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6
160 µm emission and opacity

6.1 Introduction

In Chapter 4, the assertion has been made that the extended dust disk found by the SFM could
be in part in the form of cold dust clouds. This can be verified by comparing the characteristic
emission from dust to the opacity values found. In chapter 4, the radial profile of sub-mm
emission and the opacity from counts of distant galaxies are compared. This comparison is
limited by the few maps available and the uncertainty in both the SFM measurements and the
dust emissivity (Chapter 4, Holwerda et al. (2005c)). A much better comparison can be made
when several radial emission profiles can be compared to the opacity measurements. This
chapter is a quick first look at such a comparison between extinction and emission.

The Spitzer Space Telescope currently observes to unprecedented resolution in the mid-
and far-infrared wavelengths. The Spitzer Infrared Nearby Galaxy Survey (SINGS) project
is a large collaboration to characterize the nearby galaxies over most of the accessible spec-
trum, from radio to UV. The ultimate goal of SINGS is to characterize the relation between
starformation and the interstellar matter in galaxies as well as providing a good comparison
sample for the study of galaxies at high redshift. The project is described in Kennicutt et al.
(2003a) and the first science results have been published (Regan et al. 2004; Smith et al.
2004). The SINGS project has a substantial overlap with the sample analysed with the Syn-
thetic Field Method (SFM) (Chapter 3). The scan maps remain proprietary for 6 months after
acquisition. Here the combined scan maps -those which are public to date 2- are compared to
the opacities for individual WFPC2 fields presented in Chapter 3.

The radial profile of the 160 µm map is converted to an optical depth according to the
method of Alton et al. (2000b) assuming a single dust temperature, which is a first approx-
imation. An improved estimate of the dust temperature can be found from a fit to the SED to
the far-infrared flux profiles. In a spiral galaxy, a gradient in the dust temperature is expected
as the illumination from stars drops at larger radii.

2Obtained in February 2005.
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Since the SFM measurements in individual fields are rather uncertain, only a persistent
trend between far-infrared flux and opacity would point to a colder dust component respons-
ible for the opacity.

6.2 MIPS scan maps and reduction

The Spitzer data was retrieved using Leopard which is maintained by the Spitzer Science
Group. At the time of retrieval (February 2005), MIPS scan-maps of nine galaxies in our
sample were publicly available from the Spitzer Archive. For each object, two scan maps are
available from separate scan passes of the Spitzer. These separate maps suffer from systemat-
ics (e.g. scan artifacts, hot pixels) which can be mitigated somewhat by combining them. The
maps are combined as follows: the second map is shifted and rotated on the basis of the point-
ing information.3 The bad pixels in each are flagged and the remaining pixel-values averaged.
The remaining areas where no flux is available, a linear interpolation is applied. These areas
are mostly the saturated centers of the galaxies. Some systematics in the background remain
in the direction of the scan but overall the resulting fields are much cleaner. Subsequently,
the elliptical isophote fits are done with stsdas.anallysis.isophote.ellipse (Jedrzejewski 1987)
under pyraf/IRAF. The center of the galaxy is kept fixed on the position used for the radial
segmentation of the images in the analysis of Chapter 3 (Holwerda et al. 2005b).

Figure 6.1: The SED of M82 as observed with ISO, smoothed to SIRTF resolution. The
IRAC and MIPS bandpasses are superimposed. The MIPS filters are thick line. (The original
figure is Figure 1 from Kennicutt et al. (2003a)). The 160 µm MIPS band is most indicative
of the dust grain flux in the Rayleigh-Jeans part of the grain emission.

