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the problem



γ-ray burst model

energy (iso)

photons ~ MeV

variability 0.01-1 s 

Pair fireball

<latexit sha1_base64="jWpbaxV1LmHuiWgIaAPmot4RDVw=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNgNGj0GvXiMYB6QbMLspDcZMvtgZlYJS/7DiwdFvPov3vwbJ8keNLGgoajqprvLiwVX2ra/rZXVtfWNzdxWfntnd2+/cHDYUFEiGdZZJCLZ8qhCwUOsa64FtmKJNPAENr3R7dRvPqJUPAof9DhGN6CDkPucUW2krmN308vyhHTOCcpBr1C0S/YMZJk4GSlChlqv8NXpRywJMNRMUKXajh1rN6VScyZwku8kCmPKRnSAbUNDGqBy09nVE3JqlD7xI2kq1GSm/p5IaaDUOPBMZ0D1UC16U/E/r51o/9pNeRgnGkM2X+QnguiITCMgfS6RaTE2hDLJza2EDamkTJug8iYEZ/HlZdIol5xKqXJ/UazeZHHk4BhO4AwcuIIq3EEN6sBAwjO8wpv1ZL1Y79bHvHXFymaO4A+szx90aJE1</latexit>

1052 erg

BH
<latexit sha1_base64="uexy376dpz19llURFoUvdoisB0U=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHcWBKR6rLoxo1QwT6gCWEymbRDJzNhZiKEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBlVGnH+bZWVtfWNzYrW9Xtnd29ffvgsKtEJjHpYMGE7IdIEUY56WiqGemnkqAkZKQXjm+mfu+RSEUFf9B5SvwEDTmNKUbaSIFd8xRNoHvmOvAuKDwRCT0J7LrTcGaAy8QtSR2UaAf2lxcJnCWEa8yQUgPXSbVfIKkpZmRS9TJFUoTHaEgGhnKUEOUXs+Mn8MQoEYyFNMU1nKm/JwqUKJUnoelMkB6pRW8q/ucNMh1f+QXlaaYJx/NFccagFnCaBIyoJFiz3BCEJTW3QjxCEmFt8qqaENzFl5dJ97zhNhvN+4t667qMowKOwDE4BS64BC1wC9qgAzDIwTN4BW/Wk/VivVsf89YVq5ypgT+wPn8AGuyTzg==</latexit>⇠ 1� 10M�

<latexit sha1_base64="pvjvL9v6MH8MdUtqerya9t2TiW4=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISGpbW12RTcuK9gHNGmZTCft0JkkzEyUEvofblwo4tZ/ceffOGkrqOiBC4dz7uXee/yYUaks68PIrayurW/kNwtb2zu7e8X9g7aMEoFJC0csEl0fScJoSFqKKka6sSCI+4x0/MlV5nfuiJA0Cm/VNCYeR6OQBhQjpaU+6aduzGdn7ghxjgbFkmU69Wq1UoaWaVlOpXquieM4dt2GtlYylMASzUHx3R1GOOEkVJghKXu2FSsvRUJRzMis4CaSxAhP0Ij0NA0RJ9JL51fP4IlWhjCIhK5Qwbn6fSJFXMop93UnR2osf3uZ+JfXS1RQ91IaxokiIV4sChIGVQSzCOCQCoIVm2qCsKD6VojHSCCsdFAFHcLXp/B/0i6bds2s3VRKjctlHHlwBI7BKbDBBWiAa9AELYCBAA/gCTwb98aj8WK8LlpzxnLmEPyA8fYJEPeS6w==</latexit>

e±, �

<latexit sha1_base64="gIDR9q1iTzCDeRjf0nT6KA8iTEk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj2WevEiVOgXtCFstpN26W4SdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpBwprTjfFuFjc2t7Z3ibmlv/+CwbB8dd1ScSgptGvNY9gKigLMI2pppDr1EAhEBh24wuZ373UeQisVRS08T8AQZRSxklGgj+Xa55WeNxgwPFBP4Hjq+XXGqzgJ4nbg5qaAcTd/+GgxjmgqINOVEqb7rJNrLiNSMcpiVBqmChNAJGUHf0IgIUF62OHyGz40yxGEsTUUaL9TfExkRSk1FYDoF0WO16s3F/7x+qsMbL2NRkmqI6HJRmHKsYzxPAQ+ZBKr51BBCJTO3YjomklBtsiqZENzVl9dJ57Lq1qq1h6tKvZHHUUSn6AxdIBddozq6Q03URhSl6Bm9ojfryXqx3q2PZWvBymdO0B9Ynz+UKJJo</latexit>

