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ABSTRACT
We have measured 492 redshifts (311 new) in the direction of the poor cluster AWM 7 and have iden-

tiÐed 179 cluster members (73 new). We use two independent methods to derive a self-consistent mass
proÐle, under the assumptions that the absorption-line galaxies are virialized and that they trace an
underlying Navarro, Frenk, & White (NFW) dark matter proÐle : (1) we Ðt such an NFW proÐle to the
radial distribution of galaxy positions and to the velocity dispersion proÐle ; (2) we apply the virial mass
estimator to the cluster. With these assumptions, the two independent mass estimates agree to D15%
within 1.7 h~1 Mpc, the radial extent of our data ; we Ðnd an enclosed mass D(3^ 0.5)] 1014 h~1 M

_
.

The largest potential source of systematic error is the inclusion of young emission-line galaxies in the
mass estimate. We investigate the behavior of the surface term correction to the virial mass estimator
under several assumptions about the velocity anisotropy proÐle, still within the context of the NFW
model, and remark on the sensitivity of derived mass proÐles to outliers. We Ðnd that one must have
data out to a large radius in order to determine the mass robustly, and that the surface term correction
is unreliable at small radii.
Key words : galaxies : clusters : individual (AWM 7) È galaxies : kinematics and dynamics

1. INTRODUCTION

The properties of galaxy clusters play an important role
in constraining cosmological parameters and models of
large-scale structure formation. Because clusters are the
most massive collapsed aggregates in the universe, the
cluster mass function and its evolution with redshift con-
strains the spectrum of density Ñuctuations (e.g., Eke, Cole,
& Frenk 1996 ; Bahcall & Cen 1992). Accurate cluster
masses can also constrain the ratio of baryonic to total
mass, and thus (White et al. 1993).)0There are several standard ways of computing cluster
masses. Optical redshift surveys yield a mass estimate
through the application of the virial theorem, on the
assumption that the galaxies trace the overall cluster mass
distribution ; this method was Ðrst applied to Coma by
Zwicky (1933). More sophisticated variants of this method
include a surface term to account for the unsampled portion
of the cluster (The & White 1986) and use the Jeans equa-
tion to account for the e†ects of orbital anisotropy (e.g.,
Binney & Tremaine 1987). For clusters with many hundreds
of redshifts, the distribution of infalling galaxies in redshift
space measures the gravitational potential of the dark
matter halo (Diaferio & Geller 1997) ; this method has so far
been successfully applied only to Coma (Geller, Diaferio, &
Kurtz 1999). Observations of hot intracluster gas in the
X-ray provide information about the gravitational poten-
tial ; the added assumption of hydrostatic equilibrium yields
a mass (Bahcall & Sarazin 1977). Gravitational lensing of
background galaxies can also be used to estimate cluster
masses (Webster 1985 ; Bartelmann et al. 1996, and refer-

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Observations reported in this paper were obtained at the Multiple

Mirror Telescope Observatory, a facility operated jointly by the University
of Arizona and the Smithsonian Institution ; at the Whipple Observatory, a
facility operated jointly by the Smithsonian Astrophysical Observatory
and Harvard University, and at the WIYN Observatory, a joint facility of
the University of Wisconsin-Madison, Indiana University, Yale Uni-
versity, and the National Optical Astronomy Observatories.

ences therein). Comparing cluster masses derived by these
independent methods can provide insight into the internal
structure of clusters (Loeb & Mao 1994) and provides a
consistency check on the mass derived by any one method.

While the distribution of total cluster masses constrains
global cosmological parameters, knowledge of the density
(or, equivalently, mass) proÐles of individual clusters con-
strains models of cluster formation. N-body simulations of
hierarchical clustering by Navarro, Frenk, & White (1995,
1996, 1997, hereafter NFW) suggest that a universal two-
parameter density model can adequately describe clusters
over a broad range of masses. Until recently, few clusters
had enough measured redshifts to constrain the mass
proÐle ; the advent of multiÐber spectrographs has now
made it possible to measure several hundred redshifts in a
cluster within a reasonable time.

Our goal is to measure the mass proÐle of the cluster
AWM 7, selected by Albert, White, & Morgan (1977) on the
basis of the cD galaxy at its center. Our sample consists of
179 cluster galaxies with measured redshifts ; this work
expands the sample of Koranyi et al. (1998) by 70%, extend-
ing the surveyed region to a projected radius of 1.7 h~1 Mpc
and reaching fainter magnitudes in the core. We conÐrm the
cold core seen in Koranyi et al. (1998) and Ðt an NFW mass
proÐle from the projected distribution of radii for compari-
son with the virial mass proÐle ; we consider also the e†ect
of orbital anisotropies (still assuming the NFW proÐle) on
the mass estimates. The two proÐles agree remarkably well
within our restricted context ; the assumption of the NFW
model produces self-consistent mass estimates using these
two methods. Relaxing the assumption that the galaxies
trace an underlying NFW dark matter distribution would
result in a larger range of admissible masses (cf. The &
White 1986).

In °° 2 and 3, we describe the observations and data
reduction. In ° 4 we describe the data, and in ° 5 we justify
the choice of the NFW model, compute the resultant mass
proÐles, and comment on the reliability of the surface term
correction. We defer discussion of some details until ° 6 and
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conclude in ° 7. We use h km s~1 Mpc~1H0\ 100
throughout.

2. OBSERVATIONS

We observed a total of 593 distinct targets in the direc-
tion of AWM 7 from 1995 to 1999. We measured redshifts
for 492 objects ; 179 are cluster galaxies (with redshifts in the
range 2500È7500 km s~1), making AWM 7 one of the best-
sampled clusters in the sky. Our sample extends over in1¡.5
radius from the cluster center and reaches magnitudes as
faint as R\ 18 in the core. We collected data from three
di†erent telescopes, with di†erent sky coverage and di†er-
ent magnitude limits ; we describe the details of each in turn.
In each case we chose the spectral coverage so that both the
Ca H-K break at jj3933, 3968 and Ha j6562 would fall on
the detector at the cluster redshift. These spectral features
are important for determining redshifts by cross-correlation
with template spectra. We list the redshifts for all measured
objects in Table 1.

2.1. FAST Observations
We used the FAST Spectrograph (Fabricant et al. 1998)

mounted on the 1.5 m Tillinghast telescope at the Fred
Lawrence Whipple Observatory on Mount Hopkins to
observe 302 targets over D10 deg2 of sky centered on NGC
1129. We selected the targets from the Digitized Palomar
Observatory Sky Survey scans. We used a 3A slit and a 300
line mm~1 grating, resulting in a resolution of D6 andA�
spectral coverage of 3600È7600 FAST can reliablyA� .
measure redshifts for galaxies down to RD 15.5 and can
measure redshifts for galaxies as faint as RD 16 if the
central surface brightness is sufficiently high. 159 FAST
targets are new to this paper ; 51 of these are cluster
members.

2.2. MMT Observations
We observed 45 targets with the Blue Channel spectro-

graph of the MMT on the nights of 1996 December 5 and 6,
using a 2A slit and a 300 line mm~1 grating, resulting in a
resolution of D10.6 and spectral coverage of 3000È8000A�

These targets are in the central 75@] 75@ (1.15 h~1] 1.15A� .
h~1 Mpc) of the cluster and are complete to R\ 16.5 in
that region. These data have been previously published in
Koranyi et al. (1998).

2.3. Hydra Observations
We observed 250 targets (under the queue observing

scheme) with the Hydra multiÐber bench spectrograph
mounted on the Wisconsin-Indiana-Yale-NOAO (WIYN)
telescope at Kitt Peak on the nights of 1998 December 20
and 21 ; these data are new to this paper. There were four
separate Ðber conÐgurations ; 60 objects were observed in
more than one conÐguration. There were either four or Ðve
25 minute exposures for each conÐguration. We used 3A
Ðbers and a 400 line mm~1 grating, resulting in a resolution
of D7 and spectral coverage of 3800È7000 The fourA� A� .
conÐgurations were observed under strongly varying condi-
tions, resulting in dramatic di†erences in throughput. Two
of the conÐgurations su†ered from wind shake, and a third
from cirrus. The remaining conÐguration was observed
under stable, clear skies with good seeing and resulted in a
redshift for almost every target.

In total, we were able to measure redshifts for 154 of the
250 targets (152 new), sometimes by combining spectra of

TABLE 1

REDSHIFTS OF TARGET GALAXIES

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 45 12.81 ]41 44 04.6 4970 49 Ab
02 45 27.99 ]41 28 28.5 11316 66 Em
02 45 31.82 ]40 58 54.7 8327 21 Ab
02 45 31.90 ]41 14 34.3 5127 51 Ab
02 45 32.39 ]42 09 27.6 5546 18 Em
02 45 32.70 ]41 33 46.5 3768 67 Em
02 45 32.87 ]42 11 48.4 9677 67 Em
02 45 36.34 ]42 09 27.3 5063 22 Ab
02 45 39.40 ]42 01 46.4 10950 66 Em
02 45 43.58 ]42 18 12.3 18849 67 Em
02 45 43.68 ]42 00 38.1 11078 27 Em
02 45 44.96 ]41 43 57.5 9637 67 Em
02 45 46.25 ]41 13 43.6 8298 21 Ab
02 45 54.30 ]41 50 22.9 33947 26 Ab
02 45 59.29 ]41 19 18.7 5316 19 Ab
02 45 59.74 ]42 32 32.3 11585 28 Ab
02 46 00.96 ]42 51 08.4 36770 34 Em
02 46 01.34 ]40 05 23.5 8965 25 Em
02 46 02.79 ]40 05 35.5 8529 69 Em
02 46 05.21 ]41 56 13.1 31731 68 Em
02 46 05.33 ]42 06 05.7 3955 67 Em
02 46 08.10 ]41 28 36.5 18682 35 Ab
02 46 10.37 ]41 38 07.8 8733 48 Em
02 46 13.36 ]42 25 04.4 11563 31 Ab
02 46 15.39 ]42 24 22.1 11604 32 Ab
02 46 17.58 ]42 37 44.9 11150 33 Em
02 46 18.47 ]40 51 56.4 30809 39 Ab
02 46 24.61 ]41 16 36.6 4672 34 Ab
02 46 26.90 ]41 24 18.8 23942 37 Ab
02 46 27.10 ]42 37 40.7 11229 66 Em
02 46 35.73 ]42 10 44.8 9598 67 Em
02 46 42.41 ]42 38 53.5 11202 18 Em
02 46 46.75 ]42 06 59.5 10031 66 Em
02 46 47.95 ]42 02 27.1 8322 67 Em
02 46 48.14 ]41 30 32.0 23566 22 Em
02 46 54.08 ]42 40 14.1 11233 29 Ab
02 46 57.12 ]41 59 15.6 5098 38 Ab
02 46 58.13 ]42 58 49.5 5411 67 Em
02 46 58.43 ]41 46 33.3 4628 23 Ab
02 47 01.76 ]41 39 07.3 10482 66 Em
02 47 14.32 ]41 38 28.8 6028 68 Em
02 47 18.94 ]41 32 29.8 31228 32 Ab
02 47 25.68 ]42 59 56.0 8064 50 Em
02 47 26.11 ]41 01 35.6 31070 36 Ab
02 47 31.63 ]42 57 17.5 19454 68 Em
02 47 33.25 ]42 37 53.2 31893 37 Em
02 47 40.54 ]40 29 42.0 5607 32 Ab
02 47 49.16 ]41 12 44.2 4126 16 Em
02 47 55.08 ]42 12 16.7 5988 66 Em
02 47 56.33 ]41 14 49.2 4035 67 Em
02 47 56.79 ]41 20 55.1 32693 26 Em
02 47 57.73 ]40 18 29.9 4985 22 Ab
02 47 58.14 ]41 19 23.9 4855 47 Ab
02 48 02.17 ]40 47 46.2 5154 66 Em
02 48 02.29 ]43 02 02.0 11301 24 Ab
02 48 17.12 ]41 09 49.2 5090 30 Ab
02 48 22.03 ]41 36 47.2 5217 23 Ab
02 48 41.31 ]42 59 27.3 30856 28 Em
02 48 49.65 ]40 40 46.4 5219 19 Ab
02 48 53.77 ]41 46 40.3 8359 32 Ab
02 48 59.01 ]41 02 21.1 5169 43 Ab
02 49 09.34 ]41 34 57.8 4686 24 Ab
02 49 09.55 ]41 34 47.7 4698 22 Ab
02 49 10.32 ]40 27 40.8 8914 27 Ab



