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L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy budget
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons

<latexit sha1_base64="1TA5MQBh33aK4xSuzoa4Z/9CZaM="></latexit>Z
dt Pw ⇡ 1051erg ⇠ ESN

for the most massive stars:

<latexit sha1_base64="ewB/uFpi7T9x9LFL243J4+bVF3Y=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQVzUGSnqsujGjVLBXqAdhkwm04YmmSHJCGUo+CpuXCji1udw59uYtiNo6w+Bj/+cwzn5g4RRpR3nyyosLC4trxRXS2vrG5tb9vZOU8WpxKSBYxbLdoAUYVSQhqaakXYiCeIBI61gcDWutx6IVDQW93qYEI+jnqARxUgby7f3sq7kMBzB25MfuvGPfbvsVJyJ4Dy4OZRBrrpvf3bDGKecCI0ZUqrjOon2MiQ1xYyMSt1UkQThAeqRjkGBOFFeNjl/BA+NE8IoluYJDSfu74kMcaWGPDCdHOm+mq2Nzf9qnVRHF15GRZJqIvB0UZQyqGM4zgKGVBKs2dAAwpKaWyHuI4mwNomVTAju7JfnoXlacc8q1btquXaZx1EE++AAHAEXnIMauAZ10AAYZOAJvIBX69F6tt6s92lrwcpndsEfWR/fd56Uhw==</latexit> d
N
/d

M
⇤

<latexit sha1_base64="QzKaGd2uflqxOLbuvTuCA98BvPE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OJFiGgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYe77lm3WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/5adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7L3kW5cl8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8JxjXc=</latexit>

M⇤
<latexit sha1_base64="CcCPI7khODfmURy5vOefmYVgKnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoj0WvXgRKtgPaJeSzaZtaDZZk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN3M/NaYKs2keDCTmPoRHgjWZwQbK/lV9ITuemlXhtJMe8WSW3bnQKvEy0gJMtR7xa9uKEkSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP50fPUVnVglRXypbwqC5+nsixZHWkyiwnRE2Q73szcT/vE5i+lU/ZSJODBVksaifcGQkmiWAQqYoMXxiCSaK2VsRGWKFibE5FWwI3vLLq6R5UfYuy5X7Sql2ncWRhxM4hXPw4ApqcAt1aACBR3iGV3hzxs6L8+58LFpzTjZzDH/gfP4AG6eRsQ==</latexit>

8 M�



very steep 
mass-luminosity 

scaling

<latexit sha1_base64="d5l3xzE7UaCmfs11JmNxPBF3+Lg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBGkizKjRV0W3bhQqGAf0I5DJs20oZlJSDJqGfspblwo4tYvceffmLaz0NYDFw7n3Mu99wSCUaUd59taWFxaXlnNreXXNza3tu3CTkPxRGJSx5xx2QqQIozGpK6pZqQlJEFRwEgzGFyM/eY9kYry+FYPBfEi1ItpSDHSRvLtwpVfgh0khOSP8Nov3R37dtEpOxPAeeJmpAgy1Hz7q9PlOIlIrDFDSrVdR2gvRVJTzMgo30kUEQgPUI+0DY1RRJSXTk4fwQOjdGHIpalYw4n6eyJFkVLDKDCdEdJ9NeuNxf+8dqLDMy+lsUg0ifF0UZgwqDkc5wC7VBKs2dAQhCU1t0LcRxJhbdLKmxDc2ZfnSeOo7J6UKzeVYvU8iyMH9sA+OAQuOAVVcAlqoA4weADP4BW8WU/Wi/VufUxbF6xsZhf8gfX5A2frktA=</latexit>

L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy budget
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons

<latexit sha1_base64="1TA5MQBh33aK4xSuzoa4Z/9CZaM="></latexit>Z
dt Pw ⇡ 1051erg ⇠ ESN

for the most massive stars:

<latexit sha1_base64="ewB/uFpi7T9x9LFL243J4+bVF3Y=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQVzUGSnqsujGjVLBXqAdhkwm04YmmSHJCGUo+CpuXCji1udw59uYtiNo6w+Bj/+cwzn5g4RRpR3nyyosLC4trxRXS2vrG5tb9vZOU8WpxKSBYxbLdoAUYVSQhqaakXYiCeIBI61gcDWutx6IVDQW93qYEI+jnqARxUgby7f3sq7kMBzB25MfuvGPfbvsVJyJ4Dy4OZRBrrpvf3bDGKecCI0ZUqrjOon2MiQ1xYyMSt1UkQThAeqRjkGBOFFeNjl/BA+NE8IoluYJDSfu74kMcaWGPDCdHOm+mq2Nzf9qnVRHF15GRZJqIvB0UZQyqGM4zgKGVBKs2dAAwpKaWyHuI4mwNomVTAju7JfnoXlacc8q1btquXaZx1EE++AAHAEXnIMauAZ10AAYZOAJvIBX69F6tt6s92lrwcpndsEfWR/fd56Uhw==</latexit> d
N
/d

M
⇤

<latexit sha1_base64="QzKaGd2uflqxOLbuvTuCA98BvPE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OJFiGgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYe77lm3WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/5adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7L3kW5cl8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8JxjXc=</latexit>

