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INFRARED IMAGING OF SPIRAL GALAXIES: COLORS AND LUMINOSITY PROFILES
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ABSTRACT

We present surface photometry of 43 SO and spiral galaxies in the K band with a subset also observed in J.
Most of the data are photometrically calibrated. We combine our data with published optical major-axis pro-
files to construct a set of galaxies with rJK colors, divide the major-axis profiles into bulge-dominated and
disk-dominated regions, and compute mean colors and color gradients separately for bulges and disks. Typi-
cally the disk colors are measured from 0.8 to 1.8 scale lengths.

The colors of the bulge and disk components are strongly correlated, indicating that both components have
a red stellar content that is similar in both age and metallicity. In the mean the disks are 0.1 mag bluer in
r — K than bulges; this color difference would arise if the disks are 2-4 x 10° yr younger or have lower metal-
licities by A[Fe/H] ~ —0.1 to —0.2. Many of the bulges exhibit negative color gradients (bluer outward),
which indicate that metallicity gradients of order A[Fe/H] ~ —0.2 may be common in bulges. Bulges of late-
type galaxies are bluer on average than those of early types, probably a consequence of lower metallicity.
About 25% of the galaxies have especially red bulge and disk colors, which we interpret as arising from large
internal extinction rather than from an enhanced star-formation rate.

Subject headings: galaxies: photometry — galaxies: spiral — galaxies: stellar content — galaxies: structure —

infrared: galaxies

1. INTRODUCTION

A multiwavelength survey of spiral galaxies which combines
optical and infrared images can reveal much about the gal-
axies’ morphology and stellar content. Near-IR images detect
light primarily from cool giants and dwarfs which contribute
the major fraction of the bolometric luminosity of a galaxy.
Most spirals and SO galaxies have an underlying population of
such stars in their disks (e.g., Gregg 1989; Bothun & Gregg
1990). Particularly in spiral galaxies, cool giants are much
better tracers of the mass distribution of a galaxy than are the
bluer, hotter stars which delineate the spiral arms (Aaronson
1977; Frogel 1988).

Absorption and scattering by dust can also have a strong
effect on the appearance and morphological classification of a
galaxy; because the extinction of K (2.2 um) is only one-tenth
that at visible wavelengths, surveys in the infrared provide a
better view of overall structure. Near-IR images can reveal
significant structural features, such as bars, which are not
visible on optical images. Examples are NGC 1068 (Scoville et
al. 1988) and NGC 1566 (Hackwell & Schweizer 1983). As has
been shown in the case of M51 (Rix 1993; Rix & Rieke 1993),
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optical and near-IR images together can map surface density
enhancements in bars or spiral arms and distinguish these from
variations in the number of hot stars.

Aaronson (1979) reported the first extensive photometric
survey of spiral galaxies in the K-band and discovered that,
when observed through large apertures dominated by disk
light, most spirals have ¥ —K colors comparable to those of
elliptical and lenticular galaxies but have substantially bluer
U —V colors. He also showed that spiral galaxies tend to have
bluer ¥ —K colors with increasing aperture size. Aaronson’s
results were confirmed and extended by Griersmith, Hyland, &
Jones (1982) who reported optical and infrared photometry of
65 early-type spiral galaxies through smaller apertures than
those used by Aaronson. They noted that the colors of the
inner region of these galaxies (Which they associated with the
bulge) are constant from de Vaucouleurs morphological type
T = —1 (late SO0) to T = 3 (Sb), but are bluer in later-type
galaxies. They attributed the bluer optical colors of the late-
type spirals to star formation in the spiral arms rather than to a
trend to lower metallicity in later types.

We have begun a BV RJHK survey with large-format optical
and infrared arrays of ~ 300 spiral and SO galaxies chosen from
A Revised Shapley-Ames Catalog of Bright Galaxies (Sandage
& Tammann 1981, hereafter the RSA). The goals of our survey
are to study the radial and azimuthal variations in extinction
and stellar content, and to assemble a large sample of galaxies
for the interpretation of galaxy colors at large redshift.

In this paper we report the initial results of a pilot study
undertaken with the first generation of infrared arrays. For this
study we have imaged the central regions of 43 spiral and SO
galaxies with a small format near-IR detector. In § 2 below, we
describe our observational methods and data reduction tech-
niques, establish the precision of our photometry, and discuss
the determination of luminosity, color, ellipticity, and position
angle profiles. Using our data in combination with r-band
surface photometry from Kent (1984, 1986, 1987), we can
separately characterize the colors of the bulges and disks (§ 3).
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Results of our analysis are discussed in § 4 and summarized
in § 5.

2. OBSERVATIONS, DATA REDUCTION, AND ANALYSIS

2.1. Selection and Observations of Galaxies

The small format of infrared array detectors available to us
in 1989 and 1990 led us preferentially to observe galaxies with
small angular sizes (D,s < 5), and to concentrate our investi-
gation on the properties of their central regions. We generally
selected galaxies that did not have an unusual morphology or
were strongly barred, as judged from their appearance in the
RSA. An additional criterion for selection was the availability
of high quality optical surface photometry to compare with
our near-IR observations. Most of our galaxies were therefore
selected from Kent’s (1984, 1986, 1987) papers. Finally, we
added a few galaxies with box-peanut bulges and a few well-
known edge-on systems.

The objects we observed are listed in the first column of
Table 1. Column (2) gives the Hubble type T from de Vaucou-
leurs et al. (1991, hereafter the RC3); column (3) lists the mor-
phological classification from the RSA when available or from
de Vaucouleurs et al. (1991). About 70% of the sample are Sb
or Sc galaxies, the remainder of earlier type.

The galaxies were observed during three observing runs in
1989 and 1990 on the 2.1 and 1.3 m telescopes at Kitt Peak.
The instrument on both telescopes was the IRIM camera with
a 58 x 62 pixel InSb detector (Fowler et al. 1987). On the 2.1 m
telescope the camera was configured in 1:1 demagnification,
producing a pixel scale of 0754 pixel "! and a field of view of
32”. On the 1.3 m, the corresponding figures are 0.67:1 demag-
nification, 1735 pixel ~1, and 81” field size.

Sky frames, taken well away from the location of the galaxy,
were generally obtained before and after each galaxy observa-
tion. During each sequence of sky observations, the telescope
position was dithered so that any stellar images would land on
different places in the chip. At each of the sky or galaxy posi-
tions, we obtained from 4 to 20 exposures, with integration
times set so that the mean sky level in K was 5000 to 10,000
counts (significant nonlinearities and saturation of the InSb
detector occurred higher than 25,000 counts). This count level
was achieved in 75-90 s on the 1.3 m and in 180 to 300 s on the
2.1 m. For equal exposure times the J frames went significantly
deeper than the K frames because the sky brightness typically
is 3 to 4 times lower than at K. Some observations were also
obtained at H, but will not be discussed in this paper.

About half the nights devoted to this project on the 1.3 m
were photometric. On these nights we obtained images at both
J and K. On the nonphotometric nights we normally obtained
images in K only, though for two galaxies we imaged in both J
and K. Columns (4) and (5) of Table 1 list the total on-source
exposure times for the 1.3 m observations in J and K, respec-
tively, while column (8) designates the manner in which the
galaxy images could be photometrically calibrated (see § 2.3).
Galaxies with Kent’s r-band photometry are indicated in
column (9).

