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ABSTRACT

The atmosphere of Mars is dominated by CO2, making it a natural laboratory for studying CO2 spectroscopy. The Atmospheric
Chemistry Suite (ACS) on board the ExoMars Trace Gas Orbiter (TGO) uses solar occultation geometry to search for minor atmo-
spheric species. During the first year of ACS observations, the attention was focused on the spectral range covering the methane
ν3 absorption band, 2900–3300 cm−1, which has previously been observed on Mars. No methane was detected by ACS; instead, an
improvement of the data processing has led to the identification of 30 weak absorption lines that were missing from spectroscopic
databases. Periodic series of absorptions up to ∼ 1.6% deep are observed systematically around the position of the methane Q-branch
when the line of sight penetrates below 20 km (creating an optical path length of 300–400 km, with an effective pressure of a few
millibar). The observed frequencies of the discovered lines match theoretically computed positions of the P-, Q-, and R-branches of
the magnetic dipole and electric quadrupole 01111-00001 (ν2 + ν3) absorption bands of the main CO2 isotopologue; neither band has
been measured or computed before. The relative depths of the observed spectral features support the magnetic dipole origin of the
band. The contribution of the electric quadrupole absorption is several times smaller. Here we report the first observational evidence
of a magnetic dipole CO2 absorption.
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1. Introduction

Carbon dioxide is the main component of the Martian atmo-
sphere, making up 96% of its composition. Since its discovery by
ground-based spectroscopy (Kuiper 1952), spectroscopic bands
of CO2 in the near- and mid-infrared have been extensively used
to understand the thermal structure, surface pressure, and sea-
sonal cycles of the Martian atmosphere. It is known that the spec-
troscopic observations of planetary atmospheres may reveal pre-
viously unknown, weak, or forbidden spectral bands. In 2008,
inconsistencies in CO2 spectroscopy were reported simultane-
ously on Mars and Venus, initiating the discovery of the ν2 + ν3
band of the 16O12C18O (628) isotopologue. This band with a Q-
branch near 2982 cm−1 was detected at Mars by ground-based
observations (Villanueva et al. 2008) and at Venus by Venus Ex-
press (Bertaux et al. 2008; Wilquet et al. 2008).

Since 2018, the Atmospheric Chemistry Suite (ACS), a
three-channel spectrometer, has been operating in the orbit
of Mars. It is part of the Russian contribution to the ESA-
Roscosmos ExoMars Trace Gas Orbiter (TGO) mission to study
the Martian atmosphere and climate (Korablev et al. 2018a).
The mid-infrared channel (MIR) is optimised to address the
primary science goal of the TGO mission: to obtain the most
sensitive sensing of trace gases in the Martian atmosphere. To
achieve this, ACS MIR has high resolving power and signal-

to-noise ratio (S/N), and operates in the spectral range of 2.3–
4.2 µm,which contains characteristic absorptions of multiple
Mars atmosphere gases, including trace-gas candidates. ACS
MIR employs the primary observing mode of the TGO, the solar
occultation sounding, taking advantage of the brightest source
in the Solar System and of self-calibration. This enables a ro-
bust retrieval of vertical profiles. This technique was success-
fully implemented on the Venus Express and Mars Express or-
biters (Bertaux et al. 2006; Nevejans et al. 2006; Korablev et al.
2006, 2012).

The spectral range of ACS MIR contains vibration-rotation
bands of H2O, CO2, CO, and their isotopologues, the primary
components of the Martian atmosphere. The instrument sensitiv-
ity and accuracy have been demonstrated by measuring the first
vertical profiles of CO2 and H2O isotopologues (Vandaele et al.
2019; Alday et al. 2019). The MIR channel is capable of measur-
ing methane absorption features around 3018 cm−1 with better
accuracy than previous studies, provided methane is present in
quantities above a stringent upper limit of 0.05 ppbv (Korablev
et al. 2019). This is several times lower than the reported back-
ground value (Webster et al. 2018).

