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10

Received 2007 May 31; accepted 2007 July 19

ABSTRACT

Dust in galaxies can be mapped either by the FIR/submillimeter emission, the optical or infrared reddening of
starlight, or the extinction of a known background source.We compare two dust extinction measurements for a set of
15 sections in 13 nearby galaxies to determine the scale of the dusty interstellar medium (ISM) responsible for disk
opacity: one using stellar reddening and the other a known background source. In our earlier papers, we presented
extinction measurements of 29 galaxies, based on calibrated counts of distant background objects identified though
foreground disks in Hubble Space Telescope WFPC2 images. For the 13 galaxies that overlap with the Spitzer
Infrared Nearby Galaxies Survey, we now compare these results with those obtained from an I� L color map. Our
goal is to determine whether or not a detected distant galaxy indicates a gap in the dusty ISM, and hence to better
understand the nature and geometry of the disk extinction. We find that distant galaxies are predominantly in low-
extinction sections marked by the color maps, indicating that their number depends both on the cloud cover of Spitzer-
resolved dust structures, mostly the spiral arms, and a diffuse, unresolved underlying disk. We note that our infrared
color map [E(I � L)] underestimates the overall dust presence in these disks severely because it implicitly assumes the
presence of a dust screen in front of the stellar distribution.

Key words: dust, extinction — galaxies: individual (NGC 925, NGC 2841, NGC 3198, NGC 3351, NGC 3621,
NGC 3627, NGC 4321, NGC 4536, NGC 4559, NGC 5491, NGC 6946, NGC 7331) —
galaxies: ISM — galaxies: spiral — infrared: galaxies — infrared: ISM — ISM: structure

1. INTRODUCTION

The dust content of a spiral galaxy can be estimated using sev-
eral different observational techniques: (1) observations of the
dust’s typical emission in the far-infrared and submillimeter spec-
tral ranges (e.g., Dale et al. 2005; Meijerink et al. 2005); (2) the
reddening and dimming effect on stellar populations in the UV
(e.g., Boissier et al. 2004), optical (e.g., Elmegreen 1980), and
infrared (e.g., Regan 2000;M.Meyer et al. 2007, in preparation);
(3) the balancing of the disk’s energy budget, which produces
its spectral energy distribution (SED; e.g., Cortese et al. 2006;
Popescu&Tuffs 2005); or (4) the absolute absorption of a known
background source (e.g., Domingue et al. 1999; González et al.
1998; Elmegreen et al. 2001; Holwerda 2005). Reviews of the
various approaches can be found in Calzetti (2001), Popescu &
Tuffs (2005), Tuffs & Popescu (2005), and references therein.

All of these techniques have different and specific strengths
and weaknesses, and hence a comparison between the results of
two such techniques offers insight into the nature of the dust in
disks. In two recent papers (Holwerda et al. 2007a, 2007b),we com-
pared the dust surface densities estimated from distant galaxy
counts and the star/dust SED. Here, we focus on the comparison
between extinction maps based on stellar reddening and results
from the distant background object counts. The reddening map’s
advantage over the SED measurement is spatial resolution. The
simple screen geometry we use here has been surpassed in ex-
tinction studies for some time (e.g., Elmegreen 1980; Kodaira &
Ohta 1994) but will suffice to determine the scale of the dusty
interstellar medium (ISM) structure that is responsible for reduc-
ing the number of distant galaxies seen through a spiral disk. Our
goal is to determine whether an observed distant galaxy indicates
a hole in the ISM disk that would correspond to no extinction in
the reddening map.

