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ABSTRACT
We present ASCA X-ray observations of a sample of Ðve groups selected from a cross-correlation of

the ROSAT All-Sky Survey with the White et al. optical catalog of groups. These X-rayÈbright groups
signiÐcantly increase the number of known systems with temperatures between 2 and 3 keV. They have
element abundances of roughly 0.3x, which are typical of clusters, but their favored ratio of Si-to-Fe
abundance is lower than the cluster value. Combining the ASCA results with ROSAT imaging data, we
calculate total masses of a few to several times 1013 gas mass fractions of D10%, and baryonicM

_
,

mass fractions of at least 15%È20% within a radius of 0.5 Mpc. Upper limits for the ratios of gas to
galaxy mass and of the iron mass to galaxy luminosity overlap with the range observed in rich clusters
and extend to lower values, but not to such low values as seen in much poorer groups. These results
support the idea that groups, unlike clusters, are subject to the loss of their primordial and processed gas
and show that this transition occurs at the mass scale of the 2È3 keV groups. A discussion of ASCA
calibration issues and a comparison of ROSAT and ASCA temperatures are included in an Appendix.
Subject headings : galaxies : abundances È galaxies : clusters : general È X-rays : galaxies

1. INTRODUCTION

A group with few galaxy members can be readily identi-
Ðed as a gravitationally bound system rather than a chance
superposition of galaxies on the sky through the detection
of X-rayÈemitting intragroup gas. Pointed observations
with the Einstein and ROSAT X-ray observatories have by
now identiÐed several dozen X-rayÈemitting groups (see,
e.g., Kriss et al. 1983 ; Price et al. 1991 ; Pildis, Bregman, &
Evrard 1995 ; Henry et al. 1995 ; Doe et al. 1995 ; Mulchaey
et al. 1996 ; Ponman et al. 1996). Results using spectro-
meters of higher resolution and bandwidth on the ASCA
observatory have now been presented by Fukazawa et al.
(1996b), Pedersen, Yoskii, & Sommer-Larsen (1997), and
Davis, Mulchaey, & Mushotzky (1999), among others.
Given that groups are the most common environment for
galaxies but are poorly understood compared to their richer
cluster cousins, it is important to enlarge the sample of
X-rayÈemitting groups that have been well studied. The
ROSAT All-Sky X-ray Survey (RASS) is expected to iden-
tify best those groups with the highest Ñuxes, while
ROSAT Ïs limited spectral resolution and bandwidth make
data obtained by ASCA better suited for a spectral study.

In this paper, we present X-ray data from the ASCA
observatory for Ðve groups of galaxies (N56[395,
S34[111, S49[132, N34[175, and S49[140) selected
from a cross correlation of the RASS with an optically selec-
ted catalog of groups compiled by White et al. (1999, here-
after WBL; the corresponding WBL catalog numbers are,
respectively, WBL 518, WBL 025, WBL 698, WBL 636, and
WBL 061). The White et al. catalog was constructed from
the Zwicky catalog of galaxies by an automated process
that mimics the criteria used to create the MKW and AWM
catalogs. The cross-correlation with the RASS, which pro-
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vided 98% coverage of the X-ray sky at energies from 0.1 to
2.0 keV, was carried out on a subsample of 68 of the more
than 700 groups in the catalog (Burns et al. 1996). Our
groups are those with the highest X-ray Ñux that are also of
sufficiently small angular size that the ASCA instruments
(in particular, the SIS in two-CCD mode) intercept most of
their Ñux. These groups should be among the X-ray bright-
est in the northern sky.

Our X-ray bright groups have higher temperatures and
luminosities and correspondingly higher masses than the
very poor, low-temperature systems that have been more
widely studied. The low-temperature groups show a wide
dispersion in their element abundances and in their dis-
tributions of mass among gas, galaxies, and dark matter.
This has led to the suggestion that groups are at the thresh-
old to bind their primordial and processed gas (Fukazawa
et al. 1996b ; Renzini 1997). We can test this idea for a
somewhat higher mass and temperature range with our
sample of groups. Throughout this paper, we use H0\ 50
km s~1 Mpc~1.

2. DATA ANALYSIS

To calculate the mass in various components of the
groups, we require both X-ray spectral and imaging mea-
surements and optical galaxy luminosities. X-ray spectral
data from the ASCA observatory are used to measure the
temperatures and element abundances of the hot X-rayÈ
emitting gas and to place constraints on the variation of
these quantities with radius. Imaging data from ROSAT as
well as ASCA are used to characterize the X-ray surface
brightness proÐles of the hot gas and to infer the density
distributions. Optical galaxy luminosities are used to esti-
mate the mass contained in the group galaxies. Here we
describe the reduction of the X-ray data and review the
optical properties of the groups.

2.1. Data Reduction
Data for the groups were obtained with the instruments

on the ASCA observatory in 1996 and 1998. The ASCA
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TABLE 1

X-RAY OBSERVATIONS

Exposure Exposure
Observation GIS2 R.A. Decl. Galactic NH a ROSAT PSPC

Source Date (ks) (J2000) (J2000) (1021 cm~2) Redshiftb (ks)

N56[395 . . . . . . 1996 Feb 9È10 20.2 14 40 43.2 03 27 12 0.28 0.0272 . . .
S34[111 . . . . . . 1996 Aug 9 23.5 01 07 27.7 32 23 59 0.54 0.0173 24.9
S49[132 . . . . . . 1996 Dec 11 17.5 23 10 31.8 07 34 18 0.49 0.0419 12.6
N34[175 . . . . . . 1998 Feb 18È19 26.1 17 15 21.4 57 22 43 0.26 0.0283 3.8
S49[140 . . . . . . 1998 Aug 1È2 32.8 01 56 22.9 05 37 37 0.44 0.0179 12.9

a From Dickey & Lockman 1990.
b From Ledlow et al. 1996 ; S49[132 from data therein.

satellite and its instruments are described by Tanaka, Inoue,
& Holt (1994). Here we brieÑy note that ASCA has two
Solid-State Imaging Spectrometers (SIS0 and SIS1) and two
Gas Imaging Spectrometers (GIS2 and GIS3), with slightly
o†set Ðelds of view. Each instrument has its own telescope
with nested conical foil mirrors that provide a point-spread
function (PSF) with a narrow core of about 1@ FWHM, and
a half-power diameter of 3@. The GIS broadens the PSF
further. The SISs are square arrays of four CCD chips that
can be used with one, two, or all four of the chips exposed
simultaneously. Observations of extended sources are now
carried out primarily in two-CCD mode because of declin-
ing instrument performance in four-CCD mode. The Ðeld of
view of the SIS in two-CCD mode is 11@] 22@. The GIS
Ðeld of view is signiÐcantly larger (40@ useful diameter), but
the GIS provides data of lower spectral and spatial
resolution than does the SIS. The data were screened and
processed following standard data reduction procedures as
outlined in the ASCA ABC Guide (ASCA Guest Observer
Facility 1997). Further details on the data processing can be
found in the Appendix. Table 1 lists the ASCA observations
including the GIS2 exposure time. We also give the source
coordinates from Ledlow et al. (1996), the nominal Galactic
neutral H column density from Dickey & Lockman (1990),
the group redshift, and the exposure of available X-ray data
from the ROSAT PSPC.

