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The current state of our understanding of the nature of timgobacontent of galaxy groups,

derived largely from a large body of X-ray observationsyésaus with two key questions. First,
what are the relative fractions of the hot, warm/hot, andinagas in galaxy groups, and how
is each phase distributed within groups? Second, how hasaty@n content of galaxy groups
evolved over time and what is its relationship to the dynalregolution of the group? We present
the results from a number of investigations of the HI conttg properties of bent-double radio
sources in groups, and deep searches for diffuse synchretngssion in groups are now shedding
light on the evolution of the baryon content of galaxy graups
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1. Introduction - Why Galaxy Groups

Nearly 70% of galaxies reside in groups [13] and, therefore, utatedig the evolution of
galaxy groups is crucial to understanding the evolution of galaxies irrgeride goal of the work
described here is to probe both how the evolution of the group affectydihation of the resident
galaxies and how the evolution of the galaxies affects the group. Thetefiof a “group”,
however, is not straightforward. A number of different authors tegpgied a range of criteria, few
of which are patrticularly robust. For the purposes of this presentationilvadopt the definition
of group as having a dark matter halo mass 0f1010“ M, [5]. For dynamical systems with a
radius of~0.5 Mpc, this translates into a velocity dispersion of a few hundred ¥mn s

Regardless of the formal definition, groups are not simply scaled dovaiows of clusters.
Because the velocity dispersions of groups are of the same order asathmirvelocities of the
individual galaxies, mergers between galaxies are much more likely in thg gnavironment,
while processes like “harrassment” are much less likely to play a role in tHetevoof the gas
content of groups. We discuss three aspects of the evolution of theogtsntof galaxy groups:
the relationship between the distribution of the neutral gas and the dynataikeabtthe group; the
density of the intergalactic medium in groups; and the heating of the intragnedpum by AGN.

2. What isthe Evolution of the HI Content of Galaxy Groups?

To investigate the evolution of the H | content of galaxy groups we initiatechaegwof 10
groups spanning a range of morphological properties, ranging froopg with a spiral fraction of
100% to those with spiral fractions of less than 20% [8,14]. The selectftattethe observation
that groups dominated by elliptical galaxies are also those that typicallyhésay halos; in fact,
no group with a spiral fraction of 100% has even been seen to haveray ixalo [11].

In groups with a significant X-ray halo (e.g. NGC 2563) we see that Hhl galaxies only
reside outside of the extent of the X-ray halo [14]. Groups with no elliptigdaxies and no
detectable X-ray halos have H | properties that are indistinguishabletfrose of galaxies in the
field. It is the groups with a mixed population of ellipticals and spirals in which ne: évidence
of the ongoing evolution of neutral gas content. One example of this is in GH&9e almost
all of the H | detected galaxies are either currently participating in strongaictiens or have
significantly distorted H | distributions that are suggestive of recent ictierss as in Figure 1 and
[8]. We can conclude that one ramification of the dynamical evolution ofxgai@oups is the
deposition of a significant amount of neutral gas into the intergalactic medium.

Our results are also consistent with the general picture that the gastoofrgpmal-rich groups
is largely in the form of neutral H | while the gas content of elliptical-dominatedigs is typically
hot, X-ray emitting gas. Transformation of the nature of the gas contenegjrthups goes along
with a dynamical evolution that transforms spiral-rich groups into elliptical-dateshones. An
interesting point, however, is that we find the gas mass of X-ray luminouggr®] to be~10
times larger than the neutral gas mass of spiral-rich groups of compasatdenetal mass. If, in
fact, groups evolve dynamically from being spiral-dominated to being elliptioaiinated, this
result suggests that spiral rich groups in particular may harbor a faretmseen gas component
of significant mass that is heated to X-ray emitting temperatures by the pescissg drive the
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overall dynamical evolution of the group. Resolving this issue requirestarbunderstanding of
the total baryon content of groups.
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Figure 1. Figure 2. The H | content of the GH89 group. This is a group waittted morphology, but
no detectable X-ray halo. As is common for groups of this typest of the galaxies are involved in
gravitational interactions.

3. Measuring the Density of the Intergalactic Medium in Galaxy Groups

While the results of H | surveys of groups may suggest that some grampaiic a significant
amount of baryonic matter that is not readily observable, simulations of thefin of galaxies
and large scale structure also predict the existence of a “warm-hotatdgetig medium” (WHIM)
that contains a large fraction of the baryons in the Universe [2]. Didettction of this gas,
however, has been difficult. The approach we take is to use the praparbent-tail radio sources
as probes of the density of the intergalactic medium. Bent, or wide-angle aitesoare believed
to be the result of ram pressure on the jets of radio galaxies, either femation of the radio
galaxy through the intracluster medium (ICM), or, from the flow of the ICiMuad the radio
galaxy [1].

