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ABSTRACT

We explore the properties of dust and associated molecular gas in 352 nearby (0.01 <
z < 0.07) early-type galaxies (ETGs) with prominent dust lanes, drawn from the Sloan
Digital Sky Survey. Two-thirds of these ‘dusty ETGs’ (D-ETGs) are morphologically
disturbed which suggests a merger origin, making these galaxies ideal testbeds for
studying the merger process at low redshift. The D-ET Gs preferentially reside in lower-
density environments, compared to a control sample drawn from the general ETG
population. Around 80% of D-ETGs inhabit the field (compared to 60% of the control
ETGs) and less than 2% inhabit clusters (compared to 10% of the control ETGs).
Compared to their control-sample counterparts, D-ETGs exhibit bluer UV-optical
colours (indicating enhanced levels of star formation) and an AGN fraction that is more
than an order of magnitude greater (indicating a strikingly higher incidence of nuclear
activity). The mass of clumpy dust residing in large-scale dust features is estimated,
using the SDSS r-band images, to be in the range 10*® to 10%5 M. A comparison
to the total (clumpy + diffuse) dust masses - calculated using the far-infrared fluxes
of the 15% of the D-ETGs that are detected by the Infrared Astronomical Satellite
(IRAS) - indicates that only 20% of the dust is typically contained in these large-
scale dust features. The dust masses are several times larger than the maximum value
expected from stellar mass loss, ruling out an internal origin. The dust content shows
no correlation with the blue luminosity, indicating that it is not related to a galactic-
scale cooling flow. Furthermore, no correlation is found with the age of the recent
starburst, suggesting that the dust is accreted directly in the merger rather than
being produced in situ by the triggered star formation. Using molecular gas-to-dust
ratios of ETGs in the literature we estimate that the median current molecular gas
fraction in the TRAS-detected ETGs is ~1.3%. Adopting reasonable values for gas
depletion timescales and starburst ages, the median initial gas fraction in these D-
ETGs is ~4%. Recent work has suggested that the merger activity in nearby ETGs
largely involves minor mergers (dry ETG + gas-rich dwarf), with mass ratios between
1:10 and 1:4. If the TRAS-detected D-ETGs have formed via this channel, then the
original gas fractions of the accreted satellites are between 20 and 44%.

Key words: galaxies: ISM - galaxies: elliptical and lenticular, cD - galaxies: peculiar
galaxies: interactions - galaxies: formation - galaxies: evolution
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1 INTRODUCTION

As endpoints of the hierarchical buildup of mass, early-type
galaxies (ETGs) possess a detailed fossil record of their pro-
genitors. The stellar populations of ETGs encode the mass
assembly history of galaxies over the lifetime of the Universe,
and it is important that we gain a comprehensive under-
standing of their formation and evolution. While their red
optical colours (e.g. Bower et al. 1992; Bernardi et al. 2003;
Bell et al. 2004; Faber et al. 2007), high alpha-element en-
hancements (e.g. Thomas et al. 1999; Trager et al. 2000a,b)
and obedience of a tight fundamental plane (e.g. Jorgensen
et al. 1996; van Dokkum & Franx 1996; Saglia et al. 1997;
Forbes et al. 1998) indicate that the bulk of their stellar
populations (> 80%) are old, the large scatter in the star-
formation-sensitive ultraviolet (UV) colours of ETGs since
z ~ 1 is interpreted as evidence for continuous low-level star
formation at late epochs (Kaviraj et al. 2007, 2008; Martin
et al. 2009, see also Fukugita et al. 2004; Yi et al. 2005;
Jeong et al. 2007; Salim et al. 2010; Crockett et al. 2011). A
coincidence between blue UV colours and morphological dis-
turbances indicates that this star formation is merger-driven
(Schweizer et al. 1990; Schweizer & Seitzer 1992; Kaviraj
2010; Kaviraj et al. 2011). Furthermore, the paucity of ma-
jor mergers at late epochs (see e.g. Stewart et al. 2008; Jogee
et al. 2009; Lopez-Sanjuan et al. 2010) strongly suggests that
the star formation is driven by minor mergers (Kaviraj et al.
2009, 2011). Our current understanding of ETG evolution
therefore indicates that their underlying stellar populations
are old, having been rapidly built at high redshift (z > 1),
while the evolution at late epochs (z < 1) is dominated
by repeated minor-merger events that contribute < 20% of
their stellar mass at the present-day.

