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A B S T R A C T 

Although diffuse interstellar bands (DIBs) were disco v ered o v er 100 yr ago, for most of them, their origins are still unknown. 
Investigation on the correlations between different DIBs is an important way to study the behaviour and distributions of their 
carriers. Based on stacking thousands of spectra from the Pristine Inner Galaxy Surv e y, we study the correlations between two 

DIBs at 442.8 nm ( λ442.8) and 862.1 nm ( λ862.1), as well as the dust grains, in a range of latitude spanning ∼22 

◦ (4 

◦ < | b| < 15 

◦) 
toward the Galactic Centre ( | � | < 11 

◦). Tight linear intensity correlations can be found between λ442.8, λ862.1, and dust grains 
for | b| < 12 

◦ or E( B − V ) > 0 . 3 mag. For | b| > 12 

◦, λ442.8 and λ862.1 present larger relative strength with respect to the dust 
grains. A systematic variation of the relative strength between λ442.8 and λ862.1 with | b | and E( B − V ) concludes that the two 

DIBs do not share a common carrier. Furthermore, the carrier of λ862.1 is more abundant at high latitudes than that of λ442.8. 
This work can be treated as an example showing the significance and potentials to the DIB research co v ering a large latitude 
range. 

Key words: dust, extinction – ISM: lines and bands. 
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 I N T RO D U C T I O N  

fter o v er 100 yr since the disco v ery of the diffuse interstellar bands
DIBs) in 1919 (Heger 1922 ), over 600 DIBs have been confirmed
etween 0.4 and 2.4 µm (Cox et al. 2014 ; Galazutdinov et al. 2017b ;
an et al. 2019 ; Ebenbichler et al. 2022 ; Hamano et al. 2022 ).
s a set of weak and broad absorption features, today DIBs are

hought to be produced by carbon-bearing molecules, like carbon or
ydrocarbon chains (e.g. Maier et al. 2011 ; Zack & Maier 2014 ),
olycyclic aromatic hydrocarbons (PAHs; e.g. Salama et al. 1996 ;
hen et al. 2018 ; Omont, Bettinger & T ̈onshoff 2019 ), and fullerenes
nd their deri v ati ves (e.g. Fulara, Jakobi & Maier 1993 ; Cami 2014 ;
mont 2016 ). Ho we ver, due to the difficulties in the experimental

esearch on complex molecules (Hardy, Rice & Maier 2017 ; Kofman
t al. 2017 ) and in the comparison between the experimental
easurements and astronomical observations, buckminsterfullerene
 E-mail: hzhao@pmo.ac.cn (HZ); mathias.schultheis@oca.eu (MS); 
nke.arentsen@astro.unistra.fr (AA) 
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60 ) is the first and only identified DIB carrier for five near-infrared
IBs so far (e.g. Foing & Ehrenfreund 1994 ; Campbell et al. 2015 ;
alker et al. 2016 ; Linnartz et al. 2020 ), although some debates

bout the wavelength match and the relative strength of these bands
till exist (Galazutdinov et al. 2017a , 2021 ). 

Besides the comparison between astronomical observations and
 xperimental results, inv estigating the correlations between different
IBs is also one of the most important ways to study the relations
etween their carriers and even to find the common carrier for a
et of DIBs (e.g. Friedman et al. 2011 ; Ensor et al. 2017 ; Elyajouri
t al. 2017 , 2018 ). The tightest correlation w as found between tw o
IBs at 619.6 nm and 661.4 nm (in this work, we cite DIBs with their

entral wavelengths in nanometre) with very high Pearson coefficient
 r p > 0 . 98; e.g. McCall et al. 2010 ; Friedman et al. 2011 ; Kos &
witter 2013 ; Bondar 2020 ). But the variation of their strength ratio
as also been reported by Krełowski et al. ( 2016 ) and Fan et al.
 2017 ), verifying that only a tight intensity correlation is not enough
o conclude a common origin for different DIBs. The behaviour
f the relative strength between different DIBs as a function of
 H ≡ 2 N ( H 2 ) / [ N ( H I ) + 2 N ( H 2 )] was used by Fan et al. ( 2017 ) to
2 
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Figure 1. Spatial distribution ( � , b ) of 6980 PIGS targets, o v erplotted on the 
dust reddening map of Planck Collaboration ( 2016 ). Coloured dots represent 
the targets assigned into different fields (black circles), as a result of the 
k-means clustering with N = 36 (see Section 3 for details). 
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1 FERRE (Allende Prieto et al. 2006 ) is available from http://github.com/cal 
lendeprieto/ferre 
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tudy the relative positions of the DIB carriers. Lan, M ́enard & Zhu
 2015 ) also investigated the correlation between DIB strength and 

( H I ) and N (H 2 ) for 20 DIBs at high latitudes. Nevertheless, it is
ard to measure N ( H I ) and N (H 2 ) in ultraviolet spectra or decipher
he positions of H I and H 2 from the radio observations. Another 
ay is to explore the spatial distributions of different DIBs, which 

equires the probing of interstellar medium (ISM) abo v e and below
he Galactic plane o v er a large range of latitudes if we would like to
et more information and conclusions from the correlation study on 
ifferent DIBs. McIntosh & Webster ( 1993 ) studied the variation of
he relative strength between DIBs λ442.8, λ578.0, and λ579.7 as a 
unction of Galactic latitudes based on a sample of 65 stars. They
ound the carrier abundance of λ442.8 to be highest at low latitudes,
hich agrees with our results (see Section 5.2 ). 
The DIB research benefits from the arri v al of large spectroscopic

urv e ys allowing to perform large statistically studies. The 3D dis-
ributions of the DIB carriers have been mapped by Kos et al. ( 2014 )
nd Gaia collaboration, Schultheis et al. ( 2022 ) for DIB λ862.1 (we
ake here its central wavelength as 862.086 nm derived in Gaia 
ollaboration, Schultheis et al. 2022 with measurements from Gaia 
ollaboration, Recio-Blanco et al. 2022 ), and Zasowski et al. ( 2015 )
or DIB λ1527.3, based on the data from the Radial Velocity Experi-
ent (RAVE; Steinmetz et al. 2006 ), Gaia –DR3 (Gaia Collaboration, 
allenari et al. 2022 ; Gaia collaboration, Creev e y et al. 2022 ),
nd the Apache Point Observatory Galactic Evolution Experiment 
APOGEE; Majewski et al. 2017 ), respectively. Zasowski et al. 
 2015 ), Zhao et al. ( 2021b ), and Gaia collaboration, Schultheis et al.
 2022 ) made preliminary studies on the kinematics of the DIB carriers
ith the APOGEE, Gaia –ESO (Gilmore et al. 2012 ), and Gaia
ata sets. Nevertheless, the individual spectra in large spectroscopic 
urv e ys usually have less integral time than specifically designed DIB
bservations, resulting in a lower signal-to-noise ratio (S / N). Taking 
his into account, stacking spectra in an arbitrary spatial volume is a
ractical and useful method to achieve better S / N and to precisely
easure DIB features (e.g. Kos et al. 2013 ; Baron et al. 2015a , b ; Lan

t al. 2015 ). 
Based on the surv e y data, some studies devoted to the investigation

n the intensity correlations between different DIBs. Elyajouri et al. 
 2017 ) made use of ∼300 spectra of early-type stars in APOGEE to
xplore the correlations between the strong DIB at 1.5273 µm and the
hree weak DIBs at 1.5627, 1.5653, and 1.5673 µm. A comparison 
etween the DIB at 1.5273 µm and some optical DIBs was done
s well. Based on 250 stacked spectra at high latitudes, Baron et al.
 2015b ) successfully clustered 26 weak DIBs into six groups and four
f them were tightly associated with C 2 or CN. A data-driven analysis
as also done by Fan et al. ( 2022 ) for 54 strong DIBs measured

n 25 high-quality spectra of early-type stars. And they suggested a 
ontinuous change of properties of the DIB carriers between different 
roups. The results of Puspitarini et al. ( 2015 ) showed a similar
ariation of the strength with the distance of background stars for
IBs λ661.4 and λ862.1 in a field centred at ( �, b) = (212 . 9 ◦, −2 . 0 ◦).
ut a direct comparison between λ661.4 and λ862.1 was 
ot made. 
In this work, we take advantage of the data from the metal-

oor Pristine Inner Galaxy Surv e y (PIGS; Arentsen et al. 2020b )
hich contain a large number of spectra (13 235) and two strong
IBs ( λ442.8 and λ862.1) in its blue-band and red-band spectra, 

espectively. Metal-poor stars have the advantage that the DIBs are 
ess or not at all affected by stellar lines. We measure the two DIBs
n stacked spectra and investigate their relative vertical distributions. 
n Section 2 , we briefly introduce the PIGS surv e y. The stacking of
pectra and the DIB measurements are described in Section 3 . The
esults of the intensity correlations and vertical distributions of the 
wo DIBs and dust grains are presented in Section 4 and discussed
n Section 5 . The main conclusions are summarized in Section 6 . 

