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ABSTRACT

Context. Ultraviolet (UV) absorption cross sections are an esskintigedient of photochemical atmosphere models. Exoplane
searches have unveiled a large population of short-petiftts with hot atmospheres, venyfdrent from what we find in our solar
system. Transiting exoplanets whose atmospheres can nsiudied by transit spectroscopy receive extremely stroviglikes and
have typical temperatures ranging from 400 to 2500 K. Ateéhesperatures, UV photolysis cross section data are $glacking.
Aims. Our goal is to provide high-temperature absorption croses and their temperature dependency for important sgpimeric
compounds. This study is dedicated to £@hich is observed and photodissociated in exoplanet gthewss. We also investigate
the influence of these new data on the photochemistry of sappEanets.

Methods. We performed these measurements with synchrotron radiati@ tunable VUV light source for the 115 - 200 nm range at
300, 410, 480, and 550 K. In the 195 - 230 nm range, we used aridgutlamp and a 1.5 m Jobin-Yvon spectrometer and we worked
at seven temperatures between 465 and 800 K. We implemdmedgasured cross section into a 1D photochemical model.
Results. For A > 170 nm, the wavelength dependence oy, (4, T) x ﬁ) can be parametrized with a linear law. Thus, we can
interpolateoco, (2, T) at any temperature between 300 and 800 K. Within the studiege of temperature, the GCross section can
vary by more than two orders of magnitude. This, in particuteakes the absorption of G@ignificant up to wavelengths as high as
230 nm, while it is negligible above 200 nm at 300 K.

Conclusions. The absorption cross section of €3 very sensitive to temperature, especially above 160 rime. Model predicts
that accounting for this temperature dependency of €0ss section carffeect the computed abundances of NBO,, and CO by
one order of magnitude in the atmospheres of hot Jupiter anNéptune. This #ect will be more important in hot Cedominated
atmospheres.
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1. Introduction atmospheres (Swain et al. 2009a,b), but cross section meeasu
ments §co,(4, T)) are extremely sparse above room tempera-

Exoplanets exhibit a wide variety of mass, radius, orbitg] ature,

host stars. Because of observational biases, most tramsix-

oplanets are very close to their parent stars and are highly.i ; ;
radiated, implying large UV fluxes and high atmospheric teni? the past but only at a few wavelengths. For instance, Koshi

peratures. The atmosphere of transiting hot Jupiters ard ﬁBa_I.t(_199:I%)(|:”neafulr§éj theg)rodqctiorj[ OFBXin the photo%is—
Neptunes can be studied by spectroscopy at the primaryittraﬁgc'a lon of CQ & nrm by using atormic resonance absorp-
(Tinetti et al. 2007b,a; Swain et al. 2008; Beaulieu et all®0 tion spectroscopy behind reflected shock waves between 1500
Tinetti et al. 2010; Beaulieu et al. 2011) and at the secqndaﬂnd 2700 Kf They saw that the production of oxygen atoms
eclipse (Swain et al. 2009a,b; Stevenson et al. 2010, zogafreases with the temperature. Before that, Generalot. et a

Some high-temperature measurements have been performed

: ; ; '963) measuredco (1, T) behind a shock wave at tempera-
Photochemistry has an important influence on the atmosph 2
composition of these exoplanets, from the top of the atmexsph ures up to 6300 K at 238 and 300 nm, and observed absorp-

down to 100 mbar (Moses et al. 2011; Line et al. 2011, Venﬁ?n up to 355 nm at 5000 K. .Th.ese measurements, because of
et al. 2012). For these exoplanets and within this largespres € technique employed, are limited to a narrow range of wave
range, the temperature can vary roughly from 400 to 2500 K. gths and do not prov!de complete spectra._Neverthdrms,
model correctly the photochemistry of these planets, wel tee showed that the absorption of Gidcreases at high temperature.
use absorption cross sections consistent with these tatopes The first experiments dedicated to the determination of ab-
for all the species whose photolysis plays an importantirod®  sorption cross sections of GGt temperatures flerent from

ther the formatiofdestruction of molecules or in the penetratio298 K were motivated by solar system planetary studies (Mars
of the UV flux into the atmosphere. Carbon dioxide (@ one Titan, Venus, primitive Earth). Lewis & Carver (1983) meal

