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ABSTRACT

Context. Numerous studies of diffuse interstellar band (DIB) profiles have detected substructures, which in turn suggests that large
molecules are acting as their carriers. However, some of the narrowest DIBs generally do not show such substructures, suggesting the
possibility of very small carriers.

Aims. Based on the previously found tight correlation of the three narrow DIBs at 6196, 6440, and 6623 A and the present detection
of weaker side DIBs to each of them in the extensive dataset from the ESO Diffuse Interstellar Bands Large Exploration Survey, we
investigated whether they may stem from small linear carrier molecules. This approach can lead to concrete DIB carrier suggestions,
which can be tested in laboratory measurements in future studies.

Methods. We suggest that the DIBs we studied here represent individual rotational transitions of a small molecule. We determined the
molecular constants from observations and compared them with data from a large set of quantum-chemical calculations to constrain
possible carrier candidates. Furthermore, we determined the rotational temperatures by fitting line ratios using the fitted molecular
models.

Results. We determined molecular constants for three DIB systems and the corresponding transition types. The fitted rotational tem-
peratures lie within the range of known interstellar diatomic molecules. We identified several DIB carrier candidates, almost all of
them molecular ions. Some of them are metastable species, indicating the possibility of collision complexes as DIB carriers.
Conclusions. If our hypothesis holds, this would be a major step towards the identification of a carrier molecule of the 6196 A DIB,
the strongest among the narrow DIBs.

Key words. ISM: clouds — ISM: lines and bands — ISM: molecules

1. Introduction

Identifying the carriers of the diffuse interstellar bands (DIBs)
has been a challenge of astrophysics for many years, since their
first discovery more than a century ago (Heger 1922). To date,
the number of known DIBs has increased to more than 600, cov-
ering spectral features ranging in wavelength from the optical

* Corresponding author; Alexander.Ebenbichler@uibk.ac.at

blue (e.g. Hobbs et al. 2009) to the near-infrared (near-IR; e.g.
Fan et al. 2022; Ebenbichler et al. 2022; Hamano et al. 2022).
Despite considerable efforts in laboratory spectroscopy, their
carriers remain elusive, with the exception of C(, which gives
rise to four DIBs in the near-IR (e.g. Campbell et al. 2015;
Spieler et al. 2017; Cordiner et al. 2019; Linnartz et al. 2020).
Consequently, more than 99% of the DIBs still lack an identified
carrier molecule.
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However, numerous laboratory, theoretical, and observa-
tional investigations have yielded insights into potential DIB
carriers. Due to their wavelength stability, it is believed that DIBs
are caused by molecules in the gas phase (Herbig 1995). Obser-
vations indicate that the nature of these molecules can be of a
wide variety. Some very broad DIBs show a Lorentzian profile
shape, for example the 4430 (Snow 2002) and 5450 A DIB. In the
case of the 5450 A DIB, an acetylene (C,H;) plasma absorption
spectrum coincided in wavelength, band width, and band shape
(Linnartz et al. 2010). Unfortunately, the carrier that formed in
the plasma could not be unambiguously identified in that work
due to the short lifetime of the transition of 7= 0.15 ps, but it cer-
tainly contains hydrogen and carbon. Many classes of molecules
have been investigated as possible carriers, such as carbon chain
radicals (Motylewski et al. 2000), cationic carbon rings of var-
ious lengths (Rademacher et al. 2022), or polycyclic aromatic
hydrocarbons (PAHs; Salama et al. 1999; Cox 2011), also in
specific shapes, such as polyacenes (Omont et al. 2019). In the
current state of research, large, carbonaceous molecules are sus-
pected to cause most of the DIBs. This hypothesis is supported
by the frequent observation of substructures in band profiles,
which is generally attributed to unresolved rotational bands of
heavy molecules (Cossart-Magos & Leach 1990; Ehrenfreund &
Foing 1996; Edwards & Leach 1993; Cami et al. 2004; Maclsaac
et al. 2022; Bhatt et al. 2025), the higher stability of large
molecules against UV radiation, and the size of the only known
DIB carrier Cf,.

However, more recent work has begun to explore the pos-
sibility of smaller molecules containing transition metals as
potential DIB carriers (Juanes et al. 2024), potentially in cationic
form. The idea of small molecules in the interstellar medium
(ISM) might be valid and worthwhile to follow up as the first
molecules found in the optical spectra of the diffuse ISM such as
CH (Dunham 1937; Swings & Rosenfeld 1937), CN (McKellar
1940), and CH* (Douglas & Herzberg 1941) are diatomic. At the
same time, studies of molecular ions have been carried out less
frequently in the laboratory, but ionisation is ubiquitous in view
of the radiation field permeating the diffuse ISM. The search for
small diatomic or maybe triatomic DIB carrier molecules has a
significant advantage over the identification of larger molecules,
which is due to their more thorough investigability using state-
of-the-art quantum-chemical modelling. It allows us to compute
(although still approximately) the properties of the ground and
excited electronic states of almost any pair of atoms. This allows
us to determine the properties of small DIB carriers to a very pre-
cise level if we are able to interpret interstellar spectra correctly.
As the nature of DIB carriers is still uncertain, it is important
to keep in mind that the carriers probably represent a range
in sizes, lifetimes, symmetries, and charges, calling for differ-
ent approaches to determine the carriers responsible for each
DIB class.

