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A B S T R A C T 

More than 500 diffuse interstellar bands (DIBs) have been observed in astronomical spectra, and their signatures and correlations 
in different environments have been studied o v er the past decades to reveal clues about the nature of the carriers. We compare the 
equi v alent widths of the DIBs, normalized to the amount of reddening, E B-V 

, to search for anticorrelated DIB pairs using a data 
sample containing 54 DIBs measured in 25 sightlines. This data sample co v ers most of the strong and commonly detected DIBs 
in the optical region, and the sightlines probe a variety of interstellar medium conditions. We find that 12.9 per cent of the DIB 

pairs are anticorrelated, and the lowest Pearson correlation coefficient is r norm 

∼ −0.7. We revisit correlation-based DIB families 
and are able to reproduce the assignments of such families for the well-studied DIBs by applying hierarchical agglomerative and 

k -means clustering algorithms. We visualize the dissimilarities between DIBs, represented by 1 − r norm 

, using multidimensional 
scaling (MDS). With this representation, we find that the DIBs form a rather continuous sequence, which implies that some 
properties of the DIB carriers are changing gradually following this sequence. We also find that at that least two factors are 
needed to properly explain the dissimilarities between DIBs. While the first factor may be interpreted as related to the ionization 

properties of the DIB carriers, a physical interpretation of the second factor is less clear and may be related to how DIB carriers 
interact with surrounding interstellar material. 

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

he diffuse interstellar bands (DIBs) are a set of absorption features
hat represent a century-long mystery regarding the interstellar

edium (ISM). The first DIBs, λλ5780 and 5797, 1 were noted
owards ζ Per by Heger ( 1922 ), and now more than 500 such
bsorption features have been catalogued in the optical region (Hobbs
t al. 2008 , 2009 ; Fan et al. 2019 ), and tens more in the near-
nfrared (e.g. Joblin et al. 1990 ; Cox et al. 2014 ; Hamano et al.
015 , 2016 ). The substructures within several DIB profiles strongly
uggest a molecular origin (e.g. Sarre et al. 1995 ; Ehrenfreund &
oing 1996 ; Kerr et al. 1998 ; Walker et al. 2001 ; Cami et al. 2004 ),
et their specific carriers remain unknown, maybe except the two
 E-mail: hf an58@uw o.ca 
 We follow the convention that the DIBs are referred to by their approximate 
entral wavelength expressed in Å. 
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ear-infrared DIBs at λλ9577 and 9633 and three weaker DIBs
hat have been assigned to C 

+ 

60 – a finding that is supported by an
mpressive array of observational and experimental studies (Foing &
hrenfreund 1994 , 1997 ; Campbell et al. 2015 ; Walker et al. 2015 ,
016 , 2017 ; Cordiner et al. 2017 ; Spieler et al. 2017 ; Lallement
t al. 2018 ; Cordiner et al. 2019 ; see Linnartz et al. 2020 for a
e vie w). We note that this assignment was recently challenged by
alazutdinov et al. ( 2021 ), who reported that the two DIBs λλ9577

nd 9633 are poorly correlated – they report a Pearson correlation
oefficient r = 0.32. A thorough review of this claim, however, finds
he opposite, that the λλ9577 and 9633 DIBs do in fact correlate very
ell ( r ∼ 0.9; Schlarmann et al. 2021 ), thus further supporting this

dentification. 
To guide and support laboratory efforts to identify more DIB

arriers, astronomers perform analyses of astronomical observations
o provide constraints on the properties of DIB carriers and thus
arro wing do wn the candidates to be examined. Such efforts often
nclude correlation studies, where the DIB strengths, most often
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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epresented by their equi v alent widths [EWs, or denoted as
 (DIBs)], are compared to ISM parameters such as E B-V , column

ensities of various species ( N (X)), or to other DIBs (e.g. Herbig
993 ; Cami et al. 1997 ; Friedman et al. 2011 ; Vos et al. 2011 ; Fan et al.
017 ). It has been recognized long ago that many DIBs respond to
hanging physical conditions (termed the ‘DIB behaviour’, typically 
bserved by changes in the EW) but not necessarily in the same
ay (Snow & Cohen 1974 ; Adamson, Whittet & Duley 1991 ;

enniskens, Ehrenfreund & Foing 1994 ; Cami et al. 1997 ; Vos et al.
011 ; Sonnentrucker 2014 ). The classical example in this context is
llustrated by comparing the λλ5780 and 5797 DIBs in the sightlines
owards ζ Oph (HD 149757; E B-V = 0.28) and σ Sco (HD 147165, 
 B-V = 0.34). The sightline of ζ Oph crosses a cloud interior and

hus probes an environment that is shielded from UV irradiation. On 
he other hand, the sightline of σ Sco represents a more exposed 
nvironment. In both sightlines, the EW of the λ5797 DIB is similar
 ∼35 m Å), while W (5780) increases from ∼73 m Å in ζ Oph to
240 m Å in σ Sco. Clearly, the λ5797 DIB carrier is somewhat 

ndifferent to the changing UV exposure, whereas the λ5780 is 
 ery sensitiv e to it. This could indicate different photo-chemical 
roperties of the DIB carriers themselves but could also be due to
ore indirect effects where the UV radiation dissociates molecular 

ydrogen, which in turn then affects the chemical network of DIB
arriers (Webster 1993 ). 

The changing response to environment then also leads to the 
dea of DIB ‘families’. Members of the same family show a 
imilar response to environmental factors and thus also exhibit good 
utual correlations, whereas members of different families show a 
uch poorer correlation (Krelowski & W alker 1987 ; W esterlund &
relowski 1989 ; Cami et al. 1997 ; Wszołek & Godłowski 2003 ).
trong correlations between two DIBs from the same family could 
lso indicate the same or related carriers. While there is no general
greement about precisely which DIBs belong to a specific family, 
ome connections are well established. For instance, the λλ5797, 
379 and 6613 DIBs show similar beha viour, fa v ouring less exposed
 ζ -type) environments, and have been grouped into a family by 
arious authors. In this paper, we will refer to this family of DIBs as
he ζ -DIBs. The DIBs λλ5780 and 6284 (along with several others)
n the other hand thrive in exposed ( σ -type) regions (Lan, M ́enard &
hu 2015 ; Ensor et al. 2017 ; Krełowski 2018 ; Omont & Bettinger
020 ). They can also be considered as members of a family that we
ill call σ -DIBs for what follows. In this context, another group of

he so-called C 2 -DIBs can be seen as a third family, whose members
race dense and molecular regions of the ISM cloud (Thorburn et al.
003 ). 
While many studies have focused on correlations, anticorrelations 

etween DIBs could also be of particular interest. Such DIB pairs
ould indicate that their carriers are the start and end products of the
ame physical or chemical processes. F or e xample, if one DIB would
e carried by a neutral species and another DIB by its cation, one
ould expect the strength of one DIB to decrease as the strength of the
ther increases. Similar arguments of course hold for other processes 
uch as hydrogenation. A key issue that plagues correlation studies, 
o we ver, is that dif ferent sightlines typically represent dif ferent
mounts of interstellar material. Since more interstellar material in 
eneral also implies higher column densities for individual species, 
he EWs of DIBs thus al w ays have some positive correlation with
ach other (e.g. Bailey et al. 2015 , 2016 ). This effect tends to
ide anticorrelations. But by comparing the normalized EWs of 
IBs ( W (DIB)/ E B-V ), Cami et al. ( 1997 ) were among the first to

dentify several anticorrelated DIB pairs within a small sightline 
ample. 
Moti v ated by more robustly confirming the existence of anticorre-
ated DIB pairs, we revisit the topic of DIB (anti-)correlations as well
s DIB families. We include more DIBs than most previous analyses
o obtain a more general picture of DIB correlations, rather than
ocusing on a handful of well-studied DIBs. This paper is organized
s follows. Section 2 describes the data we use and the selection
riteria of our target DIBs. We search for anticorrelated DIB pairs in
ection 3 and sort the DIBs into groups in Section 4 according to their
utual correlations. Section 5 contains our efforts to visualize the 
IB correlations, and the implications of our findings are discussed 

n Section 6. Finally, we summarize this work in Section 7. 

