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Abstract

We present an experimental study of the absorplietween 40 and 640 émby CQ,
CH; and H gases as well as by,HCO, and CH+CQO, mixtures at room temperature. A
Fourier transform spectrometer associated to aiipadis cell, whose optics were adjusted to
obtain a 152m path length, were used to recordstnégsion spectra at total pressures up to
about 0.98 bar. These measurements provide infamabncerning the collision-induced
absorption (CIA) bands as well as about the winthefCQ 15 um band. Our results for the
ClAs of pure gases are, within uncertainties, ineament with previous determinations,
validating our experimental and data analysis ptopes. We then consider the CIAs by
H,+CO, and CH+CO, and the low frequency wing of the pure £ um band, for which
there are, to our knowledge, no previous measuresnéke confirm experimentally the
theoretical prediction of Wordsworth et al. 2014attithe H+CO, and CH+CO, ClAs are
significantly stronger in the 50-550 &mregion than those of #N, and CH+Nj,
respectively. However, we find that the shape &mdstrength of these recorded CIAs differ
from the aforementioned predictions. For the pu@ (he-wings, we show that both tie
factor deduced from measurements neamdand a line-mixing model very well describe the
observed strongly sub-Lorentzian behavior in th8-600 cm' region. These experimental
results open renewed perspectives for studies efpst climate of Mars and extrasolar
analogues.

Keywords: Mars, spectroscopy, measurement, methane, hydrogetision induced
absorptions, climate

1.Introduction

It is well known that, in the atmospheres of masgnets, the far wings (FWs) of
molecular absorption lines (e.g. those of ,d® Venus, of CH in Titan and Jupiter) and
collision-induced absorptions (CIAs, e.g. that b@.(airs in Venus; of Npairs in Titan; of
H, pairs in Jupiter) significantly contribute to thmadiative budgets. This has motivated
numerous experimental and theoretical laboratangiss of the CIA of various molecular
systems, from the visible to the far infrared (s@gews in Frommbhold 2006, Hartmann et al.
2008, Richard et al. 2012, Hartmann et al. 2018bkearman et al. 2018). The same remark
stands for the FWSs, but the latter were essentistihdied for HO and CQ only (see
Hartmann et al. 2008, Hartmann et al. 2018b areteates therein).



Understanding how the early Martian climate cdwde been warm enough for liquid
water to flow on the surface remains one of theomanigmas of planetary science
(Wordsworth 2016, Haberle et al. 2017) and no casise scenario has yet been reached.
Thick, CQ-dominated atmospheres do not provide the necegsaenhouse effect to warm
the surface of early Mars above the melting poirwater (Forget et al. 2013, Wordsworth et
al. 2013). In this case, longwave radiation lossesentially occur in the 200-600 ¢rregion
(Wordsworth et al. 2010) where absorption and domnsare dominated by the GQ@oto-
translational CIA and the FWs of the intense 15 hand lines. The radiative budget in this
spectral region is significantly affected by thewsaption made on the shape of these FWs
(Turbet & Tran 2017), and no measurements areyit&mowledge, available to constrain it.

In reducing atmosphere conditions, absorptions aragse from the CIAs of HCO,
and CH-CO, pairs. Such absorptions can potentially absorb in the @DD-cm' region
corresponding to a carbon dioxide transparency ewincand thus produce a strong
greenhouse warming in a G@ominated atmosphere. Up to now, the modelingbede two
contributions were based, due to lack of relevaatadon the CIAs of HN, and CH-N;
pairs, respectively (e.g. Ramirez et al. 2014). #¥waorth et al. 2017 recently calculated that
the collision-induced absorptions by#C0O, and CH+CO, mixtures should be significantly
stronger than those for,HN, and CH+N,, respectively. These calculations have important
implications for our understanding of the climateearly Mars, at the time when valley
networks were carved by liquid water. Indeed, whkse new CIAs, only few % of GH
and/or B in a CQ-dominated atmosphere could suffice to warm earigrdvlenough for
surface liquid water to become stable (Wordswortthale 2017, Ramirez 2017). These
calculated CIAs, if confirmed by laboratory expeeimts, have the power to reconcile the
Martian geology and mineralogy with our knowledge atmospheric sciences (see
Wordsworth et al. 2017 and references therein).

The remainder of this paper is organized as follo8sction 2 describes the
experiments and the way the recorded spectra of CHy, H,, H+CO, and CH+CO, were
analyzed. The results obtained for the CIAs andHerlow frequency wings of the pure €O
lines are presented in Sections 3 and 4, respéctilescussions of the results and the
consequences for studies of the past climate ofsNdae the subject of Section 5. Final
conclusions and possible directions for future istsidre given in Section 6.

