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Particle acceleration in GRBs

• Collisionless shocks 
• Radiation-mediated shocks 
• Magnetically dominated jets  
• Pair creation 
• Free neutrons 
• High-energy gamma-ray emission 
• Neutrino emission 
• UHECRs

Topics:



Meszaros 2001

1990s:   cooking phenomenological models
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Kahn 1958; Parker 1958;     Moiseev, Sagdeev 1963:
Weibel 1959



Are particles accelerated in shocks?





particle scattering by 
magnetic filaments: 
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In GRB blast waves,  
particles reach  PeV energies

Sironi et a. 2013
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Sironi et a. 2013

                  suppresses   
     turbulence and 
 particle acceleration
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        role of  
initial (upstream) 
 magnetization:

Lemoine, Pelletier 2010
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Sironi et a. 2013

 downstream electron  
energy distribution for  
various magnetizations
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Shocks with                :

Nonthermal component is ~10% at low sigma and suppressed at modest sigma



Internal shocks in GRB jets carry transverse magnetic field 
=> Fermi acceleration does not operate 
=> scenario of shock synchrotron does not work

The synchrotron shock scenario was not really required or preferred by data.

GRB spectra are better explained as dissipative photosphere emission.



dissipation:  
— shocks 
— magnetic    
— np collisions

Nonthermal photospheric emission

AB 2013

Thompson 1994 
Eichler and Levinson 2000  
Rees Meszaros 2005 
Pe’er et al. 2006 
Giannios 2008 
AB 2010  
Levinson 2012  
Thompson, Gill 2014



dissipation:  
— shocks 
— magnetic    
— np collisions

Vurm & AB 2016

Nonthermal photospheric emission

AB 2013

Thompson 1994 
Eichler and Levinson 2000  
Rees Meszaros 2005 
Pe’er et al. 2006 
Giannios 2008 
AB 2010  
Levinson 2012  
Thompson, Gill 2014



 =>  1.  
        2.  Nonthermal heating (energetic particle injection)  comparable to thermal

α β

Red – Band fit 
Blue - simulation

GRB 990123

GRB 090902BRed – fit (Band+PL) 
Blue - simulation

β
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α

GRB 090902B
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Are particles accelerated in subphotospheric shocks?

(+ sources of TeV-PeV neutrinos?)



Levinson 2012 
AB 2017 
Lundman, AB, Vurm 2018 
Ito et al. 2018



AB 2017

Full simulation (radiative hydrodynamics)
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photons 
convert to 
e+- pairs 

Full simulation (radiative hydrodynamics)
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  subshock

AB 2017

Magnetized plasma: � ⇠ 0.01� 0.1

— still no Fermi acceleration



Neutron component in GRB jets Derishev et al. 1999, 2003 
Bahcall, Meszaros 2000 
AB 2003, 2010



Neutron component in GRB jets Derishev et al. 1999, 2003 
Bahcall, Meszaros 2000 
AB 2003, 2010

internal shocks



Neutron component in GRB jets

converter acceleration?

Derishev et al. 1999, 2003 
Bahcall, Meszaros 2000 
AB 2003, 2010

internal shocks



Inelastic nuclear collisions        
       generate neutrinos   
       and nonthermal e+- 

⇡± ! µ± + ⌫µ, ⌫̄µ
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Neutrino emission with energies
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Derishev et al. (1999) 

Meszaros, Rees (2000)

Inelastic nuclear collisions        
       generate neutrinos   
       and nonthermal e+- 

electron distribution function
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Particles are energized by magnetic reconnection/turbulence

Magnetically dominated jets

Thompson 1994, 2006 
Spruit et al, 2001 
Lyutikov, Blandford 2003 
Zhang, Yan 2011
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<latexit sha1_base64="uj1o4IiPZ27Fs7xaEGjxlIhNTo8=">AAACCnicbVC7SgNBFJ31GeNr1dJmNAhWYTcGtFFCbCwjmAdkY5idzCZD5rHMzAphSW3jr9hYKGLrF9j5N06SLTTxwIUz59zL3HvCmFFtPO/bWVpeWV1bz23kN7e2d3bdvf2GlonCpI4lk6oVIk0YFaRuqGGkFSuCeMhIMxxeT/zmA1GaSnFnRjHpcNQXNKIYGSt13aNA0z5Hl0GkEE6r96VxWg5iGqiBhNi+rvyuW/CK3hRwkfgZKYAMta77FfQkTjgRBjOkddv3YtNJkTIUMzLOB4kmMcJD1CdtSwXiRHfS6SljeGKVHoyksiUMnKq/J1LEtR7x0HZyZAZ63puI/3ntxEQXnZSKODFE4NlHUcKgkXCSC+xRRbBhI0sQVtTuCvEA2VCMTS9vQ/DnT14kjVLRPyuWbsuFSjWLIwcOwTE4BT44BxVwA2qgDjB4BM/gFbw5T86L8+58zFqXnGzmAPyB8/kDMrSZ7Q==</latexit>



Turbulence (PIC simulations):
Zhdankin et al. 2019, 2020; Comisso, Sironi 2019, 2020

Nattila & AB 2021 

� = 16
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— stochastic acceleration is suppressed by radiative losses 

Radiative reconnection:

The resulting emission spectrum is different from observed GRBs.

Sobacchi, Sironi, AB 2021 

Nattila, AB 2021 

Radiative turbulence:

 AB 2017

 Sironi & AB 2020
 Werner et al. 2019

 Mehlhaff et al. 2021
 Sridhar et al. 2021

�e ⇠ �e =
B2

4⇡nmec2
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— small pitch angles                affect the synchrotron spectrum

— impulsive acceleration                                         followed by fast cooling

— synchrotron spectral peak at 

✓ ⇠ 0.1
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Epeak / B�2
e / L1/2R�1�2

e
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— nonthermally accelerates particles and also creates an effective  
     temperature of ~100 keV through random bulk motions.



cooling rate

                    Partition of reconnection power: 
      individual particle heating vs. hydro (bulk) motions

bulkfHE
<latexit sha1_base64="FntcnSW9UuglmlottTxpHY2tZec=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LIvRYwX5gu5Rsmm1Dk+ySZIWy9F948aCIV/+NN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5DbzO09UaRbJBzONqS/wSLKQEWys9BgO0r4SqHE3G5QrbtWdA60SLycVyNEclL/6w4gkgkpDONa657mx8VOsDCOczkr9RNMYkwke0Z6lEguq/XR+8QydWWWIwkjZkgbN1d8TKRZaT0VgOwU2Y73sZeJ/Xi8x4bWfMhknhkqyWBQmHJkIZe+jIVOUGD61BBPF7K2IjLHCxNiQSjYEb/nlVdKuVb2Lau3+slK/yeMowgmcwjl4cAV1aEATWkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AEVppCH</latexit>

particles

 ~80% of energy is dissipated through drag on bulk motions

   no 
cooling

 Sironi & AB 2020



GRB jets are filled with pairs

 Dissipation creates pairs

Z± =
n±
ni

& 10
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Pair freeze out: 

(internal shocks, nuclear collisional heating, reconnection, turbulence)

