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I. Back to Basics
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Interpreting observations

๏ 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/homogeneous  

๏ Isotropic/anisotropic medium 

๏ Challenges: 
‣ Identifying all these key aspects 
‣ Derive simple ways to model the emission
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Impacting Matter

๏ Defining the properties of matter 

๏ Dynamics 

๏ Energetics: 
‣ Cooling 
‣ heating 
‣ Thermalisation 

๏ Competition with  
‣ acceleration processes 
‣ escape 
‣ adiabatic cooling

 5



Cosmic Explosions 2019, Cargèse

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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Radiation Transfer

๏ Transfer equation: 

‣ Iν (erg/s/Hz/cm/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
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๏ Processes for isotropic distributions: 
‣ Power emitted per particle         :  
‣ Absorption/scattering cross section σν(γ):  

‣ Emission and absorption are linked: 
‣ At large optical depth: 

• Thermal distribution: 

• Power-law distribution:  



Cosmic Explosions 2019, Cargèse

Special Relativity

๏ Two frames: source(‘)/observer 

๏ Relativistic Doppler: 
‣ Doppler factor: 

‣ Photon energy of approaching sources is increased 
‣ e.g. spectral features in Blazars, GRBs 

๏ Relativistic Aberration: 
‣ Ex: Perpendicular photon emission 

• Observed with an angle: 
• For relativistic velocities:                                =>   

‣ For any smooth angular distribution:
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Special Relativity

๏ Beaming: 

๏ Boosting: 

๏ Spectrum: 
‣ Temperature (effective or brightness):  
‣ Power-law:
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Iν,I’ν’

ν,ν’

δ3+α

δ

Woosley 01

๏ Jet break in GRBs 
‣ Constant θjet  

• Expansion 
• Flux decrease 

‣ Γjet >> 1/θjet >> 1  
• Beaming 
• small visible area 

‣ Deceleration 
• Increased visible area 
• Flux decrease partly compensated 

‣ When Γjet < 1/θjet 

• 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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Non Relativistic Any Regime

Parallel Perpendicular

Total Power

Angular 
distribution

Dipolar emission Beamed emission

a

a

v
a

v

~E =
q

Rc2
~n⇥ (~n⇥ ~a)
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II. Bremsstrahlung

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

๏ Non-relativistic + small deflexion angle 

๏ Simple derivation for a single interaction event: 
‣ Acceleration:  
‣ Interaction duration: 
‣ Energy radiated:  
‣ Cutoff frequency: 
‣ Spectral energy radiated up to νc: 

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

‣ Single Gaunt factor: 
‣ Cutoff frequency: 
‣ Total Power:
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<latexit sha1_base64="cydaURoWSkpzfgJ5TwfVHybmY28=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6EYpuXFawtdCEMJlO2qGTSZiZCCXEja/ixoUibn0Ld76N0zYLbT0w8HHuvdy5J0w5U9pxvq3K0vLK6lp1vbaxubW9Y+/udVSSSULbJOGJ7IZYUc4EbWumOe2mkuI45PQ+HF1P6vcPVCqWiDs9Tqkf44FgESNYGyuwDzyRBTkp0CXyIolJ7ha5p3FWBHbdaThToUVwS6hDqVZgf3n9hGQxFZpwrFTPdVLt51hqRjgtal6maIrJCA9oz6DAMVV+Pr2gQMfG6aMokeYJjabu74kcx0qN49B0xlgP1XxtYv5X62U6uvBzJtJMU0Fmi6KMI52gSRyozyQlmo8NYCKZ+SsiQ2yC0Ca0mgnBnT95ETqnDdfw7Vm9eVXGUYVDOIITcOEcmnADLWgDgUd4hld4s56sF+vd+pi1VqxyZh/+yPr8AVeZltA=</latexit><latexit sha1_base64="cydaURoWSkpzfgJ5TwfVHybmY28=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6EYpuXFawtdCEMJlO2qGTSZiZCCXEja/ixoUibn0Ld76N0zYLbT0w8HHuvdy5J0w5U9pxvq3K0vLK6lp1vbaxubW9Y+/udVSSSULbJOGJ7IZYUc4EbWumOe2mkuI45PQ+HF1P6vcPVCqWiDs9Tqkf44FgESNYGyuwDzyRBTkp0CXyIolJ7ha5p3FWBHbdaThToUVwS6hDqVZgf3n9hGQxFZpwrFTPdVLt51hqRjgtal6maIrJCA9oz6DAMVV+Pr2gQMfG6aMokeYJjabu74kcx0qN49B0xlgP1XxtYv5X62U6uvBzJtJMU0Fmi6KMI52gSRyozyQlmo8NYCKZ+SsiQ2yC0Ca0mgnBnT95ETqnDdfw7Vm9eVXGUYVDOIITcOEcmnADLWgDgUd4hld4s56sF+vd+pi1VqxyZh/+yPr8AVeZltA=</latexit><latexit sha1_base64="cydaURoWSkpzfgJ5TwfVHybmY28=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6EYpuXFawtdCEMJlO2qGTSZiZCCXEja/ixoUibn0Ld76N0zYLbT0w8HHuvdy5J0w5U9pxvq3K0vLK6lp1vbaxubW9Y+/udVSSSULbJOGJ7IZYUc4EbWumOe2mkuI45PQ+HF1P6vcPVCqWiDs9Tqkf44FgESNYGyuwDzyRBTkp0CXyIolJ7ha5p3FWBHbdaThToUVwS6hDqVZgf3n9hGQxFZpwrFTPdVLt51hqRjgtal6maIrJCA9oz6DAMVV+Pr2gQMfG6aMokeYJjabu74kcx0qN49B0xlgP1XxtYv5X62U6uvBzJtJMU0Fmi6KMI52gSRyozyQlmo8NYCKZ+SsiQ2yC0Ca0mgnBnT95ETqnDdfw7Vm9eVXGUYVDOIITcOEcmnADLWgDgUd4hld4s56sF+vd+pi1VqxyZh/+yPr8AVeZltA=</latexit><latexit sha1_base64="cydaURoWSkpzfgJ5TwfVHybmY28=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6EYpuXFawtdCEMJlO2qGTSZiZCCXEja/ixoUibn0Ld76N0zYLbT0w8HHuvdy5J0w5U9pxvq3K0vLK6lp1vbaxubW9Y+/udVSSSULbJOGJ7IZYUc4EbWumOe2mkuI45PQ+HF1P6vcPVCqWiDs9Tqkf44FgESNYGyuwDzyRBTkp0CXyIolJ7ha5p3FWBHbdaThToUVwS6hDqVZgf3n9hGQxFZpwrFTPdVLt51hqRjgtal6maIrJCA9oz6DAMVV+Pr2gQMfG6aMokeYJjabu74kcx0qN49B0xlgP1XxtYv5X62U6uvBzJtJMU0Fmi6KMI52gSRyozyQlmo8NYCKZ+SsiQ2yC0Ca0mgnBnT95ETqnDdfw7Vm9eVXGUYVDOIITcOEcmnADLWgDgUd4hld4s56sF+vd+pi1VqxyZh/+yPr8AVeZltA=</latexit>

