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High Energy Processes in Clusters of Galaxies and the Origin of Cosmic Ray
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We test the hypothesis of a universal cosmic ray intensity by calculating the secondary ele
or positron production in the hadronic interactions of cosmic ray nuclei with intergalactic gas w
clusters of galaxies. We find that the spectral characteristics of the radio synchrotron emission by
secondary electrons is not consistent with observations of the Coma cluster. Thus the hypothe
be ruled out on cluster scales. [S0031-9007(96)00983-0]
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The origin of cosmic rays was one of the great unsol
problems in modern astrophysics before the advent of
Compton Gamma Ray Observatory (CGRO) in the 199
The difficulty of acquiring information on their source
is well known—the tangled magnetic fields in the Milk
Way Galaxy and in intergalactic space smear their arr
directions. Since high energy gamma rays (.100 MeV)
are produced in the interactions of cosmic rays with
interstellar medium, cosmic gamma ray experiments h
been suggested as a way of testing the hypothesis of
mic ray origin. One is a measurement of the Galac
Centric gradient of gamma ray emissivity [1] as there
more potential sources (supernova remnants) towards
Galactic Center. Another is the “Ginzburg test” [2]—
measurement of gamma rays from the Large Magella
Cloud where there is a large amount of atomic hydro
gas acting as a target for extragalactic cosmic rays.
ing the measurements of high energy gamma ray fluxe
the EGRET instrument on board CGRO, the Ginzburg
was performed for the Large Magellanic Cloud [3] and
the Small Magellanic Cloud [4], respectively. These t
analyses unanimously concluded that the cosmic ray in
sities within these galaxies are far below the local ga
tic value and thus ruled out the hypothesis of a unive
cosmic ray intensity, at least in the local group of galax

However, Dar and Shaviv [5] have recently argued t
the cosmic ray intensity may vary within galaxies, grou
and clusters due to local magnetic fields and the distr
tions of sources. The results from the above Ginzburg t
may thus be caused by the shielding effect of the local m
netic field on these two galaxies so as to exclude cos
rays. They suggest that the average cosmic ray inten
within clusters of galaxies be still high and approximat
equal to that observed locally in our Galaxy. A cons
quence from this hypothesis is that the high energy gam
rays produced by the universal cosmic rays in clus
could account for the extragalactic diffuse background,
that some gas-rich nearby clusters, such as Coma, Per
and Virgo, are marginally visible to the EGRET instr
ment. A similar conclusion was reached by Saidet al. [6]
0031-9007y96y77(8)y1436(3)$10.00
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more than one decade ago, but the available informa
on the gas distribution in clusters of galaxies was poo
that time.

This version of an extragalactic origin of cosmic ra
certainly has some merit and deserves further study.
it has been known for more than two decades, ac
galaxies are more powerful than our Galaxy in produc
cosmic rays [7] and since many rich clusters cont
active galaxies, the average cosmic ray intensity within
clusters could be substantially higher than that in the lo
group of galaxies. In this Letter, we test the hypothe
by calculating the intensity of secondary electrons (b
e1 and e2) produced in the interactions of cosmic ra
with intergalactic gas and the radio emission by the
secondary electrons, then comparing the emissions
observational data.

Diffusive shock acceleration is generally accepted
the working mechanism for generation of the bulk of t
galactic cosmic rays by supernova remnants [8]. Sim
acceleration processes are believed to occur in the lo
of radio galaxies and active galactic nuclei [9]. T
shock-accelerated particles have a power-law spectru
rigidity and the spectral index is 2 for strong shocks. T
ambient galactic cosmic rays are observed as havin
steeper power-law spectrum due to the rigidity-depend
diffusion which also leads to the escape from the Gala
It is easy to show if the spectral index at injection isa