3An improved estimate of the rotation and shift can probably be obtained by cross-correlating the scan maps but
the combined maps are sufficient for our purposes.
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6.3 Converting MIPS flux to optical depth
To convert the radial profile from the combined MIPS scan map, the formalism of Alton
et al. (2000b) is used. The first and foremost assumption is that there is only one thermal
component responsible for the emission in the 160 µm band. To parameterize the flux density,
we can use:

F (λ) =
Nσ

D2
Q(λ) B(λ, T ) (6.1)

where N is the number density of dust grains, Q their emissivity, σ their cross-section, D the
distance aand B(λ, T ) the Planck function. The optical depth is defined as:

τV = N σ Q(V ) (6.2)

To convert the flux density to a surface brightness, the pixelvalues of the MIPS profile were
converted to MJy sr−1 using the FLUXCONV fits header parameter, 42 in the case of the
160 µm band. The surface brightness was divided by the pixelarea in m 2 and to go from
MJy sr−1 to W m−2λ−1, we use the conversion factor in the MIPS handbook (SSC (2004))
from MJy sr−1 to mJy arcsec−2, multiply by 10−23 to convert from mJy to Wm2λ−1.
Combining all this resulted in:

fλ × FLUXCONV × 23.5045× 10−23

1.89 × 10−06D2
=

Nσ

D2
Q(λ)B(λ, T ) (6.3)

Substituting N with τV

σQ(V ) and eliminating D and σ:

τV

fλ
=

Q(V )
Q(λ)

5.34 × 10−15

B(λ, T )
(6.4)

The ratio between emissivities is parameterized in Domingue et al. (1999b) as:

Q(V )
Q(λ)

=
3

1300

(
λ

125

)β

(6.5)

Regan et al. (2004) find from MIPS and SCUBA fluxes of NGC 7331 the following temper-
ature and emissivity slope: T = 24, β = 1.7 but Meijerink et al. (2005) find a temperature
gradient with considerable lower values in M51. The conversion depends strongly on the
assumed dust temperature and we used several different values for the temperature to convert
the 160 µm profile into an optical depth, a value for β of 1.7 and equation 6.4.

6.4 Dust emission and extinction
Figures 6.2 through 6.9 show the opacity measurements for each of the galaxies and the
extinction measurements from the number of distant galaxies in radial intervals of either 0.25
R25 in the case of M51 and NGC 3621 or 0.5 R25 in the other plots. M51 and NGC 3621 have
two WFPC2 fields associated with them in which distant galaxies could be counted, allowing
for the smaller radial bin sizes. Individual measurements of opacity from the counts of distant
galaxies suffer from poor statistics and hence we use a larger radial bin size. However, all
these plots combined should give an impression of the general relation between opacity and
the 160 µm flux.
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The flux was converted using a single dust temperature of 15, 17.5, 20, 22.5 and 25 Kelvin
in all cases. An improved comparison would include a fit of the spectral energy distribution of
profiles at several wavelengths, preferably including sub-mm, and to allow for a temperature
gradient or two separate temperature components. The sole purpose here is to see whether a
comparison of dust emission and extinction point towards a cold dust disk or not. The profile
closest to the opacity values, points to the predominant temperature of the dust responsible
for the extinction.

6.4.1 Single WFPC2 fields

For most galaxies, only one WFPC2 field was analysed with the SFM. The uncertainties are
still very large despite the larger radial bins (Figures 6.2, 6.3, 6.4, 6.5, 6.6, 6.7).

Figure 6.2: Left: The radial surface brightness profile of the 160 µm band of NGC 2841
(solid line) and the uncertainty (dashed lines). The opacities from distant galaxy counts are
given as solid triangles with the associated uncertainties. The left vertical axis shows the
flux units as scaled for the top profile (T = 15 K, the thick line with dashed lines for the
uncertainties). The opacity profiles converted using a temperature of 15, 17.5, 20, 22.5 and
25 K are plotted (lines from top to bottom). The right vertical axis shows the opacity scale
in magnitude. The radius is expressed in kiloparsec (bottom axis) or the deVaucouleur radius
R25 from de Vaucouleurs et al. (1991) (top axis).
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NGC 2841

The radial profile of the MIPS does not extend for the entire range. The top profile (T = 15
K.) does seem to agree best with the SFM measurements (Figure 6.2). See for the basic data
and a color mosaic of the WFPC2 Appendix A.9. In the future detailed analysis of the SINGS
team of this galaxy, it should be interesting to see if the spiral structure of strong absorption
in K’ band found by Block et al. (1996) is corroborated.