E⌫ =
E

⌫c
=

Z2e6

m2c3v2b2
<latexit sha1_base64="xGFE3iOWpc9tCZN3Iv/eixdZmvI=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIzSnUjFKXgsoK9YNsZMmmmDc1khiRTKMO8iRtfxY0LRcRd38b0gmjrD4Ev/zmH5Px+zKhUljU2VlbX1jc2c1v57Z3dvX3z4LAuo0RgUsMRi0TTR5IwyklNUcVIMxYEhT4jDX9wO6k3hkRIGvEHNYpJJ0Q9TgOKkdKWZ5YqXpsn8Bq2A4FwWslSffVw9uM8ug4kbilLQ9fB7vnQdXzXyTyzYBWtqeAy2HMogLmqnvnV7kY4CQlXmCEpW7YVq06KhKKYkSzfTiSJER6gHmlp5CgkspNO98vgqXa6MIiEPlzBqft7IkWhlKPQ150hUn25WJuY/9VaiQquOinlcaIIx7OHgoRBFcFJWLBLBcGKjTQgLKj+K8R9pGNROtK8DsFeXHkZ6k7R1nx/USjfzOPIgWNwAs6ADS5BGdyBKqgBDJ7AC3gD78az8Wp8GJ+z1hVjPnME/sgYfwPtd6Gm</latexit><latexit sha1_base64="xGFE3iOWpc9tCZN3Iv/eixdZmvI=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIzSnUjFKXgsoK9YNsZMmmmDc1khiRTKMO8iRtfxY0LRcRd38b0gmjrD4Ev/zmH5Px+zKhUljU2VlbX1jc2c1v57Z3dvX3z4LAuo0RgUsMRi0TTR5IwyklNUcVIMxYEhT4jDX9wO6k3hkRIGvEHNYpJJ0Q9TgOKkdKWZ5YqXpsn8Bq2A4FwWslSffVw9uM8ug4kbilLQ9fB7vnQdXzXyTyzYBWtqeAy2HMogLmqnvnV7kY4CQlXmCEpW7YVq06KhKKYkSzfTiSJER6gHmlp5CgkspNO98vgqXa6MIiEPlzBqft7IkWhlKPQ150hUn25WJuY/9VaiQquOinlcaIIx7OHgoRBFcFJWLBLBcGKjTQgLKj+K8R9pGNROtK8DsFeXHkZ6k7R1nx/USjfzOPIgWNwAs6ADS5BGdyBKqgBDJ7AC3gD78az8Wp8GJ+z1hVjPnME/sgYfwPtd6Gm</latexit><latexit sha1_base64="xGFE3iOWpc9tCZN3Iv/eixdZmvI=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIzSnUjFKXgsoK9YNsZMmmmDc1khiRTKMO8iRtfxY0LRcRd38b0gmjrD4Ev/zmH5Px+zKhUljU2VlbX1jc2c1v57Z3dvX3z4LAuo0RgUsMRi0TTR5IwyklNUcVIMxYEhT4jDX9wO6k3hkRIGvEHNYpJJ0Q9TgOKkdKWZ5YqXpsn8Bq2A4FwWslSffVw9uM8ug4kbilLQ9fB7vnQdXzXyTyzYBWtqeAy2HMogLmqnvnV7kY4CQlXmCEpW7YVq06KhKKYkSzfTiSJER6gHmlp5CgkspNO98vgqXa6MIiEPlzBqft7IkWhlKPQ150hUn25WJuY/9VaiQquOinlcaIIx7OHgoRBFcFJWLBLBcGKjTQgLKj+K8R9pGNROtK8DsFeXHkZ6k7R1nx/USjfzOPIgWNwAs6ADS5BGdyBKqgBDJ7AC3gD78az8Wp8GJ+z1hVjPnME/sgYfwPtd6Gm</latexit><latexit sha1_base64="xGFE3iOWpc9tCZN3Iv/eixdZmvI=">AAACH3icbZDLSgMxFIYzXmu9jbp0EyyCqzIzSnUjFKXgsoK9YNsZMmmmDc1khiRTKMO8iRtfxY0LRcRd38b0gmjrD4Ev/zmH5Px+zKhUljU2VlbX1jc2c1v57Z3dvX3z4LAuo0RgUsMRi0TTR5IwyklNUcVIMxYEhT4jDX9wO6k3hkRIGvEHNYpJJ0Q9TgOKkdKWZ5YqXpsn8Bq2A4FwWslSffVw9uM8ug4kbilLQ9fB7vnQdXzXyTyzYBWtqeAy2HMogLmqnvnV7kY4CQlXmCEpW7YVq06KhKKYkSzfTiSJER6gHmlp5CgkspNO98vgqXa6MIiEPlzBqft7IkWhlKPQ150hUn25WJuY/9VaiQquOinlcaIIx7OHgoRBFcFJWLBLBcGKjTQgLKj+K8R9pGNROtK8DsFeXHkZ6k7R1nx/USjfzOPIgWNwAs6ADS5BGdyBKqgBDJ7AC3gD78az8Wp8GJ+z1hVjPnME/sgYfwPtd6Gm</latexit>

E = ⌧Pint = ⌧
e2a2

c3
=

Z2e6

m2c3vb3
<latexit sha1_base64="9Goufx33mBdpHCCl88AQDdIZBUY="></latexit><latexit sha1_base64="9Goufx33mBdpHCCl88AQDdIZBUY="></latexit><latexit sha1_base64="9Goufx33mBdpHCCl88AQDdIZBUY="></latexit><latexit sha1_base64="9Goufx33mBdpHCCl88AQDdIZBUY="></latexit>

a =
Ze2

mb2
<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>

P⌫ = neniv

Z
E⌫2⇡bdb = neni

Z2e6

m2c3v
g↵(v, ⌫)

<latexit sha1_base64="b8QlHyakrm0y8Jevm0t3IX65mhc="></latexit><latexit sha1_base64="b8QlHyakrm0y8Jevm0t3IX65mhc="></latexit><latexit sha1_base64="b8QlHyakrm0y8Jevm0t3IX65mhc="></latexit><latexit sha1_base64="b8QlHyakrm0y8Jevm0t3IX65mhc="></latexit>

Pν

hν

bmin

bmax

mv2/2

1/v

g↵(v, ⌫) = ln

✓
bmax

bmin

◆

<latexit sha1_base64="si+BOg8FYKaZKgbHbUvbIAhb5QM="></latexit><latexit sha1_base64="si+BOg8FYKaZKgbHbUvbIAhb5QM="></latexit><latexit sha1_base64="si+BOg8FYKaZKgbHbUvbIAhb5QM="></latexit><latexit sha1_base64="si+BOg8FYKaZKgbHbUvbIAhb5QM="></latexit>

