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ABSTRACT

We have statistically analyzed the spatially integrated fainfrared (FIR) emis-
sions of the complete volume- and luminosity-limited samelof late-type (later
than S0O) Virgo cluster galaxies measured using the Infraregpace Observatory
(ISO) by Tus et al. (2002) in bands centered on 60, 100 & 170m. 30 out
of 38 galaxies detected at all three wavelengths contain aldodust emission
component, present within all morphological types of latépe systems ranging
from early giant spirals to Blue Compact Dwarfs (BCDs), and Wwich could not
have been recognized by IRAS. We tted the data with a supergition of two
modi ed grey-body functions, physically identi ed with a localized warm dust
emission component associated with HIl regions (whose teerpture was con-
strained to be 47K), and a di use emission component of coldudt. The cold
dust temperatures were found to be broadly distributed, wit a median of 18K,
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some 8 10K lower than would have been predicted from IRAS. The derdd
total dust masses are correspondingly increased by factaftypically 6 13. A
good linear correlation is found between the \warm FIR" lummosities and the H
equivalent widths (EW), supporting the assumptions of our @nstrained spectral
energy distribution (SED) t procedure. We also found a goodon-linear corre-
lation between the \cold FIR" luminosities and the H EWSs, consistent with the
prediction of Popescu et al. (2000) that the FIR-submm emigm should mainly
be due to diuse non-ionizing UV photons. Both the \warm" and the \cold"
FIR luminosity components are non-linearly correlated wk the (predominantly
non-thermal) radio luminosities. There is a tendency for th temperatures of the
cold dust component to become colder, and for the cold dustréace densities
(normalized to optical area) to increase for later morphofgical types. A particu-
larly signi cant result concerns the low dust temperaturegranging down to less
than 10K) and large dust masses associated with the Im and BC@alaxies in
our sample. We propose two scenarios to account for the FIRatacteristics of
these systems.

Subject headingsgalaxies: clusters: individual (Virgo cluster)|galaxies: dwarf]
galaxies: ISM|galaxies: spiral|galaxies: statistics|in frared: galaxies

1. Introduction

IRAS observations led to the belief that dust emission in nomal galaxies comes from
30K dust grains with a total gas-to-dust mass ratio of 10° (e.g. Devereux & Young
1990). This is about one order of magnitude greater than theag-to-dust mass ratio our
Galaxy, a discrepancy which suggested that most of the dust late-type galaxies had in fact
been \overlooked" by IRAS. Indeed, one obvious bias of IRASuglies in general is the lack
of spectral coverage longwards of the 100n Iter and the three times brighter sensitivity
limit in this band compared to the IRAS 60 m band. This might translate into a bias
against the detection of cold dust with temperatures coldethan 30 K.

The rst observations suggesting the existence of a cold dusomponent in galaxies
were made at sub-millimeter (sub-mm) wavelengths by Chiniteal. (1986) using the 3m
IRTF (Infrared Telescope Facility) and the UH 88°telescope (University of Hawaii). The
strong sub-mm emission found in all the observed galaxiesutd not be accounted for by
dust emitting at a uniform temperature and the FIR spectra wee interpreted in terms of
two dust components of about 16 and 53 K. This interpretatiorsuggested that the peak of
the FIR emission should be at wavelengths between 100 and 200. Subsequent sub-mm
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observations done with the 30 m IRAM (Pico Veleta) telescopalso suggested the presence
of a cold dust component in individual nearby galaxies: NGCH (Gelin et al. 1993),
NGC 3627 (Sievers et al. 1994), NGC 4631 (Braine et al. 199%),51 (Gelin et al. 1995),
NGC 4565 (Neininger et al. 1996), NGC 3079 (Braine et al. 199MNGC 5907 (Dumke
et al. 1997). The enhanced sensitivity and overall e ciencyimprovement of the SCUBA
sub-mm array at the JCMT (James Clerk Maxwell Telescope) egnded our knowledge of
the quantity of cold dust by probing both more \quiescent" gdaxies and also by mapping
its distribution with higher resolution (Alton et al. 19984, Israel et al. 1999, Bianchi et al.
2000b, Alton et al. 2001). However, none of these observattodirectly observed the spectral
peak of the FIR emission and thus did not unambiguously distguish between the two dust
components. Observations at 160 and 20@n were until recently available only for a few
bright objects and were performed with the KAO (NASA-KuiperAirborne Observatory)(e.g.
Engargiola 1991).

The ISOPHOT instrument (Lemke et al. 1996) on board the 1ISO dallite (Kessler et al.
1996) extended for the rst time the wavelength coverage bewnd that of IRAS, to 240 m,
with superior intrinsic sensitivity, and the availability of longer integration times than were
possible with IRAS. ISO was thus capable to cover the peak inergy distribution S for nor-
mal galaxies, detecting discrete sources at least 10 timegter than IRAS at 60 and 100 m.
First results from ISOPHOT have indeed con rmed the existece of a cold dust component
in several nearby normal galaxies: NGC 6946 (Tus et al. 1996M 31 (Haas et al. 1998),
or on small samples: Knagel et al. (1998), Siebenmorgen,dgel & Chini (1999),Contursi et
al. (2001). First results from the ISO LWS (Long Wavelength Bectrograph) (Trewhella et
al. 2000) are also consistent with the existence of cold dustnormal galaxies. The sample
of compact sources with galaxy associations from the ISOPHQL70 m serendipity survey
(Stickel et al. 2000) presents statistical evidence for aldodust component, but the sample
was obviously biased towards FIR luminous systems, with uadain transient corrections in
the observations.

In this paper we present statistically signi cant evidencdor the existence of a cold dust
component in all galaxies later than SO, i.e. spirals, irregars and Blue Compact Dwarfs
(BCDs). This result comes from our analysis of a complete wohe- and luminosity-limited
sample of late-type Virgo Cluster galaxies observed by Tu st al. (2002) with the ISOPHOT
instrument. Our sample is intended to give a more represerttee statistical analysis of the
cold dust component, for a full range in morphological typeand to reach fainter detection
limits than previously available. In addition, we present ar analysis on data which are for
the rst time corrected from the transient e ects of the detectors, allowing a quantitative
and comprehensive evaluation of the cold dust on a relatiyetleep and unbiased sample.
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A main goal for our study is the detailed knowledge of the shapof the FIR SED in
galaxies, as well as the distribution and morphology of theotd dust. This is required for
understanding the energy budget in galaxies and for modefjrthe SED over the whole wave-
length range. Dust grains can be considered as test partisl®or the intrinsic radiation elds
in galaxies. Therefore observations of their emission in¢hFIR, combined with optical and
ultraviolet (UV) data of the light from stars, attenuated by the grains, should, in principle,
strongly constrain the intrinsic distribution of stellar luminosity and dust in galaxies. This
would address the fundamental question of the optical thicless of galactic disks and would
allow evaluation of intrinsic quantities of interest - the gar formation rate (SFR) and the
star formation history. This is possible only by combining he new FIR observational results
with modeling techniques for the SED from the UV to the FIR/slb-mm range. Di erent
tools have been proposed for analyzing the energy budget @frmal galaxies, starting with
the pioneering works of Xu & Buat (1995) and Xu & Helou (1996) rad continuing with
more recent models, like those of Silva et al. (1998), Dewnigt et al. (1999), Bianchi et al.
(2000a). However, most of these models have made severe Biogtions, which ultimately
led to contradictory conclusions on the disk opacities andhahe origin of the FIR emission.

