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I-.l Power

There are two aspects to the question of cosmic ray acceleration: what is the source
of power for the accelerators and what is the actual mechanism. l'rom the dis-
cussion of Figure 1.5 we recall that the cnergy density in cosmic rays locally is
pp =~ 0.5 eVicm®. Taking account of the energy-dependent escape time for cosmic
rays and assuming a uniform distribution of sources in the disk, we estimated 1n
Scction 9.3.2 the pnwcr rpqumm\.nr as

(12.2)

It was emphasized long ago by Ginzburg and Syrovatskil [359] that the power
requirement of Liq. 12.2 is suggestive of supcmovac. l'or example. for 10 Mg,
gjecled from a type 11 supernova wnlh a vc]oul» u ~ S » 10% co/s every 30 vears,

(12.3)

There are large uncertainties in these numbels but it appc:us plausible that an
cfficiecncy of a few per cent would be enough for supernova blast waves to encrgize
all the galactic cosmic rays. Note that by terrestrial standards this 1s very etficient
indeed. Such high efficiencies may be natural in space where there is no need to
cool magncts and where particle acecleration may in fact he a major source of
energy dissipation.
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12.2.1 Fermi mechanism

Fermi acceleration works by transferring macroscopic kinetic energy of moving
magnetized plasma to individual charged particles, thereby increasing the energyv
per particle to many times its original valuc and achicving the non-thermal cnergy
distribution characteristic of cosmic ray protons and nuclei. Consider a process in
which a test particle increases its energy by an amount proportional to its energy
with cach “encounter” (to be defined later). Then, it AE = & E per encounter, after
n encounters

(12.4)

where [ 1s the energy at injection into thc accclcrator. If the probability of escape
from the acceleration rcgion is P, per encounter, then the prohability of remain-
ing in the acceleration region after n encounters is (I Pes2)". The number of
encounters needed to rea«,h energy E 1S, rrom Eq. 124

(12.5)
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Thus, the proportion of particles accelerated to energies greater than E is given by
summing all encounters with m = n as
(l _ Pesu:’n

o0
N(ZE)or Y (1 - Pgl” = , (12.6)
Pesc

mn=n

with n given by Eq. 12.5. Substitution of 12.5 into 12.6 gives

with

The Fermi mechanism leads to the power law spectrum of energies. The
last step of Eq. 12.8 introduces the characteristic tuime for the acceleration cycle,
Teyele» and the characteristic time for escape from the acccleration region, 7.
The ratio of these two times is the probability per encounter of escape from the
acceleration region. Alter the acceleration process has been working [or a ime /,

)Imax — I/]:‘yce ‘dll(l
(12.9)
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The Fermi mechanism leads to the desired power law spectrum of energies. The
last step of Eq. 12.8 introduces the characteristic tuime for the acceleration cycle,
Teyele» and the characteristic time for cscape from the acccleration region, 7.
The ratio of these two times is the probability per encounter of escape from the
acceleration region. Alter the acceleration process has been working [or a ime /,
Nmax = 1/ Teycle and

(12.9)

Two characteristic fcaturcs of T'ermi acwlcrauoncaarent from Eg. 12.9. Trst,
hlgheieov particles take longer to accelerate than low-energy particles. Second,
if a certain kind of IFermi accelerator has a limited lifetime, T, then it will also be
characterized by a maximum energy per particle that it can produce. This would
be given by Lq. 12.9 with ¢t — T, if Tiyge were independent of energy, which,
howcvcr, turns out not to be the casc for acceleration by supcrnovas. as we discuss
later in this chapter.
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12.2.2 Frsl-cud secndrde Fei accelralin

Ditfusion of charged particles in turbulent magnetic fields physically carried along
wilh moving plasma i1s the mechanism [or energy gains and losses. In his original
papcr, Fermi | 265| considered encounters with moving clouds of plasma, as 1llus-
trated in Figure 12.1. A particle with energy E; goes into the cloud where it begins
ro diffusc by “scattering™ an the irrcgularitics in the magncetic ficld. (“Scattering™ is
in quotes here because the process must be “collisionless™ in terms of interactions

between particles thal would prevent acceleralion because ol collisional energy
loss.) The result of the diffusion inside the gas cloud is that, after a few “scatter-
mngs” the average motion ol the particle comncides with that of the gas cloud. In
the rest frame of the moving gas the cosmic ray particle has total energy (rest mass
plus kinetic)

Ly = 1l (1 — Beosthy). (12.10)

where I' and f# = V /c are the Larentz factor and velocity of the cloud and the
primes denaote quantities measured 1n a frame moving with the cloud. All the “scat-
terings” mside the cloud are due (o moton in the magnetic ield and are therelore
elastic. Thus, the energy of the particle in the moving frame just before it escapes
is E5 = E|. Il we (ransform this energy back (o the lub [rame, we have the energy
of the particle after its encounter with the cloud,

Fr = I"ES(1 + Beosd). (12.11)
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On the Origin of the Cosmic Radiation

ENrico FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-

forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION

N recent discussions on the origin of the cosmic
radiation E. Teller! has advocated the view
that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvén, Richt-
myer, and Teller.? The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.

I propose in the present note to discuss a hy-
pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
primarily in the interstellar space, although they
are assumed to be prevented by magnetic fields
from leaving the boundaries of the galaxy. The
main process of acceleration is due to the interaction
of cosmic particles with wandering magnetic fields
which, according to Alfvén, occupy the interstellar
spaces.

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by collisions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.

The present theory is incomplete because no
satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter.
The most serious difficulty is in the injection
process for the heavy nuclear component of the
radiation. For these particles the injection energy
is very high and the injection mechanism must be
correspondingly efficient.

15,
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Figure 12.1 Acceleration by a moving, partially 1onized gas cloud.
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Figure 12.2 Acceleration at a plane shock front.

For simplicity, Egs. 12,10 and 1217 are written lor a particle that is already
sufliciently relativistic so that E & pe. Substituting Eq. 12,10 o 1211 now gives
the energy chunge lor the particular encounter characterized by 8; and ;.

AE Il — Bcoséy + Bcos@) — B cosB cosé) , ,
- - = — 1 (12.12)

L | — pg=
The other physical situation that we want to consider is illustrated in I'igure |2
Here w lurge, planc shock [ronl moves wlh velocily —uy. The shoc ked gas ﬂom
away [rom Lhe shock u.'llhavclm,ll' u relative 10 the shock [ront, and |ut2

< |u| ’
Thus in the Tab frame the gas behind the shock moves to the Telt with velocity V-

u; + uz. Eq. 12,12 applies also to this situation with 2 = V /¢ now interpreted
as the velocity of the shocked gas (“downstream”) relative to the unshocked gas
(“upstream”).
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The uuual difference between the two cases comes when we take the angular
averages to obtam the average frtlonal energy gain per encounter £, for Egs. 12.4

to 12.9. The same stepsr will be followed in cach case. In the cquatlons that follow,

lanc rshnck

wc indicatc Qcattcnno ’rmm clouds as casc (a) and cncounters w1th a

[ (2) Toorg — comstant < cos@) < 1, (12.13)

s0 that {cos A3 = (.

