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ABSTRACT

Context. Small linear carbon chain radicals such as C, and C; act as both the building blocks and dissociation fragments of larger car-
bonaceous species. Their rotational excitation traces the temperature and density of local environments. However, these homo-nuclear
di- and triatomic species are only accessible through their electronic and vibrational features because they lack a permanent dipole
moment, and high signal-to-noise ratio data are necessary as the result of their generally low abundances in the interstellar medium
(ISM).

Aims. In order to improve our understanding of small carbonaceous species in the ISM, we carried out a sensitive survey of C, and
C; using the ESO Diffuse Interstellar Bands Large Exploration Survey (EDIBLES) dataset. We also expanded our searches to Cy, Cs,
and the '3C"?C isotopologue in the most molecule-rich sightlines.

Methods. We fitted synthetic spectra generated following a physical excitation model to the C, (2-0) Phillips band to obtain the C,
column density (N) as well as the kinetic temperature (7;,) and number density (n) of the host cloud. The C; molecule was mea-
sured through its A — X (000-000) electronic origin band system. We simulated the excitation of this band with a double-temperature
Boltzmann distribution.

Results. We present the largest combined survey of C, and C; to date in which the individual transitions can be resolved. In total,
we detected C, in 51 velocity components along 40 sightlines, and Cs in 31 velocity components along 27 sightlines. Further analysis
confirms the two molecules are detected in the same velocity components. We find a very good correlation between N(C,) and N(C;)
with a Pearson correlation coefficient » = 0.93 and an average N(C,)/N(Cs) ratio of 15.5+1.4. A comparison with the behaviour of the
C, diffuse interstellar bands (DIBs) shows that there are no clear differences among sightlines with and without detections of C, and
C;. This is in direct contrast to the better-studied non-C, DIBs, which have reduced strengths in molecule-rich environments, consistent
with the idea that the C, DIBs are indeed a distinguishable DIB family. We also identify, for the first time, the Q(2), Q(3), and Q(4)
transitions of the '*C'2C (2-0) Phillips band in the stacked average spectrum of molecule-rich sightlines, and estimate the isotopic ratio
of carbon '2C/'3C to be 79+8, consistent with literature results. At this stage it is not yet possible to identify these transitions in indi-
vidual sightlines. Our search for the C, and Cs optical bands was unsuccessful; even in stacked spectra no unambiguous identification
could be made.

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

Many carbon chain species have been detected via sub-
millimetre and/or radio observations. However, due to the lack
of a permanent dipole moment, bare carbon chains can only
be accessed through their electronic and vibrational features.
The simplest bare carbon molecule, interstellar C,, was first
detected towards the highly reddened star Cyg OB2 12 through
its A-X (1-0) Phillips band in the near-IR (Souza & Lutz 1977).
This was followed by more extensive observations of other
bands and towards more targets (e.g. Hobbs & Campbell 1982;
van Dishoeck & de Zeeuw 1984; Sonnentrucker et al. 2007;
Wehres et al. 2010). The population on the C, rotational exci-
tation ladder is determined simultaneously by collisional and
radiative processes (van Dishoeck & Black 1982), which makes
C, a powerful diagnostic tool for deriving local environmental
factors, such as the kinetic temperature and density within the
interstellar cloud. .

An emission band around 4051 A was first noted in the
spectrum of comet Tebbutt (Huggins 1881), and Douglas (1951)
subsequently assigned it to C;. Observations of this band in
diffuse interstellar environments have been difficult due to the
much lower column density of Cjs; the first tentative detection
was made in 1995 in the highly reddened sightline towards
HD 147889 (Haffner & Meyer 1995). C; molecules were also
observed with Herschel in the v, bending mode towards Sagittar-
ius B2 and star-forming cores (Cernicharo et al. 2000; Mookerjea
et al. 2010). To date, only a handful of measurements of the
C; 4051 A band are available in the literature, and the data are
mostly sightlines known to be molecule-rich (Maier et al. 2001;
Roueff et al. 2002; Galazutdinov et al. 2002; Oka et al. 2003;
Adéamkovics et al. 2003; Schmidt et al. 2014). In addition to the
C; origin band, Schmidt et al. (2014) also reported electronic
transitions involving vibrationally excited C; in its A state. High-
resolution spectra are required to accurately measure the Cj
column density. Once these measurements are available, individ-
ual transitions can be resolved, allowing the rotational excitation
to be characterised, and the contribution from the higher J-levels
to be determined (see e.g. Oka et al. 2003).

Small carbon molecules and chains are considered building
blocks of more complex carbon-bearing compounds (Wakelam
et al. 2009), and column density ratios of different carbon chains
help us constrain the chemistry that drives their formation
and destruction. The destruction process may also involve the
photo-dissociation of (larger) polycyclic aromatic hydrocarbons
(PAHs; Hrodmarsson et al. 2022). C4 and Cs molecules may
be abundant in protoplanetary nebulae and circumstellar shells
around evolved stars (Bernath et al. 1989; Cernicharo et al. 2002;
Hargreaves et al. 2014), yet attempts to search for their spectral
fingerprint in diffuse and translucent environments have been
unsuccessful so far (Maier et al. 2002, 2004). Additionally, the
isotopic ratio of carbon may trace Galactic chemical evolution
(Milam et al. 2005). Hamano et al. (2019) report a marginal
detection of the Q(3) transition of the '3C!>C (0,0) Phillips
band towards Cyg OB2 12 (see also Gredel et al. 2001), and
Giesen et al. (2020) reported the first detection of '*CCC and
C'3CC through their ro-vibrational transitions at 1.9 THz. The
measurement of an isotopologue also provides insight into
local peculiarities since the isotope exchange rate that sets the
isotopic fraction depends on environmental parameters such as
temperature (see e.g. Rocha & Linnartz 2021; Visser et al. 2009).

Since their first discovery in the 1920s (Heger 1922), more
than 500 diffuse interstellar bands (DIBs) have been identi-
fied in the near-UV, optical, and near-IR regions (Hobbs et al.
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2008, 2009; Geballe et al. 2011; Fan et al. 2019). Despite this
century-long history, the carriers of DIBs remain unknown,
except for the five near-IR DIBs that were recently attributed to
Cgo (Campbell et al. 2015; Walker et al. 2015; Cordiner et al.
2019; Ebenbichler et al. 2022). High-resolution observations
reveal substructures within several DIBs that suggest they have
molecular origins (Sarre et al. 1995; Kerr et al. 1998; Cami et al.
2004). Molecules of different types have been proposed as DIB
carriers — from complex structures, such as (charged) fullerenes
and PAHs (see e.g. Foing & Ehrenfreund 1994; Gredel et al.
2011; Salama et al. 2011; Salama & Ehrenfreund 2014, and their
citations), to smaller molecules, such as carbon chains of differ-
ent sizes (Motylewski et al. 2000; Oka et al. 2013; Zack & Maier
2014; see Herbig 1995 for a review) — despite the fact that none
of their absorptions fully overlap with DIB features.

C, and C; molecules are present in the dense molecular
regions of diffuse and translucent cloud environments. Their
detection provides physical information on interstellar medium
(ISM) environmental conditions, such as the kinetic tempera-
ture inferred from their rotational excitation. The column den-
sity ratios between C, and the ‘first-generation molecules’ H,
and CH can trace the average ISM conditions of the sightline
(Thorburn et al. 2003; Welty et al. 2013), similar to the use of the
molecular hydrogen fraction, fy,, but presumably tracing deeper
regions in the interstellar clouds (e.g. Fan et al. 2017). This
information in turn can be compared to the behaviour of DIBs
and provides constraints on their carriers (e.g. Cami et al. 1997;
Sonnentrucker et al. 1997). This may eventually lead to the iden-
tification of the C, DIBs, whose equivalent widths become larger
when the sightline is more abundant in C, (Thorburn et al. 2003).

In this paper we present a survey of C, and C; signals in
the EDIBLES data. This dataset is briefly introduced in Sect. 2.
We present our measuring methods and results for C; in Sect. 3
and for C;z in Sect. 4. These results are discussed in Sect. 5,
and we link these results to the behaviour of DIBs in Sect. 6.
Section 7 describes our efforts to search for the 1*C!2C, Cy4, and
Cs transitions. We summarise our conclusions in Sect. 8.

2. Observations and spectral data

The ESO Diffuse Interstellar Bands Large Exploration Survey
(EDIBLES) is a sensitive spectroscopic survey of a large sample
of DIB sightlines towards early-type stars using the UV-visual
echelle spectrograph (UVES; Dekker et al. 2000; Smoker et al.
2009) mounted on the Very Large Telescope (VLT). EDIBLES
contains observations towards 123 sightlines with high spectral
resolution (R ~ 80000 in the blue arm and ~100 000 in the red
arm), high sensitivity (signal-to-noise ratio S/N ~ 400-1000 in
the optical region), and covering a wide wavelength range (305—
1042 nm). The program is described in Cox et al. (2017), and we
also refer the reader to earlier publications that used EDIBLES
data (i.e. Lallement et al. 2018; Elyajouri et al. 2018; Bacalla et al.
2019; Maclsaac et al. 2022) for more details.

