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I. Motivations
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Photons as tracers
๏ Interpreting observation :  

๏ Many processes 
‣ Atomic/nuclear lines, bremsstrahlung, 

synchrotron, Compton, pair production/
annihilation, particle physics… 

๏ Particle nature 
‣ leptons, protons, ions 

๏ Transfer 
‣ Thin/thick 

๏ Particle distributions 
‣ Thermal, non-thermal, hybrid etc.. 

๏ Homogeneous/inhomogeneous  

๏ Isotropic/anisotropic medium 

๏ Challenges: 
‣ Identifying all these key aspects 
‣ Derive simple ways to model the emission
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Photons as shapers

๏ Shaping the properties of matter 

๏ Dynamics 
‣ Radiation pressure 
‣ -> e.g. Eddington Luminosity 

๏ Energetics: 
‣ Cooling 

• e.g. thermal instabilities 

‣ heating 
‣ Thermalisation 

๏ Competition with many other processes 
‣ acceleration, escape, adiabatic cooling…
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๏ Back to basics 
‣ Special relativity: Doppler and beaming 
‣ Emission in classical Electrodynamics 
‣ Emission/absorption 
‣ From one to many particles 

๏ Bremsstrahlung 

๏ Magneto-bremsstrahlung 
‣ Cyclo-synchrotron radiation 
‣ Curvature radiation 
‣ Diffuse Synchrotron radiation 
‣ Strong fields 

๏ Compton scattering 

๏ Photon annihilation
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I. Back to Basics
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Particles and Photons

๏ Photon properties 
‣ Energy: E=hν 
‣ Isotropic energy distributions: 

• Power-law 

• Planck 

• Wien 

๏ Particle properties 
‣ Velocity: β=v/c 
‣ Energy: γ = E/mc2 
‣ Kinetic energy: γ-1  = (E-mc2)/mc2 
‣ Momentum: p = β γ = P/mc 
‣ Isotropic energy distributions: 

• Maxwell-Juttner (θ=kT/mc2):  
• Power-law: 
• Hybrid 
• Broken power-laws
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Special Relativity

๏ Radiation properties are frame-dependent 

๏ Two frames: source(‘)/observer 

๏ Relativistic Doppler shift: 

‣ Doppler factor: 

‣ Photon emitted in approaching sources are observed at higher energy 

‣ e.g. spectral features in Blazars, GRBs
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Special Relativity

๏ Relativistic Aberration: 

‣ Ex: Perpendicular photon emission 
• Observed with an angle: 
• For relativistic velocities:                                =>   

‣ For any smooth angular distribution: 
• Beaming 
• The emission is beamed into a narrow cone
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Special Relativity
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Woosley 01

๏ Example: Jet breaks in GRBs 

‣ Geometry: 
• Constant jet opening angle θjet  
• Expansion 
• Slowing down (Γjet decreases) 
• Decrease of the emission 

‣ Relativistic beaming: 
‣ Local emission beamed in a 

cone of angle θem=1/Γjet

‣ At early times: θem << θjet  
• Only a small fraction of the jet is visible 
• Deceleration => Increased visible area 
• Flux decrease partly compensated => Slow 

decrease of the received flux 

‣ At later time : θem > θjet 

• The entire jet is seen 

• no more compensation 
• Steepening of the flux decrease
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Emission in classical electrodynamics

๏ Emission due to accelerated charges 

๏ In the particle rest frame:
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R
<latexit sha1_base64="cVRUNBy/RTcU6LUbsjbBwonoaeo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK3vjNo=</latexit>
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Emission and Absorption

12

True absorption Stimulated 
emission

๏ Any emission process is associated to a corresponding absorption process  
‣ Emission (e.g. in erg/s/Hz/str/part.) :  
‣ Absorption cross-section (cm2/part) :  
‣ e.g. free-free or synchrotron absorption 

๏  Both are linked by statistical properties in thermal equilibrium: 
๏ For lines: Einstein coefficients 
๏ For continuum processes:

<latexit sha1_base64="/ZdOTqk5pHHwWT11ryqIJNhJOd8=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQxCxBBmBJdj0Is3I5gFMiHUdDpJk+6eobtHCEPAj/AHvHhQxKvf4S1/Y2c5aOKDgsd7VVTVCyLOtHHdkZNaWl5ZXUuvZzY2t7Z3srt7VR3GitAKCXmo6gFoypmkFcMMp/VIURABp7WgfzP2a49UaRbKBzOIaFNAV7IOI2Cs1MoelFu+jHHe74IQUPDvBO3CSSubc4vuBHiReDOSKxX80+dRaVBuZb/9dkhiQaUhHLRueG5kmgkowwinw4wfaxoB6UOXNiyVIKhuJpPzh/jYKm3cCZUtafBE/T2RgNB6IALbKcD09Lw3Fv/zGrHpXDUTJqPYUEmmizoxxybE4yxwmylKDB9YAkQxeysmPVBAjE0sY0Pw5l9eJNWzondRPL+3aVyjKdLoEB2hPPLQJSqhW1RGFURQgl7QG3p3npxX58P5nLamnNnMPvoD5+sH48+Xyw==</latexit>

P⌫(�,⌦)
<latexit sha1_base64="641VGCcTeQHbkd6vsT6d1nALQF4=">AAACAnicbVBNS8NAEJ3U7/oVPy7iJVgEBSmJ+HUsevGmgtVCE8pku00XdzdhdyOUIF78K148KOLVX+HNf+O29aDVBwOP92aYmRdnnGnj+59OaWx8YnJqeqY8Oze/sOguLV/pNFeE1knKU9WIUVPOJK0bZjhtZIqiiDm9jm9O+v71LVWapfLS9DIaCUwk6zCCxkotdy3ULBHYCmW+FSYoBO6EZ4ImuN1yK37VH8D7S4JvUqmtwgDnLfcjbKckF1QawlHrZuBnJipQGUY4vSuHuaYZkhtMaNNSiYLqqBi8cOdtWqXtdVJlSxpvoP6cKFBo3ROx7RRounrU64v/ec3cdI6igsksN1SS4aJOzj2Tev08vDZTlBjeswSJYvZWj3RRITE2tbINIRh9+S+52q0GB9X9i71K7XiYBkzDOmzAFgRwCDU4hXOoA4F7eIRneHEenCfn1Xkbtpac75kV+AXn/Qvwg5cv</latexit>

�⌫(�,⌦)

<latexit sha1_base64="KoAhEyxlfJDjJ8nFzqcVPMOpazA="></latexit>

�⌫(�,⌦) =
c2

2h⌫3
1
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⇥
(p�P⌫)�+h⌫/mc2 � (p�P⌫)�
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๏ Multiple particles: 
‣ Coherent radiation 

‣ Particles have a collective motion, 
in a small area, on short time 
scales 

‣ E.g. antennae, synchrotron 
undulators, pulsar atmospheres 
(dipole emission, FRBs)… 

‣ The produced electric fields add 
up coherently:    

‣ Incoherent radiation:  
‣ Particles motions are independant 
‣ e.g. free-free emission 
‣ The produced powers add-up: 

From one to many particles

13

๏ Single particles:  
‣ All radiation properties results from the acceleration properties 
‣ Different kinds of accelerations define different emission processes (e.g. free-free, 

Compton, synchrotron…)

<latexit sha1_base64="4LNkW4n2TIPX4z9zoQpfSgmeQ5g=">AAACA3icbVDLSsNAFJ3UV219RN3pZrAILiQkgo+NUHTjSirYBzQhTKaTduhkEmYmhRIKbvwVNy4UEXeu/AN3foiunT4W2npg4HDOvdw5J0gYlcq2P43c3PzC4lJ+uVBcWV1bNzc2azJOBSZVHLNYNAIkCaOcVBVVjDQSQVAUMFIPuhdDv94jQtKY36h+QrwItTkNKUZKS765XfEzl6cH0BURVLEawDN4BSu+1nyzZFv2CHCWOBNSKltfr++94nfFNz/cVozTiHCFGZKy6diJ8jIkFMWMDApuKkmCcBe1SVNTjiIivWyUYQD3tNKCYSz04wqO1N8bGYqk7EeBnoyQ6shpbyj+5zVTFZ56GeVJqgjH40NhynRYOCwEtqggWLG+JggLqv8KcQcJhJWuraBLcKYjz5LaoeUcW0fXuo1zMEYe7IBdsA8ccALK4BJUQBVgcAvuwSN4Mu6MB+PZeBmP5ozJzhb4A+PtB8efmsU=</latexit>

P⌫,tot = NP⌫

<latexit sha1_base64="7JVKOiQLCxFqUQHLXrlcqV/9xVs=">AAACBXicbVDLSgMxFM3UV219VF3qIlgEF1JmCj42QtGNKxnBPqCtQybNtKFJZkgyhTJ048ZfceNCkW5d+Afu/BBdmz4W2nogcDjnXm7O8SNGlbbtTyu1sLi0vJJezWTX1jc2c1vbFRXGEpMyDlkoaz5ShFFByppqRmqRJIj7jFT97uXIr/aIVDQUt7ofkSZHbUEDipE2kpfbc72kIeIj2JAc6lAP4Dm8vitC1zOql8vbBXsMOE+cKcmXCl/D91722/VyH41WiGNOhMYMKVV37Eg3EyQ1xYwMMo1YkQjhLmqTuqECcaKayTjFAB4YpQWDUJonNByrvzcSxJXqc99McqQ7atYbif959VgHZ82EiijWRODJoSBmJi4cVQJbVBKsWd8QhCU1f4W4gyTC2hSXMSU4s5HnSaVYcE4KxzemjQswQRrsgn1wCBxwCkrgCrigDDC4B4/gGbxYD9aT9WoNJ6Mpa7qzA/7AevsB/XabaQ==</latexit>

P⌫,tot = N2P⌫
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๏ Once integrated over the particle distribution: 
‣ Specific emissivity (erg/s/Hz/cm3/str) 
‣ Absorption/scattering coefficient (/cm) 
‣ Both are linked: 

• Thermal distribution: 
• Power-law distribution:  

