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ABSTRACT 
The medium energy X-ray detectors onboard the EXOSAT Observatory have been used to determine the 

gas temperature at several positions in the Coma Cluster of galaxies. We find evidence at greater than 95% 
confidence for a higher temperature in the center of the cluster than in a position approximately 45' off-center. 
No difference in iron abundance is observed between the center and off-center regions and the equilibrium 
model for the distribution of elements in the Coma Cluster of Abramopoulos, Chanan, and Ku can be rejected 
with greater than 99.5% confidence, in favor of a model with more uniform composition. We offer a phenom- 
enological model of the Coma Cluster, which is consistent with the data presented here, as well as the imaging 
data from the Einstein Observatory and the Tenma X-ray spectrum. The model has a central isothermal region 
of temperature ~9 keV extending to ~25' (~1 Mpc). Beyond this radius the temperature falls as a polytrope 
with index ~1.6. 
Subject headings: galaxies: clustering — galaxies: intergalactic medium — X-rays: sources 

I. INTRODUCTION 
X-ray studies of the morphology and density distribution of 

the hot gas in clusters of galaxies have progressed significantly 
with the use of the imaging instruments onboard the Einstein 
Observatory and EXOSAT. However, progress in understand- 
ing the temperature distribution of the gas has been much 
slower, since imaging instruments to date have lacked effi- 
ciency at energies needed to measure cluster temperatures 
(kT ~ 7-10 keV). Yet knowledge of the temperature distribu- 
tion is crucial for reconstructing the thermal history of the gas 
and estimating the distribution of dark matter. 

Most recent attempts to determine the temperature distribu- 
tion of the gas in clusters of galaxies have been based upon 
integrated X-ray spectrum from the entire cluster. The Coma 
Cluster, for example, has been observed by instruments such as 
HE AO 1 A-2 (Henriksen and Mushotzky 1986) and Tenma 
(Okumura et al. 1988), with fields of view on the order of 
several degrees. In the analysis of such data, models for the 
temperature distribution are fitted to the integrated spectra, 
and limits on the model parameters (e.g., polytropic indices) 
are determined. These techniques suggest that the gas is not 
isothermal, although background subtraction and detector 
gain variations complicate the analysis. In addition, models of 
the temperature distribution may not be adequate. Integrated 
spectra cannot distinguish between a global spatial variation in 
temperature and a model with a number of local regions with 
different temperatures. Furthermore, if the distribution is a 
global radial variation, it is not possible to determine the sign 
of the temperature gradient. 

This paper describes the results of an observation to deter- 
mine the radial temperature variation in the Coma Cluster. 
The cluster was observed at its center and at several positions 
45' away with the medium energy proportional counters (ME) 
onboard the EXOSAT Observatory. These detectors were sen- 
sitive to X-rays in the band 2-10 keV, well-matched to the 
Coma Cluster which has an average kT of about 7.5 keV The 
ME field of view was well-collimated with a FWHM of 45'. 

The energy resolution of the detectors was sufficient (21% at 6 
keV) to allow determination of the cluster iron abundance 
from the Ka iron line complex at about 6.7 keV. 

Recently similar projects have been carried out for the Virgo 
(Edge, Stewart, and Smith 1987; Smith and Stewart 1985) and 
Perseus Clusters (Ulmer et al. 1987). Virgo was observed with 
the EXOSAT ME detectors and was found to have a nearly 
constant temperature distribution (kT ~ 2.6 keV) over radii 
from 10' to 100' (44 kpc to 440 kpc). Ulmer et al. (1987) found 
that kT in Perseus varied from 3.6 keV at the center to 6.1 keV 
in an off-center region extending from 6' to 20' (190 kpc to 600 
kpc for H0 = 50 km s ~1 Mpc -1). Both of these clusters contain 
several complex components in addition to the smooth cluster 
X-ray emission. The X-ray emission from Virgo is roughly 
centered on the giant elliptical galaxy M87, which seems to be 
associated with a cooling flow (Fabian, Nulsen, and Cañizares 
1984). The Perseus Cluster contains several components 
associated with NGC 1275: a point source with a power-law 
X-ray spectrum, as well as a cooling flow. This latter com- 
ponent is what gives rise to the positive temperature gradient. 
By contrast, the Coma Cluster is much simpler, with no central 
point sources in the X-ray images, or apparent cooling flows. 
In addition our temperature and iron abundance constraints 
come from a somewhat larger region than the two clusters 
above. The effective average cluster radii (weighted by surface 
brightness and collimator response) sampled by our observa- 
tions were IT for the center pointing and ~22' for the off- 
center ones. At the Coma Cluster distance of -140 Mpc, these 
radii correspond to about 450 and 900 kpc, respectively. 

We address the following results on the Coma Cluster: (a) 
the EXOSAT measurements of temperature and iron abun- 
dance in a 45' x 45' central region and three similar size 
regions displaced 45' east, west, and south of the center, (b) the 
relative integrated surface brightness of these regions in the 
2-10 keV band, (c) the temperature and iron abundance of a 
~3° region centered on Coma observed by Tenma, and (d) the 
surface brightness distribution in the 0.5-4 keV band observed 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
88

A
pJ

. 
. .

32
9.

 . 
.8

2H
 

TEMPERATURE AND ABUNDANCE IN COMA CLUSTER 

by the Einstein Observatory. Results (a) and (b) are new mea- 
surements described in this paper; (c) and (d) have been 
published elsewhere (Hughes et al 1988). 