For a planc shock,

(12.14)

The distribution for case (b) is the normalized projection of an isotropic flux onto
a plane, and {cos ;) = 2/ 3.
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Averaging Eq 1 2.12 over €os 0? for the two cases glves

AE:; - l — ﬁL0591

proportional to the relative velocity hetween the cloud and the particle,

dn ¢ — Vcos6 ,
— = . =1 = cosf = 1, (12.16)
dcosf 2c
!
so that {cos® 3 = —V/3c. The distribution of cos@; for the plane shock is
the projection of an i1sotropic flux onto a plane with —1 < cos#, < (), so that

-

{eos oy = —2/3. Thus

Here ﬁ = l ,c e lu: o th ruldllu uloul\ ol th pld:llld Ilow nol th COSIIIC
ravs. The approximat ) q. 12.17 hold when the shock (or cloud) velocities
are l’lOn-lelatl\'ISth.
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\Iouce that in both casecan encounter 1Q one pal of in and out crosmns in

Thc Orlélnal Termi mcchanlsm 1S sccond ordé 1 sk lty On a*eraq
particles gain energy as in Eg. 12.17a, but in each encounter a particle can either
gain or lose energy depending on the angles. This is often incorrectly expressed
hy saying that there are more approaching encounters (cosf; < ) than overtaking
cncounters (cosf); > 0). But notc from Eq. 12.12 that an approaching cncounter
with a cloud in which the particle goes out the back side {cos (5 <2 0) can resultin a
loss ol energy. Sumilarly, an overtaking collision can sometimes resull in an energy
gain. On the other hand, the geometry of the infinite plane shock is such that an
“encounter” always results in an energy gain (because cos A is always positive and
cos () always negative). Because of the angular constraints. the term proportional
to 8 Eqg. 12.15 does not cancel 1n this case, so acceleration at a large planar shock
1s lirst order 1n shock velocily.
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In lhc ortginal version of Fermi acceleration, the acceleralion region is the puluc-
tic disk, so IM ~ 10° years. The acceleration rate 1s the rate of collisions between

4 COSMIC iy of u_lnt:u) it with clouds Lhdl‘ilt.‘lt.l'llﬂ..‘d by a spalial density g and
cross section a,.. Thus Toype ~ 1/[c g. 0, ). The integral spectral index then is

I
v o~ . (12.18)

E] ﬁ- (S ERRerS !;u.:'.’

Thu, uulmucal v]uc of thls smcttal mdcx Is not umvcnsa but d»pcnds on d»talls

“Tor the con 'guranon o the large_. plane ahocL. the rate ot encounters is given by
the projection of un 1selrepic Cosmice ru'_v'liux onto the plane shock front,

n:'ﬁ_ (.' . (: .
| deosd J d¢ AR 150 = L
(] 0 4 4

where peg Is the number density of cosmic rays being accelerated. The rate of
convection downstream away from the shock front is prg > @3, so

(12.19)

CR 4u- .
P, = LR _ T (12.20)
¢ ocm/4 ¢
Thus lor the case of acceleralion at a shock,
(12.21)

n]\ on the ratio of theupstram and dwstream velocities, Note that the spectral
index 15 also independent of the diffusion cocllicient. (As noted below, however,
the upper limiting energy depends explicitly on the properties of ditfusion.)
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shock can form when u; >~ ¢). the sound spccd in the gas. The Mach number
of the flow is M — iy /cy. The continuity of mass flow across the shock (pyit; =
patt2), logelher with the kinetic theory ol gases, gives

( Vg2
A Ccp/cy + 1)M (12.22)
5 Iyl ((.‘p//(,‘L. | )/WZ b2

(Landau and Lifshitz [367]). For a monoatomic gas the ratio of specific heats is

cp/C, = % SO

for a strong shock with M >» 1. Not nly is the spectral index for first-order
Fermi acceleration universal. but it has a numerical value close to whar 1s needed to
describe the observed cosmic ray spectrum! (Recall from the discussion in Chap-
ter 9 that the differential spectral index required from the aceclerator 1s ~ 2.7 — 8§,
which corresponds to v ~ 1.7 — 8 in Eq. 12.23, where 0.3 < 8 £ 0.6.)
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12 3 Acceleratlon at supernova blast waves

The ejected material from a supernova explosion moves out through the surround-
ing medium driving a shock wave ahead of the expanding SNR. As long as the
characteristic leneth for d1ffu\|0n D/u l\ much less than the radius of curvature

of the shock, the plane approximation can be used. Thus the expanding supernova
remnant is an ideal candidate for first-order Fermi acceleration as in Figure 12.2.
While the SNR is in the initial free expanélon pha%c the cxpandmo shock over-
takcs the particles upstrcam and recycles them through the acecleration proccess, as
described 1n the previous section.

As cxplained in the next chapter on supcrnovac, the characteristic time that
murks the end ol the [ree expunsion phase 18 Tst ~ 1000 yrs [rom Eq. 13.29 (lor
example with 10 M, expanding at mean velocity of 5 % 10® em/s into a medium of
average density 1 proton/em?). For times ( > Tsr, in the Sedov=Taylor phase, the
shock velocity decreases, and escape upstream can occur,

Jorg R. Hoérandel, APP 2018/19
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12.3.1 Maximum energy

During the frec cxpansion phasc, the acccleration rate 18

dF £
- , (12.24)

Ll] :l Evc'e

wilh the [ractional energy gain per encounter, &, given by Eq. 12.17b. 'To inlegrale
LCq. 12.24 and estimate ... we need to know the cycle time for one back-and-
[orth encounter. The [ollowing derivation 1s due (o Lagage und Cesarsky |36%] as
presented by Drury [360].