All the groups except N56[395 were also observed by
the Position Sensitive Proportional Counter (PSPC) on the
ROSAT observatory. The PSPC provided excellent
imaging of 0.2È2 keV X-rays combined with low-resolution
spectroscopy. We use software developed by Snowden et al.
(1994) to produce appropriate energy-dependent exposure
maps and to model and subtract the particle background
and contamination by scattered solar X-rays and by the
so-called long-term enhancements (the reader is referred to
Snowden et al. for a discussion of these e†ects). The data for
S49[132 and S49[140 have also been analyzed by Doe et
al. (1995) as a part of a sample of groups with extended
radio sources, and those for S34[111 (NGC 383 or 3C 31)
by Trussoni et al. (1997) and Komossa & (1999).Bo� hringer
The ROSAT High-Resolution Imager (HRI) data for
S34[111 are presented by Trussoni et al. and Komossa &

we brieÑy discuss the 2.1 ks HRI observation ofBo� hringer ;
N34[175 in ° 2.4.

2.2. ASCA Spectra
For each group, a circular region on the sky containing

most of the counts was chosen for spectral analysis by
examining the GIS image. These regions generally did not

Ðt completely within the SIS Ðeld of view. Background
spectra were taken from the same detector region on aver-
aged blank sky Ðelds provided by the ASCA Guest Obser-
ver Facility. Typically, the individual SIS and GIS spectra
had [3000 counts after subtraction of the background, but
those of S49[140 had only 900È1400 counts, partly
because of the exclusive use of FAINT mode data. Cali-
bration data from 1996 February and 1997 March were
used to create appropriate instrument response Ðles for
each pulse-height spectrum.

Spectra from all four ASCA detectors were Ðtted simulta-
neously to the same spectral model with the relative nor-
malizations allowed to be Ðtted freely for each detector. We
use Raymond & Smith (1977, as updated in XSPECv10.0 ;
hereafter RS) optically thin thermal models with the abun-
dances of elements heavier than He taken to be in solar
abundance ratios from Anders & Grevesse (1989). The
column densities of SIS0 and SIS1 were allowed to be di†er-
ent from each other and were Ðtted freely, while the column
densities for GIS2 and GIS3 were Ðxed at the Galactic value
(see the Appendix). Figure 1 shows the global ASCA spec-
tral data for each instrument overlaid with the best-Ðt
model folded through each instrument response. Table 2
summarizes the results of these spectral Ðts. The errors
given in this and subsequent tables are for 90% conÐdence.
The temperatures are typically 2È3 keV, and the gas metal-
licities are roughly 0.3x. The column densities of SIS0 are
listed only for completeness ; they are certainly overesti-
mated for all but N56[395 (see the Appendix). The emis-
sion measures given are for GIS2 ; the GIS3 values are
consistent with these to well within 10%, whereas the SIS is
not useful for obtaining the emission measure because of its
limited Ðeld of view. For N56[395, part of the 12@ radius
region used falls outside the useful radius of the GIS ; we
applied geometrical correction factors for the emission
measure of 1.17 for and 1.14 for r \ 12@.r \ 4@.5È12@

We then divided each group into two annular regions to
constrain radial variations in the temperature and abun-
dance. The width of the annuli are constrained both by the
spatial resolution of the ASCA mirrors and by the require-
ment that each spectrum have a sufficient number of source
counts (D1000). Strictly, a spatially resolved analysis of the
ASCA spectrum should account for the broad and energy-
dependent point-spread function (PSF). The relatively low
temperature of our groups reduces the need for this, as
spurious spatial trends arising from neglect of the PSF are
shown to be small for temperatures below about 3 keV
(Takahashi et al. 1995). As shown in Table 2, isothermal
temperatures and constant element abundances are fully
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FIG. 1.ÈASCA spectral data (SIS0, SIS1, GIS2, and GIS3) overlaid with the best-Ðt single-component, single abundance, RS spectral model folded
through each instrument response. The lower panels show the residuals.

consistent with this analysis. Results for S49[140 are not
shown in this table but are also consistent with isothermal
temperatures and constant abundances.

To place constraints on the relative abundances of the
elements, we Ðtted the integrated spectrum with a model in
which the abundances of C, N, O, Ne, and Mg are Ðxed at
0.3x, the abundances of Si, S, Ar and Ca tied to each other
in their solar ratios, and the abundance of Fe is tied to that
of Ni. We thereby obtain a measurement of the relative
abundance of intermediate mass elements represented by Si
compared to Fe. This ratio is a diagnostic of the enrichment
process in the hot gas. The results of our Ðts are shown in

Table 3. All the groups have a ratio of Si to Fe abundance
that is consistent with the solar value. Contour plots of the
Si abundance versus the Fe abundance are shown for
N56[395 and S34[111 in Figure 2. A ratio of Si to Fe
abundance that is twice the solar value falls outside the 99%
and 90% conÐdence contours, respectively, for these two
groups.

2.3. Discussion of Spectral Fits
The robustness of the spectral results can be assessed by

comparing them to the results of Ðtting each detector indi-
vidually, since the simultaneous Ðtting tends to average out
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TABLE 2

X-RAY SPECTRAL FITS Ia

EM
Radius NH, SIS0b kT Abundance GIS2

Source (arcmin) s2 (1021 cm~2) (keV) (x) (1011 cm~5)

N56[395 . . . . . . . . . . . . . . . . . r \ 12 483.1, 0.93 0.4 (0.3È0.6) 3.11 (2.99È3.24) 0.34 (0.27È0.42) 18
r \ 4.5 327.0, 1.14 0.3 (\0.5) 3.26 (3.09È3.43) 0.38 (0.28È0.48) 6.3

4.5\ r \ 12 342.9, 1.00 0.6 (0.3È1.0) 3.05 (2.86È3.24) 0.31 (0.20È0.43) 11
S34[111 . . . . . . . . . . . . . . . . . . r \ 10.5 355.9, 1.00 0.4 (0.1È0.8) 2.10 (1.99È2.22) 0.37 (0.26È0.50) 7.7

r \ 4.5 157.8, 1.07 0.6 (0.2È1.0) 2.25 (2.10È2.45) 0.33 (0.18È0.51) 2.5
4.5\ r \ 10.5 253.6, 1.04 0.4 (\0.9) 2.07 (1.90È2.22) 0.58 (0.38È0.85) 4.3

S49[132 . . . . . . . . . . . . . . . . . . r \ 9 393.9, 1.05 1.0 (0.7È1.3) 3.37 (3.20È3.54) 0.23 (0.14È0.33) 10
r \ 4 178.0, 0.95 1.0 (0.6È1.5) 3.10 (2.88È3.33) 0.27 (0.14È0.41) 4.1

4 \ r \ 9 270.7, 1.08 1.0 (0.6È1.5) 3.53 (3.27È3.83) 0.18 (0.04È0.32) 6.4
N34[175 . . . . . . . . . . . . . . . . . r \ 7.5 709.6, 1.43 1.3 (1.1È1.6) 2.25 (2.19È2.31) 0.42 (0.35È0.49) 14

r \ 3 340.0, 1.28 1.2 (0.9È1.4) 2.26 (2.18È2.42) 0.54 (0.43È0.67) 6.1
3 \ r \ 7.5 430.6, 1.36 1.4 (1.0È1.7) 2.26 (2.17È2.42) 0.35 (0.26È0.46) 7.9

N34[175 (with PL) . . . . . . r \ 7.5 631.9, 1.27 1.3 (Ðxed) 1.63 (1.53È1.71) 0.35 (0.28È0.43) 11
S49[140 . . . . . . . . . . . . . . . . . . r \ 8.5 259.2, 1.07 0.1 (\0.7) 1.56 (1.41È1.68) 0.32 (0.21È0.47) 3.2

a Errors in this and subsequent tables are for 90% conÐdence (*s2\ 2.7).
b See the Appendix.

the calibration errors for individual detectors and give rela-
tively tight errors for the Ðtted parameters. The Ðtted tem-
peratures typically vary by about 10% between the
individual detectors with two exceptions. For S34[111, the
20% consistency probably results because, unlike the GIS,
the SIS does not include all the X-rayÈemitting galaxies in
its Ðeld of view. For the outer region of S49[132, a 1È2 keV
di†erence between the SIS and GIS temperatures evidently

arises from residual high-energy features in the SIS spec-
trum. The SIS temperatures are consistent with the GIS
temperatures when this portion of the spectrum is ignored,
and the joint SIS and GIS Ðts favor a temperature near the
GIS value.