Recently a new tool for the analysis of the SED in galaxies hhgen proposed by Popescu
et al. (2000). This tool includes solving the radiative-trasfer problem for a realistic distri-
bution of absorbers and emitters, considering realistic ndels for dust (taking into account
the grain size distribution and the stochastic heating of sall grains) and the contribution
of HII regions within star forming complexes. This tool was @plied to the edge-on spiral
galaxy NGC 891 with the result that most of the cold dust that enits in the sub-mm was
embedded in a second disk of dust, associated with the youngl&r population and hav-
ing a very small scale height ( 90pc). Subsequent application of this tool to a sample
of 5 edge-on spiral galaxies (Misiriotis et al. 2001) has sko that the model seems to be
generally valid and that the interpretation of the cold dustcomponent should be ultimately
analyzed in terms of SED-modeling techniques.

Another astrophysical problem related to cold dust in galars is the source of heating of
this dust component. Here again, modeling techniques areaued for a detailed and better
understanding of this component. Xu & Buat (1995) claimed tat the non-ionizing UV
photons constitute the main heating source of dust. Howevetheir results were applied only
to the IRAS bands, which did not reveal the bulk of the dust masin normal galaxies, which,
as we show in this paper, is in most cases too cold to have beeers by IRAS. With the
advantage of the longer wavelengths observations, Popesgual. (2000) have shown that,
for the case of NGC 891, the dust emitting in the 170 850 m regime is also predominantly
heated by the UV radiation from the young stellar population More fundamental is the
accompanying result showing that the FIR colors have to be terpreted also in geometrical



{5{

terms, rather than simply as separate temperature componsn

The morphology of the cold dust component and its geometritdistribution is a primary
goal of the ISOPHOT Virgo project. Especially of interest ishe question of whether the cold
dust component extends beyond the optical disk of the galas, as predicted by the radiative
transfer modeling analysis of the optical data of Xilouristeal. (1997, 1998, 1999) or as
suggested by Alton et al. (1998a) from the analysis of the subhm data. Similar suggestions
(Davies et al. 1999, Alton et al. 1998b) have been made on thadis of ISOPHOT maps of
several nearby galaxies. However, these maps were not caed for transient e ects of the
detector, and therefore both the calibration and the deriwé scale lengths are uncertain, and
they are subject to instrumental e ects.

The paper is organized as follows. Sect. 2 presents the maimaacteristics of our
sample used for the statistical analysis of the cold dust cqranent. The observed colors are
presented in Sect. 3. In Sect. 4 dust temperatures, masses duminosities are derived from
tting the SED of our sample galaxies. The distributions in the main derived quantities are
presented in Sect. 5, and their dependence on Hubble type nsestigated in Sect. 6. Sect. 7
presents the correlation of the FIR luminosity with indicabrs of the SFR. The implications
of our analysis of the cold dust content of Virgo galaxies fayur understanding of normal
galaxies is discussed in Sect. 8. The summary and conclusi@me given in Sect. 9.

2. Sample de nition and photometric accuracy

Our sample comprises the late-type Virgo Cluster galaxiebserved with the ISOPHOT
instrument on board the 1SO satellite. Fuller details of theselection criteria, observations,
data reductions, and the catalog itself with the resulting potometry is presented in an
accompanying paper (Tus et al. 2002). Here we give only a stialescription of the main
aspects of the sample de nition and FIR photometry relevantor the statistical investigation
of cold dust in galaxies.

The observed sample consists of 63 member galaxies seledteth the Virgo Cluster
catalogue (VCC) (Binggeli, Sandage & Tammann 1985), with Hable type later than SO.
The galaxies were chosen to maximize the likelyhood of thdielonging to the main cluster,
thus minimizing the spread in distance due to the complex 30rsicture (Binggeli, Popescu &
Tammann 1993 and references therein). The sample is dividedo cluster-core and cluster-
periphery subsamples, complete t®81 = 14:5 and 185, respectively. The 35 observed
periphery galaxies are probably freshly falling in from theeld (see Tully & Shaya 1984).
They are principally comprised of spirals later than Sbc, iegulars and BCDs. The 28
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observed core galaxies are essentially seen towards theseged X-ray halo of M 87 and are
dominated by spirals of type Sc and earlier.

The observations were done using the C100 and C200 detectansISOPHOT's \P32"
observing mode (Tus & Gabriel 2001), which uses the focal @he chopper in conjunction
with a spacecraft raster to rapidly sample large areas of skylhe observing wavelengths
were 60, 100 and 170m. The \P32" mode allowed the entire optical extent of each tayet
down to the 25.5magarcseé B-band isophote and adjacent background to be scanned,
while still maintaining a spatial oversampling. This alloved both spatially integrated far-IR
photometry as well as information on the morphology of the daxies in the far-IR to be
extracted from the data. This paper is primarily concerned ith the integrated photometry,
which will include any emission from cold dust in the outer diks, where the radiation elds
are weak. The most important aspect of the data reduction desbed by Tu s et al. (2002)
was the correction of the complex transient response behawiof the Ge:Ga photoconductor
detectors of ISOPHOT. Failure to correct for this e ect in dda taken in the \P32" mode can
give rise to serious signal losses and distortions in the d&d brightness pro les through the
galaxies, which in turn can lead to spurious results on the ayant and distribution of cold
dust in these systems. Our data are the rst from the \P32" moe@ to have been corrected
for these e ects. As demonstrated by Tu s et al. (2002) the tansient-corrected photometry
correlates well with IRAS observations of the brighter gabdes in our sample in the 1ISO 60
and 100 m pass bands over about two orders of magnitude in integratedx density.

From the 63 galaxies observed (61 galaxies at all three FIR wengths and 2 galaxies
only at 100 and 170 m) we detected 54 galaxies at least at one wavelength and 40aydes at
all three wavelengths. From the 40 galaxies detected at alliR wavelengths, 2 galaxies form
an interacting pair (VCC 1673/1676), and their properties wl be discussed in a separate
paper. In this paper we largely restrict our analysis to the amaining 38 galaxies with
detections at 60, 100 and 170m. One galaxy, VCC 1110, was observed at two additional
wavelengths, 70 and 120m, in order to have a more detailed knowledge of the shape of
the SED. This sample forms the basis for our statistical ingtigation. In Sect. 6, where
we discuss the variation of the FIR properties with Hubble tpe, we add to our sample
of 38 galaxies the 3 galaxies having detections only at 100daa70 m. The latter are
introduced to increase the statistics of the BCDs (since all extra galaxies are BCDs). The
ux densities and their associated errors are taken from Tdé 7 of Tu s et al. (2002), while
the morphological types and other optical properties of theample galaxies can be found in
Table 1 of the same paper.
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3. Flux density ratios

Fig. 1a shows the color-color diagram log(F170/F100) vs I{f100/F60), with the 60 and
100 m ISO ux densities converted to the IRAS scalé. There is no obvious correlation, but
rather a scatter diagram with the logarithm of F100/F60 rangng between 0 and 0.9 and
with the logarithm of F170/F100 ranging between 0 and 0.6. Three galaxies have unusual
warmer F170/F100 colors, with negative logarithmic ratiosbelow 0. The large scatter in
the F100/F60 color can be interpreted as evidence for of a @& range in star formation
activity. The large scatter in the F170/F100 color indicate that cold dust is present with
a large variation in dust temperatures. There is no obviousegregation with morphological
type, though the galaxy with the coldest F170/F100 color is 8CD and the galaxies with
the warmest F170/F100 colors are early type spirals.

