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ABSTRACT
This paper analyzes single stellar population (SSP)Èequivalent parameters for 50 local elliptical gal-

axies as a function of their structural parameters. The galaxy sample is drawn from the high-quality
spectroscopic surveys of (1993) and Kuntschner (1998). The basic data are central values ofGonza� lez
SSP-equivalent ages, t, metallicities, [Z/H], and ““ enhancement ÏÏ ratios, [E/Fe], derived in Paper I,
together with global structural parameters including velocity dispersions, radii, surface brightnesses,
masses, and luminosities. The galaxies Ðll a two-dimensional plane in the four-dimensional space of
[Z/H], log t, log p, and [E/Fe]. SSP age, t, and velocity dispersion, p, can be taken as the two indepen-
dent parameters that specify a galaxyÏs location in this ““ hyperplane.ÏÏ The hyperplane can be decom-
posed into two subrelations : (1) a ““Z-plane,ÏÏ in which [Z/H] is a linear function of logp and log t and
(2) a relation between [E/Fe] and p in which [E/Fe] is larger in high-p galaxies. Velocity dispersion is
the only structural parameter that is found to modulate the stellar populations ; adding other structural
variables such as or does not predict [Z/H] or [E/Fe] more accurately. Cluster and Ðeld ellipticalsI

e
r
efollow the same hyperplane, but their (p, t) distributions within it di†er. Most Fornax and Virgo cluster

galaxies are old, with a only a small sprinkling of galaxies to younger ages. The Ðeld ellipticals span a
larger range in SSP age, with a tendency for lower p galaxies to be younger. The present sample thus
suggests that the distribution of local ellipticals in the (p, t) plane may depend on environment. Since the
(p, t) distribution a†ects all two-dimensional projections involving SSP parameters, many of the familiar
scaling laws attributed to ellipticals may also depend on environment. Some evidence for this is seen in
the current sample. For example, only Fornax ellipticals show the classic mass-metallicity relation,
whereas other subsamples do not. The tight Mg-p relations of these ellipticals can be understood as
two-dimensional projections of the metallicity hyperplane showing it edge-on. At Ðxed p, young age
tends to be o†set by high [Z/H], preserving Mg nearly constant. The tightness of the Mg-p relations
does not necessarily imply a narrow range of ages at Ðxed p.

Although SSP parameters are heavily weighted by young stars, modeling them still places tight con-
straints on the total star formation history of elliptical galaxies. The relation between [E/Fe] and p is
consistent with a higher e†ective yield of Type II SNe elements at higher p. This might occur if the IMF
is enhanced in massive stars at high p, or if more SNe IIÈenriched gas is retained by deeper galactic
potential wells. Either way, modulating Type II yields versus p seems to Ðt the data better than modulat-
ing Type Ia yields. The Z-plane is harder to explain and may be a powerful clue to star formation in
elliptical galaxies if it proves to be general. Present data favor a ““ frosting ÏÏ model in which low apparent
SSP ages are produced by adding a small frosting of younger stars to an older ““ base ÏÏ population
(assuming no change in p). If the frosting abundances are close to or slightly greater than the base popu-
lation, simple two-component models run along lines of constant p in the Z-plane, as required. This
favors star formation from well-mixed pre-enriched gas rather than unmixed low-metallicity gas from an
accreted object.
Key words : galaxies : abundances È galaxies : elliptical and lenticular, cD È galaxies : evolution È

galaxies : formation È galaxies : stellar content
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1. INTRODUCTION

The star formation histories of elliptical galaxies, once
thought to be very simpleÈold and metal-rich (Baade
1963)Èhave come under increasing scrutiny in the last
three decades (e.g., Spinrad & Taylor 1971 ; Faber 1973,
1977 ; OÏConnell 1976, 1980 ; Pickles 1985 ; Peletier 1989 ;
Schweizer & Seitzer 1992 ; 1993 ; Worthey 1994 ;Gonza� lez
Lee 1994 ; Renzini 1995, 1998 ; Tantalo, Chiosi, & Bressan
1998a ; Kuntschner 1998 ; 1999). Currently thereJÔrgensen
are two basic models for elliptical galaxy formation : hierar-
chical clustering of small objects into larger galaxy-sized
units with accompanying star formation over time (e.g., Blu-
menthal et al. 1984 ; Kau†mann, White, & Guiderdoni
1993) versus monolithic collapse and star formation in a
nearly coeval single early burst (e.g., Eggen, Lynden-Bell, &
Sandage 1962 ; Larson 1974 ; Arimoto & Yoshii 1987). Mea-
surements of the spectral energy distributions (SEDs) and
spectral features of elliptical galaxies can provide a test of
these scenarios. For example, evidence for substantial
intermediate-age stellar populations (between 1 and 10 Gyr)
might favor hierarchical models, which more naturally have
extended star formation over time. A goal of the present
series is to assess the evidence for such intermediate-age
populations.

The Ðrst paper of this series (Trager et al. 2000, hereafter
Paper I) used Lick absorption-line strengths for a sample of
local elliptical galaxies observed by (1993, here-Gonza� lez
after G93) to derive single stellar population (SSP)È
equivalent parameters t (age), [Z/H] (metallicity), and
[E/Fe] (““ enhancement ratio,ÏÏ see below). Single-burst
model line strengths by Worthey (1994, hereafter W94) were
corrected for the e†ect of nonsolar abundance ratios using
theoretical spectral calculations by Tripicco & Bell (1995,

hereafter TB95). The resultant SSP ages cover a range of 1
to 18 Gyr (including observational errors), while the ranges
in [Z/H] and [E/Fe] are fairly narrow. These parameters,
particularly the ages, are based on the assumption that Hb
faithfully traces the mean temperature of the main-sequence
turno† and is not seriously a†ected by other hot stellar
populations. Evidence supporting this assumption was pre-
sented in Paper I.

In deriving single-burst SSP parameters for elliptical gal-
axies, we do not mean to imply that their star formation
histories were actually single bursts. In fact, our favored
““ frosting ÏÏ model (° 7) involves adding a minority of young
stars to an older base population. Our use of SSP param-
eters is simply a convenient way of condensing all the pre-
sently measured line strength data into just three numbers :
light-weighted age, [Z/H], and [E/Fe]. For the moment,
that is all the observations allow. It is our hope that SSP
parameters will be adopted by those who model the full
evolutionary history of elliptical galaxies (e.g., Arimoto &
Yoshii 1987 ; Vazdekis et al. 1996 ; Tantalo et al. 1998b) and
that they will serve as a convenient meeting ground between
models and data. We show below that, even though SSP
parameters are heavily inÑuenced by the light of any young
stars that may be present, modeling them still places impor-
tant constraints on the total history of star formation in
ellipticals.

This paper explores the central stellar populations of a
sample of local elliptical galaxies and develops correlations
among them and with parent-galaxy structural parameters.
Many previous works have studied such correlations, but
most have focused on raw line strengths. Only three other
studies, to our knowledge, have measured ages (using
Balmer lines) and developed correlations based on under-
lying stellar populations. Tantalo, Chiosi, & Bressan

FIG. 1.ÈLine strengths of G93 (roman type, smaller error bars) and Fornax ellipticals (slanted bold type, larger error bars) through the central aperture.r
e
/8

Solar-ratio model grids from Worthey (1994) have been superposed : solid lines are contours of constant age (from top, 1, 1.5, 2, 5, 8, 10, 15, 18 Gyr), and
dotted lines are contours of constant [Z/H] ( from left, [Z/H]\[0.5, [0.25, 0.0, ]0.25, ]0.5 dex, except at ages younger than 8 Gyr, where from left
[Z/H]\ [0.225, 0.0, ]0.25, ]0.5 dex). (a) Mg b and Hb line strengths. (b) SFeT and Hb line strengths. Di†erences in the ages and metallicities inferred from
the two diagrams result from the nonsolar abundance ratios of giant elliptical galaxies. Our procedure corrects for this and in so doing derives the nonsolar
abundance ratio, [E/Fe].
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FIG. 2.ÈMetallicity ““ hyperplane ÏÏ of stellar populations of local ellip-
tical galaxies. Fornax ellipticals are shown in bold, slanted type ; G93
ellipticals are shown in roman type. Ellipticals populate a plane in metal-
licity hyperspace, t-[Z/H]-[E/Fe]-p. The bottom panel shows the plane
face on. Projections of the four basic variables are shown as arrows in the
direction of increase (for log t, this arrow points in the direction of older
galaxies). Velocity dispersion and enhancement ratio dominate the Ðrst
principal component, while age and metallicity dominate the second. The
third and fourth principal components contribute less than 10% to the
overall variance in t-[Z/H]-[E/Fe]-p space ; the ““ long axis ÏÏ (PC1ÈPC3) of
the hyperplane is shown in the top panel. A 1 p error ellipse typical of the
G93 sample is shown in the top right corner of the bottom panel.

(1998a) studied the G93 galaxies using models based on the
““ Padua ÏÏ isochrones. Their correction for nonsolar abun-
dance ratios was approximate, however, leading to system-
atic errors in derived age, [Z/H], and [E/Fe] (Paper I).
Kuntschner (1998) studied ellipticals in Fornax using high-
quality data, which we add to our sample here. He found
that Fornax ellipticals were mainly old and also discovered
a strong relation between [E/Fe] and p, which we conÐrm.

(1999) studied Coma ellipticals using line-JÔrgensen
strength models by Vazdekis et al. (1996). Her conclusions
foreshadow ours in many respects, but some seem in
retrospect to be the product of observational errors. All
three of these papers are discussed in ° 3.6.

The outline of this paper is as follows. A brief review of
the G93 and Kuntschner (1998) samples, line-strength data,
SSP-equivalent stellar population parameters, and structur-
al parameters is given in ° 2. Section 3 presents the sample
distribution in the four-dimensional space spanned by
[Z/H], log t, log p, and [E/Fe] ; this proves to be a highly
Ñattened, two-dimensional ““ hyperplane ÏÏ that in turn con-
sists of two subrelations, a ““ Z-plane ÏÏ plus a linear [E/Fe]-p
relation. Section 4 shows how projections of this hyperplane
depend on the distribution of points within it and thus how
the appearance of two-dimensional scaling laws can vary
depending on this distribution. Section 5 illustrates these
e†ects using two classic scaling lawsÈthe mass-metallicity
relation and the Mg-p relation. Possible evidence for
environmental variation in the former is presented. Sections
6 and 7 investigate the origins of the hyperplane. The
Z-plane in particular appears difficult to explain and, if it
proves general, will place very tight constraints on the
history of star formation in local elliptical galaxies. Section
8 summarizes our Ðndings and conclusions.

2. DATA AND DERIVED PARAMETERS

This section brieÑy describes the G93 and Fornax
samples, the Lick/IDS line-strength system, the models used
to transform line strengths into SSP-equivalent parameters,
and Ðnal population parameters for the central aper-(r

e
/8)

ture observations of G93 and Fornax ellipticals. A complete
description of the data and their transformation into stellar
population parameters was given in Paper I. Structural
parameters drawn from the literature for these galaxies are
also given.

2.1. Sample
Trager (1997) showed that deriving SSP parameters from

Balmer and metal lines requires line-strength data of very
high quality, with errors preferably \0.1 Only threeA� .
published samples approach this level of accuracy :

(1993), Kuntschner (1998), and Fisher, Franx, &Gonza� lez
Illingworth (1995). The original G93 sample consists of 41
early-type galaxies, of which 40 are included in the present
study (NGC 4278 is discarded because of its strong
emission). All G93 galaxies used here have been classiÐed as
elliptical (or compact elliptical) in the RC3 (de Vaucouleurs
et al. 1991) or the RSA (Sandage & Tammann 1987) and
Carnegie Atlas (Sandage & Bedke 1994), except for NGC
507 and NGC 6703, both classiÐed as SA0 in the RC3 but
not included in the RSA or Carnegie Atlas, and NGC 224,
the bulge of the Sb galaxy Messier 31.

The environmental distribution of the G93 sample is
skewed toward relatively low-density environments. As dis-
cussed in Paper I, most of the galaxies are in small groups of
varying richness, many are relatively isolated, and six are
members of the Virgo Cluster. Only one is in a rich cluster
(NGC 547 in Abell 194). Environmental e†ects on the stellar
populations of ellipticals are discussed in °° 4 and 5 below.

The G93 sample is augmented here with data from
Kuntschner (1998, hereafter K98 ; see Kuntschner & Davies
1998) on early-type galaxies in the Fornax cluster. These
data have been carefully transformed to the Lick line-
strength system. Eleven of the 22 galaxies in K98 are ellip-
ticals. SSP parameters have been derived for them following
the method below, after correcting the central line strengths
(Table 3.4 of K98) to the aperture using the gradientsr

e
/8

presented in Table 7.2 of K98.
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The high-accuracy elliptical galaxy subsample of Fisher
et al. (1995) repeats galaxies in G93 and agrees well with it.
These data have therefore not been used here.

2.2. Ages, Metallicities, and Enhancement Ratios
Paper I describes our technique for inverting line

strengths to determine SSP parameters. Ages, metallicities,
and enhancement ratios of old stellar populations are deter-
mined by comparing observed absorption-line strengths to
the single-burst stellar population (SSP) models of W94,
which depend on metallicity and age. The line strengths of
the Worthey models correspond to solar abundance ratios ;
these have been corrected for nonsolar abundance ratios as
described in Paper I using the theoretical spectral calcu-
lations of TB95, who tabulated the response of the Lick/
IDS indices to changes in the abundance ratios of
important elements. SSP-equivalent t, [Z/H], and [E/Fe]
are derived for each galaxy by searching a Ðnely spaced grid
of points in (Hb,Mg b, SFeT) space. Central line strengths
corrected to the aperture are presented in Figure 1 forr

e
/8

the G93 and K98 samples.
Table 1 presents derived SSP parameters (t, [Z/H],

[E/Fe]) and their uncertainties through the aperturer
e
/8

under the preferred enrichment model 4 of Paper I. The
quantity [E/Fe] is similar to the quantity [a/Fe] used by
other authors, but we have Ðne-tuned the elements in the
““ E ÏÏ group based on current knowledge. The E group in
model 4 contains Ne, Na, Mg, Si, S, as well as C and O; the
abundance of these elements is slightly enhanced relative to
the mean. A ““ depressed group ÏÏ contains the Fe-peak ele-
ments, while all other elements are held constant (at Ðxed
[Z/H]). See Paper I for further details on element grouping
and notation.

The above grouping of elements is based partly on
observed elliptical line strengths and partly on current
nucleosynthetic theory. The observed strength of Mg (and
Na) in ellipticals strongly implies the enhancement of O and

FIG. 3.ÈEdge-on view of the Z-plane in hyperspace (points as in Fig. 1).
The dashed line is the line deÐning the plane (eq. [8]). Vectors of
* log p \ ]0.1, * log t \ ]0.1 (i.e., 26% older), and *[Z/H]\ ]0.1 dex
are shown at bottom, along with a typical error ellipse for the G93 sample.

other a elements, as these elements are nucleosynthetically
linked (Woosley & Weaver 1995). (Note that the nominal a
element Ca seems to belong with the Fe-peak elements in
ellipticals based on its line strengths [Worthey 1998 ; Trager
et al. 1998] ; this anomaly is unexplained.) The element C is
also clearly strong in giant ellipticals and is placed in the E
group for that reason (Worthey 1998 ; Paper I). On the
other hand, the weak Fe lines of ellipticals suggest a
reduction in Fe-peak elements (Worthey 1998). All remain-
ing elements have been left unchanged for lack of informa-
tion, although in retrospect N should probably have been
grouped in the E group, but this makes little di†erence to
the Ðnal results (see Paper I).

