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HD molecules in Milky Way
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We have provided an independent analysis of HD and H2 absorption lines in several systems in our Galaxy using

FUSE space telescope archival data and neutral carbon and metal lines in these systems using HST archival data.

The obtained HD column densities lie in the range from ∼ 1014 to ∼ 1016 cm−2 . The obtained column densities

were used to estimate physical conditions in the analyzed systems, including cosmic ray ionization rate, which were

obtained in the range from ζ ∼ 10−17 to ∼ 10−15.5 s−1.
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Introduction

Molecular hydrogen, H2, — is the most abundant

molecule in the Universe, being a tracer of the cold

phase of the neutral interstellar medium (ISM). With a

sufficiently large abundance of H2 in the medium, it is

also possible to detect its isotopomer, the molecule HD.

Inasmuch as the intrinsic emission of the molecules H2

and HD is suppressed, the main method of studying these

molecules in the interstellar medium — is spectroscopy

of absorption lines in the direction of bright background

sources. However, atmospheric absorption prevents ground-

based telescopes from observing H2 and HD absorption

lines in the Milky Way and neighboring galaxies, inasmuch

as these absorption lines are in the ultraviolet region of

the spectrum (λ . 1100 Å). Therefore, data from space

telescopes such as FUSE and Copernicus are used to

observe these molecules in the local universe.

Previously, archival data from the FUSE Space Telescope

were used to study H2 and HD in our Galaxy and in the

Magellanic Clouds [1–3], but the paper [1] presents only

a fraction of the absorption systems of the Milky Way

where molecules HD have been identified. In addition, for

many of the systems where the molecule lines H2 have

been found, archival data from the Hubble Space Telescope

(HST) are available, allowing the study of neutral carbon, CI

lines, as well as the estimation of metallicity in the system.

Using the column density1 HD, as well as the populations

of H2 rotational levels, CI fine-structure levels, and the

metallicities, it is possible to estimate the physical conditions

in the system, namely the ultraviolet (UV) background

intensity, χ, the number density, n, and the cosmic ray

ionization rate, ζ , which determine the chemical evolution

of the cloud (see, e.g., [4]).
In the presented pilot work, we selected eight absorption

systems towards the stars of our Galaxy, in five of which

1 Hereinafter, the column density (denoted N) is measured in cm−2.

HD lines have not yet been studied. For a homogeneous

analysis, we re-analyzed the H2 lines, and also found

populations of CI fine-structure levels and metallicities in

these systems, as described in Sec. 2, the results are

discussed in Section 2. In Section 3, using the obtained

column density, we performed estimates for the physical

conditions mentioned above in the environment associated

with absorption systems.

1. Data & Analysis

In this work, archival data from the FUSE [5,6] space

telescope were used. We selected a subsample of systems

from the sample provided by [2] to analyze possible

systematic effects in previous HD measurements, as well

as to search for new systems containing HD.

The FUSE spectra are poorly calibrated in terms of

wavelength, so we applied a procedure to improve the

quality of the calibration [7]. To do this, we compared the

lines H2 in the observed spectrum with the corresponding

lines in the synthetic spectrum (only thin, single lines were

taken) and the shift between them was estimated by cross-

correlation [8]. The shift was further built as a function of

the wavelength, which was used to adjust the calibration of

the exposures when they were added. Also, the addition

of individual exposures made it possible to significantly

improve the ratio of signal to noise ratio of the spectrum,

which was S/N ∼ 20−50 in the considered systems.