Notwithstanding the classical notion of ET'Gs being dry,
passively-evolving systems, an extensive literature has devel-
oped over the past few decades on the inter-stellar medium
(ISM) in these systems. The dust and gas content of very
nearby ETGs has been studied by several authors (e.g.
Tubbs 1980; Hawarden et al. 1981; Sadler & Gerhard 1985;
Bertola 1987; Knapp et al. 1989; Goudfrooij & de Jong 1995;
van Dokkum & Franx 1995; Knapp & Rupen 1996; Faber
et al. 1997; Ebneter et al. 1988; Tomita et al. 2000; Tran
et al. 2001; Combes et al. 2007; Calura et al. 2008; Young
et al. 2011). While the galaxy samples and methodologies
in these studies are varied, it is clear that the majority of
ETGs in the very nearby Universe show evidence of dust
(e.g. Knapp et al. 1989; van Dokkum & Franx 1995), the
dust masses being generally inconsistent with scenarios in
which the dust is supplied purely by stellar mass loss (e.g.
Merluzzi 1998). Coupled with the frequently observed mor-
phological disturbances and kinematical misalignments be-
tween gas and stars in these systems (e.g. Zeilinger et al.
1990; Sage & Galletta 1993; Annibali et al. 2010; Davis et al.
2011), it seems likely that a significant fraction of the inter-
stellar matter has an external origin.

The accumulating evidence for widespread minor-
merger-driven star formation (e.g. Kaviraj et al. 2009, 2011)
makes the study of inter-stellar matter in ETGs all the more
compelling. While the properties of the star formation have
been quantified with a reasonable degree of precision, less
is known about the fuel that drives this star formation. A
study of the ISM of ETGs in modern observational surveys
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Figure 2. Distributions of redshift (top), r-band absolute magni-
tude (middle) and stellar mass (bottom) of the D-ETG sample in
this study. As described in Section 2.2 below, the control samples
to which these galaxies are compared are matched to the shape
of the distributions presented here.

is therefore very desirable. In this paper we present a study
of dusty ETGs (D-ETGs), drawn from Data Release 7 of
the Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009),
that exhibit prominent, extended dust features in their op-
tical images. In addition to exploring the properties of the
dust, the homogeneous nature of the spectro-photometric
data from the SDSS allows us to systematically study the
star formation, active galactic nucleus (AGN) activity and
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Figure 1. Examples of early-type galaxies with prominent dust features from the sample studied in this paper. Note the widespread
morphological disturbances (shells and tidal tails) in the galaxies. A colour version of this figure is available in the online version of

the journal.

local environment of the D-ETGs, compare these systems to
a statistically meaningful ‘control’ sample drawn from the
general ETG population and put some of the results in the
literature on a firmer statistical footing. We are also able to
explore the properties of the gas in the minor mergers that
are responsible for star formation in nearby ETGs, and pro-
vide a more complete picture of the star formation activity
in massive ETGs at late epochs.

The plan for this paper is as follows. Section 2 describes
the selection of D-ETGs from the SDSS and the construction
of a control sample to which their properties are compared.
In Section 3 we discuss the high incidence of disturbed mor-
phologies observed in the D-ETG sample. In Section 4 we
explore the local environment of these galaxies and in Sec-
tion 5 we employ UV-optical spectrophotometry to study
their star formation and AGN activity. We explore the prop-
erties and origin of the dust in Section 6 and conclude by
summarising our findings in Section 7.

2 DATA
2.1 Sample selection and basic properties

Galaxy Zoo (Lintott et al. 2008, 2010) is a citizen-science
project that has used 250,000+ members of the general
public to morphologically classify ~900,000 galaxies in the
SDSS spectroscopic galaxy sample. The first incarnation of
this project (Galaxy Zoo 1; GZ1) classified objects in the

© 0000 RAS, MNRAS 000, 000-000

SDSS galaxy population into broad morphological classes:
early-types, spirals and mergers. Galaxy Zoo 2 (GZ2), an
extension to GZ1 on which this study is based, has explored
finer details of galaxy morphologies, such as morphological
peculiarities (dust lanes, tidal disturbances, etc.) Note that
the GZ objects are taken from the SDSS GALAXY catalogue,
which does not contain any quasars or Type I AGN. Broad-
line objects are identified by a pipeline algorithm which com-
pares the observed SDSS spectrum of individual galaxies to
the composite spectrum of (Vanden Berk et al. 2001)".
Around 19,000 GZ2 galaxies in the redshift range 0.01 <
z < 0.1 are flagged as containing a dust feature by at
least one GZ2 user. Each galaxy in this sample was visu-
ally re-inspected by SK and YST to determine (1) whether
the galaxy really has a dust feature (2) the morphology of
the parent galaxy (ETG or non-ETG) and (3) whether the
galaxy is morphologically disturbed. After this second layer
of visual inspection we decided to restrict this study to the
redshift range z < 0.07, because the unambiguous detection
of a dust feature appears to become difficult beyond this red-
shift. Note that the identification of D-ETGs is not expected
to be dependent on galaxy luminosity. As long as the dust is
backlit by the galaxy it is readily visible. This process yields
a final sample of reliably classified 352 D-ETGs, which are
the subject of this paper. They represent 4% of the ETG

L http://www.sdss.org/dr7/algorithms/redshift_type.html
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Figure 3. Cumulative distribution of host dark matter halo
masses for D-ETGs and the ETG control sample. Compared to
the control sample, D-ETGs preferentially inhabit lower density
environments. Almost 80% of the D-ETGs reside in the field (com-
pared to 60% of the control ETG population) and less than 2% of
the D-ETGs reside in clusters (compared to 10% of their control-
sample counterparts). A colour version of this figure is available
in the online version of the journal.

population (restricted to the same redshift and magnitude
ranges as the D-ETG sample).

