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Recent x-ray, optical, and radio observations coupled with particle and gas dynamics 
numerical simulations reveal an unexpectedly complex environment within clusters of 
galaxies, driven by ongoing accretion of matter from large-scale supercluster filaments. 
Mergers between clusters and continuous infall of dark matter and baryons from the 
cluster periphery produce long-lived "stormy weather" within the gaseous cluster at- 
mosphere-shocks, turbulence, and winds of more than 1000 kilometers per second. 
This weather may be responsible for shaping a rich variety of extended radio sources, 
which in turn act as "barometers" and "anemometers" of cluster weather. 

Groups and clusters of galaxies are the 
largest gravitationally bound and collapsed 
systems in the universe. A group may con- 
tain as few as three galaxies whereas a clus- 
ter such as Coma (Fig. 1) may contain 
thousands of member galaxies (1 ). A cluster 
has a typical radius of -2 Mpc (1 pc 
= 3.1 x 1013 km) and a total mass of 1014 
to 10'' Ma (1 M, equals the mass of the 
sun). Clusters are potentially powerful test- 
beds of cosmological models. The number 
densitv of clusters. their mass distribution 
function (number of clusters per unit vol- 
ume per unit mass), and the degree of sub- 
structure can constrain Ro, the ratio of the 
mean mass density of the universe to the 
closure density (2, 3). In turn, Ro deter- 
mines the fate of the universe (4). 

Galaxv clusters consist of three mass 
components: visible galaxies, intracluster 
gas, and so-called dark matter. The galaxies 
imaged with optical and infrared telescopes 
contain onlv -1% of the total mass in a 
cluster. ~ h e i e  is evidence that the colors of 
galaxies in clusters have changed over sur- 
prisingly short look-back times, with a high- 
er number of blue galaxies (indicative of 
new, massive star formation) at earlier ep- 
ochs (5). Ground-based telescope and 
Hubble Space Telescope images suggest 
that star formation in distant clusters was 
triggered by tidal interactions between gal- 
axies (6), a mild form of which is termed 
galaxy harassment (7). 

The second mass component, the intra- 
cluster medium (ICM), is composed of a 
hot (10' to 10' K), highly ionized, low 
density ~ m - ~ )  gas that typically 
makes up 5 to 10% of the total cluster 
mass (that is, 5 to 10 times the mass of all 
the galaxies in a cluster). This gas emits 
x-rays by thermal free-free radiation and 
spectral-line transitions. The ICM, en- 
riched with heavy elements (-30 to 50% 
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of solar abundance), was produced in stars 
within galaxies and then stripped or ex- 
pelled into the ICM. The details of the 
ICM enrichment are unclear, but one 
model proposes that explosions of type I1 
supernovae drive winds that blow material 
out of the galaxies (8). 

The third component is some form of 
dark, unseen matter that gravitationally 
dominates clusters and constitutes up to 
90% of the total mass. The presence of this 
dark matter is revealed by its gravitational 
effects on luminous matter (that is, gas and 
galaxies). By assuming that the galaxies, the 
gas, or both are bound to, and in equilibri- 
um with, the cluster gravitational potential, 
we can estimate the mass of the dark matter 
(9). Clusters can also act as gravitational 
lenses which reimage distant galaxies that 
lie behind them into arcs of diffuse light. 
The observed curvature and distribution of 
cluster arcs can then be used to model the 
cluster's mass distribution. Typically, gravi- 
tational lens calculations produce cluster 
masses that agree to within a factor of -2 
with those estimated from galaxy dynamics 

and confinement of the gas (1 0). - . .  
The fraction of normal baryonic matter 

in clusters (gas, dust, and stars), based on 
the above mass components, is inconsistent 
with that expected from the observed 
amounts of light elements (H, He, and Li) 
that formed shortly after the Big Bang in an 
Ro = 1 universe (I  1 ). Some of this discrep- 
ancy may be caused by errors in the mass 
estimates. because not all clusters are in 
virial and hydrostatic equilibrium, or other 
components such as turbulence and mag- 
netic fields may be important sources of gas 
pressure (12). Most likely, however, this 
so-called baryon catastrophe suggests that 
Ro is really <1 (and, hence, the universe is 
open), which is consistent with other re- 
cent measurements (3). 