Paper I argued that it is actually incorrect to think of the
E elements as being enhanced in elliptical galaxies ; since
they dominate [Z/H] by mass, their abundance essentially
is [Z/H]. If [E/Fe][ 0, it must rather be that the Fe-peak
elements are depressed (relative to the average element). The
Fe-peak elements contribute so little to the overall metal-
licity (only 8% at solar abundance) that changing their
abundance by large amounts does not signiÐcantly a†ect
either [E/H] or [Z/H]. Thus, in what follows we think
consistently of the relative depression of the Fe-peak ele-
ments rather than the relative enhancement of the E ele-
ments. SpeciÐcally, if then [E/Z] is very slightly[E/Fe]D 0,
positive while [Fe/Z] is nearly equal to [[E/Fe].

Table 1 also presents the further quantities [Fe/H] and
[E/H]. These are computed using the equations

[Fe/H]\ [Z/H][ A[E/Fe] (1)

and

[E/H]\ [Z/H]] (1[ A)[E/Fe] , (2)

where A\ 0.929 for enrichment model 4 (see Paper I for
details).

2.3. Global Parameters
Structural parameters are presented in Tables 2 and 3.

Table 2 gives distance-independent quantities : velocity dis-
persions (from G93 and K98), magnitudes (° 2.4), meanB

T
0

ellipticities and e†ective radii in arcseconds (collected from
the literature and homogenized by G93), mean e†ective
surface brightnesses, isophotal shape parameters rota-a4/a,
tion parameters morphological disturbance param-(v/p0)*,
eters (Schweizer et al. 1990 ; Schweizer & Seitzer 1992),&SSnuclear proÐle shapes (power-law or core ; Faber et al.
1997), and presence and type of AGN activity, if any.
Table 3 presents distance-dependent quantities : redshifts
(repeated from Table 1 of Paper I), distance moduli from
SBF measurements (Tonry et al. 2000) or Ñow-corrected
distances from J. Tonry et al. (1999, private communi-
cation), absolute magnitudes using SBF distances, e†ective
radii in parsecs, mean e†ective surface brightnesses in solar
units (not distance-dependent but needed in the computa-
tion of mass-to-light ratios), galaxy masses in solar masses,
and mass-to-(blue)-light ratios in solar units. Many of these
quantities will be used in future papers. Details and refer-
ences are given in the footnotes to the tables.

2.4. Magnitudes and Colors
Table 4 presents (U[V ), and (B[V ) in various aper-B

T
0 ,

tures for all galaxies except NGC 7052, for which no
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TABLE 1

CENTRAL AGES, METALLICITIES, AND ENHANCEMENT RATIOS THROUGH APERTUREr
e
/8

(ENRICHMENT MODEL 4)

Age
Name (Gyr) [Z/H] [E/Fe] [Fe/H] [E/H]

G93 ellipticals :
NGC 221 . . . . . . . 3.0^ 0.7 0.00 ^ 0.05 [0.08^ 0.01 0.07 ^ 0.05 [0.01^ 0.05
NGC 224 . . . . . . . 6.0^ 1.6 0.39 ^ 0.05 0.19^ 0.02 0.21 ^ 0.05 0.40 ^ 0.05
NGC 315 . . . . . . . 5.4^ 1.5 0.34 ^ 0.06 0.25^ 0.02 0.11 ^ 0.06 0.36 ^ 0.06
NGC 507 . . . . . . . 7.4^ 2.8 0.19 ^ 0.07 0.20^ 0.03 0.00 ^ 0.08 0.20 ^ 0.07
NGC 547 . . . . . . . 8.9^ 2.4 0.24 ^ 0.05 0.26^ 0.02 [0.00^ 0.05 0.26 ^ 0.05
NGC 584 . . . . . . . 2.5^ 0.3 0.49 ^ 0.03 0.22^ 0.01 0.29 ^ 0.03 0.51 ^ 0.03
NGC 636 . . . . . . . 4.1^ 0.7 0.34 ^ 0.07 0.11^ 0.02 0.24 ^ 0.07 0.35 ^ 0.07
NGC 720 . . . . . . . 4.5^ 2.3 0.46 ^ 0.17 0.33^ 0.04 0.15 ^ 0.17 0.48 ^ 0.17
NGC 821 . . . . . . . 7.5^ 1.2 0.23 ^ 0.03 0.15^ 0.01 0.09 ^ 0.03 0.24 ^ 0.03
NGC 1453 . . . . . . 7.6^ 1.9 0.32 ^ 0.06 0.22^ 0.02 0.12 ^ 0.06 0.34 ^ 0.06
NGC 1600 . . . . . . 8.1^ 2.2 0.37 ^ 0.06 0.23^ 0.02 0.16 ^ 0.06 0.39 ^ 0.06
NGC 1700 . . . . . . 2.3^ 0.3 0.50 ^ 0.03 0.16^ 0.01 0.35 ^ 0.03 0.51 ^ 0.03
NGC 2300 . . . . . . 5.9^ 1.5 0.38 ^ 0.05 0.25^ 0.02 0.15 ^ 0.05 0.40 ^ 0.05
NGC 2778 . . . . . . 5.4^ 1.8 0.30 ^ 0.09 0.23^ 0.03 0.09 ^ 0.09 0.32 ^ 0.09
NGC 3377 . . . . . . 3.7^ 0.8 0.20 ^ 0.06 0.20^ 0.02 0.01 ^ 0.06 0.21 ^ 0.06
NGC 3379 . . . . . . 8.6^ 1.4 0.22 ^ 0.03 0.21^ 0.01 0.02 ^ 0.03 0.23 ^ 0.03
NGC 3608 . . . . . . 6.9^ 1.5 0.26 ^ 0.05 0.17^ 0.02 0.10 ^ 0.05 0.27 ^ 0.05
NGC 3818 . . . . . . 5.6^ 1.8 0.37 ^ 0.08 0.23^ 0.03 0.16 ^ 0.08 0.39 ^ 0.08
NGC 4261 . . . . . . 15.5^ 3.3 0.19 ^ 0.04 0.20^ 0.01 0.00 ^ 0.04 0.20 ^ 0.04
NGC 4374 . . . . . . 12.2^ 2.2 0.13 ^ 0.03 0.21^ 0.01 [0.07^ 0.03 0.14 ^ 0.03
NGC 4472 . . . . . . 7.9^ 1.7 0.26 ^ 0.05 0.21^ 0.02 0.06 ^ 0.05 0.27 ^ 0.05
NGC 4478 . . . . . . 4.6^ 2.3 0.30 ^ 0.10 0.15^ 0.03 0.16 ^ 0.10 0.31 ^ 0.10
NGC 4489 . . . . . . 2.5^ 0.4 0.14 ^ 0.06 0.03^ 0.02 0.11 ^ 0.06 0.14 ^ 0.06
NGC 4552 . . . . . . 10.5^ 1.2 0.28 ^ 0.04 0.23^ 0.01 0.07 ^ 0.04 0.30 ^ 0.04
NGC 4649 . . . . . . 11.7^ 1.5 0.29 ^ 0.04 0.25^ 0.01 0.06 ^ 0.04 0.31 ^ 0.04
NGC 4697 . . . . . . 8.9^ 1.9 0.06 ^ 0.06 0.10^ 0.02 [0.03^ 0.06 0.07 ^ 0.06
NGC 5638 . . . . . . 8.3^ 1.4 0.20 ^ 0.03 0.19^ 0.01 0.02 ^ 0.03 0.21 ^ 0.03
NGC 5812 . . . . . . 5.3^ 1.1 0.39 ^ 0.04 0.20^ 0.01 0.20 ^ 0.04 0.40 ^ 0.04
NGC 5813 . . . . . . 18.3^ 2.3 [0.03^ 0.03 0.21^ 0.01 [0.23^ 0.03 [0.02^ 0.03
NGC 5831 . . . . . . 2.6^ 0.3 0.54 ^ 0.03 0.19^ 0.01 0.36 ^ 0.03 0.55 ^ 0.03
NGC 5846 . . . . . . 13.5^ 3.3 0.15 ^ 0.05 0.22^ 0.02 [0.05^ 0.05 0.17 ^ 0.05
NGC 6127 . . . . . . 11.6^ 2.2 0.18 ^ 0.04 0.23^ 0.02 [0.03^ 0.04 0.20 ^ 0.04
NGC 6702 . . . . . . 1.5^ 0.1 0.70 ^ 0.07 0.15^ 0.03 0.56 ^ 0.08 0.71 ^ 0.07
NGC 6703 . . . . . . 4.3^ 0.7 0.32 ^ 0.06 0.15^ 0.02 0.18 ^ 0.06 0.33 ^ 0.06
NGC 7052 . . . . . . 12.5^ 3.1 0.17 ^ 0.05 0.24^ 0.02 [0.05^ 0.05 0.19 ^ 0.05
NGC 7454 . . . . . . 5.0^ 1.0 [0.06^ 0.04 0.06^ 0.02 [0.12^ 0.04 [0.06^ 0.04
NGC 7562 . . . . . . 7.6^ 1.6 0.21 ^ 0.04 0.17^ 0.01 0.05 ^ 0.04 0.22 ^ 0.04
NGC 7619 . . . . . . 14.4^ 2.2 0.21 ^ 0.03 0.18^ 0.01 0.04 ^ 0.03 0.22 ^ 0.03
NGC 7626 . . . . . . 12.8^ 2.4 0.17 ^ 0.03 0.25^ 0.01 [0.06^ 0.03 0.19 ^ 0.03
NGC 7785 . . . . . . 8.4^ 2.3 0.21 ^ 0.05 0.16^ 0.02 0.06 ^ 0.05 0.22 ^ 0.05

Fornax cluster ellipticals :
NGC 1336 . . . . . . 15.9^ 3.0 [0.32^ 0.04 0.13^ 0.04 [0.44^ 0.05 [0.31^ 0.04
NGC 1339 . . . . . . 12.7^ 4.8 0.12 ^ 0.07 0.22^ 0.03 [0.08^ 0.08 0.14 ^ 0.07
NGC 1351 . . . . . . 17.0^ 3.3 [0.10^ 0.05 0.16^ 0.03 [0.25^ 0.06 [0.09^ 0.05
NGC 1373 . . . . . . 6.3^ 2.0 0.13 ^ 0.08 0.13^ 0.03 0.01 ^ 0.08 0.14 ^ 0.08
NGC 1374 . . . . . . 9.5^ 2.6 0.13 ^ 0.07 0.18^ 0.02 [0.04^ 0.07 0.14 ^ 0.07
NGC 1379 . . . . . . 10.9^ 2.9 [0.08^ 0.06 0.16^ 0.03 [0.23^ 0.07 [0.07^ 0.06
NGC 1399 . . . . . . 11.5^ 2.4 0.29 ^ 0.06 0.25^ 0.03 0.06 ^ 0.07 0.31 ^ 0.06
NGC 1404 . . . . . . 9.0^ 2.5 0.25 ^ 0.05 0.14^ 0.03 0.12 ^ 0.06 0.26 ^ 0.05
NGC 1419 . . . . . . 13.7^ 3.2 [0.09^ 0.06 0.09^ 0.03 [0.17^ 0.07 [0.08^ 0.06
NGC 1427 . . . . . . 12.2^ 1.6 [0.07^ 0.03 0.11^ 0.02 [0.17^ 0.04 [0.06^ 0.03
IC 2006 . . . . . . . . . 16.9^ 4.2 0.06 ^ 0.06 0.16^ 0.03 [0.09^ 0.07 0.07 ^ 0.06

published global photometry was found. These values are
corrected for Galactic absorption and redshift (but not
internal extinction) following the precepts of the RC3.
““ Total ÏÏ and ““ e†ective ÏÏ colors are drawn from the RC3,
Poulain (1988), or Poulain & Nieto (1994) as appropriate. A
““ central ÏÏ color through is computed by taking e†ectiver

e
/8

colors and correcting them inward using the average color

gradients of early-type galaxies from Peletier et al. (1990a)
and Goudfrooij et al. (1994). The mean (B[V ) color gra-
dient is taken from Goudfrooij et al. (1994) :

*(B[V )
*(log r)

\ [0.06^ 0.01 mag/dex (3)



TABLE 2

DISTANCE-INDEPENDENT QUANTITIES

p r
e

a4/a
Name (km s~1) B

T
0 v (arcsec) Sk

e
T (]100) (v/p0)* &SS Nuclear ProÐle AGN?

