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ABSTRACT
We have statistically analyzed the spatially integrated far-infrared (FIR) emissions of the complete

volume- and luminosity-limited sample of late-type (later than SO) Virgo Cluster galaxies measured using
the Infrared Space Observatory by Tuffs and coworkers in bands centered on 60, 100, and 170 um. Thirty
of 38 galaxies detected at all three wavelengths contain a cold dust emission component, present within
all morphological types of late-type systems ranging from early giant spiral galaxies to blue compact
dwarfs (BCDs) and which could not have been recognized by IRAS. We fitted the data with a super-
position of two modified blackbody functions, physically identified with a localized warm dust emission
component associated with H 1 regions (whose temperature was constrained to be 47 K), and a diffuse
emission component of cold dust. The cold dust temperatures were found to be broadly distributed, with
a median of 18 K, some 8-10 K lower than would have been predicted from IRAS. The derived total
dust mass is correspondingly increased by factors of typically 6-13. A good linear correlation is found
between the “warm FIR” luminosities and the Ha equivalent widths (EWs), supporting the assumptions
of our constrained spectral energy distribution fit procedure. We also found a good nonlinear correlation
between the “cold FIR” luminosities and the Ho EWs, consistent with the prediction of Popescu and
coworkers that the FIR-submillimeter emission should mainly be due to diffuse nonionizing UV
photons. Both the “warm” and the “cold” FIR luminosity components are nonlinearly correlated with
the (predominantly nonthermal) radio luminosities. There is a tendency for the temperatures of the cold
dust component to become colder and for the cold dust surface densities (normalized to optical area) to
increase for later morphological types. A particularly significant result concerns the low dust tem-
peratures (ranging down to less than 10 K) and large dust masses associated with the Im and BCD
galaxies in our sample. We propose two scenarios to account for the FIR characteristics of these

systems.

Subject headings: galaxies: clusters: individual (Virgo) — galaxies: dwarf — galaxies: ISM —
galaxies: spiral — galaxies: statistics — infrared: galaxies

1. INTRODUCTION

IRAS observations led to the belief that dust emission in
normal galaxies comes from ~ 30 K dust grains with a total
gas-to-dust mass ratio of ~10° (see, e.g, Devereux &
Young 1993). This is about 1 order of magnitude greater
than the gas-to-dust mass ratio of our Galaxy, a discrep-
ancy that suggested that most of the dust in late-type gal-
axies had, in fact, been “ overlooked ” by IRAS. Indeed, one
obvious bias of IRAS studies in general is the lack of spec-
tral coverage longward of the 100 um filter and the sensi-
tivity limit 3 times brighter in this band compared to the
IRAS 60 um band. This might translate into a bias against
the detection of cold dust with temperatures colder than
30 K.
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The first observations suggesting the existence of a cold
dust component in galaxies were made at submillimeter
wavelengths by Chini et al. (1986) using the 3 m Infrared
Telescope Facility and the University of Hawaii 88" tele-
scopes. The strong submillimeter emission found in all the
observed galaxies could not be accounted for by dust emit-
ting at a uniform temperature, and the far-infrared (FIR)
spectra were interpreted in terms of two dust components of
about 16 and 53 K. This interpretation suggested that the
peak of the FIR emission should be at wavelengths between
100 and 200 pum. Subsequent submillimeter observations
done with the 30 m IRAM (Pico Veleta) telescope also sug-
gested the presence of a cold dust component in individual
nearby galaxies: NGC 891 (Guélin et al. 1993), NGC 3627
(Sievers et al. 1994), NGC 4631 (Braine et al. 1995), M51
(Guélin et al. 1995), NGC 4565 (Neininger et al. 1996), NGC
3079 (Braine et al. 1997), and NGC 5907 (Dumke et al.
1997). The enhanced sensitivity and overall efficiency
improvement of the Submillimeter Common-User Bolo-
metric Array on the James Clerk Maxwell Telescope
extended our knowledge of the quantity of cold dust by



222 POPESCU ET AL.

probing both more “quiescent” galaxies and also by
mapping its distribution with higher resolution (Alton et al.
1998a, 2001 ; Israel, Van Der Werf, & Tilanus 1999; Bianchi
et al. 2000b). However, none of these observations directly
observed the spectral peak of the FIR emission and thus did
not unambiguously distinguish between the two dust com-
ponents. Observations at 160 and 200 ym were, until recent-
ly, available only for a few bright objects and were
performed with the NASA-Kuiper Airborne Observatory
(see, e.g., Engargiola 1991). Observations at wavelengths
longer than 100 um were also performed by the COBE
satellite for the Milky Way (Wright et al. 1991; Reach et al.
1996; Sodroski et al. 1997) and for a few external galaxies
(Odenwald, Newmark, & Smoot 1998).

The ISOPHOT instrument (Lemke et al. 1996) on board
the Infrared Space Observatory (ISO) satellite (Kessler et al.
1996) extended for the first time the wavelength coverage
beyond that of IRAS to 240 um, with superior intrinsic
sensitivity and the availability of longer integration times
than were possible with IRAS. ISO was thus capable of
covering the peak in energy distribution vS, for normal
galaxies, detecting discrete sources at least 10 times fainter
than TRAS at 60 and 100 ym. First results from ISOPHOT
have indeed confirmed the existence of a cold dust com-
ponent in several nearby normal galaxies, NGC 6946 (Tuffs
et al. 1996) and M31 (Haas et al. 1998), or on small samples
(Kriigel et al. 1998; Siebenmorgen, Kriigel, & Chini 1999;
Contursi et al. 2001). First results from the SO Long Wave-
length Spectrograph (Trewhella et al. 2000) are also consis-
tent with the existence of cold dust in normal galaxies. The
sample of compact sources with galaxy associations from
the ISOPHOT 170 um serendipity survey (Stickel et al.
2000) presents statistical evidence for a cold dust com-
ponent, but the sample was obviously biased toward FIR
luminous systems, with uncertain transient corrections in
the observations.

In this paper we present statistically significant evidence
for the existence of a cold dust component in all galaxies
later than SO, i.e., spiral galaxies, irregular galaxies, and blue
compact dwarfs (BCDs). This result comes from our
analysis of a complete volume- and luminosity-limited
sample of late-type Virgo Cluster galaxies observed by Tuffs
et al. (2002) with the ISOPHOT instrument. Our sample is
intended to give a more representative statistical analysis of
the cold dust component, for a full range in morphological
type, and to reach fainter detection limits than previously
available. In addition, we present our analysis using data
that are for the first time corrected from the transient effects
of the detectors, allowing a quantitative and comprehensive
evaluation of the cold dust on a relatively deep and
unbiased sample.

A main goal for our study is the detailed knowledge of
the shape of the FIR spectral energy distribution (SED) in
galaxies as well as the distribution and morphology of the
cold dust. This is required for understanding the energy
budget in galaxies and for modeling the SED over the
whole wavelength range. Dust grains can be considered as
test particles for the intrinsic radiation fields in galaxies.
Therefore, observations of their emission in the FIR, com-
bined 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 lumi-
nosity and dust in galaxies. This would address the funda-
mental question of the optical thickness of galactic disks
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and would allow evaluation of intrinsic quantities of
interest—the star formation rate (SFR) and the star forma-
tion history. This is possible only by combining the new
FIR observational results with modeling techniques for the
SED from the UV to the FIR/submillimeter range. Differ-
ent tools have been proposed for analyzing the energy
budget of normal galaxies, starting with the pioneering
works of Xu & Buat (1995) and Xu & Helou (1996) and
continuing with more recent models, like those of Silva et al.
(1998), Devriendt, Guiderdoni, & Sadat (1999), and Bianchi,
Davies, & Alton (2000a). However, most of these models
have made severe simplifications, which ultimately led to
contradictory conclusions on the disk opacities and the
origin of the FIR emission.

