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Summary. We have analyzed the light distribution of the nearby
spiral M 31, using recently obtained surface photometry in four
colours. Three main topics are discussed. First, we study the
structure in the outer parts of the disk. Our data confirm
previously presented evidence for a significant change in the
position angle of the light distribution, probably indicating a
warping of the stellar disk. The warping starts at 18 kpc and is in
the same direction as the warp in the gas distribution. Second, we
discuss the structure and global color distribution of the disk and
bulge of M31. A decomposition of the major and minor axis
profiles allows us to separate radial color variations in bulge and
disk. No color gradient is found for the bulge light. We show that
the apparent flattening of the light profile of the disk noted by de
Vaucouleurs can be attributed to the contribution from spiral
arms. The disk colors at small radii and the colors of the bulge are
typically those of an old, metal-rich stellar population. The disk
light, corrected for the contribution of spiral arms, becomes bluer
with radius, due to a metal abundance gradient or to a contri-
bution from younger stars inbetween the arms. Finally, we derive
the optical extinction law in M 31 from a detailed analysis of the
absorption of light in two major dust lanes on the near side of the
galaxy. A correlation of the optical extinctions with neutral
atomic gas column densities shows that the dust-to-(atomic)
hydrogen gas ratio is similar to that in the solar neighborhood, but
may well decrease with radius.

Key words: galaxies: M 31 —stellar content of — structure of — dust —
extinction — photometry

1. Introduction

In recent years much information has been obtained on the
structure and stellar content of spiral galaxies from detailed multi-
color surface photometry (e.g. Schweizer, 1976; Talbot et al.,
1979; Wevers et al., 1986). Data on the light distribution in
galaxies can also be used to analyze the structure and the
extinction properties of dust lanes (e.g. van Houten, 1961;
Elmegreen, 1980). Until recently, such optical data were lacking
for the spiral that is closest to us, the Andromeda galaxy (M 31).
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Ironically, this was due to the fact that the galaxy is too nearby: the
angular size is so large that surface photometry of the whole object
was an almost hopeless enterprise. Recent advancements in plate
scanning devices and computers have made it possible, however,
to obtain data on the light and color distribution across the galaxy
that are of a quality comparable to that of the material for other
spirals. Hodge and Kennicutt (1982) mapped M 31 in blue light
and Walterbos and Kennicutt (1987, Paper I from now on)
extended that work to full two-dimensional photometry in four
colors, U, B, V, and R. )

In this paper we analyze the optical data that were presented in
Paper I, focussing on three main issues. In Sect. 3 we discuss the
structure of the outer disk of M 31 and the decomposition of the
light profile in bulge and disk components. In Sect. 4 we analyze
the global color distribution across the galaxy, in particular the
radial color dependence of the bulge and of the disk. The close
distance of M 31 (690 kpc) allows us to measure the extinction in
some of the major dust lanes and to study the correlation of the
optical extinctions with neutral hydrogen gas column densities,
obtained from high resolution radio observations. The major part
of this paper, Sect. S, is concerned with this analysis. First,
however, we will briefly summarize the data in Sect. 2.

2. Data

Some 15 calibrated plates of M 31 in Johnson U, B, V' colors, and a
photographic R band were obtained with the Burrell Schmidt
telescope on Kitt Peak and digitized with the Astroscan reticon
densitometer at Leiden Observatory. In addition, exposures on
II1aJ and ITIaF emulsions were obtained; these are referred to as J
and F. We combined long and short exposures to cover a large
range in surface brightness. The sky background on each plate was
subtracted by a modified polynomial fit. After subtraction of the
sky background the rms residual intensities in regions where the
sky fit was defined were 1 to 11% of sky, depending on the
emulsion type. The final net calibrated intensities have typical
uncertainties varying from 0.05 mag at bright levels to 0.2 mag at 3
to 4magarcsec”? below sky intensity. Reliable colors (un-
certainties less than 0.1 to 0.2 mag) were obtained over the main
part of the disk, out to a Bsurface brightness of 24.0 mag arcsec™ 2,
corresponding to a radius of 14 kpc.

The data were recorded at a pixel size of 40 x 40pum?
(3.864 x 3.864 arcsec?), but the maps used for the analysis in this
paper were compressed versions with pixels of 160 x 160 um?
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corresponding to an angular size of 15.456 x 15.456 arcsec? or a
linear size of 50 x 50 pc2. In each color, three maps were available,
one with foreground stars still present, one from which the
brightest stars were removed, and one from which essentially all
foreground stars were removed with a ‘“‘rigorous star removal”
routine. The method used to remove the stars is described in Paper
L. In the last set, some of the high resolution structure of the galaxy
is lost due to the automated nature of the method. This does not
affect global quantities, however, and all radial distributions
presented in this paper were obtained from the maps to which the
rigorous star removal routine was applied. In the study of the dust
lanes in Sect. 5 the maps from which only the brightest stars were
removed were used; on these maps the high resolution structure
associated with the galaxy is not affected.

3. The structure of the stellar disk and bulge

3.1. The outer regions of the disk

The deep Jimage presented in Paper I showed a clear change of the
position angles of the isophotes on the southern major axis for
radii larger than 90’, suggesting a warping of the stellar disk.
Innanen et al. (1982) found similar results from digital stacking of
plates in several colors. Baade (1963) mentioned that the Popu-
lation II stars seem to “‘swirl off”” to one side, on both sides of the
major axis. From Baade’s discussion it is not clear in what
direction he saw a displacement. Warped stellar disks have been
found in some edge-on galaxies, for example in NGC4565 (van
der Kruit and Searle, 1981; Jensen and Thuan, 1982).

Our material allows an independent study of the outer regions,
including a better estimate of the surface brightness levels at which
a potential warp occurs, because the data are calibrated. We
stacked two sets of plates, one set consisting of two long exposures
in R and two long exposures in F, the other set of two long B and
two long J exposures. The resulting images are displayed in Fig. 1,
at maximum contrast to show the faint emission. On the southern
side the change in position angle at the outer edges is very
convincing and the structure suggests that the displaced emission
is associated with M 31. A twisting of the isophotes in galaxies that
are not completely edge-on, may also result from spiral arms that
“open up” in the outer part of the disk. This is for instance the case
in the spiral NGC 4258 (Van der Kruit, 1979). The isophotes in the
outer regions of M 31 (Paper I), do not show the kind of structure
that is observed in NGC 4258 where steep gradients, associated
with the outer edge of the spiral arm, are present; nevertheless it is
difficult to rule out completely that the observed structure is
actually due to spiral arms. We will continue to use the term
“warp”” here though, for consistency with earlier discussions. The
warping on the South side starts below a B-surface brightness of
25.0mag arcsec ™2 and below about 23.6 magarcsec™ 2 in R. Our
data are not accurate enough to obtain reliable colors for
individual regions at these levels. The global light profile,
integrated over azimuthal angle (Paper I) indicates a B— R for the
outer regions of about 1.3 mag.

For the northern half the evidence for a warp is not as strong.
Faint light bending away from the northern major axis is present
on our red and blue images, but it is not completely obvious that it
is associated with M 31. The differences in structure and intensity
of the diffuse emission for the two halves of the galaxy are also
evident in the images of Innanen et al. (1982). The faint emission
could be due to a galactic reflection nebula; the ubiquitous
presence of such material has recently been established by infrared

(e.g. Low et al., 1984) and optical observations (de Vries and Le
Poole, 1985). If the diffuse light on the northern half is due to a real
warp, it would probably be the most extreme warp in a stellar disk
ever found so far.