(n± > ni)
<latexit sha1_base64="8sRL3+YdRMVasI4KYaJC2pmnl/I=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSBV1J0Y3LCvYBTQiT6aQdOo8wMxFKqBt/xY0LRdz6F+78GydtFtp6YJjDOfdy7z1RQonSrvttLS2vrK6tlzbKm1vbO7v23n5biVQi3EKCCtmNoMKUcNzSRFPcTSSGLKK4E41ucr/zgKUigt/rcYIDBgecxARBbaTQPqz6kaB9NWbmy3joJ+yKh2RyGtoVt+ZO4SwSryAVUKAZ2l9+X6CUYa4RhUr1PDfRQQalJojiSdlPFU4gGsEB7hnKIcMqyKYXTJwTo/SdWEjzuHam6u+ODDKV72gqGdRDNe/l4n9eL9XxZZARnqQaczQbFKfU0cLJ43D6RGKk6dgQiCQxuzpoCCVE2oRWNiF48ycvkna95p3V6nfnlcZ1EUcJHIFjUAUeuAANcAuaoAUQeATP4BW8WU/Wi/VufcxKl6yi5wD8gfX5A4/6lvU=</latexit>



NMeV ~10
60E54

External blast wave 



NMeV ~10
60E54

 Thompson, Madau 2000;   AB  2002

External blast wave 



External medium gets filled with e+- pairs

prompt  
  GRB 
radiation

each ambient particle gets 
“dressed” in        pairsZ±

<latexit sha1_base64="W7ZhiN9gb2zWls5/weL2qE+HV2w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtsQ9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+Y+DfiIG1Zpbd3OgVeIVpAYFWoPqV38Yk1RQaQjHWvc8NzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQ5cfO0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UhNdBxmTSWqoJItFUcqRidH8czRkihLDp5Zgopi9FZExVpgYm0/FhuAtv7xK2o26d1Fv3F/WmjdFHGU4gVM4Bw+uoAl30AIfCDB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/u+WOog==</latexit>

R0 = 1.5 ⇥ 1016 cm
<latexit sha1_base64="CpC0aTRlsDH3hzm89/sDw20MfwU=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwUYaZ+twIRTcuq9gHdOqQSdM2NMkMSUYow/yEG3/FjQtF3Aru/BvTx0JbD4QczrmXe+8JY0aVdt1vK7ewuLS8kl8trK1vbG7Z2zt1FSUSkxqOWCSbIVKEUUFqmmpGmrEkiIeMNMLB1chvPBCpaCTu9DAmbY56gnYpRtpIgV3yw4h11JCbL70N3AvPOfE15URBz71PvdPML6W+5BDzLAvsouu4Y8B54k1JEUxRDewvvxPhhBOhMUNKtTw31u0USU0xI1nBTxSJER6gHmkZKpCZ207HV2XwwCgd2I2keULDsfq7I0VcjRY3lRzpvpr1RuJ/XivR3fN2SkWcaCLwZFA3YVBHcBQR7FBJsGZDQxCW1OwKcR9JhLUJsmBC8GZPnif1suMdOeWb42LlchpHHuyBfXAIPHAGKuAaVEENYPAInsEreLOerBfr3fqYlOasac8u+APr8wfxZp4L</latexit>

GRB 080916C

R = 1.5 ⇥ 1016 cm
<latexit sha1_base64="DjGu9cskUSB8VodujKNvR1Ay7AQ=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQkZLU50YounFZxT6gqWUymbRDZ5IwMxFKyD+48VfcuFDErRt3/o2TNgttPTDM4Zx7ufceN2JUKsv6Ngpz8wuLS8Xl0srq2vqGubnVlGEsMGngkIWi7SJJGA1IQ1HFSDsSBHGXkZY7vMr81gMRkobBnRpFpMtRP6A+xUhpqWceOG7IPDni+ktuL+zKiaMoJxLa1n1in6bOYeIIDjFP055ZtirWGHCW2Dkpgxz1nvnleCGOOQkUZkjKjm1FqpsgoShmJC05sSQRwkPUJx1NA6TndpPxTSnc04oH/VDoFyg4Vn93JIjLbG1dyZEayGkvE//zOrHyz7sJDaJYkQBPBvkxgyqEWUDQo4JgxUaaICyo3hXiARIIKx1jSYdgT588S5rVin1Uqd4cl2uXeRxFsAN2wT6wwRmogWtQBw2AwSN4Bq/gzXgyXox342NSWjDynm3wB8bnD7KdnWg=</latexit>

AB, Hascoet, Vurm 2014
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R±

R± ⇡ 1017
✓

Eiso

1054erg

◆1/2

cm

independent of ambient density

Z± =
n±
ni
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/ Z�1
±
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R± ⇡ 1017
✓

Eiso

1054erg

◆1/2

cm

independent of ambient density

blast wave

/ Z�1
±
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emerges when       Z± < 104
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       Early gamma-ray afterglow  
= IC scattering of prompt radiation      

(R ⇡ 1016 cm)
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Z± =
n±
ni
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R±



 GRB 080916C

-2
end of  
prompt  
emission

•  delay
•  tpeak << tGRB

•  long-lived

Ackermann et al. (2013)

GeV afterglow peaks   
before deceleration radius

Fermi LAT 

            (not deceleration!) 
shapes the GeV afterglow peak  
— its delay and sudden onset

Z±(R)
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end of  
prompt  
emission

GRB 090902B
Fermi LAT 



�th ⇠ 0.3�mp

� Z±me
<latexit sha1_base64="FM9h6tMvy1x5piQhbYfUPU4x9LA="></latexit>

external  
medium

scattering of the prompt GRB radiation in  
 the blast wave (Monte-Carlo calculation)

 AB, Hascoet, Vurm (2014)

remaining parameter:

Inverse Compton emission 
from THERMAL plasma:  

         explosion energy: 
GRB energy / (efficiency ~0.2)[

<latexit sha1_base64="8k9h+1tBd5Ajnnm90IBhAAG/0Us=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0iqoMeiF48V7AckoWy2m3bpZhN2J0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZelAmuwXW/rbX1jc2t7cpOdXdv/6BmHx51dJoryto0FanqRUQzwSVrAwfBepliJIkE60bj25nffWRK81Q+wCRjYUKGksecEjBS364FgsXgYxwoPhyB07frruPOgVeJV5I6KtHq21/BIKV5wiRQQbT2PTeDsCAKOBVsWg1yzTJCx2TIfEMlSZgOi/nhU3xmlAGOU2VKAp6rvycKkmg9SSLTmRAY6WVvJv7n+TnE12HBZZYDk3SxKM4FhhTPUsADrhgFMTGEUMXNrZiOiCIUTFZVE4K3/PIq6TQc78Jp3F/WmzdlHBV0gk7ROfLQFWqiO9RCbURRjp7RK3qznqwX6936WLSuWeXMMfoD6/MH2QSSjw==</latexit>

