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ABSTRACT
Hydroxyl (OH) is known to form efficiently in cold gas (T ∼ 100 K) along with the molecule H2 and can be used as an efficient
tracer of the diffuse molecular gas in the interstellar medium (ISM). Using a simple formalism describing the H I/H2 transition
and a reduced network of major chemical reactions, we present a semi-analytical prescription to estimate the abundances of
O-bearing molecules in the diffuse ISM. We show that predictions based on our prescription are in good agreement with the
estimates obtained using the MEUDON PDR code which utilizes the full reaction network. We investigate the dependence of the
relative abundances of OH/H I and OH/H2 on the variations of physical conditions i.e. the metallicity, number density (n),
cosmic ray ionization rate (ζ ), and strength of UV field (χ ) in the medium. We find that the OH/H I abundances observed in the
Galactic ISM can be reproduced by models with n ∼ 50 cm−3, χ ∼ 1 (Mathis field), and ζ ∼ 3 × 10−17 s−1, with a variation of
about 1 dex allowed around these values. Using the constrained H2 column density distribution function at z ∼ 3, we estimate
the OH column density distribution function and discuss future prospects with the upcoming large radio absorption line surveys.
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1 IN T RO D U C T I O N

The cold atomic (H I) and molecular (H2) phases of the interstellar
medium (ISM) are basic fuel for star formation in galaxies. For
this reason, understanding the physical properties and evolution of
these two phases is of great interest and crucial to understand many
key observables – such as the cosmic evolution of star formation
rate density (SFRD; Madau & Dickinson 2014) – related to the
galaxy evolution. In a diffuse molecular cloud, these two phases are
intimately linked to each other through an important ingredient of
the ISM physics – the H I/H2 transition. This transition occurs in a
very narrow region of the medium with typical temperatures, T ∼
100 K, and number densities, n ∼ 100 cm−3.

The cold atomic phase which is classically referred to as the
cold neutral medium (CNM; Heiles & Troland 2003b) can be
easily observed through H I 21-cm line in emission and absorption.
However, due to the weakness of the transition the emission lines
are mostly detected in the Galaxy and the local Universe. In turn,
the major constituent of the molecular ISM i.e. H2 is extremely
hard to observe in emission. Consequently, it is mostly studied
indirectly, through other molecular species such as CO and HCO+,
whose production is coupled with the presence of substantial amount
of H2 in the medium (Dame, Hartmann & Thaddeus 2001; Leroy
et al. 2009; Tacconi et al. 2018; Freundlich et al. 2019). However,
these molecular emission line observations mostly trace the dense
molecular gas, which generally represent clumps of the cold ISM
embedded in the elongated envelopes of diffuse gas. In the local
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Universe, the diffuse molecular gas can be detected via far-UV
Lyman- and Werner-band absorption lines of H2. At z� 2, these lines
are redshifted to optical wavelengths, which has enabled sensitive
observations of diffuse molecular gas in distant galaxies using large
ground-based telescopes. It has been recently established, that this
diffuse molecular gas, that is not traced by CO (Balashev et al. 2017),
can be present in a significant amount in the ISM (e.g. ∼30 per cent
of the molecular gas in our Galaxy; Grenier, Casandjian & Terrier
2005; Pineda et al. 2013).

One of the promising tracer of the diffuse gas is the OH molecule.
Indeed it is found to be significantly widespread with respect to CO,
and can be used to observe ISM phases that are partly atomic, partly
molecular i.e. envelopes surrounding dense molecular clouds, which
are neither detectable in CO nor HI emission. In fact, OH was the first
molecule detected at radio wavelengths (Weinreb et al. 1963). Since
then, along with HCO+, it has emerged as one of the best tracers of H2

gas (Liszt & Lucas 1999). It is quite efficient to observe it through the
four 18-cm ground-state �-doubling transitions which occur at rest
frequencies of 1612.231, 1665.402, 1667.359, and 1720.530 MHz.
The relative strengths of these lines in the local thermodynamic
equilibrium is 1612:1665:1667:1720 MHz = 1:5:9:1. But the line
ratios are seldom found to be in LTE and are sensitive to the local
physical conditions in the ISM.

In the Galaxy, OH is routinely detected in a broad range of astro-
physical environments. This includes OH maser emission arising
from the star-forming regions (Caswell 1999), the envelopes of
the late-type stars (te Lintel Hekkert et al. 1989; Engels & Bunzel
2015), the proto-planetary nebulae (te Lintel Hekkert & Chapman
1996), and the supernovae remnants (Brogan et al. 2013). The non-
amplified OH emission and OH absorption are detected in the diffuse
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molecular clouds in the Galactic plane (e.g. Dawson et al. 2014),
the individual Giant Molecular Cloud complexes (as W43 Walsh
et al. 2016), the clouds at the Galactic Centre (Boyce & Cohen
1994), the high-latitude diffuse and translucent clouds (Grossmann
et al. 1990; Cotten et al. 2012; Donate, White & Magnani 2019),
and cirrus clouds of our Galaxy (Barriault et al. 2010). Notably, Li
et al. (2018) recently published OH absorption line measurements
from the Millenium survey (Heiles & Troland 2003a). They find that
most of the detections are associated with the diffuse and translucent
clouds, i.e. probing the so-called ‘CO-dark’ gas, and the peak of the
lognormal function fitted to the excitation temperature distribution
is 3.5 K. The latter explains the general difficulty in detecting OH
emission from diffuse clouds.

Outside the Galaxy, OH is detected in many luminous infrared
galaxies locally and up to redshifts of 0.265 (Darling & Giovanelli
2002; Fernandez et al. 2010), not only as a megamaser emission, but
also in absorption (McBride, Alatalo & Nyland 2015). However, in
normal star-forming galaxies, the detections are sparse. To date only
four intervening OH absorbers are known at z > 0 (Chengalur, de
Bruyn & Narasimha 1999; Chengalur & Kanekar 2003; Kanekar
et al. 2005; Gupta et al. 2018b). Three of these originate from
the dense molecular gas in gravitationally lensed systems, that pre-
select the line of sights (LOSs) with high dust-extinction passing
through the regions close to the centre of galaxies. Only recently
the OH main lines have been systematically searched in a sample
of quasar sightlines tracing the diffuse cold atomic gas (Gupta et al.
2018b). This led to the first successful extragalactic detection of OH
originating from the diffuse gas (see also Combes et al. 2019). The
upcoming large blind H I 21-cm absorption line surveys, particularly
the MeerKAT Absorption Line Survey (MALS; Gupta et al. 2016)
and the the First Large Absorption Survey in H I (FLASH; Allison
et al. 2020) with the Square Kilometer Array (SKA) precursors and
pathfinders will have the sensitivity and redshift paths to search OH
18-cm lines in a wide-range of environments in the Galaxy and distant
galaxies at 0 < z < 2. A summary of these surveys is provided in
table 1 of Gupta et al. 2016. Additionally, extragalactic OH may also
be searched with Five-hundred-meter Aperture Spherical Telescope
(FAST; Zheng et al. 2020) and upgraded Giant Metrewave Radio
Telescope (uGMRT; Gupta et al. 2020). Since the diffuse gas has
much higher cross-section than the dense gas, one may expect that
the former will be preferentially represented in these surveys. It is
therefore of great interest to obtain the expected detection rates and
the physical conditions in diffuse gas that will be probed by these
surveys. This requires a detailed understanding of the production
of OH and the influence of external factors on the populations of
levels.

The production of OH molecule through the O-bearing cycle has
been studied in detail for different phases of ISM by many groups
(e.g. Black & Dalgarno 1973; Herbst & Klemperer 1973; Prasad &
Huntress 1980; Le Petit, Roueff & Le Bourlot 2002; Hollenbach et al.
2012; Bialy & Sternberg 2015). Most of the theoretical studies of OH
production either assumed some abundances of H2 in the medium
or calculated abundances of various species using complex chemical
reaction network and radiative transfer modelling. A key component
of the modelling is H I/H2 transition, since it is crucial to determine H2

abundance, which is an important ingredient of the production cycle
of O-bearing molecules. Recently, Sternberg et al. (2014) and Bialy &
Sternberg (2016) presented a simple analytical formalism to describe
H I/H2 transition in the cold medium. In Balashev & Kosenko (2020),
we successfully applied this formalism to describe the production of
the HD molecule in a semi-analytical manner. In this paper, we
expand this semi-analytical formalism to describe the production

cycle of O-bearing molecules in diffuse ISM. We show that the
galactic measurements by Li et al. (2018) can be well explained by
our calculations and provide an estimate of the expected physical
conditions in such diffuse molecular clouds. More specifically, we
find that the measurements in high-latitude clouds, probing the cold
ISM, with H2 column densities log N � 19 (where N in cm−2). This,
together with recent constraints of the H2 column density distribution
function by Balashev & Noterdaeme 2018, allow us to estimate
the expected detection rates of OH in the blind absorption line
surveys.

This paper is organized as follows. In Section 2, we describe the
semi-analytical model to calculate the abundances of the O-bearing
molecules in the diffuse ISM. In Section 3, we present results from
the calculation and show that these are in a good agreement with
the estimates from sophisticated MEUDON PDR numerical code. We
also examine how the relative abundances of OH/H I and OH/H2

depend on the variation of the physical conditions in the medium. In
Section 4, we show that our prescription explains the observations in
the Galaxy. Subsequently, we use it to estimate the column density
distribution function of OH and hence the expected incidence rate of
OH detection from the upcoming blind absorption line surveys with
a particular focus on MALS. We summarize our results in Section 5.
Throughout this paper, we assume a flat �CDM cosmology model
with �� = 0.7 and H0 = 68 km s−1 Mpc−1.