of these species. It has been observed in extrasolar gametpl oco,(4, T) between 120 and 197 nm at 202 and 367 K. They
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observed an enhancement(ﬁ&oz(/l, T) for the longer wave- right after each CQ spectrum. A synthetic empty-cell spec-
lengths when the temperature increases. This trend was cwom was then interpolated by considering a linear decrefise
firmed by Yoshino et al. (1996), who measured the absorptithre incident light intensity in accordance with the recardeg
cross section of COQat 195 and 295 K, between 118.7 andurrent decrease during our experiment tim@ (iour approx-
175.5 nm. Parkinson et al. (2003) extended these measutemanately). Comparing the spectra we have acquired femint
up to 192.5 nm for 195 K, and up to 200 nm for 295 K. They olpressures, we estimate that this procedure leads to antaimtgr
served that the cross sections at 195 K were smaller thae tho§10% on the absorption cross section and that this erroi-dom
at 295 K. Finally, still in the frame of Mars and Venus studiesates over all other sources of errors.

Stark et al. (2007) explored a lower wavelength range and mea Measurements in the 195 - 230 nm range were performed at
suredoco, (4, T) between 106.1 and 118.7 nm at 295 and 195 Khe Laboratoire Interuniversitaire des Systémes Atmesphes
During the same period, Jensen et al. (1997) used a hegle®A) in Créteil, France. We used a UV deuterium lamp and a
cell traversed by a tunable laser to measure the absorpties ¢ 1.5 m Jobin-Yvon spectrometer. The experimental setup s t
section of CQ at high temperatures. They obtained spectra frogame as for the lower wavelength range (see Fig. 1), excapt th
230to 355 nm at 1523, 1818, 2073, and 2273 K. In the framepfe optical path length was 147 cm. In this spectral range, we
combustion studies, Schulz et al. (2002) measured thetimor recorded spectra with a resolution of 0.3 nm. In both cages, a
cross section in shock-heated Claetween 190 and 320 nm, andoven (Nabertherm) was used to heat the cell to a temperature o
for temperatures ranging from 900 to 3050 K. They fit the sfron 400 K. The temperature of the oven was constant and measured
temperature dependence®fo, (4, T) with an empirical func- continuously at three fixed points along the tube.
tion. Oehlschlaeger et al. (2004) extended these data tehig  Gaseous carbon dioxide was introduced into the cell at the
temperatures (up to 4500 K). They measured the absorptionggkired pressure, which was monitored by two MKS Baratron
shock-heated carbon dioxide at fouffdrent laser wavelengths gy manometers (range 1bto 1 mbar and 1 to 1000 mbar). All
(216.5, 244, 266, and 306 nm). They also fit the variation @hectra were taken for at least thre@atient pressures in the
aco,(4, T) with a semi-empirical formula. Jieies et al. (2005) 21000 mbar range to check the reproducibility of our mea-
showed that the temperature dependence of @3orption in g,rements. Comparing all the spectra we have acquired, we re
the UV could be used to determine the gas temperature, makifi§cied the influence of the stray light by selecting onlgcipa

this parameter a useful tool in combustion applications. that were free from any saturated absorption, i.e., withsnas-
To our best knowledge, no measurements exist of the absogpyn greater than 10%.

tion cross section of CObetween 300 and 900 K in the wave-
length range useful for exoplanetary studie$40 nm). Here we
report measurements of this parameter at 300, 410, 480, 55@.R. Temperature calibration
between 115 and 200 nm, as well as between 195 and 230 nm at
seven temperature values between 465 and 800 K. We determine

a semi-empirical formula to fit the temperature dependeace f
wavelengths longer than 170 nm. Finally, we study thiect of

these new data on the atmospheric composition predicted by a
1D photochemical model of hot exoplanet atmospheres. 8737

m  Measurements
Linear fit

773
2. Experimental Methods and Procedures o
2.1. Measurements x 673j
We used gaseous GOof 99.995% purity. Tunable VUV F s73-
light between 115 and 200 nm was obtained from the syn- | _
chrotron radiation facility BESSY in Berlin. Measuremeiris 4734 Tmax =053 xTset +181
this spectral range were performed using a three-metett foca
length normal incidence monochromator (NIM) equipped with

a 600 linegnm holographically ruled grating with a linear dis- B .
persion of 0.56 nm.mmt and connected to a dipole magnet 573 413 &3 | 83 | 103 173
beamline (DIP12-1B)(Reichardt et al. 2001). We recordestsp Teet (K)

tra of CQ, with a resolution of 0.05 nm. Wavelength calibration

was obtained by using the set of measurements of Yoshino etfg). 2: Relation between the set temperatdrig) and the tem-

