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ABSTRACT 
We analyze the spectral and spatial X-ray data for the Coma cluster using nonisothermal temperature dis- 

tributions. The spectrum was obtained by the Japanese X-ray satellite Tenma and the spatial data came from 
a reanalysis of the Einstein Observatory images. The superior energy response of the Tenma instrument allows 
us to determine the iron abundance more accurately than before; a value of between 16% and 32% 
(independent of model), relative to the cosmic value, is indicated. We find that the X-ray data alone can be 
described adequately by either an isothermal or an adiabatic gas temperature distribution. However, the 
cluster gravitational potentials inferred for the two models are quite different. If the temperature distribution is 
isothermal (or nearly so), then the cluster binding mass increases as r1 for large radii, and we derive a binding 
mass of ~1.5 x 1015 M0 within 3 Mpc (H = 50 km s“1 Mpc-1). If the gas temperature is adiabatic, then the 
binding mass must be considerably more centrally condensed than the galaxies or the gas; over 90% of the 
cluster mass is contained within 1 Mpc. Nevertheless, this solution is not self-consistent since the total binding 
mass density drops below the inferred gas density at ~ 1 Mpc. Neither of these models is entirely satisfactory 
from our point of view, and so, based on theoretical considerations of thermal conduction in the intracluster 
medium, we propose a hybrid model consisting of a central isothermal region surrounded by a polytropic 
distribution. We determine limits on the size of the isothermal region as a function of the central, isothermal 
temperature, and we find that as much as 75% of the global emission can be coming from the isothermal 
component. 
Subject headings: galaxies: clustering — galaxies: intergalactic medium — galaxies: X-rays 

I. INTRODUCTION 

Since the discovery of hot gas within clusters of galaxies, 
researchers have eagerly sought to determine the temperature 
and density structure of the plasma. With this information, and 
the single assumption of hydrostatic equilibrium, one can in 
principle determine the total binding mass of the cluster, allow- 
ing a direct determination of the ratio of luminous to non- 
luminous matter (see, e g., Sarazin 1986). Whether or not the 
gas in clusters of galaxies is truly isothermal also has important 
implications. Recently, various authors (Bertschinger and 
Meiksin 1986; Friaca 1986; Rosner, Tucker, and Najita 1988) 
have studied the effects of thermal conduction on the forma- 
tion and evolution of cooling flows. Conduction tends to have 
dramatic effects, in some cases reducing the derived mass flow 
rates by as much as one order of magnitude. If it can be shown 
that clusters without cooling flows (such as Coma) contain 
significant isothermal regions, this might indicate that conduc- 
tion is a widespread phenomenon in clusters. 

At the present time for most clusters, though, this program is 
hampered by several factors, such as the need to parameterize 
the radial dependencies involved, the lack of imaging data at 
large core radii and the problem of determining the tem- 
perature structure from global integrated cluster X-ray spectra. 
Nevertheless as instrumentation improves, some of these prob- 
lems will be mitigated, and we can expect improvements in our 
understanding. In this paper we report on our investigation of 

the density and temperature structure of the gas in the Coma 
cluster using data obtained by the broad-band X-ray spec- 
trometer onboard the Japanese X-ray satellite Tenma. This 
instrument consists of an array of gas scintillation proportion- 
al counters (GSPCs) which offer improved spectral resolution 
over ordinary proportional counters in the energy range above 
~ 1 keV. These data allow us to make considerably more 
precise measurements than before of the Ka iron line emission, 
as well as the overall X-ray continuum. We also present results 
from a reanalysis of the imaging proportional counter (IPC) 
data from the Einstein Observatory, in which we utilize an 
additional off-center pointing of Coma to define the X-ray 
surface brightness profile out to ^40'. This is nearly twice the 
radial extent used in previous studies, and as we show in § III, 
enables us to set stringent limits on the acceptable nonisother- 
mal models. 

The Coma cluster is nearby (z = 0.0235; Sarazin, Rood, and 
Struble 1982), and both extended and luminous in X-rays, 
making it an excellent testbed for studies of the hot intracluster 
gas. Various studies of its X-ray surface brightness, using data 
obtained by the IPC (Abramopoulos, Chanan, and Ku 1981) 
as well as earlier rocket data (Gorenstein et al. 1979), have 
resulted in a fairly well-defined profile for the gas density, but 
only within about the inner two core radii. However, the Ein- 
stein Observatory made a series of pointings near the center of 
Coma, and we have merged the data from them. Later in this 
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paper we present results of fits of nonisothermal models to the 
X-ray surface brightness data. 

The integrated X-ray spectrum of Coma also has been well- 
determined over the past 10 yr, a result of observations using 
Uhuru (Kellogg, Baldwin, and Koch 1975), Ariel 5 (Mitchell et 
al 1976), OSO 8 (Serlemitsos et al 1917; Mushotzky et al 
1978), and HEAO 1 A-2 (Henriksen and Mushotzky 1985, 
1986). All but the most recent data were adequately described 
by an isothermal temperature distribution of ~7-8 keV. 
However, an analysis of the HEAO 1 A-2 data for Coma has 
led the latter two authors to the conclusion that the cluster 
temperature distribution is far from isothermal, based on a 
new model-independent approach which they have developed. 
We have found that this approach is internally inconsistent 
over a large range of parameter space (see also Cowie, Henrik- 
sen, and Mushotzky 1987). 

As a convenient parameterization for nonisothermal tem- 
perature distributions we first considered the polytropic 
models developed by Cavaliere and Fusco-Femiano (1976, 
1978). In these models, the distributions of the galaxies and the 
X-ray emitting gas are related through their common gravita- 
tional potential. The galaxies are assumed to be isothermal, 
and the gas temperature distribution follows the gas density 
distribution as Tocpy_1, where y, the polytropic index, is 
taken to be a constant. Conditions of isothermality and adia- 
baticity within the cluster gas are represented by values for y of 
1 and 5/3, respectively. We will show in this paper that fits to 
the imaging and spectral X-ray data for this model imply that 
the cluster temperature distribution is nearly isothermal, while 
an adiabatic temperature distribution can be rejected with high 
confidence. 