The single-temperature thermal model that we use is the
simplest possible description of the group X-ray emission
consistent with the ASCA data. A number of galaxies are

TABLE 3

X-RAY SPECTRAL FITS II

kT Si Fe
Source s2 (keV) (x) (x)

N56[395 . . . . . . . . . . . . . . . . . 483.1, 0.93 3.12 (2.99È3.25) 0.30 (0.10È0.50) 0.34 (0.27È0.41)
S34[111 . . . . . . . . . . . . . . . . . . 353.1, 1.00 2.08 (1.96È2.20) 0.49 (0.30È0.71) 0.39 (0.29È0.51)
S49[132 . . . . . . . . . . . . . . . . . . 393.4, 1.05 3.38 (3.21È3.56) 0.16 (\0.46) 0.22 (0.13È0.31)
N34[175 . . . . . . . . . . . . . . . . . 643.8, 1.40 2.26 (2.19È2.45) 0.27 (0.14È0.40) 0.41 (0.34È0.48)
N34[175 (with PL) . . . . . . 577.3, 1.25 1.52 (1.41È1.64) 0.50 (0.39È0.63) 0.34 (0.27È0.42)
S49[140 . . . . . . . . . . . . . . . . . . 257.4, 1.07 1.41 (1.33È1.64) 0.45 (0.28È0.65) 0.27 (0.18È0.34)

FIG. 2.ÈTwo-dimensional *s2 contours for the Si and Fe abundances in (a) N56[395 and (b) S34[111. The contours correspond to *s2\ 2.3, 4.61, and
9.21 (68%, 90%, and 99% conÐdence for two parameters).
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detected as X-ray sources, as seen in Figures 3 and 4. In
addition, some of these galaxies are also radio sources :
N34[175 has a compact radio source associated with the
central galaxy NGC 6338 (see, e.g., Gregory & Condon
1991) and may have nonthermal X-ray emission associated
with it as discussed below; the central galaxy in S34[111,
NGC 383, is the radio source 3C 31 (see Trussoni et al.
1997, Komossa & 1999, and references therein) ;Bo� hringer
southeast of the center of S49[132, the galaxy NGC 7503 is
an extended radio source with a head-tail morphology,
while the central galaxy in S49[140, NGC 742, is a head-
tail radio source (possibly together with NGC 741 ; see Doe
et al. 1995, and references therein).

We therefore tried adding a power-law component
(presumably emission from an active galactic nucleus) to the
spectral model for each group. We used a Ðxed energy index
of 1.7 and Ðxed the column densities at their values in the
Ðts listed in Table 2. We found that the Ðts for all the groups
could be improved in this way, but N34[175 was the only
group for which there was both a signiÐcant improvement
in the Ðt statistic and a signiÐcant change in the Ðtted tem-
perature (see Tables 2 and 3). The normalizations of the
power-law component in the two radial annuli are nearly
equal, however, whereas the normalization of the inner
annulus should be twice as high if the power-law com-
ponent originates from a point-source at the center. The
uncertainties in the normalizations do not rule out a point-
source origin from an active galactic nucleus (AGN), but it
is difficult to rule out the possibility that at least some of the
power law is a coincidental compensation for residual cali-
bration deÐciencies. We list results for both a pure thermal
spectrum and for the addition of a power law for N34[175
throughout. The 0.5È10 keV luminosity of the power-law
component is about 2] 1043 ergs s~1. The relative abun-
dance of Si to Fe increases to 1.5 times the solar value but is
still consistent with the solar value. The group S49[140 is
also dominated by its central galaxy, but here the 90%
upper limit on the 0.5È10 keV power-law luminosity is only
about 6 ] 1041 ergs s~1.

2.4. X-Ray Images
Figure 3 shows the Palomar optical survey image of a 18@

square region centered on each group with the ASCA GIS2
X-ray contours overlaid. Figure 4 shows the same Palomar
images overlaid with the ROSAT PSPC X-ray contours in
the approximate energy range 0.5È2.0 keV. There are no
PSPC data for N56[395. The X-ray images in both Ðgures
were smoothed with a Gaussian function with andp \ 0@.6
shifted slightly to align them with the optical images. Only
S49[132 is markedly elongated in X-rays, with the elon-
gation following the galaxy distribution (Doe et al. 1995).
The groups N34[175 and S49[140 are dominated by
their central galaxies.

It is preferable to use the ROSAT PSPC images to char-
acterize the surface brightness proÐle of the di†use X-ray
emission because the ROSAT point-spread function (PSF)
has FWHM\ 25@@ at energy 1 keV while the ASCA mirrors
have a broader and more complex spatial response. As
noted, ROSAT data are available for all the groups except
N56[395. For S34[111 and S49[132, we mask out the
sources from the 0.5È2.0 keV images to form radial surface
brightness proÐles of the di†use emission. We use 1@ bins
centered at a position determined by eye out to a radius of
about 50@. The proÐle of the di†use emission is Ðtted with a

King isothermal model for the surface brightness p as a
function of radius r :

p(r) \ p0
C
1 ]

A r
r
c

B2D~3b`1@2] B0 ,

where b is the slope parameter, the core radius, ther
c

p
onormalization, and a constant background. The 1 keVB0ROSAT PSF is convolved with the model, but the results

are not very sensitive to the exact PSF used. In N34[175
and S49[140, the central galaxy is particularly bright so it
is included in the proÐle and modeled as an additional
Gaussian component. Other sources are removed, and 0@.5
bins are used. The radial proÐles are shown in Figure 5,
along with the ROSAT HRI proÐle of N34[175, and the Ðt
parameters are summarized in Table 4.

Since N56[395 was not observed with the PSPC, we use
the ASCA GIS images to constrain the shape of its surface
brightness proÐle. We do not attempt to subtract the emis-
sion from individual sources because of the extent of the
ASCA PSF (the telescope gives a 1@ core and a half-power
diameter of 3@, and the GIS increases this). We generate the
appropriate spectrally weighted PSF at the pointing center
by using the GIS pulse-height spectrum as input to a ray-
tracing program. The Ðt results are summarized in Table 4
and Figure 5. The reliability of the ASCA surface brightness
Ðts for N56[395 can be tested by comparing such Ðts for
the other groups against the ROSAT results. We Ðnd good
agreement provided that point sources do not make a large
contribution to the Ñux. The results for N56[395 should be
fairly reliable since the ROSAT PSPC All-Sky Survey
image of N56[395 does not show strong point sources
(Burns et al. 1996).