An independent extinction measurement requires a known
background source other than the stellar disk.White &Keel (1992)
proposed an occulted elliptical galaxy, and González et al. (1998)
used the calibrated number of distant galaxies seen through a
foreground disk in aHubble Space Telescope (HST ) image. Both
techniques have been used on nearby disks and have by now ex-
hausted nearby occulting pairs (Andredakis & van der Kruit1992;
Berlind et al. 1997;Domingue et al. 1999, 2000;White et al. 2000;
Keel & White 2001a, 2001b; Elmegreen et al. 2001) and HST
WFPC2 images suitable for distant galaxy counts (Holwerda
et al. 2005a, 2005b, 2005c, 2005d, 2005e). The known background
source is either rare (the occulted large galaxy) or inherently un-
certain due to cosmic variance (number density of distant back-
ground galaxies). The advantages are that no assumption about
the dust/star geometry has to bemade, and the absorptionmeasure-
ment is for the entire height of the disk.
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Models for the light of spiral disks have incorporated ever
more complex geometries for extinction and reddening by dust,
both for edge-on systems (e.g., Kodaira&Ohta 1994;Xilouris et al.
1999;Kylafis&Xilouris 2005) and face-on spirals (e.g., Elmegreen
1980; Elmegreen & Block 1999; Disney et al. 1989; Rix &
Rieke 1993; Peletier et al. 1995). These have been used to correct
stellar populations (Elmegreen 1980; Rix & Rieke 1993) and
star formation (see the review of Calzetti 2001 and references
therein). The large-scale structure of the dusty ISM in spirals has
been modeled this way with a dusty disk more extended but
thinner than the stellar one (Elmegreen 1980; Peletier et al. 1995;
Xilouris et al. 1999; Bianchi 2007). Dalcanton et al. (2004) ar-
gued that dust lanes are a sign of vertical instability in more mas-
sive disks, while smaller disks exhibit a fractured dust morphology.
Recent observations point to a thicker or second vertical structure of
dust ISM (Howk 1999; Howk & Savage 1999; Thompson et al.
2004; Seth et al. 2005; Kamphuis et al. 2007).

Monte Carlo simulations of photons in the disk also use ever
more sophisticated geometry: spherical (Witt et al. 1992; Witt &
Gordon 2000), cylindrical (Bianchi et al. 1996), planar (Bruzual
A et al. 1988; Baes &Dejonghe 2001a, 2001b), and, recently, ar-
bitrary geometry (e.g., Gordon et al. 2001;Misselt et al. 2001; Baes
et al. 2003). The clumpiness of the ISM has been proven to be the
chief reason why the observed extinction law differs from the Ga-
lactic one (Natta & Panagia 1984; Calzetti et al. 1994; Fischera
et al. 2003; Fischera & Dopita 2005). The aim of models has
shifted to predicting not only the reddening and extinction by the
dust in spirals, but also the contribution from the ISM’s emission
to the overall SED.

Multiwavelength models and observations of disks are address-
ing several questions regarding spiral disks: star formation mea-
surements (e.g., Calzetti et al. 2005; Dopita et al. 2006b, 2006a),
ISM composition (e.g., Draine & Li 2001, 2007; Li & Draine
2001; Draine et al. 2007), energy balance (Popescu et al. 2000;
Misiriotis et al. 2001; Tuffs et al. 2004; Dasyra et al. 2005), and
stellar populations (Dale et al. 2005, 2007).

The results from the Spitzer Infrared Nearby Galaxy Survey
(SINGS; Kennicutt et al. 2003) have shed light on the relation
between dust and star formation within a range of galaxy types
and environments: the starburst galaxyM51 (Calzetti et al. 2005;
Thornley et al. 2006), the grand-design spiral M81 (Gordon et al.
2004; Pérez-González et al. 2006), the rings of NGC7331 (Regan
et al. 2004) and M31 (Gordon et al. 2006), the superwind in M82
(Engelbracht et al. 2006), and the dwarf NGC 55 (Engelbracht
et al. 2004). Comparative studies for the whole sample of gal-
axies can be found in Dale et al. (2005, 2007) and Draine et al.
(2007).

The mid-infrared bands at 3.6 and 4.5 �m are dominated by
the emission from the older, smooth stellar disk; either combined
with the I-band data can provide a very useful dust-screen ex-
tinctionmap (Regan 2000;M.Meyer et al. 2007, in preparation).
We employ the simple screen approach because (1) in the near
and mid-infrared we expect most of the disk to be optically thin,
with the Spitzer bands providing the lowest-extinction view of
the disk, and (2) we are only interested in relative opacity values.

The advantage of the color-based extinction map is that the
spatial resolution is as high as the original single-band images;
however, the derived extinction values are limited by the assump-
tions about geometry (a single screen of dust in front of a layer of
stars) and stellar population (a single stellar color everywhere).

We want to know whether or not a disk is fully transparent in
those places where a distant galaxy can be identified in HST im-
ages. The notion that those lines of sight are devoid of dust seems to
be in contradiction with the picture of a ubiquitous, fractal, and

clumpy medium that has developed since the discussions on the
opacity of spiral disks (Davies & Burstein 1995).
The organization of this paper is as follows: x 2 describes the

data, x 3 details the calibrations of the extinctionmaps, x 4 briefly
describes the distant galaxy counts, and xx 5 and 6 contain our
discussion and conclusions.