Such intermediate values of the polytropic index are believed 
to represent more “complicated” physical situations which 
might include thermal conduction, radiative cooling, local 
heating, evolutionary effects, etc. However, it has been consis- 
tently stressed (Perrenod 1978; Friaca 1986) that realistic 
models which consider the evolution of the cluster gas within a 
physical framework do not resemble polytropes. In light of this 
and as a first attempt to explore possible temperature distribu- 
tions which are not purely polytropic, we have constructed a 
hybrid model consisting of an isothermal core surrounded by a 
polytropic region. This can be considered to be a two- 
component polytropic model, in which we fix the indices and 
instead vary the radius at which the distribution changes. This 
model is strongly motivated by the fits to the imaging data, 
which are tightly constrained to be near-isothermal within the 
center. The polytropic region outside then gives rise to the 
nonisothermal component which appears in the global spec- 
trum. We find that the spectral data can be fitted with an 
isothermal region contributing from ~20% to as much as 
75% of the total observed emission. This model is entirely 
consistent with both the imaging and spectral X-ray data. 

The article is organized as follows. In § II we discuss some 
features of polytropic models in general as well as the particu- 
lar formulations of Cavaliere and Fusco-Femiano (1976, 1978) 
and Henriksen and Mushotzky (1985, 1986). The IPC imaging 
data and corresponding model fits are in § III. Section IV 
contains a discussion of the spectral observations obtained by 
Tenma. Fits of polytropic models to these data are also pre- 
sented here. Discussion of the cluster binding masses implied 
by the several models appear in § V. Later in this section, the 
hybrid model is developed and fitted to the spectral data. Final 
remarks are in § VI. 

ET AL. Vol. 327 

II. POLYTROPIC MODELS 
The distribution of the hot plasma in clusters of galaxies is 

determined in large part by the gravitational potential of the 
cluster. Since the cluster galaxies respond to the same poten- 
tial, it is possible to relate their space distribution to that of the 
gas. This is accomplished through the relationship 

1 dp 1 dpG 

p dr pG dr w 

The actual distribution of either the galaxies or the gas 
depends on assumptions about the galaxy velocities or the gas 
temperature. Cavaliere and Fusco-Femiano (1976, 1978) have 
shown that when the galaxy velocities are assumed to be iso- 
thermal and the gas temperature is polytropic (p oc py), it is 
possible to determine the radial run of both the gas density and 
temperature of the cluster. For y ^ 1 they find 

T /pV“1 3 y — 1 

=i-2V^In(1+y)’ (2) 

and for y = 1, 

£- = (i+y2)-3ßl2 ' (3) 

Po 
where we have used the convenient approximation, pG = 
Pgo(1 + y2) 3/2 (King 1972) for the galaxy space distribution 
and set y = r/rc. This approximation to an isothermal sphere is 
entirely adequate for our purposes since the imaging X-ray 
data extend only to ~40' (~5 core radii), and the bulk of the 
observed Tenma emission comes from within this region as 
well. The parameter ß is the ratio of gas to galaxy temperature, 
expressed as ß = pmHvlBS

2/kT, where i;los is the galaxy line-of- 
sight velocity dispersion (Bahcall and Sarazin 1978) and T is 
either the isothermal temperature or the central temperature 
for the polytropic models. 

In this model there are five relevant parameters which are to 
be determined by fits to the X-ray data: T0, the central gas 
temperature; p0, the central gas density; rc, the core radius; y, 
the poly tropic index; and ß, the ratio of galaxy to gas effective 
temperature, which also can be considered to represent the 
slope of the gas density versus radius relation (as in eq. [3]). In 
practice it is possible to carry out the imaging and spatial 
analysis separately; this is a result of the limited high-energy 
response of the Einstein mirrors and the large field of view of 
the Tenma instrument. The imaging data put constraints on 
the allowed values for rc, ß, and y; while the spectral data 
constrain T0 and y. Normalizations to both the imaging and 
spectral data determine p0. 

We have been unable to obtain acceptable fits to the X-ray 
imaging data for any value of ß or rc for an adiabatic model 
(y = 5/3) with the form given by equation (2). This is also the 
case for other versions of the poly tropic model. For example, 
we have fitted the imaging data using the alternate form of the 
poly tropic model given by Lea (1975) and found that again no 
adiabatic model was allowed. Recall that both of these models 
assume that the cluster gravitational potential is traced by the 
galaxies. In order to obtain an acceptable fit for an adiabatic 
temperature distribution, we have had to relax this assump- 
tion. The polytropic model which we derive immediately below 
is consistent with the Bahcall and Sarazin (1978) general poly- 
tropic model for an arbitrary cluster potential. 

In order to vary the shape of the cluster potential, we employ 
a simple generalization of equation (2), in which we introduce a 
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single additional parameter, of the form 

L 
To 2 y oí (1+/)““]• (4) 

This reduces to equation (2) when a = 0. The limit a < ^ must 
be imposed to avoid having the virial density drop below zero 
at a finite radius. We show below (§ III) that an isothermal gas 
temperature distribution requires values of a near 0, while an 
adiabatic distribution requires values near Note that this 
equation is not a solution of the hydrostatic equilibrium equa- 
tion (eq. [1]) for an isothermal galaxy velocity distribution. 
Instead our purpose here is to introduce a convenient param- 
eterization for the cluster potential and then determine limits 
on those parameters under the assumption that the gas tem- 
perature distribution is adiabatic. 

