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In this chapter we focus on gamma rays as robs of cosmic ray propagatlon in

ea in the context thesmple model of the Galaxy descnbed in Chapter 9.

Discussion: The GALPROP code, developed over the past two decades, provides a
comprehensive framework for studies of cosmic ray transport and diffuse gamma-ray pro-
duction. Its general framework 1s the diffusion model described in Chapter 9; however, it
1s much more general and handles more details than the simple discussion presented in this
chapter. For example, the complex structure of the Galaxy is accounted for, and parame-
ters of the diffusion equations can be modified as well as assumptions about the properties
of the interstellar medium and the structure of the galactic halo, galactic winds, convec-

tion, reacceleration, etc. The code is publicly available ( http // dlpl()p \tam‘ond eclu) and

its physics is reviewed in [341].
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11.1 y-rays from decay of 7r0

We begin with what is the biggest source of diffuse gamma radiation in the disk of

Mlly Way; namely, neutrl p10nsfomcs1c aylteatlo 1h gas 1 h
1nte;rsteAll"_md1ur_n" The »neut‘rall ion emnssnlt / (defined as partllcles pruced per
second per hydrogen atom) 1S (by ana]ogy with Eq 5 70)

(11.1)

where No(E;) from Eq. 5.8 is the power—law approx1mat1 for the differential
spectrum of nucleons evaluated at th energyof the plon and the factor 47t accounts

for the 1sotropic flux of nucleons in the disk of the Galaxy. The convolution with

kinematics for the decay m” — 2y from Eq. 6.11 then gives the gamma ray
emissivity as

HEUL LN IS AN N

where the differential flux of nucleons, NO(), is now to be evaluated at the
energy of the gamma ray and « 1s the differential spectral index of the spectrum of
nucleons in the interstellar medium.
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Itis interesting to estimate from Eq. 1.2 the total y-ray luminosity of the Milk
Way galaxy in the simple plcture of cosmic ray propagatlon discussed in Chapter 9.
The luminosity (energy per unit time) is

~ 10% erg/s. | (11.3)
The numerlcal estlmate 1s for wa = 200 pc X n(lS kpc) and assuming a uni-
form density of gas equivalent to 1 hydrogen atom per cm® throughout the disk.
The lower limit on the gamma ray energy allows us to make the power-law approx-
imations to evaluate the integral and obtain the numerical estimate. A detailed

accounting of the energy budget of the Milky Way using GALPROP is given in
Ref. [342].
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It 1s only at high energy (E > my ) that kinematic limits on the energies of the
secondary photons from 7 decay can be neglected as we have done in Eq. 11.3. At

lower energy, the spectrum of photons from deca of neutral pions has a structure

characterized by a mass scale (in this case the mass of the > 140 MeV) the
production spectrum has a characteristic peak that reflects the 'Vmass scale. We have
already seen a more complicated example of this phenomenon, which is the peak in
the spectrum of secondary antiprotons described in Section 9.3.3 and in Figure 9.4.
In that case, the mass scale of ~ 2 GeV reflects the threshold for production of
a nucleon—anti-nucleon pair as required by conservation of baryon number. We
discuss the simpler case of 7° — yy first, followed by the details of p production.
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In the rest frame of the IJT produced back to back with

energy E* = = my/2 ~ 70 MeV. For decay in ﬂlght the laboratory energy of the
each photon 1s boosted according to Eq. 6.7. Because the decay is isotropic in the

the two photons are

pion rest frame, the distribution of lab energies dn, /dE, is flat (see discussion of
Eq. 6.8). The limits are determined by cos 6* = +1, where 6" is the decay angle
in the pion rest frame. They are

| — - 1+
P g, <™ P (11.4)
>\ 1+ 8 >\ 1= 8

where B is the velocity of the parent pion. The geometric mean energy of pho-

tons from decay in flight of neutral pions is m, /2 ~ 70 MeV independent of the
energy of the parent plon Tus the composne dlstrlutlon of photos from decay

H )/ 2‘ lower the ey of the pl ” thele thee of t arent
plon must be In fact, as derived in [343], the mum total plonenergy (rest mass