[<latexit sha1_base64="8k9h+1tBd5Ajnnm90IBhAAG/0Us=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0iqoMeiF48V7AckoWy2m3bpZhN2J0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZelAmuwXW/rbX1jc2t7cpOdXdv/6BmHx51dJoryto0FanqRUQzwSVrAwfBepliJIkE60bj25nffWRK81Q+wCRjYUKGksecEjBS364FgsXgYxwoPhyB07frruPOgVeJV5I6KtHq21/BIKV5wiRQQbT2PTeDsCAKOBVsWg1yzTJCx2TIfEMlSZgOi/nhU3xmlAGOU2VKAp6rvycKkmg9SSLTmRAY6WVvJv7n+TnE12HBZZYDk3SxKM4FhhTPUsADrhgFMTGEUMXNrZiOiCIUTFZVE4K3/PIq6TQc78Jp3F/WmzdlHBV0gk7ROfLQFWqiO9RCbURRjp7RK3qznqwX6936WLSuWeXMMfoD6/MH2QSSjw==</latexit>

A ⇠ 1011
g

cm
<latexit sha1_base64="o7lEgKKljeLrW8tX4wU8oQc0qEk=">AAACDHicbVDNSgMxGMzWv1r/qh69BIvgQcqmCnqsevFYwf5At5Zsmm1Dk+ySZIWy7AN48VW8eFDEqw/gzbcx3e5BWwdChpn5SL7xI860cd1vp7C0vLK6VlwvbWxube+Ud/daOowVoU0S8lB1fKwpZ5I2DTOcdiJFsfA5bfvj66nffqBKs1DemUlEewIPJQsYwcZK/XLl0tNMQOTeJwil3okXKEwSTwk4TLOLiNSm3KqbAS4SlJMKyNHol7+8QUhiQaUhHGvdRW5keglWhhFO05IXaxphMsZD2rVUYkF1L8mWSeGRVQYwCJU90sBM/T2RYKH1RPg2KbAZ6XlvKv7ndWMTXPQSJqPYUElmDwUxhyaE02bggClKDJ9Ygoli9q+QjLCtw9j+SrYENL/yImnVqui0Wrs9q9Sv8jqK4AAcgmOAwDmogxvQAE1AwCN4Bq/gzXlyXpx352MWLTj5zD74A+fzB00xmok=</latexit>

(WR wind:                      ) 

h⌫max ⇠ ��thmec
2

<latexit sha1_base64="xx6qNMIVd7sLDhB0iPbnx1m1wUY=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNV0GXRhS4r2Ad06nAnTdvQJDMkGbEM/Qg3/oobF4q4deHOvzHTdqGtB+7lcM69JPeEMWfauO63s7C4tLyymlvLr29sbm0XdnbrOkoUoTUS8Ug1Q9CUM0lrhhlOm7GiIEJOG+HgMvMb91RpFslbM4xpW0BPsi4jYKwUFI77vkyC1BfwMPI1E9i/AiHA72Xd6kpg0x+JgJK7clAouiV3DDxPvCkpoimqQeHL70QkEVQawkHrlufGpp2CMoxwOsr7iaYxkAH0aMtSCYLqdjo+aoQPrdLB3UjZkgaP1d8bKQithyK0kwJMX896mfif10pM97ydMhknhkoyeaibcGwinCWEO0xRYvjQEiCK2b9i0gcFxNgc8zYEb/bkeVIvl7yTUvnmtFi5mMaRQ/voAB0hD52hCrpGVVRDBD2iZ/SK3pwn58V5dz4mowvOdGcP/YHz+QN6tJ8S</latexit>

external density  
    (progenitor wind)

A/R2
<latexit sha1_base64="+J5ViLGtYOPjSSbydg7EzAD4nlc=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZh4wl000SPqxSMaF0hgJd3ShYZuu2m7JmTDb/DiQWO8+oO8+W8ssAcFXzLJy3szmZkXJpxp47rfztLyyuraemGjuLm1vbNb2ttvaJkqQn0iuVStEGvKmaC+YYbTVqIojkNOm+HwZuI3n6jSTIoHM0poEOO+YBEj2FjJvzq9f6x2S2W34k6BFomXkzLkqHdLX52eJGlMhSEca9323MQEGVaGEU7HxU6qaYLJEPdp21KBY6qDbHrsGB1bpYciqWwJg6bq74kMx1qP4tB2xtgM9Lw3Ef/z2qmJLoOMiSQ1VJDZoijlyEg0+Rz1mKLE8JElmChmb0VkgBUmxuZTtCF48y8vkka14p1Vqnfn5dp1HkcBDuEITsCDC6jBLdTBBwIMnuEV3hzhvDjvzsesdcnJZw7gD5zPH8g8jgI=</latexit>



 AB, Hascoet, Vurm (2014)

GeV flash in 
GRB 080916C

RGeV ⇡ 1016 cm
<latexit sha1_base64="MAs5LnxB1ziDWMXjen3U39bPqcc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCopCBgrGGAsiD6kJkSO67ZW7SSyHUQV5QdY+BUWBhBiZWfjb3DTDNBypCsdnXOv7r3HjxiVyrK+jcLc/MLiUnG5tLK6tr5hbm41ZRgLTBo4ZKFo+0gSRgPSUFQx0o4EQdxnpOUPL8Z+654IScPgVo0i4nLUD2iPYqS05Jl7N17iCA4vSTN1UBSJ8AHa1l1in6TOYeZgnnpm2apYGeAssXNSBjnqnvnldEMccxIozJCUHduKlJsgoShmJC05sSQRwkPUJx1NA8SJdJPsmxTua6ULe6HQFSiYqb8nEsSlHHFfd3KkBnLaG4v/eZ1Y9c7chAZRrEiAJ4t6MYMqhONoYJcKghUbaYKwoPpWiAdIIKx0gCUdgj398ixpViv2UaV6fVyunedxFMEO2AUHwAanoAauQB00AAaP4Bm8gjfjyXgx3o2PSWvByGe2wR8Ynz8rU5r8</latexit>

Rdec ⇡ 8⇥ 1016 cm
<latexit sha1_base64="la1bIMf4i9/dap85ECdCmk7qOv4=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4KGWminZZdOOyin1Ap5ZMJtOGJjMhyYhlmJ9w46+4caGIW8Gdf2M67UJbDwQO55zLzT2eYFRp2/62ckvLK6tr+fXCxubW9k5xd6+lolhi0sQRi2THQ4owGpKmppqRjpAEcY+Rtje6nPjteyIVjcJbPRakx9EgpAHFSBupXyzf9BNXcugTnLpICBk9wJqrKScKOvZd4pylbjlLYJ72iyW7YmeAi8SZkRKYodEvfrl+hGNOQo0ZUqrr2EL3EiQ1xYykBTdWRCA8QgPSNTREZm0vya5K4ZFRfBhE0rxQw0z9PZEgrtSYeybJkR6qeW8i/ud1Yx3UegkNRaxJiKeLgphBHcFJRdCnkmDNxoYgLKn5K8RDJBHWpsiCKcGZP3mRtKoV56RSvT4t1S9mdeTBATgEx8AB56AOrkADNAEGj+AZvII368l6sd6tj2k0Z81m9sEfWJ8/Wy2eTA==</latexit>

