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~ 0.1 kpc
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Diameter ~ 100 times smaller than a galaxy
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found everywhere in a galaxy. 
help to understand galaxy evolution.

~ 5 kpc
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2. Observation                                                                                                                                        

 200 pc

X-ray (0.5-2 keV)

L𝛄 ~ 1% Lw 
(Abdo et al. 2010; Knödlseder 2013)  

LR (1.4 GHz) ~ 0.01% Lw 

non-thermal radio (1.4 GHz)

Stellar activities cause 𝛄-ray, X-ray, radio emission

gamma-ray (0.1-200 GeV)

Evidence of cosmic ray acceleration

50 pc

Lx ~ 0.5% Lw   
(Lopez et al. 2011)

Typically, a star cluster is made of  ~ 10 - 1000 OB stars 

Wind mechanical power (Lw) ~ 1037  —  1039 erg s-1                      ~  2 (103  -105) L⊙
 

Stellar radiation bolometric luminosity  (Lbol) ~ 500 Lw           ~  (106  -108) L⊙
  

(Murphy et al 2012, Hughes et al. 2007)

Fermi Chandra
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 200 pc

Stellar activities cause 𝛄-ray, X-ray, radio emission
Typically, a star cluster is made of  ~ 10 - 1000 OB stars 

Wind mechanical power (Lw) ~ 1037  —  1039 erg s-1                      ~  2 (103  -105) L⊙
 

Stellar radiation bolometric luminosity  (Lbol) ~ 500 Lw           ~  (106  -108) L⊙
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Infrared image of  
 Westerlund 2



w.r.t  Lw  

1. How does cosmic ray acceleration affect the structure of 
superbubble? 

2. Can we model it from multi-wavelength luminosities?

Questions to be answered



Mass

Momentum

Energy

1.

2.

3.

Theoretical  modeling

usually do not include effects of relativistic particles 
Need a system that has both thermal fluid and CRs.

3. set-up equations                                                                                                        



Mass

Momentum

Energy

1.

2.

3.

Theoretical  modeling

    Drury & Völk (1981), Drury & Falle (1986)  

Two-fluid equations: 
Moment of Boltzmann equation + 
Fokker-Planck CR transport equation.

3. set-up equations                                                                                                        
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CR term

CR term

Thermal conduction Cooling + Heating

CR diffusion

1.

2.

3.

4.

   Equations solved …
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CR Cooling

(e.g. Pfrommer et al. 2006; Salem & Bryan 2013; Booth et al. 2013)
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CR diffusion

1.
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3.

4.

   Equations solved …

3. set-up equations                                                                                                        

CR Cooling

Guo & Oh (2008)

Cloudy (Ferland et al 1998)

Spitzer 1962

Drury & Volk (1981)



   Equations solved …

1.

2.

3.

4.
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Implemented two-fluid solver in PLUTO

3. set-up equations                                                                                                        

Mignone et al. 2007;   Gupta et al. in prep 
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4. Result                                                                                                     

central region 
�r = 0.1 pc
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grid resolution

  Simulation set-up



4. Result                                                                                                     

Stars central region 
�r = 0.1 pc
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modeled a self-gravitating cloud
⇢ / r�1

<latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit><latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit><latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit><latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit>

  Ambient density profile
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modeled a self-gravitating cloud

⇢ / r�1
<latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit><latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit><latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit><latexit sha1_base64="dBYdteBPo8RqKzC/jZfWiNRPCV8=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYklE0GPRi8cK9gOaWDbbbbt0sxt2N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5UcKZNp737aysrq1vbJa2yts7u3v77sFhS8tUEdokkkvVibCmnAnaNMxw2kkUxXHEaTsa30z99iNVmklxb7KEhjEeCjZgBBsr9dxKoEYSBYmSiZFIPeRn/qTnVr2aNwNaJn5BqlCg0XO/gr4kaUyFIRxr3fW9xIQ5VoYRTiflINU0wWSMh7RrqcAx1WE+O36CTqzSRwOpbAmDZurviRzHWmdxZDtjbEZ60ZuK/3nd1AyuwpyJJDVUkPmiQcqR/XOaBOozRYnhmSWYKGZvRWSEFSbG5lW2IfiLLy+T1nnN92r+3UW1fl3EUYIjOIZT8OES6nALDWgCgQye4RXenCfnxXl3PuatK04xU4E/cD5/ADA8lHQ=</latexit>

