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ABSTRACT

Context. Observations of neutral hydrogen (HI) and molecular gas show that 50% of all nearby early-type galaxies contain some cold
gas. Molecular gas is always found in small gas discs in the central region of the galaxy, while neutral hydrogen is often distributed
in a low-column density disc or ring typically extending well beyond the stellar body. Dust is frequently found in early-type galaxies
as well.

Aims. The goal of our study is to understand the link between dust and cold gas in nearby early-type galaxies as a function of HIT
content.

Methods. We analyse deep optical g — r images obtained with the MegaCam camera at the Canada-France-Hawaii Telescope for a
sample of 21 HI-rich and 41 HI-poor early-type galaxies.

Results. We find that all HI-rich galaxies contain dust seen as absorption. Moreover, in 57 per cent of these HI-rich galaxies, the
dust is distributed in a large-scale spiral pattern. Although the dust detection rate is relatively high in the HI-poor galaxies (~59 per
cent), most of these systems exhibit simpler dust morphologies without any evidence of spiral structures. We find that the HI-rich
galaxies possess more complex dust morphology extending to almost two times larger radii than H I-poor objects. We measured the
dust content of the galaxies from the optical colour excess and find that H I-rich galaxies contain six times more dust (in mass) than
H1I-poor ones. In order to maintain the dust structures in the galaxies, continuous gas accretion is needed, and the substantial HI gas
reservoirs in the outer regions of early-type galaxies can satisfy this need for a long time. We find that there is a good correspondence
between the observed masses of the gas and dust, and it is also clear that dust is present in regions further than 3 Reg.

Conclusions. Our findings indicate an essential relation between the presence of cold gas and dust in early-type galaxies and offer a
way to study the interstellar medium in more detail than what is possible with HT observations.
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1. Introduction

Integral field spectroscopy shows that many, probably most, gi-
ant ellipticals and lenticulars (hereafter ETGs) contain an inner,
fast rotating component (< 1R.g) (e.g. Sarzi et al.|2006; [Em-
sellem et al.[2007,[2011;/Croom et al.|2012; Sanchez et al.|2012;
Bundy et al.|[2015)). In those same inner regions, ionised gas is
detected frequently (e.g.Rampazzo et al.[2005; Davis et al.[ 2011}
Gomes et al.|2016} Gavazzi et al.[2018]), and young stellar popu-
lations are not uncommon (e.g. [Trager et al.[2000; Kaviraj et al.
2007; [Kuntschner et al.|[2010). Studies that are carried out with
integral field units instruments, generally focus on the central re-
gions of galaxies due to a small field of view (FOV) (e.g.|Cappel-
lari et al.|2011a; |[Laurikainen et al.|[2011} Kormendy & Bender

* Research supported in part by the Scientific and Technological Re-
search Council of Turkey (TUBITAK) under the postdoc fellowship
programme 1059B191701226.

2012; |[Krajnovi¢ et al|2013; Weijmans et al.|2014). However,
deep optical images show that we can study ETGs at consider-
able distance from the centre (Duc et al|2014, 2015} [Karabal
et al.|2017). Moreover, these deep optical studies provide good
quality data for not only the outer regions but also the inner re-
gions of galaxies.

Similarly, observations of neutral hydrogen (HI) and molec-
ular gas, such as CO, show that ETGs have gas discs (e.g. [van
Driel & van Woerden! 1991} |Young|2002; Morganti et al.[|2006;
Oosterloo et al.|2007, 2010; |Crocker et al.|[2011). Observations
carried out as a part of the ATLAS® survey[l| show that ~50
per cent of all nearby ETGs contain some cold gas (CO and HI)
(Young et al.[201 1} Serra et al.[2012). The molecular gas is typi-

' The ATLAS3P Project is a multi-wavelength survey of a complete
sample of 260 ETGs within the local (42Mpc) volume. http://www-
astro.physics.ox.ac.uk/atlas3d/
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cally found in small gas discs in the central regions and is linked
to small amounts of star formation (SF) (Alatalo et al.|[2013}
Davis et al.|[2013)). In contrast, HI has been found distributed
in discs or rings that are much larger than the stellar body (Serra
et al[2012). If the column density of the gas is high enough,
these HI discs host star formation with an efficiency (star for-
mation per unit gas mass) similar to that in the outer parts of
spirals (Y1ildiz et al.[2015} 2017).

Given their cold gas content, it is no surprise that many ETGs
host some dust too. The presence of dust in these galaxies has
long been known and discussed in the literature (e.g. Sadler &
Gerhard||1985}; |Goudfrooij et al.||1994} [Lauer et al. |1995; van
Dokkum & Franx||[1995; [Ferrari et al.||1999; Tran et al.[2001).
These studies indicate a relation between dust and ionised gas
(e.g, see review by |Ford et al.|[1997). Previous studies have re-
vealed dust structures in the very central regions of ETGs by
using the Hubble Space Telescope (HST) (Simoes Lopes et al.
2007; Martini et al.[[2013). For example, [Simoes Lopes et al.
(2007) have found complex dust structures in the very central
regions of ETGs, and even some spiral-shape dust structures (<
25 per cent).

Dust in ETGs is not only detected via absorption at opti-
cal wavelengths but also in emission in infrared (IR) bands,
particularly in the far-IR (Knapp et al.||1989; Bregman et al.
1998;; [Pahre et al.|2004} Temi et al.|2007; |Smith et al.|2012; |di
Serego Alighiert et al.|2013} [Martini et al.|2013} |Orellana et al.
2017). For example, by using Herschel observations, |di Serego
Alighieri et al.| (2013) find that the dust mass of ETGs in the
Virgo cluster ranges from 10*° to 107 M. Martini et al.[(2013)
also find a similar range of ETG dust masses, from 10° to 10%°
M, based on Spitzer data.

One of the primary objectives of the above mentioned studies
is to understand the origin of the dust and thus determine the
following: whether it is internal (e.g. via mass loss from evolving
stars), external (e.g. via galaxy minor mergers), or a combination
of the two (as argued by Martini et al.[2013). |Davis et al.| (2015))
claim that the dust in their sample of bulge-dominated galaxies
with large dust lanes was accreted through minor mergers.

In this paper, we analyse ground-based deep optical images
with lower angular resolution than the HST ones but with much
higher radial coverage, which puts us in a position to study the
origin of the dust in these galaxies. We aim to bring together
the deep optical images and the HI, and if possible CO data to
understand the relation between cold gas and dust across the en-
tire stellar body. In particular, we try to understand whether the
large H 1 discs play a role in the formation and evolution of the
dust structures in the local ETGs. In order to do so, we inves-
tigated the distribution of dust in our sample galaxies by using
deep colour maps (i.e. g’ — ). We classified the dust morphol-
ogy and compared H I-rich to HI-poor ETGs. We modelled the
dust-free colours in the galaxies and subtracted them from the
colour maps to measure the colour excess. We verified whether
the amount of colour excess is consistent with the known HI
content. We also estimated the amount of dust in galaxies by us-
ing the total optical colour excess and compared our results to
those obtained from far-IR observations.

We organise this paper in the following way. In Section [2]
we describe the target and control sample selection. In Section
[3] we describe the primary data (HI and optical) and the method-
ology used for our work, which includes modelling the dust-free
colour, measuring the dust mass, the colour excess, and com-
paring it with the HI surface density in our sample galaxies, in
particular. In Section 4} we present our results about the mor-
phology of the dust structures by classifying them, their radial
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extent, and the dust mass. In Section [5} we discuss the relation
between cold gas and dust by comparing the fraction of galaxies
(i.e. detection rates) in the various dust morphological classes.
We then discuss whether the age of the galaxies or misalignment
between gas and stars play a role in the relationship between dust
and H1. In Section[6] we present our conclusions.

2. Sample

To study the relation between the dust distribution and the H1
properties of ETGs, we selected an HI-rich sample and an HI-
poor control sample. With a few exceptions, the two samples are
the same as those studied in [Yildiz et al.| (2017)) in which we
studied ultraviolet (UV) properties in large HI discs (Serra et al.
2012). Compared to the HI-rich sample of [Yildiz et al.| (2017),
we excluded galaxies in the Virgo cluster because we wish to
limit the analysis to a field sample. Our final H I-rich sample in-
cludes 21 ETGs, which we list in Table E} The HI-poor control
galaxies are selected with properties as close as possible to the
ones of the following HI-rich objects: i) stellar mass M, (Cap-
pellari et al.|2013) within +/- 0.8 dex, but typically within +/- 0.5
dex; ii) environment density X3 (Cappellari et al.[201 lbﬂ within
+/- 0.8 dex, but typically within +/- 0.5 dex iii) Virgo cluster
non-membership (Cappellari et al.|[2011a); iv) kinematical clas-
sification (fast or slow rotator; [Emsellem et al.|[2011); and v)
distance (Cappellari et al.[2011a) within 4+/- 15 Mpc. With these
requirements, we selected a control sample of 41 HI-poor ETGs,
which are listed in Table[2} The distribution of effective radii Refr
for galaxies in this control sample is consistent with that for the
HI-rich sample. Finally, ten (10/21) of our HI-rich galaxies are
CO-rich, while only four out of the 41 HI-poor galaxies are CO-
rich.