A Whole Lot of Shaking Going On 

Less than a decade ago, most astronomers 
believed that galaxy clusters were relatively 
simple, spherical balls of galaxies and gas 
that are in equilibrium with the dark mat- 
ter. More recent optical and x-ray observa- 
tions demonstrate that many clusters are far 
from this mature stage of evolution. Instead, 
dynamically important substructures of gal- 
axies and gas often appear within clusters. 
Cluster "substructure" has yet to be rigor- 
ously defined; however, statistically signifi- 
cant clumps of galaxies or x-ray photons 
(above that expected from Poisson statistics 
for a smooth cluster background), or radial 
variations of centroid positions, ellipticities, 
and twists in optical or x-ray isophotes are 

Fig. 1. ROSAT position-sensitive 1 1 - 1 

proportional counter x-ray contours > - ~ of the Coma cluster overlaid onto 
an optical image from the Palomar 
Observatory Dlgital Sky Suwey. At 
a redshift of z = 0.0232, 1 arc min 
corresponds to 27 kpc for H, = 75 
km s-I Mpc-l. The x-ray image 
was smoothed by a Gausslan 
beam wth full width at half maxi- 
mum (FWHM) = 1 '. The contours 
(outer to Inner) are 0.5, 0.75, 1 .O, 
1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, and 
14 x 1 0-4 counts s-I (15 arc sec 
by 15 arc sec pixel)-l. The twlsting 
of the x-ray contours between the 
Inner and outer parts of the cluster 
IS reproduced In a numerical model 
where the galaxy group In the lower 
right has passed through the core 
of Coma wlthln the last -2 x lo9 -- 

years (2 Gy) (42). 
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cited as evidence for substructure (13). De­
pending on the sample selection, 30 to 75% 
of clusters have substructure (14, 15). Even 
clusters that were once touted as being pro­
totypes of dynamically relaxed systems, such 
as Coma (Fig. 1), have now been found to 
have substructure (16). 

Further evidence for cluster substructures 
has come with the advent of multifiber spec­
trographs, with which tens to hundreds of 
galaxy spectra can be gathered in one tele­
scope pointing. Velocities of hundreds of 
galaxies per cluster are now routinely mea­
sured (17). In a cluster that is gravitationally 
bound and in equilibrium, galaxy velocities 
have a simple Maxwellian or Gaussian dis­
tribution. Deviations from a normal distribu­
tion of galaxy velocities [for example, multi­
ple peaks, skewing, or kurtosis (Fig. 2, C and 
D)] are often cited as evidence for substruc­
ture. Optical and infrared images coupled 
with galaxy spectra can paint an interesting 
picture of the three-dimensional structure of 
a cluster. Statistical tests have now been 
developed to gauge the significance of sub­
structure in the galaxy distribution on the 
sky and the galaxy velocity distribution (18). 

After the first systematic x-ray imaging 

of clusters in the late 1970s with the Ein­
stein Observatory, the Rontgen X-ray Sat­
ellite (ROSAT) launched in 1990 has pro­
duced hundreds of soft x-ray (0.5 to 2.0 
keV) images of groups and clusters (19). 
ROSAT has confirmed that the x-ray sur­
face brightness distributions of many clus­
ters are clumpy and irregular. X-ray sub­
structure is often judged by radial variations 
in centroid positions, ellipticities, or posi­
tion angles of x-ray isophotes (20). When 
there is enough signal-to-noise in an image, 
more sophisticated moment or wavelet 
analyses of surface brightness can be used to 
determine if substructure is present (21). 
The Advanced Satellite for Cosmology and 
Astrophysics (ASCA), with higher resolu­
tion spectrometers but relatively poor angu­
lar resolution, is producing temperature 
maps of nearby clusters that show many of 
them to be nonisothermal and, in some 
cases, to have spatially asymmetric temper­
ature substructure (22, 23). These optical 
and x-ray telescopes allow us to examine 
substructure in the galaxies and the gas (Fig. 
2). After the application of statistical tests 
to judge the significance of substructure 
(24), the combined optical and x-ray data 

allow us to model the evolution m 
of clusters in more detail. 

The origin of all these clumps and other 
apparent substructures observed in galaxy 
clusters has been addressed through numer­
ical simulations (Fig. 3). These simulations 
combine particle (N-body) techniques, to 
model the evolution of the dark matter that 
dominates the gravitational potential, with 
hydrodynamics, to model the evolution of 
the x-ray gas (25). The gas then responds to 
the evolving gravitational potential and to 
fluid dynamical forces such as shock waves 
and pressure gradients in the ICM. Newly 
developed adaptive mesh refinement 
(AMR) codes now achieve spatial dynamic 
ranges of 8000:1 (ratio of largest to smallest 
scales of structure), thus allowing us to 
probe the large- and the small-scale struc­
tures in and around clusters (26). 

