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Nonthermal afterglow of GW170817

One-year afterglow of GW170817:


• Nonthermal spectrum Fν ~ ν-0.6 : synchrotron 
radiation from shock-accelerated electrons 
(electron spectral index p ≈ 2.2)


• Slow rising (Fν ~ t0.8), peak ~ 160d, fast decay 
(Fν ~ t-2). Simple pictures are challenged by 
slow rising pattern:


• Uniform jet viewed off-axis (Fν ~ t3)


• Single-velocity spherical outflow (Fν ~ t3)


• Slow rising → Gradual input of energy → 
more complicated outflow structure

Afterglow SED of GW170817 (Troja+18)
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Nonthermal afterglow of GW170817
Structured jet viewed off-axis (Jet, e.g. Lazzati+17, Margutti+18):


• Ultra-relativistic core + slower wings


• Initially beamed-away core emission gradually enters line of sight 
to off-axis observer


Radially-stratified (quasi-)spherical outflow (Sph, e.g. Mooley+18):


• “Cocoon” created by a successful/chocked jet


• Radially-stratified layers: fast layers traveling ahead gradually 
caught up by slow layers and energized

Obs (Alexander+, Corsi+, Mooley+, Troja+18):


• Fν ~ t-2  after ~ 160d 

• No cooling passage till ~ 360d


• Not resolved by VLBI, but superluminal motion


• ∏ < 12% (2.8 GHz) at 244d

“Cocoon” (Kasliwal+17)

Jet Sph

Decay rate Fν ~ t-2 Fν ~ t-1.2

Cooling passage ~ 104 d ~ 102 d

Radio imaging Large axial ratio, flux 
centroid large offset

Spherical, small 
offset

Linear polarization 10% – 60% < 10%
jet-dominated late-time emission
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Our research
Motivation 


Previous studies commonly apply a conventional GRB afterglow theory (e.g. Sari+, 1998, ApJ, 497, L17), which


• assumed all electrons in the shock are accelerated (f* = 1), ignoring possible majority of thermal 
electrons (e.g. normally observed in SNR)


• formulated in ultra-relativistic limit, but BNS merger ejecta is mildly or non-relativistic 

• Degeneracy in f (Eichler & Waxman, 2005) and paucity of broadband GRB afterglow data


We re-examine afterglow modeling of GW170817 with a more natural electron spectrum:


• f  is allowed to vary freely


• In conventional model, minimum electron energy γm is controlled by other model parameters. We 
determine γm independently by 1 extra d.o.f. (electron-proton coupling level)


• Applicable to trans-relativistic regime


We perform Markov-Chain Monte-Carlo (MCMC) analysis to estimate parameters of GW170817

*f  injection efficiency, i.e. number 
fraction of accelerated electrons
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Modeling: electron spectrum
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(ii) energy as fraction ϵe of shock energy


(iii) all electrons are accelerated


Conventional f = 1 model

γm  controlled by the spectrum 
energy ϵe and index p

fmeh�ei = ✏emp�s
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(i) power-law energy spectrum with minimum injection energy

(ii) energy as fraction ϵe (rest mass excluded)


(iii) degree of electron-proton coupling


Our free f model

γm  independently parametrized by ηe 
(as 1 new d.o.f)

fme(h�ei�1) = ✏emp(�s�1)
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Given shock Lorentz factor Γs

average

f = 1
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Modeling: electron spectrum

Our free f model
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Conventional f = 1 model

How to parametrize γm?

Spectral index p
Injection efficiency f

Total energy ϵe (as fractional shock energy)

Degree of electron-proton coupling ηe 

(1 extra d.o.f.)

γm NOT independent parameter
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Modeling: electron spectrum

ηe ~ 1: equilibrium (heated Te ~ Tp)