2. DATA

In this paper we use the Spitzer IRAC mosaics, and accom-
panying ground-based I-band data, from the fifth data release of
the SINGS project (Kennicutt et al. 2003, 2007). Part of the Spitzer
data products are mosaics of the four IRAC channels with a pixel
scale of 0.7500 in MJy sr�1, aligned with the sky coordinates. The
mosaics are the product of a specialized pipeline to register and
‘‘drizzle’’ the basic calibrated data to a single mosaic.
The ground-based I-band images are a complementary SINGS

data product. The world coordinates of the I-band data are up-
dated using the stellar positions in the IRAC, channel 1 (3.6 �m )
mosaic. The I-band images are then shifted to the IRAC mosaic
coordinates and degraded to the same resolution, estimated from
the stars in the field, generally with a FWHM of 2.500.

3. EXTINCTION MAPS

The Spitzer IRAC channels 1 and 2 (3.6 and 4.5�m) aremostly
devoid of the spectral features of interstellar polycyclic aromatic
hydrocarbons (PAH) and suffer little from extinction by the larger
dust grains. In this paper we use channel 1 (3.6 �m) to map the
stellar emission. The I � L color is proportional to the extinction
in I (AI ),

AI ¼ a E I � Lð Þ þ b½ �: ð1Þ

This leaves two free parameters for the NIR extinction law:
the zero point, b, and the slope, a. The slope of the IR extinction
law is very close to unity: a ¼ 0:88 (Rieke&Lebofsky 1985) for
single lines of sight. The zero-point b can be found using the
IRAC 8 �m PAH map of the same galaxy.11

To determine the zero point (b) we find the 100 lowest-value
pixels in the 8 �m PAH map, after sigma clipping to remove the
sky. The median value of the 100 corresponding pixels in the ex-
tinction map is our zero point b, i.e., the stellar color of the disk
before extinction. Table 1 lists the zero-extinction colors for our
maps.
The extinctionmaps are clipped to the 1 � level calculated from

the sky noise in both I and L images. The spatial resolution of the
extinction maps is predominantly limited by the I-band observa-
tions; FWHM estimates of the point-spread function are around
2.500.
In the construction of the extinction maps, we make three sig-

nificant assumptions: (1) the geometry of the dust and stars is a sim-
ple screen of dust in front of the stars; (2) regions lacking 8 �m
emission are indicative of the intrinsic stellar color; and (3) the
L band (3.6 �m) is a good tracer of purely stellar emission. As
noted in the introduction, more sophisticatedmodels exist for the
dust’s effect on stellar emission, but these maps will suffice for
our purposes. Similar maps are used by M. Meyer et al. (2007, in
preparation) to trace the dusty ISM for comparison with the mor-
phology of CO and H i maps.

11 The 8�mPAH-onlymap is obtained from IRAC’s channel 4 by subtracting
the stellar contribution to it. This contribution is estimated from channels 1 and 2
(3.6 and 4.5 �m), using the same formalism as Pahre et al. (2004a, 2004b) but with
the improved aperture corrections from T. Jarrett (http://spider.ipac.caltech.edu /
staff /jarrett /irac /calibration/index.html) and Dale et al. (2007).
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The first assumption is a screen of dust in front of the stars.
This is the simplest geometry one could use, and it allows the
application of the extinction law as found for single lines of sight.
Mixing the extincting dust and stars would result in a decoupling
of the relation between color and extinction (Natta & Panagia
1984; Calzetti et al. 1994; Fischera et al. 2003; Fischera & Dopita
2005). Alternative maps could be constructed using a more gray
relation than equation (1), reflecting the mix of dust and stars.
Unfortunately, the choice of extinction law is problematic, as the
exact mix and geometry are unknown and likely to change in
different sections of the disk. However, we are interested in the
relative extinction in our maps (whether or not distant galaxies
are preferentially detected in low-extinction regions) and not
in the absolute extinction along a given line of sight.We note that
these maps represent lower limits for the total extinction through
the disk.

