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14.3 | ‘Gammar ra burstsﬂ ,

Gamma ray bursts (GRBs) were discovered serendipitously in the late 1960s by
the Vela satellites, originally designed to search for very fast and intense bursts of
gamma rays produced by nuclear weapon tests in space [474]. GRBs are the most

energetlc transient events in the mverse with an emitted energy up to 10°-

Te aresotroplcally dltlbutd ‘and henceetraga]actlc . as ﬁrt oserved by t

“Burst and Transient Experiment V(BTSE) on the ComptonGama ray ( bserv-

“tory (CGRO) [475]. GRBs show a highly variable temporal profile with 87 /7 ~
W
10~ =, which still challenges present models. For a detailed review see e.g. [476].

Two wide categories of prompt emission are traditionally identified: long bursts
(t > 2s) and short ones (f < 2s). A physical basis for the distinction is emerging

“connected to W collapsar or non-collapsar [477]. Long bursts are
most probably connected to the catastrophic deaths of a masmvem
Into a black hole |4/8], while the short ones may orspo erge
compact Ob_]CCt binaries ‘[479 480] Both types of mlsson are followed bya
longer-lived afterglow radiation. The first detection of afterglos from ln GRBs
was obtained by the Beppo-SAX satellite in 1997, eight hours after the main burst
of GRB 970228. The X-ray transient was followed up by a multi-wavelength cam-
paign that revealed a fading transient at the position of the GRB [481]. An afterglow
is consistent with the picture of the slowing down of a relativistic flow as it expands
into the surrounding medium. Observations of afterglows can provide key informa-
tion about the host galaxy, the distance and precise positioning of the GRBs.
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14.3.1 Collapsars long gamma ray bursts

Collapsars are powered by accretion of a massive disk formed around the black
hole [482]. Relativistic jets are formed which punch through the outer layers of
the progenitor and then into the surrounding medium as illustrated in Figure 14.8.
This scenario has found observational support through the association of GRB
afterglows with their progenitor core-collapses. The first direct evidence of the
GRB/core-collapse connection was gained through the study of the relatively close
by GRB 030329 (z = 0.1685) and its associated very energetic type Ic supernova
(hypernova) SN2003dh [483]. The supernova light curve emerged from the GRB
afterglow within ten days and was spatially coincident with the GRB. The broad

lines in the supernova spectrum indicate an initial expansion velocity of more than
~ 36, 000 km/s.

Three pr1n01ple phases are ldentlﬁed in the collapsar model

. Masswe star core- collapse a massive star (M > 3OM@) with an iron core
(1-2 M) undergoes a core-collapse. This results in formation of a black hole,
either directly or via an accretion phase.

® Accretion disk formation: around the collapsed core a cylindrically symmetric
accretion disk is formed with its symmetry axis parallel to the rotation axis. The
disk accretes at a rate of about 0.5 M/s, amplifying entrained magnetic fields
and injecting energy into the surrounding medium.

® Jet initiated fireball: matter is expelled preferentially along the rotational axes in
form of a two-sided jet (fjer < 107), sometimes referred to as fireballs.

The existence of jets in GRBs is inferred from the study of the light curves of the
afterglows and from polarization studies [484].

Joérg R. Hérandel, APP 2019/20
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3e48 erg/s
t=27.2s

Figure 14.8 Three-dimensional modelling of a relativistic jet injected from the
center of a 15 M Wolf—Rayet star. Picture taken from [476].