2 A NA LY TI CAL DESCRI PTI ON

We consider the homogeneous and isothermal medium with follow-
ing physical parameters that determine the chemical abundances: the
total hydrogen number density ntot

H (in the following, we will use
n2 = ntot

H /100 cm−3), kinetic temperature T (in K), the metallicity
Z (relative to solar), the incidence UV field of strength χ (in the
units of Mathis field; Mathis, Mezger & Panagia 1983) and cosmic
rays ionization rate (CRIR), ζ (in units of 10−17 s−1). For the latter,
we will implicitly assume that it is the primary ionization rate per
hydrogen atom.

In this work, we consider diffuse ISM, with typical number
densities n ∼ 10−1000 cm−3, exposed by relatively mild UV fields
χ < 100 and CRIR values ζ < 100. We also explicitly study the
dependence of the abundances of various species on the metallicity,
which we varied in the range: Z ∼ 0.01−1. We fixed the temperature
to T = 100 K, i.e. we did not consider it as an additional parameter.
This is reasonable because the relevant reaction rates have little
temperature dependence in the range (50–200 K) corresponding to
the diffuse ISM (Balashev et al. 2019). Further, in the following for a
species denoted by X, we will use nX, xX, dX, and NX to describe the
number density, relative abundance, depletion, and column density,
respectively. We will also explicitly denote atomic hydrogen by H I

and express all column densities in cm−2.
The ionization potentials of C and O (metals that are relevant

for this study) are 11.2 and 13.6 eV, respectively. Therefore, in
the diffuse medium, they are predominantly in the ionized and
neutral form, respectively. Hence, their number densities can be
defined as

nC+ ≈ ntot
C ≡ xCntot

H ≈ 2.7 × 10−4ZdCntot
H , (1)

nO ≈ ntot
O ≡ xOntot

H = 4.9 × 10−4ZdOntot
H . (2)

Further, we assume the number density of electrons, ne = nH+ +
nC+ . Since in the CNM, He, and O are predominantly in the neutral
form, we will neglect their contributions to ne. Following Bialy &
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Sternberg (2019) for the depletions dC and dO, we use

dX =
{

1 − δX Z ≥ Z0

1 − δX(Z/Z0)2 Z < Z0,
(3)

where Z0 = 0.2 and δX is the specified depletion at solar metallicity.
We used δC = 0.53 and δO = 0.41, which recover typical ISM
abundances of carbon and oxygen in our Galaxy. We also considered
He and Ar assuming that these element are not depleted and have
abundances of 0.085 and 3.3 × 10−6, respectively.

In Table 1, we summarize reactions and their rates involved in
the OH production. The focus is to write the (semi)-analytical
description of the abundances of O-bearing molecules. Therefore,
we have restricted ourselves to the hydrogen and oxygen chemical
networks and consider only two reactions of O-bearing species with
C+, which are necessary to obtain correct destruction rates of OH
and H2O molecules in the diffuse ISM. In Fig. 1, we present a
simplified visual representation of the major reactions involved in
the OH production cycle. Such representations have been presented
in the literature (see for example Prasad & Huntress 1980; Bialy &
Sternberg 2015). Most of the reaction rates have been taken from
the UMIST data base (McElroy et al. 2013). Note reaction 11 is
missed in the data base. For O-H charge exchange reactions, we
used rates from Draine (2011). Compared to UMIST, these provide
a better fit to the detailed calculation by Stancil et al. (1999). For the
grain recombination reaction, we used the fits to rates provided by
Weingartner & Draine (2001). We did not study the grain and PAH
charge distributions explicitly. For uniformity, the photodissociation
rates and dust shielding have been taken from the recent extensive
study by Heays, Bosman & van Dishoeck (2017). These assume the
plane–parallel geometry and the one-sided isotropic radiation field
is of the spectral shape given by Mathis et al. (1983).

2.1 H2 molecular fraction

Our description of the abundances of the species starts with defining
the H2/H I transition, which essentially governs the gross structure
of the cloud. Following the formalism of Sternberg et al. (2014), we
express the H2 molecular fraction fH2 as a function of NH2 through

fH2 ≡ 2nH2

ntot
H

≡ 2nH2

nH + 2nH2

= 2

αSH2(NH2 )e−σg (NH+2NH2 ) + 2
, (55)

where SH2 is the self-shielding function for H2 (Draine & Bertoldi
1996) and σg ≈ 1.9 × 10−21Z′ cm2 is the dust LW-photon absorption
cross-section per hydrogen atom. The ratio of free space H2 photo-
dissociation and H2 formation on the dust grains, i.e. α is defined
as

α ≡ χDH2
0

RH2ntot
H

= 0.6 × 104n−1
2 χZ−1, (56)

where DH2
0 is the unattenuated photodissociation rate of H2 in

Mathis UV field and RH2 is the formation rate of H2 on the dust
grains. To be consistent with MEUDON PDR models, we used DH2

0 =
4.8 × 10−11 s−1 and RH2 = 8 × 10−17 cm3 s−1 (see Section 3.3.2).
Sternberg et al. (2014) also found that NHI can be expressed as a
function of NH2 through

NStern
HI = 1

σg

ln

(
αG(NH2 )

2
+ 1

)
, (57)

where G(NH2 ) is cloud-averaged H2 self-shielding function. Here,
we use the analytical fit to it from the paper by Bialy & Sternberg
(2016).

In this formalism, the atomic hydrogen abundance drops to
vanishingly small values in the H2 dominated core of the cloud,
and hence, the H I column density has a fixed asymptotic value for
each set of the α and σ g parameters. However, note that even at
the cloud centre, due to dissociation of H2 by cosmic rays, and/or
desorption/adsorption reactions on the surface of dust grains the H I

can be still present at reasonable levels. Based on the MEUDON PDR

calculations (see Section 3.1), we roughly estimated the xHI to be
10−3/Z in H2-dominated regions. This gives the correction to the NHI

provided in equation (57) as

NHI = NStern
HI (NH2 ) + 10−3

Z
NH2 . (58)

2.2 O+, He+, HeH+, and ArH+

The abundance of O+ is determined by the destruction with H2 (24),
and O-H charge exchange reactions (5) and (6). Using these reactions,
we get

nO+ = k5nH+nO

k6nH + k24nH2

. (59)

The abundance of He+ is determined by cosmic ray ionization of
He (47) and destruction in reactions (43), (7), (8), (9), (10), and (11).
Hence

nHe+ = kHe
ζ nHe

neα
rr
He + α

gr
Hen

tot
H + (k8 + k9)nH2 + (k10 + k11)nH

. (60)

The He+ provides the main formation channel for HeH+, which
is important for the formation H+

2 (in reaction 12) and H+
3 (in

reaction 13). The abundance of HeH+ can be obtained as

nHeH+ = k11nHe+nH

k12nH + k13nH2

. (61)

The production of Ar+ is important for the H+
3 formation in

diffuse atomic medium. Ar+ is formed in cosmic ray ionization and
destructed mainly with H2 leading to production of ArH+, which in
turn is destructed in reactions (18) and (19) with e and O, respectively,
and with H2 in reaction (20). The latter results in H+

3 formation.
Therefore, we get

nArH+ = kAr
ζ nAr

k18ne + k19nO + k20nH2 + DArH+ . (62)

2.3 H+
2 and H+

3

The formation of H+
2 proceeds through two channels: one is due to

cosmic rays ionization of H2 (46), and the other is due to HeH+

through reaction (12) Note, the reaction (9) can be neglected. The
destruction of H+

2 proceeds through reactions (14), (15), (16), and
photodissociation, which typically can be neglected. Hence

nH+
2

= nH2k
H2
ζ + k12nHeH+nH

k14nH + k15ne + k16nH2 + DH+
2

. (63)

In the medium where H2 abundance is high, H+
3 molecule is pref-

erentially formed from H+
2 through reaction (16), and in the atomic

envelope of the cloud from ArH+ and HeH+ through reactions (20)
and (13), respectively. H+

3 is destroyed in reactions (21), (22), (23),
and (27). Therefore

nH+
3

=
k16nH+

2
nH2 + k20nArH+nH2 + k13nHeH+nH2

(k21 + k22)ne + (k23 + k27)nO
. (64)
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Table 1. Gas-phase reactions.

Reactiona Notation α (cm3 s−1) β γ References

H+ + e → H + hν (4) αrr
H 3.5 × 10−12 − 0.7 – (Prasad & Huntress 1980)

H+ + O → H + O+ b (5) k5 6.9 × 10−10 0.26 224 (McElroy et al. 2013)
O+ + H → H+ + O b (6) k6 5.7 × 10−10 0.36 − 8.6 (McElroy et al. 2013)
He+ + e → He + hν (7) αrr

He 4.5 × 10−12 − 0.67 – (Prasad & Huntress 1980)
He+ + H2 → He + H + H+ (8) k8 3.7 × 10−14 – 35 (McElroy et al. 2013)
He+ + H2 → He + H+

2 (9) k9 7.2 × 10−15 – – (McElroy et al. 2013)
He+ + H → He + H+ (10) k10 1.2 × 10−15 0.25 – (Stancil, Lepp & Dalgarno 1998)
He+ + H → HeH+ + hν (11) k11 1.7 × 10−15 − 0.37 – (Le Petit et al. 2006)
HeH+ + H → He + H+

2 (12) k12 8.2 × 10−10 0.11 31.5 (Bovino et al. 2011)
HeH+ + H2 → He + H+

3 (13) k13 1.5 × 10−9 – – (McElroy et al. 2013)
H+

2 + H → H2 + H+ (14) k14 6.4 × 10−10 – – (Karpas, Anicich & Huntress 1979)
H+

2 + e → H + H (15) k15 1.6 × 10−8 − 1.18 7.12 (Epée Epée et al. 2016)
H+

2 + H2 → H+
3 + H (16) k16 2.1 × 10−9 – – (Theard & Huntress 1974)

