the influence of the kinetics, we recommend the use afidated scheme to model the chemistry of exoplanet
atmospheres. The network we release is robust for tempesattithin 300-2500 K and pressures from 10 mbar up to a fewltaas

of bars, for species made of C, H, O, N. Itis validated for geap to 2 carbon atoms and for the main nitrogen specieg,(NEN,

N,, NOx). Although the influence of the kinetic scheme on the hottdupispectra remains within the current observationalr erro
bars (with the exception of N§j, it will become more important for atmospheres that arderoor subjected to higher UV fluxes,
departing more from equilibrium.

Key words. Astrochemistry — Planets and satellites: atmospheresne®land satellites: individual: (HD 209458b - HD 189733b)

1. Introduction will also be able to study more distant targets and delivagisst
tically significant trends about the nature of their atmaspk.
So far, more than 700 exoplanets have been confirmed and thGhemical modeling will be an important component of these
sands of transiting candidates have been identified by theespstudies. It will point to key observations able to distirgfube-
telescope Kepler (Batalha etlal. 2012). Among them, hotdtgi tween various hypotheses and will be used to analyze the-obse
are a class of gas giants with orbital periods of a few days wations and constrain, for instance, the atmospheric eleahe
less. They are found arourd0.5% of KGF stars (Howard et al. abundances.
2010/2012). About 10% of them transit their host star andtthe ¢ gt models of hot Jupiter atmospheres assumed chemi-
atmospheric composition and physical structure can be- stud oqilibrium (e.d. Burrows & Sharp 1699; Seager & Sasselo
|e_d by transit spectroscopy_(e.g_. Charbonneau =t al 20y, 2 2000; [Sharp & Burrows 2007; Barman_2007; Burrows ét al.
Richardson et all_2007;_Tinetti etial. 2007; _Sing etlal. :ZOOE'OO-,’ 5008 Fortnev et al 2008a) However 'strongly irradi
Swain et al. 2008a,b, 2009a,b; Huitson et al. 2012). " ’ y T ) X ; o
e _— ated atmospheres are unlikely to be at chemical equilib-
Although current observations are still limited and subdum. Their intense UV irradiation (typically 10,000 timése
jected to divergent interpretations, future instrumentshsas flux received on the top of the atmosphere of Jupiter) and
E-ELT, JWST [(Gardner et al. 2006), EChO (Tinetti gt al. 2011%trong dynamics result in photolyses andfulioryadvection
FINESSE |(Swain_2010) should provide better constraints dimescales that are comparable or shorter than the chemical
both the chemical composition and the temperature profilesanes. Deviations from the thermodynamic equilibrium haserb
the nearby hot Jupiters like HD 189733b and HD 209458b. Thdiscussed with timescale arguments (e.g. Lodders & Fegley
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2002; | Fortney et al. 2006, 2008b; Visscher etal. 2006, 12010; o«
Madhusudhan & Seager 2010), or modeled with a few reactions
describing the CO-CHconversion coupled with the dynamics >
(Cooper & Showman 2006). A more detailed modeling requires

the use of a photochemical kinetic network. A kinetic networ
is, in practice, a list of reactions and associated ratéficgents
able to describe quantitatively (within a certain accujatye
kinetics of a pool of species, usually the most abundant.ones .-
Constructing such network of reactions implies to solve e

jor questions. One has to do with the completeness of the net-soxo
work: What are the species and the reactions connecting them
that must be included? The other issue is the availabilitthef
kinetic data: The literature and databases may not proviee t
rate codicients for some of the needed reactions or may prgig. 1: Abundances of Nias a function of time computed with
vide conflicting values with no recommendation. These two igwvo kinetic schemes fully reversed according to equilibricon-
sues are tightly connected and both depend on the consideggghts but dfering by their nitrogen chemistry (nominal and
range of temperatures and pressures. Eventually, and venatésSRIMECH as defined in SectS. 2.1.2 and]3.3). While they both
the methodology adopted to select the reactions and thes,raconverge towards the equilibrium (dotted line) they exthilry

it is the ability to predict experimentaly-controled abandes different evolution. Initial condition is a mixture of,HCH,, O,,

that can validate or not the network. N, and He with solar elemental abundances.

To investigate the consequences of the strong UV incidext flu

on neutral species, photochemical models have then beeh dev

oped [(Liang et al._ 2003, 2004). Based on kinetics model degstematic comparison between the two. Therefore, we gpo
icated to Jupiter’s low-temperature atmosphere, theseetaodn the present work a new mechanism dedicated to the chemical
however neglected endothermic reactions, which are in fagpdeling of hot atmospheres that is not adapted from previou
rather dficient in such hot atmospherés. Line €t Al. (2010) irSolar System photochemical models but derives from indistr
troduced some endothermic reactions to a similar Jovian ptepplications (mainly combustion in car engines). Detdilewd
tochemical scheme but most of the pre-existing reactioms wéhis chemical network and its range of validity are preseiie

not reversed. They were therefore not able to reproducéére t Sect[2.11.

modynamic equilibrium, which occurs in the deep atmosphere We use this chemical network in a 1D model that includes
of hot Jupiters. Zahnle et'al. (2009a,b) developed a phetoeh photolyses and vertical transport, which has been preljious
ical model considering the reversal of their whole set of-twaised to study the atmospheric photochemistry of various ob-
bodies exothermic reactions. They selected their ratetantss jects of the Solar System: Neptune_(Dobrijevic etial. 2010),
in the NIST databaBebased on the following criteria: relevanceTitan (Hebrard et al. 2006, 2007), Saturn (Dobrijevic €P8D3;

of temperature conditions, date of review, date of the @xpe€avalie etall 2009), and Jupiter (Cavalie et al. 2008)val
ment and date of the theoretical study (in order of prefegncas extrasolar terrestrial planets (Selsis et al. 2002). Weetn
Moses et dl.[(2011) developed a model that considered the the¢ photochemistry of two hot Jupiters: HD 209458b and
versal of all the reactions, including three-body reactj@nsur- HD 189733b (Seci_2.5). We study the departure from ther-
ing to reproduce the thermodynamical equilibrium from tye t modynamic equilibrium and compare our results with those of
to the deepest layers of the atmosphere. Their chemicairsehdVloses et al. (2011) (Se€l. 3). We also investigate how iretud

is derived from the Jupiter and Saturn modEls (GladstonE et@ifferent reaction networks specific to nitrogen-bearing gseci
1996; Mose$ 1996; Moses et al. 1995b,a, 2000a,b) with furtiefluences the model results (Sect.13.3) and the planetary sy
updates on the basis of combustion-chemistry literatuoaghof thetic spectra (Sedt. 3.3.1).

the aforementioned works discuss the validation of the étem
scheme against experiments. In addition, the fact that cteap Th del
abundances evolve towards the composition predicted biy eq% € mode

librium calculations (at given pressuPeand temperaturé with 2.1, Kinetic network: from car engine to hot Jupiters

no external irradiation nor mixing) is by no means a validiati = ) )
of the kinetic network. Indeed, any network containing aste Significant progress has been done during the past decade in
as many independent reversible reactions as modeled spedfte development of validated combustion mechanisms. In the
in which the rates for the backward processes are deriven fr§ontext of limiting the environmental impact of transpéida,
equilibrium constants and forward rates, will evolve tosvarthere is indeed a need in the development of detailed chemi-
the equilibrium predicted with the same equilibrium contsa cal klnet!c models more predictive and more accurate fqr the
whatever the quantitative values of the forward rates, las-il combustion of fuels. One part of the studies undertakenen th
trated in Fig[lL. Fortunately, and due to the physical comatit LRGP (Laboratoire Réactions et Génie des ProcédéscyNan
and elemental composition of hot Jupiters (and hot Neppungéar?ce) concerns engine-fuel adaptation in order to imgptoe
atmospheres, we benefit from decades of intensive work donéfficiency of engines and to limit the emission of pollutants.
the field of combustion, that includes a vast amount of expeﬁ;asolme and Diesel fuels contain a large number of molscule

ments, the development of comprehensive mechaBiantsthe Pelonging to several major hydrocarbon families. Biofumia-
tain also oxygenated species, such as alcohols and methyl es

Nominal ————
GRIMECH — - - -
Thermodynamic Equilibrium

2.0x107®

z
8

I
2 @

1.5x107

Molor Fraction

L L L O O o
E
&

o e b b e b a1

o

<%

10° 10°
Integration Time (s)

1 httpy/www.kinetics.nist.gokinetics ated rate caicients, in a modified Arrhenius form, as well as the ther-