Based on simple assumptions, viz., hydrostatic equilibrium 
and the ideal gas law, one can derive an expression for the 
cluster binding mass which depends only on the gas density 
and temperature. Pot poly tropic models, the relationship can 
be further reduced and written in terms of the density (or 
temperature) only and is given by 

M(<r) 
fcT0 f n(r)~j>' 2 dn(r) 

fimH Gn0 |_ no J dr ' (5) 

For the density distribution given by equation (4): 

M(<r) = 5.4 x 1014 T0 

0.5 Mpc/\10 keV/ (1 + y2)1 ß X+Í M© » 

(6) 

where ¿¿ = 0.61, appropriate to a fully ionized plasma with 
10% helium by number. At large core radii the cluster binding 
mass increases with radius as r1-2a. We can see that including 
the additional parameter a allows us to vary the shape of the 
cluster binding mass distribution as well as its radial scale. 

Henriksen and Mushotzky (1985, 1986) have recently tried 
to extend the analysis of cluster X-ray spectra to include non- 
isothermal temperature distributions in a model-independent 
way. Their approach was to use equation (3) (the isothermal 
gas relationship) to describe the form of the radial density 
variation for the gas, which then was coupled with the poly- 
tropic relationship to determine the temperature distribution. 
Although in this approach the gas temperature and density 
distributions lack any clear physical connection with the 
galaxy distribution, it nevertheless is a useful parameterization 
of the possible temperature variation and we do employ it in 
our so-called hybrid model. However, hydrostatic equilibrium 
is not guaranteed for arbitrary choice of y and ß in this model. 
To demonstrate this, consider the mass distribution, which is 
given by 

The limiting form of equation (7) for large core radii is 
yi -3/ï(y-i), js zero if ß(y — l) > In that case, the 
binding mass distribution reaches a maximum at ym = [ß(y 

— 1) — ^]-1/2 and then falls to zero at infinity. In order to 
avoid negative mass or, equivalently, to avoid a cluster gravita- 
tional potential which falls off faster than a point mass poten- 

tial, this approach requires that the cluster be nonhydrostatic. 
Physically, a parcel of gas at large radius has a temperature 
which is too low for it to be stable against infall, given a realis- 
tic cluster potential. An artificial cutoff in the parameters, 

7<l+Tß (8) 

(see Cowie, Henriksen, and Mushotzky 1987) must be imposed 
for consistency since ym can be as small as 2, well within the 
region from which we actually see gas at X-ray temperatures.1 

III. SPATIAL ANALYSIS 

The most extensive X-ray imaging data for the Coma cluster 
were those taken by the IPC on the Einstein Observatory (see 
Giacconi et al 1979 for a description of the instrumentation). 
There were three pointings made: one approximately at the 
cluster’s center and two offset from this north and south by 
~20'. Since the active region within the IPC rib support struc- 
ture is ~40' wide, previous studies which utilized only the 
central field were confined to a maximum radial coverage of 
only ~20'. With the additional fields, it is possible to double 
this coverage. As we show below, this additional radial cover- 
age allows us to discriminate against a large class of models. 

a) Data 
In order to combine the surface brightness data from the 

various fields it was necessary to compensate for various detec- 
tor dependent effects. The gain of the detector varied from 
observation to observation as well as across the focal plane. 
For two of the fields (11793, the central region, and 11792, the 
northern region) the average gains were the same (BAL « 15), 
but the gain for the southern pointing (11790) was abnormally 
high (BAL « 20), which resulted in a skewed distribution for 
the pulse height spectrum. We have not pursued the analysis of 
the southern field. Spatial variations in the counter gain 
(especially for extended sources) are largely taken care of 
through the use of data extracted from pulse-height invariant 
energy bins. 

Another effect arises from the geometrical vignetting of the 
telescope mirrors. This is a function of both the incident 
photon energy and position in the counter and evidences itself 
by a decrease in effective area at off-axis locations. We deter- 
mined the correction to be applied at several radial positions 
using a hard spectrum (kT « 10 keV, folded through the 
mirror and instrument response), appropriate to the Coma 
cluster. The correction varies from 1 (on-axis) to ~1.6 (20' 
off-axis). As the raw data were extracted from the images, the 
count rates were multiplied by a vignetting correction which 
was the average over the region from whence the counts came. 

For both the central and northern fields the data (in the 
energy range 0.5-4 keV) were taken from annuli of size L8 
binned about the cluster X-ray center, given by Abramopoulos, 
Chanan, and Ku (1981) as a1950 = 12h57m19s, ^^50 = 
28°13'07". Background subtraction was performed in detector 
coordinates using a long exposure pointing toward a source- 
free region of the sky which had very nearly the same detector 
gain. In order to avoid the IPC rib support structure, data 

1 For Coma with ß = 0.76, eq. [8] eliminates all polytropic indices greater 
than 1.43 and in fact forces us to reject a priori most of the allowed parameter 
space derived from the HEAO 1 A-2 analysis (see Fig. 7 in Henriksen and 
Mushotzky 1986). Hence, cluster masses derived from this approach should be 
viewed with some suspicion. 
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from only the inner 20' x 20' of each field were used. In the 
case of the central pointing that meant restricting the 
maximum radial annulus to K < 20', since the center of this 
field was also approximately the center of the cluster. The 
situation was more complicated for the northern field, since 
here the cluster center was near the edge of the field. Angular 
ranges for each annuli were determined, which defined the 
region within the ribs. Counts were extracted from several 
(usually three or four) subregions within this angular range, so 
that an appropriate average vignetting correction could be 
applied, as discussed above. Excellent agreement was found 
between the data from the northern field and the data from 
only the northern sector (-45°, 45°) of the central field, in the 
radial region of overlap (9'-20'). The northern field also con- 
tained two point sources (a Seyfert galaxy and presumably a 
background quasar) which were detected by the standard IPC 
processing algorithm; counts from within a 3' radius centered 
on each of these were excluded. 