A possible disagreement with Baade’s (1963) findings concerns
the position at which the warp starts. Baade states that this occurs
at a distance of two degrees, while our images and those from
Innanen et al. (1982) show the twisting of the isophotes to start at
1.5 to 1.7 degrees on both halves. The warp in the H1 gas on the
major axis seems to begin at about 2 degrees (e.g. Newton and
Emerson, 1977; Cram et al., 1980). Models of the warp, based on
analysis of complete H1 data sets, however, indicate that the
warping begins at about 1.3 degrees from the center (Henderson,
1979; Brinks and Burton, 1984). The orientation of the H1 warp
agrees with the direction of the twist of the optical isophotes, but,
apparently different from the situation in the optical, the warp
angle of the H1 on the major axis is small, and the maximum
warping occurs almost on the minor axis (the line of nodes of the
H1warp differs only 20 degrees from the line of nodes of the disk;
Brinks and Burton, 1984). Evidently, a new study of the structure
of the disk and of the stellar population in the disk at large radii in
M 31 would be most useful.

3.2. Decomposition into bulge and disk

Bulges of spiral galaxies have a light profile similar to that of
elliptical galaxies and can be well fit by a de Vaucouleurs (1948)
law:

I(r=1, 10—3-33[(r/re)”‘—1]’ @

where r, is the effective radius within which half of the total light is
concentrated, and /, is the intensity at r, . Disk profiles can usually
be represented by an exponential law (Freeman, 1970):

I =I e, @

where r, is the exponential scalelength and I, the intensity at zero
radius. Several galaxies possess structures usually associated with
bars, lenses, or regions with strong concentrations of star
formation activity, that cannot be represented by these two
components (e.g. Boroson, 1981; Kent, 1985). Decomposition of
M31’s light profile in disk and bulge components is nevertheless
important for comparison of M31 with other galaxies. In
addition, the separation makes it possible to estimate the relative
contributions from disk and bulge across the galaxy, and to look
for possible radial color gradients in either bulge or disk.

The inclination of M31 (77°) introduces severe projection
effects that are different for bulge and disk, because of the
differences in scaleheight of these two components. For this
reason the global light profile presented in Paper I could not be
used for the decomposition. We compiled average profiles for the
two halves of the major axis of M 31 in all four colours (U BV R)
by averaging the light distribution in circles in the plane of the
galaxy (corresponding to ellipses in the sky plane) over a range of
100 degrees in azimuth for each major axis half (cf. Walterbos and
Schwering, 1987). The 100 degree cone in the plane of the galaxy
corresponds to only 30 degrees in the sky plane; thus the average
profile is not strongly influenced by projection effects, but it does
have a considerable better signal-to-noise ratio than a direct major
axis cut. For the inner +14’ we did use the directly observed
intensities on the major axis, because the azimuthally averaged
values were about 10% too bright in this region; this is due to the
thickness of the bulge. This point was not recognized in an earlier
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Fig. 1a and b. Deep red (a) and blue (b) images obtained by stacking calibrated images of four plates in each color. The grey scale is chosen in such a way that
maximum contrast at low light levels is achieved. The strong change in p.a. of the light distribution on the Southern major axis near X' = — 100’ suggests a warping of
the stellar disk. In the Northern part diffuse light bending away from the major axis is present in both colors, but the association with M 31 is less convincing than in
the South. Ghost images of stars are visible in b, e.g. near (428, —50') and (475, —25’). The narrow spikes in b are caused by the bright star vAnd
located at (+40', +65")
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discussion of the light profile (Walterbos, 1986). As a result, the
disk and bulge parameters presented here are slightly different.
Similarly, a minor axis profile was derived by averaging the light
distribution in circles on the plane of the galaxy over 20 degrees in
azimuth around the minor axis. Only the data for the far side of the
galaxy were used, because the near side is severely influenced by
obscuring dust (Sect. 5). Maps to which “rigorous star removal”
had been applied (Paper I) were used. The intensity profiles are
shown in Figs. 2a and 2b.

Upon first inspection, the profiles do not exactly match the
sum of an r*/*-law bulge and an exponential disk. The SW major-
axis profile shows a distinct peak at 40’ that is due to NGC 206, the
brightest OB association. The broad plateau following this peak,
extending from 45 to 80', coincides with the region where major
spiral arms are present; the arms overlap in the average profile,
resulting in one broad hump. An outlying spiral arm can be seen
around 100’. On the NE side the arms are better separated.
Especially the arm corresponding to the 10kpc “ring” at 50,
where most of the Population I material is concentrated, is
apparent. In contrast to some of the spirals studied by Schweizer
(1976) and Wevers (1984), M 31 does not seem to show an increase
in the arm-to-disk ratio with increasing radius. That we are seeing
the contribution from spiral arms is also indicated by the
asymmetry between NE and SW halves, and by the color changes
in these regions. Note that this does not imply that all excess light is
due to young stars; a significant part of the light from spiral arms
stems from evolved stars (e.g. Schweizer, 1976; Kennicutt and
Edgar, 1986). In any case, it appears that the hump in the profile
around 50" does not reflect the global disk structure, but is due to
the contribution from spiral arms. Freeman (1970) classified the
light profile of M 31 as type 11, because of this hump. The disk fits
to type-II profiles are generally too bright in the inner region
which implies that there would have to be a “hole” in the real disk.
In view of the discussion above, it is more likely to assume that
there is excess light, associated with the spiral arms, on top of the
disk of M 31 instead of a hole in the center. In a similar way, Talbot
et al. (1979) showed that the flattening of the light profile of M 83,
another proto-type II, was due to the contribution from relatively
blue regions.

We fitted the sum of an r!/* law and an exponential disk to
those regions of the profiles that were not influenced by spiral arm
structure. From the profiles in Fig. 2a itis clear that it is difficult to
unambiguously identify these regions at large radii. Nevertheless,
by using the same regions for all colors a good impression of the
underlying disk can be obtained. For the inner 5 our data were
complemented with CCD photometry by Kent (1983). The two
major-axis profiles were used together to define initial disk and
bulge parameters. The resulting fit was then applied to the minor-
axis profile, with only the axial ratio of the bulge as a free
parameter. An inclination of 77° was assumed. The process was
iterated a few times to obtain the most satisfactory fit to all
profiles. We did not attempt to fit regions beyond 100’, because the
photometric errors increase rapidly at larger radii. Points inside
1’5 were excluded because the central core of M 31 cannot be fit by
an r'/* law (Kent, 1983). The resulting fit to the B profiles is
shown in Fig. 3a for the major axis and Fig. 3b for the minor axis.
The parameters of the fits are listed in Table 1. The residuals,
displayed in the lower part of the figure, indicate an average arm-
to-disk ratio in B of 20 to 50% for the major spiral arms. This is
similar to the results found for some other spirals, (e.g. Schweizer,
1976; Kennicutt and Edgar, 1986). Around 20’ some excess light
seems to be present that cannot be represented by the sum of an
exponential and an r/# law. This hump is more clearly visible in
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the direct major axis profile (Paper I); it may indicate the presence
of a weak lens component, or perhaps an inner spiral arm. All
major-axis profiles decline more rapidly beyond 90’ than the
exponential fits; this is perhaps related to the warping of the disk.
However, as mentioned before, the uncertainties are large here
(>0.2 to 0.3mag) and more accurate photometry is needed to
settle that point. The spiral arm structure corresponding to the ring
around 10 kpc is also visible in the minor axis profile, as is clear
from the residuals in Fig. 3b.

The bulge profile is reasonably well represented by an r'/* law.
The fit indicates an apparent axial ratio of 0.65 for the bulge,
corresponding to a true axial ratio of 0.63 or a z-height of 1.25 kpc
(for an oblate spheroid). The central region of the bulge is
somewhat less flattened (Kent, 1983), which explains the positive
residuals between 2' and 5 in Fig.3b. The actual three-
dimensional structure is more complicated than an oblate spher-
oid. The position angle of the bulge changes more or less
continuously (e.g. Hodge and Kennicutt, 1982; Kent, 1983; cf.
Fig. 4 in Paper I), indicating that the bulge is triaxial or perhaps
contains a bar (Lindblad, 1956). The change in position angle for
the bulge is not taken into account in a decomposition of major-
and minor-axis profiles; this may have resulted in a slight
underestimate (~10%) of the effective radius of the bulge.