Fig. 1b shows for comparison the color-color diagram of a spla of compact sources
with galaxy associations detected in the ISOPHOT 170m serendipity survey (Stickel et
al. 2000). This is the only statistical sample of galaxies sbrved at 170 m existing in the
literature which is also comprised of a large variety of motmwlogical types. We will refer to
this sample as to the \serendipity sample”. Nevertheless ¢hselection criteria of our sample
is quite di erent from that of the \serendipity sample”. Fir st of all our sample is a cluster
sample, while the \serendipity sample" is mainly represeative of the eld population. Our
sample is a volume- and luminosity-limited sample, selectdrom an optical catalogue, while
the \serendipity sample" is a blind survey at 170 m, which will predominantly be biased
towards luminous FIR sources. The redshift distribution ofthe latter sample (see their
Fig. 4) shows that, although the majority of sources have lowedshifts of z < 0:02, there
is a long tail of redshifts up toz  0:05. Despite the di erences in the selection criteria
used for the two samples, it is still useful to compare the sgies and investigate their FIR
properties.

The color-color diagram of the \serendipity sample' shows slight tendency for warmer
F100/F60 colors than the Virgo sample and a somewhat smalléhough still substantial)
scatter in both colors. The larger scatter in our sample caimh be explained as being due to
systematic calibration uncertainties, nor due to random eors (see Fig. 1a). This appears
to be a real e ect and one could speculate that, if there is a R color - FIR luminosity
relation, or a relation between spread in FIR color over a papation and FIR luminosity,
then a sample biased towards higher FIR luminosities (as wepeect the \serendipity sample”

4As shown by Tus et al. (2002), the ux scale of the ISOPHOT Vir go survey has a relative gain
ISO/IRAS of 0.95 and 0.82 at 60 and 100 m, respectively. These corrections have been applied to theix
densities plotted in this gure only to facilitate comparis on with IRAS colors.
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to be) will not re ect the full intrinsic spread in colors that a deeper sample embracing a
larger proportion of low luminosity objects would. This wold be consistent with more active
star-forming galaxies to have narrower, warmer FIR SEDs.

4. The spectral energy distribution

The ux densities at 60, 100 and 170m (for a representative selection see Fig.°p
indicate that for most of the galaxies of our sample the SED ithe FIR peaks at wavelengths
> 100 m and cannot be represented by a single modi ed black-body I&hck) function.
The turn-up in the SED beyond 100 m is a clear indication of a cold dust component
which could not have been detected by IRAS. Perhaps the singst way of quantifying this
cold component would be to t the FIR SED with 2 modi ed blackbody functions, one
representing the so-called \warm dust" component and the ber representing the so-called
\cold dust" component. However, such a t requires 4 free pameters (the amplitudes and
temperatures of the \warm" and \cold" components, respectiely) while there are only 3
data points available. Obviously there is an in nity of soldions which would t the data,
since the problem is mathematically under-constrained. $emm data would alleviate this
problem. However, long wavelength observations are not yavailable for our Virgo sample.
For one galaxy, VCC 1110, observations with the ISOPHOT C70nal C120 Iters were made
to obtain a more detailed knowledge on the shape of the SED. rthis particular galaxy
the t to the data can provide a unique solution; for all the other galaxies the model t is
not unique. One way to deal with this problem is to t a modi ed black-body curve only
to the 100 and 170 m data, and obtain a lower limit for the amount of cold dust andan
upper limit for its temperature. Another possibility is to try to constrain the problem using
some physical considerations. We use both procedures andwlthat they lead to the same
statistical results, the di erences being in the zero poinbf the estimated dust masses.

We rst tted the 100 and 170 m data with one modi ed black-body function:
F B (To) 1)

with a xed emissivity index = 2. Since the ISOPHOT ux densities refer to a spectrum
with F =constant, color corrections were rst applied to the data.From the amplitude of
the tted modi ed black-body function dust masses were dexied using the formula:

Mg = 5 ’B X(Tp) (2)

5The SEDs of all galaxies from our sample can be found at
http : ==nedwww:ipac:caltech:edu=levé&l=Sep01~=P opescu=P opescuoontents:html
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where is the density of the grain material (32gcm 2 for silicates and 23gcm 2 for
graphites), d is the distance to the galaxy, andQ; is the emissivity constant (130 m for
silicates and 230 m for graphites, derived for the FIR/submm regime from Draie 1985 and
consistent with the adopted emissivity index = 2). Dust masses were calculated under
the assumption of an interstellar mixture of silicates and igphites. The graphite and sili-
cate abundances were taken from Draine & Lee (1984), namel§% silicates N ;) and 47%
graphites (Ngraphite ) Which were chosen to t the extinction curve in our Galaxy aml which
we also adopted here. Dust masses and temperatures were\agtifor all our sample galaxies
with detected 100 and 170m ux densities which show evidence for two dust temperature
components. In deriving dust masses and luminosities we asg that all the galaxies have
the same distance, namely 15 h ! Mpc (see Binggeli, Popescu & Tammann 1993), where
h =H (=100 and H is the Hubble constant.

Secondly we tted the FIR SED with two modi ed black-body functions by constraining
one parameter of the t. The most likely constraint is to x th e temperature of the \warm
dust” component. As shown by Popescu et al. (2000) for the ndxy spiral NGC 891,
most of the emission at 60m is due to localized FIR sources within HIl regions and star
forming complexes (62%). Since these results seem to bed/aliso for other disk galaxies
(Misiriotis et al. 2001) we xed the temperature of the \warm dust" component by making
the assumption that this will represent the temperature of he average HIl regions within
each galaxy. Obviously this assumption neglects the fact &h part of the FIR emission at
60 m is also due to dust heated by the di use optical radiation inthe center of the disk
(20% for NGC 891, see Popescu et al. (2000)) and by the di useVUadiation eld in the
outer parts of the disk, where small grains are stochasti¢alheated (19% for NGC 891, see
Popescu et al. (2000)). The temperature of the warm comportewas xed to 47K, as it
provides the best ts and minimal uncertainty in the tted parameters for all galaxies. In
practice, even relatively large deviations from the 47 K teperature of the warm component
will not introduce large deviations in the tted temperature of the cold component; that
is, the cold dust component is quite stable against the padular shape of the warm dust
component. To demonstrate this we changed the temperaturé the warm component to 46

Table 1: Examples of the dependence F°¢ on Tyam™
VCC | Ty@™ = 46:0K Ta™ = 47.0K TAa™ = 48:0K
152] TPU=185K T&U9=185K Tg%9=18:4K
=0:5K =0:5K =0:5K
318| TPW=14:9K TLW=14:9K TELHW=14:9K
=0:5K =0:5K =0:5K
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and 48K, respectively. Table 1 shows the results for two gaies, VCC 152 and VCC 318.
The resulting tted temperatures of the cold component and ssociated uncertainties are
similar. Finally, the quantities derived from this procedue are compared with the tted
parameters from the one modi ed black-body t.

The ux densities were again color-corrected and dust massand temperatures were
derived for all sample galaxies with detections at all threwavelengths using the same pro-
cedure outlined for one modi ed black-body t. The results 6 the ts are listed in Table 2
and some representative examples of tted FIR SEDs are plad in Fig. 2. For the case of
VCC 1110, where observations in more than 3 lters were avaible, we have used the same
constrained t and compared the predictions of the model t with the available data at 70
and 120 m, not used in the t. Fig. 2 shows a very good agreement betweg¢he model
predictions and the observations for this galaxy. This tesis reassuring for the use of our
procedure.