>
<latexit sha1_base64="mGJ/avc07Sj2gtriNRNPL6oYvi8=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapipiq6k6MZlBfuAdiyZTKYNzUyGJKOUof/hxoUibv0Xd/6NmXYEFT0QcjjnXnJy/IQzpR3nwyotLC4tr5RXK2vrG5tb1e2dthKpJLRFBBey62NFOYtpSzPNaTeRFEc+px1/fJn7nTsqFRPxjZ4k1IvwMGYhI1gb6bbvCx6oSWSu7Hw6qNYc+8TJgRzb+SKF4hZKDQo0B9X3fiBIGtFYE46V6rlOor0MS80Ip9NKP1U0wWSMh7RnaIwjqrxslnqKDowSoFBIc2KNZur3jQxHKo9mJiOsR+q3l4t/eb1Uh2dexuIk1TQm84fClCMtUF4BCpikRPOJIZhIZrIiMsISE22KqpgSvn6K/iftuu0e2fXr41rjoqijDHuwD4fgwik04Aqa0AICEh7gCZ6te+vRerFe56Mlq9jZhR+w3j4BCwqS3Q==</latexit>Z± 104

<latexit sha1_base64="NHV4z9JRozKw1Yq8pL4PVOk9Qek=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBbBVUhqRaGbohuXFewDmxgmk0k7dPJgZiKU0I0bf8WNC0Xc+g/u/BsnbQoqemCYwzn3cu89XsKokKb5qZUWFpeWV8qrlbX1jc0tfXunI+KUY9LGMYt5z0OCMBqRtqSSkV7CCQo9Rrre6CL3u3eECxpH13KcECdEg4gGFCOpJFfft72Y+WIcqi+7ce0khHbDbkDLvK1PXL1qGidmDmga5pwUilUoVVCg5eofth/jNCSRxAwJ0bfMRDoZ4pJiRiYVOxUkQXiEBqSvaIRCIpxsesUEHirFh0HM1YsknKrfOzIUinxRVRkiORS/vVz8y+unMjhzMholqSQRng0KUgZlDPNIoE85wZKNFUGYU7UrxEPEEZYquIoKYX4p/J90aoZ1bNSu6tXmeRFHGeyBA3AELHAKmuAStEAbYHAPHsEzeNEetCftVXublZa0omcX/ID2/gUn/pev</latexit>

remaining parameter:

Inverse Compton emission 
from THERMAL plasma:  

         explosion energy: 
GRB energy / (efficiency ~0.2)

A ⇠ 1011
g

cm
<latexit sha1_base64="o7lEgKKljeLrW8tX4wU8oQc0qEk=">AAACDHicbVDNSgMxGMzWv1r/qh69BIvgQcqmCnqsevFYwf5At5Zsmm1Dk+ySZIWy7AN48VW8eFDEqw/gzbcx3e5BWwdChpn5SL7xI860cd1vp7C0vLK6VlwvbWxube+Ud/daOowVoU0S8lB1fKwpZ5I2DTOcdiJFsfA5bfvj66nffqBKs1DemUlEewIPJQsYwcZK/XLl0tNMQOTeJwil3okXKEwSTwk4TLOLiNSm3KqbAS4SlJMKyNHol7+8QUhiQaUhHGvdRW5keglWhhFO05IXaxphMsZD2rVUYkF1L8mWSeGRVQYwCJU90sBM/T2RYKH1RPg2KbAZ6XlvKv7ndWMTXPQSJqPYUElmDwUxhyaE02bggClKDJ9Ygoli9q+QjLCtw9j+SrYENL/yImnVqui0Wrs9q9Sv8jqK4AAcgmOAwDmogxvQAE1AwCN4Bq/gzXlyXpx352MWLTj5zD74A+fzB00xmok=</latexit>

(WR wind:                      ) 

[
<latexit sha1_base64="8k9h+1tBd5Ajnnm90IBhAAG/0Us=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0iqoMeiF48V7AckoWy2m3bpZhN2J0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZelAmuwXW/rbX1jc2t7cpOdXdv/6BmHx51dJoryto0FanqRUQzwSVrAwfBepliJIkE60bj25nffWRK81Q+wCRjYUKGksecEjBS364FgsXgYxwoPhyB07frruPOgVeJV5I6KtHq21/BIKV5wiRQQbT2PTeDsCAKOBVsWg1yzTJCx2TIfEMlSZgOi/nhU3xmlAGOU2VKAp6rvycKkmg9SSLTmRAY6WVvJv7n+TnE12HBZZYDk3SxKM4FhhTPUsADrhgFMTGEUMXNrZiOiCIUTFZVE4K3/PIq6TQc78Jp3F/WmzdlHBV0gk7ROfLQFWqiO9RCbURRjp7RK3qznqwX6936WLSuWeXMMfoD6/MH2QSSjw==</latexit>

[<latexit sha1_base64="8k9h+1tBd5Ajnnm90IBhAAG/0Us=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0iqoMeiF48V7AckoWy2m3bpZhN2J0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZelAmuwXW/rbX1jc2t7cpOdXdv/6BmHx51dJoryto0FanqRUQzwSVrAwfBepliJIkE60bj25nffWRK81Q+wCRjYUKGksecEjBS364FgsXgYxwoPhyB07frruPOgVeJV5I6KtHq21/BIKV5wiRQQbT2PTeDsCAKOBVsWg1yzTJCx2TIfEMlSZgOi/nhU3xmlAGOU2VKAp6rvycKkmg9SSLTmRAY6WVvJv7n+TnE12HBZZYDk3SxKM4FhhTPUsADrhgFMTGEUMXNrZiOiCIUTFZVE4K3/PIq6TQc78Jp3F/WmzdlHBV0gk7ROfLQFWqiO9RCbURRjp7RK3qznqwX6936WLSuWeXMMfoD6/MH2QSSjw==</latexit>

h⌫max ⇠ ��thmec
2

<latexit sha1_base64="xx6qNMIVd7sLDhB0iPbnx1m1wUY=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNV0GXRhS4r2Ad06nAnTdvQJDMkGbEM/Qg3/oobF4q4deHOvzHTdqGtB+7lcM69JPeEMWfauO63s7C4tLyymlvLr29sbm0XdnbrOkoUoTUS8Ug1Q9CUM0lrhhlOm7GiIEJOG+HgMvMb91RpFslbM4xpW0BPsi4jYKwUFI77vkyC1BfwMPI1E9i/AiHA72Xd6kpg0x+JgJK7clAouiV3DDxPvCkpoimqQeHL70QkEVQawkHrlufGpp2CMoxwOsr7iaYxkAH0aMtSCYLqdjo+aoQPrdLB3UjZkgaP1d8bKQithyK0kwJMX896mfif10pM97ydMhknhkoyeaibcGwinCWEO0xRYvjQEiCK2b9i0gcFxNgc8zYEb/bkeVIvl7yTUvnmtFi5mMaRQ/voAB0hD52hCrpGVVRDBD2iZ/SK3pwn58V5dz4mowvOdGcP/YHz+QN6tJ8S</latexit>

external density  
    (progenitor wind)

A/R2
<latexit sha1_base64="+J5ViLGtYOPjSSbydg7EzAD4nlc=">AAAB7HicbVBNTwIxEJ31E/EL9eilkZh4wl000SPqxSMaF0hgJd3ShYZuu2m7JmTDb/DiQWO8+oO8+W8ssAcFXzLJy3szmZkXJpxp47rfztLyyuraemGjuLm1vbNb2ttvaJkqQn0iuVStEGvKmaC+YYbTVqIojkNOm+HwZuI3n6jSTIoHM0poEOO+YBEj2FjJvzq9f6x2S2W34k6BFomXkzLkqHdLX52eJGlMhSEca9323MQEGVaGEU7HxU6qaYLJEPdp21KBY6qDbHrsGB1bpYciqWwJg6bq74kMx1qP4tB2xtgM9Lw3Ef/z2qmJLoOMiSQ1VJDZoijlyEg0+Rz1mKLE8JElmChmb0VkgBUmxuZTtCF48y8vkka14p1Vqnfn5dp1HkcBDuEITsCDC6jBLdTBBwIMnuEV3hzhvDjvzsesdcnJZw7gD5zPH8g8jgI=</latexit>

A = 3⇥ 1011
g

cm
!