TABLE 1ÈContinued

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 49 19.27 ]42 11 38.8 9674 16 Em
02 49 20.60 ]40 53 17.0 4160 31 Ab
02 49 25.44 ]42 53 27.3 19527 33 Em
02 49 32.66 ]40 33 04.3 9007 67 Em
02 49 40.90 ]41 03 17.0 5488 31 Ab
02 49 45.30 ]42 22 05.8 19810 68 Em
02 49 45.90 ]41 27 26.1 24086 44 Em
02 49 46.10 ]41 03 06.0 6107 67 Em
02 49 48.10 ]41 27 45.5 5279 17 Ab
02 49 50.18 ]42 32 56.8 9311 67 Em
02 49 51.00 ]41 34 03.7 5999 29 Ab
02 49 55.11 ]40 28 54.7 27720 50 Ab
02 49 57.80 ]40 43 28.3 7275 68 Em
02 49 59.40 ]42 30 53.7 6823 70 Em
02 50 01.50 ]40 20 57.1 9002 19 Em
02 50 03.48 ]43 00 09.5 5052 45 Ab
02 50 03.51 ]40 04 47.9 17920 32 Ab
02 50 04.50 ]41 23 23.1 5765 38 Em
02 50 26.50 ]41 56 45.4 5013 28 Em
02 50 33.80 ]41 52 45.3 4159 50 Ab
02 50 38.90 ]41 41 54.5 4281 22 Ab
02 50 40.70 ]41 40 18.3 4336 67 Em
02 50 41.11 ]40 28 49.1 8689 67 Em
02 50 41.70 ]42 00 21.1 4000 67 Em
02 50 44.81 ]40 04 10.7 18109 43 Ab
02 50 47.66 ]40 18 44.1 16927 67 Em
02 50 48.82 ]40 06 16.9 18140 28 Ab
02 50 52.80 ]41 45 52.7 5449 62 Ab
02 50 55.60 ]41 37 59.9 4614 13 Em
02 50 58.30 ]41 03 42.8 3566 68 Em
02 51 03.55 ]42 12 21.4 50965 58 ?
02 51 04.19 ]40 10 56.9 8817 33 Ab
02 51 04.29 ]41 41 42.3 39801 63 Ab
02 51 04.94 ]41 42 06.8 23973 36 Ab
02 51 07.36 ]42 11 12.6 51068 50 ?
02 51 12.58 ]41 02 09.4 8995 19 Ab
02 51 12.80 ]40 59 35.5 6229 68 Em
02 51 15.72 ]42 13 04.3 50820 45 ?
02 51 17.20 ]42 07 03.8 3898 72 Em
02 51 17.70 ]41 09 18.4 3433 21 Ab
02 51 18.60 ]41 33 55.1 5733 34 Ab
02 51 19.02 ]41 16 37.5 21307 62 Ab
02 51 20.56 ]40 16 03.1 16937 14 Em
02 51 23.90 ]41 57 33.6 3255 67 Em
02 51 26.71 ]40 07 36.6 8868 29 Ab
02 51 28.01 ]41 33 36.0 28088 91 Ab
02 51 29.30 ]40 44 26.8 8095 25 Ab
02 51 31.37 ]41 17 57.0 20545 31 Em
02 51 33.50 ]40 46 27.1 41289 40 Ab
02 51 33.67 ]41 41 29.3 50262 71 Ab
02 51 34.50 ]40 43 53.4 8899 36 Ab
02 51 34.80 ]40 06 46.7 9059 39 Ab
02 51 36.35 ]41 22 56.1 9508 20 Ab
02 51 37.80 ]40 44 24.1 8077 18 Em
02 51 38.65 ]40 58 33.0 22112 67 Ab
02 51 39.58 ]42 09 07.7 24829 21 Em
02 51 41.10 ]42 21 52.0 11191 68 Em
02 51 42.80 ]42 24 09.0 11311 67 Em
02 51 43.22 ]42 49 43.4 5420 33 Ab
02 51 44.51 ]42 07 45.4 32976 58 Ab
02 51 45.05 ]41 23 15.5 11360 72 Em
02 51 51.10 ]41 33 21.3 5241 54 Em
02 51 52.26 ]41 30 38.9 4324 67 Ab
02 51 53.20 ]41 45 28.2 61 32 star
02 51 56.67 ]42 03 13.7 14286 66 Em
02 51 58.22 ]40 08 29.8 8954 32 Em

TABLE 1ÈContinued

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 52 00.40 ]40 42 07.8 18137 38 Ab
02 52 00.60 ]41 27 12.0 [103 17 star
02 52 07.90 ]41 34 45.9 4572 17 Ab
02 52 08.60 ]41 14 47.3 23852 37 Ab
02 52 15.33 ]41 50 30.9 46155 29 Ab
02 52 15.50 ]41 23 55.1 5835 24 Ab
02 52 15.64 ]41 20 01.2 39268 64 Ab
02 52 16.99 ]41 23 44.4 17073 21 Ab
02 52 19.90 ]42 12 50.6 [119 40 star
02 52 22.98 ]42 55 15.0 19442 27 Ab
02 52 25.90 ]41 53 00.9 8618 70 Em
02 52 26.38 ]42 05 48.7 3650 67 Em
02 52 32.51 ]41 03 02.8 87281 59 Ab
02 52 33.87 ]41 21 48.9 5340 45 Ab
02 52 34.22 ]43 10 02.3 15544 71 Em
02 52 36.46 ]42 08 46.3 50559 74 Ab
02 52 38.50 ]41 34 41.1 4618 20 Ab
02 52 39.17 ]41 36 55.7 19436 55 Ab
02 52 39.80 ]42 08 52.3 31134 67 Em
02 52 40.40 ]41 23 46.5 3963 66 Em
02 52 42.00 ]41 48 48.6 34212 15 Em
02 52 42.30 ]41 19 33.5 4471 54 Ab
02 52 43.10 ]41 06 08.8 5957 31 Ab
02 52 43.26 ]43 07 49.4 15720 18 Em
02 52 44.57 ]41 00 07.7 4076 70 Em
02 52 44.65 ]41 01 02.2 31238 30 Em
02 52 45.00 ]42 09 44.9 32899 33 Ab
02 52 45.07 ]42 10 15.9 31340 48 Ab
02 52 46.00 ]41 00 22.1 30922 33 Ab
02 52 51.20 ]42 12 18.1 3655 18 Em
02 52 51.95 ]41 26 21.3 5725 73 Ab
02 52 52.43 ]42 09 16.2 9623 67 Em
02 52 54.48 ]41 40 18.0 5363 73 Em
02 52 55.64 ]43 08 10.1 15681 36 Ab
02 52 55.86 ]41 34 29.4 31111 71 Ab
02 52 56.30 ]40 31 12.5 16466 19 Em
02 52 58.90 ]41 32 01.6 6770 25 Ab
02 52 59.00 ]41 27 14.6 34196 64 Ab
02 52 59.00 ]41 58 24.7 5387 26 Ab
02 53 00.70 ]41 06 27.0 9178 72 Em
02 53 00.70 ]42 06 24.6 46141 58 Ab
02 53 00.80 ]40 50 23.6 9154 32 Em
02 53 03.13 ]42 00 43.9 76865 72 Ab
02 53 03.50 ]41 17 25.8 14376 68 Em
02 53 03.77 ]42 51 12.2 9466 67 Em
02 53 03.86 ]41 42 00.6 523 82 Em
02 53 05.60 ]41 19 39.3 56881 55 Ab
02 53 05.61 ]41 04 27.9 4936 24 Ab
02 53 06.31 ]42 12 08.0 19684 45 Ab
02 53 07.00 ]41 12 37.9 15993 69 Em
02 53 07.62 ]42 02 41.6 18748 67 Em
02 53 07.70 ]41 25 03.7 5613 32 Ab
02 53 10.26 ]41 47 08.9 18947 83 Em
02 53 10.74 ]41 36 29.8 51527 63 Ab
02 53 11.62 ]41 33 42.6 50888 46 Ab
02 53 13.08 ]41 34 28.7 50600 61 Ab
02 53 13.59 ]42 55 44.2 19562 36 Ab
02 53 14.10 ]41 45 21.6 50734 45 Ab
02 53 16.05 ]42 01 43.1 23527 75 Ab
02 53 16.20 ]41 29 11.8 5262 26 Ab
02 53 16.24 ]41 27 22.7 23987 45 Ab
02 53 16.80 ]41 27 58.2 23927 38 Ab
02 53 17.18 ]41 20 56.7 3703 80 Em
02 53 18.52 ]41 25 56.4 23822 74 Em
02 53 20.75 ]41 56 48.3 5440 37 Ab
02 53 20.93 ]41 23 52.2 26527 32 Ab
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TABLE 1ÈContinued

