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GRB Prompt Emission: What do we interpret? 

•  Light Curve 
•  Spectrum 
•  Polarization 
•  Other constraints 

–  Spectral parameter distributions 
–  Ep evolution patterns 
–  Correlations 
–  Prompt high energy emission 
–  Prompt low energy emission 
–  connection to afterglow 
–  Neutrino flux 
–  …… 

Briggs et al. 1999 

Fishman & Meagan 1996 



More on light curves 
•  Erratic, sometimes smooth 
•  Fast rise exponential decay 
•  Spectral lag 
•  Fast vs. slow components 
•  …… 

Gao, Zhang & Zhang (2012, ApJ, 748, 134) 

Abdo et al.  
2009 



More on spectra 
•  Phenomenologically dominated by “Band” 

–  α ~ -1, β ~ -2.2 
•  Existence of (probably) two more components 

–  Quasi-thermal 
–  High energy component 

080916C (Abdo et al. 2009) 090902B (Ryde et al. 2010) 110721A (Axelsson et al. 2012) 



More on spectra 
•  Difference between 080916C and 

090902B 
–  080916C: α ~ -1, spectrum does not 

narrow when time bin gets smaller 
–  090902B: α ~ 0 to -0.5, spectrum does 

narrow when time bin gets smaller 
•  Bursts with superposed components: 

100724B, 110721A, 120323A …, 
suggesting that “Band” and “thermal” 
are different components 

•  A three-component spectrum 

B.-B. Zhang et al. (2011) 

GRB 080916C vs. GRB 090902B 

Axelsson et al. (2012) 



Spectral Evolution 
•  Two patterns of Ep-evolution 

–  Hard-to-soft evolution 
–  Intensity tracking 

•  In correlation with the broad variability component, 
not the rapid variability component 
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Figure 2. Left: light curves (connected lines) presented along with the Ep evolution (circles with error bars) of the long GRBs in our sample. Right: time-resolved Ep
as a function of flux, along with the best-fit line for the Ep−F correlation for the long GRBs in our sample.
(A color version of this figure is available in the online journal.)
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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.
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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)

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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Rγ  ~ Γ2c Δtbroad ~ 1015 cm >> Γ2c Δtmin ~ 1013 cm    



Polarization 
•  Four bright GRBs with 

polarization detections 
in gamma-rays: GRB 
100826A: 27%±11% 
(Yonetoku et al. 2011) 

•  Early optical emission 
has “residual” ~10% 
polarization from 
reverse shock (Steele et al. 
2009; but see Uehara et al. 
2012) 

Yonetoku et al. (2011) 



Emission in other wavelengths 
•  Indirect way to constrain Rγ (if from the 

same emission region) 
•  Three independent constraints on Rγ 

–  The duration of the X-ray steep decay phase if 
due to high-latitude emission 

–  The condition that the prompt optical emission is 
not self-absorbed  

–  The condition that the GeV photons are not 
attenuated 



Fig. 2.—Left-hand panels show the combined BAT+XRT unabsorbed 0.3–10 keV flux light curves plotted out to 105 s. Right-hand panels show the spectra relative
to the power law derived from fitting the BAT data. These plots were constructed as described in the text. [See the electronic edition of the Journal for a color version of
this figure.]
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single (!1) decay index given in Table 3. The mean value of the
X-ray spectral index is not different between those GRBs with
or without a rapid decay phase.

Around half of the GRBs appear to show late (t > T90) X-ray
flares. These include GRBs 050406, 050502B, 050607, 050713A,

050714B, 050716, 050724, 050801, 050813, 050820A, 050822,
050904, 050908, 050916, and 050922B. A few others (e.g.,
GRBs 050219A, 050319, 050802, and 050915A) may have
flares at the start of the XRT observation. Most of these flares
contain the equivalent of 10% or less of the prompt fluence, but
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 If  the steep-decay phase of  the 
X-ray tail is defined by the high-
latitude emission, one has: 

  

GRB 

tail 
θj 

R 

Rθj
2/2 O’Brien 

et al. 
(2006) Require large emission radius! 

X-rays 

Zhang et al. (2006); Lyutikov (2006); Kumar et al. (2007); Hascoet et al. 2012) 



Optical 

Vestrand et al. 2006a,b 

 “Tracking” optical band detection 
constraints the self-absorption 
frequency and, hence, the emission 
radius. Most optical emission is 
consistent with extension of  gamma-
rays to optical (Naked eye GRB 
special) 

GRB 050820A 

Rγ,opt > several 1014 cm 

Shen & Zhang (08): 



GeV 
 Pair cutoff  feature 
depends on both bulk 
Lorentz factor (Baring & 
Harding 1997; Lithwick 
& Sari 2001) and the 
unknown emission radius 
(Gupta & Zhang 2008).  