In order to establish whether di erent tting procedures introduce internal scatter in
the derived parameters of the t we cross-correlated the dusnasses obtained from tting a
single modi ed black-body function to the 100 and 170m ux densities with the dust masses
of the cold component obtained from the two modi ed black-bdy t. The correlation was
tested for the galaxies with detections at all three wavelgths and which presented evidence
for two dust temperature components. Fig. 3 shows a very tiglleorrelation between the two
dust masses, with only a small scatter for low dust masses fagation coe cient 0.987).
Obviously the correlation shows that using a constrained twill give the same statistical
results as the lower limits estimates, with the exception adn uncertainty in the zero point
of the dust masses. Therefore for the rest of the paper we wike only the results from the
constrained t.

For 8 galaxies in our sample there was no evidence for two dusbmponents with
di erent temperatures, and their SED was tted with a single modi ed black-body function.
The parameters of these ts are listed in Table 3. These pecal galaxies have either a very
warm SED which peaks around 100m (VCC 836/1003/1326) or have very cold F100/F60
colors (VCC 1253/1419/1450/1725/1757) such that the 60m data would lie on the same
modi ed black-body curve which is de ned by the 100 and 170m ux densities. Most of
these one temperature dust component galaxies are earlypg/spirals in the cluster core, some
of them with Sy 2 activity (VCC836/1253) or with peculiar morphologies (VCC 1419/1757).
Throughout this paper we will refer to these galaxies as to éh\one component” galaxies.
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5. The distributions of dust temperatures, masses and lumin osities
5.1. Dust temperatures

The distribution of the cold dust temperatures T5°¢) is shown in Fig. 4a. The \one
component” galaxies have a distinct locus in the histogransince they form the highest
temperature tail of the distribution, with values between ® and 28 K. The most extreme
example is VCC 1326 (a SBa galaxy in the cluster core) withp = 34:7 K. For the \two
component” galaxies the temperature distribution shows a ide spread in values, ranging
from 12K to 21 K. The coolest object from the distribution is \CC 655 with T$%4 = 12:6 K.
This galaxy is classied as a S pec/BCD in the cluster periphg.

The dust temperatures derived for our sample are much lowehdn those IRAS would
have predicted on the basis of the 60 and 100n ux densities only. If we consider our
ISO ux densities at 60 and 100 m and only one component dust temperature we would
derive a temperature distribution with a median of 26 K. Thisshould be compared with the
median value calculated for our cold dust temperature distvution, of 18.2K - if the \one
component” galaxies are included, or 16.7K - if these galas are excluded. Thus the cold
dust component has a median value 8 10K colder than IRAS would have predicted for our
Virgo sample.

5.2. Dust masses

Most of the dust content in our sample galaxies is in form of &b dust. This can be
seen from Table 2, where the tabulated cold dust masses®® are 3 4 orders of magnitude
larger than the tabulated warm dust masse# J*™. The distribution of cold dust masses is
shown in Fig. 4b. As in the temperature distribution, the \ore component" galaxies have a
distinct locus in the histogram, occupying the lowest massail of the distribution, between
4:8 < logM? < 6:3M h 2. For the remaining galaxies the distribution is again very
broad, extending 3 orders of magnitude in range, with a peakaund 58 M h 2. The
galaxy with the largest amount of cold dust (114 1M h 2)is VCC 92, an Sb galaxy
in the cluster periphery which is also one of the biggest gai@s in our sample, perhaps
indicative of a general scaling relation between total dushass and galaxy size.

The dust masses derived for our sample are larger than tho$€AS would have predicted
on the basis of the 60 and 100m ux densities alone. Following the same procedure as for
the dust temperatures we derive an \IRAS" median value of 3 10°M h 2 and an
ISO median value of 3 1P M h 2 - if the \one component" galaxies are included, or
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3.0 1M h 2-ifthese galaxies are excluded. Thus our galaxy sample caints a factor
6 13 more dust (for the median value) than IRAS data alone woulduggest. For individual
galaxies this factor could be larger.

To compensate for the e ect of scaling on the dust mass didtition we have normal-
ized dust masses in the form of dust mass surface densitibss??=D?, where D is the major
diameter® (in arcmin) of the galaxies measured to the faintest detedwe optical surface
brightness level of approximately 2% B mag arcsec?. The histogram of the dust mass sur-
face densities (Fig. 4c) still shows a broad distribution, Ut not as broad as that in Fig. 4b.
Except for the last histogram bin (one galaxy), the distrib@ion of \two component” galaxies
ranges over 2 orders of magnitudes, indicating an intrinsiariation in the amount of cold
dust within galaxies. Again, the \one component" galaxies »hibit the lowest dust mass
surface densities. The galaxy with the largest content of lwbdust with respect to its optical
size is VCC 655.

Another way of normalizing the dust masses is to take the ratito the HI gas mass. As
for the case of dust mass surface densities, the distributiof dust-to-HI mass ratioM p =My,
(Fig. 4d) for \two component" galaxies shows a broad distribtion, ranging over two orders of
magnitude. Unlike the dust mass surface densities, the digiution of dust-to-HI mass ratio
for \one component" galaxies is more widely spread. The gakawith the largest dust-to-Hl
mass ratio is VCC 655.

5.3. Dust luminosities

For most of our sample galaxies the FIR luminosity of the \ca component" is higher
than the FIR luminosity of the \warm component” by factors of between 1.3 and 4.1 (see
Table 2). For two galaxies - VCC 655 and VCC 857 - the ratio bew®en the cold and warm
FIR luminosities is as high as 6.0 and 6.1, respectively. VCG55 is the galaxy with the
coldest temperature of the cold dust component and the largeamount of dust with respect

5The diameters were taken from the VCC catalogue (Binggeli, @ndage & Tammann 1985).

"Most of the HI data used for normalization were taken from Bottinelli et al. (1990) and Ho man
et al. (1987). For 3 galaxies (VCC 1043/1686/1690) the averge of the measurements (beam corrected)
existing in the literature was considered: Bottinelli et al. (1990), Guiderdoni & Rocca-Volmerange (1985),
Huchtmeier & Richter (1986) for VCC 1043; Bottinelli et al. ( 1990), Ho man et al. (1987), Guiderdoni &
Rocca-Volmerange (1985), Huchtmeier & Richter (1986) for \CC 1686; Bottinelli et al. (1990), Guiderdoni
& Rocca-Volmerange (1985), Huchtmeier & Richter (1986), Wamels 1988 for VCC 1690. For VCC 1003,
VCC 1253 and VCC 1326 the H | uxes (beam corrected) are upperimits and come from Huchtmeier &
Richter (1986).
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to its optical size. VCC 857 is a SBb galaxy in the cluster pgrhery with LINER activity.
Despite its activity the galaxy has the highest cold/warm FR luminosity ratio. By contrast,
there are two galaxies that radiate more FIR luminosity in tle warm component, namely
VCC 1699 (a factor 1.2) and VCC 664 (a factor 2.1). VCC 1699 is @8Bm galaxy in the
cluster periphery and VCC 664 is a Sc galaxy in the cluster aar One galaxy contributes
equal FIR luminosity to the cold and warm component. This islie case for VCC 1554, an
Sm galaxy in the cluster periphery.