3. Data reduction and analysis

This work is based on a combination of radio and optical data.
We use radio data from the Westerbork Synthesis Radio Tele-
scope and make use of the HI images and M(HI) measure-
ments (or upper limits) published by |Serra et al.| (2012) for all
of the galaxies in our sample. That work also makes use of the
data published previously by Morganti et al.| (2006)), Jozsa et al.
(2009), and |Oosterloo et al.|(2010) for some galaxies in our sam-
ple. In the remaining part of this section, we describe our analy-
sis of the optical data.

3.1. MegaCam data reduction

We make use of deep optical images obtained in g’ and 7’
bands by using the MegaCam camera on the Canada-France-
Hawaii Telescope. The observations were obtained as part of
the MATLAS/ATLAS3P programme. Duc et al.|(2015)) describe
all the details of these deep observations and of the data reduc-
tion, which makes use of the Elixir—LSBE] pipeline. Here, we
remind the reader that the typical surface brightness sensitivity
of these images is 28.5 mag arcsec 2 in the g’ and 7 bands. For
this work, we applied a few additional reduction steps, including
background subtraction and point-spread-function (PSF) match-
ing in the two bands.

2 Mean surface density of galaxies inside a cylinder of height & =
600 km s~! (i.e. AVj,; < 300 km s~!) centred on the galaxy, which
contains the three nearest neighbours.

3 An observing mode optimised for the detection of extended low sur-
face brightness features Duc et al.[(2015).
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Table 1. General properties of the H I-rich sample.

No Name D Vel Mg log1o(Retr) PA. € EB—-V) logioMHI) logioM.
[Mpc] [km/s] [mag] [arcsec]  [degrees] [] [mag] Mp] Mp]
() 2 3) ) (©) (6) @) 6] © (10)
1 NGC2594  35.1 2362 -22.36 0.82 306 0.122 0.050 8.91 10.47
2 NGC 2685 16.7 875  -22.78 1.41 37 0.402 0.051 9.33 10.31
3 NGC 2764 39.6 2706  -23.19 1.09 173 0.218 0.034 9.28 10.64
4 NGC2859  27.0 1690 -24.13 1.43 269 0.272 0.017 8.46 10.97
5 NGC 3414 245 1470  -23.98 1.38 135 0.079 0.021 8.28 11.11
6 NGC 3522 25.5 1228  -21.67 1.01 241 0.504 0.020 8.47 10.31
7 NGC 3619  26.8 1560  -23.57 1.42 72 0.020 0.013 9.00 10.91
8 NGC 3626 19.5 1486  -23.30 1.41 179 0.454 0.017 8.94 10.54
9 NGC 3838 23.5 1308  -22.52 1.04 144 0.382 0.009 8.38 10.36
10  NGC 3941 11.9 930  -23.06 1.40 189 0.338 0.018 8.73 10.34
11 NGC 3945 23.2 1281 -24.31 1.45 159 0.435 0.023 8.85 11.02
12 NGC 3998 13.7 1048  -23.33 1.30 67 0.458 0.013 8.45 10.94
13 NGC4036 24.6 1385 -24.40 1.46 272 0.507 0.019 8.41 11.16
14  NGC 4203 14.7 1087 -23.44 1.47 206 0.153 0.012 9.15 10.60
15 NGC 4278 15.6 620 -23.80 1.50 50 0.230 0.023 8.80 11.08
16 NGC 5173 38.4 2424 -22.88 1.01 261 0.214 0.024 9.33 10.42
17 NGC5582  27.7 1430 -23.28 1.44 30 0.403 0.011 9.65 10.86
18 NGC 5631 27.0 1944  -23.70 1.32 34 0.198 0.017 8.89 10.89
19 NGC6798 375 2360 -23.52 1.23 324 0.383 0.114 9.38 10.69
20 UGCO06176  40.1 2677  -22.66 1.03 210 0.598 0.015 9.02 10.44
21  UGCO09519 27.6 1631 -21.98 0.87 198 0.402 0.018 9.27 10.06

Note.— Column (1): The name is the principal designation from LEDA (Paturel et al.[2003)). Column (2): distance in Mpc|Cappellari et al.[(2011a).
Column (3): heliocentric velocity (Cappellari et al.|(2011a). Column (4): absolute magnitude derived from the apparent magnitude in K band |Cap-
pellari et al.| (201 1a)). Column (5): projected half-light effective radius/Cappellari et al.|(201 1a)). Column (6): position angle of the galaxy calculated
from the H1 image Serra et al.[(2014). Column (7): ellipticity of the galaxy calculated from the H1 image|Serra et al.|(2014). Column (8): estimates
of Galactic dust extinction Schlafly & Finkbeiner| (2011). Column (9): total HI mass calculated assuming galaxy distances given in column (2)
Serra et al.| (2012). Column (10): stellar mass calculated by using a mass-to-light ratio and a total luminosity in the r-band (Cappellari et al.|2013).

Table 2. Control sample galaxies for each H I-rich galaxy.

HI-rich Control 1 Control 2 Control 3 Control 4
NGC 2594 NGC 5611 - - -
NGC 2685 NGC 2549 NGC2852 NGCS5273 NGC 3098
NGC 2764 NGC 4078 NGC 2592 NGC 0770 -
NGC 2859 NGC 3230 NGC 3458 - -
NGC 3414 NGC 5322 - - -
NGC 3522 NGC 3796 PGC 050395 - -
NGC 3619 NGC 5308 NGC 3658 NGC 5342 -
NGC 3626 NGC 3377 NGC5500 NGC 5473 -
NGC 3838 NGC 2950 NGC 4283 - -
NGC 3941 NGC 3605 NGC3301 NGC 3248 -
NGC 3945 NGC 3674  NGC 3648 - -
NGC 3998 NGC 3610 - - -
NGC 4036 NGC 3613 NGC 6548 NGC 3665 UGC 08876
NGC 4203 NGC 3245 NGC 3757 - -
NGC 4278 NGC 5485 - - -
NGC 5173 NGC 3400 - - -
NGC 5582 NGC 2577 NGC 2679 - -
NGC 5631 NGC 0661 - - -
NGC 6798 NGC 6547 - - -
UGC 06176 UGC 04551 - - -
UGC 09519 NGC 7457 - - -

In order to calculate the background of each image, we
masked out all pixels above a one sigma level by using
SExtractor (Bertin & Arnouts|1996). We then selected 20 re-
gions, each 50 x 50 pixels in size, and measured the median pixel
value in each of them. We took the background level as the mean
of these 20 median values and calculated its error as their stan-

dard deviation. We repeated this process for all g’- and #'-band
images and subtracted the resulting background level.

Since we are interested in analysing the g’ — 7 colour maps,
we needed to first ensure that the images of the two bands have
the same resolution. For this purpose, we measured the seeing
(full width half maximum: FWHM) in the two bands by using
five unsaturated stars located in relatively empty regions of the
sky. We used IRAF - imexamine to measure the FWHM. We
then corrected for the difference in seeing by smoothing the data
of the band with the highest resolution to the lowest resolution
band. After removing the background and matching the PSF in
the two bands, we computed the calibrated colour maps. E]

3.2. Modelling dust-free colours and measuring the colour
excess

In this work, we use the MegaCam g’ — #’ deep colour maps to
study the spatial distribution of the dust in H I-rich and H I-poor
ETGs. The signal-to-noise ratio of the colour maps decreases
with increasing radius. Therefore, we derived the radial profiles
along annuli with a fixed shape (ellipticity and position angle)
but which logarithmically increasing in width from inside out.
The ellipticity and position angle of the annuli are fixed to the
values published by |[Krajnovic et al.| (201 1).

Before deriving the dust-free colour profiles, we masked the
dusty regions in the images as much as possible. Here, we used

4 We did not apply any Galactic foreground correction, which would
only change the scaling on the colour.
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a procedure that contains a combination of automatic and man-
ual masking. We explain this procedure in detail in Appendix [A]
In summary, we i) took the median value of the clipped annulus
as a first guess for the dust-free colour; ii) we repeated this for
all the annuli and created a model; iii) we applied a median fil-
ter to remove sharp edges between annuli; iv) we required that
the dust-free colour remains constant or becomes bluer when go-
ing outwards; and v) we finally forced the model to be a smooth
function of radius since this kind of behaviour for ETGs is ex-
pected.

The best model representing the dust-free colour was sub-
tracted from the original g’ — 7 colour map to obtain a colour
excess map. We limited our analysis to a maximum radius of
3 Regr- The analysis of the colour profiles at a larger radius, which
is beyond the scope of this paper, would require a more careful
treatment of the effects of the PSF wings.

There are some uncertainties as to how the colour excess is
calculated, which is based on the assumption that a dust-free
colour can be obtained from the image and that the stellar popu-
lations do not change quickly with the radius. Also, we assume
that no young stellar populations are present in the centre. This is
not the case for some objects, such as NGC 2685. For this object,
the measured colour excess is a lower limit. However, this prob-
lem is alleviated by the fact that young stars most likely occupy
the same regions as the dust.