The purpose of the 2.1 m run was to observe the central
regions of the galaxies at higher spatial resolution than on the
1.3 m. On the 2.1 m, the seeing was typically 1"-172 while on
the 1.3 m the stellar seeing disks were almost always under-
sampled. The nights of the 2.1 m run were quite transparent
but not photometric. On these nights, we obtained long expo-
sure frames at J and K of several galaxies in order to achieve a

TABLE 1
LoG OF OBSERVATIONS

Exposure time (sec)
1.3 m 2.1m
NGC T dassification ] K ]

K Phot Opt Notes

128 -2 S0x(8)pec 480 720 s

474 -2 RS0/a 450 1050 s 1 repeat
670 -2 Sb(s)I-II 240 840 1000 600 s 1 grid, repeat
697 5 [Sc] 760 s 1 grid
753 4 Sc(s)I-II 960 1200 700 s 2

801 5 [Sc] 360 450 s 2

891 3 Sb 450 450 s grid
1023 -3 SBOu(5) 180 90 s

1035 5 Sc(s)II 450 450 s 2
1087 5 Sc(s)IIL3 1080 s 1,2
1175 -1 S0(8) 540 2300 1200 s grid
1325 4 SB(s)II 720 s 2
1417 3 Sb(s)L.3 600 600 2300 1000 n 2
1620 4 [Sbc] 720 s 2
2654 2 Sab: 1800 s

2681 0 Sa 400 600 n

2715 5 Sc(s)lI 480 n 2
2742 5 Sc(rs)lI 600 n 2
2841 3 Sb 240 240 a 3 grid
2903 4 Sc(s)I-II 240 n 3
3198 5 Sc(s)I-II 240 n 3
3495 5 Sc(s)I-III 240 n 2
3672 5 Sc(s)I-II 240 n

4062 5 Sc(s)I-IIT 480 n 2
4448 2 Sa(late) 240 n 2
4565 3 Sb 240 240 a grid
4800 3 Sb(rs)II-III 240 n 2
5033 5 Sb(s)I 240 240 a 3 grid
5879 4 Sb(s)ll 240 n

7217 2 Sb(r)II-III 300 300 s 2 grid
7331 3 Sb(rs)I-II 450 540 1080 900 s 3 grid
7332 -2 S02/3(8) 240 720 1530 540 s grid
7448 4 Sc(r)Il.2 720 720 1200 600 s 1
7457 -3 SOi(5) 480 720 s

7469 1 Sab 720 s 1 repeat
7537 4 [Sbc] 450 600 700 900 s 2
7541 4 Sc(s)lI 450 600 s 1,2
7606 3 Sb(r)I 720 s 2
7631 3 [Sb] 960 s 1
7640 5 SBc(s)II: 960 s

7664 5 [Sc] 600 720 1500 600 s 1,2
7673 5 [Sc] 480 720 1300 1300 s 1
7798 5 [Sc] 960 1200 600 s 1
7814 2 S(ab) 720 s

7817 4 [Sbc] 720 s 1

Notes.—Hubble type T is from de Vaucouleurs et al. 1991. Galaxy classi-
fication is from the RSA or from de Vaucouleurs et al. 1991; the latter desig-
nations are in square brackets. The notation “s” in col. (8) designates that the
photometric calibration was via standards in Elias et al. (1982); “a” means
that the galaxies were calibrated via aperture photometry in the literature and
assumed airmass coefficients; “n” shows that the galaxies were observed under
nonphotometric conditions. The references to optical photometry in col. (9) are
(1) Kent 1984, (2) Kent 1986, (3) Kent 1987. In col. (10), “ grid” means that a
grid of observations were taken to increase the area sampled; “repeat”
denotes that repeat observations were made to calculate errors as described in
the text.

high signal-to-noise ratio (>20 pixel ~!). The total on-galaxy
exposure times for the 2.1 m observations are listed in columns
(6) and (7) of Table 1.

For many of the large galaxies we observed a grid of images
on the 1.3 m to increase the area over which we could perform
surface photometry. Typically, we obtained on-source frames
with a galaxy’s nucleus centered on the frame, then we
obtained others with the nucleus placed near the corners of the
frame. The exposure times for all frames that made up the grid
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were the same as that for the central image. The galaxies
observed with grid observations are identified in the notes to
Table 1.

2.2. Image Processing

The first step in the processing of the images was the sub-
traction of averaged bias and dark frames. Blank sky frames
were generated by combining the dithered sky images taken at
each position. Individual sky exposures were multiplicatively
scaled to have the same mode and combined by a median to
remove the stellar images. An average of the median-combined
sky frames from before and after the galaxy image was then
constructed for each galaxy observation and subtracted from
the individual galaxy frames. On the few occasions in which we
did not bracket both sides of a galaxy series, we used the
combined sky frame closest in time to the galaxy observation.
This first-order sky subtraction did not adequately estimate the
sky level for precise surface photometry because the brightness
of the sky usually showed significant variations on timescales
shorter than that between adjacent exposures. This means that
the true sky level must be estimated on the galaxy frames
themselves; the uncertainty in this estimate of the true sky level
is the principal source of error in the surface photometry. We
will discuss the method of sky determination below at greater
length.

Flat fields were then constructed by averaging all the bias
corrected, dark-subtracted, median-combined frames of the
sky for each night and scaling this averaged frame to a mean of
unity. The processed sky-subtracted galaxy frames were then
divided by this flat field. The resulting images were flat to
better than 0.1%, as judged by row and column cuts and sta-
tistics in image subsets.

The next step was to combine the flattened, sky-subtracted
galaxy frames and merge the grid observations of the galaxies.
The individual galaxy frames were averaged after shifting in
rows and columns to align the position of the galaxy’s nucleus
as measured by an intensity-weighted centroid in a box of size
15”. This shift-and-align was also applied to each of the frames
which made up a grid. The assembly of the grids used the
following procedure. Let the intensity in pixel (x, y) of image n
be I,(x, y), i =0, 4 with the image centered on the galaxy
nucleus as Iy(x, y). Here (x, y) are coordinates in a global coor-
dinate system such that the nucleus of the galaxy on all frames
is x =0, y = 0. The image I,(x, y) was merged with the image
Io(x, y) by first computing via least-squares the coefficients a,
and b, in the intensity transformation

Io(x, y) = I'(x, y) = a;1,(x, y) + b, , 1)

where all overlapping pixels were included in the least-squares
computation. Then the two images were combined by averag-
ing the intensities I(x, y) and I'(x, y) of overlapping pixels and
replicating pixels that did not overlap. After these two images
were thus merged to make a proto-grid, the image I,(x, y) was
scaled to match the intensities on the proto-grid via least-
squares (yielding coefficients a, and b,) and combined to make
a new, larger grid. This process was repeated until all the
frames had been merged together. The merger and all sub-
sequent steps in processing and measurement were performed
using procedures written for VISTA (Stover 1988). Note that
this least-squares procedure brings the several images in a grid
to the same sky level as the first image I(x, y) by matching the
intensities of all overlapping pixels. Thus it was not necessary
that each image extend far enough away from the nucleus of
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each galaxy so that the background sky could be measured (see
§2.3).

On nonphotometric nights we determined both a, and b, for
each image in the grid. On photometric nights, the scaling
ratios in equation (1) above were set to a, = 1.0 and only the
constants b, (n = 1, 4) were determined for each image making
up the grid. We also experimented with determining a, on
photometric nights; invariably the merger of the individual
frames yielded values of a that were within 1% of unity, thus
providing a check on the stability of the night on short time-
scales.

We display gray-scale images of selected galaxies in Figure 1
(Plates 6 and 7). Figure 1a shows those observed in a single
field, while Figure 1b consists of those with grid observations.