    me/mp < ηe < 1: inefficiently-heated electrons

Degree of electron-proton coupling: ηe
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p+
<latexit sha1_base64="Qb40l26K+wOqs1V8I0Bpn6I08Nw=">AAACD3icbVDLSgMxFL3js9ZX1aWbYBEEocyIoMuiG5cV7APasWQymTY0mQlJpliGfoRu9T/ciVs/wd/wC0zbWdjWA4HDOfcmJyeQnGnjut/Oyura+sZmYau4vbO7t186OGzoJFWE1knCE9UKsKacxbRumOG0JRXFIuC0GQxuJ35zSJVmSfxgRpL6AvdiFjGCjZVaHSUy+Xg+7pbKbsWdAi0TLydlyFHrln46YUJSQWNDONa67bnS+BlWhhFOx8VOqqnEZIB7tG1pjAXVfjbNO0anVglRlCh7YoOm6t+NDAutRyKwkwKbvl70JuJ/Xjs10bWfsVimhsZk9lCUcmQSNPk8CpmixPCRJZgoZrMi0scKE2MrmrspHDKp89RPs9hFW5K3WMkyaVxUPLfi3V+Wqzd5XQU4hhM4Aw+uoAp3UIM6EODwAq/w5jw7786H8zkbXXHynSOYg/P1C2YmnbY=</latexit><latexit sha1_base64="Qb40l26K+wOqs1V8I0Bpn6I08Nw=">AAACD3icbVDLSgMxFL3js9ZX1aWbYBEEocyIoMuiG5cV7APasWQymTY0mQlJpliGfoRu9T/ciVs/wd/wC0zbWdjWA4HDOfcmJyeQnGnjut/Oyura+sZmYau4vbO7t186OGzoJFWE1knCE9UKsKacxbRumOG0JRXFIuC0GQxuJ35zSJVmSfxgRpL6AvdiFjGCjZVaHSUy+Xg+7pbKbsWdAi0TLydlyFHrln46YUJSQWNDONa67bnS+BlWhhFOx8VOqqnEZIB7tG1pjAXVfjbNO0anVglRlCh7YoOm6t+NDAutRyKwkwKbvl70JuJ/Xjs10bWfsVimhsZk9lCUcmQSNPk8CpmixPCRJZgoZrMi0scKE2MrmrspHDKp89RPs9hFW5K3WMkyaVxUPLfi3V+Wqzd5XQU4hhM4Aw+uoAp3UIM6EODwAq/w5jw7786H8zkbXXHynSOYg/P1C2YmnbY=</latexit><latexit sha1_base64="Qb40l26K+wOqs1V8I0Bpn6I08Nw=">AAACD3icbVDLSgMxFL3js9ZX1aWbYBEEocyIoMuiG5cV7APasWQymTY0mQlJpliGfoRu9T/ciVs/wd/wC0zbWdjWA4HDOfcmJyeQnGnjut/Oyura+sZmYau4vbO7t186OGzoJFWE1knCE9UKsKacxbRumOG0JRXFIuC0GQxuJ35zSJVmSfxgRpL6AvdiFjGCjZVaHSUy+Xg+7pbKbsWdAi0TLydlyFHrln46YUJSQWNDONa67bnS+BlWhhFOx8VOqqnEZIB7tG1pjAXVfjbNO0anVglRlCh7YoOm6t+NDAutRyKwkwKbvl70JuJ/Xjs10bWfsVimhsZk9lCUcmQSNPk8CpmixPCRJZgoZrMi0scKE2MrmrspHDKp89RPs9hFW5K3WMkyaVxUPLfi3V+Wqzd5XQU4hhM4Aw+uoAp3UIM6EODwAq/w5jw7786H8zkbXXHynSOYg/P1C2YmnbY=</latexit><latexit sha1_base64="Qb40l26K+wOqs1V8I0Bpn6I08Nw=">AAACD3icbVDLSgMxFL3js9ZX1aWbYBEEocyIoMuiG5cV7APasWQymTY0mQlJpliGfoRu9T/ciVs/wd/wC0zbWdjWA4HDOfcmJyeQnGnjut/Oyura+sZmYau4vbO7t186OGzoJFWE1knCE9UKsKacxbRumOG0JRXFIuC0GQxuJ35zSJVmSfxgRpL6AvdiFjGCjZVaHSUy+Xg+7pbKbsWdAi0TLydlyFHrln46YUJSQWNDONa67bnS+BlWhhFOx8VOqqnEZIB7tG1pjAXVfjbNO0anVglRlCh7YoOm6t+NDAutRyKwkwKbvl70JuJ/Xjs10bWfsVimhsZk9lCUcmQSNPk8CpmixPCRJZgoZrMi0scKE2MrmrspHDKp89RPs9hFW5K3WMkyaVxUPLfi3V+Wqzd5XQU4hhM4Aw+uoAp3UIM6EODwAq/w5jw7786H8zkbXXHynSOYg/P1C2YmnbY=</latexit>

e�
<latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="Y8kWsa3LVxIPGd+N8eWsPoRkg3g=">AAAB+XicbVDLSsNAFL2prxqr1rWbwSK4KokbXQpuXFawD2hDmUwm7dDJJMzclJbQvbj1P9yJ3+Jv+AVO2yxs64ELh3Pmce4JMykMet63U9nbPzg8qh67JzX39Oy8XuuYNNeMt1kqU90LqeFSKN5GgZL3Ms1pEkreDSePS7875dqIVL3gPONBQkdKxIJRtFJrWG94TW8Fskv8kjSgxLD+M4hSlidcIZPUmL7vZRgUVKNgki/cQW54RtmEjnjfUkUTboJiFXNBrq0SkTjVdhSSlfr3RkETY+ZJaE8mFMdm21uK/3n9HOP7oBAqy5Ertv4oziXBlCx3JpHQnKGcW0KZFjYrYWOqKUPbzMZL0VRkpkw9W8d2bUf+diO7pHPb9L2m/+xBFS7hCm7Ahzt4gCdoQRsYRPAG786r8+F8rrusOGWpF7AB5+sXb/6X2A==</latexit><latexit sha1_base64="TUfyXvNVqxM3lO4bE6dXs0uPZyw=">AAACBHicbVDLTsJAFL31iYiKbt1MJCZuJK0bXZq4cYmJPBKoZDq9hQkzbTMzJZKGj9Ct/oc742/4G36BA3Qh4ElucnLOPM49QSq4Nq777Wxsbm3v7Jb2yvuVg8Oj6nGlpZNMMWyyRCSqE1CNgsfYNNwI7KQKqQwEtoPR3cxvj1FpnsSPZpKiL+kg5hFn1Fip01Myx6fLab9ac+vuHGSdeAWpQYFGv/rTCxOWSYwNE1Trruemxs+pMpwJnJZ7mcaUshEdYNfSmErUfj7POyXnVglJlCg7sSFz9e+NnEqtJzKwJyU1Q73qzcT/vG5mohs/53GaGYzZ4qMoE8QkZLY8CblCZsTEEsoUt1kJG1JFmbEVLb0Ujnmqi9TPi9hlW5K3Wsk6aV3VPbfuPbhQglM4gwvw4Bpu4R4a0AQGAl7hDd6dF+fD+VzUueEUvZ7AEpyvX411nDM=</latexit><latexit sha1_base64="TUfyXvNVqxM3lO4bE6dXs0uPZyw=">AAACBHicbVDLTsJAFL31iYiKbt1MJCZuJK0bXZq4cYmJPBKoZDq9hQkzbTMzJZKGj9Ct/oc742/4G36BA3Qh4ElucnLOPM49QSq4Nq777Wxsbm3v7Jb2yvuVg8Oj6nGlpZNMMWyyRCSqE1CNgsfYNNwI7KQKqQwEtoPR3cxvj1FpnsSPZpKiL+kg5hFn1Fip01Myx6fLab9ac+vuHGSdeAWpQYFGv/rTCxOWSYwNE1Trruemxs+pMpwJnJZ7mcaUshEdYNfSmErUfj7POyXnVglJlCg7sSFz9e+NnEqtJzKwJyU1Q73qzcT/vG5mohs/53GaGYzZ4qMoE8QkZLY8CblCZsTEEsoUt1kJG1JFmbEVLb0Ujnmqi9TPi9hlW5K3Wsk6aV3VPbfuPbhQglM4gwvw4Bpu4R4a0AQGAl7hDd6dF+fD+VzUueEUvZ7AEpyvX411nDM=</latexit><latexit sha1_base64="pqsLzO5dThFfdYb4FR2/FjrhgYc=">AAACD3icbVDLTgIxFO3gC/GFunTTSEzcSGbc6JLoxiUm8khgJJ3OHWhoO5O2QyQTPkK3+h/ujFs/wd/wCywwCwFP0uTknHvb0xMknGnjut9OYW19Y3OruF3a2d3bPygfHjV1nCoKDRrzWLUDooEzCQ3DDId2ooCIgEMrGN5O/dYIlGaxfDDjBHxB+pJFjBJjpXZXiQweLya9csWtujPgVeLlpIJy1Hvln24Y01SANJQTrTuemxg/I8owymFS6qYaEkKHpA8dSyURoP1slneCz6wS4ihW9kiDZ+rfjYwIrccisJOCmIFe9qbif14nNdG1nzGZpAYknT8UpRybGE8/j0OmgBo+toRQxWxWTAdEEWpsRQs3hSOW6Dz10zx2yZbkLVeySpqXVc+tevdupXaT11VEJ+gUnSMPXaEaukN11EAUcfSCXtGb8+y8Ox/O53y04OQ7x2gBztcvVgOdqQ==</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit><latexit sha1_base64="q6xdIr3nUOgvmxLnF24HVq6NIfM=">AAACD3icbVDLSgMxFM34rPVVdekmWAQ3lhkRdFl047KCfUA7lkzmThuaZIYkUyxDP0K3+h/uxK2f4G/4BabtLGzrgcDhnHuTkxMknGnjut/Oyura+sZmYau4vbO7t186OGzoOFUU6jTmsWoFRANnEuqGGQ6tRAERAYdmMLid+M0hKM1i+WBGCfiC9CSLGCXGSq2OEhk8no+7pbJbcafAy8TLSRnlqHVLP50wpqkAaSgnWrc9NzF+RpRhlMO42Ek1JIQOSA/alkoiQPvZNO8Yn1olxFGs7JEGT9W/GxkRWo9EYCcFMX296E3E/7x2aqJrP2MySQ1IOnsoSjk2MZ58HodMATV8ZAmhitmsmPaJItTYiuZuCocs0Xnqp1nsoi3JW6xkmTQuKp5b8e4vy9WbvK4COkYn6Ax56ApV0R2qoTqiiKMX9IrenGfn3flwPmejK06+c4Tm4Hz9AldDna0=</latexit>

