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ABSTRACT

Context. Diffuse interstellar bands (DIBs) are common interstellar absorption features in spectroscopic observations but their origins remain
unclear. DIBs play an important role in the life cycle of the interstellar medium (ISM) and can also be used to trace Galactic structure.

Aims. Here, we demonstrate the capacity of the Gaia-Radial Velocity Spectrometer (RVS) in Gaia DR3 to reveal the spatial distribution of the
unknown molecular species responsible for the most prominent DIB at 862 nm in the RVS passband, exploring the Galactic ISM within a few
kiloparsecs from the Sun.

Methods. The DIBs are measured within the GSP-Spec module using a Gaussian profile fit for cool stars and a Gaussian process for hot stars. In
addition to the equivalent widths and their uncertainties, Gaia DR3 provides their characteristic central wavelength, width, and quality flags.
Results. We present an extensive sample of 476 117 individual DIB measurements obtained in a homogeneous way covering the entire sky. We
compare spatial distributions of the DIB carrier with interstellar reddening and find evidence that DIB carriers are present in a local bubble around
the Sun which contains nearly no dust. We characterised the DIB equivalent width with a local density of 0.19 + 0.04 A kpc™! and a scale height of
98,604_’;1‘%0 pc. The latter is smaller than the dust scale height, indicating that DIBs are more concentrated towards the Galactic plane. We determine
the rest-frame wavelength with unprecedented precision (1y = 8620.86 +0.019 A in air) and reveal a remarkable correspondence between the DIB
velocities and the CO gas velocities, suggesting that the 862 nm DIB carrier is related to macro-molecules.

Conclusions. We demonstrate the unique capacity of Gaia to trace the spatial structure of the Galactic ISM using the 862 nm DIB.

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

1. Introduction their central wavelength does not match any known atomic tran-
sition lines. The fine structure observed in some DIBs also sug-

Diffuse interstellar bands (DIBs) are interstellar absorption fea-  gegtg that the molecular carriers are probably in the gas phase.

tures that primarily exist in the optical and near-infrared (NIR)
wavelength range, the physical origin of which is still debated.
The name was formally given by Merrill (1930), where ‘diffuse’
refers to the fact that their profiles are broader than those of inter-
stellar atomic lines (e.g., Nal lines). DIBs presumably originate
from molecular absorption, which is supported by the fact that

T Deceased.
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For reviews on DIBs, see Leger & Puget (1984), Herbig (1995),
Sarre (2006), and Snow & McCall (2006).

Nowadays, molecules are strongly suggested to be asso-
ciated with the DIB carrier, because DIB profiles are usu-
ally much broader than atomic lines and contain substructures
even through single-cloud sight lines (e.g., Sarre et al. 1995,
Camietal. 1997, Kerretal. 1998, Galazutdinov et al. 2008).
Carbon-bearing molecules are the most favoured species in this


http://orcid.org/0000-0002-4834-2144
http://orcid.org/0000-0002-0702-7551
http://orcid.org/0000-0001-5685-6930
http://orcid.org/0000-0003-0029-8575
http://orcid.org/0000-0002-9346-0211
http://orcid.org/0000-0002-5203-0135
http://orcid.org/0000-0002-3818-7769
http://orcid.org/0000-0003-0628-2347
http://orcid.org/0000-0001-5030-019X
http://orcid.org/0000-0002-0194-325X
http://orcid.org/0000-0002-7711-5581
http://orcid.org/0000-0002-3678-3145
http://orcid.org/0000-0002-1330-2927
http://orcid.org/0000-0001-6482-1842
http://orcid.org/0000-0001-7990-6849
http://orcid.org/0000-0001-7519-1700
http://orcid.org/0000-0002-8594-569X
http://orcid.org/0000-0002-1326-1686
http://orcid.org/0000-0003-1419-0020
http://orcid.org/0000-0001-8892-4301
http://orcid.org/0000-0002-2386-9142
http://orcid.org/0000-0002-3569-3391
http://orcid.org/0000-0002-8861-2620
http://orcid.org/0000-0002-2851-2468
http://orcid.org/0000-0002-7618-6556
http://orcid.org/0000-0002-8440-1455
http://orcid.org/0000-0003-4814-0275
http://orcid.org/0000-0003-3055-6002
http://orcid.org/0000-0002-8159-1599
http://orcid.org/0000-0002-6863-0661
http://orcid.org/0000-0002-4519-6700
http://orcid.org/0000-0001-5013-5948
http://orcid.org/0000-0002-8179-6527
http://orcid.org/0000-0001-7627-4946
http://orcid.org/0000-0002-8176-4816
http://orcid.org/0000-0002-0969-1915
http://orcid.org/0000-0001-5909-6615
http://orcid.org/0000-0002-3632-1194
http://orcid.org/0000-0001-5477-4720
http://orcid.org/0000-0001-9573-4928
http://orcid.org/0000-0003-3710-0331
http://orcid.org/0000-0002-7432-8709
http://orcid.org/0000-0001-9296-3100
http://orcid.org/0000-0001-5850-4373
http://orcid.org/0000-0001-7403-1721
http://orcid.org/0000-0002-8019-3708
http://orcid.org/0000-0002-2335-4499
http://orcid.org/0000-0002-5481-3352
http://orcid.org/0000-0003-3793-8505
http://orcid.org/0000-0002-1913-0281
http://orcid.org/0000-0002-5285-998X
http://orcid.org/0000-0002-6101-9050
http://orcid.org/0000-0002-8786-2572
http://orcid.org/0000-0003-1784-2784
http://orcid.org/0000-0002-5080-7027
http://orcid.org/0000-0002-4995-0475
http://orcid.org/0000-0003-1801-426X
http://orcid.org/0000-0002-6928-8589
http://orcid.org/0000-0003-4996-9069
http://orcid.org/0000-0003-4399-6568
http://orcid.org/0000-0003-4545-7517
http://orcid.org/0000-0001-8654-9499
http://orcid.org/0000-0003-0876-4673
http://orcid.org/0000-0003-3936-1025
http://orcid.org/0000-0003-3809-1895
http://orcid.org/0000-0002-9374-8645
http://orcid.org/0000-0002-9455-157X
http://orcid.org/0000-0002-9326-9329
http://orcid.org/0000-0002-3411-1003
http://orcid.org/0000-0001-6191-2028
http://orcid.org/0000-0001-9525-3673
http://orcid.org/0000-0001-8375-6652
http://orcid.org/0000-0003-1797-3557
http://orcid.org/0000-0001-9275-9492
http://orcid.org/0000-0002-9257-2131
http://orcid.org/0000-0001-5121-0727
http://orcid.org/0000-0002-5574-2787
http://orcid.org/0000-0003-2355-8034
http://orcid.org/0000-0001-9298-8068
http://orcid.org/0000-0003-1853-6033
http://orcid.org/0000-0001-8059-2840
http://orcid.org/0000-0002-6938-794X
http://orcid.org/0000-0002-5126-6365
http://orcid.org/0000-0002-4424-4766
http://orcid.org/0000-0003-4058-0815
http://orcid.org/0000-0003-1732-2412
http://orcid.org/0000-0002-9760-6249
http://orcid.org/0000-0001-7319-5847
http://orcid.org/0000-0001-8397-5759
http://orcid.org/0000-0003-3017-5322
http://orcid.org/0000-0002-7005-1976
http://orcid.org/0000-0002-2046-4131
http://orcid.org/0000-0001-7807-6644
http://orcid.org/0000-0002-4209-1479
http://orcid.org/0000-0002-6806-6626
http://orcid.org/0000-0002-3541-3230
http://orcid.org/0000-0003-0550-1667
http://orcid.org/0000-0002-8429-299X
http://orcid.org/0000-0001-8738-194X
http://orcid.org/0000-0002-1429-2388
http://orcid.org/0000-0003-1236-5157
http://orcid.org/0000-0001-6424-5005
http://orcid.org/0000-0003-3993-7127
http://orcid.org/0000-0002-7898-0454
http://orcid.org/0000-0003-1399-5556
http://orcid.org/0000-0002-1584-1182
http://orcid.org/0000-0002-4043-9400
http://orcid.org/0000-0002-9658-6151
http://orcid.org/0000-0003-3173-3138

Gaia Collaboration: A&A 674, A40 (2023)

respect as carbon can form many stable compounds and is rela-
tively abundant in the Universe (Puget & Leger 1989)

The DIB at 862 nm (hereafter referred to as DIB 1862) is a
strong band, but was not identified until 1975 (Geary 1975), more
than 50 yr after the discovery of the first DIBs, because the wave-
length range beyond 8600 A was not covered by earlier work.
The DIB 4862 was confirmed by Sanner et al. (1978), who fur-
ther reported 1o =8620.7 + 0.3 A and a tight linear correlation
between the DIB equivalent width (EWge,) and the colour excess,
thatis E(B—V) = 2.85+0.11 Xx EWgg, (coeflicient calculated by
Kos et al. 2013). Munari (1999, 2000) made preliminary studies
of the relation between the EWgg, of DIB 4862 and interstellar
extinction. This author found a surprisingly tight correlation with
E(B-V)/EWgs =2.63 (Munari 1999) and 2.69 + 0.03 (Munari
2000), respectively. Therefore, the DIB 1862 was suggested to
be a tracer of Galactic extinction in the context of the Gaia mis-
sion, while Kretowski (2018) and Kretowski et al. (2019) argued
that E(B—V)/EWgg, can vary depending on the line of sight.
Munari et al. (2008) measured the DIB 4862 in the spectra of
68 early-type stars observed by the Radial Velocity Experiment
(RAVE; Steinmetz et al. 2006) and derived a very good correla-
tion between EWgg, and E(B — V) with E(B—V)/EWgg, =2.72+
0.03. These results, as well as those of Munari (1999, 2000),
were all consistent with each other, but none agreed with those
of Wallerstein et al. (2007), who derived a much higher ratio of
E(B-V)/EWgg).

