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Outline of the Talk:
n Potential particle acceleration sites & mechanisms 
n Observational constraints:
u Spectral index ⇒ electron power-law index p ("#$/"&$ ∝ &$())
u Spectral breaks ⇒ &$,+,- & &$,+./
u Pulse onset time 012(45) ⇒ acceleration time 0788 4$,) (Ryde’s talk)

u Signatures of anisotropic velocity distribution (local / global)
u Polarization ⇒ B-field structure in shocks / GRB ejecta (Gill’s talk)

n Observational puzzles:
u Apparent violation of the 49:-,+./ limit (in GeV / TeV)
u Lack of clear signs for a thermal electron component
u Transition to a Newtonian shock; Evidence for ion acceleration?

n Conclusions



GRB Theoretical Framework:

n Deceleration: the outflow decelerates (by a reverse
shock for σ ≲ 1) as it sweeps-up the external medium

n Afterglow: from the long lived forward shock going 
into the external medium; as the shock decelerates the 
typical frequency decreases: X-ray è opticalè radio

n Progenitors:
u Long: massive stars
u Short: binary mergers 

n Acceleration: 
fireball or magnetic?

n Prompt γ-rays: 
Dissipation: internal shocks or magnetic reconnection?
Emission mechanism?



Potential Particle Acceleration Sites & Mechanisms
Potential Sites Medium Emission
Mag. reconnection Outflow Prompt GRB

Internal Shocks Outflow Prompt GRB

Reverse Shock Outflow Optical Flash, 
Radio Flare

Forward Shock External Afterglow

Radiation 
Mediated Shocks

Outflow, 
progenitor

Prompt GRB?
Shock breakout

Shear Layers Near the 
boundary

Prompt GRB?
Early Afterglow?

Turbulence Outflow, 
External

Prompt GRB?
Afterglow?

Pot. Mechanisms
Direct acceleration in 
electric fields; 
Magnetic island 
dynamics
Fermi Type I

Fermi Type II

Shear acceleration

Neutral-charged 
conversion
A new mechanism 
and/or instability???



Observational constraints: Spectral index
uSpectral index ⇒ electron power-law index " = −
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n Power-law electron distribution: %)*
%+*

∝ -.
/0 -1 < -. < -3

n 45 ∝ 6
/7 with 8 = 0/9

:
("/2) for 61 < 6 < 6= (6 > 61, 6=) 

⇒ " = 28 + 1 (" = 28)    (for synchrotron emission)
⇒ Afterglow: 2.1 ≲ " ≲ 2.5 Prompt GRB: 2 ≲ " ≲ 4 (?)

ν2

t1t1/
2 ν1/3

t0t1/
2

ν(1−p)/2

t(1
−3

p)
/4

t3(
1−

p)
/4

ν−p/2

t(2
−3

p)
/4

t(2
−3

p)
/4

νsa 

(1)

t0

t−3/5 νm 

(2)

t−3/2

t−3/2
νc 

(3) t−1/2

t1/2B D G H

ISM scalings
WIND scalings

IS
M

 s
ca

lin
gs

W
IN

D
 s

ca
lin

gs  spectrum  1

ν2

t1t1/
2 ν5/2

t7/
4

t5/
4

ν(1−p)/2
t(1

−3
p)

/4
t3(

1−
p)

/4

ν−p/2

t(2
−3

p)
/4

t(2
−3

p)
/4

νm 
(4)

t−3/2

t−3/2 νsa 

(5)

t−(3p+2)/2(p+4)

t−3(p+2)/2(p+4)

νc 

(3) 
t−1/2

t1/2
B A G H

 spectrum  2

ν2

t1t1/
2 ν5/2

t7/
4

t5/
4

ν−p/2
t(2

−3
p)

/4
t(2

−3
p)

/4

νm 

(4)
t−3/2

t−3/2 νsa 

(6)

t−3(p+1)/2(p+5)

t−(3p+5)/2(p+5)

