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ABSTRACT

The question of the origin of the cosmic radia-
tion is a fundamental problem in high energy astro-
physics, this thesis is concerned with one particular
aspect of this question namely, whether or not the
cosmic ray sources are Galactic or Extragalactic.

This problem is investigated through the results of
Galactic Gamma-ray astronomy.

The main mechanism for gamma ray- production are
discussed. The observational results of Galactic Gamma
ray astronomy are described. Theories about the Galactic
cpsmic ray sdurces and the distribution of these sources
are described and related to the resulting distribution
of cosmic rays in various propagation models. The
distribution of gas in the galaxy 1s described.

Calcdlations are presented which indicate that the
role of Invérse Compton Scattering in producing the
observed Galactic Gamma ray intensity is small. The
reason for the disagreement of this result with earller
results is analysed.

The distribution of cosmic rays in the inner Galaxy
(0-10 kpe from the Galactic Centre) is determined from a
comparison of the distribution of Gamma ray emissivity and
the hydrogen distribution, this 1s found to follow the
distribution of sources betWeen 6 - 10 kpec. The pene-
tration of dense molecular clouds by cosmic rays is .
investigated. It is concluded that the uncertainties
in the hydrogen distribution do not permit us to rule

out an Extragalactic origin, from the inner Galaxy data .



The distribution of gamma réy intensity in the
Galactic anticentre is modelled on Galactic and Extra-
galactic theories and the predictions of the Galactic
model are found to be in excellent agreement with obser-
vation. The cosmic ray distribution is found to be
consistent with the origin in Supernovae or their remnants.

It is concluded that there ié rather strong evidence
for the majority of cosmic ray nuclei between 1 and lC

GeV having been produced within the Galaxy.
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CHAPTER ONE

INTRODUCTION

The question of the origin of the cosmic radiation
is a fundamental problem in high energy astrophysics.
This thesis is concerned with the contribution to the
solution of this problem which may be gained from a
study of the Galactic gamma ray emiSsion.

There are two schools of thought regarding the
origin of the cosmic rays. According to the first,
the cosmic rays which are observed at Earth are Galactic
in origin, possibly the result of cosmic ray acceleration
in supernova explosions. One of the basic arguments in
favour of this hypothesis is based on the energy injection
required to maintain the present density. The observed
energy density of cbsmic rays with energy '>1GeV is
about 0.5eV em™ (see for example, Wolfendale, 1973).

If this density is constant throughout a disk confine-
ment region of 15 kpc radius and 1 kpc thickness, then
the total energy content is &~ 5 lO54 ergs. If now
equilibrium is assumed and the observed mean path length
of 5 g em™2 (Shapiro et al, 1971) is interpreted as =
mean lifetime of 3 lO6 years, this would imply an

40 - 41 1

energy injection rate of 10 ergs s . A similar

value 1s obtalned if a halo confinement region 1is
assumed (Ginzburg and Syrovatskii, 196.4). For compari-
son a supernova rate of 1 per 26 years and a typical

supernova energy release of 10°0-51

§1-42

ergs gives an energy
-1
release rate of 10 ergs s . Hcwever, there are

some problems with this picture. There is no direct




evidence for the acceleration of cosmic rays in super-
novae and there are difficulties in reconciling the
observed low anisotropy of the cosmic rays with the
short lifetime, (see Osborne, 1975).

According to the second school, the cosmic rays
are extragalactic in origin. In this case the cosmic
ray density outside the Galaxy will be equal to the
density inside. While there is no doubt that there
do exist powerful extragalactic cosmic ray sources
capable of {illing considerable volumes of intergalactic
space with relativistic particles (Willis et al, 197%4),
the principal difficulty is one of providing enough
energy. The energy requirement to populate the entire
universe with a cosmic ray density of 0.5 eV cm—3
represents about 0.5% of the totél rest mass of the
visible matter.  This difficulty is reduced somewhat
in the modified extragalactic model of Brecher and
Burbidge (1972). These authors suggest that at
1 GeV the confinement volume may be restricted to the
regions of space which contain galaxy clusters. In
particular they envisage confinement to the supercluster
for cosmic rays with energiles of 109 - lO16 ev. In this
case the energy requirements are rather less severe.

There 1s general agreement between these schools
that energy losses for electrons preclude an extra-
galactic origin for these particles. Similarly there
is agreement that the hligh isotropy at lO17 eV requires
cosmic rays of this energy to be mainly extragalactic.

The area of controversy is confined to nuclei with

energy between 109 and 1017 v,
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Ginzburg (1972) has proposed a test for these
models which consists of searching for gamma-ray
emission from the direction of the Magellanic Clouds.
The argument being, that extragalactic cosmic rays
interacting with the hydrogen of the Clouds will pro-
duce T° mesons which decay to give gamma rays. Thus
observation (or non-observation) of gamma rays will
indicate the presence (or absence) of cosmic rays.
However, the present observational limits are not good
enough to resolve this debate.

" This thesis is concerned with the problem of identif-
ying Which of the above models is the more satisfactory
at the cosmic ray energies responsible for gamma ray
production. Secondarily it is aimed at the related
problem of investigating the cosmic ray distribution in
the Galaxy using the available Gamma-ray astronomical
data.

With these aims in mind Chapter 2 describes the
important gamma ray production mechanisms. Chapter >
reviews the observational results of Galactic gamma-ray
astronomy. Chapter 4 describes the candidates for
the -Galactic cosmic ray sources, their distribution and
the distribution of cosmic rays which may be expected.
In Chapter 5 some of the important features of the
Interstellar gas are described. In Chapter 6 a model
is constructed for the distribution of gamma ray
intensity due to Inverse Cqmpton Scattering. The
contribution to gamma ray production from Tr° decay and

bremsstrahlung are calculated in Chapter 7 and used to



b

find the Galactic distribution of cosmic rays. In
Chapter 8 the gamma ray emission from the Galactic
anticentre is modelled using fthe results {rom Chapter
6 and 7. Finally Chapter 9 discusses some of the

conclusions reached.



REFERENCES

Brecher, K & Burbidge, G.R., 1972. Astrophys. J.,
174, 253. '

Ginzburg, V.L. & Syrovatski, S.I., 1964. In 'The Origin
of Cosmic Rays', Pergamon.

Ginzburg, V.L., 1972. Nature Phys. Sci., 239, 8.

Osborne, J.L., 1975. In 'Origin of Cosmic Rays', eds
J.L.Osborme and A.W.Wolfendale, Reidel, Dordrecht.

Shapiro, M.M., Silverberg, R. & Tsao, C.H., 1971. Proc.
l2th. Int. Conf. on Cosmic Rays, University of Tasmania.
1, 221.

willis, A.G., Strom, R.G. & Wilson, A.S., 1974.
Nature, 250, 625.

Wolfendale, A.W., 1973. In 'Cosmic Rays at Ground Level',
ed. A.W.Wolfendale, The Institute of Physics, London.



-6-

CHAPTER TWO

GAMMA-RAY PRODUCTION. MECHANISMS

2.1 Introduction

Gamma ray production in the Galaxy is dominated
by three processes; ﬂ'odecay, bremsstrahlung and inverse
Compton scattering. This chapter will describe some
of the important features of these processes, their
cross-~sections and spectrum of gamma rays which
results.

In the sections which follow and later chapters the
following notation is used. QX(EU’P ) is the number of

>

gamma rays of.energy)>EY per cm” per second produced
by process 'x' at r and is called the volume emissivity.
Qk (EY) is the volume emissivity due to process 'x' at
the solar system. In addition to these we will also

use g (Ey, r) as the gamma production rate per

X
hydrogen atom.

Thus, the intensity of gamma radiation at the

Earth, I ( YEy) due to T° production is

o

gﬁigﬁi_il dr
n

I (E,)

or

qQre (By, ™) "H (F) dr 1.
It

2.2 Gamma-ray production from cosmic ray nucleus -

interstellar gas nucleus collisions.

2.2.1 Collisions of protons with hydrogen

It will be seen later that the most prolific source

of 100 MeV gamma rays is the decay of T ° mesons produced
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in inelastic collisions of cosmic ray prolons with

interstellar hydrogen. The main channels for meson
production are
Pf? — ?+P + A(W++V—)ﬂ-bﬁo
—% PAn o+ W ¢ (xt4w7) £ A
— nan + 24 e (vFewT) +§“°
— D + Tt 6(W*+T')+\mr°
2.

where in equation 2, a to h are positive constants and
p, n, D are protons, neutrons and Deuterons respectively.

The minimum kinetic energy Tm for production

in
of n mesons is approximately given by the relation

- A 1 .
Tmin v n (280 4 10n) MeV )

Thus, for single meson production the threshold

is ~ 290 MeV. At the threshold the reactions are

p + P —_— p + n + Tt 4,
P + p — P + P + T © .
.p + P —» D + T° 6.

From the point of view of gamma ray production
the reaction of equation 5 is the most important, since
in almost 100% of cases the neutral pion decays to two

gamma rays.

The total JY-ray yield, Qqo (%), from w° decay is
given by '

Qqo (r) = 2. ‘h(f ng (7) I,(T,7)% (T)me (T)AT 7.

where Ip(T,?) dT is the cosmic ray proton intensity at

r with kinetic energy T, Ny is the density of interstellar
hydrogen,d}%P(T) is the cross-section for production of
wo mesons in proton hydrogen collision and m,,.,PP (T) is
the average multiplicity of WFO mesons in proton-hydrogen

collisions.
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Measurements of the product<JWOPP(T)m_“bﬂ>(T) are
now available from accelerator experiments up to kinetic
energies of 1000 GeV. Figure 1 is a compilation of
recent measurements from Stecker (1973). The producf
of cross-section and multiplicity, 5 .(T) m(T) are
shown in figure 2 for all three W mesons. Since the
charged T mesons eventually decay to form secondary
cosmic ray electrons it is obvious that regions of
high gamma ray emmissivity will also be regions of
coplous secondary electron production.

The relative importance of different proton energies
for 'WO production is illustrated in figure 3 which shows

the product Ip(T)GToW(T) Mo e (T).

2.2.2 The contribution from interstellar Helium

The yield from this process is given by
Qo (r) = 8« J‘nHe(r)Ip(T,r)OﬁxlT)m“ov&(T)dT 8.

The threshold kinetic energy for the production of
n pions in an enelstic collision between a cosmic ray
proton and a Helium nucleus is given approximately by
equation 9.

Tep pow ¥ 1700 4 2.5n°  MeV 9.

Where T is the proton kinetic energy in MeV. Thus
for n = 1 the threshold energy is = 172 MeV.

There exist few experimental measurements of the
Cross section<ﬂ¢w5T) and multiplicityfh“wm(T) for 1°
production in proton-alpha particle collisions. The

cross-section plotted in figure 1 is based at low

energies on an empirical model for the cross-section



3
l

=9
e
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2 103 10 10°P

T (MeV)
Figure 1. The product of cross-section, 0, and multiplicity,

m for M’ production in proton-proton collisions plotted
against proton kinetic energy, T,
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Figure 2. The product of cross-section, 0~ and multiplicity,
m, in proton-proton collisions for all three N mesons.



J(T) O’ﬁo (m) mno(T)

Q

Firgure

<
-

7,

o

r——-

T Kinetic enzigy (vieV)

The product. Tep(T) 0y (') m qo(T) versus kinctic
encrey, T, for n°prodneiion in proton-proton, proton-
helium and alpha-hydroren collinions.
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for which the parameters are determined from experi-
mental results on p - D and p - Li6 collisions (Pollack
and Fazio 1963). At high energies the cross-section
is given by
O oy = s(zo'pp + Zﬂm) 10.
where s is a parameter to include the effects of shadowing
and is assumed to be 0.5 (Cavallo and Gould 1971).
Thus, at high energies
o-po& = 20—_pp 11.
The product (nHe/nH) Ip(T)UrP&CPhnw?“(T) is

shown in figure 3.

22.3 The Contribution from cosmic ray wparticle - inter-

stellar hydrogen collisions

This process is identical with the p - He collisions
discussed above. The total cross—sectioncﬂtW(T“) is
equal to G“pm(Tp) at the same centre of mass (cms) energy.
The relation between the laboratory kinetic energies Tp

and Tucfor which the cms energies are equal is given

by equation 1l2.

m . Tp = my T l2.
Since m , « 4mp this gives
Tp o %y_
and the cross-sections O}PP“ and o;,uP are

the same for protons and alphas having the same kinetic
energy per ngcleon.

Figure 3 shows the product I, (T)CﬂpMP(T)m'ﬂxp (T)
where T is now the kinetic energy per nucleon. It can

be seen from figure 3 that the total contribution from

X-H and p - He collisions is approximately equal to
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the contribution from p - H.

2.2.4 The Spectrum of gamma-rays from ° decay

This problem has been thoroughly discussed by
several authors, for example Stecker (1970, 1975),
Cavallo and Gould (1971) and Tkaczyk (1975). The
differential spectra o7 T° gamma rays from these authors'
work are in good agreement.

The most striking feature of the gamma ray spectrum

My C .
from w©° decay 1s its symmetry about log 7%9on a logarith-
mic plot. This arises because the pion decays to two

identical particles. A w° meson decaying at rest pro-

2

duces two gammas of identical energy ng-. If the pion

decays in flight then the two gamma rays will have
different energies. For a pion with energy E_ o = X;o
V““ocl the maximum and minimum possible gamma-ray

energies are

EJmax = q%;é e ]+Pﬂ0 13.
. .
Eymin = ﬁ¥§9 Voo ( |__PTJ 14.

where F“o=-thn/c. The normalized distribution
function for in flight decay is

£(E,) dE, - d?? 15.
(T\-“o “o F“D

Figure 4 shows this distribution function for several
different pion energies. A consequence of the symmetry
seen in figure 4 is that any spectrum of pions will always
give a differential spectrum of gamma rays which is symm-
etric about log T%?? on a logarithmic plot.

Figure 5 shows the integral gamma ray spectra

calculated by Stecker (1973) and Cavallo and Gould {1971).
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The minor differences between the two spectra are

artefacts of the different models used by these authors.

2.3. Gamma-ray production in electron bremsstrahlung

In this process gamma-rays are produced in collisions
between cosmic ray electrons and the nuclei of interstellar
gas. In the collision the electron is deccelerated
and radiates a photon of energy Ey < E, where E_  is
the electron energy. The details of the derivation
of the cross-section are given in Heitler (1954).