Munari et al. (2008) determined the rest-frame wavelength
of DIB 1862 as Ay = 8620.4 +0.1 A based on the assumption that
the average velocity of their carriers towards the Galactic center
is approximately zero, as derived from the interstellar-medium
(ISM) radial-velocity map of Brand & Blitz (1993).

To make use of the vast number of cool-star (3500 < Te <
7000 K) spectra in RAVE, Kos et al. (2013) implemented a data-
driven method to derive the EWgg, of interstellar spectra using
real spectra at high Galactic latitudes (b < —65°) and furthermore
stacked spectra in small spatial volumes to increase the final
signal-to-noise ratio (S/N) and measure EWge, with high pre-
cision. In this way, they confirmed the linear EWgg, —E(B—V)
correlation in a statistical way.

Based on measurements with a large number of RAVE spec-
tra, Kos et al. (2014) built the first projected DIB 1862 intensity
map, mainly within 3 kpc from the Sun, where for the first time
the large-scale structure of the distribution of the DIB 1862
carrier was shown. The findings of these authors further sug-
gested an exponential distribution of EWge, in the direction
perpendicular to the Galactic plane with a scale height of
209.0 + 11.9 pc, larger than the scale height of 117.7 + 4.7 pc for
the dust derived by their Ay map. Puspitarini et al. (2015) mea-
sured the DIB 4862 in the spectra of 64 late-type stars from the
Gaia—ESO (GES) survey (Gilmoreetal. 2012) towards a
Galactic  anticentre  region at (£, b)=(212.9°, -2.0°).
Puspitarini et al. (2015) fitted the observed spectra with synthetic
spectra containing stellar components, telluric transmissions,
and a DIB empirical profile. For DIB 1862, they obtained the
empirical model by averaging the profiles detected in several
spectra based on the data analysis reported by Chen et al. (2013).

Similar to Puspitarini et al. (2015), Kretowski et al. (2019)
also argued that a simple Gaussian fit was not enough to describe
the irregular profile of the DIB 1862. They therefore used the
observation towards BD +40 4220, a heavily reddened and
rapidly rotating star, as a template for the profile of 1862. Mea-
surements of other targets were obtained by rescaling the depth
of the template to match the observed band profiles.

Using this method, Kretowskietal. (2019) measured
56 high-resolution spectra (R>30000) and derived a ratio

of E(B—V)/EWge, =2.03 = 0.15 with an offset of 0.22,
which was close to the result of Puspitarinietal. (2015).
Maiz Apellaniz (2015) showed a linear relation between EWgg)
and the colour excess E(4405 —5495) up to Ay ~6 mag with
a Pearson coeflicient of r,=0.878. All previous studies sug-
gested a linear relation between EWgg, and extinction except
Damineli et al. (2016), who reported a quadratic relation based
on the observations of 12 bright field stars and 11 members of
Westerlund 1 cluster. Their relation is in good agreement with
those found by Wallerstein et al. (2007) and Munari et al. (2008)
for EWgg, < 0.8 A

In this paper, we discuss the DIB 1862 measurements of
nearly half a million DIBs measured by the RVS spectrometer.
This is, by one order of magnitude, the largest sample of indi-
vidual DIB measurements with full sky-coverage to be obtained
so far.

In Sect. 2, we discuss the DIB 21862 sample. In Sect. 3 we
define our high-quality sample and in Sect. 4 we validate the
DIB 1862 measurements in the HR diagram. In Sect. 5 we show
the correlation with the dust extinction and in Sect. 6 we present
our analysis of the spatial distribution of the DIBsA862. In
Sect. 7 we describe how we determined the rest-frame wave-
length of DIB 4862, and in Sect. 8 we look briefly at an applica-
tion to kinematic studies. We conclude in Sect. 9.

2. Description of the sample of diffuse interstellar
bands

This work makes use of the DIB 1862 parameterisation derived
from the Gaia RVS spectra using the General Stellar Parame-
teriser spectroscopy (GSP-Spec, Recio-Blanco et al. 2023) mod-
ule and made available through the astrophysical_parameters
table of the Gaia third data release (DR3). We note that the
RVS wavelength range is [845, 870] nm (Sartoretti et al. 2018),
and its medium resolving power is R = A/A1 ~ 11500
(Cropper et al. 2018). In addition to the DIB 4862 parameter-
isation, GSP-Spec estimates the main atmospheric parameters
and the individual abundances of 12 different chemical elements
from Gaia RVS spectra of single stars. When necessary (e.g.,
stars with T <7000 K), the DIB 1862 spectral parameterisa-
tion is based on the MatisseGauguin GSP-Spec workflow. More
details on the DIB 1862 measurement algorithms can be found
in Zhao et al. (2021a). A GSP-Spec catalogue flag was imple-
mented (Recio-Blanco et al. 2023) during the post-processing
with a chain of 41 digits including all the adopted failure criteria
and uncertainty sources considered during the post-processing.
In this chain, value ‘0’ is the best, and ‘9’ is the worst, generally
implying the parameter masking. For our purposes, we use only
the first 13 characters (see Sect. 3, Table 1).

We performed a local renormalisation of the spectrum
around the DIB 1862 feature (35 A wide around its central wave-
length) for each Gaia-RVS spectrum. We carried out a prelim-
inary fit using a preliminary detection of the DIB 1862 profile
and sources where noise is at the level of or exceeds the depth of
the DIB 1862 feature were eliminated. Only detections above the
3 o-level are considered as true detections. In order to perform
the main fitting process of the DIB 1862, our sample is separated
into cool (3500 < T <7000K) and hot (Tes >7000K) stars.
For cool stars, we divided the observed spectrum by the best
matching synthetic spectrum from GSP-Spec (corresponding to
the derived atmospheric parameters), and fitted the DIB 1862
profile with a Gaussian function and a constant that accounts
for the continuum:

p- 2
Jfo(4; po, p1, p2) = po X exp [_ﬂ) +C, (D

2 p%
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Table 1. Definiton of our high-quality sample.

QF <2
err(EWgg»)/EWgen <0.35
Cops 8620-8626 A
GSP-Specflag(vbroadT) <1
GSP-Specflag(vbroadG) <1
GSP-Specflag(vbroadM) <1
GSP-Specflag(vradT) <1
GSP-Specflag(vradG) <1
GSP-Specflag(vradM) <1
GSP-Specflag(fluxNoise) <1
GSP-Specflag(extrapol) <1
GSP-Specflag(negFlux) <1
GSP-Specflag(nanFlux) <1
GSP-Specflag(emission) <1
GSP-Specflag(nullFluxErr) <1
GSP-Specflag(KMgiantPar) <1

where pg and p; are the depth and width of the DIB profile, p; is
the measured central wavelength, C is the constant continuum,
and A is the spectral wavelength.

For hot stars, we applied a Gaussian process similar to Kos
(2017) in which the DIB 4862 profile is fitted by a Gaussian pro-
cess regression (Gershman & Blei 2012). In order to extract the
information of the DIB feature, we applied a Gaussian mean
function (Eq. (1)) with C=1. For the kernels, we followed
the strategy of Kos (2017) and used exponential-squared kernel
models for the stellar absorption lines:

Jlx — |
kse s ) = -, 2
(x,x") aexp( e @
and a Matérn 3/2 kernel model for the correlated noise:
3|jx — x’ 3lx — x
2, ) = a(l . M]exp [_M] 3

where a scales the kernels, and [ is the characteristic width of
each kernel. We refer to Zhao et al. (2021a) for a more detailed
description of this process.

For each of the sources, the EWgg,, depth (py), central wave-
length (p;), and width (p,) together with their uncertainties are
determined with EWgg, = V27 x [pol X p2/C where C is the
continuum level and p;, = FWHM /(2 V2In(2)), where FWHM
is the full width at half maximum of the DIB 1862 profile.