2.3. Determination of the Sky Level

The most critical step in accurate surface photomery is the
determination of the sky level. In CCD observations, one typi-
cally measures the sky level on the galaxy frame itself as far
away from the nucleus of the galaxy as is practical. In this way
one can achieve photometry down to better than 1% of the
sky. The traditional approach taken in single-aperture near-IR
photometry is to chop at several Hz between object and sky
positions. When a two-dimensional array detector is used to
image extended objects in the infrared, one cannot sample the
sky level as fast as the timescale for significant (here greater
than 1%) variations. We illustrate this in Figure 2, where we
plot the mean intensity of all the galaxy and sky frames for
observations on UT 1990 October 19 (a photometric night).
Shown as open circles are the mean intensity of the average sky
frames; plusses are the mean intensity on the individual galaxy
frames, which includes the level of the sky plus the light con-
tributed by the galaxies themselves. The right axis in Figure 2
shows the intensity in counts on a logarithmic scale, while the
left axis shows the level in K mag arcsec ™2, computed from the
counts via the photometric transformation appropriate for
that night. The horizontal axis is in hours after UT midnight.
This figure shows that the long-term variations in the sky level
can be quite large (+20%), and that changes of several percent
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F1G. 2—Intensity of the sky during one night of observations, shown as a
function of hours after UT midnight on 1990 October 19. The open circles
connected by a solid line and the crosses, respectively, show the intensity of the
sky and galaxy frames in the sky/object/sky observations. See the text for more
details.
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PLATE 6

FiG. 1a

FiG. 1—a) Selected images from the survey. From left to right, the galaxies in this figure are (top row): NGC 128 (1.3 m telescope, J filter), NGC 753 (1.3 m, K),
NGC 1035 (1.3 m, K), and NGC 3672 (1.3 m, K); (second row): NGC 4448 (1.3 m, K), NGC 7448 (1.3 m, J), NGC 7537 (2.1 m, K), and NGC 7537 (1.3 m, K); (third
row): NGC 7541 (1.3 m, K), NGC 7606 (1.3 m, K), NGC 7673 (2.1 m, J), and NGC 7673 (1.3 m, K); (bottom row): NGC 7798 (2.1 m, J), NGC 7798 (1.3 m, K), NGC
7814 (1.3 m, K), and NGC 7817 (1.3 m, K). In this figure, north is to the left and east is up. (b) Selected grid observations, all obtained on the 1.3 m telescope. From left
to right the galaxies are (top row): NGC 697 (K), NGC 891 (J), and NGC 891 (K); (center row): NGC 1175 (K), NGC 4565 (J), and NGC 4565 (K); (bottom row):
NGC 5033 (J), NGC 7331 (J), and NGC 7332 (K). Orientation of the galaxies is as in Fig. la.

TERNDRUP et al. (see 432, 520)
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"t PLATE 7

FiG. 1b

TERNDRUP et al. (see 432, 520)
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can take place in intervals of a few minutes. The short-term
variations can be gauged by the dispersion in the mean level of
the individual galaxy frames or by the dispersion in the addi-
tive constants applied in merging the sky frames or construct-
ing image grids. The dispersion was typically 15-45 counts
(0.2%-0.6% of the sky) over periods of a few minutes, and up
to 100-200 counts (1.3%-2.6% of the sky) over the length of
time it took to image all the frames that constituted a grid of
observations on the large galaxies. Long-term variations in the
J and H bands are usually significantly larger; the sky level at
these wavelengths can change by as much as a factor of 1.5 to 2
in the course of a night.

The sky levels shown in Figure 2 were among the brightest
during our observing runs, with the largest long-term varia-
tions. For the other nights, the mean sky level at K was uy =
13.0 + 0.3 (s.d) mag arcsec”! with long-term changes of
10%-15% throughout each night. The short-term variations in
the sky levels for any night were similar to that shown in
Figure 2.

Even the short-term variations are significant compared to
the surface brightness of most of the galaxies in our sample. We
illustrate this by considering NGC 7331, which has a relatively
high central surface brightness of ux = 12.72 + 0.02 mag
arcsec”?; as is typical, the galaxy contributes only a few
percent of the light on the frame. The average sky level imme-
diately before and after the galaxy (grid) observations was
ux = 12.85 and 12.73 mag arcsec ~ 2, respectively, a difference of
6%. The sky frames on either side of the galaxy grid were the
average of four exposures of 90 s. The short-term variation (as
measured by the dispersion) in the sky brightness on both sets
of four frames was 1.5%. The major-axis profile of NGC 7331
falls to 6% of the sky at a major-axis distance of only a = 16";
it reaches a level of 1.5% of the sky at a = 55". Therefore, it is
necessary to determine the true sky value from the galaxy
frame itself to remove the effects of short-term sky brightness
variations.

On the sky-subtracted galaxy frames, we determined the
modal background value in 3 to 5 regions located as far from
the nucleus as possible, in practice along the minor axis of the
galaxy. We then took the average of these values as the sky
correction and subtracted this average from the galaxy frames.
The dispersion in the background sky level in different parts of
the frames was almost always less than 0.5% of the mean sky
level, averaging 0.21% of the sky. We normally set the error in
the sky to be the dispersion in the background level; in those
cases where the dispersion was comparable to our estimated
error in the flat fielding (0.1% of sky, above § 2.2), we set the
error in the sky to be 0.15% of the sky level. For the grid
observations, the sky was measured as for the single-field
frames (i.e., from the average value in regions far from the
nucleus) after the grid was assembled.

The determination of the sky level on the 2.1 m frames was
problematic, because in nearly all cases the galaxy filled the
frame. We therefore chose to use the 1.3 m data both to deter-
mine the sky level and set the photometric zero point for the
2.1 m data. The method was to match the major-axis bright-
ness profiles u, 3(a) and u, ;(a) from the 1.3 and 2.1 m, respec-
tively, according to

Uy s(@) = —2.5log [Z; (@) — s] + po » 2

where a is the major-axis length of the profiles, the u terms are
magnitudes, and X(a) is the brightness along the major-axis
profiles in counts. The sky level s and the zero-point u, were
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determined via least squares over a range in semimajor axis
5" < a < ag,,, where a,,, was the maximum extent of the 2.1
m profiles. (The measurement of these profiles is discussed
below.) The 2.1 m profiles were interpolated in radius to the 1.3
m points for the least-squares fitting; the constants s and p,
were then applied to the uninterpolated 2.1 m instrumental
magnitudes. When there were both J and K observations on
the 1.3 m, the 2.1 m profiles in each color were independently
calibrated. In cases where J observations were made on the 2.1
m but not on the 1.3 m they could not be treated in this way
and thus were not used in the following analysis.

2.4. Photometric Calibration

The 1.3 m galaxy observations made on photometric nights
are denoted with an “s” in column (8) of Table 1. Standard
stars from the list of Elias et al. (1982) were observed at a large
range of air mass. Transformations of the form

K=k+c¢ X +c.,,
J—K=cjk,0(j—k)+Cjk,1X+cjk.2’ (3)

were sufficient, in most cases, to bring each night’s observa-
tions onto the CTIO/CIT system with residuals in K or J—K
of 0.02 mag or less; here X is the air mass, J and K are
magnitudes on the standard system, and the instrumental mag-
nitudes j and k are defined as —2.5 log,, (counts s '), where
the counts were measured in an aperture of diameter 9"5.

