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Abstract. We present the detection of HD absorption lines in the Magellanic Clouds using 
FUSE space telescope archival data. We found HD in five (including one known) absorption 
systems in the Large Magellanic Cloud and three systems in the Small Magellanic Cloud. The 
measured HD column densities, N(HD), vary from 2∙1013 to 2∙1015 cm-2 for associated H

2
 column 

densities, NH
2
, in the range 3∙1019 to 5∙1020 cm-2. Using Hubble Space Telescope archival data, 

we also determined the population of CI fine-structure levels and metallicities in these systems. 
The modelling of obtained observational data for HD, H

2
 and C I allow us to estimate physical 

conditions in the interstellar medium of the Magellanic Clouds associated with these absorption 
systems, namely, the cosmic ray ionization rate, ultraviolet field intensity and number density.

Keywords: galaxies, ISM, molecules, cosmic rays

Funding: RSF grant 18-12-00301.

Citation: Kosenko D.N., Balashev S.A., HD molecules in the Magellanic Clouds. St. 
Petersburg State Polytechnical University Journal. Physics and Mathematics. 16 (1.2) (2023) 
436–441. DOI: https://doi.org/10.18721/JPM.161.266

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

Материалы конференции
УДК 524.7
DOI: https://doi.org/10.18721/JPM.161.266

Молекулы HD в Магеллановых Облаках

Д.Н. Косенко1✉, С.А. Балашев 1 
1 Физико-технический институт им. А.Ф. Иоффе РАН, Санкт-Петербург, Россия

✉ kosenkodn@yandex.ru

Аннотация. Мы представляем детектирование абсорбционных линий молекул HD в 
Магеллановых Облаках в архивных данных космического телескопа FUSE. Мы нашли HD 
в пяти (включая одну уже известную) абсорбционных системах в Большом Магеллановом 
Облаке и в трех системах в Малом Магеллановом Облаке. Полученные лучевые концентрации 
HD, N(HD), варьируются от 2∙1013 до 2∙1015 см–2, концентрации N(H

2
) находятся в диапазоне 

от 3∙1019 до 5∙1020 cм-2. Используя архивные данные космического телескопа «Хаббл», мы 
также оценили относительную населенность уровней тонкой структуры C I и металличность 
в этих системах. Моделирование полученных результатов для HD, H

2
 и C I позволило оценить 

физические условия в межзвездной среде в Магеллановых Облаках, а именно, скорость 
ионизации космическими лучами, интенсивность УФ поля и объемную концентрацию.

Ключевые слова: галактики, МЗС, молекулы, космические лучи

Финансирование: грант РНФ №18-12-00301.

Ссылка при цитировании: Косенко Д.Н., Балашев С.А. Молекулы HD в Магеллановых 
Облаках // Научно-технические ведомости СПбГПУ. Физико-математические науки. 
2023. Т. 16. № 1.2. С. 436–441. DOI: https://doi.org/10.18721/JPM.161.266

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)



437

Astrophysics

© Косенко Д.Н., Балашев С.А., 2023. Издатель: Санкт-Петербургский политехнический университет Петра Великого.

Introduction

One of the most important constituent of the galaxies is the interstellar medium (ISM) due 
to its tight connection to galaxy evolution and star formation processes. The cold phase of ISM, 
which is an important step of the medium on its way to gravitational collapse, can be in princi-
ple traced by molecular hydrogen H

2
, which is the most abundant molecule in the Universe. In 

case when H
2
 abundance is large enough, one can detect its isotopoloque, deuturated hydrogen 

(HD), see e.g. [1–3] and references therein. However, the detection of H
2
 and HD in emission 

is a quite challenging task even in our Galaxy, so the main way of learning about these mole-
cules is the absorption line spectroscopy. The resonant HD and H