We consider two main uncertainties on the derived EW: the
random noise error (o peise), Which is related to the signal-to-
noise ratio (S/N) of the spectrum, and the mismatch between the
observed spectrum and the synthetic one (G gpect)- Onoise Was esti-
mated for different DIB profiles using a random-noise simulation
(see Sect. 2.6 in Zhao et al. 2021a for more details). The total
uncertainty of the EW is considered to be o7&y, = 02, fpecl.
We refer to Zhao et al. (2021a) for a more detailed description of
the derived uncertainties.

Quality flags (QFs) ranging from QF =0 (highest quality)
to QF =5 (lowest quality) are generated. The defined values of
the QF depend on the parameters pg, p;, and p,, but also on the
global noise level R4 defined by the standard deviation of the
data—model residuals between 8605 and 8640 A as well as the
local noise level Ry within the DIB 1862 profile. Table 2 shows
the definition of the QF values. For a more detailed description
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Table 2. Definition of the quality flags.

QF Po p2 (A) N
0 <0.15 AND > max(R4,Rp) 1.2-3.2 180879
1 <0.15 AND <max(R4,Rp) & >Rz  1.2-3.2 1149
2 <0.15 AND > max(R,,Rp) 0.6-1.2 54 808
3 <0.15 AND <max(R4,Rp) & >R  0.6-1.2 679
4 <0.15 AND <max(R4,Rp) & <Rz 0.6-1.2 2843
5 <0.15 — 235759

Notes. R, is the fitting residual between the observed and synthetic
spectrum for the global RVS spectrum, and Rjp is the region close to
the DIB 4862 feature. Targets with a central wavelength beyond 816.6—
8628.1 A in vacuum are all labelled as QF = 5. The last column gives
the number of sources for each QF.

of QF, we refer to Zhao et al. (2021a) and Recio-Blanco et al.
(2023). In this paper, we concentrate on a high-quality sample
(QF <2, see Sect. 3) but we stress that the full DIB 1862 sample
should be scientifically exploited; for example, weak DIBs 1862
in low extinction areas.

The full GSP-Spec sample contains 5591594 sources. Of
these, 476 117 have a valid DIB 4862 measurement (~8.5%).
The number of sources for each QF is specified in Table 2.

Figure 1 shows the distribution on the sky of the DIB 1862
measurements at a resolution of 1.8° (HEALPix map with
level 5). As expected, the DIBs 4862 are concentrated towards
the Galactic plane which is even more pronounced for the high-
quality DIBs 4862 (right panel).

Figure 2 displays the relation between EWgs, and the
E(BP — RP) interstellar reddening measure from GSP-Phot
(Andrae et al. 2023). We see that DIBs 1862 with low QFs
(QF > 2) show very small EWgg, but a large range of E(BP—RP)
which is not the case for the high quality (HQ) DIB 1862 mea-
surements (QF < 2, see Sect. 3).

3. Definition of the high-quality sample

Figure 3 displays the GSP-Spec Kiel diagram of a subsample
with QF < 5 as a function of the fractional uncertainty of the
EWse,. The vast majority of our sources show typical uncer-
tainties below 20%. However, on the red giant branch (RGB)
sequence, the cooler stars (which are in general metal-richer)
show larger uncertainties compared to the hotter ones. This can
be explained by the fact that for cooler metal-rich stars, in gen-
eral, we see a poorer agreement between the observed and the
synthetic spectra due to the presence of molecular bands. This is
also revealed by the larger log y? values from GSP-spec.

We also notice higher uncertainties for hot dwarf stars in
the range 7000 < T < 8000 K. The majority of those stars are
classified as very metal-poor with [M/H] < —3dex by GSP-
Spec. They further exhibit very large vsini values from ESP-HS
(Extended Stellar Parametrizer for Hot Stars; see Sect. 5.3). In
addition to the parameter degeneracy between T and [M/H] for
high-temperature stars, these objects present large vsini values,
which are not taken into account in the present GSP-Spec param-
eterisation, inducing parameter biases (cf. Recio-Blanco et al.
2023). Applying the specifically defined GSP-Spec flags (see.
Table 1) removes the majority of these stars.

Figure 4 shows the distribution of the fractional uncertain-
ties (err(EWgep)/EWgep) with QF < 5. A clear bimodal distribu-
tion is apparent that is related to cool stars (7. <4500 K) with
relatively weak DIBs 4862 (<0.2 A) and a mismatch between
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Fig. 1. Left panel: galactic distribution of the 476 117 DIBs 1862 in Gaia DR3. The spatial resolution is 1.8° per HEALpixel (level 5). The colour
scale indicates the number of measurements per pixel. Right panel: the subset of 236 836 sources with high-quality measurements (QF < 2, see

Sect. 3).

Fig. 2. Equivalent width vs. E(BP — RP) for the DIB 1862 sample
coloured by the mean QF calculated in 0.01 A x0.05 mag bins.

the observed and the synthetic spectrum. We decided to reject
sources with uncertainties larger than 35%. In addition, we
decided to neglect DIB 1862 measurements outside the wave-
length interval 8620 < Cgps < 8626 A — where Cops 1s the mea-
sured central wavelength in the heliocentric frame with Cgps =
P1 + Vrad X p1/c where vq is the stellar radial velocity and c
the velocity of light — because the majority of those are weak
DIBs 4862, where the determination of the p; parameter could
be corrupted and lead to high, unrealistic velocities. We stress
that p; and Cop are reported in the vacuum.

Our HQ sample is defined based on the criteria specified in
Table 1 which comprises 141 103 objects. For a detailed expla-
nation of the GSP-spec flag we refer here to Recio-Blanco et al.
(2023).

4. The Kiel diagram

Figure 5 shows the Kiel diagram colour-coded as a function of
the EWge, (left panel), the corresponding Gaia distances from
Gaia EDR3 (middle panel, Bailer-Jones et al. 2021), and the
DIB 4862 width (p;). The very similar trend in these diagrams
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Fig. 3. Kiel diagram as a function of the fractional EWg¢, uncertainty
(err(EWyge2)/EWge) for a subsample with QF < 5. The mean EWgg,
uncertainty is calculated in 50 K x 0.05 dex bins.

is striking, and indicates a clear relation between the EWgg, of
the DIB 1862 carrier and its distance, that is stars with larger
distances show larger EWg¢,. This is to be expected: as an inter-
stellar feature, the DIB 1862 profile measured in the spectrum of
a background star is the result of an integration of the DIB 1862
carrier between the observer and the star. DIB 4862 strength and
dust extinction increase along the line of sight, and so both of
them correlate with the distance and therefore also with each
other. Also, we note that the distance of the background star is
only an upper limit to the true distance of the DIB 4862 carrier
clouds along the line of sight (Zasowski et al. 2015). As shown
by Zhao et al. (2021b), direct measurements of the DIB 1862
carrier clouds can be obtained using kinematic distances. This
method will be further investigated in another paper.

The right panel of Fig. 5 shows how the measured width
of the DIB 1862 (the value of the parameter p,) increases with
decreasing surface gravity; that is, we see that widths in giants
are generally larger than in dwarfs. One may also conclude
that the widths of DIB 1862 absorptions increase with distance,
and explain this as a consequence of a superposition of an
increasing number of clouds at slightly different radial velocities
which accumulate along the line of sight. However, we also see
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Fig. 4. Histogram of the fractional uncertainties err(EWgs,)/EWgg, for
targets with QF < 5. The dashed line shows the cut-off in the uncertain-
ties at 35%.

DIB 1862 with large widths for close-by stars with T < 5000 K
and log g > 3. This could be a consequence of spectral mis-
matches between observed spectra and the templates we use.
These systematic trends will be investigated in a future work,
but for now we stress that the measured widths of the DIB 1862
should be interpreted with caution.

From Fig. 5 we see that stars with 5000 < T,z < 7000 K
and log g < 2.5 have strong DIBs A862. These massive stars
lie at distances of between 2 and 4 kpc and most of them are
located in the closest spiral arms (e.g., Sagittarius/Carina, Local
and Perseus arms). This is in perfect agreement with the find-
ings of Recio-Blanco et al. (2023), who clearly identified those
objects in their GSP-Spec Kiel diagram as massive stars that are
tracers of the spiral arm structure, in agreement with the spatial
maps derived from Poggio et al. (2021). The DIB 1862 measure-
ments can therefore be considered as an excellent tracer of spiral
arm structures.

In contrast, our HQ sample lacks hot dwarf stars in the tem-
perature range 7000 < T < 8000K and 4.0 < log g < 4.5
because their EWgg, uncertainties are too high due to their high
vsini and therefore large uncertainties in their stellar parameters
(see Sect. 3). A specific treatment of those stars is necessary but
is beyond the scope of this work.

