
1

CERN Summer Student Lecture Programme:

Thursday 18th July 2024

Slides here: bradkav.net/talks

(An introduction to)


Astroparticle Physics

Lecture 2/2

Bradley J Kavanagh [he/him]

Instituto de Fisica de Cantabria (CSIC-UC)


kavanagh@ifca.unican.es

http://bradkav.net/talks
mailto:kavanagh@ifca.unican.es


2

Q: First interaction in the atmosphere?

<latexit sha1_base64="vuf4iUskT9ZQss0vL0iRb4or3Kg="></latexit>
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<latexit sha1_base64="x0+5pCbLypnX65NjIf076oJu3KM=">AAACHXicbVDLSgMxFM34tr6qLt0Ei1BByoyU6kYQ3bisYLXQmZZMmnGCSWZI7ghl6I+48VfcuFDEhRvxb8y0FXwdSDiccy/33hOmghtw3Q9nanpmdm5+YbG0tLyyulZe37g0SaYpa9FEJLodEsMEV6wFHARrp5oRGQp2Fd6cFv7VLdOGJ+oCBikLJLlWPOKUgJV65XobH2GfK+jaL4JBL8a+jpNq3PVTzSXb9fd8SSDWMu8Pv8ReueLW3BHwX+JNSAVN0OyV3/x+QjPJFFBBjOl4bgpBTjRwKtiw5GeGpYTekGvWsVQRyUyQj64b4h2r9HGUaPsU4JH6vSMn0piBDG1lsan57RXif14ng+gwyLlKM2CKjgdFmcCQ4CIq3OeaURADSwjV3O6KaUw0oWADLdkQvN8n/yWX+zWvUWuc1yvHJ5M4FtAW2kZV5KEDdIzOUBO1EEV36AE9oWfn3nl0XpzXcemUM+nZRD/gvH8ChaiiQg==</latexit>

X =

Z 1

h
⇢(h0) dh0

Quantify amount of atmosphere tranverse by the CR using the 
column depth:

Column depth of first interaction for gamma rays:

Column depth of first interaction for protons:

<latexit sha1_base64="XsmtTWhrBaRcPhTvoYOKl5SJ2bU=">AAACF3icbZDLSgMxFIYz9VbrbdSlm2AR3DjMVGldFt24rGAv0GlLJk3b0CQzJBmxDONTuPFV3LhQxK3ufBvTC6itPwQ+/nMOOecPIkaVdt0vK7O0vLK6ll3PbWxube/Yu3s1FcYSkyoOWSgbAVKEUUGqmmpGGpEkiAeM1IPh5bhevyVS0VDc6FFEWhz1Be1RjLSxOrbT6LhtCX0URTK8g6cl6HOkB5In9/30hzFP28lJIe3YeddxJ4KL4M0gD2aqdOxPvxvimBOhMUNKNT030q0ESU0xI2nOjxWJEB6iPmkaFIgT1Uomd6XwyDhd2AuleULDift7IkFcqREPTOd4UTVfG5v/1Zqx7p23EiqiWBOBpx/1YgZ1CMchwS6VBGs2MoCwpGZXiAdIIqxNlDkTgjd/8iLUCo5XdIrXZ/nyxSyOLDgAh+AYeKAEyuAKVEAVYPAAnsALeLUerWfrzXqftmas2cw++CPr4xvD4p+7</latexit>

Xr
0 ⇡ 37 g cm�2

Interaction probability approaches 1 as X → X0

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

https://arxiv.org/abs/2401.04460v1
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Q: Neutrino Cross-section?

<latexit sha1_base64="wxtB3HRDcpA1Qx0NVhR9Y3qQC4w=">AAACEXicbVDLSsNAFJ34rPUVdelmsBS60JIUad0IRTcuK9gHNGmZTKft0JkkzEyEEvILbvwVNy4UcevOnX/jpA2orQcGDufM5Z57vJBRqSzry1hZXVvf2Mxt5bd3dvf2zYPDlgwigUkTBywQHQ9JwqhPmooqRjqhIIh7jLS9yXXqt++JkDTw79Q0JC5HI58OKUZKS32zZDunDkdqLHjMvQReQtvqxWeVWvKjY570Kn2zYJWtGeAysTNSABkaffPTGQQ44sRXmCEpu7YVKjdGQlHMSJJ3IklChCdoRLqa+ogT6cazixJY1MoADgOhn6/gTP09ESMu5TQNXExDykUvFf/zupEaXrgx9cNIER/PFw0jBlUA03rggAqCFZtqgrCgOivEYyQQVrrEvC7BXjx5mbQqZbtart6eF+pXWR05cAxOQAnYoAbq4AY0QBNg8ACewAt4NR6NZ+PNeJ9/XTGymSPwB8bHN4N1nDo=</latexit>

1mb = 10�27 cm2

Interaction length in water (at ultra-high energies):

<latexit sha1_base64="CDNbmz+CZ4pqvtPDKykdWPzpIpc=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCWBKR6rLoxmUF+4Amhsn0ph06mYSZiVJCP8KNv+LGhSJuXbjzb5w+Ftp64MLhnHu5954w5Uxpx/m2FhaXlldWC2vF9Y3NrW17Z7ehkkxSqNOEJ7IVEgWcCahrpjm0UgkkDjk0w/7VyG/eg1QsEbd6kIIfk65gEaNEGymwj72QyNwT2TAADHcn2JOs29NEyuQBz3iBXXLKzhh4nrhTUkJT1AL7y+skNItBaMqJUm3XSbWfE6kZ5TAsepmClNA+6ULbUEFiUH4+fmqID43SwVEiTQmNx+rviZzESg3i0HTGRPfUrDcS//PamY4u/JyJNNMg6GRRlHGsEzxKCHeYBKr5wBBCJTO3YtojklBtciyaENzZl+dJ47TsVsqVm7NS9XIaRwHtowN0hFx0jqroGtVQHVH0iJ7RK3qznqwX6936mLQuWNOZPfQH1ucPiDqegQ==</latexit>

