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ABSTRACT 

We report the results of 0.5-3.0 keV X-ray observations of the central region of the Perseus cluster 
carried out with the Imaging Proportional Counter and High Resolution Imager aboard the Einstein 
Observatory. In addition to the very extended thermal cluster emission and a sharply peaked 
component at NGC 1275 previously known, the high resolution image reveals a point source 
coincident with the optical nucleus of NGC 1275. The 0.5-3.0 keV luminosity of the compact source 
is ~1044 ergs s-1. 

The Imaging Proportional Counter data show the cluster emission to be a factor of 1.2 more 
elongated east-west than north-south. The centroid of the cluster emission is found to be offset V.l 
east of NGC 1275, in the direction away from the prominent Une of galaxies that stretch between 
NGC 1275 and IC 310. The cluster center determined from galaxy counts lies 6'4 southwest of the 
X-ray centroid. 
Subject headings: galaxies: clusters of — X-rays: sources 

I. INTRODUCTION 

Two components of X-ray emission from the Perseus 
cluster have been identified from a large number of 
previous observations. The more extended of these (di- 
ameter exceeding Io) is associated with 6-7 keV gas 
trapped in the potential well of the cluster (Forman 
et al. 1972; Lea et al. 1973; Mitchell et al. 1976; 
Serlemitsos et al. 1977; Gorenstein et al. 1978; 
Mushotzky 1979; Nulsen and Fabian 1980; Ulmer et al. 
1980). In addition, an intense and much less extended 
component (diameter <5') surrounding the central 
galaxy, NGC 1275, was identified (Fabian et al. 1974; 
Helmken et al. 1978; Gorenstein et al. 1978). It has been 
suggested that the majority of this emission is produced 
by cooling gas in the process of accretion onto NGC 
1275 (Cowie and Binney 1977; Fabian and Nulsen 
1977; Fabian et al. 1980). Reports of emission Unes 
characteristic of gas at temperatures near 1 keY from 
the NGC 1275 region by Cañizares et al. (1979) and 
Mushotzky et al. (1980) support this view. 

None of the X-ray instrumentation prior to the 
Einstein Observatory has had sufficient spatial resolu- 
tion to unambiguously separate a possible point source 
from the sharply peaked but extended emission sur- 
rounding NGC 1275. In addition, the vastly improved 
statistical precision of the Einstein results allows a more 
definitive study of the morphology of the extended 

1N. Copernicus Astronomical Center, Warsaw, Poland. 
2A1so, Istituto di Radioastronomía, CNR, Bologna, Italy 

cluster emission. We describe here observations centered 
on NGC 1275 made using both of the soft X-ray imag- 
ing instruments on board the Einstein Observatory. An 
Imaging Proportional Counter (IPC) observation of 
16,500 s effective exposure was begun on 1979 February 
2, 23:05 UT. The IPC attains a spatial resolution of 
~i:5 FWHM at 1 keV, over a field of Io. Its low 
background, wide field of view, and high efficiency 
make it preferable for the study of very extended fea- 
tures. A High Resolution Imager (HRI) observation of 
12,700 s effective duration followed, beginning on 1979 
February 21, 21:58 UT. The HRI and mirror combina- 
tion attains a resolution of 3" FWHM on axis and 
covers a 25' field of view. Both instruments are de- 
scribed in detail by Giacconi et al. (1979). 

II. RESULTS 

a) IPC Data 

The Io square IPC field of view is filled by the 
extended cluster emission. Figure 1 (Plate 3) is a 0.5-3.0 
keV contour map of the central region of this field 
superposed on an optical plate of the cluster. The raw 
data were smoothed by convolution with a Gaussian 
function of 1'8 FWHM to minimize spurious statistical 
fluctuations. The total number of counts is preserved in 
this process. This map has been corrected for the vignet- 
ting effect of the telescope optics. Background counts 
have not been subtracted, but they account for only 5% 
of the total at the outermost contour. The contour levels 
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are separated by a factor of 1.65 in surface brightness. 
The two previously known components of X-ray emis- 
sion are clearly visible in the contour map. At the 
smoothed IPC resolution of ~2', the emission is sharply 
peaked and circularly symmetric around NGC 1275, 
although noticeable asymmetry at small radii is ap- 
parent in the HRI image (Fig. 3). At large radii, where 
the very extended cluster component dominates, the 
emission becomes elliptical and its centroid is offset to 
the east of NGC 1275. Contours beyond the outermost 
one plotted are not shown because they are distorted by 
the partial obscuration of the detector window support 
structure. 