Figure 1 shows several typical examples of our D-ETGs.
Figure 2 shows the basic properties of the D-ETG sample:
the redshift, absolute r-band magnitude and stellar mass
distributions. Stellar masses are calculated using the cali-
brations of Bell et al. (2003). All magnitudes shown in this
paper have been K-corrected, using the latest version of
the public KCORRECT code (Blanton et al. 2003; Blanton &
Roweis 2007).

2.2 Control sample

An important objective of this paper is a systematic com-
parison between the properties of D-ETGs and those of a
control sample of galaxies from the general ETG population.
We create a control sample of ~4000 ETGs, using galaxies
from GZ2 which have an early-type ‘vote fraction’ greater
than 0.7, i.e. more than 70% of the users that classified each
of these objects flagged it as an ETG. The control sample is
selected to be ‘dustless’ i.e. no GZ user flagged any of these
galaxies as having a dustlane. The control sample is then vi-
sually inspected to remove late-type contaminants (the con-
tamination rate is very low, around 3%) and flag control
ETGs that have morphological disturbances. The control
sample is further constructed so that it has the same red-
shift and magnitude distributions as the D-ETG population
shown in Figure 2.

3 DISTURBED MORPHOLOGIES: A MERGER
ORIGIN FOR DUSTY ETGS

The visual inspection described above indicates that ~65%
of D-ETGs show clear morphological disturbances, at the
depth of the standard SDSS images. In comparison, the

control sample (described in Section 2.2 above) shows a dis-
turbed fraction of only around 6%. The fraction of disturbed
objects in the D-ETG sample is therefore strikingly high, in-
dicating that D-ETGs are the products of recent interaction
events and, in agreement with the literature (e.g. Goudfrooij
et al. 1994a), that the formation of the dust is likely to be
the result of these interactions. Indeed the D-ETGs in this
sample are likely to represent objects like Centaurus A in the
making and are thus ideal testbeds for studying the merger
process in the low-redshift Universe.

4 LOCAL ENVIRONMENT

We begin by probing the local environment of our D-ETGs,
by cross-matching this sample with the SDSS environment
catalogue constructed by Yang et al. (2007, 2008), who use
a halo-based group finder to separate the SDSS into over
300,000 structures with a broad dynamic range, from rich
clusters to isolated galaxies. This catalogue provides esti-
mates of the masses of the host dark matter (DM) haloes
of individual SDSS galaxies, which are related to the tra-
ditional classifications of environment (‘field’, ‘group’ and
‘cluster’). Cluster-sized haloes typically have masses greater
than 10'* Mg, while group-sized haloes have masses between
10" and 10 Mg. Smaller DM haloes constitute what is
commonly termed the field.

In Figure 3 we present the cumulative distribution of
host DM halo mass for both the D-ETGs and the ETG
control sample. We find that, compared to the control ETG
population, D-ETGs preferentially inhabit lower-density en-
vironments. Almost 80% of D-ETGs reside in the field (com-
pared to 60% of the control ETGs) and less than 2% reside in
clusters (compared to 10% of their control-sample counter-
parts). This is consistent with the idea that the D-ETGs are
merger remnants, since the high relative velocities in cluster
environments make mergers unlikely (Binney & Tremaine
1987).

5 STAR FORMATION AND AGN ACTIVITY

Figure 4 shows the (¢ — r) and (NUV — r) colour distri-
butions of the D-ETGs compared to those of their control-
sample counterparts. The optical g and r magnitudes are
taken from the SDSS (York et al. 2000). The NUV mag-
nitudes are from the Galazy Evolution Ezplorer (GALEX)
space telescope (Martin et al. 2005). The GALEX NUYV fil-
ter is centred at ~2300 A (Morrissey et al. 2007). We use
the recommended total magnitudes in the AB systems for
both the SDSS and GALEX photometry (Stoughton et al.
2002; Morrissey et al. 2007).

