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ABSTRACT

Observations from the Apache Point Observatory Catalog of Optical Diffuse Interstellar Bands (DIBs) were analysed to establish
highly correlated pairs in terms of their equivalent widths (EWs) (r > 0.95), which importantly facilitate the identification of
common carriers. A total of 154 846 possible DIB pairs were originally examined, yet only those with a sufficient number
of sightlines (n > 9) that included EW uncertainties were subsequently investigated. The highest correlations for the resulting
56893 DIB pairs are 6284.05-6203.58 A (r=0.990 = 0.001), 6203.58-5780.64 A (r = 0.986 4 0.001), 6993.12-6269.89 A (r =
0.984 +0.001), 6843.76-6792.51 A (r = 0.984 =+ 0.005), 6203.58-5487.64 A (r = 0.983 = 0.002), and 5061.50-4969.12 A (r =
0.983 % 0.009). The bands 5363.77, 5780.64, 6203.58, and 6284.05 A appear most frequently. Novel relations linked to those
DIBs and others warrant further research, in particular those pairs that involve one or both DIBs with low EWs (e.g. 5609.82,
6269.89, 6993.12, and 7224.16 A). Numerous DIBs correlated with the prominent 4429.33 A band were also discovered. The

intriguing proposal of anionic hydrogen clusters as possible DIB carriers is also discussed.

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

1 INTRODUCTION

There is currently no consensus regarding the source(s) behind the
diffuse interstellar bands (DIBs). More than 559 DIBs have been
identified to date (Fan et al. 2019). Examining the relations between
observed DIBs provides critical insight to benchmark proposed
sources, namely via a comparison to theoretical (quantum chemical)
or experimentally derived electronic spectra.

DIBs exhibiting high correlations between their intensities, equiv-
alent widths (EWs), and spectral profiles may constitute a DIB family.
Krelowski & Walker (1987) proposed that the DIBs centered at 4430,
5780, 5797, 5850, 6180, 6196, 6203, 6269, 6284, 6376, 6379, and
6614 A may belong to three groups based on relative intensities.
Correlations between DIB EWs led Cami et al. (1997) to identify
two families. Moutou et al. (1999) identified correlations between
the central depths of certain DIB pairs, the highest being 6614—
6196, 6614-5780, 6196-5780, 5850-5797, 6196-5797, 6379-5797,
66145797, and 6379-6196 A. That work lent support to a family
proposed by Cami et al. (1997), on the basis of the correlations
between 5797, 6379, and 6614 A (Moutou et al. 1999). Friedman
et al. (2011) discovered that the highest correlation (r = 0.99) is
between 6196.0 and 6613.6 A (see also McCall et al. 2010). Xiang,
Liu & Yang (2012) cited strong correlations (r > 0.95) between 11
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DIB pairs, with certain bands being classified into broad or narrow
(full width at half-maximum) families.

More recently, Bondar (2020) identified high correlations (0.968
< r <0.988) between the EWs of 5545, 6113, 6196, 6445, and 6614
A. Bondar (2020) argued that the wavenumber spacing implied an
association between those DIBs and polycyclic aromatic hydrocar-
bons. Fullerenes are also considered as potential DIB carriers (i.e.
C¢,), however, Galazutdinov & Kretowski (2017) report varying
DIB strength ratios associated with the putatively associated pairs
9632-9577 and 9577-9366 A. That is one of the contested issues
associated with Cg, and the reader is referred to Linnartz et al.
(2020) for an alternate viewpoint. Anionic hydrogen clusters have
also been proposed as a source of DIBs (Huang et al. 2019), and the
abundance of hydrogen and free electrons in the interstellar medium
makes them attractive candidates.

In this study, observations from the Apache Point Observatory
Catalog of Optical Diffuse Interstellar Bands (Fan et al. 2019)
were analysed to establish highly correlated pairs. The principal aim
being to provide observational constraints to potentially identify DIB
families and benchmark proposed carriers.

2 OBSERVATIONS AND METHODS

The DIB database recently published by Fan et al. (2019) was used.
The database features 25 stars observed through moderate to high
extinction (0.31 < E(B — V) < 3.31), and spanning diverse interstellar
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Table 1. Stars found in the Apache Point Observatory Catalog of Optical
Diffuse Interstellar Bands (an abridged version of table 1 from Fan et al.
2019).

Star SpT EB—-V) fr2
HD 20041 AOIa 0.72 0.42
Cernis 52 A3V 0.90 >0.78
HD 23180 B1III + B2V 0.31 0.55
HD 281159 B5V 0.85 0.50
HD 23512 A0V 0.36 0.62
HD 24534 09.5pe 0.59 0.76
HD 24912 O7e 0.33 0.38
HD 28482 BSIII 0.48 0.66
HD 37061 B1V 0.52 0.02
HD 37903 B1.5V 0.35 0.53
HD 43384 B3Ib 0.58 0.44
HD 147084 ASII 0.73 0.59
HD 147889 B2V 1.07 0.45
HD 148579 B9V 0.34 0.45
HD 166734 O8e 1.39 0.39
HD 168625 B8la 1.48 0.33
HD 175156 BSII 0.31 0.31
HD 183143 B7lae 1.27 0.31
HD 190603 B1.5lae 0.72 0.16
HD 194279 B2lae 1.20 0.30
VICyg5 o7f 1.99 0.47
VICyg 12 BS5le 3.31 >0.48
HD 204827 09.5V + B0.51II 1.11 0.67
HD 206267 O6f 0.53 0.42
HD 223385 A3lae 0.67 0.12

conditions and spectral types (O to A). Table 1 contains the stellar
designations and spectral types for the stars analysed (see also Fan
et al. 2019).