Figure 6.3: Right: The radial profile of the 160 µm band of NGC 3198. Lines and points as
in Figure 6.2.

NGC 3198

Another good example, even with only one WFPC2 field, that a single temperature compon-
ent fit to the MIPS data requires a low temperature to match the SFM opacity points (Figure
6.3). Basic data on NGC 3198 is in Appendix A.11.

NGC 3627

Saturated pixels left a few structures in this map, making an elliptical fit troublesome. The
profile and the SFM opacities do agree, provided the MIPS flux is converted using a temper-
ature between 15 and 17.5 K. (Figure 6.4). See also Appendix A.16.
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Figure 6.4: The radial profile of the 160 µm band of NGC 3627. Lines and points as in
Figure 6.2.

NGC 4725

This galaxy makes a very poor comparison between MIPS flux and SFM points. The MIPS
image shows strong separate structures associated with the spiral arms with which ellipse has
too much trouble for a fit (Figure 6.5). See also Appendix A.28.

NGC 6946

NGC 6946 is at very low galactic latitude with the largest correction for Galactic extinction.
However, it is nearby and face-on. It is known as a galaxy rich in molecular gas from CO
observations, as well as current star formation. In this case the SFM opacities agree well with
the slightly higher temperature of 17.5 K. (Figure 6.6). Basic data and the WFPC2 mosaic is
presented in Appendix A.31.

NGC 7331

Regan et al. (2004) present obervations with the MIPS and SCUBA instrument of NGC 7331.
Their fit to the dust emission resulted in a dust temperature of 24 K. In the SFM analysis it
stood out a a possible field with an overdensity of distant galaxies behind it. Ignoring this
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Figure 6.5: The radial profile of the 160 µm band of NGC 4725. Lines and points as in
Figure 6.2.

suspicion, the agreement for MIPS 160 profile and the SFM opacity measurements happens
at the same temperature found by Regan et al. (2004) (Figure 6.7).

NGC 7331 is therefore an exception either way. Either it does not have the cold dust
component we suspect in the other galaxies or the SFM measurement is biased due to an
overdensity of distant galaxies behind it. (See for basic data also Appendix A.32.) Since it is
a Milky Way analog, it would be interesting to see if it does have a dust temperature gradient.
If so, the value of 24 K from Regan et al. (2004) is the average for the whole disk which
likely has a cold (T = 15-20 K.) and a warmer (T= 20-40 K.) component.

6.4.2 Two WFPC2 fields

In the sample presented in Chapter 3 (Holwerda et al. 2005b), there are three galaxies for
which two WFPC2 fields are analysed. When the counts from these are combined, the un-
certainties in the opacity measurements are lower then for single WFPC2 fields. For two of
these galaxies, M51 and NGC 3621, MIPS 160 µm maps are available.
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Figure 6.6: The radial profile of the 160 µm band of NGC 6946. Lines and points as in
Figure 6.2.

M51

M51 is extremely suitable for SFM analysis as it is practically face-on. Meijerink et al. (2005)
presented a SCUBA profile and found a temperature gradient based on the sub-mm flux (See
also Figure 4.4). This profile, converted to an optical depth, matched opacity measurements
from the counts of galaxies (see chapter 4).

Figure 6.8 shows the MIPS 160 µm profile, converted to optical depth using several
constant dust temperatures. The 15 and 17.5 K conversions appear to agree the best with the
SFM points. The fact that the 15 K line agrees with the outer two points and the 17.5 with
the innermost is in agreement with the temperature gradient of Meijerink et al. (2005).