We find that the D-ETGs are redder than their control
counterparts in the optical (g—r) colour, which is consistent
with the visibly high levels of dust present in these systems.
Nevertheless, the D-ETG population is bluer than the con-
trol sample in the (NUV — r) colour, with a median offset
of ~0.5 mag. Given that the UV wavelengths are several
times more sensitive to young stars than the optical wave-
lengths (see e.g. Figure 1 in Kaviraj et al. 2009), the bluer
UV-optical colours are likely to be driven by recent or ongo-
ing star formation in the D-ETG population. It is important

© 0000 RAS, MNRAS 000, 000-000
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Figure 4. TOP: Optical (g — r) colour distributions of the D-
ETGs and the control ETGs. Unsurprisingly, the D-ETGs are
found to be redder than their control counterparts, due to the
presence of visibly large amounts of dust. BOTTOM: (NUV —r)
colour distributions of the D-ETGs and the control ETGs. The
D-ETGs are bluer in the UV-optical colour, presumably due to
recent star formation (see text for details). Median values are
shown using the dashed vertical lines. A colour version of this
figure is available in the online version of the journal.

to note that the large-scale structure of the dust in the D-
ETGs is clumpy and does not entirely obscure the galaxy
core (see Figure 1), where the young stars (which dominate
the UV flux) are typically concentrated (e.g. Ferreras et al.
2009; Jeong et al. 2009; Suh et al. 2010; Peirani et al. 2010).

We proceed by probing the dominant gas ionisation
mechanism in the D-ETG sample. The presence of dust im-
plies the availability of gas which, in turn, makes the pres-
ence of star formation and nuclear activity in these galaxies
likely. We use a standard optical emission-line ratio analysis
(Kewley et al. 2006, see also Baldwin et al. 1981, Veilleux et
al. 1987, Kauffmann et al. 2003) which exploits the [NII]/Ha
and [OIII]/Hp ratios to probe the presence of Type II AGN
in our D-ETG sample. The optical emission-line fluxes are
calculated from the SDSS spectrum of each object using the
public GANDALF code (Sarzi et al. 2006). Note that the SDSS
spectra are measured in 3”7 fibres (~ 4 kpc at z = 0.035,
the median redshift of our D-ETG sample) centred on the

© 0000 RAS, MNRAS 000, 000-000
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Figure 5. TOP: Distribution of clumpy dust mass (M{") in
the D-ETGs, derived from their optical r-band images (see text
for details). MIDDLE: Clumpy dust mass vs. blue luminosity of
the D-ETGs. BOTTOM: Clumpy dust mass vs. age of the recent
starburst, estimated from UV-optical colours. Note that, while
the formal error on MSL is ~ 0.055 dex (driven by the uncertain-
ties in Ay ), the uncertainties in the assumed dust distribution
induces an additional error of up to 0.3 dex (see text for details).
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Figure 6. Comparison of the clumpy dust masses (MdCL), derived
from the optical r-band images, with the dust masses derived from
IRAS fluxes M(IlRAS. The IRAS-derived dust masses are typically
a factor of 4.5 larger than their clumpy counterparts. Note that
the error bar in Z\/[(IlRAS is the error from Eqn 3.

galaxy. Galaxies in which all four emission lines are detected
with a signal-to-noise ratio greater than 3 are classified as
either ‘star-forming’, ‘composite’ (i.e. hosting both star for-
mation and AGN activity), ‘Seyfert’ or ‘LINER’. Galaxies
without a detection in all four lines are classified as ‘quies-
cent’. The fraction of galaxies in each emission-line class is
listed in Table 1, for both the D-ETG and control samples.

We find that the fractions of D-ETGs classified as star-
forming and composite are factors of 3 and 8 larger respec-
tively than that for the control ETGs. This suggests en-
hanced levels of star formation in the D-ETG population
compared to its control counterpart, consistent with the
UV-optical colour analysis above. The fraction of LINERs
in the D-ETGs is also greater by a factor of 3, plausibly
due to LINER-like emission from merger-driven shocks or
evolved stellar populations (such as post-asymptotic giant
branch stars) that are associated with the star formation
(e.g. Sarzi et al. 2010). Table 1 indicates that, in addition to
enhanced star formation and LINER emission, the D-ETGs
exhibit a strikingly higher Seyfert fraction, more than an or-
der of magnitude larger than in their control-sample counter-
parts. The fraction of quiescent galaxies is correspondingly
an order of magnitude smaller. Therefore, the presence of
prominent dust features in an ETG significantly increases
its chances of hosting both more star formation and more
nuclear activity, with nuclear activity being the dominant
gas ionisation mechanism in these systems.

6 PROPERTIES OF THE DUST AND
ASSOCIATED GAS

6.1 Clumpy dust

The dust in D-ETGs is comprised of both clumpy structures,
that are easily visible in the optical images, and diffuse dust,
that is intermixed with the stars and is essentially invisible
in the optical imaging. We begin by calculating the dust
contained within the clumpy features (MS"), following a

Table 1. Comparison of star formation and AGN activity, derived
using optical emission-line-ratio diagnostics, in the D-ETGs and
their control-sample counterparts.