The distribution of the integrated FIR luminosities for our sample galaxies (Fig. 5a)
ranges over 3® < logLrr < 364Wh 2. The FIR luminosities of the \cold component”
(Fig. 5b) seem to be more widely distributed than the FIR lunmosities of the \warm compo-
nent" (Fig. 5¢). This could be partly a consequence of the cetraint in the tting procedure,
namely the adopted xed temperature of the warm component. fer normalization to the
K band magnitude$ the distribution of the FIR luminosities (Fig. 5d) becomes kghtly
narrower for the \two component" galaxies. There is also a ht that the distribution of
cold dust normalized luminosity (Fig. 5e) is narrower thanhat of the warm dust normalized
luminosity (Fig. 5f). Apart from a scaling e ect this might be due to a contribution of the
old stellar population to the heating of cold grains.

6. FIR properties with respect to Hubble type

To study the FIR properties with respect to Hubble type we diide our sample into 4
subsamples corresponding to SOa-Sa, Sab-Sc, Scd-Sm andB@Ds bins in Hubble type.
Ideally one would like to have very good statistics within ezh bin in Hubble type. Our
sample has obviously the best statistics within the Sab-Sdarband poor statistics for the
Im-BCD bin. The poor statistics in the latter bin is mainly a consequence of the fact that
some BCDs are only detected at two wavelengths, or only at oreavelength, and were
thus not included in the overall statistics. To improve the fatistics of the BCDs and to
highlight their unusual properties we have added to our santg the galaxies detected only
at two wavelengths (100 and 170m), namely VCC 130/848/1750, all of BCD class. Dust
temperatures derived for these galaxies are upper limits drdust masses are lower limits
(see Table 3).

The temperatures of the cold dust component (Fig. 6a) have amndency to become

8The total K ° band magnitudes used for normalization were derived from tle observations of Boselli et
al. (1997) and corrected for Galactic extinction and inclination, according to the K-band corrections, as
described in Gavazzi & Boselli (1996). Their median uncertinty is 0.15 mag.
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colder for the later types. The early-type spirals have a teperature distribution shifted
towards higher dust temperatures, with the coldest tempetare only 17.7 K and the warmest
33.4K. The broadest temperature distribution is exhibitedoy the Sab-Sc spirals, with 14
TS°d < 28K. The later spirals and irregulars have a distribution sifted towards colder dust
temperatures, with the BCDs having the coldest dust tempetares. The BCD VCC 655 has
the coldest dust temperature (12.6 K) among the galaxies wit3 wavelengths detection. Of
the BCDs detected only at two wavelengths, VCC 848 has the cast dust temperature, 9.9 K
as an upper limit. The median values of the dust temperature@able 4) are in agreement
with the early-type spirals having the warmest median tempature and the BCDs having
the coldest median temperature.

Table 4: Median values for the temperatures and mass surfadensities within each bin of

Hubble type
type Tmedian (M =D 2)median
K M h 2 arcmin 2
SOa-Sa  20.5 34 10
Sab-Sc  16.1 2 10
Sd-Sm 18.5 2 10

Im-BCD 15.9 12 1¢°

The distribution of cold dust masses (Fig. 6b) shows a pronauged e ect of the scaling
relations, with the Sab-Sc spirals having the largest amotiof dust, as expected for more
massive galaxies. However, in the dust mass surface dengiigtributions (Fig. 6¢) there
is a trend for the early spirals to have small dust masses penitiarea and for the BCDs
to have the larger amounts of dust compared to their opticalizes. The BCDs VCC 655
and VCC 848 are the most extreme examples. The median of thestumass surface density
(Table 4) has the lowest value for the early-type spirals anthe largest value for the BCDs.
There is no obvious trend in the distributions of the dust-teHl mass ratio (Fig. 6d) with
respect to Hubble type.

The distributions of FIR luminosities (Fig. 7a) are mainly dominated by the scaling
e ects, with the more massive galaxies (Sbc-Sc) having tharber FIR luminosities. Only
after normalization to the KXband magnitudes (Fig. 7d) does it become obvious that there
is a trend for the early-type spirals to have intrinsically bw total FIR luminosities; this is
mainly attributable to the \one component” galaxies.

Within the available statistics there was no evidence for at®ng segregation between
cluster periphery and cluster core galaxies within morphogical classes. The only exception
might be the tendency for cluster core early type spirals (wth are known to have the most
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extreme HI de ciencies) to be lacking cold dust components.

7. Correlations with indicators of SFR
7.1. The FIR-H correlation

The H equivalent widths (EW) measure the strength of the mass-noralized recent
(< 10°yr) SFR. To study the correlation between the H EW and the FIR emission for
our sample galaxies we made use of the data available in theetature, namely H +[NII]
EW obtained from long-slit (from 3 to 7 arcmin) spectroscopy(Kennicutt & Kent 1983)
or from CCD imaging (Gavazzi, private communication). Thai typical uncertainty is 2 A.
Fig. 8a and 8b show the normalized FIR luminosities of the war and cold dust components,
respectively, versus the H (+[NIl]) equivalent widths (EW). The linear correlation fo und for
the warm component is consistent with, and a necessary cotidn for our original premise
for the constrained t, namely the identi cation of the warm component with localized HlI
regions.

To better understand the trends in the correlations we conder below the bolometric
energy budget as a function of the recent SFR, in the case of a@mponent model consisting
of: locally heated dust in star-forming complexes, di use ust heated by the non-ionizing
UV photons, and di use dust heated by the optical photons. Sth a model does not take
into account the existence of cold dust associated with clym (quiescent or associated with
molecular clouds), which may need a separate treatment. Hewer, if the cold dust is only
in a di use component, the relation between SFR and the totaFIR energy output can be
derived from the following equation:

L8R = LPr + LAk + LEk (3)
where L19% is the total FIR luminosity emitted by the galaxy, LEL is the FIR luminosity
emitted by the HIl regions and star forming complexesl. g% is the FIR luminosity of the
di use dust component heated by the non-ionizing UV photongind L2, is the FIR lumi-
nosity of the di use dust component heated by the optical phtons. The equation can be
further expressed in terms of SFR:

L% =SFR (Lo F+Ly X)+SFR Lo (1 F) Gu+L™ (4)

where SFR is the present-day star formation rate in M=yr, L, and L are the non-ionizing
and the ionizing UV bolometric luminosities of a young stedir population corresponding to
SFR=1M /yr (which can be derived from population synthesis models)F and X are the
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fractions of non-ionizing and ionizing UV emission that is lasorbed by dust locally within
star forming complexes, and the facto6,, is the probability that a non-ionizing UV photon
escaping from the star formation complexes will be absorbég dust in the di use interstellar
medium. The ionizing UV is thought by most authors to be maint locally absorbed by gas
in the HIl regions. Its contribution to LH is in any case small, and its e ect on the heating
of dust in the di use ISM can be totally neglected.

The warm dust component from our tting procedure was identied with the dust locally
heated within the Hll regions, such thatL @™ * LHl . In this case we indeed expect a linear
correlation with the SFR and thus with the EW,

Lyam: SER (Lg F+ Ly X) (5)

The scatter in the correlation of Fig. 8a is only to be expectedue to the possible contribution
of the di use component to the 60 m band via stochastic emission, heating by the old stellar
population (see Popescu et al. 2000), and the likely variatn in HIl region dust temperatures
within and between galaxies (e.g. due to the e ect of metadlity on the hardness of the stellar
photons and/or due to e ects of star-burst age). To this we shuld add the uncertainty
of 0.3 dex in the value of the H EW (due to measurement errors in determining the
continuum emission as well as to the [NII] contamination), Wich can also contribute to the
scatter.