From one to many particles

14

j⌫
↵⌫

⇠ ⌫5/2
<latexit sha1_base64="2N2GPF0DX3J0JPP10PGXqlrMSh8=">AAACEHicbZC7TsMwFIadcivlVmBksagQTCUpIJhQAQkhpiLRi9SEyHGd1tRxIttBqqI8AgsLD8IAAwixMrLxNriXAVp+ydKn/5yj4/N7EaNSmea3kZmanpmdy87nFhaXllfyq2s1GcYCkyoOWSgaHpKEUU6qiipGGpEgKPAYqXvds369fkeEpCG/Vr2IOAFqc+pTjJS23Py27QuEk1vX5nGa2IhFHTRgaEsaQE03ycFuKXXzBbNoDgQnwRpBoXx8vv/4fHJZcfNfdivEcUC4wgxJ2bTMSDkJEopiRtKcHUsSIdxFbdLUyFFApJMMDkrhlnZa0A+FflzBgft7IkGBlL3A050BUh05Xuub/9WasfKPnITyKFaE4+EiP2ZQhbCfDmxRQbBiPQ0IC6r/CnEH6YSUzjCnQ7DGT56EWqlo7RVLVzqNUzBUFmyATbADLHAIyuACVEAVYHAPnsAreDMejBfj3fgYtmaM0cw6+CPj8wfa7qAC</latexit>

๏ If isotropic media:  
‣ Properties can be integrated over directions 
‣ Angle-integrated emission (erg/s/Hz/part) : 
‣ Angle averaged absorption cross section (cm2/part) : 

P⌫(�)
<latexit sha1_base64="X8kf3SRxq0sZPhe+MQ5Nd3JzdYs=">AAAB9HicbVDLSsNAFJ3UV62vqks3oUWoCCWpC10W3bisYB/QhHIznbRDZyZxZlIIoX8huHGhiFs/xl3/xuljoa0HLhzOuZd77wliRpV2nKmV29jc2t7J7xb29g8Oj4rHJy0VJRKTJo5YJDsBKMKoIE1NNSOdWBLgASPtYHQ389tjIhWNxKNOY+JzGAgaUgzaSH6j54mk4g2Ac7joFctO1ZnDXifukpTrJe/yeVpPG73it9ePcMKJ0JiBUl3XibWfgdQUMzIpeIkiMeARDEjXUAGcKD+bHz2xz43St8NImhLanqu/JzLgSqU8MJ0c9FCtejPxP6+b6PDGz6iIE00EXiwKE2bryJ4lYPepJFiz1BDAkppbbTwECVibnAomBHf15XXSqlXdq2rtwaRxixbIozNUQhXkomtUR/eogZoIoyf0gt7QuzW2Xq0P63PRmrOWM6foD6yvHyO/lKk=</latexit>

<latexit sha1_base64="m1fy45P9wEEGnf5Lpe2tqpnrwW0=">AAAB+3icbVDJSgNBEK2JW4xbjN68DAYhXsKMuB2DXjxGMAtkQqjp9CRNunuG7h4xhPyKFw+KePVHvPk3dpaDJj4oeLxXRVW9MOFMG8/7djIrq2vrG9nN3Nb2zu5efr9Q13GqCK2RmMeqGaKmnElaM8xw2kwURRFy2ggHtxO/8UiVZrF8MMOEtgX2JIsYQWOlTr4QaNYT2AlkWgp6KASedvJFr+xN4S4Tf06KlUOYotrJfwXdmKSCSkM4at3yvcS0R6gMI5yOc0GqaYJkgD3aslSioLo9mt4+dk+s0nWjWNmSxp2qvydGKLQeitB2CjR9vehNxP+8Vmqi6/aIySQ1VJLZoijlrondSRBulylKDB9agkQxe6tL+qiQGBtXzobgL768TOpnZf+yfHF/XqzczNKALBzBMZTAhyuowB1UoQYEnuAZXuHNGTsvzrvzMWvNOPOZA/gD5/MHAd+UeA==</latexit>

�⌫(�)

<latexit sha1_base64="90gpYDjgcpcX2dh6XYMWYPt+DaQ=">AAACCnicbZC7TsMwFIadcivlFmCDxVCQmKoEicuCVNqFsUj0IjVR5bhOa+o4ke0gqqgzC2/BzMIAQqw8ARIDb4OTdoDCL1n69J9zdHx+L2JUKsv6MnIzs3PzC/nFwtLyyuqaub7RkGEsMKnjkIWi5SFJGOWkrqhipBUJggKPkaY3qKb15g0Rkob8Sg0j4gaox6lPMVLa6pg7ji8QTq47Do9HiYNY1EcZwzNYSQF2zKJVsjLBv2BPoFg+f9iq3u591jrmh9MNcRwQrjBDUrZtK1JugoSimJFRwYkliRAeoB5pa+QoINJNslNGcF87XeiHQj+uYOb+nEhQIOUw8HRngFRfTtdS879aO1b+qZtQHsWKcDxe5McMqhCmucAuFQQrNtSAsKD6rxD3kc5G6fQKOgR7+uS/0Dgs2celo0udRgWMlQfbYBccABucgDK4ADVQBxjcgUfwDF6Me+PJeDXexq05YzKzCX7JeP8G66KdWg==</latexit>

j⌫
↵⌫

= B⌫

<latexit sha1_base64="xBqPhoWXVR3COD0ZeMDs3Xraa/A=">AAACA3icbZBLS8NAFIUn9VXrK+pCqJvBItRNSQQfG6HoxmUF+4AmlMlk0g6dScLMpFBCwY2/w50bF4q41b1bd/4bJ20X2npg4OPce5l7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacgoEZjUccQi0fKQJIyGpK6oYqQVC4K4x0jT619l9eaACEmj8FYNY+Jy1A1pQDFS2uqYRYeGCgZlp4s4R0fQnwC8gHbHLFkVayw4D/YUStXLveLDx+Cz1jG/HD/CCSehwgxJ2batWLkpEopiRkYFJ5EkRriPuqStMUScSDcd3zCCh9rxYRAJ/fRGY/f3RIq4lEPu6U6OVE/O1jLzv1o7UcG5m9IwThQJ8eSjIGFQRTALBPpUEKzYUAPCgupdIe4hgbDSsRV0CPbsyfPQOK7Yp5WTmywNMFEe7IMDUAY2OANVcA1qoA4wuAOP4Bm8GPfGk/FqvE1ac8Z0Zhf8kfH+A/CCmXI=</latexit>Z
f(�)d� = 1<latexit sha1_base64="B9GQfxohpk51seh8tz2DvNUHjDM="></latexit>

j⌫ =
n

4⇡

Z
P⌫(�)f(�)d�

<latexit sha1_base64="32WcJlhiS7dKBFZeth0jk5ZOepc=">AAACIXicbZDNSgMxFIUz/lv/qi4E3QRF0E2ZEdRuBNGNywpWC51huJNm2mCSGZJMoZS+ii58D1duulCkO/FlTDtFtHog8HHuveTeE6WcaeO6H87U9Mzs3PzCYmFpeWV1rbi+cauTTBFaJQlPVC0CTTmTtGqY4bSWKgoi4vQuur8c1u/aVGmWyBvTSWkgoClZzAgYa4XFsg88bUHoywyfYYl9Jg32NWuKkXfgN0EIOMTxNzVyCIt7bskdCf8Fbwx75xdb24/P7X4lLA78RkIyQaUhHLSue25qgi4owwinvYKfaZoCuYcmrVuUIKgOuqMLe3jfOg0cJ8o+u+DI/TnRBaF1R0S2U4Bp6cna0PyvVs9MXA66TKaZoZLkH8UZxybBw7hwgylKDO9YAKKY3RWTFiggxoZasCF4kyf/hdujkndSOr4epoFyLaAdtIsOkIdO0Tm6QhVURQQ9oBf0it6cJ6fvvDuDvHXKGc9sol9yPr8AAWyl1g==</latexit>

↵⌫ = n

Z
�⌫(�)f(�)d�

๏ Transfer equation: 

‣ Iν (erg/s/Hz/cm2/str)  = Specific intensity 
‣ jν (erg/s/Hz/cm3/str)  = Specific emissivity 
‣ αa,ν (1/cm)                = Absorption coefficient 
‣ αs,ν (1/cm)                = Scattering coefficient 
‣ Effective optical depth: 
‣ Optically thin/thick: τ=1

⌧⇤ ⇠
p
⌧a(⌧a + ⌧s)

<latexit sha1_base64="wTW0D1suux26q9xJ7P6PW6qslQ8=">AAACFHicbVC5TgMxEPVyhnAtUNJYQUgcUrQbxFFG0FCCRBKkJESzjjex4j2wZ5GiVT6Chu+go6EAIdoUdPwNziYF15PseXpvRvY8L5ZCo+N8WlPTM7Nz87mF/OLS8sqqvbZe1VGiGK+wSEbq2gPNpQh5BQVKfh0rDoEnec3rnY382h1XWkThFfZj3gygEwpfMEAjtez9BkJys0cbWgTmulWYjpQW0J1J3acZ0buDlr3lFJ0M9C9xJ2SrXBgePT4cwkXL/mi0I5YEPEQmQeu668TYTEGhYJIP8o1E8xhYDzq8bmgIAdfNNFtqQLeN0qZ+pMwJkWbq94kUAq37gWc6A8Cu/u2NxP+8eoL+STMVYZwgD9n4IT+RFCM6Soi2heIMZd8QYEqYv1LWBQUMTY55E4L7e+W/pFoqugfF0qVJ45SMkSObpEB2iEuOSZmckwtSIYzckyfyQl6tB+vZerPex61T1mRmg/yANfwCoBSg7A==</latexit>