  Ambient density profile

4. Result                                                                                                     

(Solomon et al. 1987)



4. Result                                                                                                     

energy injection rate >> cooling loss rate
(Sharma, Roy, Nath, Shchekinov 2014)

injected mass and energy
Ṁ ⇡ 10�6 M� yr�1

Ė ⇡ 1036 erg s�1
<latexit sha1_base64="0HC/9GEnsznTdN53XaRToEAOt+g="></latexit><latexit sha1_base64="0HC/9GEnsznTdN53XaRToEAOt+g="></latexit><latexit sha1_base64="0HC/9GEnsznTdN53XaRToEAOt+g="></latexit><latexit sha1_base64="0HC/9GEnsznTdN53XaRToEAOt+g="></latexit>

  Ambient density profile



  Evolution of superbubble
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      Density structure  
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Radial density profile



Cosmic ray injection: wind driving region?
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Ėcr = ✏cr Ė
<latexit sha1_base64="p/L6sMY1errzNygx8LWv12+Em98=">AAACGHicbVC7SgNBFL0bXzG+VgUbm8EgWEjctdFGCIpgmYB5QHaJs5PZZMjsg5lZISz7GTb+io2FIrbpbPwWJw9FEw8MHM45lzv3eDFnUlnWh5FbWFxaXsmvFtbWNza3zO2duowSQWiNRDwSTQ9LyllIa4opTpuxoDjwOG14/auR37inQrIovFWDmLoB7obMZwQrLbXNE6cTqfQ6a6eOCBARGbpADo0l49r90Zxj9J0zi1bJGgPNE3tKiuW96ucdAFTa5lBPkiSgoSIcS9myrVi5KRaKEU6zgpNIGmPSx13a0jTEAZVuOj4sQ4da6SA/EvqFCo3V3xMpDqQcBJ5OBlj15Kw3Ev/zWonyz92UhXGiaEgmi/yEIxWhUUuowwQlig80wUQw/VdEelhgonSXBV2CPXvyPKmflmyrZFd1G5cwQR724QCOwIYzKMMNVKAGBB7gCV7g1Xg0no03430SzRnTmV34A2P4Bd6Mocs=</latexit><latexit sha1_base64="kJmLvFXeEG/tg+X3MnEIRKjnCSk=">AAACGHicbVDLSgMxFM3UV62vUcGNm2ARXEidcaMboVQEly3YB3SGkknTNjTJDElGKMN8hhv/wS9w46Iibrtz47eYPhRtPRA4nHMuN/cEEaNKO86HlVlaXlldy67nNja3tnfs3b2aCmOJSRWHLJSNACnCqCBVTTUjjUgSxANG6kH/euzX74lUNBR3ehARn6OuoB2KkTZSyz7z2qFObtJW4kkOsUzhFfRIpCgz7o/mncLvnJ13Cs4EcJG4M5IvHlQ+6VNpWG7ZIzOJY06Exgwp1XSdSPsJkppiRtKcFysSIdxHXdI0VCBOlJ9MDkvhsVHasBNK84SGE/X3RIK4UgMemCRHuqfmvbH4n9eMdefST6iIYk0Eni7qxAzqEI5bgm0qCdZsYAjCkpq/QtxDEmFtusyZEtz5kxdJ7bzgOgW3YtoogSmy4BAcgRPgggtQBLegDKoAgwfwDIbg1Xq0Xqw3630azVizmX3wB9boCy/co4c=</latexit><latexit sha1_base64="kJmLvFXeEG/tg+X3MnEIRKjnCSk=">AAACGHicbVDLSgMxFM3UV62vUcGNm2ARXEidcaMboVQEly3YB3SGkknTNjTJDElGKMN8hhv/wS9w46Iibrtz47eYPhRtPRA4nHMuN/cEEaNKO86HlVlaXlldy67nNja3tnfs3b2aCmOJSRWHLJSNACnCqCBVTTUjjUgSxANG6kH/euzX74lUNBR3ehARn6OuoB2KkTZSyz7z2qFObtJW4kkOsUzhFfRIpCgz7o/mncLvnJ13Cs4EcJG4M5IvHlQ+6VNpWG7ZIzOJY06Exgwp1XSdSPsJkppiRtKcFysSIdxHXdI0VCBOlJ9MDkvhsVHasBNK84SGE/X3RIK4UgMemCRHuqfmvbH4n9eMdefST6iIYk0Eni7qxAzqEI5bgm0qCdZsYAjCkpq/QtxDEmFtusyZEtz5kxdJ7bzgOgW3YtoogSmy4BAcgRPgggtQBLegDKoAgwfwDIbg1Xq0Xqw3630azVizmX3wB9boCy/co4c=</latexit><latexit sha1_base64="kNZye+IQ21L+N3hZSC/0ihoLlwk=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwITVxoxuhKILLCvYBTSiT6aQdOpOEmRuhhH6GG3/FjQtF3Hbn3zhto2jrgYHDOedy554gEVyD43xahaXlldW14nppY3Nre8fe3WvoOFWU1WksYtUKiGaCR6wOHARrJYoRGQjWDAbXE7/5wJTmcXQPw4T5kvQiHnJKwEgd+9TrxpDdjDqZpySmaoQvsccSzYVxfzTvBH/n7LJTcabAi8TNSRnlqHXssZmkqWQRUEG0brtOAn5GFHAq2KjkpZolhA5Ij7UNjYhk2s+mh43wkVG6OIyVeRHgqfp7IiNS66EMTFIS6Ot5byL+57VTCC/8jEdJCiyis0VhKjDEeNIS7nLFKIihIYQqbv6KaZ8oQsF0WTIluPMnL5LGWcV1Ku6dU65e5XUU0QE6RMfIReeoim5RDdURRY/oGb2iN+vJerHerY9ZtGDlM/voD6zxF0/0n+Y=</latexit>

