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ABSTRACT

We investigate thefBects of atmospheric circulation on the chemistry of the hpttér HD 209458b. We use a simplified dynamical
model and a robust chemical network, as opposed to previodies which have used a three dimensional circulation ircepled
to a simple chemical kinetics scheme. The temperaturetateiand distribution of the main atmospheric constituanéscalculated
in the limit of an atmosphere that rotates as a solid body aitlequatorial rotation rate of 1 km's Such motion mimics a uniform
zonal wind which resembles the equatorial superrotatiatiire found by three dimensional circulation models. Tiheven heating
of this tidally locked planet causes, even in the presensadi a strong zonal wind, large temperature contrasts betthe dayside
and nightside, of up to 800 K. This would result in importantditudinal variations of some molecular abundances iath@sphere
were at chemical equilibrium. The zonal wind, however, asts powerful disequilibrium process. We identify the exise of a
pressure level of transition between two regimes, which belpcated between 100 and 0.1 mbar depending on the mal&zitev
this transition layer, chemical equilibrium holds, whileoze it, the zonal wind tends to homogenize the chemical ositipn of the
atmosphere, bringing molecular abundances in the limb &idside regions close to chemical equilibrium values abgaristic of
the dayside, i.e. producing an horizontal quenchifigat in the abundances. Reasoning based on timescales anglinticates that
horizontal and vertical mixing are likely to compete in HDI92G8b's atmosphere, producing a complex distribution wieolecular
abundances are quenched horizontally to dayside valueseatidally to chemical equilibrium values characterisifodeep layers.
Either assuming pure horizontal mixing or pure vertical imix we find substantial variations in the molecular abucdarat the
evening and morning limbs, up to one order of magnitude fog,@tich may have consequences for the interpretation otnission
spectra that sample the planet’s terminator of hot Jupiters
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1. Introduction to date hot Jupitersfter the best and almost unique chance to
get access to the atmospheric composition of extrasolaefda

Gas giant planets that orbit close to their star, the sedall The characterization of hot Jupiter atmospheres has mo-
hot Jupiters, are not the most common type of extrasolar pldiyated the development of one dimensional models that in-
ets [Bafalha etal. 2012), although they are the easiest to 6ide thermochemical kinetics, filision, and photochemistry,
serve due to their short orbital distance and large mass. Taid that aim at describing the chemical behaviour and compos
first planets discovered around main sequence stars otier tHon of such atmospheres in the vertical direction (Zahhkde
the Sun are in fact hot Jupiters, such as 51 Pegasi b, the f#@P9/Line et al. 2010; Moses etlal. 2011; Kopparapu et a201
such object found (Mayor & Quelbz 1995), and HD209458tyenot et al. 2012). These models indicate that chemicaliegui-
the first exoplanet caught transiting its star (Charbonegail fium is attained deep in the atmosphere, although the clag¢mic
2000; Henry et al. 2000). Moreover, hot Jupiters are neagy tcomposition of the layers typically sampled by transit ohae
only ones among extrasolar planets for which constraints 8ans, in the 1 bar to 0.01 mbar pressure regime, is maindaine
their atmospheric composition have been obtained from oput of equilibrium due to two major disequilibrium processe
servations. Transiting exoplanetfie indeed the opportunity On the one hand, the intense ultraviolet radiation recefir@d
to get transmission and emission spectra of the atmosph#@star ontop of the atmosphere drives an active photociigmi
by observing at dferent wavelengths during the primary tranWhich may extend down to the 1 mbar layer. On the other, ver-
sit and secondary eclipse, respectively. The interpoetatif tical mixing processes tend to homogenize the chemical cemp
such spectra, although fiicult and sometimes contradictorySition above a certain height as a consequence of the raypisktr
allows to identify and get the abundances of the main d0rt of material from deep and hot layers to higher and cooler
mospheric constituents (Charbonneau et al. 2002; Tinedti e altitudes, where chemical kinetics is much slower.

2007;[Swain et al. 2008, 2009; Grillmair et al. 2008; Singléta Hot Jupiters are, according to theory (see e.g. Guillot et al
2009{Madhusudhan etal. 2011; Beaulieu et al. 2011). Inagmi1996), tidally locked to their star and thus receive stditgdat on
missions such as FINESSE, James Webb Space Telescope, camedhemisphere only. Therefore, in the absence of atmdspher
EChO willin the near future allow to observe the atmosphefeswinds, there would be a extremely high temperature conbeast
transiting exoplanets down to the size of rocky planethpaigh tween the dayside and the nightside. General circulatictatso
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however, predict the presence of strong winds, with velegit
up to a few km st, that would diciently redistribute the energy
from the dayside to the nightside (Guillot & Showman 200:
Cho et al. 2003, 2008; Cooper & Showman 2005; Showm:i
et al. 2008, 2009; Menou & Rauscher 2009; Heng et al. 201
Miller-Ricci Kempton & Rauscher 2012; Dobbs-Dixon et al
2012). Moreover, observational evidence of such winds baga b
tentatively found by Snellen et al. (2010). These authovs loh-

served a 2 km3 blueshift of carbon monoxide absorption lines
in the transmission spectrum of HD 209458b at tle c@nfi-

dence level, and have interpreted it as an evidence of day-
night winds occurring in the 0.01-0.1 mbar pressure regime.