B A H

Lo
g(

F ν
)

 spectrum  3

ν2

t1t1/
2 ν11/8

t1
t11

/1
6

ν−1/2

t−
1/

4
t−

1/
4

ν−p/2

t(2
−3

p)
/4

t(2
−3

p)
/4

νac 

(7) 
t3/10

t0 νsa 

(8)

t−1/2

t−2/3

νm 

(9)

t−3/2

t−3/2

B C F H

 spectrum  4

108 1010 1012 1014 1016 1018

ν2

t1t1/
2 ν11/8

t1t11
/1

6

ν1/3 t−
2/

3
t1/

6

ν−1/2

t−
1/

4
t−

1/
4

ν−p/2

t(2
−3

p)
/4

t(2
−3

p)
/4

νac 
(7) t3/10

t0
νsa 

(10)

t−1/2

t−8/5
νc 

(11) 

t−1/2

t1/2 νm 

(9)

t−3/2

t−3/2

B C E F H

ν  in  Hz

 spectrum  5

lo
g(
4 5
)

log(6)JG & Sari (2002)



Observational constraints: Spectral breaks
uSpectral index ⇒ electron power-law index " = −

%&'()*
%&'(+*

)

n Power-law electron distribution: %)*
%+*

∝ -.
/0 -1 < -. < -3

n 41 ∝ Γ6′-1
8 with -1 =

0/8

0/9

:*
;*

1<

1*
Γ=> − 1 (@.,+ ≪ 1 ?)

n 43 ∝ Γ6′-3
8 with -3 = 6DEF/HI6′ 9/8 (“burnoff limit”) 

⇒ J=KL,1MN = 7.0E(1 + T)/9Γ8 GeV
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Signatures of an anisotropic velocity distribution or 
relativistic bulk motions in the jet comoving frame: 

!’

"#

1/Γ’

n Local: anisotropic w.r.t
local B’ that is random 
globally (Comisso’s talk)

n Global: anisotropic w.r.t
globally ordered B’ or
reconnection layers



GRB Lightcurves from Magnetic 
Reconnection (Beniamini & JG 2016)

n Field reversals at the source can lead to reconnection at large distances 
millisecond-magnetar èmillisecond quasi-periodic variability (✖)
accreting BH èstochastic field-reversal & lightcurve variability (✔)
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n For large ingoing σ reconnection leads to local relativistic outward bulk 

motion at Γ’ ~ few– several ⇒ anisotropic emission in jet’s bulk frame



GRB Lightcurves from Magnetic 
Reconnection (Beniamini & JG 2016)

n Field reversals at the source can lead to reconnection at large distances 
millisecond-magnetar èmillisecond quasi-periodic variability (✖)
accreting BH èstochastic field-reversal & lightcurve variability (✔)

n Reconnection far from the source has a natural preferred direction
n For large ingoing σ reconnection leads to local relativistic outward bulk 

motion at Γ’ ~ few– several ⇒ anisotropic emission in jet’s bulk frame
n Larger σ⇒ higher Γ’, larger rec. rate (vin/vA), harder particle spectrum



The Shape of Pulses in the Lightcurves

m = a = 0, k = 1

Δt ≈ Δtr + Δtθ



Some Other Pulse Properties
n Anisotropic emission can explain the “rapid decay 

phase” at the end of the GRB prompt emission, or 
X-ray pulses that decay faster than expected for 
isotropic emission (“high-latitude” emission),        
thanks to the shorter angular time Δtθ ≈ R/2Γ2Γ’

n Spectral evolution of pulses:
Hard to soft for (Γ’ < 2) intensity tracking (Γ’ > 2)

1/Γ

Photon in 
lab framePhoton in 

jet’s frame

time time

m = a = 0, k = 1, ΔR = R0, α = -1, β = - 2.3



Shock Produced Magnetic Field:

P = 0

P = Pmax

n A magnetic field produced at a relativistic collisionless
shock, due to the two-stream instability, is naively
expected to be tangled within the plane of the shock
(Medvedev & Loeb 1999)