While ACS MIR has not detected methane so far, the high
S/N and fine spectral resolution have revealed faint but distinct
unknown absorption features in the same spectral range, ob-
served at low altitudes on multiple orbits. These periodic well-
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Fig. 1. Left panel: Example of a single detector frame measured by ACS MIR in secondary grating position 12 after processing (orbit 6975,
Ls = 40.3◦, tangent altitude 13 km). Right panel: Associated series of transmission spectra (right panel), covering the wavenumber range from
2894 cm−1 (diffraction order 173) to 3239 cm−1 (order 192). The left and right edges of the frame in the spectral dimension, where the signal
decreases, are cropped.

spaced absorption lines have not been matched to any species
listed in the HITRAN Gordon et al. (2017) or GEISA (Jacquinet-
Husson et al. 2016) databases, likely because this spectral range
in Earth’s atmosphere is dominated by strong methane and ozone
absorptions. Theoretical considerations lead us to suspect that
the observed features belong to a weak magnetic dipole 01111-
00001 band of the main CO2 isotopologue (12C16O2, 626) that
has never been detected or measured before.

In this paper, we present a few selected ACS MIR observa-
tions that reveal the new band, and calculations for the 12C16O2
magnetic dipole band transitions. This discovery greatly refines
spectroscopy in this spectral region of particular interest. A
detailed spectroscopic study providing selection rules for the
vibration-rotation spectra, calculations of line position, and mea-
surements of line strength will be given in a dedicated paper by
Perevalov et al. (2020). The potential effect of this additional
and so far unaccounted for absorption within the methane spec-
tral range on its detection is yet to be fully quantified. It is also
compounded by the ability of ACS MIR to observe ozone ab-
sorption in the same spectral range (Olsen et al. 2020). The ACS
MIR spectrometer, observations, and occultation data process-
ing are described in Sections 2–4. The discovered line positions
and their attribution to the magnetic dipole band of CO2 are dis-
cussed in Section 5. In Section 6 we give estimated strengths of
some new lines in HITRAN convention.

2. The instrument

On board the TGO, the Atmospheric Chemistry Suite (ACS) is a
set of three spectrometers, including the novel cross-dispersion
echelle ACS MIR spectrometer (Korablev et al. 2018a; Trokhi-
movskiy et al. 2015) that is dedicated to solar occultation mea-
surements in the 2.2–4.4 µm range. The resolving power, con-
firmed by in-flight measurements, reaches 30,000. The echelle
orders are dispersed first along an x-axis and are separated along
the y-axis of the focal plane by a secondary, steerable dispersion
grating, making full use of the two-dimensional detector array.
An example of the detector image is shown in Figure 1. It illus-

trates the different diffraction orders observed across the y-axis.
A stack of 200 consecutive 640×512 pixel frames is read every
2.1 s. The combination of the instrument parameters, the aper-
ture of F:3, the cryogenic detector, and the fast onboard frame-
processing ensures a very high S/N that reaches 10,000 for a
single pixel when the unattenuated Sun is observed.

A steerable secondary grating allows choosing between dif-
ferent groups of diffraction orders, which changes the instanta-
neous spectral range. The current investigation focuses on the so-
called secondary-grating position 12, which captures diffraction
orders 173–192 in a single integration and covers the wavenum-
ber range of 2894–3239 cm−1 (see Figure 1). This position is
actively used for the methane search. The CH4 Q-branch, cen-
tred at 3018 cm−1, is located in the order 180, while the P- and
R-branches lie between 2918 and 3140 cm−1.

The vertical resolution for an occultation is determined by
the instantaneous field of view (IFOV) of the instrument at the
limb and the integration time (typically 2 s). The slit size is
1×14 arcmin, with the long side perpendicular to the limb, re-
sulting in an IFOV of ∼ 6 km for the whole slit (Korablev et al.
2018a). As the slit image covers 10–20 pixels on the detector
and no binning is performed before downlink, the actual vertical
resolution is some hundreds of meters.