 
 When Γ is independently 
measured, the pair cutoff  
(or its non-existence) can 
be used to constrain R GRB 080916C, Zhang & Pe’er (2009) 



What do we know & not know about 
GRB prompt emission 

•  We are confident about: 
–  Non-thermal, not thermalized, need energy 

dissipation and particle acceleration, emission site 
must be at or above photosphere 

–  “Internal” for most GRBs, emission site should be 
below deceleration radius 

•  We are not sure about: 
–  Jet composition 
–  Energy dissipation mechanism 
–  Particle acceleration mechanism 
–  Radiation mechanism 



Radiation mechanisms 
•  Synchrotron radiation 

–  Fast cooling, Ep defined by injection energy 
•  Quasi-thermal with a Comptonized tail 

–  Ep defined by photosphere temperature 
•  Synchrotron self-Compton  

–  Ep is defined by the SSC, the synchrotron peak is in 
optical 

–  Problems: energy budget, Ep distribution, variability…  
•  Hadronic cascade 

–  Ep defined by complicated cascade effect 
–  Problems: energy budget, neutrino flux constraints… 



Physical models 
•  Traditional fireball model 

–  Non-thermal emission from internal shocks 
–  Quasi-thermal emission from a baryonic phosphere 

•  Dissipative photosphere model 
–  The entire spectrum is re-processed quasi-thermal 

emission at the photosphere 
–  Dissipation can be either baryonic (p-n collisions or 

internal shocks) or magnetic (reconnection) 
•  Large-radius magnetic dissipation model (e.g. 

ICMART model) 
–  Suppressed photosphere emission 
–  Bulk of emission comes from large radii due to 

magnetic dissipation 



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)? 



Photosphere model 
(model to interpret the entire GRB spectrum with photosphere emission) 

•  Usually bright, should be there. 
•  Temperature defines Ep, falls into 

the observed range 
•  Narrow Ep, narrow Ep distribution 
•  Good to interpret various 

correlations 
•  Should have contribution to the 

observed spectrum. 

•  But can photosphere interprets 
everything?   

 

Thompson; Meszaros & Rees; Pe’er et 
al.,Ryde, Beloborodov, Giannios, Lazzati et 
al.; Ioka; Toma et al.; Fan et al.; Mizuta & 
Nagataki; Lundman et al. 

Meszaros & Rees (2000) 

Pe’er, Meszaros & Rees (2006) 



Photosphere model: Issues 
•  Spectral shape 

–  Low frequency spectral index: 
how to produce α ~ -1? 

•  Usually too hard α ~ +0.4 
•  -1 may be achieved in a structured jet 

with special structure (Lundman et al. 2013) 
–  High energy emission needs an 

extra component  

•  Maximum Ep (“death line”) 
–  Ep defined by temperature for 

original photosphere model 
–  Temperature cannot exceed a 

certain value give a luminosity 
–  GRB 110721A was beyond the 

death line early on: the “Band” 
component should be non-thermal 
(synchrotron) emission in the 
optically thin region (Zhang et al. 2012; 
Veres et al. 2012) 

? 

? 

α ~ -1 

α ~ (+0.4  - +1) 

Zhang et al. (2012) 



Photosphere model: Issues 
•  Ep evolution 

–  How to interpret hard-to-soft 
evolution during the pulse rising 
phase (Ep initially outside death 
line)? 

•  X-ray tail emission 
–  Cannot be high-latitude emission 

•  Contrived condition for dissipation 
(Asano & Meszaros 13; Vurm et al. 13; Kumar & Zhang 13) 

•  Polarization 
–  Usually un-polarized 
–  Polarized emission may be 

obtained from the synchrotron 
component of photosphere 
emission (Vurm et al. 2011), but how to 
maintain an ordered B-field in a 
dissipative photosphere? 

–  Polarized emission can be 
obtained in a special structured jet 
at large viewing angle (Lundman et al. 
2012) 
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Figure 2. Left: light curves (connected lines) presented along with the Ep evolution (circles with error bars) of the long GRBs in our sample. Right: time-resolved Ep
as a function of flux, along with the best-fit line for the Ep−F correlation for the long GRBs in our sample.
(A color version of this figure is available in the online journal.)
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Fig. 16.— The evolution of Epeak (Red solid line), initial wind
luminosity Lw (green dash line), radius correspond to (τ = 1) rph

(Black solid line) and the photosphere Luminosity Lph (blue solid
line) for case “Slope: +0.75, -2”, Γ0 = 300.