<latexit sha1_base64="Wy2addMGYTUfHQ9a75wtFvpftMI=">AAACFHicbVDLSsNAFJ3UV62vqEs3o0UQlJK0gm6EqhuXFewDmlgm00k7dCYJMxOhhHyEG3/FjQtF3Lpw5984TbPQ1gPDHM65l3vv8SJGpbKsb6OwsLi0vFJcLa2tb2xumds7LRnGApMmDlkoOh6ShNGANBVVjHQiQRD3GGl7o+uJ334gQtIwuFPjiLgcDQLqU4yUlnrm8eVFzVGUEwlt6z6x7dQ5cXyBcOIIDgdp9mGuVbjfM8tWxcoA54mdkzLI0eiZX04/xDEngcIMSdm1rUi5CRKKYkbSkhNLEiE8QgPS1TRAeg03yY5K4aFW+tAPhX6Bgpn6uyNBXMox93QlR2ooZ72J+J/XjZV/7iY0iGJFAjwd5McMqhBOEoJ9KghWbKwJwoLqXSEeIh2J0jmWdAj27MnzpFWt2LVK9fa0XL/K4yiCPXAAjoANzkAd3IAGaAIMHsEzeAVvxpPxYrwbH9PSgpH37II/MD5/AAH2nOs=</latexit>



GRB 080916C: spectral evolution
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Hascoet, Vurm, AB (2015)  





✏B ⇠ 3⇥ 10�4✏B ⇠ 3⇥ 10�6
<latexit sha1_base64="pkho2qmMFknhv/QN2eYH4CeUmUk=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEN5akFXVZ6sZlBXuBJpbJ9KQdOpmEmYlQQndufBU3LhRx6yu4822cXhba+sPAx3/O4cz5g4QzpR3n21paXlldW89t5De3tnd27b39hopTSaFOYx7LVkAUcCagrpnm0EokkCjg0AwG1+N68wGkYrG408ME/Ij0BAsZJdpYHfvIg0QxbrDqKRbhsqdZBAq7zn12djHq2AWn6EyEF8GdQQHNVOvYX143pmkEQlNOlGq7TqL9jEjNKIdR3ksVJIQOSA/aBgUxy/xscscInxini8NYmic0nri/JzISKTWMAtMZEd1X87Wx+V+tnerwys+YSFINgk4XhSnHOsbjUHCXSaCaDw0QKpn5K6Z9IgnVJrq8CcGdP3kRGqWiWy6Wbs8Lleosjhw6RMfoFLnoElXQDaqhOqLoET2jV/RmPVkv1rv1MW1dsmYzB+iPrM8fpg2Ygg==</latexit>



WR progenitor wind parameter A:

⇢w =
Ṁw

4⇡R2vw
=

A

R2
<latexit sha1_base64="XX5tgpHC1hgliQqCOoXXrt1StpY="></latexit>

Fits of GeV flash in 7 GRBs:

A ⇠ 1011
g

cm
<latexit sha1_base64="o7lEgKKljeLrW8tX4wU8oQc0qEk=">AAACDHicbVDNSgMxGMzWv1r/qh69BIvgQcqmCnqsevFYwf5At5Zsmm1Dk+ySZIWy7AN48VW8eFDEqw/gzbcx3e5BWwdChpn5SL7xI860cd1vp7C0vLK6VlwvbWxube+Ud/daOowVoU0S8lB1fKwpZ5I2DTOcdiJFsfA5bfvj66nffqBKs1DemUlEewIPJQsYwcZK/XLl0tNMQOTeJwil3okXKEwSTwk4TLOLiNSm3KqbAS4SlJMKyNHol7+8QUhiQaUhHGvdRW5keglWhhFO05IXaxphMsZD2rVUYkF1L8mWSeGRVQYwCJU90sBM/T2RYKH1RPg2KbAZ6XlvKv7ndWMTXPQSJqPYUElmDwUxhyaE02bggClKDJ9Ygoli9q+QjLCtw9j+SrYENL/yImnVqui0Wrs9q9Sv8jqK4AAcgmOAwDmogxvQAE1AwCN4Bq/gzXlyXpx352MWLTj5zD74A+fzB00xmok=</latexit>

expected 

A11 :
<latexit sha1_base64="kLDVIEWYb6PFhTODbz2CZJ+3yHM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU9eIxgnlAsoTZSScZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8MOMY/ZAOJO9zRo2VWtfd1PMmV6RbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46u3dCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp86THFTIjxpZQpri9lbAhVZQZG1HBhuAtvrxMGpWyd1au3J+XqjdZHHk4gmM4BQ8uoAp3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5A8SMjyI=</latexit>

2.5
1.6
1.5
1.5

0.6
2

0.35

Hascoet, Vurm, AB (2015)  



WR progenitor wind parameter A:

⇢w =
Ṁw

4⇡R2vw
=

A

R2
<latexit sha1_base64="XX5tgpHC1hgliQqCOoXXrt1StpY="></latexit>

Fits of GeV flash in 7 GRBs:

A ⇠ 1011
g

cm
<latexit sha1_base64="o7lEgKKljeLrW8tX4wU8oQc0qEk=">AAACDHicbVDNSgMxGMzWv1r/qh69BIvgQcqmCnqsevFYwf5At5Zsmm1Dk+ySZIWy7AN48VW8eFDEqw/gzbcx3e5BWwdChpn5SL7xI860cd1vp7C0vLK6VlwvbWxube+Ud/daOowVoU0S8lB1fKwpZ5I2DTOcdiJFsfA5bfvj66nffqBKs1DemUlEewIPJQsYwcZK/XLl0tNMQOTeJwil3okXKEwSTwk4TLOLiNSm3KqbAS4SlJMKyNHol7+8QUhiQaUhHGvdRW5keglWhhFO05IXaxphMsZD2rVUYkF1L8mWSeGRVQYwCJU90sBM/T2RYKH1RPg2KbAZ6XlvKv7ndWMTXPQSJqPYUElmDwUxhyaE02bggClKDJ9Ygoli9q+QjLCtw9j+SrYENL/yImnVqui0Wrs9q9Sv8jqK4AAcgmOAwDmogxvQAE1AwCN4Bq/gzXlyXpx352MWLTj5zD74A+fzB00xmok=</latexit>

expected 

A11 :
<latexit sha1_base64="kLDVIEWYb6PFhTODbz2CZJ+3yHM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU9eIxgnlAsoTZSScZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8MOMY/ZAOJO9zRo2VWtfd1PMmV6RbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46u3dCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp86THFTIjxpZQpri9lbAhVZQZG1HBhuAtvrxMGpWyd1au3J+XqjdZHHk4gmM4BQ8uoAp3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5A8SMjyI=</latexit>

