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ABSTRACT
The formation of elliptical galaxies via the merger of gas-rich disks has received considerable attention

in recent years, with many studies strongly supporting the merger hypothesis. When investigated in
detail, the dynamics of a major merger that produces a high phase-space density of material (e.g., the
center of an elliptical galaxy) invariably produces the ubiquitous signature of a centrally concentrated
burst of star formation. We have searched for this central burst of star formation in a sample of Ðeld
elliptical galaxies that exhibit morphological Ðne structure thought to be indicative of merging. Out of
this sample of 32 galaxies, we Ðnd only two galaxies, NGC 3610 and NGC 5322, with sufficiently red
central near-IR colors to be consistent with the asymptotic giant branch light reÑective of the central
burst of star formation a few gigayears ago. Using NGC 3610 and 5322 as case studies, we discuss pos-
sible astrophysical links between global and central properties and their implied constraints on elliptical
galaxy formation and evolution. In particular, we conclude that the available evidence argues against
mergers of disk galaxies within the last 3È4 Gyr as being the primary formation mechanism for morpho-
logically disturbed Ðeld elliptical galaxies.
Key words : galaxies : elliptical and lenticular, cD È galaxies : evolution È galaxies : formation È

galaxies : stellar content È galaxies : structure

1. INTRODUCTION

Many current-epoch elliptical galaxies in low-density
environments (so-called Ðeld ellipticals) exhibit morpho-
logical Ðne structure and/or the presence of kinematically
unsettled features (e.g., counterrotating cores and central
dust lanes). As such features can only persist for 1È3 Gyr
before being destroyed via phase mixing, it has been widely
suggested that they were produced by a recent merger event
(see et al. & SeitzerBender 1989 ; Schweizer 1992 ;

& Franx Dokkum & FranxIllingworth 1989 ; van 1995 ;
Hernquist & QuinnQuinn 1984 ; 1988, 1989 ; Barnes 1992).

But is such kinematic/dynamical evidence alone sufficient
to establish that most Ðeld ellipticals were indeed formed
through mergers? As it would seem unlikely that dynamical
features could be produced without some kind of augmen-
tation of the stellar population, there should be an addi-
tional signature of the merger event contained in the
integrated light of these galaxies.

Two possible stellar population signatures have been
noted by et al. and &Schweizer (1990) Schweizer Seitzer

hereafter They found that elliptical galaxies(1992, SS92).
with morphological Ðne structure tend to have stronger
central Hb absorption and bluer integrated UBV colors
within their e†ective radii than elliptical galaxies with little
or no morphological Ðne structure. argued that bothSS92
observations could be explained if these elliptical galaxies
had been formed by disk-disk mergers roughly 3È5 Gyr
ago, which resulted in a distributed burst of star formation.

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Visiting Astronomer, Kitt Peak National Observatory, National

Optical Astronomy Observatories, operated by the Association of Uni-
versities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.

In this scenario, the strong Hb and blue UBV colors are
produced by the stellar population created in this merger-
driven star formation event.

However, the near-IR colors of these same galaxies
present a di†erent picture. As discussed in &Silva Bothun

hereafter their global near-IR colors place(1998, Paper I),
the galaxies in the same locus of points in the J[HSS92
versus H[K plane as elliptical galaxies with no signs of
recent merger activity. This strongly constrains the global
fractional amount of intermediate-age (1È3 Gyr) stellar
mass to be no more than 10%È15%, and in most cases, the
data are consistent with all the stellar mass being old
(T [ 10 Gyr) and metal-rich ([Fe/H]º [0.3). We argued
in that any recent merger activity was therefore notPaper I
accompanied by a signiÐcant episode of distributed star
formation within the region deÐned by and thatR\ 1.5R

ethe bluer UBV colors observed in this region for some of
these galaxies are due to metallicity e†ects driven by the
accretion of lower metallicity stars or by relative abundance
di†erences.

The result, however, does not rule out a centrallyPaper I
concentrated younger stellar population. The existence of
such a population in recent merger products is a ubiquitous
prediction of models that include gasdynamics. In such
models, the majority of the gas quickly Ñows to the bottom
of the potential well and reaches high enough densities to
trigger star formation. The preexisting stars are more
uniformly distributed throughout the potential well

& White & Hernquist(Negroponte 1983 ; Barnes 1991 ;
Mihos, Bothun, & Richstone 1992 ; & HernquistMihos

& Hernquist In the case of ultralumi-1996 ; Barnes 1996).
nous IRAS galaxies, large collections of central gas and
associated bursts of star formation are directly observed

& Bothun & Solomon We(Mihos 1998 ; Downes 1998).
therefore would expect similar, but scaled down, levels of
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TABLE 1

OBSERVATIONAL SAMPLE

Class [M
B

A
B

V
R

p Hot
NGC & (RSA) (mag) (mag) (km s~1) log D

N
(km s~1) Population? Core

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Elliptical galaxies :
547 . . . . . . . . . . E1 . . . 0.12 5524 0.59 171 . . . . . .
596 . . . . . . . 4.60 E0 21.25 0.12 1817 0.93 151 GT, Hb P
636 . . . . . . . 1.48 E1 20.76 0.10 1805 0.83 156 G2, Hb . . .
821 . . . . . . . . . . E6 . . . 0.16 1716 0.86 199 . . . . . .
1453 . . . . . . 1.48 E2 22.26 0.24 3906 0.78 290 . . . . . .
1700 . . . . . . 3.70 E3 22.50 0.12 3881 0.90 233 G2, Hb P
2974 . . . . . . 0.00 E4 20.88 0.11 1924 0.95 222 . . . . . .
3156 . . . . . . 1.70 E5 : 18.82 0.04 1296 0.68 112 G0, Hb . . .
3193 . . . . . . 0.00 E2 20.13 0.08 1378 0.93 205 . . . . . .
3377 . . . . . . 1.48 E6 19.66 0.06 689 1.06 131 G0, Hb P
3379 . . . . . . 0.00 E0 20.44 0.05 922 1.24 201 . . . C
3605 . . . . . . 2.70 E5 18.48 0.00 686 0.57 120 Hb P
3608 . . . . . . 0.00 E1 19.87 0.00 1197 0.89 204 . . . C
3610 . . . . . . 7.60 E5 21.37 0.00 1765 1.02 159 G1, Hb . . .
3640 . . . . . . 6.85 E2 21.01 0.10 1302 1.03 176 GT, Hb . . .
4125 . . . . . . 6.00 E6 22.28 0.04 1340 1.11 229 G1, Hb . . .
4168 . . . . . . 3.00 E2 19.63 0.04 2307 0.74 182 . . . C
4660 . . . . . . 0.00 E5 19.59 0.00 1115 0.91 198 . . . . . .
4697 . . . . . . 0.00 E6 21.76 0.04 1210 1.22 165 G0 P
4915 . . . . . . 5.48 E0 21.11 0.04 3152 0.76 209 G1, Hb . . .
5322 . . . . . . 2.00 E4 22.14 0.00 1804 1.06 224 G2, Hb . . .
5831 . . . . . . 3.60 E4 20.28 0.14 1683 0.77 166 Hb . . .