 P I G S  

he PIGS (Arentsen et al. 2020b , a , 2021 ) is an extension of the Pris-
ine surv e y, which uses the metallicity-sensitiv e narrow-band CaHK
lter on the Canada-France-Hawaii-Telescope (CFHT) to search for 
nd study the most metal-poor stars (Starkenburg et al. 2017 ). PIGS
ims at obtaining spectra for the metal-poor stars in the Galactic bulge 
nd studying their kinematics (Arentsen et al. 2020a ), as well as the
hemical and dynamical evolution of the inner Galaxy (Arentsen et al. 
020b , 2021 ; Sestito et al. 2022 ). The PIGS targets were selected with
 magnitude limit of 13 . 5 < G < 16 . 5 mag for Gaia (Gaia Collabo-
ation 2018 ) or 14 . 0 < g < 17 . 0 mag for Pan–STARRS1 (Chambers
t al. 2016 ), and an reddening limit of E( B −V ) � 0 . 7 mag from
reen et al. ( 2018 ). Most of these targets (88 per cent) have

Fe / H] < −1 . 0 dex, with a peak around −1.5 dex and a tail down
o −3.0 dex (Arentsen et al. 2020b ). The targets were observed with
AOmega + 2dF on the AAT, obtaining simultaneous blue-band 

370–550 nm, R ∼ 1300) and red-band (840–880 nm, R ∼ 11 000)
pectra. 

The spectra were analysed with the FERRE 

1 code, which simulta- 
eously derived effective temperatures, surface gravities, metallici- 
ies, and carbon abundances. For details on the analysis, see Arentsen
t al. ( 2020b ). In the original analysis, both the observed and model
pectra were normalized using a running mean. For this work, we
erform a re-normalization of the original observed and best-fitting 
ynthetic spectra using the fit-continuum task in the PYTHON SPECUTILS 

ackage. A third and fifth order Chebyshev polynomial was used for
ed-band and blue-band spectra, respectively. 

There are 13 235 PIGS spectra observed between 2017 and 2020,
f which we make use of 6980 of them, distributed into 36 fields
see Fig. 1 ), with S / N > 50 measured between 840–880 nm and
 eff < 7000 K, which assures the quality of the observed and synthetic
MNRAS 519, 754–766 (2023) 

art/stac3510_f1.eps
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Table 1. Field information and fitting results of DIB λ442.8 in the blue-band stacked ISM spectra. 

Field � 0 b 0 radius N 

a E( B −V ) b S / N 

c λd 
C ± err FWHM 

e ± err e EW 

f 
fit ± err 

Nr ( ◦) ( ◦) ( ◦) (mag) (nm) (nm) ( Å) 

1 6 .66 − 7 .15 1.14 259 0.37 ± 0.05 145.5 442 . 76 + 0 . 08 
−0 . 08 1 . 99 + 0 . 18 

−0 . 16 1.10 ± 0.08 

2 − 2 .94 11 .04 1.09 257 0.31 ± 0.05 104.7 442 . 71 + 0 . 10 
−0 . 09 2 . 01 + 0 . 18 

−0 . 18 0.93 ± 0.09 

3 8 .96 6 .37 1.10 236 0.57 ± 0.09 119.0 442 . 79 + 0 . 07 
−0 . 08 1 . 83 + 0 . 16 

−0 . 16 1.53 ± 0.09 

4 6 .20 − 13 .97 1.00 196 0.14 ± 0.02 119.7 442 . 54 + 0 . 10 
−0 . 10 2 . 07 + 0 . 18 

−0 . 18 0.73 ± 0.10 

5 3 .22 − 3 .30 0.98 224 0.66 ± 0.10 89.7 442 . 68 + 0 . 08 
−0 . 08 2 . 18 + 0 . 18 

−0 . 18 1.98 ± 0.16 

6 − 4 .59 8 .63 1.00 104 0.26 ± 0.06 101.7 442 . 53 + 0 . 10 
−0 . 10 2 . 23 + 0 . 20 

−0 . 18 0.99 ± 0.11 

7 3 .86 10 .00 1.09 135 0.40 ± 0.10 93.5 442 . 77 + 0 . 09 
−0 . 09 2 . 03 + 0 . 18 

−0 . 16 1.13 ± 0.10 

8 − 3 .64 5 .29 1.02 180 0.68 ± 0.09 112.6 442 . 73 + 0 . 08 
−0 . 08 2 . 08 + 0 . 16 

−0 . 16 1.84 ± 0.10 

9 9 .91 − 10 .11 1.11 99 0.32 ± 0.07 141.4 442 . 71 + 0 . 09 
−0 . 09 2 . 40 + 0 . 20 

−0 . 18 1.13 ± 0.09 

10 − 8 .22 10 .31 1.11 185 0.29 ± 0.04 122.5 442 . 52 + 0 . 09 
−0 . 09 2 . 00 + 0 . 18 

−0 . 18 0.92 ± 0.09 

11 3 .53 − 7 .45 0.95 203 0.33 ± 0.03 128.8 442 . 65 + 0 . 09 
−0 . 08 2 . 12 + 0 . 18 

−0 . 18 1.25 ± 0.12 

12 0 .22 6 .16 0.98 225 0.75 ± 0.07 105.7 442 . 81 + 0 . 07 
−0 . 07 1 . 97 + 0 . 16 

−0 . 16 2.11 ± 0.12 

13 5 .51 − 9 .18 1.61 292 0.27 ± 0.07 133.7 442 . 74 + 0 . 08 
−0 . 08 1 . 93 + 0 . 18 

−0 . 18 1.23 ± 0.09 

14 5 .32 − 3 .97 1.09 249 0.70 ± 0.10 117.4 442 . 75 + 0 . 07 
−0 . 07 2 . 10 + 0 . 16 

−0 . 16 2.01 ± 0.10 

15 8 .93 9 .50 1.06 182 0.39 ± 0.04 126.2 442 . 66 + 0 . 09 
−0 . 09 2 . 05 + 0 . 18 

−0 . 16 1.24 ± 0.09 

16 9 .00 − 4 .50 0.99 183 0.61 ± 0.11 98.2 442 . 72 + 0 . 09 
−0 . 09 2 . 26 + 0 . 18 

−0 . 18 1.77 ± 0.12 

17 1 .76 9 .98 1.18 146 0.59 ± 0.16 122.3 442 . 82 + 0 . 08 
−0 . 09 2 . 05 + 0 . 18 

−0 . 18 1.20 ± 0.10 

18 8 .91 − 6 .86 1.04 130 0.39 ± 0.08 133.4 442 . 68 + 0 . 09 
−0 . 09 2 . 13 + 0 . 18 

−0 . 16 1.35 ± 0.10 

19 − 5 .27 10 .50 1.05 212 0.25 ± 0.03 121.7 442 . 65 + 0 . 10 
−0 . 10 1 . 86 + 0 . 18 

−0 . 18 0.72 ± 0.08 

20 5 .87 9 .60 1.08 238 0.53 ± 0.18 127.7 442 . 68 + 0 . 08 
−0 . 08 2 . 14 + 0 . 18 

−0 . 16 1.40 ± 0.11 

21 8 .58 − 10 .02 1.06 250 0.36 ± 0.06 130.4 442 . 72 + 0 . 09 
−0 . 09 1 . 95 + 0 . 18 

−0 . 18 0.95 ± 0.06 

22 7 .42 8 .06 1.06 104 0.46 ± 0.10 112.3 442 . 74 + 0 . 09 
−0 . 09 1 . 94 + 0 . 16 

−0 . 16 1.33 ± 0.09 

23 − 0 .14 8 .98 1.10 136 0.52 ± 0.12 120.6 442 . 71 + 0 . 08 
−0 . 08 1 . 97 + 0 . 18 

−0 . 16 1.49 ± 0.10 

24 − 5 .09 6 .64 1.06 177 0.42 ± 0.12 121.9 442 . 67 + 0 . 08 
−0 . 09 2 . 18 + 0 . 18 

−0 . 18 1.31 ± 0.10 

25 5 .12 − 6 .68 1.08 151 0.35 ± 0.05 128.1 442 . 66 + 0 . 09 
−0 . 09 1 . 97 + 0 . 18 

−0 . 16 1.22 ± 0.09 

26 5 .54 − 12 .41 0.98 185 0.15 ± 0.02 135.8 442 . 62 + 0 . 09 
−0 . 10 1 . 98 + 0 . 18 

−0 . 18 0.74 ± 0.07 

27 2 .47 − 5 .12 1.06 279 0.40 ± 0.08 140.5 442 . 78 + 0 . 08 
−0 . 08 2 . 24 + 0 . 18 

−0 . 16 1.54 ± 0.09 

28 7 .06 − 5 .25 1.04 179 0.54 ± 0.06 102.4 442 . 68 + 0 . 08 
−0 . 08 2 . 25 + 0 . 18 

−0 . 18 1.71 ± 0.13 

29 7 .39 − 8 .16 1.07 289 0.37 ± 0.09 139.7 442 . 80 + 0 . 08 
−0 . 08 1 . 92 + 0 . 18 

