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ABSTRACT

We present the first measurement of the ensemble properties of X-ray-selected groups of galaxies. Their
X-ray luminosity and temperature functions are a smooth extrapolation from rich clusters of galaxies. The
X-ray-selected groups have a spiral fraction which is about a factor of 2 smaller than optically selected
groups, possibly because the X-ray selection produces a more dynamically evolved sample. The binding
masses of these groups and their contribution to the density of the universe is typical of those found from
analyses of optically selected samples, but our estimates were derived from completely different selection cri-

teria and mass measurements.

Subject headings: cosmology: theory — galaxies: statistics — surveys — X-rays: galaxies

1. INTRODUCTION

Most galaxies are in groups, which may imply that a sub-
stantial fraction of the mass of the universe is in groups. Cer-
tainly groups are far more common than rich clusters of
galaxies and are more massive than individual galaxies. Thus
studies of groups may produce insights into the mass density of
the universe, one of the fundamental parameters in cosmology.

Unfortunately, it is difficult to find real groups; Ramella,
Geller, & Huchra (1989) estimate from simulations that ~30%
of their groups with fewer than five members are spurious, even
when searching in complete redshift catalogs of galaxies. The
best method used to date to construct group catalogs (or at
least the one used most recently) is a percolation, or “friends of
friends,” algorithm applied to galaxy redshift surveys. Some of
the more recent work constructing catalogs includes Hickson
et al. (1993), Nolthenius (1993), Ramella et al. (1989), and Maia,
da Costa, & Latham (1989). The median redshift of these cata-
logs is typically less than 0.03, while the median velocity dis-
persion of the groups is ~200 km s~ 1. Prandoni, Iovino, &
MacGillivray (1994) have produced the first catalog of groups
selected entirely by machine.

In addition to the difficulty finding groups, the properties of

! Results presented here are based in part on observations made with the
Multiple Mirror Telescope, a joint facility of the Smithsonian Institution and
the University of Arizona, and with the University of Hawaii 2.2 m telescope.
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those found seem to depend sensitively on the selection algo-
rithm used to find them (Pisani et al. 1992). Some of the diffi-
culties in determining the mean properties of groups result
from the poor statistics associated with locating and studying
objects which contain a small number of members. For
example, it is very difficult to measure velocity dispersion and
size if the group has only a few members. Another difficulty is
that the redshift surveys are shallow enough that geometrical
effects (such as walls and voids) are still important. As a result
of these uncertainties, the parameter of most interest, the
median mass-to-light ratio of groups, varies by more than a
factor of 2 from one catalog to another. Combined with the
various luminosity densities of the different catalogs, these
mass-to-light ratios result in a range in Q, of 0.05-0.3.
However, groups of galaxies are also X-ray emitters
(Bahcall, Harris, & Rood 1984). The X-ray properties of groups
are: bolometric luminosities up to a few 10*3 hy! ergs s™!
(where the Hubble constant is 50 hs, km s ~* Mpc ™!, which we
use throughout this paper); temperatures of ~1 keV; and
masses of a few 10’3 h;l' My (see Mulchaey et al. 1993;
Ponman & Bertram 1993; David et al. 1994). Observations at
X-ray wavelengths can overcome the difficulties with the
present optical group surveys described above. The statistics of
the measurement of any group property and the depth of the
survey are only a function of the exposure time. In addition,
since confining the hot X-ray-emitting gas requires a potential
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well, all X-ray—selected groups are real physical objects, not
apparent associations seen only in projection.

All previous X-ray studies of groups have been of objects
selected in other wave bands. The most extensively studied
sample by far has been the Hickson compact groups, which
were optically selected (Bahcall et al. 1984; Ponman &
Bertram 1993; Ebeling, Voges, & Bohringer 1994; Bohringer
1994; Pildis, Bregman, & Evrard 1995; Saracco & Ciliegi
1995). The previous all-sky X-ray surveys, which could have
been used to construct X-ray-selected group catalogs, have all
been conducted in the 2-10 keV energy band and so are severe-
ly biased against finding the low-temperature groups. Thus the
application of X-ray observations to the study of groups, and
in particular the determination of their ensemble properties,
has been quite limited. At present only about a dozen groups of
galaxies are known to have a hot intergroup medium (the
number is uncertain because some detections are quite weak
and it is difficult to decide whether the emission is confined to
only the galaxies).