D-ETGs Control ETGs f{(D-ETG)/f(Ctrl)
Star-forming 7.2% 2.1% 3.4
Composite 22.8% 2.8% 8.1
Seyfert 19.9% 1.7% 11.7
LINER 37.5% 10.4% 3.6
Quiescent 12.8% 83.0% 0.2

method similar to that employed by several previous studies
(e.g. Sadler & Gerhard 1985; van Dokkum & Franx 1995;
Tran et al. 2001). The clumpy dust mass is given by

MS" = (Av)sTy, (1)

where (Avy) is the mean V-band extinction in magnitudes,
Y is the total area of the dust features and I'y is the mass
absorption coefficient?.

Following these previous studies, Ay is measured as fol-
lows. Ellipses are first fitted to the isophotes of the SDSS
r-band images of each galaxy, using the IRAF task ELLIPSE,
with the dust features masked out. An absorption map is
then created, using the ratio of the flux in the observed im-
age (Fobs) to the flux in the model fit (Fmoa). The optical
depth is 7 = —In(Fobs/Fmod) and A, = 1.097 (Tran et al.
2001). We convert A, to Ay using the Galactic dust law:
Ay = 1.334, (Tran et al. 2001). Note that the quality of
the fits are unaffected by the faint tidal features that are
found on the outskirts of the D-ETGs.

Several studies have shown that the extinction curves
in ETGs with dust lanes are similar to their Galactic coun-
terpart (see e.g. Sadler & Gerhard 1985; Goudfrooij et al.
1994a; Sahu et al. 1998; Finkelman et al. 2008), which in-
dicates that the properties of the dust in these systems are
similar to that in the Galaxy. Therefore, it appears reason-
able to employ the Galactic value for the mass absorption
coefficient (i.e. Ty = 6 x 10~® mag kpc? Mal) although we
note that a more accurate calculation requires a measure-
ment of I'y in our individual D-ETGs. The formal error on
MES" (driven, in this case, only by the error in (Ay)) is cal-
culated using the standard error propagation formula. We
note that the errors in other quantities that appear later in
this study (e.g. MCIIRAS and g;) are also calculated using the
standard error formula.

While the formal error on MS" is only ~0.055 dex,
this derivation assumes that the dust is placed in a simple
foreground screen in front of the light source, while in actual
fact the dust is embedded in the galaxy. The use of this
simplifying assumption induces an additional uncertainty of
up to ~0.3 dex in the dust mass calculation (e.g. Tomita
et al. 2000; Tran et al. 2001). The values derived here (see
the top panel of Figure 5) are in the range 10%5 t0 1055 Mg,

2 The right-hand side of Eqn 1 is derived as follows. If § is the
area of a single pixel and A; is the extinction in pixel ¢ then:
MdCL =[5A1 +6A2 +6A3 + ...+ §An]F‘_/1. Since the total area
2 =nd, MFV = (£/n)[A1+ A2+ Az +.. .+ AT = (A4S0

© 0000 RAS, MNRAS 000, 000-000
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in good agreement with the range of clumpy dust masses
derived using similar techniques in the literature (10%-107
Mg; Sadler & Gerhard 1985; van Dokkum & Franx 1995;
Goudfrooij & de Jong 1995; Tomita et al. 2000; Tran et al.
2001; Whitaker & van Dokkum 2008).

In the middle panel of Figure 5, we plot the clumpy
dust mass of the D-ETGs against their total blue luminos-
ity (Lp). Lp is calculated from the absolute (total) B-band
magnitude, after transforming from the absolute SDSS (to-
tal) g-band magnitude using the relation mp = mgy + 0.3
(Rodgers et al. 2006). We use Lp to facilitate direct compar-
ison with previous studies (e.g. Merluzzi 1998). The dashed
line indicates the maximum expected contribution to the
dust content from stellar mass loss alone (e.g. Faber & Gal-
lagher 1976; Knapp et al. 1992), assuming that the dust is
depleted by sputtering (e.g. Spitzer 1978; Draine & Salpeter
1979a,b; Dwek 1986; Dwek et al. 1990) over a maximal de-
struction timescale of ~ 107° years (Faber & Gallagher
1976). In agreement with previous studies (e.g. Goudfrooij
et al. 1994b; Merluzzi 1998), we find that (1) D-ETGs typ-
ically have clumpy dust masses that are well in excess of
the maximum equilibrium mass expected from stellar mass
loss alone and (2) there is no correlation between the opti-
cal dust masses and Lp. It is worth noting that Lp shows a
correlation with the total X-ray luminosity (Lx) of ETGs,
which traces their hot gas content (e.g. Canizares et al. 1987;
Mathews & Brighenti 2003; Mulchaey & Jeltema 2010). The
lack of a correlation between the clumpy dust mass and Lpg
suggests that the clumpy dust is not produced through cool-
ing from the hot gas reservoirs that may be present in these
ETGs (see also Forbes 1991; Bregman et al. 1992). Recall
also that the D-ETGs studied in this paper do not typically
inhabit clusters, so that cluster-scale cooling flows are not
relevant to these systems.