A total of 559 DIBs were identified by Fan et al. (2019) between
4000 and 9000 A, however, this number includes two bands that
were listed but not measured and consequently not considered in this
work. The data were collected from the Apache Point Observatory
using an ARC echelle spectrograph on the 3.5 m telescope.

Correlations between bands were determined using the standard
Pearson coefficient (r):

2 =00 =)
r =
VG =2 (i — 3)?

The correlations were computed using SciPy’s pearsonr function
(Virtanen et al. 2020), and plots were created using Matplotlib
(Hunter 2007). A total of 154 846 = [(557 x 557) — 557]/ 2 cor-
relations according to equation (1) between DIBs were considered.
DIB pairs possessing EW uncertainties and sufficient data (n > 9)
were examined. That yielded 56 893 DIB pairs, whereby a subset
of 231 pairs exhibit » > 0.95. To mitigate artefacts introduced by
low-sampling, a higher threshold (n > 15) was adopted for DIB pairs
conveyed in Tables 2 and 3, which are assigned a higher degree of
confidence. Correlations found in Tables 4 and 5 are deemed tentative
owing to reduced statistics (15 > n > 9). Independent observations
are needed to verify the suggested pairs. Fig. 1 displays a subset of
highly correlated and understudied DIBs.

It is important to consider uncertainties, as a correlation may
be overemphasized if its unreliability is overlooked. Uncertainties
in the correlation coefficients and slopes were obtained through
Monte Carlo simulations; 1000 datasets were randomly generated
for each DIB pair using the EW uncertainties. The points were
randomly distributed (uniformly distributed, on average) within the
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uncertainties. The correlation coefficient and slope of the linear
regression were evaluated for each dataset, and the standard devi-
ations were subsequently adopted as the uncertainties. The largest
uncertainties tend to arise in pairs containing weak DIBs.

The analysis relies on formal underestimated EW uncertainties.
Numerous systematic uncertainties can arise that affect EW mea-
surements such as telluric line contamination, blending, continuum
placement, and stellar properties (Bondar 2020; Friedman et al.
2011). Systematic uncertainties will be considered in a subsequent
study.

3 DIB CORRELATIONS

The maximally correlated pairs of the 557 DIBs observed are
discussed below, and indeed, numerous pairs linked to various lines
were possibly identified for the first time (e.g. 5236.27, 5363.77,
5609.82, 6269.89, 6993.12, and 7224.16 A).

The highest correlation derived is between 6284.05 and 6203.58 A
(r=10.990 £ 0.001). The correlation between 5779.59 and 5780.64
A supersedes the aforementioned result, however, there are concerns
regarding the deblending of nearly coincident lines. The DIB 5779.59
A is the broad feature measured over the entire 5780 A region,
whereas 5780.64 A is sharper and deeper (Fan et al. 2019). Fig. 4 in
Galazutdinov et al. (2020) provides a visual profile of the two DIBs.
The DIB 5779.59 A is omitted from the present work and will be
considered in a subsequent analysis.

The average correlation offset between the 10 DIB pairs in com-
mon with Bondar (2020) is marginal (0.059 = 0.041), which points to
a general agreement. For example, the correlation determined here
between 6113.22 and 6613.74 A is r = 0.960 % 0.003, which is
comparable to the Bondar (2020) result (r = 0.982).

Several DIBs were common among the most highly correlated
pairs. Tables 3 and 5 convey the appearance rate of such DIBs.
The DIB that appears most frequently is 5363.77 A, a band that
is scarcely discussed. Of the 15 highest correlations found in the
database, 5780.64 A appears most often (with four pairs among the
15 highest correlations) followed by 6203.58 and 5363.77 A (each
with three pairs). Correlations involving the DIB 5363.77 A are tied
to lower sample sizes than the n = 15 threshold, relegating such pairs
to a lower degree of confidence. A larger database of sightlines is
required to confirm the DIB pairs with smaller sample sizes.

The DIB pairs 6993.12-6269.89, 6843.76-6792.51, 5061.50—
4969.12, 6498.00-6245.14, and 6330.03-6245.14 A are deserving
of further research since the correlations exhibited by these pairs
are among the highest compared to all possible pairs of the DIBs
examined in this study. In addition, these DIBs in particular appear
to be overlooked in the literature.

It is also of interest that the strongest known DIB, 4429.33 A,
was well-correlated with five DIBs. Specifically, high correlations
were found between 4429.33 and 6624.90 A as well as 4429.33 and
5236.27 A, though in this instance a lower threshold than r > 0.95
was adopted given the prominence of the former band. Fig. 2 shows
the plots for these two pairs. A firm conclusion regarding this set
of DIBs is not justified at this time owing to a lack of observations,
especially for 6624.90 A. Table 6 lists the correlations between each
possible pair of bands in this set.

