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ABSTRACT

A precise relation between column densities of OH and CH ouléein the ISM has been found
based on spectra of 24 stars (four of them new) and new pebligkcillator strengths of lines near
3078 A and 3082 A of OH molecule (0.001007 and 0.0006226,ecisly). Observed column
density ratio of OH and CH molecules in the ISM is equal to 3:2017. A very good relation (with
correlation coefficient equal to 0.85) between abundant&omolecule and molecular hydrogen
is also presented.
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1. Introduction

Interstellar hydrides,e., molecules or molecular ions containing a single heavy
element with one or more hydrogen atom, are valuable probiggesstellar me-
dium. Seven neutral diatomic hydrides have previously luk#acted in the inter-
stellar clouds — CH (Swings and Rosenfeld 1937), OH (Weietedd. 1963), HCI
(Blake et al. 1985), NH (Meyer and Roth 1991), HF (Neufedtl al. 1997), SiH
(Schilkeet al.2001) and SH (Neufeldt al.2012) — also with five diatomic hydrine
cations — CH (Douglas and Herzberg 1941), OHWyrowski et al. 2010), SH"
(Benzet al. 2010), HCI* (De Lucaet al. 2012) and ArH™ (Schilkeet al. 2014).
Four discoveries of interstellar hydrides were made withskleel (SH™, HCI,
ArH*, OH") and one (SH) with SOFIA instruments (see Geestral. 2016 as a
review).

The hydroxyl radical (OH) transition was detected at 18 cmdbm the in-
terstellar medium (ISM) by Weinreét al. (1963). Later, its electronic tranitions
were identified in ultraviolet spectra of bright OB-starst€her and Watson 1976,
Chaffee and Lutz 1977, Felenbok and Roueff 1996). Recdmity)ines resulting
from electronic transitions of the &+ — X2M; band (near 3078 A and 3082 A),
were used to obtain column densities toward 16 transludghtlines (Weselak
et al. 2010b). Determinations of OH column densities are basedsuillator
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strengths which were reanalyzed by Roueff (1996). Howevew precise val-
ues of oscillator strengths of OH electronic transitionshef A°’>* — X2M; band
have recently been published by Yousafal. (2018).

Interstellar lines of CH molecule were identified by McKel{4940ab) in spec-
tra of OB stars due to its A—X feature centered near 4300 A astitongest ob-
served interstellar line in the violet region. Howeversthine is frequently satu-
rated. Since the B—X system near 3886 A is also quite fredpuebserved and
being much weaker than the A—X one it is almost always unatgdr Also unsat-
urated is the B—X system near 3633 A which is less frequeritseoved. Abun-
dances of the CH molecule were proved to be very tightly ¢ated with those
of H, molecule é.g, Federman 1982, Mattila 1986, Sheftgral. 2008). The os-
cillator strengths of CH transitions were extensively gnafl by Lien (1984) and
Weselaket al. (2011, 2014).

Here we extend the above mentioned sample (Wesetlat. 2010b) of the
UV OH absorption bands adding ground-based observatieamg dsing the high-
resolution UVES spectrograph toward three new targets (HI®33, HD 172028,
HD 210121) from the work of Bhatt and Cami (2015). Data on HB4&2are from
the work of Weltyet al. (2020). The aim of this work is to investigate relations
between column densities of the OH (based on new values dfabscstrengths)
and CH molecules and test oscillator strengths of OH A-X aktdB=-X (0,0)
and (1,0) transitions based on unsaturated lines at 307®#2 A and 3886 A,
3890 A and 3633 A, 3636 A, respectively. All the observeduesg of diatomic
molecules are presented in Table 1 with position and oswilkrength taken from
the literature.

Tablel

Adopted molecular parameters

Species  Vibronic band Rotational lines Position [A] Refvalue Ref.
OH AT tX2MT; (0,0) Qu(3/2) +QP21(3/2) 3078.443 1 0.0010070 2
(0,0 R.(3/2) 3081.6645 1 0.0006226 2

CH B2X~—X2MM (0,00 Q(1)+°Ryx(1) 3886.409 3 0.00320 4
(0,0 PQia(1) 3890.217 3 0.00213 4

B2Z—X2M (1,0) Q(1)+°R1x(1)  3633.289 5 0.00104 5

(1,0) PQ12(1) 3636.222 5 0.00069 5

References: 1 —Weselakal.(2009), 2 — Yousetfet al.(2018), 3 — Grededt al. (1993),
4 —Lien (1984), 5 — Wesela#t al. (2011)