If the cold dust component is identi ed with di use dust heated by the interstellar
radiation eld, then:

L& SFR Ly (1 F) Gu+LX% (6)

Fig. 8b suggests that there is also a correlation, though ndmear, and with a larger
scatter, for the cold component. The correlation coe cientis 0.75 if we consider all the data
points or 0.83 if we exclude the extreme point above the colagion (at log EW(H )=0.7).
The excluded galaxy is a BCD, and we have already mentionedehunusual properties of
these galaxies. The correlation itself suggests that theldadust component is predominantly
heated by the non-ionizing UV radiation produced by the youg stellar population, consistent
with the model predictions of Popescu et al. (2000) and Misatis et al. (2001). To explain
the non-linearity in the correlation based on the model degbed above we can invoke either
a variation of the G, factor with H EW or a strong in uence ofL; for smallH EW. The
F factor is taken to be invariant within our sample, an assumion validated by the linear
correlation obtained in Fig. 8a. The rst possibility would imply that more active galaxies
have lowerG,, factors (less optically thick disks). This seems unlikelyas starburst galaxies
are known to be more optically thick systems compared to nofah galaxies. The second
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possibility simply states that more quiescent galaxies shiwl have a higher contribution from
the optical photons in heating the dust. Scatter in the corrdation is again to be expected
due to the varying contribution of the old stellar population in heating the dust and to some
varying degree of clumpiness of the interstellar medium wiin galaxies.

7.2. The FIR-radio correlation

Another important correlation with indicators of SFR is the well known FIR-radio
correlation. Discovered during the IRAS mission, the FIRadio correlation was probed not
only in terms of absolute uxes (e.g. Helou, Soifer & Rowan-6binson 1985, de Jong et
al. 1985, Wunderlich, Wielebinski & Klein 1987) but also in ux per unit galactic mass
(Xu et al. 1994). Basically the correlation holds for the intgrated emission. The link is
qualitatively given by the grain heating associated with tle appearance of massive stars
and the acceleration of relativistic particles in their ewetual SN explosions. However, the
tightness of the correlation appears to constrain the chacteristics of late-type galaxies to
rather more speci c properties: an optical thickness of thelisk that is of order unity for
non-ionizing stellar UV radiation (Xu 1990), a magnetic etl energy density that is about
equal to that of the radiation eld over more than an order of nagnitude in dynamic range,
and radiative energy losses of the synchrotron electronsathexceed escape losses, so that
the galaxies act for both energy inputs as calorimeters (M@ 1989, Lisenfeld, Velk & Xu
1996).

Previous studies of the FIR-radio correlation were con nedo the IRAS uxes, and
to FIR luminosites obtained by extrapolating the IRAS uxes Our new ISOPHOT data,
and in particular our nding of a cold dust component presentwithin all morphological
classes naturally raises the question of whether the FIR lunosity associated with the cold
component is also correlated with the radio emission. Popeset al. (2000) have shown that
in NGC 891 there is a relative increase of the contribution dhe UV photons to the heating
of the di use interstellar dust with increasing FIR wavelemths, such that in the sub-mm
regime the dust emission is mainly powered by the UV photons (60%). If this is the case
one would also predict a tight correlation for the FIR emissin of the cold dust component
with the radio emission, since the stars mainly responsibfer the heating of the cold dust
also give rise to most of the radio emission. Fig. 9a, b show aay correlation between
the FIR luminosities of both the warm and cold dust componest and the NVSS (NRAO
VLA Sky Survey) radio luminosities at 1.4 GHz taken from Gavazi & Boselli (1999). The
interpretation of the correlations is limited by the poor sétistics, since only 14 galaxies from
our sample have NVSS detections. Nevertheless, some ingtireg features are apparent.
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First of all, the prediction regarding the validity of the FIR-radio correlation for the cold
dust component is con rmed. Secondly, there is a clear noméarity in both correlations.

The non-linear warm FIR-radio correlation plotted in Fig. % (FIR=radio < 1 and with
a correlation coe cient 0.85), is similar (within the poor datistics) to that obtained by Xu,
Lisenfeld & Velk (1994). However, the \warm" and \cold" FIR components from Xu et
al., as derived from the IRAS observations, are not to be idered with our \warm" and
\cold" dust components, despite a common physical justi caon. The non-linearity of the
correlation is an interesting e ect, which at present is di cult to explain. Because of the
weak dependence of the radio synchrotron intensity on the Beld predicted by the original
calorimeter theory, consistent with observed radio spedctt indices (Lisenfeld & Velk 2000),
the non-linearity in the warm FIR-radio correlation should be small. The scatter in the
warm FIR-radio correlation has probably several componestt the intrinsic scatter of the
FIR-radio correlation (see Xu, Lisenfeld & Velk 1994), and as for the case of the warm-
FIR H correlation, components due to e ects of stochastic heatinof dust in low density
radiation elds and to optical heating of dust in high densiy radiation elds, in optically
thick regions in the very central part of galaxies.

The non-linear cold FIR-radio correlation plotted in Fig. ® (FIR=radio < 1 but closer
to slope unity and with a correlation coe cient 0.85) is agan similar to that obtained by Xu,
Lisenfeld & Velk (1994). Unlike the case of the warm FIR-ra correlation, the non-linearity
of the cold FIR-radio correlation can be explained by invokig a higher relative contribution
to the heating of di use dust by the old stellar population in galaxies with lower present
day SFR (Xu et al. 1994). The scatter of the correlation has agn to be viewed in terms
of several components, where one component is attributalie the contribution of varying
proportions of optical photons in heating the dust.

8. Discussion

The statistical analysis of the integrated FIR properties bour Virgo sample unambigu-
ously shows the existence of a cold dust component presentalh morphological classes of
late-type galaxies, from early spirals to irregulars and BOs. Here we consider the implica-
tions of this analysis for the nature of the cold dust compome

A basic question arising from our analysis concerns the Idimn and morphology of the
cold dust component. One argument in favor of a di use origirfor this component is the
lack of a cold component in some Virgo cluster core early tygmlaxies with HI de ciencies.
Though statistics are poor, this may point towards a di use dst component which is absent
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because of stripping. Another hint for a di use origin of thecold component is the non-
linear correlation between the normalized luminosity of te cold dust component and the
H EW seen in Fig. 8b, which was interpreted in terms of a di use ust component heated
by both UV and optical photons, with the main contribution caming from the UV radiation
(as predicted by Popescu et al. 2000, Misiriotis et al. 20Q1)inally, the cold FIR-radio
correlation is again consistent with the predictions of th&opescu et al. (2000) model, where
the bulk of the cold FIR emission arises from di use dust head by UV photons.

A fundamental issue is the amount of dust in galaxies. We ndarge amounts of dust
in galaxies, signi cantly higher than derived from IRAS dat alone. The missing dust, not
seen by IRAS, is present within all morphological types of ¢mxies, from early spirals to
irregulars and BCDs. However, what we can really measure igst opacity to starlight, and
what we derive as dust mass depends on several assumptiortsis Inot only the fact that
SED ts are ambiguous with respect to a zero point (see Sect),4dut also the possibility
that some dust might be located in compact optically thick sorces. In such cases dust may
have di erent optical properties, and in particular ices mg be present. These have stronger
mass-normalized absorption coe cients in the FIR-submm rgime (e.g. Preibisch et. al.
1993), which would reduce the implied dust-to-gas ratios fédhese regions.