Ar+ + H2 → ArH+ + H (17) k17 8.4 × 10−10 0.16 – (Rebrion, Rowe & Marquette 1989)
ArH+ + e → H + Ar (18) k18 5 × 10−10 − 0.5 – (Mitchell et al. 2005)
ArH+ + O → Ar + OH+ (19) k19 8 × 10−10 – – (Schilke et al. 2014)
ArH+ + H2 → H+

3 + Ar (20) k20 8 × 10−10 – – (Villinger et al. 1982)
H+

3 + e → H + H + H (21) k21 4.4 × 10−8 − 0.52 – (McCall et al. 2004)
H+

3 + e → H2 + H (22) k22 2.3 × 10−8 − 0.52 – (McCall et al. 2004)
H+

3 + O → OH+ + H2 (23) k23 8.0 × 10−10 − 0.16 1.4 (Bettens, Hansen & Collins 1999)
H2 + O+ → OH+ + H (24) k24 1.7 × 10−9 – – (Smith, Adams & Miller 1978)
OH+ + e → H + O (25) k25 3.75 × 10−8 − 0.50 – (Mitchell 1990)
OH+ + H2 → H2O+ + H (26) k26 1.0 × 10−9 – – (Jones, Birkinshaw & Twiddy 1981)
H+

3 + O → H2O+ + H (27) k27 3.4 × 10−10 − 0.16 1.4 (Bettens et al. 1999)
H2O+ + e → O + H2 (28) k28 3.9 × 10−8 − 0.50 – (Rosen et al. 2000)
H2O+ + e → O + H + H (29) k29 3.1 × 10−7 − 0.50 – (Rosen et al. 2000)
H2O+ + e → OH + H (30) k30 8.6 × 10−8 − 0.50 – (Rosen et al. 2000)
H2O+ + H2 → H3O+ + H (31) k31 6.4 × 10−10 – – (McElroy et al. 2013)
H3O+ + e → OH + H2 (32) k32 5.4 × 10−8 − 0.50 – (Novotný et al. 2010)
H3O+ + e → OH + H + H (33) k33 3.1 × 10−7 − 0.50 – (Novotný et al. 2010)
H3O+ + e → H2O + H (34) k34 7.1 × 10−8 − 0.50 – (Novotný et al. 2010)
H + O → OH + hν (35) k35 9.9 × 10−19 − 0.38 – (Le Petit et al. 2006)
OH + H → H2O + hν (36) k36 4.0 × 10−18 − 2.00 – (Le Petit et al. 2006)
OH + H+ → H + OH+ν (37) k37 2.1 × 10−9 − 0.50 – (Prasad & Huntress 1980)
OH + C+ → CO+ + H (38) k38 7.7 × 10−10 − 0.50 – (Prasad & Huntress 1980)
H2O + C+ → HCO+ + H (39) k39 7.0 × 10−10 − 0.50 – (Martinez et al. 2008)
H2O + C+ → HOC+ + H (40) k40 1.4 × 10−9 − 0.50 – (Martinez et al. 2008)
OH + O → O2 + H (41) k41 3.7 × 10−11 − 0.25 12.9 (Prasad & Huntress 1980)

Grain recombination:
H+ + Gr+k → H + Grk + 1 (42) α

gr
H Approximation from (Weingartner & Draine 2001)

He+ + Gr+k → He + Grk + 1 (43) α
gr
He Approximation from (Weingartner & Draine 2001)

Cosmic ray ionizationc

H + c.r → H+ + e (44) kH
ζ 1.7 × ζ – – (Draine 2011)

H2 + c.r → H+ + H + e (45) k̃
H2
ζ 0.17 × ζ – – (Le Petit et al. 2002)

H2 + c.r → H+
2 + e (46) k

H2
ζ 3.4 × ζ – – (Le Petit et al. 2002)

He + c.r → He+ + e (47) kHe
ζ 1.4 × ζ – – (Jenkins 2013)

Ar + c.r → Ar+ + e (48) kAr
ζ 12.5 × ζ – – (Schilke et al. 2014)

Photodissociation reactions
Reaction Notation Rate, D0 (s−1) d γ ds

e References
H2 + hν (49) 4.8 × 10−11 4.18 from Meudon
H+

2 + hν (50) DH+
2 3.9 × 10−10 2.78 (Heays et al. 2017)

OH + hν (51) DOH 2.5 × 10−10 2.66 (Heays et al. 2017)
OH+ + hν (52) DOH+

1.1 × 10−11 3.97 (Heays et al. 2017)
H2O + hν (53) DH2O 5.3 × 10−10 2.63 (Heays et al. 2017)
ArH+ + hν (54) DArH+

1.0 × 10−11 2.63 (Schilke et al. 2014)

b We adopted approximation of these reaction rates from UMIST2012 data base, which is based on Stancil et al. (1999) calculations, while Spirko,
Zirbel & Hickman (2003) obtained different rates. See also discussion in Neufeld & Wolfire (2017).
c Most of the cosmic ray ionization rates (except for He) depend on the the fraction of secondary electrons which was calculated based on the physical
parameters of models (Draine 2011; Jenkins 2013).
d D0 is a free-space photodissociation rate in Mathis field (Mathis et al. 1983), i.e. neglecting any extinction and self-shielding.
e γ ds is a constant in the factor related to the shielding by dust. Following Heays et al. (2017), D = D0e−γdsAV .
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Figure 1. Simplified representation of chemical reaction network used in this paper. We plot only major reactions from the Table. 1. To keep the representation
simple, we also do not show the channels that include He and Ar chemistry used in the model.

The chemistry of H+
2 and H+

3 was recently extensively discussed
by Neufeld & Wolfire (2017) in the context of cosmic ray ionization
rate in the diffuse medium. However, we note that to derive their
equations, they did not take into account the formation of H+

2 and H+
3

through HeH+ and ArH+, which resulted in smaller abundances of
H+

2 and H+
3 in diffuse atomic part of the clouds, where H2 abundance

is low.

2.4 Ionization fraction

After determining He+ abundance, and knowing how to relate
O+ and H+ abundance, the next step is to determine hydrogen
ionization fraction. This is an important part of our prescription
to calculate the abundances of O-bearing molecules. This is because
the ionization fraction determines O+ abundance, and hence has a
crucial importance on some of the channels for the production of
O-bearing molecules. We will show that once ionization fraction is
determined, we can write explicit analytical equations for abundances
of O-bearing molecules.

The ionization fraction in the diffuse ISM, fH+ = nH+/ntot
H can

be obtained assuming that H+ is mainly produced by ionization by
cosmic rays (44 and 45), charge exchange reaction with O+ (6), and
from He+ and H+

2 in reactions (8) and (14), respectively. In turn,
H+ is destructed by radiative recombination (42), charge-exchange
reaction between H+ and oxygen (5), and neutralization by grains
(42). We neglect here the channels of the formation from D+ by
reaction with H and H2 and destruction with D, since they precisely
equate each other, so they can be omitted from the balance equation
for H+. Therefore

kH
ζ nH + k̃

H2
ζ nH2 + k6nO+nH + k14nH+

2
nH + k8nHe+nH2

= αrrnenH+ + α
gr
H ntot

H nH+ + k5nOnH+ . (65)

From the balance equation (59) for nO+ , we can write: k5nOnH+ −
k6nO+nH = k24nO+nH2 . Using this and the expressions (59), (60) and
(63) for nO+ , nHe+ and nH+

2
, respectively, the equation (65) is modified

to

kH
ζ nH + k̃

H2
ζ nH2 + k

H2
ζ nH2

k14nH

k14nH + k15ne + k16nH2

+ kHe
ζ nHe

k8nH2 + k11nHk14nH

k14nH + k15ne + k16nH2

k12nH

k12nH + k13nH2

neα
rr
He + α

gr
Hen

tot
H + (k8 + k9)nH2 + (k10 + k11)nH

= (αrrne + α
gr
H ntot

H )nH+ + k5k24nOnH2

k6nH + k24nH2

nH+ . (66)

This equation can be solved numerically, taking into account that
the ion neutralization coefficients α

gr
H and α

gr
He are functions of the

physical parameters. However, one can also write an approximate
solution of this equation. Indeed, using Weingartner & Draine (2001)
for T = 100 K, we can express α

gr
H as

α
gr
H ≈ 2.7 × 10−11ψ−0.9cm3 s−1

≈ 1.6 × 10−10χ−1n2Zxe cm3 s−1 ≡ α̃
gr
H xe, (67)

where ψ = G0
√

T /K/(ne/cm−3) and xe = ne/n
H
tot = xC + fH+ .

Here, G0 is the radiation field intensity relative to Habing (1968),
which is a factor ≈1.3 lower than Mathis field in 912–1100 Å range.
This approximation, where we replaced power −0.9 by −1, works
well till the following inequality, χn−1

2 (10−4/xe) 
 0.23, valid. This
is indeed the case for physical parameter ranges relevant for the cold
ISM.