TBB ⇠ MeV

Cavallo & Rees 1978 
Paczýnski 1986 
Goodman 1986

<latexit sha1_base64="IF91EdI/BKg3olh/hZwA47ZHRD8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSkuipFEVy4qGAf0MYwmUzboTOTMDMRSsjKjb/ixoUibv0Gd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFsLi0vLK6uFteL6xubWtr2z21RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF6O/dYDkYpG4k6PYuJx1Be0RzHSRvLtgxs/7fYR5yiD1Sp0nfvUdTJo1KswzHy75JSdCeA8cXNSAjnqvv3VDSOccCI0ZkipjuvE2kuR1BQzkhW7iSIxwkPUJx1DBeJEeenkjQweGSWEvUiaEhpO1N8TKeJKjXhgOjnSAzXrjcX/vE6ie+deSkWcaCLwdFEvYVBHcJwJDKkkWLORIQhLam6FeIAkwtokVzQhuLMvz5PmSdmtlCu3p6XaRR5HAeyDQ3AMXHAGauAa1EEDYPAInsEreLOerBfr3fqYti5Y+cwe+APr8wfiHJd+</latexit>

L� >> 1010LEdd



model
Baryon poisoning

γ-ray burst

Briggs et al. 1999

<latexit sha1_base64="kzlmQ6Iaagh9F2sNxkfPsdphTbk=">AAACDHicbVDLSsNAFJ34rPVVdelmsAgutCQi1WVRBDdCBZsWmlAm05t2yOTBzEQooR/gxl9x40IRt36AO//GSZuFth4YOJxzLnfu8RLOpDLNb2NhcWl5ZbW0Vl7f2Nzaruzs2jJOBYUWjXksOh6RwFkELcUUh04igIQeh7YXXOV++wGEZHF0r0YJuCEZRMxnlCgt9SrV616WAAnG2JEsxJZpYucYB2DjE2zl9BZsnTJr5gR4nlgFqaICzV7ly+nHNA0hUpQTKbuWmSg3I0IxymFcdlIJCaEBGUBX04iEIN1scswYH2qlj/1Y6BcpPFF/T2QklHIUejoZEjWUs14u/ud1U+VfuBmLklRBRKeL/JRjFeO8GdxnAqjiI00IFUz/FdMhEYQq3V9Zl2DNnjxP7NOaVa/V786qjcuijhLaRwfoCFnoHDXQDWqiFqLoET2jV/RmPBkvxrvxMY0uGMXMHvoD4/MHlcmYIw==</latexit>

Epeak ⇠ 100 keV � 1MeV

Shemi & Piran 1990  
Cavallo & Rees 1978 
Paczýnski 1990 
 

<latexit sha1_base64="iG1CNdk1liM/MOyM7og5h9SJw1U=">AAACG3icbZDLSgMxFIYzXmu9VV26CRbBhZSZItVl0YUuq9hW6NThTJpqMJkZkjNiGeY93Pgqblwo4kpw4duYXhbefgh8/OecJOcPEykMuu6nMzU9Mzs3X1goLi4tr6yW1tZbJk41400Wy1hfhGC4FBFvokDJLxLNQYWSt8Obo2G9fcu1EXF0joOEdxVcRaIvGKC1glL1LMjsLTKnPiSJju9olTLq71K/xyUCxREfg1IQZCa/zKp5UCq7FXck+he8CZTJRI2g9O73YpYqHiGTYEzHcxPsZqBRMMnzop8angC7gSvesRiB4qabjXbL6bZ1erQfa3sipCP3+0QGypiBCm2nArw2v2tD879aJ8X+QTcTUZIij9j4oX4qKcZ0GBTtCc0ZyoEFYFrYv1J2DRoY2jiLNgTv98p/oVWteLVK7XSvXD+cxFEgm2SL7BCP7JM6OSEN0iSM3JNH8kxenAfnyXl13satU85kZoP8kPPxBb2roAM=</latexit>

Rcoll ⇡ 2c �t�2
s

<latexit sha1_base64="9pnJHmoadn3vvm0bditjgBWR5iA=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkRqS5L3bhwUaEv6AxDJs20oUlmSDJCGbp046+4caGIWz/BnX9j2g6irQcCh3Pu5eacMGFUacf5sgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCccXU/9zj2RisaiqccJ8TkaCBpRjLSRAvu4GWT1+gR6Ooa3QTb6Yd4AcY4mgV12Ks4McJm4OSmDHI3A/vT6MU45ERozpFTPdRLtZ0hqihmZlLxUkQThERqQnqECcaL8bBZkAk+N0odRLM0TGs7U3xsZ4kqNeWgmOdJDtehNxf+8XqqjKz+jIkk1EXh+KEoZNFmnrcA+lQRrNjYEYUnNXyEeIomwNt2VTAnuYuRl0j6vuNVK9e6iXKvndRTBETgBZ8AFl6AGbkADtAAGD+AJvIBX69F6tt6s9/lowcp3DsEfWB/fr8SZKQ==</latexit>