S0 galaxies :
315 . . . . . . . . . . EL . . . 0.26 4956 0.82 352 . . . . . .
584 . . . . . . . 2.78 S01(3, 5) 21.76 0.12 1875 1.06 217 Hb . . .
1023 . . . . . . . . . SB01(5) 21.17 0.25 661 . . . . . . . . . P
1052 . . . . . . 1.78 E3/S0 20.89 0.06 1475 1.00 206 . . . . . .
1172 . . . . . . . . . S01(0, 3) 19.48 0.10 1669 0.58 121 . . . P
2549 . . . . . . 0.00 S01,2 (7) 19.80 0.12 1082 . . . . . . . . . . . .
2685 . . . . . . 2.48 S03(7) pec 19.55 0.15 881 . . . . . . . . . . . .
2768 . . . . . . 0.00 S01,2(6) 21.55 0.02 1363 1.03 198 . . . . . .
3489 . . . . . . 0.00 S03/Sa 19.13 0.02 659 . . . . . . . . . . . .
3607 . . . . . . 0.00 S03(3) 20.71 0.00 951 1.10 248 . . . . . .

Ongoing merger :
3921 . . . . . . 8.84 Merger . . . 0.00 5926 . . . . . . . . . . . .

NOTES.ÈCol. (1) : NGC number. Col. (2) : Morphological Ðne-structure parameter from Col. (3) : MorphologicalSS92.
classiÐcation from Revised Shapley-Ames Catalog (RSA; & Tammann Col. (4) : Absolute B magnitude, fromSandage 1981).
RSA. Col. (5) : Foreground Galactic absorption from et al. or & Heiles Col. (6) : HeliocentricBurstein 1987 Burstein 1984.
radial velocity, from Burstein et al. 1987. Col. (7) : log from et al. Col. (8) : Adopted central velocityD

N
Burstein 1987.

dispersion, from et al. Col. (9) : ““ Hot ÏÏ population indicators : Hb \ strong central Hb absorption etDavies 1987. (Schweizer
al. or and G\ global UBV color excess indicated by Based on the discussion in galaxies1990 Gonza� lez 1993) SS92. SS92,
are classiÐed as follows : recent (1È3 Gyr) disk-disk merger product with signiÐcant merger-driven starG1\ possible
formation ; older (D5 Gyr) disk-disk merger product with signiÐcant merger-driven star formation ;G2\possible GT\
possible sites of recent (1È3 Gyr) star formation events induced by gas transfer only ; blue UBV colors butG0\ globally
conÑicting evidence about recent merger activity and/or the origin of the blue light. See for further details. Col. (10) :SS92
Core morphology, as deÐned by et al. based on HST observations. C \ core, P\ power law.Faber 1997

central gas collection and star formation in any elliptical
galaxy that formed from a recent disk-disk merger.

Given this picture, elliptical galaxies that formed from
disk-disk mergers in the last few gigayears should have
central stellar populations that are younger than their outer
populations. This younger population, which consists of
D5% of the total remnant mass, could be quite centrally
concentrated (within r D 0.5 kpc ; & HernquistMihos

This high degree of concentration makes this1996).
younger stellar population hard to detect against the back-
ground of older stars in the relatively large apertures used in

If the enhanced central Hb lines observed byPaper I.
et al. and are caused bySchweizer (1990) Gonza� lez (1993)

an intermediate-age stellar population formed 2È3 Gyr ago
as suggested by then this stellar population shouldSS92,
also include many cool asymptotic giant branch (AGB)
stars above the tip of the Ðrst-ascent giant branch (FGB),
as intermediate-age Magellanic Cloud clusters do (Persson

et al. Mould, & Blanco As Persson et1983 ; Frogel, 1990).
al. demonstrated, stellar populations that contain a signiÐ-
cant fraction of such intermediate-age AGB stars have dis-
tinctive near-IR colors. In particular, their H[K color is
quite red for their J[H color relative to clusters without
such stars. Thus, elliptical galaxies that contain a centrally
concentrated intermediate-age (1È3 Gyr) stellar population
should have a signiÐcant number of bolometrically bright,
cool AGB stars above the Ðrst-ascent giant branch and
therefore have very red central kpc) integrated(r [ 0.5
H[K colors, relative to the colors of their outer regions,
while only having slightly redder central integrated J[H
colors.

In this paper, a detailed study of the central near-IR
colors of disturbed, current-epoch Ðeld elliptical galaxies is
presented. Our sample is principally drawn from Schweizer
et al. and and concentrates(1990), SS92, Gonza� lez (1993)
on so-called Ðeld ellipticals. It includes galaxies con-
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sidered to contain ““ young ÏÏ stellar populations based on
their global optical colors and/or on central Hb(SS92)
strengths et al. Our goal(Schweizer 1990 ; Gonza� lez 1993).
is to determine the fraction of such galaxies that contain a
centrally concentrated intermediate-age (1È3 Gyr) stellar
population. Our basic methodology relies on accurate color
comparisons between the central and outer regions of our
sample galaxies. The JHK images of these galaxies dis-
cussed in provide the basis for our analysis ofPaper I
central colors. In broad terms, this analysis uses J[K as a
metallicity indicator while H[K, relative to J[H, is used
to constrain the existence of cool, intermediate-age AGB
stars (see also et al. and A shortPersson 1983 Paper I).
overview of our sample and observations is given in We° 2.
explain our basic goals and methods for measuring central
colors in Observational results are presented in We° 3. ° 4.
discuss these results and their implications for elliptical
galaxy formation and evolution in and summarize our° 5
remarks in ° 6.

2. OBSERVATIONS

2.1. Galaxy Sample Characteristics
The basic properties of our sample galaxies are presented

in Individual galaxies have been separated intoTable 1.
elliptical (N \ 22), S0 (N \ 10), and merger (N \ 1) sub-
groups based on their gross Revised Shapley-Ames (RSA)
morphological classiÐcation & Tammann(Sandage 1981).
Galaxies with the global photometric signature of a ““ hot ÏÏ
stellar component (i.e., blue UBV colors ; are indi-SS92)
cated by a ““G ÏÏ in column (9) of These galaxies areTable 1.
broken down into four subgroups, based on classi-SS92
Ðcations : (1) represents a possible recent (1È3 Gyr) disk-G1disk merger product with signiÐcant merger-driven star
formation ; (2) represents a possible older (D5 Gyr) disk-G2disk merger product with signiÐcant merger-driven star for-
mation ; (3) represents possible sites of star formationGTevents induced by gas transfer only ; and (4) representsG0galaxies with globally blue colors but conÑicting evidence
about recent merger activity and/or the origin of the blue
light. To Ðrst order, galaxies in class should have theG1highest probability of containing intermediate-age AGB
stars. Galaxies with the central photometric signature of a
““ hot ÏÏ stellar component (i.e., strong central Hb absorption ;

et al. or are indicated bySchweizer 1990 Gonza� lez 1993)
““ Hb ÏÏ in column (9) of Finally, the presence of aTable 1.
““ core ÏÏ or ““ power law ÏÏ central proÐle as determined by
Hubble Space Telescope (HST ) imagery et al. is(Faber 1997)
indicated in column (10).

2.2. Data Acquisition, Reduction, and Calibration
JHK images of the E/S0 galaxies listed in wereTable 1

obtained in 1993 February with the Simultaneous Quad
Infrared Imaging Device (SQIID) at the KPNO 1.3 m tele-
scope. SQIID contained four confocal Hughes Carlsbad
256 ] 256 PtSi Schottky barrier diode arrays. While these
arrays had few bad pixels, low dark current, and low read
noise, they also had low quantum efficiency. In principle,
simultaneous acquisition of J-, H-, K-, and L -band images
was possible with SQIID. In practice, only JHK images
were acquired during this project. Each channel had a
slightly di†erent plate scale that was pixel~1, provid-B1A.3
ing an almost Ðeld of view. Further details about5@.5 ] 5@.5
SQIID may be found in et al.Ellis (1993).

