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The Astrophysical Journal, 781:37 (21pp), 2014 January 20 Perley et al.
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Figure 11. Observed and analytic light curves of the afterglow of GRB 130427A at specific frequencies: radio, millimeter, NIR, optical, UV, soft X-ray (XRT), hard
X-ray (BAT), and extreme gamma ray (LAT). All of the major features at all frequencies are reproduced by our model (black lines), except at the earliest times. The
dotted lines show a naive extension of the model back in time, which generally overpredicts the fluxes at all frequencies (except during the final prompt-emission
flare), perhaps due to the end of deceleration of the ejecta at these earliest epochs. The numbers at the top indicate the times of the SED epochs shown in Figure 10.
(A color version of this figure is available in the online journal.)

1.9 × 1053 < EK < 4.2 × 1053,

0.005 > A∗ > 0.001,

where EK is in erg. These ranges refer only to the range of
“best-fit” parameters allowed given our constraints on εe (which
determines the left bound) and εB (which determines the right
bound). Our inferred values are all consistent with the numbers
presented by Laskar et al. (2013) with the exception of EK ,
which we find to be larger than their estimate.

The observed properties of the afterglow, in particular the
radio faintness, can largely be explained as a product of the
parameters observed for this GRB. The large values of EK and
εe and the low wind density A∗ produce a shock with a great
deal of energy distributed among a relatively small number of
electrons, which therefore move very rapidly and radiate mostly
at high frequencies (high νm) at the expense of the lower-energy
emission. Specifically, νm is located in the optical band at
early times, explaining why the afterglow appears blue at
t < 0.5 days but shifts to the red (and fades more rapidly)
at later epochs.

4.5.2. Reverse Shock

The observed properties of the reverse shock are determined
by the same physical parameters as the forward shock with the
addition of a direct dependence on the initial Lorentz factor γ0
and the magnetization ratio RB = εB,RS/εB,FS. At the time of
shell crossing (∼tX), the values of νm,RS and Fν,max are easily
determined by simple scaling relations versus the equivalent
values of the forward shock (for the thin-shell case, Zou et al.

2005; and including the magnetization parameter as defined by
Gomboc et al. 2008):

Fν,max,RS/Fν,max,FS = 1.2γ0R
1/2
B ,

νm,RS/νm,FS = 0.31γ −2
0 R

1/2
B ,

νc,RS/νc,FS = R
−3/2
B .

While νc,RS is generally hidden inside the forward shock at all
times, νm and Fν,max,RS are tightly constrained observationally.
Based on their temporal scalings, their values can then be
extrapolated back to tX , which is bounded by the burst duration
(t ≈ 20 s for the period of strongest emission) and the
appearance of the afterglow in the BAT band (t ≈ 50 s); this in
turn can be used to solve for γ0 and RB.

As previously mentioned, there are two possible cases:
νa,RS < νm,RS and νm,RS < νa,RS. The first possibility is
strongly disfavored by this exercise as the Lorentz factor derived
is extremely low (γ0 ≈ 14). This would be in conflict with
the independent constraint on γ0 set by the deceleration time
of the afterglow (which in the thin-shell case must be less than
the afterglow peak time); e.g., from Zou et al. (2005),

tdec = 2.9 × 103 s(1 + z)E53γ
−4
1.5 A−1

∗,−1.

For tdec < 20–50 s this would imply γ0 ! 120–250, which is
not consistent with the value set by the reverse-to-forward-shock
ratio.

17

Meszaros (2006) 

GRB 130427A 
 
Perley et al. (2014) 
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Afterglow Radiation 
Mechanisms 

•  Synchrotron radiation 
•  Synchrotron self-Compton 



External	
  forward	
  shock	
  
synchrotron	
  aIerglow	
  model	
  

•  Originated	
  from	
  ejecta	
  –	
  
medium	
  interac7on	
  

•  During	
  the	
  self-­‐similar	
  
phase:	
  A	
  generic	
  model	
  

•  Depend	
  on	
  a	
  few	
  
parameters:	
  	
  
–  Ejecta:	
  E	
  or	
  E(t),	
  Γ0,	
  and	
  θj	
  
– Medium:	
  n	
  or	
  n(r)	
  
–  Shock:	
  	
  εe,	
  εB,	
  p	
  

•  Jet	
  break	
  

Synchrotron emission from external forward shock: Meszaros & Rees (1997); Sari et al. (1998) 
Dynamics of  relativistic blastwave: self-similar solution: Blandford & McKee (1976) 



AIerglow	
  Closure	
  Rela7ons	
  

Sari, Piran & Narayan (1998) 
Chevalier & Li (2000) 
Dai & Cheng (2001) 
 
 
Zhang & Meszaros (2004) 
 
Gao et al. (2013, New Astron. Rev.) 

Well-predicted temporal decay 
indices and spectral indices 



External	
  reverse	
  shock	
  aIerglow	
  
•  Since	
  GRBs	
  are	
  short-­‐lived,	
  if	
  the	
  Lorentz	
  factor	
  of	
  
the	
  ejecta	
  is	
  roughly	
  constant,	
  then	
  there	
  is	
  a	
  short-­‐
lived	
  reverse	
  shock	
  

•  Similar	
  pressure	
  in	
  2	
  &	
  3;	
  the	
  RS	
  region	
  is	
  denser,	
  
the	
  typical	
  frequency	
  lower	
  (op7cal,	
  radio)	
  

FS RS 

Circumburst  
medium 
(ISM 
Or Wind) Shell 

1 2 3 4 

Blastwave 

Meszaros & Rees (97, 99); Sari & Piran (95, 99a, 99b); Kobayashi (00) 
Kobayashi & Zhang (03); Zhang, Kobayashi & Meszaros (03,05) 
Long lasting: Genet et al. (2007); Uhm & Beloborodov (2007); Uhm et al. (2012), Uhm & Zhang (2014) 



Three	
  types	
  of	
  early	
  op7cal	
  aIerglow	
  lightcurves	
  
(Zhang,	
  Kobayashi	
  &	
  Meszaros	
  2003;	
  Jin	
  &	
  Fan	
  2007)	
  



Effect	
  of	
  ejecta	
  magne7za7on	
  
(Zhang	
  &	
  Kobayashi	
  2005;	
  Mimica	
  et	
  al.	
  2009)	
  

σ <<0.1 

σ <0.1 

σ ~0.1 

σ >>0.1 



Pre-­‐SwiI:	
  Confron7ng	
  data	
  with	
  theory	
  

Wijers & Galama 99 

Stanek et al. 99 

Panaitescu & Kumar (01, 02) 



Other	
  factors	
  
•  Energy	
  injec7on	
  

–  Long	
  las7ng	
  central	
  engine	
  
–  Lorentz	
  factor	
  stra7fica7on	
  

•  Density	
  inhomogeneity	
  
–  Bumps	
  
–  Voids	
  
–  Fluctua7ons	
  

•  Angular	
  structure	
  
–  Power	
  law	
  or	
  Gaussian	
  jets	
  
–  Patchy	
  of	
  mini-­‐jets	
  

•  Two-­‐component	
  /	
  mul7-­‐component	
  jets	
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a b s t r a c t

Gamma-ray bursts are most luminous explosions in the universe. Their ejecta are believed to move
towards Earth with a relativistic speed. The interaction between this ‘‘relativistic jet’’ and a circumburst
medium drives a pair of (forward and reverse) shocks. The electrons accelerated in these shocks radiate
synchrotron emission to power the broad-band afterglow of GRBs. The external shock theory is an elegant
theory, since it invokes a limit number of model parameters, and has well predicted spectral and tempo-
ral properties. On the other hand, depending on many factors (e.g. the energy content, ambient density
profile, collimation of the ejecta, forward vs. reverse shock dynamics, and synchrotron spectral regimes),
there is a wide variety of the models. These models have distinct predictions on the afterglow decaying
indices, the spectral indices, and the relations between them (the so-called ‘‘closure relations’’), which
have been widely used to interpret the rich multi-wavelength afterglow observations. This review article
provides a complete reference of all the analytical synchrotron external shock afterglow models by deriv-
ing the temporal and spectral indices of all the models in all spectral regimes, including some regimes
that have not been published before. The review article is designated to serve as a useful tool for after-
glow observers to quickly identify relevant models to interpret their data. The limitations of the analytical
models are reviewed, with a list of situations summarized when numerical treatments are needed.

! 2013 Elsevier B.V. All rights reserved.
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SwiI	
  surprise	
  

Gehrels et al. (2004) 

Nousek et al. (2006), O’Brien et al. (2006) 



SwiI	
  surprise	
  
Not predicted! 



Canonical lightcurves:  
Internal or external? 

(Zhang et al. 2006; Nousek et al. 2006) 
Internal emission 

External forward shock emission? 

Maybe internal as well 

“Curvature” tail 

Late central engine activity 

Normal decay 

Post jet break decay 

Continuous energy injection  

I 

II 
III 

IV 

V 



Diverse	
  mul7-­‐wavelength	
  lightcurves:	
  
achroma7c	
  vs.	
  chroma7c	
  

Panaitescu et al. 2006; Troja et al. 2007; Liang et al. 2007, 2008, 2010 



Current	
  aIerglow	
  picture	
  
•  The	
  so-­‐called	
  “aIerglow”	
  is	
  a	
  superposi7on	
  
of	
  the	
  tradi7onal	
  external	
  shock	
  aIerglow	
  
and	
  internal	
  dissipa7on	
  of	
  a	
  long-­‐las7ng	
  
wind	
  launched	
  by	
  a	
  gradually	
  dying	
  central	
  
engine.	
  	
  

•  The	
  GRB	
  cartoon	
  picture	
  no	
  longer	
  just	
  
describes	
  a	
  7me	
  sequence,	
  but	
  delineates	
  an	
  
instantaneous	
  spa7al	
  picture	
  as	
  well.	
  

•  Observed	
  emission	
  comes	
  from	
  mul7ple	
  
emission	
  sites!	
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  Picture:	
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Chroma'c	
  sample	
  
10/94 

	
  External	
  shock	
  model	
  Candidates:	
  	
  Gold	
  sample:	
  45/94	
  GRBs;	
  Silver	
  sample	
  :	
  39/94	
  

Chroma'c	
  sample	
  :	
  	
  	
  	
  	
  4/94GRBs	
  

Silver	
  sample	
  
49/94 

Gold	
  sample	
  
45/94 

How	
  bad	
  is	
  the	
  external	
  forward	
  
shock	
  model?	
  –	
  Not	
  too	
  bad	
  
(Wang	
  et	
  al.	
  2014,	
  in	
  prep,	
  see	
  also	
  Li	
  et	
  al.	
  (2014))	
  



How about SSC? 

•  Should be there 
•  Significance depends on 

micro-physics parameters 
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FIG. 2a FIG. 2b

FIG. 2c

FIG. 2.ÈTemporal evolution of the broadband spectra of GRBs. The thick solid curves are the Ðnal spectra for various observer times, starting from (top)
the onset of the afterglow, 1 minute, 1 hr, 1 day to (bottom) 1 month, respectively. The sharpness of the breaks and cuto†s is an artifact of the analytical
approximations ; in reality, these would be smoother transitions. For the top curve, contributions from the various radiation components are also plotted.
Long-dashed lines are electron-synchrotron emission, short-dashed lines are proton-synchrotron emission, and dotted lines are electron IC emission. The
thin solid line is the total energy Ñux level without c-c absorption correction, while the thick solid line is the energy Ñux level after the c-c self-absorption
correction. The intergalactic absorption, which also becomes important around l \ 1026, is distance-dependent and has not been included in this graph. Here
all plots are calculated for standard parameters z \ 1 (Ñat, " \ 0 universe), a \ 1, z \ 1, p \ 2.2, and while andf

e
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cm~3. (c) : Typical regime III burst : and n \ 1 cm~3.v
e
\ 0.01, v

B
\ 0.1,

are absent in their paper. A factor of D2 di†erence on the
overtaking time (D7.7 days in their case) may be caused by
slightly di†erent coefficients adopted in both works for l

m, e,etc. Nonetheless, this conÐrms the Ðnding ofl
c, e, Fl, max e

,
Sari & Esin that in a reasonably dense medium the IC
component can be directly detected by Chandra a couple of

days after the burst trigger. We note that a substantial Ñat-
tening of the X-ray light curve for GRB 000926 has been
detected by Chandra (Piro et al. 2001). Since the proton
component cannot show up in the X-ray band under any
circumstances, as we argued in ° 6.1, such a Ñattening may
indicate a direct detection of the IC emission of the elec-
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FIG. 1.ÈRegions in the parameter space in which the variousv
e
, v

Bradiation mechanisms dominate at selected frequencies. For photon ener-
gies (the synchrotron frequency for electrons at the upper end ofl \ l

u, etheir energy distribution) lines 1 and 2 (solid lines) divide the space into
three regimes. Regime I is where the proton-synchrotron component over-
comes the electron-synchrotron component ; regime II is where the elec-
tron IC component overcomes the electron-synchrotron component ; and
regime III is where the electron-synchrotron component dominates the
other two. For a higher energy band with the space is divided intol [ l

u, e,regimes I and I@ by line 3, or line 4 (4@) (dashed lines), depending on the
subcase. Regime I@ is where the proton-related components overcome the
electron IC component, and regime II@ is where electron IC dominates over
the proton components. For (the IC-boosted frequency of syn-l \ l

c, eIC
chrotron photons radiated by electrons at the cooling break energy), the
separation is given by line 3, which does not depend on the frequency. For

the separation line is frequency-dependent, and given by line 4 (4@),l [ l
c, eIC ,

which is drawn for l D 1026 Hz. Line 4 assumes the reduction factor is
k \ 0.1, while line 4@ assumes k \ 1 (see text). The dependences of the
separation lines on t, n, and E are indicated on the plot, which cause the
di†erent regimes to enlarge or shrink with these parameters. All lines are
drawn using the following parameters : n \ 1,m

e
\ m

p
\ 1, v

p
\ 1, E52 \ 1,

a \ 1, z \ 1, p \ 2.2, and t \ 1 hr. For a Ñatter p (close to 2), the lines 1, 2,
4, and 4@ are Ñatter, and the regions I and I@ will be slightly enlarged. For a
steeper p, the trend is the opposite.