In this work, we explore the possibility of small, probably
diatomic molecules acting as carriers of some narrow DIBs,
derived purely from observational indicators. In Sect. 2, we
introduce our spectroscopic dataset and the observational indi-
cators, leading to the idea of small DIB carrier molecules. In
Sect. 3, we describe the methods we used for calculating molec-
ular parameters and synthetic spectra of the carriers. Based on
this, we derive molecular constants and rotational temperatures
in Sect. 4, and in Sect. 5 we discuss the validity of the results and
the differences to previous hypotheses.
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2. Observations
2.1. Observational data

For this work, we used the homogeneous high-quality obser-
vational data from the ESO Diffuse Interstellar Bands Large
Exploration Survey (EDIBLES; Cox et al. 2017). The dataset
consists of spectra acquired using the Ultraviolet and Visual
Echelle Spectrograph (UVES; Dekker et al. 2000) on the Very
Large Telescope UT-2 at the European Southern Observatory
(ESO) at Paranal, Chile. These spectra cover 123 sight lines
towards Galactic O- and B-type stars. Four different instrumen-
tal set-ups were used using the blue and red arms of UVES with
a dichroic mirror to achieve a near-complete wavelength cov-
erage between approximately 3050 and 10420 A. The spectral
resolving power was high, with R=1/AA=70000-110 000, util-
ising 0.4” (blue) and 0.3" (red) slits. The EDIBLES survey used
custom procedures based on the UVES pipeline to fully reduce
and calibrate the data, achieving very high signal-to-noise ratio
(S/N) values of ~1000 for the final data products (see Cox et al.
(2017) for details on target selection, observing strategy, and data
reduction).

2.2. New observational findings

In Paper VIII of the EDIBLES publication series (Ebenbichler
et al. 2024), several families of DIBs with correlating band
strength and profile shapes were identified from an analysis of
the entire sight line sample, called DIB profile families. In that
paper it was concluded that DIBs of the same profile families are
probably caused by the same molecules or by chemically closely
related molecules.

A closer inspection of the clustering analysis from Paper VIII
in the vicinity of the three 6196 A DIB profile family members
(the 6196, 6440, and 6623 A DIBs) shows that they are accom-
panied by weaker DIBs, only a few wave numbers apart from the
central DIBs. Those DIBs were selected by our DIB alignment
algorithm, due to their similar profile shapes compared to the
6196 A DIB. This pattern was detected in a statistically signifi-
cant number of sight lines, which is visualised in the histograms
of Fig. 1, where the median strength pattern of the components
is also shown, relative to the 6196 A DIB!. The information on
these DIBs is summarised in Table 1, which gives for each of the
three central DIBs the names of the individual component DIBs,
the mean wave number ¥, the mean shift towards the respective
central DIB A9, the corresponding wavelength of the transition
in air Aur, and finally the intensity ratio / and the band strength
Pearson correlation coefficient r relative to the 6196 A DIB. The
radial velocities of the side and main DIBs correlate, which is
indicated by the similar widths of the histograms in Fig. 1. Only
for the 6440 A DIB can a larger spread be seen, which is expected
because of the blend with another DIB. Detection of the accom-
panying side DIBs strongly depends on the S /N of the sight line
spectra, as they can become very weak, down to a few percent
of the strength of the 6196 A DIB. We note in anticipation of
later insights that a very strong correlation of these band profiles

I The 6196 A DIB is the strongest among narrow DIBs, easily identifi-
able even in mildly reddened sight lines, and one of the few DIBs that
have been identified in other galaxies such as M31 or M33 (Cordiner
et al. 2008a,b).
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Table 1. DIB alignment results of the three DIB systems.

Main DIB  DIB name v AV Aair I r
(em™h) (cm™!) A
6196 6195 16138.4+0.1 32+01 6194.68+0.03 0.15+0.04 0.909
6196 16135.2+0.1 6195.93+0.03 1.00+0.06 0.998
6199 16127.4+01 -7.8+0.1 6198.92+0.05 0.05+0.03 0.649
6440 6438 155282+0.1 34+02 6438.13+0.04 0.04+0.03 0.795
6440 15524.8 +0.2 6439.51+0.07 0.18+0.10 0.802
6442 15517902 -69+02 644239+0.06 0.04+0.08 0.173
6623 6622 15098.0+02 2.8+0.2 6621.55+0.07 0.06+0.03 0.868
6623 150952 +0.1 6622.78 +0.05 0.13+0.02 0.943
6626 15088.5+0.1 —-6.7+02 6625.72+0.05 0.05+0.01 0.922

Notes. Errors are calculated from standard deviations of our DIB alignment results. A7 denotes the difference in wave numbers between a side DIB

and its main DIB.
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Fig. 1. Histogram (top) and median strength ratios (bottom) of the pro-
posed side band matches of the 6196 (panel a), 6440 (panel b), and
6623 A DIBs (panel c¢) from DIB alignment, using the full EDIBLES
sample. The strength ratios are relative to the 6196 A DIB.

with respect to the 6196 A DIB may not necessarily be expected
because of indications for spin-orbit (LS) coupling® influencing
the detailed profile shapes.

From this point on, we concentrate only on a particularly
valuable subset of the sight lines covered by the EDIBLES sur-
vey, the 12 single-cloud sight lines identified by Maclsaac et al.
(2022, their Table 1). Only for these sight lines can one single
DIB carrier population with distinct environmental conditions
be assumed, an assumption that is necessary for this analysis.
All central DIBs considered here and their side DIBs show the
same approximately Gaussian profile shape as the 6196 A DIB
in these single-cloud sight lines. An example of the similarity
of the three DIB systems is shown for the sight lines towards
HD 185418 and HD 185859 in Fig. 2. We note that the 6440 A
DIB is blended with another DIB, giving rise to the double-peak
form.

In the following, we consider each of the strong DIBs with
their side DIBs as a DIB system. Because of the systematic
occurrence of the same pattern in the three DIB systems, this
cannot be a coincidence. We therefore assume each DIB sys-
tem to be caused by one electronic ro-vibrational transition with
resolved lines. To our knowledge, this is the first time such a
correlation has been found for narrow DIBs, opening up the pos-
sibility to derive carrier properties on an observational basis,
promising progress in comparison to previous attempts (e.g.
Herbig & Leka 1991).

