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ABSTRACT

Context. Diffuse interstellar bands (DIBs) are important interstellar absorption features of which the origin is still debated. With the
large data sets from modern spectroscopic surveys, background stars are widely used to show how the integrated columns of DIB
carriers accumulate from the Sun to great distances. To date, studies on the kinematics of the DIB carriers are still rare.

Aims. We aim to make use of the measurements from the Giraffe Inner Bulge Survey (GIBS) and the Gaia—ESO survey (GES) to
study the kinematics and distance of the carrier of DIB 48620, as well as other properties.

Methods. The DIBs were detected and measured following the same procedures as in Zhao et al. (2021, A&A, 645, Al4; hereafter
Paper I), assuming a Gaussian profile. The median radial velocities of the DIB carriers in 38 GIBS and GES fields were used to trace
their kinematics, and the median distances of the carriers in each field were estimated by the median radial velocities and two applied
Galactic rotation models.

Results. We successfully detected and measured DIB 28620 in 760 of 4117 GES spectra with [b]<10° and signal-to-noise ratio
(§/N) > 50. Combined with the DIBs measured in GIBS spectra (Paper I), we confirmed a tight relation between EW and E(J — K5s)
as well as Ay, with similar fitting coefficients to those found by previous works. With a more accurate sample and the consideration of
the solar motion, the rest-frame wavelength of DIB 18620 was redetermined as 8620.83 A, with a mean fit error of 0.36 A. We studied
the kinematics of the DIB carriers by tracing their median radial velocities in each field in the local standard of rest (Vi sr) and into the
galactocentric frame (Vgc), respectively, as a function of the Galactic longitudes. Based on the median V} sg and two Galactic rotation
models, we obtained valid kinematic distances of the DIB carriers for nine GIBS and ten GES fields. We also found a linear relation
between the DIB 48620 measured in this work and the near-infrared DIB in APOGEE spectra at 1.5273 um, and we estimated the
carrier abundance to be slightly lower compared to the DIB 115273.

Conclusions. We demonstrate that the DIB carriers can be located much closer to the observer than the background stars based on the
following arguments: (i) qualitatively, the carriers occupy in the Galactic longitude—velocity diagram typical rotation velocities of stars
in the local Galactic disk, while the background stars in the GIBS survey are mainly located in the Galactic bulge; (ii) quantitatively,
all the derived kinematic distances of the DIB carriers are smaller than the median distances to background stars in each field. A
linear correlation between DIB 48620 and DIB 115273 has been established, showing similar carrier abundances and making them
both attractive for future studies of the interstellar environments.

Key words. ISM: lines and bands — ISM: kinematics and dynamics — dust, extinction — Galaxy: bulge

1. Introduction

Diffuse interstellar bands (DIBs) are a set of absorption features
that can be observed nearly everywhere in the spectra from opti-
cal to infrared wavelengths. DIBs were first observed in 1919
(Heger 1922) and then named and definitively determined as
interstellar features in the 1930s (Merrill & Wilson 1938). Strong
optical DIBs, such as the famous 45780 and 45797 (Heger 1922)
and 16284 and 16614 (Merrill 1930), were discovered and stud-
ied first. Then, with the increase of spectral resolution, more and

*Full Table 1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/654/A116

more DIBs, especially weak features, were reported. An exam-
ple mentioned in Kretowski (2018), a recent review, was that in
the spectral window 5700-5860 A, Heger (1922) mentioned two
DIBs, Herbig (1975) mentioned five, and after, with Hobbs et al.
(2009), the number increased to 30. In the latest published cat-
alog (Fan et al. 2019), this range contained 51 DIBs. Of course,
most of them are very weak features that can only be detected in
high-resolution, high signal-to-noise (S/N) spectra. DIBs were
also discovered at infrared bands (e.g., Cox et al. 2014; Hamano
et al. 2015; Galazutdinov et al. 2017a) and in distant galaxies
(Monreal-Ibero et al. 2015, 2018).

The most important topic with regard to the DIBs is
the identification of their carriers, which is usually described
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as “the longest-standing unsolved mystery in astronomical
spectroscopy” (see Zack & Maier 2014; Tielens 2014; Geballe
2016, and Kretowski 2018 for recent reviews). Today, carbon-
bearing molecules, such as carbon chains (Maier et al. 2004),
polycyclic aromatic hydrocarbons (PAHs, Omont et al. 2019),
and fullerenes (Omont 2016), are thought to be the most likely
candidates for the DIB carriers. As the direct comparison
between the observations and the laboratory predictions is very
difficult, buckminsterfullerene (C,) is the first and only iden-
tified DIB carrier for five near-infrared (NIR) DIBs (Campbell
et al. 2015, 2016a,b; Walker et al. 2016, 2017; Cordiner et al.
2017, 2019; Campbell & Maier 2018; Lallement et al. 2018;
Linnartz et al. 2020), although some debates still exist (e.g.,
Galazutdinov et al. 2017b, 2021). Besides the laboratory investi-
gations, modern spectroscopy also provides observational clues
for the carrier research. Mutual correlations between different
DIBs (e.g., McCall et al. 2010; Friedman et al. 2011; Elyajouri
et al. 2017) facilitate the estimation of a single carrier for a
set of DIBs, although it is still too early to conclude the same
origin for any pair because of the variation of their strength
ratio (Kretowski et al. 2016). Elyajouri et al. (2018) reported a
tight correlation between the strength of the so-called C,-DIBs
(Thorburn et al. 2003) and the C;, column density, which is very
different from other non-C, DIBs. They also discovered sub-
structures for at least 14 C,-DIBs, which may reveal information
about the rotational branches of the carriers. It should be noted
that although dust grain lost its qualification as the carrier candi-
date (see e.g., Cox et al. 2007, 2011; Xiang et al. 2017), the tight
correlation between the DIB strength and interstellar extinction
for many strong DIBs (e.g., Lan et al. 2015) means that the DIB
carriers are well mixed with the interstellar dust grains.