Γs
Natural assumption: shock acceleration 

starts somewhere between Te and Tp
Cold ISM

Tp ∼ mp(Γs − 1)
Te ∼ me(Γs − 1) ≪ Tp

Te < me(γm − 1) < Tp

me /mp < ηe < 1

Electrons further heated by protons up 
to a higher temperature up to equilibrium

ηe ~ me/mp: no energy transfer from protons to electrons



LIN Haoxiang - High Energy Astrophysics 2018

Modeling: shock dynamics
Jet model Spherical model

Power-law radial profile in proper velocity u


Continuous injection


Gaussian angular profile for energy


Single injection (no radial profile)

Shock dynamics

M(R) =
4

3
⇡R3nmp

<latexit sha1_base64="vtpRMEjQI67W/gZHBS2juhvM818=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpiC7oRim7cCLXYBzSxTKaTduhkEmYmQglZuvFX3LhQxK2f4M6/cdpmoa0HLhzOuZd77/EiRqWyrG8jt7S8srqWXy9sbG5t75i7ey0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6Orid9+IELSkN+pcUTcAA049SlGSks98/Cm1DiBF9DxBcJJNU0qqRNR2LivQA6DXtQzi1bZmgIuEjsjRZCh3jO/nH6I44BwhRmSsmtbkXITJBTFjKQFJ5YkQniEBqSrKUcBkW4yfSSFx1rpQz8UuriCU/X3RIICKceBpzsDpIZy3puI/3ndWPnnbkJ5FCvC8WyRHzOoQjhJBfapIFixsSYIC6pvhXiIdCRKZ1fQIdjzLy+S1mnZtsr2bbVYu8ziyIMDcARKwAZnoAauQR00AQaP4Bm8gjfjyXgx3o2PWWvOyGb2wR8Ynz+C/pe/</latexit><latexit sha1_base64="vtpRMEjQI67W/gZHBS2juhvM818=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpiC7oRim7cCLXYBzSxTKaTduhkEmYmQglZuvFX3LhQxK2f4M6/cdpmoa0HLhzOuZd77/EiRqWyrG8jt7S8srqWXy9sbG5t75i7ey0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6Orid9+IELSkN+pcUTcAA049SlGSks98/Cm1DiBF9DxBcJJNU0qqRNR2LivQA6DXtQzi1bZmgIuEjsjRZCh3jO/nH6I44BwhRmSsmtbkXITJBTFjKQFJ5YkQniEBqSrKUcBkW4yfSSFx1rpQz8UuriCU/X3RIICKceBpzsDpIZy3puI/3ndWPnnbkJ5FCvC8WyRHzOoQjhJBfapIFixsSYIC6pvhXiIdCRKZ1fQIdjzLy+S1mnZtsr2bbVYu8ziyIMDcARKwAZnoAauQR00AQaP4Bm8gjfjyXgx3o2PWWvOyGb2wR8Ynz+C/pe/</latexit><latexit sha1_base64="vtpRMEjQI67W/gZHBS2juhvM818=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpiC7oRim7cCLXYBzSxTKaTduhkEmYmQglZuvFX3LhQxK2f4M6/cdpmoa0HLhzOuZd77/EiRqWyrG8jt7S8srqWXy9sbG5t75i7ey0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6Orid9+IELSkN+pcUTcAA049SlGSks98/Cm1DiBF9DxBcJJNU0qqRNR2LivQA6DXtQzi1bZmgIuEjsjRZCh3jO/nH6I44BwhRmSsmtbkXITJBTFjKQFJ5YkQniEBqSrKUcBkW4yfSSFx1rpQz8UuriCU/X3RIICKceBpzsDpIZy3puI/3ndWPnnbkJ5FCvC8WyRHzOoQjhJBfapIFixsSYIC6pvhXiIdCRKZ1fQIdjzLy+S1mnZtsr2bbVYu8ziyIMDcARKwAZnoAauQR00AQaP4Bm8gjfjyXgx3o2PWWvOyGb2wR8Ynz+C/pe/</latexit><latexit sha1_base64="vtpRMEjQI67W/gZHBS2juhvM818=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkpiC7oRim7cCLXYBzSxTKaTduhkEmYmQglZuvFX3LhQxK2f4M6/cdpmoa0HLhzOuZd77/EiRqWyrG8jt7S8srqWXy9sbG5t75i7ey0ZxgKTJg5ZKDoekoRRTpqKKkY6kSAo8Bhpe6Orid9+IELSkN+pcUTcAA049SlGSks98/Cm1DiBF9DxBcJJNU0qqRNR2LivQA6DXtQzi1bZmgIuEjsjRZCh3jO/nH6I44BwhRmSsmtbkXITJBTFjKQFJ5YkQniEBqSrKUcBkW4yfSSFx1rpQz8UuriCU/X3RIICKceBpzsDpIZy3puI/3ndWPnnbkJ5FCvC8WyRHzOoQjhJBfapIFixsSYIC6pvhXiIdCRKZ1fQIdjzLy+S1mnZtsr2bbVYu8ziyIMDcARKwAZnoAauQR00AQaP4Bm8gjfjyXgx3o2PWWvOyGb2wR8Ynz+C/pe/</latexit>

