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Abstract. IRAS observations of dust emitting in the 60-um and
100-pm far-infrared (FIR) bands are compared with H1 and CO
surveys covering the entire Milky Way. A multivariate correlation
analysis is used to decompose the 60-pm and 100-um maps into
components associated with the atomic and molecular gas and to
disentangle the line-of-sight integration effects. The velocity
information inherent in the H1 and CO spectral lines is used as a
distance indicator. Regions for which the FIR emission is
dominated by warm dust, associated with Hu regions, are
excluded on the basis of their 60 um/100 pm colours.

Most of the FIR luminosity of the Galactic disk in the 60-um
and 100-um bands at R > 2kpc appears to originate from dust
associated with neutral atomic gas (~8-11 10° L) and mole-
cular gas (~2.5 10° L) heated by the general interstellar radi-
ation field. Infrared emission from dust associated with Hu
regions contributes only a minor fraction. Most (~3/4) of the
Galactic FIR emission originates inside the solar circle: ~6—
8 10° Ly, (R=2-10kpc) from dust associated with Hi and
essentially all the emission from dust associated with molecular
gas.

The FIR dust emissivity per nucleon is found to decrease
strongly with increasing Galactocentric distance. This radial
emissivity distribution is best determined for dust associated with
atomic gas, but there is no indication that the shape of the
emissivity distribution for dust mixed with molecular gas is
significantly different. In addition, there is no evidence for a large-
scale variation of the 60 um/100 um emissivity ratio with Galac-
tocentric radius; the average Galactic value is 0.27 +0.03 for dust
mixed with atomic gas and 0.20+0.06 for dust in molecular
clouds. The strong FIR emissivity gradient suggests a radial
decrease in either the intensity of the Galactic interstellar radi-
ation field (estimated to be of the same magnitude) or the dust-to-
gas ratio. The former is expected to be the dominant effect, but the
absence of an accompanying change in the 60 pm/100 um ratio is
hard to reconcile with the Mathis, Rumpl and Nordsieck, 1977
dust model. The constancy of this ratio confirms previous
suggestions that the 60-um band has a considerable contribution
from grains not in thermal equilibrium, such as very small
particles briefly heated by the absorption of a single stellar
photon.

The ratio between H, column density and integrated CO line
intensity is calibrated simultaneously. A conservative lower limit
on the average Galactic value is obtained, Ny,/Wqo > 0.8 102°
moleculescm ™2 (K kms™!)~!, but the true average value may
well be a factor of 2 or more larger.
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1. Introduction

The origin of the Galactic FIR emission (4 & 30—-300 um) has been
the subject of numerous studies in the past decade, largely on the
basis of observations obtained with balloon-borne instruments
(e.g., Nishimura et al., 1980; Boissé et al., 1981; Gispert et al.,
1982; Caux et al., 1984; Hauser et al., 1984; and references therein
to pioneering previous missions). It is clear from the modelling
performed by these authors, and others (Ryter and Puget, 1977;
Mezger et al., 1982; Mathis et al., 1983; Puget, 1985; Cox et al.,
1986), that the Galactic FIR emission originates largely from
interstellar dust heated by stellar radiation, but several aspects of
the models have evolved considerably. In particular, the relative
importance of potential heating sources and the relative contri-
butions of dust associated with different phases of the interstellar
medium (ISM) to the Galactic infrared emission have been
subjects of debate. The availability of the IRAS survey has
provided important new insight (see review article by Cox and
Mezger, 1989), but unravelling the FIR Milky Way remains
complex.

The FIR cirrus observed by IRAS at high Galactic latitudes
(Low et al., 1984) correlates well with the column-density
distribution of neutral atomic hydrogen (Boulanger et al., 1985;
Deul and Burton, 1989; Boulanger and Pérault, 1988). High-
latitude molecular clouds, traced by CO observations, are also
associated with distinct cirrus features, and for those (parts of)
local clouds and cloud complexes that are relatively quiescent —no
signs of massive star formation — the CO intensity distribution
correlates with the 100-um intensity distribution (Weiland et al.,
1986; de Vries et al.,, 1987, Heithausen and Mebold, 1988;
Boulanger et al., 1989). These findings lead to the conclusion that
the interstellar radiation field and the dust properties in the solar
vicinity are relatively uniform on scales of the order of 100 pc
(Boulanger and Pérault, 1988). Regions of massive star formation
— Hu regions and their interfaces with molecular clouds — are
found, however, to be excessive FIR emitters. The reason is that
an OB association is a powerful heating source, that during the
initial 30—40% of its lifetime heats mainly the dust in its immediate
surroundings (Leisawitz and Hauser, 1988). Although H 11 regions
are intense FIR sources, they appear to contribute only a minor
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fraction to the total FIR emission from the solar neighbourhood
(Boulanger and Pérault, 1988).

Near the Galactic plane (|b| < 10°), the relationship of the
observed infrared emission to the different phases of the ISM is
much more difficult to determine. Because of the long lines of sight
through the Galactic disk, the components are heavily blended
and large-scale variations in the infrared emissivity may be
important, owing to changes in the dust-to-gas ratio, in the grain
properties, and in the intensity of the interstellar radiation field. In
addition, correlation studies are hampered by uncertainties in the
molecular hydrogen column densities, because the conversion
from the observed CO intensities (the best large-scale tracer of the
molecular gas) to H, column densities is still imperfectly
understood.

Analyses of the diffuse Galactic y-ray emission have encoun-
tered similar difficulties. To overcome them, Bloemen et al. (1986)
developed a method, based on the maximum-likelihood techni-
que, to disentangle the line-of-sight integration effects and to
discern the y-ray emission associated with different gas compo-
nents. This method was applied successfully in correlation studies
of the COS-B yp-ray observations with H1 and CO surveys
(Bloemen et al., 1986; Strong et al., 1988). In the present paper, a
similar method is applied in a comparison between the IRAS
surveys (60-um and 100-um bands) and H1 and CO surveys,
because it offers a variety of possibilities: determining the
Galactocentric distribution of the FIR emissivity, studying the
FIR properties of the dust emission from different gas compo-
nents separately (particularly atomic and molecular gas), and
setting a constraint on the CO-to-H, conversion factor. Such a
complete approach was not feasible in the analyses of previous
infrared surveys, because the detection of the extended low-
brightness tail of the Galactic-disk emission to higher latitudes
was problematic. Accurate mapping of the infrared intensity
distribution up to at least 5°—10° from the Galactic plane —
achieved with IRAS —is of essential importance for the decompo-
sition into infrared components associated with the different gas
phases.