The errors on the counts were increased over the purely 
statistical ones to account for two possible sources of system- 
atic effects. The first was the inclusion of an error equal to 20% 
of the background rate. This is about the size of the observed 
variation in background from field to field (Abramopoulos, 
Chanan, and Ku 1981). Second, because of nonuniformities in 
the spatial scale of the IPC, we included a 6% systematic error 
as well (D. Fabricant 1986, private communication). Both 
additional errors were added in quadrature to the statistical 
error. 

b) Analysis 
Surface brightness profiles for nonisothermal cluster models 

were generated for the parameters a, ß, y, and rc. To approx- 
imate the spatial response of the IPC we convolved the models 
with a circular Gaussian of width l'A (FWHM). The central 
temperature for each parameter set was determined by 
requiring that the average temperature within 3° (the Tenma 

Vol. 327 

field of view) be 7.5 keV. As we mention below, this is an 
accurate way to characterize the X-ray spectrum; furthermore, 
the response of the IPC is virtually flat for temperatures above 
~2 keV, and thus the actual value of the central temperature 
does not greatly influence our results. We also set the fractional 
elemental abundances to 25%. The spatial analysis was carried 
out separately for the northern data (angular range approx- 
imately -45° to 45°, radial range 0' to 40') and the central data 
(angular range 0°-360o, radial range 0-20'). The results from 
the two regions are quite different for at least two reasons: (1) 
the ellipticity of the cluster, which is averaged over in the data 
from the central region, and (2) the larger radial extent of the 
northern region. 

In Figure 1 we plot the X-ray surface brightness of the Coma 
cluster for the data from the northern region, along with the 
best-fit isothermal model. Beyond ~17', the data are clearly 
well fitted by a single power law in surface brightness versus 
radius with slope about —2.7, implying a gas density versus 
radius slope of ~0.62 (the parameter ß in our model). This is 
confirmed by our detailed fits to these data using the Cavaliere 
and Fusco-Femiano (1976, 1978) polytropic formalism with 
a = 0. In Figure 2a we present the results of these fits for ß and 
y, in the form of two-dimensional x2 contours (99% confidence 
level with x2

mi„ + 9.2; Avni 1976; Lampton, Margon, and 
Bowyer 1976). Recall that ß effectively represents the radial 
falloff of the density profile (higher /1-values correspond to 
steeper profiles), while y characterizes the radial temperature 
dependence (from isothermal, y = 1, to adiabatic, y = 5/3). The 
importance of including the imaging data from the northern 
field can be dramatically demonstrated by comparing the 
dashed contours (corresponding to the central data set) with 
the solid contour (the northern data) in Figure 2a. The data 
from the northern region require that we reject all polytropic 
indices greater than ~ 1.2 at the 99% confidence level. No such 
statement can be made based on the central region alone, 
where all polytropic indices are accepted. This is a result of the 

HUGHES ET AL. 

Fig. 1. Radially averaged IPC X-ray surface brightness of the Coma cluster with best-fit isothermal model 
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Fig. 2a 

7 
Fig. 2b 

Fig. 2.—(a) Results of fits to the IPC surface brightness profile using data from the central field only (dashed lines) and including data from the north (solid lines). 
Two-dimensional %2 contours (99% confidence level) for ß versus y using the Cavaliere and Fusco-Femiano (1976, 1978) model (a = 0). The limit y = 5/3 
corresponding to the adiabatic condition is marked by the vertical dashed line to the right, (b) Same as (a) but for the a = ^ polytropic model. 

limited spatial coverage of this data set. The decrease of ß with 
increasing y arises naturally in this model, since ß is the ratio of 
the effective galaxy temperature to the central gas temperature. 
Since the temperature doubles from isothermal to adiabatic 
(see Fig. 5 below), ß is approximately halved over the same 
range. Table 1 presents the results of these fits to the northern 
data set specifically for the isothermal model for the param- 
eters rc, ß, and n0 (number density of hydrogen atoms) with 

90% errors and gives the x2 values. Note that we use a value 
for the Hubble constant of 50 km s"1 Mpc" ^ The errors on n0 

were increased to include a factor of 3 variation in hydrogen 
column density to the source. This additional error was 
roughly the same size as the error obtained from direct fits to 
the model. As a check on our data extraction and model fitting 
techniques, we have compared the fitted parameter values from 
our central field data alone with the published work of 
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TABLE 1 
Best-Fit Spatial Parameter Values for Coma Cluster 

from IPC Data 

Parameter 
Isothermal Adiabatic 

(a = 0) (a = i) 

n0 ( x 10 3 cm 3)a 

X2 (v = 18)  

7.6 ± O'J 
0.63 ± 0.03 

2.6 ± 0.3 
12.8 

5Í5 ± 0:4 
0.86 ± 0.01 

3.1 ± 0.4 
16.2 

1 H = 50 km s_1 Mpc-1. 

Abramopoulos, Chanan, and Ku (1981). Our values, 
ß = 0.75 ± 0.12 and rc = 10!8 ± 2!0, are in excellent agreement 
with their isothermal models. 

The functional form for the gas density utilized above is 
rather specific, and thus the preceding result does not imply 
that all possible adiabatic models are unacceptable. We have 
found that an acceptable fit to the imaging data for an adia- 
batic model can be obtained for the generalized model (eq. [4]) 
with a = ^. In Figure 2b we present the results of these fits for ß 
and y, in the form of two-dimensional x2 contours, again at the 
99% confidence level, but only for the data from the northern 
region. Notice that in this case models with y < 1.15 can be 
rejected. The fitted parameter values for the adiabatic model 
are shown in the final column in Table 1. 

We must stress, however, that the constraints on y derived in 
this analysis and shown in Figures 2a and 2b arise almost 
totally from the form of the radial density variation in the 
model and not from the temperature distribution. This is 
because the cluster temperature remains high, i.e., above the 
IPC bandpass, until the density has fallen to rather low values. 
Nevertheless in the context of the present model, this distinc- 
tion is irrelevant and our constraint on the polytropic index 
determined in this manner from the imaging data is valid. It 
also is possible, however, to make some statement about the 
gas temperature distribution by examining the X-ray spectrum 
of the cluster. This is the subject of the next section, in which 
we compare various poly tropic models with the Tenma spec- 
tral data. 