Einj = M(R) (cus)
2

<latexit sha1_base64="bEk2qZ05a4ioM+5809M63XJJqj4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFakJIUQTdCUQQ3QhX7gCaGyXTSjp1MwsxEKKE7N/6KGxeKuPUX3Pk3TtsstPXAhcM593LvPX7MqFSW9W3MzS8sLi3nVvKra+sbm+bWdkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaafv985DcfiJA04rdqEBM3RF1OA4qR0pJn7l14qSNCSPn9EJ7Cq+JNCTqHsIgTT5buKp5ZsMrWGHCW2BkpgAw1z/xyOhFOQsIVZkjKtm3Fyk2RUBQzMsw7iSQxwn3UJW1NOQqJdNPxH0N4oJUODCKhiys4Vn9PpCiUchD6ujNEqienvZH4n9dOVHDippTHiSIcTxYFCYMqgqNQYIcKghUbaIKwoPpWiHtIIKx0dHkdgj398ixpVMq2VbavjwrVsyyOHNgF+6AIbHAMquAS1EAdYPAInsEreDOejBfj3fiYtM4Z2cwO+APj8wf9+pbP</latexit><latexit sha1_base64="bEk2qZ05a4ioM+5809M63XJJqj4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFakJIUQTdCUQQ3QhX7gCaGyXTSjp1MwsxEKKE7N/6KGxeKuPUX3Pk3TtsstPXAhcM593LvPX7MqFSW9W3MzS8sLi3nVvKra+sbm+bWdkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaafv985DcfiJA04rdqEBM3RF1OA4qR0pJn7l14qSNCSPn9EJ7Cq+JNCTqHsIgTT5buKp5ZsMrWGHCW2BkpgAw1z/xyOhFOQsIVZkjKtm3Fyk2RUBQzMsw7iSQxwn3UJW1NOQqJdNPxH0N4oJUODCKhiys4Vn9PpCiUchD6ujNEqienvZH4n9dOVHDippTHiSIcTxYFCYMqgqNQYIcKghUbaIKwoPpWiHtIIKx0dHkdgj398ixpVMq2VbavjwrVsyyOHNgF+6AIbHAMquAS1EAdYPAInsEreDOejBfj3fiYtM4Z2cwO+APj8wf9+pbP</latexit><latexit sha1_base64="bEk2qZ05a4ioM+5809M63XJJqj4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFakJIUQTdCUQQ3QhX7gCaGyXTSjp1MwsxEKKE7N/6KGxeKuPUX3Pk3TtsstPXAhcM593LvPX7MqFSW9W3MzS8sLi3nVvKra+sbm+bWdkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaafv985DcfiJA04rdqEBM3RF1OA4qR0pJn7l14qSNCSPn9EJ7Cq+JNCTqHsIgTT5buKp5ZsMrWGHCW2BkpgAw1z/xyOhFOQsIVZkjKtm3Fyk2RUBQzMsw7iSQxwn3UJW1NOQqJdNPxH0N4oJUODCKhiys4Vn9PpCiUchD6ujNEqienvZH4n9dOVHDippTHiSIcTxYFCYMqgqNQYIcKghUbaIKwoPpWiHtIIKx0dHkdgj398ixpVMq2VbavjwrVsyyOHNgF+6AIbHAMquAS1EAdYPAInsEreDOejBfj3fiYtM4Z2cwO+APj8wf9+pbP</latexit><latexit sha1_base64="bEk2qZ05a4ioM+5809M63XJJqj4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFakJIUQTdCUQQ3QhX7gCaGyXTSjp1MwsxEKKE7N/6KGxeKuPUX3Pk3TtsstPXAhcM593LvPX7MqFSW9W3MzS8sLi3nVvKra+sbm+bWdkNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaafv985DcfiJA04rdqEBM3RF1OA4qR0pJn7l14qSNCSPn9EJ7Cq+JNCTqHsIgTT5buKp5ZsMrWGHCW2BkpgAw1z/xyOhFOQsIVZkjKtm3Fyk2RUBQzMsw7iSQxwn3UJW1NOQqJdNPxH0N4oJUODCKhiys4Vn9PpCiUchD6ujNEqienvZH4n9dOVHDippTHiSIcTxYFCYMqgqNQYIcKghUbaIKwoPpWiHtIIKx0dHkdgj398ixpVMq2VbavjwrVsyyOHNgF+6AIbHAMquAS1EAdYPAInsEreDOejBfj3fiYtM4Z2cwO+APj8wf9+pbP</latexit>