From a supernova to a gamma-ray burst

HYDROGEN

CORE Magnesium and

neon fusion

Carbon
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fusion

Accretion disk

: Jet

Blackhole
BLUAGKHOLE begins to form

. i ) atic gamma-ray bursts (GRBs) result from the collapse of a massive
= ' ar Into a black hole. The collapse releases so much energy that it rips the
~ : - ' star’s outer layers apart as a supernova explosion. Sometimes during the
g Particle radiation collapse to a black hole, the blast releases extremely high-energy jets of par-
3 Ao ticles and radiation from the center; if one of these jets points toward Earth,

\ | astronomers see a GRB. asrronomy: noe keLLy
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14.3.2 Non-collapsars: short gamma ray bursts

Short GRBs are also cosmological in origin, and they show an afterglow emission
similar to that of the long GRBs but less luminous. Lacking an association to a
precursor supernova and given the short duration (down to tens of milliseconds), it
is believed that the progenitors of the short GRBs are not massive stars but compact
systems. Hence, short GRBs are considered to result from the merger of compact
object binaries, WO neutron stars (NS- NS) or a neutron star and a black hole (NS-
BH) [479, 480]. Evidence of collimated emission is obtained from the study of
spectral breaks in the light curves. Figure 14.9 illustrates stages in the merger of
two neutron stars.
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Gravitational wave lasted over 100 seconds

On August 17,2017, 12:41 UTC,
LIGO (US) and Virgo (Europe) detect
gravitational waves from the merger
of two neutron stars, each around

1.5 times the mass of our Sun. This is
the first detection of spacetime ripples
from neutron stars.

FIRST Cosmic EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of
heavy elements like gold and platinum

Within two seconds, NASA's
Fermi Gamma-ray Space Telescope
detects a short gamma-ray burst from a
region of the sky overlapping the LIGO/Virgo
position. Optical telescope observations
pinpoint the origin of this signal to NGC 4993,
a galaxy located 130 million light years distant.
ELIGO %es¢hlfsEise 2

College of Sciences v
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Kilonova

A kilonova is a transient astronomical
event

merging of NS-NS or NS-BH
—> short GRBs + gravitational waves
—> strong electromagnetic radiation

due to radioactive decay of r-process
nuclei (heavy nuclei)
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Gamma Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(>2 seconds’duration)

A red-giant
star collapses

= ‘ onto its core....

..becoming so
dense that it

~ A expels its outer
e{yers ina
‘ supernova
\ /ﬁpI%sion.
\

Torus

s%\

Gamma rays

Short gamma-ray burst
(<2 seconds’duration)

Stars* in \
a compact
binary system

begin to spiral
inward....

.eventually

ol

I

The resulting torus

has at its center
a powerful
black hole.

1:

*Possibly neutron stars.
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14.3.3 Physical processes in gamma ray bursts

The physics of the GRB prompt emission is still not understood in full detail. The
primary uncertainties concern: whether the composition of the ejecta are matter
(baryon) dominated or electromagnetically dominated (Poynting flux); whether
the energy dissipation is via internal or external shocks; and whether the radia-
tive mechanisms are synchrotron, synchrotron self-Compton or Comptonization of
thermal photons. For reviews we refer to [485, 771].

The spectral analyses of many GRBs shows that the emission is non- thermal and

follos temprlc “Bad”fnt1n[486a'doubl brokn poWe " |

E“ exp(—E/Ey) E < Ej
Ne(E) o { o E-E (14.28)

with the parameters « > B and E; which vary from burst to burst. ngical val-
ues are « ~ —1 and g ~ . Although the spectrum of GRBs varies strongly

from burst to burst the fact that the Band function can explain the majority of the
spectra implies a possible common physical origin of the burst emission. The Band
function can describe both thermal and non-thermal processes, but the physical
origin is not yet understood. Relativistic shocks are formed which contribute to
the acceleration of particles from the plasma. Shocks can be external if they occur
in interaction with the interstellar material or internal if in shells formed in the
GRB itself. Internal shock scenarios [487] are more powerful and therefore more

interesting for the topic of high-energy emission.
Jorg R. Hérandel, APP 2019/20 16



Discussion: In her review [450], Julia Becker Tjus describes the hree Ehases in Wthh
rmos cod prdcd 1GRS In thpecrsor pae (dark area 1n 1gur 4 lO

hotons[49] and neutrns 1the 10 TeV n0 and omwa abea edte
This is a consequence of the 1mportance of the A-resonance in photo pion productlon
(see Figure 4.22). Since the neutrino energy is proportional to the energy of the proton

that produces it (E, ~ 0.05 x E,), representing the cross section by a delta function

at the A resonance leads to the condition E,, - E,, = const. Lower-energy neutrinos are
produced from interactions with higher-energy photons (spectral index f ~ —2), while

higher-energy neutrinos are produced from the lower-energy part of the photon distribution
with spectral index o ~ —1.