Next, we neglect the k15ne and αrr
Hene terms in the left-hand part of

the equation (66). Then, substituting nH = ntot
H (1 − fH2 )(1 − fH+ ),
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nH2 = ntot
H fH2 (1 − fH+ )/2, and nH+ = fH+ntot

H , and introducing

keff
ζ = kH

ζ (1 − fH2 ) + k̃
H2
ζ fH2/2 + k

H2
ζ

fH2

2

(
1 + k16fH2

2k14(1 − fH2 )

)−1

+ kHe
ζ fHe

k8
fH2

2
+ k12

(
1 + k16fH2

2k14(1 − fH2 )

)−1

α
gr
He + (k8 + k9)fH2/2 + (k10 + k11)(1 − fH2 )

, (68)

we obtain the equation for fH+ as

f 2
H+ + fH+

(
xC + k5xOA

(αrr + α̃gr )

)
= keff

ζ

(αrr + α̃gr )ntot
H

, (69)

where A =
(

1 + k6nH
k24nH2

)−1
≈ 2fH2

1+fH2
(at T = 100 K) and we take

into account that (αrr + α̃gr )xC 
 keff
ζ /ntot

H . Note that a substitution
similar to (68) was used by Glassgold & Langer (1974).

Based on the quadratic equation (69), we can write the solution
for fH+ as

fH+ = x̃

⎛
⎝
√

keff
ζ

(α̃gr + αrr )ntot
H x̃2

+ 1 − 1

⎞
⎠ , (70)

where

x̃ = 1

2

(
xC + k5xOA

αrr + α̃gr

)
. (71)

2.5 OH+, H2O+, and H3O+

H+
3 and H+

2 molecules provide the main channels of OH+ formation
following reactions (23) and (24). Once OH+ is formed it mainly
produces H2O+ in reaction (26). Additionally, OH+ can be destructed
in recombination with electrons (25) and photodissociated (52).
Therefore

nOH+ =
k23nH+

3
nO + k24nO+nH2

k26nH2 + k25ne + DOH+ . (72)

Apart from reaction (26), there is an additional channel of H2O+

formation in reaction (27). The destruction H2O+ includes produc-
tion of H3O+ in reaction (31) and three recombination channels with
electrons (28), (29), and (30). Hence

nH2O+ =
k26nOH+nH2 + k27nH+

3
nO

k31nH2 + (k28 + k29 + k30)ne
. (73)

The abundance of H3O+ is determined by

nH3O+ = k31nH2O+nH2

(k32 + k33 + k34)ne
. (74)

Note that one of the channels of recombination of H3O+ molecules
leads to the formation of H2O (34), which can be photodissociated to
OH or react with C+ to form HCO+ (39) or its isomer HOC+ (40).

2.6 OH and H2O

Finally, the number density of OH molecules, is determined by the
formation in reactions (30), (32), (33), and (35). Additionally, OH
is formed by the photodissociation of H2O. This, along with the
destruction by reaction with C+ (see reactions 39 and 40), is the
dominant destruction channel for H2O. H2O is mainly produced
by reaction (34). Therefore, we include the reaction (34) among
the formation channels of OH. The destruction of OH is due to

reactions (37), (38), (41), and photodissociation (51). The reaction
(37) can dominate at low metallicities.

Using these reactions, we can write that

nOH =
(
k30nH2O+ + (k32 + k33) nH3O+

)
ne + k35nHnO

k38nC+ + k41nO + k37nH+ + DOH

+ k34nH3O+ne

k38nC+ + k41nO + k37nH+ + DOH

DH2O

(k39 + k40)nC+ + DH2O
.

(75)

Finally, since OH and H3O+ provide the main production channel
of H2O in the atomic envelope (where OH predominantly formed in
the reaction 35) and molecular core, respectively, the H2O abundance
can be written using OH and H3O+ abundances as

nH2O = k36nOHnH + k34nH3O+ne

(k39 + k40) nC+ + DH2O
. (76)

2.7 Asymptotics

Here, we obtain asymptotics for OH abundances in certain cases:

(i) Atomic gas, fH2 � 1. In this case, the OH is mainly produced
in reaction (35) and destructed by photodissociation (51). Hence, xOH

is simply

xOH = nOH

ntot
H

= k35nO

DOHχ
= 1.9 × 10−10

(
n2Z

χ

)
dO

(
T

300

)−0.38

,

(77)

which gives xOH ≈ 1.2 × 10−10n2Zχ−1 at T = 100 K and dO =
0.59. It is evident that xOH is proportional to the same combination of
physical parameters n2Zχ−1 as H2 abundance in the atomic envelope,
nH2 = ntot

H fH2/2 ≈ ntot
H /α (see equations 55 and 56). Therefore, the

relative OH/H2 abundance will not be sensitive to the number
density, metallicity, and UV flux, and hence

nOH

nH2

= αk35nO

DOHχ
= 2.5 × 10−6dO

(
T

300

)−0.38

, (78)

which for T = 100 K and dO = 0.59 is 1.5 × 10−6.
(ii) Molecular gas, fH2 � 1. In this case, we can write

xOH ≈ xO
k5nH+

DOH

⎛
⎜⎜⎜⎝

1 + k30ne

k31nH2

1 + k30ne

k31nH2

k28 + k29 + k30

k30

⎞
⎟⎟⎟⎠ 1

1 + k6nH

k24nH2

. (79)

For T = 100 K, we get

xOH ≈ 5.6 × 10−3

(
n2Z

χ

)
dO

1 + B

1 + 5B

2fH2

1 + fH2

fH+ , (80)

where B = k30ne

k31nH2
≈ 6 × 10−2 Z

fH2
, if the electrons are determined

by the carbon abundance. Since, fH+ is a complex function of the
physical parameters (see equation 70), it is hard to obtain a simple
form of dependence on the physical parameters. However, in the cold
ISM fH+ is typically in the range of ∼10−3−10−5 and it depends sub
linearly on the physical parameters. Therefore, as fH2 → 1, we can
write

xOH ≈ 1.1 × 10−2

(
n2Z

χ

)
dOfH+ . (81)

For intermediate fH2 using equation (55), this gives

xOH ≈ 7.2 × 10−7

(
n2Z

χ

)2

dO
fH+

SH2

. (82)

Thus, for intermediate fH2 , xOH has a steeper dependence on n2Zχ−1.
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OH in the diffuse ISM 3803

Figure 2. The relative abundances of different species involved in OH production as a function of NH2 column density. The solid lines show the result of our
calculation for a model with Z = 1, χ = 1, ζ = 3, and ntot

H = 50 cm−3, while the dashed lines represent MEUDON PDR results. The filled grey region conditionally
represents the diffuse molecular part of the cloud. Since we did not take into the the conversion of C+ convert into C I and CO and the carbon network reactions
(involved mainly C and CO), therefore our calculations are not representative for the H2 column density, log NH2 � 20.7, at specified parameters of the model.
This region is marked by hatch grey area.

3 R ESULTS

In Fig. 2, we plot the abundances of various species estimated using
the relationships discussed in Section 2. We consider ntot

H = 50, χ

= 1, ζ = 3, and Z = 1 i.e. the typical physical conditions in the
local ISM. For the purpose of discussion of results, we split the
cloud into three regions based on standard ISM classification: (i)
diffuse atomic – where hydrogen is predominantly in atomic form;
(ii) diffuse molecular – where hydrogen is in molecular form but
carbon is ionized; and (iii) dense molecular – where hydrogen is in
H2 and carbon is in neutral and molecular forms. We merge the dense
molecular region with translucent one. Recall that our calculations
in dense molecular region are not appropriate for the estimation of
O-bearing molecular abundances (see Section 3.1). Indeed, we did
not take into account C and CO chemistry that leads to significant
drop in the electron fraction due to C+/C transition. Additionally,
once CO is formed it can cool the gas to temperatures ∼10 K, that
can affect the reaction rates and number density.

For the diffuse atomic and molecular regions, our calculations
reproduce the well-known behaviour of abundances of all the ions,
molecules, and radicals under consideration. Briefly, in the atomic
envelope, the abundances of most molecular species, such as H+

2 , H+
3 ,

H2O+, and H3O+, are relatively low. This is understandable because
their production is coupled with the H2 abundance. The main distinc-
tion is OH which can be formed through a neutral–neutral reaction
(35), and the abundances of both H and O are relatively high in the
atomic region. But, once the hydrogen starts to efficiently convert
into the molecular form, due to self-shielding (at log NH2 � 15),
there is a proportional increase in the abundances of aforementioned
molecular species. Deeper into the cloud their abundances slightly
reduce. This is due to the drop in the hydrogen ionization fraction,
which leads to a drop in O+ and hence OH+ abundances. The latter
provides a dominant channel for the production of H2O+, H3O+, and
consequently, OH in diffuse molecular clouds.

The profiles of various species presented in Fig. 2 would be
vastly different for different physical conditions. For example, the
low-metallicity environment would result in much higher hydrogen
ionization fraction (see e.g. Balashev & Kosenko 2020) due to lower
recombination rate on the dust grains; and also the electron fraction
would be less sensitive to C+ abundance. Additionally, in case of
extremely high CRIR, ζ � 100, the electron abundance will also
be less sensitive to the C+ abundance, and H2 can be significantly
dissociated by cosmic rays in the self-shielded regions of the
cloud.