NGC 221 . . . . . . . 72 ^ 3 8.72 0 39 18.70 0.00 0.89 . . . C no
NGC 224 . . . . . . . 156 ^ 4 5.58 0.18 . . . . . . . . . 0.78 . . . / no
NGC 315 . . . . . . . 321 ^ 4 11.87 0.27 55 22.26 [0.30 0.09 . . . . . . LINER
NGC 507 . . . . . . . 262 ^ 6 12.13 0.12 77 23.06 . . . 0.09 . . . . . . no
NGC 547 . . . . . . . 236 ^ 4 12.92 0.16 25 22.02 0.00 0.24 . . . . . . . . .
NGC 584 . . . . . . . 193 ^ 3 11.21 0.30 30 20.58 1.50 1.55 2.78 . . . . . .
NGC 636 . . . . . . . 160 ^ 3 12.22 0.13 19 20.72 0.80 1.04 1.48 . . . . . .
NGC 720 . . . . . . . 239 ^ 5 11.13 0.39 40 21.16 0.35 0.32 . . . / . . .
NGC 821 . . . . . . . 189 ^ 3 11.72 0.32 36 21.49 2.50 0.70 . . . . . . no
NGC 1336 . . . . . . 96 ^ 5 13.08 0.26 27 22.16 . . . . . . . . . . . . . . .
NGC 1339 . . . . . . 158 ^ 9 12.50 0.29 17 20.64 . . . 1.22 . . . . . . . . .
NGC 1351 . . . . . . 157 ^ 9 12.48 0.34 26 21.33 . . . 0.80 . . . . . . . . .
NGC 1373 . . . . . . 75 ^ 4 14.08 0.23 10 21.00 . . . . . . . . . . . . . . .
NGC 1374 . . . . . . 185 ^ 10 12.01 0.09 30 21.26 . . . . . . . . . . . . . . .
NGC 1379 . . . . . . 130 ^ 7 11.87 0.03 42 21.79 . . . . . . . . . . . . . . .
NGC 1399 . . . . . . 375 ^ 21 10.44 0.10 42 20.68 0.10 0.25 . . . / . . .
NGC 1404 . . . . . . 260 ^ 14 10.98 0.11 27 20.02 . . . . . . . . . . . . . . .
NGC 1419 . . . . . . 117 ^ 6 13.46 0.00 11 20.59 . . . . . . . . . . . . . . .
NGC 1427 . . . . . . 175 ^ 10 11.81 0.31 33 21.34 . . . 0.39 . . . . . . . . .
IC 2006 . . . . . . . . . 136 ^ 8 12.25 0.10 29 21.45 . . . . . . . . . . . . . . .
NGC 1453 . . . . . . 286 ^ 4 12.26 0.17 28 21.47 [0.50 0.62 1.48 . . . . . .
NGC 1600 . . . . . . 315 ^ 4 11.83 0.33 47 22.15 [0.75 0.03 . . . / . . .
NGC 1700 . . . . . . 227 ^ 3 12.01 0.27 24 20.82 0.70 0.59 3.70 C . . .
NGC 2300 . . . . . . 252 ^ 3 11.77 0.16 34 21.42 0.60 0.08 2.85 . . . no
NGC 2778 . . . . . . 154 ^ 3 13.21 0.21 19 21.60 [0.20 0.74 . . . . . . . . .
NGC 3377 . . . . . . 108 ^ 3 11.07 0.50 34 20.78 1.05 0.86 1.48 C no
NGC 3379 . . . . . . 203 ^ 3 10.18 0.09 35 20.15 0.10 0.72 0.00 / LINER?
NGC 3608 . . . . . . 178 ^ 3 11.69 0.19 35 21.40 [0.20 0.27 0.00 / LINER:
NGC 3818 . . . . . . 173 ^ 4 12.47 0.39 21 21.17 2.30 0.93 1.30 . . . . . .
NGC 4261 . . . . . . 288 ^ 3 11.36 0.21 39 21.26 [1.30 0.10 1.00 . . . LINER
NGC 4374 . . . . . . 282 ^ 3 10.01 0.14 52 20.73 [0.40 0.09 2.30 . . . LINER
NGC 4472 . . . . . . 279 ^ 4 9.33 0.16 104 21.40 [0.25 0.43 . . . / Sy2?
NGC 4478 . . . . . . 128 ^ 2 12.21 0.19 14 19.87 [0.75 0.84 . . . C no
NGC 4489 . . . . . . 47 ^ 4 12.88 0.12 32 22.23 [0.20 1.49 . . . . . . . . .
NGC 4552 . . . . . . 252 ^ 3 10.57 0.07 30 20.22 0.01 0.28 . . . / trans
NGC 4649 . . . . . . 310 ^ 3 9.70 0.17 74 21.11 [0.35 0.42 . . . / no
NGC 4697 . . . . . . 162 ^ 4 10.07 0.41 75 21.40 1.30 0.71 0.00 C . . .
NGC 5638 . . . . . . 154 ^ 3 12.06 0.08 34 21.58 0.20 0.73 . . . . . . no
NGC 5812 . . . . . . 200 ^ 3 11.83 0.05 22 20.65 0.00 0.52 . . . . . . . . .
NGC 5813 . . . . . . 205 ^ 3 11.42 0.16 49 21.83 0.01 0.51 . . . / LINER:
NGC 5831 . . . . . . 160 ^ 3 12.31 0.17 27 21.44 0.50 0.19 3.60 . . . no
NGC 5846 . . . . . . 224 ^ 4 10.91 0.07 83 22.26 0.00 0.10 0.30 . . . trans :
NGC 6127 . . . . . . 239 ^ 4 12.92 0.06 22 21.60 . . . 0.11 . . . . . . . . .
NGC 6702 . . . . . . 174 ^ 3 13.04 0.23 29 22.16 [0.40 0.18 . . . . . . LINER?
NGC 6703 . . . . . . 183 ^ 3 11.97 0.02 24 20.88 0.00 0.30 . . . . . . LINER?
NGC 7052 . . . . . . 274 ^ 4 12.69 0.45 32 22.30 0.01 0.34 . . . . . . . . .
NGC 7454 . . . . . . 106 ^ 3 12.63 0.35 26 21.60 0.00 0.13 . . . . . . . . .
NGC 7562 . . . . . . 248 ^ 3 12.37 0.29 25 21.28 0.01 0.06 . . . . . . . . .
NGC 7619 . . . . . . 300 ^ 3 11.93 0.24 32 21.52 0.30 0.53 0.00 . . . no
NGC 7626 . . . . . . 253 ^ 3 12.06 0.13 38 21.88 0.01 0.12 2.60 . . . LINER?
NGC 7785 . . . . . . 240 ^ 3 12.41 0.42 27 21.46 [1.20 0.47 . . . . . . . . .

NOTE.ÈCol. (1) : Galaxy name. Col. (2) : Velocity dispersion within aperture from (1993) or central velocity dispersion fromr
e
/8 Gonza� lez

Kuntschner (1998). Col. (3) : Total spheroid B magnitude corrected for Galactic absorption and redshift ; see Table 4 for details. Col. (4) :
Mean ellipticity from D7A to from (1993) or Caon, Capaccioli, & DÏOnforio (1994). Col. (5) : E†ective radius in arcseconds inr

e
, Gonza� lez

the Seven Samurai (ab)1@2 system from Faber et al. (1989), from (1993), or from Caon et al. (1994). Col. (6) : Mean e†ective surfaceGonza� lez
brightness inside in B magnitudes per square arcsecond, from Faber et al. (1989) or computed from values in Caon et al. (1994). Col. (7) :r

eIsophotal shape parameter, from Faber et al. (1997), Bender, Burstein, & Faber (1992), and Bender (1999, privatea4/a ] 100,
communication). Col. (8) : Rotation parameter where as deÐned in Bender(v/p0)* \Sv/p0T/Sv/p 0Toblate, Sv/p0Toblate \ [v/(1 [ v)] 1@2,
(1988). Taken from Faber et al. (1997) and Bender et al. (1992), or derived from data in (1993) and Kuntschner (1998) whenGonza� lez
necessary. The rotational velocity for NGC 4489 is taken from Prugniel & Simien (1996), and its should be considered an upper limit.(v/p0)*NGC 1427 has a kinematically decoupled core (e.g., Kuntschner 1998) ; its value is an upper limit and may be much closer to zero. Col. (9) :
Morphological disturbance parameter from Schweizer & Seitzer (1992). Col. (10) : Nuclear proÐle shape from Faber et al. (1997) : ““/ ÏÏ
denotes core ; ““ C ÏÏ denotes power-law. Col. (11) : AGN detection and classiÐcation from Ho, Filippenko, & Sargent (1997) : Sy\ Seyfert ;
trans \ intermediate AGN (LINER/H II nucleus) ; LINER\ LINER; no \ no AGN detected. ““ : ÏÏ denotes uncertain classiÐcation ; ““ ? ÏÏ
denotes highly uncertain classiÐcation.
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TABLE 3

DISTANCE-DEPENDENT QUANTITIES

cz log r
e

log I
e

log M M/L B
Name (km s~1) (m[ M)CMB M

B
(pc) (L

_
pc~2) (M

_
) (M

_
/L

_
)

NGC 221 . . . . . . . [204 ^ 7 24.63 [15.91 2.20 3.32 8.58 2.27
NGC 224 . . . . . . . [300 ^ 7 24.48 . . . . . . . . . . . . . . .
NGC 315 . . . . . . . 4942 ^ 6 34.02 [22.15 4.23 1.90 11.91 11.26
NGC 507 . . . . . . . 4908 ^ 11 33.87 [21.74 4.35 1.58 11.85 11.99
NGC 547 . . . . . . . 5468 ^ 6 34.12 [21.20 3.91 1.99 11.32 10.25
NGC 584 . . . . . . . 1866 ^ 6 31.60 [20.39 3.48 2.57 10.72 4.84
NGC 636 . . . . . . . 1860 ^ 6 32.45 [20.23 3.45 2.51 10.53 4.04
NGC 720 . . . . . . . 1741 ^ 11 32.29 [21.16 3.75 2.34 11.17 6.91
NGC 821 . . . . . . . 1730 ^ 7 31.99 [20.27 3.64 2.20 10.86 7.47
NGC 1336 . . . . . . 1439 ^ 11 31.52 [18.44 3.42 1.94 10.05 5.92
NGC 1339 . . . . . . 1355 ^ 12 31.52 [19.02 3.22 2.54 10.28 6.28
NGC 1351 . . . . . . 1529 ^ 13 31.52 [19.04 3.40 2.27 10.46 7.65
NGC 1373 . . . . . . 1341 ^ 10 31.52 [17.44 2.99 2.40 9.41 3.35
NGC 1374 . . . . . . 1349 ^ 13 31.52 [19.51 3.47 2.30 10.67 8.63
NGC 1379 . . . . . . 1360 ^ 11 31.52 [19.65 3.61 2.08 10.51 4.96
NGC 1399 . . . . . . 1431 ^ 28 31.52 [21.08 3.61 2.53 11.43 14.85
NGC 1404 . . . . . . 1923 ^ 17 31.52 [20.54 3.42 2.79 10.92 6.04
NGC 1419 . . . . . . 1574 ^ 10 31.52 [18.06 3.03 2.56 9.83 5.08
NGC 1427 . . . . . . 1416 ^ 10 31.52 [19.71 3.51 2.26 10.66 7.56
IC 2006 . . . . . . . . . 1371 ^ 12 31.52 [19.27 3.45 2.22 10.39 5.75
NGC 1453 . . . . . . 3886 ^ 6 33.59 [21.33 3.85 2.21 11.43 10.34
NGC 1600 . . . . . . 4688 ^ 8 34.06 [22.23 4.17 1.94 11.83 11.25
NGC 1700 . . . . . . 3895 ^ 7 33.31 [21.30 3.73 2.47 11.11 4.75
NGC 2300 . . . . . . 1938 ^ 7 32.15 [20.38 3.65 2.23 11.12 12.25
NGC 2778 . . . . . . 2060 ^ 7 31.88 [18.67 3.34 2.16 10.38 10.94
NGC 3377 . . . . . . 724 ^ 7 30.33 [19.26 3.28 2.49 10.02 2.89
NGC 3379 . . . . . . 945 ^ 7 30.20 [20.02 3.27 2.74 10.55 5.88
NGC 3608 . . . . . . 1222 ^ 7 31.88 [20.19 3.61 2.24 10.77 6.60
NGC 3818 . . . . . . 1708 ^ 10 32.88 [20.41 3.58 2.33 10.73 5.30
NGC 4261 . . . . . . 2238 ^ 7 32.58 [21.22 3.79 2.30 11.38 9.87
NGC 4374 . . . . . . 1060 ^ 6 31.40 [21.39 3.68 2.51 11.25 7.50
NGC 4472 . . . . . . 980 ^ 10 31.14 [21.81 3.93 2.24 11.49 7.67
NGC 4478 . . . . . . 1365 ^ 7 31.37 [19.16 3.11 2.85 9.99 2.64
NGC 4489 . . . . . . 970 ^ 10 31.34 [18.46 3.46 1.91 9.47 1.39
NGC 4552 . . . . . . 364 ^ 7 31.01 [20.44 3.36 2.71 10.83 7.77
NGC 4649 . . . . . . 1117 ^ 6 31.21 [21.51 3.80 2.36 11.45 9.87
NGC 4697 . . . . . . 1307 ^ 10 30.43 [20.36 3.65 2.24 10.73 4.97
NGC 5638 . . . . . . 1649 ^ 6 32.18 [20.12 3.65 2.17 10.70 5.23
NGC 5812 . . . . . . 1929 ^ 7 32.23 [20.40 3.47 2.54 10.74 5.65
NGC 5813 . . . . . . 1954 ^ 7 32.62 [21.20 3.90 2.07 11.19 6.61
NGC 5831 . . . . . . 1655 ^ 5 32.25 [19.94 3.57 2.22 10.64 6.05
NGC 5846 . . . . . . 1714 ^ 5 32.06 [21.15 4.02 1.90 11.38 8.96
NGC 6127 . . . . . . 4700 ^ 10 33.95 [21.03 3.82 2.16 11.24 8.77
NGC 6702 . . . . . . 4728 ^ 5 33.59 [20.55 3.87 1.94 11.01 6.97
NGC 6703 . . . . . . 2403 ^ 7 32.18 [20.21 3.50 2.45 10.69 5.49
NGC 7052 . . . . . . 4672 ^ 8 33.83 [21.14 3.96 1.88 11.50 15.96
NGC 7454 . . . . . . 2051 ^ 7 31.97 [19.34 3.49 2.16 10.21 3.63
NGC 7562 . . . . . . 3608 ^ 5 33.87 [21.50 3.86 2.29 11.31 6.42
NGC 7619 . . . . . . 3762 ^ 5 33.70 [21.77 3.93 2.19 11.55 9.91
NGC 7626 . . . . . . 3405 ^ 4 33.09 [21.03 3.88 2.05 11.36 10.95
NGC 7785 . . . . . . 3808 ^ 5 33.32 [20.91 3.78 2.22 11.21 8.47

NOTE.ÈCol. (1) : Galaxy name. Col. (2) : Heliocentric radial velocity from (1993) or KuntschnerGonza� lez
(1998). Col. (3) : CMB-frame distance modulus from SBF measurements (Tonry et al. 2000) or Ñow-corrected
models (Tonry et al. 1999, private communication). Col. (4) : Absolute B magnitude, computed from in TableB0

T2, col. (4), and the distance in col. (3) here. Col. (5) : Logarithm of the e†ective radius in parsecs. Col. (6) :
Logarithm of mean B surface brightness inside in solar luminosities per square parsecr

e
(I

e
\ 10~0.4(WkeX~27.0) ;

see Bender et al. 1992). Col. (7) : Logarithm of the galaxy mass within the e†ective radius, in solar masses.
Computed as M \ 465 (Burstein et al. 1997). Col. (8) : Mass-to-light ratio within the e†ective radius inp20re M

_the B band ; computed as 1993 ; Burstein et al. 1997).M/L \ 146p02/(Ie r
e
) M

_
/L

_
(Gonza� lez
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TABLE 4

UBV PHOTOMETRY FROM LITERATURE

Name B
T
0 (U[V )

T
0 (U[V )

e
0 (U[V )80 (B[V )