DIBs that appear frequently among the most highly correlated
pairs (i.e. DIBs with numerous entries in Tables 2 and/or 4), and
that also exhibit high correlations between one another, were studied
further. Three sets of well-correlated DIBs are identified; one set
notably contains the weak DIB 5363.77 A (the most common DIB
among highly correlated pairs), another set is centred around two
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Table 2. The highest correlated DIB pairs identified featuring n > 15.

2 (A) 2 (A) rto n r (A) 22 (A) rto n 1 (A) X (A) rto n
6284.05 6203.58  0.990 & 0.001 25 6108.06  5494.10  0.963 & 0.003 17 5780.64  5609.82  0.955 %+ 0.004 19
6203.58 5780.64  0.986 & 0.001 25 7559.43 684376  0.963 % 0.007 17 5797.18 549410  0.955 + 0.002 20
6993.12 6269.89  0.984 4 0.001 22 756216  5609.82  0.963 & 0.005 18 755943  6494.13  0.955+0.011 15
6203.58 5487.64  0.983 = 0.002 20 541887 498478  0.963 % 0.004 17 621169 619599  0.955 «+ 0.003 20
6613.74 619599  0.980 & 0.001 24 6009.60 579521  0.962 4 0.005 18 679526 611322 0.955 + 0.005 17
5780.64 5705.12  0.980 % 0.001 20 733453 649201  0.962 % 0.004 15 5769.09 517600  0.955 %+ 0.006 15
6284.05 5780.64  0.978 & 0.001 25 722416  5609.82  0.962 4 0.003 17 755943 677017  0.955 + 0.006 17
7562.16 620358  0.977 % 0.001 21 6269.89  5780.64  0.961 % 0.001 24 6139.95 611322 0.955 +0.005 18
6284.05 5487.64  0.977 £ 0.003 20 611680  5545.08  0.961 & 0.005 18 643951  5849.82  0.954+0.002 24
7224.16 6284.05  0.977 +0.001 21 541887  5176.00  0.961 % 0.005 16 6439.51 549410  0.954+0.004 20
7832.88 680335 0.976 & 0.004 15 783288  6993.12  0.961 =+ 0.003 18 632491  5487.64  0.954 +0.004 18
5780.64 5487.64  0.976 = 0.003 20 7367.08 618579  0.960 % 0.005 19 6211.69  5545.08  0.954 +0.003 17
6284.05 5609.82  0.975 £ 0.003 19 541887  4963.92  0.960 %+ 0.003 20 7367.08 661374  0.954+0.002 22
6269.89 619599  0.975 % 0.001 24 7061.09 684376  0.960 % 0.004 17 691926  6284.05  0.954 + 0.006 18
6203.58 5609.82  0.975 =+ 0.003 19 662284 618579  0.960+0.006 21 635331  5487.64  0.954 =+ 0.006 18
6993.12 540458  0.974 £ 0.005 16 619599 523627  0.960 + 0.004 15 644530  6234.01  0.954 +0.005 19
6376.14 636730 0.974 & 0.002 21 661374 611322 0.960 & 0.003 20 7832.88  6498.00  0.954 + 0.006 16
7224.16 620358  0.974 % 0.001 21 6993.12  5780.64  0.959 % 0.001 23 802623  7562.16  0.954 +0.003 17
6195.99 5780.64  0.974 & 0.001 24 636730 611322  0.959 & 0.004 19 691926  6011.64  0.954 + 0.005 15
6211.69 611322 0.974 £ 0.002 18 5705.12  5487.64  0.959 + 0.004 18 619473 611322 0.953 £ 0.005 17
6203.58 5705.12  0.972 £ 0.002 20 6269.89 550833  0.959 & 0.002 15 637707  6376.14  0.953 +0.003 22
6993.12 619599  0.972 % 0.001 22 6011.64  6009.60  0.9594+0.006 20 733453 722416  0.953 +0.002 16
6613.74 6269.89  0.972 4 0.001 24 669928  6367.30  0.959 & 0.003 21 681127 680147  0.953 +0.006 16
5797.18 5545.08  0.972 £ 0.003 21 644927 549410  0.959 & 0.005 19 6993.12  6843.76  0.953 +0.004 18
6284.05 5705.12  0.972 & 0.002 20 7367.08  6702.07  0.958 & 0.004 19 667223  6660.67  0.953 +0.004 15
6439.51 5545.08  0.971 % 0.002 21 652074  6211.69  0.958 & 0.005 19 7062.69 592591  0.953 +0.008 15
5609.82 5487.64  0.970 + 0.004 18 619599  5900.59  0.958 + 0.009 17 722416  6011.64  0.953 + 0.004 19
6613.74 636730 0.969 £ 0.003 22 722416 674097  0.958 & 0.005 16 802623 681127  0.952 4+ 0.004 16
7224.16 691926 0.968 + 0.003 17 5780.64 523627  0.958 £ 0.004 15 680147  6203.58  0.952 + 0.005 17
7562.16 6284.05  0.967 % 0.001 21 498478  4963.92  0.957 % 0.004 19 6993.12  6613.74  0.952 +0.001 23
6613.74 652074  0.967 £ 0.003 22 691926  6203.58  0.957 + 0.006 18 684376  6770.17  0.952 + 0.005 17
6795.26 5545.08  0.967 £ 0.005 17 6269.89  6065.32  0.957 £ 0.004 21 755943 680335  0.952 = 0.009 15
7061.09 6770.17  0.966 + 0.003 18 7367.08  6367.30  0.957 £ 0.003 20 6702.07  6689.35  0.952 + 0.006 18
7224.16 635331  0.966 & 0.004 18 5849.82  5797.18  0.957 £ 0.001 25 618579 611322  0.952 4 0.004 18
6439.51 5797.18  0.966 + 0.002 24 652074  6269.89  0.957 4 0.003 22 652074 611322 0.952 4+ 0.004 19
6520.74 619599  0.966 £ 0.003 22 662284 611322 0.957 4+ 0.005 19 626859  5705.12  0.951 +0.004 18
6765.29 5766.16  0.966 + 0.006 15  5705.12  5609.82  0.956 + 0.005 16 691926 635331  0.951 +0.008 16
6379.25 6089.85  0.965 £ 0.003 23 6993.12  6203.58  0.956 % 0.001 23 619599  5487.64  0.9514+0.004 20
6801.47 5609.82  0.965 + 0.005 16 4963.92 472698  0.956 + 0.007 24 802623  5609.82  0.951 +0.006 18
6203.58 619599  0.964 £ 0.001 24 668935  6367.30  0.956 % 0.007 18 722416  5780.64  0.951 +0.001 21
6770.17 6494.13  0.964 + 0.008 15 735760  6597.34  0.956 + 0.003 18 644927  5797.18 0951 £0.004 23
6195.99 6108.06  0.964 £ 0.003 20 6108.06 5797.18  0.955 % 0.002 21 7061.09 697847  0.950 & 0.005 16
6269.89 5404.58  0.964 + 0.005 17 611322 5797.18  0.955+0.002 20 691926  6801.47  0.950 + 0.005 15
7224.16 6597.34  0.964 £ 0.003 20 6108.06 592591  0.955 4 0.008 18 6770.17  6597.34  0.950 + 0.004 18
5849.82 5545.08  0.964 + 0.002 21 722416  5487.64  0.955 4 0.003 19