✏cr ⇡ 0.01� 0.2
<latexit sha1_base64="Zvhp92FAXvHe1aHC9P1GmrNzNfE=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oENw4zRdBl0Y3LCvYCnaFk0kwbmkxCkhHL0L0bX8WNC0Xc+gLufBvTdhba+kPg4z/ncHL+WDKqje9/Oyura+sbm6Wt8vbO7t6+e3DY0iJTmDSxYEJ1YqQJoylpGmoY6UhFEI8Zacej62m9fU+UpiK9M2NJIo4GKU0oRsZaPbcSEqkps5iHikOsJjBEUirxAH3PD858r9ZzqxZngssQFFAFhRo99yvsC5xxkhrMkNbdwJcmypEyFDMyKYeZJhLhERqQrsUUcaKjfHbLBJ5Ypw8ToexLDZy5vydyxLUe89h2cmSGerE2Nf+rdTOTXEY5TWVmSIrni5KMQSPgNBjYp4pgw8YWEFbU/hXiIVIIGxtf2YYQLJ68DK2aF/hecHterV8VcZTAMaiAUxCAC1AHN6ABmgCDR/AMXsGb8+S8OO/Ox7x1xSlmjsAfOZ8/zU2Zjg==</latexit><latexit sha1_base64="Zvhp92FAXvHe1aHC9P1GmrNzNfE=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oENw4zRdBl0Y3LCvYCnaFk0kwbmkxCkhHL0L0bX8WNC0Xc+gLufBvTdhba+kPg4z/ncHL+WDKqje9/Oyura+sbm6Wt8vbO7t6+e3DY0iJTmDSxYEJ1YqQJoylpGmoY6UhFEI8Zacej62m9fU+UpiK9M2NJIo4GKU0oRsZaPbcSEqkps5iHikOsJjBEUirxAH3PD858r9ZzqxZngssQFFAFhRo99yvsC5xxkhrMkNbdwJcmypEyFDMyKYeZJhLhERqQrsUUcaKjfHbLBJ5Ypw8ToexLDZy5vydyxLUe89h2cmSGerE2Nf+rdTOTXEY5TWVmSIrni5KMQSPgNBjYp4pgw8YWEFbU/hXiIVIIGxtf2YYQLJ68DK2aF/hecHterV8VcZTAMaiAUxCAC1AHN6ABmgCDR/AMXsGb8+S8OO/Ox7x1xSlmjsAfOZ8/zU2Zjg==</latexit><latexit sha1_base64="Zvhp92FAXvHe1aHC9P1GmrNzNfE=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oENw4zRdBl0Y3LCvYCnaFk0kwbmkxCkhHL0L0bX8WNC0Xc+gLufBvTdhba+kPg4z/ncHL+WDKqje9/Oyura+sbm6Wt8vbO7t6+e3DY0iJTmDSxYEJ1YqQJoylpGmoY6UhFEI8Zacej62m9fU+UpiK9M2NJIo4GKU0oRsZaPbcSEqkps5iHikOsJjBEUirxAH3PD858r9ZzqxZngssQFFAFhRo99yvsC5xxkhrMkNbdwJcmypEyFDMyKYeZJhLhERqQrsUUcaKjfHbLBJ5Ypw8ToexLDZy5vydyxLUe89h2cmSGerE2Nf+rdTOTXEY5TWVmSIrni5KMQSPgNBjYp4pgw8YWEFbU/hXiIVIIGxtf2YYQLJ68DK2aF/hecHterV8VcZTAMaiAUxCAC1AHN6ABmgCDR/AMXsGb8+S8OO/Ox7x1xSlmjsAfOZ8/zU2Zjg==</latexit><latexit sha1_base64="Zvhp92FAXvHe1aHC9P1GmrNzNfE=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oENw4zRdBl0Y3LCvYCnaFk0kwbmkxCkhHL0L0bX8WNC0Xc+gLufBvTdhba+kPg4z/ncHL+WDKqje9/Oyura+sbm6Wt8vbO7t6+e3DY0iJTmDSxYEJ1YqQJoylpGmoY6UhFEI8Zacej62m9fU+UpiK9M2NJIo4GKU0oRsZaPbcSEqkps5iHikOsJjBEUirxAH3PD858r9ZzqxZngssQFFAFhRo99yvsC5xxkhrMkNbdwJcmypEyFDMyKYeZJhLhERqQrsUUcaKjfHbLBJ5Ypw8ToexLDZy5vydyxLUe89h2cmSGerE2Nf+rdTOTXEY5TWVmSIrni5KMQSPgNBjYp4pgw8YWEFbU/hXiIVIIGxtf2YYQLJ68DK2aF/hecHterV8VcZTAMaiAUxCAC1AHN6ABmgCDR/AMXsGb8+S8OO/Ox7x1xSlmjsAfOZ8/zU2Zjg==</latexit>