us =
Ṙ

c

2

41�
 
Ṙ

c

!2
3

5
� 1

2

<latexit sha1_base64="PmhSq/TdqC/3IM2cuqmIaGGMY1E="></latexit><latexit sha1_base64="PmhSq/TdqC/3IM2cuqmIaGGMY1E="></latexit><latexit sha1_base64="PmhSq/TdqC/3IM2cuqmIaGGMY1E="></latexit><latexit sha1_base64="PmhSq/TdqC/3IM2cuqmIaGGMY1E="></latexit>

Energy equation


Swept-up ISM mass


Shock velocity

E(> u) / u�k (umin < u < umax)
<latexit sha1_base64="mR0oLy1Wk8ZfgqI1Opc3puGKPxM="></latexit><latexit sha1_base64="mR0oLy1Wk8ZfgqI1Opc3puGKPxM="></latexit><latexit sha1_base64="mR0oLy1Wk8ZfgqI1Opc3puGKPxM="></latexit><latexit sha1_base64="mR0oLy1Wk8ZfgqI1Opc3puGKPxM="></latexit>

Einj = E(> ucol)
<latexit sha1_base64="96Krz8fReuLR4qsiGGnXpjNokOY=">AAACJnicbVDLSgMxFM3UV62vUZciBItQN2VGBN0oRSm4rGAf0A5DJk3b2CQzJJliGbryZ3Sr/+FOxJ3f4BeYtrOwrQcCh3NfJyeIGFXacb6szNLyyupadj23sbm1vWPv7tVUGEtMqjhkoWwESBFGBalqqhlpRJIgHjBSD/o343p9QKSiobjXw4h4HHUF7VCMtJF8+7DsJy3JIRUPI3gJy4WreCqY1aMT3847RWcCuEjclORBiopv/7TaIY45ERozpFTTdSLtJUhqihkZ5VqxIhHCfdQlTUMF4kR5yeQbI3hslDbshNI8oeFE/TuRIK7UkAemkyPdU/O1sfhfrRnrzoWXUBHFmgg8PdSJGdQhHGcC21QSrNnQEIQlNV4h7iGJsDbJzWxqD2ikUtePU9s5E5I7H8kiqZ0WXafo3p3lS9dpXFlwAI5AAbjgHJTALaiAKsDgCbyAV/BmPVvv1of1OW3NWOnMPpiB9f0LhlOlew==</latexit><latexit sha1_base64="96Krz8fReuLR4qsiGGnXpjNokOY=">AAACJnicbVDLSgMxFM3UV62vUZciBItQN2VGBN0oRSm4rGAf0A5DJk3b2CQzJJliGbryZ3Sr/+FOxJ3f4BeYtrOwrQcCh3NfJyeIGFXacb6szNLyyupadj23sbm1vWPv7tVUGEtMqjhkoWwESBFGBalqqhlpRJIgHjBSD/o343p9QKSiobjXw4h4HHUF7VCMtJF8+7DsJy3JIRUPI3gJy4WreCqY1aMT3847RWcCuEjclORBiopv/7TaIY45ERozpFTTdSLtJUhqihkZ5VqxIhHCfdQlTUMF4kR5yeQbI3hslDbshNI8oeFE/TuRIK7UkAemkyPdU/O1sfhfrRnrzoWXUBHFmgg8PdSJGdQhHGcC21QSrNnQEIQlNV4h7iGJsDbJzWxqD2ikUtePU9s5E5I7H8kiqZ0WXafo3p3lS9dpXFlwAI5AAbjgHJTALaiAKsDgCbyAV/BmPVvv1of1OW3NWOnMPpiB9f0LhlOlew==</latexit><latexit sha1_base64="96Krz8fReuLR4qsiGGnXpjNokOY=">AAACJnicbVDLSgMxFM3UV62vUZciBItQN2VGBN0oRSm4rGAf0A5DJk3b2CQzJJliGbryZ3Sr/+FOxJ3f4BeYtrOwrQcCh3NfJyeIGFXacb6szNLyyupadj23sbm1vWPv7tVUGEtMqjhkoWwESBFGBalqqhlpRJIgHjBSD/o343p9QKSiobjXw4h4HHUF7VCMtJF8+7DsJy3JIRUPI3gJy4WreCqY1aMT3847RWcCuEjclORBiopv/7TaIY45ERozpFTTdSLtJUhqihkZ5VqxIhHCfdQlTUMF4kR5yeQbI3hslDbshNI8oeFE/TuRIK7UkAemkyPdU/O1sfhfrRnrzoWXUBHFmgg8PdSJGdQhHGcC21QSrNnQEIQlNV4h7iGJsDbJzWxqD2ikUtePU9s5E5I7H8kiqZ0WXafo3p3lS9dpXFlwAI5AAbjgHJTALaiAKsDgCbyAV/BmPVvv1of1OW3NWOnMPpiB9f0LhlOlew==</latexit><latexit sha1_base64="96Krz8fReuLR4qsiGGnXpjNokOY=">AAACJnicbVDLSgMxFM3UV62vUZciBItQN2VGBN0oRSm4rGAf0A5DJk3b2CQzJJliGbryZ3Sr/+FOxJ3f4BeYtrOwrQcCh3NfJyeIGFXacb6szNLyyupadj23sbm1vWPv7tVUGEtMqjhkoWwESBFGBalqqhlpRJIgHjBSD/o343p9QKSiobjXw4h4HHUF7VCMtJF8+7DsJy3JIRUPI3gJy4WreCqY1aMT3847RWcCuEjclORBiopv/7TaIY45ERozpFTTdSLtJUhqihkZ5VqxIhHCfdQlTUMF4kR5yeQbI3hslDbshNI8oeFE/TuRIK7UkAemkyPdU/O1sfhfrRnrzoWXUBHFmgg8PdSJGdQhHGcC21QSrNnQEIQlNV4h7iGJsDbJzWxqD2ikUtePU9s5E5I7H8kiqZ0WXafo3p3lS9dpXFlwAI5AAbjgHJTALaiAKsDgCbyAV/BmPVvv1of1OW3NWOnMPpiB9f0LhlOlew==</latexit>

