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ABSTRACT

In this article we demonstrate, for the first time, how a physically motivated static model for both the gas
and galaxies in the Coma Cluster of galaxies can jointly fit all available X-ray and optical imaging and spec-
troscopic data. The principal assumption of this nonpolytropic model (Cavaliere & Fusco-Femiano 1981,
hereafter CFF), is that the intracluster gas temperature is proportional to the square of the galaxy velocity
dispersion everywhere throughout the cluster; no other assumption about the gas temperature distribution is
required. After demonstrating that the CFF nonpolytropic model is an adequate representation of the gas and
galaxy distributions, the radial velocity dispersion profile, and the gas temperature distribution, we derive the
following information about the Coma Cluster:

1. The central temperature is about 9 keV and the central density is 2.8 x 1073 cm ™3 for the X-ray emit-
ting plasma;

2. The binding mass of the cluster is approximately 2 x 10'> M within 5 Mpc (for Hy = 50 km s~ !
Mpc '), with a mass-to-light ratio of ~160 M/Ls;

3. The contribution of the gas to the total virial mass increases with distance from the cluster center, and
we estimate that this ratio is no greater than ~ 50% within 5 Mpc.

The ability of the CFF nonpolytropic model to describe the current X-ray and optical data for the Coma
Cluster suggests that a significant fraction of the thermal energy contained in the hot gas in this as well as
other rich galaxy clusters may have come from the interaction between the galaxies and the ambient cluster

medium.

Subject headings: galaxies: clustering — intergalactic medium — X-rays: galaxies

1. INTRODUCTION

Polytropic intracluster gas distributions were introduced by
Lea (1975), Gull & Northover (1975), and Cavaliere & Fusco-
Femiano (1976). In these models, ignorance about the complex
history of the intracluster medium (ICM) is parameterized by a
single quantity: the polytropic index y, which relates the gas
density and temperature distributions through T ~ p?~!. The
inequality y < 5/3 corresponds to stability against convection,
and the value y = 5/3 represents the adiabatic distribution. In
the limit of an isothermal distribution (y = 1) one obtains the
hydrostatic isothermal-f model, where the X-ray surface
brightness at a projected radius b has an analytical expression
given by

S(b) = S(O)[1 + (b/R,)*]~3F+12

Here R, is the core radius, and f is the ratio of the specific
energy density of the galaxies and gas (Cavaliere & Fusco-
Femiano 1976) expressed as f = umyo?/kT, where o is the
galaxy line-of-sight velocity dispersion and T is the isothermal
gas temperature. This relation has been used successfully to fit
the X-ray surface brightness emission from numerous clusters
of galaxies (Gorenstein et al. 1978; Branduardi-Raymont et al.
1981; Abramopoulos & Ku 1983; Jones & Forman 1984).

In contrast to the X-ray surface brightness distributions of
clusters, information on the temperature distribution has been
more difficult to obtain due to technical limitations of instru-
mentation flown on past X-ray astronomy satellites. The Coma

Cluster is one of the few clusters for which there is some know-
ledge of the temperature distribution. Direct X-ray spectral
observations (Watt et al. 1992) have shown that the core of the
Coma Cluster is very nearly isothermal out to roughly 30’
Other X-ray spectral data, however, obtained from mechani-
cally collimated instruments with fields of view from 45’ to 3°,
which examined larger regions of the Coma Cluster than did
Watt et al, strongly require a radially decreasing temperature
distribution in the cluster atmosphere.

As was first pointed out by Hughes et al. (1988b), self-
consistent polytropic models were unable to provide accept-
able fits to the X-ray imaging and spectral data on Coma.
These authors introduced an ad hoc hybrid model consisting
of a central isothermal region surrounded by a polytropic dis-
tribution which did yield acceptable fits. This model was moti-
vated by theoretical considerations of the effects of electron
heat conduction on the intracluster gas which would occur
most rapidly in the central region of a cluster where the elec-
tron densities were the highest. Recently David, Hughes, &
Tucker (1992) studied the evolution of gas in a cluster of gal-
axies in the presence of significant electron heat conduction
using a hydrodynamical simulation. They found that a large,
nearly isothermal central region would develop for values of
thermal conductivity between about 0.1 and full Spitzer con-
ductivity. This model was also able to describe eight present-
day observed properties of the gas distribution in the Coma
Cluster: the central gas density, the slope of the surface bright-
ness profile at large radii, and several observed temperatures.
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However, neither of these models was able to make a predic-
tion about the distribution or dynamics of the cluster member
galaxies.

