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Fireball model
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Models for the prompt gamma-ray emission

The standard GRB model:
internal dissipation within an ultra-relativistic outflow (G = 100) ejected
by a new-born compact source

What is the nature of the dissipation mechanism®




Models for the prompt gamma-ray emission

The standard GRB model.:
internal dissipation within an ultra-relativistic outflow (G =z 100) ejected
by a new-born compact source

What is the nature of the dissipation mechanism®

internal shocks . . .
v detailed calculations of the expected light curves and

spectra are available
(Kobayashi et al. 1997; BoSnjak et al. 2009; Asano &
Meszaros 2011)

v good agreement with observations

v the low energy index usually observed to be larger

than -3/2 BUT solutions have been proposed

(Derishev et al. 2009; Nakar et al. 2009; Daigne et al.
2011; Zhao et al. 2014)
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Models for the prompt gamma-ray emission

The standard GRB model.:
internal dissipation within an ultra-relativistic outflow (G =z 100) ejected

by a new-born compact source

What is the nature of the dissipation mechanism®

iInternal shocks

thermal emission | ¥ the different sub-photospheric dissipation processes may dffect the spectrum,
so that it appears as non-thermal. The observed peak energy values can be
reproduced

(Thompson 1994; Rees & Meszaros 2005; Giannios & Spruit 2007; Beloborodov
2010; Toma et al. 2011, Veres et al. 2013)




Models for the prompt gamma-ray emission

The standard GRB model.:
internal dissipation within an ultra-relativistic outflow (G =z 100) ejected
by a new-born compact source

What is the nature of the dissipation mechanism®
iInternal shocks

thermal emission

magnetized ejecta v a strong initial magnetization can play a major role in

acceleration of the jet
(Begelman & Li 1994; Vlahakis & Konigl 2003; Komissarov et al.
2009, 2010,..)

v if the ejecta is still magnetized at large distances, magnetic

reconnection can provide a new dissipation process
(Spruit et al. 2001 ; Drenkhahn & Spruit 2002; Giannios & Spruit
2002)

v no detailed predictions for the GRB light curves and spectra
(preliminary calculation Zhang & Zhang 2014)




Models for the prompt gamma-ray emission

The standard GRB model.:
internal dissipation within an ultra-relativistic outflow (G =z 100) ejected

by a new-born compact source

What is the nature of the dissipation mechanism®

iInternal shocks
thermal emission

magnetized ejecta

The photospheric emission should be present in all scenarios, even if very weak.

Magnetic reconnection requires strong magnetization at a large distance (Giannios et al.
2008; Narayan et al. 201 ). This may prevent internal shock formation and propagation

Only one of the two mechanisms should be at work!




Models for the prompt gamma-ray emission

The standard GRB model.:
internal dissipation within an ultra-relativistic outflow (G =z 100) ejected
by a new-born compact source

What is the nature of the dissipation mechanism®
iInternal shocks
thermal emission

magnetized ejecta

Can the observed spectral evolution be computed?




Sub-MeV emission
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Ferm/GBM observations:

hard-to-soft evolution
hardness maximum preceding the peak of the intensity
hardness-intensity correlation: Eposs « F(t)K , k =~ 0.4-1.2

-a

energy-dependent pulse asymmetry: W( Eoss ) o« Eobs

Bhat et al. 2012
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High energy emission
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Fermi/LAT observations:




Prompt high energy emission in the framework of internal shocks

Modeling:

1. dynamics of internal shocks

2. radiative processes in the shocked medium

3. observed spectra and time profiles




Dynamic of internal shocks

Input parameters: distribution of Lorentz factors G(t), kinetic energy
rate dE/dt during the relativistic ejection, total duration of the ejection phase tw

Ejection time / Total duration
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Dissipated energy: from 6% (G2 / G1 =2)to 43 % (G2 / G1 =10)

Daigne & Mochkovitch 2000: the simplified approach for dynamics has been confirmed by
comparison with a full hydrodynamical calculation




Dynamics of the internal shocks

Physical conditions in the shocked medium: Lorentz factor G¥,
comoving density '*, comoving specific energy density €*
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Dissipated energy Is distributed between protons, electrons (fraction ee) and
magnetic field (fraction es)




Dynamics of the internal shocks

Physical conditions in the shocked medium: Lorentz factor G¥,
comoving density '*, comoving specific energy density €*
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magnetic field (fraction es)




Radiative processes

Assumption: instantaneous shock acceleration

Adiabatic cooling timescale: t'ex =R /G*c (comoving frame)
Radiative timescale: t rad

trad << tex high radiative efficiency

Electron and photon distributions evolve strongly with time!