The second assumption is that PAH emission does not arise in
sections that have no interstellar dust; therefore, these sections
will exhibit no reddening in theE(I � L) map. Recent observations
with Spitzer have found regions in galaxies with 24 �m emission
but no 8 �m emission (e.g., Meixner et al. 2006). This is attributed
to different processing of the dust grains and PAHs by the strong
UV fields of star-forming regions. However, the lowest fluxes of
PAH emission in these images occur not in the centers of bright
star-forming regions but in the disk, between the arms.

The third assumption is the choice of reference band for the
purely stellar emission. M. Meyer et al. (2007, in preparation)
chose channel 2 (4.5 �m) as the NIR reference, and in this paper
we use channel 1 (3.6 �m). Both suffer small-scale contamination
fromnonstellar emission; channel 2 (4.5�m)may contain hot dust
emission (Lu et al. 2003; Pahre et al. 2004a; Regan et al. 2004;
Calzetti et al. 2005; Hunter et al. 2006), and channel 1 (3.6 �m)
comprises a smaller PAH emission feature, centered near 3.3�m,
and may contain hot dust emission as well. In both cases, the
PAH or hot dust would increase the flux in the ‘‘stellar’’ channel,
artificially elevating the implied extinction in the I band. This
additional uncertainty is on the order of the stellar color gradient
(approximately a tenth of a magnitude). Both of the uncertain-
ties, contamination and stellar gradient, are much smaller than
the uncertainty due to the assumed geometry of the stars and dust
in the extinction values in the presented maps, but they do change
the distribution. To check for systematic effects between channel 1
and 2, we compared our extinction map of NGC 3627 made from

channel 1 (3.6 �m; Fig. 1) to one using channel 2 (4.5 �m) from
M. Meyer et al. (2007, in preparation, their Fig. 3). The compar-
ison reveals little difference in structure (only some disparities in
the H ii regions in the spiral arms) and an overall offset of 0.05 mag
in extinction. Because the PAHs affect only H ii regions and we are
interested in the overall disk, this should not strongly influence
our overall conclusions.

Given the above assumptions (the star/dust geometry, the in-
trinsic stellar color of the disk, and the link between lack of extinc-
tion and absence of 8 �mPAH emission), the absolute calibration
of the extinction maps is uncertain. The dominant presupposition
is that of the geometry (and hence the extinction law), whichmost
certainly results in an underestimate of the dust in these galaxies.
However, because we investigate the ‘‘preference’’ of distant ob-
jects for low- or high-extinction regions, these mapswill suffice to
distinguish between sections of higher and lower extinction.

4. DISTANT GALAXY COUNTS

Holwerda et al. (2005b) presented disk-extinction measure-
ments based on counts of distant galaxies, calibrated for crowding
and confusion with the synthetic field method (SFM; González
et al. 1998; Holwerda et al. 2005a). The calibration is done with a
series of ‘‘synthetic fields,’’ the original image with an artificially
dimmed Hubble Deep Field (HDF) added to it. The relation be-
tween artificial dimming and HDF galaxies retrieved from the
synthetic field can then be used to find the average extinction in
the field from the number of observed distant galaxies found in the
original field. The relation between the number of HDF galaxies
and dimming is unique for each field, and synthetic fields are
made for each science field. In the zero-extinction synthetic field,
the added HDF galaxies show where distant galaxies could have
been detected under the crowding conditions in the science field.
The SFM gives an average opacity for the whole height of a
section of the spiral disk.12

In Holwerda et al. (2005b) we already speculated that if the
galaxies identified in the WFPC2 field are in those sections of
the disk that are effectively transparent, then the average ex-
tinction found from the SFM is an indication of dust cloud cover.
If so, we found that typical covering fractions are 40% for the
disk and 60% for the spiral arms, assuming fully opaque clouds.
We have compared these disk opacity measurements with those
from the occulting galaxy technique (Holwerda et al. 2005b),
and those provided by an SED model based on the IRAC and
MIPS data (Holwerda et al. 2007a). The disk opacity values—
apparent optical depths—for all three methods agree well. In
Holwerda et al. (2007a) we found a typical cloud optical depth of
0.4, which corresponds to a typical cloud size of 60 pc.

In this paper, we explore the earlier assertion that distant gal-
axies are predominantly found in those sections of the disk that
are completely transparent, something that appears somewhat
contradictory to the small scale found in our comparison with the
SED. Therefore, we quantify to what extent large dust clouds re-
solved with IRAC determine the SFM opacity value.

