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R_is the galactic radius in kpc
Vg is the Velo;ity of the galaxy in km/ééc
Mg is the galactic mass in wnits of 10! solar masses
Ra is the radius of accretion, defined as ZGMé/Vé
Q is_the'ratip of actual ambient number density of back-
ground hydrogen (o) to 2.8 x 10°¢ (Field, 1972).
h ié the ratio of the Hubble Constant to 75 km/sec/Mpc
For convenience we def;ne a paraméter § equal to-Ra/Rg. Thié
parameter measures the effectiveness of the shock mechanism as a
whole. _ |
In either the RS or Hunt models moving galaXies have several
cross $écti§ns for the shock process.and its associated drag: The

most important are the geometrical cross section, nRé and its

associated drag D_, where

g .
D =1.4 - 102° @ V? R? , 2
Dy 1.4 ¢ By ( j_

and the accretion cross section, ﬂRg, with drag

2 \_.[_gf__l ' .
Dy =D, (69 - A+ czw) ; (3)

. where C_ is the speed of sound. Note that D, is actually
proportionaf to (Vg)'l. |
We can also write (3) as

| = 8.5 «B0*R M2 VD o (1 + VE/CH)TY (3
. D, = 8.5 «k0 Q'M% vg ( g/ >) (_a)

[e
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SHOCKS IN CLUSTERS.OF GALAXIES: Application to the Coma Cluster

In considering clusters we are reminded that the various
dynamical -parameters diffef greatly from their field values.
Galactic number densities, background intracluster medium densities,
‘ galactic‘speeds and probably gas temperatures are all larger. X-rays
have been détécted from various rich clusters: Gursky et al., (1971)
and Gursky et al, (1972) reported nine clusters with estimated
x-ray luminosities exceeding 10*3 ergs/sec. In this section we
shall discuss whether galactic shocks or galactic motions -in general
could be responsible for these observations; partiéularly in the
case of the Coma Cluster. '

The relevant parameters, summarized from recent data by Lea
et al., (1973), indicatg that a plasma of density 2 x 1(_)'3/c:m3
particles of hydrdgen in a region around the center Of Coma of.
extent 15' (in radius) is radiating as much as 10" ergs/sec in
X-Tays with a thermal bremsstrahlung temperature of 12 kev (cf. also
Margon, 1973). At the distance of Coma, 92h~! Mpc, the hot région
is about N

800h-! Kpc = 2.7 x 102* b an 4)

across, with a spherical volume of about 1.05 x 107 h™% cm®.

From the work of Abell (1974; private,comm.,.alsd 1972) there
appear to be about 100 galakiés to eighteenth visual magnitude in
the hot central region of Coma. Using the kind of model for dénsity

profile as found in Rodd et al. (1972), where the surface density S(r)v



of'gaiakiés is given by
S( ='s,/ L+ (/x> , (4a)
the thrée4$pace density can be integrated directly aiqng a line of
s‘ight’ and is' found to be N(r) = No/ (1+ [i—r—]z)g Whefé S(r) and N(r)
are the surface-and space densities of'galaiies as functions of the
radial distahce T, and the zero subscripts refer to the central
values. The value rc’is the so-called’core radius, defined in
Rood, et él.'(1972). In these models relating the central two;and
three—space densities SO and No’ respectively, to their values S and
N at»various;values of r, one can show that S = ZNoré.
‘This in turn means that in the case of Coma about half of the
 : galaxies seén in the central field (the radiating region) actually
> 1ie within_fhe central 80(‘)h'.1 Kpc of the cénter. Finally,-from
Rood ef al. (1972) the radial velocity dispersion, and hence an .
“upper limit]to the probable three-space velocities are knowh: these
- authors éaléulated a dispersion of close to 1000 km/sec, giving an
._RMS Value.of J3 + 1000 km/sec to the velocity of a galaxy near the

‘center of Coma.

Given these parameters, can we produce the required temperature

and energy output in the intracluster medium (IGM).from gélactic,
drag ahd shocks?

"In the first estimate it seems that the mechanism will work.