To determine the degree of elhpticity, the position 
angle of the major axis, and the centroid of the cluster 
emission in a quantitative fashion, the IPC data were 
binned in 30° segments about a number of trial centers. 
Only those counts falling between IT and 14' from the 
trial center were used to avoid distortions due to NGC 
1275 and the window support structure. Background 
determined from long exposure fields containing no 
strong sources was subtracted, although this is a small 
correction. The remaining counts were corrected for the 
vignetting of the telescope and the parameters of the 
elhpticity found by searching for minimum x2- 

If the azimuthally averaged surface brightness may be 
approximated as in the region of interest, the 
elliptical dependence may be expressed as 

S(r,0)oc 1^1—ecos (0—0O) ] 

in polar coordinates, where 0O is the position angle of 
the major axis. In this expression, e is a simple function 
of the eccentricity e [e=e2/(l—e2)}. Thus, for small e, 
the number of counts between two angular limits, 0X and 
02,is: 

+ y COs2(0-0o)jrf0. (1) 

Integrating, 

FYl 
N{0x,62)o:\ + cos 2{0m -0O)2 sin (02 -0,), 

(2) 

where 

_o2+ox 

~ 2 ' 

In the present case, where n=1.76 (see Fig. 2) and 
02 

— #i is 0.524 radians (30°), 

iV(0i,02)ot:l+O.84ecos2(0m-0o). (3) 

Fig. 2.—The 0.5-3.0 keV azimuthally averaged surface bright- 
ness profile of the Perseus cluster centered on NGC 1275. Back- 
ground from charged particles and the diffuse X-ray background 
have been subtracted, and a correction for the off-axis vignetting 
of the X-ray telescope has been made. The solid line is an isother- 
mal hydrostatic fit to the data from 10' to l?' 0.592, a=8'). 
The statistical errors are smaller than the plotting symbols. 

The centroid of the cluster emission (between IT and 
14') is found to be T73±0Í13 east of the X-ray peak 
coincident with NGC 1275. The allowed parameter 
ranges determined from fits of equation (3) to the data 
are 0.153±0.023 and 0O =92±5°, where 0O is mea- 
sured from north to east. The quoted error limits corre- 
spond to the point at which the x2 has increased by 4.6 
from the minimum value. In the case where statistical 
errors dominate and the x2 minimum is acceptable 
(P> 10%), these would be the 90% confidence limits for 
two interesting parameters (Avni 1976). However, the 
minimum x2 found for any purely elliptical model is 21 
for 9 degrees of freedom. The formal probability of 
finding a x2 this large is —1.5% for a model accurately 
describing the data. This must be compared, however, to 
the minimum x2 254 for 11 degrees of freedom 
calculated for spherical symmetry. At any rate, within 
the radial limits considered, the cluster emission is 
elongated in the east-west direction, and the ratio of the 
major to minor axis of the elongation is —1.17. 

Figure 2 is a 0.5-3.0 keV azimuthally averaged surface 
brightness profile of the IPC data centered on NGC 
1275, extending to a radial distance of 17'. Background 
estimated from other fields has been subtracted and a 
vignetting correction applied. At 17', the background 
level (X-rays and particles) is less than 10% of the total 
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counts. The data were binned in radial rings about NGC 
1275 to minimize the distortions at small radii that 
would occur if the data were binned about the centroid 
of the cluster emission. The resulting profile does clearly 
show the surface brightness peak associated with NGC 
1275. However, at the IPC spatial resolution, no com- 
pact source can be resolved from the sharply rising 
background of the extended emission. 