The dust properties derived above indicate that the
clumpy dust content of the D-ETGs is not created by in-
ternal processes such as stellar mass loss or gas cooling.
Together with the high incidence of morphological distur-
bances observed in the D-ETG sample (see Section 3), this
indicates that the clumpy dust observed in these galaxies is
likely to be associated with the recent merger events that
created these objects.

Since star formation is clearly enhanced in D-ETGs, it
is worth exploring whether the dust is produced in situ by
this star formation or whether it is directly accreted in the
mergers. In the bottom panel of Figure 5 we plot the clumpy
dust mass of D-ETGs against the age of the recent starburst
(T'), which has been estimated using the UV-optical colour
(see Section 4.2.1 and 4.3 in Kaviraj 2010):

log T [Gyrs] ~ 0.65% x [(NUV —u) — (g — z) — 1.73%90%],

@)
Briefly, (see Sections 4.2.1 and 4.3 in Kaviraj 2010 for de-
tails), 7" is one of several star formation history (SFH)
parameters derived for individual ETGs by fitting their
GALEX/SDSS UV-optical photometry to a library of syn-
thetic photometry, generated using a large collection of
model SFHs. The model SFHs assume two instantaneous
bursts, the first fixed at z = 3 (since the bulk of the stars
in ETGs are old), while the second (which represents the
recent star formation episode) is allowed to vary in age
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(T) and mass fraction (realistic ranges of dust and metal-
licity are applied to the model SFHs). Kaviraj (2010) ex-
tract marginalised values for the free parameters including
T and find a strong correlation between the marginalised
values of T" and the relatively dust-insensitive double colour
[(NUV —u) — (g — z)]. This relation (Eqn 2) allows us to
estimate the age of the recent starburst in ETGs from the
observed value of [(NUV —u) — (g — 2)].

Figure 5 shows that the clumpy dust mass does not
correlate with 7'. The apparent decoupling between the age
of the recent (merger-induced) star formation episode and
the clumpy dust content in D-ETGs favours a scenario in
which the dust is directly accreted during the merger and
not created in situ by the triggered star formation.

6.2 Diffuse dust and the total dust content

Since the diffuse dust mass in the ISM cannot be estimated
from the optical images, the clumpy dust masses calculated
above are likely to be lower limits to the total dust masses.
It is thus desirable to quantify the total (diffuse 4+ clumpy)
dust content of these systems, at least to gain an under-
standing of how much dust is not contained in the clumpy
features visible in the optical images. A useful route to esti-
mating the total dust content is to use the far-infrared spec-
trum. Around 15% of our D-ETGs have infrared data from
the Infrared Astronomical Satellite (IRAS), which we use to
estimate the ‘total’ dust mass in these galaxies. It should be
noted, however, that TRAS is insensitive to very cold dust,
with a temperature less than ~20 K (e.g. Henkel & Wiklind
1997). Thus, while the IRAS fluxes are a much better esti-
mator of the total dust mass than the optical images, more
accurate estimates require imaging by new instruments such
as Herschel, that probe the far-infrared spectrum beyond
100 pm.

Following past studies (e.g. Goudfrooij & de Jong 1995;
Tran et al. 2001), the TRAS-derived dust masses (MI**S)
are calculated using the formula (see e.g. Schwartz 1982;
Hildebrand 1983; Rowan-Robinson 1986; Kwan & Xie 1992)

MIAS = 51 %107 118, DM [eL44X10% A T) _ 47 ppo - (3)

where the dust temperature (7q) is estimated using the
IRAS flux ratio Seo/S100 and an emissivity law that varies
as A\™%, S, is the IRAS flux density in mJy at wavelength v,
D is distance to the galaxy in Mpc and A, is the wavelength
in microns. We use v = 100 um for our calculations. Fig-
ure 6 shows the JTRAS-derived dust masses plotted against
the clumpy dust masses, for the subset of D-ETGs that
have IRAS detections at 60 and 100 pm. The TRAS fluxes
are taken from the Imperial IRAS-FSC Redshift Catalogue
(Wang & Rowan-Robinson 2009). The median discrepancy
between the clumpy dust mass and the TRAS dust mass is a
factor of 4.5. In other words, only ~20% of the dust is typ-
ically contained in clumpy features. Nevertheless, the I[RAS
dust masses show the same lack of correlation with blue lu-
minosity and starburst age as do the clumpy dust masses,
leaving our conclusions above unchanged.
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6.3 Cold molecular gas