To fit the absorption lines, we used a multicomponent

Voigt profile (components are defined by the velocity shift),
which gives estimates of column density, N, and Doppler pa-

rameters, b, for different levels. We observed that as a result

of the procedure of calibration and addition of exposures, as

well as other systematic effects, the spectral resolution can

deteriorate (nominal resolution FUSE R = λ/1λ = 20 000),
so it was a free parameter when fitting. To determine the

posterior distributions of the parameters, Bayesian analysis

with Markov Chain the Monte-Carlo sampling was used.
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Table 1. HD,H2 and CI column density measurements

Star vLSR
a , km/s logNHI

b logNH2
logNHD logNCI

HD 93129A −39.1 21.47 16.70+0.08
−0.35 . 13.4 13.93+0.02

−0.01

−16.8
”
−“ 18.22+0.11

−0.08 . 13.9 14.61+0.01
−0.01

1.0
”
−“ 20.22+0.01

−0.01 16.33+0.11
−0.32 14.80+0.01

−0.01

HD 93205 −83.8 21.36 16.67+0.07
−0.12 . 13.1 13.68+0.01

−0.01

3.6
”
−“ 19.80+0.01

−0.01 15.74+0.19
−0.14 14.80+0.01

−0.01

HD 93843 ∼ 2.5 21.3 19.68+0.01
−0.01 14.12+0.08

−0.04 14.30+0.01
−0.01

HD 99890 −13.4 21.12 19.56+0.01
−0.02 14.28+0.01

−0.01 14.58+0.01
−0.01

HD 100199 ∼ 2.8 21.18 20.21+0.01
−0.01 14.49+0.22

−0.13 14.70+0.01
−0.01

HD 101190 ∼ 3.9 21.15 20.47+0.02
−0.02 16.45+0.07

−0.05 15.11+0.03
−0.04

HD 103779 ∼ −2.9 21.17 19.95+0.06
−0.01 14.10+0.04

−0.03 14.48+0.01
−0.01

HD 104705 −21.8 21.15 18.43+0.03
−0.04 13.87+0.34

−0.20 13.82+0.01
−0.01

2.9
”
−“ 20.02+0.01

−0.01 15.2+0.32
−0.33 14.39+0.01

−0.01

Note. a — absorption systems velocity relative to the local standard of rest, b — values are taken from [2].

In addition, we used two penalty functions to adjust the

smoothness of the shape of H2 rotational level number,

and to increase the Doppler parameter with increasing

rotational level number H2 (for observations of this effect,

see, e.g., [9]). For a detailed description of the method used,

see in papers [4,10].

At the velocities corresponding to the positions of

the H2 components in the spectrum, we searched for

molecules HD. In the case where we could only set the

upper limit (herein further the upper and lower limits are

determined from the analysis of the aposterior distribution

function at the level of 3σ ) on the HD column density,

the positions of the lines were fixed and the priors on the

Doppler parameters obtained in the analysis of the lines H2

were used.

Using archival HST data, we also analysed the CI

and metal absorption lines, which was necessary for the

assessment of physical conditions. In the analysis of the CI

lines, it was assumed that all levels of the fine structure have

an identical Doppler parameter.

2. Results

Estimates of column density of HD, H2 , and CI are pre-

sented in Table 1. Systems towards HD 93205, HD 101190,

and HD 104705 have been previously studied [1]. The

found value of logNHD in the direction of HD 104705 is

close to what yields [2], but for HD 93205 and HD 101190

the values differ by order. Such a difference may be

the result of different approaches to data processing: [1]
used the method of constructing a curve of growth to

determine b and N, while we used the method of fitting with

a multicomponent Voigt profile. In addition, for HD 93205

in [1], the lower limit on b was obtained on the assumption

that the line is optically thin and in the linear region of the

curve of growth, which excludes saturated solutions. Thus,

we have detected HD molecules in five new systems in our

Galaxy. Fig. 1 shows a comparison of the obtained column

density of HD and H2 with known measurements at high

redshifts [4], in the Magellanic Clouds [16] and isotopic

ratio D/H. Also shown for comparison are the values

obtained earlier for our Galaxy [1]. The large variation

in the obtained values can be explained by the different

physical conditions in the observed systems and the high

sensitivity of the concentration HD to their change [11].
We previously showed that the ratio NHD/NH2

decreases

as metallicity increases, as the concentration of ionized

hydrogen, which is necessary for the formation of HD in

the gas phase, decreases. Nevertheless, NHD/2NH2
> D/H

ratios were detected in three systems, which may indicate,

for example, an increased flux of cosmic rays.