h⌫c < mv2/2
<latexit sha1_base64="Ntz+Afnm2fSIzmbOm1Gb9M7yjLQ=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrOFEEXLopuXFawF2jHIZNm2tAkM+RSqEOfxI0LRdz6KO58G9N2Ftr6Q+DjP+dwTv4oZVRpz/t2CmvrG5tbxe3Szu7eftk9OGypxEhMmjhhiexESBFGBWlqqhnppJIgHjHSjka3s3p7TKSiiXjQk5QEHA0EjSlG2lqhWx72hAkxvIZ8/Fg7r4Vuxat6c8FV8HOogFyN0P3q9RNsOBEaM6RU1/dSHWRIaooZmZZ6RpEU4REakK5FgThRQTY/fApPrdOHcSLtExrO3d8TGeJKTXhkOznSQ7Vcm5n/1bpGx1dBRkVqNBF4sSg2DOoEzlKAfSoJ1mxiAWFJ7a0QD5FEWNusSjYEf/nLq9CqVX3L9xeV+k0eRxEcgxNwBnxwCergDjRAE2BgwDN4BW/Ok/PivDsfi9aCk88cgT9yPn8A+u+R+g==</latexit><latexit sha1_base64="Ntz+Afnm2fSIzmbOm1Gb9M7yjLQ=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrOFEEXLopuXFawF2jHIZNm2tAkM+RSqEOfxI0LRdz6KO58G9N2Ftr6Q+DjP+dwTv4oZVRpz/t2CmvrG5tbxe3Szu7eftk9OGypxEhMmjhhiexESBFGBWlqqhnppJIgHjHSjka3s3p7TKSiiXjQk5QEHA0EjSlG2lqhWx72hAkxvIZ8/Fg7r4Vuxat6c8FV8HOogFyN0P3q9RNsOBEaM6RU1/dSHWRIaooZmZZ6RpEU4REakK5FgThRQTY/fApPrdOHcSLtExrO3d8TGeJKTXhkOznSQ7Vcm5n/1bpGx1dBRkVqNBF4sSg2DOoEzlKAfSoJ1mxiAWFJ7a0QD5FEWNusSjYEf/nLq9CqVX3L9xeV+k0eRxEcgxNwBnxwCergDjRAE2BgwDN4BW/Ok/PivDsfi9aCk88cgT9yPn8A+u+R+g==</latexit><latexit sha1_base64="Ntz+Afnm2fSIzmbOm1Gb9M7yjLQ=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrOFEEXLopuXFawF2jHIZNm2tAkM+RSqEOfxI0LRdz6KO58G9N2Ftr6Q+DjP+dwTv4oZVRpz/t2CmvrG5tbxe3Szu7eftk9OGypxEhMmjhhiexESBFGBWlqqhnppJIgHjHSjka3s3p7TKSiiXjQk5QEHA0EjSlG2lqhWx72hAkxvIZ8/Fg7r4Vuxat6c8FV8HOogFyN0P3q9RNsOBEaM6RU1/dSHWRIaooZmZZ6RpEU4REakK5FgThRQTY/fApPrdOHcSLtExrO3d8TGeJKTXhkOznSQ7Vcm5n/1bpGx1dBRkVqNBF4sSg2DOoEzlKAfSoJ1mxiAWFJ7a0QD5FEWNusSjYEf/nLq9CqVX3L9xeV+k0eRxEcgxNwBnxwCergDjRAE2BgwDN4BW/Ok/PivDsfi9aCk88cgT9yPn8A+u+R+g==</latexit><latexit sha1_base64="Ntz+Afnm2fSIzmbOm1Gb9M7yjLQ=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QSL4KrOFEEXLopuXFawF2jHIZNm2tAkM+RSqEOfxI0LRdz6KO58G9N2Ftr6Q+DjP+dwTv4oZVRpz/t2CmvrG5tbxe3Szu7eftk9OGypxEhMmjhhiexESBFGBWlqqhnppJIgHjHSjka3s3p7TKSiiXjQk5QEHA0EjSlG2lqhWx72hAkxvIZ8/Fg7r4Vuxat6c8FV8HOogFyN0P3q9RNsOBEaM6RU1/dSHWRIaooZmZZ6RpEU4REakK5FgThRQTY/fApPrdOHcSLtExrO3d8TGeJKTXhkOznSQ7Vcm5n/1bpGx1dBRkVqNBF4sSg2DOoEzlKAfSoJ1mxiAWFJ7a0QD5FEWNusSjYEf/nLq9CqVX3L9xeV+k0eRxEcgxNwBnxwCergDjRAE2BgwDN4BW/Ok/PivDsfi9aCk88cgT9yPn8A+u+R+g==</latexit>

P = neni
Z2e6

mc3h
v

<latexit sha1_base64="Q+nNNhT4+On0ZQRhJ5pSYuNtEIY=">AAACDXicbZC7SgNBFIZn4y3GW9TSZjAKVmE3itoIQRvLCOaCyWaZnZxNhszOLjOzgbDkBWx8FRsLRWzt7XwbJ5dCE3848PGfc5g5vx9zprRtf1uZpeWV1bXsem5jc2t7J7+7V1NRIilUacQj2fCJAs4EVDXTHBqxBBL6HOp+/2bcrw9AKhaJez2MwQ1JV7CAUaKN5eWPKvgKCw9MMdwKJKHpQ7sE7fNRGtL2Ke6N8AB7+YJdtCfCi+DMoIBmqnj5r1YnokkIQlNOlGo6dqzdlEjNKIdRrpUoiAntky40DQoSgnLTyTUjfGycDg4iaUpoPHF/b6QkVGoY+mYyJLqn5ntj879eM9HBpZsyEScaBJ0+FCQc6wiPo8EdJoFqPjRAqGTmr5j2iIlEmwBzJgRn/uRFqJWKjuG7s0L5ehZHFh2gQ3SCHHSByugWVVAVUfSIntErerOerBfr3fqYjmas2c4++iPr8weFoJny</latexit><latexit sha1_base64="Q+nNNhT4+On0ZQRhJ5pSYuNtEIY=">AAACDXicbZC7SgNBFIZn4y3GW9TSZjAKVmE3itoIQRvLCOaCyWaZnZxNhszOLjOzgbDkBWx8FRsLRWzt7XwbJ5dCE3848PGfc5g5vx9zprRtf1uZpeWV1bXsem5jc2t7J7+7V1NRIilUacQj2fCJAs4EVDXTHBqxBBL6HOp+/2bcrw9AKhaJez2MwQ1JV7CAUaKN5eWPKvgKCw9MMdwKJKHpQ7sE7fNRGtL2Ke6N8AB7+YJdtCfCi+DMoIBmqnj5r1YnokkIQlNOlGo6dqzdlEjNKIdRrpUoiAntky40DQoSgnLTyTUjfGycDg4iaUpoPHF/b6QkVGoY+mYyJLqn5ntj879eM9HBpZsyEScaBJ0+FCQc6wiPo8EdJoFqPjRAqGTmr5j2iIlEmwBzJgRn/uRFqJWKjuG7s0L5ehZHFh2gQ3SCHHSByugWVVAVUfSIntErerOerBfr3fqYjmas2c4++iPr8weFoJny</latexit><latexit sha1_base64="Q+nNNhT4+On0ZQRhJ5pSYuNtEIY=">AAACDXicbZC7SgNBFIZn4y3GW9TSZjAKVmE3itoIQRvLCOaCyWaZnZxNhszOLjOzgbDkBWx8FRsLRWzt7XwbJ5dCE3848PGfc5g5vx9zprRtf1uZpeWV1bXsem5jc2t7J7+7V1NRIilUacQj2fCJAs4EVDXTHBqxBBL6HOp+/2bcrw9AKhaJez2MwQ1JV7CAUaKN5eWPKvgKCw9MMdwKJKHpQ7sE7fNRGtL2Ke6N8AB7+YJdtCfCi+DMoIBmqnj5r1YnokkIQlNOlGo6dqzdlEjNKIdRrpUoiAntky40DQoSgnLTyTUjfGycDg4iaUpoPHF/b6QkVGoY+mYyJLqn5ntj879eM9HBpZsyEScaBJ0+FCQc6wiPo8EdJoFqPjRAqGTmr5j2iIlEmwBzJgRn/uRFqJWKjuG7s0L5ehZHFh2gQ3SCHHSByugWVVAVUfSIntErerOerBfr3fqYjmas2c4++iPr8weFoJny</latexit><latexit sha1_base64="Q+nNNhT4+On0ZQRhJ5pSYuNtEIY=">AAACDXicbZC7SgNBFIZn4y3GW9TSZjAKVmE3itoIQRvLCOaCyWaZnZxNhszOLjOzgbDkBWx8FRsLRWzt7XwbJ5dCE3848PGfc5g5vx9zprRtf1uZpeWV1bXsem5jc2t7J7+7V1NRIilUacQj2fCJAs4EVDXTHBqxBBL6HOp+/2bcrw9AKhaJez2MwQ1JV7CAUaKN5eWPKvgKCw9MMdwKJKHpQ7sE7fNRGtL2Ke6N8AB7+YJdtCfCi+DMoIBmqnj5r1YnokkIQlNOlGo6dqzdlEjNKIdRrpUoiAntky40DQoSgnLTyTUjfGycDg4iaUpoPHF/b6QkVGoY+mYyJLqn5ntj879eM9HBpZsyEScaBJ0+FCQc6wiPo8EdJoFqPjRAqGTmr5j2iIlEmwBzJgRn/uRFqJWKjuG7s0L5ehZHFh2gQ3SCHHSByugWVVAVUfSIntErerOerBfr3fqYjmas2c4++iPr8weFoJny</latexit>
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Bremsstrahlung