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 53 20.93 ]42 34 58.0 19312 31 Ab
02 53 22.03 ]43 11 28.7 15598 68 Em
02 53 25.20 ]42 08 01.5 68016 80 Em
02 53 25.54 ]42 39 31.8 19693 19 Em
02 53 26.28 ]41 56 35.2 5338 44 Ab
02 53 27.81 ]41 26 32.6 23640 68 Em
02 53 27.90 ]40 42 25.1 18364 36 Em
02 53 29.00 ]42 05 06.4 41114 44 Em
02 53 30.00 ]41 39 03.4 4840 32 Ab
02 53 34.01 ]43 00 17.5 23252 66 Em
02 53 34.60 ]41 53 08.1 7298 66 Em
02 53 36.30 ]42 18 13.7 6599 67 Em
02 53 40.00 ]42 01 00.5 41059 51 Ab
02 53 40.20 ]41 43 31.1 6290 28 Ab
02 53 42.47 ]41 58 21.0 60996 121 Ab
02 53 44.10 ]41 27 15.1 4010 32 Ab
02 53 47.10 ]41 32 49.1 5161 31 Ab
02 53 50.00 ]41 27 18.4 4616 44 Ab
02 53 51.30 ]41 43 38.2 5256 18 Ab
02 53 51.80 ]41 55 42.8 56190 77 Em
02 53 52.85 ]41 48 42.2 39792 42 Ab
02 53 53.56 ]41 52 40.1 41957 63 Ab
02 53 54.50 ]41 40 25.6 5561 49 Ab
02 53 56.13 ]41 10 06.8 39013 46 Ab
02 53 57.13 ]42 57 39.2 18221 67 Em
02 53 59.50 ]41 47 35.1 6324 23 Ab
02 54 03.19 ]42 13 03.4 19372 72 Em
02 54 03.46 ]41 33 29.0 6107 50 Ab
02 54 05.72 ]41 57 44.9 4331 43 Ab
02 54 05.74 ]41 31 04.5 16986 82 Em
02 54 06.70 ]42 01 14.8 17173 26 Em
02 54 08.93 ]42 04 04.1 45918 77 Em
02 54 11.80 ]40 58 46.4 9175 71 Ab
02 54 11.97 ]42 32 51.5 14978 67 Em
02 54 12.28 ]41 51 17.2 41741 53 Ab
02 54 14.80 ]41 23 00.0 6413 17 Ab
02 54 16.40 ]41 39 38.4 5150 30 Ab
02 54 16.53 ]42 43 33.3 6357 66 Em
02 54 16.98 ]41 34 52.3 5477 55 Ab
02 54 18.43 ]42 12 26.8 51290 65 Ab
02 54 23.17 ]42 08 03.3 23435 72 Em
02 54 23.43 ]41 34 25.3 [46 16 star
02 54 23.84 ]41 31 21.2 50504 61 Ab
02 54 24.12 ]41 34 31.6 [142 48 star
02 54 24.40 ]41 36 19.4 6129 26 Ab
02 54 24.66 ]41 34 37.4 [122 16 star
02 54 25.30 ]41 34 35.9 5085 16 Ab
02 54 26.21 ]42 39 00.8 2193 67 Em
02 54 26.85 ]41 39 19.3 5700 11 Ab
02 54 26.90 ]41 39 19.6 [1 0 star
02 54 27.40 ]41 30 47.3 4827 73 Ab
02 54 27.50 ]41 34 42.5 5288 71 Ab
02 54 27.92 ]41 32 23.6 50077 35 Ab
02 54 28.56 ]41 35 58.0 5272 41 Ab
02 54 28.57 ]41 26 55.9 4905 22 Ab
02 54 29.04 ]41 10 07.6 4528 39 Ab
02 54 29.15 ]41 50 35.3 50943 89 Em
02 54 30.37 ]41 56 32.8 41025 91 Em
02 54 30.40 ]41 36 36.2 6230 24 Ab
02 54 31.52 ]41 25 04.5 24013 74 Em
02 54 32.20 ]41 26 11.9 19755 41 Ab
02 54 32.40 ]42 23 41.2 23731 38 Em
02 54 33.30 ]41 23 48.3 19365 55 Ab
02 54 34.01 ]41 33 31.3 5351 17 Ab
02 54 34.19 ]41 59 17.4 40644 88 Ab
02 54 36.00 ]41 53 25.0 5407 22 Ab

TABLE 1ÈContinued

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 54 38.30 ]41 35 18.1 5645 26 Ab
02 54 39.25 ]42 09 36.9 6101 16 Ab
02 54 40.00 ]41 34 31.1 5006 39 Ab
02 54 41.40 ]41 33 49.3 5291 45 Ab
02 54 43.18 ]41 49 50.8 50221 85 Em
02 54 43.66 ]41 24 48.6 56323 50 Ab
02 54 44.00 ]41 39 18.0 5372 25 Ab
02 54 44.10 ]41 52 08.8 5974 24 Ab
02 54 44.60 ]41 31 41.4 4450 22 Ab
02 54 45.71 ]41 46 53.2 45951 57 Ab
02 54 47.60 ]41 18 50.0 5904 40 Ab
02 54 48.10 ]41 24 34.0 5622 16 Ab
02 54 49.80 ]41 37 25.4 5994 38 Ab
02 54 51.64 ]40 58 14.7 71647 54 Ab
02 54 54.14 ]43 09 26.1 9138 67 Em
02 54 54.67 ]41 23 20.0 56455 51 Ab
02 54 55.13 ]41 30 48.0 72 33 star
02 54 55.30 ]41 24 15.4 5423 42 Ab
02 54 55.83 ]41 10 49.7 18262 72 Em
02 54 56.30 ]41 29 46.8 4615 41 Ab
02 54 56.31 ]42 53 33.7 19512 28 Ab
02 54 57.02 ]41 07 31.9 37226 49 Ab
02 54 59.86 ]42 11 06.0 51347 38 Ab
02 54 59.90 ]41 36 56.1 4990 68 Em
02 55 00.36 ]41 48 22.4 45742 45 Ab
02 55 00.60 ]41 19 53.3 19842 60 Em
02 55 00.60 ]42 08 32.0 5613 26 Ab
02 55 01.80 ]41 26 51.3 4918 51 Ab
02 55 02.00 ]41 31 30.4 5781 22 Ab
02 55 02.13 ]41 03 49.5 4556 41 Ab
02 55 02.40 ]41 36 24.1 4175 18 Ab
02 55 04.80 ]42 15 45.8 5223 23 Ab
02 55 05.53 ]41 38 28.9 5377 32 Ab
02 55 06.00 ]41 44 00.4 5926 53 Ab
02 55 08.20 ]41 29 17.1 4917 40 Ab
02 55 09.88 ]42 48 07.4 9327 67 Em
02 55 14.10 ]41 24 30.7 19663 32 Em
02 55 14.10 ]41 47 29.8 5797 52 Ab
02 55 14.56 ]41 41 53.4 18497 25 Ab
02 55 16.60 ]41 20 20.5 5324 31 Ab
02 55 16.81 ]42 01 59.6 69098 58 Ab
02 55 17.33 ]41 34 49.0 5177 24 Ab
02 55 18.67 ]41 44 06.2 49876 60 Ab
02 55 19.01 ]41 34 28.0 5411 21 Ab
02 55 19.80 ]40 43 54.9 83 64 star
02 55 20.97 ]41 38 33.9 4742 38 Ab
02 55 23.70 ]41 36 12.8 18501 37 Ab
02 55 25.06 ]41 38 00.2 18457 36 Ab
02 55 26.38 ]41 04 45.5 51196 59 Ab
02 55 27.10 ]41 48 22.7 14 50 star
02 55 27.45 ]41 20 24.1 62316 103 Ab
02 55 28.58 ]41 44 41.0 5685 18 Ab
02 55 28.91 ]42 02 33.3 36981 44 Ab
02 55 32.50 ]41 29 53.3 5735 49 Ab
02 55 33.72 ]41 35 37.0 51213 76 Ab
02 55 35.06 ]41 53 33.5 51539 39 Ab
02 55 36.24 ]43 03 29.7 6268 19 Em
02 55 36.74 ]41 51 33.5 31897 460 Ab
02 55 37.50 ]42 02 05.6 37082 31 Em
02 55 37.70 ]41 47 07.4 18749 54 Em
02 55 38.48 ]41 27 58.4 5600 63 Ab
02 55 38.61 ]41 20 30.4 18284 89 Em
02 55 39.15 ]41 42 24.1 51553 28 Ab
02 55 40.27 ]41 01 51.5 19631 45 Ab
02 55 41.14 ]41 48 39.9 51262 45 Ab
02 55 41.21 ]42 02 11.1 50798 71 Ab
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cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 55 43.55 ]41 28 37.7 5538 66 Ab
02 55 44.03 ]41 07 48.0 5559 17 Ab
02 55 44.13 ]41 36 51.3 14355 14 Ab
02 55 45.41 ]43 15 16.3 8 22 star
02 55 47.43 ]41 15 39.9 56471 72 Em
02 55 47.67 ]41 56 12.3 76 48 star
02 55 48.00 ]41 59 20.1 4423 23 Ab
02 55 48.77 ]42 32 47.6 17932 21 Em
02 55 49.90 ]41 56 52.4 4385 70 Em
02 55 49.95 ]42 09 42.5 46317 77 Ab
02 55 51.80 ]41 32 39.0 4224 77 Ab
02 55 52.63 ]42 01 14.4 18715 43 Ab
02 55 52.80 ]40 49 05.6 5727 31 Ab
02 55 53.04 ]41 32 36.3 18051 71 Em
02 55 53.41 ]41 24 41.7 51032 47 Ab
02 55 54.00 ]41 44 37.6 4317 94 Ab
02 55 55.30 ]41 34 58.1 4748 27 Ab
02 55 56.33 ]41 13 23.2 18963 108 Ab
02 55 58.18 ]41 20 20.1 51029 52 Ab
02 55 58.70 ]42 01 03.2 104 31 star
02 55 58.97 ]41 03 20.1 19599 22 Ab
02 55 59.20 ]41 36 10.4 5957 67 Ab
02 55 59.69 ]41 17 06.0 50973 40 Ab
02 56 01.43 ]40 59 56.0 57226 40 Ab
02 56 04.61 ]41 38 08.7 4466 29 Ab
02 56 05.76 ]39 59 38.8 8964 66 Em
02 56 06.29 ]41 05 14.3 19563 45 Ab
02 56 07.40 ]41 37 51.1 5948 26 Ab
02 56 08.90 ]42 00 24.3 50871 55 Ab
02 56 14.40 ]42 09 10.6 46092 70 Ab
02 56 14.82 ]41 38 50.8 5234 59 Ab
02 56 14.86 ]41 03 20.0 50899 79 Ab
02 56 15.51 ]41 52 40.8 15880 68 Em
02 56 16.52 ]41 15 40.9 20033 28 Ab
02 56 22.47 ]41 54 34.8 32392 26 Ab
02 56 23.69 ]41 02 55.6 16493 66 Em
02 56 24.38 ]41 33 47.5 39974 93 Ab
02 56 26.70 ]41 07 59.1 5092 41 Ab
02 56 30.10 ]42 16 35.9 5882 53 Ab
02 56 30.82 ]41 35 54.4 18792 46 Ab
02 56 32.60 ]41 00 44.3 5596 18 Ab
02 56 32.93 ]41 52 01.9 15876 66 Em
02 56 33.46 ]41 07 13.8 51355 77 Em
02 56 36.48 ]43 02 50.3 2372 25 Ab
02 56 36.51 ]41 30 32.1 50290 62 Ab
02 56 37.40 ]41 47 23.5 18766 56 Em
02 56 37.70 ]41 34 58.7 18585 26 Ab
02 56 37.77 ]41 40 38.0 58504 63 Ab
02 56 38.24 ]41 45 54.2 8715 65 Em
02 56 38.43 ]41 13 05.6 16574 38 Em
02 56 38.60 ]41 19 59.8 4633 10 Ab
02 56 39.21 ]41 06 41.4 19470 42 Ab
02 56 42.25 ]41 42 41.4 18499 30 Ab
02 56 42.43 ]41 36 15.3 18582 82 Ab
02 56 43.03 ]41 13 24.3 18617 23 Ab
02 56 44.10 ]41 52 49.9 14422 65 Em
02 56 44.84 ]41 41 03.5 18498 33 Ab
02 56 45.10 ]41 35 04.9 18747 23 Ab
02 56 45.92 ]41 46 36.2 18272 32 Ab
02 56 46.12 ]41 46 28.8 18465 39 Em
02 56 48.92 ]41 46 00.3 18968 44 Ab
02 56 50.26 ]41 26 53.8 5206 82 Em
02 56 50.35 ]41 31 01.6 18931 26 Ab
02 56 51.41 ]41 15 47.8 88324 55 Ab
02 56 53.87 ]41 56 57.6 62482 97 Ab
02 56 53.90 ]41 39 33.2 5374 45 Ab