 DATA  A N D  D I B  SELECTI ON  

e base our work on the DIB measurements from Fan et al. ( 2019 ),
hich is part of the DIB surv e y project carried out at the Apache
oint Observatory and the University of Chicago. We refer the reader

o the paper series ‘Studies of the Diffuse Interstellar Bands’ and
elated publications (i.e. McCall et al. 2001 ; Thorburn et al. 2003 ;
obbs et al. 2008 , 2009 ; McCall et al. 2010 ; Friedman et al. 2011 ;
ahlstrom et al. 2013 ; Welty et al. 2014 ; Fan et al. 2017 , 2019 ) for
ore details on the data and measurement techniques than outlined 

ere. 
The DIB measurements are made with R ∼ 38 000 spectra towards

5 medium to highly reddened targets ( E B-V between 0.31 and 3.31
ag). The spectral types of the background stars are between O6

nd A5, and the sightlines co v er a great variety of ISM conditions as
haracterized by their f H 2 values. To identify the presence of stellar
ines that may compromise the DIB measurements, each of these 
arget stars is paired with a standard star with similar spectral type
ut very low reddening. Table A1 summarizes the information on the
arget stars and their corresponding standard star, and a full version
f the same table can be found in Fan et al. ( 2019 ). Telluric lines
re remo v ed from the raw data by fitting a template spectrum based
n airmass, and a telluric reference spectrum is displayed during the
IB-measuring process to provide guidance on possible residuals 

rom the correction. 
Direct integration is used to measure the EWs of DIBs without

ssuming any specific profile, and the uncertainties are estimated 
ased on the signal-to-noise ratio and the width of the profile. Since
he spectra data are normalized by the data reduction pipeline, only
 local continuum is needed around the target DIB. Consistent mea-
uring techniques, especially regarding the selections of continuum 

e gions and inte gration limits, are kept for each DIB to all sightlines.
uch effort ensures a uniformly made data set with great self-
onsistency. We flag defects such as contamination from adjacent 
tellar/telluric lines or large uncertainty in the continuum level and 
xclude such measurements in the analysis. We also include E B-V 

nd column densities of some molecular species in our study. The
ources of these data are described in Fan et al. ( 2017 ). 

The selection of target DIBs in this work is based on the number
f measurements available among the 25 sightlines, and we require 
ach of the target DIBs to have no more than five excluded
easurements or upper limits (non-detection). This is to ensure 

hat many environments can be considered in the DIB correlations 
nd that the resulting correlations are robust. Ho we ver, we made
xceptions for a few DIBs of particular interest, such as the broad
IB λ4429 and the strong DIB λ5780. In total, we include 54 DIBs in
ur correlation analysis as summarized in Table 1 . These DIBs co v er
ost of the strong and/or well-studied optical DIBs in the literature

e.g. Cami et al. 1997 ; Cox et al. 2006 ; Friedman et al. 2011 ; Vos
t al. 2011 ; Kos & Zwitter 2013 ). 
MNRAS 510, 3546–3560 (2022) 



3548 H. Fan et al. 

Table 1. Properties of the 54 target DIBs in this work. 

Label Wave. FWHM No. of Avg. Comments Index Wavelength FWHM No. of Avg. 
Mea. Nor. EW Mea. Nor. EW Comments 

Å Å Å m Å/mag Å Å Å m Å/mag 

4429 4429.33 24.13 10 2005.95 Broad DIB 

a 6270 b 6269.88 1.48 24 104.64 
4501 4501.51 2.53 17 73.84 6284 6284.05 4.49 24 958.09 
4726 4726.98 2.76 21 168.87 C 2 DIB 6324 6324.91 0.74 20 10.00 
4762 4762.44 1.94 20 48.81 6330 6330.03 0.73 21 10.11 
4963 4963.92 0.68 25 29.20 C 2 DIB 6353 6353.31 1.66 20 26.77 
4984 4984.78 0.51 18 16.11 C 2 DIB 6362 6362.26 1.61 20 18.76 
5418 5418.87 0.75 20 22.01 C 2 DIB 6367 6367.30 0.52 21 11.50 
5512 5512.68 0.54 20 14.85 C 2 DIB 6376 6376.14 0.76 23 32.59 
5545 5545.08 0.84 20 25.02 6377 6377.07 0.57 22 11.34 
5546 5546.46 0.68 21 12.38 C 2 DIB 6379 6379.25 0.64 23 79.12 
5705 5705.12 2.68 20 90.65 6397 6397.04 1.27 20 23.85 
5766 5766.16 0.76 22 16.31 6439 6439.51 0.82 23 18.31 
5780 5780.67 2.09 17 398.84 6445 6445.30 0.60 20 23.56 
5793 5793.24 0.96 20 14.32 C 2 DIB 6449 6449.27 0.94 21 19.77 
5797 5797.18 0.89 23 140.63 6520 6520.74 1.00 21 25.07 
5828 5828.50 0.78 20 10.96 6553 6553.88 0.51 21 11.04 
5849 5849.82 0.83 24 50.88 6613 6613.74 1.05 25 185.14 
5923 5923.51 0.74 21 16.34 6622 6622.84 0.58 21 9.67 
6065 6065.32 0.64 21 12.19 6660 6660.67 0.63 23 39.22 
6089 6089.85 0.58 22 18.74 6699 6699.28 0.67 22 24.66 
6108 6108.06 0.49 20 8.34 6702 6702.07 0.74 22 10.05 
6116 6116.80 0.87 20 10.56 6729 6729.22 0.29 21 9.16 C 2 DIB 

6185 6185.79 0.48 22 6.38 6993 6993.12 0.77 21 64.72 
6196 6195.99 0.51 24 47.06 7224 7224.16 1.12 19 162.17 
6203 6203.58 1.63 25 157.31 7367 7367.08 0.64 20 11.50 
6212 6211.69 0.62 20 8.95 7559 7559.43 0.91 20 14.17 
6234 6234.01 0.65 20 16.93 7562 7562.16 1.55 20 51.96 

a See Sonnentrucker et al. ( 2018 ). 
b This DIB was divided into three separate DIBs in Fan et al. ( 2019 ) to reflect the structures within its profile. We re-measured the entire feature as one DIB in 
this work to follow the convention of most DIB studies. 
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 S E A R C H I N G  F O R  ANTICORRELATED  DI BS  

s is the case for any interstellar material, DIB carriers generally
ould accumulate o v er distance. Hence, their EWs al w ays have a
ositive correlation with each other to a certain degree, especially
hen some of the most heavily reddened sightlines are included in

he data sample (Friedman et al. 2011 ). To reveal possible anticorre-
ations among DIBs, we choose to follow the approach outlined in
ami et al. ( 1997 ) and work with the EWs of DIBs normalized by

he reddening (i.e. using W (DIB)/ E B-V ). When discussing Pearson
orrelation coefficients using this normalized EW, we will denote
hem with r norm 

to differentiate them from the ‘regular’ correlations
sing W (DIBs) that we will denote with r reg . The total extinction A V 

lso scales with the gas column densities along the sightline and has
een fa v oured in some works to normalize W (DIBs) (e.g. Ram ́ırez-
annus et al. 2018 ). While identifying the best normalizer of DIB
trengths would be a worthy future project, it is beyond the scope of
he current paper, and we found similar results as those reported in the
ollowing sections when analysing the correlations of W (DIB)/ A V . 