Jorg R. Hérandel, APP 2019/20
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Figure 14.10 Schematic illustration of a GRB: the radiation dominated phase
is represented in dark grey and it is followed by progressively more transpar-
ent phases. Following [491] high-energy neutrinos, ultra-high-energy cosmic rays
(UHECR) and y-rays are emitted at different radii.
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The paper of Bustamante et al. [491] follows the neutrino production through

the volutlon of the burst to identify the dsancesh x lss atW1

Tdtile calculation ‘lbuse al. [ [497] considers the acceleration of nuclel

in GRBs 1n addition to protons. This model has interesting consequences for the
origin of UHECR, which we discuss in Chapter 17.
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Figure 14.11 Figure modified from [491]: Fraction of the energy dissipated

in prompt y-rays, neutrinos and UHECR beyond the photosphere at different
collision radius.
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In this chapter we discuss the energy loss of protons, nuclei andphoton prop-
agating over extraga]actlc dlstancesand themagnelc deﬂectlonof the charged

tlcls Enry losspocess are alylnke to the rdutlon of eodary
e o < - PN . Com s b - N i . o N = s i
particles, such as gamma ras a neutrlos The fluxes of these secondary parti-

cles can prov1de Very 1portant clues on the accelerated particles and the structure

of the sources.
The most 1ortant 1nteract10n target for particles propagating over extrag alactlc

that of black bdy radiation with T = 2.725K, orspondlng to an energy of
kg T = 2.35 x 10~*eV. The photon density is given by

(10.1)

Integrated over photon ENergy € we have 412 photons per cm% In our current cos-

mological epoch (redshift z = 0). Other important target photon ﬁelds are the

1nfrared background andthe unlversa]‘alobckgrou nd '

Jorg R. Hérandel, APP 2019/20 21



Soon after the discovery of the microwave background, Greisen [306] and Zat-
sepin and Kuzmin [307] realized that these photons make the universe opaque to
protons and nuclei of very hlgh energy (GZK effect). The ener threshold for pion
productlon through yp o 7% p follows from B

= m) +2Ep€ (1 — Bpcosf) =my +2m,Te(l —B,cosf) (10.2)

P
= mf, + 2€(,m . (10.3)

As usual, we have for the proton energy and momentum E = m,I" and p =
my,B,T. Eq l 21 1s wrltten for theCMB rest frae w1th 0 blng the angl beteen

energy éth ~ 145 MeV; see also Flgure 4.22.

Electromagnetic production of e”e™ pairs, often referred to as Bethe—Heitler
pair pr‘:(-)du»crtlon 1sanother71m0r‘tn “ener lssrocess With sqy = (mp +2m.)?,
the energy threshold IS Eqp ~ 6 x 10" eV. At the same time, the energy loss per
produced e ete pair is much smaller than in pion production.

Jorg R. Hérandel, APP 2019/20 22
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Figure 4.22 Total y-p cross section as function of the photon energy E, in the
lab system with the proton at rest. Four different components contributing to the
hadronic cross section of photons are shown, the direct component (the photon
produces directly a pion, Primakoff effect), resonance production (sum of eight
individual resonances), and multipion and diffractive interactions (inelastic and

elastic scattering of vector mesons) [ 138]. The cross section data are taken from
the PDG compilation [ 10].
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10.1 Energy loss for protons and neutrons

