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HDiffuse and translucent phases of the ISM 

• Perfect laboratory to study the formation of 
molecular gas 

• Understanding diffuse and translucent clouds 
helps understanding chemical evolution of 
dense molecular clouds. 

Life cycle of the interstellar medium
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(Godard et al. 2014)
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Life cycle of the interstellar medium 2

(Credit for both images: Phangs collaboration)
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Life cycle of the interstellar medium 3

•  Simulation studies 
show a strong 
correlation between H2 
and CNM.

• HI gas traced by HI 
21 cm transition. 

(Credit for both images: Phangs collaboration)

(Rowan et al. 2024)

• There is no direct 
tracer of H2 in the 
cold ISM. 
➡ Need for the proxy 
of H2! 
➡ Even tracing CO-
dark gas. 
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H

I should say some important discoveries for hydrides with SOFIA…. Papers. 

HF, CH, C2H, OH, and HCO+ : excellent tracers of H2 in diffuse clouds (e.g., Sheffer et al. 2008; 
Gerin et al. 2019; Jacob et al. 2019) without dust absorption at millimeter and submillimeter 
wavelengths.

CH and OH as the proxy of H2
4

(Jacob et al. 2019) (Lucas & Liszt 1996)(Sheffer et al. 2008)

N(CH)/N(H2) = 3.5 X 10-8



6

Translucent cloud with diffuse envelope

Av = 0 Av > 3

Diffuse cloud Diffuse cloud Diffuse cloud Diffuse cloud
If Av is only known, the total integrated 
atomic or molecular hydrogen fractions 
are probably similar for these two cases.

But we will not have the same 
observational results toward 
these sight-lines!

?

Diffuse and translucent clouds 
From observational point view

5
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2. THE CLASSIFICATION OF DIFFUSE CLOUDS

2.1. General Comments

Early models (e.g., McKee & Ostriker 1977) classified the ISM into three phases:
the Cold Neutral Medium (CNM), often referred to as clouds; the Warm Ionized
Medium or Warm Neutral Medium (WIM or WNM), which is sometimes considered
the boundary layers of the CNM; and the Hot Ionized Medium (HIM), which is
sometimes referred to as the intercloud medium or the coronal gas. These phases are
thought to be in approximate pressure equilibrium with one another (see Savage &
Sembach 1996 or Cox 2005 for a general description of the physical conditions and
phases in the galactic ISM).

The CNM itself appears to contain a variety of cloud types, spanning a wide
range of physical and chemical conditions. The densest clouds that are most pro-
tected from UV radiation from stars are variously referred to as dense clouds, dark
clouds, or molecular clouds. The most tenuous clouds, fully exposed to starlight, are
usually called diffuse clouds. Clouds that fall in between these two extremes are often
referred to as translucent clouds. Unfortunately, the application of these categories
has not been uniformly consistent in the literature; here we propose a new system-
atic classification for cloud types. Our proposed classifications are summarized in
Table 1, and illustrated using a chemical model in Figure 1.

We wish to emphasize that the ISM is inherently complex in its structure, and
though theorists and observers prefer to think of isolated, homogenous clouds, most
real sightlines probably consist of a mixture of different types of clouds. In some
cases, a sightline may consist of a concatenation of discrete clouds, whereas in other
cases the gas may have an “onion-like” structure, with dense cloud material in the
center, surrounded by translucent gas, which is in turn surrounded by more diffuse
gas.

Because of this complexity, our classification of “cloud types” is intended to reflect
the local conditions in a parcel of gas, rather than the overall properties of a larger
structure. In particular, one must keep in mind that the definitions do not refer to line-
of-sight properties. Although line-of-sight properties are the most easily observed
ones, observational technology (especially the development of ultra-high resolution
spectrographs) is now making it possible for astronomers to better estimate local
properties (or, at least, the average properties of individual parcels of gas).

Table 1 Classification of Interstellar Cloud Types

Diffuse Atomic Diffuse Molecular Translucent Dense Molecular
Defining Characteristic f n

H2 < 0.1 f n
H2 > 0.1 f n

C+ > 0.5 f n
C+ < 0.5 f n

CO < 0.9 f n
CO > 0.9

AV (min.) 0 ∼0.2 ∼1–2 ∼5–10
Typ. nH (cm−3) 10–100 100–500 500–5000? >104

Typ. T (K) 30–100 30–100 15–50? 10–50
Observational
Techniques

UV/Vis
H I 21-cm

UV/Vis IR abs
mm abs

Vis (UV?) IR abs
mm abs/em

IR abs
mm em
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Snow et al. (2006)

The primary reservoirs of 
gas-phase carbon, as well as 
fn(H2), change from diffuse 
clouds to translucent clouds.

Translucent cloud with diffuse envelope

Diffuse and translucent clouds 
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H
GOAL : To understand how molecular clouds are formed and the chemical and physical processes 
leading to the transitions from atomic to molecular gas (see HyGAL I paper; Jacob et al. 2022 for 
overview of the program and details).

HyGAL: six hydrides, C+, and O 6Characterizing the Galactic ISM with observations of 
hydrides and other small molecules

A&A 643, A91 (2020)

Fig. 12. Kernel density distributions of the of ArH+ (left), OH+ (centre), and o-H2O+ (right) column densities as a function of galactocentric
distances (black hatched regions). The sampling of the distribution is displayed as a rug plot and is indicated by the solid black lines below the
density curves. The dashed red line marks the 5 kpc ring.