The classical methods of analysis used for previous infrared
surveys have recently been applied in several large-scale IRAS
studies as well (Deul and Burton, 1989; Broadbent et al., 1989;
Pérault et al., 1989; Sodroski et al., 1989). The approaches of
Pérault et al. and Sodroski et al. have important similarities to
ours. The method of Pérault et al. can be considered as a simplified
version of ours, not including the small-scale structure in the data.
On the other hand, Sodroski et al. used the small-scale structure
but did not account accurately for large-scale infrared emissivity
variations throughout the Galaxy. We take into account all the
observed structures in the H1, CO, and IRAS maps and allow for
large-scale spatial variations in the infrared emissivity as well.
Section 2 describes our method and the data used. Estimates of the
parameter values in our model and tests of different model
versions are presented in Sect. 3. In Sect. 4, the findings are
discussed in greater detail and compared with results obtained by
others. The conclusions are summarized in Sect. 5.

2. Method and data

2.1. The model

The work described in this paper consists mainly of a detailed
quantitative comparison of the IRAS surveys with H1and CO sky
maps for selected Galactocentric distance intervals (the bins are

typically a few kpc wide). The H1and CO line velocities were used
as distance indicators; on the assumption of circular motions, the
line velocity v in the local standard of rest is related to the
Galactocentric distance R by v=(w—w,)Rysin/, where
= 0/R and O (R) is the rotation curve of the Galaxy. For the
inner Galaxy (R < Ry)* we used the rotation curve of Burton and
Gordon (1978) and for the outer Galaxy that of Blitz et al. (1980),
as modified by Kulkarni et al. (1982) [i.e., weakly rising up to
R ~18kpc, and constant at larger radii]. The radial intervals of
R=2-4, 4-8, 8-10, 10-12, 12-15, and > 15kpc were chosen.
These wide intervals are dictated by the requirement that the gas
distributions in the rings be distinctly different in order to be able
to determine the contribution of each ring to the observed infrared
emission (see Sect. 2.2).

We assume that the infrared sky maps for the 60-um and 100-
um IRAS passbands can be represented as a linear combination of
the H1 and CO maps of the selected radial intervals — excluding
regions with a strong contribution from H 11 regions, as discussed
below. The axial symmetry inherent in this approach allows for
only a possible radial dependence of the infrared emissivity. The
six radial bins chosen set the resolution of the derived emissivity
distribution. The infrared intensity maps for both passbands were
fitted to the function

6
11=(ZeA<R,->(NH,,,-+2Y1Wco.,-))+I.,,A, Miys] (1)

i=1

where ¢, (R;) (i=1,...,6), Y,, and I, ; are free parameters. The
parameter &, (R;) is the infrared emissivity [MJysr~! (Hatom
cm~2) "] of the dust mixed with the atomic gas in the i'* distance
interval, Ny, ; and W ; are the maps of the H1 column density
and the velocity-integrated CO brightness temperature for this
interval, and I, ; is an isotropic infrared background. The
parameter Y, [molecules cm ™2 (K km s~ *) ™ *]is the product of the
conversion factor X between W, and H, column density
(X = Ny,/Weo) and the ratio of the infrared emissivity of the dust
associated with the molecular gas to that of the atomic gas,
€1,1,/€1, 11 Thus

Y, = hHe .y, : @
€3, Hi

where ¢, y,=¢;. This parameter Y, includes effects related to
different conditions in the atomic and molecular gas, such as
different dust temperatures, dust-to-gas ratios, and dust pro-
perties. In Eq.1, the use of only one Y, parameter for each
passband implies that X and ¢, y,/¢, y; (or more precisely, their
product) are constrained to be independent of Galactocentric
radius. To test whether this assumption is reasonable, we consi-
dered a model with two Y, parameters for each passband, one for
R < 8kpc (i.e., the inner two rings), the other for R > 8 kpc (the
outer four rings). Ideally, a Y, parameter would be introduced for
each ring, but this seems to lead to an over-interpretation of the
data.

The infrared emission from warm dust associated with ionized
gas in low-density H nregions, heated by OB stars (Drapatz, 1979;

!'We adopted Rg =10kpc. Using the value Ry =8.5kpc re-
commended by the IAU, with another standard rotation curve,
has only a small effect on the parameters determined in this paper
and does not affect the general conclusions. To first order,
however, the luminosity estimates obtained in Sect.4.4 are
decreased by a factor of ~(8.5/10)? ~0.72.
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Mezger, 1978), is not included in our model, simply because this is
very hard to accomplish. Fortunately, model estimates of this
contribution to the infrared luminosity of the Galactic disk have
decreased considerably from about 60—80% (Mezger et al., 1982;
Cox et al., 1986) to about only 20% in recent work (Cox and
Mezger, 1988). Further, as noted above, Boulanger and Pérault
(1988) found that at least in the solar vicinity most of the infrared
emission comes from interstellar matter not associated with OB
star formation. Our findings indicate that FIR emission from
warm dust mixed with ionized gas indeed contributes only a minor
fraction to the total Galactic luminosity. Nevertheless, warm dust
heated by local sources of radiation may contribute significantly
to the infrared intensity in several regions near the Galactic plane.
We partly eliminated the contaminating contribution of such H 1
regions by excluding from the fit those bins with 60 um/100 pm
intensity ratios exceeding 0.35 (corresponding to dust tempera-
tures Ty 227K, for a 2”2 emissivity law). All excluded bins
coincide with the positions of known H 11 regions. Owing to the
line-of-sight integration of cold and warm dust, this criterion
rejects only regions most affected by the presence of H1i, but we
verified that our results do not depend sensitively on the actual
criterion used (Sect. 3.3).

Although our modelling is a significant improvement com-
pared with other recent large-scale analyses of the IRAS obser-
vations (discussed in the Introduction), it is still a fairly gross
approximation of the real Galaxy. One clear over-simplification is
the assumption of axial symmetry in the emissivity distribution.
This assumption implies that, throughout a certain ring, the dust
infrared emissivity per unit of mass for the H1 and H, gas
components is constant, although different for these two compo-
nents via the ¥, parameter. In more physical terms, parameters
such as the dust-to-gas ratio and the dust temperature in each gas
component are taken to be constant throughout the ring. The
assumption of a constant dust temperature is evidently not
justified if local heating sources, like OB stars, play an important
role. It seems, however, as shown below, that by excluding regions
with 60 um/100 um intensity ratios >0.35, we have largely
eliminated this difficulty.

The region fitted was limited to the latitude range || < 10°
owing to the poor sky coverage of the CO observations at higher
latitudes. Further, including high-latitude regions would give the
8—10kpc and 10-12kpc rings excessively high weights in the fit,
and as a result any systematic error at high latitudes would
strongly bias the solution. We also excluded two 20° wide
longitude intervals, centered on the Galactic center and anticenter
directions, because of the poor kinematic distance information
there.

2.2. Data

We used the infrared sky maps derived from the Zodiacal
Observations History File (see IRAS Explanatory Supplement,
1985), corrected for contamination by zodiacal emission as
modelled by Deul and Wolstencroft (1988). Maps of the 60-um
and 100-um emission are shown in Fig. 1a, b; the excluded bins
contaminated by H1l regions are indicated in Fig.1c. We re-
stricted the analysis to the 60-pm and 100-um bands because of a
probably strong contribution from circumstellar (rather than
truly interstellar) dust to the emission in the 12-um and 25-pm
IRAS bands. In addition, the uncertainties in the zodiacal
contribution at 12 um and 25 pm are substantial.