and the power-law index of the diffusion coefficient in th
interstellar medium isd, then the spectral index of th
ambient cosmic rays isa 1 d for the case of diffusion
being the sole propagation effect. However, the cos
rays that escape (from the Galaxy by diffusion) have
same spectral index as that at injection. The cosmic r
(protons) in intergalactic space within clusters can eit
come from galaxies or be directly acceleratedin situ by
intergalactic shocks [10]. If we treat each cluster as
“closed box” for cosmic rays in this work, their spectru
can be taken as a power lawKE22.0, whereE is the particle
energy andK is a constant. This spectrum is flatter th
that adopted by Dar and Shaviv [5], that is,KE22.7.
© 1996 The American Physical Society
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In the hadronic collisions of protons on protons,
large number of pions are created via inelastic proces
Because of the involvement of the strong force, accu
calculations of the inelastic cross section and multiplic
have not been possible so far, particularly for the s
processes involved. Empirical approaches are usu
adopted for the formulations. Here we use all the availa
data from accelerator experiments to derive the ene
dependences of cross section and multiplicity. For thep-p
inelastic collisions, we fit the data [11] in the energy ran
25 2 1.7 3 106 GeV in the laboratory frame. The cros
section is derived as a power law of particle energy in
laboratory frame

s  25.7E0.08
p mb, (1)

where the proton energyEp is in units of GeV. A similar fit
to the charged particle multiplicity data [12] in the ener
range25 2 1.6 3 105 GeV leads to

jp6  2.25E0.22
p . (2)

For simplicity of calculation, we use the monoenerge
approximation for the pions generated by a fixedEp. The
average energy of the pions can be expressed in te
of Ep ,

kEpl sEpd 
2
3

kEp

j
.

E0.78
p

6.75
GeV, (3)

where k  1y2 is the mean inelasticity, and the fact
2y3 comes from the isospin symmetry, i.e.,2jsp0d 
jsp1d 1 jsp2d. The charged pion source function f
p-p collisions above the thresholdEth  1.22 GeV can
be derived with Eqs. (1)–(3), as follows:

qpsEpd  cnHnpsEpdjp6sEpdssEpd
dEp

dEp

 1.34 3 10226KcnHE21.90
p cm23 s21 GeV21,

(4)

wherec is the speed of light,nH is the number density
of target hydrogen, andnp  KE22.0

p is the differential
number density of cosmic ray protons.

The production of secondary electrons through the de
reactionsp6 ! m6 ! e6 has been calculated in deta
[13]. In the laboratory frame, the mean electron ene
is a quarter of the pion energy, and the electron sou
function is obtained as

qesEed  qp sEpd
dEp

dEe

 3.85 3 10227KcnHE21.90
e cm23 s21 GeV21.

(5)

The electron energy range is determined by the thres
energy (Eth  1.22 GeV) for projectile protons for the
lower limit and by the high energy cutoff in the proto
spectrum for the upper limit. The lower limit can b
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determined by experiment of positive muon decays. T
result indicates that the most probable electron ene
occurs at half of the muon mass, i.e., 53 MeV [14]. Th
is also an upper limit if the cosmic ray proton spectru
has a cutoff at1014 eV as commonly adopted for shoc
acceleration in supernova remnants. The estimate of
upper limit is rather more complicated as there are
or three pions carrying half of the total inelastic ener
Including this effect, we made a conservative estimate
the upper limit value to be about 180 GeV.

When applying the above formulation to electr
production in clusters of galaxies, the chemical co
positions of cosmic rays and intergalactic gas can
effectively taken into account by multiplying two facto
to the above source function, 1.3 for cosmic rays and 1
for the intergalactic medium. In the environment of clu
ters, the main process for the energy loss of the elect
is inverse Compton scattering with the cosmic microwa
background (CMB) photons. Since here we consi
only the nearby clusters, we can neglect the effect of c
mological evolution on the CMB photons. Let us defi
the ambient density of the electrons to bene, then it can
be derived from the transport equation

2
≠

≠Ee
s ÙEened  qesEed , (6)

where ÙEe  2.5 3 10217E2
e GeV s21 is the inverse

Compton energy loss rate in the CMB of energy den
0.24 eV cm23, from the Bethe-Heitler formula [15]
Integrating the equation overEe, we obtain the solution

ne  2.53 3 10210KcnHE22.0
e

3 sE20.90
e 2 E20.90

e,u d cm23 GeV21, (7)

whereEe,u  180 GeV is the upper bound of the injectio
spectrum.