3. Methods

We used customised Python scripts to model the electronic ro-
vibrational transitions of linear molecules and fitted them to the
observations using the package LMFIT (Newville et al. 2014).
Three different kinds of electronic transitions were considered:
Y — X, X > II,and IT — A. The corresponding electronic states
have the electronic angular momentum quantum number A =0
(Z), A=1 (II), and A=2 (A). Assuming these types of transi-
tions, we determined the rotational constants of the electronic
ground state X and excited state A using the positions of the three

2 In molecular physics, the electron angular momentum pertaining to
an electronic state in a molecule is denoted with L, and the total elec-
tronic spin angular momentum with S. These differ from the quantum
numbers, L and S, which reflect the projection of the vectors L and S
onto the molecular axis.
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Fig. 2. DIB systems 6196, 6440, and 6623 A in the HD 185418 (panel a)
and HD 185859 (panel b) single-cloud sight lines. The main DIBs
are at ¥ = 0 and the weaker DIBs are indicated by vertical lines. The
6440 A DIB is blended with another DIB. All systems were shifted to
the wave number of the central DIB ¥,.

strongest transitions. We determined the rotational constants B
and B’ for the assumed ground and excited state, respectively,
and the wave number of the electronic origin transition ¥, by
evaluating Eq. (1) for the respective values of the total rota-
tional quantum numbers in the ground state (J”’) and the excited
state (J”) of three transitions and solving the resulting system of
linear equations. The total angular momentum must always be
equal to or greater than the electronic angular momentum in the
ground state (J” > A’”") and the excited state (J' > A’) because
it is the sum of the electronic and nuclear angular momenta.
There is never a transition directly at vy, which would only be
the case for the Q(0) transition. For the ¥ — X transition no Q
branch is allowed as A’ — A” = AA =0, and for all the other tran-
sitions either A” or A’ is larger than 0. Equations (2), (3), and
(4) apply to the case of a ¥ — X, ¥ — II, and IT — A transition,
respectively. The equations may be written as

Vip =V + BT +1)=B'J'J" +1), (1)

1 2 0 Vo VR(0) Vo1
6 -2 || B [=] wray |=] V1-2 |, (2)
0 -2 B Vp(1) V150
1 2 0 Vo VR(0) Vo1
6 =2 || B |=]| Way |=]| Vi>2 |» 3)
1 2 =2 B” VQ(l) Vo1
1 6 =2 Vo VR(1) Vis2
1 12 -6 || B |=| w&re |[=]| 23 |, 4)
1 6 -6 B” VQ(2) V22
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where 7,;/_,; is the wave number of a single ro-vibrational tran-
sition from J” to J’. To calculate the line intensities I1(J”, J’) of
the rotational transitions from J” to J’, we used the equation

]//(JII + l)BII

I(J",J") o< Aprgrngr = Apnyr Q" + 1) exp — T
B 1 rot

b (5)
where kg is the Boltzmann constant, T is the rotational tem-
perature, and Ap~,~ is the Honl-London factor, as described by
Herzberg (1991). For AA=+1, that is the £ — [T and IT — A
transitions the Honl-London factors are

J"+2+ANHYJT"+1+AN")

Aprpr = for AJ = +1), (6

A 7+ D2+ 1) (for ) (©)
(J// + 1 + A//)(J// _A//)

Aprpr = for AJ = 0), (7

A"J 707+ D) (for ), (1)
J =1 =A" T =N

AANJH = ( )( ) (for AJ = —1), (8)

J'Q2J7 + 1)

where J”” and A” are the total angular momentum and the elec-
tronic angular momentum in the ground state. In the case of the
Y — X transition, where AA =0, the Honl-London factors are
J"+1+AHJI"+1-A")
J”+DRJ"+1)

Aprgr = (for AJ = +1), (9)

(J// +A//)(J// _A//)
77207 + 1)

In the case AA =0, AJ=0 is not allowed. It should be noted
that we assume molecules with an electron spin of S =0, which
may be incorrect for many molecule candidates, but serves as
a first approximation for the transition strengths. For the final
absorption spectrum we used a simple Gaussian as a line profile
function and calculated absorption models with a linear contin-
uum. More detailed descriptions for the selection rules, intensity
ratios of individual lines, and the Ty sensitivity are presented in
Appendix B.

To find carrier candidates with the observed parameters, we
performed quantum chemical calculations at the coupled clusters
singles and doubles with non-iteratively included triples level
with the def2QZVP basis set (CCSD(T)/def2QZVP optimisation
of suitable molecules upon CCSD/def2TZVP pre-optimisation
of all candidate molecules) to determine the rotational con-
stants of possible diatomic XY (X = H, He; Y = Li—Xe; and
X, Y = H-Ne) in different ionisation states with charges from
—1 to +2 and spin multiplicity up to octuplet, as well as the
HFHe* ion in the Gaussian software (Frisch et al. 2016). We
note that the single-reference treatment of the coupled cluster
method is potentially problematic for transition metal complexes,
and should be improved upon in following investigations. Tran-
sition metal complexes have a challenging electronic structure,
and methods based on a single Slater determinant wave function
might fail to describe them reliably (Hait et al. 2019). There-
fore, calculations using multi-reference methods are desirable
(Khedkar & Roemelt 2021). Finally, the most stable molecular
term was confirmed through multi-reference configuration inter-
action (MRCI/def2QZVP) as implemented in Molpro (Werner
et al. 2012, 2020). We note that no excitations between states
of different spin multiplicity were considered; these might play
a significant role in molecules including transition metals. We
also did not consider autoionising transitions. Including these
effects is outside the scope of this paper as it is a first test of
this hypothesis.

Aoy = (for AJ = —1). (10)
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Fig. 3. Fit of the 6196 A DIB system in the HD 170740 sight line (dashed black) using our IT — A transition model (red).

Table 2. Rotational constants calculated from DIB alignment results.

Transition B” B’ 0
(cm™h) (cm™) (cm™h)
6196 - %X 2.05+0.07 1.84+0.05 16131.48+0.10
619611 > A 1.94+£005 184+0.05 16128.01+0.16
6623 > 11 3.36+0.09 238+0.06 15090.48=+0.16
6440X - I1 347+0.12 257+0.06 15519.69+0.20

Notes. Errors are calculated with Gaussian error propagation of the
measurement errors in Table 1. An additional approximated systematic
error of 0.4 cm™! can be expected to be present, which can be caused by
LS coupling.