Magnetic field 
tangled within a 
(shock) plane

Photon emitted 
normal to plane
nph = nsh

Photon emitted 
along the plane
nph ⊥ nsh

θ P = Pmaxsin2θ/(1+cos2θ)
(Liang 1980)P

P



The Random B-field’s Degree of Anisotropy:

θ0 = 5o

Ejet = 3×1051 erg
n = 1cm-3

z = 1
p = 2.5 
εe = 0.1
εB = 0.01(JG & Königl 2003)

[%
]

n b = 2⟨B!2⟩/⟨Bperp
2⟩ parameterizes the asymmetry of Brnd

n Sign(b-1) determines θp (P > 0 is along the direction from the line of 

sight to the jet axis & P < 0 is rotated by 90°)

n For b ≈ 1 the polarization is very low (field is almost isotropic)
n P ≲ 3% in afterglows observations ⇒ 0.5 ≲ b ≲ 2

P = Pmax/[1+2/(b-1)sin2θ’]
(valid for j’ν’∝ [B’sinχ’]2)



GW170817/GRB170817A Afterglow (Gill & JG 18) 

n Assuming a shock-produce B-field with
n Data favor two core-dominated jet models with similar P(t)

101 102 103

0

20

40

60



GW170817/GRB170817A Afterglow (Gill & JG 18) 

n Assuming a shock-produce B-field with
n Data favor two core-dominated jet models with similar P(t)

101 102 103

0

20

40

60

New: upper limit 
Plin < 12%    @
ν = 2.8GHz, 
t = 244 days 
(Corsi+ 2018)

101 102 103

0

20

40

60

0.66 ≲ b ≲ 1.49
for jet models



GW170817/GRB170817A Afterglow (Gill & JG 20) 

More realistic assumptions ⇒ B-field in collisionless shocks: 



GW170817/GRB170817A Afterglow (Gill & JG 20) 

More realistic assumptions ⇒ B-field in collisionless shocks: 
n 2D emitting shell → 3D emitting volume (local BM76 radial profile)



GW170817/GRB170817A Afterglow (Gill & JG 20) 

More realistic assumptions ⇒ B-field in collisionless shocks: 
n 2D emitting shell → 3D emitting volume (local BM76 radial profile)
n B-field evolution by faster radial expansion: L’r / L’θ,φ ∝ χ(7-2k)/(8-2k) 

B-field isotropic in 3D with B’r→ ξB’r (Sari 1999); ξ = ξf χ(7-2k)/(8-2k)
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 = 0.8  = 0.65

 = 0.5  = 0.3

shock normal



GW170817/GRB170817A Afterglow (Gill & JG 20) 

More realistic assumptions ⇒ B-field in collisionless shocks: 
n 2D emitting shell → 3D emitting volume (local BM76 radial profile)
n B-field evolution by faster radial expansion: L’r / L’θ,φ ∝ χ(7-2k)/(8-2k) 

B-field isotropic in 3D with B’r→ ξB’r (Sari 1999); ξ = ξf χ(7-2k)/(8-2k)

 = 1.3  = 1

 = 0.8  = 0.65

 = 0.5  = 0.3

shock normal

0.57 ≲ ξf ≲ 0.89



Observational Puzzles: 1. Esyn,max Violation



High-Energy Afterglow: GRB130427A

n LAT detected emission 
up to ~ 20 hr after GRB

n >10 GeV γ’s observed 
up to hours after GRB

n May arise at least partly 
from the prompt γ-ray 
emission up to few 102 s 

n At later times there is no  
prompt emission, only a 
simple power-law 
decay: afterglow

(Ackermann+ 2014, 
Science, 343, 42)



High-Energy Afterglow: GRB130427A

n LAT detected emission 
up to ~ 20 hr after GRB

n >10 GeV γ’s observed 
up to hours after GRB

n May arise at least partly 
from the prompt γ-ray 
emission up to few 102 s 

n At later times there is no  
prompt emission, only a 
simple power-law 
decay: afterglow