4. INVERSE COMPTON COMPONENT

The IC is mainly important for the electron component,
both for the electron cooling and for forming a separate
high-energy emission component.2 The condition for the IC
cooling to be important is which has beengv

e
/v

B
[ 1,

explicitly addressed by Sari & Esin (2001). Here we investi-
gate the condition in which the IC emission component
overtakes the electron and/or the proton-synchrotron com-
ponent.

The IC component has a similar spectral shape to the
synchrotron component, but its low-energy peak is
Lorentz-boosted by roughly a factor of while the fre-c

m, e2 ,
quency spread at which it is important is stretched out, in
comparison to the spread of the synchrotron spectrum,
extending between the boosted characteristic and cooling
frequencies. Sari & Esin (2001) have explicitly presented
analytic expressions for the IC spectral component and
found that the power-law approximation is no longer accu-

2 The IC of the protons is not important since g
p
\ (c

m, p/cc, p)p~2 > 1.

rate at since electrons with a range of Lorentzl [ c
m
2 l

m, efactors between and contribute equally to the emissionc
m

c
cat each frequency. For the convenience of the following

discussions, we will still adopt the broken power-law
approximation to perform order-of-magnitude estimations,
bearing in mind that more accurate expressions would be
necessary in more detailed calculations.

In this approximation, the IC spectral component can be
represented (Sari & Esin, 2001) by a four-segment broken
power law with power indices, ordered from low to high
frequency, of [1, [(p [ 1)/2, [p/2] in the slow-cooling13,
regime and [1, [p/2] in the fast-cooling regime. The13, [12,
break frequencies are andl

a, eIC \ c
m, e2 l

a, e l
m, eIC ^ c

m, e2 l
m, e,and the IC cooling frequency is Thel

c, eIC ^ c
c, e2 l

c, e.maximum Ñux of the IC component is roughly a factor of
of that of the synchrotron component,(uph@ /u

B
@ )(l

m, e/lm, eIC )
where anduph@ ^ (4/3)cpT, e u

B
@ c

e
2(r/!c)(4!f

e
n) u

B
@ \ B@2/8n

are the comoving synchrotron photon and magnetic Ðeld
energy densities, respectively. This gives

Fl, max e
IC

Fl, max e
D

16
3

pT, e f
e
nr \ 3.5 ] 10~7f

e
nr17

\ 5.7 ] 10~7f
e
E521@4 n3@4[t

h
/(1 ] z)]1@4 . (12)

This shows that generally the IC component can only over-
take the synchrotron component beyond the synchrotron
componentÏs cooling break but before the IC componentÏs
cooling break. In the slow-cooling regime, for a frequency l
satisfying and the Ñux ratiol

c, e ¹ l ¹ l
u, e l

m, eIC ¹ l ¹ l
c, eIC ,

of the IC to the synchrotron components is

Fl, eIC (l)
Fl, e(l)

\AFl, max e
IC

Fl, max e

BAl
m, eIC

l
m, e

B(p~1)@2A l
l
c, e

B1@2
. (13)

Alternatively, in the fast-cooling regime, for a frequency l
satisfying and the Ñux ratiol

m, e ¹ l ¹ l
u, e l

c, eIC ¹ l ¹ l
m, eIC ,

of the IC to synchrotron components is

Fl, eIC (l)
Fl, e(l)

\AFl, max e
IC

Fl, max e

BAl
c, eIC

l
c, e

B1@2A l
l
m, e

B(p~1)@2
. (14)

Similar to the proton-synchrotron case, the conditions in
which the IC component overcomes the synchrotron com-
ponent is for the slow-cooling caseFl, eIC (l

c, eIC ) [ Fl, e(lc, eIC )
and for the fast-cooling case, andFl, eIC (l

m, eIC ) [ Fl, e(lm, eIC )
both conditions can be simpliÐed to

163 pT, e f
e
nrc

c, e c
m, e(p~1) [ 1 . (15)

Using equations (6) and (7), this IC dominance condition
over electron-synchrotron can be reexpressed as

(1 ] Y
e
)v

B
\ 3.8(v

e
/f

e
)(p~1)f

e
(E52/n)(p~2)@8

] [t
h
/(1 ] z)]~3(p~2)@8 . (16)

This is line 2 in Figure 1. We see that a large or a smallv
e

v
Bmakes the IC component more prominent since a large v
eenhances and a small tends to increase becausec

m, e v
B

c
c, eof the inefficient synchrotron cooling. A denser medium

also favors the IC component (eq. [12]). One comment is
that if one takes into account the Ñux increase above l

m, eIC
due to the logarithmic term from the scattering contribu-
tions of the di†erent electrons (Sari & Esin 2001), the IC
dominance condition is less stringent than equation (16).

The cuto† energy in the IC component is deÐned by
where is the Klein-l

u, eIC \ min (c
u, e2 l

u, e, lKN, eIC ), lKN, eIC

Zhang & Meszaros 2001 
See also Dermer et al. (2000); Panaitescu & Kumar (2000); Sari & Esin (2001) 



•  GeV emission from most 
GRBs are dominated by 
synchrotron radiation (Kumar 
& Barniol-Duran; Ghisellini et al.; Gao 
et al.) 

•  GRB 130427A: 
–  Data may not demand 
–  But data consistent with 

SSC: photon energy too 
high, slight bending 

Ackermann et al. (2014)   - See Piron’s & Lemoine’s talk 
(See also Fan et al.; Tam et al.; Liu & Wang) 

Fermi: mostly synchrotron, 
probably SSC in GRB 130427A? 
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Figure 4: Curves of maximum synchrotron photon energy. The black dots show the LAT
detection times of photons with energies >1 GeV and >90% probability of association
with GRB 130427A. Adiabatic and radiative predictions for maximum synchrotron photon
energy in uniform interstellar medium (ISM) and wind environments are plotted using
the relations described in the SOM. Red and blue curves refer to the ISM and wind cases,
respectively. The solid and dashed lines refer to the adiabatic and radiative cases with
Γ0 = 1000, and the dot-dashed and double dot-dashed lines represent the adiabatic case
with Γ0 = 500 and Γ0 = 2000, respectively. The dotted lines show an extreme possibility
where acceleration takes place on the inverse of the Larmor angular frequency, in the
case of an adiabatic blast wave with Γ0 = 1000. For cases with uniform external medium,
Eiso(1055 erg)/n0(cm−3) = 1. The wind normalization was chosen to give the same value of
td for both wind and ISM cases. The vertical dotted lines show periods of Earth avoidance
when the LAT could not observe GRB 130427A.

20

Figure S1. Spectral Energy Distribution of LAT data in five different time intervals
(a=138–196 s, b=196–257 s, c=257–750s, d=138–750 s, e= 3000s–80000 s).
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FIG. 2a FIG. 2b

FIG. 2c

FIG. 2.ÈTemporal evolution of the broadband spectra of GRBs. The thick solid curves are the Ðnal spectra for various observer times, starting from (top)
the onset of the afterglow, 1 minute, 1 hr, 1 day to (bottom) 1 month, respectively. The sharpness of the breaks and cuto†s is an artifact of the analytical
approximations ; in reality, these would be smoother transitions. For the top curve, contributions from the various radiation components are also plotted.
Long-dashed lines are electron-synchrotron emission, short-dashed lines are proton-synchrotron emission, and dotted lines are electron IC emission. The
thin solid line is the total energy Ñux level without c-c absorption correction, while the thick solid line is the energy Ñux level after the c-c self-absorption
correction. The intergalactic absorption, which also becomes important around l \ 1026, is distance-dependent and has not been included in this graph. Here
all plots are calculated for standard parameters z \ 1 (Ñat, " \ 0 universe), a \ 1, z \ 1, p \ 2.2, and while andf

e
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p
\ 1, v

p
\ 1, E52 \ 1, !0 \ 300, v

e
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B
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n vary for the di†erent regimes. (a) : Typical regime I burst : and n \ 100 cm~3. (b) : Typical regime II burst : and n \ 1v
e
\ 10~3, v

B
\ 0.5, v

e
\ 0.5, v

B
\ 0.01,

cm~3. (c) : Typical regime III burst : and n \ 1 cm~3.v
e
\ 0.01, v

B
\ 0.1,

are absent in their paper. A factor of D2 di†erence on the
overtaking time (D7.7 days in their case) may be caused by
slightly di†erent coefficients adopted in both works for l

m, e,etc. Nonetheless, this conÐrms the Ðnding ofl
c, e, Fl, max e

,
Sari & Esin that in a reasonably dense medium the IC
component can be directly detected by Chandra a couple of

days after the burst trigger. We note that a substantial Ñat-
tening of the X-ray light curve for GRB 000926 has been
detected by Chandra (Piro et al. 2001). Since the proton
component cannot show up in the X-ray band under any
circumstances, as we argued in ° 6.1, such a Ñattening may
indicate a direct detection of the IC emission of the elec-
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What do we interpret? 

•  Light Curve 
•  Spectrum 
•  Polarization 
•  Other constraints 

–  Ep evolution patterns 
–  Correlations 
–  Prompt high energy emission 
–  Prompt low energy emission 
–  Neutrino flux / upper limit 
–  …… 

Briggs et al. 1999 

Fishman & Meagan 1996 



Prompt GRB Emission:  
Still a Mystery 

    central      photosphere       internal                            external shocks 
engine                                                                          (reverse)      (forward) 

? 

What is the jet composition (baryonic vs. Poynting flux)? 
Where is (are) the dissipation radius (radii)? 
How is the radiation generated (synchrotron, Compton scattering, thermal)? 



Radiation Mechanisms 
•  Synchrotron radiation 
•  Quasi-thermal (with Comptonization) 
•  Synchrotron Self-Compton (SSC) 
•  Hadronic processes 



Three spectral components? 
(Zhang et al. 2011; Guiriec et al. 2014) 

•  Band 
•  Quasi-thermal 
•  An extra high-energy 

component? 

•  Talk by             
Sylvain Guiriec Fig. 25. The three possible elemental spectrum components that shape the observed

time-resolved spectra of GRBs. Some components can be suppressed in some GRBs.
Adapted from Zhang et al. (2011).

has been clearly detected in GRB 090510 and GRB 090902B (Abdo et al.,
2009b; Ackermann et al., 2010; Zhang et al., 2011). Another Fermi burst GRB
090926A (Ackermann et al., 2011; Zhang et al., 2011) shows late emergence
of a high energy component with a potential high energy cutoff (Ackermann
et al., 2011), which might have the same origin as the component III. The
superposition of the first two components (I and II) have been seen in several
GRBs: 100724B (Guiriec et al., 2011), 110721A (Axelsson et al., 2012), and
120323A (Guiriec et al., 2013). In all these cases, the quasi-thermal compo-
nent is sub-dominant. A tentative correlation between the peak energies of the
thermal and non-thermal components was reported (?).

It is interesting to note that at least some low-luminosity GRBs seem to have
a somewhat different prompt emission spectrum. An intrinsic cutoff power
law spectrum is found to correctly describe the joint Swift BAT/XRT prompt
emission spectra of the low-luminosity GRB 060218 (Campana et al., 2006).
The Ep of this burst rapidly evolves with time from ∼ 80 keV to 5 keV, with an
exponential tail or very steep power law above Ep. Since GRB 060218 is special
in many aspects (e.g. nearby, low luminosity, supernova association, extremely
long duration, existence of a thermal component that might be related to
shock breakout), the prompt emission of this burst (and probably also of
other nearby low-luminosity GRBs) may have a different emission mechanism
from the most high-luminosity GRBs (e.g. Wang et al. (2007)).
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Zhang et al. (2011) 



Origin of the Band component 

Fig. 25. The three possible elemental spectrum components that shape the observed
time-resolved spectra of GRBs. Some components can be suppressed in some GRBs.
Adapted from Zhang et al. (2011).

has been clearly detected in GRB 090510 and GRB 090902B (Abdo et al.,
2009b; Ackermann et al., 2010; Zhang et al., 2011). Another Fermi burst GRB
090926A (Ackermann et al., 2011; Zhang et al., 2011) shows late emergence
of a high energy component with a potential high energy cutoff (Ackermann
et al., 2011), which might have the same origin as the component III. The
superposition of the first two components (I and II) have been seen in several
GRBs: 100724B (Guiriec et al., 2011), 110721A (Axelsson et al., 2012), and
120323A (Guiriec et al., 2013). In all these cases, the quasi-thermal compo-
nent is sub-dominant. A tentative correlation between the peak energies of the
thermal and non-thermal components was reported (?).