The cross-section og(Ey,Ee) for production of a
photon of energy between Ey and EY + dEY by an extremely
relativistic electron in the field of a target nucleus of

charge Z is

' \
\ _ S AT
Oy (EY)EG 4k, = ( f*
227 dEy E (EtE_ 2\(54 Zi_‘zz =
137 B, E,\ 26€ 3 = 16
where E = Ee - E3 is the energy of the electron

after the collision, r, is the classical electron radius
and /L is the electron rest mass. In the limit of low
energy photons (i.e. Ey —> O ) the intensity Ey o,
diverges.logarithmically.

The cross-section given in equation 16 corresponds
to scattering by a pure Coulomb field. At the very
large impact parameters which correspond to production
of photons of very low energy the cross-section is
calculated including the screening effects of the
atomic electrons. In this case the cross-section

becomes . r_'l .
E.E = Z_Z_r;" é‘_E.f _E_:. : E_“_f..\:
o-}( T C—) A\E‘ 137 E‘Y Ee‘l‘ \ E.E
= = Xy
Ee D> & \?f; » 1z - 17.
¥

2 - 71
- 3)2 (1837 3) + E‘ __II
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Heitler (1954).
9Qx

The differential emissivity qu is given by

cquation 18.
od

&S =S arq )| LiE) o, (B ) AE.
AE — J d e ,J
T J Er

where nj(F) is the volume density of atoms of type

18.

ji I, (Ee’ ) is the electron spectrum and Crﬁ,j(EY’Ee)

is the cross-section for bremsstrahlung of electrons on
atoms of type Jj with nuclear charge Zj'

Since the screened cross-section of eq. 17 shows
very little energy dependence the following approximation

is often made.

RS
033 (B¢, E)dE, = =0 =V 19.

X:) =

wherefibis the mass of the target atom in grammes
2

and Xj is the radiation length in gm cm °. For hydrogen
Xy = 62.8 gm em™® (Lang 1974).

Using the approximation given in eq, 19 in eq.. 18
gives

Bj_ax(ET)F) = (f'Tl'f\*(F> Ie(>‘;b’,?,\ V\“
o=y = X, 20.

A power-law differential electron spectrum Ie(Eef) =

A (F) B, (0>2) yielas

> 3 — . iy |
%§§§(E4,r5 = MGVE,
21.
Thus a differential electron spectrum of slope,Ij,
gives a bremsstrahlung spectrum with the same slope.
The contribution of this process to the Galactic

emission and the energy spectrum are considered in more

detail 1n a later chapter.
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2.4. Gamma Ray production in Inverse Compton Scattering

This is one of the most important energy loss
mechanisms for relativistic electrons in the interstellar
medium and was originally discussed from this point of
view by Feenberg and Primakoff (1948). Since then the
Inverse Compton (IC) process has been extensively
discussed as a mechanism for creating high energy
gamma rays (see, for example Felten and Morrison, 1966).

Essentially the process involves a low energy photon
scattering off a relativistic electron and carrying off
soe of the electron's energy. Figure 6a illustrates
this scattering process, for the case of an electron
of energy, Ee =XMeC2 moving to the right and scattering
a photon of energy € , creating a gamma ray of energy Ey.

Figure 6b shows the geometry of the same process
when viewed from the electron rest frame. (In this
figure and below quantities measured in the rest frame
frame will be denoted by a prime, thus 5’ ). Equation
22 gives the relationship between the lab. and rest

frame energies.

€ = Ye' (1 - 3 cos o)

E, = XE, (1 + P cosad) .
e = Ye (1 + peosw)

E{( = XE, (1 - pcos )

In the electron rest frame the scattering pfocess
becomes simply the ordinary Compton effect and hence the
well known relation between the initial and final

energies of the photons may be used. Thus

/
E’ _ € 23.

Y |+—%\-7(|—Cosel)
e
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1
Substituiing for EY and € in equafion 2% using

the relations in equation 22 gives

Y4
Ef — %i(l+»ﬁcosmw!<l+ﬁcoux\ o
Ee \‘r%(u pcoso()(\—-cosé))

Examination of equation 24 shows that there are two
interesting extreme cases; firstly for -XE”6<M602 then
Ex :TZZe . and secon@ly that for Y67>Me02 then Ey Ee
In fact the former is simply equivalent to 6/2( MeCZ and in
this limit the process in the rest frame becomes 'class-
ical' Thomson scattering.

Now, in the interstellar medium the important
photon energies lie between leV for starlight and 5 10_4
eV for the 2.70 blackbody radiation. For these photons
to produce 100 MeV gamma rays by this process requires
electrons with )'s such that the first condition ( ¥& << MeCE)
is satisfied. Clearly, describing this process as
Inﬁerse Compton Scattering is incorrect since strictly
the process is Inverse Thomson Scattering.

. The differential emissivity -BQ“V%EQ is given by
equation 25.

0 o0
.(Q\L(E-,,F\: 4“.] T, (Be, ) N (€, TV 6, (E, €,E.) A€ 4E.
oty g, , 25,
Where Ie(Ee,f) is the spectrum of relavistic
electrons, nph(E,f) is the number density of photons
with energy between € and € + d€ and G (Ey €, Ee)
is the cross-section for gamma ray production by an
electron of energy Ee scattering off the photon of
_energy €.

)

The derivation of the cross-section (Tm(EX,E » Eg


http://Subst.it
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from the Klein-Nishina cross-section is fairly simple
and is given by Ginzburg and Syrovatskii(1964). The
resulting expression for the cross-section is

O—lc(EYQEQEe) =

2 4 6., - 2
2ﬂr2 m . meEY _ m.E, m 3, L meEr
2 27 3. T SR T 6
¢Ly 4e“E; Se€E; 2&R] 4eE] 2

The cross-section may also be used to find <E,>
the mean gamma ray energy which results from the collision.

This is given by

1Y%
‘ 4 Y%
where g& = J O}Cizxve’Ee)dEX
0

= Thomson cross-section

Upon integration equation 27 gives

.S = & y2
<U)'>—-$Xe 28,

A frequently used approximation for the cross-section

uses 28 thus

O&C(E,,e’ae) = O& S(EY_ % %E)e 29,

For a power law electron s;ectrum of the type AeE;
the spectrum of gamma rays which results from solving
equation 25 by using either 26 or the approximation 29
is also a power law, but of exponent -( [ + 1) /2.
Thus the solution to 25 has the form .

2 . a5
E, = MY 0.
The spectrum of gamma rays from this process will

be considered in detail in Chapter 6.



-16-

REFERENCES

Cavallo, G. & Gould, R.J., 1971. Nuovo Cim., 2B, 77.
Feenberg, E. & Primakoff, H., 1948.  Phys. Rev., 73, 449.
Felten, J.E., & Morrison, P., 1966. Astrophys, J. 146, 686

e

Ginzburg, V.L., & Syrovatskii, V.I., 1964. In 'The Origin
of Cosmic Rays', Pergamon.

Heitler, W., 1954, In 'The Quantum Theory of Radiation',
Oxford.

Lang, K.R., 1974. In 'Astrophysical Formulae', Springer -
Verlag, Berlin.

Pollack, J.B., & Fazio, G.G., 1963. Phys. Rev., 13%1,2684.
Stecker, F.W., 1970. Astrophys. and Sp. Sci.,b6, 377.
Stecker, F.W., 1973. Astrophys. J., 185, 499,

Stecker, F.W., 1975. In 'Origin of Cosmic Rays', ed.
J.L. Osborme & A.W.Wolfendale, Reldel, Dordrecht.

Tkaczyk, W., 1975. Ph.D. Thesis, University of Lodz, Poland.



-17-

CHAPTER THREE

THE GALACTIC GAMMA-RAY OBSERVATIONS

3.1. Introduction

Gamma ray astronomy began with the moon-probe Ranger
III which carried a scintillator sensitive to photons of
about 1 MeV. Since that first experiment many other
instruments have been flown to detect cosmic gamma rays.
However, the majority of these instruments were, like
the first, omnidirectional detectors designed to detect
the diffuse gamma ray background; only ‘a few have been
speclifically designed to have the angular resolution and
sensitivity necessary to be able to observe gamma rays
specifically from the Galaxy. In the sections which
follow, the main observational results of these experi-
ments are described. Attention will be confined to

observations of gamma rays with energies > 1lMeV.

3.2. Low Energy Gamma Rays from the Galactic Plane

(1 € § <10MeV)

The detection of gamma rays which arise in the
Galaxy reqﬁires instruments with quite a high d2gree of
directionality. Unfortunately of the many experiments
operated in this energy interval few have had sufficiently
good directional sensitivity to investigate the flux from
the Galactic plane.

A most important result was obtained by Schonfelder
and Lichti (1974) using a double Compton telescope with
an angular resolution of 300. This telescope wiz used
in drift scans across the Galactilic plane and hen-ce

observed both the Galactic and diffuse gamma ray compon-
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ents. These authors deduce from the angular distrib-
ution of the gamma ray intensity thai at least 80%
of the flux they observed between 1 - 10 MeV belongs
to the isotropic component and hence that upper limits
only may be set for the Galactic plane.

Thus it appears that at about 10 MeV the emission
from the Galactic plane begins to disappear into the
gamma ray background. Figure 1 'shows a summary of the

background from Strong et al.(1976).

3.3 High Energy Gamma rays from the Galactic Centre

(E,> 10 MeV)

The first experiment to demonstrate the existence
of a galaciic component was the telescope flowm on
the satellite 0S0 III in 1967 - 68 (Kraushaar et al.
1972). This experiment measured a finite flux of
gammas (with energy E > 100 MeV) from the Galactic
plane and desplte having only moderate (A/15°) angular
resolution the telescope was able to map out most of
the main features of the Gaiactié plane.

This experiment was followed by a series of
balloon-borne experiments (for example, Fichtel et al.
1972, Helmken and Hoffman 1973, Frye et al. 1974, Share
et al. 1974, Sood et al. 1974). These experiments were
designed to observe the gamma ray emission from the
Galactic Centre, subsequently, a second satellite experi-
ment was launcﬁed (on SAS II, Fichtel et al 1975) and
this also has provided a map and spectrum of the Galactic

Plane.
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Figure 2 shows a summary of the results from these
experiments for the Galactic Centre spectrum in the region
between 1= Bjooand 1l = 300.

It should be noted that although in general these
experiments measure the integral flux at some energy,
the published results of Helmken and Hoffman and Share
et al. actually refer to the différential’spectrum.

For this reason the integral flux calculated for these
experiments and shown in figure 2 are depenaent on the
spectral shape assumed at higher energies.' The upper

and lower values shown-for the Shareet al. point corres-
pond to the extreme assumptions of an entirely Tro deca
spectrum or an E -2 power law respectively. The evidence
of the higher energy observations in Tigure 2 suggests that
a hard sﬁectyum such as the TTO spéctrum dominates.

The Share ét al. observations have provided evidence
for a soft component of the Galactic Centre flux which
may become dominant at low energies. Figure 3 shows
the differential spectra for both the Galactic CentFe
and atmospheric albedo gamma ray fluxes. Comparison
of the Galactic centre speqtrum with the np decay spectrum
of Stecker (1973) indicateé the presence of a steep
component at low energies. Such an interpretation is
supported by comparison with the differential spectrum
of atmospheric gamma rays which shows similar structure

and is known to have such a two component origin.

3.4 The Galactic Intensity Vs Longitude distribution
As commented above this was first determined by the

gamma ray telescope on 0S0O III (Kraushaar et al 1972) and
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later studied with greater sensitivity and angular
resolution by SAS II. Their results are shown in
figures 4 and 5. |

There are two main reasons for the differences
between figures 4 and 5. Firstly, the 15° angular
resolution of the 0SO III telescope was very much
wider ﬁhan the 30 angular resolution of the SAS II
instrument. Secondly , the sensitivity of the latter
was such that about three times the number of photons
were detected by the SAS II experiment than were
detected by 0SO III.

There is however, good general agreement between
the results from the two satellite. In particular,
SAS II confirms the existence of a broad region of
enhanced intensity near the Galactic centre. Away
from the Galactic centre a recent balloon telescope
experiment (McKechnie et al, 1976) has measured a
line strength from the CUygnus region in good agreement
with SAS II results.

Four point sources have been identified by SAS II
group, three associated with the pulsars, 0833 - 45,
0531 + 21, 1747 - 46 (Thompson et al 1974b,1975, 1976)
and a fourth unidentified source at 1 = 193° b= + 3°
(Kniffen et al 1975). ~ Browning et al (1972) previously
detected a number of point sources in the Galactic
centre with a balloon-borne telescope and suggested
that the excess from this region arises from the super-
position of a nUmberlof faint sources. However,
Thompson et al (1974a) reports that the SAS II data

" does not indicate any point sources in this region and
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that there is no change in the spectral shape with
position in the Galactic plane. This is very
suggestive of a single process responsible for gamma

ray production at all longitudes.

35. The Distribution of Gamma-ray Intensity with Latitude

The intensity vs latitude distribution obtained
by the 0SO IIltelescope had an angular width of about
150;,however, as this was the angular resolution of
the telescope the true width was obviously considerably
less than this value.

This result was coﬁsiderably improved upon by the
balloon~borne telescope of Share et:al. (1974). Their
telescope had an angular resolution of l%o at 15 MeV and
recorded a width of 30 in latitude for the Galactic plane
towards the Galactic centre. This result highlights
one distinct advantage that balloon borne telescopes
possess over satellites, namely that the telescopé is
recoverable. As a result nuclear emulsions may be
used and this glves a very remarkable improvement in the
angular resolution over the resolution of, say, a spark
chamber at the same energy.

The angular width of the Galactic centre source may
be used to give a mean distance to the emitting region,
when the width of the emitting layer is known. If the
main process is T decay, then the width of the emitting
layer will be the width of the gas layer which is ~200pc.
Using this value then the Share et al. result impliez 2

distance to the source region of 3 to 4 kpec.
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The more comprehensive data from the SAS IIT
telescope confirms the existence of a narrow emitting
region. Their results are shown in figure 6. In
this figure the distributions are shown for two regions;
the Galactic centre (from 1 = 330° to 1 = 30°) and
for a broad region around the Galactic anticentre
comprising 1 = 90° - 150°, 160° - 170° and 200° - 260°.

In figure 6 the width in latitude of the Galactic
Centre emission 1is very close to that expected for
pure instrumental broadening. At these energies
( > 100 MeV) the SAS II telescope angular resolution is
g2°.

At higher latitudes, the slight enhancement at +20°
towards the Galactic Centre and -20° towards the anti-
centre has been tentatively 1dentified (Fichtel et al
1975) as being due to the local hydrogen feature
associated with Gould's belt (Davies 1960).