The color transformation coefficient was determined from
the average value for all photometric nights to be c; o = 0.960
=+ 0.003 (s.d.). The coefficients for the air mass terms and the
zero points were determined independently for each night. The
solution for one night required a small term in UT since the
transparency improved by 0.03 mag during the night. Figure 3
plots the residuals in K and J — K from equation (3) for all the
photometric nights as a function of J—K. The errors in a
single measurement of a standard star were estimated from the
scatter after the transformation and are oy =0.013 and
a;_g = 0.025.
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Fi1G. 3—Residuals in the transformation to the CTIO-CIT photometric
system, in the sense observed minus catalog value as a function of catalog
J—K. The different symbols represent residuals on the four nights of the
observing runs for this project that were photometric.
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Intermittent thin cirrus was usually responsible for non-
photometric conditions. Some of the images from these nights
could be calibrated via published aperture photometry as
described in the next section. For those galaxies without pre-
viously published aperture photometry, we transformed the
surface brightness to magnitudes and computed colors
assuming that the night was transparent with the average solu-
tions for photometric nights of the same run. Based on repeat-
ed observations of the same object on these nights we estimate
that the absolute level of the photometry in both K and J can
be in error by a few tenths of a magnitude, uncertainties in the
J—K color will be less. These galaxies are given the desig-
nation “n” in column (8) of Table 1.

2.5. Comparison to Aperture Photometry

As a check on our method of photometric calibration and to
generate photometric calibrations for some galaxies observed
under nonphotometric conditions, we computed instrumental
synthetic aperture magnitudes according to

m(d) = —2.5 log [} I(x, y)], Q)

where d is the diameter of an aperture centered on a galaxy
nucleus; the sum was carried out over all pixels with central
position less than or equal to a distance a = d/2 from the
galaxy’s nucleus. We then compared the synthetic aperture
magnitudes for those galaxies observed on photometric nights
to those published in the literature by computing the magni-
tudes j(d,) and k(d,) for each aperture d,, and transforming
these to the CTIO/CIT system via the appropriate photo-
metric solution.

Figure 4 shows the differences between our synthetic aper-
ture magnitudes and those in the literature for all galaxies with
previously published photometry. No attempt has been made
to transform the published photometry from other systems to
the CTIO/CIT system. For apertures larger than d > 10”, the
agreement between the synthetic and published values is good:
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F16. 4—Differences between synthetic aperture magnitudes and colors
computed from the data in this paper and aperture photometry found in the
literature. The differences are plotted as a function of aperture diameter.

Vol. 432

the mean differences (in the sense ours minus published) and
standard  deviations are J: —0.008 +0.095; H:
—0.007 £+ 0.042; and K: +0.035 + 0.069. If we compare our
results to photometry that we consider especially reliable and
which are on the CTIO/CIT standard system (Frogel et al.
1978; Aaronson 1979; Aaronson et al. 1980, 1982; Bothun et
al. 1985), the scatter is smaller: the mean difference and stan-
dard deviations are +0.002 + 0.048, —0.006 + 0.026, and
+0.016 + 0.042 mag in J, H, and K, respectively. This scatter
is approximately what is expected from the errors in the aper-
ture photometry, typically quoted as 0.01-0.02 mag, and the
errors in our synthetic apertures, which are 0.02 mag at small
radii, increasing to 0.04 mag for d > 45”". The excellent agree-
ment between the large aperture single channel measurements
and our surface photometry confirms the accuracy of our sky
determinations and photometric calibration.

2.6. Profile Fitting

We used the routine PROFILE (Lauer 1985) in VISTA to
measure the surface brightness of our galaxies. Each galaxy
was modeled as a series of concentric ellipses, yielding for each
semi-major axis length a the average surface brightness X(a) of
the best-fitting ellipse, the position angle 6, and ellipticity
€(a) = 1 — b/a, where b is the length of the semi-minor axis.
Before measurement, dead pixels and the images of nearby
stars were eliminated by replacing intensities significantly
higher or lower than a local modal value with the mode. The
interval between adjacent values of a was taken as 1 pixel. The
routine also determined azimuthal intensity deviations which
measure the boxiness of the isophotes (Lauer 1985; Jedrze-
jewski 1987; Franx, Illingworth, & Heckman 1989; Peletier et
al. 1990). The analysis of the isophote shapes and residuals
from the fits to the ellipses will be discussed in a later paper.

Isophotes were fit out to the radius at which the galaxy’s
major axis ran into the edge of the frame, or when we could no
longer discern via contour plots or intensity stretches on dis-
plays that there was any significant galaxy light. Major-axis
profiles in K (and in J— K, when available) were constructed
by taking X(a) for each value of a and transforming these to
mag arcsec” 2 using the photometric calibrations discussed
above. Because the position angle § may vary with major-axis
length a, the major-axis profiles measured in this way will not
be the same thing as a cut along the bulge or disk. This
method, besides being easy to implement, has the advantage
that it is identical to the approach followed by Kent (1984,
1986, 1987), thus facilitating comparison to his photometry.
We constructed profiles in r— K by taking Kent’s major-axis
profiles and linearly interpolating his values of surface bright-
ness onto our sampled radii.

The ellipse-fitting program estimates an error g, in X(a)
from photon statistics on the galaxy and background sky level.
For most of the galaxies, o,,, < 0.05Z in the core, and
increases to several tenths mag at large radii. We found from
experimentation that the contour fitting program was able to
determine the brightness profiles out to the radius at which
Gonat & 0.5Z, beyond which it often converged to profiles that
had € or 8 which were significantly different from those fit at
smaller radii. In addition, there is the uncertainty in the sky
level o, which was determined as discussed above (§2.3).
Except for a few galaxies with very low central surface bright-
ness, Oy < Oy, for a < 30”. We estimated a total error
according to 6,4 = (02h0 + 05,)"* for K. For J—K we com-
puted o, for J and combined it with the K error in quadra-
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ture. We assumed that the errors in Kent’s r-band photometry
were smaller than those in K, and set 6,,(r — K) = 0,,(K). The
final error estimate does not include the absolute photometric
errors, which (§ 2.4) are oy = 0.013 and o, _x = 0.025.

The surface photometry for our galaxies is displayed in
Figure 5. Data for an individual galaxy are arranged from top
to bottom and are plotted as a function of semimajor axis
length a. The scale along the bottom axis shows the values of a
in arcsec, while the scale on the top shows the projected major-
axis distance in each galaxy in kpc, calculated directly from the
Virgo infall-corrected radial velocity tabulated in de Vaucou-
leurs et al. (1991), assuming Hy = 75 km s~' Mpc~'. The
upper three panels show (reading down from the top) ux(a),
J—K color, and r — K, respectively. Data from the 1.3 m tele-
scope are shown in these three panels as plusses; the open
circles show the 2.1 m data calibrated as described above. The
K surface brightness and colors are plotted out to the radius at
which g,,(K) = 0.25 mag; at this radius the error in J—K is
typically about 0.3 mag. For those galaxies observed on nights
with high sky brightness (§ 2.3), the limiting magnitude at
which o,,(K) = 0.25 mag is about ux = 17.8; for those galaxies
observed under the best conditions the limit of the photometry
is about 1 mag fainter. The central surface brightness, which
represents the average intensity over the innermost pixel, is
plotted at a radius of a,/2'/2, where a, is the size of one pixel,
0754 and 1735 on the 2.1 and 1.3 m, respectively.

The lower two panels show the ellipticity of the fitted iso-
topes and the position angle of the isophotes measured from
north (8 = 0°) through east (6 = 90°). These panels show only
the 1.3 m data, with plusses denoting the K data, and crosses
for the J results. Here, the points extend to the full radius to
which isophotes were fit, regardless of error. In virtually all
cases, the ellipticities and position angles are nearly identical in
both J and K. To illustrate this last point, we show (Fig. 6) the
differences in € and 0 between observations at K and at J. This
figure shows that even for round isophotes (¢ < 0.2), there is
good agreement between the independent J- and K-values,
though with somewhat larger scatter than for more elongated
isophotes.