Winds transport material betweerfldirent locations in the
atmosphere and, therefore, may have an impact on the distri
tion of the atmospheric constituents. In a study that ingastd
this phenomenon, Cooper & Showman (2006) coupled a simg
fied kinetics scheme for the conversion between CO andg C
to a three dimensional circulation model of HD 209458b, ar. ..
showed that dynamics driven by uneven heating of the planet
acts as a strong disequilibrium process and homogenizeiiae m
ing ratios of CO and CHlin the 1 bar to 1 mbar pressure range,
even in the presence of strong temperature gradients Hovs;
ever, dificult to disentangle from such complex circulation mod-
els whether is vertical or horizontal transport the domirdis-
equilibrium process. In their study, Cooper & Showman (2006
argue in terms of timescale estimates, and conclude thizidmr
tal transport is not important compared to vertical mixing.

Here we adopt a dlierent approach to study the impact of
horizontal winds on the distribution of the atmospheric -con
stituents of HD 209458b. We use a time-dependent radiative
model to calculate the temperature structure of an atmesphe
that rotates as a solid body, mimicking a uniform zBnaind.
Afterwards, the chemical evolution is computed at varioesp
sure levels with a robust chemical kinetics network to get th
chemical composition as a function of longitude and height.
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2. The model
2.1. The radiative model

A detailed description of the adopted physical model isgive
Iro et al. (2005). Briefly, we consider a planet tidally lodk®
its star, i.e. in synchronous rotation, with a radius of IR3&nd
a mass of 0.714 Iy as derived for the hot Jupiter HD 209458b
(Southworth 2010). We consider that the atmosphere rogastes
a solid body, with respect to the synchronously rotatingnfza
with a constant angular velocity corresponding to an eqisto
linear velocity of 1 km s! at the 1 bar pressure level. Such mo-
tion of the atmosphere mimics a uniform zonal wind indepe
dent of height, where layers remain static with respect the
other. Under this assumption, the evolution of the vertiead-
perature profile is given by

¢ (ag)

pressure (bar)

1

[ IS IR AN AT I AR AN A A N AN B AT

of e v 1
500 1000 1500 2000
temperature (K)
arI]—'ig. 1. Thermal atmospheric structure of HD 209458b. The top
panel shows the temperature distribution as a functionrajito
tude and pressure, while the middle panel shows the temyperat
as a function of longitude at selected pressure levels. dttern
panel shows the vertical temperature profiles at the sudsaeid
antistellar meridians, and at the morning and evening limbs

2500

1)

dt

whereT is the temperaturd,the time,(mg) the mean molec-
ular weight,C,, the specific heat- the radiative net flux, and
p the pressure. The incoming stellar flux is computed adopti

ofb

a Kurucz spectrum for HD 209488T.; = 6100 K and logg
4.38), a stellar radius of 1.2RMazeh et al. 2000), and an
ital distance of 0.047 AU (Southworth 2010). The londéu

! The terms zonal and meridional refer to the west-east anth-nordependent insolation pattern is calculated for a latituid@,
south directions, respectively. In the case of tidally Etlplanets, the which corresponds approximately to the flux averaged over la

substellar point is usually assigned longituded eastward is positive

(e.g. 0 — +90°). As with the Earth, the rotation of the planet occurs

itude, i.e. along a meridian (see details in Iro et al. (200%6g

eastward.

2 Seehttp://kurucz.harvard.edu/stars/hd209458/
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sources of atmospheric opacity included are Rayleighestagt, dominated by a fast eastward (superrotating) jet streatrdta
absorption from H-H, and H—He pairs, H bound-free, § velops at low latitudes and may reach wind speeds up to a few
free-free absorption, ro-vibrational lines of the molesuCO, km s™'. Equatorial superrotation dominates the dynamics of the
H,0, CH,;, CO,, NH3, and TiO, and resonance lines of the alkalitmosphere in the deep regions but as we move towards higher
atoms Na and K. The sources of the opacity data used are diitudes the circulation pattern changes. Three dimeasiar-
scribedin Iro et al. (2005), except for Nldnd CQ, whose spec- culation models of HD 209458b (see e.g. Showman et al. 2009,
troscopic data were taken from HITRAN 2008 and HITEMP re2012) indicate that above the 1-0.1 mbar level zonal winds ar
spectively (Rothman et al. 2009, 2010). In the current matiel no longer superrotating and strong substellar-to-atiasteonal
layers are included with pressures ranging from 100 t§ bar. and meridional winds dominate the atmospheric dynamics. Ou
We adopt as initial condition a vertical temperature prafden- assumption of a uniform zonal wind with an equatorial veloc-
puted at radiative equilibrium with a one dimensional réidéa ity of 1 km s* also ignores variations of the zonal wind speed
convective model under planet-averaged insolation cmmdit with altitude, which may be significant (wind speeds gener-
The abundances of the species that provide opacity are-calally increase with height) according to circulation mod@sy.

lated at chemical equilibrium, adopting solar elementalrab Showman et al. 2009). With the above limitations, our apghoa
dances and the radiative equilibrium temperature profild,aae should still dfer a realistic approximation of the atmospheric dy-
assumed to remain constant with time, and therefore witfiton namics of HD 209458b in the 1-1Dbar pressure range, where
tude (see Iro et al. 2005 for more details). The thermal sirec equatorial superrotation holds. This is in fact the mo&riesting

and chemical composition could be calculated self-coasilt region to study the disequilibriunfiects caused by atmospheric
by iterating between the radiative and chemical modelshén tcirculation, as will be shown hereafter.

