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‘I. HISTORICAL INTRODUCTION TO CLUSTERS OF GALAXIES

 Throughout thé history oanstfonomy incfeasingly 1arger scales of cluster-

ing of matter have been uncovered.  After the initial discovery .and avperiod'ofs L

:adjustmeht, the new scéle‘of interest, such as the Galaxy; has always béen ‘ -
found toipossess a discfete morphology and phyéicsiallvits own. In keéping: o
with this pattern, the intense study of clﬁété:s of galaxies_haé just begun.. .
Even though a few clusters were evident in early catalogues of nebulae, it was
noﬁ until Hubble and others in the 1920's demoﬁstfated the naturebof‘gélaxies
that clustefs of galaxies were truly comprehended.* Shapley in 1933 catalogued
and described 25 discrete clusters of galaxiés.'bHowever, it was Zwicky in 1938
who first suggested that clustering of galaxies is a widespread, genéral'
property of the universe. later, further studies by‘Shane; Neyman, Scott,
Abell and others re-emphasized this conclusion (de Vaucouleurs, 1971).

| Since the compietion of the Palomar Sky Survey, two large catalogues of
the richest clusters have been compiled‘using this source. In 1958 Abell

published his list of 2712 rich clusters of galaxies. Only galaxies within

(4.6 x 105/cz) mn of the estimated cluster center were considered on the 48
inch Schmidt Sky Survey plates, where z is the cluster redshift and ¢ is the

speed of light in km/seé; This radius correspéhds‘to about 3 Mpc if H = SQ

km st Mpc—l. ‘ a ' _ o

Only clusters with 30 or moré galaxies within 2‘mégnitudes of the third
brightest cluster galaxy were included. The catalogue is‘presumed to be f

. complete only for clustefs with 50 or more members.

The redshift was estimated by assuming thé absolute magnitudé of the tenth

brightest cluster to be nearly invariant with distance and population, following B

Humason, Mayall and Sandage (1956). The limits imposed by the plate size and
the 1imiting magnitude place the redshift range between about 0,02 and 0.20,

far-enough away for the redshift to be a valid distance indicator but close

* ~ ' _ ‘
Much of the information in this introductory general discussion is taken from

Abell's chapter in the unpublished Vol. 9 of Stars and Stellar Systems.’



enough so that ndn-linear,cosmological effects”can be ignbredior Wellfappfpx-
~imated within the possible range of qo.'; : o :
Abell avoided areas of high galactic obscuration. Thus the catalogue is
~ incomplete within 25° fromvthekgalaetic plane or near apparent patches of
 obscuration. B ‘ = SRR
Abell d1v1ded the clusters into richness and dlstance groups as shownal
in Table 1. The catalogue is approx1mately complete for distance groups 1

and greater.

‘ _ Table 1 o
SUMMARY OF ABELL CLUSTER PARAMETERS

. . : : Magnitude Range
Richness ' Counts of ~ ~  Distance * (10th brightest

Group ~ Galaxies = ~ Group : galaxy)
o 30-49 1 | 13.3-14,0
1 | so-79 2 146.1-14.8
2 - 80-129 3 14.9-15.6
3 130-199 e 715.7-16.4
4 200-299 | 5 16.5-17.2
5 300 or over 6 17.3~18;0
4

Over'18

Zwicky (1960 1963, 1965, 1966, 1968a b) complled a somewhat more complete
list of clusters north of decllnatlon ~3°, also from the sky survey plates
However, the properties and definitions of these clusters are much more.sub-.
jectiVe; .Zwicky used,hisvlpng term experience to estimate the half pewer ‘
density'outline of each cluster. The size of his clusters variesla»great~deal
and may refer to different types and scales of clustering. ' V

In spite of the hoﬁogeneous definition used by ‘Abell, a veriety-of mor-"
'-phological and structural types are included in his catélogue.‘ Abell recdgnizes.v
1 two fundamental types: regular spherical clustefs like the well-known Coma -

cluster, and irregular, more chaotic clusters like those in Hercules or Virgo. .



. Irregular clusters ‘are very common in Abell's llSt, probably accounting for
'”~about 50% of the catalogue. ' ‘ , v v

Other 1nvest1gators recognize more d1v131ons.v Zwicky.divides clusters
into compact, medium compact and open.v A compact cluster must have a pro-
nounced concentration in which 10 or more galaxies séem to be;touching (in -

'-projéction). Medium compact clusters consist of single condénsations in which =
the gaiaxies are separated by several of their diameters. Open clusters have
no pronounced.concentrations but simply appear to be loose clouds superimposed
on the general field. ' '

Bautz and Morgan (1970) recognize another morphological property of
clusters. 'They classify clusters of galaxies on a scale from I to IIT in.
order of the decreasing degree of domination by the brightest galaxy. Rood

'and Sastry (1971) combine aspects of the Morgan and Bautz classification with 3
the general shape of the distribution of galaxies. In their classification,
-illustrated in Figure I, cD clusters contain a single giant galaxy surrounded
by a circular cloud of fainter members. - In B systems, tﬁo‘roughly edual,v
somewhatbless dominant galaxies lie at the center of the cloud. C and L -
'éystems show ohly a small degree of domination, the'difference in the two being
that L (line) clusters have a linear, possibly flattened shape, while C clusters
.are circular. Similarly, F and I clustérsbboth show no domination, but F
clusters look flattened while I (irreguiars) shoﬁ,no clear shape at all.

