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ABSTRACT

A stud& is made of a model for the diffuse gamma-ray back-
gfound in which cosmic-ray interactions with the microwave
radiation at early epochs initiate an electron-photon cascade
whose end product is the presently observed gamma-ray sﬁectrum.

12 o

Cosmic-ray protoné ( at least those with energies above 10
are aséumed to be of extragalactic origin, and the shape of the
- cosmic-ray spectrum is assumed to be determined in part by

the energy losses on the microwave background, so that the gamma-

- ray and cosmic-ray spectra can be related,

Strong evolution of the cosmic-ray sources is required at
aziate which can be detérmined f:om the observed cosmic-ray
| - spectrum, Thé~mode1 parameters required to give the observed
spectrum are obtained, and the resulting model used to compute the
gamma-ray spectra expected, using both analytical and numerical

approaches,

It is found that the predicted gammaéray,spectrum in the
range i05 - 108 eV shows remarkably good agréement with the obser-
vations..Howevér a detailed—asséssment of the model indicates a
possibie discrepancy with observation above 107 eV, although
confirmation of experimental results must be awaited before the

theory can be rejected.
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1.1 Introduction.

above about 101

-

Chapter 1, A Review of Observational and Theoretical Aspects of

the Origin of Cosmic-Rays and the Diffuse Gamma- Ray

Background,

t

: In the quest for an understanding of the physical procésses occur-
ing in tﬁe Universe, the unification of apparently unrelated observational
data is an important way of simplifyiné the problem, and may lead to
greater insight into the evolution of physical systéms,and'of the Universe
as a whole, This thesis is concerned with an attempt at such a synthesis,
to reiaté the primary cosmic-ray speétrum‘observed at the Earth, the
diffuse gamma-ray Background, and, iﬁdirectly, the fact thgf‘powerfui

radio sources appear to have been much more numerous in the early history

of the»Univérse.

:

The theory developed here involves the following assumptions:

_a) the primary cosmic-ray. spectrum is of extragalactic origin at least

2 eV, b) the shape of the primary spectrum can be related

to interactions with the blackbody background radiation at early epochs,
(c)_that the sources of cosmic-rays (CR) were much more numerous in the
past, evolving in a manner similar to that of powerful radio sources,

(d) the gamma-ray spectrum is the end pfoduct of an electron-photon cascade

~ initiated by the interactions with the blackbody radiation, and proceeding

_via'further electromagnetic interactions with this and other radiation’

fields in extragalactic space. The derivation of this spectrum is the
main subject of later Chapters, the object being to compare the pred-

icted spectrum with the observational data.

To provide the framework and context against which this theory has

been developed, it is necessary to review current ideas on cosmic-ray
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origin, the gamma-réy background .and radio-source evolution. The

following sections discuss these.topics in turn.

1.2 Observational facts about Cosmic-rays.

The main observational data wﬁich can be used in arguing about CR

origin ( with reference particularly to the question of Galactic or
- extra-Galactic origin) will now be briefly summarizéd. The existence of
.a hiéhly isotroéic flux of extraterrestrial relativistic particles with
'energies ranging from léss than 100 MeV up to more than 1020 eV has been
estabiished usingAtechniques ranging from difect oﬁservation from space-
craft atnlow enefgies to extensive air-éhowers fér ehergies above 1014 eV.
‘A survéy of the-experiméﬁtal aata is éiven in the appendix to Chapter 2;
for the present section the important-féatures are:
=3

"(a)  The overall energy density is about 1 eV cm y mainly in the form of

nucleons below 10Ger About one percent of the energy is in the form of
eslectrons.

(b) The.spectral shape is of the form j(B) = AE_X ’ with'?”V2.5 up

to about 1015 eV,_beyqnd which a steepening to ¥ ~ 3, approximately, cccurs.
A power—iaw dependence continuing up to the highest observed energies is
consistent with the data. |

(¢) The flux is extemely isotropic, both at low and high energies. Below
1011.eV, the CR are isotropized by the interplanetéry magnetic field,

but above this energy the angular distribution should begin to reflect
that beyond the'Solar-System. Tﬁe;muon telescope experiment of Eliot (1974)
gives an anisotropy &= (Imax - Iﬁin)/(lmax + Imin) <2 1074 for a median
- energy 1.5 1011 eV, which implies a velocity of streeming past the Sun
less than 56 m s™', At the higg energy end éf the spectrum (> 1019ev),
where deflections by the Galactic field become small, no 51gn1flcant

departures from isotropy appear to have been found to date, although some

results of marginal significance have been‘clalmed (Bell et al. 1973,
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Krasilnikov et al. 1974, Hillas and Ouldridge (1975), Kiraly and White
1975). Further.discusslon of this point is given in Sec 1.3

(d)-Data on the chemical composition af enefgies between.1OOMeV and 100
GeV, in particular the ratio of 'primary' nuclei (C,N,Ofetc)'to *daughter '
nuclei (Li,Be, ,B etc, whlch cannot be primary since they are destroyed
rapidly in stellar. interlors), can be used to obtain the path-length in
grams A= fcf. y where P = density of the interstellar medium and T =
‘mean lifetime of CR in the Galaxy (see for example Meyer 1974). There is
,good ev1aence for a decrease of‘x w1th 1ncreasiﬂg energy, the mean value
being about 5 gm cm (Shapiro and Silberberg 1970). The ratio of pos-
ltrons to electronsican also be-used to obtain a similar value for A
(Fanselow et al. 1969). Another important result is the increase in the
number ef Fe nuclei relative-te‘C,N,O with lncreasing energy, above

a few GeV (Ormes et al. 1973).

(e) The lifetime of CR in the Galaxy follows from 3 provided we Xnow

P and inserting the typical Galactic density of 1 H atom cm-'3

gives
't~106 years. ﬁewever, it is ﬁncertain how much of the path length is
'traeersed in sqgrees, and it is possible that CR are eicluded from the
'denser elouds, so that this estimate may be wrong., A direct determination
of. the CR 1ifetime is required, and the decay of Be  (half-life 1.6 10°
years) is a possible 'clbck', since its aﬁuneance relative to other
secondaries will be higher fof small T than for large T . Extensive study
of the Be/B ratio:(which includes Be7 and Be9) has been made (0'Dell et

| al. 1973 ; Shapirc and Silberberg 1970), givinglt4<3—1o 106 years;
However, the validity of this result has been questioned by Raisbeck and

Yiou (1973) on the basis of the inaccuracy in our knowledge of production

cross-sectiong, and they claim that the isotopic abundance of Be 0 must

be determined for a reliable result.
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’ (f) The overall abundance distribution of elemenfs in CR at a few

GeV per nucleon shows strong similarities to the Solar System abund-
‘a;ces ( see e;g. revigw by Rasmussen 1975). In particular, the alpha-
particle nuclei c,N,0,Ne,Mg,5i etc. show similar abundance ratios. The
main differences are (i) an underabundance of H and He (normalized to
the C,N,0 grouﬁ), (i1) a lower even-Z to odd-Z ratio, (iii) aﬁ over-
ébundanceof fhe-elements Li, Be, B and- the sub~iron gﬁoup (z =19 - 25).
of _these (i1) and (iii) are mainly attributabie to propagation effects in
‘the -interstellar medium. The 'sou:ce; compositiéh and path-length dist-
ribution required to fit the observed abundances has been extensively

| stﬁdied. Shapiro and Silbérberg (1974) find that a function of the form
aN/ax = (1 - exp(f2.82‘2))exp(-0.23} ) fits a wide array of observed
ébundances, and the resulting sburce abundances are then generally

weil éorreiated with Solar—S&stem abundances (Fig 1, frgm_Shapiro and
Silberbéig 1974). A decrease of the rétio of CR to Solar-system abund-
ances with increasing first ionization potential has been poinied out
by Casse‘and Goret (1973) and by Havnes (1973). The possible interpret-

ation of this is discussed in Sec 1.3.

1.3 Galactic Theories of CR origin,

Calactic origin for the bulk of CR has been championed chiefly
by Ginzburg (1964, 1970 and refs. therein). It should be pointed out
at once that the CR electrons must be Galactic on account of their
short (‘-'108 years) lifetime in the microwave background radiation,

- 80 that_only the nucleon component need be discussed here, A general
problem which ariseé for Calactic models is that if CR propagate by
2.0 diffusion and are confined to the Galactic disc for 106 years, .
then an anisotropy greater than that observedfis expected (Speller et

al. 1972). Ginzburg and Syrovatskii (1964) developed a model in which
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most of the lifetime is spent in a spherical 'halo' around the Galaxy;
=3

8 - .
in this case T~10 years and p~10 2 cn “, and the anisotropy limits
ean be satisfied. However, the evidence for such a halo is equivocal,
and has not been observed in normal external spiral Galaxies (Lang and

7

Terzian 1968). Also,'the Be/B ratio suggests that t<10' years (éee Sec
'1.2(e) ). However, it now seems likely that particles diffuse in 1-D
along'stochastically wandering field lines (Jones 1971), and that the

' probablllty of observing a low anisotropy in this case, although stlll
small, is no more unllkely than any other value. Taking into account the
.random nature of sources (assumed to be supernq?e) in space and time,
:Diokinson and Osborne (1974) showed that the probability of observing

8~1O_4 is typically a few percent, so that an 'accidental' low value

cénnot be ruled out.

The‘most likely sources éf CR in the Galaxy are supérnovae (orig-.
inally suggested by Baade and Zﬁickj, 1934), fheir remnants, possibly in
association with pulsars, or pulsars themselves. A Galactic volume of
4.1066 cm3 (assuming a disc radius 15 kpc and thickness 1 kpc), filled
with CR to a densityrof 1 eV cm"3 requires about 6.1054 ergs in CR, 80
that 17 £~10° years, we require 6.10% erg yr! injected. Taking a

superndva rate of 1 per 50 years (Ilovaisky and Lequeux 1972), we need
~about 3.1050 ergs per supernova. This is of the same order as.the energy
content of supernové remnants on the basis of their sychrotron emission
iwae assume the local ratio of electrons to protons, viz. about 1% .
Perhaps the most convincing evidence is the recent observation of the
Vela SKR as a gamma-ray source (Thompson.et al., 1974); if interpreted
as the effect of pion-decay following CR - gas interactions, a total
CR contenf of about ﬁ051 ergs may be required, and if typical of other
supernova remnants, this is more than ‘adequate to supply the Galaxy at

the observed level. Another important clue is provided by the chemical

composition of CR. Nucleosynthetic calculations (Schramm and Arnett 1973)




indicate that the explosicns of massive stars (>8M,.), the probable

o)
nature of Type 11 supernovae, can produce the obsefved abundance ratios,
12 '

‘The C ° detonation model of Arnett (1969), which involves less massive
stars, appears to be ruled out as the principal source of Galactic CR,

since it burns the bulk of its. C and O to the iron peak elements.

The differsnce in spectral shape between iron nuclei (= 2.0 £ .14)
_and the lighter elements ( ¥ = 2.4 -~ 2.8) (Ormes et al, 1973) may be

a result of interstellar propagation ( VWebber et al. 1973, Audouze and
Cesarsky 1973, Meneguzzi 1973), but may alternatively reflect a differ-
~ence in the source for Fe nuclei (Balasubramanyan et al, 1973). - Because
the surface of neutron stars is believed to-consist principally of iron,

Ramaty et al, (1973) suggest that pulsarsare the source of the iron nuclei. -

Colgéte and Johnson (1960) examined the acceleration of particles
in supernova shock-waves., The underlying mechanism is the deposition
of hearly all the energy of a supernova in the expanding shell, the
velocity of which increases as it propagates into the lower density
suirounding medium, Relativistic velocities can be reached and a maxim-
un particle energy of 10" eV ( or 101 &V if plasma oscillation shocks
a?e considered) can be produced, with a spectral index Y~3. For a
i0-4 mass fraction ejected from a 10 Mo star, the energy available is

~2 1051 ergs, adequate to maintain the Galactic flux (Colgate and
white, 1963, 1966),Later calculations (Colgate et al 1972, Colgate

and McKee 1972) gave a spectrum y~3.1 and energies up to 1014 ev-.

Posgible evidence against-such a shock—ﬁave mechanism is provided
by the éecrease in cosmic-ray abund;nces relative to the Solar-System
;abundances with iAcreasing first ionization potentigl: thié suggests that
an electromagnetic rather than a hydrodynamic process is at work (Cassé

and Goret 1973 ; Havnes 1971, 1973).




) énergy injected in relativistic particles was 1045- 1049"5 ergs.
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Turning to the possibility of accelerating CR in pulsars, the most
important evidence,comeé from tﬁe observation that4the éﬁectrum of the
Créb nebula ié of powér—la& form from radio freqﬁencies up to the X - ray
bregion, strongiy indicating a synchrotron origin;'The very high enefgy loss
rates for the electronsvinvplveé, which have enérgies up to about 1-013 ev,

implies continuous injection of particles. The pulsar NP 0532 at the

"pentre of the Crab nebula seems a likely source for these elecirons, and

~ indeed the slowing - down rate of the Crab>pu1sar shows that its energy

loss is approximately equal to the required energy input for relativistic
pgrticles.'The acceleration may occur via the low frequency electromagnetic
waves generated by the pulsar (Gunn-and Ostriker, 1671, Ostriker aﬁd

Gunn, 1971). Tﬁe dynamiés of the eipgnding supernova zeﬁnant may be-gov-
érned by the pressure of relativistic particles which fill the cavity

léft by the shock-wave as it swéeps up the intérstellar medium (Ostriker
and. Gunn 1971). According to the fheory of acéeleration 5yrelectro-

magnetic waves (Gunn and QStriker, 1971), the energy reached depends on

-.the parameter v = eB/mcS), , where B is the magnetic fieid and JL is the

' frequency of the wave. In the immediatelvicinity of the.pulsar, where B

L~18

12 gauss, the energies expected are 10 =~ - 1023 eV during the early sta-

A0 'S
ges; ﬁhen‘% has fallen to values smgll enough té give 1 GeV particles, most
'of tﬁe pulsar energy has already been lost (Guqn and Ostriker 1969;
Kulsrud, Ostriker and Gﬁnn 1972). Such a mechanism may explain the high-
:eét energy end of the spectrum and a spectral index of 0= 2.5 is pred-
icted (Gunn and Ostriker 1969). TFor the low energy end, it is necessary
to bonsider régions mach farther from the pulsar, where. B is smaller, and
a possible site is the expanding supernova shell. Using the model for

a supernova remnant developea by Ostriker and Gunn'(i971) » Kulsrud et
‘al. (1972) showed that particle energieé of 109 - 10"® &v, with spectral

index ¥~2, could be produced., Although more energy goes into electrons

than protons, most of this is lest by synchrotron radiation. The total -
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- At the high energy end of the spectrum, where the deflections of CR
in thé Galactic magnetic field become progressively sﬁaller, there is the
possibility of distinguishing Galactid sources as anisotropies in the
anguiar diétribution.'A uniform distribgtion of sources in the‘Galaxy
éhould also lead to anisotropies on account of the different path-lengths
through thé Galaxy in different directions; this has been considéredAby

‘Karakula et al (1972) and Osborne et al (1973) using various field con-

figurations and data on arrival directions of CR above 1017 eV from the

Haverah Park and Sydney (SUGAR) arrays. These authors conclude that a

large fraction of the particles at these energies must be of extragalac-

tic origin, unless they are predominantly iron nuclei.

The most recent analysis of the isotropy of arrival directions has
been made By Kiraly and %hite (1975), using data from five air-shower

arrays, a total of 119 events above 1019 eV, The distribution of arrival

‘directions is shown in Fig 2. ‘An -analysis by Krasilnikov et al. (1974)

suggesteda significant 1st harmonic amplitude centred at R.A. 13h , with
a chance probability of 2,6%. This is in contrast to the analysis of 87
éhowers above 1.5 i019 eV by Linsley and Watson}(1974), who concluded thdt
the distribution was essentially isotropic; the difference was made

apparently by the addition of 20 showers from the Yakutsk array and 12

fromvHaverah Park. Atentative identification of the excess with the Virgo

cluster was made by Krasilnikov et al (1974). A different interpretation
in terms of Galactic centre sources has been given by Hillas and Quld-
fidgé (1975): fhe 13 h.peak is centred on 1‘= 0° (1 = Galactic longitude)
but lies south qf the Galactic plane, and the authors suggested that this
could be the effect of deflection by a field along the spiral arms (though

Kiraly et al,.(1975) point out ghat the field direction would have to be

oppositely'directed to that observed locally). "Kiraly and White (1975)
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jTable 1-1 Properties of main classes of Galaxy
. , . | p
Type Description | Example Number | Luminosity (ergs s )
' Density | Radio I.R. Optical X-ray
Mpc-3 ’
- Spiral | Normal - ' an=2 38 42 | 43-44 39
Sa - Sc | Hubble M31 10 1077 ) 107 110 10
Ellipt-| types M32
© ical 90% s =
"0 - E6 | 10% E
| -10 045 10%2(cyg 4)
Radio Often Cyg A 10-8 5 1044 : - 1046(Her A)
Galaxies| double, 10_7' ' 1043
centred on 10_5 5 1042
giant Elli- 10 -* 10
pticals
Seyferts| Small stellar .. | 1074 10 10% 10%2(4151)
nucleus. 1275 (NGC4151 )} =107~ o 1044(1275)
- | Broad emission 1042 '
tnes. | wieerzrs) .
1 . - ) . _
QS0's Stellar app- 30275 | 10 8.5 1045 1046 1045 46
earance. 10-7 1045 (3C273)
UV,IR excess 10j6_ ' : 1044
Large redshift )
Broad emission
lines




-16-

used Monte Carlo techniques to determine the~signifipance of the sugg-
ested peaks, and found that such distributions can be generated by
chance with quite high probability. It therefore appears that we must

await furtherAstatistics before conclusions can be drawn ffom arrival

‘directions.

If CR are of Calactic origin, then it is possible that the increase
- in slope at 3 1012 &v i§ related to an energy dependent mean free
patﬁ above this energy. Bell ét al (1974) used the observed distribution
6f radii of neutral hydrogen élouds ( 1 - 100 pc) and their associated
magnetic fields to predict this energy dependence} and find a godd fit
‘tb the spectrum ﬁb to about 1O17 eV, The model predicté lifetimes of

5 p)

only~3 107 years for CR below 101

eV, a value which would only be
consistent with the traversal of 5 gm cm-2 of matter if most of this is

traversed in the sources themselves;

1.4 DFxtragalactic Cosmic Rays.

Y

.The possibility of a Universe filled with CR protons to a density
_of 1 eV cm-5 , equal to that in the Galaxy, was originally put forward
by Burbidge.(196é), the most extensive discussion being iﬁ Brecher and
Bﬁrbidge (1972). The principal objections to such a hypofhesis were orig-
inally thought to be connected with the energy requirements - the mean
density of the Universe is about 10-1o_ergs cm-3 (if we include the
observed, luminous matter only, i.e. a density of'v10-7 atoms cm-3),
s0 that’é CR dengity of -1O-12 ergs cm.5 requires very efficient con-
version to high-energy particles. A contiibution of 1063 ergs per normal
Galaxy is required, Table 1 summarizes the properties of the main types

of Galaxy which populate the Universe. The most obvious candidates for

sources of CR are the powerful radio sources such as }¥87, which are known
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58 60

to contain a minimum of 10”7 - 107~ ergs in relativistic particles (the
estimates depend on the assumed proton to eleétion.ratio). If we ima-
giﬁé that all galaxies go through a phase pf-strong radio -emission, then
since the density of galaxies is 16—75 ém—3, we find an average CR
density of only ‘IO-'17 to ‘IO-15 ergs cm—3, much less than that required.
Brecher and Burbidge (1972) pointed out that since the energy calculated
in this way.is that for equipartition between field and particles, it
is'péssible that much higher particle fluxes (and hence much lower fields)
are present. éeyfert galaxies are another possible CR source; typical
Seyferts emit ‘IOAS-46 elrgs's-1 in the infra-red; corresponding to a
total output of 1060_61'ergs if their lifetime is 1O8 years, which is
the value suggesfed'by the fact that about 19 of all galaxies are Sey-
ferts and assuming all gélaxies go through a Seyfert stage. The IR
radiation probably originates in CR electrons via synchtr&tron or

Inverse Compton processes; a proton to electron ratio of 100 would

then give the required output of CR protons.

A classic test for extragalactic origin of CR protons is provided
by the interactions with the intergalactic medium, which will result
ip the prodﬁction of 7 o-decay gamma~-rays. The rate of production of
éamma—rays above 106 MeV for the local CR specirum has been calculated
by Stecker (1973) to be q(> 100MeV) = 1.3 10722 g1 per H atom, where
corrections for the presehce of He nuclei in the CR and the gas are

~included, Neglecting redshift effects (which introduce factors of

order unity), the expectaix-qay flux from the intergalactic medium is

=25 -1 w 2 w

3(> 100Mev) = 12107 oHy nyay (—B—s) ~ 10, B
411 ’ Vig wG

2 -1 -1

cm S 8sr

where Nicy islthe extragalactic gas Qen31ty, and Yo and L are the

~h !
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energy deneities of extragalactic and Galactic CR .respectively. Ho
is the Hubble oonstant (see Chépter 2), here taken to be 50 km g
Mpc-1.'The diffuse background flux reportea by Fichtel et al (1974) -
is (> 100 MeV) 21072 em 28 'sr™!, so that
m < -EL;EX:Z .

"o o Psm
’ Pence a closed Universe, with nIGN 10-5 crn-'3 would exclude extra-
galactlc orlgln, assumlng most of the matter was in the form of gas.
However, there is no evidence at present fo::any 1ntergalact1c gas
(Field, 1972); the deosity'of luminous matter is about {0-7 om—s,
and'this-ie low enough to allow Wp, = W.. This.test is thus ambigu-
ous, at least in the case where CR sources are assumed ﬁot to have
beeh more numerousvat-eariy epochs;_Models of the latter kind, inc-
luding the one developed in subseQuenf Chapfers, have more stringent

limits for the gas density (see Sec 2.9), but these are still within

the observational limits.

Another possible test involves.the detection of gamme-rays
from the Magellanic clouds (Ginzberg, 1972). Fluxes of the order
of 1077 em 25~ in gamma—fays would be expected ffom the interaction
| of exfragaiactie CR with the gas iﬁ the LMC and SMC; however, pres-
ent detection techniques can only put upper'limits“an order of mag-
nitude above this at present (Fichtel et al. 1974). As an alternative
to this method, ﬁoddo et ai. (1975) proposed that the gas in the
Gelactic anticenter direction be used as the CR detector, and showed
that. if CR are uniferm in the Galaxy then an excess of gamma-rays in
this direction is.predicted evenvfor a very conservative estimate of
the hydrogen density (Molecular hydiogen, which may constitue about

50 % of the total density, was not considered). Fig 3 shows the

predicted latitude distributicn of gamma-rays in the uniform CR case
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'et.311 (1974) for the same-regions is shovn. Only neutral Hydrogen gas-

B 1$‘1ncluded.,The extragalactic model assumes'unifnrm'CR infensity; the

Galactic model assumes a CR'variation of the form exp -(R-10)/2.44. (r

in kpc), which is an approximation to. the distributlon of mass density .

J:and also the surface density of supernova remnants. Solld lines: no all-

n_ owance for detector resolution, dashed liness Gaussian response with

o= 3 assumed (an approximation to that of SAS-II, Fichtel et al. 1974)

; From Dodds et al. (1975)
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compared with the observationazl results from SAS-2 (Fichtel et al. 1974).
It is possible that this provides the first conclusive evidence against

extragalactic CR at energies of a few GeV,

"~ For the very high energy CR, an important test of origin'is
provided by the onset of photomesoh production by interactions with

the blackbody radiation, the threshcld for which is ~5 1019 eV, The
20

. attenuation length rapidly falls to ~1O26 cm at 107" eV, so that

- we would not expect to observe CR of this energy from 'cosmological!

ey pe e bt . i e

distances (~1028

cm). The apparent absence of any cutoff in the-
primary spectrum above 1019 eV is often interpreted as conclusive

e#idence against the extragalactic origin of such particles,but Strong

et al. (1974a) have shown that the data is at present consistent with

a producfion spectrum of the form £F2'7? (differential) at all energies.
Fig 4 shows the ekpected gspectrum for a model in which we take an

expanding cosmology with H = 50 km s Mpc-_'1 and ﬁo =0,

the normalization being at 1O12 eV, The large statistical and system-

20

atic errors at 107" eV inherent in the data preclude the elimination

of such a model at‘present. In Chapter 2, we consider in detail a model

with sources evolving with epoch, and show that it too may be consistent

ﬁith observation,

It was pointed out by Strong et al. (1974b) that if CR production
is proportional to the density of galaxies, then the local super-
Qiuster'will dominate at 1020 eV, since the photomeson cutoff does not
significantly attenuate CR from the supercluster. Taking a supercluster
radius of 20 Mpc and é density of galaxies in {he sqpercluster 25 times
the average density of the Universe, it is found that such relatively
loqal'sources contribute about 10% of all CR below 1019 eV, but eventually

dominate at higher energies., Fig 5 shows a possible spectrum from such a
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.arrays. Production spectrum of form E-2.7

Comparison of expected form of a power-law CR spectrum,

attenuated by pair-production and photomeson production,

with experimental data from Haverah Park gH) and Sydney (S)
is assumed, and

normalized to data at 1072 eV, CR production rate assumed

‘uniform in expanding Universe with Hy = 50 km s=TMpc~',

Present day blackbody radiation temperature T = 2.7 K,
From Strong et al. (1974a)
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Fig 1-5WAM§56{EH giébtrum expected fég_extragalaétic origin assuming -

~ source density proportional to density of Galaxies. Curve E

shows the contribution from Universal CR (static Universe

~case), C and D the supercluster contributions iaking a super-
cluster fraction of 6% and 13% respectively. The total spectra
‘are shown as curves A and B. From Strong et al. (1974b)
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'sﬁpefcluster enhancement' model. It can be seen that the phofomeson

‘cutoff may be very much less than for the usual éxtragalactiC'models.