The following section (§ II) presents a discussion of the data 
reduction and analysis procedure for the EX OSAT observa- 
tions. We have paid particular attention to systematic errors 
arising from background subtraction and the determination of 
the detector gain. Values for the radial variation of tem- 
perature and iron abundance are derived. In § III comparison 
is made to several models for the surface brightness distribu- 
tion, the radial variation in temperature, and the radial stratifi- 
cation of the heavy elements. We also present a model that is 
consistent with all of the results on the Coma Cluster. In this 
model the gas is isothermal out to several core radii and is 
surrounded by a polytropic region. 

II. DATA REDUCTION AND ANALYSIS 

The instrumentation onboard the X-ray observatory 
EXOSAT (fully described in Taylor ei al 1981) consisted of a 
low-energy telescope (0.1-2 keV) (LE) with a channel multi- 
plier array in the focal plane, and two nonimaging spectrom- 
eters (2-10 keV): a gas scintillation proportional counter (GS) 
and an array of standard proportional counters (referred to as 
the ME). In this study we have concentrated on the data from 
the ME (see Turner, Smith, and Zimmermann 1981 for details). 
Due to higher background and lower sensitivity the GS data 
for even the bright central pointing are not usable despite the 
higher energy resolution of this instrument. The signal is weak, 
statistical errors dominate, and the fractional error on the 
fitted temperature is about 50%. Although consistent with the 
ME analysis, the inclusion of these data would not improve 
our results and will not be discussed further. 

The ME array consisted of eight separate proportional 
counters with two chambers each: one filled with argon and 
the other xenon. For these observations only the argon detec- 
tors showed any significant source signal. The eight detectors 
were mounted in two halves of four, referred to as HI and H2. 
Each half was able to be offset by about 2° from the pointing 
direction. Background was monitored by alternately offsetting 
the detectors of each half. This will be discussed in greater 
detail below. For the Coma observations there was insufficient 
slew time to use for background estimation. 

a) Observations 
The data were taken on 1985 Christmas day; a log of obser- 

vations is in Table 1. Note that each position was observed by 
both the HI and H2 halves. The off-center pointings were 
situated about 45' from the cluster center in the east, west, and 

83 

south directions. The northern position was not observed 
because of two point sources in the Einstein image. The eight 
individual detectors were not precisely coaligned with the 
satellite pointing direction. The misalignment varied from 4!4 
to as much as 7!5; the average value was ~5!7. Observation 
times have been corrected for dead time using a factor of about 
13%. About 2.9 x 105 source counts were collected in the 
energy range 1-15 keV during the central pointing, while 
5.9 x 104, 7.8 x 104, and 8.6 x 104 source counts were col- 
lected at the east, west, and south positions. Each individual 
source and background observation was time series analyzed 
to search for evidence of flaring. No flares were found. We also 
tested for a linear variation in rate; all data sets were consistent 
with slope zero, i.e., constant count rate. Since our main inter- 
est in this work was to determine the temperature gradient in 
the cluster gas, we have taken special care to consider possible 
sources of systematic error. The most significant sources of 
systematic error arise from uncertainties in background sub- 
traction and detector gain. We have examined the errors which 
might arise from variations in both of these quantities and 
have included these additional errors in our quoted results. 
Below we discuss each of these. 

b) Background Subtraction 
During each observation four detectors (that is HI or H2) 

observed the source position while the other four detectors 
monitored the background. After an interval the roles were 
reversed. Thus each detector had a source pointing and an 
associated background pointing, which were not contempora- 
neous. The background observations were carried out in what 
was known as offset mode. Specifically those detectors moni- 
toring background were offset in pairs 2° away from the given 
source pointing toward either the NE and NW, or the SE and 
SW. For this set of observations, all background pointings 
were carried out to the SE-SW with the single exception of the 
west pointing using the H2 array, whose background was offset 
to the NE-NW. Ideally the background positions were source- 
free regions of the sky. In one case however this was not true, 
because of the extended nature of the Coma Cluster. The 
problem occurred for the east pointing for which the back- 
ground detectors offset in the S-W direction were only about 
70' from the center of the cluster. Significant residual X-ray flux 
from the cluster was apparent in the background detectors and 
resulted in much lower count rates and derived fluxes for the 
(background-subtracted) source pointing. Counters 7 and 8 in 
H2 were closest to the cluster center and were the most 
affected. They were not considered in the flux calculation. 
Quoted fluxes and emission measures for the east pointing are 

TABLE 1 
EXOSAT Observations of the Coma Cluster 

Position (1950) 
  ME Source Observation Exposure 

Pointing a ô Detectors Date Time (s) 

East  13hOOm59s 28011'24" H2 359.60 11510 
HI 359.75 12270 

Center   12 57 30 28 1124 HI 359.90 9260 
H2 360.02 4920 

West   12 54 01 28 11 24 H2 360.13 10350 
HI 360.26 10560 

South   12 57 30 27 29 24 HI 360.42 9850 
H2 360.55 10200 
HI 360.67 12180 
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from fits to the data from detectors 1-6 only. None of the other 
source pointings showed significant indication of a similar 
problem. Extrapolating the IPC surface brightness profile to 
the various background fields showed that any flux from the 
cluster at these radii would be a factor of 15 to 500 less than the 
corresponding source flux. 