From their analysis of ROSAT data, Doe et al. (1995)
obtain results (b \ 0.58^ 0.10 and in goodr

c
\ 5@.0 ^ 0@.2),

agreement with ours for S49[132. Their values for
S49[140 (b \ 0.60^ 0.20 and are higherr

c
\ 4@.4 ^ 0@.4)

than ours, possibly because they simply exclude the inner-
most radial bin, whereas we Ðt both the di†use and the
galaxy components in the surface brightness proÐle. Truss-
oni et al. (1997) use di†erent software and obtain higher
values (b \ 0.61^ 0.06 and than we do forr

c
\ 7@.7 ^ 1@)

S34[111, but Komossa & 1999 obtain results inBo� hringer
excellent agreement with ours. Price et al. (1991) use
limited-quality Einstein data to obtain values (b \ 0.4È0.5
and similar to ours.r

c
\ 0@.8È2@.5)

N56[395 and S34[111 have low Ðtted values of
b D 0.4, which are indicative of relatively Ñat surface bright-
ness proÐles. The Ñatness of S34[111 relative to S49[132,
for example, is evident in Figure 5. However, the model
Ðtting carried out here assumes spherical symmetry, and all
the groups show some sign of departure from spherical sym-

TABLE 4

X-RAY SPATIAL PROPERTIES

rcore n
e,0

Source b (arcmin) (10~3 cm~3)

N56[395a . . . . . . 0.40~0.04`0.03 1.3~0.4`0.5 3.7~1.1`0.4
S34[111 . . . . . . . 0.38 ^ 0.02 3.0 ^ 0.5 1.3 ^ 0.1
S49[132 . . . . . . . 0.63~0.04`0.05 5.0~0.5`0.6 1.1 ^ 0.1
N34[175 . . . . . . 0.60~0.04`0.05 2.8 ^ 0.5 3.1 ^ 0.4
S49[140 . . . . . . . 0.39~0.03`0.05 1.3~0.7`0.9 2.2~1.2`0.8

a Using the ASCA GIS.



FIG. 3.ÈX-ray contours from ASCA GIS 2 images overlaid on Palomar Survey optical images. Each region shown is 18@ across. The X-ray images have
been smoothed with a Gaussian function with The contours are linearly spaced. For N56[395, the minimum and maximum contours correspond top \ 0@.6.
4.8] 10~4 and 2.4] 10~3 counts s~1 arcmin~2 ; for S34[111, these contours correspond to 3.4 ] 10~4 and 1.1] 10~3 ; for S49[132, 4.8] 10~4 and
1.6] 10~3 ; for N34[175, 1.1] 10~3 and 6.7] 10~3 ; and for S49[140, 2.2 ] 10~4 and 1.1] 10~3.
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FIG. 4.ÈX-ray contours from ROSAT PSPC 0.5È2.0 keV images overlaid on the same optical images as in Fig. 3. The ROSAT contours for S34[111 are
linearly spaced between 0.001 and 0.007 counts s~1 arcmin~2, with an additional contour (the second lowest) at 0.0015 ; for S49[132, between 0.0012 and
0.0069 ; for N34[175, between 0.002 and 0.045, plus an additional contour (the second lowest) at 0.005 ; and for S49[140, between 0.008 and 0.011.

metry. The assumption of spherical symmetry for an elon-
gated gas distribution may result in spuriously low values of
b (Makishima 1995), although the most obviously elon-
gated of our groups (S49[132) actually has the highest
Ðtted value of b. A more complex, two-component proÐle
can also be mimicked by a single Ñat proÐle (Mulchaey &
Zabludo† 1998).

2.5. Optical Data
Optically measured velocity dispersions, two-point corre-

lation coefficients, and luminosities for the group galaxies
are summarized in Table 5. The velocity dispersions p are
the quantity calculated at 0.75 Mpc from Ledlow et al.S

BI(1996) except for S49[132, for which it is calculated in the
conventional way using velocity and position data in
Ledlow et al. for galaxies within a 0.75 Mpc radius circle.
For most of the groups, the velocity dispersions are based

on fewer than 20 or even 10 galaxies, and the true dispersion
may actually lie outside the formal errors. Zabludo† &
Mulchaey (1998) show from their deep optical spectroscopic
measurements that velocity dispersions calculated using
only the brightest galaxies tend to signiÐcantly underesti-
mate the true dispersion. In addition, some of the groups
are embedded in larger systems or are interacting with
nearby systems, making the velocity data difficult to inter-
pret. For example, S49[132 is embedded in a larger
Zwicky cluster and has an exceptionally high velocity dis-
persion. Its velocity distribution is noted by Ledlow et al.
(1996) and Doe et al. (1995) to be unusually broad and Ñat,
with three of the central galaxies separated by 1000 km s~1
in velocity. N56[395 (MKW 8) is probably interacting
with the nearby group MKW 7 (Beers et al. 1995) and its
velocity dispersion calculated to 1.5 Mpc increases substan-
tially to km s~1.422~53`99



FIG. 5.ÈSurface brightness proÐles for each group. The proÐles are from the ROSAT PSPC, except for those for N56[395, which are from the ASCA
GIS2 and GIS3, and N34[175, for which we show both PSPC and HRI proÐles. Point sources were either removed from the ROSAT images before
calculating the surface brightness proÐle (S34[111 and S49[132), or the central galaxy was modeled as an additional Gaussian component (N34[175 and
S49[140). No point-source subtraction was carried out for the N56[395 ASCA data. The best-Ðt isothermal King model for the di†use gas is shown
overlaid on the observed surface brightness proÐle (see Table 4).
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TABLE 5

OPTICAL PROPERTIES

pa h L
B
c

Source Other Name (km s~1) B
gg

N (arcmin) (1011 L
_

)

N56[395 . . . . . . WBL 518, MKW 8 329~97`110 (15) 101 ^ 33 11 27.9 [3.1 (5)
S34[111 . . . . . . WBL 025 466~41`55 (29) 100 ^ 33 10 41.6 [4.3 (12)
S49[132 . . . . . . WBL 698 877 (21) 156 ^ 39 18 19.3 [7.3 (6)
N34[175 . . . . . . WBL 636 589~31`440 (7) 49 ^ 22 6 25.8 [4.0 (5)
S49[140 . . . . . . WBL 061 205~21`59 (10) 58 ^ 36b 7 36.4 [2.6 (7)

at 0.75 Mpc, from Ledlow et al. 1996 ; S49[132 from data in Ledlow et al. 1996. In parentheses is thea S
BInumber of galaxy velocities used in the calculation.

b Andersen & Owen 1995.
at 0.5 Mpc radius. In parentheses is the number of galaxy magnitudes used.c L

B

The two-point galaxy-galaxy correlation coefficient B
gg(see Andersen & Owen 1995) is calculated for N galaxies

over an angular scale h chosen to optimize the signal-to-
noise ratio. It directly reÑects the galaxy richness of the
group and correlates with both the X-ray luminosity and
gas temperature. S49[132 has the highest value of B

ggamong our groups, while N34[175 and S49[140 both
have low B

gg
.