−0 . 16 1.14 ± 0.07 

Notes. a The number of spectra used for stacking in each field. 
b Median E( B −V ) ± its standard deviation in each field derived from the Planck map. 
c Signal-to-noise ratio of the stacked blue-band ISM spectra. 
d Measured central wavelength in the heliocentric frame. 
e Full width at half maximum of DIB λ442.8. 
f Fitted equi v alent width of DIB λ442.8. 
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pectra. For this subsample, S / N is mostly below 150 per pixel for
ed-band (computed between 840–880 nm) with a mean of 77 and
elow 50 per pixel for blue-band (computed between 400–410 nm)
ith a mean of 30. Thus, in this work, we only fit and measure two

trong DIBs, λ442.8 and λ862.1, in stacked blue-band and red-band
pectra, respectively, due to the low S / N of individual PIGS spectra.
e applied a simple k-means algorithm (Lloyd 1982 ) to cluster

argets into different fields to a v oid the possible o v erlap of observed
IGS fields, especially in the southern footprint, and to have a cleaner
election of target stars in the same ( �, b) range, because the o v erlap
f fields would smooth the variation of dust reddening and DIB
trength with ( �, b). In some cases, it is also helpful for fields with
orse quality spectra, to have a larger number of stars, such as the
eld at ( � 0 , b 0 ) = (9 . 91 ◦, −10 . 11 ◦). The clustering was completed
y the PYTHON SCIKIT-LEARN package (Pedregosa et al. 2011 ) with N =
6, and the result is shown in Fig. 1 . In the following analysis, the
IGS ‘fields’ refer to the assigned clustered regions, which follow
ut are not exactly the same as their observational footprints. Discrete
NRAS 519, 754–766 (2023) 
ootprints are well clustered (e.g. the targets at 5 ◦ < b < 12 ◦), while
n crowded regions, such as the targets around ( �, b) = (5 ◦, −8 ◦),
he clustered fields may be different from the observational ones. The
entral coordinates ( � 0 , b 0 ), radius, and target number of each field
re listed in Table 1 . 

 FIT  A N D  MEASURE  DI BS  IN  STAC KED  

PECTRA  

imited by the PIGS sample size and the low S/N of individual
pectra, we choose to stack spectra in each field according to their
alactic coordinates ( � , b ) without taking the stellar distance into

ccount. Thus the DIB measured in the stacked spectra is a measure
f the average column density of its carrier toward a given sightline.
Before stacking spectra in each field, the stellar components

n observed spectra are first subtracted by the synthetic spectra,
roviding the ISM spectra for each target. Fig. 2 shows two ISM
pectra derived from the blue-band and red-band observed spectra,
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Figure 2. Two examples showing the DIB signals of λ442.8 ( upper panel ) 
and λ862.1 ( lower panel ) in their ISM spectra, respectively, derived by 
the observed blue-band and red-band PIGS spectra (black lines) and the 
corresponding synthetic spectra (blue lines). The DIB positions are marked. 
The PIGS ID and stellar atmospheric parameters of the two background stars 
are indicated as well. 

Figure 3. Upper panel : Example of stacking ISM spectra in the field ( � 0 , 
b 0 ) = (6.66 ◦, −7.15 ◦). Black lines are individual ISM spectra, and the blue 
line is the stacked ISM spectrum. Lower panel : Fit of DIB λ442.8 in the 
stacked ISM spectrum after local renormalization (blue line). The red line 
shows the fitted Lorentzian profile. Field position and S / N of the stacked 
ISM spectrum are indicated. 
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Figure 4. The same as Fig. 3 , but for DIB λ862.1. 

a  

i  

r  

c
b  

c
s
fl  

E
f  

s  

m  

T  

c
t  

o
(  

fi  

s
s  

t
w  

u  

2  

L  

Z  

i  

M  

s  

b  

p  

Z  

r  

t  

3  

(
 

s  

8  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/754/6884158 by C
N

R
S - ISTO

 user on 24 M
arch 2023
espectively, subtracted by their synthetic spectra. The DIB signals 
re clear, although their profiles are contaminated by noise and the 
esiduals of stellar lines, such as the Fe I line close to the centre
f λ862.1. We emphasize that in the stacked ISM spectra these 
ontamination are significantly alleviated (see Figs 3 and 4 ) due to
he averaging of a substantial number of spectra and the large velocity
ispersion of stars in each field (standard deviation > 100 km s −1 ).
he second step is to shift the ISM spectra back to the heliocentric

rame using the stellar radial velocities (RV star , in km s −1 ), that
s λ′ 

pixel = λpixel + RV star × λpixel /c, where λ′ 
pixel and λpixel are the 

av elength pix els in the heliocentric and stellar frames, respectiv ely,
nd c = 3 × 10 5 km s −1 is the speed of light. Finally, stacking of
ndividual ISM spectra in each field is done for the blue-band and
ed-band, respectively, by taking the median value of their flux which
ould reduce the influence of the outlier pixels and discrepancy 
etween the individual observed and synthetic spectra. A S / N is
alculated between 860.5 and 861.5 nm for red-band stacked ISM 

pectra by mean(flux) / std(flux). For blue-band stacked ISM spectra, 
uxes are used in two windows, that is, 430–433 nm and 452–455 nm.
xamples for blue-band and red-band stacked ISM spectra can be 

ound in the upper panels in Figs 3 and 4 , respectively. The S / N of
tacked spectra (listed in Tables 1 and 2 ) are dramatically increased.

Compared to the red-band, the blue-band stacked ISM spectra are 
ore noisy and have much more residual features with stellar origins.
his could partly be due to the abundance variations which are
ommon at low metallicity. Thus, fitting a continuum straight through 
he ISM spectra could lead to an underestimation of the strength
f λ442.8. Therefore, we apply the Gaussian process regression 
GPR; Rasmussen & Williams 2006 ; Gershman & Blei 2012 ) to
t the profile of λ442.8, the stellar residuals, and the random noise
imultaneously. This method has been successfully applied to the 
pectra of early-type stars (Kos 2017 ; Zhao et al. 2021a ). Specifically,
he blue-band stacked ISM spectra are first locally renormalized 
ith the spectral window of 430–455 nm by an iterated method
sing a second-order polynomial (see Section 2.2 in Zhao et al.
021a for details). Then the ISM spectra are initially fitted by a
orentzian function for the profile of λ442.8, as suggested by Snow,
ukowski & Massey ( 2002 ), and a constant continuum. Finally, GPR

s applied with a Lorentzian function as its mean function and a
at ́ern 3/2 kernel to model the correlated noise, including both the

tellar residuals and random noise. Only one kernel is used here
ecause DIB λ442.8 is the broadest feature in the ISM spectra. The
riors of fitting parameters mainly follow those in Kos ( 2017 ) and
hao et al. ( 2021a ); that is, Gaussian priors centred at the initial fitting

esults with a width of 0.15 nm for the DIB central wavelength and
he Lorentzian width and a flat prior for the scale length of the Mat ́ern
/2 kernel. Details about GPR and the priors can be found in Kos
 2017 ) and Zhao et al. ( 2021a ). 

The stellar residuals are much less in the red-band stacked ISM
pectra. Among them, the strongest one is from the Ca II line around
66.5 nm. But it is far away from the DIB λ862.1. Using stacked
MNRAS 519, 754–766 (2023) 
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Table 2. Fitting results of DIB λ862.1 in the red-band stacked ISM spectra. 
The field numbers are the same as Table 1 . 

Field S / N 

a λb 
C ± err FWHM 

c ± err EW 

d 
fit ± err EW 

e 
int 

Nr (nm) (nm) ( Å) ( Å) 