The studies related to the DIB carriers focus on their phys-
ical identifications, while very few works pay attention to the
kinematics and distances of the DIB carriers. As the statistical
research was not available during the early studies, which usu-
ally made use of only a few to tens of spectra, the unresolved
carriers alleviate the importance and necessity of the kinematic
study. However, kinematic research benefits from the large spec-
troscopic surveys and can reveal the rotation curve of the DIB
carriers, such as the longitude—velocity diagram built for the
NIR DIB 115273 (Zasowski et al. 2015) based on the APOGEE
spectra (Eisenstein et al. 2011). The three-dimensional (3D) dis-
tribution of the DIB carrier is revealed by modern spectroscopic
surveys (e.g., Kos et al. 2014; Zasowski et al. 2015). Further-
more, DIBs are also proven to be good tracers of Galactic arms
(Puspitarini et al. 2015; Puspitarini & Lallement 2019). In this
work, we aim to establish a kinematic study of the DIB 18620
(although the rest-frame wavelength, A, for this DIB is larger
than 8620 A, we still call it DIB 48620 for brevity) and estimate
the kinematic distance of its carrier.

The DIB 18620 was first observed in the spectrum of the
star HD 183143 (Geary 1975) and then confirmed as an inter-
stellar band by Sanner et al. (1978), who further reported
Ap=8620.7+0.3 A and derived a linear correlation between the
DIB strength and E(B-V). Later on, various A, were mea-
sured by different works: 8620.75 A (Herbig & Leka 1991),
8621.2 A (Jenniskens & Desert 1994), 8620.8 A (Galazutdinov
et al. 2000), and 8620.18 A (Fan et al. 2019). In the new cen-
tury, DIB 18620 attracts more attention because it is within the
spectral window of the RAdial Velocity Experiment (RAVE) sur-
vey (Steinmetz et al. 2006). A tight correlation with E(B—V)
was confirmed by Munari et al. (2008) using 68 hot stars
from RAVE, and 1y = 8620.4 + 0.1 A was suggested. Moreover,
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Kos et al. (2013, 2014) built the first pseudo-3D intensity map
for DIB 18620 using ~500 000 RAVE spectra. The correlation
between the DIB strength and interstellar extinction was also
studied by Wallerstein et al. (2007), Puspitarini et al. (2015), and
Damineli et al. (2016). Nearly all the linear coefficients derived
by different works are slightly different from each other, but most
of them still correspond with each other considering the uncer-
tainties. Zhao et al. (2021, hereafter PaperI) developed a set
of procedures for automatic detection and measurement of the
DIB 18620 in a spectral window between 8605 and 8640 A. The
DIB quantities, depth, width, central wavelength (A¢), and equiv-
alent width (EW), can be measured from the Gaussian profile,
together with their uncertainties and the quality flag (QF), which
evaluates the reliability of the fit. The procedures were tested
with 4797 low-resolution spectra from the Giraffe Inner Bulge
Survey (GIBS; Zoccali et al. 2014), a survey of red clump (RC)
stars in the Galactic bulge. We derived the EW-E(J — Kg) linear
relation in three ways by the median quantities in reddening bins,
in observational fields, and with a pure RC sample (see Table
1 and Sect. 4.1 in PaperI for details). The recommended result
was E(J — Kg)=1.884 (£ 0.225) x EW - 0.012 (+ 0.072), which
was a medium value in comparison with other results and clos-
est to Munari et al. (2008), under the conversion with a specific
extinction law.

In this paper, we continue to study the kinematics and dis-
tance of the carrier of DIB 18620, with high-quality results from
the GIBS samples used in Paper] and new samples from the
Gaia—ESO Spectroscopic Survey (GES; Gilmore et al. 2012). In
Sect. 2, we describe the spectra used in this work and define
the fields for further analysis. The linear relation between EW
and extinction is derived and discussed in Sect. 3. Section 4
presents the kinematic studies of the DIB carriers. The esti-
mation of the carrier distance is introduced and discussed in
Sect. 5. In Sect. 6, a rough comparison between DIB 18620 and
DIB 415273 is made to study their possible correlation. The main
conclusions are summarized in Sect. 7.

2. Samples and fields

Giraffe Inner Bulge Survey (GIBS) is a dedicated survey to study
the kinematics and chemistry of RC stars in the Galactic bulge
(Zoccali et al. 2014). In Paper I, we constructed a pure RC sam-
ple applying an additional criterion where we consider stars only
to be on the RC if their J — K5 colors lie within 10~ width of the
peak of the RC J — K (see Paper I, Appendix A for more details).
This guarantees, as discussed in Paperl, a pure RC sample,
and avoids contamination by foreground dwarfs and/or red giant
branch (RGB) stars. In addition, we applied a cut of S/N > 50
to ensure high-quality measurements. Finally, our working sam-
ple consists of 1780 DIBs distributed in 20 GIBS fields in total.
The DIB measurements of the first ten GIBS targets are shown
in Table 1.

Gaia-ESO (GES) is a public spectroscopic survey targeting
all the major components of the Milky Way with the purpose of
characterizing the chemistry and the kinematics of these popula-
tions. A detailed description of the data processing and general
characterization of the data set can be found in Gilmore et al.
(2012). For this paper, we used the official public data release
DR4! and the high-resolution grating HR21 centered at 8757 A

I https://www.gaia-eso.eu


https://www.gaia-eso.eu

H. Zhao et al.: The diffuse interstellar band around 8620 A. IL.

Table 1. Fit results of DIB 28620 in the GIBS and GES data sets, as well as extinction, distance, and radial velocity of the background stars.

Target ID Source £ b Ac terr® ocxer® EWzer® EU-K9)® dy® Vg
) ) (A) (A) (A) (mag) (kpe) (kms™)