7367.08 6689.35  0.964 £ 0.003 17 756216  5487.64  0.955 + 0.004 19

weak DIBs 5609.82 and 7224.16 A, and the final set is based around
correlations with 6269.89 and 6993.12 A. The Pearson correlation
coefficients (r) between each pair of the DIBs are listed in matrix for-
mat in Tables 7-9. Each table relays the uncertainties of each r-value.
Accompanying figures can be found in the Appendix (Figs A1-A3).

The three sets of well-correlated DIBs are as follows: 5363.77,
5487.64, 5705.12, 5780.64, 6203.58, and 6284.05 A form one set,
5487.64, 5609.82, 5780.64, 6203.58, 6284.05, and 7224.16 A form
another set, and 5780.64, 6195.99, 6269.89, 6613.74, and 6993.12 A
form the last set. The first set was obtained by considering all DIBs
that appear more than 5 times in Table 2 or Table 4, and removing
the DIB with the lowest correlations between each of these DIBs,
repeating until the lowest correlation in the set was r > 0.95. The
number of appearances of selected DIBs in Tables 2 and 4 are listed in
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Tables 3 and 5, respectively. The DIB 5487.64 A was later appended
to this set, based on the high correlations between 5487.64 A and
every other DIB in the set (as indicated by the correlations found
in the following set). The second set was identified by considering
two bands, 5609.82 and 7224.16 A, and checking any DIB that was
well-correlated with either of the two bands, including the DIB if
it was well-correlated with every DIB in the expanding set. These
two particular bands were chosen because they are understudied,
and since they are both well-correlated with the previously studied
DIBs 5487.64, 5780.64, 6203.58, and 6284.05 A. The final set was
identified by considering all bands well-correlated (r > 0.95) with
either of the DIBs 6269.89 or 6993.12 A and performing a similar
procedure as for the previous set. These two bands were chosen owing
to their high correlation with 6245.14 A, which does not share many
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Table 3. The most frequently identified DIB bands among
highly correlated pairs featuring n > 15.

DIB (A) Appearance/count
6195.99 11
6203.58 11
7224.16 11
5487.64 10
5780.64 10
6113.22 10
5609.82 9
6269.89 8
6284.05 8
6993.12 8
5797.18 7
6613.74 7
5545.08 6
5705.12 6
6367.30 6
6919.26 6

of the same high correlations with certain DIBs as those considered
in the previous two sets, and since these two weak bands share a high
correlation with many of the same DIBs. Although both 6269.89
and 6993.14 A have high correlations with 6245.14 A, 6245.14 A is
absent from the final set of DIBs due to a slightly lower correlation
with other DIBs in the set (0.924 = 0.005 and 0.938 4 0.004).

Table 4. The highest correlated DIB pairs identified featuring 15 > n > 9.

Highly correlated DIBs 5239

Table 5. The most frequently identified DIB bands among
highly-correlated pairs featuring 15 > n > 9.