The estimated optical galaxy luminosities are based on
B-band magnitudes from the Third Reference Catalog of
Bright Galaxies (3RC; de Vaucouleurs et al. 1991) as acces-
sed through HEASARC and NED. Wherever available,
these are the extrapolated, extinction- and redshift-
corrected blue magnitudes We include group galaxies(BT0).that are located within the radius used for the X-ray spec-
tral Ðts, which turns out to be nearly the same as for a
uniform physical radius of 0.5 Mpc. We do not attempt a
correction for faint, undetected galaxies, and magnitudes
are not yet available for many of the fainter galaxies in the
redshift compilation of Ledlow et al., so our tabulated lumi-
nosities are lower limits.

3. RESULTS

We now examine physical measurements derived from
the data : the X-ray luminosity and its relationship to the
X-ray temperature and to optically measured dynamical
properties ; the distribution of mass between the gas, galaxy,
and dark matter components ; and the abundances of the
elements. These are compared to measurements for other
groups (most at lower temperatures than ours) and to rich
clusters to test if our hotter groups provide a transition
between these systems.

3.1. X-Ray L uminosities
We list in Table 6 the 0.5È10 keV X-ray source lumi-

nosities measured within the radii used for the spectral Ðts.
The luminosities can be scaled to other radii by using the
results of the surface brightness proÐle Ðts. We also give
luminosities at a Ðxed physical radius of 0.5 Mpc and at a
radius representative of the extent of the X-ray emission.
We deÐne this extent to be the radius where the surface
brightness proÐle falls to 2% of its peak value. The multipli-
cative correction factors at these radii are 1.6 at 22@ (1 Mpc)
for N56[395, 5.2 at 64@ (1.9 Mpc) for S34[111, 1.6 at 20@
(1.5 Mpc) for S49[132, 1.3 at 12@ (0.6 Mpc) for N34[175,
and 2.4 at 24@ (0.8 Mpc) for S49[140.

The X-ray luminosities and temperatures of the groups
appear to be consistent with the well-known correlation in
clusters (see, e.g., Mushotzky 1984 ; Edge & Stewart 1991a ;
David et al. 1993 ; Mushotzky & Scharf 1997 ; Fukazawa
1997). In Figure 6 we show the 0.5È10 keV X-ray luminosity

at 0.5 Mpc against the X-ray temperature kT of ourL Xgroups ( Ðlled squares) compared to a sample of clusters and
groups studied with ASCA by Fukazawa (1997). The groups
fall on the lower luminosity end of the relation deÐned by
the clusters. At temperatures keV, Ponman et al.kT [ 1
(1996) use ROSAT data for compact groups and Ðnd a
steeper correlation that they suggest may arise from the
action of galactic winds. Mulchaey & Zabludo† (1998),
however, Ðnd no evidence for such steepening in their
sample of low-temperature (kT \ 1 keV) groups.

The X-ray luminosities and various optical measures of
the group richness also appear to follow the same trends
seen in richer clusters. For example, a strong correlation
exists between and the optical velocity dispersion p inL Xrich clusters (Quintana & Melnick 1982 ; Edge & Stewart

TABLE 6

0.5È10 keV X-RAY LUMINOSITIESa

RX RX L X,RX
R0.5h~1Mpc L X,0.5Mpc Extent L X,RE

Source (arcmin) (h~1 Mpc) (h~2 ] 1043 ergs s~1) (arcmin) (h~2 ] 1043 ergs s~1) (h~1 Mpc) (h~2 ] 1043 ergs s~1)

N56[395 . . . . . . . . 12 0.57 6.4 10.5 5.8 1.0 10.
S34[111 . . . . . . . . 10.5 0.32 1.0 16.4 1.5 1.9 5.2
S49[132 . . . . . . . . 9 0.66 8.9 6.8 6.9 1.5 14.
N34[175 . . . . . . . . 7.5 0.37 5.0 10.1 5.9 0.6 6.3

(with PL) . . . . . . . . . . . . 3.3 . . . 3.9 . . . 4.2
S49[140 . . . . . . . . 8.5 0.27 0.4 16.0 0.7 0.8 0.9

km s~1 Mpc~1a H0\ 50
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FIG. 6.ÈX-ray luminosities between 0.5 and 10 keV at 0.5 Mpc and
X-ray measured gas temperatures for clusters and groups in the ASCA
sample of Fukazawa (1997). Our groups are shown in this plot as the Ðlled
squares. The open square represents N34[175 when a power law is
included in the spectral model (see text).

1991b). Price et al. (1991) used Einstein Observatory X-ray
data to show that poor clusters and groups extend the rela-
tion found for richer clusters. The issue has been compli-
cated since then as DellÏAntonio, Geller, & Fabricant (1994)
and Mahdavi et al. (1997) suggest that the relation Ñattens
for lower luminosity groups as the galaxy luminosities begin
to dominate over that of the intragroup gas. If the galaxy
emission is excluded, however, the cluster relationL X-p
appears to hold for the intragroup gas (Ponman et al. 1996 ;
Mulchaey & Zabludo† 1998). Our groups generally follow
the cluster relation, with the possible exception of
N56[395, for which the velocity dispersion listed in Table
5 is somewhat low relative to the X-ray temperature and

luminosity. If the higher dispersion calculated at 1.5 Mpc by
Beers et al. (1995) is used for N56[395, there is better
agreement with the average cluster relation. Our groups
also fall within the range of other clusters and groups for the
relationship between the X-ray luminosity and the two-
point galaxy correlation coefficient shown by Doe et al.B

gg(1995). The one strong exception is N34[175, for which B
ggis markedly low for its X-ray luminosity. This persists even

if the lower luminosity from the model including a com-
ponent for the AGN is adopted. The relative sparseness of
galaxies in this group, which is reÑected in the low value of

can be seen in Figures 3 and 4. N34[175 otherwiseB
gg

,
shows no anomalies and, as will be shown in the following
section, shows no peculiarities in its mass or baryon frac-
tion.

With the exceptions noted above, the relations for the
X-ray luminosity to X-ray temperature and to optical rich-
ness seen in the richer clusters appear to hold at the lower
mass scales of the kT D2È3 keV groups in our sample.

3.2. Masses and Mass Ratios
The mass contained in galaxies, gas, and dark matter in

the groups may be calculated with a few standard assump-
tions. The mass of the galaxies can be estimated from the
galaxy luminosities by assuming a mass-to-light ratio for
each galaxy, while the mass of the X-rayÈemitting gas and
the total gravitational binding mass can be computed from
the X-ray spectral and imaging results by assuming that the
gas is spherically symmetric and in hydrostatic equilibrium.
The distribution of mass between the various components is
then easily seen by taking ratios of the masses. These masses
and mass ratios are tabulated in Table 7 both at the radii
used for the ASCA Ðts and at a Ðxed physical radius of 0.5
Mpc.