(11.5)

for any value of E, (either greater than or less than 70 MeV).
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Figure 11.1 Schematic construction of the photon spectrum produced by decay
of a spectrum of neutral pions.
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Interactions of

protons of a certain energy will roduce a symmetric distribution
of photons that reécts the shpe of the spectrum of 7° 'S frm nucleon interactions
ha enegz A weig tesuf | thesedlstrlbﬂos 1 turn ¢ 1vest‘dt1bt10n
“arithmic variables. This is llusrt n Flf 1 1.2 b)"cac'h ompont
of the distribution is s ’metrlc au m /2, the distribution of photons from an:
omp01tev dttlo paretzr ses atln 2)' S
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Figure 11.2 Schematic construction of spectra of secondary particles due to a
spectrum of primary nucleons. For each point labelled on the primary spec-
trum (a) one obtains the distributions of secondaries shown in (b) for photons
from 7’-decay. Part (c) of the figure shows the construction of a spectrum of
antiprotons.
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11.1.2 Kinematics of pp — pppp

To treat antiprotons orother massnvesecondarles we need to consider a Lorentz
transformation from a system in which partlcle production is symmetric back to

the lab frame. The lab energy of the particle of interest is given by Eq. 6.7, here
written as

E — y(E* +,B\/(E* — m2 cos6%), (11.6)

where £ * is the total energy of the secondary system. The
lab energ)

o the secondr 1s bouridedb ’c' (3w1th cos 9* ':

y E* — \/yz—l\/(E*)z—m%, < E<S<yE® +4/y \/(E* —m3,.
(11.7)
For antiprotons the symmetry system is the center of mass system of the parent

nucleon-nucleon collision. Thus the Lorentz factor in Egs. 11.0 and 11.7 is

particle in the symmet

= /s /2m,. (11.8)

Because of conservation of baryon number | in hadronlc 1nteract10ns the mlnlmum

proc‘ess for productlon of anr antl’protonls "

pp — pppp- (11.9)
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The center of mass threshold for p production is therefore

J5h = \/2m,, Ep + 2m2 = 4m,,. (11.10)

is the threshold (total) energy that an incident proton must have

Thus Eth = 7m

in the lab system to produce n' atproon From Egs. 11.8 and 11.10, the Lorentz

factor at threshold is yt' 2.
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. Then

from Eq. 11.6 the antiproton has a umqueenergyl'thelab frame, E; = 2m,,
or a k1net1c energy of one proton mass. To get an antiproton W1th kmetlcener

At threshold the antlproto is produced at rest in the c.m., and E* = m

(11.11)

Since the cosmic ray flux decreases with increasing energy, and since the pro-
duction spectrum of p’s is strongly peaked around E* ~ m,, the spectrum of
antiprotons produced by cosmic ray collisions in the interstellar medium will
decrease for kinetic energies less than 938 MeV. The analysis that leads to this
result is actually a more complicated version of that for 7° — 2y, as illustrated in
Figure 11.2(c). An antiproton produced near rest in the center of mass (i.e. in the

peak of the distributin) will have lb energy

E,; ~ ym, = \/Zm E, + 2m2, | (11.12)

Unlike the case for n’ — 2y, the peak of the secondary dlstrlbutlon moves with
energy.
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an fr antlroons 1t 1s aund eV kmetlc er '
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amma rays by electron bremsstrahlung

For bremsstrahlung by electrons, the source function for secondary photons is

written as

(11.13)

where ¢, is the differential spectrum of electrons, n g is the density of hydrogen in
the interstellar medium and the factor of 4 accounts for the assumed isotropy of
the electron spectrum. The section for bremsstrahlung i

(11.14)

Sl e SRR SR S RSN

where X is the radiation length and v = E,/ I::e. T bremsstrahlung function,
¢(v), is defined in Eq. 5.13. For a power law differential energy spectrum with
index « for electrons, it is possible to show that

47tp¢ (E,) 1 N 1.35 1.35 (11.15)
Qemy Xo Ty o+ 1 o — 1 o ' '
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down to eerges mc Tess tan ‘the nergy of 70 MeV at which the phot
spectrum from ° decay peaks This is because the onl  scale in the problem is