In this paper we take a different approach from David et al.
(1992). Instead of proposing specific mechanisms for energy
input to or transport throughout the intracluster medium, we
examine a static model which is really just a generalization of
the earlier polytropic models. This new model, originally pro-
posed by Cavaliere & Fusco-Femiano (1981, hereafter CFF),
retains the most successful feature of the old polytropic models
(that is, the description of the X-ray surface brightness
distribution) but allows for the possibility that both the gas
temperature and galaxy velocity dispersion distributions are
not isothermal. In this new model, which we refer to as the
CFF nonpolytropic model, although the temperature and
velocity dispersion are functions of radius, they are still related
to each other through the parameter f (see equation [1]
below).

Unlike previous polytropic models, a solution to the CFF
nonpolytropic model requires us to define an explicit form for
the gravitational potential of the cluster. In principle, the
choice of this function could be arbitrary, although in practice,
even for a cluster as well studied as Coma, the current X-ray
and optical data are unable to set strong limits on the shape of
the underlying gravitational potential (see, for example,
Hughes 1989). For simplicity we have assumed that the virial
mass follows a King (1966) isothermal sphere model and that
the galaxies are distributed like the virial mass. These assump-
tions allows us to derive self-consistent solutions for the gas
and galaxy density distributions, as well as the gas temperature
and velocity dispersion profiles, for comparison with observed
data.

The slow radial decrease of both the velocity dispersion and
gas temperature profiles for the Coma Cluster qualitatively
support the model. The purpose of our article is to demon-
strate quantitative agreement with the available data on this
cluster. Specifically, we examine the X-ray surface brightness
data from the Einstein imaging proportional counter (IPC)
(Hughes et al. 1988b), the spectral data obtained by the X-ray
satellites Tenma (Hughes et al. 1988b), EXOSAT (Hughes,
Gorenstein, & Fabricant 1988a), and Ginga (Hughes et al.
1993), and the optical velocity dispersion profile and galaxy
density distributions (The & White 1986). We determine best-
fit values and errors for the various model parameters. The
paper is organized as follows. In § 2 we discuss the features of
the CFF nonpolytropic model. The fits to the IPC and spectral
data are in §§ 3 and 4, respectively. Section 5 reports the fits to
the optical data. Discussion of the cluster binding mass implied
by the model appears in § 6, and the conclusions arein § 7.

2. THE CFF NONPOLYTROPIC MODEL

The scope of this work is to verify whether the available
X-ray and optical data can be described by means of the static
model, originally formulated by CFF, in which the heating of
the ICM is controlled by local conditions. In particular, we
consider the case where the relation

kT(R) = pmy o*(R)/p 4y

holds everywhere throughout the cluster.

This model was originally formulated starting from the con-
straint that a reasonable fraction of the gas may have come
from stars in cluster galaxies, as indicated by the observed
metallicity of the intracluster gas (Mitchell et al. 1976; Serle-
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mitsos et al. 1977; Mitchell & Culhane 1977). Early studies
(Larson & Dinerstein 1975; De Young 1978) showed that the
energy input from a population of supernovae, which yielded
the observed iron abundance might be efficiently converted to
bulk kinetic energy of the gas and then thermalized to tem-
peratures consistent with the continuum X-ray measurements.
The kinetic energy of the ejected gas, initially moving at the
galaxy’s speed with respect to the cluster center of mass, would
be degraded into internal energy by collisions with the ambient
intracluster gas. On average, this heating mechanism should
give a temperature of the order of kT ~ o2, neglecting any
additional energy input to the gas due to the ejection process
itself (White 1991).

More recent scenarios for the evolution of the ICM have
changed this picture slightly. It is now known that, although
some of the intracluster gas must have been injected by the
member galaxies to account for the observed metallicities,
most of the ICM must be primordial, since the gas mass is
much greater than the observed stellar mass of the cluster
galaxies (Blumenthal et al. 1984; Davis et al. 1990). During the
gravitational collapse of the cluster, this primordial gas would
have been compressed and heated by processes different from
those which would have heated the galaxies. In addition, simu-
lations of cluster formation indicate that the galaxy velocity
anisotropy should vary with radius, which would appear to
make it unlikely for equation (1) to be strictly correct through-
out the cluster. Nevertheless, the heating of the ICM is a very
complex issue, and thus testing the assumptions implicit in the
CFF nonpolytropic model against actual cluster data is a valu-
able excercise.