3. Observations

The final TGO orbit, progressively shaped by an 18-month-long
aerobraking phase in 2017 and 2018, is nearly circular, with an
inclination of 73◦, an altitude of 400 km, and a 2h period. It
was designed to maximise spatial coverage for solar occulta-
tion observations. The TGO performs occultations in an inertial
pointing mode: for an ingress case, the line-of-sight (LoS) tan-
gent altitude goes from 250 km tangent altitude until it crosses
the planet. With 12 orbits per day and observations at every
egress and ingress, up to 24 occultations per day can be used
by TGO instruments. The latitudes covered in solar occultation
range from 88◦N to 90◦S; their time evolution is shown in Ko-
rablev et al. (2018a). In practice, ACS MIR uses only a fraction
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of the occultation opportunities because some orbits are dedi-
cated to system activities or relay operations, and the occulta-
tions are shared between the ACS and NOMAD TGO instru-
ments because their IFOVs are misaligned. For the first 1.5 years
of operation, between April 2018 and April 2020, ACS MIR
observed almost 3000 occultations. Out of those, 476 observa-
tions were dedicated to the range of methane absorption using
secondary-grating position 12.

While the LoS of the instrument penetrates the atmosphere,
the transmission decreases owing to the gradually increasing ex-
tinction by aerosols in the Martian atmosphere. The aerosol load
and its vertical extent, dependent on season and latitude (Kass
et al. 2019; Stcherbinine et al. 2020), is the main limitation to
detection capabilities. Toon et al. (2019) demonstrated that dur-
ing an occultation, a gaseous absorption line appears with the
best relative accuracy at an altitude where the LoS-integrated (or
column) optical depth equals unity. The best sensitivity is there-
fore achieved in observations with minimum dust load, where
the S/N remains high at low altitudes. In reality, if line strengths
increase with decreasing temperatures, the best sensitivity can
be reached at higher altitudes, where the optical depth is lower
than 1 (transmittance above 0.37). In our data set, nearly 100
occultations satisfy this condition while probing below 10 km.
They typically correspond to high northern and low southern
latitudes. The unknown lines are observed on all such orbits.
Results from a selection of the best observations (orbits 6975,
7067, and 7326), obtained in June–July 2019, at solar longitude
Ls = 40–43◦ in the southern hemisphere of Mars, are presented
in this paper. The atmospheric temperature profiles necessary
to compute the line strengths were retrieved from CO2 absorp-
tion lines at 1.65 µm observed simultaneously by the ACS near-
infrared channel (NIR) (Fedorova et al. 2020).

4. Data processing

We calculated the ACS MIR transmittances as a function of tan-
gent altitude in a standard way for occultation experiments (see
also Korablev et al. 2019, SSM),

T (z) =
I(z) − Idark

Isun − Idark
, (1)

where I is the signal for a given tangent altitude, z. The clear-Sun
reference spectrum, Isun, was obtained from the uppermost part
of the occultation. A dark signal, Idark (accounting for both the
detector dark current and the surrounding thermal background
emission), was estimated from the dark part of the occultation
when the disc of Mars fully obscures the Sun. Because the ther-
mal state of the instrument changes slightly as a result of internal
and solar heating, Isun and Idark are time dependent. In addition,
the thermal deformation causes a small (about one pixel through-
out an occultation) drift of the image on the detector. To account
for the time-dependent effects, we extrapolated the trends of each
pixel measured during the clear-Sun and dark signal observa-
tions through the occultation. In order to boost the accuracy of
this extrapolation in the particular spectral range related to the
search of CH4, we increased the number of Isun spectra, assum-
ing that the spectral range around 3000 cm−1 above 100 km on
Mars is mostly free of strong gaseous bands.

The level of stray light in the spectrometer does not exceed
5% near the centre of the frame, decreasing to the edges, but it
unevenly affects different orders. The level of the stray light was
evaluated from the signal in between the diffraction stripes. Then
it was extrapolated over the frame and smoothed. We repeated

the procedure for every frame before the transmittance calcu-
lation. A pixel-to-wavelength calibration was established using
solar lines. It was then fine tuned to account for the drift during
the occultation using the atmospheric absorption lines of H2O or
CO2 where available.

The tangent altitude was determined from the TGO SPICE
kernels, and the LoS of the instrument in the body reference
frame of TGO spacecraft was determined earlier in the mission
by performing solar scans. For measurements used in this study,
every frame was accumulated within 2.1 s, and the tangent alti-
tude was calculated for the centre of the record.