M⇤
<latexit sha1_base64="CcCPI7khODfmURy5vOefmYVgKnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoj0WvXgRKtgPaJeSzaZtaDZZk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN3M/NaYKs2keDCTmPoRHgjWZwQbK/lV9ITuemlXhtJMe8WSW3bnQKvEy0gJMtR7xa9uKEkSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP50fPUVnVglRXypbwqC5+nsixZHWkyiwnRE2Q73szcT/vE5i+lU/ZSJODBVksaifcGQkmiWAQqYoMXxiCSaK2VsRGWKFibE5FWwI3vLLq6R5UfYuy5X7Sql2ncWRhxM4hXPw4ApqcAt1aACBR3iGV3hzxs6L8+58LFpzTjZzDH/gfP4AG6eRsQ==</latexit>

8 M�

<latexit sha1_base64="dAQVx/6qHYefRBrhJHmh6m/BhfE=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4ijMSl2PQi8cIZoFkDD2dnqRJd8/Q3SPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1woQzbTzv21lYXFpeWc2t5dc3Nre23Z3dmo5TRWiVxDxWjRBrypmkVcMMp41EUSxCTuth/3rk1x+o0iyWd2aQ0EDgrmQRI9hYqe3u+959duYPUUsJRFX3RBus2m7BK3pjoHniT0kBpqi03a9WJyapoNIQjrVu+l5iggwrwwinw3wr1TTBpI+7tGmpxILqIBtfP0RHVumgKFa2pEFj9fdEhoXWAxHaToFNT896I/E/r5ma6DLImExSQyWZLIpSjkyMRlGgDlOUGD6wBBPF7K2I9LDCxNjA8jYEf/bleVI7LfrnxdJtqVC+msaRgwM4hGPw4QLKcAMVqAKBR3iGV3hznpwX5935mLQuONOZPfgD5/MH3riUOw==</latexit>

1051erg/star

SNae

WTSs



very steep 
mass-luminosity 

scaling

<latexit sha1_base64="d5l3xzE7UaCmfs11JmNxPBF3+Lg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBGkizKjRV0W3bhQqGAf0I5DJs20oZlJSDJqGfspblwo4tYvceffmLaz0NYDFw7n3Mu99wSCUaUd59taWFxaXlnNreXXNza3tu3CTkPxRGJSx5xx2QqQIozGpK6pZqQlJEFRwEgzGFyM/eY9kYry+FYPBfEi1ItpSDHSRvLtwpVfgh0khOSP8Nov3R37dtEpOxPAeeJmpAgy1Hz7q9PlOIlIrDFDSrVdR2gvRVJTzMgo30kUEQgPUI+0DY1RRJSXTk4fwQOjdGHIpalYw4n6eyJFkVLDKDCdEdJ9NeuNxf+8dqLDMy+lsUg0ifF0UZgwqDkc5wC7VBKs2dAQhCU1t0LcRxJhbdLKmxDc2ZfnSeOo7J6UKzeVYvU8iyMH9sA+OAQuOAVVcAlqoA4weADP4BW8WU/Wi/VufUxbF6xsZhf8gfX5A2frktA=</latexit>

L⇤ ⇡ M3
⇤

<latexit sha1_base64="EQ+P1r50tMySk/xCW9U8ZTJJkUA=">AAAB9HicbVBNSwMxEJ31s9avqkcvi0UQD2VXi3osevEiVLAf0K4lm2bb0GwSk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXigZ1cbzvp2l5ZXVtfXcRn5za3tnt7C3X9ciUZjUsGBCNUOkCaOc1Aw1jDSlIigOGWmEg5uJ3xgSpangD2YkSRCjHqcRxchYKWhLJaQR7l3n9PG8Uyh6JW8Kd5H4GSlChmqn8NXuCpzEhBvMkNYt35MmSJEyFDMyzrcTTSTCA9QjLUs5iokO0unRY/fYKl03EsoWN+5U/T2RoljrURzazhiZvp73JuJ/Xisx0VWQUi4TQzieLYoS5to3Jwm4XaoINmxkCcKK2ltd3EcKYWNzytsQ/PmXF0n9rORflMr35WLlOosjB4dwBCfgwyVU4BaqUAMMT/AMr/DmDJ0X5935mLUuOdnMAfyB8/kD6fORjA==</latexit>

/ M3
⇤ total wind power 

dominated by the 
most massive stars

Energy budget
Cassé & Paul 1980, 1982 — Cesarsky & Montmerle 1983

<latexit sha1_base64="DxJ9l1PORpBqSGBhcj3GvFo5pi4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjFRUmkqMuiGxcKFewDmhIm00k7dPJg5kYtIb/gxl9x40IRt+7c+TdO2yy09cCFwzn33pl7vFhwBZb1bSwsLi2vrBbWiusbm1vb5s5uU0WJpKxBIxHJtkcUEzxkDeAgWDuWjASeYC1veDH2W3dMKh6FtzCKWTcg/ZD7nBLQkmuWnV4E6XXm3uNEl0PiWEYP2GFAsONLQtMr9yhLaeaaJatiTYDniZ2TEspRd80vvZomAQuBCqJUx7Zi6KZEAqeCZUUnUSwmdEj6rKNpSAKmuunkogwfaqWH/UjqCgFP1N8TKQmUGgWe7gwIDNSsNxb/8zoJ+GfdlIdxAiyk04f8RGCI8Dge3OOSURAjTQiVXP8V0wHROYAOsahDsGdPnifN44p9UqneVEu18zyOAtpHB6iMbHSKaugS1VEDUfSIntErejOejBfj3fiYti4Y+cwe+gPj8weJsJ15</latexit>

Ṁwuw ⇡ ⌘
L⇤
c

stellar winds are 
radiation driven

momentum carried 
by the wind momentum carried 

by stellar photons

<latexit sha1_base64="1TA5MQBh33aK4xSuzoa4Z/9CZaM="></latexit>Z
dt Pw ⇡ 1051erg ⇠ ESN

for the most massive stars:

<latexit sha1_base64="ewB/uFpi7T9x9LFL243J4+bVF3Y=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWQVzUGSnqsujGjVLBXqAdhkwm04YmmSHJCGUo+CpuXCji1udw59uYtiNo6w+Bj/+cwzn5g4RRpR3nyyosLC4trxRXS2vrG5tb9vZOU8WpxKSBYxbLdoAUYVSQhqaakXYiCeIBI61gcDWutx6IVDQW93qYEI+jnqARxUgby7f3sq7kMBzB25MfuvGPfbvsVJyJ4Dy4OZRBrrpvf3bDGKecCI0ZUqrjOon2MiQ1xYyMSt1UkQThAeqRjkGBOFFeNjl/BA+NE8IoluYJDSfu74kMcaWGPDCdHOm+mq2Nzf9qnVRHF15GRZJqIvB0UZQyqGM4zgKGVBKs2dAAwpKaWyHuI4mwNomVTAju7JfnoXlacc8q1btquXaZx1EE++AAHAEXnIMauAZ10AAYZOAJvIBX69F6tt6s92lrwcpndsEfWR/fd56Uhw==</latexit> d
N
/d

M
⇤

<latexit sha1_base64="QzKaGd2uflqxOLbuvTuCA98BvPE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OJFiGgekCxhdtJJhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYe77lm3WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/5adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7L3kW5cl8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8JxjXc=</latexit>

M⇤
<latexit sha1_base64="CcCPI7khODfmURy5vOefmYVgKnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoj0WvXgRKtgPaJeSzaZtaDZZk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGN3M/NaYKs2keDCTmPoRHgjWZwQbK/lV9ITuemlXhtJMe8WSW3bnQKvEy0gJMtR7xa9uKEkSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP50fPUVnVglRXypbwqC5+nsixZHWkyiwnRE2Q73szcT/vE5i+lU/ZSJODBVksaifcGQkmiWAQqYoMXxiCSaK2VsRGWKFibE5FWwI3vLLq6R5UfYuy5X7Sql2ncWRhxM4hXPw4ApqcAt1aACBR3iGV3hzxs6L8+58LFpzTjZzDH/gfP4AG6eRsQ==</latexit>

8 M�

<latexit sha1_base64="dAQVx/6qHYefRBrhJHmh6m/BhfE=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4ijMSl2PQi8cIZoFkDD2dnqRJd8/Q3SPEIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1woQzbTzv21lYXFpeWc2t5dc3Nre23Z3dmo5TRWiVxDxWjRBrypmkVcMMp41EUSxCTuth/3rk1x+o0iyWd2aQ0EDgrmQRI9hYqe3u+959duYPUUsJRFX3RBus2m7BK3pjoHniT0kBpqi03a9WJyapoNIQjrVu+l5iggwrwwinw3wr1TTBpI+7tGmpxILqIBtfP0RHVumgKFa2pEFj9fdEhoXWAxHaToFNT896I/E/r5ma6DLImExSQyWZLIpSjkyMRlGgDlOUGD6wBBPF7K2I9LDCxNjA8jYEf/bleVI7LfrnxdJtqVC+msaRgwM4hGPw4QLKcAMVqAKBR3iGV3hznpwX5935mLQuONOZPfgD5/MH3riUOw==</latexit>

1051erg/star

SNae

WTSs
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Gamma rays around young star clusters
Aharonian+ 2019, plus several papers especially by Yang and collaborators
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Gamma rays around young star clusters
Aharonian+ 2019, plus several papers especially by Yang and collaborators

spectra

radial profile

very similar 
spectra

characteristic 1/R scaling: CR 
diffusive escape from a point source

what about older clusters?
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Interstellar bubbles around star clusters
Castor+ 75, Weaver+ 77, McCray&Kafatos 87, Mac Low&McCray 88, Koo&McKee 92…
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Particle acceleration at WTSs: spectrum
Gupta+ 2020

compact cluster loose cluster

WTS
NO WTS!

weak shock —> spectra slightly steeper than E-2 —> good to fit CR data

strong WTS: Volk&Forman 82, Webb+ 85, Morlino+ 21
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Particle acceleration at WTSs: Emax
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Particle acceleration at WTSs: Emax
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Particle acceleration in superbubbles
many papers by Bykov+, Parizot+, Ferrand&Marcowith, Vieu… 

 cluster of N* massive stars following a standard (e.g. Salpeter…) IMF  

 stars blow winds and eventually explode  

 CRs injected by wind termination shocks (η ~ 10% efficiency) 

 CRs accelerated/reaccelerated by SNR shocks (η ~ 10% efficiency) 

 generation of magnetic turbulence (MHD waves), (ηT~30% efficiency) 

 CR turbulent reacceleration (Fermi II), energy transferred waves —> CRs 

 CR escape from the bubble (diffusion coefficient in the bubble & in the shell) 

 energy losses (ionization/Coulomb) 

Vieu+ 2022

A universal spectrum is not expected…
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Particle acceleration in superbubbles: 
intermittency
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intermittency
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time (Myr) —>

break

intermittency



Particle acceleration in superbubbles: 
implications for observations

Vieu+ 2022 gamma ray observations
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Particle acceleration in superbubbles: 
implications for observations

Vieu+ 2022 gamma ray observations

moderate confinement good confinement

N* = 100 - d = 1,5 kpc

this is not a fit

Orion-Eridani —> no gammas, Cygnus region —> gammas
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Particle acceleration in superbubbles: 
maximum energy
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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heat fluxes can be approximated by the following expression (e.g.
Orlando et al. 2008):