The 21-cm H1 line surveys of Weaver and Williams (1973;
10° < 75250°) and Kerr et al. (1986; 240° < 1 < 350°) were used to
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derive Hr1 column densities (|6|<10°). The data were first
calibrated to the brightness temperature scale of Williams (1973)
and then column densities were derived, correcting for optical
depth effects on the assumption of a uniform spin temperature of
125K. Figure 2 shows the H1 column-density maps for the
selected radial distance intervals. For completeness the maps
include some data from surveys not used in the correlation
analysis, in particular part of the survey by Strong et al. (1982;
350° <1<510°) and the surveys at | b| 2 10° by Heiles and Habing
(1974) and Heiles and Cleary (1979).

The CO(J=1-0) data used are a composite of several
surveys carried out with the Columbia 1.2-m telescope in New
York City and on Cerro Tololo in Chile and includes essentially all
the data in the large-scale panorama published by Dame et al.
(1987). It covers the entire Galactic disk up to |b|~7°, with
several large extensions to higher latitudes. Figure 3 presents maps
of the integrated CO brightness temperature for the selected rings.
The two outer rings have been combined (R > 12kpc), because
there is little of CO in the far outer Galaxy.

For intercomparison, the infrared, H1, and CO maps should
have approximately the same angular resolution. The CO obser-
vations have the lowest (0°5), and we therefore smoothed the
infrared and H1 maps to the same resolution as that of the CO
data. This procedure is relatively simple, because the CO obser-
vations were obtained using a ““superbeam” scanning technique
over 0?5 x 025, which we simulated by averaging the infrared and
H1 data over 0°5 x 0°5 bins.

In order to be able to estimate the parameter values in our
model, the angular distribution of the gas should vary significantly
from distance interval to interval. This must also be the case for
the Hr and CO maps of the individual intervals in order to
determine the Y, parameter. The six intervals are chosen to satisfy
these conditions: as Figs. 2 and 3 indicate, the distributions reveal
distinct differences. The degree of similarity among the distri-
butions is reflected in the formal uncertainties resulting from the
fitting procedure.

2.3. The fitting procedure

A maximum-likelihood analysis, similar to that applied by
Bloemen et al. (1986) to the COS-B y-ray observations, was used
to determine the values of the parameters ¢, (R;) (i=1,...,6), Y,,
and I ; for the 60-um and 100-ym passbands. A detailed
description of the likelihood method is given by Kendall and
Stuart (1973). The formal uncertainty of each parameter was
derived from the distribution of the maximum-likelihood ratio for
that parameter, 4= L/L*, defined as the ratio between the
likelihood, L, maximized over the remaining parameters and the
maximum likelihood, L*, i.e., the likelihood maximized over all
parameters (see, e.g., Eadie et al., 1971). The quantity —21In A has
in this case a y? distribution with one degree of freedom. Similarly,
the likelihood ratio was used to compare different versions of the
model (i.e., with differing numbers of free parameters; see Sect. 3);
for two different model versions, say A and B, 4 = LA/LB. If AN is
defined as the number of free parameters of one version relative to
another, then —2In A is distributed as y3y. The corresponding
probability of obtaining a value of —2InA greater than that
derived is defined as P in the following presentation of the results.

To calculate likelihood ratios it is necessary to know the noise
distribution of the infrared intensities. We selected several high-
latitude regions of relatively uniform intensity and found that the
noise can be described typically by Gaussian distributions with
rms values of g5, = 0.08 MJy st~ ! and g, = 0.2 MJysr~'. In the
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Fig. 1a—c. IRAS sky maps of the Milky Way for the 60-pm a and 100-pm b passbands. The contribution of zodiacal dust has been subtracted using the model of Deul
and Wolstencroft (1988). The striping artifacts visible in the maps are due to gain changes between consecutive scans of the satellite, missing scans, or uncertainties in
the zodiacal model. Contours at 60 um: 1.0,2.0, 4.1, 8.2,16.4, 33.1, 67, 134, 270, 544, 1096, 2208, and 4447 MJy sr~!. Contours at 100 pm: 1.0, 2.1, 4.5,9.5,20.1, 42.5,
90, 190, 403, 854, 1808, 3827, and 8103 MJy sr~!. Map ¢ shows an outline of the region fitted (black) and the positions of the pixels inside this region excluded from the
analysis, either because of striping artifacts or because of the presence of intense H1r regions (see Sect. 2.1)
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Fig. 1 (continued)

calculations presented here, these values were used for each pixel. 3. Results

All directions in the region fitted therefore have the same weight.
Should one wish to scale the rms values by a factor f, then the
—2InA values given here should be multiplied by f~2; the
parameter estimates would not be affected. Owing to possible
systematic uncertainties in the data, the resulting likelihood-ratio
values should not be adopted uncritically.

Because of the Gaussian shape of the noise distribution,
finding the maximum likelihood is equivalent to a least-squares
analysis:

SV 5

20?

1
L* = exp(
1 a,)/2n

where the product is over all sky pixels in the comparison, 7, is the
observed infrared intensity distribution for the two passbands,
and [} is the modelled intensity distribution with parameter
values such that L is maximized (L*). The likelihood ratio between
two model versions A and B is in our analysis given by the
expression

—2Ind= 017 Y= I8 — (I, - I, Q)

where the summation is over all sky pixels in the comparison, I, is
the observed infrared intensity distribution for the two passbands,
and 72 and I? are the modelled intensity distributions. The impact
of scaling o,, mentioned above, is evident from this expression.

Table 1 lists various versions of the model fitted to the data and the
resulting likelihood ratios relative to the most general version.
Each version has different constraints on the fit parameters,

. discussed below in detail. Table 2 summarizes the hypothesis tests

we have made, i.e., comparisons of the relative goodness of fits of
the model versions. Table 3 gives the parameter estimates for each
version. The reader is referred to these tables throughout the
following discussion of the results.

3.1. Test of radial dependence of the infrared emissivity €,

In the most general version of our model (case 4 in Table 1) each of
the parameters is free, for a total of 2x8=16. To test the
hypothesis that ¢, is independent of R, we performed a fit with
&, (R) = constant for both the 60-pm and 100-um bands (case 0). A
comparison of cases 4 and 0 gives —21n A = 69.8, which with
AN =16 — 6 = 10 corresponds to P ~ 10~ 1. It is safe therefore to
reject the hypothesis of a constant emissivity.

Figure 4, which shows the radial emissivity distributions for
the 60-um and 100-um bands, indicates a pronounced increase in
the emissivity towards the Galactic center. The value for the 2-4
kpc ring is not accurately determined, because the emission from
this ring is projected onto a very small region of the sky, much of
which we excluded from our analysis because of the poor
kinematic distance information whithin 10° from the Galactic
center (compare Fig. 1¢ with Figs. 2 and 3). There is no evidence,
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Fig. 2. H1 column-density maps of the Milky Way for selected Galactocentric distance intervals (indicated at the top). The maps were constructed from a
combination of several H121-cm surveys, described in Sect. 2. Contours: 5.5, 8.2, 12.2, 18.1, 27, 40.3, 60.2, 90, 134, 200, 298, 445, 663, and 990 10*°H atomcm 2

however, that the emissivity distribution peaks near the molecular
ring at R~ Skpc, nor that it flattens for R < Skpc.