Model I: 



Model II: 
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Cosmic ray injection: reverse & forward shock?

4. Result                                                                                                     

w =
Pcr

Pcr + Pth
⇠ 0.1

<latexit sha1_base64="lmrBkQFXmXM+kXEk5YI9I6kenvw=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARBKEkouhGKLpxWcFeoAlhMp20Q2cmYWailJAnceOruHGhiOBK38Zpm0Vt/WHg4z/ncOb8YcKo0o7zY5WWlldW18rrlY3Nre0de3evpeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vBnX2w9EKhqLez1KiM9RX9CIYqSNFdjnj/AKepFEOGsEmSc5xDLPZ/ikQD3Ic+gpyqFTcwO76tScieAiuAVUQaFGYH95vRinnAiNGVKq6zqJ9jMkNcWM5BUvVSRBeIj6pGtQIE6Un03Oy+GRcXowiqV5QsOJOzuRIa7UiIemkyM9UPO1sflfrZvq6NLPqEhSTQSeLopSBnUMx1nBHpUEazYygLCk5q8QD5DJSptEKyYEd/7kRWid1lyT2N1ZtX5dxFEGB+AQHAMXXIA6uAUN0AQYPIEX8AberWfr1fqwPqetJauY2Qd/ZH3/AgfBocQ=</latexit><latexit sha1_base64="lmrBkQFXmXM+kXEk5YI9I6kenvw=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARBKEkouhGKLpxWcFeoAlhMp20Q2cmYWailJAnceOruHGhiOBK38Zpm0Vt/WHg4z/ncOb8YcKo0o7zY5WWlldW18rrlY3Nre0de3evpeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vBnX2w9EKhqLez1KiM9RX9CIYqSNFdjnj/AKepFEOGsEmSc5xDLPZ/ikQD3Ic+gpyqFTcwO76tScieAiuAVUQaFGYH95vRinnAiNGVKq6zqJ9jMkNcWM5BUvVSRBeIj6pGtQIE6Un03Oy+GRcXowiqV5QsOJOzuRIa7UiIemkyM9UPO1sflfrZvq6NLPqEhSTQSeLopSBnUMx1nBHpUEazYygLCk5q8QD5DJSptEKyYEd/7kRWid1lyT2N1ZtX5dxFEGB+AQHAMXXIA6uAUN0AQYPIEX8AberWfr1fqwPqetJauY2Qd/ZH3/AgfBocQ=</latexit><latexit sha1_base64="lmrBkQFXmXM+kXEk5YI9I6kenvw=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARBKEkouhGKLpxWcFeoAlhMp20Q2cmYWailJAnceOruHGhiOBK38Zpm0Vt/WHg4z/ncOb8YcKo0o7zY5WWlldW18rrlY3Nre0de3evpeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vBnX2w9EKhqLez1KiM9RX9CIYqSNFdjnj/AKepFEOGsEmSc5xDLPZ/ikQD3Ic+gpyqFTcwO76tScieAiuAVUQaFGYH95vRinnAiNGVKq6zqJ9jMkNcWM5BUvVSRBeIj6pGtQIE6Un03Oy+GRcXowiqV5QsOJOzuRIa7UiIemkyM9UPO1sflfrZvq6NLPqEhSTQSeLopSBnUMx1nBHpUEazYygLCk5q8QD5DJSptEKyYEd/7kRWid1lyT2N1ZtX5dxFEGB+AQHAMXXIA6uAUN0AQYPIEX8AberWfr1fqwPqetJauY2Qd/ZH3/AgfBocQ=</latexit><latexit sha1_base64="lmrBkQFXmXM+kXEk5YI9I6kenvw=">AAACHnicbZDLSsNAFIYn9VbrLerSzWARBKEkouhGKLpxWcFeoAlhMp20Q2cmYWailJAnceOruHGhiOBK38Zpm0Vt/WHg4z/ncOb8YcKo0o7zY5WWlldW18rrlY3Nre0de3evpeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vBnX2w9EKhqLez1KiM9RX9CIYqSNFdjnj/AKepFEOGsEmSc5xDLPZ/ikQD3Ic+gpyqFTcwO76tScieAiuAVUQaFGYH95vRinnAiNGVKq6zqJ9jMkNcWM5BUvVSRBeIj6pGtQIE6Un03Oy+GRcXowiqV5QsOJOzuRIa7UiIemkyM9UPO1sflfrZvq6NLPqEhSTQSeLopSBnUMx1nBHpUEazYygLCk5q8QD5DJSptEKyYEd/7kRWid1lyT2N1ZtX5dxFEGB+AQHAMXXIA6uAUN0AQYPIEX8AberWfr1fqwPqetJauY2Qd/ZH3/AgfBocQ=</latexit>
