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ABSTRACT

We have conducted an archiv&ditzer study of 38 early-type galaxies in order to determine thgiomf the
dust in approximately half of this population. Our sampléges generally have good wavelength coverage
from 3.6um to 16Qum, as well as visible-wavelengtiST images. We use th&pitzer data to estimate dust
masses, or establish upper limits, and find that all of thi/égpe galaxies with dust lanes in th¢ST data
are detected in all of thgpitzer bands and have dust masses-cf(° %°M,, while galaxies without dust lanes
are not detected at 7@n and 16@m and typically have< 10°M, of dust. The apparently dust-free galaxies
do have 24m emission that scales with the shorter wavelength flux, yestantially exceeds the expectations
of photospheric emission by approximately a factor of thr&ée conclude this emission is dominated by
hot, circumstellar dust around evolved stars that doesurgivg to form a substantial interstellar component.
The order of magnitude variations in dust masses betweexigalwith similar stellar populations rules out
a subtantial contribution from continual, internal protdoe in spite of the clear evidence for circumstellar
dust. We demonstrate that the interstellar dust is not dperely external accretion, unless the product of the
merger rate of dusty satellites and the dust lifetime isadtlan order of magnitude higher than expected. We
propose that dust in early-type galaxies is seeded by etaceretion, yet the accreted dust is maintained by
continued growth in externally-accreted cold gas beyoedtiminal lifetime of individual grains. The several
Gyr depletion time of the cold gas is long enough to recortbigefraction of dusty early-type galaxies with the
merger rate of gas-rich satellites. As the majority of duestyly-type galaxies are also low-luminosity Active
Galactic Nuclei and likely fueled by this cold gas, theietime should similarly be several Gyr.

Qubject headings: dust — galaxies: general — galaxies: ISM — infrared: gakaxi¢€SM: general

1. INTRODUCTION

One of the most striking characteristics of elliptical an
lenticular galaxies is their apparent uniformity. Much maor
than their later-type cousins, early-type galaxies appear

d

have quite smooth and symmetric surface brightness profiles

Their morphological self-similarity is largely because sho
early-type galaxies, and in particular ellipticals, arpexted

to be the result of nearly equal-mass mergers that have pro

duced symmetric stellar distributions via dynamical relax

ation. This assembly process, combined with the generally
large halos that host early-type galaxies, has also substan

tially heated the gas in their interstellar medium (ISM)tsuc
that cooling and subsequent star formation are quite ineffi-
cient. As a result, their stellar populations tend to be igost
old and well-mixed, which reinforces their similar and srioo
appearance.

Against the backdrop of these similarities, and the simplic
ity of this general picture, the differences between noifhina
similar early-type galaxies are cast into sharper reliahtfor
the more highly structured late-type disk galaxy poputatio
One striking difference is that some, but not all, earlyetyp

1 Visiting Astronomer, North American ALMA Science Center andiU
versity of Virginia, Charlottesville, VA

galaxies clearly contain cold, interstellar dust. This wes
vealed in IRAS observations that detected a number of ellip-
tical galaxies at 100m (Jura et al. 1987; Knapp et al. 1989;
Goudfrooij & de Jong 1995; Bregman et al. 1998). A study
by Knapp et al. (1992) also demonstrated that ellipticats ha
emission at 16 12um in excess of what was expected from
stellar photospheres alone. This excess could be explained
by circumstellar dust emission from evolved stars and gove
to be a strong observational confirmation of expectations fo
mass loss from old stellar populations.

The presence of dust in early-type galaxies is interesting
because it may provide additional information about their
mation histories, the properties of dust when embeddedrwith
a substantially greater fraction of hot gas than is present i
typical spirals, and the evolution of the interstellar nusal]
in addition to stellar mass loss from evolved stars. Yet the
presence of dust is also in apparent conflict with the expec-
tation that the dust destruction timescale should be velgti
short ¢gug ~ 2 x 10* yr), largely due to sputtering of small
grains in their hot ISM (Draine & Salpeter 1979b).

Observations wittHST revealed that dust lanes were com-
mon and probably present in the majority of early-type galax
ies. These observations showed dust lanes in absorption
within 100s of parsecs to a kpc of the nucleus (van Dokkum
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& Franx 1995). This study also noted that the incidence of tral kpc would provide strong support for the internal amigi
dust is higher is radio galaxies than in radio-quiet gakxie hypothesis.
estimated that the mass of dust ranged frofi 1, and Over the last few years, several studies wiitzer and
that the distribution of the dust lanes suggests external ac Herschel have assembled far-infrared measurements and esti-
cretion. Subsequent studies of atomic (Morganti et al. 2006 mated dust masses and basic dust properties for many early-
and molecular gas kinematics (Young et al. 2011; Davis et al.type galaxies. One result of this work is that the dust inyearl
2011) supported external accretion because the gas kinematype galaxies is warmer than in spiral galaxies (Bendo et al.
ics are often decoupled from the stellar kinematics. 2013; Skibba et al. 2011; Smith et al. 2012; Auld et al. 2013),
While there is good, anecdotal evidence for external accre-which may be due to more intense radiation fields or differ-
tion, the evolved stars in early-type galaxies are also a po-ent dust grain properties. Theerschel KINGFISH survey
tential source for the dust (Knapp et al. 1992). Athey et al. showed that early-type galaxies exhibit a strong correfati
(2002) showed that the mid-infrared emission from earfyjety  between the dust to stellar flux ratio and the specific star for
galaxies is consistent with stellar mass loss of on ordet D mation rate, which could be due to low levels of on-going star
Mg yr for a typical L+ galaxy. For a dust-to-gas ratio of formatlon (Skibba et al. 2011). Thfhersx;hel Reference Sur-
c4g = 0.005 and a dust lifetime of 7 yr characteristic of the ~ VEY (Smith et al. 2012) and titéerschel Virgo Cluster Survey
Milky Way, this would lead to a typical reservoir ob510°> (Auld et al. 2013) d'etect many early-t_y7pe galaxies anq mea-
Mo (or 10-100 M, for 7auq = 2 x 10° yr). While this dust ~ SUre dust masses in the range~ofl0>”’ M. The Smith
© AT < dust = , i t al. (2012) study concluded that much of this dust was ac-
would initially match the spatial and kinematic distrilmrtiof €

; ; : ired from interactions due to the wide range in dust te stel
the evolved stellar population, Mathews & Brighenti (2003) quire . e :
suggest that cooling in dust-rich gas could lead to clumping lar mass ratio. A similar conclusion was reached by Rowlands

S . . et al. (2012), who detected 5.5% of luminous ETGs in the
andV?/erzlt'}lmt%_mto tgetcetrjtrlial kllopa:jse(t:hon a tlm?sgall!:ce ?.1:110 Herschel-ATLAS/GAMA study. While only sensitive to quite
yr. ywhiie this substantially exceeds the expected IeMe 0 1 4st masses (their mean detected dust mass.&a<6’
individual dust grains, the clumpiness may sufficientlyesthi

the dust to produce a steady state dust mass that is comsisterglrg()j’u?:a/ iﬁ?;ﬂgﬁ; that these high dust masses could not be

In this paper we presentpitzer archival study of the ori-
rbin of the dust in early-type galaxies. Our sample is comgose
of galaxies in the Sim&es Lopes et al. (2007) early-typexyala
sample that have both IRAC and MIPS observations. We de-
scribe this sample in 82 and our data processing and photom-

lat bl il with th b f losi i etry in 83. All of the galaxies in this sample are detected
ate reasonably Well with the number Of mass-loSIng stars. , the |RAC bands, which are dominated by stellar emission,
This absence of a correlation can be more readily explained

by the external accretion hypothesis. as well as in the 24m MIPS band. Many are also detected

Another important aspect of these studies was the observain the longer wavelength MIPS bands. Theugd emission
tion that the majority of the early-type galaxies with dusba from galaxies not detected at longer wavelengths appears to

have emission-line nuclei that often indicate the presehee be dominated by circumstellar dust. We describe how we ac-

LINER or Seyfert galaxy (van Dokkum & Franx 1995; Ravin- count for this emission in 84. To derive the dust masses and

dranath et a?l 2081_ Ij(gugr ot al 2%05) i c)J(rder o in\X;sti— properties of the dust, we fit these galaxies with the dustmod
ate this corrélationywith a WeII—s'eIected' sample of etype els of Draine & Li (2007). These fits and the derived proper-

g A pie ol . ties are described in 85. We use these data to develop a new

galaxies, in Simdes Lopes et al. (2007) we studied archival

. ; ; hypothesis for the origin of the dust in early-type galaiies
HST images of a carefully-matched sample of active and inac- : -
tive early-type hosts and determined that all active ety 86 and summarize our results in §7.
galaxies also have dust within 100s of parsecs of their nucle 2. SAMPLE

while only ~ 25% of inactive galaxies had evidence for dust. sample is composed of 38 bright, nearby, early-type
This study showed that 60% of the early-type galaxy pop-  gajaxies (types E, E/SO, and S0). They constitute all of the
ulation has interstellar dust. As we noted in Simdes Lopes garly-type galaxies from theST study of Simdes Lopes et al.

et al. (2007), the high incidence of dust in early-type galax (2047) that have observations in at least two MIPS bands. The

ies presents a k%y challenge to the external origin hypisthes 54 of the Simées Lopes et al. (2007) study was to compare
namely that- 60% of the early-type galaxy population must gt structure in the central 100s of parsecs between active

have accreted a gas and dust-rich dwarf within a time period,q inactive galaxies and that sample contained equal num-
comparable to the dust destruction time. For a dust destrucyers of well-matched active and inactive galaxies from tiee t
tion timescale of 10° yr, this implies a very high rate of gas-  palomar survey of Ho et al. (1995). The Palomar survey is
rich mergers. o L very well suited for this purpose because it consists of very

A missing ingredient in the SimGes Lopes et al. (2007) hjgh signal-to-noise ratio (SNR) spectroscopy of all brigh
study is that there was no constraint on the dust mass distrib galaxies in a fixed region of the sky. Furthermore, all of the
tion in the early-type galaxies, which would provide a usefu nyclear spectra have been classified as either absorjin-|
constraint on the mass range and consequently mass ratio Qjyclei, Hil galaxies, LINERS, transition objects, or Seyfe
the satellite galaxies required to provide the observedsoBs  galaxies (Ho et al. 1997b). The Palomar survey sample is
dust. Simdes Lopes et al. (2007) also employed the structurghys hoth unbiased with respect to nuclear activity and has
map technique of Pogge & Martini (2002) to identify dust homogeneous and sensitive nuclear classifications. Adurth
lanes. As this is a contrast enhancement technique, it is in-advantage is that there are a large number of ancillary data
sensitive to uniform or diffusely distributed dust. Unifialy- products, which are described in Ho (2008).