1 853.6 862 . 06 + 0 . 02 
−0 . 02 0 . 45 + 0 . 06 

−0 . 05 0.088 ± 0.004 0.091 

2 555.0 862 . 07 + 0 . 02 
−0 . 02 0 . 46 + 0 . 06 

−0 . 05 0.091 ± 0.003 0.093 

3 756.1 862 . 06 + 0 . 02 
−0 . 02 0 . 48 + 0 . 05 

−0 . 05 0.157 ± 0.006 0.159 

4 996.9 862 . 06 + 0 . 03 
−0 . 02 0 . 56 + 0 . 08 

−0 . 07 0.105 ± 0.006 0.107 

5 529.5 862 . 06 + 0 . 02 
−0 . 02 0 . 47 + 0 . 05 

−0 . 04 0.189 ± 0.004 0.190 

6 519.3 862 . 04 + 0 . 03 
−0 . 03 0 . 46 + 0 . 08 

−0 . 07 0.085 ± 0.005 0.091 

7 930.8 862 . 06 + 0 . 02 
−0 . 02 0 . 47 + 0 . 05 

−0 . 05 0.105 ± 0.004 0.111 

8 595.4 862 . 04 + 0 . 02 
−0 . 02 0 . 46 + 0 . 05 

−0 . 05 0.187 ± 0.005 0.191 

9 447.1 862 . 05 + 0 . 03 
−0 . 03 0 . 42 + 0 . 07 

−0 . 06 0.071 ± 0.004 0.072 

10 583.6 861 . 96 + 0 . 02 
−0 . 02 0 . 48 + 0 . 06 

−0 . 05 0.094 ± 0.004 0.093 

11 722.8 862 . 08 + 0 . 02 
−0 . 02 0 . 48 + 0 . 06 

−0 . 06 0.109 ± 0.005 0.112 

12 563.9 862 . 05 + 0 . 01 
−0 . 01 0 . 46 + 0 . 03 

−0 . 03 0.220 ± 0.007 0.227 

13 780.2 862 . 07 + 0 . 02 
−0 . 02 0 . 46 + 0 . 05 

−0 . 04 0.140 ± 0.004 0.145 

14 754.3 862 . 07 + 0 . 01 
−0 . 01 0 . 47 + 0 . 03 

−0 . 03 0.199 ± 0.005 0.203 

15 740.9 862 . 04 + 0 . 02 
−0 . 02 0 . 49 + 0 . 05 

−0 . 05 0.123 ± 0.004 0.127 

16 719.3 862 . 09 + 0 . 02 
−0 . 02 0 . 47 + 0 . 04 

−0 . 04 0.170 ± 0.007 0.172 

17 868.2 862 . 06 + 0 . 02 
−0 . 02 0 . 48 + 0 . 07 

−0 . 06 0.103 ± 0.007 0.111 

18 830.6 862 . 08 + 0 . 02 
−0 . 02 0 . 45 + 0 . 06 

−0 . 05 0.100 ± 0.004 0.102 

19 579.6 862 . 07 + 0 . 02 
−0 . 02 0 . 48 + 0 . 07 

−0 . 06 0.084 ± 0.004 0.087 

20 944.7 862 . 06 + 0 . 02 
−0 . 02 0 . 49 + 0 . 05 

−0 . 04 0.129 ± 0.004 0.135 

21 915.9 862 . 06 + 0 . 02 
−0 . 02 0 . 48 + 0 . 06 

−0 . 05 0.090 ± 0.003 0.094 

22 730.9 862 . 06 + 0 . 01 
−0 . 02 0 . 46 + 0 . 04 

−0 . 04 0.124 ± 0.006 0.127 

23 886.1 862 . 07 + 0 . 02 
−0 . 02 0 . 50 + 0 . 06 

−0 . 05 0.140 ± 0.007 0.147 

24 589.3 862 . 04 + 0 . 02 
−0 . 02 0 . 46 + 0 . 05 

−0 . 04 0.114 ± 0.004 0.117 

25 882.8 862 . 07 + 0 . 02 
−0 . 02 0 . 45 + 0 . 07 

−0 . 06 0.113 ± 0.006 0.116 

26 674.8 862 . 05 + 0 . 02 
−0 . 02 0 . 52 + 0 . 08 

−0 . 07 0.100 ± 0.005 0.105 

27 627.4 862 . 07 + 0 . 02 
−0 . 02 0 . 47 + 0 . 06 

−0 . 05 0.133 ± 0.003 0.134 

28 491.1 862 . 06 + 0 . 02 
−0 . 02 0 . 49 + 0 . 07 

−0 . 06 0.137 ± 0.005 0.142 

29 547.3 862 . 05 + 0 . 02 
−0 . 02 0 . 42 + 0 . 04 

−0 . 04 0.102 ± 0.004 0.101 

Notes. a S/N ratio of the red-band stacked ISM spectra. 
b Measured central wavelength in the heliocentric frame. 
c Full width at half maximum of DIB λ862.1. 
d Fitted equi v alent width of DIB λ862.1. 
e Integrated equi v alent width of DIB λ862.1. 
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Figure 5. FHWM versus S / N of stacked ISM spectra for DIBs λ442.8 ( upper 
panel ) and λ862.1 ( lower panel ). The dashed-green lines indicate S / N = 85 
and 400, respectively. 
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aia –RVS spectra (Gaia Collaboration, Seabroke et al. 2022 ), Zhao
t al. ( 2022 ) confirmed that the weak DIB around 864.8 nm is very
road, with a Full Width at Half Maximum (FWHM) of ∼1.6 nm,
nd its profile could affect the placement of the continuum (see fig. 1
n Zhao et al. 2022 ). Therefore, we fit each red-band stacked ISM
pectrum between 860.5 and 867 nm with a Gaussian function for the
rofile of λ862.1, a Lorentzian function for the profile of λ864.8, and
 linear continuum. Nevertheless, the DIB λ864.8 profile cannot be
ell described due to the lower quality of the individual ISM spectra

t longer wavelength (see upper panel in Fig. 4 ). We emphasize that
ecause DIBs are absorption features, the usage of the whole spectra
etween 860.5 and 867 nm can help us to get a better placement of
he continuum, although the λ864.8 profile cannot be well fitted. 

The parameter optimization, for both red-band and blue-band, is
mplemented by a Markov Chain Monte Carlo (MCMC) procedure
F oreman-Macke y et al. 2013 ). The 50 per cent values in the
osterior distribution generated by MCMC are treated as the best
stimates, with lower and upper errors derived from the differences
NRAS 519, 754–766 (2023) 
f 16 per cent and 84 per cent to 50 per cent v alues, respecti vely.
it examples of λ442.8 and λ862.1 are shown in Figs 3 and 4 ,
espectively. 

 RESULT  

he goodness of fit is significantly affected by the S / N of the stacked
SM spectra. Fig. 5 shows the S / N of each stacked ISM spectrum
ersus the corresponding fitted full FWHMs of DIBs λ442.8 and
862.1. It can be seen that in the spectra with low S / N, the fitted
WHM could be much larger than the average value and/or have
uch larger uncertainties than average. Therefore, we limit S / N > 85

nd S / N > 400 for blue-band and red-band stacked ISM spectra,
especti vely, which gi ves us 29 fields with reliable fitting results of
he two DIBs. Further analysis is based on this sample. The stacked
SM spectra and fits to the two DIBs are shown in Figs A1 and
2 , respectively. The measured central wavelength, FWHM, and
tted equi v alent width (EW) of the two DIBs λ442.8 and λ862.1
re listed in Tables 1 and 2 , respectively. The EW uncertainty is
alculated as � EW = 

√ 

6 FWHM δλ × R C , where δλ is the spectral
ixel resolution (0.1 nm for blue-band and 0.025 nm for red-band)
nd R C = std(data − model) is the noise level of the profile. This
ormula is similar to those in Vos et al. ( 2011 ) and Vollmann &
versberg ( 2006 ), who considered the main source of EW uncertainty
s S/N and the placement of the continuum. EW 442.8 has larger
ncertainties than that of EW 862.1 due to the lower S / N of the blue-
and than that of the red-band. 
The integrated EW of λ862.1 is also calculated and listed in

able 2 . This is not done for λ442.8 because of the stellar residuals
ithin the DIB profile. The comparison between fitted and integrated
W 862 . 1 is presented in Fig. 6 . The EW difference is on average
maller than its uncertainty. But the integrated EW tends to be
lightly larger than the fitted EW, which could be caused by the
esiduals of stellar lines near the DIB or the potential asymmetry of

art/stac3510_f5.eps
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Figure 6. Upper panel: Comparison between integrated and fitted EW for 
DIB λ862.1. The dashed-green line traces the one-to-one correspondence. The 
average difference between integrated and fitted EW ( � = EW int − EW fit ) 
and the mean EW uncertainty ( ̄σEW 

) are indicated. Lower panel: The EW 

differences as a function of the integrated EW. The dashed-black line marks 
a zero difference. 
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Figure 7. Comparison of E( B −V ) derived from Planck Collaboration 
( 2016 ) with those from the StarHorse algorithm ( upper panel ) and from 

the Bayestar map ( lower panel ). The coloured dots with uncertainties are for 
individual PIGS target stars. Their colours represent the number densities 
estimated by a Gaussian kernel density estimation. The zoom-in panels 
show the E( B − V ) differences of Planck–StarHorse and Planck–Bayestar, 
respectively. The number of PIGS target stars ( N ), the mean differences 
( � ), and its standard deviation ( σ ) are indicated in the panels. The red 
squares with errorbars are the median E( B −V ) and their standard deviations 
calculate in 29 used PIGS fields. The dashed-green lines trace the one-to-one 
correspondence. 
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he DIB profile. The fitted EW 442.8 and EW 862.1 are used for following
nalysis. 

The average FWHM of λ442.8 measured in this work is 
 . 06 ± 0 . 13 nm, which is slightly larger than the report in Snow
t al. ( 2002 , 1.725 nm). Lai et al. ( 2020 ) attributed the wide range of
WHM values of λ442.8 in literature (e.g. 1.7 nm in Galazutdinov 
t al. 2020 ; 2.4 nm in Fan et al. 2019 ; 3.37 nm in Lai et al. 2020 ) to
he differences in the local radiation field. The average FWHM of
862.1 measured in this work is 0 . 47 ± 0 . 03 nm, which is close to

he measure of 0.43 nm in Herbig & Leka ( 1991 ) and 0.469 nm in
a ́ız Apell ́aniz ( 2015 ). 