Recently, a new tool for the analysis of the SED in gal-
axies has been proposed by Popescu et al. (2000). This tool
includes solving the radiative transfer problem for a realistic
distribution of absorbers and emitters and considering rea-
listic models for dust (taking into account the grain size
distribution and the stochastic heating of small grains) and
the contribution of H 11 regions within star-forming com-
plexes. This tool was applied to the edge-on spiral galaxy
NGC 891 with the result that most of the cold dust that
emits in the submillimeter was embedded in a second disk
of dust associated with the young stellar population and
having a very small scale height (~90 pc). A subsequent
application of this tool to a sample of five edge-on spiral
galaxies (Misiriotis et al. 2001) has shown that the model
seems to be generally valid and that the interpretation of the
cold dust component should be ultimately analyzed in
terms of SED modeling techniques.

Another astrophysical problem related to cold dust in
galaxies is the source of heating of this dust component.
Here again, modeling techniques are needed for a detailed
and better understanding of this component. Xu & Buat
(1995) claimed that the nonionizing UV photons constitute
the main heating source of dust. However, their results were
applied only to the IRAS bands, which did not reveal the
bulk of the dust mass in normal galaxies, which, as we show
in this paper, is in most cases too cold to have been seen by
IRAS. With the advantage of the longer wavelengths obser-
vations, Popescu et al. (2000) have shown that, for the case
of NGC 891, the dust emitting in the 170-850 um regime is
also predominantly heated by the UV radiation from the
young stellar population. More fundamental is the accom-
panying result showing that the FIR colors have to be inter-
preted also in geometrical terms rather than simply as
separate temperature components.

The morphology of the cold dust component and its geo-
metrical distribution is a primary goal of the ISOPHOT
Virgo project. Especially of interest is the question of
whether the cold dust component extends beyond the
optical disk of the galaxies, as predicted by the radiative
transfer modeling analysis of the optical data of Xilouris et
al. (1997, 1998, 1999) or as suggested by Alton et al. (1998a)
from the analysis of the submillimeter data. Similar sugges-
tions (Davies et al. 1999; Alton et al. 1998b) have been made
on the basis of ISOPHOT maps of several nearby galaxies.
However, these maps were not corrected for transient effects
of the detector, and therefore both the calibration and the
derived scale lengths are uncertain, and they are subject to
instrumental effects.

The paper is organized as follows: Section 2 presents the
main characteristics of our sample used for the statistical
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analysis of the cold dust component. The observed colors
are presented in § 3. In § 4 dust temperatures, masses, and
luminosities are derived from fitting the SED of our sample
galaxies. The distributions in the main derived quantities
are presented in § 5, and their dependence on Hubble type is
investigated in § 6. Section 7 presents the correlation of the
FIR luminosity with indicators of the SFR. The implica-
tions of our analysis of the cold dust content of Virgo gal-
axies for our understanding of normal galaxies is discussed
in § 8. The summary is given in § 9.

2. SAMPLE DEFINITION AND PHOTOMETRIC ACCURACY

Our sample comprises the late-type Virgo Cluster gal-
axies observed with the ISOPHOT instrument on board
the ISO satellite. Fuller details of the selection criteria,
observations, data reductions, and the catalog itself with the
resulting photometry are presented in an accompanying
paper (Tuffs et al. 2002). Here we give only a short descrip-
tion of the main aspects of the sample definition and FIR
photometry relevant for the statistical investigation of cold
dust in galaxies.

The observed sample consists of 63 member galaxies
selected from the Virgo Cluster Catalog (VCC; Binggeli,
Sandage, & Tammann 1985) with Hubble type later than
S0. The galaxies were chosen to maximize the likelihood of
their belonging to the main cluster, thus minimizing the
spread in distance due to the complex three-dimensional
structure (Binggeli, Popescu, & Tammann 1993 and refer-
ences therein). The sample is divided into cluster periphery
subsamples, complete to integrated B-band magnitude
Br = 14.5 and 16.5, respectively. The 35 observed periphery
galaxies are probably freshly falling in from the field (see
Tully & Shaya 1984). They are principally comprised of
spiral galaxies later than Sbc, irregular galaxies, and BCDs.
The 28 observed core galaxies are essentially seen toward
the extended X-ray halo of M87 and are dominated by
spiral galaxies of type Sc and earlier.

The observations were done using the C100 and C200
detectors in ISOPHOT’s P32 observing mode (R. J. Tuffs &
C. Gabriel 2002, in preparation), which uses the focal plane
chopper in conjunction with a spacecraft raster to rapidly
sample large areas of sky. The observing wavelengths were
60, 100, and 170 um. The P32 mode allowed the entire
optical extent of each target down to the 25.5 mag arcsec™ >
B-band isophote and adjacent background to be scanned
while still maintaining a spatial oversampling. This allowed
both spatially integrated FIR photometry as well as infor-
mation on the morphology of the galaxies in the far-IR to
be extracted from the data. This paper is primarily con-
cerned with the integrated photometry, which will include
any emission from cold dust in the outer disks, where the
radiation fields are weak. The most important aspect of the
data reduction described by Tuffs et al. (2002) was the cor-
rection of the complex transient response behavior of the
Ge:Ga photoconductor detectors of ISOPHOT. Failure to
correct for this effect in data taken in the P32 mode can give
rise to serious signal losses and distortions in the derived
brightness profiles through the galaxies, which in turn can
lead to spurious results on the amount and distribution of
cold dust in these systems. Our data are the first from the
P32 mode to have been corrected for these effects. As
demonstrated by Tuffs et al. (2002), the transient-corrected
photometry correlates well with IRAS observations of the
brighter galaxies in our sample in the ISO 60 and 100 ym
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passbands over about 2 orders of magnitude in integrated
flux density.

From the 63 galaxies observed (61 galaxies at all three
FIR wavelengths and two galaxies only at 100 and 170 um)
we detected 54 galaxies at least at one wavelength and 40
galaxies at all three wavelengths. From the 40 galaxies
detected at all FIR wavelengths, two galaxies form an inter-
acting pair (VCC 1673/1676), and their properties will be
discussed in a separate paper. In this paper we largely
restrict our analysis to the remaining 38 galaxies with detec-
tions at 60, 100, and 170 ym. One galaxy, VCC 1110, was
observed at two additional wavelengths, 70 and 120 ym, in
order to have a more detailed knowledge of the shape of the
SED. This sample forms the basis for our statistical investi-
gation. In § 6, where we discuss the variation of the FIR
properties with Hubble type, we add to our sample of 38
galaxies the three galaxies having detections only at 100 and
170 um. The latter are introduced to increase the statistics
of the BCDs (since all three extra galaxies are BCDs). The
flux densities and their associated errors are taken from
Table 7 of Tuffs et al. (2002), while the morphological types
and other optical properties of the sample galaxies can be
found in Table 1 of the same paper.

3. FLUX DENSITY RATIOS

Figure 1a shows the color-color diagram log (F170/F100)
versus log (F100/F60), with the 60 and 100 ym ISO flux
densities converted to the IRAS scale.* There is no obvious
correlation but rather a scatter diagram with the logarithm
of F100/F60 ranging 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 ratios, below 0. The large scatter
in the F100/F60 color can be interpreted as evidence of a
large range in star formation activity. The large scatter in
the F170/F100 color indicates that cold dust is present with
a large variation in dust temperatures. There is no obvious
segregation with morphological type, although the galaxy
with the coldest F170/F100 color is a BCD, and the galaxies
with the warmest F170/F100 colors are early-type spiral
galaxies.