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4. Result: diffusive shock acceleration                                                                                                     

CASE I: CR injection in wind driving region

Gupta, S., Nath, B. B., Sharma, P. & Eichler, D. 2018, MNRAS

Mach number Vs time 

Forward shock decreases 

Reverse shock increases

Ėcr = ✏cr Ė
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Mach number Vs time 

Forward shock decreases 

Reverse shock increases



two-fluid diffusive shock 
Re-acceleration —  
Globally smooth solution 
(Drury & Volk 1981, Becker & 
Kazanas 2001) 

thermal energy/X-ray 
luminosity reduced.

4. Result: diffusive shock acceleration                                                                                                     

Ėcr = ✏cr Ė
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CASE I: CR injection in wind driving region

simulation performed using our two-fluid code RAINBOW

✏cr = 0.1
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1026 . cr

cm2 s�1
. 3⇥ 1027
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CASE IIa: CR injection at forward shock

Forward shock injection does not change interior structure.
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(a) CR injection at the forward shock ( w = 0.5 )
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(b) CR injection at the reverse shock ( w = 0.5 )
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(c) CR injection at the source ( εcr = 0.2 )

10-2

10-1

100

101

102

103

100 101 102

r-10/3

Pr
es

su
re

 (1
0-1

0  d
yn

e 
cm

-2
)

r (pc)

Thermal pressure

100 101 102

r-8/3

r (pc)

CR pressure

4. Result: CR injection                                                                                                     

CR diffusion on

CR diffusion off

Thermal pressure CR pressure



CASE IIb: CR injection at reverse shock
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(b) CR injection at the reverse shock ( w = 0.5 )
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(c) CR injection at the source ( εcr = 0.2 )

10-2

10-1

100

101

102

103

100 101 102

r-10/3

Pr
es

su
re

 (1
0-1

0  d
yn

e 
cm

-2
)

r (pc)

Thermal pressure

100 101 102

r-8/3

r (pc)

CR pressure

Reverse shock injection reduces thermal energy.