As a partial check on our methods, observations of several
galaxies were repeated NGC 474 and NGC 670 were re-
observed on the 1.3 m in K on more than one photometric
night and independently calibrated. We also have analyzed a K
image of NGC 7469 obtained on the 2.5 m duPont telescope at
Las Campanas. This image has a total on-galaxy exposure of
800 s at a spatial scale of 0735 pixel ~! and was obtained with a
256 x 256 HgCdTe detector with a field size of 917, about 12%
larger in radial extent than the field of the KPNO 1.3 m obser-
vations. For these repeat observations, Figure 7 displays (top
to bottom) the differences in major-axis profiles, ellipticity, and
position angle, respectively. The profile for the uncalibrated
Las Campanas observations of NGC 7469 was adjusted to
match the photometry for this galaxy measured at KPNO over
a < 20". The mean difference in the profiles for NGC 474 (left
panel) and for NGC 670 (center) are —0.002 mag and —0.010
mag, respectively, well within our estimates of the error in the
photometric calibration. The dispersion in ellipticity and posi-
tion angle for all three galaxies together (a < 20”) is 0.025 and
3.5 degrees, respectively.

3. BULGE AND DISK COLORS

We now examine the major-axis profiles which are presented
in Figure 5, and discuss a simple determination of the mean
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colors and color gradients in regions of the profiles that are
dominated by the disk or the bulge. In this analysis we over-
look many of the complexities of the profiles. For example a
comparison of the images of the galaxies in Figures 1a and 1b
with the surface brightness profiles in Figure 5 shows several
instances of arms or other structures which appear as bumps in
the ug profiles. Examples are NGC 697, 753, 3672, 5033, 7448,
7537, 7541, 7606, and 7817. In several cases corresponding
features are also evident in the J—K and r — K color plots as
well. In a subsequent paper we will discuss a full decomposi-
tion of the major-axis J and K band profiles and the two-
dimensional structure of the galaxies including a harmonic
analysis of the isophote shapes.

3.1. Derivation of the Colors

Our analysis of the colors began with an inspection of the
profiles of surface brightness, ellipticity, and position angles in
Figure 5. We estimated a radius a, for each galaxy inside of
which the contribution from the bulge contributes most of the
light in the K surface brightness profile, and a radius a, outside
of which the bulge contribution is negligible. The quantities a,
and a, are given in columns (2) and (3) of Table 2. Generally
a, # a, because there is a transition zone where the bulge and
disk both contribute to the profile. The evidence for a bulge
contribution was either that the K surface brightness profile at
small radii was brighter than an exponential trend exhibited by
the profiles at large radii, or that the isophotes were rounder at
small radii than at large. For the galaxies of type Sb or earlier,
the central surface brightness of the bulge was more than 1.5
mag brighter than the (exponential) profile disk extrapolated
to a = 0, so we estimate that more than 60% of the light within
a, is from the bulge. For later-type galaxies, of course, this
fraction is smaller.

The earliest Hubble types in our sample, e.g., NGC 474,
NGC 1023, and NGC 7457, exhibit a power-law decline indi-
cating that the luminosity of the region we observed is domi-
nated by a bulge component; later Hubble types, e.g., NGC
1620, NGC 2654, and NGC 3672, show a prominent shoulder
or shoulders at intermediate radii in their luminosity profiles
accompanied by a rapid increase in ellipticity outward indicat-
ing the presence of a disk. Yet later Hubble types, e.g., NGC
801 and NGC 7537, consist almost entirely of a disk com-
ponent and are highly flattened at all radii, the bulge being
essentially absent.

With one exception, the sizes of the bulge components given
in Table 2 are <10”. Griesmith et al. (1982) compared inte-
grated bulge and disk colors by measuring the colors within a
standard aperture size of log (4/D,) = —0.86 to the colors in
larger apertures; Aaronson (1979) used log (4/Dy) = —0.6. We
computed values of log (4/D,) for the bulge-dominated
regions of the major axis profiles by setting 4 = g, and taking
Dy-values from the RC3. We find that log (a,/D,) < — 1.5 for
three-quarters of the sample and log (a,/Do) < —1.0 for the
remainder, considerably smaller than the apertures employed
by Aaronson or by Griersmith et al. Their bulge colors must
therefore contain a larger contribution from disk light than do
ours. Thus our separation of the profiles into disk- and bulge-
dominated regions yields for the first time measures of near-IR
colors at radii where it is established that the bulge surface
brightness dominates over that of the disk.

Bulge and disk colors were estimated by inspection of Figure
5; bulge colors refer to the mean color of the major-axis profile
measured from the innermost sampled radius out to a,, while
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F1G. 5—Presentation of the surface photometry. Data for an individual galaxy are arranged from top to bottom and are plotted as a function of semi-major axis
length a. The scale along the bottom axis shows the values of a in arcsec, while the scale on the top shows the projected major-axis distance in each galaxy in kpc,
calculated from the radial velocity assuming H, = 75 km s~ Mpc~!. The upper three panels show (reading down from the top): K surface brightness in mag
arcsec™2; the J— K color; the r — K color, where r is the Gunn-Thuan magnitude from Kent (1984, 1986, 1987). Symbols in the top three panels are: plusses, 1.3 m
data; open circles: 2.1 m data. The lower two panels show ellipticity of the fitted isotopes and position angle of the isophotes measured from north through east. In
these panels plusses denote the K data, while crosses are for the J observations. An asterisk (x) next to a galaxy’s name indicates that the data were obtained under
slightly nonphotometric conditions.
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TABLE 2
BULGE AND Di1sk COLORS AND COLOR GRADIENTS
g: Bulge color  Disk color Bulge color gradients Disk color gradients
L NGC a, a3 r; r-K J-K r-K J-K §r-K) error §(J-K) error §(r-K) error §(J-K) error
128 5 20 15.0 0.90 0.90 -0.05 0.02 -0.16 040

474 10 10 105 225 080 205 085 -023 0.11 -0.18 0.05

670 5 10100 244 094 224 089 036 017 025 006 -056 036 -0.05 0.17

697 5 20185 258 2.33 0.68 0.24 -043 020
753 5 8 11.0: 2.03 1.93 000 025 -0.90 046
801 5 10150 224 095 219 090 007 012 -014 0.16
1023 10 15 26.0: 0.81 0.66 -0.16 0.05 -030 039
1085 5 15205 228 1.01 203 086 0.07 0.40
1087 3 10130 1.65 135
1325 7 15300 258 248 -0.13 020
1417 6 20 135: 198 080 168 070 -0.01 0.11 -015 0.05
1620 5 20 285 2.07 1.92 017 023 -0.76 0.39
2681 13 23.0: 1.12 1.20 -0.16 0.03 073 0.27
2715 7 10 345: 172 1.72
2742 5 8385 197 1.67 -023 0.19
2841 6 10295: 259 096 269 096 -080 008 026 006 017 003 0.00 004
2903 5 1023.0 257 1.97 -023 0.14
3198 5 10 26.5: 1.96 1.71
3495 5 10 34.0: 186 1.86 -0.12 0.19
4062 6 15 43.5: 2.07 212
4448 15 15150 175 1.75 -022 0.08 0.68 0.30
4800 10 10 15.0 2.06 1.96 -041 0.10 -028 037