Consider first the upstream region. The particle current with convection 1s
given by

J=_—DVN + uN. (12.25)

In the upstream region the fluid velocity u; is negative relative to the shock front
0 1n equilibrium there is no net current, and

I\
D) — — —uN. (12.26)

<

<
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Then in the upstream region
N(z) = pcrexp|—z w1/ D1, (12.27)

where pcgr 1s the number density of cosmic rays at the shock. The total number of
particles per unit area in the upstream region is pcp Dy /uy. 'rom Eq. 12.19 the rate

per unit area at which relativistic cosmic rays cross a plane shock front is ¢ pcg /4.
Thus the mean residence time of a particle in the upstream region is

(per D1/ u1) (cpcr/4) ™" = 4 Di/(urc). (12.28)

The downstrcam rcgion is somewhat morc complicated to analvze becausc it is
necessary Lo average Lthe residence time only over those particles that do not dilfuse
downstream out of the acceleration region. The analysis is straightforward and is

shown cxplicitly by Drury. This form is identical to that in the upstrcam region.
Thus

4 [ D D> )
Teyee = -\ — — — ). (12.29)
C i u
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To proceed we need an estimate ol the diffusion coellicient. T.agage and
Cesarsky argue that the diffusion length. A5 cannot be smaller than the Larmor
radius of the particle, ri. = pc/(ZeB), where Z is the charge of the particle and p
is tolal momentum. The idea s thal energelic particles cannol respond Lo irregular-
ities in the magnetic field smaller than the particle gyroradius. Then the minimum
dilTusion cocllicient s

ry ¢ I Ee .
Dyip = —/— ~ = R (12.30)
3 JZeB
so that 1y 2 20L/(3u)Z e B) for a strong shock with uy = w)/4. llere £
is Lhe tolal energy of the nucleus bemng aceeleraled. Tnserting D) = Dy = Dy

mto Ligs. 12.29 and 12.24 leads to an expression for the acceleration rate that is
independent of energy because 7oy % E.
The resulting estimale uf llu. mMaximum | cnerey 18

'3 ul

%—ZeBmlT,,, ] (12.31)

with Ty = Tst ~ 1000 vcars. Anestlmate of B[qM ~ 3uG in Eq. 12.21 then gives

-

7 X3 X 104 GeV : (12.32)

The Tagage & Cesarsky [')()'ﬁ] estimale ()F th maximum cnergy [or aceeleration
by SNR is now thought to be low by a factor of 30 to 100 because the magnetic
ﬁeld in the acceleration 1eg10n 1 15 ampllhed b» nonlinear effects in the acceleration

PP A AN P A I A A P S PR

proccss (Sce Socuon 2.5 bclow
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12.5 The knee of the cosmic ray spectrum

The numerical value of the maumum energy in Eq. 1232 of E .y & Z %X 3 %

that lln;wnclu, Treld stren uth The

10% GeV is obtained under the dsumplum

acceleration region is 3 ;1G sirmilar (o that m the ISM. Over the past decude both

theoretical and observational evidence indicates that the magnetic lields may be
significantly higher in supcrnova shocks than in the interstcllar medium. The ampli-
[ication ol the magnetc lield 1s another consequence ol the nonlineur 1nteraction
between the particles being accelerated and the plasma in the region of the shock,
as shown in theoretical work by Bell [376] and others. The theory of magnetic
field amplification is bevond the scope of this book. Ilowever, some qualitative
insight into the prohlem may be ohtained from Figure 9.1 (e, f and ). When the
energy 1n the accelerated particles streaming ahead of the shock 1s comparable to
the enercy of the magnetic fields threading the upstream plasma, resonant effects
may be expected to amplify the magnetic fields.
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The observational evidence is in the form of narrow filaments of synchrotron
radiation associated with shocks i young supernova remnants such as SN 1006
(Quantitative interpretation of the observations leads to the conclusion that mag-
netic fields at the shocks of young supernova remnants are of order 100 G [377].

I[ so, this would put the maximum cnergy close o or in Lhe encrgy region aboul
1 PeV where the spectrum steepens at the knee. One would then associate the
knee with the beginning of the end of the population of galactic cosmic rays. Since
Emac @ Z, there would be a corresponding cvolution of the spectrum toward incrcas-
ingly heavier nuclei when the spectrum is measured as total energy per particle, as
in air shower experiments. The successive cutoit of protons, helium, CNO, Mg-Si
und Fe 1n this situation was [irst pomled oul m [26], and 15 sometimes referred
ro as a “Peters cycle.”” Models for the evolution of cosmic ray composition hased
on this idea [28] are currently used to relate air-shower measurements of the all-
parlicle speclrum o the spectrum ol nucleons needed o calculate the inclusive [Tux
of atmospheriec muons and ncutrinos | 264 .

Observation of such a composition cycle does not necessarily imply that the
knee 18 due Lo the maximum energy of the acceleration mechanism, For example,
if there is rigidity-dependent lcakage from the galaxy that incrcases with energy in
this region, this also would give an increasingly heavy composition associated with
4 sleepening of the meusured all particle energy per nucleus spectrum. A recenl
papcr of Giacinti et al. |378] attributes the knee entirely to praopagation cffeets.
More likely, both effects play a role.
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MAGNETIC FIELD AMPLIFICATION IN THE THIN X-RAY RIMS OF SN 1006
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Figure 7. Chandra image at 2-7 keV showing the regions where radial profiles were extracted. Filament 1: Regions 1-4 and 6; Filament 2: Regions 5, 7, and 9-11;
Filament 3: Regions 12—16; Filament 4: Regions 17-22; Filament 5: Regions 6 and 8.



12.6 Acceleration o higher energy

‘The maximum energy from shock acceleration by a supernova remnant as written
in Eq. 1 2.31 can he reformulated

wl % B 7¢ BR, (12.65)

',{ Fr = cur
where ® = wy = 7y s the rudius at the ume when the expansion begins 1o slow
down. This result s an mstance of a more general consideration in which the energy
is limited by the gyroradius in the accelerator, ;. — E/ZeB. Then ry. < R gives
L < Ze B R. Inaclassic paper, Ilillas [379] drew attention to the practical impli-
cations of this condition by placing then known potential sources of cosmic ravs
on a diagram of magnetic ficld strength versus size. We show the original Hillas
plot as Figurc 12.7. At the time, GRBs were not yver understood. but they arc an
important addition to the plot in a similar region to AGIN,

It 15 intcresting to note that active galaxics appear 1n two rcgions of the Hillas
plot: as active galactic nueler and as radio galaxy lobes. Acceleration ol cosmic

rays Lo approaching 1077 ¢V is possible in both locations, bul the implications For
secondary radistion of gamma rays and neutrines are quite different in the two
cases. I, us [381] prefers, the UHECR are aceclerated at the ermination shocks
far oul [rom the AGN, Lthen there would be lillle larget material and nol much
opportunily [or producing neutrinos and gamma rays of hadronic ongin. 1 the
acceleration occurs primarily o the jels near the central black hole or somewhat
further out. but still inside the jets where there are intense radiation fields for
photo-pion production, then conditions for production of hadronic sccondarics arc
mure favorahle. The two possihilities are llustrated in Figure 125,