IV. SPECTRAL ANALYSIS 
a) Data 

The spectral observations of the Coma cluster described in 
this paper were carried out by the second Japanese X-ray satel- 
lite, Tenma. Details of the satellite system are reviewed by 
Tanaka et al. (1984) and the X-ray counters by Koyama et al. 
(1984). Briefly, the instrument consists of a large effective area 
(640 cm2) array of GSPCs, whose main advantage is superior 
spectral resolution, ~9.5% (FWHM) at 5.9 keV, which is 
approximately half that of ordinary proportional counters. 
The counters are combined into two groups (SPC A and SPC 
B) of four units with each group having a slightly different field 
of view (2?5 and 3?1 FWHM, respectively). Overall counter 
performance (linearity, stability) remained excellent since the 
launch on 1983 February 20 to the termination of operations 
in early 1986. 

Inflight calibration is performed continuously using a 109Cd 
source, which emits a line at 22.10 keV due to the Ka transition 
in silver. Flourescence of thorium (a contaminant of the beryl- 
lium window) produces the La line at 12.97 keV. Another 
useful calibration line occurs at 8.04 keV (copper Ka), a result 
of particle and X-ray interactions in the bronze collimator. 

Using these lines an energy scale, accurate to 30 eV, has been 
obtained. For the Coma cluster, this calibration procedure was 
applied to the data from each of the individual counter units 
and a common energy scale was established. Furthermore, 
observations of the cluster were carried out in a low and a high 
gain mode and then reduced to the same scale. 

The Coma cluster was observed early in the mission: 1983 
March 25-26 (low gain) and 1983 March 28-31 (high gain). 
The exposure times were 1.59 x 104 s and 1.69 x 104 s. Back- 
ground measurements, in a nearby source-free region of the 
sky, were taken for three days before and one day after the 
on-source observations. The data were reduced and the back- 
ground was subtracted as described in Okumura et al. (1988). 
The spectrum is statistically well-determined over the energy 
range from ~1.5 keV-15 keV, since several times 105 source 
photons were obtained. However, the statistical errors are 
increased by the introduction of a 1% systematic error as 
described in Koyama et al. (1984), which is necessary to 
account for nonuniformities in the pulse height channel widths 
(of this order) due to electronic noise in the analog-to-digital 
converters. 

The initial analysis of the Tenma data for the Coma cluster 
was carried out by Okumura et al. (1988). These authors uti- 
lized a single temperature thermal bremsstrahlung continuum 
with a best-fit temperature of 8.2 ± 0.3 keV. The Gaunt factor 
used was that given by Matteson (1971) with corrections 
(nonrelativistic) due to electron-electron bremsstrahlung 
(Maxon and Gorman 1967). Iron emission lines, both Ka and 
K/?, were included as Gaussian lines with width small com- 
pared to the counter energy resolution and with energies and 
equivalent widths determined by fitting to the data to minimize 
X2. The line centroids were consistent with the cluster’s optical 
redshift (z = 0.0235), and in fact the fitted energy of the iron Ka 
line can be used to determine the cluster redshift independent- 
ly, z = 0.028 ± 0.007 (90% error). This latter check is possible 
because of the superior energy resolution of the GSPCs 
onboard Tenma in comparison to the standard proportional 
counters used in the past. Furthermore, it confirms the accu- 
racy of our energy scale (to better than 1%) and detector 
response matrix. 

We have extended the above analysis to include thermal 
emission from more realistic plasma models (J. C. Raymond 
1986, private communication; Raymond and Smith 1977, here- 
after RS). In addition, we have assumed both a purely isother- 
mal temperature distribution as well as the polytropic models 
discussed above, in each case setting limits on the allowed 
temperatures and iron abundances required by the observa- 
tions. 

b) Isothermal 
We are able to obtain acceptable fits to the Coma data for a 

single temperature plasma with a single value for the iron 
abundance. Figure 3 shows the data and best-fit model with 
kT = 7.5 keV and an iron abundance of ~21% of the cosmic 
value (assumed to be 4.0 x 10- 5 throughout this analysis). 
Table 2 shows the best-fit values and 90% errors for the tem- 
perature, elemental abundance (as a fraction of cosmic, see 
below), and emission measure (n0

2rc
3), in addition to the x2 

value. Because of the thickness of the beryllium window (~ 100 
fim) on the GSPCs, we are unable to constrain values of source 
column densities lower than ~1022 H atoms cm-2 for any of 
the models presented here. The central gas density from the 
normalization to the Tenma spectrum is (2.6 ± 0.1) x 10“3 

cm-3 using the fitted core radii from Table 1. This value is in 
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Fig. 3.—Tenma X-ray spectrum of the Coma cluster with best-fit isothermal model 

621 

excellent agreement with the central density determined from 
the normalization to the IPC surface brightness. In our fitting 
procedure we explicitly include the cluster’s redshift, using the 
optically determined value given above. As can be seen in 
Figure 3, there are no systematic deviations between the data 
and best-fit isothermal model, particularly at high and low 
energies. 

To determine the elemental abundance in the cluster, our 
approach throughout this work was to fix the relative abun- 
dances of the elements with Z > 12 at their cosmic values and 
then vary the overall fractional abundance. These are the ele- 
ments with K-shell emission lines falling within the Tenma 
bandpass. It should be noted that the decrement value is vir- 
tually the same whether or not the abundance of elements 
other than iron are varied. Okumura et al. (1988) have derived 
a slightly larger value for the iron abundance of Coma using 
the same data. Part of this difference (about half) arises from 

TABLE 2 
Best-Fit Spectral Parameter Values for Coma Cluster 

from Tenma Data 

Isothermal Adiabatic 
Parameter (a = 0) (a = j) 

T (keV)   7.5 ± 0.2 20.5 ± 0.8 
Abundance3   0.21 + 0.03 0.27 + 0.03 
n0

2rc
3 (1066 cm-3)b   5.9 ± 1.2 4.3 ± 0.6 

X2 (v = 56)    72.8 75.2 
3 Fraction of cosmic value (4.0 x 10"5 iron atoms per 

hydrogen). 
h H = 50 km s-1 Mpc-1. 

the different analysis procedures; their method involves fitting 
the iron line with a Gaussian line profile of variable intensity 
and line width. From this and the continuum intensity they 
determine an equivalent width, which is larger than ours 
because of the finite width of the fitted line. They then derive 
the iron abundance by comparing to an independent calcu- 
lation for the thermal emission from an optically thin plasma 
in collisional equilibrium (K. Masai 1984, private 
communication), which accounts for the remainder of the dis- 
crepancy. Differences of 30% or so between such models are 
not unexpected due to uncertainties in the atomic physics (J. C. 
Raymond 1986, private communication). 