T
0 (B[V )

e
0 (B[V )80

NGC 221 . . . . . . . 8.72 1.28 1.31 1.46 0.88 0.89 0.94
NGC 224 . . . . . . . 5.58 0.99 . . . . . . 0.68 . . . . . .
NGC 315 . . . . . . . 11.87 1.49 1.53 1.68 0.93 0.96 1.01
NGC 507 . . . . . . . 12.13 1.41 1.47 1.62 0.91 0.93 0.98
NGC 547 . . . . . . . 12.92 . . . 1.43 1.58 . . . 0.95 1.01
NGC 584 . . . . . . . 11.21 1.38 1.44 1.59 0.91 0.92 0.97
NGC 636 . . . . . . . 12.22 1.36 1.41 1.56 0.90 0.91 0.96
NGC 720 . . . . . . . 11.13 1.44 1.51 1.66 0.96 0.97 1.02
NGC 821 . . . . . . . 11.72 . . . 1.52 1.67 0.93 0.94 0.99
NGC 1336 . . . . . . 13.08 1.07 1.13 1.28 0.82 0.83 0.88
NGC 1339 . . . . . . 12.50 1.41 1.46 1.61 0.92 0.93 0.98
NGC 1351 . . . . . . 12.48 1.23 1.33 1.48 0.87 0.91 0.96
NGC 1373 . . . . . . 14.08 1.18 . . . . . . 0.85 . . . . . .
NGC 1374 . . . . . . 12.01 1.38 1.44 1.59 0.91 0.93 0.98
NGC 1379 . . . . . . 11.87 1.26 1.32 1.47 0.88 0.90 0.95
NGC 1399 . . . . . . 10.44 1.46 1.54 1.69 0.95 0.97 1.02
NGC 1404 . . . . . . 10.98 1.52 1.55 1.70 0.95 0.97 1.02
NGC 1419 . . . . . . 13.46 1.21 1.26 1.41 0.88 0.89 0.94
NGC 1427 . . . . . . 11.81 1.33 1.35 1.50 0.90 0.91 0.96
IC 2006 . . . . . . . . . 12.25 1.31 1.39 1.54 0.91 0.94 0.99
NGC 1453 . . . . . . 12.26 1.53 1.58 1.73 0.96 0.98 1.03
NGC 1600 . . . . . . 11.83 1.50 1.57 1.72 0.95 0.97 1.02
NGC 1700 . . . . . . 12.01 1.40 1.46 1.61 0.91 0.92 0.97
NGC 2300 . . . . . . 11.77 1.66 1.68 1.83 1.01 1.02 1.07
NGC 2778 . . . . . . 13.21 1.42 1.47 1.62 0.91 0.94 0.99
NGC 3377 . . . . . . 11.07 1.14 1.26 1.41 0.84 0.87 0.92
NGC 3379 . . . . . . 10.18 1.46 1.52 1.67 0.94 0.96 1.01
NGC 3608 . . . . . . 11.69 1.33 1.44 1.59 0.93 0.95 1.00
NGC 3818 . . . . . . 12.47 . . . 1.46 1.61 0.92 0.93 0.98
NGC 4261 . . . . . . 11.36 1.50 1.57 1.72 0.97 0.98 1.03
NGC 4374 . . . . . . 10.01 1.44 1.49 1.64 0.94 0.95 1.00
NGC 4472 . . . . . . 9.33 1.51 1.57 1.72 0.95 0.97 1.02
NGC 4478 . . . . . . 12.21 1.33 1.35 1.50 0.88 0.89 0.94
NGC 4489 . . . . . . 12.88 1.10 1.23 1.38 0.83 0.86 0.91
NGC 4552 . . . . . . 10.57 1.47 1.55 1.70 0.94 0.96 1.01
NGC 4649 . . . . . . 9.70 . . . 1.61 1.76 0.95 0.98 1.03
NGC 4697 . . . . . . 10.07 1.28 1.37 1.52 0.89 0.92 0.97
NGC 5638 . . . . . . 12.06 1.34 1.39 1.54 0.91 0.92 0.97
NGC 5812 . . . . . . 11.83 . . . 1.51 1.66 0.94 0.94 0.99
NGC 5813 . . . . . . 11.42 1.46 1.51 1.66 0.94 0.95 1.00
NGC 5831 . . . . . . 12.31 1.47 1.49 1.64 0.92 0.93 0.98
NGC 5846 . . . . . . 10.91 1.41 1.52 1.67 0.96 0.98 1.03
NGC 6127 . . . . . . 12.92 . . . . . . . . . 0.96 0.97 1.02
NGC 6702 . . . . . . 13.04 1.37 1.49 1.64 0.89 0.94 0.99
NGC 6703 . . . . . . 11.97 1.40 1.46 1.61 0.91 0.93 0.98
NGC 7052 . . . . . . 12.69 . . . . . . . . . . . . . . . . . .
NGC 7454 . . . . . . 12.63 1.19 1.29 1.44 0.89 0.90 0.95
NGC 7562 . . . . . . 12.37 1.58 1.61 1.76 0.98 0.99 1.04
NGC 7619 . . . . . . 11.93 1.51 1.59 1.74 0.96 0.98 1.03
NGC 7626 . . . . . . 12.06 1.52 1.56 1.71 0.98 0.99 1.04
NGC 7785 . . . . . . 12.41 1.48 1.59 1.74 0.96 0.97 1.02

NOTE.ÈAll colors and magnitudes have been corrected for Galactic absorption and redshift. Col. (1) :
Galaxy name. Col. (2) : Total B magnitude from the RC3 for all galaxies except NGC 547 (Poulain & Nieto
1994) and the NGC 224 bulge (Faber et al. 1997). Col. (3) : Total (U[V ) color from RC3. Col. (4) : E†ective
(U[V ) color at from RC3 for all galaxies except NGC 547, NGC 3818, NGC 5812 (Poulain & Nietor

e1994), and NGC 821 (Poulain 1988). Col. (5) : Central (U[V ) color within extrapolated inward fromr
e
/8

using mean logarithmic radial gradients from Peletier et al. (1990a) and Goudfrooij et al. (1994) (°(U[V
e
0

2.4). Col. (6) : Total (B[V ) color from RC3. Col. (7) : E†ective (B[V ) color at from RC3 for all galaxiesr
eexcept NGC 547 (Poulain & Nieto 1994). Col. (8) : Central (B[V ) color within extrapolated inwardr

e
/8

from using the mean logarithmic radial gradient from Goudfrooij et al. (1994)(B[V )
e
0

(° 2.4).
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(using 53 galaxies). The mean (U[B) gradient is from Pele-
tier et al. (1990a) :

*(U[B)
*(log r)

\ [0.11^ 0.03 mag/dex , (4)

for a mean (U[V ) gradient of

*(U[V )
*(log r)

\ [0.17^ 0.03 mag/dex . (5)

This is consistent with estimates by Peletier, Valentijn, &
Jameson (1990b) and the combined results of Franx, Illing-
worth, & Heckman (1989) and Goudfrooij et al. (1994). The

colors are then computed asr
e
/8

(U[V )
re@8
0 \ (U[V )

e
0] 0.15 (6)

and

(B[V )
re@8
0 \ (B[V )

e
0 ] 0.05 . (7)

3. THE MANIFOLD OF STELLAR POPULATIONS OF LOCAL

ELLIPTICAL GALAXIES

3.1. Principal Component Analysis
This section explores the general landscape of corre-

lations among central SSP-equivalent population param-
eters (age, metallicity, enhancement ratio, and iron
abundance) and the corresponding structural parameters of
the parent galaxies. We show below that, among the struc-
tural variables, only velocity dispersion correlates signiÐ-
cantly with the stellar populations. Furthermore, [Fe/H]
can be derived from [Z/H] and [E/Fe]. Hence, this section
explores the space of the four remaining signiÐcant vari-
ables t, [Z/H], [E/Fe], and p.

As an exploratory means of Ðnding the number of inde-
pendent parameters in this four-dimensional space, we have
performed a principal component analysis (PCA; see, e.g.,
Faber 1973) on the four variables log t,[Z/H],[E/Fe], and
log p. The results are presented in Table 5, where it is shown
that the Ðrst two principal components contain 91% of the
variance. Thus, to high accuracy, these local ellipticals are
conÐned to a two-dimensional surface, which we propose to
call the ““ metallicity hyperplane.ÏÏ Figure 2 shows edge-on
and face-on views of this plane ; logp and [E/Fe] are the
primary contributors to the Ðrst principal component, while
t and [Z/H] drive the second principal component.

The face-on view of the plane is instructive. First, [E/Fe]
and p are nearly coincident. This is equivalent to saying

TABLE 5

PRINCIPAL COMPONENT ANALYSIS

Variable PC1 PC2 PC3 PC4

p@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.64 0.16 [0.68 0.34
t@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.11 0.76 [0.03 [0.64
z@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.42 [0.62 [0.09 [0.66
e@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.64 0.11 0.73 0.21
Eigenvalue . . . . . . . . . . . . . . . . . . . . 2.02 1.63 0.27 0.07
Percentage of variance . . . . . . 50 41 7 2
Cumulative percentage . . . . . . 50 91 98 100

NOTE.ÈPrimed variables are ““ reduced ÏÏ versions of the corresponding
variables with zero mean and unit variance : p@\ (log p[2.27) / 1.29,
t@\ (log t[0.88) / 1.82, z@\ ([Z / H][0.21) / 1.29, e@\ [E/Fe][0.18 /
0.47.

FIG. 4.ÈFace-on view of the Z-plane in hyperspace (points as in Fig. 1).
At Ðxed velocity dispersion (dashed lines), younger galaxies have higher
metallicities than older galaxies. The solid error ellipse in the top right-
hand corner is typical of the G93 sample ; the dotted ellipse is typical of the
highest quality data in the Lick/IDS galaxy sample (TWFBG98). The slope
of the error ellipses is nearly identical to the of lines of constant velocity
dispersion, indicating that poor data can masquerade as real trends.

that one can substitute for the other, i.e., that they are
highly correlated. Second, t, p, and [Z/H] are all moder-
ately orthogonal to one another, and therefore any one of
them can be reasonably well represented by a linear com-
bination of the other two. We choose to regard p and t as
independent (see below) and to express [Z/H] and [E/Fe]
in terms of them. Hence, to the extent that the thickness of
the plane can be ignored, we predict the following linear
relations : [Z/H]\ f (log t, log p) and [E/Fe]\ g(log p).
These are conÐrmed below. In summary, to present accu-
racy and based on Hb, Mg b, and SFeT alone, the stellar
populations of these local ellipticals are basically a two-
parameter family determined mainly by velocity dispersion,
p, and SSP-equivalent age, t.

The choice of p and t as independent variables is not
mandated by principal components, which only reveals
correlations but cannot show which parameters are funda-
mental. The dispersion p was chosen as one independent
parameter because it is external to the stellar populations
and might plausibly play a causal role in their formation.
The selection of t as the second parameter is less obvious.
However, since [Z/H] and [E/Fe] evolve as stars form, it
seems natural to specify them as functions of time rather
than the other way round. In the end, the choice of p and t
as the physically meaningful, ““ independent ÏÏ variables is
somewhat arbitrary.

3.2. T he Z-Plane
Fitting directly now for the planar function [Z/H]\

f (log t, log p), we Ðnd

[Z/H]\ 0.76 log p [ 0.73 log t [ 0.87 ,

^ 0.13^ 0.06^ 0.30 (8)
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FIG. 5.È[E/Fe]-p relation for local ellipticals (points as in Fig. 1). High
values of [E/Fe] actually reÑect low values of [Fe/Z] rather than high
[E/Z] (see text). The dashed line is a least-squares Ðt to the relation of the
form [E/Fe]\ 0.33 log p [ 0.58.

with an rms residual of 0.09 dex in [Z/H]. (The coefficients
have been determined using the ““ orthogonal Ðt ÏÏ procedure
of Franx, & Kjaergaard (1996), as coded by D.JÔergensen,
Kelson ; the errors have been estimated using a bootstrap of
1000 replacement samples.) A similar plane was found pre-
viously by Trager (1997) for the G93 sample using an older
version of SSP parameters that solved for [E/Fe] rather
crudely ; essentially the same results were obtained. An
edge-on view of this plane is shown in Figure 3, and the

FIG. 6.ÈFace-on view of the Fe-plane (points as in Fig. 1). Younger
ellipticals have higher [Fe/H] than older ellipticals. The dashed lines are
loci of constant velocity dispersion. A typical set of error bars for the G93
sample is shown in the top right-hand corner ; correlated errors are in the
same direction as the error ellipse in Fig. 4.

face-on view is shown in Figure 4. We call this plane the
““Z-plane.ÏÏ

We stated above that p is the only structural variable that
correlates with stellar population parameters. More preci-
sely, we mean that adding more structural parameters to Ðts
of the form [Z/H]\ f (log t, log p, (wherelog r

e
, log I

e
) r

eis e†ective radius and is e†ective surface brightness) doesI
enot signiÐcantly reduce the scatter in [Z/H]. While [Z/H]

should correlate with mass or luminosity through its corre-
lation with p, substituting mass or luminosity for (log p,

and (log p, respectively, in the Ðtslog r
e
) log r

e
, log I

e
),

actually increases the scatter in [Z/H]. This implies that the
basic correlation is through p.

The existence of the Z-plane says that there exists an
age-metallicity relation for each value of p. Contours of con-
stant p are shown in Figure 4 and have slope
* log t \ [1.4*[Z/H]. This is very close to the ““ 3/2
relation ÏÏ of Worthey (1992, 1994), which expresses trajec-
tories in log tÈ[Z/H] space along which colors and line
strengths remain roughly constant. Thus, following Trager
(1997), we predict that line strengths should be constant
along trajectories of constant p in the Z-plane, an impor-
tant conclusion to which we will return in ° 5.2.

3.3. T he [E/Fe]-p Relation
PCA analysis indicates that the enhancement ratio,

[E/Fe], is closely coupled to the velocity dispersion, with
[E/Fe] increasing as p. Figure 5 conÐrms this close relation-
ship. The dashed line is a linear least-squares Ðt of the form

[E/Fe]\ 0.33 log p [ 0.58 ,

^ 0.01^ 0.01 (9)

with an rms residual of 0.05 dex. Adding other structural
parameters to the Ðt again does not reduce(log r

e
, log I

e
)

the scatter signiÐcantly, nor does replacing (log p, log r
e
)

with mass. Replacing (log p, with lumi-log r
e
, log I

e
)

nosityÈi.e., Ðts of the form [E/Fe]\ f (log L )Èactually
increases the scatter slightly. Thus, although [E/Fe] obvi-
ously correlates loosely with other structural variables such
as mass and luminosity, the basic correlation is through p.
It will be noted that outlying galaxies from the [E/Fe]-p
relation also lie o† the plane in the top panel of Figure 2.
Hence, from Table 5, scatter in the [E/Fe]-p relation must
reÑect the role of PC3 in thickening the hyperplane. The
scatter is larger than the error bar in Figure 5, indicating
that [E/Fe] does not correlate perfectly with p ; the same
point was made also by Kuntschner (1998). Clearly, the
hyperlane has some Ðnite thickness, and the statement that
the galaxies are a two-dimensional manifold is only approx-
imate.

3.4. T he Fe-Plane
For completeness we also plot [Fe/H] as a function of

t and p in Figure 6. Since [Fe/H] is closely equal to
[Z/H][ [E/Fe] and [E/Fe] is a function of p only, we
predict a plane analogous to the Z-plane, but with di†erent
slope. Indeed, such a plane is found, with the equation

[Fe/H]\ 0.48 log p [ 0.74 log t [ 0.40 ,

^ 0.12^ 0.09^ 0.25 (10)

and with an rms residual of 0.08 dex. [Fe/H] is even tighter
versus age than [Z/H] (compare Fig. 6 with Fig. 4). This
tightness is due to the dependence of [E/Fe] on p, which



No. 1, 2000 STELLAR POPULATION HISTORIES 175

FIG. 7.ÈTwo-dimensional projections of the metallicity hyperplane, coded by galaxy environment. The Ðgure illustrates how the distribution of points in
the Z-plane a†ects projected correlations. Group assignments and group richnesses are taken from Faber et al. (1989) for most galaxies. Large Ðlled circles
are cluster galaxies (Virgo and Fornax) ; small Ðlled circles are group galaxies ; open circles are isolated galaxies ; and the large open square represents the
center of NGC 224 (M 31). (a) Independent variables p-t, showing the di†erent distributions of various subsamples in the hyperplane. Most cluster galaxies
(large Ðlled circles) are old (with the notable exceptions of the small galaxies NGC 4489, NGC 1373, and NGC 4478), whereas Ðeld galaxies (groups ]
isolated objects) span a large range in ages. (b) p-[Z/H] projection. With the exception of the three outliers, cluster galaxies trace a fairly well-deÐned
metallicity-p relation ; Ðeld galaxies do not. (c) [E/Fe]-t projection. No clear trends are seen in any subsamples. (d) [E/Fe]-[Z/H] projection. A slight hint of
an increase of [E/Fe] with [Z/H] is apparent, but the scatter is large.

causes Fe to rise more slowly than [Z/H] versus p, and thus
compresses the spread in Fe at Ðxed time. Mathematically,
the Fe-plane is ““ Ñatter ÏÏ in velocity dispersion than the Z-
plane.