We first calculate the interaction rate of articl propagating through the CMB.
To avoid havmg to transform the CMB densnty to the proton rest frame to be able
to apply Eq. 4.4 we use the general definition of the interaction rate as given in
Eq. A.19. It differs from the cross section defined for a particle at rest by the factor
(1 — B, - Eb) with ¢ B'a!,zb being the velocity vectors of the particles a and b. This
factor i1s unity if one of the particles is at rest. Setting the density of the proton to
np(E) = 8(E — Ep), the interaction rate is given by

(10.4)

where we have added an integration over the angle of the photons and used the

isot_ro Y ,Qf thc V_CMB to write

= —HN,,|€ ). 0.5
de dV d2 4 4

The photon—protonoss section o 6)

1S shown in Flgure 422 as a functlon of the

phton éer e n t rnrest fae

Jorg R. Hérandel, APP 2019/20
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omtlr_l w1 et cto . Without havmg to apply this transformation
explicitly we obtain from Eqs 10.2 and 10.3

oies in the two reference frames are related by a Lorentz trans-

€ =Te(l—Bycosh). (10.6)

We then use this relation to replace the factor (1 — 8, cos@) by €'/(I" €) in (10.4)
and apply the transformation

de’ = —T e B, dcosb (10.7)

to obtain after integration over the azimuth

(10.8)

In the last step we have used 8, ~ 1. Requnrmg a physwal value of O 1 —cosf <

2 gives the lower limit on the integral over the energy e.

Jorg R. Hérandel, APP 2019/20
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The next step
the photon energy €. By changmg variables from € to y = e 1, we get an
1ntegral of the form de/ y(y+1)] = {dy[1/y—1/(y+1)], and Eq. 10.8 becomes

= —In|1— — de’.
| "dr  272(he)’T? L cole) it (ST “

th

is to insert the CMB density (10.1) and carry out the integral over
e sl - JkgT

After having calculated the interaction rate it is straightforward to derive the
energy loss length by assumlng that, in each 1nteract10n the proton (or neutron)

loses on average a fraction f(e’) of 1tsener

(10.10)

with X = Eout / Eln and E; in and Eom belng the nucleon energles before and after the
1nteract10n - S ) | |

Jorg R. Hérandel, APP 2019/20
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The energy fraction lost per interaction is called ielasticily Directly at the pro-

d1 threshold, i.e. hal state particles are at rest in CMS, the inelasticities
for plon’productlon and Bethe—Heltlr palr productlon’are ’glven by'the masses f

tlcles .
Mo

~ 0.125, | (10.11)

| e ~ 145MeV) =
- Ja ) M, + Mo

| fere- (€' ~ 1MeV) = - .4 (10.12)
< m P + 2me i

0.15 — 0. 2 cot 1%?,_“‘3' ofe‘ eEalr Broductlon fallsvﬁgtrqhwnsr
like a power law reachlng 6 x 107 at e< = lOO MeV see [308] for a detailed

PP S IS Mg

discussion and references.
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Figure 10.1 Mean inelasticity of hadronic proton interactions with photons of the
CMB. The curve has been calculated using the dedicated Monte Carlo generator
SOPHIA [138].
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Putting all together, thefractlonal energy loss rate for an arbitrary background

(10.13)

To understand the energy loss as a function of distance one defines the energy

loss length

(10.14)

(10.15)

The energy loss length for the CMB and the individual contributions due to
pion and e e~ pair production are shown in Figure 10.2. The adiabatic energy

lo due to the xpanswn ofthe umverse IS glven by the Hubble constant (see
YT A'll) s , e -

(10.16)
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Figure 10.2 Energy loss length for protons in the CMB at redshift z = 0. Given
are the total energy loss length and the contributions from ¢ ¢~ (Bethe—Heitler)
pair production, hadronic production of pions, and expansion of the universe
(Ho = 70km/s/Mpc). In addition the decay length of neutrons is shown.
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Discussion: Replacing the cross section by a box function centered at the energy of the
A resonance, various analytic approximations can be derived for the threshold behavior of
the energy | loss lengthdue to 1nteract10nw1th the CMB For example Taylor gives [309]

(10.17)

(10.18)

with y = 4 x 102 eV/E.