Lc =
�sat

�sat + |Lcl |
Lcl, (10)

where �sat is the saturated heat flux, that was calculated according to
the analysis of the solar wind by Bale et al. (2013), where they found
a collisionless saturation of the heat flux at the level of �sat ⇠ 0.3�fs,
where �fs stands for the so-called ’free streaming’ heat flux:

�fs = =e:B)e

r
2:B)e

c<e
. (11)

2.4 Initial and boundary conditions

We use a latitude-dependent stellar wind model based on the theory
of Bjorkman & Cassinelli (1993) in the limit of large distances. The
internal stellar wind boundaries follow the equations (3) � (5) from
Langer et al. (1999), yet the terminal wind speed is now a function
of the e�ective stellar temperature:

EA (\) = E1 (1 �⌦ sin \)W , (12)

E1 = Z ()) Eesc = Z ())
r

2⌧" (1 � �Edd)
'

, (13)

where Z = 2.6 for O/WR and Z = 0.5 for CSG wind (cf. Kudritzki &
Puls 2000), ⌦ =

p
2Erot/Eesc is the stellar rotation parameter, and \

is the polar angle. The wind rotation is included by considering the
following azimuthal velocity component

Eq (A, \) = Erot
'

A

sin \, (14)

where Erot = 'l is the star’s equatorial rotation velocity. The stellar
mass " , e�ective temperature ) , angular speed l, and Eddington
gamma �Edd = !/!Edd where derived from the evolutionary data of
the Geneva code group (see Ekström et al. 2012). The mass loss rates
§" for O/WR and CSG winds were chosen so that to comply both with

the Geneva code data and, roughly, with the empirical estimations
of Fenech et al. (2018) and Andrews et al. (2019) considering the
clumping factor of unity (see Table 2).

The magnetic field structure in the freely expanding wind is treated
as a Parker spiral (see e.g. Parker 1958; Chevalier & Luo 1994;
García-Segura et al. 1999; Meyer 2021):

⌫A (A) = ⌫s

✓
'

A

◆2
, (15)

⌫q (A) = ⌫s

✓
'

A

◆ 
Eq (A, \)
EA (\)

� ⇣
A

'

� 1
⌘
, (16)

where ⌫s is a magnetic field strength at the stellar surface. This
field has a split-monopole structure, which implies a sign flip when
crossing \ = c/2. Throughout all simulations we set ⌫s = 100 G for
O/WR type stars in the cluster (e.g. Schöller et al. 2017).

The ����� code solves the equations (1 � 4) in 3D Cartesian
coordinates (G, H, I). The computational domain was extended in
the intervals of [�2; 2] or [�1; 1] pc (’S’ models) in all directions.
In our simulations we used uniform grids of 1253 (’125:’ models),
2503 (’250:’ model), and 5003 (’500:’ model) cells that cover the
domain (see Table 1). At the domain borders we used a modified
’free outflow’ boundary condition that also prohibits any possible
’backflow’ of the gas. Firstly, in the entire domain we initialized a
magnetised ISM of constant temperature, density, and magnetisation:
) = 8.5 ⇥ 103 K, = = 0.5 cm�3, H = ⌫eH , where ⌫ = 3.5 `G (e.g.
Meyer et al. 2017). Then, we injected the winds of 60 stars as the

Figure 2. Density map of the central$GH-plane of the cluster simulated with
the single-fluid 3D MHD model.

Figure 3. Temperature map of the central $GH-plane of the cluster simulated
with the single-fluid 3D MHD model.

inner boundary conditions inside small spherical volumes of 5 cells
in radius that are randomly distributed in the domain (see Fig. 1).
The simulations were stopped at the integration time Cint = 104 yr,
which is well after the establishing of a quasi-stationary flow regime.

3 RESULTS

3.1 Structure of the flow and gas heating in the inner cluster

Here we present the cluster core maps of the YMSC simulated with
the 3D MHD model described above. Since we did not introduce any
specific spatial symmetries in the stellar distribution (it is uniformly
random) there is no any qualitative di�erence between choosing
various central plane maps of the simulation variables to make il-
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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heat fluxes can be approximated by the following expression (e.g.
Orlando et al. 2008):

Lc =
�sat

�sat + |Lcl |
Lcl, (10)

where �sat is the saturated heat flux, that was calculated according to
the analysis of the solar wind by Bale et al. (2013), where they found
a collisionless saturation of the heat flux at the level of �sat ⇠ 0.3�fs,
where �fs stands for the so-called ’free streaming’ heat flux:

�fs = =e:B)e

r
2:B)e

c<e
. (11)

2.4 Initial and boundary conditions

We use a latitude-dependent stellar wind model based on the theory
of Bjorkman & Cassinelli (1993) in the limit of large distances. The
internal stellar wind boundaries follow the equations (3) � (5) from
Langer et al. (1999), yet the terminal wind speed is now a function
of the e�ective stellar temperature:

EA (\) = E1 (1 �⌦ sin \)W , (12)

E1 = Z ()) Eesc = Z ())
r

2⌧" (1 � �Edd)
'

, (13)

where Z = 2.6 for O/WR and Z = 0.5 for CSG wind (cf. Kudritzki &
Puls 2000), ⌦ =

p
2Erot/Eesc is the stellar rotation parameter, and \

is the polar angle. The wind rotation is included by considering the
following azimuthal velocity component

Eq (A, \) = Erot
'

A

sin \, (14)

where Erot = 'l is the star’s equatorial rotation velocity. The stellar
mass " , e�ective temperature ) , angular speed l, and Eddington
gamma �Edd = !/!Edd where derived from the evolutionary data of
the Geneva code group (see Ekström et al. 2012). The mass loss rates
§" for O/WR and CSG winds were chosen so that to comply both with

the Geneva code data and, roughly, with the empirical estimations
of Fenech et al. (2018) and Andrews et al. (2019) considering the
clumping factor of unity (see Table 2).