Inserting equation (1) into the equation that governs the
equilibrium condition for the gas and the galaxies in the same
potential well,

umyn/pg = dp/dpg ,

it is possible to obtain the general expression for the gas
density,

n/ng = (pe/pe,)(0*/05)f ", @

where n is the gas density, pg is the galaxy density, and
pe = pgo’. Central values of quantities are designed with
subscript 0.

An explicit expression is obtained using definite relation-
ships ¢ = o(W) and pg = pg(W), where W is the normalized
gravitational potential [W(R) = G [} M(r)r~2c~%dr]. The
cluster boundary, R,, is defined to be the radius where p; =
g=0.

The velocity dispersion of the Coma Cluster is observed to
decrease with increasing projected distance from the cluster
center (Rood et al. 1972; Kent & Gunn 1982; Kent & Sargent
1983; The & White 1986). One of the possible functions consis-
tent with such a monotonic decrease is a King (1966) isother-
mal sphere, which gives for the velocity dispersion,

7 _ Ip(W) Iy(Wo) o
0(2) Is/z(Wo) 13/2(W) ’

and for the galaxy density,

PG/PGO =e"" WOIa/z(W)/Is/z(Wo) s
where

w
Iq(W)::J; e " dn

is the incomplete gamma function y(g + 1, W).
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F16. 1.—Temperature normalized distributions for the isothermal f-model

(a) and the CFF nonpolytropic model (b). Density normalized distribution (c)
for both the models.

In turn, W(R) is derived from the full Poisson equation that
includes the total density p(W) = n(W) + pg(W) (we include in
pg any “virial mass” distributed like the galaxies) (King 1966;
Cavaliere & Fusco-Fermiano 1978). According to relation (1),
the temperature distribution is given by equation (3).

In this model the relevant parameters, which are to be deter-
mined by fits to the X-ray and optical data, are the following:
n,, the central gas density; T;, the central gas temperature; R,
the core radius of the galaxy space distribution; W, the central
value of the normalized gravitational potential; and f, the
ratio of the specific energy between the galaxies and gas. The
X-ray imaging and spectral data can be analyzed separately
due to the limited energy bandwidth of the IPC (0.5-4 keV)
and the very limited spatial resolution of the higher energy
spectrometers. The imaging data put constraints on the
allowed values for § and R_, while the spectral data constrain
T, and W,. The optical data are most sensitive to W,. Normal-
izations to the imaging and spectral data permit us to derive
the central gas density n,.

The expression that allows computation of the cluster
binding mass is derived by combining the spherically sym-
metric condition of hydrostatic equilibrium with the ideal gas
law:

kT (dn 4T GM(R)
——+—=]=- dR
umy ( n T) R? ’
which may be written as
kTR dn dT aw
M(y) = —— 2=
W umy G (ndW + TdW>y dy ’

where y = R/R,. For the CFF nonpolytropic model, the deriv-
atives assume the following forms:

dn e VW32 oWz
=p+ (1) ¥ ,
ndw 15/2(W) 13/2(W)
dT I 13/2(W)W5/2 — 15/2(W)W3/2
Tdw I3,(W)l5,(W)

The gravitational gradient dW/dy is given by the solution of
the full Poisson equation (Cavaliere & Fusco-Femiano 1978).

Figure 1 shows the radial temperature and density distribu-
tions (normalized by their central values), which are solutions
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of the CFF nonpolytropic model. The radial distributions from
the isothermal-f model are also shown for comparison.

3. SPATIAL ANALYSIS

The IPC on the Einstein Observatory (Giacconi et al. 1979)
produced an extensive set of imaging X-ray data on the Coma
Cluster. These data were analyzed by Hughes et al. (1988b),
and initial reduction procedures are given there. Pointings
were made in a number of locations but not in a uniform
manner, and since the X-ray image of Coma is distinctly ellip-
tical, it was not possible to obtain a properly averaged radial
surface brightness profile from the existing set of images. In this
paper, we use the so-called north data set, where the spatial
coverage of the cluster was most complete and extended to a
radius of roughly 40" from the cluster center. We have also
considered the surface brightness profile composed of data
from all the fields (see Hughes 1989), and, although numerical
values change somewhat when this data set is used, our conclu-
sions are not modified.