Fig. 1 provides some comparisons between r norm 

and r reg . The
 norm 

value is in most cases smaller than r reg value of the same DIB
air. The highest r norm 

value is between λλ6089 and 6379 with r norm 

 0.964, and there are 22 DIB pairs with r norm 

≥ 0.9. Many of these
IB pairs are known to be well correlated when the comparison is
etween their EWs (e.g. McCall et al. 2010 ; Smith et al. 2021 ), such
s λ6196 versus λ6613 ( r reg = 0.980, r norm 

= 0.952) and λ6203
ersus λ6284 ( r reg = 0.991, r norm 

= 0.936). 
While all r reg values are positive, we find that 184 DIB pairs have

e gativ e r norm 

values. The y take up 12.9 per cent of the total possible
NRAS 510, 3546–3560 (2022) 
ombinations among the 54 target DIBs. The most anticorrelated
IB pairs, λ4984 versus λ7559, and λ5418 versus λ7562, have r norm 

−0.7, and their scatter plots are presented in the middle and lower
anels of Fig. 1 . As indicated by the plotting axes, W (DIBs)/ E B-V 

till vary o v er a factor of 5–10 among the target sightlines. This
eflects the impact of the environmental factors on DIBs, and how
IBs may be used to trace such differences (Vos et al. 2011 ; Kos &
witter 2013 ; van Loon et al. 2013 ; Bailey et al. 2015 ; Fan et al.
017 ). 
While the r values offer a good estimation on the similarity

etween two DIBs, the exact values depend on the composition of the
ightline sample and the uncertainties in the measurements. There are
0 DIB pairs with r norm 

≤ −0.5 and 17 unique DIBs are involved in
hese pairs. We show their correlation coefficients in the heat map of
ig. 2 , and two DIB groups emerge. The first group consists of DIBs
λ5705, 5780, 6203, 6270, 6284, 6324, 6353, 6362, 6993, 7224,
559, and 7562, and many of them are known to be DIBs that remain
rominent under strong radiation (i.e. in σ -type environments). The
econd group contains λλ4963, 4984, 5418, 5512, and 5546. They are
ll C 2 -DIBs that trace denser regions of interstellar clouds and display
ifferent dependencies on environmental factors like radiation and
ensity (Thorburn et al. 2003 ; Fan et al. 2017 ). This result suggests
hat DIB clusters or families can be identified according to their

utual correlations (e.g. Cami et al. 1997 ; Wszołek & Godłowski
003 ; Omont & Bettinger 2020 ). That is, members of the same group
hare more similarities and thus have better correlations, while DIBs
rom different groups have reduced r values due to their different
references on the environments. 
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Figure 1. Comparison between r reg and r norm 

. Upper panel: histogram of r reg and r norm 

values. We find that ∼1/7 of the DIB pairs have negative r norm 

values, 
and the most anticorrelated DIB pairs have r norm 

∼ −0.7. Middle and bottom panels: scatter plots of W (DIB) and W (DIB)/ E B-V correlations between DIB 

pairs λ6089 versus λ6379, λ4984 versus λ7559, and λ5418 versus λ7562. The first pair has the highest r norm 

value, while the second and third are the most 
anticorrelated DIB pairs in our data sample. The units for W (DIB) and W (DIB)/ E B-V are m Å and m Å· mag −1 , respectively. 

Figure 2. Heat map for the Pearson correlation coefficients among the 17 
DIBs involved in the 40 DIB pairs with r norm 

< −0.5. Note that the figure 
is asymmetrical, where the lower triangle is for the r norm 

values and the 
upper triangle is for the r reg values. The DIBs are sorted by the sequence in 
Section 5 and two groups can be identified. They are, respectively, parts of 
the σ -type and C 2 DIB groups (Section 4), and all cross-group comparisons 
yield ne gativ e r norm 

values. A full-scale heat map for all target DIBs of this 
work is presented in the Appendix B. 
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 CLUSTERI NG  O F  DI BS  

he apparent clustering of the C 2 -DIBs in the previous section
ncouraged us to study clustering of the DIBs more closely based on
heir correlation coefficients. We first constructed a 54 × 54 matrix 
f r norm 

values. 2 Each row of this matrix is an array of 54 r norm 

values
etween 1.0 and −1.0 and can be interpreted as a coordinate of a
arameter space. DIB families can be identified when a group of
IBs are located closely in this parametric space, i.e. when they are
utually well correlated and have similar r norm 

values with other 
IBs outside the group. 
As a first attempt to cluster the target DIBs, we applied hierarchical

gglomerative clustering (HAC 

3 ) to the r norm 

matrix. With this 
ethod, the algorithm initially takes each DIB as a singleton cluster.
uring each iteration, two clusters are merged in such a way that

he sum of within-cluster variance is kept minimal after they are
erged [Ward’s minimum variance method (Ward 1963 )]. This 

rocess is repeated until all DIBs are merged into a single cluster
nd is similar to the approach by Baron et al. ( 2015 ) except we
se a different ‘linkage’ function that determines which clusters to 
erge. 
 We use the r norm 

values since this work is originally motivated by the search 
or anticorrelated DIB pairs. We will show in Appendix C that the general 
icture of DIB correlations does not change if the analysis is based on r reg 

alues. 
 Not to be confused with hydrogenated amorphous carbon that has been 
roposed as a DIB carrier. 

MNRAS 510, 3546–3560 (2022) 
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This process is graphically represented in Fig. 3 as a dendrogram or
tree diagram’. In the figure, the DIBs are sorted along the x -axis and
radually merged into nodes and finally the root on the top, and DIBs
onnected by a lower node share more similarities. The criterion to
ecide where precisely to cut off the tree (vertically) will then decide
n the number of branches (clusters) to be kept. This criterion is
ubjecti ve. Ho we ver, as will be discussed in the next section, the
umber of groups is not very important since the DIBs in fact exhibit
 rather continuous sequence. We thus choose to keep four clusters,
ndicated by different colours in Fig. 3 ). This clustering accounts for
he three known DIB families discussed abo v e (the λ5797 family, the
5780 family, and the C 2 -DIBs) plus a possible unidentified group.
his results in the following four clusters: 

(i) The σ −DIB group (green in Fig. 3 ), containing λλ4429, 5705,
780, 6065, 6108, 6196, 6203, 6270, 6284, 6324, 6330, 6353, 6362,
445, 6520, 6613, 6993, 7224, 7559, and 7562. 
(ii) The intermediate DIB group (red), containing λλ4501, 4762,

923, 6185, 6212, 6367, 6376, 6377, 6397, 6553, 6622, 6660, 6699,
702, and 7367. 
(iii) The ζ −DIB group (purple), containing λλ5545, 5766, 5793,

797, 5849, 6089, 6116, 6234, 6379, 6439, 6449, and 6729. 
(iv) The C 2 DIB group (orange), containing λλ4726, 4963, 4984,

418, 5512, 5546, and 5828. 

Unlike the classical approach where several DIBs are grouped
olely for having good correlations, the HAC algorithm also con-
iders whether they are less correlated with other DIBs to the
ame degree. This difference should be subtle since two perfectly
orrelated DIBs w ould al w ays have the same r values with a third
IB. Our results are fully consistent with the literature for the well-
nown DIBs, such as for the typical σ -type DIBs λλ5705, 5780,
nd 6284, as well as ζ -type DIB λλ5797 and 6379 (Lan et al.
015 ; Ensor et al. 2017 ; Krełowski 2018 ; Omont & Bettinger 2020 ;
alazutdinov et al. 2021 ). We also have eight C 2 DIBs from the
riginal reference (i.e. Thorburn et al. 2003 ) and find six of them
n the C 2 DIB group, while the two exceptions are assigned to the
-type group whose members also prefer shielded environments.
ur clustering efforts also expand the knowledge to some less-often

argeted DIBs. For example, DIBs λλ5849 and 6379 are a factor of
 stronger in the shielded sightline of BD + 63 ◦ 1964 compared
o HD 183143 (Ehrenfreund et al. 1997 ), and our analysis confirms
hem as ζ -type DIBs like λ5797. Lastly, a new ‘intermediate’ DIB
roup is introduced. We will show in Section 5 that members of
his group have properties between the σ -type and ζ -type DIBs,
nd together they form a rather continuous spectrum of DIB
ehaviour. 
We also adopt k -means clustering, another widely used clustering

lgorithm, to test the robustness of the grouping result. The k -means
lustering algorithm sorts all data points into k groups so that: (a)
he centre of each group is given by the average coordinate of its

embers, and (b) each data point is closer to its own group centre
han to other group centres. The k -means clustering results are o v erall
uite similar to our HAC results. Ten DIBs, ho we ver, are assigned
o a different ‘adjacent’ group compared to the HAC results. Indeed,
he seven DIBs in the λλ6196 and 6613 sub-branch of Fig. 3 are
ssigned to the intermediate group rather than σ group; the λ6397
IB is assigned to the σ group rather than intermediate group; the
6553 DIB is assigned to the ζ group rather than intermediate group;
nd the λ6729 DIB, recognized as a C 2 DIB in Thorburn et al.
 2003 ), to C 2 group rather than ζ group. As will be shown in the next
ection, these DIBs are mostly located around the ‘junction regions’
etween clusters. Their membership of specific DIB families is thus
NRAS 510, 3546–3560 (2022) 
omewhat ambiguous, and the uncertainty in their membership would
ot change the o v erall picture of DIB behaviour that emerges from
his clustering. 