DIB (A) Appearance/count

5363.77
6245.14
6594.30
6841.61
6498.00
5821.15

—_—
W W

&~ b~ b

The bands 5780.64, 6203.58, and 6284.05 A appear in multiple
sets and are often well-correlated with the same DIBs. The high
correlations between the DIBs in each of these sets accompanied
by the high appearance rate of each DIB among the most correlated
pairs (more than seven appearances in Tables 2 and 4) indicate that
these three sets may constitute DIB families.

The consistently high correlations between the understudied
5363.77 A and the more well-known DIBs (6613.74, 6203.58,
6195.99, 5780.64, 5705.12, and 5487.64 10\) is intriguing. The
correlations between 5363.77 A and both 5487.64 and 5780.64 A
were found to be slightly higher than the well-known correlation
between 6613.74 and 6195.99 A. Perhaps, these correlations imply
that these lines share a common origin.

DIB pairs containing the bands 6613.74, 6203.58, 6195.99,
5780.64, 5705.12, and 5487.64 A exhibit similar correlations ob-
tained with different data sets. Friedman et al. (2011) derived a

i (A) X2 (A) rto n 21 (A) 2 (A) rto n r (A) 2 (A) rto n
6843.76 679251 0.984 + 0.005 13 624514 606532 0.966 + 0.004 11 740573 659430  0.956 +0.015 11
5061.50 4969.12  0.983 + 0.009 12 659430  5705.12  0.966 + 0.009 12 680335  6494.13  0.956 £+ 0.014 14
6498.00 6245.14  0.983 + 0.005 11 6788.83 622095  0.965 +0.013 11 7366.05 5363.77  0.956 £ 0.011 10
6489.42 5719.57  0.982 + 0.006 13 571146  4501.51  0.965 + 0.003 10 5705.12  5363.77  0.956 + 0.007 11
6330.03 6245.14  0.982 + 0.005 11 620358 5363.77  0.964 + 0.005 13 592591  5363.77  0.955+0.010 12
5487.64 5363.77  0.981 + 0.005 12 6089.85  5821.15  0.964 + 0.008 12 619599  5363.77  0.955 + 0.005 13
5780.64 5363.77  0.980 & 0.003 13 7061.09  6498.00  0.963 + 0.007 14 667223  6397.04  0.955 %+ 0.003 13
6788.83 5363.77  0.979 £ 0.008 10 517600 473477  0.963 + 0.007 13 653651 558079  0.954 +0.025 11
6245.14 6185.79  0.978 & 0.003 11 5821.15  5766.16  0.963 £ 0.012 11 703026  6071.33  0.954 +0.013 11
7559.43 5363.77  0.977 £ 0.004 12 740573 5705.12  0.963 + 0.007 14 720363  7119.84  0.954 + 0.006 10
7077.90 5900.59  0.977 & 0.009 11 526244 517049  0.962 +0.022 10 713862 671379  0.954+0.018 13
6269.89 6245.14 0976 + 0.003 12 659430  6268.59  0.962 + 0.008 12 6250.87  5821.15  0.954 +0.016 10
7405.73 6268.59  0.976 & 0.007 13 641408 564545  0.962 +0.021 10 735760  6834.58  0.954 +0.015 12
5176.00 4683.03  0.975 & 0.004 14 7360.55  7138.62  0.961 £ 0.012 13 713679  6174.86  0.954 +0.014 10
6523.29 5769.91  0.974 & 0.008 11 677017 670949  0.961 + 0.005 14 697847 679251  0.953 + 0.009 12
6622.84 6245.14  0.973 £ 0.005 10 6591.51  6323.94  0.960 £ 0.009 10 707790  6788.83  0.953 + 0.008 14
6594.30 577591  0.972 £0.012 13 6993.12  6245.14  0.960 + 0.005 11 662490 442933  0.953 +0.015 10
4969.12 4963.92  0.972 % 0.006 14 536377 523627  0.960 =+ 0.009 12 652329  6449.27  0.952 +0.008 13
7557.88 6607.10  0.971 £ 0.011 12 498478  4969.12  0.959 +0.010 12 6498.00 6071.33  0.952 +0.012 11
7557.88 5363.77  0.971 +0.010 10 606031  5363.77  0.958 £ 0.007 12 6139.95 558079  0.952 +0.025 12
6548.99 540458  0.971 £0.010 13 679526 523627  0.958 £ 0.006 13 577591 536377  0.952 +0.008 10
6803.35 6498.00  0.970 = 0.008 12 637925  5821.15  0.958 £ 0.009 11 6108.06 5363.77  0.952 + 0.006 11
7061.09 679251 0.969 + 0.008 13 732207 5900.59  0.958 +0.013 11 6397.04 595332  0.952+0.011 10
6245.14 619599  0.969 £ 0.003 12 7360.55  6834.58  0.958 +0.020 10 5900.59  5236.27  0.952 +0.013 12
6845.37 579521  0.969 +0.018 10 664343  4780.10  0.958 +0.010 10 652074  6245.14  0.951 +0.005 12
7581.47 5363.77  0.969 % 0.006 12 720363 697847  0.957 £ 0.006 11 6841.61 617486  0.951 +0.008 10
7360.55 7357.60  0.968 & 0.008 13 684537 681127  0.957 +0.023 10 697370  6245.14  0.951 + 0.009 11
6425.68 6245.14  0.968 % 0.005 11 592591 549410  0.957 £0.010 14 659430 5780.64  0.951 £0.010 13
6362.26 6245.14  0.968 & 0.006 10 7832.88  6245.14  0.957 +0.005 12 738585 697847  0.951 +0.008 14
6594.30 619599  0.967 £ 0.007 13 646036 598277  0.957 £ 0.008 10 7832.88  6594.30  0.950 £ 0.010 13
6841.61 6337.99  0.967 £ 0.011 10 6841.61 659430  0.957 +0.011 11 6841.61  5609.82  0.950 + 0.008 14
6944.62 632491  0.966 =+ 0.005 13 6536.51  5508.33  0.956 =+ 0.009 10
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Figure 1. A subset of the highly correlated DIB pairs. In certain instances, the formal uncertainties are smaller than the representation of a given datum.