5. Correlation with dust extinction

As mentioned in Sect. 1, the DIB 1862 shows a strong cor-
relation with measurements of interstellar reddening such as
E(B — V) (e.g., Munari et al. 2008, Wallerstein et al. 2007,
Kos et al. 2013). Here, we use the interstellar reddening E(BP —
RP) derived from GSP-Phot as our main dust extinction tracer
for individual objects. GSP-Phot provides a detailed character-
isation of single stars based on their BP/RP spectra, including
stellar parameters (7., log g, [M/H]) and extinction Ay. We refer
to Andrae et al. (2023) for a detailed description of the GSP-
Phot module. Due to the extensive filtering in GSP-Phot, only
66 144 stars in our sample have E(BP — RP) measurements from
GSP-Phot. Figure 6 compares the distribution on the sky of the
median EWgg, of the DIB 4862 with the median E(BP — RP).
Overall, we see similarities between these two maps, with both
showing larger values in the Galactic plane. Nevertheless, we
also see some differences: (i) The DIBs 4862 seem to be gener-
ally more concentrated towards the galactic plane compared to
the interstellar dust (see also Sect. 6.2). (ii) In the inner Galaxy
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(I¢] < 30°), DIBs 2862 show a larger scale height compared to
the interstellar dust. (iii) We notice at around ¢ ~ 30° a low aver-
age EWgg, of the DIB 4862 compared to the high amount of dust.
This region covers several highly massive star forming regions
which were recently surveyed by the GLOSTAR Galactic
plane survey in the frequency range between 4 and 8 GHz
(Brunthaler et al. 2021). (iv) In the Galactic anticentre region
(I¢] > 160°), some specific asymmetric tails of the DIB 1862
carrier are visible (see third panel of Fig. 6), reaching large
Galactic latitudes (b < —30°), which, interestingly, are absent
in the northern hemisphere. A detailed comparison between the
correlation of interstellar dust and the DIB 4862 carrier along
certain lines of sight is now possible thanks to the full sky cov-
erage of Gaia together with the distances; this should be further
investigated.

5.1. EWse, versus E(BP— RP)

Figure 7 shows the correlation between E(BP — RP) and EWgg,.
We see the expected trend between EWge, and E(BP — RP) with
a Pearson correlation coeflicient (PCC) of 0.68 (the red circles
with the uncertainty bars show the corresponding median values
and their standard deviation). A linear fit through the median
points (indicated by the red line in Fig. 7) is given by

E(BP — RP) = 4.507(£0.137) X EWgg, — 0.026(+0.047). “)

However, stars that were classified as hot stars by GSP-Phot
but as cool stars by GSP-Spec deviate from this relation — as
indicated by the black open circles in Fig. 7 — in the sense
that E(BP — RP) is too high compared to the measured DIB
EWge,. Due to the degeneracy between temperature and extinc-
tion (see Andrae et al. 2023), the temperatures of those stars
are overestimated by GSP-Phot, leading to overestimation of
E(BP — RP). The DIB EWgg¢, can therefore be used to find out-
liers of E(BP — RP) measurements.

For highly extincted regions, the EWgg, of the DIB 1862
should become smaller with increasing interstellar reddening
and thus depart from a linear relation. Lan et al. (2015) attributed
this behaviour to the ‘skin effect’, noting that the DIB strength
per unit reddening depends on cloud opacity. Adamson et al.
(1991) suggested that the DIB carriers must concentrate in the
surface layers (‘skin’) of the clouds and that the carrier deple-
tion might be related to the reduction of the radiation field in
the cloud interiors. Adamson et al. (1994) observed this effect
with the NIR DIB, something that was later confirmed by
Elyajouri & Lallement (2019) for the APOGEE DIB in the dense
cores of the Taurus, Orion, and Cepheus clouds. We do not see
this effect in our sample, which could be due to a selection effect
in the sense that the Gaia RVS selection function does not trace
the most extincted regions.

5.2. EWs, versus E(B-V)

E(B-YV) is the most frequently used reddening indicator to
study the correlation with DIB strength, especially in early
works. To compare our DIB—extinction relation to literature val-
ues, we derived the E(B—-V)/EWggs, coeflicients from three
dust extinction maps: Planck Collaboration Int. XLVIII (2016),
Schlegel et al. (1998), and Green et al. (2019). We calculated
E(B - V) from the three maps using the Python package dustmap
(Green 2018).

Planck Collaboration Int. XLVIII (2016) produced a full-sky
two-dimensional extinction map using a generalised wavelet
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Fig. 5. Mean EWgq, (left panel), heliocentric photogeometric distance from Bailer-Jones et al. (2021; middle panel), and the width (p,, right
panel), calculated in 50 K x 0.05 dex bins, as a function of the Kiel diagram, respectively.

method to separate out Galactic dust emission from cos-
mic infrared background anisotropies. Such E(B-—V) values
are asymptotic values and therefore represent overestimations
for many of our objects (see Fig. 8b). This also applies to
Schlegel et al. (1998; Fig. 8c). Nonetheless, E(B— V) derived
from both of these maps for our objects present linear rela-
tions with EWgg, with very high Pearson coeflicients. For
both Planck Collaboration Int. XLVIII (2016) and Schlegel et al.
(1998), we limit their E(B - V) to values smaller than 2.6 mag
and get 121627 and 123 175 individual measurements, respec-
tively. We make use of 55252 available E(B — V) values from
GSP-Phot with a temperature difference between GSP-Spec and
GSP-Phot of smaller than 5000 K. Limited by the sky coverage,
only 93247 objects have E(B— V) from Green et al. (2019), a
three-dimensional dust reddening map inferred from 800 mil-
lion stars with Pan—~STARRS1 and 2MASS photometry. Based
on Schlafly & Finkbeiner (2011), we apply a recalibration factor
of 0.884 for E(B—V) from Schlegel et al. (1998). We also use
this factor to convert the reddening unit of Green et al. (2019) to
E(B-V). We note that the three-dimensional nature of the dust
reddening maps from GSP-Phot (Fig. 8a) and from Green et al.
(2019; Fig. 8d) negates the problem of overestimated E(B — V)
values. Table 3 lists the E(B—V)/EWgg, coeflicients and inter-
cepts derived in this work together with values from the
literature.

Figure 8 shows the correlation between EWsg, and E(B — V)
as well as their corresponding linear fits. We notice a large vari-
ation in the derived E(B— V)/EWgg,, which is due to the use
of different methods for extinction calculation, with a very high
value of 4.128 = 0.062 from Planck Collaboration Int. XLVIII
(2016) and a low value of 2.198 +0.066 from Green et al. (2019).
It is not surprising that different works report different values for
the ratio of E(B — V)/EWsge,, depending on the sightlines stud-
ied and the techniques applied for DIB and extinction measure-
ments. The high coefficients with E(B — V) from Schlegel et al.
(1998) and Planck Collaboration Int. XLVIII (2016) imply that
extinction measured from infrared emission is not only overesti-
mated in some regions but presents systematic differences (larger
values) compared to the values calculated using other methods.

Table 3. Coefficients and intercepts of the linear relations between
DIB 1862 and E(B — V) derived in the literature and this work.

Works E(B-V)/EWge, Intercept
(mag A"
This work 3.016 + 0.047 @ 0.023 £0.013
4.128 + 0.068 ® 0.021 +£0.019
4.031 £0.060 @  —0.013 +0.017
2.198 £ 0.066 @ —0.004 + 0.019
Sanner et al. (1978) 2.85+0.11©@ -
Munari et al. (2008) 2.72 +0.03 -
Wallerstein et al. (2007) 4.61 +0.56 -
Kos et al. (2013) 2.49 +0.23 0.028 +0.002
Puspitarini et al. (2015) 212D -
Kretowski et al. (2019) 2.03+0.15 0.22 +£0.05
Zhao et al. (2021b) 3.460 +0.313 —0.015 + 0.060
Notes. @E(B-V) from  GSP-Phot. @®EB-V) from
Planck Collaboration Int. XLVIII (2016). ©OFEB-V) from
Schlegeletal. (1998). “E(B-V) from Greenetal. (2019).

@©Calculated by Kos et al. (2013). Estimated by their Fig. 7.