 M U LT I D I M E N S I O NA L  SCALI NG  ANALYS IS  

hile clustering algorithms sort the DIBs into groups, they provide
imited information on any possible linkages between these groups.
n this section, we use a Multi-Dimensional Scaling (MDS) analysis
o visualize the r norm 

matrix and provide a general picture on the
imilarities/dissimilarities among our target DIBs. We also tested
ther dimensional reduction and data visualization algorithms such
s t-Distributed Stochastic Neighbor Embedding (tSNE, see Van der
aaten & Hinton 2008 ) and UMAP (McInnes, Healy & Melville

018 ), and both methods produce very similar results. 
The MDS algorithm maps a set of N data points on to an abstract M -

imensional Cartesian space (with M < N ). The only input that MDS
equires is an N -by- N dissimilarity matrix that contains a measure for
airwise distances among the N observ ations. Some what akin to a
rincipal component analysis (PCA), the algorithm then maps these
 points on to the new M -dimensional space in such a way that these
airwise distances are preserved as much as possible. This is done
y minimizing the stress function: 

tress = 

√ √ √ √ 

∑ 

i,j ( d ij − ˆ d ij ) 2 ∑ 

i,j d 
2 
ij 

. (1) 

ere, d ij is the observed distance from the input matrix, and ˆ d ij is the
istance between points in the new M -dimensional space mapped
y the algorithm. The details of how the algorithm optimizes this
apping can be found in Mead ( 1992 ). An classical example of
DS is to feed its pairwise distances between cities and let MDS

econstruct a map from those distances. 
Since we are using Pearson correlation coefficients that measure

he similarity between two DIBs, we use 1 − r norm 

as input values
or the dissimilarity matrix. In this way, the dissimilarity between
wo DIBs is minimized to zero when they are perfectly correlated
nd maximized to 2.0 when they are perfectly anticorrelated. We
lso include correlations with the column densities of H 2 , CH, C 2 ,
nd CN in the analysis – i.e. we expanded our dissimilarity matrix
o the size of 58 × 58 that includes correlations with these column
ensities. Their r norm 

values are calculated normalized to the E ( B −
 ) as is the case for the DIBs, and the resulting 1 − r norm 

is added to
he dissimilarity matrix. 

Including more dimensions (i.e. the higher M is) would always
educe the stress (equation 1) and bring better agreement between
he input dissimilarities and the distances in the new M -dimensional
pace. Ho we ver, it is equally important to use a small number of
imensions so that the results are easier to be interpreted. For the
isualization purposes, it is most common for MDS to map the
issimilarity matrix to a one-dimensional (1D), two-dimensional
2D), or three-dimensional (3D) space so that the result can be
emonstrated as scatter plots (Borg & Groenen 2005 ). In Fig. 4,
e examine the results of 1D-, 2D-, and 3D-MDS by comparing the
airwise input dissimilarity [ d ij ] = [1 - r ij ] to the pairwise distances
 ̂

 d ij ] in the new M -dimensional space. If the MDS algorithm would
av e preserv ed all distances, the comparison should yield Y = X ,
ut we find considerable scatter in the top panel that shows the
utput of the 1D-MDS. Mapping the DIBs along a single axis is thus
ot sufficient to fully explain their dissimilarities, and an additional
apping axis is required. The scatter is greatly reduced after adding
 second projection axis, and including a third axis provides little
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Figure 3. Dendrogram for the hierarchical agglomerative clustering analysis. The 54 DIBs are arranged along the x -axis and gradually merged into the root on 
top of the plot. The horizontal bars indicate which clusters/DIBs are being merged during each iteration and the sum of within-cluster variance after the merge. 
We choose to keep four clusters that correspond to the σ -type (green), ζ -type (purple), C 2 DIBs (orange), plus an ‘intermediate’ (red) group whose properties 
is between the σ - and ζ -types of DIBs. 

i  

t  

r

n  

s  

T  

c
N
a  

r  

n
a

 

a  

i
fi
w
f
a
i
i
m
b
c  

m
b  

J  

F  

H  

i
o  

m
 

h  

I
t
λ  

f  

e  

[  

l
7  

6  

7  

5  

6  

a

6

6

D
r
b  

1  

f
I
r
s

 

D
d  

b
o  

2  

l  

D  

c
(  

1
 

a
r
w  

T  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/3/3546/6464110 by Keele U
niversity user on 22 M

arch 2022
mpro v ement (Fig. 4 middle and bottom panels). We will thus adopt
he result of the 2D-MDS analysis on our dissimilarity matrix for the
emainder of this paper. 

Fig. 5 presents the 2D-MDS result, i.e. the locations of the 
ormalized parameters ( W (DIBs)/ E B-V or N (Xs)/ E B-V ) in the new 2D
pace, using the same colours for different DIB groups as in Fig. 3 .
he 10 DIBs assigned to different groups by the HAC and k -means
lustering algorithms are plotted with different edge and face colours. 
ote that the MDS analysis focuses on distances between points, 

nd that distances would not change if the projection coordinate is
otated, flipped, or translated. Thus, the plotting axes of Fig. 5 do not
ecessarily have a physical meaning. We focus on the general layout 
nd trend of the projected points. 

The clustering result in Section 4 remains valid in the MDS
nalysis. From the lower left to the upper right of Fig. 5 , we find
n a roughly linear manner of the σ -type, intermediate, ζ -type, and 
nally the C 2 DIBs and the molecular species. This trend agrees 
ith the general knowledge on how DIBs react to environmental 

actors especially regarding the radiation field: σ -DIBs like λλ5780 
nd 6284 are much more prominent in radiative environments than 
n shielded environments, whereas ζ -DIBs like λ5797 are strong 
n shielded environments as well, and the C 2 DIBs trace denser, 

ore shielded regions than other DIBs. Such diversity in DIB 

ehaviour is often associated with the ionization potentials of their 
arriers (Cami et al. 1997 ; Sonnentrucker et al. 1997 ), although other
echanism like h ydrogenation, deh ydrogenation, and depletion may 

e influencing DIBs and other ISM species alike (e.g. Cardelli 1994 ;
ensen & Snow 2007a , b ; Welty & Crowther 2010 ; Zhen et al. 2014 ;
an et al. 2017 ). We also find DIBs assigned to different groups by the
AC and k -means clustering algorithms to be mostly located in the

nter-cluster regions. These DIBs may not be the ‘typical members’ 
f any of the DIB groups described earlier, making their assignments
ore difficult. 
Fan et al. ( 2017 ) proposed a sequence of eight DIBs based on

ow their strength ratios change with the f H2 value of the sightline.
n order of fa v ouring decreasing radiation and increasing shielding, 
he sequence goes λλ6284 and 5780, then λλ6196 and 6613, then 
5797, and finally the C 2 DIBs λλ4727, 4963, and 4984. This is
ully consistent with the more expanded trend observed in Fig. 5 . To
xtract this sequence in our data, we perform a linear fit to the DIBs
i.e. excluding all N (Xs)] and project all points to this best-fitting
ine. The observed sequence is as follows: λλ7559, 5705, 6284, 
224, 6353, 6324, 6203, 7562, 6993, 5780, 6270, 6362, 6065, 6520,
445, 6108, 6196, 6613, 6330, 5923, 4429, 6367, 6376, 6212, 6622,
367, 6377, 4501, 6702, 6397, 6699, 6660, 6553, 6185, 4762, 6379,
797, 5793, 6234, 6089, 6439, 5766, 5545, 6116, 6449, 5849, 5828,
729, 4726, 4963, 5546, 5512, N (CH), N (H 2 ), 4984, 5418, N (C 2 ),
nd N (CN). 