If the standard spherically symmetric hydrostatic 
models for the X-ray-emitting gas trapped in the poten- 
tial well of the cluster are applied (Lea 1975; Gull and 
Northover 1975; Cavaliere and Fusco-Femiano 1976; 
Shibazaki et al 1976; Sarazin and Bahcall 1977), results 
very similar to those reported by Gorenstein et al (1978) 
are found. In particular, the same problem reconciling 
the optical observables (the core radius of the galaxy 
distribution and the cluster velocity dispersion) and the 
X-ray observables (the gas temperature and distribution) 
is encountered. In the case where the galaxies and 
X-ray-emitting gas are treated as independent, ideal, 
isothermal gases that respond to the total gravitational 
mass of the cluster, the density of the gas is related to 
that of the galaxies by the expression (Cavaliere and 
Fusco-Femiano 1976): 

P gas 

Pgas(°) 

where 

<tMHqp
2 

P kT K'1 gas 

(¡i is the mean molecular weight of the gas particles; ov 

is the line-of-sight velocity dispersion of the galaxies; 
Mh is the hydrogen atom mass; Tgas is the X-ray gas 
temperature). 

When ß is calculated using ov = 1307150 km s-1 

(Tifft 1978), /a=0.6 (Allen 1973), and kT=6A±0A 
(Mushotzky 1979), the value 1.65±:0.39 is found. Using 
the observed galaxy distribution in the central region of 
the cluster, pgai(A‘)0C[l+(/‘/â!)2]'”3/2, (Bahcall 1974) 
and equation (4), the X-ray surface brightness should be 
given by: 

Scx[l + (,A)2]-^2 

(r measured in arc minutes; a, the core radius of the 
galaxy distribution, is 8'). On the other hand, when 
models of this type are fitted to the data in the range 
10'-17' (avoiding NGC 1275) leaving ß free and fixing 
the core radius at 8', ß is required to be 0.592±0.015 (at 
90% confidence). This is a factor of 2-3 smaller than the 
ß calculated using the observed ov. Explanations for this 
discrepancy may involve a large deviation from spheri- 

3h I6m 40s 3h I6m 20S 

Fig. 3.—A contour plot of the HRI data. The data have been 
smoothed with a 16" (FWHM) Gaussian weighting function. The 
contour levels are separated by a factor of 1.6 in surface bright- 
ness. The contour to the NW with tick marks is at the same level as 
the next outer large contour. 

cal symmetry or a misleading estimate of one of the 
optical observables, the core radius, or velocity disper- 
sion. These questions may possibly be addressed with 
X-ray data taken at large distances from the cluster 
center.. 

At any rate, we have used the a=8', ß=0.59 model to 
estimate the contribution of the NGC 1275 region above 
what might be expected from the cluster source alone. 
We find that 40% of the IPC counts within a projected 
radius of 25' (the cluster fit is extrapolated from 17' to 
25') are in excess of those predicted by the model for the 
cluster emission.3 A total of 20.2 IPC cts s_1 are de- 
tected in the 0.5-3.0 keV band within a projected radius 
of 17'; extrapolated to 25' this becomes 23.3 cts s-1. 

b) HRI Data 

Figure 3 is an HRI contour map of a region 2' in 
radius centered on NGC 1275. Instrumental background 
has not been subtracted, but fewer than 10% of the 
counts at the outermost contour are background. The 
contour levels are separated by a factor of 1.6 in surface 
brightness. The map has been smoothed by convolution 
with a Gaussian function of 16" FWHM to minimize 
the effect of statistical fluctuations. The total number of 
counts are preserved in the smoothing process. The 

3 Comparison of this figure with that reported by Gorenstein 
et al. 1978 (25%) revealed an error in the earlier paper. The 25% 
actually referred to the normalization of an assumed Gaussian 
model with a 2'5 FWHM. When this model is integrated to give 
the total number of counts due to NGC 1275, a figure of ~38% is 
calculated, in agreement with the present result. 