NGC 3621

NGC 3621 is not as ideal as M51 as it is more inclined. Figure 6.9 shows the MIPS profiles
for NGC 3621 and the opacity measurements from two WFPC2 fields. The innermost point
is too uncertain to be of use. The two fields differ more in the derived opacity but all agree
better with a colder dust component for NGC 3621. The ACS on Hubble is slated to image
all of NGC 3621 in the near future. Using counts from this data, a better comparison might



DISCUSSION 117

Figure 6.7: The radial profile of the 160 µm band of NGC 7331. Lines and points as in
Figure 6.2.

be made for this galaxy.

6.5 Discussion

The purpose of this Chapter was to do a first comparison between dust emission in the far
infrared and the opacities from counts of distant galaxies. The far infrared profiles only match
up when a single low dust temperature is used. This implies that a substantial fraction of the
dust responsible for the opacity of the disk is cold. Several sub-mm observations have found
evidence for cold dust in disks as well (Nelson et al. 1998; Alton et al. 1998a; Siebenmorgen
et al. 1999; Trewhella et al. 2000; Stevens et al. 2005). The dust responsible for the opacity
of spiral disks resides probably in cold dark clouds.

Many improvements can be made to this chapter’s first rough approach. The assumption
of a single temperature can be substituted by one found from the spectral energy distribution
of the far-infrared fluxes. This model can allow for a gradient of temperature with radius. A
clear discrepancy with opacity measurements from galaxy counts is then unambiguous evid-
ence of an extra cold component. This observation which can be verified with new sub-mm
observations. Unfortunately, the current SFM sample has predominantly not been imaged at
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Figure 6.8: The radial profile of the 160 µm band of M51. Lines as in Figure 6.2, solid
symbols are from individual fields and the open triangles are from the combined counts with
associated errorbars.

these sub-mm wavelengths. However, a substantial effort to improve observational capability
in the sub-mm is currently under way. With sub-mm maps, the contributions of both the cold
and the warm dust components to the fluxes can be constrained. The opacity from galaxy
counts would then be an independent verification of dust content.

The emission of dust grains at especially the sub-mm wavelengths is still not very con-
strained (e.g. (Dasyra et al. 2005)). It depends on the grain composition and temperature.
The parameter β in equation 6.5 remains an almost free parameter in fits to disk emission.
Since it appears to be different for diffuse dust and dust in dense cores, the filling factor of the
dark clouds becomes a factor when constraining the spectral energy distribution of the dust
in a disk. In such a context, an extinction measurement using a completely different method
would be extremely helpful. The opacity measurements using counts of galaxies can also be
improved substantially. The uncertainties can be reduced significantly, even for individual
disks, when the method is applied to a larger solid angle. This improves statistics but also
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Figure 6.9: The radial profile of the 160 µm band of NGC 3621. Lines as in Figure 6.2, solid
symbols are from individual fields and the open triangles are from the combined counts with
associated errorbars.

reduces the uncertainty from cosmic variance.
A new comparison between opacity from counts and dust emission should therefore be

done for fewer disks. For these more HST data should be available, together with both FIR
and sub-mm maps to characterize dust emission. The ACS campaigns on M51 and M101
would be suitable for this, provided sub-mm observations of M101 are possible.

6.6 Concluding Remarks

The following remarks can be made on this simple comparison between dust infrared emis-
sion and extinction:

1. A single temperature component of a dust disk needs a very low temperature to agree
with the SFM opacities (Figures 6.2 trough 6.9).
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2. NGC 7331 is the only exception. There is agreement with the Regan et al. (2004)
result of T = 24 K. or there may be an over-density of distant galaxies in the SFM
measurement (Figure 6.7).

3. A more realistic approach would include an improved dust temperature estimate from
the spectral energy distribution.

4. Such an estimate would probably have to include a dust temperature gradient with
radius,

5. The emissivity of dust grains is poorly determined at these low temperatures. Future
counts of distant galaxies and FIR/sub-mm observations could help constrain it.

I would like to thank G. Bendo and R. Kennicutt for useful discussions on the use of the
SINGS data for this project.