The difference in the energ th of pre
Nefutrdns hwevr ropgat wnthout eeCtl magnetlc fields. Therefore we
also show the neutron dec4 legFlgre 10.2. The interaction length due to
photopion production is about five times shorter than the energy loss length, i.e.
about 4 Mpc around 10?! eV. At this energy, the interaction length and decay length
of neutrons are comparable and neutrons tend to interact before decaying.

loss len

Joérg R. Hérandel, APP 2019/20
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The energy losslngth does change with redshift. The temperature of the CMB
scales as T(z) = Tp (1 +‘z) and the density of photons as n,(z) = nyo(l+2)°.
Hence we have

loss(E,2) = (1 +2) 2 loss((1 + 2)E, z = 0). (10.19)

To calculate the expected proton spectrum on Earth one has to integrate over the

contribution of all sources. For clarlty we write the expression for 1dentlcal sources
and without cosmological corrections |

d-Nobs _ J d‘Ninj dnsrc aESI’C
dE drdA dESrc dz‘Src dV (7E

where the first factor is the numb of p thCS injected per unit time by a sin-
gle source, the second factor describes the den51ty of sources, and the Jacobian in
brackets accounts for the energyloss of the partlcles |

9 AR

1
R*dR dS, (10.20)
47 R?

Jorg R. Hérandel, APP 2019/20
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Often the number of sources

per unit comoving volume is written as dng./dV = noH(z) where, for example,

(1 +z)" : z<1.9
H(z) = { (1+ 1.9)" . 19<z<27 (10.21)

(1 +1.9)"exp{(2.7—2)/2.7} : z>2.7

arameter.

parametrizes the evolution of the sources, with m_being a model

Accountm for cfosmolo 1cal eolutlon and time dllatlon we can rewrlte (10.20

— cdt and, see Appendix A.11,

c 3 —1//2
cdt = Qu(l +2z) + L2 dz = n(z) dz 10.22
i [9n( 497+ ] (2) (10.22)

as

b =J inj rc rc n(z) dz. | (10.23)
dEgcdty. dV \ 0E )"

dEdrdAdQ

where we have assumed a spatially flat universe.
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s ppllcatln o Eq 1 % we shw in Flgure lO ‘%the proton spectrm oth

ct " There is a direct « orre'aloee t'ffetlkliJrce lme and the
energy of the partlcles in the spectrum. In partlcular the hlghest energy part. of the

5 — 150 E rd1us T

Strtlng w1t a power-la lJCCthIl spectrum of _protons, the energy loss eect

’ also discussion in hapter 17) |

The spectral feature seen at E > 10°°> eV, which is often referred to as flux

recovery, is the result of performing the calculation for a continuous source anSlty
The high-energy end of the spectrum depends on the location of the nearest sources
as discrete injection points [313]. If there are no sources within ~ 20 Mpc of Earth
that anCCt protons of such energles then é do not éxpet flux recovery‘

SN e R e e
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logioE (GeV)

Figure 10.3 Expected energy spectrum on Earth for sources injecting protons
with spectral index y — 2.38 and a cosmological evolution parameter m = 2.55
for all redshifts. In addition, the contribution of sources at different distances and
their sum is shown. (Douglas Bergman, private communication and [311])
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10.2 Photodisintegration of nuclei

photonsf the nrred akgOUnd are 1ortant as interaction target [31 S]