Having obtained the colour excess maps, we can calculate an
average colour excess in a given annulus or a region. For this, we
used the following equation:

(I x R? x g x 2.5127E =)

(EE =) = Y(I, X R?2 x q)

—2.5 xlogio(

b

ey

where I, is the relative surface brightness (in intensity units) in
the #/-band, R is the radius of the annulus, and ¢ is the flattening
valueE] of the annulus which is assumed to be constant through-
out the galaxy. In Sec. |B| we explain how we used these maps
to estimate the amount of HI from the extinction caused by the
dust.

3.3. Dust mass calculation and other parameters

There are several ways to estimate the dust mass of a galaxy.
First, we estimated the dust mass by using the total extinction ob-
tained from the colour excess maps (Sec.[3.2). For example, for
this we followed the method used in the literature by |Goudfrooij
et al. (1994)/Patil et al.[|(2007), and [Finkelman et al.| (2012) (see
Sec. [B|for the equations and details for the optical method). As
a second estimate, we adopted the dust mass values of [Kokusho
et al.[ (2019), which are based on the spectral energy distribu-
tion (SED) fits of Kokusho et al. (2017) for ATLAS?P galaxies.
Finally, the IR dust estimate based on the graphical method of
Draine & Li (2007)) could not be applied because the available
mid- and far-IR data are of insufficient sensitivityﬁ]

We make use of the data of [Young et al.| (2011) and |Alatalo
et al.| (2013) who provide the total H, mass values and the dis-
tribution of CO emission (from the zero-moment maps), respec-
tively. |Young et al.| (2011) used the Institut de Radioastronomie

5 A way to describe the ellipticity of a circle or sphere: € = 1 - b/a,
where b/a is the ratio of minor axis to major axis and equals to the
flattening value, g.

6 Most of the galaxies in our sample have IR flux values below the
detection limit or very large errors (see, Kokusho et al.[2017).
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Millimetrique (IRAM) 30-metre single-dish radio telescope to
look at the molecular gas content for all the ATLAS?P galaxies.
Alatalo et al.| (2013)) observed some of these CO-detected ETGs
with the Combined Array for Research in Millimeter Astronomy
(CARMA) interferometer. We retrieved the CO maps of |Alatalo
et al.| (2013) to compare the dust and the CO distribution. We
cannot compare HT and the other component of interstellar mat-
ter (ISM) since the resolution of the WSRT beam is much lower
than those of the CARMA and the CHFT.

4. Results
4.1. Dust morphological classes

The first step of our analysis is a visual inspection of the Mega-
Cam g’ — ¥/ colour maps to establish which H I-rich and H I-poor
galaxies harbour some dust. Almost all galaxies in our sample
show redder colours in the inner regions. However, we label a
galaxy as ‘dusty’: (i) if the reddened region is distinctly different
from the underlying stellar body of the galaxy (either with a dif-
ferent morphology or a different position angle); and (ii) in case
of a similar morphology and position angle, if the red colour is
in excess of the model colour (see below). Otherwise, we label
galaxies as no-dust objects (N). Our method for selecting dusty
galaxies is somewhat conservative and, therefore, we may have
missed some of them.

We classify the dust-detected ETGs as follows: dusty disc
(D), irregular dust structure (Ir), dusty ring (R), and spiral shape
(S). We present an example galaxy for each of these morpholog-
ical types in Fig. [l We show all the galaxies in Appendix
Below, we elaborate on the characteristics of these classes.

When the position angle of these reddened regions is aligned
with the stellar disc, it is hard to separate the dust from the
old stellar populations. Either a large amount of dust or old
and red stellar populations might cause the redder colours in
these systems. Thus, for these cases, we calculated a theoreti-
cal g’ — 7' colour with the following equation given by [Bernardi
et al.|(2005):

ifT <95

gl—r/ _ {
2

where T is the age in units of Gyr and Z is the metallicity. This
equation estimates a g’ — ' colour for stellar populations older
than 1 Gyr based on the single-burst models of [Bruzual & Char-
lot (2003)). We used the stellar ages and metallicity values from
McDermid et al. (2015ﬂ]and we classify a galaxy as a D object,
that is, a galaxy with a dusty disc, if the observed g’-1’ coloulﬁis
redder than the theoretical one given the high surface brightness
in the inner regions. We can trust a small difference between the
observed and theoretical colours (e.g. 0.01 mag). It is important
to note that we only used this test if a galaxy has a red disc-type
region that is well aligned with the stellar component (six galax-
ies in our sample).

Many of the galaxies in our sample show a ring-like struc-
ture in the very central regions (~< 0.5 kpc). However, since a
number of galaxies are saturated in the centreﬂ we did not take

0.7 + 0.25(T —9.5) + 0.375Z
0.7 + 0.50(T —9.5) + 0.375Z

ifT >9.5

7 Here, we used the single-burst-stellar-population equivalent (SSP-
equivalent) ages. One should be careful since these SSP-equivalent ages
are strongly biased towards the young ages (Serra & Trager|2007).

8 Here, we removed the Galactic extinction by using E(g’ — ') =
E(B—V)x0.979.

9 Short exposure observations taken with the MegaCam camera are
available, and we will make use of them in the future projects.
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NGC3665 NGC3626

PGC050395

UGC09519 |

0.32 047 0.61 0.76 0.46 0.55 0.65 0.75 0.51 0.6 0.7 0.79 033 045 0.56 0.67 031 049 0.68 0.86

Fig. 1. Example g’ — ' colour maps for our dust classification. The tick labels along the colour-bar indicate median—40, median—20, median,
and median+-20, respectively. The colour bars are limited between median—56 and median+30. The median and standard deviation values of
the g’ —# colour are calculated in the region of 0-1 R, which is shown with the black ellipse. The white scale bar at the bottom corner indicates
1 kpc. On the top-right, we show an illustration of the position angles of the various galaxy components: in black the optical-disc from

the galaxies studied here are shown in Appendix |C]

5577

1.5e+19 - 1le+420 - 2E420 Hem ™2
g e -

24/

23/
21/40/34° 22 05''22" 30"

Dec. (2000.0)

21/ 34°22/ 00"/

207

15%

30° 25° 14h46™ 208

2011); in purple the HI-disc from (2014); and in red the CO-disc from|Alatalo et al.|(2013). Similar g’ — 7 colour maps of all of

24% 14hyemaos 20°

228 228 20%

14h46m 215 14h46m 218

Fig. 2. Left: True colour image of UGC 09519 with overlaid HI column density contours (magenta; see top-left box for the contour levels). The

size of the true colour image is 300x300 arcsec?. Top-middle: g’ — r' image covering 100x 100 arcsec
red box. Top-right: E(g' — 1) colour excess map (100x 100 arcsec?). Bottom-middle: g’ — ¥’ image covering the 35x35 arcsec

2 area indicated in the left panel with a

2 area indicated in

the top-middle panel with a blue box. Since CO is generally detected in the inner regions, we show the CO intensity contours with black lines in
this panel (see [Alatalo et al[2013). The white ellipse indicates the dust radius determined through visual inspection (see Table [3). Bottom-right:
E(g' — ') colour excess map (35%35 arcsec?). The contour levels are indicated in the relevant panels. The white bar in the panels represents 1

kpc. On the top-right corner of the left panel, we also present the position angles as in Fig.[I] See Appendix [C|for the rest of the sample.

these very inner regions into account. Therefore, only if a galaxy
exhibits a relatively sizeable (> 0.5 kpc) dusty ring do we label
it as an R object (see Fig.[I).

Several galaxies in our sample exhibit dust that is distributed
in a spiral pattern. In these cases, we label them as S galaxies.
These spiral-shaped arms could be confined to a relatively inner
region, but in several cases, they reach a large radius (see Fig.[I).
Some of the galaxies show very complex dust structures, and we
label them as irregular (Ir) dusty galaxies.

We list our classification together with those of

(201T) for all the sample galaxies in Table 3] We quantify
the colour excess and the amount of dust in the next sections. We

detected dust in a total of 44 galaxies, which is 71 per cent of our

sample of 62 ETGs. Out of these, 12, 14, 6, and 12 are S-, IR-,
R-, and D-type, respectively.

4.2. Extended dust structures and relation with the cold gas
properties

A significant result of our study is the distribution of the dust
features in ETGs. For the first time, our results show the detailed
distribution of the dust in ETGs up to a large radius. In Table[3]
we list the dust radii estimated visually based on our MegaCam
images and, for comparison, those available in the literature. As
an example, Fig. 2| shows the g’ —r and E(g’ — r') images of
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Table 3. Dust morphology, extension, and mass for the HI-rich and H I-poor galaxies.