Acccleration to higher encrgy will be discussed in the following chapters in con-
neetion with the various possible sources and in Chapter 17 In conncction with

cosmic riays of extragalactic ongin.
Jérg R. Hérandel, APP 2018/19 23
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Figure 12.7 The Hillas Plot ol polenual cosmic ray accelerators locates objects
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permission.
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Cosmic rays (clectrons and protons) accclerated in cosmic sites can be studicd
throu0h the investi atlon of rhelrﬁemndr : products (' homns andneutrinos). Pho-

tons are prdu(;cdby radialion [rom dlxrgcdparlulm and [rom dc&d) ol pions
produced by interactions of protons with target material present inside or close
by the accelerator. High-energy neutrinos are produced only via hadronic inter-
actions. We describe in this chapter the radiative processes and the astrophysical
scenarios in which the condition for efficient acceleration (source) and interaction
(targct) arc satisficd. We call these configurations “astrophysical bcam dumps.”
The analogy 15 o a beam dump at a terrestnal acceleralor in which all possi-
ble seconduries are produced. Secondary photons and neutrinos [rom a cosmic
accelerator point back to their source allowing the identification of high-energy
accelerators.
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14.1 Radmtlvc processes in bcam dumps

The spectrum of a bcam dump is usually mcasund as the enc rgy (in crg or cV) per
unit frequency v (in Hz) passing a surface (cm?) in a second. It is described as a

powcr law with flux density

fvy=F,acv™ (14.1)

with units erc em~2 s~! Hz~!. The spectral index s is of impaortance for the char-
acterization of the source. Another important quantity 1s the enéerey flux (vF,),
usually expressed in erg em™—= s~ . The function vF, for an object is called its
spectial energy distribution (SED).

mm can be also expressed as spectral phoron (neutrino)

flux or number of photons (neutrinos) per energyv unit £
N(E) =dN/dE « E~¢FL (14.2)
in GeV 'cecm™ s~'. The photon (or neutrino) flux is related to the energy flux as

vF, = E*dN/dE. (14.3)
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Later in this chapter, we will show several examples of SCDs of gamma rays
[rom distant sources measured ut Earth (Figures 14.5 o 14.7). For a cosmologically
nearby source at a distance d, the measured SED and the corresponding intrinsic
differential luminosity at the source are related by

l.,

vF, = 47—”'12, (14.4)

assuming isotropic emission. In general it is necessary to account for the expansion
of the Universe in making the connection. In terms of the total luminosity 7. at the

sourcc, the relation 1s

TLF, L
® = J —dE = = (14.5)
C ax D}

where @ is the total measured integrated energy flux and D, (z) is the luminosity
distance. see Appendix A.11.
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14.1.1 Synchrotron radiation

The importanee of the synchrotron radiztion in u:udﬁhysics was [irst identified by
Shklovskii in 1957 in the study of the nan-tharmal spectrum of the Crab super-
nova remnant [442]. It has since heen used to analyze a varicty of astrophysical
gnyironments, \Iosl ol lhcmdmlwn in the radio Lo soll X-m\ band lrom sources
such as accreting black holcs is snclmtron radiation from accclerated clectrons in
strong magnetic lields, The spectrum of the electromagnetic radiation that 1s pro-
duced depends on the specirum of the radiating electrons, If the source region is
dense, the radiation will he partially absorbed inside the source. In addition, the
enereelic electrons can interact with the synchrotron photons and produce a higher
energy population ol pholons by inverse-Complon scatiering. The three processes
arc indicated schematically in Figure 14,1,

An electron with charge ¢ and velocily v moving in a magnetic lield B leels an
external force |443|

d w € dv .
I = EW mev) = —(v *x B =m,) e (14.6)

where i here 1s the Lorentz tactor of the clectron. The last step in Eq. 4.6 follows
in the ahsence ol electric lields since the magnenic loree s always perpendicular
to the motion of the clectron. In this case, » 1s constant and the clectron follows a
helical trajectory with rotation frequency

Ve Be
iy = S = , (14.7)
v 2mym,
where the lL.orentz factor of the electron is related to its speed by
1
y = —/——m—— (14.8)
I _ k' \ ,
A (-

For non-relativistic electrons, ve is also the [requency of the eleclromagnetic
radiution.
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Figure 14.1 Scheme of the principle mechanisms involved in the sell-synchrotron
model.
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The situation 1s more complicated lor relativistic clectrons, and the details are
[ully u(lmd in the book by l{yldu anl L.lg,hldn |44 *J A relativistic clecron
in a magnetic field has a radiation pattern peaked in the direction of motion of the
electron, which is changing as the particle bends in the magnetic field. 'I'he obhserver

sces o spectrum of radiation peaked at
3 2 .
=Y lg = ¥ V. (14.9)

vs 1s called synchrotron frequency and the electromagnetic radiation emitted is
called synchirotron radiation (SR ). The energy ol the electronis E = ymec™; hence

the synchrotron {requencey is related w the energy ol the ¢lectron by
vy o B EZ (14.10)

It can be shown that the spectrum of synchrotron radiation of a single electron is
sharply peaked near the synchrotron frequency ve and that the electrons lose energy
at the rate

dE/dt » E° B, (14.11)

Averaging over the direction between the velocity of the electron and the direction
ol the magnctice [icld, the power radialed per clectron is

.’. l‘”"\r | 1 .
YohT, g (14.12)

dr

where ) is the Thomson cross section; see Appendlx Al
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All chargcd particles radiatc when moving across a magnctic ficld. From
Eq. 14.12 we scc that the power radiated in a given magnctic ficld is proportional
to the fourth power of the electric charge of the particle and to the square of its
Lorentz factor and inverselv proportional to the square of the particle mass. Since
the Lorentz factor 1s also inversely proportional to the mass of the particle, the

radiation from a particle with mass /i and unit charge will be suppressed rela-

tive (o that of an electron of the same energy by (m./m)”. Because of lhe strong
B e e e e RISy e P A A "
dependence on mass, synchrotron radiation is unimportant for prolons excepl in

the most extreme environments. Despile (his. synchrotron radiation [rom

rolons

1S lIIlpUld[ll (o account [or GeV-TeV pholom n lepto-hadronn I[lOdt‘lb olblamrs

as discussed in the next section.

I'he spectral_distribution of synchrotron_radiation from a single clectron is

7

described h' two funcrions porrup’ondmw polawon prllcland pcrpcd1cu-

lar to the direction of the magnetic field. The power radiated per unit frequency is
the sum of the contributions from the two polarizations. This function depends on
the ratio x = v/vs and has the asvmptotic forms

[ 1y x 13 forx « 1
l Fre= x'"" forx » 1.