2. Experiments and their analysis

2.1 Spectra recordings

The spectra used in this study have been recortedeaAILES line of the Soleil
synchrotron facility in a way similar to that usedPirali et al. 2009 and Hartmann et al.
2011. A Bruker IFS 125HR Fourier transform speceten (FTS) and a 2.5 m long multi-
pass cell with 6Qum thick polypropylene windows, were used. The giadaurce inside the
FTS was used, together with a 6 pum thick mylar beafiter, a band-pass filter, and a Si
bolometer detector cooled down to 4.2 K by liqueisim. Measurements were made at room
temperaturex 296 K, since the cell temperature cannot be vafada path length of 151.75
m, with an unapodized spectral resolution of I'cim total, 1000 scans were co-added to
generate each of the spectra. Due to the opticslarattor used, the signal is significant and
reliable between 40 and 680 ¢mWithin this range, each recording provides at@6f0
spectral values with a step of 0.24 tnThe pressures were measured and continuously
monitored with both a 1000 millibar (Pfeifer) and1800 Torr (Edwards) gauges. Their



readings agreed in all cases to better than 1 %, B9and CH gases provided by Air
Liquide were used for the recording of pure sampkewell as mixtures. The latter were made
by first introducing H (or CH,;) and then adding CQup to a total pressure of about 0.95 bar.
After waiting for about 1 hour to let the mixturerhogenize a first spectrum was recorded,
then the pressure of each initial gas sample wagressively reduced with a vacuum pump to
yield spectra of the same mixture (or pure gasyeateral lower pressures. In addition,
reference (100% transmission) spectra were obtdoregsimilar pressures by introducing pure
argon into the cell. The list of recorded spectrd their conditions are given in Appendix A.

Note that we had to limit the total pressure ia tkll to slightly below 1 bar in order to
avoid possible damage of the cell and/or of itsdeins since they are not designed to go
above atmospheric pressure. The product of thelpagth and gas densities is thus limited to
about 1.3 1Hcm amagét(1 amagat corresponds to 2.69%1olec/cni) for studies of pure
gases and 0.33 4@m amagat for mixtures, which induces large uncertainties toe
determination of weak CIAs, as shown in Secs. 34and/e also draw the reader’s attention
to the fact that the SOLEIL-AILES facility is extreely sought and busy and that we only had
access to it for a few days, limiting the numberspectra we could record in this first
experimental study of the CIAs by HCO, and CH-CO, pairs. We hope that this will
stimulate further thorough experimental investigas, hopefully under more absorbing
conditions.

2.2 Spectra treatments

The raw spectra recordings were treated usinfjtbesteps procedure detailed below.

Step 1: For all samples, the recorded spectra show abearply water vapor lines due to
small amounts of pD present in the gases used. The first step oftrdement of the
collected data was thus to remove their contrimgtioFor this, HO transmissions were
computed and used, as explained in Appendix Brderoto remove the absorption features
due to water lines from the raw spectra and obtiied out” spectra.

Step 2: For a given sample, the transmission spectrum h&s obtained by dividing the
associated recording cleared from thgOHcontribution by a pure argon spectrum, also
cleared of the LD lines. Among the various recorded pure Ar spedea Appendix A), we
chose a linear combination of two Ar spectra foroilthe broad-band features resulting from
the absorption and interference patterns genekstéide propylene windows are the closest to
those observed in the sample gas spectrum. Indewe, these features are different from one
spectrum to another (likely because of changeh@ftémperature and/or window curvature
induced by pressure), ratioing adapted recordiagssential to minimize the residual broad-
band oscillations in the resulting transmissioncgpen. However, baseline variations due to
changes of the globar source emission, bolomesgoresivity and mechanical deformations
of the multipass cell itself may also occur fronmeaecording to another. This introduces an
error on the 100% transmission level which directiifects the weak and broad-band
absorption continua searched for. The way we de#it this difficulty is described in step 5
below.

Step 3: For the part of this study devoted to the collisieduced absorption continua
discussed in Sec. 3 (but not to the far line widgeussed in Sec. 4), the third step was to
remove the contributions of the local lines of £@&nhd CH. These contributions were
computed as explained in Appendix B, yielding tesagiated transmission by local lines by
which the spectrum obtained from steps 1 and ¥/idetl so that only the CIA remains.

Step 4: The transmissions obtained from the preceding rtreats show a few sharp
features (outliers) essentially found close toltdwal lines (of HO, CH, and CQ) that have
been removed in steps 1 and 3. Analysis showstliigis due to small differences between



the measurements and the calculation of thesewdeatures. In order to "clean"” the spectra
from these outliers, we performed the following ggdure. First, a moving average of each
spectrum over 5 cthwas computed. Then, the mean distance betweeawbiaged spectrum
and the original one was computed at each wavdiemgjt data points of the original
spectrum that are further away from the averagedtsm than half of this mean distance
were rejected. Note that this 5 ¢raveraged spectrum is used only for the rejectibn o
outliers and that the next steps of the analyssthis values of the original spectra that have
not been rejected by this filtering.

Step 5: Starting from each transmission spectrum obtainea Steps 1-4, we compute the
negative value of its natural logarithm and divite result by the optical path length (15175

cm). This provides the measured absorption coeffioan™?(g, Py ,P-g,) at wave number

o that, since local line contributions have beenaesd and only CIA remains, should be
equal to:

a®@a, Py Reo,) = Feo, 2C002—002(0 )

2
+ PxReo,Ceo,-x A Y PxCx-x
where Ccop-x (0) is the pressure-normalized binary collision-inglliabsorption coefficient

for CO,-X pairs. In order to determine its spectral vaJue® procedures have been used:
- In the first procedure, we assume that the 10@¥smission baseline is correct. For pure

gases, we determin€y_x (gj) from a simultaneous least square fit of all s@ecby

(1)

2
minimizing the quantity ¥, Z[ameas(oi,Px)— Py €x_x (0] )} . For CQ-X mixtures, we
Px o
minimize
PIED) Z{ a™*0;,Px ,Peo, )~ oo, %COZ—COZ(Gi)_PX €x-x (@ )}
Px Feo, Gi

2
‘[Pxpcozccoz—x q }}
by floating the values of th€cp,-x (0;), those ofCx_x (0;) and Ceo,-co,(0;) being
fixed. For the latter, we used the data of Ho etl@lF1 for pure Cg of Codastefano et al.
1985 for pure Chland of Abel et al. 2011 for pure;Hbecause they are more precise than the

ones determined in the present study. These lgastres fits also provide the d statistical
(rms) uncertainties on the fitted paramete@y [y (0;) and Cco,-x(0j)]. Note that 2-

o was adopted for the error bars displayed in theréig below.