Fig. 13. Comparison of the ArH+ column density to that of o-H2O+ (left), OH+ (centre), and CH (right). Black and grey filled triangles indicate the
column density values derived within velocity intervals corresponding to LOS absorption and molecular cloud (MC) towards the Galactic sources
presented in this study. Additionally, the blue and red unfilled diamonds mark the LOS and MC column densities derived towards the sources
discussed in Schilke et al. (2014). The solid black curve represents the best fit to the combined data set including both the LOS and MC components
with the grey shaded region displaying the 1 � interval of the weighted regression. The dashed cyan and dashed-dotted pink curves represent the
fits to only the LOS and only the MC components, respectively.

Fig. 14. Molecular abundances with respect to atomic hydrogen as a
function of molecular gas fraction ( fH2 ). The blue circles, red diamonds,
tan triangles, and yellow pentagons represent the abundances of ArH+,
OH+, H2O+, and CH, respectively. The dashed grey lines enclose within
them the cloud layers traced by ArH+, OH+, and H2O+.

gas they trace. From Fig. 14 it is clear that ArH+ and OH+ and
H2O+ all trace the same cloud layers only in a small range of

molecular gas fractions between 1.5⇥ 10�3–3⇥ 10�2, while CH
traces the denser molecular gas. We further notice that the dis-
tribution of CH abundances shows a positive correlation with
fH2 while, that of OH+ is anti-correlated and both, ArH+, and
H2O+ remain almost constant at X(ArH+)= (4.7± 0.2)⇥ 10�10

and X(H2O+)= (1.3± 1.0)⇥ 10�9.

4.3. H2O+ ortho-to-para ratio

Of the 14 absorption components for which we were able to com-
pute the OPR of H2O+, 9 show values significantly lower than
the value of 3:1 with 6 of the derived OPRs lying close to unity.
Such low values of the OPR are conceivable as the correspond-
ing spin temperatures (derived in the absence of a rotational
excitation term as in Eq. (6)) reflect the typical kinetic temper-
atures of the diffuse clouds. However, amongst some sight line
components the OPR is as high as 4.50+1.53

�1.60 which point to cold
environments with spin temperatures as low as 20 K. Perhaps
similar to studies of the OPR of H2 by Flower et al. (2006), the
OPR of H2O+ at these low temperatures maybe governed by the
kinematic rates of its formation and destruction processes.

Moreover, the OPR of H2 greatly impacts the observed OPR
of H2O+ because the latter is synthesised in diffuse clouds
via an exothermic reaction between OH+ and H2. To assess
this, requires the determination of the fraction of ortho- and
para-H2O+ formed from the reacting fractions of both ortho- and

A91, page 14 of 23

Distribution of molecular fraction in 
different ISM phases

(Jacob et al. 2020)

however, that the calculated cross-section for the reaction of
O( P3

2) with H+ is strongly dependent on the exact details of the
assumed potential energy surface, and showed that minor
modifications to the adopted potential could lead to large
increases in that cross-section. Both the Stancil et al. (1999)
and Spirko et al. (2003) studies are consistent with laboratory
measurements at 300K that do not discriminate between O
fine-structure states, so a definitive resolution of the issue must
await future investigations. While we have favored the Stancil
et al. (1999) rate coefficients in our diffuse cloud models, we
have investigated the effects of using those of Spirko et al.
(2003) instead. At 100K and in the low-density limit (i.e., with
all O in P3

2), k4 is decreased by a factor of 1.3 relative to that of
Stancil et al. (1999), while k3 is decreased by a factor of 5.8. As
a result, the value of k k4 3 is increased by a factor of ∼4, as is
the CRIR required to match the observations. If the Spirko
et al. cross-sections are correct, then the CRIR estimated for
diffuse atomic clouds becomes a factor of ∼4 larger than that
for diffuse molecular clouds.

4.5. Variation of the CRIR with Galactocentric Radius

Submillimeter observations of OH+, H O2
�, and ArH+ allow

the CRIR to be determined for diffuse atomic material at
considerably larger distances than is possible for the diffuse
molecular clouds (observed with near-IR spectroscopy of H3

�

and UV spectroscopy of H2). As a result, we have obtained
CRIR estimates for material covering a significant range of
Galactocentric distances, Rg, from roughly 4 to 9kpc.
Following I15, we have used kinematic estimates of Rg to
examine the dependence of the CRIR in diffuse atomic clouds
on the Galactocentric distance.