In this paper, we focus on the C, (2-0) Phillips system around
8757 A, and the C3 A — X origin band around 4051 A. All spec-
tra used in this work were obtained with the 437+860 setting
of UVES. For sightlines with multiple observations, we interpo-
lated, normalised, and co-added all available data into a single
and high-quality spectrum for the final analysis.

3. C; models and measurements

Most studies target transitions from the C, A'Il, « X'T}
Phillips system, especially the (1-0) band at 10 144 A, the
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Fig. 1. Spectral segments from three representative sightlines for the C, (A-X) Phillips (2-0) band. HD 147889 (top) has the highest C, column
density in our data sample. HD 23016 (middle) shows a tentative detection, as the strongest Q(4) line is still below the 30 detection limit. We
considered multiple rotational lines simultaneously when deciding about possible identifications. The C, molecules are detected in two velocity
components in HD 161056 (bottom). The combined model (red) is plotted against the spectral data, while synthetic spectra for the two velocity
components (blue and orange) are plotted separately with an offset. We focus on the spectral segments around the C, transitions, and the wavelength
grid is hence discrete. Rotational lines being considered in each sightline may differ due to telluric interference and/or data quality. These rotational
lines are labelled with vertical bars. The best-fit parameters for the kinetic temperature, Ty;,, number density, n, and the column density of the

velocity component, N, are listed in each panel.

(2-0) band at 8757 A, and the (3-0) band at 7719 A (Souza &
Lutz 1977; Hobbs & Campbell 1982; van Dishoeck & de Zeeuw
1984; van Dishoeck & Black 1986; Federman et al. 1994; Gredel
1999; Casu & Cecchi-Pestellini 2012). Even though the EDI-
BLES data cover both the (2-0) and (3-0) bands, we only used
the former, which is stronger and less affected by telluric lines.
Figure 1 shows spectral segments around the target transitions
of the C, (2-0) band and the fitted model of three representative
sightlines.

3.1. Line list and modelling of the C» (2-0) Phillips band

We adopted the wavelengths and oscillator strengths (f;; values)
of the C; (2-0) Phillips band from Sonnentrucker et al. (2007) for
J up to 16 (Table 1). The R(2) and R(10) transitions at 8753.949
and 8753.578 A were excluded due to a nearby CCD artefact.
van Dishoeck & Black (1982) provided a comprehensive
model of the rotational excitation of C, by considering both
radiative and collisional processes. The relative population of
C, for different J-levels probes the kinetic temperature Ty, as

A6, page 3 of 31
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Table 1. Line list for the C, (2-0) Phillips bands.

i 4 i 4 Sy
Transition (A) (x10 4) Transition (A) (x10 4)

R(6) 8750.848 4.31 Q(8) 8773.221 7.00
R(8) 8751.486 4.12 P4) 8773.430 2.34
R4) 8751.685 4.66 0(10) 8780.141  7.00

R(10)®  8753.578 4.00 P(6) 8782.308 2.69

RQ2)®  8753.949 5.60 0(12) 8788.558 7.00
R(12) 8757127 3.92 P(8) 8792.648 2.88
R(0) 8757.686 14.00 04) 8798.459 7.00
012) 8761.194  7.00 P(10) 8804.499 3.00
R(14) 8762.145 3.86 Q(16) 8809.841 7.00
0o4) 8763.751 7.00 P(12) 8817.826  3.08
P(2) 8766.031 1.40 P(14) 8832.679 3.14
Q(6) 8767.759  7.00 P(16) 8849.071 3.18
R(16) 8768.627 3.82

Notes. Data are taken from Sonnentrucker et al. (2007). @ Air wave-
length. ®Not included in the measurements due to adjacent CCD
artefact.

well as the number density n. Snow & McCall (2006) turned this
model into an online C, Calculator' that computes the relative
population for different J-levels at given the kinematic tempera-
ture Tkin and the H + H, number density n. We generated a finely
sampled grid from this calculator, for Ty;, between 10 and 100 K
with an interval of 1 K, and n between 10 and 1000 cm™> with
an interval of 10 cm™3. The parameter grid is then interpolated
using a 2D cubic spline.

We followed the routine described in Elyajouri et al. (2018)
to generate synthetic C, spectra and assumed Gaussian optical
depth profiles for all C, transitions (see also Kokkin et al. 2007).
With the knowledge on the relative population on different
J-levels, the total column density N, the Gaussian broadening
parameter b, and the velocity offset v, (relative to the barycen-
tric frame), we were then able to calculate the opacity spectrum
for a velocity component. For each of the sightlines, opacity
spectra for all velocity components where C, transitions can be
discerned are co-added and then converted to flux units. This
synthetic spectrum was finally convolved with a Gaussian kernel
with a full width at half maximum (FWHM) of 2.8 km s™' that
simulates the instrumental profile.

3.2. C> measurements and results

Under typical ISM conditions, the Q(2), Q(4), and Q(6) are
the strongest transitions of the C, (A-X) band. We first visu-
ally examined the presence of these absorption lines to screen
the target sightlines for a more detailed model-fitting process.
We paid close attention to the asymmetries and multiple peaks
in the line profiles and compared them to the velocity compo-
nents identified in the Na1 3302 A doublet. Such efforts helped
us determine whether the C, lines should be measured in mul-
tiple velocity components, each of which is characterised by its
own set of parameters (i.e. the kinetic temperature T;,, the num-
ber density n, the total column density N, the broadening factor
b, and the velocity offset vof relative to the barycentric frame).
The rotational transitions of the C, (2-0) Phillips band span
a ~100 A wavelength range. Since they take up a very limited

I http://dib.uiuc.edu/c2/
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fraction of the window, we chose to focus on spectral segments
with the target C, transitions without having to fit a global con-
tinuum. These segments are 1.8 A or ~60 kms™! on each side of
the target lines, and are combined when a segment overlaps with
another. We normalised these segments with third-order poly-
nomial continua. Telluric lines were identified from the HITRAN
database (Rothman 2021) in this process. In most cases, the tel-
luric lines could be corrected by fitting them with a Gaussian
profile so their presence would not affect the normalisation. If
that was not possible, the spectral segment was excluded from
the fitting process.

The synthetic spectrum was fitted to the normalised data
using a customised Python script based on the Sherpa package
(Freeman et al. 2001). The parameters in the model were opti-
mised using a Levenberg-Marquardt y* minimisation. The 1o
errors were estimated by independently tuning each parameter
from its optimal value until the sum of y? reached sznin + 1.

The C, (2-0) Phillips band is detected at the 3o level
in 37 sightlines, and tentatively in another 3 sightlines? Nine
of these sightlines — HD 41117, HD 61827, HD 112272,
HD 147084, HD 149404, HD 161056, HD 183143, HD 186745,
and HD 186841 — contain two velocity components in which the
target C, band is detected, while three components are detected
towards HD 167971. Figure 1 demonstrates spectral data and
best-fit results of three representative sightlines and Appendix A
contains a gallery of all 40 sightlines. The fitted parameters and
their 1o uncertainties are tabulated in Table C.1. In the table we
also include literature values for targets that have been studied
previously. For the sightlines in common with our study, both the
kinetic temperatures and densities we derive are in good agree-
ment with existing literature values, and typically with smaller
uncertainties.

3.3. Temperatures and densities of Co-bearing clouds

We supplemented our derived values for Ty, and » in 40 sight-
lines with literature values for an additional 36 targets (see the
bottom part of Table C.1) to study the distribution function of
these parameters.

Figure 2 shows the distribution of the derived kinetic tem-
peratures and densities using results from our study (red) as well
as including literature values (blue). The temperature distribu-
tion peaks in the 30-40 K range, with an unweighted average
kinetic temperature (using all values) of 40+16 K; we also note
that the median value is 40 K. Only four values are higher than
60 K. The density distribution is similarly strongly peaked in the
100-200 cm~ range. The unweighted average and standard devi-
ation is 247 +146 cm™3, but the median value is 202.8 cm~ and
only six values are above 500 cm™. As can be ascertained from
Table C.1, these values typically have large uncertainties.

4. C; models and measurements

The strongest C; transitions in the optical region lie around
4051 A and are from the origin 000-000 band of the A'TT, — X' =
system. This band is characterised by a piled-up Q-branch in the
centre, while the rotational lines from the P- and R-branches
can be resolved in our data (Fig. 3). This allows us to deter-
mine the rotational excitation and thus the total column density

2 'We use the term ‘tentative detection’ when no individual transition
reaches the 30 detection limit set by the S/N. In such cases, we are
still able to extract some information by simultaneously fitting the entire
band, albeit with decreased accuracy.
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Fig. 2. Histograms of the kinetic temperatures (top) and densities
(bottom) in C,-bearing clouds. In both panels, the red histogram rep-
resents the values determined in this study; the blue histogram also
includes literature values (see Table C.1). The single data point with
an error bar indicates the (unweighted) average of all values and the
standard deviation.

of C; in a more accurate way by including the contributions
from the higher J-levels whose transitions are too weak to be
detected. Some transitions involving vibrationally excited levels
in the upper A state have recently been detected in diffuse inter-
stellar environments (Schmidt et al. 2014). These transitions are
also within the EDIBLES wavelength range, but in wavelength
ranges where we lack sufficient S/N to detect these weak lines.

4.1. Line list of the C3 A — X band

Wavelengths of the C3 A — X origin band transitions are
reported in several works (e.g. Gausset et al. 1965; McCall
et al. 2003; Tanabashi et al. 2005; Martin-Drumel et al. 2023).

