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have rasulted in the detection of X-ray emission lines due to Si;‘s, and Fa.

Analysis of the spectrum indicates that tha X-ray emission has at least two
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‘ ) characteristic temperatures. This is Interpreted in the framework of //
radlative accration in the core of the cinatar“ﬁwhn devived pavamaters afg A
cooling time t, ﬁ_& x 109 yra for the low chperagpra gas, & mays acaret;ond %%//

s rate of ~ 300 Molyr and a charaaééristic alea of 10-20 Kpe for the cool gas. / .

| Tha Fe abundance in the core, ; 0.4, 1s similar to the Fe -abundance avaragad‘ W

| - over the whole cluster indleating that Fe emlssion is not astrongly
concentrated about NGC 1275, The Si and S abundances ave consistemt with

) solar values. x J
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vng/ INTRODUCTION

"In the 1&3& few years chaoraﬁiégijwork (Fabian gnd Nulsen 1977, Cowie
and Biuney 1977, Mathews and Bregman 1978) hga auggeéﬁed that gas in the cores
of X-ray emltting clusters can accrate and cool on to slowly moving glant
galaxies Iin the cluster center. Recent X-ray obsarvations (Canizares et al.
1979; Mushotzky et al. 1979) have suggested that this phenomenon probably has
been observed in the glant galaxy M87 in the Virgo cluatmg&ﬁ@) S
gyevioua work Qﬁ?ﬂhe X~ray spectrum of the Perseus clugiar (Nughotzky et
al. 1978;“S&r1emi&aoa(§% al, 1977;'H1tcha11 et al. 1977) shows it to have a )
"typical® cluster spantrum with’km » 6.7 keV, an emlsslon integral nezv L 1Y
x 1008 cm“3 and a 300 aVTuquivalunt*width Fe line implying a .4 solar
abundance of Fe. Examini&ion of thd‘X~ray clugter luminosity function (McKee
et al. 1980) shows that clusters as luminous as Perseus ave rare, with a space

denaity ~ 1078 Mpe™3, " N\XT\ .
Soft X-vay images of the X-ray emission f§§%hPerseus (Gorenstaln et al.

1978) suggest tﬁub there exists enhanced emisglon from the core of the Parseus

cluster above what one would expect from Lsothermsl models. Thesae authors

have suggested that this could be the result of cooling gas in the core of the

aluster. Data‘at ﬁighéﬁ energles (ﬂelmken et al. 1978)4con5irm the exlstence
W

el
=

of a core-~like structure with a 3! scale.
IF clusters were well describad by spherical, polytrﬂpic models in which

the gas and galaxies were in equilibrium with each othevr, then observations of

| V N
brightness as a function of radius, would completely describe the cluster gus

the integral X-ray spectrum, combined with measurements of the X-ray surface

and the potential. Recent spectral and spatial analyses of A576 (White and
Silk 1980,/R96§%nf1u3 et al. 1980) however, have suggested that this standard

polytropie approximation cannot satisfy the new relatively high-precision
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3
spatial and speaﬁxnl data. In such a situation one needs spatially resolved
Y N

spectral information to ttuly understand the nature of the X-ray emitting gas.

- We report in this paper, X-ray spectral data cbtained with the Einstein
solid state Bpectré&utar (5588) which suggest that the core of the Perseus
cluster contaips a very low emission muauure,‘low temperature component. In
addition, wedzéaort the detection of low energy X-ray lines from Si, S8, and Fe
and place congtraints on thelr elemental abundances.

IT. TINSTRUMENT DESCRfFT;QN’AND OBSERVATIONS
The S$SS consists of a cryogenically cooled SiE}i) detector at the Ffocus

of the Einstein telocope. It has a 3' radius circﬁiar aperture with roughly
uniform reéponse across th;’fielda The detector and telescope combination is
sensitve in the 0.5 - §.5 keV band with a 160 eV FWHM energy resolutilon
approximahel§ independant of energy. A more complete descriptlon of the

inatrumentation way be found in Helt et al. (1979).