06432248-0046204 GES -14730 -2.15 8622.46+0.02 0.80+0.03 0.063 +0.026 0.21 2.45 -5.62
06432400-0046576 GES -14729 -2.15 8616.15+0.07 1.89+0.12 0.107 £0.023 0.19 3.24 171.91
06432685-0047112 GES -14728 -2.14 8620.20+0.25 1.80+0.23 0.120+0.008 0.22 3.09 54.54
06433215-0055203 GES -147.15 -2.18 8621.57+0.03 0.72+0.04 0.149 +=0.045 0.26 0.55 11.40
06433789-0047286 GES -147.25 -2.10 8620.37+0.24 1.85+0.12 0.146+0.012 0.25 5.22 64.12
06434241-0052100 GES -14718 -2.12 8621.57+0.02 0.78+0.04 0.069 +0.021 0.13 1.11 12.63
06434513-0103076 GES -147.01 -2.19 8619.63+0.08 1.43+0.07 0.109 +0.028 0.25 4.33 69.55
06434800-0051432 GES -14717 -2.09 8619.81+0.20 2.11+0.29 0.194+0.018 0.35 5.58 65.63
06435592-0057034 GES -147.08 -2.10 8618.98+0.03 0.74+0.07 0.052+0.007 0.21 2.08 97.97
06435624-0040198 GES -14732 -198 8621.36+0.06 1.66+0.05 0.135+0.010 0.18 1.50 36.71
LRp8p4_F1_4094 GIBS 8.32 431 8622.01+£036 1.74+0.38 0.169 +0.050 0.46 7.56 -38.34
LRp8p4_F1_4343 GIBS 8.34 439 8623.98+0.46 1.88+0.49 0.102+0.034 0.48 7.24 -7.38
LRp8p4_F1_4355 GIBS 8.36 436 8622.18+0.28 1.42+0.34 0.146 +0.006 0.52 7.29 -36.61
LRp8p4_F1_4379 GIBS 8.38 432 8624.13+0.38 1.70+0.43 0.117+0.015 0.40 7.80 -137.54
LRp8p4_F1_4393 GIBS 8.40 4.35 8620.88+0.45 1.81+0.45 0.129+0.028 0.44 7.81 -7.85
LRp8p4_F1_4399 GIBS 8.41 439 8614.71+0.40 1.53+0.41 0.145+0.044 0.49 7.76 182.51
LRp8p4_F1_4400 GIBS 8.41 435 8622.18+0.29 1.59+0.40 0.243+0.022 0.44 7.25 -22.18
LRp8p4_F1_4422 GIBS 8.33 428 861435+0.41 1.52+042 0.109+0.017 043 8.07 189.82
LRp8p4_F1_4424 GIBS 8.34 428 8623.01+047 2.00+0.44 0.186+0.022 0.41 7.75 13.02
GIBS 8.37 425 861893+0.39 1.68+0.56 0.118+0.018 0.41 722 68.52

LRp8p4_F1_4444

Notes. Full table can be accessed at the CDS. (V¢ € +180°. @Measured central wavelength in the stellar frame. @ The width of the DIB profile.
@Equivalent width. ® E(J — Ks) is from R17 for GES targets and from S20 for GIBS targets. ®Distances to the background stars; see Sect. 5.2 for

details. (" Stellar radial velocity in the heliocentric frame.

with a spectral resolution of R ~ 16 200 on the GIRAFFE spec-
trograph. We restricted our sample within 5| < 10° and S /N > 50,
which gives a total of 4117 spectra.

The stellar parameters of the GES stars were estimated by
applying the MATISSE (Recio-Blanco et al. 2006, 2016) param-
eterization algorithm to the corresponding spectra, refining the
results thanks to the GAUGUIN procedure (Bijaoui 2012; Recio-
Blanco et al. 2016). On one hand, MATISSE is a projection
method for which the full input spectra are projected into a
set of vectors derived during a learning phase, based on the
noise-free reference grids. These vectors are a linear combina-
tion of reference spectra and could be viewed roughly as the
derivatives of these spectra with respect to the different stel-
lar parameters. MATISSE is thus a local multi-linear regression
method. On the other hand, GAUGUIN is a classical local opti-
mization method implementing a Gauss—Newton algorithm. It
is based on a local linearization around a given set of parame-
ters that are associated with a reference synthetic spectrum (via
linear interpolation of the derivatives). A few iterations are car-
ried out through linearization around the new solutions, until the
algorithm converges toward the minimum distance. In this appli-
cation, GAUGUIN is initialized by the MATISSE parameters
solution.

Both parameterization algorithms together with the DIB
measurement rely on a grid of synthetic spectra specifically com-
puted for FGKM-type stars analyzed by GES. This grid contains
high-resolution synthetic spectra over the spectral range 845—
895 nm. It covers metallicities from [M/H]=-5.0 to +1.0dex
and variations in [a/Fe] (five values for each metallicity). The
grid computation adopted the same methodology as the grid

computed for the AMBRE project (de Laverny et al. 2013) and is
described in de Laverny et al. (2012). We remind the reader that
it is based on the MARCS model atmospheres (Gustafsson et al.
2008) and the Turbospectrum code for radiative transfer (Plez
2012). For the present application, we adopted the GES atomic
and molecular line lists (Heiter et al. 2021) and a microturbu-
lence velocity that varies with the atmospheric parameter values
(empirical relation adopted within GES, Bergemann 2021, in
prep).

The DIBs in GES spectra were detected and measured by the
procedures developed in Paper I. We were able to recover 1 760
DIBs in tota with QF > 0. The fit results for the first ten GES
targets are shown in Table 1, and the full catalog can be accessed
online. A fit example is shown in Fig. 1. Due to the DIBs’ sparse
sampling, we manually defined 18 GES fields with at least ten
stars in each field (see Fig. 2).

In total, our combined GIBS and GES sample consists of
20 GIBS fields and 18 GES fields. Figure 2 shows the spatial
distribution of the fields, overplotted with the extinction map of
Schlegel et al. (1998, hereafter SFD), calibrated by Schlafly &
Finkbeiner (2011). Table 2 lists the central coordinates and radii
of each field, together with the number of DIBs in them.

3. Equivalent width and extinction

The tight linear correlation between EW and interstellar extinc-
tion for DIB 48620 has been reported in many works (e.g.,
Wallerstein et al. 2007; Munari et al. 2008; Kos et al. 2013;
Puspitarini et al. 2015) and also plays an important role in
the study of the property of the DIB carrier. In Paperl,
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Fig. 1. Fit of the DIB 18620 in the spectrum of the GES target
06440722-0055038. Upper panel: black and blue lines show the
observed and synthetic spectra, respectively. Lower panel: black line is
the renormalized interstellar spectrum. The red line represents the fitted
Gaussian profile. The measured EW, central wavelength (A¢), and width
(o) are also indicated.

we derived a linear relation of E(J — Ks)=1.884(+0.225) x
EW —-0.012 (£ 0.072) with a pure RC sample, where EW was the
median value in each GIBS field and E(J — Ks) in each field was
derived based on the peak color estimated by the VVV-DR2 cat-
alog (Minniti et al. 2017) and intrinsic color given by Gonzalez
et al. (2011). In this section, we briefly describe our measure-
ments of the EW and the E(J — Kg) for the GES targets, while
we use the results from Paper I for GIBS targets.