P gal 
(o) 

(4) 
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emission is not azimuthally symmetric on scales less 
than 1', but is considerably more symmetric on larger 
scales, consistent with the IPC image. Fabian et al. 
(1980) relate the HRI image to optical features of NGC 
1275. A point source is located at a(1950) = 3h16m29.s7 
0(1950)=40° 19'54" to an accuracy of ~5". This is 
consistent with both the optical location of NGC 1275’s 
nucleus and the position of the radio source 3C 84 
(Wade and Johnston 1977; Cohen 1972). 

Figure 4 is the azimuthally averaged surface bright- 
ness profile produced with the HRI data from a region 
8' in radius, centered on NGC 1275. The plotted data 
have been corrected for the vignetting of the telescope 
optics, and the instrumental background has been sub- 
tracted. In addition to the data, the response of the HRI 
and X-ray mirror combination to a point source of 
1.5 keV X-rays and the cluster emission model (a = 8', 
ß=0.59) discussed in connection with the IPC data are 
shown. The HRI profile was normalized to the IPC 
surface brightness profile in the region 3'-8' (the radial 
dependences are very similar) and the cluster emission 
model transferred to the HRI assuming that the ratio of 
NGC 1275 to cluster counts is the same in the two 
instruments. Figure 5 is an azimuthally averaged plot of 
the HRI data with the contribution of the point source 
subtracted. The dashed curve in Figure 5 is given by 
0.567/[l+(r/74)2] cts arcsec-2 (r measured in arc 
seconds) which is a good description of the data beyond 
40". 

During the HRI observation of 12,700 s, 43,900 counts 
were detected within a projected radius of 9'. Of these, 
5000 are due to the point source. The normalization of 
this component has been determined by fitting an ana- 
lytic description of the instrumental point source re- 
sponse plus a power law of variable slope to the data 
within 1'. When the counts originating at radii (spherical 
coordinates) beyond 9' (estimated from the surface 
brightness at 9') and those due to the point source are 
subtracted, 29,200 counts remain. 

III. DISCUSSION AND CONCLUSIONS 

The high resolution image of NGC 1275 provides the 
first unambiguous observation of a compact X-ray source 
coincident with the optical nucleus of NGC 1275. The 
HRI count rate of 0.39 cts s-1 observed from the 
compact source may be converted into a flux or nor- 
malization if a spectral shape and intrinsic absorption 
are assumed. Primini et al (1980) have recently reported 
that the spectrum of the Perseus cluster contains a hard 
component in addition to the previously known 6.4 keV 
thermal spectrum at energies above 15 keV. The excess 
is fitted by a spectrum of the form dN/dE=5X 
\0~2E~19 photons cm-2 s-1 keV-1. They suggest that 
the excess might either be due to a compact source or an 
inverse Compton process (involving the scattering of 
relativistic particles off the 3 K background) taking 
place at much larger scales within the cluster. 

HIGH RESOLUTION 
IMAGER DATA 

(COMPACT SOURCE SUBTRACTED) 

20 30 40 60 80 100 200 400 
RADIAL DISTANCE (arcsec) 

Fig. 4 Fig. 5 
Fig. 4.—The HRI azimuthally averaged surface brightness profile centered on NGC 1275. Background has been subtracted, and a 

correction for the off-axis vignetting of the X-ray telescope has been made. The statistical errors are smaller than the plotting symbols. 
Fig. 5.—The same data plotted in Fig. 4, but the contribution of the compact source has been subtracted. The dashed line is given by 

0.567/[l+(r/74")2] cts arcsec-2. 
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TABLE 1 
Photon Spectrum Normalization Derived From 

HRI Count Rate of Nucleus of NGC 1275 

Intrinsic Absorption 
Expressed as Nh 

Photon Spectral Index Assumed 
1.9 1.5 

0  
4.3 X1021.. 
8.6X1021.. 
13.0X1021. 