The physics of photohadronic interactions is discussed in Section 4.5; here we
recall only some important features of relevance to the following calculation. At
low energy (¢/ < 25 — 30MeV, €’ being the photon energy in the nucleus rest

frame) the photon absorption cross section 1s mainly given by that of the giant
dipole resonance (GDR). In the decay after absorbing a photon, the excited nucleus
emits mainly a single neutron or proton, but sometimes also two nucleons. In
the energy region between 30 MeV < €' < 145MeV the absorption of photons
leads to the emission of several nucleons. The number of emitted nucleons has
a wide distribution with two-nucleon emission having the highest probability. At
energies hlgher than 145 MeV, the threshold for smgle pion producuon photo-

product1 interactions with smglenuclons take ‘place similar to interactions with

free protons or neutrons. It is important to keep in mind that the energy per nucleon
stays approximately constant in the lab system, 1.e. the rest system of the CMB.
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" analogy to the calculation (10.8) for PFOtons we can calculate the partlal
interaction rate with the | target photon field — ,

dN 4 & c [~ * ny(e)

= — e o (A, € J de dé€’, 10.24
P or? k(. ) pr € ( )
where we consider only interactions y A — (A — k) X, in which the mass number
of the parent nucleus is reduced to A — k by the emission of k nucleons. The total

interaction rate is then given by

dN dN4 &
d—’* - d""‘. (10.25)
f =1 t
With the smgle nucleon energy E nuc = ein consev{_veg_lgr} thg_se *}_therﬁzicgoni
the relatlve energy loss‘ratc of the nucleus1s
1 dE 1 dA dN A k
- 10.26
E dt A dt 2 ( )

k>l

The energy loss length of iron nuclei and the breakdown into different loss pro-
cesses are shown in Figure 10.4. In contrast to proton propagation the resulting loss
length is a complex superposition of the contributions due to ¢ ere 'palr productlon
‘ f oto 1ssoct1n " and plo' potoproductlon' | I |
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Figure 10.4 Energy loss len

CMB and EBL photons. From [185].

11021

s length iron nuclei calculated with CRPropa [316]
using the model of Gilmore et al. [317] for the extragalactic background light
(EBL). Shown are the contributions due to different interaction processes with
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An important aspect is tht although te relatlve energy loss might be very small
per 1nterct10n" the nucleus mass number cl anges ‘with each interaction. The inter-

actlo cros sectlon 1 fr 'allucllthe’ larest in th GDRnge crspondmg to

GGDR ~ 15 — 25MeV. In the rest frame of the CMB , the eqlvalent energy of the
nucleus Egpr = A L'gpr m p follows from

(A m,,) + 2€Gpr A My
(Am,)* + 2Egpr e (1 — Bcosh)
(Amy)* + 2T gpr Amy, € (1 — BcosB). (10.27)

Thus, if a nucleus with mass number A has a I" factor that allows for an efficient

interaction with background photons. then this applies to all the daughter nuclei.
tOO The Lorentz factor forresonant 1nteract10n 1S 1nde endent of the mass number

/
€
[Gpr = SR (10.28)

€ (1 —cosb)
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Another consequence of tese kmematlc relatlons is_that, for a_ 1ven total

llng» on the steepness ef the anCCthH spectrum, the secondary protons stemmmg
from photodissociation can be an important part of the cosmic ray spectrum on
Earth [318, 319].

Finally we want to note that, by coincidence, the effective suppression of a
power-law injection spectrum due to energy loss effects 1s similar for protons and
nuclei in the silicon to iron mass range at energies E > 7 x 107 eV.
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10.3 Secondary partlcle productlon

Ve :Vy v =1:2:0. (10.29)

If the production is dominated by the single pion channel, as one would expect for
a steep source spectrum, we can write explicitly

py —nat —npty,

—>ne v, v,

— pe el v Ve, v, (10.30)

where we have included neutron decay in the last step. The decay chain shown here
is not applicable in all calculations of secondary fluxes because secondary particles
might lose energy or interact before decaying, depending on the environment in
which the processes take place [320]. As a first estimate we can assume that all
bion. dec 'sh 'thelo 'ener 0y matCll /

fusecndar particles of theﬂ

'nennoenry of E b 0.05 E,. The 1 xepton is the '(, from the neutron

‘decay. It carries only a fraction of ~ 10~ of the neutron energy.
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With this knowledge we can understand the basic features of the neutrino fluxes
almg from the interaction of ult hgh -energy protons 1th photons of th CM

These neutrinos are often called GZK neurzlos'rcosmogmc neutrinos as they
are the byproduct of the GZK effect. Assuming low density and weak magnetic
fields, all secondary particles of these proton interactions decay without further
energy losses.

