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PLANETARY AND EXOPLANETARY INVESTIGATION

Our Solar System presents a significant planetary variety

Different evolutionary paths = presence of an atmosphere

The latter is important to determine planetary environments and climate

It is also crucial to investigate the possible habitability conditions of the exoplanetary worlds

We also need detailed spectroscopic databases for Collision-Induced
Absorption (CIA), which is a critical opacity source for planetary
atmospheres, especially in high-density environments.



PLANETARY AND EXOPLANETARY INVESTIGATION

We started studying the CIA of both pure H, gas and a H,-He mixture, as
they represent the main components of Jupiter’s atmosphere

~ 86% of H,
~13,6% of He



PLANETARY AND EXOPLANETARY INVESTIGATION

Furthermore, we investigated the CIA of a
Important for the improvement of the



PLANETARY AND EXOPLANETARY INVESTIGATION

The H, CIA could also be important for the farthest planets of our Solar System.
The atmospheres of Saturn, Uranus, and Neptune are also dominated by H, and He,
even though methane contributes significantly to the opacity of the two icy giants.

~75% of H, )

~259% of He 77-83% of H,
= ~ 16-22% of He

~1-2% of CH,

~83% of H,
~ 15% of He
~2,3% of CH,

ClAis also important for \
the present and future
characterization of the

@xoplanetary atmospheresj
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Hz'Hz AND Hz'HE CIA

We measured the in the _
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Fig. 2: H,-H, and H,-He binary absorption coefficients (respectively upper
and lower panel) 7



HIGH-RESOLUTION H, COLLISION-INDUCED ABSORPTION

- I I I 1]
—T=(116.64 + 040)K,P=(11.946 + 0.060) bar
—T=(195.27 + 0.23) K,P=(13.838 + 0.013) bar
—— T =(238.69 + 0.09)K,P=(11.966 + 0.005) bar ||
—T=(304.86 + 0.21) K, P=(11.837 + 0.079) bar
T=1(399.19 + 0.06)K,P=(12.719 + 0.002) bar
—— T =(498.83 + 0.08) K.P=(11.999 + 0.002) bar
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Fig. 3: H,- H, CIA for six temperatures. On the right part the blowout of the S(0)
interference dips and the H, quadrupolar line can be visualized

We resolved both the interference dips and the H,
quadrupolar lines visible on the H, CIA band (Fig. 3)
and on the blow out in Fig. 4

-

resolution of 0,05 cm™ for a pure H, gas
at temperatures going from 117 to 499 K,
in the [4000, 5500] cm™ spectral range

\_
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We performed measurements at a

(Fig. 3). j
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Fig. 4: Blow out of the main peak of the H,-H, CIA
band. Here the Q(3), Q(2), Q(1), Q(0) interference

dips and the H, quadrupolar lines can be visualized.



THEORETICAL PROFILES

Those features are caused by the interference of induced dipole
moments in consecutive collisions (Van Kranendonk, 1968).

Starting from the Van Kranendonk theory, a theoretical profile has
been developed by Kelley and Bragg (Kelley and Bragg, 1984),
which takes into account the observed asymmetry of the dip

1—cosa+(%)2—(w)sina

Kelley and Bragg’s profile 5

A

F(v)=

V—V¢

1+(—9)?
}

/— Intracollisional halfwidth

Van Kranendonk’s theory predicts that o will

4153 4154 4155 4156 4157 4158

Wavenumber [('111*1] fO”OW a “near trend With denSity

We fitted the observed interference dips
— to study this behavior for all the
investigated temperatures




THE INTRACOLLISIONAL HALFWIDIH

For all the temperatures, a linear behavior of & with respect to x10* | |
the density has been found (Fig. 6), according to Van 251 e Band integral Q(1) dip T = 399 K (asymmetric fi)

— Cubic fit: a*p>
Kranendonk’s theory... ubic fit: a*p
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sQ(H)T=(116.06 +0.07)K
Linear fit
* 5Q(1)T=(15583 +0.06) K
—— Linear fit
2 5Q()T=(196.81 +0.0H K
Linear fit P [amagat]
# 6Q(1)T=(239.27 +0.05 K f
Linear fit
o 5Q(I)T=(30527 +0.04 K
= Linear fit
§Q(1) T=1(399.17 +0.03) K . . ) . .
Linear fi ] ..while, the dips’ band integral results in

e 5Q(1)T=(498.73 +0.03)K

— Lincar fit following a cubic behavior with density
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HZ_COZ CIA

We measured the H,-CO, CIA for six temperatures from 241 to 498 K, in the [3907, 4770] cm*spectral range
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(OMPARISON WITH LITERATURE DATA

Comparison with the semi-empirical calculations
CIAH;CO,T= (29375 + 008 K (Turbet et al. [2020]) involving two potentials: one

— — Semi-empirical calculations, Li (2010) potential

"lujulations. Hellmann (2025) potential [ from |_| [2010] (daShed ||ne5) and the mOre recent One

al. (2021)

Fakhardji et al. (2022) from Hellmann [2025] (dotted lines)

—CIA H,-CO, T=1(399.38 + 0.10) K

— = Semi-empirical calculations, Li (2010) potential

_1|

- Semi-empirical calculations, Hellmann (2025) potential

f=

amagat

-1

2

—_
T

—
™
|
—
<
on
<
—
et
e
[a]
|
g
Q
.
[20)
-
o
Q
- v—
Q
=
Q
o
Q
—
c
o
i~
=
(=B
=
o
73]
e
<
')
-
<
=)
o—

L2

T

4000 4100 4200 4300 4400 4500 4600 4700
Wavenumber [cm™ ! ]

—
=
Q
22!