(Maselli et al. 2014)

(Kouveliotou et al. 2013)



High-Energy Afterglow: GRB130427A
n NuSTAR: 1st late-time GRB 

afterglow detection at 3-79 keV
n A single-component synchrotron

spectrum nicely fits all energies
n No need or much room for SSC 
n Also supported by VERITAS 

observations (Aliu et al. 2014) (Kouveliotou et al. 2013)

(Perley+ 2014)



High-Energy Afterglow: GRB130427A
n LAT HE photons violate:

n Based on a one-zone model 
balancing electron energy 
gains and losses: tacc ~ tsyn

(Ackermann+ 2014, Science, 343, 42)
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High-Energy Afterglow: GRB130427A
n LAT HE photons violate:

n Based on a one-zone model 
balancing electron energy 
gains and losses: tacc ~ tsyn

n tacc ~ 1/ωL = RL/c (extremely 
fast) or PL = 2π/ωL (still very 
fast but a bit more realistic)

n An “easy way out” would be 
if SSC emission dominated

(Ackermann+ 2014, Science, 343, 42)
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High-Energy Afterglow: GRB130427A
n LAT HE photons violate:

n Based on a one-zone model 
balancing electron energy 
gains and losses: tacc ~ tsyn

n tacc ~ 1/ωL = RL/c (extremely 
fast) or PL = 2π/ωL (still very 
fast but a bit more realistic)

n An “easy way out” would be 
if SSC emission dominated

(Ackermann+ 2014, Science, 343, 42)
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at highest LAT energies (Fan+ 2013; Liu+ 2013), but it doesn’t work
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High-Energy Afterglow: GRB130427A
n LAT HE photons violate:

n Based on a one-zone model 
balancing electron energy 
gains and losses: tacc ~ tsyn

n tacc ~ 1/ωL = RL/c (extremely 
fast) or PL = 2π/ωL (still very 
fast but a bit more realistic)

n An “easy way out” would be 
if SSC emission dominated

(Ackermann+ 2014, Science, 343, 42)

ISM

wind

Linestyle Γ0

dot-dash       500
solid             1000
2-dot-dash  2000

Ek,iso/n = 1055 erg cm3

at highest LAT energies (Fan+ 2013; Liu+ 2013), but it doesn’t work
n ⇒ Esyn,max appears to be truly violated ⇒ ≥ 1 assumption must break
n Non-uniform magnetic field?

Esyn,max grows by a factor of B1/B2

 
syn,maxE ∼

Γ
(1+ z)

mec
2

α
≈ 5 Γ

100
⎛
⎝⎜

⎞
⎠⎟  GeV

B2 < B1

shock

acceleration
region

emission
region

tacc = RL/c

tacc = 2πRL/c



Puzzle 2: Where are the thermal electrons?

n PL electron emission degeneracy (Eichler & Waxman 2005): 
("#, "%, &, ') → (*#"#, *#"%, &/*#, '/*#) for ,-

,.
< *#≤ 1

n How can the thermal electrons still affect the observations?

log
(5
6 #
/5
7 #
)

log(7#)7, 78

7#9:

Thermal electrons

Power-law
electrons

7;<
(Eichler & Waxman 2005)

= = *# ; @# = 7#A#BC



Puzzle 2: Where are the thermal electrons?

n PL electron emission degeneracy (Eichler & Waxman 2005): 
("#, "%, &, ') → (*#"#, *#"%, &/*#, '/*#) for ,-
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n How can the thermal electrons still affect the observations?
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The Astrophysical Journal, 771:54 (22pp), 2013 July 1 Sironi, Spitkovsky, & Arons

As a result of efficient energy transfer in front of the shock,
mediated by the Weibel turbulence, the electrons enter the
shock nearly in equipartition with the ions. This is demonstrated
in inset (a) of Figure 11, where we follow the temporal evolution
of the mean electron and ion energies in the post-shock flow, in
units of the initial ion energy. At late times, the mean electron
energy (blue line) is a fraction ∼40% of the initial ion bulk
energy, and it amounts to a fraction ∼65% of the mean post-
shock ion energy (red line). This is much larger than the initial
electron energy in the pre-shock flow, which is shown as a
dashed blue line in inset (a) for comparison. In the bottom panel
of Figure 11, the energy equipartition between ions and electrons
at ωpit = 2500 explains the proximity of the thermal peaks in
the electron (red solid line) and ion (red dotted line) spectra.