5033 10 20 140 250 123 275 143 029 007 009 006 038 014 027 017
7217 10 20225 195 079 18 074 -0.10 0.03 -0.04 002 -067 024 -028 028
7331 8 30320 213 078 238 098 -039 003 006 003 056 019 063 021

7332 8 25 15.0: 1.08 0.93 -0.30 0.04 021 0.15
7448 8 15130 184 076 164 071 -0.12 012 0.08 006 041 048 002 0.16
7457 7 20 22.5: 0.83 0.98 -0.04 0.06

7469 10 10 7.5: 2.02 1.62 -1.80 0.08 -147 044

7537 4 10125 203 084 198 094 044 030 005 015 -037 023 008 026
7541 4 15235: 259 116 244 101 -057 023 081 009 -016 027 007 032

7606 10 25 305 1.68 1.68 -0.10 0.08

7631 4 10 140 1.88 1.93 -0.14 028 -0.67 0.32

7664 5 10 75: 196 092 191 077 058 0.16 -032 006 -027 045 -024 050
7673 5 9.0: 245 072

7798 5 10 105 1.99 179 015 0.20 0.05 0.46

7817 8 2036.0 235 2.25 -0.44 009 -0.28 0.06

Notes.—Bulge and disk colors in cols. (5)—(8) are corrected for Galactic extinction and internal
absorption as described in the text. See § 3.4 for the definition of the color gradients.

disk colors were estimated from a radius g, out to the last
plotted point in the profile.® Note that these colors are azi-
muthally averaged, as measured by the major-axis profile, and
are not aperture measurements on the images. The bulge and
disk colors are summarized in Table 2, columns (5)—(8) of
which list the mean bulge and disk colors, corrected for Galac-
tic absorption and internal extinction as discussed below.
Column (4) of Table 2 lists a characteristic scale length r, for
the disks in our sample. This was measured by computing the
e-folding length of the surface brightness profiles for a > a,.
About half the sample have outer profiles that are exponential,
and for these the errors in r; are +4”. Many other galaxies,
such as early-type systems or those for which the profiles could

8 The reader may question at this point why we are not first decomposing
the profiles into bulge and disk components, then measuring colors for the two
components separately. Many of the profiles do not look like the sum of an
exponential disk and a power-law or r*/*-law bulge. Even for those that do, the
decomposition is not always unique: compare, for example, the treatments in
Kent (1985, 1986) and in Schombert & Bothun (1987). We therefore decided to
pursue this simple approach here and leave the details of decomposition for
subsequent papers. Our determination of the radii a, and a, were in part
guided by preliminary decompositions of the major-axis profiles.

not be traced very far, show significant deviations from expo-
nential profiles (cf. Kent 1985). The scale length for these gal-
axies, which are marked with a colon in column (4) of Table 2,
have a larger error (£ 15”). From a comparison of r, to a, and
the maximum radius of the brightness profiles (Fig. 5), we note
that we are measuring the colors in the disk over a range in
radii that extends on average from 0.8 to 1.87,.

The first correction to the measured colors was for Galactic
reddening, where we used an absorption-free polar cap model
(Sandage 1973) where A4, = 0.1(cosec b"" — 1) for b" < 50° and
Ay, = 0 otherwise. Colors corrected for Galactic extinction will
be denoted with subscript “0” (in Table 2, the subscripts are
left off the column headings for clarity). We took A,/Ag,
E(r — K)/Ay, and E(J — K)/A, to be 0.78, 0.71 and 0.17,
respectively (Cohen et al. 1981), and we took the effective wave-
length of the r band to be essentially the same as that of
Cousins R..

The second correction to the colors was to account for
absorption internal to the galaxies themselves as a function of
inclination angle, following the precepts in RSA. (Inclination
corrected colors will be denoted with a subscript “0,i”.) The
RC3 values for axial ratio correlate strongly with the

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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FiG. 6.—Differences between the ellipticity and position angle of the major-
axis profiles measured at J and K are shown as functions of the ellipticity at K,
€x. These are derived from the data presented in Fig. 5, and show the differ-
ences for all galaxies imaged in both J and K.

maximum ellipticity measured in our profiles, as shown in
Figure 8. This demonstrates that even with small arrays we are
able to measure the profiles to a large enough radius that the
disk dominates the light. In this discussion, we subsequently
adopt the RC3 values of axial ratio.

That the correction for inclination is significant is demon-
strated in Figure 9, which illustrates the dependence of the
bulge and disk colors (top and middle panels, respectively) on
axial ratio. The colors in Figure 9 have been corrected for
galactic absorption only. Bulge colors are shown as triangles,
while disk colors are displayed as circles. In this and all sub-
sequent figures which involve bulge colors, those galaxies
which are judged to have an insignificant bulge component are
not included. Colors measured under photometric conditions
are shown as filled symbols, while those obtained under non-
photometric conditions are shown as open symbols. There
does not seem to be a significant difference in the distribution
of colors of the filled and open points; if, for example there was
a significant reduction in the K flux from clouds, then the
derived r — K color would be too blue. The lower panel of
Figure 9 shows the correlation between inclination angle and
(V —K), color of Sc galaxy nuclei as given by Frogel (1985) in
his Table 4. These colors were measured using apertures with a
similar distribution in log (4/D,) to that of the bulge-
dominated regions in our present sample.

The straight lines in Figure 9 show the expected dependence
of color with inclination angle for early and late type spirals as
summarized in the RSA. Extinction values and color excess
ratios as given by Cohen et al. (1981) were employed. The
reddening lines were shifted in color to overlap the average
observed bulge and disk colors of those galaxies with

Vol. 432

(r — K)o < 2.6. In Figure 9, galaxies with disk or bulge colors
(r — K)oy < 2.6 show the expected dependence of color with
inclination angle, albeit with considerable scatter. Both Aaron-
son (1979) and Griersmith et al. (1982) found only a weak
dependence of color on flattening, but their samples of galaxies
contained very few highly flattened or late-type spirals. This is
also true of the Frogel (1985) sample of Sc galaxies.

About one-quarter of the galaxies plotted in Figure 9 have
(r — K) colors significantly redder than expected from their
inclination angles. Aaronson and Griersmith et al. identified a
similar population of red galaxies in their samples; we will
discuss these galaxies later.

3.2. Bulge and Disk Colors Compared

In Figure 10 we plot the correlation between bulge and disk
colorsin (r — K)o ; and (J —K), ;. The symbols in Figure 10 are
as in Figure 9, and the solid lines denote identical colors.
Figure 10 suggests that the colors of the bulges and disks may
be correlated; the correlation is stronger in J—K than in
r— K. In J—K the bulges and disks have nearly identical
colors, while in r — K the bulges tend to be ~0.1 mag redder
than the disks. The scatter in these correlations is comparable
to or only slighter greater than expected from the measuring
uncertainties alone which are 0.06 mag (§ 2.5). These results are
independent of the inclination corrections that have been
applied since the same correction was applied to both the
bulge and disk colors.

In Figure 11 we show the correlation between (r — K), ; and
(J—K),,;, for bulges and disks considered together. The bulge
and disk points for individual galaxies are connected by lines.
The arrow denotes the effects of 0.5 mag of visual extinction,
while the points connected by dashed lines show model colors
for single-burst populations of age 12 x 10° yr and [Fe/H]
(from blue to red) of —1.0, —0.5, and 0.0 dex (Worthey 1992).
The range in the bulge and disk colors lie along either the
reddening or metallicity line, which are nearly parallel. We will
discuss the interpretation of these colors below (§ 4.1).