ucol =
Rp

c2t2 �R2
<latexit sha1_base64="wnFtkuhrk5MhZaSATdkQN2wV5Jc="></latexit><latexit sha1_base64="wnFtkuhrk5MhZaSATdkQN2wV5Jc="></latexit><latexit sha1_base64="wnFtkuhrk5MhZaSATdkQN2wV5Jc="></latexit><latexit sha1_base64="wnFtkuhrk5MhZaSATdkQN2wV5Jc="></latexit>

Ek, iso(θ) = Ec, iso exp (−
θ2

2θ2
c )

Γ0(θ) − 1 = (Γc − 1)exp (−
θ2

2θ2
c )

(βcol = R /ct)



LIN Haoxiang - High Energy Astrophysics 2018

Modeling: synchrotron flux
Comoving magnetic field strength (parametrized by ϵB)


Comoving synchrotron spectral power


Received flux


• Doppler effect


• Photon arrival time delay


• Emitting angle from observer

adiabatic index (mono-energetic gas approx.)

peak frequency absorption frequency cooling frequency

�̂ =
4

3
+

1

3�s
<latexit sha1_base64="IWwDMXdF1zXwy7Xa2JUkyUOIazI="></latexit><latexit sha1_base64="IWwDMXdF1zXwy7Xa2JUkyUOIazI="></latexit><latexit sha1_base64="IWwDMXdF1zXwy7Xa2JUkyUOIazI="></latexit><latexit sha1_base64="IWwDMXdF1zXwy7Xa2JUkyUOIazI="></latexit>

P 0
m =

8⇡

9

e3B0

mec
2

M(R)

mp
f

<latexit sha1_base64="80dQ9kzrEROXBA46UD1DWIbl6UY="></latexit><latexit sha1_base64="80dQ9kzrEROXBA46UD1DWIbl6UY="></latexit><latexit sha1_base64="80dQ9kzrEROXBA46UD1DWIbl6UY="></latexit><latexit sha1_base64="80dQ9kzrEROXBA46UD1DWIbl6UY="></latexit>

⌫0m =
1

2⇡

eB0

mec
�2
m

<latexit sha1_base64="UYKo4KuCHildOG9vdB+lWGBxmjs="></latexit><latexit sha1_base64="UYKo4KuCHildOG9vdB+lWGBxmjs="></latexit><latexit sha1_base64="UYKo4KuCHildOG9vdB+lWGBxmjs="></latexit><latexit sha1_base64="UYKo4KuCHildOG9vdB+lWGBxmjs="></latexit>

⌫0c =
1

2⇡

eB0

mec

✓
6⇡mec

�TB
02�st

◆2

<latexit sha1_base64="/7i6kZR2vRNvvvB3SzKhz2A+Peo="></latexit><latexit sha1_base64="/7i6kZR2vRNvvvB3SzKhz2A+Peo="></latexit><latexit sha1_base64="/7i6kZR2vRNvvvB3SzKhz2A+Peo="></latexit><latexit sha1_base64="/7i6kZR2vRNvvvB3SzKhz2A+Peo="></latexit>

P 0
⌫
0/P 0

m =

8
>><

>>:

�
⌫0c/⌫

0
m

��(p�1)/2 �
⌫0/⌫0c

��p/2
(⌫0c < ⌫0)

�
⌫0/⌫0m

��(p�1)/2
(⌫0m < ⌫0 < ⌫0c)�

⌫0/⌫0m
�1/3

(⌫0 < ⌫0m)
<latexit sha1_base64="98wIWCm6daXat0S4LHndMqsQ8Mo="></latexit><latexit sha1_base64="98wIWCm6daXat0S4LHndMqsQ8Mo="></latexit><latexit sha1_base64="98wIWCm6daXat0S4LHndMqsQ8Mo="></latexit><latexit sha1_base64="98wIWCm6daXat0S4LHndMqsQ8Mo="></latexit>

�D = [�s(1� �sµ)]
�1

<latexit sha1_base64="iNGGdlGiua7RIlz4ie5Surjrxfc="></latexit><latexit sha1_base64="iNGGdlGiua7RIlz4ie5Surjrxfc="></latexit><latexit sha1_base64="iNGGdlGiua7RIlz4ie5Surjrxfc="></latexit><latexit sha1_base64="iNGGdlGiua7RIlz4ie5Surjrxfc="></latexit>

⌫0(µ) = ⌫/�D(µ)
<latexit sha1_base64="+9WOsh8bmkv7qgmHpPrw1+ahHxU="></latexit><latexit sha1_base64="+9WOsh8bmkv7qgmHpPrw1+ahHxU="></latexit><latexit sha1_base64="+9WOsh8bmkv7qgmHpPrw1+ahHxU="></latexit><latexit sha1_base64="+9WOsh8bmkv7qgmHpPrw1+ahHxU="></latexit>

T = t� R(t)µ

c
<latexit sha1_base64="/S9tmXJ9hEJkcnrK2b2Crr2xgW4="></latexit><latexit sha1_base64="/S9tmXJ9hEJkcnrK2b2Crr2xgW4="></latexit><latexit sha1_base64="/S9tmXJ9hEJkcnrK2b2Crr2xgW4="></latexit><latexit sha1_base64="/S9tmXJ9hEJkcnrK2b2Crr2xgW4="></latexit>