The magnetic field structure in the freely expanding wind is treated
as a Parker spiral (see e.g. Parker 1958; Chevalier & Luo 1994;
García-Segura et al. 1999; Meyer 2021):

⌫A (A) = ⌫s

✓
'

A

◆2
, (15)

⌫q (A) = ⌫s

✓
'

A

◆ 
Eq (A, \)
EA (\)

� ⇣
A

'

� 1
⌘
, (16)

where ⌫s is a magnetic field strength at the stellar surface. This
field has a split-monopole structure, which implies a sign flip when
crossing \ = c/2. Throughout all simulations we set ⌫s = 100 G for
O/WR type stars in the cluster (e.g. Schöller et al. 2017).

The ����� code solves the equations (1 � 4) in 3D Cartesian
coordinates (G, H, I). The computational domain was extended in
the intervals of [�2; 2] or [�1; 1] pc (’S’ models) in all directions.
In our simulations we used uniform grids of 1253 (’125:’ models),
2503 (’250:’ model), and 5003 (’500:’ model) cells that cover the
domain (see Table 1). At the domain borders we used a modified
’free outflow’ boundary condition that also prohibits any possible
’backflow’ of the gas. Firstly, in the entire domain we initialized a
magnetised ISM of constant temperature, density, and magnetisation:
) = 8.5 ⇥ 103 K, = = 0.5 cm�3, H = ⌫eH , where ⌫ = 3.5 `G (e.g.
Meyer et al. 2017). Then, we injected the winds of 60 stars as the

Figure 2. Density map of the central$GH-plane of the cluster simulated with
the single-fluid 3D MHD model.

Figure 3. Temperature map of the central $GH-plane of the cluster simulated
with the single-fluid 3D MHD model.

inner boundary conditions inside small spherical volumes of 5 cells
in radius that are randomly distributed in the domain (see Fig. 1).
The simulations were stopped at the integration time Cint = 104 yr,
which is well after the establishing of a quasi-stationary flow regime.

3 RESULTS

3.1 Structure of the flow and gas heating in the inner cluster

Here we present the cluster core maps of the YMSC simulated with
the 3D MHD model described above. Since we did not introduce any
specific spatial symmetries in the stellar distribution (it is uniformly
random) there is no any qualitative di�erence between choosing
various central plane maps of the simulation variables to make il-
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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heat fluxes can be approximated by the following expression (e.g.
Orlando et al. 2008):

Lc =
�sat

�sat + |Lcl |
Lcl, (10)

where �sat is the saturated heat flux, that was calculated according to
the analysis of the solar wind by Bale et al. (2013), where they found
a collisionless saturation of the heat flux at the level of �sat ⇠ 0.3�fs,
where �fs stands for the so-called ’free streaming’ heat flux:

�fs = =e:B)e

r
2:B)e

c<e
. (11)

2.4 Initial and boundary conditions

We use a latitude-dependent stellar wind model based on the theory
of Bjorkman & Cassinelli (1993) in the limit of large distances. The
internal stellar wind boundaries follow the equations (3) � (5) from
Langer et al. (1999), yet the terminal wind speed is now a function
of the e�ective stellar temperature:

EA (\) = E1 (1 �⌦ sin \)W , (12)

E1 = Z ()) Eesc = Z ())
r

2⌧" (1 � �Edd)
'

, (13)

where Z = 2.6 for O/WR and Z = 0.5 for CSG wind (cf. Kudritzki &
Puls 2000), ⌦ =

p
2Erot/Eesc is the stellar rotation parameter, and \

is the polar angle. The wind rotation is included by considering the
following azimuthal velocity component

Eq (A, \) = Erot
'

A

sin \, (14)

where Erot = 'l is the star’s equatorial rotation velocity. The stellar
mass " , e�ective temperature ) , angular speed l, and Eddington
gamma �Edd = !/!Edd where derived from the evolutionary data of
the Geneva code group (see Ekström et al. 2012). The mass loss rates
§" for O/WR and CSG winds were chosen so that to comply both with

the Geneva code data and, roughly, with the empirical estimations
of Fenech et al. (2018) and Andrews et al. (2019) considering the
clumping factor of unity (see Table 2).

The magnetic field structure in the freely expanding wind is treated
as a Parker spiral (see e.g. Parker 1958; Chevalier & Luo 1994;
García-Segura et al. 1999; Meyer 2021):

⌫A (A) = ⌫s

✓
'

A

◆2
, (15)

⌫q (A) = ⌫s

✓
'

A

◆ 
Eq (A, \)
EA (\)

� ⇣
A

'

� 1
⌘
, (16)

where ⌫s is a magnetic field strength at the stellar surface. This
field has a split-monopole structure, which implies a sign flip when
crossing \ = c/2. Throughout all simulations we set ⌫s = 100 G for
O/WR type stars in the cluster (e.g. Schöller et al. 2017).