3.2. Tests of wavelength dependence of Y, and ¢, (R)

Case 1 is the most restricted version of the model remaining after
we have rejected case 0. In this version, both Y, and the shape of
the radial emissivity distribution are wavelength independent, i.e.,
Y60 = Y100 and g4 (R)/100 (R) = constant, with a total of 10 free

parameters. Between the most general case (4) and this most
restricted one are two intermediate versions in which either
&60 (R)/€100 (R) = constant (case 2) or Ygq= Y;9o (case 3). The
likelihood values of all four cases were used to test the following
null hypotheses (H,), consisting of constraints on the wavelength
dependence of either Y, or ¢, (R), against the alternative hypo-
thesis that the constraint does not apply. Following common
practice, we can set a level of significance for our tests at 1%, but
owing to possible systematic uncertainties, we should not blindly
accept the resulting probability values.
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(2) Hy: €60 (R)/e100 (R) = constant

This hypothesis can be tested in two ways. A comparison of cases 4
and 2 gives —2InA4=1.5, AN =5, and P =0.9. A comparison of
cases 3 and 1 amounts to setting constraints on the parameter
family of case 3, in which Y, is already constrained to Yo = Y40.
This gives —2InA=14.4, AN=5, and P=0.01. Neither test
rejects H,, although the outcome of the second test is just at the
chosen level of significance. If we do not reject H, we make no
decision, and thus no error. We conclude that no significant
evidence exists for a difference in the radial distributions of the
infrared emissivity at 60 pm and 100 pm.

(b) Ho: Ys0= Y100

This hypothesis, as Eq. 2 makes clear, is equivalent to
€60, H,/€100, H, = €60.H1/€100, 11> 1-€-, €qual 60 um/100 pm emissivity
ratios for the infrared emission associated with atomic and
molecular gas. This hypothesis, too, can be tested in two ways. A
comparison of cases 4 and 3 gives —2InA4=3.7, AN=1, and
P =0.05. We therefore cannot reject H, on the basis of this test. A
comparison of cases 2 and 1 amounts to setting constraints on the
parameter family of case 2, in which ¢, (R) is already constrained
to €60 (R)/€100 (R) =constant. This test gives —2InA=16.6,
AN=1, and P=510"5, and hence decisively rejects H,. The
results of these two tests are not mutually inconsistent, because the
second probably has more power. We conclude that the Y, and
Y100 values differ. In other words, not surprisingly, we find

- evidence that the 60 pm/100 um ratios of the emission from atomic

and molecular gas are different.

T  E——

— —
-45° -60° ‘75°¢

3.3. The preferred model and goodness of fit

In summary, the tests indicate that

(i) the infrared emissivity per H atom, ¢,(R), decreases
significantly with increasing Galactocentric radius,

(i) the 60/100 um emissivity ratio is constant as a function of
R within uncertainties, and

(iii) the Y, parameter is wavelength dependent with
Y100 > Yo (Table 3), implying that £60 u,/€100, 1, < €60, 11/E100,H1-

Case 2 is the preferred model. Its fit to the data is not
significantly worse than that of the most general version (case 4)
and significantly better than that of the most restricted version
(case 1). The likelihood value of case 3, however, is almost the
same as that of case 2 (Table 1), which indicates that case 3 fits the
data almost as well as case 2; the difference in the significance of
the wavelength dependences results from the different number of
parameters.

In the models considered above, Y, is assumed to be indepen-
dent of Galactocentric distance. To verify the correctness of this
assumption, an additional free parameter was introduced in case
2, namely r=Y,(2-8kpc)/Y; (>8kpc), independent of wave-
length (case 2r in the following). A comparison of case 2r with
case 2 amounts to testing the hypothesis that r=1. We found
—21In 4 =0.3, which with AN =1 yields P = 0.6, so the hypothesis
that r = 1 cannot be rejected. In other words, we find no evidence
for a large-scale radial variation of ¥; and hence case 2 remains the
preferred model. We are left with a relatively simple model in
which the 60 pum/100um ratio of the infrared emissivity (per
nucleon) is independent of R, but this ratio is smaller for emission
from dust associated with molecular gas than for emission from
dust associated with atomic gas (see Section 3.4).
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Fig. 3. Sky maps of the integrated CO intensity for selected Galactocentric distance intervals (indicated at the top). The database used is a composite of several

surveys carried out with the Columbia telescopes, summarized by Dame et al.

Figures 5 and 6 show longitude profiles of the observed 60-pm
and 100-pm intensities and those expected from case 2. Figure 7
shows latitude profiles. The regions excluded from the fit because
of the presence of intense H 11 regions and poor kinematic distance
information are not included in these profiles (neither in the
observations nor in the model). The figures indicate a generally
good agreement between the modelled dust emission based on the
Hr1 and CO data and the infrared observations. Particularly at
60 pm, however, some strong peaks in the data are not fitted by the
model. These are probably largely the remaining H 11 regions not
excluded by our criterion (Sect. 2.1), which the longitude profiles
suggest did not have a strong influence on the fitting process,
because most peaks appear to be excesses on top of our model

(1987). Contours: 3.3, 4.9, 7.4, 11.0, 16.4, 30, 37K kms™*

predictions. This finding may not be surprising, because the peaks
contribute to only a minor fraction of the total number of pixels
fitted. It gives further assurance that the results do not depend
sensitively on the criterion for exclusion of H1 regions.

3.4. The Galactic 60 um/100 um colours

Our best estimates of the Y, parameter (from case2) are
Yeo=(0.65+£0.11) 10%° and Y,q, = (0.84+0.20) 102° molecules
cm~2 (Kkms~™1) 7!, which yield

©®)

£60,H, /860,1{;

€100,H,/ €100, H1
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Fig. 3 (continued)
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Table 1. Summary of fits