distributed dust in the galaxies without dust lanes in the ce The Simoes Lopes et al. (2007) Study began with all of

otherwise quite similar galaxies. Temi et al. (2004) showed
that there is no correlation between the far-infrared lwsin
ity of early-type galaxies and their visible-wavelengtmiu
nosities, even though visible-wavelength light shouldreor
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TABLE 1
SAMPLE PROPERTIES
E o L[] o e ® o0 . °
g ool . . seme o | Name Morph  Activity Distance HST Dust?
= 1) 2 (3) (C)] (5)
=or NGCO0315 ....c.ccvevevee. E active 65.8 Y
NGC0821 .......... .. EISO inactive  23.2 N
12f NGC1023........... SO inactive  10.5 N
10 NGC2300 ... E/SO inactive  31.0 N
el NGC2768 ... .. EISO  active 237 Y
gl NGC2787 .......... SO active  13.0 '
E NGC3226 .......... E actve 234 Y
ar NGC3377 .......... E/SO inactive 8.1 Y
20 NGC3414 .......... SO active 249 '
0 ‘ ‘ ‘ H : NGC3607 .......... SO active  19.9 Y
©l T e NGC3640 ......... E inactive  24.2 N
NGC3945 .......... SO active 225 Y

FiG. 1.— Sample distribution as a function of morphological tygetjvity, NGC3998 .......... SO active 21.6 Y
and distance. Tpp panel) Active and inactive galaxieséd and blue cir- NGC4026 .......... SO inactive 17.0 Y
cles, respectively) as a function of morphological type aisthdce. Bottom NGC4138 .......... SO active 17.0 Y
panel) Histogram of all morphological types of the active and inacgalax- NGC4278 ... E active 9.7 Y
ies (ed andbluelines, respectively) as a function of distance. The sulistian NGC4291 ... E inactive 29.4 N
overdensity at 16.8 Mpc is because many galaxies in that Bimambers of NGC4293 .......... SOa active 17.0 Y
the Virgo cluster. NGC4365 .......... E inactive 16.8 N

NGC4371 .......... SO inactive  16.8 '
. . . NGC4382 .......... SO0 inactive 16.8 N
the LINERs and Seyfert galaxies (hereafter simply active NGC4406 .......... E inactve  16.8 N
galaxies) in the Palomar sample witST observations and, NGC4526 .......... SO0a inactive  16.8 Y
for each active galaxy, identified a control (inactive) ggla ~ NSS7250 = oy actve 108 N
with the same morphology, distance, luminosity, and axis ra Ngcas7s ... ... SO inactive  16.8 N
tio. They identified 26 early-type pairs with relativelyistr NGC4589 .......... E actve 300 Y
matching criteria (morphological type within 1 unit, ab- NGCA4612......... SO inactve  16.8 N
. s . S o NGC4621 .......... E inactive  16.8 N

soluteB magnitude within 1 mag, distance within 50%) and .

. . . t NGC4636 .......... E active 17.0 Y
eight additional pairs of early-type galaxies that were amt NGC4649 ......... E inactive  16.8 N
well matched. These 34 pairs of active and inactive earhety NGC4694 .......... E inactve  16.8 Y
galaxies had very similar distributions of distances, lwsi- mggggg ---------- s% 3%?&’/2 ‘;‘i-g \\((
ties, and morphological types and are consequently very wel 5308 S0 inacive 324 N
suited to compare the differences between active and inac- nNGcs557 ... E inactive  42.6 N
tive early-type galaxies. As noted in the Introduction,ttha  NGC5576 .......... E inactve  26.4 N

E inactive 50.7 N

HST study found that all active, early-type galaxies possess NGC7619..............
some form of dust structure within several 100 pc of their
nuclel, whereas only 26% (nine) of the inacive galaxies ex. TE, . Puretes o e g e sl Sl e () Gy
hibited evidence for such dust. These data thus show thereor absence of gust ir?HSTydpat:afrom Siméeipu')pes et al. (2007) Ffeférences for mor-
is a strong dichotomy between dusty and active early-type phology, activity, and distance are provided in Simdes Lopes et al. (2007).
galaxies and typically dust-free and inactive early-typeck
tive galaxies. Furthermore, as Ho et al. (1997b) found that
50% of all early-type galaxies are classified as LINERs or
Seyferts (active), this result also indicates that abo@b &0
all early-type galaxies have dust. 3. DATA PROCESSING AND PHOTOMETRY

We constructed our sample from all of the early-type galax- _' i
ies in the Simdes Lopes et al. (2007) study that have observa- We obtained all available IRAC and MIPS data for these
tions in at least two MIPS bands, and in most cases all threegalaxies from thepitzer archive. The IRAC data correspond
are available. All of the galaxies also have IRAC observa- t0 images in bandpasses centered at approximatéjyng
tions, in addition to the4ST observations. This sample has 4.5um, 57um, and &m. For most galaxies, the first three
approximate|y equa| numbers of active and inactive gajaxie bands are domlna}teq by stellar emlssyon, Whlle' the fourth is
and should be an unbiased subset of the Simdes Lopes et afiominated by emission from polycyclic aromatic hydrocar-
(2007) sample because these galaxies were targeted for MIP80ons (PAHs). For most early-type galaxies, the fourth band
observations by a multitude of small programs. Because ofiS also dominated by stellar emission, rather than PAHs, as
this selection, and a desire to not decrease the sample siz&e discuss further below. The MIPS data correspond to im-
further, we did not attempt to create a pair-matched sampleg€s in bandpasses with nominal centers at247Qum, and
from this subset. We did confirm that there are not obvious 160um. Emission at 24m is typically dominated by hot dust,
trends between the active and inactive subsets as a functioivhich is either interstellar or circumstellar, while enmssat
of distance and morphological type. Figure 1 shows the dis-longer wavelengths is dominated by cooler, diffuse, iréers
tance distribution for galaxies classified as type E, E/®@, a lar dust. We typically started our analysis with the Basi¢-Ca
S0. While the true ellipticals extend out to larger distances ibrated Data (BCD) for the MIPS observations and the Post-
than the two other types, the distribution of active andiimec ~ BCD (PBCD) products for the IRAC observations. In the sub-
galaxies are similar. The morphological classificationivac ~ Sections below we describe any additional processingophot
|ty type, and distance for all of the ga|axies are presemed i metric measurements, and how we determined upper limits.

Table 1, along with whether or not they were observed to have
dust structures in the study of Simdes Lopes et al. (2007).
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FIG. 2.— Structure mapseft), PAH imagesfiddle), and MIPS 16@m images (ight) for the sample. The structure map is’18n a side, while the PAH and
MIPS images are 1800n a side. The small box on the PAH and MIPS images indicatesetuedi view of the structure map. The black, dashed circle en th
PAH image indicates the photometric aperture used for Ber3 to 7qum photometry (a PSF model was used for the Ad@ata). The third panel is empty if
160um MIPS data were unavailable for that galaxy.

3.1. IRAC Data we used an & radius due to either nearby, bright objects or

+ the extent of the imaging data in one or more bands. In sev-
£ral cases bright, foreground stars were in the aperturavend
masked them out by replacing those pixel values with the me-
gian of nearby pixels. The aperture size and photometry for
each galaxy is listed in Table 2. These measurements include
the extended source aperture correction.

The apertures are smaller than the full extent of the visible
emission of these galaxies (e.@2s). While these smaller
apertures have less noise, in some cases they may lead to un-
derestimates of the total emission.

The few exceptions were galaxies that had relatively few
IRAC observations. In these cases we obtained the BCD dat
from the archive and processed them into mosaics with the
MOPEX software package from ti8pitzer Science Center.

We measured aperture photometry in all four IRAC bands
with the phot task in IRAF. We typically adopted an aper-
ture radius of 1because this includes nearly all of the ob-
served dust emission at longer wavelengths. In some case
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FiG. 3.— Continuation of Figure 2

3.2. MIPSData sources in MIPS data. Aperture photometry proved impos-

The Spitzer MIPS data were processed further with the SiPIe to use for the 16@m fluxes because it was difficult to
MOPEX package. In addition to the mosaicing and other pro- ccurately estimate the background. This is because the PSF
cessing (e.g. median filtering), we used the IDL progg@p &t 16Q:m is comparable in size to the field of view in many
columm filter. pro tocalculate and subtract the median CaSes: There is also the strong possibility of contamindio
value from each column for each BCD. This process signifi- oﬁhil;sgj(rcesi(We _thelz\;efgrgxextrﬁctﬁd theﬁ‘rgm‘f:x]?s.w'th "
cantly diminishes artifacts in the images with minimal logs e package in MOPEX, which uses a PSF-fitting tech-
flux from the source. nigue. The standard PSF available with the MOPEX package

The fluxes at 24m and 7qum were measured with aperture  Was used for this task. .
photometry in the GAIA package and the same aperture sizes_. W& quantified several sources of measurement uncertainty.
employed for the IRAC measurements. Aperture corrections, 'St ‘a’e calcmélatgoéun.ce_rtam'?e_s for each galaxy in ]??mbb ‘
were applied to these measurements. These corrections wer&0M the standard deviation of six measurements of the back-

derived from the point spread function (PSF) of bright point 9round. For some of the 7#én data and most of the 16t
data, this technique may not accurately capture the uricerta
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FIG. 4.— Continuation of Figure 2