The ����� code solves the equations (1 � 4) in 3D Cartesian
coordinates (G, H, I). The computational domain was extended in
the intervals of [�2; 2] or [�1; 1] pc (’S’ models) in all directions.
In our simulations we used uniform grids of 1253 (’125:’ models),
2503 (’250:’ model), and 5003 (’500:’ model) cells that cover the
domain (see Table 1). At the domain borders we used a modified
’free outflow’ boundary condition that also prohibits any possible
’backflow’ of the gas. Firstly, in the entire domain we initialized a
magnetised ISM of constant temperature, density, and magnetisation:
) = 8.5 ⇥ 103 K, = = 0.5 cm�3, H = ⌫eH , where ⌫ = 3.5 `G (e.g.
Meyer et al. 2017). Then, we injected the winds of 60 stars as the

Figure 2. Density map of the central$GH-plane of the cluster simulated with
the single-fluid 3D MHD model.

Figure 3. Temperature map of the central $GH-plane of the cluster simulated
with the single-fluid 3D MHD model.

inner boundary conditions inside small spherical volumes of 5 cells
in radius that are randomly distributed in the domain (see Fig. 1).
The simulations were stopped at the integration time Cint = 104 yr,
which is well after the establishing of a quasi-stationary flow regime.

3 RESULTS

3.1 Structure of the flow and gas heating in the inner cluster

Here we present the cluster core maps of the YMSC simulated with
the 3D MHD model described above. Since we did not introduce any
specific spatial symmetries in the stellar distribution (it is uniformly
random) there is no any qualitative di�erence between choosing
various central plane maps of the simulation variables to make il-
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Figure 4. Magnetic field map of the central $GH-plane of the cluster simu-
lated with the single-fluid 3D MHD model.

Figure 5. The volume filling factors of the magnetic fields of di�erent mag-
nitudes in the simulated cluster (see Fig. 4). The factors are derived from the
most refined ’500:Base’ simulation.

lustrations. Thus, we made mostly the central maps normal to I axis
($GH-plane), as the other ones would show a similar general behav-
ior of the flows, heating, and magnetic field amplification. Therefore,
Figs. 2-6 are the $GH-plane maps of density, temperature, magnetic
filed, and velocity magnitudes, respectively. These maps are given
for ’250:Base’ simulation and reveal a complex geometry of flows.

In the Fig. 6 there is a bunch of prominent deformed circular
regions of the supersonic winds that are limited by termination shocks
and not yet thermalised: the red regions – O-type winds, the orange
ones – WR winds. In fact, we have in the domain 60 sources of kinetic
ram pressure that also carry almost a negligible amount of magnetic
and thermal energy. Comparing all the Figures one could clearly
see how the kinetic energy e�ectively transforms to the thermal and
magnetic components. Typical flow speed at the central part of the
domain, where most winds undergo head-on collisions, is about a
few 100 km s�1while the temperature there raises up to an X-ray
level ⇠ 6⇥107 K (see Fig. 3) in the proximity of the O-type winds. It
is also clearly seen that the central thermalised material accelerated
by the thermal pressure gradient channels through the gaps between
wind dominated regions at the periphery. The average gas density in

Figure 6. Plasma bulk velocity field map of the central $GH-plane of the
cluster simulated with the single-fluid 3D MHD model. The arrows represent
the direction of the local velocity field.

the cluster is estimated ⇠ 1.1 ⇥ 10�23 g cm�3(see Fig. 2), while the
total mass of the confined gas is ⇠ 9.6 "� .

In the regions of high compression, especially near the central
strongly suppressed O-type sources, the magnetic field is amplified
up to ⇠ a few 100 `G, as the magnetic flux conserves. Indeed, the
highest magnitudes of the field are observed in the vicinity of O-type
stars, where the expelled gas is swept up to and strongly compressed
by the dominating WR-type winds (see the extensive blue ’voids’).
In the Figs. 4, 7 one could clearly see the filamentary structure of
compressed magnetic field. The random uniform distribution of the
stars in the domain ensures that the wind-wind collisions take place
in various cases of mutual arrangement of pairs of stars. In the Fig. 8
we present a 3D render of the magnetic field structure, where its
seen how the bow-shock structures are correlated with the amplified
magnetic field regions.

As expected, the CSG winds do not contribute notably to the
overall dynamics of the resulting thermalised flow, but they turn out
to be su�ciently inert at the time-scale of⇠ a few 104 yr, as their wind
blown bubbles surrounded by dense (d & 10�21 g cm�3) and thin
shells keep their shape against the cluster core medium, see Fig. 11.
Only the ones placed near the domain edges, where the cluster wind
accelerates to ⇠ 1000 km s�1, did form a bow shock structure. Still,
the CSG population may change the thermal spectrum of the cluster
introducing sizeable volumes filled with dense and cold () . 104 K)
material to the cluster core medium.

We also studied how the resolution a�ects on the low scale struc-
ture of the flows and magnetic fields. As the resolution increases
in ’125:Base’, ’250:Base’, and ’500:Base’ simulations, we found out
that the general shape of flows and quantitative data of all variables do
not change notably, except the low scale magnetic field features (see
e.g. Li et al. 2012). There is a convergence of the cluster volume oc-
cupied by magnetic fields of the highest magnitudes (|H | > 10�4 G):
⇠ 1% for ’125:Base’, ⇠ 5% for ’250:Base’, and ⇠ 7% for ’500:Base’
case (see Fig. 5). Hence, we could estimate that in higher resolu-
tion simulations (requiring > 107 CPU-hours) this value is going to
converge under ⇠ 10%.
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Figure 3. All-particle spectrum obtained from our computation, compared with recent data, partly extracted from the compilation by C. Evoli (https:
//github.com/carmeloevoli/The_CR_Spectrum): Auger (Verzi 2019; Abreu et al. 2021), HAWC (Alfaro et al. 2017), IceCube/IceTop (Aartsen et al.
2019), KASCADE (Finger 2011), NUCLEON (Grebenyuk et al. 2019), Telescope Array (Matthews & Telescope Array Collaboration 2017), Tibet (Amenomori
et al. 2008), Tunka (Budnev et al. 2020).