4. Analysis

In the 6196 A DIB system, the lower-energy DIB is weaker than
the central DIB, and the higher-energy DIB is even weaker
(Fig. 1a). In order to generate a ro-vibrational transition of this
pattern, either an electronic ¥ — X (Fig. A.l) or a IT — A
(Fig. 3) transition is required. For the 6440 and 6623 A DIB
systems, the side peaks are of equal strengths within the errors
(i.e. 1(6438) =1(6442), 1(6622) =1(6626)), but weaker than the
central DIB (see Figs. 1b and lc, or Table 1). This pattern can
only be reproduced by an electronic £ — II transition, where
I(R(1))=1(Q(1)). We determined the molecular constants for
each transition scenario by solving the linear Egs. (2), (3), and
(4) for the transitions listed in Table 1. The results are shown in
Table 2, which lists B”, B’, and v for the four transition sce-
narios investigated. The systematic errors are derived from the
standard deviations of the DIB alignment results, and a sys-
tematic error is caused by possible LS coupling, as described
below.

As a test of our ro-vibrational transition model, we fitted
the 6196 and 6623 A DIBs and their respective side bands using
the molecular model only by varying the rotational temperature
Trot, the width of a Gaussian profile o, and the radial velocity
RV for our single-cloud sight lines. The 6440 A DIB could not
be fully investigated because of its strong blend with another
DIB. However, considering the determined line ratios, that is
two equally strong secondary DIBs, the most probable transition
type is a £ — II transition, just as for the 6623 A DIB system.
The results of the 6196 A DIB system are shown in Table 3 and
of the 6623 A DIB system in Table 4. The (discarded) results
of the 6196 A DIB system for a ¥ — X transition are shown in
Table A.1 together with a plot of the fit in the HD 170740 sight
line in Fig. A.1. We show our adopted fit for the HD 170740 sight
line for the 6196 A DIB system in Fig. 3 and for the 6623 A DIB

Table 3. Fit results of the 6196 A DIB system using a [T — A transition
model.

Sight line Trot o RV

(K) (kms™h) (kms™h)
HD 23180 496+0.15 7.71+0.10 12.56 +0.09
HD 24398 5.86+0.13 7.45+0.08 13.20 +0.08
HD 144470 4.55+0.21 8.79+0.14 -9.66 +0.14
HD 147165 4.05+0.34 9.86+0.24 -7.67+0.24
HD 147683 527+0.21 8.02+0.14 -0.99+0.14
HD 149757 527+0.23 9.63+0.18 —14.53+0.18
HD 166937 4.46+0.13 7.68+0.08 —6.34 +0.08
HD 170740 5.24+0.07 7.16+0.04 -11.37+0.04
HD 184915 5.38+0.15 6.88+0.09 -12.62+0.08
HD 185418 5.83+0.12 6.95+0.07 -9.02 +£0.07
HD 185859 5.62+0.09 6.48 +0.05 -8.50+0.05
HD 203532 4.52+0.16 7.27+0.09 13.94 +0.09

Notes. The radial velocity (RV) is measured in the barycentric rest
frame.

Table 4. Fit results of the 6623 A DIB system using a X — II transition
model.

Sight line Trot o RV

(XK) (kms™) (kms™")
HD 23180 547+1.03 6.03+0091 14.40+0.87
HD 24398 6.43+0.62 10.12+0.86 13.32+0.79
HD 170740 6.11+0.25 7.94+028 —11.01+0.27
HD 184915 6.09+0.58 6.01 +0.48 -11.46+0.46
HD 185418 5.50+0.29 6.70+0.29 -7.95+0.28
HD 185859 4.76+0.25 7.20+0.28 -8.35+0.27
HD 203532 6.84+0.74 6.94+0.65 13.61 £0.62

Notes. If a sight line is not listed, the fit was not successful due to the
low signal-to-noise ratio. RV is measured in the barycentric rest frame.

system in Fig. 4. The other fits for our single-cloud sight lines
are shown in Figs. C.1, C.2, and C.3. We note that the other five
sight lines have S/N values that are too low to be analysed for
the 6623 A DIB system. The use of a Gaussian profile is suffi-
cient for our purpose in describing the individual components.
The next weaker rotational components R(3) and Q(3) are too
weak to be detectable in any sight line.

For the 6196 A DIB system, our data had the necessary S/N
to perform an additional analysis of the DIB profile shapes.
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Fig. 5. 6196 A DIB system in the HD 185859 sight line (dashed black)

and a 2TT — 2A transition model including LS coupling (red), generated

with Pgopher. The unconvolved ‘stick’ spectrum is shown in blue. This plot shows how LS coupling can explain the systematic asymmetry of the

6196 A DIB.

On closer inspection of the profiles, one finds that the compo-
nents of the 6196 A DIB system have asymmetric profile shapes,
which is systemic in the single-cloud sight lines. For a °IT — 2A
transition, LS coupling (which is expected for such a transi-
tion) can explain this asymmetry. We generated a model with
Pgopher (Western 2017), using the parameters B =19cm™,
B’=1.8cm™', and LS coupling constants in the ground (A”") and
excited state (A”) of A”” = A’ =—0.45 cm™". Due to the shifts in LS
coupling, we had to change the rotational constants by 0.4 cm™!
for each electronic level. This is an additional systematic error
source of the values in Table 2. As a first approximation, we
added a systematic error of 0.4cm™' to the statistical error
from DIB alignment. The comparison of the model with the
6196 A DIB system in the HD 185859 sight line is displayed
in Fig. 5. The effect of the LS coupling has almost the identi-
cal effect on the 6195 A DIB and causes a stronger split for the
6199 A DIB. This LS coupling improves the fit overall and can
explain the systematically asymmetric profile shape of the DIB
system. We abstained from implementing and fitting a detailed
molecular model with LS coupling and leave this qualitative
explanation for the profile shapes, as the overall picture will be
little changed.