ties as the field of view is too small. In these cases we setcoordinates of the 24n emission. In all cases we quote 3
a lower limit on the uncertainty based on the noise in other, upper limits. Because of the size of our aperture, as well as
similar datasets with a larger field of view, such as work by PSF-fitting at 16@m, these upper limits are only valid if the
Temi et al. (2009) and Bendo et al. (2012), as well as the dust is centrally concentrated.
confusion limit measurement by Frayer et al. (2009). Finall Many of these archival datasets were included in previ-
we included the instrumental flux calibration uncertain{ief ous studies, in particular Temi et al. (2009) and Bendo et al.
4%, 10%, and 12% for 24m, 7Qum, and 16@m, respec-  (2012). Our fluxes generally agree to within the uncertain-
tively). Calibration uncertainties dominate the uncerttias ties with Temi et al. (2009), who employed a similar set of
for the majority of the detections. data processing and calibration techniques. The mainrdiffe
All of the galaxies were easily detected at24 and the ences are likely because Temi et al. (2009) employed aper-
apertures were centered on this emission. Detections@h 70 tures that were comparable in size to the visible extentef th
and 16(:m were consistent with the same centroid as the galaxy. Our apertures are smaller, often by a factor of sev-
24um emission. If there was not an obvious detection in one eral, while at 16@m we employed a PSF-based measurement
of these two bands, then an upper limit was measured at theather than aperture photometry. We have larger difference
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TABLE 2
SPITZER PHOTOMETRY
Name Aperture  3.5om 4.49m 57%m  7.87um 23.68m 71.424m 155.9m
NGCO0315 1 88.0 55.0 39.6 30.8 98.8 (4.0) 320.3(33.4) 47% (58
NGC0821 0.5 100.9 60.6 40.2 25.1 8.8 (0.7) <259 <874
NGC1023 1 330.0 197.8 135.9 82.7 52.3(2.1) <315 <297
NGC2300 1 122.6 73.0 49.4 30.2 19 (0.8) <169 < 66.6
NGC2768 1 136.1 83.8 58.4 39.6 32.4 (1.3) 513.2 (51.5) 486 (6
NGC2787 1 178.4 107.8 78.6 60.8 40.5(1.6) 962.9 (96.6) 883\
NGC3226 0.5 59.6 36.0 29.1 26.9 28(1.2) 270.2 (28.0)
NGC3377 1 1411 87.4 58.5 36.1 17.2 (0.7) 55.3 (12.3) 160 (22
NGC3414 0.5 98.8 59.9 42.1 30.5 26.2 (1.1) 272 (28.5)
NGC3607 1 0.0 123.5 0.0 105.4 89(3.6) 1620.1(162.3) 23¥8)2
NGC3640 0.5 138.0 84.3 56.7 35.3 19.5(0.8) < 256 <498
NGC3945 1 133.6 83.0 57.4 34.8 34.4 (1.4) 268.1(27.4)
NGC3998 1 199.4 127.0 96.8 749 1495 (6.0) 521.5 (52.5) @2%
NGC4026 1 151.2 97.9 67.0 40.8 20.3(0.8) 156 (16.2) 288 (35)
NGC4138 1 94.1 62.1 64.6 102.8 173.9(7.0) 2121.2(212.2)553827)
NGC4278 1 201.9 122.6 86.4 62.3 46.3(1.9) 709.1(71.4) BO) (
NGC4291 1 84.3 51.9 34.4 20.6 21.4(0.9) <329 <391
NGC4293 1 78.9 61.5 72.5 114.0 528.9(21.2) 5193 (519.3) 0§827)
NGC4365 1 191.7 116.0 81.0 49.6 31.2(1.3) <16.0 <353
NGC4371 1 107.0 63.8 43.1 27.3 15.1 (0.6) 30.5(6.3) <297
NGC4382 1 206.8 131.2 94.9 58.8 54 (2.2) <290 <344
NGC4406 1 206.3 122.5 83.8 51.2 40.1 (1.6) <273 <316
NGC4526 1 310.6 191.7 170.0 224.2 284.8(11.4) 7599.6 (60.7049 (846)
NGC4550 0.5 71.9 45.0 30.2 21.4 9.6 (0.5) 166.8 (18.3)
NGC4570 1 150.7 90.5 60.0 36.9 14.5 (0.6) <250 <297
NGC4578 1 57.1 34.9 23.3 14.3 6.9 (0.4) <290 <297
NGC4589 0.5 103.9 64.4 44.8 29.9 14 (0.6) 204.8 (20.9) 3% (4
NGC4612 1 62.3 38.7 25.8 16.4 9.6 (0.5) <178 <334
NGC4621 s 224.6 132.1 89.8 55.5 33.2(1.3) <164 <297
NGC4636 1 167.2 99.4 68.2 42.4 24 (1.0) 112.8 (16.0)
NGC4649 0.5 399.7 234.7 161.6 99.1 59.4 (2.4) <187 <297
NGC4694 1 43.1 28.2 374 73.2  117.5(4.7) 1391.9(139.3) 02282)
NGC5077 1 93.1 56.5 38.8 25.3 20.3(0.8) 171.8(19.2) 192 (26
NGC5273 1 39.2 27.0 24.2 27.7 95.5 (3.8) 685 (68.8) 610 (74)
NGC5308 1 88.5 54.1 36.7 21.9 7.6 (0.3) <263
NGC5557 1 94.6 57.3 39.2 23.7 14.8 (0.6) <135 <334
NGC5576 1 119.0 74.2 51.8 31.3 16.1(0.7) <194 <325
NGC7619 1 96.9 59.5 40.7 24.6 13.3(0.5) <182 <297

NoTE. — Photometry of the galaxies in the sample. Columns are: (1) Galaxy name; ¢2fufgradius in arcmin for the 3.6n
to 70um measurements (a PSF model was used for thed6photometry, as well as the Zth photometry of NGC3226, which is
marked with ap superscript); (3-6) Flux in IRAC channels 1-4 in mJy; (7-9) Flux in MIPS chann@snlmJy. Uncertainties include
statistical and calibration uncertainties. All upper limits aseupper limits. While NGC4636 is clearly detected at 160 we were
unable to obtain a good photometric measurement.

with the Bendo et al. (2012) measurements and the general Most of the dust in galaxies is in the interstellar medium.
sense of these differences is that our flux measurements tendhis dust is likely composed of a mix of amorphous silicate
to be smaller. Because Bendo et al. (2012) used similar aperand graphitic grains, as well as small PAH particles. Both
ture sizes to Temi et al. (2009), the difference is likely be- stars and PAH particles contribute emission to thed@RAC
cause Bendo et al. (2012) based their pipeline on an older seband, so itis important to accurately determine the stetiar
of processing and calibration tools. Two of the most signif- tribution to the &m band in order to measure the PAH com-
icant differences we have traced to either the presence of gonent. Similarly, both hot, circumstellar dust aroundiesd
nearby companion (for NGC3226) or clumps of emission at stars and hot, interstellar dust contribute emission t@#uen
large radii (for NGC4406, see also Gomez et al. 2010). MIPS band, so it is important to determine the circumstellar
As our apertures are smaller than the full extent of the stel- contribution to the 24m band in order to quantify the warm
lar emission (although not necessarily the dust emissaar),  component of the diffuse ISM. In the next two subsections
measurements will underestimate the flux if the emission iswe describe how we used our sample of galaxies with no evi-
more extended. In most cases these differences appear to b#ence for interstellar dust to obtain an empirical measergm
at most on the order of a few tens of percent. The only signifi- of the stellar and circumstellar emission in thex8and 24:m
cant difference is NGC4526, where our 160 measurement  bands.
is only 60% of the value reported by Bendo et al. (2012), and
about a factor of two below the PACS 1@8® measurement of 4.1. Sellar Contribution
Auld et al. (2013), which has a much larger field of view and —\RAc 8,,m observations of most galaxies include contribu-
consequently better background measurement. We dis@iss thons from both stellar photospheres and PAH molecules. In
implications of our measurements on the inferred dust nsasse oqer 1o study the total flux and spatial distribution of PAHs
in §5.1.2. the conventional practice is to remove the stellar contidtou
by subtraction of a scaled version of th&@m flux, where

4. STELLAR AND CIRCUMSTELLAR EMISSION this scale factor is calculated from models of stellar photo
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flux ratios, examine the expected variation due to stell@r po

020 ulation differences, and estimate the significance of the124
0451 1] detections of apparently dust-free galaxies (in §4.2). akye
_ 0or . 1 type galaxies are primarily composed of old stellar popula-
5 03| . < tion, and this component is expected to dominated the stella
030¢ ° . e 1 emission in the infrared, we only examine models with single
025 -t et R Y L TEETEF ERRCN stellar population ages, but consider metallicites frotarsio
sl . ‘ ‘ . o super solar. From Maraston (2005) we calculate fig)ef3
> } and fg/ f45 ratios for metallicities oZ = 0.02, Z = 0.04, and
2050 . ] Z =0.07, a Kroupa IMF, and their red horizontal branch pre-
;40457 Lt | scription. From Conroy et al. (2009) we calculate these ra-
o ST DU o tios for Z = 0.019 andZ = 0.035, a Kroupa IMF, the Padova
osof T . 1 isochrones, and the Basel library.
415 420 I 430 435 The flux ratios for these models as a function of popula-
' tion age are shown in Figure 6. Tlig/ f3¢ and fg/ f4 5 ratios
FiG. 5.— Ratio of §im to 36um flux (top panel) and §m to 4.5um flux from the models agree well with the empirical data shown in

(bottom panel) as a function of £um luminosity for galaxies with the small- Figure 5. The Maraston (2005) models indicate a trend of
est value of this ratio. Red points correspond to galaxi¢isout evidence for ;

dust, both based on upper limits at 180 and the absence of dust structure larger f8/ f36 ratio at larger _meta_"iCitieS_-_ The Conro_y _et al.
in HST imaging. Blue points correspond to galaxies with A60detections (2009) models appear relatively insensitive to metailjdiut

and dust structure iRIST imaging. The galaxies with no evidence for dust do show some increase at |arger ages. Tg/-{ef4'5 ratios for

have median ratios ofg/fs5 = 0.4184+0.011 andfg/f3¢ = 0.251+ 0.010 ;
and we adopt these values to remove the stellar contributiBpra for our both sets of models agree well with each other and the data,

early-type galaxy sample. The errorbar in each panel repretiee average ~ @nd also appear essentially independent of age and metallic
uncertainty in the measurement of the ratio. Several galaitbsdetections ity. Models with different IMF prescriptions lead to essen-

at 16Qum (blue points) have similar value of this ratio, although some are tially identical results and are not shown.
substantially higher and off the upper end of the range stmwthis figure.

4.2. Circumstellar Dust

spheres. Helou et al. (2004) estimated that this value 320.2  While the galaxies without evidence for dustHST im-
based on stellar population models from Starburst 99 (Lei- ages were also undetected afi®and 16@m, all are de-
therer et al. 1999) and noted this factor is not very sersitiv tected at 24m. Figure 7 displays a similar plot to Figure 5,
to star formation history or metallicity. They do note tha¢t  but for 24um rather than 8m. This figure indicates that the
3.6um emission may include a hot dust component, based on24um emission is relatively constant for the apparently dust-
earlier work (Bernard et al. 1994; Hunt et al. 2002), but es- free galaxies, although the scatter is larger than for i 8
timate that this is a small contribution. Draine et al. (2007 emission. The larger scatter may be due to stellar populatio
obtained a similar value of 0.260 with the assumption that th differences, such as age or metallicity. This was indicated
emission is described by a 5000K blackbody. by the work of Athey et al. (2002), who measured signifi-
The stellar contribution at;8n is a small fraction of the  cant intrinsic scatter between the mid-infrared @band
total emission from the late-type spiral NGC 300 studied by luminosities of nine early-type galaxies. The ratios angl th
Helou et al. (2004). This is also true for most of the galaxies rms variation we measure afg,/fss = 0.253+ 0.074 and
in the SINGS sample studied by Draine et al. (2007). While f,4/f36 = 0.154+ 0.047. While some of the dusty galaxies
approximately half of the galaxies in our sample are siryilar  also have consistent values of these ratios, the ratiosdoym
expected to have substantial dust emission:at &thers may  are much larger and some are not shown on the figure.
have little to no dust emission in this band. For these gataxi These ratios for all galaxies, including the apparentiyt-dus
an accurate estimate of the scale factor specific to egpky-ty free galaxies, are several times larger than expected frelm s
galaxy stellar populations is necessary to correctly iflent lar photospheric emission alone. The right panels of Figure
and measure PAH emission atra. show the empiricalf,4/ f36 and f,4/f45 ratios compared to
We have empirically estimated the appropriate scale fac-the same Maraston (2005) and Conroy et al. (2009) models
tor for early-type galaxies with the nominally dust-fredega described in the previous section. In both cases the empiri-
ies in our sample. Figure 5 shows the ratiofgf f3 and cal values are approximately a factor of three higher than al
fg/fs5 for the subset of the sample with the smallest val- of the models. The models are also in good agreement with
ues of these ratios as a function abgm luminosity. In each other and show little evidence for significant variatie
both cases all of the dust-free galaxies have similar valuesa function of stellar population age or metallicity. We ter
of these ratios, which correspondfgy f3¢ = 0.25+0.01 and fore conclude that the 24n emission is clearly in excess of
fg/f45 =0.424+0.01. The uncertainty quoted for both ratios stellar photospheric emission, yet it does scale with the flu
represents the rms variation of the dust-free galaxies. Theof the stellar population.
average photometric uncertainty for the ratio measurement  The most likely origin of this excess g flux is emission
also shown in each panel, although because it includess{corr from hot dust in the circumstellar envelopes of evolvedsstar
lated) absolute calibration uncertainties it is an ovémrese For a population of galaxies with relatively uniform and old
of the true uncertainty in the individual points. The measur  stellar populations, the fraction of evolved stars witltein-
value for fg/f3¢ Is consistent at 4 with the value of 0.260  stellar dust should be an approximately fixed fraction of the
chosen by Draine et al. (2007) and is f#om the value of  stellar mass, which in turn is reasonably well represenied b
0.232 calculated by (Helou et al. 2004). the flux at 36um and 45um. Models of infrared emission
We have compared these values to the predicted flux ra-from dust shells around AGB stars by Piovan et al. (2003) in-
tios from stellar population models by Maraston (2005) and clude substantial circumstellar emission from-#®um from
Conroy et al. (2009) to judge how well the models fit these old stars. This emission includes a local maximum that ap-
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FIG. 6.— Spitzer IRAC and MIPS band flux ratios for stellar emission from vasald stellar population models as a function of age (i.e. widhSM or
circumstellar dust contribution). The flux ratios shown &gfs ¢ (top left), 24/ fa6 (top right), fg/ fas (bottom left), and f24/ f4.5 (bottom right). The model
points from Maraston (2005) are f@r= 0.02 (blue circles), Z = 0.04 (blue squares), andZ = 0.07 (blue triangles). The model points from Conroy et al. (2009)
are forZ = 0.019 (red circles) andZ = 0.035 (ed squares). The empirical ratioskack solid line) and a 5000 K blackbodydftted line) are also shown. The
models are a reasonable representation of the IRAC flux rdtidsot the MIPS to IRAC flux ratios, which is evidence for d,fgircumstellar dust component.
See §84.1 and 4.2 for details.