_ U7 - o +135 135' 6]
, | NaXoonel | |2Zy 0o \a+1  a—1 dn

pp
Lo

A

~ [0.85][27 x (0.6) ] 2 . (11.16)

Gl i e - RIS SRR RSNV CIRIS B S = ‘2

Thesquare brackets group the expressnon into three distinct factors. The first is ‘the
ratlo of 1nteract10 lengths for the twoprocesses Wthh is abut one. The second

‘a orderof magmtde' At lower energyhowever we expectthebrstrahlung to
'dommate This is a plausnblemterpretatlon of the data as shownm‘ Flgure' 113.
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Figure 11.3 Compilation of data and comparison with calculation of gamma rays

from the direction near the

»\ center. (From Ref. [345].)
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11.3 Diffuse y -rays from the Galactic plane

The most extensive and sensitive studies of gamma rays in the Galaxy come from

the Fermi Satellite. For examplé a systemlc a1‘51s of the diffuse measurements
after subtractmg pomt sources is given in the context of GALPROP models in

Ref. [346]. Here we consider only the largest contribution, which is from p+gas —

7’ — yy. The emissivity g, ( ) from Eq. 11.2 gives the total rate of gamma ray

production per hydon am "The emissivity in Ref. [346] is given per steradian,

‘which differs y‘a factor of 47 from Eq. 11.2. If we assume the nucleon spectrum
in the ISM is the same as that measured on Earth (Eq. 5.8) and take o,, = 30 mb,
then we estimate the emissivity per hydrogen atom as

SIS e =g S RO A R A =S Nt R = g, ST

| rav(Ey) _ E,(E,) ~ 1.4 x 10?7 (Egey

)‘”s“sr"[
dr -

(11.17)

e e e it

This is somewhat lower than the total emissivity (including radiation from elec-
trons) given in Figure 34 of the Fermi paper [346].

Joérg R. Hérandel, APP 2019/20

18



THE ASTROPHYSICAL JOURNAL, 750:3 (35pp), 2012 May 1 doi:10.1088/0004-637X/750/1/2
© 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

FERMI-LAT OBSERVATIONS OF THE DIFFUSE y-RAY EMISSION: IMPLICATIONS FOR
COSMIC RAYS AND THE INTERSTELLAR MEDIUM

1 10 100 1000

Figure 5. Upper panel: observed Fermi-LAT counts in the energy range
200 MeV-100 GeV used in this paper. Lower panel: predicted counts for model
$824R20T150C5 in the same energy range. To improve contrast we have used
a logarithmic scale and clipped the counts/pixel scale at 3000. The maps are in
Galactic coordinates in Mollweide projection with longitudes increasing to the
left and the Galactic center in the middle. Jorg R. Horandel, APP 2019/20 19
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Figure 34. Average emissivity of the local annulus for model 3S248207150¢5
(solid black), SL“6820T00C5 (blue dashed), SY#10R307150¢2 (red dotted),
and S0%8R30T 0o®2 (green dash-dotted). Shown for comparison are emissivities
derived from Fermi-LAT data using a template fitting approach. Cyan stars are

from Ackermann et al. (2011b), magenta diamonds are from Abdo et al. (2010d),
and black squares are from Abdo et al. (2009b).



It is also im portant to evaluate the 77~ contrlbutlon to the diffuse y-ray flux pro-
duced b cosm1 ra mteractm W1th oas in the dlSk of the Galax' The rate of
y‘ raysper‘umt detector area from a small volume of space d°r is

do, _ qynu(r)
dE,dAdtd’F  4nr?

, (11.18)

where ny (7) is the gas density expressed as equivalent hydrogen atoms per cm®.

The observed differential flux will be an integral of contributions from all distances.