Figure 1b shows for comparison the color-color diagram
of a sample of compact sources with galaxy associations
detected in the ISOPHOT 170 um serendipity survey
(Stickel et al. 2000). This is the only statistical sample of
galaxies observed at 170 um existing in the literature, which
is also comprised of a large variety of morphological types.
We will refer to this sample as the “serendipity sample.”
Nevertheless, the selection criteria of our sample is quite
different from that of the serendipity sample. First of all, our
sample is a cluster sample, while the serendipity sample is
mainly representative of the field population. Our sample is
a volume- and luminosity-limited sample, selected from an
optical catalog, while the serendipity sample is a blind
survey at 170 um, which will predominantly be biased
toward luminous FIR sources. The redshift distribution of
the latter sample (see their Fig. 4) shows that, although the

4 As shown by Tuffs et al. (2002), the flux scale of the ISOPHOT Virgo
survey has an ISO/IRAS relative gain of 0.95 and 0.82 at 60 and 100 um,
respectively. These corrections have been applied to the flux densities
plotted in this figure only to facilitate comparison with IRAS colors.
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F1G. 1.—(a) Color-color plot of our sample galaxies with detections at all three wavelengths. The 60 and 100 um flux densities have been converted to the
IRAS flux scale. Random uncertainties in the color ratios are plotted as bars (half length 1 o). (b) Color-color plot from the serendipity sample (Stickel et al.
2000). Different Hubble types are plotted as follows. Diamonds: S0-Sa; triangles: Sb—Sc; squares: Sd-Sm; crosses: Im—BCD); plus signs: S galaxies; stars:

unclassified. The last two symbols refer to the serendipity sample.

majority of sources have low redshifts of z < 0.02, there is a
long tail of redshifts up to z ~ 0.05. Despite the differences
in the selection criteria used for the two samples, it is still
useful to compare the samples and investigate their FIR
properties.

The color-color diagram of the serendipity sample shows
a slight tendency for warmer F100/F60 colors than the
Virgo sample and a somewhat smaller (although still
substantial) scatter in both colors. The larger scatter in our
sample cannot be explained as being due to either system-
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F16. 2—Examples of FIR SEDs from our sample galaxies. The color-corrected flux densities at 60, 100, and 170 um are plotted together with their
associated error bars. One galaxy, VCC 1110, has additional measurements at 70 and 120 um. The two modified blackbody functions that best fitted the data
points are plotted with dashed lines. The temperature of the warm component is constrained to be 47 K. The fitted temperature of the cold component is
marked near each fit. The sum of the two fitting functions is plotted as the solid line. Some galaxies (see text) do not show evidence for two dust components,
and their SEDs are fitted with single-component modified blackbody functions, plotted as solid lines.
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atic calibration uncertainties or random errors (see Fig. 1a).
This appears to be a real effect, and one could speculate
that, if there is an FIR color—FIR luminosity relation or a
relation between spread in FIR color over a population and
FIR luminosity, then a sample biased toward higher FIR
luminosities (as we expect the serendipity sample to be) will
not reflect the full intrinsic spread in colors that a deeper
sample embracing a larger proportion of low-luminosity
objects would. This would be consistent with more active
star-forming galaxies to have narrower, warmer FIR SEDs.

4. THE SPECTRAL ENERGY DISTRIBUTION

The flux densities at 60, 100, and 170 um (for a represen-
tative selection, see Fig. 2°) indicate that for most of the
galaxies of our sample, the SED in the FIR peaks at wave-
lengths greater than 100 um and cannot be represented by a
single modified blackbody (Planck) function. The turn-up in
the SED beyond 100 um is a clear indication of a cold dust
component that could not have been detected by IRAS.
Perhaps the simplest way of quantifying this cold com-
ponent would be to fit the FIR SED with two modified
blackbody functions, one representing the so-called warm
dust component and the other representing the so-called
cold dust component. However, such a fit requires four free
parameters (the amplitudes and temperatures of the warm
and cold components), while there are only three data
points available. Obviously, there is an infinite number of

5 The SEDs of all galaxies from our sample can be found at http://
nedwww.ipac.caltech.edu/level5/Sept01/Popescu/Popescu_contents.html.
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F1G. 3.—Correlation between the mass of the cold dust component
obtained from fitting two modified blackbody functions to the 60, 100, and
170 um flux densities vs. the mass of the cold dust component in the lower
limit case, obtained from fitting a single modified blackbody function to
the 100 and 170 pum flux densities. The solid line represents the unit slope
zero offset line.
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solutions that would fit the data since the problem is mathe-
matically underconstrained. Submillimeter data would alle-
viate this problem. However, long-wavelength observations
are not yet available for our Virgo sample. For one galaxy,
VCC 1110, observations with the ISOPHOT C70 and C120
filters were made to obtain a more detailed knowledge on
the shape of the SED. For this particular galaxy, the fit to
the data can provide a unique solution; for all the other
galaxies, the model fit is not unique. One way to deal with
this problem is to fit a modified blackbody curve only to the
100 and 170 um data and obtain a lower limit for the
amount of cold dust and an upper limit for its temperature.
Another possibility is to try to constrain the problem using
some physical considerations. We use both procedures and
show that they lead to the same statistical results, the differ-
ences being in the zero point of the estimated dust masses.

We first fitted the 100 and 170 um data with one modified
blackbody function,

Fv ~ vﬂBv(TD) > (1)

with a fixed emissivity index f = 2. Since the ISOPHOT
flux densities refer to a spectrum with vF, = constant, color
corrections were first applied to the data. From the ampli-
tude of the fitted modified blackbody function, dust masses
were derived using the formula

4 F, pd>

M, =320 BT, @
where p is the density of the grain material (3.2 g cm ~* for
silicates and 2.3 g cm ~3 for graphites), d is the distance to
the galaxy, and Q, is the emissivity constant (130 um for
silicates and 230 um for graphites, derived for the FIR/
submillimeter regime from Draine 1985 and consistent with
the adopted emissivity index f = 2). Dust masses were cal-
culated under the assumption of an interstellar mixture of
silicates and graphites. The graphite and silicate abun-
dances were taken from Draine & Lee (1984), namely, 53%
silicates (Ng;) and 47% graphites (Ngapnire), Which were
chosen to fit the extinction curve in our Galaxy and which
we also adopted here. Dust masses and temperatures were
derived for all our sample galaxies with detected 100 and
170 um flux densities that show evidence for two dust tem-
perature components. In deriving dust masses and lumi-
nosities, we assume that all the galaxies have the same
distance, namely, 11.5 h~! Mpc (see Binggeli et al. 1993),
where h = H,/100 and H , is the Hubble constant.

Second, we fitted the FIR SED with two modified black-
body functions by constraining one parameter of the fit. The
most likely constraint is to fix the temperature of the warm
dust component. As shown by Popescu et al. (2000) for the
nearby spiral galaxy NGC 891, most of the emission at 60
um is due to localized FIR sources within H 1 regions and
star-forming complexes (62%). Since these results seem to
also be valid for other disk galaxies (Misiriotis et al. 2001),
we fixed the temperature of the warm dust component by
making the assumption that this will represent the tem-
perature of the average H 1 regions within each galaxy.
Obviously, this assumption neglects the fact that part of the
FIR emission at 60 um is also due to dust heated by the
diffuse optical radiation in the center of the disk (20% for
NGC 891; see Popescu et al. 2000) and by the diffuse UV
radiation field in the outer parts of the disk, where small
grains are stochastically heated (19% for NGC 891; see
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TABLE 1

EXAMPLES OF THE DEPENDENCE OF TS ON T¥er™

Tgarm

ExXAMPLE GALAXY 46 K 47 K 48 K
VCC 152:

T (K)oeiininnnnnn. 18.5 18.5 18.4

(K)o, 0.5 0.5 0.5
VCC 318

T (K)eornerannnnee. 14.9 14.9 14.9

[0S 0.5 0.5 0.5

Popescu et al. 2000). The temperature of the warm com-
ponent was fixed to 47 K since it provides the best fits and
minimal uncertainty in the fitted parameters for all galaxies.
In practice, even relatively large deviations from the 47 K
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temperature of the warm component will not introduce
large deviations in the fitted temperature of the cold com-
ponent; that is, the cold dust component is quite stable
against the particular shape of the warm dust component.
To demonstrate this, we changed the temperature of the
warm component to 46 and 48 K, respectively. Table 1
shows the results for two galaxies, VCC 152 and VCC 318.
The resulting fitted temperatures of the cold component
and associated uncertainties are similar. Finally, the quan-
tities derived from this procedure are compared with the
fitted parameters from the one-modified blackbody fit.