 DI SCUSSI ON  

.1 DIB families 

IB families have been discussed in various publications as the 
esult of correlation analysis and the observed changes in their 
and strength ratios (e.g. Krelowski & Walker 1987 ; Cami et al.
997 ; Moutou et al. 1999 ; Lan et al. 2015 ). By definition, DIBs
rom the same family demonstrate similar behaviour under varying 
SM conditions. They are thus mutually well correlated and have 
elatively constant strength ratios, and their carriers are expected to 
hare certain properties such as ionization potentials. 

The effort of DIB classification has been carried out for strong
IBs since their measurements are more accessible. Some well- 
efined DIB f amilies, lik e the σ -type, ζ -type, and the C 2 DIBs, have
een described in Section 4, and such classification echos studies 
n DIB profiles (e.g. Josafatsson & Snow 1987 ; Galazutdinov et al.
003 ; Wszołek & Godłowski 2003 ). For example, some σ -type DIBs
ike λλ5780 and 6284 have broad and smooth profiles, while ζ -type
IB λ5797 (along with many other DIBs) have narrow profile and

lear substructures, indicating gas-phase molecules as their carriers 
Foing & Ehrenfreund 1994 ; Sarre et al. 1995 ; Ehrenfreund & Foing
996 ). 
On the other hand, the classification of certain DIBs can be

mbiguous and the result varies among analyses. This issue first 
esults from the uncertainties in correlation analysis, especially when 
eak DIBs are involved (e.g. Cami et al. 1997 ; Krełowski 2018 ).
he r values observed are dependent on factors such as the sample
f sightlines, data quality, and the selected measuring method. It is
MNRAS 510, 3546–3560 (2022) 

art/stab3651_f3.eps


3552 H. Fan et al. 

Figure 4. Comparing the results of the 1D-, 2D-, and 3D-MDS analyses. 
Each panel compares the input d = 1 − r norm 

values (abscissa) to the MDS- 
mapped distances (ordinate). The blue dashed lines represent the ideal case 
Y = X and the red dashed lines illustrate the standard deviation of the residuals. 
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Figure 5. Scatter plot for the 2D-MDS results, where each point represents 
a DIB (or other tracer) and the distance between them represents their 1 
− r normalized dissimilarity. The plotting axes are abstract coordinates in the 
new 2D space and do not necessarily represent a physical quantity – hence, 
they are not labelled. We follow the same colour code as in Fig. 3 for DIB 

groups, except for the 10 DIBs assigned to different groups by the HAC 

and k -means clustering algorithms. For these DIBs, the face (inner) colour 
represents the HAC result and the edge (outer) colour represents the k -means 
result, and they are located around the transition regions between clusters. 
DIBs λλ6284, 5780, 6196, 5797, 4963, and 4984 are highlighted, and we 
also include N (H 2 ), N (CH), N (C 2 ), and N (CN) for comparison (blue dots). 
The dashed line is a least-squares fit representing a straight line through all 
DIB points. The transparent blue circles in the lower right corner have radii 
of 0.05 (dark blue) and 0.15 units (light blue) and thus correspond to r norm 

values of 0.95 and 0.85, respectively. Thus, points that are separated by the 
radius of the light blue circle have a mutual correlation coefficient of 0.85. 
We find a rather smooth transition from one DIB group to the next especially 
among the non-C 2 DIBs. The molecular species are all located around the C 2 

DIBs and they seem to form a somewhat separate cluster from the non-C 2 

DIBs. We also provide an enlarged version of this plot in Fig. B2 , where all 
data points have been labelled. 
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hus very hard to compare r values across different analyses in a
ualitative manner. The assignments can still be difficult for some
trong DIBs with good measurements and well-defined correlation
oefficients. F or e xample, DIBs λλ6196 and 6613 are known for their
lose-to-perfect correlation (Cami et al. 1997 ; Moutou et al. 1999 ;
alazutdinov et al. 2002 ; McCall et al. 2010 ; Bailey et al. 2016 ). But

ince they are equally well correlated with both typical σ -type DIB
NRAS 510, 3546–3560 (2022) 
6284 and ζ -type DIB λ5797 (e.g. Friedman et al. 2011 ; Fan et al.
017 ), which DIB family should they be assigned to? 

.1.1 σ -type , intermediate , and ζ -type DIBs 

y including most of the strong DIBs in the optical region, our
nalysis finds rather continuously distributed data points in Fig. 5 ,
specially among the non-C 2 DIBs (i.e. the σ -type, intermediate, and
-type groups). For most of these DIBs, several other DIBs can be
ound within an ∼0.15 radius and sometimes from a different DIB
amily. 

This continuous trend among the non-C 2 DIBs goes against sorting
hem into several distinguishable clusters. While the behaviour of
ypical σ - and ζ -type DIBs can be very different under different ISM
onditions, there are many DIBs between them and the transition is
radual and without clear boundaries. The membership of certain
IBs to specific clusters can be thus ambiguous, such as the 10 DIBs

ssigned to different groups by the HAC and k -means clustering
lgorithms (Section 4). In Fig. 5, all these DIBs are located at the
unctions of the neighbouring groups, whereas the terms σ - and ζ -
ype DIBs may be applied to only some of the most representative
IBs like λλ5780, 5797, and 6284. 
DIB correlations reflect the similarities between their behaviour

nder different ISM conditions and thus potentially the underlying
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roperties of their carriers. The continuous trend among non-C 2 DIBs 
uggests progressive changes in the response to their environments, 
ue to e.g. gradually changing ionization potentials or maybe 
olecular sizes of their carriers. 

.1.2 The C 2 DIBs 

he C 2 DIBs are first introduced in Thorburn et al. ( 2003 ) and
escribed as ‘a class of weak, narrow bands whose normalized EWs
 (X)/ W (6196) are well correlated specifically with N (C 2 )/ E B-V via

o wer laws’. Ho we ver, despite seemingly suggested by the name,
any C 2 DIBs are in fact better correlated with E B-V than with N (C 2 )

e.g. Galazutdinov et al. 2006 ; Elyajouri et al. 2018 ). We note that
ome of the strongest C 2 DIBs are observed towards HD 37061 
nd HD 37903 (albeit at greatly reduced strengths; see Fan et al.
019 ). Ho we ver, these sightlines do not show any evidence for C 2 

bsorption (Fan et al., in preparation). We thus emphasize that the 
etection of the C 2 DIBs does not depend on the prior existence of
he C 2 molecules. 

Despite a list of C 2 DIBs, Thorburn et al. ( 2003 ) do not provide a
uantitativ e e xamination to check if a new DIB belongs to the family.
he membership of the C 2 DIB family thus varies among publications 
hen different definitions are adopted (e.g. Galazutdinov et al. 2006 ; 
lyajouri et al. 2018 ). In this work, six of the eight C 2 DIBs identified
s such by Thorburn et al. ( 2003 ) are grouped together when using
he HAC method and seven of them when performing k -means 
lustering. The remaining one or two C 2 -DIBs in both cases are
ssigned to the ζ -type group. This seems acceptable, given the loose 
efinition of C 2 DIBs, the uncertainties in the correlation coefficients, 
nd the fact that the ζ -type DIBs also trace denser regions than
ther non-C 2 DIBs. At the same time, we also identify the λ5828
IB [not targeted in Thorburn et al. ( 2003 )] as a promising new
ember of the C 2 DIB family, since both our clustering methods 

nd the MDS analysis put it squarely in the same group as the other
 2 -DIBs. 
The C 2 DIBs are known to differ from non-C 2 DIBs especially 

egarding the ‘skin effect’. This phenomenon refers to the reduced 
Ws of certain DIBs (relative to E B-V ) when the sightline passes

hrough denser regions of the ISM cloud (Wampler 1966 ; Strom
t al. 1975 ; Meyer & Ulrich 1984 ; Herbig 1995 ). It is best explained
f those DIB carriers are more abundant in the outer layers (‘skin’)
f interstellar clouds, whereas the denser internal regions contribute 
ittle to the column density of DIB material. A surv e y of C 2 and C 3 

Fan et al., in preparation) in the EDIBLES (Cox et al. 2017 ) data
et finds that the EWs of the C 2 DIBs are in fact indifferent to C 2 

nd C 3 detection in the sightlines. Thus, the C 2 DIBs are even less
ensitive to the skin effect and may thus trace denser regions than the
on-C 2 DIBs (Thorburn et al. 2003 ; Fan et al. 2017 ). But since the
 2 DIBs are neither enhanced in sightlines with C 2 , it is likely that

he C 2 DIBs are tracing less dense regions in the ISM clouds than
he C 2 molecules. 

