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ABSTRACT

A model of the bar and old stellar disk of the Galaxy has been derived from the survey of the Diffuse
Infrared Background Experiment (DIRBE) of the Cosmic Background Explorer at wavelengths of 1.25,
2.2, 3.5, and 4.9 um. It agrees very well with the data, except in directions in which the near-infrared
optical depth is high. Among the conclusions drawn from the model is that the Sun is located approx-
imately 16.5 pc above the midpoint of the Galactic plane. The disk has an outer edge 4 kpc from the
Sun and is warped like the H 1 layer. It has a central hole roughly the diameter of the inner edge of the
3 kpc molecular cloud ring, and within that hole lies a bright, strong, “early-type” bar, tilted approx-
imately 14° from the Sun—Galactic center line. The model has 47 free parameters. The model is discussed
in detail, and contour plots and images of the residuals are presented.

Subject headings: diffuse radiation — galaxies: photometry — Galaxy: fundamental parameters —
Galaxy: structure — infrared: galaxies

1. INTRODUCTION

Only in recent years has it become accepted that our
Galaxy is barred. For decades, the prevailing assumption
had been that the central concentration of stars, hidden by
intervening dust, could be described by a spheroid in which
the density of stars fell as a power of the distance from the
center. So much was suggested by the distribution of globu-
lar clusters in the Galaxy and by the structure of elliptical
galaxies and the apparent shape of the central bulges of
many spiral galaxies viewed edge-on. What little obser-
vational evidence there was, obtained by counting stars in
low-extinction windows toward the inner Galaxy, did not
disprove this notion. Some examples of spheroidal bulge
models may be found in de Vaucouleurs & Pence (1978),
Bahcall & Soneira (1980), Kent (1992), and Zhao (1996).

Meanwhile, radio astronomy had been accumulating evi-
dence that the inner part of the Galaxy is less neatly
arranged. The radial velocities of gas in the inner few kilo-
parsecs was found to be inconsistent with travel in circular
orbits. In some directions, the velocity is so great that the
gas was proposed to lie in an “expanding 3 kpc arm ” (Oort,
Kerr, & Westerhout 1958) between us and the center; in
general, its motion seemed predominantly outward, as if the
gas were being driven by titanic explosions near the Galac-
tic center (Burbridge & Hoyle 1963), but this notion lost
favor as the improbably vast energy and driven mass
required of such explosions came to be better understood
(Sanders & Prendergast 1974).

An alternative explanation is that the gas is moving in
noncircular orbits because the potential in which it lies is
asymmetric, perhaps because of a bar, as de Vaucouleurs
(1964) suggested. Others came to a similar conclusion,
among them Liszt & Burton (1980) and Gerhard & Vietri
(1986). Binney et al. (1991) took this analysis further. From
the kinematics of H 1, CO, and CS, they deduced the pres-
ence of a bar whose near end lay in the first Galactic quad-
rant, tilted 16° + 2° from the line joining the Sun and the
Galactic center.

By this time, information from stars in the central part of
the Galaxy had begun to arrive, mostly from observations

! Hughes STX, Code 685.9, NASA/Goddard Space Flight Center,
Greenbelt, MD 20771 ; freudenreich@gsfc.nasa.gov.

495

in the mid- and near-infrared. Harmon & Gilmore (1986)
constructed a picture of the shape of the stellar bulge by
selecting Mira variables, whose period is a function of lumi-
nosity, from the IRAS point source catalog on the basis of
color. They found the bulge to be flattened in Z, and,
though they did not remark on it, the outer contours of
their Figure 3a show the bulge to be broader at positive
longitudes. Nakada et al. (1992), Whitelock & Catchpole
(1992), and Weinberg (1992) also found this effect in the
distribution of IRAS Mira variables and noted that it was
consistent with the appearance of a bar with its near end in
the first quadrant. More evidence came through the near-
infrared. Matsumoto et al. (1982) had mapped the surface
brightness of the bulge at 2.4 um; the pattern of the longitu-
dinal asymmetry of this map was read by Blitz & Spergel
(1991) as the clear signature of a bar.

The Diffuse Infrared Background Experiment (DIRBE)
of the Cosmic Background Explorer (COBE) mapped the
entire sky in 10 wavelength bands, including four in the
near-infrared (Boggess et al. 1990). Weiland et al. (1994)
corrected the DIRBE 2.2 ym map for extinction and sub-
tracted an extrapolated projection of the Galactic disk,
leaving behind a boxy, very barlike object that seems to
loom forward into the first quadrant. Dwek et al. (1995)
applied a variety of bar and spheroid models to this same
data and concluded that the bulge is definitely a bar, with a
tilt angle of 20° + 10°.

Gravitational microlensing has recently been proposed as
a means of studying the inner Galaxy. Results from the
OGLE project regarding the bar are still preliminary
(Paczynski et al. 1994), but the stellar database assembled
for the project has allowed Stanek et al. (1997) to discover a
bar tilted 20°-30°.

Freudenreich (1996 ; hereafter Paper I), presented a model
of the Galactic disk derived from the DIRBE observations
at 1.25, 2.2, 3.5, and 4.9 um, where the surface brightness is
dominated by red giants. The DIRBE photometric bands
approximate the standard J, K, L, and M bands. (Here the
“D” subscript used to denote DIRBE in Paper I will be
omitted.) The model presumed that mature stars and the
diffuse component of the interstellar dust each form a
homogeneous, possibly warped, disk; if the structure of the
Galaxy appears different in different near-infrared bands, it
is due solely to wavelength-dependent extinction and emis-
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sion by dust. The model fitted the data very well, except in
the directions of nearby molecular clouds, for which a
smooth dust model cannot account, and toward the inner
3-4 kpc of the Galaxy, which had been intentionally
masked out to avoid the bulge. In this paper, I have used
the same data but expanded the model to include the bulge
and the inner part of the disk. The “young disk ” (the “thin
disk ” in Paper I), the ragged collection of molecular clouds,
young stars, and associated dust concentrated at the Galac-
tic plane, makes penetration of the inner part of the Galaxy
difficult, but in the near-infrared the extinction is low
enough that, with the proper techniques, we can discern
structure to within roughly 0.5 kpc of the center.

Subsequent sections discuss the data reduction and opti-
mization scheme, the model itself, how well it fits the data,
its residuals, and what it tells us about the Galaxy. There
are frequent references to Paper I, in particular for a more
detailed explanation of the data reduction and a review of
the model parameters pertaining to the disk, but all the
information needed to understand the model is included
here. Comparison to others’ work is made in the course of
discussing the parameters of the model.

2. PROCEDURE

2.1. Data Preparation

The analysis was performed on cylindrical equal-area
projections of the DIRBE full-sky surface brightness maps,
each map consisting of 391,612 pixels. The zodiacal light
was modeled and removed, and point sources (nearby stars
and a few supergiants) were filtered out. (See Paper I for a
more detailed explanation.) At low latitudes, b < 20°, unre-
solved sources dominate the DIRBE surface brightness, but,
at higher latitudes, the contribution of point sources cannot
be neglected. To account for the deleted point sources, the
simplifying assumption was made that all stars within a
“deletion distance ” D, of the Sun were filtered out, which in
effect places us at the center of a star-free bubble. There are
three deletion distances: one each for the J and K bands
and one for both the L and M bands. The M band does not
have its own deletion distance because it is seriously con-
taminated at high Galactic latitudes by zodiacal light or by
artifacts of its removal.

Maps of the near-infrared colors were then used to iden-
tify and mask anomalously red areas of the sky, most of
which are strongly associated with molecular clouds. The
mask derived from the K — L color has been retained from
Paper I, without, of course, the rectangle covering the
Galactic bulge. In the inner Galaxy, this mask covers every-
thing within approximately 3° of the Galactic equator. A
second mask, chosen on the basis of J—K color, has been
added for use with the J-band map only (see Fig. 1; from
this point on, the term “primary mask” refers to both of
these masks used in conjunction). The Magellanic Clouds
and the heart of the Barnard 78 cloud complex (I ~ 1°,
b ~ 4°) were excluded by rectangular masks.

Shrinking the masked area would certainly introduce
more contamination by young-disk features, which the
robust fitting procedure might or might not be able to
accommodate, yet there are reasons to consider doing so.
One is that we could approach the Galactic center more
closely. Another is that the mask is an implicit parameter of
the fit, and by using more than one we can gauge our sensi-
tivity to it. As further justification, we may note that a line
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of sight at low latitude toward the inner Galaxy can accu-
mulate a great deal of reddening solely from diffuse dust, for
which the model is intended to account in an averaged way.
Therefore I created a “minimal” mask. For || > 60° or
|b| > 8°, it is identical to the primary mask for all four
bands, but interior to this only the Barnard 78 clouds and a
narrow strip (—1°1 < b < 0?9) along the Galaxy’s bright-
ness crest, which has been eroded by point-source removal,
are excluded.