Rplacngr by dQr2dr, we can write

do, _J"“‘Iy() H(r)
dE,dAdidQ  J, 4 r?

rldr. (11.19)

The spatial dependene of the mtegrand has two sources: one is thedlstlbutlon of
coscays in the Galaxy'( ) ETng ' r))and the oter is the distribution as
ng(r). The observed flux is a convolution of the two. If we assume the distribution
ofcosw rays is the same everywhere in the aseous disk as on Earth then ¢y is

tat facto and the dlrfferetlal ﬂu from 2 g1

0 1ven dlectln is rorloal to

the colum'densu of gas in that lretn Then

d¢, (E, . £, b) B 4 (E,) f’cnﬂ(,)dr, (11.20)

dE,dAdtdQ 41 ),

where the integral is the column density in a direction defined by Galactic latitude,
longitude = (b, £). For example, in a direction for which the gas density is constant
atny = 1 ecm > for 1 kpc and vanishes at larger distance,

de,
"dE,dAdtdQ

~ 4 x 10"6(Ecev)"l'7cm"2s"'sr_'. (11.21)
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To compare with the Fermi observations, we calculate the 7 contrlbutlon to the
dlsé flux rtene ]'x" (Furl of Rf ’ [?4(3]) ~The Fermi beatlo'
is averadv over —8° < b < 8° in Galactic latitude and over —80° < ¢ < +80°

longitude. To compare with this measurement, we have to average Eq. 11.20 over
the region shown in Figure 11.4 with a half-angle of the wedge of 8°. If we assume
that there is no longitudinal dependence of the gas density in this region and we

approximate ny as a constant within a disk of thickness 2/ and zero outside, then
the fraction of the solid angle that gives a nonzero contribution is

observer

Figure 11.4 Geometry for calculating the cosmic ray-induced diffuse y-radiation
from the Galactic plane.
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920°+b . h
., sin@ H(= —#6)d6
F(r) = 2222 d , 11.22
(" " (1122)
where the Heaviside function H (’r—' — 0) enforces the boundary condition of the

simple model. Then

dn r¥ "max  h dp
E y — &, (E dr + 11.23
¥ dAdtdE, dSQ (Ey) {L ' J* br } (11.23)

where r* = h/tanb ~ 7h. The factor in curly brackets gives the fraction of
the Galactic latitude as a function of distance from which signal is received in the
simple model with constant density inside and no gas above h. Performing the
1ntegrals glves

| E dn}, U ——— -. S ————— o ————

— & (E,) xThil+1 11.24)
dadidE,aq B> { “(711 )} (11.24)]

~1.7
~ 102 em 2s lsr! f ( e ) Ey :
lOOpc cm—3 GeV

_ - -

This leve] agrees W1th the Ferml result for h = 200 pc with (n H> = l cm ~ or
h = 100 pc with (ny) =2 cm~
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Figure 17. Spectra extracted from the inner Galaxy region for model
$824R207150¢5 using Pass 7 clean photons. The dip between 10 and 20 GeV
is greatly reduced compared to Figure 15. See Figure 12 for legend.

COSMIC RAYS AND THE INTERSTELLAR MEDIUM
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" zio 'u-sto several external galaxies as a function of the

rate of star formation in Figure 11.6 from the Fermi-LAT Collaboration [356]. The
figure shows that y-ray luminosities of galaxies show a good correlation with their
star-forming rates, in the external galaxies and in the Milky Way.

Calculating the luminosity is not the same for all galaxies because the propaga-
tion of cosmic rays is different and 1s most likely correlated with the rate of star
formation. The cycle of collapse of molecular gas, star formation, stellar evolu-
tion of massive stars, stellar collapse and cosmic ray acceleration is the subject of
Chapter 13 for the Milky Way. The emerging evidence for a correlation between
star formation rates and cosmic ray-induced y-radiation suggests a picture in which
high rates of star formation are associated with dense environments, a high rate of
stellar collapse and cosmic ray acceleration (and consequently also with greater
turbulence and higher magnetic fields).
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Figure 11.6 Correlation of y-ray luminosities with rate of star formation.

