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GRBs are the death throws of super-massive stars 
or the mergers of compact objects in the distant 

Universe



GRBs are the <superlative> (choose one) objects/
events in the Universe
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T H E  L I G H T  
C U R V E S

• Wealth of temporal 
properties 

• Single pulse GRBs 
“typically” exhibit fast-rise 
and exponential-decay in 
flux 

• Variability ranging from 
milliseconds to days



Broadening due to geometrical 
effects

Blackbody

PA C Z YŃS K I  1 9 8 6 :

Geometric effects can 
alter the spectrum from a 
true blackbody

The simplest explanation 
is photospheric emission 
when the jet becomes 
optically thin



Pe’er 2008; Pe’er & Ryde 2011 Lundman, Peer, Ryde 2012

‘Limb darkening’ in relativistically expanding plasma; 
Emission from the photosphere is NOT seen as Planck !  

M O D I F I C A T I O N  O F  P L A N C K  S P E C T R U M  

Geometrical broadening: ‘photosphere’ is NOT a single radius,  
but is 3-dimensional



P H O T O S P H E R I C  R A D I U S

rph

• Radiation and particles come into TDE 

• Blackbody radiation emitted 

• Could have energy dissipated below the 
photosphere
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• Important parameters



Beloborodov (2010)

There are many ways 
to generate 
“photospheric” 
emission through 
various processes

C O L L I S I O N A L  H E AT I N G



S U B P H O T O S P H E R I C  D I S S I PAT I O N

Entire emission is from the 
photosphere

I. Photospheric emission is not thermal but non-thermal

Sub-photospheric dissipation

Injection of kinetic energy at low optical depth  - 
Not enough time to thermalize

A broad spectra unlike Planck function 

FIGURE 7. Generic model spectra from subphotospheric shock heating at t = 10 (solid line) illustrating
the broadening effect. The dashed, red line shows the shape of a Planck spectrum at the temperature that
corresponds to the peak of the spectrum. Upper panel: a low level of energy dissipation only slightly
distorts the MeV peak from a Planck function. Lower panel: a higher level of energy dissipation broadens
the photospheric peak, leading to a Band-like spectrum [28].

Now, by looking at the entire spectrum reflecting this idea, suggests that the emission
from the photosphere has evolved from relatively weak dissipation initially, leading to
a small deviation from the Planck function (epoch 1), to a stronger dissipation later
occurring at moderate optical depths, leading to relatively larger deviation from the
Planck function (epoch 2), shown in Fig 7.

Photosphere model in GRB 090902B

Till now in our discussions, we have tried to explain the spectra with the help of
photospheric emission. In GRB 090902B, it was for the first time with Fermi, that we
could clearly identify a PL (power law) component in both below and above the main
MeV emission component [26]. A single power law fits the extra energies with respect

Ryde et al. 2011

Photosphere

Non-thermal energy injection zone



O P E N  
Q U E S T I O N S

• Dynamics? 

• Existence of non-thermal 
spectra 

• Dearth of purely thermal 
spectra

Many variations of 
spectral shape can be 
obtained from simple 

(to complex) 
photospheric 

emission!



A single blast wave is formed via some 
mechanism which collides with  
an external medium. A shock is formed 
which subsequently decelerates the 
blast wave. The extracted energy can 
go into accelerating electrons which 
then radiate away this energy.  

T H E  E X T E R N A L  S H O C K  M O D E L



The blast wave will emit non-thermal 
synchrotron radiation. Depending on 
the strength of the magnetic field, the 
shape of the  emission will be different. 

We will call this fast and also cooled 
synchrotron radiation. Mode on this 
later.  

T H E  E X T E R N A L  S H O C K  M O D E L



Broadening due to geometrical 
effects

Blackbody

B O S N J A K  E T  A L  ( 2 0 1 0 )

Emission primarily comes 
from gyrating electrons in 
the entrained or 
generated magnetic field 
of the jet. This 
synchrotron radiation can 
seed inverse compton 
radiation.