With this hypothesis, supported by the observed molecular
constants and the types of electronic transitions, we searched
for appropriate carrier candidates for our three DIB systems. We
compared the rotational constants of stable molecules calculated
in Gaussian with our observations in Table 2. If the theoreti-
cal value matched the observation within 20% and the relative
energy of the respective electronic state was within 0.6 eV with
respect to the tentative most stable spin multiplicity, we checked
if the molecule candidates had excited states above the ground
state with an energy difference close to the origin wave number
Vo, that is in the 1.5-3 eV region, as well as the required sym-
metry of the molecular terms. We also excluded some molecules
and ions for which experimental measurements already provided
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Table 5. Rotational constants of proposed carrier molecules as cal-
culated at the CCSD(T)/def2QZVP level, along with the most stable
molecular term as determined at the MRCI/def2QZVP level.

Molecule B” Molecular  Lit.
(cm™!)  ground term

(NO?*) 1.93 Iy 0@
(HFHe™") 1.94 1

KH- 2.99 23t

SrH™ 3.31 Iy+
SrH 3.66 2y £f®
(CrH*) 3.74 T3+ 0©
CaH~ 3.85 g+

Notes. References: WBakovi et al. (2008); ®Liu et al. (2016); ©Romero
et al. (2022). Molecules in the top part are candidates for the 6196 A DIB
system; molecules in the bottom part are candidates for the other two
systems. The species in brackets are metastable. In the last column
(Lit.), molecules marked with ‘f” are ruled out as carriers, ‘... marks
the absence of literature, and ‘o’ marks molecules for which there is

literature available, but the carrier is neither confirmed nor ruled out.

rotational constants or excitation energies incompatible with
those given in Table 2. The resulting candidates are listed in
Table 5.

5. Discussion
5.1. Previous interpretations of the 6196 A DIB

The assumption of a small polar molecule as the carrier of
the 6196 A DIB is a strong contradiction to previous work,
which assumed a large carrier molecule, due to the presence
of substructures. This relies on the finding of two subpeaks
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separated by ~8 kms~! in the 6196 A DIB towards the Sco OB2
association (Galazutdinov & Kretowski 2023). This substruc-
ture was interpreted as potential PR-branches of a very large
molecule with a very small rotational constant B. However, a
study of neutral hydrogen by Sancisi (1974) finds an expanding
H1 shell associated with Sco OB2, which could be the result
of an old supernova remnant, slowed down by interaction with
the ISM. Its expansion speed is 3kms~! in each direction. The
observed substructures could therefore simply be different veloc-
ity components of the same carrier concentrated on the shell rim,
traversed twice by the line of sight. KaZzmierczak et al. (2009)
report a correlation between the rotational temperature of inter-
stellar C, and the full width at half maximum of the 6196 A DIB,
indicating that the DIB is caused by a large molecule and shows
unresolved rotational bands. However, the sample size is too
small to be certain about the correlation, and more importantly
the 6196 A DIB is a o DIB, so its carrier resides in very differ-
ent cloud environments than C,. Hence, this correlation must be
taken with caution.

However, the substructure could not be systematically con-
firmed in the EDIBLES single-cloud sight lines at R ~ 110 000,
unlike in the case for the 5797, 6397, or 6614 A DIBs (Maclsaac
et al. 2022). We fitted a double Gaussian to the 6196 A DIB
and inspected the residuals to see small-scale structures. We
did not find any intrinsic patterns that exceed the noise level,
which is illustrated in Fig. C.4. In addition, no substructure of
the 6196 A DIB was found initially at an instrumental resolu-
tion of 0.075 A, which equates to R=1/AA =~ 80000 (Smith et al.
1981), which was confirmed by Herbig & Soderblom (1982).

In other work, DIB studies on the Herschel 36 sight line
found no substructure (Oka et al. 2013), but extended red wings
for multiple DIBs, also for the 6196 A DIB. This finding is in
conflict with the hypothesis of a large carrier molecule showing
rotational splitting because the temperature in the Herschel 36
sight line is assumed to be rather high and does not show split-
ting. The extended red wings can be explained by the Doppler
shift as well, since strong dynamics and large redshifts of
~80kms~! of H, in the vicinity of Herschel 36 were observed
by Rachford et al. (2014). The red wings may not be visible in
other molecules and ionised species because they reside in dif-
ferent areas of the ISM. These dynamics could also influence the
DIB structure in this particular sight line. In summary, it has not
been unambiguously proven that the 6196 A DIB shows system-
atic substructure, so the possibility of a smaller molecular carrier
should not be ignored.

5.2. A new paradigm for the 6196 A DIB

In a change of approach, we assume that the profile of the
6196 A DIB and of its profile family members are purely caused
by Doppler shifts. The fitted Doppler width of o~ 7kms™!
is considerably larger than the Doppler width of most known
interstellar atomic and molecular lines. An explanation for this
phenomenon might be that those DIB carriers might not be sta-
ble against elastic collisions, which are needed to reduce the
turbulent velocity dispersion in interstellar gases. The carriers
would only exist with velocity dispersion originating from their
production, a velocity dispersion that can never narrow down.
Hence, this would imply a continuous formation and destruc-
tion of DIB carriers. The perceived velocity distribution could
be caused during the production of the carrier molecule, which
may be influenced by the high levels of turbulence in the diffuse

ISM. The 6196 A DIB is strongly correlated with the 6614 A DIB
(McCall et al. 2010), for which Bhatt et al. (2025) reported
correlating line widths with CH*. According to Godard et al.
(2023), CH" is the consequence of mass exchanges between
the cold neutral medium (CNM) and the warm neutral medium
(WNM), induced by large-scale turbulence and thermal instabil-
ity, indicating that large line widths are likely caused by turbulent
environments. We expect a variable line width of the 6196 ADIB
across different sight lines due to this effect. The timescale of the
formation destruction cycle of the carrier could be comparable to
CH"* (Godard et al. 2023, their Table 2), but at this point we are
not able to provide reliable estimates. A molecular broadening
mechanism such as lifetime broadening is very unlikely, because
of the sharpness of some subfeatures in the ‘split’ sight lines
towards the Sco OB2 association. Moreover, we focus on each
DIB system as a whole, rather than specifically trying to explain
the detailed profile shape of the 6196 A DIB itself.