The calculation of the flux of cosmogenic neutrinos is a straightforward appli-
cation of Eq. A.19, similar to the calculation of the interaction rate. We can take
advantage of the fact that, due to the GZK effect, protons fall below the particle
production threshold within a propagation distance of ~ 200 Mpc and calculate for
this distance range and a given proton source spectrum a generic neutrino source
function. This source function has then to be properly re-scaled for different red-
shifts and serves as flux factor in Eq. 10.23, replacing the proton source flux, for
integrating over all distances (for details see [321]).

The expected cosmo

ectes genic neutrino flux for a source spectrum dN /dE ~ up
to 102°9 eV is shown in Figure 10.5. As expected, the v, and v, fluxes are 1dentlca1
The shift of flux maximum from v, to v, follows from the exceptional role of the

neutron decay. The small flux of v, around 10'® eV stems from secondary m ~ of
multi-pion production reactions.
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xeso ntrmos arising from proton and ncll propagation e compared in
Figure lO 6. The injected cosmic ray fluxes have been tuned to rej oduce t

‘lbtll‘l lso n is t - o astrophsmheutrlos measu
IceCube [327] and upper limits from the Auger Observatory.

The rotonﬂuxt ultra-higl ener y is a measure of the ° cosmo]o 1cll " local

evolution with redshift.
1t 66chn ratio the decay of a + _resonance - produces netal

toﬂxs 1s‘na1‘us to that ntno fluxes; see, for example, [328].
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Figure 10.6 Neutrino flux predictions for two source models and different cos-
mological source evolution scenarios, from [322]. Top: neutrmo ﬂuxes if the
all-particle flux of cosmic rays as measured by Telesc
source mode] w1t  on rotns' ottom eutrlnouxes for a m1x | com osmon'
tory. In addition neutrino Hux 1imits of lceCube and the Auger ObSCIvatory are
"s‘ﬂo&n. Each time three source evolution scenarios are shown: no evolution, evolu-
tion according to the star formation rate ), and evolution according to AGNs
(from bottom to top). The calculation was made with SimProp [323].
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Discussion: A simple order-of-magnitude estimate of the injected photon flux due to
proton interactions follows from the relation between charged and neutral pions in
photoproduction. Let’s assume the proton source functlon IS

O (E A E—s f 10.31
Qp( p) dEpdth ‘ ( )

with s = 2 for standard Ferml acceleratlon n the llmlt of a smgle interaction with the
CMB, the secondary neutrino yield is given by

dn, Lo dN, s
Q"'(El)) = dEvd{/dt - L(XL)S ldxl“ de AEIJ S = pr Q,)(Ep), (1032)

where Zp, is the spectrum-weighted moment or Z-factor, for neutrino production (see
discussion in Sections 5 and 6). For an E— spectrum, this factor is the probability to pro-

duce a 7 times the relative energy fraction given to the neutrino flavor we are interested
n.
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For example, we have Z,, = 0.33 x 0.05 for muon neutrinos (single flavor). The same
calculation can be done for photons keeping in mind that Z,, = 0.67 x 0.2. In general we

can write

(Ev)* Qu(Ev) = Zpy (Ev)* Qp(Ey) (10.33)
(Ey)’ Qy(Ey) = Zp, (E))° Qp(E,) (10.34)

and obtain
Zpy (Ev)* Qu(Ey) = Zpy (Ey)* Qy(Ey), (10.35)

for the relatlon between the

photon and neutrino fluxes
we have

rdci. And for £, = E,

(10.36)

' teergy raneWell lw‘ lO eThe' relevant length ces ar ‘shown in

ure 10.7.
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10.4 The role of magnetlc ﬁelds |

Extragalactic particles are deflected on their way to Earth byGalacu and extra-

alactllaglvcﬁlds’ Th'regularcopnen of the local Galactic field is about
3 G and a Kolmogorov-type turbulent component of comparable size is expected.
A widely used model of the Galactic field has been developed by Jansson and
Farrar [329] by combining WMAP data with a very large set of Faraday rotation

measurements. Simulations of proton trajectories through the Galactic magnetic
field predict deflection angles of the order of ~ 5° for 6 x 10!” eV as long as the
trajectory does not come too close to the Galactic center [330, 331].