4382, NGC 4570, NGC4621), and these data show clear ev-

. idence for dust emission beyoungr8 that is well fit by a
Lor . ] dusty silicate circumstellar envelope model (Bressan et al
. o8 . 1 1998). This emission spectrum is also well fit by a scaled
Zo8 1 version of IRS data for stars in the globular cluster 47 Tuc
o4 1 studied by Lebzelter et al. (2006).
o.z;,,.,,,,;.t,,:*;r:-'. P JOR I For galaxies with a substantial amount of cold, interstella
0 ‘ ‘ . dust ¢ 10°M,), such as late-type galaxies, the circumstellar
15 . = dust emission at 24m is relatively negligible. However, most
5 . of the galaxies in our sample are substantially more dust poo
R . ] for their stellar mass. It is consequently important toreate
03| e ] and subtract the circumstellar contribution to the@4MIPS
R e T T e photometry to obtain an accurate estimate, or upper limit, f
e 420 e 30 s the cold dust component. In the next section, we describe our
dust model fits and how we incorporate the circumstellar dust
FiG. 7.— Same as Figure 5 for the ratio of /2% to 36um (top pane!) emission into the interstellar dust mass estimates andruppe

and to 45um (bottom panel). Red points correspond to galaxies without
evidence for dust, both based on upper limits at;if60and the absence
of dust structure irHST imaging. Blue points correspond to galaxies with
160um detections and dust structure HET imaging. The galaxies with 5. INTERSTELLAR DUST

no evidence for dust have median ratios fgf/ f45 = 0.252+ 0.072 and . .

fo4/ T35 = 0.1514 0.045. The errorbar in each panel represents the average Approximately half of these early-type galaxies are de-

uncertainty in the measurement of the ratio. tected in the MIPS 70m and 16@m bands, which indicates
the presence of cold, interstellar dust. In this section ee d
proximately falls within the 24m band and has been iden- scribe how we fit our IRAC and MIPS photometry for these
tified with silicate emission in oxygen-rich AGB stars (Suh galaxies with the dust models of Draine & Li (2007), estimate
2002). Bressan et al. (2007) studied IB$tzer spectroscopy  the total dust mass, and compare the properties of the dust in
of many early-type galaxies, including a number of the in- early-type galaxies to dust in other morphological typeg W
active galaxies in our sample (NGC 4365, NGC 4371, NGC also derive upper limits to the cold dust mass for galaxias th

limits.
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we do not detect at 70n and 16@m. rameters at those values for this study as well. The ISRF for
All of the galaxies with dust lanes in th¢ST structure maps  the dust models is consequently just characterizddfyyand

are also detected au#. We use the empirical scale factor ~. As early-type galaxies have relatively little star forinag

derived in 84.1 to measure the PAH emission in this bandpassve do not expect large values of however,y may not be

and examine the spatial distribution of the PAHs. We also completely negligible as some early-type galaxies have-mod

estimate the fraction of the dust in PAHs with the Draine & Li
(2007) models for the galaxies with suitable data and compar
them to other studies.

5.1. Fit to Draine & Li Models

Most of the dust in galaxies is in the interstellar medium.
This dust absorbs energy from starlight, which then re-emit
this radiation at mid- and far-infrared wavelengths. Thésem

est amounts of star formation. The PDR component may also
represent dust near the active nucleus in the small number of
moderate luminosity AGN in this sample.

Very small dust grains and PAHs are subject to single-
photon heating to high temperatures and thus emit at much
shorter wavelengths than larger grains (Sellgren 1984HsPA
are also very likely to be the cause of the emission features
observed at 3.3, 6.2, 7.7, 8.6, and 14r8 in the Milky Way

sion spectrum of this dust can be used to estimate the totahnd most galaxies, and in particular th&am feature appears

mass in dust, as well as other properties, given a modeléor th
typical grain size distribution and composition. These mod
els are used to characterize the absorption and re-emigkion
the Interstellar Radiation Field (ISRF) as a function of erav

to dominate the nonstellar emission in the IRAGN8 band.
This emission has been identified with C-C stretch and C-H
bending modes, primarily from ionized PAHs. The Draine &
Li (2007) models include PAHs as small as 20 carbon atoms

length and may consequently be used to derive the dust masand note that PAHs with: 1000 carbon atoms dominate the

from the observed luminosity.
We employ the models of Draine & Li (2007) to character-
ize the properties of the dust in these galaxies and derise du

emission at wavelengths < 20um. They present seven dif-
ferent Milky Way dust models that have different size distri
butions of very small grains and different PAH fractiangy

masses. These models assume that dust is comprised of a mixf 0.5% to 4.6%, whergpay = 4.6% is a reasonable match

ture of carbonaceous and silicate grains, and varying ataoun
of PAH particles. The main observational constraints on the
grain size distribution, relative mixture and opacitiescaf-

to the Milky Way. Because each of these seven dust models
has a different PAH fractiorgpay uniquely describes the dust
model. The dust emission from a given galaxy is consequently

bonaceous and silicate grains, and the properties of the PAHcharacterized bgpan, Unin, 7, and the total dust maséqug.

particles are the wavelength-dependent extinction oleskrnv
the Milky Way (Mathis et al. 1983), long-wavelength observa
tions of the Milky Way (Finkbeiner et al. 1999), and studies
of the properties of PAH emission from the Milky Way and
nearby galaxies (e.g. Smith et al. 2007).

The mid- to far-infrared emission from dust grains depends

on the incident ISRF, and thus a characterization of the dis-

tribution of starlight intensities is also necessary teirthe
properties of the dust.
galaxies will typically include emission from dust that has

been heated by a wide range of different values of the local

ISRF. While some studies perform detailed radiative transfe
calculations to estimate the local value of the ISRF for in-

dividual dust grains (e.g. Popescu et al. 2000; Gordon et al.
2001; Piovan et al. 2006), this approach typically relies on &'®
many assumptions and may not be necessary to obtain rea-
sonable estimates of the dust mass and other dust proper-

ties. Draine & Li (2007) propose a simple parametrization
of the ISRF where a fractiony of the dust mass is exposed
to high-intensity radiation, such as may occur near thes site

In the next subsection we describe how we derive these four
parameters.

5.1.1. Flux Ratios

The &m, 24um, 7Qum, and 16@m bands may be domi-
nated by dust emission. We use the data from these four bands
to determine the four parameters of the Draine & Li (2007)

Integrated measurements of entird"0del:Gpar, Unin, 7, andMaug . Our approach uses the graph-

ical procedure described in Draine & Li (2007) to estimate th
best-fit dust model. This procedure employs three flux ratios
to determine the model that is the best fit to the spectraleshap
The total luminosity is used to estimate the dust mass in the
context of the best-fit model. The ratios defined in that paper

of star formation, and the remainder is exposed to the aver-

age ISRF. The dust exposed to a wide range of ISRF inten-

sities, which Draine & Li (2007) refer to as dust associated
with Photodissociation Regions (or simply PDR dust) is ex-
posed to a power-law distribution of intensities fraug, to
Umax: WhereU is a dimensionless scale factor such that 1

for the local ISRF derived by Mathis et al. (1988)4i, is
the minimum value of the ISREgy is the maximum value,
and the power-law index ia. The dust exposed to the av-
erage ISRF is exposed to a radiation field of intenklty,
and is referred to as diffuse dust. The diffuse dust is exgaect
to be relatively cold and dominate the emission in thari0
and 16@:m bands, while if present the PDR dust may be im-
portant at shorter wavelengths, most notably ther@MIPS

_ (vf®)79
P = Ut v @)
(V1%)24
Pos = i v @
R = < )71 (3)
(vf,)160

The superscript “ns” refers to the nonstellar contribution
that bandpass. For the:8 band, this is the value after sub-
traction of the empirical stellar contribution with the pss
dure described in 84.1. For the 2# band, this is the value
after the subtraction of the empirical stellar and circlettat
dust contribution to the 24m band as described in 84.2. The
measured values of these ratios are listed in Table 3.

Not all of the galaxies with detections at®, 70:m, and
160um have a value foPy g in Table 3 because in three cases
(NGC3377, NGC4026, and NGC5077) the flux of the non-

band. Draine et al. (2007) find that the SEDs of galaxies in thestellar component at;8n is consistent with the uncertainty

SINGS sample are satisfactorily reproduced Vit = 10°
and a power-law index af = 2. We fix these two model pa-

in the empirical scale factor and our aperture measurements
even though weak PAH emission is apparent in Figures 2 — 4.
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FiG. 8.— Infrared spectral energy distributions and model fitee IRAC and MIPS photometric measuremenitsé circles or arrows) are shown with a stellar
model from Maraston (2005), diffuse and PDR dust models fromirigr & Li (2007) ¢ed, dotted lines), and a simple circumstellar dust modblug, dotted
lines) that corresponds to a fixed fraction of th&4m emission. The sum of these components is also shmedndashed line). The dust mass estimate, as well
as either the best-fit or assumed dust model paramejgss, Umin, @and-y) are listed below each galaxy’s name. The dust model fits amibled in section
§5.1.