The flux densities were again color-corrected, and dust
masses and temperatures were derived for all sample gal-
axies with detections at all three wavelengths using the same
procedure outlined for the one-modified blackbody fit. The
results of the fits are listed in Table 2, and some representa-
tive examples of fitted FIR SEDs are plotted in Figure 2.
For the case of VCC 1110, where observations in more than

TABLE 2
RESULTS FROM CONSTRAINED FITS OF TWO MODIFIED BLACKBODIES TO THE 60, 100 AND 170 um FLUX DENSITIES

Mgarm M;:)old TcDold O'( T;:)o]d)b LFIR L;t])}{l
VCC (x10* Mg h™2)? (x10° Mg h™?) (K) (K) Mp/ My (x103* W h™?) (x103* W h™?) Notes?
1o, 49 7.2 14.1 1.3 . 1.6 0.95
66 ........ 120 140 15.5 04 0.0067 51.0 34.0
87 ..ot 49 8.9 14.0 1.0 0.0082 1.8 1.1
92 ........ 230 1100 13.6 0.2 0.0459 160.0 120.0
152....... 73 43 18.5 0.5 0.0221 40.0 29.0
318....... 6.1 16 14.9 0.5 0.0040 38 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 60.0 440
655....... 20 260 12.6 0.2 0.6379 20.0 17.0
664 ....... 38 10 15.7 2.5 0.0092 7.9 2.5
692....... 25 63 14.9 0.8 0.0513 16.0 12.0
836....... See Table 3
857 ....... 28 110 15.4 0.3 0.0483 28.0 24.0
873....... 180 190 16.1 0.2 0.0832 80.0 54.0
912....... 28 8.9 20.5 1.2 0.0087 15.0 11.0
971 ....... 12 8.5 17.8 0.5 0.0016 6.3 4.6
1002...... 33 27 18.5 0.5 0.0110 23.0 19.0
1003...... See Table 3
1043...... 100 170 16.3 0.3 0.0906 67.0 53.0
1110...... 86 150 15.2 04 0.0711 43.0 30.0
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 24.0 17.0
1410...... 10 8.1 15.7 0.7 0.0085 35 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 71.0 35.0
1575...... 49 13 18.5 1.3 0.0317 16.0 9.1
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 130.0 93.0
1699...... 13 2.7 17.9 0.9 0.0012 33 1.5
1725...... See Table 3
1727...... 190 350 15.8 0.3 0.1144 120.0 90.0
1730...... 64 30 18.2 0.9 0.1134 28.0 18.0
1757...... See Table 3

2 H, is the Hubble constant and h = H/100.
® The uncertainty in the temperature of the cold dust component.
¢ The dust-to-H 1 gas mass ratio.

4 In eight cases there was no evidence for two dust components with different temperatures. For these galaxies, there is a note that sends the reader

to Table 3, where these galaxies are listed.



No. 1, 2002
8_ — T 1 T T
6— — -]
_ .l 5 1
2t - -
oLl . ... .. @ S - %
15 20 25
5 (K)
FI1G. 4a
1220 T T T T T ]
10F ]
I _
Z 6_— -
4| .
2t ]
= = R T
4 ) 6 7
Log M®YD? (Mg h™2/arcmin?)
F1G. 4¢

COLD DUST IN LATE-TYPE VIRGO CLUSTER GALAXIES 227

8t .
6f .
|
4_— ]
2t :
oL - =T b
5 6 7 8
Log Mg™ (Mg h7%)
FiG. 4b
']O_ """"" T T T ]
A |
6 -
< I
4r -
2 §
A= ——
-4 -3 -2 —1 0
Log MD/MHI
FIG. 4d

Fi1G. 4—Distribution of (a) cold dust temperatures, (b) cold dust masses, (c) cold dust mass surface densities, and (d) the dust-to-H 1 mass ratio. The
hatched histograms represent the distributions for the one-component galaxies. The galaxy with the warmest dust temperature, T;, = 34.7 K, was excluded

from the histogram for display reasons only.

three filters were available, we have used the same con-
strained fit and compared the predictions of the model fit
with the available data at 70 and 120 um not used in the fit.
Figure 2 shows a very good agreement between the model
predictions and the observations for this galaxy. This test is
reassuring for the use of our procedure.

In order to establish whether different fitting procedures
introduce internal scatter in the derived parameters of the
fit, we cross-correlated the dust masses obtained from fitting
a single modified blackbody function to the 100 and 170 ym
flux densities with the dust masses of the cold component
obtained from the two—modified blackbody fit. The corre-
lation was tested for the galaxies with detections at all three
wavelengths and which presented evidence for two dust
temperature components. Figure 3 shows a very tight corre-
lation between the two dust masses, with only a small

scatter for low dust masses (correlation coefficient 0.987).
Obviously, the correlation shows that using a constrained
fit will give the same statistical results as the lower limits
estimates, with the exception of an uncertainty in the zero
point of the dust masses. Therefore, for the rest of the paper,
we will use only the results from the constrained fit.

For eight galaxies in our sample, there was no evidence
for two dust components with different temperatures, and
their SED was fitted with a single modified blackbody func-
tion. The parameters of these fits are listed in Table 3. These
peculiar galaxies have either a very warm SED that peaks
around 100 ym (VCC 836/1003/1326) or very cold F100/
F60 colors (VCC 1253/1419/1450/1725/1757) such that the
60 um data would lie on the same modified blackbody curve
that is defined by the 100 and 170 um flux densities. Most of
these one-temperature dust component galaxies are early-
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TABLE 3

RESULTS FROM ONE-MODIFIED BLACKBODY FIT TO THE 60, 100, AND
170 pm FLUX DENSITIES

My I, o(Tp) Ler
VCC (x10*Mgh™?) (K) (K) Mp/My, (x10%*Wh™?)

130°.... 22 214 3.0 0.0007 0.37
836..... 120 271 03 0.0052 83.0
848%.... 10000 9 0.5 0.2026 9.1
1003 ... 55 239 02 0.0061 17.0
1253 ... 36 206 0.8 0.0051 4.7
1326 ... 7.2 347 12 0.0004 20.0
1419 ... 14 204 14 1.7
1450 ... 92 221 03 0.0063 18.0
1725 ... 17 201 07 0.0026 1.9
1750%... 5.1 178 19 0.0050 0.27
1757 ... 28 201 03 0.0282 3.0

* VCC 130/848/1750 have detections only at 100 and 170 pm, and
therefore their dust masses represent lower limits and their dust tem-
peratures upper limits.

type spiral galaxies in the cluster core, some of them with Sy
2 activity (VCC 836/1253) or with peculiar morphologies
(VCC 1419/1757). Throughout this paper we will refer to
these galaxies as the “ one-component ” galaxies.

5. THE DISTRIBUTIONS OF DUST TEMPERATURES, MASSES,
AND LUMINOSITIES

5.1. Dust Temperatures

The distribution of the cold dust temperatures (T$9) is
shown in Figure 4a. The one-component galaxies have a
distinct locus in the histogram since they form the highest
temperature tail of the distribution with values between 20
and 28 K. The most extreme example is VCC 1326 (an SBa
galaxy in the cluster core) with T, = 34.7 K. For the “two-
component ” galaxies, the temperature distribution shows a
wide spread in values, ranging from 12 to 21 K. The coolest
object from the distribution is VCC 655 with T$'¢ = 12.6
K. This galaxy is classified as an S,.,/BCD in the cluster
periphery.