While there has been much progress in understanding the regular and turbulent
components of the Galactic magnetic field [329, 332], little is known about extra-
galactic fields. Extragalactic magnetic fields on intergalactic scales vary in strength
and coherence length over many orders of magnitude. They can be as large as
10~° G with a coherence len; ths of /. ~ 100 kpc in alax clusters and are prob-
ably lgr tall'O "' b't o sallerthnlO °G, in voids with cherence

scale of [, ~ 1 Mpc[333]GWnthese age uncertamtse will discuss here

only some basic estimates for the expected deflection angles and corresponding
time delays following Achterberg et al. [334], where the derivation can be found.
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In the small angle approximation we have 86 ~ d / R, where d denotes the
propagation distance. The Larmor radius is given by
R E
B, ZeB,’
with R being the particle rigidity and B | the magnetic field strength perpendicular

R =

(10.37)

1o —

1020 eV

10 =9 G
| est ne 'c01c r : . Of orse “due to the much lager mgnetlc
fields in ﬁlaments and clusters of galaxies than in voids, particles are expected to
undergo large magnetic deflection in the source region and only the propagation
through voids will preserve the directional information.

;‘ QRMS 3.5° (
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The time delay follows from expanding the difference between length of a circu-
lar track segment and the total rectilinear distance traveled, felay ~ d? /(24c R2)
In the diffusion approach, the total time delay 1s given by

(10.40)
E lOO Mpc 1 Mpc

lescls shorter tha the 1 yp1al tlme la e to magnetlc deflection.
At low energy, the t1me delays due to d1ffus1on in extragalactlc magnet1c ﬁelds

, 'n' b wttenas |

i fo D(E(t)) dt, (10.41)

where D is the diffusion coefficient, which depends on the particle energy.
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The

diffusion coefficient is given by the usual expression D(E) = (1/3)clp, where
[p 1s the diffusion length defined as length scale over which the angular deflection
AB ~ 1. With 86 ~ [.,,/R; we have a total deflection angle AG ~ /N8O after
N steps of length /... The diffusion length is then given by the number of steps
N = Ip/lcon needed for A6 ~ 1 and we obtain -

(10.42)

lcoh

Mpc

Ee = 0.9 x 1018ev Z ( B ) ( (10.43)
1 nG

For particles propagatlng over large tlmescales the adlabatlc expanswn is the dom-
inant energy loss process at low energy (E < 10'%eV). Following Ref. [338]
we use the approximation (1/E)dE/dt = —H(z) ~ —Hy. Inserting the time
evolution of the particle energy

E(t) = Eg. e 0! (10.44)

in (10.41) and carrying out the integration we obtain

(10.45)
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in (10.41) and carrying out the integration we obtain
(10.45)

tance vereby diffusion of palcls overelevtlmescales ~ 1/Hy is larger
than the distance between the sources, the locally observed flux is independent
of the magnetic horizon (propagation theorem [339]). If the diffusion time of the

SOUTRAIAA

111 suEErsed nSt ap01atlon thlS effect 1s expected to be 1mportant at

energies
5 B l 2
E<z|— ) (= —— ) 10%ev | (10.46)
: nG Mpc 70Mpc

for homogeneous magnetlc field densities [3 %7] For a detailed estimate of the
magnetic horizon effect one has to account for the inhomogeneous structure of

extragalactic magnetic fields, in particular the presence of large voids [340]
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