A more restricted type of extragalactlc model 1nvolves productlon
and confinement within the local supercluster {SC). The local SC is
- centred on the Virgo cluster of galaxies at about 18 Mpc distant (de

4

Vaucouleﬁrs, 1970), which contains about 107 galaxies and also the

powerful radio source M87. Brecher and Burbidge (1972) suggested that
since diffﬁsion‘out of superclusters is probably a slow process, taking

' 109-1o'years, a SC confinement model is more reasonable and at the same

time reduces the energy requirements by a factor of about 100.

If CR d6 £ill the Universe at the local energy density; then we
wouldiexpect them to be isotropic at all energies; On tﬁe basis of the
_low anisotropy at 1011 O12 eV, Elliot (1974) has suggested that extra-
galactic sources predcminate at least above these energies, with a
possible change from'extraga}actic to ‘Galactic origin at lower energies.
Such a change mey be supported by the apparent drop in the secondary to
primary ratio between 1O1o,and 1011 eV.(sée e.g. Meyer 1974); The

“evidence for anisotropy at the highest energies has been discussed above

(Sec 1.3), and does not at present arguo strongly for or against extra-

Galactic origin.
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1.5 ‘The'Gamma-ggl Background.

‘The existence of an isotropic, diffuse flux of X-rays and gamma-
rays is well established, and the éxperimental data relating to the
spectrum is reviewed in Chapter 9 as a prelude to comparis§n with
“the theor& developed in preceding chapters, As in the case of the
CR sﬁectrum, attention is now directed towards the main features of

current observations and theory of origin.

Fig 6 shows a compilation of the data above 10 keV taken frbm
Ch.-9. It is worth noting at once that a pbwer—law of the form Er2'1
provides a rough fit to the whole spectfum from 10 keV to 30 MeV,
althoﬁgh individual experiments give evidence of deviations particu-

larly in the 10 MeV region, wheré an excess maj be present. Above

30 MeV, the SAS-2 data indicate a steeper spectrum, roughly E .

It is possible that thé X-ray part of the spectrum (1-100 kKeV)
is due to intergalactic plasma at temperatures of 167'- 108 X and
densities of the order of the critical density (~1o'5 H atoms cm‘3)
required to give a closed Universe (see e.g. Schwarz and Gursky, 1973).
Sﬁch models can provide an adequate fit to the obéérved spectrum in
this range. However the exponential cut-off with increasing energy
‘ precludes such a mechanism as én explanation of the gamma-ray part of

the spectrum, whi¢h continues as a power-law up to much higher energies.

For this reason the thermal models will not be discussed further here.

The existence of large energies in CR elecirons in radio galaxies
sﬁggeéted one of the first possible mechanisms for the X~ and gamma-
ray backgrounds. Felten and Morrison (196%) proposed that the X-rays

were generated by the inverse~Compton scattering (ICS) of starlight
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photons by relativistic electrons in intergalactic space, With the
discovery .of the microwave background with its high.photon density
(400 cm-3 compared to perhaps 10 3 for starlwgnt), the role of
ICS had to be re-assessed, Felten and Morrison (1966) suggested that
electroﬁs leaking out of radio galaxies could expiain the X-ray back-
. ground in this way. Although the intensity expected on the bvasis of
' enérgy-equipartition betﬁeen particies and magnetic fields in radio
sources waé two ordefé of magnitude.too small compared tovthe observed
X-fay flux, the possibility that such equipartition is not valid can-
not be excluded (see Sec 1,3). The shape of the spectrum in this-
~model agfees roughly with that observed; both synchrotron and ICS
R ]
“processes produce photon spectra of the form j(EDaCEr 2 for an
electron spectrum with power law index )/ In the case of radio emission
the spectrum is generally expressed in the form I(¥ ) & ¥ % R (units
of Watts Hz™' sy )s so that o = (¥-1)/2. Since many radio sources
have. «~ 0.8, the corresponding ICS X-ray séectrum should be of the form
Er1'8, which is quite close to that observed above 10 keV. This also

implies ¥ = 6 for the electron spectrum, Whlcu is in good agreement

with measurements of the local electron spectrum.

An attempt to overcome the energy préblems mentioned above was
made by ﬁrecher and Morrison (1969), who showed that electron leaking
out of normal galaxies on a timescale of_106 years could provide the
obgserved X- and gamma-ray fluxes by ICS, They also related the possible
increase in the spectral index of the X-ray spectrum at 40 keV to that
observed in the radio spectra‘of normal galaxies between 500 and 1500
VHz, the_magnetic field required in this case being 4 pG  and the elec-
tron energies a few GeV, Their model took into account the dispersion
in thé radio indices and spectral break energies of galaxies, and used
an apprépriate lgminOSity‘function for the radio intensities. The

, spectral shape predicted was of the form E from about 40 keV 'up
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to 10 MeV (corresponding to electron energies up.to 50 GéV), and

~1.8

flattens slightly to E '~ at higher energies in the absence of elect-

. ron energy losses, which are expected to sfeepen the spectrum to E-Q'B'
at 100 MeV, This type of spectrum is obviously compatible in a general
" way with the observations as shown in Fig6. The ability of the éodel
to account for the detailed shape of the X—raylregion has been quést-
ionea'by Cowsik and Kobetich (1972); although Brecher (1973) has argued

that their criticisms are not consistent with the observed spectral

shape of the rédio flﬁxes,from;galakies.

Other theories designed to account for the éamma-ra& background
have assumed a_separate ofigin from the X-ray region. Siecker (1969a,b,
1971) proposed that ﬂ&-decay éamma—rayé from CR~gas interaciions at
high redshifts (z~100) could explain the background. The 7 -decay
spectruﬁ has a peak at 70 MeV, which in this case will be redshifted
back to ~ 1 MeV and canAthus produce the excess at éround this energy
which some observations have shown, A comparison of this model with
the data is shown in Pig7T. A gocd fit is obtained above 1 lieV, Unfort-
un;tély the maximum reshift for the proposed CR sourées is an arbvitrary

parameter with no theoretical basis at present.

Ancther possible source of 7t°-decay gamma rayg is maﬁter—antimatter
aﬁnihilation at high redshifts, which is expected to occur on the bound-
aries of matter and antimafter regions in the Omnes baryon-symmetric
cosmology (Omnes, 1969).Stecker et al.(1971) have shown that the spectral
shape is eésentially determined by absorption by Cohpton interactions
with intergalactic gas, which cuts off the spectrum below 1 MeV, and
by pair-production interactions with matter at higher energies. Fig 7
shows‘ﬁhié model compared with the data; the fit is exceilent, alth-

outh it should be emphasized that the normalization is arbitrary.
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1.6 The Evolution of radio gources and QSO 's.

Thevtheory for the gamma—fay background developed in later Chapperé
involves extragalactic CR sources which are supposed to ha;e beén more
- numerous (or mofe'powerfdl) in the past,.on a cosmologicgl time~scale,
Although these sources are not here identified with any particular class
of objecf,‘similar evolutionary trends are found in the powerful radio
sources,:which aré known to be sources of relativistic electrons, and

in the QS0 's, In this section, the evidence for such evolution will be

reviewed,

Using the techhique of radio source counts.(described below), it
wés‘originall& hdped that information on fhe cosﬁological-parameters of
.the Universe could be obtained; however, it has become apparent that none
of ‘the étandarﬁ posmologiqal models can reprqdqu'thé observed coﬁnts,
aha fhat they are dominated by evclutionary effects‘so large that only an
accurate physical quel of radié—galaxy development would allow the
cosmological variations to be distinguished. For the mbre limited
samples of objects which have éptically measured redshifts, the ‘lum-
inoéity—vblume.test can be applied, and as will be described later, this

‘shows that evolution also occurs in the case of the radio-quiet QSC's.

- Source Counts

Source counts determine the quantity N()S),‘tﬁe number of sources
per steradian haVing a radio flux density greater than S.(The differ-
ential formAN(S) is preferable given enough statistics, and this has
been used by Longair (19]4), but most earlier results are quoted in terms
of ﬁ()S) ). For Euclidean space and a non-expanding cosmology,.thé exp-
ected form NO(>S) for a uniformly dis%ributed population of sources with

luminosity function @ (P) (such that the number of sources per unit
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- volume between luminosity P and P+dP is /Q(P)dP), is easily derived.
A source of luminosity P is included in No( S) provided P/r2> S, so
the number of such sources is N S,P) = 41/3 ,O(P)(P/S)B/2 per unit

volume. For the whole population of objects,

N(>s) = g7/ fP(P) p/24p
| 3 s

This is independent on(P) (except for a normalizing constant), so that
a knowledge of this function is not neceésary in order to test the unif-

ormity of the source distribution in space.

Moxre generaliy, when the cosmological model is taken iﬁto account,
a more complex form of N(>S) is predicted, which depends on the spectrum
of'the'sources.because of the redshifting of the radio flux and which
involves the modified inverse-square law of.non-Ehclidean space (see
e.g. the review by Longair, 1971). The expected shape of N(8) is
étill independenf of Q(P),‘provided that this is not itself a function
of rédshift. Por this reason, the counts are usually presented in the
foi'x_n N(S) /NO(>s)."'Fne ir‘nporta.nt feature of such predicted source counts
is that without evolutionary effects all cosmological models predict v

a less steep slope than in the Euclidean dase.

Source couﬁts are now availgble at frequencies from 178 to 5000}z,
The moét extensive is that of Pooley and Ryle (1968), ‘the 5C survey at
408 Mz, which covers a flux range of 1072 to 50 f.u, (1 f.u. = 10720
|  Watts 2 Hz‘1;)-' Fig8 shows the form of N/NOA(from Longair, 1971). It
is.clear_tﬁat the slope-of the curve is higher than the Euclidean value

(=1.5 on a log~log scale), and is more like -1.8 at high flux densities.

Theré'is an excess of sources in the 0.1 - 10 f.u., range compared to the
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Euclidean case. FigB8also shows the prediction for a typical cosmol-
ogical modei with no source evolution (Longair 1971), which is_clearly
in conflict with the observations. The countis at other frequencies have
been summarized by Longair (1974). At 178 MHz ( the 3CR, 4C and North
Polar Survéys), 408 ¥Hz (5C and Parkes surveys), and 1420 MHz (wester-
bork, Greenbank, and Davis (1973) and Maslowski(1973) sﬁrveys) the
same feature of a steep slope at»high flux densities is found. At.

2700 MHz (Parkes) and 5000 MEz (Parkes and Greenbank) the distribution
is much flatter, and does not deviate- significantly. from the Buclidean

curve,.

Longair (1966) showed that the 3CR (178 MHz) survey was consistent
witﬁ,either density or luminosity evolﬁtion of the brigﬁtest sources,
with the form P(Z) (or P(z))d:(1+z)B, up to 2 maximum redshift z .+ Here,
the density is defined relative to co-moving volumes, i.e. volumes which
expand with the-Universe. Por the case of density evolution, the best
model had ﬁ?: 5.7 and 2, = 4 Models in which all radio sources evolve
were ruled out on the grounds that too many faint sources are predicted.
To obtain the rapid con&ergence below .25 f.u. shown by the 3CR counts,
it'was-necessary to restrict evolufion to sources with luminosity more
'fhan 1026'8 W Hz-1 sr-1 at 178 MHz, i.e. to the most powerful radio
sources, An independent restricti&n on the value ofrzm is provided by
the radio background, which corresponas to a brightness temperature of
20 2 7 X at 178 MHz (Bridle, 1967). Evolution of tﬁe form (1+z)6 would
give an excess backéround if zm> 3 (Longair 1971). prever the source
.counts do.not in fact require a sharp cutoff at 2, - it is sufficient
that the source density does not continue to increase significantly

beyond z . Rowan-Robinson (1968) showed that evolution of the form

exp (const.(1 - 11

n z)) would fit the data equally well.
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Luminosity = Volume Test.

The existence of a maximum redshift for evolution at z~3
indicated b&,thé}source counts strongly suggests a connection with
guasars, for which there apbears to.be a cutoff in the range z = 2 to
3, and this led Longair (1966) to suggést that the evolution of QS0's
ﬁgs responsible for the shape of the N(S) curve, To test this hypoth-
i esis‘requifes N(OS) for a sample -of radio sources identified as QSC's
but the number of such objects is too small for the source count method
to be applicable., However, since the redshifts of QSO's is known, their
spatial distribution can be determined (assuming cosmological.qrigin of
the redshifts), and this forms the basis of the 'Iuminoéity—#olume

test' (Schmidt 1968).

This test was devised to 6vercome the selection effects which
neceésaiily arise in the catalogues of QS0's, Sémples of QS0's identi-
fied by optical searches ('uéually by looking for objects with a UV
exceés) have a single. well defined limiting magnitude. However those
QSC's discovered_és a result of optical identifications of radio sources
havé a more complicated sélection effect, sinée the source identification
'is limited first by the radio survey limit and second ﬁy the 1limit to
which the optical identification can be made. The selection is further
complicated by the varying ratio of optical to radio luminosity in QSC's.
The luminosity-volume test overcomes this problem by calculating for
eacﬁ object the quantity V/Vm y the ratio of the volume V out to the
source distance to the volume Vm corresponding to the maximum distance
at which the source would bé detected and identified as a QSO., For a
uniform distribution of* sources in Euclidean space, the mean value for
fthis ratio for many sources,('V/Vm> y 18 0.5 , 'and larger values imply

a concentration of sources at large z .
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Schmidt (1968) applied the luminosity-volume test to-33 identified
3CR sources with S(178 MHz)> 9 f.u. and m . <18.4 , and obtained
<V/V 320,69 ; only six of the sample had V/¥_<0.5. The probability of

_thé result'occuring by‘chance was estimated to be only .01% (see also

" Rees and‘Schmidt 1971), and shoﬁs.that QS0's are clustered towards the
limits of fheir observable range. Schmidf (1972a) showed that density
Ievolutioh‘of the form ed)(1+z)6', or alternatively €£105t (where T =
light travel time to the SOurcé in terms of the age of fhe Universe)

up fo 2 = 2.5 is cbnsistent with the distribution of redshifts and
luminosities of this sample.  Pure luminosity evolution was ruled out
because of the large numbers of,optically.identified 0S0's at Mg = 19

with z)> 2.5 which would then be predicted.

Iynds and Wills (1972) applied the test to 31 QSO's in the 4C cata-
logue and obtained_(V/Vm)= 0.67 £ 0,05, in good agreement with Schmidt's

(1968) result, Fig 9 shows the histogram of values of V/Vm in this case.

It is of iﬁterest to see whether other classes of object apart from
QSC's show evblutionary effects. Applying the luminosity-volume test to
25 raéio galaxies.with known redshifts, Schmidt (1972b) showed that there
is little évidence for evolution (<fV/Vm)= 0.53 % 0,06), but the maximum
redshift measured was-only 0.25. Schmidt also attemptea to separate the
radio galaxies from the QS0's in the 5C survey at 408 Miz (Pooley and
Ryle 1968) by subtracting the expected contribution from ¢SC's according
to the evélutionary schemes obtained previously in Schmidt (1970) and
Schmidt (1972a), taking a ratio of QS0's to radio galaxies of 0.2 « The
.source-count-method was then applied to the remaining sources, and strong
evolution, similar to that suggested by Longair (1966), was found.

On the ofher.hand Schmidt found that the sharp changeover from no evolut-

. B . : o _1 - '. B
fon to strong evolution at P(178 lHz) = 1026 8w m2™! sr™! could not

account for the steep slope of N(>S) without overestimating the number




'Nufhber&’

I | I | |
12 -
ol 1
6 -
i -
2k _
ol R R
0 02 04 06 08 10 12
” o vfym

Fig 1-9  Distribution of V/V_ for 31.050's in the 4C catalogue
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- of faint sources,

The luminosity-volume test has been applied to samples of
optically selected QSC's complete down to magnitude 18 by Schmidt
(1970). A similar‘evqlutionary law to that for the radio QSO'é was

fou.nd‘ .

In conclusion, there is now evidence for thé-rapid evolution of
varioﬁ5~types of powerful sources of :adiation, and, és discussed in
ASec_1.4, such objécts must also be sources of energgtic particles,
This‘provides some juStifiéation for the assumption of evoiutipﬁ in

cosmic-ray sources necessary for the theory developed in later chapfers.'




1.7 Introductory description of the new model for the Gamma-Ray

_Zmackg:ound.

The model for the gamma-ray‘backgfound uses a model for the

shape of the primary proton component of cosmic-rays suggesfed by
Hillas (1968);.In the Hillas model, it is supp§séa-that CR primaries
are of extragalactic origin (in the 'Universal’ éense), énd that the
shape of fhe spectrum is related to the interactions with the blackbody
radiation at high redshifts. As an introduction to the more detailed
tréatment in later Chapters, a general description of the processes
responsible fof,the CR and gamma-ray spectra in the present develop-

‘ment of the model will now be given,

The spectrum of CR at production (only the proton component
is considered) is taken to be a power law with spectral index 7 ;
the total number of sources is supposed to increase in the past,
_ according to a law of the type (1 + z‘){3 y up to a maximm z_,
wheie 2z is the cosmological redshift, This is similar to the evolution
which seéms to occur for powerful radio sources and QS0's, as dis-
chssed in Sec 1.6 +Protons lose energy by redshift after production,
so that E = ﬁ%/(1+z), vhere E  is the energy at-production and E
is.the energy at the present time in the absence of other losses,
In addition, other losses occur due to inte;adipns wifh the black-
body radiation (radiation temperature 2.7 K, mean photon energy
6'10-'4 eV); the pair production process ( p +'U%br—9 D+ et + e ,
denoted PC) has a threshold at-1018/(1+z) eV, while photomeson
| production (p + ?sb-yp + 1 ) has a threshold at § 1019/(1+z) eV,
The PC process-is considered to be the origin of the increase in
spectral slope at about 1615 eV (the 'knee'); the position of the

‘knee .is determined by 2z and the change in slope by (3 . In Chapter
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2 it is shown that the paraméters 2. = 14,3 and 3= 4.4 give a

good fit to the primary spectrum in the range 1012 - 1019 eV,

:Tﬁe'gémma-ray spectrum, which-is the main subject of later
chaptefs, is a consequence of a photon-electron cascéde initiated
by the PC electrons; the cascade proceeds via two electromagnetic
procesées - Inverse Compton Scattering ( e + a‘bb—> e+y¥ ), and
‘pair-production (F+¥= et + ¢ ), denoted by ICS and PP respect-
i#ely; Initially both processes occur via the microwave radiation;
for Y-ray energies below 1014/(1+z) eV, PP cannot proceed in this
way, but the presénce.of the starlight background {photon energy
typically 1 eV)nallowsthe process to continue down to energies near
10" &V, Fig 1-10 showns schematically the typical energies and

the associated processes which occur in the development of the cas-

cade,

The model is examined in suﬁsequent Chapters as follows., In
dhapter 2, the p:imary spectrum is calculated for various parameters
of the model, and compared with observations., The 'ﬂq-décay gamma-
’r#y flux produced in low energy CR - gas interactions is also dis-
cussed here, since it sets important limits on fhe gas density all-

-owed in the model if it is to account for all CR protons abové GeV
énefgies. Chapters 3, 4 and 5 are devoted to detailed examination

‘_ of thé'PC, ICS and PP processes for use in the subsequent treatment

of the gamma-ray spectrum in the model. Chapter 6 reviews observat-
jonal and theoretical aspects of the various radiation.fields which
pley an important role in the model. In Chapter 7, the gamma-fay spec-
trum is calculated using apprdximations which show that the model is
fotenfially an explanation of the observed spectrum, Chapter 8 deals

with a detailed numerical approach to the spectrum, using more real-
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istic models for the starlight radiation fields, In Chapter 9, an
extensive réview of observational data on the gamma-ray background
is made as a pr.elude to comparison with the data and an assessment

of the viability of the model,
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Chapter 2. The primary cosmic-ray spectrum gg'the Hillas model.

Introduction.

This.chapter will be concernea with the calculation of the spectrum of
primary cosmic-rays in the Hillas model, and a comparison with fecent experi-
mental data., Since the model draws on certain concepts of cosmology; a briéf
summary of cosmological principles is given, in which the important paraﬁeters
are iﬂtroduced. A general aescription of the methods for computing particle
spectra.in‘evolving cosmological models is followed by their application to
the Hillas model, using both an analytical approximation, which gives useful
-insight into the form of the spectrum,_and also accurate numerical solutions.
A comparison with the data for energies above 1012 eV is then made; An-estimate
of the energy lost to electron pairs in (97,p) interactions is made on the basis
of the experimental and theoretical spectra, for use lafer in normalizing the
reéulting gahma—ray spectrum. Finally, the gamma—ray flux resulting from inel-
astic collisions of éosmic-rays with intergalactic gas is'calculated, placing

.seﬁere 1limits on the intergalactic gas density allowed in this model.

. 1.  Cosmological models.

The 'cosmological principle' that the Universe is, on a large enough scale,
homogeneous and isotropic, leads to the Robertson-Walker form of the line element

ae? = o at? - R2(t) _ar’+ r(d6% + sin°0 a¢°) | (2.1)
1=kr

_where r,8,$, are spherical'polar co-ordinates, and k=+1, 0, or -1 according as
‘space is open (hyperbolic), flat (Buclidean) or closed (spherical). R(t) is
o dimensionless scale factor, and is the same at all points for the same cosmic

time, t. Substitution of (2,1) in the Einstein field equations gives the follow-

ing two equations for R :
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(2.2)

iéz + 5533 - j\ =8nGe

R2 R

Qﬁ- +R2' '+k02 -A = -87er/02
= =2 =2

R R R ‘

where e is the’density and p the pressure.l\ is a constant of integration.‘We

aré interested in matter—domihated models in which the pressure is negligible

(the Friedmann models). In this case equations (2.2) give
QR =0 (2.3)
dt -

which is just conservation of matter.
. Zero-pressure models can be parameterized and written in dimensionless

form as follows (Stabell and Refsdahl, 1966):
(2.4)

= ATTGE2 s H =
3H

1

" .
Define q = =R P
RE2

Then equations (2.2) become .
‘ 2 2
= 30 (o~ a) = 3yl - q5)
2 2,2
kc3 = H039(3ob - g4 - 1)
R Y = ®% -
where subscript zero indicates present values, Substitution in (2.2) then
(2.5)

gives ’
‘ _ , '
+  (og - qo)%zﬁ + gy + 1 =30,

.2 ‘..
B, = 205 R
R 0

o

The '‘cosmological constant' /A will be taken as zero, so that % = 9 It is

often convenient to use the redshift z as the independent variable, rather

than t. R is related to z by
' (2.6)

. R =1
: Ry t+z
A photon emitted at time t with wavelength A will have a wavelength ),at a

later time t, given by ’
%) = N = 143 (2.7)
R(t A 1+ 2 :
Aing to t+ and t1. The variation of

where z and z, are the redshifts correspon

4 with t is given by (2.5) as

dt = dt - u .S
4t wﬁﬁ:%% Hy /(1 + 2QOZ)%(1A+_Z)2 o «(2.8)

Z
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2.2 Particle spectra in cosmological models.

In deriving paiticle spectra in an expanding cosmology, it is conven-
jent to use the flux defined in terms of co-moving coordinates (i.e. coord--
inates expanding with the Universe), j(E,z). This is reiated to the flux in

proper coordinates jo(E,z) by

3(8,2) = §(B2)(1 + 2)° | (2.9)

In thistﬁay the change of density due to the expansion is automatically
allowqd fof, and need not be included in the equationé for the flux, The dev-
elopment of the Spectrum'whén fhere are no catastrophic or cascade type pro-
cesses is described by the continuity equation in -energy space:

| %ﬂg * gﬂg [P %] oma (2.10)
where b(E,z) = dE/dz and G(E,z) is the source function defined as the £luk
‘of particles produced per unit energy range and redshift per unit of co-moving
volumqf Ehuéfion (2.10) can be.solved by integrating along a contour in the

(E,z) plane, this contour being the solution of dE/dz = b(E,2z) with initial

condition EKE% , 0) = E. Writing j'(E% , Z) = j(EXE% 42)y 2), SO that

24! - 9.-1') + o4 9_E) (2.11)
Iujg  dz)y  9E| dzlg
~Then equation (2.10) becomes
| aaj + 3 Qh) = G(E,z) (2.12)
Iz JE, -
. R - Z -
Multiplying (2.12) by the integrating factor exp [db| dz' allows the
‘ 0E
solution tobe written as ‘ L0 2,
Zn m
j'(z_,E )expfa_g dz' - j(0,E) = G(E,z')exp/ab dz" dz' (2.13)
m” O [o] A
. JE z J - JJE ” ,
o

o]
where E = E(E% ,z) and Zn is .the maximim:redshift from which particles are

generated.

The integral spectrum can be calculated more simply using the integral

source function G() E,z). Then S .
Z"'\
3(0 ’E) = fG() E(E  ,2'), 2') dz' ' (2.13a)

o}
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2.3 Solution of Fnergy-loss equation.