๏ For isotropic particle distributions:  

๏ For thermal distributions: 
‣ Flat spectrum: 
‣ Cutoff frequency 
‣ Total Power: 

๏ Exact calculations imply corrections in T 
and ν (Gaunt factors) 

๏ Absorption for thermal distributions:   
‣ coefficient: 
‣ Low energy self-absorption
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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↵⌫ / nineZ
2T�1/2e�

h⌫
kBT

<latexit sha1_base64="pon8Qjvhh02BfNNuE+Y6SjiNDTE="></latexit><latexit sha1_base64="pon8Qjvhh02BfNNuE+Y6SjiNDTE="></latexit><latexit sha1_base64="pon8Qjvhh02BfNNuE+Y6SjiNDTE="></latexit><latexit sha1_base64="pon8Qjvhh02BfNNuE+Y6SjiNDTE="></latexit>

h⌫c = kBT
<latexit sha1_base64="Auhv2fMK7BeaVZ3Wkoi4+DkdKqo=">AAAB9HicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLoRSt24rNAbtCFMppN26GQS51Iooc/hxoUibn0Yd76N0zYLbf1h4OM/53DO/GHKmdKu++0UNja3tneKu6W9/YPDo/LxSVslRhLaIglPZDfEinImaEszzWk3lRTHIaedcHw/r3cmVCqWiKaeptSP8VCwiBGsreWP+sIEBN2hcVBvBuWKW3UXQuvg5VCBXI2g/NUfJMTEVGjCsVI9z021n2GpGeF0VuobRVNMxnhIexYFjqnys8XRM3RhnQGKEmmf0Gjh/p7IcKzUNA5tZ4z1SK3W5uZ/tZ7R0a2fMZEaTQVZLooMRzpB8wTQgElKNJ9awEQyeysiIywx0Tankg3BW/3yOrSvqp7lx+tKrZ7HUYQzOIdL8OAGavAADWgBgSd4hld4cybOi/PufCxbC04+cwp/5Hz+AIG7kUI=</latexit><latexit sha1_base64="Auhv2fMK7BeaVZ3Wkoi4+DkdKqo=">AAAB9HicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLoRSt24rNAbtCFMppN26GQS51Iooc/hxoUibn0Yd76N0zYLbf1h4OM/53DO/GHKmdKu++0UNja3tneKu6W9/YPDo/LxSVslRhLaIglPZDfEinImaEszzWk3lRTHIaedcHw/r3cmVCqWiKaeptSP8VCwiBGsreWP+sIEBN2hcVBvBuWKW3UXQuvg5VCBXI2g/NUfJMTEVGjCsVI9z021n2GpGeF0VuobRVNMxnhIexYFjqnys8XRM3RhnQGKEmmf0Gjh/p7IcKzUNA5tZ4z1SK3W5uZ/tZ7R0a2fMZEaTQVZLooMRzpB8wTQgElKNJ9awEQyeysiIywx0Tankg3BW/3yOrSvqp7lx+tKrZ7HUYQzOIdL8OAGavAADWgBgSd4hld4cybOi/PufCxbC04+cwp/5Hz+AIG7kUI=</latexit><latexit sha1_base64="Auhv2fMK7BeaVZ3Wkoi4+DkdKqo=">AAAB9HicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLoRSt24rNAbtCFMppN26GQS51Iooc/hxoUibn0Yd76N0zYLbf1h4OM/53DO/GHKmdKu++0UNja3tneKu6W9/YPDo/LxSVslRhLaIglPZDfEinImaEszzWk3lRTHIaedcHw/r3cmVCqWiKaeptSP8VCwiBGsreWP+sIEBN2hcVBvBuWKW3UXQuvg5VCBXI2g/NUfJMTEVGjCsVI9z021n2GpGeF0VuobRVNMxnhIexYFjqnys8XRM3RhnQGKEmmf0Gjh/p7IcKzUNA5tZ4z1SK3W5uZ/tZ7R0a2fMZEaTQVZLooMRzpB8wTQgElKNJ9awEQyeysiIywx0Tankg3BW/3yOrSvqp7lx+tKrZ7HUYQzOIdL8OAGavAADWgBgSd4hld4cybOi/PufCxbC04+cwp/5Hz+AIG7kUI=</latexit><latexit sha1_base64="Auhv2fMK7BeaVZ3Wkoi4+DkdKqo=">AAAB9HicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLoRSt24rNAbtCFMppN26GQS51Iooc/hxoUibn0Yd76N0zYLbf1h4OM/53DO/GHKmdKu++0UNja3tneKu6W9/YPDo/LxSVslRhLaIglPZDfEinImaEszzWk3lRTHIaedcHw/r3cmVCqWiKaeptSP8VCwiBGsreWP+sIEBN2hcVBvBuWKW3UXQuvg5VCBXI2g/NUfJMTEVGjCsVI9z021n2GpGeF0VuobRVNMxnhIexYFjqnys8XRM3RhnQGKEmmf0Gjh/p7IcKzUNA5tZ4z1SK3W5uZ/tZ7R0a2fMZEaTQVZLooMRzpB8wTQgElKNJ9awEQyeysiIywx0Tankg3BW/3yOrSvqp7lx+tKrZ7HUYQzOIdL8OAGavAADWgBgSd4hld4cybOi/PufCxbC04+cwp/5Hz+AIG7kUI=</latexit>