The determined molecular constants point to small lin-
ear molecules as the carriers of the investigated DIB sys-
tems. Because of the large rotational constant, most likely they
are diatomic, possibly triatomic. Due to the different B”, the
6196 A DIB system must have a different carrier than the other
two, while the 6440 and 6623 A DIB systems could have the
same carrier. The fitted rotational temperatures (Tables 3, 4 and
A.1) show consistently low temperatures of less than 7 K, mak-
ing polar molecules much more likely than nonpolar carriers. For
the 6196 A DIB system, the £ — X transition model shows rota-
tional temperatures below the CMB temperature for all of our
single-cloud sight lines. Such low temperatures are very unlikely.
A polar molecule should have at least the CMB temperature of
Tems = 2.7260 + 0.0013 K (Fixsen 2009) because the CMB is
the strongest radiation source in the diffuse ISM at radio wave-
lengths (see e.g. Draine 2011, Chapter 12). The IT — A model
shows rotational temperatures Ty > Tcmp for all sight lines, as
well as the fits for the 6623 A DIB system. The Ty values of
the 6196 and 6623 A DIB systems do not correlate with each
other, but both range between 4 and 7 K. These temperatures are
close to the known rotational temperatures of interstellar polar
diatomics. Measurements of CO in the UV range by Wannier
et al. (1982) show a rotational temperature of CO of Ty, =4 K
in the HD 149757 (£ Oph) sight line. It is a promising outcome
of our analysis that we determine rotational temperatures in this
range for a candidate polar diatomic carrier.

The search for such a carrier proved to be difficult. Only
a handful of diatomics showed rotational constants in the right
ranges and additionally have the right electronic states to match
our observations (see Table 5). The list contains a doubly ionised
molecule, which seems very exotic at first sight, but this scenario
should not be discarded in the harsh ISM environment. Although
the doubly ionised species are only metastable against dissocia-
tion, we still list them as candidates because they can still cause
DIBs if their abundance is high enough. It might be possible
that some DIB carriers are short-lived, but are produced at a
sufficient rate because many molecules cannot survive the harsh
interstellar radiation field. Hence, collision complexes could be
possible carriers of some DIBs.

Furthermore, we also consider the abundances of the con-
stituents of the molecules to assess whether they may exist
in sufficient quantities to produce the observed DIBs. We use
the present-day cosmic abundances (Nieva & Przybilla 2012;
Przybilla et al. 2008, 2013), supplemented by solar abundances
(e.g. Asplund et al. 2021) for the missing species.
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A candidate in Table 5 is NO**, but it has a = ground state,
and the excited electronic state closest to 16 130cm™" is a II
state (Bakova et al. 2008), which is incompatible with our obser-
vations of the 6196 A DIB system. However, the AT state is
expected to be heavily blended with the XX state from simple
considerations of energetic proximity and perturbation selection
rules. The biggest caveat with this methodology is that it does not
account for the nuances in the excited states themselves, namely
that of state mixings or perturbations. Technically, this means
that we cannot completely discount NO?** on the basis of this
argument, especially since nitrogen and oxygen are both amongst
the most abundant elements with e(N) = log(N/H)+12 = 7.79 +
0.04 and €(O) = 8.76 = 0.05.

We found no studies regarding possible interstellar abun-
dances for KH™, StH™, or CaH™, and we can only discuss the
abundances of the heavy molecular components. Potassium and
calcium are quite abundant (e(K) = 5.08 + 0.04, e(Ca) = 6.29 =
0.03), which means that some amount of both molecular anions
may be present in the ISM. Strontium is rather rare (e(Sr) =
2.88 + 0.03), but it is among the first-peak elements of the s-
process. Consequently, the circumstellar envelopes’ asymptotic
giant branch (AGB) may be the formation sites of the neutral
molecules favoured by the enhanced s-process abundances and
generally higher densities there, later to be further processed in
the ISM.

SrH is one of the most intensely studied molecules in our
candidate list. Both experimental and theoretical measurements
(Liu et al. 2016) disagree with our observed ground-state rota-
tional constant, and thus confirm that SrH can be excluded as a
candidate due to a mismatch of rotational constants and elec-
tronic energy levels. Although it is probably metastable with
a relative energy of about 1eV, one interesting candidate is
CrH*, because molecular CrH has been observed in sunspots
(Engvold et al. 1980), S-type stars (Lindgren & Olofsson 1980),
and brown dwarfs (Kirkpatrick et al. 1999). In a theoretical
study, Romero et al. (2022) found that CrH* can be formed
by electron ionisation of CrH, whereas the cation has a smaller
ionisation cross-section than the neutral. It was also found that
CrH* is dissociated upon recombination with an electron, mak-
ing it more stable in ISM regions of very low density, such as
the DIB environment. The abundance of Cr is also rather high
(e(Cr) = 5.63 = 0.02), making CrH* more likely as a carrier.
Generally, metal-hydride cations could be good candidates as
similar molecules have been detected in the ISM, such as ArH*
(Barlow et al. 2013). For completeness, we examined deuteride
molecules and ions as candidates, which provide a larger num-
ber of candidate carriers than hydride ions, but which can be
expected to be significantly rarer because of the low deuterium-
to-hydrogen ratio. The discussion can be found in Appendix D.
The anions HK™, StH™, and CaH™ are not intuitive because of
their negative charge, but they should not be excluded because
of this argument.