In the case of prétons losing energy by interactions with the blackbody
'rédiation, the .important prbcesses are pair-production &nd pion production;
Pair-broéuction is greated«in‘detail in Chapter 3, and the calculated energy
loss ratés shown in Fig.}-S are used in the present work. For pion production'
(i.e; the 'photomeson process'), the energy losses are taken form Stecker (1968).
The inverse total attenuétioﬁ lengths are plotted in fig 2-1, for a temperature
T5i2f7K- As explained in Ch.3 , the attenuation lengihs at any other femperature

can be obtained using the relation

[%%)Et.]” S8, T) - ME%O, T)-(%o)3 ' - (2.14)

where T = T (1 + z).

Using (2.8) and (2.14), equation (2.11) becomes

o L1z g, E (2.15)
dz T MECH+2),T) (T4 2q2)° T (14 2)

To solve this for EKE% y2) it is convenient to define E, = E/(1 + 2), since

~ then

(-1+z)_d__E1= dE - * E

dz dz - (1 + z)

and equation (2.15) becomes

. - 1 3 .
4B, _ cH ' . (1 + 2) : (2.15a)
rr (EH(1227‘, To) (1 + 2qoz) '

In this way, the energy losses due to redshift are automatically included..

Equation (2.15a) was solved numerically using a Runge-Kutta program.

2.4 Evaluation.of 9b
JE .

b 9| aE _Q_.[El_@]
g’E'z = Q_E{-:ZEZ - JE|, (Edz)_

©_ 1 4E |1+ d_|n 14E
 E 4z | Jmm, ET

A
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Fig 2-1

Energy losses for protons in a 2.7 K radiation field., The Inverse attenuation
" lengths are taken from Stecker (1968) for: . the phdtomeson production, and from
~ Chapter 3 for pair-production. Redshift losses for z = 0 and H = 50 km s-'1Mpc-1

- are also shown.
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and

S (e = J(myyE) - (2.17)
In the energy region (11), it is a good approximation to assume .that contri-
butions to the spectrum come only from z<.zu 3 above this redshift, energy

losses increase rapidly, so the contribution from Z‘>Zu is small.

. For enérgy losses by redshift only, Jb/9E| = 1/(1+2), and eguation (2.13

becomes - Z o ‘
J(0,E) = /G( E (1+2), 2)(1+z) dz (2.18)
0
where 2 ax” Zm for: E<B
=z, - for Eo) B

We now consider the case where the production rate is assumed to follow

a power law in (1+2), as in the models for radio source evolution discussed

in'Chapter 1, Then

&E, z) =  Bi (142)P BT (2.19)
14z (1+2qoz B
for a prodution rate of the form'B(1+z)ﬂ ETI , where B is a constant.
 Substitution in (2.18) gives 2, | |
50, E) = BHQ’E;X 145)? =9 145 © (2.20)
_ (1+2q°z z
For the case q = %, _ 0 :
. 4 i - -,1 -3’ ﬂ -y-% a
j(O,Eo) = B E_ [ (1+zm) -1] E<H
p-¥-2 | (2.21)
. 4 p=-%
©_ o _(Eth/Eo) 2 -1 B> B

p -3
For E%h> E% y 1.€4y just above the 'kink' in the spectrum, equation(2.21)

shows that the increase in slope is, for qj = 3,

_ O = 58 -0 -3)
Simiiarly,'for q, =0 (2.22)

AY =3B -7) .
Hence if the spectrum is parameterized by@r¢63} and Ek , the model parameters

/3 and z, can be found.
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Now since
-1
148 _AMéx . A e 3
E dz dz = (1+z)Z (1+2q z)
we have . ' '
. » . e o
dv| _ em 3 |1+ J 1nA (2.16)
JE|, ~ Z1+°z)2 (1+2qoz) JInE |z

‘Thenlogarifhmic gradient‘ Q/JlnE}k (/XB was derived from Fig 2-1, and is shown
in Fig'(2.2), for z = 0., The values for different z and energy E can be obtained
by reading this curve at E(1 + z). Hence to evaluateé)b/QEiz , the value of

E(E% ,2) is first obtained as described in Sec.2.3, and ther the functions

given by'Figs(2;1) and (2.2) are used:to evaluate the expression of equation

(2.16).

2.5 Analytical approximation for the proton spéctrum in the Hillas model.,

A good understanding of the way in which the spectrum depends on the model
parameters can be obtained using a simple analytical approach. The spectrum can
be divided into three energy regions, characterized by

(1) energy loss by redshift only for all z up to z_ . E%'< B,

(ii) energy loss By redshift up to some Z, after which the pair-prod-
| uction losses begin td become dominant. Eo> Ek
(1ii) energy loss by pair-production and photomeson production are dominaﬁt
for all z.
Here, Ek is the energy at which the change in slope ( the 'kink') in the prim-
ary spectrum is taken to occur. The value of z, for a given E% is given approx-
imately by |
| E (1 +2) = By, /(1 + 7))
where_Eth is the threshold energy for pair-productién at z = 0, approximately
7.1017 eV. Hence | A
(1 + 2 ) = Jr th/E)
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236 Comparison with the experimental data.

The experimental data on the primary spectrum is diséussed in the
Appendix to this Chapter. The data, presented in integral form, are summar-
ized in Fig 2-3. An estimate of the 'best' differential spectrum (from Hillas

1974) is shown in Fig 2-4.

The specéium in Fig 2-3 is well represented by a power law of index
F=2.5 for E<3.10"7 oV, and ¥+AY =3.2 for E>3.10"° eV. This gives for the
model, from equations (2.17) and (2.22) |

sz = /7.1017/3.1015 - 15.3 (2.23)
and 3 = 2(3.2 = 2.5) +2.5 40,5 = 4.4 (o =3) (2.24)

These values were usea as the basis of the calculations for:the model spectra
using equations (2.13) and (2.13a). The model with parameters given above,

and H_ = 50 lm s~ Mpc™! is taken as the'standard'model.

In comparing the expgrimental data with the model, it must be pointed
out fhat since only the profon éoﬁponent of the coémic-rays is considered in
theﬁmodél; it is the éroton spectrum data which should be used. However, the
presence of extrégalaéticlnuclei at energies below 10js eV will not affect the
spectrum of nucleons in the model, and it is the nucleon spectrum to:which
the data of Fig 2-3 refer. There is no- experimental evidence for the pfesénce
of heavy nuclei above 10.15 eV (the highest energy composition data being at
1012 eV, see Apﬁendix to this Chapter), so that the assumption of pure proton
composition above 1015 eV is not unreasonable.

'ThergpeCtrum calculated for the 'standard model' defined above im shown
in Fig 2-5, together wifh the experimental data of Fig 2-3. Normalizatisn

12

is to the data ﬁoints in the 10~ - ﬁ014 eV range ( i.e. those from the work

of Kempa (1973) assuming proton composition). Agreement is generally good
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‘ Comparison of experimental data with models with H =50 km 8;1Mpc-1,
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pe

2 U N N N N

' N A I"l'.l I
1016 1017 A 1018 1019

“,0_13. 0% '1015 |
' ' Ep (eV)

&

Fig 2-T » ‘
| Comparison of experimental data with models with R= 4.4, 2, = 14.3,

and  H= 25, 50 and 100 kn s~ Mpe™ !

10




~45-

the Hubble constant are ronghly-H = 25 - 100 km s-1Mpc-1, and the effect of

using these values in the standard model is shown in Fig 2-7. A decrease in

' H clearly makes the fit at high energies worse, while H = 100 km s 1Mpc 1,_
'by railsing the- high energy end of the spectrum by a factor of 2 relatlve to .

19 _ O?O

the 1ow energy end gives a rather better fit in the 10 ev range than

" the standard model,

2.7 _ The energy range 1019 - 1020 eV

-The presence of the photomeson cutoff is a problem in any 'universal'
model of cosmic-ray origin, and it is important to assess whether the present
model is consistent with the observations, taking into account the probable

experimental errors at the highest energles.

The differential spectra.: from the Héverah Park array (Bdge et al.
1973) and the Sydney array (ﬁell et al. 1974) are shown in Fig 2-8. For
comperison, the differential spectrum,.evalnated as described in Sec 2-2
" is shown for the 'standard model’. The spectrum has been normalized 1o the

spectrum of nucleons; in the 1012 _ 1014 ev range, taking E2J(ED = 1.5 106

cm'2s_1sr-1ev at 104 ev,
The standard model is consistent with the data in the range up to about
6.1019AeV. At higher energies, the predicted_spectrum falls below the Haverah

Park data, dbut is still consistent with the Sydney points. In view of the

- large errors, bcth'statistical and systematic, which are still associated with
the highest energies, the photomeson cutoff does not at present give a conclusive
"test of the theory. This is especially true of a steeply falling spectrum,

where errors in estimating the energy of events must lead‘to a flattening of

the experimental spectrum.
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2-8 Ebtimate of total energy in the ¥-ray spectrum from (¥, p) interactions.

The derivation of the ?f-rayispectrum which results from the cascade
initlated by electrons from (?’ D) interactions is described in Chapters 7 & 8,
The normalization of this spectrum requires a knowledge of its total energy
coctent, and this is best obtained by use of the primary spectrum studied in-the
preceding.Sections. We note that since the redshift energy losses are independ-
- ent of the form ( protons, electrons or gamma-rays) in which the energy is carr-
ied, the difference in energy content between the 'unmodified' proton spectrum,
which would be produced in the model in the absence of interactions with the
bleckbcdy background, and that'wﬁich is actually produced when the interactions

are included; is eqﬁal to the energy finally appearing inthe gamma-ray spectrum.

 This energy difference can be :.derived from the 'standard model' fit to
the data, shown]in Fig 2-5. For energies near Ek , this spectrum is adequately
represented by the two power—law approximation described in Sec.2.8 . The energy

content, expressed as a flux W, is given by
/(EJ (E) - E(E) ) dE . (2.25)
where j (E) is the unmodlfled spectrum w1th 1ndex‘Y and E is the highest energy
“contributing to electron palr-productlon. Since the Spectrum of protons is
steeply falling, it is sufficient here to assume E%—*co « J(E) has index
Y for ECE, and ¥+4Y for E>E . Then equation (2.25) leads to
W=E J>E)| ¥ _ I+ -1 (2.26)
: 7 =2 , HAY -2
From the standard model spectrum of Fig. 2-5, ¥ = 2.5, and Y+AY=3 .14, giving
_ 0 _ 15 . 5
W=1.1E j(? B). Taking the moder velue at § = 3.10°° eV, gives ¥ = 1.9 10
eV cm'-2 3-1 sr-1. The error on this value is determined by the uncertainty in the

primary spectrum, which would allow a factor of about 2 in either direction in

the normalizetion of the standard model. Hence we can take W = (1 - 4,10 ev cm

a1 -1
: 8 8r .
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2-9 Diffuse A -ray flux from interactions with intergalactic gas.

| If the Hillas model is taken to apply to all primary cosmic rays, incl-
uding fhose Iof"energies around a few GeV, then inelastic interactions with
intergalactic gas, producing 7T°-decay J'-rays, place severe observational
" 1limits on the densify of such gas allowed in the model,
The §-ray fluxi‘.rqm this prog:ess can bé calculated .fromv

10> E),) = c// j(B z)n (1+z)‘3« > EI(1+Z),E) dE.dt' (2.27)
where n is the gas density at z, j(B,2z) is the préton flux (for proper lengths )
at z, and o<(>Er ,E) is the cross-section for producing ¥-rays above E), by

protons of energy E. j(E, z) is given by

Z

j(E, 2) = Zm[gﬂiz;) , z,'] (%:_')(Hzﬁ g_:_' dz' (2.28)

where the source function is given by equation (2.19). This integral can be

evaluated to give

3(E, 2) = §(E, 0) (1+2)

2+ X (1+z)/‘]' IOS (1+)/3 ¥-0.5

l(11»2 )/3 -&- 0. 5
- ="J(E, 0) F(z) - (2®)
Equation (2.27) can be written in’ 1:heZ ‘form (usingn =n (1+z)3 ) .
I(> EJ) =n,cH H /F(z) (> EZ’ (1+2)) _dz o (2.30)
_— 2.5 .
_ 47t 0 (142)’

vwhere q(> E}) is the integral production rate of Y -rays per hydrogen atom of
tafget gas, evaluated for the primary cosmic-ray spectrum., This function has
been calculated by Cavallo and Gould (1971), and by Stgcker (1970). The shapes
of tﬁe function obtained by‘these authors are compared in Fig 2.9 . They differ
only in small details , although there is some discrepancy in absolute magnit-
uée. The most recent calculétion (Stecker, 1973) gives q(> 100 MeV) ; 1.3 10-25
£ 0,2 s-1 , and this value is adopted here., (The calculation of g includes
the.effebt of interactions of Helium nuclei both in the éosmic-rays and the

gas; normal interstellar composition is assumed for the Helium; this will also

hold for the intergalactic medium provided Helium is primordial).
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The function under the integral in equation (2.30) is shown in Fig 2-1@, for
the parameters of the standard model. The main contribution comes from z~5 . |
Iﬁtegrating under the curve and substituting in equation 2-30 gives

Iy(>100 MeV) = 1.0 10% n_ en? 57 sr”" (2.31)
The experimental value given by the most recent analysis of the SAS - 2 data
(see Chapter 9) is (> 100 Mev) = 2 1075 en~2 s~1 sz™1 (Pichtel et al. 1974).
Henﬁe the experimental value is violated if

n > 2107/ 1.010% .5 107 o

The significance of this limit has been discussed in Chapter 1.
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Appendix : Summary of GXperimehtal data.on the primary CR spectrum

abéve 1010 eV,

A large number of different techniques have been used to study

the primary CR spectrum, the principal ones involving direct detection
'by balloon ana satellite-borne experiments (mainly’for energies below
5012 eV) and by study of extensive air-showers (EAS) which is applicable
to primary energies ablve 1014 eV, The satellite experiment of Grigorov
et al. (1971) is unique in extending the direct observational technique
to energies above“lO12 eV. The energy ranges 1010 - 1014 eV, 1014 -
1017 eV and )1017 eV will be considered separately.

10" - 104 ev

The data on the proton and He spectra from balloon and satellite

2 eV, Fig A1

jonization-calorimeter experiments agree well up to 101
shows the spectra és determined by Ryan et al. (1972) and Webber (1973 .
and.refs. tﬁerein) using balloons, and Grigorov (1971) using the PROTON
series of satellites. Ryan et al (1972) found a differential spectral

12

~index 'J'= 2,75 £ .03 for protons (5 1010 - 210 “ &V) and 2.77 ¢ .05 for

Alpha-particles (5 1070 - 5 10" ev/nucleus). Grigorov et al. (1971)

12

claimed to find a steepening in the proton spectrum at 10'< &V, from

UE 2.7 to 2,2, while the all-particle spectrum shows no such steep~

12

ening but. rather a 35% drop in overall intensity at 10" eV. These

resulis would imply a predoninance of heaviy nuclei at higher energies,
wheih however is in disagreement with studies”of the ground level

* 4o w ratio (Kempa et al. 1974 and refs therein).
B B P A

The Goddard group has also obtained the iron spectrum in the 3 -

50 MeV range (Ramaty et al 1973), and a very flat spectrum with T=




-
-

s sr eV/nucleon|

-
<

-~ Log [E?j(E]particles cin_

| , -
m o~ /Grigorov (all particles) .
] <( Kempa [nuclei) .

({

&®
RS 4

Kinetic energy (eV/nucleon)

M Fig A-1
? Summary of data on the pfimary cosmic-ray spectrum between 109 andv1014 ev,
from Webber (1973), GSFC (Ryan et al. 1972), Grigorov et al. (1971)

e and Kempa et al, (1974). _ , o ‘
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2.12 & .13, compared with ¥= 2,64 £ .04 for the C, N, 0 nuclei,
was found, '

_ It_is'possible fo use information.oﬁ the sea-level mﬁon spectrum
to derive the p?imary nucleon spectrum, Ramana-Murthy and Subramanian
.(197é) find that the data is cénsistent with the Feynman scaling
hypothesis provided U=2.67, which is close to the value found by direct
methods. Using this exponent, the absolute flux of CR can be derived,
and4the results arenroughly in agreement with the Grigorov et al,
(197&) all-ﬁarticle spectrum assuming composition as at 1019 v,

Elbert et al. (1973) use the muon spectrum to derive the nucleor spect-

rum up to 1072 &V, and the agreement with the PROTON results is

good.

Another indirect technique is the study of the spectrum of nuclear
actiﬁe particles at various depths in the atmosphere. Kempa et al.
'(1974) used this method to obtain the nucleon spectrum in the range

11

6 10" -4 1013‘eV. The spectrum is consistent with that of Grigorov

et al. (1971), assuming 'normal composition' (the nucleon spectrum
is converted to that for nuclei with normal composition (that at

10"% ev) by multiplying by 1.55).

10" - 107 oy,

Above 1014:eV, direct methods of obsérvation are not possible
owing to the low couﬁting rates, and this region is exclusively studied
at present by Ems; The maximimum of shower development for this energy
range occurs at mountain altitudes ( 2 3000 m), and many experiments
have mgasured the ‘electron pomponént at such_altitudes. The data have

.been\summarized,by Kempa et al (1974). The highest mountain labor-




atofy is on Mt. Chacaltaya (5200 m), and experiments by Bradt et al,
(1965) and LaPointe et al .(1968) have determined the primary spectrum
in the range 1015 -5 1016.eV. Cther experiments have been located
in the Pamirs (3860 m ; Nikolskii et al. 1962), on Mt. Norikura
(2770 m; Miyake et al. 1962 and Kameda et al. 1960). The data from
_:thesé.arrays, together with that from Moscow State University
(Kristiansen et al. 1972) have been used 3y Kempa et al_(1974) to
obtain an estimate of the spectrum in the 107- 2. 107 eV range,
‘using a uniform conversion from size to energy. The result is'Shown
in Fig A2. These authors point out that there is an apparent increase
in intensity above that expected from a power-law eitrapolation of

the spectrum at lower energies.

Tﬁe existence of a rather shafp change in slépe ( the 'knee')
at aﬁout 4. 1015 eV is most clearly shown in the electron size
-spectra of showers, Fig A3, from Hilias (1974) compares the integral
size spectra'at various altitudes with predictidns based on a model

: 15

in which 7" changes from 2.5 to 3.3 at 4.10 ° eV (. the primaries

iwere assumed to have A = 10). The fit to the data is good. Above

16

1.6 10~ eV, the speétrum appears to flatten to 3? 3.0, consistent

with that which prevails at higher energies (see below).

Results from theAsea-level muon spectrum (which should give
a more accuratle primary spectrum than electrons on account of the
slower attenuation in the atmosphere and hence smaller zenith-angle
dependence) - are also‘reported by Kempa et al. (1974), and the results
for alternative multiplicify laws (no. of pionse< Ei and E%) are

shown in Fig A2,

A summary of available FAS techniques for obtaining information
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~ Fig A~-2 The primary spectrum above 10
‘ are assumed to be protons.

" Kristiansen et al. (1972);

2 eV, from Kempa et al, (1974). Particles

Chudakov (see Nikolskii 1962); Bradt et al.(1965)
Kameda et al. (1960); Miyake et al.(1962)
Lodz data, Olejniczak (1973); 10
Kempa (1973), nucleons; Kempa (1973), nuclei, composition as at 10 ~eV
Aguirre et al, (1973); Krasilnikov (1973); Clark et al. (1963);
Linsley (1973); S - Sydney array, Bell et al. (1974); H- Haverah

Park array, Edge et al. (1973)

Nikolskii (1962) ;
LaPointe et al, (1968);
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shower size, N

Fig A-3 Integral size spectrum of showers at various altitudes, For
: comparison, the expected size spectra for a power-law primary
spectrum with differential exponent changing from -2.5 to -3.3
at 4 1015 eV primary energy are shown. From Hillas (1974)
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Fig A-4 Differential shower size spectra for energies above 3 10 17 ev,
plotted to give a horizontal line for a primary spectrum E-3.
From Hillas, 1974. The size parameters S and values of are:

Volcano Ranch (VR) S=No. of electrons « = ,96
Yakutsk (Y) - S=No, of electrons o = .90
Sydney (S) S= No. of muons - o =1,07
Haverash Park (HP) @ S= Cerenkov signal « =1.04

600 m from axis
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about&fhe.mass cbmposition in this range‘has beeﬁ given by Vatson (1975).
The flaftening of the CR spectrum relati#é to that_at lower enérgies,
and the steep pr&ton spectrum suggersted by Grigorov et al, (1971)

would indicate a dominance of heavy nuglei af about 1072 eV i.e. jﬁst
before the 'knee'. However, most of the data are consistent with a

1

mass compostion similar to that ét 10 OeV (although uncertainty in the

. nuclear physics at these energies is a major problem). .
> 1017 eV

. The infofmation.in thié range is mainly from sea-level electron
and muon EAS measurements. The earliest.results ﬁere from-Volcanb Ranch
(aréa 8 km2; see Linsley 1973 for most recent reporf); the data are
being re-analyséé at present. The ﬁeasured parémeter is here the
‘number of electrons in the shower at ground;level, and this is also
measured in the Yakutsk array'(area 3.3km2 ; Krasilnikbv et al. {975)

which also uses the Cerenkov light signal,

The muon component is measured at the Sydney (area 45 km2; Bell

et 41, 1974) and Haverah Park (12 km? ; Mge et al, 1973) arrays. The
spéctral indices in the 1017 - 1019 eV range quoted in these papers are
T = 2.96= .02 and 'T= 2,17 £ ,03 respectively. However, according to
Bell et al. (1974) thé use of the same model to analyse the data leads
to almost identical primary specira. A useful compafison of the four
experiments mentioned above is given by Hillasl(1974), from which Fig A4
is taken. In each case, the quantityvs used as a measure of the primary
‘energy is plotted in the form 3(5)s™ 1 versus 5. ( §(5) is the
differential flux with'respect to S). The values of & for each exper-
iment come from model calculations, but are not very modél dependent. .

+1

The resulting plois are cbnsistent with j(S)SZ“ " = constant, which

is easily shown to follow from a spectrum 3(E) E-3 « However the




statistical errors become very large towards energies of 102O eV,

so that firm conclusions about the lack of a photomeson cutoff cannot
be made at present (see Ch. 1 Sec 4 and Strong et al. 1974a,b for

"~

further discussion of this point).

At.the pfesent time there is no fi;m.evidence relafing to the
mass1compbsition above 1017 eV. Méasurements on the fluctuations in
arrival times of particles at large distance from the shower axis
(Watson.and Wilson 1974) may indicate mairnly proton primaries at
i018 eV, but according to Hillas (1974) nuclei fragmenting in stages

in the atmosphere might produce the same effect.
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B discussed in the Appendix to Chapter 2, and the key to experimental.

~points is given in Fig A-2 of the Appendix.
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“up to about 4.1019 eV, where the photomeson cutoff sets in. A more detailed

discussion of the high energy region is given léter, using the differential
4spectrum. The model cannot account for the 'hump' in the spectrum which may

exist in the 1074 = 10" eV range. The existence of this feature is, however,

" a matter of controversy. (see Appendix for details), On the model, the spect-

_ral break at 3.1015 eV is quite sharp, a feature which glso shows up in the

electron size spectra of showers (see Appendix).,

: The effect of varying the model parameters from those of the standard
model will nbw be considered. | |
(a) Yériation of z .

This determines the position of the 'kink', as shown by equatioh (2.23).
However, the uncertaiﬁty in Ek , and the fact that the threshold energy for
pair-production is not sharply defined, allows some variation in this param-
eter, Fig 2-5 shows how the étandard ﬁodel is affected by changes of 20 to
Zn = 10 and to z, = 20. These exﬁremes encompaSS'roughly'the range allowed

by the data.

(b) Variation of /3

The change in slope of the spectrum at Ek is determined by this parameter,

but again some variation .is allowed by the data., Fig 2-6 shows the consequence

of-taking/B =3,0 and 6.0 as well as the standard 4.4. Agreement at the high
energy end is clearly not possible for values of /3 less than 4.4 , while

the maximum value consistent with the data is about 5.0.

(c¢) Variation of .

From equation (2.21), the flux below E is inversely proportional to
Ho_in the model, while above 1077 eV, it is independent of E_, since only
contributions fron smail redshifts are significant. Hence an increase in Ho

results in an overallj flatteniﬁg of the spectrum, although it does not

produce any change in slope near'Ek . 'The extreme experimental limits for

B T
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Chapter 3. Pair - production by Cosmic - ray protons ;g;g Blackbody

radiation field.

51 Introduction

The sigﬂificance of ‘the reaction a’+ p— p+ et + e (referred to
heréafter as PC), was first discussed by Feenberg and Primakoff (1948) who
were concerned bﬁ1y with interactions with photons in the optical range. With
the discovery of the microwave 5ackground radiation in 1965, Greisen (1966)

pointed out that PC would result in some attenuation of extragalactic protons

with energies above 1018 ev.

The threshold proton energy for this interaction is given roughly by the
requirement that the photon energy in the proton frame must be at least two
electron masses., Hence, for a head-on collision
| | | - 2¥e > om,
where £ is the laboratory photon energy. For a 2.7K radiation field, &€ = 2.7kT~

6.10"4 eV (see Sec 4.6) so that the threshold proton energy Eb th is given by
. ’

E = [5 102eV/6 10"4ev]mp - 108 oy

p,th
For higher temperature radiation fields with T = 2.7(1+z), the threshold is

reduced to 1078/(1+2).

The energy losses of protons by PC were treated in detail by Blumenthal
- (1970), using accurate expressions for the differential cross-sections. These

results provide a useful check on the differential production rates of electrons

from PC derived in this Chapter.
A rough estimate of the attenuation length )&c for PC may be made as
| 28

"follows. The interaction cross-section is roughly ¢xr§ = 610 _cm2, and

each interaction has inelasticity K»v2me/Mp'v 1073 . The photon density for

a 2.7K radiation field is 4OOAcm-3(see Sec 4.6), so that
_ , | _ -
1/ KnphO' 4 10°" cm ,
,Since,%Fisxof thewsame,order as the Hubble radius, attenuation by PC is only
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important on cosmological time-scales.