r=0.953+0.015,n =10

o)}

W, 6624.90 (mA)
IS

4

0 1000 2000 3000 4000
W) 4429.33 (mA)

N
——

r=0.932+0.010, n = 14

A U1 O
o O o

W, 5236.27 (mA)
N w
C? o

=
o

0 . . . .
0 1000 2000 3000 4000
W) 4429.33 (mA)

Figure 2. Correlation plots for 4429.33-6624.90 and 4429.33-5236.27 A.
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correlation coefficient of 0.9 for the pair 6196.0-6613.6 A, whereas
Bondar (2020) obtained 0.988. The value found here, for comparison,
is 0.980 =£ 0.001. The pairs 5487.64-6284.05 and 5705.12-5797.18
A have correlations that differ the most from previously reported val-
ues (Friedman et al. 2011). Marginal deviations from the coefficients
may stem from sample size differences.

Most of the DIB pairs with lower correlations tend to involve
at least one weak band (possibly both DIBs). The less studied DIBs
(5363.77,5609.82, 6245.14, and 6993.12 10\) are quite weak. Table 10
provides the average EW/E(B — V) for certain DIBs (see also Table
2 in Fan et al. 2019). The highest uncertainty in the correlations
among the three DIB sets, the correlation between 5363.77 and
5705.12 /D\, was between the two weakest bands in that DIB set.
In addition, among the highest uncertainties in Tables 2 and 4 was
0.025 between 6536.51 and 5580.79 A, and the average EW/E(B —V)
of these DIBs are 8.04 and 3.13 mA mag~!, respectively (Fan et al.
2019). Correlation analyses should consider weaker bands and avoid
excluding potentially related DIBs. DIBs should not be excluded on
the sole basis of high uncertainty values.

Uncertainties may be exacerbated by the inclusion of broad
DIBs, since for example the continuum placement is challenging
to identify (Fan et al. 2019). Consequently, caution is warranted
when considering correlations involving such DIBs.

The bands 5780.64, 6203.58, and 6284.05 A are each found in at
least two of the three sets of DIBs identified here. The DIB 5780.64
A is common to all three sets. Possibly, these three sets of DIBs have
chemical similarities. Inspection of line profiles and investigation of
possible carriers will be carried out, in the future.

High correlations are good indicators of DIBs with common
origins. However, a correlation may appear to be low due to even a
single outlier. Simple least-squares analysis does not account for
such outliers, which may result in missing correlations between
other DIBs. It is of interest to factor the sample size into the
correlations; even if a correlation between two DIBs may not be
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Table 6. Pearson r correlation coefficients and their uncertainties for a DIB set potentially tied to 4429.33 A. The uncertainties were

calculated through Monte Carlo simulations.

Highly correlated DIBs

DIB (A) 4429.33 4780.10 5236.27 5953.32 6009.60 6624.90
4429.33 1.000 0.940 0.932 0.938 0915 0.953
- +.005 +.010 +.010 +.008 +.015
4780.10 0.940 1.000 0.900 0.901 0.877 -
+.005 - +.012 +.016 +.010 -
5236.27 0.932 0.900 1.000 0.934 0.878 -
+.010 +.012 - +.010 +.009 -
5953.32 0.938 0.901 0.934 1.000 0.904 -
+.010 +.015 +.011 - +.013 -
6009.60 0.915 0.877 0.878 0.904 1.000 -
+.008 +.010 +.008 +.013 - -
6624.90 0.953 - - - - 1.000
+.015 - - - - -

Table 7. The Pearson r correlation coefficients and their uncertainties for DIBs possibly linked to 5363.77 A. The uncertainties were

calculated through Monte Carlo simulations.

DIB (A) 5363.77 5487.64 5705.12 5780.64 6203.58 6284.05
5363.77 1.000 0.981 0.956 0.980 0.964 0.950
- +.005 +.007 +.003 +.005 +.005
5487.64 0.981 1.000 0.959 0.976 0.983 0.977
+.005 - +.004 +.003 +.002 +.003
5705.12 0.956 0.959 1.000 0.980 0.972 0.972
+.007 +.004 - +.001 +.002 +.002
5780.64 0.980 0.976 0.980 1.000 0.986 0.978
+.003 +.003 +.001 - +.001 +.001
6203.58 0.964 0.983 0.972 0.986 1.000 0.990
+.005 +.002 +.002 +.001 - +.001
6284.05 0.950 0.977 0.972 0.978 0.990 1.000
+.005 +.003 +.002 +.001 +.001 -

Table 8. The Pearson r correlation coefficients and their uncertainties for the set of DIBs associated with 5609.82 and 7224.16 A. The

uncertainties were calculated through Monte Carlo simulations.