5. DISTANT GALAXY NUMBER
AND DISK EXTINCTION

The I-band extinction maps based on the above method are
presented in Figure 1. The extinction is higher in the spiral arms,
and the effects of H ii regions can clearly be seen. In Figure 1, the
WFPC2 footprint and the positions of the identified distant gal-
axies fromHolwerda et al. (2005b) are also plotted on the extinction

TABLE 1

The Zero-Extinction (I � L) Color—the Zero

Point in Equation (1)

Galaxy E(I � L)

NGC 925............................................ �0.5

NGC 2841.......................................... �0.3

NGC 3198.......................................... �0.4

NGC 3351.......................................... �1.2

NGC 3621.......................................... �0.9

NGC 3627.......................................... �0.4

NGC 4321.......................................... �0.3

NGC 4536.......................................... �0.3

NGC 4559.......................................... �0.4

NGC 4725.......................................... �0.4

NGC 5194.......................................... �0.6

NGC 6946.......................................... �0.3

NGC 7331.......................................... �0.3

Note.—The values display a range not unreasonable
for spiral disk stellar populations (Bell & de Jong 2001).

12 The term disk opacity is defined as the apparent optical depth for the whole
height of the disk expressed in magnitudes.
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map. Since theWFPC2 fields are centered on a spiral arm further
out in the disk, the sigma-clipped extinction maps often do not
cover the entire field of view of the WFPC2.13

The distant galaxies identified by Holwerda et al. (2005b)
appear to bemostly in the regions of lower extinction (Fig. 1). To
test this, we compare the distribution of extinction values at the
positions of observed distant background galaxies to the distribu-
tion of extinction values where a distant galaxy could be found,
i.e., the position of the synthetic galaxies. For the reference dis-
tribution,we use the extinction values at the positions of the added
HDF distant galaxies in the zero-extinction synthetic field. These
are positions in the extinction map where we could have found a
distant galaxy, given the crowding and confusion conditions in
the HST WFPC2 images.

Figure 2 shows the cumulative histogram for these two sets of
extinction values, at the position of the observed distant galaxies
and the synthetic ones. The majority of the observed distant gal-
axies are detected predominantly below extinction values of
0.2 mag. Artificial, synthetic distant galaxies can be found in re-
gions with larger extinction values. A Kolmogorov-Smirnov test
shows that the probability that the two distributions are similar is

Fig. 1.—Details from the extinction maps, based on the E(I � L) color, for the 13 SINGS galaxies in our sample. Gray-scale values are the optical depth � implied by
the I � L color. TheWFPC2 field of view used for the galaxy counts in Holwerda et al. (2005b) is overlaid. The crosses are the positions of the distant galaxies identified in
the HST WFPC2 data.

13 In the case of NGC 3198 and NGC 4536, the overlap of the WFPC2 field
and the extinction map is small (Fig. 1), and these two galaxies do not contribute
much to the statistical result (Fig. 2).

Fig. 2.—Cumulative histogram of extinction values at the position of observed
distant background galaxies (dotted histogram), compared to the histogram of ex-
tinction values based on the positions of artificial galaxies within the WFPC2 field
of view (solid histogram).
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negligible (1:98 ; 10�14). Hence, an observed distant galaxy
is more likely to be found in a low-extinction section of the
disk.14

Cloud cover by optically thick clouds, which can be resolved
with Spitzer, is one factor reducing the detected number of dis-
tant galaxies observed through a disk.However, distant background
galaxies are not found exclusively at zero-extinction regions; 60%
of the observed galaxies are identified at more than 0.1 mag of
extinction (see Fig. 2). Therefore, a second factor determining their
observed number is the lower extinction, unresolved dust disk. If
this is a cloud filling factor as well (discrete clouds rather than a
screen), these are many smaller clouds in addition to the struc-

tures seen in the extinction maps, consistent with our result in
Holwerda et al. (2007a).