3.5. T he E†ect of Observational Errors
It is important to examine the role that observational

errors play in creating the above correlations, particularly
the Z- and Fe-planes. From Figure 1, it is evident that an
error in any one of the observed quantities Mg b, SFeT, or
Hb will cause correlated errors in the output quantities
[Z/H], [E/Fe], and t. However, Hb is the most critical
index, and errors in it are the most dangerous. Moving Hb
up in Figure 1 causes age to decline and [Z/H] to increase
([E/Fe] is less a†ected). This correlated error is responsible
for the long axis of the tilted error ellipses in the two plane
diagrams, Figures 4 and 6. Note that these ellipses point
almost directly parallel to the claimed trends in age at Ðxed
p. Note further that the error ellipse in Figure 3 is parallel to

the edge-on view of the Z-plane, indicating that errors do
not signiÐcantly broaden the plane (the same is true of the
Fe-plane though no edge-on view is shown). Hence, it is
possible for errors, if they are big enough, to create the
impression of planes by broadening a distribution that is
intrinsically merely a one-dimensional line. For example, all
ellipticals might be the same age, obey the [E/Fe]-p relation
(a line), and be broadened by large Hb errors to Ðll apparent
““ planes ÏÏ just like those observed.

The only defense against such an error is to know from
independent measurements that the observational errors
are small. That is why we use only the G93 and Kuntschner
(1998) samples, whose errors are small and well understood.
The rms error of Hb in G93 is 0.060 and in KuntschnerA�
(1998) is 0.089 with errors in the other indices beingA� ,
comparable. As shown by the error ellipses in the Ðgures,
these errors are small enough that the observed planes
cannot be artifacts. Much larger errors, however, would be
disastrous. For example, Figure 4 also shows the error
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FIG. 8.ÈThree ““ mass ÏÏ-metallicity relations for the centers of local ellipticals as a function of environment. (a) The velocity dispersion-metallicity
projection, reproduced from Fig. 7b. (b) Actual mass-metallicity relation. (c) Luminosity-metallicity relation, which closely resembles the mass-metallicity
relation in panel (b). Weak trend with galaxy size may be apparent in all three panels, but the scatter is large, and the precise relations may be sample
dependent. The distributions of points in these diagrams are determined by the sample distributions in the (p, t) plane (see Fig. 7).

ellipse for a typical galaxy in the IDS sample of Trager et al.
(1998, hereafter TWFBG98) for the 150(pHb\ 0.191 A�
highest quality galaxies). Monte Carlo simulations of this
sample (Trager 1997) have shown that the observed [Z/H]-
and Fe-planes were largely artifacts caused by obser-
vational errors ; this is consistent with the large size of the
IDS error ellipse in Figure 4. A reasonable guide is that Hb
must be accurate to D0.1 to measure reliable ages andA�
metallicities.

3.6. Comparison with Previous Studies

We compare next to other studies using Balmer-line data
to determine stellar population parameters. The study by
Kuntschner (1998) on Fornax ellipticals is quite consistent
with ours, which is not surprising since we use the same
data and similar models. KuntschnerÏs conclusions were
limited by the fact that his corrections for nonsolar abun-
dance ratios were only approximate. Nevertheless, his Ðnd-

FIG. 9.È(a) Simulated Mg bÈp relation based on an assumed inÐnitely thin hyperplane. The dotted line is a least-squares Ðt of the form log Mg
b \ 0.312 log p [ 0.054, with an rms scatter of only 0.007 (485 realizations). This is virtually the same as the dashed line from panel b showing the actual
regression line of the present sample. (b) The actual Mg bÈp relation of the present sample. The dashed line is a least-squares Ðt of the form log Mg
b \ 0.294 log p [ 0.016, with an rms scatter of 0.032 (51 galaxies).
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FIG. 10.ÈTime evolution of galaxies in the Z-plane for pure SSPs. Points are coded by environment (see Fig. 7). Lines are loci of constant velocity
dispersion : from bottom to top, 150, 250, 350 km s~1 (see Fig. 4). (a) Metallicity hyperplane 5 Gyr ago. (b) Metallicity hyperplane today. (c)p0\ 50,
Metallicity hyperplane 5 Gyr from now. Note the strong curvature in lines of constant p in panels (a) and (c).

ings that the Fornax ellipticals are mainly old and that they
show a strong [E/Fe]-p relation are conÐrmed here.

The study by (1999) of 71 early-type galaxies inJÔrgensen
Coma is similar in both approach and conclusions to the
present work. (1999) analyzed newly obtainedJÔrgensen
long-slit and multiÐber spectra and derived stellar popu-
lation parameters using line-strength models by Vazdekis et
al. (1996). Overall her Ðndings are similar to ours, including
a log pÈ[Mg/Fe] relation like that in Figure 5, an age-
[Mg/H] relation rather like that in Figure 4, and a tight
age-[Fe/H] relation nearly identical to that in Figure 6.

However, the typical error of Hb in the data isJÔrgensen
0.22 with a long tail to larger errors. Overall, her data areA� ,
comparable in accuracy to the IDS data of TWFBG98,
which were found to be inadequate for age determination
by Trager (1997). Given our present understanding of the
pernicious e†ects of errors (° 3.5), we suspect that some of
the trends found by are real but that others mayJÔrgensen
be largely artifacts caused by errors. SpeciÐcally, the log pÈ
[Mg/Fe] relation found by is almost certainlyJÔrgensen
correct, whereas any of the relations involving age
(including both the Z-plane and the Fe-plane) are likely to
be heavily contaminated. A high-accuracy line-strength
survey of Coma ellipticals is badly needed.

The study of Tantalo et al. (1998a) analyzed G93 data
and is thus relatively una†ected by observational errors. A
detailed comparison to this work was made in Paper I. The
methodology of these authors is very similar to ours except
that only Mg b is corrected for nonsolar ratios whereas
SFeT is unchanged. Their method essentially measures
[Z/H] based on SFeT alone, and metallicities are conse-
quently underestimated and enhancements overestimated
by amounts that increase with [E/Fe].

Systematic errors increasing with [E/Fe] introduce slope
errors into most correlations. For example, TCB98 Ðnd a
strong [E/Fe]-age relation, which seems to be our [E/Fe]-p
relation lensed through correlated errors. The importance

of this discussion is to show that the factors used to correct
line strengths for nonsolar abundance ratiosÈin particular
the relative amplitudes of the corrections to Mg b and SFeT
Èhave far-reaching consequences for parameter correlation
studies. Our corrections are based self-consistently on the
TB95 response functions, but independent checks of those
functions would be welcome.

4. OTHER PROJECTIONS OF THE METALLICITY

HYPERPLANE

The notion that the stellar-population manifold of ellip-
tical galaxies is inherently two-dimensional is key to under-
standing many two-parameter relationships involving these
galaxies. Most such relationships are either projections of
this higher dimensional space or are close relatives of such
projections. The slope and scatter of points in such projec-
tions are not fundamental, but rather depend on the dis-
tribution of points within the hyperplane. The question of
sample selection thus enters acutely, as that may govern the
distribution of points in the plane.

4.1. T he Velocity DispersionÈAge Projection
Figure 7 shows several examples of how two-dimensional

projections are a†ected by the distribution of points in the
hyperplane. Points are coded by the environment of each
galaxy in preparation for the discussion of environmental
e†ects in the next section.

Figure 7a shows the independent variables p versus t.
Since the (p, t) distribution governs the appearance of all
other projections, it is interesting to compare the distribu-
tions within it of galaxy subsamples classed by environ-
ment ; isolated, group, and cluster ellipticals are shown by
open circles, small dots, and large dots, respectively. These
distributions look rather di†erent ; cluster EÏs (large Ðlled
circles) are grouped near the top of the plot, except for three
young outliers shown by the labeled points : NGC 1373 is a
bona Ðde member of Fornax based on position and velocity
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FIG. 11.ÈTime evolution of frosting models in the (t, [Z/H]) projection
of the Z-plane. Two base models are shown: a ““ giant ÏÏ elliptical base
population (p \ 250 km s~1, dex, and[Z/H]base \ 0.10 [E/Fe]base \ 0.22
dex) and a ““ dwarf ÏÏ elliptical base population (p \ 100 km s~1,

dex, and dex) ; [Z/H] and [E/Fe][Z/H]base \[0.22 [E/Fe]base \ 0.08
were chosen to place the base populations on the present-day metallicity
hyperplane at t \ 15 Gyr (large Ðlled circles). SSP-equivalent populations
that today lie in the gray-hatched bands should have the same p as the base
population to lie in the observed Z-plane (the width of the bands is the
typical ^1 p uncertainty in [Z/H]). Two frosting populations are shown
for each base population : a solar-metallicity frosting dex([Z/H]frost\ 0.0
and dex ; dotted trajectories) and a metal-rich frosting[E/Fe]frost \ 0.0

dex, dex ; solid trajectories). Each frost-([Z/H]frost \ 0.50 [E/Fe]frost\ 0.25
ing is 20% by mass of the total population and turns on at 9.5 Gyr. The
bursts are allowed to age for 5.5 Gyr until a Ðnal age of the base popu-
lation of 15 Gyr. The crosses represent the passive evolution of the base
population as seen at 10, 10.5, 11, 11.5, 12, 13, 14, and 15 Gyr. The compos-
ite population is marked with a number representing the time in Gyr after
the starburst of the frosting population. (Frosting populations at 0.5 Gyr
were generated from the Padua models of Appendix A of Paper I, for
which line strengths are available down to 0.4 Gyr.) After aging for D3È5
Gyr, the composite populations successfully pass through the same band of
constant p as the base population (but at higher SSP metallicity and
younger SSP age) only if exceeds by 0.1 to 0.6 dex and[Z/H]frost [Z/H]base[E/Fe]frost D [E/Fe]base.

yet is conspicuously young, the only young Fornax ellip-
tical ; NGC 4489 is 4¡ from the center of Virgo but is a
member by radial velocity. It, too, is rather young, as is
NGC 4478, which is right near the center of Virgo and is
clearly a cluster member. Within the errors, however, the
bulk of cluster galaxies is consistent with being old and
coeval.

Group and isolated objects (which we collectively term
““ Ðeld ÏÏ ellipticals, small dots and open circles) are distributed
di†erently from cluster ellipticals in the hyperplane. They
cover a larger age range, and there is a weak trend in t
versus p in the sense that low-p galaxies tend to be younger ;
the clump of old, low-p galaxies that is prominent among
the cluster galaxies is also missing.

We conclude that the (p, t) distributions of local Ðeld and
cluster ellipticals di†er in the present sample and that their
two-parameter projections may also di†er on that account.
That prediction is explored in the following panels.

4.2. T he p-Z Projection
Figure 7b plots [Z/H] versus p. A velocity dispersionÈ

metallicity relation appears to exist for old cluster galaxies,
but the three young cluster galaxies NGC 1373, NGC 4489,
and NGC 4478 lie at higher [Z/H] at given p. No compara-
ble relation appears to exist for Ðeld ellipticals. This di†er-
ence is a natural consequence of the di†erences in the (p, t)
distributions above. This projection is a close relative of the
classic mass-metallicity relation and is discussed further in
° 5.1.

4.3. T he t-[E/Fe] Projection
Figure 7c shows the distribution of [E/Fe] as a function

of age. There is no apparent trend in [E/Fe] with t in any
sample. This is as expected, since we found earlier that
[E/Fe] depends only on p and not on t.

4.4. T he Z-[E/Fe] Projection
Figure 7d shows the distribution of [E/Fe] as a function

of metallicity [Z/H]. There is a weak tendency for [E/Fe] to
increase with [Z/H], especially among old cluster ellipticals,
suggesting higher SNe II/SNe Ia enhancement ratios in
higher metallicity galaxies. This trend among old cluster EÏs
is again expected from their narrow age distribution in
Figure 4Èin a narrow age range, [Z/H] increases with
increasing p, and therefore [E/Fe] should increase with
[Z/H] at Ðxed t.

4.5. Summary of Results
Our results so far can be summarized as follows. A prin-

cipal component analysis demonstrates that central stellar
populations in the present sample of local elliptical galaxies
can be largely speciÐed using just two independent vari-
ables ; we take these to be SSP-equivalent age, t, and veloc-
ity dispersion, p. Velocity dispersion is the only structural
parameter that appears to play a role in modulating the
stellar populations of these galaxies.

This two-dimensional ““ metallicity hyperplane ÏÏ is in turn
comprised of two subrelations : metallicity is a linear func-
tion of both t and p, which we call the ““Z-plane,ÏÏ and the
enhancement ratio, [E/Fe], is a linear function of p, increas-
ing toward high-p galaxies. Together these two subrelations
comprise the hyperplane.

Several caveats are necessary. First, the thickness of the
hyperplane appears to be at least partly real and is associ-
ated mainly with scatter in the [E/Fe]-p relation. Thus, the
populations are not perfectly two-dimensional, and at least
one more factor must play a role. Second, the present SSP
parameters are based on only three spectral indices (Mg b,
SFeT, and Hb), and adding more indices (or colors) might
reveal more principal components ; we will be investigating
this in future papers. Third, coverage of the hyperplane
needs to be improved by adding more young populations,
which are relatively scarce here. Fourth, the present data
refer to only 51 galaxies ; a larger sample is needed to
conÐrm that the present trends in fact apply to local ellip-
tical galaxies generally. Fifth, we must remember that the
hyperplane refers to SSP-equivalent population parameters,
which are disproportionately inÑuenced by young stars (see
Appendix). However, despite the fact that SSP parameters
are not true mass-weighted averages, they still place very
tight constraints on the history of star formation in ellip-
ticals, as shown below in °° 6 and 7.)
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Finally, the present analysis delineates the position and
orientation of the hyperplane in hyperspace but says little
about the distribution of galaxies within it. That is because
our sample does not constitute an unbiased volume-limited
sample of local ellipticals. This places severe limits on our
conclusions. For example, we cannot conclude that the wide
range of of SSP ages seen in our Ðeld galaxies is typical of
local Ðeld ellipticals generally. However, there is a strong
suggestion in our data that the (p, t) distributions of Ðeld
and cluster galaxies may di†er, with cluster ellipticals in the
present sample being generally older. This di†erence is
expected to generate environmental di†erences in the two-
dimensional projected scaling laws of these galaxies, as
explored in the next section.