Table 2. Line list used to simulate the C3 A — X 000-000 band.

Rotational Ajj fjj | Rotational Ajj fii
line (A (x10%) line (A (x10%)
R(20)@  4049.808 4.29 0(12) 4051918 797
R(18)@  4049.861 4.32 P(4)  4052.054 1.57
R(16)@  4049.962 4.36 0(14)  4052.077 7.98
R(14)  4050.075 3.49 | Q6)® 4052122 0.28
R(12)  4050.191 358 | P#)® 4052180 0.86
R(10)  4050.327 3.73 0(16)  4052.257 7.98
R(6)®  4050.401 0.58 P(6) 4052412 2.56
R(8)  4050.484 3.95 Q(18)  4052.459 7.99
R#)®  4050.567 0.49 | P@®)®  4052.521 0.39
R(6)  4050.661 4.1 0(20)  4052.683 7.99
0)®  4050.746 0.45 P(8) 4052782 2.82
R(4)  4050.857 4.44 | 0(22)@ 4052.938 7.99
R(2)  4051.055 3.78 P(10)  4053.169 2.87
R2)®  4051.190 2.08 | Q24)® 4053.201 7.99
R(0) 4051255 4.22 0(26)  4053.479 7.99
R(O)®  4051.396 10.58 | P(12) 4053.577 2.87
0() 4051448 6.87 0(28) 4053.783 8.00
0@4)  4051.506 7.70 P(14)  4054.005 2.86
Q) 4051578 7.89 | Q(30)@ 4054.108 8.00
0®)@  4051.670 795 | P(16)@ 4054.447 3.64
0(10) 4051782 796 | P(18)@ 4054.902 3.68
P(2)  4051.820 1.06 | P(20)® 4055.369 3.71
Notes. The wavelengths and f;; values are taken from Schmidt

et al. (2014) unless otherwise specified. “Wavelengths adopted from
Tanabashi et al. (2005) and f;; values based on theoretical calculations.
®Perturbed transition.

Zhang et al. (2005) report the presence of at least two perturbing
energy levels that are close to the upper A 'TI, state. These per-
turbing states would change the observation in two ways, where
a) the effective fj; values of the original transitions are smaller
than theoretically predicted, and b) some of these perturbed lines
are strong enough to be detected in the spectrum. Such inter-
ference, especially when the lower J-levels are involved, should
be considered when simulating the C; spectrum (Schmidt et al.
2014; Haddad et al. 2014).

Table 2 lists the 44 transitions we considered to simulate the
C; 4051 A band, including the original Q-branch lines for J up
to 30, the original P- and R-branch lines for J up to 20, and
eight strong perturbed lines reported in Schmidt et al. (2014).
The wavelengths of the target transitions are adopted from Table
3 of Schmidt et al. (2014). For the rotational lines that are not
included in that source, we used the values from Tanabashi
et al. (2005) after removing their correction of 0.04 cm™' on
the wavenumbers. This treatment provides better agreement on
the lower J-level transitions between Tanabashi et al. (2005) and
Schmidt et al. (2014; as well as Gausset et al. 1965 and McCall
et al. 2003).

We adopted the more widely used oscillator strength of
the C3 000-000 band as fyo = 0.016 (e.g. Maier et al. 2001;
Adamkovics et al. 2003; Oka et al. 2003; Schmidt et al. 2014).
However, a slightly smaller value of fyo = 0.0146 is used in
some studies (e.g. Roueff et al. 2002; Galazutdinov et al. 2002)
due to the uncertainties in the Frank-Condon factor (see e.g.
Peri¢-Radi¢ et al. 1977; Jungen & Merer 1980). The C; col-
umn densities would be 10% larger if this smaller fyy value is
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Fig. 3. C; A'll, - X 'Z* 000-000 band in three representative sightlines. Top panel: HD 147889, in addition to harbouring the largest N(C,), also
harbours the largest N (Cg) in our data sample. The transitions are all labelled, including those to the original and the perturbed upper energy levels
(the latter are highlighted with asterisks; refer also to Sect. 4.1 and Table 2). Bottom panels: The C; band is tentatively detected towards HD 23180,
mainly through its piled-up Q branch in the middle. The sightline of HD 161056 contains two velocity components of C3. The synthetic spectra for
the two components are plotted with a positive offset in different colours.

used. Without the perturbed lines, the f;; values of the original
transitions can be calculated as

J+2
22 Rbranch
Joo X 55y Rbrane
fij =1 Jooo X 3 Q-branch ey
J-1
2= Ppobranch.
Joo X 3y Frbrane

Due to the presence of perturbed lines, the effective f;; val-
ues are different from the theoretical calculations. We used the
experimentally determined f;; values from Schmidt et al. (2014),
except for transitions not listed there. In that case, we used the
theoretical results of Eq. (1). These transitions are mostly from
the higher J-levels with limited population, and the interference
from the perturbed lines becomes very subtle.

4.2. Excitation and modelling of C3

Under typical diffuse interstellar conditions, C3 molecules have
a relatively short lifetime, and collisional processes may not sig-
nificantly change the population of the higher J-levels (Roueff
et al. 2002; Schmidt et al. 2014). Observations suggest that the
rotational excitation of Cs is characterised by two temperatures
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with the transition point around J = 14. The excitation tempera-
ture of lower J-levels, Ty, is governed more by collisions and
is typically a few tens of kelvin, whilst the temperature for the
higher J-levels, Tign, is governed more by radiative processes
and is usually a few hundred kelvin (see e.g. Addmkovics et al.
2003; Maier et al. 2001; Welty et al. 2013). The much higher
excitation for the higher J-levels leads to a shallow decrease in
their population, and in total the J > 14 levels may contribute
~15% of the total column density (Adédmkovics et al. 2003).

To simulate the rotational excitation of the Cz; molecules
and obtain the relative population of different J-levels, we com-
posed a two-temperature Boltzmann distribution model with the
following steps:

1. Take the J = 14 population as reference, by defining N(J =

14) = 1.0.

2. Calculate the relative population of the lower J-levels
{Niow} from the Boltzmann distribution of temperature
Tiow: {Niow} = {Now(J = 0), Niow(J = 2), Niow(J = 4), ...,
Niow(J =12), N(J = 14)}.

3. Similarly, calculate the relative population of higher J-levels
(for J up to 100), {Nhigh}z{N(-] = 14), Nhigh(-’ = 16),

» Nuign(J = 100)}, from the Boltzmann distribution of
temperature Thgh.

4. Combine {Niow} and {Nugen} into {Ny}, where
{N}={Niew( = 0), Nigwld = 2), ..., Now(J = 12),

N(J = 14), Nuigh(J = 16), .., Nyign(J = 100)}.
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5. Scale {Nj} so it adds up to unity.
Despite the approximation, this model provides results that
agree well with the literature (see the next subsection). The
rotational energies of the different J-levels required in the Boltz-
mann distribution are calculated using the molecular constants
in Tanabashi et al. (2005) as follows:

E;= BxJUJ+1) - Dx[JJ+ D) + Hx[JJ + D]

B = 0.4305883 cm™!

D =1437 x107%cm™

H=1129 x107"%cm™. )

The column density of Cjs is typically one order of magni-
tude lower than C, and for the much weaker C; absorption
strengths optically thin conditions can be assumed (Fig. 3).
Becker et al. (1979) report the radiative lifetime of Cs as approx-
imately 200 ns, and natural broadening can hence be ignored.
We thus used simple Gaussian profiles in flux units to simulate
the rotational lines of the C3 4051 A band, and rotational lines
from the same velocity component would share the same FWHM
and velocity offset (vof, relative to barycentric frame) parame-
ters. We also set a lower boundary of 3.0 kms~! for the FWHM,
so the Gaussian profiles have at least the instrumental width, in
addition to physical processes that broaden the Cj transitions.

4.3. Measurements and results

As for C,, we first visually examined the target C; transitions,
especially the more strongly piled-up Q branch contour. The
C3 A — X 000-000 band spans a narrow wavelength window
of ~6 A, and we used a cubic spline continuum to normalise
the entire wavelength region. The compact distribution of the
transitions hampers the identification of possible extra veloc-
ity components. We thus referred to the C, measurements and
the Na1 3302 A doublet of the same sightline to determine the
number of components needed for the model. Each of these com-
ponents is characterised by its own set of Tioy, Thigh, column
density N, Gaussian width factor FWHM, and v, which is rela-
tive to the barycentric frame. We followed the same routine as C;
for parameter optimisation and error estimation (see Sect. 3.2).

The target C; band is detected at the 30 level in 19 sight-
lines, and tentatively in another 8 sightlines®. These include 4
sightlines where C; is measured in two velocity components
(HD 61827, HD 149404, HD 161056, and HD 186841). In Table 3
we summarise the C3 measurements and compare to available lit-
erature values, and we find good agreement in most of the cases,
especially with results from high-resolution data. The C, and
C; detection are clearly linked; all sightlines with a C; detec-
tion (Table 3) also exhibit C, absorption. The best-fit models are
visualised for three representative targets in Fig. 3 and the full
gallery is available in Appendix B.