The results from the Copernicus satellite showed that thendlecule is rela-
tively rich in diffuse and translucent clouds (Savagel. 1977) with abundances
exceeding 18 cm~2 toward OB stars. This result was also proven by another set
of column densities, based on the data acquired with the Fs3&#lite (Rachford
et al.2002, 2009, Paet al. 2004, Snowet al.2008).
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Since the discovery of two major diffuse interstellar ba(diBs) at 5780 A
and 5797 A (Heger 1922) the number of known DIBs has grown updaurrent
number of more than 400 entries (Hobdtsal. 2009). However, the problem of
their origin remains unsolved. Close connections of sirmptdecular species to
strong 5780 and 5797 DIBs suggest their molecular origireffshet al. 2008,
Weselaket al. 2008, 2010a, Weselak 2019, 2020). In this paper we also mirese
relations between column densities of OH and intensitienabr 5780 and 5797
diffuse bands (not presented previously).

2. Observational Data

For this project we used the sample of 24 early type starsentsp of which
features of OH (near 3078 A and 3082 A) and CH (near 3886 A a8@ #8and
near 3633 A and 3636A) were accessible.

Table?2

Column densities of interstellar features fcm—2]

HD Spec. E(B—V)  N(OH) N(CH)  N(H2) N(H) rppm  W(5780) W(5797)  ref
23180 B1lIl 027 8B9+184P 2224+291 4 7.94 ala 96+15 662+19 b
24398 Bllab  0.29 409+13X 223+261 4.7 645 aa 9219 584+17 b
27778 B3V 0.37 108+255 3993+41 6.17 954 c/lc 9B+16 422+11 b
34078 09.5Ve  0.49  38+501 7927+4.82 6.4 1585 dle 17836  63+5 b
62542 B3V 0.35 11B+874" 2658+4.62 6.46 f 354 145 g

110432 B2pe 0.48 4H+791 18124028 4.37 7.08 c/h 146437 398+31 b
147889 B2III/IV  1.02  3142-+30.8 10051+ 14.25 631 g 3747 152+43 Kk
147933 B2IV 0.48 8B9+653F 1873+1.18 3.71 4265 ala 208 578 g
148688 Blla 055 2851+1126 9294168 343t9 852+25 k
149757 09.5V  0.28  5067+9.87 2489+292 44 526 ala 72+11 355+£09 b

151932 WN7 0.50 8345+6.89 3035+5.8

152236 Bl lape  0.66 85+813 2724+0.72 5.37 58.88 c/d 348+4.81018+3.2

152249 O91b 0.48 6806+1887 17.23+1.39 242+38 k

152270 WC7 0.50 5176+1492 1779+261

154368 O9la 0.80 19B6+2124 6225+5.44 1445 10 m/m 206+4.21042+3.1 b

1544458 B1V 0.35 5285+7.08 2172+27 192+3.9 621+1.9 k

15481%Y 09.51b 0.66 6Q12+12.37 2285+2.79

1610568 B1V 0.60 20052+1531  583+7.44 16.98 n

163800 O7 0.57 87M84+173 36434552 256+2 107+1.5 k

164794 04V 0.36  3747+1284 1186+247 1.26 19.49 g/g 15423 403+14 k

169454 Blla 1.1 11801+1662 4582+6.53 9.55 32.36 g/g 497+21967+16 g

170740 B2V 0.45 5639+7.64 1991+6.78 7.24 10.71 g/g 248+1  75+0.2 g
172028 B3I/l 0.79 13MP6+8.73°  47.83+34 256+ 8 217+5 o]
210121 B71l 0.32 116+6.17 2665+225 5.62 4.26 g/g %7 46+9 o]