It is interesting to note that at least some low-luminosity GRBs seem to have
a somewhat different prompt emission spectrum. An intrinsic cutoff power
law spectrum is found to correctly describe the joint Swift BAT/XRT prompt
emission spectra of the low-luminosity GRB 060218 (Campana et al., 2006).
The Ep of this burst rapidly evolves with time from ∼ 80 keV to 5 keV, with an
exponential tail or very steep power law above Ep. Since GRB 060218 is special
in many aspects (e.g. nearby, low luminosity, supernova association, extremely
long duration, existence of a thermal component that might be related to
shock breakout), the prompt emission of this burst (and probably also of
other nearby low-luminosity GRBs) may have a different emission mechanism
from the most high-luminosity GRBs (e.g. Wang et al. (2007)).
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SSC? 
 
Hadronic? 
 
Photosphere? 
 
Synchrotron? 



SSC?  - No 
•  Motivated by the “naked-

eye” GRB 080319B 
–  Optical emission much brighter 

than low-energy extension of 
the Band component 

–  Not common feature among 
GRBs 

•  Difficulties 
–  Energy budget (Derishev et al. 

Piran et al.) 
–  Ep distribution too broad (Zhang 

& Meszaros 2002) 
–  Gamma-ray vs. optical 

Variability (Resmi & Zhang, 2012) 

Racusin et al. (2008) 

Resmi & Zhang (2012) 



Hadronic? - No 
•  Protons emitting via 

–  Synchrotron radiation 
–  pΥ interaction, π0 decay or 

secondary leptonic cascade 
•  Difficulties 

–  Inefficient, usually outshone by 
the leptonic components (Gupta 
& Zhang 2007) 

–  Predicts strong neutrino 
signals, which are not detected 
(Asano, Inoue & Meszaros, 2009) 

Gupta & Zhang (2007) 

Prompt high-energy photons from GRBs 87

Figure 1. A leptonic-component-dominated slow cooling spectrum. (a): the different components of the photon energy spectrum from the internal shocks for
the following parameters in the slow-cooling regime: Eiso = 1053 erg, Liso = 1052 erg s−1, tv = 0.01 s and f c = 2500. The thick solid black curve represents
the final spectrum after including the effect of internal optical depths. The thin solid black curve represents the synthesized spectrum before including the effect
of internal optical depths. The long dashed (green) curve is the electron synchrotron component; the short dashed (blue) curve is the electron IC component;
the double short dashed (black) curve on the right side is for π0 decay component; the triple short dashed (orange) line represents the synchrotron radiation
produced by positrons generated in π+ decays; the dash–dotted (light blue) line represents the proton synchrotron component. The tiny red horizontal line
between 108 and 1011 eV represents GLAST’s threshold. The pink dotted horizontal line above 2 × 1011 eV represents the sensitivity of VERITAS experiment.
(b) Internal optical depths plotted against energy for the parameters adopted in (a).

Fig. 1 is a standard ‘slow-cooling’ leptonic-dominant case. The shock equipartition parameters are εe = 0.4 and εB = 0.2. The isotropic
shock luminosity is Liso = 1052 erg s−1. The slow cooling factor f c = 2500 is adopted, which suggests that the post-shock magnetic field decays
on a length-scale shorter than the comoving scale (Pe’er & Zhang 2006). The thick black line shown on the right side around 1015 eV is the π 0

component after including the effect of absorption due to pair production, indicating the reduction of pair opacity at high energies (Fig. 1b,
see also Razzaque et al. 2004). In this figure, the break energies in the photon energy spectrum appear of the order of Essa < Eγ ,m < Eγ ,c in
the electron synchrotron and IC spectral components. The spectral index of the photon energy spectrum is 4/3 between Essa and Eγ ,m, − (p
− 3)/2 between Eγ ,m and Eγ ,c, and −(p − 2)/2 above Eγ ,c. Since εe is large, the leptonic components are many orders of magnitude stronger
than the hadronic components. The value of Yp is much larger than 1, so that the proton synchrotron component is below the components due
to π 0 decay and positron synchrotron radiation.

We vary the values of the equipartition parameters (εe, εB , εp) and study the variations in the photon energy fluxes generated by various
processes. The emission level of the electron IC spectral component decreases with decreasing εe (fixing εB) since Ye is decreasing. Moreover,
as we decrease εe the minimum injection energy of electrons Eγ ,m also decreases. In the slow cooling regimes, it is Eγ ,c that defines the peak
energy in the electron synchrotron spectrum, which could be adjusted to the sub-MeV range by adopting a suitable fc value. The change in
Eγ ,m therefore mainly affects the calculated internal optical depth.

By lowering εe, we check the parameter regime where the hadronic component becomes comparable. Since eletrons are much more
efficient emitters than protons, the parameter regime for the hadronic component to be comparable to the leptonic component in the high-energy
regime is εe/εp ∼ me/mp < 10−3.3 A similar conclusion has been drawn for the external shocks (Zhang & Mészáros 2001). In Fig. 2, with
εe = 10−3, εB = 0.05 and εp = 0.849. In order to adjust Eγ ,c to the sub-MeV range, f c = 50000 is needed. In order to match the observed

3 Proton energy loss and their contribution to high-energy photon emission in the early afterglow phase has been studied earlier by Pe’er & Waxman (2005).
Our results for the prompt emission phase are generally consistent with them. In order for the proton synchrotron component to be significant, even smaller
εe (than 10−3) is demanded. Considering that photon-pion emission is more efficient than proton synchrotron emission, the condition εe/εp ∼ me/mp < 10−3

can allow the hadronic components to be comparable to (but not dominant over) the leptonic components.

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 380, 78–92
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Figure 2. A slow-cooling spectrum with significant hadronic contribution. (a): The spectra of various components. Parameters: εe = 10−3, εB = 0.05, εp =
0.849, tv = 0.01 s, f c = 50000, Eiso = 1056 erg and Liso = 1055 erg s−1. The same line styles have been used as in Fig. 1. (b): The corresponding internal
optical depths.

MeV emission flux by electron synchrotron, a large energy budget is needed due to a small εe: Eiso = 1056 erg and Liso = 1055 erg s−1. Such
a large energy budget has been suggested before (Totani 1998), but afterglow observations and modelling in the pre-Swift era have generally
disfavored such a possibility (Panaitescu & Kumar 2002). In the Swift era, however, a large afterglow kinetic energy for some GRBs is not
ruled out. For example, the bright afterglow of GRB 061007 demands a huge kinetic energy if the afterglow is produced by isotropic external
shocks (Mundell et al. 2007; Schady et al. 2007). Modelling some X-ray afterglows below the cooling frequency requires a low εB and/or a
large afterglow kinetic energy at least for some GRBs (Zhang et al. 2007). We therefore still consider such a possibility. In Fig. 2, the break
energy in the photon energy spectrum due to the minimum injection energy of electrons is below the synchrotron self-absorption energy. The
break energies appear of the order of Eγ ,m < Essa < Eγ ,c in the synchrotron and IC electron spectra. The spectral index of the photon energy
flux is 7/2 between Eγ ,m and Essa, −(p − 3)/2 between Essa and Eγ ,c, and − (p − 2)/2 above Eγ ,c. We can see that in the TeV energy regime
beyond the maximum electron synchrotron energy, the positron synchrotron emission from π+ decay becomes dominant. Moreover, when εe

is small, Ye is small, hence Yp becomes small. In this case the proton synchrotron component becomes comparable to the spectral components
due to synchrotron radiation of the secondary positrons and π0 decays. The internal optical depth is plotted in Fig. 2(b), which peaks at a
higher energy than that in Fig. 1(b).

If the post-shock magnetic field does not decay within a short distance (f c = 1), internal shocks are in the standard fast-cooling regime.
We calculate such a case in Fig. 3. The shock parameters are εe = 0.6, εB = 0.2, Liso = 1052 erg s−1, Eiso = 1053 erg. In this case, the break
energies appear as of the order of EC < Essa < Em. The photon energy spectral indices are 13/8, 1/2 and −(p − 2)/2, respectively, in the three
energy regimes.

The pair opacity depends on the bulk Lorentz factor. When $ is large enough, the ultrahigh-energy photons would have lower internal
optical depth and may escape from the internal shocks (Razzaque et al. 2004). To test this, in Fig. 4, we re-calculate with the parameter set
for Fig. 1, but increase $ to 1000. The slow-cooling parameter fc is adjusted to 50 to maintain the sub-MeV energy peak. The results indeed
suggest that the attenuation of the high-energy photons is weaker.

The observational breakthough in 2005 suggests that at least some short GRBs are low-fluence, nearby events that have a distinct
progenitor than long GRBs (Barthelmy et al. 2005; Berger et al. 2005; Fox et al. 2005; Gehrels et al. 2005; Villasenor et al. 2005; Bloom et al.
2006). To check the prospect of detecting short GRB prompt emission with high-energy detectors such as GLAST, we perform a calculation
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ε

ε ε ∆ Γ

Figure 1. Single pulse, prompt photon spectra for varying εp/εe as labeled.
Other parameters are marked above the figure. Dashed curves denote the primary
contribution only, whose peak flux decreases with εp . Dot-dashed curves denote
separately the electron synchrotron (labeled eSY) and inverse Compton (eIC)
components without γ γ -absorption effects for εp/εe = 100.

spectral cutoffs at low and high energies are due to synchrotron
self-absorption and γ γ absorption, respectively. This applies
to all spectra below when such sharp cutoffs are seen. Most
remarkable is the prominent e± cascade component, i.e., syn-
chrotron and IC emission from secondary e± triggered by pγ
interactions of UHE protons with low-energy photons. For the
lower range of εp/εe, primary synchrotron photons constitute
the main pγ target. However, as the proton content increases,
the target photons become dominated by synchrotron emission
from the low-energy part of the secondary e± themselves. The
dependence of the spectra on εp/εe is therefore nonlinear and
not simply proportional, as apparent in Figure 1. The secondary
photons also affect the primary synchrotron component (dashed
curves in Figure 1) through enhanced IC cooling, even though
the injection distribution is unchanged.

In general, cascade emission significantly hardens the high-
energy spectra. Since secondary e± with Lorentz factors < γe,min
can be injected in the cascade, it can also give rise to excess
UV-to-X-ray emission lying above the extrapolation of the sub-
MeV spectra, as seen for εp/εe = 10–30 in Figure 1. The entire
spectra thus tend to become flat in εf (ε).

The case of εp/εe = 100 is drastically different. Here, the
proton-induced secondary emission totally overwhelms any
primary electron component, resulting in a hard spectrum
peaking at 10–100 MeV. Although approximately a single power
law between 100 eV and 30 MeV, in fact it comprises two
emission processes by secondary e±, mainly synchrotron !
MeV and IC " MeV (dot-dashed curves in Figure 1). Despite
εB/εe = 1, IC can dominate over synchrotron since the energy
density of secondary e± exceeds both UB and Ue.

The comoving photon density nγ is decisive for both (1) the
γ γ optical depth τγ γ and hence the γ γ cutoff energy εγγ , and
(2) the efficiency of pγ interactions and hence the secondary
cascade emission. Figure 2 displays single pulse spectra for
Γ = 300, εB/εe = 1, εp/εe = 10, and varying pulse ener-
gies Esh = 1049–1051 erg. Higher Esh implies higher nγ , and
consequently stronger pγ components as well as lower εγγ .
Since nγ ∝ Γ−5 with other parameters fixed, varying Γ has
larger effects. Shown in Figure 3 are single pulse spectra for

ε

ε ε ∆ Γ

Figure 2. Single pulse, prompt photon spectra for varying Esh as labeled. Other
parameters are marked above the figure.

ε

ε ε ∆

Γ=1000

Γ=300

Γ=100

Figure 3. Single pulse, prompt photon spectra for varying Γ as labeled. Other
parameters are marked above the figure.

Esh = 1050 erg, εB/εe = 1, εp/εe = 30, and Γ = 100–1000.
Γ = 100 allows a high εpk, cascade-dominated spectrum, even
though εp/εe is three times less than the analogous case in
Figure 1. Increasing Γ leads to higher maximum energies and
less cascade contribution. The spectral hardening "0.1 GeV for
Γ = 300 and " 10 GeV for Γ = 1000 is due to secondary IC.

Thus high proton dominance does not always result in con-
spicuous proton-induced emission if Γ is sufficiently high. Con-
versely, the absence of hard, high-energy components does not
necessary rule out proton-dominated GRBs. In fact, the con-
dition most favorable for contributing to UHECRs is that they
escape the source with minimal pγ losses, which corresponds
roughly to the criterion Γ " 300(∆t/0.1 s)−0.3(Esh/1051 erg)0.2

in our model (AI07). On the other hand, Γ can be observationally
constrained through its strong influence on εγγ (e.g., Lithwick
& Sari 2001; AI07). Since the pulse energy Esh and timescale ∆t
are also measurable, we may hope to identify bursts where pγ
losses are likely to be efficient, and then constrain εp/εe from
the high-energy spectra, although some degeneracy with εB/εe

will remain.