Fig. 17.— The time integral spectrum for case “Slope: +0.75,
-2” with Γ0 = 300. We give four time interval: 0.3-0.7s(red
solid line), 2.2-2.6s(green solid line), 3.8-4.2s(blue solid line) 9.8-
10.2s(magenta solid line). We also draw two reference lines to show
spectrum index 1.5(red dashed line) and 2(black dashed line).

with finite outer boundary. At the same time we study
the superposition effect from all the emission region and
introduce different initial wind luminosity profile to get
more reasonable spectrum and Epeak result. On the other
hand, we simplify our model with η(t̂) = Γ(t̂) = Γ0 =
constant and uniform outflow. From our result, we find:
1. If we assume the decay of prompt emission
light curve is due to the high latitude emission
of the photosphere, we should expect a very fast
exponential dropping of several orders at begin-
ning of decay. Since this is not observed in most
of GRBs, it gives us an open consideration. if
we still use the photosphere model to interpret
it, we need to introduce that the wind luminosity
of the central engine emission has an intrinsic de-
cay slope around t−2 after reaching peak luminos-

Fig. 18.— The time instant spectrum for “only power law in-
creasing wind luminosity” case with increase slope +0.75. The
duration is 2.4s before shutting down. The color dashed lines show
the time instant spectrum for Γ0 = 150 case, and the color solid
lines show the time instant spectrum for Γ0 = 300 case. The two
black lines are reference lines to show spectrum index 1.5(black
dash-dotted line) and 2(black dotted line).

Fig. 19.— The evolution of Epeak (Red solid line), initial wind
luminosity Lw (green dash line), radius correspond to (τ = 1)
rph (Black solid line) and the photosphere Luminosity Lph (blue
solid line) for ’only power law increasing wind luminosity’ case with
increase slope +0.75 and Γ0 = 300.

ity. If it is correct, it is an important constraint
for the property of central engine. From another
point of view, if we consider the central engine
should have some variability for decay slope dur-
ing the decay phase, It is a big challenge for pho-
tosphere model to interpret the observation’s uni-
versal decay slope. 2. During the increasing time in-
terval of initial wind luminosity, The spectrum index be-
low Epeak can only be modified to be around Fν ∼ ν1.5.
3. During the decreasing time interval of initial wind lu-
minosity, The spectrum index below Epeak can become
even shallower depending on the decreasing slope of lumi-
nosity. 4. For constant Lorentz factor assumption, Epeak
evolution is anti-correlated with the luminosity profile.
However, the behavior is not always like this. In some
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solid line), 2.2-2.6s(green solid line), 3.8-4.2s(blue solid line) 9.8-
10.2s(magenta solid line). We also draw two reference lines to show
spectrum index 1.5(red dashed line) and 2(black dashed line).

with finite outer boundary. At the same time we study
the superposition effect from all the emission region and
introduce different initial wind luminosity profile to get
more reasonable spectrum and Epeak result. On the other
hand, we simplify our model with η(t̂) = Γ(t̂) = Γ0 =
constant and uniform outflow. From our result, we find:
1. If we assume the decay of prompt emission
light curve is due to the high latitude emission
of the photosphere, we should expect a very fast
exponential dropping of several orders at begin-
ning of decay. Since this is not observed in most
of GRBs, it gives us an open consideration. if
we still use the photosphere model to interpret
it, we need to introduce that the wind luminosity
of the central engine emission has an intrinsic de-
cay slope around t−2 after reaching peak luminos-

Fig. 18.— The time instant spectrum for “only power law in-
creasing wind luminosity” case with increase slope +0.75. The
duration is 2.4s before shutting down. The color dashed lines show
the time instant spectrum for Γ0 = 150 case, and the color solid
lines show the time instant spectrum for Γ0 = 300 case. The two
black lines are reference lines to show spectrum index 1.5(black
dash-dotted line) and 2(black dotted line).

Fig. 19.— The evolution of Epeak (Red solid line), initial wind
luminosity Lw (green dash line), radius correspond to (τ = 1)
rph (Black solid line) and the photosphere Luminosity Lph (blue
solid line) for ’only power law increasing wind luminosity’ case with
increase slope +0.75 and Γ0 = 300.

ity. If it is correct, it is an important constraint
for the property of central engine. From another
point of view, if we consider the central engine
should have some variability for decay slope dur-
ing the decay phase, It is a big challenge for pho-
tosphere model to interpret the observation’s uni-
versal decay slope. 2. During the increasing time in-
terval of initial wind luminosity, The spectrum index be-
low Epeak can only be modified to be around Fν ∼ ν1.5.
3. During the decreasing time interval of initial wind lu-
minosity, The spectrum index below Epeak can become
even shallower depending on the decreasing slope of lumi-
nosity. 4. For constant Lorentz factor assumption, Epeak
evolution is anti-correlated with the luminosity profile.
However, the behavior is not always like this. In some

Deng & Zhang (2013) 

photosphere 5

where t̂ denotes the central-engine time since the injec-
tion of the very first layer of the wind.