TBB ! Lk ! L�

Rees & Mészáros 1994

(Narayan et al. 1992, Paczýnski & Xu 1994)

Daigne & Mochkovitch 1998 



Internal shocks beyond the photosphere - Spectra 

Ghisellini et al. 2000 

5



more data - spectral index

Gruber et al. 2018

Problems with the opt. thin synchrotron Crider 1997, Preece et al. 1998

Band 1993
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more options

Mészáros & Rees 2000 

<latexit sha1_base64="EFbDOj+4fdsaS6G8vj4JMYYixC4=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZQZkdZl0Y3LCvYB7Thk0kwbmseQZMQyFNz4K25cKOLWn3Dn35g+Ftp64MLJOfeSe0+UMKqN5307uaXlldW1/HphY3Nre8fd3WtomSpM6lgyqVoR0oRRQeqGGkZaiSKIR4w0o8HV2G/eE6WpFLdmmJCAo56gMcXIWCl0D1SYeSPYQUmi5AP0vbusYp+nEPPQLXolbwK4SPwZKYIZaqH71elKnHIiDGZI67bvJSbIkDIUMzIqdFJNEoQHqEfalgrEiQ6yyQ0jeGyVLoylsiUMnKi/JzLEtR7yyHZyZPp63huL/3nt1MQXQUZFkhoi8PSjOGXQSDgOBHapItiwoSUIK2p3hbiPFMLGxlawIfjzJy+SxlnJL5fKN+fF6uUsjjw4BEfgBPigAqrgGtRAHWDwCJ7BK3hznpwX5935mLbmnNnMPvgD5/MH8BGWbw==</latexit>

r0 ⇡ 107 cm

<latexit sha1_base64="M22eZbj0A3wHCDC4Dmqi/oWg0Wo=">AAAB/nicbZDLSsNAFIYnXmu9RcWVm8EiuCqJSHUjlLrpRqhgL9CGMJlM2qGTmTAzEUoI+CpuXCji1udw59s4bbPQ1h8GPv5zDufMHySMKu0439bK6tr6xmZpq7y9s7u3bx8cdpRIJSZtLJiQvQApwignbU01I71EEhQHjHSD8e203n0kUlHBH/QkIV6MhpxGFCNtLN8+vvOzRjOHN9B1oOGBCIXOfbviVJ2Z4DK4BVRAoZZvfw1CgdOYcI0ZUqrvOon2MiQ1xYzk5UGqSILwGA1J3yBHMVFeNjs/h2fGCWEkpHlcw5n7eyJDsVKTODCdMdIjtVibmv/V+qmOrr2M8iTVhOP5oihlUAs4zQKGVBKs2cQAwpKaWyEeIYmwNomVTQju4peXoXNRdWvV2v1lpd4o4iiBE3AKzoELrkAdNEELtAEGGXgGr+DNerJerHfrY966YhUzR+CPrM8fPkmUag==</latexit>

MBH = 10M�

<latexit sha1_base64="2vUobUI/O4/3j7/HowKRjDBSBNY=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJAYoEoAFcYKFsYi0YfUhshx3daqY1u2g6iiDiz8CgsDCLHyEWz8DW6bAVqOdKXjc+6V7z2RZFQbz/t2FhaXlldWc2v59Y3NrW13Z7euRaIwqWHBhGpGSBNGOakZahhpSkVQHDHSiAZXY79xT5Smgt+aoSRBjHqcdilGxkqhWzBh6o1gG0mpxAP0vbv0+NS+j6CGoVv0St4EcJ74GSmCDNXQ/Wp3BE5iwg1mSOuW70kTpEgZihkZ5duJJhLhAeqRlqUcxUQH6eSIETywSgd2hbLFDZyovydSFGs9jCPbGSPT17PeWPzPayWmexGklMvEEI6nH3UTBo2A40RghyqCDRtagrCidleI+0ghbGxueRuCP3vyPKmflPxyqXxzVqxcZnHkQAHsg0Pgg3NQAdegCmoAg0fwDF7Bm/PkvDjvzse0dcHJZvbAHzifPwIGlmc=</latexit>

t0 ⇡ 10�3 s

<latexit sha1_base64="5fOGLf6RjoD9AguGgHX6R+NIg1c=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJVUUFiQKlgYGIpEH1KbRo7rtlYdJ7IdpCrKzMKvsDCAECtfwMbf4LQZoOVIV/fonHtl3+OFjEplWd9GbmFxaXklv1pYW9/Y3DK3dxoyiAQmdRywQLQ8JAmjnNQVVYy0QkGQ7zHS9EbXqd98IELSgN+rcUgcHw047VOMlJZcc//Wja0EXkLb6sZn5QR2jiERg7TJbnxiJ9A1i1bJmgDOEzsjRZCh5ppfnV6AI59whRmSsm1boXJiJBTFjCSFTiRJiPAIDUhbU458Ip14ckoCD7XSg/1A6OIKTtTfGzHypRz7np70kRrKWS8V//PakepfODHlYaQIx9OH+hGDKoBpLrBHBcGKjTVBWFD9V4iHSCCsdHoFHYI9e/I8aZRLdqVUuTstVq+yOPJgDxyAI2CDc1AFN6AG6gCDR/AMXsGb8WS8GO/Gx3Q0Z2Q7u+APjM8fUoaXgw==</latexit>