5. TWO CLASSICAL SCALING LAWS

This section investigates two classical scaling laws for
elliptical galaxies : the mass-metallicity relation and the
Mg-p relation. Both can be understood as two-dimensional
projections of the metallicity hyperplane.

5.1. T he Mass-Metallicity Relation : Environmental E†ects
Environmental di†erences among elliptical galaxies have

generated intense interest (e.g., de Carvalho & Djorgovski
1992 ; Burstein, Faber, & Dressler 1990 ; et al.Gu� zman
1992 ; Bernardi et al. 1998). We consider here their impact
on a question of major importance, the mass-metallicity
relation of elliptical galaxies, widely regarded as a key clue
to their nucleosynthetic histories (e.g., Aaronson & Mould
1985). The relation comes in several guises : [Z/H] versus
mass, [Z/H] versus luminosity, and [Z/H] versus pÈthis
last also counts as a mass-metallicity relation, since mass
and p are so closely correlated.

These three projections are compared in Figure 8. The
[Z/H]-p projection (panel a) is repeated here from Figure 7.
We have already observed that any relation in this panel is

weak ; old cluster galaxies (large Ðlled circles) show a trend
in the classic sense that high-p galaxies are more metal-rich,
but this trend is not shared by Ðeld galaxies (open circles and
small dots). Panels b and c show [Z/H] versus mass and
[Z/H] versus absolute magnitude (the latter quantities are
taken from Table 3). These relations show even more scatter
than [Z/H] versus p, and the real mass-metallicity relation
(panel b) is worst of all.

It is not our purpose to argue here that there is no mass-
metallicity relation. Rather, like many two-dimensional
correlations claimed for elliptical galaxies, the mass-
metallicity relation is actually a projection of a higher
dimensional space. As such, it may be both environmentally
and sample dependent, and its accurate determination will
require a larger and more carefully controlled sample than
we have here.

5.2. T he Mg-p Relations
The Mg-p relations present a major challenge to the

hyperplane model. The tightness of these relations has often
been taken as evidence that all ellipticals have nearly coeval
stellar populations to of order 15% in age (Bender, Burstein,
& Faber 1993, Bernardi et al. 1998), in strong contradiction
to the spread of about a factor of 10 in SSP ages found in
this work. We are planning a separate paper on this impor-
tant issue but include a short section here in order to
address pressing questions that will occur to knowledgeable
readers.

Our picture is that the Mg-p relations look narrow
because they are edge-on (or nearly edge-on) projections
of the metallicity hyperplane. The germ of this idea is con-
tained in Figure 4, which shows the Z-plane face on.
Imagine rotating this plane about an axis running perpen-
dicular to the contours of constant p and viewing the
resultant projection edge-on. Suppose further that SSP-
equivalent age and metallicity ““ conspire ÏÏ to cause Mg b (or

FIG. 12.ÈSchematic two-burst models. Three models are shown: (a) 17 Gyr, [Z/H]\ ]0.15 dex, [E/Fe]\ ]0.25 dex progenitor (typical of the oldest
giant ellipticals in the sample) with a 1 Gyr, [Z/H]\ ]0.75 dex, solar-neighborhood abundance ratio burst, meant to cover the stellar populations of the
high-p galaxies (solid line) ; (b) 17 Gyr, [Z/H]\ [0.25 dex, solar-neighborhood abundance ratio progenitor with a 1 Gyr, [Z/H]\ ]0.5 dex, solar-
neighborhood abundance ratio burst, meant to cover the stellar populations of the low-p galaxies NGC 221 (M32), NGC 4489, and NGC 7454 (short-dashed
line) ; and (C) a 17 Gyr, [Z/H]\ [0.25 dex, [E/Fe]\ ]0.25 dex progenitor with a 1 Gyr, [Z/H]\ ]0.5 dex, [E/Fe]\ [0.25 burst dex, meant to represent
possible star formation after a metal-enriched wind in a low-p galaxy (dot-dashed line). Bursts of 10%, 20%, 40%, 60%, and 80% (open squares) and 50%
( Ðlled circles) by mass are shown. Open circles represent the progenitor (lower) and burst (upper) populations. Filled squares are the G93 galaxies ; compare
with Fig. 1.
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to remain sensibly constant along a p contour. ThisMg2)would occur if * log t/*[Z/H]\ [1.7 or [1.8 (W94), and
indeed the Z-plane at Ðxed p (eq. [8]) has slope very close to
this : * log t/*[Z/H]\ [1.4. In other words, lines of con-
stant p closely obey the 3/2 rule, and line strength along
them should be nearly constant. In projection, Mg b and

should therefore be tight functions of p, yielding theMg2Mg-p relations.
To illustrate this graphically, we have performed Monte

Carlo simulations to produce Mg b and p values for
roughly 500 ““ fake ÏÏ elliptical galaxies realistically distrib-
uted in the metallicity hyperplane. Random values of the
Ðrst two principal components in Table 5 were drawn from
the distribution of galaxies in the face-on view of the plane
(Fig. 2), and the third and fourth components were set iden-
tical to zero. These four PCA eigenvectors were then
inverted to determine t, [Z/H], [E/Fe], and p for each reali-
zation, and the Ðrst three parameters were used to generate
line strengths using the formalism described in Paper I, with
typical observational errors added. The resulting simulated
Mg bÈp relation is shown in Figure 9a. The derived relation
(dotted line) has the form

log Mg b \ 0.312 log p [ 0.054 ,

^ 0.002^ 0.001 (11)

with an rms scatter of only 0.007. The Mg bÈp relation for
the present sample of local elliptical galaxies (dashed line,
panel b) has the form

log Mg b \ 0.294 log p [ 0.016 ,

^ 0.005^ 0.001 (12)

with an rms scatter of 0.032 (51 galaxies). The good agree-
ment between the simulated relation and the real one con-
Ðrms that a large age spread of stellar populations in the
hyperplane can indeed be masked by the tendency of [Z/H]
to rise at low ages, precisely compensating the e†ect of age
di†erences.

We brieÑy mention a few important points, saving details
for our future paper.

1. The idea that the tightness of the Mg-p relations might
conceal large age variations was Ðrst proposed by Worthey
et al. (1996) and was reproposed by (1999). InJÔrgensen
both cases, the actual age spreads were probably somewhat
overestimated, as Worthey et al. used the Lick/IDS data
while used her Coma sample, both of whichJÔrgensen
contain signiÐcant observational errors (°° 3.5 and 3.6).
Nevertheless, the basic correctness of the idea is conÐrmed
here.

2. While the slopes of the real and simulated Mg bÈp
relations match well, the scatter in the simulated relation is
too small, even though observational errors have been
included. That is because the third and fourth principal
components were neglected, i.e., the hyperplane was taken
to be inÐnitely thin. This was done deliberately to make any
residual tilt of the hyperplane more visible. Even with this,
the simulated relation is still extremely narrow, showing
that any deviation from an edge-on orientation must be
small. The larger scatter of the real Mg bÈp relation must be
due to the presence of PC3 and PC4, which were not
included in the simulation. PC3, in particular, reÑects real
scatter in the [E/Fe]-p relation, as noted in ° 3.3.

3. Although the Mg-p relations are generally tight, mor-
phologically disturbed ellipticals tend to show lower Mg
values than expected, and this has been convincingly inter-
preted as due to recent star formation by Schweizer et al.
(1990) and Schweizer & Seitzer (1992). Comparably young
stellar populations are present in some of our galaxies here
(e.g., NGC 6702, NGC 5831, NGC 1700), yet none of these
shows any signiÐcant deviation from Mg bÈp in Figure 9. Is
this a disagreement?

A full discussion of this point is reserved to our future
paper, but we can sketch the answer brieÑy here. First, the
Mg relations used by Schweizer et al. (1990) and Schweizer

FIG. 13.ÈThe same two-burst models as in Fig. 12, but with burst strength now indicated by light fraction. Open symbols represent the fractional V -band
luminosity of the young population : from bottom to top, 0%, 20%, 40%, 60%, 80%, and 100%. These correspond to average mass fractions of 0%, 3%, 8%,
16%, 35%, and 100% for model A and 0%, 4%, 9%, 19%, 38%, and 100% for models B and C. The Ðlled circles represent the 50% by light in young/old
models, which correspond to 12% by mass in the young population for model A and 14% by mass in the young population for models B and C. The relative
straightness of the lines and even spacing of the squares compared with Fig. 12 indicate that stellar populations add roughly as light-weighted vectors in these
diagrams.
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& Seitzer (1992) actually plotted Mg versus luminosity, L ,
not p. Recent star formation would increase L while
depressing Mg, thus amplifying any Mg residual. Second, a
handful of low-lying points can be seen in the simulated Mg
bÈp relation in Figure 9. These turn out to be the youngest
galaxies, demonstrating that slight curvature in the trans-
formations back to raw Mg b can cause objects to lie low if
they are extremely young. Finally, essentially all previous
investigations of Mg-p have used whereas we choseMg2,Mg b because it was more accurately measured by G93.
This decision proves to be important, as separate other
work now shows that is not as tight as Mg bÈp andMg2Èp
does indeed show small but systematic negative residuals
for younger stellar populations. This is evident both in the
present sample and in the larger Lick/IDS sample of
TWFBG98.

Thus, it appears that both views are correct : the basic
tightness of the Mg-p relations conceals large age spreads,
but in particular deviates systematically in the senseMg2that young stellar populations lie low. Further discussion of
these and other aspects of the Mg-p relations will be provid-
ed in our future paper.

6. THE ORIGIN OF THE [E/Fe]-p RELATION

We have seen that there are two major correlations
involving the stellar populations of the present sample : the
Z-plane linking [Z/H], t, and p ; and the [E/Fe]-p relation
linking [E/Fe] and p. Assuming that these relations are in
fact a good description of local ellipticals generally, we
attempt to deduce the implications for their star formation
histories. To anticipate, we Ðnd a number of plausible
explanations for [E/Fe]-p ; the relation is interesting and
useful but in retrospect not very surprising. The existence of
the Z-plane, on the other hand, turns out to be very puz-
zling and may emerge as one of the most telling constraints
on the history of star formation in ellipticals. This section
focuses on the simpler [E/Fe]-p relation ; theories for the
Z-plane are explored in the next section.

Six scenarios for [E/Fe]-p are considered ; Ðndings are
summarized as a truth table in Table 6. Each scenario is
compared to three observed trends in a binary, yes-no
wayÈdoes the scenario account for the observed trend or
not? The Ðrst trend is the [E/Fe]-p relation itself, which is
given highest weight. We also add two additional ““ trends,ÏÏ
that [Z/H] and [Fe/H] both increase with p. These trends
are true strictly speaking only at Ðxed t (eqs. [8] and [10]),
and thus apply only to populations with a narrow range of
SSP ages, e.g., cluster galaxies. Since all ellipticals are
clearly not the same SSP age, using these extra trends may
be unwarranted. However, adding them narrows the pos-
sibilities greatly, and it is perhaps reasonable to require that

any successful scenario for the [E/Fe]-p relation must
separately explain old cluster galaxies. Most of the ideas
below have been discussed in the literature before, but the
present information on [E/Fe], [Z/H], and [Fe/H] separa-
tely sheds new light.

Strictly speaking, our measurements refer to SSP values
of [E/Fe], which are heavily weighted by young stars.
However, experiments in ° 7 suggest that mixed-age
““ frosting ÏÏ models must have rather constant values of
[E/Fe] in all subpopulations in order for composite gal-
axies to match the Z-plane. In such cases, SSP values of
[E/Fe] are a good mass-weighted mean for the whole popu-
lation.

The scenarios are as follows.

1. T he number of stellar generations (i.e., total astration)
increases with increasing p. This scenario has roots in the
classic closed-box model and envisions that star formation
and cosmic recycling go further at higher p (assuming that
the relative yields from Type Ia and Type II SNe do not
change). This scenario can account for higher [Z/H] and
[Fe/H] with higher p but clearly does not predict any
change in [E/Fe]. It is included for completeness only.

2. T he duration of star formation is shorter with increasing
p. This scenario envisions that the total duration of star
formation (in years, not in stellar generations) is reduced at
high p (e.g., Worthey, Faber, & 1992). Such short-Gonza� lez
ening would reduce the amount of Fe-peak elements
because star formation would be over before SNe Ia
exploded and their Fe-peak products became available for
incorporation into new stars. In this scenario, total astra-
tion through SNe II remains the same, but elements from
SNe Ia are reduced. This matches the observed increase in
[E/Fe] with p, but, because total element production is also
reduced, it cannot match either the increase in [Z/H] or
[Fe/H] with higher p.

Scenarios 1 and 2 were designed to separate the notion of
the number of generations of element building (astration)
from the number of years needed to form those generations
(duration). Since the two scenarios have complementary
failings in Table 6, one may wonder whether combining
them (shorter formation time plus more astration at high p)
might match all the data. This is a quantitative question
whose answer depends on detailed model parameters and
calculations. Our impression is that such a model could
likely match the increase in [E/Fe] and [Z/H] with p but
would probably have Ñat or falling [Fe/H] versus p, con-
trary to the data. Even more difficult is the fact that, in
nature, astration and duration are naturally positively
coupledÈlonger star formation means there is time for
more astrationÈnot anticoupled as in this hybrid model.
Such coupling is seen, for example, in the models of Larson

TABLE 6

SCENARIOS FOR THE [E/FE]-p RELATION

[Z/H]C with pC [Fe/H]C with pC
Scenario [E/Fe]C with pC? (at Ðxed t) ? (at Ðxed t) ?

1. No. stellar generations increases as p increases . . . . . . . . n y y
2. Star formation duration decreases as p increases . . . . . . y n n
3. Late winds reduce SN Ia yield as p increases . . . . . . . . . . y n n
4. Number of Type Ia SNe decreases as p increases . . . . . . y n n
5. IMF Ñattens as p increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . y y y
6. Early winds reduce SN II yield as p decreases . . . . . . . . . y y y
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(1974), Arimoto & Yoshii (1987), and Thomas, Greggio, &
Bender (1999). Moreover, in all these cases, as star forma-
tion proceeds, recycling of material through SNe Ia causes
[E/Fe] to decrease and metallicity and [Fe/H] to rise.
[E/Fe] is therefore naturally anti-correlated with the others,
unlike the data. For both reasons, combining scenarios 1
and 2 does not seem promising.

3. L ate winds are stronger with increasing p. This scenario
is essentially a carbon copy of scenario 2 in that both serve
to reduce the amount of SN IaÈenriched material retained
by the galaxy while leaving SN II products unchanged. Like
scenario 2, it matches the increase in [E/Fe] with p but
predicts a fall in both [Z/H] and [Fe/H] at high p, contrary
to observations. Moreover, it is inherently implausible that
galactic outÑows should be higher in high-p galaxies, which
have deeper potential wells.