Case ¢,(R) Y, Number of free —2In4
constraints constraints parameters relative
to case 4
0 g, (R) = const. (60 and 100 pm) None 6 69.8
1 &60 (R)/e100 (R) = const. Yso= Yi00 10 18.1
2 £60 (R)/€100 (R) = const. None 11 1.5
2rt g60 (R)/e100 (R) = const. None 12 1.2
3 None Ys0= Y00 15 3.7
4 None None 16 0
* A free parameter r = Y, (2-8kpc)/Y; (> 8 kpc) is introduced in case 2r.
Table 2. Summary of hypothesis tests
Null Cases —2In4 Number of degrees P
hypothesis of freedom
Tests of radial dependence:
&, (R) = const. (60 and 100 pm) 4vs 0 69.8 16—6 =10 ~10"11
r=1 2rvs 2 0.3 12—11=1 0.6
Tests of wavelength dependence:
Ys0 = Y100 2vs 1 16.6 11—-10=1 5103
4vs3 3.7 16—15=1 0.05
&60 (R)/e100 (R) = const. 3vs1 14.4 15-10=5 0.01
4vs2 1.5 16—-11=5 0.9
Table 3. Parameter estimates
Parameter Case 2 Case 3 Case 4
60 pm 100 pm 60 pm 100 pm 60 pm 100 pm
g, (Ry) 5.4 20.0 5.0 21.4 47 +1.3 18.0 +2.9
&, (R,) 1.1 3.9 1.1 4.2 1.0 £0.3 40 +£1.0
£, (R3) 0.35 1.3 0.39 1.5 0.514+0.10 1.8 +0.5
&, (Ry) 0.10 0.35 0.12 0.48 0.10+0.02 0.39+0.09
£, (Rs) 0.13 0.48 0.13 0.54 0.124+0.03 0.46+0.11
&, (Rg) 0.08 0.28 0.07 0.26 0.0840.02 0.30+0.07
Y, 0.65 0.84 0.71 0.58+0.11 0.76 £0.20
I, 0.39 2.0 0.40 2.0 0.39+0.08 21 403

R, to R correspond to R=2-4, 4-8, 8-10, 10-12, 12-15, and >15kpc.

Units:
&, (R): MJysr~! (10*°Hatomcm™2)~

1

[for comparison, this unit corresponds to 4z l¢, values of

6.28 1073 W (Hatom) ! or 1.92 Ly /M, in the 60-um band and

3.77107*' W (Hatom) ! or 1.15 Ly /M, in the 100-um band]
Y. 102° moleculescm ™2 (K kms™ 1)~ !

L ;:  Mlysr™!

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System

447


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1990A%26A...233..437B&amp;db_key=AST

FTI99DARA. © Z 2337 T 437B0

448
- 100 E T T T T l Al T T T ] T T T T I T T T T 3
F - TR ! |
by C ]
g = 4
E 100um 2 (] case 2 i
5 10 o case 3 =
- = 3
o [ 60um g § % case 4 ]
o - . i
e L % ’ i Fig. 4. Galactocentric distributions of
~— c 3 the infrared emissivity of dust
T C é g _______ i ,,,,,, E associated with atomic gas for the 60-
b") o T T T g A pm and 100-pm bands; the shapes are
o 4 similar with a 60 um/100 um ratio of
[ U [N . IOt 2 ...... 0.2740.03. Within the uncertainties of
= 01 = 2 """"""""""""" E 41 the analysis, the radial dependence of
- 3 the emissivity distribution for dust
- 1 associated with molecular gas does not-
6? : 60/100 i ............... } .............. ; ......... } ............ } ................. } —_— differ from that for the atomic gas, but
~= Ro 7 the 60 um/100 pm emissivity ratio is
w 0.01 ! I L | ) ! L ! | ' L ! ! | I L 1 0.1 0.204+0.06
0 5 10 15 20
Galacto—centric radius (kpc)
With the ratio of the radial emissivity distributions of dust rings: &0 1,(Ro)~0.8  and &g, (Rp)~0.2MJysr™!

associated with the atomic component of the interstellar gas,

Es0.H1 _ 02740.03,
€100, H1

(6)

Equation 5 yields for the corresponding ratio of dust associated
with the molecular component

fe0.H2 _ () 2040.06.

€100,H,

™

These values can be considered global Galactic averages (beyond
R ~3kpc), because we found no significant evidence for vari-
ations as a function of R on scales of a few kpc. For a 172
emissivity law, the 60 um/100 um ratios given by Eqs. 6 and 7
correspond to dust temperatures of about 24K for dust mixed
with the atomic gas and about 22K for that mixed with the
molecular gas. These temperatures are, of course, unreliable if the
dust particles are not in thermal equilibrium — see Sect. 4.2.

4. Discussion

4.1. Comparison with local FIR properties at high latitudes

Before discussing the results of our analysis in further detail, we
briefly compare our parameter estimates near R and those
obtained from analyses of local regions at high latitudes.
Several studies of the relation between the 100-pm intensity
and the H1 column density for selected high-latitude regions
have been reviewed by Beichman (1987), who, averaging the
various determinations of the 100-um emissivity, found
€0, =1.0£02MJysr™!  (102°Hatomem™2)~'.  Boulanger
and Pérault (1988) derived average emissivity values for the
entire high-latitude sky (|b|>10°): &g 5, =0.85+0.05 and
€., = 0.18 £0.01 MJysr~* (102° Hatom cm ~?) ™ *. These results
are in agreement with our “local” values, simply defining these
as the average of the emissivities in the 8—10 and 10-12kpc

(102° Hatomcm ~2) ™!, Clearly more detailed comparison is not
warranted, because our local emissivity values are poorly defined,
owing to the steep emissivity gradient. The average Galactic
60 pm/100 pm ratios of ~0.27 and ~0.20 which we found for dust
mixed with atomic gas and molecular gas, respectively, are in the
range of typical values at high latitudes. For comparison,
Boulanger and Pérault (1988) derived an average value of
0.2140.02 at 5] > 10°.

For dust associated with molecular gas, our Y, estimate can
be compared with the values obtained from several correlation
studies of CO, H1, and 100-um observations of individual clouds
at high latitudes. A compilation is presented in Table 4; most
authors do not give explicitly the Y., value, but it is readily
derived from other quantities given. There is a remarkably small
spread in the Y,,, estimates, which may have important impli-
cations for the Ny, / W, conversion factor X, to which we return in
Sect. 4.3.

Our estimate of the isotropic background level at 100 um
(Ty, 100 =2.0+0.3MJysr™ 1) is in good agreement with the value
of 1.840.3MJysr~! derived by Boulanger and Pérault (1988)
from an I, — Ny, correlation study near the Galactic poles.

4.2. The radial FIR emissivity distribution and the contribution
from small particles

The constancy of the 60 um/100 um emissivity ratio throughout
the Galaxy (already noted by Burton et al., 1986), cannot easily be
reconciled with current models for the heating of dust in the ISM.
The strong radial gradient of the infrared emissivity distribution in
the inner Galaxy (Fig. 4) together with the constancy of the
60 um/100 um emissivity ratio suggests, at first glance, a strong
radial gradient in the dust-to-gas ratio. Between R, and
R = 5kpc, the emissivity increases by a factor of ~8. The energy
density of the Galactic interstellar radiation field (ISRF), how-
ever, is generally estimated to increase by roughly the same factor
(Mathis et al., 1983). The radial gradient in the ISRF should
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Table 4. Values of Y, either given in the reference or derived from quantities therein. These can be
regarded as estimates of the Ny,/ W ratio if the 100-pm emissivity (per nucleon) would be the same

inside and outside the molecular cloud(s) (see Sect. 4.3)

Reference Yi00® Clouds
Weiland et al. (1986) 0.6° HLC 16, 20, 30 of Magnani et al. (1985)
de Vries et al. (1987) 0.5 Ursa Major (Lynds 683)
de Geus (1988) 0.6 Ophiuchus
Heithausen and Mebold (1989) 0.6 Ursa Major (Lynds 629, 683, 691)
Boulanger [et al.] (1989) ¢ 0.4-0.6 Auriga, Cepheus, Chamaeleon
Lupus, Mon R2, Taurus
0.9 Orion
Pérault et al. (1989) 0.8 Galactic disk
Sodroski et al. (1989) 0.7 Galactic disk
This work 0.8 Galactic disk

a3 Units: 102 molecules cm ™2 (K kms~ 1)~ 1.