3.1. EW measurement

As the DIB profile is fitted by a Gaussian function in our pro-
cedures, the EW can be calculated by the fitted depth (D) and
width (o), EW = V27 D o. The error of EW is estimated using
the same method as described in Paper I, considering the contri-
bution of both the random noise (i.e., S/N) and the error based
on the discrepancy between the observed and the synthetic spec-
trum. Puspitarini et al. (2015) also analyzed the DIB 48620 in
162 GES spectra. Due to the low S/N of these spectra, only
43 passed our quality-flag criteria (QF > 0). Figure 3 shows the
comparison of the EW for these 43 stars where Puspitarini et al.
(2015) systematically obtained slightly larger EW than the result
in this work, with a mean difference of 0.031 A and a standard
deviation of 0.022 A. The mean difference is similar to the aver-
age error of EW in this work (0.020 A) and in that of Puspitarini
etal. (2015, 0.045 A). The systematic difference might be caused
by the use of different synthetic spectra in Puspitarini et al.
(2015) and this work. Specifically, the synthetic model used in
Puspitarini et al. (2015) was based on an the ATLAS 9 model
atmosphere and the SYNTHE suite (Kurucz 2005; Sbordone
et al. 2004; Sbordone 2005), which is different from the MARCS
model atmospheres (Gustafsson et al. 2008) used in this work.
The different fit methods also contribute to the discrepancy in
EW, that is we applied a Gaussian fit to the DIB profile, while
Puspitarini et al. (2015) fitted the DIB feature with an empirical
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model averaging the profiles detected in several spectra based on
the data analysis reported by Chen et al. (2013).

3.2. Extinction

The distances to and the individual reddenings of the GES stars
were calculated by the spectro-photometric method described in
Rojas-Arriagada et al. (2017, hereafter R17), using the stellar
parameters (Teg, logg, [Fe/H]) with the corresponding errors
together with the PARSEC isochrones (Marigo et al. 2017).
The extinction of our GIBS sample was derived by the high-
resolution extinction map from Surot et al. (2020, hereafter
S20) using RGB+RC stars from the VVV survey (Minniti
et al. 2010). We refer the reader to Paper] for a more detailed
description. Figure 4 shows the comparison between E(J — K5s)
calculated by R17 and S20 for 1626 GES sample stars with
[€] < 10°. The derived E(J — Kg)r17 is systematically larger than
that of E(J— Kg)sp0 with a mean difference (R17 — S20) of
0.056 mag and a standard deviation of 0.082 mag. As this dif-
ference between R17 and S20 is smaller than the variation of
E(J — Ks) in each field, we did not attempt to correct for this.

3.3. Correlation between EW and extinction

Figure 5 shows the correlation between EW and E(J — Ks) for
the individual GES targets (left panel) and the median values
for each field (right panel). Although a large dispersion is found
for individual measurements, the median EW and E(J - Kg)
for each field present a tight correlation with a Pearson cor-
relation coefficient (rp) of 0.91. The linear relation is derived
as E(J — Kg)=1.842(+£0.203) x EW —0.005 (+ 0.023), which is
highly consistent with the relation recommended by Paper I for
the GIBS fields (the dashed green line in Fig. 5), even when
taking into account the different resolutions between the GES
(R~16200) and GIBS (R=6500) spectra and the difference
between E(J — Ks)r17 and E(J — Ks)spo. For the latter, the rea-
sons are 1) the recommended relation in Paperl was derived
using an RC-based E(J — Kg) (which is not from the S20 map),
although E(J — Ks)szo was used for GIBS individual targets. We
emphasize here again that in PaperI we derived the relation in
three ways, two of them were based on the median E(J — Ks)s»o
in each field, but the preferred one used the RC-based E(J — K5s);
and 2) we applied a cut of E(J — Kg)>0.25mag as described
in Paperl, and the typical E(J— Ks)r;7 of GES fields are
within 0.3 mag as they are located at higher Galactic latitudes
(see Fig. 2). Thus, the two relations were derived in different
E(J — Ks) ranges. Their consistency might indicate a decrease
of the difference between R17 and S20 for higher E(J — Ks). For
the further analysis, we use as in PaperI the median quantities
for each GES field rather than the individual measurements.
Additionally, we also find a linear relation (r,=0.88)
between EW and Ay derived from the SFD map with a calibra-
tion by Schlafly & Finkbeiner (2011), except for the GIBS field
#7 located at (¢, b) =(8.5°, —1.9°), where the corresponding Ay
is clearly overestimated (see Fig. 6). This outlier is due to the fact
that at low galactic latitudes, the SFD map may not be reliable.
Indeed, a comparison with S20 reveals much lower extinction
values for this field (Ay ~4 mag). The linear fit yields a coef-
ficient of Ay/EW =10.733 £0.972. With the relation in NIR
band E(J — Ks)/EW =1.884, we obtain E(J — Kg)/Ay =0.176,
slightly higher than the ratio of 0.170 predicted by the CCM
model (Cardelli et al. 1989) with Ry = 3.1. On the other hand, the
tight correlation with extinction makes DIB 18620 a powerful
tracer of any possible extinction law variation for different
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Fig. 2. Locations of 20 GIBS observational fields (red dots) and 18 GES selected fields (blue dots), overplotted on the extinction map of Schlegel

et al. (1998) calibrated by Schlafly & Finkbeiner (2011).

Table 2. Selected GIBS and GES fields.