How much of the opacity measured from missing distant gal-
axies is caused by complete blocking of the line of sight depends
on what value in the extinction map from the infrared color
translates into a distant galaxy that is unidentifiable as such. The
extinction maps in Figure 1 underestimate the overall dust surface
density and, hence, the opacity of the disks. This can be illustrated
with a comparison between the average opacities (apparent optical
depths) from the E(I � L) extinction maps (A(I�L)), the overall
Spitzer SED (ASED), and the number of distant galaxies (ASFM). The
average extinction values from the maps, from the part where there
are data, are generallymuch lower than those derived from the SED
or the number of distant galaxies (Table 2). This can partially be
explained by the fact that the SFM measures the extinction for
the entire height of the disk (the background sources are well
beyond the disk) and the color map measures the extinction by at
best half of the disk’s height, which is the part backlit by the
stellar disk. This would explain a factor of 2 difference between
the two opacity values. The second reason that the extinction maps
underestimate the total opacity is the assumed star/dust geome-
try. A mix of stars and dust does not follow a neat extinction law
and will generally display a variety of extinction law behaviors,
all of them more ‘‘gray’’ than the one from Rieke & Lebofsky
(1985) depending on geometry (as shown previously by several
authors, notably Elmegreen 1980; Natta & Panagia 1984). Let us
set values in the E(I � L) map that would be opaque for a distant
galaxy and compare how the cloud cover explains the missing
distant galaxies.

In our E(I � L) extinction maps, A(I�L) ¼ 0:5 (half the height
of the disk), or possibly A(I�L) ¼ 0:3 (a third of the height), is
the naively expected opaque disk value. Table 3 lists the cov-
ering percentage of the extinction maps for pixels above A(I�L) ¼
0:5, 0.3, and 0.1 for the whole map and the section covered by the
WFPC2. Extinction values greater than either 0.5 and 0.3 fail to
cover the fraction implied by the SFM measurement. Only if the
A(I�L) extinction is underestimated by a factor of 10 do the cloud
cover fractions match up to the same order, yet we found most of
our real observed distant galaxies at positions with 0.1 mag of
extinction (Fig. 2). Hence, if we take A(I�L) � 0:3 as the point

TABLE 3

Cloud Covering Percentages of the Disk for Different Values of Disk Opacity (� > 0:5, 0.3, and 0.1), Both

for the Entire Extinction Map ( fmap), as Well as for the Section Covered by the WFPC2 ( fWFPC)

fmap fWFPC

Galaxy >0.5 >0.3 >0.1 >0.5 >0.3 >0.1 fSFM

NGC 925........................................................ 0.2 1.6 38 0.1 4.9 58 . . .

NGC 2841...................................................... 0.0 0.1 28 0.0 0.4 47 52

NGC 3198...................................................... 0.1 1.3 55 0.3 3.3 74 52

NGC 3351...................................................... 0.1 1.0 66 0.2 2.3 91 67

NGC 3621-1 .................................................. 1.0 5.1 46 0.3 2.8 40 87

NGC 3621-2 .................................................. 1.0 5.1 46 1.2 7.2 41 60

NGC 3627...................................................... 0.5 3.4 39 2.4 8.2 72 86

NGC 4321...................................................... 0.0 0.8 17 0.1 1.7 27 88

NGC 4536...................................................... 0.7 2.7 17 0.0 3.9 61 56

NGC 4559...................................................... 0.1 1.1 32 0.3 1.6 41 9

NGC 4725...................................................... 0.0 0.1 10 0.0 0.5 22 52

NGC 5194-1 .................................................. 1.0 15 82 3.6 50 10 . . .

NGC 5194-2 .................................................. 1.0 15 82 1.7 19 89 72

NGC 6946...................................................... 1.0 11 87 4.0 22 94 64

NGC 7331...................................................... 0.4 10 61 0.4 7.5 64 24

Note.—The columnmarked ‘‘fSFM’’ gives the cloud cover for theWFPC2 section implied from the SFMmeasurement, assuming
only optically thick clouds.

TABLE 2

Average Apparent Extinction from the Number of Distant Galaxies,

A
SFM

, the Spitzer SED, A
SED

, from Holwerda et al. (2007),

and the Color Maps in This Work, A I�Lð Þ

Galaxy ASFM ASED A(I�L)

NGC 925................................ �0:4þ0:3
�0:3 0.7 0:11 � 0:07

NGC 2841.............................. 0:8þ0:5
�0:4 1.5 0:08 � 0:05

NGC 3198.............................. 0:8þ0:3
�0:3 0.8 0:11 � 0:07

NGC 3351.............................. 1:2þ0:6
�0:5 1.1 . . .