(1996), Parkinson et al. (2003), and Stark et al. (2007) &f-a rperature measured at the center of the oVig@a).

erence. The VUV radiation intensity was measured directllyg w

a solar blind photomultiplier tube closed by a MgWwindow

(Electron Tubes Limited 9402B with caesium-telluride piot Even if the temperature of the oven is controlled at three dif

cathode, see Fig. 1). The entrance of the cell was also clmsederent points, the temperature distribution of the gadimshe

a MgF, window. With this configuration, the absorption cell is aell is not homogeneous along the optical pathway. Moreover

cylinder with an optical path length of 133 cm. The signal eonthe temperature set by the ovaig) does not correspond to the

ing from the photomultiplier was recorded through a pico aneffective temperature of the ga$g¢s). We calibrated the tem-

pere meter (Keithley) using an integration time of 1s penpoi perature of the gas in two steps. First, with a thermocowple t

We recorded three points per resolution interval. E, we measured the temperature at the center of the abgorptio
To account for the steady decrease of the incident VUV ligkell, without gas. Figure 2 shows the relation between tle se

intensity, which is caused by the decay of BESSY'’s storagg ritemperature and the temperature measured inside the tiedl at

current, two "empty-cell” spectra were recorded just befand centerTyax. AS we can see, fof «=1273 K, the temperature at
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Fig. 1: Experimental setup used for measuring the ultratiabsorption spectra at high temperatures. The ldngtanged during
the diferent set of measurements. For the 115-200 nm experiments3.3 cm. For the 195-230 nm randes 27.0 cm. Finally,
for the temperature calibratioh= 20 cm.

900 also shows that there is a middle area where the temperature i

relatively constant, and the temperature decreases tevihed
extremities of the absorption cell. The temperature in thié c
Tgas(X) can be modeled using a symmetrized inverse exponen-
tial function with two limits

800

700

500

3

[

2 i Taw =T

s 600 Tgas(x) = Trax + — &Tjiol > 2
g 1+exp(-=x>2)

°

whereTmax (K) is calculated from Eq. 1, an@lyy, is the ambi-

ent temperature (298 K)o (cm) andAx (cm) are determined
by minimizing they? function using the measured dasg.cor-
responds to the position whefgas(Xo) = (Tamb + Tmax)/2. The

cell is heated by the oven and cooled by conduction from the
part at ambient temperature outside the oven. An equikivigi
reached by the two processes thatdix Figure 4 shows the re-

Fig. 3: Temperature gradient inside the cell. 0 cm is the teiddation betweernx, andT«. We find thatx is given by
of the oven, where the temperature is the highBgt.). 973
-

T
Xo = 25x exp(- 300 ) — 56 3)

the center of the oven is only 856 K. We find that the maximum. . . . N

temperature in the cell is given by with Xp in cm and T in Kelvin. As we can see in Fig. 4,

|Xo| varies by 30%, from 40 cm to 56 cm, in our temperature
_ range. The fact thaxy increases with temperature means that
Tirax = 0.53% Tor + 181 (1) the cooling process becomes lefisogent when the temperature
We then measured the temperature gradient inside the atzreases. The value afx is found to be constant for the whole
sorption cell at dierent points in the cell (see Fig. 3). Figure 3emperature range and is equal to 9 cm.
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Fig. 5: Temperature inside the absorption cellTgg = 453K.
Fig. 4: Relation betweer, and the order temperatufe. The maximum temperatuiignx is 420 K and the mean temper-
atureTmenn IS (410:15) K. The portion of gas out of the range
[—Xo; Xo] is considered at ambient temperature.
2.3. Calculation of the absorption cross section

