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General requirements to GRB models

e Should produce large energy release and luminosity
e Should explain very rapid (ms scale) variability

e [ he emitted radiation should be very broad-band

(therefore — nonthermal)



Main characters in GRB play

e Magnetic fields

either need to be generated, likely by Weibel instability
Medvedev & Loeb 1999

or need to be dissipated, if the jets are Poynting-dominated

e Energetic charged particles

likely electrons and positrons, by maybe protons

e Nleutrons

produced in many ways, being stable over GRB duration
Derishev et al. 1999



Broad-band GRB spectrum
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Figure from Abdo et al. Science 323 (2009)

GRB 080916C

vF, is nearly flat
above 100 keV



X-ray afterglow lightcurves
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X—ray Luminosity (erg/s)

Afterglow lightcurves
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Figure from Racusin et al. ApJ 738 (2011)



Radiation

electrons

e Synchrotron radiation

undulator radiation
e Inverse Compton radiation

e Bremsstrahlung

protons
e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses

mechanisms
4 2 BQ QheB
Lsy — 7 O-TC8— ggy ~ 7y
7> meC

When coupled to diffusive shock acceleration,

Esy S mGCQ/ozf ~ 70 MeV

Y

due to radiative losses, that limit acceleration



Low-energy spectral indices
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Radiation

electrons

e Synchrotron radiation

undulator radiation
e Inverse Compton radiation

e Bremsstrahlung

protons
e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses

mechanisms

Toptygin & Fleishman 1987, Medvedev 2000
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Radiation mechanisms

electrons

e Synchrotron radiation

undulator radiation
e Inverse Compton radiation

e Bremsstrahlung

protons
e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses

Thomson regime (g, < mec?/7):

[ >
¢ — 37 OTCWph EIC ™~ 7 €ph

Klein-Nishina regime (e, = mec?/7):

4

Lic < g’YQUTC’wph E1C ~ YMec”

Eph background photons’ energy
Wpp — background radiation energy density



Radiation mechanisms

electrons

Same problems with fast cooling.
e Synchrotron radiation

undulator radiation Way out —

e Inverse Compton radiation comptonize quasi-thermal radiation

talks by Vurm and Levinson
e Bremsstrahlung

Photon generation takes place well
below photosphere at I < 20
protons Vurm, Lyubarsky & Piran 2013

e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses



The synchrotron-self-Compton model
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Some hints for physical parameters in GRBS
Derishev et al. 2001

3/4
t
Inverse Compton peak at Eic ~ 10742 11/4 D~ 1/2 Tev
Eg5
E1/4 o
Fraction of inverse Compton losses  §E;j. > |0.01 ??/24 pl/2
tq
D = pu@ duration — variability parameter
variability timescale
t1 — burst duration in units 10 s
Es> — burst energy in units 10°2 erg
a (0<a<1l) — low-frequency spectral index
From the condition 6Ej. < 0.5 burst duration tg, 2 0.03 s

follows that: variability timescale > 1073 s



Radiation

electrons

e Synchrotron radiation

undulator radiation
e Inverse Compton radiation

e Bremsstrahlung

protons
e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses

mechanisms

emission power density:

_ 2
Wrp = ;af oc ng\/TmGCQ G(ne,T)

At an optical depth 7
each electron on average radiates

w — g()4]6’7' \/Tmecz G(TL@,T)

Ne T

inefficient unless T § Q{]% 77716(32 ~ 25 eV



Radiation

electrons

e Synchrotron radiation

undulator radiation
e Inverse Compton radiation

e Bremsstrahlung

protons
e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses

mechanisms

At a given energy

4
ng:;) - (’me) ng) ~ 1013 ng)
Mp

Although relatively slow, the
mechanism works in multi-GeV range!