3.1 Comparison with MEUDON PDR code

Here, we compare our analytical calculations with the results from
MEUDON PDR code (Le Petit et al. 2006). For MEUDON PDR modelling,
we consider of slab gas irradiated from one side by the radiation field
(with the Mathis spectrum) with constant density and temperature T
= 100 K. In general, we find that for the diffuse parts of the medium,
the results from our calculations for different species involved in OH
production and OH itself are in a good agreement with MEUDON PDR

results.
Fig. 2 provides a comparison of our calculations and MEUDON

PDR results for a model with Z = 1, χ = 1, ζ = 3, and n =
50 cm−3. For diffuse atomic and diffuse molecular regions of the
cloud, the major differences between our model and MEUDON PDR

results are due to: (i) slightly different reaction rates for the O–H
charge exchange reactions. This results in enhanced O+ abundance
in MEUDON PDR and hence an excess of O-bearing molecules. (ii)
different reaction rates for ionization of Ar and He by cosmic
rates. This results in enhanced Ar+ and ArH+ abundances in our
calculation, while insignificantly changes the results of O-bearing
species. (iii) different treatment of H2/H I-transition. This results in
differences in the regions with log NH2 ∼ 14−16 for H2, and hence,
for all the other molecules and radicals. (iv) The difference in the
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Figure 3. Dependence of xOH = nOH/ntot
H as a function of NH2 on various physical parameters of the ISM. The green curves show the base model with Z =

0.3, χ = 1, ζ = 3, and ntot
H = 50. In each panel from left- to right-hand, the blue and red lines represent the profiles obtained by varying one of the physical

parameters, i.e. metallicity, CRIR, UV field strength, and number density (see legend in each panel), respectively. The solid and dashed lines correspond to our
and MEUDON PDR code calculation, respectively. The grey hatch portion schematically represents the translucent and dense molecular gas region, where our
calculations are no longer applicable (the exact position of this region depends on the combination of the physical parameters and hence should be calculated
individually for each line).

H+
3 , OH, H2O, and H3O+ photodissociation rates. Out of these, the

most important is the difference for OH, which is directly reflected
in the difference in OH abundance. We verified that once we use
MEUDON PDR rates for the aforementioned reactions, there is almost
one-to-one accordance between the results from our calculations and
MEUDON PDR code, with typical differences being <30 per cents. (v)
The different description of the depletion of O and C. In MEUDON

PDR calculations for simplicity, we used fixed values, dC = 0.47 and
dO = 0.59, while in our calculations, we used metallicity-dependent
dC and dO (see equation 3). This results in the gradual increase of
calculated O-bearing molecules abundances for some regions of the
models with Z < 0.2 (see e.g. the left-hand panel in Fig. 3).

As previously mentioned, our model is not appropriate for the
translucent parts of the cloud. But MEUDON PDR profiles reproduce
well the expected behaviour of molecular species discussed in
previous section. However, here we are concerned only with the
abundance of OH molecule in diffuse atomic and molecular regions.
Therefore, the results from our calculations are adequate for the
purpose of this paper.

3.2 Dependence on the physical conditions

In Figs 3 and 4, we present profiles of xOH as a function of NH2

and NHI, respectively. The profiles of NOH versus NH2 are presented
in Fig. 5. Specifically, in each case we first obtained a base model
which corresponds to Z = 0.3, χ = 1, ζ = 3, and ntot

H = 50, and
then independently varied metallicity, UV flux, CRIR, and number
density to cover a range of physical conditions in the medium. For
completeness, we also plot the profiles obtained using the MEUDON

PDR code. As expected, for diffuse medium we find a good agreement
between our and MEUDON PDR code calculations. Since the latter
is able to correctly estimate OH abundances in translucent and
molecular ISM, for completeness, we have retained calculations
corresponding to these regions in the figures.

As obtained in Section 2.7, the OH abundance in the diffuse ISM
directly depends on the combination n2Zχ−1. Such a dependence is
clearly seen in Figs 3 and 4. In the diffuse atomic ISM i.e. the regions
with low H2 and low H I column densities, this dependence is very
stiff and OH abundance is well reproduced by the equation (77).

In the diffuse molecular region, this dependence gets altered as the
ionization and molecular fractions, with latter also determining the
xOH, are the functions of physical conditions ntot

H , χ , ζ , and Z. Note
that the dependence of xOH on the cosmic ray ionization rate is not
so strong. This is because the ionization fraction fH+ depends sub-
linearly on ζ . However, in diffuse molecular ISM xOH starts to have
a linear dependence on ζ . Another interesting feature corresponds
to deep into the cloud near the C+/C/CO transition layer which
demarcates the transition from the diffuse to dense gas phase. Here,
for a wide range of physical conditions, xOH tends to approach
a constant asymptotic value which is reasonably reproduced by
approximation given in equation (81).

In Fig. 5, we plot how Nobs
OH as a function of NH2 depends on the

variation the physical conditions. We show OH column density as
Nobs

OH = 2 × NOH(NH2/2). Since our calculations are based on one-
side radiation field models, this procedure simulates the slab medium
exposed by radiation field and CRIR at both the sides. As discussed
in subsequent sections, while comparing models with observations,
we are interested only on column densities of log NOH � 12, which
corresponds to log NH2 � 18 (see Fig. 5). It is interesting to note
that at these column densities, the relative NOH/NH2 abundance is
most sensitive to UV flux and CRIR (at ζ < 3), but has very little
sensitivity to metallicity. Additionally we note, that at the current
observational sensitivity limits NOH � 1013 cm−2, the OH molecules
probe the medium with H2 column densities NH2 � 1020 cm−2, that
corresponding to the diffuse molecular ISM, where H I/H2 transition
is already complete. From Fig. 5, one can see that the absorption
systems with NOH in ranges 1013−1014 cm−2 correspond to the
molecular gas before onset of CO, i.e. the ‘CO-dark’ molecular
gas.

3.3 Systematics and limitations

As already mentioned in previous sections, our calculations are
applicable only to the diffuse atomic and molecular phases of
ISM, i.e. well before the onset of C+/C/CO transition. Here, we
discuss other limitations and possible systematics that may impact
the obtained profiles of the abundances of O-bearing molecules which
one should be aware of.
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Figure 4. Dependence of xOH = nOH/ntot
H as a function of NHI on various physical parameters of the ISM. The other details are the same as in Fig. 3.

Figure 5. Dependence of NOH as a function of NH2 on various physical parameters of the ISM. The other details are the same as in Fig. 3.

3.3.1 Temperature gradient

The O–H charge exchange reactions are quite sensitive to the
temperature of the gas. This is especially important if the gas
gets heated to temperatures of ∼1000 K, for example, in the H2

dissociated shell of an H2 cloud. The situation corresponds to the
case of a medium with low number densities (n � few × 10 cm−3)
and exposed to high UV fluxes (χ � 10). In this case, in comparison
to the isothermal case with T ≈ 100 K, the abundance of O+ is
significantly enhanced. At such high temperatures ∼1000 K, the H2

formation rate is also expected to be enhanced (see e.g. Le Bourlot
et al. 2012), resulting in the enhancement of the O-bearing molecules
production in the atomic envelope of cloud. Both these factors result
in the significant increase (� 1 dex) for log NOH. However, we note
that such regions still have little effect on the total OH column
density which are accessible through current observations (log NOH

� 12). Additionally, these warm region are also expected to have
high excitation temperatures, so will not contribute significantly to
the total OH and H I.

3.3.2 H2 formation rate

The H2 formation rate, RH2 , is not well-known in the ISM. The
original measurements using Copernicus satellite provided the
first estimates of RH2 ≈ 3 × 10−17 cm3 s−1 (Jura 1975). The latter
measurements updated this to slightly higher values RH2 ≈ 4 ×
10−17 cm3 s−1 (Gry et al. 2002). We use RH2 ≈ 8.0 × 10−17 cm3 s−1

provided by the default calculations in MEUDON PDR code with default
dust size distribution parameters (power law with slope of −3.5 in
the ranges of 3 × 10−3 − 3 × 10−1 μm) and mass to dust ratio of
6.3 × 10−3, polycyclic aromatic hydrocarbons fraction of 4.6 × 10−2.

3.3.3 H2 self-shielding function

Since H2 self-shielding function determine the H2 abundance profile
in the cloud, it has a direct impact on the OH abundance. In our
calculations, we used Draine & Bertoldi (1996) approximation,
which is found to be in good agreement with the MEUDON PDR

code calculations which use the approximation given by Federman,
Glassgold & Kwan (1979). However, the self-shielding function
depends on the H2 level populations and radiative transfer in H2

lines. Therefore, it is a complex function of the cloud structure. In
the first approximation, the function significantly depends on the
turbulent Doppler parameter in the medium. In our calculations, we
used b = 2 km s−1, which is the typical value observed in the cold
diffuse ISM. We found that varying the Doppler parameter in ranges
1–10 km s−1 resulted in insignificant changes of NOH at any NH2 in
the observable ranges of log NOH � 12. Note that this column density
range already corresponds to the shielded medium.

3.3.4 OH photodissociation rate

The unshielded photodissociation rates used in our calculations are
provided in Table 1. This implicitly assumes that the thickness of

MNRAS 504, 3797–3811 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/3797/6244210 by guest on 23 April 2024



3806 S. A. Balashev, N. Gupta and D. N. Kosenko

Figure 6. Comparison between relative NOH and NHI abundances from our calculations and observations of the Milky Way (Li et al. 2018). The circles (filled
and open) and grey arrows represent OH absorption detections and non-detections, respectively, for sightlines with confirmed H I absorption detections. The
error bars represent 1σ uncertainties. The green dashed curve in each panel represents the calculated NOH(NHI) profile for the base model with Z = 1, χ = 1,
ζ = 3 and ntot

H = 50 cm−3. The red dotted and blue solid curves show models obtained by varying a parameter with respect to the base model. The parameter
being varied i.e. cosmic ray ionization rate, UV field strength, or number density is indicated in the legend of panels from left- to right-hand, respectively. The
numbers along the curves show corresponding log NH2 .

the medium is small; and the gas on the opposite side of the slab
is not shielded. This is reasonable, since we are interested in the
diffuse ISM, i.e. gas with small amounts of dust, which otherwise
could be very effective in shielding. However, for some molecules,
such as OH, the shielding by H2 lines can be important, since
the photodissociation cross-sections of OH and H2 are intersected.
Therefore, locally this shielding will depend on the H2 column
densities in the gas. Using the calculations by Heays et al. (2017), one
can estimate that when log NH2 is equal to 18 and 20 then the shielding
of OH by H2 is ∼ 0.95 and 0.68, respectively. Since, the abundance of
OH scales directly with UV flux, we can roughly estimate that taking
into account this shielding will result in a � 30 per cent increase of
log NOH for the highest H2 column densities corresponding to the
diffuse ISM.