case of HD 209458b our approach is, however, justified by the

fact that the main species that provide opacity dfietcathe ther- )

mal structure are O and CO, whose abundances, as will bé-2- The chemical model

shown in Sed.]3, are very close to the chemical equilibrium vastill under the assumption of a solid body rotating atmosphe
ues and remain uniform with longitude. The thermal stru&tuthe evolution in the chemical composition of théfdient atmo-
of the atmosphere (temperature as a function of longitude agpheric layers as they cycle around the planet is calculaged

height) is evaluated by integrating E@J] (1) during sevesé#+ solving a system of diierential equations of the type

tion cycles until the temperature reaches a periodic sta¢ach
layer. We note that below the 10 bar level the temperature ddﬁ _ Pi—Li )

not completely reach a periodic state due to the very longrad dt n

tive timescale. These deep layers have, however, litterast to wherey; is the mole fraction of the speciésP; andL; are the

zfrl:gg ttr?: t\é?rr:ag?;;L}Ar”et?slﬁgglrtlwuenic;:):rr:qev\(/:i?r?mIrfailtucg(;npoalt rates of production and loss of speciedue to chemical reac-
P y 9 : tions (with cgs units of cr? s71), andn is the total volume

The resu_lting_ temperature distribution is s_ho_wn in thrde d'density of particles (with cgs units of cA), which is related to
ferent ways in Fig. 1. The increase in the radiative timesaa e nressurg and temperatur® through the ideal gas law. The
thermal inertia, with increasing depth produces a coupli®-of oygtem of chemical equations is integrated, independéotly
teresting €ects. First, the maximum of temperature is shifted igch |ayer, during several rotation cycles until the abones of
longitude with respect to the substellar meridian by an amoype major species reach a periodic state. During the intiegra
that increases with depth (see top and middle panels olFignk pressure remains constant in each layer and the temperat
in the 1-10° bar pressure regime), which is a simple CONSQaries according to the longitude-dependent profiles tated
quence of the eastward transport of heat. An eastward jet 8, the radiative model. We start the integration at thesteib
the resulting shift of the thermal emission peak was prediCtiyr merigian with a chemical composition calculated at chem
by Showman & Guillot (2002) to be a common phenomenqty| equilibrium with solar elemental abundances (Asplurel.e
in hot Jupiter atmospheres. The shift was later observelden 009) and theT, p) profile shown in the bottom panel of FIg. 1.
thermal phase curve of HD 189733b by Knutson et al. (200%¢ chemical equilibrium calculations are done with a co t
In the same vein, we find that the temperature is not homoggiimizes the Gibbs energy following the algorithm of Gando
neous in the nightside (which would be the case in the abseRe)cgride (1994). The choice of the initial composition agth
of winds), but rather inhomogeneous, with the coldest ®Yi0.hemical equilibrium values of hot regions such as the slibst
located close to the morning limb (see mid and bottom paneligian results very convenient as it accelerates coraditie

of Fig.[I). A second #ect worth to note is that the longitudinaliye convergence towards a periodic state. The reasonsdor th
profile of temperature is markedlyftgrent in the deep and high, ;| pe discussed in SeE 3.1.

regions of the atmosphere. Below the 1 bar pressure level the The adopted chemical network, available from the KIDA
temperature remains nearly uniform (see bottom panel oljig yaanadk(Wakelam et al. 2012), is described in detail in Venot
while above this level large temperature contrasts, up @80 ¢ 5| (2012). Here we use their nominal mechanism which con-
exist (see middle panel of Figl 1). , sists of 102 neutral species composed of C, H, O, and N (He is
Our time-dependent radiative model provides an accurgigt a non reactive collider in some reactions) linked by 2188
treatment of the radiative processes, although the atmeosphchemical reactions of three main types: bimolecular dispre
dynamics is somewhat simplified. In the limit of a solid bodyionation, three-body association, and thermal decontipasi
rotating atmosphere, the dynamics is restricted to a umifofrne fyll set of reactions consists, in fact, of 941 revessiiglac-
zonal wind. Meridional winds are, therefore, neglected &l W jons written in the forward and backward directions. Forsino
as vertical transport processes (layers are radiativelipled of them, the rate constant of the backward reaction is calcu-
but dynamically decoupled). Focusing on horizontal adwect |5teq applying the principle of detailed balance and ushey t

(winds), three dimensional circulation models of hot Jensit rate constant of the forward process and thermochemical dat
(e.g. Cooper & Showman 2005, 2006; Showman et al. 2008

2009; Heng et al. 2011) find that the atmospheric circulagon 2 Seehttp://kida.obs.u-bordeauxl.fr/models
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of the species involved. This chemical network ensurestteat 107° ——
chemical composition will evolve towards a chemical edpili
rium state (see Venot et al. 2012). The set of rate constauits a
thermochemical data of our mechanism comes from combus-§
tion chemistry. More specifically, it consists of &AHZO reaction
base developed for industrial applications (Fournet et 299;
Bounaceur et al. 2010) which has been validated for speoies ¢
taining up to 2 carbon atoms and a nitrogen base construzted t &
deal with NQ, compounds and other nitrogen-containing species
(Coppens et al. 2007; Konnov 2009). The mechanism has been
validated against numerous combustion experiments ovate w
range of temperature (300-2500 K) and pressure (0.01-10 ba
and it has been found suitable to model the atmospheric chem-
istry of hot Jupiters (Venot et al. 2012).