5.3. Hot stars

In addition to the results obtained by GSP-Phot and GSP-
Spec, the Apsis pipeline also contains the ESP-HS (Extended
Stellar Parametrizer for Hot Stars) which specifically pro-
cesses the BP/RP and RVS data for stars hotter than 7500 K
(Gaia Collaboration 2022). The module provides the astrophysi-
cal parameters of O-, B-, and A-type stars, including an estimate
of the interstellar extinction (Ao, Ag), and reddening E(BP—RP).
The target overlap between GSP-Phot, GSP-Spec, and ESP-HS
is small due to the post-processing filtering and quality assess-
ment of the module, their T.¢ validity domain (e.g., main valid
AP domain of GSP-Spec is T < 8000K), and/or parameter
degeneracy. Keeping this in mind, there are 2929 ESP-HS hot
stars with an estimate of the DIB EWygg¢,, and only 1142 that
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Fig. 6. Comparison between the median EWgg, of the DIB 1862 (upper panel), the median E(BP — RP) (middle panel), and the ratio EWgg,/E(BP —

RP) (lower panel) at HEALPix level 5 in the Mollweide projection.

belong to the HQ sample. In the upper panel of Fig. 9, we
plot the interstellar reddening against the DIB EWygg, for the
latter sample, which provides a Pearson correlation coefficient
(PCC) of +0.69. Eight outliers were identified. A brief descrip-
tion of these is provided in Table C.1 (8 upper rows).

The hottest stars (labelled 1-3 in Fig. 9) are targets cooler
than 7500K (according to GSP-Spec), and those that were
treated with non-adapted synthetic spectra by ESP-HS. Out-
lier “7’ is known from Simbad (Wenger et al. 2000) to exhibit
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emission. On the other hand, the Ha pseudo-EW provided by
the ESP-ELS module is positive (i.e. no significant emission
is found in Ha from the BP/RP spectrum), and its RVS spec-
trum appears normal. It therefore remains unclear as to why the
derived APs (which include the extinction) do not provide a cor-
rect fit to the data. Outlier ‘6’ has a very peculiar RVS spec-
trum belonging to an extreme He star (FQ Aqr). Outliers ‘4’, ‘5°,
and ‘8’ show good agreement between observed and RVS fitted
spectra.
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Fig. 7. Correlation between EWgg, and E(BP — RP) for 55 557 measure-
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total) are sources with a temperature difference (GSP-Phot — GSP-Spec)
larger than 5000 K.

A similar trend is observed in the GSP-Phot vs. GSP-Spec
data, and plotted in the two lower panels of Fig. 9. In the middle
panel, the selection is solely based on the effective temperature
provided by GSP-Spec. Targets with a DIB EWgg, of greater
than 0.5 A are identified and numbered (Table C.1). With the
exception of the star labelled ‘6’, which shows an RVS spec-
trum typical for an early-B or late-O star, all the stars have spec-
tral features usually seen in M or late-K-type stars (which is
confirmed by Simbad in two cases; in the other ones no addi-
tional information was found). Therefore, these are confirmed
outliers, and to consistently (e.g., between the two GSP modules)
remove those points, we performed a second selection based
on the T.¢ derived by both modules (T.g >7000K). This last
selection is plotted in the lower panel of Fig. 9, and provides
a PCC = +0.77. The first selection attempt (middle panel) pro-
vides a median E(BP — RP) versus EWgg, that is slightly lower
than the relation obtained for the cooler stars (represented by the
broken blue line), while the first and third ones are in fair agree-
ment with this latter. The sample combination of the ESP-HS and
GSP-Phot/GSP-Spec (Fig. 9, lower panel) selections provides
1804 hot stars.

5.4. Comparison with the TGE dust map

The total galactic extinction (TGE) map is a full-sky 2D
representation of the foreground extinction from the Milky
Way towards extragalactic sources, which is constructed from
selected sources at large distances beyond the Galactic disk.
To derive this map, distant giants were selected in order to
obtain a set of stars situated beyond the dust layer of the disk
of the Galaxy. The median of extinctions derived by GSP-Phot
was then used to assign an extinction value for each HEALPix
at different levels. For further details on the TGE maps, see
Delchambre et al. (2023).

In the following, we use the HQ DIB sample as defined
in Sect. 3. In order to compare the EWge, of the DIB 1862
to the TGE map, it is first necessary to construct a HEALPix
map of the EWgg, in the same way as for the TGE map. We
selected the DIB 1862 DIB EWg¢, measurements based on their
Galactic altitude (|z] > 300 pc) and then calculated the median
EWse, in each HEALPix. Only HEALPixels with more than one
DIB 1862 measurement were retained.

The resulting DIB EWgs, HEALPix map is shown at level 5
in Fig. 10 (top left panel). We note that, due to our selection of
DIB 4862 sources, this figure is not the same as the top panel of
Fig. 6. Also shown in the top right panel of Fig. 10 is the TGE
map at level 5, where the value of a level-5 superpixel is the
mean of the four level-6 pixels. Any level-5 HEALPix contain-
ing at least one level-6 HEALPix with insufficient tracers (less
than three) is flagged as having no data. The lower left panel of
Fig. 10 shows the resulting skymap of the EWgg,/A¢ ratio, and
the lower right panel shows a scatter plot of EWgg, as a function
of TGE Ay. Although the DIB 1862 map does not cover the entire
sky (due to a lack of sufficient tracers), the two maps trace the
same large-scale structures across the sky. The ratio of the two
values is fairly constant from low to mid Galactic latitudes, but
large fluctuations are seen at higher latitudes where the number
of tracers drops considerably. The scatter plot shows good corre-
lation between the two values up to an Aj of 1.5 mag, after which
the EWgg, rises more slowly than the TGE Ay. This is a conse-
quence of the fact that A, traces asymptotic values of extinction
which (in the highly extinct regions) may occur beyond the dis-
tance of stars observed in DIB 1862 measurements. A straight
line fit to the scatter plot (broken line) below 1.5 mag results in
a slope of 0.07 and an intercept of 0.03.

6. Spatial distribution of the DIB 1862

Figure 11 shows a full sky map of the median values of the
integrated EWgg, of the DIB 4862 for the whole HQ sam-
ple, taken from 0.1kpcxO0.1kpc bins in XY, XZ, and YZ
planes, respectively. Stellar photogeometric distances are those
from Bailer-Jones et al. (2021). The overall distribution is sim-
ilar to the pseudo-3D map (Kos et al. 2014) from RAVE data
(Steinmetz et al. 2020), although a larger number of sight lines
and coverage over the whole sky with Gaia DR3 allow us to
draw more specific conclusions.

First, we note that EWge, increases with distance. This is
expected, but it is a nice validation of our results, as this increase
was not assumed when measurements of the DIB 1862 were
made. The two cross-sections perpendicular to the Galactic plane
in Fig. 11 show that DIB 1862 carriers are largely confined to the
Galactic plane, as expected. We note that the regions with strong
DIBs 4862 in two directions away from the plane (seen in the YZ
cross-section) start locally and do not increase in intensity with
distance. They therefore originate in clouds of DIB 1862 carriers
which reside close to the Sun and cause DIB 1862 absorption in
spectra of all stars located behind them.

The XY panel of Fig. 11 suggests that stars within spiral arms
generally show stronger EWgg, of the DIB 4862 carriers. This is
true for the Scutum—Centaurus arm and for the Perseus arm. Our
map lacks the reach needed to claim the same for the Outer arm,
though an increase of DIB 1862 intensity at a distance of ~4 kpc
in the Galactic anticentre direction agrees with this conjecture.
The situation for the Local arm and the Sagittarius—Carina arm is
more complicated: aregion with strong DIBs 1862 at £ ~ 60° coin-
cides with the spur between these two arms (indicated by the blue
line in Fig. 11). However, there is also an indication of a region of
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Fig. 8. Correlations between EWgs, and E(B — V) derived from different extinction maps: (a) GSP-Phot, (b) Planck Collaboration Int. XLVIII
(2016), (c) Schlegel et al. (1998), and (d) Green et al. (2019). The colours in each panel show the target number per 0.01 Ax0.02 mag bin. The
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The orange and violet dashed lines in (b) and (c) are the fit results to GSP-Phot and Green et al. (2019), respectively.

strong DIBs 4862 in the opposite direction, at £ ~270°. This may
indicate that DIBs 4862 fill in the region between the Sagittarius—
Carina and Local arms, with the exception of a large void around
the Solar position. However, we note that we do not claim the DIB
carrier clouds are seen to reside within the spiral arms, as the pres-
ence of the Local Bubble around the Sun amplifies a general rise
of EW with distance in any direction along the Galactic plane. A
detailed investigation of the spatial distribution of DIB carriers is
beyond the scope of this paper and will be discussed in Zhao et al.
(in prep.).