NGC 3621-1 .......................... 2:2þ0:6
�0:6 1.1 0:08 � 0:08

NGC 3621-2 .......................... 1:0þ0:4
�0:3 0.8 0:09 � 0:10

NGC 3627.............................. 2:1þ0:7
�0:7 1.8 0:12 � 0:11

NGC 4321.............................. 2:3þ0:8
�0:7 3.0 0:06 � 0:06

NGC 4536.............................. 0:9þ0:4
�0:4 0.3 0:11 � 0:07

NGC 4559.............................. 0:1þ0:3
�0:3 0.3 0:08 � 0:06

NGC 4725.............................. 0:8þ0:3
�0:3 0.5 0:05 � 0:05

NGC 5194-1 .......................... �0:4þ0:4
�0:4 3.6 0:24 � 0:08

NGC 5194-2 .......................... 1:4þ0:6
�0:6 4.2 0:18 � 0:09

NGC 6946.............................. 1:1þ0:6
�0:5 1.4 0:18 � 0:11

NGC 7331.............................. 0:3þ0:3
�0:3 0.5 0:11 � 0:08

Note.—These values have not been corrected for inclination, because such
correction depends on the assumed dust geometry and the dust’s effective filling
factor.

14 The limiting factor in the detection of HDF galaxies is the ‘‘granularity’’
in the science field, i.e., how resolved the stellar disk is (see our discussion in
González et al. 2003; Holwerda et al. 2005e), not the disk’s opacity.
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where the disk is opaque for distant galaxies, the big opaque
clouds only block�10% of the typical background of distant gal-
axies outright (Fig. 2, solid line). That corresponds to �0.3 mag
of the SFM opacity measurement. Hence the remainder—often
the majority—of the measured opacity is due to the unresolved
and semitransparent disk.

In Holwerda et al. (2005b) we voiced our suspicion that the
distant galaxies are detected in gaps in the ISM disk, based on the
average color of these galaxies, which remained constant with
the disk opacity inferred from their number. In addition, we found
that the opacity from the counts of distant galaxies depended little
on the inclination of the foreground disk.

This result we initially explained by a flat distribution of clouds
for which the projected filling factor remains constant. This model
did not specify the typical size of the opaque clouds, but a similar
or greater angular size than the projected distant galaxies was
implied. In Holwerda et al. (2007a) we found that small, optically
thin clouds dominate the disks, using extra information from the
Spitzer SED. Figure 2 appears to corroborate the hypothesis that
the filling factor of large, resolved clouds do play a role in de-
termining the number of distant galaxies found, but they are not
the sole cause for their diminishing number and hence extinction
in the disk. The second factor is the underlying disk of unresolved,
small clouds. Therefore, the presence of a distant galaxy seen
through a foreground disk does not imply that no dusty ISM is
present along that particular line of sight.

6. CONCLUSIONS

From the extinction values at the position of distant galaxies
we draw the following conclusions:

1. Distant galaxies are identified through a spiral disk in the
lower opacity regions. Their number is, only in part, determined
by the cloud cover of large, resolved clouds in the disk (Fig. 2).

2. Most of the distant galaxies are identified in parts of the
disk with some extinction. Dusty ISM clouds, unresolved by
Spitzer, are the second reason for the diminishing of their num-
ber (Fig. 2).
3. The apparent optical depth from the number of distant gal-

axies can be expressed as a cloud cover fraction; however, this
implies opaque clouds, while the majority of the dust clouds are
optically thin and unresolved.
4. We reconfirm that extinction maps from an infrared color

[e.g., E(I � L)] will mark the sections of higher extinction but
underestimate the total extinction in any given part of the disk
(Table 2) because of the intrinsic assumption of a simple geometry.

In future applications of the counts of distant galaxies as a
probe of disk opacity, the nature of the cloud geometry, expressed
as a cloud covering factor, should become increasingly evident.
We hope to learn more about the nature of the smooth extinction
disk in our future studies using distant galaxies as an extinction
test in the HSTACS surveys of M51, M101, and M81.

The authors would like to thank T. Jarrett, for making his
aperture corrections available, and B. Sugerman, for his help
with the construction of the extinction maps. The authors would
like to thank the referee, D. Elmegreen, for her comments; they
helped tremendously to improve the paper. This work is based in
part on archival data obtained with the Spitzer Space Telescope,
which is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with NASA. This work
is also based on observations with the NASA/ESA Hubble Space
Telescope, obtained at the STScI, which is operated by the Asso-
ciation of Universities for Research in Astronomy (AURA), Inc.,
under NASA contract NAS5-26555. Support for this work was
provided by NASA through grant number c3886 to D. Calzetti.
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