Model surface brightness profiles were determined by calcu-
lating the density and temperature as a function of radius from
the expressions in § 2 and projecting the quantity n>A(T) to the
line of sight. To calculate A(T), the intrinsic emissivity of the
gas as seen by the IPC, we needed to assume a value for the
distance (140 Mpc), the column density of interstellar absorb-
ing matter in the direction to Coma (3 x 102° cm~2), and the
metal abundance (25%). The convolution of an X-ray spectrum
at temperature T generated in conjunction with the preceding
parameters with the effective area, and spectral response of the
IPC then yielded A(T). We used the Raymond & Smith (1977;
also J. Raymond 1993, private communication) plasma emis-
sion model throughout this work. To approximate the spatial
response of the IPC, model surface brightness profiles are con-
volved with a circular Gaussian (¢ = 0.6). The IPC data were
most constraining of parameters f§, R,, and n,, while only a
lower bound on the value of W, was obtained (see Table 1 and
Fig. 8). Because of the limited energy bandwidth of the IPC, the
surface brightness data are quite insensitive to the value of Tg,
and so we set it to a value of roughly 9 keV and keep it fixed.
Varying the central temperature by as much as 20% intro-
duced less than about a 2% change in the best-fit values of f
and R,.

Figure 2 shows the X-ray surface brightness of the Coma
Cluster for the data from the northern region, along with the
best-fit nonpolytropic model. The best-fit parameter values
and the y? value, reported in Table 1 with 90% confidence level
errors (single parameter, y2;, + 2.71), are very similar to those
obtained with the isothermal f-model (from Hughes et al.
1988b and reproduced in col. [3] of Table 1). As shown in

TABLE 1

BEST-FIT SPATIAL PARAMETER VALUES FOR COMA CLUSTER

Nonpolytropic Isothermal
Parameter model f-Model*
1) 2 3)
R oo, 8'1(+0:8; —10) 76 + 077
B 0.644(+0.032; —0.050) 0.63 + 0.03
no(x 107 3cm™3)° .. 2.77(+0.26; —0.20) 2.6 +0.3
Wy v, 9.6(...; —2.4)°
22 dOf) . 13.1 (17) 12.8 (18)

* Hughes et al. 1988b.
®H=50kms™! Mpc~!.
¢ Indeterminate error bound.
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Fi1G. 2—Radially averaged IPC X-ray surface brightness of the Coma
Cluster with best-fit nonpolytropic model.

Figure 1, the density profile of the CFF nonpolytropic model is
virtually indistinguishable from that of the isothermal f-
model; n/ny = (pg/pg,)*- This is due to the slow radial decrease
of the galaxy velocity dispersion (see eq. [2] and Fig. 6a). The
slight difference in y? values between the two models is pre-
sumably due to the use of the King model approximation, i.e.,
n(R)/ny = [1 + (R/R,)*]3#2, in the work of Hughes et al.
1988Db.

Figure 3 presents the results of fits for f and R, in the form of
two-dimensional y2 contours (68% and 90% confidence levels

~7llllIlllIlIIlIlIITllIllI

.65 — ]
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b 6.5 7 75 8 8.5 9 9.5
Re
F1G. 3—Results of fits to the spatial data. Two-dimensional x* concours (at
the 68% and 90% confidence levels) for f vs. R, using the CFF nonpolytropic
model.
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with x2,. + 2.3 and »2;, + 4.61, respectively; see Avni 1976;
Lampton, Margon, & Bowyer 1976). Figure 8 shows two-
dimensional x2 contours for W, versus R, (only the 90% con-
fidence level contour, shown as a dashed line, is given). The
imaging data are unable to place an upper bound on the value
of W,.