As one of the tri-atomic carrier candidates, HFHe™ has a
rotational constant that is very close to our observed value for
the 6196 A DIB. This complex is metastable, and would have to
be prepared in an excited state before fluorescing to the ground
state, but HF has been found to be abundant at the edge of inter-
stellar clouds, for example in the Orion Bar (Kavak et al. 2019).
HF should be the dominant reservoir of interstellar fluorine, due
to the exothermic reaction H, + F — HF + H. Consequently,
HF + He* — HFHe" could be formed. In theoretical studies,
the interaction of (HF") and He has been studied on multiple
occasions because of the significance of HF in laser physics. The

A212, page 8 of 13

newest study by Nakbi et al. (2024) concludes that the configu-
ration FHHe" is more strongly bound than HFHe™ and also has
a much smaller B”. This is consistent with previous studies, as
shown by Schmelz & Rosmus (1994) and Lotrich et al. (2004).
However, HF is abundant at the edge of the Orion Bar, coinciding
with the skin-effect’ phenomenon of DIBs. This makes HFHe*
a good candidate from the observational point of view.

Using white dwarfs and Extreme Ultraviolet Explorer
(EUVE) data, Wolff et al. (1999) found that He is significantly
ionised within the first one hundred parsecs around the Sun,
with He*/(He + He™) ~ 40%. This high degree of ionisation was
recently confirmed, at least for the nearby clouds, on the basis
of the interstellar flow within the Solar System (Bzowski et al.
2019). Recently, Giisten et al. (2019) have detected HeH" in a
planetary nebula. Some evidence of helium-containing DIB car-
riers might even have been observed in the laboratory in plain
sight by Linnartz et al. (2010). Unfortunately, the carrier could
not be unambiguously identified in that work, due to the short
lifetime of the transition of 7~ 0.15 ps, but it certainly contains
hydrogen and carbon. As a standard procedure, but interestingly
in this context, a 1% C,H,/He mixture was used for the experi-
ment. Normally, He is assumed to not react with other elements
or molecules, but in a plasma it could be ionised, thus opening
up several reaction channels. This would explain the absence of
the feature without a plasma. Given the high abundance of He in
the ISM, a significant fraction should be ionised to He*, espe-
cially in the presumably extreme DIB environment, potentially
forming cationic molecules with other abundant atoms.

6. Conclusions

In this work we have shown that there is a consistent pattern of
the 6196, 6440, and 6623 A DIBs and their respective weaker
side DIBs. The hypothesis of rotational bands being the cause is
a first approach to explaining these patterns and supplies a list of
specific small carrier molecule candidates that are testable with
more detailed theoretical calculations, with additional observa-
tions, and finally in the laboratory. Other mechanisms that are
able to cause this pattern, such as spin-orbit coupling, should
also be addressed in future studies. In the coming years, the com-
putational precision in quantum chemistry will only increase,
giving us the possibility to search for small carrier candidates
more precisely. In broader theoretical studies of diatomic and
maybe triatomic molecules, it should be possible to determine a
DIB carrier with the information shown here. To investigate this
hypothesis further, detailed profile fitting of whole DIB systems
has to be implemented, which will constrain additional molecu-
lar constants and clarify whether the hypothesis is valid. If such
small DIB carriers exist, they should have rotational transitions
in the electronic ground state as well. Comprehensive searches
for such transitions in the radio, in emission, or in absorption
are necessary. In this work we have shown that small molecules
could very well be good DIB carrier candidates, with many
observational indicators supporting this assumption. We want
to emphasise the idea of collision complexes as possible DIB
carrier candidates such as HFHe*. Because of the extreme condi-
tions in the diffuse ISM, chemical processing could be enhanced,
possibly leading to abundances of such complexes that are high
enough to become observable. It is important for the progress
in DIB research to keep an open mind concerning all possible
theories.

3 Many DIBs — especially o type — are primarily found along the edge
or skin of interstellar clouds. This is known as the skin-effect.
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Appendix A: Discarded X — X transition model for
the 6196 A DIB system
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Fig. A.1. 6196 A DIB and its companions in the single cloud sight line
towards HD 170740 (dashed black) compared with a synthetic spectrum
(in red) of a £ — X transition of a linear molecule with T, = 2.18 +
0.02K.

Table A.l1. Fit results for the single cloud dominated 6196 A DIB
sightlines using a ¥ — X transition model.

Sight line Trot o RV

(XK) (kms™h) (kms™")
HD23180 2.08+0.05 7.707+0.097 12.56 +0.09
HD24398 241 +£0.04 7.456+0.079 13.20 +0.08
HD144470 1.94+0.07 8.791 +£0.144 -9.67+0.14
HD147165 1.76 £0.12 9.854 +0.244 -7.67+0.24
HD147683 218 +0.07 8.009 +0.140 -0.99+0.14
HD149757 2.20+0.08 9.629 +0.181 —-14.53 +0.17
HD166937 190+0.05 7.675+0.082 -6.34+0.08
HD170740 218 +0.02 7.162+0.043 -11.36+0.04
HD184915 2.22+0.05 6.879+0.085 -12.62+0.08
HD185418 2.37+0.04 6.943 +0.067 -9.02+0.07
HD185859 2.31+0.03 6.473 +0.049 —-8.50+0.05
HD203532 193+0.06 7.273+0.094 13.94 +0.09

Notes. The resulting rotational temperatures are consistently below the
CMB level. RV is measured in the barycentric rest frame.

Appendix B: Rotational model calculations
B.1. Selection rules

For electronic transitions between a lower state X with the elec-
tronic orbit quantum number A” and an excited state A with the
electronic orbit quantum number A’, the electronic orbit quan-
tum number A can only change by AA=A’ — A”==+1 or 0. In
addition to the electrons, the nuclei in the molecule can rotate
as well. This rotation is characterised by the nuclear rotational
quantum number F. The total rotational quantum number is
J=A + F. This means that J is always larger than or equal to
A in the respective state, so J' > A’ and J” > A”. The effect
of those selection rules for the different electronic transitions is
shown in Table B.1.