L0 = 1052 erg s�1

<latexit sha1_base64="wVpw1OsAuRLMCH42zK+WGpYuHhg=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVU1Eqhuh6MZlBfuANoTJdNIOnTyYmVRLzKe4caGIW7/EnX/jtM1CWw/cy+Gce5k7x4s5k8qyvo3Cyura+kZxs7S1vbO7Z5b3WzJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjW6mfntMhWRReK8mMXUCPAiZzwhWWnLNcu+RoSuk3HScnepuZa5ZsarWDGiZ2DmpQI6Ga371+hFJAhoqwrGUXduKlZNioRjhNCv1EkljTEZ4QLuahjig0klnp2foWCt95EdCV6jQTP29keJAykng6ckAq6Fc9Kbif143Uf6lk7IwThQNyfwhP+FIRWiaA+ozQYniE00wEUzfisgQC0yUTqukQ7AXv7xMWmdVu1at3Z1X6td5HEU4hCM4ARsuoA630IAmEHiAZ3iFN+PJeDHejY/5aMHIdw7gD4zPH3sVk4U=</latexit>

⇠ = tv/t0
<latexit sha1_base64="rGWeWIaYS5/US+F4Xfozjb82Dhg=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8xd0g0YsQ9OJBIYJ5QLKG2ckkGTL7cKY3EJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13lxdJodG2v62l5ZXVtfXMRnZza3tnN7e3X9NhrBivslCGquFRzaUIeBUFSt6IFKe+J3ndG1xP/PqQKy3C4AFHEXd92gtEVzCKRnJbHCm5JLend+yx2M7l7YI9BVkkTkrykKLSzn21OiGLfR4gk1TrpmNH6CZUoWCSj7OtWPOIsgHt8aahAfW5dpPp0WNybJQO6YbKVIBkqv6eSKiv9cj3TKdPsa/nvYn4n9eMsXvhJiKIYuQBmy3qxpJgSCYJkI5QnKEcGUKZEuZWwvpUUYYmp6wJwZl/eZHUigWnVCjdn+XLV2kcGTiEIzgBB86hDDdQgSoweIJneIU3a2i9WO/Wx6x1yUpnDuAPrM8fzAaQ1Q==</latexit>

⌘ = L/Mc2

C = Comptonisation 
 

Ghisellini & Celotti 1999 

S = Synchrotron 

<latexit sha1_base64="eqfoc80BupvVhUfsNFaqcJIOcLQ=">AAACBXicbZC7SgNBFIZnvcZ4W7XUYjAIVmFXJNoIwTQWFhHMBbJLmJ3MJkNmZ5eZs0pY0tj4KjYWitj6Dna+jZMLqIk/DHz85xzOnD9IBNfgOF/WwuLS8spqbi2/vrG5tW3v7NZ1nCrKajQWsWoGRDPBJasBB8GaiWIkCgRrBP3KqN64Y0rzWN7CIGF+RLqSh5wSMFbbPvAYEOylCVEqvsfXP3iBK2274BSdsfA8uFMooKmqbfvT68Q0jZgEKojWLddJwM+IAk4FG+a9VLOE0D7pspZBSSKm/Wx8xRAfGaeDw1iZJwGP3d8TGYm0HkSB6YwI9PRsbWT+V2ulEJ77GZdJCkzSyaIwFRhiPIoEd7hiFMTAAKGKm79i2iOKUDDB5U0I7uzJ81A/KbqlYunmtFC+nMaRQ/voEB0jF52hMrpCVVRDFD2gJ/SCXq1H69l6s94nrQvWdGYP/ZH18Q0PK5eo</latexit>