Our decomposition is different from that presented by de
Vaucouleurs (1958) who, on the basis of the apparently flat disk
profile, subtracted a constant disk surface brightness inside 50’
radius and then fitted an r'/* law to the bulge. The effective radius
that we derive, 2.0kpc, is smaller than that found by de
Vaucouleurs, 3.5kpc, the intensity at the effective radius higher,
22.2 compared to 22.9 magarcsec” 2. Ciardullo et al. (1987) also
discussed the decomposition of M 31’s light profile and found the
same bulge parameters as de Vaucouleurs. The different result is
probably due to two reasons. First, Ciardullo et al. basically used
the same data as de Vaucouleurs. They also included Kent’s (1983)
photometry, but that only covers the very inner region where the
ri/* law is not followed very well (Fig. 3a). The photometry for
regions brighter than B=21.80magarcsec”? was not directly
observed by de Vaucouleurs, but obtained by correcting data from
other sources, dating back as far as 1934. It is quite likely that the
data in this region, which is crucial in defining the bulge
characteristics, are less reliable than the more recent photometry
by various authors, discussed in Paper 1. Second, Ciardullo et al.
did not exclude the inner 1.5 from the fit; this results in a flatter
bulge profile. The difference between their and our decomposition
can be assessed from comparing Figs. 4a and 4b, where we show
the fit they propose, with Figs. 3a and 3b. The difference in the
residuals is not that dramatic, which illustrates the difficulty of
performing unambiguous bulge-disk decompositions, even in
relatively well-measured galaxies. This is in particular true for the
effective radius in the r'/4 law. Nevertheless, comparison of Figs. 4
and 3 does suggest that our decomposition is somewhat more
consistent with the data. In particular, the large effective radius for
the bulge is not supported by the minor axis profile and the bulge
fit proposed by Ciardullo et al. seems to be too bright around 10’
on the major axis.

The integrated intensity for the bulge is derived from the fit:

Ly =72157 I,r? g 3)

(e.g. de Vaucouleurs, 1958), where b/a is the apparent ratio of
minor to major axis and the other parameters are as in (1). It is
lower than the value from de Vaucouleurs, 5.39 mag in B versus
4.92mag (The 5.92 listed in his paper should be 4.92). Integrated
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Fig. 3a. The decomposition of the major axis profiles in B into bulge and disk components (dashed lines). The full drawn line is the sum of the bulge and disk fit.
Regions with spiral arm structure were excluded from the fit. Points at radii larger than 100’ were also not used, because photometric errors are large there. The top
panel shows the inner region plotted as a function of r/4. The CCD photometry by Kent (1983) is included; a zero-point offset was applied to his -band data to align
them with our B-band photometry. The middle panel shows the outer regions. The agreement between the data from de Vaucouleurs (1958) and our measurements is
excellent. The residuals are displayed in the bottom panel. The arrows indicate regions where the light distribution is notably influenced by dust. The residual
intensities correspond to spiral arms; the hump around 20’ may indicate a lens. The structure on the SW half is abnormally broad, because spiral arms overlap in the

average profile

bulge magnitudes in the other colors directly follow from the
constant color for the bulge (Sect.4). Subtracting the bulge
magnitudes from the total magnitudes derived in Paper I, gives the
integrated disk magnitudes. Notice that these now include the
contribution from the spiral arms.

The bulge and disk parameters following from our decompo-
sition are within the range observed for other Sb galaxies (e.g.
Boroson, 1981; Kent, 1985). The central surface brightness of the
disk has to be corrected to a face-on value for comparison with
other galaxies, but this is not straightforward for a galaxy with
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Fig. 3b. The decomposition of the average minor axis profile on the far side of M31. Notice that due to projection effects the bulge is brighter than the disk
everywhere. The residuals in the bottom figure again clearly show the region with major spiral arm features between 40’ and 75’

such a high inclination. A purely geometrical correction for the
inclination (— 2.5 log (cos (7)) is too strong as it neglects the effects
of internal extinction. Kent’s (1985) results indicate that, statisti-
cally, a correction of —1.7 log(cos (7)) is a better approximation.
If we combine this with the correction for foreground reddening,
Ag=0.3 (e.g. van Genderen, 1969; Walterbos and Schwering,
1987), we derive B, = 22.4magarcsec” 2. This value is somewhat
fainter than the canonical 21.6 magarcsec™2 (Freeman, 1970;
Boroson, 1981; Kent, 1985), but similar to that found for some

other Sb’s, e.g. NGC 7331 (Boroson, 1981). The bulge-to-disk
ratios in the various colors are listed in Table 1 as well. The bulge
contributes roughly 40% of the total intensity. Note, however,
that the values in Table 1 are not corrected for internal extinction,
which is likely to be more important in the disk than in the bulge.
In comparison with other Sb’s (Boroson, 1981; Kent, 1985), M 31
has a rather prominent bulge. Van der Kruit (1984) recently
compiled data on the bulge (spheroid) and disk of the Milky Way
and its morphological twin NGC 891. The size of M 31’s bulge is of
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Fig. 4a. The decomposition of the light profile of M 31 on the major axis, proposed by Ciardullo et al. (1987). The major difference with our decomposition is in the

bulge fit (effective radius is twice as large here)

the same order as that of these two galaxies, but the total
brightness is about a factor of 3 to 4 higher; the disks are quite
comparable.

4. The global disk and bulge colors

One of the purposes of the separation of the disk and bulge of M 31
was to look for color gradiens in these components. Radial color

variations in the bulge may be expected if a metal abundance
gradient, presumably set up during the formation of the sphe-
roidal component of the galaxy, exists. For the disk, color
variations reflect metal abundance variations or differences in the
age of the stars in the disk. Dust may produce apparent color
variations. Observations of color gradients in spiral galaxies so far
have not resulted in a clear picture. Evidence for color gradients in
bulges comes from photometry of edge-on systems (Van der Kruit
and Searle, 1981, 1982b), but the magnitude of the color
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Fig. 4b. Same as Fig. 4a but now for the minor axis. The data in the outer parts do not seem to support the large effective radius for the bulge proposed by Ciardullo et

al. (1987)

variations differs from galaxy to galaxy. Color variations in the
disk seem to be rather small, especially if the contribution from
young stars in the spiral arms is subtracted. Schweizer (1976)
found a gradient in the disk colors in only one (M81) out of six
galaxies. Jensen et al. (1981) detected a gradient in the inner part of
the underlying disk of M83. Van der Kruit and Searle (1981,
1982a) found no significant (< 0.3 mag) radial color variations in
the old disks of edge-on systems, at typical distances of 1kpc
above the plane. Wevers (1984), from a study of a large sample of

spiral galaxies, did not detect systematic trends in the radial color
distributions of the total disk light.