The ROSAT All-Sky Survey (RASS), on the other hand, is
optimal for finding groups. The RASS was carried out in the
0.1-2.4 keV energy band, and it has excellent sensitivity to low
surface brightness objects. We are in the process of identifying
all 629 of the RASS sources in an approximately 9° x 9° region
around the north ecliptic pole (NEP) where the survey is the
deepest. We report here the first determination of the ensemble
properties of a statistically complete (but small) X-ray—selected
sample of groups of galaxies. We find that groups fit on the
extrapolation of the mass, temperature, and luminosity func-
tions established for rich clusters.

2. GROUP SELECTION

We have searched a solid angle of 84.7 deg? = 0.0258
sr around the NEP. The boundaries of the survey region
are approximately: 259°10 < «(2000) < 280°90 for 61°8 <
6(2000) < 64°8;  257°75 < «(2000) < 282°25 for 6478 <
6(2000) < 67°8; and 256265 < (2000) < 283735 for 67°8 <
6(2000) < 71°1. Twenty-three group candidates were selected
from the intersection of two sets (i.e., each group reported here
had the properties of both). The first set comprised 98 RASS
sources that were obviously extended (more than 2’ in at least
one dimension), as judged by two of us independently. The
second set comprised 49 RASS sources that has two or more
galaxies (one of which with a major axis diameter greater than
18”) near the X-ray position. The optical plate material was J
and F plates from the Palomar Schmidt, which were digitized
by COSMOS. The surface brightness to which this galaxy
angular diameter refers is undetermined at the moment, but it
is not critical since this initial selection only produces a list of
candidates. Images of the 23 candidates were examined at the
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telescope, and redshifts obtained for several objects in their
fields. This procedure yielded a sample of eight groups with
redshifts less than 0.04. The X-ray contours of these groups are
overlaid on the E POSS print in Figures 1a—1h (Plates 1-8).

Although we have found groups with redshifts as great as
0.09 (Burg et al. 1992), the discussion in this paper will be
restricted to those sources within a redshift of 0.04. We believe
that we have found all groups with luminosities greater than
~0.9 x 10*% b5 ergs s~ ! in the survey region out to this limit
and that this sample is therefore volume complete. The histo-
gram of redshifts in Figure 2 is consistent with a constant space
density, although there is some evidence of large-scale struc-
ture in the clump of groups near z = 0.038 which may be due
to the northern extension of the Great Wall. We have used
only the three groups with z < 0.03 in calculating space den-
sities since the group properties of interest (see Table 3) are
incomplete outside this limit. The volume in the survey region
out to a redshift of 0.03 is 5.0 x 10* h53 Mpc?.

We are keenly aware of the limitations of our sample. First,
the sample size is small. However, we are increasing the
number of groups which are known to be X-ray—emitting by
more than 50%. Further, we are measuring the ensemble
properties in a region of parameter space where essentially
nothing is known with a precision comparable to previous
measurements for rich clusters. Even a measurement with 50%
error bars is useful if the function being measured extends over
4 or 5 orders of magnitude (see Figs. 4 and 5). Second, although
we believe that the sample is complete and are not severely
biased by large-scale structure within our complete volume, we
cannot prove it until all X-ray sources have been identified. An
upper limit to any additional groups remaining may be
obtained by noting that to date we have identified 27% of the
629 total sources. Adopting this value for our incompleteness,
the number of groups would be increased by a factor of 3.7.
This number is very conservative because we have biased our
identification procedure to find groups; nevertheless, even
incompleteness at this level would not substantially alter our
conclusions.

3. OPTICAL OBSERVATIONS AND GALAXY DATA

Our spectroscopic observations were made with the low-
resolution CCD spectrographs attached to the University of
Hawaii 2.2 m telescope on Mauna Kea (MK) and the Multiple
Mirror Telescope (MMT) on Mount Hopkins (MH). The data
were acquired during a series of runs over the past several
years. Since the galaxies observed were all rather bright, their
redshift determinations were straightforward using standard
data reduction procedures. Relative velocity errors were esti-
mated to be ~300 km s~ ! (MK) and ~50 km s~! (MH). The
positions and redshifts of the galaxies observed are given in

T T T l T
[ 41— ]
[]
a .
Eol
b4
o VA .
0.000 0.010 0.020 0.030 0.040
Redshift

FiG. 2—Histogram of redshifts for the groups reported in this paper
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