3.3.5 Multilayer structure

The observations of cold ISM always correspond to the measurement
of quantities that are integrated over the LOS. Therefore, it is nearly
impossible to distinguish the individual spatially separated clouds
with the same LOS velocities. The fact that the observed column
densities at a given velocity can be a result of the concatenation of
the several individual clouds, is refer to as the multilayer structure
of the observed ISM. Indeed many studies provide evidences of the
mutlilayer structure of the diffuse ISM (e.g. Bialy et al. 2017). In
this case, if the layers have the similar thickness in terms of H2, then
the discrepancy in the calculations will be maximum. Otherwise,
the thicker component will likely dominate the observed column
densities.

3.3.6 Time-dependent chemistry

All calculations in our study were done with the assumption of the
steady-state chemistry, i.e. when all the reaction rates are balanced.
However, some reaction rates may have very long time-scales in
the diffuse ISM. The most important among these is the time-scale
for the formation of H2 on the dust grains, which can be estimated
as t form

H2
∼ 1/(RH2ntot

H ) ∼ 10n2 Myr. It is similar or even less than

the dynamical time-scales for some ISM clouds. A possible impact
of the absence of steady-state is that H2 abundance and hence OH
abundance would be less than compared to the steady-state scenario.
The overall impact of this on calculations is hard to properly quantify.
The deviations from the steady-state are most likely induced by
hydrodynamical motions in the medium. Hence, the time-dependent
magneto-hydrodynamical and radiative transfer calculations with
very high spatial resolution are required to properly resolve H I–
H2 transition and take into account ISM chemistry. Such modelling
is hardly accessible with the state of art numerical codes.

4 D ISCUSSION

In this section, we compare the results from our calculations with
observational data from our Galaxy and extragalactic OH absorbers.
We also derive the incidence rate of OH absorbers, and discuss
prospects with upcoming blind extragalactic H I and OH absorption
line surveys with a focus on MALS.

4.1 Measurements in the Milky Way

In Fig. 6, we compare the relative NOH and NHI abundances obtained
using our calculations with the observations of the Milky Way. The
observational data are taken from the recent work by Li et al. (2018),
who presented data for H I and OH absorption from the Galaxy
towards 44 extragalactic radio continuum sources. As can be seen
from fig. 8 of Li et al. (2018), the errors on H I and OH measurements
in some cases are quite large. For our analysis, we have excluded (i)
one data point which has no uncertainties on NOH, and (ii) treat all the
NOH measurements with errors extending down the y-axis in fig. 8 of
Li et al. (2018) as upper limits. The latter are plotted as open circles
in Fig. 6.

The model profiles of NOH(NHI) from our calculations are shown
as curves in Fig. 6. The OH and H I column densities were calculated
as Nobs

x = 2 × Nx(NH2/2) to simulate the situation where the slab
medium is exposed by radiation field and CRIR at both sides. In
each panel, the base model with Z = 1, ζ = 3, ntot

H2
= 50, and χ

= 1 is shown as the dashed curve. Note that the relative NOH/NHI

abundance is mostly sensitive to UV field and much less sensitive
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to CRIR. It is evident that the base model reproduces most of the
observational data points reasonably well. However, some observed
sightlines have a lower or higher relative NOH/NHI abundance. The
deviation of these points can be easily described assuming that the
physical conditions have a dispersion within 1 dex of the base model.
The majority of measurements with NOH upper limits agree well with
the model calculations. The exceptions are LOSs with relatively high
H I but low OH column densities i.e. the bottom right-hand corner in
Fig. 6. Principally, these points can be explained by the concatenation
of several low-NHI clouds along the LOS. Since NOH has a steep
dependence on NHI in region of log NHI 20−21, a few components
with high NHI can even have relatively small NOH.

4.2 Measurements at z > 0

There are only four detections of OH absorption in intervening
galaxies at z > 0. Three of them are found towards strongly lensed
radio sources: PKS 1830–211 (z = 0.886; Chengalur et al. 1999;
Combes et al. 2021), B 0218+357 (z = 0.685; Chengalur & Kanekar
2003), and J 0134–0931 (z = 0.765; Kanekar et al. 2005). These
sightlines have OH column densities, log NOH � 15. In the Galaxy,
such column densities are associated with the dense molecular
ISM. The absorber towards PKS 1830–211 is particularly special.
More than 50 molecular species tracing dense gas corresponding
to this have been detected (Wiklind & Combes 1998; Muller et al.
2011, 2014). Our prescription is not applicable to dense gas phases
associated with these.

Here, we focus on the remaining OH detection, which is at z

≈ 0.05 towards Q 0248+430 (Gupta et al. 2018b). This sightline
has log NOH ∼ 14 estimated using the excitation temperature, Tex =
3.5 K, which is comparable to the average Galactic measurements
in the diffuse ISM. But the H I column density, log NHI ∼ 19.7
estimated using the spin temperature, Ts = 70 K, is ∼0.5 dex lower
in comparison. A moderately high spin temperature (see for example
Gupta et al. 2018a) will reconcile the measurement with the base
model and average Galactic measurements. Nevertheless, if that is not
the case, then without any tension the measurement can be explained
through a model with either relatively enhanced number densities
ntot

H � 500 or CRIR ζ > 100 or a suppressed UV field χ < 0.2, or
some other moderate combinations of these. In our opinion, the latter
possibilities are plausible because the absorbing gas in this case is
associated with the tidal tail from a galaxy at an impact parameter of
∼15 kpc.

Clearly, large samples of extragalactic H I and OH measurements
of diffuse ISM are required to disentangle various possibilities and
make reasonable comparisons with the Galactic measurements.

4.3 OH column density distribution function

In this section, we derive the expected OH column density distribu-
tion function which can be used to estimate the incidence rate of OH
absorbers for blind absorption line surveys such as MALS. While
investigating cosmological evolution of an absorber population, it is
convenient to define the column density distribution function as (see
for example Lanzetta et al. 1991)

F (N,X) = dN
dNdX

, (83)

where N represents column density, X represents absorption distance
(see e.g. Noterdaeme et al. 2009, for definition), and dN is the
number of absorbers between N and N + dN, and X and X + dX. The
use of dimensionless absorption distance, X, instead of the redshifts

is convenient because it gives the value of distribution in comoving
frame which guarantees that the objects with the same absorption
cross-section will have the same column density function at all
redshifts. Consequently, any cosmological evolution in the absorber
population properties can be directly constrained.

As previously shown, at the column densities relevant for obser-
vations (log NOH � 12), the OH molecule traces the gas with an
associated H2 column density of log N (H2) > 18. At these column
densities, we can use the measured H2 column density distribution to
determine the shape of the OH column density distribution function.
Specifically, for OH, we define

FOH(NOH, X) =
•

FH2 (NH2 , X)
dNH2

dNOH
fUV(χ )fn(n)

× fcr(ζ )fZ(Z)dχdndζdZ, (84)

where NH2 ≡ NH2 (NOH, χ, n, ζ, Z). The functions fUV(χ ), fn(n),
fcr(ζ ), and fZ(Z) are the distributions expected for the UV field,
number density, CRIR, and metallicity, respectively. The integral
needs to be performed over the each of these parameters. We can
also use

dNH2

dNOH
= nH2

nOH
, (85)

which ease the calculations, since nH2/nOH can be defined using
equations (75) and (55).

It is reasonable to assume for N (H2) column density distribution
FH2 the shape of �-distribution1 with the cut at the low column
density region. This choice is motivated observationally. First, at the
high end of H2 column density distribution, it can be well extrapolated
from the measurements of the CO (Zwaan & Prochaska 2006).
Secondly, the direct measurements of the H2 column density column
density distribution using the composite spectrum of the DLAs
(Balashev & Noterdaeme 2018), not only provides the constraints on
the slope of the lower end of FH2 , β = −1.29 ± 0.12, but also shows
that this slope is in a good agreement with the measurements based
on the CO. This value of the slope β was recently confirmed in the
statistical model for QSO-DLA absorbers (Krogager & Noterdaeme
2020). Additionally, the slope based on composite spectra is in the
agreement with the estimated H2 column density distribution based
on the detection in high-resolution spectra (Noterdaeme et al. 2008)2

Hence for FH2 , we use

FH2 (N,X) = C(z)Nβe
−N/N

up
H2 �

(
N − N low

H2

)
, (86)

where C(z) is a scaling constant describing possible redshift evolution
of column density distribution (i.e. we assume that the shape did
not change). � is a Heaviside function, which take into account
the abrupt drop in the number of the H2 absorption systems at
column densities lower. This drop of FH2 is connected with self-
shielding of H2 in the medium and we set log N low

H2
= 18 based

both on observations and sophisticated numerical simulations (e.g.
Bellomi et al. 2020). However, we note that the OH column density
distribution at log NOH > 13 (corresponding to reasonable detection
limit) will be little sensitive to the exact value of N low

H2
around chosen

value, since at log NH2 ∼ 18 expected OH column densities, log NOH

1This function was introduced for H I gas by (Pei & Fall 1995; Storrie-
Lombardi, McMahon & Irwin 1996). The motivation to use this function for
H2 gas is based on the comparison of high-z and local measurements (e.g.
Balashev & Noterdaeme 2018).
2However, current high resolution statistic may inherit observational bias, see
discussion in Balashev & Noterdaeme 2018.
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� 12 for the wide range of the physical conditions (see Fig. 5).
Additionally, the calculations are valid only for the OH column
densities log N (OH) � 14, since at higher OH column densities, OH
is predominantly associated with dense CO-bearing medium. At this
regime (corresponding to log N (H2) � 21), the OH column density
at given NH2 is significantly enhanced in comparison to extrapolation
of our calculations (see Fig. 5). Therefore, our calculation does
not sensitive to the exact choice of cutoff column density N

up
H2

in
equation (86) unless log N

up
H2

� 21, which seems to be reasonable
based on the local measurements (Zwaan & Prochaska 2006), which
found log N

up
H2

≈ 23.1. We will keep later value in the following.
Also one can note that typical cross-sections of the gas at the higher
end of the H2 (and OH) column density distribution is very low;
and hence it will be technically difficult to probe this regime in
observations.