The different contributions of the disk and bulge of M 31 on
the major and minor axis make it possible to separate color
variations in the disk from those in the bulge. Because the disk
mainly contributes on the major axis, the color variations there
have to be due to the disk. Comparison of Fig. 2a with Fig. 2b
shows that the color variations along the major axis are larger than
those along the minor axis. Decomposition of the light profiles in
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Table 1. Bulge and disk parameters for M31*

Parameter Value Remarks
Bulge
Effective radius, r, 2.0kpc Fit to B profile®
True axial ratio 0.63 For oblate spheroid
B intensity at r, 22.2 mag arcsec 2
U-B 0.50+0.03 Zero point errors not
B-V 1.05+0.03 included
B—R 1.75+0.03
Integrated magnitude in B 5.39 From fit
Disk
Central surface brightness 21.60 Bmagarcsec ™2 Not corrected for
+0.10 inclination
Scalelength
U 6.8 +0.4kpc Exponential law,
B 5.84+0.3kpc followed out to 18 kpc,
vV 5.3+0.3kpc corrected for spiral arms
R 5.240.3kpc
Color in center Colors of fitted disk
U-B 0.55
B-v 1.05
B—R 1.80
Color at 20 kpc Colors of fitted disk
U-B 0.00
B-V 0.70
B—R 1.37
Color gradient
U-B 0.03 +0.01 mag/kpc
B-V 0.0184+0.008 mag/kpc
B—R 0.019 +0.008 mag/kpc
Integrated magnitude
U 5.22 Total — bulge
B 4.93
vV 4.12
R 3.40
Bulge to disk ratios, L,/(L,+ L;) Observed values, so no
U 0.35 correction for internal
B 0.39 extinction
vV 0.45
R 0.45

2 Colors and intensities are not corrected for foreground extinction (4= 0.3) or internal

extinction

® Errors for the bulge fit parameters are difficult to give, because r, and B are strongly

coupled; if r, goes down, B at r, would be higher (see Sect. 3)

all colors showed that the reduced color variation along the minor
axis can be explained by the larger contribution from the bulge
there, combined with a constant color for the bulge. Thus, the
bulge does not show a significant color gradient between 0.5 and
5.0 kpc, the range covered by our data. The U — B color decreases
by at most 0.15mag, and the B— R color by at most 0.1 mag. In
this respect M 31is different from the edge-on Sb NGC 891 where
van der Kruit and Searle (1981) find significant color variation
(1.0t00.7in B—V, 0.4 to —0.1 in U~ B). The color of the bulge
(B—V=1.05, U— B=0.50) is typical of that of elliptical galaxies,
but redder than that of most globular clusters in M 31 (e.g. Elson
and Walterbos, 1988).

The scalelengths of the disk fits (Table 1), show that there is a
radial color gradient in the disk. The variation is not large, but
probably real because it is consistently present in all colors. As a
result of the difficulty in selecting regions not contaminated by
spiral arms in the outer parts of the disk, the gradients listed in
Table 1 are probably upper limits; some contamination from
spiral-arm light may be present at large radii. The color variation
is very similar to that observed in the inner 3 kpc of the old disk of
M 383 by Jensen et al. (1981). It is unlikely that extinction by dust
causes the gradient, because the reddening free index Q, defined as
(U-B)—0.72(B—V) (not shown here) also shows a color
variation. In addition, for a normal reddening law, extinction
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would not result in a color difference larger in U— Bthanin B—V
(cf. Sect. S). The central colors of M31’s disk, (U—B=0.50,
B—V=0.95, after correction for foreground extinction) are
typically those of an old, metal-rich stellar population; the
equivalent spectral type is G5,III or KO, V.

Most if not all of the color gradient in the disk can be
accounted for by a radial abundance gradient in M31. The stellar
population models of Tinsley (1980) indicate that a metallicity
gradient of a factor of 5-10 between 0-20 kpc would reproduce
the observed color gradients, and measurements of the interstellar
gas abundances by Blair et al. (1982) show an actual gradient of a
factor of 5 over this range. It is also possible that a part of the color
gradient reflects a change in the mean age of the stellar population
with radius, but this effect should be small, because the spiral arm
regions were excluded from the fit.

5. Dust and gas in two spiral arms

5.1. Optical extinction and reddening law

Dust lanes and dust clouds in M 31 are very conspicuous in optical
pictures of the galaxy, but in spite of the clear appearance only
limited information on their extinction properties is available.
Baade (1963) used the dust lanes as tracers of spiral arm structure
in the inner parts of the galaxy. Hodge (1980) presented a catalog
with the positions and sizes of some 700 dust clouds. Hodge and
Kennicutt (1982) estimated the extinction in a few isolated dust
clouds from surface photometry in the blue. The extinction in the
dust lanes along the minor axis was studied by Hoessel and
Melnick (1980) and by Hodge and Kennicutt (1982). Gallagher
and Hunter (1981) analyzed compact dust clouds in the central
region. Other information on the extinction properties of the dust
in M 31 comes from studies of individual objects, such as Cepheids
(Van Genderen, 1973) or globular clusters (e.g. Iye and Richter,
1985 and references therein).

We will analyze the properties of the dust in M31 in
considerable detail below. However, some information on the
extinction law follows directly from Fig. 5 where we showa U—V
color image of the inner part of the disk (out to 12 kpc) and a map
of the color index Q, defined as (U—B)—0.72(B—V). The Q
index is reddening free if the dust is in front of the light and if it
follows the same extinction law as in our Galaxy. Dust lanes
appear as dark bands in the U— V image and are especially well
visible on the near (West) side of M 31. The light colored regions
correspond to young stars in the spiral arms; these are strongly
concentrated in the ring at 10 kpc. The remarkable thing is that the
dust lanes are completely absent in the map of the reddening free
index. This immediately suggests that the reddening law in M 31
will not be very different from that in the Milky Way. The
significance of this result can be assessed from the analysis
presented below. The uniformity of the Q color in the part of the
disk interior to the 10 kpc ring indicates that the paucity of star
formation regions there, as indicated by optical surveys of the OB
associations (van den Bergh, 1964) and the H 11 regions (Baade and
Arp, 1964; Pellet et al., 1978), is a real effect and not due to dust
obscuration.

5.1.1. Method of analysis

Analysis of the extinction in the dust lanes in external galaxies
from multi-color surface photometry is difficult because of lack of

!

knowledge of the geometry of dust and light sources, of the true
intensities, and of the absorption and scattering properties of the
dust grains. Detailed studies with a complete treatment of the
radiative transfer in the clouds, including the effects of scattering,
have been presented by for example van Houten (1961) and
Elmegreen (1980); these authors clearly demonstrate the complex-
ities that are involved and the large number of assumptions that
have to be made. Van Houten’s study in particular shows that one
cannot hope to learn much about the physical properties of
individual dust grains from broadband photometric studies.

We adopt a much more simple approach, which nevertheless
provides useful information on the global properties of the dust,
such as the extinction law and the relation between dust and H1
gas. The high inclination of M 31 hampers most observational
studies, but in the case of the dust lanes it helps, because to first
order the dust on the near side of the galaxy is in front of the light
of the galaxy, while the far side of the galaxy can be assumed to be
unobscured. The situation is sketched in Fig. 6. Not only the bulge
is behind the dust lanes on the near side, but also most of the disk
light. Because of the thickness of the disk in combination with the
exponential decrease of the intensity with radius, the disk light
behind the dust on the near side stems from relatively smaller radii
than the disk light behind the dust on the far side. We assume that
the light distribution of the galaxy is point-symmetrical with
respect to the nucleus and define the observed extinction on the
near side at wavelength 1, 4,, by

A,=—-25log (Ll“ﬂ) “

far

The symmetry argument has been used before in studies of spiral
galaxies (e.g. Lindblad, 1941; Elvius, 1956) and the term “light
asymmetry” was sometimes used to denote A, . The assumption of
symmetry with respect to the nucleus may not be true for the disk if
spiral arms are present. This is particularly so for the U intensities,
which are most affected by OB associations in the spiral arms.
Usually, the associations can be identified on the multi-color scans
and no serious errors are introduced. The extinctions derived in
this way are lower limits to the true extinction for several reasons:

1. The dust is not completely in front of all the light. The
effects of this are analyzed below.

2. The neglect of light scattering. In general, part of the light
from directions other than the line of sight, is scattered into the
line of sight, resulting in a higher intensity towards the dust lanes
than should have been observed.

3. The assumption that the far side is not obscured is not quite
true. However, if more than 80% of the light is in front of the dust
on the far side, which is quite likely, the maximum observed
extinction cannot be more than 0.25mag. The observed extinc-
tions in the dust lanes that could be traced on the far side were
always less than this.