As a further precaution against zodiacal light residue, a
zone of low ecliptic latitude § was also rejected, regardless
of mask, in the disk region. For J, K, and L, | | > 15°; for
M,|B| > 20°.

2.2. The Optimization

The maps were divided into bulge and disk regions. The
bulge region is defined as |b| < 12°, |1]| < 20°; the disk
region is everywhere else. The model was optimized
separately for multiple samples of pixels taken from the
DIRBE maps. A sample of pixels was chosen, the fit made,
its figures of merit and parameter values recorded, a new
sample chosen, a new starting point in parameter space
chosen at random, and the process repeated. The disk
region was represented by 660 pixels, only 60 taken from
|b| > 20°, where a line of sight spans a smaller portion of
the Galactic plane. The bulge region was represented by 170
pixels, out of the possible 6795 which remain after the
primary mask has been applied. The pixels comprising each
sample were selected quasi-randomly, to ensure uniform
spatial coverage without imposing the artificial regularity of
a grid. In the disk region, the density of selected pixels was
low enough that each sample was virtually unique, but in
the bulge region some pixels were selected more than once,
and some (5%) never. The results presented are the averages
over fits to 60 samples, but, because of overlap between
samples in the bulge region, this is no better than having
only 37 independent samples of the same size. The number
of pixels in the bulge region limits how well the mean of any
given parameter can be determined.

In fitting the model, the figure of merit was calculated
separately for each band in each of the two regions, then
weighted means were taken to form a disk figure of merit
and a bar figure of merit. In the disk region, M is the least
trustworthy band because of residual zodiacal light, and K
and L are the most trustworthy. I assigned bands J through
M the relative weights 1.0, 2.0, 2.0, and 0.1, respectively. In
the bulge region, zodiacal light residue is negligible and
extinction makes J the least useful band. There I assigned
the relative weights 0.1, 2.0, 3.0, and 3.0, respectively.
Changing the relative weights in either region had little
effect on the final result, as long as most of the weight was
not given to either J in the bulge region or M in the disk
region. The figures of merit for the disk and bar were then
averaged to arrive at a single figure. The relative weights of
the disk and the bulge proved unimportant. Few of the
parameters significantly affected the quality of fit in both
regions.

In Paper I, the figure of merit was not the x> but a sta-
tistically robust quantity, Y = (DATA; — MODEL j/s;>,
where j denotes pixel number and the angle brackets denote
a bisquare-weighted average over pixels. Unlike 2,  can
accommodate small-scale irregularities in Galactic struc-
ture, such as the deep patchy extinction associated with
molecular clouds, that remain even after applying the exclu-
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Fi1G. 1.—One sample of pixels selected for fitting the model. The area within the inner contours is rejected for being anomalously red. The area within the
outer contours is rejected from only the J band. The dotted curves are at § = + 15°, within which zodiacal light residue may be significant.

sion mask and defy any smooth model. Another advantage
of a robust figure of merit is that, by giving less weight to a
lesser component, it aids in cleanly dividing the Galaxy into
components: bar plus disk plus whatever appears in the
final residuals. Estimates of the measurement errors o; were
obtained from the scatter about polynomial fits to the local
surface brightness (see Paper I). Although i/ has the basic
characteristics desired of the figure of merit, it makes no
quantitative statement about the validity of the model in
any case, and it has been replaced by a measure that is
simpler and at least makes more intuitive sense, the mean
absolute fractional deviation (MAD), obtained by substitut-
ing DATA, for ¢;in the equation above.

The optimization algorithm was based on the simulated
annealing method (Press et al. 1992, p. 445). It never failed
to converge.

3. THE MODEL

My intention was to build a simple model. I still consider
the model simple, overly simple in some respects, but, grudg-
ingly, parameter by parameter, it grew to a minimum of 47
free parameters. Seven pertain to the data reduction, 11 to
the dust layer, 15 to the disk, 12 (to 14) to the bar, and two
to the location of the Sun. A few of the symbols representing
the parameters have been changed since Paper I in the
interest of clarity, as their number has multiplied; these
changes are noted in the text. The parameters are explained
in the subsections that follow and are labeled later on when
their values are tabulated.

Modeling was done in Galactocentric cylindrical coordi-
nates (R, 0, Z), with the Sun at (R,, 180°, Z,), and 6 mea-
sured counterclockwise, looking down from positive Z. The
parameter Z , is free.

The model consists of an exponential stellar disk, a bar,
and an exponential disk of diffuse dust. A thick disk is not
included. As noted in Paper I, a thick disk is superfluous to
reproducing the observed surface brightness. If one exists, it
is too faint for the DIRBE to discern. After some experi-
mentation with a halo model, a halo was rejected for the
same reason.

The intensity at frequency v in the direction (I, b) is
obtained by integrating the volume emissivity p along the
line of sight s,

10, b) =3, +f ds(pU + pivs + ph)e ™ . (1)
(1,b)

The additive offset , absorbs the extragalactic background

and possibly zodiacal light and filtering artifacts. The

extinction term exp [—1t,(s)] is calculated from the dust

model.

3.1. The Model of the Stellar Disk

The modeled disk is exponential in R, outer truncated in
R, inner truncated in R, sech? in Z, and warped. The model
does not force the truncations and warping but allows them
to occur if the data so dictate.

For R < R, another free parameter, the modeled disk is
flat. For R > R, it is allowed to bend upward on one side
and downward on the other, with a straight line of nodes at
azimuth 6,,. Letting u = R — R,,, the mean elevation from
the flat reference plane established by the inner Galaxy is

ZR, 0)=(ciu+cu® +csu¥)sin(0—0,). (2

In Paper I, giving the disk a hole in its center, as in a
Freeman type II galaxy (Freeman 1970), produced more
plausible residuals than leaving it purely exponential. Holes
have been found in the disks of other barred spirals (Ohta,
Hamabe, & Wakamatsu 1990), though not all (Baggett,
Baggett, & Anderson 1996), and this is a natural outcome in
N-body simulations, in which a bar forms from an insta-
bility in the disk (Hohl 1971; Schwartz 1984; Noguchi 1996,
and references therein). Therefore the modeled disk is per-
mitted a central hole. Since the inner part of the disk cannot
be expected to be axisymmetric in the presence of a strong
bar, the hole is permitted an eccentricity. The hole is imple-
mented through the function

H(R, 6) = 1 — ¢~ ®Ru/ORN°N 3)

where Oy is real and R = X'? + (¢Y’)? is calculated in the
bar frame, in which X’ is defined by the bar’s major axis.
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The axis ratio of the hole is ¢. This H was the best of three
three-parameter functions tried and arose naturally from
the best of several two-parameter functions, H = 1 — exp
[—(Rg/Og)?]. The function suggested by Freeman (1970),
H =exp (R2;,/JR®) was not among the better two-
parameter functions, being too steep. The less successful
three-parameter functions were of logistic and algebraic
forms.

The full expression for the volume emissivity of the disk
in each of the four bands is

o z-2
plisk = plisk(0)He~®" sech? < h ) ’ @

z

where

max ; (5)

max °*

r

_ Ja free parameter, R <R
~ 0.5 kpc, R >R

The truncation radius R, ,, and the central emissivity (in the
absence of a hole) pd*¥0) are also free parameters. [The
symbol “ p(0)” replaces the “k” used in Paper I.]

The scale length h, and scale height h, are constant. This
assumption may not be strictly valid in the outer Galaxy,
where dark matter comes to dominate the mass. In particu-
lar, h, may grow with R, as does the scale height of the H 1
layer (Burton 1976). I attempted to allow for this effect by
including two additional parameters, a rate of change of h,
with R and a radius beyond which the change occurs. This
proved fruitless. Whether the scale height was a function of
R or of R?, the additional freedom did not lead to a signifi-
cant change in the figure of merit of the fit. It did allow the
truncation radius R, to be moved outward a kiloparsec or
two but did not provide justification for the move or for
itself and so was dropped.

3.2. The Model of the Dust Layer

The model of the dust layer is used to calculate extinction
and emission by dust and possibly some of the light scat-
tered by dust. The dust layer has the same form as the
stellar disk, though with its own scale height (h%), scale
length (h%), and hole parameters (0% and 0%). The eccentric-
ity of the dust layer’s hole is forced to that of the disk. The
dust layer is given a warp with the same line of nodes but an
amplitude, Z¢ = x?Z, that differs by a scale factor x?. This
was done because Freudenreich et al. (1994) noted that, in
surface brightness maps, the dust layer as observed in the
far-infrared appears to be warped through a greater ampli-
tude than the stellar disk and because the mean distances of
the disk stars and the dust that is important to the model
(foreground dust) may not be the same. Two changes have
been made since Paper 1. The radial dependence of the dust
density, in the absence of a central hole, has been changed
from 0.5 sech (R/h¢) to exp (R/h%) to be consistent with the
form of the stellar disk; in addition, because of the greater
sensitivity to extinction now that more of the inner Galaxy
is included, the extinction law of Rieke & Lebofsky (1985)
has been replaced by a power law in wavelength, 4, =
A;(4/1.25)™% where A; and o are free.