TABLE 1ÈContinued

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

02 56 54.26 ]40 59 32.4 16341 65 Em
02 56 54.39 ]41 40 42.2 18664 26 Ab
02 56 54.63 ]41 27 36.7 51002 58 Ab
02 56 54.72 ]41 23 43.3 5594 60 Ab
02 56 55.08 ]41 34 12.7 18678 42 Ab
02 56 56.03 ]41 20 49.5 5153 40 Ab
02 56 56.20 ]41 58 41.9 5331 16 Ab
02 56 56.40 ]40 48 14.4 14424 66 Em
02 56 57.87 ]41 51 29.7 18812 20 Ab
02 57 06.31 ]41 53 59.0 16788 20 Em
02 57 08.46 ]42 11 22.7 18937 16 Em
02 57 08.97 ]41 31 00.2 6334 30 Ab
02 57 09.20 ]40 59 59.7 37421 45 Ab
02 57 09.85 ]41 03 39.4 5022 66 Em
02 57 15.70 ]41 22 50.4 39 34 star
02 57 17.88 ]41 21 10.5 37523 67 Em
02 57 19.20 ]41 43 33.3 18789 53 Em
02 57 22.00 ]41 56 19.5 4439 20 Ab
02 57 24.61 ]41 43 57.0 50869 60 Ab
02 57 24.65 ]41 25 57.4 16165 67 Em
02 57 27.12 ]41 42 27.2 10758 65 Em
02 57 30.02 ]41 21 13.7 51431 60 Ab
02 57 30.95 ]41 37 56.6 50194 40 Ab
02 57 30.97 ]41 37 49.3 4498 42 Ab
02 57 32.17 ]41 39 39.9 50407 49 Ab
02 57 33.50 ]41 30 57.9 4943 21 Ab
02 57 34.11 ]41 43 38.5 50311 38 Ab
02 57 36.79 ]41 32 56.9 5121 22 Ab
02 57 36.87 ]42 00 47.7 19284 41 Em
02 57 36.92 ]41 45 23.8 19258 53 Ab
02 57 36.98 ]41 08 03.3 16551 65 Em
02 57 37.26 ]41 33 27.6 51404 60 Ab
02 57 37.50 ]42 00 31.7 31976 41 Em
02 57 37.83 ]41 36 58.2 49773 78 Ab
02 57 38.84 ]41 36 20.7 49773 68 Em
02 57 39.17 ]41 33 12.3 51227 35 Ab
02 57 40.91 ]41 45 31.0 50381 57 Ab
02 57 41.30 ]41 14 21.1 50703 47 Ab
02 57 41.56 ]41 56 26.5 11585 17 Ab
02 57 42.00 ]41 04 21.8 69780 47 Ab
02 57 42.40 ]41 32 51.5 51406 102 Ab
02 57 42.62 ]43 12 26.0 15532 35 Ab
02 57 42.66 ]41 12 38.8 37417 43 Ab
02 57 46.49 ]41 55 22.2 19262 15 Em
02 57 47.57 ]41 56 21.2 24168 24 Ab
02 57 48.02 ]41 01 53.0 37565 65 Ab
02 57 57.22 ]42 46 05.9 5338 35 Ab
02 58 11.85 ]42 55 28.0 5417 44 Ab
02 58 12.40 ]41 42 11.9 5658 26 Ab
02 58 17.60 ]42 06 59.8 16253 27 Ab
02 58 21.90 ]41 57 12.6 18762 72 Em
02 58 31.50 ]40 51 39.1 9048 38 Ab
02 58 37.60 ]40 52 06.4 9088 28 Ab
02 58 49.80 ]41 57 12.6 18536 45 Ab
02 58 54.10 ]40 44 57.7 9038 15 Em
02 58 58.80 ]41 17 17.5 5065 25 Ab
02 59 00.52 ]42 47 29.3 17063 67 Em
02 59 01.10 ]42 20 45.5 4954 22 Ab
02 59 15.30 ]42 21 54.1 19054 42 Em
02 59 17.23 ]42 54 13.7 8508 20 Em
02 59 19.30 ]42 01 13.9 16536 68 Em
02 59 32.20 ]41 22 32.8 5753 20 Ab
02 59 41.10 ]41 34 54.8 4956 28 Ab
02 59 53.36 ]41 32 43.8 5625 23 Ab
03 00 00.77 ]42 14 40.0 10252 20 Em
03 00 10.57 ]42 58 17.1 17588 21 Em
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TABLE 1ÈContinued

cz p
cza2000 d2000 (km s~1) (km s~1) Spectral Type

03 00 37.50 ]40 15 05.1 1931 67 Em
03 00 39.77 ]40 52 45.0 5522 67 Em
03 00 40.99 ]42 22 06.6 6013 25 Ab
03 00 54.87 ]41 42 21.0 4911 32 Ab
03 00 58.05 ]43 00 49.9 5025 25 Ab
03 00 59.45 ]43 01 03.5 4828 22 Ab
03 01 01.77 ]41 21 32.2 18819 31 Ab
03 01 02.19 ]41 22 03.7 18934 30 Ab
03 01 09.95 ]41 23 47.5 3738 66 Em
03 01 12.67 ]41 43 02.8 5741 25 Em
03 01 25.79 ]42 52 20.4 23676 29 Ab
03 01 34.68 ]41 29 14.8 18374 31 Ab
03 01 48.66 ]42 55 57.2 5152 66 Em
03 01 49.86 ]42 38 31.2 4266 15 Em
03 01 50.00 ]41 28 10.4 18569 36 Ab
03 01 59.78 ]40 45 25.6 16086 16 Em
03 01 59.86 ]42 35 05.8 4246 68 Em
03 02 01.88 ]42 10 23.9 18449 27 Em
03 02 06.73 ]41 35 36.6 9135 32 Ab
03 02 19.90 ]40 54 00.3 4703 98 Ab
03 02 20.07 ]41 59 05.4 6736 25 Ab
03 02 31.26 ]42 12 53.8 30 28 star
03 02 35.14 ]41 47 54.2 18786 46 Ab
03 02 38.69 ]42 06 02.0 18905 68 Em
03 02 44.32 ]41 37 30.6 4976 30 Ab
03 02 49.28 ]40 58 16.0 4851 54 Ab
03 03 04.69 ]40 58 40.6 15988 31 Em
03 03 12.83 ]40 48 36.6 [24 27 star
03 03 30.86 ]41 36 23.3 4797 28 Ab
03 03 36.80 ]41 09 56.8 4871 21 Ab
03 03 37.36 ]41 03 36.9 15883 67 Em
03 03 46.65 ]42 15 44.0 19149 29 Ab

NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and
units of declination are degrees, arcminutes, and arcseconds. a and d
(J2000), redshift, error in redshift, and spectral type (Ab/Em) for all targets
with measured redshifts. Some objects are stars ; these are Ñagged in the
Ðfth column.

the same object observed under di†erent conÐgurations.
Only 22 of these are cluster members. The Hydra targets are
all within the central of the cluster.1¡.4 ] 1¡.4

The magnitude completeness of the Hydra sample is
complicated. Not only were we unable to measure a redshift
for every target, but the original target list itself did not
include every galaxy (up to some limit) in a magnitude-
ordered list because of physical constraints in allocating
Ðbers to objects. Moreover, the initial magnitude ranking
was not by total galaxy luminosity but rather by luminosity
within the central 3A subtended by the Ðbers. We will
discuss the photometry and luminosity function of AWM 7
in a later paper ; here, we are interested primarily in the
kinematics of the cluster and the incompleteness is not a
limitation on the analysis.

3. DATA REDUCTION

We reduced all spectra using the XCSAO task of the
RVSAO package in IRAF (Kurtz & Mink 1998). XCSAO
measures redshifts by cross-correlating the observed spectra
against a suite of template spectra. The quality of the match
is measured by the parameter R, an estimate of the ratio of
the highest peak to the average noise peak in the correlation
function. The template spectra are themselves empirically
derived from an archive of FAST observations and are thus

strictly speaking directly applicable only to other FAST
spectra. For the FAST velocities, the instrumental velocity
o†set with respect to the night sky lines is less than 10 km
s~1 and is indistinguishable from zero (Kurtz & Mink
1998). We have found that the FAST template spectra are
reliable also for the MMT and Hydra spectra ; for those
objects observed with several spectrographs, the redshifts
derived from the separate spectra all agree to within the
errors.