4. T he number of Type Ia SNe decreases with increasing
p. If SNe Ia are explosions of double-degenerate systems as
is generally assumed (e.g., Wheeler & Harkness 1990), their
progenitors are tight binaries. It may be that, in a high-p
environment, glancing cloud-cloud collisions impart
enough angular momentum to form only very wide
binaries, and thus suppress the formation of SNe Ia pro-
genitors. Intriguing as this speculation is, the net result of
this proposal is again not very di†erent from the previous
two scenarios, which reduce elements from SNe Ia while
leaving those from SNe II unchanged. It fails for the same
reasons.

The next two scenarios increase element yields from SNe
II while leaving those from SNe Ia unchanged. These are
more successful.

5. IMF Ñattens with increasing p. In this scenario, more
high-mass stars are born and more SNe II are produced in
high-p galaxies, increasing the e†ective yield and thus the
overall mean metal abundance of the stellar population
(Tinsley 1980). The quantities [E/Fe], [Z/H], and [Fe/H]
all increase with p (this last because Type II SNe produce at
least some Fe ; Woosley & Weaver 1995). However, the
increase in [Fe/H] should be weaker than in [Z/H], as is
observed (compare eq. [8] and [10]). Although this scenario
matches all the data, no physical mechanism for it is as yet
known. Perhaps massive star formation is enhanced at high
cloud-cloud collision velocities, which in turn would scale in
rough proportion to stellar velocity dispersion (Faber,
Worthey, & 1992).3Gonza� lez

6. Early winds are stronger with decreasing p. In this sce-
nario, all ellipticals produce SN Ia and SN II products at
the same rate, but low-p galaxies lose their early, SN IIÈ
enriched gas more readily than high-p galaxies (see Vader
1986 and 1987 for an early discussion of this process).
High-p galaxies would have a higher e†ective yield of Type
II SNe products, resulting in a positive [E/Fe]-p relation

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
3 This is the place to clarify a potentially confusing aspect of our ter-

minology. Earlier we stressed that high values of [E/Fe] do not reÑect an
““ enhancement ÏÏ of the E elements but rather a depression of the Fe-peak
elements. Yet here scenario 5 accounts for high [E/Fe] by ““ increasing ÏÏ the
e†ective yield of Type II elements. We seem to be saying simultaneously
that the E elements are enhanced and not enhanced. Actually, these two
statements are not in contradiction. The nonenhancement mentioned
earlier refers to [E/Z], which is always near zero since E e†ectively is Z.
Scenario 5 deals on the other hand with [E/Fe], which clearly can be
increased by raising the absolute yield of Type II elements over Type Ia.
The quantities [E/Z] and the yield of the E elements are not the same, and
one can be ““ enhanced ÏÏ and not the other.

and, because of their higher retention of Type II SNe pro-
ducts, higher overall metallicities as well. Since Type II SNe
make some Fe (see above), [Fe/H] should also increase
weakly with p, as is seen. Observationally, abundance
trends in this scenario are similar to those of scenario 5, in
which the IMF is modulated by p.

From hydrodynamic simulations of the mechanical
e†ects of supernovae-driven superbubbles on the gas and
metal content of dwarf galaxies, Mac Low & Ferrara (1998)
have shown that moderate starburst events (SN II rates of
[3 Myr~1) in even massive dwarf galaxies (109 canM

_
)

blow out a substantial fraction (D70%) of metal-enriched
gas without losing a signiÐcant amount of primordial gas
(\0.001%). This process might be more important for SNe
II, which are highly spatially and temporally correlated,
than for SNe Ia, which seem to be relatively isolated in both
time and position within a galaxy. This may enable low-p
galaxies to lose their SN II products preferentially without
losing gas that can later be enriched by SNe Ia and recycled
into new stars.

Although scenarios 5 and 6 predict similar abundance
trends with p, they appear to di†er in their absolute abun-
dance ratios. With ““ normal ÏÏ yields, the early winds in sce-
nario 6 would result in lower than normal abundances of
Type II products in low-p galaxies but normal abundances
in high-p galaxies, where all products are retained. This is
not as observed ; [E/Fe] is solar in low-p galaxies and
enhanced in high-p galaxies (Fig. 5). To work, scenario 6
may therefore have to be ““ tweaked ÏÏ by a blanket upward
adjustment of the Type II yield in all elliptical galaxies,
designed to return [E/Fe] in low-p galaxies to the solar
value. Such a tweak might be achieved, for example, by
boosting the upper end of the IMF in all ellipticals by a
similar amount. This requirement would constitute an addi-
tional burden on scenario 6.

In summary, there appear to be two viable scenarios that
can currently account for all three observational trends with
p : (1) a Ñatter top end of the IMF that produces more
massive stars at high p and (2) weaker early winds, less mass
loss, and greater retention of SN II products at higher p.
Although we cannot tell which hypothesis is better, it is
interesting, and a signiÐcant step forward, that the data
seem to prefer scenarios in which it is the number or e†ec-
tiveness of Type II SNe that are modulated, not the number
of Type IaÏs. A further new clue is that [E/Fe] correlates
most tightly with p and not with other related structural
parameters, such as mass or radius. This tells us that the
processes modulating Type II SNe depend directly on the
actual speeds of gas clouds, or possibly on the escape veloc-
ity from the galaxy. Finally, it is necessary to restate the
disclaimer that to reach these Ðrmer conclusions required
using all three observational tests, including the two less
universal correlations involving [Z/H] and [Fe/H]. If these
were thrown out, Ðve out of the six scenarios would still be
viable.

7. THE ORIGIN OF THE Z-PLANE

The origin of the Z-plane proves to be more telling and
more difficult to explain than the [E/Fe]-p relation. Two
basic star formation scenarios for ellipticals are considered :
(1) a pure single-burst population having the measured SSP
age and composition, and (2) a double-burst population
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consisting of an old ““ base ÏÏ population with a ““ frosting ÏÏ of
young stars. More complex scenarios can be inferred by
extrapolating the results of the two-burst model.

7.1. Single-Burst Stellar Populations and T heir Evolution
Under the single-burst hypothesis, we observe that the

Z-plane is in place at the present time (Fig. 4) and ask how
it evolved in the past and how it will evolve in the future.
The evolution of the Z-plane under pure single-burst SSP
populations is simple : galaxies move horizontally in t as
they age but stay constant in both [Z/H] and p. Figure 10
shows this behavior. Note that since the ordinate is log t
and not (linear) t, old objects move less per unit time today
than young objects. Lines of constant p therefore steepen
into the future, and after enough time they actually curve
upward. This curvature becomes pronounced after 5 Gyr,
as shown in Figure 10c. Similarly, lines of constant p curve
downward in the past, as seen in Figure 10a. Under the
single-burst hypothesis, we must therefore live at the special
time when the [Z/H]-t-p surface is planarÈi.e., lines of
constant p are straight only at the present time. This seems
improbable.

There are two additional problems with the single-burst
scenario. In the rather recent past, many young galaxies

seen today would not exist at all if their populations really
are pure SSPs. For example, 12 of 51 galaxies (24%) in the
present sample would not have existed just 5 Gyrs ago (note
how they have disappeared from Fig. 10a). Second, if the
monotonically rising age-metallicity relation at constant p
that is seen today is not special to this moment but will
persist in future, the metallicities of newly formed young
galaxies must be rising very rapidly at the present time. In a
few gigayears from now, new populations will have to have
metallicities in excess of [Z/H]D ]1 (10 times solar) ! Both
of these problems illustrate again that the Z-plane is a
short-lived, ephemeral phenomenon under the single-burst
hypothesis, and that our present epoch would have to be
very special.

7.2. Frosting Models and T heir Evolution
The second scenario is the simplest composite stellar

population model, a double-starburst model in which a
small ““ frosting ÏÏ of young stars forms on top of an old
““ base ÏÏ population. Examples of such models and their
behavior are discussed in the Appendix. To a Ðrst approx-
imation, SSPs add vectorially (when weighted by light) in
the HbÈMg b and Hb-SFeT diagrams if the populations are
not very far apart, but trajectories between widely separated

TABLE 7

EVOLUTION OF TWO-BURST FROSTING MODELS

BASE FROSTING COMPOSITE

MODELa t [Z/H] [E/Fe] t [Z/H] [E/Fe] Hb Mg b SFeT t [Z/H] [E/Fe]

GS . . . . . . 10.0 0.10 0.21 0.5 0.00 0.00 4.19 2.66 2.07 0.7 0.23 0.26
10.5 1.0 2.67 3.64 2.50 1.2 0.25 0.22
11.0 1.5 2.13 4.16 2.65 2.0 0.14 0.15
11.5 2.0 1.86 4.49 2.77 3.3 0.13 0.13
12.0 2.5 1.77 4.61 2.81 4.5 0.12 0.13
13.0 3.5 1.65 4.76 2.85 6.9 0.09 0.13
14.0 4.5 1.57 4.90 2.90 8.2 0.07 0.13
15.0 5.5 1.51 5.00 2.93 9.7 0.07 0.14

DS . . . . . . 10.0 [0.22 0.08 0.5 0.00 0.00 4.13 2.40 1.98 0.7 0.20 0.17
10.5 1.0 2.69 3.20 2.36 1.5 [0.03 0.11
11.0 1.5 2.20 3.59 2.48 2.7 [0.07 0.07
11.5 2.0 1.96 3.86 2.59 4.3 [0.06 0.06
12.0 2.5 1.88 3.93 2.62 5.3 [0.06 0.06
13.0 3.5 1.77 4.02 2.65 7.6 [0.10 0.05
14.0 4.5 1.70 4.11 2.68 9.4 [0.13 0.05
15.0 5.5 1.64 4.19 2.71 10.7 [0.14 0.05

GR . . . . . . 10.0 0.10 0.21 0.5 0.50 0.25 5.04 1.92 1.55 0.7 0.59 0.40
10.5 1.0 3.44 2.81 2.13 1.6 0.41 0.25
11.0 1.5 2.60 3.31 2.43 2.8 0.32 0.24
11.5 2.0 2.21 3.62 2.58 4.8 0.25 0.22
12.0 2.5 2.06 3.78 2.64 5.7 0.25 0.22
13.0 3.5 1.87 4.00 2.70 7.8 0.23 0.21
14.0 4.5 1.78 4.14 2.73 9.2 0.23 0.22
15.0 5.5 1.69 4.26 2.76 10.4 0.23 0.22

DR . . . . . . 10.0 [0.22 0.08 0.5 0.50 0.25 4.95 1.75 1.50 0.8 0.41 0.27
10.5 1.0 3.42 2.51 2.03 1.9 0.13 0.15
11.0 1.5 2.62 2.92 2.31 4.0 0.05 0.15
11.5 2.0 2.27 3.18 2.44 6.5 0.04 0.14
12.0 2.5 2.13 3.30 2.49 7.6 0.01 0.13
13.0 3.5 1.96 3.46 2.54 9.5 [0.01 0.12
14.0 4.5 1.87 3.54 2.55 11.1 [0.02 0.12
15.0 5.5 1.79 3.62 2.57 12.1 [0.02 0.12

a ““ G ÏÏ is the giant elliptical base model (p \ 250 km s~1) ; ““ D ÏÏ is the dwarf elliptical base model (p \ 100 km s~1) ; ““ S ÏÏ is the solar
metallicity, solar enhancement ratio frosting ; ““ R ÏÏ is the metal-rich, super-solar enhancement ratio frosting. All frostings represent
20% of total mass. See text and Fig. 11 for details.
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populations are curved and must be calculated explicitly.
We do this by computing light-weighted mean values of Hb,
Mg b, and SFeT, from which the SSP-equivalent parameters
are computed using the formalism described in Paper I.

Four illustrative frosting models are shown in Figure 11
and Table 7. We begin by choosing two base populations
(lower right) that would fall on the metallicity hyperplane at
age 15 Gyr if they were pure SSPs, one at 250 km s~1 (the
““ giant ÏÏ model) and one at 100 km s~1 (the ““ dwarf ÏÏ model).
At an age of 9.5 Gyr in each model, we turn on a frosting
population of 20% by mass and allow the composite popu-
lation to age for a further 5.5 Gyr after this burst, which we
identify as the present time. Two frosting populations are
employed, a solar-composition model with solar abundance
ratios, and a metal-rich model with [Z/H]\ 0.5 and
[E/Fe]\ 0.25. Each frosting is combined with each base,
making four models in all.

The evolution of these populations is shown in Figure 11.
Initially the composite populations jump to very young
SSP-equivalent ages, moderate-to-high metallicities, and
relatively high [E/Fe] (long arrows to upper left of diagram).
As the populations age, the SSP-equivalent ages become
rapidly older while [Z/H] and [E/Fe] decrease. Finally,
after several gigayears, the populations have drifted back
close to their starting points, executing a large loop.

In order to match the data, this scenario must place gal-
axies back on the Z-plane at the present time. Since p does
not change in this simple model, this means that galaxies
must come back to the correct p contour, allowing for the
fact that some galaxies of their type may not have su†ered a
star burst and thus continued to evolve passively to the
right. These evolved points are shown by the large dots ;
their corresponding p contours are the two gray bands,
each ^1 wide, where is the rms residual ofp*Z@H+ p*Z@H+[Z/H] about the plane, i.e., 0.09 dex (° 3.2). If a frosting
galaxy winds up in the appropriate gray band after 5.5 Gyr,
we will count it as lying in the Z-plane, and the model is a
success.

Whether or not this will happen depends on a proper
match between the metallicity of the base population and
that of the frosting. The giant base ([Z/H]\ ]0.1) plus
metal-rich frosting ([Z/H]\ ]0.5) is an example of a suc-
cessful combination ; it falls exactly in the middle of the
allowed gray band at the present time (top solid model). The
same base enriched with a solar-metallicity frosting is less
successful because the combination falls below the allowed
gray band (top dotted model). From these two models, it can
be seen that the metal abundance of a successful frosting
must be between 0.1 and 0.6 dex more metal-rich than the
giant base population to which it is added. Similar reason-
ing implies that the same windowÈ0.1È0.6 dex more metal-
richÈapplies to dwarf bases, too.

The width of these windows depends on the age of the
starburst. Turning on the starburst 5.5 Gyr ago was arbi-
trary and resulted in fairly red, old looking models at the
present time. Since many SSPs are observed to be quite
young, matching them requires more recent starbursts.
Metallicity constraints then get tighterÈit may be shown
that the allowed [Z/H] window shrinks in width and the
frosting population must be considerably more metal-rich
than the base.

Apparent [E/Fe] values must also stay constant during
this process, since by hypothesis p is assumed not to change
(eq. [9], Fig. 5). This further requires that [E/Fe] for the

frosting population be nearly equal to that of the base
population, as composite SSP enhancement ratio is close to
the mean of the frosting and base populations at moderate
burst strength (this point was also made by 1999).JÔrgensen

The close coordination required for both [Z/H] and
[E/Fe] in frosting models may place tight constraints on
star formation scenarios for elliptical galaxies. In particular,
it seems hard to meet the necessary tight limits on [Z/H]
and [E/Fe] if young populations form from unrelated,
““ foreign ÏÏ gas acquired in a merger. Such coordination
would seem more natural if the frosting gas were preen-
riched within the parent galaxy itself. An example of such a
model might be low-mass star formation in gas reaccreted
in a galactic cooling Ñow (Mathews & Brighenti 1999).

