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ABSTRACT
To empirically calibrate the IR surface brightness fluctuation (SBF) distance scale and probe the properties

of unresolved stellar populations, we measured fluctuations in 65 galaxies using NICMOS on the Hubble
Space Telescope. The early-type galaxies in this sample include elliptical and SO galaxies and spiral bulges in a
variety of environments. Absolute fluctuation magnitudes in the F160W (1.6 um) filter (Mpisow) were
derived for each galaxy using previously measured /-band SBF and Cepheid variable star distances. F160W
SBFs can be used to measure distances to early-type galaxies with a relative accuracy of ~10%, provided that
the galaxy color is known to ~0.035 mag or better. Near-IR fluctuations can also reveal the properties of the
most luminous stellar populations in galaxies. Comparison of F160W fluctuation magnitudes and optical
colors to stellar population model predictions suggests that bluer elliptical and SO galaxies have significantly
younger populations than redder ones and may also be more metal-rich. There are no galaxies in this sample
with fluctuation magnitudes consistent with old, metal-poor (1 > 5 Gyr, [Fe/H] < —0.7) stellar population
models. Composite stellar population models imply that bright fluctuations in the bluer galaxies may be the
result of an episode of recent star formation in a fraction of the total mass of a galaxy. Age estimates from the
F160W fluctuation magnitudes are consistent with those measured using the H3 Balmer-line index. The two
types of measurements make use of completely different techniques and are sensitive to stars in different
evolutionary phases. Both techniques reveal the presence of intermediate-age stars in the early-type galaxies

of this sample.

Subject headings: galaxies: distances and redshifts — galaxies: evolution — galaxies: stellar content

On-line material: machine-readable tables

1. INTRODUCTION

The techniques for measuring surface brightness fluctua-
tions (SBFs) were developed primarily with the goal of
determining extragalactic distances. The optical SBF
method has proven to be remarkably useful for estimating
distances (see Blakeslee, Ajhar, & Tonry 1999 for a review).
The initial motivation for extending ground-based SBF
measurements to near-IR wavelengths was to take advan-
tage of intrinsically brighter fluctuations and better atmo-
spheric seeing to reach much greater distances (Jensen et al.
2001, hereafter J2001; Jensen, Tonry, & Luppino 1999;
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Liu & Graham 2001). With the Hubble Space Telescope
(HST) Near-Infrared Camera and Multi-Object Spectrom-
eter (NICMOS), the low background and lack of atmo-
spheric seeing offer significant advantages over ground-
based IR SBF measurements.

Accurate SBF distance measurements rely on the empiri-
cal calibration of absolute fluctuation amplitudes. Several
studies have used observations of galaxies with previously
measured distances to determine absolute fluctuation mag-
nitudes, which were found to agree with the predictions of
stellar population models. The first IR SBF measurements
were made by Luppino & Tonry (1993), who found that
M32 has a somewhat brighter (~0.25 mag) K-band SBF
magnitude than the bulge of M31. Pahre & Mould (1994)
measured K-band SBF magnitudes for a sample of Virgo
galaxies and found that two of eight had significantly
brighter (21 mag) fluctuations than the others. Pahre &
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Mould’s results were confirmed by Jensen, Luppino, &
Tonry (1996) in their sample of seven Virgo Cluster elliptical
galaxies. The IR SBF signal for one of the two anomalous
galaxies (NGC 4365) was later found to have been overesti-
mated because of the contribution of undetected globular
clusters (Jensen, Tonry, & Luppino 1998); the other (NGC
4489) still appeared to have brighter fluctuations than the
others.

To the 1996 Virgo sample, Jensen et al. (1998) added gal-
axies in the Fornax and Eridanus Clusters. Three of the
bluest galaxies in their sample showed K-band fluctuation
magnitudes that were ~0.25 mag brighter than the others.
Jensen et al. noted that the models implied younger stellar
populations in these bluer ellipticals. However, the sample
size was small, and the range in V'—I color was limited;
hence, the slope they measured was not statistically signifi-
cant, and they adopted a constant K-band SBF calibration.
The K-band fluctuations for the bluest galaxy in their sam-
ple (NGC 4489) were significantly brighter than the others
in the Virgo Cluster, but the measurement was not trusted
because of its low signal-to-noise ratio (S/N). Mei, Silva, &
Quinn (2001c) subsequently reobserved this galaxy and
found comparably bright K-band fluctuations.

Recently, a larger sample of K-band SBF magnitudes
for Fornax Cluster galaxies has been measured by Liu,
Graham, & Charlot (2002). Combined with the previously
published data, the resulting sample covered a much larger
range of galaxy properties (e.g., color and luminosity). Liu
et al. (2002) discovered that the brighter K-band fluctua-
tions seen in bluer galaxies in their sample and in earlier data
sets (Luppino & Tonry 1993; Pahre & Mould 1994; Jensen
et al. 1998) were correlated with V’—1. Liu et al. found the K-
band slope with color to be comparable to that for /-band
SBFs. This relation naturally explained the bright IR SBFs
previously measured in M32 (Luppino & Tonry 1993) and
NGC 4489 (Mei et al. 2001c). Moreover, a generic predic-
tion of IR SBF models is that IR fluctuations are sensitive
to variations in the ages and metallicities of stellar popula-
tions. Hence, the discovery of a systematic relation between
IR SBFs and galaxy color means that age and metallicity
are related in a way that reflects the star formation history
of a galaxy. Liu et al. (2002) concluded that early-type gal-
axies in clusters have a significant spread in age and approx-
imately solar metallicities.

Liu et al. (2002) also reported finding three Fornax Clus-
ter galaxies with K-band fluctuation magnitudes brighter
than the other galaxies with similar V—I colors. These
galaxies were not included in their calibration fit. They are
primarily lower luminosity galaxies, and models suggest the
presence of a high-metallicity burst of star formation in the
last few Gyr. Mei et al. (2001a) have confirmed that one of
the three Fornax galaxies (NGC 1427) has unusually bright
K-band fluctuations.

To calibrate the F160W (1.6 um) SBF distance scale and
better understand the nature of the bluer, low-luminosity
elliptical galaxies, we measured F160W SBF magnitudes in
a large sample of 65 galaxies spanning a wide range in color
[(V—-I), =1.05-1.28]. All the data presented here were
obtained using NICMOS Camera 2. The data are of uni-
form image quality, and the S/Ns are large. Many of the
galaxy images were collected for other programs and
retrieved from the public archive.

Distances to the galaxies in this sample were taken from
the growing collection of Cepheid variable star distances

measured with HST (Freedman et al. 2001; Ferrarese et al.
2000c; Gibson & Stetson 2001; Saha et al. 2001) and from
the extensive /-band SBF survey (Tonry et al. 1997, 2001;
Ajhar et al. 1997; Lauer et al. 1998). The /-band SBF distan-
ces used here were calibrated using Cepheid distances to the
same galaxies; no assumptions about group or cluster mem-
bership were made (Tonry et al. 2001). For the current
study, we shifted the /-SBF distances published by Tonry et
al. by —0.16 mag to the new Cepheid zero point of Freed-
man et al. (2001), which makes use of the improved Cepheid
period-luminosity relations published by Udalski et al.
(1999). The distances presented in this paper, whether from
Cepheids directly or from /I-band SBFs, are subject to the
systematic uncertainties in the Cepheid distance scale (Fer-
rarese et al. 2000b). We adopt a distance modulus to the
Large Magellanic Cloud (LMC) of 18.50 mag (Freedman et
al. 2001; Carretta et al. 2000) and acknowledge that the con-
tinuing debate over the LMC distance remains one of the
largest sources of systematic uncertainty.

In this paper we present a new calibration of the F160W
distance scale and explore its sensitivity to galaxy color. We
also compare the absolute fluctuation magnitudes to those
predicted by three sets of stellar population models: the
widely used models of Worthey (1994), the Bruzual & Char-
lot (1993; G. Bruzual & S. Charlot 2003, in preparation)
models (as published by Liu, Charlot, & Graham 2000 and
Liu et al. 2002), and the Vazdekis (1999, 2001) models (as
published by Blakeslee, Vazdekis, & Ajhar 2001). SBF ages
determined using stellar population models are compared
with those measured using the age-sensitive H/3 Balmer-line
strength.

2. OBSERVATIONS
2.1. FI60W SBF Measurements

The observations of galaxies used in this study come from
two basic types of NICMOS programs, each of which
accounts for roughly half the data. The first set of observa-
tions came from two programs explicitly designed for SBF
measurements. The first of these (NICMOS program ID
7453) targeted galaxies in Virgo, Leo, and Fornax to empiri-
cally calibrate the F160W SBF distance scale for more
distant measurements. The second (program ID 7458) mea-
sured fluctuations in a large sample of Fornax galaxies at
multiple wavelengths to better understand stellar popula-
tions. A subset of the measurements presented in this paper
was published by J2001. The second category of observa-
tions is comprised of data taken from the public archive
from a variety of programs. Most of these are short, ““ snap-
shot ” survey images of the centers of galaxies and have only
a minimal number of individual exposures. Observational
data are listed in Table 1.