The current analysis suggests that the C 2 DIBs are really separated 
rom the non-C 2 DIBs. In Fig. 3 , they are the two top branches of
he DIB tree. In Fig. 5 , there seems to be a boundary between the
 2 and ζ -type DIBs, despite a continuous trend among the non- 
 2 DIBs and that our analysis includes most of the strong optical
IBs. And finally in Fig. B1 that presents the r values between all

arget DIBs, the non-C 2 DIBs appear to form an extension of the
ontinuous progression, while there is a noticeable gap between the 
 2 and the non-C 2 DIBs, especially for the r reg values. This gap is
ven more pronounced when carrying out the MDS analysis using 
he non-normalized correlation coefficients (i.e. based on r reg ; see 
ig. C2 ). The C 2 DIBs may thus arise from a very different family
f molecules than the non-C 2 DIBs. 

.2 Anticorrelations 

s discussed in Section 3, the most robust anticorrelations we 
dentify are all between a σ -type DIB and a C 2 DIB (see also Fig. 2 ).
he most anticorrelated DIB pairs have r norm 

∼ −0.7 and are far away
rom a perfect anticorrelation. This lack of perfect anticorrelation is 
ess likely to be the result of the uncertainties introduced in the
ormalization process, since we are able to identify plenty of DIB
airs at r norm 

∼0.9 level. 
This lack of a perfect anticorrelation makes sense if we consider the

mplications from the point of view of DIB environmental behaviour. 
 or sev eral DIBs, it has been documented that there is a ‘rise and fall’
f their strengths when comparing it to indicators for the exposure
o radiation (see e.g. Cami et al. 1997 ; Sonnentrucker et al. 1997 ).
an et al. ( 2017 ) demonstrate that the strengths of the σ -type DIBs
uch as λλ5780 and 6284 demonstrate a clear � -shaped behaviour
hen compared to the mass fraction of molecular hydrogen f H2 : their
 (DIBs)/ E B-V peaks at a ‘sweet spot’ of f H2 ∼ 0.2 and decreases

owards the low f H2 end due to radiation and towards the high f H2 

nd due to the skin ef fect. Gi ven the tight mutual correlations among
he σ -type DIBs, we can expect similar � -shaped behaviours for
he other members. Thus, in order for a DIB to have a perfect
nticorrelation with a σ -type DIB, it should exhibit a ‘V-shaped’ 
ehaviour with f H2 . In that case, the hypothesized DIB carrier must
hrive under the most exposed and shielded environment at the same
ime, which seems not plausible. 

The abo v e discussion applies only to ideal condition with infinite
ensitivities. In reality, the strengths of the C 2 DIBs decrease 
ramatically towards the low f H2 end since they are more sensitive
o the presence of radiation field. By dropping below the detection
imit in low f H2 sightlines, a C 2 DIB may demonstrate a portion of the
equired ‘V-shaped’ beha viour, b ut the degree of anticorrelation is
ependent on the composition of the sightline sample. For example, 
he sightlines involved in the most anticorrelated DIB pairs λ4984 
ersus λ7559 and λ5418 versus λ7562 all have f H2 > 0.2. In this f H2 

egion, the strengths of the σ -type DIBs start to decrease while W (C 2 

IBs)/ E B-V remain roughly constant but with large scatter (Fan et al.
017 ). The anticorrelation between the σ -type and C 2 DIBs thus
eflects how they demonstrate different behaviours in sightlines with 
edium to large f H2 values. 
Since we have targeted most of the strong and commonly detected

IBs in the optical region, it seems safe to conclude that we cannot
xpect perfect anticorrelations from these DIBs. On the other hand, 
he near-infrared DIBs may demonstrate quite different behaviour 
han the optical DIBs (Cox et al. 2014 ; Hamano et al. 2015 , 2016 ),
ut we are not able to target them in our spectral data. Future projects
ould also benefit from including more sightlines and targeting 
eaker DIBs. This would also help to identify more close-to-perfect 
ositive correlations, since molecules are expected to a few strong 
eatures along with more well-correlated weaker spectral signatures. 

.3 Factors go v erning DIB behaviour 

n Section 5 and Fig. 4 , we find that at least two projection axes are
equired to properly reproduce the 1 − r norm 

dissimilarities among 
IBs. These two projection axes may correspond to two underlying 
hysical factors that set the degree of correlations between DIBs. 
MNRAS 510, 3546–3560 (2022) 
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Using a PCA, Ensor et al. ( 2017 ) find that four principal com-
onents together determine ∼ 93 per cent of the variations in the
bserved DIB strengths and sightline parameters in a sample of
ingle-cloud sightlines. The first and most dominant factor is well
raced by W (5797) and is interpreted as the total amount of DIB-
roducing material along the sightline. To first order, this factor
ould then determine the approximate strengths of all DIBs and
e the main cause for all DIBs showing some degree of mutual
orrelation. The actual r values are then determined by how much
he data points deviate from this basic linear relationship in response
o the physical conditions. 

The second of the four factors is best traced by the
 (5780)/ W (5797) ratio, which is often used as a measure of UV

xposure of the sightline. The radiation field can influence the
ehaviour of interstellar species via photo-ionization and photo-
issociation, and the presence of a strong radiation field is often
ssociated with lower abundances of molecular species and reduced
 (DIBs) along the sightline (see e.g. Savage et al. 1977 ; Herbig 1995 ;
elty & Hobbs 2001 ; Cox et al. 2006 ; Friedman et al. 2011 ; Vos et al.

011 ). Ho we ver, it is important to realize that the W (5780)/ W (5797)
atio does not trace UV exposure directly but rather the ratio of
V exposure to the density. This is perhaps best illustrated by the

ightline towards star number 46 of IC 62 that penetrates a high-
ensity photodissociation region (PDR) with n > 10 4 cm 

−3 (Lai et al.
020 ). The UV radiation in this PDR is 150 times stronger than in the
ypical diffuse environments (Andrews et al. 2018 ), leaving hydrogen
n almost purely atomic form. Given the very intense radiation field,
ne would expect most of the DIBs to have greatly reduced strengths
r vanish as seen in the sightlines towards the Orion Trapezium stars
Fan et al. 2017 ). Ho we ver, Lai et al. ( 2020 ) find that the normalized
Ws and strength ratios of the DIBs are comparable to a regular

nterstellar low- f H2 sightline. This observation thus suggests that
ifferent DIB behaviour [and thus the W (5780)/ W (5797) ratio] is
elated to the H I/H 2 ratio (which in itself is determined by the
adiation field and the density) rather than to the radiation field
irectly. This should be kept in mind for the discussion that follows.
It is common for DIB strength ratios to vary among sightlines

arbouring different environmental factors especially regarding the
ntensity of UV radiation. Fan et al. ( 2017 ) propose a sequence
f eight DIBs to account for such variations (see also van Loon
t al. 2013 ), and we find a more extended sequence in Fig. 5 .
his sequence follows the transitions between DIB families and
cts as the first projection axis of our MDS analysis. In the
lassical radiation-shielding picture of DIB behaviours, this sequence
ould reflect the ionization potentials of DIB carriers. In this
icture, carriers of the C 2 and ζ -type DIBs have lower ionization
otential and require more shielding, while σ -type DIBs arise
rom molecules of higher ionization potentials that are able to
urvive in more exposed environments (Cami et al. 1997 ; Son-
entrucker et al. 1997 ; Farhang et al. 2019 ). The DIB families
re formed among DIB carriers with approximate ionization po-
entials that would trace similar environment and thus develop good
orrelations. 