There are two main élierences with respect to the original
nominal mechanism used in Venot et al. (2012). First, in this g
study we also model the nightside of HD 209458b whose up-:2
per atmospheric layers may have temperatures lower than 30
K, i.e. outside the temperature range of validation of thench
ical network. At these low temperatures the rate constaas o
few reactions, mostly backward reactions whose rate cohsta
is calculated applying detailed balance, reach too lardigega
For these few reactions we have, either adoptedfarént rate

mole fracti

TR W

Ll

mole frectio

r ol

constant expression from the literature, or imposed a maxim €O
rate constant (% 10°° cm® st and 1028 cmP s7! for bimolec- :
ular and termolecular reactions, respectively) to getaeasle R
values down to temperatures lower than 300 K. The impact of COz 7

these modifications on the abundances of the major spegies is
nonetheless, negligible. A secondfdrence is that in this study
we have not considered photochemical processes, so thatthe
cited states of oxygen and nitrogen atoms'm)(and NED),
have not been included, as they are mainly produced by pho
todissociation of various molecules. Previous studieg liaand
that photochemistry has a very minor impact on the atmospher 10~ }
composition of the dayside of HD 209458b, due to the high tem- ‘ !
peratures which help to maintain chemical equilibrium (E®s r | |
et al. 2011; Venot et al. 2012). The vertical temperaturédilps NP c A
adopted by these authors above the 100 bar layer are mainly 0° +90° +180° —90° 0°
based on the results of the three-dimensional circulatiodeh longitude (deg)
of Showman et al. (2009), which results in dayside tempe
tures higher than those found with our time-dependent tiadia
model. We therefore note that the lower temperatures we fi
are likely to increase the impact of photochemistry, as caneqb
with the studies of Moses et al. (2011) and Venot et al. (Zpléd?
on the abundances of some species, noticeably HCN, CRy, !
and NH, in the upper (above the 18-10"° bar layer) dayside
atmosphere of HD 209458b. At these altitudes horizontatie/in
are, anyway, substellar-to-antistellar rather than sopeting.
Some of the limitations of our current chemical modellinghe other hand, there is the dynamical timescale relatetieto t
approach, where layers are assumed to be independent fobm €@nal wind motion.

mole fractio

7

1 ah

L

rEi'g. 2. Longitudinal distributions of the mole fractions of GH
ﬁé) and CQ for selected pressure levels, as calculated by the
chemical kinetics model with a uniform zonal wind of 1 knit s
olid lines) and by chemical equilibrium adopting the litng

nal temperature profile of each pressure level (dottess)in

other (they are neither radiatively coupled through thesfer of If the atmosphere were at chemical equilibrium everywhere,
ultraviolet photons nor dynamically coupled by verticakmg), we would expect important flerences in the chemical compo-
will be addressed in a future study. sition of the dayside and nightside due to the high tempegatu

contrast between both planet sides. For example, at chemica
) ) equilibrium most of the carbon is in the form of CO at high tem-

3. Results and discussion peratures and as GHat temperatures below1000 K. This is
illustrated in Fig 2, where chemical equilibrium abundanoka
few molecules (Cl, CO, and CQ), as computed along the lon-
The impact of a uniform zonal wind, mimicking an equatoriagitudinal temperature profile of each pressure level, aosveh
superrotation, on the atmospheric chemistry of a hot Jupiteh (as dotted lines) as a function of longitude for selectedgrees.
as HD 209458b may be understood in terms of timescales. @is seen that fop < 102 bar, methane has a low abundance in
the one hand, we have the chemical timescale of tierént the dayside, where most of carbon is in the form of CO, but be-
chemical transformations that take place as the wind mowaes nsomes very abundant in the nightside at the expense of carbon
terial between the hot dayside and the cooler nightside oandmonoxide.

3.1. Zonal wind: effects on the chemistry
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The presence of a zonal wind, however, produces significaraiues of the hottest dayside longitudes. Below this quiexgch
departures from chemical equilibrium. In Eig 2 we also shasv (level, where chemical timescales become comparable oteshor
solid lines) the mole fractions of CGHCO, and CQ resulting than horizontal dynamical timescales, abundances carriexpe
from the chemical kinetics model after 10 rotation cycleBew ence significant variations with longitude induced by theglie
the abundances of the major species have already reachdéd a palinal temperature gradients. At these pressure levelatihn-
odic state. We can identify two major types of regimes. Imtbie  dances of some molecules can be quitfedént in the two
and dense bottom layers of the atmosphere chemical tingsscaheridians of the planet’s terminator (the morning and avgni
are short and chemical equilibrium is attained (see e.gcdlse limbs), with consequences for the interpretation of traissian
of CHy at 1 bar). At higher altitudes, however, temperatures asgectra (see below). Deeper in the atmosphere, below the 1 ba
pressures decrease and chemical timescales become Ibagerlevel, temperatures are high and uniform with longitudethsed
the dynamical timescale, producing a "quenchinfjéet on the the chemical composition is also uniform with longitude and
abundances (see e.g. the case of,@H1072 and 10° bar). In  given by chemical equilibrium.