5. Identification of the unknown lines

Examples of ACS MIR spectra showing the unknown periodic
features around the methane Q-branch in the diffraction order
180 are shown in Figure 2 for some tangent altitudes and at a
few favourable orbits. For these selected orbits, out of expected
atmospheric contributions, only three water vapour lines appear
(Figure 2A). At the same time, periodic series of absorptions that
are up to 1.6% deep show up systematically when the LoS pene-
trates below 20 km. The total optical path length at these tangent
altitudes reaches 300–400 km, with an effective pressure of a few
millibar. Initially, the existence of the unknown features in the
spectra was erroneously attributed to the fixed-pattern noise that
remains in the data after cleaning and processing. As the data
processing improved and more orbits with little aerosol loading
were measured, the absorption nature of the unidentified lines
became apparent.

Unlike other AOTF-echelle spectrometers used in planetary
missions (Korablev et al. 2018b), ACS MIR is free from overlap-
ping diffraction orders . The MIR detector has four video outputs
so that the readout might generate a four-pixel, or a multiple of
four, periodic pattern, but the unknown lines do not match this
either. One of the lenses in the MIR channel appears to have
been damaged during launch, resulting in a doubled image for a
fraction of the slit image. This effect is minimised near the edges
of the slit, where the spectra presented here were taken (Alday
et al. 2019). This doubling is used to verify that the lines are real,
external to the instrument and spacecraft, and are only caused by
the observed scene.

The spacing between the unknown lines varies slightly. It in-
creases for lower wavenumbers, similar to a gaseous absorption
line system. It is twice greater than the spacing of the R-branch
628 CO2 isotopologue band located at smaller wavenumbers
(see below), which means that they cannot result from potential
cross-talk between diffraction orders, or distant lines of nearby,
strong CO2 bands. Nevertheless, the periodic nature of the ob-
served features suggests a linear or diatomic molecule. From the
line-to-line distance, we estimate the value of the rotational con-
stant, 0.7–0.8 cm−1. It is close to the rotational constants of ClO
and SO molecules. Both species, exotic for the Martian atmo-
sphere, are missing in the HITRAN database in this range.

We furthermore investigated the vertical trends of the un-
known lines. In Figure 3 we compare the line depths of the new
lines to those of other species present in the spectral range. The
equivalent width of a neighbouring H2O line varies with alti-
tude following the atmospheric temperature (see Figure 3, right
panel), while the unknown line depth is strongly correlated to the
628 CO2 absorption. The candidate absorber is therefore well
mixed or belongs to one of the CO2 isotopologues.

Spectroscopic computations suggest that the observed lines
can be attributed to the 01111-00001 absorption band of the main
626 isotopologue. The positions of theoretically computed lines
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Fig. 2. Top panel: Consecutive ACS MIR transmission spectra measured in diffraction order 180 at tangent altitudes 8–18 km (orbit 7067, black
curves), against synthetic models indicating potential contributions of different atmospheric components at 10 km with MIR resolution (coloured
curves): 15 ppmv of water vapour, 1 ppbv of methane, and 200 ppbv of ozone. Three H2O lines and a series of periodic unidentified features are
apparent. Bottom panel: Similar spectra measured in three selected orbits (6975, 7067, and 7326) at tangent altitudes of 10 km.
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Fig. 3. Left panel: Evolution of the equivalent width of one unknown line (3016.7 cm−1) during an occultation (orange curve) against the equivalent
widths of a neighbouring H2O line (3022.3 cm−1) from order 180 and a CO2 line (2968.5 cm−1) from order 178. Right panel: Corresponding
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in P-, Q-, and R-branch lines exactly match the features in ob-
served spectra.

This band is forbidden in the electric dipole absorption, but
it is allowed in the electric quadrupole and the magnetic dipole
absorptions. The lines due to these mechanisms are expected to
be very weak (Goldman et al. 1981; Boreiko et al. 1984), and
they have never been observed before for CO2 in laboratory or
field experiments.