In Figure 13, we have plotted nlog Hp10 50[[ ( ) ] versus Rg,
with magenta diamonds showing CRIRs determined from
measurements of OH+, H2O

+, and ArH+, and red squares
showing those determined from measurements of OH+ and
H2O

+ alone. All the estimates for Rg are those given by I15.
For the red points, we adopted the mean correction factor
needed to account for HI within the population of small clouds
responsible for ArH+ absorption. Figure 13 indicates that there
is no statistically significant dependence of the derived values
of nHp 50[ ( ) on Rg. In particular, a linear fit to the (more
reliable) magenta points yields a slope, m, of 0.01 o
0.05 kpc ;1� for the red points, the slope is 0.07 0.04 kpc 1o � .
An important caveat here is that all the CRIRs plotted in
Figure 13 were computed under the assumptions that

n 1UV 50D � and Z Zstd� . Although the nHp 50[ ( ) values
that we derive under those assumptions show no dependence

on Rg, additional considerations allow a Galactocentric
dependence of Hp[ ( ) to be inferred as described below.
From the sensitivity analysis described in Section 4.3 above,

we know that the derived values of nHp 50[ ( ) are roughly
proportional to nUV 50

0.7D �[ ] and almost independent of Z Zstd.
We may therefore estimate the true Galactocentric gradient in

nlog Hp10 50[[ ( ) ] as
d n
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Wolfire et al. (2003) have presented a comprehensive
model of the neutral ISM within the Galactic disk, in which

Table 3
Key Reaction Rates

Reaction Adopted Rate Coefficient (cm s3 1� ) Primary References

H e products3 � l� k T6.8 10 300 K1
8 0.5� q � �( ) McCall et al. (2003)

H PAH H PAH� l �� � k 3.5 102
8� q � Draine & Sutin (1987), H12

O P H O H3
2 � l �� �( ) k3 (Notea) Stancil et al. (1999)

O H O H� l �� � k T e5.7 10 300 K T
4

10 0.36 8.6K� q � ( ) Stancil et al. (1999)
O H OH H2� l �� � k 1.7 105

9� q � Smith et al. (1978)
OH H H O H2 2� l �� � k 1.0 106

9� q � Jones et al. (1981)
OH e O H� l �� k T3.8 10 300 K7

8 0.5� q � �( ) Mitchell (1990)

Note.
a The rate coefficient k3 is given by a more complex fitting function: see Stancil et al. (1999) for the expression adopted.

Figure 13. Dependence of CRIR on Galactocentric radius, Rg, for diffuse
atomic material in the Galactic disk. Magenta diamonds: values of

nlog Hp10 50[[ ( ) ] determined from observations of OH+, H2O
+, and ArH+.

Red squares: values of nlog Hp10 50[[ ( ) ] determined from measurements of
OH+ and H2O

+ alone. All values are computed for an assumed nUV 50D of 1.
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the center-of-mass (COM) velocity of the cloud, vCOM, i.e.,

v vdm
dm

, 1COM
2

T �
4 q �

4
( ( ) ) ( )

where dm and v are the mass and velocity of an individual cell,
respectively, and we sum over all cells with n�100 cm−3.

For the unperturbed clouds, the masses MnoSN increase over
about 2Myr and afterward remain roughly constant, with values
around 5×104 M☉ and 3×104 M☉ for MC1 and MC2,
respectively (bottom row of Figure 3, black line with crosses).
The velocity dispersion of the unperturbed clouds σnoSN (top row)

increases continuously for MC1, whereas for MC2 around t;t0
+ 3Myr it levels off at σnoSN;4.5 km s−1. We emphasize that
both the derived masses and velocity dispersions indicate that the
chosen clouds are representative of typical MCs in the Milky
Way; for example, Miville-Deschênes et al. (2017) found a
median cloud mass of 4×104 M☉ (but see also e.g., Solomon
et al. 1987; Elmegreen & Falgarone 1996; Heyer et al. 2001;
Roman-Duval et al. 2010). Furthermore, the high level of
turbulence of ∼2.5 km s−1 present already at the beginning of
the cloud evolution, as well as the strongly fragmented sub-
structure (Figure 2), indicate that the initial SN-driving period of
11.9Myr was sufficient to establish a turbulent three-phase
medium.
Considering the impact of external SNe, we find that the

cloud masses MSN (bottom row of Figure 3) show only a
moderate initial increase by ∼1% (1000 M☉) compared to
MnoSN, which we attribute to the compression of less dense gas
by the incoming SN blast wave. We note that in a few runs, at
later times, MSN even slightly drops below MnoSN, i.e., the SN
has a negative effect on the cloud mass, but the changes are
always of the order of a few percent. The influence of the SNe
on σ (top row of Figure 3), however, is much more pronounced
than on M. We find that in particular nearby SNe seem to have
a noticeable effect on σ, increasing it by a few km s−1. For
more distant (d > 50 pc) SNe, the impact is significantly lower.
In Figure 4 we show the relative change of σSN with respect

to σnoSN, now for all directions and the four distances
considered in this work. Overall, the SN impact temporarily
enhances σ by at most 70% for the nearby SNe (d=25 and
50 pc). For more distant SNe, the relative increase is almost
negligible, with ∼1% for d=75 pc. Interestingly, even for
nearby explosions, the increase is short-lived and the additional
dispersion decays on timescales of a few 100 kyr.

Figure 2. Time evolution (t=t0 + 2 Myr to t0 + 4 Myr) of the column density of MC1 (top row) and MC2 (bottom row) as they are hit by a nearby SN (red star). For
comparison, the right panels show the reference run with no SN at t0 + 4 Myr. The comparable structure of the clouds with and without an SN indicates that the SN
mainly affects the low-density environment.