We now first establish the relation between observed and true
extinctions if some of the light is in front of the dust. Two extreme
cases are considered, viz. an infinitely thin dust layer with an
optical thickness 7, , situated somewhere in a stellar disk (e.g.
Elvius, 1956; Gallagher and Hunter, 1981; Price and Grasdalen,
1983), and a uniform mixture of stars and dust. Scattered light is
not treated in this analysis, but it is assumed that both the
absorbed and the scattered light in the layer never reach the
observer, in other words we consider “pure” extinction. The
possible influence of light from the bulge that is scattered off the
dust in the disk in the direction of the observer will be discussed
later.
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Fig. 5a. High resolution (15” square pixels) U— V color image of M 31. Red regions, such as dust lanes are relatively dark; blue regions appear light. The region
around 10 kpc (50°) is clearly much bluer than the inner part due to the presence of young stars. Interior to the ring, some isolated OB associations located in the inner
spiral arms are visible. Only the part of M 31 for which the intensity in the B band is higher than 24.0 mag arcsec ™ 2 is shown. Gray levels: <0.90, 0.90 to 1.03, 1.03 to
1.16, 1.16 to 1.29, 1.29 to 1.42, 1.42 to 1.55, 1.55 to 1.68, >1.68
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Fig. 5b. Map of the reddening free color index Q, defined according to the galactic reddening law as (U— B) — 0.72 (B— V), at a resolution of 40”. Notice that dust
lanes indeed are no longer visible. Some isolated OB associations appear in the inner spiral arm on the near side (bottom), which is very heavily reddened in the U— V'
image. The calibration of the very central region (inner 5') is not very reliable and the high Q color may not be real. Gray values (from light to dark): < —0.50, —0.50
to —0.43, —0.43 to —0.36, —0.36 to —0.29, —0.29 to —0.22, —0.22 to —0.15, > —0.15
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far

near

Fig. 6. Sketch of the location of an observer on the earth with respect to the
disk of M31. Most of the bulge light and a major fraction of the disk light is
behind the dust lanes on the near side due to the high inclination of the galaxy

For an infinitely thin thust layer the observed intensity is the
sum from the contributions of unobscured light in front of the dust
layer and obscured light behind the dust layer:

Lobs (A) = ot (A) + T (D €™ (52)
Lirue (A) = Tont (A) + Tex (A); (5b)
we assume I, =1,...

Let x be the fraction of light in front of the dust;

Toni = Xlie;  Toae =1 —%) e - 6)
Then we can define:

I,= %i—%:x—i—(l—x)e’”. @)
The observed extinction in magnitudes in that case is [cf. (4)]:
A, =—25log (). ®)

The optical depth values for different wavelengths are related
according to the reddening law. For the galactic reddening law we
have (Savage and Mathis, 1979):

ty=1.5567,; 153=1.3237,; 12=0.8187, )
leading to:

Tty .. EWU-B) ty—15
R, = TB_TV—3.1, EB—V) ~ TB_TV—0.72. (10)

The total, true extinction in mag is proportional to the optical
depth:

A0 =1.0867;. 1)

The relation between the observed extinctions in two colors for
different values of x as a function of 7, is shown in Fig. 7. Only for
x=0 a linear relation holds. The maximum deviations from
linearity occur for widely separated colors, so a comparison of A
with A, shows the effects best. The deviation is in the sense of
relatively less reddening; for infinitely large optical depth and
x % 0, the extinction observed in two color bands is the same,
because only the light in front of the dust lane reaches the
observer. Note that here the assumption is made that the fraction
x is the same for all colors; this will be true on average if the
scaleheight of the distribution of dust layers is smaller than the
scaleheight of the star light in each color, a situation which is true
to first order for such a highly inclined spiral, because most of the
light behind and in front of the dust is relatively far away from the
layer. In addition, we assume. that the line of sight traverses only
one dust layer. For multiple dust layers, the picture is qualitatively
the same, but the exact relations are different. The distinction

73

between one layer and multiple layers cannot be made from the
data. The effect of clumping in the dust and the effects of light
from behind the dust layer that is scattered into the line of sight of
the observer, would also move the linear curve in Fig. 7 to the
region occupied by curves for x # 0 (e.g. Caplan and Deharveng,
1986).

As an opposite example we consider a uniform, homogeneous
layer of dust and stars, so in this case the dust layer has the same
thickness as the stellar layer. Then the following well-known
expression holds:

Iobs(/l) — 1—e™™
Lire (A) T2

The resulting relation between A, and Ay, again for a galactic
reddening law, is also shown in Fig. 7.

Two important conclusions can be drawn from these geo-
metrical considerations:

1. For small values of x (up to 0.2) and modest visual optical
depths of the dust layer (up to 1.0, so a thin dust screen) the
observed points in the diagram of 4, against 4 should lie close to
the expected linear relation and the observed extinctions provide
information on the reddening law.

2. The true optical depths may be significantly higher than
indicated by the observed extinctions, even for small values of x;
this is shown by the lines of constant optical depth in Fig. 7. An
idea of the true extinctions can in principle be obtained from the
positions of the observed points in the diagram (This is only true if
one dust layer is present along the line of sight, and if light
scattering and clumping are unimportant).

Another way to show the effects of a dust layer inside a stellar
disk, is to plot the total extinction A4, against the selective
extinction, E (U— R); this diagram is shown in Fig. 12. Itis similar
to the “asymmetry curves” constructed by Elvius (1956) in a study
of the dust lanes in several spirals. Again the curves demonstrate
the important point that for dust mixed with star light, the
reddening does not simply follow a Whitford curve, because the
heavily reddened regions suffer so much extinction that they don’t
contribute much to the integrated colors of the galaxy.

I,=

(12)

5.1.2. Results

We obtained 8 scans in each color, passing through the nucleus
and distributed around the minor axis with position angles in the
plane of the sky ranging from 173° to 73°. Examples of scans can
be found in Paper I (minor axis and West/East scan). The region
between 0’ and 20’ from the nucleus was analyzed in steps of 30”. A
50" aperture was used; this provided a reasonable compromise
between spatial resolution and signal-to-noise. The diameter of
the aperture corresponds to a linear distance of 167 pc, or 167 by
700 pc in the plane of the galaxy (on the minor axis). In addition,
for the inner dust lane the signal-to-noise was sufficiently high that
extinctions through a 16" aperture could be measured as well. The
apparent extinctions in all four color bands were derived for each
scan according to expression (4). The resulting profiles of the
extinction in B, Ag, for the 50” aperture are shown in Fig. 8
(points), together with the integrated H1 column densities in the
disk, obtained through the same aperture (dashed curves).

The typical error in the derived extinctions due to photometric
errors and plate noise is 0.05 to 0.1 mag for the inner region
(r<10’) and 0.1 to 0.2 mag for the outer region. Two major dust
lanes can be identified in each scan; one corresponds to a spiral
arm at about 4kpc (5’ on the minor axis) from the nucleus, the
other to an arm at about 9 kpc distance. The 4 kpc arm produces
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Fig. 7. The relation between the extinctions in U,
Ay, and in R, Ay, that would be observed for an
infinitely thin dust layer embedded in a stellar disk;
the Galactic reddening law was assumed. x indicates
the fraction of light that is in front of the dust

layer. The parameter that varies along the curves is
the true optical depth of the dust layer in the V
band. The thin dashed lines connect points of equal
optical depth. For infinite optical depth the observed
extinctions in the two colors are the same because
only the light that is in front of the dust reaches the
observer. The long dashed line shows the expected
relation for a uniform mixture of stars and dust. The
plusses indicate the true optical depth of the dust
layer for this case; values of 1, 1.5, 2, 3, and 4 are

| indicated

0.4 08 12

the most conspicuous dust lane in optical photographs. From H1
and CO observations (Bajaja and Shane, 1982; Brinks, 1984;
Stark, 1985) it is known that this arm has an apparent inward
radial velocity of about 40 to 80kms™!. Only a few small OB
associations and H 1 regions are present (Van den Bergh, 1964;
Pellet et al., 1978; Fig. 5b) and it is basically a dust and gas arm.
The 9kpc arm is most obvious in H1 and contains many star
formation regions (Fig. Sa).