For a similar reason, nBy,4 value is quoted for seven galax- Draine & Li (2007) note that because therB emission is al-
ies (the previous three cases, as well as NGC2768, NGC2787most exclusively due to single photon heatiRgg is not very
NGC4278, and NGC4589) because there is more substantiasensitive to the starlight intensity. The exception is thtte

variation in the empirical scale factor that corrects far ton- PAH fraction is very small, exposure to a more intense ISRF
tribution from (mostly) hot, circumstellar dust in this gas  (larger~) will lead to enhanced PAH emission that may pro-
band. duce values oP; g that are comparable to models with larger

The ratioP; g is effectively a measure of the fraction of the gpay and smaller values of. Prg is less sensitive te for
dust emission that is radiated by PAHs, and thus provides thdarger values ofjpay because these galaxies exhibit substan-
strongest constraint on the dust model ancoghg parameter.  tial PAH emission even when= 0.
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TABLE 3
DusTMODEL FITS

Name P7.9 P24 R710paH [%] Umn v log Mg
NGC0315 0.13 0.48 1.47 250 20 0.2 6.7
NGCo0821 .. .. 250 70 0.0 <4.7
NGC1023 .. 2.50 7.0 00 <3.9
NGC2300 .. .. 250 70 0.0 <4.9
NGC2768 0.06 231 112 15.0 0.0 5.5
NGC2787 0.11 252 177 15.0 0.0 5.2
NGC3226 ... .. 250 7.0 00 5.5
NGC3377 0.75 2.50 2.0 0.0 4.7
NGC3414 ... .. 250 50 0.0 5.6
NGC3607 0.18 0.07 1.53 3.19 7.0 0.0 6.3
NGC3640 .. .. 250 70 0.0 <4.6
NGC3945 ... .. 250 7.0 00 5.4
NGC3998 0.25 0.44 1.85 3.90 7.0 0.15 5.7
NGC4026 ... .. 118 250 50 0.0 5.3
NGC4138 0.19 0.13 1.30 3.19 50 0.02 6.3
NGC4278 0.10 ... 209 177 50 00 5.4
NGC4291 .. .. 250 7.0 00 <5.0
NGC4293 0.10 0.19 1.65 1.77 7.0 0.04 6.5
NGC4365 .. .. 250 70 0.0 <4.2
NGC4371 2.50 7.0 00 <4.3
NGC4382 2.50 70 0.0 <4.7
NGC4406 ... .. 250 70 0.0 <4.5
NGC4526 0.12 0.07 235 250 15.0 0.0 6.4
NGC4550 .. .. 250 7.0 00 4.9
NGC4570 2.50 70 0.0 <4.2
NGC4578 .. .. 250 70 0.0 <4.3
NGC4589 0.08 137 112 30 00 6.1
NGC4612 .. .. 250 70 0.0 <4.2
NGC4621 2.50 70 0.0 <4.1
NGC4636 2.50 70 0.0 4.7
NGC4649 .. .. 250 70 0.0 <4.2
NGC4694 0.23 0.14 140 3.90 50 0.02 6.1
NGC5077 .. .. 195 250 12.0 0.0 5.7
NGC5273 0.15 0.28 245 3.19 15.0 0.06 5.4
NGC5308 .. .. 250 70 0.0 <4.6
NGC5557 2.50 70 0.0 <4.9
NGC5576 2.50 7.0 00 <4.6
NGC7619 2.50 70 0.0 <5.1

NoOTE. — Dust model results of the galaxies in the sample. Columns are: (1) Galaxy

name; (2) P7.9; (3) P24; (4) R71; (8pan; (6) Umin; (7) ~v; (8) log of Mgug in solar
masses. Galaxies with measurements of P7.9, P24 and/or R71 were fit witrathe D

& Li (2007) models. The remaining galaxies were fit with a fixed set of parameters:
(dpan , Umin, 7v) = (2.50%, 7.0, 0.0). Dust mass upper limits are for this fixed model and

the 3 upper limits at 7@m and 16xm. More details are provided in §85.1.

The value ofy is mostly determined by the rati,. This
ratio is sensitive to the fraction of the dust emission near
24um and is dominated by hot, PDR dustt 0) if a hot com-
ponent is present. According to Draine & Li (2007), when
larger grains are heated by starlight intensities atibwe 20,
they will contribute to the 24m emission. In contrast, dust
that is heated by starlight intensitiesldf~ 0.1-10 is suffi-
ciently cold that it emits most of its luminosity at longerwea
lengths, such as the jfh and 16(:m bands.

The coldest dust component is diffusely distributed in the
ISM and heated by the average ISRF of the galbiy,. The
ratio Ry is sensitive tdJ, because the intensity of the ISRF
is correlated with the characteristic temperature of the co
component, and this affects the ratio of the flux in th@m0
and 16@:m bands. For small values gf(on order a few per-
cent or less), the ratiBy; is a very sensitive tt,;, because
the 7Qum flux has a negligible contribution from PDR dust.
For larger values of, the PDR dust contribution to the jith
emission is more important. In galaxies with substantiat st
formation, the values of botR;; andP,4 are larger andRy; is
less sensitive ttyin.

5.1.2. Dust Model Parameters

There are eight galaxies in our sample with sufficient data
to constrain all three Draine & Li (2007) model parameters.
For these galaxies we follow the graphical procedure recom-
mended by Draine & Li (2007) and first estimajgyy from
the values of; 9 andRy4, and then use the values iBf; and
R71 to estimatey andUy,. Four additional galaxies have just
P, g andRy;1, which is sufficient to constrain the dust model.
A histogram ofgpan for these 11 galaxies is shown in the first
panel of Figure 12. The median value @y is 2.50% for
these galaxies. The second panel shows the distribution of
for the subset of eight galaxies with sufficient coveragenef t
diffuse emission. The median value valueydbr these eight
is 0.03. Finally, there are three galaxies with ju&t. For
these galaxies we assumg = 2.50% andy = 0 (to provide
a more conservative constraint on the dust mass+{ah03)
and then estimatéd,j,. The median value df, is 7.0.

With the dust model fixed, the dust mass is:

v

Maug = @ (<l/fl/>24+ <l/fl/>71+ <I/f1/>160) Dz.
The quantity® is uniquely determined by the three parame-
tersgpan, v, andUp, that describe the dust model, the quan-
tity (U) accounts for starlight heating in both PDRs and the
diffuse ISM, andD is the distance. Dust mass histograms are
shown for different morphological types in Figure 13 and for
active and inactive galaxies in Figure 14.

The distributions ofjpan, v, andUin, are generally differ-

ent from the distributions found by Draine et al. (2007) for
the SINGS sample. Thepay values are generally lower,
with the median ofgpay = 2.5% below the median value of
3.4% found by Draine et al. (2007) for the 61 galaxies in
the SINGS sample with similar IRAC and MIPS data. The
8um PAH feature is mostly due to ionized PAHSs (Joblin et al.
1994), so the weakness of this feature may indicate a greater
fraction of neutral PAHs, rather than a smaller PAH fraction
Kaneda et al. (2005) proposed this explanation based on thei
study of IRS spectra for four elliptical galaxies, which gleal
the short-wavelength PAH features were weak or absent, but
the longer wavelength features at.3Am and 127um were
prominent. Their sample includes NGC4589, for which our

(4)
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FIG. 12.— Distribution of the dust model parametggay (I€ft), v (middle), andUmin (right) in galaxies with sufficient detections to constrain one oreraf
these quantities. Note that NGC3998 has 1 and consequently does not fall within the range shownemifddle panel.

ews 1995; Micelotta et al. 2010), would weaken therBfea-
ture. Thegpay value is also observed to decline in galaxies

— Al

. i i £Z2 All Limits [} with low gas-phase oxygen abundance. Draine et al. (2007)
P — E/SO find that the median PAH fraction is@% for galaxies with
° oo — 1 gas-phase oxygen abundances below [b3,,0/H < 8.1 (it
st i i B ELimits ] is also low for a small fraction of higher metallicity galax-
3 i | T oLt ies). Even though our sample is expected to possess solar to
£ : ] super-solar stellar abundances, the cold gas abundance may
3l i be quite low if it is the remant of an accreted, low-mass satel
! lite. Finally, relatively luminous AGN have also been impli
il i T | cated in the destruction of PAHs (Lutz et al. 2008) and all
I i | but three of the galaxies with detections in all seven bands
i H | B are AGN, although they are low luminosity AGN. Smith et al.
§o 35 40 45 50 55 60 65 70 75 (2007) found that AGN may modify the relative distribution

log M, [M]

of intensities of various PAH features, and in particulgn-su
FiG. 13.— Distribution of dust masses and upper limits as a funatid press those from 58um. However, low-luminosity AGN do
morphological type. not appear to negatively effect the PAH abundance, as Draine
et al. (2007) found that the mediapay fraction was actu-
ally slightly higher (3.8%) for AGN than the median of their
full sample, as well the median of 28 galaxies with HIl nuclei

. Al

CIZ Allimits | (3.1%).

: —fctive Nearly all of the galaxies have < 0.1 and the median
o T B= Inactive Limits|| value is+y = 0.03. This is consistent with the near-absence

of star formation in these galaxies. The small valuegyof
also mean that the model fits and dust masses are more re-
liable, as in this regime the paramefy; provides a better
estimate olUin. The mediarlJy,, value for this sample is
7.0, which is several times higher than the SINGS sample me-
dian of 1.5. The median for the subsample of SINGS galaxies
with SCUBA data is in better agreement with our data. In
the case of SINGS galaxies with SCUBA observations, the
Y35 a0 45 5o ssTED s 70 7s cold and PDR dust components are better separated, and thus
Unin is better measured for those galaxies. We may be able
FIG. 14.— Distribution of dust masses and upper limits as a funatib to measure larger values bf,, without longer-wavelength
nuclear activity. sub-mm observations because our galaxies have lower values
of ~. Early-type galaxies may also have more intense |IS-
best model fit yieldgjpan = 1.12%, yet the longer wavelength  RFs than spiral galaxies due to the presence of hot, evolved
PAH features are clearly presentin the IRS spectrum. Kanedastars and higher stellar densities. This is also suggested b
et al. (2005) suggest the relative absence of UV radiation intheir higher dust temperatures relative to spirals (Berido. e
ellipticals could produce physical conditions amenablgrio  2013; Skibba et al. 2011; Smith et al. 2012; Auld et al. 2013).
marily neutral PAHs. Such conditions are also indicated by Emission from hot, evolved stars contributes to and may dom-
the spectral energy distribution of the bulge of M31 by Geove inate the LINER emission spectra from some galaxies (Sarzi
etal. (2012). o _ et al. 2010). Longer wavelength observations would help fur
Other potential explanations include the preferential de- ther constrain the value f.n, while far-infrared line ratios
struction of small particles, such as due to sputtering ih ho would help to constrain the spectral shape of the ionizirg ph
gas or an AGN, and low gas-phase metallicities. The dom-tons (e.g. Malhotra et al. 2000).
inance of larger PAHs over smaller ones, which could be a  An important caveat that affects the interpretation of the
consequence of sputtering (Schutte et al. 1993; Tsai & Math-