2.5
1.6
1.5
1.5

0.6
2

0.35

Hascoet, Vurm, AB (2015)  



Are particles accelerated in pair-loaded shocks?
  Groselj, Sironi, AB, in preparation

Z± = { 0, 2, 4, 6, 12 }
<latexit sha1_base64="QONbKeh6d5sh71yfvO1h7WDwLB4=">AAACCXicbVDLSsNAFJ34rPUVdelmsAguQkliUTdC0Y3LCvaBTQiT6aQdOpOEmYlQQrdu/BU3LhRx6x+482+ctllo64EDh3PuZeaeMGVUKtv+NpaWV1bX1ksb5c2t7Z1dc2+/JZNMYNLECUtEJ0SSMBqTpqKKkU4qCOIhI+1weD3J2w9ESJrEd2qUEp+jfkwjipHSVmDC+8BL+aWXe5ZteZarWdM803Rcz/LGgVmxq/YUcFE4haiAAo3A/PJ6Cc44iRVmSMquY6fKz5FQFDMyLnuZJCnCQ9QnXS1jxIn08+klY3isnR6MEqEZKzh1f2/kiEs54qGe5EgN5Hw2Mf/LupmKLvycxmmmSIxnD0UZgyqBk1pgjwqCFRtpgbCg+q8QD5BAWOnyyroEZ/7kRdFyq85p1b2tVepXRR0lcAiOwAlwwDmogxvQAE2AwSN4Bq/gzXgyXox342M2umQUOwfgD4zPH0NUlt0=</latexit>

� = { 0, 5⇥ 10�6, 10�5, 3⇥ 10�5, 10�4 }
<latexit sha1_base64="EOzKlmsMYQubRncgH//qw8ScxMk="></latexit>

pair loading factor upstream magnetization
�0 = 50

<latexit sha1_base64="RGAUOI5OkiK8wELItMBCQHon9Uc=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6EUIevEYwTxgs4TZyWwyZB7LzKwQQj7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrThDaI4kq3Y2woZ5I2LLOctlNNsYg5bcXDu6nfeqLaMCUf7SilkcB9yRJGsHVS2OljIXDXv7n0u6WyX/FnQMskyEkZctS7pa9OT5FMUGkJx8aEgZ/aaIy1ZYTTSbGTGZpiMsR9GjoqsaAmGs9OnqBTp/RQorQradFM/T0xxsKYkYhdp8B2YBa9qfifF2Y2uY7GTKaZpZLMFyUZR1ah6f+oxzQllo8cwUQzdysiA6wxsS6logshWHx5mTSrleC8Un24KNdu8zgKcAwncAYBXEEN7qEODSCg4Ble4c2z3ov37n3MW1e8fOYI/sD7/AEd+pB8</latexit>

5, 400⇥ 295, 000
<latexit sha1_base64="ZEDrNUuVri81kroOSwawvbq9uWE=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwEMJsTFBvQS8eI5gHJEuYnUySIbMPZnqFZYm/4sWDIl79EG/+jZNkD5pY0FBUddPd5UVSaCDk21pb39jc2s7t5Hf39g8O7aPjlg5jxXiThTJUHY9qLkXAmyBA8k6kOPU9ydve5Hbmtx+50iIMHiCJuOvTUSCGglEwUt8u1EpVQnogfK5x5bpWIoT07SIpkznwKnEyUkQZGn37qzcIWezzAJikWncdEoGbUgWCST7N92LNI8omdMS7hgbULHPT+fFTfGaUAR6GylQAeK7+nkipr3Xie6bTpzDWy95M/M/rxjC8clMRRDHwgC0WDWOJIcSzJPBAKM5AJoZQpoS5FbMxVZSByStvQnCWX14lrUrZuShX7qvF+k0WRw6doFN0jhx0ieroDjVQEzGUoGf0it6sJ+vFerc+Fq1rVjZTQH9gff4A7FGSXA==</latexit>

(particle-in-cell simulations; grid size up to                            ) 



Are particles accelerated in pair-loaded shocks?
  Groselj, Sironi, AB, in preparation

Z± = { 0, 2, 4, 6, 12 }
<latexit sha1_base64="QONbKeh6d5sh71yfvO1h7WDwLB4=">AAACCXicbVDLSsNAFJ34rPUVdelmsAguQkliUTdC0Y3LCvaBTQiT6aQdOpOEmYlQQrdu/BU3LhRx6x+482+ctllo64EDh3PuZeaeMGVUKtv+NpaWV1bX1ksb5c2t7Z1dc2+/JZNMYNLECUtEJ0SSMBqTpqKKkU4qCOIhI+1weD3J2w9ESJrEd2qUEp+jfkwjipHSVmDC+8BL+aWXe5ZteZarWdM803Rcz/LGgVmxq/YUcFE4haiAAo3A/PJ6Cc44iRVmSMquY6fKz5FQFDMyLnuZJCnCQ9QnXS1jxIn08+klY3isnR6MEqEZKzh1f2/kiEs54qGe5EgN5Hw2Mf/LupmKLvycxmmmSIxnD0UZgyqBk1pgjwqCFRtpgbCg+q8QD5BAWOnyyroEZ/7kRdFyq85p1b2tVepXRR0lcAiOwAlwwDmogxvQAE2AwSN4Bq/gzXgyXox342M2umQUOwfgD4zPH0NUlt0=</latexit>

� = { 0, 5⇥ 10�6, 10�5, 3⇥ 10�5, 10�4 }
<latexit sha1_base64="EOzKlmsMYQubRncgH//qw8ScxMk="></latexit>

pair loading factor upstream magnetization
�0 = 50

<latexit sha1_base64="RGAUOI5OkiK8wELItMBCQHon9Uc=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6EUIevEYwTxgs4TZyWwyZB7LzKwQQj7DiwdFvPo13vwbJ8keNLGgoajqprsrTjkz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrThDaI4kq3Y2woZ5I2LLOctlNNsYg5bcXDu6nfeqLaMCUf7SilkcB9yRJGsHVS2OljIXDXv7n0u6WyX/FnQMskyEkZctS7pa9OT5FMUGkJx8aEgZ/aaIy1ZYTTSbGTGZpiMsR9GjoqsaAmGs9OnqBTp/RQorQradFM/T0xxsKYkYhdp8B2YBa9qfifF2Y2uY7GTKaZpZLMFyUZR1ah6f+oxzQllo8cwUQzdysiA6wxsS6logshWHx5mTSrleC8Un24KNdu8zgKcAwncAYBXEEN7qEODSCg4Ble4c2z3ov37n3MW1e8fOYI/sD7/AEd+pB8</latexit>