2 In the field of combustion, anechanism or reaction base is a net- modynamic data for all the species involved in these reastiwhich
work of reactions able to describe the kinetic evolution gieen pool are required to calculate the equilibrium constants of &aetions and
of species. The mechanism includes the list of reactionglaessoci- the rates of the reverse reactions
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ters. Oxidation and combustion of these complex blendsroc@pecies include 46 compounds (19 molecules and 27 radicals)
by radical chain reactions involving hundreds of molecalad which have been ranked according to the molecular formula
radical species and several thousands of elementaryoradti  O,C,H, (with x varying from 0 to 3,y from 0 to 2 andz from
the case of pure reference fuels such as n-heptane, isoeoctato 6): CO, H, H,0, Q,, H,0,, CH,, H,CO, CH,OH, CQ,
or cetane. The primary focus of the currently developed ¢hen€H,00H, CH,, C,H,, C,H;, CH,CO, CH,CHO, CH,OH,
cal models is to simulate the main combustion parametets{auC,H,OOH, CH,COOOH, cGH,O (Ethylene Oxide), C, CH,
ignition delay times, laminar flame speed, heat releasei;twh 1CH, (singlet)3CH, (triplet), O€P), H, OH, OOH, CH, HCO,
are needed for the design of engines or burners, to estilhmte([;Hon, CH,0, CH,;00, C,H, C,H,, C,H;, CHCO, CHCHO,
fuel consumption, and to model the formation of some of tr@Hsco, C,H;0, C,H,00H, CH;00, CH,CO00, CHOCO,
main regulated pollutants (carbon monoxide, nitrogen esid CO,H, 1-C,H,0OH and 2-GH,OH (ethyl radical isomers, 1-
unburned hydrocarbons and particulate matter). Most asethehydroxy and 2-hydroxy). This ranking permits to separasilga
kinetic models were developed for industrial applicatiangl the part of the mechanism related to pyrolysis reactionsfro
have been validated in a range of temperatures, from 300-t0 @ one related to oxidation or combustion. The mechanism
proximately 2500 K, and for pressures from 0.01 bar to soragso includes 14 species containing 3 or 4 carbon atoris; C
hundreds of bar. What is worth noticing is the similarity loése C,Hg, C;H, 4, C,H;CHO, GH,0OH, C;H,0, C,H,0, C,H,CO,
temperature and pressure ranges with the conditions fireyai c,H,CO, C,H,CHO, n-GH,, i-C,H, (isopropyl and n-propyl
in hot Jupiters atmospheres, in the very layers where they adical isomers), 1-fH, and 2-GH, (1-butyl and 2-butyl radi-
fluence the observed molecular features. In addition, cembgal isomers).
tion mechanisms mainly deal with molecules made of C, H, O ) ] ] ) ]
and N, which are also the main constituents of the molecules This G-C> mechanism has been widely validated in
and radicals in these atmospheres. For this reason, we kavet@e 300-2500 K, 0.01-100 bar range for several types
cided to implement such a mechanism, which has already b&n reactors such as shock-tubes, perfectly stirred reac-
applied successfully to many cases and systematicallgtataiil tors, plug-flow reactors, rapid compression machines, riami
(Bounaceur et al. 2007), to study the atmosphere of hotehspit flames (e.g._Battin-Leclerc etlal. 2006; Bounaceur et al.7200
In this study we have used gM/O/N mechanism, whose Anderlohr et al. 2010; Bounaceur eflal. 2010; Wang 2t al. 010
core is a G-C, mechanism that includes all the reactions rédbviously, itis not possible to describe in details all theslida-
quired to model the kinetic evolution of radicals and molesu tions, but we can mention, for instance, the very recent vabrk
containing less than three carbon atoms. This mechanisan dpirrenberger etal. (2011) who has studied experimentaity a
contains some species with more carbon atoms that are neetégeled with success the laminar burning velocity of sdvera
to model the abundance of<; species. This mechanism doegnixtures including air, hydrogen and components of nagaal
not include nitrogen species, exceps &b a third body. As ni- Laminar burning velocities are important parameters inyr&n
trogen species, such as,NNH,, HCN, CN, are expected to €3S of combustion science such as the design of burners@nd th
be important constituents of hot Jupiter atmospheres, wie- caPrediction of explosions. They also play an essential moles-
pleted this G-C, base with a validated sub-mechanism specifermining several important aspects of the combustiongz®ec
ically constructed to model nitrogen species and all thesro in spark ignition engines. These experiments have been done
term reactions involved (for instance, reactions betweka-a in Specific mixtures, containing nitrogen in the sole form\gf
nes and NQ). These mechanisms do not use rateficcients and in which nitrogen species produced from (NOx in the
that have been adjusted by optimization procedures in dedertyPical mixtures used in combustion) do not significantiieet
fit experiments. Their values are those recommended fonthe i€ outcome, in order to validate the-C, mechanism itself.
dividual processes by the main kinetics databases for cembiiherefore, a model including only the €, base would not be
tion (Tsang & Hampsoh 1986; Manion ei al. 2008; Smith &t skccurate to predict the abundance @@ species in this range
1999]Baulch et al. 2005). The list of the reactions and trase Of P and T when applied to mixtures containing or producing
codficients are available in the online database KIDA: KinetitPy reaction with N) significant levels of nitrogen species other
Database for Astrochemisfr{Wakelam et di_2012). The final than No.
mechanism includes 957 reversible and 6 irreversible i@t
(see Secf. 2.71.3), involving 105 neutral species (molemutad-
ical). Helium is also included in this mechanism and plays t12.1.2. Nitrogen reaction base
role of third body in some reactions.
In our nominal model, the sub-network for the nitro-
gen bearing species is derived fram_Konnov (2000, 2009)
and |[Coppens et all (2007). It is based on a comprehensive
The G-C, reaction base we use was developed for iranalysis of the combustion chemistry of nitrogen oxides
dustrial applications and was first presented| by Barbél et ffonnov & De Ruyck 1999a), ammonia_(Konnov & De Ruyck
(1995) and has been continuously updated (Fournetlet a@; 192000b), hydrazine (Konnov & De Ruyck 2001b), and modeling
Bounaceur et al. 2010). This mechanism is designed to rep@d-nitrogen oxides formation in fierent combustion systems
duce the kinetics of species with less than three carboms. It (Konnov & De Ruyck 1999b, 2000a, 2001a). The mechanism
cludes all the unimolecular or bimolecular reactions imigg Was tested at the California Institute of Technology, USAd a
radicals or molecules containing no more than two carbamato found suitable for steady one-dimensional detonation amd ¢
This mechanism has been built by using a reaction grid, as pstant volume explosion simulations (Schultz & Shepherd2}99
posed by Tsang & Hampsan (1986). Every unimolecular and bi-was also preferred by the researchers at the University of
molecular elementary forward reactions involving the édns Bielefeld, Germany to analyze flame structure and NO rebagrni
ered reacting species have been systematically writtearctieg  in C3 flames|(Atakan & Hartlieb 2000). In addition, we consider
a few additional pathways for HCN oxidation from Dagaut et al
3 httpy/kida.obs.u-bordeauxl.fr (2008).

2.1.1. Cp-C5 reaction base
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Validations of our nominal sub-network for nitrogen begrinand of hydrogen peroxide into two hydroxyl radicals:
species have been made on the basis of experimental data ob-
tained, for instance, by oxidation of HCN in a silica jetasd
reactor (JSR) at atmospheric pressure and from 1000 to 1400 K
(Dagaut et al. 2008), or studying laminar flame speeds in NH
- N,O mixtures (Brown & Smith 1994). The nitrogen mecha-
nism includes 42 species (molecule or radical): JNBONG,, At high temperature, chemical kinetics is very sensitive
CH,ONO, CHNO,, HNO,, CH,;NO, NO,, HONO, HCNN, to these three reactions, which have been widely studied ex-
HCNO, N,0, NCO, HNO, HOCN, NNH, HCN, N(*S), CN, perimentally |(Baulch et.al. 1994; Golden_2008; Troe 2011).
HNCO, NO, NH, NH, HCN, NH;, N,, N,O,, N,Oz, N,H,, Therefore, we use the klnetlc_datq measured experlmerfm_ailly
N,H,, N,H,, HNNO, HNOH, HNO,, NH,OH, H,NO, CNN, the forward and the reverse directions mste_ad of calmgdtie
H,CNO, C,N,, HCNH, HNC, HON and NCN. reverse rate constants using thermodynamic parameters.