In order to calculate the emission from the whole wind,
we dissect the wind into many thin layers, with each layer
denoted by its injection time t̂. Repeating the excise
discussed in §3.1, we can write the contribution of specific
flux at the observer time t for a layer ejected at the time
t̂ (for t̂ < t)

F̂ν(ν, t, t̂)=
Ṅ0(t̂)

4πd2
L

∫ ∫

P (r, θ)P (ν, T )hν

× δ

(

t − t̂ −
ru

βc

)

dudr. (17)

The δ-function here takes into account the retardation ef-
fect for different layers ejected at different injection time
t̂. The total observed instantaneous specific flux at t can
be obtained by integrating F̂ν over all the layers, i.e.

Fν(ν, t) =

∫ t

0
F̂ν(ν, t, t̂)dt̂. (18)

We study two situations in the following. The
first one is that we assume the central engine con-
tinually output the outflow with constant lumi-
nosity all the time during the observation time
(Fig.4). Another case is that the central engine
shuts down after certain duration time (Fig.5 and
Fig.6). The parameters are the same as the one
adopted in §3.1.

Fig. 4.— The time instant spectrum for continuous wind with-
out central engine shutting down. Different colors correspond to
different observer time. The two dotted lines are the reference lines
to show the spectrum index.

Figure 4 presents the observed instantaneous photo-
sphere spectra of a continuous wind with a constant lu-
minosity and Lorentz factor.

From Fig.4, one can see several interesting features.
The instantaneous spectrum is initially (t = 10−4 s)
blackbody-like with Fν ∝ ν2 below the peak (Rayleigh-
Jeans regime). Soon after, the spectrum below the peak
starts to flatten, and a new segment with Fν ∝ ν1.5 starts
to merge below the peak. The reason for this softening
can be understood from the results presented in Fig.3,
which delineates the time evolution of instantaneous

Fig. 5.— The time instant spectrum for continuous wind with
central engine shutting down at different duration time. Differ-
ent color groups correspond to different duration time: 0.1s(red
group lines), 1s(green group lines) and 10s(blue group lines). In
each group, there are four instantaneous spectrum with different
observation time: solid line(just at the end of duration), dashed
line(one order after duration), dotted line(two orders after dura-
tion) and dash-dotted line(three orders after duration). The two
dotted lines are the reference lines to show the spectrum index.

Fig. 6.— Light curve evolution for different duration of central
engine. Different colors corresponding to different duration time.
There is a exponential decay phase at beginning and then followed
by a constant decay slope as t−2.

spectra of each layer. An old layer is high-latitude dom-
inated, so that a more extended plateau with F̂ν ∝ ν0

spectral segment shows up. A relatively newer layer has
a shorter plateau, and the newest layer has no plateau.
The superposition of emission from all these layers give
rise to relatively softer spectral segment. The spectral
index of this new segment (Fν ∝ ν1.5) is consis-
tent with the result of Beloborodov (2010), who
obtained the same spectral index using a different
method. Notice that in Fig.4 the absolute flux increases
with time. This is because at early epochs, the outmost
layer only reaches a certain r above which no photons are
released. Given the probability function defined in Eq.3
or Eq.5, a good fraction of photons do not contribute to



Let photosphere only contribute to part 
of spectrum we observe 

or 

110721A and others 



Let photosphere only contribute to part 
of spectrum we observe 

090902B, Pe’er et al. (2012) 



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 
Emission suppressed 

At most 
1/(1+σ) 
energy released 

At most 
1/(1+σ) 
energy released 

1/(1+σend) 
energy released 

Let photosphere only contribute to part 
of spectrum we observe 

Zhang & Pe’er (2009) 



Synchrotron to account for 
“Band” component 

•  Motivations: 
–  Most common non-thermal mechanism 

(Meszaros et al. 1994; Daigne & Mochkovitch 1998; Wang 
et al. 2009; Zhang & Yan 2011; Daigne et al. 2011) 

–  Known to power most other non-
thermal astrophysical sources 

–  Known to power GRB afterglow  
•  Difficulties 

–  Ep value and distribution 
–  Broader than “Band”? (Beloborodov; 

Burgess et al.) 
–  “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) 