↵↵
⌫ / nineZ

2T�3/2⌫�2
<latexit sha1_base64="m4Jhv1hDWrI5+OLqymafJanAvPI=">AAACIHicbVDLSgMxFM34rPVVdekmWAQ3rTNVqMuiG5cV+sLOdMikmTY0kwlJRijDfIobf8WNC0V0p19j+lho64HA4Zx7uTknEIwqbdtf1srq2vrGZm4rv72zu7dfODhsqTiRmDRxzGLZCZAijHLS1FQz0hGSoChgpB2MbiZ++4FIRWPe0GNBvAgNOA0pRtpIfqHqIiaGyHd50ktdGcEwzKArZCx0DLlPuU/uexXY6KWli/OKsSZzpUrmF4p22Z4CLhNnTopgjrpf+HT7MU4iwjVmSKmuYwvtpUhqihnJ8m6iiEB4hAakayhHEVFeOg2YwVOj9GEYS/O4hlP190aKIqXGUWAmI6SHatGbiP953USHV15KuUg04Xh2KEwYNOEnbcE+lQRrNjYEYUnNXyEeIomwNp3mTQnOYuRl0qqUHcPvLou163kdOXAMTsAZcEAV1MAtqIMmwOARPINX8GY9WS/Wu/UxG12x5jtH4A+s7x+CkqJ/</latexit><latexit sha1_base64="m4Jhv1hDWrI5+OLqymafJanAvPI=">AAACIHicbVDLSgMxFM34rPVVdekmWAQ3rTNVqMuiG5cV+sLOdMikmTY0kwlJRijDfIobf8WNC0V0p19j+lho64HA4Zx7uTknEIwqbdtf1srq2vrGZm4rv72zu7dfODhsqTiRmDRxzGLZCZAijHLS1FQz0hGSoChgpB2MbiZ++4FIRWPe0GNBvAgNOA0pRtpIfqHqIiaGyHd50ktdGcEwzKArZCx0DLlPuU/uexXY6KWli/OKsSZzpUrmF4p22Z4CLhNnTopgjrpf+HT7MU4iwjVmSKmuYwvtpUhqihnJ8m6iiEB4hAakayhHEVFeOg2YwVOj9GEYS/O4hlP190aKIqXGUWAmI6SHatGbiP953USHV15KuUg04Xh2KEwYNOEnbcE+lQRrNjYEYUnNXyEeIomwNp3mTQnOYuRl0qqUHcPvLou163kdOXAMTsAZcEAV1MAtqIMmwOARPINX8GY9WS/Wu/UxG12x5jtH4A+s7x+CkqJ/</latexit><latexit sha1_base64="m4Jhv1hDWrI5+OLqymafJanAvPI=">AAACIHicbVDLSgMxFM34rPVVdekmWAQ3rTNVqMuiG5cV+sLOdMikmTY0kwlJRijDfIobf8WNC0V0p19j+lho64HA4Zx7uTknEIwqbdtf1srq2vrGZm4rv72zu7dfODhsqTiRmDRxzGLZCZAijHLS1FQz0hGSoChgpB2MbiZ++4FIRWPe0GNBvAgNOA0pRtpIfqHqIiaGyHd50ktdGcEwzKArZCx0DLlPuU/uexXY6KWli/OKsSZzpUrmF4p22Z4CLhNnTopgjrpf+HT7MU4iwjVmSKmuYwvtpUhqihnJ8m6iiEB4hAakayhHEVFeOg2YwVOj9GEYS/O4hlP190aKIqXGUWAmI6SHatGbiP953USHV15KuUg04Xh2KEwYNOEnbcE+lQRrNjYEYUnNXyEeIomwNp3mTQnOYuRl0qqUHcPvLou163kdOXAMTsAZcEAV1MAtqIMmwOARPINX8GY9WS/Wu/UxG12x5jtH4A+s7x+CkqJ/</latexit><latexit sha1_base64="m4Jhv1hDWrI5+OLqymafJanAvPI=">AAACIHicbVDLSgMxFM34rPVVdekmWAQ3rTNVqMuiG5cV+sLOdMikmTY0kwlJRijDfIobf8WNC0V0p19j+lho64HA4Zx7uTknEIwqbdtf1srq2vrGZm4rv72zu7dfODhsqTiRmDRxzGLZCZAijHLS1FQz0hGSoChgpB2MbiZ++4FIRWPe0GNBvAgNOA0pRtpIfqHqIiaGyHd50ktdGcEwzKArZCx0DLlPuU/uexXY6KWli/OKsSZzpUrmF4p22Z4CLhNnTopgjrpf+HT7MU4iwjVmSKmuYwvtpUhqihnJ8m6iiEB4hAakayhHEVFeOg2YwVOj9GEYS/O4hlP190aKIqXGUWAmI6SHatGbiP953USHV15KuUg04Xh2KEwYNOEnbcE+lQRrNjYEYUnNXyEeIomwNp3mTQnOYuRl0qqUHcPvLou163kdOXAMTsAZcEAV1MAtqIMmwOARPINX8GY9WS/Wu/UxG12x5jtH4A+s7x+CkqJ/</latexit>

j↵⌫ =
1

4⇡

Z
P⌫f(v)dv

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



Cosmic Explosions 2019, Cargèse

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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α
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Orbital motion

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

‣ Larmor radius: 
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⌫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

α

๏ Hillas criterium for particle acceleration:
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Cyclo-Synchrotron Radiation

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

๏ Power radiated per particle: 
‣ Perpendicular acceleration: 

‣ Pitch-angle dependent power: 

‣ Average over isotropic distributions: 

๏ 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
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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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�1

<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>
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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



Cosmic Explosions 2019, 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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Cosmic Explosions 2019, 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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↵i =
p� 1

2
<latexit sha1_base64="z/CV2QIuIYRa2sZ9chx59N9QVS8=">AAACAXicbVDLSsNAFJ3UV62vqAsVN4NFcGNJ6sJuhKIblxXsA5oQJtNJO3QyCTMToYS48VfcuFDErT8h7nTj1s9w+lho64ELh3Pu5d57/JhRqSzrw8jNzS8sLuWXCyura+sb5uZWQ0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpp+/2LoN2+IkDTi12oQEzdEXU4DipHSkmfuOojFPeRReAadQCCcxsd2lpYzzyxaJWsEOEvsCSlWK19vO5/fezXPfHc6EU5CwhVmSMq2bcXKTZFQFDOSFZxEkhjhPuqStqYchUS66eiDDB5qpQODSOjiCo7U3xMpCqUchL7uDJHqyWlvKP7ntRMVVNyU8jhRhOPxoiBhUEVwGAfsUEGwYgNNEBZU3wpxD+kclA6toEOwp1+eJY1yyT4pla90GudgjDzYBwfgCNjgFFTBJaiBOsDgFtyDR/Bk3BkPxrPxMm7NGZOZbfAHxusP2uWaQw==</latexit>

j(⌫) / B
p+1
2 ⌫�↵i

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

B�(� + 1) <
3q

�T
= 2.17⇥ 1015G

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

P ⇠ c�TUB�
2 / B2�2

<latexit sha1_base64="FUqXPisfeR3PdwC4Qw9pXtoEC9Q=">AAACHHicbVDLSgMxFM34rPVVdekmWARXZaYVdFnqxmWFvqAzDnfStA1NZoYkI5ShH+LGX3HjQhE3LgT/xkw7C209EHI4516Sc4KYM6Vt+9taW9/Y3Nou7BR39/YPDktHxx0VJZLQNol4JHsBKMpZSNuaaU57saQgAk67weQm87sPVCoWhS09jaknYBSyISOgjeSXak3sKiYwya6RAL+F234DuyMQAu6r2I1lFOsINzKei36pbFfsOfAqcXJSRjmafunTHUQkETTUhINSfceOtZeC1IxwOiu6iaIxkAmMaN/QEARVXjoPN8PnRhngYSTNCTWeq783UhBKTUVgJgXosVr2MvE/r5/o4bWXsjBONA3J4qFhwrFJmzWFB0xSovnUECCSmb9iMgYJRJs+i6YEZznyKulUK06tUr27LNcbeR0FdIrO0AVy0BWqo1vURG1E0CN6Rq/ozXqyXqx362MxumblOyfoD6yvH4h8n8s=</latexit>

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

j⌫ =
1
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Z
P⌫(�)f(�)d�

<latexit sha1_base64="fhB+OnPm1Q6HTWFbNTylZRJ8I0Y="></latexit>

↵i =
p� 1

2
<latexit sha1_base64="z/CV2QIuIYRa2sZ9chx59N9QVS8=">AAACAXicbVDLSsNAFJ3UV62vqAsVN4NFcGNJ6sJuhKIblxXsA5oQJtNJO3QyCTMToYS48VfcuFDErT8h7nTj1s9w+lho64ELh3Pu5d57/JhRqSzrw8jNzS8sLuWXCyura+sb5uZWQ0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpp+/2LoN2+IkDTi12oQEzdEXU4DipHSkmfuOojFPeRReAadQCCcxsd2lpYzzyxaJWsEOEvsCSlWK19vO5/fezXPfHc6EU5CwhVmSMq2bcXKTZFQFDOSFZxEkhjhPuqStqYchUS66eiDDB5qpQODSOjiCo7U3xMpCqUchL7uDJHqyWlvKP7ntRMVVNyU8jhRhOPxoiBhUEVwGAfsUEGwYgNNEBZU3wpxD+kclA6toEOwp1+eJY1yyT4pla90GudgjDzYBwfgCNjgFFTBJaiBOsDgFtyDR/Bk3BkPxrPxMm7NGZOZbfAHxusP2uWaQw==</latexit>
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Synchrotron Polarisation

๏ Ordered magnetic field: 
‣ Linearly polarised perp to the projected field: 
‣ Mono-energetic distributions: 
‣ Power-law particle distribution:  

๏ Tangled magnetic field: 
‣ Net polarisation cancels out! 