See Asano, Petropoulou … 
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Fireball	
  shock	
  model	
  
(Paczynski,	
  Meszaros,	
  Rees,	
  Piran	
  …) 

    
       photosphere       internal shocks              external shocks 

                                                                                     (reverse)      (forward) 

GRB prompt emission 

Afterglow 
Central 
Engine 

Progenitor 



Fireball	
  Predic7ons:	
  	
  
Internal	
  shock	
  vs.	
  photosphere 

Meszaros & Rees (00) 

Daigne & Mochkovitch (02) 

Pe’er et al. (06) 



Fermi	
  surprise:	
  GRB	
  080916C	
  
(Abdo	
  et	
  al.	
  2009,	
  Science)	
  

(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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Fermi Observations of High-Energy
Gamma-Ray Emission from GRB 080916C
The Fermi LAT and Fermi GBM Collaborations*

Gamma-ray bursts (GRBs) are highly energetic explosions signaling the death of massive stars in
distant galaxies. The Gamma-ray Burst Monitor and Large Area Telescope onboard the Fermi
Observatory together record GRBs over a broad energy range spanning about 7 decades of gamma-
ray energy. In September 2008, Fermi observed the exceptionally luminous GRB 080916C, with the
largest apparent energy release yet measured. The high-energy gamma rays are observed to start
later and persist longer than the lower energy photons. A simple spectral form fits the entire GRB
spectrum, providing strong constraints on emission models. The known distance of the burst enables
placing lower limits on the bulk Lorentz factor of the outflow and on the quantum gravity mass.

Gamma-ray bursts (GRBs) are the most
luminous explosions in the universe and
are leading candidates for the origin of

ultrahigh-energy cosmic rays (UHECRs). Prompt
emission from GRBs from ~10 keV to ~1 to

5 MeV has usually been detected, but occa-
sionally photons above 100 MeV have been
detected by the Energetic Gamma-Ray Experi-
ment Telescope (EGRET) (1) and more recently
by Astro-rivelatore Gamma a Immagini LEggero
(AGILE) (2). Observations of gamma rays with
energies >100 MeV are particularly prescriptive
because they constrain the source environment

and help understand the underlying energy
source. Although there have been observations
of photons above 100MeV (3–5), it has not been
possible to distinguish competing interpretations
of the emission (6–8). The Fermi Gamma-ray
Space Telescope, launched on 11 June 2008,
provides broad energy coverage and high GRB
sensitivities through the Gamma-ray Burst
Monitor (GBM) and the Large Area Telescope
(LAT) (9). The GBM consists of 12 sodium
iodide (NaI) detectors, which cover the energy
band between 8 keV and 1 MeV, and two bis-
muth germanate (BGO) scintillators, which are
for the energy band between 150 keV and 40
MeV. The LAT is a pair conversion telescope
with the energy coverage from below 20 MeV to
more than 300 GeV (supporting online text). In
this paper, we report detailed measurements of
gamma-ray emission from the GRB 080916C
detected by the GBM and LAT.

Observations. At 00:12:45.613542 UT (T0)
on 16 September 2008 the GBM flight software
triggered on GRB 080916C. The GRB produced
large signals in 9 of the 12 NaI detectors and
in one of the two BGO detectors. Analysis of
the data on the ground localized the burst to a
right ascension (RA) = 08h07m12s, declination

*The full list of authors and affiliations is presented at the
end of this paper.

Fig. 1. Light curves for GRB 080916C
observed with the GBM and the LAT,
from lowest to highest energies. The
energy ranges for the top two graphs
are chosen to avoid overlap. The top
three graphs represent the background-
subtracted light curves for the NaI, the
BGO, and the LAT. The top graph shows
the sum of the counts, in the 8- to 260-
keV energy band, of two NaI detectors
(3 and 4). The second is the corre-
sponding plot for BGO detector 0,
between 260 keV and 5MeV. The third
shows all LAT events passing the
onboard event filter for gamma-rays.
(Insets) Views of the first 15 s from
the trigger time. In all cases, the bin
width is 0.5 s; the per-second counting
rate is reported on the right for
convenience.
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Theorists’ view cannot be more diverse since the establishment of  cosmological origin of  GRBs! 

(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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Quasi-thermal photosphere model 
•  Motivations: 

–  Temperature defines Ep, falls into 
the observed range, can interpret 
various correlations (Thompson et al.; 
Rees & Meszaros; Pe’er et al.,Ryde,  
Beloborodov, Giannios, Lazzati et al.; Ioka; 
Toma et al.; Fan et al.) 

–  Naturally bright if matter 
dominated 

•  Difficulties 
–  Small emission radius inconsistent 

with other constraints (GeV, X-ray 
and optical) 

–  Low frequency spectral index too 
hard 

–  Maximum Ep for a given L (“death 
line”, Zhang et al. 2012) 

–  Inability to interpret hard-to-soft 
evolution patterns (Deng & Zhang 2014) 

? 

? 

α ~ -1 

α ~ (+0.4  - +1) 

GRB 110721A, Zhang et al. (2012) 



α Problem 
The Astrophysical Journal, 785:112 (15pp), 2014 April 20 Deng & Zhang

Figure 12. Instantaneous photosphere spectra of winds with variable luminosity. A constant Γ0 = 300 and dL = 2 × 1028 cm, a peak time t̂p = 2.4 s, and a peak
luminosity Lw,p = 1052 erg s−1 are adopted for all cases. Different panels show different luminosity histories, and the temporal rising and decaying indices (slopes)
are marked in each panel. For each panel, the spectra are calculated at the following times: 0.5 s (red), 2.3 s (green), 2.5 s (blue), 4 s(cyan), and 10 s (magenta). Two
reference lines for spectral indices 1.5 (red dashed line) and 2 (black dashed line) are also drawn.
(A color version of this figure is available in the online journal.)

Lu et al. 2012). It is important to check whether the quasi-
thermal photosphere emission can reproduce the observed Ep
evolution patterns.

Before performing numerical calculations, it is instructive to
perform some analytical estimates. For the regime rph > rs we
are interested in, one has η = Γ0, Tph ∝ L

1/4
w r

−1/2
0 (rph/rs)−2/3,

rs = ηr0, and rph ∼ Lwη−3, so that the observer temperature
can be expressed as

Ep ∝ Tph ∝ L−5/12
w r

1/6
0 η8/3. (44)

One can immediately see that if η and r0 are constants, Ep
is anti-correlated to Lw. This trend seems to be consistent
with the “hard-to-soft” evolution pattern during the pulse rising
phase. However, it gives an opposite trend during the pulse
decaying phase, namely, Ep rises as luminosity drops. Based
on the numerical results of instantaneous spectra presented
in Figure 12, we plot Ep evolution with respect to wind
and photosphere luminosities in Figure 16. The Lw–Ep anti-
correlation is clearly shown. Such a pattern has never been
observed in GRB pulses.

A related idea would be to attribute to the decaying phase
as due to the high-latitude curvature effect. By doing so, one
may expect to have Ep continue decaying during the decaying
phase of the pulse. Including the Ep–Lw anti-correlation during
the rising phase, this might reproduce the observed hard-to-
soft evolution pattern. In Figure 17, based on the numerical

results of the instantaneous spectra presented in Figure 15,
we plot Ep evolution with respect to wind and photosphere
luminosities. As can be seen from the figure, this model also
cannot reproduce the data. There are two problems: first, the
high-latitude curvature tail of the photosphere luminosity light
curve drops rapidly (similar to Figure 5), since the photosphere
radius is small. The predicted Ep evolution during the tail (even
though not measurable due to the rapid decay of the flux)
displays a flat feature. This is because the upper end of the
flat segment of the Fν spectrum in the high-latitude-emission-
dominated phase (which defines Ep) essentially does not decay
with time (Figure 4).

If one allows η to vary with Lw with a certain power law
dependence, the Ep-evolution pattern may be modified. From
Equation (44), one can see that if one defines η = Lm

w , one would
have Ep ∝ L

(−5+32m)/12
w . The Ep–Lw dependence would be

reversed (i.e., positive dependence) when m > 5/32 % 0.156.
From afterglow data, Liang et al. (2010); Lü et al. (2012) have
discovered a rough global Γ0 ∝ L

1/4
w correlation in different

GRBs. If such a correlation also exist within a same GRB,
as theoretically motivated in GRB central engine models (Lei
et al. 2013), then one would predict an Ep −L intensity tracking
behavior within this simple photosphere model. Such a pattern
has been observed in a fraction of GRB pulses (Lu et al. 2012).
For the hard-to-soft evolution case, on the other hand, in order to
reproduce the data, one has to demand that the index m switches

11

(Deng & Zhang, 2014, ApJ, 785, 112) 

Synchrotron contamination 
Vurm et al. 2011 

(Special) structured jet  
Lundman et al. 2012 

The Astrophysical Journal, 738:77 (13pp), 2011 September 1 Vurm, Beloborodov, & Poutanen
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Figure 5. Radiation spectrum emitted by the magnetized, collisionally heated
jet. The jet parameters are the same as in Figure 2, except for magnetization.
The solid, short-dashed, long-dashed, dotted, dot-dashed, and triple-dot-dashed
curves correspond to magnetizations εB = 0, 10−3, 0.01, 0.1, 0.5, and
2, respectively. The straight dotted line shows a power-law spectrum with
α = −1.2. The spectrum LE is multiplied by photon energy E to make the
differences between the models more visible in the figure.
(A color version of this figure is available in the online journal.)

∼15 keV in the jet frame, nonthermal Comptonization by the
e± cascade, and synchrotron emission (which extends to tens of
MeV when εB is large).

Thermal Comptonization dominates at E ! 1 MeV, near the
spectral peak. The magnetized jets have approximately the same
electron temperature Te as non-magnetized jets, and their optical
depth τT is smaller. As a result, the Kompaneets’ parameter
y = 4τTkTe/mec

2 is reduced with increasing εB. This leads to
a steeper slope of the thermally Comptonized spectrum above
the peak. Similar to the non-magnetized model, the thermally
Comptonized power law declines at E ! 2ΓkTe ∼ 20 MeV. In
models with high εB, synchrotron emission makes a comparable
or even dominant contribution at these energies. In the model
with εB = 2, synchrotron emission contributes significantly to
the spectrum up to 50 MeV.

The luminosity above 100 MeV is produced only by inverse
Compton scattering by the nonthermal particles. This luminosity
is inevitably reduced with increasing εB, as part of the energy
of injected pairs is lost to synchrotron emission at lower
energies. The nonthermal inverse Compton component becomes
weaker and harder with increasing εB, and its slope approaches
Lγ (E) ∝ E−1/2. This slope is the signature of inverse-Compton
emission with a suppressed pair cascade.

Overall, the suppression of the pair cascade by synchrotron
cooling destroys the simple power-law shape of the high-energy
spectrum. Instead, a distinct hard component (nonthermal in-
verse Compton) appears above 50–100 MeV.

5.2.2. Low-energy Emission

The low-energy end of the predicted spectrum is dominated
by synchrotron emission, even when εB is small (Figure 5).
The spectrum at energies E < 1–10 keV is affected by self-
absorption. It can be derived analytically as follows.

In the rest frame of the plasma, the angle-averaged syn-
chrotron emissivity and the absorption coefficient are given by
(see, e.g., Ghisellini & Svensson 1991)

js(ν) =
∫

js(ν, p)ne(p)dp, (12)

κs(ν) = − 1
2meν2

∫
js(ν, p) γp

d

dp

[
ne(p)
p2

]
dp. (13)

Here all quantities are measured in the plasma rest frame;
ne(p) = n+(p) + n−(p) is the distribution function of e± pairs,
and js(ν, p) is the angle-averaged synchrotron emissivity per
electron. For analytical estimates we will use the delta-function
approximation for the emissivity

4π js(ν, p) = 4
3

c σTUB p2 δ
(
ν − γ 2νB

)
, (14)

where νB = eB/2πmec is the Larmor frequency. The syn-
chrotron emission is produced by relativistic e± particles with
γ ≈ p. Then Equations (12)–(14) give

js(ν) = αf

9
hνB p ne(p), (15)

js(ν)
κs(ν)

= 2
2 + δ

meν
2
B p5, (16)

where αf = e2/h̄c = 1/137, δ = −d ln ne(p)/d ln p is the
local slope of the e± distribution function, and

p ≈ γ =
(

ν

νB

)1/2

. (17)

The distribution function ne(p) in Equation (15) can be
determined by assuming a quasi-steady flow of e± particles
in the momentum space and writing

ṗ ne(p) = ṅ
inj
± M(p), (18)

where ṅ
inj
± is the rate of particle injection at the highest

energy γ0 ≈ 300 (Equation 3) and M(p) is the multiplicity
of secondary e± pairs created with momenta above p. The
synchrotron energy losses for particles emitting in the optically
thin regime are given by

γ̇ mec
2 εB

εrad + εB
= 4

3
cσTUBp2. (19)

Using Equations (18) and (19) (with p ≈ γ ) the synchrotron
emissivity (15) becomes

js(ν) = mec
2 ṅ

inj
± εBM(γ )

8πνB(εrad + εB)γ
. (20)

Let us now evaluate the range of Lorentz factors γ > γs for
particles that emit synchrotron radiation in the optically thin
regime, as a function of radius r. The synchrotron photosphere
can be found from the approximate condition

rκs(ν)
Γ

= 1. (21)

Using Equations (16) and (20), together with the relations (3)
and (11), we find from Equation (21)

γ 6
s ∼ 3(2 + δ)εB

27π (εrad + εB)
c3

ν3
B

n
Γ
Γn

τn M(γs). (22)
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Figure 6. Simulated (colored) and numerically integrated (black)
spectra for a narrow jet observed at di↵erent viewing angles. In
this plot, �0 = 100, ✓j = 1/�0 and p = 1. Three di↵erent viewing
angles are shown, ✓v = 0 (0.000 6 ✓v 6 0.0045, red diamonds and
solid black lines), ✓v = ✓j (0.009 6 ✓v 6 0.011, green triangles and
black dashed lines) and ✓v = 2⇥ ✓j (0.019 6 ✓v 6 0.020, magenta
squares and dash-dotted lines). After viewing angle binning, the
red, green and magenta spectra contain 1002, 1758 and 1486 pho-
tons, respectively. The photon index below Epeak is ↵ = �1 for
all viewing angles, two units less than the Rayleigh-Jeans index.
For this parameter space region the numerical integration gives
an excellent fit to the simulated spectra.

ents there is a slight increase in the photon index, consistent
with the analytical expression in Eq. 26. For 1 < p < 4, the
photon index is �1 . ↵ . �0.5. Values of p lower than
unity has been considered. As p decreases below unity the
photon index below the peak energy increases. For p = 0
the outflow profile is spherically symmetric. Therefore the
observed spectrum is that of a spherically symmetric wind
(↵ ⇡ 0.4).12 For the simulated spectra, the exponential cut-
o↵ expected at energies above the peak energy becomes less
sharp for increasing values of p. We discuss this further be-
low.