The observations presented in this study were taken with
Camera 2 (1972 field of view) through the F160W filter.
F160W Camera 2 observations of approximately 300 gal-
axies with redshifts less than 10,000 km s—! were retrieved
from the public archive and examined. A smooth fit to each
galaxy was subtracted from the pipeline-reduced image and
the residual frame examined. All the galaxies that were
judged to be hopelessly dusty were rejected from further
consideration. Data for the remaining ~200 galaxies were
reduced again from the raw data and the SBF analysis com-
pleted following the same procedures as described by J2001.
The subset of 65 galaxies presented here are those for which



TABLE 1
F160W NICMOS CAMERA 2 OBSERVATIONAL DATA

PosiTioN (J2000.0)
fexp Ap® cz Hpd
GALAXY Group* ProG. ID OBS. DATA SET R.A. Decl. (s) (mag) (kms1) T* e (A)

NGC7814........ 7330 N3ZBI1A 000315.12 160849.7 640 0.194 1054 +2 0.58
NGC221 ........ 282 7171 N4EYO01 004241.85 405151.8 64 0.268 —145 —6 0.26 2.30+0.05
NGC224 ... 282 7171 N4EYALI 004244.33 411608.4 64 0.268 —300 +3 0.68 1.66 £0.07
NGC404 ......... 282 7330 N3ZB2L 010926.80 354305.3 640 0.253 —48 -3 0.00

NGC524 ........ o 7886 N4RWO05 012447.74 093219.8 640 0.357 2421 -1 0.00

NGC708 ......... 27 7453 N4HD14 015246.49 3609 06.5 960 0.379 4871 -5 0.17 ...
NGC821 ......... 7886 N4RW27 020821.15 105942.0 640 0.478 1718 =5 0.37 1.66 +0.04
NGC1052........ 207 7886 N4RW09 024104.75 —081520.7 640 0.115 1507 -5 0.31
NGC1172........ 29 7886 N4RW10 0301 36.04 —145012.0 640 0.290 1550 —4 0.22 o
NGC 131e........ 31 7458 N4B707 032241.51 —371233.0 768 0.090 1760 -2 0.29 2.20£0.07
NGC1351........ 31 7886 N4RW15 033035.01 —355114.2 640 0.061 1518 -3 0.40 1.50£0.10
NGC1339........ 31 7458 N4B710 032806.58 —321704.3 256 0.057 1392 —4 0.28 1.52+0.11
NGC 1344........ 31 7458 N4B709 032818.98 —310404.3 256 0.077 1169 =5 0.42
NGC1365........ (€20 7330 N3ZB30 033335.36 —-360822.2 640 0.088 1662 +3 0.45 e
NGC1373........ 31 7458 N4B7A3 0334 59.25 -351017.0 256 0.060 1334 —4 0.26 1.85+£0.10
NGC1374........ 31 7458 N4B703 033516.66 —351334.3 256 0.060 1294 =5 0.07 1.57£0.09
NGC 1375........ 31 7458 N4B706 033516.84 —351556.5 256 0.063 740 -2 0.62 2.85£0.09
NGC1379........ 31 7453 N4HDO07 033604.03 —352626.8 384 0.052 1324 =5 0.05 1.70 £0.09
NGC 1380........ 31 7458 N4B702 033627.15 —345833.4 265 0.075 1877 -2 0.52 1.37£0.11
NGC1381........ 31 7458 N4B7A6 033631.90 —351746.4 256 0.058 1724 -2 0.72 1.70 £ 0.06
NGC 1386........ 31 7458 N4B708 033645.37 —355957.0 256 0.054 868 -1 0.62 e
NGC 1380A..... 31 7453 N4HDA7 033647.62 —3444252 384 0.063 1561 -2 0.71 2.87+0.13
NGC 1387........ 31 7458 N4B701 033657.06 —353022.7 256 0.055 1302 -3 0.00
NGC1389........ 31 7458 N5B7A8 033711.68 —3544455 256 0.046 986 -3 0.40 e
NGC 1399........ 31 7453 N4HDO09 033829.09 —352700.6 384 0.058 1425 =5 0.07 1.41 £0.08
NGC 1404........ 31 7453 N4HDAY 033852.04 —353538.3 384 0.049 1947 =5 0.11 1.58 £0.08
NGC 1400........ 32 7886 N4RW17 033930.81 —184116.1 640 0.280 558 -3 0.13 e
NGC 1427........ 31 7458 N4B704 034219.48 —352333.8 256 0.048 1388 —4 0.32 1.67 £0.05
NGC 1426........ 32 7886 N4RWI18 034249.09 —220629.2 640 0.070 1422 =5 0.37 o
1C2006............ 31 7458 N4B705 0354 28.53 —355754.8 256 0.048 1364 -5 0.15 1.44+0.10
NGC 1553........ 211 7886 N4RW21 041610.28 —554650.8 640 0.065 1080 -2 0.37
NGC3032........ o 7330 N3ZB8§2 095208.03 291408.3 640 0.072 1533 -2 0.11

NGC 3056........ oo 7886 N4RW29 0954 32.79 —281753.0 640 0.386 1017 -1 0.37
NGC3031........ o 7331 N3ZDON 095532.70 6903 54.0 384 0.347 —34 +2 0.48
NGC3351........ 57 7330 N3ZBI1I 1043 58.08 114216.6 640 0.120 778 +3 0.32

NGC 3368........ 57 7330 N3ZB2N 104645.87 114913.6 640 0.109 897 +2 0.31
NGC3379........ 57 7453 N4HDO1 104749.56 123453.0 384 0.105 920 =5 0.11 1.46 £0.16
NGC3384........ 57 7453 N4HDAI 1048 16.88 1237442 384 0.115 735 -3 0.54 2.05+0.11
NGC3928........ 155 7331 N3ZD0A 115147.70 484101.8 256 0.084 982 +3 0.00
NGC4143........ 155 7330 N3ZB95 1209 36.10 423201.2 640 0.055 784 -2 0.37
NGC4150........ 55 7886 N4RW39 121033.69 3024 06.0 640 0.078 244 -2 0.31 e
NGC4261........ 150 7868 N4RV02 121923.22 054931.0 192 0.076 2210 =5 0.11 1.32£0.06
NGC4278........ 55 7886 N4RW42 122006.85 2916 50.7 640 0.129 649 =5 0.07
NGC4291........ 98 7886 N4RW69 122017.80 7522 14.3 640 0.160 1757 -5 0.17
NGC 4406........ 56 7453 N4HDO03 1226 11.75 125647.7 384 0.128 —227 =5 0.35 1.61 £0.16
NGC4434........ 56 7453 N4HDAS 122736.68 0809 15.9 384 0.096 1071 =5 0.02 1.77£0.19
NGC4458........ 56 7453 N4HDA3 122857.59 1314313 384 0.103 671 -5 0.09 2.15+0.22
NGC4472........ 56 7453 N4HDO5 122946.72 08 00 00.0 384 0.096 868 =5 0.19 1.52+£0.14
NGC4527........ (56) 7331 N3ZDS§0 1234 08.78 023908.8 256 0.095 1734 +4 0.66
NGC4536........ (56) 7331 N3ZDoV 1234 27.10 0211169 384 0.079 1804 +4 0.57
NGC4565........ 235 7331 N3ZDOW 123620.62 2559 14.5 384 0.067 1227 +3 0.87
NGC4589........ 98 7886 N4RW55 123725.12 741130.4 640 0.121 1980 =5 0.19
NGC45%........ .. 7331 N3ZD86 1239 59.40 —113721.0 384 0.223 1091 +1 0.59
NGC4636........ 152 7886 N4RWS58 124249.83 0241 14.6 640 0.124 1095 =5 0.22
NGC4709........ 59 7453 N4HD15 1250 03.66 —412256.8 1600 0.512 4624 =5 0.15
NGC4725........ (235) 7330 N3ZB98 125026.79 2530054 640 0.051 1206 +2 0.29
NGCS5193........ .. 7453 N4HD11 133153.26 —331405.2 1920 0.242 3644 -5 0.07

1C42% ............ 225 7453 N4HD12 133638.86 —3357559 1920 0.265 3871 =5 0.05
NGCS5273........ . 7330 N3ZB16 134208.53 353913.9 640 0.044 1054 -2 0.09
NGC5845........ 70 7886 N4RW67 1506 00.78 013800.6 640 0.233 1450 =5 0.35
NGC7014........ 82 7453 N4HD13 210752.04 —471044.3 1600 0.142 4980 —4 0.17

NGC 7280........ e 7331 N3ZD97 222627.53 16 08 55.6 384 0.240 1844 -1 0.31

NGC7331........ o 7450 N41VBS8 223704.24 342456.0 256 0.395 821 +3  0.65
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TABLE 1—Continued

Posrtion (J2000.0)
lexp Agh cz H[)’ d
GALAXY Group* ProG. ID OBS. DATA SET R.A. Decl. (s) (mag) (kms™1) T¢ e® (A)
NGC 7457........ e 7450 N41VB9 230059.91 300841.3 256 0.229 824 -3 0.46
NGC7743........ e 7330 N3ZB49 234421.68 0956 03.6 640 0.296 1662 -1 0.15

Note.—Table 1 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
a Groups and clusters as defined by Faber et al. 1989 (Fornax = 31, Leo I = 57, Virgo = 56); entries in parentheses are spiral galaxies not classified by Faber

et al. but clearly belonging to a group or cluster.
b Schlegel et al. 1998.