⌘ " L "= C
<latexit sha1_base64="+syt9DFalrxLzMEliZHD/6U8Ars=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRqW6EohsXLiraB7RDyaRpG5pJhiTTUob+iRsXirj1T9z5N6btLLR64MLhnHuTe08Yc6aN5305uZXVtfWN/GZha3tnd8/dP6hrmShCa0RyqZoh1pQzQWuGGU6bsaI4CjlthMObmd8YUaWZFI9mEtMgwn3BeoxgY6WO696hdleOBVZKjtEVeui4Ra/kzYH+Ej8jRchQ7bif9gGSRFQYwrHWLd+LTZBiZRjhdFpoJ5rGmAxxn7YsFTiiOkjnm0/RiVW6qCeVLWHQXP05keJI60kU2s4Im4Fe9mbif14rMb3LIGUiTgwVZPFRL+HISDSLAXWZosTwiSWYKGZ3RWSAFSbGhlWwIfjLJ/8l9bOSXy6V78+LlessjjwcwTGcgg8XUIFbqEINCIzgCV7g1UmdZ+fNeV+05pxs5hB+wfn4Bk+qktE=</latexit>

L #= S
<latexit sha1_base64="LbqBfGrgoFmrIovn0ZX59pXAZqI=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWZEqhuh6MZlBfuAdiiZ9E4bmkmGJGOppfgrblwo4tb/cOffmLaz0NYDFw7n3Jvce8KEM20879tZWl5ZXVvPbeQ3t7Z3dt29/ZqWqaJQpZJL1QiJBs4EVA0zHBqJAhKHHOph/2bi1x9AaSbFvRkmEMSkK1jEKDFWaruHLTAEtzpyIIhScoCvcNJruwWv6E2BF4mfkQLKUGm7X/YFmsYgDOVE66bvJSYYEWUY5TDOt1INCaF90oWmpYLEoIPRdPsxPrFKB0dS2RIGT9XfEyMSaz2MQ9sZE9PT895E/M9rpia6DEZMJKkBQWcfRSnHRuJJFLjDFFDDh5YQqpjdFdMeUYQaG1jehuDPn7xIamdFv1Qs3Z0XytdZHDl0hI7RKfLRBSqjW1RBVUTRI3pGr+jNeXJenHfnY9a65GQzB+gPnM8fvq2UyA==</latexit>

⌘ #= ph

.
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Amati

Ghirlanda

Yonetoku

spectral-energy relations

Thermal components

Ghirlanda et al. 2003; Ryde 2004

more data

<latexit sha1_base64="xneDNwD3WPgG9ukdzEcIW1O00CA=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxI67IogssK9gGdWu6kaRuazIQkI5Rh1m78FTcuFHHrF7jzb0wfC209EDiccy8354SSM20879tZWl5ZXVvPbeQ3t7Z3dt29/bqOE0VojcQ8Vs0QNOUsojXDDKdNqSiIkNNGOLwa+40HqjSLozszkrQtoB+xHiNgrNRxj647qaQwzHAgVSxNjK0Q9EEIyO5Tr1jOOm7BK3oT4EXiz0gBzVDtuF9BNyaJoJEhHLRu+Z407RSUYYTTLB8kmkogQ+jTlqURCKrb6SRKhk+s0sW9WNkXGTxRf2+kILQeidBOCjADPe+Nxf+8VmJ6F+2URTIxNCLTQ72EY5t43AvuMkWJ4SNLgChm/4rJABQQY9vL2xL8+ciLpH5W9EvF0u15oXI5qyOHDtExOkU+KqMKukFVVEMEPaJn9IrenCfnxXl3PqajS85s5wD9gfP5A9+ymmM=</latexit>

Epeak / E0.7
�

<latexit sha1_base64="S6W/x5fwLw0HoTG8mw+HyLJCg/I=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcDTOi1WVRBJcV7APaccikmTY0MwlJRijD7Nz4K25cKOLWX3Dn35i2s9DWA4HDOfdyc04oGFXadb+thcWl5ZXV0lp5fWNza9ve2W0qnkpMGpgzLtshUoTRhDQ01Yy0hSQoDhlphcOrsd96IFJRntzpkSB+jPoJjShG2kiBfXAdZIKgYQ67QnKhOTQCVTy/z1znLA/siuu4E8B54hWkAgrUA/ur2+M4jUmiMUNKdTxXaD9DUlPMSF7upooIhIeoTzqGJigmys8mOXJ4ZJQejLg0L9Fwov7eyFCs1CgOzWSM9EDNemPxP6+T6ujCz2giUk0SPD0UpQyauONSYI9KgjUbGYKwpOavEA+QRFib6sqmBG828jxpnjhe1anenlZql0UdJbAPDsEx8MA5qIEbUAcNgMEjeAav4M16sl6sd+tjOrpgFTt74A+szx+nkJkv</latexit>