It is likely that the scale height of the dust layer, like that
of the H 1 layer, grows outside the solar circle, but the
optical depth there is too low for the model to grasp such
detail.

Dust emission at these wavelengths is assumed to be
due to fluorescence or stochastic heating caused by O
and B stars with the same scale length as the old disk but

Vol. 492

with the warping (x?Z) and the scale height (h?) of the dust.
The dust emissivity at any point is proportional to the
product of the dust density and the UV emissivity within a

UV absorption length [ oc(dust density) ~ /3], so that
dust — padust() 4 ¢~ Rl = 2R/3h o ch10/3 < | Z _hdxdz | ) .

(6)

Note that as a product of the dust density and stellar emiss-
ivity, the emissivity of the dust falls off more rapidly in R
and Z than in either of the quantities alone.

Dust-scattered starlight is neglected. However, since it is
proportional to the dust density and nearly isotropic at
these wavelengths, there will be an apparent correlation
between scattering and emission, and some scattered light
will find its way into pdUst,

v

3.3. The Bar Models

Other spiral galaxies show a great variety in the shapes of
their bars, as they do in many things, but some generalities
have been drawn. A typical bar is straight. Its brightness
along the major axis varies from roughly exponential to
roughly flat and often ends abruptly. The flatter bars tend
to belong to galaxies of earlier Hubble type and to be
stronger, often joining directly to spiral arms or a ring
(Elmegreen & Elmegreen 1985; Elmegreen et al. 1996). The
outer part of a bar often has a somewhat rectangular
appearance when viewed face-on (Ohta et al. 1990). See
Kormendy (1977) and Sellwood & Wilkinson (1993) for
general information.

The simplest bar shape is an ellipsoid. More realistically,
a “generalized ellipse ” has been proposed by Athanassoula
et al. (1990) for the two-dimensional case of a galaxy
observed face-on,

c_(IX1\° |Y'|\¢
Re= <—> " <—) ’ 0

elliptical when C = 2, diamond- or lozenge-shaped when
C < 2, and boxy when C > 2. This can be generalized to
three dimensions by defining

! Cy1 ’ CL
- (m) . <m> | ®
a, a,
’ C

RS = R + <ﬂ> . )
The effective radius is R;; the scale lengths area,, a,, and a,;
and C, and C are the face-on and edge-on shape param-
eters. A bar may appear diamond-shaped from one vantage
point and boxy from another. Athanassoula et al. (1990)
and Athanassoula (1992a) found that both the ellipticity
and the shape parameter of face-on galaxies varied with R,
but after some unsuccessful experimentation with an R-
dependent C, and a,/a, ratio, I decided to leave these

parameters single valued.

The radial dependence of the bar must cover the range of
flat to exponential shapes. I have tried three functions flex-
ible enough to model this characteristic when coupled with
a term that truncates them radially,

Model S: p oc sech? (R,), (10)
Model E: p ccexp (R; "), (11)
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and
Model P: p oc [1 + (R,/R,)"] . (12)

Model S has the fewest parameters. At first, the power of the
sech function was left free, but in test runs it settled so close
to a value of 2.0 that I fixed it there. Giving the bar and disk
the same functional Z-dependence has the advantage of
allowing the direct comparison of scale heights. Model E,
an exponential-to-a-power model, fitted almost as well but
at the price of an extra free parameter, the power n. An n of
1.0 would give us an exponential bar, the form recommend-
ed by Stanek et al. (1997). An n of 2.0 would match the
radial dependence of the best-fit model of Dwek et al
(1995). Model P, using a power law with core radius R, led
to a distinctly inferior fit.

The bar would possibly be better fitted using a different
function, rather than just a different scale length, along each
axis, but I am reluctant to enter this wilderness of functional
combinations without the firm guidance of theory.

To truncate the bar at radius R.,,4, its density is multi-
plied by a Gaussian function with scale length h_ 4. Both
R..q and h,,4 are free parameters. In model S, for example,
the volume emissivity of the bar is

bar

Py = pl‘:’)ar(o) SCChZ (Rs) ] R < Rend 5

(13)
bar — pbar(Q) sech? (R,)e™ Rs~Rend)?/hend> = R > R

Py (14)

The bar has two more degrees of freedom: a tilt angle 6,
(a clockwise rotation about the Z-axis from the Sun-center
line) and a pitch angle (the angle between the bar’s major
axis and the Galactic plane).

A dust lane often runs along the leading edge of a bar,
but, in the belief that masking the low-latitude sky would
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hide it, it is not included in my model. If a dust lane is
present, we must search for it in the residuals.

4. THE FIT AND ITS RESIDUALS

The mean absolute deviations of the models, obtained
using the primary mask, are given in Table 1. These are
averages over the 60 fits. The MAD was the quantity opti-
mized, but ¢ and the y* per degree of freedom were also
calculated and are included. Ideally, the values of x2 and
would be 1.0 and 0.77, respectively, but because of the pres-
ence of the young disk, the figures of merit would not
approach the ideal values even if the models of the bar and
the old disk were perfect. In any case, the figures of merit are
only relative and do not provide confidence limits on a
model. The formal uncertainties are omitted, except in the
last column, containing the weighted mean values. As
expected, by all measures the J-band fit is the worst in the
bar region, and the M-band fit the worst in the disk. The L
band, with low extinction and very little remaining zodiacal
light, provides the best fit, judging by ¥ and y* (the MAD
cannot be used to compare different bands).

In the disk region, the figures of merit of all the models
are approximately equal, indicating that the exponential
part of the disk has been successfully decoupled from the
inner part. In the bar region, model S has a small but consis-
tent superiority over model E, while model P is a poor third.
When the minimal mask was used, all figures of merit
worsened—MAD by ~10% over its previous value—but
the relative quality of fit among the models did not change.
(They were not tabulated for this reason.)

A penalty incurred by smoothing away point sources
must be discussed before contour plots of the data and
model are presented. Because of the broad DIRBE beam, it

TABLE 1
QuaALIty oF FIT (R, = 8.5 kpc), USING THE PRIMARY MASK

BAND
MobpeL FiT
PARAMETER J K L M MEAN
The Disk Region®
MADy (percent) ...... 5.82 6.438 7.167 8.407 6.790 + 0.022
MADy, (percent)...... 5.871 6.465 7.226 8.451 6.815 + 0.032
MAD, (percent)...... 5938 6.485 7.164 8.223 6.791 + 0.029
Yoo 1.199 1.182 1.106 1.743 1.209 + 0.006
VE v 1.209 1.180 1.114 1.749 1.213 + 0.005
Upeeeeeeiaeaannen, 1.223 1.190 1.100 1.676 1.207 £+ 0.006
Ao e 497 3.61 2.849 6.07 3.805 + 0.039
T 4.74 3.67 2.887 6.09 3.808 + 0.035
HB weeenenerenaaeaanas 4.67 3.70 2.881 5.67 3.768 + 0.034
The Bar Region®

MADj (percent)...... 7.53 4.356 3.856 4378 4.197 + 0.027
MADy, (percent)...... 7.52 4.683 3.903 4.388 4.304 + 0.024
MAD, (percent)...... 8.70 4.744 4.247 5.192 4.716 + 0.028
WG e 2.204 1.312 0.958 1.214 1.149 + 0.007
VE ceeeeiiieniieens 2.249 1.420 0.975 1.233 1.190 + 0.007
Wpeoneentiniineenens 2.522 1.408 1.030 1.402 1.262 + 0.010
HE e 16.9 491 2.54 3.53 3.69 + 0.05
HB e eveneneeeeaaans 16.1 5.54 2.61 3.70 3.93 + 0.06
TB erererernrnaaaaans 20.8 21.7 19.1 222 208 +1.3

Note.—The mean absolute fractional deviation, MAD, is the quantity that was

minimized.

* Weights are 0.182, 0.364, 0.364, and 0.091 for the J, K, L, and M bands, respec-

tively.