® From I, 40/ Wco, assuming ;g9 15, = 1 MJysr™! (10*°°Hatomcm

—2)—1'

¢ Regions with clear evidence for star formation excluded, mainly important for Orion.

therefore be the preferred interpretation of the radial gradient in
the infrared emissivity distribution we find, but the constancy of
the 60 pm/100 pm emissivity ratio is difficult to understand in this
case. For the standard grains of the model of Mathis, Rumpl, and
Nordsieck (1977, hereafter MRN), with grain radii larger than
200 A, such an increase in the intensity of the ISRF leads to an
increase in the 60 pm/100 pm ratio from ~0.1t0 0.25 (e.g., Draine

and Lee, 1984). An average Galactic value of ~0.27, such as we
measured for the dust emission from atomic gas, is therefore
problematic.

Draine and Anderson (1985) have shown that larger
60 um/100 pm emissivity ratios are explained if the MRN power-
law grain-size distribution extends to very small grain radii (a few
A), but the 60 pm/100 pm ratio will still increase significantly with

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1990A%26A...233..437B&amp;db_key=AST

[T99DALA - 733 Z437BT

increasing energy density of the general ISRF, and a value as high
as 0.27 is reached only if the ISRF is several times more intense
than measured in the solar vicinity (see their Fig. 4). They found,
however, that values this high, with only a weak dependence on
the ISRF, can be obtained if the abundances of the smallest
particles are enhanced relative to the extended MRN size distri-
bution. In this case, the relative unimportance of the ISRF is due
to the weaker temperature dependence of the nonequilibrium
emission from small grains relative to the equilibrium emission
from large grains.

It can be concluded that in the framework of a grain model
with an enhanced small particle distribution (or possibly large
molecules; Léger and Puget 1984; Puget et al., 1985), the strong
radial infrared emissivity gradient in the inner Galaxy may be
largely explained by the increase of the energy density of the ISRF
with decreasing Galactocentric radius. In view of the uncertainties
both in the latter and in our estimate of the 60 um/100 um ratio,
however, an increase in the dust-to-gas ratio by a factor of 2
between R and R = 5kpc probably cannot be excluded.

Figure 4 shows no evidence for a strong decrease of the
emissivity beyond the solar circle to at least R~17kpc (the
approximate gas-mass-weighted radius of the outer ring in our
analysis), although the average emissivity value of ~0.4 MJysr™*
(102°Hatomem™2)~?! (in the 100-um band) is smaller than the
value in the solar vicinity. This average value is consistent with the
emissivities derived by Terebey and Fich (1986) for two selected
outer Galaxy regions.

Within the uncertainties of our analysis, the radial dependence
of the emissivity distribution for dust associated with molecular
gas does not differ from that for dust mixed with atomic gas, but
the 60 um/100 pm emissivity ratio for the molecular component is
smaller, namely 0.20 4+ 0.06. Owing to the relatively large error, we
cannot exclude the possibility that this ratio shows some variation
with R. The low average 60 um/100 pm emissivity ratio together
with this possibility of radial dependence (i.e., an increase with
increasing emissivity) may indicate that the contribution from
small grains to the infrared emission from molecular clouds is less
strong than that for atomic gas. This would not be surprising,
because the heating of the small grains is to a large extent due to
UV photons (Draine and Lee, 1984; Puget et al., 1985), from
which the majority of the molecular gas traced by CO is shielded.
The limb brightening at 12 um of the Barnard 5 cloud found by
Langer et al. (1989) may be direct evidence for such shielding.

Pérault et al. (1989) have derived the radial emissivity distri-
bution in the inner Galaxy from a comparison of the observed 100-
um longitude profiles at | 5| = 0°, 1°, 2°, and 3° with an empirical
gas model derived from H1 and CO observations [using
X =2.510%° moleculescm ™2 (Kkms™!)"!]. They separately
studied the emissivity distributions of the dust components
associated with atomic and molecular gas which were found to be
very similar to the distributions we determined.

4.3. FIR emission from molecular clouds
and the Ny,|Wco conversion factor

In order to derive X from our Y, one needs to know the ratio
between the infrared emissivities per nucleon inside and outside
molecular clouds, that is, &, y,/¢; 1, (see Eq. 2). This ratio can be
expected to vary among clouds of different categories (discussed
below); we should focus on giant molecular clouds, which
dominate the CO emission from the Galactic disk. In principle,
both Y4, and Y4, can be used to derive X. They can be combined
in an elegant way if the 60 um/100 um colour would be a good
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indicator of the dust temperature, but owing to the probably
significant contribution from small grains to the emission in the
60-pm band this approach is not feasible. Further, this procedure
would be sensitive to the contamination from H i regions not
excluded by our criterion. Because both the presence of small
particles and the remaining H 11 regions mainly affect the para-
meter estimates for the 60-pm band, the most reliable constraint
on X can be obtained from the 100-um band alone, on which we
concentrate in the following discussion.

The close resemblence between the observed 100-um emission
and our model (Fig. 6), with a simple axisymmetric dust emissivity
distribution, suggests that mainly the general ISRF, rather than
the radiation from embedded and nearby stars, is responsible for
heating the dust in molecular clouds. Boulanger and Pérault
(1988) demonstrated that indeed only high-mass stars, developing
an Hu region, are relevant local heating sources; only giant
molecular clouds with masses larger than 10° M have a high
probability of forming such stars. Further, studies of nearby
clouds associated with H 11 regions (Leisawitz and Hauser, 1988)
show that only during the initial phase of its lifetime, an OB
association heats its parent molecular cloud; stars in older sub-
associations, away from the cloud, can be considered contributors
to the general ISRF. The regions most affected by high-mass star
formation (H 11 regions and their interfaces with molecular clouds)
are apparently mostly excluded by the criterion we applied.
Approximately half of the total Galactic CO emission appears to
originate from cool molecular clouds, not associated with (giant)
Hu regions (e.g., Stark, 1979; Solomon et al., 1985) and can
therefore be expected to be heated predominantly by the general
ISRF.