Field (o, bo) Radius  Source DIB  dyeiar et RRAM Lorr@  RMOZY 4 opr ™ g + err™
Nr ) ) Nr (kpc) (kpc) (kpc) (kpc)

1 (8.5,4.3) 0.2 GIBS 123 7.68+041 4.69+0.45 4.87+0.36 3.57+0.48
2 (5.0.4.4) 02 GIBS 116 730+037 _ _ _

3 (-0.7,4.5) 0.2 GIBS 116 9.04 +0.47 6.99 +4.59 6.97+1.74 -

4 (-3.4,4.5) 0.1 GIBS 107 8.58 +0.44 5.06+1.30 533+1.12 3.17+1.19
5 (-7.17,4.5) 0.2 GIBS 101 9.23+0.50 7.65+1.04 7.67 +0.88 -

6 (-0.3,-1.4) 0.2 GIBS 205 7.44 +0.91 - - -

7 (8.5,-1.9) 0.1 GIBS 54 7.45+0.55 6.48 047 6.44+0.39 1.80+0.48
8 24,-2.2) 0.1 GIBS 99 7.80+0.46 4.18+£0.98 4.67+0.86 3.86+0.99
9 0.3,-2.1) 0.1 GIBS 171 7.58 +0.81 - - -

10 (-4.9,-2.0) 0.1 GIBS 128 9.05+0.33 6.80+0.66 6.64 +0.52 1.50+0.62
11 (-7.5,-2.0) 0.2 GIBS 105 9.16 +0.46 7.17+0.57 7.01+0.45 0.93+0.52
12 (-8.5,-6.1) 0.2 GIBS 63 7.49 +0.43 498 +1.04 5.18+0.95 3.22+1.03
13 (4.0,-6.0) 0.2 GIBS 48 7.54+1.10 - - -

14 (-4.0,-6.0) 0.2 GIBS 88 9.24 +0.65 7.86+3.13 7.63+1.36 -

15 (-8.0,-6.0) 0.2 GIBS 55 9.45+0.91 11.48 +3.97 8.82+0.97 -

16 (8.3,-8.5) 0.2 GIBS 54 7.44+047 4.56+0.78 4.81+0.66 3.72+0.81
17 (3.9,-8.6) 0.2 GIBS 55 7.14+0.38 - - -

18 (-0.4,-8.5) 0.2 GIBS 52 7.47+£0.35 - - -

19 (-3.4,-8.6) 0.2 GIBS 20 9.91+0.46 5.25+4.37 5.80+2.03 -

20 (-71.7,-8.5) 0.2 GIBS 20 9.29 +0.62 4.60 +2.55 5.34+1.73 3.49+1.78
21 (-147.2,-2.0) 0.2 GES 22 2.84 +1.47 9.95+0.33 9.73+0.17 2.07 +0.37
22 (-33.4,4.8) 0.2 GES 91 8.80+1.67 6.80+0.20 6.66 +0.06 1.76 £0.27
23 (-25.8,5.0) 0.2 GES 48 6.10+1.70 7.53+0.26 7.38+0.13 0.74+0.29
24 (-27.7,8.7) 0.2 GES 19 5.84+2.09 8.35+043 8.20+0.36 -

25 (-13.2,-5.5) 0.2 GES 28 5.63 +2.80 8.52+0.67 8.38 £ 0.57 -

26 (-9.8,-8.2) 04 GES 44 5.21+1.98 9.67 +1.47 9.08 +0.68 -

27 (-6.7,-6.2) 0.3 GES 24 5.24 +1.81 6.41 +1.37 6.58 +1.14 1.80+1.02
28 (-3.7,-5.2) 0.2 GES 16 477+2.11 - - -

29 (1.0,-3.9) 0.3 GES 91 4.86+2.13 - - -

30 0.2,-6.2) 0.2 GES 12 6.78 +2.05 - - -

31 (-0.8,-9.5) 0.2 GES 13 4.06+1.52 - - -

32 (6.0,-9.7) 0.3 GES 40 3.18+1.97 8.38+1.53 8.19+0.97 -

33 (6.8,-8.8) 04 GES 24 5.02+1.74 4.90 +0.88 5.17+0.78 3.47+0.91
34 (7.7,-6.0) 0.2 GES 27 462+1.14 6.69 +0.90 6.81 +0.84 1.43+0.77
35 (37.5,-8.7) 0.3 GES 41 5.04 +2.06 7.64 +£0.32 7.50+0.24 0.65+0.39
36 (38.8,-6.8) 0.3 GES 25 3.27+2.16 6.76 +0.38 6.70 +0.31 1.88 +0.57
37 (37.8,-6.7) 0.8 GES 112 3.18+2.29 7.15+0.24 7.04+0.14 1.34+0.34
38 (37.1,-7.7) 0.5 GES 83 2.99+1.99 7.00+0.27 6.92+0.18 1.50+0.38

Notes. ("Median stellar distance in each field. ®Galactocentric distance of the DIB carrier, calculated by the field-median V; sz and Reid et al.
(2019) rotation model. ®Galactocentric distance of the DIB carrier, calculated by the field-median Vigg and Mréz et al. (2019) rotation model.
@ Line-of-sight distance of the DIB carrier, derived by RE91°, field-median ¢, and Re = 8.15kpc.
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differences between R17 and S20. The red line represents a Gaussian
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lines of sight. However, Kretowski (2018) argued the variation of
the EW/E(B — V) ratio for DIB 48620 by two stars HD 204827
and HD 219287 which have similar E(B — V) but very different
DIB profiles (see Fig. 11 in his paper).

4. Kinematics of the DIB carrier
4.1. Rest-frame wavelength

As the most important observational parameter, the precise DIB
rest-frame wavelength (1) is required for inferring the kinematic
information of the DIB carrier. Although without a physical
identification of the carrier, 1y can be determined with the
empirical assumption that the radial velocity toward the Galactic
center or the Galactic anti-center (see Zasowski et al. 2015) is
essentially null. Similarly to Paper I, 603 DIBs with —3° <b < 3°
and —6° < ¢ < 3° are selected from our pure GIBS sample which
includes only the most reliable measurements (i.e., the error in
EW is small). We obtained a median central wavelength in the
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heliocentric frame of 8620.52 +0.36 A, close to the results of
Paper I and Munari et al. (2008).

