
Exercise #7 — Solution

NPAC course on  
Astroparticles



Gamma rays from SNRs

Supernova remnant WCR = 1050ergEnergy in form of cosmic rays:
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How do we convert Qp (a rate) in WCR (an energy)?

Let’s start by computing ηπ

⌘⇡ = 1� exp
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<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>
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In the interstellar medium In the SNR shell (shock compression)ngas ⇠ 1 cm�3 ngas ⇠ 4 cm�3

! ⌧pp ⇠ 15 Myr
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<latexit sha1_base64="B/RDZbJxdLJzVJj4nnaCE3LfqbU="></latexit>
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Np(Ep) —> # of CR of energy Ep in the SNR
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why 1 GeV? (see Exercise 1)
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we should consider all SNR of age between 0 and 10000 years. SN explosions happen at a regular rate (3 per century). 
the probability distribution of SNR ages is flat. let’s estimate the average age of SNRs. 

tage[yr]

P (tage)

0
104

10�4

htagei =
Z 104 yr

0
dtageP (tage)tage = 5⇥ 103yr

Rs(htagei) ⇡ 10 pc

#PSF ⇡ 0.1�angular resolution —> up to which distance we see SNRs as extended sources?

d

<latexit sha1_base64="5Bi1LqWFuOzJm9ISG6nXyvbq6c4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdvYkGTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2It7ljGpjVYNOoeiUnInIPLg/ULx4t8+Tt0+70il8tIOYpSFGmgmqVMt1Eu1lVGrOBI7sdqowoWxAe9gyGNEQlZdNBh2RA+MEpBtL8yJNJu7vjoyGSg1D31SGVPfVbDY2/8taqe6eehmPklRjxKYfdVNBdEzGW5OAS2RaDA1QJrmZlbA+lZRpcxvbHMGdXXke6kcl97h0VnWK5UuYKg97sA+H4MIJlOEaKlADBgj38AhP1q31YD1bL9PSnPXTswt/ZL1+AytfkDE=</latexit>

#s

<latexit sha1_base64="JXCn3GiMtssOusSGfYI1mqU2SGU=">AAAB8nicbVDLSgMxFM34rPVVFdy4CRbBVZkRQd2VunHZgn3AdCiZNNOGZpIhuVMoQz/DjQtF3Opf+AXu3Pgtpo+Fth4IHM659+beEyaCG3DdL2dldW19YzO3ld/e2d3bLxwcNoxKNWV1qoTSrZAYJrhkdeAgWCvRjMShYM1wcDvxm0OmDVfyHkYJC2LSkzzilICV/PaQaOgzIB3TKRTdkjsFXibenBTLx7Vv/l75qHYKn+2uomnMJFBBjPE9N4EgswM5FWycb6eGJYQOSI/5lkoSMxNk05XH+MwqXRwpbZ8EPFV/d2QkNmYUh7YyJtA3i95E/M/zU4iug4zLJAUm6eyjKBUYFJ7cj7tcMwpiZAmhmttdMe0TTSjYlPI2BG/x5GXSuCh5l6Wbmk2jgmbIoRN0is6Rh65QGd2hKqojihR6QE/o2QHn0XlxXmelK8685wj9gfP2A4EElR4=</latexit>

2Rs

<latexit sha1_base64="vW9+pI0RfjmdinDJaprY3ruC4m4=">AAAB7HicbVDLSsNAFL2pr1pfUcGNm8EiuCpJEdRdqRuXrZi20IYymU7aoZNJmJkIJfQb3LhQxK07/8IvcOfGb3H6WGjrgQuHc+7l3nuChDOlHefLyq2srq1v5DcLW9s7u3v2/kFDxakk1CMxj2UrwIpyJqinmea0lUiKo4DTZjC8nvjNeyoVi8WdHiXUj3BfsJARrI3kldFtV3XtolNypkDLxJ2TYuWo/s3eqx+1rv3Z6cUkjajQhGOl2q6TaD/DUjPC6bjQSRVNMBniPm0bKnBElZ9Njx2jU6P0UBhLU0Kjqfp7IsORUqMoMJ0R1gO16E3E/7x2qsNLP2MiSTUVZLYoTDnSMZp8jnpMUqL5yBBMJDO3IjLAEhNt8imYENzFl5dJo1xyz0tXdZNGFWbIwzGcwBm4cAEVuIEaeECAwQM8wbMlrEfrxXqdteas+cwh/IH19gPfnpHL</latexit>
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<latexit sha1_base64="MiljoigcRXyQZNXBtLMnbKzuxPY="></latexit>