.1 Latitude groups 

n this work, we derive E( B − V ) for each PIGS target from the map
f Planck Collaboration ( 2016 ) using the PYTHON package DUSTMAPS

Green 2018 ) because these target stars are mainly very distant and
t high latitudes (93 . 6 per cent with | b| > 4 ◦). The median E( B − V )
n each PIGS field, together with its standard deviation as a measure
f uncertainty, are listed in T able 1 . T o check the reliability of the
lanck map for PIGS targets, we compare the reddening values with 
stimates from two other sources: the 3D reddening values derived 
ith the StarHorse algorithm (Queiroz et al. 2018 ) specifically for

he PIGS stars using the PIGS spectroscopic stellar parameters, Pan–
TARRS1 photometry, and Gaia parallaxes (Arentsen et al. in prep.), 
nd the 3D Bayestar reddening map (Green et al. 2019 ) applying
he StarHorse distances. The usage of PIGS stellar parameters into 
tarHorse delivers a more constrained and less uncertain reddening 
nd distances than those from the StarHorse Gaia data base (Anders 
t al. 2022 ) for the same stars, but that only used photometry and par-
llaxes as input. About 80 per cent PIGS target stars have StarHorse
nd Bayestar E( B − V ), among which, 90 per cent stars are further
han 5 kpc. The comparison between the Planck, StarHorse, and 
ayestar reddenings is presented in Fig. 7 . E( B −V ) from Planck
nd StarHorse are highly consistent with each other (the mean 
ifference is smaller than one thousandth magnitude), while the 
ayestar E( B − V ) is slightly larger (0.033 mag on average) than

he Planck values, which could be due to the different methods of
eddening inference. The differences of median E( B −V ) in the 29
sed PIGS fields (red squares in Fig. 7 ) between Planck, StarHorse,
nd Bayestar are mostly smaller than their uncertainties. This ensures 
hat the usage of Planck E( B −V ), which can be derived for all the
IGS targets, can be a safe measure of the dust column densities

oward these sightlines. 
In our sample, E( B − V ) is strongly correlated with the Galactic

atitude. Thus, the PIGS fields are divided into three latitude stripes to
ighlight the effect of latitude in the following analysis. The middle
tripe is further separated into two at � = −1 ◦ considering the effect
f � toward the Galactic Centre (GC). Finally, we roughly define four
atitude groups (see Fig. 8 ): G1: | b| > 12 ◦ (red), G2: 8 ◦ < | b| < 12 ◦

nd � > −1 ◦ (yellow), G3: 8 ◦ < | b| < 12 ◦ and � < −1 ◦ (cyan), and
4: | b| < 8 ◦ (blue). 

.2 Linear relations between different interstellar materials 

ne of the basic characteristics of most strong DIBs is the increase
f their strength with dust reddenings. Fig. 9 shows the correlation
MNRAS 519, 754–766 (2023) 
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Figure 8. Spatial distribution ( � , b ) of 29 PIGS fields, o v erplotted on 
the dust reddening map of Planck Collaboration ( 2016 ). Different colours 
indicate different latitude groups defined in Section 4.1 , that is, red: G1, 
| b | > 12 ◦; yellow: G2, 8 ◦ < | b | < 12 ◦ and � > −1 ◦; cyan: G3, 8 ◦ < | b | < 12 ◦
and � < −1 ◦, and blue: G4, | b| < 8 ◦. The median E( B −V ) of each filed is 
also indicated. 

Figure 9. Correlation between DIB EW of λ442.8 ( upper panel ) and λ862.1 
( lower panel ) measured in stacked ISM spectra and median E( B −V ) from 

Planck map in corresponding fields. The red lines are the linear fits. The 
fitting results and the Pearson coefficient ( r p ) are also indicated. The points 
in different colours belong to different latitude groups defined in Section 4.1 
and shown in Fig. 8 . 

Figure 10. Correlation between EW 442 . 8 and EW 862 . 1 measured in blue-band 
and red-band stacked ISM spectra, respectively. The red line is the linear fit 
to the dots with EW 442 . 8 > 0 . 9 Å (indicated by the dashed-green line). The 
fitted slope ( α) and Pearson coefficient ( r p ) are indicated. The points are 
coloured differently according to the latitude groups they are assigned to (see 
Section 4.1 and Fig. 8 ). 
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etween DIB strength (EW 442 . 8 and EW 862 . 1 ) and E( B −V ). Linear
orrelation with E( B −V ) can be found for both λ442.8 and λ862.1
ith a Pearson coefficient of r p = 0 . 92 and r p = 0 . 83, respectively.
he two outliers in G2 (yellow points) are due to the local variation
f E( B −V ) that one with E( B − V ) = 0 . 59 mag is higher than
ts vicinity and the other with E( B −V ) = 0 . 27 mag is lower than
ts neighbouring values (see Fig. 8 ). Deviations from the linear
orrelation between DIB and E( B −V ) can also be found at high
atitudes (see red points in Fig. 9 ), which will be discussed in de-
ail below. A linear fit of E( B −V ) = 0 . 363( ±0 . 041) × EW 442 . 8 −
 . 048( ±0 . 051) corresponds to EW 442 . 8 /E( B −V ) = 2 . 75 Å mag −1 ,
hich is in the intermediate range compared to the results in literature

e.g. 2.89 of Isobe et al. 1986 and 2.01 of Fan et al. 2019 ). For
862.1, we derived a coefficient of E( B −V ) / EW 862 . 1 = 3 . 500 ±
 . 459 mag Å−1 with a very small intercept ( −0.007 ± 0.059). This
alue is slightly larger than previous results (e.g. Munari et al. 2008 ;
os et al. 2013 ; Krełowski et al. 2019 ) but between the v alues deri ved

rom Gaia –DR3 DIB results with different E( B −V ) sources (see
able 3 in Gaia collaboration, Schultheis et al. 2022 ). 

It has been known that the ratio of E( B −V ) / EW can vary
ignificantly from one sightline to another and is also affected by
he use of different data samples and methods. Nevertheless, we
rgue that the positive correlation between DIB strength and dust
eddening in diffuse or intermediate ISM with a proper coefficient
an be treated as a validation of the DIB measurement. For our
esults, the range of EW 442 . 8 at given E( B −V ) between 0.2 and
.8 mag is consistent with archi v al data shown in Fig. 5 in Lai et al.
 2020 ) and early results of Herbig ( 1975 ) shown in Fig. 6 in Snow
t al. ( 2002 ). The variation of EW 862 . 1 relative to E( B −V ) is also
ithin the regions, considering the scatter, shown in Fig. 8 in Gaia

ollaboration, Schultheis et al. ( 2022 ). 
The tight linear correlation ( r p = 0 . 94) between the DIB strength

f λ442.8 and λ862.1 can be seen in Fig. 10 for EW 442 . 8 > 0 . 9 Å.
 linear fit yields EW 862 . 1 / EW 442 . 8 = 0 . 098 ± 0 . 007 with a very

mall offset of −0.008 ± 0.009. Note that the strongest DIB λ442.8
s stronger than λ862.1 by a factor of 10 for our results, which is
onsistent with the average of their relative strength measured in
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DIBs: vertical distribution 761 

Figure 11. Variation of relative strength between DIBs λ442.8, λ862.1, and 
dust with Galactic latitude ( | b | ). The dashed-green lines indicate their average 
strength ratios from linear fits (see Section 4.2 ). See Section 4.1 and Fig. 8 
for the point colours representing different latitude groups. 
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Figure 12. The same as Fig. 11 but for the variation with E( B −V ). 
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an et al. ( 2019 ). Ho we ver, three fields with EW 442 . 8 < 0 . 9 Å have
W 862 . 1 much larger than that expected by the linear relation. 