The dust temperatures derived for our sample are much
lower than those that IRAS would have predicted on the
basis of the 60 and 100 ym flux densities only. If we consider
our ISO flux densities at 60 and 100 um and only a single
component dust temperature, we would derive a tem-
perature distribution with a median of 26 K. This should be
compared with the median value calculated for our cold
dust temperature distribution of 18.2 K—if the one-
component galaxies are included—or 16.7 K—if these gal-
axies are excluded. Thus, the cold dust component has a
median value 8-10 K colder than TRAS would have predic-
ted for our Virgo sample.

5.2. Dust Masses

Most of the dust content in our sample galaxies is in the
form of cold dust. This can be seen from Table 2, where the
tabulated cold dust masses M$!¢ are 3—4 orders of magni-
tude larger than the tabulated warm dust masses M}*™.
The distribution of cold dust masses is shown in Figure 4b.
As in the temperature distribution, the one-component gal-
axies have a distinct locus in the histogram, occupying the
lowest mass tail of the distribution, between 4.8 Mo h™? <
log M3 < 6.3 Mg h™2 For the remaining galaxies, the
distribution is again very broad, extending 3 orders of mag-
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nitude in range, with a peak around 5.8 M h™2 The
galaxy with the largest amount of cold dust (1.14 x 108 M
h~2)is VCC 92, an Sb galaxy in the cluster periphery, which
is also one of the biggest galaxies in our sample, perhaps
indicative of a general scaling relation between total dust
mass and galaxy size.

The dust masses derived for our sample are larger than
those IRAS would have predicted on the basis of the 60 and
100 pum flux densities alone. Following the same procedure
as for the dust temperatures, we derive an “IRAS” median
value of 2.3 x 10° My h™? and an ISO median value of
1.3 x 10° Mg h™>—if the one-component galaxies are
included—or 3.0 x 10° My h~?—if these galaxies are
excluded. Thus, our galaxy sample contains a factor of 6-13
more dust (for the median value) than IRAS data alone
would suggest. For individual galaxies, this factor could be
larger.

To compensate for the effect of scaling on the dust mass
distribution, we have normalized dust masses in the form of
dust mass surface densities, M$'¢/D?, where D is the major
diameter® (in arcminutes) of the galaxies measured to the
faintest detectable optical surface brightness level of
approximately 25.5 B mag arcsec” 2. The histogram of the
dust mass surface densities (Fig. 4c) still shows a broad
distribution but not as broad as that in Figure 4b. Except
for the last histogram bin (one galaxy), the distribution of
two-component galaxies ranges over 2 orders of magni-
tudes, indicating an intrinsic variation in the amount of cold
dust within galaxies. Again, the one-component galaxies
exhibit the lowest dust mass surface densities. The galaxy
with the largest content of cold dust with respect to its
optical size is VCC 655.

Another way of normalizing the dust masses is to take the
ratio to the H 1 gas mass.” As for the case of dust mass
surface densities, the distribution of dust-to-H 1 mass ratio
Mp/My, (Fig. 4d) for two-component galaxies shows a
broad distribution, ranging over 2 orders of magnitude.
Unlike the dust mass surface densities, the distribution of
dust-to-H 1 mass ratio for one-component galaxies is more
widely spread. The galaxy with the largest dust-to-H 1 mass
ratio is VCC 655.

5.3. Dust Luminosities

For most of our sample galaxies, the FIR luminosity of
the cold 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 between the cold and warm FIR luminosities is as high
as 6.0 and 6.1, respectively. VCC 655 is the galaxy with the
coldest temperature of the cold dust component and the
largest amount of dust with respect to its optical size. VCC
857 is an SBb galaxy in the cluster periphery with LINER
activity. Despite its activity, the galaxy has the highest cold/

¢ The diameters were taken from the VCC (Binggeli et al. 1985).

7 Most of the H 1 data used for normalization were taken from Bottin-
elli et al. (1990) and Hoffman et al. (1987). For three galaxies (VCC 1043/
1686/1690), the average of the measurements (beam-corrected) existing in
the literature was considered: Bottinelli et al. (1990), Guiderdoni & Rocca-
Volmerange (1985), and Huchtmeier & Richter (1986) for VCC 1043; Bot-
tinelli et al. (1990), Hoffman et al. (1987), Guiderdoni & Rocca-Volmerange
(1985), and Huchtmeier & Richter (1986) for VCC 1686; Bottinelli et al.
(1990), Guiderdoni & Rocca-Volmerange (1985), Huchtmeier & Richter
(1986), and Warmels (1988) for VCC 1690. For VCC 1003, VCC 1253, and
VCC 1326, the H 1 fluxes (beam-corrected) are upper limits and come from
Huchtmeier & Richter (1986).
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warm FIR luminosity ratio. In contrast, there are two gal-
axies that radiate more FIR luminosity in the warm
component, namely, VCC 1699 (a factor of 1.2) and VCC
664 (a factor of 2.1). VCC 1699 is an SBm galaxy in the
cluster periphery, and VCC 664 is an Sc galaxy in the
cluster core. One galaxy contributes equal FIR luminosity
to the cold and warm components. This is the 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 340 W h™2 <
log L < 364 W k™2 The FIR luminosities of the cold
component (Fig. 5b) seem to be more widely distributed
than the FIR luminosities of the warm component (Fig. 5¢).
This could partly be a consequence of the constraint in the
fitting procedure, namely, the adopted fixed temperature of
the warm component. After normalization to the K'-band
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magnitudes,® the distribution of the FIR luminosities (Fig.
5d) becomes slightly narrower for the two-component gal-
axies. There is also a hint that the distribution of cold dust
normalized luminosity (Fig. 5e) is narrower than that of the
warm dust normalized luminosity (Fig. 5f). Apart from a
scaling effect, 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 divide our sample into four subsamples corresponding

8 The total K’-band magnitudes used for normalization were derived
from the 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 uncertainty is 0.15
mag.
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Fi1G. 5—Distribution of (a) FIR luminosities, (b) FIR luminosities of the cold dust component, (¢) FIR luminosities of the warm dust component, (d)
normalized FIR luminosities (to the K'-band magnitude), (¢) normalized FIR luminosities of the cold dust component, and (f) normalized FIR luminosities
of the warm dust component. The hatched histograms represent the distributions for the one-component galaxies.
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to SOa—Sa, Sab—Sc, Scd-Sm, and Im—BCDs bins in Hubble
type. Ideally, one would like to have very good statistics
within each bin in Hubble type. Our sample has obviously
the best statistics within the Sab—Sc bin and poor statistics
for the Im—BCD bin. The poor statistics in the latter bin are
mainly a consequence of the fact that some BCDs are only
detected at two wavelengths (or only at one wavelength)
and were thus not included in the overall statistics. To
improve the statistics of the BCDs and to highlight their
unusual properties, we have added to our sample the gal-
axies detected only at two wavelengths (100 and 170 um),
namely, VCC 130/848/1750, all of BCD class. Dust tem-
peratures derived for these galaxies are upper limits, and
dust masses are lower limits (see Table 3).

The temperatures of the cold dust component (Fig. 6a)
have a tendency to become colder for the later types. The
early-type spiral galaxies have a temperature distribution
shifted toward higher dust temperatures, with the coldest
temperature only 17.7 and the warmest 33.4 K. The
broadest temperature distribution is exhibited by the
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Sab-Sc spiral galaxies, with 14K < T < 28 K. The later
spiral galaxies and irregular galaxies have a distribution
shifted toward colder dust temperatures, with the BCDs
having the coldest dust temperatures. The BCD VCC 655
has the coldest dust temperature (12.6 K) among the gal-
axies with detections at three wavelengths. Of the BCDs
detected only at two wavelengths, VCC 848 has the coldest
dust temperature, 9.9 K as an upper limit. The median
values of the dust temperatures (Table 4) are in agreement
with the early-type spiral galaxies having the warmest
median temperature and the BCDs having the coldest
median temperature.