result from exercise #6: �! d
ext

⇠ 10 kpc



�P
min(> 1 TeV) ⇡ 10�13cm�2s�1

<latexit sha1_base64="TDBljv5ighogowPBq0m5oWs44+A="></latexit>
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how many SNR in the Galaxy?

⌫SN ⇠ 3

100
yr�1SN rate

tmax

age

= 104yr

N
SNR

= ⌫
SN

tmax

age

⇠ 300

Face-on view of the Milky Way

RMW

nSNR =
NSN

⇡R2
MW

⇠ 0.4 kpc�2

surface density of SNR

Typical distance between SNR

lSNR ⇠ n�1/2
SNR ⇠ 1.6 kpc < 2.6 kpc

SNR are detectable! how many?

N�
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⇠ n
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⇡d2
max

⇡ 10



Exercise #10 — Solution

NPAC course on  
Astroparticles



Dark matter in the Coma cluster

�z ⇠ 1000 km/s

<latexit sha1_base64="PJMOqcSqCfjNB/fI7/OyXQpmihc=">AAACBnicbZDLSgMxFIYz9VbrbdSlCKFFEISaEUHdFd24rGAv0BlKJs20ocnMkGSEcagbNz6AL+HGhSJufQZ3fRvTy0Jbfwh8/OccTs7vx5wpjdDQyi0sLi2v5FcLa+sbm1v29k5dRYkktEYiHsmmjxXlLKQ1zTSnzVhSLHxOG37/alRv3FGpWBTe6jSmnsDdkAWMYG2str3vKtYVuH0PDQjoIITgA3SlgH1xrNp2CZXRWHAenCmUKkX36HlYSatt+9vtRCQRNNSEY6VaDoq1l2GpGeF0UHATRWNM+rhLWwZDLKjysvEZA3hgnA4MImleqOHY/T2RYaFUKnzTKbDuqdnayPyv1kp0cO5lLIwTTUMyWRQkHOoIjjKBHSYp0Tw1gIlk5q+Q9LDERJvkCiYEZ/bkeaiflJ3T8sWNSeMSTJQHe6AIDoEDzkAFXIMqqAECHsELeAPv1pP1an1Yn5PWnDWd2QV/ZH39AMUVmmM=</latexit>

Assuming isotropy in the 
velocity dispersion �2

tot

= �2
x

+ �2
y

+ �2
z

= 3�2
z

<latexit sha1_base64="RgFYlcHZYPSl44hJcbDMOkCdIzE=">AAACLXicbVDLSgMxFM3UV62vqks3wSIIhTJTBXUhFHXhsoJ9QFuHTJq2oZkHyR2xDv0Cf8OVG39FBBcVcesXuDedVqitBwLnnHsvN/c4geAKTHNgJObmFxaXksupldW19Y305lZZ+aGkrER94cuqQxQT3GMl4CBYNZCMuI5gFad7PqxXbplU3PeuoRewhkvaHm9xSkBbdvqirnjbJXYEPvRv8vgUj407LbK/ojcp7uO2gwlppzNmzoyBZ4k1JplC9vvxgWWCop1+rTd9GrrMAyqIUjXLDKAREQmcCtZP1UPFAkK7pM1qmnrEZaoRxdf28Z52mrjlS/08wLE7ORERV6me6+hOl0BHTdeG5n+1Wgit40bEvSAE5tHRolYoMPh4GB1ucskoiJ4mhEqu/4pph0hCQQec0iFY0yfPknI+Zx3mTq50GmdohCTaQbtoH1noCBXQJSqiEqLoCb2gAXo3no0348P4HLUmjPHMNvoD4+sHXkaqBQ==</latexit>