We derived the relations amongst the extinctions in the various
color bands from the plots shown in Figs. 9-11. Figures 12and 13
show diagrams of the total against selective extinctions for various
color combinations. All measurements contaminated by fore-
ground stars or OB associations on either the near or far side were
deleted. Examples of such regions can be seen in the panels of
Fig. 8,e.g. around — 15’ in the scan with p.a. 98°, or around —15’
in the scan with p.a. 113°. Note that an association on the far side
produces an apparent extinction on the near side.

16

Figures 9 and 10 show the results for the inner dust lane, for
two different apertures. The relationships between extinctions in
different color bands are essentially linear, consistent with the idea
that all the light is behind the dust. The consistency between the
relations derived for different apertures shows that clumping does
not affect our results. The reddening law, derived from the slopes
of the linear curves that were fit to the points in the diagrams, is
listed in Table 2. The data are consistent with a reddening law
equal to the Galactic law, although a somewhat lower value for
Ry, 2.8, is indicated. Our value for Ry is in good agreement with
the results from studies of globular clusters (Kron and Mayall,
1960; van den Bergh, 1969; Iye and Richter, 1985) that indicate
values of 2.6. Hoessel and Melnick’s results for the minor axis
were also consistent with a normal Galactic value for R,,. Hodge
and Kennicutt (1982) derived a somewhat higher value (4.3+0.7),
but this is based on a few data points. The scatter in our data is too
large to put severe constraints on the ratio of E(U—B)/E(B—V);
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Fig. 8. The association between dust and H 1 gas in M 31 is illustrated in these panels, which show profiles of the extinctions in B on the near (West) side of the galaxy
(dots) and of the column densities of neutral atomic hydrogen in the disk (dashed) for eight separate scans. An aperture of 50” was used for both data sets. The
position angles in the plane of the sky, measured from North to East, are indicated. The nucleus is located at position 0. The bars below the cuts indicate regions where
the derived extinctions are unreliable due to contamination by foreground stars or by OB associations on either the near of the far side of M31. Notice that the
observed extinctions may be lower limits to the true extinction (see text). For the minor axis cut, integrated CO antenna temperatures taken from Stark (1985) have
been included as well. The H1 column densities have been corrected for the contribution of gas associated with the warp (Brinks and Burton, 1984)
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Fig. 9. The relation between the apparent extinctions in various colors that were derived from a comparison of the intensities measured through 50" apertures on the
near and far side of M 31. The results of eight separate scans distributed around the minor axis are included. These panels show the results for a dust arm at roughly
4kpc on the West side of M 31. The lines show the relation expected from a Galactic reddening law with no foreground light towards the dust lane. Possible
explanations for the systematic offset between the points and the line are discussed in the text. Typical measurement errors in the extinctions are <0.1 mag
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Fig. 10. Same as Fig.9, but now for a 16” aperture. The larger photometric errors in the small aperture result in more scatter than in Fig. 9

we cannot rule out the larger value (1.0) that was derived by Iye
and Richter (1985) from a study of the globular clusters, but our
data are more consistent with a lower value.

Figure 11 shows that the situation for the outer dust lane
around 9kpc is more complicated. The scatter in the derived
extinctions is larger here than for the inner dust lane, because the

photometric errors are larger at low intensities. Furthermore, the
contamination by young stars in the disk of M 31 is more severe.
Linear fits to the points in these panels results in the relaticns listed
in Table 2. Departures from the linear relation due to foreground
light are suggested in the (4y, Ag) plot. This is indicated by the
curves corresponding to 10, 20, and 30% foreground light that are
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Table 2. The reddening law in M 31

Parameter Inner lane Outer lane? Galactic law
Ayl/Ay 1.534+0.04 1.3 +0.1 1.556
AglAy 1.3540.03 1.20+0.08 1.323
Ry=Ay/(Ag—Ay) 2.8 +0.3 3.5 =7.0 3.1
E(U-B)/E(B—V) 0.6 +0.2 — 0.72

2 Quter lane possibly influenced by foreground light, see text (Sect. 5.1.2) for

details

included in Fig. 11. However, much less evidence for this is found
in the (Ay, Ay) plot and the direct comparison of A, with Ay in
Fig. 11 suggests that a systematic error in either ¥ or R may be
present. Such an error is not excluded by the uncertainties in the
photometry at this brightness level. In any case, our data do not
require a change in reddening law with distance, but the un-
certainties are too large to be able to detect small differences.

Figure 12 shows the points for the two dust lanes in the Ay
against E(U— R) plot. It we assume that the R photometry is not
affected by systematic errors, the lines of constant optical depth in
this diagram suggest that the true optical depths in the dust lane
around 9 kpc may reach a value of 2 to 2.5 (in a 50” beam), which
implies a maximum extinction in the V of about 2.2 or 2.7 mag.
Hiromoto et al. (1983) found similar numbers from color vari-
ations in near-infrared scans. Elmegreen (1980) concluded that
extinctions in prominent (face-on) dust lanes in spiral galaxies are
also in this range.

A remarkable feature of the diagrams in Figs. 9 and 10 is the
offset of the points for the inner dust lane with respect to the linear
curve. The shift of the points means that there is a color difference
between far and near side (the near side is too red or the far side too
blue) that cannot be simply explained by reddening. The offset is
in opposite sense to that expected from geometrical effects (Fig. 7)
or clumping. The deviations are largest for the U band and
decrease with increasing wavelength. The offsets cause a shift of
the points to the botton right in the plots of total gainst selective
extinction (Figs. 12 and 13a). For the outer dust lane the effect is
smaller or absent. We have neglected the offsets in the derivation
of the reddening law, which is based on the slopes of the fits to the
points. Contrary to the offset between 4, and Ay in the outer dust
lane, it is unlikely that the offsets for the inner dust lane are due to
systematic errors in our analysis; errors in sky subtraction are
unimportant at the levels we are dealing with here, and errors in
the calibration curve of the photographic plates would affect both
halves of the galaxy equally, Large scale asymmetries in the light
of the galaxy would produce similar offsets for all colours, which is
not observed; the same is true if an incorrect position for the
nucleus would have been used in the comparison of near and far
side intensities. Furthermore, de Vaucouleurs (1958) found
similar departures in the plot of total against selective extinction
for the minor axis of M31.

Offsets such as those discussed above have been noted for
other spirals (e.g. Lindblad, 1941; Elvius, 1956) and more recently
for the lenticular galaxy NGC 7070A (Brosch et al., 1985). The
color dependence suggests that the effect may have to do with light
scattering. Elvius (1956) analyzed several highly inclined spirals
and extensively discussed the interpretation of the diagrams of
total against selective extinction (her “asymmetry diagrams”).

The diagrams for M31 are qualitatively similar to hers for
NGC4216; this was also noted by de Vaucouleurs (1958).
According to Elvius (1956), points below the straight line in
diagrams such as Fig. 12 can be explained by the effects of bulge
light scattered off the disk in the direction of the observer. The
major problem with this interpretation is, however, that in her
picture the bright side of the galaxy is the near side. From studies
of the reddening of globular clusters (Iye and Richter, 1985) it is
known that this is definitely not the case for M 31. The analysis by
Elviusis based on the assumption that the scattered light would be
relatively blue, i.e. scattering would be more color selective than
absorption. On the other hand, observations of the Merope
Reflection Nebula in the Milky Way (Andriesse et al., 1977)
indicate that blue and ultraviolet light is scattered more or less
isotropically and red light most strongly in forward direction. If
that is the case, we would expect a relative increase of the intensity
of red light on the near side. This would at least qualitatively be
consistent with the observations: the extinctions in R are smaller
than the extinctions in U predict (Fig.9). In this respect it is
interesting to note that the spectrum of light reflected off a high
latitude cloud in the Milky Way (Mattila, 1979) is much redder
than what would be expected from reflected light from the
interstellar radiation field (de Vries, 1986).