We calculated the line positions for this band within the
framework of the effective operator approach (Teffo et al. 1992;
Tashkun et al. 1998) using effective Hamiltonian parameters
published by Majcherova et al. (2005). The results are presented

in Table 1. In the electric quadrupole absorption, this ∆`2 = 1
band has five branches: O (∆J = −2, e → e), P (∆J = −1,
e → f ), Q (∆J = 0, e → e), R (∆J = 1, e → f ), and S (∆J = 2,
e→ e). Here, J is the total angular momentum quantum number,
`2 is the vibrational angular momentum quantum number, and e
and f are the parity labels. In the magnetic dipole absorption,
the band has three branches: P (∆J = −1, e → f ), Q (∆J = 0,
e → e), and R (∆J = 1, e → f ). These selection rules shows
that the line positions for the P-, Q-, and R-branches of both
absorption mechanisms do coincide. The line intensities are pro-
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Table 1. Calculated line positions of the 01111-00001 magnetic dipole
absorption band of 12C16O2 (the uncertainties of the calculated line po-
sitions are within 0.001 cm−1).

J ν (cm−1), ν (cm−1), ν (cm−1),
P-branch Q-branch R-branch

0 - - 3004.789
2 3002.447 3003.996 3006.329
4 3000.866 3003.960 3007.854
6 2999.269 3003.902 3009.361
8 2997.655 3003.823 3010.853

10 2996.026 3003.723 3012.329
12 2994.380 3003.603 3013.787
14 2992.718 3003.461 3015.230
16 2991.040 3003.298 3016.656
18 2989.346 3003.114 3018.066
20 2987.637 3002.909 3019.459
22 2985.911 3002.683 3020.835
24 2984.169 3002.436 3022.195
26 2982.411 3002.168 3023.539
28 2980.637 3001.879 3024.865
30 2978.847 3001.569 3026.175
32 2977.041 3001.237 3027.469
34 2975.219 3000.885 3028.745
36 2973.382 3000.512 3030.005

portional to the transition moment squared, described as

W01111ε′J+∆J←00001eJ =
∣∣∣∣〈01111ε′

∣∣∣∣ (T (ω)
1

)e f f ∣∣∣∣00001e
〉∣∣∣∣2(ω)H(∆K=1)

∆J (J),

(2)

neglecting the vibration-rotation interactions. Here ε′ is the par-
ity label for the upper vibrational state, T (2)

1 = Q(2)
1 is the spher-

ical component of the electric quadrupole tensor in the case
of the electric quadrupole absorption, and T (1)

1 = M(1)
1 is the

spherical component of the magnetic dipole moment vector in
the case of the magnetic dipole absorption. The Hönl-London
factors (ω)H(∆K=1)

∆J (J) are given in Table 2. Our forthcoming pa-
per reports that (Perevalov et al. 2020) these Hönl-London fac-
tors (ω)H(∆K=1)

∆J (J) are connected with the Clebsch-Gordan coef-
ficients (ω1J0|J + ∆J1) by the equation

(ω)H(∆K=1)
∆J (J) = (2J + 1)(ω1J0|J + ∆J1)2. (3)

Both absorption mechanisms contribute to the intensities of
the observed lines. We do not know the values of either the spher-
ical component matrix elements of the electric quadrupole tensor
or the magnetic dipole moment vector, to decide which absorp-
tion mechanism dominates for the observed lines. In the sym-
metric 626 molecule, the magnetic dipole moment is absent in
the ground-vibrational state. However, it appears in the doubly
degenerated vibration because it generates the vibrational angu-
lar momentum described by the quantum number `2. The analy-
sis of the Hönl-London factors (see Table 2) shows that the mag-
netic dipole absorption band has a relatively strong Q-branch
compared to the P- and R-branches. At the same time, for the
electric quadrupole band, the intensities of O- and S -branches
are comparable to the P- and R-branches, while the Q-branch is
significantly weaker.

In a search for more spectral signatures of the new band, we
have studied several diffraction orders, adjacent to order 180,

Table 2. Hönl-London factors for the ∆`2 = 1 magnetic dipole and elec-
tric quadrupole 12C16O2 absorption bands originating from the ground-
vibrational state (Perevalov et al. 2020).