The temperature parameters may be less well determined
when N(Cs) is small, especially for Thign. Assuming average
excitation conditions where Tio, = 50 K and Thign = 250 K, the
higher J levels harbour ~25% of the total population. This leaves
less than 5% of the total equivalent width for each of the J-levels
considered in our model, which is further divided into the P, Q,
and R transitions. These transitions are then very weak and pro-
vide limited constraints on minimising the y? during the fitting
process.

3 'We use the term ‘tentative detection’ when the deepest point of the
synthetic spectrum is shallower than 30 from the continuum level.
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5. C, versus C3

In this section we compare the velocity offsets and column den-
sities of C, and C; obtained in our survey (Fig. 4). Since there
may be multiple velocity components in some sightlines, each
data point in the plot represents an individual ISM cloud. We find
the velocity offsets of C, and C; agree with each other (within
uncertainties), which suggests the two molecules are detected in
the same velocity components, and validates further comparison
of their column densities.

The column densities of C, and C3 show a tight correlation
among the 30 velocity components from 26 sightlines with r =
0.93 (Fig. 4, lower panel). We find the best-fit line to have a rel-
atively small intercept. The slope of the best-fit line, indicating
the N(C,)/N(C3) ratio, is 15.5+1.4. While it is widely agreed
that N(C3) should be one magnitude lower than N(C,), it used to
be difficult to determine the N(C,)/N(C3) ratio with good accu-
racy due to the required high quality data. In a pioneering survey
by Oka et al. (2003), the authors also found a good correlation
between N(C,) and N(C3), and estimated a N(C,)/N(C3) ratio
of ~40. However, since the individual rotational lines could not
be resolved in their medium resolution data (R ~ 38 000), Oka
et al. (2003) focused on the piled-up Q branch and assumed it
contributed half of the total intensity of the band. This approxi-
mation may underestimate contributions from the higher J-levels
and hence N(C3) (Adémkovics et al. 2003).

The N(C,)/N(C3) ratio of 15.5 in this work is slightly larger
than the value of ~10 reported by Schmidt et al. (2014), and is
in fact close to the prediction for a typical diffuse interstellar
cloud with Ay ~2.0 mag in the model presented by Schmidt et al.
(2014). This is approximately the extinction of our targets (Cox
et al. 2017). However, the N(C,)/N(C3) ratio can be quite dif-
ferent in circumstellar environments, presumably related to the
much higher density and/or enhanced radiation field. For exam-
ple, literature reports column densities of both C, and C; to be
~10cm™? towards the well-studied carbon star IRC+10216 (see
e.g. Hinkle et al. 1988; Bakker et al. 1997; Cernicharo et al. 2000;
Hargreaves et al. 2014), and N(C,)/N(C3) ~1.

In diffuse and translucent clouds the C, molecules may be
formed bottom-up along the reaction C* + CH — CJ + H.
The product then turns into C, molecules via multiple channels
that consist of series of abstractions of H atoms and dissocia-
tive recombinations (e.g. Federman & Huntress 1989; Federman
et al. 1994; Sonnentrucker et al. 2007). Oka et al. (2003)
suggested that C3 molecules are formed via dissociative recom-
bination of C3H* (Oka et al. 2003), while Bergeat & Loison
(2001) advocate for non-negligible contribution from neutral-
neutral reactions between C and C,H,. It is also possible for the
two molecules to be formed from detachment of larger molecules
in a top-down manner. In either case, there must be a strong
chemical link between C, and C; since their column densities
are tightly correlated.

6. C,, DIBs, and C, DIBs

Thorburn et al. (2003) introduced the C, DIBs as ‘a class
of weak, narrow bands whose normalised equivalent widths
W(X)/W(6196) are well correlated, specifically with N(C,)/Ep_y
via power laws’. The C, DIBs demonstrate different behaviour
compared to the ‘regular’ non-C, DIBs, in particular in dense
environments (see e.g. Fan et al. 2017). Contrary to their name,
the C, DIBs may correlate better with Ep_y than with N(C,)
(Elyajouri et al. 2018). The strong C, DIBs 114963 and 4984
are detected in sightlines exposed to intense radiation fields and
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Table 3. Best-fit parameters of the C; models in 27 sightlines.

This work ® Literature ©
Sightline @ Tiow Thigh N FWHM Vot T N Source
K) (K) (102 cm™2)  (kms™)  (kms™) X) (10'2 cm™2)
HD 23180 4RO 2755792 1467013 4477049 132+13 127339  127£013  A03
HD 24398 @ 145341055 13744459 137:013 422:9¢  132+13 13204103  130+035  A03
1.00 003
50.0 1.37 RO2
1.00 MO1
HD 27778 492433 253058 2.79:016  5.56:061 147413 120£030 003
HD 45314 59.5%3 143.7+334 1807312 4.66%0%  17.0%13

HD 61827 (Comp.1) 36.3131 179.4+713 2474043 3911928 411+
HD 61827 (Comp.2)  54.6'¢3  196.7+36% 1834014 311703, 34.5t)]

HD 63804 54.9+39 2832484 45603 560193  38.6113

HD 73882 30.0t12  286.77773 334310 3581012 20.4+19

HD 80558 40.3448 1000.0 1681331 6.48%538  19.6133

HD 144217 15.1#82 100.0 0.36*3% 3464098  -10.5%17 <0.38 G02
HD 147683 87.4+198  115.0+324 1.64*912  3.98+040  _p +l2
HD 147888 58.17¢4  167.0745) 135508 3.89%9%  -8.9%|1
HD 147889 67.9134 215.3+17) 774931 4143348 8.4+ tentative detection H95
HD 147933 63.4+74 165.6*435 L7441 3.67%03F -9.2¢1d
HD 148184 14074334 222,633 2.6070M4  3.74%938 127k 310050  G02

HD 149404 (Comp.l) 474+  2432+797  116*09) 5257080  _12+13
HD 149404 (Comp.2)  66.5%190  2742+739  110%010 4224041 —20.0+13

HD 149757 72048 16214329 1607019 462+ —15.0*13 1.60£0.00 003
201£020  GO2
1.83+£0.00  RO2
1.60£0.00  MOI

HD 152248 57.51%% 552,049 L6101 412708 23713
HD 154043 @ 56.8189 24413713 170%%13 5.09%37  —12.2+14
HD 154368 421413 44043908 484701 391701 4.7t
HD 161056 (Comp.1) 44513 913.4*784 4084016  492+033 13211
HD 161056 (Comp.2)  42.639 100.0 1.94+308 379703 —19.9+11
HD 169454 23.9+04 1000.0 6.45%013 30934009 _95+10 224410 661019  Sl4
234+14 224066  A03
430+0.50 003
HD 179406 572437 10532 2.58%00  4.24%03)  —13.2¢11 1.30£0.70 003
2.90 RO2
2.00 Mol
HD 185859 @ 6517103 2200773 124*012 459071 _g1+13
HD 186745 50273 315.07833  3.6470B 645109 —10.8*14
HD 186841 (Comp.1)  72.4%93 27174353 31280 516133 —11.8+13
HD 186841 (Comp.2)  41.4+5¢ 5282227  150%02)  4.07+9%5  —53+14
HD 203532 473725 2311031 2784009 410%019  14.2+11
HD 210121 61.829 14077133 4.98+014  386+012  —14.7+19 190+£0.50 003
4.56 RO2

Notes. @Best-fit results are listed in separate entries for sightline harbouring multiple velocity components. ¥’ The Gaussian broadening factor
FWHM has a lower boundary of 3.00 kms™! to reflect instrumental profile; the fitting boundaries of the excitation temperature for the higher
J-levels Thgn are between 100 and 1000 K; the velocity offset v, is relative to the barycentric frame. ©Column densities from G02 and R02
have been converted to fyoo = 0.016. The excitation temperature for the lower J-levels is listed if the reference uses double-temperature model.
@Tentative detection, no individual transition exceeds the 30~ detection limit.

References. H95: Haffner & Meyer (1995); MO1: Maier et al. (2001); G02: Galazutdinov et al. (2002); R02: Roueff et al. (2002); A03: Adémkovics
et al. (2003); O03: Oka et al. (2003); S14: Schmidt et al. (2014).
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Fig. 4. Comparison between the C, and C; measurements. Each point
represents a velocity component for which both molecules are detected.
Upper panel: The velocity offsets of C, and Cj (relative to the barycen-
tric frame) are well aligned, suggesting the two molecules are detected
in the same velocity component. Lower panel: N(C,) and N(C;) have
a good correlation, with r = 0.93. The dashed blue line represents the
best linear fit from orthogonal distance regression. The 1o~ confidence
interval of the fit is shown as the shadow. The red triangles represent the
30 upper limits of N(C;) in velocity components without C; detection.
These upper limits are not considered in the linear regression.

with low fi» values (see e.g. Fan et al. 2017, 2019), suggesting
that their carriers are not necessarily directly chemically linked
to C, or other molecules.

In previous sections we carefully examined all 123 EDIBLES
targets and detected the C, (2-0) Phillips band and the C3 A — X
origin band in a large number of sightlines. The detection of C,
and C3 molecules usually suggests dense and molecular envi-
ronments along the sightlines (see also Appendix C). We refer
to the 41 sightlines that show C, features as ‘C, sightlines’ and
the rest as ‘non-C, sightlines’. This section discusses how C,
and non-C, DIBs behave in these sightlines. Since DIB mea-
surements are not the primary focus of this work, we adopted
the DIB equivalent widths (W(DIBs)) from Fan et al. (2017).
Readers are referred to the original paper for details on how the
measurements were obtained.