Complete details about data acquisition, reduction, and
calibration may be found in The colors reported inPaper I.
the current paper have been transformed to the CIT system,
as deÐned by the et al. faint standards.Elias (1982)

3. METHODOLOGY

3.1. Elliptical Aperture Photometry
In colors were measured through circular aper-Paper I,

tures. However, if morphological Ðne-structure results from
the merger process are present in the form, for instance, of
central Ñattened disks, then the use of elliptical apertures is
more appropriate. DeÐning elliptical apertures requires Ðrst
deÐning elliptical isophotes. Elliptical isophotes were Ðtted
to each image using the algorithm described by

as implemented in the ISO-Jedrzejewski (1987) STSDAS2
PHOTE package. Implementation details are discussed in
the ELLIPSE task documentation. An initial center, semi-
major axis, ellipticity, and position angle were speciÐed.
Keeping only the center Ðxed, ellipses were then Ðtted to the
data after rejecting the 5% brightest pixels within each
ellipse sample. The median data value of each ellipse sample
was computed and assigned as the isophotal value. The
semimajor axis was then incremented by a factor of 1.10
(logarithmic sampling), and this process was repeated.
During this process, the ellipse centers were held Ðxed, but
their ellipticity and position angles were allowed to vary.

For each galaxy, the JHK images were processed separa-
tely. However, the combination of relatively short exposure
times and relative JHK quantum efficiencies of the PtSi
arrays in SQIID meant that the Ðnal J-band images had
signiÐcantly higher signal-to-noise ratios than the Ðnal
K-band images. Thus, we elected to deÐne our elliptical
apertures on the J-band images only and then apply the
exact same geometric apertures to the corresponding H and
K images. In this way, we were assured that we were mea-
suring the same physical area in each photometric band.3
The implicit assumption that the intrinsic structure of the
galaxy is the same in all bands seems mostly justiÐed. In the
hypothetical case in which a recent merger has created a
centrally concentrated intermediate-age stellar population
whose intrinsic spatial distribution may be somewhat di†er-
ent than the overall ellipticity of the inner isophotes, the
e†ect would be a slightly di†erent isophotal structure at K
relative to J. This would manifest itself as a clearly detect-
able color gradient in the elliptical aperture photometry.

3.2. Simulations of Possible PSF E†ects
Since our technique rests on the reliability of color mea-

surements made within an aperture deÐned by a limited
number of pixels, it is important to model any possible sys-
tematic e†ects that could be present. Three instrumental
e†ects could introduce systematic errors into the measure-
ment of intragalaxy color di†erences : poor spatial sampling
of the true point-spread function (PSF), PSF smoothing of
the true central color distributions, and enhanced color dif-

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
2 The Space Telescope Science Data Analysis System (STSDAS) is an

external IRAF package distributed by the Space Telescope Science Insti-
tute.

3 The actual elliptical aperture photometry was performed using a
development version of the IRAF XAPPHOT package, kindly released to
us by Lindsey Davis of the IRAF Programming Group.
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ferences due to mismatched PSFs between the individual
Ðlter bands. Each of these e†ects drives the choice of the
smallest reliable central aperture in a di†erent way. Using
simulated data, we have estimated the magnitude of each of
these e†ects and what central aperture size seems prudent.
The e†ects of PSF variations on the determination of radial
color gradients measured from galaxy surface photometry
have been discussed by Illingworth, & HeckmanFranx,

and et al.(1989) Peletier (1990).
The SQIID plate scale was roughly pixel~1.1A.4

Although the delivered image quality at the KPNO 1.3 m
was never very good, it was typically under 2A FWHM,
which SQIID did not sample very well. To study the e†ect
of poor PSF sample, we simulated a ““ blue ÏÏ and ““ red ÏÏ
image of a model galaxy with a known color-aperture
relationship. These images were smoothed with two-
dimensional circularly symmetric Gaussian functions with a
range of FWHM values. The smoothed images were then
sampled at two resolutions : pixel~1 and pixel~1.0A.3 1A.4
Color-aperture relationships were constructed by measur-
ing total intensity through centered circular apertures on
each image and then using these intensities to calculate a
color for each aperture. The results of this simulation are
shown in As that Ðgure shows, the e†ects of PSFFigure 1.
smoothing are much larger than the e†ects of poor sam-
pling on these color-aperture relationships, and both e†ects
are negligible for apertures with r º 3A. In other words,
despite the rather poor spatial sampling of SQIID, it should
be possible to detect a centrally concentrated ““ red ÏÏ stellar
population as long as the actual intrinsic PSF was suffi-
ciently small.

The magnitude of the PSF smoothing e†ect will vary
depending the input shape of the color-aperture relation-

FIG. 1.ÈSimulated e†ects of varying PSF size and sampling on the
measurement of an elliptical galaxy color-aperture relationship are shown.
As discussed in an elliptical galaxy with a known color-aperture° 3.2,
relationship was simulated. This simulation resulted in two images, one
““ red ÏÏ and one ““ blue.ÏÏ These images were smoothed by circularly sym-
metric Gaussian PSFs with the following FWHM values : 0A.5, 1A.0, 1A.5, 2A.0,

and (from top to bottom in the Ðgure). PSF size is assumed to be2A.5, 3A.0
equal in both photometric bands. The smoothed image pairs were then
resampled on two di†erent scales : pixel~1 (circles connected by solid0A.3
lines) and pixel~1 (squares connected by dashed lines). The illustrated1A.4
colors were measured from the smoothed, resampled image pairs through
centered circular apertures. If color-aperture relationship determination
were insensitive to sampling or PSF size, all curves in this Ðgure would be
the same. However, PSF size has a signiÐcant e†ect, while sample does not.
Smaller PSF sizes produce more accurate color measurements within the
smallest apertures, but PSF e†ects are negligible for larger apertures.

ship. This is illustrated in The top panel againFigure 2.
illustrates the results shown in but for only theFigure 1 1A.4
pixel~1 plate scale. The middle panel shows the e†ects of
increasing PSF size on a color-aperture relationship that
is more linear and less centrally concentrated than the top
panel. The bottom panel shows the e†ects of increasing PSF
size on a color-aperture relationship that is more centrally
concentrated than the relationship used in the top panel.
These three color-aperture relationship types e†ectively
simulate the expected form of the color-aperture relation-
ships of the galaxies in our sample. In each of these relation-
ships, the e†ects of PSF size become negligible for apertures
with r º 3A.

So far, these simulations have assumed that the ““ blue ÏÏ
and ““ red ÏÏ images have the same PSF FWHM and that
the galaxy actually has a color-aperture relationship that
varies. illustrates what happens when theseFigure 3
assumptions are changed. In this simulation, we have used a
model galaxy with a Ñat color-aperture relationship. In the
top panel, the e†ects of increasing the ““ red ÏÏ PSF FWHM
while keeping the ““ blue ÏÏ PSF FWHM constant are shown.
In the bottom panel, the e†ects of increasing the ““ blue ÏÏ
PSF FWHM while keeping the ““ red ÏÏ PSF FWHM con-
stant are shown. A PSF FWHM di†erence as small as 10%
can create signiÐcant central-color measurement errors, and
these errors become larger as PSF size di†erences increase.
Furthermore, the radial range over which these e†ects are
signiÐcant increases as PSF FWHM di†erences increase.