5, 400⇥ 295, 000
<latexit sha1_base64="ZEDrNUuVri81kroOSwawvbq9uWE=">AAAB/HicbVDLSgNBEJz1GeNrNUcvg0HwEMJsTFBvQS8eI5gHJEuYnUySIbMPZnqFZYm/4sWDIl79EG/+jZNkD5pY0FBUddPd5UVSaCDk21pb39jc2s7t5Hf39g8O7aPjlg5jxXiThTJUHY9qLkXAmyBA8k6kOPU9ydve5Hbmtx+50iIMHiCJuOvTUSCGglEwUt8u1EpVQnogfK5x5bpWIoT07SIpkznwKnEyUkQZGn37qzcIWezzAJikWncdEoGbUgWCST7N92LNI8omdMS7hgbULHPT+fFTfGaUAR6GylQAeK7+nkipr3Xie6bTpzDWy95M/M/rxjC8clMRRDHwgC0WDWOJIcSzJPBAKM5AJoZQpoS5FbMxVZSByStvQnCWX14lrUrZuShX7qvF+k0WRw6doFN0jhx0ieroDjVQEzGUoGf0it6sJ+vFerc+Fq1rVjZTQH9gff4A7FGSXA==</latexit>

(particle-in-cell simulations; grid size up to                            ) 



Ēe =
✏e �0mic2

Z± + 1
⌧ Ēi ⇠ �0mic

2

<latexit sha1_base64="ls3hKHrlEPUsbw3Npialf6uQBp8="></latexit>

  Groselj, Sironi, AB, in preparation

• Shock heating:

• Fermi acceleration  if

Ēi ⇠ �0mic
2

<latexit sha1_base64="uNHcnnfR88toba7uqOdHns3w8bA=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCp5JUQY9FETxWsB/QxDDZbtulu0nY3Qgl9OTFv+LFgyJe/Q3e/Ddu2xy09cHA470ZZuaFCWdKO863VVhaXlldK66XNja3tnfs3b2milNJaIPEPJbtEBTlLKINzTSn7URSECGnrXB4NfFbD1QqFkd3epRQX0A/Yj1GQBspsA+9EGR2PQ6Yp5jAXh+EgMDBImDkvhrYZafiTIEXiZuTMspRD+wvrxuTVNBIEw5KdVwn0X4GUjPC6bjkpYomQIbQpx1DIxBU+dn0jTE+NkoX92JpKtJ4qv6eyEAoNRKh6RSgB2rem4j/eZ1U9y78jEVJqmlEZot6Kcc6xpNMcJdJSjQfGQJEMnMrJgOQQLRJrmRCcOdfXiTNasU9rVRvz8q1yzyOIjpAR+gEuegc1dANqqMGIugRPaNX9GY9WS/Wu/Uxay1Y+cw++gPr8wdWi5hi</latexit>

✏e ⇠ 0.3
<latexit sha1_base64="swgHU+YVRePy9hXGBbTPtn/Qatw=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuApJK+iy6MZlBXuBJpTJ9KQdOpOEmYlYQl/FjQtF3Poi7nwbp20W2vrDwMd/zuGc+cOUM6Vd99sqbWxube+Udyt7+weHR/ZxtaOSTFJo04QnshcSBZzF0NZMc+ilEogIOXTDye283n0EqVgSP+hpCoEgo5hFjBJtrIFd9SFVjBsEXzGBXacxsGuu4y6E18EroIYKtQb2lz9MaCYg1pQTpfqem+ogJ1IzymFW8TMFKaETMoK+wZgIUEG+uH2Gz40zxFEizYs1Xri/J3IilJqK0HQKosdqtTY3/6v1Mx1dBzmL00xDTJeLooxjneB5EHjIJFDNpwYIlczciumYSEK1iatiQvBWv7wOnbrjNZz6/WWteVPEUUan6AxdIA9doSa6Qy3URhQ9oWf0it6smfVivVsfy9aSVcycoD+yPn8AHZCT0w==</latexit>

� < �F ⇡ ✏2B

✓
�

di

◆2 ✓ E

�0mic2

◆�2

<latexit sha1_base64="PxOwcAJcCMHCzGKeSXmDs0TYV2Q="></latexit>

(tscat < tLarmor)
<latexit sha1_base64="juIYJOHvfTW1H7E71F4rKes/KFw=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEhlqZKCBANDBQsDQ5HoQ2qiynGd1qqdRPYNUhX1F1j4FRYGEGJlY+NvcNsM0HKkKx2fc6987wkSwTU4zre1tLyyurZe2Chubm3v7Np7+00dp4qyBo1FrNoB0UzwiDWAg2DtRDEiA8FawfB64rcemNI8ju5hlDBfkn7EQ04JGKlrlz3BQihDN/OUxNrI48v8cUuUjNXYU7w/gJOuXXIqzhR4kbg5KaEc9a795fVimkoWARVE647rJOBnRAGngo2LXqpZQuiQ9FnH0IhIpv1setEYHxulh8NYmYoAT9XfExmRWo9kYDolgYGe9ybif14nhfDCz3iUpMAiOvsoTAWGGE/iwT2uGAUxMoRQxc2umA6IIhRMiEUTgjt/8iJpVivuaaV6d1aqXeVxFNAhOkJl5KJzVEM3qI4aiKJH9Ixe0Zv1ZL1Y79bHrHXJymcO0B9Ynz/n7Z2x</latexit>

�F ⇠ 10�4

(Z± + 1)4

✓
E

�0mic2

◆�2

<latexit sha1_base64="X5aEZQLHzqElgACvqJjTnnhkoLI="></latexit>

no ion acceleration;  limited energy range for electron acceleration

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

Emax

�0mic2
⇠

⇣ �

10�4

⌘�1/2
(Z± + 1)�2

<latexit sha1_base64="rmAQ4vsWuIvS4LyqOk1nUPiUQhA="></latexit>



t!pi
<latexit sha1_base64="s0LC+UB6o3sOrtzAvCklnzjwMf8=">AAAB+3icbVDLSsNAFJ3UV62vWpduBovgQkpSBV0W3bisYB/QhDCZTtqh8wgzE7GE/IobF4q49Ufc+TdO2yy09cCFwzn3cu89UcKoNq777ZTW1jc2t8rblZ3dvf2D6mGtq2WqMOlgyaTqR0gTRgXpGGoY6SeKIB4x0osmtzO/90iUplI8mGlCAo5GgsYUI2OlsFoz/rkvORmhMPMVhwnNw2rdbbhzwFXiFaQOCrTD6pc/lDjlRBjMkNYDz01MkCFlKGYkr/ipJgnCEzQiA0sF4kQH2fz2HJ5aZQhjqWwJA+fq74kMca2nPLKdHJmxXvZm4n/eIDXxdZBRkaSGCLxYFKcMGglnQcAhVQQbNrUEYUXtrRCPkULY2LgqNgRv+eVV0m02vItG8/6y3rop4iiDY3ACzoAHrkAL3IE26AAMnsAzeAVvTu68OO/Ox6K15BQzR+APnM8f1gmUTw==</latexit>

� = 10�5
<latexit sha1_base64="v/eWg81u9PZcI7swYJnxt/ILoks=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4sexWRS9C0YvHCvYD2m3Jptk2NMkuSVYpS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbr+soUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDG8nfuORKs0i+WBGMfUF7ksWMoKNlTptzfoCX3tuJz29GHcLRbfkToEWiZeRImSodgtf7V5EEkGlIRxr3fLc2PgpVoYRTsf5dqJpjMkQ92nLUokF1X46vXqMjq3SQ2GkbEmDpurviRQLrUcisJ0Cm4Ge9ybif14rMeGVnzIZJ4ZKMlsUJhyZCE0iQD2mKDF8ZAkmitlbERlghYmxQeVtCN78y4ukXi55Z6Xy/XmxcpPFkYNDOIIT8OASKnAHVagBAQXP8ApvzpPz4rw7H7PWJSebOYA/cD5/AGqZkc0=</latexit>

  Groselj, Sironi, AB, in preparation



Ultra-high-energy cosmic rays?