Gal Dist. logjoRest q  Hi-Type© Dust morphology Dust Radius
[Mpc] [arcsec] - - SLo7-Tor  Ki1 This work | [arcsec] [Regr] [Kpc]

&) 2 3 “) ®) (0 (N ) ® do dbn
NGC 0661 30.6 1.12 0.69  Poor - N N 0 00 00
NGC 0770 36.7 094 0.71  Poor - N D 5 06 09
NGC 2549 123 128 031  Poor -N N N 0 00 00
NGC 2577 30.8 .15  0.59  Poor - N Ir 14 1.0 21
NGC2592 25 1.09 0.79  Poor -D N N 0 00 00
NGC 2594 35.1 0.82 0.68 Rich - N D 10 1.5 1.7
NGC 2679 31.1 1.35 093  Poor - N N 0 00 00
NGC 2685 16.7 1.41 0.6  Rich® - F S 100 39 8.1
NGC 2764 39.6 1.09  0.51 Rich® - FB S 35 2.8 6.7
NGC 2852 28.5 0.85 0.86 Poor - N R 12 1.7 1.7
NGC 2859 27 143 0.85 Rich - N S 22 0.8 2.9
NGC 2950 14.5 1.19  0.59  Poor N-N N N 0 00 00
NGC 3098 23 1.12 023  Poor - N D* 50 3.8 5.6
NGC 3230 40.8 1.26 039  Poor - N N 0 00 00
NGC 3245 203 140 0.54 Poor¢ - N Ir 15 0.6 1.5
NGC 3248 24.6 1.20 0.6 Poor - N D 5 0.3 0.6
NGC 3301 22.8 1.30  0.31  Poor - N Ir 11 0.6 1.2
NGC 3377 109 1.55 0.67 Poor 1,0.26-F1 N Ir 19 0.5 1.0
NGC 3400 24.7 1.23  0.56  Poor - N N 0 00 00
NGC 3414 245 1.38  0.78 Rich S,0.15-F1 N S 30 1.3 3.6
NGC 3458 30.9 1.06  0.71  Poor - N N 0 00 00
NGC 3522 255 1.01 052 Rich - N Ir 8 0.8 1.0
NGC 3605 20.1 1.23 0.6 Poor - N R 7 04 07
NGC 3610 20.8 1.20  0.81  Poor N N N 10 0.6 1.0
NGC3613 283 142 0.54  Poor -N N N 0 00 00
NGC 3619 26.8 142 091 Rich® - FBR S 40 1.5 5.2
NGC 3626 19.5 141  0.67 Rich® - D S 30 12 28
NGC 3648 319 1.12 0.56  Poor - N N 0 00 00
NGC 3658 32.7 128 0.84  Poor - N N 0 00 00
NGC 3665 33.1 149  0.78 Poor® - D R 18 06 29
NGC 3674 334 1.05 036  Poor - N N 0 00 00
NGC 3757 22.6 095 0.85  Poor - N N 0 00 00
NGC 3796 22.7 1.06 0.6 Poor - N Ir 7 06 08
NGC 3838 235 1.04 044 Rich - N Ir 9 0.8 1.0
NGC 3941 119 140 0.75 Rich - N Ir 26 1.0 1.5
NGC 3945 232 145 0.65 Rich 1,X, FBR S 60 2.1 6.8
NGC 3998 13.7 1.30  0.78 Rich i1,0.43 N Ir 35 1.8 2.3
NGC 4036 24.6 1.46 04  Rich® iL,x F S 30 1.0 36
NGC 4078 38.1 092 044  Poor - N D 8 1.0 1.5
NGC 4203 14.7 1.47  0.89 Rich® s1,0.23 N S 50 1.7 36
NGC4278 15.6 1.50 091 Rich 1,x N Ir 30 09 23
NGC 4283 153 1.09 096 Poor® - N D 8 0.7 0.6
NGC 5173 384 1.01 0.87  Rich® -F3 B Ir 23 22 43
NGC 5273 16.1 1.57 0.84 Poor® s,0.14 N Ir 18 0.5 1.4
NGC 5308 31.5 1.25 0.2 Poor N-N N D* 50 2.8 7.6
NGC 5322 303 1.60  0.64  Poor - N N 0 00 00
NGC 5342 355 097 046  Poor - N D 18 19 31
NGC 5473 332 1.32 0.79  Poor - N N 0 00 00
NGC 5485 252 145 0.74  Poor - D R 25 09 3.1
NGC 5500 31.7 1.18 0.8 Poor - N N 0 00 00
NGC 5582 27.7 144  0.65 Rich - N D 8 0.3 1.1
NGC 5611 245 1.00 045  Poor - N D 6 06 07
NGC 5631 27 1.32 093 Rich - D S 35 1.7 4.6
NGC 6547 40.8 1.06  0.33  Poor - N D* 25 22 49
NGC 6548 224 1.35  0.89  Poor - N R 12 0.5 1.3
NGC 6798 37.5 1.23  0.53 Rich® - N S 30 1.8 55
NGC 7457 129 1.56  0.53  Poor N N D 15 04 09
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Table 3. Continued

Gal Dist. logioRest q  Hi-Type€ Dust morphology Dust Radius
[Mpc] [arcsec] - - SLo7-To1 Kii This work | [arcsec] [Res] [Kpc]
(1) (2) (3) 4) 5 (6) (7 (3) ) (10) @1
PGC 050395 37.2 1.04  0.73 Poor - N N 0 0.0 0.0
UGC 04551 28 1.03 0.39  Poor -N N Ir 10 0.9 14
UGC 06176  40.1 1.03 0.51  Rich - F S 31 2.9 6.0
UGC 08876  33.9 0.93 0.37  Poor - N R 12 14 2.0
UGC 09519 27.6 0.87 0.75 Rich¢ - F Ir 20 2.7 2.7

Note.— Column (1): The name is the principal designation from LEDA (Paturel et al.|2003). Column (2): distance in Mpc|Cappellari et al.|(2011a).
Column (3): projected half-light effective radius|Cappellari et al.| (201Ta). Column (4): the ratio of the minor axis to the major axis obtained from

the ellipticity value [Krajnovi¢ et al.| (2011). Column (5): H1 content of the galaxy (Serra et al.|2012). The ¢ sign indicates CO detection (Young
et alJ201T). Column (6 — 7): Labels used to define the dust morphology in the previous studies: |Simdes Lopes et al.| (2007) and [Tran et al.| (2001)
(6); Krajnovic et al.|(2011)) (7). If the size of the dust structure is given in the previous studies, we give this value next to the label. Column (8):
labels used to define the dust morphologies in this study. Column (9 — 11): Dust radius measured in this study in the units of arcsec, effective ra-
dius, and Kpc, respectively. Column (12): Estimated dust masses from the total optical extinction (A(g’)). Column (13): Dust masses derived from

SED fits by using far-IR data (Kokusho et al.|2019).

Comments.— Labels of the dust morphological classes, D: dusty disc; Ir: irregular dust; R: dusty ring; S: spiral-shaped structure; N: no-dust struc-
ture; D™ almost edge-on dusty disc. Labels used in the previous studies are different than our classes: F1: filamentary low; F3: filamentary high;

1: dust lane or filament.

UGC 9519 together with an ellipse indicating the dust radiuﬂ
The white ellipse in Fig. [2]has a semi-major axis that is equal to
the dust radius, as well as the position angle and ellipticity from
Krajnovic et al.| (2011).

The average dust radius across the sample is ~ 2.9 + 0.3 kpc
(1.3 4 0.1 Regr). There are three nearly edge-on galaxies in our
sample (inclination > 80 deg, labelled as DT in Table , and
since the sensitivity to dust absorption increases with increas-
ing inclination, it is easier to detect dust in these galaxies. If we
do not take into account these galaxies, the average dust radius
becomes ~ 2.6 + 0.3 kpc, which is not very different.

Here we discuss the dust radius as a function of cold gas con-
tent. As can be seen in Table[3] in all the S-type galaxies, which
are also HI-rich, the dust extends further than 3.5 kpc. We find
the average dust radius for the HI-rich and H I-poor ETGs to be
~ 3.7+ 0.4 kpc and ~ 2.1 &+ 0.3 kpc, respectively. However, if
we do not take into account the nearly edge-on systems, the av-
erage value for HI-poor ETGs becomes ~ 1.4 + 0.2 kpc, while
the average value does not change for the H I-rich ETGs. There-
fore, we can conclude that HI-rich ETGs contain about a two
times larger dust structure than HI-poor ETGs. If we define gas-
rich galaxies as those detected in either H1 or CO, then we find
that the dust structures extend to ~ 3.3 = 0.4 and ~ 1.6 £ 0.3
kpc in gas-rich and gas-poor galaxies, respectively. The average
dust radius for the CO-rich (H I-poor) galaxies is the same as the
gas-poor galaxies. The S-type dust structures (present in only
gas-rich ETGs) can reach out to ~ 5 4 0.5 kpc from the galaxy
centre. Irregular dust structures (S+Ir) in gas-rich systems extend
up to ~ 4 £ 0.3 kpc. Therefore, we conclude that if there is cold
gas in a galaxy (with HI), the dust structures extend to two times
larger radii (on average) than in a gas-poor galaxy.

The principal goal of this work is to understand the relation
between dust and cold gas, mainly HI, in ETGs. In this respect,
we find an unambiguous result: all H I-rich ETGs in our sample
host dust (mostly undetected in [Krajnovi¢ et al| (2011))), while
the dust detection rate of HI-poor galaxies is just 56 per cent.
The presence of HI, anywhere in the galaxy, dramatically in-
creases the dust detection rate of ETGs in the inner 3 Reg. It is

10" This is defined as the distance between the outermost region where
we detected extinction and the centre of the galaxy.