Fx) =~ (14.13)

The function 1s strongly peaked near the svnchrotron trequency. as shown in
[igure 14 2.
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Figure 14.2 Asymptotic formula for the synchrotron function F(x). Fitted
parameters taken from [/41].
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The next step is to generalize from the case of the smqle electron to an ensemble
of particles disrbuted as 4 power- kv, which 18 4 more representilive case lor
WWWTM derivation s given in [4423] and [445).
The number density of electrons with energy between 2 and 7 +dF” is

(14.14)

and the power radiated .tL [ru.;uc,nu v b\ »lulruns mth cricrgy £ 15 proporlional
W F{v/vg) with vs = ¥2ve. The frequeney distribution of the radistion from the

spectrum of electrons is therefore

Fiv) o f v v vs)dy. (14.15)
Changing the variable of intcgration to x — wivg — v/(p*ve], the intcgral
hecomes
V (}7 ])".‘ " p Y
fiv) ( ~) J x' PSR (x)d (14.16)
e,
Thus
(14.17)
R
Fs(v) o - kB“' - | (14.18)

which unphcs that ob:;cr» Y 4 source al two different frcqucnucs aJlows one Lo

determine the s Opu 0 thu pamdc mcrg}' dlstubunon 5.
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Svnchrotron self-absorption

The observer sces a synchrotron spectrum Fglv) o v * only 1l no absorption of
phatons by the emitting region (or by intervening matter) happens. Sources in
which all produced pholons get out are called opticaily thin, 1 the radiation pro-
cess takes place in an optically thick source, significant self-absarption can happen,
modifying the shapeMotmn spectrum.
svnchrotron photons are emitted, a distribution of charges 15 also present. These
charges function as absorption targets from the traveling phatons.

The derivation of synchrotron self-absorption is com]ncatcd By the principle
ol detailed b;tl.-\nc:. .tb:llo is related o cmission al cach clectron energy. The
detailed analysis [£42] gives the absorption coetficient as

In the dense medium where

afv) = consl = BiFTAE et )2 (14.19)

fm a power- -law distribution of electrons in a source with a magnetic field strenath

. The bsortloncocfﬁunt”h the dimension of anOth “and relates the
|sotmpu, production spectrum of Eg. 14.17 to the attenuation inside the source.
The relation is given by Longair [445] as

dl. (v .
. — -ab ]L‘ + — ' 14020
dx 47 { )
which has the solulion
I(x) = j—' tfl —¢ ), (14.21)
dra, ‘
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A source of thickness £ s opmall thin it a, £ <« 1.1n which case the differential
power crmitled toward the ObSCIver 15 Jp L, ’47 v — withy = {p — 1)/2. For an

-3

optically thick source. with ¢, € 2 1 it 1s instead

I, = PR (14.22)

dependent of the slope of the electron speetrum. Another way (o inlerprel the
result is that, for an optlca]l thick source, only the photons within one absorp-
tion length ({Ax ~ 1/@,) from the edge emerge. This distance increases with
Irequency so that st high Irequency synchrotron radiation from the entire source
cmerges. Figure 14.3 shows the two asymptotic rcgimes. The obscrved spectrum
will increase from low frequency, reach a maximum, and then fall with a slope s

related to the spectral index of the electron spectrum that is driving the process.

107 | ,
108
105 ".’.r... "--.__'

ALLL l A Aol A d Al A FE . A ' LAl
107 10% 104 108
viauw)

igure 143 Impactl of the synchrotron sell=absorplion on the svnchrotraon spec-
trum. Only asymptatic behaviors are given here.
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14.1.2 Inverse-Compton scaftering

The ultra-relativistic electrons {positrons) that produce the synchrotron component
have a certain probability to scatter off ambient photons (synchrotron photons or
others). The eleclron donates 1n the scatlering some of 1ls energy lo the photon.
Ihas process enhances the enerey of the photons via muluple up-scattering and 11
1s called inverse-Complon ¢mission, o be distinguished [rom the direci Complon
scattering in which the electron s ul rest and the phowon scatiers on the electron,
For low photon energics F, « m o the scattering from clectrans at rest happens
in the classical Thomson regime, which is regulated by the Thomson cross scction
[or unpolarized ierdent radianon

dO-T 1‘3 ’ 2 N\ y -
Fre ?l‘l b cost @) (14.23)
and
8T
oT = 2 ry. (14.24)

In these formulas, r, is the classical electron radius: see Appendix A 1. The incident
hoton energy remains nearly umhalmed (E.; ~ E..)and the scattering is called
coherent or elastic. When Ey, % fac: quanmm cffects become |mp0rtant. which
[ECue N B S o A s A e T i, RTRRNEE = 3 ey

altcr the cross scctions, The cnerey of the scattcread phomns changes E,; # E,.
because of the recoil of the charge and the scattering becomes inelastic. The regime

[Pt s et

in which inclastic scattering dominates is called Klem—N:shma. and 1t is rcgulated
by the cross section [416]

dO’KN r(' I°2 Er,'
do 2 E, \Fy.

L. . .
(- sm‘(P) . (14.25)

.?"

'lhc K.lcm—\hshmd cross section la 5mallcr lhan Lhc Thomson Cross :s&:(lwn. hcmc

lhc (,nm lon smllcrnw hcu)mcs ::\s ¢ Ilclcnl dl 147 CI'_CI'ICI'“IC\
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So far we have summarized Compron scattering in a frame in which the clectron

is initially at rest. When the electron is ih motion it has some kinetic energy to be
Py A ——

transferred (o the photon via mverse-Complon scallering. In Lhis way, a low-energy

‘photon energy appears higher by a factor of the electron Lorentz [actor . Afller the
scattering, a transformation back to the lab svstcm gives another factor of y, so the
photon energy is boosted by a net factor of »*. As long as the photon as seen in the
1€ electron 1s 1n the Thomson regime (phvy <~ 100keV), the photon
can gain cnormous cncrgics via multiple up-scattering, When the intermediate pho-

ton rcaches a larger encrgy, the quantum cffects mentioned for the Klein—Nishina

regime reduce the probahility of scattering.