2
 absorption lines are located 

in ultraviolet domain, so a bit paradoxically, their observations are simplified at high redshifts, 
z 2 , since the lines are shifted in the optical domain and quasar can be used as a background 
sources, that allow to exploit large ground telescopes with high resolution spectrographs (see 
e.g. [4, 5]). Nevertheless, UV space telescopes (e.g. Copernicus, Far Ultraviolet Spectroscopic 
Explorer (FUSE)) were extensively used for the measurements of H

2
 and HD in the Milky Way 

[1, 6, 7] and in the local galaxies, mostly including Magellanic Clouds [8].
The Large and Small Magellanic Clouds are one of the closest galaxies to ours (with distance 

~50 and ~60 kpc, respectively) have significantly lower metallicities, ~0.5 and 0.2 of solar, respec-
tively. The distance to Magellanic Clouds allows one to observe individual bright stars, that were 
used by [8] to obtain a sample of the H

2
 absorption systems with FUSE. We recently showed 

[9], that HD abundance may significantly enhance at low metallicities (that is corroborated by 
observations at high redshifts), therefore the Magellanic Clouds may provide as important test to 
further study this behaviour. Additionally, HD/H

2
 ratio is sensitive to physical conditions in the 

cloud, especially, to the cosmic ray ionization rate (CRIR) [9], which was exhaustively studied 
in Milky Way, but is quite poorly known in other galaxies. Finally, obtained estimates [3] were 
performed only towards individual sightlines within each remote galaxy, at the same time, the 
proximity of the Magellanic Clouds gives a good opportunity to study CRIR towards multiple 
sightlines within the galaxy.

Therefore, we decided to make an extensive search for HD absorption lines in the Magellanic 
Clouds. We present four and three new detection of HD in the LMC and SMC, respectively, 
and we reanalysed one already known system in the LMC. To derive physical conditions in the 
absorption systems we used the observed abundances of HD as well as C I fine-structure and H

2

rotational levels and Zn II column density.

Data and analysis

We used FUSE archival spectra to search for HD in the sample of known H
2
 absorption sys-

tems associated in the Magellanic Clouds [8]. We considered the systems with H
2
 column densities

2Hlog 18N >  (here and in the following text column densities are expressed in cm—2). HD detection
was previously reported in the system towards Sk-69 246 [10], but we reanalyzed HD and H

2
 to

make the analysis homogeneous. In general, we identified HD in four and three sightlines towards
the LMC and SMC, respectively. We also independently reanalysed H

2
 absorption lines to constrain

the population of H
2
 rotational levels. Metal lines were analysed in the spectra obtained using STIS

and COS spectrographs on board of the Hubble Space Telescope (HST). To model line profiles
we performed standard multicomponent Voigt profile fitting using the Monte Carlo Markov Chain
sampler, that allow us to obtain the posterior distribution function of absorption system parameters.
To report the values of fit parameters and its uncertainties we used maximum aposterior probability
estimate and highest posterior density 68.3% credible intervals, respectively.

FUSE data

The sample of spectra obtained by the FUSE telescope [11, 12] towards stars in Magellanic 
Clouds is available in the FUSE Magellanic Clouds Legacy Project [13]. We used spectra from 
1A LiF channel, as they cover most of HD and Н

2
 lines. Unfortunately, most of FUSE spectra 

have low S/N and are not properly wavelength calibrated, so we decided to improve the quality of 
calibration. First, we obtained a zero order coadded solution by alignment of exposures from the 
individual sightlines using cross-correlation procedure [14, 15] to find achromatic shift between 
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exposures. Then we used the Н
2 
synthetic spectrum as a template to obtain wavelength dependent 

shifts for individual Н
2
 lines individually for each exposure. We selected narrow unblended Н

2

lines and calculated cross-correlation function with the corresponding lines from the synthetic 
template. We fitted the wavelength dependency of the estimated shifts using piece-wise linear 
functions, that was finally used to correct the individual exposures before the final coadding. In 
most cases this procedure improves a quality of calibration.

The nominal FUSE resolution is R = λ/Δλ = 20000, but we notice that it can be likely reduced 
by the procedure of coadding of individual exposures, calibration routine and other systematics 
effects of observations. Therefore we assumed R as an independent fitting parameter. We also 
allowed Doppler parameters for all rotational levels to vary independently, but used the penalty 
function to obtain the proper Н

2
 excitation diagram (for details see [3, 16]).