Many of the Hydra spectra have very low signal-to-noise
ratios. We assess the robustness of the redshifts as follows :
for each object, we construct all 2N [ 1 possible (nonzero)
combinations of spectra from the N individual exposures. N
is 4 or 5 for most objects, and 8, 9, or 10 for objects observed
in two conÐgurations. For the few objects observed in three
conÐgurations, with N as large as 13, we examine only a
subset of the 8191 possible combinations. We measure the
redshift independently from each of these combined spectra.
We accept a redshift for a target only if the following criteria
all hold : (1) the R value increases with the number of indi-
vidual spectra contained in the combined spectrum; (2) the
velocity of the combined spectra stabilizes as the number of
constituent individual spectra increases ; and (3) the best
combined spectrum has an R value [3.

The comparatively narrow spectral range of the Hydra
observations means that Ha is shifted o† the edge of the
detector for km s~1. Cross-correlating emissioncz Z 20,000
line galaxies at these redshifts with the standard emission-
line template results in a spurious redshift because the
strongest remaining line in the spectrum is usually Ðt to Ha.
We solved this problem by constructing a new template
that di†ers from the standard emission-line template only
by the absence of the Ha-nitrogen complex and the jj6717,
6731 sulfur lines.

We add an extra term of 65 km s~1 in quadrature to the
errors of velocities determined from emission-line templates
because the line-emitting region may be o†set in velocity
from the systemic velocity of the galaxy (Kurtz & Mink
1998).

Emission-line galaxies preferentially yield redshifts
because an emission-line galaxy can be robustly matched to
an emission template even when the signal-to-noise ratio in
the continuum is too low for a believable correlation with
an absorption template. Thus, the completeness limit for
emission-line galaxies is e†ectively fainter than for galaxies
with no emission. The Hydra conÐguration observed
through cirrus yielded few redshifts, resulting in a brighter
e†ective magnitude limit ; this e†ect is minor because there
is considerable overlap on the sky among the four conÐgu-
rations.

3.1. Spectral ClassiÐcation
We divide our spectra into two broad classes, emission

(Em) and absorption (Ab), based on the presence or absence
of Ha in the spectrum. Ha is ““ present ÏÏ if its equivalent
width exceeds 5 The robustness of this criterion is clearlyA� .
a function of the signal-to-noise ratio of the spectrum; gal-
axies with low signal or with intrinsically weak Ha emission
may be misclassiÐed as absorption-line galaxies if the Ha
peak does not rise appreciably above the noise. The misclas-
siÐcation is all in one direction : although some emission
line galaxies may be misclassiÐed as absorption, no
absorption-line galaxy will be mistakenly classiÐed as
having emission.
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FIG. 1.ÈUpper panel : Velocity histogram of all observed targets. L ower
panel : Velocity histogram of cluster members. The solid histogram denotes
the entire sample (both Em and Ab galaxies) ; the hatched histogram
denotes Em galaxies only. The dotted vertical rule indicates the mean
redshift of the Ab galaxies ; the solid vertical dash over the histogram
indicates the redshift (and error) of the central cD galaxy.

4. THE DATA

Figure 1 (upper panel) shows the velocity distribution of
all the observed galaxies. The cluster AWM 7, deÐned as in
Koranyi et al. (1998) to consist of galaxies with redshifts in
the range 2500È7500 km s~1, is cleanly and unambiguously
distinguished from the background. The lower panel shows
the velocity histogram of the cluster galaxies only ; the solid
histogram indicates the distribution of the entire sample,
and the hatched histogram indicates the Em galaxies alone.
Our cluster sample consists of 179 galaxies ; we classify 42 as
Em and 137 as Ab. A Kolmogorov-Smirnov test indicates
that the probability of the Em and Ab samples being so
discrepant if drawn from the same distribution is small

we conclude that the underlying dis-(P
D;Dobs

\ 0.0004) ;
tributions are di†erent at the D4 p conÐdence level.

We compute the mean velocity and dispersion for the
di†erent galaxy populations following the prescription of
Danese, De Zotti, & di Tullio (1980) ; the results are in Table
2. The Em galaxies have a much larger dispersion (D1100
km s~1 vs. D600 km s~1) and are systematically o†set in
redshift by D400 km s~1 from the Ab population (4800 km

s~1 vs. 5200 km s~1). The extrema of the Em galaxiesÏ
velocity histogram are almost equidistant from the Ab
mean velocity, but near 3800 km s~1 there is an excess of
Em galaxies above the otherwise almost uniform distribu-
tion ; this excess decreases the mean redshift. Neither the 17
Em galaxies with 3500 km s~1\ cz\ 4500 km s~1 nor the
12 with 3700 km s~1\ cz\ 4300 km s~1 evince any strong
clustering on the sky. Absent independent distance mea-
surements to these galaxies, it is difficult to determine
whether they are foreground interlopers or whether the
cluster Em galaxy population is indeed o†set in velocity.

The cD galaxy near the cluster center, NGC 1129, has a
redshift of 5288 ^ 71 km s~1, which, within the errors, is at
rest with respect to the absorption-line galaxy population.
The peak of the ROSAT PSPC hard X-ray emission map,
deÐned as the center of the pixel containing the greatest
Ñux, is 6A from the nominal position of NGC 1129. We
therefore adopt its position, (a, d)J2000 \ (02h54m27s.50,

as the center of the cluster.]41¡34@42A.50),
Figure 2 shows the distribution of galaxies with measured

redshifts on the sky. Open circles and Ðlled triangles denote
Ab and Em galaxies in the cluster, respectively ; crosses
denote foreground or background galaxies. We do not plot
targets for which we were unable to measure a redshift. The
enhancement in the surface number density near the center
of the cluster is due to the fainter magnitude limit reached
by the MMT and Hydra observations ; most Hydra targets
turned out to be background sources.

The Em galaxies are distributed much more uniformly on
the sky than the Ab galaxies ; the projected surface density
of the Ab galaxies increases strongly toward the center, but
the Em galaxies show no such enhancement. A two-
dimensional Kolmogorov-Smirnov test (Press et al. 1992)
indicates that the probability of drawing two such discrep-
ant samples from the same underlying distribution is less
than 5 ] 10~5. The distribution of Ab galaxies is strongly
Ñattened ; there is a pronounced elongation in the east-west
direction.

The X-ray emission from AWM 7 is similarly elongated ;
Mohr et al. (1995) compute an axial ratio of 0.665 ^ 0.089
at a position angle of [83¡ ^ 7¡ from the X-ray Ñux within

of the cluster center, in perfect agreement with the value7@.5
of 0.67 computed by DellÏAntonio, Geller, & Fabricant
(1995) for an isothermal ellipsoid model density distribu-
tion. Mohr et al. (1995) report X-ray ellipticities for 58 clus-
ters ; AWM 7 is more Ñattened than both the mean and
median clusters, but there are 10 clusters that are more
Ñattened still. In our case it is difficult to measure the Ñat-
tening quantitatively from our optical sample for compari-
son with the X-ray results because the completeness limit
varies across our survey.

TABLE 2

VELOCITY DISTRIBUTION

cz p
cz

p
p

p200
Sample Ngal (km s~1) (km s~1) (km s~1) (km s~1)

Em] Ab . . . . . . 179 5186.2 54.3 727.0~35.8`41.9 . . .
Em . . . . . . . . . . . . . 42 4821.5 168.0 1088.8~103.0`143.4 . . .
Ab137 . . . . . . . . . . 137 5247.6 49.0 573.7~32.0`38.3 601.5~37.6`46.1
Ab135 . . . . . . . . . . 135 5256.6 46.7 542.9~30.5`36.6 578.1~36.3`44.5

NOTE.ÈVelocity dispersions are computed from galaxies within 1.72 h~1 Mpc of
the cluster center for Ab samples, and within 1.80 h~1 Mpc for Em and Em]Ab
samples. is the projected velocity dispersion within (° 5.1).p200 r200
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FIG. 2.ÈPosition on the sky of all objects with measured redshifts.
Note the denser sampling at the center, in the region covered by the Hydra
and MMT observations. Crosses denote foreground and background
objects. Open circles denote Ab galaxies in the cluster. Filled triangles
denote Em galaxies in the cluster. Coordinate axes are in decimal degrees.

Redshifts of cluster galaxies plotted against distance from
the cluster center deÐne a trumpet-shaped locus delimited
by caustics (Kaiser 1987). Galaxies inside the caustics are
bound to the cluster ; those outside are unbound. We con-
struct such a plot in Figure 3 (top panel) ; again, squares are
Ab galaxies and triangles are Em galaxies. Although one
can discern by eye where the caustics probably lie, they are
in practice poorly deÐned. Their accurate determination
requires many more galaxies than our sample contains
(Diaferio 1999 ; Diaferio & Geller 1997 ; Geller et al. 1999).

From the velocity histograms and the position-velocity
diagrams, it is clear that the Em and Ab galaxies are not
equivalent tracers of the cluster mass. A friends-of-friends
algorithm (Huchra & Geller 1982) for Ðnding substructure
suggests that many of the Em galaxies are contained in
smaller subgroups distinct from the main cluster (not
shown) ; these may be accreting onto the cluster now and,
not yet being virialized, do not follow the dark matter dis-
tribution as closely as the Ab galaxies. There is considerable
radial segregation of Ab and Em galaxies ; the radial dis-
tribution of Em galaxies is more uniform and has a greater
mean and median distance from the cluster center than that
of the Ab galaxies. This behavior is observed in other clus-
ters (Mohr et al. 1996 ; Adami, Biviano, & Mazure 1998), in
groups (Mahdavi et al. 1999), and in the Ðeld as the
morphology-density relation (Dressler 1980). Moreover, the
velocity dispersion of the Em galaxies remains large with
increasing radius while that of the Ab galaxies declines (see
° 5). These considerations suggest that the Em galaxies are
not virialized tracers of the underlying dark matter distribu-
tion. Because our goal is an accurate determination of the
mass proÐle, we exclude the Em galaxies from further
analysis, following Mohr et al. (1996). We will revisit the
issue of substructure in and around AWM 7 and other poor
clusters in a subsequent paper.

FIG. 3.ÈT op panel : Velocity as a function of projected distance from
the cluster center. Ab galaxies are Ðlled squares, Em galaxies are open
triangles. The two outliers are circled. Middle panel : Velocity dispersion
proÐle for the 137 Ab galaxies in the cluster sample. Every 11th point is
independent and is shown with 1 p error bars. The horizontal rule indicates
these galaxiesÏ overall dispersion of 574 km s~1. Bottom panel : Same as
middle panel, but with two outliers removed. Horizontal rule is now at 543
km s~1.

Figure 3 (middle panel) shows the velocity dispersion
proÐle constructed only from the Ab galaxies. We sort the
galaxies by distance from the cluster center, then evaluate
the velocity dispersion in a sliding bin containing 11 gal-
axies ; we plot the dispersion as a function of the mean
distance to the galaxies in the bin. Neighboring points are
strongly correlated, as they share 10 of their 11 galaxies ;
every 11th point (distinguished by error bars) is independent.