Iν⌧s ⇠ ↵sR
<latexit sha1_base64="uhIf6mAfgpgpM7yStLrlWG4KJAE=">AAACA3icbVC7SgNBFJ2Nrxhfq4KFNoNBsAq7sdAyxMYyEfOA7LLcnUySIbMPZmaFsARs/BUbEUVs7fwCOxu/xckmhSYeuHDmnHuZe48fcyaVZX0ZuaXlldW1/HphY3Nre8fc3WvKKBGENkjEI9H2QVLOQtpQTHHajgWFwOe05Q8vJ37rlgrJovBGjWLqBtAPWY8RUFryzENHQeKlcowdyQLsAI8HkL2vPbNolawMeJHYM1KsHNS/2VP1o+aZn043IklAQ0U4SNmxrVi5KQjFCKfjgpNIGgMZQp92NA0hoNJNsxvG+EQrXdyLhK5Q4Uz9PZFCIOUo8HVnAGog572J+J/XSVTvwk1ZGCeKhmT6US/hWEV4EgjuMkGJ4iNNgAimd8VkAAKI0rEVdAj2/MmLpFku2Welcl2nUUVT5NEROkanyEbnqIKuUA01EEF36AE9oxfj3ng0Xo23aWvOmM3soz8w3n8Aun+bQw==</latexit>

⌧a,⌫ ⇠ ↵a,⌫R
<latexit sha1_base64="PlkYeE7CbBxa2g51SoE1Ou2ysTQ=">AAACC3icbVC7SgNBFJ31GRMfq5Y2Q6JgIWE3FloGbSyjmAdkQ7g7mSRDZmeXmdlAWNLb+Cs2gorYiT9g54do7eSBaOKBC4dz7uXee/yIM6Ud58NaWFxaXllNraUz6xubW/b2TkWFsSS0TEIeypoPinImaFkzzWktkhQCn9Oq3zsf+dU+lYqF4loPItoIoCNYmxHQRmraWU9D3EzgyBPxEHuKBdgDHnXhR7tq2jkn74yB54k7Jbni/ufDaz/zVWra714rJHFAhSYclKq7TqQbCUjNCKfDtBcrGgHpQYfWDRUQUNVIxr8M8YFRWrgdSlNC47H6eyKBQKlB4JvOAHRXzXoj8T+vHuv2aSNhIoo1FWSyqB1zrEM8Cga3mKRE84EhQCQzt2LSBQlEm/jSJgR39uV5Uink3eN84dKkcYYmSKE9lEWHyEUnqIguUAmVEUE36A49oifr1rq3nq2XSeuCNZ3ZRX9gvX0DM1Oe7Q==</latexit>

R

I⌫

<latexit sha1_base64="P+VkAa4yzTNt3O8YyU09CkzETA8="></latexit>✓
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II. Bremsstrahlung

๏ Radiation of charges accelerated by the Coulomb field of other particles
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II. Bremsstrahlung

๏ Simple derivation for a single interaction event: 
‣ Non-relativistic + small deflexion angle 
‣ Constant acceleration:                 during interaction time 
‣ Total energy radiated:  
‣ Differential energy rather uniform  
‣ up to :  
‣ Close particles produce more intense and more energetic 

radiation 

๏ Emission from many interactions 
‣ Power radiated for many interactions:  

‣ Cutoff at 
16
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� << 1
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<latexit sha1_base64="lN4wNn0fN33tCXrbuNxNMYkkzQM=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlpgi6EYpuXFawF2xryaRn2tAkMyQZoYxd+CpuXCji1tdw59uYtrPQ1gMhH/9/Djn5g5gzbTzv28ktLa+sruXXCxubW9s77u5eXUeJolCjEY9UMyAaOJNQM8xwaMYKiAg4NILh1cRvPIDSLJK3ZhRDR5C+ZCGjxFip6x4QfIHboSI0vYP78jgVOLBX1y16JW9aeBH8DIooq2rX/Wr3IpoIkIZyonXL92LTSYkyjHIYF9qJhpjQIelDy6IkAnQnne4/xsdW6eEwUvZIg6fq74mUCK1HIrCdgpiBnvcm4n9eKzHheSdlMk4MSDp7KEw4NhGehIF7TAE1fGSBUMXsrpgOiA3D2MgKNgR//suLUC+XfMs3p8XKZRZHHh2iI3SCfHSGKugaVVENUfSIntErenOenBfn3fmYteacbGYf/Snn8wd6oZUb</latexit><latexit sha1_base64="lN4wNn0fN33tCXrbuNxNMYkkzQM=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlpgi6EYpuXFawF2xryaRn2tAkMyQZoYxd+CpuXCji1tdw59uYtrPQ1gMhH/9/Djn5g5gzbTzv28ktLa+sruXXCxubW9s77u5eXUeJolCjEY9UMyAaOJNQM8xwaMYKiAg4NILh1cRvPIDSLJK3ZhRDR5C+ZCGjxFip6x4QfIHboSI0vYP78jgVOLBX1y16JW9aeBH8DIooq2rX/Wr3IpoIkIZyonXL92LTSYkyjHIYF9qJhpjQIelDy6IkAnQnne4/xsdW6eEwUvZIg6fq74mUCK1HIrCdgpiBnvcm4n9eKzHheSdlMk4MSDp7KEw4NhGehIF7TAE1fGSBUMXsrpgOiA3D2MgKNgR//suLUC+XfMs3p8XKZRZHHh2iI3SCfHSGKugaVVENUfSIntErenOenBfn3fmYteacbGYf/Snn8wd6oZUb</latexit><latexit sha1_base64="lN4wNn0fN33tCXrbuNxNMYkkzQM=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlpgi6EYpuXFawF2xryaRn2tAkMyQZoYxd+CpuXCji1tdw59uYtrPQ1gMhH/9/Djn5g5gzbTzv28ktLa+sruXXCxubW9s77u5eXUeJolCjEY9UMyAaOJNQM8xwaMYKiAg4NILh1cRvPIDSLJK3ZhRDR5C+ZCGjxFip6x4QfIHboSI0vYP78jgVOLBX1y16JW9aeBH8DIooq2rX/Wr3IpoIkIZyonXL92LTSYkyjHIYF9qJhpjQIelDy6IkAnQnne4/xsdW6eEwUvZIg6fq74mUCK1HIrCdgpiBnvcm4n9eKzHheSdlMk4MSDp7KEw4NhGehIF7TAE1fGSBUMXsrpgOiA3D2MgKNgR//suLUC+XfMs3p8XKZRZHHh2iI3SCfHSGKugaVVENUfSIntErenOenBfn3fmYteacbGYf/Snn8wd6oZUb</latexit><latexit sha1_base64="lN4wNn0fN33tCXrbuNxNMYkkzQM=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYBFdlpgi6EYpuXFawF2xryaRn2tAkMyQZoYxd+CpuXCji1tdw59uYtrPQ1gMhH/9/Djn5g5gzbTzv28ktLa+sruXXCxubW9s77u5eXUeJolCjEY9UMyAaOJNQM8xwaMYKiAg4NILh1cRvPIDSLJK3ZhRDR5C+ZCGjxFip6x4QfIHboSI0vYP78jgVOLBX1y16JW9aeBH8DIooq2rX/Wr3IpoIkIZyonXL92LTSYkyjHIYF9qJhpjQIelDy6IkAnQnne4/xsdW6eEwUvZIg6fq74mUCK1HIrCdgpiBnvcm4n9eKzHheSdlMk4MSDp7KEw4NhGehIF7TAE1fGSBUMXsrpgOiA3D2MgKNgR//suLUC+XfMs3p8XKZRZHHh2iI3SCfHSGKugaVVENUfSIntErenOenBfn3fmYteacbGYf/Snn8wd6oZUb</latexit>

Pν

hν

bmin

bmax

mv2/2

Total: 1/v

<latexit sha1_base64="ayrgrSoJecjI/2ylsnKEy2efhNM=">AAACAHicbVDJSgNBEK2JW4xbXMCDl8YgeIozwe0iBL14jGAWSGLo6XSSJt09Q3dPMAxz8Ve8eFDEq5/hzb+xsxw08UHB470qqur5IWfauO63k1pYXFpeSa9m1tY3Nrey2zsVHUSK0DIJeKBqPtaUM0nLhhlOa6GiWPicVv3+zcivDqjSLJD3ZhjSpsBdyTqMYGOlVna/15BRK24ogQR+TNAVEoOHwkmhlc25eXcMNE+8KckV92CMUiv71WgHJBJUGsKx1nXPDU0zxsowwmmSaUSahpj0cZfWLZVYUN2Mxw8k6MgqbdQJlC1p0Fj9PRFjofVQ+LZTYNPTs95I/M+rR6Zz2YyZDCNDJZks6kQcmQCN0kBtpigxfGgJJorZWxHpYYWJsZllbAje7MvzpFLIe+f5s7vTXPF6kgak4QAO4Rg8uIAi3EIJykAggWd4hTfnyXlx3p2PSWvKmc7swh84nz+0hZXf</latexit>

h⌫max = mv2/2

tτ

a2(t)
FT  
=>

1/τ

Eν(ν)

<latexit sha1_base64="X7o9FjDVO9ZQHJg04t3pM6PEDTs=">AAAB6nicbVDJSgNBEK2JW4xbXG6CNAbBU5gRXI5BLx4TNAskQ+jp9CRNunuG7h4hDDl69OJBEa9+RL7Dm9/gT9hZDpr4oODxXhVV9YKYM21c98vJLC2vrK5l13Mbm1vbO/ndvZqOEkVolUQ8Uo0Aa8qZpFXDDKeNWFEsAk7rQf9m7NcfqNIskvdmEFNf4K5kISPYWOmuJZN2vuAW3QnQIvFmpFA6GFW+H49G5Xb+s9WJSCKoNIRjrZueGxs/xcowwukw10o0jTHp4y5tWiqxoNpPJ6cO0YlVOiiMlC1p0ET9PZFiofVABLZTYNPT895Y/M9rJia88lMm48RQSaaLwoQjE6Hx36jDFCWGDyzBRDF7KyI9rDAxNp2cDcGbf3mR1M6K3kXxvGLTuIYpsnAIx3AKHlxCCW6hDFUg0IUneIFXhzvPzpvzPm3NOLOZffgD5+MHREqRgA==</latexit>