Radiation mechanisms

electrons

e Synchrotron radiation

undulator radiation
e Inverse Compton radiation

e Bremsstrahlung

protons
e Synchrotron radiation
e Inelastic nucleon collisions

e Coulomb losses

Derishev et al. 1999
Beloborodov 2010

end up with energetic electrons,
which radiate by either of the
electron mechanisms



Problem 1:
too soft fast-cooling spectrum



Diffusive shock acceleration

f(v)

[ — Lorentz-factor of the shock,

Maximum acceleration

~+ — Lorentz-factor of an electron,
energy

wg = eB/mec — gyrofrequency, “Thermal”
particles

o — fine structure constant,

Accelerated particles

f(~) — injection function

1
r My m,c?\ 2
me

Diffusive shock acceleration gives f(y) occy—5

where s~ 2.2 (universal power-law)



Fast cooling regime

N () — electrons’ distribution
function

Continuity equation

2t div () = £()

gives stationary solution

N =3 [ feD
vy

The corresponding spectrum

N (y) —log scale

>

"Thermal” break

v

my

7
rﬁe (ahms)zé

Y —log scale

(provided v < ~%) s

dF 0
vFy o ——ocyn | f() dy
dln-~ ¥

n(v) — the fraction of electron’s energy transferred to the observed radiation



Standard assignment of spectral features —

>

“Thermal” break
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... — Standard problems

e PoOsition of the peak is too sensitive to the shock
Lorentz-factor

Photon energy at the peak in the comoving frame

p (I_mp>2 heB
E ~Y
peak Me Mec
in the laboratory frame Epeak o I (since B « IN)

e T he spectrum well above the peak frequency is
universal and too hard

N~ x 7_3‘2 = vF), p—0.1



. — standard problems

e Low-frequency asymptotics in the fast-cooling regime
iIs too soft

The hardest possible injection f(v) =d6(y —~vg)  gives

vk, xcyn for ~<~o ;

= vF, < v1/2, if m = const



Another assignment of spectral features —
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... — other problems

e I he synchrotron cut-off frequency is too high
At the maximum energy, the scattering length (gyroradius) equals to

the radiation length: 1
<4 BQ> ’YmeCQ
. —

37 Ter eB

heB mec2

MeC o

So that ’ernax

o1 — T'homson cross-section

e LOw-frequency asymptotics in the fast-cooling regime
IS too soft

The hardest possible injection f(v) =6(y —v9)  gives

vFEy, o< yn for ¥y <Y

= vF, oc v1/2, if 1= const



Chaotic magnetic field
Derishev Ap&SS 2007

2
, g\ 2 (’ymecz) ¢c — correlation length

Scattering length: s = lc (—) = -=5 B

lc e<B<lc ry = ; — gyroradius

(&

4 B2\ !
Acceleration limit: bs=n|=—yoT—

3 8

lc . .
onseauentl 3 ~ = re — classical radius

C 9 Y Tmax =71 e of the electron

Typical energy of synchrotron photons:

> heB ( lc )2/3 (aB>1/3 Mec?

TYmax N —— B—cr

meC ’I“go @

Ber ~ 4.5 x 1013 G — Schwinger magnetic field

2
— "cold" gyroradius

’r‘ p—
g0 eB



Decaying magnetic field

Derishev Ap&SS 2007
A Zhao et al. arXiv:1310.0551

'Y Wph — effec;tive energy
density of photons

m}ch
th(V) — /O 7wy dy
B
>
Distance to the shock front, r

d 30 B2

The electrons are advected = ar _ 297 —4’Y20T Wpp + ——
dr c Ot 87

For a power-law photon spectrum  wy ocv? (-1<g<0):  wpp(y) 7—1—‘1



Decaying magnetic field
Derishev Ap&SS 2007

1
d _ r\ 4
L o —n1e = 7=<—> for v <o
dr 70
Injecting delta-function gives: N(v) x fyq_l for ~v <~

elet Bxr™Y

B2
The synchrotron efficiency: 7~ oc 7 2Yn1Fe o 41 Ha— 20y

Typical synchrotron frequency: v o y2B oc y2~%

. 142y
Emerging spectrum: g=—-1: vF, xv 2ty

q = 0: vF, ocv

2+q9—2qy —
vEy) ocymocr 279 n=1  vF, o2




Problem 2:
energy transfer to radiating particles



Sources of free neutrons
1. thermal dissociation of nuclei

‘He +p — 3p 4+ 2n

@ P@
> O

(requires

On
‘Q

T > 0.7 MeV)

4He — helium nucleus
p — proton
n — neutron



Sources of free neutrons
2. electron capture

p+e —n—+re requires

or

Ve o

R e

p> 108 g/cm3
T >5 MeV

e — electron

Ve — electron
neutrino



Sources of free neutrons
3. inverse beta-decay

2
7 + — 0.3 x 10744 cm2( =V )
P+ lVe—n—+e€ o 'BYEY

ev > (mp — mp)c?