There is in principle another effect that can introduce a shift of
the points in the observed sense: the presence of dust on the far
side. This dust will in general have a large amount of light in front
of it. If, in addition, it has considerable optical depth, the far side
of the galaxy will be somewhat obscured, but not much reddened.
Because we subtract (in magnitudes) the near side from the far
side, the obscuration on the far side results in reduced observed
extinctions for the near side and, more important, the reduction
would be relatively strongest for the extinction in R. The problem
with this interpretation is that a large optical depth for the dust on
tha far side would be required to account for the observed relative
shift of about 0.15mag in 4y, compared to Ax (Fig.9). From a
diagram such as Fig. 7 we estimate that if 80% of the light is in
front of the dust, 7,, would have to be at least 5 to produce the
observed shift. Such dust lanes would produce observable extinc-
tions of order 0.2 to 0.4 mag in all colors. In direct tracings of the
light distribution on the far side no such dust lanes in the region of
interest are found.

One last point that might be of relevance, concerns the
assumption of constant x for all colors. If the scale height of the
red light is higher than the scaleheight of the ultraviolet light, the
observed extinctions in R would be systematically lower than
those in U if the dust layer on the near side is displaced from the
midplane in the direction of the observer, because in that case the
fraction of light in front of the dust, x, would be larger in R than in

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


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1988A%26A...198...61W&amp;db_key=AST

FTIBBAGA = 198 -2 61N

Ag

15

1.5

T L T T T I T

OUTER DUST LANE
50 arcsec aperture

OUTER DUST LANE
50 arcsec aperture

T rj

OUTER DUST LANE
50 arcsec aperture

OUTER DUST LANE
50 arcsec aperture

79

Fig. 11. Same as Fig. 9, but now for a dust lane at about 9 kpc from the center. The lines again show the relation predicted from a galactic reddening law. Two of the
panels include lines which show the relations expected if some fraction of the light along the line of sight is in front of the dust; indicated are lines corresponding to
fractions of 10 and 20% (and 30% for the bottom right panel) of foreground light (compare Fig. 7). The estimated errors in the individual points are £0.2mag. The
plot of 4, against 4, shows that foreground light may play a role in this lane, but this is not certain because the (4g, 4,) diagram suggests that a systematic error is
present in either 4, or Ag (compare with Fig.9 or 10 where the photometric errors are smaller and no offset between 4, and Ay is present)
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U. However, since most of the light in the region of the inner dust
lane is contributed by the bulge a difference in scaleheight is not
very likely.

To summarize, bulge light scattered off the dust in the disk is
probably the cause of the offset. This explanation implies that red
light is more strongly forward scattered than blue and UV light.

5.2. The relation between gas and dust

The close proximity of M31 allows a detailed quantitative
comparison between dust and gas. Walterbos and Schwering
(1987) studied the correlation between dust and atomic hydrogen
gas, using the infrared emission as a tracer of the dust. The optical
data, discussed in the previous section, provide new independent
data on the dust and allow a comparison at much higher
resolution, though limited to a smaller part of the galaxy.

The tight spatial correlation between dust and atomic gas in
M 31 has been noticed before (e.g. Unwin, 1980a, b; Brinks and
Shane, 1984). Hodge (1980) found an apparent anti-correlation
between dust and H1, but this was based on a comparison of the
radial distributions of the number of dust clouds and the H1
column density, and not of the actual amount of dust. The analysis
of the infrared data (Walterbos and Schwering, 1987) shows
evidence for a radial decrease in the dust-to-(atomic) hydrogen gas
ratio, which might account for at least part of the result found by
Hodge. The close spatial correlation between atomic gas and dust
is well illustrated in the panels of Fig. 8 and on a more global scale
in Fig. 14. The top picture shows a masked version of an optical
map of M31 that was derived from a calibrated, digitized IIIaJ
plate (Paper I). The map was obtained by dividing a high
resolution intensity map by a smoothed version of the same map,
but with foreground stars subtracted (see Paper I). The spatial
filtering removes the large scale light distribution and enhances
the contrast for small scale structures. The bottom half of the
figure shows the full resolution (23" x 35") integrated H1 map
from Brinks and Shane (1984), on the same grid as the dust map.
We blinked the two maps and found that the correlation between
dust and H1 features is striking on all scales, down to the
resolution limit of the H1data (roughly 100 pc). A rectified version
of the masked image is shown in Fig. 15. It gives a good impression
of the complicated spiral arm structure of M31; clearly, arm
segments can be traced over distances of several tens of kpc, but no
regular two or one armed pattern emerges, consistent with earlier
findings.

The correspondence between dust and neutral atomic gas can
be studied quantitatively by comparing the extinctions in the dust
lanes that were derived in Sect. 5.1.2, with the corresponding H1
column densities. Brinks and Burton (1984) derived a model for
the Hiwarp of M 31 and separated the gas in the disk from the gas
in the warp. We used their maps to derive the H 1 column densities
of the disk and the total H1 column densities; the same aperture
(50") was used as in the optical measurements. The distinction
between total H1 and disk H1 is important near the minor axis,
because the gas layer in the outer parts is so severely warped that it
is projected into the line of sight towards the disk on the near side
M31. Figure 8 shows a direct comparison between the measured
extinctions in the dust lanes and the disk H 1 column densities. The
structure of the two components is very similar; the arm widths
are the same and the positions of the peaks coincide.

For the minor axis, information on the molecular gas is
available from CO data (Stark, 1985). The CO profile is similar to
the dust and H1 gas profiles. A conservative conversion factor of
2.510%°molcm ™2 per integrated degree antenna temperature
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(Ryden and Stark, 1985) results in mass surface densities in the line
of sight between 2.5-16.0 M, pc™2, in the same range as the
neutral gas surface densities (5-20 M, pc~?) and not much less, as
has been claimed before (e.g. Stark, 1985; cf. also Walterbos,
1986). Thus part of the extinction will be due to dust associated
with molecular gas. However, for lack of more CO data we can
only make a comparison of dust with H1 data.

The relation between observed extinction and neutral gas
column density in the two dust lanes is shown in Fig. 16. To assess
the effects of gas associated with the warp, diagrams are shown for
both the total H1column density and the disk H1column density.
A linear relationship between 4z and Ny, is suggested by the
figures. However, there is an offset in the sense that the extinction
already drops to zero while a finite amount of H1is still indicated.
It would be of interest for theories of grain formation if this would
be a physical effect (no dust unless a certain amount of gas is
present), but several other explanations can be thought of as well.
One of these is that the observed extinctions might all have been
underestimated by a more or less constant amount (0.1 to 0.2 mag)
due to the fact that our assumption that the far side is not obscured
is incorrect, or due to bulge light scattered into the line of sight.
Such an underestimate could also result from light in front of the
dust on the near side. Finally, the effect may indicate that the H1
column densities are still contaminated by gas in the warp. A lower
dust-to-gas ratio is indicated for the gas in the warp (see below), so
this gas would not produce much extinction but it would
contribute to the gas column density.