Optically-thin non-
thermal emission via 
dissipation at internal 
shocks



T H E  I N T E R N A L  S H O C K  M O D E L

• Shocks transform internal kinetic 
energy into particle energy via 
Fermi acceleration 

• Details of relativistic FSA still 
unknown 

• Time scale? Efficiency? Magnetic 
turbulence? 

• Important parameters

�m = (
�1m1 + �2m2

m1/�1 +m2/�2
)

eff = 1� m1 +m2q
m2

1 +m2
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�2

+ �2
�1
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Very low radiative 
efficiency!  



B O S N J A K  E T  A L  ( 2 0 1 0 )

VA R I AT I O N S  O F  
PA R A M E T E R S  C A N  

L E A D  T O  A  M Y R I A D  
O F  S P E C T R A L  

S H A P E S …

H O W E V E R ,  
S P E C T R A L  W I L L  

N E V E R  L O O K  
“ T H E R M A L ”

F I N E  T U N I N G  O F  
PA R A M E T E R S  
R E Q U I R E D  T O  
R E P R O D U C E  

C O R R E C T  E N E R G Y  
S C A L I N G



L I G H T C U R V E S  A N D  VA R I A B I L I T Y  E A S I LY  R E P R O D U C E D



S O M E  A S S E M B LY  
R E Q U I R E D

• The internal-shock model 
requires fine-tuning 

• The free parameters 𝚪, B and 

𝛾el must be carefully adjusted so 
that the energy scaling of the 
spectra matches observations 

• Additionally, the radiative and 
dynamical timescales imply that 
the electrons are cooled very 
quickly by synchrotron radiation 

B O S N J A K  E T  A L  ( 2 0 1 0 )



D I S S I PAT I O N :  P O Y N T I N G  

• A majority of initial energy is carried in the 
magnetic field lines. 

• Early internal shocks distort magnetic fields 

• Regions of turbulent fields collide triggering 
reconnection avalanche. 

• 2nd order Fermi acceleration slowly heats 
particles

• Important parameters

⇤ =
B2

4��⇥c2

ICMART Model



M O D E L  C O M PA R I S O N

Photosphere Non-thermal Dissipation

•Simple and natural spectra  

•Variety of spectral shapes  

•Dynamics rely on central engine 

•Variability is adhoc

•Spectra require fine-tuning 

•Variety of spectral shapes  

•Dynamics rely on central engine 

•Variability comes naturally



T W O - Z O N E  E M I S S I O N

=L/Mc 

Photospheric emission:  
Blackbody emission  
from turbulent,  
relativistic outflow

W H AT  I F  W E  I N C L U D E  B O T H  C O M P O N E N T S ?



PA R T I C L E  A C C E L E R AT I O N

v(x)

x

u = �c

upstream downstream

accelerated 
charge

e�



PA R T I C L E  A C C E L E R AT I O N



PA R T I C L E  A C C E L E R AT I O N

Spitkovsky (2013)



PA R T I C L E  A C C E L E R AT I O N

Magnetic Reconnection

Spitkovsky (2014)



S U M M A R Y

• Emission Mechanisms 

• Photospheric 

• Easiest scenario to imagine. Radiation is emitted 
when outflow becomes optically thin.  

• In the simplest form, emission would be in the form 
of a blackbody. 

• High-latitude emission can broaden the spectrum. 

• If energy is dissipated below or near the 
photosphere, the spectrum can be modified and 
appear non-thermal.



S U M M A R Y

• Emission Mechanisms 

• External Shocks 

• Blast wave shocks external medium 

• The dissipated energy can shock electrons to high 
energies which then radiate via synchrotron 
emission 

• Slow variability



S U M M A R Y

• Emission Mechanisms 

• Internal Shocks 

• Rapid shocks in the outflow 

• The dissipated energy can shock electrons to high 
energies which then radiate via synchrotron 
emission 

• Fast variability: inefficient 



S U M M A R Y

• Particle Acceleration 

• Internal Shocks 

• Shocks -> We know how to do it 

• Magnetic Reconnection -> We almost know how 
to do it