For any redshift, we can match the normalization constants of H2

and OH column density distributions

∞∫
1018

FH2 dN = dNH2

dX
(z) ≈ dNOH

dX
(z) =

∞∫
≈1011

FOHdN. (87)

This equality is motivated by our modelling since we see that any
sightline with NH2 > 18 will bear OH molecules with NOH � 11
(see Fig. 5). At this lower end, one can expect that the increase of
the OH column density, comes from the CNM, where hydrogen
is mostly in atomic form. However, the abundance of the OH
is very low in such regions (see equation 77) and therefore, to
get log NOH ≈ 11, one should have log NHI ∼ 21 in the CNM.
For such HI column densities, it is expected that H2/H I transition
should already occur.3Additionally, this lower end of OH column
density distribution is very challenging to assess at the sensitivity
limits of the current facilities. From Balashev & Noterdaeme (2018)
normalization constant for H2 column density distribution function,
dNH2/dX, at z ∼ 3 is equal ≈10−2.4. Since there is no agreement
on the evolution of C(z) between the different modelling and
observations, for the illustrations purposes in the following, we will
show derived quantities of OH column density distribution function
and incidence rate scaled to the fraction of the diffuse molecular gas
at z ∼ 3 measured directly using QSO sightlines.

To estimate OH column density distribution using equation (84),
we assume that fUV(χ ), fn(n), fcr(ζ ), fZ(Z) are

fp ∼ 10μp+σpN (0,1), (88)

whereN (0, 1) is a normal distribution with zero mean and dispersion
equals one. The means and dispersion chosen to be (μχ = 0, σχ =
0.5), (μn = 2, σ n = 0.5), (μζ = 0.5, σ ζ = 0.5), and (μZ = −0.5,
σ Z = 0.5), which correspond to the expected reasonable ranges. To
calculate the OH column density distribution, we randomly sampled
parameters from these distributions. Then, for each realization, we
also sampled the slope and normalization of the H2 column density
distribution from the measurements using the Sloan Digitial Sky
Survey (SDSS) composite spectrum (Balashev & Noterdaeme 2018)
taking into account its anticorrelation. Using the dependence of
the NH2 (NOH), this allow us to calculate the FOH for individual
realization. The estimated median and dispersion of FOH is shown in
the Fig. 7. The OH column density distributions in the column density

3This consideration do not take into account neither time-dependence of H2

formation in the CNM nor a possibility that large HI column density can be
due to concatenation of the many layers of the CNM, each having lower HI
column density to have H2/HI transition.

Figure 7. The OH column density distribution function, FOH. The blue line
show the median FOH, while the blue region represents 0.68 confidence
region, based on the distribution of the individual FOH (shown by red lines),
calculated for a range of physical conditions, with distributions determined
by equation (88).

ranges log NOH = [12, 15] have a power-law dependence ∼Nα with
α ∼ [ − 1.2, −1.3]. This is similar to slope of H2 column density
distribution β = −1.29, and can be easily justified, since there is
the NH2/NOH factor in the equation (86) has a almost constant at
considered column densities and for the reasonable ranges of the
physical parameters and hence α ≈ β.

4.4 The incidence rate and future prospects

Using the derived OH column density distribution, we estimate inci-
dence rate i.e. the number of absorption systems per unit absorption
distance with N > NOH as a function of NOH. This quantity can
be easily calculated as a survival function of the column density
distribution function provided as

dNOH(N > NOH)

dX
=

∞∫
NOH

FOH(N,X)dN. (89)

The estimated incidence rate of OH at z ∼ 3 is shown in Fig. 8. Based
on this, one can see that at z ∼ 3 to detect a single OH absorption at
the sensitivity limits corresponding to log NOH of 12, 13, and 14, one
needs to probe the total absorption distance paths, �X, of 440+260

−90 ,
1000+850

−210, and 3100+3900
−100 , respectively.

Observationally, for an optically thin cloud, under the LTE condi-
tions, the integrated optical depth of the strongest OH 18-cm line is
related to NOH through

NOH = 2.24 × 1014 Tex

f OH
c

∫
τ1667(v) dv cm−2, (90)

where Tex is the excitation temperature in Kelvin, τ 1667(v) is the
optical depth of the 1667 MHz line at velocity v, and f OH

c is the
covering factor (e.g. Liszt & Lucas 1996). The milliarcsecond-
scale spectroscopy of OH absorbers using the Very Long Baseline
Interferometry (VLBI) is needed to probe the parsec-scale structures
in the diffuse molecular gas and constrain f OH

c (Srianand et al. 2013;
Gupta et al. 2018a). For the purpose of calculations presented in this
paper, we assume that f OH

c = 1 i.e. the absorbing gas completely
covers the background radio continuum. Also, we adopt Tex =
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Figure 8. The incidence rate of absorption systems with N > NOH as a
function of NOH. The violet line indicates the averaged incidence rate, while
the blue region represents 0.68 confidence region, based on the distribution
(shown by red lines), calculated for a range of expected physical conditions
(see text).

3.5 K which is the peak of the lognormal function fitted to the
Tex distribution of OH absorbers observed in the Galaxy (Li et al.
2018). Note that if Tex is coupled to the cosmic microwave back-
ground (CMB), then it will be higher at cosmologically significant
redshifts.

Recently, Gupta et al. (2020) used the uGMRT to carry out the
first blind search of OH 18-cm main lines at 0.14 < z < 0.67.
For the modest total redshift path-length of 24.4 corresponding
to NOH > 2.4 × 1014(Tex/3.5)(1.0/f OH

c ) cm−2, they estimate the
absorption per unit comoving path-length to be, lOH(z ∼ 0.4) <

0.08. Due to the small absorption path-length, not only the statistical
power is limited but also the survey has probed only distant outskirts
of star forming galaxies, mostly at impact parameters larger than
30 kpc. Clearly, as motivated by this and the Fig. 8 much larger
surveys are needed.

The next major improvement in the field of extragalctic OH
absorption line search may come from MALS. The survey is
using MeerKAT’s L- and UHF-bands covering 900–1670 and 580–
1015 MHz to search for OH 18-cm main lines at 0 < z < 0.85
and 0.64 < z < 1.87, respectively. The L-band observations of the
survey are well underway. For the UHF-band, the science verification
observations are in progress. Each MALS pointing is centred at a
radio source brighter than 200 mJy at 1 GHz. The absorption lines
will be searched towards this central as well as numerous off-axis
radio sources as faint as 5 mJy with in the telescope’s field of view
(FWHM ∼1.5◦ at 1 GHz; Jonas & MeerKAT Team 2016). Since
the central radio source will be the brightest in the field of view, to
maximize the low column density H I 21-cm absorption path of the
survey, these are being selected to be typically at z > 0.6 and 1.4 for
L- and UHF-bands, respectively.

For MALS, a total of ∼1100 pointings, equally split among both
the band, are expected to be observed. The target spectral rms is
0.5 mJy beam−1 per 5 km s−1. For the central bright sources, this
implies a 5σ integrated optical depth sensitivity, T (≡ ∫

τdv) ≤
0.066 km s−1. This corresponds to a sensitivity to detect NOH ≥
5 × 1013 (1.0/f OH

c )(Tex/3.5) cm−2 towards all the sightlines. Consid-
ering the redshift distribution of MALS targets, the total absorption
path lengths achieved towards the central bright radio sources for L-

and UHF-band components of the survey are, �X ≈ 600 and 1200,
respectively. Based on our model predictions at z ∼ 3, we get an
incidence rate of ≈ 4.7+2.0

−2.5 × 10−4 for log NOH > 13.7. This roughly
corresponds to �X ≈ 2100+2300

−600 needed to obtain a single detection.
If this along with the 1σ uncertainties presented in Fig. 8 is applied
directly to the MALS search at 0 < z < 1.87, only a handful of OH
absorption detections are expected from the survey (see also Gupta
et al. 2018b, for constraints based on Galactic measurement). But
this extrapolation is highly uncertain on two accounts: (i) the Tex

may be varying as a function of z, and (ii) the normalization at z ∼
3 i.e. C(z) may be varying too.