An additional complication to the background subtraction 
procedure was the need to include so-called difference spectra. 
It has been established that the background spectra of the 
EX OSAT ME detectors changed slightly when counters were 
placed in offset mode. A large number of observations during 
the course of the EX OS AT mission were used to generate a 
standard set of difference spectra for each detector and were 
supplied as part of the analysis software package. To allow for 
(first order) temporal variations in the difference spectrum over 
the course of the mission, a correction factor for the overall flux 
of the difference spectrum was determined by requiring that the 
net counts above energy channel 60 (approximately 20 keV, 
where little source contribution is expected) be zero (R. Shafer, 
private communication). It was found that a factor of 78% of 
the standard difference spectrum for both halves HI and H2 
was satisfactory for this set of observations of the Coma 
Cluster. Varying this factor from 68% to 88% did not signifi- 
cantly affect the fitted results. For the offset pointings the ratio 
of the difference spectrum counting rate to the source counting 
rate (over the energy band 1-15 keV) was typically 0.04 for the 
outer counters (1,4, 5, and 8) and 0.21 for the inner counters (2, 
3, 6, and 7). For the central pointing the corresponding ratios 
were about an order of magnitude smaller than this. Fits to the 
data from the inner and outer detectors were carried out 
separately to isolate the effects of the difference spectrum and 
the derived parameters obtained in each case were in excellent 
agreement with each other. 

The ratios of source count rates to background rates over 
~ 1-15 keV were about 0.90 for the center, while for the east, 
west, and south the ratios were 0.11, 0.17, and 0.12, respec- 
tively. Hence proper background subtraction was a major 
concern in this project. Variations in the background rate 
could be the result of a true variation in particle-induced back- 
ground or could arise from contamination of background 
pointings by unknown (and unseen) X-ray sources in the field. 
Note that the LE images were inspected for spurious sources in 
the four source pointings and nothing significant was found. 
There were two serendipitous sources in the east pointing, and 
one each in the center and west pointings, which were detected 
by the EX OSAT standard processing. None was found in the 
south pointing. For the four detected sources the LE source 
count rates were all less than 7 x 10-3 counts s_1. Similar 
images for the 16 background pointings do not exist. However, 
we are able to estimate the probability that a serendipitous 
source of nonnegligible intensity would appear in these fields. 
At the high galactic latitude of Coma such a source is most 
likely to be an active galactic nucleus with a differential energy 
spectrum that varies as E~0 6 over 2-30 keV (Mushotzky 
1984). We consider a source with a flux equal to 0.2 (or more) 
of the mean of the three off-center fields or about 0.6 counts 
s"1 (2-10 keV). This corresponds to 4.7 x 10“12 ergs cm-2 

s_1 in the 0.3-3.5 keV band where the results of the Einstein 
Observatory medium sensitivity survey (MSS) are expressed 
(Gioia et al. 1984). From the results of the MSS the probability 
of a source stronger than 0.6 counts s “1 appearing in any one 
field is 0.011. This is small enough to allow us to ignore the 
source. 

In order to estimate the uncertainty in the total background 
rate we compared the counting rates (1-15 keV) for the several 
observations available. For HI, the average background 
counting rate was 30.4 counts s-1 and for H2 it was 23.8 
counts s“1. The root mean square deviations of the individual 
rates from these averages were 1.1% and 2.0%. We have taken 
1.5% as the uncertainty in the overall background rate. Fits to 
the data were carried out using the standard value for back- 
ground and then assuming plus and minus 1.5% of that 
nominal background. The overall flux of the difference spec- 
trum (see discussion above) was redetermined for these two 
additional cases and the factors by which the standard differ- 
ence spectrum were multiplied were 70% (93%) for HI and 
76% (49%) for H2 for the case when the background rate was 
101.5% (98.5%) of its standard value. 

c) Gain Variation 
Model fits to proportional counter data are quite sensitive to 

the intrinsic gain of the detectors and in fact the EX OS AT ME 
detectors did experience some time dependent gain variation 
over the course of the mission. We were fortunate in that our 
observations of the Coma Cluster came shortly after a cali- 
bration observation of the Crab Nebula on 1985 day 318. In 
order to test our response function (and gain calibration), we fit 
an absorbed power law to this calibration data. We derived 
values of 2.102 + 0.004 for the power law photon index and 
(3.19 + 0.12) x 1021 atoms cm-2 for the column density of 
absorbing material along the line of sight (90% errors). These 
parameter values are consistent with published values for the 
Crab Nebula (Toor and Seward 1974; Koyama et al. 1984; 
Schattenburg and Cañizares 1986) and with the values 
obtained by the EX OS AT observatory team (EX OS AT 
Express, 10, p. 40, 1985 April) for the same data set. Drifts in 
the gain of the individual ME detectors over the 42 day base- 
line between the Crab and Coma observations would have 
resulted in a gain change of from nearly 0 to ~ 1.6%, with an 
average change for the eight counters of under 0.3%. However 
inflight adjustments to the high voltage settings were carried 
out by the observatory team with the express purpose of 
keeping the gain of each counter within 0.5% of its nominal 
value. Based on this, we have used 0.5% as the fractional gain 
uncertainty associated with the Coma observations. However, 
this uncertainty really only influences the comparison of the 
EX OS AT results with those of other instruments, i.e., HE AO 1 
A-2 and Tenma. Any relative gain difference between the cen- 
tral Coma observation and the off-center ones would be much 
smaller than this. Thus the ratio of central to off-center tem- 
peratures will be considered to be independent of gain uncer- 
tainty, but not background uncertainty. On the other hand, the 
average cluster temperature should include uncertainties 
arising from both gain and background variations. 

d) Model Fits 
We fitted the data to the optically thin equilibrium ioniza- 

tion X-ray emission models of Raymond and Smith (1977; J. C. 
Raymond, private communication). The parameters of the fit 
were temperature, elemental abundance, flux (or 
normalization), and column density. The column density was 
fixed at a value of 1020 atoms cm-2 (Gorenstein et al. 1979), 
although the results are quite insensitive to this quantity. Fits 
were taken over pulse height channels 4—48 corresponding to 
the energy range ~ 0.7-13 keV. The optical redshift of 0.0235 
(Sarazin, Rood, and Struble 1982) was included explicitly. For 
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each PH A bin we added a 1% systematic error in quadrature 
with the statistical error, a value determined by the EX OS AT 
Observatory team from fits to the Crab Nebula. In addition we 
varied this error using values of 0%, 1%, and 2%. For the 
central pointing the best-fit x2 values (for 350 degrees of 
freedom) obtained were 453.6, 411.4, and 328.5, respectively. 
The total 90% confidence error ranges were 0.51,0.59, and 0.66 
keV for kT and 0.085, 0.093, and 0.101 for fractional cosmic 
iron abundance (see below). Clearly, increasing the systematic 
error to as much as 2% would have a negligible effect on our 
results. 