£
o
)
3)
=
L
o
o)
3]
o
o
o
=9
-
o,
w
£
S
>
<

Excellent agreement with room-temperature 0 | | | | | |

data from Where 3 4000 4100 4200 4300 4400 4500 4600 4700
’ Wavenumber [cm’]]

CDRS has been used. The data from Fakhardji

et al. [2022] present an overall lower Discrepancies in the band shape —

absorption Good agreement in the total band’s integral




INTERPOLATION OF THE EXPERIMENTAL DATA

Following the empirical approach employed in Tran

1

Interpolated BACs et al. [2024], we fitted the H,-CO, BACs at each

o Experimental BACs

T=(240.57 + 005K | wavenumber using an exponential profile

—T=(293.75 + 0.0 K . .

— T=(34871 = 0.08)K|_ depending on the following parameters:

—T =
(
(

_")J

gat™*

99.38 + 0.10) K
0.68 + 0.05)K

—T=(45
98.47 + 0.05) K|

3
4
—T=(4

a, (o) : fit parameters, wavenumber-dependent
T : temperature
TO : reference temperature = 296 K

¢ia™ : costant equal to 1 cm™ amagat™

Binary absorption coefficients [cm™! ama
[ ]

We retrieved the a, (o) parameters, which allows

to calculate the BACs at each desired temperature

4300 4400 4500 4600 within the studied temperature range.
Wavenumber [cm™] The a,, (o) can be found on Zenodo in tabular form.

kcialo, T) = k2 exp{al(a) + a,(o) - (%) + az(0) - (;: ) 1,(0) - ) }
0 : :




SUMMARY AND FUTURE PERSPECTIVES

Study of the H, CIA in different mixtures

Hy 2 and H e HZ*COz
o New measurements in a temperature o New measurements in a temperature range
range not yet investigated not yet investigated
o Study of the interference dips and their o Comparison with semi-empirical calculations
behavior with density - difference in the band’s shape, but good

agreement in the total band’s integral

O Use of an empirical approach to fit the data and find a mathematical expression able to
reproduce the behavior of the single-frequency BACs with temperature

| All those results are important not only for the investigation of our Solar System’s planets, but
also for the exoplanetary atmospheric characterization

This work has been supported under the ASI-INAF agreement n. 2023-6-HH.0, and the EMM (Earth Moon Mars) project of PNRR (task 1500-13)




BACKUP SLIDES



EXPERIMENTAL PROCEDURE

|——CIA H,-CO, T = (49847 + 0,05)K |
——CIAH»CO, T = 3+ 0,05) K
—CIAHyCO, T = L+ 0,100 K
——CIA Hy-CO, T = (348,71 + 0,08) K
——CIA H,-CO, T = (293,75 + 0,04)K
—— CIA Hy-CO, T = (240,57 + 0,05) K
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Removed with the theoretical modelling approach
used in Cole [2024] and Tran [2010]



BAND'S INTEGRAL

I I I
¢ Experimental BACs from this work
Linear fit

* Semi-empirical calculations, Li (2010) potential
—— Quadratic fit

o Semi-empirical calculations, Hellmann (2025) potential
— Quadratic fit

| Systematic errors

400

350
Temperature [K]

We calculated the integrated binary
coefficients in the [4033, 4730] cm™! for
both our experimental data and the semi-
empirical calculations performed using both
Li [2010] and Hellmann [2025] potentials

Our data appear to follow a slightly

decreasing trend, even if nothing can be

firmly established due to comparable
N uncertainties and variation

J

The trend followed by the
integrated theoretical BACs
results to be almost quadratic



H,-(0, COLLISION-INDUCED ABSORPTION

In the [3000, 5500] cm™ spectral range, a H,+CO, |
mixture show different absorption due both to the CO, CO2P = Thar T = 296K
permitted transitions and CIA bands.

The total opacity in the spectral range of interest,
around the H,-H, CIA fundamental band, can be
described as the sum of two contributions
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CO,+ H,and
CO,-CO,CIA

_ CIA :
K(V) TOT e K(v) COZ + K(v)mlx 250 3500 4000 4500
Wavenumber [cm™!]
Transmittance of COZ2 at 1 bar and 296 K simulated with HITRAN
for a path length of 3.27 m

KWt | = Kuz—nz PH2 PH2 +[kH2—COZ Pco2 pHZ}'l' Kcoz-coz Pcoz Pcoz

CIA from the H,-H, CIA from the H,-CO, CIA from the CO,- CO,
i e collisions
collisions collisions Negligible under the

\» density conditions

Target of this study considered here



(OMPARISON WITH DIFFERENT MIXTURES

We compared the H,—CO, CIA BACs with the H,—H, and H,-He BACs presented in our previous work (Vitali et al. [2025])

Higher absorption of the H,-CO, CIA across the whole range
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At 4180 cm™ the H,-CO, BACs are 16
and 19 times larger respectively than
H,—H, and H,-He BACs

N
N

At 4700 cm™ the H,-CO, BACs are 6
and 27 times larger respectively <
than H,—H, and H,-He BACs
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Interesting for the H,-dominated A VMR of CO, 20 times smaller than He provides a
atmospheres comparable opacity of an H,-He mixture
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