Given the close correspondence between dust and cold gas
(e.g. Knapp 1999), it is instructive to explore the proper-
ties of the cold gas reservoirs of our D-ETGs. We choose
to focus on molecular gas (i.e. Ha, derived from CO ob-
servations) because of its relevance to star formation (e.g.
Wong & Blitz 2002; Schaye 2004; Krumholz & McKee 2005;
Leroy et al. 2008) and the better availability of molecular
gas data on ETGs in the literature compared to its atomic
counterpart (HI). We note first that previous studies have
typically assumed that the molecular gas-to-dust (G/D) ra-
tios in ETGs are similar to that in the Galaxy (~150; see
e.g. Spitzer 1978; Hildebrand 1983; Draine & Lee 1984).
However, if the dust is directly accreted during recent merg-
ers (c.f. Section 6.1), then the Galactic G/D ratio is inap-
propriate for all ETGs, unless the accreted companions are
all Milky-Way-like. In fact, recent work (e.g. Kaviraj et al.
2009, 2011; Crockett et al. 2011) has shown that a large pro-
portion of the merger activity experienced by nearby ETGs
involves interactions with small gas-rich companions (rather
than Milky Way-like systems), implying that the Galactic
G/D value may not be appropriate for our D-ETG sample.

To obtain a more realistic conversion between dust and
molecular gas for our D-ETGs, we appeal to measurements
of molecular G/D ratios in ETGs that are available in the lit-
erature. For 76 ETGs studied by Wiklind & Henkel (1989),
Thronson et al. (1989), Gordon (1991), Lees et al. (1991),
Wang et al. (1992) and Wiklind & Henkel (1995), the aver-
age molecular G/D ratio is 1190 £ 410. Thus, the molecular
G/D values appropriate for our D-ETGs are likely to be
almost an order of magnitude higher than the value in the
Galaxy. We note here that the measured G/D ratios in ETGs
are indeed around the values typical of late-type dwarfs (e.g.
Young et al. 1989), further supporting the view that the in-
teractions that produce the D-ETGs probably involve the
accretion of gas-rich satellites. In the top panel of Figure
7, we use the IRAS dust masses to estimate the current
molecular gas contents, assuming a G/D ratio of 1190 +410.
The median molecular gas fraction (i.e. molecular gas mass
divided by stellar mass) is ~1.3%. The error bars incorpo-
rate both the uncertainty on the G/D value and the errors
in the TRAS-derived dust masses. It is worth noting that
this value is well within the distribution of molecular gas
fractions found by Young et al. (2011) in a volume-limited
sample of normal ETGs in the ATLAS®P survey of very
nearby ETGs.

Since star formation is ongoing in these galaxies, we ex-
pect the current molecular gas masses calculated above to
be lower than the initial molecular gas contents. Given a
characteristic exponential timescale (74) for the gas deple-
tion (which is also the star formation timescale), the current
molecular gas fraction (go) is related to the initial value (g;)
by

go = gie /T, (4)
where T is the look-back time to the onset of star forma-
tion (i.e. the starburst age). Using Eqn 2 to estimate T', and
adopting a value of 0.1 Gyr for the characteristic timescale
of the recent star formation episodes in ETGs (see Schaw-
inski et al. 2007), we estimate g; in each of our D-ETGs.

10 -

Number

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
Log go

12_ T T T T l_

10F .

Number
o
T
|

O L 1 1 1 1 1 ]
-30 -25 -20 -15 -1.0 -05
Log g

Figure 7. Derived current (top) and initial (bottom) molecular
gas fractions (i.e. molecular gas mass divided by the stellar mass)
in the subset of D-ETGs that are detected by IRAS (see text for
details). Median values of the distributions are indicated using
solid (red) lines.

These initial molecular gas fractions are presented in the
bottom panel of Figure 7. The estimated initial gas fractions
are small, with a median value of around 4%. Recent work
(see e.g. Kaviraj et al. 2009, 2011) has suggested that the
merger activity (and associated star formation) in nearby
ETGs largely involves minor mergers between dry ETGs and
gas-rich satellites with mass ratios between 1:4 and 1:10. If
the IRAS-detected D-ETGs indeed formed via this channel,
then a typical initial gas fraction of 4% implies that the gas
fractions of the accreted satellites are likely to be between
~20% and ~44% (assuming that the ETGs themselves are
gas-free). It is worth noting that these empirical results are
consistent with recent numerical work which suggests that
the satellites fuelling the star formation in nearby ETGs
should have molecular gas fractions greater than 20% (Kavi-
raj et al. 2009). It should also be noted that the molecular
gas analysis is only representative of the 15% of D-ETGs
that are detected by TRAS. A more robust statistical anal-
ysis requires infrared data on the entirety of the D-ETG
sample studied here.
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7 SUMMARY

We have explored the properties of dust and associated
molecular gas in ETGs, by studying 352 nearby (0.01 < z <
0.07) ETGs with prominent dust features in the SDSS DRY.
The galaxies were identified through direct visual inspection
of SDSS images using the Galaxy Zoo 2 project. Our analysis
has focussed on comparing the local environment, star for-
mation and nuclear activity of these dusty ETGs (D-ETGs)
to those of a control sample drawn from the general ETG
population. We have then explored the properties and origin
of the dust and associated molecular gas in these systems,
and studied the processes that lead to their formation.