- The $SS observations of ‘the core of the Pefseua cluster were obtalned in
a 10,000 second exposure centered on NGC1275 in February 1979, This
observation reaglced in 37,500 source counts. The clqsner wag re-observed for
a shorter 3000 sec exposure in August 1978 resulting in 23,000 source coudﬁa-

IIX. RESULTS 4
Q} Va have modeied the pulse height disnributigg of the“SSS data as an
i isothermal hot gas in collisional equilibrium (Raymond and Smith 1977, 1979)

‘ : with the abundances of §i, 5, and Fe left as free parameters. The abundances

o of C, N, 0, Al, Mg and Ne were fixed at half-solar similar to pieviously known

) Fe abundances (Mushotzky 1979) (Ca and Ar were fixed at solar similax to our

J o oo
. L

; derived abundance for Si and §, but the fitting procedure is relatively
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insensitive to these less abundant specles). The resulting fit to the two
4 observations was unaccepCab;y, with a x% of 96 and 109 for 60 degrees of
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freedom for the lst and 2nd obnervutjons respectively. The best fit values of
the temperature kT = 4.2 and kT = ?/5 for the first and second observations do
not agree well with the previously measured value (Mushotzky et al. 1978). 1In
addition the one temperature model does not properly acconnt for ;ha observed
rvatio of the hydtoéen and helium like lines of Si and S nor for the gbaervéd
ghape of the Fe L blend. The best fit abundances relepiva to solar (Meye;
1979a,b) for this one temperature model were SI = 1.0, S = 1.2 and Fe ~ 0,40
for the first observation and Si and § < 1.5 and Fe ~ .2 for the second
observation which had poorer statistics. Because the fits were unacceptable
error bars ave not assignabla.” ~ |

We then added a secogg thermal component, and constrained the elemental
abundancea to ba the same for both- components. This reduced xz by 22 for the
firsc observation and 3C for the second observacion. We note that a decrease

in x2

of 9.2 is significant at the 99% confidence level for the two additional
degrees of freedom introduced. The best ficting temperatures were kT > 6 0
keV for the high temperature component and .60 < kT < l.4 for the low
temperature component. The fitting procedure required the spectrum to be

redshifted with a fitted redshift of z = .013&-5005 (Lo error) compared to the

optical radshift z = ,0183. Tha best fit values of emiision integral <ng,r >

were 4.8 x 1066 em™? for the low-temperature component and 3.7 x 1057 for the

Ve

high component. No statistically signiflcan% changgg in the low temperature
component were seen with an upper limit of a & 50X% change in its emission
integral or temperature on a time scale of 6 months. Neither the addition of
a third temperature component nor the removal of the constraint of,che same
abundances for the two components reduced X2 significantly. =

The effect of this extremely low emission measure low KT component is

illustrated in Figures 1 and 2. The bést fitting abundance values and their

i

K ere R o AR s a2 e o K s LAy AR Ao £ A L G e S T ek St B i BB e e L

4

J
é
:
%




ervors are indicated in Flgure 3, Si and § have roughly solar abundance
valuas (S1 = 0.9 & 0.5, S = 1.4 & .4 where 1 = solar and we have used %i-- 3.7
x 1075 and S/H = 1.58 x 10“5) and Fe has a value which is roughly half-golar i

(Fe = A4k 42) (90X confidence errors), Our upper limit on Mg is < 1.3
solnk‘c This Fe abundance is the same as measured from the higher energy total
cluster spectrum (Mushotzky et al. }978) when allowance is made for the
adnpéinn in the present paper of a solar ¥e value of 3.2 % 1077 vs. the 3.9 x
10§§£1n the previoys work.

The best fitting absorption in the line of sight corresponds to Ny = 3 &
1.5 x 1021 H~atom$/em2, of cold mntag}al similar to the range of allowed
values, 1.4 ~ 2,2 x 1021 § atms/cn, ;erived from the soft X-ray data of

Malina et al. (1978) when the Fe L lines ave taken into consideration. Thie =

value of Ny is consistent with the galactic HI value in this direction of 1.5

x 1021 (Heiles 1975).

Our flux values for the 2 components in different energy bands are shown
in Table 1. These values refer to the flux emitted from the source with the
best fitting galactic column density vemoved. In the 3' radius observed b}
the S§S the low temperature component haso~ 12% of the bolometric lgmiqpsicy

]

of the high temperature ctompenents chaver,”this low temperature component
has only 0.8% of the 2-10 kevuklux of the entire cluster (Mushotzky et al«l
1978), This explains why this component has not been seen by previous
proportional counter X~ray spectrometers.