An important lelatlon etween tle oweun svm,luotlonradlatlou and that in

j o k (14.26)
comp
where U = B?/8x is the energy dbnbll\' in the magnetic ﬁcld and Upy 1s the

cnergy LnﬂltVO photons. [hc rclation ho
mmmm

regime. It 1s sometimes useful in distinguishing between hadronic and leptonic
models of sources.
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14.2 Active galactic nuclei

A few per cent of all the galaxies present at a given time are characterized by a
compact and extremely luminous central region. so bright that it outshines the rest
ol the galuxy. These objects are galaxies which host a so-called Active Galactc
Nucleus (AGN). AGNs are characterized by a broad band emission [rom radio
lo >'TeVy-rays and strong time varability. They have been detected up 1o large
distances (z = 7.1) and show a strong evolution, meaning that their power was
higher in the past with a peak at z > 2. The enormous amount of energy of AGN
(up to a bolometric luminosity Lml ]O"' ”r/s' ~3.108 L. ,) make them speéi
aboratorlcs for gxtrcm(phsnc: - o potentiz

sourocso ultra-high-cne

osmlcravs

AGNs are powered by the gravitational energy released in the accretion pro-
cess around a supermassive black hole (see Section 13.3.2) hosted at the center of
the galaxy. It is commonly believed that the central engine, a spinning black hole.
is surrounded by the accretion disk and possibly by a further dusty torus. AGNs
often show radiant powers L higher than their corresponding Eddington luminosi-
lies. From Bq. 13.21, for example, Lggg ~ 10°° erg/s [or a central black hole
of 10° M.
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If the environment around the BH supplies mass at a rate equal to M and the
acerelion process is stationary, an aecretion disk is lormed. Jets are lormed paral-
Ic] 1o the spin axis, powered b (he 'I‘d\'lldll()nd] cnergy rLl(.dsu.l in lhc accrglmn

diaf (c‘ lllgeH 4) Bauscf te;es classification of AGNs 15 strogl

aﬁeu ted by the viewing angle [447. 448]." The spectrum of AGNs is characterized
by a non-thermal continuum, strong emission lines in the optical band, and radio
emission from the jets. Depending on the intensity of these components, AGNs are
classificd in subclasses which arc not always connected to the physieal parameters
of AGNs. If a prominent radio jet is observed, the AGN is defined as radio-loud,
otherwise it 1s a radio-guiet AGN. This separation 1s done quantitatively using the

radio-loudness defined as
SGH . -
R, =|ng(j - !) (14.27)
o In

where [iga, and fi correspond o the Mux in radio at 5 GHz and in the optical B

band. Xz = 1 is loud |447].
A second criterion used 1n the classification of AGNs is based on the optical part
of the spectrum. fipe [ AGNs present a bright continuum and emission lines. in
contrast to hvpe 2 AGNs, which show a weak continuum and only narrow emission

lincs. A more detaled and complete deseription of the elassification of AGNs is
given in Rell [450].
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ligure 14.4 Schematic and idealized view of a radio-loud AGN. T'he central black
holc 18 surrounded by the accrcuon disk and the dusty torus. Jel-like enssion of
particles 1s also visible, From Urry and Padovam [44 7], a Umversity of Chicago
publication. ©) [993 by Lhe Astronomicul Sociely of the Pucilic, reproduced wilh
permission.
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SHADOW SIZE The Event Horizon Telescope captured the first
image of M87's black hole. That image showed that the black
hole's mass is about 4.5 billion times the mass of the sun, close to
what astronomers expected based on the galaxy’s stars.

he elliptical galaxy M87 is the home of several trillion
stars, a supermassive black hole and a family of
roughly 15,000 globular star clusters. For comparison,
our Milky Way galaxy contains only a few hundred
billion stars and about 150 globular clusters. The
monstrous M87 is the dominant member of the
neighboring Virgo cluster of galaxies, which contains
some 2,000 galaxies. Discovered in 1781 by Charles
Messier, this galaxy is located 54 million light-years
away from Earth in the constellation Virgo. It has an
apparent magnitude of 9.6 and can be observed using
a small telescope most easily in May.

his Hubble image of M87 is a composite of individual
observations in visible and infrared light. Its most

striking features are the blue jet near the center and
he myriad of star-like globular clusters scattered

hroughout the image. Jérg R. Hérandel, APP 2018/19 43




14.2.1 Radio-loud AGNs: blazars

Aboul 119 n-ol <]l the AGNbdl'\ rddw-luud cRL = 1) The radio-loudness ol
AGNs smostprbabh related to the type of the host galaxy and to the spin of the
black hole, which might trigger the production of the relativistic jets. When AGN's
Jts are oriented toward Farth with a small angle ots- the ohject is called a hlazar.

TAt small Ay, relativistic effects are very important.- Ihe name blazar comes from
a combination of BL Lacertae (BL Luc) objects and quasars, reflecting the history
of their discovery [452]. Blazars are known to accelerate particles to the hlf_’tht

observed energies. They are therefore of grcat Interest or‘cosmlumvs gamma rays

and neutrino astronomy. Blazars lelelatlvelymm conpaled to all other ty ypes of

"AGN. Nevertheless they are detected ar all frequencies and are the dominant pop-
ulation observed in the high-energy pamma ray band. At present, multi-frequency
data ol about 3.500 blazars have been collected Irom cither conlirmed blazars or
objects exhibiting characteristics close to this type [453].

Two blazar classification schemes are present in the literature: the so-called sim-
plified view of biazars (85V) |454] based on the assumption that the maximum
energy reached by the electrons does not depend on the luminosity of the blazar,
and the blazar sequence scenario [455] where mnstead, the maximum cnergy ol the
clectrons 1s supposed 1o be a strong [uncltion ol the source luminosity, Depending
on the presence or the lack ol broad emission [catures (cmission lines) in their opli-
cal spectrum, blazars are classified in f/at-Spectrum Radio Quasars (I'SRQ) or in
BL Lacs respectively |456], However, on some occasions, well-established BL Lac
objects have heen found to exhibit emission lines, including Bl. | .acertae itself.
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Undcrstanding the obscrved spectra and variability of blazars is at present an

aclive area of research. The low-e nergy hUtnp 1S gcncrcdl “altributed pruall) o

FRUE A

e e s e
wnchmtmn phomm ﬁnm relativistic elc«.rmnc present in the jet. The higher-energy

hump s produced most pr obably by a mlxtum of leptonlc and hadronic pl OCesses.

In a purely lcptomcol the high-cnergy photons populating the second hump

arc m}r up-scattcring via the inverse-Compton cifect. The low-cnergy tar-
get photons can be the synchrotron photons within the emission region (SSC =
synchrotron sel(-Compton) [459, 4607, or external photons (EC = exlernal Comp-
ton), as for example from the accretion disk [461]. High-energy photons might also
have a hadronic origin via the synchrotron cmission from ultra-rclativistic protons
or via the intcraction of the rclativistic protons with the radiation ficlds within
the emission region |462, 463]. These interactions produce hlgh -energy neutml
and charpcd pions. The neutral pions contribute to the hlgh -energy )hnnnq via
7" — y + 3 decay. The charged pions produce muons, electrons, positrons and
neutrinos. The high-energy photons from decay of neutral pions are likely to cas-
cade to lower encrgv by y + photon — e + e, so they do not necessarily
provide the mujority of the high-energy y-rays. The observation ol TeV — PeV

neulrinos, which are produced only by mteractions ol hadrons, 1s the mosl direct
way to distinguish between the leptonic or hadronic nature of the most enercetic
blazars.
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1422 anmplc 0fa F?Rlea'ar 3C279

The object 3C 279 hosts a compact, variable, flat-spectrum radio core. It has been
the target of many mult-wavelength campaigns in order to investigate the physical
conditions at the source and 10 shed hight on the mechanisms operating in blazars,
The souree can vary by almost an order of magnitude in inensity between high and
low states |465]). In Rell [465], both states are fived with an SSC maodel, with the
configuration of the jer fixed while varying only the power and maximum energy
of the accelerated electrons. The synchrotron peak and the high-eneroy IC peak are
correlated. 2C 279 has been detected in the VIIL y-ravs by the Major Atmospheric
Gamma Ray Imaging Cherenkov (MAGIC) Telescope during an exceptional y-ray
flaring statc [466], making it onc of the most distant ohjects ever observed in the
TeV band. Tn [467] the puuh Icptonic interpretation of the 3C 279 SFD has hcu1
) : sec Figure 14.5.