Objects with geometrical cross sections M0*° cm?

, typical of an
average galaxy, will sweep out a volume in the center of Coma equal to

the known radiating volume in about lOlOIyears. The total drag from



each galaxy, from Eq.(2), pr 0 \40“’ ergs/sec gives, when L

' mu1t1p11ed by the number of galax1es in Abell's sample taklng part,
a heat input of about & x 10** ergs/sec’ comparable to-the observed
x-rey'output.of this central volume of Coma.

However, most of the galaxies in Coma are ellipticals and contain
little or no gas: they can only support drag bow shocks across an
area given by the radius of accretion. For these parameters, with
a-typical galactic mass of 10! M,, we find with the aid'of-~'
'Eq.(S) that the time for these galaxieé to sweep out the volume in
questioﬁ is of the order of 102° sec, too long compared to the iife-
time of Coma and comparable to the cooling time: some gas cqﬁld Be
heated thﬁsly to 108? K but not enough to cause x-rays in‘the knewn
amouhts. o

For reasons also related to the small size of the radiu5fof;

accretion, the RS mechanism for wake shocks is also ineffective.

~ According to RS the opening angle of the wake, 0., depends on the
‘radius of accretion: .

O =2 (tan™! [§(1 + §)72]) A §-6 for S <<1;' (6a)

S

e i)

Thls means for high speeds (almost 1ndependent of Mach number)
particles enter the wake shock at a very oblique angle and suffer.
1ittie compression or change in momentum. The temperature7behind

the wake shock which depends both on the angle which particles make '

w1th the shock, Ui’ and on Vg’ 1s, according to Rb, .

T [l () (V2) sin?(; + 6) G (6b)
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ABSTRACT

It is often suggested that the motions of galakies can pléy a
Toie in theLheating of the intergalactic or intrécluster medium.
In the specific cése of the Coma cluster it is shown thét>under
ordinary assumptions the motion of its galakies probably could not
have heafed fhe hot gas there. Under certain conditions of géléctic
sfructure and cluster evolution, however, significant heating from
thé motions of galaxies would be .expected. Evidence:is also presented
indicatihg that the two giant'eilipticals near the Cenfer of Coma
may be_abie_fo provide most of the drag heating required by»x;ray
Obsérvatiohs. The effect of galactiC‘motions on a possible clumpiness
in the iﬁtfé;luster medium is aléo discussed for Coma. Finally the
pqssibilitY'that‘gelactic shocks played an importéht role in fhe

heating of the general field IGM is discussed briefly and dismissed.



Receﬁtly several authors have discussed the‘possibility that the’
inférgalactic gas is heated by the supefsonic motions of the .galaxies.
Earlier reviews of the themmal history of this gas (Ginzburg and
Oiernoy5'1966, Weymann, 1967) as well as the mosﬁ_recent reviews of
the»SUbject (Field, 1972) speculate én various kinds‘of heat sources.
More specifically;'certain authors have dealt withvthe:variouS'aspects
of shocks from moving galakies and galactic wakes (Spiegel, 1970,
Rudermann and Spiegel,v1971;.Hunt and Sciama, 1972). We would like
to re-examine the possible effects of galactic shocks on the inter-
galactic gaé'both in clusters and in the general field.

~Review of Shock Mechanism

In the Rudermannvand Spiégel model (Hereafter referred to as RS)
the detailé bf a wake shock frdm a supersonic galaxy ére worked out,
and argumehté are brovided to motivate the bow shock as well (see our.
Figure). ‘RS argue that the présenterof the bow shock depends on whether
or not thé_galaxy itself has enough internal pressure or magnetic field
to support a shock. Hunt (1971).takes_the poéitiQn, however, thét the
bow accretion itself supports the gas through préssure gradients that
build ﬁp as.the gas falls into the galaxy. |

The RS model is characterized by'an x-ray luminosity:

N L 28 2 p3 2 ' T - E
Qo= 4 x10°7 2% RV (R, /R ergs/sec (D

where Qo 1is the free-free output of a single galaxy - |



where m, is the mass of an H atom. This is much less than the
obser?éd values (close to 10° deg. K) for the galactic sizes and
velocities considered here. For these values we Seevthat the wake
shock heats and compresses only a relatively small amount of gasv.
in a region far behind the galaxy. From the RS calcﬁlations the
shock temperature for cold background gas would be much less that
the requifed témperature of 10® degrees, but as RS point out, their
results hold only for cold 1ncom1ng gas. The notion of radius of
accretlon however is a general one which measures the effectiveness
of the grav1tat10na1 interaction between moving objects and the back-
ground medium} and the small size of the radius of accretion here
leads to thé-conclusion that no model of gravitational_wakeé will
produce fhe heating required in Coma. Taking int§ accouht results
for bow shoéké, we can state that galactic motion seems unable to
‘heat the gas in the Coma Cluster to the requiréd temperatures.

| Howe?er,_some recent speculative'suggestions may change this
conclusion. .As we shalllshortly demonstrate, any galactic gas present
initially iﬁ the galaxies iﬁ Coma would be swept out under most
conditions into the intracluster medium by the ram-pressure bf the
baqufomd gas. Furthermore, gas is continually produced, even 1n
gasless ellipticals, by the Ordinary processes of stellar.evolutioﬁ
and decay; Yahil and Ostriker (1973) estimate that on the‘average as
much as 1 M /yr per galaxy may be freed in this manner. In our model
the 1n1t1al intracluster gas in Coma is first heated by shocks over
the discs of ellipticals when they still contained gas. This galactic

gas, however, is swept away in a time small compared to the age of

fil



the cluster; and this gas, originally traveling with the known
random velocity of its parent galaxy (m1.7 x 108 cm/sec) thermalizes
with the.cooler background gas. In the final stage accretion shocks
are only of minor importance, but the galaxies ln'the center continue
to shed gas, es_stellar decay products, which is suept out.
The initial-drag from galaxies which had gas, end thus could
support ram4type shoCks'over their entire cross seetion is g1ven
by D «'pb . However as 1ong as the temperature T in the
1nterste11ar gas is such that its pressure, given from the gas 1aw
as ngKT , (nH the interstellar particle density) rs less than the
ram pressure of intergalactic hydrogen, b Vé , then ram pressure
could overcome the gas pressure in the galaxy.
Howeveere must ask‘whether‘the gelactic gas‘uould fall out .of
a speeding gélaxy under these conditions. Looking at‘a galactit‘
disc moving through the ambieht medium we see that the ram pressure
force must also overcome a gravifational force from the‘stars of
&, where'g'is a kind of average gravitational acceleration due to
gas and stars in the galaxy , and ¢ is the ‘colum density of material
in the. dlSC Ram pressure tries to push the gas away from the stars
If the ram pressure cannot 1n1t1a11y overcome th1s restoring force
then the galaxy will forever sweep up gas, as accreted gas further
“increases ‘the values of ¢ and g. 1 The kinetic energy'of mass.motion'
of that gas initially in galaxies w1ll, in the case of clean sweeplng,

then be shared with the ambient gas, and the lack of splrals in

1. I am grateful to an anonymous referee for suggesting this argument.



_9_

Coma suggests that a prqcess.similar to this one acted to sweep the
ellipticals of their_gas; though in any case the original galactic
gas densities were probably high enngh in'the_galactié nuclei té;
allow gas to accrete there:. . |

_ Becauée of the relatively high Speéds of galaxies in Coma
(Vé = 1.7 x 10° km/sec) most galaxies which will everbhave passed
through the center of Coma will do so within 10'° years. Of the
1200-ISOO objects in the Abell data (after background corrections)
in ah area of 7 square degrees, most have an actual crossing tiﬁe of
about Sfx 10%¢ h7! sec. (the square has the same area as a circle of
90 minutes in'radius). Each of these gélakies which does in fact
impinge on the central part of Coma 1oses_énergy and sheds gas, thus
heating up the core.