Recent progress:  
Fast cooling synchrotron radiation  

can have a harder spectrum than -1.5! 
(Uhm & Zhang, 2013, arXiv:1303.2704) 

•  B is decreasing with radius 
•  Electrons are not in steady state 
•  Electron spectrum deviates significantly from -2 below the 

injection energy 
•  In the BATSE or GBM band, the spectrum mimics a 

“Band” function with “correct” indices: α ~ -1, β ~ -2.2 

Z. Lucas Uhm’s poster 



(Moderately) fast cooling synchrotron 
radiation as origin of the “Band” component  

(Uhm & Zhang, 2013, arXiv:1303.2704) 
•  Requirement: electrons 

continuously being 
accelerated all the way to 
1015 cm 

•  The “Broad” variability 
component is one radiation 
unit 

•  Naturally interpret hard to 
soft evolution 

The Astrophysical Journal, 756:112 (13pp), 2012 September 10 Lu et al.
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Figure 2. Left: light curves (connected lines) presented along with the Ep evolution (circles with error bars) of the long GRBs in our sample. Right: time-resolved Ep
as a function of flux, along with the best-fit line for the Ep−F correlation for the long GRBs in our sample.
(A color version of this figure is available in the online journal.)
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Shocks vs. Reconnection 
•  Both are possible, both can accelerate high 

energy particles 
•  Internal shocks: 

–  Naturally expected for a non-steady central engine 
–  Relatively low efficiency 
–  Particle acceleration suppressed in moderately 

strong magnetic fields 
•  Magnetic dissipation (reconnection):  

–  Naturally expected in a jet launched from a 
magnetized central engine (very likely) 

–  Can have high efficiency 
–  Can be spontaneous (in a striped wind B geometry, 

Mckinney & Uzdensky) or be forced via collision (in a 
helical B geometry, Zhang & Yan) 



How to account for slow and fast 
light curve components? 

Internal shocks 
(Kobayashi et al. 1997) 

Real data 

Relativistic turbulence 
(Narayan & Kumar 2009, 
Lazar et al. 2009) 



Improved internal shock model 

Hascoet et al. (2012) 

Real data 

R. Hascoët et al.: The XRT early steep decay and prompt GRB models

Fig. 1. Early steep decay from high latitude emission in the internal shock framework. Two examples of synthetic GRBs with a smooth (dashed
line) or a highly variable (solid line) light curve. Top left: initial distribution of the Lorentz factor in the flow as a function of injection time tinj
(a short timescale (0.5 s) fluctuation of the Lorentz factor is added to produce the variable burst). In the two cases, the injected kinetic power is
constant. Top right: shock radius (smooth light curve case: thick line; variable light curve case: thin line) as a function of observer time, showing
that the maximum values reached by the emission radius, i.e. Rγ, are comparable in the two cases. Bottom: bolometric light curve on either a linear
(left panel) or logarithmic (right panel) scale. The high latitude contribution is very similar for both the smooth and variable light curves.

However, a detailed calculation (e.g. Pe’er 2008; Beloborodov
2011) shows that the characteristic initial decay timescale re-
mains τHLE ! Rγ/2Γ2c, where Rγ is now the photospheric
radius Rph for on-axis photons. In the case of a “classical”
non dissipative photosphere, Rph is given by (e.g. Piran 1999;
Daigne & Mochkovitch 2002)

Rph ! 6 × 1012 (Ėiso/1052 erg s−1) (Γ/100)−3 cm, (7)

where Ėiso is the isotropic equivalent kinetic power in the
outflow, leading to

τHLE ! 10−2 (Ėiso/1052 erg s−1) (Γ/100)−5 s. (8)

For standard values of the parameters τHLE $ tburst, so that the
early steep decay cannot be explained by high latitude emission.
Reducing the Lorentz factor at the photosphere to Γ <∼ 20 can
increase Rph to an acceptable value but one is then confronted
with a drop in the photospheric luminosity even before the high
latitude emission sets in (since Lph ∝ Γ8/3, e.g. Mészáros & Rees
2000; Daigne & Mochkovitch 2002). The same conclusion holds
(as Rph remains very close to the value given by Eq. (7)) in mod-
els where a dissipative process is invoked at the photosphere to
transform the seed thermal spectrum into a non-thermal band
spectrum (see e.g. Rees & Mészáros 2005; Beloborodov 2010).

In photospheric models, the early steep decay must therefore
be directly produced by a declining activity of the central engine.
This implies that a physical mechanism, common to most GRBs,
governs the late activity in a generic way, in contrast to the di-
versity of the prompt gamma-ray light curves, which also reflect
the activity of the central engine.