Figure 3. Time evolution of the velocity dispersion (top row) and the mass
(bottom row) of the non-magnetic clouds MC1 (left) and MC2 (right)
calculated for gas with densities �100 cm−3. The black line shows σnoSN and
MnoSN from the reference runs, and the remaining lines show σSN and MSN for
SNe exploding at distances of 25, 50, 62.5, and 75 pc along the -y-direction.

3
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Variation in cosmic-ray ionisation 
rate across Galactocentric distances 

(Neufeld & Wolfire  2017)

(Seifried et al. 2018)

Nature of turbulence in the ISM 
and its dissipation 8
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HyGAL will characterise following three main properties of the ISM: 

A&A 643, A91 (2020)

Fig. 12. Kernel density distributions of the of ArH+ (left), OH+ (centre), and o-H2O+ (right) column densities as a function of galactocentric
distances (black hatched regions). The sampling of the distribution is displayed as a rug plot and is indicated by the solid black lines below the
density curves. The dashed red line marks the 5 kpc ring.

Fig. 13. Comparison of the ArH+ column density to that of o-H2O+ (left), OH+ (centre), and CH (right). Black and grey filled triangles indicate the
column density values derived within velocity intervals corresponding to LOS absorption and molecular cloud (MC) towards the Galactic sources
presented in this study. Additionally, the blue and red unfilled diamonds mark the LOS and MC column densities derived towards the sources
discussed in Schilke et al. (2014). The solid black curve represents the best fit to the combined data set including both the LOS and MC components
with the grey shaded region displaying the 1 � interval of the weighted regression. The dashed cyan and dashed-dotted pink curves represent the
fits to only the LOS and only the MC components, respectively.

Fig. 14. Molecular abundances with respect to atomic hydrogen as a
function of molecular gas fraction ( fH2 ). The blue circles, red diamonds,
tan triangles, and yellow pentagons represent the abundances of ArH+,
OH+, H2O+, and CH, respectively. The dashed grey lines enclose within
them the cloud layers traced by ArH+, OH+, and H2O+.

gas they trace. From Fig. 14 it is clear that ArH+ and OH+ and
H2O+ all trace the same cloud layers only in a small range of

molecular gas fractions between 1.5⇥ 10�3–3⇥ 10�2, while CH
traces the denser molecular gas. We further notice that the dis-
tribution of CH abundances shows a positive correlation with
fH2 while, that of OH+ is anti-correlated and both, ArH+, and
H2O+ remain almost constant at X(ArH+)= (4.7± 0.2)⇥ 10�10

and X(H2O+)= (1.3± 1.0)⇥ 10�9.

4.3. H2O+ ortho-to-para ratio

Of the 14 absorption components for which we were able to com-
pute the OPR of H2O+, 9 show values significantly lower than
the value of 3:1 with 6 of the derived OPRs lying close to unity.
Such low values of the OPR are conceivable as the correspond-
ing spin temperatures (derived in the absence of a rotational
excitation term as in Eq. (6)) reflect the typical kinetic temper-
atures of the diffuse clouds. However, amongst some sight line
components the OPR is as high as 4.50+1.53

�1.60 which point to cold
environments with spin temperatures as low as 20 K. Perhaps
similar to studies of the OPR of H2 by Flower et al. (2006), the
OPR of H2O+ at these low temperatures maybe governed by the
kinematic rates of its formation and destruction processes.

Moreover, the OPR of H2 greatly impacts the observed OPR
of H2O+ because the latter is synthesised in diffuse clouds
via an exothermic reaction between OH+ and H2. To assess
this, requires the determination of the fraction of ortho- and
para-H2O+ formed from the reacting fractions of both ortho- and
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•  Investigating the distribution of molecular 
fractions in different ISM phases in the 
Milky Way 

➡ Is it connected to the structure of the 
Milky Way, or local environment, or both? 
➡ Are there abundance variations for 
carbon or oxygen-bearing species? (Jacob et al. 2020)

Molecular gas fraction - CH and OH 7
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2. THE CLASSIFICATION OF DIFFUSE CLOUDS

2.1. General Comments

Early models (e.g., McKee & Ostriker 1977) classified the ISM into three phases:
the Cold Neutral Medium (CNM), often referred to as clouds; the Warm Ionized
Medium or Warm Neutral Medium (WIM or WNM), which is sometimes considered
the boundary layers of the CNM; and the Hot Ionized Medium (HIM), which is
sometimes referred to as the intercloud medium or the coronal gas. These phases are
thought to be in approximate pressure equilibrium with one another (see Savage &
Sembach 1996 or Cox 2005 for a general description of the physical conditions and
phases in the galactic ISM).

The CNM itself appears to contain a variety of cloud types, spanning a wide
range of physical and chemical conditions. The densest clouds that are most pro-
tected from UV radiation from stars are variously referred to as dense clouds, dark
clouds, or molecular clouds. The most tenuous clouds, fully exposed to starlight, are
usually called diffuse clouds. Clouds that fall in between these two extremes are often
referred to as translucent clouds. Unfortunately, the application of these categories
has not been uniformly consistent in the literature; here we propose a new system-
atic classification for cloud types. Our proposed classifications are summarized in
Table 1, and illustrated using a chemical model in Figure 1.