The distribution of cold dust masses (Fig. 6b) shows a
pronounced effect of the scaling relations, with the Sab—Sc
spiral galaxies having the largest amount of dust, as
expected for more massive galaxies. However, in the dust
mass surface density distributions (Fig. 6¢), there is a trend
for the early spiral galaxies to have small dust masses per
unit area and for the BCDs to have the larger amounts of
dust compared to their optical sizes. The BCDs VCC 655
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TABLE 4

MEDIAN VALUES FOR THE TEMPERATURES AND MASS
SURFACE DENSITIES WITHIN EACH BIN OF
HusBLE TYPE

Tmedian (M /Dz)median
Type (K) (Mg h™? arcmin™?)
S0a-Sa........ 20.5 3.4 x 10*
Sab-Sc........ 16.1 3.2 x 10°
Sd-Sm ........ 18.5 2.1 x 10°
Im-BCD...... 159 1.2 x 10°

and VCC 848 are the most extreme examples. The median
of the dust mass surface density (Table 4) has the lowest
value for the early-type spiral galaxies and the largest value
for the BCDs. There is no obvious trend in the distributions
of the dust-to-H 1 mass ratio (Fig. 6d) with respect to
Hubble type.

The distributions of FIR luminosities (Fig. 7a) are mainly
dominated by the scaling effects, with the more massive
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galaxies (Sab—Sc) having the larger FIR luminosities. Only
after normalization to the K’-band magnitudes (Fig. 7d)
does it become obvious that there is a trend for the early-
type spiral galaxies to have intrinsically low total FIR lumi-
nosities; this is mainly attributable to the one-component
galaxies.

Within the available statistics there was no evidence for a
strong segregation between cluster periphery and cluster
core galaxies within morphological classes. The only excep-
tion might be the tendency for cluster core early-type spiral
galaxies (which are known to have the most extreme H 1
deficiencies) to be lacking cold dust components.

7. CORRELATIONS WITH INDICATORS OF SFR

7.1. The FIR-Ho Correlation

The Ha equivalent widths (EWs) measure the strength of
the mass-normalized recent (<108 yr) SFR. To study the
correlation between the He EW and the FIR emission for
our sample galaxies, we made use of the data available in
the literature, namely, Ha + [Ni1] EWs obtained from
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Fi1G. 7—Distribution of (a) FIR luminosity, (b) FIR luminosity of the cold component, (c) FIR luminosity of the warm component, and (d) normalized
FIR luminosity (to the K’-band magnitude) for different Hubble types. The hatched histograms represent the distributions for the one-component galaxies.
The filled histograms represent the distributions for the galaxies (all BCDs) with detections only at two wavelengths (100 and 170 um). From these, two BCDs
do not have available K'-band magnitudes, and therefore they are excluded from the histogram (in [d], for In—-BCD).
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long-slit (from 3’ to 7’) spectroscopy (Kennicutt & Kent
1983) or from CCD imaging (G. Gavazzi 2001, private
communication). Their typical uncertainty is 2 A. Figures
8a and 8b show the normalized FIR luminosities of the
warm and cold dust components, respectively, versus the
Ha(+[Ni]) EWs. The linear correlation found for the
warm component is consistent with, and a necessary condi-
tion for, our original premise for the constrained fit, namely,
the identification of the warm component with localized
H mregions.

To better understand the trends in the correlations, we
consider below the bolometric energy budget as a function
of the recent SFR, in the case of a three-component model
consisting of locally heated dust in star-forming complexes,
diffuse dust heated by the nonionizing UV photons, and
diffuse dust heated by the optical photons. Such a model
does not take into account the existence of cold dust associ-
ated with clumps (quiescent or associated with molecular
clouds), which may need a separate treatment. However, if
the cold dust is only in a diffuse component, the relation
between SFR and the total FIR energy output can be
derived from the following equation:

Lifw = Lig + Lewg + Lk » 3)
tot

where LiJi is the total FIR luminosity emitted by the
galaxy, LIE is the FIR luminosity emitted by the H 1
regions and star-forming complexes, Ly is the FIR lumi-
nosity of the diffuse dust component heated by the non-
ionizing UV photons, and L is the FIR luminosity of the
diffuse dust component heated by the optical photons. The
equation can be further expressed in terms of SFR:

ot — SFR(Lo F + L, X) + SFRLo(1 — F)Gyy + L& ,
4

where SFR is the present-day star formation rate in units of
Mg yr~1, L, and L, are the nonionizing and the ionizing
UV bolometric luminosities, respectively, of a young stellar
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population corresponding to SFR = 1 Mg yr~! (which can
be derived from population synthesis models), F and X are
the fractions of nonionizing and ionizing UV emission,
respectively, that is absorbed by dust locally within star-
forming complexes, and the factor Gy is the probability
that a nonionizing UV photon escaping from the star for-
mation complexes will be absorbed by dust in the diffuse
interstellar medium. The ionizing UV is thought by most
authors to be mainly locally absorbed by gas in the H 1
regions. Its contribution to LEE is in any case small, and its
effect on the heating of dust in the diffuse ISM can be totally
neglected.

The warm dust component from our fitting procedure
was identified with the dust locally heated within the H &
regions such that L¥e™ ~ LEX. In this case we indeed
expect a linear correlation with the SFR and thus with the
EW,

Fir” ~ SFR(L,F + L. X) . (5

The scatter in the correlation of Figure 8a is only to be
expected because of the possible contribution of the diffuse
component to the 60 um band via stochastic emission,
heating by the old stellar population (see Popescu et al.
2000), and the likely variation in H 1m region dust tem-
peratures within and between galaxies (e.g., due to the effect
of metallicity on the hardness of the stellar photons and/or
effects of starburst age). To this we should add the uncer-
tainty of ~0.3 dex in the value of the Ho EW (due to
measurement errors in determining the continuum emission
as well as to the [N 1] contamination), which can also
contribute to the scatter.

If the cold dust component is identified with diffuse dust
heated by the interstellar radiation field, then

L ~ SFRLy(1 — F)Gyy + Lk - (6)

Figure 8b suggests that there is also a correlation,
although nonlinear, and with a larger scatter for the cold
component. The correlation coefficient is 0.75 if we consider
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F1G. 8.—(a) Normalized FIR luminosities of the warm dust component (normalized to the K’-band magnitudes) vs. the Ha equivalent widths. (b) Same as

(a), but for the cold dust component.
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all the data points or 0.83 if we exclude the extreme point
above the correlation (at log [EW(Ha)] =0.7). The
excluded galaxy is a BCD, and we have already mentioned
the unusual properties of these galaxies. The correlation
itself suggests that the cold dust component is predomi-
nantly heated by the nonionizing UV radiation produced
by the young stellar population, consistent with the model
predictions of Popescu et al. (2000) and Misiriotis et al.
(2001). To explain the nonlinearity in the correlation based
on the model described above, we can invoke either a varia-
tion of the Gy factor with Ho EW or a strong influence of
Lg%, for small Ho EWs. The F factor is taken to be invariant
within our sample, an assumption validated by the linear
correlation obtained in Figure 8a. The first possibility
would imply that more active galaxies have lower Gyy
factors (less optically thick disks). This seems unlikely since
starburst galaxies are known to be more optically thick
systems compared to normal galaxies. The second possi-
bility simply states that more quiescent galaxies should
have a higher contribution from the optical photons in
heating the dust. Scatter in the correlation is again to be
expected because of the varying contribution of the old
stellar population in heating the dust and to some varying
degree of clumpiness of the interstellar medium within
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 FIR-radio correlation was probed
not only in terms of absolute fluxes (see, e.g., Helou, Soifer,
& Rowan-Robinson 1985; de Jong et al. 1985; Wunderlich,
Wielebinski, & Klein 1987) but also in flux per unit galactic
mass (Xu et al. 1994b). Basically, the correlation holds for
the integrated emission. The link is qualitatively given by
the grain heating associated with the appearance of massive
stars and the acceleration of relativistic particles in their
eventual supernova explosions. However, the tightness of
the correlation appears to constrain the characteristics of
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late-type galaxies to rather more specific properties: an
optical thickness of the disk that is on the order of unity for
nonionizing stellar UV radiation (Xu 1990), a magnetic field
energy density that is about equal to that of the radiation
field over more than an order of magnitude in dynamic
range, and radiative energy losses of the synchrotron elec-
trons that exceed escape losses so that the galaxies act for
both energy inputs as calorimeters (Volk 1989; Lisenfeld,
Volk, & Xu 1996).