Perhaps the most intriguing result of this investigation ae the masses and temperatures
of the cold dust derived for the BCD galaxies in our sample. Tse systems are clearly
di erentiated from the spirals, having the highest dust mas surface densities (hormalized
to optical size), and the lowest dust temperatures (rangingown to less than 10K ). This
is not the expected behavior for galaxies whose FIR emissiendominated by dust heated
locally in HII regions, where one would anticipate temperatres of 30 K or more. This was
the a priori expectation in particular for the BCDs, and was he standard interpretation for
the IRAS results obtained for these systems (see for example man et al. 1989, Helou et
al. 1988, Melisse & Israel 1994, who found that the 60/100n colors of BCDs - including
examples from the Virgo cluster - were clearly warmer than f@pirals). Our ndings indicate
a cold dust component supplementary to the warm dust componedetected by IRAS. This
in itself is not surprising, as it is to be expected that cold dst associated with the star
formation regions (SFRs) should be present at some level issciation with the molecular
component detected in CO. The particularly unexpected aspeof this is rather that the
luminosity of the cold dust component should dominate overhat of the warm dust, as
shown by the failure to detect systems (which are clearly seat 170 micron), in one or both
of the ISOPHOT 60 and 100 m bands? An equally strong observational constraint is given

9The integrated Blue magnitudes of the BCDs in our sample aredinter than the BCDs detected by IRAS
by typically two magnitudes.
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by the ratio of observed luminosity of the cold dust componérompared with the observed
(i.e. not corrected for intrinsic absorption) luminosity n B-band.® This ranges from 6 to
60 percent over the sample of BCDs.

Here we qualitatively discuss the nature of the cold dust ession detected by ISO in
Virgo Im and BCD galaxies, considering in general terms therigin and location of the
grains, and their heating. For photon-heated dust, low graitemperatures might be reached
in dense clouds opaque to the ambient radiation elds in theajaxies, provided the clouds
were quiescent (i.e. not harboring star forming regions wdti would give rise to a warm FIR
emission component dominating the bolometric output of thelouds.) However, clouds with
lling factors of perhaps a few percent would only be expeadteto intercept and reradiate
a corresponding few percent of the UV-optical output of theaaxy. By contrast, perhaps
a few tens of percent of the UV-optical output of these systesnappears in the cold dust
component.

Alternatively, the grains could be distributed in a di use component su ciently ex-
tended that the interstellar radiation eld (ISRF) would be weak enough to lead to grain
temperatures of order 10K or less. Such grains would have te llistributed over dimen-
sions of order 10kpc around the central star-forming area tihe BCDs (of extent typically
of order a kpc). The grains would be embedded in the surroumdj intergalactic medium
(IGM), most probably in the putative protogalactic cloud from which the galaxy formed.
Such an explanation might explain the extreme cold dust swa€e densities for Im and BCD
galaxies, which would be reduced to values more compatibléthwspirals if the surface area
normalization were to be with respect to a radius compatiblevith the cold dust tempera-
ture rather than with respect to the B-band extent of the galaies. Furthermore, there is
evidence that the 170m emission is resolved in two BCDs, VCC 1 and VCC 848 (see Fig. 5
of Tu s et al. 2002). However, if such grains are photon-heatl, signi cant optical depths in
the di use component would be required to convert substardil fractions of the UV-optical
output into FIR photons, as observed in some objects. In theisample of 13 eld BCDs,
Hunter & Ho man (1999) found E(B-V) to be distributed in the range 000 0:53, with
evidence for optical colors being a ected by a di use dust coponent.

Another possibility to account for FIR emission of the obseed luminosity, color and
extent would be to invoke collisional, rather than radiatie heating for the extended cold
dust emission component. In particular, BCD galaxies are tught to undergo sporadic
episodes of star formation activity (Mas-Hesse & Kunth 1999giving rise to a galactic wind

10This was estimated by taking the Bt magnitudes from Binggeli, Sandage and Tammann (1985) and
converting to uxes using conversion factors tabulated in Matthews & Sandage (1963).
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which interacts with the protogalactic cloud. This createsa wind bubble containing shocked
coronal swept-up gas, in which any embedded grains will bellegionally heated. If collisional
grain heating were to constitute the dominant cooling mechmsm for the shocked swept up
IGM, the observed FIR luminosity and color of the cold dust ession from the Virgo BCD
galaxies could be explained.

A detailed description of the circumstances under which shi@n e cient conversion of
mechanical wind luminosity into FIR radiation occurs, is bgond the scope of this paper.
The general analytical solutions of Weaver et al. (1977) cdme applied to the gas density
and temperature pro les of a spherical wind bubble, to exple the conditions under which
we may expect the internal energy of the coronal gas in the sti@d swept up IGM region to
be converted predominantly into FIR radiation, as requiredy the observations. In essence,
this can only occur if su cient dust is present in the shockedGM that the timescale for gas
cooling through inelastic collisions with grains is both gbrter than the timescale for cooling
through line emission, as well as being less than or compalalo the dynamical timescale.
This scenario would have interesting implications for thenterpretation of the integrated FIR
emission of dwarf star-forming galaxies in the distant unarse, implying that some fraction
of the FIR luminosity had a mechanical, rather than photon-pwered origin. One immediate
observational consequence would be a larger color ratiggr =Lyy opt for the ensemble of
cosmologically distant dwarf star-forming systems than wdd be expected on the basis on
photon heating alone, as we have directly observed for ourmsple of Virgo BCD systems.

A rather di erent scenario explaining the high dust mass anddust surface densities
would come back to a spatially extended grain population thas asymmetrically distributed
around the optical-UV emitting central star-forming regio. This could be a ( aring) disk of
accreting material that feeds the star forming center. BCDsvould then be those members
of such asymmetric systems seen under favorable aspect anfgk observation of the central
optical-UV emission. Systems seen edge-on would be FIR-doated by photon heating and
possibly not yet detected as a group in the visual range. Theyould only show up in the FIR
and sub-mm range, where the only major blind search up to now the ISOPHOT 170 m
serendipity survey. It will be interesting to search for sut objects in the serendipity sample.
In the extreme case BCDs - or a signi cant sub-class of them -owld be dwarf galaxies that
undergo a massive gas/dust accreting phase that makes theat (east sporadically) bright
optical-UV sources. Collisional dust heating might occumni addition as a consequence of
dynamical e ects like wind interactions in the broader envionment, as described above.
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9. Summary

Based on observations taken in the P32 mode of the ISOPHOT insment on board
ISO we have statistically analyzed the integrated FIR propgies of a complete volume-
and luminosity-limited sample of late-type Virgo Cluster glaxies. For the rst time, data
taken in this observing mode could be corrected for the congx non-linear response of the
detectors, allowing robust integrated photometry to be exacted, and over the entire optical
extent of the galaxies, including the outer regions of the tgctic disks. We demonstrate the
existence of a cold dust component present within all the mpiological classes observed,
which range from S0Oa to Im and BCD. This cold component, whictvas not previously seen
by IRAS, was analyzed by tting the data with a superpositionof two modi ed black-body
functions of form 2B , physically identi ed with a localized warm dust emission omponent
associated with HIl regions (whose temperature was consinad to be 47K), and a di use
emission component of cold dust. The ts imply a revision oftte masses and temperatures
of dust in galaxies.

The main results are summarized as follows:

The dust masses should be raised by factors of 613 from the previous IRAS deter-
minations, with even larger factors for certain individualgalaxies. The temperature
of the cold dust is found to be generally 8 10K lower than the IRAS temperatures,
again with individual galaxies having even lower temperates.

The temperatures of the cold dust component have a tendencyg become colder for
the later types. The early-type spirals have a distributionin cold dust temperatures
shifted towards higher values, with the coldest and warmes¢mperatures of 17.7 K and
33.4K. The later spirals and irregulars have a distributiorshifted towards lower dust
temperatures, with the BCDs having the coldest dust tempetares (ranging down to
less than 10 K).