3.3. Magnetic reconnection

Gamma-ray burst models where the prompt emission comes
from magnetic reconnection are still at an early stage of devel-
opment and do not offer the same level of prediction as the two
other families of models discussed above.

In a first situation investigated by Drenkhahn (2002),
Drenkhahn & Spruit (2002), and Giannios (2008), the prompt
emission is produced by a gradual reconnection process that be-
gins below the photosphere and extends above. The dissipation
process typically ends at a radius R ! 1013 cm, which remains
too small for the high latitude scenario. In the model proposed by
McKinney & Uzdensky (2012), reconnection remains inefficient
below the photosphere before it enters a rapid collisionless mode
at Rdiss ∼ 1013−1014 cm and catastrophically dissipates the mag-
netic energy of the jet. This radius range becomes compatible
with the high latitude scenario for GRBs of duration tburst ! 1 s
but is still too small for most long GRBs. However, there are re-
maining theoretical uncertainties about the dissipation rate, and
future calculations may predict a larger radius for the end of the
reconnection process.

A full electromagnetic model was proposed by Lyutikov &
Blandford (2003) where the energy is dissipated at large radii
(>∼1016 cm) when the interaction of an electromagnetic bub-
ble with the shocked external medium becomes significant and
current instabilities develop at the contact discontinuity. In this
model, the gamma-ray variability is generated by the emission
of “fundamental emitters” that are driven (by the dissipative pro-
cess) into relativistic motion with random directions (some kind
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Many fundamental emitters (mini-jets) due to turbulent reconnection 
Distribution of  the size of  the fundamental emitters 
Rest-frame same emissivity for each mini-jet 
Different mini-jets have same Lorentz factor, but different orientations (different Doppler factors) 
Number of  mini-jets exponentially increases with time  
Observed emission is superposition of  all the mini-jets 
ICMART end when most magnetic energy dissipated (decay dominated by high latitude effect) 
 

Γ 

ϒ 

Prescriptions: 

cf. Lyutikov 03 
Narayan & Kumar 09 
Lazar et al. 09 

Slow and fast light curve 
components: ICMART 



ICMART Lightcurves 
Bo Zhang & BZ 



ICMART Lightcurves 
Bo Zhang & BZ 

Slow (central engine) vs. fast (turbulent reconnection) components 



PeV neutrinos 
•  Guaranteed neutrino component: 

photon component: ~MeV photons 
observed from GRBs 

•  If cosmic rays are accelerated in GRB 
sources, neutrinos must be there! 

•  Neutrino flux depends on proton flux 
and pγ optical depth 
– Proton flux depends on Lp (normalized to 

Lγ) 
– Optical depth depends on Lγ, Γ and R 

(Waxman & Bahcall, Razzaque, Meszaros, Murase & Nagataki, many others) 



Big Picture: GRB jet composition 
•  GRB jets may have 

diverse compositions:  
–  Photosphere dominated 

(GRB 090902B) (Ryde et 
al. 2010; Zhang et al. 2011)  

–  Intermediate bursts 
(weak but not fully 
suppressed 
photosphere, GRB 
100724B, 110721A) 
(Guiriec et al. Axelsson et al.) 

–  Photosphere 
suppressed, Poynting 
flux dominated (GRB 
080916C)(Zhang & Pe’er 
2009) 

GRB 090902B 

GRB 110721A 

GRB 080916C 



γ spectrum 

p spectrum ν energy spectrum 

-αγ 

-βγ 

ν spectrum 

-αν 

-βν 

-γν 

-p 



Model-dependent PeV neutrino flux 
•  Different models may have different  

fγ/p =Lγ / Lp 
•  Given the same observed Lγ and Γ, 

different models invoke different R 
–  Internal shock model: R = Γ2 c δtmin 
– Photosphere model: probably R < Γ2 c δtmin 
–  ICMART model: R = Γ2 c δtslow > Γ2 c δtmin 



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) 

•  More careful studies suggest 
that the internal shock model 
just barely violates the upper 
limit (Li 2012; Hummer et al. 
2012; He et al. 2012) 

IceCube results 

He et al. 
(2012)  



Non-detection of neutrinos by Icecube 
•  In internal shock model, flux is 

sensitive to Lorentz factor: Γ-4. 
“Benchmark” value Γ = 300 

•  Observations show E (L) correlates 
with Γ. For low E, L bursts, neutrino 
flux is enhanced 

•  Consider such a correlation, 
internal shock model just barely 
violates the upper limit (He et al. 
2012) 

He et al. 
(2012)  

Liang et al. (2010); Lv et al. (2012) 



Model-Dependent Neutrino Flux from GRBs 
•  Internal shock (with observed 

E(L) – Γ correlations) already 
starts to be constrained. fγ/p 
=Lγ / Lp needs to be above 0.1 
(He et al. 2012) 