We proceed on the assumptions that the external ISRF is the
dominant dust heating source for most of the molecular gas and
that the dust properties and gas-to-dust ratio inside molecular
clouds do not differ significantly from those in the ambient atomic
medium. The average FIR emissivity from a cloud is then largely
determined by its optical depth and geometry, since these
determine the attenuation of the radiation field and therefore the
average heating rate inside a cloud. For the simple case of a
uniform, spherical cloud heated from outside by a uniform
radiation field, Boulanger and Pérault (1988) derived explicit
values of the ratio between the 100-pm emissivities inside and
outside the cloud (in our notation, &g, i, /€100, 11)> from studies of
radiative transfer and dust heating by Flannery et al. (1980) and
Mathis et al. (1983). They found that for total visual extinctions,
A,, of 2, 5, and 10mag through the centre of the cloud,
€100, 1,/€100, 111 = 0.54, 0.37, and 0.25, respectively. Although the
actual geometry of a molecular cloud is undoubtedly important,
their modelling indicates that the radiation field inside large
clouds is attenuated on average by a factor of at least 2. This
attenuation implies, according to our Eq. 2, that Y, is a strict
lower limit on the average Galactic X value [i.e., X > 0.8 102°
moleculescm ™2 (K kms~™1)7!] and, more likely, X 22,4, Or
Xz 1.610%°,

This lower limit on X can be directly compared with the
estimate obtained from an analysis of the COS-B y-ray obser-
vations, using the same Columbia CO survey and fitting the same
region of the sky (Strong et al., 1988). The best-fit value was found
to be (2.340.3) 102° moleculescm ~? (K kms ) ™, although this
value is arguably an upper limit to Ny,/ W, owing to a possible
contribution from y-ray point sources and a possibly enhanced
cosmic-ray density in molecular clouds. As in Section 3.3, the y-
ray analysis shows no significant difference between the average X
value (more precisely, Y, value) for R = 2—8 kpc and that obtained
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for R > 8 kpc. The y-ray estimate of X'is probably the most reliable
one for large-scale studies, so contrary to the above approach, this
X may be used to determine the FIR emissivity inside molecular
clouds relative to that in the surrounding medium, given by
Yi00/X. The resulting value is ~0.35. In other words, if the X
estimate obtained by the COS-B group is adopted, then the 100-
um emissivity for the Galactic molecular cloud ensemble is on
average ~ 1/3 that for the atomic gas located at approximately the
same Galactocentric radius.

The consistency between our Y, value of ~0.8 10%° and the
values that follow from two other IRAS studies of the Galactic
disk is gratifying. From the results presented by Pérault et al.
(1989) we derive Y, o0 ~ 0.8 10%°, and from Sodroski et al. (1989),
Y100 20.7 10%°. Both groups do not explicitely determine Y;,
(they use the y-ray estimate of X), but the values follow directly
from further quantities given. This consistency is of particular
interest because widely different methods of analysis were used,
especially in the treatment of H 11 regions, illustrating, once more,
that the specific way of dealing with this phase of the ISM has no
important impact on other parameter estimates. Another ap-
proach was followed by Broadbent et al. (1989), but we cannot
easily check whether their findings agree as nicely.

We noted in Sect. 4.1 that our Y,,, estimate and the values
obtained from correlation studies of CO, Hi, and 100-pm
observations of several local molecular clouds all are very similar,
within a factor of about 2 (see Table 4). Considering the diverse
types of clouds studied, this similarity is quite remarkable
(although further substantiation is needed). The clouds span a
considerable range in optical depths, so, as discussed above,
€100,11,/€100, 11> and thus Y}, is expected to vary. Note that the
trend visible in Table 4 (larger Y,,, values for giant molecular
clouds) is quite opposite to this expectation, even if a substantial
fraction of the CO and FIR emission originates from relatively
diffuse parts. The small spread in Y, o, values suggests, therefore,

that different X values apply to different categories of molecular
clouds. More precisely, for clouds predominantly heated by the
ambient ISRF, X appears to be anticorrelated with the average
FIR emissivity per nucleon inside the clouds relative to that in the
surrounding medium and thus correlated with the total extinction
of the clouds (for 4, > 1 mag). The underlying reason may be the
inverse proportionality between X and the gas temperature,
predicted by models (Kutner and Leung, 1985; van Dishoeck and
Black, 1987; Maloney and Black, 1988). For 4, < 1 mag, X should
be approximately equal to Y; o, according to these models, but the
CO emission from such diffuse, and mostly young, clouds (e.g.,
the so called high-latitude clouds; Magnani et al., 1985), can be
expected to be influenced by various other effects (see Magnani et
al., 1988).

4.4. FIR luminosities

We can use our ¢, and Y, values together with additional
information on the radial distribution of the gas to determine the
FIR luminosities for selected Galactocentric rings at R > 2kpc,
defined as

Leg m= My, Z 4 le, (8a)
4=60,100 pm
and
Y,
Ligu, =My, ) 4nle 7’1 (8b)
= 60,100 pm

The results are summarized in Table 5. We obtained the H, mass
in each ring at R< Ry from the radial distribution of the H,
surface density derived by Bronfman et al. (1988) from the
Columbia CO survey. For R> Ry, the H, mass derived by
Bloemen et al. (1986) from the Columbia data was used. Details
regarding the dependence on X are given in the footnotes of

Table 5. Gas masses, FIR emissivities, and luminosities (sum of the emission in the 60-um and 100-pm

bands)
. L b,c L b
R My, _;%f‘ Lepg, H, My, " X;:h Ler,mi "
(kpe) (M) (Lo/Mg) (Lo) (M) (Lo/Mg) (L)
2-4 6.8 1074 11.3 7.7 108 6.0 107 33.3 2.0 10°
4-8 7.2 108¢ 2.2 1.6 10° 44108 6.6 2.9 10°
8-10 2.2108¢ 0.74 1.6 108 3.3 108 2.1 6.9 108
10-15 1.9 108 0.23 4.4 107 1.1 10° 0.69 7.6 108
>15 - - - 2.810°¢ 0.47 1.3 10°
2-10 1.0 10° 2.510° 8.3 108 5.6 10°
>10 1.9 108 4.4 107 3.9 10° 2.1 10°
total 1.2 10° 2.510° 4.8 10° 7.7 10°

2 Values can be scaled by X/2.3 102°,
b Table 3, case 2.
© Values can be scaled by 2.3 102°/X.

4 Bronfman et al. (1988), scaled to X = 2.3 10%° moleculescm ™2 (Kkms™ 1)~ 1,
¢ Bloemen et al. (1986), scaled to X = 2.3 102 moleculescm™2 (K kms™ %)~
 Based on Henderson et al. (1982), with a constant value of oy, = 2.9 M pc ™2 for R = 4-15kpc and

half that value for R =2-4kpc.

¢ From estimate of total H rmass in the Galaxy obtained by Henderson et al. (4.8 10° M), minus H1

mass for R < 15kpc.
" See Sect. 4.4 for discussion on high-z H1.
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Table 5. Note that My, scales with X, s0 Lgy g, does not depend
on X. The H 1masses given in the table are based on mass estimates
obtained by Henderson et al. (1982). The H1 surface density was
assumed to be constant from R =4kpc to 15kpc, as shown by
Gordon and Burton (1976) and Blitz et al. (1983), and its value
(0n,=2.9 My pc™?) was derived from the total HI mass at
R <10kpc of 0.9 10° M, found by Henderson et al. (1982). For
R =2-4kpc, oy, is uncertain; we used 1.5 Mg pc™2. The H1mass
at R > 15kpc follows then from the total H 1 mass in the Galaxy of
4.8 10® M, found by Henderson et al.