HST data

Since, most of the metal and C I lines are not covered by FUSE, to estimate C I column 
densities and metallicities in the HD/Н

2
absorption systems we used archival data obtained by 

the STIS/COS at HST and downloaded from the MAST archive1. Some of the systems have 
already been analyzed by [17, 18], but we reanalyzed them to get independent results. We fitted 
C I absorption lines from three fine-structure levels where we tied Doppler parameters. To obtain 
metallicity2 we fitted Zn II absorption lines and used N

H I
 values obtained by [8] and solar values 

of ( )log X/H


from [19].

Results

We summarize our measurements of HD, Н
2
 and C I in Table 1. We report four and three 

new HD detections in the LMC and SMC, respectively. In Fig. 1 we compare the values of HD 
and Н

2
 column densities measured in the Magellanic Clouds with already known systems (at high 

redshifts and in the Milky Way) and D/H isotopic ratio. One can see that Galactic measurements 
of HD/ Н

2
 are well below the D/H isotopic ratio, while the measurements at high redshifts do not 

show such tendency. As we showed in [9], it can be explained by the difference in physical condi-
tions, primarily by systematically lower metallicity for systems at high redshifts. Measurements in 
the Magellanic Clouds show the same tendency as in our Galaxy despite they have lower metallic-
ity that is comparable (in case of the SMC) with the average of high-z values. In principle, since 
the HD is sensitive to the other physical conditions (e.g. CRIR, UV field intensity and column 
density), it can be partly explained by a higher UV field intensity (see the next section).

1 https://archive.stsci.edu/
2 metallicity relative to solar is [ ] ( ) ( )X/H =log X/H -log X/HZ =



Fig. 1. Relative abundance of HD and Н
2
 molecules. The red diamonds and blue squares correspond 

to measurements in the LMC and SMC, respectively, obtained in this work. The green circles are 

detections at high redshifts (for references see [3]), yellow triangles are measurements in our Galaxy. 

The solid blue line shows the D/H primordial isotopic ratio [20].
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Physical conditions

To obtain physical conditions in the systems we followed method described by [3] and based 
on the balance equation of HD formation and destruction processes. We have showed that this 
relatively simple formalism gives result close to that calculated by Meudon PDR code [21] which 
takes into account a large chemical network. The fit parameters of the model (that was compared 
with the observed HD/ Н

2
 ratio) are the cosmic ray ionization rate (CRIR, ξ) UV field intensity

(χ), number density (n) and metallicity (Z).

Fig. 2. Cosmic ray ionization rate as a function of Н2 column density. The red squares 

and blue diamonds show to measurements in the Magellanic Clouds obtained in this work. 

The triangles are values from our Galaxy, circles are high redshifts measurements (see [3])