Several questions remain about the frosting scenario :

1. The frosting model as presented here consists of only
two bursts. More realistic scenarios would contain extended
star formation over time.

2. Some of the most extreme young populations in the
present sample are clearly in disturbed galaxies : NGC 6702
(Davoust et al. 1987 ; J. Tonry et al. 1999, private
communication), NGC 1700, NGC 584, and NGC 5831
(Schweizer & Seitzer 1992), which are excellent candidates
for recent star formation in mergers. We have argued that
such star formation would likely disobey the hyperplane,
yet these objects fall nicely on it (Figs. 2 and 4). Their agree-
ment with the hyperplane suggests that the previous argu-
ment against foreign gas captured in mergers may not be
fully correct.

3. The stellar population parameters considered here are
only central values The global stellar populations(r

e
/8).

are generally older by D25% and more metal-poor by(r
e
/2)

[0.20 dex, while [E/Fe] is basically the same (Paper I). We
believe that global populations also obey a hyperplane but
have not yet examined it in detail. Radial gradients and
global stellar populations will be discussed in a future
paper.

8. CONCLUSIONS

The centers of local elliptical galaxies appear to contain
quite complex stellar populations. The present sample of
local ellipticals spans a wide range of stellar population
parameters, most notably a large range in SSP-equivalent
age (especially in, but not limited to, Ðeld ellipticals).

Despite their diversity, the central stellar populations of
these galaxies are described by a few simple scaling rela-
tions. (1) Abundance parameters [Z/H] and [E/Fe] are
speciÐed to high accuracy by SSP-equivalent age, t, and
central velocity dispersion p ; ellipticals thus occupy a
““metallicity hyperplane ÏÏ in ([Z/H], log t, log p, [E/Fe])-
space. (2) SSP-equivalent metallicity, [Z/H], is a function of
both t and p (the ““Z-plane ÏÏ). At Ðxed t, [Z/H] increases
with p ; at Ðxed p, [Z/H] is larger at younger age. (3) SSP-
equivalent enhancement ratio, [E/Fe], is found to be a
monotonically increasing function of p only, in the sense
that adding other structural parameters such as orI

e
r
edoes not predict either [E/Fe] or [Z/H] more accurately.

Our use of SSP-equivalent parameters is not meant to
imply a single-burst origin for elliptical galaxies ; in fact, the
existence of the Z-plane seems to imply that the populations
are largely old with a ““ frosting ÏÏ extending to younger ages.
However, despite the fact that SSP-parameters are not true
means, but rather likely to be inÑuenced by the light of
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younger stars, they still place very important constraints on
the history of star formation in elliptical galaxies (see
below).

We take p and t as the independent parameters that
specify the distribution of galaxies in the hyperplane. Any
variation in this distribution will inÑuence all other two-
dimensional projections of SSP parameters and thus many
of the common scaling laws for elliptical galaxies. Our
sample shows a possible di†erence in the (p, t) distribution
with environmentÈour Ðeld ellipticals span a wide range in
SSP age, while the Fornax and Virgo ellipticals are gener-
ally old. This results in a signiÐcant mass-metallicity trend
for the cluster galaxies but not for the Ðeld galaxies. Other
correlations between stellar population parameters and
structural parameters may also turn out to vary with
environment.

The Mg-p relations are edge-on projections of the metal-
licity hyperplane. At a given p, young age is o†set by a
correspondingly high metallicity, preserving line strength.
The narrowness of the observed Mg-p relations therefore
does not imply a narrow range of ages at Ðxed velocity
dispersion. A more detailed look at the Mg-p relations is the
subject of a future paper.

Physical models to account for the hyperplane have been
considered. The rise in [E/Fe] with p and the mass-
metallicity relation (at Ðxed t) is consistent with a higher
e†ective yield of Type II SNe products at high p. This trend
has several possible explanations, for example, greater
retention of outÑow-driven gas or a Ñatter IMF at high p.

The existence of the Z-plane is more challenging. A
““ frosting ÏÏ scenario is favored, in which young stars are
added to an old base population, resulting in a range of
SSP-equivalent ages. With a suitable choice of burst popu-
lations, the composite populations can be engineered to lie
on lines of constant p in the Z-plane after a few gigayears.
However, to preserve both the Z-plane and the [E/Fe]-p
relation requires that abundances in the frosting population
must be closely coupled to that of the base populationÈthe
metallicity, [Z/H], of the frosting must be somewhat higher
than that of the base population, while the enhancement
ratio, [E/Fe], must be nearly equal. The frosting scenario
therefore seems to favor star formation from gas that was
preenriched in the same parent galaxy rather than from gas
that was accreted in an unrelated merger. However, several
merger remnants in the sample do indeed lie nicely on the
Z-plane, in deÐance of this logic.

The present picture of the hyperplane is preliminary and
needs to be checked against a better local sample and a wide
array of other data. For example, SSP mass-to-light ratios
should be compared to dynamical M/L measurements, and
global SSP parameters should be analyzed, as they are more
indicative of the global star formation history than the
central SSP parameters used here. A further interesting
question is whether the color-magnitude relation and other
scaling laws might also be nearÈedge-on projections of the
hyperplane, like Mg-p.

Most important, the implications of the frosting model
must be developed for lookback observations of distant
elliptical galaxies. Many observations of distant cluster
ellipticals suggest that their stellar populations formed very
early, and this may be consistent with the generally old ages
for cluster galaxies found here. Our Ðeld ellipticals do show
a wide spread of SSP ages, but we have noted that the
sample is not volume limited, and thus predictions for the

evolution of distant Ðeld ellipticals cannot yet be drawn. In
short, a great deal more data must be gathered and reconci-
led before we can claim a solid understanding of the star
formation histories of elliptical galaxies.
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APPENDIX A

MODELS OF COMPOSITE STELLAR
POPULATIONS

In this section we discuss simple models of composite
stellar populations based on double bursts. Our approach is
similar to the ““ isochrone synthesis ÏÏ method of Bruzual &
Charlot (1993), in which composite populations are built up
from single stellar populations (SSPs) treated as d functions.

At present, it is not our intent to create grids of models
with multiple populations drawn from galaxy formation
and evolution models including the e†ects of winds,
blowout, and other processes (see Arimoto & Yoshii 1987
and Tantalo et al. 1998b for two examples of this approach).
Rather, we are interested in determining rough rules of
thumb for adding multiple populations in the Hb-
metallicity diagrams. SpeciÐcally we ask how mixtures of
two bursts or multiple metallicities combine to mimic a
single SSP of a given age and metallicity.

We begin by describing the method used to combine the
W94 SSPs to derive line strengths. We then discuss two
models of composite populations : galaxies with multiple
(here, two) bursts of star formation and a model with a
single age but a dispersion in metallicity based on the metal-
licity spread of M32 as determined by Grillmair et al. (1996).
We show that line strengths add as vectors in the diagrams
to Ðrst order (when weighted by light). There are thus an
inÐnite number of ways of decomposing a given population
into single-burst components. Determining the detailed star
formation histories of old stellar populations from the
present data is highly underconstrained.
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A1. METHOD

The line strength for a single stellar population (when
expressed as an equivalent width in can be writtenA� )

EW\ w
A
1 [ F

I
F

C

B
, (A1)

where w is the width of the feature bandpass in angstroms,
is the observed Ñux (per unit mass) integrated over theF

Ifeature bandpass, and represents the observed Ñux (perF
Cunit mass) of the straight line connecting the midpoints of

the blue and red pseudocontinuum levels, integrated over
the feature bandpass (Worthey et al. 1994 ; Trager et al.
1998 ; Paper I). In a composite population, the Ñuxes
become sums over populations, and therefore
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where i represents each individual population, is the frac-f
ition by mass of each population and and(£

i
f
i
\ 1), F

I,iare the integrated Ñuxes in the feature bandpass and inF
C,ithe ““ continuum ÏÏ of each population i.
We assume that is independent of whichF

C,i [E/Fe]D 0,
is consistent with the tracks of Salaris & Weiss (1998), in
which the turno† and RGB move horizontally but do not
change luminosity. For each population we can then write
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(t, [Z/H], [E/Fe])
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where , [E/Fe]) is the line strength of populationIi(t, [Z/H]
i for the index in question at age t, metallicity [Z/H], and
enhancement ratio [E/Fe]. The model values andF

I,i F
C,ivalues are then inserted into equation (A2) to determine the

line strength of the composite population for each index of
interest.

A2. MODELS

A2.1. Double Starbursts
Three double-starburst models are developed, chosen

illustratively such that their composite line strengths cover
the observed loci of the G93 galaxies. Model A covers giant

ellipticals with km s~1 ; its old component hasp Z 200
(t, [Z/H], [E/Fe])\ (17 Gyr, ]0.15, ]0.25), similar to the
oldest galaxies in the sample, mixed with a young burst
having parameters (1 Gyr, ]0.75, 0.0). Model B covers
small ellipticals with km s~1. Its old population hasp [ 200
(17 Gyr, [0.25, 0.0), mixed with a young population of (1
Gyr, ]0.5, 0.0). Model C is an alternative to model B in
which metal-enriched winds are imagined to selectively
blow out SN II products but not those from SN Ia (Mac
Low & Ferrara 1999). Its old population has (17 Gyr,
[0.25, ]0.25), and its young burst has (1 Gyr, ]0.5,
[0.25) (highly enriched in SN Ia products). In all models,
the young burst is allowed to vary in strength from 10%È
100% of the Ðnal mass.

The models are summarized in Table 8 and illustrated in
Figure 12, which shows the weights expressed as percentage
of mass, and in Figure 13, which shows the weights
expressed as percentage of light. The latter Ðgure demon-
strates the useful rule of thumb that composite, two-burst
populations add roughly as light-weighted vectors in the
BalmerÈmetal line strength diagrams. This is shown by the
relatively straight lines linking the endpoint populations in
Figure 13 and the relatively uniform tick mark spacing
along the lines. For example, taking model C as an example,
we can compare the light-weighted vector rule for predict-
ing the 50/50 population versus its actual location in the
diagrams. For model C, the real composite 50/50 popu-
lation (50% old, 50% young by light) is at (1.9 Gyr, ]0.23,
]0.02) while the vector-added point midway between the
two endpoints is at (2.5 Gyr, 0.0, [0.05). For an 80/20
model (80% old, 20% young by light), the real population is
at (7.3 Gyr, [0.04, ]0.15) compared to the vector-added
population at (9.5 Gyr, [0.15, ]0.15). Thus, vector weigh-
ting by light tends to overestimate the age by about 25%,
underestimate [Z/H] by 0.1È0.25, and underestimate
[E/Fe] by less than about 0.1. These are extreme cases, and
the errors for mixing two populations closer in the diagrams
would be smaller.

In the past, we have stated that the best-Ðtting SSP-
equivalent age (as derived here) is close to the ““ light-
weighted ÏÏ age (Faber et al. 1995). This was a misstatement.
The light-weighted age of the 50/50 model is simply the
average of 1 Gyr and 17 Gyr, or 9 Gyr, much larger than the

TABLE 8

TWO-BURST COMPOSITE STELLAR POPULATION MODELS

BASE FROSTING COMPOSITE

MODEL t [Z/H] [E/Fe] M/L
V

t [Z/H] [E/Fe] M/L
V

f
M

a f
L
b Hb Mg b SFeT t [Z/H] [E/Fe]

A . . . . . . 17 ]0.15 ]0.25 10.0 1 ]0.75 0.00 1.3 0.10 0.46 2.12 4.08 2.88 2.2 ]0.50 ]0.15
0.12 0.50 2.19 3.98 3.01 2.0 ]0.49 ]0.13
0.40 0.84 2.73 3.22 3.12 1.3 ]0.69 ]0.03

B . . . . . . 17 [0.25 0.00 7.9 1 ]0.50 0.00 1.2 0.10 0.42 2.35 3.16 2.67 2.8 ]0.08 0.00
0.14 0.50 2.50 3.07 2.67 2.1 ]0.15 0.00
0.40 0.81 3.05 2.74 2.70 1.3 ]0.38 0.00

C . . . . . . 17 [0.25 ]0.25 7.9 1 ]0.50 [0.25 1.2 0.10 0.42 2.33 3.35 2.65 2.7 ]0.14 ]0.06
0.14 0.50 2.48 3.18 2.72 1.9 ]0.23 ]0.02
0.40 0.81 3.00 2.57 2.99 1.3 ]0.42 [0.14

a Fractional mass of burst.
b Fraction of V -band light in burst.
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SSP-equivalent age of 1.8 Gyr. What we meant to say is that
composite populations add in the diagrams like light-
weighted vectors. As noted, the age agreement is much
better, within 50%, when computed this way. However,
valuable as such rules of thumb may be for cultivating intu-
ition, the only proper way to compare models with data is
to add up the fractional index contributions using equation
A2.

The light-weighted vector rule cannot be taken too far
and does better for SFeT than for Mg b, whose trajectories
are not as straight in the grid diagrams. This may prove to
be a boon in accounting for the very high Mg b strengths of
galaxies like NGC 507, NGC 6702, and NGC 720, whose
Mg b indices lie high up and to the right in Figure 1. Such
populations might be modeled as recent starbursts, as sug-
gested independently by their high morphological dis-
turbance parameters (Faber et al. 1995).

A2.2. Metallicity Spreads
Yet a fourth model (not shown) explores the e†ect of a

spread in metallicities at a single age. This model is based
on the metallicity distribution in an outer Ðeld of M32
determined by Grillmair et al. (1996 ; their Fig. 10), which
has a strong peak at [Fe/H] \ [Z/ H]\ [0.20, FWHM of
about 0.5, a weak tail to low metallicities down to [1.2
(note that [E/Fe]B 0.00 for M32) and a light-weighted
mean metallicity of [0.25. For an assumed single age of 8.5

Gyr, the composite model yields Hb \ 2.02 Mg b \ 2.89A� ,
and SFeT \ 2.29 in good agreement with the out-A� , A� ,

wardly extrapolated data from G93 of Hb \ 1.92 MgA� ,
b \ 2.99 and SFeT \ 2.42 (Grillmair et al. 1996).A� , A�

The SSP-equivalent stellar population parameters of the
composite model are t \ 8.2 Gyr, [Z/H]\ [0.32, and
[E/Fe]\ 0.00. These results show that the integrated light
from a uniform-age population with a strongly peaked
metallicity distribution resembles a population of nearly the
same age (or slightly younger if metal-poor stars are
present) and of very similar [Z/H] to the true light-
weighted metallicity ([Z/H]\ [0.25). These results agree
with composite multimetallicity populations by Greggio
(1997), who found that shifts of SSP-equivalent metallicities
in mixed-metallicity populations were not large in the
absence of large metal-poor tails.

To summarize, the results in this Appendix suggest that
metallicity spreads (and, by extension, spreads in [E/Fe]) do
not seriously skew the indices, but that even small popu-
lations of recently formed (within D1 Gyr) stars can signiÐ-
cantly reduce the inferred age. A burst of only 10% by mass
1 Gyr ago on top of a 17 Gyr old population gives an
SSP-equivalent age of only B1.8 Gyr. Because line
strengths add as vectors (weighted by the luminosity of each
population), the ages and metallicities of each burst in a
composite population are not separable using the present
data.
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