The broadness of the anticentre distribution 1is
particularly interesting, it reflects the rapid increase
of the gas layer thickness which occurs at the edge of
the Galaxy. However, this will be discussed in more

detall 1in chapter 9.
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CHAPTER FOUR

ON THE ORIGINS AND DISTRIBUTION OF COSMIC RAYES

IN THE GALAXY

4,1. Introduction

If the mailn source of cosmic rays do in fact lie
within our galaxy there are three important questions
which naturally arise:-

l. What are these sources?

2. How are they distributed?

3. What 1s the distribution of cosmic rays

which results?

In this chapter the aim is to describe the mailn
candlidates for the sources of cosmic rays and their
distribution in the Galaxy. Having thus answered
(1) and (2) above, the answer to (3) is approached
through a discussion of present ideas on cosmic ray

propagation.

4,2. The nature of the CR sources

The total energy injection rate to maintain the
present energy density in cosmic rays severely limits
the possible candidates. If the local cosmic ray

' 3

energy density of 0.5 eV/em” 1is assumed constant over
the whole galaxy, then for a disk of radius 15 kpec
and thickness 1 kpc the total energy content in cosmic
rays 1is 5 lO54 ergs. There is evidence (Lal 1974)
that the cosmic ray flux has remalned constant for at

least the last 109 yr. Equilibrium between the energy

input from the sources and the energy loss by escape
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must therefore have been achlieved and this enables
an estimate of the total power of the sources to be made.
The measured escape time of 3 lO6 yr implies a total

4o-41 -1
ergs. sec’,

power for the sources of 10
The obsgrvation of synchrotron radiation from
cosmic ray electrons in the shells of supernova remnants

make supernovae strdng candidates. An often quoted
figure for the mean rate of supernovae in our galaxy

is 1 per 26 yr. In order to supply all the cosmic rays
in the Galaxy each supernova must therefore release >
lO50 ergs in cosmic rays out of a total energy release

of 1050 to 1052 ergs. Thus the energy available in

SNe explosions 1is quite adequate to provide the whole

of the cosmic réy flux observed.

The mechanism by which the energy release of a super-
nova may be channelled into cosmic rays remains uncertain.
The acceleration may occur during the supernova explosion
itself, or at some later stage, either in the shell of
ejecta and swept up interstellar matter, or near the
surface of a pulsar which forms from the supernova.

The first of these alternatives, namely that cosmic
rays are accelerated hydrodynamically during the super-
nova explosion has been described in detaill by Colgate
(1975). In thls model the cosmic rays are accelerated
by a shock wave which in propagating through the outer
layers of the star becomes relativistic as it reaches
the atmosphere of the star. For a 1.4 M, star Colgate
calculates that ~ 107° M, of relativistic ejecta will

be produced taking 3 lO50 ergs out of a total available
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energy of 7 102t ergs. The spectrum of relativistic
particles produced 1is in good agreement with the
observed cosmic ray spectrum. However, the Galactic
cosmic ray composition does not appear to be consistent
with the expeﬁted composition of supernovae ejecta.
Reeves (1975) has summarized recent work on the cosmic
ray source compbsition and concludes that there is
strong evldence for an acceleration mechanism which
becomes operative after the ejected matter has mixed
with a few times 1ts own mass in interstellar matter and
hence by implication that acceleration occurs some time
after the supernova.

Mechanisms for the acceleration of cosmic rays in
supernova remnants have been discussed by Gull (1973)
and Scott and Chevalier (1975). The first author
envisages the acceleration taking place at the boundary
between the ejecta and the interstellar matter when
the amount of interstellar gas swept up becomes equal
to the ejected mass. In this situation a Raylelgh-
Taylor instability occurs and the dense matter of
the shell penetrates the interstellar gas, the resulting
turbulence generated amplifies the magnetic field and
thereby accelerates the cosmic rays. Scott and
Chevaller propose a similar mechanism in thelr model
of cosmic ray acceleration in the Supernova remnant
Cas A. These authors suggest that the fast moving
knots in Cas A are responsible for generating magnetic
turbulence with a typlcal scale size like that of the

knots themselves. Acceleration is due to the Fermi
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process, the particles gain energy as they are reflected
from the fast moving turbulent eddies. Both models
easily satisfy the restrictions on the source composition
imposed by observations.

An alternative source of cosmic ray particles and
yet another possible way of transferring thé energy
release of a supernova explosion could be pulsars.

In the Crab nebula the observed Xray spectrum is radiated
by electronswhose lifetime is much less than the known
age of the remnant, implying that within the nebula
particle acceleration still takes place. The Crab
nebula pulsar could well be the source of these electrons
but the mechanism is uncertain. Gunn and Ostriker (1969)
have proposed a model in which the acceleration is due

to the low frequency electromagnetic waves produced

by a magnetized neutron star with the axis of rotation
and magnetic axis non parallel. They have investigated
the history of a charged test particle in these waves

and showed that energles up to 102l

eV were posslble
by'this mechanism. In this model the composition

of the cosmic rays which result will depend on

where the particle originates. If the nuclel come

from the surface of the neutron star mainly iron nuclei
are to be expected, alternatively, if the pulsar acceler-
ates material in a supernova remnant shell 1t is quite
easy to obtailn the composition required by experiment,

provided acceleration takes place after the ejecta has

thoroughly mixed with matter from the ISM.
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4.3 The Galactic Distribution of Supernovae and Pulsars

4,3.,1 The distribution of supernovae

-The low rate of occurence of suﬁernovae and the
presence of obscuring dust in the Galactic disk makes
the task of determining the time averaged distribution
of supernovae in our own Galaxy lmpossible. Studies
of extra-galactic supernovae in spiral galaxies have
been used to give the general features of the super-
novae distribution. Barbon et al. (1975) have recently
published a study of the radial distribution of super-
novae within their parent galaxies. These authors
derive the surface density distribution shown 1n
figure 1. In figure 1, e =T7R where r 1s the distance
of the supernova from the centre of the galaxy and R
1s the galactic radius. The straight line represents
an exponentlal fitted to the data and, adopting a mean
Galactic radius of 8 kpc as suggested by Barbon et al.
gives a radilal surface density distribution of the form
Plpe = exp (-xr) where «") = 3,66 kpc. This distrib-
ution is very similar to the distribution of surface bright-

ness in spiral galaxies for which 1 21 to 5kpc (Free-
man 1970). If the average Mass to luminosity ratio
1s assumed constant over the galaxies, then in the
absence of slgnificant amounts of absorption the
distribution of surface brightness is also the distrib-
ution of stellar surface mass density. Figure 1 must
therefore imply a proportionality between the super-
nova rate and mass density and hence thatlin our (Galaxy

the distribution of the stellar mass density will give
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the time averaged radial distribution of supernovae.
The problem of the Galactic supernova rate has
been examined by Tammann (1973) using the statistics
of extra-galactic supernovae. He has analysed the
data for the various galaxy types and deduces a rate
+40

for supernovae in our galaxy of 1 per 31_11 yr.

if the Galaxy 1s a type Sb.

4.3.2 The Distribution of Galactic Supernova Remnants

The remnant of a supernova expands into the
surroundling interstellar gas at a rate which depends
on the total energy released and the density of inter-
stellar gas (see for example Shklovsky, 1968). It
remains intact for up to 105 years after the original
explosion. Since every known supernova remnant
radlates a non-thermal radio spectrum these remnants
are observable by radio telescopes over the whole of
thé Galaxy. A number of catalogues of supernova
remnants have been complled which give the positions
of these objects (for example Ilovaisky and Lequeux, 1972,
Downes 1971).

However, there are varlous selection effects which
limit the number of detectable supernova remnants and
this means that the Galactic distribution of remnants
cannot be derived from the catalogues in any simple
manner, (see Ilovaisky and Lequeux 1972). A number
of authors have attacked this problem and deduced the
radial distribution of supernova remnants from the

catalogues after corrections for the various selection

effects have been included. Flgure 2 shows the
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radial distribution of supernova remnants from Kodailra
(1974) and Pimley (1975) and, for comparison, the

surface density of stars is included. It 1s interest-
ing to compare the distribution of supernova remnants
with the time averaged supernova distribution which is
predicted in4.3la to follow the stellar mass density.

Good agreement is obtained except in the innermost
regions of the Galaxy where there is a deficit of SNR's
and it 1s possible that remnants are being missed in
radlo surveys due to the high background flux. Vettol-
anl and Zamorani (1976) have investigated the apparent
distribution of SNR's which would result from a time-
averaged supernova distribution which follows the stellar
mass denisty. They find a distribution of remnants in
good agreement with the observed distribution of remnants
and argue that the distribution of supernovae in the
Galaxy has the same form as is deduced for other galaxies.
Ilovaisky and Lequeux (1972) have deduced the SNe rate
for our galaxy based on the statistics of supernova
remnants. They deduce a rate 1 per 50 + 25 yr which

agrees well with the estimate &above.

4,3,3 The Galactic Distribution of Pulsars

As with supernova remnants the deduction of the
pulsar distribution from the catalogues of known pulsars
requires inclusion of various corrections to cancel out
the selectlion effects. In thls particular case this
is pest achieved by using the results of a pulsar search

made by a single instrument to provide a cdmplete sample.
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Two sky surveys have now been carried out)by the
Jodrell Bank (Lyne, 1974) and the Arecibo groups
(Hulse and Taylor 1975). Figure 3 shows the radial
distribution obtained using the Jodrell Bank data (Lyne,
Private Communication). Comparison with the SNR distrib-
ution of Kodaira indicates that the pulsars are peaked
somewhat higher at 6 kpc than the SNR's. Once again
there 1s a suggestion of a deficit of pulsars near the
Galactic centre although the uncertainty becomes large.
Hulse and Taylor find evidence for a cut off in the
radial distribution of pulsars at radii 10 kpec, a
result which is in general agreement with the radial
distribution of figure 3.

The pulsar birth rate has been estimated using
the data of figure 3 Seiradakis (1976) gives a rate of
1 per 25 years which 1s 1n good agreement with the SNe
raté deduced by Ilovalisky and Lequeux and is therefore
quite consistent with the hypothesis of a supernova

birth for all pulsars.

4.4 Cosmic ray Propagation

The propagation of cosmic rays in the Galaxy is
a very difficult problem. The aim of a propagation
model is to reconcile the observational properties of
the cosmic rays with the hypothesis of origin in discrete -
sources. In the section which follows some of the
important features of the cosmic ray propagation models
will be outlined with the object of predicting the

distribution of Cosmic rays which may result from a

source distribution Such as those described above.
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4,4,1 pDiffusion Models

The simplest approach is to assume that the cosmic
ray motion is random and that the density satisfies a
diffusion equation. For the case of 3 dimensional
diffusion one obtains a general equation for the density
of cosmic rays N(r,t,E) as a function of space time and
energy.éf the form ) _
%g _V.(DVN) + 2 (?’TEN) + N = Q(F,t,E) 1

Te
where D 1s the dleusion coefficient, E% 1s the energy

loss rate, T, is the life time of the particles due to
catastrophic processes and @ (r,t,E) 1s the source per
unit time and per unit energy at r and t. The diffusion
coefficient for isotropic diffusion is D = k0/3 where A
is the mean free path and may be a function of energy.
For protons the energy loss term i1s ignored but for
electrons this is important. The. catastrophic life-
time Tc is oo for both electrons and protons and is
important only for nuclei.

Consider the case of a disk confinement region 280
pc thick and 15 kpe in radius with a source function
Q(r, E). Since the escape time of the particles is

< the loss time by collisions, the equilibrium density
of cosmic rays. is governed only by the local value of
fhe source function and the escape time. Thus by
assuming an escape time Te independent of position
the equilibrium density N(r, E) is given by

N (F, E) =  Q(F E) T,

This equilibrium solution may be derived from

equation 1 by setting 3—, S—KTBEN) and N = 0
Te
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and by replaing the diffusion term by N/T which
e

corresponds to postulating an energy independent escape
probability (Ramaty 1974).

The general solution to equation 1 has been
discussed in detail by Ginzburg and Syrovatskii(1964).
In the solution the choice of parameters are governed
by the observables of the cosmic radiation.i.e. the
anisotropy, mean age and constancy.

The natural choice for the diffusion mean free
path, N\ 1s the observed scale length of irregularities
in the magnetic field which is 10 to 30 pc. Unfortun-
ately, however, for the disk confinement region described
above the choice of X\ = 10 pc leads to an escape time
in clear disagreement with observation. Even more
severe difficulties are encountered with the anisotropy.
The probability of obtaining an anisotropy in the obéerved
range for a supernova rate such as that discussed above
is extremely low for this cholce of X\ .

The assumption of isotropic 3-dimensional diffusion
may not be valid. The protons in the cosmlc radiation
with E<10%* eV the gyroradius is <10pc. Hence the
posmic rays will behave as though bound to the fileld
lines and experiments at the Earth sample only those
cosmic rays bound to field lines passing within one
gyroradius of the Earth. The problem thus becomes one-
dimensional diffusion and even greater difficulties are
encountered in trying to reconcile the observed anisctropy
with a set of discrete sources randomly distributed in space

and time (Dickinson and Osborne 1974).
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44,2 Self Confinement of Cosmic Rays

One type of model frequently discussed can
achleve consistency with observation. This is the
'leaky~box' model, in which cosmic rays are pictured
as propagating almost freely inside a box with partially
reflecting walls, A version of this model has been
proposed by Skilling (1971) and Holmes (1974) in which
the partially reflecting boundaries are formed by the
scattering of cosmlc rays on Alfven waves.

Resonant scattering of cosmic rays by Alfven waves
occurs when the wavelength 1s a few times the gyroradius
(Wentzel 1974). In this process the mean free path for
'reversing the cosmic ray direction is approximately the
gyroradius multiplied by the ratio of the energy
densities. in the galactic magnetic field and the Alfven
waves, These waves are set up whenever cosmic rays stream
down a density gradient with a streaming velocity‘Vé >
A A? where VA is the Alfven velocity. Such a situation
would arise at, say, the surface of a disk confinement
region or near a cosmic ray producing supernova. Thus
on this model the coémic rays are self-confined 1.e.
the Alfven waves which scatter the cosmic rays are
generated by the cosmic rays themselves.

In passing 1t is interesting to note that when
thls model is applied to the propagation of cosmic
rays away from a source such as a supernova the pre-
dicted adiabatic energy losses for the cosmic rays
become prohibitively large. (Kulsrud 1975). The

problem then becomes one of understanding how a source
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can inject enough energy to overcome this problem.