Two large excursions from the overall trend dominate the
proÐle. Two outlier galaxies, one at projected distance
RD 0.7 h~1 Mpc and low velocity, the other at RD 1.4 h~1
Mpc and high velocity (circled in the top panel of the Ðgure)
produce these excursions. It is clear that these two galaxies
are responsible because the number of data points in each
excursion equals the width of the sliding bin used to
compute the proÐle. We therefore deÐne a subset of the Ab
sample, excluding these two galaxies. We shallAb135,
henceforth refer to the entire sample of 137 Ab galaxies as

The velocity dispersion proÐle for appears inAb137. Ab135the lower panel ; the overall dispersion of these 135 galaxies
is km s~1 within R\ 1.7 h~1 Mpc. After some543~31`37
Ñuctuations near the core, the proÐle becomes smooth and
shows the characteristic declining proÐle seen in poor
groups by Mahdavi et al. (1999) and in some N-body simu-
lations (e.g., Crone, Evrard, & Richstone 1994). The decline
in dispersion at small radii matches that of the ““ type C ÏÏ
clusters of Girardi et al. (1998). We revisit the issue of the
cold core in ° 6.

5. MASS PROFILE

We compute the mass proÐle of AWM 7 in two largely
independent ways. First, we assume that the mass proÐle
follows the functional form predicted by the hierarchical
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clustering simulations of Navarro et al. (1995, 1996, 1997).
This model has two parameters, which we derive separately
from the observations under the assumption that the Ab
galaxies are virialized and that they trace the dark matter
distribution. While this is a restrictive assumption, there is
growing evidence that the NFW proÐle is applicable
beyond the hierarchical clustering regime in which it was
proposed. Huss, Jain, & Steinmetz (1999) Ðnd from high-
resolution N-body simulations that virialized dark matter
halos with di†erent formation histories nevertheless evince
similar density and velocity dispersion proÐles, and that this
““ universal ÏÏ density proÐle is well described by the func-
tional form of the NFW model. The collapse history of the
cluster seems immaterial in determining the ultimate cluster
proÐle. More concretely, Geller et al. (1999) show that this
proÐle describes the Coma cluster well for h~1 Mpc.R[ 10
For comparison, we also Ðt a nonsingular isothermal sphere
to AWM 7.

We also compute the mass proÐle from the virial theorem
alone. At small radii, this method gives incorrect results if
not corrected for the exclusion of the outer cluster regions
from the computation. The mass proÐle can be corrected
with a surface term, which depends on both the mass and
velocity dispersion proÐles. These last two proÐles are
linked to the velocity anisotropy proÐle through the Jeans
equation (e.g., Binney & Tremaine 1987), but the data are
insufficient to constrain the problem completely. Usually
one makes some assumptions about one or more of the
proÐles and solves for the others (e.g., Binney & Mamon
1982 ; The & White 1986 ; Binney & Tremaine 1987 ; Girardi
et al. 1998). Here, we make these assumptions only for the
computation of the surface term correction to the virial
mass estimator.

5.1. T he NFW model
5.1.1. Description

The spherically symmetric NFW density distribution is

o(r)\ d
c
o
c

(r/r
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)(1] r/r
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)2 , (1)

resulting in the enclosed mass proÐle
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where is the critical density of the universe and ando
c

d
c

r
care the two parameters of the model, corresponding to the

overall normalization and the core radius, respectively. The
radial scale in the context of cluster simulations is often
quoted in units of the radius where the mean clusterr200,
density has dropped to NFW claim, on the basis of200o

c
.

numerical experiments, that this radius approximately
separates the virialized and infall regions (see also Cole &
Lacey 1996). NFW deÐne the ““ concentration parameter ÏÏ

A low value of c arises if the core radius isc\ r200/rc.comparable with the overall extent of the cluster, that is, if
the mass proÐle is not very concentrated toward the center.
NFW demonstrate that more massive clusters are less con-
centrated, with the concentration parameter related to the
overall normalization by

d
c
\ 200

3
c3

log (1 ] c)[ c/(1 ] c)
. (3)

Because the enclosed mass of the NFW proÐle diverges
logarithmically, it is customary to quote M200 4

as the cluster mass.200o
c
(4n/3)r2003

5.1.2. Fitting the NFW Model

We can derive observationally from the distribution ofr
cprojected radii of cluster galaxies. The projected surface

number density of galaxies in the NFW model is given by

&(R3 ) P
1 [ X(R3 )
r
c
2(R3 2[ 1)

, (4)

where is the projected radius in units of the coreR3 \R/r
cradius, and

X(R3 ) \ 4
5
6
0
0

(1[ R3 2)~1@2 sech~1 R3 , if R3 \ 1 ,
(R3 2[ 1)~1@2 sec~1 R3 , if R3 º 1 .

(5)

Given the distribution of projected radii in our sample, we
Ðt with a maximum-likelihood technique by Ðnding ther

cvalue of that maximizes the probabilityr
c

L\ <
i

C R3
i
&(R3

i
)

/0R3 max(rc) R3 &(R3 ) dR3
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of observing that particular distribution of projected radii,
where is a weight assigned to each galaxy to account forw

ithe nonuniform magnitude limit of our survey. We assign
each galaxy one of two possible weights as follows : galaxies
within the central 0.51 h~1 Mpc of the survey, where it is
97% complete to have w\ 1.00 ; galaxies withm

R
\ 17.2,

h~1 Mpc, where the survey is complete toR
i
[ 0.51 m

R
\

15.5, have w\ 1.95, where 1.95 is the ratio of the number of
galaxies with to the number withm

R
\ 17.2 m

R
\ 15.5

within 0.51 h~1 Mpc of the cluster center. This correction
assumes that the luminosity function is the same in the core
as in the outskirts of the cluster. We exclude galaxies fainter
than within 0.51 h~1 Mpc and fainter thanm

R
\ 17.2 m

R
\

15.5 otherwise from the Ðt ; there remain 53 galaxies with
R\ 0.51 h~1 Mpc and 70 with Rº 0.51 h~1 Mpc. Both
outliers remain in the sample. The denominator in equation
(6) serves to normalize the intrinsic probability of observing
a particular galaxy i at projected radius (expressed in theR3

inumerator) to the possible range of where it could beR3
included in the sample. The upper limit of the integral is a
function of where is the limitingr

c
; R3 max(rc) \Rlim/r

c
, Rlimprojected radius of the survey. In practice, we use the largest

projected radius in the sample for Table 3 lists theRlim.
best-Ðt values of for the and subsamples,r

c
Ab135 Ab137computed from 121 and 123 galaxies, respectively, along

with 1, 2, and 3 p uncertainties, as determined by
*(log L) \ 0.5, 1.0, and 1.5. There is little di†erence in the
best-Ðt for the two samples ; if the Em galaxies arer

cincluded, the best-Ðt increases by D50%, because the Emr
c

TABLE 3

NFW FROM PROJECTED RADIIr
c

r
c

Sample (h~1 Mpc) 1 p Range 2 p Range 3 p Range

Ab137 . . . . . . 0.223 0.174È0.285 0.157È0.316 0.145È0.342
Ab135 . . . . . . 0.211 0.164È0.270 0.148È0.299 0.137È0.324

is computed from two-zone magnitude-limited samples ofNOTE.Èr
c123 and 121 members.
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FIG. 4.ÈHistograms of recovered values of the NFW parameter r
cfrom 2000 Monte Carlo realizations of sets of 123 projected radii drawn

from NFW models with varying The histograms are all to the samer
c
.

scale, but for the highest input may extend o† the right edge of the plot.r
cThe triangles in the histograms and the numbers along the vertical axis

both indicate the input value of r
c
.

galaxies are less centrally concentrated (Fig. 3). We compare
the NFW model to the nonsingular isothermal sphere in
° 5.2.

We use Monte Carlo simulations to assess the robustness
of this method : for selected values of we construct 2000r

c
,

sets of 123 projected radii drawn from the distribution of
projected radii for an NFW proÐle with that we repro-r

c
;

duce the nonuniform magnitude limit of our survey by
accepting only galaxies with Rº 0.51 h~1 Mpc with prob-
ability 1/1.95. We compute the maximum-likelihood recov-
ered using equation (6). Figure 4 shows the results forr

c
r
cin the range 0.04È0.30 h~1 Mpc. The median recovered isr

cwithin 0.002 of the input in all but one case ; however, ther
cdistributions of the recovered are broad. The distributionr

cof recovered is narrowest for small and broadens asr
c

r
c
, r

cincreases, because (1) the peak in the probability distribu-
tion of projected radii becomes less pronounced as r

cincreases, and because (2) we sample a smaller dynamic
range of as increases (because the limiting projectedR3 r

cradius is constant). The distribution of the ratio ofRlimrecovered to input is largely independent of inputr
c

r
c
,

however. The lower and upper 1 p bounds (deÐned as the
values of enclosing 34.2% of the distribution on eitherr

c

side of the median) are typically displaced [25% and
]30% from the true respectively. Increasing the sampler

c
,

size in the simulations to 500 radii (not shown) reduces the
spread in the distribution of recovered by a factor of D2.r

cKnowing the NFW model would be completely speci-r
c
,

Ðed if we also knew but this quantity is difficult tor200,derive observationally. We can arrive at an estimate if we
assume that the virial theorem holds, so that M

v
4

where G is the gravitational constant, is the3p
p
2 r

v
G~1, r

vvirial radius, and is the global line-of-sight cluster veloc-p
pity dispersion. Then

M200 r
v

M
v
r2003 \ 100 H02

(1] z)3
3p

p
2 , (7)

where he have used for )\ 1,o
c
(z) \ 3 H02(1 ] z)3/(8nG)

and the deÐnition of The right-hand side of this equa-M200.tion is observationally determined, and substituting for M
vand using equation (2), the left-hand side becomes aM200function of and which we solve for We Ðtr

c
, r

v
, r200, r200. r

cfrom the distribution of projected radii and approximate r
vby

r
v
D

n
2

N(N [ 1)
&

i
&

i:j
R

ij
~1 , (8)

where N is the number of galaxies in the system and isR
ijthe projected separation between galaxies i and j (Binney &

Tremaine 1987). This estimator yields h~1 Mpcr
v
D 1.30

for the sample and h~1 Mpc for theAb137 r
v
D 1.28 Ab135sample.