The spectra from jets with large opening angles (✓j ⇡
10/�0) observed at ✓v ⌧ ✓j appear as those from spherically
symmetric winds. However, for viewing angles ✓v ⇡ ✓j the
observed photon index below the peak energy is lower. In
Figure 8 we present spectra from an outflow with the profile
�0 = 100, ✓j = 0.1 and p = 4 observed at di↵erent viewing
angles. For ✓v = ✓j, ↵ ⇡ �1 just as for narrow jets. Due
to the large Lorentz factor gradient, Epeak decreases rapidly
with increasing viewing angle. In Figure 8, Epeak(✓v = 2 ⇥

✓j)/Epeak(✓v = 0) ⇡ 10�3. As discussed above, depending
on the jet properties and detector characteristics the most
likely viewing angle may be close to the jet opening angle.

In Figure 9 we present observed spectra from jets with
di↵erent opening angles (✓j�0 = 1, 3 and 10) viewed head on.
Both ✓j�0 = 1, 3 result in low energy slopes close to ↵ = �1
independent of viewing angle, while wider jets viewed at

12 For values of p < 1, the angle separating the outer jet region

and the envelope (✓e ⇡ ✓j�
1/p
0 ) becomes larger than unity (for

✓j > �0) and the outflow consists only of the inner and outer jet
regions.

Figure 7. Simulated (colored) and numerically integrated (black)
spectra for narrow jets with di↵erent Lorentz factor gradients. In
this plot, �0 = 100, ✓j = 1/�0 and ✓v = ✓j (0.009 6 ✓v 6 0.011).
Three di↵erent values of p are shown, p = 1 (red diamonds and
solid black lines), p = 2 (green triangles and black dashed lines)
and p = 4 (magenta squares and dash-dotted lines). After viewing
angle binning, the red, green and magenta spectra contain 1758,
1900 and 891 photons, respectively. The low energy photon index
is close to ↵ ⇡ �1 for all Lorentz factor gradients considered here.
For p = 4, the high energy spectrum does not decay exponentially
due to photon di↵usion from high angles. See further discussion
in the text.

✓v = 0 results in a spherically symmetric spectral shape a
few decades below Epeak.

Increasing the maximum Lorentz factor, �0, shifts the
spectral components from the inner and outer jet up in en-
ergy while keeping their spectral shapes intact (Figure 10,
also see Eqs. 12, 13, 20 and 23). The envelope component
is una↵ected (as expected, see Eq. 27). As long as �0✓j is
constant, the spectral shapes of the inner and outer jet com-
ponents are not a↵ected by varying �0.

We reach the conclusion that the low energy spectral
index is close to ↵ ⇡ �1 for narrow jets, with ✓j 6 few/�0

and moderate Lorentz factor gradients for all viewing angles.
Similar photon indices are obtained from wider jets observed
at ✓v ⇡ ✓j.

5.1 Asymmetric photon di↵usion and
Comptonization

Preferential photon di↵usion towards the jet center is ex-
pected to occur in outflows where the bulk Lorentz factor de-
creases from the jet axis. This can be understood in terms of
average photon scattering angles. The average photon scat-
tering angle with respect to the radial direction is ⇠ 1/�
in the lab frame. Therefore a photon is more likely to scat-
ter from a region of low Lorentz factor to a region of high
Lorentz factor than the other way around. The importance
of photon di↵usion is dependent on the Lorentz factor gra-
dient, and so the spectra from jet profiles with large values
of p are expected to di↵er from the numerically integrated
spectra where we assume dṄ

�

/d⌦ is r-independent. This is
indeed observed in the simulations. The e↵ects of angular
photon di↵usion are, however, sub-dominant as compared

c
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Figure 16. Evolution of Ep (red solid line), initial wind luminosity Lw (green
dash line), and the photosphere luminosity Lph (blue solid line) for the case
“Slopes: +0.75, -2,” Γ0 = 300.
(A color version of this figure is available in the online journal.)

seconds duration (Lu et al. 2012) cannot be interpreted with this
simple photosphere model, unless an unknown contrived physi-
cal condition to switch the index m at the pulse peak is invoked.
The intensity tracking patterns as observed in some broad pulses
(Lu et al. 2012) can be accounted for this model if η ∝ Lm

w with
m > 5/32.

The results presented here suggest that the observed domi-
nant spectral component, the so-called “Band function” (Band
et al. 1993) component, is not easy to interpret by this simplest
photosphere model. The predicted low energy spectral index
α = +0.5) is too hard compared with the typical observed value
(α = −1), and the widely observed “hard-to-soft” Ep evolution
across broad pulses cannot be accounted for unless a contrived
condition is invoked. In order to naturally interpret GRB spectra
within the framework of the photosphere model, more compli-
cated factors have to be considered. One possibility is to intro-
duce energy dissipation (e.g., proton–neutron collisions, internal
shocks, or magnetic reconnections) and particle heating around
the photosphere region. Such a dissipative photosphere model
can naturally account for a high energy tail through Compton
scattering, but could not significantly modify the low-energy
spectral index from α ∼ +0.5. Vurm et al. (2011) introduced a
synchrotron emission component, which peaks below the quasi-
thermal component to make the “effective” low-energy spectral
index softer. In order to make this synchrotron + quasi-thermal
spectrum mimic a Band function as observed, the outflow mag-
netization parameter has to fall into a narrow range. Recently,
Thompson & Gill (2013) invoked a magnetically dominated,
low baryon-loading outflow, and modified the low-energy spec-
tral index through the contribution from electron-positron pairs.
Several authors pointed out the contrived conditions for the
dissipative photosphere models to produce a single-component
spectrum (Vurm et al. 2013; Asano & Mészáros 2013; Kumar &
Zhang 2013). Another possibility to soften the spectrum below
Ep is to introduce a structured jet. Lundman et al. (2013) showed
that α ∼ −1 can be reproduced given that the GRB jets have a
near-constant Lw but a structured Lorentz factor profile with an-
gle. This can enhance the high-latitude contribution (large 1/Γ
cone at high-latitudes) to raise flux in large angles. For more
general structured jets where both Lw and Γ follow a certain
angular profile (e.g., Mészáros et al. 1998; Zhang & Mészáros
2002b; Rossi et al. 2002; Zhang et al. 2004), the α value would

Figure 17. Evolution of Ep (red solid line), initial wind luminosity Lw (green
dash line), and the photosphere luminosity Lph (blue solid line) for the case
“Slope +0.75” with an abrupt shut-down and Γ0 = 300.
(A color version of this figure is available in the online journal.)

not be very different from what is calculated in this paper. In all
these models, it is unclear how the “hard-to-soft” Ep evolution
commonly observed in many GRB pulses can be accounted for.

Alternatively, the main Band-component in the GRB spectra
could arise from an optically thin region well above the
photosphere due to synchrotron radiation. Uhm & Zhang (2014)
recently showed that if the emission radius is large enough,
the fast cooling problem for synchrotron radiation is alleviated,
and α ∼ −1 can be reproduced in a moderately fast cooling
regime. The hard-to-soft Ep evolution pattern is a natural
prediction in this model, since the outflow streams from small
radii where magnetic fields are stronger to large radii where
magnetic fields are weaker. Alternatively, the Band component
may be interpreted as slow-cooling or slow-heating synchrotron
emission in internal shocks where magnetic field strengths
decays rapidly behind the shock (Pe’er & Zhang 2006; Asano
& Terasawa 2009; Zhao et al. 2014).

Recent Fermi observations revealed a quasi-thermal compo-
nent superposed on the main Band component in a growing pop-
ulation of GRBs (Ryde et al. 2010; Zhang et al. 2011; Guiriec
et al. 2011; Axelsson et al. 2012; Guiriec et al. 2013). The spec-
tral shape in our calculated photosphere emission is consistent
with what is observed, suggesting that that component is very
likely the photosphere emission from the GRB outflow (Pe’er
et al. 2012). This component is typically weaker than what is
predicted in the standard fireball-internal-shock model, so that a
certain degree of magnetization is needed for the outflow (Zhang
& Pe’er 2009). Within this picture, the non-thermal emission re-
gion in the optically thin zone could be the internal shock region
only if the magnetization parameter already falls below unity
at the internal shock radius (Daigne et al. 2011). It is possi-
ble that the outflow is still moderately magnetically dominated
in the large zone. In this case, efficient GRB emission is possi-
ble due to internal-collision-induced magnetic reconnection and
turbulence (Zhang & Yan 2011; Zhang & Zhang 2014).

We thank Xue-Feng Wu, Asaf Pe’er, Andrei M. Beloborodov,
Z. Lucas Uhm, He Gao, Wei-Hua Lei, Hou-Jun Lü, and Bin-Bin
Zhang for helpful discussions or comments, and an anonymous
referee for helpful suggestions. This work is partially supported
by NASA under grant NNX10AD48G.
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Figure 2. (Continued)

first one) showing intensity-tracking behavior. In one case, i.e.,
GRB 090131, that shows at least three high-spike pulses, it is
interesting to see that the second pulse shows a clear hard-to-
soft evolution, even though the first pulse shows a nice tracking

behavior. The general message from such a rough inspection is
that mixed Ep-evolution patterns can coexist in the same burst,
with a variety of combined patterns. We investigate Figure 2 in
detail and identify the following groups:
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Figure 2. (Continued)

1. Intensity tracking in all pulses (17/43 GRBs): 080825C,
080916C, 081009, 081222, 090323, 090424, 090804,
090820A, 090828, 090829, 090902B, 090926A, 091020,
091127, 100724B, 110123A, 110301A.

2. Hard-to-soft evolution in the first pulse followed by inten-
sity tracking (11/43 GRBs): 080916A, 081215A, 081221,
090618, 090626, 090718B, 100728A, 100814A, 100906A,
101023A, 110721A.

5

Li et al. (2012) 

(Deng & Zhang, 2014, ApJ, 785, 112) 
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Figure 1. Details of the Swift BAT light curve in the 15–350 keV band. Top panel: the BAT light curve with a

binning time of 64 ms. Inset: the BAT light curve up to 300 s, plotted on a log intensity scale, showing a fast

rise/exponential decay feature starting at t ⇠ 120 s. Bottom panel: the photon index values of a power-law model

fit to the BAT spectrum in the 15–150 keV energy range.

13

 

Fig. 2. The fitted Band function Epeak (blue) and synchrotron peak energies (red) as a function of 
time. The times are referenced from when the LLE light curve peaks 0.1 s before the trigger. A 
broken power-law fit to the red points is indicated by a dashed line (early time decay index of –
0.4 ± 0.2, with a break at 0.38 ± 0.08 s, breaking to an index of –1.17 ± 0.05 with a χ2 = 28 for 22 
degrees of freedom). We also show the Band function Epeak values for the same time intervals 
with a single fitted power law index (–0.96 ± 0.02 with a χ2 of 19 for 24 degrees of freedom).  

GRB 130427A 
Preece et al. (2014) 
Maselli et al. (2014) 



Synchrotron model 
•  Motivations: 

–  Known to power most other non-
thermal astrophysical sources 

–  Known to power GRB afterglow  
•  Difficulties 

–  Ep value and distribution 
–  “Fast cooling” problem: the 

predicted low-energy photon index 
is α=-1.5, while observations show 
a typical value of -1 (Ghisellini et al. 
2000; Kumar & McMahon 2008) 

–  Synchrotron “death line”: the low 
energy photon index cannot be 
harder than -2/3, i.e. α < -2/3 
(Preece et al. 1999) 



Synchrotron Model: 
Fast Cooling Spectrum Can Be Harder! 