•  Photosphere model fγ/p has to 
be above 0.1 (see also S. 
Gao et al. 2012)  

•  ICMART is consistent with 
data 

Zhang & Kumar, 2013, PRL, 110, 121101 



Non-detection of neutrinos from GRB 130427A 
•  Stringent constraints on 

models on its own (S. Gao et 
al. 2013) 

•  More stringent constraints by 
combining upper limits on 
other GRBs 

•  More interesting constraints 
available in a few more years 

•  If neutrinos continue not to be 
detected, GRB composition 
may be magnetically 
dominated with emission 
coming from large radii 

3

Fig. 2.— Density plot of expected neutrino event number in
IceCube based on the internal shock model for GRB 130427A. The
total number N

tot

(muons + cascades) and N
µ

(muons only) are
calculated in the 2D parameter space ⌘ and ✏

p

. Here R
d

is the
internal shock radius for a 1 ms variability timescale (see §III).
The value of N is represented the by color; however, for N

tot

and
N

µ

the value of the color coding is di↵erent - see the upper and
lower legend. The contours where N

tot

= 1 and N
µ

= 1 are also
shown by solid and dashed lines, respectively. The other energy
fractions are taken as constants, ✏

e

= 0.1 and ✏
B

= 0.01. The
IceCube null result favors the yellow and blue regions, e.g. a high
⌘.

value of Ntot is represented by color. Since Ntot / ✏p by
eqn. 4 and 5, we show five contours where Ntot = 1 for
di↵erent ✏p/✏e values. The allowed region in the Rd � �
parameter space favors a moderately high value of Rd

and � for small ✏p; for high proton to lepton energy ratio
, e.g. ✏p/✏e = 10, only large � and Rd values are admitted
(blue, or top right region of the figure). This is consistent
with the nature of the p� interactions and the photon
spectrum of this GRB, for two reasons: a) The wind co-
moving frame photon energy density u� = L/4⇡Rd

2�2
c

decreases rapidly with Rd and �; a low u� suppresses f⇡
and thus the final neutrino flux. b) The neutrino break
energy, where the neutrino flux contributes most to the
final Ntot in IceCube, is proportional to �2. A higher
E⌫b is associated with a smaller contribution (due to the
e↵ective area function and the photon indices for this
GRB).

3. CONSTRAINTS ON THE INTERNAL SHOCK,
BARYONIC PHOTOSPHERE AND MAGNETIC

PHOTOSPHERIC MODELS

In this section we discuss these three scenarios, labeled
IS, BPH and MPH. After specifying any one of them,
Rd is derivable from � and the other parameters, and
hence one degree of freedom is eliminated from the pa-

Fig. 3.— The expected neutrino event number in IceCube based
on the baryonic photospheric model for GRB 130427A. The con-
ventions are the same as those in Fig.[2]. A high ⌘ (or �) is favored
by the null result in IceCube.

rameter space. For the IS model, semi-relativistic shocks
are formed by the collision of two shells of di↵erent ve-
locities. The dissipation radius is estimated as Rd,is ⇠

�2
c�t = 0.27⇥1013�2

300�tms cm, where�t = 10�3�tms

s is the variability time scale in milliseconds and � is the
averaged bulk Lorentz factor of the two shells. For the
two photospheric models, the dissipation is assumed to
take place at the photosphere where the optical depth
for a photon to scatter o↵ an electron is unity ⌧�e = 1.
Depending on whether the jet is dominated by the ki-
netic energy of the baryons or by the toroidal magnetic
energy, the photospheric scenario is either a baryonic
photospheric (BPH) or a magnetic photospheric (MPH)
type. For the magnetic type, the fast rotating central en-
gine (a black hole or magnetar) can lead to a highly mag-
netized outflow which is initially Poynting dominated
with a sub-dominated baryonic load. If the magnetic
field is striped , carrying alternating polarity and the jet
is roughly one dimensional, the bulk acceleration of the
jet is approximately �(r) = (r/r0)1/3 until a saturation
radius rsat = r0⌘

3, where r0 = 107R7 cm is the base
radius of the jet and ⌘ = Ltot/Ṁc

2 is the baryon load
portion. Around the photosphere region 3 , we assume
a major fraction of the jet energy (whether baryonic or
magnetic) is dissipated, leading to proton acceleration,
resulting in a proton spectrum dNp/dE / E

�2 similar
to that expected from a Fermi process, as is the case with

3 While in the ICMART model by (Zhang & Yan 2011), the mag-
netic dissipation is determined by the variability timescale, which
resembles the internal shock model.
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ABSTRACT