The bolometric luminosity measured by the $S8 is ~ 252 of the total flux
measured by 050-8, If the Perseus cluster could be described by a isothermal
spherically symmetric (King) model then the flux measured by 2 detectors of

different angular responses should fix the core radius. Comparing the SSS§ and e

LoQ . I
080-8 fluxes gives a core radius of 8' for the cluster, identical to the ©
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optical core radius of Bahcall (1979). 1If we assign a fraction ¢f the fotal
flux in a 3' radius beam to a point source, similar to the best fit value of
25% of Gorenstein et al, (197B) and the recent results of Branduardi-Raymont
et al. (1980), we derive a core radius of ~ 10'., Gorenstein et al. (1979)
have considered several modeis of the Persgeus cluster X~ray emlssion. In
their models in which the core radius was a free parameter the best fit core.
radfus ranged between 17 and;é%;f;gmmin depending on the value of B, the ratio
of the veloclity dispersion c;wgé; cmmﬁérnture. We also aste that Gorenstein's
et al. data is consistent with an 8' core radius if § = .62, a value favored
by recent larger angular scale da;é (Nulsen and Fabian 1980).

IV. DISCUSSION
A. The Low Temperaturencomponent ¥

We shall interpre# the lower temperaﬁure component as ccolipg gas in the
core of the Perseus cluster. However there do exist other posaibilities,<ﬁuch
as emissinn;gqm to gg//@hose origin lies ingide the potential well of NGCL275 .
or the direchéYféé; of the active galactic nuclaus on gas asaoaiatedqalth NGC
1275.

Observation of the emlssion measure and temperature of the gas allows
the estimation of a rough cooling time. If the gas is cooling at conécant
pressure b,o.q ~ 5 KT/ﬁeA where A is”éhe cooling funation of Raymond, Cox and
Smith (1976). In order to calculate the density in the core ohe needs to
estimate its physical size.

For the purposes of this discussion we shall parameterize the size of

the ¢ooling reéion in terms of the 3' radius beam size of the SS§ (3' ~ 100

Kpe at z = ,0183, ﬁo = 50 km sec”t Mpe™}). If the volume of the cooling

reglion is smaller then the SSS beam size, as the theoretical calculatjons of

Fabian and Nulsen (1977) indicate it should be, then the déﬁsity of the gas

izl
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region in units of 100 Kpc: The value of the cooling funetion at T ~107° ¥

would be n, ~ 6 x 1073 p cm . where 140 is the radius of the cooling

for a gasfwich half-gsolar Fe abundance is A ~ 2 x 10723 erg em3/sec.

Therefore t 501 ~ 2 X 10? riég yrs, much }gss then the Hubble time. In%1010
yes there would accumulate, in a ataady gtate situation, ~ 2.9°x 1012 M, of
coolgd material, an amount similar to the estimated mass of NGC 1275, This
€}aw of 290 M,/yr is similar to that required to account for the optical
filaments seen near NGG 1275 (Cowle, Fablan and Nulsen 1980}, This result
geams to confirm the suggestion of Cowie and Binney (1977) and Silk (1977)
that copling flows can result in the accumulation of large amounts of material
in the coce of a cluster and the formation of a masslve central galaxy.

More kgéﬁrnte values for the size and Lnolinn time for the cooling
material é@( be estimated iffﬁi”i@ assumed that pressure equilibrium exists
between the cool material and the rest of the lntergalactic me@ium in
Perseus. We can use the imaging results from the Einstein Obsérvatorﬁ to
estimate how much of the flux seen” 1$Tthe 0.5 =~ 4.5 keV band originates from n
the cluster foreground gas and the local emission around NGC 1275.
Intergration of the high resolution imnger data in a 3' radius beam centered
on NGC 1275 (Fabricént 1980, private communication) shows that 661& ~ 1/3 of
the flux seen by the S5S 1s probably due to the extended cluster emission
{foreground and background gas). This enables one to calculate the pressure
of the "high" and “low" kI gas on the assumption that the high kT gas £ills
the beam‘whilg the cooler material lies inside it. Requiring the two
componenns tq be in pressure equilibrium results in a size of ~ 10-20 kpe for
the cool gas, a pressure nT ~ 1. 4 x 106 K cm 3, and a cooling time of ~ 2 x

!
108 yrs. The mass flow rate and the infered mass of accumulated material are

o

unchanged because they do not depend on the inferred size. This compares to a
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pressure in the optical filaments of 1.2 3;107 1‘3/2 K en™3 (Cowie, Fabian and

Nulsen (1980) and=2h:. theoretical cnlculabion of Cowie and Binney (1977) which
Va
predicted a pressure of ~ 2 x 106 K cm at thc -cagnﬂcion radius. The

“

inferred "size” of the cool gas compares to a "half-flux" size of ~ 10 Kpe
predicted by Cowie and Binney (1978). It, therefore, seems fﬁit the
theoretical modeling has been verified by our observational results.