One can, of course, directly determine how well the indi-
vidual PSF sizes match if suitable stars are within the
galaxy images. Unfortunately, not all our galaxy images
contain stars with high enough signal-to-noise ratios to
determine accurately PSF size in all bands. For galaxies
where bright-enough stars are available, the maximum
variation seen is about 25%, which implies possible system-
atic color errors for r ¹ 5A. More typically, the observed
variations are at the 10% level, implying possible systematic
color errors within 3A.

In SQIID, interband PSF variations could arise from a
slight interchannel nonconfocality and slight registration
errors between the individual images combined to form the
Ðnal image. The Ðrst variance changed in magnitude
depending on focus accuracy. The only remedy was to
maintain focus as accurately as possible. We assessed the
magnitude of the second variance by measuring the color-
aperture relationship on the individual images that were
combined to form the Ðnal image and then comparing those
individual measurements with the mean color-aperture
relationship measured from the Ðnal image. Data sets were
rejected from this study if the mean color-aperture relation-
ship varied signiÐcantly from the individual color-aperture
relationships at small radii. Such rejected data sets essen-
tially su†er from a temporally varying PSF. However, unre-
jected data sets could have a temporally stable PSF and still
have PSF-degraded color-aperture relationships.

3.3. DeÐnition of Color Di†erences
The semimajor axis of the central elliptical aperture for

each galaxy was chosen to be 4AÈ5A (0.3È1.5 kpc). This
choice is motivated by the following unavoidable compro-
mise : On the one hand, we suspect that merger-induced star
formation events will be quite centrally concentrated, so
one wants to use the smallest possible aperture for detec-
tion. On the other hand, we have just demonstrated that the
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FIG. 2.ÈSimulated e†ects of varying PSF size on the measurement of color-aperture relationships for elliptical galaxies with di†erent intrinsic color-
aperture relationships are shown. The process described in was repeated for three di†erent color-aperture relationship types : increasing centralFig. 1
reddening (top ; repeat of model), more shallow central reddening (middle), and central red source combined with shallow outer reddening (bottom). TheFig. 1

range of PSF FWHM size was also used here. Only the pixel~1 models are shown. Varying PSF sizes have a much greater impact onFig. 1 1A.4
color-aperture relationships with signiÐcant central color change (top and bottom) than on color-aperture relationships that are smooth at all radii (middle).
See for further details.° 3.2

redder the center of the color-aperture relationship, the
more likely it is that a PSF di†erence exists. To be conserva-
tive, we have chosen a large enough central aperture size to
minimize the possibility of introducing such a systematic

error, which in turn means that detected color di†erences
are likely to be lower estimates of the true color di†erences
in these galaxies. The outer annuli were chosen to span the
spatial semimajor axis range of This range is a8A.5È11A.3.

FIG. 3.ÈE†ects of mismatched PSF sizes between photometric bands on a constant color-aperture relationship are illustrated. PSF size ratios of 1.0
(exact match, no e†ect), 1.1 (intermediate e†ect), and 1.3 (largest e†ect) are shown.
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compromise between a large enough radius to have reached
the part of the galaxy color-aperture relationship where
color is approximately constant with increasing aperture
and a small enough radial range to minimize background-
driven color uncertainties.

For each galaxy, color di†erences between the central
and outer regions, *(J[H) and *(H[K), were computed.
Positive color di†erences mean a redder central region.
These color di†erence have two error components. The Ðrst
component is the background uncertainty discussedpbgnd,in ° 2.2 of The second component is a geometricPaper I.
uncertainty introduced by using the J elliptical isophotes to
deÐne rigidly the H and K isophotes, as discussed in ° 3.1.
The color uncertainty associated with this geometric uncer-
tainty, was estimated using the following relationships :pgeo,

J[K0\ [2.5 log
F
J
(r2) [ F

J
(r1)

F
K
(r2) [ F

K
(r1)

, (1a)

J[K` \ [2.5 log
F
J
(r2] 1) [ F

J
(r1] 1)

F
K
(r2] 1) [ F

K
(r1] 1)

, (1b)

J[K~ \ [2.5 log
F
J
(r2[ 1) [ F

J
(r1[ 1)

F
K
(r2[ 1) [ F

K
(r1[ 1)

, (1c)

where and are the inner and outer isophote semimajorr1 r2axes of the isophotes that deÐne the chosen annulus, r1] 1
and are the next outer isophotes, and andr2] 1 r1[ 1

are the next inner isophotes. The standard deviationr2[ 1
between and was assigned toJ[K0, J[K

`
, J[K~ pgeoJ~K.

Analogous equations can be written for J[H and H[K.
The Ðnal color di†erence uncertainty was then computed by
summing the central and outer and in quadrature.pgeo pbgnd

4. RESULTS

The resulting color di†erences and their uncertainties are
listed in and illustrated by Also shown inTable 2 Figure 4.

are vectors illustrating the e†ects of increasingFigure 4
metallicity (solid line with stars), increasing internal
reddening (dot-dashed line with squares), and increasing
fractional contribution of intermediate-age AGB light
(dashed line with squares). The origin of these vectors, as well
as a complete discussion of their applicability and reli-
ability, is presented in Paper I.

4.1. Galaxies with Small *(H[K)
We discuss galaxies with small *(H[K) Ðrst. Systematic

errors caused by mismatched PSFs could easily cause color
di†erence errors as large as ^0.025 mag. The existence of
some galaxies with *(H[K) \ 0 increases our suspicion
that some of our data su†er from such systematic errors. In
e†ect, o*(J[H) o¹ 0.025 and o*(H[K) o¹ 0.025 are con-
sistent with no color di†erence. The simple increasing AGB
light model presented in suggests that the centers ofPaper I
these galaxies must have no more than a 10% intermediate-
age stellar mass enhancement per unit stellar mass relative
to their outer regions, independent of their *(J[H). Given
the large range in *(J[H), mean age is not the dominant
astrophysical di†erence between the centers and outer
regions of these elliptical galaxies. Some galaxies have
*(J[H) consistent with either a central metallicity
enhancement, which follows the Galactic globular cluster
color-metallicity relationship, or with some small amount
of increased internal reddening. We have begun acquiring

FIG. 4.ÈColor di†erences between the central region kpc) and(r [ 0.5
an outer annulus kpc) are shown. Positive color di†erences(1.0[ r [ 1.5
are equivalent to redder central regions. Error bars include random photo-
metric errors and the geometric errors described in the text. ““ Young ÏÏ
elliptical galaxies with signs of recent merger activity are denoted by
circles. Vectors illustrating the e†ects of increasing metallicity (solid line
with stars, range shown by solid lines without stars), intermediate-age light
(dashed line with squares), and internal reddening (dot-dashed line with
squares) in the near-IR color-color plane are shown. Details about these
vectors are given in The two galaxies consistent with signiÐcantPaper I.
internal reddening due to dust, NGC 1052 and NGC 3921, are labeled
““ D.ÏÏ The two galaxies most consistent with a centrally concentrated
intermediate-age stellar population, NGC 3610 and 5322, are labeled ““ A.ÏÏ

the requisite near-IR spectroscopic data needed to di†eren-
tiate between these two possibilities.

About one-half of the galaxies in this group have *(J[H)
values larger than implied by any of the vectors, even if they
were all a†ected by the estimated typical systematic error
[10%, or *(J[H) D 0.025] caused by interband PSF di†er-
ences. Although mean FGB temperature and metallicity
are linearly correlated in Galactic globular clusters with
[Fe/H]¹ [0.3 et al. it is not certain what(Aaronson 1978),
happens at higher metallicity. It does not appear, for
example, that this combination of *(J[H) and *(H[K)
can be caused by stars analogous to BaadeÏs window (BW)
giant branch stars, since the BW M giants are bluer in J[H
at a given H[K than solar neighborhood M giants of
similar H[K color & Whitford(Frogel 1987 ; Tiede,
Frogel, & Terndrup contrary to what is seen in our1995),
data.