We wish to emphasize that the ISM is inherently complex in its structure, and
though theorists and observers prefer to think of isolated, homogenous clouds, most
real sightlines probably consist of a mixture of different types of clouds. In some
cases, a sightline may consist of a concatenation of discrete clouds, whereas in other
cases the gas may have an “onion-like” structure, with dense cloud material in the
center, surrounded by translucent gas, which is in turn surrounded by more diffuse
gas.

Because of this complexity, our classification of “cloud types” is intended to reflect
the local conditions in a parcel of gas, rather than the overall properties of a larger
structure. In particular, one must keep in mind that the definitions do not refer to line-
of-sight properties. Although line-of-sight properties are the most easily observed
ones, observational technology (especially the development of ultra-high resolution
spectrographs) is now making it possible for astronomers to better estimate local
properties (or, at least, the average properties of individual parcels of gas).

Table 1 Classification of Interstellar Cloud Types

Diffuse Atomic Diffuse Molecular Translucent Dense Molecular
Defining Characteristic f n

H2 < 0.1 f n
H2 > 0.1 f n

C+ > 0.5 f n
C+ < 0.5 f n

CO < 0.9 f n
CO > 0.9

AV (min.) 0 ∼0.2 ∼1–2 ∼5–10
Typ. nH (cm−3) 10–100 100–500 500–5000? >104

Typ. T (K) 30–100 30–100 15–50? 10–50
Observational
Techniques

UV/Vis
H I 21-cm

UV/Vis IR abs
mm abs

Vis (UV?) IR abs
mm abs/em

IR abs
mm em
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Snow et al. (2006)
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HTarget species: 
 Six hydrides (ArH+, H2O+, OH+, SH, OH, and CH) and  two atomic gas constituents (C+ and O) 

HyGAL: six hydrides, C+, and O

The SOFIA HyGAL observations were done with high-resolution 
setups using upGREAT (high-frequency array for OI and low-
frequency array for CH and CII) and 4GREAT (for ArH+, H2O+, 
OH+, SH, and OH). 

Credit: Arshia Jacob

8Characterizing the Galactic ISM with observations of 
hydrides and other small molecules



11heterodyne instrument, GREAT on board SOFIA, which
provides six frequency bands of which up to five can be used
simultaneously. The observations were carried out over several
flights as a part of the observatory’s Cycle 8, and the ongoing
Cycle 9 campaigns, under the open time project 08_0038. The
receiver configuration consists of the 4GREAT module (Durán
et al. 2021) whose different frequency channels are tuned to
observe five key hydrides (ArH+, H2O

+, OH+, SH, and OH),
along with the High-frequency Array (HFA) of upGREAT
(Risacher et al. 2018), tuned to the 63 μm fine-structure line of
atomic oxygen. Additional configurations employ the Low-
frequency Array (LFA) to observe CH or the 158 μm [C II]
line. The spectroscopic parameters of the different transitions
studied and receiver configurations used are presented in
Table 1.

The spectra are taken in the double-beam switch mode,
chopping at a frequency of 2.5 Hz with a chop throw between
180″ and 300″ and a chop angle between −10° and 70° (East of
North) to account for both atmospheric and instrumental
fluctuations that may arise. The receiver is connected to a
modified version of the MPIfR Fast Fourier Transform
Spectrometer described by Klein et al. (2012). This backend
provides a 4 GHz bandwidth per frequency band, per spatial
position (equivalent to velocity widths of ∼1945, 1235, 868,
478, 615, and 252 km s−1 for the 4G1, 4G2, 4G3, 4G4, LFA,

and HFA receivers, respectively) over 16,384 channels. This
implies a native velocity resolution of 0.118, 0.075, 0.053,
0.029, 0.037, and 0.015 km s−1 for the 4G1, 4G2, 4G3, 4G4,
LFA, and HFA receivers, respectively. The high resolution
thereby achieved makes it possible to separate the spiral arms
from the envelopes of the hot cores.
The 4G1 channel is tuned to observe the 607.225 GHz

� �N 1 1K K, 1,0 0,1a c line of p-H2O
+ in the lower sideband

(LSB) and the 617.525 GHz J= 1− 0 transition of ArH+in the
upper sideband (USB). Previous observations of the
607.225 GHz p-H2O

+ line absorption spectra (Schilke et al.
2010; Jacob et al. 2020b) clearly show blended emission
features at the systemic velocity of the star-forming regions
studied: these arise from the H13CO + (J= 7− 6) and CH3OH
Jk= 122− 111E lines at 607.1747 (Lattanzi et al. 2007) and
607.2159 GHz (Belov et al. 1995), respectively. The line of
sight also contains the D2O ( � �J 1 0K K, 1,1 0,0a c ) transition at
607.349 GHz (Matsushima et al. 2001), although this transition
has so far only been observed toward the solar type protostar
IRAS16293-2422 (Butner et al. 2007; Vastel et al. 2010) and is
unlikely to result in significant contamination. Therefore, in
order to decompose contributions from both sidebands and
disentangle any additional contamination present in the
bandpass, two additional setups are used with offsets in
the LO frequency corresponding to Doppler velocities