We see from Table 5 that the total luminosity of the FIR
emission (60-pm and 100-um bands) which we have attributed to
dust mixed with atomic and molecular gas in the Galactic disk is
about 1.0 10'° L, (R > 2kpc), of which ~3/4 originates from
dust associated with H1. About 3/4 of the emission originates
inside the solar circle (R = 2-10 kpc). Studies by Lockman (1984)
and Lockman et al. (1986) have revealed high-z H1at R < R not
recognized in previous 21-cm studies. This gas, with a scale height
of ~400 pc and a surface density as large as ~2 M pc™2, may not
be included in the H1mass estimates derived by Henderson et al.
(1982), which we used. If so, and on the assumption that this broad
Hr component extends to R~ 15kpc, it may account for an
additional FIR luminosity of ~3 10° Ly, of which about 2/3
originates inside the solar circle.

The FIR luminosity of warm dust associated with ionized gas
cannot be accurately estimated, but appears to be small. We have
already noted the generally good agreement between the observed
infrared emission and the modelled emission based on H1and CO
data alone, except for some strong peaks in the infrared data. The
integrated flux of these excesses, not explained by our model, as
well as the flux of the infrared peaks in the regions excluded from
our analysis (With Zgy,m/lig9,um > 0.35) comprise only a small
fraction of the total flux from the Milky Way. This indicates that
the FIR luminosity of any component not included in our model
contributes only a small fraction to the total Galactic luminosity.
On the other hand, the infrared emission we relate to molecular
clouds may actually partly originate from warm dust in star-
forming regions near the clouds, although the relatively low
60 um/100 pm ratio of ~0.2 we found for this component makes
this fraction seem rather small.

Other recent large-scale studies of the IRAS observations of
the Galactic disk have led to similar estimates of the FIR
luminosity related to H1 gas and its relative contribution (~3/4)
to the total Galactic emission (Cox and Mezger, 1988, 1989;
Péraultetal., 1989; Sodroski et al., 1989; Pérault et al.). There is no
real consensus, however, on the origin of the remaining 1/4.
Pérault et al. (1989), Sodroski et al. (1989), and we ourselves tend
to attribute it largely to relatively cool dust associated with H, gas,
while Cox and Mezger (1988; 1989) prefer an origin largely in OB
star-forming regions and extended low-density H1I regions.

4.5. Comparison with M 31

Walterbos and Schwering (1987) have studied IRAS observations
of the Andromeda galaxy and reached conclusions very similar to
ours. A comparison with H1 observations showed an essentially
monotonic decrease of the 60-um and 100-pm emissivities with
galactic radius, as we found, with the same remarkable constancy
of the 60 um/100 um emissivity ratio (~0.2, so somewhat lower
than the value in our Galaxy). They concluded from the relatively
low temperature (21-22 K) and the structure of the emission that
most of the FIR emission results from dust associated with atomic
gas heated by the general ISRF. As we conclude for our Galaxy,
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they found that the luminosity of warm dust (~40K) associated
with star-formation regions is only a small fraction (< 10%) of the
total infrared luminosity, about 2.6 10° L. Their discussion of
the relatively low contribution from warm dust in M 31 compared
with our Galaxy [on the basis of the high estimates from Mezger et
al. (1982) and Cox et al. (1986)] therefore no longer appears
applicable; we noted above that recent estimates by Cox and
Mezger (1988; 1989) are much lower and not drastically different
from our findings.

5. Conclusions

Our main conclusions can be summarized as follows:

1. The FIR emission of the Milky Way in the 60-um and 100-
um IRAS bands at R>2kpc originates largely from dust
associated with neutral atomic gas (~8-11 10° L) and molec-
ular gas (~2.510° L) heated by the general ISRF. Infrared
emission from dust associated with Hu regions appears to
contribute only a minor fraction to the Galactic FIR luminosity.
Most (~3/4) of the Galactic FIR emission originates inside the
solar circle: ~6-8 10° L, from dust associated with H1 and
~2.510° Ly, from dust associated with molecular gas (both for
R =2-10kpc).

2. The infrared dust emissivity per nucleon decreases strongly
between R~ Skpc and R, (by a factor of ~8). Beyond the solar
circle, the decrease is not so precipitous. There is no indication that
the emissivity distribution peaks near the molecular ring at
R~ 5kpc or that it flattens for R < Skpc, although it is not well
determined at small Galactic radii. The shape of the radial
distribution is similar for both passbands and also similar for dust
mixed with atomic and molecular gas. The average Galactic
60 um/100 pm emissivity ratios are 0.27 +0.03 and 0.20+ 0.06 for
dust mixed with atomic and molecular gas, respectively. The
emissivity per nucleon for dust in molecular clouds (excluding the
interfaces with H 11 regions) is on average about 1/3 that for dust in
the atomic gas, if the Ny, /W, calibration factor obtained from y-
ray studies is adopted (see 4 below).

3. A significant contribution from small grains to the 60-um
emission of dust associated with the atomic component is
suggested by the similarity of the emissivity gradients at 60 um and
100 pum with a 60pm/100 um ratio as high as ~0.27. This
similarity can be understood in terms of the grain model of Draine
and Anderson (1985), with the abundances of the smallest
particles enhanced relative to the Mathis-Rumple-Nordsieck
power-law size distribution. The contribution from these small
grains to the infrared emission from molecular clouds may be less
than for the atomic gas. The radial emissivity gradient can be
attributed entirely to the variation of the intensity of the ISRF, but
an increase in the dust-to-gas ratio by a factor of 2 between R, and
R = 5kpc probably cannot be excluded.

4. A strict lower limit on the average Galactic value of the
ratio between H, column density and integrated CO-line intensity
was obtained from the 100-um emission: X = 0.8 102° mole-
culescm ™2 (K kms~ )71 To find the true X value, this lower limit
should be divided by the ratio of the average 100-um emissivity
inside molecular clouds to the average in the ambient atomic gas.
Modelling has shown that this ratio probably does not exceed a
value of about 0.5 for the clouds that dominate the CO emission
from the Galactic disk, implying that X = 1.6 102° for the Galactic
cloud ensemble. For the independent COS-B y-ray estimate of X
(~2.3 102°) the molecular-to-atomic dust emissivity ratio is about
1/3.
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An intercomparison of our study of molecular clouds in the
Galactic disk and other FIR studies of individual molecular
clouds at high latitudes indicates that, for clouds predominantly
heated by the external ISRF, X is anticorrelated with the FIR
(100-pm) emissivity per nucleon inside the cloud relative to that in
the surrounding medium. This suggests a correlation between X
and the total extinction of clouds with 4, > 1 mag, in accordance
with expectations. Further substantiation is needed.
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