100 + .
80 | . .
)
o0
£ 60 T 13%
=
— 0
S 4 5%
o 40 0
- 44% -
10% —
0 Hi-rich H 1-poor CO-rich CO-poor
7 7 4 10
S 12 0 8 4
0 6 1 5
2 10 1 11
T  21/21 23/41 14/14 30/48

Fig. 3. Number of galaxies containing dust according to their dust-type
and cold gas content. The colour code is based on dust morphology
defined in this paper. The percentage of the groups are written on the
related bars, and the quantities are given in the lower table. The bottom
row presents the total number of dusty galaxies for each gas content
class.

important to note that we can identify dust structures extending
out to more than 3 Regr, but we do not study these dust struc-
tures in this paper. We show the number of galaxies in each class
based on their cold gas content in Fig. [3] As can be seen from
the figure, all the S-type ETGs contain large H I-discs.

We conclude that the presence of H 1 out to large radii always
implies the presence of dust in the stellar body, whereas the op-
posite is not true. This is also the case for the CO-rich ETGs
based on the results of |[Young et al.| (2011), but it is important to
note that these are not all the same objects as our HI-rich ones.
In general, more nearby ETGs have been detected in HI than
in CO (especially outside the Virgo cluster). ETGs that host a
small HI disc, which we do not study in this work, also fit in this

picture: nearly all of them host CO and dust (Serra et al.[2012).
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Fig. 4. Histogram showing the number of galaxies as a function of dust
radius. Small (i.e. Rgyst < 1 kpe) and large (i.e. Rqyst > 1 kpc) dust
structures tend to be in HI-rich (blue bars) and HI-poor (red hatched
bars) ETGs, respectively.

Another notable result of this study is that we only detected
spiral-shaped dust distributions in H I-rich galaxies (8/12 are also
CO-rich; see Fig. [3). Moreover, 90 per cent of the dusty HI-rich
galaxies (19 out of 21) shows complex dust structures that are
either irregular or spiral in shape. In other words, the difference
between gas-rich and gas-poor galaxies is even more dramatic
if we consider the spatial distribution of the dust. We present a
histogram in Fig. [] showing the number of galaxies with and
without HT for the large and small dust structures. As can be
seen in the histogram, large dust structures tend to be in H I-rich
galaxies while the small size dust structures reside in the HI-
poor ETGs.

4.3. Colour excess and H1 radial profiles

We propagated the errors on the colour profiles and calculated
the average colour excess in each annulus by using Eq. [T} We
also estimated the H I surface density of each annulus based on
the colour excess as explained in Appendix [B] and compared
it with observed HI and CO profiles. This allowed us to test
whether the radial distribution of the colour excess and that of
the cold gas are related. We provide all the radial profiles of the
sample galaxies in Appendix

In addition to the estimation of the H I surface density in each
annulus, we also estimated the total HI mass in the region be-
tween 0-3 Refr (see Appendix [B). We plotted the estimated and
observed values in this aperture in Fig.[5] As can be seen from
the figure, the galaxies follow the one-to-one relation with a scat-
ter. We note that six HI-rich galaxies (NGC 2859, NGC 3941,
NGC 3945, NGC 4036, NGC 4278, and NGC 5582) in our sam-
ple have enormous HI ring or disc structures, while they have
no HI in their very central regions (red circles in Fig. [5). While
these galaxies show very red colours in the inner regions due
to dust, they show blue colours in the outer regions where the
highest HI column density rings are located (Y1ldiz et al.2017).
We would like to point out that these galaxies are also CO-poor
with the exception of NGC 4278. Therefore, we conclude that
the presence of a large HI disc or ring in an ETG indicates a
dust structure in the centre, even if there is no HI in central re-
gions. It would be interesting to continue to study these objects
in future studies. Considering that our HI mass estimate in Fig.[3]
is based on the colour excess-H I relation of the Milky Way (Ap-
pendix [A)), Fig. [5] suggests that HI-rich ETGs follow a different
relation than our Galaxy.
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Fig. 5. Observed HI mass vs. the HI mass estimated based on the
colour excess (see text). The observed HI mass was calculated based

on the HI images in (2012) within the same region where

we detected a colour excess. The dotted line shows the one-to-one rela-
tion. Red outer circles indicate galaxies with no central H1 (< 1 Regp).

5. Discussion
5.1. Dust detection rate and extension

The wide-field, deep optical images analysed here allow for a
more complete characterisation of the distribution of dust in
nearby, non-cluster ETGs than in previous works. As a result,
we find that more than half of these galaxies (both gas-rich and
-poor) contain dust structures (71 = 6 per cent).

Our dust detection rate is much higher than that reported by
Krajnovi¢ et al.| (2011) for the full ATLAS?P sample based on
SDSS images, which is 19 per cent (this rate also holds for the
62 galaxies that are in common with our study alone). Therefore,
the dust detection rate increases by a factor of approximately
four when going from an SDSS-like depth and resolution to that
of our MegaCam images. Images obtained with the HST, there-
fore, are more sensitive than the SDSS ones in the centre, and
they give an ETG dust detection rate of ~ 50 per cent, which is
closer to those reported here. For example, [Lauer et al. (2005)
detected dust in 47 per cent of all galaxies in their sample of 77
ETGs.

In previous work based on the HST data, our D objects are
typically not labelled as dusty, but this is primarily due to defini-
tion criteria (see Sec. @) For example, [Lauer et al.| (2005) had
stricter requirements for the position-angle misalignment. They
did not classify a galaxy as dusty if the dust and stars are aligned
(same position-angle). If we ignore the 12 D objects in our sam-
ple, the dust detection rate becomes entirely consistent with that
of previous HST studies (32/62 = 52 + 6 per cent). Concerning
the remaining dusty galaxies, 10/12 S, 6/14 Ir, and 2/6 R were
already known to host dust, although the dust distribution could
not be studied to the same large radius as in this work.

Using HST images of 68 galaxies, Simdes Lopes et al.|
found that 63 per cent of their sample contains dust struc-
tures and all the observed dust is in the central kiloparsec region.
However, we find that most of the ETGs (~ 77 per cent) have ex-
tended dust structures more than 1 kiloparsec (see Fig. ). There-
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Fig. 6. Dust radius as a function of ellipticity. The colours of the mark-
ers indicate gas content of the galaxies. The green hexagons indicate
galaxies detected in CO. The ’Disc+’ legend (black marker edge colour)
indicates galaxies with high inclination i.e. > 80 degrees.

fore, our study complements the previous investigations carried
out using the HST data. For example, while the circumnuclear
dust structure in NGC 4203 as seen by the HST extends up to
just 0.23 kpc (Simdes Lopes et al.|2007), our study shows that
the spiral dust structures extend up to 2 kpc (see also|Y1ldiz et al.
2015)). One should consider that while we use deep optical g’ — 7/
colours to define the dust structures in ETGs, these authors use
unsharp-masked, single-band HST images.

Finally, |Carollo et al.| (1997) showed that NGC 5322 has
a clear dust structure; however, we do not label this galaxy as
dusty. [Lauer et al.| (2005) claimed that virtually all the dust is
located in the central 4 arcsec? region. In the deep MegaCam
colour map, this galaxy has a saturated central part, and, there-
fore, we cannot identify the dust structure.

Dust detection is easier when the inclination of a galaxy is
higher. Therefore, we checked whether the dust radius is related
to the ellipticity (a proxy for inclination), and we present our
result in Fig. [6l We conclude that gas-rich ETGs contain more
extended dust than gas-poor ETGs regardless of the inclination.
We do find a significant correlation between the dust radius and
axis ratio for gas poor galaxieﬂ which could be expected for
galaxies with optically thin dust structures.

Our detection rates based on dust absorption are similar to
those reported in studies using infrared emission data. For ex-
ample, |Smith et al.[(2012) report that the detection rate is 24 per
cent and 62 per cent for elliptical and lenticular galaxies, respec-
tively. The overall detection rate for their ETGs is ~ 48 per cent.
In a similar study, but only for Virgo ETGs, [di Serego Alighieri
et al.[(2013)) detect dust in 41 per cent of the lenticulars, and 17
per cent of the ellipticals (32 per cent for all ETGs).

Although the overall detection rate of [di Serego Alighieri
et al.|(2013) is close to our results, they find dust in half of their
HI detected galaxies (8/16). Yet, we find that all large HI disc
galaxies, which are all outside of Virgo, contain dust. Their lower
detection rate might be partly due to the fact that they searched

' The correlation coefficient and p-value are —0.52 and 0.001
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Fig. 7. Dust masses estimated from optical absorption in this study vs.
infrared emission (Kokusho et al.|2019). The black dotted line shows
the one-to-one relation. The symbols are the same as in Fig.[6]

for dust at the position of the optical galaxy centre, while in re-
ality dust can be offset from that.

Serra et al.[ (2012) report 43 £ 9 per cent CO and dust de-
tection rate in all HI-rich ETGs by using the study of |[Krajnovi¢
et al.| (2011). If we revisit their study, a similar rate holds for our
gas-rich ETGs (44 + 10). However, by using deep-optical imag-
ing, we find that all the gas-rich galaxies contain dust structures.