The numerical value of the electron density can be
tained by normalizing the equilibrium intensity of cosm
ray nuclei in clusters to that of observed locally. Abo
2.5 GeVynucleon, the local cosmic ray (nuclei) intens
after demodulation [16] is0.138 nucleon21 cm22 s21 sr21,
thus K  1.47 3 10210 cm23 GeV. Another important
parameter,nH, can be derived from x-ray emission. F
the Coma cluster,nH is found to be a function of the ra
dial distance from the center of the cluster [17]. It var
from 3.0 3 1023 at the cluster center to2.0 3 1024 cm23

at angular distance400. InsertingK andnH into the above
equation, we have

ne  3.35 3 10212

µ
nH

3.0 3 1023 cm23

∂
3 E22.0

e sE20.90
e 2 E20.90

e,u d cm23 GeV21. (8)

In the GeV energy range where radio synchrotron emis
comes from, the spectrum can be well approximated b
power law with index 2.90.
1437
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The halo around the center of the Coma cluster
galaxies has been surveyed in radio emission at m
wavelengths. While our predicted electron intensity
sufficient for reproducing the observed radio flux [1
via synchrotron radiation, the spectral index is differe
The observed index is estimated to be1.34 6 0.06 in
the frequency range 10 MHz–1.4 GHz, but the predict
by the synchrotron radiation formula [19] from Eq. (8)
only 0.95. Furthermore, the observed index varies w
the distance from the cluster center [20]. At the brid
between the Coma cluster and Abell 1367 which is ab
2 Mpc from the Coma center, it becomes even stee
about 1.5. This spectral difference indicates that the b
of relativistic electrons responsible for the radio emiss
does not originate from the interactions of cosmic ra
with intergalactic gas as we modeled above, rather fr
the individual galaxies within the cluster. On their way
the intergalactic space, they lose energies and their en
spectrum steepens. A similar spatial variation of the ra
spectrum has been observed in the Perseus cluster [21
summary, the existence of a universal intensity of cos
rays which is comparable to that locally observed c
now be ruled out on the cluster scale and even on
supercluster scale. The cosmic ray intensity within clus
is indeed significantly lower than that observed in the so
vicinity.

An independent test of the hypothesis has been mad
Stecker and Salamon [22]. These authors refute it by u
a mismatch argument with the gamma ray spectra.
measured Diffuse Gamma Ray Background by EGRET
flat power law, possibly with a “concave” feature, where
the neutral pion decay spectrum is steep and “conv
featured. Such a test is universal in the sense that obse
gamma ray background is averaged over galaxies, gro
and clusters. Therefore the local variation argument of
and Shaviv can be dissolved.

Another possible test of the hypothesis of a univ
sal cosmic ray intensity is to look at the high ener
(.100 MeV) gamma ray fluxes from the nearby cluste
as detailed by Dar and Shaviv [5]. Unfortunately, the c
rent gamma ray instrument EGRET on board the CG
has a marginal sensitivity for these sources if the hypo
sis holds and so far the result has been null [23]. O
has to wait for the next generation of experiments. A f
ther test for the hypothesis can also be made by obse
tions of low energy gamma rays. As mentioned earlier,
main energy loss for the secondary electrons is the inv
Compton scattering with CMB photons, and conseque
the radiation energy will largely be converted into lo
energy gamma rays. For the Coma cluster, we estim
that the gamma ray flux in the energy range 50–200 k
1438
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be ,1025 cm22 s21. Although the current BATSE an
OSSE experiments on CGRO are not sensitive to this
level, the future generation of experiments will fulfill th
task. A result of nondetection from all the experime
will support the conclusions given here.
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