⌫0a
<latexit sha1_base64="UKGXT2HWcO/lc0EvbB0Jo8iMgaM=">AAACM3icbVDLSsNAFJ34rPXV6sKFm2AR3VgSEXRZdOOygn1AW8rN5KYdO5mEmYkSS//Brf6HHyPuxK3/4PSxMK0XBg7n3Ms5c7yYM6Ud58NaWl5ZXVvPbeQ3t7Z3dgvFvbqKEkmxRiMeyaYHCjkTWNNMc2zGEiH0ODa8wc1YbzyiVCwS9zqNsRNCT7CAUdCGqrdF0oWTbqHklJ3J2IvAnYESmU21W7QO2n5EkxCFphyUarlOrDtDkJpRjqN8O1EYAx1AD1sGCghRdYaTuCP72DC+HUTSPKHtCfv3YgihUmnomc0QdF/Na2PyP62V6OCqM2QiTjQKOjUKEm7ryB7/3faZRKp5agBQyUxWm/ZBAtWmoYyLSjwfY2OTYTUbPJ8FmIoQRFZ5ApWayKO8qdKdL24R1M/LrlN27y5KletZqTlySI7IKXHJJamQW1IlNULJA3khr+TNerc+rS/re7q6ZM1u9klmrJ9fvQGrPw==</latexit><latexit sha1_base64="UKGXT2HWcO/lc0EvbB0Jo8iMgaM=">AAACM3icbVDLSsNAFJ34rPXV6sKFm2AR3VgSEXRZdOOygn1AW8rN5KYdO5mEmYkSS//Brf6HHyPuxK3/4PSxMK0XBg7n3Ms5c7yYM6Ud58NaWl5ZXVvPbeQ3t7Z3dgvFvbqKEkmxRiMeyaYHCjkTWNNMc2zGEiH0ODa8wc1YbzyiVCwS9zqNsRNCT7CAUdCGqrdF0oWTbqHklJ3J2IvAnYESmU21W7QO2n5EkxCFphyUarlOrDtDkJpRjqN8O1EYAx1AD1sGCghRdYaTuCP72DC+HUTSPKHtCfv3YgihUmnomc0QdF/Na2PyP62V6OCqM2QiTjQKOjUKEm7ryB7/3faZRKp5agBQyUxWm/ZBAtWmoYyLSjwfY2OTYTUbPJ8FmIoQRFZ5ApWayKO8qdKdL24R1M/LrlN27y5KletZqTlySI7IKXHJJamQW1IlNULJA3khr+TNerc+rS/re7q6ZM1u9klmrJ9fvQGrPw==</latexit><latexit sha1_base64="UKGXT2HWcO/lc0EvbB0Jo8iMgaM=">AAACM3icbVDLSsNAFJ34rPXV6sKFm2AR3VgSEXRZdOOygn1AW8rN5KYdO5mEmYkSS//Brf6HHyPuxK3/4PSxMK0XBg7n3Ms5c7yYM6Ud58NaWl5ZXVvPbeQ3t7Z3dgvFvbqKEkmxRiMeyaYHCjkTWNNMc2zGEiH0ODa8wc1YbzyiVCwS9zqNsRNCT7CAUdCGqrdF0oWTbqHklJ3J2IvAnYESmU21W7QO2n5EkxCFphyUarlOrDtDkJpRjqN8O1EYAx1AD1sGCghRdYaTuCP72DC+HUTSPKHtCfv3YgihUmnomc0QdF/Na2PyP62V6OCqM2QiTjQKOjUKEm7ryB7/3faZRKp5agBQyUxWm/ZBAtWmoYyLSjwfY2OTYTUbPJ8FmIoQRFZ5ApWayKO8qdKdL24R1M/LrlN27y5KletZqTlySI7IKXHJJamQW1IlNULJA3khr+TNerc+rS/re7q6ZM1u9klmrJ9fvQGrPw==</latexit><latexit sha1_base64="UKGXT2HWcO/lc0EvbB0Jo8iMgaM=">AAACM3icbVDLSsNAFJ34rPXV6sKFm2AR3VgSEXRZdOOygn1AW8rN5KYdO5mEmYkSS//Brf6HHyPuxK3/4PSxMK0XBg7n3Ms5c7yYM6Ud58NaWl5ZXVvPbeQ3t7Z3dgvFvbqKEkmxRiMeyaYHCjkTWNNMc2zGEiH0ODa8wc1YbzyiVCwS9zqNsRNCT7CAUdCGqrdF0oWTbqHklJ3J2IvAnYESmU21W7QO2n5EkxCFphyUarlOrDtDkJpRjqN8O1EYAx1AD1sGCghRdYaTuCP72DC+HUTSPKHtCfv3YgihUmnomc0QdF/Na2PyP62V6OCqM2QiTjQKOjUKEm7ryB7/3faZRKp5agBQyUxWm/ZBAtWmoYyLSjwfY2OTYTUbPJ8FmIoQRFZ5ApWayKO8qdKdL24R1M/LrlN27y5KletZqTlySI7IKXHJJamQW1IlNULJA3khr+TNerc+rS/re7q6ZM1u9klmrJ9fvQGrPw==</latexit>

B0 =


8⇡✏B

�̂�s + 1

�̂ � 1
nmpc

2(�s � 1)

�1/2

<latexit sha1_base64="enAOvF1ZPvfDMtdDlMHWV+JPJTA="></latexit><latexit sha1_base64="enAOvF1ZPvfDMtdDlMHWV+JPJTA="></latexit><latexit sha1_base64="enAOvF1ZPvfDMtdDlMHWV+JPJTA="></latexit><latexit sha1_base64="enAOvF1ZPvfDMtdDlMHWV+JPJTA="></latexit>

B0 = (32⇡✏Bnmp)
1/2�sc

<latexit sha1_base64="5H4dztMyiTi5ZVjTZUcYPil3TSA="></latexit><latexit sha1_base64="5H4dztMyiTi5ZVjTZUcYPil3TSA="></latexit><latexit sha1_base64="5H4dztMyiTi5ZVjTZUcYPil3TSA="></latexit><latexit sha1_base64="5H4dztMyiTi5ZVjTZUcYPil3TSA="></latexit>