To calculate the mass of a galaxy from its optical B-band
luminosity, an appropriate mass-to-light ratio (M/L ) must
be determined for it depending on its galaxy type. Most of
the galaxies are E or S0 ; for those with published velocity
dispersions and e†ective (half-light) radii, we calculate M/L
using the scaling in the fundamental plane for elliptical gal-
axies based on Loewenstein & White (1999). Galaxy veloc-

TABLE 7

MASSESa

Mgas Mopt MFe/L B
Mbind

Source (h~5@2 ] 1012 M
_
) (h~1 ] 1012 M

_
) (M

_
/L

_
) Mgas/Mgal (h~1 ] 1012 M

_
) fgas fbaryon

To RX
N56[395 . . . . . . 8.9 [2.2 0.018 \4.0 78 0.11 [0.14
S34[111 . . . . . . . 1.6 [2.9 0.003 \0.6 26 0.06 [0.17
S49[132 . . . . . . . 15 [7.9 0.009 \1.9 120 0.12 [0.19
N34[175 . . . . . . 4.7 [2.9 0.009 \1.6 49 0.10 [0.16

with PL . . . . . . 4.2 . . . 0.007 \1.4 35 0.12 [0.20
S49[140 . . . . . . . 0.8 [3.8 0.002 \0.2 18 0.05 [0.26

To 0.5 Mpc

N56[395 . . . . . . 6.9 [2.2 0.014 \3.1 68 0.10 [0.13
S34[111 . . . . . . . 3.9 [2.9 0.006 \1.3 42 0.09 [0.16
S49[132 . . . . . . . 8.2 [7.9 0.005 \1.0 76 0.11 [0.21
N34[175 . . . . . . 7.7 [2.9 0.015 \2.6 70 0.11 [0.15

with PL . . . . . . 6.8 . . . 0.011 \2.3 50 0.14 [0.19
S49[140 . . . . . . . 2.7 [4.2 0.006 \0.6 34 0.08 [0.20

km s~1 Mpc~1.a H0\ 50



614 HWANG ET AL. Vol. 516

ity dispersions are taken from McElroy (1995), and e†ective
radii from 3RC. For galaxies with magnitude information
only, we calculate M/L assuming the mean relation in the
fundamental plane. A few faint galaxies without(m

B
[ 15)

morphological classiÐcations are also treated as ellipticals.
The M/L values are typically between 4 and 10 in solar
units, with a few beyond either end. The groups S49[132
and S49[140 each have one relatively bright galaxy that
dominates the mass because of a high M/L value arising
from a large e†ective radius. If M/L for these galaxies is
calculated from just the luminosity and the mean funda-
mental plane relation, the total galaxy masses in the lower
part of Table 7 decrease from 7.9 to 6.2] 1012 forM

_S49[132, and from 4.2 to 2.9] 1012 for S49[140. ForM
_the spiral galaxies, we use the mass-to-light relation given

by Persic, Salucci, & Stel (1996), which scales with lumi-
nosity. The typical value of M/L for our spirals is D3 in
solar units. The galaxy masses in these groups range from 2
to 8 ] 1012 These are lower limits because opticalM

_
.

magnitudes are not available for many of the known group
galaxies and no correction is attempted for them.

The gas mass is obtained by integrating the hydrogen
density over the appropriate volume and assuming a mean
mass per proton of 1.4 amu. The density in a King isother-
mal model with slope b and core radius is given byr

c

n(r)\ n0
C
1 ]

A r
r
c

B2D~3b@2
.

The central density is determined by equating the spec-n0trally Ðtted emission measure with the quantity / n
e
(r)nH(r)

dV /(4nd2), where the integral is over the emitting volume, d
is the distance to the source, and is taken to be 1.23.n

e
/nHThe central electron densities are given in Table 4. The gas

masses at 0.5 Mpc are (3È8)] 1012 as given in Table 7.M
_

,
The gravitational binding mass within a radius r depends

on the spatial gradients of the temperature T and the
density o :

M(\r)\ [ kT
Gkm

p
r
Ad ln o

d ln r
] d ln T

d ln r
B

,

where k is BoltzmannÏs constant, G is the gravitational con-
stant, is the proton mass, and the mean mass per particlem

pk is taken to be 0.6 amu. We assume that the gas is isother-
mal, since this is consistent with our spatially resolved spec-
tral analysis (Table 2), and take the gas temperatures from
the global spectral results in Table 2. Most groups for which
the temperature proÐle has been measured are indeed con-
sistent with being isothermal (see, e.g., Mulchaey et al. 1996
and references therein ; Fukazawa et al. 1996b), with the
exception of those whose central regions may harbor
cooling Ñows (see, e.g., Fukazawa et al. 1996a, 1996b ;
Ponman & Bertram 1993). The total binding masses at 0.5
Mpc for our groups are (3È8)] 1013 (Table 7), higherM

_than those reported for lower temperature groups by Pildis
et al. (1995) and Mulchaey et al. (1996), but comparable to
those reported for six MKW and AWM poor clusters by
Kriss et al. (1983) using Einstein Observatory data.

From the calculated masses, we can compare the dis-
tribution of the total mass between the various com-
ponents : gas-plus-galaxy to total mass (baryon fraction),
gas to total mass (gas fraction), and gas to galaxy mass. The
only signiÐcant changes in these quantities between the
ASCA radius and 0.5 Mpc radius are the gas mass fractions

for S34[111 and S49[140. At the ASCA radius, which
corresponds to 0.3 Mpc for both, the gas mass fractions are
30% and 40% lower than at 0.5 Mpc.

The baryonic mass fractions of the groups range from
13% to 21% and overlap with much of the range for clus-
ters, although some rich clusters have higher baryon frac-
tions near 30%. The gas mass fractions are between 8% and
14% and are mostly near 10%, which is below the average
value for clusters (Allen & Fabian 1998 ; White, Jones, &
Forman 1997) but overlaps with the lower end of the cluster
range. Some other groups, typically those with lower tem-
perature gas, have gas mass fractions as low as 5% (see, e.g.,
Pedersen et al. 1997 ; Pildis et al. 1995 ; Mulchaey et al.
1996). At even lower mass scales, elliptical galaxies have gas
mass fractions of less than 1% (Forman, Jones, & Tucker
1985). There is a progression of increasing gas mass fraction
from elliptical galaxies to poorer groups to clusters,
although it is not clear that this trend continues on cluster
scales (see, e.g., White et al. 1997).

The upper limits for the ratio of gas mass to galaxy mass
in our groups are between 0.6 and 3. In clusters, this ratio
has been reported to be as high as 5È6 (Arnaud et al. 1992 at
3 Mpc ; David et al. 1990 at 1 Mpc), but others report values
of about 1È2 (Fukazawa 1997 at 1 Mpc ; Edge & Stewart
1991a at 0.5 Mpc), and trends with mass on cluster scales
are controversial. Ratios below 1 are reported for poorer
groups (Mulchaey et al. 1996), with many compact groups
having values \0.1 (Pildis et al. 1995) ; elliptical galaxies
have ratios as low as \0.01 (Forman et al. 1985). There is
clearly a large-scale trend of increasing with massMgas/Mgalfrom ellipticals to poor groups to clusters. The factor of 5
spread we Ðnd for our groups spans the range for rich clus-
ters and goes signiÐcantly below it, showing that the devi-
ations from the cluster values take place at this 2È3 keV
mass scale. The values are signiÐcantly higher than the
typical values for poorer groups, including the compact
groups. The galaxy masses for the groups are lower limits,
but it is unlikely that they are in error by substantially more
than a factor of 2, and corrections to them will move the gas
to galaxy mass ratios farther from the cluster values. Results
in the literature are reported rather nonuniformly and there
are few observations that extend to the virial radii of groups
and clusters, but the large-scale trends noted here seem to
be clearly established.