Each observation was fitted by a single temperature, single 
abundance model. The fitted quantities then represent average 
cluster values over the EX OS AT beam for each direction. Such 
averages are a simple and straightforward way to approximate 
multiple spectral components (for Tenma, see Hughes et al 
1988) and in the case of the EXOSAT data analyzed here, yield 
acceptable x2 values. The results can be compared to models 
by convolving various trial radial distributions for the tem- 
perature, iron abundance, and gas density with analytic forms 
for the EXOSAT collimator response. This is discussed in § III 
below. 

We fitted each detector separately with the same tem- 
perature and abundance, letting each normalization vary 
freely. The variation in flux from detector to detector for the 
same pointing was about 5 times larger than the statistical 
errors would predict. This is a result of slight differences in the 
collimators and pointing directions for the several detectors. In 
addition (as discussed above) background subtraction may 
vary somewhat from detector to detector. The errors we associ- 
ate with flux (and emission measure) include these additional 
sources of error. 

Since the detectors are independent, we have added the x 
values for corresponding values of temperature and abundance 
for the eight detectors in each pointing. Our results are in 
Table 2. The errors shown are 90% confidence for a single 
parameter. In deriving emission measures we have used a value 
of 50 km s"1 Mpc-1 for the Hubble constant, implying a 
distance of 140 Mpc to the Coma Cluster. The quoted iron 
abundances are relative to the cosmic value of 4.0 x 10-5 iron 
atoms per hydrogen (Allen 1973). Note that the abundances of 
elements with Z > 2 (specifically C, N, O, Ne, Mg, Si, S, Ar, Ca, 
Fe, and Ni) were varied from their cosmic values by this same 
factor. The He/H ratio was kept fixed. Figures 1-4 show plots 
of the data and best-fit models for the four pointings. For just 

TABLE 2 
Results of Fits to EXOSAT ME Data for the Coma Cluster 

n2Vh 

Pointing fcT (keV) Abundance* (1067 cm“3) x2/v 

Centerc  S.SOÍg;3} 0.20 ± 0.04 6.23 ± 0.37 411.4/350 
Eastd   7-IS-oÍl 0.27íg;2J 0.87 ± 0.33e 346.7/350 
Westd   7.65ÍJ;®} 0.09íg;J¿ 1.25 ± 0.18 345.9/350 
Southd   6.82í°;™ 0.23íg;25 0.71 ± 0.09 339.9/350 

Average Off- 
Center0  739-0.16 0.17ÍH? ••• 1037.8/1054 
a Fraction of cosmic value (4.0 x 10 5 iron atoms per hydrogen). 
b H = 50 km s”1 Mpc“1. 
c Error from 1.5% background variation added in quadrature to statistical 

error. 
d Statistical errors only. 
e Detectors 1-6 only. 

Energy ( keV) 

Fig. 1.—EXOSAT ME X-ray spectrum for the center pointing of the Coma Cluster with best-fit single-temperature, single-abundance thermal model 
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Energy ( KeV) 
Fig. 2.—Same as Fig. 1 but for the west pointing of Coma 

Energy ( keV) 

Fig. 3.—Same as Fig. 1 but for the east pointing of Coma 
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this graphical presentation, the data and model from the eight 
individual detectors were summed for each pointing to 
produce the displayed composite spectra. 

The center pointing yielded a /2 value which was somewhat 
high, 411.4 for 350 degrees of freedom, which can be rejected at 
a confidence level of about 99%. However this arose primarily 
from a poor fit for detector 5. Both the background subtraction 
and detector gain were varied separately for this individual 
data set but there was no improvement in the fit. Excluding 
this detector from the ensemble for the center pointing gave a 
total x2 of 329.3 for 306 degrees of freedom, which can be 
rejected at only less than 83%. Meanwhile the fitted values of 
temperature and abundance were not changed significantly, 
except for a proportional increase in statistical error. Rather 
than exclude detector 5 from all the pointings, we have chosen 
to accept this larger value of *2 for the central pointing. We 
stress that this does not arise from our approximation of a 
single temperature, single abundance model for fits to the data. 

The three off-center pointings gave acceptable j1 values and 
the derived parameters are in agreement with each other. 
There was no noticeable problem with detector 5 here. To 
improve our sensitivity to radial variations in temperature and 
abundance, we added the j1 maps for the east, west, and south 
pointings to determine an off-center average. Parameter values 
are shown in the final line of Table 2. 