When the temperature is constant in the cell, absolute pheto
sorption cross sections can be calculated using the Beabés

law in the portion atTm, and atTean, respectivelylimean = 2Xo

1 lo andLa = L — 2x9 (cm) are the portion of gas ateqn and at
o= (—) x In (—) (4) Tam, respectively. We validated a posteriori this approximati
nL l by comparing measured transmissions #edént temperatures
whereo corresponds to the absorption cross sectior?{chy is and pressures, with the transmissions obta|ned from the com
the light intensity transmitted with an empty celljs the light Plete radiative transfer through the cell taking into actdhe
intensity transmitted through the gas samplés the absorption temperature variation along the optical path and the teatpes
path length (cm), and is the volume density of the gas (c#), Vvariation of the absorption cross section presented in & n
following the relationP = nkgT, whereT (K) and P (Pa) are, Section. Resul_ts are generally in agreement to better than o
respectively, the temperature and the pressure of the sangdl Percent (see Fig. 6).
ks the Boltzmann constant.
As explained in Sect. 2.2, in our experiments the tempegatur
is not constant along the optical pathway, so we can not &se th Results and Discussion
Eq. 4 since the density depends dnConsequently, the light
transmitted through the cell should be integrated step ep st3.1. Photoabsorption cross section from 115 nm to 200 nm
along the optical pathway and the data should be inverted-in o _ _
der to retrieve the absorption cross sections. In ordentplifiy Sefore heating the gas, we measured ambient temperature
the problem, we consider a mean temperaliygn for the gas (300K) spectra of C_an order to cahprate and compare it Wlth
along the pathway-xo to Xo (Fig. 5). This way, we can assignthe previously published data (Yoshino et al. 1996; Parkins
one spectrum to one temperature. The mean temperature is 8h@l- 2003; Stark et al. 2007); our measurements agree very
culated by integrating Eq. 2 fromxo to Xo and normalizing by closely with these measurements with fiefience of less than a
2%o. The portion of gas out of the rangexo; Xq] is considered to few percentage points for all wavelengths. Our measuresrnt
be at ambient temperature. The mean temperature calcusategpOm temperature did not go up to 200 nm, so between 170 and
then used to calculate the absorption cross section. Famics, 200 Nm we use the data of Parkinson et al. (2003).
with Tew= 453 K, the maximum temperature reached is in fact
Trax=420 K and we determined an absorption cross section for a Then, we measuredco,(4, T) at three diferent tempera-
mean temperatufBnen= (410+15) K. In our case, the intensity tures: 410 £ 15) K, 480 & 25) K, and 550 £ 30) K. We show
| is attributable partly to the section at the ambient temipeea these data in Fig. 7. Between 115 and 120 nm we see a change
and partly to the section at the mean temperature. of the cross section which depends on the temperature. At
The absorbance of the portion of gas at ambient tempe#20 nm, the absorption cross section is ten times higher®K55
ture is subtracted from the overall absorbance measurédfvt than at 300 K and an increase of a factor of 2.5 is observed at

heated gas. We calculate the absorption cross sectionratie  121.6 nm between the lower and the upper temperature. Slight
temperature with the formula differences of up to 50% can be observed between 125 and

140 nm while between 140 and 150 nnifdiences are minor.
y [In (l_o)_ (Tart) X et X L After 160 nm, we clearly observe largefldirences between
[ )~ O\ tamb) X Tlamb X Lamb|.  the diferent temperatures. The slope of the cross section varies
(5) with the temperature. The higher the temperature is, the les
whereo(Tam) ando(Tmean) (CNP) are the absorption cross secsteep is the slope. At 195 nm, there is a fact@00 between
tions at ambient temperature and at the mean temperature ofdco, (4, 300 K) andoco, (4, 550 K).
gas,Ngmp andNmen (cm~3) are the volume densities of the gas

1

0 (Trmean) = n <L
mean mean
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E o6 o Qu(T) = (1 - exp-6674 x 1L44/T))2 x (1 — exp(-13882 x

5 00 M/ $= 1 13%5“5 1.44/T)) ™1 x (1 - exp(-24491 x 1.44/T))~*

F o3 M’M L™ = 110em is the partition function. Figure 8 compares the absorptioss
8? o T 750 4155 K sections obtained with this calculation to the measuresn®ii
oo+ e can see that the parametrization is very good.

10 185 200 205 210 215 220 25 230 In this wavelength region, measurements at ambient temper-
Wavelength (nm) ature have been obtained with high resolution (Cossartedag

et al. 1992, 2005). The narrow bands that have been identified

Fig.6: Transmission of the flux as a function of the wavdh this study allow us to make the assumption that the contin-
length determined by the measurements (black lines) caedpa#um is made of the superposition of bands corresponding to
to the measurements obtained from the complete radiagimer transitions from high vibrational states of the electrogriound

fer through the cell, taking into account the real tempeeatari-  State to diferent vibrational states of the upper electronic states
ation along the optical path, (a) 538 K, (b) 644 K, and (c) 803 kB2, ‘Az, or°B; (see Cossart-Magos et al. 2005). If we suppose
(red line), and the measurements obtained when considixéngthat at each wavelength we associate only one transitiofngom