¢ The T-types and ellipticities are from RC3; the ellipticity e = (1 — b/a) = (1 — 10~ logRs),

d Kuntschner 2000, Kuntschner et al. 2001, and Trager et al. 2000.

reliable distances are known from either Cepheid variable
stars or /-band SBFis.

The methodology for determining F160W fluctuation
magnitudes was very similar to that described by J2001,
with some simplifications. We used the software developed
by the NICMOS GTO team to prepare the images for anal-
ysis (Thompson et al. 1999). Dark current was first sub-
tracted from the raw Camera 2 FI60W images. The
multiple reads of each MULTIACCUM sequence were
combined and cosmic rays identified and removed. Adjust-
ment of the bias pedestal for each quadrant was performed
as described by J2001, although it was unnecessary in most
cases. Exposures from individual telescope pointings were
flat-field corrected and combined. Residual images from
cosmic rays were not a significant source of contamination
in these high-S/N data.

The photometric zero point used by J2001 was deter-
mined by M. Rieke and the NICMOS team. Additional
standard-star measurements combined with a better tie to
ground-based photometry has yielded a better zero point
for the Camera 2 F160W filter. The new photometric zero
point that we adopted for this study is 0.033 mag fainter
than that used by J2001. The new calibration for Camera 2
is2.126 x 10-° Jy ADU~! s—!. The magnitude zero point on
the Vega system is 1083 Jy. This new calibration is within
the uncertainty in zero point published by J2001. If the cur-
rent zero point were applied to the J2001 data without any
other changes to the calibration, the resulting fluctuation
magnitudes would be 0.033 mag fainter, and the Hubble
constant would be larger by 1.6%. SBF magnitudes were
corrected for Galactic extinction using the measurements of
Schlegel, Finkbeiner, & Davis (1998). We adopted Az =
4315E(B—V)and Ay = 0.132A4 5 (Schlegel et al 1998).

The galaxies in this sample are much closer than the dis-
tant galaxies used by J2001 to determine the Hubble con-
stant (five included here were taken from the intermediate-
distance sample of J2001). The median S/N was 16 pixel !
for this data set, which, given the large number of pixels
sampled, is more than sufficient to achieve a highly reliable
measurement. Most of the data had S/Ns between 10 and
20; the full range includes measurements with S/Ns as low
as 5 and as high as 4000. The fluctuation power was deter-
mined by fitting the scaled power spectrum of the reference
point-spread function (PSF) to the spatial power spectrum
of the cleaned and galaxy-subtracted data. The library of
empirical PSF stars collected as part of the IR SBF Hubble
constant project (J2001) was used to perform the SBF anal-
ysis. A full discussion of the techniques for calculating
fluctuation magnitudes mgjgow from NICMOS data is
presented by J2001.

We found that correcting the F160W SBF magnitudes for
undetected globular clusters or background galaxies was
unnecessary for the relatively nearby galaxies of this study
because the stellar SBF signal always dominated over other
sources of variance. The final galaxy-subtracted images
were masked of visible point sources and dusty regions
before proceeding with the SBF analysis. Only the five
intermediate-distance galaxies from J2001 required correc-
tions for undetected globular clusters, background galaxies,
and residual background patterns (as described by J2001).

The uncertainties in apparent fluctuation magnitudes
mrigow were typically 0.1 mag or less. The primary compo-
nents of the uncertainty were the fit to fluctuation power
and the PSF normalization (usually 0.05 mag each). The
contribution from sky subtraction was much smaller (typi-
cally 0.01 mag). Contributions to the uncertainty from
undetected globular clusters or background galaxies were
negligible (<0.01 mag), and contaminating power from
residual cosmic rays or incomplete bias subtraction was
unmeasurable in these high-S /N measurements.

2.2. Distances and Absolute Fluctuation Magnitudes

Computing the absolute fluctuation magnitudes M psow
for the galaxies in our sample required independent distance
measurements. All the distance moduli used in this study
(Table 2) were based, either directly or indirectly, on Cep-
heid variable star distances. Two classes of distance mea-
surements are presented here: first, a large set of 61 /-band
SBF distances (calibrated using Cepheid distances as
described by Tonry et al. 1997, 2001), and second, a smaller
set of nine Cepheid distances measured using the Wide Field
Planetary Camera 2 (WFPC2) on HST.

Because only a few of the spiral galaxies with measured
Cepheid distances have smooth, dust-free regions appropri-
ate for SBF analysis, the majority of the absolute fluctua-
tion magnitudes presented in this paper were computed
using /-band SBF distances (Tonry et al. 2001). Most of the
I-band SBF distance measurements were made using
ground-based telescopes, but five galaxies were observed
using WFPC2 (J2001; Lauer et al. 1998; Ajhar et al. 1997).
The empirical I-band SBF calibration (Tonry et al. 1997,
2001) adopted for this study used Cepheid and /-SBF dis-
tance measurements to seven galaxies for which both types
of measurement are possible. No assumptions about group
or cluster membership were made to connect the Cepheid
and /-band SBF distance scales. The original Key Project
calibration of the Cepheid distance scale (Ferrarese et al.
2000c; Freedman & Madore 1990) was used for the empiri-
cal I-band SBF calibration presented by Tonry et al. (1997,



TABLE 2

DisTANCES AND F160W SBF MAGNITUDES

(V=1), m—M TE1I60W Mri60w
Galaxy (mag) (mag) (mag) (mag) Dust Reference®
NGC7814.......... 1.245+0.017 30.44+0.14 26.57 +0.09 —3.874+0.17 D I-SBF
NGC221 ........... 1.133 £0.007 24.39 +0.08 19.11 £0.05 —5.28+0.10 I-SBF
NGC224 ........... 1.231 £0.007 24.24 £0.08 19.78 £0.04 —4.46 £0.09 I-SBF
24.38 +£0.05 19.78 +£0.04 —4.60 +0.06 New PL
24.48 £0.05 19.78 £0.04 —4.70 £0.06 New PL+Z
NGC404 ........... 1.054 +£0.011 27.41 £0.10 21.98 +£0.09 —5.434+0.13 I-SBF
NGC524 ........... 1.221 £0.010 31.74 £ 0.20 27.19 +£0.20 —4.554+0.28 I-SBF
NGC 708 .. 1.275+0.015 33.834+0.20 29.09 +0.08 —4.74+£0.22 D HST I-SBF
NGC821 ........... 1.196 £0.022 31.754+0.17 27.03 £0.09 —4.72 £0.19 I-SBF
NGC 1052.......... 1.213+£0.010 31.28 +0.27 26.51 +0.07 —4.77+0.28 I-SBF
NGC1172. 1.112 £ 0.032 31.50 £0.20 26.57 +0.09 —4.934+0.22 I-SBF
NGC 1316. 1.132+0.016 31.50+0.17 26.11 +0.09 -5.39+0.19 D I-SBF
NGC 1351. 1.148 £0.016 31.45+0.16 26.68 +0.05 —4.77+0.17 I-SBF
NGC 1339.......... 1.134 +£0.012 31.454+0.35 26.43 +0.07 —5.02+0.36 I-SBF
NGC1344.......... 1.135+£0.011 31.32+0.30 26.26 +0.07 —5.06 +0.31 I-SBF
NGC 1365.......... 1.153 +£0.028 31.18 £ 0.10 25.64 +0.09 —5.54+0.10 D New PL
31.27 £0.05 25.64 4+ 0.09 —5.634+0.10 New PL+Z
NGC 1373.......... 1.085+0.013 31.64+0.5 26.40 +£0.12 -5240.5 I-SBF
NGC1374.......... 1.146 £0.016 31.32+0.13 26.50£0.13 —4.824+0.18 I-SBF
NGC 1375.......... 1.070 +£0.019 31.424+0.13 25.95+0.07 —5.474+0.15 I-SBF
NGC 1379. 1.143 £0.019 31.35+0.15 26.24 +£0.11 —5.114+0.19 I-SBF
NGC 1380.......... 1.197 £0.019 31.074+0.18 26.43 +£0.05 —4.64+£0.19 D I-SBF
NGC 1380A....... 1.138 £0.018 30.84 £0.29 26.16 =0.16 —4.68 +0.33 I-SBF
NGC 1381 1.189 +£0.018 31.124+0.21 26.554+0.10 —4.57+0.23 I-SBF
NGC 1386. 1.101 £0.018 30.93 £0.25 25.81 £0.06 —5.124+0.26 D I-SBF
NGC 1387. 1.208 +0.047 31.38+0.26 26.0+0.8 —-54+0.8 D I-SBF
NGC 1389 1.145+0.019 31.52+0.18 26.36 +0.08 —-5.164+0.20 I-SBF
NGC 1399 1.227 £0.016 31.344+0.16 26.79 +0.04 —4.55+0.16 I-SBF
NGC 1400. 1.170 £ 0.009 31.95+0.33 27.17£0.08 —4.78 £0.34 I-SBF
NGC 1404.......... 1.224 +£0.016 31.454+0.19 26.69 £0.08 —4.76 £0.21 I-SBF
NGC 1426.......... 1.161 £ 0.009 31.75+£0.18 26.88 +0.06 —4.87+0.19 I-SBF
NGC 1427.......... 1.152+£0.018 31.70 +£0.24 26.42 +0.05 —5.28+0.25 I-SBF
1C 2006 .............. 1.183 £0.018 31.43+0.29 26.61 +0.05 —4.824+0.29 I-SBF
NGC 1553. 1.159 £0.016 31.18+0.17 26.32 +£0.07 —4.86+0.18 I-SBF
NGC3031.......... 1.187 £0.011 27.80£0.26 22.99 £0.05 —4.81+0.26 I-SBF
27.75+0.08 22.99 +£0.05 —4.76 £0.09 New PL
27.80 +0.08 22.99 +0.05 —4.81 +0.09 New PL+Z
NGC 3032 1.073 £0.019 31.554+0.28 26.05+£0.10 —5.50 £0.30 D I-SBF
NGC 3056. 1.073 £0.023 30.27 £0.25 25.48 £0.07 —4.79 +0.26 ... I-SBF
NGC 3351 1.225+0.014 29.85+£0.09 25.19 £0.07 —4.66+0.11 D New PL
30.00 +0.09 25.19 +£0.07 —4.81+£0.11 New PL+Z
NGC 3368.......... 1.145+£0.015 29.92+0.22 24.88 +0.09 —5.04+0.24 D I-SBF
29.97 +£0.06 24.88 +0.09 —5.09+£0.11 New PL
30.114+0.06 24.88 £0.09 —5.23£0.11 New PL+Z
NGC 3379 1.193 +£0.015 29.96 +£0.11 25.26 +0.08 —4.70 +£0.14 I-SBF
NGC 3384. 1.151 £0.018 30.164+0.14 2534 +0.17 —4.82+£0.22 I-SBF
NGC 3928. 1.096 +£0.015 31.0+0.6 25.60 +0.09 —-54+0.7 D I-SBF
NGC4143 1.181 £0.015 30.85+0.19 26.68 £+ 0.06 —4.174+0.20 I-SBF
NGC 4150 1.071 £0.017 30.534+0.24 25.60 +£0.13 —4.93+0.27 D I-SBF
NGC 4261. 1.258 £0.014 32.3440.19 28.04 £0.11 —4.30+£0.22 I-SBF
NGC4291. 1.175+0.017 31.934+0.32 27.66 +0.08 —4.27+0.33 I-SBF
NGC4278. 1.161 £0.012 30.87£0.20 26.38 +0.09 —4.494+0.22 I-SBF
NGC 4406 1.167 £0.008 31.014+0.14 26.26 +0.06 —4.75+0.15 I-SBF
NGC4434.......... 1.125 £+ 0.015 31.98 +£0.17 26.78 +0.12 —-5.204+0.21 I-SBF
NGC 4458. 1.140 +£0.011 31.024+0.12 26.03 +0.05 —4.99+0.13 I-SBF
NGC4472.......... 1.218 £0.011 30.90 £0.10 26.26 4+ 0.04 —4.644+0.11 I-SBF
NGC4527.......... 1.23+0.03 30.534+0.09 25.43+0.07 —5.10+0.11 D New PL/G&SP
30.61 +£0.09 25.43 +£0.07 —5.134+0.11 New PL/G&S+Z
NGC4536.......... 1.20 £0.07 30.80 4+ 0.04 25.46 +0.12 —5.344+0.13 D New PL
30.87 £0.04 25.46 +£0.12 —5414+0.13 New PL+Z
NGC4565.......... 1.128 +£0.027 31.054+0.17 25.53+0.08 —5.52+0.19 D I-SBF
NGC4589.......... 1.180 £ 0.015 31.55+0.22 27.21 +0.08 —4.344+0.23 I-SBF
NGC 459%4. 1.175+0.031 29.79 +£0.18 25.06 +0.09 —4.73+£0.20 I-SBF
NGC4636.. 1.233 £0.012 30.67 £0.13 26.10 £0.08 —4.57+0.15 I-SBF
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TABLE 2—Continued