The recent gamma-ray burst GRB 130427A has an isotropic electromagnetic energy E

iso
⇠ 1054

erg, suggesting an ample supply of target photons for photo-hadronic interactions, which at its low
redshift of z ⇠ 0.34 would appear to make it a promising candidate for neutrino detection. However,
the IceCube collaboration has reported a null result based on a search during the prompt emission
phase. We show that this neutrino non-detection can provide valuable information about this GRB’s
key physical parameters such as the emission radius Rd, the bulk Lorentz factor � and the energy
fraction converted into cosmic rays ✏p. The results are discussed both in a model-independent way
and in the specific scenarios of an internal shock model (IS), a baryonic photospheric model (BPH)
and magnetic photospheric model (MPH). We find that the constraints are most stringent for the
magnetic photospheric model considered, but the constraints on the internal shock and the baryonic
photosphere models are fairly modest.

1. INTRODUCTION

Gamma-ray bursts (GRBs) have been proposed as a ma-
jor source of high energy cosmic rays, provided that a
substantial fraction of protons are accelerated in the in-
ferred shocks or magnetic reconnection regions. How-
ever, the underlying mechanism of the prompt gamma-
ray emission, the jet structure and the particle accelera-
tion details remain uncertain. Very high energy neutri-
nos, however, would be a natural by-product from high
energy protons interacting with other baryons or with
photons, su↵ering little from absorption e↵ect along the
propagation path and providing valuable clues about the
presence of cosmic rays. It is expected that if a ma-
jor fraction of the GRB energy is converted into ultra-
high energy cosmic rays, a detectable neutrino fluence
should appear in IceCube (Ahlers et al. 2011). How-
ever, the two-year data gathered by the IceCube 40 +
59 string configuration has challenged this scenario by a
null result in the search for correlation with hundreds of
electromagnetically detected GRBs (Abbasi et al. 2012).
Constraints on the conventional internal shock fireball
models have been derived (He et al. 2012) and several al-
ternative models have been discussed (Vurm et al. 2011;
Zhang & Yan 2011; Gao et al. 2012).
Recently a super-luminous burst, GRB 130427A, was de-
tected simultaneously by five di↵erent satellites, with an
isotropic equivalent energy of Eiso

⇠ 1054 ergs in gamma-
rays at a low redshift of z ⇠ 0.34 (Fan et al. 2013). Dis-
appointingly, a neutrino search for this GRB reported by
the IceCube collaboration yielded a null result 1. Here we
show that this null detection is not surprising, and show
that it provides interesting information about the prop-
erties of this GRB, some of which are otherwise di�cult
to obtain through conventional electromagnetic channels.
We discuss the constraints on the physical parameters of

Email(SG): sxg324@psu.edu
Email(KK): kzk15@psu.edu
Email(PM): pmeszaros@astro.psu.edu
1 http://gcn.gsfc.nasa.gov/gcn3/14520.gcn3

Fig. 1.— (See e-print for colored version) Density plot of the
expected number of neutrino events (track+cascade) in IceCube for
GRB 130427A on the 2D parameter space of the dissipation radius
R13 = R

d

/1013 cm and the bulk Lorentz factor � of the jet at this
radius. This calculation uses the semi-analytical method similar to
(Waxman & Bahcall 1997; Zhang & Kumar 2012) but assuming no
specific scenario (e.g. neither an internal shock, nor other model,
see §II for details). The blue color (top-right region) denotes fewer
events while the red (lower regions) denotes more events. The
five dashed lines from top to bottom show contours where one
event is expected, for di↵erent proton to electron energy ratios
✏
p

/✏
e

= 10, 5, 3, 2, 1. The other two energy partition parameters
are taken to be constants, ✏

e

= 0.1 and ✏
B

= 0.01. Based on the
null result in the IceCube neutrino search reported in (Abbasi et al.
2012), the parameter space below each contours is more likely to
be ruled out for the corresponding ✏

p

/✏
e

.

this GRB, both (a) using a model-independent proce-
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Conclusions 
•  GRB prompt emission is still not fully understood. Open 

questions include: 
–  Jet composition 
–  Energy dissipation and particle acceleration mechanisms 
–  Radiation mechanism 

•  GRB spectra likely include contributions from multiple 
components from multiple emission sites: 
–  A Band component is likely of a synchrotron origin in the 

optically thin region 
–  A quasi-thermal component is likely of photosphere origin 
–  A high energy component, whose origin remains unclear 

•  GRB jet composition (in the emission region) may be 
diverse 

•  Internal (collision induced) magnetic dissipation may 
play an important role to power GRB prompt emission.  