- In the second procedure, we introduce a baselomeection as a linear function of wave
number. This function is assumed to be the sameafgeries of consecutive spectra at
different pressures (i.e. those for a given mixtrre pure gas). In this case, for pure gases,

. . . . mea 2 .
we minimize the quantit Y Z{a {0,,Px)- A-Bao; - P %:X—X(oi )} by floating the
Px o
values of A, B and &x(o;). For CQ-X mixtures, since we recorded spectra at several
pressures for each sample composition (i.e. eadine vof PX/PCOZ, see Table 1), we

minimize the quantity



> X Z{[Gmeas(ci,Px,Pcoz)— Peo, %:COZ—COZ(Gi)_ Py Ex-x (@ )}
Px Pco, 0
2
~ARx Peo, ¥BRx P, 9i ‘[Px Feo,Cco,-x & }
by floating the values oA(Py / Reo, ), B(Px /Feo,) . and Cco,-x (0j) . We thus assume

here that A and B have a unique value for eachurextelative composition. Note that there
are about 1400 points in each fitted spectrum dwad, for each mixture, nine spectra (3
pressures for each one of the three mixtures, abke L) were recorded. We thus have a total
number of ~12600 absorbance values. They providagiminformation to deduce, from their
adjustments, the ~1400 pressure-normalized abenspﬁ:coz_x(ci) and the 6 baseline

parameters A(Px /Pcp2), B(Px /Pcpp). However, since the retrieved values of
Cco,-x (Gi) remain noisy and uncertain, a moving spectralayewill be made in order to

deduce the final values listed in Appendix C anuttpl in Fig. 7, as explained at the end of
Sec. 3.2.

3. The Collision-Induced Absorptions (CIAS)

3.1 The test cases of the CIAs of pure;OCH, and B

Although measuring the CIAs of pure gases is het @bjective of this study since
several measurements and calculations have beer befdre (see below), we measured
them to test and evaluate the accuracy of our @rpetal and data analysis procedures.
Indeed, since the previous experimental studieg l@en made under much more favorable
conditions (stronger absorptions thanks to highessures), they are likely more accurate
than our determinations.

For the pure CE&CIA, measurements were reported in Harries 1970etd. 1971 and
Hartmann et al. 2011, for instance, and theoretieddulations can be found in Gruszka &
Borysow 1997, Gruszka & Borysow 1998 and Hartmanale2011. A comparison of our
results, obtained from fits of the five spectrgssures from about 0.20 to 0.95 bar with and
without introduction of a baseline, with the measuwralues of Ho et al. 1971 (uncertainty
stated as better than 10 %) and the calculatettsedfuGruszka & Borysow 1997 is plotted in
Fig. 1. As can be seen, adjusting a baseline in thégfiificantly reduces the error bars (and
rms of the fit), corrects for the negative valueshe high frequency wing, and improves the
agreement between our results and the previousntietgions. In this case, the area obtained
from the integration of our results between 60 afl cm' is 2.74+ 0.32 10° cm%/amagat
(the uncertainty given here being directly obtairfean the error bars in Fig. 1) while
3.11+ 0.31 10° cm%amagat is obtained from the measurements of Ho et al118#d 3.73
10° cmi?/amagat from the calculated values of Gruszka & Boryso@72.90ur determination
thus agrees, within uncertainties, with the presimeasurement of Ho et al. 1971. Note that,
when compared to the other gas samples discusded,bibe pure CQ case is the most
favorable since, for the most optically thick saenphvestigated (at ~0.95 bar), the
transmission is 55% at the peak near 50-.cm

® The Amagat density unit, generally used in stsigieCIA, corresponds to the number density of males at
Po=1 atm adl,=273.15 K, i.e. Loschmidt's numbes=2.686 10° molec/cm. For an ideal gas at pressure
P(atm) and temperatufgK), the density in amagat i®(Pg)( Ty/T).
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Fig. 1: Pure CO, ClAs at room temperature. The symbols with error bars are the present
measurements, the green line is a moving average of the latter over 10 cm’™, the red line
represents the measurements of Ho et al. 1971 (digitized from Fig. 1 of this reference), and
the blue curve denotes the calculated values from Gruszka & Borysow 1997 which are
available in the HITRAN CIA database section (Richard et al. 2012). The results in the left
and right hand-side panels have been obtained without and with the baseline adjustment,
respectively.