Figure 5 compares the general behaviour of four DIBs, in
terms of W(DIBs) — Ep_y correlations, between the C, and
non-C, sightlines. The comparisons are made for two non-C,
DIBs 415780 and 6196, and two of the well-recognised C, DIBs
144963 and 4984. Both non-C, DIBs have reduced strengths
in the C, sightlines, which was described as the ‘skin effect’
in early DIB observations (e.g. Wampler 1966; Strom et al.
1975; Meyer & Ulrich 1984; Herbig 1995). This observational
fact suggests that the inner parts of the clouds have a limited
contribution to the column density of the general DIB mate-
rial (Snow & Cohen 1974). As a more quantitative analysis,
Fan et al. (2017) reported ‘lambda-shaped’ behaviour of non-C,
DIBs where their normalised strengths (W(DIB)/E_y) decrease

as a function of fiy, for fiy; > ~ 0.3. This is also approximately
the range of the fy, values for the C, sightlines we identified
(Appendix C).

In direct contrast, the C, DIBs 114963 and 4984 showed
undifferentiated behaviour among C, and non-C, sightlines.
This is consistent with the observations that W(C, DIBs)/Eg_y
remains relatively constant (with large scatter) in sightlines with
large fip values (Fan et al. 2017). The C, DIBs are originally
defined by an enhanced ratio of W(C, DIBs)/W(6196) in the C,
sightlines (Thorburn et al. 2003). This increment is more likely
the result of decreased W(6196) rather than increased W(C,
DIBs), and provides evidence that the C, DIBs may trace denser
environments than the non-C, DIBs. However, since the C, DIBs
are not enhanced in the C, sightlines, their carriers may not
reside in the deep layers of the ISM clouds where C, and other
second-generation molecules are found (e.g. CN and CO; see Fan
et al. 2022).

7. One step further: Search for more complicated
carbon chains

7.1. Rare C; isotopologue ("*C™C)

The positions of the transitions from the BC2C (0-0) and
(1-0) Phillips A 'TI-X '=* bands were first provided by Amiot &
Verges (1983) using Fourier spectroscopy. Hamano et al. (2019)
recently reported the first tentative detection of '*C'2C in the
ISM using these data. This marginal detection is for the Q(3)
transition of the (0-0) band and is made towards the heavily red-
dened sightline of Cyg OB2 12. To the best of our knowledge,
no dedicated laboratory studies are yet available on the '*C'>C
(2-0) bands. We calculated the required transition wavelengths
and f;; values using the well-known isotopic dependence of the
Dunham vibration-rotation coefficients (Watson 1980).

For this purpose, we followed the same approach as
described in Ram et al. (2014) and Rousselot et al. (2012) and
utilised the molecular parameters of the main '>C, isotopologue
(Chen et al. 2015) and the isotopic relationships (Ram et al. 2014;
Rousselot et al. 2012; Watson 1980):

W =pwe

WeX, = PPWeX,
Welf, =P Welfe
weZ,=p wez.
Wed, = P W,
B,=p’B,
a,=pa,
Ye=p"ve
8,=p’6.

e =p’e,
D,=p*D,
B.=p"Be
L=p°4
q=p'q,

5

3

¥ =p°a?
dp=p"ap.
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Fig. 5. Behaviour of non-C, DIBs 115780 and 6196 (left panels), and C, DIBs 414963 and 4984 (right panels) in C, and non-C, sightlines. The
non-C, DIBs show the ‘skin effect’ and have reduced strengths in the C, sightlines. However, the behaviour of the C, DIBs is rather similar in the
two types of sightlines. They may trace deeper regions of a cloud than the non-C, DIBs, but not as deep as the C, molecules. The DIB equivalent

width data are gathered from Fan et al. (2017).

Table 4. Mass-scaled spectroscopic constants of '3C'2C in the (2-0)
Phillips system.

Constants @ X't'@=0 A'lEp=2)
This work®  Literature © This work ®
Band origin 11354.65876
B, 1.74133 1.741417 1.51402
D, x 10° 6.46215 6.530 6.06544
g X 10° ~1.77837
ap X 10° 431457

Notes. All values are in cm™'. @B, and D, are rotational and centrifugal
distortion parameters, while g, and gp are A-type doubling constants. v
define vibrational quantum numbers; see Chen et al. (2015) for details.
®Calculated from '2C, (Chen et al. 2015) and isotopic relations (see
the main text). “Laboratory spectroscopic data; see Amiot & Verges
(1983).

Here the primed and unprimed quantities are equilibrium spec-
troscopic constants for >C!2C and 'C,, respectively (as defined

in Chen et al. 2015) and p = /tmain/Mrare = 0.98052, with the
1 being the reduced mass. The resulting primed (equilibrium)
constants of *C'2C (Eq. (3)) were then used as input into stan-
dard spectroscopic formulas (see e.g. pages 3—4 Chen et al. 2015)
to introduce the proper vibrational dependence into the rele-
vant mass-scaled parameters. Their final values are gathered in
Table 4. The list with calculated line positions was subsequently
generated using the final spectroscopic constants in Table 4 and
PGOPHER (see Table 5; Western 2017).
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We employed the methodology described in Ram et al.
(2014) to determine the fj; values for the '*C!2C (2-0) Phillips
bands. Briefly, the potential energy curves for each electronic
state are represented by Rydberg-Klein-Rees (RKR) classical
turning points (Le Roy 2014). These are calculated using the
RKR1 program (Le Roy 2014) and the mass-scaled spectroscopic
constants of the upper (A 'TT) and lower (X '=*) 3C!2C states
(Eq. (3)). With the corresponding ab initio electronic transition
dipole moment function reported by Yurchenko et al. (2018),
Einstein A-coefficients (A _,;») were then determined using the
LEVEL code (Le Roy 2017), and finally converted into the f;;
values following the usual expression (Ram et al. 2014):

1 QF+1)
vy = 149919368 = —— " 2 A, ..
Jres 2+

)
Here, ¥ is the transition wavenumber (in cm™") associated with
the lower (J”’) and upper (J’) ro-vibronic J states.

Unlike the regular C, molecule, '3C'?C has additional tran-
sitions from odd J-levels due to its hetero-nuclear nature.
Our simulation suggests that the Q(1) — Q(4) transitions are
the strongest under typical excitation conditions with Tex ~
60 K. Their calculated wavelengths and f;; values are sum-
marised in Table 5. We also included the calculated (following
the same approach described above) fj; values of the regu-
lar '2C, molecule for comparison. As expected, they differ by
less than 1.2%. We also note that our calculated fj; values for
the '?C, molecule reproduce to within 0.4% those reported by
Sonnentrucker et al. (2007), hence further supporting the relia-
bility of our approach.
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Table 5. Calculated line list of the '*C'2C (2-0) Phillips band.

Transition Aj; fis (x10%
(A) Belze®  12¢,®  Literature @
Qo) 8804.892 7.11 — -
012) 8805.597 7.11 7.03 7.00
003) 8806.655 7.11 - _
0(4)  8808.065 711 703 7.00

Notes. @Air wavelength. ®’Calculated from molecular constants of
12C, (Chen et al. 2015) and isotopic relations. See the main text for
more details. ) f;; values of '>C, from Sonnentrucker et al. (2007).

We focused on the sightlines of HD 63804, HD 147889, and
HD 169454 because of their large C, column densities and good
S/N in the target region. These factors make them plausible can-
didates to search for the '3C'2C transitions, yet we cannot make
robust detection on the target '*C'2C transitions in any of these
sightlines (Fig. 6, upper panel). To further increase the sensi-
tivity of our data, we continued by performing a S/N-weighted
spectral stacking for the three sightlines. The measured S/N of
the stacked spectrum reaches ~3000, and the Q(2), O(3), and
Q(4) transitions are detected in the stacked spectrum (Fig. 6,
lower panel). This detection validates our theoretical prediction
on the wavelengths, which is based solely on isotopic relations
(Rousselot et al. 2012; Ram et al. 2014).

The stacking process, however, averages different ISM con-
ditions of the three sightlines, and we cannot obtain detailed
excitation information for '3C'?C in the stacked data. Because
of this, the best approach to even calculating the column den-
sity of '3C!2C requires analysis of a wide range of probable
excitation conditions especially regarding the excitation temper-
ature. We compiled a series of models with Te between 40
and 80 K (with an interval of 5 K), and obtained the relative
strengths of the Q(1) to Q(4) transitions from PGOPHER. We
assumed a Gaussian profile with instrumental widths for each
of the transitions. The best fit with the minimal y? occurs when
Texe = 55 K with N(P3C'2C) = 2.30 x 102 cm™2. The stan-
dard deviation of N('3C'?C) among models of different Ty is
0.31 x 10'? cm=2 (~13%), representing the uncertainty due to
the unknown excitation conditions.