This, of course, is a simplified picture and in reality the photo-
onization process depends on the ionization parameter G 0 / n and thus
he density (which has been assumed be constant in many cases),
nd other factors like ionization cross-sections and temperature
ay also contribute. One should also consider the possible role of

ydrogenation and dehydrogenation that depends on the density of
ydrogen and the intensity of UV radiation field (e.g. Vuong & Foing
000 ). Lar ge or ganic molecules, especially those with more than 50
arbon atoms, are expected to be stable and remain well hydrogenated
NRAS 510, 3546–3560 (2022) 
n typical interstellar radiation fields (e.g. Allain, Leach & Sedlmayr
996 ; Omont & Bettinger 2021 ). 
Additional factors influencing the observed W (DIBs)/ E B-V and

hus their correlations have been proposed in the literature. For
xample, anomalously weak DIBs are detected towards bright stars
n the Large and Small Magellanic Clouds (LMC and SMC) and
ave been attributed to lower metallicities (Cox & Spaans 2006 ;
elty et al. 2006 ; Bailey et al. 2015 ). In this case, the imperfect
IB correlations may be partly due to the variable metallicity of the

ocal ISM (De Cia et al. 2021 ; Zuo, Li & Zhao 2021 ). By comparing
IBs to known interstellar atomic and molecular species, Fan et al.

 2017 ) find that mechanisms such as depletion on to dust grains or
hemical reactions of various sorts may be required to explain the
ecreased W (DIBs)/ E B-V in denser regions. The PCA analysis by
nsor et al. ( 2017 ) suggests dust-related factors, such as dust-to-
as ratio or grain size along the sightline, are affecting the strength
f DIBs. Many of these hypotheses involve the interaction between
IB carriers or their precursors and other species or particles but

hould play a minor role compared to the radiation field. The second
xis would then reflect related properties of DIB carriers that lead
o different behaviour in the same environment, such as the reaction
ate of the key process(es). 

On the other hand, it is also possible that the second axis reflects
he non-linear effect in correlation coefficients and their uncertainties
Cami et al. 1997 ). But this would not change our findings that
IB carriers respond to the radiation field in a relatively continuous
anner. These DIBs may trace certain environments, especially the

iffuse atomic gas regions (van Loon et al. 2013 ; Bailey et al. 2015 ).
n principle, the strength ratios between any two DIBs that are
ufficiently apart in the sequence can be used to characterize the
adiation field, similar to the W (5780)/ W (5780) ratio and the σ − ζ

f fect (Krelo wski & Walker 1987 ; Vos et al. 2011 ; Kos & Zwitter
013 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we set off from a uniform data set sampling 54 strong
nd commonly detected DIBs in 25 sightlines representing various
SM en vironments. We in vestigate their pairwise correlations and
rovide further analysis using data science tools like clustering and
DS. The major conclusions we have reached are as follows: 

(i) Using normalized EWs W (DIBs)/ E B-V , we confirm the com-
on presence of anticorrelated DIB pairs, most notably between the
 2 DIBs and the σ -type DIBs like λλ5780 and 6284. We find several
IB pairs with r norm 

≥ 0.9, but the most ne gativ e r norm 

values are
−0.7, far from a perfect anticorrelation. We do not see convincing

vidence that any of the anticorrelated DIB pairs is from successive
onization states of a single carrier. 

(ii) We use multidimensional scaling (MDS) to visualize the 1 −
 norm 

dissimilarities as distances between data points. At least two
rojection axes are required to properly explain the dissimilarities
mong DIBs. The first factor is associated with radiation. The second
actor is not fully understood and might be related to the interaction
f DIB carriers with other particles, species, or dust grains. 
(iii) Hierarchical agglomerative clustering and k -means clustering

eproduce previous divisions of DIB families, including the σ -
 ζ -, and C 2 DIBs. Ho we ver, the MDS analysis sho ws a rather
ontinuous sequence especially among the non-C 2 DIBs, and the
- and ζ -type DIBs appear to be the two extreme ends of this
ontinuous sequence. The continuous sequence suggests that the
IB carriers differ by a property that is continuously variable, such
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s ionization potential and maybe molecular size. There is a gap 
etween the non-C 2 DIBs and the C 2 DIBs, which suggests more 
undamental differences between the carriers of the two groups 
f DIBs. 
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PPENDI X  A :  SI GHTLI NE  I N F O R M AT I O N  

he following table contains basic information about the target stars
nd sightlines, along with their low-reddening standard stars used in
he DIB measuring process. A full version of this table can be found
n Fan et al. ( 2019 ). 
r Std. star Std. star Remarks 
Spectral Type E B-V (mag) 

 A0Ib 0.01 
 A3V 0.00 Report of PAH (Gonz ́alez Hern ́andez 

et al. 2009 ) 
 B1II-III 0.02 Steep ext. curve; Broad 2175 Åbump. 
 B5V 0.04 
 A1V 0.01 Steep ext. curve; Broad 2175 Åbump. 
 O9V 0.11 Translucent cloud; Steep e xt.curv e; 

Broad 2175 Åbump. 
 O7Ve 0.07 

B8III 0.01 Steep ext. curve; Broad 2175 Åbump. 
 B1V 0.03 Intense radiation field; Flat ext. curve; 

Weak 2175 Åbump. 
 B1V 0.07 Anamalous 5780/5797 ratio; Flat ext. 

curve; Weak 2175 Åbump. 
 B2II 0.01 
 A5III 0.04 
 B2V 0.04 Embedded and ionizing nearby cloud 

(Rawlings et al. 2013 ); Steep ext. 
curve. 

 B9V 0.00 Flat ext. curve; Weak 2175 Åbump. 
 O7Ve 0.07 
 B8Iae 0.00 
 B5III 0.05 Steep ext. curve; Weak 2175 Åbump. 
 B8II 0.00 
 B2II 0.01 Flat ext. curve; Weak 2175 Åbump. 
 B3Iab 0.05 Multiple components but average 

condition (Cox et al. 2011 ) 
 O7Ve 0.07 
 B1V 0.03 Schulte’ s Star . 
 B1V 0.03 Steep ext. Curve; Weak 2175 Åbump. 
 O7Ve 0.07 
 A2Ia 0.09 

 and/or N (H 2 ) estimated from N (CH). See Fan et al. ( 2017 ) for details. 

cadem
ic.oup.com

/m
nras/article/510/3/3546/6464110 by Keele U

niversity user on 22 M
arch 2022

http://dx.doi.org/10.1086/153429
http://dx.doi.org/10.1086/345665
http://dx.doi.org/10.1051/0004-6361/201220210
http://dx.doi.org/10.1051/0004-6361/200809746
http://dx.doi.org/10.1088/2041-8205/812/1/L8
http://dx.doi.org/10.3847/1538-4357/aa77f9
http://dx.doi.org/10.3847/0004-637X/831/2/130
http://dx.doi.org/10.1086/323208
http://dx.doi.org/10.1086/148690
http://dx.doi.org/10.1080/01621459.1963.10500845
http://dx.doi.org/10.1093/mnras/262.4.831
http://dx.doi.org/10.1111/j.1365-2966.2010.16386.x
http://dx.doi.org/10.1086/504153
http://dx.doi.org/10.1086/320354
http://dx.doi.org/10.1088/0004-637X/792/2/106
http://dx.doi.org/10.1051/aas:2000332
http://dx.doi.org/10.1046/j.1365-8711.2003.06143.x
http://dx.doi.org/10.1088/2041-8205/797/2/L30
http://dx.doi.org/10.3847/1538-4365/abcc6d


Families and clusters of DIBs 3557 

A

T
a  

d
a  

p  

v  

l  

o  

e  

c
b  

D  

F
t
n

PPENDIX  B:  PAG E W I D E  PLOTS  

his appendix contains pagewide figures to include more details 
nd information than their counterparts in the main text. Fig. B1
emonstrates r reg (upper triangle) and r norm 