® Weights are 0.014, 0.282, 0.423, and 0.282 for the J, K, L, and M bands, respec-

tively.
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F1G. 2—Fractional increase in surface brightness (model S) when the point-source removal process is not applied. The outermost contour level is at
0.25%. Each level inward is a factor of 2 higher. The thick contour represents the primary rejection mask.

is difficult to distinguish between nearby stars and pointlike
but extended distant sources, such as those on the bright-
ness crest of the inner Galaxy. As a consequence, the bright-
ness crest is rounded off. The effect of this on the old disk
can be gauged by applying the same procedure to the
modeled L-band surface brightness map. In Figure 2 we
have the difference between the unsmoothed and smoothed
maps from model S as a fraction of the unsmoothed map’s
surface brightness. The effect is greatest in a narrow strip
approximately 2° wide, the size of the minimal mask. An X
appears where the corners of the bulge have been eroded,
but it is very faint and fills only a small part of the bulge
region. This figure tells us that if data and model are to be
compared over the whole sky and not just over the non-
masked area, both must be either smoothed or unsmoothed
(it also reminds us that a boxy bulge may appear X-shaped
if a nonboxy model is subtracted from it).

Figure 3 compares the smoothed DIRBE L-band map to
the smoothed map made using model S, with the primary
rejection mask overlaid. In this two-dimensional projection,
models E and S are very similar. In the nonmasked region,
the agreement between data and model is excellent. The
major discrepancies occur in the direction of the local spiral
arm or spur in Cygnus and toward the molecular clouds in
Ophiuchus, Orion, and Taurus.

While Figure 3 tells us how well model and data agree,
the disagreements are best examined by focusing on the
residuals. In Figures 4, 5, 6, and 7, the smoothed modeled
surface brightness, using model S and the primary mask,
has been subtracted in stages from the smoothed DIRBE J
through M sky maps. In the J map, the final residuals are
predominantly negative. There is more extinction, espe-
cially at positive latitudes, than the model predicts. Pro-
ceeding from the J through the K, L, and M bands, the
extinction lessens and the negative residue approaches zero.
It does not reach zero, however, suggesting a flaw in the
model, perhaps in its treatment of the dust layer.

There is much information in these plots of residuals, but
as that information does not include distances, the plots
should be interpreted with care. Most prominent in the
residuals is a bright nucleus roughly 2° (or 300 pc at a
distance of 8.5 kpc) in diameter. This becomes brighter and
morphologically simpler as the observing wavelength
increases and probably does occupy the center of the
Galaxy, a unique environment in which the model is cer-
tainly inadequate (see, for example, Morris & Serabyn
1996). There is also a bright narrow ridge in the inner
Galaxy along the Galactic midplane, probably created by
stars associated with the young disk, red supergiants in
particular. The ridge is brighter at positive longitudes and
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Fi1G. 3—L-band (3.5 um) DIRBE and model S (smooth isophotes) surface brightness over the full sky. The area within the dark contour was excluded when
the model was fitted to the data. The surface brightness due to point sources, as calculated by the model, was added to both. The contour levels are 0.09, 0.13,
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FiG. 5—K-band (2.2 um) map (top), and K-band map after the modeled disk (middle) and the modeled disk and bar (bottom) are subtracted. The gray
contours represent I, < 0. Contour levels are numbered hexadecimally, starting at 0. The levels (in MJy st~ 1) are 0.07, 0.23, 0.44, 0.71, 1.06, 1.51, 2.10, 2.84,
3.81,5.05, 6.65,8.71, 11.4, and 14.8 (top); + 0.09, 0.34, 0.68, 01.17, 1.86, 2.83, 4.20, 6.14, 8.88, and 12.7 (middle); and + 0.07, 0.23, 0.44, 0.71, 1.06, 1.50, 2.08, 2.82,
and 3.78 (bottom).



Latitude Latitude

Latitude

o O

3.5 um, —Disk—Bar

S

< o,

90

7o

60

45

30

15

0 345 330 3156 300 285 270

Galactic Longitude

Fi1G. 6.—L-band (3.5 um) map (top), and L-band map after the modeled disk (middle) and the modeled disk and bar (bottom) are subtracted. The gray
contours represent I, < 0. Contour levels are numbered hexadecimally, starting at 0. The levels (in MJy st~ 1) are 0.06, 0.22, 0.41, 0.66, 0.97, 1.37, 1.87, 2.52,
3.33,4.37,5.69, 7.36, 9.49, 12.2, and 15.6 (top); + 0.09, 0.31, 0.62, 1.05, 1.64, 2.46, 3.59, 5.14, 7.30, and 10.3 (middle); and + 0.06, 0.21, 0.40, 0.64, 0.94, 1.33, 1.82,
2.43, and 3.21 (bottom).

10
g 5
EN
5 -5
-10
]
e
3
E
—
[}
T
=
E
— b~ > Q7 .
_gl49 um, Disk-Bar 0 o] |
90 75 60 45 30 15 0 345 330 315 300 285 270

Galactic Longitude

FiGg. 7—M-band (4.9 um) map (top), and M-band map after the modeled disk (middle) and the modeled disk and bar (bottom) subtracted. The gray
contours represent I, < 0. Contour levels are numbered hexadecimally, starting at 0. The levels (in MJy st~ 1) are 0.06, 0.19, 0.35, 0.55, 0.80, 1.11, 1.50, 1.97,
2.56, 3.29, 4.19, 5.30, 6.68, 8.38, and 10.5 (top); + 0.08, 0.26, 0.51, 0.84, 1.28, 1.87, 2.64, 3.66, 5.02, and 6.82 (middle); and + 0.06, 0.19, 0.36, 0.84, 1.17, 1.57, 2.08,
and 2.71 (bottom).
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fainter and partially broken at negative longitudes. It is
tempting to link this asymmetric feature to the bar.
Hammersley et al. (1994) identified peaks in the DIRBE
K-band surface brightness at [ = 21° and 27° as probably
originating in star-forming regions at the near end of a bar,
which would need to be long (3.7-4 kpc) and viewed almost
broadside (at an angle of 75° &+ 5°). Calbet et al. (1996)
developed this idea further. Since the oblong boxy bulge
seen in the DIRBE maps is much too narrow to be
explained by such a bar, the bar must be very thin in Z and
exist in addition to what they refer to as the “thin bulge.” It
appears, however, that the “ thin bulge ” is actually a strong
bar stretching more than 3 kpc from the Galactic center,
and two bars of roughly the same length are not observed in
other spiral galaxies. These peaks of brightness noted by
Hammersley et al. (1994) do occur in my model-subtracted
maps. They appear even brighter and extend further in [/ in
the L and M bands. Yet I prefer to locate these peaks on an
arc or arm trailing the bar’s near end or on a bright segment
of a bar-circling ring. I agree with Calbet et al. (1996) that
extinction caused by a dust lane could cause the brightness
ridge to appear fainter in the fourth Galactic quadrant. In
the first quadrant, we probably see the trailing edge of the
near end of the bar and in the fourth the leading edge of the
far end. The dips in the surface brightness for
—12° > I > 0° could well be caused by dust within or at the
leading edge of the bar. At more negative longitudes I
believe we must search for other explanations.

When the minimal mask is used, there is no great change
in any one parameter. Extinction toward the inner Galaxy
decreases slightly, and the residuals acquire a small shift
toward the negative, as can be seen in Figure 8, which
shows the final L-band residuals of model S. The surface
brightness toward the Galactic center and the brightness
crest to either side simply cannot be accounted for by the
model. Using the minimal mask probably gains us nothing
but the greater opportunity to be biased by features extra-
neous to the bar and old disk. Figure 8 is the only figure
presented that involves the minimal mask, but the values of
the model parameters will be tabulated for both masks (see
Tables 2 and 3, discussed in § 5), to give some idea of the
possible bias entailed.

Now we move to the unsmoothed maps. Figure 9 (Plate
6) displays pseudocolor images from the J, K, and L bands
before and after model subtraction. Translating from color
to surface brightness may be difficult because of the unusual
color table, which is better at displaying shape and detail,

but that information is available in the contour plots
already discussed. Figure 10 (Plate 7) combines the J, K,
and L residual maps in a three-color image. The aforemen-
tioned Galactic nucleus and brightness ridge are evident.
Extended white patches mark the locations of low-
extinction windows. Appearing as pink or red are directions
in which the extinction is unusually heavy or there is signifi-
cant emission by dust or by luminous dust-shrouded stars.
There are spurs of heavier extinction reaching upward from
I~ 0° and I~ +25° These have counterparts in far-
infrared image presented in Paper I (Fig. 2b of that paper)
and in maps of CO emission (see Fig. 6 of Dame et al. 1987),
which is strongly correlated with dust density.

Figure 11 (Plate 8) presents the same composite, before
and after model subtraction, on a logarithmic brightness
scale so the bulge does not overwhelm the disk. The fact
that the disk and the bulge are morphologically identical at
the three wavelengths and have been scaled to the same
emissivity causes the three colors to sum to a gray haze
where the column density of the dust is low; the residuals
actually appear brighter than the original DIRBE image.

5. DISCUSSION OF THE MODELS

5.1. The Tabulated Parameter Values

The values of the parameters of the three models were
normally distributed. Their means and the standard devi-
ations of the means are listed in Tables 2 and 3. Of course,
the standard deviations tell us more about the models’ con-
sistency than about their validity. Comparison of models S
and E, and of the results obtained using the primary and the
minimal masks, probably provide a better idea of the true
uncertainties. In going from the primary to the minimal
mask, the major change is a decrease in extinction.