DIB (A) 5487.64 5609.82 5780.64 6203.58 6284.05 7224.16
5487.64 1.000 0.970 0.976 0.983 0.977 0.955
- +.004 +.003 +.002 +.003 +.003
5609.82 0.970 1.000 0.955 0.975 0.975 0.962
+.004 - +.004 +.003 +.003 +.003
5780.64 0.976 0.955 1.000 0.986 0.978 0.951
+.003 +.004 - +.001 +.001 +.001
6203.58 0.983 0.975 0.986 1.000 0.990 0.974
+.002 +.003 +.001 - +.001 +.001
6284.05 0.977 0.975 0.978 0.990 1.000 0.977
+.003 +.003 +.001 +.001 - +.001
7224.16 0.955 0.962 0.951 0.974 0.977 1.000
+.003 +.003 +.001 +.001 +.001 -

especially high. The sensitivity of correlation coefficients to outliers
may also explain slight differences between correlations found here
and those found in previous works. An enhanced characterization
of systematic uncertainties is needed to better assess outliers. That
could be achieved in part by examining additional sightlines and
using high-resolution spectra with high signal-to-noise ratio.

The current obstacle in analysing the suggestion that anionic
hydrogen clusters may be DIB carriers is that multiple observed
DIBs lie within the uncertainties of the current theoretical bands of
the hydrogen clusters. For example, the cluster H}; has a calculated
band at 5109.7 A, but three bands, 5100.92, 5110.86, and 5117.63 A

lie relatively close to this. However, with higher levels of quantum
chemical calculations and smaller uncertainties, it may be possible
to construct a better understanding of these clusters’ relation to
DIBs and make more robust conclusions (supportive or otherwise).
The correlations between lines proposed to be associated with
anionic hydrogen clusters suggested in Huang et al. (2019) was
also investigated. Sufficiently strong correlations could not be found
between the associated DIBs to draw a definitive conclusion at this
time. Once more refined calculations are available for the anionic
hydrogen clusters, their viability as a DIB carrier will be further
investigated.
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Table 9. The Pearson r correlation coefficients and their uncertainties for the
set of DIBs centred around 6269.89 and 6993.12 A. The uncertainties were
calculated through Monte Carlo simulations.

DIB (A) 5780.64 6195.99 6269.89 6613.74 6993.12
5780.64 1.000 0.974 0.961 0.948 0.959
- +.001 +.001 +.001 +.001
6195.99 0.974 1.000 0.975 0.980 0.972
+.001 - +.001 +.001 +.001
6269.89 0.961 0.975 1.000 0.972 0.984
+.001 +.001 - +.001 +.001
6613.74 0.948 0.980 0.972 1.000 0.952
+.001 +.001 +.001 - +.001
6993.12 0.959 0.972 0.984 0.952

1.000
+.001 +.001 +.001 +.001 -

Table 10. Mean EW/E(B — V) for a subsample of the DIBs examined
(an abridged version of table 2 from Fan et al. 2019).

DIB (A) (EW/E(B — V)) (mA mag™")
5609.82 12.34
5363.77 17.66
6195.99 47.06
6993.12 64.72
6269.89 70.16
5705.12 90.65
5487.64 108.48
6203.58 157.31
7224.16 162.17
6613.74 185.14
5780.64 398.84
6284.05 958.09

4 CONCLUSIONS

The Fan et al. (2019) database of 557 DIBs was analysed. Here, 231
pairs of highly correlated (» > 0.95) DIBs were identified, and are
highlighted in Tables 2 and 4. 12 DIBs, 5363.77, 5487.64, 5609.82,
5705.12, 5780.64, 6195.99, 6203.58, 6269.89, 6284.05, 6613.74,
6993.12, and 7224.16 A, are found to have high correlations and
belong to strongly inter-correlated DIB sets. Three such sets are
newly identified, with five of the 12 DIBs being understudied. One
set consists of 5363.77, 5487.64, 5705.12, 5780.64, 6203.58, and
6284.05 A, another consists of 5487.64, 5609.82, 5780.64, 6203.58,
6284.05, and 7224.16 A, and the other contains 5780.64, 6195.99,
6269.89, 6613.74, and 6993.12 A. A set of correlated lines including
the famed 4429.33 A band is also identified for the first time.

In addition, previously identified correlations between certain
DIBs were bolstered. The bands 5780.64, 6203.58, and 6284.05
A are frequently found among the most correlated DIBs. The same
DIBs tend to be part of the most highly correlated pairs, particularly
5363.77, 5780.64, 6195.99, 6203.58, and 6245.14 A with more than

MNRAS 507, 5236-5245 (2021)

10 appearances among the highest correlation pairs. Correlations
between the band 4429.33 A and the other bands in this set,
particularly 4780.10, 5236.27, 5953.32, 6009.60, and 6624.90 A,
are promising and warrant further analysis.

The correlations discussed provide an indication of possible
relations between DIBs, as supported by numerical evidence. A
future investigation concerns inspecting the spectral profiles for
similarities. Furthermore, analysing a separate or larger spectral
database is desirable.
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Figure Al. Correlation plots for pairs in the first identified DIB set.