The average N(C,) is 8.92 x 10'* cm=2 for the three sight-
lines*. The N(C,)/N('3C'2C) ratio is then ~39 + 4, or a '2C/13C
ratio of ~79 =+ 8. This is very close to the same ratio of 72+26
observed towards the circumstellar shell of the post-asymptotic-
giant-branch star HD 56126 (Bakker & Lambert 1998). The
12C/13C ratio can also be obtained from other carbon-bearing
molecules. For examples, Milam et al. (2005) reported ~68 by
considering CO, H,CO, and CN, and Stahl et al. (2008) find
76+2 using CH* measurements of the local ISM. Again the
findings of this work are well aligned with the above literature
results.

The '>C/"3C ratio traces the large-scale Galactic chemical
evolution as well as local peculiarities of the ISM conditions
(e.g. Milam et al. 2005; Furuya et al. 2011; Liszt & Ziurys 2012).
Rocha & Linnartz (2021) discussed the temperature dependence

4 During the stacking process, the spectral data were weighted by their
S/Ns. The same weight was applied to calculate the average N(C;) in the
three sightlines. We also tried to measure N(C,) in the stacked spectrum
around the '2C, transitions, but the fitting was unsuccessful due to the
mixture of ISM conditions.
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Fig. 6. Search for '*C'2C (2-0) Phillips transitions. Top panel: spectral
segments of HD 63804, HD 147889, and HD 169454 around the tar-
get wavelength region, and simulated data (red) for *C'C with Ty =
55 K. From left to right, the four transitions are Q(1), Q(2), O(3), and
Q(4). Unfortunately, we cannot identify these features in any individual
sightline. Bottom panel: stacked (average) data of the three sightlines.
We have a 30~ detection of the Q(2) and Q(3) transitions, and a marginal
detection of the Q(4) transition. The estimated column density of *C!2C
is 2.30 + 0.31 x 10'?>cm™2 in the stacked spectrum, corresponding to a
12C/13C ratio of 79+8. The dashed blue lines around the spectra repre-
sent 1o uncertainties.

of the isotopic fractionation of carbon. Their calculation sug-
gests that a smaller '>C/!*C ratio can be expected in sightlines
characterised by lower kinetic temperature, since the forward
isotope-exchange reaction 3C + 2C, — BC"2C + ’C is
exothermic by 26.4 K and the reverse endothermic process
becomes largely inefficient at low temperatures. We note in pass-
ing that the '3C* + 12C, reaction, despite not being considered
by Rocha & Linnartz (2021) in the context of dense molecular
clouds, is also expected to play a key contribution to the overall
carbon isotopic fractionation, particularly under the diffuse ISM
environments (Loison et al. 2020; Colzi et al. 2020). Compared
to Tiin = 20 K, the '2C/'3C ratio can be a factor of 2 greater when
Txin = 100 K. The identification in stacked data cannot assign the
12C/13C ratio to specific ISM conditions, but such dependences
may be examined in future studies.

72. C4 and Cs

The C4 and Cs molecules are the simplest bare carbon chains
after C, and C;. In the optical region, the strongest C4 band
occurs at 3789 A and is between the 3%, and °%; states. The
laboratory spectrum of this band is characterised by the piled-up
R-branch to the blue and more expanding P-branch contour to
the red (Linnartz et al. 2000; Fig. 7, left panel). The strongest
Cs optical band is at 5109 A and Forney et al. (1996) assigned
this band to the 'I1, — X'X} system. However, Hanrath & Peyer-
imhoff (2001) noted a discrepancy of ~0.5 eV in the transition
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Fig. 7. Spectral data around the C, °%; —° X, 3789 A band (left) and the Cs 5109 A band, possibly from the 'TI, — X 'Ty system (right). Their
lab spectra are shown at the bottom as reference (red). The sightlines are selected by their measured N(C3) and the S/N of the wavelength region,
which is indicated by the dashed blue lines. We cannot find the target transition in either individual sightlines nor their stacked spectrum. Upper
limits on N(C,) and N(Cs) can be estimated from their most prominent feature, and are around 10" cm™2 and 10'> cm™2, respectively.

Table 6. Upper limits of N(C4) and N(Cs).

Species Sightlines
HD 147889 HD 169454 HD 210121  Stacked
;i (A) 3789
FWHM@»  (A) 0.24
Cy £ ® 0.0006
Winax © (mA) 2.1 1.7 1.6 1.0
Npax (cm™2) 27%x10%  1.8x10%  2.1x10% 12x10"
N(C3)/Niax 0.28 0.35 0.23 0.50
HD 154368 HD 169454 HD 203532  Stacked
2;j (A) 5109
FWHM @ (A) 0.13
Cs fi;® 0.001
Winax © (mA) 0.74 0.84 0.44 0.39
Npax (cm™2) 59%x102  7.6%x102  3.6x102  3.1x10"2
N(C3)/Ninax 0.81 118 0.78 0.66

Notes. “For the most prominent feature. ”’ From Maier et al. (2002). ? Assuming the most prominent feature has Gaussian profile and contributes

to half of the total absorption.

energy and suggested the 5109 A band to be associated with
formally forbidden IE; and 'A, states. Nevertheless the most
prominent feature of this band is the piled-up Q-branch in the
middle while the contours of the P- and Q-branches are much
shallower (Fig. 7, right panel).

Similar to our search for '3C!2C, we searched for these opti-
cal bands of C4 and Cs in candidate sightlines characterised by
large N(C3) and high S/N in the wavelength region (namely,
HD 147889, HD 169454, and HD 210121 for the C, 3789 A
band and HD 154368, HD 169454, and HD 203532 for the Cs
5109 A band). However, neither of the target transitions can
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be identified in individual sightlines or their stacked spectra
(Fig. 7). We instead estimated the upper limits of N(C4) and
N(Cs) by considering the most prominent feature in their band
profile (i.e. the R-branch contour for C4 3789 A band and the
Q-branch contour for Cs 5109 A band) while assuming it con-
tributes 50% of the total absorption. The results are summarised
in Table 6.

The Cs molecules have been detected in earlier work via their
IR transitions in the carbon-rich circumstellar shell around IRC
+10216. Bernath et al. (1989) suggested N(Cs) might be ~1/10
of N(C3), yet a more recent observation provided a much smaller
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N(Cs)/N(C3) ratio of 1/68 (Hargreaves et al. 2014). Theoretical
models also predict N(C4) and N(Cs) to be one to two orders
of magnitude smaller than N(C3) (e.g. Terzieva & Herbst 1998;
Schmidt et al. 2014), and the much smaller f;; values of the Cy4
and Cs optical bands make their detection even more difficult.
These f;; values are also inconsistent in the literature. For exam-
ple, Miihlhiduser et al. (2000) reported fj; ~ 0.0001 for the C,4

3789 A band, which is merely one-sixth of the value used in
Table 6 (see also Jungen & Xu 2003; Pacchioni & Koutecky
1988). Under the best case scenario where N(C4) and N(Cs)
is ~1/10 of N(C3) and their transitions have the largest f;; val-
ues reported in the literature, the S/N of the most molecule-rich
sightlines should be boosted by a factor of 2—10 to increase the
chance for a successful C4 or Cs detection.

8. Summary

We conducted an extensive survey of C, and C3 signatures in
the EDIBLES dataset, using the C; A'TI, « X 12; (2-0) Phillips

band and the C3 A 'IT, — X'E} 000-000 electronic origin band.
Our data have high S/N and can resolve individual ro-vibronic
transitions of the above bands, which allowed us to charac-
terise the rotational excitation and obtain more accurate column
densities. The results and conclusions we have reached are as
follows:

1. We detect the C, (2-0) Phillips band in 51 velocity com-
ponents along 40 sightlines; 48 velocity components have
detections at the 30 level or better, and three sightlines have
tentative detections. The data were interpreted following the
excitation model of van Dishoeck & Black (1982), and we
were able to obtain information about the kinetic temperature
and density in addition to the column density.

2. We detect the C3 A — X 000-000 band in 31 velocity com-
ponents along 27 sightlines; 23 velocity components in 19
sightlines have detections at the 30 level or better, and
eight sightlines have tentative detections of Cz. Due to the
lack of a detailed excitation model, we assumed a double-
temperature Boltzmann distribution and report the excitation
temperatures and column density.

3. The C, and C; transitions have consistent velocity offsets
within their uncertainties, suggesting that the two species are
detected in the same velocity components. We find a good
correlation between N(C,) and N(C3), namely » = 0.93. The
average N(C,)/N(C3) ratio in our survey is 15.5+1.4, which
is lower than a previously reported value of ~40 (where indi-
vidual Cj; transitions were not resolved) and slightly higher
than the value of ~10 reported by Schmidt et al. (2014).

4. We confirm that the C,/C; detections occur in {-type
sightlines characterised by large fm, values and low
W(5780)/W(5797) ratios. We compared the behaviour of
DIBs in C; and non-C; sightlines. Unlike regular DIBs, the
C, DIBs exhibit a similar behaviour in the two types of sight-
lines. They may trace denser regions in the ISM clouds than
the regular DIBs, yet not as deep as where C, molecules are
found.

5. We searched for the optical bands of Cy4, Cs, and the singly
substituted isotopologue of C, (!3C'?C) in sightlines with
high C»/C3 column densities. We identified the '*C!2C (2-0)
Phillips band in a stacked spectrum via its Q(2), Q(3), and
(tentatively) Q(4) transitions. The estimated 'C/'3C ratio is
79+8. For C4 and Cs, only upper limits to the column density
can be derived, as in earlier unsuccessful surveys.