Freeland & Wilcots [7] initiated a large survey of bent-doubles using a caatibim of data
from the FIRST survey, new radio continuum observations using the GMRd optical spec-
troscopy obtained with the WIYN 3.5m telescope. The ultimate goal is to use the curvature of the
jets and the velocity dispersion of the group to measure the density of theopagedium. With
an initial comparison with photometric redshifts, we ruled out all bent-doukkgding in known
clusters or high density environments. The complementary radio continudropgical observa-
tions were restricted to those bent-doubles residing in low density enviraam&n example of
one of our sources is shown in Figure 2.

1The WIYN Observatory is a joint facility of the University of Wisconsin-Msah, Indiana University, Yale Uni-
versity, and the National Optical Astronomy Observatories.
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Figure2: The 610 MHz radio continuum contours are overlayed on a SBfage of one of the bent-doubles
in the sample

For our initial three bent-doubles we find mean IGM densities .8x20%° — 1.0x10%4
cm3 [6]. These densities are consistent with earlier results on two “poor cigég and with
predictions for the WHIM [4] and suggest that the IGM in galaxy growg&n groups with no
diffuse X-ray emissigrcontains a significant fraction of the baryonic content of the Universe

4. The Role of AGN in Heating the Intragroup Medium

The final component of our investigation of the evolution of the gas coofayatlaxy groups is
to understand the nature of the excess heating required to accourd tdotbrved X-ray properties
of the intragroup medium. From a wealth of X-ray observations of galaoypg it is apparent that
the relationship between the X-ray luminosity and the X-ray temperature isestiegm what one
would expect from pure gravitational infall . The excess entropy is\adi¢o primarily arise from
heating by AGN, though the evidence is not yet conclusive [3].

One approach [15] is to measure what fraction of local galaxy groopgamed an AGN by
comparing group catalogs [5] with the Sadler et al. [12] catalog of radioces found in the 2dF
Galaxy Redshift Survey. Limiting ourselves to a redshift range @30z<0.3, we found that 70%
of the AGN reside in 2dFGRS galaxy groups [15]. 7.7% of groups withastlé members and
4.5% of all groups contained an AGN, but significantly fewer than 1% ofigs contained more
than one AGN. Even with the relatively high flux limited employed [12], it is natiobs that AGN
can currently have a tremendous impact on the overall population of ggitaxps.

Given that the statistical approach to estimating the impact of AGN on the intnagnedium
is not conclusive, we also initiated a campaign to directly measure AGN felkdizmthe detection
of low frequency radio continuum emission arising from the intragroup nmediu
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Figure 3: We show the comparison of the 327 MHz and 1420 MHz radio cantim emission associated
with the radio galaxy NGC 741. The contours are overlayedroopical image retrieved from the Digital
Sky Survey. The observation that the lower frequency ewnmisiE more extended than the 1420 MHz is
indicative of aging synchrotron emission and older AGN\atsti

Wilcots, Hess, & Greevich [15] reported on the initial results of a studywfflequency emis-
sion in X-ray luminous galaxy groups harboring radio galaxies. In FiGuwe show a comparison
of our VLA 327 MHz (green) data for the NGC 741 group with the 1420 Miiage from the
NVSS (red). The comparison between the emission at the two differeptdneies shows that the
lower frequency emission is more extended than that at 1420 MHz. In atditie spectral index,
a where the intensity goes &1 vY, steepens from -0.51 near the center of the source to -0.90
near the outer edge of the emission. This is what one would expect givagiag synchrotron
population; the more extended low frequency emission traces an earlieh ep&GN activity.
Deeper low frequency observations should yield accurate estimatespashAGN activity and a
measure of how much energy jets have contributed to the intragroup medium.

5. Conclusions

From the multi-faceted approach presented here we see that the gat obiggaxy groups
is closely linked to the overall dynamical state of the group. Dynamically yaystems, those
without diffuse X-ray emission or a significant fraction of elliptical galaxiemve most their ob-
servable gas in the form of H I. Groups with a modest elliptical fractiof.5) are most likely
to have ongoing mergers and, thus, copious amounts in intergalactic H & mdhkt dynamically
evolved systems we find that the H | detected galaxies tend to reside outsise)6fay emitting
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halo. A comparison of groups with similar dynamical mass shows that X-rhygriocups have a
higher total gas content than groups whose observable gas contetite/eneutral.

It does appear that galaxy groups contain a significant amount of gassimragroup medium.
The densities of the intragroup medium derived from considering theitgraigle of bent-jets
and the velocity dispersion of the groups imply that groups contain a lasgevar of undetected
baryons in their intergalactic medium. If this is a common property of all groupg#s represents
a significant fraction of the total baryon content of the local Univevgbether this gas is the same
gas that is heated to observable temperatures in X-ray luminous groupsthade determined.

While there is significant evidence that AGN are responsible for heatirigttiagroup medium,
radio observations of X-ray luminous groups yield mixed results. Theraénded low frequency
radio continuum emission arising from the intergalactic medium in groups witveaettlio galax-
ies. The extent to which this emission is responsible for the elevated tempsraharentropy in
such groups remains to be seen.
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