In the Skilling-Holmes model the region close to
the Galactic plane is labelled the 'free' zone and
the region of strong scattering by Alfven waves is
the 'wave' zone. The boundary between these zones
1s the z height from the Galactic plane at which the

growth rate PG and damping rate [ of the Alfven

D
waves are equal and for any particular energy and
spectrum of cosmic ray particles 1s specified by the

z distributions of the ionized and neutral gas. Thus,
for a 3GeV particle and a cosmic ray spectrum of ex-
ponent 2.5 the boundary occurs at 286 pc,

The baslc version of this model pictures cosmic
rays propagating at almost the velocity of light
within the free zone being frequently reflected in coll-
1sions with the wave zone.

Dickinson (1975) has modified this basic model to
include a realistic model of the propagation of the
particles in the free zone and examlnes 1n detail the
consequences for the Galactic distribution of cosmic

rays. Hlis models E and F are of particular interest

here since he uses a source distribution proportional

to the stellar mass density which is the same source

distribution as 1s implied by the observations of
extragalactic supernovae. His results are surprlsing.
Despite having a source distribution which peaks at
the Galactic centre at 60x the local value he finds
varlations in cosmic ray concentration across the
Galaétic disk which are very much smaller than this.

At 1GeV he finds in model E an increase of only 30% at
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the Galactic Centre and in model F, which includes

the effects of propagation in spiral arms, he finds an
increase of 15% at 5 kpc and a decrease of 15% at 14
kpe relative to the concentration at 10 kpc. For
source distributions which are constant in R he finds

variations in concentration between 0 and 10 kpec of <

1%.
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CHAPTER FIVE

THE INTERSTELLAR GAS

5.1 Introduction

This chapter reviews the main observational results
on the interstellar medium (ISM) which are relevant to
the problem discussed later. In particular interest
ls concentrated on the observed distribution of the
interstellar gas on a galactic scale. Since the
dominant component of the ISM is hydrogen, studies of

this atom are obviously of paramount importance.

5.2 The Galactic Distribution of Neutral Atomic Hydrogen

5.2.1 2lcm Qbservations

The hyperfine transition of neutral hydrogen
produces a spectral line of wavelength 21 cm which has
been observed in emlission in every direction on the
sky.  As a result, emission studies in this line have
become one of the major tools in the study of the large
scale structure of our Galaxy. This importance 1s
enhanced by the fact that the 21 cm emission regilons are
"completely resolvable in both velocity structure and
angle by the typical radio telescope.

A typical profile in this line glves the intensity
as a function of frequency,]&,Doppler shifted from the
line's natural frequency of 1420.406 MHz. 1In radio
astronomy 1t i1s common practice to express intensity

in terms of a brightness temperature, Ty, Where

2
T, = c I, (Rayleigh-Jeans approximation)
2k .
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The condition for this approximation is that
BV /ur << 1.  Since for the 21 em line hv/k = 0.07K,
thié condltion is always satisfied in 21 cm studies.

In studies of the Galactlc plane the measured
frequencies are converted to radial velocities relative
to the local standard of rest which has been determined
from the motions of the nearby stars. The Gélactic
rotation curve may then be obtained from profiles in
the Galactlc longltude interval 270< 1< 90. This
involves the measurement of the terminal velocities
contributed by material on the locus of subcentral
points for which the Galactocentric radius is R = Ro
]sinl]. The rotation curve so determined for R <R,
can be extended to R = 13 kpc by observations of Cepheid
variables and 1s extrapolated beyond this distancz by
using a model of the Galactlic mass distribution which
is constructed to fit the galactic rotation curve for
R <Rg. Figure 1 shows the rotation curve and surface
density of matter on the Mass model which is derived
from the rotation curve (Innanen 1973).

The primary goal of 21 cm astronomy has always
been the transformation of the observed intensity-

‘velocity profiles into a map of the spatial distribution
of hydrogen. In particular it was hoped that the
spiral structure would become evident in the HI maps.
Bﬁrton (1976) has discussed in detail the major problems
encountered in achieving this goal. He stresses that a
grand design of a spiral struéture in the overall HI

distribution is not established and there is little
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evidence at all for spiral structure features in the
radial distribution of atomic neutral hydrogen from

these studies.

5.2.2.1 The R and Z distributions of atomic hydrogen
The column density of atomic hydrogen in a

particular direction is given by -

HI

cm™° v 1s the veloecity

N _  1.823 x 10%8 j T, Uv) dv

where Tk is the excitation temperature of the line,
and T is the optical depth. As mentioned above, the
observations give TB(V) where |
Tp(v) = T, [1- exp (-'C(V))]
If the line is optically thin i.e. T <<1 then TB(V) =
T\ T (v) and the column density is given by
- - 1.823 108 /TB(V) v
which 1s easily obtalned by integration of the observed
profile.
In the galactic plane Tk 2 120 K and the line
is usually optically thick; if the line 1s completely
saturated,TB(v) = T
Figure 2 shows the radial variation of atomic
hydrogen density in the galactic plane from Gordon and .
Burton {1976). The average hydrogen density along a

line of length AQr is calculated from

v(r +Ac)
nH = Tb(v )d\/
Ar
vir)
when. the line 1is optically thin. Figure 2 includes

corrections for the partial saturation of the line.
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The densities near the galactic centre were taken
from the model of Sanders and Wrixon (1973).

A further important observation in 21 ¢m astronomy
is the thickness of the atomic hydrogen layer. This
has been determined for a range of positions in the
Galaxy by Jackson and Kellman (1974) from the portions.
of profiles corresponding tb the locus of subcentral
points, where the distance is unambiguous. Figure 3
shows that thelr results for the variation of Z% with
R.Burton.(l976)has also determined the variation of Z%
with R, he glves the expressions

Z% = 200 pec - R R < 9.5 kpc

v = 200 + 38 (R - 9.5) pec; R - 9.5 kpe

3
This is plotted in flgure 3 for comparison with the results
of Jackson and Kellman.

 Gordon and Burton (1976) utilize these data on the
scale height to calculate the surface density of atomic_
hydrogen which is shown in figure 4. Once again the

model of Sanders and Wrlxon is used to calculate the

surface density of gas in the nucleus.

5.2.2.2 The fine scale structure of the atomic hydrogen

Although 21 cm emission in the galactic plane can

provide an accurate description of the large scale distrib-

ution of atomic hydrogen'in the Galaxy, for details of the fine

scale structure observations of the emission profiles at
high latitude are used. An alternative technique in this
kind of study 1s to observe the absorption profile of the
21 cm-1line in front of bright radio continuum Sources.

Comparison with a nearby emission profile enables
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the column density, spiln temperature and velocity structure
of the emitting gas to bé determined unambiguously.

A general picture which emerges from these studies
is of a 'raisin pudding' interstellar medium consisting
of cold, dense clouds in a hot tenuous intercloud medium.
The properties of the cold clouds have been investigated in
absorption studies (Radhakrishnan and Goss 1972, Hughes et
al. 1971) and an average HI cloud is found to have a column
density of 3 10°C em™2 and a temperature of 60 K, which is
significantly less than the 120 K quoted above. If this
lower temperature is correct the use of 120 XK would lead
to the under-estimation of column densities. This may be
important for the work of section 9 where the 31ray flux

in the anticentre 1s calculated from the measured hydrogen

column densifties in this region.

5.2.3 Far UV Observations

This involves the observation of the resonance
absorption lines (e.g. Lyman & at 12168) in the line of
sight to hot stars wh;ch are used to provide continuum
background 1light sources.

Since the technique relies upon rocket or satellite
borne instruments this is an even younger branch of astronomy
than 21 cm radio astronomy. It is, however, a very powerful
method of investigating the spatial distribution of atomic
hydrogen out to 1 kpec from the Sun.

Jenkins and Savage (1974) use data from rocket flights

and OAO-2 observétions to determine the local distribution of

3

gas. They find an average density of 0.6 atoms cm -~ with a

large range in the observatlons (from < 0.1 to > 1.0 atoms
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cm-j). Near to the sun they suggest a density of

nH = 0.25 atoms cm_3 may be representative. More
recently Bohlin (1975) has reanalysed the available
data on Ly - &K absorption and attempts to correct

for the observational bilas. This author finds a

mean atomic hydrogen density near the sun of 0.9 atoms
cm'j. In addition these authors find a correlation

between the hydrogen column density to a star and the

stellar colour excess E(B-V), ylelding

2l -1

N = 5 10° atoms em 2 mag

H
E(B-V)

This correlation has important implications for
gamma ray astronomy. Adopting an A /E(B-V) ratio of
3 1t isfound that in dense dust clouds for which AV

2

may be > 6 this suggests column densities > lO2 atoms

cm-e. However, 21 cm studies of dark clouds give
much lower column densities (Heiles, 1969). The
implication of this result, which is that the atoms
have been converted to molecules 1s examined in the |

next section.

5.3 The Galactic Distribution of Molecular Hydrogen

In the last section it was mentioned that the
correlation of hydrogen column density with inter-
steliar extinction appears to break down when applied
to regions in which the interstellar absorption is
large, such as 1n large dust clouds. The interpret-
ation of this result is that in the centre of these
clouds the atomic hydrogen 1s converted to molecular

hydrogen with almost 100% efficiency. In the general
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interstellar medium hydrogen molecules are rapidly
dissociated by UV photons in starlight; however, in
dust clouds molecular hydrogen is shielded from UV
photons and hydrogen atoms rapidly combine to form
molecules. The next two subséctions will describe
the.distribution of molecular hydrogen as deduced

from observations.

5.3.1 Direct Observations

Uﬁfortunately, molecular hydrogen has no observable
transition in the optical and radio wavebands. In
fact, under interstellar conditions it is observable
only via the absorption lines in the far ultraviolet
and is thus acceséible to direct observaﬁion only from
rockets and satellites.

The richest source of data came from the studies.
using the Copernicus satellite (Spitzer et al. 1973)
which has been used to measure the column density of
molecular hydrogen in the line of sight to nearby hot
stars. They find that for stars for which the line
of sight intersects an interstellar gas cloud {i.e.
those for which E(B-V)> 0.1) the fraction of hydrogen
in molecular form exceeds 0O.1l. On the other hand, for
stars with E(B-V)<0.05 there is no trace of the absorp-
tion implying <:lO"7 of the hydrogen in molecular form.
Thus, they confirm the hypothesis that H willl form at
the centre of clouds for which the extinction is large
enough to shleld the molecules. Their results imply

that some 50% of the local interstellar hydrogen is in
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molecular form.

In a recent review paper Jenkins (1976) gives
an average molecular hydrogen density near to the
solar syste of 0.2 atoms cm"3 which together with the
atomic hydrogen density gives a total density of 1.1
atoms cm™>.

Unfortunately these techniques are limited to the
space wlthin 1 kpc of the sun. The unravelling of the

Galactic distribution of molecular hydrogen requires

recourse to indirect methods.

5.3.2 Indirect Observations of the distribution of Galactic
Egl .

After molecular hydrogen, carbon monoxide is expected
to be the most abundant molecule in the interstellar
medium. This is due, not only to the relative
abundance of its constituents and the ease by which
it can form, but mainly to the fact that it is the
most stable diatomic molecule known, with a dissociation
energy of > 11 eV, The far UV observatiors by Jenkins
et al. (1973) have confirmed its abundance especially
in the spectra of reddened stars which also show H2
lines. Jenkins et al. find a N(CO)/N(HE) ratio of
~ lO'8 for the four .-stars they observed.

Large column densities of CO have also been
detected in dense dust clouds by observing the J(1 — 0)

12

rotational transitiion of CO at 2.6 mm, (Penzlas et al

1972). Since it is the same dust clouds which have a

dense core of moléecular hydrogen the 2.6 line presents
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itself as a powerful tool for the examination of the
Galactic Distribution of molecular clouds.

The actual brightness temperature-velocity
profiles in this line have provided further confirm-
ation of the existence of high densities of neutral
molecules alongside the CO. The typlcal excitation
temperature in this line 1s 20 K, it can be shown,
(Robinson 1973), that to achieve this sort of temp-
erature excitation must be due to collisions with
neutrals and that the density of neutrals must be
of order 10° - 104 em™. Thus implying the existence
of molecular hydrogen in high densitiles.

Several surveys of the galactic plane have now
been made in this line (Scoville and Soloman 1975,
Burton et al. 1975, Gordon and Burton 1976) and there
is now some concensus on the general features of the
Gal;ctic distribution of CO and hence by inference
the distribution of molecular Hydrogen. =~ Figure. 5 shows
the distribution of CO in R as determined by Oordon

“and Burton. In obtalning figure 5 the average demsity

of CO molecules along a line of sight distance Ar is

calculated from [1é ] T 12
N(CO 14 C B{ CcO)dv
n(co) = —(?‘l= 3.43 10 (T3 ] [ AT

(Gordon and Burton 1976). In this expression

[120 T /[fljc 7 is the relative abundance of the

126 ana ¢ isotopes. In calculating N(CO)Gordon and

(12c1/0*5c ] ratio of 40 for the ISM

Burton assume a
compared to a terrestial abundance ratio of 89.

Figure 5 also shows the surface density of CO



*(9L6T) uojzang .
pu® uopIod Eo.u.u ST ®3%®D ayy *d ‘snipes- 91J13U80
-oq0ueTed UITM ‘(0D)N “L3TSudp Idodejans pue ‘(oo)u
£ TSuUSp 9pTXOUOW-UOQI®D 9Y3 JO UOTINQ:E TI3STP UL G 2an8TJd

(o) ¥
9 7 °
. o N7 Encerryrs \\\\\\ \\\ °
4 o Hz0
_ . . {70
o . y . .
. . . - . _. . 90
- . . : : . ... . Jw.c
. . o .fo._ | .
- (29 °W 0l P,
(025 g . S \. . o (0o)u




~49-

which is calculated from n(CO) and the total layer
thickness, which was measured by Burton and Gordon
(1976) at 1 = 21°and found to be 117pc. Scoville
and Solomon also quote a layer thickness, which at
100pc 1s 1in quite good agreement with the Burton and
Gordon figure.