In order to investigate the significance of the iron line detec- 
tions we fitted the data using a value of zero for the heavy 
element abundance. In this case the best-fit kT values were 9.3 
keV for the center and 7.9 keV for the off-center average and 
the corresponding x2 values were 471.8 (351 degrees of 
freedom) and 1049.3 (1053 degrees of freedom). The ratio of the 

difference in x2 to the best-fit reduced x2, Fx = Ax2/Xv2, which 
follows the F distribution (Bevington 1969), gives us a measure 
of the confidence we have in introducing an additional param- 
eter, here the iron abundance. For the center observation, 
Fx = 51.4 implying a confidence level well in excess of 99.95% 
for the introduction of the iron abundance parameter. The 
off-center observation yields Fx = 11.7, which is somewhat less 
significant (confidence level of ~99.9%). It is clear that iron 
emission lines are present in both spectra. We show this 
graphically in the residuals spectra (Figs. 5 and 6), where the 
best-fit continuum has been subtracted. For the center obser- 
vation the iron emission lines show up as a large excess 
between 6 and 7.5 keV. This peak is more than 8 standard 
deviations from zero. For the off-center observation, the flux in 
this energy range is greater than zero by about 4 standard 
deviations. No other feature of comparable width appears in 
this spectrum at a significance greater than 2 <7. 

Two-dimensional x2 maps of temperature versus abundance 
for the off-center average, as well as the center pointing are 
shown in Figure 7. The 68%, 90%, and 99% confidence con- 
tours for two interesting parameters (x^2 + 2.30, xmi„

2 + 4.61, 
Xmin2 + 9.21 ; Avni 1976; Lampton, Margon, and Bowyer 1976) 
are displayed. Clearly the off-center average has a lower tem- 
perature than does the central region, while the iron abun- 
dance is consistent with being the same. However this figure 
includes only statistical errors; to make quantitative state- 
ments about the significance of any temperature or abundance 
variation requires the inclusion of additional error terms. 

We carried out fits to the data in exactly the same manner as 
above, but with the total amount of background increased and 
decreased by 1.5% as previously discussed. The best-fit kT 

Energy ( keV) 

Fig. 4.—Same as Fig. 1 but for the south pointing of Coma 
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Energy (keV) 

Fig. 5.—Residual spectrum for the center observation of Coma after the best-fit continuum model was subtracted. K-shell iron emission lines are prominent 
between 6 and 7.5 keV. 
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0.4 

0.3 

Ld 
O 
Z 
< 
Q 0.2 
Z 
ZD 
CD 
< 

0.1 

0 
6 7 8 9 

T(keV) 
Fig. 7.—Results of fits to the EXOSAT X-ray spectra of Coma. Two-dimensional x2 contours (68%, 90%, and 99% confidence levels) for fractional iron 

abundance vs. temperature. The cosmic iron abundance is assumed to be 4.0 x 10- 5 relative to hydrogen. The contours at the right are from the center pointing, 
while the contours on the left are the off-center average. 

changed by + 0.09 keV (for 0.985 background subtraction) and 
—0.22 keV (for 1.015 background subtraction) for the central 
pointing and +0.46 keV and —0.57 keV for the average of the 
off-center pointings. At the same time the iron abundance 
changed by +0.004 and -0.017 (center) and +0.026 and 
—0.066 (off-center average). These additional quantities were 
added in quadrature with the statistical errors to produce the 
final errors shown in Table 2. These parameter values and 
errors can be used to define ratios (with errors) of temperature, 
abundance, and emission measure between the center and off- 
center regions. We do this below. Such ratios should be inde- 
pendent of small changes in the detector gain calibration. 
However possible gain variations do apply to the absolute 
temperature or abundance determination. When the gain of 
the detectors was varied by —0.5% to +0.5%, we found the 
best-fit kT for the central pointing changed by +0.34 keV and 
—0.37 keV, and the iron abundance changed by —0.010 and 
+ 0.016. These values are to be added in quadrature with the 
errors on the parameters for the central pointing alone in order 
to compare to previous results. 

In Figures 8 and 9, we compare the center and off-center 
fitted values of temperature and abundance. These figures were 
constructed by computing a x2 statistic in the following 
manner. For a given value of temperature or abundance along 
either the center or off-center directions in the figures, we cal- 
culated a quantity which was the difference between that trial 
value and the measured value from Table 2, divided by the 
corresponding (1 <r) error. Then at each point in the parameter 
space, our x2 statistic was just the sum of the squares of this 
quantity in the two directions. The displayed contours are at 
the 68%, 90%, and 99% confidence levels (/min

2 + 1.00, Xmm2 

+ 2.71, Xmin2 + 6.63; Avni 1976; Lampton, Margon, and 

Bowyer 1976) for a single interesting parameter (since we wish 
to determine limits on the parameter ratios alone). In each 
figure the dashed line represents the case when the center and 
off-center values are equal, i.e., when the ratio equals 1. Figure 
8 shows that the temperatures are different at a confidence 
level somewhere between 90% and 99%. In contrast, the iron 
abundance (Fig. 9) is entirely consistent with a uniform value. 
Table 3 presents our final results for the center temperature 
and the ratio of center to off-center temperatures and the cor- 
responding quantities for the iron abundance. The errors 
quoted here are 68% (~ 1 <t) and for the center values include 
the effects of detector gain variation added in quadrature. The 
errors on the ratios come from the 68% confidence level con- 
tours of Figures 8 and 9. It is now possible to use these derived 
values in conjunction with those obtained by other instru- 
ments. We do such comparisons in § HI below. 

We have used the same technique to determine the ratio of 
emissivity from the center to the various off-center pointings. 
Table 4 contains these ratios, as well as the pointing distance 
from the cluster center. The effective radius sampled by each 
pointing is also shown. The measured 2-10 keV X-ray fluxes in 
each of the pointings are given too. 