2.2 Différential reaction rates for PC.

Consi@er a collision between a high energy proton and a low energy
photon, with the geometry shown in Fig 3-1. E and € are the laboratory
'fra.me enérgies 'c:.>f the pro;ton é.nd'photon respectively, and 9A is the angle
’betweeﬁ their momenta in the laboratory frame. El Aand E' are the posit-
ron and electron energies in the proton frame, ©, and 6. the angles made
with the incident photon direction in the proton.frame. Since Ep »e
this direction is parallel, to a very good approximation, to the proton
momentum. The proton-fréme photon energy &' is given by.

£ = Jd1 +cos @) (3.1)

where [ = Ep/Mp.

The laboratory-frame energies of the electron and positron are given

by
E = §(E - 3p'cosb-)
, . (3.2)
= ' o '
E, 2’(E+ - /3 pcos +)
| where p_:_ and p! are the proton-frame momenta of the positron and electron,
~ and B o=(1- 1/2,2 )%. (As usual in this type of problem, the recoil

energy of the proton. is neglected, since it is only about 10-3 (=me/Mp) of

the electron-positron recoil energies).

For constant El y E'

' _
aE! = - ’3’/3 p! cos Oy : (3.3)
so that if we know the differential cross-section
. | L
%0 = f(E;'t,Qi,f)
dE:'L- d(cos ©; )
we have ,
’ ]
2 !
d = f(p , 0, ¢
38 a5, SELCARE (3.4)
F3 *

LN
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Fig 3-1. Geometry of pair-creation in a proton-photon interaction,

illustrating notation used.
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Fig 3-2. Maximum and minimum laboratory electron energies in PC

as a funétion of eleciron energy in proton frame (schematic).
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For calculation of electron spectra from PC we require the function
gPC(E , Ep) defined by
o0
. . [
gPC(Ee ’ Ep) =§_E <°n> PC ( ’ %) = 2 n(al )dEl. f(Eé 6,€) dE'e (3.5)
| 6
: &)

_ where E_L and E' are replaced by Eé since the process is symmetrical with

respect to electrons and positrons to a good approximation (Blumenthal,

1970).

The limits of integration on E! can be obtained from (3.2). For
the extreme values of Ee,at cos 6 = &1
b‘(Eé £ p4) (sinceB=1 effectively) (3.6)
The form of this function is shown in Fig 3-2. It is clear that Eé ,max

is limited only by the maximum available energy from the PC process, i.e.

Y
Eé,max = 6 = me . (5'7)
To obtain Ee nin * €uation (3.6) can be solved for E! to give
' - :
Ee,min %e [%.r%e + ”b,%e] (3.8)
, e e

Another restriction is that B> m, ; however the form of equation (3.8),
which ié‘ symmetric in Ee/'y m, and its inverse, shows that this is always

satisfied by the expression for E!
e,min’

The lower limit on ¢’ is that which allows production of an electron

| 1
at rest together with one of energy Ee,min s SO |
gé =m|1E, +7_r%e +  my (3.9)
¥ Me Ee

P
3.3  The function _i;(_Eé lgh £)

The cross-section_for PC after integrating over 9+ has been given

by Gluckstern and Bull (1953) as
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620— =o(r§p_p+ -4sin29~ 2EE + 1 + .5E2_ - 2E+E_ + 3
dE d(cos 8) —_— _ S
_ ok pEAA', | pg A:
+'p_2_-k2 *2E+.-
I  P2A.

£ 52E_sin29_ 5k + p2E, + 2E2(E4ED) - 7E-3EE -Eo4f

. 4 ‘ 2
PP, AN -
-2 . ) T . 2 _ 2
+k(E-EE -1)_ § 2 o o3k k(e k%) 2y,
A p+T [Si A T2 A.
S (3.10)
: : }
where |kl = _s'/me , A_=E - p'cos @' ' . T =k - p_l
. - - - » _' — -
. o ' 1
k = photon momentum in proton frame ,
| 2.
Y = 2/p_1n [(EE +pp_+1)/k]
(3.11)

y, =, In[(8 +5)/(E -3p,)]
§ =1n [(r.+p)/(1-p) |
The quantities in equafion (3.10) are all for the proton fra:ﬁe, the primes having
been dropped. Electron energies are in units of m, e '
Ve 2lso have &' = El ;+ E' Dbecause the recoil energy of the proton is
neglécted. Using equation (3.10), the integral (3.5) can be evaluated, but some
care is required in the integration over Eé since terms in the denominator Ain

“(3.10) approach zero in certain regions. Note that from eq.(3.2)
. _

| N A =& [rn, (3.12)
end that this is to be preferred to the expression involving a difference oftwo -
‘terms given in eq.(3.11) , when A’_is small, It is preferable to treat A'_ as the
primarj variable, and use |

. cos G_'_ = (E - A,_ )/p! (3.13)
Other tei'ms involving differences canAbe expressed in terms of'A'_ te .

" b2 2 j.i 2 L
.p+=/(£- E')" - mg = & +p! 2B
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? =% pr% 26 p! cos
) 1

1 - pt% 26 (B - p! cos 8! ) = 26'A-

Hence
T1 '2 IA' '
-p =2¢ _/(T+p+)
Y In (T + p})
, 26'A.

- Por large E; the denominator in the logarithmic term in y + becomes small,

(3.14)

'arid a better approximation is obtained using
_ 0 ) | ) .
LN ' 15 ' ', = '
E, - p, = (E"- p )/ (E} + 1)) m/2E!  for El) m,
2 = 1 L] 1]
) (2/p+) 1n 2E+' for E'pm,

(3.15)

y'_} = (1/p_;_) 1n (2E"+2/me

3,4 Tr_a.nsformation of Planck spectrum to a moving frame,

We require the distiibutionvn(é;') seen by a highly relativistic
particle moving with respect to the bléckbody radiation which is isotropic
fo;' fundamental observers ( i.e. observers at rest: relative to the expanding
suiastrétﬁm)._ In such g highly relativistic fraxﬁe the photon field becomes

a collimated beam along the direction of motion of the frame., The spectrum

n(e') is given by Y |
| n(e') = /n(&) P(el€') (1 + cos 8 )
: 3
since the photon flux seen 1§y the moving observer is proportional to the

relative velocity c(1 + cos ©)between the observer and the photon in the

laboratory (i.e. fundamental observer) frame.

Using eq(3.1), we have for constant €

| d&' = ¥& d(cos ©) -
P(e'le) de'= P(cos 0) d(cos 9)
PEle) = /2%

n(e') = /p.ﬁil £ ae (3.15)
~ ] 27 Tt ‘ S
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From eq.(3.1) we have
£, = o0

& = £/2r

The Planck spectrum has the form

ne) = (Vrnded) ‘c.z/(fo‘f/k‘U - 1)
kgiVing | | n(g') = _£ .kt dx
| | MBS 22 /: e - 1
ST é/22{kT » -
. £xr In(1-¢ /°°%) (;,17)

ﬂl‘ﬁ303 2y 2

}.5JABgsu1ts of calculations for PC reaction rates..

Using equations (3.10) - (3.15) and (3.17), the double integration (3.5)
was performed numerically fof values of Eb and E, over the range of interest
for the Hillas model, Both inner and outer integrations were evaluated using

Romberg routines. The resulting curves for gPC(Ee ,E%) are shown in Fig 3-3
18

20

- 1 : X X
for E% = 10 7, 10 9 and 10°" eV. The quantity E% S?C(E% ’ E%), which gives

the energy in a logarithmic inﬁgrval of Eg y is plotted 1p F;g 3-4.,

For use in the calculations on the gamma~-ray spectrum, a table of values

21 oV and E, = 1014 - 1018 ev.

o - 17
of 8pp Was constructed for E% =610 ' - 10
A routine for interpolating in the table allowed the value of g?c to be
evaluated rapidly for any E% and Ee‘ The calculations were done for T°= 2.7K,

but the values for other T can be obtéined a3 described below from the To

values,

} B .
3,6 Derivation of EPC( A ,DEP) for any T

Given the function<gPC(E% , Ei , I;)_ it is possible to obtain the

function for different T as follows. From equations (3.5) - (3.9), (3.17),

we have : N 0 g'-my
o » YN - £/2FKT\ -1, Vo
 EpglE, B, » T) = k 5 __‘E_3 In(1 - e )" de' | £(B E/E , €)dE]
' _ T 30 Yy s _ : Y
. _$4751. i: : _ Ty e
£ (tp)[za‘kf' - Ee,mm [::;)




LoglE/eV)

18

" Differential reaction rates. for the. PC process for various proton energies,

in d Blackbody radiation field with T = 2.7K.



13 % N
 Log(Ep/leV) |

The reaction rates for PC from Fig 3-3 multiplied by Ei to show the

distribution of energy in electrons, as described in the text.

18
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since 0' = ‘G'(Eé , Ee/Ep) from eq.(3.2).

Writing x = £/2F kT gives

0

gPC(E , E , 1) = kT (2kar) x In(1 - e"‘)'Tf'(Eé/E , 270 kTx) dx
Z T
2 {Q(Ee/ )/Jﬂ?'

oc R(E,/E,  ET) (3.18)

Therefore
Bpo(B, » By o T = T/ g o(B/T, BT, ) (3.19)

which can be obtained directly from the tabulated function g?C(E ’ E% y T )

3,7 Attenuation lengths for protohs for PC in a Planck radiation field.

The attenuation 1ength)¥c= (1/E5_ dEp/dx)-1 can be calculated from

g?c since' ﬁgm@
:ifp . E, gPC(E , Ep) dE, (3.20)
dx
: JAmg

The form of PC for T = 2,7K is shown in Fig 3-5. A uéeful check is

obtained by comparing these results with those of Blumenthal (1970),

and the agreement is found to be good.

The variation of A with T can be obtained from eq.(3.18) :

_ ' ~dmg
(1/E ) aE /dx o E T/TﬁE /ﬂ' ) 7 F(Ee/b ,E T) dE /E

2my
= TBF(ET) | (3.21)

In this integral, the contribution from the range of E% near the upper

limit is very small, so that the variation of )\i" with this limit

can be neglected.
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Fig 3-5 - S

Inverse attenuation lengths for the PC process in a Blackbody

radiation field with T = 2.7 K.
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Hence )
W . ¢ 3 s
NelBy 0 D = (/1) RAET/T, 4 T) (3.22)
This form of )?Lis as expected, since the.density of photons is proportional
to T3, and the fractional energy loss per collision depends on E'QQ%@EiT )
' e

froﬁ eqs.(3.1) and (3.2)

3
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Chapter 4. Inverse Compton Scattering on a_Blackbody radiation field.

4.1 Introduction

The collision of a high energy electron with a low-energy photon,
resulting in the transfer of energy to the photon, is known as Inverse
Compton scattering (1CS), by analogy with Compton scattering, in which

the photon transfers its energy to the electron.

- This process was originelly discussed by Feenberg ;nd Primakoff (1948),
in connection with the interactions of cosmic-ray electrons with starlight
in the Galaxy and in extragalactic space. The possible signlflcance of ICS
in producing the X - ray and gamma~ray backgrounds, by scattering on the

" microwave background, was .pointed out by Felten and Morrison (1963,1966),

who give a useful account of the theory of ICS applied to astrophysical

situations,

In’the present Chapter, expressions are derived and evaluated for
the differential reaction rates for ICS on a Planck radiation field, which
are used in the calculation of the ¥-ray spectrum in Chapters 7 and 8.
Attehuation léngths and the mean energy transfer aé a_function of electron

energy are computed from these expressions.

4.2 Kinematics of ICS.

Fig 4-1 shows the notation adopted here, with

E, s D energy and momentum of electron before collision
Ee1 R 261 " 1] " "after "
£ o k " " " vhoton before "

Ey . , -1-(-1 " ’ " " ‘ after "




N

Fig 4-1. Geomety of Inverse Compton Scattering,. illustrating notation

used,



o angle between momenta of electron and -photon initielly

@  angle of deflection of photon
°<‘ ~ angle:between incident electron momentum and outgoing photon
momen tum,

From conservation. of 4-momentum :
- P.+tk=p+k
Elimihating the energy and momentum of the outgoing electron :
2 2 2 .
-(_ge+lc_-g1) + (E, + & -E,) = mg
ioeo A Eeﬂ . -, Eaﬁ - EeEa‘ - Be'.ls + Be.l(_1 + 1{_01_(_1 = 0
Writing 3 = D/E, &ives
' Eje - Eyf - EE, - pE £ cos +pEeE)cosr(1 +£Eyco8 0 =0

ie. Ey, 1 - Beos® | (4.1)
' € 1 - Bcosx, + £(1 - cos 6)
e

. In the special case of an electron at rest, {3 =0 so that the usual

Compton formula is obtained :

B ' _ 1 ’ - (4.2)
I 1+'§-(1-cosG")

m
e

where dashes denote electron rest-frame quantities.

We .require Eb‘_/Ee in terms of the electron-frame qua.ntities..Using
= ' .
E, ’JE),U + [ cosx })

-&lves

. - E'/me (1-A+ /3 c030(1' | (4.3)

. E;
e 1+;1" (1 - cos 6')

e

In the case of .interest foi‘ the present work, we always have I D1, so

" that o(.i_ is very small for all but a négligible fraction of the photons

for an isotropic radiation photon distribution in the laboratory frame. -
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This can be seen as follows. If the components of phofon momen tum
parallel and perpendicular fo the electron momentum are denoted by
k,» kX , k, and kj in the laboratory and electron frames respect-
jvely, then _ | |

k! = ¥ (k, -pk) = Pk(cosx = p)

ki = k= k sin«
so that té.n»(‘ = k' = sin %

| 134 2’(cos«> - p)
In the laboratory frame, one half of the photons _have «>90; and in
the electron frame _these'electrons are contained in a cone of semi~
angle «', where

ta.ne( ' = -1/7&
_ Thus even for electrons of a few GeV, with 3’~2000, most of the photons

have *'~180° , i.e., the collision is head-on in the electron frame,
In this case, oq‘= ' - ' =6' - 1800, so that coso(; = -cos 0',
and equation (4.3) becomes

Efmg, (1 - o0 9") for ¥»1 (4.4)

_ i
e T+ E(4 . cos o)
Me

- We can now distinguish high and low energy limits for eq.(4.4). Since
Je(1 - pcos) »
‘clearly EJ/Ee - 1 for 72,»"16

. 2 .
and Ea"v 7 . . for s« m

A Blackbody radiation field with T = 2.7K has Em—"lO-3 eV, so the
~changeover from low to high energy domains occurs at electron energies
e (5 109)2/1073 = 2.5 10'4 eV, Above this energy, the electron irans-
fers most of its energy to the photon - the process is catastrophic,

while.at lower energies, the energy losses become more continuous,
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4.3 Differential reaction rates for ICS. B

The differential cross-section for the Compton effect is given by
“the Klein-Nishina formula, summed over the initial and final polarizations

. gtates. In terms of electron-frame quantities, the result is (Jauch and

Roﬁrlich, 1955) 1

do r2 (E')2 g B _ sin2G'J (4.5)
= S

where r_ = e2/mc2 and dY' = 27rsin 8' d6'
‘It is convenient to write this expression in terms of the fraction-

al: energy ‘transfer to the photon in the laboratory frame, v = E, /Ee .

It follows from eqs. (4.2) and (4.4) that

B -
e 2
and sin20' = 1 = cosQO' = am, v ) - mg ( v )
, , £ 1=-v g2 V1 =-v
For constant € , from eq.(4.4),
dv=dE, = 2'/m, sin @' = €fm, (1-v)? sin 0" 6"
, ’ ‘ ' _ 2
[1 + &£/m, (1~ cos Q')]

Hence from (4.5)

m, + (1=v) + 1| dv (4.6)
1=v -v/¢ 1=v|

_do'=T\'r§ (me/g') l:(_v__)lg; - 2(1_v_)
2275e

for 0$v<me

To obtain the differential reaction rate g;, = d/4E, < m>IC(E2‘ , Ee)

we can use the expression for n(€') derived in Sec(3.4), eq. _(3.17), to

give
8rc(Ey s E) = e %_
N 2?53

v) ;“J:e ' '(1-‘,) i -1—-1-;:]

o« In(1 - exp(-g' /2XxT))” 'ds' (4.7)

M"’ c&sr\)
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Er'nin is obtained using the upper limit for v for given g' from eq.(4.6) :
£ pin = Ze(-) (4.8) |
2 \1-v

Equation (4.7) can be written in dimensionless form as foilows t

Put y = g'/2%T , y_ =m (_y__)__m___  (4.9)
| " 2° (T-v) 2B kT
so that ¢' =y m, (Vv
y_ 2 |1~
m
Then
. 2 '
&ro( By ’Ee) = Mr, (kT)B. 16(1-v) Yy ( +v° I, =yl + ynle3
7T11}‘13c3 v . 4(1-v)
| » . (4.10)
where I, =~ f1n(1 -e) dy
Im
_ op _
I, f_j_ln(‘l e’) ay (4.11)
. Ym
o
I, = ifi~1n(1 -eY) ay
3 2
y d .
. Y |
The functions I1 - I3 were evaluated numerically using a Romberg routine.
Evaluating the constants in eqs. (4.9) and (4.10) gives
y, = 303107 v for B_ in eV
ET 4(1-v)
(4.12)

203 i
Tr (KT)7 508 1074 00 on~!

'772ﬁ303

Approximations for vy large and for y small.

For large y, the integrals I.]‘__3 can be done analytically. Thus
.4

I,- fydyaeym

)~ (4.13)
Y Y

0

f eV dyy e Ym

Yn y2




~70-

Hence the terms in I, and I3 in eq.(4.10) cancel for y» 1, and the

reaction rate‘is given by

gic(EI , E ) = 6,31 10 -9 2 [2 + TXE] _crrf-1 (4.14)

E -V
e

For small y,. -ln(1-eY)- -1n(y), so that.

I, =-1n(y) dy =y (1 - Iny,)
| - | (4.15)
I, -y "in(y) dy = -(1n y,)°
) 2
13—) -y ln(y) dy = —.;_r (1 + 1n ym)
m

For ym<'0.1, the integrals were evaluated using egs. (4.15) over the range
' . with y‘<A0.1, and then adding the contribution from y> 0.1. This gives
I, =3ny)% +0.659 (4.16)

I = =(1+ Iny)/yy  + 2,07

The results of numerical evaluations of the ICS reaction rates are shown
in Fig 4-2 for Ee>1015 eV and Fig 4~3 for Ee<’1015 eV, In Fig 4-2, the

‘quantity plotted is giC(E) ’Ee) v(1-v)‘against (1=v) on a logarithmic
scale. This gives a true indication of the distribution of energy in the

.scattered gamma-rays, since dv = =(1-v) d(1n(1-v)), so that equal areas
on the graph correspond to equal energles. Similarly, in Fig 4-3, the

quantity & (Ey , E) v2 is plotted against v .

These graphs clearly demonstrate the energy regions discussed in .
Sec 4.2, viz., the high energy region (E > 1014eV) in which the photon

takes most of the energy, and the low energy region in which Ea,«fEe.

*Afteflallowing for the logarithmic vertical scale of the graph.




o .1 | |  |  1 | | L

T 102 (1-v) 107 o
99 99 v 9 0
Fig 4-2

Differential reaction rates for ICS for E, » 1015
mltiplied by v(1-v) to show the energy distribution

of the scattered photons.
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Fig 4- ‘
_ Differential reaction rates for ICS for E% {'1015 eVy

in: this plot multiplication by v2'shpws the energy dist-

ribution in ‘the scattered photons,
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4,4 The Gamma-ray spectrum for a unique target photon energy in ICS.

The differential cross-section in the form of eg.(4.6), and the

elecAtron-frame' distribution of target photons, eq.(3.16), together give

the following expression for the mean differential cross-section

for
an isotropic digtribution of photons of energy & :
- ave
'gp:= dO’P(E'IE) de!
S
. S
2 il 2
=M% (me ]Q v)')'(me) - Z(V) e + (1-v) + _l_] ds*
- ey 1-v| &' 1-v
Do v
A 1-v
= 11 m2 2 © 2
nr, e [ v(2-2v1§;l 2 v In e v (v ),: D
2722 B, 2(1=v) 1=v e 1=v ~ \d=v 22¢
+2 [1ov + 1) M| | (4.17)
1=v m,

The range of validity is given by eq.(4.4) as

0\< V“\< AVZZm
1+ 432,/me

For 7£<2me y V~1 8o that eq.(4.17) can be approximated retaining only

- terms of first order in v. Putting x = mev/47£ we get

(="

> = 27 r2 By
——— 0 -
v

2
1 4+ x =2
d 2’2(

+ 2x1n x) (4.18)
This agrees with the form given by Cowsik (1973)

The mean energy of the Compton scattered gamma-rays can be obtained
from eg.(4.18) :

- f (1 +x -2x° +2¢ 1n x)x dx
x =40 :

= S 1 :
Jf1 (1 +x -2x° +2% 1n x) dx ¥ (4 ?)
0

- Therefore ‘<E3)'= 4/3 7{%5 s a8 given, for example, by Ginzburg}and
Syrovatskii (1964).
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4.5 Total IC cross-sections for a unique target photon energy.

Integration of eq.(4.6) over v gives the total cross-section for ICS

for-given'fixed_e'. The result is (see for example, Jauch and Rohrlich,

11955) + |
| 0 .
o (') = 2nr 1+ w [2u(1+w) In(1+2w
0 3 ( el 1n(1+2w)) + o
- (143w) (4.20)
(142w)2

where w = g'/me .
For gLQ_O, eq.(4.20) reduces to o = 8/3 Trrg ,  the usual Thompéon

cross-ééction. For €'»m, ' R

S 21rr [_ n 1+2w , In(eow) _ 3.
v w 2w l4w

=’ e [1“ 2L 4 3 , . (4.21)
(o] 6' me . R

For an isotropic field of photons.of energy ¢, the average total cross

section is obtained using (3. 16) ,
] 1 ]
o= mrl fﬁ_de_l (m%ﬁ_ +%) a5

25 & & e
2 - ' |
- Mz m, [141 ; %] (4.22)
}f_ me .

This expression gives an approximate check on the results for the (3

interaction lengths on a blackbody radiation field derived in the next

vsection.

. 4.6 . Interaction lengths for ICS in a Blackbody radiation field.

The interaction length ﬁm,(Ee) is given by

0
’ch(Ee s T) = o-n (Ee ’ T) =\[°(£") n(E') de' (4-23)
. . (+]
where o(a') is given by eq.(4.20) and n(€') by eq.(3.17). The results of

a numerical evaluation of éq.(4.23) are shown in Fig 4-4, for T = 2,7K,
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At low energies, the result is equal to 1/0&N s where N is the number

density of blackbody photons and ¢

= 6.65 10722 cm2, the Thompson cross-

section, N is given by
: ©

N 1 e %ae = ()’ [ Pd = 2.404(k1)’
112ﬁ3c3 e f—/k? -1 | ﬁQ-K3C3 X - 1 7T2'ﬁ3c3

[o I8

= 20,3 T3 photons cm-s.
For'Tv= 2.7K, N = 400 cm-s, so that X = (6,65 10-25 . 400)- 3,76 10 cm.

For the high energy limit, using eq.(4. 2h),

’>\ - 1.53%5 1013 oy for ’XE » m, (4.24)
108 : 1n [ - %) N .
m
. . ’ e
. The mean energy for a blackbody distribution is given by
) | .
x3dx 4
kT | ™% ' Tk
' = ae2- 1 . E’lg_" 2.TKT (4.25)
_ x_dx -404
, ex -1

. o .
Using this value , and N = 400 cm—3 in eq.(4.24) gives the curve shown in
in Pig 4~4 ( marked 'approximate formula') . It agrees with the exact

solution to about 104 at 1015 eV but rapidly diverges below this energy.

~ Using eqs.(4.23) and (3.17)y and changing the variable of integration

to x = £'/20kT, we find that A (B, ,T)< Px a function of ET.(cf. the

case of the PC process, Sec 3.7). Therefore the function‘XICS(E ) To)

can be used to obtain A IS for any other Ee and T.

4-7 Mean energy transfer in ICS on Blackbody radiation,

For approximate treatments of energy spectra from ICS, it is useful

to use the quantlty VICS , the mean fraotional energy transfer to the photon,

weighted according to the approprlate reaction rate:

fE s 1E,) 4B,

=

rE

(3
e g gI-C(Eb, yE)) dEy

byl=

V1cs

This expression was evaluated.numerically,.using.eq,(4.7)_forqgic.
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‘The results are shown in Fig 4-5, foi Eé =10 - 1017 eV, and T = 2,7K.

. For comparison, approximations for ;iCS are also shown. In the low energy

1limit, using eqs.(4;19) and (4.25) gives _

- -15 | ,
Vicg = 3.2 10 . E% for E% in eV, and T'= 2.7K.
= KE :
e (4.27)

This is very close to the accurate calculations for'Ee‘S'1O13 ev,
In the high energy limit, it can be shown that (Allcock and Vdowczyk, 1972)

- _ _In(2e'/m) - 5/6 (4.28)
105 In(2¢'/m) + 1/2

~ This follows from taking the appropriate mean at fixed ¢ ', using eq.(4.6).

For the case of head-on collisions, g' = 2Ee£ /me , &iving ;iCS = .52,

.74 and .86 for E% - 1015, 1016 and 10" ev respectively, taking for € the

mean value given by eq.(4.25). Alternatively, using the value for g'

obtained by averaging an isotropic laboratory distribution over angles:
-

£ [ (1 - cos 6)%in0 a0
O .