— not through Fermi acceleration in internal shocks

— not through Fermi acceleration in external shocks

Converter?  (photomeson:               )

small radii:  injection problem

At large radii: R > R± ⇡
✓

Eiso

1054 erg

◆1/2

cm
<latexit sha1_base64="7YXWRxf2efmg1j/DI8vvdwIGzcU="></latexit>

low photomeson optical depth ⌧⌫
<latexit sha1_base64="kD+VRysKwoRPEHEkjOeQQryx8Ms=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaUDbbTbt0s4m7s0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZelAmu0fO+ncLa+sbmVnG7tLO7t39QPjxq6dQoypo0FanqREQzwSVrIkfBOpliJIkEa0ej25nffmJK81Q+4DhjYUIGksecErRSJ0BieoE0vXLFq3pzuKvEz0kFcjR65a+gn1KTMIlUEK27vpdhOCEKORVsWgqMZhmhIzJgXUslSZgOJ/N7p+6ZVfpunCpbEt25+ntiQhKtx0lkOxOCQ73szcT/vK7B+DqccJkZZJIuFsVGuJi6s+fdPleMohhbQqji9laXDokiFG1EJRuCv/zyKmnVqv5FtXZ/Wanf5HEU4QRO4Rx8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w8yr5AS</latexit>

threshold (fluid frame):
�pEph > 100MeV

<latexit sha1_base64="8EYqczQ60PJIwSA9/hg7HyVglCw=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBE8SNmtgp6kKIIXoYL9ge6yZNNsG5rshiQrlGUfwIuv4sWDIl59AG++jel2D9o6EJjMzEfyTSAYVdq2v62FxaXlldXSWnl9Y3Nru7Kz21ZxIjFp4ZjFshsgRRiNSEtTzUhXSIJ4wEgnGF1N/M4DkYrG0b0eC+JxNIhoSDHSRvIrVXeAOEe+gNd+6koOxTC7cGzbPYb59Za0M5Oya3YOOE+cglRBgaZf+XL7MU44iTRmSKmeYwvtpUhqihnJym6iiEB4hAakZ2iEOFFemi+TwUOj9GEYS3MiDXP190SKuFJjHpgkR3qoZr2J+J/XS3R47qU0EokmEZ4+FCYM6hhOmoF9KgnWbGwIwpKav0I8RBJhbformxKc2ZXnSbtec05q9bvTauOyqKME9sEBOAIOOAMNcAOaoAUweATP4BW8WU/Wi/VufUyjC1Yxswf+wPr8AX8Lmfw=</latexit>

n $ p
<latexit sha1_base64="tz1GVy8pvGtjKW/22Gasah59oY8=">AAAB/HicbVBNSwMxEM3Wr1q/Vnv0EiyCp7JbBT0WvXisYD+gXUo2zbah2WRJZpWl1L/ixYMiXv0h3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/sH7uFRy6hUU9akSijdCYlhgkvWBA6CdRLNSBwK1g7HNzO//cC04UreQ5awICZDySNOCVip75Yl7gkWgebDERCt1SNO+m7Fq3pz4FXi56SCcjT67ldvoGgaMwlUEGO6vpdAMCEaOBVsWuqlhiWEjsmQdS2VJGYmmMyPn+JTqwxwpLQtCXiu/p6YkNiYLA5tZ0xgZJa9mfif100hugomXCYpMEkXi6JUYFB4lgQecM0oiMwSQjW3t2I6IppQsHmVbAj+8surpFWr+ufV2t1FpX6dx1FEx+gEnSEfXaI6ukUN1EQUZegZvaI358l5cd6dj0VrwclnyugPnM8fyF6U2w==</latexit>

runaway acceleration if

�⌫ ⇠ 10�28 � 5⇥ 10�28 cm2
<latexit sha1_base64="naFW+fsE1THpzJMM67wkDawFmzo=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2AR3LTM1IoFN0U3LivYC3TakknTNjTJDElGKMO8iBtfxY0LRVy4Ed/GtB1EW38IfPznHE7O74eMKu04X1ZmZXVtfSO7mdva3tnds/cPGiqIJCZ1HLBAtnykCKOC1DXVjLRCSRD3GWn64+tpvXlPpKKBuNOTkHQ4Ggo6oBhpY/XssqfokKOeJyJDHLpONy6UKknh3NOUE/VjeJexJznEPOmWenbeKTozwWVwU8iDVLWe/eH1AxxxIjRmSKm264S6EyOpKWYkyXmRIiHCYzQkbYMCmc2deHZdAk+M04eDQJonNJy5vydixJWacN90cqRHarE2Nf+rtSM9qHRiKsJIE4HniwYRgzqA06hgn0qCNZsYQFhS81eIR0girE2gOROCu3jyMjRKRfesWLot56tXaRxZcASOwSlwwQWoghtQA3WAwQN4Ai/g1Xq0nq03633emrHSmUPwR9bnN7kSoG0=</latexit>

⌧⌫�sh & 10
<latexit sha1_base64="FEscWlwGPdXZF5ZFxiBN/SrNwIE=">AAACCnicbVC7SgNBFJ31GeMramkzGgSrsBsFLYMWWkYwUciG5e5kkgyZmV1m7gphSW3jr9hYKGLrF9j5N04eha8DA4dz7uHOPXEqhUXf//Tm5hcWl5YLK8XVtfWNzdLWdtMmmWG8wRKZmNsYLJdC8wYKlPw2NRxULPlNPDgf+zd33FiR6GscprytoKdFVzBAJ0WlvRAhi0KdhRegFER5aBS1/VHYQxdSNPCjUtmv+BPQvySYkTKZoR6VPsJOwjLFNTIJ1rYCP8V2DgYFk3xUDDPLU2AD6PGWoxoUt+18csqIHjilQ7uJcU8jnajfEzkoa4cqdpMKsG9/e2PxP6+VYfe0nQudZsg1my7qZpJiQse90I4wnKEcOgLMCPdXyvpggKFrr+hKCH6f/Jc0q5XgqFK9Oi7XzmZ1FMgu2SeHJCAnpEYuSZ00CCP35JE8kxfvwXvyXr236eicN8vskB/w3r8AFEqafA==</latexit>

Derishev et al. 2003



Summary 

• internal shocks accelerate particles  

• prompt GRBs = nonthermal synchrotron  

• subphotospheric shocks: PeV neutrinos  

• afterglow shocks propagate in a low-density ISM  

• optical flash comes from reverse shock 

• particle acceleration is required for GeV/TeV

GRB delusions:
suppression by B

photospheric emission

radiation-mediated shocks

WR wind 

mainly thermal e+- 

e+-loaded forward shock  