It is interesting to see why the particular temperature measured by the
5SS stands out in the observation of a cool& g flow with a range of ¢
temperatures by examining the cooling curve §E Raymond, Cox and Smith (RCS)
(1976). The gas would spend most of its time in the §§M%6n of the minimum of
the cooling curve. However, we see this cool component by its line emission .
in the .800 - 4,0 keV band and one sees from Figure 5 of RCS that the maximum
emission in this band occurs at roughly a chperature‘of 107 k°; Thereforq-wev
would expect most cooling clusters observed by {nstruments on the Einstginu
Observatory to exhibit a temperature component in the .5 = 1.5 keV range.

B. Chemical Abundances & Line Emiasion

)

o

The observation that the abqﬁdanee of Fe in the core is similar to that
averaged over the whole cluster indicates thA} Fe line emission 1s a property
of the cluster as a whole ;nd that the Fe lines seen in many clusters
(Mushetzky 1979) are not due to déﬁinance by a single galaxy. This result )
also indicates that the gas 1s reasonably well mixed out to a few core radii.

o {
The 90% confidence abundance contours for Si, S and Fe do not completely

overlapvin the simple two temperature model. Since this model does not

.'completely describe the true distribution of temperatures in a cooling flcw we

feel that we cannot, at this time, make strong statements as to the °

| possibility of relative abundance differences between S, Si. and Fe. However,

the lack of a requirement in our data for a’;pird temperatdre
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component indicates that the approximate solar abundances for Si and § will

) )
1.1 g%rchangad greatly by addit{onal modeling. Similarly, the K;proximata

et

half~solar abundance for Fe 18 in ngrenmcﬂc with 1ndepéndent measuras of the
abundarice inferred from obserVaLLons of the Fe K~line emission at higher
energies.
. V. CONCLUSION
The aolid*gkate spectromete#fon the Einstein Observatory has observed a
low temperature component in the core of the Perseﬁn cluatcfc The exia;anqe
of this component is consistent with the theoretically predicted existence of
a cooling core in the c%usteﬁﬁ\ This gas which has an emission ‘weasure of ~ 3%
o of that of the total clﬁster X-ray emis;ion, has a cooling time § of 2 x 10?
yrs, and this cooling would result in more than 2 x 1012 M, of Qggg’igliﬁ
accreting onto NGC 1275 oygr&; Hubble time, J
The abundance of Fe in the core of ~ .5 sdlar is similar to the
abundance inferred from previous proportional counter observations indicating
that the Fe emission is not ;tronglyﬂpeaked about NGC 1275. The Si and 8
abundances are.also roughly solar. ' /
We wi§@ to thank D. Fabricant for communication of results prior to
publication, L. Cowie for help in the interpretation of radiative cooling
models and R. pecker, N.E. White, and A.E. Szykawiak for dssistance with the
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analysis system.
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PIGURE CAPTIONS

n

Figure 1 = The puliée height distribution of counts from the core of the

Perssus cluster centered on NGC 1275. The sé@id line represents the
best fitting low temperature model folded through the detector respones

function normalized relaélye,to the total counting ratsa.

o

Figure 2 » The 3 panels show the significance of che tesiduals (o) of the

data minus the model in a channel by channel scale., For the top panel

the model 1

-]

igggh_gmg ;ggmggtzghlun with cnly H and He. For the
/ ; X

middle panel the mode¢ isoﬁhermal bremsstrahlung (1 kT R~§) with

variable abundances of ) S and Fe and fixed abundances of other
elements, gsr théﬂfltto panel the medel leﬁko temperature
bremsstrahlung with/variable Si, S and Fe ah;\fixed abundghcea of other
elements. The subs\\L?t "L" refers to lines and line complexes which

originate from Fe, S ?d S primarily at low (kT < 1.5 keV) temperatures

while the "H" refers 2& lines of these same elements due to high (kT > 2 ..

keV) temperature gas.

Figure 3 ~ The probability contours for the relative abundance of Si, S and

Fe relative to solar. The dotted:lines correspond te 68, 90 and 99%

[P

confidence limits.
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