Table 2
HyGAL Source Parameters

# Source R.A. Decl. Gal. Long. Gal. Lat. υLSR d [Ref] RGAL

Designation (hh:mm:ss) (dd:mm:ss) (deg) (deg) (km s−1) (kpc) (kpc)

a HGAL284.015−00.86 10:20:16.1 −58:03:55.0 284.016 −0.857 9.0 5.7 [1] 9.0
b HGAL285.26−00.05 10:31:29.5 −58:02:19.5 285.263 −0.051 3.4 4.3 [2] 8.2
c G291.579−00.431 11:15:05.7 −61:09:40.8 291.579 −0.431 13.6 8.0 [3] 9.3
d IRAS 12326-6245 12:35:35.9 −63:02:29.0 301.138 −0.225 −39.3 4.6 [4] 7.2
e G327.3−00.60 15:53:05.0 −54:35:24.0 327.304 −0.551 −46.9 3.1 [5] 6.2
f G328.307+0.423 15:54:07.2 −53:11:40.0 328.309 +0.429 −93.6 5.8 [6] 4.6
g IRAS 16060−5146 16:09:52.4 −51:54:58.5 330.953 −0.182 −91.2 5.3 [7] 4.5
h IRAS 16164−5046 16:20:11.9 −50:53:17.0 332.827 −0.551 −57.3 3.6 [8] 5.4
i IRAS 16352−4721 16:38:50.6 −47:28:04.0 337.404 −0.403 −41.4 12.3 [4] 5.1
j IRAS 16547−4247 16:58:17.2 −42:52:08.9 343.126 −0.063 −30.6 2.7 [8] 5.8
k NGC 6334 I 17:20:53.4 −35:47:01.5 351.417 +0.645 −7.4 1.3 [9] 7.0
l G357.558−00.321 17:40:57.2 −31:10:59.3 357.557 −0.321 5.3 9.0–11.8 [10] 1.0–3.6
m HGAL0.55−0.85 17:50:14.5 −28:54:30.7 0.546 −0.851 16.7 7.7–9.2 [11] 0.4–1.0
n G09.62+0.19 18:06:14.9 −20:31:37.0 9.620 +0.194 4.3 5.2 [12] 3.3
o G10.47 + 0.03 18:08:38.4 −19:51:52.0 10.472 +0.026 67.6 8.6 [13] 1.6
p G19.61−0.23 18:27:38.0 −11:56:39.5 19.608 −0.234 40.8 12.6 [14] 4.7
q G29.96−0.02 18:46:03.7 −02:39:21.2 29.954 −0.016 97.2 6.7 [6] 4.5
r G31.41+0.31 18:47:34.1 −01:12:49.0 31.411 +0.307 98.2 4.9 [15] 5.0
s W43 MM1 18:47:47.0 −01:54:28.0 30.817 −0.057 97.8 5.5 [15] 5.0
t G32.80+0.19 18:50:30.6 −00:02:00.0 32.796 +0.191 14.6 13.0 [16] 7.4
u G45.07+0.13 19:13:22.0 +10:50:54.0 45.071 +0.133 59.2 4.3 [17] 6.2
v DR21 20:39:01.6 +42:19:37.9 81.681 0.537 −4.0 1.5 [18] 7.4
w NGC 7538 IRS1 23:13:45.3 +61:28:11.7 111.542 0.777 −59.0 2.6 [19] 9.8
x W3 IRS5 02:25:40.5 +62:05:51.0 133.715 1.215 −39.0 2.3 [20] 9.9
y W3(OH) 02:27:04.1 +61:52:22.1 133.948 1.064 −48.0 2.0 [20, 21] 9.6

Notes. Those entries highlighted in bold text refer to the sources discussed in this work the remaining sources have either only recently been observed or are yet to be
observed.
References. For the heliocentric distances: [1] Urquhart et al. (2014b); [2] Caswell & Vaile (1995); [3] Lee et al. (2012); [4] Green & McClure-Griffiths (2011), [5]
Wienen et al. (2015); [5] Urquhart et al. (2018); [7] Moisés et al. (2011); [8] Giannetti et al. (2014); [9] Immer et al. (2013); [10] Frail et al. (1996) (Lacking distance
estimates, for G357.558−00.321 we adopt a distance equivalent to the nearby supernova remnant G357.7−0.1 (MSH 17−39)); [11] Walsh et al. (1998); [12] Sanna
et al. (2009); [13] Sanna et al. (2014); [14] Urquhart et al. (2014a); [15] Zhang et al. (2014) (For G31.41+0.31, following Winkel et al. (2017) we adopt a distance
which is the average between two sources with similar LSR velocities, G31.28+0.06 and G31.58+0.07 for which accurate distances were measured by Zhang et al.
(2014) and consistent with Reid et al. (2017).); [16] Kolpak et al. (2003); [17] Stead & Hoare (2010); [18] Rygl et al. (2012); [19] Moscadelli et al. (2009); [20]
Navarete et al. (2019); [21] Hachisuka et al. (2006). These distances were also cross-checked with those recently calculated by Mège et al. (2021).
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Distribution of HyGAL sources on the Galactic plane. Each 
latter corresponds to the sources listed in Table 1. Different 
colours indicate different spiral arms ( Scutum- Centaurus arm, 
Local arm, 3-kpc arm, Norma and outer arms, Sagittarius-
Carina arm , Perseus arm).