<ED) = £

]f(1 - cos ©) sin © 46
0

gives ;&CS = .44, .71 and .81 for the E  values above. The approximations
6

agree with the accurate results to within 10% for Ee) 10" ev,
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Chapter 5., Pair-production in photcn-photon collisions in a blackbody

radiation field,

5.1 Introduction

The vimpcrtance of the pair-production process X+ ¥— et + 7, here-
after denoted by PP, was first pointed'out by Nikishov (1962), who treated
interactions of gamma-rays with the starlight fields in the Galaxy and
metagalaxy. Soon after the discovery of the microwave background, Jelley
(1966) showed that PP results in se§ere‘attenuatioh of ¥-rays of energy
abo?e 1014 eV over distanceé of only tens of kiloparsecs, More detailed
calculétions.were carried out by Gould and Schreder (1966,1967a,b), who
give analytical expressions for the interaction lengths on.a blackbody
radiation field. Allcock and Waowczyk (1972) give expressions for the
mean energy of the outgoing electrons for é unique targét photon energy '
in the high energy limit, assuming head on.collisions. In the present
work, the spectrum of the outgoing electrons for interactions with a
bléckbody field is reéuiréd, and to this end the differential reaction-

rates are calculated as described in the following Sections.

5.2 Kinematics of PP.

It is convenient to work in terms of center-of-momentum quantities,
which will be denoted with an asterix. Consider the collision of two
photons of momenta p, and p, and energies EJ and £ , with E3,>>£ . Let
the angle between the momenta be « in the laboratory ffame, (Fig 5-1).
In the C.M. frame. the total energy is ZEi , and the total momentum is

zero, so that

i A
Ey = 276% since E » ¢ (5.1)

Transforming the electron energy into the laboratory frame,

K IR *
E, = Z;(Eg - P, cos 6 )




C.M. FRAME

- Pig 5-1. Geometry of pair-production in 'U;3~ collision, illustrating

'notation used,
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B * % ’
== (1~ 2 )
S (1 Eﬁ cos 9.) o  (5.2)
N '
where 6 is the angle between the C.M. direction of motion and the

electron momentum J.n the C.M. frame,

- Using the invariant square of the 4-momentum, ’
*N2 2 2
(28)% = (Ey +£)7= (g + py)" = 2E,£ (1 - cosw)

so that K

£ - \/Ea,E (1 - cosw) - (5.3)

e
2
For an isotrépic photon distribution in the labo_ratory,
- *, ¥
P(Ee)’ dE, = P(¢) dt =% sinX (1 - cos«) d «
From eq.(5.3), ‘

aE.
T == E—;é . 3 -cosw.)-% sin«

P(E) = [‘—_5_6_ (1 - cos ) /2

i Substituing from eq.(5.3) we get

) ¥* )
P(E:) = 4 for oéE:\< E'xe. (5.4)
_slgj

5.3 Differential reaction rates for PP,

The differential cross-section for PP can be derived using covariant

quantum electrodynamics (see Jauch and Rohrlich, 1955), and is given by
C ) - 4 4 * X2 2 2. %| ., * %
2 m 1-fB"'cos™® + 2(m_/E )°B°sin“6 [sin6 46
2axr e e/ Te .
2 E*
e

(1 -52 cosze*)2 (5.5)

* .
where /3 = pe/E: « A factor of 2 has been included since we do not dist-

‘inguish between electrons and positrons in the present work.

“We require the cross-section in terms of the fractional energy trans-
fer to an electron, vPP.’v Ee/Ea' . From eq.(5.2), )
' *
= - (5.6
Vo (1 ﬁcos@). | (5.6)




*
cos @ = 1 = 2v

Differentiating eq.(5.6) for constant /3

av = B ot o ac”

2
*
Putting x = Ee/me gives
. _ | 5 ‘
2 1
a8 o]
do orr 12 1 (1= (1-2v)" + _2 <2 (5.7)
av - ° ™ > >
. x° 16v(1-v)

Integration of eq.(5.7) over v gives the total cross-section for fixed

Ee:
2

* mr, . ' o
o () = = (1-7) [(3—ﬂ4)1n%§- - 2p(2- .2)} (5.8)

which agrees with form given by Jauch and Rohrlich (1955).

~In the high energy limit, this reduces to

% ‘ :
o (E) = ﬁrg (21n2x - 1) (5.8a)
and in the low energy limit to™
* 2
o (B) =7ri3 - (5.8b)

The differential reaction rate gy(E, , E,) = d/dv: on (E_, E,) is
given by o0

' do” (E
8pp(E, 1Ey) = ]ﬁ'\"r( e

* £ + -
where n(E,) is the distribution of one type of electron (e’ or e ) in

Egy E:) n(E:) dE*e‘ (5.9)

the C.}. frame, n(E,) can be obtained using eq.(5.4) and ne) =
(1/ﬂf2ﬁ3c3) 82/(exp(8/kT) -1)

n(E,) - f;(E: , € In(€)de
' 2

¥*
Ee /EB' o
%3 _E: /BT
o o1 “Te kr (1 -e ) (5.10)
{ 4(2h303 E2 -

e ) .
* - . * B ' ) ’
Emin is obtained by solving eq.(5.2) for Ee with cos 8 = 1, giving

. _x¥ m
E, = . e

min ——
» 2/ v(1-v)
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. 2 ' n
‘Introducing y = B, /EFkT y Y, = E%kT. (=)

and substituting in eq.(5.9) gives

2 (om3 |
2 rS (kT) 1 . )
gPP(Ee y EU) a 01—2 575 16v(1-v)ym[m - %)I1+12ym-l3ym]
i h'c _ _
| , : : (5.11)
where I, ,I, and I3 are given by eg.(4.11) and the constant by eq.(4.12) .

The reaction rates for PP were calculated numerically from eq.(5.11)
.and-the results are shown in Fig 5-2 for E. = 1014 - 1017 eV, For Yy

and I, cancel, and I.— e °m so that

large, the terms in I2 3

1

- gpp(By By ) = grrs (k1)° (1 - 2v(1-v)) ye¥m  (5.12)

5.4 Interaction lengths for FP on blackbody radiation,

The interaction length )PP‘ given by

N 1 ‘
op = «[o gop (Bg s Bp) v (5.13)

8 oV, and T = 2.7 K.

is shown in Pig 5-3 for B = 1T 107 - 10
Also.shown is the approximation obtained from éq.(5.8 ), assuming that
=€ ; 2.7kT, N = 400 cm"3 , and assuming head-on collisions so that
EZ = JE;- . The error inveolved in using these approximations leads

to values about a factor of 2 above the accurate values.

As in the case of ICS, the interaction length for different T is

obtained from

App = (/D7 NE/T, ) ) (5.14)

5-5 Mean energy trgnsfer for PP.

The mean fractional energy transfer ;}p to the more energetic of
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Pifferential reaction rates for the FP process

for various gamma-ray energies, as a function of the

fractional energy tranfer Vop to one of tﬁe e1ectrons.
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Interaction lengths for the PP process on a Blackbody
radiation field with T = 2.7 K., Also shown is the app-

roximatiop using eq. (5.8) for head-on collsions and

& radiation field with unique energy 2.7KT = 6 1074 V.’
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the particles in the electron-positron pair was calculated from )

Vop = f% Vop gpp(Ee » By avyp - : ; (:5..1_5)

Since 8pp is symmetric in Vpp and (1-VPP)’ the mean fractional energy
transfer to the less energetic particle is (1 - ;fp) . Using eq.(5.11)
for Epp ? the numerical results are shown in Fig 5-4 for E% =T 1013 -

1018eV.

Equation (5.7) can be used to obtain an approximation to ;}P for

B
unique E, in the high energy limit, the result being (Allccck and

Wdowczyk, 1972), for head-on collisions,

2lnx = * | (5.16)
21Inx + In 4 -1

Vpp = 311+

The value given by eq.(5.15) is also plotted in Fig 5-4 for the case of

head-on collisions with photons of energy 2.7kT.

5.6 PP and ICS treated as a single process.

PP and ICS can be treated together as a single process in which
the initial photon produces two photons of lower energy. The mean

energy transfer to the higher energy photon is

1 = |
2 f Vpp V1c(EyVpp) 8pp(EYpo By ) dvpp
% ' (5.17)

1
f 0 &pp( By By ) dVpp

Vpp'1C

Changing the limits in the numerator to O and 3 gives the expression for

the lower energy photon. The result of a numerical evaluation of eq.(5.17)

is shown in Fig 5-5.




are for the more energetic eléctron. The mvvuo.stm.&wob_‘, .m.w<mu by

eq. (5.16) ias also shown.
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Fig 5-5 The mean fractionai energy. loss by gamma-rays for combination

of PP and ICS processes. The curve is for the gamma-ray prod-

uced by the higher energy electron of the pair.
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Chapter 6. The Electromagnetic Backgrcund Radiation - a survey

of Observational and Theoretical aspects.

6.1 Introduction.

The previous.Chapters have discussed the‘ppysics of the interactions
Qf cosmic~-rays and gamma—fays with the electromagnetic radiation fieldé
which ﬁay eXisf in extragalactic spaée. It is therefore important to
discuss the Observationgl evidence,Awhere it is available, for such
baékground radiation, and to examine theoretical ideas op the background
where it has not yet been observed. In fact, evidence for a cosmic
photon‘flux only exists in the radio gﬁd microwave regions of tpe spect-
run -‘shortwafds-of '1mm only upper liﬁits are available. The rédio
background 1ongward of about 10 cm is not of interest in the present
work, so we shall discuss._ flrst the microwave reglon (10 cm - 1mm) ,
then the farbinfrared ( around 100 microns ), and finally the near infra- .
red, optical and ultraviolet bands (10 microns - 100 % ). Experimental

and theoretical fluxes are summarized in Fig 6-1.

6.2 The Microwave Background,

Observations,

The first evidence for a large isotropic microwave flux was found
by Penzias and Wilson (1965), at a wavelpngth of 7.35 cm. Their result
cprresponded‘to a blackbody temperature of 3.0 x 1.0 K. Subsequently
many more ground?based experiments have confirmed that the spectrum is
.blackbody in form, with T near 2.7K, up to a wavelength of 3.3 mm, rougnly
the peak in the Planck spectrum, The departure from the Rayleigh-Jeans
~ part of the Spectrum (for which i ¢7/) is shown in the shortest

'wavelength results at 3.3 mm by Boynton et al (1968) and ¥Millea et al.
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Summary of experimental and theoretical fluxes for the integrated back-

~ ground radiation. , ' S

—— Lillie (1972) $ Kurt and Sunyaev (1967) [) Roach and Smith (1968)
Sudbuty and Ingham (1970) ~—g— Harwit et al. (1965) A\ Lillie (1969)

3 McNutt and Feldman (1970) (see also Pegbles 1971) ¥ Hayakawa et al (1969)
LT(1) and LT(2) - possible contributions from Seyfert galaxies,
from Low and Tucker (1968). 1 = model 1 of Tinsley (1973).
A 2,7 K blackbody specirum is also shown, with recent results by

" Robson et al. (1975) in the millimetre band (© 2 © o),
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4 (1971). At-shorter wavelengths, ground-based observations are not poss-.
ible because of the absence of sufficiently transparent atmespheric
windows, and it is necessary‘to use either detectors on balloons and
rodkets, orAthe.indiredﬁ.method of interstellar molecular absorptioh
lines. Bortolot et al. (1969) obtained T = 2.83 + 0.15 K at 2{64mm ,
using CN absorptiog lines in fOphiuchi. Othei results from this method
- have so far given only rather high upper limits, but which limit the
possible blackbody temperature to 4.7K at 1.3 mm, 5.4 K at .56 mm and

8.1 K at .36mm (Bortolot et al. 1969).

Diréct Helium~éooled-radiometer measurements above the atmos-
phere have been made from rockets (Cérnell-NRL grdup, Pipher et al.
1971, and the LASL group, Blair et al. 197j)'and from balloons (MIT.
group, Muehlner and Weiss, 1970). Fluxes well above the expected
Planck éxtrapolation from lower energies were reported by the Cornell
and MIT groups. The situation has been reviewed by Thaddeus (1972). The
MIT group_fouﬁd»a high flux near 1 mm suggesting a strong spectral line
feature éuperimposed-on the blackbody radiation, but further balloon
flights fajiled to confirm this line (¥uehlner and Weiss, 1972).AThe
Corﬁell experiment gave a flux correspondiﬁg to 2 103 cm-3 ( in. the units
of Fig 6-1) in the 1.3 = 0.44 mm band. However, the LASL rocket experi-
ment obtained a result equivalent to a temperature T = 3.1 ig:g in the 6-
0.8 mm range. This would only be consistent with the Cornell result if
there were a strong background‘radiation confined to the region 0.44-
0.8 mm. Recent results by Robson et al. (1974) using a balloon-borne

cooled polarizing Michelson interferometer,are consistent with T = 2.7K

. in the range 3 - 0.8 mm, and in fact lie very near this curve at 0.8 mm.

At the present time therefore there is good resson to adopt a

2.7K Blackbbdy apectrum at least up to Bmm (2 10_3 eV), and no confirm-




-84~

. ation of repofted high fluxes at shorter wavelengths.

Theoretical aspects of'the bladkbodv radiation.

~ The existence of a blackbody background was first suggested by
Gambw (1948) as a consequence of the physical conditions in the hot

early'ﬁniverse. At early epochs, the energy density of the universe

4

was dominated by radiation, since radiation density QroC R " whereas

maiter aensity On RfB , where R is the scale factor for the universe
(see Chapter 2). For this reason, the expansion rate'at early epochs
is independent of the cosmological parameters ( e.g. the matfer density),
and in fact the radiation temperature T can easily be shown to be
T»=V1.5A1O1O t-%. If it is assumed that Helium is primordial ( and
obsewvations of the oldest stars seem to éupport this view), then it
was built up by a series of reactions starting withn + p—ad 4—]r .
Above T = 109 K, the blackbody photons have sufficiently high energy to
" destrcy the deuterium by the reverse of this reaction, so that deuterium
( and hence helium) does not accumulate until the. temperature drops -
below this value, The feiation between T and t given above shows that
'this point is reaghed about 200 seconds after the 'big bang'. Since

“the present helium abundance is about 30% by mass,-a significant part.
of the total hydrogen content of the universe must have been converted
to helium in a time comparable to 102 seconds ( the reaction rates fall
rapidly in the expanding universe, so most of thé production occurs soon
after the n(p,d)¥ reaction becomes irreversible). This implies that
Q’n(t) vt ~ 1, where o is the cross-section for the n{p,d)¥ reaction,
‘and v is the mean thermal velocity of the nucleons. From this relation ,
we find n~ 108 cm~3 when t = 200 sec corresponding to T = 10° K. Then
using n« R~3&> T3 we get T = SK for n = 10"7 cm_3, roughly the

”‘3 dénsity'of matter observed at the present time. This simple treat-

ment, due to Gamow (1948), gives a temperature close to that observed.
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The form of the spectrum is expected to be blackbody because at very

10 K) all the constituents of .the universe (protons,

éarly epochs (T >10
neutrons, elgctrons, neutrinos and radiation) are in thermal equil-
ibrium, Métter and radiation are coupled by the reaction et + e =T+Y
at these temperatures, and by Thompson scattering at lower ﬁemperatures
ﬁntil T< 3000 K, when the cosmic piasma recombines to form neutral
hydrogeh and the coupling ceases.Although the radiation and matter are
not in equilibriﬁm during the Thompson scattering phase( the different
expansion chﬁracteiistics mentioned above cause a flow of -energy from

the radiation to the gas) the departure from an equlibrium spectrum is

very small (Peebles, 1971).

6.3 The Far Infrared region (10p- 100y )

Obéervations of the background in the far IR are confined to
upper limits from rocket experimeﬁts by McNﬁtt and Feldnman (1970) at
100p and by the same group at 24p (see Peebles, 1971a).These limits
are shown in Fig 6-1. In the absence of observational data, the
background in this fegion-must be estimafed from our knowledge of the

output of discrete sources.

Observations of extragalactic sources have revealed large IR
fluxes from the nuclei of Seyfert galaxies and from quasars, the energy
| output in the IR often exceeding that.at all other wavelengths. A typical
Seyfert galaxy, NGC 1068, emits about 1045 erg s-1 in the IR comparead
to about 1041—42 erg 371 in the IR from the nucleus of our own Galaxy.
Ve would therefore expect a significant contribution from Seyferts to
theﬁiR background, and possible spectra. have been estimated by Low
and Tucker (1968). They use the‘meén emission spectrum from 5 Seyferts

observed by Kleinmann and Low (1970), and consider models in which there
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is evolution of séufces with epodh similar to that of tﬁe powerful
radio sources (as discussed in Chapter 1) as well as non-evolving cases.
Seyferts are taken to constitute 1% of all galaxies; giving a number
density of 2 10;77 — The resulting backgrounds for the extreme models
are shown in Fig 6-1, Both are well inside the Timits set by MoNutt

and Peldman, but near enough for the limits to be of iﬁterest. It is
possible that the models give an overestimate\of the intensities, since
the sample of Seyferts includes NGC 1275 and 30120, both of which are
two orders of magnitude brighter in the radio thén most Seyferts and
are also thé most important contributors to the average IR flux used.
However, Low and Tucker suggest that their results may not be unreas-
onable because (i)_all the IR Tuminosities lie within a factor of 10 of
the average and (ii) the radio emission from Seyferts comes mainly from
the halo while the IR comes from the nuclear regions, and the two |

are not necessarily correlated.

6.4 Near-IR, Optical and UV backgrounds.

Qbservations.,

Rocket experiments by Harwit et al. (1966) give upper limits in
'the-1 - 10 B range,vbut these are too high to be of very much interest.
In the optical region (3000f - 10,000% ) limits have been obtained
' in ground-based, rocket and satellite experiments. All require corr-
ectioh for the zodiacal light (sunlight scattered from interplanet-
ary dust) and for Galactic light, and are therefore limited by the
accuracy of models for fhese sources, Roach and Smith (1968) carried
out ground-based observations which gave an upper limit after the corr-
ections of 5 tenth-magnitude siars per équare degreeAaf 55005, this

being only about 1% of the baquround from non-cosmic sources. Rocket
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~results by Lillie (1969) at 4100 gave a similar limit, as shown in Fig

6-1.

In tﬁe uv, the GalactiC'staflight.spectrum falls rapidiy, so that
the sepération of the'extragalaétic cémponent of the cosmic flux is
gasier,_but solar Ly« re-emittéd by hydrogen in the Sqlar System
makes the sky very brighf in this region. Henqe only upper limits have
been obtained, Measurements with gas-filled couters on the USSR space-
craft Venus (Xurt and Sunyaev, 1967) gave limits between 1050 and
13408, 'A rocket experiment by Hayakawa et al.(1969)gave a limit in the
1550-14803 raﬁge. Sudbury and Ingham (1970) mapped the Milky Way at
25OOX using'a rocket-borne detector, and also obtained a limit on the
starlight background at this wavelength. The mosi recent results are
from the UV telescope on the CAC-2 satellite (Lille, 1972) ; the limits
obtained at 2000 and 2560& afe an order of magnitude below those from

the earlier rocket experiments.

»Beyond'the Ly« limit (9122 ), which is inaccessible toidirect
observation because of ionization ébsorption in interstellar gas, sig-
nificant limits can nevertheless be obtained from the observation of
ﬁeutral hydrogen around galaxies., The neutral gaseous disc of M31, which
is shielded from the UV background by a layer of ionized gas, can Be
used to derive an upper limit of 6 1071 cm™> between 300 and 9128
(Sunyaev, 19695. This is more than two orders of magnitude below the

direct observational limits set just below the Lyman limit.

Theoretical predictions in the near-IR, optical and UV.

X rough estimate of the expected energy density of starlight
in the optical region from normal galaxies is easily made, The pres-

enf luminosity of galaxies per unit volume has been calculated by
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Oort (1958), van den Bergh (1961), Kiang (1961) and Davidson and
Narlikar (1969). All these authors give values agreeing within about

© 50%, and we will take that from}Davidson and Narlikar, viz. 2.8 108L

<]
M_pc.-3 = 3,2 10752 ergs—1 om™2, The expected starlight density assuming

that galaxies have been emitting for the Hubble time is roughly
=32 17 -2 -3
w. = 3,2 10 . 6 10 'sec ~ 10 eV cm
P e 0-12 | |
Davidson and Narlikar calculate the value for various cosmological
models, and obtain results whiéh are all within a factor of 2 of 3 1(3-3

eV ém-s. Reference to Fig 6-1 shows that this is of the same order

as the present upper limits in the optical region.

- Any improvément on such estimatesmust .involve models f01; the
evolution of gélaxies as well as the cosmological model, the forﬁer
being.the dominating‘factor. Early calculations by Whitrew and Yallop
 (1963,1965) used a 6000K emission spectrum, and either no evélution or
a time-dependent temperature withouf any theoretical baéis. An attempt
fo obtain a better estimate was made by Partridge and Peebies (1967),
using models of Galactic evolution based on stellar birth-rate functions
for our own Galaxy. The models were designed to give a 30%'conversion of
'hydroéen to helium in stars (helium was assumed not to be primordial),
and hence the models havé very high luminosity in %heir early stages.
The epocH of gaiaxy formation was taken to be 1.5 108 years on the basis
of & gra?ifational instabilify-model for galaxy formation. This corr-
espbnds to redshiffs z~10.- - 30 depending on the cosmologicél model.-
It is now generally believed thét Helium is primordial in origin, and
" hence the predictions of this model are probably too high. Fig 6-2

shows the most probable spectrum according to Partridge and Peebles.

The most éomprehenéive treatment of the problem has been made by

Tinsley (1973). She has developed models of the eyolutibn of eliiptical
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and spiral galaxies which give a good representation of their col=-
ours aﬁa luminosities at the present epoch. The method adopted in

- computing the integrated background emission was to use the observed
spectra for the various types df galaxy at tﬁe present time together
~with the models for evolution in each spectral region. Ground-based
.observationél data on induvidual galaxies are available in the 34003
-3.4 p range. Beyond 3.4 p, a Rayleigh-Jeans extirapolation was used,
thus excluding the contribution from bright IR sources. For the 912-
3400} range, recent results from 0A0-2 (Code et al. 1972) were ussd.
These indicate large UV fluxes from elliptical galaxies due to the
presence of hot, young stars. Fof E galaxies, the model used gives

an initally high'luminosity, falling off with a_timescale of 108 years.,
The spiral models reach a maximum luminosity at around 108 years
before starting to fade. Initially the UV component is very strong
iﬁ all the models due to the young stars which are formed sooﬁ after
the galaxy éondenses; The Sa spiral models are based on M31, and the
Sc modek:on M33, Owing to the-dominance of the hoi young stars in the
initial luminosity function, all the final background spectra resem- |
ble a greybody at 1=3 ‘IO4 K redshifted back to z = 0 from the epoch

of formation, taken as 1.3 - 2.6 108 years.

For comparison, a model (c1) with no evolution was also computed
by Tinsley., The evolutionary models show 1little variation with the
cosmoiogical parameters Ho and qé. Fig 6-2 shows model c¢1 and model 1,
in"whiCh H, = 100 km s~ Mpc-1 and q = .02, and formation redshifts
of 35 for E galaxies and 20 for.sﬁirals. Also shown are greybody

spectra with T = 1500K, w = 41072 & on® , T = 6000K, W, = 10
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éV cm-B, and T = 30,000 , wph = 2 10-3 eV cm-s. The combingtion

of the 1500K and 30,000X curves giée a reasonable representation of
the Tinsley model 1, and these parameters were adopted for use in the
later freatmentvof the gamma-ray spectfum. Developﬁent of the spectra
A with redshift was approximated by redshifting thé 1500K spectrum
baék from-z.= 0 in the usual way, while leaving fhe 30,000K spectrum
constant since it represents the contribution from contemporary hot

stars at any particular time.
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Chapter 7. The_Gamma-rqI spectrum in the Hillas NModel : semianalytical

solutions.

T.1 Introduction.