Figure 12 compares the spatial distribution of DIB 1862 and
dust absorptions. We note that only 40% of the DIB 1862 sam-
ple has valid E(BP — RP) measurements due to a strong quality
filtering in GSP-Phot. The comparison therefore only refers to
55080 sources in common and not to the whole DIB 1862 HQ
sample shown in Fig. 11. The top panels show the distribution
of the colour excess, and the bottom panel is the ratio between
EWjgg, and E(BP — RP) with a subtracted linear fit from Fig. 7.
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Two important results of Figs. 11 and 12 are that the spa-
tial distribution of DIB 1862 carriers and dust are qualitatively
similar, but their ratio shows a pronounced lack of dust absorp-
tion for nearby sight lines. The red regions in the bottom pan-
els of Fig. 12 demonstrate that the Local Bubble around the
Sun which contains very little dust does not have a similar
low density of DIB 4862 carriers. This is confirmed with a
median EWgg, ~ 0.1 A within the inner 150 pc from the Sun. To
investigate the situation further, Fig. 13 shows a zoom into the
4 x 4 x 0.6 kpc rectangular box centred on the Sun for stars that
have valid EWg4, and E(BP — RP) measurements. In addition,
the positions of the nearby molecular clouds from Zucker et al.
(2020) are indicated by dots: black for clouds within 100 pc
from the plane and red for those at heights between 100 and
300 pc. It is encouraging to see that molecular clouds at low
Galactic heights are indeed at the head of strong DIB 1862
directions and dust absorptions in the XY plane. This suggests
that the light from behind stars passes through these clouds of
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Fig. 9. E(BP — RP) vs. EWg¢, of the DIB 2862 derived for the HQ sam-
ple by GSP-Spec for hot stars. The colour code follows the effective
temperature derived by ESP-HS or GSP-Spec. The running median and
interquantile (15-85%) are represented by a black step curve and the
shaded area, respectively. The relation derived for the cooler stars is
shown by the broken blue line. Upper panel: reddening derived using
the ESP-HS module for stars hotter than 7500 K. The outliers are iden-
tified with black circles and numbers. Middle panel: E(BP — RP) from
GSP-Phot for targets hotter than 7000 K according to GSP-Spec only.
Lower panel: E(BP — RP) from GSP-Phot, and hotter than 7000 K
according GSP-Spec and GSP-Phot. Numbered black circles denote
the outliers which are discussed in the main text, with their parameters
listed in Table C.1.

simple molecules, dust, and DIB 14862 carriers and so their
volume-filling factor is large enough for this to happen. Sim-
ilarly, molecular clouds at larger distances from the Galactic
plane (red dots) seem to correspond to directions of enhanced
dust absorption and DIB 1862 presence away from the plane.
We note that Figs. 11 and 12 are based on the assumption of a
Gaussian profile for the DIB carrier. The profile of the DIB may
be more complicated or may vary in shape; in some cases one
may expect a superposition of absorptions originating in multi-
ple clouds along the line of sight, but the EWgg, values we derive
are not affected significantly, as long as the radial velocities of
the DIB carriers and profile variations are small compared to
the width of the profile in our spectra with a moderate resolving
power. The EWs we derive are always small, and so we are in a
linear regime where the total value is a simple sum of individ-
ual absorptions. In addition, the departures from the Gaussian
profile caused by the superposition effect have been shown to

be insignificant for DIB 4862 by comparing the fitted EW with
the integrated EW (Kos et al. 2013) and EW calculated from an
asymmetric Gaussian function (Zhao et al. 2021a).

Due to the large catalogue of DIB 1862, and the better
sampling for different sightlines, we can trace the spatial vari-
ation of EWge/E(BP — RP) (bottom in Fig. 12) which can
be used as a tracer to reveal the local physical conditions; as
in the work of Vosetal. (2011) for the Scorpius OB2 asso-
ciation. The ultimate goal would be to compare the densities
of dust and DIB 4862 carrier derived by extinction and EW,
respectively. A series of works carried out such a comparison
for the dust (e.g., Capitanio et al. 2017; Rezaei Kh et al. 2018;
Lallement et al. 2014, 2019; Rezaei Kh et al. 2020). No attempt
has been made so far for DIB 1862.

A detailed analysis of the spatial co-location of molecular
clouds and clouds of DIB 4862 carriers and interstellar dust,
together with a study of their spatial filling factors, is beyond
the scope of this paper and will be explored in the future.

6.1. The Local Bubble

Farhang et al. (2019) studied the low-density cavity known as
the Local Bubble and found the presence of the DIB carri-
ers at 45797 and A5780 in the bubble. Other detailed stud-
ies of the local ISM were obtained from Vergely et al. (2001,
2010), Welsh et al. (2010). Figure 14 shows the distribution of
the DIB 4862 carrier in the inner 300 pc volume with respect to
the Sun within 100 pc from the Galactic plane. In the left-hand
panel, a clear asymmetry can be seen in the distribution of the
DIB 4862, which is also seen in other DIB maps in the Local
Bubble (see e.g., Farhang et al. 2019, Bailey et al. 2016), while
in the inner 100 pc we see a homogeneous distribution of weak
DIBs (EW < 0.05 A).

Figure 14 shows the correlation of the DIB 4862 of our sam-
ple with the dust extinction derived from E(BP-RP). Here, we
see a clear linear relation in this extreme low-extinction region
even for very small EW (<0.05 10\). However, a more detailed
discussion of the behaviour of the DIB 1862 in the Local Bubble
is beyond the scope of this paper.

6.2. Scale height

To characterise the vertical distribution of the carrier of the
DIB 1862, we assume an exponential model and follow the
straightforward method used in Kos et al. (2014). Following this
approach, the DIB strength EWge, and the stellar distance (d) in
a narrow latitude slab can be derived as

EWge = fd 00 exp(w)ds+B = A[1—exp(~d/dy)]+B,
0 0
5

where 7 is the scale height, b is the galactic latitude, d is the
heliocentric distance, dy = zo/sin(|b[), A = pozo/sin(|b]), and B is
a small offset of our EWge, values due to the fact that only suf-
ficiently strong DIBs 1862 pass the selection criteria for the HQ
sample. So that we can compare the data points at different lati-
tudes, we follow Kos et al. (2014) and first normalise the curves
in different latitude bins by fitting parameters (EWgg, — B)/A).
This normalised EWgg; is then fitted again by Eq. (5) in order to
to get the scale height zo. We refer to Kos et al. (2014) for more
details, especially their Fig. 2.

Kos et al. (2014) applied this method for 20 latitude slabs
from b = -20° to b = 20° with a bin size of 2° and obtained
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Fig. 10. Top left: EWgs, of the HQ sample for stars beyond the Galactic disk (|z] > 300 pc), averaged in each level-5 HEALPix. Grey pixels indicate
no data, where there are fewer than two DIB 4862 measurements in the level-5 HEALPix. Top right: TGE A, at HEALPix level 5, again where
grey signifies no data (i.e. where there are insufficient extinction tracers). Bottom left: EWygs, vs. TGE over the sky. Bottom right: density plot
of EWgg, vs. TGE. The median EWgg, in regular TGE bins is shown as red points. The uncertainty bars are derived using the average absolute

deviation around the median.

Zo = 209.0 £ 11.9 pc. We only use eight slabs with moderate lati-
tudes (—12° < b < —4° and 4° < b < 12°) which show exponen-
tial saturation, and take median EWg¢, in each 0.25 kpc bin from
0 to d = 3 kpc. To compare with the result of Kos et al. (2014),
we first consider measurements with 240° < £ < 330° (upper
panel in Fig. 15). The normalised EWge, with z > 0.4 kpc show
an apparent offset due to the low quality of the fitting at large
distances from the Galactic plane. Therefore, we only fit the data
points with |z| < 0.4kpc by Eq. (5) and get zp = 133.15*;7) pc,
which is a smaller value than that derived by Kos et al. (2014).
We note that we do not survey the same sample here and that
Kos et al. (2014) had to resort to averaging of DIB 1862 mea-
surements from different stars, meaning that their sample may be
influenced by systematic errors in distance measurements avail-
able in the pre-Gaia era.

Gaia makes an all sky survey of DIBs 1862 which is not
restricted to the Southern hemisphere and equatorial region, as is
the case for RAVE. Using all available lines of sight (lower panel
in Fig. 15), the fitted zo decreases to 98.69fé%§1 pc. The uncer-
tainties are small and may indicate a variation of the DIB 1862
scale height on the line of sight. This is consistent with the spatial
distribution of the DIBs 4862 (see Fig. 6) where we notice, for
example, a larger zy for the inner disc (|£| < 30°). Our derived zg
of the DIB 1862 carrier towards all available lines of sight with
4° < |b| < 12° is close to the scale height of the carrier of the
DIB at 1.527 um derived by Zasowski et al. (2015) with zg =
108 + 8 pc but is slightly smaller than the scale height of the dust
grains as measured by various authors, such as 134.4 + 8.5 pc by
Drimmel & Spergel (2001), 125*)7 pc by Marshall et al. (2006),
119 + 15pc by Jones et al. (2011). On the other hand, Li et al.
(2018) reported a smaller value of 103 pc while Guo et al. (2021)
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obtained two 79, 72.7 + 2.4 pc and 224.6 + 0.7 pc, for a two-disk
model. For comparison, dense molecular gas such as '2CO has
a smaller scale height of ~50-70pc (Sanders et al. 1984). For
stars with 4° < |b| < 12°, we derive pg = 0.19 + 0.0413‘kpc‘1
and B = 0.05+0.01 A. This allows the reader to use Eq. (5) as an
estimate of the expected DIB 18620 carrier strength towards any
star in the solar neighbourhood with 4° < |b| < 12°. The ratio
of the measured EWgg, over the expected EWgg, has 16 and 84
percentile values of 0.66 and 1.30. A detailed characterisation
of the DIB 1862 carrier extending beyond the symmetric models
is needed to study local substructures in and out of the Galactic
plane.