Previous studies of the FIR-radio correlation were con-
fined to the IRAS fluxes and FIR luminosities obtained by
extrapolating the IRAS fluxes. Our new ISOPHOT data,
and in particular our finding of a cold dust component
present within all morphological classes, naturally raises the
question of whether the FIR luminosity associated with the
cold component is also correlated with the radio emission.
Popescu et al. (2000) have shown that in NGC 891 there is a
relative increase of the contribution of the UV photons to
the heating of the diffuse interstellar dust with increasing
FIR wavelengths such that in the submillimeter 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 emission of the cold dust com-
ponent with the radio emission since the stars mainly
responsible for the heating of the cold dust also give rise to
most of the radio emission. Figures 9a and 9b show a good
correlation between the FIR luminosities of both the warm
and cold dust components and the NRAO VLA Sky Survey
(NVSS) radio luminosities at 1.4 GHz taken from Gavazzi
& Boselli (1999). The interpretation of the correlations is
limited by the poor statistics since only 14 galaxies from our
sample have NVSS detections. Nevertheless, some inter-
esting features are apparent. First of all, the prediction
regarding the validity of the FIR-radio correlation for the
cold dust component is confirmed. Second, there is a clear
nonlinearity in both correlations.

The nonlinear warm FIR-radio correlation plotted in
Figure 9a (FIR/radio < 1 and with a correlation coefficient
of 0.85) is similar (within the poor statistics) to that obtained
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by Xu, Lisenfeld, & Volk (1994a). However, the warm and
cold FIR components from Xu et al., as derived from the
IRAS observations, are not to be identified with our warm
and cold dust components despite a common physical justi-
fication. The nonlinearity of the correlation is an interesting
effect, which at present is difficult to explain. Because of the
weak dependence of the radio synchrotron intensity on the
B field predicted by the original calorimeter theory, consis-
tent with observed radio spectral indices (Lisenfeld & Volk
2000), the nonlinearity in the warm FIR-radio correlation
should be small. The scatter in the warm FIR-radio corre-
lation probably has several components: the intrinsic
scatter of the FIR-radio correlation (see Xu et al. 1994a)
and, as for the case of the warm FIR-Ha correlation, com-
ponents due to effects of stochastic heating of dust in low-
density radiation fields and optical heating of dust in
high-density radiation fields in optically thick regions in the
very central part of galaxies.

The nonlinear cold FIR-radio correlation plotted in
Figure 9b (FIR/radio < 1 but closer to slope unity and with
a correlation coefficient of 0.85) is again similar to that
obtained by Xu et al. (1994a). Unlike the case of the warm
FIR-radio correlation, the nonlinearity of the cold FIR-
radio correlation can be explained by invoking a higher
relative contribution to the heating of diffuse dust by the old
stellar population in galaxies with lower present-day SFRs
(Xu et al. 1994b). The scatter of the correlation has again to
be viewed in terms of several components, where one com-
ponent is attributable to the contribution of varying pro-
portions of optical photons in heating the dust.

8. DISCUSSION

The statistical analysis of the integrated FIR properties of
our Virgo sample unambiguously shows the existence of a
cold dust component present in all morphological classes of
late-type galaxies, from early spiral galaxies to irregular
galaxies and BCDs. Here we consider the implications of
this analysis for the nature of the cold dust component.

A basic question arising from our analysis concerns the
location and morphology of the cold dust component. One
argument in favor of a diffuse origin for this component is
the lack of a cold component in some Virgo Cluster core
early-type galaxies with H 1 deficiencies. Although statistics
are poor, this may point toward a diffuse dust component
that is absent because of stripping. Another hint for a diffuse
origin of the cold component is the nonlinear correlation
between the normalized luminosity of the cold dust com-
ponent and the Ho EWs seen in Figure 8b, which was inter-
preted in terms of a diffuse dust component heated by both
UV and optical photons, with the main contribution
coming from the UV radiation (as predicted by Popescu et
al. 2000; Misiriotis et al. 2001). Finally, the cold FIR-radio
correlation is again consistent with the predictions of the
Popescu et al. (2000) model, where the bulk of the cold FIR
emission arises from diffuse dust heated by UV photons.

A fundamental issue is the amount of dust in galaxies. We
find large amounts of dust in galaxies, significantly higher
than derived from IRAS data alone. The missing dust, not
seen by IRAS, is present within all morphological types of
galaxies, from early spiral galaxies to irregular galaxies and
BCDs. However, what we can really measure is dust opacity
to starlight, and what we derive as dust mass depends on
several assumptions. It is not only the fact that SED fits are
ambiguous with respect to a zero point (see § 4) but also the
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possibility that some dust might be located in compact opti-
cally thick sources. In such cases dust may have different
optical properties, and in particular, ices may be present.
These have stronger mass-normalized absorption coeffi-
cients in the FIR-submillimeter regime (see, e.g., Preibisch
et. al. 1993), which would reduce the implied dust-to-gas
ratios for these regions.

Perhaps the most intriguing result of this investigation is
the masses and temperatures of the cold dust derived for the
Im and BCD galaxies in our sample. These systems are
clearly differentiated from the spiral galaxies, having the
highest dust mass surface densities (normalized to optical
size) and the lowest dust temperatures (ranging down to less
than 10 K ). This is not the expected behavior for galaxies
whose FIR emission is dominated by dust heated locally in
H 1 regions, where one would anticipate temperatures of 30
K or more. This was the a priori expectation, in particular
for the BCDs, and was the standard interpretation for the
IRAS results obtained for these systems (see, e.g., Hoffman
et al. 1989, Helou et al. 1988, and Melisse & Israel 1994,
who found that the 60/100 um colors of BCDs—including
examples from the Virgo Cluster—were clearly warmer
than for spiral galaxies). Our findings indicate a cold dust
component supplementary to the warm dust component
detected by IRAS. This in itself is not surprising since it is to
be expected that cold dust associated with the star forma-
tion regions (SFRs) should be present at some level in
association with the molecular component detected in CO.
The particularly unexpected aspect of this is rather that the
luminosity of the cold dust component should dominate
over that of the warm dust, as shown by the failure to detect
systems (which are clearly seen at 170 um) in one or both of
the ISOPHOT 60 and 100 um bands.® An equally strong
observational constraint is given by the ratio of observed
luminosity of the cold dust component compared with the
observed (i.e., not corrected for intrinsic absorption) lumi-
nosity in the B band.!® This ranges from 6% to 60% over
the sample of BCDs.

Here we qualitatively discuss the nature of the cold dust
emission detected by ISO in Virgo Im and BCD galaxies
considering in general terms the origin and location of the
grains and their heating. For photon-heated dust, low grain
temperatures might be reached in dense clouds opaque to
the ambient radiation fields in the galaxies, provided that
the clouds were quiescent (i.., not harboring star-forming
regions, which would give rise to a warm FIR emission
component dominating the bolometric output of the
clouds). However, clouds with filling factors of perhaps a
few percent would only be expected to intercept and rera-
diate a corresponding few percent of the UV-optical output
of the galaxy. By contrast, perhaps a few tens of percent of
the UV-optical output of these systems appears in the cold
dust component.