It might have been misleading to include the coefficients
¢; of the cubic polynomial that describes the amplitude of
the warp, since the coefficients are not independent. Instead,
the shape of the warp is shown graphically in Figure 12. As
noted in Paper I, the orientation and magnitude of the
warping is consistent with that of the H 1 layer, the shape of
which, however, is not known very precisely for R < 12 kpc.

In all models, the deletion distances D, =~ 470, 520, 560,
and 560 pc for bands J through M, respectively, and the
respective offsets in surface brightness 6, are 84, 64, 31, and
14 kJy st~ !. These numbers include the extragalactic back-
ground but are also functions of the data reduction process,
so one should not read too much into them.
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TABLE 2
PARAMETER VALUES (R, = 8.5 kpc), USING THE PRIMARY MASK

Parameter Model S Model E Model P
Distance to Galactic plane Z, (pc) ...... 16.46 + 0.18 16.60 + 0.15 1595 +0.14
Bar tilt angle 0, (deg) .........c.ceuvnnnn. 13.79 + 0.09 9.52 + 0.12 13.18 £ 0.13
Disk scale length , (KPS).....eeernee..... 2.6045 + 0.0033  2.6030 + 0.0030 2.567 + 0.0030
Disk scale height h, (kpc) ................ 0.3457 + 0.0008 0.3519 + 0.0011 0.3467 + 0.0010
Disk radius R, (KPC)...vvvuenenennnnn. 12.18 + 0.06 12.47 + 0.05 12.43 £ 0.07
Warp line of nodes ¢ (deg) ............. 0.44 + 0.09 0.79 + 0.09 —0.08 +0.11
Disk p,(0) (MJy st~  kpc™1)............. 8.157 + 0.024 8.133 + 0.032 8.786 + 0.032
Disk pg(0) MJy st  kpe™ 1) ............ 6.648 + 0.022 6.659 + 0.024 6.970 + 0.023
Disk p,(0) (MJy st kpe ™Y .vvunen.... 3.511 + 0.009 3.449 + 0.012 3.614 + 0.012
Disk p,(0) (MJy st~ kpc™1)............ 1.782 + 0.006 1.738 + 0.005 1.802 + 0.006
Disk-hole radius Og (kpc) .....c.eenneennt 2.973 + 0.022 2.956 + 0.020 3.323 £ 0.018
Disk-hole power Oy .....cccovvvvenninnn. 1.711 + 0.016 1.595 + 0.017 1.593 + 0.023
Hole axis ratio € ........cccevvvevnnennnnn. 0.8554 + 0.0042 0.904 + 0.005 0.939 + 0.007
Bar pitch angle (deg).............cennnen. —0.023 + 0.027 0.046 + 0.018 —0.021 + 0.025
Bar X scale length a, (kpc) .............. 1.696 + 0.007 1.888 + 0.010 1.810 + 0.009
Bar Y scale length a, (kpc)............... 0.6426 + 0.0020  0.6561 + 0.0035 0.6450 + 0.0038
Bar Z scale length a, (kpc) ............... 0.4425 + 0.0008 0.4301 + 0.0020 0.4324 + 0.0031
Bar cutoff radius R,,q (kpc) .............. 3.128 + 0.014 3.574 + 0.021 2.713 + 0.015
Bar cutoff scale length A4 (kpc) ........ 0.461 + 0.005 0.562 + 0.008 0.882 + 0.006
Bar face-on Shape C, .................... 1.574 + 0.014 1.609 + 0.020 1.651 + 0.022
Bar edge-on Shape C|| ................... 3.501 + 0.016 3.493 + 0.025 3.016 + 0.023
Bar p,(0) MJy st kpc™) ..oeuieninni. 10.52 + 0.07 10.29 + 0.08 11.67 + 0.06
Bar pg(0) (MJy st~  kpe 1) veeneen.... 8.817 + 0.038 8.700 + 0.048 9.40 + 0.05
Bar p,(0) MJy st~ kpc™ 1) .............. 4538 + 0.017 4452 ¥ 0.022 4.880 + 0.024
Bar p,,(0) MJy st™ 2 kpe™®) .o.oenennnne. 2255 + 0.009 2.203 + 0.010 2.388 + 0.015
Bar power n .........ocoooiiiiiiiin . 1.4439 + 0.0049 5.044 £+ 0.031
Bar core radius R, (kpc).................. ... 1.231 + 0.007
Dust scale length k¢ (kpc) 3.066 + 0.019 3.348 + 0.021 3.425 + 0.023
Dust scale height h? (kpc) 0.1520 + 0.0008 0.1474 + 0.0009 0.1465 + 0.0007
Dust warp factor x? ...................... 1.782 + 0.009 1.755 + 0.011 1.754 + 0.009
Local extinction A; (J mag kpc™)...... 0.1144 + 0.0020 0.1451 + 0.0027 0.1528 + 0.0028
Extinction index o ............ccoeoeininnt 1.787 £ 0.009 1.762 + 0.010 1.798 + 0.010
Dust hole radius 0% (Kpc) ................ 2.615 + 0.019 2.253 +0.017 2.025 + 0.025
Dust hole power 0% .......ccevevenenn.. 2.150 + 0.022 2.107 £ 0.023 2.463 £+ 0.020
Dust p,0) (MJy st~ kpc™Y)............. 4.642 + 0.023 4.659 + 0.025 4.819 + 0.029
Dust pg(0) (MJy st  kpe™1) ............ 1.152 + 0.007 1.225 + 0.008 1.158 + 0.010
Dust p,(0) (MJy st~ kpe™Y) .oe..... 2.180 + 0.014 2.294 + 0,018 2437 £ 0017
Dust p,(0) MJy st kpe™1)............ 3.236 + 0.021 3.142 + 0.021 3.559 + 0.023
The tilt angle of the bar, 6, is grouped with Z,,. To place . )
it with the bar parameters would be chauvinistic. 5.2. Comparison to Paper I, and a Correction
Since they differ only in bar modeling, it is not surprising Paper I contained two errors, both concerning the dust
that the models agree on most disk and dust-layer param- layer. One occurs only in the values of A; found in Tables 2

eters. The plausibility of the parameters describing the and 3 of that paper. They have been erroneously multiplied
stellar disk was discussed in Paper I, but the parameters by a factor of 2. For example, for R, = 8.5 kpc, 4, should

describing the dust layer require further discussion. read “0.213” mag kpc™'. This error is found only in the
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F1G. 12—Warping of the disk, according to the three models. The dashed curves enclose 90% of the fits made. The solid curves enclose the 95%
confidence limit on the mean elevation. The coefficients are those of a cubic polynomial in R — R,,.
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TABLE 3