The volume and surface density of molecular
hydrogen can be calculated using the data in figure 5
from the relative abundance of carbon and hydrogen in
the ISM 1f the fraction of carbon in CO is known.
Gordon and Burton quote a figure of 10% for the latter
quantity leading to an n(Can(He) ratio of 6 107
Figure 6 shows the distribution of molecular.hydrogen
in the galactic plane calculated from the data in
figure 5 and using this ratio. In addition, to the
molecular hydrogen n(HE) figure 6 also shows the
distribution of atomic hydrogen, n(HI) and the total
hydrogen density 2n(H2) + n(HI). Essentially the same
distribution was found by Scoville and Solomon except
that these authors quote a density of 5.0 molecules
cm'j at the peak near 5.5 kpc.,‘compafed to Gordon
and Burton's peak value of 1.9 molecules/cmj.

Figure 7 shows the surface density of molecules,
atoms and the total hydrogen. The molecular surface
density is calculated from the data in figure 6
using the layer thickness quoted above. The data
presented in figure 7 strongly impllies that the

plcture of the inner galaxy derived from 21 cm

astronomy greatly underestimates the total gas content.



45— — : | —— :
{em?3) ' B
‘- i
3.'5_ ! n{H)=2n(Hy)+n(HI) 1
30 § -
P
|
2'5r t.J i -
2.0~ ; .
_ —
- [~
: “SA'" s -
: | R |
I-OF- 1 -
05k a1y Ly .
nHz,. N o ¥ e ~d ’-‘"hl}‘gs.-\.f.}:v:ld:
AT b,
0_0 n(HI’ - - - _'—L_l_ :"“‘1-';-—-‘.
: 1 1 — ——
EE % 4 6 8 10 112 14 16 i
R (kpc)

Figu'r'e 6. The radial distribution of the. total hydrogen density,
n(H) = 2n (Ho) + n(HI).



-l'el.l l-l.'_l
(M@Ptfz)js_ . . : ' -

-
-
=y

Figure 7. The radial distribution of the sur'face' density of
hydrogen according to Gordon and Burton (1976). -

/



-50-

In fact Burton (1976) estimates that as much as 93%

of the hydrogen gas in the inner galaxy may be in
molecular form. However, the difficulties in
calculating the molecular hydrogen density from the

CO observations 'mean that there must remain considerable
uncertalnty in this estimate. In addition there remains
an uncertalnty in the density of molecular hydrogen in
lower dengity clouds. The Gordon and Burton results
pertain only to the distribution of dense clouds, the
large fraction of H2 discovered by Spitzer et al. 197}

1s simply not included in thelr results. Clearly, the

possible uncertainty in the published figures is large.

5.4 The Density and Distribution of other Atoms

In later chapters the interstellar gas will be regarded
mainly as a target material for interactions of the inter-
stellar cosmic ray flux. Thus, in addltion to the hydrogen
it 1s important to include the material in the interstellar
medium with atomic number abwve 1. This 1s best achieved
through a multiplying factor M such that

M =z Mn'F(Mn)
A M

H

where M, 1s the mass of the atom of atomic number A and
f(MA) is the relative abundance of this atom compared to
hydrogen. |

Trimble (1975) in a recent survey gives abundances for
three regions: the solar atmosphere, the Orion nebula and for

planetary nebulae. Using these abundances M is found to be

1.34, 1.46 and 1.71. Allen (1973) quotes 1.36 but both
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Pagel (private communication 1976) and Trimble (private
communication 1976) propose higher values, 1.42 and
1.46 respectively. Therefore for the best estimate
for M pertaining to the locality of the sun a value

M = 1.42 1s adopted.

However, it is likely that the composition of the
interstellar gas will vary with position in the galaxy.
Measurements on other galaxies support this view and
there 1s evidence from our own galaxy too (see D'Odorico
et al. 1976). Peimbert (Private Communication 1976)
considers that M may increase from 1.42 near the sun
to 1.8 or 1.9 near the Galactic centre.

In the region near 5-6 kpc where the peak of the
hydrogen density occurs M might only be larger by 10%-
than the solar value. A 10% variation in the C/H ratio
between 10 and 5 kpe might have to be taken into account
in deriving the molecular hydrogen densities when better

data are available.
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CHAPTER SIX

THE CONTRIBUTION TO GALACTIC GAMMA-RAYS FROM INTER-

ACTIONS BETWEEN COSMIC RAYS AND THE INTERSTELLAR

RADIATION

6.1. Introduction

The aim of this chapter is to calculate the contrib-
ution to the gamma radiatlon which arises from the
Inverse Compton Effect (ICE) and to investigate the
longlitude distribution of gamma radiation which arise
from this process.

This problem has received the attention of several
authors (Cowsik and Hutcheon 1971, Dodds et al. 1974,
Beuermann 1974) but the actual fraction of the observable
gamma flux which is produced in thils process remains the .
subject of debate. Cowsik and Voges (1975) argue that
the contribution from the Galactic centre is at least
60% ICE, whereas in earlier work we obtained a maximum
of 10%. (Dodds et al. 1974). Needless to say 1t is
important for our understanding of the origin and

distribution of CRs that narrower limits be set.

6.2 A Model for the Gamma-ray emission due to ICE.

6.2.1 The ICE Mechanism and Cross-section

The kinematics of this process were_described in
chapter 2. In the calculation the cross-section used

is that given in equation 1

2k 6p 2 . pb 2
2| mg +4M¢E, - MgE,“ 4 ME, 1n(MSEy\| dE
6(Ey,€,E )AE =2wr] —5 4«2,4 o B! (;L_E) ¥
Eg €E, 8¢ Ee 2¢ Eg 4€Ee

1.
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6.2.2 The Intensity of the interstellar radiation field.

This 1s an important problem for several areas of
Astrophyslics and as a result has received the attention
of a number of authors (Zimmermann 1964, Witt and
Johnson 1975, Habing.l968, Gondhalekar and Wilson 1976)
In particular interest has been focussed on the wave-
length region between 912 and 3000 R which is of importance
in understanding the ionization equilibrium of the inter-
stellar medium. Figure 1 shows the radiation intensity
as a function of frequency from the results of several
different calculations.

It 1s immediately obvious from an examination of
the iuminosity function of stars as a function of their
spectral type that the intensity of starlight is dominated
by the radiation from G-type stars with surface tempera-
ture of 6000 K (for example see Mihalas 1968). To a
good approximation the interstellar radiation . can be
represented by a 'greybody' spectrum (i.e. a diluted
black-body spectrum) with temperature 6000 K. Figure
1 shows the spectrum adopted here, the dilution factor
was obtained by adopting a total energy density for
starlight of 0.45 eV cm™ ( Allen 1973). This spectrum
is in good agreement with results of the other calcula-
tions.

In additlon to the local energy density and spectrum
of starlight the spatlial variation of energy density
with position is required. In these calculations 1t
is assumed that the energy density of starlight follows

the total mass density in the galaxy and the Innanen
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(1973) mass model has been adopted. Confirmation

of the validity of this approach comes from studies
"of other spiral galaxies (de Vaucouleur 1959, Freeman
1970, Simkin 1975) which show that the surface bright-
ness distribution of spiral galaxies have the general
form I(R) = Ioexp(-uR). This is also the form of

the distribution of the surface density of matter as
obtalned by Innanen. Furthermore it 1s assumed

that there is no change in the spectral distribution of
the light as a function of position, in agreement with
the recent observations by Simkin (1975).

The other component of the interstellar radiation
field which 1is included in the calculations is the
universal blackbody radiation. The thermal nature
and (near perfect) isotropy of this radiation is well
established, in these calculations a temperature of

2.7 K 1s adopted.

6.2.3 The Electron Spectrum

Figure 2 shows a compllation of observations of
the cosmic ray electron spectrum from Meyer (1975). Above
. 10GeV the experimental points probably represent
accurately the local interstellar electron spectrum,
however, below this energy the spectrum is modulated
by interaction with the solar wind and the correct
interstellar spectrum is somewhat uncertain.

The energies of the electrons required to produce
Compton gamma rays may be estimated from equation 2%

of chapter 2. . The mean photon energies of the two
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Flgure 2. A compilation of measurements of the interstellar
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radiation fields described above are 1.39 and 6.3 10_4
eV respectively. Upon using equation 29 1t is found
that the electron energies required to produce YLraYS
with a mean energy of 100 MeV are 3.5 109 eV and 1.8 107!
eV respectively. Referring again to figure 2 it 1s noted
that the former energy lies in the region whéere the
spectrum is modulated by the solar wind. In addition

it is to be noted that this implies that for

€= 1.4 eV and Ey = 100 MeV the minimum electron
energy required is 2 10° eV.

Although the interstellar electron spectrum in this
energy region is not directly observable because of solar
modulation the main features of the spectrum can be
ldentified from an examination of the galactic non-
thermal radio emission; for example, Cummings et al. (1973)
have used the avallable observations of the galactic radio
spectrum to derive an interstellar electron spectrum
under the assumption that the radiation process 1s
synchroton radiation in an interstellar magnetic field.
Figure 3> shows the derived electron spectra which are
compatible with the radio observations. The large
range in the spectra which they deduce is due to the
uﬁcertainty in the important astrophysical parameters;
nevertheless, the medial spectrum 1s in very good agree-
ment with the demodulated spectrum of Bedijn et al. (1973).

The most important point about the electrum spectrum
to emerge from studies of the radio emission 1s that
the radio spectrum requires an electron spectrum which

is flatter below about 2 GeV than the high energy electron
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spectrum. Meyer (1975) points out that this flattening
is confirmed by the measurements of the electron positron
ratio. This increaseswith decreasing energy belcw about
1l GeV, implying that the slope of the spectrum of positrons
is steeper than that of the electrons. The former can

be calculated from the kinematics of T+ decay and turns
out to be of order 2.0. Therefore the slope of the low
energy ( €2 GeV) electron spectrum must be considerably
less than the slope of the high energy spectrum which is
> 3,0.

The nominal spectrum of figure 3 adopted in the

calculations is: -

5 -1.8 7 9
Il(Ee) = 1.34 10 Eq 7.0 10'< Ee< 2 107 ev
ém'2 s-1 sr'l eV'l 2,
B 11 _ -2.5 9. ¢
Ie(Ee) = 4.35 10" E 2 10 'éEe

e
At high energies the spectrum adopted 1is that

proposed by Webber (1973) as the best fit to the

measurements above 10 GeV; I (E) = 2 lO16 Ee'5.

6.2.4 The Spatial Variation of the Electrons

In the calculation the spectral shape and composition
of' the cosmic ray electrons are assumed constant over the
whoie galaxy. These simplifying assumptions are in
agreement with the results of a study of the Galactic
non-thermal radio spectrum by Stephens (1969) who found
that the spectrum of radio emission was independent of
position. However, these assumptions are probably not
true for the high energy electrons which interact with

the microwave radiation. The reason 1is straightforward
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It is well known that at the very highest energies

the equilibrium electron spectrum is steeper than the
injection spectrum by one power, due to the electrons
losing energy by synchroton radiation and Inverse Compton
Scattering. Approximately, the energy at which the
steepening begins is the energy at which the escape and

energy loss lifetimes are equal. Thus:

E - 1 3
cer BT, (T - 1)

where Te is the escabe lifetime,71 is the exponent
of the injected energy spectrum and b is defined by

the energy loss rate dE :-
dt

adE = - bE = - (4 x lO-6 B2 + lO—l6w

2
)E 4,
at ph

Near the sun the break energy, Ecr is expected to
be 200 GeV. If the escape lifetime 1s constant over
the whole galaxy then in the Galactic Centre where the
starlight energy density 1is some 60x higher, the value
of Eor becomes 6 - 10 GeV. Clearly the assumption
of tﬁe same high energy spectrum over the whole galaxy
1s not valid. However, it will be seen later that
the emission from the Galactic Centre is so completely
dominated by the scattering off starlight that the
effects of this assumption will be minor.

| For the spatial variation of the cosmic ray density
the two»most extreme cases are the most interesting.
These are a) the cosmic ray density constant over the
whole galaxy, and b) the cosmic ray density varying

as the stellar mass distribution. In chapter 4 some

of the current ideas on cosmic ray propagation were
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discussed and the cosmic ray density distribution which
would result were described. Thus case a) would be
the result of the cosmic ray propagation model of
Holmes (1975) were correct and case b) would be the
result, if the cosmic ray escape time, Te’ were

constant over the galactlc disk and the cosmic ray
sources were distributed as the stars. Case b
probably represents the most extreme large scale
variation of the cosmic ray density which is consistent
with the radio observations of the synchroton radiation.
French and Osborne (1976) have modelled the observed
longitude distribution of brightness temperature at

150 MHz in terms of emission by electrons in the random
and ordered magnetic fields of the Galactic spiral arms.
These authors find the ratio of emissivities between 5
kpc and 10 kpe to be about 3:1l.

The z distribution of cosmic ray electrons is also
studied via their radio emission. Figure 4 shows the
observed brightness temperature versus latitude distribution
at 150 MHz at a galactic longitude of 60 . The data for
figure 4 were taken from the compilation of Landecker
and Weilebinski (1970). Ilovaisky and Lequeux (1972)
used this same data with the observed longitude distrib-
ution to derive the z distribution of the radio emission
which is shown in figure 5. Baldwin (1976) has used
a similar approach with the 400 MHz observations and
obtains a z distributlion in good agreement with that
of figure 5. @ In both cases the z distribution implies

the existence of cosmic rays and magnetic fields at
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Figure 4.

(14

The distribution of the radio brightness temperature
"with Galactic ‘latitude at a longitude of 60°. The
data for this figure comes from the compilation of
Landecker and Wielebinski (1970)..




Radio emissivity at 150 MHz K/kpc

Z kpc

Figure 5. ) The distribution of radio emissivity with helght, z,

above the Galactic plane as derived by Ilovaisky and
Lequeux (1972).
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large distances from the Galactic plane.

In the calculations the z distribution of figure
5 was used to represent the electrons. The results
are not sensitive to the form of the z-distributilon
but to the equivalent width thch is 1 kpe. For
comparison calculations were performed using a Gaussion
with the same equivalent width. These gave results
in good agreement with those described above.

The starlight density has a very broad distribution
in z (Shukla and Paul 1976) since the scale height of
the most important stellar component, the G stars, is
700 pec. | Here the starlight density is assumed to be
constant in z at least over the region occupied by the
electrons. Thus the z-distribution used for the electrons
is used to represent that of the gamma-ray emissivity.