.3 Variation of the relati v e strength with Galactic latitude and 

eddening 

he systematic variation of EW 862 . 1 / EW 442 . 8 with the Galactic 
atitude ( | b | ) and dust reddening ( E( B −V )) are presented in the
pper panels in Figs 11 and 12 , respectively, whose uncertainty 
onsiders both the contribution of EW 862 . 1 and EW 442 . 8 by error prop-
gation. EW 862 . 1 / EW 442 . 8 becomes larger than average for | b| � 10 ◦

r E( B − V ) � 0 . 3 mag, where an increase of EW 862 . 1 / EW 442 . 8 can
e found with the increasing | b | and the decreasing E( B −V ). The
ncertainty of EW 862 . 1 / EW 442 . 8 tends to be larger in the fields with
igh latitudes or small E( B −V ), which have a risk to blur the
ariation of the DIB relative strength. But we notice that for the G1
elds (red points in Figs 11 and 12 ) with E( B −V ) < 0 . 2 mag and
 b| > 12 ◦, the increasing magnitude of their mean EW 862 . 1 / EW 442 . 8 

0.140) to the fitted coefficient (0.098) is 0.042, which is bigger 
han their mean uncertainty (0.018) by a factor of two. More-
 v er, a tight ne gativ e correlation ( r p = −0 . 88) can be found be-
ween EW 862 . 1 / EW 442 . 8 and E( B − V ) for E( B −V ) < 0 . 31 mag,
hich also confirms that the variation of EW 862 . 1 / EW 442 . 8 with

 b | and E( B −V ) is not caused by the EW uncertainty but in-
icates the different distributions of the carriers of the two DIBs
see Section 5 for more discussions). For E( B −V ) � 0 . 45 mag,
W 862 . 1 / EW 442 . 8 tends to slightly increase with E( B −V ) (see top
anel in Fig. 12 ), but more data are needed to confirm this trend.
e also emphasize that in Fig. 10 , three G3 fields (cyan points)
ith EW 442 . 8 > 0 . 9 Å were used for the linear fit of DIB strength to
ake the offset of the line close to zero, but their EW 862 . 1 / EW 442 . 8 

lready present a systematic variation with respect to 
( B −V ). 
In our sample, fields at high latitudes in general have small
( B −V ), but the dust distribution shown in Fig. 8 also varies with

ongitudes and sightlines. Consequently, we can find a G3 field, with
 �, b) = ( −4 . 59 ◦, 8 . 63 ◦) and E( B −V ) = 0 . 26 mag, that follows the
e gativ e trend between EW 862 . 1 / EW 442 . 8 and E( B −V ) but does
ot present a clear variation of EW 862 . 1 / EW 442 . 8 with | b | . The non-
onotonic relationship between | b | and E( B −V ), as well as the

veraging of ISM and the complicated environments toward the GC, 
lso introduces the scatters in Figs 11 and 12 . 

Similar pictures can also be found for EW 442 . 8 /E( B −V ) and
W 862 . 1 /E( B −V ) which are shown in the middle and lower
anels in Figs 11 and 12 , respectively. A remarkable increase of
MNRAS 519, 754–766 (2023) 
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W /E( B − V ) can be found for two G1 fields in our sample for
oth λ442.8 and λ862.1. EW 862 . 1 /E( B −V ) stay around the linear
elation in a wide range of | b| � 11 ◦ or E( B −V ) � 0 . 3 mag. Nev-
rtheless, EW 442 . 8 /E( B −V ) presents larger scatters with respect to
 b | and E( B −V ) than EW 862 . 1 /E( B −V ), which implies that the
arrier abundance of λ442.8 would be more sensitive to the dust
olumn densities and latitudes than that of λ862.1. EW /E( B −V )
ends to be larger than average for E( B −V ) between 0.25 and
.4 mag, but no linear tendency can be found. 

 DISCUSSION  

.1 Relati v e v ertical distributions between DIB carriers and 

ust grains 

y co v ering a wide range of Galactic latitude (4 ◦ < | b| < 15 ◦) and
ust reddening (0 . 1 < E( B −V ) < 0 . 8 mag), our results show that
he DIBs λ442.8 and λ862.1 engage similar behaviour with dust
rains; that is, the change of their EW /E( B − V ) is constant and
round the mean value considering the uncertainties for | b| < 12 ◦

r E( B −V ) > 0 . 3 mag, which indicates that the abundance of
he DIB carriers and dust grains increase with each other in
he Galactic middle plane. On the other hand, EW /E( B −V )
ecomes significantly larger than average in the G1 fields at high
atitudes. This phenomenon could be interpreted as an evidence
hat DIBs and dust grains have different vertical distributions in
he Milky Way, because in our sample small E( B −V ) gener-
lly indicate sightlines towards higher latitudes. Ho we ver, clearly
ore data especially at higher galactic latitudes are necessary to

onfirm the different vertical distributions between the DIBs and
he dust. 

For our present sample, we cannot quantitatively estimate a scale
eight for the DIB carrier or dust because of the limited sample size
nd the gaps at | b| ∼ 12 ◦ and E( B −V ) ∼ 0 . 2 mag. But the increase
f EW /E( B − V ) at high latitudes indicates the decrease of the
olumn density of dust grains with respect to that of the DIB carriers,
mplying a larger scale height of the DIB carriers for both λ442.8 and
862.1 than that of the dust grains if we assume a simple disc model
or them and that one with a larger scale height would have a larger
cale length as well. This result is consistent with the detection of
IBs toward sightlines with negligible reddenings at high latitudes

Baron et al. 2015b ) and the result of Kos et al. ( 2014 ) who measured
862.1 in RAVE spectra in a range of 240 ◦ � � � 330 ◦. Ho we ver,
ased on the Gaia –DR3 results, Gaia collaboration, Schultheis et al.
 2022 ) determined a scale height of DIB λ862.1 as 98 . 69 + 10 . 81 

−8 . 35 pc in a
ange of 0 ◦ � � � 360 ◦ and 4 ◦ � | b| � 12 ◦, which is smaller than the
sually suggested scale height of dust grains, such as 134.4 ± 8.5 pc
Drimmel & Spergel 2001 ) and 125 + 17 

−7 pc (Marshall et al. 2006 ). The
iscrepancy could be a result of the variation of the distribution of
IB carriers and dust grains from one sightline to another (see the
avy pattern of the dust shown in Lallement et al. 2022 for example).
urthermore, the vertical distribution of interstellar materials would
e more complicated than a single exponential model. Guo et al.
 2021 ) fitted the dust distribution with a two-disc model and got two
cale heights of 72.7 ± 2.4 pc and 224.6 ± 0.7 pc for the thin and thick
iscs. Similarly, Su et al. ( 2021 ) also characterized the molecular
isc, traced by 12 CO J = (1 −0) emission (Su et al. 2019 ), by two
omponents with a thickness of ∼85 pc and ∼280 pc, respectively, in
 range of 16 ◦ � � � 25 ◦ and | b| < 5 . 1 ◦. The Gaia result presents an
verage of the scale height of the carrier of λ862.1 in vicinity of the
un ( � 3 kpc). Nevertheless, the PIGS target stars are located toward

he GC ( � < 11 ◦) and more distant (90 per cent > 5 kpc) that could
NRAS 519, 754–766 (2023) 
race a different relativ e v ertical distribution between DIB carriers
nd dust grains, if we expect their distributions vary in different
anners. 

.2 Different vertical distributions between carriers of different
IBs 

ight intensity correlations have been reported for many strong
ptical DIBs (e.g. Friedman et al. 2011 ; Xiang, Liu & Yang 2012 ;
os & Zwitter 2013 ). But most of these works rely on OB stars that
ainly reside in the Galactic middle plane, where one can al w ays

et a linear relationship between different interstellar materials in a
road enough distance range. Thus, a tight linearity is a necessary but
ot sufficient condition to conclude a common origin for different
IBs. An example is λ578.8 and λ579.7 that the y hav e been pro v ed

o have different origins (e.g. Krełowski & Westerlund 1988 ; Cami
t al. 1997 ; Kos & Zwitter 2013 ) but high-level correlations can still
e found with r p > 0 . 9 (e.g. Friedman et al. 2011 ; Xiang et al. 2012 ;
os & Zwitter 2013 ). 
The variation of EW 862 . 1 / EW 442 . 8 with | b | and E( B −V ) is a

trong evidence that λ442.8 and λ862.1 do not share a common
arrier. Moreo v er, their carriers could be well mixed in the fields
ith high reddenings or low latitudes seen though their tight

ntensity correlation ( r p = 0 . 94). But the carrier of λ862.1 becomes
ore abundant with respect to λ442.8 at higher latitudes, which is

onsistent with McIntosh & Webster ( 1993 ), who found that the
trength of λ442.8 relative to those of λ578.0 and λ5797.7 was
reatest at low latitude and decreased with increasing latitude. Baron
t al. ( 2015a ) also showed that λ442.8 was absent in their spectra at
igh latitudes while λ578.0 and λ5797.7 tended to have higher EW
er reddening. Our results are in agreement with their findings that
ifferent DIB carriers could present different vertical distributions
nd the carrier of λ442.8 seems to be mainly located in the Galactic
lane compared to other DIBs. A different origin for λ442.8 and
862.1 is not unexpected as they are far away from each other

n wavelength and their profiles sho w dif ferent shapes. Ho we ver,
hey can be treated as an example to illustrate the significance to
xplore the spatial distributions, especially for high-latitude regions,
f different DIBs when we would like to confirm a common or
ifferent origin for them. 
A potential risk of the abo v e interpretation is the change of the

nvironmental conditions, like temperature, from the Galactic middle
lane to the regions far away from it. It is therefore possible that a
ingle DIB carrier produces two DIBs from two different transitions
hat sho w dif ferent vertical structures. As C 

+ 

60 is the only identified
IB carrier and the variation of its DIBs with environments has not
een observed, it is hard to characterize this effect. Further studies,
ombined with other known atomic or molecular species, could
ddress this problem to some extent. In the future, much can be gained
rom the large sky-area spectroscopic surv e ys to inv estigate if there
xists a layered structure along the vertical direction for a set of DIBs,
evealing a hierarchical distribution of various macromolecules
r a dependence of their electronic transitions on the interstellar
nvironments. 