Recently investigations have been made of another cluster parameter:
spiral versus elliptical galaxy content (Oelmer, 1974; Krupp, 1972). Briefly,
both studies conclude that cD clusters are virtuélly always spiral poor
(s20% spirals). Among less dominated cluster types, both spiral rich and
spiral poor clusters are found.

' The most classical observational problem concerning clusters of galaxies
concerns their stability. Systems such:as Coma appear to be relaxed spherical
condensations which certainly look gravitationally'bound. - However, comparison
of the virial theorem masses, estimated from the velocity dispersion of
galaxies in the cluster, with the sum of the masses esriméted from interhél

motions in the individual galaxies, results in too little mass being accounted



The "Tunlng for <" classification for rich clusters
~of galaxies from Rood and Sastry, 1971, Pun.v Astr.
Soc. Pac.ulc, 83, 315 (flgure l) o

FIGURE 1. .
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for in the-galaxiee by factors of 5 to 100. This leads one to euggesttthat

. either the clusters are unstable or a hidden mass exists, Vpossibly in the form
of intergalactic gas. Since the dlsper31on time for a typical cluster is on
‘the order of 109 years if ‘it -is not bound and cluster formation from the fleld
cannot account for the number of clusters seen, the former pOSSlblllty can
probably be ruled out as a general explahatioh‘unless clusters are just now
breaking up.  The intfaciuster intergalactic medium, bn,the other hand, has
been searched for optically.. Broad-band epticai'qbservations‘of extensive:
‘optical corones'in clusters‘of_galaxies have been made by de-Vaucouleﬁts (1969),
Arp and Bertola (1969), de Vaucouleurs and de Vaucouleurs (1970), Welch and
Sastry (1971, 1972) and 0em1er~(1973); If these coronas consist of normal
stafs, not enough mass to bind the ciusters is accounted for It seems that -
the medium necessary to bind the clusters conslsts either of a very hot gas
(0% to 108
of some kind to explain the negatlve H~B, Lyman-a, and 21 cm line results -
(Weolf, 196Ziw§9hlih,,Henry and Swandic, 1973§'Allen,‘1969, and De Youngiand
Roberts;v1974) and the positive x-ray detection (Gursky et al., 1972).

K), low luminosity stars or large optically thick ‘condensations

Radio emission from clusters was first discovered by Mills (1960):, Since
then a number of studies of the general propertles of cluster sources have
been made ‘including Pllklngton (1964) , Wills (1966) , Fomalont and Rogstad
(1966), and Owen (1974a). Detailed studies of partlcular.cluster radlo-sources B
include Ryle and Windram (1968), Willson (1971), and Miley, Perola and van der:
Kruit (1972). Detection of x-rayvemission from clusters has been reported by
Gursky et al. (1972) and Kellogg et al. (1973). \

Radio emission is found most frequently from c¢D, B, L_and*C clusters with

about equal probability. The probability drops by roughly a factor of three

for I and F clusters. On the other hand, x-ray em1331on is found almost
exclusively in c¢D or B clusters which also contaln a radlo source with a 'steep
spectrum. X-ray emission also correlates wlth‘rlchness. Both the radio and x-ray.
emission in these clusters are,eften extended up to about 1 Mpce. The gross fea-
tures of the x-ray correlations can be understood either if the x—ray'emiséion o
is thermal bremsstrahlung radiation from a hot intergalactic gas with T « lO8 K

or if it is inverse Compton scettering of the 3 degree background radiation



by the same relativistic particles produciﬁgfthe synchrotron radiation. - (See

 Owen, 1974b and references therein for further details.)
II. SYNCHROTRON SPECTRA
© Following mainly Pacholczyk (1970) and Kellermann (1966),Vif'one.coneiders '
" a cloud of relativistic electrons with a power law energyvdistribution,

N(E)dE = KE T@E, o @
trapped in aimagnetie field, H, the_specfral_deﬁsity ef synchrotroﬂ‘emission
observed is given by R R |

(/2 v 2

5 « T, G o @
1 . o ‘
| where r is the equivelent'sPherical'ﬁadius‘of the cloud,

ey = 3el4 m3c5 = 6.27 x 10718

and the reglon is assumed to be optlcally th1n ' The'observed‘spectrum is thus

also a power law w1th

P

s = W S o @

and

a (172 . . R (O I
Given an 1n1t1al situation defined by (1), the spectrum can be mod1f1ed :
in a number of ways dependlng on the nature of the energy 1osses. These changes
can: generally be expressed by the contlnulty equation for a‘unlform'andv
isotropic distribution function of electrons as