�
tot

=
p
3�

z

⇠ 1700 km/s

<latexit sha1_base64="eb/IOJef2fa2EfvEPINgmeoxl20="></latexit>



M⇤ ⇠ 1013M�

<latexit sha1_base64="aSSrEzQK+w9DUG3aSbnHD6tnWoE=">AAACA3icbVC7SgNBFJ2Nrxhfq3bajAYhWoRdFdQuaGMTiGAekF2X2ckkGTK7s8zMCmFZsLH2L2wsFLG18RPs/BB7J49CEw9cOJxzL/fe40eMSmVZX0ZmZnZufiG7mFtaXlldM9c3apLHApMq5oyLho8kYTQkVUUVI41IEBT4jNT93sXAr98SISkPr1U/Im6AOiFtU4yUljxzq+wdQEfSANrWTWIfpbDsJQ5vcZV6Zt4qWkPAaWKPSb60U/j+eHD2K5756bQ4jgMSKsyQlE3bipSbIKEoZiTNObEkEcI91CFNTUMUEOkmwx9SuKeVFmxzoStUcKj+nkhQIGU/8HVngFRXTnoD8T+vGav2qZvQMIoVCfFoUTtmUHE4CAS2qCBYsb4mCAuqb4W4iwTCSseW0yHYky9Pk9ph0T4unl3pNM7BCFmwDXZBAdjgBJTAJaiAKsDgDjyCZ/Bi3BtPxqvxNmrNGOOZTfAHxvsPSxqZtw==</latexit>

Stellar mass in Coma

Escape velocity —> vesc =

r
2GM⇤
R

⇠ 300

✓
M

1013M�

◆1/2 ✓ R

Mpc

◆�1/2

km/s

<latexit sha1_base64="TXGlKsvHFwNie6I71Rh8pgIYBuQ="></latexit>

v
esc

⌧ �
tot

<latexit sha1_base64="dSEJwTyGlhwSW2ErHzBjznla9Jk=">AAACAXicbVC7SgNBFJ2Nrxhfq4IINoNBsAq7IqhdiI1lAuYB2WWZnUySIbMPZu4GwrI2/oqNRURsbf0COxu/xcmj0MQDFw7n3Mu99/ix4Aos68vIrayurW/kNwtb2zu7e+b+QUNFiaSsTiMRyZZPFBM8ZHXgIFgrlowEvmBNf3A78ZtDJhWPwnsYxcwNSC/kXU4JaMkzj4deyhTNsCMEdhTvBcRLIYLMM4tWyZoCLxN7Torlo9o3H1c+qp756XQimgQsBCqIUm3bisFNiQROBcsKTqJYTOiA9Fhb05AETLnp9IMMn2mlg7uR1BUCnqq/J1ISKDUKfN0ZEOirRW8i/ue1E+heuykP4wRYSGeLuonAEOFJHLjDJaMgRpoQKrm+FdM+kYSCDq2gQ7AXX14mjYuSfVm6qek0KmiGPDpBp+gc2egKldEdqqI6ougBPaExejEejWfj1XibteaM+cwh+gPj/QfT8Zrb</latexit>

<— we need more mass!

The cluster can exist only if v
esc

> �
tot

<latexit sha1_base64="9pemHJ3WwKOfhfKRfNloC0PSia0=">AAAB/3icbVC7SgNBFJ31GeNrVUhjMxgEq7ArgtpIiI1lAuYBybLMTmaTIbMPZu4GwrqFv2Jj4QNbe7/AzsZvcfIoNPHAhcM593LvPV4suALL+jKWlldW19ZzG/nNre2dXXNvv6GiRFJWp5GIZMsjigkesjpwEKwVS0YCT7CmN7ge+80hk4pH4S2MYuYEpBdyn1MCWnLNwtBNmaIZvsIdxXsBcVOIIHPNolWyJsCLxJ6RYrlQ++YvlY+qa352uhFNAhYCFUSptm3F4KREAqeCZflOolhM6ID0WFvTkARMOenk/gwfa6WL/UjqCgFP1N8TKQmUGgWe7gwI9NW8Nxb/89oJ+BdOysM4ARbS6SI/ERgiPA4Dd7lkFMRIE0Il17di2ieSUNCR5XUI9vzLi6RxWrLPSpc1nUYFTZFDh+gInSAbnaMyukFVVEcU3aEH9ISejXvj0Xg13qatS8Zs5gD9gfH+AwC8mdE=</latexit>