 C O N C L U S I O N S  

ased on stacking blue-band and red-band ISM spectra from the
IGS sample, we successfully fitted and measured two DIBs λ442.8
nd λ862.1 in 29 fields with a mean radii of 1 ◦. Their FWHM
as estimated as 2 . 06 ± 0 . 13 nm for λ442.8 and 0 . 47 ± 0 . 03 nm for
862.1, which are both consistent with previous measurements. 



DIBs: vertical distribution 763 

o  

4  

w  

c  

(  

h
i  

t
 

b  

w  

a  

d  

d  

o
 

a  

l

i  

d

t
m

o
h  

q  

l  

G

A

H
2
E
H
n
‘
V
(
F
(

D

T  

s
t

R

A  

A
A
A
A
B  

B  

B
C  

C  

C
C
C  

D
E
E  

E
E
F
F
F
F
F  

F
F
G
G
G

G
G
G
G  

G  

G  

G  

G
G
G
G
G  

G
H
H
H
H
H
I
K  

K
K
K
K
K
K  

K  

L
L  

L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/754/6884158 by C
N

R
S - ISTO

 user on 24 M
arch 2023
Our results depict a general image of the relative distributions 
f two DIBs and dust grains toward the GC with | � | < 11 ◦ and
 

◦ < | b| < 15 ◦. The DIB carriers and dust grains are well mixed
ith each other for | b| < 12 ◦ or E( B −V ) > 0 . 3 mag. Tight linear

orrelations are derived between EW and E( B −V ) for both λ442.8
 r p = 0 . 92) and λ862.1 ( r p = 0 . 83). For | b| > 12 ◦, λ442.8 and λ862.1
ave larger relative strength with respect to the dust grains, which 
mplies a larger scale heights of the carriers of λ442.8 and λ862.1
han that of dust grains toward the GC. 

A tight linear intensity correlation ( r p = 0 . 94) is also found
etween λ442.8 and λ862.1 when | b| � 10 ◦ or E( B −V ) � 0 . 3 mag,
ith a relative strength of EW 862 . 1 / EW 442 . 8 = 0 . 098 ± 0 . 007. But

n increase of EW 862 . 1 / EW 442 . 8 with the increasing | b | and the
ecreasing E( B − V ) for the fields at high latitudes concludes
ifferent carriers for the two DIBs. Our results suggest that the carrier
f λ862.1 could have a larger scale height than that of λ442.8. 
This work can be treated as an example to show the significance

nd potentials of the DIB research co v ering a large range of latitudes
isted below: 

(i) The variation of the DIB relative strength at high latitudes 
s a strong evidence to conclude a common or different origin for
ifferent DIBs. 
(ii) Vertical distributions of different DIBs can help us to reveal 

he structure of the Galactic ISM, especially the carbon-bearing 
acromolecules which are supposed to be the DIB carriers. 
(iii) Relative distributions between different DIBs are also clues 

f their carrier properties. For example, a DIB with larger scale 
eight would imply that its carrier can be formed earlier or more
uickly in the Galactic plane and then be transported to the high-
atitude re gions. Alternativ ely, we would trace carriers formed in the
alactic halo. 

C K N OW L E D G E M E N T S  

Z is funded by the China Scholarship Council (number 
01806040200). AA and NFM acknowledge funding from the 
uropean Research Council (ERC) under the European Unions 
orizon 2020 research and innovation programme (grant agreement 
umber 834148). ES acknowledges funding through VIDI grant 
Pushing Galactic Archaeology to its limits’ (with project number 
I.Vidi.193.093) which is funded by the Dutch Research Council 

NWO). MS, VH, and NFM gratefully acknowledge support from the 
rench National Research Agency (ANR) funded project ‘Pristine’ 
ANR-18-CE31-0017). 

ATA  AVAILABILITY  

he DIB fitting results in each fields are shown in Tables 1 and 2 . The
pectra underlying this article will be shared on reasonable request 
o Anke Arentsen. 

EFERENCES  

llende Prieto C., Beers T. C., Wilhelm R., Newberg H. J., Rockosi C. M.,
Yanny B., Lee Y. S., 2006, ApJ , 636, 804 

nders F. et al., 2022, A&A , 658, A91 
rentsen A. et al., 2020a, MNRAS , 491, L11 
rentsen A. et al., 2020b, MNRAS , 496, 4964 
rentsen A. et al., 2021, MNRAS , 505, 1239 
aron D., Poznanski D., Watson D., Yao Y., Prochaska J. X., 2015a, MNRAS ,

447, 545 
aron D., Poznanski D., Watson D., Yao Y., Cox N. L. J., Prochaska J. X.,
2015b, MNRAS , 451, 332 

ondar A., 2020, MNRAS , 496, 2231 
ami J., 2014, in Proc. IAU Symp. 297, The Diffuse Interstellar Bands.

Cambridge Univ. Press, Cambridge, p. 370 
ami J., Sonnentrucker P ., Ehrenfreund P ., Foing B. H., 1997, A&A, 326,

822 
ampbell E. K., Holz M., Gerlich D., Maier J. P., 2015, Nature , 523, 322 
hambers K. C. et al., 2016, preprint ( arXiv:1612.05560 ) 
ox N. L. J., Cami J., Kaper L., Ehrenfreund P., Foing B. H., Ochsendorf B.

B., van Hooff S. H. M., Salama F., 2014, A&A , 569, A117 
rimmel R., Spergel D. N., 2001, ApJ , 556, 181 
benbichler A. et al., 2022, A&A , 662, A81 
lyajouri M., Lallement R., Monreal-Ibero A., Capitanio L., Cox N. L. J.,

2017, A&A , 600, A129 
lyajouri M. et al., 2018, A&A , 616, A143 
nsor T., Cami J., Bhatt N. H., Soddu A., 2017, ApJ , 836, 162 
an H. et al., 2017, ApJ , 850, 194 
an H. et al., 2019, ApJ , 878, 151 
an H. et al., 2022, MNRAS , 510, 3546 
oing B. H., Ehrenfreund P., 1994, Nature , 369, 296 
 oreman-Macke y D., Hogg D. W., Lang D., Goodman J., 2013, PASP , 125,

306 
riedman S. D. et al., 2011, ApJ , 727, 33 
ulara J., Jakobi M., Maier J. P., 1993, Chem. Phys. Lett. , 206, 203 
aia Collaboration, 2018, A&A , 616, A1 
aia Collaboration, Vallenari A. et al., 2022, preprint ( arXiv:2208.00211 ) 
aia Collaboration, Recio-Blanco A. et al., 2022, preprint 

( arXiv:2206.05541 ) 
aia Collaboration, Schultheis M. et al., 2022, preprint ( arXiv:2206.05536 ) 
aia Collaboration, Seabroke et al., 2022, in preparation 
aia Collaboration, Creev e y O.L. et al., 2022, preprint ( arXiv:2206.05864 ) 
alazutdino v G. A., Shimansk y V . V ., Bondar A., Valyavin G., Krełowski J.,

2017a, MNRAS , 465, 3956 
alazutdinov G. A., Lee J.-J., Han I., Lee B.-C., Valyavin G., Krełowski J.,

2017b, MNRAS , 467, 3099 
alazutdinov G., Bondar A., Lee B.-C., Hakalla R., Szajna W., Krełowski J.,

2020, AJ , 159, 113 
alazutdinov G. A., Valyavin G., Ikhsanov N. R., Krełowski J., 2021, AJ ,

161, 127 
ershman S. J., Blei D. M., 2012, J. Math. Psychol., 56, 1 
ilmore G. et al., 2012, The Messenger, 147, 25 
reen G. M., 2018, J. Open Source Softw. , 3, 695 
reen G. M. et al., 2018, MNRAS , 478, 651 
reen G. M., Schlafly E., Zucker C., Speagle J. S., Finkbeiner D., 2019, ApJ ,

887, 93 
uo H. L. et al., 2021, ApJ , 906, 47 
amano S. et al., 2022, ApJS, 262, 18 
ardy F. X., Rice C. A., Maier J. P., 2017, ApJ , 836, 37 
eger M. L., 1922, Lick Obs. Bull., 10, 146 
erbig G. H., 1975, ApJ , 196, 129 
erbig G. H., Leka K. D., 1991, ApJ , 382, 193 

sobe S., Sasaki G., Norimoto Y., Takahashi J., 1986, PASJ, 38, 511 
ofman V., Sarre P. J., Hibbins R. E., ten Kate I. L., Linnartz H., 2017, Mol.