⌫

<latexit sha1_base64="piW9MHOPOt6dH04gJ7PV1WEh/so="></latexit>

E(b, v) = ⌧Pint = ⌧
2e2a2

3c3
=

4Z2e6

3m2c3vb3

<latexit sha1_base64="djn4HW3aYy+vMnpLX5IFLPFVh4c=">AAAB8nicbVDJSgNBEK2JW4xbXG5eGoPgKc4Et4sQ9OIxgllgMoSeTidp0rPQXRMIQz7DiwdFvPo13vwbO5McNPFBweO9Kqrq+bEUGm3728qtrK6tb+Q3C1vbO7t7xf2Dho4SxXidRTJSLZ9qLkXI6yhQ8lasOA18yZv+8H7qN0dcaRGFTziOuRfQfih6glE0kttGmpBbUvHPR51iyS7bGcgyceakVD2CDLVO8avdjVgS8BCZpFq7jh2jl1KFgkk+KbQTzWPKhrTPXUNDGnDtpdnJE3JqlC7pRcpUiCRTf0+kNNB6HPimM6A40IveVPzPcxPs3XipCOMEechmi3qJJBiR6f+kKxRnKMeGUKaEuZWwAVWUoUmpYEJwFl9eJo1K2bkqXz5elKp3szQgD8dwAmfgwDVU4QFqUAcGETzDK7xZaL1Y79bHrDVnzWcO4Q+szx9AsZCi</latexit>

⌧ = 2b/v

<latexit sha1_base64="aJZdDTn4oyn3Ge1BjskOPBExxys=">AAACAnicbZDLSgMxFIbP1Futt/GyETfBIrhqZ4q3jVB047KCvUCnlEyatqGZzJBkCmUobnwVNy4UcetTuPNtTKddaOsPgY//nMPJ+f2IM6Ud59vKLC2vrK5l13Mbm1vbO/buXk2FsSS0SkIeyoaPFeVM0KpmmtNGJCkOfE7r/uB2Uq8PqVQsFA96FNFWgHuCdRnB2lht+9ATcTshY3SNXFREnsaxwWGx5LftvFNwUqFFcGeQLx9Aqkrb/vI6IYkDKjThWKmm60S6lWCpGeF0nPNiRSNMBrhHmwYFDqhqJekJY3RinA7qhtI8oVHq/p5IcKDUKPBNZ4B1X83XJuZ/tWasu1ethIko1lSQ6aJuzJEO0SQP1GGSEs1HBjCRzPwVkT6WmGiTWs6E4M6fvAi1UsG9KJzfn+XLN9M0IAtHcAyn4MIllOEOKlAFAo/wDK/wZj1ZL9a79TFtzVizmX34I+vzBz/2lXU=</latexit>

⌫c = 1/⌧ = v/2b

<latexit sha1_base64="4R6kRONbXv31z03y6itYuGs1/Mo="></latexit>

E⌫(b, v) =
E

⌫c
=

8Z2e6

3m2c3v2b2

<latexit sha1_base64="hG3NLSWdyfKRbZl+MeKYjFASkxo="></latexit>

P⌫(v) = neniv

Z
E⌫2⇡bdb = neni

16Z2e6

3m2c3v
log

✓
bmax

bmin

◆
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Bremsstrahlung

๏ For isotropic particle distributions:  

๏ For thermal distributions: 
‣ Flat spectrum: 
‣ Gaunt factor gff close to unity 
‣ Cutoff frequency 
‣ Total Power: 
‣ Absorption coefficient: 

๏ Exact calculations imply minor corrections in the 
Gaunt factor 

๏ Observed in e.g.: 
‣ Accretion column onto white dwarfs 
‣ Intra-cluster gas : 
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jν

hνkT

kT-1/2

j↵ / nineZ
2T 1/2

<latexit sha1_base64="jmHOPPUAbj6oIogwVuyL4D8fPLE=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmklRIMFawMBapL9GkkeM6rantRLaDVEX9AxZ+hYUBhFhZ2fgb3DYDtBzpSkfn3Cv7nDBhVGnH+baWlldW19YLG8XNre2dXXtvv6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLye+K0HIhWNRV2PEuJz1Bc0ohhpIwX2yX038ySHUTSGXiLjRMdQBNQMgXfdCqx3M/esMg7sklN2poCLxM1JCeSoBfaX14txyonQmCGlOq6TaD9DUlPMyLjopYokCA9Rn3QMFYgT5WfTPGN4bJQejGJpRmg4VX9fZIgrNeKh2eRID9S8NxH/8zqpji79jIok1UTg2UNRyqAJPSkH9qgkWLORIQhLav4K8QBJhLWpsGhKcOcjL5Jmpewafnteql7ldRTAITgCp8AFF6AKbkANNAAGj+AZvII368l6sd6tj9nqkpXfHIA/sD5/ANtcmzw=</latexit><latexit sha1_base64="jmHOPPUAbj6oIogwVuyL4D8fPLE=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmklRIMFawMBapL9GkkeM6rantRLaDVEX9AxZ+hYUBhFhZ2fgb3DYDtBzpSkfn3Cv7nDBhVGnH+baWlldW19YLG8XNre2dXXtvv6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLye+K0HIhWNRV2PEuJz1Bc0ohhpIwX2yX038ySHUTSGXiLjRMdQBNQMgXfdCqx3M/esMg7sklN2poCLxM1JCeSoBfaX14txyonQmCGlOq6TaD9DUlPMyLjopYokCA9Rn3QMFYgT5WfTPGN4bJQejGJpRmg4VX9fZIgrNeKh2eRID9S8NxH/8zqpji79jIok1UTg2UNRyqAJPSkH9qgkWLORIQhLav4K8QBJhLWpsGhKcOcjL5Jmpewafnteql7ldRTAITgCp8AFF6AKbkANNAAGj+AZvII368l6sd6tj9nqkpXfHIA/sD5/ANtcmzw=</latexit><latexit sha1_base64="jmHOPPUAbj6oIogwVuyL4D8fPLE=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmklRIMFawMBapL9GkkeM6rantRLaDVEX9AxZ+hYUBhFhZ2fgb3DYDtBzpSkfn3Cv7nDBhVGnH+baWlldW19YLG8XNre2dXXtvv6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLye+K0HIhWNRV2PEuJz1Bc0ohhpIwX2yX038ySHUTSGXiLjRMdQBNQMgXfdCqx3M/esMg7sklN2poCLxM1JCeSoBfaX14txyonQmCGlOq6TaD9DUlPMyLjopYokCA9Rn3QMFYgT5WfTPGN4bJQejGJpRmg4VX9fZIgrNeKh2eRID9S8NxH/8zqpji79jIok1UTg2UNRyqAJPSkH9qgkWLORIQhLav4K8QBJhLWpsGhKcOcjL5Jmpewafnteql7ldRTAITgCp8AFF6AKbkANNAAGj+AZvII368l6sd6tj9nqkpXfHIA/sD5/ANtcmzw=</latexit><latexit sha1_base64="jmHOPPUAbj6oIogwVuyL4D8fPLE=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmklRIMFawMBapL9GkkeM6rantRLaDVEX9AxZ+hYUBhFhZ2fgb3DYDtBzpSkfn3Cv7nDBhVGnH+baWlldW19YLG8XNre2dXXtvv6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLye+K0HIhWNRV2PEuJz1Bc0ohhpIwX2yX038ySHUTSGXiLjRMdQBNQMgXfdCqx3M/esMg7sklN2poCLxM1JCeSoBfaX14txyonQmCGlOq6TaD9DUlPMyLjopYokCA9Rn3QMFYgT5WfTPGN4bJQejGJpRmg4VX9fZIgrNeKh2eRID9S8NxH/8zqpji79jIok1UTg2UNRyqAJPSkH9qgkWLORIQhLav4K8QBJhLWpsGhKcOcjL5Jmpewafnteql7ldRTAITgCp8AFF6AKbkANNAAGj+AZvII368l6sd6tj9nqkpXfHIA/sD5/ANtcmzw=</latexit>

j↵⌫ =
1

4⇡

Z
P⌫f(v)dv

<latexit sha1_base64="/TStNRLlKS9brSaH6XrO/Ri719A=">AAACG3icbVDLSsNAFJ3UV62vqks3g0Wom5LUgm6EohuXFewDmhgmk0k7djIJM5NCCfkPN/6KGxeKuBJc+DdO0y609cCFwzn3cu89XsyoVKb5bRRWVtfWN4qbpa3tnd298v5BR0aJwKSNIxaJnockYZSTtqKKkV4sCAo9Rrre6Hrqd8dESBrxOzWJiROiAacBxUhpyS3XH+5TW4QwCDLX5gm8hHYgEE6tLG3YMc2gTbmCrdwLquNT6I/dcsWsmTngMrHmpALmaLnlT9uPcBISrjBDUvYtM1ZOioSimJGsZCeSxAiP0ID0NeUoJNJJ898yeKIVHwaR0KUvydXfEykKpZyEnu4MkRrKRW8q/uf1ExVcOCnlcaIIx7NFQcKgiuA0KOhTQbBiE00QFlTfCvEQ6WyUjrOkQ7AWX14mnXrNOqvVbxuV5tU8jiI4AsegCixwDprgBrRAG2DwCJ7BK3gznowX4934mLUWjPnMIfgD4+sHPSegQw==</latexit>

Test cluster physics (viral, heating etc…)

<latexit sha1_base64="S8YXXgUeBNyvfCTAx4ma3D7rPQg=">AAACDXicbVC7TsMwFHXKq5RXgZHFoiAVUZWkiMdYwcLAUKq+pCatHNdtrTpOZDtIUdQfYGHhQ1gYQIiVna1/g/sYoHAkS0fn3Kvrc9yAUalMc2QkFhaXlleSq6m19Y3NrfT2Tk36ocCkin3mi4aLJGGUk6qiipFGIAjyXEbq7uB67NfviZDU5xUVBcTxUI/TLsVIaamdPrhtN6AdCD9QPuTZSq581CpAG1ZasXVSGGpWbp220xkzb04A/xJrRjLFnH38NCpGpXb6y+74OPQIV5ghKZuWGSgnRkJRzMgwZYeSBAgPUI80NeXII9KJJ2mG8FArHdj1hX5cwYn6cyNGnpSR5+pJD6m+nPfG4n9eM1TdSyemPAgV4Xh6qBsyqJOPq4EdKghWLNIEYUH1XyHuI4Gw0gWmdAnWfOS/pFbIW+f5szvdxhWYIgn2wD7IAgtcgCK4ASVQBRg8gGfwCt6MR+PFeDc+pqMJY7azC37B+PwG8e6b7Q==</latexit>