PARAMETER VALUES (R, = 8.5 kpc), USING THE MINIMAL MASK

Parameter Model S Model E Model P

Distance to Galactic plane Z, (pc) ...... 16.12 + 0.19 16.50 + 0.19 15.66 + 0.14
Bar tilt angle 6, (deg) .........coevueenennt 1398 + 0.14 9.84 +0.12 13.51 + 0.13
Disk scale length h, (kpc)................. 2.6009 + 0.0040 2.601 £+ 0.007 2.567 + 0.006
Disk scale height h, (kpc) ................ 0.3420 + 0.0008 0.3466 + 0.0011 0.3440 + 0.0012
Disk radius R, (KpC)..coevvuvernvennen. 12.35 + 0.06 12.45 + 0.07 12.52 4+ 0.08
Warp line of nodes ¢ (deg) ............. 0.40 + 0.11 0.83 + 0.10 —0.07 £ 0.12
Disk p,(0) MJy st™  kpc™1)............. 8.115 + 0.036 8.141 + 0.043 8.725 + 0.046
Disk p(0) MJy st kpc™?) ..........l 6.707 + 0.029 6.740 + 0.026 7.000 + 0.036
Disk p,;(0) MJy st  kpc™)......onnens 3.539 + 0.013 3478 + 0.013 3.637 + 0.014
Disk p,,(0) MJy st~ kpc™Y)............ 1.759 + 0.008 1.724 + 0.008 1.796 + 0.010
Disk-hole radius Og (KPC) .ovvvuvenennnnn 2912 + 0.029 2.910 £+ 0.020 3.294 + 0.025
Disk-hole power Oy «....coevvvneinnnnen. 1.705 + 0.020 1.572 + 0.015 1.585 + 0.017
Hole axis 1atio € .......coovvvvvvvvnnnnnnn. 0.822 + 0.022 0.905 + 0.021 0.910 + 0.014
Bar pitch angle (deg)..........c...coueennt —0.05 + 0.08 0.07 + 0.09 0.02 + 0.08
Bar X scale length a, (kpc) .............. 1.686 + 0.011 1.878 + 0.011 1.806 + 0.010
Bar Y scale length a, (kpc)............... 0.6429 + 0.0032 0.6512 + 0.0036 0.6418 + 0.0028
Bar Z scale length a, (kpc) ............... 0.4420 + 0.0013 0.4302 + 0.0018 0.4313 + 0.0022
Bar cutoff radius R4 (kpc) .............. 3.139 + 0.021 3.542 + 0.019 2.725 + 0.013
Bar cutoff scale length k4 (kpc) ........ 0.469 + 0.020 0.545 + 0.019 0.875 + 0.013
Bar face-on shape C, .................... 1.588 + 0.017 1.597 + 0.022 1.655 + 0.019
Bar edge-on shape Cll v 3.466 + 0.028 3418 4+ 0.022 2.976 + 0.023
Bar p,(0) MJy st  kpc™ %) ...oonnnnnn. 1042 +0.14 10.36 + 0.09 11.77 £+ 0.08
Bar p(0) MJy st  kpc™Y).....ooeeninll 8.769 + 0.045 8.707 + 0.044 9.40 + 0.06
Bar p,(0) MJy st kpc™) ...oenennen.n. 4.545 1+ 0.024 4.465 + 0.020 4.878 + 0.021
Bar p,(0) MJy st kpc™!) ...l 2.241 + 0.015 2.180 + 0.015 2.387 + 0.013
Bar pOWer 7 ....c.oviiiiiiiiiiiiiiien. 1.438 + 0.005 5.004 + 0.031
Bar core radius R, (kpc).................. 1.224 + 0.005
Dust scale length k¢ (kpc) ................ 3.020 + 0.029 3.320 £+ 0.026 3.376 + 0.021
Dust scale height % (pc).................. 0.205 + 0.006 0.2019 + 0.0048 0.182 + 0.006
Dust warp factor x¢ ...................... 1.811 + 0.019 1.765 + 0.014 1.749 + 0.012
Local extinction A4, (J mag kpc™Y)...... 0.0898 + 0.0033 0.1116 + 0.0038 0.1236 + 0.0039
Extinction index o .........ccooeeiuen.n. 1.987 + 0.023 2.011 + 0.024 1.979 + 0.020
Dust hole radius 0% (Kpc) ..........n..... 2.684 + 0.032 2.222 + 0.020 2.051 + 0.026
Dust hole power 0% ...........c.coenenene. 2.182 + 0.023 2.116 + 0.012 2.466 + 0.020
Dust p,(0) MJy st~ kpc™Y)....oeenenn.. 4.681 + 0.028 4.699 + 0.034 4.795 + 0.036
Dust pg(0) (MJy st~ kpe™) ............ 1.146 + 0.008 1.229 + 0.008 1.145 + 0.010
Dust p,(0) MJy st kpc™?) ............ 2.196 + 0.018 2.320 £+ 0.024 2.455 + 0.019
Dust p,,(0) MJy st™* kpc™ ) ............ 3.185 + 0.031 3.139 + 0.025 3.559 + 0.026
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tables. It is also moot because of an error in the software.
The extinction in the different bands was to be related by
the law of Rieke & Lebofsky (1985), which has a power-law
index a = 1.765 in bands J through M. In the modeling
program, this index became 1.33, which affected other
parameters of the dust-layer model. What should those
parameters have been? Using model S without a disk hole
and minimizing , as in Paper I, rather than the MAD, led
to stellar disk parameters almost identical to those in Paper
I. For R, = 8.5 kpc, h, = 2.63 kpc, h, = 0.336 kpc, R, =
12.03 kpc, Z, = 15.60 pc, and so on. The dust layer param-
eters did change: k¢ = 3.13 kpc, h¢ = 0.20 kpc, 4, = 0.132
mag kpc™ !, and « = 1.79. Of these new numbers, the newer,
smaller value of A4, is closer to the expected value. The value
of hd is larger than expected, even when the inner Galaxy is
included and k¢ drops to 0.15 kpc, but here my expectations
were probably at fault. A review of H 1 in the Galaxy by
Dickey & Lockman (1990) models the vertical structure of
the Hilayer, 0.4 R, < R < R,,, using the sum of two Gauss-
ian terms and one exponential. This is shown in Figure 13,
along with the profile derived from model S, p®*' oc sech?
(Z2/0.152 kpc). For Z < 200 pc, the two curves almost coin-
cide, but at higher elevations the density falls off more
rapidly in my model. If the H 1 and dust layers have the
same vertical structure and Dickey & Lockman (1990) have
accurately described it, then the model underestimates the
extinction at higher elevations. Could this have caused the

areas of negative residuals that lie a few degrees off the
brightness crest of the inner Galaxy? Substituting the Z
dependence of the H 1 for the sech?(Z) term in the dust layer
produced as good a fit to the data, with the parameter
values almost unchanged, but did not improve the residuals.
It is still possible, though, that a more sophisticated treat-
ment of the dust layer is called for.
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Fi1G. 13.—Vertical density distributions of neutral hydrogen and diffuse

dust. The solid curve is the dust density from model S, with R, = 8.5 kpc.
The dashed curve is the H 1 density from Dickey & Lockman (1990).
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One other change since Paper I is the switch from a dust
density oc 0.5 sech (R) to a simple exponential. This did not
make a significant difference.

In all three models, the stellar disk parameters are consis-
tent with those of Paper I, with the exception of Z,,. In all
models, the distance of the Sun from the Galactic plane rises
several tenths of a parsec to a parsec when the disk is
allowed a central hole.

5.3. The Luminosity of the Dust Layer

The central emissivities of the dust layer, p¢"(0), are of
the same order of magnitude as those of the disk and bar,
but then there is no dust in the center of the Galaxy, accord-
ing to the model, and at larger R the more rapid radial
decrease in the emissivity of the dust causes it to drop well
below the stellar emissivity of even the M band. According
to model S, if we observed the Galaxy face-on, we would see
the ratio of L-band dust to disk surface brightness peak at a
value of 4.1% at R = 2.74 kpc. At R, the ratio would be
only 0.5%. In the M band, these ratios would be 12% and
1.5%, respectively. These numbers would undoubtedly be
higher if dust associated with the masked-out molecular
clouds were included, but near-infrared dust emission
would still be a minor component of the Galaxy’s lumi-
nosity. The radius of the dust layer’s hole is smaller than
that of the disk. The presence of the 3 kpc molecular cloud
ring and possibly a stellar ring, both absent in the model,
and the model’s lack of sensitivity to dust in the background
of most of the stellar emission suggest that this result be
treated with caution.

5.4. The Disk and its Hole

The parameters that describe the exponential part of the
disk (R > ~ 5 kpc) are almost unchanged from Paper 1. The
radius of the Galactic disk is still a mere 12 kpc. Robin,
Crézé, & Mohan (1996) placed the edge of the disk 5.5 kpc
from the solar circle, or R & 14 kpc. Their distance measure,
based on V —1I color, may be wrong or, as previously dis-
cussed, one or more of the basic assumptions of my model
may break down in the outer Galaxy.

The central hole in the disk appears in all three models.
Forcing the disk to be exponential all the way to its center
results in poor fits in all models. The value of the MAD in
the bar region rises from 4.2% to 5.4%, and %2 increases by
a factor of 5. The exponential part of the disk does not
change appreciably. It becomes slightly thinner—h,/h, ~
7.8 instead of 7.5.

The axis ratio of the disk hole is near the middle of the
range of 0.7 to 1.0 that Buta (1986) gives for stellar rings
circumscribing bars. Strongly barred spiral galaxies that do
not have rings are usually of grand design, with one arm
trailing from each end of the bar. When ringed, they are
usually multiarmed, with arms beginning at points on the
ring that seem unrelated to the bar’s orientation. The best
evidence to date suggests that the Galaxy is of the second
type (Valée 1995). I suspect it is also ringed.

5.5. The Bar and the Disk Hole

In all three models, the bar ends at the inner edge of the
Galaxy’s molecular cloud ring, at R & 3.5 kpc, in agreement
with observations of other spiral galaxies and with simula-
tions that show that a strong rotating bar sweeps up the gas
and dust in its vicinity (Athanassoula 1992b). There seems
to be a current consensus that rings form at the inner
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second harmonic resonance (Schwartz 1984), just inside the
corotation radius, beyond which bars cannot extend
(Contopoulos et al. 1989).

Figure 14 shows the face-on surface brightness predicted
by the models (without dust). The bar of model P seems the
least realistic. It is a hybrid of power-law and Gaussian
models along its major axis. The index of the power law is
5.0, higher than the values of ~3—4 often used in models of
the Galactic halo but is not much higher than the best
power-law fits of Stanek et al. (1997), in which p ~ R™*. The
bar/disk luminosity fraction is 0.56, and while estimates of
this quantity vary greatly with galaxy and with measure-
ment technique, the typical value for an early-type galaxy
seems to be less than half this (Sellwood & Wilkinson 1993).
The appearance of the bar is also unusual in that its outer
isophotes lie parallel to the X'-axis for most of the bar’s
length but come to a point at its ends rather than forming a
blunt, boxy terminus.