Magnetic dipole band Electric quadrupole band

O-branch - J(J−2)
2J−1

P-branch J−1
2

J+1
2

Q-branch 2J+1
2

3
2

(2J+1)
(2J−1)(2J+3)

R-branch J+2
2

J
2

S -branch - (J+1)(J+3)
2J+3

and compared the experimental data to a synthetic model includ-
ing contributions of all known components of the Martian atmo-
sphere, as described in a parallel paper by Olsen et al. (2020).
Panel A in Figure 4 shows spectra covering orders 178–180, and
a computed fit with the JPL Gas Fitting Software suite (GGG or
GFIT) (Irion et al. 2002; Wunch et al. 2011) using HITRAN
2016 (Gordon et al. 2017); temperature and pressure vertical
profiles are taken from the ACS NIR channel (Fedorova et al.
2020). The difference between the experimental data and the
best-fit model (Figure 4B) shows a prominent Q-branch of the
new band at 3002–3004 cm−1, and multiple P lines at smaller
wavenumbers. The O- and S -branches, which should be in the
regions 2945–2998 cm−1 and 3006–3058 cm−1, respectively, are
not detected. We therefore conclude that the observed lines orig-
inate from a magnetic dipole. The contribution of the electric
quadrupole transitions should be several times smaller at least.

6. Line strengths

Unlike the positions, line strengths cannot be computed a pri-
ori using the effective operator approach. We may estimate them
from the intensities of nearby known lines. The equivalent width
W of a line in a transmission spectrum, independent of the in-
strumental resolution, is

W =

∫
Tc − T (ν)

Tc
dν, (4)

where the integral is over a wavenumber interval encompass-
ing the line, Tc is the continuum transmission, and T (ν) is the
transmission in the line. The strength of a non-saturated absorp-
tion feature is defined as S Q = W/N, where N is the number of
molecules at the LoS. For a given temperature, the line strength
of an unknown line can be estimated as

S Q = S Q(known line) ∗W/W(known line). (5)

In order to minimise the influence of the instrument line
shape function and other factors on the retrieved line strengths,
we selected as the reference the closest CO2 band, which belongs
to the 628 isotopologue with the Q-branch at 2982 cm−1. The HI-
TRAN convention (Rothman et al. 2005) incorporates standard
terrestrial fractionation factors of an isotopologue in their line
strengths (De Biévre et al. 1984). In order to use the 628 line
strengths to determine the line strengths of the 626 magnetic
dipole lines in our observations, we accounted for the 628/626
ratio on Mars. The terrestrial 628/626 ratio is 4.01×10−3, this ac-
counts for two O atoms in the CO2 molecule. The CO2 isotopes
on Mars were measured by Krasnopolsky (2007) and found to be
very close to the telluric: 18O/16O= 1.02± 0.02 times the terres-
trial standard. Furthermore, a small enrichment of the 18O/16O
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Fig. 4. Full extent of the discovered 626 CO2 magnetic dipole band. Panel A: Combination of ACS MIR spectra observed in diffraction orders
178–180, with a best-fit synthetic model containing apparent contributions of the CO2 and H2O based on HITRAN 2016 database. Panel B:
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tangent altitude of 10.4 km. Panel C: Best-fit synthetic model accounting for the new lines with corresponding residuals in panel D.

ratio in the Martian water vapour has recently been found from
ACS MIR measurements (Alday et al. 2019). We, therefore, as-
sume 16O12C18O/16O12C16O ratio for our measurements to be
1.02 times the terrestrial one and use this factor while compar-
ing the equivalent widths.

To estimate the line strength of the 3016.656 cm−1 R-
branch line (J = 16), we selected a reference 628 CO2 line
at 2986.42 cm−1 (R5 line of the 01111-00001 band). This line
is close to the investigated line at the detector, and it is free
from other absorptions. In addition, the vertical intensity pro-
files of the two selected lines (see Section 5) are comparable,
suggesting that their temperature dependencies are also similar
and would not introduce additional uncertainties to the estima-
tion. We considered spectra recorded at an altitude of 15 km,
where the retrieved ACS NIR temperature (Fedorova et al. 2020)
is 172 K. The HITRAN 2016 (Gordon et al. 2017) line list indi-
cates a line strength S Q(R5 of the 628 magnetic dipole band) =

1.77 × 10−27 cm/molecule for this temperature. The equivalent
widths of the known CO2 line and of the new line are 0.0644
and 0.0246, respectively . By this, the derived value of S Q is

S Q = (1.77×10−27×0.0246/0.0644)×1.02 = 6.9×10−28 cm/molecule.
(6)

We applied a similar procedure to some other nearby well-
resolved lines of the new band; the results are listed in Table 3.
The line strengths were also recomputed for the reference HI-
TRAN temperature of 296 K using the well-known equation

Table 3. Measured positions and their estimated line intensities of the
01111-00001 12C16O2 magnetic dipole band.