LX / n(T,R)2 T 1/2 R3

<latexit sha1_base64="ttBdmrF9VHQy3PgSwUD4elH9snE=">AAAB9HicbVDLSsNAFL2pr1pf9bFzM1gEVyWR+tgIpW5cVugL2hAm00k7dDKJM5NCCf0ONy4UcevHuPNvnKZdaOuBC4dz7uXee/yYM6Vt+9vKra1vbG7ltws7u3v7B8XDo5aKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/dH9zG+PqVQsEg09iakb4oFgASNYG8kd9kTiEXSHRl6t4RVLdtnOgFaJsyCl6glkqHvFr14/IklIhSYcK9V17Fi7KZaaEU6nhV6iaIzJCA9o11CBQ6rcNDt6is6N0kdBJE0JjTL190SKQ6UmoW86Q6yHatmbif953UQHt27KRJxoKsh8UZBwpCM0SwD1maRE84khmEhmbkVkiCUm2uRUMCE4yy+vktZl2bkuXz1WStXaPA3IwymcwQU4cANVeIA6NIHAEzzDK7xZY+vFerc+5q05azFzDH9gff4A9xWRoA==</latexit>

h⌫c = kBT

<latexit sha1_base64="2/k4Mm5yzRxwJfWtbDBdTJkXO2E="></latexit>

j↵⌫ / nineZ
2T�1/2e�

h⌫
kBT ḡ↵(⌫, T )

<latexit sha1_base64="LUfDnt7A5o+IjBRsd73mDX6nJuE="></latexit>

↵↵
⌫ / nineZ

2T�3/2⌫�2 ḡ↵
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III. Magneto-Bremsstrahlung

๏ Emission of charges defected by a magnetic field: 
‣ Uniform field: cyclo-synchrotron radiation 
‣ Curved field: curvature radiation 
‣ Turbulent field: diffusive synchrotron radiation
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๏ Hillas criterium for particle acceleration: 

‣ Most acceleration processes require 
several gyroperiods 

‣ Particles must be confined within the 
acceleration site for several gyroperiods 

‣ Maximal acceleration energy

Orbital motion

๏ Orbital motion: 
‣ Pitch angle α 
‣ Larmor frequency: 

‣ Larmor radius: 

19

⌫B =
⌫L
�

=
1

�

qB

2⇡mc
/ B

�
<latexit sha1_base64="l+FzPUJtBR88sN5MDnu5KPwrBdw="></latexit>

rB =
mc

qB
p? / �

B
<latexit sha1_base64="gz0ns6c8toB+ziJ6ZDeB1HEgD2w=">AAACHnicbVDLSgMxFM34rPU16tJNsAiuykxVdCOUunFZwT6gMwyZNNOGJjMxyQhlmC9x46+4caGI4Er/xrSdhbYeCBzOuZebc0LBqNKO820tLa+srq2XNsqbW9s7u/beflslqcSkhROWyG6IFGE0Ji1NNSNdIQniISOdcHQ98TsPRCqaxHd6LIjP0SCmEcVIGymwz2XQgFfQiyTCGcd5dt/IoQg8QaSAnpCJ0EnhegPEOcozMxDYFafqTAEXiVuQCijQDOxPr5/glJNYY4aU6rmO0H6GpKaYkbzspYoIhEdoQHqGxogT5WfTeDk8NkofRok0L9Zwqv7eyBBXasxDM8mRHqp5byL+5/VSHV36GY1FqkmMZ4eilEETedIV7FNJsGZjQxCW1PwV4iEyXWjTaNmU4M5HXiTtWtU9rdZuzyr1RlFHCRyCI3ACXHAB6uAGNEELYPAInsEreLOerBfr3fqYjS5Zxc4B+APr6wdaqqKn</latexit>

rB < Rsource
<latexit sha1_base64="LJwY+4LUKcXYsXbg0jriIOuovjQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWpgi5clLpxWcW2QhvCZDpph84kYWYi1FD8FTcuFHHrf7jzb5y2WWjrgQuHc+6dufcECWdKO863VVhaXlldK66XNja3tnfs3b2WilNJaJPEPJb3AVaUs4g2NdOc3ieSYhFw2g6GVxO//UClYnF0p0cJ9QTuRyxkBGsj+faB9OvoEt36WVcKNHt27Ntlp+JMgRaJm5My5Gj49le3F5NU0EgTjpXquE6ivQxLzQin41I3VTTBZIj7tGNohAVVXjbdfoyOjdJDYSxNRRpN1d8TGRZKjURgOgXWAzXvTcT/vE6qwwsvY1GSahqR2UdhypGO0SQK1GOSEs1HhmAimdkVkQGWmGgTWMmE4M6fvEha1Yp7WqnenJVr9TyOIhzCEZyAC+dQg2toQBMIPMIzvMKb9WS9WO/Wx6y1YOUz+/AH1ucPeWCUmw==</latexit>

Emax = qBRsource
<latexit sha1_base64="OaIxQL4jXKYZnfv6cKoyT9muJQk=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmqoBuhVASXVewD2hAm00k7dCaJMxOxhCzd+CtuXCji1k9w5984bbLQ1gMXDufcy733eBGjUlnWt1FYWFxaXimultbWNza3zO2dlgxjgUkThywUHQ9JwmhAmooqRjqRIIh7jLS90cXEb98TIWkY3KpxRByOBgH1KUZKS665f+kmPcEhRw8pPId3dXiTCdmG1DXLVsWaAs4TOydlkKPhml+9fohjTgKFGZKya1uRchIkFMWMpKVeLEmE8AgNSFfTAHEinWT6SAoPtdKHfih0BQpO1d8TCeJSjrmnOzlSQznrTcT/vG6s/DMnoUEUKxLgbJEfM6hCOEkF9qkgWLGxJggLqm+FeIgEwkpnV9Ih2LMvz5NWtWIfV6rXJ+VaPY+jCPbAATgCNjgFNXAFGqAJMHgEz+AVvBlPxovxbnxkrQUjn9kFf2B8/gCDppkH</latexit>

Jacobsen et al. 2015
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II.1 Cyclo-Synchrotron Radiation

๏ Assumptions: 
‣ Uniform field + small energy losses + Classical mechanics 

๏ Total power radiated per particle: 
‣ Perpendicular acceleration: 

‣ Pitch-angle dependent power: 

‣ Average over isotropic distributions: 

‣ With the magnetic energy density: 

๏ Cooling time:
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a? =
qB

mc

v?
�

<latexit sha1_base64="PsKyPFqfpGYHMB80zU6SYNBwQg4=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuSlIF3QilblxWsA9oSrmZTtqhM0mcmRRKyF+48VfcuFDEre78G6dtFtp64MKZc+5l7j1+zJnSjvNtrayurW9sFraK2zu7e/v2wWFTRYkktEEiHsm2D4pyFtKGZprTdiwpCJ/Tlj+6mfqtMZWKReG9nsS0K2AQsoAR0Ebq2WXoeTGVMb7GXiCBpA+1LBUky1/juZul3gCEgKxnl5yyMwNeJm5OSihHvWd/ef2IJIKGmnBQquM6se6mIDUjnGZFL1E0BjKCAe0YGoKgqpvO7srwqVH6OIikqVDjmfp7IgWh1ET4plOAHqpFbyr+53USHVx1UxbGiaYhmX8UJBzrCE9Dwn0mKdF8YggQycyumAzBBKJNlEUTgrt48jJpVsrueblyd1Gq1vI4CugYnaAz5KJLVEW3qI4aiKBH9Ixe0Zv1ZL1Y79bHvHXFymeO0B9Ynz8Qv6CF</latexit>

P = 2c�TUBp
2
?

<latexit sha1_base64="PDzSHtbbtnRHCc+xj+V20B0foCc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyWJgl6EUi8eKzRtoYlhs920SzfJsrsRSujRi3/FiwdFvPoTvPlv3LY5aOuDgcd7M8zMCzmjUlnWt1FaWV1b3yhvVra2d3b3zP2DtkwzgYmLU5aKbogkYTQhrqKKkS4XBMUhI51wdDP1Ow9ESJomLTXmxI/RIKERxUhpKTCPm/AaOhBDT9JBjIIWdIMG5IHHieD3DgzMqlWzZoDLxC5IFRRoBuaX109xFpNEYYak7NkWV36OhKKYkUnFyyThCI/QgPQ0TVBMpJ/PHpnAU630YZQKXYmCM/X3RI5iKcdxqDtjpIZy0ZuK/3m9TEVXfk4TnimS4PmiKGNQpXCaCuxTQbBiY00QFlTfCvEQCYSVzq6iQ7AXX14mbadmn9ecu4tqvVHEUQZH4AScARtcgjq4BU3gAgwewTN4BW/Gk/FivBsf89aSUcwcgj8wPn8A/eSXbw==</latexit>

P =
4

3
c�TUBp

2 / B2�2

<latexit sha1_base64="6B3xkOMI6QL6xsoe45srO9WdnBw="></latexit>

ts =
(� � 1)mc2

P
=

3mc2

4c�TUB(� + 1)
/ B�2��1

<latexit sha1_base64="jehqFJaEhiddkkSH+j2aneig0/g="></latexit>

Utot

UK
UK=UB

Thermal  
Energy

Magnetic 
Energy

๏ Minimal energy theorem: 
‣ Utot = UK + UB 
‣ L = N UB Ukq 
‣ Utot = UK + L/(NUkq) 
‣ UK=q UB corresponds to the minimal energy