The CIA of pure ChH was investigated experimentally in Codastefan@let1985,
Codastefano et al. 1986, Birnbaum 1975 and Dagd. €t986. El-Kader & Maroulis 2012,
Borysow & Frommhold 1987a and Borysow & Frommhold8Zb provide examples of
theoretical calculations. A comparison between somihese previous data and the results
obtained from our three spectra (pressures betw@&® and 0.98 bar) is plotted in Fig. 2. As
for pure CQ, introducing a baseline in the fit reduces theemainties (and rms), improves
the CH-CH, CIA high frequency wing, and leads to a bettereagrent with previous
determinations. In this case, the area obtained tiee integration of our results between 70
and 600 crit is 2.2+ 0.2 10° cm%amagat It is slightly lower than the experimental valoie
2.97+0.31 10° cm?amagat from Codastefano et al. 1985. Note that, for thestoptically
thick sample investigated (at ~0.98 bar), the pedkorption in our measurements is
significantly smaller than for pure G@ith a transmission of about 90% near 250'cm
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Fig. 2: Pure CH, ClAs at room temperature. The symbols with error bars are the present
measurements, the green line is a moving average of the latter over 10 cm’™, the red line
represents the measurements of Codastefano et al. 1985 (digitized from Fig. 1 of this
reference), and the blue curve denotes the calculated values from Borysow & Frommhold
1987a which are available in the HITRAN CIA database section (Richard et al. 2012). The
results in the left and right hand-side panels have been obtained without and with adjustment
of the baseline, respectively.
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The CIA of pure Hwas investigated experimentally in Birnbaum 19@8Bachet et al.
1983. Theoretical calculations were made in Birmbaat al. 1996, Gustafsson et al. 2003,
Abel et al. 2011, Karman et al. 2015b, and refezsrtherein. A comparison between some of
these previous data and the results of our measmtsis plotted in Fig. 3. Note that in this
case, the treatment applied to the spectra waltlglidifferent from that used for all other
samples. In fact, a quick look at the transmissiobtined after step 4 revealed that they
differed from unity at small wave numbers (where thbsorption should be negligible
(Birnbaum 1978) for our recording conditions) walgnificant inconsistencies between the
three spectra. This explains the very large unicgiéa and negative values of the CIA
obtained when no base line is introduced in thésée the left panel of Fig. 3). Therefore, we
pre-treated each transmission spectrum by dividibg the averaged value at about 100%cm
where the absorbance under our conditions shoulehdaely zero. Then, the procedure
described in step 5 of Sec. 2 was applied withfithef a single base line for all spectra. This
leads to the results plotted in the right hand gideel of Fig. 3 which show several obvious
improvements with respect to those in the left hadle panel. However, significant
differences with previous determinations remairedéhdifferences can be likely explained by
the fact that, for the most optically thick sampieestigated (i.e. about 0.95 bar of)Hthe



peak absorption is very small with a transmissibatmut 94% near 600 ¢h(according to
the values of Birnbaum 1978).
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Fig. 3: Pure H, CIA at room temperature. The symbols are the present measurements, the
green line is a moving average of the latter over 10 cm™, the red line represents the
measurements of Birnbaum 1978 (digitized from Fig. 2 of this reference), and the blue curve
denotes the calculated values from Abel et al. 2011 which are available in the HITRAN CIA
database section (Richard et al. 2012).

3.2 The ClAs of Ci+CO, and B+CQO, mixtures

Now that the comparisons between our results fore pgases and previous
determinations have validated our experimentaldatd analysis procedure (at least when the
peak absorption is large enough, thus excludingptire H case) we consider the mixtures
for which no other measurements are available. Nwg while squared pressures up to ~1
bar could be used for pure gases, the case of mixisnesich less favorable sindg Feo,

is now limited to ~0.25 bar Finally, since the results of Sec. 2 show thanstihg a linear
baseline correction leads to significant improvetsgionly the results obtained with this
approach are presented below. However, for the dawsidered mixtures, results obtained
without adjustment of baselines are fully consistenen error bars are considered.

The CIA of CH+CGO;, has never been measured before, but theoreticdicpoms have
been made (Wordsworth et al. 2017). A comparisdwéxn these predictions and the results
of our measurements is plotted in Fig. 4. We measausignificant C@QCH, CIA in the 50-
500 cm spectral range that has, as predicted (Wordsvetrgd. 2017), two spectral regions
of higher absorption around 50 and 270"ctdowever, our experiments lead, on average, to



significantly smaller values with an area betweénahd 500 cm' of 9.9+2.7 1¢® cmi
’lamagat, aboutl.7 times smaller than that obtained from the predictbWordsworth et al.
2017.Despite the rather large uncertainties, the exprtal results show that the theoretical
prediction of Wordsworth et al. 2017 overestimakes CIA. Indeed, our CIH+CQO, CIA leads

to peak absorbances for the optically thickest d¢mn$ investigated (~0.47 bar of GH
~0.47 bar of C@ of 0.16 and 0.10, corresponding to a transmissfaabout 85 % and 90 %
near 50 and 270 chrespectively, which gives relatively “comfortablesnditions.
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Fig. 4: CHs+CO, ClAs at room temperature. The symbols with error bars are the present

measurements, the green line is a moving average of the latter over 10 cm’, the blue line
represents the cal culated values of Wordsworth et al. 2017.

As for the CIA of CH+CO,, that of H+CO, has never been measured before, but
theoretical predictions have also been made (Wardbvet al. 2017). These calculated data
and the results of our experiments are plotted im b. We measure a significant CIA
throughout the entire spectral range (correspontdiragn absorbance of ~0.07 for the optically
thickest conditions) which increases with wavenumdiehigh frequencies, as predicted in
Wordsworth et al. 2017. However, large differencaa be observed in Fig. 5 between our
measurements and the predictions, both for theeshad magnitude, for which we have no
explanation at this step. Finally note that ouredwinations are limited to wavenumbers
lower than 550 ci because of the strong contribution of C&bsorption lines beyond this
frequency (see Fig. 6). In addition, it is possithlat a part of the absorption that we measure
comes from the Hbroadened wings of the 15 um €land lines, whose contributions are, as
the CIA, proportional t(Ry,Reo,, -
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Fig. 5. H,+CO, ClAs at room temperature. The symbols with error bars are the present
measurements, the green line is a moving average of the latter over 10 cm’, the blue line
represents the cal culated values of Wordsworth et al. 2017.