As described in chapter 3 fhe intensity versus longitude
data of Fichtel et al. (1975) 1s presented as the
strength of a line source i.e. as Y's em 2s tragt.
In the calculatioh, the flux, FY(l), from a bin of
width 5° in 1 extending to + 10° in b is first calculated,

where

1+2.5 +10 *®
F (1) = ] [ at%r,z) dr db 41 5

1-205 -lo O
and the line strength I,(1l) averaged over 5° in 1 is

given by
I\'(() = §§ F‘J(e) 6
)
The integrations in equation 5 were performed

numerically using the R, and z dependences of the gamma

ray emission function which were described above. The
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resulting intensity vs longitude plots are described

below

6.3. Results
Near the solar system the calculated emissivities
for interactions with a) starlight and b) the 2.7K

blackbody are

a) ot (>100 Mev) = 2.75 10727 Vs em™? 57t

b) qIC (> 100 MeV) 8.5 10_28 T's em™ 71

The integral spectra from these two processes are
shown in figure 6 with the upper and lower limits to
both spectra calculated using the upper and lower
limits on the electron spectra in the relevant energy
intervals.

 Figure 7 shows the longitude distribution of the
gamma-ray intensities from the calculations described
above compared with the 100 MeV data of Fichtel et al.
(1975). In figure 8 these data are combined to give
the predicted galactic centre spectra from both the
starlight and 2.7 K for each of the cosmic ray distrib-
utions described above. Figure 8 also shows the

observed spectra of Fichtel et al.

6.4. Discussion

Comparison of the observed intensity longitude distrib-
ution with the predictions of the model (figure 7)
indicates.that the maximum contribution which results
from the IC process for the case iﬁ which the cosmic

ray density 1is constant 1s a few percent. This is
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Figure 8. The predicted gamma ray spectrum from the Galactic

: ) centre for cases A and B as in figure 7. The
hatched region i1s the Galactic centre spectrum
from Fichtel et al (1975).
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in clear disagreement with the work of Cowsik and
Voges (1974) who predict a 60% contribution. The
reasons for the disagreement are threefold.

Firstly, Cowsik and Voges have used a starlight
spectrum with a temperature of 104K and a mean photon
density near the sun of 0.8 photons em™>. Together,
thesé assumptions imply an energy density which is
1.86 eV/cm3 or approximately 4X the energy density used
in the calculations heré. The observational evidence
is strongly in favour of a smaller value, say, O.4 - 0.5
eV/cm3 as quoted by Allen (1973) or perhaps an even.
lower value (Stecher and Milligan, 1962).

Secondly, these authors have.psed a thickness of
2 kpe for the electron disk which will give an increase
of a factor of two over the intensities calculated above.

Finally, over a large part of the Galaxy (2<R<8)
the stellar mass distribution used by Cowsik and Voges

is  4X the density given by the model of Innanen (1973)
which probably represents the best available work on
the distribution of mass in the Galaxy.

One method of checking the above calculations is
to compare the results with the Compton gamma ray flux
calculated from the observed radio intensities (see for
example Felten and Morrison 1966). This method
used the fact that the samé electrons which produce
inverse Compton gamma rays will also produce radio
frequency synchrotron radiation with the same spectral
slope.

Using the 150 MHz data from Landecker and Wlelebinski
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(1970) and assuming a uniform magnetic field of 3 lO'6

gauss, this method predicts a flux of 1.0 x 10"8

em 2 571 ster ™! Mev! from the Galactic pole. The

photons

above model gives a value of 8.6 x 1072 photons em™ 2
s_l st:er'-l MeV-l. This excellent agreement supports
the choice of parameters above and suggests that the
resulfs of Cowslk and Voges represents an overestimate
of the contribution from this process.

It 1s noticeable from figure 7 that the most
important features of the observed intensity vs longitude
plot, viz the broad flat central maximum, cannot be
reproduced by having a cosmic ray distribution in which
the density is prbportional to the density of sources.
The modéls considered here clearly predicts that the
greatest contribution to the Galactic flux will occur
in narrow region around the Galactic centre.  The
magnitude of the observed peak at the Galactic Centre
may be used to set 1imits on the Galactic centre cosmic
ray flux (Wolfendale and Worrall, 1976).

Finally, it must be remarked that in these calcul-
ations 1t has been assumed that the ratio of primary to
secondary electrons is constant over the whole disk.
The effect of this varying will be small since the
ratlo is 10 to 1 in the Solar System. It will however

be considered in the calculations of the next Chapter.
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CHAPTER SEVEN

THE GALACTIC DISTRIBUTION OF GAMMA RAY EMISSION FROM

COSMIC RAY-MATTER INTERACTIONS

7.1l Emissivity near the Solar System due to m° Production

The details of this mechnism were discussed in
Chapter 2. In this section the aim is to determine i
the emissivity of gamma radiation in nearby interstellar
space using the observed spectrum of cosmic rays.

The threshold for ‘Wo production in p-H, p-He
reactions is a few hundred MeV. Unfortunately the
cosmic ray spectrum above this energy and up to a few
GeV 1s not accurately knowﬁ, the measured energy spectrum
at the top of the atmosphere varies over the solar cycle
due to the time dependent modulation of the solar wind.
Thus the local interstellar spectrum near 1 GeV has to
be deduced from the observed modulated spectrum using a
theory for the interaction of the solar wind and cosmic
rays.

Comstock et .al. (1972) have performed a demodulation
of the energy spectra measured at solar minimum in 1965.
These authors find that the best fit to the data is
obtained for an interstellar spectrum which is a power
law in total energy, W, with a constant exponent " = 2.6.
Thelir spectra of protons and « particles are shown in
figure 1. The actual form of these spectra are for

)-2.6 m-2

protons J(Tp) = 5.9 lO8 (T + E, sr-t g1 (Mev/

nucleon) T and for -particles J(Ty) = 6.5 107 (T + EO)_Q'6

m 2 gt g1 (MeV/nucleon)_l where T is the kinetic energy
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Figure 1. The interstellar spectra of protons and alpha

“ particles according to Comstock et al (1972.
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and Eo is the rest energy per nucleon.
Figure 2 shows the product of JCR(T) and qu) m o (T)
for both p - H and «- H collisions. The total yield of

gamma rays from w° decay 1s gilven by the equation

«w
G = 3T 80| (Moy(T) men (1) ap
where the summations extend over the gas nuclel, 1; and the
cosmic ray nuclei, k.
| Considering p - H collisions only, the yield is given by
integration under the distribution in figure 2. Figure 3 is
a plot of the cumulat;ye distribution given by
Qe<T) [T oy (MY My (1) AT
Qe J; To(T) T (T)MG (T)dT

From an examination of figure 3 the median energy for

gamma ray production can be determined. For protons on
hydrogen this 1s 2.7 GeV. In addition, it can be seen from
figure j'that 80% of the emission arises from protons between
900 MeV and 15 GeV. Table i lists the median energies for
the three most important processes viz. p - H, p - He and

®X - H collisions.

Now, although the dominant contribution to ° production
will arise from the collision processes already described and
listed in Table I, it 1s important to consider the poséible
contribution from cosmic ray nuclei with Z>2, which in practice
involves mainly the nuclei C, 0, Ne, Mg and Si. The observ-
ational results on the relative abundances of these elements
in cosmic ray has recently been reviewed by Waddington (1974).
This author gives the rafio of the number of the nuclei to
the total C + O nuclel as 25:1, with approximately equal
fluxes of each nucleus.

Unfortunately, there are no-measurements of the cross-
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The product of J_(T) with 03{T) m o(T) for collisions
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spectra of protons and alpha's in figure 1 was used.
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sections oa-p_c, Ox ete. Following Pollack and Fazio

°5=0
(1963) the ratio of the cross-sections O}b_N D Ow,_y are
assumed to be in the ratio of their atomic numbers. Using
this assumption the total contribution was estimated from
the data on the abundance relative to Helium and this comes to
25% of the contribution from cosmic ray alpha particle-
hydrogen collisions.

Table II summarises the results of these calculatiohs

and gives both the total yield and -the integral flux at 100

MeV (see Chapter 2).

TABLE T
Contributing Median
Collision Process Energy (GeV) -
proton - hydrogen '2.7
alpha -~ hydrogen 2.6
proton - helium 2.5
TABLE II
Contributing Emissivity in nga's
Collision Processes (hydrogen atom)” *s-1
protons on hydrogen 0.84 10722
alphas on hydrogen 0.38 10722
Total -25
Yield Z >2 nuclel on hydrogen 0.09 10 .
All CR on hydrogen 1.31 1072
A1l CR on ISM 1.84 107
-25
' Above All CR on ISM . 1.25 10
100 MeV
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The final input parameter for this calculation is
the hydrogen density 1n nearly interstellar space.
This was discussed in chapter 4, Here, it is important
to stréss that there 1s apparent disagreement between
the 1oéa; hydrogen density from the UV absorption measure-
ments and the results of the radio astronomical obsefvations.
Thus, Jenkins (1976) gives a total density of 1.1 atoms
5

» comprising 0.9 atoms cm'3 of atomlc hydrogen and

3

em”
0.2 atoms em © of molecular hydrogen, whereas Gordon and
Burton (1976) give a total density of 0.8 atoms em™>

made up equally of atomic and molecular hydrogen. How-
ever, the disagreement may not be real because the UV
observations are restricted to space within 1 kpc of the
sun whefeas the Gordon and Burton result refers to the
average density in an annulus of 10 kpec radius and hence
the two values may not be directly comparable.

The gamma rate production rate for a hydrogen
density of 0.8 atoms em™? 1s 1 107°° photons em s,
Thus the IC contribution calculated in the last chapter
1s only 3% of the w° contribution. Clearly the
majority of the Galactic emission will arise from the
we mechanism. In the later part of this chapter these
calculations will be used in conjunction with the
observations of Gordon and Burton and the calculations
of the next section, to determine the distribution éf

cosmic rays.

7.2 Gamma Rays from Electron Bremsstrahlung
As described in chapter 2 cosmic ray electron of

energy Ee involved in a collision with a nucleus of
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the interstellar gas radliate a spectrum of gamma rays
with ‘energy between 0 and Ee’ the total kinetic energy
of the electron. Thus, in ordcr to determine the
integral spectrum of gamma rays LOE,) produced by Brems:-
.trahlung of a cosmic ray electron spectrum Ie(Ee)dEe it
is necessary to know the form of the electron'spectfum
down to the electron energy Eemi Ey. As a consequence
the important energy region of the cosmic ray spectrum
for producing bremsstrahlung gamma rays of 100 MeV is
poorly known because of the effects of the solar modul-
ation. Figure 4 shows the differential electron spectrum
of Cummings et al. (1973) which was used in the last
chapter for the calculation of the inverse Compton gamma
ray production fate and which extends down to 70 MeV.
It is this electron spectrum which is adopted in the
following calculation.

The emissivity of bremsstrahlung gamma rays is
given by 0 0
Q(Ey) = 2 4wn [ dE;[ dEeIe(Ee)O'B,j(Ew’ JEg) 2

J Ey Ey

"where nj is the volume density of atoms of type J, ie(Ee)
dEe is the local interstellar electron spectrum and
.CJB,j(E*,’ Ee) is the cross-section.

In this calculation the uncertainty in the electron
spectrum at 100 MeV Jjustifies the adoption of the extreme
relativistic, screened, cross-section even at 50-100 MeV.
Thus the cross-section used was that given by equation
17 Chapter 2. |

Figure 5 shows the integral energy spectrum (expressed

as the yield per hydrogen atom) for the above assumptions
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and an interstellar medium with M = 1.4 (see
chapter 4). The emissivity at 100 MeV is 1.5 10_26
Yis (H atomn. :s)'l and is 12% of the yield from 1°
production. The upper limit to the bremsstrahlung
rate was obtained using the Cummings et al. uppser

limit to the electron spectrum and corresponds to 20%
of the T° yield. The result is in very good agreement
with the calculations of Kniffen et al. (1975) who use
a similar electron spectrum. These authors also quote
an emissivity between 10 and 30 MeV of 1.17 10722 s
atom 1 71, Strictly there is no evidence for a
spectrum which continues with the same exponent down

to these low energiles (Cummings et al. 1973). However,
if the integral spectrum of figure 3 is extrapolated

to 10 MeV a production rate for 10 - 30 MeV gamma rays
can be estimated and this is found to give qB(IO—BOMeV)
_ 7.9 10726 Y1 1L,

s atom

7.3 The Distribution of Gamma Ray Emission in the Galaxy

The radial distribution of gamma-ray emissivity
in Galaxy has been derived by Strohg and Worrall (1976)
from the intensity vs longltude results of Fichtel et al.
(1975). Their results are plotted in figure 6 as the
relative emissivity, W(R) as a function of Galactic
radius where the emissivity at 10 kpc is taken as the
datum. '

Figure 6 clearly shows that the broad region‘of
high gamma ray intensity seen within }OO of the Galactic

centre originates in a ring of enhanced emissivity lying

within 5 and 6.5 kpec of the centre. The observations
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Figure 6. The radial distribution of the relative emissivity

of gamma-rays as derived from the SAS II observations.
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presented in this way are in a particularly convenient
form for comparison with the surface density of gas
in order to determine the radial distribution of cosmic

ray density.

7.4 The Distribution of Cosmic Rays

The results displayed in figure 6 are actually the
distribution of surface emissivity,}ZY(R), as a function
of Galactic radius. Thus if Q y (R,z) is the volume
3

emissivity in gamma rays cm” s1 at distance R from
the Galactic centre and height z from the Galactic plane,
then z,(R) is given by

L4(R) = [ Q  (R,2)dz

-0
Near the solar system the surface emissivity is 6.67
(+ 2.3) x 1072 gamma rays em 2 s™%,

The best evidence regarding the z distribution
of Qy suggests that it is dominated by the spread of
the gas in z. Firstly the observed shape of the
galactic centre intensity vs latitude results of
Fichtel et al. (1975) is dominated by a very narrow
component only 1 - 2° in width. This is the same
angular width as the gas layer at 5 - 6 kpe from the sun
and strongly suggests that the width of this feature
is determined by the thickness of the gas layer and
not by the cosmic ray layer. Secondly, the observed
distribution in latitude of the non thermal radio
radiation is very wide implying that cosmic ray elcctrons

and the Galactic magnetic field extend to larse distances

from the Galactic plane. It seems almost certain that
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the cosmic ray electrons which produce the radio
emission (Ee ~ 1 GeV) and the protons responsible for
gamma ray emlssion (Ep % 3 GeV) will have the same z
distribution. If so, then the cosmic ray nucleons
will have a canstant density 1n the region occupied by
the gas, and the z -dependence of the emission function
Qy(R, z) for Bremsstrahlung and pion production will be
determined by the z - dependence of the gas.