<latexit sha1_base64="yYC0hoVvh1ZWMXpvkeBHnFckJiM=">AAAB/3icbVDLSsNAFJ34rPUVFRRxM1gEVyUpqN0USt24rGDaQhPDZDpph04ezEyEErPwV9y4UMStfyHudOPWz3D6WGjrgQuHc+7l3nu8mFEhDeNDm5tfWFxazq3kV9fWNzb1re2GiBKOiYUjFvGWhwRhNCSWpJKRVswJCjxGml7/fOg3bwgXNAqv5CAmToC6IfUpRlJJrr5ruTVYgbbPEU5r16UsLdsxzVy9YBSNEeAsMSekUK18ve19fu/XXf3d7kQ4CUgoMUNCtE0jlk6KuKSYkSxvJ4LECPdRl7QVDVFAhJOO7s/gkVI60I+4qlDCkfp7IkWBEIPAU50Bkj0x7Q3F/7x2Iv2yk9IwTiQJ8XiRnzAoIzgMA3YoJ1iygSIIc6puhbiHVBRSRZZXIZjTL8+SRqlonhZPLlUaNTBGDhyAQ3AMTHAGquAC1IEFMLgF9+ARPGl32oP2rL2MW+e0ycwO+APt9QcMqZlF</latexit>

UB =
B2

8⇡



The Transient Universe 2023, Cargèse

Synchrotron Interactions

๏ Particle Cooling:  

๏ Distribution slope: 
‣ Cooling vs acceleration 
‣ Evolution equation:  

‣ Non thermal injection: 
‣ => cooling break and steepening 

๏ Thermalisation: 
‣ Emission + Absorption => synchrotron boiler
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=
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<latexit sha1_base64="2i83PDZC3gIQpPdlPCQClOtceKI="></latexit>
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Distribution
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cooling

Escape

Cooling  
break

dE
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=
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3
c�TUBp

2

<latexit sha1_base64="UmKukDN7G58jkHB29CRK4xSZeCk=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwVZK2oBuhVASXFZq20MQwmUzaoZMHMxOhhPyFG3/FjQtF3OrOv3HaZqGtBy6cOede5t7jJYwKaRjfWmltfWNzq7xd2dnd2z/QD496Ik45JhaOWcwHHhKE0YhYkkpGBgknKPQY6XuT65nffyBc0DjqymlCnBCNIhpQjKSSXL1mBxzhzL/JM1/m8Aou3s08a+QQQ1vQUYjcLrTcNkzu665eNWrGHHCVmAWpggIdV/+y/RinIYkkZkiIoWkk0skQlxQzklfsVJAE4QkakaGiEQqJcLL5XTk8U4oPg5iriiScq78nMhQKMQ091RkiORbL3kz8zxumMrh0MholqSQRXnwUpAzKGM5Cgj7lBEs2VQRhTtWuEI+RCkaqKCsqBHP55FXSq9fMRq1+16y22kUcZXACTsE5MMEFaIFb0AEWwOARPINX8KY9aS/au/axaC1pxcwx+APt8wc3ep6p</latexit>

<latexit sha1_base64="u7BYdCkovXxyxONS3MYZpFY+DyU=">AAACEHicbVC5TgMxFHwbrhCucHQ0FhEiFES7iKuMoKFMJHJI2RB5HScxsb0r24sUrfIJNPwKDQUI0VLS8Tc4RwGBkSyNZ96TPRNEnGnjul9Oam5+YXEpvZxZWV1b38hublV1GCtCKyTkoaoHWFPOJK0YZjitR4piEXBaC/pXI792T5Vmobwxg4g2Be5K1mEEGyu1sgflVuIrgZi8G+b9LhYCHyI/UmFkQjS53yZHetjK5tyCOwb6S7wpyRV3YIxSK/vpt0MSCyoN4VjrhudGpplgZRjhdJjxY00jTPq4SxuWSiyobibjQEO0b5U26oTKHmnQWP25kWCh9UAEdlJg09Oz3kj8z2vEpnPRTJiMYkMlmTzUiTmyYUftoDZTlBg+sAQTxexfEelhhYmxHWZsCd5s5L+kelzwzgqn5ZNc8XLSBqRhF/YgDx6cQxGuoQQVIPAAT/ACr86j8+y8Oe+T0ZQz3dmGX3A+vgG6B50Y</latexit>

Qinj(�) / ��s

<latexit sha1_base64="cSWLEhDAhJZDN971TFv9CGn1Np0=">AAACCXicbVDLSgMxFL1TX7W+xsfOTbAIFbHMiK9l0Y0rqWAf0Kklk6ZtaDIzJBmhDN268VfcuFDErX/gzr8x7XShrQcCJ+fcS3KOH3GmtON8W5m5+YXFpexybmV1bX3D3tyqqjCWhFZIyENZ97GinAW0opnmtB5JioXPac3vX4382gOVioXBnR5EtClwN2AdRrA2UstGNy2vi4XAyItkGOkQpdf75KigDt2DYcvOO0VnDDRL3AnJl3ZgjHLL/vLaIYkFDTThWKmG60S6mWCpGeF0mPNiRSNM+rhLG4YGWFDVTMZJhmjfKG3UCaU5gUZj9fdGgoVSA+GbSYF1T017I/E/rxHrzkUzYUEUaxqQ9KFOzJEJPKoFtZmkRPOBIZhIZv6KSA9LTLQpL2dKcKcjz5LqcdE9K57enuRLl2kbkIVd2IMCuHAOJbiGMlSAwCM8wyu8WU/Wi/VufaSjGWuysw1/YH3+AHU7mZc=</latexit>

N� / ��(s+1)



The Transient Universe 2023, Cargèse

Cyclo-Synchrotron Spectrum

๏ Assuming: 
‣ Pure perpendicular motion 
‣ Observer in the orbital plane 

๏ Cyclotron line: 
‣ Sinus electric field 
‣ Spectrum = single line at νL  

๏ Cyclo-synchrotron spectrum:  
‣ Pulsed electric field 

• Pulse separation:  
• Pulse duration 

‣ Spectrum:  
• many harmonic lines at kνB 

• Enveloppe peaking at 
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<latexit sha1_base64="JP9gu3Wwz9wJyWh4euSf33mNTbk="></latexit>

⌫c ⇠ �2⌫L / �2B
<latexit sha1_base64="HkWfXKdL+gB2oJjZu0y4VrCWbpo=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWWmCrosdePCRQX7gM44ZNK0DU0yQ5IRytCfcOOvuHGhiFvBnX9jph1QWw8EDufcy805Ycyo0o7zZRWWlldW14rrpY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4usz89j2RikbiVo9j4nM0ELRPMdJGCuwTTyQBhp6iHHoDxDm6q8JMu4ZeLKNYRz9yPbDLTsWZAi4SNydlkKMR2J9eL8IJJ0JjhpTquk6s/RRJTTEjk5KXKBIjPEID0jVUIE6Un05TTeCRUXqwH0nzhIZT9fdGirhSYx6aSY70UM17mfif1010/8JPqYgTTQSeHeonDJqsWUWwRyXBmo0NQVhS81eIh0girE2RJVOCOx95kbSqFfe0Ur05K9fqeR1FcAAOwTFwwTmogSvQAE2AwQN4Ai/g1Xq0nq036302WrDynX3wB9bHN6D0ndc=</latexit>

�t = 1/⌫B
<latexit sha1_base64="r/Um4r9nzYt52WCvVgxlkksTUnE=">AAAB+3icbVDLSgNBEJyNrxhfazx6GRIEQYi78aAXIUQPHiOYB2SXMDuZJENmZ5eZXnEJ+QvPXjwo4tUf8Za/cfI4aGJBQ1HVTXdXEAuuwXEmVmZtfWNzK7ud29nd2z+wD/MNHSWKsjqNRKRaAdFMcMnqwEGwVqwYCQPBmsHwZuo3H5nSPJIPkMbMD0lf8h6nBIzUsfPeLRNAMOBr7J57MulUO3bRKTkz4FXiLkixUvDOnieVtNaxv71uRJOQSaCCaN12nRj8EVHAqWDjnJdoFhM6JH3WNlSSkGl/NLt9jE+M0sW9SJmSgGfq74kRCbVOw8B0hgQGetmbiv957QR6V/6IyzgBJul8US8RGCI8DQJ3uWIURGoIoYqbWzEdEEUomLhyJgR3+eVV0iiX3ItS+d6kUUVzZNExKqBT5KJLVEF3qIbqiKIn9ILe0Ls1tl6tD+tz3pqxFjNH6A+srx/impYF</latexit>



The Transient Universe 2023, Cargèse

Cyclo-Synchrotron Spectrum
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α=π/2 (pure perpendicular motion)  

θ=π/2 (observer in the orbital plane)

p=0.01 p=0.1

p=1 p=10 p=100



The Transient Universe 2023, Cargèse

Cyclo-Synchrotron Spectrum
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Integration over observation angles + average over pitch angles

Line frequencies:

<latexit sha1_base64="5Ir1Hs5CuyhTBgwb043AH7UiShw="></latexit>
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The Transient Universe 2023, Cargèse

Synchrotron Spectrum

๏ For ultra-relativistic particles (γ>>1), emission in a narrow shell

Pitch Angle Anisotropic (dα>1/γ, aligned with los) Isotropic (average)

Spectrum

Total Power

Cutoff Frequency

Functional
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The Transient Universe 2023, Cargèse

Synchrotron Spectrum

๏ Summary: 
‣ Total power (erg/s): 
‣ Cutoff frequency: 

๏ Maximal energy of synchrotron photons:  
‣ Small loss approximation:  

‣ For electrons:  
‣ For protons: 
‣ Can be overcome by continuous injection of HE 

particles (production, reconnection) 

๏ Particle distributions: 
‣ Power-law distribution of particles (index p) 
‣ => Power-law spectrum
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j(⌫) / B
p+1
2 ⌫�↵i