5.2. Dust mass

As discussed in the previous section, we find a different dust
morphology in the HI-rich and HI-poor ETGs thanks to deep
optical imaging. Yet, the question is begged as to whether we
can properly measure the mass of dust in ETGs. In order to an-
swer this question, we used the total extinction and calculated
the dust mass for our sample galaxies, and then we compared
our results with those derived from the SED fits including far-
IR data (Kokusho et al|2019). We tabulated the resulting dust
masses in Table[B.1l

Not surprisingly, by using optical images, we underestimated
the dust mass for most of the sample ETGs, which is similar
to what was found in previous studies (e.g. [Patil et al.[|2007;
Finkelman et al.|2012} Kaviraj et al.|2012; |Viaene et al.|2015).
Fig. [/| shows the comparison between our results and those ob-
tained from far-IR emission. However, our result that the dust
mass obtained from the total extinction value is six times higher
in gas-rich than in gas-poor galaxies is consistent with previous
studies (see comparison in Table[d).We also find that the correla-
tion coefficients and p-values of the relation shown in Fig.[7]are
0.41 —0.05 and 0.18 — 0.51 for the gas-rich and gas-poor galax-
ies, respectively. Although the significance of the correlation is
low, it does increase for gas-rich ETGs.

In Table (4} the reason for the small difference between gas-
rich and gas-poor galaxies in |[Kokusho et al|(2019) is that two
galaxies are contaminated or miss-classified: NGC 2577 and
NGC 3301. As can be seen in Fig. [/} these galaxies have the
highest estimated dust mass. However, the data of NGC 2577
comes from /RAS observations, and there is a nearby large spi-
ral galaxy ~ 6 arcmin north-west. Moreover, these two galaxies
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Table 4. Comparison of the average dust masses for gas-rich (GR) and
gas-poor (GP) galaxies.

MaustGR ~ Maust,GP GR/GP M, range Ref.
Mg M, - Mg
5.2 44 63 ~10.0-11.5 1
6.5 6.4 (5.8)¢ 5.0 ~10.0-11.5 2°
6.5 5.9 4.0 ~9.0-115 3¢
6.5 5.9 4.0 ~85-11.0 44

References. (1) This work. (2) Kokusho et al.| (2019) (3) |di Serego
Alighieri et al.[(2013) (4)Smith et al.| (2012).

Notes. (@ When we removed the two outlier ETGs from the statistics
(see text). ) Calculated by using SED fitting including 140 um data.
We calculated the average value for the same sample galaxies studied
in this work. () Calculated by using Herschel/SPIRE observations for
Virgo ETGs. @ Calculated by using Herschel/SPIRE observations for
62 ETGs (39 S0+S0a, and 23 E).

are located in a similar direction with the /RAS scanning track.
Therefore, the high dust mass of this galaxy is likely due to the
contamination from the nearby source. For NGC 3301, single-
dish observations detected HI in this galaxy (Springob et al.
2005). However, we consider it as gas-poor since it was not de-
tected in |Serra et al.| (2012). If we remove these two galaxies,
the difference between the logarithmic dust mass of gas-rich and
poor galaxies becomes 0.7 dex, which is similar to our result
obtained based on the optical data.

It is clear that the ratio of dust mass between the gas-rich and

Mgy Gr
My cp

use optical, 140 um or 500 um data. Moreover, it is the same
for the field and cluster ETGs. These results are most likely due
to a different origin of the gas and dust in these galaxies. Al-
though far-IR data provides a better way to measure dust mass,
the spatial resolution is very low at the long wavelengths. On the
other hand, as we discussed in Sec. deep optical images pro-
vide excellent data to study the spatial distribution of the dust in
ETGs.

gas-poor ETGs (

=~ 5) is similar regardless of whether we

5.3. Origin of the dust

The origin of the dust in ETGs has been long discussed in the
literature. These discussions follow two main lines: internal dust
production and external dust accretion. There are also studies,
such as Martini et al.| (2013), which favour a mixed origin in-
stead of a single one. There are uncertainties regarding the way
in which the presence of cold gas in ETGs is linked to the origin
of the dust.

If the stellar evolution is responsible for the dust produced
in galaxies, we should see a correlation between the dust mass
and the stellar mass of galaxies, especially if they are similar in
terms of morphology, star formation history, and environment.
Kokusho et al.|(2019) find no such correlation and conclude that
stellar mass loss is not a significant source of dust in ETGs.

The spiral shapes, irregular and clumpy dust distributions,
and physical extent of the dust in H I-rich ETGs indicate that the
dust was most likely accreted through a gas-rich minor merger.
Our conclusion is supported by the fact that extended HI in sev-
eral of these galaxies often comes from the external sources, as
implied by the lack of a correlation between H1 mass and stellar
mass in ETGs (Serra et al.|2012) and by the frequent kinemati-
cal misalignment between HI and stars (Serra et al.[[2014). Our
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results are also consistent with previous studies, such as [Davis
et al| (2015), who find that the origin of the cold gas is most
likely due to the minor mergers in their sample ETGs (see also
Gereb et al.|2016). Kaviraj et al.|(2012) also stress that dust con-
tribution from stellar mass loss is not enough to create the ob-
served dust alone. Moreover, it is possible that dust is coupled
with the HI in the very outer regions, and, therefore, could sur-
vive the interactions with the hot gas when accreting towards the
centre (see also [Finkelman et al.|2012]).

In HI-poor ETGs, dust is mostly detected in the central re-
gions. This is different from HI-rich galaxies and suggests that
the dust origin is likely different. It is possible that dust in HI-
poor ETGs mostly has an internal origin. Indeed, another sce-
nario proposed by |Temi et al.|(2007) might be valid for gas-poor
ETGs: cold dust is buoyantly transported from the core of the
galaxies, where old stellar populations are located and dust is
produced via stellar evolution. They claimed that active galactic
nucleus energy outbursts might drive the buoyant outflow and
cause the widespread dust distribution observed in optical colour
maps.

As mentioned in the Introduction, Martini et al.| (2013) dis-
cuss a hybrid model that includes both external accretion and
internal dust production, which is further supported by recent
studies (e.g. [Bassett et al.|[2017). For this hybrid model, they
require low metallicity gas, and dusty ETGs should experience
more mergers than dust-free galaxies. In this model, the external
accretion of cold gas can be responsible for the dust distributions
observed in ETGs. Our H I-rich ETGs have a vast gas reservoir,
and the depletion time of the HI gas varies between 10 Gyr and
100 Gyr when moving from the inner regions to the outer regions
(see|Y1ldiz et al.[2017). The lifetime of HI and dust is most likely
similar in the field, and, therefore, there is enough gas to accrete
and prevent the dust structures from being depleted.

As a final note, we remind the reader that our sample of
nearby ETGs includes only galaxies outside massive clusters.
Our results may not hold for galaxies in clusters, where the envi-
ronment could significantly affect the relation between gas at a
large radius and dust in the stellar body. In the case of field galax-
ies, though, we conclude that the primary factor for the presence
of dust in gas-rich ETGs is the external sources.

6. Conclusions and future prospects

We used deep optical images to study the distribution of dust
in nearby ETGs. Thanks to the excellent resolution of the
MegaCam images, we can classify the dust morphology in these
ETGs. We compared HI-rich and HI-poor ETGs to understand
whether the presence of dust and its spatial distribution are
related to the presence of a large, extended reservoir of HI in
these galaxies.

1- We find that all of the H I-rich galaxies show dusty struc-
tures, while 56 per cent of the H I-poor galaxies show dust.

2- In 76 per cent of the H I-rich galaxies, the dust distribution
has a spiral-like morphology.

3- The spatially extended dust structures tend to be in HI-
rich galaxies, while the small size dust structures are generally
found in the H I-poor ETGs.

4- All of the galaxies with HI in the outskirts, but not in the
centre, host dust in the relatively inner regions. Therefore, the
presence of dust is linked to the presence of HI even when the
H1 is found at a much larger radius. These dusty inner regions
may also indicate that cold gas used to be present in the centre
of these galaxies.
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5- Gas-rich ETGs contain less regular dust systems, which
extend to a larger radius than gas-poor objects.

Given the extended and complex morphology of dust in HI-
rich ETGs, and the fact that the HI is mostly accreted externally
in these galaxies, we conclude that external accretion appears to
be the dominant source of dust in these objects. As seen above,
it is clear that there is a relation between the dust and cold gas
(HT and CO) presence in ETGs.
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Fig. A.1. Radial profiles for the g’ — 7 images and the two models ob-
tained in our dust-free colour calculation process. The red profile shows
the median colour value of the original annuli. The green line shows the
model, which follows the requirement that the colour cannot get redder
with increasing radius (see text). The blue profile shows the final model,
which is flat before 0.5 Rqs, and after 3 Re¢. The dotted vertical lines
indicate 1 Resr and 3 Regr, respectively.