The value of that solves equation (7) is fairly insensi-r200tive to the value of in the regime of interest, where 500r
c
;

km km s~1, varies D3% as rangess~1 \p
p
\ 600 r200 r

cfrom 0.12 to 0.30 h~1 Mpc for any constant The derivedp
p
.

is more sensitive to varying D15% over the ranger200 p
p
,

500 km km s~1 with constant For thes~1\ p
p
\ 600 r

c
. r

vobtained from equation (8), the values of are 1.02 andr2000.97 h~1 Mpc for the and samples, respectivelyAb137 Ab135(Table 4). The corresponding value of the concentration
parameter c, 4.6 in both cases, falls in the middle of the
range 2.3È7.7 seen by Carlberg et al. (1997) for rich systems,
although the errors are large in both cases. Comfortingly,
the values are also smaller than the cD 7.5 that Mahdavi et
al. (1999) Ðnd for their lower mass poor groups. For AWM
7, is 2.47 and 2.13] 1014 h~1 for the andM200 M

_
Ab137samples, respectively. Here the larger mass is associ-Ab135ated with a formally slightly smaller value of c (4.56 vs. 4.61),

in keeping with the general trend seen by NFW, but this
consistency may be accidental, considering the uncertainties
in the computed values of c. It is interesting to note that two
outliers (in a sample of 137) can alter the recovered mass by
D15%.

Because the cluster extends beyond in factr200, M200underestimates the total mass. Extrapolating the NFW

TABLE 4

NFW PROFILE PARAMETERS

r
c

r200 r
v

M200 M (\1.7 h~1 Mpc)
Sample (h~1 Mpc) (h~1 Mpc) c d

c
(h~1 Mpc) (1014 h~1 M

_
) (1014 h~1 M

_
)

Ab137 . . . . . . 0.223 1.02 4.6 7.1] 103 1.30 2.47 3.49
Ab135 . . . . . . 0.211 0.97 4.6 7.2] 103 1.28 2.13 3.01

is computed from two-zone magnitude-limited samples of 123 and 121 members.NOTE.Èr
c
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mass proÐle to 1.7 h~1 Mpc (the maximum radial extent of
the Ab sample) with equation (2) yields 3.49 and 3.01] 1014
h~1 for the and samples, respectively.M

_
Ab137 Ab135

5.2. Comparison to the Nonsingular Isothermal Sphere
The nonsingular isothermal sphere (NSIS) arises from

setting Ðnite boundary conditions at zero radius to the same
di†erential equation that gives rise to the singular isother-
mal sphere (e.g., Binney & Tremaine 1987, pp. 226È232). It
is characterized by a density normalization and a coreo0radius at which the projected density falls to 0.5013 of itsr0central value. In Figure 5 we compare the Ðt of the project-
ed surface number density from the NSIS and NFW models
to the data. Although the maximum-likelihood technique of
° 5.1.2 makes optimal use of the data, it provides no inde-
pendent assessment of goodness of Ðt. Here, although with
some loss of information, we bin the observed surface
number density for comparison with the models ; we retain
the same weighting scheme as in the maximum-likelihood
calculation.

The left panels of Figure 5 show the observed proÐle
( Ðlled squares with Poisson error bars), the NFW Ðt (solid
line), and the NSIS Ðt (dotted line) for both the (upperAb135panel) and (lower panel) samples. The right panels ofAb137the Ðgure illustrate how the best-Ðt values of andr

c
, r0,

s2/l vary with the choice of binning ; the proÐles and Ðts are
shown for 11 galaxy equivalents per bin (galaxies beyond
0.51 h~1 Mpc count as 1.95 equivalents).

For di†erent binnings the quality of the Ðts of both the
NFW and NSIS models, as measured by s2/l, varies much
less for the sample than for the sample. TheAb135 Ab137best-Ðt values of and are quite stable for both samples.r

c
r0The decreased sensitivity to the binning provides further

justiÐcation for excluding the two outlier galaxies. For both
samples, the NFW model Ðts with a lower s2/l than the
NSIS model, independent of the binning (except in one
case). The superiority of the NFW model is more consistent
for the sample, although this superiority is not over-Ab135whelming ; for NFW Ðts with s2/l\ 1.075, whereasAb135,the NSIS Ðts with s2/l\ 1.233. For the respectiveAb137,s2/l for NFW and NSIS are 1.184 and 1.252 (all for 11
galaxies per bin). There is thus some formal statistical justi-
Ðcation for using the NFW model over the NSIS, but an
unambiguous determination would require a survey out to
2 or 3 h~1 Mpc (cf. Geller et al. 1999).

With 11 galaxies per bin, the best-Ðt values of arer
cwithin 5% of the maximum-likelihood values for both

samples, and well within the 1 p range for all binnings,
indicating that the loss of information inherent in the
binning is not severe.

FIG. 5.ÈComparison of the actual binned projected surface number density of galaxies to the NFW (solid lines) and nonsingular isothermal sphere
models (NSIS ; dotted lines). The upper panels refer to the sample ; the lower to the sample. L eft panels : Actual surface density proÐle ( ÐlledAb135 Ab137squares with error bars). There are 11 galaxies per bin. The lines show the best-Ðt NFW and NSIS models. Right panels : Dependence of the Ðts on the binning.
The behavior of the best-Ðt value of (for the NFW model) or (for NSIS) and of s2/l is shown as a function of the binning. The horizontal rules indicater

c
r0the maximum-likelihood values of for the two samples.r

c
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5.3. T he V irial Mass ProÐle
We now compute the mass proÐle of AWM 7 from the

virial estimator appropriate for the case of galaxies embed-
ded in a di†use distribution of dark matter, under the added
assumption that light traces mass. The appropriate estima-
tor (Binney & Tremaine 1987) is

Mest \
3nN
2G

&
i
v
i
2

&
i
&

j:i
o R

i
[ R

j
o~1\ 3r

v
G
S &

i
v
i
2

N [ 1
, (9)

where is the radial velocity relative to the cluster meanv
iand is the projected radius vector relative to the center ofR

ithe cluster. This estimator assumes that the galaxies are in
dynamical equilibrium within the cluster potential, that gal-
axies trace the dark matter distribution, and that the entire
cluster has been observed. These assumptions do not apply
to the Em galaxy population ; indeed, when we apply this
prescription to the Em galaxies alone, the resultant mass
estimate is a factor of D4 greater than for the Ab galaxies.
To correct for the failure to include the entire angular extent
of the cluster in our sample, we correct the mass estimate
with a surface term C(b) (The & White 1986) that depends
on the limiting radius b of the observations. The corrected
mass is

M
cv
(\b)\ Mest[1[ C(b)]

\ Mest
C
1 [ 4nb3 o(b)

/0b 4nr2o(r) dr
p
r
2(b)

p2(\b)
D

, (10)

where p(\ b) denotes the integrated velocity dispersion
within the limiting radius b (e.g., Girardi et al. 1998).

The surface term incorporates information about the
velocity dispersion proÐle and the density proÐle ; the
former is measurable from the data, but some assumption
must be made about the form of the density proÐleÈin
order to correct that very proÐle. The & White (1986) and
Girardi et al. (1998) posit a functional form for the mass
proÐle, which they then Ðt to the data on the basis of the
projected number density of galaxies. Here we assume an
underlying NFW mass proÐle.

5.3.1. Behavior of the Surface Term

The radial dependence in the NFW model of the surface
term in equation (10) is

CNFW(r)\ u2
(1] u)2

C
log (1 ] u)[ u

1 ] u
D~1C p

r
(r)

p( \ r)
D2

,

(11)

where The last term involves both the overallu \ r/r
c
.

velocity dispersion p and the radial velocity dispersion p
rand is thus a function of the anisotropy parameter b \ 1

which is itself a function of r. Now[ ph2/pr
2, p2\p

r
2] ph2under the assumption of spherical symmetry the last] pÕ2 ;

two terms are equal, so which we sub-p
r
2\ p2/[3 [ 2b(r)],

stitute into the numerator of the last term for computation.
The anisotropy and velocity dispersion proÐles are not
independent ; they are coupled via the Jeans equation.
Girardi et al. (1998) Ðnd that for their mass model a con-
stant anisotropy proÐle b(r)\ 0 produces a velocity disper-
sion proÐle that peaks at dips slightly in the core,D0.1r

v
,

and decreases gradually at large radii ; the simple functional
form b(r)\ [k/r, where k is a constant, produces a velocity

dispersion proÐle with a more severe dip in the core. In this
case, the orbits in the core become purely tangential as
b ] [O.

Figure 6 shows the behavior of the surface term for an
NFW mass distribution and the observed velocity disper-
sion proÐle (Fig. 3) under the assumption of three di†erent
anisotropy proÐles : constant (top panel), b(r)\ [k/r
(middle panel), and b(r) \ 1 [ k/r (bottom panel). The multi-
ple curves in each panel correspond to the values of b (top
panel) or k (middle and bottom panels) enclosed in brackets.
One of the extreme curves is labeled in each case for refer-
ence. The values of k are chosen to bracket the value
inferred from the proÐles in Figure 3 of Girardi et al. (1998).
Note that the three panels are not drawn to the same scale.
Because these classes of b proÐle are derived from Ðts to the
mass model of Girardi et al. (1998), they are not a priori
strictly valid for the NFW proÐle ; nevertheless, it is reason-
able to adopt them here as representative of the general
forms that the proÐles may have.

By deÐnition, the surface term must be everywhere less
than unity (to ensure a positive mass). The results shown for
constant large values of b are thus clearly unphysical. At
small radii, the data are too noisy for all our assumptions to
hold ; a proper treatment would require a full solution of the
Jeans equation. It is unlikely that this treatment would
improve the results very much, however, because of the
intrinsic noisiness and discreteness of the data. At larger
radii, the variations in the surface term become less pro-
nounced, and the surface term in general becomes less
important, decreasing to for each proÐle at the outer[5%
limit of our sample. Sufficiently far from the core, then, the
virial mass estimator provides a robust estimation of the

FIG. 6.ÈBehavior of the surface term correction to the virial mass
estimator as given by eq. (10) assuming an underlying NFW mass proÐle
for three models of the anisotropy proÐle b(r). The assumed NFW proÐle
uses (the best-Ðt value for the sample), and we use ther

c
\ 0.211 Ab135observed velocity dispersion proÐle. T op panel : b(r)\ k. Middle panel :

b(r)\ [k/r. Bottom panel : b(r)\ 1 [ k/r. k is a constant in each case.
There is one line for each value of k listed in the label, with one of the
extreme lines labeled for reference.
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FIG. 7.ÈEnclosed mass proÐle as determined from the virial theorem,
for Em, and samples. Error bars show the formal bootstrapAb137, Ab135errors (see text). The solid lines are the independently derived NFW pro-
Ðles tabulated in Table 4 ; the dotted lines are the proÐles corresponding to
the 1 p ranges of from Table 3 with recomputed from eq. (7). Ther

c
r200arrows point to the X-ray mass of DellÏAntonio et al. (1995).

enclosed cluster mass, but at small radii the surface correc-
tion is too variable to result in a reliable mass proÐle. The
virial mass estimator thus seems to be a good tool for esti-
mating total cluster masses, but it is not well suited to the
determination of mass proÐles in cluster cores, where the
surface term correction is most important but least well
determined.