The present version of the code follows the time evolution of the electron density
and the photon density including the following processes:

adiabatic cooling (spherical expansion)

synchrotron - Not included:
) * emission from secondary leptons
inverse Compton * IC in optically thick regime (Comptonisation)

synchrotron self-absorption
gg annihilation

on' 0 dr' dar'
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Radiative processes

Radiation: the time evolution of electrons and photons In the comoving
frame Is solved (time-dependent radiative code)

- 'TT]' TTT'I F’I YYW?T L P 'TTI <TW’T AR B ARLUE B
10° F 3
10% E
10 v

—
LALE 1 T T

yn(y.t') / ngee
o

0.01 E .
1073 3
- R

- B

]

L Y

107 E
b R

| llll : 'l'llll L1l l"l 1"11"' R l"'l'lll L 111‘ N

1 10 102 108 104 108 102 107
T

Electron distribution




Radiative processes

Radiation: the time evolution of electrons and photons in the comoving
frame Is solved (time-dependent radiative code)

Comptonization parameter
Y = Lic/ Lsyn

IC dominant:
low frequency synchrotron peak
Thomson regime

Synchrotron dominant:
high frequency synchrotron peak
Klein-Nishina regime

This calculation is done at all times along the propasgation of each shock wave
All the contributions are added together to produce a synthetic gamma-ray burst
(spectrum+lightcurve)
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Observed spectra and time profiles

The observed spectra and the light curves are computed from the comoving
emission by integration over equal-arrival time surfaces.

relativistic effects <« ETTTTITRRR - . .
(Doppler factor) I _ " 50-300 keV
geometry (curvature of the b2k f
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Dominant radiative process in sub-MeV range!?

2 possibilities:

1. SYNCHROTRON

High Gm requires that only a fraction of the electrons Is accelerated
(<10%)

High B: no IC component at high energy

Low B: IC component at high energy

&. INVERSE COMPTON

All electrons are accelerated

Synchrotron component at low energy

Second inverse Compton peak at high energy

Piran et al. 2008: crisis for the GRB energy budget

A steep electron slope (p>3) is required to have two well defined peaks




Dominant radiative process in sub-MeV range!?

SYNCHROTRON CASE (A)

high magnetic field
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Dominant radiative process in sub-MeV range!

SYNCHROTRON CASE (B)

low magnetic field
dE/dt =5 x 10 ergs, e =0.003, = 1/3, z=0.003, p =25, z=I
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emporal profiles: sub-MeV range
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emporal profiles: > [00 MeV bands

Model: in LAT (>100 MeV) energy bands both components present, synchrotron + |C

LAT 100 MeV - | GeV
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inverse Compton
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emporal profiles: > [00 MeV bands

Model: in LAT (>100 MeV) energy bands both components present, synchrotron + |C

LAT 100 MeV - | GeV

synchrotron
inverse Compton
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emporal profiles: > |00 MeV bands

Model: in LAT (>100 MeV) energy bands both components present, synchrotron + |C

LAT 100 MeV - | GeV

synchrotron
inverse Compton
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tail of the pulse:
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|C component dominant in GeV
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Spectral properties

Flux (photons -cm™-s™'- MeV™")
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Spectral properties

Sari, Piran & Narayan 1998

Nc Nm
_2/3\ 23/2 Synchrotron spectrum:
\ fast cooling (gc < gm)
%
"g -(pt2)/2
0
G
>
% frequency
Relativistic ©
electrons: Nm Nc
T— -2/3 Synchrotron spectrum:
orents Jacto slow cooling (gc > gm)
. (pH1)72
(p*2)12
2
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gm: minimum Lorentz factor at injection
gc: radiative timescale = dynamical timescale
frequency




Spectral properties
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Inverse Compton scatterings in Klein-Nishina regime have an impact on the synchrotron slope




Spectral properties
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Spectral properties

SYNCHROTRON CASE (B)

low magnetic field
dE/dt=5x 10 ergs, e3=0.003, ¢ =1/3, z=0.003, p=125, z=I
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Spectral/temporal behavior

Spectral peak energy is affected by inverse Compton scatterings
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Numerical simulations show that this problem can be solved by a steeper
slope of the relativistic electron distribution ( p > 2.7-2.8) responsible for the
emission Is adopted (Bosnjak & Daigne 2014).




Hardness-intensity (HIC) & hardness-fluence (HFC) correlations
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High

energy emission: light curves

GBM 260 keV — 5 MeV
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High energy emission: light curves
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Summary

We developed modeling tools to compute the GRB prompt emission from internal
shocks in a time-dependent way in different spectral bands, including the high-energy
gamma rays

The exploration of the parameter space shows that we can expect two classes of
broad-band spectra, which correspond to different physical conditions in the shocked
region: the “synchrotron case” (where the dominant process in Fermi-GBM range
is synchrotron radiation) and the “inverse Compton case” (where the synchrotron
component peaks at low energy and the dominant process in the GBM range is inverse
Compton)

Fermi GRB observations favour the ¢“synchrotron case”, with inverse
Compton scatterings occurring in Klein-Nishina regime. This scenario
qualitatively reproduces the observed spectral evolution (HIC, HFC).
We constrain the parameters of the model (p, €B, Z) in order to have a
quantitative agreement

Further developments: we are currently modeling the GRBs observed by
Fermi using these numerical tools, and making predictions on future
HE observations
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