From [356], © 2012 by American Astronomical Society, reproduced with
permission.
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In galaxnes with the highest rate for star formation, it is p0351ble that the cosmic

rays lose a larg fraction of their enerymteractlon with the dense mterstl-‘
r'mrlum oe 'thy escape. ky ‘Way nlasallfatlnof e
‘cos‘mlc rays 1teractt0 prduce mma rys The eosmlc ay spectrumm the IS
IS thereforesteeper than the spetrum at the accelerator On the other hand, in the

SO- called calorlmetrlc llmlt her all cosw ras 1teract before diffusing out

dotted line in gur 11.6 of teue shows the lhlty expected in this llmlt

Moreover, here IS a tendenc for ¢ alax1es 1th the h1 hs ratesof st formatlon

starburst glln onecon with eUtrms 1n Section 18.8.
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Figure 11.7 Gamma ray spectra of external galaxies inferred from measured
fluxes and distances to the sources. From [356], (© 2012 by American Astro-

nomical Society, reproduced with permission.
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11.4 Neutrinos from the Galactic plane

Neutrinos are produced along with gamma rays from charged pions and kaons
produced in the same cosmic ray interactions that give rise to the neutral pion con-
tribution to the diffuse gamma radiation. Since neutrinos are produced only through

hadronlc processes, a measurement of secondary neutrinos from the Galactic plane

uld give nndeendent constraint on the relative ontrlrbuton of netr'plos”

lectrn t th ﬂx fgrna ays f th: Galact1 plan In fact,

dlfﬁcult o

An early calculation by Stecker [347] points out that the spectrum of the diffuse
neutrinos from the Galactic plane will have the same spectrum as the cosmic ray
spectrum and will therefore eventually, at sufﬁmently‘hloh energy, be larger than

the atmospheric background. The crossover is, however, above 100 TeV where the
neutrino fluxes are already exceedingly low.
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The starting point for a calculation is the neutrino luminosity per hydrogen atam
anlus't' Eq '11.2, which is more oplltd ‘because of the decay chains
involved. The factor 2Z pro/@ ~ 0.031 is the product of the spectrum weighted
moment for 7" production times the moment of the distribution for the decay

% — 2y. The corresponding factor for v, + 1, is

1 —r2 ,
(Zpat + Zpr-) | =2 | (O D0 + flra) " DY) ~0.0102, (11.25)
a(l —ry)
where the ( y} moments are defined in the second row of Table 6.3, and f(ry) is the

coefficient of (y*~ 1), in Eq. 6.65. The factors correspond respectively to p T .

7% — pu* and ut — e* v, v, (and the corresponding 1~ decay contribution).

The eXpressmW, is still more complicated because the two-body
decays of charged pions and kaons have to be accounted for in addition to the
muon contribution. The full expression is

(1 —ry)®
Zont + 2, ) ——— =~ 0.0069 11.26
( prt )i )Ol(l _rn) ( )
1 + 8o 1 —ép (1 —rg)”
+ Z + —Zyx+ + Z k- ) —— ~ 0.0039
( 2 K™ 2 Kt pK )oz(l—rK)

T (" + flr) " ") & 0.0105

+ (Zppt+ + Z,m-)m

~ 0.0213.

The small contrlbutlon of kaons to odutlon of muons has beenne lected here

Because of the low den51ty the I ISM the kaon contribution to muons is at the low
energy value of ~ 5% (Figure 6.5). In round numbers we have (vut+v,) /vy =2/

and (ve + ve)/y 1/3 at productlon
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As an example, we calculate the flux of v v, from the inner galaxy defined
1n’the'samey as for the Ferl d1use gamma raysdlscussedln theprew

ous section. The angular range is Galactic coordinates of —8° < b < +8° and
—80° < ¢ < +80° corresponds to a total solid angle of 0.78 sr. The Fermi result
for w"-produced photons in this region corresponds to a normalization at 1 GeV of

2 x 10 em st s If we extrapolate with an integral spectral index of —1.7

and use the v/y production ratio from Eq. 11.26, the expected neutrino flux from
the Galactic center region is A
b, = —x 1.3x107°E; " em2sr s (11.27)

for a kllometer-scale detector Evaluatmg the 1nteral glves28 10 and 7 events per
year respectlvely for muon ene hhold of 0.1, 1 and 10 TeV. . The backgrud
from atosper neutrino-induced muons from the samergln' of the sky can be
estimated by scaling from Figure 8.7. The corresponding numbers are 14, 000,

1,900 and 500. Although the signal/background ratio is increasing with energy
because of the steeper atmospheric spectrum, the signal in one year is significantly
less than one sigma.
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