Two-thirds of the D-ETGs show morphological distur-
bances at the depth of the standard SDSS images, suggesting
a merger origin for these galaxies. D-ETGs reside preferen-
tially in low-density environments, with 80% inhabiting the
field (compared to 60% of their control-sample counterparts)
and less than 2% inhabiting clusters (compared to 10% of
their control-sample counterparts). D-ETGs show bluer UV-
optical colours compared to the control ETG population,
indicating the presence of enhanced levels of star formation
activity. An analysis using optical emission-line ratios indi-
cates that the fraction of objects classified as star-forming
and composite are factors of 3 and 8 higher respectively in
the D-ETGs compared to their control-sample counterparts.
The fraction of Seyferts is more than an order of magnitude
higher, while the fraction of galaxies classified as quiescent
is correspondingly an order of magnitude smaller in the D-
ETG population compared to that in the control sample.
The presence of prominent dust features in an ETG there-
fore significantly increases its chances of hosting both star
formation and nuclear activity, with nuclear activity being
the dominant gas ionisation mechanism.

We have explored the dust content of our D-ETGs,
both in terms of the clumpy dust mass contained in the
large-scale dust features (visible in the optical SDSS im-
ages), and in terms of the diffuse dust that may exist in
the ISM. The clumpy dust masses span the range 10*° to
10%® Mg and are typically several factors higher than the
maximum dust contribution expected from stellar mass loss
from the old, underlying stellar populations that dominate
ETGs. The clumpy dust mass does not correlate with the
blue luminosity of the galaxies, indicating that galactic-scale
cooling flows are unlikely to be responsible for the dust con-
tent. Similarly, no correlation is found between the clumpy
dust content and the age of the recent starburst, suggesting
that the dust is not produced in situ from the star forma-
tion triggered by the merger event, but is rather accreted
directly during the merger.

The clumpy dust masses are strictly lower limits to
the total dust masses because they not include diffuse dust
which may be intermixed with the stars and is essentially in-
visible in the optical images. In the 15% of our D-ETGs that
are detected by IRAS, we have estimated the ‘total’ (clumpy
+ diffuse) dust mass using the IRAS 60 and 100 pum fluxes.
The average discrepancy between the clumpy and IRAS-
derived dust mass in these D-ETGs is a factor of 4.5. In
other words, only ~20% of the dust mass in these objects is
contained in the large-scale dust features that are observed
in the optical images. Nevertheless, the IRAS dust masses
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show the same lack of correlation with galaxy properties and
starburst ages as their clumpy counterparts.

The correspondence between dust and cold gas allows
us to explore the properties of the cold gas reservoirs in our
D-ETGs. Restricting ourselves to the IRAS-detected galax-
ies (in which we have a reasonable estimates of the total
dust mass), we employ the average molecular gas-to-dust
ratio of ETGs in the literature (~ 1190) to estimate the
current molecular gas fractions of these objects. The me-
dian value of the current gas fraction is ~ 1.3%. Given the
current molecular gas fraction, an estimate of the age of the
starburst and a characteristic gas depletion (star formation)
timescale, we have estimated the initial molecular gas frac-
tion in each IRAS-detected D-ETG, with a median value of
~4%. Given recent work that suggests that the merger ac-
tivity in nearby ETGs largely involves minor mergers with
mass ratios between 1:10 and 1:4 (e.g. Kaviraj et al. 2009),
a typical initial molecular gas fraction of 4% suggests that
the gas-rich satellites accreted by the IRAS-detected ETGs
are likely to have had molecular gas fractions between ~20
and 44% (assuming that the ETGs themselves are gas and
dust-free).

While recent UV-optical studies have measured the con-
tinuous (minor-merger-driven) star formation in ETGs over
the last 8 billion years, less is known about the dust and
associated gas that drives this star formation. This paper
has offered insights into the inter-stellar medium of nearby
ETGs that are merger remnants and, in particular, the ini-
tial gas masses plausibly brought in by the satellites that
drive the star formation. The galaxy sample studied here
provides an ideal basis for future studies of D-ETGs using
new instruments such as Herschel and the Atacama Large
Millimeter Array (ALMA), to probe the properties of the
ISM of nearby ETGs and achieve a fuller understanding of
the gas that drives the star formation in these galaxies at
late epochs.
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