- Continuum flux at 160 µm > 2000 Jy for inner Galactic sources 
                                             > 1000 Jy for outer Galactic sources 
- These sources are selected from the Hi-GAL source catalog (Elia et al. 2021)

HyGAL: The SOFIA Legacy Program Characterizing the Galactic ISM with observations of 
hydrides and other small molecules
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• Summary of observation and detections of OH, CH, and OI (Kim et al. in prep)

Distribution of HyGAL sources on the Galactic plane. Each 
latter corresponds to the sources listed in Table 1. Different 
colours indicate different spiral arms ( Scutum- Centaurus arm, 
Local arm, 3-kpc arm, Norma and outer arms, Sagittarius-
Carina arm , Perseus arm).

HyGAL: The SOFIA Legacy Program 10

A&A proofs: manuscript no. output

Table 3: Summary of observations and detections

Source OH CH OI
Flight D Tcont Trms Flight D Tcont Trms Flight D Tcont Trms

HGAL284.015�00.86 OC9S xa 2.420 0.390 OC9S –b – – OC9S x 2.000 0.228
HGAL285.26�00.05 OC9S –b – – OC9S –b – – OC9S x 2.390 0.406
G291.579�00.431 OC9S x 3.140 0.318 OC9S –b – – OC9S x 0.766 0.252
IRAS 12326-6245 OC9S –b – – OC9S –b – – OC9S x 2.740 0.325
G327.3�00.60 (1) x 3.600 0.154 (2) x 2.502 0.021 (2) x 0.354 0.031
G328.307+0.423 OC9S x 5.080 0.295 OC9S –b – – OC9S x 2.460 0.216
IRAS 16060�5146 OC9BC x 10.934 0.028 (3) x 11.836 0.021 OC9BC x 2.170 0.079
IRAS 16164�5046 OC9BC x 9.850 0.218 (1) x 7.759 0.066 OC9BC x 3.140 0.213
IRAS 16352�4721 OC9S xa 6.610 0.096 OC9S –b – – OC9S x 1.770 0.177
IRAS 16547�4247 OC9S x 5.170 0.351 OC9S –b – – OC9S x 1.980 0.183
NGC 6334 I OC9BC x 17.332 0.418 OC9BC x 15.297 0.076 OC9BC x 9.000 0.104
G357.558�00.321 OC9S –b – – OC9N x 1.575 0.072 OC9N,OC9S x 0.627 0.07
HGAL0.55�0.85 OC9S –b – – OC9N x 4.221 0.084 OC9N,OC9S x 2.238 0.101
G09.62+0.19 OC9S –b – – OC9N x 3.333 0.060 OC9N x 1.000 0.099
G10.47+0.03 OC9S, (1) x 6.900⇤ 0.280⇤ (3) OC9BC,OC9S x 1.750 0.069
G19.61�0.23 OC9S –b – – OC9N x 2.844 0.070 OC9N,OC9S x 1.104 0.068
G29.96�0.02 OC9BC x 5.700 0.536 OC9BC x 3.571 0.049 OC9BC x 4.950 0.681
G31.41+0.31 OC9S x 1.860 0.338 OC9S –b – – OC9S x 0.040 0.180
W43 MM1 OC9F x 2.410 0.399 OC9F x 2.110 0.101 OC9F NO 0.650 1.137
G32.80+0.19 OC9BC x 4.050 0.344 OC9BC x 3.780 0.073 OC9BC x 2.560 0.226
G45.07+0.13 OC9BC x 5.310 0.313 OC9BC x 2.983 0.065 OC9BC x 3.650 0.508
DR21 OC9F x 2.690 0.508 OC8H x 1.727 0.063 OC8H,OC9F x 0.730 0.086
NGC 7538 IRS1 OC8H x 4.420 0.423 OC8H x 3.260 0.056 OC8H x 3.010 0.051
W3 IRS5 OC8H,OC9F x 8.610 0.392 OC8H x 5.480 0.061 OC8H,OC9F x 6.870 0.062
W3(OH) OC8H,OC9F x 6.450 0.271 OC8H x 5.300 0.113 OC8H,OC9F x 1.810 0.055

Notes. (1) Wiesemeyer et al. (2016) (2) Jacob et al. (2019) (3) Jacob et al. (2020). (a): Observations done with 50-60% observing time. (b): no
observing time was allocated. For G10.47+0.03, OH data from Wiesemeyer et al. (2016) is used for this study because the data taken during the
SOFIA flight is severely a↵ected by atmosphere variations over the observations causing its poor baseline and abnormal absorption features.

Article number, page 4 of 9
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HyGAL: SOFIA & Ancillary Observations

Telescope SOFIA IRAM 30 m * NOEMA

Target species

ArH+, H2O+ 
, OH+,  SH,  
OH, CH, C+,  

O

HCO+, HCN, 
HNC, CS, H2S,  

C2H, c-C3H2

CO (12CO, 
 13CO, C18O 

, C17O), CN, CS#

Observed sources 25 15 9
Note) OH, CH, & O - Kim et al. in prep; ArH+, H2O+, OH+ - Jacob et al. in prep

(*) The 30m data is published as the HyGAL II (Kim et al. 2023). 
          NOEMA data (PI: Wonju Kim) : CO & CN - Kim et al. in prep. 
          SOFIA & NOEMA:  SH & CS (#: also several isotopologues are observed) - Jacob et al. in prep.   