On the other hand, consider the recently published
near-IR color-color diagrams of Liller 1 and NGC 6440

Kuchinski, & Tiede & Frogel(Frogel, 1995 ; Kuchinski
Liller 1 and NGC 6440 have [Fe/H]\ ]0.25 and1995).

[0.35, respectively. These clusters appear to have giant
branches that are redder in J[H than the giant branches of
other clusters of similar metallicity. Do these unusual giant
branches a†ect the integrated colors of these Galactic
globular clusters? In the case of NGC 6440, the answer is
yes. Compared with the integrated colors of other Galactic
globular clusters of similar metallicity, NGC 6440 has
similar J[H color but very blue H[K color Malkan(M.
& M. Aaronson unpublished). In fact, the integrated1980,
H[K color of NGC 6440 is consistent with the H[K
colors of clusters with [Fe/H]\ [0.6. Equivalent large-
aperture integrated colors for Liller 1 have not been
published. If the centers of elliptical galaxies were domi-
nated by a stellar population similar to NGC 6440, they
could produce the kind of color changes seen in the galaxies
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TABLE 2

CENTRAL COLOR DIFFERENCES

*(J[H) p(J~H) *(H[K) p(H~K)NGC (mag) (mag) (mag) (mag)
(1) (2) (3) (4) (5)

315 . . . . . . . 0.028 0.006 [0.013 0.005
547 . . . . . . . 0.072 0.022 0.015 0.009
584 . . . . . . . 0.016 0.005 0.004 0.002
596 . . . . . . . 0.027 0.006 0.017 0.010
696 . . . . . . . 0.021 0.009 0.025 0.006
821 . . . . . . . 0.048 0.007 0.022 0.005
1023 . . . . . . 0.021 0.002 0.016 0.001
1052 . . . . . . 0.056 0.007 0.033 0.006
1172 . . . . . . 0.074 0.022 [0.001 0.017
1453 . . . . . . 0.029 0.008 0.013 0.007
1700 . . . . . . 0.029 0.004 [0.016 0.005
2549 . . . . . . 0.048 0.005 0.003 0.004
2685 . . . . . . 0.035 0.003 0.007 0.006
2768 . . . . . . 0.039 0.008 0.009 0.003
2974 . . . . . . 0.036 0.003 0.025 0.003
3156 . . . . . . 0.043 0.019 [0.004 0.014
3193 . . . . . . 0.040 0.011 0.022 0.008
3377 . . . . . . 0.031 0.009 0.010 0.005
3379 . . . . . . 0.039 0.001 0.003 0.002
3489 . . . . . . 0.060 0.008 0.017 0.004
3605 . . . . . . 0.053 0.004 0.008 0.003
3608 . . . . . . 0.069 0.008 [0.003 0.009
3610 . . . . . . 0.039 0.004 0.060 0.002
3640 . . . . . . 0.027 0.007 [0.001 0.003
3921 . . . . . . 0.113 0.021 0.038 0.026
4125 . . . . . . 0.035 0.003 [0.005 0.002
4168 . . . . . . 0.005 0.011 0.036 0.012
4660 . . . . . . 0.032 0.006 [0.002 0.004
4697 . . . . . . 0.057 0.001 0.019 0.002
4915 . . . . . . 0.016 0.011 0.025 0.010
5322 . . . . . . 0.045 0.005 0.053 0.003
5831 . . . . . . 0.069 0.012 0.006 0.010

NOTES.ÈCol. (1) : NGC number. Col. (2) : J[H color dif-
ference between the central kpc) and an outer(r [ 0.5
annulus kpc). Positive numbers mean redder(1.0[ r [ 1.5
central regions. Col. (3) : Uncertainty in *(J[H) computed
as described in text. Col. (4) : H[K color di†erence between
the central kpc) and an outer annulus(r [ 0.5 (1.0[ r [ 1.5
kpc). Positive numbers mean redder central regions. Col. (5) :
Uncertainty in *(H[K) computed as described in text.

that lie above the drawn vectors in A near-IRFigure 4.
spectroscopic comparison between the M giant stars in
NGC 6440 and Liller 1 and the centers of elliptical galaxies
would be interesting.

4.2. Galaxies with *(H[K) [ 0.025
4.2.1. Evidence for Central Internal Reddening

Two galaxies with *(H[K)º 0.02, NGC 1052 and NGC
3921 (labeled with ““ D ÏÏ in Fig. 4), have central colors
consistent with internal reddening. It is not surprising that
NGC 1052 lies along the reddening vector in asFigure 4,
strong dust features are observed in its nucleus (von
Dokkum & Franx as well as at larger radii &1995), (Davies
Illingworth 1986).

The color di†erences within NGC 3921 are also likely to
be caused by internal reddening. As discussed in Paper I,
the global near-IR colors of this ongoing merger suggest
that the near-IR light is dominated by old, metal-rich stars
donated by the merger progenitors. However, the central
near-IR colors of this nascent elliptical galaxy are redder
than the outer region colors. The central optical colors are
also signiÐcantly redder than the outer region colors

This combination of redder optical and(Schweizer 1996).

near-IR colors rules out the possibility that the central
region has a younger mean stellar age than the outer region.
It also seems unlikely that this color e†ect is being caused
by metallicity. If NGC 3921 was formed by an encounter
between two bulge/disk systems, the bulges might have
merged at the center of this protoÈelliptical galaxy. Metal-
licity di†erences between the center and outer region of the
should only be as great as the metallicity di†erence between
spiral disks and bulges. While the magnitude of such disk/
bulge metallicity di†erences is controversial (see, e.g.,

et al. & Balcells theTerndrup 1994 ; Peletier 1996),
maximum di†erence appears to be 0.3 dex, i.e., a factor of
D2 smaller than the NGC 3921 color di†erences imply.
Nor can the fading starburst population indicated by the
presence of strong Balmer absorption lines be signiÐcantly
contributing to the red near-IR light. esti-Schweizer (1996)
mates that this population is D1 Gyr old, too old to still be
contributing young, red supergiants and too young to be
contributing intermediate-age AGB stars. Thus, it seems
most likely that the optical and near-IR color di†erences
observed in NGC 3921 are caused by increased central
internal reddening by dust. Although such central dust is
seen in many elliptical galaxies Dokkum & Franx(von

et al. its origin remains unclear.1995 ; Carollo 1997),

4.2.2. Evidence for Intermediate-Age Stars

NGC 3610 also has *(H[K)[0.025, but here the central
colors are consistent with the presence of intermediate-age
AGB stars and a small amount of internal reddening. Addi-
tional observational support for such a population in NGC
3610 is provided by strong central Hb absorption

et al. and a nuclear mid-UV HST Faint(Schweizer 1990)
Object Spectrograph spectrum that is similar to M32Ïs and
best matched by a mid-F main-sequence turno† population
(Spinrad et al. 1997). The central (r ¹ 4A B 0.75 kpc) region
appears to have about 20%È30% more intermediate-age
stellar mass per unit mass than its corresponding surround-
ing annulus, estimated using the simple increasing AGB
light model presented in and accounting for a smallPaper I
amount of internal reddening This estimate of(A

V
B 4).

central intermediate-age fraction is consistent with the
simple spectral synthesis analysis presented by Jong &de
Davies Central gas, as traced by Ha ] [N II] emis-(1997).
sion, has been detected et al. Such gas(Goudfrooij 1994).
could be associated with dust as well. However, an archival
HST Planetary Camera image of the center of NGC 3610

shows no evidence for dust, although it does reveal a(Fig. 5)
complex central stellar structure that may be a ring or a
twisted disk (see also et al. The availableWhitmore 1997).
HST images do not eliminate the possibility of a smoothly
distributed dust component that could be causing signiÐ-
cant internal reddening & Wise(Silva 1996).