In order to generate “the best” datasets of medsGi&,+CO, and B+CO, CIAs we
started from the values with error bars in Figand 5. For the mean values, we computed a
moving average over 25 c¢hand tabulated its values with a step of 5'ciBetermining the
uncertainties is, as it is well known, a very ditfit task, even in cases where numerous
measurements have been made for reliable statittiche present study, we computed the
moving average, over 25 ¢inof the error bars plotted in Figs. 4 and 5. Th&imed results
were then multiplied by 1.5 in order to take intcceunt other sources of uncertainties
(mostly due to base line stability within the sareeording series). Since the error bars in
Figs. 4 and 5 already correspond to the value (95% confidence interval), we believe that
the total uncertainty estimated this way is (verghservative considering the measured data
at our disposal. The final set of data for the,8E0, and B+CO, CIAs are given in Table 2
of Appendix C. We recall the reader that these khdae¢ used with great care as their
uncertainties are rather large.

4. The low frequency wing of the CQv, band

The recorded pure GQBpectra enable to study the absorption in thefteguency wing
of the intense, band (centered at 667 ¢y from about 500 to 600 ¢m While there are, to
our knowledge, no previous measurements availatdejparisons with calculations are
possible. Indeed, the spectra can be predicted) tisenline-mixing model of Tran et al. 2011
or Voigt profiles corrected in the wings by using &ctor. Three sets of such factors have
been proposed, deduced from measurements in thefi@iguency wings of the, (0>750

10



cm?) (Tran et al. 2011) and; (0>2400 cnt) (Perrin & Hartmann 1989, Tran et al. 2011)
bandsNote that the line-mixing model of Tran et al. 2044d they factor of Perrin &
Hartmann 1989 were used in Turbet & Tran 2017 &aliative transfer calculations in the far
infrared for rich CQ atmospheres but that they had not been validatélais spectral region
yet. Comparisons between measured transmissionthasd computed with the four models
mentioned above and by using purely Voigt profile® line-mixing and nox-factor
correction, i.ex(Ao) = 1) are plotted in Fig. 6, calling for the follavg remarks. The first is
that calculations with pure Voigt line shapes (bllead to very large errors showing the
strongly sub-Lorentzian behavior of the line win§lee second is that the thredactors used
(red curves) lead to indiscernible results on fti, all in very good agreement with the
measured spectrum, except in a narrow intervalratabe Q branch centered at 545"cm
This local effect of line-mixing is very nicely neggluced by the line-mixing model of Tran et
al. 2011 which is also in excellent agreement iy -factor predictions (as also shown in
Turbet & Tran 2017) and the measured spectra tin@uigghe entire spectral range.

1.0 e " - .-, 'x]

08 | 1 ' Later111. 114 P = 943.1 mbar
o6l At ' j
0.4 11 ' , wilT% T 1132
] A :
‘ il
0.0 14 ¥ h
T T T T T
1.0 PIITYY . .
c o] At il Esgbea e P = 506.1 mbar
o 0.84 \d ¢ 1 l l | "" .
2 5] [ ‘ \
c 0.4 i
S i v
= 024 9.
] '§Ig PR
0.0 AN

1.0

o.s-: M"\;M” ; ""v “5 P = 210.4 mbar

VY
06 ”mm ”

04] ’ | A,wvu.‘

0.2

0.0 ‘

480 ' 500 ' 520 ' 540 ' 560 ' séo ‘ 600
Wave number (cm™)

Fig. 6: Pure CO, transmission spectra for three pressures. The black circle denotes the
measured values (not all plotted). The red lines are the (indistinguishable) results obtained
with the three y-factors (see text). The blue line is obtained with purely Voigt line shapes (y =
1). The green line denotes the results of calculations obtained with the pure CO, line-mixing
model of Tran et al. 2011.

5. Discussion

5.1 On the CIAs of CiHCO;, and H+CO,

A comparison between our final experimental deieatons of the CH+CO, and
H,+CO, ClAs and the corresponding predictions of Wordslvat al. 2017 as well as with
the CIAs when C@is replaced by Nis plotted in Fig. 7.

11



H,+CO,
6 i
4
> 2- | -
® J
&
(\U Lot L] ] il il
‘TE 0- zij_;&*' o
S 8
¢ CH +CO,
X
<
@)

uhm“J"|| |“||| I}I nnnl ol

1

0 100 200 300 4@0 " 500
Wave number (cm )

Fig. 7: In black, Ho+CO, CIA (top panel) and CH4+CO, CIA (bottom panel) measured at
room temperature (symbols with error bars). The blue lines are the cal culated valued of CO,-
H, and CO,-CHy,, respectively, taken from Wordsworth et al. 2017. The red lines are the CIA
of No-H, (Borysow et al. 1986) and N,-CH, (Borysow & Tang 1993), respectively, taken from
the HITRAN CIA database section (Richard et al. 2012).

12



First, both our measurements and the predictindgate that the effect of interactions
of CH; and H with CG;, induce much stronger absorptions than with This could actually
be expected by simply considering the long rangkiégtion mechanisms which are likely
dominant here and are governed by the isotropiarpalbility and the electric quadrupole
moment (of N or CQy). As shown by the data given in Li et al. 199& talues of all these
parameters are, for GOfrom 1.5 to nearly 3 times greater than for Reminding that the
square of the dipole is involved, and even thougé intermolecular potential and its
anisotropy also play a role, it is quite obviouattthe X-CQ should be significantly larger
than the X-N CIA.