<latexit sha1_base64="uVA4rGdLtYD+dgySaSKl2EsGjSw="></latexit>

B�(� + 1) <
3q

�T
= 2.17⇥ 1015G

<latexit sha1_base64="I0AmEXhuD2Y4rs0p7ONPPj8ob5c="></latexit>

⌫Bts > 1
<latexit sha1_base64="xB8x4UOkBnOuRJUlkLIq9QlTyxM=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6ElCvHiMYB6QLMvsZJIMmZ1dZ3oDIeQ7vHhQxKsf482/cZLsQRMLGoqqbrq7wkQKg6777aytb2xubed28rt7+weHhaPjholTzXidxTLWrZAaLoXidRQoeSvRnEah5M1weDfzmyOujYjVI44T7ke0r0RPMIpW8jsqDaoEA0NuiRcUim7JnYOsEi8jRchQCwpfnW7M0ogrZJIa0/bcBP0J1SiY5NN8JzU8oWxI+7xtqaIRN/5kfvSUnFulS3qxtqWQzNXfExMaGTOOQtsZURyYZW8m/ue1U+zd+BOhkhS5YotFvVQSjMksAdIVmjOUY0so08LeStiAasrQ5pS3IXjLL6+SRrnkXZbKD1fFSjWLIwencAYX4ME1VOAealAHBk/wDK/w5oycF+fd+Vi0rjnZzAn8gfP5AwflkPU=</latexit>

h⌫c <
27

16⇡

mc2

↵f
<latexit sha1_base64="gWdtMDfod3H3VIQcihhpKnxY0nw=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuShLFunBRdOOygn1AE8NkOmmGTiZhZiKUkN9w46+4caGIS135N07bLLT1wIXDOfdy7z1ByqhUlvVtLC2vrK6tVzaqm1vbO7vm3n5HJpnApI0TlohegCRhlJO2ooqRXioIigNGusHoeuJ3H4iQNOF3apwSL0ZDTkOKkdKSb1qRyzMfw0vohgLh3GkUuX3uprQohRjfO0XuIpZGyA8L6Js1q25NAReJXZIaKNHyzU93kOAsJlxhhqTs21aqvBwJRTEjRdXNJEkRHqEh6WvKUUykl08/K+CxVgYwTIQuruBU/T2Ro1jKcRzozhipSM57E/E/r5+p8MLLKU8zRTieLQozBlUCJzHBARUEKzbWBGFB9a0QR0gHonSYVR2CPf/yIuk4dfu07tye1ZpXZRwVcAiOwAmwQQM0wQ1ogTbA4BE8g1fwZjwZL8a78TFrXTLKmQPwB8bXD5cpoBA=</latexit>

Ee,max ⇠ 50 MeV
<latexit sha1_base64="ctn1GGbOOXHuFiR9QydbT4S5BiI=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgQUpSFT0WRfAiVLAf0ISy2U7bpbtJ2N2IJfToxb/ixYMiXv0J3vw3btoetPXBwOO9GWbmBTFnSjvOtzU3v7C4tJxbya+urW9s2lvbNRUlkkKVRjySjYAo4CyEqmaaQyOWQETAoR70LzO/fg9SsSi804MYfEG6IeswSrSRWvbeVSuFI08KLMjDEHuKCXzqYA9n0g3UWnbBKToj4FniTkgBTVBp2V9eO6KJgFBTTpRquk6s/ZRIzSiHYd5LFMSE9kkXmoaGRIDy09EjQ3xglDbuRNJUqPFI/T2REqHUQASmUxDdU9NeJv7nNRPdOfdTFsaJhpCOF3USjnWEs1Rwm0mgmg8MIVQycyumPSIJ1Sa7vAnBnX55ltRKRfe4WLo9KZQvJnHk0C7aR4fIRWeojK5RBVURRY/oGb2iN+vJerHerY9x65w1mdlBf2B9/gDrLJf8</latexit>

Ep,max ⇠ 100 GeV
<latexit sha1_base64="XfcbmINPWjy0vHn7DAHJVij9tGY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCRV0GVRRJcV7AOaECbTSTt0ZhJmJmIJ3brxV9y4UMStf+DOv3HSZqGtBy4czrmXe+8JE0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDy9xv3xOpaCzu9CghPkd9QSOKkTZSYMOrIEuOPckhRw9j6CnKoes40IO5dk1agV1xqs4EcJ64BamAAo3A/vJ6MU45ERozpFTXdRLtZ0hqihkZl71UkQThIeqTrqECcaL8bPLJGB4apQejWJoSGk7U3xMZ4kqNeGg6OdIDNevl4n9eN9XRuZ9RkaSaCDxdFKUM6hjmscAelQRrNjIEYUnNrRAPkERYm/DKJgR39uV50qpV3ZNq7fa0Ur8o4iiBfXAAjoALzkAd3IAGaAIMHsEzeAVv1pP1Yr1bH9PWBauY2QN/YH3+AGSumDc=</latexit>
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2
<latexit sha1_base64="z/CV2QIuIYRa2sZ9chx59N9QVS8=">AAACAXicbVDLSsNAFJ3UV62vqAsVN4NFcGNJ6sJuhKIblxXsA5oQJtNJO3QyCTMToYS48VfcuFDErT8h7nTj1s9w+lho64ELh3Pu5d57/JhRqSzrw8jNzS8sLuWXCyura+sb5uZWQ0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpp+/2LoN2+IkDTi12oQEzdEXU4DipHSkmfuOojFPeRReAadQCCcxsd2lpYzzyxaJWsEOEvsCSlWK19vO5/fezXPfHc6EU5CwhVmSMq2bcXKTZFQFDOSFZxEkhjhPuqStqYchUS66eiDDB5qpQODSOjiCo7U3xMpCqUchL7uDJHqyWlvKP7ntRMVVNyU8jhRhOPxoiBhUEVwGAfsUEGwYgNNEBZU3wpxD+kclA6toEOwp1+eJY1yyT4pla90GudgjDzYBwfgCNjgFFTBJaiBOsDgFtyDR/Bk3BkPxrPxMm7NGZOZbfAHxusP2uWaQw==</latexit>

<latexit sha1_base64="VrrniYV3DJKZAGcYPJVoC6iYpmQ=">AAACHHicbVDLSgMxFL3js9ZXfezcBIvgqsz4Xpa6cVmhL+jU4U6a1mAyMyQZoZR+iBt/xY0LRdy4EPwbM20Xaj0QcjjnXpJzwkRwbVz3y5mbX1hcWs6t5FfX1jc2C1vbDR2nirI6jUWsWiFqJnjE6oYbwVqJYihDwZrh3WXmN++Z0jyOamaQsI7EfsR7nKKxUlA4rhJfc0lodvUlBjVSDyrE76OUeHNE/ETFiYlJJeNTMSgU3ZI7Bpkl3pQUy7swRjUofPjdmKaSRYYK1LrtuYnpDFEZTgUb5f1UswTpHfZZ29IIJdOd4TjciBxYpUt6sbInMmSs/twYotR6IEM7KdHc6r9eJv7ntVPTu+gMeZSkhkV08lAvFcSmzZoiXa4YNWJgCVLF7V8JvUWF1Ng+87YE72/kWdI4KnlnpdPrk2K5MmkDcrAH+3AIHpxDGa6gCnWg8ABP8AKvzqPz7Lw575PROWe6swO/4Hx+A/yKoCU=</latexit>
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<latexit sha1_base64="okdLcInFvIG6ydEqBk6lRmIUx3s=">AAACFXicbVDLSgMxFL1TX7W+xsfOTbAILqTMFF/LUjcuXFSwD+jUkknTNjTJDElGKKU/4cZfceNCEbeCO//G9AFq64HA4Zx7uTknjDnTxvO+nNTC4tLySno1s7a+sbnlbu9UdJQoQssk4pGqhVhTziQtG2Y4rcWKYhFyWg17lyO/ek+VZpG8Nf2YNgTuSNZmBBsrNd3jQCZNggLNBAo6WAh8l0cj7RoFsYpiE/3Ixaab9XLeGGie+FOSLezBGKWm+xm0IpIIKg3hWOu678WmMcDKMMLpMBMkmsaY9HCH1i2VWFDdGIxTDdGhVVqoHSn7pEFj9ffGAAut+yK0kwKbrp71RuJ/Xj0x7YvGgMk4MVSSyaF2wpHNOqoItZiixPC+JZgoZv+KSBcrTIwtMmNL8Gcjz5NKPuef5U5vTrKF4qQNSMM+HMAR+HAOBbiCEpSBwAM8wQu8Oo/Os/PmvE9GU850Zxf+wPn4BhURnjE=</latexit>

⌫c ⇠ �2⌫L / �2B



The Transient Universe 2023, Cargèse

Synchrotron Polarisation

๏ Ordered magnetic field: 
‣ Linearly polarised perp to the projected field: 
‣ Polarisation degree: 

‣ Power-law particle distribution:  

๏ Tangled magnetic field: 
‣ Net polarisation cancels out! 

๏ Polarisation helps constraining the emission mechanism 
‣ GRBs 
‣ X-ray binaries outburst…
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27

<latexit sha1_base64="qS3GUEF4Lp1EMMv9vMsPE0pMuPc="></latexit>

⇧ =
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Pk < P?/3



The Transient Universe 2023, Cargèse

Synchrotron Self-Absorption

๏ For                        and isotropic fields: 

๏ Strong absorption at low photon energy!
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๏ Ex: for isotropic power-law distribution 
of particles: 

‣ Turn-over frequency => B 
‣ Issues with inhomogeneous media 
‣ Other competing processes (free-free 

absorption, induced Compton)
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II.2 Curvature Radiation

๏ Emission of particles guided by circular magnetic 
field lines 

๏ e.g Pulsar magnetosphere 
‣ Strong electric acceleration // field lines 
‣                => weak synchrotron 

๏ Circular motion => results for synchrotron apply 
‣ Total power: 
‣ Spectrum 
‣ Cutoff frequency: 
‣ Can produce higher energy photons than pure 

synchrotron in the outer gaps 

๏ Most generally: Synchro-curvature radiation
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II.3 Diffuse Synchrotron Radiation

๏ Turbulent magnetic field with perturbations 
of various scales and amplitude 

๏ Large scale fluctuations (λ>>RL):  
‣ => Inhomogeneous synchrotron radiation 

‣ Scale is irrelevant => turbulence described 
by amplitude distribution: 

‣ Simple convolution of the synchrotron 
spectrum: 

• For peaked magnetic spectrum: shifted and 
broaden emission 

• For power-law magnetic spectrum: power-
law spectrum 
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II.3 Diffuse Synchrotron Radiation

๏ Small scale fluctuations (λ<<RL):  
‣ => Jitter radiation 
‣ For one of the mono-chromatic waves in 

the turbulent field: kB=2π/λB 

‣ The observed maximal photon frequency 
is 

‣ Small scale turbulence => large photon 
energy 

‣ Convolution with the field turbulent 
spectrum: 