(V-I), m—M MF160W Mri60w
Galaxy (mag) (mag) (mag) (mag) Dust Reference?
NGC4709.......... 1.221+0.015 32.884+0.17 28.5140.07 —4.37+£0.18 HST I-SBF
NGC4725.......... 1.209 +0.023 30.454+0.34 25.724+0.10 —4.73 £0.35 I-SBF
30.38 +0.06 25.72+0.10 —4.66+0.12 New PL
30.46 +0.06 25.72+0.10 —4.74 +£0.12 New PL+Z
NGC5193.......... 1.208 +0.015 33.354+0.15 28.5240.06 —4.83+£0.16 D HST I-SBF
1C42% .............. 1.199 +0.015 33.534+0.16 28.82 4 0.08 —4.71 £0.18 D HST I-SBF
NGC5273.......... 1.142+0.017 30.93+0.26 26.13 +0.09 —4.80+0.28 I-SBF
NGC5845......... 1.124+0.012 31.914+0.21 27.434+0.07 —4.48 +£0.22 I-SBF
NGC7014.......... 1.248 +0.015 33.84 +£0.15 29.06+0.11 —4.78+0.19 HSTI-SBF
NGC17280.......... 1.105 4+ 0.009 31.77+0.22 26.42 +0.09 —5.35+0.24 . I-SBF
NGC7331.......... 1.120+0.017 30.43+0.17 25.43+0.08 —5.00+0.19 D I-SBF
30.81 +0.09 25.434+0.08 —5.38+0.12 New PL
30.84 +0.09 25.43 +0.08 —5.41+0.12 New PL+Z
NGC17457.......... 1.104 4+ 0.009 30.4540.21 25.5740.09 —4.88 +£0.23 I-SBF
NGC7743.......... 1.080 4 0.009 31.42+0.17 25.994+0.06 —5.43+£0.18 I-SBF

Note.—Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

a [-.SBF = Tonry et al. 2001, shifted by —0.16 mag to the calibration derived using the Udalski et al. 1999 Cepheid
period-luminosity relation; HST I-SBF = Jensen et al. 2001 and Lauer et al. 1998, also calibrated using the new period-
luminosity relation; New PL = Freedman et al. 2001; New PL/G&S = Gibson & Stetson 2001; +Z indicates distances
derived using a metallicity correction of —0.2 mag dex~! in (O/H).

b The Cepheid period-luminosity relation and metallicity corrections used by Gibson & Stetson were the same as those
used by Freedman et al. to determine the “New PL” and “New PL+Z" distances. The Gibson & Stetson distances
assume a distance modulus for the LMC of 18.45 rather than the value of 18.50 adopted by Freedman et al. 2001. We have

therefore added 0.05 mag to the Gibson & Stetson values.

2001). For the I-band SBF distances presented here, we have
updated the zero point using the greatly improved period-
luminosity relations determined by Udalski et al. (1999)
using 650 LMC Cepheids. The new period-luminosity
relation results in a shift of —0.16 mag in the distance moduli
of all the /-band SBF galaxies. No metallicity correction to
the Cepheid distances is adopted for this study.

The modifications to the period-luminosity relation
adopted by Freedman et al. (2001) are distance dependent.
The new period-luminosity relation is different for the 7
band, while at Vit is unchanged (Udalski et al. 1999). The
effect is that the new period-luminosity relation predicts
higher reddening corrections for redder Cepheids and there-
fore smaller distances. The effect is largest in Cepheids with
longer periods. Because only the brightest (longest period)
Cepheids are detected in the most distant galaxies, the offset
between the previously published distances and those
derived using the new calibration are largest in the most
distant galaxies (~0.2 mag, or 10% in distance). The offset
to the I-band SBF calibration due to the new period-
luminosity relation is 0.16 mag, or 8% in distance.

Nine galaxies in the F160W NICMOS sample have Ce-
pheid distances measured using HST (Ferrarese et al. 2000c;
Freedman et al. 1994, 2001; Gibson & Stetson 2001; Gibson
et al. 1999, 2000; Graham et al. 1997; Saha et al. 1996,
2001). A distance modulus to the LMC of 18.50 mag was
adopted for the current study and for the Key Project
papers (Ferrarese et al. 2000c; Freedman et al. 2001). This
distance to the LMC appears justified in light of many
recent distance measurements (e.g., Carretta et al. 2000),
although significant differences certainly remain between
techniques and investigators (e.g., Udalski et al. 1999). A
full discussion of the LMC distance issue is beyond the
scope of this paper; future adjustments to the LMC distance
modulus of 18.50 should be applied as a constant offset
to all the distances used herein and to the resulting
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F160W SBF calibration. The conclusions of this paper are
not affected by an uncertainty of 0.15 mag in the LMC
distance.