For comparison, we have also used other nitrogen sub-

mecha}nlsms, which are presented in $ec 3.3 with the COI 4 Excitation of oxygen and nitrogen atoms
sponding results.

Because the mechanism we use was created from indivighotodissociations produce excited states of oxygeAD(P(
ual processes and validated without any optimization ofr thexnd nitrogen (N{D)) that are not treated in the original com-
reaction co#éicients, its appllcatlon outside the condition ranggustion mechanisms. Therefore, we added to thE/Q/N
of validation is not problematic. This is an issue, for im&t®, mechanism, 19 reversible reactions which describe the ki-
Wlth_the well-known combustion mechanism GRI_—MechﬂB’_.Onetics of OtD) and NED), including radiative and col-
(Smith et all 1999), proposed by Gas Research Institutehwhi Jisional desexcitation. These reactions rates are taken (o
an optimized mechanism designed to model natural gas combigve been estimated) from Okabe (1978); Herron (1999):
tion. Optimization makes the model extremely accurateiwitiUmemoto et dl. [(1998); Balucani et al[_(20004): _Sato ket al.

the optimization domain but its application beyond is risk{1999)]Balucani et al (2000b) ahd Sander ét al. (2011).
(Battin-Leclerc et al. 2011).

H,0, > OH + OH 3)

) ) o ) 2.2. Test on the chemical scheme with a 0D model
2.1.3. Reversible reactions: kinetics vs thermodynamics

In addition to our 1D model, we have also developed a simple
0D model that computes the chemical evolution of a mixture
at constant temperature and pressure. It does not incluge mi
ing with another mixture nor photolyses. We have used this 0D
model to compare the composition found at steady state with
the abundances at thermodynamic equilibrium (calculatiéa w
the code TECA, described in Appendik B) for several coupfes o

For most reversible reactions, rate fiaments are only available
for the exothermic (forward) direction. The rate constanmtthe
endothermic (reverse) directiok,(T) is then calculated as the
ratio between the forward rate const&pfT) and the equilib-
rium constanke(T), calculated with thermodynamical data, a
explained in Appendik’A. However, rate déeients have some-

times been measured for both directions. In such casestibe r ; : iy
- pressure-temperature. Hig. 2 illustrates this comparistimfour
ki(T)/k(T) departs fronKeq(T) as diferent uncertaintiestect species. First, we used a version of our nominal scheme ichwhi

the rate cofficients and the thermodynamic data. The compulgy yhe reactions are reversed in agreement with their equilib-
tion 0f k(T) usingKeq(T) ensures th_e consistency between ki, m constant (solid lines). The computed abundances cgave
netics and thermodynamics by mak'”g.th.e Kinetic model @O%xactly towards the equilibrium values (dotted lines) widyli-
strictly toward the thermodynamic equilibrium thatwe edéte. gine nymerical dferences. Then, we used our nominal model
_Nevertheless, tr_us (_:h0|ce may not always be the best. IitseSt, which some reactions are not reversed according to thair e

in the propagation intd (T) of both the errors @ectingki(T) jipriym constant but using rate ciheients measured experimen-

and Keq(T). Indeed, thermodynamic parameters used to calGly, |nthis case. the abundances reached at stead dtated
late K (T) are not free of error, and are regularly updated just ﬁﬁeys) departs from the predicted equilibrium. This dyetplmre-

Kinetic data. In the field of combustion, fo_r small specie€ i, mains very small: below 1% for most species, and always below
CH, and OH, it is common to use experimentally measured Ig

: X . However, one can see that the kinetic evolution can be sig
netic rates, rather than thermodynamical reversal, v_vrwate nificantly different, both in terms of abundances and timescales.
available in the relevant temperature range. There is n@abv
rule in this matter, but validation of the mechanism with-of#
equilibrium experiments seems the only practical way toseho2.3. The 1D model
between dierent rates. This is the criterion that we use and our ) -
nominal network uses thermodynamical reversal for mostef t To model the chemical composition of the atmosphere of the ho
reactions but not for three important ones. These reactitest Jupiters HD 209458b and HD 189733b, we use our 1D time-
the unimolecular initiations (or thermal dissociationaiens) dependent model described in Dobrijevic tlal. (2010). Agian
of methane into methyl and hydrogen radicals: put of the model, we give a pressure-temperature profileer t

atmosphere of the planet studied. This profile is then divide

discrete uniform layers with a thickneAg = % whereH(2) is

CH, M, CH;+H (1) the pressure scale height. The grid contair300 layers. Then
the 1D kinetic model resolves the continuity equation (Bjcast
of ethane into two methyl radicals: a function of time, for each species and atmospheric laygil, u
" a steady state is reached.
C,Hg — CH; + CH,4 2
on; .
4 httpy/www.me.berkeley.edgri_mech 3_tl = P - niLj - div(®&) 4)
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Fig. 2: Comparison between the thermodynamic equilibridottéd line) and the evolution of some molecular abundaimctse

0D model, with two diferent schemes: the thermochemically reversed model iffief) knd the nominal model (dashed line) as a
function of integration time at fierent temperature-pressure points. Initial conditionnsixture of H,, CH,, O,, N, and He with
solar elemental abundances.

wheren; the number density of the speciecm™2), P, its pro- B e .
duction rate (cme.s™1), L its loss rate (3'), and®; its vertical 00001 p © :
flux (cm2.s7%) that follows the difusion equation: 000 3
0.01 4
1on, 1 1dT 10y, ]
O =-nDj|[=—=+—+=—|-nK|== 5
' Az T OH sz] ' [yi6z ®) 1 ]

10
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whereK is the eddy diusion codicient (cnt.s™t), D; is the

molecular dffusion codicient (cnt.s™t) andH; the scale height 100 | e Raeigh

of the species. 1000 R— i
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T N NN N N TN TN N NN NN N N SN SN NN N
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

1e+06

2.4. Photochemistry Fig. 3: Penetration of UV flux in the atmosphere of HD 209458b

We add to the thermochemical scheme a set of 34 photodisaod HD 189733b at the steady state in function of wavelength.

ciations, which are presented in Appenflikx D. As we can s@¥ots represent the level where the optical depthl. The name

in Fig.[3, for HD 209458b and HD 189733b, UV flux peneeof the compounds responsible for the main absorptionfegrei

trates down to a pressure of about 1 bar, where the temperat wavelengths is indicated.

ture is higher than 1500 K. At these temperature and pressure

endothermic reactions do matter, which implies that phHuot-

istry and thermochemistry are coupled in such highly irasetl

atmospheres. We used absorption cross section at the highes

available temperature (i.e. 370 K at maximum, which is lofwhich is also the resolution we adopted for the absorption

compared to the temperatures in the atmosphere of hot tipitgoss-sections), assuming a plane parallel geometry anat an

(see Fig[h)). cidence angl® of 48 (as done in_Moses etlal. (2011), because
To calculate the photodissociation rates in all the layédrs @ cosd >= 2/3 (9 ~ 48) is the projected-areaweighted average

the atmosphere, we compute the stellar UV flux as a funaf the cosine of the stellar zenith angle over the planetésly d

tion of pressure and wavelength, taking into account melecat secondary-eclipse conditions). Multiple Rayleigh &gatg is

lar absorption by 22 species (Appendik D) and Rayleigh scamupled with absorption through a simple two-stream iteeat

tering. Actinic fluxes are calculated with a resolution of rh n algorithm (Isaksen et al. 1977).
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2.5. Application to hot Jupiters: HD 209458b and Table 1: Properties of the systems HD 209458 and HD 189733
HD 189733b
. HD 209458 HD 189733
HD 209458b and HD 189733b are transiting planets around bistance Sun-Star (pc) 47 19.3
nearby bright stars. Their atmospheres have been studiedDistance Planet-Star (AU) 0.047 0.03142
by their transmission spectrum obtained during the pri- My(Mjyp) 0.69+ 0.01 1150+ 0.028
mary transit and their day-side emission spectrum mea- Ry(Ruup) 1.339+0.002 1151+ 0.036
sured at the secondary eclipse. These observations can bep(oaupiter) 0.26+0.04 Q755+ 0.066
used to constrain the thermal profile_(Swain étlal. 2009a; G(m.s?) 9.54+ 0.69 215+12
Madhusudhan & Seagér 2009) and to detect the spectral sig-Porbit (days) 3.5247489(2)  2.21857578(80)

nature of atmospheric compounds (Charbonnead et al. 2002;R*(g\$>) i'gfgf 8’882 ggggf 8‘832
Tinetti et al. | 2007; Swain et al. 2008b;_Grillmair et al. 2008 * T AN o