TABLE 3 
Final Results for X-Ray Temperature and Fractional 

Iron Abundance 

Parameter Center Value Ratio: Center to Off-center 

kT (keV)   8.50íg;|| 
Iron abundance  rj9n+0 025 i 10+0.72 U'ZU-0.025 1'18-0.31 
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Fig. 8.—Two-dimensional x2 contours of center temperature vs. off-center temperature at 68%, 90%, and 99% confidence. The dashed line corresponds to equal 
center and off-center temperatures. 
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TABLE 4 
Coma Cluster X-Ray Fluxes 

Distance Effective Flux (2-10 keV) Ratio to 
Pointing from Center3 Radius (10-10 ergs cm-2 s-1) Center 

Center   6:8 11' 2.72 ±0.15 
East  44.3 19 0.378 ± 0.135b 0.147 ± 0.033 
West..  48.5 25 0.494 ± 0.071 0.196 + 0.019 
South   48.5 23 0.285 + 0.034 0.114 ±0.010 

3 Cluster center at 12h57m19s, 28°137". 
b Detectors 1-6 only. 

Finally we wish to discuss the significance of our tem- 
perature determination. First we assume that the cluster tem- 
perature is uniform throughout. In this case using the center 
and off-center temperatures in Table 2 we determine a /2 of 5.3 
for 1 degree of freedom with a best-fit isothermal kT of 8.25 
keV. This can be rejected with greater than 97.5% confidence. 
However, if the observed cluster kT from the Tenma satellite, 
7.5 + 0.2 keV, is included as well, we obtain a x2 H-7 for 2 
degrees of freedom and an average isothermal kT of 7.78 keV. 
This can be rejected at greater than 99.5% confidence. These 
combined data sets present strong evidence for nonisother- 
mality of the gas in the Coma Cluster. Below we show that the 
Tenma and EX OS AT data are entirely consistent with a large 
class of nonisothermal models. 

III. A POTPOURRI OF MODELS 
In this section, we carry out a detailed comparison between 

the results obtained above and models for the spatial variation 
of temperature, iron abundance, and surface brightness in the 
cluster. For this purpose, we generated a model transmission 
function (beam pattern) for each of the four pointings. The 
basic function consisted of a pyramidal model for the rectangu- 
lar collimator with a flat top response 6!9 in width and a linear 
falloff of 49!7 (FWHM). Beyond ~46!3 the response is zero. 
This calibration function was determined before launch and 
was found to be consistent with inflight calibration observa- 
tions (EX OS AT Observers Guide, Part III, Rev 2, Sect 8.2). In 
particular there is no evidence for a reflection effect leading to a 
broader response. We have included the satellite roll angle and 
the average detector misalignments from the targeted direction 
in our calculation as well. The cluster center is taken to be that 
given in Abramopoulos, Chanan, and Ku (1981), a195o = 
12h57m19s, <51950 = 28°13,07". 

a) Surface Brightness Models 
Ratios of center and off-center emissivities were used to set 

limits on the radial surface brightness variation. The Coma 
Cluster is clearly elliptical, with the major axis aligned approx- 
imately in the east-west direction (Chanan and Abramopoulos 
1984). We averaged over this ellipticity by taking the average of 
the east and west flux ratios, then averaging that with the south 
to get a value of 0.149 + 0.013. The model is based on a radial 
gas density variation given by 

n(R) = n0[l+(R/Rcore)
2y^ , (1) 

the so-called isothermal beta model (Cavaliere and Fusco- 
Femiano 1976; Sarazin and Bahcall 1977; Gorenstein et al. 
1978). The scale length is Rcore and ß is the dimensionless tem- 
perature, ß = fimp<r2/kT, where a is the galaxy line-of-sight 
velocity dispersion. Optical data for the Coma Cluster (Kent 

and Gunn 1982) yield a » 1000 km s-1. Combined with our 
average isothermal kT of ~ 7.8 keV, we expect ß « 0.8. 

Surface brightness profiles were generated using the given 
density profile and an isothermal temperature distribution 
over the parameter plane of Rcore versus ß. The profiles were 
then convolved through the EX OS AT beam pattern for the 
four pointings and the off-center values were averaged using 
the same procedure as for the data. A x2 value was assigned to 
each model using the average derived ratio of 0.149 ± 0.013 as 
a single data point. Our results are in Figure 10, which shows 
the 68%, 90%, and 99% confidence contours as bands extend- 
ing across the Rcorc direction. 

Also shown in Figure 10 are the results of fits to the X-ray 
surface brightness data from the imaging proportional counter 
(IPC) on the Einstein Observatory (Giacconi et al. 1979). Two 
sets of data corresponding to two different regions were used. 
See Hughes et al. (1988) for details of these data. The larger 
closed contours on the right side of the figure correspond to 
the data from an azimuthal average over radii from O' to 20'. 
The smaller closed contours on the left come from a larger 
radial region (0'-40') extending toward the northern quadrant, 
where there was an additional observation by the IPC. The 
EXOSAT results are in excellent agreement with both IPC 
data sets, but it is clear that the most stringent constraints still 
arise from the Einstein imaging data. 

The overall normalization to the EXOSAT data from the 
center pointing can be used to determine the central density in 
equation (1). This calculation depends on the assumed value of 
Rcore and ß. In Figure 11 we plot the model central density n0 
(number density of hydrogen atoms) versus Rcore. The upper 
(lower) curve here corresponds to values of ß taken from the 
68% upper (lower) limit in Figure 10. The best-fit value from 
the Einstein IPC data is shown as the cross. Considering the 
uncertainties in the absolute efficiency of X-ray detectors, the 
agreement is certainly adequate. 

b) Temperature Models 
In a previous paper in which the Einstein IPC data and 

Tenma spectral data for Coma were analyzed jointly (Hughes 
et al. 1988), conventional polytropic models for the tem- 
perature distribution (Cavaliere and Fusco-Femiano 1976, 
1978; Bahcall and Sarazin 1978) were found to be unsatis- 
factory. Such models assume that the radial temperature dis- 
tribution follows the gas density distribution as a power law, 
T(r)/T0 = Mr)/n0]