. A&A, 681, A6 (2024)

The high spectral resolution and high S/N offered by the EDI-
BLES dataset thus result in accurate determinations of the
physical parameters that describe the denser parts of diffuse
clouds, and provides us with insight into the chemistry in these
regions.
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Appendix A: Fitted C, models

In this appendix we present plots of the best-fit model of the C, (2-0) Phillips band compared to the normalised flux for the 40
sightlines listed in Table C.1. Readers are referred to Sect. 3 for details about the model.
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Fig. A.1. Normalised flux (black) and fitted model of the C, (2-0) Phillips band (red) for HD 22951 (top), HD 23016 (middle), and HD 23180

(bottom). The best-fit model parameters Ty, 1, and N are given in the legend. As in Fig. 1, the plots focus on segments around the C, transitions
being considered for the fitting, and the wavelength grid is not continuous.
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Fig. A.2. Same as Fig. A.1 but for HD 24398, HD 27778, HD 41117, and HD 45314. For HD 41117, synthetic spectra for individual velocity

components are shown in orange and blue.

A6, page 16 of 31

Wavelength (A)



Fan, H., et al.: A&A, 681, A6 (2024)

1.000 W
0.998
o J
M 0.996
<N|' Tkin=69.9K
10 0.994 1 n =899.3 cm?
T N =0.41X 10% cm?
0.992
0.990 ‘ ‘ ’
0.988 - R6 R8 R4 R12 RO Q2 Ri14 Q4 P2 Q6 R16 Q8 P4 Q10 P6 Q12 P8 Ql4 P10 Ql6 P12 P14 P16
8752 8758 8762 8764 8768 8774 8810 8818 8850
Wavelength (A)
1.00
~ 0.98
o
2 Cloud 1: Ty, =43.2 K Cloud 2: Ty, = 50.8 K
8 0.96 1 (blue) n=341.5cm3 (orange) n=290.6 cm3
T N =4.51X10% cm? N =3.80 X 1013 cm?
0.94 - |
R6 R8 R4 R12 RO Q2 Rl14 Q4 P2 Q6 R16 Q8 P4 Q10 P6 Q12 P8 Ql4 PO Ql6 P12 P14 P16
0.92
8752 8758 8762 8764 8768 8778774 8790 8794 8800 8806 8834 8850
Wavelength (A)
1.00 4 P‘ m Pq Qv r’-\[d W bWt 'qivﬁ a’a ‘—W
0.99
0.98
S
0.97
® Tin = 46.7 K
©O n=277.9 cm?
% 0.96 N=7.21X10" cm?
0.95 | ‘ |
0.94
0.93 R6 R8 R4 R12 RO Q2 Rl4 Q4 P2 Q6 R16 Q8 P4 Q10 P6 Q12 P8 Q14 P10 Q16 P14 P16
: : . . . S . : : > v . .
8752 8758 8762 8764 8768 87708774 8782 8790 8794 8800 8806 8834 8850
Wavelength (A)
1.02 —
0.98
o~ 0.96
o
™M  0.94-4 Tkin =16.6K
B n=452.7cm?3
T 0.92 N=4.27X108cm?
0.90 1 ’ | ‘
0.88 A
R6 R8 R4 R12 RO Q2 Ri14 Q4 P2 Q6 R16 Q8 PA Q10 P6 Q12 P8 Ql4 PO Ql6 P12 P14 Pl6
0.86 v : T v v T A A T
8752 8758 8762 8764 8768 8774 8810 8818 8850

Wavelength (A)

Fig. A.3. Same as Fig. A.l1 but for HD 54239, HD 61827, HD 63804, and HD 73882. For HD 61827, synthetic spectra for individual velocity
components are shown in orange and blue.
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Fig. A.4. Same as Fig. A.1 but for HD 80558, HD 112272, HD 147084, and HD 147683. For HD 112272 and HD 147084, synthetic spectra for
individual velocity components are shown in orange and blue.
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Fig. A.5. Same as Fig. A.1 but for HD 147888, HD 147889, HD 147933, and HD 148184.
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Fig. A.6. Same as Fig. A.1 but for HD 148937, HD 149404, HD 149757, and HD 152248. For HD 149404, synthetic spectra for individual velocity

components are shown in orange and blue.
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Fig. A.7. Same as Fig. A.1 but for HD 154043, HD 154368, HD 161056, and HD 165319. For HD 161056, synthetic spectra for individual velocity
components are shown in orange and blue.

A6, page 21 of 31



Fan, H., et al.: A&A, 681, A6 (2024)

AN WY Wy WV o
1.000 W w % Wi M
0.995 4
= 0.9901
o
= Cloud 1: Tyn=39.9K Cloud 2: Ty =37.0K Cloud 1: Ty, =54.8K
— 0.985 1 (blue) n=171.4cm?3 (orange) n=164.0cm?3 (green) n=320.1cm?3
[a)] N = 1.85 X 1013 cm™ N =0.80 X 103 cm?2 N =1.80 X 103 cm™
T 0.980
0.975 4 ‘ H
0.970 JR6 R8 R4 R12 RO Q2 R14 Q4 P2 Q6 R16 Q8 P4 Q10 P6 Q12 P8 Q14 P10 Q16 P12 P14 P16
8750 8752 8758 8762 8764 8766 8768 87748780 8782 8788 8792 8798 8804 8810 88188832
Wavelength (4)
1.000 - —-qr-—w[.v ‘-.V "W.'TTT*V*FV"MWWMM
0.975 1 N “ u
0.950 1
<
L 0925
o Tin=18.0K
© !
— 0.900 - n=369.0 cm3
[a) N =6.74 X 102 cm2
T
0.875 ‘ ‘ |
0.850 1
0.825 |R6 R8 R4 R12 RO Q2 R14 Q4 P2 Q6 R16 Q8 P4 Q10 P6 Q12 P8 Ql4 PO Q16 P12 P14 P16
. . . . . . : : : - + A
8762 8766 8768 8780 8782 8788 8792 8798 8804 8810 888832
Wavelength (A)
- PRI A By A
0.995 1
o
<
~
2 0990 Tin=33.2K
— n=172.1cm?3
a N=1.59 X 102 cm2
T
0.985 4 ‘ ‘ |
0.9801R6 R8 R4 R12 RO Q2 Ri14 Q4 P2 Q6 R16 Q8P4 Q10 P6 Q12 P8 Ql4 P10 Ql6 P12 P14 P16
T T T T T T T 7 7 T
8762 8766 8768 8780 8782 8788 8792 8798 8804 8810 8832
Wavelength (4)
1.002
1.000 w M
0.998 4
© i
X 0.996
o
Q 0.9941 Tiin = 54.0 K
— n=1419cm3
O 0.992 A N=1.31X103cm?
T
0.990 1 ‘ ‘ |
0.988 4
0.986 R6 R8 R4 R12 RO Q2 Ri14 Q4 P2 Q6 R16 Q8 P4 Q10 P6 Q12 P8 Ql4 P10 Q16 P12 P14 P16
8762 8766 8768 8780 8782 8788 8792 8798 8804 8810 888832

Wavelength (4)

Fig. A.8. Same as Fig. A.1 but for HD 167971, HD 169454, HD 170740, and HD 170938. For HD 167971, synthetic spectra for individual velocity
components are shown in orange, blue, and green.
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Fig. A.9. Same as Fig. A.1 but for HD 171957, HD 179406, HD 183143, and HD 185418. For HD 183143, synthetic spectra for individual velocity

components are shown in orange and blue.
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Fig. A.10. Same as Fig. A.1 but for HD 185859, HD 186745, HD 186841, and HD 203532. For HD 186745 and HD HD186841, synthetic spectra
for individual velocity components are shown in orange and blue.
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Fig. A.11. Same as Fig. A.1 but for HD 210121.

Appendix B: Fitted C; models

In this appendix we present plots of the best-fit model of the C3 A — X 000-000 electronic origin band compared to the normalised
flux of the 27 sightlines where Cj is detected or tentatively detected. Synthetic spectra for individual velocity components are plotted
in different colours for the sightlines of HD 61827, HD 149404, HD 161056, and HD 186841. The excitation temperature of the lower
J < 14 levels, T)oy, and the column density of Cs N, are listed in the legend of each panel. We refer the reader to Sect. 4 for more
details on the modelling process.
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Fig. B.1. Normalised flux (black) and fitted model (red) of the C3 A — X 000-000 electronic origin band for HD 23180, HD 24398, HD 27778, and
HD 45314. The model parameters 7)., and N are listed in the legend of each panel.
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Fig. B.2. Same as Fig. B.1 but for HD 61827, HD 63804, HD 73882, HD 80558, HD 144217, HD

Wavelength (4)

147683, HD 147888, and HD 147889. For

HD 61827, synthetic spectra for individual velocity components are shown in orange and blue.
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Fig. B.3. Same as Fig. B.1 but for HD 147933, HD 148184, HD 149404, HD 149757, HD 152248, HD 154043, HD 154368, and HD 161056. For
HD 149404 and HD 161056, synthetic spectra for individual velocity components are shown in orange and blue.
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Fig. B.4. Same as Fig. B.1 but for HD 169454, HD 179406, HD 185859, HD 186745, HD 186841, HD 203532, and HD 210121. For HD 186841,
synthetic spectra for individual velocity components are shown in orange and blue.