However, both of the previous works did not consider the
effect of the solar motion toward the Galactic center. There-
fore, the rest-frame wavelength in the Local Standard of Rest
(LSR) should be derived as Ap= ﬁ - Cops, Where ¢ is the
speed of light, Cyps the measured central wavelength in the
heliocentric frame, and U the solar motion toward the Galac-
tic center. In this work, we assume Uy =10.6 + 1.2kms~! (Reid
et al. 2019, Model AS) which gives a Ay = 8620.83 A that is in
good agreement with the value of 8620.79 A in Galazutdinov
et al. (2000). However, the solar motion Uy can vary between
10.1+1.0kms™! (Mréz et al. 2019), 10.3kms™! (Bovy et al.
2012), 10.6+1.2kms™! (Reid et al. 2019), 10.7+1.8kms™!
(Reid et al. 2014), and 11.1kms~! (Reid & Brunthaler 2004;
Schonrich et al. 2010). For an exhaustive summary of the mea-
surements of the solar motion, we refer the reader to Wang et al.
(2021). We note that a difference of AUy =1kms™! causes an
error of ~0.03 A in Ao, while the typical error of Cops in the fit is
about 0.36 A.

4.2. Distribution of the carrier velocities

We investigate here the radial velocity of the DIB carrier
with respect to the LSR, Visg = Vuc + Vo A, where Vg =
(10.6,10.7,7.6)kms~! is the solar motion fitted by Model A5
of Reid et al. (2019), and A = (cos(b) cos(£), cos(b) sin(¢), sin(b))
is the directional array of the DIB carrier. Figure 7 presents
Visr as a function of Galactic longitude for the GIBS (red cir-
cles) and GES (blue circles) fields, respectively, where we show
the median Vi sr in each field. The error bars show the stan-
dard error of the mean (SEM =o/ VN, N is the sample size)
in each field. Indicated are Galactic rotation curves computed
by Model A5 in Reid et al. (2019) with different galactocentric
radii (Rgc).

Limited by the available sightlines, we cannot find a clear
Galactic rotation from the GIBS/GES fields as seen in Zasowski
et al. (2015, Fig. 8). Moreover, fields with |£] < 10° present a large
velocity dispersion caused by both the fitting errors (an error of
0.36 A in Cops amounts to AVisg ~10kms™!) and the velocity
crowding (Wenger et al. 2018). In Sect. 5, we apply two Galactic
rotation models in order to derive kinematic distance for the DIB
carrier.

4.3. Galactocentric velocity and velocity dispersion

One of the known kinematic characteristics of the Galactic
boxy/peanut bulge is its cylindrical rotation, which has already
been investigated in many studies (see e.g., Ness et al. 2013;
Zoccali et al. 2014; Rojas-Arriagada et al. 2020). This rotation
curve is steeper in the bulge than for the Galactic disk (see e.g.,
Howard et al. 2009; Shen et al. 2010; Zoccali et al. 2014). In con-
trast, the velocity dispersion in the bulge is higher with respect
to the Galactic disk (by a factor of two or more), indicating
more isotropic kinematics. Using these kinematic properties, we
can determine if the DIB carriers are associated with the back-
ground stars or in the foreground disk. Here, we investigate the
validity of this assumption. We use the APOGEE DR 16 data set
(Majewski et al. 2017) as a comparison sample, and in par-
ticular the Galactic bulge sample from Rojas-Arriagada et al.
(2020) with |[£] < 11°, for three different Galactic latitude bins
[b|=1°, 4°, 8°. As shown by Rojas-Arriagada et al. (2020), a
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simple cut at Rgc <3.5kpc ensures a reliable bulge sample,
which we applied.

Furthermore, we define a typical “Galactic disk” sample of
APOGEE within the same longitude and latitude range as the
bulge sample but with line-of-sight distances within 3 kpc. The
distances of our APOGEE stars were calculated by the same
method used in Rojas-Arriagada et al. (2020) using the spectro-
photometric distances together with PARSEC isochrones (Rojas-
Arriagada et al. 2017). Vyc has been transformed to Galacto-
centric velocities (Vgc) using the following formula (e.g., Ness
et al. 2013; Zoccali et al. 2014), where (£, b) are the galactic

60.0 o7 Rgg =1kpe L
40.0 o ot

—_— Rge = 9kpe
% 20.0 S T ¢ L
=, R S a

c% P -9 Rge = 8kpe

22004 T b
—40.0- AR Rcc — Thpe L
~60.0- fige = dkpe -
50.0 0.0 ~50.0  —100.0  —150.0

Galactic Longitude (¢) [deg]

Fig. 7. Longitude—velocity (¢ — Vi sg) diagram for the GIBS (red) and
GES (blue) fields, respectively. The circles indicate the median Vigr
and standard error of the mean for each field. Velocity curves calculated
by Model A5 in Reid et al. (2019) for different galactocentric distances
(Rgc) are overplotted.

coordinates:

Voe =Vuc + 220sin(€) cos(b) 1
+ 16.5[sin(b) sin(25) + cos(b) cos(25) cos(£ — 53)]. M
Figure 8 shows the rotation curves and velocity dispersion
for the APOGEE sample (dashed lines) as well as our DIB mea-
surements (solid lines). The APOGEE stars at different latitudes
are further separated into eight equal longitude bins, where the
median V¢ in each bin is used. Our full sample (GES and GIBS)
has been divided into three groups with |b] <3°, 3° <|b| < 7° and
7° <|b| < 10°. The right panel of Fig. 8 shows the comparison
between the bulge sample of APOGEE stars and our DIB sam-
ples. Itis evident that in terms of rotation and velocity dispersion,
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our DIB measurements do not follow the general bulge character-
istics of the stars. This is most striking in the velocity dispersion
where the DIBs show more than a factor of two smaller veloc-
ity dispersion with respect to the bulge stars. In the left panel of
Fig. 8, we see, on the other hand, a much better agreement, with
the disk sample from APOGEE showing similar velocity disper-
sion and rotation velocities. We therefore conclude that the DIB
carriers located inside the Galactic disk (4 < Rgc < 11 kpc) could
be far away from the background stars and much closer to us.

5. Distance of the DIB carrier

As an interstellar feature, the DIB profile measured in the spec-
trum of a background star is the result of an integration of the
DIB carrier between the observer and the star. The distance of
the background star is then an upper limit on the typical distance
of the DIB carrier along the sight line (Zasowski et al. 2015).
Based on hundreds of thousands spectra, Kos et al. (2014) and
Zasowski et al. (2015) built 3D intensity maps for DIB 18620
and DIB 115273, respectively, using stellar distances and tracing
the cumulation and variation of the DIB carriers along substan-
tial sight lines. Their pioneering works encourage the following
studies with large spectroscopic surveys, while in this work
we attempt to estimate the distance of the DIB carrier more
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“directly” by the carrier radial velocity and Galactic rotation
model; that is, the kinematic distance.