Epeak / E0.5
iso

<latexit sha1_base64="ohStOBljq5QMLRnoHpXom1srZeo=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgapgRrS6LIrhwUcE+oB2HTJq2oZlJSDJCGWbnxl9x40IRt/6CO//GtJ2Fth4IHM65l5tzQsGo0q77bRUWFpeWV4qrpbX1jc0te3unoXgiMaljzrhshUgRRmNS11Qz0hKSoChkpBkOL8d+84FIRXl8p0eC+BHqx7RHMdJGCuz9qyAVBA0z2BGSC83hTZBSxbP71HVOs8Auu447AZwnXk7KIEctsL86XY6TiMQaM6RU23OF9lMkNcWMZKVOoohAeIj6pG1ojCKi/HSSI4OHRunCHpfmxRpO1N8bKYqUGkWhmYyQHqhZbyz+57UT3Tv3UxqLRJMYTw/1EgZN3HEpsEslwZqNDEFYUvNXiAdIIqxNdSVTgjcbeZ40jh2v4lRuT8rVi7yOItgDB+AIeOAMVME1qIE6wOARPINX8GY9WS/Wu/UxHS1Y+c4u+APr8weygJk2</latexit>

Epeak / L0.5
iso

dissipative photospheres
Rees & Mészáros 2005 

Ghisellini & Celotti 1999 
(quasi-thermal C.) 

Pe’er & Waxman 2004 
(opt. thick solutions) 

8



Cavallo & Rees 1978 
Paczýnski 1986 
Goodman 1986 
Shemi & Piran 1990

Usov 1992  
Thompson 1994 
Mészáros & Rees  1997 
Lyutikov & Blandford 2003 

GRB jet mystery
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Possible dissipation models

photosphere

collisional heating

RMS
Levinson & Nakar 2020 review 

Beloborodov 2010, Vurm et al. 2011

external dissipation
m

ag
ne

tic
 d

is
si

pa
tio

n

Drenkhahn & Spruit 2002

Giannios & Spruit 2005  
Thompson 2006  
Giannios 2008

standard internal shocks
Rees & Mészáros 1994

ICMART
Zhang et al. 2011
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Harder in thin synchrotron models

Daigne et al. 2011

Bošnjak et al. 2009(see Derishev et al. 2001)

Par. space:  
<latexit sha1_base64="w/3AjdV6LtXIbN1SsO8ulnVtAX8=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJaHUlRTcuq9gHNDFMptN26MwkzEyEEuLGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0njBlV2nG+rbn5hcWl5cJKcXVtfWPT3tpuqCiRmNRxxCLZCpEijApS11Qz0oolQTxkpBkOrkZ+84FIRSNxp4cx8TnqCdqlGGkjBfbubZB6PcQ5yi5c5z51TzPoHUHMA7vklJ0x4Cxxc1ICOWqB/eV1IpxwIjRmSKm268TaT5HUFDOSFb1EkRjhAeqRtqECcaL8dPxBBg+M0oHdSJoSGo7V3xMp4koNeWg6OdJ9Ne2NxP+8dqK7535KRZxoIvBkUTdhUEdwFAfsUEmwZkNDEJbU3ApxH0mEtQmtaEJwp1+eJY3jslspV25OStXLPI4C2AP74BC44AxUwTWogTrA4BE8g1fwZj1ZL9a79TFpnbPymR3wB9bnD3sClaE=</latexit>

R� > 1015 cm
<latexit sha1_base64="akIDr9AepCFJRm1cSzfvOVijoCk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyqRE8S9KDHCOaByRJ6J7PJkJnZZWZWCEv+wosHRbz6N978GyePg0YLGoqqbrq7woQzbTzvy8ktLa+sruXXCxubW9s7xd29ho5TRWidxDxWrRA15UzSumGG01aiKIqQ02Y4vJ74zUeqNIvlvRklNBDYlyxiBI2VHjo3KARennpet1jyyt4U7l/iz0kJ5qh1i5+dXkxSQaUhHLVu+15iggyVYYTTcaGTapogGWKfti2VKKgOsunFY/fIKj03ipUtadyp+nMiQ6H1SIS2U6AZ6EVvIv7ntVMTXQQZk0lqqCSzRVHKXRO7k/fdHlOUGD6yBIli9laXDFAhMTakgg3BX3z5L2mclP1KuXJ3VqpezePIwwEcwjH4cA5VuIUa1IGAhCd4gVdHO8/Om/M+a80585l9+AXn4xs0b4/5</latexit>

� > 300
<latexit sha1_base64="Ouj3dDVyOKzD73pGySlLwPtYvHE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJVgETyVRqZ6k6MVjBfsBbQyb7aZdursJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0wYVdp1v63Cyura+kZxs7S1vbNbtvf2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHo5up334kUtFY3OtxQnyOBoJGFCNtpMAu9waIcxSQK899yM4mgV1xq+4MzjLxclKBHI3A/ur1Y5xyIjRmSKmu5ybaz5DUFDMyKfVSRRKER2hAuoYKxInys9nhE+fYKH0niqUpoZ2Z+nsiQ1ypMQ9NJ0d6qBa9qfif1011dOlnVCSpJgLPF0Upc3TsTFNw+lQSrNnYEIQlNbc6eIgkwtpkVTIheIsvL5PWadWrVWt355X6dR5HEQ7hCE7Agwuowy00oAkYUniGV3iznqwX6936mLcWrHzmAP7A+vwB3WCSlw==</latexit>