Number
I
]




16 Martini, Dicken, & Storchi-Bergmann

dust model parameters is that uncertainties, or intrinaic v for early-type galaxies, that is the size and compositian ar
ations, in the empirical scale factors derived in Sectidh 4. different because of different formation and processistoii
increase the uncertainties in the dust model parameters. Asies. For example, sputtering can reduce the fraction oflsma
noted previously, the data shown in Figures 5 and 7 exhibitsgrains relative to the initial grain size distribution. Then-
evidence for intrinsic variation in these quantities, anthe erally smaller values dfpan in early-type galaxies relative to
variation is expected due to stellar population difference spirals may indicate that this is the case, although theals@s
This is particularly relevant foP;g and P.4, which largely allowance for this difference in the Draine & Li (2007) mod-
determinegeay and~y, and so these parameters are not as well els. The study of four ellipticals by Kaneda et al. (2005pals
constrained alln,. In practice, agy is expected to be small  provides some evidence that the shape of the radiation §ield i
due to the general absence of star formation in these galaxie softer in ellipticals than in the Milky Way, which may not be
the biggest potential uncertainty lies wifgay - adequately compensated by an adjustmettgin. Provided

The measured dust masses for our sample Mg ~ all early-type galaxies are different in the same mannen th
10°°%5 M, which are two or three orders of magnitude lower the relative dust masses we have derived here should never-
than the dust masses for spiral galaxies of comparable sizetheless be robust. The true uncertainties in the dust masses
but similar to other early-type galaxies (Goudfrooij & dego  are likely dominated by these model details and are difficult
1995; Draine et al. 2007; Smith et al. 2012). The dust massedo quantify. Under the assumption that the dust model is-area
that result from this procedure are fairly robust, even giou sonably good match to early-type galaxies, we estimate that
they are only based on measurements out touff60 This the uncertainties in the dust masses are on order a factor of
is true even if the model parameteysy, v, andUpn are two or three due to a combination of aperture differencds, ca
not well constrained by the data becawpgy has a negli-  ibration uncertainties, and differences (or uncertagtie the
gible impact on the dust mass estimate ard 0 is a good  dust models.
approximation for most galaxies. For the full range of mod-
els presented in Draine & Li (2007), we also note that the 5.1.3. Upper Limits

value of U that is set by the best-fit model only varies from Approximately half of the galaxies in our sample are not

~0.044-0.066 g (erg S')*. This indicates that even if the getected at 76m and 16@m. These non-detections never-
dust model were not constrained at all by the data and onéeless provide very useful constraints on the total dussma
simply adopted the average of this range, there would onlyj, these galaxies because of the extraordinary sensitfity
be a~ 20% uncertainty in the dust mass within the context the gitzer MIPS instrument. To calculate upper limits on the
of these models. An additional uncertainty is the ISRF be- 4,st masses in these galaxies, we employ a dust model with
cause the absence of flux measurements at wavelengths Iong%AH =2.50%,~ = 0, andUm, = 7.0. The values ofjpa and

than 16@:m do not constrain a potentially substantial mass . “are representative of the galaxies with the best data (see
of cold dust. However, the available data can constrain theFigure 12). We chose to use= 0, rather than the median

ISRF quite well because these galaxies have little starderm 5, of~ = 0.03, because this leads to a more conservative
tion. Another estimate of the uncertainties comes from the constraint on the dust mass.

overlap between several galaxies in our study and previous e yse this dust model to calculate the largest value of
investigations with ISO (Xilouris et al. 20043pitzer (Temi  he dust mass that is consistent with the per limits at
etal. 2007), and longer-wavelength Herschel data (Sméh et 70um and 16@m. These upper limits are listed in Table 3
2012; Auld et al. 2013). The dust masses derived by thoseang shown in Figures 13 and 14. The figures clearly show
previous studies assumed a modified black body and mostlyihat the upper limits on the dust masses are approximately an
agree with our estimates to within a factor of two. The note- 4 qer of magnitude lower than the measured dust masses.
worthy exception is NGC3945, for which Smith et al. (2012) A of these upper limits are for galaxies that show no ev-
derive over an order of magnitude larger dust mass. The dif-igence of dust lanes within 100s of parsecs of their nuclei
ference could be ascribed to the fact that we use a smallefaseq on our earli¢dST study (Simdes Lopes et al. 2007, and
aperture, although our 7én flux is within 5% of the IRAS 3150 shown in the leftmost panels of Figures 2 — 4). While the
60um value. However, due to the large uncertainty in this gyrcture map technique is insensitive to uniformly distted
IRAS measurement it is still possible that we are missing ex- or very diffuse dust, th&pitzer data place very strong upper
tended emission from dust in this object. We may be able t0|imits on the mass of such dust. The PAH images are also

put tighter constraints on the dust mass for this object fuith  y4yaple in this respect, as we describe in the next sulbsecti
ture analysis of Herschel photometry. We also note we were

unable to obtain a good measurement of NGC3945 gti60 52 PAHS
We do retain NGC3945 in our sample. Another comparison -
was performed by Gordon et al. (2010), who found that dust As a second search for diffuse, extended dust that may not
masses estimated from 160um data can differ by 1636%  have been present in oHST study, we created PAH images
relative to dust mass estimates that include Herschel measu for all of the galaxies. These images are shown in the mid-
ments at 250m and 35@m, although this study was based dle panels of Figure 2 — 4. The PAH images are then8
only on the observations of the Large Magellanic Cloud and image minus a scaled version of th&4m image, where the
therefore does not include uncertainties due to differgmce  Scale factor accounts for the relative stellar emissiorhen t
grain size and ISRF intensity distributions. Neverthelgsis ~ two images. The calculation of the scale factor is described
study and a recent one by Aniano et al. (2012) of two, nearbyin 84.1. The pair of images were convolved to the same PSF
spirals that also compar&itzer and Herschel provides good ~ prior to subtraction. All of the galaxies with dust lanestie t
evidence against substantial masses of cold dust. HST Structure maps also ha_ve clear PAH em|.SS|on, with the
A final uncertainty is that the physical dust model that exception of NGC4636, which has only marginally-detected

works so well for the Milky Way may not be appropriate dust lanes in théiST data. Conversely, none of the galaxies
with no evidence for dust at visible wavelengths exhibiticle
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evidence of PAH emission. A number of the PAH images of
the galaxies exhibit artifacts at their centers. These@msis- 70
tent with artifacts of the stellar continuum subtractioniet ol .
could be caused by uncertainties in the scale factor, the PSF . .
shape, and centroid errors. 6o .

There is a good correspondence between the morphology .
of the dust lanes in theIST data and the distribution of PAH > . .
emission for the small subset of galaxies whereHIS# data sl \ |
are of sufficient quality and the dust lanes sufficiently ex- :
tended. Some particularly striking examples are NGC4138 a5 |
and NGC4293. In a few cases the structure maps show sub- b by
stantial asymmetries in the dust distribution that are niot m T |
rored in the PAH images. The most likely explanation is a5l ‘ ‘ ‘ ]
that the dust lanes viewed in absorption are substantizdly | a5 o s B 35
prominent on the side of the galaxy that is tilted away from "

our perspective (e.g. Hubble 1943). FIG. 15.— Dust mas$lgug Vs. luminosity in at 6um La s for galaxies
with good dust mass estimatesl{d points) and upper limits &rrows). Ac-

AP tive galaxies are marked with red symbols and inactive gadawiéh blue

5.3. Distribution of Dust Masses symbols. The upper limits are based on the fiducial dust modetibesl in

The dust mass distribution shown in Figure 13 shows that 8°-1.3 and the@ upper limits on the flux at 76m and 16@m.
most detections have T6 M., of dust. There are only

™M1
o

Mt

. ative velocities that mergers are more rare. We searched for
three detections below 1M, (NGC3377, NGCA550, and  irerances as a function of environment, and whether or not

NGC4626), while there are many upper limits that extend an o ironment could explain the dust ditchotomy, with the 14
order_of m_agmtude lower and suggest a rela_t|ve absence Ofllrgo members and 27 nonmembers in our sample and de-
galaxies with< 10° M, of dust. For example, if there were ¢t dust in 18/27 (66.6%) nonmembers, compared to 5/14
as many galaxies with dust masses in the rande@ M. as  (45.4%) Virgo members. This difference suggests a slightly
in the range 19°, we would expect ten galaxies in this lower |arger incidence of dust in galaxies outside of Virgo, altijo
range and that we would detect half of them, yet only one is it is not statistically significant. Smith et al. (2012) pmrhed
detected. This apparent dichotomy is also supported by thea similar analysis for the early-type galaxies in the Heesch
similar dichotomy in the detection of dust lanesHST im- Reference Survey and found a similar trend, but that it was
ages of these galaxies (see Table 1), as we do not expect thalso not statistically significant. We also investigatedetier
Spitzer andHST images to have comparable dust mass sensi-or not membership influenced the detection of dust in the in-
tivity. active sample. We detect dust in 2 of the 11 inactive Virgo
One possible explanation is a difference in morphological members, compared to three out of 11 of the inactive galaxies
type. Figure 13 splits the detections and upper limits by-mor outside of Virgo. There is thus no evidence that membership
phology into ellipticals, SOs, and E/SOs. We see no evidencein the Virgo cluster is correlated with a lower incidence of
that true ellipticals or true SO galaxies are more or lessyfik  dust in inactive galaxies.
to have interstellar dust. The sensitivity of the datasets f  \We also compared the dust detection rate with stellar lumi-
each morphological type are also comparable. The uppemosity, which correlates well with stellar mass. More massi
limits on the dust mass in undetected ellipticals and lentic galaxies generally have higher ISM temperatures, which wil
ulars both span the full range of upper limits from approxi- lead to faster dust destruction rates. This naively suggest
mately 16> M. We used the Astronomical Survival Anal- anticorrelation between dust mass and stellar luminoaity,
ysis (ASURV) programs from Feigelson & Nelson (1985), though no such anticorrelation is present in our data. I Fig
as implemented in theRAF STSDAS STATI STI CS pack- ure 15 we show the dust masses and upper limits as a function
age, to compare the elliptical and lenticular subsamples. W of L4 5, a proxy for stellar mass. While the minimum detected
ran five different tests through thewosanpt task and these  dust mass is a function of stellar luminosity, this is beeaus
indicated that the distributions are consistent. Theséda&im more luminous galaxies are more rare and thus at larger dis-
distributions are in contrast to the results of Smith et201Q) tances.
with the Herschel Reference Survey, who detected dust in  The dichotomy between the dust mass estimates and up-
24% of ellipticals and 62% of SOs with SPIRE. This differ- per limits thus suggests that there are distinct populatain
ence in detection rate between the two morphological typesdusty and non-dusty early-type galaxies, rather than a con-
could be due to their larger sample of 62 early-type galaxies tinuum of dust masses. To explore this possibility furthes,
Another potential explanation is that Cortese et al. (2@12) resampled our data many times in order to determine if the ap-
found that the dust to stellar mass ratio is lower for eltipts parent dichotomy is due to the sensitivity distribution af o
than lenticulars. If our ellipticals were more massive tban data, rather than an intrinsically nonuniform distribuatiof
lenticulars, this would also explain their similar dust ses dust masses. To perform these calculations, we estimated th
We investigated if there is a correlation between dust de- minimum flux sensitivity of the 160m data for each galaxy.
tections or upper limits and cluster membership. Environ- We then generated a uniform distribution in Iy, ran-
ment may correlate with the absence of dust because the halomly assigned dust masses from this distribution to gataxi
atmospheres of clusters may lead to an increase in the ratén our sample, calculated the flux at 166 based on a ran-
of dust destruction, although many cluster early-type>gala domly selected galaxy’s distance for the dust model used to
ies do maintain their own atmospheres (e.g. Sun et al. 2005)estimate upper limits, and determined if this flux would eerr
With regard to environment, clusters of galaxies have subst  spond to a detection or upper limit based on the sensitifity o
tially fewer gas-rich dwarf galaxies and sufficiently high-r ~ the same galaxy’s dataset. We generated 1000 realizations o
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our dataset and found that the sensitivity and distancetslist ~ have 1678° M, of dust, while the remainder have at least one
tion of our dataset does not produce the observed dichotomyorder of magnitude less. Our sample is representative of the
between detections and upper limits for an intrinsically- un early-type galaxy population as a whole because the ofigina
form distribution in logMgus approximately~ 95% of the selection of the sample was from the magnitude-limited Palo