Freedman et al. (2001) also applied an empirical metallic-
ity correction of —0.2 4+ 0.2 mag dex~! in metallicity to the
Cepheid calibration such that more metal-rich Cepheids
are intrinsically brighter (Freedman et al. 2001; Gibson &
Stetson 2001; Kennicutt et al. 1998). For comparison, sepa-
rate distances for the Key Project galaxies are listed in
Table 2 using the new period-luminosity relation alone
(““New PL”’; Freedman et al. 2001; Gibson & Stetson 2001)
and using both the new period-luminosity relation and
empirical metallicity correction (““ New PL+Z"’; Freedman
et al. 2001). We chose not to adopt the empirical metallicity
correction to the Cepheid distances endorsed by Freedman
et al. (2001) because it is not yet entirely clear that the metal-
licity correction is justified. Udalski et al. (2001) find no evi-
dence for a trend in the luminosity of Cepheids with
metallicity. Another study based on theoretical models of
Cepheid structure predicts a correction to the period-
luminosity relation of +0.27 mag dex~! in metallicity, which
is similar in magnitude but opposite in sign from the empiri-
cal relation adopted by Freedman et al. (Caputo, Marconi,
& Musella 2002). The apparently better agreement with the
reliable maser distance to the galaxy NGC 4258 is offered as
evidence that the theoretical relationship is more realistic.
Of course, a slightly smaller distance modulus to the LMC
would also explain the difference (Newman et al. 2001), so
the maser distance to NGC 4258 cannot be regarded as evi-
dence that the metallicity correction must have a particular
sign or magnitude. Given the uncertainty in the metallicity
correction at this point, we chose not to adjust the /-band
SBF calibration. In the end, the size of the metallicity cor-
rection is not very important provided that the correction is
applied consistently through the LMC rung of the distance
ladder. We note that the metallicity-corrected Cepheid
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distances reported by Freedman et al. (2001) are based on
Cepheid measurements of LMC Cepheids that have not
been corrected for metallicity. Given the similarity in metal-
licity between Galactic Cepheids and most of the spiral gal-
axies in which Cepheids have been detected, the effect of a
fully consistent metallicity-corrected Cepheid distance scale
and the uncorrected calibration we adopted for this paper is
minimal (approximately 0.02 mag). The data plotted in the
figures are based on distances that include no metallicity
corrections.

The uncertainties in 7ig 60w Were combined in quadrature
with the uncertainties in distance modulus to get the final
uncertainties in Mgisow presented in Table 2. The median
uncertainty in Mggow was 0.18 mag for this sample. The
estimated systematic error in the Cepheid distance scale,
which we incur regardless of which distances are used to
compute Mggow, is 0.16 mag (Ferrarese et al. 2000b) but
could be larger because of blending or other effects (Gibson
& Stetson 2001; Mochejska et al. 2000; Ferrarese et al.
2000a). The dominant sources of systematic uncertainty are
the distance to the LMC (0.13 mag) and the WFPC2 photo-
metric zero point (0.09 mag). The systematic uncertainty is
not included in the uncertainty in Mp;gow listed in Table 2.
It is important to note that the uncertainty in M ggow 1S cor-
related with the uncertainty in V'—1 for the values derived
from I-band SBF distances. The Mpjgow is a function of the
I-SBF distance modulus, which is a function of V"—I color
(Tonry et al. 1997).

2.3. Galaxy V—I Colors

To calibrate the F160W SBF distance scale, we used the
optical (V'—I), color corrected for extinction to constrain
the fluctuation magnitude dependence on stellar popula-
tion. Most of the (V' —I), color data in Table 2 were taken
from the optical I-band SBF survey (Tonry et al. 2001).
Galactic extinction corrections were made using the Schle-
gel et al. (1998) extinction maps. The data were collected
using ground-based telescopes in annular regions that were
typically much larger than the central 20” regions imaged
using Camera 2. In a few cases we checked the optical colors
within the Camera 2 field of view to ensure that color gra-
dients within individual galaxies were not significant. For
the early-type galaxies in this sample, color gradients do not
produce significant color differences between the F160W
and /-band regions. A few galaxies, including the spirals not
included in the /-band SBF survey (Tonry et al. 2001), were
reobserved to allow a direct (V'—I), color measurement
within the Camera 2 field of view.

3. USING F160W SBF MAGNITUDES
TO MEASURE DISTANCES

The primary motivation for exploring the variation of
‘Mreigow with stellar population was to better calibrate
F160W SBFs as a distance indicator. With the high spatial
resolution and low background achieved using NICMOS,
J2001 demonstrated that fluctuations could be measured in
modest exposures (one or two orbits) to distances beyond
100 Mpc. J2001 utilized a limited subset of the current data
set and the Cepheid zero-point calibration of Ferrarese et al.
(2000c) to empirically calibrate the F160W SBF distance
scale. They measured distances to a sample of galaxies
reaching redshifts of 10,000 km s~! for the purpose of deter-
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FiG. 1.—Absolute fluctuation magnitudes M gow Vs. the extinction-cor-
rected (V'—I), color for the 47 galaxies that show no signs of dust in the
Camera 2 field of view. The square points represent Msw values derived
using ground-based /-band SBF distances, and the triangles indicate gal-
axies with /-band SBF distances measured with WFPC2 on HST. The size
of each point indicates the uncertainty in Msw. The largest points have
uncertainties less than 0.2 mag, the medium-sized points fall between 0.2
and 0.3 mag, and the smallest points have uncertainties greater than 0.3
mag. Median error bars for each point size are shown at the top of the fig-
ure. The circles indicate three galaxies with reliable Cepheid distances
(NGC 224 = M31, NGC 3031 = M81, and NGC 4725). They are also plot-
ted using their /-band SBF distances.

mining the Hubble constant. J2001 restricted their calibra-
tion to galaxies redder than (¥'—7I), > 1.16 and found no
significant slope of Mg 6ow With galaxy color.

A constant M gw calibration is inappropriate for the
full color range spanned by the galaxies in this sample
(Fig. 1). For the full data set, we fitted a slope adopting the
maximum likelihood method described by Liu et al. (2002)
to account for the correlated uncertainties in Mg ¢ow and
V—I. Uncertainties are correlated because Mpigow depends
on /-band SBF distances, which are in turn computed using
the galaxy V'—I color. The Liu et al. (2002) method accounts
for this nonzero covariance between Mgigow and V—I in
determining the best-fitting slope and intercept. If the co-
variance were ignored, the slope of the fitted line would be
biased (see Liu et al. 2002 for a discussion).

We chose to restrict the sample of galaxies used for cali-
bration purposes to those that show no sign of dust in the
Camera 2 field of view because clumpy dust makes a galaxy
look bumpier and hence fluctuation magnitudes brighter.
Many of the rejected galaxies have well-defined dust lanes
that can be masked. The SBF magnitudes are most likely
unaffected by the dust, but we exclude them from the cali-
bration fit to be safe. Given the large size of the sample, we
can afford to be conservative in excluding dusty galaxies for
the purpose of computing the calibration. Fitting the 47
dust-free galaxies gives

Mrigow = (—4.86 +0.03) + (5.1 £ 0.5)[(V — 1), — 1.16]
for 1.05<(V—1),<124. (1)

The x? per degree of freedom is 1.17, indicating that the
uncertainties are reasonable. The slope of 5.1 £+ 0.5 mag per
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mag in V—I color is steep and similar to the slope of
4.5 + 0.25 measured at / band (Tonry et al. 1997). Liu et al.
(2002) found a slope of 3.6 + 0.8 at K (2.2 um). Stellar popu-
lation models initially predicted that the slope of IR fluctua-
tion magnitude with color would be opposite that at 7 band
(Worthey 1994), but it is now clear that a significant slope of
the same sign persists to 2.5 um. The implications of a posi-
tive slope are discussed in § 4.

The relation in equation (1) is based on /I-band SBF
distances calibrated using the improved Cepheid period-
luminosity relation of Udalski et al. (1999). The Cepheid
distances from Freedman et al. (2001) without metallicity
corrections were adopted, and we used the same LMC dis-
tance modulus of 18.50 mag as Freedman et al. In Figure 1
symbols of three sizes are plotted, with the largest symbols
for galaxies with uncertainties less than 0.2 mag and the
smallest for measurements with uncertainties greater than
0.3 mag. Median uncertainties in each bin are plotted. Three
galaxies in the ““dust-free” subsample also have Cepheid
variable star distances. They were not included in the fit
because they are not independent of the /-band SBF meas-
urements and their uncertainties arise from different sour-
ces. They are, however, plotted in Figure 1 to show that the
calibration derived using I-band SBF distances agrees with
direct Cepheid distance measurements.

The value of (VV'—TI), = 1.16 marks the color at which the
strong slope observed in the bluer galaxies makes way to an
apparent flattening at the red end. Fits restricted to galaxies
with (V—I), > 1.16 are consistent with a slope of 0, as
found by J2001 using a smaller calibration sample. The
sloping fit over the entire color range spanned by the sam-
ple, however, is statistically robust. The brightest cluster
galaxies observed by J2001 are all redder than (V—I), =
1.16, and the use of a constant Mgjgw by J2001 was justi-
fied. The stellar population models presented in the follow-
ing sections suggest that the steep slope shown in Figure 1
cannot continue to arbitrarily red values of V'—I because
galaxies cannot be made of arbitrarily old stars. We there-
fore adopt the relation between Mpigow and (V' —1I), given
in equation (1) and emphasize that it is applicable only to
galaxies with V'—1I colors between 1.05 and 1.24.

The small statistical uncertainty in the zero point and the
value of x2 close to 1 suggests that the  cosmic scatter,” or
the variation in Mpigow not accounted for with the single
V—Iparameter, is small. The calibration presented here sug-
gests that relative distances to galaxies with ’'—1I colors typi-
cal of elliptical galaxies can be measured with 10% accuracy
or better provided that the uncertainty in (V' —I), is 0.035
mag or smaller and that the photometric zero point is
known to 0.05 mag or better. This estimate of the statistical
uncertainty does not include the systematic uncertainty in
the distance-scale zero point, which includes the uncertain-
ties in the Cepheid distance scale and the distance to the
LMC. The scatter increases significantly when dusty gal-
axies are included. The scatter below the best-fit line in
Figure 1 appears larger than that above it. This could be
caused by the F160W SBF amplitude being underestimated
or the I-band SBF amplitude being overestimated (and the
distances underestimated). The uncertainties in the /-band
SBF magnitudes are larger than 0.2 mag for most of the
outlying points, but there is no obvious sign of a systematic
problem with the /-band SBF measurements. The fit
has been appropriately weighted by the uncertainties and
is consistent with the most accurate measurements. Exclud-
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ing them would not significantly change the relation in
equation (1).