References: a — Savageal. (1977), b — Weselak (2019), ¢ — Rachfatal. (2002), d — Sheffeet al. (2007),

e — Fitzpatrick and Massa (1990), f — Weky al. (2020), g — Faret al. (2017), h — Rachforet al. (2001),

k — Weselalket al. (2008), | — Diplas and Savage (1994), m — Snow (1996) n —&at. (2017), o — Friedman
et al. (2011), p — Roueff (1996), q — Felenbok and Roueff (1996), ois8eet al. (2005), s — Bhatt and Cami
(2015). Equivalent widths of 5780 and 5797 DIBs are in mA. @tational data from UVES are designed
with v
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Most of our observational material, presented in Table 3, etdained using the
UVES spectrograph at the ESO Paranal Observatory in Chtle tvé resolution
R=80000. These spectra cover the range from 3040 A to 10400 dy Were
acquired as a part of the “Library of High-Resolution Specaif Stars across the
Hertzsbrung-Russell Diagram” and are available at the itebs
http://www.sc.eso.org/santiago/uvespop
For more information see Bagnuéi al. (2003). These are the spectra in which
direct measurements of all molecular species of interesheailable. All the spec-
tra were reduced using the standard packages MIDAS and I&Akell as DECH
code (Galazutdinov 1992), which provides all the standaostgdures of image
and spectra processing.

In the cases of objects where we found no UVES spectra we tmo®H band
intensities from the literature and the intensities of ottmelecular features from
our own observations. This was in case of eight objects (OM £;0) band) and
three objects (CH B—X (1,0) band) presented in Table 2.

Table 2 presents column density of each molecue,OH (based on A-X
band), CH (based on B—X (0,0) and B—X (1,0) bands), columsitheaf molecular
(H2) and atomic hydrogen (HI) and equivalent widths of 5780 ar@i7/sDIB taken
from the literature.

Table3

Measured equivalent widths of interstellar features of @H &H molecules [mA]

HD  W(OHzo7e W(OH3os?)  W(CHzgge  W(CHzggd N(CHBX(0,0)) W(CHgezd W(CHzgze N(CHBX(1,0)

23180 35411 4514056 3294045 22244291

24398 167+008  111+005  496+05  301+0.38 223+261

27778 534015 22401 9754078  482+064 3993+4.1

34078 172+£027 0864021 1675+13 1128405 79274482

62542 46+04 3404 72404 49+06 34264377
110437 1814041  128+0.34 41402 24402 18124028 1214013 071+0.12 179140.61
147889 138+174  789+168 2007+12 15024098  10013+587 607+064 405+058 10088+ 1299
14793% 363+£027  202+031 1234009  063+0.07 185741.68
148688  11+0.45 081+£054  383+0.2 275402 1873+£1.18
149757  206+£067  130+£032  545+0.2 357401 25441082 149+£013 096+0.13 2433428
151937 3884071  213+054 597+0.78 364045 26764342 2234023 1244021 3394:£4.69
152238  3.5+0.44 241+034 534+045  415+0.56 2705+3.1
152249 28141 182408 34405 261404 17.23+£1.39
152270 1.9540.64 15407 3524043  269+045 17794261
154368 821412 5244086 1224411 932+04 6175+£41 3762016 253+£0.17 6275357
154448  201+£031 1524033  406+0.2 284402 19594039 1344013  102+0.12 23854267
15481Y  2.43+0.70 164405 503+£034  312+0.56 2285+2.79
161058  8.38+0.77 53+067  127+05 88+0.4 6098+139 358+£034 208+0.34 5562:+7.31
163800 3.69+082 238+0.78  685+0.3 516+0.4 3436+216 231+023 1554024 385+5.08
164794  1.55+0.40 1£065 229+054  183+0.34 1186+2.47
169454  4.89+085  299+0.72 851+054  647+043 4294279 2764022 207+031 4874459
170740  215+£043  173+0.31  51+0.29 284402 2202+£057 100+£023 076+0.37 17794+6.76
172028 505+£050  409+0.35 47834344 2924016 179+0.16
21012 4451038  303+023 26654225 1284006 123+0.13

We also present column densities of CH molecule obtainetheasis of BX (0,0) and (1,0) bands Efmm*z]. We refer to the following
data from the literature: a — Welst al. (2020) , b — Bhatt and Cami (2015). Observational data frontES\are designed with

In Table 3 we present measured equivalent widths of OH bagnt€éced near
3078 A and 3082 A) and CH B—X (0,0) and (1,0) bands (centerad3@86 A and
3890 A and near 3633 A and 3636 A, respectively). We also ptesaculated
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column densities of CH on the basis of B—X (0,0) and (1,0) kanbh case of
HD 147933, HD 172028, HD 210121 we used data on OH(A-X) and GX B
(1,0) bands from the publication of Bhatt and Cami (20159rgftecisely checking
equivalent width ratio of lines based on oscillator strésgiresented in Table 1.