• Slower rise 
• Higher energy cutoff 
• Power-law tail 

‣ Applications to  
• GRBs 
• Blazars 
• Crab flares
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II.4 Strong Fields

๏ Classical limit fails for strong fields 

๏ Landau levels: 

๏ Critical field: 
(For leptons) 

๏ Significant quantification for n~1: 
‣ Low energy and/or large field 

๏ In accretion onto magnetised neutron 
stars  (Trumper+78): 
‣ Sub-relativistic plasma (kTe ~ 10 keV, 

p2~0.06) 
‣ Cyclotron features observed above 

hνB~30keV => B~1012G => n~1 
‣ Only the ground Landau level is 

populated => absorption features 
‣ Cyclotron resonant scattering features 

(CRSF)
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IV. Compton Scattering

๏ Scattering of photons by charged particles
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Compton Scattering

๏ Echange of energy and momentum 

๏ The outcome 
‣ Depends on energies of incoming photons/particles 
‣ Depends on interaction angle 
‣ Is described by distributions (angle, energy) 

๏ In most cases: 
‣ If Epart < Ephot: Compton down-scattering 
‣ If Epart > Ephot: Compton up-scattering 

๏ Two main regimes: 
‣ Thomson: classical mechanics, no particle recoil 
‣ Klein-Nishina: quantum mechanics, particle recoil
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In the particle rest frame

๏ Depends only on the photon energy Ephot 

๏ The Thomson regime (Ephot < mc2):  
‣ Particle recoil can be neglected 
‣ Particle oscillates as a response to a linearly polarised wave => radiation 
‣ Monochromatic emission: coherent scattering 

• Mean acceleration: 

• Emitted Power 

• Thomson cross section:  

• Dipolar emission 

‣ For unpolarised radiation:  
• quasi-Isotropic emission 

๏ The Klein-Nishina regime (Ephot > mc2): 
‣ Anisotropic radiation 
‣ Energy transfer photon->particle => scattered spectrum 
‣ Drop of the cross section => barely relevant to physical cases
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In the source frame

๏ Also depends on the interaction angle 
and the particle energy 

๏ Example of a single scattering event: 
‣ Head-on collision:                  ν0’=2γ ν0 
‣ Coherent Thomson scattering: ν’=ν0’ 
‣ Backward scattering:               ν = 2γν’ 
‣ Up-scattering by a factor         A=4γ2
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Γ

๏ Example of anisotropic interaction: 
Compton on bulk motion (AGN, 
GRBs) 
‣ Cold matter: radiation pressure from an 

anisotropic field: 
‣ Hot plasma: more efficient by about 
γth2 (Compton rocket) 

‣ Relativistic bulk motion: emission 
beamed in forward direction => recoil 
force (Compton drag) => Γ saturates.
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Isotropic distributions

๏ Average over interaction and scattering angles 

๏ Total cross section drops at: 

‣ KN rarely relevant…
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Isotropic distributions

๏ Scattered spectrum in the Thomson regime: 
‣ No simple expression 

‣ Average amplification factor in Thomson regime, for up-scattering : 
‣ If γ>> 1:                         (                      comparable to synchrotron:                     )
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Isotropic distributions

๏ Convolved with the seed photon spectrum 

๏ Convolution with the particle energy distribution: 
‣ Thermal: substitution for 
‣ Power law of index s => power-law spectrum with index 

๏ Ex: Blazar spectrum 

‣ Synchrotron self-Compton 
‣ A ~108 

‣ If no Doppler: γ~104  
‣ hν0=100 eV => γhν0/mc2>1 
‣ KN regime
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Effect on particles

๏ Particle Energy variation in the Thomson regime in up-scattering cases: 

๏ With soft photon density Uph: 

๏ Comparable results to the synchrotron cooling rate 

๏ Cooling time:  

๏ Example of kinetic equation for particles:  

‣ For Power-law injection: 
• Cooling break 
• Steepening when cooling dominates over escape
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Multiple Scattering

๏ Radiation transfer problem for a source of given size R 

๏ Characterised by 2 quantities: 

‣ Optical depth: 

‣ The y-parameter:

41

y = Nscat
�E

E
⇠ 4

3
p2Nscat

<latexit sha1_base64="BmNZlMaUNZvX/T1JJhbipZmT+Rk="></latexit>
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The Transient Universe 2023, Cargèse

Example of Multiple up-scattering

๏ γ=10, hν0=0.1eV, Thomson
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The Transient Universe 2023, Cargèse

Regimes of Multiple up-scattering

๏ γ hν0/mc2 < γ(γ-1) < 1:  
‣ Thomson 
‣ Small A => Power-law
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‣ Small tau (y<<1) => cutoff at kT 
‣ Large tau (y>>1) => saturation at kT



The Transient Universe 2023, Cargèse

Regimes of Multiple up-scattering

๏ γ hν0/mc2 < 1< γ(γ-1):  
‣ Thomson 
‣ large A => Several Compton orders
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๏ 1< γ hν0/mc2 < γ(γ-1):  
‣ KN, large A => Only one Compton order



The Transient Universe 2023, Cargèse

Kinetic Equation

๏ General kinetic equation for photons including : 

‣ Steady state solution for thermal distribution: Wien spectrum 

๏ In the sub-relativistic regime, thermal particles: The Kompaneets equation 

๏ Must be included in some sort of transfert equation 
‣ Source and escape terms 
‣ Other processes
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dN⌫

dt
= c

ZZ 
d�

d⌫
(⌫0, � ! ⌫)� d�

d⌫0
(⌫, � ! ⌫0)

�
dN⌫0dN�

<latexit sha1_base64="tBoPCESfc+gPP1MZ8mDiHHRo2VQ="></latexit><latexit sha1_base64="tBoPCESfc+gPP1MZ8mDiHHRo2VQ="></latexit><latexit sha1_base64="tBoPCESfc+gPP1MZ8mDiHHRo2VQ="></latexit><latexit sha1_base64="tBoPCESfc+gPP1MZ8mDiHHRo2VQ="></latexit>

dN!

dt
= nec�T


d

d!
(!(! � 4✓)N!) + ✓

d2(!2N!)

d!2

�

<latexit sha1_base64="S9A81LM7KHNcvH8dSY8eVnA2irI="></latexit><latexit sha1_base64="S9A81LM7KHNcvH8dSY8eVnA2irI="></latexit><latexit sha1_base64="S9A81LM7KHNcvH8dSY8eVnA2irI="></latexit><latexit sha1_base64="S9A81LM7KHNcvH8dSY8eVnA2irI="></latexit>

! =
h⌫

mc2
<latexit sha1_base64="0GZto6qz1LEyTkRSmpr8ayjnz1w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoBuh6MZlBfuAppbJdNIOnUeYmQglBNz4K25cKOLWn3Dn3zhts9DWAxcO59zLvfeEMaPaeN63U1haXlldK66XNja3tnfc3b2mlonCpIElk6odIk0YFaRhqGGkHSuCeMhIKxxdT/zWA1GaSnFnxjHpcjQQNKIYGSv13INAcjJA8BIGkUI4HQYiyVKO76tZzy17FW8KuEj8nJRBjnrP/Qr6EiecCIMZ0rrje7HppkgZihnJSkGiSYzwCA1Ix1KBONHddPpDBo+t0oeRVLaEgVP190SKuNZjHtpOjsxQz3sT8T+vk5jooptSESeGCDxbFCUMGgkngcA+VQQbNrYEYUXtrRAPkc3C2NhKNgR//uVF0qxW/NNK9fasXLvK4yiCQ3AEToAPzkEN3IA6aAAMHsEzeAVvzpPz4rw7H7PWgpPP7IM/cD5/AJ+7l4Q=</latexit>

cooling



The Transient Universe 2023, Cargèse

Induced Compton Scattering

๏ Total scattering rate: 

‣ With occupation number: 

๏ n is a strongly decreasing function of ν 
‣ ex: Planck spectrum: 
‣ => favours down-scattering 

๏ Steady state solution for thermal particle distributions:  
‣ Bose-Einstein distribution 

‣ Fugacity and chemical potential: 
‣ Harder than pure Compton scattering at low frequency (              instead of               ) 

๏ Implied in high brightness-temperature radio sources…
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 Two-Photon Scattering

๏ Particle physics also predicts multiple-photon scattering 

๏ Cross-section decreases as 

๏ However, it becomes a sources of photons that can compete with other 
emission mechanisms 

๏ Ex:  
‣ Pulsar magnetosphere: 

• Need for photons to produce pairs and fill the magnetosphere 
• In competition with photon splitting 

‣ GRB photosphere: 
• Photon production rates decreases as the jet expands until it freezes 
• Double Compton might play a role in transition thermal->non-thermal 
• In competition with bremsstrahlung
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V. Pair production

๏ Photon-photon annihilation
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Cross Section

๏ In the center of momentum frame: 
‣ 2 photons of same energy hν’ 
‣ 2 leptons of same energy γ’ 
‣ Energy threshold: 
‣ Energy conservation:   
‣ Annihilation requires MeV photons 

๏ In the source frame: 
‣ Results depends on the angles 
‣ Threshold: 

• Head-on collisions: softer threshold 
• Trailing collisions: harder threshold 

‣ Average for isotropic photons fields: 
• Efficiency peaks at 
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Photon absorption

๏ Photon-photon optical depth: 

๏ Absorption:  
‣ Optically thick/thin:  

๏ Absorption along the line of sight: pair 
cascades 
‣ Extragalactic TeV photon are absorbed by EBL 

photons  
‣ Produced pairs up-scatter CMB photons 
‣ etc… => shower
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Pair production

๏ Matter production and temperature 
decrease 

๏ Pair thermostat in AGN (e.g. Svensson+84): 
‣ For kT > mec2: MeV photons (e.g. Compton) 
‣ For high photon density sources 

(                   ): strong pair production 
‣ => Temperature saturation 

๏ Pair instability supernovae (e.g. Gilmer+17) 
‣ For M~100 Mo 
‣ Pair production => temperature and pressure 

decrease 
‣ Collapse trigger 

๏ Pulsar magnetosphere 
‣ Pair plasma 
‣ Production by  

• double photon annihilation 
• Single photon annihilation in strong field 
• Curvature radiation
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