Highly correlated DIBs 5243

r=0.980+0.003,n =13

800
z
<600
<
o
S
® 400
n
= %00
0
0 10 20 30 40
W) 5363.77 (mA)
r=0.959+0.004, n = 18
200
=
E150
o~
~
3 100
<
n
<
= 50
0
0 50 100 150 200 250
W, 5487.64 (mA)
r=0.977%0.003, n = 20
2000
oL
E
& 1500
S
<
& 1000
o
= 500
0
0 50 100 150 200 250
W) 5487.64 (mA)
r = 0.972%0.002, n = 20
2000
<
E
7 1500
S
3
& 1000
o
= 500
0
0 50 100 150 200
W) 5705.12 (mA)
r = 0.990%0.001, n = 25
2000
Z
<1500
n
S
>
@ 1000
o
<
= 500
0
0 100 200 300 400

W) 6203.58 (mA)

MNRAS 507, 5236-5245 (2021)

2z0zZ AInr L1 uo sesn Aysieaun sAuepy Jules AQ ££G8GE9/9€ZS/ b/ L0G/aI01HE/SEIUW/ WO dNO"0IWePED.)/:SdY WOy papeojumMOq



5044

W, 6203.58 (mA) W, 5609.82 (mA)

W, 7224.16 (mA)

F M. Smith et al.

r=0.970+0.004, n = 18

HoR NN W
o u o u o

0 50 100 150 200 250
W) 5487.64 (mA)

r=0.975+£0.003,n =19

IS
o
o

w
o
o

200

—
o
o

0 10 20 30
W) 5609.82 (mA)

r=0.951£0.001, n =21

400

w
o
o

r=0.955+0.003, n = 19

400
I
£ 300
o
=
S 200
o~
N
= 100
0
0 50 100 150 200 250
W, 5487.64 (mA)
r=0.975+0.003, n = 19
2500
= 2000
£
0 1500
o
<
[ee]
& 1000
N
500
0
0 10 20 30
W, 5609.82 (mA)
r=0.974+0.001, n = 21
400

w
o
o

W, 7224.16 (mA)
N
o
o

) 200 400 600 800
W) 5780.64 (mA)

MNRAS 507, 5236-5245 (2021)

0 100 200 300 400
W, 6203.58 (mA)

o ®
[=3 o
o o

W, 5780.64 (mA)
Yy
o
o

N
o
o

N
o
o

w
o
o

200

W, 7224.16 (mA)

=
o
o

400

w
o
o

W, 7224.16 (mA)
N
o
o

Figure A2. Correlation plots for pairs in the second identified DIB set.

r=0.955+0.004, n = 19

10 20 30
W) 5609.82 (mA)

r=0.962+0.003, n = 17

10 20 30
W) 5609.82 (mA)

r=0.977£0.001, n =21

500 1000 1500 2000
W) 6284.05 (mA)

2z0zZ AInr L1 uo sesn Aysieaun sAuepy Jules AQ ££G8GE9/9€ZS/ b/ L0G/aI01HE/SEIUW/ WO dNO"0IWePED.)/:SdY WOy papeojumMOq



W, 6993.12 (mA) W, 6195.99 (mA)

W, 6993.12 (mA)

r=0.974+£0.001, n = 24

0 200 400 600 800
W, 5780.64 (mA)

r=0.959+0.001, n = 23

-
u
o

—
=3
S

%4
o

0 200 400 600 800
W, 5780.64 (mA)

r=0.972+0.001, n = 22

-
u
o

=
=3
o

v
o

0 20 40 60 80 100
W, 6195.99 (mA)

W, 6613.74 (mA) W, 6269.89 (mA) W, 6269.89 (mA)

W, 6993.12 (mA)

-
v
o

-
o
o

vl
o

-
u
o

=
o
S

v
o

N
o
S

w
o
S

N
=]
oS

=
o
oS

150

100

50

r=0.961+0.001, n = 24

200 400 600 800
W, 5780.64 (mA)

r=0.975+0.001, n = 24

20 40 60 80 100
W, 6195.99 (mA)

r=0.972+0.001, n = 24

50 100 150
W, 6269.89 (mA)

r=0.952+0.001, n = 23

100 200 300 400
W, 6613.74 (mA)

This paper has been typeset from a TEX/I&TEX file prepared by the author.

Highly correlated DIBs

W, 6613.74 (mA) W, 6613.74 (mA)

W, 6993.12 (mA)

Figure A3. Correlation plots for pairs in the third identified DIB set.

N
o
S

w
o
S

N
=]
S

-
o
o

N
o
S

w
o
S

N
o
S

=
o
)

-
u
o

-
o
S

v
o

5245

r=0.948+0.001, n = 25

200 400 600 800
W, 5780.64 (mA)

r=0.980+0.001, n = 24

20 40 60 80 100
W, 6195.99 (mA)

r=0.984+0.001, n = 22

50 100 150
W, 6269.89 (mA)

MNRAS 507, 5236-5245 (2021)

2z0zZ AInr L1 uo sesn Aysieaun sAuepy Jules AQ ££G8GE9/9€ZS/ b/ L0G/aI01HE/SEIUW/ WO dNO"0IWePED.)/:SdY WOy papeojumMOq