1.9X10"2 

4.8X10-2 

7.1X10“2 

9.2X10-2 

1.9X10"2 

4.1 X 10 ~2 

5.7X10-2 

7.0X10-2 

Table 1 lists the normalization derived from the HRI 
count rate and the known spectral sensitivity for spectra 
of the form dN/dEccE~L9 and dN/dEccE~LS with 
various values of intrinsic absorption (expressed as 
equivalent hydrogen column densities). The column den- 
sity in our Galaxy has been taken to be 1.6 X1021 atoms 
cm“2 (Gorenstein et al. 1978). A spectrum of the form 
dN/dEccE~15 has been included since this is typical of 
that observed from a wide variety of active galactic 
nuclei. Gorenstein et al. (1978) derive an expected ab- 
sorbing column equivalent to 4.3 X1021 atoms cm-2 

from measurements of reddening in the nucleus of NGC 
1275. If this intrinsic absorption is coupled with a 
photon spectrum of index 1.9, the normalization is 
found to be 4.8X10-2 photons cm-2 s-1, essentially 
identical to the value given by Primini et al. (1980). The 
agreement suggests the identification of the hard spec- 
tral component with the nuclear source. The 0.5-3.0 
keV luminosity of the point source is 1.2 ±0.4X1044 

ergs s“1 (H0=50 km s-1 Mpc-1) for the eight spectra 
considered in Table 1. This is in the range found for 
Seyfert type 1 galaxies (Kriss, Cañizares, and Ricker 
1980). The calculated luminosity is a factor of 2 lower if 
the spectrum of the compact source is assumed to be the 
same as that of the cluster (thermal, with kT~6.5 keV). 

The HRI image has also allowed the determination of 
the 0.5-3.0 keV surface brightness profile of the ex- 
tended emission surrounding NGC 1275 to high accu- 
racy. A remaining impediment to the use of the X-ray 
data to describe the physical conditions near NGC 1275 
is the uncertain temperature distribution in the X-ray- 
emitting gas, which cannot be determined directly with 
the HRI. However, Fabian et al. (1980) have used a 
modified constant pressure deconvolution technique to 
estimate the temperature and density profiles of this gas. 

They derive a temperature distribution that decreases 
radially inward, with the temperature at F a factor >2 
lower than that at 8'. The HRI count rate of 2.3 cts s“1 

from the central region of 9' radius (point source sub- 
tracted) corresponds to 0.5-3.0 keV luminosities in the 
range 3-5X1044 ergs s-1, as the assumed mean gas 
temperature is allowed to vary between 6.5 and 1.0 keV. 
The region surrounding NGC 1275 is over an order of 
magnitude more luminous than the equivalent region 
surrounding M87, another galaxy with well-studied 
extended thermal emission (Fabricant, Lecar, and 
Gorenstein 1980). The observed IPC count rate of 23.3 
cts s-1 extrapolated to a projected radius of 25' corre- 
sponds to a 0.5-3.0 keV luminosity of 1.12±0.05X 1045 

ergs s"1. The quoted error includes the effect of varying 
the assumed gas temperature between 1.0 and 6.5 keV. 
As before, the column density has been taken to be 
1.6 X1021 cm-2. The luminosities of various regions in 
the cluster are summarized in Table 2. We assume 
throughout that H0=50 km s-1 mpc-1 and adopt a 
redshift of 0.0182 (Chincarini and Rood 1971). 