Tab l e  1

Summary of measured HD, H
2
, C I and Zn II column densities 

in the absorption systems in the Magellanic Clouds

Star HI* H
2

HD C I ZnII

Sk-67 5 21.00 0.001
0.00119.470+
−

0.12
0.1013.87+
−

0.01
0.0115.04+
−

0.02
0.0112.80+
−

Sk-70 79 21.18 0.03
0.0420.04+
−

0.84
0.3014.76+
−

0.01
0.0114.39+
−

0.02
0.0213.09+
−

Sk-68 135 21.60 0.01
0.0120.02+
−

1.1
0.314.1+−

0.01
0.0114.44+
−

0.01
0.0113.31+−

Sk-69 246 21.41 0.01
0.0119.81+−

0.04
0.0414.00+
−

0.03
0.0214.25+−

0.01
0.0113.38+
−

BI 253 21.60 0.01
0.0120.05+−

0.12
0.1414.14+
−

0.40
0.7715.31+−

0.01
0.0113.49+
−

AV 80 21.81 0.01
0.0120.30+
−

0.45
0.2214.19+
−

0.03
0.0213.70+
−

0.02
0.0113.22+
−

AV 488 21.15 0.001
0.02019.340+
−

0.09
0.0813.67+
−

0.03
0.0313.36+
−

0.02
0.0212.99+
−

Sk 191 21.51 0.03
0.0320.78+
−

0.60
0.1614.51+−

0.02
0.0213.87+
−

0.03
0.0412.55+−

*values taken from [8]
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We used estimated Zn II and H I (measured by [8]) column densities to obtain metallicity 
(provided in Table 2), which was fixed in following calculations. Using the same methodology as 
was done in [5, 22], we consequently used the population of Н

2
 rotational and C I fine-

structure levels to constrain the number density and UV field intensity. Finally, we used these 
estimates as priors (with additional flat prior for ξ) during Markov Chain Monte Carlo sampling 
to derive posterior probability distributions on the model parameters. The obtained parameters 
are shown in Table 2 and in Fig. 2 we present CRIR as a function of N

H2
 (which is connected 

to cloud depth). One can see that found CRIR values are lower than on average in our Galaxy, 
therefore HD formation rate is not enough to produce sufficient HD for self-shielding from UV 
radiation and hence HD column density is found to be quite low. Also the upper limit in the 
system towards Sk 191 may be treated as an outlier, since the system has exceptionally low metal-
licity, so this system requires additional study.

Conclusions

We present a detection of HD in five (four new) systems in LMC and three systems in SMC.
We measured that HD column density varies from ~ 1013 to ~1015 cm—2. We also reanalyzed Н

2

absorption lines, analyzed CI lines and estimated metallicity to constrain physical conditions in the
systems using population of CI fine structure and Н

2
 rotational levels. Using our formalism [9] we

obtained the cosmic ray ionization rate in LMC and SMC to have typical values of ξ ~ 10—17 s—1.

REFERENCES

1. Snow T.P. et al., A New FUSE Survey of Interstellar HD, Astroph.J., 2008, vol. 688, 1124—36.

2. Varshalovich D.A. et al., HD Molecular Lines in an Absorption System at Redshift z = 2.3377, 

Astronomy Letters, 2001, Vol. 27, 683–5.

3. Kosenko D.N. et al., HD molecules at high redshift: cosmic ray ionization rate in the diffuse 

interstellar medium, MNRAS, 2021, Vol. 505, 3810–22.

4. Noterdaeme P., et al., HD molecules at high redshift. A low astration factor of deuterium in a 

solar-metallicity DLA system at z = 2.418, Astron. Astroph., 2008, vol.491, 397–400.

5. Balashev S.A., et al., X-shooter observations of strong H
2
-bearing DLAs at high redshift, MNRAS, 

2019, Vol. 490, 2668–78.

Tab l e  2

Derived physical conditions in the absorption systems in the Magellanic Clouds

Star Zϯ logn logχ logξ

Sk-67 5 0.05
0.050.76+
−− 0.25

0.112.45+−
0.13
0.120.55+−

0.24
0.2617.17+
−−

Sk-70 79 0.05
0.050.65+−− 0.27

0.313.02+
−

0.16
0.111.17+
− 17.54−

Sk-68 135 0.05
0.050.85+−− 0.22

0.152.52+
−

0.6
0.42.1+− 17.27−

Sk-69 246 0.05
0.050.59+
−− 0.21

0.152.24+
−

0.21
0.311.85+−

0.41
0.2516.64+
−−

BI 253 0.05
0.050.67+
−− 0.49

0.460.87+
−

0.24
0.211.58+
−

0.77
0.6916.45+−−

AV 80 0.05
0.051.15+−− 0.14

0.231.97+
−

0.31
0.241.89+
− 17.70−

AV 488 0.05
0.050.72+
−− 0.18

0.282.16+
−

0.13
0.120.53+−

0.21
0.1617.46+
−−

Sk 191 0.06
0.061.51+−− 0.20

0.162.60+
−

0.17
0.110.83+− 19.45−

ϯ Uncertainties of solar values N
Zn 

from [19] dominate over uncertainties of Zn II column 
densities in the presented systems, therefore almost all metallicity uncertainties are 
the same



441

Astrophysics

© Peter the Great St. Petersburg Polytechnic University, 2023

6. Savage B.D., et al., A survey of interstellar molecular hydrogen. I., Astroph. J., 1977, 

Vol. 216, 291–307.