Appendix A: Model calculation

In this appendix we give the details of the procedure used to
calculate the dust-free colour from the g’ — 7 images. In order
to calculate the dust-free colours, we first needed to mask out
all regions with dust, and to do this we started by automatically
finding a masking threshold. To do so, we did the following: (1)
We took a 100x 100 pixel® central area from the g’ — ' images
and calculated its mean and standard deviation (o) value. (2)
We masked out all pixels above mean + 406 and below mean —
40. (3) We calculated the median and standard deviation from
the remaining pixels. (4) We masked all pixels above and below
median £ 30 in the original image.

Having inspected the images, additional regions are manu-
ally masked if it is necessary. This masking procedure removes
most of the dusty regions in the inner regions and also the
noisy pixels in the outer regions. Having applied the masking
procedure, we derived the profiles (as explained in Sec. [3.2).
There is a possibility that a small part of the galaxy might
contain a star-forming region. In this case, the dust-free colour
is bluer than it should be, and the colour excess is overestimated.
Therefore, we did not directly average the pixels in an annulus.
Instead, we used four quadrants and a second masking process
as follows:

(a) We divided each annulus into four quadrants, and masked
the pixels above median+1.5¢ and below median—3c in
each quadrant. Here, we estimated the standard deviation by
using the median absolute deviation. Using this asymmetric
masking removes remaining red pixels in the annulus and keeps
the blue pixels. (b) We calculated the median value from the
remaining pixels in each quadrant for each annulus. This results
in four median values representing the dust-free colours in the
quadrants. (c) To get a better dust-free colour value, we used the
second minimum of these four median values mentioned above
as the dust-free colouﬁ (d) Having derived the profiles, we
applied a seven-pixel size median filter to remove sharp changes

12" There is uncertainty in determining which model (i.e. represented by
the median value) is the best. We tested whether the dust-free colour
would change when taking more sectors or when taking the median or

Article number, page 12 of 50

between the annuli.

The two-step process given above creates the first model for the
dust-free colour. We manipulated this first model as follows: (i)
We set the colour within Rug/2 to the value at Reg/2. If an ef-
fective radius is larger than 15 arcsec, we used the colour at
7.5’@ (ii) Since early-type galaxies without a significant cold
ISM are known to have smooth colour profiles, which become
slowly bluer with an increasing radius beyond Re¢/2 (e.g. Franx
et al.|1989; Peletier et al.[1990,|1999.[2012), we did not allow our
model to become redder towards a larger radius. Therefore, the
model can either become bluer or stay constant when going out-
wards. (iii) We smoothed the model to remove the sharp edges.
(iv) We assumed that the model colour does not change after
3 Rt and we obtained our final model to represent a dust-free
colour. (v) We calculated the errors on the colour (based on the
errors in g’ and 7 bands, see Sec. for details), and we trun-
cated the colour radial profile at the first annulus where the error
is higher than 0.2 mag, or at 3 R.¢ at most. We show the original
and masked g’ — 7’ median profiles together with the three model
radial profiles in Fig. In Fig.[AT] the models are always be-
low the g’ — ' colour profile because of the masking procedure
explained above.

Appendix B: H1 and dust mass estimation

Our sample selection is based on HI detectability, and since we
measured the colour excess in our sample galaxies, we can ap-
ply a simple test to check whether our colour excess measure-
ments are reasonable. Bohlin et al.| (1978)) presented the follow-
ing relation between the HI column density and the colour ex-
cess E(B—V) for the Milk Way:

NHI)=48x10" cm™ 2 x E(B—V) mag™!, (B.1)
where the proportionality constant holds for HI only, and not for
HI+ Hy. Since we can get the E(g’ — ) values from the colour
excess maps (Eq. [1)) and convert them to E(B — V) values, we
can estimate the amount of hydrogen expected to reside in the
regions where we measured extinction. In this study, we adopted
the MilkWay value (Ry = Ay/E(B —V) = 3.1), which is appro-
priate for an average interstellar dust grain size.

One should always consider that the value of the constant
in Eq. can change for different R, values, as |[Bohlin et al.
(1978) claimed that larger grain sizes can significantly increase
the constant given in Eq. [B.T] For example, they measured this
value to be 3.2 times higher (i.e. 15.4 x 10*'em™2) for a dark
cloud star, p Oph A.

We calculated E(g" — r’) by assuming Ay=3.689 x E(B-V)
and Ay=2.709 x E(B-V) (Muoz et al.[2014)). Therefore Eq.
becomes:

(N(H 1))
(E(g'—r")

By using the conversion from column density to surface den-
sity for HI (1 M, pc=2 = 8 x 10!%cm™2) we obtained,

=4.9x10*'cm*mag~". (B.2)

My =368 % (E(g —7)) xA Mg, (B.3)

the mean, and found that it would change by 0.01 mag at most. We
therefore ignored the uncertainty in our models.

13 Since the deep optical images are generally saturated in the centre,
we assume that the colour of the innermost region is constant.
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where My is the HI mass in M measured in the area A in pcz,
and(E(g’ —r')) is the average colour excess in mag in this area.

To calculate the dust mass, we used optical extinction. There
are different geometrical models to calculate the total extinction,
such as ‘the sandwich model’ (e.g. Disney et al.|[1989) or a sim-
ple screen model. Here, we used a simple screen model to obtain
a lower limit on the dust mass.

We used colour excess maps to calculate the extinction in
the ¢’ band (A,/). To do so, we adopted the mean Ry value of
Goudfrooij et al.|(1994)) for the ETGs with large scale dust lanes.

The total extinction due to dust depending on the wave-
lengths is given by:

Ay =1.086 Coyr (L) x 1y, B.4)
where /; is the dust column length along the line of sight, and
Ce.x (1) is the extinction cross-section at wavelength A. The ge-
ometry is one of the main determinants for estimating the dust
mass.

We can calculate the extinction cross-section by using a dust
grain size distribution function (n(a)) as shown in the following
equation.

Cou(A) = / 'j+ Ovu(a, 1) wa> n(a) da, (B.5)

where Q. (a,2) is the extiction efficiency factor, and a_ and
a, are the lower and upper cutoffs of the grain size distribution,
respectively. To obtain the extiction efficiency, we adopted the
following values for graphite and silicate grains,

for a < agijicate,
for a > agijicare

0.8 a/asilicate

Qext,xilicute = { 0.8

Qext.gmphite = { %-8a/agraphit€ ?)r oS et

’ . ora> Agraphite.

We adopted the lower cutoff size, 0.005 um, and the upper
cutoff size ay =< a > /aga % 0.22 um. We note that agy is the
mean grain size value of the ETGs reported in |Goudfrooij et al.
(1994)). We also used the same size distribution function as in
Goudfrooij et al.| (1994):

n(a) = no a3? (a- <a<ay)

With these assumptions, we estimated the extinction cross-
section by further assuming that the distribution function does
not change across the dusty regions. From the total extinc-
tion and extinction cross-section, we estimated the dust column
length. The dust mass surface density is then:

ay 4 3
X4 :/ gna pan(a)da x 1y, (B.6)
a—

where p; is the specific grain mass density, which is taken
to be ~ 3 g cm™? for graphite and silicate grains (Draine & Lee
1984). To obtain the total dust mass, we simply multiplied the
dust surface density with the total dusty area, Mg = X4 X Area,
expressed in solar mass units.

Appendix C: Figures of classes

In this appendix, we show the g’ —#’ colour maps of the galaxies
according to their classes. Five figures in the appendix demon-
strate five dust classes determined in this work (see, [1).

Appendix D: Figures of individual galaxies

Here, we give the true colour images{lz] together with g’ —r
colour and E(g’ — ') colour excess maps of the sample galaxies.
The images are the same as Fig. [2] The size of the true colour
images is 300300 arcsec”. The colour and colour excess maps
in the top panel show the central area with a size of 100x100
arcsec. The maps in the bottom panel are more zoomed-in and
show an area with a size of 35x35 arcsec?.

If HI is observed in a galaxy, we show column density con-
tours with magenta lines. The HI column density contour levels
are given on the true colour images. We note that the HI extends
beyond the area shown.

If CO is observed in a galaxy, we show the CO intensity con-
tours with black lines levels in the bottom zoomed-in panel since
CO is mostly detected in the inner regions. The CO intensity
contour levels are indicated in the same panel.

If a galaxy is classified as dusty, we indicate the dust radius
with a white ellipse, which is determined by visual inspection
(see Table[3). The white bar in the panels represents 1 kpc spatial
size. We also show an illustration of the position angle as in Fig.
[

Additionally, we show two radial profiles for the sample
galaxies. Top: The radial profiles of the g’ — ' colour maps, and
the final model obtained in the dust-free colour calculation pro-
cess (see Appendix [A). The red profile with squares and error
bars show the median value of the annuli. The solid blue profile
shows the final model, which is flattened before 0.5 Re¢r and after
3 Res. Bottom: Radial profiles of the colour excess maps (blue).
The colour excess values are given on the right-y axis, and the
corresponding average HI mass density values are given on the
left-y axis. If HI or CO is observed in a galaxy, we also show a
mass density profile wtih a green or yellow line, respectively.

14 We obtained the images by using the STIFF program (Bertin|2012)
and we used the following configurations that are different from the
default: Saturation level=2; Gamma=3.5; and Gamma correction fac-
tor=1.5, grey level=0.00001.
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Table B.1. Estimated dust masses from the optical extinction and infrared emission.