�e > 103 Beniamini et al. 2013
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Synchrotron vs Thermal emission
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Looking for thermal components

multiple thermal and non-th. components

[10 GRBs]

Guiriec et al. 2011-2017

thermal + non.th.  
(fixed slow-cool synchrotron)

Burgess et al. 2011-2014

[9 GRBs]

+ many authors on individual GRBs 

with BB components

13



spectral breaks



Different ways to “solve” the problem

10 keV 10 MeV

15



Soft X-rays

16



Soft X-rays

[>30 GRBs, 120 spectra]

Oganesyan et al. 2017; 2018 see Zheng et al. 2012 for GRB 110205A
17



Ravasio et al. 2018, 2019

10 short and 10 long GRBs

breaks for 8/10 long GRBs

no breaks for short GRBs

Spectral breaks at hard X-rays

[20 GRBs, 145 spectra]

18



Ravasio et al. 2018

Break vs BB component 

Empirical models vs Physical models

19



Different ways to “solve” the problem

10 keV 10 MeV

20



~ 90% of spectra  
are inconsistent with  
CPL+BB model!

synchrotron model  
is preferred

single synchrotron vs 2 component model

[21 GRBs, 52 spectra]

Oganesyan et al. 2019

see Burgess et al. 2020
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high energy



Let’s go to higher energies

10 keV 10 MeV

Gupta & Zhang 2008, Zhang & Pe’er 2009, Hascoët + 2012 for HE softening

Vianello+ 2018, Chand+ 2020, Mei + 2022, Ravasio+ 2024 
for observations

23



>30 GRBs and ~ 100 spectra 
Fermi/LAT 

Macera et al. (in preparation)

24



very high energy



LHAASO Collaboration,  
Science (2023) 

Tavani et al 2023 
ApJL 956 L23, 2023 

Bissaldi et al 2023 

Frederiks et al 2023  
ApJL, 949, L7 (2023) 

Lesage et al 2023,  
ApJL 952 L42 

Burns et al 2023, 
ApJL 946 L31

Banerjee et al. 2024

GRB 221009A - BOAT

26



SSC 

best model

predicted afterglow SED

BM dynamics  
+ 

same microphysics

GRB 221009A - BOAT

Banerjee et al. 2024
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spectral-energy relations



Amati

Ghirlanda

Yonetoku

spectral-energy relations

Thermal components

Ghirlanda et al. 2003; Ryde 2004

more data

<latexit sha1_base64="xneDNwD3WPgG9ukdzEcIW1O00CA=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyoxI67IogssK9gGdWu6kaRuazIQkI5Rh1m78FTcuFHHrF7jzb0wfC209EDiccy8354SSM20879tZWl5ZXVvPbeQ3t7Z3dt29/bqOE0VojcQ8Vs0QNOUsojXDDKdNqSiIkNNGOLwa+40HqjSLozszkrQtoB+xHiNgrNRxj647qaQwzHAgVSxNjK0Q9EEIyO5Tr1jOOm7BK3oT4EXiz0gBzVDtuF9BNyaJoJEhHLRu+Z407RSUYYTTLB8kmkogQ+jTlqURCKrb6SRKhk+s0sW9WNkXGTxRf2+kILQeidBOCjADPe+Nxf+8VmJ6F+2URTIxNCLTQ72EY5t43AvuMkWJ4SNLgChm/4rJABQQY9vL2xL8+ciLpH5W9EvF0u15oXI5qyOHDtExOkU+KqMKukFVVEMEPaJn9IrenCfnxXl3PqajS85s5wD9gfP5A9+ymmM=</latexit>

Epeak / E0.7
�

<latexit sha1_base64="S6W/x5fwLw0HoTG8mw+HyLJCg/I=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcDTOi1WVRBJcV7APaccikmTY0MwlJRijD7Nz4K25cKOLWX3Dn35i2s9DWA4HDOfdyc04oGFXadb+thcWl5ZXV0lp5fWNza9ve2W0qnkpMGpgzLtshUoTRhDQ01Yy0hSQoDhlphcOrsd96IFJRntzpkSB+jPoJjShG2kiBfXAdZIKgYQ67QnKhOTQCVTy/z1znLA/siuu4E8B54hWkAgrUA/ur2+M4jUmiMUNKdTxXaD9DUlPMSF7upooIhIeoTzqGJigmys8mOXJ4ZJQejLg0L9Fwov7eyFCs1CgOzWSM9EDNemPxP6+T6ujCz2giUk0SPD0UpQyauONSYI9KgjUbGYKwpOavEA+QRFib6sqmBG828jxpnjhe1anenlZql0UdJbAPDsEx8MA5qIEbUAcNgMEjeAav4M16sl6sd+tjOrpgFTt74A+szx+nkJkv</latexit>