3.3. Bulge and Disk Colors as Functions of Galaxy T ype

In Figure 12 we plot the distributions of inclination-
corrected bulge and disk colors as a function of Hubble type T.
The symbols in Figure 12 are the same as in Figures 9-11.
With the exception of a 0.1 mag difference in (r — K), ; (also
seen in Fig. 9), there are no obvious differences between the
colors of bulges and disks of a given type. The (r — K), ; colors
for both the bulges and the disks of late-type galaxies are a few
tenths of a magnitude bluer than those of earlier systems, while
the (J — K), ; colors are nearly independent of T

There is a reasonably well defined lower limit to (r — K), ;
for galaxies with T > 1 that may get slightly bluer with
advancing type. There also appears to be a fairly constant
lower limit for (J —K), ;. The upper limit to (r — K), ;, on the
other hand, gets significantly redder with advancing type; the
upper limit to the (J —K), ; colors may get redder as well.
These red galaxies are the same ones that stand apart from the
general trend with inclination angle displayed in Figure 9. The
net result of this is that the dispersion in colors increases mark-
edly with advancing T class.

We now compare the mean colors of our galaxies against
those of early-type systems measured by Persson, Frogel, &
Aaronson (1979) and to those of Sc nuclei in Frogel (1985).
Persson et al. (1979) obtained UBVRJHK photometry of a
large number of E and SO galaxies; these systems show a very

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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F1G. 7—This figure illustrates the results of independent surface brightness measurements of three of the galaxies in the sample. The two sets of measurements
being compared for each of the galaxies were obtained on different nights or on different telescopes. From top to bottom are plotted the differences in K major-axis
surface brightness, ellipticity, and position angle. The differences are in the sense of the illustrated data (Fig. 5) minus data from the repeat observations.

narrow range of r — K colors, with a mean (r — K), = 2.48
and a dispersion of only 0.16 mag (we take R— K to be identi-
cal to r — K). This is similar to the bulge colors of the SO
galaxies in our sample, but markedly redder than the colors of
the later type systems.

In Figure 13 we display the (J — K), ; and (V — K), ; colors of
Sc nuclei from Frogel (1985), where we have corrected Frogel’s
colors for inclination in the same fashion as for our sample. We
find that in the mean the (J —K), ; colors of Frogel’s galaxies
are very similar to those of the late-type systems presented
here, and that the Sc nuclei extend the relation between color
and type to redder types.

3.4. Color Gradients

We measured color gradients in the bulges and disks by
computing the slopes &J—K)=d(J—K)/dloga and
o(r — K) = d(r — K)/d log a via least squares over the radius

ranges a < a, and a > a,, respectively. Note that as with the
determination of the mean colors, these gradients are measures
of the azimuthally averaged major-axis profile. The fit was
performed using 1/62 weighting, where ¢ is the error of the
color. The color gradients and errors are given in columns
(9)-(16) of Table 2. Gradients with errors larger than 0.5 have
been deleted. In general, the errors of the color gradients of the
bulges are smaller than those for the disks because of higher
signal-to-noise in the bright inner parts of the profiles.

The color gradients are displayed for bulges and disks
separately as a function of Hubble type in Figure 14. Unlike in
Figures 9-11, there is no distinction in the figure between gal-
axies observed under photometric conditions and those that
were not, since the value of the gradient does not depend on
the measured flux in the galaxy.

Most bulges and disks with T <4 exhibit negative gra-
dients, i.e., bluer colors outward. In late-type systems, there is

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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an increasing fraction of galaxies that have positive gradients 4 — A a —:
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galaxies is 6(J — K) = —0.07 and 6(r — K) = —0.12. Gradients I [ j
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lation between the sizes of the color gradients and the colors of - 4 ]
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In Figure 15 we show the correlation between the color NN I T T =
gradients in J — K and those in r — K for bulges and disks. The 0 o 4 6 8

arrows show the reddening vector for 0.5 mag of visual extinc-
tion, while the points connected by a solid line show the color
changes in Worthey’s (1992) models of age 12 x 10° yr as the
metallicity changes in steps of 0.5 dex from (left to right) [Fe/
H] = —1.0 to +0.5. As we found with the colors themselves
(Fig. 11), the color gradients that would be produced by a
change in metallicity are parallel to those from a change in the
internal extinction within the galaxy.

4. DISCUSSION

4.1. Comparison with Evolutionary Models and
Optical Photometry

Worthey (1992) has calculated an extensive grid of inte-
grated colors of single-age, single-metallicity populations
which we now compare to the bulge and disk colors and color
gradients discussed above. We find an average color difference
between disks and bulges of 0.1 maginr — K and ~0inJ—K;
the sense of the difference is that the bulges are redder than
disks. For Worthey’s solar abundance models these color dif-
ferences correspond roughly to a difference in abundance of 0.1
to 0.2 in [Fe/H] or approximately 2—4 billion years in the
mean age of the stellar components, the disks being younger or
more metal-poor.

We remind the reader that we are only sampling the inner
disks of the galaxies in our sample (see Fig. 5). If galaxies have
continually declining disk metallicities with radius as in the
Milky Way, then colors measured farther out in the disks
might show larger differences from the bulge colors. Neverthe-

log (D./d)

FiG. 9.—Dependence of bulge and disk colors on inclination angle. the top
and central panels, respectively, show the bulge and disk (r — K), colors cor-
rected for Galactic absorption only. Filled points indicate photometricaly cali-
brated colors, while the open symbols denote colors measured under slightly
nonphotometric conditions. The straight lines are the predicted relations from
the RSA for early and late type disk systems inclined by varying degrees to the
line of sight. The bottom panel shows a similar plot for (V — K), colors of the
Sc nuclei in Frogel (1985). No corrections for internal extinction have been
applied to the data in these panels.

less, in contrast to marked differences that are seen in the
optical, our new data show that at infrared wavelengths the
bulk of the stellar content of the bulges and inner disks of
spiral galaxies are similar. This extends an earlier result (Frogel
1985) that the near infrared light of the nuclei of Sc galaxies is
dominated by an old stellar population not unlike that found
in E and SO galaxies.

We found above that for T < 2, the bulge colors are similar
to but slightly bluer than ellipticals and lenticulars. This would
easily be explained if the bulges have a somewhat lower metal-
licity and/or mean age than do the ellipticals, perhaps as a
consequence of a lower luminosity. Balcells & Peletier (1993)
have investigated bulge colors and color gradients in a sample
of 45 early-type spirals observed in UBRI. They select a subset
of spirals that are relatively unaffected by dust, and demon-
strate that the colors of the bulges are generally bluer than
those of ellipticals, consistent with our findings in this paper.
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F1G. 10.—Two panels of this figure illustrate, for the r — K and J—K
colors separately, the correlation between bulge and disk colors. Lines of
equality are indicated. The error bars of +0.06 mag in each color are based on
the comparison of our data with published aperture photometry as discussed
in § 2.5. Filled and open symbols are as in Fig. 9.

With only rJK colors at our disposal, we were not able to
distinguish color changes caused by extinction from those pro-
duced by metallicity gradients. The full span of colors and
color gradients exhibited by the galaxies can be accounted for
by either a variation in internal extinction by 4, ~ 1 about the
mean values found optically as a function of inclination angle,
or by variations in metallicity of order 1 dex from galaxy to
galaxy. For example, we found that the mean color change
within bulges is on the order of —0.1 in r — K which corre-
sponds in Worthey’s models to decline in metallicity of
approximately 0.2 dex. This is similar to the gradient of metal-
licity in the bulge of the Galaxy (Terndrup 1988; Frogel et al.
1990; Terndrup, Frogel, & Whitford 1990).