๏ Polarisation helps constraining the emission mechanism 

๏ Ex: prompt GRB emission 
‣ Many models (photospheric, synchrotron, Compton…) 
‣ Π~10% (Troja et al. 2015) 
‣ Spatial mixing 
‣ Time mixing (Zhang et al. 2019) 
‣ Energy dependent polarisation
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0 <
Pk

P?
< 1/3

<latexit sha1_base64="OKg1bALu1h8qzSmmIaJ1uvYoxVg=">AAACDnicbVC7SgNBFJ31GeMramkzGAJWcTcRtBCJCiJWEcwDskuYndxNhsw+mJkVwpIvsLHzO2wUFLG1tvNvnGxSaOKBC2fOuZe597gRZ1KZ5rcxN7+wuLScWcmurq1vbOa2tusyjAWFGg15KJoukcBZADXFFIdmJID4LoeG278Y+Y07EJKFwa0aROD4pBswj1GitNTOFUx8gm1PEJpU23ZEBOEc+DB9gIiG2rUOyu1c3iyaKfAssSYkXzm9PHx8ObuutnNfdieksQ+BopxI2bLMSDkJEYpRDsOsHUuICO2TLrQ0DYgP0knSc4a4oJUO9kKhK1A4VX9PJMSXcuC7utMnqienvZH4n9eKlXfsJCyIYgUBHX/kxRyrEI+ywR0mgCo+0IRQwfSumPZ0JFTpBLM6BGv65FlSLxWtcrF0o9M4R2Nk0C7aQ/vIQkeogq5QFdUQRffoCb2iN+PBeDbejY9x65wxmdlBf2B8/gDhSZ2r</latexit>

⇧(↵, ⌫) =
p+ 1

p+ 7/3
� 70%

<latexit sha1_base64="VfEau+ldyF7J1b59bSwbsydk8Ps="></latexit>
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⇧(⌫, �,↵) =
P? � Pk

P? + Pk
=

xK2/3(x)

F (x)
� 50%

<latexit sha1_base64="S0wkTpRGxNKsmgIQrtxosQ2OX9s="></latexit>
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Synchrotron Self-Absorption

๏ For                        and isotropic fields: 

๏ Strong absorption at low photon energy!
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<latexit sha1_base64="JxmgFVi8zlDmmzyWiVDxGy47b18="></latexit>

I⌫ = Rj⌫ / RB(p+1)/2⌫�(p�1)/2
<latexit sha1_base64="lCC/kWjwx96cJ+nNJttNqpNsJdE=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoSOtMLehGKHWjuyr2AX2RSdM2NpMJSUYoQ3/Ejb/ixoUiLtyIf2M67UKrBwLnnnMvN/d4glGlHefLSiwsLi2vJFdTa+sbm1v29k5VBaHEpIIDFsi6hxRhlJOKppqRupAE+R4jNW94MfFr90QqGvBbPRKk5aM+pz2KkTZSxy5cdZo8hOfwBt7FrClkIHRg6lI7yogj9/A4P4bGaUfZjMjGZcdOOzknBvxL3BlJgxnKHfuj2Q1w6BOuMUNKNVxH6FaEpKaYkXGqGSoiEB6iPmkYypFPVCuKrxvDA6N0YS+Q5nENY/XnRIR8pUa+Zzp9pAdq3puI/3mNUPfOWhHlItSE4+miXsiguX4SFexSSbBmI0MQltT8FeIBkghrE2jKhODOn/yXVPM59ySXvy6ki6VZHEmwB/ZBBrjgFBTBJSiDCsDgATyBF/BqPVrP1pv1Pm1NWLOZXfAL1uc3Bqyevw==</latexit>

Thick Thin

⌫t / B
p+2
p+4R

2
p+4

<latexit sha1_base64="R14ucstK/LtTsFLiZeyEL6qSLIc=">AAACHHicbZDLSgMxFIYzXmu9VQU3boJFEIQy0wq6LHXjshV7gU4tmTTThmYyIckIZZgHceMb+AxuulDEjQvBjc9iegNtPZDw8//nkJzPE4wqbdtf1tLyyuraemojvbm1vbOb2duvqTCSmFRxyELZ8JAijHJS1VQz0hCSoMBjpO71r0Z5/Z5IRUN+qweCtALU5dSnGGljtTMFl0dtDV0hQ6FDWLqLXV8iHIuzfGKu8ySBNzNv5rQzWTtnjwsuCmcqssXDyjd9Kg3L7cyH2wlxFBCuMUNKNR1b6FaMpKaYkSTtRooIhPuoS5pGchQQ1YrHyyXwxDgd6IfSHK7h2P09EaNAqUHgmc4A6Z6az0bmf1kz0v5lK6ZcRJpwPHnIjxg0GEakYIdKgjUbGIGwpOavEPeQAaENz7SB4MyvvChq+ZxTyOUrhkYJTCoFjsAxOAUOuABFcA3KoAoweADP4AW8Wo/W0Hqz3ietS9Z05gD8KevzB6bEpWk=</latexit>

PKS B0008-421, Callingham+15

๏ 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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Synchrotron Interactions

๏ Particle Cooling rate:  

๏ Maximal energy: 
‣ Local competition with acceleration 
‣ Ex: DSA in SNR: 

‣ Maximal particle energy: 

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

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

๏ Thermalisation: 
‣ Emission + Absorption => synchrotron boiler
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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 photon than pure 

synchrotron in the outer gaps 

๏ Most generally: Synchro-curvature radiation
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Diffuse Synchrotron Radiation

๏ Turbulent magnetic field with many-scale 
perturbations 

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

‣ Scale is irrelevant => turbulence 
described by amplitude distribution 

‣ Simple convolution of the synchrotron 
spectrum 

‣ For peaked distributions, shifted and 
broaden emission 

‣ For power-law distribution, power-law 
spectrum 
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Diffuse Synchrotron Radiation

๏ Small scale fluctuations (λ<<RL):  
‣ => Jitter radiation 
‣ Mono-chromatic wave kB=2π/λB => line  

‣ 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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Strong Fields

๏ Classical limit:                      i.e.   

๏ Critical field: 

‣ For leptons: 

๏ Quantification: 

‣ Large energy and/or weak field: n >>1 
‣ Low   energy and/or large field: n~1 

๏ In strongly magnetised neutron stars: 
‣ Clear quantification (Trumper+78): n~1 

• kTe ~ 10 keV  =>   p2 ~ 0.06 
• B ~ 1012 G      => 2B/Bc ~ 0.05 

‣ Sub-relativistic => cyclotron line(s)  
‣ However combined with resonant 

Compton interaction => absorption 
features
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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) 
‣ Radiation pressure from an anisotropic 

field on cold matter: 
‣ 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… 

๏ Scattered spectrum in the Thomson regime: 
‣ No simple expression 
‣ Average amplification factor in Thomson regime, for up-scattering :
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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: 

๏ With soft photon density Uph: 

‣ Compare to synchrotron cooling rate 
‣ ex: Compton catastrophe in high brightness temperature radio sources 

• Synchrotron self-absorbed radio sources (AGN) 
• Compton cooling dominates for  
• Need for coherent emission in high brightness temperature sources (e.g. FRBs) 

๏ Cooling time:  

๏ Example of kinetic equation for particles:  

‣ For Power-law injection: 
• Cooling break 
• Steepening
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�̇ic
�̇synch

=
Uph

UB
<latexit sha1_base64="x+JTq/TF9IMChaz8jk9PMmaxdZc="></latexit>

TB & 1012 K
<latexit sha1_base64="JhCtiEo4N9gugxFWmxICxYdz04U=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUQZelbgQ3FfqCzjhk0kwbmmSGJCOUoQs3/oobF4q49SPc+Tem7Sy09UDgcM653NwTJowq7TjfVmFtfWNzq7hd2tnd2z+wD486Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybj65nffSBS0Vi09CQhPkdDQSOKkTZSYJdbQQN6Q20SHLrOfebWptCDnuTwNrArTtWZA64SNycVkKMZ2F/eIMYpJ0JjhpTqu06i/QxJTTEj05KXKpIgPEZD0jdUIE6Un82PmMJTowxgFEvzhIZz9fdEhrhSEx6aJEd6pJa9mfif1091dOVnVCSpJgIvFkUpgzqGs0bggEqCNZsYgrCk5q8Qj5BEWJveSqYEd/nkVdKpVd3zau3uolJv5HUUQRmcgDPggktQBzegCdoAg0fwDF7Bm/VkvVjv1sciWrDymWPwB9bnD8ZXlkA=</latexit>
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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:
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y = Nscat
�E