The topal energy thus released can be calculated frbm knowing the
mass shed and the speed at whiﬁh the mass was originally moving.
Allowihg é'typical initial average galactic gas density (hydrogen) -of
about 1 parﬁicle/cm and a density of the original IGM of about 10-3
particles/cé,‘with 1000 galaxies contributiﬁg 1070 particles (about
the nﬁmber jnitially there), we find a total of abouf 2 x 1062 ergs
added to the IGM in Coma. This amount of energy averaged ovér-the
presentvvolume'and density‘of the IGM corresponds to a particle.
temperaturelbf 5x 107? .K, close to the value ekpected from'obSérva—
tions of X-fay emission (Gursky, et al. 1972). Iﬁ addition a further

input_from the gtellaf decay products (the Yahil-Ostriker mcchaﬁism)
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of about 5 x 10>° gm/sec per galaxy per second from 50 galaxies
| actually in the center at any one time, produces an additional

continuous -
50 x (%<V§ M) érgs/yrlgz 5 x 10*? ergs/sec (8)

of kinetic energy which replaces somewhat the radiation losses of
the plasma. Since the cooling time at this temperature is longer
than thevage 6f Coma, the combined effects of the sweeping out
of the original gas and the shedding of remnant gas provide the -
energy to maintain for some time the Xx-ray emission seen today.
Actually this is an'underestimafe since if there is much less gas
in the fest of Coma than in the center, galaxies will accumulate
mass during most of'their‘lives from stellar decay.and thus lose
more only when they pass through the center of'Coma. |

If on thé otherhand we revise our estimates of galactic mass;
to-light ratios up in order to '"bind'" the Coma cluster with the
available luminous objects, then the relevant drég associated with
shocks and wakes goes up by.almost two orders of ﬁégnitude; Recal -
culating the radius of accrétion, Eq.(3), using a galactic mass of
10 x 1011:MG, we find the drag cross sectién to be about 50 timgs.

_ greater’than before and the total drag from 50 galaXies in the Coma

- core about 10*" ergs/sec. Actually the drag rate must be multiplied

by a facfor 1/[1 + (V;/C:)] to account for the fact that the speed |

of sound is near the speed of the galaxies (i.e., low Mach}n@mber)

and the radius of accretion is slightly reduced. Still, 50 sources
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of this strength will heat the background gas until the temperature
is about iOgoK, where the free-free cooling rate equals the‘input
heating. | |

| Thus galéctic shocks, in the cluster case will produce significant
inputs to'tﬁe'intergalactiC'mediﬁm heat balance only under certain
-hypothéses'about_galactic structure and evolution, or under certain
histories for the evolution of clusters themselves. Galactic shocks
alone, aSFSuggested by Ruderman and Spiegel, or Hunt, will not,
vundef'ordinary circumstances, have ény important éffects, though as
theSé authors point out, certain x-ray observations may be explained
by the gaiacfic shock mechanism. Moreover most galakies in Abell's
_ sample'hévexmésses of less than lOI’MO; and so our estimates of
total energy released are really upper limits. It should be pointed
out; here;3that decreases in the value of the Hubble constant (seen
thrbugh-thé parameter h in our calculations) cause the total intrinsic
lﬁmihosity of Coma to change by a factor h™?, while the volume chahges
byb(h‘3).' The radiation seen would then by coming from a thinner plasma
occupying a larger volume, containing, however, the same number |
of géiaiies; thus the drag heating mechanism would be less efficient
because of the decrease in the background particle density, which'
scaléé_here as h from x-ray observation. If new oBéérvatiéns 10Wered
the;obserQed(temperature; however, the resulting energy outpﬁt'would

also decrease, favoring the shock mechanism.
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One additional pdssibility for imprqving the shock mechanism
in Coma comes from considering fhe two brightest galaxies in Coma,
, NGC 4874 and NGC 4889, These galéxigs (call them G, and G,) have
‘radial velocities relative ﬁo Coma of - 207 (V, ) and + 418 (V,)
Km/sec (Rood, et al. 1972) and phdtO\ﬁsual magni%udes'of 12.3 (v,)
11. 6(pv ) (Abell 1974) . The objects are found'spaced'nearly
equldlstant on opposite sides of the center of Coma, with D, = 3.2'
and D, = 4': (1 minute of arc = 26;75 h-! K pc). We should examiﬁe_
the cbnsequenC¢s of the hypbthesis that these objects ére éircling
about each other (and the Coma center) so that their'radiél velo&itiesv
are nearly'fheir real velocities. Using the relationship betﬁeen
Luminosity CL), Mass (ND;,and.photo—visual magnitude (v), we have