The numerical models, which are gener­
ally consistent with present observations, 
show that the universe is composed of a 
complex web of alternating filaments, 
sheets or walls, and voids on scales of hun­
dreds of megaparsecs (27). The filaments 
contain baryons and dark matter, whereas 
the voids are believed to be relatively free of 

Fig. 2. (A and B) X-ray, optical, and radio overlays of two clusters that contain 
substructure correlated with the positions of extended radio sources. The 
optical fields are from the Digital Sky Survey, the ROSAT x-ray emission is in 
color, and the contours are VLA radio emission. Each field displays the inner 
-25% of the total area of the cluster as defined by Abell et al. (1). (C and D) 
Histograms of the galaxy velocity distributions, which are non-Gaussian and 
further evidence of recent cluster-cluster mergers. Crosses in (C) and (D) mark 
velocities of the northern and southern radio sources in (A) and (B). (A) is galaxy 
cluster Abell 578 (z = 0.09, field size is 920 kpc by 920 kpc), which 
contains two extended radio sources including a tailed source coincident with 
a southern extension of resolved x-ray emission; the galaxy velocity distribution 
is significantly skewed (C). (B) is galaxy cluster Abell 1569 (z = 0.07, field 

size is 1.10 Mpc by 1.07 Mpc). The northern radio source (white contours) is associated with a group of galaxies offset by -3000 km s~1 from the main cluster 
(D); the southern tailed radio source shows the strong correlation observed between the position angles of radio tails in WAT sources with elongations in the x-ray 
{24, 37). Both clusters are examples of merging systems where the radio sources act as probes of the resulting disturbed gaseous environs. 
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matter. Gravitational forces cause initially 
small density perturbations to collapse into 
an elaborate network of intersecting fila- 
ments (Fig. 3).  The cores of galaxy clusters 
form at the intersections of filaments, while 
galaxies and stars simultaneously form with- 
in  clusters. The quasi-spherical clusters 
grow with time from this hierarchy as gas, 
galaxies, and dark matter are accreted along 
filaments and as clusters merge with galaxy 
groups. Major mergers between clusters 
probably occur several times (every 2 to 4 
Gy) during their evolution (28). 

The N-body and hydrodynamic simula- 
tions that focus on the collision of two 
idealized spherical clusters show some de- 
tails of the merging process (Fig. 4). Such 
initial conditions, although simpler than 
the su~ercluster environment of real clus- 
ters, allow much higher resolution within 
the cluster cores (20 to 25 kpc) and, thus, 
better probe the detailed physics of the 
merger (29, 30). Clusters free-fall together 
with relative velocities of thousands of ki- 
lometers per second, which exceeds the 
sound speed of the ICM. Therefore, the 
mergers produce shock waves (Mach num- 
bers of 2 to 5) that can result in temuerature 
and density substructures such as those seen 
in the x-ray data (31). Large-scale (tens of 
kiloparsecs) turbulent eddies and bulk flows 
of >lo00 km s-' can stir the cluster gas for 
2 to 5 Gy after the initial passage of the 
subcluster through the cluster core (Fig. 4). 
Thus, the gaseous environment within 
many clusters is far more turbulent and 
complex than we believed only a few years 
ago. I characterize this as a kind of "stormy 
weather" inside clusters. 

Radio Galaxies as Cluster 
Weather Stations 

About 10% of galaxies in clusters produce 
emission at radio wavelengths above a pow- 
er of W HZ-' at 20 cm (32), observable 
by telescopes such as the Very Large Array 

(VLA) interferometer. Jets, lobes, and tails 
of radio-emitting plasma are ejected from 
galaxy cores (on a parsec-scale) and travel 
outward. often extendine hundreds of kilo- - 
parsecs, well beyond the stellar boundaries 
of the galaxies into the ICM (33). This 
radio plasma is believed to be -10 to 100 
times less dense than the ICM. Radio sur- 
veys of clusters from the VLA (34) have 
revealed a rich diversity in structure for the 
extended radio sources-curved and dis- 
torted U-shaped and V-shaped tailed sourc- 
es, double-lobed sources, and S-shaped mor- 
phologies (Fig. 2). The cause of this mor- 
phological complexity has been a puzzle for 
more than two decades. 

The low density radio plasma is suscep- 
tible to the gas pressure and to pressure 
gradients in the surrounding ICM (35). The 
internal pressure of the radio source plasma 
(including pressure components from rela- 
tivistic electrons, magnetic fields, and hot 
gas) is believed to be in balance with the 
thermal pressure [nkT (n is density)] of the 
cluster gas; otherwise, adiabatic expansion 
losses would quickly diminish the radio 
surface brightness and we would see few 
such extended radio sources. It is likely 
that the winds, shocks, and general turbu- 
lence of the ICM s h a ~ e  the radio sources 
in complex ways. Injecting radio plasma 
into this stormy weather environment 
(Fig. 4) will produce bent and distorted 
radio sources (as in Fig. 2). Numerical 
simulations of jets propagating into such 
cluster gaseous environs evolve extended 
radio sources that look similar to those 
seen in clusters (36). 