mean temperature (a) 510 K, (b) 610 K, and (c) 750 K (blfeom a defined vibyational level hgving affective energy, the
line). cross sections which are proportional to the populatiorhef t

lower level should have a Boltzmann like temperature depen-
dence (Inrco, (4, T) x Q/(T) = —hcv/ksT +Cste). So, the cdB-
cientsa(T) andb(T) plotted as a function diic/kgT (= 1.44/T)
should give a straight line from which we could obtain the
We measuredoco,(4, T) at seven dierent temperatures: ground state frequency of the vibration mode involved in the
465 @ 20) K, 510 & 25) K, 560 & 30) K, 610 & 35) K, electronictransition. Trying to use this model did not givgood
655 ( 45) K, 750 & 55) K and 800 £ 60) K. As for the cross parametrization of our data. Consequently, we chose to Geep
section at shorter wavelengths, we clearly see the depeadeparametrization given by Eqg. 6 which has no physical meaning
on the temperature in this wavelength range and the incifasdut simply allows us to parametrize our data with only four pa
the cross section for high temperatures (Fig. 8). As we g@ibttrameters. This greatly simplifies the implementation oftéra-

the data obtained previously at shorter wavelengths infidyis perature dependency of the absorption cross sections irathe
ure, we see good agreement between the two ranges. Especidihtive transfer codes.

we see thatrco,(4 < 200 nm, 550 K) matches almost perfectly ~ Our results are not compatible with the data of Schulz et al.
with oco, (4 > 195 nm, 560 K). (2002). We used their formulation ¢n(4, T) = a + ba with

the codficientsa andb given in their paper, to determine the
absorption cross section of GQor some temperatures in the
range 900-3500 K. The absorption cross section calculated f

For wavelengths longer than 170 nm, we parametrize the-varfa=940 K falls in between our data for 655 K and 750 K. Also,

3.2. Photoabsorption cross section from 195 nm to 230 nm

3.3. Determination of an empirical law

tion of In(oco, (4, T) % ﬁ) with a linear regression the value found with their calculation foF=1160 K is only
slightly higher than our data at 800 K. Schulz et al. (2002y ma
1 have overestimated the temperature in their measuren@nts.
In (O'c:oz(/L T) x m) =a(T) +b(T) x 4 (6)  another possible problem in their measurementis thatliaek-
Y ground signal lp) is measured at ambient temperature. Thermal
with T in K and A in nm and where emission is therefore not taken into account when their $ssnp
a(T) = —42.26 + (9593x 1.44/T), are heated. This could lead to an underestimation of their ab
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and 800 K, plotted with the cross section at ambienttempmathgg: UV flux received at the top of the atmosphere of a
(black) and the absorption cross sections measured ateshoft) 436b-like planet with the M star (dotted line pink), G star
wavelengths and presented in Fig. 7 (300 K, 410 K, 480 K, at@@shed line blue) and F star (full line green).

550 K). The absorption cross sections calculated with Eqe6 a

plotted with the same color coding. 1e-05p ]
0.0001F 3

sorbance, and consequently to lower absorption crossosscti 0.001F E
compared to ours. ook
01f 3

4. Application to exoplanets

e (mbar)

We investigated the impact of the temperature dependertbgof §
CO, cross section on a prototype planet whose characteristgs 10
are similar to those of the hot Neptune GJ 436b. We chose this  100f
planet because the temperature of its upper atmosphemisdcar

~500 K which corresponds to the highest temperature for which
we measured the cross section between 115 and 200 nm. This 10000
exoplanet was discovered in 2004 by Butler et al. (2004). Its

Ll

1000

T

semi-major axis is = 0.02887 & 0.00095) AU and its mass is 100000 T T S T ]
M.sini = 0.0737 & 0.0052) My (Southworth 2010).We consid- 400 600 800 1000 1200 1400 1600
ered three dferent types of host stars: an M, a G, and an F star. Temperature (K)

We used the spectra of GJ 644 (M3V, Segura et al. 2005), the-. . ; ;
Sun (G2V, Gueymard 2004), and HD 128167 (F2V, Segura et al?:lg' 10: Temperature profile of GJ 436b (Lewis et al. 2010).

2003), scaled to get the bolometric flux received by GJ436bh.