Table 5 we presents calculated Pearson’s correlation cieggifs with errors
used in data analysis performed in the case of each relatesepted in Figs. 2—
5. A standard error of the Pearson’s correlation coefficRiftvhen Negyc of data
points were used in data analysis) was estimated from tmeula;, or=(1—R?)/
v/Neaic—1 (Fisher and Yates 1963). We also present critical valuéiseoPearson’s
correlation coefficient based on the Fisher and Yates (19@8¥tical tables at the
level of confidence 0.01 and result of the null hypothesisiies p > 0.

3. Resultsand Discussion

In Fig. 1 we present comparison of our measurements of Oldresait 3078 A
and 3082 A with those of Bhatt and Cami (2015). Generallyltssue consistent
even though the features of interstellar OH are very weakdstroases.
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Fig. 1. Comparison of measurements of OH equivalent widt3a8 A and 3082 A with those of
Bhatt and Cami (2015).

Fig. 2 (left panel) shows the relation between equivalenithnd of OH lines
near 3078 A and 3082 A. The strength ratio, according to gahfeoscillator
strengths published by Yousefi al. (2018),i.e.,0.001007 and 0.0006226, should
be equal to 1.605. Fig. 2 demonstrates that the equivalatihwatio matches ex-
actly that of the oscillator strengths with correlation fficgent equal to 0.98.

To obtain column densities we used the relation of Herbig8) @vhich gives
proper column densities when the observed lines are urdatlr

N = 1.13x 10°9W, / (%), (1)

where W, andA are in A and column density in cnf. To obtain column density
we adopted f-values listed in Table 1.
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Fig. 2. Left: Correlation plot between equivalent widths of 3078 A and288ines of interstellar
OH as measured in our spectra. This ratio, equal®3+0.005 matches the theoretical expectation
based on recently published oscillator strengths.

Right: Correlation plot between column densities of CH moleculaivied on the basis of the BX
(0,0) and BX (1,0) bands.

Column density of OH molecule was obtained as a sum of coluemsitles
from two transitions at 3078 A and 3082 A. To obtain columnsites of CH we
used unsaturated B—X (0,0) and B—X (1,0) features near 3886d33890 A and
near 3633 A and 3636 A, respectively. In Fig. 2 (right pana)present correlation
plot between column densities of CH molecule obtained orbtsss of the B—X
(0,0) and B—X (1,0) bands. Fig. 2 demonstrates that colurmsities obtained
on the basis of the B—X (0,0) and B—X (1,0) bands exactly agi¢® correlation
coefficient equal to 0.98.
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Fig. 3. Left: Relation between column densities of the OH molecule arsistellar reddening (B—
V) with correlation coefficient equal to 0.64.

Right: Relation between column densities of the OH and CH moleawnitscorrelation coefficient
equal to 0.97 (HD 34078 was excluded).

In Fig. 3 (left panel) we present the relation between colulensities of OH
molecule and interstellar extinctide(B — V). This relation, with correlation coef-
ficient equal to 0.65, is rather good. This result, based ooljjdcts, is consistent
with that published previously by Weselakal. (2009),i.e., correlation coefficient
equal to 0.68 based on 14 objects.
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Fig. 3 (right panel) presents correlation between colunmsities of CH and
OH radicals based on new oscillator strengths of OH A-X itams at 3078 A and
3082 A. This relation (with one missing point excluded froawrelation analysis,
i.e, HD 34078), based on 23 observations, is very good with tadiom coefficient
equal to 0.97. This relation suggests higher ratio of coldlmnsities of OH and
CH,i.e, 3.204+0.17, as a result of new oscillator strengths of OH A—X transi
near 3078 A and 3082 A. Previously published value by WesetaX. (2010b)
was lower {.e., 2524+ 0.35). As a result of different oscillator strengths, column
densities of OH molecule presented in Table 2 have higheregathan published
previously in the literature.

In Fig. 4 we present correlation plots between column dgdithe OH mole-
cule and column densities of molecular and atomic hydrog@he.relation between
abundances of OH andHs much better than between OH and HI. This result,
with correlation coefficient equal to 0.85, is based on 1égmetints. In Table 4 we
present new column density ratios in the case of OH, CH apdndlecules with
those published in the literature.

250
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Y =12.04 (2.45)x 10 ° X + 6.08 (17.04)

N(OH) [10* cm?]
N(OH) [10* cm?]
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[ 2 4 6 8 10 12 14 16

N(H,) [10” cm™] N(H 1) [10% cmi?]