(Uhm & Zhang, 2014, Nature Physics, 10, 351) 
•  B is decreasing with radius 
•  Electrons are not in steady state 
•  Electron spectrum deviates significantly from -2 below the 

injection energy LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2932
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Figure 3 | Decomposition of electron spectrum at 1 s in the observer’s frame. To see the contributions of electrons injected at di�erent epochs, the
electrons are grouped into 10 slices in injection time, each with a duration of 0.1 s. The contributions of each group to the instantaneous electron spectrum
at 1 s are marked in di�erent colours. Older groups are cooled down further towards lower energies, so from left to right, curves with di�erent colours
denote the electron energy distribution of the electron groups injected from progressively later epochs, with a 0.1 s time step. Dashed curves are the
summed total of all electrons.
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Figure 4 | A comparison of our 1 s and 3 s model spectra (solid) with the empirical Band function fits (dashed) for all four models in a narrower band pass
from 5 keV to 5MeV. The energy spectra (⌫F⌫) are presented to show clear peak energy (Ep) in the spectra. It is seen that the model spectra can mimic the
Band function spectra well. The plotted Band function parameters are the following: model [a]: ↵=�1.5, � =�2.3, E0 = 1,800 keV for both 1 s and 3 s;
model [b]: ↵=�1.22, � =�2.26, E0 =490 keV for 1 s, and ↵=�1.17, � =�2.26, E0 =220 keV for 3 s; model [c]: ↵=�1.16, � =�2.25, E0 =400 keV for 1 s,
and ↵=�1.12, � =�2.19, E0 = 160 keV for 3 s; model [d]: ↵=�1.1, � =�2.21, E0 =320 keV for 1 s, and ↵=�1.05, � =�2.09, E0 =90 keV for 3 s.

Band component23–25. Whereas the Band component is probably of
a synchrotron origin13,26,27, the quasi-thermal component is widely
interpreted as emission from the GRB photosphere28–31, the relative
strength of which with respect to the synchrotron component
depends on the composition of the GRB ejecta, and could be
dominant if the ejecta is a matter-dominated fireball. As the hardest
↵ value we get is about �0.8, an observed ↵ harder than this
value would be evidence of a dominant photosphere component28.
Second, some requirements on the parameters are needed to
account for the GRB data. The observed high-energy spectral
index � requires a relatively large, yet reasonable, value of the
electron injection index p (for example, >2.5). More importantly,
to interpret the observed ↵ distribution peaking at ↵ ⇠ �1 in
our model, one demands a relatively high �m ⇠ 105 and low
B0
0 ⇠ (10–100)G. A plausible scenario to satisfy these parameter

constraints may be magnetic dissipation models that invoke a
large dissipation radius, such as the internal collision-induced
magnetic reconnection and turbulence (ICMART) model19. Owing
to the large emission radius R&1015 cm, this model allows seconds-
duration broad pulses as fundamental radiation units, during which
particles are continuously accelerated. Owing to a moderately high
magnetization parameter � in the emission region, the minimum
injected electron Lorentz factor �m ⇠105 can be achieved, because
a small amount of electrons share a similar amount of dissipated
energy. One potential di�culty is that there is a preferred range
of B0

0 (10–100G) for ↵ to fall into the observed distribution. The
magnetization parameter

� =2.4⇥10�4
✓

�

300

◆2✓ B0

30G

◆2✓ R
1015 cm

◆2

L�1
52

is required to be in the range of 2.7⇥10�5 �2.7⇥10�3 for � =300,
R= 1015 cm and L= 1052 erg s�1, which is relatively low. Within
the ICMART scenario, the electrons probably radiate in the outflow
region of a reconnection layer, in which magnetic fields are largely
dissipated. One therefore expects a relatively low B0

0 (and hence,
low � ) as compared with the undissipated regions in the outflow.
Nonetheless, detailed studies of magnetic reconnection and particle
acceleration processes are needed to address whether the B0

0 range
demanded by the model could be achieved.

The new physics in the moderately fast-cooling regime discussed
in this paper would find applications in many other astrophysical
systems invoking jets and explosions, such as active galactic
nuclei, galactic ‘micro-quasars’ in X-ray binaries and jets from
tidal disruption of stars by supermassive black holes. Within the
GRB context, it also finds application in the afterglow phase
where electrons never enter a deep fast-cooling regime. Further
investigations of this physical process in other astrophysical
environment are called for.

Methods
Asymptotic value of ↵. The asymptotic low-energy spectral index can be derived
analytically from equation (2). Assuming a constant Lorentz factor � (which is
relevant for GRB prompt emission), one has r=c t 0� . We first solve a simpler
equation by dropping the adiabatic term, that is

d
dt 0

✓

1
�e

◆

=at 0�2b

where

a⌘ �T

6⇡mec
B0
0
2
(c� /r0)�2b
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Synchrotron Model: 
Seems to work well! 

(Uhm & Zhang, 2014, Nature Physics, 10, 351) 

•  In the BATSE or GBM band, the spectrum mimics a 
“Band” function with “correct” indices: α ~ -1, β ~ -2.2 

•  Clear hard-to-soft evolution during the rising phase and 
throughout 

NATURE PHYSICS DOI: 10.1038/NPHYS2932 LETTERS
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Figure 2 | The synchrotron emission flux-density (F⌫) spectra of electrons with energy distribution presented in Fig. 1. The full synchrotron spectrum of
each electron15 is taken into account. The observed spectra are calculated by considering the Lorentz blueshift and cosmological redshift. Whereas the
constant B0 case (model [a]) gives rise to the familiar F⌫ /⌫�1/2 spectrum, the decaying B0 cases (models [b], [c] and [d]) all give rise to a much harder
spectrum below the injection break ⌫m. For the spectra in the seconds timescale (1 s, red; 3 s, green), the low-energy spectral index is nearly flat, consistent
with the typical observed photon index �1. Lower panels show local spectral slopes as a function of observed frequency. The energy peak Ep corresponds to
the transition break towards the p/2 index. Thus, a clear hard-to-soft evolution of Ep is predicted, which is consistent with the data of most broad pulses
observed in � -ray bursts (ref. 22).

a wide range of energy distribution tend to cool down to a narrower
range of energy distribution defined by the ages of the electrons in
the group, which are very close to each other at late epochs. Above
�m, the electron energy density distribution remains unchangedwith
time, because it is always determined by the same injection rate and
cooling rate.

The cases of B0 decay show a more complicated behaviour. The
distribution of each group of electrons still shrinks as the group ages.
However, because at early epochs the magnetic field was stronger,
it had a stronger cooling e�ect so that for the same injection time
duration (0.1 s), initially it had a wider spread in energy at a given
age (which can be seen by comparing the 0.1 s electron spectrum
for models [a] and [b] in Fig. 1). The later injected electrons are
cooled in a weaker B0 field, so that their initial spread is narrower.
After the same shrinking e�ect due to cooling pile-up, the groups
injected in earlier time slices have a wider electron distribution
than the constant B0 case. Also the electron spectrum above the
injection energy, although possessing the same spectral index, has
a normalization increasing with time owing to progressively less
cooling in a progressively weaker magnetic field. These complicated
e�ects all work in the direction to harden the spectral index, as seen
in Fig. 3b,c,d. For a steeper B0-decay index (for example, b=1.2 and
b=1.5), the late-time injection occurs in an even weaker magnetic
field, so that slow cooling is possible. This results in the accumula-
tion of electrons around the minimum injection energy �m, so that
a sharper break in the electron energy distribution is achieved.

The model predicts that the low-energy spectrum below the
injection frequency ⌫m is curved, owing to the complicated
cooling e�ect as delineated in Fig. 3. Most GRB detectors have a
narrow band pass so that below the peak energy (typically a few
hundred kiloelectronvolts), there are at most 2 decades in energy.
Nonetheless, in the detector band pass, the observed spectra are
usually fitted by a Band function, with the low-energy spectral
index↵⇠�1. Inmost situations, time-resolved spectral analyses are
carried out with a time bin in seconds4. This is the typical timescale
of the slow variability component in most GRB light curves21. We
therefore focus on the 1 s and 3 s model spectra. We truncate these

spectra in a narrow band (5 keV–5MeV) and compare them to the
empirical Band function fits (Fig. 4). One can observe that most of
our model spectra are consistent with the Band function with the
correct low-energy spectral indices.

Outside the band pass, our model predicts an asymptotic
value of the low-energy electron energy spectral index of
p̃a =(6b�4)/(6b�1), which is 2/5 for b = 1. This is seen in
the numerical results of the models (lower panels in Fig. 1), and
can be derived analytically (Methods). According to the simple
relationship s=(p̃�1)/2, one gets sa =�3/(12b�2), which is�0.3
for b= 1 (or F⌫ / ⌫0.3). In reality, owing to the contribution of the
1/3 segment of the individual electron spectrum, which becomes
significant when p̃ approaches 1/3 from above, the asymptotic
photon spectrum limit is softened. In this case, s is about�0.2. This
corresponds to a photon index of �0.8, which is much harder than
the nominal value �1.5.

Besides the decay index b as discussed above, the value of low-
energy photon index ↵ also depends on several other factors: the
‘normalization’ parameter B0

0 at r0 = 1015 cm, the time history of
electron injection, and the bulk Lorentz factor � . To see how
di�erent parameters a�ect the predicted ↵ values, we have carried
out more calculations by varying these parameters (Methods).

This model predicts a hard-to-soft evolution of the peak energy
Ep during a broad pulse. This is consistent with the observational
trends of a large fraction of GRBs (ref. 22). According to Figs 1
and 2, the electron spectrum also tends to harden with time, as
does the ↵ value. This model therefore predicts that for a broad
pulse in a GRB, during the very early epochs, the ↵ value would
harden with time. If the ↵ value of a GRB is already very hard
from the very beginning, then the above-mentioned ↵ evolution
is no longer significant, even though the electron spectrum
continues to harden with time. This is because the contributions
from the 1/3 spectral segment for individual electrons become
more important.

Two caveats to apply this model to interpret GRB prompt
emission should be noted. First, observations showed that a growing
sample of GRBs have a quasi-thermal component superposed on the
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Figure 2. (Continued)

first one) showing intensity-tracking behavior. In one case, i.e.,
GRB 090131, that shows at least three high-spike pulses, it is
interesting to see that the second pulse shows a clear hard-to-
soft evolution, even though the first pulse shows a nice tracking

behavior. The general message from such a rough inspection is
that mixed Ep-evolution patterns can coexist in the same burst,
with a variety of combined patterns. We investigate Figure 2 in
detail and identify the following groups:
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Synchrotron Model: “Band” Function 
 (Uhm & Zhang, 2014, Nature Physics, 10, 351) 

•  In the BATSE or GBM band, the spectrum mimics a 
“Band” function with “correct” indices: α ~ -1, β ~ -2.2 

Requirement: Large emission radius where B is low! 



central engine 
R ~ 107 cm 
σ = σ0 >> 1 

photosphere 
R ~ 1011 - 1012 cm 
σ ≤ σ0  

early collisions 
R ~ 1013 - 1014 cm 
σ ~ 1- 100 

ICMART region 
R ~ 1015 - 1016 cm 
σini ~ 1- 100  
σend ≤ 1 

External shock 
R ~ 1017 cm 
σ ≤ 1 

GRB 

The ICMART Model 

Emission suppressed 

At most 
1/(1+σ) 
energy released 

At most 
1/(1+σ) 
energy released 

1/(1+σend) 
energy released 

(Internal Collision-induced MAgnetic Reconnection & Turbulence) 

Zhang & Yan (2011, ApJ, 726, 90) 



Emission	
  radius	
  
–  Internal shock model: R = Γ2 c δtmin 
–  Photosphere model: probably R < Γ2 c δtmin 
–  Internal Collision-induced MAgnetic Reconnection and 

Turbulence (ICMART) model: R = Γ2 c δtslow > Γ2 c 
δtmin 

Gao, Zhang & Zhang (2012) 



slow variability component  
related to central engine  

fast variability component  
related to turbulence  

Π 
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Ep 

ICMART 
predictions: 

 

Two variability 
components 

 

Evolution of  
gamma-ray linear 
polarization across 
a pulse 

 

Evolution of  Ep 
across a pulse 

Zhang & Yan (2011) 



ICMART Lightcurves 
Bo Zhang & BZ, 2014, ApJ, 782, 92 
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Figure 10. Light curve of a GRB with three ICMART episodes. The parameters
of each episode are close to those adopted in Figure 1(b).

parameters. Some examples of PDSs are presented in Figure 11.
Generally, the PDSs can be fit with a power law, with indices
generally steeper than −1.8. The averaged PDS indices for all
the cases corresponding to Figures 1, 2, and 4–9 are collected
in Table 1. Observationally, the PDS slopes are steeper in softer
bands (e.g., Swift; Guidorzi et al. 2012) than harder bands (e.g.,
BATSE; Beloborodov et al. 2000). Our simulations recover
this trend. The presented PDS values are taken from the Swift
band. It is encouraging to see that the simulated values are
generally consistent with the Swift data (Guidorzi et al. 2012).
Our simulations also show a turnover of PDSs in the high-
frequency regime with a steeper index. Such a feature is seen in
some GRBs.

From Table 1, one can see that various parameters can affect
the slope of a PDS. Generally speaking, spikier light curves
have more power in high frequencies and therefore have a
shallower PDS slope. Most PDS indices listed in Table 1 can
be understood this way. For Figure 1, it is seen that more
isotropic distributions give steeper slopes. This is because the
more isotropic cases give more mini-jets contributing to the
broad component and thus enhance the low-frequency power.