The panels in Fig. 16 show that the scatter is significantly
smaller if disk H1 column densities are used instead of total
column densities, especially for the outer dust lane (correlation
coefficients of 0.86 and 0.79). Because the extinctions that we have
derived should be sensitive to all dust in front of the light, this
implies that the warped gas apparently produces relatively less
extinction, suggesting a lower dust-to-(atomic) hydrogen gas ratio
there. A more detailed picture of the variation of this ratio may be
obtained from Fig. 17, where we plot the ratio of A5 to Ny, asa
function of distance to the center. The positions on the profiles
were converted to a position in the plane of the galaxy, assuming
an infinitely thin dust and H1 gas layer and an inclination of 77°.
The observed extinctions and disk H1 column densities were used,
and no correction was applied for the offset in Ny, for zero
extinction than is seen in Fig. 16. Correcting for this offset, by
subtracting it from the H1 column densities before the division,
would result in a slightly steeper radial dependence than is now
found in Fig. 17. The value predicted for the dust-to-(atomic)
hydrogen gas ratio observed in the solar neighborhood (Savage
and Mathis, 1979) is indicated. This value is based on total
extinction along the line of sight, so it includes dust in molecular
clouds, which is also the case in our comparison.

The interpretation of Fig. 17 is hampered by the fact that in
principle all observed extinctions may be lower limits to the true
extinction. In particular, the departures from the expected linear
relation in Fig. 11 indicate that this is almost certainly true for the
outer dust lane around 9 kpc, although as discussed in Sect. 5.1.2,
systematic errors in the photometry may play a role as well.

In spite of these limitations some important conclusions can be
drawn from our analysis:

1. The observed extinctions have values that are compatible
with a dust-to-gas ratio equal to that in the solar neighborhood.

2. A possible radial variation in dust-to-(atomic) hydrogen gas
ratio is probably flatter than indicated by the points in Fig. 17,
because it is unlikely that the extinctions in the inner dust lane
would be more underestimated than the extinctions in the outer
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Fig. 14a. Masked image obtained from calibrated IIIaJ plates. The masking removes large scale light gradients and highlights structural features in the light
distribution such as dust lanes (dark) and bright associations (light). Structures larger than 5’ are attenuated by the filtering process. At least four spiral arm crossings
can be seen on the near side of M 31 (bottom side in figure). The light of the bulge of M 31 and of the elliptical M 32 is not removed by the filtering, because the intensity
gradients are too steep

bl ! | ! | |v | T | j I ] | ! “| ! | ]

» 20 .
Y = _
(08 -

- 20’_ pu—

- i : 10"
- . - " - N 2 kpc -
A 1 N ] ] | 1 | 1 | | | | |
-60° 240’ -20° 0" +20° 40" +60°

X

Fig. 14b. The integrated H 1 map from Brinks and Shane (1984) on the same scale as the dust map above. Notice the striking correlation between H1and dust, on all
scales down to the resolution limit. A nice example are the dust clouds on the major axis around X = +28'
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Fig. 15. Theimage of Fig. 14a, regridded to a face-on projection, for an inclination of 77°. Long spiral arm filaments can be clearly traced, but no regular two or one

armed spiral is discernible

dust lane (cf. Figs. 9 and 11). The maximum gradient indicated by
these points corresponds to an exponential scalelength of about
8kpc. The optical data certainly do not rule out a radial
dependence of the dust-to-gas ratio; especially the indications for
the low dust content in the warped H1 gas are consistent with a
radial variation. The scalelength of the metal-abundance gradient,
roughly 12 kpc (Blair et al., 1982) is also compatible with the upper
limit on the variation in dust-to-gas ratio. It should be pointed out,
however, that a radial variation in dust-to-(atomic) hydrogen gas
ratio found from an analysis as this one could also be caused by a
radial variation of the Ny, to Ny, ratio, because the extinctions
are sensitive to all dust. The scatter in Fig. 16 is probably also at
least in part due to the neglect of the molecular gas.

Bajaja and Gergeley (1977) compared the reddening of
globular clusters with the H1 column densities along the line of

sight and found a decrease of about a factor of 1.5 to 2 in the dust-
to-(atomic) hydrogen gas ratio between 5 and 12 kpc. A study of
the radial variation of the dust-to-(atomic) hydrogen gas ratio
based on an analysis of the infrared emission from the dustin M 31
(Walterbos and Schwering, 1987), indicates a steep gradient
(scalelength of about 4 kpc), but that analysis is complicated by
possible effects of small grains on the infrared emission. The
conclusion of that paper is that a real gradient is present, but with
a larger scalelength than 4kpc. Unfortunately, a direct com-
parison with the infrared results is difficult, because the resolution
of the IRAS data is much lower. For the outer dust lane, the
extinctions indicated by the cool dust map (see Walterbos and
Schwering, 1987) are higher than the optical values derived above
by a factor varying between 1 to 2.5, not inconsistent with the
present results. The inner dust lane is not well separated from the
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Fig. 16. Diagrams showing the relation between the observed extinction in the B band and H1column density. The results for the inner (4 kpc) and outer (9 kpc) dust
lane are shown separately. If only the disk H 1column density is used (bottom figures), the scatter is reduced. The extinctions may be lower limits to the true extinctions

(see text)

nuclear emission in the IRAS data and a comparison with the

6. Summary of results

optical data is not possible here. A further complication is the fact

that the IRAS data are mainly sampling dust associated with
diffuse H1 gas, while the optical extinctions are sensitive to both

dust in H1 and dust in H, clouds.

The main results of our study of stars and dust in M31 are as
follows:

1. The position angle of the outer parts of the disk changes
significantly for radii larger than 90’ (18 kpc), in agreement with
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Fig. 17. The ratio of the extinction in B to the H 1 column density in the disk as a
function of distance to the center. The points with low extinction generally fall
below the other points as a result of the finite amount of H1 for zero extinction
(cf. Fig. 16), for which no correction was applied here. The value expected for a
dust-to-(atomic) hydrogen gas ratio similar to that in the solar neighborhood is
indicated. The interpretation of this diagram is complicated by the fact that all
extinctions may be lower limits to the true extinction (see text)

earlier findings (Innanen et al., 1982). On the SW side the change
seems to indicate a warping of the stellar disk; for the NE side the
results are less conclusive, because the emission is very faint there.

2. The intensity and color profiles along the two main axes
were decomposed in bulge and disk components (see Table 1). Itis
shown that the earlier classification of the disk profile of M 31 as
“type II’ is most likely due to the influence of spiral arms.

3. The bulge profile can be well represented by an */* law. The
bulge contributes roughly 40% of the observed total light. There is
no evidence for a radial color gradient in the bulge.

4. Anexponential fit to those parts of the disk that do not seem
to be influenced by spiral arms, indicates that the colors of the disk
get bluer with increasing distance to the center. The color gradient
is about 0.02magkpc~! in B— R. The inner part of the disk has
colors typical of an old, metal rich stellar population. The color
variation may be due a variation in metal abundance, but age
effects may also contribute.

5. The analysis of the two major dust lanes on the near side of
M 31 shows that the extinction law in M 31 is very similar to that in
the Galaxy. A value of 2.8 +0.3 is derived for the ratio of total to
selective extinction in the visual. Diagrams of the observed
extinction in one color against that in another color show
systematic offsets with respect to the expected relation; similar
offsets are observed in other spirals. The offsets are in the sense
that the near side of the galaxy is relatively red. They can probably
be explained by scattering of bulge light off the dust in the disk. If
this explanation is correct, the observations imply that red light is
scattered more strongly in forward direction than blue and
ultraviolet light.

6. A striking correlation between dust and atomic hydrogen
gas is indicated by comparison of a masked optical image and a
high resolution map of the Hr distribution. The correlation is
studied quantitatively by a point-to-point comparison of dust and
gasin the two major dust lanes on the near side. The resulting dust-
to-(atomic) hydrogen gas ratios are consistent with the value for
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the solar neighborhood, but do not rule out a radial decrease of
this ratio. In particular, the dust content of the gas in the warp
seems to be low.
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