M, = f L = (f) (10-+®@V; - 34.8 - p"e))h-Z* O

where f ié fhe mass to light ratio, and PV, is the absolute photo
visual magnltude of the sun, 4.8 , and i = 1 or 2. Using f =
(though this much dlscussed figure may be quite hlgher)(Peebles, 1974,
| private comm.; Rood, 1964) we find for G1 and Gz

= 12 4 -2
2.5 *10°° h Me

(10)
- e 12 1,-2
3 M, =4.810""h M
These values correspond rqughly'to those needed to hold the two
~galaxies in orbits around each other, as estimated by comparing the
gravitational and centripetal accelerations. But we can re-write

EqJ3ato find the drag associated with these objects. For a background

*The distance modulus of Coma for h =1, a distance of 92 mpc, is 34.8.
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density parameter Q.= 700,

D, ™ (. 6) (——? (— -1 h! (11)
OllM 100 km/sec . '

in units of 1042 ergs/sec If V; R,Speed of sound, C , D must be
“multiplied by 1/(1 + VZ/CZ) for G and G the observed speeds are
much less than the observed gas sound speeds (Margon, 1973) and so

the accretion mechanism for drag heating is most effectlve The
heatlng is supplled by Hunt ] mechan1sm, as incoming gas is cdmpressed.

The calculated drags are

D, V1. 9 . 10*" ergs/sec
' (12)

D, V3.5 . iO“"_ergs/sec,
Significahtly"greatéf'then.that provided by all the faster moving,
1ighter'ga1akies. If the'Mass—to—Light”ratio of galaxies .in Cdma
were highvénough to bind that cluster, ie; 200 (Rodd‘et al. 1972)
then the output from drag heating by thesevtwd galaxies as well as
| allvother galaxies would be truly enormous. |

. Furtherﬁwre unpublished work in progress by the author shows
that the distfibution of luminous galdctic matter is morerpeaked
towards the cehter than previously thought (see Rood et al. 1972)"
and thus Q >700-(for‘the central volume occupied by G and G, .) Under
the assumption that the 1nterga1act1c gas in Coma is dlstrlbuted

similar to the mass of Coma.
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Clouds in the Coma Cluster

It should also be pointed out that galactic motions -in clusters
would influence greatly the stability of clouds of cooler gas suggested
by Silk (1970) and Goldsmith and Silk (1972, referred to as GS).

These authors postulated a cluster clumpiness parametér

<25 _
C=—2 (13)
<2
where n is the’ particle density of H over the whole cluster.

Alternatively, "C'" is the fraction of volume of'Coma'actually Qccupied
by gas if thevgas is in clouds, and <nb2> is the average-of the square
of the deﬁsity. GS evaluate the possible Values_of‘C from the observed
properties of Coma, to see if enough gas would be in the form of cooler
- clouds to bind that cluster. They found that the most likely Value of
C is 100, that the typical cloud has radius of 120 kpc, density
C ny 2’10'1/cc and interﬁal temperature less that 1050 K. The cloud
as a whole is moving about the center of the cluster With the RMS speed of
the’galaxies; 1700 km/sec, so that clouds will not fall to the center.
The 1limits on C also take into account the condition that cloud-cloud
collisions are unlikely, and that relaxation of the cloud-galaxy system
would not evaporate away the galaxies in a short time compared to the
age of Coma. Howevér, they fail to account for galaxy—cioud collisions,
which occur ﬁith.frequency