Astrophys. , 7, 19 
os J., 2017, MNRAS , 468, 4255 
os J., Zwitter T., 2013, ApJ , 774, 72 
os J. et al., 2013, ApJ , 778, 86 
os J. et al., 2014, Science , 345, 791 
rełowski J., Westerlund B. E., 1988, A&A, 190, 339 
rełowski J., Galazutdinov G. A., Bondar A., Beletsky Y., 2016, MNRAS ,

460, 2706 
rełowski J., Galazutdinov G., Godunova V., Bondar A., 2019, AcA , 69,

159 
ai T. S. Y., Witt A. N., Alvarez C., Cami J., 2020, MNRAS , 492, 5853 
allement R., Vergely J. L., Babusiaux C., Cox N. L. J., 2022, A&A , 661,

A147 
an T.-W., M ́enard B., Zhu G., 2015, MNRAS , 452, 3629 
MNRAS 519, 754–766 (2023) 

http://dx.doi.org/10.1086/498131
http://dx.doi.org/10.1051/0004-6361/202142369
http://dx.doi.org/10.1093/mnrasl/slz156
http://dx.doi.org/10.1093/mnras/staa1661
http://dx.doi.org/10.1093/mnras/stab1343
http://dx.doi.org/10.1093/mnras/stu2448
http://dx.doi.org/10.1093/mnras/stv977
http://dx.doi.org/10.1093/mnras/staa1610
http://dx.doi.org/10.1038/nature14566
http://arxiv.org/abs/1612.05560
http://dx.doi.org/10.1051/0004-6361/201323061
http://dx.doi.org/10.1086/321556
http://dx.doi.org/10.1051/0004-6361/202142990
http://dx.doi.org/10.1051/0004-6361/201630088
http://dx.doi.org/10.1051/0004-6361/201833105
http://dx.doi.org/10.3847/1538-4357/aa5b84
http://dx.doi.org/10.3847/1538-4357/aa9480
http://dx.doi.org/10.3847/1538-4357/ab1b74
http://dx.doi.org/10.1093/mnras/stab3651
http://dx.doi.org/10.1038/369296a0
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1088/0004-637X/727/1/33
http://dx.doi.org/10.1016/0009-2614(93)85542-V
http://dx.doi.org/10.1051/0004-6361/201833051
http://arxiv.org/abs/2208.00211
http://arxiv.org/abs/2206.05541
http://arxiv.org/abs/2206.05536
http://arxiv.org/abs/2206.05864
http://dx.doi.org/10.1093/mnras/stw2948
http://dx.doi.org/10.1093/mnras/stx330
http://dx.doi.org/10.3847/1538-3881/ab6d01
http://dx.doi.org/10.3847/1538-3881/abd4e5
http://dx.doi.org/10.21105/joss.00695
http://dx.doi.org/10.1093/mnras/sty1008
http://dx.doi.org/10.3847/1538-4357/ab5362
http://dx.doi.org/10.3847/1538-4357/abc68a
http://dx.doi.org/10.3847/1538-4357/836/1/37
http://dx.doi.org/10.1086/153400
http://dx.doi.org/10.1086/170708
http://dx.doi.org/10.1016/j.molap.2017.04.002
http://dx.doi.org/10.1093/mnras/stx574
http://dx.doi.org/10.1088/0004-637X/774/1/72
http://dx.doi.org/10.1088/0004-637X/778/2/86
http://dx.doi.org/10.1126/science.1253171
http://dx.doi.org/10.1093/mnras/stw1167
http://dx.doi.org/10.32023/0001-5237/69.2.4
http://dx.doi.org/10.1093/mnras/staa223
http://dx.doi.org/10.1051/0004-6361/202142846
http://dx.doi.org/10.1093/mnras/stv1519


764 H. Zhao et al. 

M

L  

L
M
M
M  

M
M
M  

M
O
O
P
P
P
Q
R  

S  

S
S  

S
S
S
S
S
V
V  

W  

X
Z  

Z
Z
Z  

 

Z

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/754/6884158 by C
N

R
S - ISTO

 user on 24 M
arch 2023
innartz H., Cami J., Cordiner M., Cox N. L. J., Ehrenfreund P., Foing B.,
Gatchell M., Scheier P., 2020, J. Mol. Spectrosc., 367, 111243 

loyd S., 1982, IEEE Trans. Inf. Theory, 28, 129 
cCall B. J. et al., 2010, ApJ , 708, 1628 
cIntosh A., Webster A., 1993, MNRAS , 261, L13 
aier J. P., Walker G. A. H., Bohlender D. A., Mazzotti F. J., Raghunandan

R., Fulara J., Garkusha I., Nagy A., 2011, ApJ , 726, 41 
a ́ız Apell ́aniz J., 2015, Mem. Soc. Astron. Italiana, 86, 553 
ajewski S. R. et al., 2017, AJ , 154, 94 
arshall D. J., Robin A. C., Reyl ́e C., Schultheis M., Picaud S., 2006, A&A ,

453, 635 
unari U. et al., 2008, A&A , 488, 969 
mont A., 2016, A&A , 590, A52 
mont A., Bettinger H. F., T ̈onshoff C., 2019, A&A , 625, A41 
edregosa F. et al., 2011, J. Mach. Learn. Res., 12, 2825 
lanck Collaboration, 2016, A&A , 596, A109 
uspitarini L. et al., 2015, A&A , 573, A35 
ueiroz A. B. A. et al., 2018, MNRAS , 476, 2556 
asmussen C. E., Williams C. K., 2006, Gaussian Process for Machine

Learning. The MIT Press, Cambridge, MA 

alama F., Bakes E. L. O., Allamandola L. J., Tielens A. G. G. M., 1996,
ApJ , 458, 621 
NRAS 519, 754–766 (2023) 
estito F. et al., 2022, MNRAS, 518, 4557 
hen B., Tatchen J., Sanchez-Garcia E., Bettinger H. F., 2018, Angew. Chem.,

Int. Ed. Engl. , 130, 10666 
now T. P., Zukowski D., Massey P., 2002, ApJ , 578, 877 
tarkenburg E. et al., 2017, MNRAS , 471, 2587 
teinmetz M. et al., 2006, AJ , 132, 1645 
u Y. et al., 2019, ApJS , 240, 9 
u Y. et al., 2021, ApJ , 910, 131 
ollmann K., Eversberg T., 2006, Astron. Nachr. , 327, 862 
os D. A. I., Cox N. L. J., Kaper L., Spaans M., Ehrenfreund P., 2011, A&A ,

533, A129 
alker G. A. H., Campbell E. K., Maier J. P., Bohlender D., Malo L., 2016,

ApJ , 831, 130 
iang F., Liu Z., Yang X., 2012, PASJ , 64, 31 
ack L. N., Maier J. P., 2014, in Proc. IAU Symp. 297, The Diffuse Interstellar

Bands. Cambridge Univ. Press, Cambridge, p. 237 
asowski G. et al., 2015, ApJ , 798, 35 
hao H. et al., 2021a, A&A , 645, A14 
hao H., Schultheis M., Rojas-Arriagada A., Recio-Blanco A.,

de Lav ern y P., Kordopatis G., Surot F., 2021b, A&A , 654,
A116 

hao H. et al., 2022, A&A , 666, L12 

http://dx.doi.org/10.1088/0004-637X/708/2/1628
http://dx.doi.org/10.1093/mnras/261.1.L13
http://dx.doi.org/10.1088/0004-637X/726/1/41
http://dx.doi.org/10.3847/1538-3881/aa784d
http://dx.doi.org/10.1051/0004-6361:20053842
http://dx.doi.org/10.1051/0004-6361:200810232
http://dx.doi.org/10.1051/0004-6361/201527685
http://dx.doi.org/10.1051/0004-6361/201834953
http://dx.doi.org/10.1051/0004-6361/201629022
http://dx.doi.org/10.1051/0004-6361/201424391
http://dx.doi.org/10.1093/mnras/sty330
http://dx.doi.org/10.1086/176844
http://dx.doi.org/10.1002/ange.201802197
http://dx.doi.org/10.1086/342660
http://dx.doi.org/10.1093/mnras/stx1068
http://dx.doi.org/10.1086/506564
http://dx.doi.org/10.3847/1538-4365/aaf1c8
http://dx.doi.org/10.3847/1538-4357/abe5ab
http://dx.doi.org/10.1002/asna.200610645
http://dx.doi.org/10.1051/0004-6361/200809746
http://dx.doi.org/10.3847/0004-637X/831/2/130
http://dx.doi.org/10.1093/pasj/64.2.31
http://dx.doi.org/10.1088/0004-637X/798/1/35
http://dx.doi.org/10.1051/0004-6361/202039736
http://dx.doi.org/10.1051/0004-6361/202141128
http://dx.doi.org/10.1051/0004-6361/202244343


DIBs: vertical distribution 765 

A PECTRA  

F  are the stacked ISM spectra, and the red lines are the fitted DIB profile. The results 
a field are also indicated. 
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igure A1. Fits of λ442.8 in blue-band stacked ISM spectra. The black lines
re sorted by the measured EW 442 . 8 . The Galactic coordinates ( � , b ) of each 
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Figure A2. The same as Fig. A1 but for DIB λ862.1. 
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