7. Rest-frame wavelength

One of the most important observational properties of the
DIB 4862 is its central rest-frame wavelength (1), which is nec-
essary to identify the DIB 4862 carrier through comparison to
laboratory measurements. A frequently used method is to use
the well-identified interstellar atomic or molecular lines to shift
the whole spectrum to the rest velocity frame assuming a tight
correlation between the DIB 1862 and the interstellar lines (e.g.,
Jenniskens & Desert 1994; Galazutdinov et al. 2000a). Without
the interstellar counterpart, Ay can also be statistically deter-
mined with the empirical assumption that the radial velocity
in the Local Standard of Rest (LSR) towards the Galactic cen-
tre (GC) or the Galactic anti-centre (GAC) is almost null (e.g.,
Munari et al. 2008; Zasowski et al. 2015; Zhao et al. 2021b).
We apply this statistical method for both GC and GAC
by selecting targets with AC < 10°, |p| < 2°, d < 4kpe,
QF = 0, err(A¢) < 1.0 A, and valid stellar radial velocities.
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Fig. 11. Face-on and side-on views of the spatial distribution of the DIB 1862 for the whole HQ sample plotted over the Milky Way sketch created
by Robert Hurt and Robert Benjamin (Churchwell et al. 2009). Median EWgg, are taken from 0.1 kpc x 0.1 kpc bins in XY, XZ, and YZ planes,
respectively. The Galactic centre is located at (X, Y, Z) = (=8, 0,0). The coloured lines represent the Galactic log-periodic spiral arms described
by the parameters from Reid et al. (2019): Scutum—Centaurus arm, orange; Sagittarius—Carina arm, purple; Local arm, black; Perseus arm, green;
Outer arm, cyan. The spur between the Local and Sagittarius—Carina arms is indicated by the blue line.

This provides 1405 stars for GC and 1106 cases for GAC. Figure
16 shows their measured central wavelengths in the heliocentric
frame (Cyps) as a function of the angular distance from GC and
GAC, respectively. By the linear fit to the median values in each
A€ = 1° bin, we get Cyps = 8623.10 % 0.018A at ¢ = 0° and
Cons = 8623.54 + 0.019 A at £ = 180°. We stress that these are
vacuum wavelengths, which means they are appropriate for Gaia
observations. For GAC, C,ps increases with Galactic longitude,
having a slope of 23 + 3.4 mA deg™!, while the longitude trend
is flatter toward the GC, with a slope of 1.2 + 3.1 mA deg™". Fit-
ting with a more constrained longitude region, such as A¢ < 2°,
yields very similar intercepts, that is Cops = 8623.10 + 0.016 A
at £ = 0° and Cops = 8623.52 + 0.023 A at £ = 180°. Never-
theless, both of the slopes toward GC and GAC become larger
and much closer to each other: 47 + 14 mA deg™! for GC and
45+20mA deg™! for GAC. These slopes are also consistent with
the values of 57 + 8 mA deg™! derived by Zasowski et al. (2015)
for the DIB at 1.5273 um, 47 mA deg™! derived from the CO
rotation curve (Clemens 1985), and 40 mA deg_1 derived from
the stellar rotation curve (Bovy et al. 2012).

Considering the effect of solar motion, 4y in vacuum is
derived as c¢/(c — Ug) X Cobs =8623.41 A for GC, and ¢/(c +
Up) X Cops =8623.23 A for GAC, where c¢ is the speed of
the light and Uy =10.6 kms™! (Reid et al. 2019) is the radial

solar motion. The difference between them may be caused by
non-circular motion of the DIB 4862 carrier about the Galactic
centre, which makes the LSR velocity non-zero. We believe this
systematic effect is less pronounced in the direction of the GAC,
and so we use this value to derive its counterpart wavelength in
the air of 8620.86 A. This number agrees well with our previ-
ous result from the Giraffe Inner Bulge Survey (Zoccali et al.
2014) towards the GC (8620.83 A; Zhao etal. 2021b). The
obtained value in this work is slightly larger than the values of
8620.70+ 0.3 A (Sanner et al. 1978), 8620.75 A (Herbig & Leka
1991), and 8620.79 A (Galazutdinov et al. 2000b). The result
of Jenniskens & Desert (1994), namely 8621.11 + 0.34 A, is
very close to our result towards GC (8621.03 A in air). Based
on 68 hot stars from RAVE, Munari et al. (2008) measured a
mean Cops toward GC as 8620.4 + 0.1 A, corresponding to a
Ay = 8620.70 A after the solar-motion correction, which is also
smaller than our result. Fan et al. (2019) obtained a much smaller
Ao = 8620.18 + 0.25 A, an average value of 17 for their pro-
gram spectra, which was measured in the averaged optical-depth
profiles and corrected by the interstellar K1 line at 7699 A. The
lower quality of their spectra at longer wavelengths and the com-
plex velocity structure of the atomic species could be the cause
of the large difference between their results and others (Haoyu,
priv. comm.).
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Fig. 12. Same as Fig. 11, but for E(BP — RP) from GSP-Phot (upper panel), and the ratio of EWgs, /E(BP — RP) (lower panel), subtracting 0.22,
the inverse of the linear gradient fitted in Fig. 7. Only 55 080 sources in the HQ sample with E(BP — RP) measurements are used.
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Fig. 13. Same as Fig. 11 but for a subsample containing 39 224 cases with |X| < 2kpc, |Y| < 2kpc, |Z| < 0.3 kpc, and valid E(BP — RP). Median
EWgq, are taken from 0.05 kpc x 0.05 kpe bins in XY, XZ, and YZ planes, respectively. Overplotted are nearby MCs measured in Zucker et al.
(2020). The MCs with Z > 0.1 kpc are indicated as red dots.
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Fig. 15. Determination of the scale height of the 1862 carrier by the DIB
measurements with 4° < |b| < 12°, and upper panel: 240° < € < 330°;
lower panel: toward all available longitude directions, respectively. The
data points at different latitude slabs are coloured according to the cen-
tral latitude values (by). The dashed green line indicates z = 0.4 kpc. The
red curve in the upper panel is the fit to data points with z < 0.4 kpc,
while in the lower panel, the red curve is the fit to all the data points.

8. Kinematics of the DIB carrier

Although most of the DIB carriers are unknown, they have been
proven to be a powerful tool for ISM tomography and conse-
quently can probe the Galactic structure and interstellar environ-
ments. The most comprehensive kinematic study to date was per-
formed by Zasowski (2015) using APOGEE (SDSS-III) data, and
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allowed the authors to reveal the average Galactic rotation curve
of the 41527 DIB carriers spanning several kiloparsecs (kpc) from
the Sun. They probed the DIB 41527 carrier distribution in 3D and
showed that DIBs 11527 can be used to trace large-scale Galactic
structures, such as the Galactic long bar and the warp of the outer
disk. Zhao et al. (2021b) studied the kinematics of the DIB 1862
in the Galactic Bulge using Gaia-ESO (Gilmore et al. 2012) and
GIBS data (Zoccali et al. 2014). These authors concluded that the
DIB 4862 carrier is located in the inner few kpc of the Galactic
disk based on their rotation velocities and radial velocity disper-
sion. However, these studies are based on specific pencil beams
with a limited number of objects. Figure 17 demonstrates the
enormous potential of Gaia for studying the kinematic behaviour
of the DIBs A862; it shows the Galactic rotation curve of the
DIB 4862 carrier for |b| < 5° and in bins of 10 degrees in galac-
tic longitude. Indicated are Galactic rotation curves computed by
Model A5 in Reid et al. (2019) with different galactocentric radii
(Rge). For sightlines with £ > 150°, the DIB 1862 velocities are
consistent with the model rotation curves for Rgc ~ 9 kpc. On the
other hand, for the inner disc with £ < 30° the DIB 1862 carrier is
best represented by Rgc ~ 7.5 kpc, thus closer to the Sun. This is
different from the findings of Zasowski et al. (2015), namely that
the DIB 21527 carrier in the inner Galaxy is farther from the Sun.
Indeed, the inner disc sample of these latter authors shows higher
velocities compared to our sample by a factor of almost two. This
is most likely due to the fact that APOGEE observes in the infrared
and so probes the DIB 41527 in the inner Galaxy up to larger dis-
tances compared to Gaia. The majority of stars in APOGEE are
within ~6 kpc from the Sun while our sample is mostly confined
to ~2-3 kpc.