7 \ where y is the polytropic index. The 
most consistent model for the X-ray emission was one with an 
isothermal central region surrounded by a decreasing poly- 
tropic temperature distribution, which was designated the 
hybrid model. An isothermal region of kT ~8-12 keV extend- 
ing out 1 to 6 core radii yielded the best solution. However, this 
result relied largely on fits of a specific model to the Tenma 
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92 HUGHES, GORENSTEIN, AND FABRICANT 

Fig. 10.—Two-dimensional /2 contours of core radius vs. ß at 68%, 90%, and 99% confidence. The limits from the EXOSAT data are the bands running across 
the figure. The limits from the IPC data are the closed dashed contours and correspond to two different regions in the cluster. 

spectral data and could not be considered definitive. Models 
with a positive temperature gradient (i.e., a lower temperature 
in the center relative to the edge) and ones where the tem- 
perature variation was not a global effect (e.g., a model with 
cooler regions embedded in a hotter matrix) really could not be 
eliminated. Now, however, such models can be eliminated with 
some confidence using the EXOSAT results. The temperature 
variation in the Coma Cluster has a definite radial variation 
with a negative gradient. 

We have also compared the temperature results directly to 
the hybrid model discussed above. An average temperature, 
weighted by surface brightness and the appropriate collimator 
response, was determined for each of the EXOSAT pointings 
for a large number of values of the parameters Riso and Tiso (the 
radius and temperature of the isothermal central region of the 
hybrid model). The model surface brightness parameters were 
fixed at Rcore = 6!9 and ß = 0.60, and the polytropic index in 
the region beyond Riso was set to 1.555. These were the same 
values as used in Hughes et al (1988). Contours of constant x2 

in the Riso-Tiso parameter plane were generated by comparing 
the model values for center temperature and temperature ratio 
with the fitted values from Table 3. A contribution to the /2 

value from the ratio of center to off-center fluxes was also 
included. The results are displayed in Figure 12, where the 
68%, 90%, and 99% confidence contours are shown as solid 
curves. The results of fits to the Tenma data using the identical 
model are shown as the dashed contours (68% and 90%). 
These are in excellent agreement and imply that the isothermal 
region of Coma extends out to ~2-6 core radii with a /cT of 
8-10 keV. This corresponds to a linear radius of from 0.6 Mpc 

to 1.7 Mpc, within which about 40% to 75% of the total 
emission measure from the Coma Cluster arises. 

c) Iron Abundance Models 
Our measured values of iron abundance allow us to test the 

model of Abramopoulos, Chanan, and Ku (1981) (hereafter 
ACK) for the distribution of the elements in the Coma Cluster. 
Briefly, these authors calculate the spatial distribution of all 
the different chemical elements in the gravitational potential 
well of the cluster under the assumption that there has been 
sufficient time to reach the equilibrium distribution. They 
determine that the heavier elements are distributed prefer- 
entially toward the center of the cluster, and that virtually all of 
the iron is contained within less than one core radius. Their 
equilibrium model was found to be consistent with the imaging 
data from the IPC and yielded an average apparent iron abun- 
dance of 0.35, which was the current value at the time 
(Mushotzky et al 1978). The actual abundance of iron within 
the cluster, however, was some 20 times less than this. On the 
other hand, Rephaeli (1978) calculated the rate at which heavy 
ions settle in the cluster potential and found that the ion drift 
time was quite large, ^lO11 yr from distances of about four 
core radii to within one core radius for parameters appropriate 
to the Coma Cluster. Thus it is unlikely that the equilibrium 
distribution of elements has been established within the cluster. 
Yet an abundance gradient in the intracluster medium could 
be the result of other processes. For example, the mass lost 
from stars within galaxies would be enriched in heavy elements 
and might be preferentially deposited in the cluster core 
through the action of ram pressure or collisional stripping. 
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Fig. 11.—Central density (number of hydrogen atoms) vs. core radius from the normalization to the EX OSAT center pointing. The cross is the IPC value. 

riso/rcore 
Fig. 12.—Results of fits to the hybrid model, consisting of an isothermal core surrounded by a polytropic distribution. We display two-dimensional x2 contours 

for the temperature of the isothermal region (Tiso) vs. its radius (Riso) in units of the core radius. The EX OS AT temperature results are shown as the solid curves (at 
the 68%, 90%, and 99% confidence levels), while the dashed curves are from fits of the identical model to the Tenma spectral data (only the 68% and 90% contours 
are drawn). 
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However, in the absence of any specific model predictions for 
such an abundance gradient, we will be content with a com- 
parison to the ACK model. 

We have three measurements of the iron abundance: the 
Tenma value, and the EXOSAT center and off-center values. 
The Tenma value, 0.21 ± 0.018, represents the global average 
from the cluster, since it was obtained from a large field of view 
(3°). This value is consistent with those obtained by OSO 8 and 
HE AO 1 A2, 0.25 ± 0.07 and 0.21 ± 0.04 (Henriksen and 
Mushotzky 1986), although the Tenma value is considerably 
more precise. We convolved the ACK partially processed equi- 
librium model (e = 0.047) through the EXOSAT collimator 
response and obtained an abundance of 0.25 for the center and 
0.09 for the off-center regions, while the global average was 
0.17. These values have been scaled to allow for a different 
apparent abundance than ACK used. If we just consider the 
EXOSAT measurements in Table 3, we can reject the ACK 
model at about 95% confidence. However, when the Tenma 
value is included to represent the global average of the iron 
abundance, we obtain a %2 of 13.5 for 2 degrees of freedom, 
which requires us to reject the model with greater than 99.5% 
confidence. Alternatively, a uniform abundance of 0.20 yields a 
X2 of only 0.4 for the same number of degrees of freedom. 