Since electrons and ions enter the shock with nearly the same
energy, the injection efficiency into the acceleration process
will be similar for the two species. In fact, by comparing the red
solid line (for electrons) and the red dotted line (for ions) in the
bottom panel of Figure 11, we show that the non-thermal tails
in the electron and ion spectra have comparable normalizations,
yielding an acceleration efficiency for both species of ∼1% by
number and ∼10% by energy. The power law in the ion non-
thermal tail is steeper than for electrons (p " 3.0 for ions and
p " 2.5 for electrons), but it may evolve toward flatter slopes
at later times, so that for both species the spectral index will
asymptote to the value p " 2.5 found in electron–positron
shocks.

For both ions and electrons, the non-thermal tail extends
in time to higher and higher energies. As shown in inset
(b) of Figure 11, the maximum energy at late times in-
creases as ∝ (ωpit)1/2, for both ions (red line) and electrons
(blue line).15 This is the same scaling observed in Figure 2
for electron–positron shocks. The similarity between electron–
positron and electron–ion shocks is to be expected, since in
electron–ion flows the two species enter the shock nearly in
energy equipartition, so our electron–ion shocks should dis-
play the same acceleration physics present in electron–positron
flows. From inset (b), we find that at late times (ωpit ! 700)

γmax,i

γ0
∼ γmax,eme

γ0mi

" 0.25 (ωpit)1/2. (11)

Even though the scaling of the maximum energy as ∝ γ0(ωpit)1/2

is the same as in electron–positron shocks (see Equation (5)), the
coefficient of proportionality in electron–ion shocks is smaller
by a factor of ∼2. This simply reflects the position of the thermal
peak, located at γpk ∼ γ0 in electron–positron flows and at
γpk,i ∼ γpk,eme/mi ∼ γ0/2 in electron–ion flows, just as a
result of efficient ion-to-electron energy transfer ahead of the
shock (see the location of the thermal peaks in Figure 11, as
compared to the bulk Lorentz factor γ0 = 15).

With a similar argument, we expect that in electron–ion
flows with magnetization σ the maximum Lorentz factor should
saturate at

γsat,i

γ0
∼ γsat,eme

γ0mi

" 2
σ 1/4

, (12)

which replaces Equation (8), valid for electron–positron
plasmas. For σ = 10−5, the expected saturation value would be

15 Martins et al. (2009) reported a different scaling for the temporal evolution
of the energy of shock-accelerated particles, but their conclusions might have
been misguided by the limited time span of their simulation runs.

(a)

(b)

Figure 12. Dependence of the post-shock particle spectrum on the upstream
magnetization, from a set of 2D simulations of electron–ion shocks (mi/me =
25) with γ0 = 15. In the top panel we show the ion spectrum, in the bottom
panel the electron spectrum. We vary the magnetization from σ = 0 (red curve)
up to σ = 10−3 (black curve), showing that the Fermi process is suppressed for
large σ . In the insets, we follow the maximum particle Lorentz factor over time,
for ions (panel (a)) and electrons (panel (b)).
(A color version of this figure is available in the online journal.)