The deveiopmenf of the gamma—ra& spectrum in the Hillas modelv
involves an electron-photon cascade in an expanding Univefse in which
reaction—rateé,'interaction}lengths and energy transfers are varying
functioﬁs of time. It is this variation, due to the changing black-
body radiatioh temperature, which infroduces some complexity into the
calcﬁlation Qf the expected spectrum at the present tiﬁe. In Chapter 8,
" a numerical method is described which explicitly follows the cascade as
fungtion of redshift; however, by making simplifying assumptions, a
reasonable approximétion to the spectrum can 5e obfained, with consequ-

ent”bétfer understanding of the important features of its production.

| The processes involved in the production of the spectrum are,
firstly, the pair-production of electrons by high energy protons on
the bléckb&dy radiation (PC procéss); followed by an4ICS - PP cascade.
Thié éascade is maintained by the blackbody radiation until the gamma-
féy energies are no longer high enough for PP on microwave photons;
instead, PP may now ocﬁur on the much lower density starlight background
which maintains the cascéde until gamma-ray energigs fall below about
101 &V.  There is thus a buildup of photons with-energies <101 ev

which do not interacf again, and these form the final gamma-ray spectrum,

‘The important.features of the various stages will now be discussed ,
leading to the simpljifying assumptions which are then used in the

approximate solutions.
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1.2 Pair-production by protons in the Blackbody radiation (PC).
This process was treated in detail in Chapter 3, At z = 0,‘the‘

attenuation lengfh for protons well above threshold for FC (i.e. E%v

10'%ev) is , from Fig 3-5, about 4 10°! cm. At eny other z, the rate

of attenuation is given by Az = (1/E dE/dz) where (see Sec 2-3)

. y N
AZ - CH01 (1+Z)3 . -‘ = '. XPC (7.1)
7\P‘C(1+2)2(1+2q0z)%J 1.9 1028 '(1_:»z)%

L]

for H = 50 km 1 Mpc-1 and q = %. Thus for energies well above

threshold, Ay A’O.2(1+z)-%, éo that attenuation occurs in a small
_ interval of z, and it is a good':approximation to assume that all the
proton energy is lost.to electrons at the same redshift as the protons
are proouced. At iower’energies; the situation is oot so-simple,'since
A z becomes larger, and more of the onergy losses occur at smaller z.
Since the energy input to protons per logarithmic energy interval is
(7 2) O 5, these lower energy protons will be the major contri-
butors to energy in electron pairs. However, when Az approaches Z, the

protons lose a large part of their energy by redshlftlng, so that it does

not appear as electron pairs. Fig 7-1 shows Az as a function of EP

for z = 0 and z = 14, derived from Pig 2-1 and eq.(7.1). Fig 7-2 shows
the same quantity as a function of z for constant E% , as well as the
value Az = 142 corresponding to redshift losses. It can be seen that
whenever the PC losses predominate over.redShift losses, Az falls rapid-
ly with increasing z,and the change in z required for a protoo_to lose
most of its energy is about Sz~a3 at most. Since this is small compared
to LI where most of the energy i1s injected, it is a good enough approx-

imation to assume all the proton. energy loss by PC to occur at the red-

shift of pfoton production.
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The energy spectrum of electrons from various profon energies is

shown in Figs 3~3 and 3-4. The latter shows how the energy is distri- .
buted, as explained in Sec.3-5, and sinée in these curves there is
symmetry about the maxima, the maximum also gives the mean energy of
electrons (weighfed according to energy content rather than number of
'éléctroﬁs). Near the threshold, the mean electron energy is 5 1014 ev
for T = 2,7K, as exbected, since for electrons.produced at rest‘in the

~ proton frame

~ ' 18 14 ‘
E, = me/Mp . Ep = 10 ~eV/2000 =5 10 " eV (7.2)

Since E%,th“: (1+z)—1’ Eg5 1014/(1+z)AeV near threshold. In the
approximate treatment of the spectrum, all electrons were assumed to
be produced with E = 1017/(142) eV. The ju.étificat;on for this proc-
- edure is that.éince the energy input to protons falls off as Ego’s,

most of the electrons will be produced by electrons near or rather

above the-thresholdvenergy.

7-3 - Inverse Compton Scattering.

The mean energy transfer to photons in ICS on a 2,7K radiation

field is shown in Fig 445. For other temperatures, the value of

';iCS is given by | o
Vg (B sT) = Vies (BT, »T.) (7.3)
For Ee<21013/(1+z), the approximation ( from eg.4.27)
- -15
Vrog 3.2 10 (Ee/eV) T/’I‘o - (7.4)

is applicable., Above this energy, the approximation becomes inacc-

urate, and the computed curve of Fig 4-5 must be used.

Reference to Fig 4-4 shows that the interaction length for
electrons on the blackbody radiation is always é:cH;1 for electrons
in the energy range of interest, Thé same is true of the attenuation

' -1
lengths/\ At the high energy end of Fig 4-4, /\ICS’V 7\103 K cH .

1CS°®

—
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For the low energy end, consider electrons of energy 1010 eV, producing
(for z = 0) gamma-rays of energy about 3 10° eV, about the lowest energy
' . - -5 A X' -
gf interest here. In this case, v{oq = 3.10 1and hence ** g =. ICS/ vIcs
f44.1021/3.10-5’V 1026cm , a value still.éicHo . It can therefore always
be safely assumed thaf ICS is a 'point proéess', i.e., the electron con-

“verts all its energy into gamma-rays at the same time as the electron is

creafed.

Spectrum generated by ICS from a single electron.

Since each electron loses effectively all of its. energy to gamma-
rays in a short time, as shown above, it is convenientvto calculate the
spectrum of gamma-rays resulting from the conversion of all of the elect-
ron energy via ICS. This is éasily done providedvthe enefgy_loss process
can be treated as continuous ( this is not valid for B, > 5 1014/(1+z),
when ;iCS> 0.3 ). Then by conservation of enérgy, as the electron loses
energy dEé 'y the gamma-ray spegtrum between Ey and Er+ dE, is formed
according to

05, - 4 3(8) B2,

E)=_c¢c 1 4B » ' (7.5)
3(E)) = EEE*; .

Y
- where E, = E, Viog(Be) « Bquation (7.5) is conveniently written

j(é') _ AT 1 d 1n E_ - (7.6)
d ¢ ¥(B,)E,

In the low energy approximation, writing EI = KEi ( from eq. 4.27),

we have | AET3/2
j(B) = & —L- (7.7)
¥ A 2K
The photon spectrum produced by an electron spectrum j(E%) is
(B = 30 B) 4 1n B, (7.8)

Vres(Be) By
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o

E

where E o vIcs

;= (E,) and 3(> E,) is the integral form of i(E).

The. function d'1n E, /d ln E, is shown in Fig 7-3 for z = 0,

'
approximated by two>straight lines on a log-linear plot which were found
to represent well the values of the derivative obtained from Fig 4-5.

At other redshifts, the curve must be read at energy EB‘/(1+Z) .

7.4 -Pair-production in photon-photon collisions,(PP)

For thisbprocess we must distinguish between interactions with the
blackbody radiation and thoée with starlight photons., The first process
has a threshold for gaﬁma—ray energy 1014/(1+z), and the interaction
length as a function of energy.is shown in Fig 5-3. Above the threshold

1

the interaction length is much less than cH; » and therefore it is a

good approximation to treat PF on the blackbody radiation as a point
process. The variation éf mean energy transfer ;§f to the higher énergy
electron is shown in Fig 5-4 3 near the threshold the energy of the
gamma-ray is divided almost equally between the two electrons. In the
approximate treatmént, this was assumed to be the case for all gamma-
ray energies, The jusfification for this is that for a. steeply falling

gamma . . spectrum, most of the interactions producing a given electron

energy will occur near threshold.

The interactioh lengths for PP on starlight are subject to the
large uncertainties in the spectrum of extragalactic starlight. Theor-
étical and experimental work on this subject has been discussed in Ch. 6
and Fig 6-2 showns possible spectra for z = O, The corresponding inter-
aétion lengths for. PP for the various greybody spectra shown in Fig 6-2
to represent the possible starlight spectra, are pletted in Fig 7-4.
This was derived from the curve for T = 2.7K shown in Fig 5-3 . There

is a large spread in the possible interaction lengths, and also uncert-
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ainty in the ebochiat which the starlight was produced. If‘it'was'emitted

at early epocﬂs (z~15) and has a spectrum similar to Tinsley's (1973)
model 1,-(correspondihg roughly to T = 1500K, w = 4.4‘10-2 eV cm—3 at

z =‘O),'then‘the interéctionllength is sméll enough to allow pair-prod-.
uction by»PP to be tregted~as a 'point pfoCess'. If, on the other hand,

: starlight:productioh occurs later, or has an energy densify much less
than the-Tinsley model i,fthen PP on starlightfwill oniy occur on scalés

28 cm. In view of the uncertainties‘in the model, two

-1
~ cHo ~10
- treatments, A and B, representing the extreme situations described above,
were developed. Comparison of the resulting spectra of gamma-rays then

gives an indication of the sensitivity of the spectrum to the assumptions

of the model. These two. treatments will now be described in turn.

1.5 Treatment A.

The interaction length for PP on starlight is assumed to be small for
‘all gamma-ray ehergies greater than a minimum, ET th °* Below this energy,
’
it is assumed that no -further interactions of photons occur, and energy

is loét by redshift only. E was taken as redshift independent, and a

a’, th -
value EI tn = 1011eV was taken as representative., Fig T7-4 shows that at
. ?
this energy, %I%;V1028 cm for the 6000K (w = 1072 &v cm-3) starlight

fiéld, and falls to a minimum of about 1027 cm at higher energies, so that
‘the assumptions described above do approximately represent this starlight

28

model. For lower energy starlight fields, )14>2'1° cm for all gamma-

ray energies, so that the approximation will not be valid.

~ The pfocedure used was as follows:
| i) For each redshift , compute the gamma-ray spectrum QH(E ) generated.
l at this redshift by an electron of energy'1015/(1+z) eV by ICS, using

equation (7.8).
‘ of j t E undergoes PP on starlight., The
ii) The part of %ﬂ(E') with Ey> ¥, th g g
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resulting spectrum is calculated from

je‘l(Ee)

435(2B,) | E,> 5 1012 © (1.9)
= 0 E <5 10

iii) The ICS gamma~-ray spectrum from j_ ., is obtained usmg eq.(7.8
1

Yoo S0 am | (7.10)
IC\ e/ By
= v 1 =] .
where E, = v C(Ee)Ee for E)D gEJ’th VIC(%EJ,th)l 4 (.11
o -
and E,= iEa',th for EX ﬁE)’,th VIC(%E)',th)

iv) Steps (ii) and (iii) are repeated to obtain 3y3 v dys tcr until no
~ gamma-rays remain.. with E > Ea,’ th The gamrha.—ray spectrum formed g.t z is
‘then the sum 'jb’ (EB' '2) ='£ja, n (Eb’ vZ)e .
v)  The spectrum A,),(m '2) resultlng from the redshifting of the
spectrum formed at 2z back to 2 O is given by

| Ay (By s 2) = (-1+Z)2jI(Ea,(1+z),z) | (7.12)
for each 1015 eV of energy going into gamma-rays- at z.
vi) The contributions from all z to the gamma-ray spectrum at z = O are
| ‘ suthed, after weighting according to a factor giving the amount of
energy going into electron pairs by PC per unit z. This ene-rgy, AKz),

. 18 proportional to

(1 + z) [J(E) B - Futh aE, (7.13)
(1+z) (1+2q z)% E 1+2 _
1 +‘ A
For a power-law spectrum of protons j(Ep)oC Ep-x
AEz) o (1+z)ﬁ+a’ -2 (1+z)_2(1+2q0z)-% (7.14)

Putting ¥= 2.5, = 4.4 and q = } gives AK(z) (142)2*4. The final

gspectrum at z = O therefore has the form

| a | o
=) f (142) 74N 3By 42) dz (7.15)
CH(E) =d0

2 _
j (1+z)2'4 dz
o
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The spectrum is finally normalized to the total energy flux in gamma~-
rays, which is determined from the shape of the primary proton spectrum

as described in Sec.?2-8.

Results of Treatment A,

The procedure outlined above in steps (i)-(iii) was followed for
z =0 and z = 9. The development of the spectra is shown in Figs 7-5 and
7-6. Summation over j(n and redshifting to z = 0 as described in steps

(iv) and (v) resulted in the spectra shown in Fig 7-7.

The following comments may be made on the features of the spectra

of Fig T-7.

10

1, Flectrons are always produced with E%) E)’th/z =510 eV, Thus all
. - ?

velectrons produce a spectrum of the form given in eq.(7.7) for gamma-ray
energies below 5 1010 ICS(5 10 eV) = 8 106 eV, This result is indep-
endent of  the reshift of electron production, since the gamma-ray energy
after redshiftlng to z = 0 is, using eq.(7.4)

- 3.2 10 =15 E (142)/(142) = 3.2 1072 (7.16)

Hence for Ea}:B 106 eV, ‘the spectrum is a summation of curves of the

form given in eq.(7.7), i.e. a power law with index -3/2.

2, The maximum energy in the contribution from z, le(Ea.,z) , occurs

at Ea'th/(1+z)’ as a consequence of the assumption that gamma-rays inter-
A 2 A

i ?
act if E}_ E&,th at z.

3, In the intermediate energy range E?;th/(1+z) > E)>8 106 eV, both

the z = 0 and z = 9 curves are well approximated by a power law of
exﬁonent -1.93%. Since, therefore2the shgpe of Aj in this energy range

is insensitive to 2z, the speqtrum contributed by any z can be estimated

from A,j(Ea ,2=0). It was found that Aj(E‘.r ,Z) was very nearly equal to

A
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the spectrum obtained by redshifting Aj;(Ea' ,0) from z to 0, by multi-

plying by (1+z)-o'93 ( the factor appropriate to a spectral slope

~1.93).

Summarizing 2) and 3) above, we have, for E 2 E&;th/(1+zm)

.  [=a5,(8,, 0) (142)70+9> B, < By, /(142)
AJx(E 72') E ) B
=0 o v’ %3,th/(1+2)
p .
and fo: E)’yth> E)}S 10" eV
s T ‘-Oc
A3,(B, 42) = 03(E,0) (1+2) ? (7.17)
Hence, from (7.15) .
. . (zu 1.47
B (142) 7' dz :
Ai(Ez) = Ai(E, ,0) -0 < (7.18)
(“m
(1+z)2'4 dz
. J0
where 4z = El,th/EX for E) >Ea3th/(1+?m)
z, = 2, for E! th> EX‘B 106eV
1+72,

~ Evaluation of eq.(7.18) gives, for z = 14.3 (see Chapter 3)

‘ = 0.11 j(E;,0) | for E?6.5 1076V
R 31074 j(g,,0) | E 247 (7.19)
| . v E!th.—1 for ‘6,5 10 &,
y ' 58 10%v

6 .
For EX< 8.10 eV, a spectrum of slope -3/2 can be fitted to match the

value given by eq.(7.19) at this energy.

The spectrum was finally normalized to the total energy flux deter-

2 -1

mined from the proton spectrum in Sec 2-8, w = 1.9 105 eV cm 5-1 sr .

Fig 748 shows the resulting spectrum.

7.6 The Gamma-ray spectrum: Treatment B.

T _
S$$-assumed that the starlight density

- 2 OCT 1975

Lis AR

In this approximation,
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spectrum from treatment A is
also shown,
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density is low enough that PP interactions of gamma-rays with starlight
only §ccur on distance scales of order cH;1_; for simplicity, these

~ interactions are assumed to occur at z =0, and} as in Treatment A,
a thréshold energy EJ;

are allowed. Unlike Treatment A, all the electrons from PC are assumed

4n 18 estimated below which no PP interactions

to be injected at z = 2y 3 this is a. good approximation for most of the
.gﬁmma—ray spectrum, since the output from sources according to thé model
is strongiy peaked at 2 . On the other hand, the high energy end of the
gamma~ray spectrum (Et>109ev ), which oriéinates mainly at low 2 in

Treatment A, is underestimated in this treatment.

The stages in the calculation are as follows:

(i) Pair-production by protons on the Blackbody radiation (PC) occurs
at 2, fo produce eiectrons of energy roughly 5 1014/(1 + zm)-eV.
(11) These electrons produce a gamma-ray spectrum by ICS with a maximum
energy (at zé) of 1.5 10" eV/(142_) , using Fig 4-5. The form of the
‘spectrum ié given by eq.(7.8). The PP interaction length for the

2,7K radiation increases very rapidly below 1.4'1014/(1+z) eV,.so that
this interaction ig effectively bypassed in this treatment.

(iii) The first generation of gamma—fays does not, according to the
assumption stated above, interact with the starlight background until

2z = 0, The gamma-ray spectrum is therefore redshifted so that its max-
mum energy is 1.5 1014/(1+Zm)2rv 7 10" eV, It is clear that, taking
-Eaﬂth = 1011 eV, only one cycle of PP (on atarlight) + ICS is required
to reduce the energy of all gamma-rays to less than Eb}th’

(iv) The gamma-rays with Er> Er,th produce an electron spectrum of the
form AE;3/2 , using eq.(7.7) fér the gémma¥ray spectrum and.assuming

‘that the PP process on starlight divides the gamma-ray energy equally

between the electron and positron. The maximum energy of this electron .
| 1

.. 1" 1
spectrum is, using the result of (1ii) above, Ee,max =710 /2 = 3.5 10

eV, The minimum ehergy electrons, from gamma-rays at the minimum energy
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| 10
E =
Y, th for PP, have E%,min 5 10 eV,

(v) The electron spectrum formed in stage (iv) interacts by ICS to

give the observed gamma-ray spectrum at z = O, The form of the spectrum

is. B Ee,max
3(E)) = AEf/z Ej/? dE, " (7.20)
. _
e,1
where , using eq.(4.27), ? 2
. f%} for KEi,maé> EE>KEe,min |
E 1 - (7.21)
. , A
e min  for EFKEg,min
. 2 6 .8
Introducing By . = KB~ 8 10 v By o KEg,max 4 10% ev , eq.(7.20)
glves '
3(E,) AkE g 1/4 E 3 £
g MBI Y oF Ey nax> % Eyymin
EJ}max (7.22)
- AK4 w63/2 ;f‘ 1 - Y,min for E;<EX)min
E)’,ma.x

. The spectrum must now‘be normalized to the total energy flux w, determined

in Chapter 3. Writing R = Eb’min/E ¥ max ,the energy fluxeg in the spectra

of eq. (7. 22) are found to be

onxE B (1 B2y '
¥ = Ymax ‘' T (7.23)
- ot B (R%; - &%)
¥2 “3;max

Thus the total energy in the spectrum which has been produced via the FP

process is

Wop (1 - R‘l‘f) (7.24)

M™e fraction of the total energy which undergoes PP.is given by

' 4
=w1+w2—2AK E)’ma.x

3 3 3
f = (QE%,max) - E]}th =1 - 54 é§
. g
(QBe,max) Eﬁ? max
=1 'Ss/Pa'max (7.25)

for B

y,max in eV.» Sigge Wpp = fwf the Spect?um of eq.(7.22) becomes




B2 | E : -1/4
=W Z,ma.x 1 - ( J Ebr Ef mg)? E> Ea’ min
. )2 (1 - %) | J,max , ’
J(Ey) | ymaxt. (7.26)
-+ % =3/2
% Emmmc Yymin .EX '-E<Emmm

vi) The part of the spectrum for which no PP has - .occured must.also -

~3/2
EX and

- be added; This has a spectrum of the form up to B

' J,th ,
total energy w(1 - f). The normalized spectrum is then

J(E%) - #(1-0) 2 (1.27)

2P ¥t

"In order to evaluate expresqlons 7. 26 and 7.27, values for

are required. The value E. . ~8 106 eV calc-

4,ymin

ulated above is adequate, since the spectrum does not depend critically

Ey;ﬁin and E Jymax

on this parameter. 'However, the shape'of the spectrum near 108 eV

is seﬁsitive tq E},max’ and there is no simple way of determining the
best value for this parameter apart from the rough estimate in (v)

- above (eq.7.20). It will in any case depend on the uncertain density
of starlight photons. Therefore Eb}m was taken as a free parameter
end the spectrun calculated for By . = 108,_ 5 10% and 107 ev, to
determine the effect of variation around the value estimated in (v).

' The resulting spectra are shown in Fig.7-8. Since;'as mentioned at
the beginning of this Section, this treatment underestimates the high

energy end of the spectrum, the shape predicted near E)’max is not
‘ ' ?

of significance,

7.7 Discussion and comparison with observations.

The experimental‘data on the gamma-ray background are reviewed
in Chapter 9. Fig 7-9 shows a comparison between the data and the
'spectra derived here. It is apparent that there is a good possibility

of agreement between the theory and observation, since all the




m2s™sr! Mev™).

| LOg(J (:,Ea)- /q

l 0

[

L) I 1 1 1 I T ] T l J
= N é\\' o —
2l fi\\.._. |
Y
L \Y{ |
%
— \. —
-_ 3
| o N\ —
1 -4 A
— A -
A
%

B A |
of— 9\ . —
: A > .

e . O - .
A= - |
- ‘.-, - -
2+ —
L | "
i —
e Fig - - -
b Comparison of theoretical —
L _spectra of this Chapter . B
' . with observations. Key to
— - datargiven in Fig 9-1. —
S5 —
6l— —

—

6

A E o beY)




-105-

approximations lead to spectra which lie fairly close to the obser-

vational points in the 1~100 VeV range.

Probably the most important soﬁrce of error in the calculations |
described in this Chapter is the use of mean values for the energy
| tranfer in PC,PP and ICS processes. Reference to Figs 3-4,4-3,4-4 and
5-é'shoﬁn that in eaéh of theée processes, the energy is distiributed
over a wide range (typically a factor 10 on each side of the mean).
As a result, ﬁore energy will be distributed in the high energy end

of the spectrum than is found in the simple treatments.

To remove tﬁé émbiguities, and having shown that approximate
treatments give é spectrum remarkably close to the observations,
(especially because the normalization of the spectrum is derived indep-
endentiy from the properties of the primary cosmic-ray spectrum), it
was decided to refine the calculations to give a trﬁer representation
of tﬁe processes involved, This involves the use of the proper energy
distribution functions calculated in.the previous Chapters, and a more
. rigorous approach to the development of the spectrum as a function of z.

These calculations are described in Chapter 8.
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‘Chapter 8 Numerical approach to the Gamma~ray spectrum on the

Hillas model.

8.1 Introduction.

In the approximate treatments of the gamma-ray spectrum described
iﬁ the previqus Chapter, it was necessary to make many simplifyihg
assumptions about the proéesseg_}nvolved in order to render the problem
| tractéble. Thus, the initial production of electrons by the PC process
was taken to give electrons of unique energy at any redshift, and the
Ics Spectré were derived using the mean values for energy transfef.
Pair-production in photon-photon collisions (PP process) was treated
by dividing the gamma-ray energy equally between the two electrons.

The main difficulty was in the interactions between gamma-rays and the
starlight baquround; it was necessary to assume that some Eaﬁth qould
be chosen so thét gamma-rays interact only for Ei>E53th ' and to con-
sider this proceés as occuring either at the redshift of electron prod-
uction, or alternatively, at z = 0. No attempt was made to include the
efféct of a cosmologically varying starlighf spectrum, although from the

discussion of Chapter 6, a2 realistic model involves such a variation,

The calculations described in this Chépter are an attempt to
follow the developmen£ of the gamma-ray spectrum explicitly; as far as

- possible approximations have been avoided in order to derive a reliable

result.

8.2 Outline description of techniques.

The basis of the methqd is the divisicn of the interval of red-
shift z = 0 -~ z_into a number of sub-intervals bz, over which the

blackbody temperature T and the starlight density are nearly constant.
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Fig 8-1. Summary of Development of ¥-ray spectrum from z to z -Az
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The change in the gamma-ray spectrum over bz is computed as indicated in

"Fig 8-1, ﬁhich summarizes the description which now follows.

At the start of each new z interval (z9z - Sz), the spectrum of
protons -at the start of the interval is taken to be the sum of the newly
produced protons from sources over 2z, and the protons remaining from
the previous interval, The electron spectrum from the PC process over
Sz is computed, together with the proton spectrum remaining at the end ,
-i e. at z -§z + The approximation madé here is the replacement of a
§ontinuous injection of protons over 2 by injection at the start of
the interval. The-error introduced by this procedure is small-p;ovided

T is nearly constant over the interval.

The -gamma-ray spectrum from the ICS of these firsf generation
electrons is computed, and added to the gamma-ray spectrum carried over
- from the_previous interval, This is a ‘point process' as discussed in
Chapter 7, so that this spectrum, which will be den;)ted j1(EI,z), is
effectively formed at.z . .The propagation of j, to z - §z is now foll-

owed,

The effect of the PP process on j1 is calculated as follows. First,
the part of the spectrum which does not interact by this process within
§z is subtracted from j1 . Denote this non-interacting component by

8j1(E& ’2) . Then

oz

%PP

ax (8.1)

%j(E z) = 34 (B y2) exp -
" v dz

where :XPP'iS the PP interaction length on the blackbody and starlight
background. The gamma-ray spectrum at z-%z , j1(E{y ,2-82) is incremented
by Sj1 . The remaining part of the spectrum is denoted j% ( = j1 - Sj1) .

- _ . _
The PP electron spectrum from j1 is then derived, and the ICS gamma-ray
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spectrum from'these electrons, j2(EJ y2) , is obtained, The result

of subsequent PP - ICS cycles is then determined by a repeat of
'the procedcres above,,to obtain jB(Eﬁ’Z) etct After several of these
_cycles, most of the energy is transferred to the new redshift, i.e.,
ji(Ea’ ,z) & é,] (Eb’ , z2-82). Fhen this condition is met, the prop-
agation of the spectrum to z - 9z is regarded as complete. The whole

procedure can now be repeated for the next z interval. The final spect-

is obtained when z = 0 is reached.

>:8,§ Details of computatiogal technigues.,

. The calculations were carried out on a computer, s so that a suit-
able method for representing the various spectra was requlred. The
energy range of interest (105 1017 eV) was dlvided up into n bins
-of range B - Ek - such that tbere were between 5 and .20 bins per
decade of energy. The Spectrum is represented by n quantities Nkprop—
ortional to the total flux of particles within the k'th bin. A conv-
'ention of decrea31ng energy w1th increa51ng k was found to be convenient

go that partlcles ‘move to bins of increasing k as the spectra develop.
Eor the purpose of calculation, the particles were assumed to be uni-
tformly‘distributed within the energy bins. The spectra can then be
| developed by operating on the Nk with matrices appropriate to the

various processes, The details of this procedure will now be described.

(1) ICS process. "

The'electron and gamma-ray spectra are represented as described

above by the vectors Nk and Nk respectively. Matrlces }ié and

M%l are defined such that -

Nl 1>k (E<CE) |
A = Vi Ve B CB)
AN};I = MII%PNIZ 12k
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' 1 1 . '
where [SNtl andILXN:l are the increments to N_ and NZ consequent

_on the removal of all the electrons from the k'th bin by ICS. Hence,

by definition, Mk?CE = O,

 The definition of the matrices given above is convenient in that
if allows the complete conversion of an electron spectrum into a

gamma-ray spectrum in approximateiy %n2 steps of the form:

for all k from 1 to n ¢

nce N k1
(i) for 1> k, replace N by Ni + AXNe .
1 k1
(1i) for 1k, replace Ny by NX + AN .