The figure shows the lepto-hadronic fit of Ref. |45 to the data in the high stare.
‘The high-state data are shown with dark points. while the low-state data are shown
in grey. The low-enerey peak 1s accounted for as svnchrotron radiation, but the
high-enerey component is accounted for up to 10°* 11z (40 GeV) almast entirely
bv pratan synchrotron radiation, with the data at higher cnergy accounted tor hy
synchrotron radiation from muons and charged pions. The paper notes that the self-
absorbed synchrotron model does not account for the observed radio contribution
at low energy, which they attribule Lo emission [rom more extended regions outside
the radiative jets. The contribution from the 7 -initiated cascade is included in the
line fore e ' athigh enerey.

'The fluxes of neutrinos from decay of charged pions and muons in 3C279 are
also estimated 1 Rell [458] They use a calculaton analogous (o thal described
in Section 11 4 for neutrinos from the Milky Way and estimate a rate of ~ 0.3
detected events per year trom 3C279 in IceCube.

challenged, fa\'onnga Cptanadronic scenario (455
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Figure 14.5 Equilibrium fit to the SED of 3C279. This figure trom |45%] also
includes mulll-w.wclengh data points [rom Rel. [104]. The model curves dre:

synchrotron emission from clectrons/positrons (peak at 1oh3 Hz). proton syn-
chrotron (peak at 104" Hz); muon sym,hrotron (pcak just below 104 Hz): and
pion synchrotron (peuk just above 107 Hz). T'he solid hine shows lolal spectrum
as the sum of these contributions. I'rom [458], @ 2015 by American Astronomical
Socicty, reproduced with permission.
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14.2.3 lcxample nfa BI. Lac bla"ar Mrk 421

Because of its proximity and luminosiry, Mrk 421 was th«. ﬁrct Bl. l.ac objcet
detected in the high-energy y-rays, by the Lnergetic Gamma Ray Lxperiment
Telescope (EGREIT) [471] at energies above 100 MeV. It was also the first
extragalactic source detected with an imaging atmospheric Cherenkov telescope
(Whipple [472]). Mrk 421 has a v > 10" Hz and is therefore categorized as
an HBL. The peak [requency ol the high-energy hump is in the VHE regime.

Both Icpmmcand hadronic models can explain the obc.cr»anom as illustrated
in Figure 14.6, In the SSC modcl. a'coplgx'cltron spectrum consisting of
thrcc componcents is uscd to fit the data: p = 2.2, 40 McV=-25 GeV: p = 2.7,
25 Ge V=200 GeV: p = 4.7, 200 GeV=30 'IcV. In the Iepto-hadronic modcl both
the electrons and the prolons are assumed (o have a hard spectral index of p = 1.9,
The electron spectrum extends [rom 36 MeV (o 20 GeV, while the prolon spec-

trum exlends [rom the prolon rest mass (0 2 x 10'® ¢V, The lepto-hadronic model
assumes a much larger magnetic field of 50 G, compared to less than 0.1 G for the
SSC model. In both cases the acceleration occurs in a relativistic jet which gives
a Doppler boost == 1(). In the lepto-hadronic model, the high-energy cascade is
initiated by interactions of protons in the synchrotron radiation peak.
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Iigure 14.6 SED of Mrk 421. Data from I'ermi and MAGIC averaged over the
period 19 January 2009 - 1 Junc 2009 [468]. Lett: SSC modcl using the onc-zonc
SSC code of [469]; Right: lepto-hadronic model using the synchrotron-proton
blazar model of [470] (see text for explanation of the lines). ['rom [469] and [470],
© 2010 & 2002 hy American Astronomical Society, reproduced with permission.
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It is intcresting to scc how the various products of the proton cascade con-
tribute 1o the ph()l(m spcurum a5 shown hy the broken lines in the rwhl panczl

of Tligure 14.6. The dotted line. which is the dominant contribution between the

pcaks, is the 7% initiated cascade. Parallel to it but lower is the cascade contribu-
tion from decay products of chareed pions. Unlike the case for hadronic models
of SNR (c.g. Tycho in Figure 13.10), here the 7¥ cascade docs not give the main
contribution in the GeV range and above. Instead, the dominant contribution to the
high-enerey peak is proton synchrotron radiation up into the GeV region (double-
humped dashed curve) and muon synchrotron radiation at the highest energy (the
triple-dot-dashed line).

The ultimate proof for the existence of high-energy protons in blazar Jct<
can come from posmve detutlon of hlgh energy neutrinos, which has not
‘yet been accomplished. A comparison hetween a lepto-hadronic interpretation of
thc Mkn 421 and onc of the high-cnergy ncutrino cvents detected recently by

i

IceCube [327] 1s shown in Figure 14.7. (IceCube Event 9 i1s a cascade event with
an estimated enerey of 63 + 8 TeV.) At present there are insufficient data to confirm
or reject this possibility. This figure shows the 7¥ component at production (before
cascading) as the highest dashed peak on the right. Predicted neutrino fluxes are
also shown.
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[igure 14.7 [igure taken from [473]: SED of Mrk 421, same data as in I'ig-
ure 14.6. Shown are the model SED (bhlack line) and the expected neutrina spectra.
'The IceCube neutrino event 1D 9 1s also shown | 327].
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14.3_Gamma ray bursts
Gamma ray bursts (GRBs) were discovered serendipitously in the late 1960s by
the Vela satellites, onginally designed o scarch [or very [ast and intense bursts of
gamma rays produced by nuclear weapon tests in space [474]. GRBs are the most
energetic transient events in the Universe. with an emitted energy up to 10°° erg.
Thev are isotropically distributed. and hence extragalactic, as first observed by the
Burst and Transicnl Experiment (BATSE) on the Compton Gamma ray Obscrva-
tory (CGRO) [475]. GRBs show a highly variable temporal profile with 37 /7T ~
10 2, which still challenges present models. For a detailed review see ¢.a. [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
md o mmolldpmr or non-collapsar [477]. Long bursts arc
most pmhahl» cnnnen,ted to the catastrophic deaths of a ma«wemm

lh(. shorl oncs may wrrn >pund lo the III\«I}.!LI‘ 0

mlo a

compact objea.t binaries [— 79, 48 0]. Both n'pes of emission are followed by a
longer-lived afreralow radiation. The first detection of afterglows from long GRBs
was oblained by the Beppo-SAX satellite in 1997, cight hours alter the main burst
of GRB 970228. The X-r'-w transient was fo]lowed up by a multi-wavelcnc'th cam-