Considering pion production alone, then, the surface

emissivity Z:(R) becomes
+0
v .
L, (R) = f Q"(R) ny (R, 2) dz y

oo
If the simplifying assumption of a position indepen-

dent proton spectrum is made then q : (R) made be expressed

as

«
ay(R) = w(R) a]

Where W(B}/wb 1s a function describing the density of
cosmic rays at distance R from the Galactic centre relative
to the solar value, and qg-is the local gamma ray production
rate per hydrogen atom which was calculated above.
In this case then the surface emissivity may be ex-
pressed as :
Liw - o Ll oum ;s

Where<TH(R) is the surface density of hydrogen. A similar

expression may be written for the surface emissivity due to

bremsstrahlung 3 o
3
L) = o . ¥e®) .g (g 6
w H
wé(R) eo
Where now e~ describes the variation of the cosmilc
eo

ray electron density across the Galaxy, and as 1in the

previous chapter the electron spectrum is assumed to

‘have the same form throughout the Galaxy.



~Th-

If now it 1s assumed that

we(R) = w(R)

We'o ©

then w(R)/w, . will be given by

w(R) = 3.41h—r-7¥131———-y
"o “ThoyRitagi+a g )

’ 2
where <7h(R) is in-Mo/pc .

However,in writing down an expression for w(R)/wg in 8
two contributions have been neglected. Fi.>stly the contri-
bution from the inverse Compton effect has to be added.

This gives a contribution
1c, YelB) (R

IC , = ) q t
7— Y (R) e weo % te

Where t 1s the thickness of the electron disk which

IC

1s taken as 1 kpe, and q-° 1s the emissivity of IC gamma

rays near the sun expressed as photons cm'3 s'l.

A second contribution which must be included covers
the varlation of the ratio of primary electrons to seondary
electrons across the Galaxy. In Chapter 2 it was pointed
out that the same process which produces gamma rays through
w° decay also produces secondary electrons and positrdns
through Tt decay. As a result the secondary electron
.production Q(r, t, E) of equation 3.1 has the same
spatial dependence as the gamma ray emissivity. It 1s
clear that the.seoondary part of the electron source
function will have the same general structure as the
gamma ray emiséion function in figure 4 i.e. a maximum
betweén 5.0 and 6.5 kpe.

The distribution of secondary electrons is given by

VIR oy(R) w(R) 10

w? ©
w
eo oHo e
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here the double prime will be used to denote the
secondary electron part of the electron flux and the
sinéle prime will denote the primary part. In
obtaining 10 a constant value of Te’ the escape life-
time; was assumed over the whole galaxy. Equations

6 and 8 may now be rewritten as

' A w_(R) w_(R)
[?(R) = qg M,—;;@— %u(R) + P f,,eo UH(R)} 11
Ic Ic we(R) We(R) O‘st(R)
R) = t v _
SLY (R) %o [ Yeo * Yeo Cste 12

where
= fraction of bremsstrahlung gamma rays produced by
primary electrons near the solar system
?= ditto . . Dby secondary electrons
= fraction of inverse Compton gamma ray produced
by primary electrons near the solar system
V= ditto ... by secondary electrons.

In order to determine %, ?,/A and V the energy spectra
of the primary and secondary electrons are required.
These may be determined from the observations of flux of
positrons relative to the total flux of electrons and
from the physics of the 'Wt production process. Figure
7 shows the experimental results (Meyer 1975) on the frac-
tion NQ/(Ne** Ne_) as a function of energy. It can
be seen from figufe 7 that the secondary electrons
have an energy spectrum between 100 MeV and 1 GeV which
1s steeper than that of the primaries. As a result o
has a value <0.3 the fraction of the electron flux at

100 MeV which is of secondary origin. The values of
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and P. were found to be 0.84 and 0.16 respectively.

The problem of the IC contribution is much
simpler since the secondary spectrum has approximately
the same slope as the primary spectrum above 1 GeV.

The values of ﬂ.and'v are therefore 0.9 and 0.1.

Combining together the various terms for the
surface emissivity'given in equations 5, 10, 11 and 12,
the values 6fo¢,P s P-kv _calcdlated above and the
assumption wé(R)/wgé = w(R)/w, together gives W(R)/wq.
This is shown in figure 8. The error bars represent
the errors in the unfolding alone éhd do not include the
uncertainty in the gas density.

The cosmic ray distribution of figure 8 is very
similar to both the pulsar and supernova remnant
distributions and in the reglonS<R <10 kpe is consistent
with the cosmic ray density being prdportional to the
stellar mass density.

The ratio of the energy densities in primaries and
secondaries wéCRLﬁZ—(R) is determined by the density of
hydrogen. Thus wé(R) . w’ H(R)

w/(R) ~ ” o;
Yeo %Ho
Since at 5 - g kpec O (R)/o-o is # 2, the primary

electrons dominate at 1 GeV and the spectrum o! radio
emission will be the same as the local spectrum, in

agreement with the results of Stephens (1969).

penetration probability

In the above calculations it Was assumed, though



R (kpc)

Figure 8. The radial distribution of cosmic ray intensity,
' w(R)/wWe as deduced from the gamma-ray observations.
Also included for comparison are the radial distrib-
utions of pulsars and supemova’.rew\m\\:s. ’
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not explicitly stated, that the atoms of the hydrogen
were distributed uniformly over the interstellar medium.
However, this is not the case, since the molecular
hydrogen 1s concentrated in clouds with typical diameters
of 5 - 10 pe and densities of ~ 3000 atoms cm -. The
question which naturally arises is whether or not the
cosmic rays are free to penetrate deep into the clouds.
This problem will be discussed in this section.

The typical column density of a molecular hydrogen

22 atoms cm'2. This makes the cloud

cloud is ~ 10
optically thin to cosmic rays andnimplies that unless
some other mechanism screens the cloud centre then the
density of cosmic rays at the cloud centre, nc, and the
density In the space outside the cloud, n® are approxima-
tely equal. However, the small anisotropy in the cosmic
ray flux at the cloud surfacé can produce Alfven waves
which may, in the manner described in Chapter 3, scatter
| the cosmic rays, producing a cosmic ray mirror at the
edge of the cloud. It 1s possible that this may screen
the centre from the cosmic rays outside the cloud.
Consider the cylindrical cloud of figure 9. At

the surface A the fluxes of coasmic rays in and out

of the'cloud are noc and noél-t) ¢ respectively.where

¢ 1s the cosmic ray veloclty, n® the cosmic ray density
outside the cloud and T 1is the average optical depth
for cosmic rays. = Since the average velocity of the
cosmic rays in the direction BA is c/a T is given by

T = 2R Oypelastic
At the cloud surface A, cosmic rays stream into
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the cloud with velocity vst where,
v. - Tn% _ Te
st )+n0 A

At A, Alfven waves will be created and Lhe energy
density in the waves will grow if the growth rate due
to the cosmic ray streaming exceeds the damping rate
due to ion-neutral collisions. Following Dickinson

(1975) the growth rate‘ﬂGand damping ratev% are given

by ]
M - 1.69'10_10 (Vst _ 1)
G (k/gev) i 2\ Va _
¢ nH ‘/ T "‘IZ
C = 1.12 107" 2! )
D \lcm-3,i1000 K
where vA = Alfven velocity

Inside the cloud the situation is such that ny =
3000, T = 10K and waves are rapidly damped. On the
other hand outside the cloud Ny = 1, T = 100K and the

condition for PG>TB becomes v_,>v In other words

AI
this requires the optical depth of the cloud to be a
few times vA/c. In the general ISM the value of v,

1)thus vA/c = 10'4, whereas the parameters of

is 30 km s~
the cloud in figure 7 give T= 2 107°. Thus the
conditions at A (and B) are such that the Alfven waves
grow, and the streaming velocity becomes Vg

As a result of this process the density of ccsmic ray
nuclel inside the cloud drops to a value nc, where n°
is governed by the equilibrium between the rate at which
cosmic rays are carried in through the surface and the
rate at which they disappear inside the cloud due to
inelastic collisions with the gas atoms. Thus

Rate of cosmic ray replacement = no vAxArea

c

= Death rate = n" n tﬁnc x Volume

H



L A
n ny ‘O cR Tc
for the parameters given above
c
n A P
n° - 10

Such a reduction means a large reduction in the
gamma ray yield from 1T°decay.

A more detailed analysis (Skilling and Strong
1976) has shown that this process is very efficient
below 1 GeV but that at higher energies the reduction
is small. At 10 MeV the reduction is a factor of 80.
‘Tﬁese authors obtain significant gamma ray depletions
when the column density of the cloud and/or the cosmic
ray density are a factor of 10 larger. Thus this process
works for protons"for only the most massive clouds.

In their analysis, Skilling and Strong did not
include the electron contribution ﬁo the gamma ray
flux. At first sight the problem is a simple one.

The electrons will be resonantly scatiered by waves

set up by the non-relativistic protons. For example
a 100 MeV electron and a 4 MeV proton have the same
Larmor radius. As a result the depletion of cosmic
ray electrons inside the cloud is expected to be large.
ﬁowever, the analysis assumed no sources of cosmic rays
within the cloud. In practice the cosmic ray nucleil
with kinetic energies > 1 GeV/nucleon are not excluded
very efficiently and secondary electrons are produced
inside the cloud. These are prevented from escape

by the waves set up by fhe low energy protons and

consequently the secondaries build up inside. The

equilibrium level is governed by a balance befween
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losses due to bremsstrahlung or ionization and creation
in nucleon-nucleéon collisions.

Thus equibrium implies!

creation rate = destruction rate
n
n—lQ='£1_S
2 Td

Where Q is the secondary electron production rate
outside the cloud; nl and n2 are the gas densities
in the cloud and outside the cloud respectively; n® is
now the density of secondaries inside the cloud and Td is
the lifetime of secondaries on the inside due ma;nly to
iénization and bremsstrahlung losses.

The equilibrium level outside the cloud is

no = Q, Te

where Te is the escape lifetime.

Therefore c

ol ®
i
S s
H

If the typical paramters quoted above are substit-
uted the ratio is found to have the value nc/nO o 4,

Clearly this is an important problem since it
implies that a large part of the gamma ray emission may
be due to bremsstrahluhg by the secondary electrons. A
more detailed calculation Strong (Private Communication})
gives a depletion in the density of cosmic ray electrons
inside the cloud relative to the total density (primaries
and secondaries) outside. In the calculation by Kniffen
et al. (1975) the electrons were assumed to have fr:e
access to the hydrogen. A moire complete calculation

of the gamma ray yield requires more information on the

distribution of cloud masses.
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7.6 Conclusions

The available evidence is in favour of a cosmic
ray density gradient between 5 and 10 kpc with approx-
imately the same distribution as that of the main cosmic
ray source candidates. From this it may be concluded
that the lifetime of cosmic rays in the galaxy is not
a strong function of R and that the cosmic rays do not
diffuse far from their sources. It is necessary, how-
eﬁér, to examine again the possibility that theC R density
is uniform (in Extragalactic origin or udalactic plus loni
diffusion paths) and to see under what conditions this
situation would pertain.

In order to reproduce the gamma ray observations
using a uniformbcosmic ray density distribution it is
required that the hydrogen surfacs density at 6 kpc is
Sl%j/Mo/pcg. Gordon and Burton (1976) give a density
at 6 kpec of 13 Mo/pc2 and Scoville and Solomon (1975)
give a density of 21 Mo/pc2. There is a large uncert-
ainty attached to the quoted figures of the hydrogen
density. This arises because of the difficulties in
converting from the CO emission data to the column
density of molecular hydrogen and also because the layer
thickness is not known; both the Gordon and Burton and
the Scoville and Solomon results are based on only a
very limited number of observations of the layer thickness.
As a consequence of these problems the uncertainty in the
quoted figures for th may be as large as a factor of 2.

This fact suggests that the possibility of a uniform
cosmic ray density cannot be ruled out completely.

However, it will be seen in the next chapter that the
observations of the Galactic anticentre do not imply such

a uniform distribution.
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CHAPTER EIGHT

GAMMA RAY EMISSION FROM THE GALACTIC ANTICENTRE.

8.1 Introduction

In the last chapter it was shown that the evidence
from gamma ray emission and gas distributions indicated
that there was a gradient in the cosmic ray density
between 5 and 10 kpc from the Galactic céntré. However,
no strong conclusion was possible because of many
problems associated with molecular hydrogen. In this
chapter attention is switched to a broad region ceuntred
on the Galactic anticentre extending from 90o to 2700
in longitﬁde.

In the anticentre direction the line of sight crosses
regions more distant from the Galactic centre than the
sun itself. Since the results of the CO emission
surveys of Gordon and Burton (1976) and Scoville and
Solomon (1975) showed that the dense molecular clouds
were concentrated to the region within 8 kpc of the
Galactic centre, their contribution to the hydrogen
column densities will generally be small. Hence the
atomic hydrogen column density may be used to give &
lower limit to the flux of gamma-rays to be expected as
a result of interactions between the cosmic rays and gas
and will allow comparison between predictions of
Galactic and Extragalactic models for cosmic ray origin.

In a.sense the method proposed here is somewhat
similar to that put forward by Ginzburg (1972) for
the Magellanic Clouds. Ginzburg suggested using these

objects to test for the existence of extragalactic

cosmic rays by searching for the gamma rays which_would
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be produced by cosmic rays interacting with the hydrogen
in the Clouds.

If no gamma rays are observed, then this would be
- definite proof of the Galactic origin of cosmic rays.
Unfortunately, this proposal suffers from the disadvantage
that the observation of gamma rays does not in fact rule
out a Galactic origin. The present method is in prin-
ciple much more sensitive than Ginzburg's because the
difference in intensities between the Galactic and
Extragalacti: models should be greater than for the
small signal to be expected from Magellanic Clouds.

In addition this method should afford more possibilities
for analysis through the 1 and b distribution of thc
gamma ray intensities. The method is also unambiguous,
unlike Ginzburg's.

In the sections which follow two models for the
distribution of cosmic rays are used to predict the
latitude and longitude distribution of gamma rays
around the anticentre direction. The available
measurements are then used to attempt to identify the

better model.

8.2 The Cosmic Ray Distribution

8.2.1 Galactic Sources

The radial dependence of the density of the cosmic
ray source candidates was discussed in Chapter 3, and
it was shown how the radial dependence of the cosmic
ray density might be related fo the source distribution.

Here it is assumed that the escape lifetime for cosmic
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rays is R independent and hence that on a Galactic
"model for cosmic ray origin that the density of cosmic
rays is proportional to the density of sources.