Alternatively, the grains could be distributed in a diffuse
component sufficiently extended that the interstellar radi-
ation field would be weak enough to lead to grain tem-
peratures on the order of 10 K or less. Such grains would
have to be distributed over dimensions of the order of 10

° The integrated blue magnitudes of the BCDs in our sample are fainter
than the BCDs detected by IRAS by typically 2 magnitudes.

10 This was estimated by taking the B, magnitudes from Binggeli et al.
(1985) and converting to fluxes using conversion factors tabulated in
Matthews & Sandage (1963).
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kpc around the central star-forming area in the BCDs (of
extent typically order of kiloparsec). The grains would be
embedded in the surrounding intergalactic medium (IGM),
most probably in the putative protogalactic cloud from
which the galaxy formed. Such an explanation might
explain the extreme cold dust surface densities for Im and
BCD galaxies, which would be reduced to values more com-
patible with spiral galaxies if the surface area normalization
was to be with respect to a radius compatible with the cold
dust temperature rather than with respect to the B-band
extent of the galaxies. Furthermore, there is evidence that
the 170 um emission is resolved in two BCDs, VCC 1 and
VCC 848 (see Fig. 9 of Tuffs et al. 2002). However, if such
grains are photon-heated, significant optical depths in the
diffuse component would be required to convert substantial
fractions of the UV-optical output into FIR photons, as
observed in some objects. In their sample of 13 field BCDs,
Hunter & Hoffman (1999) found E(B— V) to be distributed
in the range 0.00-0.53, with evidence for optical colors
being affected by a diffuse dust component.

Another possibility to account for FIR emission of the
observed luminosity, color, and extent would be to invoke
collisional rather than radiative heating for the extended
cold dust emission component. In particular, BCD galaxies
are thought to undergo sporadic episodes of star formation
activity (Mas-Hesse & Kunth 1999) giving rise to a galactic
wind that interacts with the protogalactic cloud. This
creates a wind bubble containing shocked coronal swept-up
gas in which any embedded grains will be collisionally
heated. If collisional grain heating were to constitute the
dominant cooling mechanism for the shocked swept-up
IGM, the observed FIR luminosity and color of the cold
dust emission from the Virgo BCD galaxies could be
explained.

A detailed description of the circumstances under which
such an efficient conversion of mechanical wind luminosity
into FIR radiation occurs is beyond the scope of this paper.
The general analytical solutions of Weaver et al. (1977) can
be applied to the gas density and temperature profiles of a
spherical wind bubble to explore the conditions under
which we may expect the internal energy of the coronal gas
in the shocked swept-up IGM region to be converted pre-
dominantly into FIR radiation, as required by the obser-
vations. In essence, this can only occur if sufficient dust is
present in the shocked IGM that the timescale for gas
cooling through inelastic collisions with grains is both
shorter than the timescale for cooling through line emission
as well as being less than or comparable to the dynamical
timescale. This scenario would have interesting implications
for the interpretation of the integrated FIR emission of
dwarf star-forming galaxies in the distant universe, implying
that some fraction of the FIR luminosity had a mechanical
rather than photon-powered origin. One immediate obser-
vational consequence would be a larger color ratio
Lg/Lyy_op for the ensemble of cosmologically distant
dwarf star-forming systems than would be expected on the
basis on photon heating alone, as we have directly observed
for our sample of Virgo BCD systems.

A rather different scenario explaining the high dust mass
and dust surface densities would come back to a spatially
extended grain population that is asymmetrically distrib-
uted around the optical-UV-emitting central star-forming
region. This could be a (flaring) disk of accreting material
that feeds the star-forming center. BCDs would then be
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those members of such asymmetric systems seen under
favorable aspect angle for observation of the central optical-
UV emission. Systems seen edge-on would be FIR-
dominated by photon heating and possibly not yet detected
as a group in the visual range. They would only show up in
the FIR and submillimeter range, where the only major
blind search up to now is the ISOPHOT 170 um serendip-
ity survey. It will be interesting to search for such objects in
the serendipity sample. In the extreme case BCDs—or a
significant subclass of them—would be dwarf galaxies that
undergo a massive gas/dust accreting phase that makes
them (at least sporadically) bright optical-UV sources. Col-
lisional dust heating might occur in addition as a conse-
quence of dynamical effects like wind interactions in the
broader environment, as described above.

9. SUMMARY

Based on observations taken in the P32 mode of the
ISOPHOT instrument on board ISO, we have statistically
analyzed the integrated FIR properties of a complete
volume- and luminosity-limited sample of late-type Virgo
Cluster galaxies. For the first time, data taken in this
observing mode could be corrected for the complex nonlin-
ear response of the detectors, allowing robust integrated
photometry to be extracted, and over the entire optical
extent of the galaxies, including the outer regions of the
galactic disks. We demonstrate the existence of a cold dust
component present within all the morphological classes
observed, which range from SOa to Im and BCDs. This cold
component, which was not previously seen by IRAS, was
analyzed by fitting the data with a superposition of two
modified blackbody functions of form v2B,, physically iden-
tified with a localized warm dust emission component
associated with H 1 regions (whose temperature was con-
strained to be 47 K), and a diffuse emission component of
cold dust. The fits imply a revision of the masses and tem-
peratures of dust in galaxies.

The main results are summarized as follows:

1. The dust masses should be raised by factors of 6-13
from the previous IRAS determinations with even larger
factors for certain individual galaxies. The temperature of
the cold dust is found to be generally 8-10 K lower than the
IRAS temperatures, again with individual galaxies having
even lower temperatures.

2. The temperatures of the cold dust component have a
tendency to become colder for the later types. The early-
type spiral galaxies have a distribution in cold dust tem-
peratures shifted toward higher values, with the coldest and
warmest temperatures of 17.7 and 33.4 K. The later spiral
galaxies and irregular galaxies have a distribution shifted
toward lower dust temperatures, with the BCDs having the
coldest dust temperatures (ranging down to less than 10 K).

3. There is a trend for the early spiral galaxies to have
small dust masses per unit area and for the BCDs to have
the largest amounts of dust normalized to their optical sizes.

4. The BCD galaxies were found to have the highest dust
mass surface densities (normalized to optical area) and the
coldest dust temperatures of the galaxies in the sample. This
is a particularly unexpected result since the IRAS obser-
vations of BCDs could be accounted for in terms of dust
heated locally in H 1 regions, with temperatures of 30 K or
more. Two scenarios invoking collisionally or photon-
heated emission from grains originating in the surrounding
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intergalactic medium are proposed to qualitatively account
for the FIR emission and optical extinction characteristics
of BCDs. In the one scenario, grains are swept up from a
surrounding protogalactic cloud and 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 opti-
cally thick disk surrounding the optical galaxy. The disk is
indicative of a massive gas/dust accreting phase that makes
dwarf galaxies sporadically bright optical-UV sources when
viewed out of the equatorial plane of the disk. Elements of
both scenarios may apply to real life BCDs.

5. A good linear correlation is found between the warm
FIR luminosities and the He EW. This is in agreement with
the assumptions of our constrained SED fit, that the warm
component is mainly associated with dust locally heated
within star-forming complexes. We also found a good but
nonlinear correlation between the cold FIR luminosities
and the Ha EWSs. The correlation itself confirms the predic-
tions of the Popescu et al. (2000) model, where the emission

at FIR-submillimeter wavelengths is mainly due to the
diffuse UV photons.

6. A nonlinear correlation is found between the warm
FIR luminosities and the NVSS radio luminosities at 1.4
GHz. A good FIR-radio correlation was also found for the
cold dust component, suggesting that the stars mainly
responsible for heating the cold dust are the massive pro-
genitors of supernovae whose remnants may be the domi-
nant sources of cosmic-ray electrons. Our findings are the
first to test the FIR-radio correlation using the FIR lumi-
nosities associated with the cold dust component.

This research has made use of the NASA/TPAC Extra-
galactic Database (NED), which is operated by the Jet Pro-
pulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space
Administration.
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