E
⇠ 4

3
p2Nscat

<latexit sha1_base64="BmNZlMaUNZvX/T1JJhbipZmT+Rk="></latexit>

Ṅscat ⇠ c�Tne
<latexit sha1_base64="Tx/QmcXIAkWpItrtvnbMNN1xXtk=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVUlBgrGChQkVqS+piSLHdVqrthPZDlIV9Q9Y+BUWBhBiZWXjb3DaDNByJMtH59x77XvChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8k/vdByIVjUVLTxLiczQUNKIYaSMF9qk3iHV2Nw0yT3KojDyFnqIc4vwachS0oAhIYFedmjMDXCZuQaqgQDOwv8xgnHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9QwXiRPnZbJ8pPDHKAEaxNEdoOFN/d2SIKzXhoankSI/UopeL/3n9VEdXfkZFkmoi8PyhKGVQxzAPBw6oJFiziSEIS2r+CvEISYS1ibBiQnAXV14mnXrNPa/V7y+qjesijjI4AsfgDLjgEjTALWiCNsDgETyDV/BmPVkv1rv1MS8tWUXPIfgD6/MHftucSw==</latexit>

Ṅscat ⇠ c�Tne
<latexit sha1_base64="Tx/QmcXIAkWpItrtvnbMNN1xXtk=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVUlBgrGChQkVqS+piSLHdVqrthPZDlIV9Q9Y+BUWBhBiZWXjb3DaDNByJMtH59x77XvChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8k/vdByIVjUVLTxLiczQUNKIYaSMF9qk3iHV2Nw0yT3KojDyFnqIc4vwachS0oAhIYFedmjMDXCZuQaqgQDOwv8xgnHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9QwXiRPnZbJ8pPDHKAEaxNEdoOFN/d2SIKzXhoankSI/UopeL/3n9VEdXfkZFkmoi8PyhKGVQxzAPBw6oJFiziSEIS2r+CvEISYS1ibBiQnAXV14mnXrNPa/V7y+qjesijjI4AsfgDLjgEjTALWiCNsDgETyDV/BmPVkv1rv1MS8tWUXPIfgD6/MHftucSw==</latexit>

R/c
<latexit sha1_base64="WJwy2RfFnz+Tx/OxbpPVQ2k866A=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxhLtookeiF4/44JHAhswOA0yYnd3M9JqQDZ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1iOOY+yEdKNEXjKKVHu7PWLdYcsvuDGSZeBkpQYZat/jV6UUsCblCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LFQ258dPZqRNyYpUe6UfalkIyU39PpDQ0ZhwGtjOkODSL3lT8z2sn2L/yU6HiBLli80X9RBKMyPRv0hOaM5RjSyjTwt5K2JBqytCmU7AheIsvL5NGpeydlyt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmSOfFeXc+5q05J5s5hD9wPn8A1eONgA==</latexit>

N1/2
scat R/c

<latexit sha1_base64="dF00caSF0uxrQdYcmvptKUap2DQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXLVJFXRZdONKqthWaGKYTCft0JlJmJkIJcSNv+LGhSJu/Qt3/o3Tx0JbD1w4nHMv994TJowq7TjfVmFhcWl5pbhaWlvf2Nyyt3daKk4lJk0cs1jehUgRRgVpaqoZuUskQTxkpB0OLkZ++4FIRWNxq4cJ8TnqCRpRjLSRAnvvKsg8yaEyQn6fudVaDj14U8WBXXYqzhhwnrhTUgZTNAL7y+vGOOVEaMyQUh3XSbSfIakpZiQveakiCcID1CMdQwXiRPnZ+IMcHhqlC6NYmhIajtXfExniSg15aDo50n01643E/7xOqqMzP6MiSTUReLIoShnUMRzFAbtUEqzZ0BCEJTW3QtxHEmFtQiuZENzZl+dJq1Zxjyu165Ny/XwaRxHsgwNwBFxwCurgEjRAE2DwCJ7BK3iznqwX6936mLQWrOnMLvgD6/MHnvuVsg==</latexit>

⌧T
<latexit sha1_base64="lMevKcPEF6eTedMFitL+IlsoKTU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKbS20oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4W19Y3NreJ2aWd3b/+gfHjUNirVlLWoEkp3QmKY4JK1kKNgnUQzEoeCPYTj25n/8MS04Uo2cZKwICZDySNOCVqp3UOS9pv9csWrenO4q8TPSQVyNPrlr95A0TRmEqkgxnR9L8EgIxo5FWxa6qWGJYSOyZB1LZUkZibI5tdO3TOrDNxIaVsS3bn6eyIjsTGTOLSdMcGRWfZm4n9eN8XoOsi4TFJkki4WRalwUbmz190B14yimFhCqOb2VpeOiCYUbUAlG4K//PIqadeq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQNaQOERnuEV3hzlvDjvzseiteDkM8fwB87nD39XjxM=</latexit>

⌧2T
<latexit sha1_base64="J0SxZyR8ygFrKyRptXDzjBarODA=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4j5AXJGmYnk2TI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VxFIYdN1vJ7e2vrG5ld8u7Ozu7R8UD4+aJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lx7cxvPXFtRKTqOIm5H9KhEgPBKFqp3UWa9OoPlV6x5JbdOcgq8TJSggy1XvGr249YEnKFTFJjOp4bo59SjYJJPi10E8NjysZ0yDuWKhpy46fze6fkzCp9Moi0LYVkrv6eSGlozCQMbGdIcWSWvZn4n9dJcHDtp0LFCXLFFosGiSQYkdnzpC80ZygnllCmhb2VsBHVlKGNqGBD8JZfXiXNStm7KFfuL0vVmyyOPJzAKZyDB1dQhTuoQQMYSHiGV3hzHp0X5935WLTmnGzmGP7A+fwBqJSPtw==</latexit>

4✓(1 + 4✓)⌧
<latexit sha1_base64="AAMkT+OFD0gUrgicDNXtGeaxfDI=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQEcpMLeiy6MZlBVsL7VAyaaYNzWSG5I5Qhi7c+CtuXCji1o9w59+YtiNo64GQk3Pu5eYePxZcg+N8WbmV1bX1jfxmYWt7Z3fP3j9o6ShRlDVpJCLV9olmgkvWBA6CtWPFSOgLduePrqb+3T1TmkfyFsYx80IykDzglICRenaxhrswZEBw2T3FP48Tc5OkZ5ecijMDXiZuRkooQ6Nnf3b7EU1CJoEKonXHdWLwUqKAU8EmhW6iWUzoiAxYx1BJQqa9dLbEBB8bpY+DSJkjAc/U3x0pCbUeh76pDAkM9aI3Ff/zOgkEF17KZZwAk3Q+KEgEhghPE8F9rhgFMTaEUMXNXzEdEkUomNwKJgR3ceVl0qpW3LNK9aZWql9mceRRER2hMnLROaqja9RATUTRA3pCL+jVerSerTfrfV6as7KeQ/QH1sc3UraV/A==</latexit>