�2
tot

<
2GM

tot

R
! M

tot

> 3⇥ 1014M�

<latexit sha1_base64="56BV4fC/r6OcYQ3l0KoFAl+MaWo="></latexit>

Dark matter in galaxies? (Milky Way, dark matter = 10 times stellar mass) —> 1014 MSun —> not enough!



X-ray emission from Coma LX ⇠ 1045erg/s

<latexit sha1_base64="ArNLNFkRLs/yF2AnH51PIYfZeX8=">AAACA3icbVDLSsNAFJ3UV62vqDvdDC2CINREKuqu6MaFiwr2AU0Mk+mkHTqThJmJEELBjX/gN7hxoYhbf8Jd/8bpY6GtBy4czrmXe+/xY0alsqyhkVtYXFpeya8W1tY3NrfM7Z2GjBKBSR1HLBItH0nCaEjqiipGWrEgiPuMNP3+1chvPhAhaRTeqTQmLkfdkAYUI6Ulz9y78VrQkZRD27rPKqcD6AgOiegeS88sWWVrDDhP7CkpVYvO0fOwmtY889vpRDjhJFSYISnbthUrN0NCUczIoOAkksQI91GXtDUNESfSzcY/DOCBVjowiISuUMGx+nsiQ1zKlPu6kyPVk7PeSPzPaycqOHczGsaJIiGeLAoSBlUER4HADhUEK5ZqgrCg+laIe0ggrHRsBR2CPfvyPGmclO1K+eJWp3EJJsiDfVAEh8AGZ6AKrkEN1AEGj+AFvIF348l4NT6Mz0lrzpjO7II/ML5+AIG7mSk=</latexit>

kBT ⇠ 8 keV

<latexit sha1_base64="6wIKPLIIv8f3fjCqmM0ER6a5ZOM=">AAAB/3icbVDLSsNAFJ3UV62vqNCNm8EiuCqJCNZdqRuXLfQFTQiT6aQdMpOEmYlQYgV/xY0LH7h17xe4c+O3OH0stPXAhcM593LvPX7CqFSW9WXkVlbX1jfym4Wt7Z3dPXP/oC3jVGDSwjGLRddHkjAakZaiipFuIgjiPiMdP7ya+J0bIiSNo6YaJcTlaBDRgGKktOSZxdCrwSZ0JOWwAu+gIzgMSdszS1bZmgIuE3tOStVi45u+1D7qnvnp9GOcchIpzJCUPdtKlJshoShmZFxwUkkShEM0ID1NI8SJdLPp/WN4opU+DGKhK1Jwqv6eyBCXcsR93cmRGspFbyL+5/VSFVTcjEZJqkiEZ4uClEEVw0kYsE8FwYqNNEFYUH0rxEMkEFY6soIOwV58eZm0z8r2efmyodOogRny4Agcg1NggwtQBdegDloAg1vwAJ7As3FvPBqvxtusNWfMZw7BHxjvP0BGmAw=</latexit>