time. mar Survey of Ho et al. (1995). In Simdes Lopes et al. (2007),
While this is formally marginally significant, an important we selected an equal number of active and inactive galax-
caveat to this statistical analysis is that it does not idevari- ies from all of the early-type galaxies in the Palomar survey

ations due to the best-fit dust model, which may add a factorthat had visible-wavelengtRlST images. Half of this sam-
of two uncertainty to the dust mass, the possibility that we ple were active galaxies and half were not, which is equiva-
may systematically underestimate the dust mass by tens ofent to the relative frequency of active and inactive gaaxn
percent in some cases, particularly for nearby galaxiels wit the early-type galaxy population. Simdes Lopes et al. (2007
extended emission, and potential correlations with mdrpho then found that all of the galaxies classified as active hatl du
ogy, stellar mass, and environment. We plan to reexamise thi lanes within the central kpc, whereas only 25% of the inac-

potential dichotomy with a larger sample. tive galaxies had them. While we have more inactive galaxies
than active galaxies in this sample, we still find that all ac-
5.4. Correlation with AGN tive galaxies have interstellar dust and find a similarly kma

fraction (5/22 or 23%) of the inactive galaxies have dust. We
therefore conclude that 60% of all early-type galaxies have
dust, including all of those classified as active, and0% do
not.

The distribution of dust masses is strikingly differentar
tive and inactive galaxies. Galaxies classified as actiad,is
either LINERs or Seyferts according to Ho et al. (1997a), are

all detected and have dust masses that range fiorri. 0" ©° The presence of dust in any early-type galaxy has long been
gﬂe?égtggogggafﬁé orne%zjigirn%all?lﬁzvcelajsggdli%sitg]?r?g;/?a?]rgea puzzle because thermal sputtering of dust grains in the hot
from M ~ 105 M. This result is similar to the strong cor- (T > 10° K) gas that c_omprises the bulk of their ISM should

- O destroy dust on the timescalg,g ~ 2 x 10* yr (Draine &
relation between activity and the presence of dust stractur | h [axi learl h |
within the central kpc in our earli¢iST study (Simdes Lopes Salpeter 1979b). These galaxies clearly do have evolves! sta
et al. 2007), yet these new observations demonstrate that '[hthat produce dust, as indicated by the strong evidence for ho
galaxies without dust lanes have at least one to two orders mpltrcumstellarldustt,land th|ts dtUSttmléSt bte (ta#]ected mfcoﬂgM.a ISt |
magnitude less dust than those with detections. As in the prea an approximatey constant raté due to thé age of Iner ste
vious section, we used the ASURV programs from Feigel:sonIar popplat:cor;fc,. The e_x?ected rzate of mass IOS.S’ th_(reﬂdust-to
& Nelson (1985) to compare the dust mass distributions of theggﬁ rbit'% ge (5 t'(s) rg;?renr:;é ?ﬁg ;t:a?j;-ssttgte:t(rjﬂﬂomn;!ss %sfct?lese
active and inactive samples. All five tests available thtoug galaxies. As noted in the Introduction, for reasonable- esti
the t wosanpt task returned zero probability that the dust mates of the mass-loss rate, dust-to-gas ratio, and dust de-

masses were drawn from the same distribution. struction time in hot gas, the steady-state dust mass should

There has been substantial discussion in the literatuieeof t . -
extent to which the emission lines characteristic of LINERs P€ 10-100(rus /2 x 10%yr) Mg, that is none of the galaxies
kshould have been detected.

are actually powered by accretion onto supermassive blac AN .

holes. OtgeFr) proposedycandidates are fasF: shocks, interac- The dust destruction tme;cale could be Ion.ger if the tem-
tion with the hot phase of the ISM, and photoionization by Perature of the hot phase is closer t&® 1 or if some of

UV emission from old stellar populations (see Ho 2008, for the gas and dust cools rapidly and settles into a cooler phase
a review). Sarzi et al. (2010) performed a detailed analy- (Mathews & Brighenti 2003), although the dust destruction
sis of emission-line ratios for many early-type galaxied an timescale needs to be many orders of magnitude Ionger_to pro-
concluded that the emission-line luminosities of only a mi- duce dust masses of 1M, and above. A further complica-
nority of LINERs are dominated by accretion. Nevertheless, tion is that this calculation predicts the expected stestdye
AGN have been confirmed in the majority of LINERs based dust mass for all early-type galaxies. As early-type gaisxi
on measurements of radio cores, X-ray cores, and the surform a fairly homogeneous population, all early-type galax
face brightness profiles of various emission lines relaive €S should have similar dust production rates and desbructi
the stellar continuum Filho et al. (2004); Nagar et al. (2005 timescales. The internal origin model is consequentlyirco
Filho et al. (2006); Flohic et al. (2006); Ho (2008); Sarzakt sistent with the order of magnitude differences in dust mass
(2010). Some fraction of the cold ISM in the majority of these for similar galaxies, such as is illustrated by Figure 15.

dusty early-type galaxies is therefore fueling their cainsu- “The many galaxies with upper limits on the dust mass pro-
permassive black holes, even if their emission line lumiinos Vide an upper limit on the typical dust destruction timescal
ties are not dominated by nuclear accretion. We hypothesizdn the hot ISM through an inversion of the argument presented
that the correspondence between active galaxies and dust igbove. For typical early-type galaxies, the most stringgnt
our sample is simply due to the presence of a sufficient quan-per limits on the dust mass are approximatdly,s < 10¢74°.

tity of cold material, some of which has accreted onto the For a continual dust production rate of16-1 x 0.005 =
black hole, and some of which is ionized and produces the5-50x 10 M, yri, the upper limit on the dust destruc-
visible-wavelength emission lines, rather than a caudal re tion timescale is:

tionship between the presence of dust and AGN.

Mausg,lim 0.1 0.005
. <2><107< )( )( )r 5
6. ORIGIN OF THE DUST dus 104 Mgas €dg o ©

The main motivation for this study was to use dust mass es- ]
timates for early-type galaxies to constrain the originhafit whereMgug 1im iS the upper limit on the dust maddg.s is the
dust. Our estimates demonstrate that dusty early-typeigala gas mass loss rate of the evolved stellar population,egnd
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is the dust to gas ratio. This upper limit is comparable to the guably more uncertain that the merger rates from simulation
value ofrguy < 46+ 25 Myr derived by Clemens et al. (2010) this comparison indicates the merger rates are unlikelyemor
with a similar argument, as well as more recent work by Smith than a factor of a few larger than the theoretical estimates.
etal. (2012). Both values are consistent with, althougksdvy  There is consequently insufficient uncertainty in the merge
orders of magnitude greater than, the calculations of [@rain rates to resolve this discrepancy.
& Salpeter (1979b), and inconsistent with an internal origi The other potential resolution is that the dust destruction
for the one to two orders of magnitude more dust present intimescale is actually substantially higher than both themith
approximately half of the sample. As noted in the introduc- retical estimate of Draine & Salpeter (1979b) and our empir-
tion, a number of previous studies have also pointed out theical upper limit. While this requires an increase of about two
difficulties with a purely internal origin (Simdes Lopes ét a orders of magnitude relative to the upper limit, the dust de-
2007; Rowlands et al. 2012). In particular, the recent shydy  struction timescale is much more uncertain than the merger
Smith et al. (2012) reached a similar conclusion with a simil  rate. One reference value is the dust destruction timefmale
analysis of 62 early-type galaxies observedHeyschel. the Milky Way rqus mw = 0.4 Gyr, which is dominated by the
The alternate, and favored, hypothesis for the origin of the impact of supernova shocks on the cold, neutral medium (Bar-
dust is the accretion of gas-rich satellites (e.g. Tran et al low & Silk 1977; Draine & Salpeter 1979a; Dwek & Scalo
2001; Verdoes Kleijn & de Zeeuw 2005). The morphology 1980; Jones et al. 1994). As the supernova rate in early-type
of the dust lanes observed HST images indicate that many galaxies is several times lower than in the Milky Way (e.g.
of them are chaotic and clumpy amd this appears inconsis-Li et al. 2011), the dust destruction timescale may be sévera
tent with steadily accumulation from stellar mass loss (van times larger in their cold ISM and plausibly on the order of
Dokkum & Franx 1995; Simdes Lopes et al. 2007). Further- a Gyr, provided the accreted dust does not mix with the hot
more, when smooth dust disks are present, they do not alway$SM. This may be the case if a much larger dust destruction
share the major axis of the host galaxy. Kinematic observa-timescale, combined with the highest estimated merges rate
tions of atomic (Bertola et al. 1984, 1992; Sarzi et al. 2006; predicts a dusty fraction that is only a factor of a few below
Morganti et al. 2006, e.g.) and molecular (Combes et al. 2007 what is needed to reproduce the observations. This is plausi
Davis et al. 2011) gas in early-type galaxies also indidadé t  bly within the uncertainties of these order of magnitude est
the gas kinematics are often not aligned with the kinematicsmates, particularly if dust destruction is very inefficianthe
of the stars, which further suggests an external origin. cold ISM of early-type galaxies and the cold ISM does not
The key challenges to the external origin hypothesis atte tha mix efficiently with the hot phase. However, it is also plau-
the merger rate of gas-rich satellites is low and the dust de-sible that the lifetime will be less because there is lesd col

struction timescale is short, yet dust is present in shgintbre ISM. A more precise estimate could be obtained with an anal-
than half of all early-type galaxies. That is, the externajio ysis of the fraction of the supernova energy that impacts the
model must satisfy the constraint: cold ISM.
While it may be possible for purely external accretion to
faus = RrmergTaust (6) work, we instead propose that the solution is a hybrid of in-