Table 1
PDS Slopes of Simulated Light Curves

Figure Slope

1(a) −1.84
1(b) −1.83
1(c) −1.78
2(a) −1.41
2(b) −1.20
2(c) −1.11
4(a) −1.16
4(b) −1.83
4(c) −2.15
4(d) −2.64
5(a) −0.93
5(b) −1.76
5(c) −3.37
6(a) −2.15
6(b) −2.36
6(c) −3.23
7(a) −1.83
7(b) −2.35
7(c) −2.61
8(a) −1.83
8(b) −2.18
9(a) −1.83
9(b) −1.71
9(c) −1.78

Similarly, as shown in Figure 4, a smaller number N gives richer
spiky features, and therefore gives a shallower PDS slope. The
R-dependence (Figure 5) can be understood as the following: a
larger R corresponds to a longer curvature decay tail, on top of
which rapid variability can be observed, so that the PDS slope
is shallower. For the size effect (Figure 6), a smaller L′ can give
rise to pulses with shorter duration and hence a more dominant
high-frequency power and shallower PDS (Figure 6). When
both R and L′ co-vary, this effect is still relevant, but somewhat
compensated by the R effect (Figure 7). Next, without a size

Figure 11. PDS of sample light curves. A φ-Gaussian distribution with typical angle 45◦ has been adopted. The parameters are: top left: Γini = 200, γini = 3, with
power-law index p = −1.73; top right: Γini = 200, γini = 8, p = −1.48; bottom left: Γini = 200, γini = 14, p = −1.31; bottom right: Γini = 200, γini = 20,
p = −1.20. Other parameters are the same as in Figure 1(a). Note that these values differ from those in Table 1, since the values in Table 1 are the averaged PDS
slopes of 10 light curves.
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Figure 1. Simulated light curves of one ICMART event with the following
parameters: R = 5 × 1015 cm, L′ = 5 × 1011 cm, Γini = 200, γini = 3,
N = 50,000, and rising time tr ∼ 1.5 s. The three panels correspond to
different φ distributions: (a) isotropic; (b) Gaussian φ-distribution with a typical
angle 45◦ with respect to the plane perpendicular to the bulk motion direction;
(c) Gaussian φ-distribution with a typical angle 30◦.

to the contributions of all the mini-jets beaming toward random
directions in the bulk motion rest frame. The rising of the broad
pulse corresponds to the exponential growth of the number of
mini-jets, while the decay is controlled by the high-latitude
effect.

Since an ICMART event corresponds to an event of destroying
the initial ordered magnetic field, the magnetic configurations
in the ICMART region, even near the end of the cascade,
should not be completely random. The initial magnetic field
configuration should be parallel to the ejecta plane (e.g., Spruit
et al. 2001; Zhang & Kobayashi 2005). This is because the
toroidal component falls with radius much slower than the
poloidal component. Such a configuration should still leave an
imprint on the φ distribution. We consider a distribution of φ
that has a Gaussian distribution with respect to the original field
line direction, i.e., φ = 90o. In Figures 1(b) and (c) we show
the Gaussian angle to be 45◦ and 30◦, respectively. One can see
that the simulated light curves have progressively less flux as
the distribution angle becomes smaller. This is because with a
smaller distribution angle, only rare mini-jets could beam toward
the observer, which have a relatively lower flux (than the larger
Gaussian angle distribution) with respect to the majority of mini-
jets that beam away from the observer and only contribute to

Figure 2. Simulated light curves of one ICMART event with the following
parameters: R = 5 × 1015 cm, Γini = 200, L′ = 5 × 1011 cm, N = 50,000,
and rising time tr ∼ 1.5 s. The φ-distribution is taken as Gaussian with typical
angle 45◦. Three panels compare different γini − Γini contrasts. (a) γini = 8;
(b) γini = 14; (c) γini = 20.

the background. The overall shape of the light curves does not
differ significantly.

3.1.2. Lorentz Factor Contrast

We next compare the effect of Lorentz factor contrast in the
ICMART region. We keep the initial value of the bulk Lorentz
factor Γ constant, i.e., Γini = 200, and vary γini. This corresponds
to different values of the initial magnetization σini. In Figure 2,
we compare three sets of simulations, with (a) γini = 8,
(b) γini = 14, and (c) γini = 20. Other parameters are the
same as those adopted to calculate Figure 1, and the Gaussian
φ-distribution model with typical angle 45◦ has been adopted.
We show that the light curves become progressively more erratic
and spikier when the γini becomes larger. This is because a
larger γini would give rise to larger D2, and thus a larger value
of the total Doppler factor D1D2. A larger γini also tends to
give a more significant evolution of the parameters (Figure 3).
Initially, a constant Γini corresponds to a constant 1/Γini cone,
so that observed numbers of mini-jets are the same in all these
cases. However, a larger γini can give rise to a larger Γ near the
end of evolution, thus a smaller 1/Γ cone. The slow component
is not as significant, so that the light curves become spikier.

In order to show the evolution of the physical parameters
during the ICMART cascade event, in Figure 3 we display the

4
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3.1.2. Lorentz Factor Contrast

We next compare the effect of Lorentz factor contrast in the
ICMART region. We keep the initial value of the bulk Lorentz
factor Γ constant, i.e., Γini = 200, and vary γini. This corresponds
to different values of the initial magnetization σini. In Figure 2,
we compare three sets of simulations, with (a) γini = 8,
(b) γini = 14, and (c) γini = 20. Other parameters are the
same as those adopted to calculate Figure 1, and the Gaussian
φ-distribution model with typical angle 45◦ has been adopted.
We show that the light curves become progressively more erratic
and spikier when the γini becomes larger. This is because a
larger γini would give rise to larger D2, and thus a larger value
of the total Doppler factor D1D2. A larger γini also tends to
give a more significant evolution of the parameters (Figure 3).
Initially, a constant Γini corresponds to a constant 1/Γini cone,
so that observed numbers of mini-jets are the same in all these
cases. However, a larger γini can give rise to a larger Γ near the
end of evolution, thus a smaller 1/Γ cone. The slow component
is not as significant, so that the light curves become spikier.

In order to show the evolution of the physical parameters
during the ICMART cascade event, in Figure 3 we display the
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Figure 4. Comparison of the cases with different reconnection events N. The parameters are the same as those in Figure 1 except N. (a) N = 104; (b) N = 5 × 104;
(c) N = 105; (d) N = 5 × 105.

Figure 5. Simulated light curves with different emission region radius R:
(a) R = 5 × 1015 cm, (b) R = 1015 cm, and (c) R = 5 × 1014 cm. The
other parameters are the same as those in Figure 1.

Figure 6. Simulated light curves with different size of reconnection region
L′: (a) L′ = 1010 cm, (b) L′ = 1011 cm, and (c) L′ = 1012 cm. The other
parameters are the same as those in Figure 1.
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Gamma-ray bursts 2265

Figure 1. Diversity of gamma-ray light curves observed by BATSE [132].

GRB were conclusively shown to be at cosmological distances following Beppo-SAX
localizations of their x-ray afterglows in 1997 [76], followed by optical host galaxy
identification and redshift determinations [484]. The afterglows decay as a power law in
time in a manner predicted by pre-existing models [313], softening in time from x-rays to
optical to radio (e.g. figure 2). The energy needed to explain the total (mainly gamma-
ray) energy fluence can be as large as 1054(!γ /4π) ergs, where $!γ is the solid angle
into which the gamma-rays are beamed. This is for the highest fluences seen in some
of the most distant bursts, although for many bursts the energy budget problem is not as
extreme. If the emission is assumed to be emitted isotropic (isotropic equivalent luminosity
or energy) this energy ranges up to a solar rest mass in gamma-rays. This would strain
a stellar origin interpretation, since from basic principles and experience it is known that,
even for the most efficient radiation conversion schemes, a dominant fraction of the energy
should escape in the form of thermal neutrinos and gravitational waves. The energy
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Thermal	
  dominated	
  case:	
  GRB	
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(Abdo	
  et	
  al.	
  2009;	
  Ryde	
  et	
  al.	
  2010;	
  Zhang	
  et	
  al.	
  2011;	
  Pe’er	
  et	
  al.	
  2012)	
  

A clear photosphere emission component identified 
Very special & rare event! 

Fig. 25. The three possible elemental spectrum components that shape the observed
time-resolved spectra of GRBs. Some components can be suppressed in some GRBs.
Adapted from Zhang et al. (2011).

has been clearly detected in GRB 090510 and GRB 090902B (Abdo et al.,
2009b; Ackermann et al., 2010; Zhang et al., 2011). Another Fermi burst GRB
090926A (Ackermann et al., 2011; Zhang et al., 2011) shows late emergence
of a high energy component with a potential high energy cutoff (Ackermann
et al., 2011), which might have the same origin as the component III. The
superposition of the first two components (I and II) have been seen in several
GRBs: 100724B (Guiriec et al., 2011), 110721A (Axelsson et al., 2012), and
120323A (Guiriec et al., 2013). In all these cases, the quasi-thermal compo-
nent is sub-dominant. A tentative correlation between the peak energies of the
thermal and non-thermal components was reported (?).

It is interesting to note that at least some low-luminosity GRBs seem to have
a somewhat different prompt emission spectrum. An intrinsic cutoff power
law spectrum is found to correctly describe the joint Swift BAT/XRT prompt
emission spectra of the low-luminosity GRB 060218 (Campana et al., 2006).
The Ep of this burst rapidly evolves with time from ∼ 80 keV to 5 keV, with an
exponential tail or very steep power law above Ep. Since GRB 060218 is special
in many aspects (e.g. nearby, low luminosity, supernova association, extremely
long duration, existence of a thermal component that might be related to
shock breakout), the prompt emission of this burst (and probably also of
other nearby low-luminosity GRBs) may have a different emission mechanism
from the most high-luminosity GRBs (e.g. Wang et al. (2007)).
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Something	
  in	
  between:	
  	
  
GRB	
  100724A	
  &	
  GRB	
  110721A	
  

(Guiriec	
  et	
  al.	
  2011;	
  Axelsson	
  et	
  al.	
  2012;	
  Iyyani	
  et	
  al.	
  2013)	
  

Mixed thermal & non-thermal components 
As expected, more common 
 
Band component has to be synchrotron 

The Astrophysical Journal Letters, 727:L33 (5pp), 2011 February 1 Guiriec et al.

Figure 2. Time-integrated spectrum of GRB 100724B fit by a Band function (top two panels) and a Band+BB function (bottom two panels). The left plots show the
count spectra for the two models, and the right plots show the corresponding deconvolved νFν spectra. The data points appear as color crosses. Dashed lines indicate
the individual spectral functions, and solid lines show the summed model fit. The addition of a BB spectral component over the brightest part of the burst (T0−1.024 s
to T0+83.969 s) shows a significant improvement in the fit compared to a Band function by itself, particularly noticeable as the removal of trends with energy in the
residuals compared to the Band-only fit. The region between 30 and 40 keV is excluded from the fit owing to calibration issues around the k-edge of the NaI detectors.
We have verified that this exclusion does not affect the recovered parameter values.

Table 1
Fit of the Time-integrated Spectrum of GRB 100724B from T0−1.024 s to T0+83.969 s

Models Standard Model Additional Model

Band BB Compt Band Gaussian PL C-stat/dof

Parameters Epeak α β kT Epeak Index E0 α β Centroid log10 FWHM Index

Band 352 −0.67 −1.99 1133/704
±6 ±0.01 ±0.01

Band+BB 615 −0.90 −2.11 38.14 1038/702
±29 ±0.02 ±0.02 ±0.87

Band+Compt 708 −0.94 −2.13 164 +0.81 1039/701
±48 ±0.02 ±0.02 ±7 ±0.20

Band+Band 716 −0.94 −2.13 60 0.76 < −5 1039/700
±48 ±0.02 ±0.02 ±7 ±0.21

Band+Gaussian 403 −0.75 −2.02 103 0.25 1060/701
±8 ±0.01 ±0.01 ±2 ±0.03

Band+PL 341 −0.63 −1.99 −1.93 1131/702
±9 ±0.05 ±0.01 ±1.59

Notes. The count spectrum using the NaI detectors 0, 1, 2, 3, 5 and BGO detector 0 is fit simultaneously with a standard Band function and with an
additional model to evaluate the shape of the spectral deviation. Band+BB is preferred over all the other combinations.

While the simultaneous fit of all the selected detectors
provides the best constraints on the two spectral components, fits
with Band+BB to combinations of individual NaI detectors with

BGO 0 result in similar parameter values and offer significant
improvement over the Band-only fit. This provides a check that
the BB component is real and not introduced by effects such
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.

c� 2013 RAS, MNRAS 000, 1–??
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r
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is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
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possibility is that the amount of adiabatic losses varies with
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is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by
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⇣
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NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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ABSTRACT
In recent years, increasing evidence has emerged for a thermal component in the g- and X-ray spectrum of

the prompt emission phase in gamma-ray bursts. The temperature and flux of the thermal component show a
characteristic break in the temporal behavior after a few seconds. We show here that measurements of the
temperature and flux of the thermal component at early times (before the break) allow the determination of the
values of two of the least restricted fireball model parameters: the size at the base of the flow and the outflow
bulk Lorentz factor. Relying on the thermal emission component only, this measurement is insensitive to the
inherent uncertainties of previous estimates of the bulk motion Lorentz factor. We give specific examples of the
use of this method: for GRB 970828 at redshift , we show that the physical size at the base of thez p 0.9578
flow is cm and the Lorentz factor of the flow is , and for GRB8 !3/2 1/4r p (2.9 " 1.8) # 10 Y G p (305 " 28)Y0 0 0

990510 at , cm and , where is the ratio8 !3/2 1/4z p 1.619 r p (1.7 " 1.7) # 10 Y G p (384 " 71)Y Y p 1Y0 0 0 0

between the total fireball energy and the energy emitted in g-rays.
Subject headings: gamma rays: bursts — gamma rays: theory — plasmas —

radiation mechanisms: nonthermal — radiation mechanisms: thermal
Online material: color figure

1. INTRODUCTION

In recent years, increasing evidence has appeared that, during
the first stages of the prompt emission of long-duration gamma-
ray bursts (GRBs), a thermal component accompanies the un-
derlying nonthermal emission (Ryde 2004, 2005; Campana et
al. 2006; see also Ghirlanda et al. 2003; Kaneko et al. 2003).5

An analysis of Burst and Transient Source Experiment (BATSE)
bursts that are dominated by quasi-thermal emission (Ryde 2004,
2005) showed that the observed temperature exhibits a similar
behavior in all of them: an initially (approximately) constant
temperature at a canonical value , which afterobT ! 100 keV0

∼1–3 s decreases as a power law in time , with power-ob !aT ∝ t
law index . The redshifts of most of these burstsa ! 0.6–1.1
are unknown. An additional analysis (F. Ryde & A. Pe’er 2007,
in preparation) shows that after a short rise, the flux of the
blackbody component of these bursts also decreases with time
as , with . We showed there that this tem-ob !bF ∝ t b ! 2.0–2.5BB

poral behavior can be explained as due to the high-latitude emis-
sion phenomenon (Fenimore et al. 1996; Granot et al. 1999; Qin
2002).