There is a trend for the early spirals to have small dust masseer unit area and for
the BCDs to have the largest amounts of dust normalized to theoptical sizes.

The BCD galaxies were found to have the highest dust mass sac€ densities (normal-
ized to optical area) and the coldest dust temperatures of éhgalaxies in the sample.
This is a particularly unexpected result, since the IRAS olesvations of BCDs could be
accounted for in terms of dust heated locally in HIl regiongyith temperatures of 30K
or more. Two scenarios invoking collisionally or photon-laged emission from grains
originating in the surrounding intergalactic medium are poposed to qualitatively ac-
count for the FIR and optical extinction characteristics ofBCDs. In the one scenario,
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grains are swept up from a surrounding protogalactic cloudna heated collisionally in

an optically thin wind bubble blown from the BCD. In the other, the grains are taken
to be photon-heated in an optically thick disk surrounding he optical galaxy. The

disk is indicative of a massive gas/dust accreting phase wehi makes dwarf galaxies
sporadically bright optical-UV sources when viewed out othie equatorial plane of the
disk. Elements of both scenarios may apply to real-life BCDs

A good linear correlation is found between the \warm FIR" luninosities and the H
EW. This is in agreement with the assumptions of our constrai SED t, that the
\warm" component is mainly associated with dust locally heted within star forming
complexes. We also found a good but non-linear correlatioretwveen the \cold FIR"
luminosities and the H EW. The correlation itself con rms the predictions of the
Popescu et al. (2000) model, where the emission at FIR-subimwavelengths is mainly
due to the diuse UV photons.

A non-linear correlation is found between the \warm" FIR luminosities and the NVSS
radio luminosities at 1.4 GHz. A good FIR-radio correlationwas also found for the
cold dust component, suggesting that the stars mainly respsible for heating the cold
dust are the massive progenitors of supernovae whose remisamay be the dominant
sources of cosmic ray electrons. Our ndings are the rst oseto test the FIR-radio
correlation using the FIR luminosities associated with theold dust component.

This research has made use of the NASA/IPAC Extragalactic labase (NED) which

is operated by the Jet Propulsion Laboratory, California Istitute of Technology, under
contract with the National Aeronautics and Space Administation.
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Fig. 1. a) The color-color plot of our sample galaxies with detections at all three wave-
lengths. The 60 and 100m ux densities have been converted to the IRAS ux scale.
Random uncertainties in the color ratios are plotted as baréalf length 1 ). b) The color-
color plot from the \serendipity sample" (Stickel et al. 20@). Di erent Hubble types are
plotted as follows: diamonds: S0-Sa, triangles: Sb-Sc, sges: Sd-Sm, crosses: Im-BCD,
plus-signs: S galaxies, stars: unclassi ed. The last two spols refer to the \serendipity
sample”.
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Fig. 2.| Examples of FIR SEDs from our sample galaxies. The clor corrected ux densities
at 60, 100 and 170 m are plotted together with their associated error bars. Ongalaxy,
VCC 1110 has additional measurements at 70 and 12th. The two modi ed black-body
functions which best tted the data points are plotted with dashed-lines. The temperature of
the warm component is constrained to be 47 K. The tted tempeature of the cold component
is marked near each t. The sum of the two tting functions is dotted as the solid line.
Some galaxies (see text) don't show evidence for two dust cpaments and their SEDs are
tted with single component modi ed black-body functions, plotted as solid lines.
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Table 2. Results from constrained ts of two modi ed black-lodies to the 60, 100 and
170 m ux densities

VCC M Igvarm M BOId Tlgold (TBOId)(Z) M D:MHI ?3) L FIR LlC:(I)Il?d note(“)
M h20OM h? K K W h? W h?
107 10° 10%4 10%4
1 4.9 7.2 14.1 1.3 1.6 0.95

66 120. 140. 15.5 0.4 0.0067 51. 34,

87 49 8.9 14.0 1.0 0.0082 1.8 1.1

92 230. 1100. 13.6 0.2 0.0459 160. 120.

152 73. 43. 18.5 0.5 0.0221 40. 29.

318 6.1 16. 14.9 0.5 0.0040 3.8 29

459 4.8 1.9 19.7 0.9 0.0024 2.5 1.9

460 110. 38. 20.2 0.9 0.0087 60. 44,

655 20. 260. 12.6 0.2 0.6379 20. 17.

664 38. 10. 15.7 2.5 0.0092 7.9 2.5

692 25. 63. 14.9 0.8 0.0513 16. 12.

836 see Table 3
857 28. 110. 15.4 0.3 0.0483 28. 24,

873 180. 190. 16.1 0.2 0.0832 80. 54,

912 28. 8.9 20.5 1.2 0.0087 15. 11.

971 12. 8.5 17.8 0.5 0.0016 6.3 4.6

1002 33. 27. 18.5 0.5 0.0110 23. 19.

1003 see Table 3
1043 100. 170. 16.3 0.3 0.0906 67. 53.

1110 86. 150. 15.2 0.4 0.0711 43. 30.

1189 8.3 15. 15.6 0.3 0.0103 4.8 3.6

1253 see Table 3
1326 see Table 3
1379 45, 26. 18.4 0.5 0.0068 24. 17.

1410 10. 8.1 15.7 0.7 0.0085 3.5 2.0

1419 see Table 3
1450 see Table 3
1552 11. 13. 17.7 0.6 0.1446 8.1 6.5

1554 250. 45, 19.0 0.5 0.0030 71. 35.

1575 49. 13. 18.5 1.3 0.0317 16. 9.1
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VCC M Igvarm M I%old T80|d (TBOId)(Z) Mp=My 3) Ler ng(l)l!'s note(“)
M h20OM h? K K W h2 W h?
107 10° 103 103
1678 1.7 3.1 19.0 1.5 0.0006 2.8 2.5
1686 18. 6.1 19.3 0.8 0.0030 7.9 54
1690 270. 230. 17.0 0.3 0.0745 130. 93.
1699 13. 2.7 17.9 0.9 0.0012 3.3 15
1725 see Table 3
1727 190. 350. 15.8 0.3 0.1144 120. 90.
1730 64. 30. 18.2 0.9 0.1134 28. 18.
1757 see Table 3

@Mh = Hy=100 and H, is the Hubble constant.

@ The uncertainty in the temperature of the cold dust componert.

©®) The dust-to-HI-gas mass ratio.

@ In eight cases there was no evidence for two dust componentsitiv di erent temperatures. For
these galaxies there is a note that sends the reader to Table, 3vhere these galaxies are listed.
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Table 3. Results from one modi ed black-body t to
the 60, 100 and 170m ux densities

1) (2 ©)) (4) () (6)
VCC Mp To (To) Mp=My LR
M h 2 K K W h 2
10 103
13¢° 2.2 21.4 3.0 0.0007 0.37
836 120. 27.1 0.3 0.0052 83.
848 10000. 9.0 0.5 0.2026 9.1
1003 55. 23.9 0.2 0.0061 17.
1253 36. 20.6 0.8 0.0051 4.7
1326 7.2 34.7 1.2 0.0004 20.
1419 14. 20.4 1.4 1.7
1450 92. 22.1 0.3 0.0063 18.
1725 17. 20.1 0.7 0.0026 1.9
175¢ 51 17.8 1.9 0.0050 0.27
1757 28. 20.1 0.3 0.0282 3.0

aVCC 130/848/1750 have detections only at 100 and
170 m and therefore their dust masses represent lower limits
and their dust temperatures upper limits.