T : : - : Spectral type GOV K1V-K2V
Langland-Shula et al. 2009; Swain et al. 2009a.b; Beauliell e Note.— The I uncertainty inPqi iS given in parentheses in units

2010). ) o of the last digits
In this preliminary study, we do not compare the results of

our model with these observations for two reasons. First, be L . o )

cause there is not yet a consensus on the actual constitantstP US by Ignasi Ribas (private communication). It is based on
can be drawn from these measurements. Secondly, such a c6RSE and HST observations of the staEridani, a proxy of
parison would imply to address th&ects of circulation on the HD 189733 (similar type, age and metallicity), in the 90-330
composition and to explore all the range of possible eleaienfMm range. Between 0.5 and 90 nm, it is based on data from the
abundances for these objects. Several recent works clairoh  X-e€Xoplanets Archive at the CAB_(Sanz-Forcada et al. 2011).
servations of some hot Jupiters imply enhanced elemepl cAbove 330 nm, we use a synthetic spectrum calculated with
ratios (Madhusudhan etlal. 2011a,b). WitfOQratios close or the stellar atmosphere code Phoenix (Hauschildtet al.)1999
above unity, species with more than two carbon atoms will gdis model for the UV spectrum of HD 189733 slightlyfers
important and our GC, network does not allow us to studyfrom the one chosen in M11. We also tegtgd our model with the
them. For these reasons, we are implementing-&££mech- ~ SPectrum used by M11 and found negligibléfeliences at the
anism and a coupling with atmospheric circulation, which wiPressure levels we model.

be described in further studies. At this stage, our main igaal

compare the results of our model with already published siork

in particular Moses et al. (2011), hereafter M11. We coutbal 3 Results

have compared our results with those_of Zahnle et al. (2009a)

who explored a broader range of conditions, included sulfus.1. Nominal model

bearing species and various elemental compositions. Weeatec _. L
to rest?ictpour comparison with M11 becauge their modeé i irst of all, we checked that our kinetic model reproduces th

ours, only includes species made of C, H, O and N (and He), a 3rmodynamic equilibrium, in the absence of vertical mixi

: : nd photodissociation. We obtainedfdiences lower than a few
also because M11 already did a comparison between theltsresg .
and those af Zahnle etlal. (2009a) showing only little dipere ercent, as found with the 0D model (see Secil 2.2). For both

; 5
cies when the same conditions are considered. We used tlee s elr?;igletvsv’htilgﬁ ?SobmeO%ilésfh': ?;Yqvagsoffourgi;?roevtehgmv(vre rTct))gél As
conditions P-T profiles, eddy dfusion, elemental abundances ' y 9 P '

as in M11, so that diierences should come only from kineticsd consequence, and although itis included, molecutéusion

N : oes not fect our results.
Eﬁg?1gcgligct)r:‘eoﬂlrsgg;;?ot;](?hupper atmosphere), which reptss ="t . o5 shows the steady-state composition of the atmo-

sphere of HD 209458b and HD 189733b, with vertical transport
and photodissociations, while in F[g. 6, photodissociwibave
2.5.1. Physical properties and composition been removed. Comparing Fig$. 5 amd 6 shows us the influence
) ) i of photolyses. Although HD 209458b receives a higher UV flux
The physical properties of HD 209458b have begn refined fyan HD 189733b, we can see that UV photons have liffiece
Rowe et al.(2008) and are presented in Table 1, with some prep, the composition of HD 209458b, while they have a signifi-
erties of the host star. Properties of HD 189733b and HD 1897gynt influence on the chemistry of HD 189733b. This is because
come from Southworth (2008, 2010). the temperature is higher in HD 209458b so that the chemical
In order to compare the outcomes of the two modeffnescales are significantly shorter than the lifetime afcips
(Sect[3.P), we use the temperature and edéysion profiles against photolyses. So in HD 209458b, kinetics dominate ove
published in M11 (Figs.]4). Also following M11, we assume-prophotodissociations, even at high altitude. In HD 189732tw-h
tosolar elemental abundances (Lodders & Palme|2009) fér beer, photodissociationdfact the composition down to about
planets, with 20% of depletion for oxygen (sequestered@lothe 10 mbar level. This is particularly noticeable for H anid O
with silicates and metals). We start our time-dependentehodapundances. The production of H is dominated by the phagolys
ing with the thermodynamic equilibrium abundances cateda of H, for pressures lower than;dbar. Below this level, and for
with TECA (an equilibrium model described in Appenfik B) apressures higher than 0.1 mbar, H is produced by the phetodis
each level of the atmosphere. sociation of HO, with a minor contribution of the photodisso-
ciations of NH, and HCN. The abundance of OH follows the
profile of H, and increases for pressures lower than 10 mbar.
There is a photochemical enhancement of HCN above the 10
As HD 209458 is a GO star (Tab[é 1), we use the UV spectnaibar pressure level, as discussed in M11,,@Hdestroyed by
irradiance of the Sun for this star. For the star HD 189733,photolyses for pressures lower than 0.01 mbarg hbhotodis-
K1 - K2 star (Tabld1l), the UV spectrum has been providezbciated down to levels as deep as 1 bar, but vertical transpo

2.5.2. UV spectral irradiance
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Fig. 4: Pressure-temperature profiles (left) and eddsion profiles (right) of HD 189733b and HD 209458b (from Moseal.
2011).

compensates this destruction for pressures higher thaniflat. also shown species by species in F[gs. 8 [@nd 9. Discrepancies

Above that level, the amount of NHlecreases with altitude duebetween the two models can be due to th€edent chemical

to photolyses. Photochemistry has a negligilffeet on CQ, as schemes and, at levels where the results are sensitive to-pho

noted by Zahnle et al. (2009a). chemistry, to possible fferences in the UV fluxes, cross sec-
For HD 209458b, we can see in Fig. 6 that mixing quench&ens, and photodissociation quantum yields. An influerfdte®

NH, and HCN at 1 bar and CHat 400 mbar. These species ar@umerical implementation (like the discretization of thena-

transported up te-1 mbar pressure level, but as the temper@phel’e, the solver for the continuity equations, or thettmeat

ture increases with altitude at this level, they tend to ctxmek of the UV transfer) is also possible.

to their thermochemical equilibrium values, so their alamzks

decrease again. For the other molecules, like Hand CQ,

at the thermodynamic equilibrium, there is a steep variatib

composition (smoothed by vertical mixing) correspondmthie

strong temperature gradient of the upper atmosphere.

Vertical quenching has arffect on a larger part of the atmo-

In the lower atmosphere of HD 189733b and for most of
the atmosphere of HD 209458b, photolyses have a negligible
influence and departures should be caused by the kinetics. Fo
these regions we find very similar results for species that re
main at their equilibrium abundance (H, OH, CO, L®,0
for instance), which only confirms, as stated before, that ou
sphere of HD 189733b. NHand HCN are quenched at 5 _barthermodynamic equilibrium codes are in good agreement. For
CH, at 1 bar, H at 40 mbar and GGt 20 mbar. Quenching gyeies quenched by mixing, however, significant deviatign
contfmmates the composition up to very low-pressure %V?Jear, in particular for N5} HCN and CH. Their quenching oc-
(10" mbar). curs at diferent pressure levels and, thus, foffelient abun-
dances that will then contaminate a large fraction of the at-
mosphere above. The discrepancies are much more significant
in the case of HD 189733b, due to a higher sensitivity to ki-
netics. Although the kinetic network is certainly the magasr
" .. __son for these departures, it is also true that quenching ean b
Overall, the composition we calculate at thermodynamlaeqtduite sensitive to the resolution of the pressure (or aéju

librium (which is our initial condition) is very close to whes fid. in particular when there is a steep aradient of tempera
obtained by M11 except for HCN for which there is &dience E I P Pg mp