Under the assumptions of spherical symmetry, hydro- 
static equilibrium, and an isothermal gas, the observed 
IPC surface brightness profile and luminosity may be 
used to calculate the total mass of X-ray-emitting gas 
and the total gravitational mass within a given radius. 
Because the assumption of isothermality is unlikely to 
be valid for radii less than 10', these quantities have only 
been calculated in the region beyond 10'. For a gas 
temperature of 6.4 keV, ~1.9X1013 Af0 of gas are 
necessary to produce the observed luminosity between 
radii of 10' and 17'. If the observed surface brightness 
profile is extrapolated to 25', this number increases to 
4.6 X1013 M0 for the 10'-25' region. Fabian et al. 
(1980) estimate that 1013 M0 of gas are contained within 
a radius of 10', leading to a total of ~5.8X 1013 Af0 of 
gas within 25' of NGC 1275. Equation (7) of Fabricant, 
Lecar, and Gorenstein (1980) may be used to estimate 
the total gravitational mass: 

fcT’gas 
Gil Mu 

d log p gag 

d log/- r=M*(r) (5) 

(Tgas =gas temperature; pgas = gas density; p=mean 
molecular weight (taken to be 0.6); G=gravitational 
constant; MH = mass of hydrogen atom; M*(r) = total 
mass within radius r). 

TABLE 2 
0.5-3.0 keV Luminosities of Various Regions Within the Perseus Cluster 

(tf0 = 50 km s"1 Mpc-1) 

Region Luminosity 

Point source at NGC 1275     1.2±0.4X 1044 ergs s 1 

Region of 9' radius surrounding NGC 1275 (point source subtracted) ... 4±lX1044ergss 1 

Region of 25' radius surrounding NGC 1275    1.12 ± 0.05 X10 45 ergs s -1 
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For 7’gas=6.4 keV, r= 17' (or 1.65 X1024 cm), and 
d\ogpgas/d\ogr—\A6, the total mass within 17' is 
found to be 1.9X1014 M0. If the modeled surface 
brightness is extrapolated to 25', this number rises to 
3.0X 1014 M©. 

If one accepts the description of the galaxy distribu- 
tion as that of a self-gravitating isothermal sphere 
(Bahcall 1974), one may calculate the dynamical mass 
within any given radius based on the velocity dispersion 
of the galaxies and the core radius of the isothermal 
sphere (here taken to be 8'). This mass is proportional to 
the square of the line-of-sight velocity dispersion if the 
velocity dispersion is isotropic. One finds by this method 
a dynamical mass of ~9X1014 M0 within a radius of 
25', a factor of 3 higher than that calculated from the 
X-ray data. This is consistent with the disagreement 
mentioned previously between the ^ calculated using the 
measured velocity dispersion (ßccav

2, also) and that 
determined from the X-ray surface brightness profile 
and the 8' core radius of the galaxies. 

The ellipticity of the cluster X-ray surface brightness 
contours indicates that the cluster potential well is some- 
what flattened. The comparison of the X-ray data with 
the galaxy counts as reported by Bahcall (1974) is not 
straightforward because she does not explicitly discuss 
the optical isodensity contours. Bahcall finds that the 

width at half-maximum of the galaxy surface density 
averaged over strips 45' long, is 8'4 for the strips that are 
parallel to the line of galaxies, and 16Í8 for the strips 
that are perpendicular. This is the often quoted 2:1 
optical anisotropy of the Perseus cluster. The signifi- 
cance of this ratio is not obvious because the presence of 
the bright Une of galaxies greatly enhances the counts in 
the central strip parallel to it. If one attempts to esti- 
mate (from BahcaU’s Fig. 2) the relative widths at equal 
galaxy surface density at radii of 15' to 20', a ratio more 
like 1.2 or 1.3 is found, consistent with the X-ray data. 
However, the optical center of the cluster reported by 
Bahcall, a(1950) = 3h16“l, 0(1950) = 41°18:5, is not 
coincident with the X-ray centroid at a = 3h16n?65, 8= 
41°19'9, within the estimated optical measurement error 
of 3'. Because the X-ray-emitting gas is pervasive and 
responds to all the mass in the cluster regardless of 
whether it is optically luminous or not, X-ray observa- 
tions probably now provide the most reliable means of 
determining the distribution of that mass. 

The authors acknowledge useful discussions with A. 
Cavaliere, G. Chincarini, A. Fabian, R. Mushotzky, and 
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