γsat,i ∼ γsat,eme/mi " 550, well beyond the maximum Lorentz
factor reached at the end of our simulation. We would need to
evolve the simulation up to much longer times (ωpit ∼ 18, 000)
to capture the saturation of the Lorentz factor in our σ = 10−5

electron–ion shock.
We then extend our investigation to different magnetizations,

in the range 0 " σ " 10−3. In Figure 12, we show how the
post-shock spectra of ions (top panel) and electrons (bottom
panel) depend on the magnetization of the flow. We find that
shocks with σ " 3 × 10−5 are efficient particle accelerators,
and the spectrum shows a prominent non-thermal tail containing
∼1% of particles and ∼10% of flow energy (for both ions
and electrons). The exponential cutoff of the non-thermal tail
extends in time to higher energies, and at late times it follows the
scaling ∝ (ωpit)1/2 discussed above, for both ions (inset (a)) and
electrons (inset (b)). The coefficient of proportionality tends to
be lower for higher σ (compare the green line, for σ = 3×10−5,
to the red line, for σ = 0). This minor dependence on σ might be
caused by the slight decrease in the transverse wavelength λ of
the Weibel modes with increasing magnetization, as apparent in
Figure 10 (compare panels (a), (d), and (g) for σ = 0, σ = 10−5,
and σ = 3 × 10−5, respectively). In turn, the transverse scale
λ of the Weibel fluctuations enters the temporal scaling of the
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Puzzle 2: Where are the thermal electrons?

n A. Plasma propagation effects in the source (radio, mm, NIR):
u May reduce the linear polarization & partly convert it to 

circular polarization (Matsumiya & Ioka 03; Sagiv et al. 04;…)

u May cause Faraday depolarization due to the finite Δ"/"



Puzzle 2: Where are the thermal electrons?

n B. Thermal electron emission / synchrotron self-absorption:
u May produce unique features in the afterglow spectrum 

and lightcurve (Eichler & Waxman 05; Giannios & Spitkovsky 09)

u Self-absorption by thermal electrons may be important in 
radio / mm (Eichler & Waxman 2005; Ressler & Laskar 2017)

u SSC radiation by thermal electrons may also be detectable 
(Warren et al. 2022)
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n Can shock acceleration models reproduce this behavior?



Puzzle 4: Evidence for accelerated protons?
n While protons / ions are expected to be accelerated together 

with electrons, there is no clear evidence for this!!!
u Some prompt GRB emission models involve accelerated protons 

(synchrotron by protons or secondary pairs, pion production + decay, 
pair cascades; Böttcher’s talk) but are generally less radiatively 
efficient and not preferred over competing leptonic models

u Hadronic models exist also for the early afterglow, but are similarly 
not favored over leptonic models
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Puzzle 4: Evidence for accelerated protons?
n While protons / ions are expected to be accelerated together 

with electrons, there is no clear evidence for this!!!
u Some prompt GRB emission models involve accelerated protons 

(synchrotron by protons or secondary pairs, pion production + decay, 
pair cascades; Böttcher’s talk) but are generally less radiatively 
efficient and not preferred over competing leptonic models

u Hadronic models exist also for the early afterglow, but are similarly 
not favored over leptonic models

u Early suggestions that GRBs may produce the UHECRs (Vietri 95; 
Waxman 95) are less promising relative to other models (excess from 
Cen A (3σ), correlation with AGN, radio galaxies – Pierre Auger Observatory)

u A smoking gun will be high-energy neutrinos (some correlate w. blazars)

u If protons are accelerated, then what are: !", $%, &',", ("



Conclusions:
n Many potential acceleration sites & mechanisms 
n Observational constraints:
u Electron PL index: afterglow: 2.1 ≲ % ≲ 2.5 prompt: 2 ≲ % ≲ 4 (?)
u Spectral breaks: () ⇒ +,,./0 1232 Γ56 − 1 (8,,9 ≪ 1 ?)

u Signatures of anisotropic velocity distribution: spectral, temporal 
u Polarization ⇒ B-field structure in shocks: 0.57 ≲ 8= ≲ 0.89
n Observational puzzles:
u Apparent violation of the @AB0,.CD limit ⇒ some assumnption breaks
u Transition to a Newtonian shock
u Lack of clear signs for a thermal electron component
u No clear evidence for proton / ion acceleration