NGC 5322 also has the red central near-IR colors and
strong central Hb absorption et al. sugges-(Schweizer 1990)
tive of an intermediate-age stellar population. Like NGC
3610, it also has central gas, as traced by Ha ] [N II] emis-
sion et al. Unlike NGC 3610, HST PC(Goudfrooij 1994).
imagery of the center of NGC 5322 reveals a promi-(Fig. 6)
nent central dust lane (Ðrst reported by Dokkum &von
Franx Again, the available HST imagery does not1995).
eliminate the possibility of a distributed dust component
causing signiÐcant internal reddening.

The near-IR colors of the central regions of these two
galaxies suggest the presence of an intermediate-age stellar
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FIG. 5.ÈCentral region of NGC 3610, extracted from an archival HST Planetary Camera F555W image (left) and the same region after being9A.2] 9A.2
divided by a Gaussian-smoothed version of itself (right). Darker regions indicate higher intensity in both panels. A circle with(pGauss \ 2 pixels\ 0A.092)
r \ 4A is drawn on the right panel, corresponding to r B 750 pc for a distance of 39.1 Mpc Burnstein, & Faber This delineates the(H0\ 50 ; Bender, 1993).
““ central region ÏÏ used to construct the center [ outer color di†erences. It is unclear whether the central structure illustrated in the right panel is the result of
true stellar structure or if it is caused by ““ positive ringing ÏÏ around the edges of a faint dust lane. Note, however, that this structure is seen in the left panel as
well. The e†ects of ““ negative ringing ÏÏ are illustrated in the right panel by the lighter regions around the galaxy nucleus and the foreground star in the upper
right corner.

population that formed 1È3 Gyr ago. The global morpho-
logical structure of these galaxies is consistent with a merger
event that occurred on about the same timescale. The
obvious conclusion is that the young stars currently present
in the centers of these galaxies were formed during the
merger event. Indeed, the observed photoionization spectra
suggest that residual star formation may be continuing in
the centers of these galaxies, using gas left over from the
initial merger event. We explore the implications of these
observational conclusions further below.

5. DISCUSSION

5.1. Commentary on the SS92 Study
The key observational result of was that increasedSS92

morphological Ðne structure is correlated with bluer optical
colors, within the half-light radius, of their sample galaxies.
This leads to a natural separation into two age bins :
““ intermediate-age ÏÏ galaxies (2È7 Gyr old) with morpho-
logical Ðne structure and relatively blue colors and ““ old ÏÏ
(7È15 Gyr old) galaxies with relatively little morphological

FIG. 6.ÈCentral region of NGC 5322, extracted from an archival HST Planetary Camera F555W image (left) and the same region after being9A.2] 9A.2
divided by a Gaussian-smoothed version of itself (right). Darker regions have higher intensity in both panels. A circle with r \ 4A is(pGauss \ 1 pixel\ 0A.046)
drawn on the right panel, corresponding to r B 800 pc for a distance of 42.1 Mpc et al. This delineates the ““ central region ÏÏ used to(H0\ 50 ; Bender 1993).
measure the center [ outer color di†erences. The dust lane seen in both panels was Ðrst reported by Dokkum & Franx The dark border aroundvon (1995).
the dust lane in the right panel is an artifact of the Gaussian smoothing process.
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Ðne structure and red colors. They argued that global mor-
phological and photometric properties of the intermediate-
age galaxies were consistent with formation via recent
disk-disk merging that mixed the ““ old ÏÏ stellar component
of the progenitor disk galaxies and created a ““ new ÏÏ stellar
component from the interstellar medium (ISM) of the pro-
genitor disk galaxies. This intermediate-age stellar com-
ponent must then a†ect the colors of the newly assembled
galaxy within an e†ective radius. This is the signature that
we looked for in the near-IR light of these galaxies.

The near-IR photometry presented in constrainsPaper I
the amount of intermediate-age stellar mass within the
e†ective radius to 10% per unit mass and was consistent
within the uncertainties with no intermediate-age stellar
mass for the galaxies in our sample. This is consistent with
models of disk-disk mergers that suggest that D5% of the
total remnant stellar mass could be tied up in younger stars
(e.g., & Hernquist These young stars, however,Mihos 1996).
should be centrally concentrated. However, with the key
exceptions of NGC 3610 and 5322, the central kpc)(r [ 0.5
near-IR colors presented here are inconsistent with such a
centrally concentrated younger population.4

The lack of a signiÐcant (by mass) centrally concentrated
young population appears to limit merger scenarios to
events that did not involve gas, which in turn implies that
galaxies akin to present-day spiral galaxies did not partici-
pate in these events. This drives us to consider unequal mass
accretion event scenarios. Not only can such minor mergers
produce the observed morphological Ðne structure, but as
we discussed in they can also lower the meanPaper I,
metallicity of the Ðnal galaxy relative to its progenitor and
make them bluer relative to the galaxies of similar lumi-
nosity. This contradicts the conclusions of et al.Schweizer

and that increased central Hb(1990) Gonza� lez (1993)
absorption indicates decreased luminosity-weighted mean
age. Of our sample galaxies that have such increased central
Hb absorption, only NGC 3610 and 5322 have a central
H[K color consistent with a signiÐcant (by mass)
intermediate-age stellar population. The central near-IR
colors of the other galaxies are consistent with ¹10%
intermediate-age mass per unit mass within the central
aperture.

In the extreme of no intermediate-age mass, the enhanced
Hb could originate from some combination of metallicity
e†ects (both total metallicity and relative abundance
changes ; see and horizontal-branch morphology.Paper I)
Currently published evolutionary synthesis stellar popu-
lation models are not suitable for assessing these pos-
sibilities. Although evolutionary population synthesis
workers face many challenges, we regard the reconciliation
of the central near-IR colors and Hb strengths to be one of
the most important ones. We also note that detailed HST
mid-UV nuclear spectroscopy of these galaxies would also
be helpful (see discussion of NGC 3610 in et al.Spinrad

Thus, although it is undeniable that disk-disk1997).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
4 Strictly speaking, the central and outer regions would also appear to

be the same age in this method if both were dominated by an intermediate-
age population. In that case, however, the global colors would also appear
anomalous. NGC 221\ M32 exempliÐes this e†ect : it has no central
[ outer color di†erence & Elston yet its global(Peletier 1993 ; Silva 1994)
H[K is clearly consistent with an intermediate-age stellar population (see

No galaxy in our sample exhibits both e†ects : no color di†erencePaper I).
but globally red H[K colors.

mergers can and are forming protoÈelliptical galaxies in the
current epoch (e.g., NGC 3921 and 7252), it seems unlikely
that most of the ““ intermediate-age ÏÏ SS92 galaxies were
formed in this fashion. NGC 5322 provides perhaps the only
counterexample to this conclusion.