] ] ) ) ternal production and external accretion. When early-type
where fquq = 0.6 is the fraction of the population with dust galaxies accrete a gas-rich satellite, they accrete sutimta
above some minimum masBey is the merger rate of gas-  amounts of both cold gas and dust. While dust will be de-
rich satellites that could supply sufficient dust, agg; isthe  stroyed by a combination of supernova shocks and sputter-
dust destruction time. Dwarf galaxies with>I®M , of dust ing, this destruction could be balanced by continued dust
(comparable in size to the Magellanic clouds) would corre- grain growth in the accreted cold ISM. While this process is
spond to 1: 306 1 : 100 mass-ratio mergers for the galaxies not constrained by observations of early-type galaxiesiyma
in this sample. Based on the equations provided by Stewartstudies of the Milky Way have concluded that90% of dust
et al. (2009), we calculate that the cumulative merger @te f formation by mass occurs in the cold ISM (Draine & Salpeter
mass ratios from equal mass mergers to 1 : 300 mergers i9979a; Dwek & Scalo 1980; McKee 1989; Draine 2009),
Rmerg = 0.07-0.2 Gyrl, which is more than two orders of rather than from stellar sources such as mass loss and super-
magnitude higher than our upper limitaf¢ < 0.02 Gyr and nova alone (Barlow et al. 2010; Matsuura et al. 2011; Dunne
more than four orders of magnitude greater than the theoreti et al. 2011). The Milky Way haMg.s = 5x 10° M, of cold

cal estimate (Draine & Salpeter 1979b). These values gredic gas that producelg,g = 2.5 x 10 M per dust destruction
faus < 0.0014-0.004, or a discrepancy of 156430. _ timescale, which corresponds to a steady-state dust mass of
To evaluate the significance of this discrepancy, we esti- ¢3;Mg,s. While the dust destruction timescale is likely differ-
mate the uncertainty in both quantites. First, the merger ra ent from the Milky Way value, the steady-state dust mass is
we have adopted may be an overestimate because the thegikely to be within an order of magnitude of that predicted by
retical calculations predict the merger rates for all gelsoas the product of the Milky Way dust-to-gas ratio and the ob-
a function of stellar mass, yet not all satellites galaxiesym  served cold gas supply.
have sufficient cold gas. It is also possible that the themalet  Continued dust production in the accreted cold gas removes
estimates underestimate the true merger rates. Obsew@htio the main weakness of the internal origin hypothesis because
evidence for an underestimate was presented by Lotz et althe mass of neutral gas in early-type galaxies varies by or-
(2011), who found that the observed merger rates are approxders of magnitude (e.g. Welch et al. 2010), even though their
imately a factor of five higher than the predictions of Stéwar stellar populations are quite similar. The hybrid solutidso
etal. (2009) and other recent, theoretical analyses. lt@k €  removes the main weakness of the external origin hypothe-
(2011) posit that the disagreement between theory and-obsersjs because dust destruction is at least partially balabyed
vation could be because the visibility timescale for thegner growth in the cold gas. As a result, the timescale that is im-

ers has been overestimated, or the theoretical rate has begfortant to explain the demographics of dust is the cold gas
underestimated. While the merger visibility timescale is ar
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depletion timescale, rather than the destruction timesehl  the shorter-wavelength, photospheric emission.@ti® and
individual grains. As the depletion timescale for the caddg 4.5um. The ratio of the 24m emission to these two shorter
appears to be on the order of Gyr, largely due to star forma-wavelength bands is fairly constant across galaxies of & wid
tion, it is sufficient to maintain substantial quantites oétin range of luminosity, yet the ratio exceeds that expecteah fro
approximately half of all early-type galaxies. photospheric emission by approximately a constant fadtor o
This hybrid solution leads to several testable predictions four. We conclude that the discrepancy is because emission
First, the cold gas in early-type galaxies should be lower from hot dust in the circumstellar envelopes of evolvedsstar
metallicity than the old stellar population, which may be ac makes a substantial contribution to theu24 band. We use
cessible with gas-phase abundance measurements. Seconithjs ratio to remove the circumstellar dust contributioonfir
the dusty early-type galaxies should have cold gas to dust rathe early-type galaxies that have dust in order to study tisé d
tios comparable to the accreted satellite population ssiiee properties of the interstellar medium.
cold gas and dust are destroyed at different rates. Finally, A number of these galaxies have sufficient diffuse dust
there should be more evidence of mergers within the last fewemission that we can determine one or more of the dust model
Gyr in the dusty early-type galaxies than those that appeamarameters introduced by Draine & Li (2007). These are the
dust free. PAH fractiongean, the fraction of the dust heated by a strong
Both external accretion and our hybrid solution also con- radiation fieldv, and the minimum starlight intensityn.
strain the lifetime of the low-luminosity AGN in the dusty The best-fit model and the far-infrared luminosity then de-
early-type galaxies. If the only source of the cold gas arsl du termine the dust mass. This analysis indicates that epply-t
that fuels the supermassive black hole is external aceretio galaxies are usually well fit by the same dust models that work
and these accretion events only occur every few Gyr, the highwell for spiral galaxies. We do find evidence that early-type
incidence of AGN implies that these galaxies remain (weakly galaxies have slightly lower values @, which may be due
active for several Gyr as well, while the inactive galaxies r to the presence of primarily neutral PAHs and/or reflect low
main inactive for comparable timescales. The mass of dust,ISM metallicity. These galaxies also have lower values of
and the two orders of magnitude more cold gas in the ISM, isand higher values df;, than typical spirals.
more than sufficient to maintain accretion ratesd.01 Mg, The dust masses of these early-type galaxies are at least sev
yr~* for this time, as well as fuel the modest circumnuclear eral orders of magnitude lower than the dust masses of spiral
star formation neccesary to produce the nuclear stell&sdis The dust mass of a typical early-type galaxy detected in the
seen in many dust-free early-type galaxies (e.g. Simdesd.op far-infrared is 168> M ; however, many galaxies are unde-
et al. 2007). tected in the long-wavelength MIPS bands and the upper lim-
its on the dust masses in these galaxies range up to an order of
7. SUMMARY ; .
. ] magnitude lower, or 10°. As our sample was designed to be
We have analyzed the dustin a representative sa_lmp_le Of. 383presentaﬂve of the entire ear|y-type ga|axy popu|atq'nn[
early-type galaxies and used these data to constrain thi@ori  results indicate that approximately 60% of typical eaylpet
of their dust. This analysis is largely based on archpétzer galaxies have> 10° M, of interstellar dust.
IRAC and MIPS observations, although these galaxies also™ There is no correlation between the presence of dust and
haveHST observations that reveal the presence or absence Oba]axy morphology. Our sample contains approximately
dust lanes in the central kpc, as well as high SNR, visible- gqual” numbers of ellipticals and lenticular galaxies arel th
wavelength spectroscopy that provides uniform classifioat  same fraction of each morphological type has intersteliat.d
of nuclear activity. _ . We also see no strong evidence for a correlation between the
The IRAC and MIPS observations detect emission from presence of dust and environment. There is a strong correla-
dust from every galaxy that exhibits dust lanes seen in ab-tjon hetween the detection of dust and the presence of gisibl
sorption inHST observations. This dust emission is clearly yayvelength emission lines, which are usually consistetit wi
due to both PAH particles, as detected with IRABob-  some form of nuclear activity. We detect dust emission from
servations, and cold, interstellar dust, as detected bySMIP g of the galaxies with nuclear activity, while only approx
observations at 7am and 16@m. Conversely, galaxies that  jmately 25% of the galaxies classified as inactive have de-
show no evidence for dust lanesHtST observations also do  tectable dust emission. Based on the relatively weak nuclea
not exhibit dust emission at longer wavelengths. The al#senc gmjission in these galaxies, we conclude that the dust, &nd th
of dust emission indicates that galaxies without clumpyt dus larger reservoir of cold gas associated with it, is a necgssa

lanes within 100s of parsecs of their centers do not have apyi not sufficient condition for accretion onto the center, s
substantial quantity of uniform, diffusely-distributedsi that  yermassive black hole.

would have been difficult to detect with contrast enhancegmen ™ \we use our dust mass measurements and the demograph-

techniques. . . , ics of dust in early-type galaxies to demonstrate that mbst o
The galaxies with no evidence for interstellar dust are a the qust mass can not originate from evolved stars. The main
valuable sample to estimate the stellar spectral energy-dis argument is that there are orders of magnitude variations in
bution for old stellar populations. We use these data te esti the qust mass between galaxies with the same morphological
mate the ratio of the stellar emission atrB to that at 6um  type and stellar mass. We also use these data to rule out an
and 45,m. We then use these flux ratios to scale and subtracteyclysively external origin for the dust. An external onige-
the stellar contribution from the,8n band for the galaxies quires that the product of the merger-rate of gas-rich gedax
with interstellar dust and obtain a good estimate of the emis anq the dust destruction timescale equals the fractionstdu
sion from PAHSs in this bgindpass. These fIL_Jx ratios are in early-type galaxies. While many observations of dust lane
reasonable agreement with spectral synthesis models of 0|q|mrphology and gas kinematics provide strong evidence for
stellar populations. an external origin, the observed dust masses require nserger

~We also used the galaxies without interstellar dust to es- ¢ gas-rich galaxies that are at least an order of magnitmle t
timate the ratio of the flux in the 24n MIPS band to
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rare to explain the presence of dust in the majority of early- lifetime for the low-luminosity AGN present in most dusty,
type galaxies. The dust destruction timescale would need toearly-type galaxies is also comparable to this severalgigia
be nearly an order of magnitude greater than the Milky Way timescale.

value of 4x 1C® years, rather than the expectation that it is

10*° years due to sputtering in hot gas, in order for purely

external accretion to be viable.

We propose instead that the external accretion of cold gas We thank Ramiro Sim&es Lopes for his assistance with the
provides an environment for the continual growth of dust for early stages of this project. We are grateful to Karin Sand-
much longer than the nominal destruction timescale of indi- strom and the referee for many comments on the manuscript,
vidual grains. If dust grains continue to grow in mass in the as well as to Alison Crocker, Adam Leroy, and Craig Sarazin
externally-accreted cold medium, the reduction in thedstea  for helpful discussions. PM is grateful for support from the
state dust mass should scale with the much longer depletiorsabbatical visitor program at the North American ALMA Sci-
timescale of the cold gas, rather than the typical destincti ence Center (NAASC) at NRAO and the hospitality of both
timescale for individual grains. In fact, continual dusaigr the NAASC and the University of Virginia while this work
growth in this cold gas seems inevitable, provided the con-was completed. This work is based on archival data obtained
ditions are similar to those that lead to dust grain growth in with the Spitzer Space Telescope, which is operated by the Je
the Milky Way. The longer gas depletion timescale of sev- Propulsion Laboratory, California Institute of Technofagm-
eral gigayears is consistent with the merger rates of gdis-ri  der a contract with NASA. Support for this work was provided
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