Galaxy Name Dust Mass Galaxy Name Dust Mass Galaxy Name Dust Mass

log1oMqust [MO] log1oMust [MC] log1oMust [MO]

(D ) 3 4 (&) (6) @) ® (&)
NGC 0661 - 5.5 NGC 3522 3.9 5 NGC 5173 53 5.8
NGC 0770 3.4 - NGC 3605 3.6 - NGC 5273 3.9 53
NGC 2549 - 4.6 NGC 3610 - 3.5 NGC 5308 5.1 5.1
NGC 2577 4.3 7.8 NGC 3613 - 53 NGC 5322 - 5.1
NGC 2592 - 53 NGC 3619 5.9 4.9 NGC 5342 52 -
NGC 2594 4.4 - NGC 3626 5 6.3 NGC 5473 - 52
NGC 2679 - 5.4 NGC 3648 - 53 NGC 5485 4.9 5.6
NGC 2685 54 7.4 NGC 3658 - 53 NGC 5500 - 5
NGC 2764 59 7.1 NGC 3665 5.1 6.9 NGC 5582 3.8 4.6
NGC 2852 4.4 4.4 NGC 3674 - 52 NGC 5611 29 -
NGC 2859 4.6 5.7 NGC 3757 - 4.9 NGC 5631 53 5.7
NGC 2950 - 4.3 NGC 3796 33 54 NGC 6547 5.5 5.6
NGC 3098 4.5 5.1 NGC 3838 3.4 5.1 NGC 6548 3.8 5.1
NGC 3230 - 55 NGC 3941 3.7 4.6 NGC 6798 55 4.2
NGC 3245 3.9 59 NGC 3945 5.7 53 NGC 7457 3.6 3.8
NGC 3248 2.8 5.1 NGC 3998 4.6 4.9 PGC 050395 - 4.7
NGC 3301 3.9 7.1 NGC 4036 5 4.6 UGC 04551 44 4.9
NGC 3377 3.5 3.6 NGC 4078 4.4 5.5 UGC 06176 5.3 6.2
NGC 3400 - 4.4 NGC 4203 49 5.4 UGC 08876 4.1 53
NGC 3414 4.8 7.3 NGC 4278 4.2 5.1 UGC 09519 5.1 5.1
NGC 3458 - - NGC 4283 3 4.5

Note.— Column (1, 4, 7): The name is the principal designation from LEDA (Paturel et al.|2003). Column (2 —3, 5 — 6, 8 —9): Estimated dust
masses from the total optical extinction (A(g’)) and from SED fits by using far-IR data (Kokusho et al.[2019).
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Fig. C.1. Spiral-like structure (S)-type dusty galaxies. Each tick on the colour-bar indicates median—50¢, median—4c6, median—30, median—20,
median—o, median, median+¢, median+20, and median+30, respectively. The median and standard deviation values are calculated in the
region of 0-1 Regr, which is shown with the black ellipse. The white scale bar at the bottom corner indicates 1 kpc. On the top-right, we show an
illustration of the position angles of the various galaxy components: in purple the Hi-disc from Serra et al] (2014); in black the optical-disc from

Krajnovi¢ et al| (2011); and in red the CO-disc from [Alatalo et al| (2013).
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Fig. C.3. Ring (R)-type dusty galaxies. The colour-bar and other components are similar to that of Fig.
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Fig. D.2. True image, colour map, colour excess map, and the radial profiles of NGC 0770.
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Fig. D.3. True image, colour map, colour excess map, and the radial profiles of NGC 2549.
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Fig. D.4. True image, colour map, colour excess map, and the radial profiles of NGC 2577.
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Fig. D.5. True image, colour map, colour excess map, and the radial profiles of NGC 2592.
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Fig. D.6. True image, colour map, colour excess map, and the radial profiles of NGC 2594.
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Fig. D.7. True image, colour map, colour excess map, and the radial profiles of NGC 2679.
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Fig. D.8. True image, colour map, colour excess map, and the radial profiles of NGC 2685.
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Fig. D.10. True image, colour map, colour excess map, and the radial profiles of NGC 2852.
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Fig. D.11. True image, colour map, colour excess map, and the radial profiles of NGC 2859.
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Fig. D.12. True image, colour map, colour excess map, and the radial profiles of NGC 2950.
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Fig. D.13. True image, colour map, colour excess map, and the radial profiles of NGC 3098.
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Fig. D.14. True image, colour map, colour excess map, and the radial profiles of NGC 3230.
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Fig. D.15. True image, colour map, colour excess map, and the radial profiles of NGC 3245.
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Fig. D.16. True image, colour map, colour excess map, and the radial profiles of NGC 3248.

B i)

B =i}

il

Article number, page 27 of 50



PRI .2 2T

i
-
-
a
L}
B A SaElng
NGC3301 - Galactocentric distance (kpc)
100
T
oo |
T
o
H
0.5 [ =
= ]
20 <)
0.60 |- S
0.5 |-

i -
-
=]
" =
L}
- . | -
L} . =T Fi
Bk {ARELG)
NGC3377 - Galactocentric distance (kpc)
10-1 100
0.7
T T
T
o070 | 2
=)
L o =
g
0 %
2
000 |-

Galactocentric distance (arcsec)

Fig. D.18. True image, colour map, colour excess map, and the radial profiles of NGC 3377.
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Fig. D.19. True image, colour map, colour excess map, and the radial profiles of NGC 3400.
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Fig. D.20. True image, colour map, colour excess map, and the radial profiles of NGC 3414.
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Fig. D.22. True image, colour map, colour excess map, and the radial profiles of NGC 3522.
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Fig. D.24. True image, colour map, colour excess map, and the radial profiles of NGC 3610.
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Fig. D.25. True image, colour map, colour excess map, and the radial profiles of NGC 3613.

(R LN

A (SRElg

NGC3619 - Galactocentric distance (kpe)

log(SH1) [Mepe™?]

10!

Galactocentric distance (arcsec)

Fig. D.26. True image, colour map, colour excess map, and the radial profiles of NGC 3619.

Article number, page 32 of 50




i
= |
-
-
a
L}
-
™
A (SEElg
NGC3626 - Galactocentric distance (kpc)
101 100
T
070 |- T
H
Z
0.65 |- =
= ]
T 3
80 g0 |- =
5
2,
0.55 - &
100 10!
o0 B Galactocentric distance (arcsec)

Fig. D.27. True image, colour map, colour excess map, and the radial profiles of NGC 3626.
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Fig. D.28. True image, colour map, colour excess map, and the radial profiles of NGC 3648.
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Fig. D.29. True image, colour map, colour excess map, and the radial profiles of NGC 3658.
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Fig. D.30. True image, colour map, colour excess map, and the radial profiles of NGC 3665.
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Fig. D.32. True image, colour map, colour excess map, and the radial profiles of NGC 3757.
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Fig. D.34. True image, colour map, colour excess map, and the radial profiles of NGC 3838.
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Fig. D.35. True image, colour map, colour excess map, and the radial profiles of NGC 3941.
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Fig. D.36. True image, colour map, colour excess map, and the radial profiles of NGC 3945.
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True image, colour map, colour excess map, and the radial profiles of NGC 3998.
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Fig. D.38. True image, colour map, colour excess map, and the radial profiles of NGC 4036.
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Fig. D.39. True image, colour map, colour excess map, and the radial profiles of NGC 4078.
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Fig. D.40. True image, colour map, colour excess map, and the radial profiles of NGC 4203.
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Fig. D.41. True image, colour map, colour excess map, and the radial profiles of NGC 4278.
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Fig. D.42. True image, colour map, colour excess map, and the radial profiles of NGC 4283.
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Fig. D.44. True image, colour map, colour excess map, and the radial profiles of NGC 5273.
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Fig. D.45. True image, colour map, colour excess map, and the radial profiles of NGC 5308.
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Fig. D.46. True image, colour map, colour excess map, and the radial profiles of NGC 5322.
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Fig. D.48. True image, colour map, colour excess map, and the radial profiles of NGC 5473.
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Fig. D.50. True image, colour map, colour excess map, and the radial profiles of NGC 5500.
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Fig. D.51. True image, colour map, colour excess map, and the radial profiles of NGC 5582.
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Fig. D.53. True image, colour map, colour excess map, and the radial profiles of NGC 5631.
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Fig. D.54. True image, colour map, colour excess map, and the radial profiles of NGC 6547.
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Fig. D.56. True image, colour map, colour excess map, and the radial profiles of NGC 6798.
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Fig. D.57. True image, colour map, colour excess map, and the radial profiles of NGC 7457.
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Fig. D.58. True image, colour map, colour excess map, and the radial profiles of PGC 050395.
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Fig. D.59. True image, colour map, colour excess map, and the radial profiles of UGC 04551.
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Fig. D.60. True image, colour map, colour excess map, and the radial profiles of UGC 06167.
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Fig. D.61. True image, colour map, colour excess map, and the radial profiles of UGC 08867.
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Fig. D.62. True image, colour map, colour excess map, and the radial profiles of UGC 09519.
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