6N(E t)

et e e, t) B -qEmn -~p@ED ®)

where q(E,t) and'p(E,t).fepresent the additional source and loss functions not



described by the left hand side of the equation, dE/dt is now assumed to be

‘dependent on energy alome. Thus,

 If one assumes p(E,t) =‘0, the total loss rate can be written as

“‘v  o (E) = L - nE - gEZA 1 . | AR | l : N

where ¢ refers to ionization losses, nE to free~frééAloéses and EEz'tb both

. synchrotron and inverse'Compton_losses.»:Fér all of the densities and particle

energies considered in this work, only the last term’of‘éQUation (7) is important‘;"

or ' - B ' ‘
ac fﬁE --..(Es.+ €c) E” . . R : ‘(8)

Synchrotron losses are given by

g, = 2.37x107° ©

. o
and iﬁverse Compton losses by
' v'€ = -3.97 x 1(')-'2 u (10)
e ‘ K rad

where g is the local radiation energy density; If a single instantaneous.

injection of energetic particles occurs with

1 2 |
| . (11)

' -  (KE VdE E. <E<E
N(E,0)dE = { I | ,
0 E<E adE>E



then using (5) and (3);

CN(E,t)dE = - | ¥
(€0 = & a-gee”Y T N
' ) - ' . 1 )
0 ‘v E < El and E >,E2
where . E'=E/(Q+ERt) .- o ay

Thus even if'thé energy range exteﬁds to infinity, there will be a cutoffvenergy, 

and a'éorrespondihg upper cufofffffeqﬁency.

If continuous injection occurs so that

CaN _ . o . | B
& =0 S - o - (1%
then
e = e = (F) (B S ae
Yo gE” /. o : -
and thus
@ = 2 = o +,1/>2 R o (17)

“where Yo”éndmd;'are the inétantaneouévinjection values. This:form is‘valid for
injeétion'fréquencies high enough that the cutoff fréquency does not have time
to move into. the frequeﬁcy raﬁge considered. ' For. a genefal source'which expérinll
" ences injections at some particular rate, thellowést frequencies should maintain
thevinitial spectral index, o At‘intermediate frequencies the continuous

~ injection appfokimation Will.apply and o = o +:1/2. ‘At the highest frequencies

the limit to the instantaneous injection case applies and o = 4/3 o + 1. The -



Y

range of frequenc1es to whlch any one of the three approx1mat10ns applles may '
~ range over three of four decades and thus may domlnate the region avallable _

for study with a given 1nstrument.
III. SYNCHROTRON AND INVERSE COMPTON ENERGY LOSSES

‘BdthrsynchrotrOn‘and'inﬁefse Compton energy losses result in observable
radiation. - Synchrotron radiation produces the radio emission reported in this
dissertation. On the othef’hand inverse Compton losses from the same ‘electrons -
results in x-ray emission. Following Felten and Morrison (1966) for a given
value of the Lorentz factor, A, where the total energy E = Amocz, the char-
acteristic synchrotron frequency emltted is ’ '

vy = 4,20 x 10 HLA . SRS (18)
For a'single event as described in the previous section, the time scale to
reach the synchrotrdn cutoff frequency, A is from equation (9)
oo B L =32 -1/2 | |
T ~ dE = 3 x 10 H v years . o (19)
s¢ a5 1 sc :
. dt. : _ .
The characteristic Compton frequency of emission for a blackbody distribution

of ambient photons is

v "=361\2-1£r-~75x1010 A%t Qo)
c h : v
ox o : S
' : -4 2
<e;>=hv  =3.1x10 AT ev o (21)
where .~ his Planck)s constant,

k is Boltzmann's constant, and

T is the temperature, °K.
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. The timescale for reaching the,Compton'cutoffvfrequency, véc,'ffom (10)
~and (20) is ’ '

T o~ 2'7 105 1/2 -1/2 a -1

ce Yee  Yrad yéars'v.>  - :1'<22)
or in terms of‘vsc;:
T, ~2x10 H1/2 'Sc-l/z' urad‘;ly‘ears' . L (23)
The iﬁverse-Comptbn k—réy flﬁx tékes the forﬁ;'
5. 3 h 6K)<3 y)/z ;%d L (-3)/2 v(1-9>/2 S (24

‘Taklng advantage of the fact that equatlon (24) has the same power law depend—~
ence on frequency as equation (2), the ratio- of the synchrotron flux to the

inverse Compton flux for a glven A may be wrltten

25)

S b ()2
2 s g0t gxon
. : ‘ .S , PR , H o
- v ‘\)c ) - ‘ . _ : } :
Théurelation between the two frequéncies}considefed_is
v, = 1/8 x 100§ vg .o | B (26)

Thus for a given H and radio emission frequency one can simply extrapolate the
x~ray intensities and vice versa. For clusters most of the inverse Compton

1os§es‘aré produced by scattering off the 3° background, For this case.

| o 33 R

Uy = 6 g_lO erg/cm 1- o KRR (27)

~and thus o :

' ' 17 -1/2.
v ‘-
ce

ch‘~ 8 x 10 .(28) '



1

’ ' o 15 _.1/2 -1/2 ' S . o o
ch 3 x 10»  H, _vsc < , o - : (29)>‘
"Thesevtimé scales are forAsignificaﬁt losses to take place'in the éingle event

case or for the spéctral index to steepen by 0.5 in the”contiﬁuous injection case.
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