4. Result: CR injection                                                                                                     

CR diffusion on

CR diffusion off

Thermal pressure CR pressure



Take home message

Effects of CRs depend on CR injection region.

Reference: Gupta, S., Nath, B. B., Sharma, P. & Eichler, D. 2018, MNRAS

1. How does cosmic ray acceleration affect the structure of 
superbubble?



Gamma Ray



Gamma ray

Leptonic

Hadronic:                     

4. Result: Gamma ray                                                                                                 

LH
� / (volume)⇥ (mass density)⇥ (CR energy density)

𝜋± { 𝜇 + 𝜈-
p-p, p-𝛼, 𝛼-p 

both processes are important for smaller bubbles  (R < 10 pc)
Take home message

 Photons gain energy via inverse Compton scattering 

stellar radiation, IR >> CMB

 𝜋0 𝛾 𝛾+

LIC
� / (volume)⇥ (radiation energy density)⇥

�
CRe

�
energy density

�
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Gamma ray

4. Result: Gamma ray                                                                                                 

CR injection at  
wind driving region 

L𝛄 ~ 5% Lw  

Used prescription: Dermer 1986; Pfrommer & Ensslin 2004



Gamma ray

4. Result: Gamma ray                                                                                                 

CR injection at  
reverse shock 

 and  
forward shock



Gamma ray

4. Result: Gamma ray                                                                                                 

L𝛄 ~ 1% Lw   
(injection dependent) 
preferred model

PIC simulation may help



X - Ray



Take home message 

thermal conduction is important 

over predicts X-ray luminosity? 

 preferred model - shock injection

4. Result: X-ray                                                                                                 

X-ray (0.5-2 keV)

needs MHD simulations

Lx ~ 0.01% Lw 

Lx << 1% Lw 

Lx  ≈ 1% Lw 

Lx < 1% Lw 



Radio emission



Radio luminosity

4. Result: Radio                                                                                                

dLR
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Radio luminosity

4. Result: Radio                                                                                                

dLR

d⌫
⇠ 1.4⇥ 1024

✓
R

10 pc

◆3 ✓ B

40µG

◆1.6 ✓ ecr e

10�10cgs

◆⇣ ⌫

1.4GHz

⌘�0.6
erg s�1 Hz�1

B
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Synchrotron emission from relativistic electron

Bremsstrahlung of thermal electrons

Thermal radio:                   
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Radio luminosity: MHD is needed

4. Result: Radio                                                                                                
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Take home message

w.r.t  Lw  



Take home message

A. Gamma-ray and X-ray luminosity can be used to model CR 
acceleration efficiency.  

B. Interpretation of radio observations needs more accurate modeling.

w.r.t  Lw  

Reference: Gupta, S., Nath, B.  & Sharma, P. (arXiv:1804.05877)

2. Can we model CRA from multi-wavelength luminosities?



4. Result: Radio                                                                                                

Stellar wind + Supernovae



w.r.t  Lw  

Do all star clusters form 
reverse (wind termination) shock?



Summary

1. Star clusters can efficiently accelerate cosmic rays in their wind termination shock.

2.  This study will be useful to constrain cosmic ray acceleration from multi-wavelength    
     observation.

What’s next? 

Magnetized bubble — needs input from observation — CR-MHD/PIC. 

Contribution of star cluster in Galactic CRs.

The effect of CRs in SN blast wave —Chevalier 1983  (also see Diesing & Caprioli: arXiv1804.09731) 

We have generalized the interstellar bubble model of  Weaver et al. 1977  
in presence of cosmic rays.
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Two-fluid shocks

2. set-up equations                                                                                                        
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tdyn = 2.0 Myr
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