According to the standard fireball scenario, the nonthermal
photons originate from the dissipation of the fireball kinetic
energy. The dissipation mechanism (e.g., internal shocks [Pacz-
yński & Xu 1994; Rees & Mészáros 1994], magnetic recon-
nection [Giannios & Spruit 2005; Giannios 2006], or external
shocks [Mészáros & Rees 1993; Dermer & Mitman 1999]) is
yet uncertain and can in principle occur at various locations.
As opposed to this ambiguity in understanding the origin of

1 Astronomical Institute “Anton Pannekoek,” 1098SJ Amsterdam, Nether-
lands; apeer@science.uva.nl.

2 Department of Physics, Royal Institute of Technology, AlbaNova, SE-106
91 Stockholm, Sweden.

3 Department of Astronomy and Astrophysics, Department of Physics, Penn-
sylvania State University, University Park, PA 16802.

4 Institute of Astronomy, University of Cambridge, Madingley Road, Cam-
bridge CB3 0HA, UK.

5 It was claimed by Ruffini et al. (2004) and Bernardini et al. (2005) that
afterglow emission can also be explained with a thermal component.

the nonthermal component, the thermal component must orig-
inate at the photosphere. According to the high-latitude emis-
sion interpretation of the data, the highest temperature and the
maximal thermal flux initially observed are emitted from the
photosphere on the radial axis toward the observer. Thus, in
principle the radius of the emission site of these photons can
be determined.

In this Letter, we show that combined early-time measure-
ments of the observed temperature and thermal flux for bursts
with known redshift allow us to directly determine the values
of the bulk motion Lorentz factor, the physical size at the base
of the flow, and the photospheric radius. This is due to the fact
that the observed temperature and flux of the thermal com-
ponent depend on three internal parameters only: the isotropic
equivalent luminosity of the thermal component , the Lor-L BB

entz factor of the bulk motion of the flow at the photospheric
radius h, and the physical size at the base of the flow , andr0

that can be directly measured for bursts with known redshiftL BB

and measured thermal flux. In § 2, we give a short description
of the model, and implications are given in § 3. In § 4, we
summarize and compare our results with those of previous
methods of estimations of the bulk motion Lorentz factor.

2. MODEL: EXTENDED PHOTOSPHERIC EMISSION

In the classical fireball model of GRBs (Goodman 1986;
Paczyński 1986; Paczyński & Xu 1994), a thermal plasma of
electrons, positrons, and photons expands rapidly from an ini-
tial radius . Conservation of energy and entropy imply thatr0

the bulk Lorentz factor of the flow increases as , untilG(r) ∝ r
the plasma reaches the saturation radius , above whichr p hrs 0

the plasma Lorentz factor coasts with . Here2˙G p h { L/Mc
L is the isotropic equivalent burst luminosity, is the massṀ
ejection rate, and c is the speed of light (from here on we
restrict the discussion to long bursts, characterized by extended
emission of relativistic wind).

The photospheric radius is the radius above which therph

flow becomes optically thin to scattering by the baryon-related
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.

c� 2013 RAS, MNRAS 000, 1–??

6 S. Iyyani et al.

1 10
100

1000

 

 

 Γ
  Y

 -1
/4

 

Time (s)
1 10

1012

1013

 

 

 r ph
 Y

-1
/4

 (c
m

)

Time (s)

0.1 1 10
105

106

107

108

 

 

 r 0 / 
Γ

0   
(Y

 ε
B

B
)3/

2  (c
m

)

Time (s)
0.1 1 10

108

109

1010

1011

 

 

 r s Y
5/

4  ε
B

B
3/

2   (
cm

)

Time (s)
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redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �

0

, �, ✏
BB

, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r
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and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r
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being
constant. The maximal value is⇠ 108cm �
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(✏
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also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
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/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
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(Fig. 2, right panel) vary. At the time of the thermal emission
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How could r0 vary so much? 
 
With a decreasing Γ, how to 
produce internal shocks? 



Theory is correct, but theoretical 
framework is wrong! 

One should consider: 
 

A general photosphere theory with arbitrary sigma 



GRB	
  Central	
  Engine	
  
(Zhang	
  2014;	
  IJMPD)	
  

General description: a hot component and a magnetic field component 

No magnetic dissipation:  

With magnetic dissipation: 

= const 

decreasing with radius 

fireball 

Poynting-flux-dominated flow 
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Table 1: Observational criteria of rph regimes for different model.

r1 < rph < r2 rph > r2
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F
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BB
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F
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F 3
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r0 not changed, sigma is changing! 
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.

c� 2013 RAS, MNRAS 000, 1–??
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.

c� 2013 RAS, MNRAS 000, 1–??

Magnetized flow 
ICMART is operating! 



Non-detection of neutrinos by Icecube 
•  IceCube did not detect 

neutrinos from GRBs yet, 
upper limit 3 times lower than 
the most optimistic 
predictions (Waxman & 
Bahcall) 

•  What does this mean? 
–  Solar neutrino problem:  

•  Astrophysics wrong? 
•  Physics wrong? 

–  GRB neutrino problem? 
•  Astrophysics wrong? 
•  Physics wrong? 

IceCube results 



Non-detection of neutrinos by Icecube 
•  IceCube upper limit is 3 times 

lower than the most optimistic 
predictions in the internal 
shock (IS) model (Waxman & 
Bahcall) 

•  More careful studies (Li 2012; 
Hummer et al. 2012; He et al. 
2012) suggest that the IS limit 
is barely violated 

IceCube results 

He et al. 
(2012)  Talk by M. Bustamante 



Model-Dependent Neutrino Flux from GRBs 
•  A highly magnetized ejecta 

with large dissipation radius 
(ICMART) predicts a much 
lower flux 

•  Recent IceCube limit is 
another factor ~3 lower 

Zhang & Kumar, 2013, PRL, 110, 121101 



Polariza7on	
  data	
  
•  Three	
  bright	
  GRBs	
  with	
  

polariza7on	
  detec7ons	
  in	
  
gamma-­‐rays:	
  GRB	
  
100826A:	
  27%±11%	
  
(Yonetoku	
  et	
  al.	
  2011)	
  

•  Early	
  op7cal	
  emission	
  has	
  
“residual”	
  ~10%	
  
polariza7on	
  from	
  reverse	
  
shock	
  (Steele	
  et	
  al.	
  2009;	
  Uehara	
  
et	
  al.	
  2012)	
  

•  Consistent	
  with	
  
dissipa7on	
  of	
  large	
  scale	
  
magne7c	
  field	
   Yonetoku et al. (2011) 



Origin of the third component? 

Fig. 25. The three possible elemental spectrum components that shape the observed
time-resolved spectra of GRBs. Some components can be suppressed in some GRBs.
Adapted from Zhang et al. (2011).

has been clearly detected in GRB 090510 and GRB 090902B (Abdo et al.,
2009b; Ackermann et al., 2010; Zhang et al., 2011). Another Fermi burst GRB
090926A (Ackermann et al., 2011; Zhang et al., 2011) shows late emergence
of a high energy component with a potential high energy cutoff (Ackermann
et al., 2011), which might have the same origin as the component III. The
superposition of the first two components (I and II) have been seen in several
GRBs: 100724B (Guiriec et al., 2011), 110721A (Axelsson et al., 2012), and
120323A (Guiriec et al., 2013). In all these cases, the quasi-thermal compo-
nent is sub-dominant. A tentative correlation between the peak energies of the
thermal and non-thermal components was reported (?).

It is interesting to note that at least some low-luminosity GRBs seem to have
a somewhat different prompt emission spectrum. An intrinsic cutoff power
law spectrum is found to correctly describe the joint Swift BAT/XRT prompt
emission spectra of the low-luminosity GRB 060218 (Campana et al., 2006).
The Ep of this burst rapidly evolves with time from ∼ 80 keV to 5 keV, with an
exponential tail or very steep power law above Ep. Since GRB 060218 is special
in many aspects (e.g. nearby, low luminosity, supernova association, extremely
long duration, existence of a thermal component that might be related to
shock breakout), the prompt emission of this burst (and probably also of
other nearby low-luminosity GRBs) may have a different emission mechanism
from the most high-luminosity GRBs (e.g. Wang et al. (2007)).

74

I don’t know, but inverse Compton of  some sort. 

Thermal and non-thermal emission in GRBs 477

Figure 3. The dependence of the non-thermal flux on the power-law index of the accelerated electrons. On top of the Fermi data, shown are the numerical
results for p = 2.0 (solid, blue), p = 2.2 (dashed, green) and p = 2.5 (dot–dashed, red). Dissipation radius rγ = 1016 cm, εe = 0.5, εB = 0.33 and all other
parameter values same as in Fig. 1 are chosen. The high-energy spectrum is nearly insensitive to the exact value of p in the range considered, 2.0–2.5. However,
the low-energy part (below the thermal peak) may provide indication for 2.0 ≤ p ≤ 2.2.

spectrum (νFν ∝ ν0) resulting from synchrotron emission from
electrons in the fast cooling regime. We further added a scenario
in which εe is three times smaller (εe = 0.17, dashed green line),
which demonstrates the linear dependence of the non-thermal flux
on the value of εe. We point out that although a power-law index p =
2.0 was chosen, the combined effects of flat (νFν ∝ ν0) synchrotron
spectrum and rising (νFν ∝ ν1/2) Comptonization spectrum lead to a
slight increase in the high-energy spectral slope, which is consistent
with the slope seen with Fermi.

We further note that the fit to the Wien part of the thermal com-
ponent falls slightly below the ±1σ error bars of the data (the
shaded, yellow areas in the figures). This discrepancy can be eas-
ily understood as due to smearing of the data: the data presented
in the figures is averaged over several seconds, during which the
properties of the outflow (such as the Lorentz factor) slightly vary,
while in the numerical fit we assume steady values of the physical
parameters. Variation in the parameters values inevitably lead to
smearing of the signal, which is translated to a high-energy decay
which is somewhat shallower than the exponential cut-off of the
thermal spectrum considered by the fits. Indeed, detailed analyses
of time resolved spectra done by Ryde et al. (2010) and Zhang et al.
(2011) show that as the time interval considered becomes shorter,
the exponential decay above the thermal peak becomes more and
more pronounced, hence the (multicolour) blackbody function used

in fitting the peak becomes better the shorter the time bin is. None
the less, as explained above, we chose here to fit the data in the en-
tire time interval (c), since reducing the time interval results in poor
quality of the high-energy part of the data (the non-thermal part).
We therefore find it appropriate to use the fits presented, as they
serve the main goal of this paper: to demonstrate that the physically
motivated, hybrid (thermal+non-thermal) model provides accept-
able fits, which, moreover, enable a good estimate of the physical
conditions at both emission sites.

In Fig. 2, we consider different dissipation radii: rγ = 1017 cm
(solid, blue), 1016 cm (dashed, green), 1015.5 cm (dot–dashed, red)
and 1015 cm (dotted, purple). As the numerical code considers the
full cross-section for pair production, the numerical results are
more accurate than the analytical approximations presented in Sec-
tion 2.3, and can be used to validate them. The results presented
in Fig. 2 indeed confirm the main conclusion obtained analytically,
that is that the observation of the 11.16- GeV photon necessitates
the dissipation radius to be above 1015.5 cm.

At larger radii, the high-energy non-thermal part of the spectrum
is not very sensitive to the exact dissipation radius. As shown in
Fig. 2, for dissipation radii rγ ≥ 1015.5 cm it is possible to obtain
numerical results which are within ±1σ errors of the empirical
‘Band’ fit. In order to achieve this, high value of εB and a slight
tuning of the value of εe is required. Thus, for rγ = 1016 cm, a value

C© 2011 The Authors, MNRAS 420, 468–482
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Pe’er et al. (2012) 



Conclusions 
•  GRB composition may be diverse. At least some (even 

most) GRBs are highly magnetized,  
•  Magnetic dissipation may be an important energy 

dissipation mechanism to power GRB prompt emission 
•  GRB spectra likely include contributions from multiple 

components: 
–  A Band component likely of a synchrotron origin in the optically 

thin region (ICMART / internal shock region) 
–  A quasi-thermal component likely of a photosphere origin 
–  A mysterious high energy component 