Line Theoretical Retrieved S Q × 1028 S Q × 1028

wavenumber wavenumber cm/molecule cm/molecule
cm−1 cm−1 at 172 K at 296 K

R16 3016.656 3016.66 6.9 5.4
R18 3018.066 3018.07 6.4 5.5
R20 3019.459 3019.46 5.3 5.1
R22 3020.835 3020.84 4.3 4.6
Note: The line intensities are given in the HITRAN convention (the

isotopic abundance is 0.9842)

(e.g. Rothman et al. 2010). This table also contains wavenum-
bers of the new lines retrieved from ACS MIR experimental data.
The uncertainties are of order 0.01 cm−1, greater than the uncer-
tainties of theoretical values, but the consistency is undeniable.

Using the standard equation for the line intensity of the mag-
netic dipole absorption (e.g. Boreiko et al. 1984) and Eq. 2
for the magnetic dipole transition moment squared, we fitted
the vibrational transition moment squared to line intensities
of the four observed lines. The fitted value of this parameter
|〈01111ε′|(T (ω)

1 )e f f |00001e〉|2 = 2.367(26) × 10−11D2 was then
used to calculate the intensities of other lines up to J = 60 for
two temperatures of 172 K and 296 K. The sum of all line inten-
sities gives the integrated band intensity for these two temper-
atures: S (172 K) = 2.89 × 10−26 cm/molecule and S (296 K) =
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2.69 × 10−26 cm/molecule. Figure 4 shows a synthetic best-fit
model spectrum constructed using the estimated intensities of all
the new lines, and the greatly reduced residual of the fit (panels
C and D). A detailed analysis and the list of the line intensities,
corroborated by laboratory measurements, will be presented in
Perevalov et al. (2020).

7. Conclusions

The observed 01111-00001 magnetic dipole band of 16O12C16O
is to our knowledge the first experimental manifestation of the
importance of the nuclear motion contribution to the molecular
magnetic dipole moment. This ν2 + ν3 band, the same as identi-
fied in 2008 at Venus (Bertaux et al. 2008; Villanueva et al. 2008)
for the 628 CO2 isotopologue, is forbidden in the symmetric car-
bon dioxide species. For the 628 magnetic dipole band, it exists
because 18O breaks the symmetry of the molecule. For the main
isotopologue, it exists because of the magnetic dipole.

We observed this new band in the very clean atmosphere
of Mars. The trace gases (methane, ethylene, water vapour, and
ozone) of the Earth atmosphere have strong bands in the studied
region. This leaves little opportunity to detect this band in the at-
mospheres of other planets using ground-based telescopes. This
band can be sought in the SOIR/Venus Express occultation data
set, although the range appears difficult because of overlapping
diffraction orders (Vandaele et al. 2013). Our initial search gave
no results. In the low atmosphere of Venus, hot carbon dioxide
bands (Rothman et al. 2010) are superimposed on the magnetic
dipole absorption.

This first observation of the magnetic dipole carbon dioxide
band in the Martian atmosphere, though very weak, has a fun-
damental interest from the molecular spectroscopy point of view
and is essential in the carbon dioxide-rich cold atmospheres, in-
cluding Earth-like exoplanets. It also shows that the HITRAN
and GEISA databases have to be extended by including the line
parameters for the magnetic dipole bands of carbon dioxide.

The spectral position of the new band overlaps the strongest
Q- and R-branch transitions of methane absorption used in the
survey on Mars. Together with the effect of ozone in the same
spectral range (Olsen et al. 2020), this discovery secures a new
framework, increasing the sensitivity and reliability of all on-
going and future studies aimed at detecting methane or setting
stringent upper limits. With these measurements, the MIR chan-
nel of ACS sets a new standard for the observations of plan-
etary atmospheres, fulfilling the main goal of the TGO mission
by characterising minor species (assuming the CO2 isotopologue
can be considered as a minor species) in unprecedented detail.
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