these upper layers, species tend to reach an abundancenunifo At high enough levels, horizontal quenching makes the
with longitude, close to the chemical equilibrium valuesi®#  chemical composition to be homogeneous with longitudechvhi
hottest dayside regions. This latter fact makes very caewén zjjows to apply retrieval methods based on a single vertical
to start the integration with the chemical equilibrium carab  chemical profile when interpreting transmission specttahése
tion at the substellar meridian, in which case the initialirab chemically homogenous levels, the molecular compositibn o
dances are already close to the final quenched values and sqfl |impbs is nearly independent on the local temperaturesand
convergence is considerably accelerated. We have vertied fhainly determined by the substellar temperature. Thigsais
non-dependence of our results on the initial chemical c@RPOjnteresting question: can the abundances measured atrths i
tion by starting with chemical equilibrium compositionsoéiter e ysed as a thermometer for the substellar region? Although
longitudes, such as the antistellar meridian, and we findttiea they can indeed provide constraints on the hottest tempesat
same periodic state is reached for the abundances of the méb@perienced by the gas, quenching occurs affergint temper-
species, although at much longer integration times, eafie@  atyre for each species. Therefore, not only the observetiinaix
low pressure layers. _ is in disequilibrium with the local temperature but it is @l

In the layers of transition between these two regimes the hgsequilibrium with any temperature. For instance, at tBe*1
haviour of the chemical composition with longitude is suthtt bar |evel, the sunrise and sunset limbs are respectivelyl@t 5
abundances are close to the chemical equilibrium valudsein ind 820 K and they both exhibit the same abundances for CO,
hot dayside, where chemical kinetics proceeds faster,@méin  CcH,, CO,, N, and NH;. The CH/CO and NH/N, abundance
somewhat quenched in the cooler nightside, where chemiical latios both correspond to a chemical equilibrium compositi
netics is slower (see e.g. the case of GH 10" bar). Each at 1300 K, which is nearly the temperature of the substedfar r
species has its own chemical timescale of formation anduwtest gion, but the CG/CO abundance ratio corresponds to an equi-
tion, and so the transition between the chemical equilibrand  |ibrium composition of a cooler mixture (at 1145 K). Of coers
quenching regimesis located at &efent pressure level for eachthese quenching temperatures depend on the elemental eompo
species. For Ckland CO the quenching region is found abovsition and the wind velocity, and are derived from a rather-si
the 10" bar level (see Figl2), so that the large day-to-night abupte circulation pattern. In addition, we should keep in minat
dance variations predicted by chemical equilibrium fosthavo  composition may vary significantly between the equator &ed t

molecules ap < 1072 bar are not fectively attained. This re- poles. We will come back to this point at the end of $ed. 3.2.
sult was also found by Cooper & Showman (2006) using a sim-

ple conversion scheme for CO and g£HFor other molecules
with shorter chemical timescales the quenching level iatlett 3.2. Horizontal vs vertical quenching

at higher altitudes (above the 810 bar level for CQ; see
Fig2). In the limit of a solid body rotating atmosphere, where dynam

We have adopted an equatorial wind velocity of 1 krh, s iCs is restricted to a uniform zonal wind, molecular aburugsn

although three dimensional circulation models of HD 20@5@re quenched above a certain pressure level to chemicdibequi

find equatorial wind velocities in the range 0.1-10 kni s rium dayside values. The distribution of the chemical cos#po

(Showman et al. 2009; Heng et al. 2011; Miller-Ricci KemptoHon computed in this way is, however, likely to be unredadist

& Rauscher 2012). The wind velocityfacts the distribution of due to the existence of vertical transport processes, vibiuth

the abundances in two ways. On the one hand, it has an imp&duench abundances vertically above a certain heightameh

on the longitudinal temperature profile; the slower the wied ical equilibrium values characteristic of hot deep regigveses

locity the higher the day-to-night temperature contrast (so et €tal. 2011; Venot et al. 2012).

al. 2005). It thereforeféects the chemical equilibrium composi-  In order to compare the predictions of our zonal wind model

tion attained in the bottom atmospheric layers, which ddpenwith a model where dynamics is restricted to vertical mixing

on the local temperature. On the other hand, the wind veloge have constructed a one dimensional model in the vertical d

ity determines the horizontal dynamical timescale andetfoge rection that includes thermochemical kinetics and velrtcaly

the quenching level, which is shifted upwards with slowemavi diffusion, and applied it to various longitudes. Photochemistr

velocities. Although our results depend to some extent en tis not included to allow for a proper comparison with the dona

adopted wind velocity, overall the qualitative behavio@itite wind model. We use a code which is based on the same prin-

distribution of the abundances remains the same. ciples of that used by Dobrijevic et al. (2010) and Venot et
The zonal wind, therefore, tends to homogenize the chemiedl (2012). We adopt the temperature-pressure verticdilggo

composition of the atmosphere, bringing species abundancecalculated at each longitude with the time-dependent tiadia

the nightside close to those prevailing in the dayside.éniiper model (see bottom panel of Higj 1) and the chemical network de-

atmospheric layers, above the 0.1=1bar level depending on scribed in Sed._212. The dayside-averaged edffysion coef-

the species, abundances are quenched to chemical eauilibrficient profile estimated by Moses et al. (2011) from the three
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Fig. 3. Vertical distributions of the major species, aftes &hd He, at 4 longitudes: substellar meridian, evening liawtistellar
meridian, and morning limb. We show the mole fractions gibgthe zonal wind thermochemical kinetics model (solid$nédy a
one dimensional model in the vertical direction includihgnrmochemical kinetics and vertical eddffdsion (dashed lines), and by
chemical equilibrium adopting the(T) vertical profile at each longitude (dotted lines). Note tiaundances above the t810°
bar level may not be reliable due to the lack of photochemistour model and, in the case of the zonal wind model, to dylike
change in the circulation pattern.