5.1. Kinematic distance

We calculated the kinematic distance of the DIB carrier using the
median Viggr in each field together with two different Galactic
rotation models. One is a two-parameter “universal” rotation
model (Model A5 in Reid et al. 2019), the other is a linear rota-
tion model (Model 2 in Mréz et al. 2019). For Model A5 in Reid
et al. (2019), the kinematic distance is computed with a Monte
Carlo method introduced by Wenger et al. (2018), using their
python package kd” and considering the error of Visg as well as
the parameter uncertainty of the rotation model. For Model 2 in
Mréz et al. (2019), only the error of Vi gr is considered. Figure 9
shows the comparison between the estimated galactocentric dis-
tances Rgc derived by the two models for our sample, which
give consistent results with slightly larger distances for Mr6z
et al. (2019) within 4 < Rgc < 6 kpc, while these are smaller for
Rge > 9kpe. As both Reid et al. (2019) and Mréz et al. (2019)
fit the models mainly within the 4—15 kpc range, kinematic dis-
tances in the inner Galaxy with Rgc <4 kpc are not reliable and

2 https://github.com/tvwenger/kd
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should not be used. In addition, in the inner Galaxy the orbits
of the stars are highly eccentric (see e.g., Rojas-Arriagada et al.
2020), causing large errors for the kinematic distances.

We also calculated the line-of-sight distance:

thos = Ro - cos(0) + \[RE — R - sin(0), @)

where Ry = 8.15 kpc (Reid et al. 2019), £ is the median Galactic
latitude of each field, and for Rgc we use the results from the
model of Reid et al. (2019). The calculation was also completed
by the kd package. For the inner Galaxy, Eq. (2) gives two possi-
ble solutions, of which we always chose the closest one. In case
where the solution is negative or has no rational solution, the
result has been dropped.

Finally, we obtained Rgc >4 kpc for 14 GIBS and 14 GES
fields. Nine GIBS and ten GES fields had valid dj.. These
measurements, together with their uncertainties, are listed in
Table 2. A face-on view of the distribution of the fields with
valid djos is shown in Fig. 10. The fields within |[£| < 10° expe-
rience large uncertainties than the fields outside. Seven fields
are located within or beyond the Scutum—Centaurus Arm, while
11 other fields are around the Sagittarius Arm and the Orion
Spur. The only field toward the Galactic anti-center at (£, b) =
(—147.2°, =2.0°) almost reaches the edge of the Perseus Arm.

5.2. Comparison with stellar distances

The distances to the background stars are the upper limit on
the carrier distances and can be used to test the reliability of
our distance measurements. As the targets in the GIBS sample
are RC stars, we can calculate their distance assuming My =
—1.61 mag (Ruiz-Dern et al. 2018) and (J — Ks)o =0.674 mag
(Gonzalez et al. 2012). For the GES sample, we used spectro-
photometric distances (see Sect. 2). For each field, we calculated
the median distance together with its standard deviation. The
results are shown in Table 2 for field medians and Table 1 for
individual stars (some examples; full catalog can be accessed
online). For a test, we also cross-matched the GES sample with

—4.0

-3.0

-2.0

—-1.07

Ykpc

-2.0 0.0
Xkpc
Fig. 10. Face-on view of the spatial distribution of nine GIBS and ten
GES fields with valid d|; i.e., the kinematic distance of the DIB carrier
calculated by the field-median radial velocity and model AS in Reid
et al. (2019), overplotted with the Milky Way sketch created by Robert
Hurt and Robert Benjamin (Churchwell et al. 2009). The Galactic center

is located at (—8,0). Red and blue dots indicate the GIBS and GES
fields, respectively.

the catalog of Gaia—EDR3 (Gaia Collaboration 2021) within 1”
and used the photogeometric distances estimated by Bailer-Jones
et al. (2021) from the Gaia parallaxes. The resulting median dis-
tances for each field are consistent with our calculations within
the distance uncertainties.

Figure 11 displays the comparison between the median stel-
lar distances and the kinematic distance of the DIB carrier
for nine GIBS and ten GES fields with valid dj,s. All of the
points lie below the identity line (dashed green), indicating all
the estimated carrier distances are smaller than the stellar dis-
tances. This is not very surprising for GIBS as the RC stars in
GIBS fields are mainly distributed in the Galactic bulge, and we
required the nearer solution for dj,s. It is more interesting for
GES fields, of which the median distances are much closer to
the Sun, meaning that the kinematic distance of the DIB carrier
is still smaller than the stellar distance. This confirms the reli-
ability of the derived kinematic distance to some extent. While
we still need to emphasize that kinematic distances are of high
uncertainty in the direction of the Galactic center and the Galac-
tic anti-center (see e.g., Balser et al. 2015; Wenger et al. 2018)
and need to be carefully used.

The comparison in Fig. 11 also demonstrates that the DIB
carrier can be located much closer to the observer than the back-
ground stars. So, when we make use of DIBs as a tool to trace
the ISM environments and Galactic structure, such as local ISM
medium (Piecka & Paunzen 2020), Galactic arms (Puspitarini
& Lallement 2019), and Galactic warp (Istiqomah et al. 2020),
target stars at distant zones and/or high latitudes require more
attention.

6. Comparison with the NIR DIB 115273

The correlation between different DIBs is one of the most impor-
tant methods to study the relations of their carriers and to find
the common carrier for a set of DIBs (see Elyajouri et al. 2017,
2018; Sonnentrucker et al. 2018; Galazutdinov et al. 2020 and
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Fig. 11. Comparison between stellar distance and the kinematic distance
of the DIB carrier for nine GIBS (red dots) and ten GES fields (blue
dots). The dashed green line traces the one-to-one correspondence.

Bondar 2020 for some recent studies). The tightest correla-
tion is between DIB 16196 and DIB 16614 (McCall et al. 2010),
although the conclusion of their common origin still encoun-
ters some problems (Kretowski et al. 2016). Elyajouri et al.
(2017) reported tight correlations between the strong NIR DIB
at 1.5273 um and the weak DIBs in its vicinity (115617, 115653,
and A15673), as well as some strong optical DIBs, proposing
DIB 115273 as a good tracer of the interstellar environments.