LX = 4⇡jBV ⇠ 1.6⇥ 1051n2
gaserg/s

<latexit sha1_base64="KH+1lfko4oaaClhtqxkNg/QEj0Y="></latexit>

Bremsstrahlung —> jB ⇠ 1.1⇥ 10�28n2
gasT

1/2erg/cm2/s/sr

<latexit sha1_base64="94kXh//oyIQthJidbKxCXc6zCj0="></latexit>

⌘ 1045erg/s

<latexit sha1_base64="J+SpIahj9SZKpV2l/Nm3GZJHukk=">AAACAXicbVDJSgNBEO2JW4zbqBfBS5MgCEKckYh6C3rxGMEskBlDT6eSNOlZ7O4JDEO8+At+ghcPinj1L7zlb+wsB40+KHi8V0VVPS/iTCrLGhmZhcWl5ZXsam5tfWNzy9zeqckwFhSqNOShaHhEAmcBVBVTHBqRAOJ7HOpe/2rs1wcgJAuDW5VE4PqkG7AOo0RpqWXuOXAfswG2rbu0dDrEjvAxiO6xbJkFq2hNgP8Se0YK5bxz9DQqJ5WW+eW0Qxr7ECjKiZRN24qUmxKhGOUwzDmxhIjQPulCU9OA+CDddPLBEB9opY07odAVKDxRf06kxJcy8T3d6RPVk/PeWPzPa8aqc+6mLIhiBQGdLurEHKsQj+PAbSaAKp5oQqhg+lZMe0QQqnRoOR2CPf/yX1I7Kdql4sWNTuMSTZFF+yiPDpGNzlAZXaMKqiKKHtAzekVvxqPxYrwbH9PWjDGb2UW/YHx+A8u5mNM=</latexit>

�! ngas ⇠ 8⇥ 10�4cm�3

<latexit sha1_base64="1yLnPLTFckUAb80hkre8hw34edo="></latexit>

Mgas = ngasmpV ⇠ 8⇥ 1013M�

<latexit sha1_base64="X8UsYUlBBntk+wEiF55bAKig9YE="></latexit>

Not enough!

Need for dark matter not associated to galaxies but diffuse in the entire cluster



Exercise #11 — Solution

NPAC course on  
Astroparticles



Inverse Compton scattering

Typical energy of CMB photons h✏i = kBT ⇠ 2.6⇥ 10�4eV

<latexit sha1_base64="ijD0rNHGKZ/2O3TWIUXB7tndpWc="></latexit>

Energy of gamma ray photons E� =
4

3
�2h✏i = 4

3

✓
Ee

mec2

◆2

h✏i

<latexit sha1_base64="c48sP/q9efL/lFH7ppUPFnGSoZo="></latexit>

Ee = 1 TeV �! E� ⇠ 1 GeV

Ee = 10 TeV �! E� ⇠ 100 GeV

Ee = 100 TeV �! E� ⇠ 10 TeV

<latexit sha1_base64="xGtdX/RXyfc7Fs1birbM850R1ig="></latexit>

Thomson regime �h✏i < mec
2

<latexit sha1_base64="oaO4qg/KDSlPkRvoAuzXcdOWjGM=">AAACEnicbVDLSgNBEJyNrxhfqx69DBFBEcJuEFTwEPTiMYJJhGwMvZNOHJyZXWZmhRD8Bi/+ihcPinj15C1/4+Rx8FXQUFR1090Vp4IbGwRDLzczOze/kF8sLC2vrK756xt1k2SaYY0lItFXMRgUXGHNcivwKtUIMhbYiG/PRn7jDrXhibq0/RRbEnqKdzkD66S2vxf1QEqgkQDVE0gjTA0XiaKRnggnVLaRsuty298OSsEY9C8Jp2S7Uoz2H4eVfrXtf0adhGUSlWUCjGmGQWpbA9CWM4H3hSgzmAK7hR42HVUg0bQG45fu6Y5TOrSbaFfK0rH6fWIA0pi+jF2nBHtjfnsj8T+vmdnuUWvAVZpZVGyyqJsJahM6yod2uEZmRd8RYJq7Wym7AQ3MuhQLLoTw98t/Sb1cCg9KxxcujVMyQZ5skSLZJSE5JBVyTqqkRhh5IE/khbx6j96z9+a9T1pz3nRmk/yA9/EFsqWf1Q==</latexit>