4. SPECTRAL ANALYSIS

In order to test further the ability of the CFF nonpolytropic
model to describe the X-ray emission from the Coma Cluster,
we confront the model with spectral data in the energy range
covering 0.7-20 keV obtained by the two Japanese satellites
Tenma and Ginga and by the European satellite EXOSAT. In
a series of papers over the last several years (Hughes et al.
1988b; Hughes et al. 1988a; Hughes et al. 1993), these data sets
were analyzed in a consistent fashion. Since the various instru-
ments viewed larger or smaller regions of the cluster (due to
their differently collimated fields of view), it was possible to
jointly analyze the data sets to discover the presence of a tem-
perature gradient in the Coma Cluster. Larger field-of-view
instruments (or off-center pointings in the case of EXOSAT
data) consistently yielded lower best-fit temperatures when
compared with smaller field-of-view instruments, leaving no
doubt that the temperature variation was a global effect and
that the inner parts of the cluster were hotter than the outer
regions. Although the gradient was weak, it was poorly
described by a polytropic model, and a phenomenological
model, consisting of an isothermal core surrounded by a poly-
tropic region, was introduced. The three sets of data were all
consistent with this model and indicated an isothermal region
of temperature about 9 keV extending to a radius of roughly
24’ (~1 Mpc) and decreasing beyond with a polytropic index
y = 1.555. These are by no means the possible allowed tem-
perature distributions (see Hughes 1989 for a whole host of
others), but represented merely a convenient parameterization.
Other authors, Watt et al. (1992) in particular, confirm the
shallowness of the temperature profile for Coma. These
authors find the projected temperature distribution for Coma
is nearly constant out to a radius of 30".

We constructed a two-dimensional grid of nonpolytropic
spectral models in the parameters T, and W,, since these are
the principal parameters for the spectral analysis. We associ-
ated each value of W, in the grid with the best-fit values for S,
R,, and n, from the imaging analysis (basically running down
the middle of the dashed contour in Fig. 8). This procedure
guaranteed agreement with the IPC results. Because of the
large fields of view of all the spectrometers, the results are not
particularly sensitive to these imaging parameters.

For each particular model in the grid of T, versus W,, we
employ the following procedure to generate a trial spectrum.
The cluster is divided into a large number of constant tem-
perature radial shells which are weighted by the appropriate
value of n(R)?, projected to the plane of the sky and convolved
with the sky beam pattern of the instrument under consider-
ation. This gives the weighting factor for this temperature
value. An isothermal plasma model is calculated at each tem-
perature and multiplied by the weighting factor. The final spec-
trum is the sum of the individual spectra from the various
radial shells. Each instrument has its own unique beam
pattern; thus, it was necessary to make a separate grid of
models for each data set.

A x? grid was constructed for each data set. To obtain
acceptable fits to the spectral models, we need to include (and
possibly vary) additional parameters, such as the metal abun-
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L L B O B B this free parameter is significant at greater than 5 o confidence
level.
In Figure 5 we present the results of the spectral fitting for
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Fi1G. 4—Results of the fits to the Tenma, EXOSAT, and Ginga spectra of
Coma Cluster. Two-dimensional x2 contours (at the 68%, 90%, and 99%
confidence levels) for W, vs. kT, using the CFF nonpolytropic model.

dance, the column density to the source, and the emission
measure. We fixed the column density to a value of 3 x 102°
cm ™2 (as for the IPC imaging analysis), but we let the other
spectral parameters be free. The fitted abundance values were
in the range 0.2-0.25 of solar, consistent with previous determi-
nations.

In general, each data set by itself was able to constrain the
allowed models to lie within a more or less narrow band in Ty,
and placed only very weak constraints on W,. This can be
understood qualitatively by realizing that the principal action
of variable T, in the model is to define the mean temperature
for the cluster, while W, defines the temperature distribution.
The data from these broadband collimated instruments taken
individually are quite good at determining a mean cluster tem-
perature, but rather poorer at determining the distribution.
However, by adding the y? grids (of T, vs. W,) from the
separate data sets, we are able to synthesize the information
(albeit limited) on spatial variation of temperature hidden in
the different pointing directions and fields of view and obtain a
more encouraging result. The summed 2 grid is shown in
Figure 4 (kT, vs. W,) which gives the 68%, 90%, and 99%
confidence intervals for the joint fit to all the spectral data.
Table 2 provides actual numerical values for the fitted quan-
tities. The minimum y? is 1550.8 for 1482 degrees of freedom
(corresponding to the 90th percentile). This must be considered
excellent agreement, since we have not included contributions
to x? due to systematic effects such as uncertainties in back-
ground subtraction and gain calibration. This is also a con-
siderably better fit than is obtained for a purely isothermal
atmosphere, which yields an average temperature of 8.1 keV
and a total x? of 1580.0. From the point of view of the X-ray
spectra, the CFF nonpolytropic model incorporates one addi-
tional free parameter. The F-test indicates that the inclusion of