Figure 4. All-particle spectrum obtained by varying the fraction of wind-
blowing clusters 5WBC with values indicated in the legend. The other param-
eters are kept as listed in Table 2.

ure 5 the results which would have been obtained assuming di�erent
scalings of the distribution of SN shock initial velocities b (D). Only
a distribution b (D) = 1/D is able to reproduce the Auger data up to

1 EeV. A 1/D2 scaling fails to match the systematics errors and, as
expected, an exponentially decreasing distribution falls short of the
data beyond 100 PeV. This shows that the 1/D distribution of SNR
shock velocities is a critical ingredient of our model, together with
the maximum proton energy achieved around standard SNR shocks
expanding close to WBCs.

In contrast, the analysis done by Sveshnikova (2003) suggests a
steeper distribution tail, scaling as ⇠ D�3. This is however inferred
from an energy distribution tail extending up to about 1053 erg (“hy-
pernovae”) under the hypothesis of constant ejected mass. The latter
is questionable, and one can find a hint in recent numerical sim-
ulations that the ejected mass is anti-correlated with the explosion
energy (Ebinger et al. 2020). For instance, SN1987A had an estimated
explosion energy around 1051 erg but launched a shock of velocity
beyond 30 000 km/s (Blinnikov et al. 2000). Nevertheless, we can
incorporate the “Sveshnikova” distribution in our model, assuming
b (D) / D�3, and, for simplicity, ⇢SN = D2

5 ⇥ 1051 erg. The result is
shown by the light green curve in Figure 5. Due to the assumption
of constant ejected mass, the fastest SN shocks are also the most
energetic. This makes their contribution to the CR spectrum larger,
which compensates for their scarcity. Incidentally, to obtain the result
shown in Figure 5 in this specific case, it was necessary to reduce the
proton injection e�ciency to 14% in order to avoid overshooting the
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Figure 3. All-particle spectrum obtained from our computation, compared with recent data, partly extracted from the compilation by C. Evoli (https:
//github.com/carmeloevoli/The_CR_Spectrum): Auger (Verzi 2019; Abreu et al. 2021), HAWC (Alfaro et al. 2017), IceCube/IceTop (Aartsen et al.
2019), KASCADE (Finger 2011), NUCLEON (Grebenyuk et al. 2019), Telescope Array (Matthews & Telescope Array Collaboration 2017), Tibet (Amenomori
et al. 2008), Tunka (Budnev et al. 2020).

Figure 4. All-particle spectrum obtained by varying the fraction of wind-
blowing clusters 5WBC with values indicated in the legend. The other param-
eters are kept as listed in Table 2.

ure 5 the results which would have been obtained assuming di�erent
scalings of the distribution of SN shock initial velocities b (D). Only
a distribution b (D) = 1/D is able to reproduce the Auger data up to

1 EeV. A 1/D2 scaling fails to match the systematics errors and, as
expected, an exponentially decreasing distribution falls short of the
data beyond 100 PeV. This shows that the 1/D distribution of SNR
shock velocities is a critical ingredient of our model, together with
the maximum proton energy achieved around standard SNR shocks
expanding close to WBCs.

In contrast, the analysis done by Sveshnikova (2003) suggests a
steeper distribution tail, scaling as ⇠ D�3. This is however inferred
from an energy distribution tail extending up to about 1053 erg (“hy-
pernovae”) under the hypothesis of constant ejected mass. The latter
is questionable, and one can find a hint in recent numerical sim-
ulations that the ejected mass is anti-correlated with the explosion
energy (Ebinger et al. 2020). For instance, SN1987A had an estimated
explosion energy around 1051 erg but launched a shock of velocity
beyond 30 000 km/s (Blinnikov et al. 2000). Nevertheless, we can
incorporate the “Sveshnikova” distribution in our model, assuming
b (D) / D�3, and, for simplicity, ⇢SN = D2

5 ⇥ 1051 erg. The result is
shown by the light green curve in Figure 5. Due to the assumption
of constant ejected mass, the fastest SN shocks are also the most
energetic. This makes their contribution to the CR spectrum larger,
which compensates for their scarcity. Incidentally, to obtain the result
shown in Figure 5 in this specific case, it was necessary to reduce the
proton injection e�ciency to 14% in order to avoid overshooting the
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Figure 3. All-particle spectrum obtained from our computation, compared with recent data, partly extracted from the compilation by C. Evoli (https:
//github.com/carmeloevoli/The_CR_Spectrum): Auger (Verzi 2019; Abreu et al. 2021), HAWC (Alfaro et al. 2017), IceCube/IceTop (Aartsen et al.
2019), KASCADE (Finger 2011), NUCLEON (Grebenyuk et al. 2019), Telescope Array (Matthews & Telescope Array Collaboration 2017), Tibet (Amenomori
et al. 2008), Tunka (Budnev et al. 2020).

Figure 4. All-particle spectrum obtained by varying the fraction of wind-
blowing clusters 5WBC with values indicated in the legend. The other param-
eters are kept as listed in Table 2.

ure 5 the results which would have been obtained assuming di�erent
scalings of the distribution of SN shock initial velocities b (D). Only
a distribution b (D) = 1/D is able to reproduce the Auger data up to

1 EeV. A 1/D2 scaling fails to match the systematics errors and, as
expected, an exponentially decreasing distribution falls short of the
data beyond 100 PeV. This shows that the 1/D distribution of SNR
shock velocities is a critical ingredient of our model, together with
the maximum proton energy achieved around standard SNR shocks
expanding close to WBCs.