For the differences between our measurementshengdredictions o¥Wordsworth et al.
2017, which are significant and concern both thgmitade and the shape of the CIAs, we
have no explanation at this step. Trying to un@adttheir origin(s) is beyond the scope of
the present paper.

Obviously, independent checks of our results by nesasurements are needed, if possible
under more absorbing conditions in order to redieeuncertainties resulting from a poor
knowledge of the 100% transmission level. Idealye recommend performing future
investigations of CQCH,4 and CQ-H, CIAs for products of the path length and gas dessi
up to at least 2 f&cm amagat Furthermore, measurements at several temperdhegaseen

at least 200 and 300 K) would be of considerabterast since they would provide the
planetary science community with CIAs that can Isedudirectly in numerical climate
models. However, such experiments are difficult Hrede are not many (if any) existing set-
ups suitable to carry them.

Note that the predictions of Wordsworth et al. 204&re obtained using a very simple
approach based on a combination of pure gas ClA aad not on direct calculations of the
absorption spectrum of the mixture (detailed inirtlseipporting information, Section 1.1.).
Therefore, their quality needs to be investigatad this could be done by using various
alternative theoretical approaches. These incliully classical computations based on
molecular dynamics simulations (e.g. Gruszka & Bowy 1998, Hartmann et al. 2011,
Hartmann et al. 2018a), semi-classical approachssdoon line shapes (e.g. Birnbaum &
Cohen 1976, Hunt & Poll 1978) and the so-calledtfigpic approximation” (e.g. Leforestier
et al. 2010, Hartmann et al. 2018a), and fully dquanscattering computations assuming
isotropic intermolecular forces (e.g. Borysow et1#86, Borysow & Tang 1993) or taking
the intermolecular potential anisotropy into acdofgng. Karman et al. 2015a, Karman et al.
2015b). Note that, in the absence of relevant measents, theory may give information on
the temperature dependences of the,-C8, and CQ-H, CIAs which are, as mentioned
above, crucially needed.

5.2. Implications for the climate of early Mars

Although our measurements have large uncertajntiescan discuss their implications
for the climate of early Mars. In the 200-600 trapectral window of early Mars, our
measurements confirm that the £0H,; and CQ-H, CIA are much stronger than those of
N,-CH; and N-H, pairs, respectively. However, they also show tiwa calculations of
Wordsworth et al. 2017 overestimate on averageCtheCH, and CQ-H;, CIAs by a factor
of about 1.7 and 1.6, respectively.

Our measurements indicate that Wordsworth et &172and Ramirez 2017
overestimated the effect of these CIAs in their aroal climate simulations and that they
therefore underestimated the amount efadd CH required to warm the surface of early
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Mars above the melting point of water, by a faaiprto 2-3. Similarly, calculations of the
boundaries of the Habitable Zone based on hydrdgamirez & Kaltenegger 2017) or
methane (Ramirez & Kaltenegger 2018) should beseglviaccordingly. Future experiments
and calculations of these CIAs combined with nuoarclimate model simulations will

eventually and hopefully better constrain these lmens

6. Conclusion

We performed the first measurements of the faarefl CIAs of C@CH, and CQ-H;
mixtures as well as of the absorption by the (loggfiency) wings of the pure GQ5 um
band lines. We confirm the theoretical predictiénM@mrdsworth et al. 2017 that theHCO,
and CH+CO, ClAs are significantly stronger in the 40-600 tnegion than those of #N,
and CH+N,, respectively. However, our results for,#£0O, and CH+CGO, significantly
differ from the predictions, both in terms of theagnitude and shape of the CIAs. In the
expected 200-600 chmspectral window of early Mars, our measurementsasthat the
calculations of Wordsworth et al. 2017 overestimateverage the C&CH, and CQ-H,
ClAs by a factor of about 1.7 and 1.6, respectivélye amount of Hland CH required to
warm the surface of early Mars above the meltingntpef water should be revised
accordingly. For the pure GOL5 pum-band line-wings, we show that both phéactor
deduced from measurements neapm and a line-mixing model very well describe the
observed strongly sub-Lorentzian behavior in the-600 cni region.The results of this first
experimental investigation obviously need confiroratby independent measurements and
we hope that the results presented in this papéistimulate new laboratory investigations.
Similarly, it would be of great interest to compdéne results of our measurements and of the
only prediction available with those obtained fralternative models and calculations.
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Appendix A — Conditions of the recorded spectra

We performed various measurements of transmisqentia of Ar, CQ, CH,;, H; as well as
of H+CO, and CH+CO, mixtures at room temperature (23 °C). In total, ieeorded 39
spectra:
- 7 spectra of pure Argon between 100 and 950 mbar.
- 5 spectra of pure C{between 200 and 950 mbar.
- 3 spectra of pure Cfbetween 600 and 980 mbar.
- 3 spectra of pure Hoetween 600 and 950 mbar.
- 9 spectra of CexCH, between 500 and 950 mbar, for three different uneg (30,50
and 70% of Chj).
- 10 spectra of C&H, between 400 and 950 mbar, for three different uneg (30,50
and 70% of H).
The experimental conditions of the recorded spextaletailed in Table 1.