Assuming a galactic rotation model, Zhao et al. (2021b)
demonstrated that kinematic distances of the DIB 1862 can be
obtained, allowing the real 3D distribution of the DIB carrier to
be traced. We plan to present this in a forthcoming paper.

Correlations between the DIB 1862 carrier and gas kinemat-
ics using different tracers such as CO and HI can provide addi-
tional clues as to the origin of the DIB A862 carrier. Figure 17
shows one example with the comparison of the '>CO data from
Dame et al. (2001). In the present study we use the momentum-
masked cube restricted to the latitude range +5°'. We see that,

! https://lweb.cfa.harvard.edu/rtdc/CO/Composite
Surveys/
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Fig. 16. Observed central wavelengths (Cyps, in vacuum) of DIB 1862 in the heliocentric frame as a function of the angular distance from the
longitude centre (A¢) for the Galactic centre (left panel) and the Galactic anti-centre (right panel), respectively. The grey points are the individual
measurements with the fitted uncertainties. The red dots are the median values taken in each A¢ = 1° bin with the standard deviation. The red lines

are the linear fit to the red dots.

LSR Velocity (kms™)

120 60 0
Galactic Longitude (£°)

T T T o
0 10 20 30 40 50 60 70 80
number of stars per bin

180

60 —120 —180

120 60 60 —120 —180
Galactic Longitude (£°)

15 -1.0 -05 00 05 10 15 2.0
log /Tdb (Karcdeg)

Fig. 17. Left panel: longitude—velocity diagram for the Gaia HQ DIB 1862 sample. The circles indicate the median Vi sg and standard uncertainty of
the mean for each field. Velocity curves calculated by Model A5 in Reid et al. (2019) for different galactocentric distances (Rgc) are overplotted.
Right panel: same as left panel but superimposed on the '2CO data from Dame et al. (2001). The colour-scale displays the '2CO brightness

temperature in a logarithmic scale integrated over the velocity range.

in general, the DIB 1862 closely follows the CO gas pattern,
especially in the Galactic anticentre region, while higher veloc-
ities are seen in CO for |£| < 50°. This close relation between
the DIB 4862 and the gas reinforces the suggestion that the
DIB 4862 carrier could be related to macro molecules. We want
to stress again that Gaia data allow us to discuss such a large-
scale picture for the first time.

9. Conclusions

We present the largest sample of individual DIBs at 862 nm pub-
lished to date, as obtained by the Gaia RVS spectrometer. This
is the first homogeneous and all-sky survey of the DIB 1862, and
allows us to study the global properties of this DIB 4862 carrier
in detail. Defining a high-quality sample, we demonstrate that
DIBs at 862 nm show a tight relation with interstellar redden-

ing such as E(BP — RP) or E(B — V). Despite the use of differ-
ent algorithms in the measurement of DIBs at 862 nm between
hot stars (Te¢ > 7000 K) and cool stars (T <7000 K), we see
very similar relations between EWge, and E(BP — RP), demon-
strating the robustness of the DIB 4862 measurement. While we
see similarities in the spatial distributions between the DIB 1862
carrier and the interstellar reddening, we also notice some differ-
ences, in particular that the scale height of the DIB 1862 carrier
is smaller compared to the dust and that the DIB 4862 carrier is
concentrated within the inner kpc from the Sun. A similar con-
clusion can be drawn from the comparison with the total Galactic
extinction map. The main and most striking difference between
the DIB 1862 carrier and dust distributions is that DIB 1862 car-
riers are present in the Local Bubble around the Sun, while this
region is known to contain almost no dust. To first order, the
spatial distribution of DIB 1862 carriers follows a simple slab
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model. We derive its local density and scale height, which can
be used to predict the expected EW of the DIB 4862 towards any
star up to ~3 kpc from the Sun.

Taking advantage of the full sky coverage of the DIB 1862,
we determined the rest-frame wavelength of the DIB 4862 in the
Galactic anticentre with an estimated 1y = 8620.86 + 0.019 A
in air. This is the most precise determination of Ay to date. We
note that using a large number of sources diminishes the for-
mal measurement errors and, more importantly, largely negates
the systematic errors of unknown radial velocities of clouds of
DIB carriers which may influence any studies based on a small
number of sources. For the first time, we demonstrate here the
Galactic rotation curve traced by the DIB 4862 carrier within
1-2 kpc from the Sun and reveal the remarkable correspondence
between the DIB 4862 velocities and the CO gas velocities, rein-
forcing the suggestion that DIB 1862 carriers could be related to
gaseous macromolecules.
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Appendix B: ADQL Queries
Use Case: Retrieve full DIB sample
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SELECT *

FROM user_dr3int5.astrophysical_parameters AS
gaia

INNER JOIN user_dr3int5.astrophysical_parameters_
supp AS m

ON gaia.source_id = m.source_id
WHERE gaia.dibqgf_gspspec >= 0

Use Case: Retrieve DIB results for HQ sample

SELECT *

FROM user_dr3int5.astrophysical_parameters

WHERE ((flags_gspspec LIKE *0%’) OR (flags_gspspec LIKE
"1%’)) AND ((flags_gspspec LIKE ’_0%’) OR (flags_gspspec
LIKE ’_1%’)) AND ((flags_gspspec LIKE ’_ 0%’) OR

(flags_gspspec LIKE ’__1%’)) AND ((flags_gspspec
LIKE ’___0%’) OR (flags_gspspec LIKE '___ 1%’)) AND
((lags_gspspec LIKE °__ 0%’) OR (flags_gspspec LIKE
' 1%’)) AND ((flags_gspspec LIKE °’ 0%’) OR
(flags_gspspec LIKE ° 1%’)) AND ((flags_gspspec LIKE
’ 0%’) OR (flags_gspspec LIKE °’ 1%’)) AND
((flags_gspspec LIKE ’ 0%’) OR (flags_gspspec LIKE
’ 1%’)) AND ((flags_gspspec LIKE ~’ 0%’)
OR (flags_gspspec LIKE ’ 1%)) AND
((flags_gspspec LIKE ° 0%’) OR (flags_gspspec
LIKE 1%’)) AND  ((flags_gspspec LIKE
’ 0%’) OR (flags_gspspec LIKE ’ 1%))
AND  ((flags_gspspec LIKE ° 0%’) OR
(flags_gspspec LIKE ’ 1%’)) AND ((flags_gspspec
LIKE °~° 0%’) OR (flags_gspspec LIKE
’ 1%’)) AND (dibqf_gspspec <= 2) AND
(dibgf_gspspec >= 0 ) AND (dib_gspspec_lambda>
862.0)0 AND (dib_gspspec_lambda < 862.6) AND

((dibew_gspspec_uncertainty/dibew_gspspec) < 0.35)
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Appendix C: Hot star outliers

Table C.1. Outliers found in the hot stars sample (Fig.9). Description of the table columns: number (col.1), GDR3 ID (col.2), Simbad ID
and spectral/object type between brackets when available (col.3), effective temperatures from ESP-HS and spectral type found in then field
spectraltype_esphs (col.4), GSP-Spec (col.5), and GSP-Phot (col.6).

n DR3 ID ID Simbad Teff Teff Teff
ESP-HS  GSP-Spec  GSP-Phot
ESP-HS, upper panel of Fig. 9
1 | 2066753415480268800  2MASS J20500395+4300117 54705 (O) 6904 7690
2 444955867385000832 - 54650 (0) 6248 7023
3 | 4054566946966876288 CD-32 12958 54706 (B) 7115 -
4 | 2164089679515345280 TYC 3589-1199-1 13541 (B) 8404 -
5 | 5537927056196905984 TYC 7659-1313-1 16054 (B) 8339 12109
6 | 1730824030187372416 FQ Aqr 17364 (B) 8289 -
7 | 3455454953759211264 LS V +35 26 (OB-¢e) 20000 (B) 8068 -
8 | 2005574977916673792 BD+53 2784 (B3 III) 17695 (B) 7869 -
GSP-Phot, middle panel of Fig.9

1 | 5999123049637219072 IRAS 15212-4624 -M) 7316 3641
2 | 5843278232842959872 IRAS 12365-6959 - (M) 7312 3523
3 | 5878260883212542208 - -(0) 7843 6495
4 | 5854026787978149760 IRAS 14112-6224 -(M) 8000 3712
5 | 5889006272967734144 IRAS 15230-5132 (LP?) -M) 7348 3584
6 | 4152556797623844608 TYC 5702-740-1 -(0) 7679 8061
7 | 4134885451076972416 IRAS 17170-1756 -M) 7900 3707
8 | 5341747587387330432 IRAS 11464-5753 (M7) - (M) 7900 3500
9 | 1931994246725494400 V608 And (M7/M8) -M) 7298 3623
10 | 4478836843125274496 IRAS 18313+0720 - (M) 8000 3637
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