15 consistent with the pklurc: ol l.he .\luwmg down ol a relativistic Ilnw 4s il expdnd.s

into the surrounding medium. Observations ol alterglows can provide key inlorma-
tion about the host galaxy, the distance and precise positioning ol the GRRBs.
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{4.3.1 Collapsars: long gamma ray bursty

Collupsurs are powered by accretion of & massive disk Tormed 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/corc-collapsc conncction was gained through the study of the relatively close
by GRB 030329 (z = (L.1683) and 115 associated very energeue lype le supernova
(hypernova) SN2003dh [483]. The supernova light curve emerged from the GRB
alterglow within ten days and was spatially coineident with the GRB. The broad
lines in the supernova spectrum mdicate an mitial expansion velocity of more thun

a 36, 000 km/s.

Three principle phases are identified in the coliapsar model:

® NMassive star core-collapse:r a massive star (M = 30Mz) with an iron core
(1-2 My,)) undergoes a core-collapse. This results in formarion of a black hole,
either directly or via an accretion phase.

e Accretion disk formation: around the collapsed core a cylindrically symmetric
accrction disk is formed with its symmetry axis parallcl to the rotation axis. The
disk accretes at a rate of about 0.5 M.-/s, amplifying cntrained magnetic ficlds
and injecting cnergy into the surrounding medium.

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

The existence of jets in GRBs s inferred from the study ol the highl curves of the
alterglows and from polarization studies [484].
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Figure 14.8 Three dimensional modelling of a relativistic jet injected from the
center of a 15 M~ Wolt—Rayet star. Picture taken from [47/6].



From a supernova to a gamma-ray burst
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neun fusion
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Blackhole
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" Long duration gamma-ray bursts (GRBz) recult from the collapze of a massive
: " starintoa black hole. The collapse releases so much energy thatit rips the

' _ 2 star’s outer layers apart as a supernova explosion, Sometimes during the

i Phiticle ridisinn collapse to a black hole, the blast releases extremely high-energy jets of par-
i moves toward Earth ticles and radiation from the center; if one of these jets points toward Earth,

' Astronamers 500 3 GRB. ssiomom: o, @10
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14.3.2 Non-collapsars: shorl gamma ray bursts

Short GRBs arc also cosmological in origin, and thcy show an aftcrglow cmission
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
1s believed that the progenilors of the short GRBS are nol massive stars but compacl
systems. Hence, short GRBs are conldered to result fromthe merger of compact
object binarics, {wo neutron stars (NS- N') or a neutron star and a black hole (NS-
BH) [4/9 480]. Evidence of collimatcd emission is obtained from the study of

spectral breaks 1n the light curves. Figure 14.9 illustrates stages in the merger of
twao neutron stars.
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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
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14.3.3 Physical processes in gagmma ray bursts

&

The physics of the GRB prompl cmission is stll not understood in full detail. The
primary uncerlainties concern: whether the composition ol the ¢jecta are maltler
(baryon) dominated or clectromagnetically dominated (Poynting flux); whether
the energy dissipation is via mternal or external shocks; and whether the radia-
tive mechanisms are synchrotron, synchrotron scll-Compton or Comptonization ol
thermal photons. For reviews we reler (o [485, 771].

The \pu.lrdl dndlysu. ol many GRBs xhnwx that the cmission is non- lhumdl dn(l
l'nﬂtw llunplru ‘”Banl fnl(n [4\6 dnubl bmknpnm Iw o

I exp(‘—L'/ Ly) L < Ly

)
o Z > B, (14.28)

.'VE(E:' e {

with the parameters o > f and £ which varv from burst to burst. ‘Tvpical val-
ues are @ ~ —1 and @ ~ —2. Although the spectrum of GRBs varies Strohgly
from burst to burst, the fact that the Band function can explain the majority of the
speclra implies a possible common physical origin of the burst emission. The Bund
function can describe both thermul and non-thermal processes, bul the physical
origin 1s not vet understood. Relativistic shocks are formed which contribute to
the acccleration 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.
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Discusslon: In her review [450], Julia Becker Tjus describes the three Eh’lqeq in which
neutmnos could be produced in GRBs. In the precursor phase (dark area in I'igure ]4 10),

calculations [193. 1U7] predict the main neutrino sighal to extend up to several TeV. In
the aﬁerclow ph%e ultm hlrgh energv L,qulc ayq may he prewenr to mter'lcr and phnm-

”1101‘[49 ld neuun ‘n the IO TeV “ ‘ an newh abe are edt

This 15 a consequence of the mrlcOf the Arbonaue in hl-wn'prductlon
(sce Figure 4.22) Since the ncutrino encrgy is proportional to the energyv of the proton
that produces it (L, ~ 0.05 x L), representing the cross section by a delta function

at the A resonance leads to the condition £, - £, — const. Lower-energy neutrinos are
produced from interactions with higher-energy photons (spectral index £ ~ —2), while
higher-energy neutrinos are produced from the lower-energy part of the photon distribution
with spectral index @ =~ —1.
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\

Figure 14.10 Schematic illustration of a GRB: the radiation dominated phase
1s represented 1n dark grey and it 1s fcllowed by progressivelv more transpar-
ent phases. Following [491] high-energy neutrinos, ultra-high-energy cosmic rays
(UHECR) and y -rays arc cmittcd at diffcrent radii.

Jorg R. Hoérandel, APP 2018/19

67



The paper of Bustamante et al. [491] follows the neutrino production through
the evolution ol the burst to identily the distances [rom the explosions at which
neulrinos, cosmic rays and y-rays emerge. ‘Lheir resulls are shown in Figure 14,11,
The detmled calculation of Globus el al. [£97] considers the acceleration ol nucler
i GRBs m addition (o protons. This model has interesting consequences [or the
origin of UHECR, which we discuss in Chapter 17.
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Figure 14.11 Figure modified from [49]]. Fraction of the energy dissipated
in prompt p-rays, neatrinos and JHECR heyond the photosphere at different
collision radius.
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