v c coll

= 2 = . 1202 cae) -1 o
c hgal wR2V (13 « 10'%c?® sec) | (14)
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where Ngal ~ 3x 107?? galakies/cc is the densityvdf galaxies in the
centef'of,Cbma from ﬁnpublished calculations which fhe author has made
on Abell's data, including galaxies down to Moy of 18,
The. total energy released is DAt*, with DA given by Eq.(3):
, L
8.5 x 1059»Y§911-- ergs (15)
_ _ 107 : ~ , . |

wﬁich even for VColl = 2.5 x 10® could disrupt the'equilibfium of the
cloud; Certainly the recent'x-ray observations of Coma rule out the

possibility of cool clouds in the dense, hof}center.. The_ébdve consid-
erations of dynamics of galactic'motions probably rule out ihe-presence

~of lérge cloﬁds in the rest of Coma, too.

. _
A colllslonjlasts atime t = Rg/vcoll'
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‘Galactic Shocks in the General Field

In the general field gélactic wakes:and shocks-Were suggested
as possible important sources for the general heating of the IGM
(RS, Wéymanh, 1967). However detailed calculations, using the
techniques of Field and Henry (1964) for integrating back to?
arbifrary.Values of z, the red shift, show results quite insignif-
icant, in contrast to suggestions in.R5; RS in facf claim that the
oupput from a single shock would depend on a high powér of z,
1+ 2)13/2; while our calculations show a 5/2 or 7/2‘power
depenéehce." This difference i§ due to the use of'comovingvcoordinates
as oUtliﬁed in Field and Henry 1964, and part of the confusion érises‘
from the fact that at higher speeds the galactic wake»shocksbeéome
less effective, since.thé relevant parameter § scéies;inversely as the
square of the galactic speed, with respect to the backgrouhd gaé,-
which in many cosﬁological models increases:in-the past. (Peebles, 1971)
Furthérmore the bow accretion shock treated in Hunt (1971) aiso =
becomes less effective in the past as- the radius of éccretibﬁ'crosé
section also decreases, while the Mach number remains constant or
incfeases.*
Using parameters spggeéted by RS one finds an x-ray intenéity
today one or tWo orders of magnitude below that whichzis observed,

even taking into account the most favorable cosmological conditions

and indeed the speculative heavier galaxy models of Ostriker.-_

- - o
Taking the Mach number as the ratio Vg/Coo we are reminded that both

these speeds increase in the past with most cosmological models,
! !
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though ''reheating" models for the IGM would give even greater Mach

numbers in the past.

_Furthermore the actual fraction of the whole qniverse shocked,
whiéh’Caﬁ'be calculated from the RS models for a Variety'of drag cross
sections is <<1: the drag process cannot have affected much of space.
Finally one éan consider each galaxy as a heat sburce‘of strength o
, ber unit volume of space and integrate back in'time, fdllowing the

field galaxies‘as they speed up and move closer in space and noting
the various cooling processes available to the IGM (Ginzburg and
Ozerhoy, 1966): Again the heating éannot keep pace with either
freelfree éooling or the adiabatic cooling fromvthe‘éxpansion.
Furthermore the radiation from all shocks is not enough to even
maintain i§nization of the ICM at a lower temperature, a process
suggested by Rees and Setti (1969) and Bergeron and'Sélpeter (1970)"
in connection with qﬁasars and background UV radiation.

‘Therefore we must conclude that while galactic shocks and
dragiheéting Could, under certain conditions, play an important role
in the'tembérature and heat balance in clusters like Coma if is doubt-
ful whether such mechanisms would ever show any impoffance,on a large,

global s¢alé,
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FIGURE CAPTION

Fig. 1 Galaxy and Assdciated Shocks. Bow’shoék‘and wake (B and W)
when § = (ZGMG)/(V(Z;Rg) ~ 1 and yvhen § '«g 1/6 (B' and W').
For a galaxy of Mass " 10" My with a speed typical of that
observed in Coma § << 1, the wake, if ény, would be off

 the scale to the right. The galaxy is moving to the left.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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