3. Physical conditions

Using estimates for column density H2, HD, and CI,

we performed estimates of the physical conditions in the

environment associated with absorption systems according

to the procedure proposed and used earlier for HD/H2

systems at cosmological redshifts in the work [4].

According to this procedure, n and χ are estimated

from the joint analysis of H2 rotational and CI fine-

structure level populations based on a comparison of the

observed values with the model grids calculated by the

code MEUDON PDR [12,13]. Then we constrain ζ using

the semi-analytical model described in [11]. It was shown

that the ratio of column density HD and H2 depends on ζ ,
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Figure 1. Measured HD and H2 column densities. The results obtained in this work are indicated by red triangles, yellow triangles

show HD measurements in our Galaxy obtained earlier in [1], green circles indicate measurements at high redshifts [4], blue squares —
in Small Magellanic Cloud, purple diamonds — in Large Magellanic Cloud. The light blue line shows the value of the primary isotopic

ratio D/H [15]. Dotted curves — theoretical calculations of the HD/H2 ratio for log ζ = −15,−16,−17.
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Figure 2. Cosmic Ray Ionization Rate as a Function of Column Density H2 . Triangles — are estimates obtained in our Galaxy (dark
blue dots were obtained in this paper), squares — in Small Magellanic Cloud, diamonds — in Large Magellanic Cloud, circles — in other

galaxies (references, e.g., in [4]).
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Table 2. Constraints of physical conditions

Star vLSR, km/s [X/H] X log n, cm−2 log χ log ζ , s−1

HD 93129A −39.1 −0.28+0.05
−0.05 Zn 2.98+0.31

−0.35 0.69+0.26
−0.24 −

−16.8
”
−“

”
−“ 2.65+0.35

−0.22 1.58+0.48
−0.23 −

1.0
”
−“

”
−“ 1.63+0.17

−0.19 0.48+0.29
−0.21 & 19.9

HD 93205 −83.8 0.11+0.06
−0.06 S & 2.5 1.51+0.68

−0.33 −

3.6
”
−“

”
−“ 1.32+0.17

−0.17 0.44+0.36
−0.26 −

HD 93843 ∼ 2.5 −0.03+0.04
−0.04 P 1.77+0.16

−0.16 0.52+0.19
−0.18 −16.49+0.19

−0.15

HD 99890 −13.4 0.07+0.03
−0.03 P 1.42+0.17

−0.16 1.29+0.44
−0.40 −16.02+0.65

−0.28

HD 100199 ∼ 2.8 0.01+0.10
−0.04 P 1.70+0.18

−0.18 0.44+0.23
−0.20 . −16.3

HD 101190 ∼ 3.9 −0.11+0.05
−0.05 Zn 1.76+0.18

−0.17 0.59+0.23
−0.18 & −16.0

HD 103779 ∼ 2.9 −0.02+0.08
−0.06 S 1.27+0.17

−0.17 0.59+0.44
−0.24 −16.97+0.50

−0.23

HD 104705 −21.8 0.10+0.03
−0.03 P 1.05+0.14

−0.15 1.04+0.47
−0.31 . −13.1

2.9
”
−“

”
−“ 1.28+0.18

−0.19 0.23+0.31
−0.22 . −15.5

Note. Columns: (i) the name of the star; (ii) the velocity of the absorption system relative to the local standard of rest; (iii) metallicity; (iv) an element

for assessing metallicity; (v) number density; (vi) the intensity of UV radiation; (vii) the rate of ionization by cosmic rays. In the direction of HD 93129A

(1 and 2 components) and HD 93205, the cosmic ray ionization rate was not estimated.

n, χ and metallicity Z (which was determined from the

analysis of metal lines in the HST spectra and fixed in

further calculations). We used Markov Chain Monte-Carlo

method to determine ζ , and the values n and χ found from

H2 and CI were used as priors. The results are shown in

the Table 2.

The obtained values of the cosmic ray ionization rate lie

in a wide range ζ ∼ 10−17
−10−15.5 s−1, but are in good

agreement with typical values in the diffuse phase of the

ISM (see, e.g., review [14]).
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