In contrast, the analysis done by Sveshnikova (2003) suggests a
steeper distribution tail, scaling as ⇠ D�3. This is however inferred
from an energy distribution tail extending up to about 1053 erg (“hy-
pernovae”) under the hypothesis of constant ejected mass. The latter
is questionable, and one can find a hint in recent numerical sim-
ulations that the ejected mass is anti-correlated with the explosion
energy (Ebinger et al. 2020). For instance, SN1987A had an estimated
explosion energy around 1051 erg but launched a shock of velocity
beyond 30 000 km/s (Blinnikov et al. 2000). Nevertheless, we can
incorporate the “Sveshnikova” distribution in our model, assuming
b (D) / D�3, and, for simplicity, ⇢SN = D2

5 ⇥ 1051 erg. The result is
shown by the light green curve in Figure 5. Due to the assumption
of constant ejected mass, the fastest SN shocks are also the most
energetic. This makes their contribution to the CR spectrum larger,
which compensates for their scarcity. Incidentally, to obtain the result
shown in Figure 5 in this specific case, it was necessary to reduce the
proton injection e�ciency to 14% in order to avoid overshooting the
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Figure 3. All-particle spectrum obtained from our computation, compared with recent data, partly extracted from the compilation by C. Evoli (https:
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Figure 4. All-particle spectrum obtained by varying the fraction of wind-
blowing clusters 5WBC with values indicated in the legend. The other param-
eters are kept as listed in Table 2.

ure 5 the results which would have been obtained assuming di�erent
scalings of the distribution of SN shock initial velocities b (D). Only
a distribution b (D) = 1/D is able to reproduce the Auger data up to

1 EeV. A 1/D2 scaling fails to match the systematics errors and, as
expected, an exponentially decreasing distribution falls short of the
data beyond 100 PeV. This shows that the 1/D distribution of SNR
shock velocities is a critical ingredient of our model, together with
the maximum proton energy achieved around standard SNR shocks
expanding close to WBCs.

In contrast, the analysis done by Sveshnikova (2003) suggests a
steeper distribution tail, scaling as ⇠ D�3. This is however inferred
from an energy distribution tail extending up to about 1053 erg (“hy-
pernovae”) under the hypothesis of constant ejected mass. The latter
is questionable, and one can find a hint in recent numerical sim-
ulations that the ejected mass is anti-correlated with the explosion
energy (Ebinger et al. 2020). For instance, SN1987A had an estimated
explosion energy around 1051 erg but launched a shock of velocity
beyond 30 000 km/s (Blinnikov et al. 2000). Nevertheless, we can
incorporate the “Sveshnikova” distribution in our model, assuming
b (D) / D�3, and, for simplicity, ⇢SN = D2

5 ⇥ 1051 erg. The result is
shown by the light green curve in Figure 5. Due to the assumption
of constant ejected mass, the fastest SN shocks are also the most
energetic. This makes their contribution to the CR spectrum larger,
which compensates for their scarcity. Incidentally, to obtain the result
shown in Figure 5 in this specific case, it was necessary to reduce the
proton injection e�ciency to 14% in order to avoid overshooting the
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Figure 3. All-particle spectrum obtained from our computation, compared with recent data, partly extracted from the compilation by C. Evoli (https:
//github.com/carmeloevoli/The_CR_Spectrum): Auger (Verzi 2019; Abreu et al. 2021), HAWC (Alfaro et al. 2017), IceCube/IceTop (Aartsen et al.
2019), KASCADE (Finger 2011), NUCLEON (Grebenyuk et al. 2019), Telescope Array (Matthews & Telescope Array Collaboration 2017), Tibet (Amenomori
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a distribution b (D) = 1/D is able to reproduce the Auger data up to

1 EeV. A 1/D2 scaling fails to match the systematics errors and, as
expected, an exponentially decreasing distribution falls short of the
data beyond 100 PeV. This shows that the 1/D distribution of SNR
shock velocities is a critical ingredient of our model, together with
the maximum proton energy achieved around standard SNR shocks
expanding close to WBCs.

In contrast, the analysis done by Sveshnikova (2003) suggests a
steeper distribution tail, scaling as ⇠ D�3. This is however inferred
from an energy distribution tail extending up to about 1053 erg (“hy-
pernovae”) under the hypothesis of constant ejected mass. The latter
is questionable, and one can find a hint in recent numerical sim-
ulations that the ejected mass is anti-correlated with the explosion
energy (Ebinger et al. 2020). For instance, SN1987A had an estimated
explosion energy around 1051 erg but launched a shock of velocity
beyond 30 000 km/s (Blinnikov et al. 2000). Nevertheless, we can
incorporate the “Sveshnikova” distribution in our model, assuming
b (D) / D�3, and, for simplicity, ⇢SN = D2

5 ⇥ 1051 erg. The result is
shown by the light green curve in Figure 5. Due to the assumption
of constant ejected mass, the fastest SN shocks are also the most
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which compensates for their scarcity. Incidentally, to obtain the result
shown in Figure 5 in this specific case, it was necessary to reduce the
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 PeVatrons? Extreme WTS might do, doable for SBs if fast SNR shocks are there 

 mixed scenarios (acceleration at SNR+WTS) fit both CR spectra and abundances
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