J2001 used a constant fluctuation magnitude Mpigow =
—4.86 in their determination of the Hubble constant. It is
fair to ask what effect the new sloping calibration and
revised Cepheid calibration would have if they had been
adopted instead. To address this issue, we selected the five
galaxies from the J2001 sample that fall within the valid
color range (V' —1I), < 1.24 of the current distance calibra-
tion and calculated the Hubble constant for the preferred
flow models using exactly the same techniques used by
J2001. The increase in the Hubble constant that results from
the changes in the zero point and slope of the calibration is
not sensitive to the exact flow model adopted or rejection of
low-S/N observations (see J2001 for a discussion of these
effects). Because the new Cepheid calibration and Camera 2
zero point result in a significantly fainter calibration zero
point, the value of the Hubble constant would increase by
10% from 76 or 77 to 85 km s—! Mpc~!. If the new calibra-
tion is applied to only the most distant galaxies from J2001,
the Hubble constant would increase from 72 to 79 km s—!
Mpc~!. Only a small fraction (1.5% of the 10%) of the
change is due to the slope of the calibration; the 0.16 mag
change in the Cepheid zero point resulting from the adop-
tion of the improved period-luminosity relation is the domi-
nant factor. If we had adopted the metallicity corrections
endorsed by Freedman et al. (2001), the increase in the Hub-
ble constant would have been only 5% (corresponding to a
zero-point shift of 0.06 mag instead of 0.16 mag). All the
changes described happen to affect the calibration in
the same direction, i.e., reducing the absolute brightness of
the fluctuations and decreasing the implied distances.

4. STELLAR POPULATION MODELS

Infrared SBF magnitudes provide important new con-
straints on theoretical and semiempirical stellar population
models. The models provide insight into why fluctuation
magnitudes vary with color the way they do. Each single-
burst, constant-metallicity model is constructed by adopt-
ing an initial mass function and uniform composition for an
ensemble of theoretical stars. These stars are then allowed
to evolve according to the constraints and assumptions of
the particular model. At each time step, the luminosity func-
tion of the ensemble of stars is integrated to determine
observable values, including broadband colors, line indexes,
and fluctuation magnitudes. Luminosity fluctuations in a
galaxy are proportional to the second moment of the lumi-
nosity function (Tonry & Schneider 1988) and can be com-
puted from the model luminosity function at each time step.
Because fluctuations are weighted to the most luminous
stars in the population, SBFs provide a way to better mea-
sure the contributions of luminous first-ascent red giants
and asymptoticgiant branch (AGB) stars in unresolved stel-
lar populations.

The first detailed models to successfully predict SBF mag-
nitudes were those of Worthey (1994). SBF predictions from
the models of Bruzual & Charlot (Liu et al. 2000, 2002) and
Vazdekis (Blakeslee et al. 2001) have recently been pub-
lished. In this paper, we compare empirical F160W fluctua-
tion magnitudes Mg gow to the three sets of models to learn
more about the relative ages and metallicities of the galaxies
in our sample. These three sets of models are the most
successful models in common use today for which SBF
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magnitudes have been published. We also compare the
model predictions to the measured fluctuation color
(m; — mpieow ), which is independent of the distance meas-
urements. Agreement between observed fluctuation magni-
tudes and stellar population model predictions can
therefore be used to simultaneously confirm the reliability
of SBF distance measurements and reinforce the age and
metallicity interpretations.

4.1. The Bruzual & Charlot Models

Absolute F160W fluctuation magnitudes are plotted as a
function of extinction-corrected (V'—I), color in the top
panel of Figure 2. Data for all 65 galaxies are plotted,
including galaxies containing dust that were excluded from
the calibration fits. Points for galaxies with Cepheid distan-
ces are included as well. In the bottom panel of Figure 2 we
plotted the fluctuation color 7; — g 160w as a function of
galaxy V—I color. The fluctuation color is independent of
distance and therefore provides additional insight into the
stellar populations of the galaxies without being subject to
the systematic uncertainties of the distance measurements.

Theoretical fluctuation magnitudes and colors from Liu
et al. (2000, 2002) are shown in Figure 2 as dashed (constant
age) and dotted (constant metallicity) lines. The Liu et al.
(2002) SBF predictions were based on the single-burst
population synthesis models of Bruzual & Charlot (1993;
G. Bruzual & S. Charlot 2003, in preparation), originally
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FiG. 2.—Top: Absolute fluctuation magnitudes vs. galaxy optical color.
The circular points were calculated using Cepheid distances, the square
points using ground-based /-band SBF distances, and the triangles using
HST I-band SBF distances. Open symbols indicate galaxies that show signs
of dust. Clumpy dust can cause fluctuations to appear brighter. The lines
behind the points indicate Liu et al. (2000, 2002) models of constant age
(dashed lines) and metallicity (dotted lines). The ages (Gyr) and metallicities
([Fe/H]) of the models are indicated. Bottom: Distance-independent fluctu-
ation color as a function of (V' —1I),.
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described by Liu et al. (2000) and then slightly improved by
Liu et al. (2002). The models provide several choices for the
input evolutionary tracks and spectral libraries; a detailed
comparison of the various options is given by Liu et al.
(2000). We use their preferred set of inputs: the Padova evo-
lutionary tracks of Bertelli et al. (1994), semiempirical spec-
tral energy distributions from Lejeune, Cuisinier, & Buser
(1997), and a Salpeter initial mass function.

The Bruzual & Charlot models (Liu et al. 2002) imply that
the trend toward brighter fluctuations in bluer galaxies is
consistent with younger stellar population models with high
metallicities. The redder galaxies appear older and more
metal-poor than the bluer ones (model ages are relative to
the age of the universe; thus, a model age of 17 Gyr does not
imply that a population formed before the universe was
born). A similar trend has been seen in K-band fluctuations
(Jensen et al. 1998; Mei, Quinn, & Silva 2001b; Liu et al.
2002). It is interesting to note that there are no fluctuation
magnitudes among the bluer galaxies that are consistent
with stellar population models older than about 5 Gyr.
None of the galaxies appear to have metallicities lower than
approximately [Fe/H] = —0.7. The spread in fluctuation
magnitudes with color traces a line of models with nearly
constant metallicity down to (V' —I), = 1.15; bluer galaxies
appear more metal-rich than those with (V' —I), > 1.15.

The distance-independent plot of fluctuation colors in the
bottom panel of Figure 2 leads to the same conclusion about
the relative ages of galaxies with different colors. The abso-
lute metallicities implied by the 7; — mipigow models are
very similar to those in the top panel. The bluer galaxies
have the same fluctuation magnitudes as stellar population
models with significantly younger ages and slightly higher
metallicities than redder galaxies. Agreement between the
M 160w and the distance-independent 77i; — 7iF6ow models
suggests that the total systematic error in the distance-scale
calibration is likely to be of order 0.1 mag.

4.2. The Vazdekis Models

In Figure 3 we compare our data to the F160W SBF mag-
nitudes and (V' —1I),, colors computed for the Vazdekis mod-
els (Blakeslee et al. 2001; Vazdekis 2001).> The Blakeslee et
al. models make use of the new Padova isochrones of
Girardi et al. (2000), which are transformed to the obser-
vable plane using the empirical stellar libraries of Alonso,
Arribas, & Martinez-Roger (1996, 1999), Lejeune et al.
(1997), and Lejeune, Cuisinier, & Buser (1998). The
Blakeslee et al. (2001) SBF models were computed for the
H-filter, so it is necessary to shift the models to F1I60W. We
adopted an empirical correction to the absolute fluctuation
magnitudes of

M]:m()w = MH + OIO(MJ — MK) (2)

based on photometry of red main-sequence stars (Stephens
et al. 2000). This correction, which is typically 0.17 mag for
most models, has the effect of shifting the model lines in
Figure 3 down with respect to the points. We also computed
the offset between H and F160W by convolving the filter
profiles with synthetic spectra of red giant stars (B. Plez

3 Additional models for populations younger than 4 Gyr were retrieved
from http://www.iac.es/galeria /vazdekis/col_lick.html.
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F1G. 3.—Absolute fluctuation magnitudes and fluctuation colors plotted
with the Vazdekis stellar population models (Blakeslee et al. 2001), trans-
lated to the F160W filter as described in the text. The symbols are the same
asin Fig. 2.

2002, private communication; see also Bessell, Castelli, &
Plez 1998). The resulting relation

MF]éOW = MH + 0.1 16(MJ — MK) +0.026 (3)

is very close to that derived from the Stephens et al. (2000)
data and has no effect on the interpretation, so we adopt the
empirical correction in equation (2).