TABLE 2

BEST-FIT SPECTRAL PARAMETER VALUES FOR COMA CLUSTER

Parameter Nonpolytropic Model
To(ReV) coiiiiiiii 9.39 (+0.42; —047)
Wy o 8.05 (+0.83; —0.63)
2Ol o 1550.8 (1482)

each data set separately in order to give the reader a sense of
their relative importance. The panels show curves of x2 versus
kT, for fixed best-fit values of B, R, n,, and W,. The curves
then are a slice through the contour in Figure 4 at a value of
W, = 8.05. The global best fit for T;, is marked on each curve as
a cross. First, one should note the excellent agreement among
the data sets: the individual best-fit T, values are all within
Ax? = 2.0 of the global best-fit T;, value. Because of the high
statistical signal and broad energy coverage, the Ginga data are
the most constraining of T, while the EXOSAT off-center
observations, which were the lowest statistical signal data of
the group, are the least constraining. We stress that all the data
sets are of roughly equal importance in constraining the
allowed range of W,

Recent X-ray spectral observations (Watt et al. 1992) find
that the core of the Coma Cluster is very nearly isothermal out
to at least 30". The CFF nonpolytropic model does predict a
shallow temperature gradient within the central 30’ of the
cluster: the projected temperature decreases from 9 keV at the
center to only about 7.5 keV at 30". We compared the projected
temperature values of our best-fit model at 3, 9, 15/, 21’, and
27 with the data from Figure 5 of Watt et al. (1992) and
obtained a x2 of 9.06 for 5 degrees of freedom (corresponding
to the 90% confidence level). We stress that no model param-
eters were adjusted in this comparison and that most of the
contribution to y? came from a difference in the overall tem-
perature scale between the Watt et al. data and our model and
not from the form of the temperature gradient. A more detailed
analysis is beyond the scope of this work; however, given the
simplicity of the comparison, we believe that this is additional
supporting evidence in favor of the CFF nonpolytropic model.

Tenma Ginga
80 T 40 T T T T
%% [ 1 % sof ]
4
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F1G. 5—Results of the fits to the spectral data. One-dimensional y?
contour (90% confidence level) for the central gas temperature (T,). The other
parameter values are set to their best-fit values (f = 0.644; R, = 81; W, =
8.05;and n, = 2.77 x 10 3cm™3).
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5. ANALYSIS OF THE OPTICAL DATA

In this section, we intend to verify that the parameter values
of the CFF nonpolytropic model derived in the preceding sec-
tions from fits to the X-ray data are consistent with the galaxy
density and velocity dispersion profiles of the Coma Cluster.
The & White (1986) studied these profiles starting from the
data on galaxy positions and velocities published by Tifft &
Gregory (1976) and Kent & Gunn (1982). The data are
restricted to radii interior to 133’ because of the very strong
possibility that galaxies beyond this radius are contaminated
by unvirialized parts of the Coma Supercluster. The projected
distributions are shown in Figures 6a and 6b, along with the
best-fit nonpolytropic model; the numerical values of the fitted
parameter are reported in Table 3. Note that for the optical
analysis we fixed the parameters T, and n, to the values from
the X-ray analysis. The central value of the velocity dispersion
is given by the definition of the parameter f:

0o = (kTy B/umy)'’? ~ 1252813k T,/10 keV) 2 kms ™1 .

Using the values from Table 3, we derive 6, = 1034(+ 101,
—98)kms 1.

The error intervals on some of the variable parameters in
Table 3 for one or the other optical data set are poorly con-
strained. For example, fits to the galaxy density profile only set
lower limits on the values of W, and f. The velocity dispersion

TABLE 3

BesT-FIT PARAMETER VALUES FOR COMA CLUSTER FROM OPTICAL DATA

Parameter Velocity Dispersion Galaxy Density
R, o 259(..; . ) 900 (+ 3:22; —2'10)
B 0.76(+ 0.16, —0.14) 1.56(...; —1.09)*
| /U 8.86(...; —2.00)* 8.78(...; —0.78)
TykeV) eovveeeeeennnnn. 9.00° 9.00°
ne(x 107 3cm™3) ........ 2.77° 277
2, (galaxies deg™2)°...... . 1094.3(+ 407.4; —410.2)
22(dof) i 14.98 (11) 491 (11)