dimensional circulation model of Showman et al. (2009) depending on the molecule, to the chemical equilibrium eslu
adopted, for simplicity, at every longitude. characteristic of this quenching level. Since the vertieaiper-

In Fig @ we show the vertical distribution of the ma-ature profile is dierent at each longitude, the value at which the
jor species at the substellar meridian, evening limb, teikis abundan_ce of a given molecule is quenched can also vary from
meridian, and morning limb, as computed by the zonal wir’® longitude to another (see e.g. Ci the substellar and an-
model (solid lines), by the vertical mixing model (dashes), tstellar meridians). We note th"’})t photochemistry may pay
and by chemical equilibrium (dotted lines). Both the zonaidy imPportant role above the 16-10° bar level, so that the abun-
and vertical mixing models predict important departuresrir dances qalculated by the zonal Wlnql and vertical mixing riede
chemical equilibrium, especially in the cool nightsideiceg 2PoVve this layer may not be very reliable.

(see e.g. CO and CHat the antistellar meridian). The verti-  Therefore, in the limit of a zonal wind, abundances are
cal distribution of the abundances predicted by the zonatlwi quenched horizontally (above the 0.1=10ar level) to chem-
model is quite similar at the 4 longitudes, and is esseptiiden ical equilibrium dayside values, while in the limit whererdym-

by the chemical equilibrium composition calculated at thie-s ics is restricted to vertical mixing, abundances are quedeier-
stellar meridian. There are somefdrences in the vertical abun-tically (above the 1-0.01 bar level) to chemical equilibmival-
dance profile of some molecules when moving from one lones characteristic of the hot deep layers. We can get a rolegh i
gitude to another (see e.g. @@nd CH, at the substellar and of the relative importance of horizontal and vertical gugng
antistellar meridians) although the maifiext of the zonal wind from timescales arguments. The dynamical timescale ozbori

is that it tends to homogenize the chemical composition @t ttal mixing rqynn May be roughly estimated a®p/u, whereR,
limbs and nightside to chemical equilibrium dayside valUde is the radius of the planet,is the zonal wind speed, and where
vertical mixing model shows a quite fi#rent picture, where the distance between substellar and antistellar pointbeas
abundances remain at chemical equilibrium in the deep atnamlopted as length scale. For our zonal wind speed of 1 ®m s
sphere, and are quenched above the 1-0.01 bar pressure lew@lgetrgynn ~ 3 x 10° s. Similarly, a rough estimate of the dy-
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namical timescale of vertical mixingyyny may be obtained as 10
H?/Kz, whereH is the atmospheric scale height alkg is the
eddy difusion codficient. Adopting values foid andkz in the 1
bar to 1 mbar pressure range of HD 209458b’s atmosplere ( 107*
300-700 kmKz, = 101°-10" cn?? ) we find thatrgyn, takes
values between fand 5x 10° s. We should keep in mind that & 10
the above timescale values are just a crude estimation. ©n th _ _,
one hand, the zonal wind speed may span a broad range of vallgeé0
up to 10 km s* depending on height and latitude, according t@ 4
three dimensional circulation models of HD 209458b (Showman'
etal. 2009; Heng et al. 2011; Miller-Ricci Kempton & Rausche 1 k- evening

1078

3

2012). On the other hand, the use of the atmospheric scajbthei | limP

to estimate the dynamical timescale for vertical mixing may 10" F morning

be an accurate choice, as discussed by Smith (1998). Fitiwly S N
values of the eddy diusion codicient adopted, which are esti- ! 10710 10~° 1078 1077 1078
mated by Moses et al. (2001) from the three dimensional €ircu mole fraction

lation model of Showman et al. (2009) as the horizontallyrave_. . e
aggad g_lobal rms vertical velocity times the_height scaley e eFlg.24ér\]/grﬂcc::a’\ll gltsttr:gl(jet\llce)?fngf(;gﬁ da"t;]uensgzr:]%esm (?In%j\l(Hdzshe d
quite diferent if they are more properly estimated through, e'fﬁes’) limbs, as calculated by the zonal wind model (thicke$)

the difusive behaviour of a passive tracer included in the circula- ' y

tion model. Moreover, dynamical timescales are expecteatto and by the verticalgixinsg model (thin lines). Note that abun
perience important variations as a function of longitudgtude, dances above the 16-10° bar level may not be reliable due to

and height. Taking into account all these limitations, we juat the lack of photochemistry in our model and, in the case of the

conclude that the dynamical timescales for horizontal agrd Vzonal wind model, to a likely change in the circulation patte
tical mixing have the same order of magnitude. It is, thawefo

very likely that both horizontal and vertical quenchingsiraul- e case of C@it is predicted that a moderate abundandedi
taneously at work in the atmosphere of HD 209458, which M@y ce hetween the two limbs would be found if horizontal mxin

result in a complex atmospheric distribution of the abumean ,minates while no dierence would be observed if it is ver-
of some species. Our timescales estimates are similar Betgﬁh

cal mixing which dominates. Methane seems, thereforégeto
found by Cooper & Showman (2006) for HD 209458b, althougie gpecies that could show the most important abundance dif