In this section, we make a simple comparison between
DIB 18620 measured in this work and DIB 115273 in the
APOGEE spectra measured by Zasowski et al. (2015). We
accessed the full APOGEE DIB catalog with 49,474 entries?,
but cross-matched them with our GIBS/GES sample within
1”7, where only 16 common targets were found (GES). This
is due to the fact that APOGEE and GIBS/GES trace differ-
ent stellar populations in their target selection; that is GIBS
trace RC stars, while APOGEE traces brighter and cooler giants
on the RGB. Therefore, we selected the APOGEE DIBs based
on the same fields with respect to GIBS and GES and com-
pared their median EW in each field. In total, we find six
GES and three GIBS fields matching the APOGEE footprint.
Figure 12 shows the comparison between the EW of the two
DIBs where a linear relation between the two carriers can be
found (r, =0.90). Clearly, more observations of these two DIB
carriers spanning a larger EW range are needed in order to draw
firmer conclusions. A linear fit to all the fields yields a ratio of
EW 115273/EW 48620 = 1.411 £ 0.242, demonstrating that the
DIB 115273 is stronger than DIB 18620.

It should be noted that Elyajouri & Lallement (2019) reported
measurements* of DIB 115273 that were systematically weaker
than those in Zasowski et al. (2015) due to the use of dif-
ferent stellar models. With their results, DIB 18620 would, on
the contrary, be larger than the DIB 415273, with a ratio of
EW A15273/EW 18620 =0.670 £ 0.132 (r, =0.75, see triangles
in Fig. 12; the fields are selected with the same method for

3 http://www.physics.utah.edu/~zasowski/APOGEE_DIB_
Catalog.html

4 Data access: https://cdsarc.unistra.fr/viz-bin/cat/J/A+
A/628/A67
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Zasowski et al. 2015). However, this correlation was built only
with the median values in very few common fields. Thus,
the present result is still a rough one, and further investi-
gations with bigger data sets are expected. The correlation
between DIB 18620 and DIB 115273, as well as other optical
and infrared DIBs, will benefit from forthcoming new large
spectroscopic data. The DIB 18620 shows a promising diagnos-
tic of the interstellar conditions and a tracer of the Galactic
structure.

We derived a linear Cg)rrelation between EW and Ay
with EW 18620/Ay = 0.093 Amag™' for our GIBS/GES fields
(Sect. 3.3). Compared to EW 115273 /Ay = 0.102Amag‘1 from
Zasowski et al. (2015), we can obtain a ratio of 1.097 for
EW 115273/EW 28620, which is about 22% lower than the
value from the direct EW comparison with Zasowski et al.
(2015). This difference could be caused by the different extinc-
tion sources used in Zasowski et al. (2015) and this work;
Zasowski et al. (2015) applied the RICE method (Majewski et al.
2011) for their extinction values, while we used the Ay from the
SFD map with a calibration of Schlafly & Finkbeiner (2011).

Zasowski et al. (2015) roughly estimated the carrier abun-
dance relative to hydrogen for DIB 115273 as Npp/Ng ~
2.3 X 10’“/f with its relationship to Ay, Ao = 15272.42 A,
and a mean hydrogen-to-extinction relation of Ny/Ay = 2 X
10>' cm™? mag~! (Dickey & Lockman 1990), where f is the tran-
sition oscillator strength (e.g., Spitzer 1978). With our derived
relation EW 18620/Ay = 0.093 Amag™"' and A, = 8620.83 A,
the carrier abundance for DIB 18620 is estimated as 1.4 X
10711/ £, slightly lower than the value of the DIB 115273.

7. Conclusions and summary

In this work, we successfully detected the DIB 28620 in 760
GES spectra with |b|<10° and S/N >50. Their EW, as well
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as depth, central wavelength, and width, were measured with
a Gaussian profile. Our EWs were slightly smaller than those
measured in Puspitarini et al. (2015), with a mean difference
of 0.031 A for 43 common targets. The linear relation between
EW and E(J - Ks) (r, = 0.91) derived from field median values
is highly consistent with the recommended correlation derived
in Paper .

Combined with a pure GIBS sample from Paper I, we con-
firmed a linear relation between EW and Ay (SFD) with r, =
0.88, using 2540 DIBs distributed in 38 fields. We obtained
E(J - Ks)/Ay =0.176 from their linear fit with EW, which was
slightly higher than the ratio of 0.170 predicted by the CCM
model (Cardelli et al. 1989). Furthermore, the rest-frame wave-
length of DIB 18620 was redetermined as 1o = 8620.83 +0.36 A
after the consideration of the solar motion.

We also studied the kinematics of the DIB carriers based
on the median radial velocities in each field. Most of our fields
distributed close to the Galactic center (J¢|<10°), thus they
were crowded in the ¢ — Vigg diagram with large scatters. The
€ — Vgc diagram showed that the DIB carriers mainly occupied
in the local Galactic disk as traced by a sample of APOGEE
stars.

Applying the Galactic rotation models (Reid et al. 2019;
Mroz et al. 2019), we calculated the kinematic distances of the
DIB carriers for each field and got valid line-of-sight distances
(dios) for nine GIBS and ten GES fields. All derived dj,s are
smaller than the median distances to background stars in each
field. It demonstrates that the DIB carriers can be located much
closer to us than the background stars. Therefore, when we make
use of target stars to build the integrated DIB map, we have to
be careful with the distant- and/or high-latitude zones, as well as
the region where stars are not well sampled.

For the first time, we roughly investigated the mutual correla-
tion between DIB 18620 measured in this work and DIB 115273
in Zasowski et al. (2015) and Elyajouri & Lallement (2019),
respectively, with three GIBS fields and six GES fields, resulting
in a liner coefficient of EW A15273/EW A8620=1.411 +0.242
for the measurements from Zasowski et al. (2015) and
0.670+0.132 for Elyajouri & Lallement (2019). The Pearson
correlation coefficients are 0.90 and 0.75, respectively. The dif-
ference was caused by the use of different stellar templates
for APOGEE spectra. The linear correlation suggested that
DIB 18620 may also correlate with other optical and infrared
DIBs such as DIB 415273, which can be used to trace the
interstellar environments and Galactic structure with the mea-
surements in large spectroscopic surveys.
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