Spectrum ot (mbar) %r (%) Xu2 (%) Xcha(%) | Xcoz(%)
S_Ar-Ar#l 94.9 100 0.0 0.0 0.0

S _Ar-Ar#2 207.2 100 0.0 0.0 0.0
S_Ar-Ar#3 380.9 100 0.0 0.0 0.0

S _Ar-Ar#4 496.1 100 0.0 0.0 0.0
S_Ar-Ar#5 649.7 100 0.0 0.0 0.0
S_Ar-Ar#6 751.2 100 0.0 0.0 0.0
S_Ar-Ar#7 935.6 100 0.0 0.0 0.0

S C0O2-CO2#1 210.5 0.0 0.0 0.0 100
S CO2-CO2#2 329.0 0.0 0.0 0.0 100
S C0O2-CO2#3 506.4 0.0 0.0 0.0 100
S CO2-CO2#4 707.7 0.0 0.0 0.0 100
S CO2-CO2#5 942.8 0.0 0.0 0.0 100
S_CH4-CH4#1 610.8 0.0 0.0 100 0.0

S CH4-CH4#2 751.3 0.0 0.0 100 0.0

S CH4-CH4#3 978.5 0.0 0.0 100 0.0

S H2-H2#1 597.1 0.0 100 0.0 0.0
S _H2-H2#2 749.6 0.0 100 0.0 0.0
S H2-H2#3 947.2 0.0 100 0.0 0.0
S _CO2-CH4#1 495.2 0.0 0.0 32.33 67.67
S CO2-CHA4#2 634.3 0.0 0.0 32.33 67.67
S _CO2-CH4#3 929.5 0.0 0.0 32.33 67.67
S CO2-CH4#4 601.5 0.0 0.0 49.88 50.17
S _CO2-CH4#5 748.2 0.0 0.0 49.88 50.17
S CO2-CHA4#6 939.8 0.0 0.0 49.88 50.17
S _CO2-CH4#7 602.3 0.0 0.0 73.70 26.3(0
S CO2-CH4#8 754.0 0.0 0.0 73.70 26.3(0
S CO2-CH4#9 929.5 0.0 0.0 73.70 26.3(0
S CO2-H2#1 400.6 0.0 49.42 0.0 50.58
S CO2-H2#2 601.8 0.0 49.42 0.0 50.58
S CO2-H2#3 754.2 0.0 49.42 0.0 50.58
S _CO2-H2#4 945.1 0.0 49.42 0.0 50.58
S CO2-H2#5 537.0 0.0 31.91 0.0 68.09
S _CO2-H2#6 758.3 0.0 31.91 0.0 68.09
S CO2-H2#7 947.0 0.0 31.91 0.0 68.09
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S_CO2-H2#8 600.4 0.0 68.89 0.0 31.11
S_CO2-H2#9 147.7 0.0 68.89 0.0 31.11
S_CO2-H2#10 927.0 0.0 68.89 0.0 31.11

Table 1: Conditions of the recorded spectra.

Appendix B — removing the local lines of HO, CO, and CH,

In order to remove the contribution of,® lines from the raw recorded spectra, the
absorption coefficient of this species under thenpgerature, pressure and mixture
compositions of the measurements was computed daitg line shapes with a cut-off 3 ¢m
! away from the line center, using the kspectrum q@denet et al. 2016). We used the line
positions and intensities from the 2012 editiontlté HITRAN database (Rothman et al.
2013). For the pressure-broadening coefficients,uged data from Brown et al. 2007 for
H,O-CQ,, a factor of 1.14 applied to the air-broadeningficients from HITRAN for HO-
CH4 (Nwaboh et al. 2014). For Jbroadening coefficients of @ lines, a factor of 1 was
used (Steyert et al. 2004), as well as for Ar- deréng. Note that the accuracy of the
broadening coefficients used is not crucial sinice $pectral resolution of the measured
spectra (1 ci) is much larger than the line half-width (aboul @mi' at 1 atm). The
transmission was then computed and convolved by Rberier transform spectrometer
instrument line shape (a cardinal sine functiorhvétresolution of 1 cif) and the relative
H,O amount was floated until the best agreement hetwmeasured and calculated
absorptions around J lines was obtained. The measured spectrum wasdbheected by
dividing it by the computed transmission of wataper. Note that the retrieved® relative
amounts are small (between 1.2°18nd 8.0 16 mol/mol), making the contributions of the
self and foreign water vapor continua (Mlawer et 2012, Ma & Tipping 1992) fully
negligible here.

The same approach was used in order to removab$@ption by local CHand CQ
lines from the transmissions deduced from the speaiter their "cleaning" from the water
vapor lines. C@and CH local lines were computed with the kspectrum c(ieigmet et al.
2016) by using the HITRAN 2012 database (Rothmaal. 013) and Voigt line shapes, with
a cut-off 3 cn away from the line center. We used the self andmiadening coefficients
from HITRAN 2012 for all mixtures, except for theegsure broadening of GHy CG,,
where we applied a factor of 1.3 on the air-broadelnorentzian half width at half maximum
(deduced from Fissiaux et al. 2014 and Rothman.e&2(43). We used the known partial
pressures of CHand CQ to remove the local contributions of ¢lend CQ lines from the
recorded spectra because this yields a very gosdltreThis good match validates the
procedure used to make the gas mixtures and detetmeir compositions.

We did not remove FHquadrupole transitions from our recorded transimisspectra

because they make a totally negligible contributorour measured spectra because of their
very small intensities and of the 1 Crapectral resolution used.