these authors conclude that horizontal quenching is ”O‘D'impferences between the evening and morning limbs.
tant. Cooper & Showman (2006) argue that chemical timescale e retrieval of atmospheric properties and composition
exceed the horizontal dynamical timescale above the 3 el le from primary transits implies the comparison of the obsérve

where abundances have already been quenched by vertical i, gmission spectrum with a synthetic one obtained witatan
ing. It is, nevertheless, the comparison between the dyt&@Miyosphere model. Ideally, this model would be a detailedethre
timescales for horizontal and vertical mixingyny and7aynv,  dimensional model coupling dynamics, radiative transhed
which allows toargue on the dominant (either horlzontalemlv chemistry, so that the only parameters to be adjusted waaild b
cal) quenching mechanism, whenevefemremains longer than e elemental abundances. This is unfortunately not daable
any dynamical imescale. this time and one dimensional models are currently used for
this purpose. Our study shows that the one dimensional ap-
I X roach is acceptable because of the longitudinal homogeniz
wgll as b which Is not sh_own) ShOV\.’ a uniform apundancgon produced b?/ zonal circulation. On the%ther hand,migs
with height and longitude, either adopting the zonal windielo sion spectra generally probes simultaneously both weseast

or the vertical mixing model. For these molecules it is, €Rer ;.8 "\yhich have very dferent temperatures. Since transmis-
fore, of o relevance V\_/hether horizontal or vertical quencéion s,pectroscopy is very sensitive to the temperaturehga t
Ing dominates. The vertical abundance profile .Of the othef M&ale height (Tinetti et al. 2007), retrieval should in@tide con-
jor molecules Ch, NHs, COZ,_and HCN ShOWS Important d'f'. ribution of (at least) two dferent vertical temperature profiles.
ferences when calculated with the zonal wind model or wi ansmission spectra probes also latitudes from the exjtmto

the vertical mixing one. Morgoyer, using e|th_er of the tw e poles, and therefore latitudinal temperature vamatare an
models, some abundance variations with longitude are found jitional complication

These molecules, therefore, may havfetent abundances in Another important matter of debate is the lack of self-

the evening and morning |ImbS,.W|’.1ICh would have qonseqwn%%nsistency between chemical and temperature verticélgso

for the interpretation of transmission spectra. InlBig 4 Wee 504 one dimensional retrieval models. It would be temgpti

pCare th%\ﬁgﬁalt?;]smbu“qn of tge abundalnc%s Of4CNH, tto use one dimensional profiles in which molecular abundance
Oz, an at th€ evening and morning imos, as compu %ﬂd temperature are computed consistently, in order to thmi

with the zonal wind model and the ve_rtical mixing model. Ia thdimensions of the parameter space that has to be explorad whe
case of Ci4 we see that abundanceferences up to one order of he model is not self-consistent and any composition isaatb

magnitude are found between the two limbs, either in the 11— e.g. Tinetti et al. 2007; Swain et al. 2008; Beaulieu et@LD)
bar pressure regime (if horizontal mixing dominates) ovatg We have shown, howe\,/er, that the tempe}ature variationsrexp

height above the 1 bar level (if vertical mixing dominatégijiz : "
and HCN show a similar behaviour, with very small abundanggced by the gas in the zonal flowet the composition so that

differences in the 1-0.1 bar pressure range, as predicted by th@ngress and egress could in principle be treated separattigugh
zonal wind model, and a filerence of a factor of 2—3 above then the practice this is very flicult due to, among other reasons, stellar
1 bar level, according to the vertical mixing model. Finalty limb darkening &ects.

As shown in Fig(B, the molecules CO,#, and N (as
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abundances above the 1 bar layer are determined by a mixtgaulieu, J.-P., Tinetti, G., Kipping, D. M., et al. 2011, AF31, 16

of temperatures, which are close to those of the hottesbmsgi Bougicggzgi-, Herbinet, O., Fournet, R., et al. 2010, SAdhilieal Paper 2010-
encountered rathe_r than to the_ local temperature. Bechise Eharbonneau, D., Brown, T. M., Latham, D. W., & Mayor, M. 208, 529,
effect competes with the chemical quenching produced by ver-"| 45

tical mixing, a minimum self-consistent approach would lynp charbonneau, D., Brown, T. M., Noyes, R. W., & Gilliland, R.2002, ApJ,
to calculate the limb vertical structure and compositiothvé 568, 377

time dependent model that accounts for both the verticaingix gﬂg j XE ngga E :22222 S' m g igzgggp 2 gg%'g% ég
and the horizontal cwpula_tlon (an a(_:ldmonal (_:omphcatwoul_d Cooper, C. . & Showman, A. P. 2005, ApJ, 629, 345' ' LA

be to account for latitudinal chemical gradients). ThislWe cooper, C. S. & Showman, A. P. 2006, ApJ, 649, 1048

the next upgrade of our model. To our knowledge, such modgdppens, F. H. V., De Ruyck, J., Konnov, A. A. 2007, Combustiad Flame,
has never been used to interpret spectra, although it maytdiel 149, 409

: f : i ~+Dobbs-Dixon, I., Agol, E., & Burrows, A. 2012, ApJ, 751, 87
shed light on some unexplained observations and contoagicty "' 8o T Wabrard, .. et al, 2010, iia Space Sci., 58, 1555

analyses. Gordon, S., & McBride, B. J. 1994, NASA Reference Publicati@11, |
Fournet, R., Baugg, J. C., & Battin-Leclerc, F. 1999, IntChem. Kinet., 31,
361
4. Summary Grillmair, C. J., Burrows, A., Charbonneau, D., et al. 2088fure, 456, 767