The top panel in Figure 3 reveals very good agreement
between the models as corrected using equation (2) and the
data calibrated using the distances based on the Freedman
et al. (2001) Cepheid calibration without metallicity correc-
tions. Uncertainties in the distance calibration are avoided
when we compare the fluctuation color 771; — g 60w to the
models. The ages and metallicities implied by the 71—
mr10w Mmodels are in very good agreement with those of the
‘Me160w models and with the Liu et al. (2002) models. Once
again, a change in the distance-scale zero point of more than
approximately 0.1 mag would compromise the compatibil-
ity between the models. o

The Vazdekis models show a compression in Mgjgw of
the higher metallicity and younger age tracks compared to
the Liu et al. (2000, 2002) models. This is partly due to the
fact that the maximum metallicity shown for the Blakeslee et
al. (2001) models is 0.2, while that of Liu et al. is 0.4. It is also
partly due to the difference in slope between the youngest
populations. While there are many differences in the details
of the Vazdekis and Bruzual & Charlot models, the choice of
isochrones is perhaps the most significant for the current
study. If we apply the newer evolutionary tracks (Girardi et
al. 2000) adopted by Blakeslee et al. (2001) to the Bruzual &
Charlot models (Liu et al. 2000, 2002), we find that the
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F1G. 4.—Absolute fluctuation magnitudes and fluctuation colors plotted
with the Worthey (1994) models. The symbol definitions and uncertainties
are the same as in Fig. 2. Note that the triangular gap on the left is caused
by the lack of published models for young, metal-poor populations and is
not a feature of the models.

resulting age tracks are nearly horizontal and lie midway
between the two sets of models shown in Figures 2 and 3.

4.3. The Worthey Models

Figure 4 shows the F160W data plotted with the Worthey
(1994) models.* F160W models were constructed by con-
volving the basic “ vanilla ” model spectral energy distribu-
tions at each age and metallicity with the filter profile of the
Camera 2 F160W filter (G. Worthey 2000, private commu-
nication). The default Worthey models use a Salpeter initial
mass function and a helium fraction of ¥ = 0.228 + 2.7Z.
There are differences in detail between the Worthey models
and those presented in the previous sections. In particular,
the Worthey models imply older ages for galaxies of a given
color and unreasonably large ages for the reddest galaxies.
Note that the calibration changes to the Freedman et al.
(2001) Cepheid zero point without metallicity corrections
makes the comparisons to the Worthey Mgigow models
worse than they would have been using the previous Key
Project calibration (Ferrarese et al. 2000c; J2001). The com-
parison of the distance-independent 777; — g 60w models to
the data yields ages and metallicities in excellent agreement
with the conclusions of the previously considered models.
The redder galaxies have slightly subsolar metallicities and
old ages, while the bluer galaxies appear to have higher met-
allicities and significantly younger ages. It appears that the
Worthey (1994) models may have an offset in absolute mag-
nitude, but the relative brightnesses of the models at differ-
ent wavelengths are reliable.

4 Worthey models are currently available via the Web at http://
astro.wsu.edu/worthey/dial/dial_a_model.html.
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4.4. Composite Stellar Population Models

Fluctuation magnitudes are dominated by the youngest
stars in a population. Statistically, measured SBFs are the
ratio of the second moment of the stellar luminosity func-
tion to the first and therefore are very sensitive to the bright-
est stars. When comparison of SBF magnitudes to the
models suggests the presence of young or intermediate-age
populations (<5 Gyr), only a fraction of the stars would
have to be young for the fluctuation amplitude to be high;
the majority of the stars may be much older.

Tonry, Ajhar, & Luppino (1990) were the first to attempt
to use composite stellar population models to explain opti-
cal SBF observations, but the inadequacy of their model iso-
chrones and colors led Worthey (1993) to question the
validity of their results. More recently, Blakeslee et al.
(2001) and Liu et al. (2002) have compared composite stellar
population models to observational SBF data. Blakeslee et
al. found that a three-component model that includes a
~10% metal-poor component reproduces the observed
I-band SBF slope and agrees with the IR SBF results
presented here.

In Figure 5 we compare our fluctuation magnitudes to the
composite stellar population models of Liu et al. (2002)
recalculated for the F160W filter. In the three scenarios
shown in Figure 5, 20% of the final mass formed 6 Gyr after
the principal population. Composite populations with
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FiG. 5.—Three composite stellar population models (Liu et al. 2002)
compared to the SBF measurements. In each case, the model population is
composed of two bursts separated by 6 Gyr, with the younger population
containing 20% of the total mass. The total age of the composite population
in Gyr is indicated by the numbers: 8 indicates the position on the line of a
population where 80% of the stars by mass formed 8 Gyr ago and 20%
formed 2 Gyr ago. The top (dashed ) line indicates models with the second
burst forming from supersolar-metallicity gas ([Fe/H] = 0.4), the center
(solid ) line from solar-metallicity gas ([Fe/H] = 0.0), and the bottom (dot-
ted) line from subsolar-metallicity gas ([Fe/H] = —0.7). In all cases the
older population is of solar metallicity.
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smaller mass fractions and smaller age differences would fall
between the tracks shown in Figure 5; these models are
meant to be representative and are shown for comparison
with those published by Liu et al. (2002). The total time
since formation is indicated in Figure 5 on each evolution-
ary track; thus, the 7 Gyr point marks the magnitude and
color of a population where 80% of the stars by mass are
7 Gyr old and the other 20% formed 1 Gyr ago. The top line
is for a burst with higher metallicity ([Fe/H] = +0.4) than
the original solar-metallicity population. The middle track
is for a burst population of solar metallicity, and the lowest
track is for a burst with lower than solar metallicity
([Fe/H] = —0.7). In all three cases the majority of the stars
(80% of the final mass) formed from solar-metallicity gas.

Figure 5 shows that the bright fluctuations in bluer gal-
axies may be the result of a recent burst of star formation
within the last ~2 Gyr with a total mass fraction of ~20%.
Liu et al. (2002) came to the same conclusion comparing K-
band SBF data to the composite models. The F160W data
in Figure 5 suggest that the burst took place in previously
enriched gas. If recent episodes of star formation are trig-
gered by mergers with dwarf galaxies with lower than solar
metallicity, the star formation must take place in gas previ-
ously enriched in the larger galaxy. Figure 5 suggests that as
time goes on, bursts of star formation take place in increas-
ingly metal-rich gas.

The bottom panel of Figure 5 shows the comparison of
fluctuation color 77; — mipi6ow to the composite models. The
my — mgigow models imply slightly lower absolute metallic-
ities for galaxies at the blue end of the color distribution
than the Mpigow models do. None of the points in the
bottom panel fall much above the solar metallicity
my — mgigow track, in contrast to the data in the top panel.
The metallicities implied for the redder galaxies are the same
in both panels. The metallicities implied by the 777; — 7iF160w
models support the conclusion that more recent star forma-
tion takes place in progressively higher metallicity gas.

4.5. Comparing Fluctuations to the H Index

The well-known age-metallicity degeneracy makes it diffi-
cult to use broadband optical colors to distinguish old,
metal-poor populations from younger, metal-rich ones
(e.g., Worthey 1994). One currently popular technique for
determining ages and metallicities, particularly in young
populations (¢ < 5 Gyr), is to compare the age-sensitive HS
absorption-line strength to a metal line that is sensitive to
metallicity. IR SBFs also break the age-metallicity degener-
acy and allow one to distinguish young, blue populations
from older, metal-poor populations (Liu et al. 2000; Blakes-
lee et al. 2001). SBFs are dominated by the brightest stars in
a galaxy, which in relatively young and intermediate-age
populations (1 Gyr < ¢ < 5 Gyr) are evolved red giant and
AGRB stars. The populations we are considering are not
actively forming stars and are not so young as to contain
massive luminous OB stars or emission nebulae. In contrast
to SBFs, the Hj3 absorption arises from main-sequence stars
near the main-sequence turnoff. Because H3Z and SBF mea-
surements arise from completely different groups of stars
and are measured using completely different techniques, the
F160W SBF measurements presented here provide an
important independent confirmation that Hj absorption is
truly revealing differences in the ages of stellar populations.
F160W fluctuation magnitudes and H{ absorption are both
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FiG. 6.—Absolute fluctuation magnitudes and fluctuation colors vs. the
Hf absorption-line index (in angstroms) for a subset of 24 galaxies
(Kuntschner et al. 2001; Kuntschner 2000; Trager et al. 2000). The majority
of the galaxies are ellipticals in the Fornax Cluster (see Table 1). Hf, like
‘M 160w, is sensitive to the age of the stellar population. Model predictions
of both Misow and Hf are shown for the Liu et al. (2000, 2002) models,
with ages and metallicities indicated. The symbol definitions are the same
asin Fig. 2.

sensitive probes of young stellar populations. The fact that
the two techniques agree for individual galaxies in this sam-
ple is significant.

In Figure 6 we compare the age-sensitive My gow to H3
and use the Bruzual & Charlot models of Liu et al. (2002) to
infer relative ages and metallicities. We collected high-
quality HB measurements on the Lick/IDS system from
three recent studies (Kuntschner et al. 2001; Kuntschner
2000; Trager et al. 2000). These measurements include a
sample of 14 galaxies in the Fornax Cluster and 10 others,
including some in the Local Group and in the Virgo and
Leo Clusters. The three studies measured H( values in aper-
tures of different sizes. Kuntschner (2000) used a single aper-
ture size for the Fornax Cluster galaxies. Kuntschner et al.
(2001) scaled their measurements by distance to a common
physical scale. The Trager et al. (2000) data are measured in
an aperture scaled to the size of the galaxy (r./8). It is
unnecessary to adjust the measurements to a common sys-
tem since Kuntschner et al. (2001) found that HS does not
change significantly with radius from the galaxy center. The
Kuntschner and Trager studies apply a slightly different cor-
rection for HG emission; we applied a small correction of 0.1
times [O 11] A5007 to the Trager et al. data to match the cor-
rection used in the Kuntschner papers. The HG measure-
ments are listed in Table 1. Two galaxies were measured by
both teams: H measurements for NGC 3379 are presented
in all three papers, and data for NGC 4472 are published in
two. The Hf values listed in Table 1 are averages of all
measurements, and the uncertainties were added in quadra-
ture. The standard deviation of the different measurements
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was less than or equal to the total uncertainties in both
cases.