7. Shull J.M., et al., A Far Ultraviolet Spectroscopic Explorer Survey of Interstellar Molecular 

Hydrogen in the Galactic Disk, Astroph. J., 2021, Vol. 911, 55.

8. Welty D.E., et al., Interstellar H I and H
2
 in the Magellanic Clouds: An Expanded Sample Based 

on Ultraviolet Absorption-line Data, Astroph. J., 2012, Vol. 745, 173.

9. Balashev S.A., Kosenko D.N., HD/H
2
 ratio in the diffuse interstellar medium, MNRAS, 2020, 

Vol. 492, L45—9.

10. Bluhm H., de Boer K.S., H
2
, HD, and CO at the edge of 30 Dor in the LMC: The line of sight 

to Sk-69 246, Astron. Astroph., 2001, Vol. 379, 82–9.

11. Moos H.W., et al., Overview of the Far Ultraviolet Spectroscopic Explorer Mission, Astroph. 

J. Lett, 2000, Vol. 538, L1–6.

12. Sahnow D.J., et al., On-Orbit Performance of the Far Ultraviolet Spectroscopic Explorer 

Satellite, Astroph. J. Lett., 2000, Vol. 538, L7–11.

13. Blair W.P., et al., The Far Ultraviolet Spectroscopic Explorer Legacy in the Magellanic Clouds: 

An Online Stellar Sight Line Atlas, Pub. Astron. Soc. Paific, 2009, Vol. 121, 634.

14. Simkin S.M., Measurements of Velocity Dispersions and Doppler Shifts from Digitized Optical 

Spectra, Astron. Astroph., 1974, Vol. 31, 129.

15. Tonry J, and Davis M., A survey of galaxy redshifts. I. Data reduction techniques, Astron. J., 

1979, Vol. 84, 1511–25.

16. Noterdaeme P., et al., Down-the-barrel observations of a multi-phase quasar outflow at high 

redshift. VLT/X-shooter spectroscopy of the proximate molecular absorber at z = 2.631 towards SDSS 

J001514+184212, Astron. Astroph., 2021, Vol. 646, A108.

17. Roman-Duval J., et al., METAL: The Metal Evolution, Transport, and Abundance in the Large 

Magellanic Cloud Hubble Program. II. Variations of Interstellar Depletions and Dust-to-gas Ratio 

within the LMC, Astroph. J., 2021, Vol. 910, 95.

18. Tchernyshyov K., et al., Elemental Depletions in the Magellanic Clouds and the Evolution of 

Depletions with Metallicity, Astroph. J., 2015, Vol. 811, 78.

19. Asplund M., et al., The Chemical Composition of the Sun, Ann. Rev. Astron. Astroph., 2009, 

Vol. 47, 481–522.

20. Planck Collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astroph, 2020, 

Vol. 641, A6.

21. Le Petit F., et al., A Model for Atomic and Molecular Interstellar Gas: The Meudon PDR 

Code, Astroph. J. Suppl., 2006, Vol. 164, 506–29.

22. Klimenko V.V., Balashev S.A., Physical conditions in diffuse interstellar medium of local and 

high redshift galaxies: measurements based on excitation of H
2
 rotational and CI fine-structure levels, 

MNRAS, 2020, Vol. 498, 1531–49.

THE AUTHORS

KOSENKO Daria N.
kosenkodn@yandex.ru

ORCID: 0000-0001-7431-8298

BALASHEV Sergei A.
s.balashev@gmail.com

Received 28.10.2022. Approved after reviewing 09.11.2022. Accepted 10.11.2022.