Sources of free neutrons
4. photopion reactions

10
p-|-7—>n-|-7f+ compactness > —

I'p

@ ™ — pion
— — 7 photen
[p — Lorentz-factor
% Q of a proton



Lorentz factor I

Jet’'s own neutrons, carried from central engine

A
Protons, T, Protons and neutrons decouple
when they collide less than once
on their way out

>
Distance R
p-n decoupling radius photospheric radius
1 P, o 1 P;, o o
_ J coll . 7 T T
Riec = > Rph — > — Rgec
no mycs wC no myc= wc O coll

P; — jet's power

no — initial magnetization parameter (denoted as o for pulsar winds)
ool ~ 3 X 10726 cm?2 — p-n collision cross-section

or ~7 x 1072°> cm? — Thomson cross-section



Collective recoil

Inelastic nucleon collisions
3 4
B>10"-10" G p+n—-2p+ X
p+n—2n+X
pt+n—pt+tn+X

X — mostly pions (79, 7=, 7T)

% O all branches have equal probabilities

Decay of charged and neutral pions:

_ 2.6x1078s - 2.2x107°s - _
B T U > e T Uptvut e

2.6x10°8s 2.2x10~6s
+ R ,U—l_ + v,

10~ 16s .
0 107S 2y = e™ pairs

74

7

et + v+ vy + ve



Collective recoil

Thermal energy transferred to the jet:
3 4 1

Radiated energy (lab frame):

1 [
Erad = = 1dQ ~ —pep

@ 2 8,
O

LLorentz factor of secondary electrons:

ep — lab-frame proton energy

[,,[» — Lorentz factors of protons and neutrons

A,, — relative Lorentz factor of protons and neutrons
mpy — nucleon mass



Radiation initiated by jet’s own neutrons

Parabolic jet: = +/R/Rg

Efficiency: q= Ugelc\/acoll/UT

LLorentz factor of secondary electrons and positrons: fyez ~5x 103

he

e

Synchrotron peak at g5y

L 1 2 3 mpy Te 1/2 2
Esy — — Ve | 37 meC

Qf QOmeR—o

gl
c

h
A = \/UT/Ucou

or ~ 10°

O coll

4f3r2>1/2

where B =
( R2¢

( o )1/2 3 % 107cm) /2 5
—— MeC
300 Ro



Hypernova-type model of Gamma-Ray Bursts

shocked stellar matter
( "a broom™ )

Distance to the
"neutron wall"

12 “r- 9
Rn ~ 3 x10-< cm neutron “litter

Neutron surface density: Y, > o L ~ 3 x 1025 cm—2

2
Available energy (isotr. equivalent): > 27R2¥,Mmyc® ~ 10°% (—> erg



In powerful bursts even protons radiate

Fraction of energy Bethe-Heitler process
079 lost by protons L
p+v — pte +Fe
0.6 -
0.5 - pairs radiate synchrotron
0.4 4
0.3
0.2 4
0.1 4
photon energy, MeV
0 I I I I >
0 2 4 6 8 10

GRB parameters:  L° =10°* erg/s, =300, R=3x10!%cm



Spectral sequence for Gamma-Ray Bursts

vF, <= Very bright GRBs  (L!° > 10%* erg/s)

electromagnetic cascade from primary electrons
+ synchrotron peak from Bethe-Heitler electrons

S

I10 keV I1 MeV I‘IO GeV

> v F,
observed photon energy

Moderately bright GRBs m— -
A 3
absorbed synchrotron peak from primary electrons Q/ \
+ X-ray synchrotron from secondary electrons .

I10 keV I'IO GeV

v F, >
observed photon energy

e Weak GRBs  (LY° < 10°2 erg/s)

10 GeV single synchrotron peak from primary electrons
1

>

observed photon energy



Problems for the near future

e What is the prompt radiation mechanism?
IS there a way to solve low-frequency spectral index puzzle?

e \Where is the inverse Compton peak, why there are
no clear signs for it?

o If the jets are Poynting-flux dominated, then
how the magnetic energy is converted into kKinetic one?
if not, then how to get such a large Lorentz factor in jets?