Epeak / E0.5
iso

<latexit sha1_base64="ohStOBljq5QMLRnoHpXom1srZeo=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgapgRrS6LIrhwUcE+oB2HTJq2oZlJSDJCGWbnxl9x40IRt/6CO//GtJ2Fth4IHM65l5tzQsGo0q77bRUWFpeWV4qrpbX1jc0te3unoXgiMaljzrhshUgRRmNS11Qz0hKSoChkpBkOL8d+84FIRXl8p0eC+BHqx7RHMdJGCuz9qyAVBA0z2BGSC83hTZBSxbP71HVOs8Auu447AZwnXk7KIEctsL86XY6TiMQaM6RU23OF9lMkNcWMZKVOoohAeIj6pG1ojCKi/HSSI4OHRunCHpfmxRpO1N8bKYqUGkWhmYyQHqhZbyz+57UT3Tv3UxqLRJMYTw/1EgZN3HEpsEslwZqNDEFYUvNXiAdIIqxNdSVTgjcbeZ40jh2v4lRuT8rVi7yOItgDB+AIeOAMVME1qIE6wOARPINX8GY9WS/Wu/UxHS1Y+c4u+APr8weygJk2</latexit>

Epeak / L0.5
iso

dissipative photospheres
Rees & Mészáros 2005 
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spectral-energy relations

Mei et al. (Forthcoming in A&A)70 GRBs

30



spectral-energy relations

BUT

Mei et al. (Forthcoming in A&A)
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Hard bursts?

8-30 keV

Mei et al. (Forthcoming in A&A)
32



news on the prompt emission 



sketch by S. Ronchini
34



Ravasio et al. 202310 MeV line 

35



Ravasio et al. 2024, Science

Discovery of the ~ 10 MeV line 

6 and 11 sigma post-trial

36



next steps



fast optical observations





The optical outliers

Naked eye GRB 080319B, z=0.937

Racusin et al. 2008, Nature



A new case

GRB 220101A, z=4.6

Jin et al. 2023, Nature Astronomy



Other observables 

high time-resolution in observations, but no high variability = the reverse shock

Oganesyan et al. 2023, Nature Astronomy
42



Sub-second prompt optical flashes

Fast optical transients by MAGIC



fast VHE observations



VHE observations
long GRBs (precursors)

short GRBs via GWs (inspiral phase)

Banerjee et al. 2023

<latexit sha1_base64="8lrr/tJNwFzArK6I40ek0bUfKAM=">AAACA3icbZC7SgNBFIZn4y3GW9ROm8EgWIVdkWgZtLGMYC6QhDA7OUmGzF6cOauEZcHGV7GxUMTWl7DzbZxNttDEHwY+/nMOZ87vhlJotO1vK7e0vLK6ll8vbGxube8Ud/caOogUhzoPZKBaLtMghQ91FCihFSpgniuh6Y6v0nrzHpQWgX+LkxC6Hhv6YiA4Q2P1igedPkhkFHvxXUI7WngpagkPSa9Yssv2VHQRnAxKJFOtV/zq9AMeeeAjl0zrtmOH2I2ZQsElJIVOpCFkfMyG0DboMw90N57ekNBj4/TpIFDm+Uin7u+JmHlaTzzXdHoMR3q+lpr/1doRDi66sfDDCMHns0WDSFIMaBoI7QsFHOXEAONKmL9SPmKKcTSxFUwIzvzJi9A4LTuVcuXmrFS9zOLIk0NyRE6IQ85JlVyTGqkTTh7JM3klb9aT9WK9Wx+z1pyVzeyTP7I+fwAyqpfn</latexit>

�tq ⇠ tslew
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Conclusions

1. The composition of GRB jets is unclear 

2. Not clear where the dissipation takes place 

3. Collisionless heating/magnetic dissipation/collisional heating 

4. Dominant radiative cooling is not identified  
1. Low-energy breaks are common in the spectra  

2. Spectra are consistent with marginally-fast cooling synchrotron  
                cooling frequency - luminosity (Mei et al. 2024) 

3. 10 MeV line is identified in the BOAT GRB 
                             Ravasio et al. 2024

1. We expect soft X-ray observations - Einstein Probe and SVOM 

2. We may catch the prompt in the VHE gamma-rays - GWs and precursors help 
Banerjee et al. 2023 
  

3. High time-resolution optical observations via IACTs  
Banerjee, Miceli, Berti, Carosi + efforts in MAGIC 