Appendix C — Measured CH+CO, and H,+CO, CIAs

H,-CO, CIA CHs-CO, CIA
Wavenumbern,  Abs. coef. Uncertainty | Wavenumber Abs. coef. Uncertainty
(cmh) (cm*/amagaf) | (cm‘/amagar) (cmh) (cm*/amagaif) (cm*/amagat)
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1.53E-05
1.64E-05
1.72E-05
1.72E-05
1.67E-05
1.60E-05
1.55E-05
1.49E-05
1.46E-05
1.42E-05
1.40E-05
1.40E-05
1.38E-05
1.35E-05

50

55

60

65

70

75

80

85

90

95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345

4.53E-05
4.67E-05
4.36E-05
4.06E-05
3.77E-05
3.50E-05
3.27E-05
3.09E-05
2.89E-05
2.72E-05
2.54E-05
2.36E-05
2.22E-05
2.10E-05
1.98E-05
1.89E-05
1.86E-05
1.85E-05
1.87E-05
1.90E-05
1.92E-05
1.93E-05
1.94E-05
1.94E-05
1.95E-05
1.97E-05
2.01E-05
2.04E-05
2.10E-05
2.14E-05
2.19E-05
2.22E-05
2.29E-05
2.39E-05
2.52E-05
2.65E-05
2.73E-05
2.78E-05
2.82E-05
2.85E-05
2.88E-05
2.98E-05
3.07E-05
3.13E-05
3.15E-05
3.13E-05
3.08E-05
2.99E-05
2.90E-05
2.85E-05
2.86E-05
2.94E-05
3.01E-05
3.02E-05
2.93E-05
2.72E-05
2.43E-05
2.15E-05
1.93E-05
1.79E-05

1.82E-05
2.33E-05
1.81E-05
1.65E-05
1.39E-05
1.17E-05
1.14E-05
1.12E-05
1.16E-05
1.16E-05
1.18E-05
1.17E-05
1.20E-05
1.12E-05
1.10E-05
1.11E-05
1.25E-05
1.23E-05
1.25E-05
1.36E-05
1.32E-05
1.14E-05
1.14E-05
1.05E-05
9.11E-06
9.21E-06
9.22E-06
9.58E-06
9.52E-06
9.59E-06
9.48E-06
9.91E-06
9.09E-06
9.56E-06
9.71E-06
9.63E-06
8.43E-06
9.14E-06
9.32E-06
9.82E-06
9.78E-06
1.07E-05
1.06E-05
1.04E-05
1.14E-05
1.11E-05
1.08E-05
9.96E-06
9.79E-06
7.97E-06
8.53E-06
9.63E-06
1.15E-05
1.15E-05
1.08E-05
9.91E-06
8.50E-06
6.80E-06
6.59E-06
6.94E-06
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350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500
505
510
515
520
525
530
535

1.49E-05
1.53E-05
1.53E-05
1.48E-05
1.48E-05
1.44E-05
1.41E-05
1.35E-05
1.30E-05
1.27E-05
1.28E-05
1.25E-05
1.21E-05
1.23E-05
1.22E-05
1.20E-05
1.19E-05
1.20E-05
1.20E-05
1.19E-05
1.18E-05
1.21E-05
1.23E-05
1.27E-05
1.33E-05
1.40E-05
1.46E-05
1.58E-05
1.71E-05
1.83E-05
1.96E-05
2.12E-05
2.26E-05
2.38E-05
2.52E-05
2.69E-05
2.86E-05
3.21E-05

1.26E-05
1.14E-05
1.09E-05
1.09E-05
1.10E-05
1.10E-05
1.10E-05
1.09E-05
1.08E-05
1.08E-05
1.07E-05
1.07E-05
1.06E-05
1.05E-05
1.04E-05
1.03E-05
1.02E-05
1.02E-05
1.02E-05
1.02E-05
1.03E-05
1.03E-05
1.04E-05
1.04E-05
1.05E-05
1.05E-05
1.06E-05
1.08E-05
1.10E-05
1.12E-05
1.13E-05
1.14E-05
1.15E-05
1.17E-05
1.22E-05
1.28E-05
1.30E-05
1.48E-05

350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500
505
510
515
520
525
530

1.72E-05
1.70E-05
1.69E-05
1.69E-05
1.67E-05
1.65E-05
1.61E-05
1.56E-05
1.52E-05
1.49E-05
1.48E-05
1.46E-05
1.45E-05
1.45E-05
1.48E-05
1.50E-05
1.52E-05
1.52E-05
1.52E-05
1.48E-05
1.43E-05
1.40E-05
1.37E-05
1.33E-05
1.28E-05
1.23E-05
1.20E-05
1.18E-05
1.18E-05
1.19E-05
1.24E-05
1.27E-05
1.26E-05
1.19E-05
1.12E-05
1.02E-05
9.22E-06

7.07E-06
6.93E-06
6.58E-06
6.71E-06
6.23E-06
5.93E-06
5.74E-06
6.05E-06
5.52E-06
5.50E-06
5.41E-06
5.31E-06
5.21E-06
4.88E-06
4.82E-06
4.80E-06
4.78E-06
4.31E-06
4.00E-06
3.92E-06
4.10E-06
3.92E-06
3.83E-06
3.97E-06
3.96E-06
3.72E-06
3.95E-06
4.16E-06
4.39E-06
4.64E-06
4.86E-06
5.06E-06
5.70E-06
6.39E-06
7.31E-06
8.88E-06
1.05E-05
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