B.2. Relative line strengths

The different electronic transitions can have different rotational
temperatures or relative line strengths. In Fig. B.1 we compare
this effect for our used electronic transitions ~ — %, > — IT and
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II - A.Z — X and IT — A show the same relative line strengths
of the three strongest rotational transitions, but the £ — X model
needs a much lower T\ to fit the same line ratios as the IT — A
model. However, both have the common pattern of strong cen-
tral absorption, weaker absorption at higher wave numbers, and
even weaker absorption at lower wave numbers. The £ — II is
a different case, where the two weaker features R(1) and Q(1)
are equally strong. They have the same J”’ and the same Honl-
London factors of Ax~j» =1, which makes them equally strong
for all T,y (Fig. B.1).

B.3. Sensitivity to Ty

To show the sensitivity of the models with respect to Ty,
we show a comparison of different rotational temperatures in
Fig. B.2. A variation by 0.5 K is roughly equal to 30 of the fit-
ting errors in Table 3 and causes a change in the model spectrum,
which is significant with respect to the S/N of the data. It should
be also noted, that we fit the whole spectrum, so we should be
able to reach higher sensitivity.

Table B.1. Allowed rotational transitions for the respective electronic
transitions.

Electronic transition  J”. ~ J' .~ Min. J rot. transitions
DIy 0 0 R(0), P(1)
pIE=| 0 1 R(0), Q(1), P(2)
- A 1 2 R(D), Q(2), P(3)

MA)
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1.00

0.95

Normalised flux
T T T T T 1T 1771

16125.0 16127.5 16130.0 16132.5 16135.0 16137.5 16140.0
V(em™)

Fig. B.1. Comparison between a [T — A (red, T, = 5.24K), L - X
(dashed black, T, = 2.17K) and ¥ — II (dash-dotted blue, 7T\, =
4.59 K) transition. The rotational temperatures are matched, so that the
models have the same line ratio of the two strongest transitions. In this
temperature range, the I — A and ¥ — X models have the same line
ratios, but different temperatures. The ¥ — I1 model has a stronger tran-
sition at lower wave numbers, which is as strong as the weak transition
at higher wave numbers.
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Fig. B.2. [T —» A model at T, =5.0K (red) and T,,,=4.5K (dashed
black), visualising the sensitivity of the model to changes in T;o.
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Appendix C: Additional figures MA)
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tion of a linear molecule model for the 6196 A DIB system.
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Fig. C.2. Same as Fig. C.1, but for the sight lines towards HD 149757
(a), HD 166937 (b), HD 184915 (c), HD 185418 (d), HD 185859 (e), and

HD 203532 (f).
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Appendix D: Deuterated DIB carrier candidates

A large number of candidates contains a deuterium atom, as
can be seen in Table D.1. Deuterium might seem very unlikely
due to its low abundance, but if some molecular formation
channel is more efficient for deuterium than hydrogen, it can-
not be excluded. With an abundance ratio of [D]/[H] ~ 1073
(Black & Dalgarno 1973), deuterium is still abundant com-
pared to species other than hydrogen and helium. Deuterated
molecules compared with hydrogenated molecules have lower
zero-point energies due to the molecule’s reduced mass being
approximately doubled. This makes the deuterated molecule
slightly more thermodynamically stable and is the underlying
principle of fractionation in astrochemistry. And in cases such
as N, (Heays, Alan N. et al. 2014), the fractionation can be
photo-induced due to the slight differences in the photodis-
sociation pathways that are slightly shifted by the change in
zero-point energies in the heavier isotopologues. Especially for
the anionic species, no experimental data was available from
literature, but some neutrals could be ruled out as carriers. In
a rotational analysis of the A-X band system of SrD, Appel-
blad & Barrow (1984) experimentally determined a rotational
constant of B” =1.86044(12)cm™" which is too far from our
value of B” =2.05+0.07cm™! for a ¥ — ¥ transition. For CaD,
both B” and B’ are too large, and no transition is exactly at
the observed energy, as measured experimentally by Gharib-
Nezhad et al. (2012). The experimentally measured rotational
constants of MgD of B” =3.0009462(11)cm™! (Lemoine et al.
1988), GaD of B”=3.085cm™! (Lakshminarayana & Shetty
1987) and CrD of B” =3.175443(21)cm™! (Ram & Bernath
1995) are too far from our observed values of the ¥ — II tran-
sitions with B” =3.36+0.09cm™! (6623 A DIB system) and
B’=347+0.12cm™! (6440 A DIB system). Additionally, no
matching transition wavelengths were found for those species.
For ZnD, Ghazizadeh & Shayesteh (2017) found a matching
rotational constant of B” =3.35035973(26) cm™', but the lowest
excited electronic state A%I1is at T, =23387.6200(4) cm™~! which
is too high.

Table D.1. Rotational constants of proposed deuterated carrier
molecules, same as Table 5.

Molecule B” Molecular  Lit.

(cm™!)  ground term
StD- 1.66 Do
KD 1.74 Do
SrD 1.85 2y f@
CaD- 1.97 D
YD 2.12 23+ 210
CaD 2.18 2yt £
NaD~ 2.26 2y
ZrD- 2.27 M
YD 2.32 Do
MoD 2.91 D
TiD* 3.01 Az
CrD™ 3.01 Sy
MgD 3.06 2y £©
GaD 3.17 Iy+ f@
CrD 3.26 D £
(RhD") 3.40 A |
RuD 3.43 43-
RuD~ 3.46 3y~
ZnD 3.49 2yt £
FeD* 3.61 Sy
(RuD*) 3.66 341
CuD™ 3.70 2y
CoD* 3.81 T4z
PdD- 3.91 Ix+
PdD* 3.97 Iy+

References. @ Appelblad & Barrow (1984); ® GharibNezhad et al.
(2012); © Lemoine et al. (1988);  Lakshminarayana & Shetty (1987);
© Ram & Bernath (1995); ) Ghazizadeh & Shayesteh (2017)
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