(ii1) set Ni = 0,

The calculation of the matrix elements will now be described. First

the quantitiesAle

ICP qa}culated from

Ee=%( E)"'—" EI
PIC(E),,Ee) dEAE, (8.3)
Eo=Beyq Ef .

o<, is the probability for an electron in the k'th bin producing

le - 1
e BB

a gamma-ray in the 1'th bin in one ICS interaction. PIC(EJ ,Ee) is
the differential pfobability spectrum for gamma-rays from one electron

df'energy E% , given by

Pro(Ey sE) = \(i?C(Ez"Ee) (8.4)

®e. (E. ,E
R )4 Ey

where gIé is the differential reaction-rate for ICS defined in Chapter

4.

Similarly, for the electron distribution from one ICS interaction,

k1
we calculate QICE from

" B (Rh
Qop = 'Ek»-1Ei PIC(Eé yE,) dE, dE' (844a)
1 VB =Ry Eg=Tq
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The quantity Qkk . is the probability of an electron remaining in the

ICE
same bin after ICS, and can be used to obtain M%%E and Mgép . Prov-
ided we can ignore the redistributioh of electrons within the k'th bin,
the effect of repeated. ICS interactions-is_to‘reduce-the contents of this

Kk e - kk
bin by the factor QICE each time. Since N§(1 - QICE ) electrons leaving

bin k produce Ng Q?ép gamma-rays in the 1'th energy dbin, it follows

that
X1kl
Yroe = Crce e ot
' CF ICP
This method was used for ICS from electrons with energies above 1.5 1014eV
1+2 ’

for which Q?%E is not too near 1, so that eq.(8.5) gives a reliable
result, For lowér electron energies, where the energy loss on each
interaction is small and Q?%Env1, a slightly different procedure is used.
rThe electron energ& loss is assumed to be continuous, and instead of
computing the new electron distfibution when all electrons are removed
from the k'th bin in a definite number .of ICS interactions, the electrons
are redistributed uniformly in the (k+1)'th bin, T™e number of interact-
jons is therefore not defin ed, but the total energy transfer to gamma-
rays is known, and is equal to %(Ek'- E&+2), per electron. The quantity
‘Qﬁéé is defined as.before. We then have

Wiy =0

Mk’k+1= 1

ICE
1 .
= >
M‘I‘CE 0 1> k+1 (8.6)

1 k]l
M%[(CP = Qrep %(Ek - E"1-c+2)‘ /Etrans

1=

ja}

ko .
where E = 2 Qqop (B + Ei+1)/2 is the energy transfer to
gamma-rays in one ICS interaction.

This method is only suitasble when the mean fractional energy loss

of an electron in one collision is small, and the changeover hetween
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the two methods is made when this fractional energy loss is about 0.2,
At this energy, provided the bin-width is small enough, both methods are

suitable.

(ii) Photon-photon interactions (Pngrocéssl.

_This process is easier to treat than ICS, since only one interaction
per gamma-ray converts the spectrum tofally into electrons. The relations
used are (cf.Sec 8-2)

K ] di :
AN, =)

k
N, e “< I

(8.7)

k1l k1 .1
AN = N, (1 - exp( - ==
| Bl = Tl Top 02
k
)A

where' NN
gamma-rays not interacting within ) Zy ASN§1 is the increment to the 1'th

is the increment to the gamma-ray spectrum at z- 6 2z from
bin of the electron spectrum from those gamma-rays which do interact
within gz.- Mgé is the probability of an electron being produced in
 bin 1 from a gamma-ray in bih k, given that the interaction does occur.

ﬁqu, is the PP interaction length at the mean energy of the k'th bin,

(1ii) Redshift energy losses.

These losses occur continuously throughout the various stages of
the cascade development, and are independent of whether the énergy is
in electgons or photons. The method used here for representing the
energy spectra allows a simple procedure to include the effect of red-
shifting; the energiesEk defining the bins are allowed to vary with 2
according to E%(z) = Ek(o) (1+2). In this way all particles are red-

shifted by the correct amount. as the spectrum develops.

(iv) The proton spectrum and the PC process.
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The proton spectrum was followed explicitly as a function of red-
shift; so that the elgctron gpectrum injéctedAin each redshift interval
_éouid be calculated. The large variation in the rate:of energy loss by
the PC process necessitates the further division of §z into smaller

intervals appropriate to the different energy ranges.

20 &v) was divided

The proton energy range of interest (1015 ; 10
logarithmically into m bins such that the k'th-bin spanned the range
Eg - E§+1 and contained N; protons. (As before, the convention of
increasing k with decreasing energy was adopted). A flowchart for the
method‘adépted to develop the proton spectrum from some z, to zz.Q

Zy = §z is &iven in Fig 8-2,

The_souice-generated-protons'for the interval (z1 ,z2) are assumed
to be injected at Z, 4as explained'in Sec 8-2., The injected proton
spectrum is added to that remaining from the previous z intefval. The
reéulting proton spectrum is then followed through the series of sub-

divisions -§'z , chosen according to

: 1
Phpe (E)az/ax

§'z = greater of { (8.8)

z =32

where E§1 is the highest proton energy present in the spectrum in sig-

nificant amount. A second energy E;z is also chosen such that E;zis the

lowest enérgy for which
N (B ¢ 2 (2 (8.9)
pc’ P pc P _
The proton spectrum is now developed through successive intervals 'z
“until- the bins between EF; and Egz have been depleted (i.e., contain
a negligible'fraction.of the particles they contained at z1). The devel-'
opment through $'z is carried out by calculating the energy loss for

protons at the mean energy of the bin; and tranferring the contents of
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each bin to the new bin appropriate after the energy loss. Thus

N;(z - §'2) 1is incremented by Nﬁ(z) , where
E:1+1

p ¢ '(T;";-AE‘;) 4%
= ‘ +1 '
;1; - (El;+ p}; e o - (8.10)
—k __ -
AR = SBE G

When the bins k1~ k2 are depleted, a new $'z is chosen appropriate
to the highest energy now preseﬁt, and the process is repeated until
zZ, is reached. The energy loss term dE/dz here includes redshift,

PC and photomeson energy losses.

| !
At each step §'z, the injected electron spectrum g&Ne is also

: balculated fron

1 11;1‘ X ¢,
AN, = Mper ) S'z . (8.11)
A > SRS B > | | '
where CE ~ PPCE(EJe; ’ El; ) AI’% o (8.12)
PPCE is related to the reaction rate &pc defined in Chapter 3 by
Poog = Bpc dx/dz . : (8.13)

'fhe,procedure described above was desighed to’give a reasonably
accurate result for the electron injection spectrum without involving
long computation times. The method does not produce an accurate final
proton spectrum, because»the errors in each step are cumulative; however
this is not important for the electron spectrum sincé most of the energy
injected into electrons_from a given proton occurs while the proton
energy is comparable to its initial energy. Accura{e methods for

calculating the proton spectrum were described in Chapter 2.
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8-4 The Gamma-ray spectrum : results of computations.

The gamma-ray spectrum was computed using the techniques described
above for the following model parameters:

(a) a greybody stérlight spectrum with T = 150C K and energy density
P s

2 eV cm'-3 at z = 0, and undergoing redshift back to Z, also

4 3

w_ =410

a UV spectrum with T__ = 3 10”7 X and energy 2.‘10-3 eV cm 7, assumed not

uv
to vary with z. As discussed in Chapter 6, the former spectrum gives a
reasonably gdod representation of the Tinsley model 1 spectrum shown in
Fig 6-1; and the latter the unredshifted contribution from young stellar
populations at small z., The cosmological parameters were taken as for the
'standaré model' of Chapter 2, i.e., H, = 50 km ad Mpc-1 and g = %,
(b) As for (a), but with q, = .02
(c) A greyﬁody starlight spectrum with T_ = 6000K and W = 1072 eV cm™ 2
TheIStarlight was assumed not to vary with epogh. Ag before, H0=50,q0=%.

(a) As for (c), but with w, = 107" ev el

Figs 8-3 to 8-6 illustrate the development of the gamma-ray spectrum
in the four cases. The spectrum for each 2z is shown as it is at the end
of'a redshift interval §z, before injection of further elecirons by the
v?C progéés. The spectra are shown in the form Ei j(EJ) in order to indi-
cate the energy distribution. Fig 8-7 compares the final spectra obtained

for each case, normalized to the total energy flux calculated in Ch. 2.

The normalized spectra from cases (a) and (b) are almost identical,
showing that the value for 9 used has very little effect on theAspectrum,
within the range .02 =~ .S « The principal difference between the cases

10 o

(a),(b) and (c),(d) is in the energy remaining in the 107 - 10
range; in the former cases, most of the energy is tranferred to gamma-rays

below 107 eV, while the latter models have a spectrum which does not
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cut off before 101O ev, and consequently lower fluxes in the range below

.‘107 eV, The ﬁlfference is a result of the high temperature starlight

fields which occur for large z in models (a) and (b), and the effect of
these is shown in Figs8-3 and 8-4 as g3 sharp cutoff in the spectrum
above 1010 eV for.z~zm y followed by redshif ting off the cutoff to
about 107 eV. Case(c), with the lower starlight density, cuts off at

@ slightly higher enerey (~ 4 10" ev) than (a).

The models described above would appear to represent extremes in
what is reasonable to assume about the starlight spectrum during diff-

ernet epochs, Case(a), corresponding to ‘the galaxy evolution models of

- Tinsley (1973), is perhaps the most plaﬁsible of the models, Here,

interactions with starlight occur on Scales small. compared to the Hubble
distance, Cases (c) and (d) illustrate the result of a starlight spectrum:

of . lower temperature which does not vary with epoch,

8.5 Comparison with approximate treatments of cascade.

Fig 8-8 compares the spectra obtained in this Chapter with the
appreximate soiutions of Chapter 7. The curve for treatment A is 2

fairly good" approximation to the constant high density starlight case

of curve (d). This is as would be expected since treatment A assumes a

high enough starlight density for PP on starlight to be a 'point! process,
and uses parameters appropriate to a 6000 X greybody spectrum like

that assumed for curve (d). The nearest equivalent in the approximate
solutions to the low density starlight case of curve (c¢) is treatment B.
As remarked in Chapter 7, the sharp dip predicted in this treetment above
the ehergy EK ,max is unrealistic owing tc the eneréy spread in the PP
and ICS processes, which was ignored in this method., The curve with

EJ max = 109 eV comes nearest to curve (¢) at least in the low energy
9
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range, and the curves are within a factor of 2 up to 4 108 ev.

The approximate treatments do not attempt %o include the effects
of varying the starlight density with epoch; hence none of the
approximate sdlgtions can be compared with curves (a) and-(b), in

which starlight is .assumed to increase with z in energy and density.

8.6 Discussion.

The numerical treatment of the gamma-ray spectrum described in
this Chapter is found to confirm the general features of the spectrum

given by the approximations of Chapter 7.. In the energy range ‘IO'7 -

' 108 eV, all the models (except treatment B with E o= 108
¥ ymax

ev)

give éimilar spectra, so that this energy range provides a good test of
the model independent of the details of a particular version. Data
abové 108 eV are not at present available. Below'107 éV, models (c)

and (d) predict a slope -1.5, whereas models (a) ané (b) give a slope
nearer -2 and consequéntly much higher fluxes in the range below 1 leV.

This part of the spectrum is therefore dependent on the model details,

and not so well suited for a general test of the model.
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Chapter 9. Review of Observational data on the Gamma-ray Background

and comparison with the models.

9,1 Introduction

The first definite evidence for the existence'of a cosmic background
of gamma—rayslcame from the Ranger III and V moon-probes (Arnold et al.,
1962), which carried scintillaticn counters designed to detect gamma-~-rays
near 1 MeV, Upper limits to the flux in the 100 MeV region were also
obtained at this time by the Expiorer XI satellite (Kraushaar and Clark,
1962); but the low fluxes at these energies prevented the identification
.‘of.a definite cosmic flux until the development of the gamma-ray telescope
on-the 0S0-ITI satellite (Clark et al.,1968) and later the SAS-II exper-

iment (Fichtel et al., 1974).

A large number of experiments, from balléons,'safellites and other
spacecraft, have been carried.out to determine the form of the gammé—
ray background spectrum. In the following sections, a short account of
the techniques involved in gamma-ray astfonomy is given, followed by a
description and discussion of the problems peculiar to the experiments
.frbﬁ which data has been taken. The sections are divided accérding to
whether experiments are from balloon or spacecraft, and have energy
réngeé above of below about 30 MeV, A short account of the X-ray region

js also included.

9,2 Gamma-ray astronomy technigues

Gamma=-rays are detected via the electrons produced in interactions with-

mafter, by the photoelectric effect; Compton effect or pair-production. In
the 1-10 MeV range, the Compton effect dominates, while pair-production

becomes the most important above this energy. The electrons are detected
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by scintillation counters ( consisting of fluorescent tranélucent
material viewed By photomultipliers) , Cerenkov couﬁters, gparkAchambers,
and most recently, solid-state détectors. In balkon experiments, the

use of nuglear emulsions is also possible, as in the NRL detector (Share .
et al. i974). A large-7 material, e.g. lead or tungsten, is normaliy

used for the conversion of the gamma-ray to electrons.

The most frequently used detector in both balloon and space exper-
iments has been the Thailium-doped Nal scintillator, which gives an
energy-loss spectrum from a pulse—height analysis of photomultiplief
signals. The main disadvantage is the lack of directionality, since
collimation of gamma-rays is difficult owing to the problem of absorbing
the shower produced in the shielding material. Much Better angular res-
olution can be obtained by the use of the do;ble-Compton telescope
'(Schonfélder et al, 1973) in which two widely spaced scintillators are
used to define a small solid angle for the Cémpton-produced electrons,
However, the used of this technique severely limits the quality of the

étatistics which can be obtained.

In the energy range above 10lieV, spark-chambers give good angular
fesolution ( better than 5°) and a more certain identification of gamma-

" ray evenis, since a 'picture' of the event is produced. The energy is
determined from a study of the Compton interactidns of the electrons in

the chamber,

Further discussion of the techniques mentioned above will be-

found in the sections on the particular experiments below.
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9.3 GCamma-ray experiments from balloon altitudes.

9,3,1 General

Experiments designed to determine the diffuse gamma-ray spectrum

“using balloon-borne detectors have been developed for a variety of tech-

niques. The most important problem common to all is the large atmospheric
gamma-ray albedo present in the electron-photon cascades initiated by

primary cosmic-ray particles. Discrimination against charged particles is

_ generally by means of a plastic-scintillator anticoincidence shield surr-

ounding'the detector. However, gamma-réy events may be simulated in various

ways by charged particles, depending on the type of detector in use (see

discussion of induvidual experiments).

The usual method for removing the atmospheric background is to extra-

polate the gamma-ray intenéity versus atmospheric depth curve back to zero

¢

depth, either assuming this to be linear on a log-log scale, or using a

function of the form At + pe (t = atmospheric depth in gm en2 ), which

- is appropriate when large depths are included and absorption of the primary

gamma-rays is significant.

The interpretation of the flattening of the intensity-depth curve (the
'growth' curve) at'sﬁall.depths may be invalid for energies below a few
MeV. Calculations by Panjo (1972) on the expected growth curve, taking into
account photoelectric effect, Compton effect and pair-production in the at-

mosphere show that at small depths there is a buildup of contributions from

‘upward-moving photons generated at larger depths, and this leads to a

» flattening of the curve, Of course, this will only apply to detectors incap-

able of discriminating against upward-movihg photons, i.e. those using

scintillators only. The results of Damle et al. (1972), using a NaI(Tl)
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scintillator, and Vedrenne et al,(197f) using an organic scintillator,

are possibly subject to this effecf. (See discussion by Pal,1972). In

the Vedrenne experiment, tge neutrQn component of the atmospheric particle
flux was used to extrapolate the growth curve, on the assumption that
atmospheric neutrons and gamma-rays develop in the same way. Eowever the
different modes of propagation of neutrons and gamma-rays may invalidate
this assumption for neutrons measured above a threshold near their prod-

uction energy of ~1 MeV (Pal, 1972).

The development of spark-chamber techniques has led to improved
event identification and angular resolution, and especially the means
of accepting only downward-moving gamma-rays at small angles to fhe
zenith, This reduces the growth-curve extrapolation problems mentioned
above., A gamma-ray is identified with a well-defined -inverted-V event
originating in the converter, and problems can arise in the discrimin-
ation against simulatea inverted-V events due to charged particles -
for example in the Share et al. experiment (1974), more than half of the

events were of this type.:

" The double-Compton telescope used by the MPI group (Schonfelder and
Liéhti 1974) is also capable of fair angular resolution ( about 200) and
glso up-down discrimination from the time-bffflight measurement, It was
claimed to be immune from locally-produced background, but gamma-rays
pfoduced by albedo neutrons reacting in the upper detector later proved

to be an important contributor to the count rate.

We now turn to an individual discussion of the major balloon éxperi-
jments. The main features of each experiment are summarized in Table

9-1, to which reference should be made in conjunction with each section.

A1l observational results discussed are plotted in Fig 9-1.
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9,3,2 Deséription of balloon experiments,

1) Share et al, (1974)

This is the only experimenf incorporating a nuclear emulsion stack,
as well as a spark chamber, toAhelp identify gamma-ray:eveﬁts. The
emulsion is also the converter, produciﬁg electron ﬁairs which can be
photographed in the spark-chamber. Events appearing in photographs as
downward-moving pairs are traced back to their origins in the emulsion,
allowing good identification and an energy resolution of 25%. The
rate of gamma;ray events was determined between depths of 55 gnd 3 gm
cmf2, and a linear_extrapolation made to fhe top of the atmosphere., A

3.8 0. residual flux was found.

Two importanf sources of events which can simulate gamma-rays
had to be COnsiAered. These result from upward-moving electrons which
are scattered backwards in the emulsion, producing inverted-V tracks.
The electrons can come either directly from the atimosphere through a
gap in the telesqbpe-geometry, or-from conversion of upward-moving
afmospheric'albedo gamma~rays converting in the Plexiglas Cerenkov
’counter. The two effects account for more than half of the residual

inverted-V events,

The presénce of these electron-generated events restricted the
results to upper limits. These limits, however, at 20, 30 and 40 MeV,
fall more than a factor of 2 below the Apollo-15 results (see later
section) in the same energy region, and may indicate the latter experi-
ment was sensitive to charged particles., A strong East-West effect
( a factor of 1.4) was found at ceiling depth, probably a result of

charged-particle interachons in the material overlaying the instrument,
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’ ' or to the Galactic plane,

2) Mayer-Hasselwander et al. (JQ?Z);ﬁHerterich et al,(1973).

This experiment used a 13-gap wire spark chamber on three flights.
Visual inspection of all events was performed, only pair-events showing
fwo'tracks in at léast two projections being classified as gamma-rays.

' Extrapolation to the top of the atmosphere was made using a fit to a
linear-plus-éxponential function (see Sec 9.3.1). The spark cﬁamber
had not been calibrated by acdélerator when the results ﬁere first
preéented (Mayer~Hasselwander et al. 1972). Calibrations were later
hade, including use of a DESY tagged gamma-ray beam with -the chamber
on a co-ordinate table éllowing gamma-rays to injected at all orient-

ations,

These results were the first to indicate a gamma-ray background
in the 30-50 MeV range about a factor 10 above the extrapolated X-ray
background, which appears to have been confirmed by later work, including

the Apollo~15 results.

3) Agrinier et al. (1973)

A 13-plate spark chamber telescope was flown in France and Brazil
to obtéin different geomagnetic cutoffs, as shown.in Table 9-1. Events
_recognizable as downward-moving electron pairs were counted without gamma-
ray direction reconstfuction, giving an acceptance angle of 200. Curves
of growth were obtained with a ratio of slopes at the two cutoff rigid-
" ities agreeing well with the results of Shafe et al. (1974), which
involved almost the same cutoff rigidities. Extrapolation to zero depth .

gave a 3,60 excess at the top of the atmosphere for the 11.5GV result,

The geometrical factor for an isotropic gamma-ray flux had to be
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eﬁtimated using the computed atmospheric Spectrum of Beuerman(1971), since
the experimént was only calibrated for axiél.incidencé. The final result
“was computed assuming a spectral shape £T2 for the cosmic background,
It éhould be :egarded an an upper limit, since the authors give three
effecfs which lead to overestimation of the flux, These are, an under-
esfimate of the geometrical factor at low energies, a possible contrib-
ution from‘the Galactic disc, and ppssible local production of gamma--

rays in the detector.

4) Kuo et al. (1973) .

The'spaik’chambéf'used in tﬁis éxperiment consisted of an upper
chamber‘with thiﬁ Al plates for track definition, and a Iower chamber
wifh increasingl& thick Al plates for energy determination, The main
 babkgroﬁnd.was due to upward-moving electfon scattered back in the

chamﬁe:. The wide opening angle charactéristic of’sﬁch simulated pair-
_events enabled them'to be eliminated by accepting only events with an
opening angle less than 760, with no significant effect on the number of

real pair-events.

The gamma-ray flux for zenith anéles less than4609 at 10 MeV and
depth 3 gm cm-'2 was compared with the atmospheric flux estimated from
other expériments at the same rigidity cutoff. An extraterrestrial
component was>indicat¢d by the presence of an excess in’each case,
although the actual value #aried-widely. The final quoted spectrum was
obtained»using the mean qf ail the atmospheric.flux_estimates, giving

a value which is a factor 2 above the Ap6110-15 value at 10MeV, but

consistent within the quoted errors.
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5) Hopper et al.(1973)

‘Thié experiment was intended to check the results of the MPI group
(Méyer—Hasselwander et al. 1972, discussed above), by .flying spark
‘.-chambers deaigned for the same energy region at higher altitude and
'higher cutoff rigidity. The higher alfitude reduced the atmospheric
background by a factor of more than 2 over the MPI experiment. Only
upper limits were obtained hovgver, the extrapolation to the top of
the atmospheré being conéistént with zero intercept. The upper limits
are slightly below the MPI, maximum value at 40 MeV, and consistent
with the SAS-II resﬁlt at 106 MeV, although too high too be of much

interest in this region.

The following experiments were designed to investigate the energy range

: 0;1’- 10 MeV

6)-Yedrenne et al. (1971)

.The>detector was flown'at three different létitudes in order to
esfimate the atmospheric background (see Table 9-1); This was necess-
.va;i because the organic stilbene detector was almost omnidirectional, and
‘nﬁ pictofial information was obtained. The main interaction process in
the detector was the Compton effect: thus both the gamma-ray and neutron
specctra could be obtained using pulse?shape.discrimination. The ratio of
gamma-rays to neutrons was found to increase with decreasing geomagnetic
latitude (and hence increésing cutoff rigidity)§ this was attributed to
.an extraterrestrial gamma-ray component. The form of the atmospheric
gamha-ray spectrum at latitude 10° N was taken as that from the France
‘and USSR flights, which both géve ET1'szspectra, and the absolute norm-
alization was obtained from the neutron spectrum assuming that neutrons
~and gamma-ra&s show the same development with depth. This assumption

‘has been challenged by Pal (1972) as mentioned in Sec 9.3%.1.
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The results agree quite well with the Apollo-15 curve below 1.5 lieVs

the two points below this energy fall a factor of three below this curve.

7) Damle et al. (1972).

A collimated NaI(T1) scintlllator measured the growth curve up to
6-gm cm -2 depth. A radioactive source provided in-flight callbratlon
at 2.68 MeV. The growth curve extrapolated to the top of the atmos~
phere showed'an'excess which appeared to be independent of the pointing
of the telescope towards the Galactic Center or at right angles to the
Galactic Plane., This was claimed as evidence for an eitragaiactio origin

for the flux. No.actual vales were given.

8) Daniel et al. (1972).

| This experiment was designed to check the results of the HRS-18
satellite (Vette et al, 1970, see later discussion), particularly the
high flux values above 1 MeV, The detector system was very similar to
that on ERSQ18, so that direct comparison of energy loss spectra was
.pOSSible. The total count rate above 1 MeV at 4.7 gm cnm -2 depth was
significantly less than that from ERS-18, confirmlng the conclusion of
Golenetskii et al. (1971) from the Cosmos 135 and 163 experiments (see
- o Section on satellites), that the ERS-18 detector waa_seriously affected
“ by nuclear spallation induced by cosmic-rays. Since-most of the gamma-rays
at the depth of the Daniel et al. experiment are atmospheric, the upper
1imit to the cosmic gamma~ray flux {(obtained . agsuming a power law
. dependence of atmospheric flux on depth) is much lower than this total
count rate, and is a factor of 4 below the Apollo-15 values at T MeV.
The calculations of Dango (1972) would suggest that even these low values
are overestimated (see Section 9.3.1 above).,However, other experlments.

have not confirmed that the flux above 1 MeV is as low as claimed here.
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9) Schonfelder and Lichti (1574).

A douBle~Compton telescope was used in this experiment, in an attempt

~ to reduce the background effects, including 1oca11y produced radioactivity ,
and to give some dlrectlonallty in the energy range-1-10¥eV , other
detectors in this energy region being mainly omnldirectlonal. The total
epergy of the gamma-ray is estimated from the energy losses E% and Eé'

of ‘the  Compton electrons produced in the two detectors. A time-of-

fllght measurement discriminates against upward-moving gamma-rays. The
scattering angle ¢ at the first Compton interaction can be estimated

from Eé and E%' , and by requiring this angle %to be less than 30 an-

offective aperture with full width at half maximum of 000 at 2.75 MeV

was obtained,

The growth curve was determined up to a depth of 2.45 gn cm-z, and
the gamme—ray excess at the top of the atmosphere estimated using e fit
to a linear-plus-exponential function. The statistical errors in this
type of experiment‘are quite large because of the small number of events
falling in the narrow acceptance angle. From the angular distribution
in_celestial co-ofdinates, at least four-fifths of the emission appeared

to be of extragalactic origin.