2 Indeterminate error bound.
® Parameter held fixed at value from X-ray analysis.
° Central galaxy density.

data constrain a rather broad region in the R, — W, plane but
not the ranges of the individual values. Immediately below, we
present figures which show the range of parameter space
explored and the allowed regions from the fits.
Two-dimensional y? contours (68% and 90% confidence
level) for B versus R, based on the velocity dispersion and
surface galaxy density data are shown in Figure 7. The most
stringent constraints on f and R, are imposed by the fit to the
X-ray imaging data represented by the dashed contour (this is

10 |

I
~———

[

/

~7 @
1 /// /
3%
05l J2A_ 8

04 | l l
6 8 10 12 14

Rc (arc min)

F1G. 7.—Results of fits to the projected velocity dispersion (a) and surface
galaxy density (b). Two-dimensional x2 contours (at the 68% and 90% con-
fidence levels) for f vs. R.. The dashed contours are the results of the fit to the
IPC data.
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FiG. 8.—Results of the fits to the projected velocity dispersion (a) and
surface galaxy density (b). Two-dimensional y2 contours (at the 68% and 90%
confidence levels) for W, vs. R. The dashed contours are the results of the fit to
the IPC data (at the 90% confidence level), while the straight lines arise from
fits to the spectral data (also at the 90% confidence level). The dashed area
indicates the region of overlap between the fits to the X-ray and optical data.

the same set of contours as in Fig. 3). The optical data analysis
is fully consistent with this allowed region of parameter space.
The x* contours (68% and 90% confidence levels) for the
gravitational potential W, versus the core radius R, are pre-
sented in Figure. 8 The figure-shaped dashed contour is from
the X-ray imaging data for a fixed central temperature kT, ~ 9
keV, while the two horizontal lines define the allowed region
from the fits to the X-ray spectral data (see Fig. 4). Both of
these contours were determined at the 90% confidence level.
The results of the fits to the X-ray and optical data show a
large region of overlap for parameter ranges of W, = 8.2-9.3
and R, = 7:3-9'2. This range is consistent with previously
known values of W, (8.5) and R, (8.5) for the Coma Cluster
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(Merritt 1987). Limits on the central gas temperature are
imposed by the fits to the X-ray spectral data (Fig. 4). For the
allowed range of W, just quoted above, we find that T, =
8.8-9.4 keV.

Additional proof that the X-ray and optical data are consis-
tent is given by the acceptable values of 2 obtained when the
optical data are fitted with the model parameters fixed to the
best-fit values from the X-ray analysis (see Tables 1 and 2). The
x* values in this case are 17.25 and 12.31 for the velocity disper-
sion and galaxy density profiles, respectively, both for 14
degrees of freedom.

6. DISCUSSION

From the joint analysis of the X-ray and optical data, we
find an acceptable fit to the CFF nonpolytropic model with the
following parameter values: f = (0.59-0.68); R, = (7'3-9.2);
W =(82-93); T,=(8894) keV; and n,=(2.57-3.03)
x 1073 cm 3. The central velocity dispersion, o, is a derived
parameter based on the definition of #; we find that it lies in
the interval (900-1000) km s~ . In Figure 9 we show the tem-
perature and density distributions of the intracluster gas for
parameter values taken at the midpoint of the above intervals.
The truncation radius of the cluster (where pg = 6 = 0) is ~15
Mpc.

The ROSAT all sky survey data for Coma obtained values
of f=0.75+0.03 and R, = 106 + 06 from an azimuthally
averaged surface brightness profile (Briel, Henry, & Bohringer
1992). In an analysis which considered the ellipsoidal shape of
the X-ray emission from the Coma Cluster, Davis & Mush-
otzky (1993) obtained values of § = 0.84 + 0.10 and R, = 163
(+ 53, —3!2). These values are indeed different from those we
quote above, which were obtained using the so-called north
data set from the Einstein IPC (see the discussion at the begin-
ning of § 3). However, as Figures 7 and 8 show, these other sets
of values are fully consistent with the optical results (as rep-
resented by the contours labeled a and b), and thus our conclu-
sions regarding the validity of the CFF nonpolytropic model
remain unmodified.