3.2. Comparison with Moses et al. (2011)
3.2.1. Equilibrium

. ure which is the case in the convective zoiie ¥100 bar).
that can reach 30% at 100 bars and 1545 K. To check our cakqr this reason, we impose the thickness of individual lay-

culations we also did a comparison with the code STANIANys 15 be smaller than/8" of the local scale height, which
and we found negligible discrepancies for the species we COpagits in~300 layers for the pressure range that we model.
pared, including HCN at this pressure and temperature. ifhe ‘Ethough we do not know what resolution is used in M11, it
ference with M11 probably comes from the éeients used for geems more likely that the deviation comes frorffediences

the NASA polynomials (see AppendiX A). Although thefei- ' the kinetic network itself. As explained in the Introdioct,
ence remains small for equilibrium calculations, we shé@ep \\e yse a chemical scheme validated for the species repeesent
in mind that it may significantly féect the kinetics of HCN and gnq for most of the range of temperature and pressure of the
related species through the calculation of the rate forwack ,qgeled atmospheres. M11, on the other hand, use a chemical
reactions and vertical quenching. scheme derived from Jupiter and Saturn models (Gladstaaie et
1996;| Moses 1996; Moses et al. 1995b,a, 2000a,b) completed
by high-temperature kinetics from combustion-chemistera-

ture (Baulch et al. 1992, 1994, 2005; Atkinson et al. 1990620

In Fig. [, we compare our results at steady state with thaSenith et al.l 1999; Tsahg 1987, 1991; Dean & Bozzelli 2000),
of M11. Differences between M11 and our nominal model avehich has not, to our knowledge, been validated againstrexpe
ments. We also note departures in the upper atmospheregwher
photolyses are important. In particular, H and OH exhilpitikir

3.2.2. Steady-state

5 httpy/navier.engr.colostate.etioolgequil.html
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profiles than those of M11 in HD 189733b but shifted by aboplain at least part of this disagreement. Again, and althomg
one order of magnitude in abundance for pressures lower thldmnot know the details of the photochemical data and rasiati
50 mbar. CH is also dfected. We checked that theséfeiences transfer used in M11, we assume that kinetics explain tfiereli
are not due to the use offtBrent stellar fluxes by switching be-ences.
tween the flux we use and the one used in M11 (for HD 209458b,

we both use the solar UV flux). At these altitudes, we note a sig
nificant sensitivity of the mixing ratio of these species he t

Rayleigh scattering, so the treatment of the scatterinddoen+
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3.3. Other networks for nitrogen species The above expression overestimates by many orders of magni-
de the rate constant of the reaction, whose activationggne
ust be around 100,000 K, as implied by the bond energy of
molecular nitrogen and by measurements of the thermaldisso
tion of N, through collisions with various bodies.
finally adopted for the dissociation of,Nt more general
m:

The main dfferences between M11 and our results is relatéﬁ
to the quenching of NEland HCN. As mentioned in M11, the
chemistry of nitrogen compounds has been less studied #ran
bon species and chemical networks have been subjectedsto
validation. However, NQ, HCN, CN and NH are important for
species in applied combustion (gas fuel, for instance, camn c
tain high concentrations of ammonia), and should be well re-
produced within the temperature and pressure range of the va N, +M — N(“*S)+ N(*S)+ M (8)
dation. Quenching is found to occur within 1 to 10 mbars, cor-
responding to the range of validation in terms of pressure. Avith the reaction rate constank;(T)=1.661 x 10*
originality of our network compared to other schemes used n330g-11310T cd molecule? s (Thielen & Roth [ 1986).
combustion is that it is not optimized to increase the agezem Thijs rate had a strong influence on our results. Note thagusin
between modeling and experiments. In other words, the mte ¢he wrong rate has a largéect on the atmospheric profiles of
efficients of the individual processes have not been altered CONH, and HCN.
pared to their original measurement or estimate. The agtlit The second reaction is
of the network is therefore not strictly restricted to thédation
domain.
Other sub-mechanisms are available to model the kinetics of
nitrogen-bearing species. They have been constructedd base HONO+ NO — NO, + HNO 9)
on different approaches (optimization, specific domain of ap- . . .
plication, redlf)fed numbérpof reactions)F.) In order to test oEPrWh'Ch the reaction rate constant given by NIKJ(T)=7.34
model against other nitrogen schemes, we replaced our nitfd-0>° T>* €234 cn® molecule’s ) was in fact the rate of
gen reaction base by nitrogen sub-mechanisms taken froen o€ reverse of reactiofll(9), as calculated by Mebellet aB&1L9
C/H/O/N mechanisms: In our model, we use in fact the reaction :

- GRIMECH, mechanism based on GRI-Mech 3.0
Smith et all 1999) with several reactions involving N©Gom-
f:)ounds added Wi'[)h respect to the mechanisms of Glaude et al. NO, + HNO — HONO +NO (10)
(2_005) as recommen(_ded and QOne_ by A_nderlohr_e‘t al. (ZOO\%h the reaction rate constakit(T)=1.00x10"12 g 1000T ¢y
It includes 162 reversible reactions involving 26 nitrogem-
pounds. The GRI-Mech 3.0 is a mechanism designed to mo
natural gas combustion, including NO formation and rebu
chemistry. As already mentioned in Selct. 2.1.2, it has be
optimized as a global mechanism, i.e., some ratefiodents
have been modified (relatively to the literature) in order t

fit the results of a pool of experiments with conditions aNfcludes less individual processes: 180 reversiblesimreacin-

compositions specific to combustion. The individual preess volving 22 nitrogen species. Several experimental datazda-n
have not been studied separately in all the pressure and tem- 9 9 P :  EXp! i
gas combustion have been acquired in partnership @dth

. . . X . T
perature range. Applying this mechanism beyond its domfin . . ;
optimizatiorjvalidation is a risky extrapolation. Mixing ratios of.§e France to develop this mechanism. NGhemistry has been

oxidants, for instance, are very low in hot Jupiter atmosgée included in GDF-Kin 3.0(El Bakali et &l. 2006). We use the up-

: : L date version GDF-Kin 5.0 (Lamoureux etlal. 2010), in which 5
gog?_[ﬁéec?‘ 3W6th the experiments used to optimiasdate reactions involving NCN have been refined in order to better r

: : : . duce the kinetics of this species. It is validated forgena-
While doing the present study, we noticed that two reactiof&>
from the GRIMECH mechanism had wrong rates and correct ! r%sé:)setween 400 and 2200 K and pressures between 0.04 and

them. These erroneous rate constants, that can be trackd bac ‘ .
to the NIST Chemical Kinetics Database (Manion et al. :2008% - DEAN, taken from Dean & Bozzelll{2000). This book that

were identifed by Systematicaly comparng reacton rafiSSetS 2 caelog of eactons s bsed b Moses et a ALY
constants with collision limit values and energy barrieithw . )

: includes 370 reversible reactions involving 49 nitrogeacps
?ﬁeefﬁtsr,:e:fgctt)ig?ﬁ:t of the reaction. and one ¢H/O species that is notincluded in oug-C, scht_ame:
HCOH. The purpose of the work of Dean and Bozzelli was to
list gas phase reactions involving nitrogen-bearing ssetthiat
could be important for high temperature combustion modelin
and to provide the associated rate fieéents based on an anal-
. . . ysis of elementary reaction data, when available, or omesti
fofo ;’ghjg?ZSEhTe rate given ?yleIS,T 'Sff (T):;.26 x 107 tions from thermochemical kinetics principles otherwisais
T~020727254T cm® molecule* s™* (with T in Kelvin), although  mechanism was developed on the basis of analysis of individu
this expression corresponds in fact to the readtion 7, the threactions rather than by attempting to reproduce any speseifi
mal dissociation of NH through collisions with atomic nijen  of experiments. It is clearly written in this book that: "Atiugh
(Caridade et al. 2005): we show in the chapter that this mechanism provides a reason-
able description of some aspects of high-temperaturegstro
chemistry, we have not attempted a comprehensive compériso
NH+N-— H+N, (7)  Therefore, this kinetic network should be viewed as a databa

QIecuI&fls‘1 (Tsang & Herroi 1991).
hen this paper is published, these rates should be codrgcte
NIST Chemical Kinetics Database, but one should chextk th
e wrong rates are not used in modeling.
- GDF-Kin, a mechanism optimized for natural gas combus-
on modeling|(Turbiez et al. 1998; De Ferrieres et al. 2068)

N, + H — N(*S)+ N(*S)+ H (6)
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Fig.8: Abundances of CH HCN, NH, and CH, in HD 209458b (left) and HD 189733b (right) with the foulffdrent models,
compared to the results lof Moses etal. (2011).
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to the results of Moses etlal. (2011).