5.2. Individual Case Studies
5.2.1. NGC 3610

The spectacular morphological Ðne structure of NGC
3610 leads to the natural conclusion that this galaxy has
undergone a recent merger event. This scenario is supported
by the existence of a centrally concentrated intermediate-
age stellar population, which is a prediction of the dissi-
pative gas infall models. Furthermore, the central stellar
structure seen in HST images could have been(Fig. 5)
formed by this infalling gas. However, the global optical
and near-IR colors of NGC 3610 constrain the amount of
intermediate-age mass to less than 10% of the total mass
and allow the possibility that there is no intermediate-age
mass outside the central region (see This is notPaper I).
necessarily inconsistent with the scenario. As theySS92
point out, during disk-disk mergers, most of the stellar mass
is donated by the progenitor galaxies, not formed as part of
the merger process, and is by deÐnition older than the
merger event. Furthermore, the models of & Hern-Mihos
quist suggest that any new stellar population formed(1996)
during a disk-disk merger consists of D5% of the Ðnal total
remnant mass, well under our upper limit of 10%. Given
that this mass could be very centrally concentrated, it is
possible that it will not contribute a signiÐcant amount of
Ñux to large-aperture measurements.

On the other hand, the stellar disk in NGC 3610, which
extends well beyond its inner regions, provides a signiÐcant
challenge to the disk-disk merger formation scenario. The
disk and the bulk of the galaxy are closely aligned geometri-
cally and have identical V [I color (within 0.1 mag) (Scorza
& Bender The disk is also dynamically cold1990).5

at 2A) and corotates with the rest of the galaxy(Vrot/p \ 4,
& White F555W and F814W images (i.e., V [I)(Rix 1992).

of the center of NGC 3610 show that the central region
is redder than the surrounding galaxy by D0.05(r [ 5A)

mag, which could be caused by stellar population e†ects or
a di†use dust component & Wise & Silva(Silva 1996 ; Wise

The nuclear stellar structure seen in has the1998). Figure 5
same color mag) as the immediately surround-(p

V~I
B 0.01

ing light, although the actual nucleus may be bluer (cf.
et al. ConÐrming the latter will require aWhitmore 1997).

more careful analysis using detailed PSF deconvolution
methods. Taken together, these photometric and dynamical
features are quite consistent with coeval disk and bulge
formation ; i.e., there is no reason that the disk should have
formed during a recent merger (cf. & WhiteRix 1992).

How then did the observed morphological features at
large radii form? It seems unlikely that they were formed by
a nonmerging tidal interaction (cf. & WrightThomson

since there is no nearby galaxy. A1990 ; Thomson 1991)
more plausible alternative scenario involves the accretion of
a lower mass secondary galaxy &(Quinn 1984 ; Dupraz
Combes Hernquist & Quinn Such1986 ; 1988, 1989).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
5 A *(V [I) uncertainty of 0.1 mag corresponds to an age uncertainty

of D3 Gyr at Ðxed metallicity ([Fe/H]\ 0) and a metallicity uncertainty
of D0.3 dex at Ðxed age (T \ 12 Gyr) (Worthey 1994).
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encounters can create the outer morphological Ðne struc-
ture seen in NGC 3610 by redistributing the stars of the
accreted companion. Since low-mass galaxies also tend to
be bluer (and presumably more metal-poor), this redistri-
bution would tend to make the colors of the Ðnal galaxy
bluer than the original primary galaxy, as simulated photo-
metrically in Finally, if the accreted galaxy con-Paper I.
tained gas, that gas would dissipatively settle to the center,
causing the formation of the inner stellar structure, the cen-
trally concentrated younger stellar population, and the
young globular cluster system reported by et al.Whitmore
(1997).

We conclude that NGC 3610 was not assembled recently
by a major disk-disk merger event within the last 3 Gyr, as
suggested by It is more likely that the large-scale diskSS92.
in NGC 3610 was formed long ago and recently survived a
minor satellite accretion event. The central properties of
this galaxy suggest that the accreted satellite contained sig-
niÐcant amounts of gas. It is more likely that the relative
global blueness of this galaxy is caused by metallicity e†ects,
not age e†ects.

5.2.2. NGC 5322

NGC 5322 provides an interesting foil to NGC 3610.
Like NGC 3610, NGC 5322 has photometric indicators of a
central young population, as well as central gas and dust.
The photometric and ISM features are spatially coincident
with a central counterrotating kinematically decoupled
core (KDC) This KDC may have slightly(Bender 1988).
enhanced metallicity relative to the rest of the galaxy

& Surma although not as much as seen in(Bender 1992),
other KDC elliptical galaxies. However, the observed
central dust lane may be blocking light from the most
metal-rich component, lowering the luminosity-weighted
mean KDC metallicity.

Based on isophotal properties, suggestedBender (1988)
that the KDC in NGC 5322 was an inner disk. HST images
of NGC 5322 reveal that the central isophotes are(Fig. 6)
somewhat Ñattened and pointy but that the scale height is
too large to be a cold disk (cf. & White HSTRix 1992).
images also show that this central region becomes D0.1
mag redder than the surrounding region. If this color
change was a stellar population e†ect, this would imply
*t D ]3 Gyr or *[Fe/H]D ]0.3. The implied population
di†erence is consistent with inferred spiral bulge/disk stellar
population di†erences et al. & Bal-(Terndrup 1994 ; Peletier
cells suggesting a model where the observed KDC1996),
was formed when the bulge components of the interacting
progenitor spiral galaxies sank to the center of the potential
well and merged. However, increased central age or metal-
licity is inconsistent with the near-IR data (see ° 4.2.2),
which suggests decreased central age coupled with
increased internal reddening. It seems more likely that the
observed V [I reddening is caused by a small amount

of smoothly distributed dust whose di†use([100 M
_

)
nature makes direct detection difficult but whose presence
can still cause color gradients (see discussion in & WiseSilva
1996).

Given the observed optical and near-IR photometric
properties, it seems unlikely that the KDC in NGC 5322 is
merely a manifestation of dynamical streaming (Binney

Illingworth, & de Zeeuw1985 ; Franx, 1991 ; Statler 1994),
which could create di†erent dynamical features but not dif-
ferent photometric (i.e., stellar population) features. &Rix
White have argued that the KDC in NGC 5322 is(1992)

dynamically hot enough to be consistent with(Vrot/p \ 1.4)
a dissipationless merger formation scenario (e.g., &Balcells
Quinn However, counterrotating cores can also be1990).
formed by dissipational gasdynamical mechanisms

& Barnes & Hernquist This(Hernquist 1991 ; Barnes 1996).
latter mechanism seems more consistent with the observed
stellar population and ISM properties. In short, a merger
event involving gas could have created a younger, slightly
more metal-rich KDC 1È3 Gyr ago which still contains
residual dust and gas today. Was this gasdynamical event
part of a disk-disk merger event, as suggested by SS92?

Although the core properties seem consistent with this
conclusion, it is the additional broadband optical blue light
at larger radii that remains a problem. Even if the merger
event formed a younger population, all published models
indicate that this population will be centrally concentrated,
not distributed throughout the volume delineated by the
e†ective radius. Although some young stars may be distrib-
uted more globally via splashback of tidal debris (see, e.g.,

& Mihos the luminosity-weighted contribu-Hibbard 1995),
tion of such stars will be quite small. Thus, it seems unlikely
that the extra-blue global blue light is driven by age. Metal-
licity e†ects are the obvious alternative origin of this blue
light. As discussed in detail in NGC 5322 could bePaper I,
bluer than galaxies of similar blue luminosity either because
it has accreted a more metal-poor companion (a minor acc-
retion event) or because it has a lower [Mg/Fe] due to a
disk-disk merger We conclude that while the(Bender 1996).
central photometric and spectroscopic properties of NGC
5322 are driven by a combination of age and internal
reddening, the global photometric properties (i.e., its rela-
tively blue color) are driven by metallicity e†ects and not
age.