µ = cos ✓ cos ✓v + sin ✓ cos' sin ✓v
<latexit sha1_base64="u2uTaMR6YExIAtRUz07Gi6cb7iU="></latexit><latexit sha1_base64="u2uTaMR6YExIAtRUz07Gi6cb7iU="></latexit><latexit sha1_base64="u2uTaMR6YExIAtRUz07Gi6cb7iU="></latexit><latexit sha1_base64="u2uTaMR6YExIAtRUz07Gi6cb7iU="></latexit>

F⌫(⌫, T ) =
1

4⇡d2

Z 2⇡

0

d'

2⇡

Z ⇡

0

sin ✓d✓

2
�3D(µ)P 0

⌫0(⌫0, t)
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Trans-relativisticRelativistic limit (standard GRB theory)
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Best-fit model (Jet)

n=10-2.5 cm-3, ϵB=10-2.3, ϵe=10-1.5, p=2.13, 
Ec,iso=1051.70 erg, Γc=229, θc=0.11, θv=0.58

n=10-2.5 cm-3, ϵB=10-4.7, ϵe=10-1.2, p=2.18, 
Ec,iso=1052.59 erg, Γc=242, θc=0.09, θv=0.45, ηe=0.14

f  = 1 with similar parameters of previous fits

Ndata = 54
<latexit sha1_base64="I7aRM/dr0mS9n0SPejfubYtUG9E="></latexit><latexit sha1_base64="I7aRM/dr0mS9n0SPejfubYtUG9E="></latexit><latexit sha1_base64="I7aRM/dr0mS9n0SPejfubYtUG9E="></latexit><latexit sha1_base64="I7aRM/dr0mS9n0SPejfubYtUG9E="></latexit>
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New fit with radio in synchrotron tail (ν < νm)
Best-fit free f model by MCMC
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with 1 more model parameter

Constant single power-law spectrum (ν > νm)
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Best-fit model (Sph)

n=10-3.2 cm-3, ϵB=10-1.1, ϵe=10-1.2, p=2.15, 
Ek,iso=1049.68 erg, umax=2.9, umin=1.7, k=5.7

n=10-1.8 cm-3, ϵB=10-2.2, ϵe=10-1.3, p=2.16, 
Ek,iso=1049.71 erg, umax=2.6, umin=1.2, k=6.2, ηe=0.3
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New fit with radio in synchrotron tail (ν < νm)
Best-fit free f model by MCMC

Ndata = 54
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with 1 more model parameter

f  = 1 with similar parameters of previous fits
Constant single power-law spectrum (ν > νm)
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Synchrotron tail fit
New fit with early radio flux in the regime of synchrotron tail!
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For reasonable range of parameters (e.g. ϵe < 1), 
synchrotron tail fit is uniquely found by free f model

Q: why new fit is found by allowing free f ?

Possible early νm passage in GHz!

νm is far below GHz with f = 1 fixed

ν′�m(free f ) ≃ 11.6 GHz η2
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Emitted by low-energy electrons ~ γm
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MCMC
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MCMC: Table
Jet model Spherical model

aMedians with symmetric 68% uncertainties; bMaximum of the posterior probability density function

Jet: energy ~ other SGRBs (10^50–53 erg); Jet size (θc) & viewing angle (θv) strictly constrained 
θc ~ 0.09 (5°) and θv ~ 0.47 (27°). If + LIGO & VLBI, θc ~ 0.06 (3.4°) and θv ~ 0.3 (17°)

Sph: energy ~ kilonova (10^51 erg), high umin ~ 1–2 (0.7–0.9c) disfavors dynamical ejecta 
(umin ~ 0.4, 0.4–0.5c) while cocoon remains as an possible option (umin >~ 1, 0.7c)

Common constraints by light curve turnover 
(Jet: Γc ~ 1/(θv - θc), Sph: us ~ umin)
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MCMC: Highlights

Higher density by 1—2 orders of magnitude

Degree of electron-proton coupling ηe is strictly constrained, ηe ~ 0.1 (jet) and ~ 0.3 (sph)

Close to simulation of non- or trans-relativistic shock acceleration (Park et al. 2015): ηe ~ 0.4

Jet: higher energy by nearly 2 order of magnitudes!

Other differences by Free f model

Synchrotron tail solution

*Half-light radius re

Jet
Sph

in tension with HI observation (< 0.04 cm-3)
Make sense if hot gas is taken into 
account (0.01—0.1 cm-3 for offset ~ 0.64re* 
of GW170817 in hot gas dominated giant 
elliptical galaxies like NGC 4993)

Lower and higher end of SGRB observations (1e50-53 erg)
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One more thing…

*best-fit parameters to GW170817 by sph model

But in non-relativistic limit, νc  

almost stops evolving (~ t-0.2) 
after the shock becomes 

Newtonian ~ O(100d)

Time of cooling break cannot be 
diagnostic btw jet/sph models

Previous predictions: very early cooling 
passage in X-ray for Sph model

Comoving cooling frequency νc' v.s. time

B0 = (32⇡✏Bnmp)
1/2�sc
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Even if νc  already reaches X-ray band, 
it stops to further decrease and 

cooling break becomes not observable 

Trans-relativisticRelativistic limit (conventional GRB theory)

Non-passage for 1 yr disfavors Sph model
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Summary
A natural model for nonthermal electron spectrum is formulated:


• Injection efficiency f is allowed to vary freely 


• Minimum energy γm is independently determined by electron-proton coupling level


A new fit to afterglow of GW170817 with early radio in synchrotron tail, in contrast to previous fits


Parameter of GW170817 by free f model:


• Higher ambient density by 1 – 2 orders of magnitude (but consistent with hot gas)


• Jet energy increased by nearly 2 orders of magnitude


Time of cooling break at νc cannot be diagnostic btw jet/sph models


Our prediction of “early radio in the synchrotron tail” may be tested in the future events by early 
multi-frequency radio observations