Figure 9 compares the flux received at the top of the atmosphgy,4 ;
: . 4 0s(1), are presented in Table 1 (Huebner et al. 1992). We
of a GJ 436D-like planet with thefiiérent stars. ’E&ee that at longer wavelengths, C@hotodissociates through

We used the model described in Venot et al. (2012) apgy royte14. We assume that it remains the same at high tem-
the same temperature profile as Line et al. (2011) Calcuwedperature.

Lewis et al. (2010). Although this is not a realistic assuomt
we used the same temperature for all three host stars. Tolmode

the vertical mixing, we considered an eddyfdsion codicient Quantum yield  Values [wavelength range]
constantk,, = 10cm?.sl. Elemental abundances of the at- TA®)) 1[167-227]
mosphere of this planet are highly uncertain (Stevensor. et a 05(1) variable [50-107] ; 1 [108-166]

2010; Madhusudhan & Seager 2011). So we assumed a heavy
elemental enrichment of 100 compared with solar abundances ) . o
(Grevesse & Sauval 1998), which is arbitrary but higher diyly ~ Table 1: Quantum yields for the photodissociations of,CO
a factor of 2 than the carbon enrichment of Uranus and Neptune
(Hersant et al. 2004 and references therein). Consequastly
obtained a high abundance of GO

CO, has two routes to photodissociate :

3 onc
CO,+hy — CO+O(CP) J4 atoz _ _‘](k:oanOy @
CO,+hy— CO+0O(D) J5

Depending on the energy of the photons, one route is favoréfierenco, is the density of CQ (cm®) and J¢, is the pho-
over the other. The quantum yield for these two photolyg#d) todissociation rate of COby the photodissociatiodk

The loss rate of a photolysi#k corresponds to the loss of
CO, because of this photolysis. It is given by
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destroying CQ than withaco, (300 K). Nevertheless, we do not

Ao . .
K B see any change in the abundance off)( In both cases, with
Jeo,(?) = L co,(YF(1, ad)d1, (8)  the M star we see a peak of destruction of &bound 3x 1074
! mbar.

where [11; 17] is the spectral range on which G@bsorbs the
UV flux, oco,(4) the absorption cross section of ¢@t the

wavelengtht (cn?), F(4, 2) the UV spectral irradiance atand

the altitudez (cm2.st.nm?), and gx(1) the quantum yield
corresponding to the photodissociatidin

First, we find the steady-state composition of these at |
mospheres using the absorption cross sections availableéino'zf‘mm loss CO5
b 14

the literature, which means at ambient temperature. Then, § i5 300K \
replace the "ambient cross section” of C@rco,(300 K)) by 2 10 [Totalloss€0a——
the cross section measured at 550 K, between 115 and 200 ¢ 5 \‘

NM(oco, (550 K)). For wavelengths between 200 and 230 nm, 10 -
we use Eq.6 to determineco, (550 K). ok ‘
. . . . M star e \\
As we see in Fig. 11 (left), changing the absorption cross ;2E .
section of CQ has consequences on the abundances of some [ o-ceees
species. For instance, when considering an M star>atl5* 103 E ,
mbar with oco,(300 K), CG, has an abundance ofSlx 1072, 4; ST
whereas withrco, (550 K), its abundance is only.&2 x 1072, 107
which corresponds to a reduction of 45%. The compounds
O(P), CO, and NH are also fiected by the change ofco,(T)
at the same pressure. There is almost ffi@cgnce in the case of 5

103E

the G star. But for the F star at 0.01 mbar, O®nearly eight £ — [TotallossCO) 200K ‘«\
times less abundant withco, (550 K) than withoco, (300 K). £ 0 E ool lose GO ‘\
Consequently, because g%sorbs more photons, less Nid  § | Jg} R } 550K \
destroyed and is 40 times more abundant than i, (300 K). = 10F \
We see that other species are alfected by the change of GO . \
absorption cross section, such as CHCN, H,, and N,. To 10'f )
see these variations, we represented in Fig. 11 (right)itierd G star A

ences of abundances of the major species (i.e., for spedies w 102? I~ -
an abundance superior to 10) between the two models. We =~ F-—--cccoo e
see that the dierences in abundances can reach almo%610 '°°[
even for species which are not directly linkedotgo,(T), such
as HCN in the case of the M star. I