The difference in derived temperature between the simple 
bremsstrahlung emission model employed by Okumura et al. 
(1988) and that of the RS emission model used here can be 
explained as a result of the inclusion of additional emission 
processes (such as free-bound and two-photon continuum) in 
the RS model. In particular, recombination radiation, i.e., free- 
bound, contributes to the emission above the Fe-edge, leading 
to the slightly lower temperature value obtained here. Because 
of these additional processes the RS emission model is 
expected to be more realistic in this situation. 

We have also determined the joint error region for tem- 
perature versus iron abundance. In Figure 4a we show 
the error contours at the 90% and 99% confidence level 
(x2mm + 4-6 and x2

min + 9*2; Avni 1976; Lampton, Margon, 
and Bowyer 1976) for the joint estimation of two parameters. 
The iron line at these temperatures is a blend of Ka emission 
from He-like and H-like ions and, although the Tenma GSPCs 
cannot resolve these separate lines, their relative intensities do 
influence the expected line shape as well as the energy centroid. 
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Fig. 4.—(a) Results of fits to the Tenma X-ray spectrum of Coma. Two-dimensional x2 contours (90% and 99% confidence levels) for fractional iron abundance 

versus temperature using the isothermal model. The cosmic iron abundance is assumed to be 4.0 x 10"5 relative to hydrogen, {b) Same as (a) but for the adiabatic 
model. Uses the modified Cavaliere and Fusco-Femiano (1976,1978) model with a = £. Central temperature is denoted by T0. 

Adiabatic 

c) Comparison to the HE AO 1 A-2 Coma X-Ray Spectrum 

Our fitted values of temperature and iron abundance for the 
isothermal model are in moderate agreement with those of the 
HE AO 1 A-2 X-ray spectrum of Coma (Henriksen and Mush- 
otzky 1986). However, we feel that these authors have over- 
stated the significance of their results, specifically with regard 
to the limits on the polytropic index, which is constrained to lie 

between 1.4 and 1.6 in their work. Our main criticism is that 
they do not include any nonstatistical error (e.g., systematic 
error) in their analysis (R. F. Mushotzky 1986, private 
communication). Systematic uncertainties in the pulse height- 
energy calibration of their instrument of at least 1% (either 
through temporal gain changes or uncertainties in the fitted 
energies of calibration lines) should be included. In addition, 
the check on the energy calibration arising from fitting the 
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cluster’s redshift, which was carried out for the Tenma GSPC 
data, is not possible for the HEAO 1 A-2 data because of the 
poorer spectral resolution of these detectors. We emphasize 
that the determination of a nonisothermal temperature dis- 
tribution is a higher order fit to the data than just the determi- 
nation of the average temperature and as such requires much 
more careful attention to possible instrumental uncertainties 
and systematic errors. In fact with data of high statistical accu- 
racy the challenge is to obtain acceptable fits for an isothermal 
model (given a true isothermal source distribution). Any sys- 
tematic effects tend to favor nonisothermal models, simply 
because the parameter space available to these models is so 
much larger. Only when possible systematic effects in the data 
have been identified or removed can an isothermal model be 
rejected with confidence. 

d) Standard Cavaliere and Fusco-Femiano Polytropic Models 
(a = 0) 

In order to determine the extent of isothermality implied by 
the Tenma data and to follow up the imaging analysis of § III, 
we have carried out fits to the X-ray spectrum using the stan- 
dard Cavaliere and Fusco-Femiano poly tropic temperature 
distribution (eq. [2]). The spectral data are most sensitive to 
the parameters T0, the central gas temperature, and y, the poly- 
tropic index, but also have some dependence on ß. Specifically, 
the fitted central temperature tends to increase with decreasing 
ß. For the adiabatic case, a decrease in ß of ~0.1, results in an 
increase in central temperature of 1-2 keV. However, since 
there is little variation in x2 value with such a change in ß, the 
shape of our x2 contours for T0 versus y should be virtually 
independent of the actual value for ß. From fits to the IPC data 
we have shown that the parameters ß and y are correlated (see 
Fig. 2) The values employed here came from the imaging 
analysis on the central field data only and ranged linearly from 
ß = 0.75 (isothermal) to ß = 0.34 (adiabatic). 

The RS emission model was used to construct a grid of 
models with varying central temperature and polytropic index. 
Each of these models was compared to the Tenma data, mini- 
mizing x2 for the remaining parameters: overall normalization, 
elemental abundance (as above), and hydrogen column 
density. The results of these fits are presented in Figure 5a as 
two-dimensional x2 contours for y versus T0. We show the 
90% and 99% confidence level contours. Clearly at the higher 
confidence level we are unable to put any constraint on the 
value of the polytropic index, although at 90% confidence we 
reject poly tropic indices below ~ 1.1, indicating that the spec- 
trum exhibits departures from isothermality. We note that the 
average temperature (weighted by the appropriate emission 
measure) can be quite accurately used to characterize the X-ray 
spectrum, since it varies only slightly from 7.5 + 0.25 for the 
isothermal spectrum to 7.5 ± 0.6 for the adiabatic one. 

e) Generalized Cavaliere and Fusco-Femiano Polytropic 
Models (a = 1/2) 

The result of fits to the Tenma spectrum for this model, 
corresponding to equation (4) with a = ^, is shown in Fig. 5b. 
As above the ß values came from the IPC imaging analysis and 
varied from 1.68 (isothermal) to 0.86 (adiabatic). It is clear that 
we can reject polytropic indices greater than ~ 1.4 at the 90% 
confidence level, although at the 99% confidence level we must 
accept all indices. Recall that our purpose in introducing this 
generalized model was to obtain an acceptable fit to the X-ray 
imaging and spectral data for an adiabatic (y = 5/3) model. 