Here, it is worth elaborating on the following two caveats related to
C(z). Recall that the C(z) presented in Fig. 8 has been estimated using
the H2 column density distribution at z ∼ 3 measured using the UV
absorption lines in the SDSS spectroscopic data base. First, in SDSS
the spectroscopic targets have been selected on the basis of optical
colours. This makes the survey biased against dust-bearing sightlines.
Since the presence of dust and cold gas (H2) are interlinked, the
measurements of H2 column density distribution function based on
SDSS should be treated as a lower limit. On the other hand, the
off-axis radio sources in MALS which have not been included in
the above estimate because they would generally be sensitive to
NOH > 14, will have no optical or infrared colour selection function
applied. Even the central MALS targets have been primarily selected
on the basis of WISE infrared colours, and also include optically
faint (r > 21 mag) targets which are generally excluded from optical
spectroscopic surveys. Therefore, MALS is much less biased against
dust. Secondly, caveat is related to the redshift evolution of C(z)
itself. Indeed, the simulations and emission line studies predict that
the fraction of the molecular gas, �H2 (which is proportional to C(z)
in equation 86), may show significant evolution, with �H2 several
times higher than at z = 0 and z ∼ 3 (see Péroux & Howk 2020
and references therein). These caveats may actually push C(z) in a
direction which is favourable for the upcoming lower redshift radio
absorption lines surveys such as MALS. Indeed, Muzahid, Srianand
& Charlton (2015) find the detection rate of H2 absorbers in DLAs
and sub-DLAs at z ∼ 0 to be a factor of 2 higher than at 1.8 < z <

4.2 (Noterdaeme et al. 2008).
Eventually, the mid-frequency component of the upcoming first

phase of the SKA, SKA1 (https://www.skatelescope.org/), will have
the frequency coverage (350–1760 MHz) to search for OH main
lines at 0 < z < 3.8, and trace the cosmological evolution of OH
abundance in diffuse ISM. The target column density sensitivity for
a SKA1 survey ought to be NOH ∼ 12; and a total absorption line path
in excess of 50 000. Based on C(z ∼ 3), this will imply a prospect
of detecting at least ∼100 OH absorbers and a realistic chance of
constraining the column density distribution of diffuse OH. The
required integrated 5σ optical depth sensitivity,T = 0.0013 km s−1 is
demanding. Pragmatically, such a survey will proceed commensally
with other planned surveys (see for example table 1 of Morganti,
Sadler & Curran 2015).

It is important to bear in mind that currently the physical
modelling and observations based on molecular emission lines can
only constrain the evolution of the dense molecular gas. The direct
correspondence of the diffuse and dense molecular gas in terms of
the column density distribution is not at all constrained. In fact, the
normalization C(z) will depend on physical conditions i.e. Z, n, ζ , and
χ prevailing in the diffuse ISM at a certain redshift. Therefore, it may
not scale with �H2 as simply stated above. Thus, the upcoming OH
absorption line searches with the SKA pathfinders and precursors,
and eventually SKA1, will be a powerful tool to constrain the
physical conditions in the diffuse ISM and be highly complementary

MNRAS 504, 3797–3811 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/3/3797/6244210 by guest on 23 April 2024

https://www.skatelescope.org/


3810 S. A. Balashev, N. Gupta and D. N. Kosenko

to ongoing molecular emission line surveys in millimeter regime that
mostly probe the dense molecular gas.

5 C O N C L U S I O N S

In this paper, using a formalism based on the analytical description
of HI/H2 transition and a simplified network of major chemical
reactions, we presented a semi-analytical prescription to estimate
the abundances of O-bearing species in the diffuse ISM. We focused
on OH molecule and our prescription is applicable only to diffuse
ISM i.e. before C+/C/CO transition, which corresponds to NOH

� 14. We investigated the dependence of relative OH/H I and
OH/H2 abundances on the variations of the physical conditions,
i.e. the metallicity (Z), number density (n), cosmic ray ionization
rate (ζ ), and strength of UV field (χ ) in the ISM. For the reasonable
ranges of the physical conditions in diffuse ISM (within ±1 dex
of typical values), we showed that the abundances obtained using
our simple prescription are in agreement with the calculation with
the MEUDON PDR code, which utilizes the full reaction network to
predict abundances of various species. We confirmed that as was
found previously, OH is strongly enhanced in the presence of H2.
We also confirmed that to the first order the OH abundance depends
on the combination of nZ/χ , while the scaling factor significantly
increases as H2 molecular fraction approaches unity, resulting in
typical nOH/ntot

H values of 10−8−10−7 in the H2-dominated region
of the cloud. This indicates that at current observational sensitivity
limits of NOH � 1013 cm−2, the OH molecules probe the medium
with H2 column densities NH2 � 1020 cm−2, corresponding to the
diffuse molecular ISM, where HI/H2 transition is already complete.
Additionally, we show that the absorption systems with NOH in ranges
1013−1014 cm−2 probe molecular gas before onset of CO, i.e. the
‘CO-dark’ molecular gas.

We found that the Galactic measurements of OH main lines from
Li et al. (2018) can be reproduced by models with n ∼ 50 cm−3, χ ∼ 1
(Mathis field), and ζ ∼ 3 × 10−17 s−1, with a variation of about 1 dex
allowed around these values. The only available measurement of OH
at z > 0 in the diffuse regime (log NOH � 14) towards Q 0248+430
from Gupta et al. (2018b) indicates similar physical conditions.

Utilizing the observed H2 column density distribution function
at z ∼ 3 (Balashev & Noterdaeme 2018), we derived the expected
OH column density distribution function and incidence rate of OH
absorbers. Both derived quantities include a scaling constant C(z),
which describes the possible redshift evolution of the cross-section
of OH-bearing diffuse molecular gas. We apply measured C(z ∼ 3)
directly to MALS (Gupta et al. 2016), the large survey project at the
MeerKAT telescope, which will cover 0 < z < 1.87 for the OH main
lines. Considering only the central brightest source in the telescope’s
field of view, we estimate an OH incidence rate dN/dX ≈ 4.7+2.0

−2.5 ×
10−4, which indicates that MALS may only detect only a handful of
OH absorbers from diffuse ISM. We discuss the caveats related to
the extrapolation of z ∼ 3 distribution function to the lower redshift.
We suggest that the constraints on the OH based on this should be
treated as a lower limit. The upcoming large radio absorption line
surveys with SKA precursors and pathfinders will have the capacity
to constrain C(z) and inform the design of next generation surveys.

An ambitious SKA1 survey sensitive to detect NOH ∼ 12 and a
total absorption line path in excess of 50 000, will have the prospect
of detecting at least ∼100 OH absorbers and a realistic chance of
constraining the column density distribution of diffuse OH. This will
be highly complementary to the molecular emission line surveys
and physical models of ISM which are mostly focused on the dense
molecular gas.

AC K N OW L E D G E M E N T S

We are very grateful to the anonymous referee for the useful
comments and suggestions. This work was supported by RSF grant
18-12-00301. SB and NG also thank the Munich Institute for Astro-
and Particle Physics (MIAPP), which is funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) un-
der Germany’s Excellence Strategy – EXC-2094 – 390783311, for
the hospitality during the ‘Galaxy Evolution in a New Era of H I

Surveys” workshop, where this work were initiated.

DATA AVAI LABI LI TY

The data underlying this article will be shared on reasonable request
to the corresponding author.

REFERENCES

Allison J. R. et al., 2020, MNRAS, 494, 3627
Balashev S. A., Kosenko D. N., 2020, MNRAS, 492, L45
Balashev S. A., Noterdaeme P., 2018, MNRAS, 478, L7
Balashev S. A. et al., 2017, MNRAS, 470, 2890
Balashev S. A. et al., 2019, MNRAS, 490, 2668
Barriault L., Joncas G., Lockman F. J., Martin P. G., 2010, MNRAS, 407,

2645
Bellomi E., Godard B., Hennebelle P., Valdivia V., Pineau des Forêts G.,

Lesaffre P., Pérault M., 2020, A&A, 643, A36
Bettens R. P. A., Hansen T. A., Collins M. A., 1999, J. Chem. Phys., 111,

6322
Bialy S., Sternberg A., 2015, MNRAS, 450, 4424
Bialy S., Sternberg A., 2016, ApJ, 822, 83
Bialy S., Sternberg A., 2019, ApJ, 881, 160
Bialy S., Bihr S., Beuther H., Henning T., Sternberg A., 2017, ApJ, 835, 126
Black J. H., Dalgarno A., 1973, ApJ, 184, L101
Bovino S., Tacconi M., Gianturco F. A., Galli D., 2011, A&A, 529, A140
Boyce P. J., Cohen R. J., 1994, A&AS, 107, 563
Brogan C. L. et al., 2013, ApJ, 771, 91
Caswell J. L., 1999, MNRAS, 308, 683
Chengalur J. N., Kanekar N., 2003, Phys. Rev. Lett., 91, 241302
Chengalur J. N., de Bruyn A. G., Narasimha D., 1999, A&A, 343, L79
Combes F., Gupta N., Jozsa G. I. G., Momjian E., 2019, A&A, 623, A133
Combes F. et al., 2021, A&A, 648, 12
Cotten D. L., Magnani L., Wennerstrom E. A., Douglas K. A., Onello J. S.,

2012, AJ, 144, 163
Dame T. M., Hartmann D., Thaddeus P., 2001, ApJ, 547, 792
Darling J., Giovanelli R., 2002, AJ, 124, 100
Dawson J. R. et al., 2014, MNRAS, 439, 1596
Donate E., White J., Magnani L., 2019, MNRAS, 486, 4414
Draine B. T., 2011, Physics of the Interstellar and Intergalactic Medium,

Princeton Univ. Press, Princeton, NJ
Draine B. T., Bertoldi F., 1996, ApJ, 468, 269
Engels D., Bunzel F., 2015, A&A, 582, A68
Epée Epée M. D., Mezei J. Z., Motapon O., Pop N., Schneider I. F., 2016,

MNRAS, 455, 276
Federman S. R., Glassgold A. E., Kwan J., 1979, ApJ, 227, 466
Fernandez M. X., Momjian E., Salter C. J., Ghosh T., 2010, AJ, 139, 2066
Freundlich J. et al., 2019, A&A, 622, A105
Glassgold A. E., Langer W. D., 1974, ApJ, 193, 73
Grenier I. A., Casandjian J.-M., Terrier R., 2005, Science, 307, 1292
Grossmann V., Heithausen A., Meyerdierks H., Mebold U., 1990, A&A, 240,

400
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