These diferences are easily comprehensible. We chose the, 3¢
case of NH to illustrate it. At high temperature, the absorption_ |
cross section of CQis higher around 120 nm and for wave-g 102
lengths superior to 150 nm, so G@bsorbs more UV flux than E
with the ambient cross section. Consequently, morg iS@ho-
tolysed. The UV photons that are now absorbed by, @@re E
absorbed by NElwhen usingoco (300 K). Now NH; absorbs 10°f
fewer UV photons, so less is dzestroyed. This can be general- N
ized to the other species. Indeed, the general behavioeséth 10°[
curves can be explained in terms of the various opacity ssurc ~_ ,t Fstar
that peak at slightly dierent altitudes. Because of the competi- 10 - T T
tion among the dferent opacity sources in the atmosphere, all _ gf--——F=""—""
the species absorbing in the same range of wavelength gs CO 0% 103 102 107 107 10" 102 103 10* 10> 10° 107
are dfected. Loss rate (cm3 s°1)

We see in Fig. 12 that for pressures higher thaB0 mbar, gy 5. 1otg) joss rate and photodissociation rates of Gen
the total loss rate is not altered by the change of absorptlaé?ngo_co (300 K) (green) andco, (550 K) (red) in the atmo-
2

cross section. For pressures lower than that, the totalrliss f .
o . ; . ' sphere of GJ 436b when the planet orbits an M star (top), a G
of CO, is ~ 10 times more important witbrco, (550 K) than star (middle), and an F star (bottom).

with oco,(300 K). Between 10 and % 10 mbar, the loss rate
of the photolysis proces#4 is approximately equal to the to-
tal loss rate when we useco, (550 K), whereas it is far from |t is with the G star that the ffierence of composition is the
the case withrco, (300 K). Indeed, between 1®and 10 mbar, least important when we changeo,. This is quite normal be-
the loss rate 04 increases by a factor of 10-100 when we usgause the flux received by the planet before 200 nm is lower tha
oco,(550 K). At around 5x 104 mbar withoco, (550 K), the with the M star and the F star (see Fig. 11). On the contraey, th
photodissociation procest is about 10 times lesdfigient in  difference of composition is the most important in the case F

104E

101E

Pressure
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Fig. 11:Left: Comparison of the atmospheric composition of GJ 436b usifg (300 K) (dotted line) and-co, (550 K) (full line)
when the planet orbits an M star (top), a G star (middle) anB atar (bottom)Right: Differences in abundances (in %) between
the results obtained wittrco, (300 K) andoco, (550 K) for species that have an abundance superiort 1for an M star (top), a

G star (middle), and an F star (bottom).

star, because it is the most important flux between 115 and Z80Conclusion
nm.

We measured absorption cross sections of carbon dioxide at
Since the VUV flux is more important with the F star thamigh temperatures for the first time, in the range 115-200 nm
with the two previous cases, we observe in Fig. 12 that tted towith a resolution of 0.05 nm and in the range 195-230 nm with
loss rate of CQis approximately two times more important thara resolution of 0.3 nm. Between 115 and 200 nm, we measured
for the G star case in the whole atmosphere. The total loes rato,(4, T) at four temperatures: 300, 410, 480, and 550 K. For
of CO, in the F star case is roughly twice as high as than Ionger wavelengths, we made measurements at the following
the M star case in the entire atmosphere, except for pressusmperatures: 465, 510, 560, 610, 655, 750, and 800 K. For
around 10% mbar, where it is more than three times lower. A4 > 160 nm, we clearly see that the absorption cross section
for the two other cases, we observe that witt, (550 K), the increases with the temperature. Thanks to the quasi-linear
photodissociation rate a4 is much more important. variation of Ingco,(4, T) X ﬁ) after 170 nm, we parametrize
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the variation of Ingco, (4, T) x ﬁ) with a linear regression Lewis, B. & Carver, J. 1983, Journal of Quantitative Spestopy and Radiative

which allows us to calculaterco, (1, T) at any temperature in _Transfer, 30, 297 .
the range 170-230 nm. As wez show for GJ 436b, these né\(;\\l/:\)’/f‘,‘N.,Showman,A.,Fortney,J.,etaI. 2010, The Astysdal Journal, 720,

data have a considerable influence on the loss rate of, CQne, M., Vasisht, G., Chen, P, Angerhausen, D., & Yung, W12, The
and on the atmospheric composition of exoplanets that pesse Astrophysical Journal, 738, 32 _