This has been achieved at about the 99% confidence level. The 
best-fit parameter values for this adiabatic model are presented 
in the third column of Table 2. Notice that the elemental abun- 
dance is slightly larger than the isothermal value, a result of the 
presence of higher temperature emission components in the 
adiabatic case. Two-dimensional error contours (at 90% and 
99%) for the fractional iron abundance versus central tem- 
perature are shown in Figure 4b. The central gas density from 
the normalization to the spectrum is (3.6 ± 0.2) x 10“3 cm-3 

using the fitted core radii from Table 1. This value is somewhat 
larger than (but still within the errors of) the central density 
determined from the normalization to the IPC surface bright- 
ness, perhaps signifying that there is more emission at the 
larger radii sampled by the Tenma instrument. Although this 
model seems to satisfy the combined X-ray imaging and spec- 
tral data, it becomes apparent upon closer examination that 
the implied total cluster mass is smaller than the gas mass 
required by the X-ray flux, a clear inconsistency. We discuss 
this in the following section. 

IV. DISCUSSION 

We use the results in Tables 1 and 2 along with equation (6) 
to determine the total cluster binding mass distribution 
implied by the isothermal and adiabatic models. For the best- 
fit isothermal model (T0 = 7.5 keV, y = 1, rc = 0.31 Mpc, 
ß = 0.63, a = 0) the binding mass is ~ 1.5 x 1015 M0 within 3 
Mpc and increases as r1 to larger radii. The gas mass consti- 
tutes ~ 8% of the cluster binding mass at the center, increasing 
to ~30% at 10 Mpc. With the parameters for the best-fit 
adiabatic model (T0 = 20.5 keV, y = 5/3, rc = 0.22 Mpc, 
ß = 0.86, a = I) the binding mass is ~3.9 x 1014 M0 within 1 
Mpc and increases (asymptotically) to a maximum mass of 
only ~4.2 x 1014 M0. This is as expected from equation (6), 
since the mass varies as r° for a = ^ at large radii. However, 
when we compare the binding mass density with the gas 
density in this case, we find that near the center the implied 
total cluster binding mass density is 60 times the gas density, 
but beyond ~0.7 Mpc the binding mass density falls below the 
gas density, a clear physical impossibility. Although this adia- 
batic model adequately describes both the spectral and 
imaging X-ray data, it is internally inconsistent and so must be 
rejected. This evidence plus the internal inconsistency of the 
adiabatic model under the Henriksen and Mushotzky poly- 
tropic formulation (see eq. [8]), leads us to suggest that no 
adiabatic gas temperature distribution can describe the Coma 
cluster. 

On the other hand, how well does an isothermal gas dis- 
tribution fit the data? Comparison of Figures 2a and 5a reveals 
an apparent inconsistency between the imaging and spectral 
results for this model. While the imaging data require a nearly 
isothermal solution, the X-ray spectrum prefers nonisothermal 
temperature distributions. For models with a = j (Figs. 2b and 
5b), the situation is reversed: the spatial data prefer nonisother- 
mal distributions and the spectral data prefer nearly isother- 
mal ones. Indeed, there are regions of overlap between the 
imaging and spectral results at intermediate values of y in each 
case, but this cannot be considered to represent a definitive 
range on the acceptable temperature distribution. Our conclu- 
sion is that the X-ray data are now precise and detailed enough 
to require a more realistic model than a polytrope. Below we 
present a simple model which is fully consistent with both the 
imaging and spectral data and has the advantage of allowing 
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Fig. 5a 

Fig. 5b 
Fig. 5.—(a) Results of fits to the Tenma X-ray spectrum of Coma. Two-dimensional %2 contours (90% and 99% confidence levels) for polytropic index (y) vs. 

central temperature (T0) using the Cavaliere and Fusco-Femiano (1976,1978) model (a = 0). Indices range from y = 1 (isothermal) to y = 5/3 (adiabatic), (b) Same as 
{a) but for the a = j polytropic model. 

us to quantify the extent of isothermality implied by the obser- 
vations. 

In introducing this hybrid model we have been strongly 
motivated by theoretical considerations of the effects of elec- 
tron heat conduction on the cluster gas. In a cluster, conduc- 
tion occurs most rapidly in the central region, where the 
densities and perhaps, temperatures are (initially) the highest, 
assuming an initial adiabatic infall of matter. In time, a con- 

duction front moves out from the center, separating an approx- 
imately isothermal region within from the undisturbed 
medium beyond. If the conduction were inhibited by a small, 
but definitely nonzero, factor, then it would be possible for the 
front to have traveled only partly through the cluster in a 
Hubble time. This process could leave an isothermal core sur- 
rounded by a nonisothermal distribution. It is widely suspect- 
ed that magnetic fields would inhibit conduction, but by how 
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much is an open question. Investigations such as this might be 
able to shed some light on the subject. 

In addition we have been strongly guided by the X-ray data. 
For the standard Cavaliere and Fusco-Femiano poly tropic 
models, as shown above, the spatial data require us to con- 
strain the gas density to follow an isothermal distribution. 
However this constraint only applies over the central region 
(within ~4 core radii); beyond this radius there are presently 
no imaging data and hence no strong limits on the gas density 
profile. The spectral data come from a much larger spatial 
extent, ~40% of the emission in the Tenma field of view comes 
from beyond 4 core radii. Thus it seems reasonable to accom- 
modate the spectral observations, which imply departures 
from isothermality, by situating the nonisothermal component 
outside the central region. This leads directly to our hybrid 
model, which is characterized by having an isothermal core 
surrounded by a poly tropic distribution. Finally, we have 
opted for this model since it allows us to parameterize the 
departures from isothermality in a nearly model-independent 
way as a fraction of total cluster emission. 