A6, page 28 of 31



Fan, H., et al.: A&A, 681, A6 (2024)

I e B S B S A ;
Ely x non-C; sightlines

m G sightlines

W(5780)/W(5797)
T

+

*
*

»
+
|

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
fr2

Fig. C.1. Behaviour of the W(5780)/W(5797) ratio at different fy, values. The DIB measurements are gathered from Fan et al. (2017). The sightlines
with and without C,/C; detections are highlighted in different colours. We find the C, sightlines are mostly { types that trace the denser interiors
of the ISM clouds.

Appendix C: Physical conditions of C, sightlines

Figure C.1 compares the equivalent widths ratio between DIBs A4 5780 and 5797 (W(5780)/W(5797)) among the C, and non-C,
sightlines. The C; sightlines tend to have smaller W(5780)/W(5797) ratios and large mass fraction of molecular hydrogen (fi1»), both
of which are characteristic for {-type sightlines (e.g. Vos et al. 2011; Kos & Zwitter 2013).

Table C.1. Best-fit parameters of the C, model in our 40 sightlines, and literature values for comparison.

This Work Literature
Sightline” Txin n N b Uoffb Txin n Ref
(K) (cm™) (10 em™) (km-s") (km-s7) (K) (cm™3)

HD 22951¢ | 50. 0+28 zZ 123. 6“l 3 0. 84+° 06 2. 67+° 30 12. 9+1 z
HD 23016¢ | 17. 0*_1215‘ 177. 9+}§g 0. 59t8 81 0. 32t3 33; 18. 0+{ {
HD 23180 37.7+3:3 193.1+%% 2.49+004 237842 13.3%11 50 200t255(§’ [1]
HD 24398 51. l+5 3 168. 4*5 3 2. 08*0 05 1. 53*0 08 13. 9+1 ‘ 50 150729 [1]
HD 27778 | 40. 1t}g 202. 8+33 3. 39+0 SR 40t8 83 15. 33 } 50+10 20032 [1]
HD 41117 50.9+10 290.07:% 1. 12*0 03 1.45+6.88 1515}
49. 0+19 4 190. 7+23 9 0. 69+0 04 2. 56+0 22 0. 7+1 %
HD 45314 | 39. Stgi 257. 6+9 ! 2. 18+0 06 2. sztg ?3 18. 3+{ !
HD 54239¢ | 69.9*126  899. 3*100 2 0.41 *0 ‘)5 107534 17.6+13
HD 61827 43, 2“0 341. 5+91 451*005 173*004 41. 8*10
50. 8+() 6 290. 6+4 6 3. 80+0 05 1 53+0 05 35. 8+1 0
HD 63804 | 467°017 277918 721908 347308 355+l
HD 73882 16. 6JrO 3 452, 7Jr8 ] 4. 27*0 03 0. 75*0 04 22. lJr1 8 205 35089 [1]
HD 80558 | 65. 532 254. 6+9 S 27+g 3‘; 2. ostg 3§ 19. 5+} }
HD 112272 | 48.5%37 169. 3*64 1467504 1.39+5:12 5.1+
47. 6*3% 136. 2*74 0. 92+0 04 14178 12 -9.8+11 y
HD 147084 | 42202 132, 4_+70229 2.01 jg gg 1. 13tg o5 7, 13 g 35410 150*2 2]
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37443 601678 313339 0225390 -6.0%}9
HD 147683 264%3%  23097¢ 2210087 L12:30E -1l | 5545 95 [3]
HD 147888 417+ 2160744 1.89+99F 1301005 _8.4+10 | 5545 200432 (1]
HD 147889 409433 241.3+0¢ 12522002 0950  -7.8+0 | 392 199+7  [4]
HD 147933 349413 2090+ 2.5109% 112739 -8.6119 [5]
HD 148184 44829 205.674%F 3135097 04209 -11.7:18 | 45+ 209+60  [4]
50+15 150710 (1]
HD 148937 447453 153.6%58  1.21%9% 2524017 -14.6)
HD 149404 42.8+49  186.4%%3  0.8470%3  1.00%%13  -0.1%}!
5638 2604432 0.80*39  1.31+012  -18.9+11
HD 149757 42.6+15  184.337  1.88:3%1 099109 -14.7+19 | 43£19  177+55  [6]
20«10 25075 [7]
30£10 25020 [7]
50+ 5 15032 [1]
HD 152248 3454¢  190.5478  1.04+99  1.08+912  2.0*!!
HD 154043 43.9+14 204243 222¢004 1754005 1] 3+10
HD 154368 241708 226.4*20  511#9% 0.97:004  28+10 | 3042 20448  [6]
2045 150539 [1]
HD 161056 455598 201.23 530708 2.24708% 131+
507498 29L.6*%F 192839 160739  -19.0*13
HD 165319 79.1%126 1977486 1157003 142+049 15+l
HD 167971 39.968  171.4+3%  1.85*006  3.83+031  _12.9+12
37.00%0%  164.0%0¢  0.80*9%¢  2.84%332  -1.9+12 [5]
54.8t19  320.1%%2  1.80*0%  2.35+002 111+l
HD 169454 18.0202  369.0%%1 67433 0.66:303 -8.7:19 | 19£2  326x17  [4]
2045 200530 (1]
25 400+100  [8]
HD 170740 332438 172043 159599 176095 8.8+l | 219 161x16  [6]
HD 170938 540593 141.9%13  131%0%  2.49+%1¢ 9.3+
HD 171957 440139 194.5*%7 098400 09801 4.7t}
HD 179406 35.740% 2511733 495300 139+ 12,0119 | 38+9  251+83  [4]
+13.5 +20.3 +0.19 +0.12 +1.2
P IR i) 240278 Lo0RE  roRnd  an) o]
~=59 =246 YV-0.05 +79-0.21 =12
HD 185418 31.673F 1313787 1.48:0%0  2.74+31%  -10.6]]
HD 185859 441408 202,513 224408 1.18+3%  -7.5%19
HD 15674 Dol il sl Lol 0ol
' ;128 218.2;;‘% 5.25:(())'.(())55 1.84;8:(1)3 _11. 474-1f.10
HD 186841 ;71851(1)3 270 '7;12i.53 1'50;8:(% 0.9218:(1)?) -5 '6+_1|A410
*O-13.1 +1-10.3 +~V-0.03 +7<-0.14 V1.1
HD 203532 39.5419  247.743¢ 39883 130783  15.271 | 30+10 210 [3]
HD 210121 41.8*08  330.2%29  530%006  0.87*302  -13.70 | 45+5 2001 1]
HD 23478 30+ 10 190 (3]
HD 24534 4510 200t (1]
HD 28975 30 125 [9]
HD 29647 10 > 175 [9]
14+8  350*%  [10]
HD 62542 40+5 250139 [11]
30£10  350{%  [1]
HD 76341 34+20  300£200 [4]
HD 80077 35 600+300  [8]
20£5 20000 (1]
HD 114213 25 400+100  [8]
HD 115842 53430 2424217 [6]
HD 136239 2945 226£30  [6]
HD 148379 38427 152477  [6]
HD 151932 3348 163+20  [6]
HD 152236 2747  176+24  [6]
HD 154445 18+18 10117  [6]
HD 163800 38+15  169+43  [4]
HD 172028 30 300+100  [8]
4010 25019 [1]
HD 177989 20 210 [3]
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HD 198781 55+45 <45 [3]
HD 200775 15+5 20032 [1]
HD 204827 40+5 30039 [1]
HD 206267 35+5 25010 [1]

30+10 280 [3]
HD 207198 60+10 200 [1]
HD 207308 3515 190 [3]
HD 207538 35+15 150+% [1]
HD 208266 10 210 [3]
HD 210839 30 10032 [1]
HD 220057 90 165 [3]
BD+66° 1661 35£10 700200 [12]
BD+66° 1674 60+10  800+400 [12]
BD+66° 1675 35£10 700200 [12]
Cyg OB2 5 50 300+£100  [13]

3515 150+32 [1]
Cyg OB2 12 35 300+ 50  [13]

40+15 200*%3 [1]
Cyg OB2 12, Comp. 2 30+5 1007 [14]
Cyg OB2 12, Comp. 3 25+5 125+7 [14]
SN2008fp 30 250 [15]
Cernis 52 4010  250+50  [16]
Sk 143 25 600 [17]

References. [1] Sonnentrucker et al. (2007); [2] van Dishoeck & Black (1989); [3] Hupe et al. (2012); [4] KaZmierczak et al. (2010a); [S] Thorburn
et al. (2003); [6] KaZmierczak et al. (2010b); [7] Crawford (1997) [8] Gredel (1999); [9] Federman et al. (2021); [10] Hobbs et al. (1983); [11]
Welty et al. (2020); [12] Gredel (2004); [13] Gredel et al. (2001); [14] Hamano et al. (2019); [15] Cox & Patat (2014); [16] Iglesias-Groth (2011);
[17] Welty et al. (2013)

Notes. The last part of the table (below the line) contains literature values only, and only for sightlines for which both Ty;, and n are determined.
@For sightlines that harbour multiple velocity components, the best-fit results are listed for each component in separate entries. ®Relative to the
barycentric frame.

©Tentative detection where no individual transition reached the 3¢ detection limit.
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