4✓(1 + 4✓)⌧2
<latexit sha1_base64="4B2Tj82rdwGEckR9gyetD5UhEtw=">AAACBnicbVDLSgMxFM3UV62vUZciBItQEcpMLeiy6MZlBfuAdiyZNG1DM5khuSOUoSs3/oobF4q49Rvc+Tem7QjaeiDk5Jx7ubnHjwTX4DhfVmZpeWV1Lbue29jc2t6xd/fqOowVZTUailA1faKZ4JLVgINgzUgxEviCNfzh1cRv3DOleShvYRQxLyB9yXucEjBSxz4s4zYMGBBccE/xz+PE3CS+K3XsvFN0psCLxE1JHqWoduzPdjekccAkUEG0brlOBF5CFHAq2DjXjjWLCB2SPmsZKknAtJdM1xjjY6N0cS9U5kjAU/V3R0ICrUeBbyoDAgM9703E/7xWDL0LL+EyioFJOhvUiwWGEE8ywV2uGAUxMoRQxc1fMR0QRSiY5HImBHd+5UVSLxXds2LpppyvXKZxZNEBOkIF5KJzVEHXqIpqiKIH9IRe0Kv1aD1bb9b7rDRjpT376A+sj2+IUZag</latexit>

Thomson Thin 
 τT < 1

Thomson thick 
 τT > 1

Photon scattering rate 
per unit volume

Escape time

Mean number of 
scatterings

y

⌧T = �TneR
<latexit sha1_base64="FopIyp3DOIivGcDAA7+nrIFZgxk=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRXBVkiroRii6cVmlN2hCmEwn7dDJJMxMhFK68VXcuFDErY/hzrdx2mahrT8MfPznHM6cP0w5U9pxvq3Cyura+kZxs7S1vbO7Z+8ftFSSSUKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdDm+n9fYjlYoloqFHKfVj3BcsYgRrYwX2kadxFjTQNfIU68fYoAgoegjsslNxZkLL4OZQhlz1wP7yegnJYio04Vipruuk2h9jqRnhdFLyMkVTTIa4T7sGBY6p8sezAybo1Dg9FCXSPKHRzP09McaxUqM4NJ0x1gO1WJua/9W6mY6u/DETaaapIPNFUcaRTtA0DdRjkhLNRwYwkcz8FZEBlphok1nJhOAunrwMrWrFPa9U7y/KtZs8jiIcwwmcgQuXUIM7qEMTCEzgGV7hzXqyXqx362PeWrDymUP4I+vzB+YtlU8=</latexit>
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Example of Multiple Scattering

๏ γ=10, hν0=0.1eV, Thomson

 36
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Regimes of Multiple Scattering

๏ γ hν0/mc2 < γ(γ-1) < 1:  
‣ Thomson 
‣ Small A => Power-law

 37

‣ Small tau (y<<1) => cutoff at kT 
‣ Large tau (y>>1) => saturation at kT
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Regimes of Multiple Scattering

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

 38

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

๏ General kinetic equation for photons: 

‣ Steady state solution for thermal distribution: Wien spectrum 

๏ In the sub-relativistic regime: The Kompaneets equation 

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

 39

N⌫ / ⌫2e�
h⌫

kBT
<latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="X6a5u8FfPDKmS+xwORFk5M1F5Ak=">AAACCHicbZDLSgMxGIX/8Vpr1dGtm2ARRLDMdKNL0Y0rqdAbdKZDJs20oZnMkGSEMsw7uPFV3LhQxCdw59uYXhba+kPg45yEP+eEKWdKO863tba+sbm1Xdop71b29g/sw0pbJZkktEUSnshuiBXlTNCWZprTbiopjkNOO+H4dup3HqlULBFNPUmpH+OhYBEjWBspsM/vA09kyEtlkuoEGe7XEe3nF14kMclHRijycXDTLIrArjo1ZzZoFdwFVGExjcD+8gYJyWIqNOFYqZ7rpNrPsdSMcFqUvUzRFJMxHtKeQYFjqvx8lqlAp0YZoCiR5giNZurvFzmOlZrEobkZYz1Sy95U/M/rZTq68nMm0kxTQeaLoowjk35aEBowSYnmEwOYSGb+isgImzK0qbFsSnCXI69Cu15zDT84UIJjOIEzcOESruEOGtACAk/wAm/wbj1br9bHvK41a9HbEfwZ6/MHOTqcww==</latexit><latexit sha1_base64="X6a5u8FfPDKmS+xwORFk5M1F5Ak=">AAACCHicbZDLSgMxGIX/8Vpr1dGtm2ARRLDMdKNL0Y0rqdAbdKZDJs20oZnMkGSEMsw7uPFV3LhQxCdw59uYXhba+kPg45yEP+eEKWdKO863tba+sbm1Xdop71b29g/sw0pbJZkktEUSnshuiBXlTNCWZprTbiopjkNOO+H4dup3HqlULBFNPUmpH+OhYBEjWBspsM/vA09kyEtlkuoEGe7XEe3nF14kMclHRijycXDTLIrArjo1ZzZoFdwFVGExjcD+8gYJyWIqNOFYqZ7rpNrPsdSMcFqUvUzRFJMxHtKeQYFjqvx8lqlAp0YZoCiR5giNZurvFzmOlZrEobkZYz1Sy95U/M/rZTq68nMm0kxTQeaLoowjk35aEBowSYnmEwOYSGb+isgImzK0qbFsSnCXI69Cu15zDT84UIJjOIEzcOESruEOGtACAk/wAm/wbj1br9bHvK41a9HbEfwZ6/MHOTqcww==</latexit><latexit sha1_base64="akkvxbJX46Gueq+LLz8+hOrb2o4=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARRLDMdKPLUjeupEJv0GmHTJppQzPJkGSEMsw7uPFV3LhQxK0bd76NaTsLbf0h8PGfczg5fxAzqrTjfFuFtfWNza3idmlnd2//wD48aiuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkEk5tZvfNApKKCN/U0Jv0IjTgNKUbaWL59ced7PIFeLEWsBTQ8qEIySC+9UCKcjo2RpRO/3swy3y47FWcuuApuDmWQq+HbX95Q4CQiXGOGlOq5Tqz7KZKaYkaykpcoEiM8QSPSM8hRRFQ/nd+UwTPjDGEopHlcw7n7eyJFkVLTKDCdEdJjtVybmf/VeokOr/sp5XGiCceLRWHCoLl+FhAcUkmwZlMDCEtq/grxGJkwtImxZEJwl09ehXa14hq+d8q1eh5HEZyAU3AOXHAFauAWNEALYPAInsEreLOerBfr3fpYtBasfOYY/JH1+QMC7J49</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit><latexit sha1_base64="JZKyv8FoBzP9ubC02qAd+TSA1G4=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCCJaZIuiy1I0rqdAbdNohk2ba0EwyJBmhDPMObnwVNy4UcevGnW9j2s5CW38IfPznHE7OH8SMKu0439bK6tr6xmZhq7i9s7u3bx8ctpRIJCZNLJiQnQApwignTU01I51YEhQFjLSD8c203n4gUlHBG3oSk16EhpyGFCNtLN8+v/M9nkAvliLWAhruVyDppxdeKBFOR8bI0rFfa2SZb5ecsjMTXAY3hxLIVfftL28gcBIRrjFDSnVdJ9a9FElNMSNZ0UsUiREeoyHpGuQoIqqXzm7K4KlxBjAU0jyu4cz9PZGiSKlJFJjOCOmRWqxNzf9q3USH172U8jjRhOP5ojBh0Fw/DQgOqCRYs4kBhCU1f4V4hEwY2sRYNCG4iycvQ6tSdg3fX5aqtTyOAjgGJ+AMuOAKVMEtqIMmwOARPINX8GY9WS/Wu/Uxb12x8pkj8EfW5w8ELJ5B</latexit>
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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 and 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 
• Tail-on 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 within the source: estimating Γ in 
Fermi GRBs: 
‣ Emission medium is not opaque to gamma-rays 

at 100 MeV (τγγ< 1) 
‣ + Variability (0.1s) => size: 
‣ + Observed flux at (1MeV)2/100 MeV = 10 keV 
‣ = Constraint on Γ>100-1000 

๏ 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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