(lower triangle) values 
mong the 54 target DIBs. The DIBs are sorted by the sequence
roposed in Section 5. As in the MDS result, the transitions in the r
igure B1. Heat map for the Pearson correlation coefficients ( r values) among all
he r norm 

values and the upper triangle is for the r reg values. The DIBs are sorted by
on-C 2 DIBs. The transition in the colours and hence r values are rather smooth, ex
alues (colours) are smooth across the DIBs, except around the grey
ines separating the C 2 DIBs from the non-C 2 DIBs. This gap is more
bvious in the r reg values. Fig. B2 is the enlarged version of Fig. 5 ,
xcept all data points are labelled. Note that the colours represent the
lustering results (Section 4) and DIBs assigned to different groups 
y HAC and k -means clustering algorithms are plotted in two colours.
etailed discussions on this plot can be found in Sections 5 and 6.3.
 54 target DIBs. The figure is asymmetrical, where the lower triangle is for 
 the sequence in Section 5, and the grey lines separate the C 2 DIBs from the 
cept around the grey lines, which is more obvious in the r reg section. 
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Figure B2. Result of 2D-MDS where all data points are labelled. Colours reflect the clustering result as in Fig. 3 , where green is for the σ -type DIBs, red is for 
the intermediate DIBs, purple is for the ζ -type DIBs, orange is for the C 2 DIBs, and blue for the column densities of molecular species included for comparison. 
The 10 DIBs assigned to different groups by HAC and k -means algorithms are plotted with different colours, where the face (inner) colour represents the HAC 

result and the edge (outer) colour represents the k -means result. DIBs λλ6284, 5780, 6196, 5797, 4963, and 4984 are highlighted as ‘X’ for their known sequence. 
The transparent blue circles indicate 0.05 and 0.15 radius on the plot, and the dashed line is the best-fitting line of all DIB points. It follows the sequence of 
DIBs and acts as the first projection axis. We find a smooth and continuous distribution among the non-C 2 DIBs, whereas the C 2 DIBs seem to form a separate 
cluster with other small molecules. 
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PPENDIX  C :  ANALYSIS  USING  r R E G 

VA LUES  

e focus on the r norm 

values in the main text since this work
s originally moti v ated by the search of anticorrelated DIBs. But
n principle, the clustering and MDS analyses can be applied to
he r reg matrix as well. Here, we follow the same routine as in
ections 4 and 5 to show that using r reg would not change most of our
ndings. 
We start with sorting the target DIBs into four clusters using the

 reg value matrix. Fig. C1 shows the dendrogram from HAC, and
he difference between C 2 and non-C 2 DIBs is more highlighted.
he assignments among the three non-C 2 groups are somewhat
huffled. F or e xample, the intermediate group (red) now contains
bout half of the non-C 2 DIBs and includes λ5780, which is
raditionally recognized as a σ -type DIB. In Table C1 , we summarize
he clustering results from different methods and inputs (i.e. the
AC or k -means clustering algorithms, r norm 

or r reg value matrix).
he DIBs are ordered by the sequence from Section 5. For all
ombinations of method and input data, the assignments of DIBs
enerally follow the flow as σ -type, intermediate, ζ -type, and C 2 

IBs, and the boundary between C 2 and non-C 2 DIBs is quite solid.
NRAS 510, 3546–3560 (2022) 
e find 34 out of 54 target DIBs being assigned to the same group
hroughout different methods and inputs, and the rest are assigned to
wo groups. There is no DIB assigned to three different groups in our
nalysis. 

Fig. C2 presents the 2D-MDS results from the 1 − r reg matrix.
ompared to Fig. 5 , the C 2 DIBs here are still clustered with the
olecular species and more separated from the non-C 2 DIBs. The

ontinuous distribution among non-C 2 DIBs remains valid, and there
s no clear boundary to further divide them into smaller clusters. On
he other hand, the o v erall trend bends into an arch. It highlights
he necessity of including a second projection axis, and this arched
istribution might be related to the non-linear effect in correlation
oefficients. 

To sum up, analyses based on the r reg values would pro-
ide a similar picture on DIB correlations and strengthens
he discussions we made in the text, especially regarding the
ollowing: 

(i) The C 2 DIBs are a unique DIB family that are more clustered
ith molecular species and are well separated from the non-C 2 

IBs. 

art/stab3651_fB2.eps
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Figure C1. Dendrogram using the r reg values. DIBs connected by a lower horizontal bar (node) share more similarities. We note that the difference between 
C 2 and non-C 2 DIBs is more obvious, and the assignments among the non-C 2 DIBs can be different compared to Fig. 3 . 

Table C1. Results of different clustering algorithms and inputs. 

Idx a DIB r norm 

r reg Idx a DIB r norm 

r reg 

HAC k -means HAC k -means HAC k -means HAC k -means 

1 7559 σ σ σ σ 28 4501 Inter. Inter. σ σ

2 5705 σ σ σ σ 29 6702 Inter. Inter. Inter. Inter. 
3 6284 σ σ σ σ 30 6397 Inter. Inter. Inter. Inter. 
4 7224 σ σ σ σ 31 6699 Inter. Inter. Inter. Inter. 
5 6353 σ σ σ σ 32 6660 Inter. Inter. Inter. Inter. 
6 6324 σ σ σ σ 33 6553 Inter. ζ Inter. Inter. 
7 6203 σ σ σ σ 34 6185 Inter. Inter. Inter. Inter. 
8 7562 σ σ σ σ 35 4762 Inter. Inter. σ σ

9 6993 σ σ Inter. σ 36 6379 ζ ζ Inter. Inter. 
10 5780 σ σ Inter. σ 37 5797 ζ ζ ζ ζ

11 6270 σ σ Inter. Inter. 38 5793 ζ ζ ζ ζ

12 6362 σ σ Inter. Inter. 39 6234 ζ ζ Inter. Inter. 
13 6065 σ σ Inter. Inter. 40 6089 ζ ζ Inter. ζ

14 6520 σ Inter. Inter. Inter. 41 6439 ζ ζ ζ ζ

15 6445 σ Inter. Inter. Inter. 42 5766 ζ ζ Inter. ζ

16 6108 σ Inter. Inter. Inter. 43 5545 ζ ζ ζ ζ

17 6196 σ Inter. Inter. Inter. 44 6116 ζ ζ ζ ζ

18 6613 σ Inter. Inter. Inter. 45 6449 ζ ζ ζ ζ

19 6330 σ Inter. Inter. Inter. 46 5849 ζ ζ ζ ζ

20 5923 Inter. Inter. Inter. Inter. 47 5828 C 2 C 2 C 2 C 2 

21 4429 σ Inter. σ σ 48 6729 ζ C 2 C 2 C 2 

22 6367 Inter. Inter. Inter. Inter. 49 4726 C 2 C 2 C 2 C 2 

23 6376 Inter. Inter. Inter. Inter. 50 4963 C 2 C 2 C 2 C 2 

24 6212 Inter. Inter. Inter. Inter. 51 5546 C 2 C 2 C 2 C 2 

25 6622 Inter. Inter. Inter. Inter. 52 5512 C 2 C 2 C 2 C 2 

26 7367 Inter. Inter. Inter. Inter. 53 4984 C 2 C 2 C 2 C 2 

27 6377 Inter. Inter. Inter. Inter. 54 5418 C 2 C 2 C 2 C 2 

a DIBs are sorted according to the sequence in Section 5. 
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(ii) There is a rather continuous transition among the non-C 2 

IBs, although some of the members may demonstrate quite dif- 
erent behaviour. This continuous trend is against further sorting 
ll non-C 2 DIBs into clearly distinguishable groups, and terms like 
σ - or ζ -type DIBs may be applied only to the most representing
embers. 
(iii) At least two factors are needed to properly reproduce the DIB

orrelation. 
MNRAS 510, 3546–3560 (2022) 
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Figure C2. 2D-MDS result where distance between points represents 1 − r reg dissimilarity. Colours represent memberships of group, i.e. green for the σ -type, 
red for intermediate, purple for the ζ -type, orange for the C 2 DIBs, and blue for known molecular species. DIBs assigned to two groups in Table C1 have distinct 
face and edge colours. DIBs λλ6284, 5780, 6196, 5797, 4963, and 4984 are highlighted as ‘X’ for their known sequence. The transparent blue circles at the 
lower right corner indicate 0.05 and 0.1 radius in the plot. The C 2 DIBs remain clustered with molecular species and are more separated from the non-C 2 DIBs 
compared to Fig. 5 . We find that the o v erall trend bends into an arch, which might be due to the non-linear effects in correlation coefficient. 
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