In the outer regions of the Galaxy (i.e. R>10 kpc)
the distribution of sources is close to the distribution
of the surface mass density. This is represented in
the calculations by an exponenial function W(R) = exp
((10-R)/2.44) which approximately represents the
surface mass distribution given by Innanen (1973)
for the ou.er regions of the Galaxy.

In this calculation it is assumed that the z
distribution of the cosmic ray is rather wide so that
the cosmic ray intensity can be considered to be
constant over the region occupied by the hydrogen (a
few hundred pc). Thus, the surface density of the
sources is taken to give the relative cosmic ray
intensity. Justification for this assumption may be
derived from the distribution of synchrotron radiation
with Galactic latitude. Figure 1 shows the average b
distribution at 150 MHz towards the anticentre taken
from the compilation by Landecker & Wielehinski (1970).
Its width indicates a wide 2z distribution for both the
magnetic field and the cosmic electrons. It is reason-
able to assume that the z distributions of the GeV electrons
which produce the radio and the GeV protons which produce

the gamma rays are similar,.

8.2.2 Extragalatic Sources

The model adopted here is of the Galaxy bathed

in a uniform flux of cosmic rays. Some propagation
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models e.g. Dickinson 1975 predict a uniform cosmic
ray denoity dintribution cven 'or Galaciie origin
(00 Chaplore 3), Thits, ceven i agreement beiween
tLhe prediclions ot Lhe 'exf{.rapgalact.ic' model and the
gamma-ray observations is found, a Galactic origin

will still not be ruled out.

8.3 The Distribution of Atomic Hydrogen

A convenient survey of the atomic hydrogen
distribution in this region is given by Lindblad (l966),
in the form of contour maps of the 21-cm optical depth
in velocity-latitude planes at 50 intervals of longitude.
The optical depth maps were constructed from the bright-
ness temperature maps (after correction for the various
instrumental effects such as antenna efficiency) by
assuming a spin temperature, Tgp,, oOf 125 K.

The optical depth-velocity profiles at various
latitudes were read from the contour maps given by
Lindblad. Figure 2 shows a typical optical depth-
velocity profile for 1 = 117.3 and b = 0.0. The
column density of atomic hydrogen is obtained from the
optical depth-velocity profile, thus

N, = 1.823 x 1018 Tpin jt(v)dv 1
where V is in km s~

Using the Galactic rotation velocity-radius relation,
and simple geometry the density of hydrogen as a function
of position may be derived from the optical depth.

n, = 1.823 1088 oo, T(v)av >

H
dr
atoms cm_3
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The rotation curve used was that of Contopoulos and
Stromgren (1965) and for computation this was represented
by the interpolation formula given by Minalas and
Routly (1968):

(R) = 67.76 + 50.06R - 4.0448R° .+ 0.0861 R’

kms ™1 R in kpe

Comparison of the column densities obtained by
integration under the profiles of T(v) with those given
in the compilation of column densities by Daltabuit and
Meyer (1972) shows that the Lindblad data gives lower
values at b = 0.0. There are a number of observational
difficulties which could have lead to this disagreement.
In particular, when comparing two surveys made by
different instruments it is not always éertain that
a common zero level and temperature scale have been
used. This last problem has recently been tackled
by Harten et al. (1975) who have compared the temperature
scales of the main 21 cm survey instruments and give
conversion factors for some surveys. For the early
Leiden Survey used here the agreement of the temperature
scale with that of the most modern instruments is to
within 1%.

In this case the Lindblad data presumably represents a
lower limit to the amount of hydrogen and this will be
shown later to be adequate for the conclusions reached.

The z distribution of the hydrogen has been
determined from 21 cin brightness temperature - velocity
profiles by Jackson and Kellman (1974). These authors

find that the thickness 21 (defined as the distance
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Letween hall density poinfs) pmeneorally incerensoes

wilth increasingg R in Lhe longitude interval 200 €1« 500
but that for 110 ¥1 & 160 the thickness remains fairly
constant. These results are shown in figure 3. This
departure from axial symmetry is the reason for employing
an empirical hydrogen distribution rather than the
averaged hydrogen density given by Gordon and Burton

(1976).

8.4 The Distribution of Gamma-ray Intensity around

the Galactic Anticentre

Using the atomic hydrogen distribution derived
from the 21 cm data as described in_section 3, the
values of the gamma-ray intensity j(1,b) can be
calculated for those regions where experimental data
exist. The SAS II data relates to the regions 90 =
1<€150, 160<1<170 and 200 <1<260, and the events
above 100 MeV have been summed to give the overall
b distribution (Fichtel et al. 1975).

The gamma ray intensity is given by

oQ
i(Ly0) = —J_,f,,j:z,u,l,a; Ar 4
0

gammas cm”° s7! ster™?!

Where QY(P, 1, b) is the emissivity of gamma rays With
E > 100 MeV in the direction (1, b) as a function of

r. This is given by

w4+ B

Q (r,1,b) = 9%"° wiiyn (r,I,b) >
W+B . - .
Where g Y is the local gamma ray emissivity for both

bremsstrahlung and pion production combined, which was
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calculated in the last chapter, ny (r, 1, b) is the
hydrogen density distribution and W(R) represents
the relative intensity of the CR flux at distance
R from the Galactic centre with respect to the intensity
near to the Earth.

W(R) = ICP(R) 6

I.p 10)

In the calculations two forms of W(R) are used,

representing Galactic and Extragalactic origin respect-

ively.

For Galactic origin

and for Extragalactic origin
W(R) = 1.0 8

Figure 4 shows the predicted mean latitude distrib-
utions for 90 < 1 <. 180 and 180 < 1 < 270. It is inter-
esting to note the asymmetry with respect to b = 0, in
opposite senses for the two directions. This effect
should be detectable when eventually the gamma ray
observations are presented in this form. Figure 5
shows the latitude distribution for the Extragalactic
and Galactic models, the predicted intensities in 5
being averaged over the same longitude intervals as
the data. In 5 the detector response function was
assumed to be a gaussian of width 3°, Figure 6
compares the longitude distribution of the gamma ray
line flux predicted by the models with the observations.

In figures 4, 5 aﬁd 6 the effect of the Galactic
model is to reduce the fluxes below the predictions of

the Extragalactic model by a factor which in figures
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Figure 4. The latitude distributions of the predicted gamma ray
intensities averaged over a) 1 = 90°~ 180° and
b) 1 = 180°-270°, for Galactic and Extragalactic models,
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4 and 5 i3 virtually latitude independent; it does

not, flatten the latitude distribution, as would be
anticipated for a Galaxy which is a flat slab. The
rapid increase in the width of the Galactic gas shown
in figure 3 is responsible for this effect, which means
that even at b = 10 gamma rays are reaching us from

distances of a few kpc.

8.5 Discussion on the CR and gas distribution in the

Anticentre

The most striking feature arising from the comparison
of the observations with the two models is that the Extra-
Galactic hypothesis predicts a flux about a factor of
two in excess of what is observed, while the Galactic
model does seem to give a good representation of the
observed distribution in latitude and also agreement
in the absolute flux levels.

It is important fto examine the sources of errors
in these calculations. For the hydrogen distribution
there are two main areas of uricertainty (excluding the
instrumental problems).

Firstly, the spin temperature of the gas has been
taken to be 125 kg, The evidence of 21 cm absorption
studies by Hughes et al. (1971) and Radhakrishnan et
al (1972) is for a temperature which is <125 K. Hughes
et al. quote a mean value of 71 K and for 90% of the
clouds observed find temperatures <130 K. The effect
of choosing 125 K as the temperature is to consistently

underestimate the optical depth of optically thick
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features énd hence to underestimate their column
densities.

Secondlyg no allowance has been made for the
presence of molecu}ar hydrogen in the interstellar
medium. The evidence from the UV ébsorption measure-
ments (Spitzer 1973) is for considerable quantities of
molecular hydrogen in the denser clouds. Jenkins (1976)

3

suggests a local density of hydrogen of 1.1 atoms em”

3

of which 0.2 atoms cm -~ is molecular.

Both these factors act to increase the column
density. Thus the above calculations have tended to
underestimate the hydrogen density implying greater
disagreement between the observations and the predictions
of the Extragalactic model.

The remaining uncertainty is in the Cosmic ray flux
near the Earth. It is unlikely that the error in the
experimentally measured flux at 3GeV can be as large
as a facltor of two, since the elfects of solar modulation
at these energies are small. Another explanation is that
the local cosmic ray flux is not representative of the
average flux at this distance from the Galactic centre;
the average flux being at least a factor of two lower to
reach agreement with the gamma-ray observations. This
is also unlikely since the very high isotropy at lOll
eV makes the probability of being in a small local
excess very small (Dickinson and Osborne 1974). Such
a loca; excess would in any case imply a Galactic origin

for cosmic rays.

All these factors weigh heavily against the Extra-
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galactic model especially since the Galactic model

adopted here agrees with the observations to within the
experimental errors. This is consistent with cosmic

ray origin in supernovae, supernova remnants, pulsars or
any other source whose density falls off like the distrib-
ution of mass in the outer Galaxy; alternatively, this
may be considered as indicating the existence of a

cosmic ray disk which is of smaller radial extent than

the hydrogen disk.
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CHAPTER NINE

ON THE EVIDENCE FOR A GALACTIC ORIGIN FOR THE COSMIC RAY

NUCLEI BETWEEN 1 - 10 GeV

The observations: of 100 MeV gamma rays from the Galaxy
give us a useful way of studying the Galactic distribution-of
the 1 to 10 GeV cosmic ray nuclear component. This is
because the gamma rays appear to predominantly originate in
collisions between the cosﬁic ray nuclei and the interstellar
gas. Comparison of the measured spectrum of gamma-rays
between 10 - 1000 MeV from the Galactic centre (figure 3
Chapter 3) and the theoretical spectrum for this process
(figure Chapter 2) indicates that this is indeed the case
and enables one to rule out a large contribution from electron
Bremsstrahlung at, say, 100 MeV. Furthermore, in Chapters
6 and 7 it was shown that the contribution from the cosmic
ray electrons in Bremsstrahlung and inverse Compton scattering
was considerably smaller than that from the cosmic ray nuclei.
The fact that the T° production and decay process apparently
dominates is of great importance in simplifying the interp-
retation, especially since the electrons are already known
to be of Galactic origin..

Assuming this fact, the Galactic distribution of the
intensity of the cosmic ray nuclei may be deduced from the
gamma ray observations using a map of the Galatic gas
distribution. This was carried out in Chapter 7 where 1t
was shown that the flux of gamma rays from the broad region
of enhancement around the Galactic Centre implied an increase
in the cosmic ray intensity near the Galactic centre. A
comparison between the deduced cosmic ray and the source
candidate distribution was made and some tentative conclusions

were drawn about cosmic ray propagation. Thus it was found
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that the distribution of the cosmic rays and the source
candidates were very similar supporting the hypothesis of
cosmic ray origin in supernovae, their remnants or pulsars
and suggesting that cosmic rays diffuse no more than 1 - 2
kpc before escaping.

However, there are some difficulties with this intérpretation
of the Galactic centre observations. Basically, there are
two majof problems which introduce considerable uncertainty
into the interpretation.

Firstly, as discussed in Chapter 7, the absolute
densities of molecular hydrogen are not known with any
confidence. In Chapter 7 it was shown that to achieve
agreement With the observations using the atomic and
molecular hydrogen distributions of Gordon and Burton (1976)
the cosmic ray intensities at 5 - 6 kpec must be a factor
of 4 greater than the solar system values. The form of
Scoville & Solomon (1975) molecular hydrogen distribution
is basically in agreement with that of Gordon & Burton;
yet using these authors' normalization, it is found that
the cosmic ray intensity required to explain the observed
.gamma ray flux is only a factor of 2 up on the solar system
value. Since it is generally agreed that the uncertainty
in converting from the carbon monoxide observations to the
molecular hydrogen density is the order of a factor of 2
this leaves open the possibility of explaining the
observations by a constant cosmic ray intensity.

The second problem is that of the contribution from
pulsars.

The simplest procedure to estimate the pulsar

contribution, given the Crab and Vela pulsars as examples
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of gamma ray sources 1s to assume that the rate of gamma
ray production is proportional to the rate of total energy
loss, (obtained from the spin down rate), and use the Crab
or Vela pulsars as normalization. This method was used
by Dahanayake et al (1976) using the pulsar catalogue of
Taylor and Manchester (1975). The contribution was found
to be negligible except for the Crab and Vela pulsars.
Higdon and Lingenfelter (1976),however, have used much the
same method but concentrate on the contribution from as
yét unobserved young pulsars and their results suggest
that the gamma ray observations may be explainable by a
uniform cosmic ray intensity over the whole Galaxy plus

a contribution from 40 or 50 or so young pulsars.

Clearly, it is not possible to decide between the
Galactic and Extragalactic origins for cosmic rays by
using the Galactic centre observations, simply because
of the uncertainties in the interpretation. Fortunately,
these problems do not complicate the interpretation of the
Galactic anticentre to the same degree. Thus, in chapter
8 where the gamma ray flux from the Galactic anticentre
was examined in some detail, it was possible to rule out,
with some confidence, a uniform cosmic ray flux and hence
reject an Extragalactic origin for the majority of the
cosmic ray nuclei with energies around 1 - 10 GeV. At
the same time a plausible model for the cosmic ray distrib-
ution based on the distribution of population I objects in
outer part of the Galaxy was found to give good agreement
with the observations. Furthermore, it is important to

note that the existence of a significant guantity of
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molecular hydrogen or a contribution from pulsars flerely
requires that the cosmic ray gradienht be steeper and
strengthens the conclusions.

There remain a number of questions to be resolved.
For example, in Chapter-7 it was shown that the intensity
of cosmic rays within dense molecular bearing clouds may
not necessarily be uniform across the cloud. The screening
process proposed may be very important for the gamma ray
yield from the Galactic centre but to include it in the
calculations requires more theoretical work on the process
and additionally an improved knowledge of the spectrum of
cloud sizes. Further, the problem of the thickness of
the molecular hydrogen layer requires more observations since
the present observations of the layer thickness are restricted
to very few directions. It 1s possible that the layer
thickness may vary across the Galaxy and hence the present
estimated molecular hydrogen content may be greatly in |
error.

Finally, it is to be hoped that future observations
of the fluxes of the gamma rays from the Galactic plane
may help to resolve the question of the point source contri-
butions and enable the controversy of Galactic or Extra-
galactic origin for cosmic ray nuclei to be quite

definitely resolved.
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