Fig. 4. Correlation patterns between column densities off@ttecule H (left), HI (right). The best
relation is that between column densities of OH and (dorrelation coefficient equal to 0.85).

Combining column densities of OH molecule from Roueff (186d Felen-
bok and Roueff (1996) with measurements of Bbundances from Savage al.
(1977), Rachforcet al. (2002) and Josepét al. (1986), Liszt and Lucas (2002)
found abundance ratio of OH andHnolecules equal to (2+0.2) x 10" and OH
and CH equal to ®+0.9. Weselaket al. (2010b) found relation between abun-
dances of OH and b based on absorption—line observations toward five objects
(1.05+0.24) x 10~ and relation between abundances of OH and CHZ20.35)
based on 16 objects. Relation between interstellar OH gnchblecules was also
presented by Nguyeet al. (2018). For 16 molecular sightlines the abundance ra-
tio of OH and H, was proven to be .0 x 10~ 7. Result on the abundance ratio of
OH and H, presented in this paper is close to that obtained by Reigel (2018)
(1.3 x 1077) on the basis of abundance estimation of flom 2CO(1-0) in the
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Table4

Column density ratios of diatomic molecules presentedériiterature compared with averaged
values obtained in this work

Molecular column density ratio Literature This work

OH/CH 30+£0094 3.20+0.17
2.52+0.35P

OH/H, (1.0+£0.2) x 10772 1.20+0.24x 10~/
1.0x1077¢
1.3x10°7d

a — Liszt and Lucas (2002), b — Weselktkal. (2010b), ¢ — Nguyeeet al. (2018), d — Rugeét
al. (2018).

first Milky Way quadrant. The values presented in Table 4 pithvat various meth-
ods toward targets inside and Galactic plane reproducéssiatiundance ratios of
interstellar molecules.

Finally, in Fig. 5 we present relation between equivalemtting of strong 5780
and 5797 DIBs and column densities of OH molecule. Thisieatias not pre-
sented previously. The better relation (with correlatioefticient equal to 0.52) is
observed in the case of the 5797 DIB, which is also well catesl with column
densities of CH (Friedman 2011, Weselak 2019). Thus, in @epn to wider
5780 the narrower 5797 DIB is better correlated with CH and Bblvever, this
result should be confirmed with additional observationatemial (based on Ta-
ble 5 the relation between intensities of the 5797 DIB andmwl densities of OH
molecule is statistically significant at the level of confide higher than 0.02).
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Fig. 5. Equivalent widths of the 5780 DIBet) and 5797 DIB (ight) correlated with column den-
sities of OH. Better relation is seen in the case of the 579 (@brrelation coefficient equal to
0.52).
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Tableb

Pearson'’s correlation analysis

241

Relation R or Neac P Result
W(3078)vs.W(3082) 0.98 0.08 23 0.51 +
N(CHBX00)vs.N(CHBX 10) 0.98 0.01 11 0.68 +
N(OH)vs. EB-V) 0.64 012 24 050 +
N(OH) vs.N(CH) 097 001 23 051 +
N(OH) vs.N(H>) 085 0.08 14 0.62 +
N(OH) vs.N(HI) 0.13 0.26 15 0.61 -
W(5780)vs.N(OH) 031 021 20 054 -
W(5797)vs.N(OH) 0.52 0.17 19 0.55 -

R — Pearson’s correlation coefficiemtg — its error,Nggc — humber of
stars,p — critical value of the correlation coeficient, Result — gfign

cance the correlation

4. Conclusions

The above considerations allow us to infer the followingatosions:

1. The column density of OH is well correlated with interktelreddening

E(B—V).

2. The column density of OH is very well correlated with irstetlar CH. This
result is based on more numerous sample of objects and naesvai oscil-
lator strengths of OH A-X transitions at 3078 A and 3082 A.

3. The column density of OH is very well correlated with irstetlar H,. This
result is based on more numerous sample of objects and naesval oscil-
lator strengths of OH A—X transitions.

4. The narrower 5797 DIB is better correlated with OH moledhbn the 5780
DIB. This relation is statistically significant at the lew#lconfidence greater

than 0.02.

It is difficult to answer the question whether narrow DIBs @9B are rather con-
nected to the chemistry of oxygen-bearing molecules orarich network. More
numerous sample of objects in case of OH molecule is reqtaredrform further

analysis and answer this question.
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