An additional source of bYackground was found to be.atmospheric
albedo neutrons undergoing inelastic gamma-ray producing interactions
with carbon in the upper detector, This led to a reduction in the derived

extraterrestrial spectrum by 14% below 3 MeV and by 50% for 3-10 MeV,
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Table 9,1 Ballcon observations of the Gamma-Ray Packground.,
, - Ceiling
Ref, Fhergy |Location [Vertical ﬂepth_z, Detector Ang.Res,
- cutoff | (g cm °) -
1.} Share et al, 10MeV | Argentina | 11.5 GV | 2.5 EImulsion i
1(1974) Texas 445 5.0 | +spark chamber
NRL ' :
2.| Mayer-Hassel-| 30- 4.5 GV} 1.7-| Spark chamber
‘wander et al.| 50 MeV 2.2
(1972) '
Herterich et
{al. (1973)
¥PI Munich
3,| Agriniexr et 20 MeV{France 5.4 GV | 2.0 Spaik chamber 20°
al.(1973) Brasil 12, GV{ 2.3 accept-
France-Italy Brasil 12, GV | 5.5 ance
~Brasil
4.|Kuo et al. | 10 MeV|Palestine | 4.5 GV| 3.0 |Spark chamber
(1973) (Texas) : :
Case-Western
Hopper et al. | 30 MeV [Queens— 8.8 & 1. -|Spark chamber
(1973) land
Case-Western—-
Melbourne
6.|Vedrenne et 0.7-
al.(1971) 4.5 ¥eV Guiana 4. |Stilbene scint- | Omi-
Toulouse France 3.5 |illator direct-
' USSR 4. ional
7.{Damle et al. | 0,25 Eyderabad 6. |NaI(T1) scinti- 55°
(1972) - -4.2 1lator (collim~ | FVHM
TATA Inst. MeV ated).
8. |Paniel et al. | 0.1 Hyderabad. 4,7 |NaX(T1) scinti~ | Omni-
(1972) -8.5 1lator. direct-
MeV ional
9, |Schonfelder 1.5 Palestine | 4.5 GV | 2.5 |Double Compton 20°
and Lichti -10 (Texas) 10. |telescope
(1974) eV
IPI Munich
104 Tanaka 0.1 Eyderabad 4.3 |WaI{T1l) scinti- 2w
(1974) 7.5 llator in active
ileV shield.

Nagoya
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9.4 Gamma-ray Observations from Spacecraft.

9.4.1 General.

The main problem associated with balloon-borne gamma-ray experi-
mehts, the atmospheric background, can only be satisfactorily resolved
. by taking detectors right out of the atmosphere, either on satellites

or on space-probes,

In satellite experiments, close Eérth orbits (~ 500 km above the
Ehrth's surface) are geherally preferred since they avoid the high
particle fluxes associated with the trapped radiiation belts si£uéted at
a few Earth radii. As with balloon work, directional detectors are better
for distinguishing the cosmic gamma-ray component; some experiments
have used omnidirectional detectors Whiéh are sensitive to background
from Earth albedo gamma-rays (e.g. the Cosmos 135 énd 163 experiments,
Golengtskii et al.,1971; and Cosmos 461, Mazets et al., 1974). In this
case, attemp£s are made to use the variation in the terrestrial componént

with cutoff rigidity to subtract the background.

Coﬁtamination by gamma=-rays originating in material near the det-
ector, and from spallation products of cosmic-ray interactions in the
detector (occuring around 1 MeV), must be allowed for. The latter is a
particular cause of diffiéulty in the interpretation of experiments in
which a scintillator is»cérried thropgh the radiation belts (e.g. Vette
etvai., the ERS-18 experiment, and Apollo?15, Trombka et al., 1973).

In the following sections, the main satellite experiments to date

are described, and the problems associated with each are discussed,

‘The main features of each experiment are summarized in Table 9-2.
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9.4.2 Description of Satellite and Space-probe ekperiments.

The following experiments operated in the energy range 0.5 - 30 MeV:

1) Arnold et al.,(1962); Mezger et al., (1964).

- These pioneering investlgauions on the Ranger III and V moon probes
were the first to give deflnlte evidence of a cosmic gamma-ray flux around
1 MeV. The scintillator was mounted on a six-foot boom to avoid contamin-
ation from gammé—rays fr§m~the spacecraft., The instrumental response was

not unfolded in the spectrum quoted in Mezger (1964).

2) Vette et al. (1970).

Ihe energy-loss Spéctrumkfor“an omnidirectional NaI(Tl) detector
“at énergles around 1 MeV was measured The ERS-18 satellite was in a
high orblt, and thernfore encountered the trappea radiation belts. The
.results show.a marked flattening of the spectrum above 1 NMeV, which
may be the consequence of the decay of long—Iived ( half-life of order
days) isotopes formed as spallation products of cosmic-ray interactions
with I127 in the detector. Such eyents‘will not triggerbthe anticoin-
cidence system of the telescope. The problem has been;discussed by

Dyer and Morfill(1971), Fishman (1972,1973) and Golenetskii (1971).

Other experiments using the same type of detector have overcome this
problem either by operating near the geomagnetiC-eQuator where the
cosmic-ray intensity drops by an order of magnitude (e.g.-Cosmos 135 and
163, Golenetskii et al. (1971) ), or by attempting to predict the induced
radioactivity and sﬁbtracting the gamma-ray lines from the spectrum (e.g.

the ‘Apollo-15 experiment, Trombka et al. 1973).
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3) Trombka et al. (1973).

The Apoll§-1§ and 16 moon missions carried NaI(Tl) detectors
very similar to thoée used by the ERS-18 and Ranger IIT and V .
experiments. The instrument was mounted on a Boom extendable up to
7.6m from the spacecraff, to allow an assessment of the spacecraft-
generated.background. The observation that the gamma~-ray intensity
varies by a factor df 5 while the spacecraft éolid angle at the det-
- ector varied by a factor of 20 showed that‘most of the gounts were

not of local origin when the boom was fully extended.

Convefsion from the energy-loss spectrum to the photon spéctrum
was méde using a matrix inversion technique with a measured response
library for the detector. The gamma=-ray lines (appearing as discontin-
uities in the spectrum) were removed by requiring a smooth variation .
of the spectrum - resulting in theAremoval of about 17% of the counts

' iﬁ the 0.6 - 3.5 MeV fange. (0f course, any cosmic gamma-ray lines
are also removed by this technique); The main lines removed were at
0.5% MeV (positron annihilation), 0,63 and 0.69 MeV ( proton-indﬁged

'I1z4,126 - 40

in the crystal), 1.47 MeV (natural X' in the spacecraft) and

2.6 MeV (Thorium in the spacecraft).

The most difficult correction was that for the radioactive spall-
ation continuum, The method adopted was to subtract a‘spectrum'of the
shape calculated by Fishman (1972) and Dyer and Morfill (1971), varying

 the normalization of the subtracted spectrum until fﬁe(reméining gpect-
rum was smooth over the 0.6 - 3,5 MeV range. An experimental determination
of the spallation continuum was also made by flying an identical crystal
on the Apollo~-17 mission, and measuring the gémma-ray intensity in the

crystal for a period starting 1% hours after ther recovery of the space-




-1%3-

craft., The result was consistent with that bbtained from Apollo-15 as
deécribeﬁ above when account was taken of the.different exposure
prbfiles for Apollo-15 and 17 ( the latter encountered the radiation
belts twice before the measurements were started; also the detector

 environment was different).

-

VThe final spectrum obtained indicates a flattening over a power-
law extrapolation of the X-ray region above 1 MeV, but only about

half the effect claimed by Vette et al. (1970).

4) Golenetskii et al, (1971)

These expefiments on Cosmos 135 and 163 used an omnidirectional
NaI(Tl). detector and were designed to study the gamma-ray flux over
a wide range of geomagnetic latitude at close-Earth altitﬁdes.'As in
all experiments ﬁsing omidirectional detectors, the removal of the
upward atmospheric gamma-ray flux is the main probiem. To reduce the
effect of induced radiocactivity, the data used were mainly obtained
betWeén the launch and the first passage through the South Atlantic

Anomaly (where trapped particle fluxes are high).

The 0.511 MeV positron annihilation line was monitored together
with the continuum flux, and the ratio ng 5/ng 4 p 5 Was found to
be neafly constant with cutoff rigidity (evaluated ét the projection
of thé satellite's position onto the Earth's surface), confirming
a common origin for both these gamma-ray components (i.e. -
the electron-pdsitron cascades from primary cosmic-ray protons).

To evaluate the cosmic component of gamma-rays n, the atmospheric
rate n was assumed to follow a power law in rigidity R, so that the
total rate n = n_ + n: R""< . Different assumed values of  lead to

Cc

different estimates of n, 3 the best value was deduced by plotting
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the ratio n (n-nc) against R; for « =1, the ratio is independent

0.5/
of R, as it should be, so this value was adopted, In the geomagnetic
equatorial region, the cosmic contribution to the gamma-ray flux was

less than 25%. All cosmic fluxes wefe given as upper limits only.

The 1imits found were lower than the ERS-18 results by a factor
of about-3 above 1 MeV, and are consistent with a power-law extrapol-
ation of the X-ray spectrum with slope -2.3 1o —2.5,-andldo not show

" even the mildér flattening observed by Apollo-15, The authors atiri-
bute the higher fluxes from the ERS-18 work to spallation effects;
the low cosmic~ray intensity in the geomagnetic equétorial region

néar the Barth reduces this problem in the Cosmos experiments.

5) Mazets et al (1974)

; 'Pesigned as a development of the Cosmos experiments described
ébove, the Cosmos-461 detector was also flown in a close Earth orbit

: bélow the radiation belts to avoid contamination of the crystal, and
inj the firét few hours of data were used,to eliminate the effects
éf induced radioactivity. Results- very similar to those from Apolle-15

"were'obtained, wifh a flattening of the spectrum above 1 MeV., The

absolute intensities above 1MeV were a factor of about 1.5 below the

Apollo-15 resulis.

The remaining experiments to be described are concerned with

the energy range above 30 MeV

6) Kraushaar and Clark (1962); Kraushaar et al. (1965).

The first satellite expériment designed to detect a cosmic gamma-
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ray flux above 100MeV, the Explorer XI-satellite used.a CsI/Nal
detector in é sandwich configuration for energy eétimation. Calibra-
tion was by pion-decay gamma-rays from an MIT synchrotfon and a tagged
photon beam at Caltech. The technique used for the exposure correction,
: adopted also in the later OS0-III experiments by this group, was to
generate random artificial events during the ON periods of the detec-
tor, with a mean interval of 20 sec., five times the true counting rate.
‘Then the number of artificial events recorded in particular time inter-
vals measures the exposure within these intervals. Although a definite
cosmic gamma-ray.flux was-not claimed, a useful upper limit on the

whole~-sky average was obtained,

‘ 7) Kraushaar et al, (1972).

>The Third Orbiting Solar Obéervatory, 080-III, which operated for
16 months in 1967-8, carried a gamma-ray telescope designed as a succ-
essoxr to the Ekplorer.XI detector. A very high rejecfion efficiency
for charged particles was obtained., Calibration again used the Caltech
tagged gémma-ray beam, and an in-flight measurement of the terrestrial
gaﬁma—ray-flux, on comparison with the Explorer XI results, revealed a
calibration error which was later corrected. The response function of
the detector was fouﬁd to be adequately represented by a function of
the form a(E,0) = Af(E)exp(~(6/1 5°)2) , where 6 is the angle made by the
gamma-ray with the axis of the telescope. However, the nadir intensity
of atmospheric gamma-rays determined by 0SO-III was almost a factor
of 2 higher than the value from a balloon flight by Fichtel et al.(1969).

The reason for this discrepancy was not apparent.

The improved angular resolution ( about 30°) of this experiment,

and the whole-sky coverage obtained during the period of observation,
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allowed an interpretation in terms of the Galactic and -isotropic com-
ponents to be attempted. In order to separate out the isotropic flux,
the'region. of the sky away.from the Galactic centre (in fact with
30°¢ 1< 300°) was divided into two areas with [bj<30° and |b|>30°.
Then.using the integrated neutral hydrogen column densities fof the
Galaxy (from ﬁaltabuit and Meyer, 1972) together with the exposure
cprfedtioﬁs (derived from artificial event generation as for the Explorer
XI experiment), the total gamma-ray flux expected in thé two areaé was
expressed as thé weighted mean of Galactic and isotropic components.
This gave two simultaneous equations which were solved-to give the sep-

‘arate components.

A finite flux of isotropic gamm-rays was claimed, being a factor
10 below the upper limit set by Eiplorer XI. Tne 0S0~III result rem-
~ained thelprincipal experimental datum for energies above 100 MeV until

the advent of the SAS-II satellite in 1972.

8) Valentine _.et al. (1970).

| A scintillator-Cerenkov particle telescope operated by the Univ-
érsity of Rochester was also carried on 0SO-III, Interpreted as an iso-
troplc flux, the result obtained for energles above 100 MeV was more
than a factor 3 above the fipnal 0SO-III value. However, their low ang-
ular resolution did not allow the Galactic component to be separated.
Also, an inefficiency in the anticoincidence system complicated the.am

analysis of the results.

9) Fichtel et al. (1974).

The second spark-chamber gamma-ray telescope in space was carried
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oh the satellite SAsfll, which operated for eight months -during 1972-3.
(The.first'appears to  have been on Cosmos-264, see Galper et al.(1970)
and note below) The magnetic core spark—chamber consisted of an upper |
chamber ‘with 16 modules separated by thln tungsten plates COj radiation
lengths) in which pair-production occurs with known efficiency, and a-

further set of 16 modules below a set of four central plastic scintill-
)

A=

ators, which form antlcoinC1dence systems with four directional Cer-
enkov detectors below the lower chamber. A plastlc scintlllator dome
surrounds the whole telescope to give ant1001n01dence discrimination
against charged particles, except those travelling upwards, for which
discrimination is made by coating the top of the Cerenkov radiators
_Z%Iack, thereby absorbing the Cerenkov Iight from such particles and
pieventing aotivation of the coincidence systems, The threshold for
the telescope was 30 MeV, and energles up to 200 Nev could be determined,

as well as the mtegral flux above 200 ]\FeV.

Fvents were examinéd visually and selected on the basis of ;
set of rules designed to discfiminate against non-cosmic gamma-rays.
 The energies were determined using the multiple scattering of the pair '
electrons in the tungsten plates, using techniques developed by Pinkau
(1966). Calibration was done using gamma-ray beams at the National

Bureau of Standards, and at . DESY, Hamburg.

The gamma-ray background was determined as the mean for six
directions with |b|>50°, only  gamme-rays within 250 of the detector
axis being accepted.'These regions were found to have uniform intensity
'within the experimental statistics. The spectrum was found to be steeper
than determined in earlier balloon experiments with a similar detector,

(Fichtel et al, 1969,1972), having a differential slope -2.4 % 0.2.

The oﬁly non-cosmic background originates in the 0.15 g cm-2 of materidl
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around the detector, and this is probably an order of magnitude below
the cosmic flu#. The SAS;II results are slightly lower than the 0SO-III
values, but agree within the expected errors and- allowing for the. fact
fhat the -0S0-III result may contain some Galactic contribution due to
the lower resolution. The fluxes are consistept with thé upper limits
from other experiments, but conflict with the high 40 MeV flux reported

by Herterich et al. (1973) (see section on balloon experiments above).

10) Bratolubova-Tsulukidze et al, (1969).

This paper reported results from the satellites Proton-2 ang -
Cosmos-208. Only upper limits were obtained, including results for
“energies above 500 MeV. The contribution from charged particles was

undefermined.

11) Galper et al, (1973) ; Volobuev et al. (1969).

The first satellite-borne gamma-ray spark chamber was in operation
in 1969 on Cosmos-264. The upper limit obtained for the diffuse flux
gbove 100 Mev is consistent with the SAS-II value,'being a factor of 7

above the finite flux found by Fichtel et al. (1974).
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Moscow

Table 9.2 Satellite observations of the Gamma-Ray Background,
Ref, Fhergy Spacecraft Detector
Arnold et al. [0.7-4.4 MeV | Ranger 3,5 csI(T1) scintillator
(1962) moonprobes on 6 foot boom,
Mezger et al, 32 channel PHA
(1964) S
Vette et al. [0.25-6 MeV | ERS-18 NaI(Tl) omnidirectional
(1970) 15,000 - 6 channel P4
GSFC 117,500 km :
UsSCh
Trombka et al. [0.3-27 MeV | Apollo 15,16 | NaI(Tl) omnidirectional
(1973) : on boom out to 7.9 m from
GSFC,USCh, Service Module, ‘
JPL,LASRL 511 channel PHA
Golenetskii et D.3-3.7 MeV| Cosmos 135 | NaI(Tl) omnidirectional
al.(1971) Cosmos 163 64 channel PHA '
A.F.Ioffe Inst 250-660 km
Leningrad : .
IMazetz et al. pBkeV- Cosmos 461 NaI(T1) omnidirectional
1(1974) 4.4 MeV 500 lm on boom. Development of
AF.Toffe Inst Cosmos 135,163 detectors
Leningrad :
Kraushaar and ? 100 MeV | Explorer XI Sandwich CsI+4Nal converter
Clark(1962) 480-1800 km Cerenkov counter
Xraushaar et al ‘
(1965) MIT
Kraushaar et al} > 100 MeV | 0S0-III CsI converter
(1972) ‘ Lucite Cerenkov counter
MIT NaI(T1l) sandwich energy -
discriminator
Valentine et all 100 MeV | 0S0-III Pb converter
(1970) Lucite.Cerenkov counter
Rochester N.Y.
Fichtel et al, 35 MeV | SAS-II 32 gap Sparkchamber
(1974) . -200 MeV | 440-610 km . | Cerenkov counter
GSFC : ‘
Bratolubova- 50 - PROTON-2 Scintillation counter
Tsuludidze et 1500 MeV |Cosmos-208 Cerenkov. detector
al. (1970)
Moscow
Galper et al. | 3100 MeV |Cosmos-264 Spark chamber, 4 gap
(1973) 270 km Pb converter
Volobuev et al,
(1970)
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9,5 Review of e&perimental data on the X-ray Background.

The models described in the present work are not intended to
provide an explanation of the X-ray background as well as the gamma-
- ray background, but for completenass some discussion of the region

. 10keV - 1 MeV is included here, Fig 9-1 includes the results discussed.

_VThe X-ray backéround has been the subject of a large number of
experiments from balloons, rockets and satellites. The agreement
between different results.ih absolute flux is good enough (generally
. within 50%) to be reasonably confident about the general nature of
the spectrum in this range, though arguments continue as to the exact

spectral shape.

X-ray experiments are subject to similar problems as for gamma- .
rays {with the exception of statistics, which are generally ample
in the X-ray region).‘Detectors are usually NaI(Tl) or CsI(Tl) scin-
tiilators. Balloon experiments require the subtraction of large atmos-
pheric fluxes, while satellites encountering. the radiation-belts of
~the Earth are contaminated with radioactive isotopes which subsequently
decay inside the anticoincidence systems and simulate X-rays. Schwartz
and Gursky (1973) have summarized what is in their opinion the. most
reliable data, and this, togetner with more recent results from 0SC-V,

will be discussed here.

The experiments selected operated either over different geo-
‘magnetic latitudes, or used direct methods of discriminating against
electron-induced counts. The balloon experiment of Bleeker and Deeren-
berg (j970) used a NaI(Tl) scintillator at geomagnetic latitudes 20°,

40o and 500, and investigated the energy range 20 - 220 keV., A shield
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was used to give some directionality, the full width at half maximum
4being 350. The cosmic-ray induced background was determined by running
with the telescope aperture closed., A power-law form of the depth-inten-

“aity curve was used for extrapclation to the top of the atmosphere.

" The ASE roéket exberiment of Gorenstein et al (5969) determined
the cosmic flux in the 1-13 keV-rahge using a prcportional counter and
a methane-filled anticoincideﬁce counter., Rocket experiments have the
:advantage of ‘operating above the atmosphere but below the radiation
belts, and Schwartz and Gursky (1973) consider that this experiment

should be uniquely free from charged particle contamination.

The USCD detector on 0SO-III (Schwartz et al. 1970) used concen-
tric cylindrical NaJl and CsI counters in anticoincidence to éive a
»resolufion of 11.50. The energy range was T.7 = 113keV. The geomagnetic
1atitude variations were used to eliminate the electron contamination B
eveﬁts ( about 80 % of the data). Induced radioactivity from passage
: 4 2

through the South Atlantic Anomaly, in the form of Na“' which decays to

Mg24 with a half-life of 15 hours, was the éecond largest correction.
However, results from 0SC-V (Dennis et al. 1973), using a similar
détector,'suggest that the assumption that Na24 decay dominates the
spallation background may be erroneous, and that several other products
are of equal importance. This later experiment'hasuan increase of stat-
istica of 2 orders of magnitude over 0SC-III, and éllowed the subtraction
of a large amount of the non=-cosmic background on the basis of short-
term variations. The corrected results agree well with those of 0S0-III,
.but the authors consider this fortuitous becauée of the reservaticns
ébout the 0S0-III radioactivity corrections mentioned above. The 0SC-V

results'fit rather well onto a power—-law curve of slope -2,08 £ .2 for

the energy range 14 - 200 keV._
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9.6 Comparison>g£ models with experimental data.

In Chapter 7 it was shown that aimple treatments of the model
for the gamma-ray background discussed therein led to spectra in
reésonable agréement with the data, but a more detailed comparison
‘was hot possible because of the uncertain accuracy of the treatments
used; Chapter 8 showed how numéricél-techniques were'applied to obtain
reliable predictions from the’model}'and compared these with the
previous analytical treatments. Here the data reviewed in this Chapter

will be used to assess the viability of the model.

Fig 9-2Ashows” the observations and spectra for models (a) and (c)
of Chaptér 8, As pointed out in Ch, 8, in ﬁhe energy range where obser-
vations are available (ie, below 100MeV), there ié'little difference
between the predictions of models (a) and (b), and between (c) and (d),
so that only (a) and (c) are shown in Fig 9-2., The uncertainty in the
energy normalization determined in Ch., 2 from the primary proton spect-
- rum means that the predicted spectra can be moved a factor of 2 up or

down.,

The following points can be noted:
(1) In both models shown, the overall agreement in the 106 - 10° ev
range is good, in view of the fact that the normalization is derived
from the primary gggzgg spectrum.
(ii) Neither model can reproduce the spectrum in the range below 105 eV,
and a sepérate mechanism (e.g. plasma bremsstrahlung) must be invoked.
(1ii) In the range-105 -106 eV, the model with increasing starlight
density in the past, model (a), agrees well with the data, while the

constant starlight mcdel (¢) falls below the observations in this range.

This is satisfactory since the Tinsley starlight spectrum of model (a)
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is almost certainly the more realistic bf the two.

(iv) Agreement in the 106 - 107 éV range in satisfactory for both
models._Tﬁe existence of a fhump’ in this region is not predicted,
.but as discussed in the review of observations above, there is still
considerable disagreement as to the size and evén the existence of
| “such a 'hump' (e.g. ﬁaniel et al, 1972 find upper limits in this
region considerably lower than the fluxes reported by other experi-
ments); Other theoris of the gamma-ray background which attempt to
explain the 'hump' have been mentioned in Sec 1.5.

(v) Above 107 eV, both models predict a spectrum of the form.Enz
approximately, while the observations of Fichtel et al. (1974) from
_th.e SAS-II satellite suggest & 0, and are in agreement with the 0S0-III
result at 100MeV., Since this region of the speﬁtrum is fairly indep-
endent of the starlight spectrum assumed (as discussed in Chapter 8),
:it pfovides a critical test for the model, If indeed the spectrum is
confirmed to have the steeper slope, this'would constitute a disproof
of thé theory in its present form. Howeyer; it would be wise to await
confirmation of the experimental data in this region before statlng
-categorically that the model is untenable. There seems to be no way
in which the model could be modified to give a steeper slope, since
very high UV and X-ray background fluxes would be required to allow

- the neCesséry ¥ Y interactions to occur, and such backgrounds would

conflict with observational limits.

- 9.7 Conclusions

Thé-original motivation for studying the gamma-ray spectrum from
‘the Hillas model of the CR primary spectrum was to try to determine
whether it was consistent with the observed fluxes of gamma-rays, and
thus p0351b1y to disprove the model (independent of tests involving

gamma-rays from LR-gas 1nteractions, which depend on gssumptions
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about gas density, and in any case do not apply if we assume a Hillas

12 eV). Vhen simple

type origin only for CR energies above say 10
freatménts showed a remarkable simiiarity between the predicted
and.observed gamma-ray spectra, a more detailed treatment was promp-
ted in an effort to obtain a definitive comparison with obsérva.tion
"to be mad91 Using a plausible model for the starlight background
radiation, a'rathef good overall fit in the 102 = 108 v range was
obtained, altﬁough the theory does not predict the steepening in the
10'7 -108 eV observed by the SAS-II experiment. Nevertheless, the
_agfeement in genérai shape and absolute intensity is sufficigntly
remarkaﬁle to suggest that the model should be considered a serious
' contender for the explanatlon of the gamma-ray background, and which

~ moreover provides a useful unlflcation of the gamma-ray and cosmic-

ray'primary spectra;
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