Errors in the gas mass due to the formal uncertainties in
b and and in kT are typically smaller than a few percent,r

cwhile the formal errors in the total mass are about 10% or
less. N56[395 has the largest uncertainties in b and andr

c
,

the error in its ratio of gas mass to total mass is about 13%.
If we use the ROSAT results of Trussoni et al. (1997) for
S34[111, with b and about twice the values we obtain,r

cthe masses are still within about 10% of the values in Table
7. The systematic uncertainties in the mass calculations are
likely to be comparable to or higher than the formal uncer-
tainties. If the assumption of hydrostatic equilibrium does
not hold, the mass calculations may be in error by some
30% (Evrard, Metzler, & Navarro 1996 ; Schindler 1996),
and the neglect of an existing temperature gradient will
contribute additional errors.

A simple check on our calculations for the total mass is to
compare them to the virial mass derived from the scaling of
mass and temperature in the simulations of Evrard et al.
(1996). They provide analytical formulae depending only on
the temperature of the X-rayÈemitting gas both for the
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virial radius, deÐned as enclosing a mass density contrast of
500 times the critical density, and for the corresponding
mass. For 2 and 3 keV gas, these radii are 2.2 and 2.7 Mpc,
and the masses are 2 ] 1014 and 3.65] 1014 respec-M

_
,

tively. Extrapolating our results to these radii, we derive
masses that are in excellent agreement with the analytical
predictions, with the exception of N34[175. Its extrapo-
lated mass of 3 ] 1014 for a temperature near 2 keV isM

_somewhat high. Using the lower 1.6 keV temperature from
Ðtting an power-law component, the extrapolated mass of
2 ] 1014 is still high relative to the analytical mass ofM

_1.4] 1014 M
_

.
The gas mass obtained by Doe et al. (1995) for S49[132

is difficult to reconcile with ours. They process the ROSAT
imaging data using methods similar to ours and obtain b
and values in good agreement but calculate the massr

cbased on a deprojection of the ROSAT data. Much of the
di†erence between our calculated gas masses is accounted
for by their calculated central electron density being a factor
of 3 higher than ours. The higher density would be required
for the low ROSAT temperature of 2 keV they use com-
pared to the ASCA temperature of 3 keV. At 0.5 Mpc, their
X-ray luminosity is nearly an order of magnitude lower
than ours, and their gas mass fraction of 45% is much
higher than our value. For S49[140, our results are in
reasonable agreement once the total mass is corrected for
the ASCA temperature of 1.6 keV compared to the tem-
perature 1.0 keV used by Doe et al., notwithstanding our
discrepancies in b and r

c
.

3.3. Element Abundances
Our groups have average element abundances of about

0.3x, which is the remarkably homogeneous value
observed in the rich clusters (Allen & Fabian 1998 ; Mush-
otzky et al. 1996, and references therein). Although some
other groups have cluster-like abundances (see, e.g., Fuka-
zawa et al. 1996b), others have substantially lower element
abundances (e.g., NGC 4261 : Davis et al. 1995 ; NGC 2300 :
Davis et al. 1996). Low-abundance groups have now been
conÐrmed (NGC 2300 : Sakima, Tawara, & Yamashita
1995) and newly identiÐed by ASCA (e.g., NGC 3259 : Ped-
ersen et al. 1997 ; also see Davis et al. 1999). Fukazawa
(1997) and Renzini (1997) point out a pattern in the X-ray
temperature and Fe abundance of groups and clusters : at
temperatures above about 1 keV, the Fe abundance shows
little variance from about 0.3x, while at lower tem-
peratures, there is a large spread in abundances, with a
tendency toward very low values.4 Our groups Ðt into the
pattern noted by Fukazawa and Renzini in that a 0.3x
metallicity is expected for temperatures of 2È3 keV.

The Si-to-Fe abundance ratio in our groups favors the
solar value, although a ratio of twice the solar value cannot
in general be ruled out with more than 90% conÐdence. In
other groups for which Si/Fe has been determined so far,
this ratio is generally about solar (Fukazawa et al. 1996b ;
Davis et al. 1999). This is similar to the value determined for
elliptical galaxies (Matsumoto et al. 1997) and lower than
the value of twice solar characteristic of rich clusters
(Mushotzky et al. 1996).

4 It is possible that some of this spread is related to uncertainties in the
atomic physics of the Fe L shell, which dominates the abundance and
temperature determination at low temperatures (see references above).

The quantity is even more directly related to theMFe/L Bstellar Fe yield than the abundances themselves (Arnaud et
al. 1992). As shown in Table 7, the upper limits for our
groups are between 0.005 and 0.015 in solar units when
evaluated at a radius of 0.5 Mpc. Since this quantity is
directly proportional to the Fe abundance, its errors are
dominated by the uncertainties in the Fe abundance mea-
surement. These errors range from less than 20% up to 45%
in our groups (Table 2). The typical range of inMFe/L Bclusters is 0.01È0.02, measured at a radius of 3 Mpc, roughly
the virial radius for clusters (Renzini 1997). Comparisons at
di†erent radii are a little risky, but the values for our groups
are evidently at or below the typical range for clusters. In
our sample, there appears to be a signiÐcant spread in this
quantity ranging from the cluster value to below. The mass
scale corresponding to temperatures of 2È3 keV is evidently
that at which the ratio begins to deviate from theMFe/L Bcluster value. In the larger sample of Davis et al. (1998), two
groups with temperatures D2 keV have even lower

The pattern of increasing in poorMFe/L B
\ 0.001. MFe/L Bgroups to rich clusters echoes that seen in the lower gas

mass fractions and gas to galaxy mass ratios of groups com-
pared to clusters.

4. CONCLUSIONS

Our study of a sample of Ðve RASS-selected, X-ray bright
groups shows that these objects have temperatures between
2 and 3 keV at the lower boundary of the temperature range
for clusters. This is a temperature range for which relatively
few objects have been well studied thus far compared to
those above and below it. Insofar as we are able to test the
spatial temperature structure by comparing the spectra in
two annular rings, it is consistent with being isothermal out
to about 10@. The temperatures and bolometric luminosities
agree well with the relation established for richer clusters,
reinforcing the conclusions of other authors that the bulk
X-ray properties of groups are an extension of those of
richer clusters (Price et al. 1991 ; Doe et al. 1995 ; Burns et al.
1996 ; Mulchaey & Zabludo† 1998). We also Ðnd that both
the optically determined galaxy velocity dispersion and the
galaxy richness parameter compared to the X-ray lumi-B

ggnosity generally agree well with the relations established by
other clusters and groups. The dynamically complex group
N56[395 has a relatively low velocity dispersion at 0.75
Mpc radius, whereas N34[175 has a low for its X-rayB

ggluminosity.
The spectral and imaging data together allow estimates

of the gas mass and the total gravitating mass in these
systems. At a radius of 0.5 Mpc, the gas masses are a few to
several times 1012 and the total masses are about aM

_
,

factor of 10 higher, giving gas mass fractions near 10% for
this sample. The ratio of mass in gas relative to that galaxies
spans a factor of several and is no higher than about 0.6È3.
These values overlap the range seen in clusters but are
higher than those seen in lower temperature groups.
Whereas poorer groups tend to have widely varying and
often rather low abundances, our groups have element
abundances typical of clusters, at roughly 0.3x. The ratio
of Si-to-Fe abundance, however, favors at 90% conÐdence a
value near the solar ratio that is more characteristic of ellip-
tical galaxies and poorer groups than of rich clusters. The
ratio of Fe mass in the gas to the optical luminosity spans a
factor of 3 range from 0.005 to 0.015. These values also
overlap those for the hotter clusters and are higher than the
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widely dispersed values reported for lower temperature
groups. The 2È3 keV groups appear to be at the mass scale
at which the transitions occur from the cluster values to the
lower, widely dispersed in values observed in the poorer,
lower temperature groups.