Ee = �mec
2 ⌧ (mec2)2

h✏i ⇠ 1 PeV

<latexit sha1_base64="qIFpcp94pF88pROswIuvxYc+Lc4="></latexit>



Scattering rate

�T

<latexit sha1_base64="RyiGZ8AxADQm3ANUN/mV/lyk+YA=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZQF6QLGF2MpsMmZldZ2aFsOQnbCwUsbXwL/wCOxu/xcmj0MQDFw7n3Mu99wQxZ9q47peTWVldW9/Ibua2tnd29/L7Bw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HNxG/eU6VZJGtmFFNf4L5kISPYWKnV0awvcLfWzRfcojsFWibenBRKR9Vv9l7+qHTzn51eRBJBpSEca9323Nj4KVaGEU7HuU6iaYzJEPdp21KJBdV+Or13jE6t0kNhpGxJg6bq74kUC61HIrCdApuBXvQm4n9eOzHhlZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsRHlbAje4svLpHFe9C6K11WbRhlmyMIxnMAZeHAJJbiFCtSBAIcHeIJn5855dF6c11lrxpnPHMIfOG8/3VmTkw==</latexit>

c

<latexit sha1_base64="SlNxuS2a0wm91BKC4oab1fW6EFo=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdnI2GTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2Ih5wRrWxqqxTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0hAjzQRVquU6ifYyKjVnAkd2O1WYUDagPWwZjGiIyssmg47IgXG6JIileZEmE/d3R0ZDpYahbypDqvtqNhub/2WtVAenXsajJNUYselHQSqIjsl4a9LlEpkWQwOUSW5mJaxPJWXa3MY2R3BnV56H+lHJPS6dVZ1i+RKmysMe7MMhuHACZbiGCtSAAcI9PMKTdWs9WM/Wy7Q0Z/307MIfWa/fKduQMA==</latexit>

Volume swept per second �T c

<latexit sha1_base64="mGP2eN1pP7F06Ox17WA8LLrdVAk=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EC8eE8gLkyXMTmaTITOzy8ysEJb8hRcPingV/8Iv8ObFb3HyOGhiQUNR1U13VxBzpo3rfjmZldW19Y3sZm5re2d3L79/0NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OY9VZpFsmZGMfUF7ksWMoKNle46mvUF7tYQ6eYLbtGdAi0Tb04KpaPqN3svf1S6+c9OLyKJoNIQjrVue25s/BQrwwin41wn0TTGZIj7tG2pxIJqP51ePEanVumhMFK2pEFT9fdEioXWIxHYToHNQC96E/E/r52Y8MpPmYwTQyWZLQoTjkyEJu+jHlOUGD6yBBPF7K2IDLDCxNiQcjYEb/HlZdI4L3oXxeuqTaMMM2ThGE7gDDy4hBLcQgXqQEDCAzzBs6OdR+fFeZ21Zpz5zCH8gfP2A/Q6lCo=</latexit>

Interaction rate �T cnCMB

<latexit sha1_base64="edMpvIzPWbZF9KVmC7WdW+m1bnc=">AAAB+3icbVDLSgMxFM34rPU1VnDjJlgEV2VGBHVX2o0boYW+oB2GTJppQ5PMkGTEMsyvuHGhiC79A7/AnRu/xfSx0NYDFw7n3Mu99wQxo0o7zpe1srq2vrGZ28pv7+zu7dsHhZaKEolJE0cskp0AKcKoIE1NNSOdWBLEA0bawag68dt3RCoaiYYex8TjaCBoSDHSRvLtQk/RAUd+A2Io/LR6W8l8u+iUnCngMnHnpFg+qn/Tt8pHzbc/e/0IJ5wIjRlSqus6sfZSJDXFjGT5XqJIjPAIDUjXUIE4UV46vT2Dp0bpwzCSpoSGU/X3RIq4UmMemE6O9FAtehPxP6+b6PDKS6mIE00Eni0KEwZ1BCdBwD6VBGs2NgRhSc2tEA+RRFibuPImBHfx5WXSOi+5F6XrukmjAmbIgWNwAs6ACy5BGdyAGmgCDO7BA3gCz1ZmPVov1uusdcWazxyCP7DefwDX4pdi</latexit>