high atmospheric temperatures. Placing a hot Neptune drolMpdhusudhan, N. & Seager, S. 2011, The Astrophysical Jour28, 41
different stars (l\/l, G, and F), we find that the F star is the SM?schlan, S., Laughlin, G., Vogt, S., etal. 2011, The Aghrgsical Journal, 727,
fOI’ which the_ c_hange Of ab.so_rption cross section has the m@gtes 5. visscher, C., Fortney, J., et al. 2011, The Abysipal Journal, 737,
influence. This information is important to model other gtm 15

like HD 221287b (Naef et al. 2007), HD 31253b (Meschiafloutou, C., Mayor, M., Lo Curto, G., et al. 2009, Astronomy &tfophysics,

et al. 2011), or HD 153950b (Moutou et al. 2009) which are 496. 513 .

orbiting F stars around 1.26 AU, so receive approximatitiedy ﬁa?ng" Mayor, M., Benz, W., et al. 2007, Astronomy & Asthgsics, 470,

same UV fluxes as in our simulations. Oehlschlaeger, M., Davidson, D.,fites, J., & Hanson, R. 2004, Chemical
physics letters, 399, 490

To mode| hot exop'anetsy we recommend using Cross Sggr_:kinson, W. H., Rufus, J., & Yoshino, K. 2003, Chemical ﬂt@, 290, 251

: : : eichardt, G., Noll, T., Packe, I., et al. 2001, Nucl. InstrtiMethods Phys. Res.
tions relevant to the atmospheric temperature when avajlail? Sect. A 467-468, 458

or at least, as close as possible to the atmospheric teraperatsenyiz, ¢., koch, J., Davidson, D.flies, J., & Hanson, R. 2002, Chemical
Carbon dioxide is not the only absorbing species of exoplane Physics Letters, 355, 82

atmospheres. The influence of the absorption cross sectiorSegura, A., Kasting, J., Meadows, V., et al. 2005, Astraiggl 5, 706

CO, on the atmospheric composition of GJ 436b is only illustrg2egura. A., Krelove, K., Kasting, J., etal. 2003, Astrobgyl, 3, 689
ti 2b th F;] toch 'pt Its f the fact Y - Egouthworth, J. 2010, Monthly Notices of the Royal AstroncathiSociety
Ive because the photochemistry resuits rom the fac ﬂEIIISS Stark, G., Yoshino, K., Smith, P. L., & Ito, K. 2007, Journdl Quantitative

shie!d each other according to their abundance'_s and thesscr  spectroscopy & Radiative Transfer, 103, 67
sections. We expect that théfect of oco,(4, T) will be more  Stevenson, K., Harrington, J., Lust, N., et al. 2012, Thedpitysical Journal,
important on other types of atmospheres, in particulas-@€h 755,9

: tevenson, K., Harrington, J., Nymeyer, S., et al. 2010uféard64, 1161
atmospheres. But the real Impact ofthe temperature depeadegwain, M., Tinetti, G., Vasisht, G., et al. 2009a, The Aslrpgical Journal, 704,

of oco,(4, T) can be evaluated only by taking into account the 157¢

temperature dependence of all the other cross sections, Wer swain, M., Vasisht, G., & Tinetti, G. 2008, Nature, 452, 329

simply show that it is necessary to establish this deperaifemc Swain, M., Vasisht, G., Tinetti, G., et al. 2009b, The Astipgical Journal
all species that absorb UV radiation. This work ona©a first __Leters, 690, L114

step towards this goal. Because Venot et al. (2012) show tH&fL; S 26100, B. Swain, M. R., et al. 2010, The Astiygibal Journal

NH; is an important_ absorber around ZQO nm and that it_ absofetti, G., Liang, M., Vidal-Madiar, A., et al. 2007a, Thes#hophysical Journal
UV flux very deep in the atmosphere (in pressure regions that etters, 654, L99 _
can be probed with observations), we plan to measure the &petti, G., Vidal-Madjar, A., Liang, M., etal. 2007b, Na&, 448, 169

sorption cross section of this molecule at temperaturesenig Vegité %A:I;ebrard, E.. Agundez, M., et al. 2012, Astroncgnjistrophysics,

than 300 K. Finally, a great deal of work remains to be done iRshino, K., Esmond, J. R., Sun, Y., et al. 1996, J. QuantcEpec. Radiat.
this area which is essential for the photochemical modading  Transfer, 55, 53
hot exoplanet atmospheres, whether terrestrial or gaseous
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