There is emerging evidence that extend- 
ed, low-power, tailed radio sources are most 
likely to be found in unrelaxed clusters, and 
this suggests that such radio sources are key 
 robes or even beacons to clusters that have 
recently experienced accretion events (1 5). 
Most clusters that contain wide-angle tailed 
(WAT) radio sources (V-shaped sources 
with 100- to 1000-kpc-length tails, powered 

by massive galaxies located at the cluster 
centers) have optical and x-ray substructure 
(37). In particular, 90% of a statistical sam- 
ple of WAT clusters has x-ray substructure, 
principally in the form of asymmetrical ex- 
tensions between the radio tails (Fig. 2B). 
Such a correlation between the bending 
direction of the radio tails and the -x-rav 
elongations is expected from numerical sim- 
ulations. In these models, cluster-cluster 
mergers produce a bulk flow along the 
merger axis with sufficient ram pressure to 
bend the radio tails and distort the x-ray 
surface brighmess (29, 30, 35). A similar 
trend among a sample of clusters that con- 
tain more highly curved, U-shaped, narr~w- 
angle tailed (NAT) radio sources (associat- 
ed with average brightness, noncentral gal- 
axies) has also been found. About 87% of 
the NAT clusters show statistically signifi- 
cant x-ray substructure compared with only 
-30% for a similar-sized control sample of 
radio-quiet clusters (38). Thus, bent, tailed 
radio sources appear to prefer unrelaxed 
clusters. In addition, NAT galaxies have 
average velocities within clusters, not 
anomalously high speeds as would have 
been expected from previous models that 
predicted that NATs formed from the ram 
pressure produced by simple galaxy motion 
through the ICM (39). It is the cluster 
weather, particularly the high winds result- 
ing from recent mergers, that appears to 
shape the bent jets and tails in the WATs 
and NATs rather than the motion of the 
galaxies through a calm ICM. In turn, the 
radio sources can be used as barometers to 
measure ICM pressure and as anemometers 
(35) to measure the cluster winds (the only 
such measure of ICM winds available). 

Finally, there is a rare class of cluster 
radio sources, termed radio halos, that also 
appear to owe their existence to the evolv- 
ing gravitational potential and gaseous en- 
virons of merging clusters. There are only 
-10 well-documented examples of radio 
halos in rich clusters (40), such as that in 

Fig. 3. Evolution of the gas density in a model galaxy cluster from (A) a bution of gas temperature at z = 0. Each panel is 16 h-l Mpc on a side (h = 
supercluster filament at a redshii of z = 2, to (B) a more clustered string of H,/100). The grid refinement hierarchy can be seen in (D) where a course grid is 
galaxy groups at z = 1, to (C) a quasi-spherical system at the present epoch (z used in the outer, lower density regions, whereas higher resolution is needed for 
= 0), modeled with an AMR N-body and hydrodynamics code (26). (D) Distri- the cluster core. Note also the complex temperature substructure in the model. 
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Fig. 4. Optical and x-ray observations of the cluster AbeU 754 and numerical simulatiis that 
reproduce these observations by using an off-center collision between two galaxy clusters (49). (A) 
Observed ROSAT x-ray surface brightness (contours) and projected galaxy densities (colors). For the 
galaxy distribution, 142 galaxy positions were smoothed with a 40 arc sec FWHM Gaussian. X-ray 
contour levels are 0.08,O. 1 6,0.24,0.32,0.4,0.48,0.56,0.64,0.72,0.8,0.9, and 0.99 of the peak. 
(B), (C), and (D) represent simulated data for a 2.5:1 mass ratio off-center collision 0.3 Gy after 
closest approach. Eaeh panel is 2 Mpc by 2 Mpc. The smaller ofthe two clusters (subcluster) entered 
from the left and is moving to the right. (B) Projected dark matter particle distribution (cblor) and x-ray 
surface brightness (contours). X-ray contour levels are the same as in (A) except a lower contour at 
0.03 of the peak was added. (C) Synthetic x-ray surface brightness (contours) and projected x-ray 
emissiotwweighted temperature (color with a color bar below the frame). In the temperature image, 
strong shocks at the peripheries, which have enhanced the temperatures, are visible. (D) Gas 
velocrty vectors wrthin the plane of the merger are superposed onto x-ray contours. Vectors are 
spaced at 100 kpc and scaled to the maximum velocity of 1850km s-I. Note the 
complex gas velocity patterns at this epoch. 
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