Pressure (mbar)

Pressure (mbar)

Pressure (mbar)

Pressure (mbar)

0.0001

0.001

0.01

0.1

1000

- Nominal
GRIMECH
GDFKin
DEAN

10000

100000 f-

HD 189733b
CoHy

1e+06
1

e-12 Te-11 1e-10

1e-09 1e-08

Molar fraction

1e-07

1e-06 1e-05

0.0001

0.001

il T il
0.0001 [

HD 189733b
0.001 H

0.01

0.1 F

10
100
1000 f

- Nominal
GRIMECH
GDFKin
DEAN
Moses

P |

10000

100000 f-

i P |

1e+06

PEPRTITTY IR |

PEPRTITTY IR |

PRI R |

P |

le-12 le-11 1e-10 1e-09

1e-08 1e-07 1e-06

Molar fraction

1e-05 0.0001

0.001  0.01

0.1

1

0.0001 [
HD 189733b

0.001 OH
001

0.1

1000
10000

100000

PP e ST |

Nominal
GRIMECH
GDFKin
DEAN

Moses -- --

1e+06

Te-12 Te-11 1e-10

1e-09 1e-08 1e-07

Molar fraction

1e-06 1e-05

0.0001 [

HD 189733b
H,0

0.001

0.1 F

10 B

100

1000 F-

E Nominal
GRIMECH
GDFKin
DEAN

10000

100000 f-

1e+06

0.0001

0.001

Te-12 Te-11 1e-10

1e-09 1e-08 1e-07

Molar fraction

1e-06 1e-05

0.0001

0.001
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of reaction rate constants rather than a validated meamams those that limit the rate of a cycle and that do not dominage th
the absence of validation. production or destruction of a given species. Finding tHimse

The impact of the dferent nitrogen sub-mechanisms on th#ing processes in complex networks is a field of researchin i
abundance profiles of various species is illustrated in.Bgsd self. Identifying key pathways and their limiting reactiore-
[. Thermodynamic equilibrium is the same for all schemes (fquire dedicated algorithms (Lehmann 2004; Grenfell etG062
the species in common). Dobrijevic et al.. 201/0;_Stock et gl. 2011, 2012) whose adapta

First, we restrict our analysis to pressures higher thantion to the large networks we consider will require furtherl
1 mbar in order not to mix féects due to kinetic rates with  For hydrocarbons (see for instance £i&,H, and CH) all
possible diferences in the photochemical data or modeling. Ftite models we tested cluster to the same profiles for pressure
HD 209458b, the main species that are significanfigaed at below 1 mbar. This shows that N-bearing species have liitle i
these pressure levels by the change of nitrogen scheme ate Hibence on hydrocarbon chemistry at these altitudes. (Thigdav
and NH,. This is not surprising as these are the most abundantt longer be true at higher temperature and for high€r @-
nitrogen species departing from equilibrium due to quemghi tios as HCN would become a major reservoir of both N and C).
and the pressure level at which the quenching occurs depend$111 systematically finds higher mixing ratios for hydrocambs
the kinetic network adopted. These two species (but alsers}h (but within one order of magnitude) above the quenchinglleve
show even larger flierences in the case of HD 189733b, as thef CH, (1-10 bar), likely due to kinetic dierences in the £C,
lower temperatures of this atmosphere enhance tfierdhces mechanism.
due to the kinetics. Departures between schemes are edgjecte At lower pressure, Fig&l 8 afd 9 show larg&etiences that
become even more important for cooler atmospheres. Noneagé no longer due to quenching. At pressures lower than 1,mbar
the tested schemes shows an general improvement of the agtieeabundances of hydrocarbons depend on the nitrogenrketwo
ment with M11. Similar NH quenching is found by M11 and used. It is particularly striking for £, in HD 189733b, where
with DEAN for both planets, which makes sense as M11 u§FAN andGRIMECH, on the one hand, and the nominal model,
Dean & Bozzelli (2000) as a source of reactions and assaciateDF-Kin and M11, on the other hand, seem to cluster in two dif-
rates for N-bearing compounds. This similarity is founadtsr  ferent regimes, exhibiting 2 to 3 order of magnitud&etiences
HCN but only at pressures higher than 1 bar. At higher aléfyd at 0.1-0.001 mbar. Departures between network results ean b
the HCN profiles from M11 become closer to the result witHue to diferences in the kinetic network (Erent reactions, dif-
GRIMECH. For both planets and both HCN and NHbrofiles ferent rates, dierent minor species included) but also in photo-
obtained withGDF-Kin are bracketed by those from the nominathemistry. Indeed, some UV-absorbing species are notdedu
model andDEAN, while GRIMECH gives significantly higher in all the models, such as,N,, HNO;, C,N, and N,O,, which
abundances than all other models in the quenching regiah. Whave absorption domains that overlap that gfiC
GRIMECH, we also notice that Nfecomes the main nitrogen-
bearing species from the bottom of the atmosphere up to 0.0
mbar because of vertical mixing, whereas thermodynamigs pl?"

dicts that N should be the main nitrogen-bearing species. |5 order to calculate the planetary transmission and emis-
Understanding the roots of theses discrepancies woulghnsreflection spectra of HD 189733b (Fig_110) and
require an in-depth study of the sensitivities of these s@® Hp 209458b, we use a line-by-line radiative transfer model
to reaction cycles, as a function of temperature and pressifom 0.3 to 25um (Iro et al. 2005/ Iro & Deming 2010). The
which is far beyond the scope of this study and would requiggacity sources included in the model are the main molecular
tools that may have to be developed specifically for suctelargonstituents: HO, CO, CH, NH,, Na, K and TiO; Collision
networks_. To illustrate this ﬂiculty let us identify the reaction |nguced Absorption by Hand He; Rayleigh diusion and H
that dominates the production rate of Nfér HD 189733b, at pound-free and kifree-free. For absorbing species not included
100 mbar. We find it to be the same for all mechanisms: in our kinetic model (Na, K and TiO), chemical equilibrium is
assumed. The current model does not account for clouds. For
the reflected component, we use synthetic stellar spectrarge

3 . o o
3.1. Corresponding emission and transmission spectra

NH, + H, — NH; + H, (11) ated from ATLA$. The main (_iﬁference f_rpm the static model
whose rate constant is similar in all schemes, and is cateiladescribed in_iro etall (2005) is the addition of NFor which
reversing the reaction: we used the HITRAN 2008 database (Rothman et al. 12009).

Planetary parameters are taken from Table 1.
NH; + H — NH, + H,, (12) We applied this model for the compositions obtained with

the two nitrogen mechanisms, which give the most opposite re
which dominates the destruction of NHalso in all the schemes. sults (Nominal andSRIMECH), as well as for chemical equi-

The following rates are found in theftBrent schemes: librium. The GRIMECH scheme gives the highest abundance
- Nominal, Dean, GRIMECH: 9.00 x 10'9T?%¢™*%T  for ammonia: ten and one hundred times more,Nkan the

cm®.molecule™.s™, derived from Ko et 1. (1990). nominal model for HD 209458b and HD 189733b, respectively.
- GDF-Kin: 1.056x 107187 23% 14T cmP. molecule’.s™* from  As a consequence, features of this molecule become noléiceab
Michael et al.|(1986). on both the emission and transmission spectra at 1.9, D3, 3.

We could think that these slight ftierences are responsible4.0, 6.1 and 10.am. The most prominent feature is found for
for the diferent results. However, NHdoes not display the HD 189733b at 10.xm. NH, features are also visible on the
same abundance when usidgan andGRIMECH mechanisms, spectra of HD 209458b, but so slightly that it would not be ob-
despite the fact that they both share the same rate constastvable.

Moreover, nulling the rate constant of this reaction in tenn At the moment, our radiative transfer model does not include

inal scheme, does noffact the quenching level of Nfinor the contribution of HCN to the opacities. Based on the HCN
its abundance for pressures higher than 10 mbar. We can there

fore eliminate this hypothesis. Key reactions are in facially ¢ httpy/kurucz.harvard.edstars.html
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abundances and associated spectra found by M11, we cart expgmns.
the spectra to be also sensitive to the HCN abundance. Indeeédt Jupiter atmospheres represent an extreme case of gignet
at the altitudes probed by the observations, there is néady atmospheres in terms of both high temperatures and low metal
orders of magnitude less HCN with our nominal model than witkcity. With the progress of observations, cooler and heaui-
GRIMECH, and GRIMECH gives HCN abundances similar tomospheres are or will be soon (with JWST, EChO, Finesse, E-
that of M11. Therefore, the signature of HCN found by M1ELT) accessible to characterization. Cooler atmospheileday
at 14 um should also become noticeable with tBRIMECH part more from equilibrium and will thus be more sensitivéi®
version of our scheme. details of the kinetics. Molecules that remain minor cdostits
Some observational data are superimposed to the spethot Jupiter atmospheres will become more abundant irecool
tra (Charbonneau etlal. 2008; Grillmair etlal. 2008; Swaialiet atmospheres and have an increased influence on their dpectra
2009b) (for emission spectrum) and_(Knutson etlal. 200dppearance and thermal structure, making the use of vadidat
2009; Swain et al. 2003b; Beaulieu et al. 2008; Sing et al920Gchemes even more relevant. More metallic atmospheresdshou
Désert et gl. 2009; Agol et al. 2010) (for transmission §@@c be found as we explore the exoplanet realm towards smaller ob
but we do not discuss the agreement between observations j@ats with higher corenvelope masses, and eventually terrestrial
synthetic spectra, as we did not attempt to fit the obseruadble objects. While some uncertainties still exist when appydur
ing different thermal profiles. network to hydrogen-rich atmospheres, atmospheres with de
creasing hydrogen to heavy elements ratio become closketo t
conditions of validation (by their equivalence ratios, s&wom-
bustion terms). Even hot Jupiters can be significantly éedc

To study HD 209458b and HD 189733b, we use thdy factor of 10 or more) in heavy elements compared to their
pressure-temperature and eddyfuion profiles from M11. parentstars, which could for instance explain the high olese
These profiles are derived from general circulation modéls @bundances of CQZahnle et al. 2009a).