nCMB =
!CMB

h✏i

<latexit sha1_base64="BrC14z+vq+Hqfc8lJ7+NN1fC0wY="></latexit>

Radiated power PIC =

✓
�T c

!CMB

h✏i

◆✓
4

3
�2h✏i

◆
=

4

3
�T c�

2!CMB

<latexit sha1_base64="Vrt6CXuVuOqDu8bpX4vX0ke5dV4="></latexit>

Same expression as synchrotron!



Exercise #12 — Solution

NPAC course on  
Astroparticles



PIC =
4

3
�T c�

2!CMB

<latexit sha1_base64="bXi4VxoZn/xDVuqJ4T7AlAkpkc8="></latexit>

Psyn =
4

3
�T c�

2!B

<latexit sha1_base64="GhGn7d7XYTXpVRjutxtTLul3w4A="></latexit>

!B =
B2

8⇡

<latexit sha1_base64="wk8tlkavdNllbbnRMDK4oHNW900=">AAACB3icbVDLSsNAFJ3UV62vqAsRQQaL4KokRbAuhFI3LivYBzSxTKaTduhMEmYmQgnZufFX3LhQxK1/IO5049bPcPpYaOuBC4dz7uXee7yIUaks68PIzM0vLC5ll3Mrq2vrG+bmVl2GscCkhkMWiqaHJGE0IDVFFSPNSBDEPUYaXv986DduiJA0DK7UICIuR92A+hQjpaW2ue+EnHRRO6mk8Aw6vkA4qVwX06QEnYimbTNvFawR4CyxJyRfLn297Xx+71bb5rvTCXHMSaAwQ1K2bCtSboKEopiRNOfEkkQI91GXtDQNECfSTUZ/pPBQKx3oh0JXoOBI/T2RIC7lgHu6kyPVk9PeUPzPa8XKL7kJDaJYkQCPF/kxgyqEw1BghwqCFRtogrCg+laIe0hnoXR0OR2CPf3yLKkXC/Zx4fRSp1EBY2TBHjgAR8AGJ6AMLkAV1AAGt+AePIIn4854MJ6Nl3FrxpjMbIM/MF5/AE0EnLo=</latexit>

PIC = Psyn �! BCMB =
p
8⇡!CMB ⇠ 3 µG

<latexit sha1_base64="OhEYp4PUpYOlqgaAjN6WGc+weVo="></latexit>

This is the B field of the interstellar medium! 
(synchrotron and inverse Compton contribute 

equally to energy losses of CR electrons)



Exercise #14 — Solution

NPAC course on  
Astroparticles



The solution of the diffusion equation is:

N(t, z) =
Q0p
4⇡Dt

e�
z2

4Dt

hzi =
R +1
�1 dz zN(t, z)
R +1
�1 dz N(t, z)

= 0 —> symmetry

hz2i =
R +1
�1 dz z2N(t, z)
R +1
�1 dz N(t, z)

= 2Dt

p
hz2i =

p
2Dt

that is why we use (D T)1/2 as an estimate of the distance traveled by a CR in a time t!



Exercise #15 — Solution

NPAC course on  
Astroparticles



the goal of this exercise is to understand why we use the following expression to 
define the characteristic energy loss time of particles  

⌧
loss

⇠ E

P
=

E

�dE
dt

power emitted by a particle due to (e.g.) 
synchrotron radiation

dE

dt
= �AE2

Z E

E0

dE

E2
= �A

Z t

0
dt

E�1|E0
E = �At

1

E0
� 1

E
= ! E0

E
= 1 +AE0t

E =
E0

1 +AE0t

⌧
loss

=
E

�dE
dt

|
E=E0 =

1

AE0

=
E0

1 + t
⌧
loss

t ⌧ ⌧
loss

! E ⇠ E0

t � ⌧
loss

! E / t�1

t = ⌧
loss

! E =
E0

2