We have introduced a simple model for the iron distribution 
in order to quantify just how spatially uniform the abundance 
must be. The model assumes that the iron is distributed uni- 
formly within a given radius RFe and is entirely absent beyond. 
A plot of the x2 values versus RFe is shown in Figure 13 for this 
model and the combined EXOSAT and Tenma abundance 
measurements. The confidence levels shown are for a single 
interesting parameter. The best fit occurs when the heavy ele- 
ments are distributed uniformly throughout the whole cluster. 

However, at 90% confidence our data allow a model in which 
the iron is confined to a region within about 3.6 core radii 
(~28') of the cluster center. It is clear that the distribution of 
heavy elements in the Coma Cluster is approximately uniform 
within at least four core radii of the center. 

IV. PHENOMENOLOGICAL MODEL OF THE COMA CLUSTER 

In this section we present a simple phenomenological model 
for the hot plasma in the Coma Cluster. The gas density dis- 
tribution is well expressed by equation (1) with 
ß = 0.63 ± 0.03, Rcore = 7!6 ± 0'.7, and n0 ~ 3 x 10"3 cm-3 

(Hughes et al. 1988). The gas temperature distribution is poorly 
represented by a purely polytropic model (Cavaliere and 
Fusco-Femiano 1976, 1978; Hughes et al 1988); the best-fit 
Tenma and EXOSAT combined x2 f°r this polytropic model 
was 81.4 for 52 degrees of freedom. Instead a hybrid model, 
which is isothermal within a certain radius and then polytropic 
beyond, gave a greatly improved fit: x2 °f 66.0 for the same 
number of degrees of freedom. The temperature distribution 
used was 

T(R) = 1 + W-RcoJ2 

1 + (^iso/^core)2J 

R < Ria, 

R > Riso • 
(2) 

The best-fit values and 90% errors for the combined Tenma 
and EXOSAT data sets are Riso = 23íg2 arcmin and Tiso = 
9.1 ± 0.7 keV. In Figure 14 a plot of the best-fit gas density and 
temperature distributions are shown as a function of radius. In 
addition the 99% confidence contours exclude both a pure 
polytropic model (with y = 1.555) as well as a pure isothermal 

Fig. 13.—Results of fits to a model with uniform iron abundance within radius RFc. The 68%, 90%, and 99% confidence levels for a single interesting parameter 
are shown. Clearly most of the cluster is required to have a uniform iron abundance. 
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20' 40' 60' 

Fig. 14.—Phenomenological model of the gas in the Coma Cluster. Gas temperature (dashed) and mass density (solid) are plotted vs. radius. The temperature 
scale is on the right and the density scale is on the left. Both angular (top) and linear (bottom) radial scales are shown, corresponding to a distance of 140 Mpc. 

model. Finally the distribution of iron in the cluster is nearly 
uniform within a radius of at least 28' of the center. 

V. CONCLUSIONS 

We have explored the radial variation of temperature and 
iron abundance for the plasma in the Coma Cluster of galaxies. 
Our principal results are summarized below. 

1. Comparison of the EX OSAT and Tenma results leads us 
to conclude that the Coma Cluster almost certainly deviates 
from isothermality. In addition, since the EX OS AT data come 
from different positions in the cluster, the observed tem- 
perature variation truly must be a global phenomenon. Never- 
theless the temperature variation is quite modest and a model 
with an isothermal core surrounded by a decreasing tem- 
perature distribution can describe adequately all of the Coma 
data, both spectral and imaging. 

2. The spatial distribution of the heavy elements in Coma is 
approximately uniform and the equilibrium distribution of 
Abramopoulos, Chanan, and Ku (1981) can be rejected with 
high confidence. There seems to be no compelling reason now 
to doubt the existence of large amounts of highly processed gas 
within the intracluster medium of the Coma Cluster and 
indeed other clusters of galaxies. 

In a forthcoming paper (Hughes 1988), we employ all the 
available X-ray data, in particular the results on temoerature 

presented here, to set limits on the mass distribution of the 
cluster. Comparison with the results of such studies for the 
optical data (The and White 1986; Merritt 1987), will be pre- 
sented as well. 

The total mass of X-ray emitting gas in the Coma Cluster is 
~2.0 x 1014 Mq within 2 Mpc (~50') and ~5.6 x 1014 M0 
within 5 Mpc (~120'), with a fractional uncertainty on these 
measurements of about 10%. We have shown above that the 
iron abundance is uniform at a value of 8 x 10-6 per 
hydrogen atom. Thus the mass of iron is ~0.6 x 1011 M0 (2 
Mpc) and ~ 1.8 x 1011 Mq (5 Mpc). De Young (1978) studied 
the production of iron-enriched gas in clusters of galaxies and 
found that ~1.5 x 1011 M0 of iron would be lost from the 
stars in the cluster galaxies over the last 1010 yr. However, not 
enough total mass is ejected from the galaxies in this model to 
account for the observed continuum X-ray emission. In fact, 
since most of the processed matter from stars comes off with 
greater than solar abundances, it is not surprising that the total 
gas mass is too low. Clearly some dilution with primordial 
matter is necessary in order to produce the observed heavy 
element abundance of ~20%. We find that within about 5 
Mpc, De Young’s model (and indeed virtually any model in 
which the gas is injected with enhanced abundances) requires 
that 85% to 95% of the intracluster gas be primordial. Perhaps 
the polytropic region in our temperature distribution beyond a 
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radius of ~20' (Fig. 12) is a relic of this primordial component. 
Further studies must await future observations with more sen- 
sitive X-ray spectrometers and imaging detectors. 
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