Figures 10a and 10b show the integral binding and gas mass
distributions and the contribution of the gas to the total virial
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F16. 9.—(a) Gas temperature and (b) density profiles of the best-fit nonpolytropic model for the combined analysis of the X-ray and optical data of Coma Cluster.
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FiG. 10—(a) Binding (B) and gas (G) mass profiles of the Coma Cluster. (b) Contribution of the gas to the total virial mass as a function of radius.

mass of the cluster. The total binding masses within 1 h;3 Mpc
(~24') and 5 h5y Mpc (~122') are 5.65 x 10'* hs! M and
1.96 x 10'® hgy' M, respectively. These values are in agree-
ment with those reported by Hughes (1989) for the mass-
follows-light model and more general binding mass
distributions. Watt et al. (1992) quote a total cluster mass
within 1 Mpc in the range 4.2-5.2 x 10'* h5g' M from their
X-ray spectral image of the Coma Cluster obtained with a
coded mask telescope. The slight difference compared to our
reported mass is mainly due to the difference between our
temperature profile and the isothermal distribution used to
analyze their data.

At a radius of ~2 hsg' Mpc, within which the IPC imaging
X-ray data define the gas density relationship, about 20% of
the binding mass may be accounted for by the intracluster gas.
Beyond this radius we rely on an extrapolation of the gas
density distribution based on the model fitting results. At 5 hg
Mpc for the nominal parameter values, the contribution is
~35%, clearly within the range 16%-53% estimated by
Hughes (1989). Varying the values of the parameters R, W,
and T, through their allowed ranges introduces a negligible
variation of this value. On the other hand, a more significant
change arises from variation of the value of §; smaller § values
will increase the relative contribution of the gas to the total
binding mass. For example, for f = 0.63 the gas to binding
mass ratio (at ratio (at 5 h;¢ Mpc) increases to ~44%. To
better define this quantity requires imaging data to large radii
and spatially resolved X-ray spectra.

The CFF nonpolytropic model gives mass-to-light ratios of
157 hsq M /L and 163 hsq M /L within 1 k5! Mpc and 5
hso Mpc, respectively, where we have assumed total
(deprojected) blue luminosities of 0.36 x 10'® hs Lo (1 hsy
Mpc) and 1.2 x 10'3 hg? Lo (5 hsg') Mpc (from Kent & Gunn
1982; see Hughes 1989).

7. CONCLUSIONS

As we have shown in this paper, the nonpolytropic model
originally formulated by CFF is fully consistent with the
density and temperature distributions of the gas and galaxies
in the Coma Cluster. The principal assumption of this model is
that the ratio of the temperatures of the gas and the galaxies is
constant throughout the cluster. If gravitational collapse were

the only source of energy input to the gas and galaxies, then
one would expect the ratio of these temperatures (i.e., ) to be
unity. In our fits to the Coma data presented here, we deter-
mine a best-fit value of f = 0.64. Others (Briel et al. 1992;
Davis & Mushotzky 1993) have obtained f values in the range
0.75-0.84.

As numerous authors have pointed out (Jones & Forman
1984; White 1991; David, Forman, & Jones 1991), values of
less than unity require an additional source of energy input to
the gas (or a mechanism for cooling the galaxies). White (1991)
has studied the energetics associated with metal enrichment of
the intracluster medium and considered energy input from ram
pressure stripping and galactic winds (see also David et al.
1991). He shows that while the energy input from gas stripping
processes enters as ¢ (as we also state in § 2 above), energy
input from galactic winds depends on the depth of the poten-
tial well of the individual galaxy, as well as the wind speed, and
not only on ¢2. However, for rich massive clusters (like Coma)
the effects of galactic winds on the energetics of intracluster gas
may be marginal (~10%), merely because the average galaxy
velocity through the cluster is so much higher than the average
galaxy wind velocity.

The validity of the CFF nonpolytropic model (given the
current X-ray and optical data) suggests that a significant frac-
tion of the thermal energy contained in the hot gas in the
Coma Cluster may have become from the ram pressure strip-
ping of galaxies by the ambient cluster medium. This should
also be the situation for other rich galaxy clusters, while less
massive systems should show more evidence for the collective
effects of winds from individual galaxies. We look forward to
the imminent arrival of greatly improved X-ray data on clus-
ters of galaxies from ASCA (Astro D), which should allow us to
begin discriminating among the various scenarios for the
sources of energy input to and transport within the hot intra-
cluster gas of clusters of galaxies.
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