A reliable description of the surface term at small radii
may be possible only from cluster simulations in which the
dark matter density and velocity distributions are fully
known to the experimenter. In that case, empirical surface
term proÐles can be built from the data and compared to
reconstructions that an observer would generate under
various assumptions of the anisotropy proÐle.

5.3.2. T he V irial Mass ProÐle

Figure 7 shows the virial mass proÐle (eq. [9]), with no
surface term correction, as derived from three subsets of our
galaxy sample : the entire sample (crosses), the sampleAb137(triangles), and the sample (squares). The entireAb135(Em] Ab) sample is included only to illustrate that the
inclusion of the emission-line galaxies with their larger
velocity dispersion skews the results toward higher mass.
Indeed, this di†erence is evident in the two Ab proÐles as
well : they agree up to the Ðrst outlier, at which point the

TABLE 5

NFW AND VIRIAL MASSES

MNFW(\1.7 h~1 Mpc) MVT(\1.7 h~1 Mpc)
Sample (1014 h~1 M

_
) (1014 h~1 M

_
) *M/MVT

Ab137 . . . . . . 3.49 3.10 0.126
Ab135 . . . . . . 3.01 2.74 0.099

mass proÐle jumps ; the two Ab proÐles then growAb137more or less in parallel until the next outlier. We compute
uncorrected enclosed masses within 1.7 h~1 Mpc of 3.10
and 2.74] 1014 h~1 from the andM

_
Ab137 Ab135samples, respectively. The surface term correction at this

radius is on the order of 2%È5%, depending on the anisot-
ropy.

We estimate the error in the enclosed mass proÐle by the
statistical bootstrap method (Diaconis & Efron 1983) : for
the N galaxies enclosed within a given projected radius, we
compute the N possible enclosed masses from all subsets of
N [ 1 galaxies. We take the standard deviation of the
resultant set of masses as the formal error in the estimated
enclosed mass. The formal errors become quite small, on
the order of 3%, at large radii. When the number of galaxies
is large and the distribution of velocities is well behaved, the
random rearrangement of velocities has little e†ect on the
mass estimate ; thus, the distribution of the bootstrapped
masses is narrow. The actual error is in fact larger, as
demonstrated by the sensitivity to the outliers. The error in
the enclosed virial mass is D15%.

The solid smooth curves indicate the NFW mass proÐles
we Ðtted previously, and the dotted lines indicate the pro-
Ðles corresponding to the 1 p ranges of from Table 3 withr

crecomputed from equation (7). The agreement with ther200virial mass is quite good, to within D15% at 1.7 h~1 Mpc
for both Ab samples, with the virial mass the smaller of the
two in each case. The agreement along the proÐle in general
is reasonable given the uncertainty in the surface term. The
discrepancy is greatest near RD 0.5 h~1 Mpc, correspond-
ing to where the surface term correction can be onr/r

c
D 2,

the order of 20% in the proper direction ; at the virial radius
the masses are in perfect agreement, and at larger radii the
NFW mass proÐles overtake the virial mass proÐles.
Because is insensitive to the variation in results inr200 r

c
, r

clittle di†erence in the mass proÐle at large radii but of
course has a greater e†ect on scales of a few times Table 5r

c
.

compares the NFW and virial masses. Based on the sensi-
tivity of the virial mass to the outliers and on the e†ect of
the surface term, we assign an error of 0.5 ] 1014 h~1 M

_to our mass estimate.
Our mass proÐle is in agreement with the ROSAT X-ray

mass of DellÏAntonio et al. (1995), who derive
M(\0.27)\ 0.8] 1014 (arrows in Fig. 7), and is withinM

_the allowable range of mass proÐles determined from
ROSAT data by Neumann & (1995) and fromBo� hringer
ASCA data by Loewenstein & Mushotzky (1996) and Mar-
kevitch & Vikhlinin (1997). The X-ray masses are all quite
uncertain and extend only to RD 0.5 h~1 Mpc. Koranyi et
al. (1998) illustrate the range of mass proÐles from X-ray
determinations ; the range is so broad as to include even the
virial mass proÐle computed from emission-line galaxies ;
any plausible kinematic mass proÐle is thus likely to be
consistent with the current X-ray limits on the mass. The
increased sensitivity of the Chandra Observatory will allow
X-ray mass proÐles to be determined with more precision
and to larger radii.

6. DISCUSSION

Galaxy clusters display a range of velocity dispersion
proÐles (e.g., den Hartog & Katgert 1996 ; Girardi et al.
1998). Some are peaked at the center, others are more or less
Ñat, still others rise with increasing radius near the center.
This variety suggests that clusters today are still in a variety
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of dynamical states and that indiscriminately combining a
set of clusters to improve the statistics can easily lead to
incorrect results if clusters with di†erent kinematics are
averaged together. Even within a single cluster, it is impor-
tant to discriminate between the generally red, virialized
population and the newly infalling bluer galaxies ; including
the latter in steady state kinematical analyses will artiÐcially
inÑate the mass estimate ; we suggest that this e†ect
accounts for the mass of h~1 derived5.77~1.50`1.80 ] 1014 M

_for AWM 7 by Girardi et al. (1998).
In principle, the nonvirialized Em galaxies can be used as

tracers of the escape velocity to arrive at an independent
mass measurement (Diaferio & Geller 1997 ; Diaferio 1999).
In practice, there are not enough Em galaxies in our sample
for this method to yield a robust mass estimate ; although
the formal mass returned by this method for AWM 7
(kindly computed for us by A. Diaferio) is comparable to
the ones we derive here, the fractional error in that mass is
D0.9.

Our enlarged sample conÐrms the presence of a cold core
in the cluster (Koranyi et al. 1998) ; although still noisy near
the cluster center, the velocity dispersion within a projected
radius of D0.2 h~1 Mpc is lower than in the range 0.2È0.5
h~1 Mpc. Beyond D1 h~1 Mpc the velocity dispersion
drops below the range in the core. Abell 576 (Mohr et al.
1996), a similarly well-sampled cluster, has a more pro-
nounced cold core but a rising absorption-line velocity dis-
persion proÐle in the range 0.4È1.2 h~1 Mpc. A simple
dynamical argument suggests that cold cores arise naturally
from the NFW density proÐle. Assuming virial equilibrium
to hold in the core, p2P GM(\r)/r. Modeling the density
proÐle at small radii as a power law o(r)P r~a yields
M(\r)P r3~a, so p P r1~a@2. For the NFW proÐle, a \ 1 in
the core, resulting in a rising velocity dispersion proÐle.

Because the velocity dispersion proÐle, mass proÐle, and
orbital anisotropy proÐle are coupled through the Jeans
equation, it is difficult to derive a mass proÐle without
making some assumptions about the form of one or more of
these functions along the way. The projected velocity dis-
persion proÐle is directly observable, but it is sensitive to
outliers and substructure and requires either extensive
smoothing or a large number of galaxies for a robust deter-
mination. The anisotropy proÐle is also difficult to con-
strain, with some evidence for a variety of proÐles possible
in clusters (Girardi et al. 1998). The mass proÐle can be
estimated from X-ray observations, but these tend to have
few data points, large errors, and cover only the inner
regions of clusters ; consequently, they can be Ðt by a wide
range of models, resulting in large uncertainties in mass
when extrapolated to large cluster radii.

It seems difficult to avoid circular logic in computing the
surface term, as it depends on both the anisotropy proÐle
and the density distribution that one is trying to determine.
One can make a self-consistency argument, as we do here,
to verify that the assumed density proÐle used to correct the
virial mass proÐle agrees with the virial proÐle so corrected ;
if the surface term were small, this circularity would be less
troublesome, because the assumed density proÐle would
a†ect the virial mass proÐle only through that small correc-
tion. However, as Figure 6 illustrates, the surface term cor-
rection is often signiÐcant, particularly at small radii. Not
only is the correction large, but it is also uncertain, sensitive

to uncertainty in the anisotropy proÐle alone. The coupling
between the mass proÐle and the surface term is thus quite
strong ; even with the assumption of a density proÐle (which
in principle renders the whole exercise redundant because
the mass proÐle is then already known), the surface term
correction is too poorly constrained to produce a reliable
mass proÐle. Only at the edges of the cluster does the
surface term correction become reliable, but by then it is no
longer very important. Accurate determination of cluster
masses from the virial estimator, then, requires broad
angular coverage ; dense sampling of the core is not enough.

7. CONCLUSION

We derive the mass proÐle of AWM 7 in two independent
ways from an optical sample of 179 galaxies with redshifts
within 1.7 h~1 Mpc of the cluster center ; we use only the
137 absorption-line galaxies (and a 135 element subset of
them) in the analysis. One method uses the surface number
density and global velocity dispersion ; the other uses indi-
vidual velocities and pairwise distances. Both assume an
underlying NFW proÐle. The two methods yield remark-
ably consistent mass estimates, particularly at the outer
limit of our sample ; the enclosed mass within a projected
radius of 1.7 h~1 Mpc agrees within 15% for both samples.
The mass estimates are sensitive to the inclusion of two
outliers in the sample ; both the NFW and virial masses
increase by D15% when they are included. Including the
Em galaxies, with their larger dispersion, in the calculation
results in a virial mass larger by a factor of 2. The cluster
mass within 1.7 h~1 Mpc is D(3^ 0.5)] 1014 h~1 M

_
.

The surface term correction to the virial mass estimator is
sensitive to noise in the velocity dispersion proÐle and to
the assumed velocity anisotropy proÐle. The surface term at
small radii is too unreliable for the virial mass estimator to
be used for measuring mass proÐles ; at large radii, where
the surface term is more certain, it is no longer an important
correction to the enclosed mass. The virial mass estimator is
thus reliable for measuring total cluster masses but not
enclosed mass proÐles ; to overcome the limitations of the
surface term at small radii, cluster redshift samples must
have broad angular coverage. Dense sampling of cluster
cores can reduce the scatter in the surface term if there are
enough galaxies in the core, but our experience with AWM
7 (22 cluster members among 154 Hydra redshifts) suggests
that telescope time is better spent probing the outskirts of
the cluster.

Untangling the relation among the anisotropy proÐle,
velocity dispersion proÐle, and density proÐle in cluster
cores may ultimately require high-resolution simulations
that track both dark matter particles and, once they have
formed, galaxies.
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cussions and for running our data through his caustic-
Ðnding algorithm. This work is supported by the
Smithsonian Institution.
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