The outermost contours of the model E bar are not as
pointed as those of model P but not as rectangular as one
might expect. The bar/disk luminosity ratio is a plausible
0.33. The power of the exponential, 1.44, is intermediate
between those of the best models of Dwek et al. (1995) and
Stanek et al. (1997). This is my second-best model, on the
bases of figure of merit and of my subjective evaluation of
its appearance.

My preferred model is model S. Its bar is slightly shorter
than the model E bar and tilted through a slightly greater
angle. Its bar/disk luminosity ratio is 0.33, and its outer
isophotes are clearly rectangular. The isophotes in its inte-
rior are diamond-shaped, with C, = 1.57. This contrasts
with the findings of Athanassoula et al. (1990) that C, =
2—4 in the bars of SBO galaxies. They warn that an apparent
C, < 2.0 might result from the unintentional inclusion of a
nuclear component that projects onto a circular area or
onto an elliptical area with the long axis normal to the bar.
To test for this, I excluded pixels within first 5°, then 6°, and
then 7° of the Galactic center, refitting model S each time.
When the exclusion radius increased, there was no signifi-
cant change in C,, so contamination by a nuclear com-
ponent is probably not important. From the residual plots
already shown, such a component may well exist, but it
would have a much smaller scale height than the bar.

Diamond-shaped isophotes are not uncommon in bars,
however. In the simulations of Contopoulos et al. (1989),
orbits near the center of a bar are elliptical (the x, family of
orbits), farther out they are increasingly diamond-shaped,
and near the ends, they are rectangular (the 4:1 family of
orbits). Quillen, Frogel, & Gonzalez (1994) also note a tran-
sition from diamond-shaped to rectangular orbits in NGC
4314 and suggest that it occurs at the m = 4 inner Lindblad
resonance. Whether or not this is the case, the contour plot
of model S in Figure 14 resembles that of NGC 4314 in
Quillen et al. (1994). Athanassoula (1996) wondered if bars
would appear as boxy in the near-infrared as in the B band.
In the case of our Galaxy, the answer would seem to be,
“Not quite.”

With a C| of 3.5, the bar is definitely boxy when seen
edge-on. In the best bar model of Dwek et al. (1995), C| =
4.0. In this model (which they label “G2”), C, = 2.0, the bar
power n = 2.0, and the bar cutoff is fixed at either 2.4 kpc
(from Binney et al. 1991) or 5.0 kpc (from Weinberg 1992);
however, with a scale length a, ~ 1.7 kpc, any cutoff beyond
3.5 kpc is probably moot. Instead of modeling the disk, they
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Fi1G. 14—Top: Log of the face-on surface brightness from models S, E, and P. Our position is marked by the solar symbol. Bottom: L-band profiles taken
along the major and minor axes of the bar. The asterisks denote an average of the bar plus the disk over the azimuth.

extrapolated its surface brightness in the DIRBE maps
inward from larger longitudes to the region of the bulge
(since the extrapolation did not take into account a central
hole in the disk, this probably produced an overestimate).
To further minimize the effects of the disk, they chose a
relatively small bulge region with 3° <|b| < 10° and
|l] < 10°. The K, L, and M bands were fitted individually,
with the y? as the figure of merit. The agreement between
our results is fairly good, despite the differences in method.
Taking their best (and most consistent) model, G2 with a 5
kpc cutoff, and ignoring the K band, which differs greatly in
scale lengths from the other two, we find a tilt angle of 9°5
and axis ratios of 1.75:0.62:0.42 kpc. The tilt angle and the
ratio of scale lengths agree with those of my models.
However, other Dwek et al. models that have values of x>
nearly as good as G2 lead to very dissimilar bars. I believe
fewer and more general models would have produced more
consistent and realistic bars. Some (such as Kuijken 1996)
have commented on the inherent limitations in using
surface photometry to reconstruct a three-dimensional bar.
The problem is admittedly challenging, but we should not
underestimate the amount of information offered by the
DIRBE maps; even a 47 parameter model may be far from
exhausting it.

The Stanek et al. (1997) results are more consistent than
those of Dwek et al. (1995), at least in tilt angle. They
applied the Dwek et al. models and several of their own to
the distribution of “red clump” giants, which have a
narrow range of intrinsic luminosity, in 12 fields toward the
bulge. They assumed R, = 8.0 kpc. All the Stanek et al

models returned a tilt angle ~20° (14°-34°). Their best
models were power-law and exponential models. The
power-law models {exemplified by their model “P2” using
p oc [R(1 + R)] 2} had axis ratios of 1.10:0.45:0.29 kpc.
The exponential models [“E2”: p oc exp (—R)} had axis
ratios of 0.94:0.34:0.26 kpc. Their Gaussian model, similar
to the Dwek et al. G2 model, had axis ratios of
1.33:0.56:0.45 kpc. Their coverage of the area of the bulge is
still sparse; only six distinct directions were sampled, only
two outside the latitude strip —5° < b < —3°.

The bar postulated by Binney et al. (1991) is tilted only a
degree or two more from the Sun-center line than my model
S bar but is significantly smaller and weaker. The bar is of
the power-law type, ending within a corotation radius fixed
at 2.4 kpc. It is unclear how the existence of a bar like that
of model S would affect their interpretation of gas orbits in
the inner Galaxy.

Profiles of the disk and bar along the major and minor
axes of the bar are shown in Figure 14, along with profiles
obtained by averaging the disk and the bar over the
azimuth angle. In models S and E, the averaged profile
remains approximately exponential as it continues inward
in R. Ohta et al. (1990) found this to be true in their sample
of barred spiral galaxies and cited it as evidence that the bar
formed from an instability of the disk, with little redistri-
bution of stars in the radial direction. The similarity in the
near-infrared color of the bar and the disk also supports
this theory (if we normalize the central emissivities to their
L-band values, we get 2.33, 1.89, 1.0, and 0.51, respectively,
for the J through M bands in the disk and 2.26, 1.93, 1.0,
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and 0.50, respectively, in the bar). The greater scale height of
the bar, 0.43 kpc versus 0.34 kpc for the disk, is consistent
with the theory of Noguchi (1996) that early-type bars form
from an already mature and thickened Galactic disk.

The type I disk models are shown in Figure 15. When the
disk is not permitted a hole, the bar becomes less luminous
(20% of the disk luminosity) and very diamond-shaped
(C, = 1.28). Neither the face-on views nor the profiles seem
credible.

5.6. The Parameter R,

All models showed a slight sensitivity to R, in their
figures of merit, but only in the disk region. This can prob-
ably be attributed to extraneous factors, namely zodiacal
light residue or an artifact of its removal, or to large-angle
features of the young disk. To see how the values of the
model parameters depend on our distance from the Galac-
tic center, I repeated model S for values of R, spanning the
range 7.5-9.5 kpc, approximately the range found in the
current literature (see Reid 1993 for a review). The results
are listed in Table 4. The formal errors have been omitted,
but they are similar to those given by Table 2 for R, =
8.5 kpc.

Most of the parameters are dependent on R, in a simple
way, and it might be possible to determine R, if one of these
parameters were known with confidence through some
other means, but at present they are at least as uncertain as
R,. One parameter that might provide a lower limit is the
extinction at the Sun’s position. At R, = 7.5 kpc, the local
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J-band extinction is only 0.066 mag kpc ™, and if the power
law of extinction were extended to the V band, it would lead
to an extinction of 0.3 ¥V mag kpc~?!, one-half of what is
considered a reasonable value. How significant is this dis-
crepancy ? One could argue that the term “local ” is open to
interpretation when dealing with something as patchy as
extinction or that, by masking directions with high optical
depths, I may have introduced a bias toward underesti-
mating A;, but I think it very probable that R, > 7.5 kpc.
No such discrepancy is obvious at the high end, R, = 9.5
kpc, though; for this distance, the bar becomes uncom-
fortably diamond-shaped, with a face-on shape parameter
C, =148

5.7. Luminosities

In Paper I, I fitted a Planck curve to the central emis-
sivities of the disk, deriving an effective temperature of 3800
K and using this to estimate the total luminosity of the old
stellar disk. Since the colors are virtually unchanged and are
the same for the bar and the disk, the same is done here for
the disk plus bar (according to model S). Weighted by a
3800 K blackbody spectrum, the effective frequencies of the
DIRBE J, K, L, and M bands are, respectively, 2.38, 1.36,
0.864, and 0.615 x 10'* Hz. The effective widths of the
bandpasses are 5.85, 2.22, 2.18, and 0.828 x 101® Hz, respec-
tively. For R, = 8.5 kpc, the respective luminosities are
39.2,12.2,6.3,and 1.2 x 108 L. Calculating the bolometric
corrections for the four bands and averaging them using the
weights in Table 1, we obtain the luminosities of the disk