For the gas density, we have taken an isothermal radial 
profile with ß = 0.6 (eq. [3]), assumed constant throughout the 
cluster. The temperature distribution is flat (i.e., isothermal) 
out to a certain transition radius, after which point it begins to 
fall off as a polytrope. Thus the isothermal region is defined by 
two parameters: its temperature and Rlso, the radius at which 
the temperature starts to vary. For the nonisothermal region 
we have used the polytropic formulation of Henriksen and 
Mushotzky (1985, 1986). However, as discussed above, in this 
model hydrostatic equilibrium is not guaranteed unless the 
condition given by equation (8) is satisfied. Thus the largest 
value for the index consistent with hydrostatic equilibrium, 

and our chosen density profile is y = 1.55, which is the value 
we have used throughout the poly tropic region. Note that this 
requirement is not an artifact of the hybrid model but corre- 
sponds to the steepest polytropic temperature profile consis- 
tent with hydrostatic equilibrium. A smaller value of y would 
tend to increase the allowed isothermal region; hence our 
results here are in that sense a lower limit to the isothermal 
contribution. 

In our fits to the Tenma data we have chosen to vary only 
the temperature of the isothermal region and Rlso. In principle, 
one could vary both y and ß in the region beyond where the 
imaging data ends, but we have left the parameters in the 
poly tropic region fixed. For the particular parameterization 
discussed above we have obtained the two-dimensional x2 con- 
tours shown in Figure 6, where the allowed values of the iso- 
thermal temperature and transition radius are plotted. One 
sees that (at 90% confidence), based only on the spectral data, 
the radius of the isothermal region can be as small as ~ 1 core 
radius or as large as 6 core radii. In the top panel of Figure 6 
we have also plotted the ratio of the emission measure of just 
the central isothermal region to the total emission in the 
Tenma field of view,/Iso. As much as ~15% of the observed 
emission in the Tenma spectrum can be coming from an iso- 
thermal component. 

This model clearly establishes excellent consistency between 
the spatial and spectral data sets. Future work should include 
direct comparison of more detailed evolutionary models 
involving electron heat conduction, such as those presented in 
Friaca (1986), to the X-ray data. In addition the hybrid model 
in the form presented here predicts a break in the slope of the 
gas density profile at the transition radius, changing from iso- 
thermal to polytropic. Observing such a break in the X-ray 

J i 1 i I i 1 1 L 
2 3 4 5 6 

riso/rcore 
Fig. 6.—Results of fits to the Tenma spectrum of Coma for the hybrid model, consisting of an isothermal core surrounded by a poly tropic distribution. Bottom 

panel: the two-dimensional x2 contours (68% and 90% confidence levels) for the temperature of the isothermal region (TISO) versus its radius(Rlso) in units of the core 
radius. For the gas density ß = 0.6 and for the polytropic region y = 1.55. Top panel: the fraction of emission measure within the isothermal region relative to the 
total emission measure as a function of RIso. 
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surface brightness profile would be strong evidence in support 
of the model. 

VI. CONCLUSIONS 
We have used the high-quality X-ray spectrum of the Coma 

cluster observed by the Japanese satellite Tenma in conjunc- 
tion with the imaging data from the Einstein Observatory to 
explore the temperature distribution of the cluster gas. We 
have found that, although an adiabatic temperature distribu- 
tion can satisfy the X-ray data, such a model is internally 
inconsistent, either implying more gas mass than total binding 
mass, or requiring nonhydrostatic conditions in the cluster gas. 
Even the best-fit isothermal model (T0 = 7.5 keV, y = 1, rc = 
0.31 Mpc, ß = 0.63, a = 0) does not fully satisfy the Tenma 
spectrum; we find evidence at the 90% confidence level for a 
nonisothermal distribution of temperatures. The iron abun- 
dance we determine from the spectrum depends only slightly 
on model and is significantly less than the cosmic value 
(16.2%—32.5% at 99% confidence). This is the most precise 
determination yet of the iron abundance in this (or any) cluster. 
Note that the experimental errors on the derived iron abun- 
dance are now comparable to the errors from theoretical 
uncertainties in the atomic physics. For the isothermal model 
the total mass of the Coma cluster is ~ 1.5 x 1015 M0 within 3 
Mpc (H = 50 km s_1 Mpc-1), and beyond this it increases 
linearly with radius. We have shown that it is possible to 
obtain much smaller values for the binding mass from the 
X-ray data alone. These values in some cases are smaller than 
the mass of gas required by the X-ray luminosity of the cluster 
(as in our adiabatic model) and can be rejected on that basis. 
Further progress on determining the mass of the cluster will 

come from a combined analysis of the X-ray and optical data 
(Hughes 1988). 

The main conclusion of the combined spatial and spectral 
analysis of the Coma cluster presented in this paper is that 
pure polytropic models are inadequate to describe the tem- 
perature distribution of the cluster gas. The X-ray data have 
advanced to the stage now that the use of polytropic models 
leads to inconsistencies between the spectrum and the spatial 
data. This should come as no surprise since, as Perrenod (1978) 
and more recently Friaca (1986) have pointed out, realistic 
models for the evolution of the cluster gas do not look like 
polytropes. The task now is to construct simple param- 
eterizations which can be used as a bridge between the data 
and more realistic models. As a first attempt at this, we have 
introduced a simple model for the temperature distribution 
which consists of an isothermal core region surrounded by a 
polytropic distribution. This approach has been able to 
describe the imaging and spatial data in a consistent manner 
and strongly implies that the center of the Coma cluster can 
have an isothermal distribution out to as much as 6 core radii. 
Indeed up to 75% of the cluster X-ray emission can be coming 
from an isothermal component. This result should have a sig- 
nificant impact on future models for the evolution of the cluster 
gas, in particular regarding the role of thermal conduction. 
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