The uniformity of cluster element abundances and
indicates that clusters had very similar star forma-MFe/L Btion histories involving little or no exchange of baryons

with their surroundings (Renzini 1997). Groups are a
loosely deÐned class of objects, ranging from isolated pairs
to aggregates comparable to the poorest clusters, and this
diversity is reÑected in the large dispersion in their proper-
ties. The wide range in observed element abundance,

and in the distribution of mass between gas, gal-MFe/L B
,

axies, and dark matter indicates a varied formation and
chemical enrichment history for groups. Groups, which
have lower gravitational potentials than the more massive
clusters, must have lost gas to their surroundings because of
galactic winds or the supernova heating that followed star
formation (Fukazawa et al. 1996b ; Renzini 1997). Such an
exchange is consistent with the lower values of MFe/L B

,
lower gas mass fractions, and lower gas to galaxy mass
ratios measured for groups. The low abundances observed
in some poor groups may indicate that these groups later
accreted pristine gas that diluted the abundances (Renzini
1997), or perhaps simply that these groups have lost more of
their enriched gas (see, e.g., Davis et al. 1999).

The X-rayÈbright groups selected from the RASS-optical
catalog correlation are at the upper end of the mass scale for
groups with masses, temperatures, luminosities, and abun-
dances comparable to the poorest of the Abell clusters. In

properties such as and the balance of mass betweenMFe/L Bgas and galaxies, they begin to deviate from the cluster
norms. Our results reinforce the suggestion that groups are
at the threshold to conÐne their primordial and processed
gas for a less widely studied mass range intermediate
between the poorest groups and the rich clusters.

Groups are Ðnally receiving the attention they deserve
based on their preponderance in the universe. X-ray studies
are crucial, and improved X-ray observations with higher
spatial resolution are highly desirable, both to increase the
sample of studied groups and also to separate contami-
nating emission from individual galaxies. The X-ray emis-
sion from galaxies is relatively much more important in
groups and in poor clusters and can make up a substantial
fraction of the Ñux. In the case of N34[175, emission from
the AGN increases the uncertainty in the temperature mea-
surement signiÐcantly. Such improved observations are
forthcoming with AXAF and XMM.
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APPENDIX

CALIBRATION ISSUES

Radiation damage to the ASCA CCD detectors is causing an increasingly marked decline in instrument performance that is
most evident in two- and four-CCD mode. The most notable e†ect is a reduced efficiency in the SIS detectors at energies
below about 1.2 keV that is mimicked by a spuriously high column density when the data are Ðtted with a spectral model. The
e†ect is worse for SIS1 than for SIS0, and current calibration corrections do not completely compensate for it. Furthermore,
some important calibration corrections (residual dark current, or RDD, and dark frame error, or DFE) can be applied only to
data obtained in FAINT mode.5 Along with the change in column density, sometimes there is a signiÐcant change in the Ðtted
temperature between the BRIGHT and FAINT modes. For this reason, we present only the FAINT mode results, as they are
more reliable. Furthermore, di†erent algorithms for implementing the FAINT mode corrections give somewhat di†erent
values for the Ðtted column density. We used the method that gave lower since the temperatures were consistent. WeNH,
stress that the column densities obtained from Ðts to these data should not be considered reliable measurements.

Because of the higher telemetry requirements for obtaining data in FAINT mode over those in BRIGHT mode, most of our
observationsÈscheduled before the full e†ect of declining SIS performance was knownÈwere carried out in a combination of
the FAINT and BRIGHT modes. Limiting the spectral analysis to FAINT mode data decreases the SIS exposure time for
S49[132, N34[175, and S49[140 to, respectively, 75%, 50%, and 45% of those listed in Table 1 for GIS2. For S34[111,
the FAINT and BRIGHT mode data gave consistent results so we use BRIGHT mode to improve the statistics.

ROSAT PSPC data are available for four of our Ðve groups. We examined the spectral data to determine the column
densities. We extracted the PSPC spectra from the same region on the sky as was used for the ASCA spectra and retained all
point sources (since we did not subtract point sources from the ASCA spectra). The column densities are in excellent
agreement with the Galactic values, but the temperatures are all lower than the ASCA temperatures by about 30%.

Figure 7 summarizes all the available data. It plots against the date of the ASCA observation measured in months since the
ASCA launch (1993 February) (1) the column densities obtained by spectral Ðts to our SIS0 and SIS1 data using BRIGHT
mode, (2) the column densities from Ðts to the ROSAT PSPC data, and (3) the Galactic column density from Table 1. It is
clearly seen that the Ðtted SIS column densities exceed the ROSAT and Galactic values, increase with time, and are higher for

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
5 Discussion of the RDD, DFE, and the characteristics of FAINT and BRIGHT mode data can be found in the ASCA ABC Guide (ASCA Guest

Observer Facility 1997).
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SIS1 than for SIS0. We have veriÐed that this is not caused by a high CCD temperature or by inappropriate background
subtraction.

As noted above, the ROSAT temperatures for the groups are systematically lower than the ASCA temperatures. In Figure
8, we compare the temperature results for our groups with a representative (not comprehensive) sample of ROSAT and ASCA
temperatures for elliptical galaxies and clusters taken from the literature. The 30% o†set between ROSAT and ASCA
temperatures for our groups is typical for clusters with temperatures above about 2 keV. There does not appear to be any
systematic o†set at lower temperatures, and there is a hint that the agreement may improve at temperatures above about 6
keV. A number of e†ects may contribute to the discrepancies. It may simply reÑect the limitations of a low-resolution,
small-bandwidth spectrometer for accurately measuring gas temperatures above about 2 keV. Another possibility is that the

FIG. 7.È(See the Appendix.) The Ðtted BRIGHT mode column densities for SIS0 (squares) and SIS1 (stars) plotted against observation date measured in
months since the 1993 February ASCA launch along with corresponding column densities from ROSAT PSPC (triangles) and the radio-measured Galactic
value (circles). Left to right are : N56[395, S34[111, S49[132, N34[175, and S49[140.

FIG. 8.È(See the Appendix.) Comparison of temperatures measured by ASCA with the ratio of ROSAT and ASCA temperatures. The horizontal error
bars give the error in the ASCA temperature, the vertical error bars, the error in the PSPC temperature only. The open triangles are the groups in this study.
The Ðlled circles are for elliptical galaxies, for which the ASCA temperatures are taken from Matsushita (1996) and Matsumoto et al. (1997) and ROSAT
temperatures from Davis & White (1996). The Ðlled squares are for clusters : ASCA temperatures are taken from Fukazawa (1997) and ROSAT temperatures
from Bardelli et al. (1996), Briel & Henry (1996) David, Jones, & Forman (1996), Henry, Briel, & Nulsen (1993), Jones et al. (1997), Markevitch & Vikhlinin
(1997), Pislar et al. (1997), Sarazin & McNamara (1997), and Schindler & Prieto (1997).
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gas has a wide range of temperatures. ROSAT Ïs lower energy bandwidth would make it more sensitive to the lower
temperature gas, while ASCAÏs broader energy bandwidth would make it measure a higher average temperature.
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