Showman et al. (2009). This choice is motivated by the com-

parison with M11 and also because the actual physical Str'WC-conclusion

ture of these atmospheres is not yet well constrained byrobse

vations. Note however, that Huitson et al. (2012) recentlg-p We have constructed a chemical scheme to study the atmo-
lished thermal profiles for both planets, as inferred froamir spheric composition of hot Jupiters. Compared to existiog-m
sit spectroscopy. It seems that HD 189733b could be warmeds we chose to use one that

than HD 209458b between 10and 102 bar. Considering the - is derived from mechanisms that are intensively used fius$a
large uncertaintiesfBecting their physical conditions, our mod-trial applications (in particular car engine simulatigns)

els should not be considered as predictions of the compasiti has been subjected to in-depth validation protocols inoadbr

of hot Jupiters but more as a step in developing chemical lmodenge of temperatures, pressures and compositions,

of these objects and model intercomparison. - is based on individual rate cfieient that have not been altered
In addition, circulation is not included in our model nor, tan order to optimize the agreement between the collective be
our knowledge, in other current photochemical models of hbavior of the network and experiments (contrary to most mech
Jupiters although it has a significant influence on the ch&mi@nisms in combustion). This allows users to apply the ndtwor
composition of the atmospheres due, for instance, to tieagtr slightly beyond its validation domain and to add speciesrand
longitude dependency of the temperature. We study the imflie actions,

of the horizontal transport on the composition of the atrhesp - uses experimental measurements for some of the endothermi
of HD 209458b in a forthcoming paper (Agindez et al., in prepreactions when robust data are available but still represititer-
ration). modynamic equilibrium with an excellent accuracy.

Because modeled abundances depend significantly on the re-We developed a 1D photochemical model based on this
action network (in particular for NiJ HCN and some hydrocar- kinetic scheme, and which includes vertical transport (ngjx
bons), we recommend using a network that has been validated molecular dfusion) and photodissociations. We applied
(but not optimized) against experiments for conditionslasec this model to the hot Jupiters HD 209458b and HD 189733b
as possible to those of application. We do not claim that #te nand compared our results with thoselof Moses etial. (2011).
work we release is a definitive one, it will necessarily eeolvQualitatively, we find similar conclusions: photodissaicias do
as new experimental results and kingtiermodynamic data be- not have a significant impact on the atmospheric composition
come available. Detailed nitrogen chemistry, for instaries HD 209458b, with the high temperatures we assume. It remains
been implemented in combustion networks only recently amadl the thermodynamic equilibrium for pressures higher than
will be subjected to further evolution. Missing elementswld  bar. For lower pressures vertical transpdiéets the abundances
also be added to the network, sulfur being the most obvioas oof HCN, NH, and CH, and some of the minor species associ-
Since the scheme has not been optimized, adding new speeiesl. For HD 189733b, we assume significantly lower tempera-
and reactions to the network we release is possible. Morgalve tures and find the atmospheric composition to be more semsiti
though the range d®, T and the elements considered in combuge photolyses and vertical transport, all species beiffiected,
tion model do fit well with the study of hot Jupiter atmosplsereexcept the main reservoirs,H,0, CO and N. Quantitatively,
the ratio between hydrogen and the other elements doesorot. lkowever, we find significant fferences (up to several orders of
this reason, among others, it is important to avoid usingr optagnitude in the case of HD 189733b) in the abundances that ar
mized networks that would prevent modeling of such hydregelikely to be due to the dierent chemical schemes used. These
rich mixtures. Note also that our current network, that cdtie differences are smaller for HD 209548b because kinetics have
used to study the abundance of species with more than 2 carless influence. The quenching of HCN and Nds well as CH
atoms, is likely instficient to study atmospheres withi@ratios to a lower extent, is particularlyfi@cted, as well as most species
close to or above unity. For this reason we are currently imgrk sensitive to photochemistry in the upper atmosphere. Bebpi
on an extended network that can model species up to 6 carlig large in terms of abundances, thes@edences do not pro-

4. Discussion
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Fig. 10: Synthetic day-side (left) and transmission (figipiectra of HD 189733b with the nominal mechanism (greewejuzom-
pared to the one corresponding to BBRIMECH mechanism (red curve) and to the thermochemical equitibriolue curve).
The dark curve is obtained when Nl removed from the model. The day-side fluxes are given ghtmess temperaturesyT
Because of the reflection component, note that the link betwig and the atmospheric thermal profile is altered belgar? The
transmission spectrum is given as the apparent planetdiystal he data points obtained from various observatiomao shown.
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Appendix A: Thermochemical data

Thermochemical properties, such as enthalpies of formagio-
tropies and heat capacities are of great importance to etiser
consistency between the rate parameters of the forwardeand r
verse elementary reactions. They are also useful to estithat
heat release rate. Thermochemical data for all moleculesder
icals have been estimated and stored as 14 NASA polynomial
codficients, according to the McBride et al. (1993) formalism.
The NASA polynomials have the following form:

(T
”R(T) —ap+aT +asT?+aT +asT? (A1)
ho(T) T T? T3 T4 a4
= — — — —+ = A.2
RT a1+a22+a33+a44+a55+_|_ (A.2)
(T) T? T T4
T_allnT+a2T+a37+a4?+a57+a7 (A.3)
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Where a, i € [1,7], are the numerical NASA cdé& Appendix B: Chemical equilibrium calculation
cients for the fourth-order polynomial. Each species israta
terized by fourteen numbers. The first seven numbers arador
high-temperature range, generally from 1000 to 5000 K, a
the following seven numbers are the fit@ents for the low- . v .
temperature range, generally from 300 to 1000 K. When the ftwar_e which allows th.e. equilibrium g:alculla_tl.on for a com
parameters are not available in the literature (McBriddlet E%exlmlxture. tMorihSpeﬁ'f'C"’.‘”y’l for ?‘I_S'Ye” initial Sta_t;;‘)‘
1993; Allendort 2006; Goose etlal. 2010) which is the most frgfi€al-gas mixture, the chemical-equilibrium program |
quent case for species present in automotive fuels, th&ymvdetermme th? gas composition at a defined temperature and
be estimated. In this case, these data were automaticaily €4ESSure. This calculation is based on the principle of the
culated using the software THERGAS (Muller et’al. 1995), g&ninimization of Gibbs energy (e.g._Gibbs 1873; White et al.

veloped in the LRGP laboratory, based on the group and bc:]-‘-9-58; Eriksson & Rosén 1971; Smith & Missen 1982; Reynolds

additivity methods proposed by Bensan (1976) and updat%g%)'

based on the datalof Domalski & Hearing (1996). The enthsalpie L

of formation of alkyl radicals have been also updated accord G-= ZqN' (B.1)
ing to the values of bond dissociation energies published by =0

Tsang & Hampsor (19386) and by L.uo (2003) and following the

recommendations 6f Benson & Cohén (1997) respectively. WNereL is the total number of specieg; is the partial free en-
An elementary reversible reactianinvolving L chemical ergy of the speciekandN, is the number of moles of the species

species can be represented in the following general form:

fJo compute the equilibrium abundance of the species in a def-
jte system considered as an ideal gas, we have developed a
ermodynamical Equilibrium Calculator TECA. TECA is a

The partial free energy of a compounthehaving as an ideal

L L gas, is given by:

; i< ; VX! (A4) g =a(T.P)+RTINN, (B.2)

whereg(T, P) is the free energy of the specikat the tem-

wherey;, are the forward stoichiometric cfigients, and;’ are peratureT and the pressure of the system and is the ideal
the reverse oneg is the chemical symbol of th& species. ~ 9as constant. o _
The kinetic data associated to each reaction are expressed 0" anideal gag(T, P) is given by:

with a modified Arrhenius lavk(T) = Ax T" exp% whereT 0 P

is the temperature, is the activation energy of the reactioh, gi(T,P) = h(T) - T(T) + RT In (E) (B.3)
the pre-exponential factor anda codficient which allows the 0 ,
temperature dependence of the pre-exponential facttwe ifate  Wherehy(T) and §/(T) are respectively, the standard-state en-
constant associated to the forward reactidq;i€T), then the one thalpy and entropy of the speciest the temperaturé of the

associated to the reverse reactiok:gT), verifying: system.
The enthalpy and the entropy are expressed as NASA poly-

Kei(T) (ke \E50 7 nomials as described above.
- Kl )( & ) (A.5)

P =3
ki(T) \ P Appendix C: Pressure-dependent reactions

whereKy, 1S the eq“"'bf'“m constant,_when the act|V|ty.of thQJnder some conditions, several reactions do not have the sam
reactants is expressed in pressure units (Benson 1976): rate constant depending if they occur under low or high pres-
0 0 sure _(rgsp_ectivelyo(T) andl_<oo(T)). In this case, betwegn these
K. = exp[ﬁ B ﬂ) (A.6) two limits it appears what is called a falfazone. This is typ-
P R RT ' ically the case in reactions requiring a collisional bodypto-
ceed, such as thermal dissociation or recombination (thoely)
eactions. In the present kinetic model we hauéedéent types
f reactions with pressure dependent rate constants (Clije
n some cases, some species act mdiieiently as collisional
bodies than do others. Then, when available from literatoke
lisional dficiencies are used to specify the increasfitiency
_ ASD AHO — of thel™ species in thé" reaction (see for example reaction (2)
with Egs. [A.2) and[{A.B)/&- and = can be calculated with in Tableg[C1).
the NASA codficients: For the pressure-dependent reactions, the rate constamt at
pressure is taken to be:

whereASi0 andAHiO are the variation of entropy and enthalp)f
occurring when passing from reactants to products in the-re
tion i, P? is the standard pressurB%=1,01325 bar)kg is the
Boltzmann'’s constant ang are the stoichiometric cfigcients
of the L species involved in reactidny, = v;/ — v,. Combined

AS) & $(T) AH? & h(T) K(T) = koo(T)( Pr )F (C.1)
? = IZ]; V| R and ﬁ = IZ]; 4 RT (A?) 1+ F)r
h h where the reduced pressRgis given by:
Finally, we can calculate the reverse reaction rate for¢hetion [M]ko
i: Pr = T (C2)

(A.8) and [M] is the concentration of the mixture, weighted by the
efficiency of each compound,, in the reaction studied:

ki(T) = D) ( keT )z

Kpi | PO
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L
[M] =" ai[X] (C.3)
=1

where [X] is the concentration of the species k.

As shown in Tablé_Cl]1, three methods of representation of
the rate expression in the falfgegion are used (enhanced col-
lisional body éficiencies of certain species are presented below
the reaction):

— thelLindemann et al. (1922) formulation, illustrated byaea
tion (1) in Tabld C1;

— thel[Troe (1983) formulation, see for example reaction (2) in
Table[C1;

— the SRI formulation proposed by Stewart et lal. (1989),4llus
trated by reaction (3) in Table C.1.

In the Lindenman formf: is unity (F=1).
In the Troe formF is given by

lo F
logyo F = —0GoFen) (€4)
1 [ l0gyo(Pr)+C ]
N-d(log,o(Pr)+c)
with
c=-0.4-0.67x10g;o(Fcent)
N = 0.75- 1.27 x log, o(Fcent)
d=014
and
Feent = (1-2) exp(—m) + aexp(—;) + exp(— T ) (C.5)

The four parameters, T***, T* andT** must be specified
but it is often the case that the paramé@ter is not used by lack
of data.

The approach taken at the Stanford Research Institute (SRI)
by [Stewart et al. (1989) is in many ways similar to that taken
by Troe, but the blending functidais approximated dierently.
Here,F is given by

F =d|aex _—b+ex ixTe (C.6)
= P P :
where

1

" T logoP a

Appendix D: Photodissociations
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Reaction considered
1. C2H4+OH(+M)=C2H40H (+M)

Low pressure limit:
2. H+CH3(+M)=CH4 (+M)

02

Cco

C02

H20

CH4

C2H6

Ar

N2

He

Low pressure limit:

TROE centering
3. NO+OH (+M) =HONO (+M)

Low pressure limit:

SRI centering:

Table C.1: Some example of reactions with pressure-dem¢nate constants present in the kinetic model.
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3.284 x 1072

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
3.885 x 107
0.37

6.484 x 10°%
1.0

k = AT"exp(—E/RT)

- High pressure limit

A (cm®.moleculel.s1.k™™ n E/R (K)

9.003 x 10712 0.0 0.0
0.0

2.774x 10719 0.0 0.0
0.0
61

1.827 x 1071® -0.3 0.0
0.0

1.00 x 10718 0.81 0.0
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Pathways Cross sections Quantum yields
J1 H,O + hy — H+ OH Chan et al. (1993b) and Huebner et al. (1992)
J2 — H, + O(*D) Fillion et al. (2004) and
J3 — H+H+0CP) Mota etal. (2005)
J4 CQ +hy — CO+0(CP) Stark et al. (2007); Ityakov et al. (2008), and Huebner et al. (1992)
J5 — CO+0(*D) Huestis & Berkowitz (2010)
J6 HCO+hv —H,+CO Cooper et al. (1996) Huebner et al. (1992)
J7 — H+HCO and Meller & Moortgat (2000)
J8 OH+ hy —s H+0O(D) Huebner et al. (1992) Van Dishoeck & Dalgarno (1984)
J9 CO+ hv — C+0(P) Olney et al. (1997) Huebner et al. (1992)
JI0 H+hv — H+H Samson & Haddad (1994); Chan et al. (1992) Estimation
Olney et al. (1997)
Ji11 CH +hy —> CH;+H Au et al. (1993) and Gans et al. (2011)
J12 — ICH, +H, Lee et al. (2001) and
J13 — 3CH,+H+H Kameta et al. (2002) and
J14 —> CH+H,+H Chen & Wu (2004)
J15 CH+hy — ICH, +H Khamaganov et al. (2007) Parkes et al. (1973)
J16  GH, + hv — C,H+H Cooper et al. (1995a); Wu et al. (2001) Okabe (1981, 1983)
J17 GH;+hy — C,H, +H Fahr et al. (1998) Fahr et al. (1998)
J18 GH,+hv — C,H, +H, Cooper et al. (1995b) Holland et al. (1997)
J19 —> C,H, +H+H Orkin et al. (1997) and Wu et al. (2004) Chang et al. (1998)
J20 GHg+hv — C,H, +H, Au et al. (1993); Kameta et al. (1996) Akimoto et al. (1965)
J21 — C,H,+H+H Lee et al. (2001) Hampson Jr & McNesby (1965)
J22 —> C,H, +H,+H, Chen & Wu (2004) Lias et al. (1970)
J23 —> CH, + 'CH, Mount & Moos (1978)
J24 — CH; + CH, Mount & Moos (1978)
J25 N, +hy — N(®D) + N(*S)  Samson & Cairns (1964): Hfman (1969) Estimation
Stark et al. (1992); Chan et al. (1993c)
J26 HCN+ hv —> CN+H Lee (1980) Lee (1980)
J27 NH +hv —> NH, +H Burton et al. (1993); Chen et al. (1999); Cheng et al. (2006) McNesby et al. (1962)
J28 NO+hy —s N(*S)+ O(CP) lida et al. (1986); Chan et al. (1993a) Huebner et al. (1992)
J29 NH, +hy —> N,H; +H Vaghiiani (1993) Vaghiiani (1993, 1995)
J30 HNQ +hv — NO,+OH Sander et al. (2011) Estimation
J31 CN, +hy — CN+CN Bénilan et al. (2012), in preparation Cody et al. (197arkson & Halpern (1979); Eng et al. (1996)
J32 NO,+hv  — NO,+NO, Vandaele et al. (1998); Merienne et al. (1997) Sander et al. (2011)
J33 NO;+hv — NO, + NO Stockwell & Calvert (1978) Sander et al. (2011)
J34 HCO+ hv — H+CO Hochanadel et al. (1980); Loison et al. (1991) Estimation

Table D.1: Photodissociations scheme used in the model
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