] ] Guillot, T., Burrows, A., Hubbard, W. B., et al. 1996, ApJ %4535
In this study we have carried out an attempt to understand th@llot, T. & Showman, A. P. 2002, A&A, 385, 156
impact of atmospheric circulation on the distribution of tht- Heng, K., Menou, K., & Phillips, P. J. 2011, MNRAS, 413, 2380
mospheric constituents of a tidally locked hot Jupiterhsas Hen: G. W., Marcy, G. W., Butler, R. P. & Vogt, S. S. 2000, Ap29, L41
HD 209458b. The temperature structure and the distribufon [o: N Bezard: B., & Guillot, T. 2005, A&A, 436, 719
DO . p g . ""Knutson, H. A., Charbonneau, D., Allen, L. E., et al. 2007t{uxe, 447, 183
the chemical composition as a function of longitude and leigkonnov, A. A. 2009, Combustion and Flame, 156, 2093
have been computed in the limit of a solid body rotating atm#éepparapu, R. K., Kasting, J. F., & Zahnle, K. J. 2012, ApJ, 747
sphere, which mimics a uniform zonal wind. Adopting an equéﬁﬂmzh’\"- F;H L'a”,\?r '\|_/'| C., &tYunJg, é-tL- 2010, AKPJé717tva‘J‘fGM wre. 469, 64
torial wind speed of 1 km$, we find that chemical equilibrium 3o 0 CeeT: S T e e s " Ablature, 469,
i i —16b level. depending onyooy M & Queloz. . A
is attained below the 0.1-10bar pressure level, dep 0 OMazeh, T., Naef, D., Torres, G., et al. 2000, ApJ, 532, L55
the molecule, while above this transition layer, molecalaun- Menou, K. & Rascher, E. 2009, ApJ, 700, 887
dances are quenched to chemical equilibrium values cleaisct mi”er-RiJCCIi K\?_mptﬁﬂ, %&,:RaUSChir'JE' 201|212'8\§Jf, X;% %7
H H H H ¥ oses, J. |, Visscher, C., Fortney, J. J., et al. , ,
tic of the hot_tes_t dayside regions. Reasonmg base.d OI?I(IH{*E’ES Rothman, L. S., Gordon, I. E., Barbe, A., et al. 2009, J. Qu&pec. Radiat.
arguments indicate that such horizontal quenching isyikel Transf. 110 533
compete in HD 209458b’s atmosphere with the vertical quenakothman, L. S., Gordon, I. E., Barber, R. J., et al. 2010, &r@uSpec. Radiat.
ing induced by eddy dliusion processes, implying that in some  Transf, 111, 2139
atmospheric regions molecular abundances are quenchid }"gﬂOW"‘a”v ﬁ- ';- &CGU'”Otv g 23?02Fv At&A, 3385j 1;"3\/' v M. DER0). 662
zontally to dayside values while in other regions abundaage >"gian A T ~00PEn & S. Foriney, & 4 & Mariey. 1. ®hp), 682,
quenched vertically to chemical equilibrium values ch&8S-  showman, A. P., Fortney, J. J., Lian, Y., et al. 2009, ApJ, 68
tic of deep layers. Moderate abundance variations between showman, A. P., Fortney, J. J.Lewis, N. K., & Shabram, M. 201
evening and morning limbs are found for some molecules, up to arXiv1207.5639 _
one order of magnitude in the case of £Hssuming that dy- Sing, D. K., Désert, J.-M., Lecavelier des Etangs, A., 2609, A&A, 505, 891
ics is either restricted to a zonal wind or to verticalimgy o M. D. 1998 learus, 132, 176
namics Is el h - mJX Snellen, I. A. G., de Kok, R. J., de Mooij, E. J. W., & AlbrecBt, 2010, Nature,
which may have consequences for the interpretation ofinams 465, 1049
sion spectra obtained during primary transits. Southworth, J. 2010, MNRAS, 408, 1689
Ideally, a realistic distribution of the molecular abundes gwa!n, M- R. ¥?‘S'fthtbe-'v“”.em’ g " g: gggg' Qasu'%é“fgg
. wain, M. R., Tinetti, G., Vasisht, G., . , ApJ,
throughoutthe whole planetary atmosphere could be olldine ;' 6 \igal-madjar, A., Liang, M.-C., et al. 2007, Nae, 448, 169
coupling a three dimensional circulation model to a robbete-  vengt, 0., Hebrard, E., Agiindez, M., et al. 2012, A&A, 548,
ical network. Such approach is, however, a complicatedftarsk wakelam, V., Herbst, E., Loison, J.-C., et al. 2012, ApJ9, 24
numerical reasons. For the moment, insights into the infleaerzahnle, K., Marley, M. S., Freedman, R. S., et al. 2009, Ap1, 1.20
of atmospheric dynamics on the chemistry must be addressed
either coupling a three dimensional circulation model tana s
ple chemical kinetics scheme, as done by Cooper & Showman
(2006), or by using a simplified dynamical model and a robust
chemical network, as done in this study. We plan to overcome
some of the limitations of our current modelling approachigcl
does not consider neither photochemistry nor the couplexg b

tween horizontal and vertical mixing, in a future study.
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