Table 2. Summary of HyGAL observations

IRAM 30m
SOFIA NOEMA

11
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Aquila-Rift/Sagittarius-Carina arm/Scutum- Centaurus arm 

HyGAL: Absorption line profiles
* the eXtended CASA Line Analysis Software Suite (XCLASS, Möller et al. 2017) 

Real spectra in black and modelled spectra by XCLASS* in red  12

(Kim et al. 2023)
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Velocity intervals of emission lines

HyGAL:  
Column density profiles of CH & OH

13
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HyGAL: Column density comparisons

• CH and OH show a good correlation, but those species and HCO+ do not
show such a strong linear-relationship.

14

CH vs OH CH vs HCO+ OH vs HCO+

• For these plots, velocity intervals are defined based on HI, OH, and OH+.
What if we define velocity ranges differently?
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HyGAL: Column density comparisons 15

CH vs OH CH vs HCO+ OH vs HCO+

The velocity intervals are based on CH and OH column density profiles.  

CH and OH now look having better correlation with HCO+!
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16HyGAL: Column density comparisons

(HyGAL II: Kim et al. 2023)
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• These scatters could be related to  
diffuse molecular and translucent 
cloud components associated with 
multiple-phase mediums.

17

CH vs OH

HyGAL: Column density comparisons

(Bellomi et al. 2020)

(Godard et al. 2023)

CH+
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D. C. Lis et al.: Atomic oxygen

Fig. 4. Atomic oxygen column density as a function of total hydrogen
nucleus column density. Error bars are 1�. The dotted line corresponds
to a fractional abundance of 2.51 ⇥ 10�4.

oxygen column density in the foreground spiral arm clouds to-
ward Sgr B2 is well correlated with the total hydrogen column
density, as determined from HF and H i observations, with an
average abundance of (2.51 ± 0.69) ⇥ 10�4 with respect to H
nuclei in individual 1 km s�1 velocity channels. This value is in
good agreement with the earlier ISO measurements on the same
line of sight, and about 35% lower than the average O/H ratio of
3.90⇥ 10�4 in low-density warm gas derived from UV measure-
ments (Cartledge et al. 2004). If we add a typical gas-phase CO
content at 1⇥10�4 with respect to H2 in the molecular gas, which
is dominant at most velocities on this line of sight (Fig. B.3),
the total gas-phase oxygen content (O0 + CO) on the line of
sight toward Sgr B2 is ⇠3 ⇥ 10�4, or 300 ppm with respect to H,
about 25% lower than the low-density warm ISM oxygen abun-
dance derived from UV measurements (Cartledge et al. 2004).
With silicates and oxides contributing another 100 ppm (Whittet
2010), the remaining oxygen fraction is about 175 ppm, which
can be viewed as an upper limit for UDO on the line of sight
toward Sagittarius B2. However, the expected ice contribution
in this density regime is about 125 ppm (Whittet 2010), leaving
little room for UDO.
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(Kim et al. in prep)

• There is some degree of scatters toward 
different lines of sight.  

• Oxygens go to other oxygen-bearing species?

(Wiesemeyer et al. 2016)

(Kim et al. in prep)
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Similarity between two vectors of species  
= the cosine of the angle between the 

vectors (cos θ = A · B/∥A∥ ∥B∥)

(HyGALII, Kim et al. 2023)

20Correlations between species (hydrides 
and simple molecules)
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Correlations between species (hydrides 
and simple molecules)

1. OH+, H2O+ and ArH+, and C+ lie away from neutral molecular species HCN, HNC, CS, H2S, C2H, and c-C3H2, and HCO+.  
2. The sulfur-bearing species, CS and H2S, lie close to the neutral molecular species. 
3. The vectors for CH and OH lie very close to each other.

21

(HyGALII, Kim et al. 2023)
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• The diffuse ISM is not homogenous - sub-
structures exist within a cloud.

• Such inhomogeneous structures make HCO+
and CCH less reliable tracers for H2 gas!

➡ As we have seen, HCO+ does not correlate
well with CH & OH for large velocity integrations
toward Galactic diffuse and translucent clouds.

• Only relying on HCO+ and CCH might not give
the full information of H2.

➡ Thus, CH & OH at 2 THz is still critical for
diffuse ISM studies toward lines of sight in
high visual extinctions, as such Galactic lines
of sight are important to understand the
chemical and physical evolutions of galaxies.

HyGAL and future perspective to the cold, 
diffuse medium

23
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SUMMARY

• To investigate how molecular clouds are formed and the 
chemical and physical processes leading to the transitions from 
atomic to molecular gas by observing hydrides, C+, and O. 

• Combining ancillary data acquired from ground-based telescopes 
with limited sightlines, we find different species have favor species 
groups — atomic or molecular dominant gas. 

- Group 1: HCO+, OH, and CH traces diffuse molecular gas. 
- Group 2: Ion-hydrides and C+ traces atomic gas. 
- Group 3:  Atomic oxygen seems to be associated with the 

transition between atomic and molecular gas. 

Analyzing the SOFIA data of the entire sample with the ancillary datasets will allow 
us to study the properties of the diffuse ISM and chemical/physical processes 
associated with the Milky Way structure. 
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