5.3. T he Many Ages of Field Elliptical Galaxies
The epoch and process of galaxy formation remain

ambiguous largely because we have yet to observe it. As a
result, it is still quite common to discuss the age of elliptical
galaxies as if this were a single-valued number. This concept
is tied to the hypothesis that the vast majority of elliptical
galaxies formed from a single collection of gas at high red-
shift, and thereafter their stellar populations and dynamical
properties evolved passively. Recent observations suggest a
considerably more complicated formation. On the one
hand, the morphology of objects in the Hubble Deep Field
suggests that galaxy formation is an extended process that
requires galaxy assembly from a production line of building
blocks of subgalactic size (e.g., et al. On thePascarelle 1996).
other hand, there is deÐnitive evidence (e.g., et al.Steidel

for the existence of star-forming galaxies at zD 3.5.1996)
Furthermore, there are genuine examples of old galaxies at
redshifts greater than 1.5 et al. et al.(Dunlop 1996 ; Spinrad

Indeed, based on the evolution of QSO metal line1997).
strengths with redshift there is clear evidence(Steidel 1992),
of a rapid increase in mean metallicity of gas between z\ 4
and z\ 2. All of these conditions suggest that some star
formation in spheroids begins at zD 4 but that the amount
of star formation shows considerable variation. In that
sense, the concept of a mean age of a galaxy reÑects much
more than just the beginnings of the formation process.
Cumulative environmental inÑuences between zD 4 and
zD 1 are likely to play a more dominant role.

What constraints are provided by the current study? An
executive summary would state that present-day elliptical
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galaxies are most likely not built by major mergers of disks
at z\ 1. However, our data cannot really constrain the
assembly age of these galaxies. As (among others) haveSS92
pointed out, the presence of an old stellar population does
not imply an old assembly age. In hierarchical models of
galaxy formation, galaxy assembly in low-density environ-
ments can continue indeÐnitely, albeit at an ever decreasing
rate (see e.g., & ReesToomre 1977 ; White 1978 ;

et al. Since the subgalaxy building blocksBlumenthal 1984).
formed their stars at high redshift and then merged to form
the larger units seen in the current epoch quite recently, the
stellar mass can be quite old while the galaxy is relatively
young. Recent unequal mass merger/accretion events may
just be the tail end of the Ðeld galaxy assembly process. Our
data strongly argue that this assembly process has not
been active for the last few gigayears. Indeed, our sample
galaxies have a mass-weighted mean stellar age of at least 5
Gyr. Furthermore, the last signiÐcant star formation event
(i.e., an event involving 10% of the current stellar mass) was
longer ago than 3 Gyr. The lack of a signiÐcant centrally
concentrated intermediate-age population in most of the
elliptical galaxies with signiÐcant morphological Ðne struc-
ture suggests that their most recent mergers did not involve
a signiÐcant amount of gas and therefore did not involve
galaxies akin to current-epoch spiral galaxies.6

It is tempting to conclude that the available obser-
vational evidence indicates that the stellar populations of
Ðeld elliptical galaxies were formed and assembled into their
current dynamical ensemble at high redshift and that recent

Gyr) epoch mergers have been relatively minor, i.e.,(t [ 5
did not involve major disk-disk mergers. However, it is not
really possible to reconcile this conclusion with the

Charlot, & White result that suggestsKau†mann, (1996)
that 50%È70% of the current-epoch Ðeld E/S0 galaxies were
assembled at Unless the major assembly epoch wasz[ 1.
between z\ 0.5 and 1.0, our near-IR observations would
detect this process. We do note that the current literature
abounds (e.g., & Casertano and references therein)Im 1998
with contradictory claims about the evolutionary rate of
E/S0 galaxies between z\ 0 and 1. We believe that our data
strongly suggest little activity in this regard since zD 0.5.

6. SUMMARY

1. Regardless of their global morphological Ðne struc-
ture, most of the galaxies in our samples have central colors
consistent with increased metallicity and/or internal
reddening, relative to their outer regions, not decreased
mean age as a result of a centralized star formation event a
few gigayears ago.

2. Two galaxies, NGC 3610 and 5322, have central
near-IR colors consistent with the presence of an
intermediate-age stellar population. We conclude that these

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
has also argued that it is unlikely that most luminous6 Bender (1996)

elliptical galaxies have formed from the mergers of spiral galaxies because
while spiral galaxies have [Mg/Fe]D 0, luminous elliptical galaxies have
[Mg/Fe]\ 0.3È0.4. In short, the input stellar populations of spiral gal-
axies cannot reproduce the observed integrated spectral features of lumi-
nous elliptical galaxies.

galaxies have undergone a merger-driven central star for-
mation event roughly 1È3 Gyr ago.

3. In contrast to however, we conclude that few ofSS92,
these morphologically disturbed elliptical galaxies were
formed by mergers of disk galaxies akin to current-epoch
spiral galaxies in the last 3È5 Gyr. This conclusion is based
primarily on the lack of centrally concentrated AGB light in
these elliptical galaxies. We also conclude that metallicity
e†ects, not age e†ects, are likely to be the primary source of
the excess blue light seen within the e†ective radii of these
galaxies.

4. While we have emphasized that most ([90%) of the
stellar mass in these galaxies must be old (T [ 10 Gyr) and
metal-rich ([Fe/H]º [0.3), we also emphasize that the
nature of the stars does not constrain the assembly age of
these elliptical galaxies. This problem a†ects all similar
studies of the photometric and spectroscopic properties of
elliptical galaxies.

We close with a few simple remarks about interpreting
the stellar populations of recent merger products at higher
redshift. If gas is involved, dissipation will drive most of it to
the center of the potential well. It is only there that star
formation and, subsequently, relative age di†erences are
important. This younger population, however, will not typi-
cally a†ect the global galaxy color after the initial starburst.
It will be nearly impossible to measure accurate colors and
line indices in the inner 0.5 kpc of these distant galaxies
until much larger aperture space-based telescopes are avail-
able. For the foreseeable future, spectrophotometric mea-
surements will be dominated by the light coming from
larger radii. At these larger radii, the dissipationless redistri-
bution of stellar mass throughout the potential well will
create photometric signatures that are metallicity-driven,
not age-driven. For high-luminosity postmerger neoÈ
elliptical galaxies in low-density environments at itzZ 0.5,
may be these metallicity e†ects that drive the observable
photometric evolution, not age e†ects. Testing the validity
of this statement presents a major challenge for understand-
ing the photometric evolution of early-type galaxies in low-
density environments. As we have demonstrated,
acquisition of rest-frame near-IR data can provide crucial
constraints.

Most of the work on this project was completed while
one of us (D. R. S.) was a sta† astronomer at the Kitt Peak
National Observatory. We thank Lindsey Davis of the
NOAO IRAF project for allowing us to use an early
version of her elliptical aperture photometry software ; and
Arjen Dey, Chris Mihos, Hans-Walter Rix, and Mike Wise
for numerous helpful discussions. This project has made use
of the NASA/IPAC Extragalactic Database (NED), which
is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National
Aeronautics and Space Administration. The data presented
in Figures and are based on observations made with the5 6
NASA/ESA Hubble Space Telescope, obtained from the
data archive at the Space Telescope Science Institute, which
is operated by the Association of Universities for Research
in Astronomy, Inc., under NASA contract NAS 5-26555.
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