A
7

"

X (kpc

0 5 10
)

S E P
1.00F E 1.00F E 1.00 E
) [ ¥+ = <Bar+Disk> ) [ ¥ = <Bar+Disk> ) ¥+ = <Bar+Disk>
‘3-4 ‘3-4 ‘3-4
(2] (2] 1%}
> > >
= = =
2 2 2
~0.10F g 1 L o0.10F 1 L o0.10F E
: y :
o
s
S
0.01 ‘ 0.01 0.01
0 2 4 6 8 10 12 0O 2 4 6 8 10 12 0 2 4 6 8 10 12
R (kpe) R (kpe) R (kpe)

Fi1G. 15—Top: Log of the face-on surface brightness from models S, E, and P with no hole in the disk. Our position is marked by the solar symbol.
Bottom: L-band profiles taken along the major and minor axes of the bar. The asterisks denote an average of the bar plus the disk over the azimuth.
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TABLE 4
MODEL S VERSUS R,,, USING THE PRIMARY MASK

DISTANCE TO GALAXY CENTER R, (kpc)

PARAMETER 7.5 8.0 8.5 9.0 9.5
Distance to Galaxy plane Z, (pc) ....... 14.90 16.08 16.46 16.27 16.69
Bar tilt angle 6, (deg) ..............c...... 13.69 12.86 13.79 14.58 15.02
Disk scale length A, (kpc)................. 2.3504 2.476 2.6045 2.7092 2.8305
Disk scale height h, (kpc) ................ 0.3196 0.3340 0.3457 0.3602 0.3719
Disk radius R, (KPC) +-vevveuvenennennen. 11.61 12.11 12.18 12.87 13.35
Warp line of nodes ¢, (deg) ............. 0.51 0.48 0.44 0.52 0.48
Disk p,(0) MJy st * kpc™ ) ............. 8.213 8.272 8.157 8.144 8.088
Disk pg(0) MJy st™* kpc™?) ........n.e. 6.725 6.731 6.648 6.666 6.671
Disk p;(0) MJy st~ kpc™Y)..ouuenenne. 3.586 3.527 3.511 3.513 3.506
Disk p,,(0) MJy st~  kpc™ ) ............ 1.806 1.781 1.782 1.745 1.746
Disk-hole radius Og (kpc) ................ 2.733 2.939 2.973 2971 2.998
Disk-hole power Oy .......ccoevnvinnnnen. 1.729 1.721 1.711 1.784 1.796
Hole axis ratio & .........cccoeeveieenenns 0.855 0.870 0.8554 0.955 0.849
Bar pitch angle (deg)..............co.eenn. —0.01 0.036 —0.023 —0.159 —0.170
Bar X scale length a, (kpc) .............. 1.581 1.693 1.696 1.763 1.817
Bar Y scale length a, (kpc)............... 0.5736 0.6266 0.6426 0.6734 0.7102
Bar Z scale length a, (kpc) ............... 0.3970 0.4172 0.4425 0.471 0.4966
Bar cutoff radius R, 4 (kpC) .....oeunennnt 2.631 2.967 3.128 3.315 3.509
Bar cutoff scale length A4 (kpc) ........ 0.451 0.440 0.461 0.445 0.509
Bar face-on shape C, .................... 1.634 1.550 1.574 1.516 1.478
Bar edge-on shape C|| ................... 3.446 3427 3.501 3.352 3.279
Bar p,(0) MJy st ' kpc™Y) oooininnn.n. 10.75 10.65 10.52 10.48 10.38
Bar p(0) MJy st  kpc™Y).ooinieninnn. 8.942 8.849 8.817 8.79 8.738
Bar p,(0) MJy st *kpc™) .oiunennnnn. 4.676 4.581 4.538 4.484 4.470
Bar p,(0) MJy st kpc™) .....o.eill 2.360 2.286 2.255 2.234 2.199
Dust scale length k¢ (kpc) .........en... 2.688 2.981 3.066 3.249 3.387
Dust Scale Height h? (kpc) ............... 0.1575 0.1500 0.1520 0.180 0.194
Dust warp factor x ..........c.ceeenennn. 1.787 1.796 1.782 1.778 1.757
Local extinction A4, (J mag kpc™?Y)...... 0.0656 0.1050 0.1144 0.1209 0.1311
Extinction index o¢...........ccoevveininni. 1.887 1.783 1.787 1.740 1.696
Dust hole radius 0% (kKpc) ................ 2.624 2.585 2.615 2.623 2.636
Dust hole power 0% ..........oevenenn.. 2.131 2.102 2.150 2.093 2.102
Dust p,(0) MJy st~ kpc™Y)..ooeenen... 4.702 4.652 4.642 4.614 4.625
Dust pg(0) MJy st~ kpc™) ............ 1.147 1.161 1.152 1.135 1.131
Dust p;(0) MJy st™*kpe™) ............ 2.244 2.187 2.180 2.157 2.148
Dust p,(0) MJy st™ ' kpc™ ) ............ 2.360 3.213 3.236 3.179 3.148
Total Luminosity (x 10° L) ........... 1.9 2.1 23 2.7 3.0

Note—The emissivities p are given in uncommon units but can be converted using 1 MJy sr~

kpc™!=9.522 x 10°Wpc > Hz 'sr™ 1.

and bar. Their sum is given is the last row of Table 4; for
R, = 8.5kpc, the total luminosity is 2.3 x 10*° L. There is
little change when switching to model E or the minimal
mask; the total luminosity varies by less than 4% among
the two bar models and two masks.

6. CONCLUSIONS

The old stellar disk is approximated well by a function
that is exponential in R and sech? in Z. It is warped simi-
larly to the H 1 layer and has an outer edge and a central
hole. The stellar emissivity peaks at approximately the inner
radius of the 3 kpc ring of molecular clouds and is truncated
approximately 4 kpc beyond the solar circle. The dust layer
also has a central hole, slightly smaller but sharper than
that of the disk. If R, = 8.5 kpc, the scale length of the disk
is 2.60 kpc, the scale height is 0.34 kpc, and the Sun is
located 16.5 pc above its midplane.

I have modeled the Galaxy’s bar using three types of
function, a power-law-with-a-core function, an exponential-
to-a-power function, and a sech? function. Of these, the
sech? function provided the best fit, but all three bar models
agree on several points: the bar is strong and truncated at
approximately the radius of the hole; it has the same color
as the disk, but a larger scale height; and the bar lies in the

1

plane of the Galaxy and is tilted 9°-15° from the line
between the Sun and the Galactic center. There is probably
a nuclear component with a scale length of ~100 pc in
addition to the disk, the bar, and those features attributable
to the young disk, such as giant molecular clouds, spiral
arms, and possibly a bar-circling ring.

Model S, the “sech?” bar, is the best model in terms of
figure of merit, simplicity, and similarity to other barred
spiral galaxies. According to this model, if R, = 8.5 kpc, the
bar has axis ratios of 1.70:0.64:0.44 kpc. It is tilted 14° and
is one-third as luminous (in the near-infrared) as the disk.
Other characteristics of the bar, the disk, and the dust layer
are presented in Table 4.

How much faith can be placed in these results? The most
distinguishing feature of my model is probably its versatil-
ity. It allows the Galactic disk to warp and to have an inner
hole and a sharp outer edge. It allows the bar to have its
own truncation and a different “boxiness” when viewed
from above or from the plane of the disk. Nevertheless, the
model is not infinitely flexible, nor is it provably the best.
Yet I find the similarity in the end products of the three bar
models encouraging. Despite the constraints of their differ-
ent functional forms, they seem to be converging on a single
destination. There is no reason to believe that even the best
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of them has arrived at that destination, but the bar models’
self-consistency, plausible parameter values, and small,
mostly explainable, residuals argue that they have come
close.

COBE is supported by NASA’s Astrophysics Division.
Goddard Space Flight Center, under the scientific guidance
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grateful to the COBE team and wishes to express special
thanks to the surviving DIRBE researchers, Rick Arendt,
Nils Odegard, and Janet Weiland. I also extend my thanks
to the anonymous referee.
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F1G. 9—J-, K-, and L-band surface brightnesses [log (| I, | + 0.001 MJy st~ )] before and after the model S map was subtracted. The colors of this coded

intensity image are modulated to create a contour-like effect to better show structure. Colors to the left of the break in the color bar (blue to dark green to
blue) represent negative surface brightness. White pixels are saturated. The range is I < 110° and b < 15°. Tick marks are at intervals of 10° (/) and 3° (b).
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