FiG. 11.—This figure illustrates the correlation between the J—K and
r — K colors for the bulges and disks. The short solid lines connect points
representing the bulge color (triangles) to the disk color (circles) for individual
galaxies. Filled and open symbols are in Figs. 9 and 10. The arrow displays the
effect of 0.5 mag of internal visual extinction. The plusses connected by a
dashed line show predicted colors from Worthey (1992) for single-burst popu-
lations of age 12 x 10° yr for mean metallicity (from blue to red colors) of
[Fe/H] = — 1.0, —0.5, and 0.0, respectively.

So far we have applied Worthey’s models differentially, If we
use the mean bulge and disk colors in Figure 11, we conclude
that most bulges have abundances on the order of —0.5 dex,
with few achieving solar abundances. At first sight, this may
seem to contradict the results from several investigations of the
Milky Way’s bulge (e.g., Frogel 1988; Rich 1988; McWilliam
& Rich 1994) which all conclude that the mean metallicity of
the bulge is approximately solar. On the other hand, this differ-
ence may simply mean that Worthey’s simple models predict
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F1G. 12.—Bulge (left panels) and disk (right panels) colors as a function of
galaxy type, after correction for internal extinction as described in the text.
Filled and open circles are as in Fig. 9.
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colors that are somewhat too red at a given metallicity, so
using his models would underestimate the mean abundance.

The behavior of the bulge color gradients that we find is
similar to that shown optically by Balcells & Pelletier (1993).
They find that the magnitude of the color gradient is larger in
high-luminosity bulges, and that the gradients in faint bulges
(corresponding to T > 4) scatters widely with an average gra-
dient having a negative value. They also find that few bulges
reach solar metallicities, which is also consistent with our con-
clusions drawn above.

4.2. The Red Galaxies

In Figure 9 we noted that several galaxies have bulge and
disk colors that are 0.5 mag redder in (r — K), ; than expected
for their inclination angle. With the exception of NGC 7331 at
T = 3, all of the other red galaxies have T = 4 or 5. They are
therefore the reddest galaxies of their type and occupy the
upper parts of the color distribution in Figure 10. As may be
seen from Figure 9, many of these systems have high inclina-
tion angles and are therefore nearly edge-on (cf. Fig. 1). This
could mean that internal reddening plays a significant role in
producing these extra-red galaxies. Both Aaronson (1977,
1979) and Griesmith et al. (1982) identified similar red subsets
of their samples but suggested that a combination of contin-

We have attempted to ascertain whether the red galaxies in
our sample have active nuclear regions due to star formation
or nonthermal activity by examining fluxes from the IRAS
Catalogued Galaxies and Quasars (Fullmer & Lonsdale 1989).
Three quantities were investigated: the ratio of 100 um to 60
um flux, the ratio of far-IR to blue luminosity, and the absolute
far-IR luminosity. We took fully corrected blue magnitudes
from the RSA or RC3. Figure 16 shows these three quantities
plotted against the reddening and inclination corrected r — K
color. There is no hint that any of these quantities are different
for redder disks and bulges than for blue ones. Furthermore
there are several well-known active galaxies in our sample.
NGC 2903 is a “hotspot ” galaxy with a nuclear starburst. Its
appearance leads us to call it nearly edge-on, yet the r — K
color of its disk is more than 0.5 mag bluer than our red
galaxies. NGC 7469 is a Seyfert with circumnuclear star forma-
tion. Its disk and bulge colors are typical for its nearly face-on
orientation. NGC 7541 is the only galaxy in our red sample
known to be active—it has a nuclear starburst. Thus while we
cannot rule out that there is hidden, i.e., heavily obscured
nuclear activity in our red galaxies, we regard this explanation
as unlikely.

We suspect that the main source of the red colors seen in a
subset of our galaxies and by Aaronson (1977, 1979) and
Griersmith et al. (1982) is internal extinction over and above
that predicted by the formula we have used for extinction cor-
rections based on inclination angle alone. There are two ways
this situation can arise, both of which are expected to be rele-
vant for late-type galaxies: (1) the internal extinction is variable
over a resolution element of the observations, and/or (2) the
dust is mixed in with the stars rather than acting as a screen. In
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F1G. 15—Color gradients in J—K against those in r — K for bulges (top
panel) and disks (lower panel). The arrow designates the effects of 0.5 mag of
visual extinction. The asterisks show the effect of a change of metallicity of
(from blue to red) — 1.0, —0.5, 0.0, and + 0.5 dex in Worthey’s (1992) models.

both cases the infrared radiation will contain a larger com-
ponent from light that is heavily obscured than will optical
light. Frogel (1985) discusses this in more detail. He also noted
that for Sc nuclei in commen with Turnrose (1976), the latter’s
predictions for extinction based on stellar synthesis models
agree well with his observations. These extinction values were
several times greater than those estimated from the inclination
effect alone.

5. CONCLUSIONS

We present imaging surface photometry in J and K for a
sample of 43 spiral and SO galaxies drawn from the RSA with
optical CCD photometry from Kent (1984, 1986, 1987). This
study was carried out with a 58 x 62 InSb array and estab-
lishes the feasibility of the extensive survey of spirals we are
now undertaking with 256 x 256 devices. We demonstrate that
we can measure surface brightness down to fainter than
K = 19 mag arcsec 2 to a precision of 20%. This is typically
250 times fainter than the night sky at K. Magnitudes mea-
sured through synthesized apertures on our images agree with
the best existing photoelectric aperture photometry to within
0.2% in J,0.6% in H and 1.6% in K.

(r=K),,

F1G. 16.—Three potential measures of nuclear activity are shown plotted
against (r — K)o ;. The 100 to 60 ym flux ratio and the far-IR luminosity are
from the IRAS Catalogued Galaxies and Quasars (Fullmer & Lonsdale 1989).
Hy,=75kms™ ! Mpc™! was used. Blue luminosities are from the RSA or from
the RC3. Bulge colors are plotted as triangles, while the disk colors are shown
as filled circles.

We report azimuthally averaged K-band luminosity, J — K
and r — K color profiles, and the run of ellipticity and position
angle with radius. The luminosity profiles exhibit structure
corresponding to changes in ellipticity which allow the disk
and bulge components to be separated. The ellipticity profiles
increase monotonically with radius as the disk component
dominates in surface brightness. The position angles show little
variation.

In contrast to optical wavelengths where blue light from
young stars has a major effect on disk colors, we find that the
near-IR colors of the bulge and disk components are very
similar. This indicates that the red stellar content of both com-
ponents is similar in age and metallicity. In the mean the disks
are 0.1 mag bluer in r — K than bulges; a rudimentary com-
parison with Worthey’s (1992) models suggests that this would
arise if the disks are 2-4 billion years younger or A[Fe/
H] = —0.1 to —0.2 more metal poor than the bulges. The
color gradients in the bulge imply metallicity gradients of a few
tenths dex as found in the bulge of the Milky Way.

The colors of the bulges for late-type galaxies are similar but
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slightly bluer than those in early-type systems, as would be
expected for lower bulge luminosities if luminosity and metal-
licity are correlated. In the later Hubble types (T > 2) there is a
broader spread in bulge and disk colors than in earlier types,
and there are a substantial number of galaxies, amounting to
25% of the sample, which are redder by as much as
r — K = 0.5 mag than more typical galaxies. Examination of
the correlation between color and inclination angle suggests
that the red colors of these galaxies can in part be accounted
for by larger internal extinction, but not by nuclear or star-
burst activity. On the other hand, the red colors can also be
explained by higher metallicities, up to 0.5 dex above the
average metallicity for the galaxies with normal colors.
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