The trend seen in Figure 6 shows that the galaxies span a
wide range in age, as determined using both HS and
‘Mg16ow. There is clearly a correlation between Mg gw and
Hg. The stellar population models (Liu et al. 2002) have
lines of constant age perpendicular to the correlation
between Mrgow and Hf3 seen in Figure 6, indicating that
both are sensitive to young and intermediate-age popula-
tions (even though they sense very different components of
the young populations). The fact that both techniques lead
to the same conclusion that early-type galaxies often con-
tain young stellar populations strengthens the conclusion
considerably. The stellar population models become some-
what more compressed for ages greater than 8 Gyr, when
the A stars responsible for HS absorption have evolved off
the main sequence and the red giant and AGB stars respon-
sible for the fluctuations are intrinsically fainter and more
uniform in brightness (the model ages are best interpreted in
a relative sense; observations that agree with the oldest
models do not imply ages older than the universe).

The absolute metallicities implied by Figure 6 are only
marginally higher than those seen in the previous compari-
sons, and the trend with age is consistent. In the bottom
panel of Figure 6 the Hf values are compared to the fluctua-
tion color 7i; — mig6ow, Which is distance independent. The
Mr60w and 71y — g sow models disagree slightly. The fluc-
tuation color models suggest somewhat lower metallicities
than the Mpigow models, in agreement with the other model
comparisons.

Both panels in Figure 6 show a relationship between IR
fluctuations and HS. The models suggest that both elliptical
and SO galaxies span a very wide range in age and a rela-
tively narrow range of metallicity. This result disagrees
somewhat with the conclusion of Kuntschner (2000), who
found that only the SO galaxies in Fornax have a wide
spread in age. Kuntschner’s limited sample of Fornax ellip-
tical galaxies appear uniformly old and span a range in met-
allicity. Our results are consistent with the conclusions
of Trager et al. (2000), who found a wide age spread
among a sample of elliptical galaxies drawn from a variety
of environments.

4.6. Common Ground

In detail, there are significant differences between the dif-
ferent models in predicted fluctuation magnitudes. Differen-
ces have also been noted at other wavelengths (Blakeslee et
al. 2001; Liu et al. 2002; Mei et al. 2001b). In general, how-
ever, the comparison of empirical fluctuation magnitudes to
the models yields a broadly consistent picture. Fluctuation
amplitudes in galaxies redder than (V'—I), > 1.16 are all
consistent with stellar populations older than approxi-
mately 8 Gyr and of slightly subsolar metallicity. Galaxies
on the bluer end of the color range all appear consistent with
the youngest (2-5 Gyr) models in both absolute fluctuation
magnitude and fluctuation color. Regardless of which
model is considered, these blue, lower luminosity galaxies
appear to be more metal-rich than the redder ellipticals.
None of the bluer galaxies in this sample have fluctuation
magnitudes that are consistent with old (>5 Gyr) single-
burst stellar population models with low metallicities. The
majority of stars in the blue galaxies may still be old, since
the fluctuation magnitudes are dominated by young stars in
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a population. Composite stellar population models rein-
force the conclusions of the single-age stellar population
models.

The conclusion that bluer early-type galaxies are younger
and more metal-rich seems to contradict the observed rela-
tionship between mass and metallicity in giant ellipticals
where less massive (bluer) systems retain less enriched gas
and should therefore have lower metallicities than the mas-
sive ellipticals. The SBF magnitudes are dominated by the
brightest and youngest stars in a galaxy, however, so our
conclusion regarding metallicity may be consistent with the
mass-metallicity relation if the bluer ellipticals have lower
metallicities overall and some small fraction of their stars
formed relatively recently from more metal-rich gas. The
uncertainty in the assumed luminosity evolution of the
AGB stars in the youngest population models also serves to
minimize the importance of the apparent contradiction. A
modest excess in the real AGB population over the models
would result in enhanced SBF magnitudes that would
appear the same as enhanced metallicities.

The differences between models indicate that the details
of the evolutionary tracks that are used in the models
deserve further attention. Furthermore, the Padova evolu-
tionary tracks are not computed beyond the onset of the
thermally pulsating stage of the AGB, and the modelers
have employed a synthetic parameterization of the evolu-
tion of AGB stars to attempt to reproduce the luminosity
function of realistic populations. The data presented here
can provide feedback that should result in improved under-
standing of the luminosities and lifetimes of luminous AGB
stars. It is also clear that real galaxies are not composed of
coeval populations of stars of constant metallicity.

The excellent agreement between the data and the
models for both the Mpisow and the distance-independent
my — mg1gow models suggests that the Cepheid distances are
probably reliable to better than 10%. For the current study
we adopted the new Cepheid period-luminosity relations of
Udalski et al. (1999), no metallicity corrections, and a dis-
tance modulus to the LMC of 18.50 mag.

5. GALAXY MORPHOLOGIES AND
SBF MAGNITUDES

Figure 7 shows the absolute fluctuation magnitudes sepa-
rated into bins by morphological type. Galaxy morphology
classifications were taken from de Vaucouleurs et al. (1991,
hereafter RC3). Absolute fluctuation magnitudes and the
projected ellipticities of the galaxies on the sky are plotted in
Figure 8 (RC3). The shapes of the symbols in Figure 8 are
the same as the optical shapes of the galaxies measured well
outside the Camera 2 field of view. Morphological types
and ellipticities from RC3 are listed in Table 1.

As a group, lenticular SO galaxies are bluer than the ellip-
tical population; nevertheless, the overlap between elliptical
and SO galaxies covers almost the entire range in color cov-
ered by this sample. The bulges of spiral galaxies also span
the full range of color and Mg 40w spanned by the elliptical
galaxies. Some dusty spiral bulges have fluctuation magni-
tudes that are significantly brighter than the early-type gal-
axies of the same color, most likely because the fluctuation
amplitude is enhanced by the presence of clumpy dust.
Some galaxies of all types included in our sample (7' = —6
to +4) apparently contain bluer and brighter intermediate-
age populations near their centers. While most of the
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(median uncertainties are indicated in the top right corner).

galaxies are found in clusters or groups, the sample covers a
range of environment from dense, compact clusters like
Fornax to lower density groups and clusters (Leo, Virgo,
and Ursa Major). Thirteen galaxies are not associated with
any obvious group or cluster (as defined by Faber et al.
1989).

6. SUMMARY
We summarize our results as follows:

1. Using F160W SBF magnitudes to accurately deter-
mine extragalactic distances requires that the color of the
galaxy be known. The best calibration fit is given in
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equation (1). To achieve an accuracy of ~10% or better, the
uncertainty in (V' —I), color should be less than ~0.035
mag. Applying the new calibration to the distant F160W
SBF data of J2001 would result in a value of the Hubble
constant that is 10% larger than that published previously;
almost all of the difference (8%) is due to the improved Ce-
pheid period-luminosity relation of Udalski et al. (1999).

2. The reddest, most massive ellipticals appear older
(when compared to theoretical stellar population models)
than the less luminous bluer galaxies. There are no galaxies
in the blue half of our sample that have fainter fluctuation
magnitudes consistent with very low metallicity ([Fe/H] <
—0.7) and old age (r > 5 Gyr) stellar population models.
Comparison with stellar population models suggests that
the youngest galaxies have somewhat higher metallicities
than the older ellipticals. None of the galaxies have fluctua-
tion magnitudes that are too bright to be accommodated by
the young, metal-rich models.

3. Composite stellar population models composed of
~20% younger stars by mass are also consistent with the
brighter fluctuation magnitudes in bluer galaxies, provided
the younger stars formed from gas of equal or higher metal-
licity than the gas that formed the older stellar population.

4. The Hg line index and fluctuation magnitude M gjgow
are both sensitive to young and intermediate-age stellar
populations with ages between 1 and a few Gyr. Age esti-
mates from the two techniques are consistent. The agree-
ment is significant because the two types of measurement
make use of completely different techniques and are sensitive
to different populations of stars.

5. Comparison of fluctuation magnitudes and distance-
independent fluctuation colors to the predictions of stellar
population models provides an independent check on the
distance-scale calibration. If the models are correct, at least
in the relative brightnesses between the 7 and F160W bands,
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then the total systematic error in the Cepheid distance scale
is possibly <0.1 mag.

6. The SO galaxies and dust-free spiral bulges in this sam-
ple have fluctuation magnitudes that are indistinguishable
from those of the elliptical galaxies of the same color.
Young and intermediate-age populations of relatively high
metallicity must therefore be present in all galaxy types on
the blue end of the color distribution. While there is a
greater fraction of SO galaxies among the bluer galaxies, gal-
axies of all types are found across the entire color range.
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