⌫̄ee
� ! ⌫̄ee

�

[arXiv:1305.7513]

<latexit sha1_base64="COFKUInr+GHnBNbj4UcJf6M9f+M=">AAACGnicbVDLSgMxFM3UV62vUZdugkWooGVGpHYjFN24rGAf0JmWTJppQ5PMkGSEMvQ73Pgrblwo4k7c+Ddm2i60eiBwcs693HtPEDOqtON8Wbml5ZXVtfx6YWNza3vH3t1rqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBWMrjO/dU+kopG40+OY+BwNBA0pRtpIPdv1mCnuI3gJS6JHoKfogKPjbnrqTrIPh67TrXonHkd6KHnKJz276JSdKeBf4s5JEcxR79kfXj/CCSdCY4aU6rhOrP0USU0xI5OClygSIzxCA9IxVCBOlJ9OT5vAI6P0YRhJ84SGU/VnR4q4UmMemMpsQ7XoZeJ/XifRYdVPqYgTTQSeDQoTBnUEs5xgn0qCNRsbgrCkZleIh0girE2aBROCu3jyX9I8K7uVcuX2vFi7mseRBwfgEJSACy5ADdyAOmgADB7AE3gBr9aj9Wy9We+z0pw179kHv2B9fgNtPZ9M</latexit>

� = (ne�)
�1 ⇠ 108 m

https://arxiv.org/abs/1305.7513
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Q: Water vs Ice for neutrino detection

Light is scattered less in water, providing a better 
light collection and better angular resolution…

But ice has lower levels of background light 

(no bioluminescence, and radioactive decays)
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<latexit sha1_base64="w12xYUAQZjpmRkeBcWAc5D+AqYk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+qfvnQqDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AECVo46</latexit>�

<latexit sha1_base64="p413KC+N8JYiBBEs2dlpNmz7x5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOzS5idTJIhM7PLPISw5C+8eFDEq3/jzb9xkuxBEwsaiqpuurvilDNtfP/bK6ysrq1vFDdLW9s7u3vl/YOmTqwitEESnqh2jDXlTNKGYYbTdqooFjGnrXh0O/VbT1RplsgHM05pJPBAsj4j2DjpcdjNQmFDaSfdcsWv+jOgZRLkpAI56t3yV9hLiBVUGsKx1p3AT02UYWUY4XRSCq2mKSYjPKAdRyUWVEfZ7OIJOnFKD/UT5UoaNFN/T2RYaD0WsesU2Az1ojcV//M61vSvo4zJ1BoqyXxR33JkEjR9H/WYosTwsSOYKOZuRWSIFSbGhVRyIQSLLy+T5lk1uKye319Uajd5HEU4gmM4hQCuoAZ3UIcGEJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AP0ZkSI=</latexit>

hµ⌫

C
re

di
t: 

ES
O

/M
. K

or
nm

es
se

r
C

re
di

t: 
N

AS
A/

C
XC

/S
AO

C
redit: SXS Lensing

C
redit: Kevin G

ill / Flickr

????
Lecture 1 Lecture 2

Gravitational Waves

Dark Matter

The Sun

Supernovae

Quasars/AGN

Pulsars

BH/NS Mergers
<latexit sha1_base64="XG2+WwsPkyJuoNIYtSh59rF095A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBhf43f</latexit>⌫

<latexit sha1_base64="vaDFcBmgBdLzgr/hOgQR8TpSwCg=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCghUVGXRTcuK9gLNLFMppN26MwkzEyEUOqruHGhiFsfxJ1v4zTNQlt/GPj4zzmcM3+YMKq0635bpZXVtfWN8mZla3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vZvXOI5GKxuJeZwkJOBoKGlGMtLH6dpU8+Amv+3WY5AAdx+nbNddxc8Fl8AqogULNvv3lD2KcciI0ZkipnucmOpggqSlmZFrxU0UShMdoSHoGBeJEBZP8+Ck8Ns4ARrE0T2iYu78nJogrlfHQdHKkR2qxNjP/q/VSHV0FEyqSVBOB54uilEEdw1kScEAlwZplBhCW1NwK8QhJhLXJq2JC8Ba/vAztU8e7cM7uzmuN6yKOMjgER+AEeOASNMAtaIIWwCADz+AVvFlP1ov1bn3MW0tWMVMFf2R9/gAYVZMe</latexit>

e±, p±, ...

Neutrinos

Charged Cosmic 

Rays

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>�Gamma rays
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Gravitational Waves

Space-time curvature specified by the metric, gμν

Einstein tensor

(Gravity)

Stress-energy tensor

(Matter)

<latexit sha1_base64="jte+m1Zt+Kv1JbtHzemjBX1dV1I=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0UQxJKoqMuCLlxWsA9oQphMJ+3QySTMQyyhX+HGX3HjQhG34s6/cdoGH60HLpw5517m3hOmjErlOJ9WYW5+YXGpuFxaWV1b37A3txoy0QKTOk5YIlohkoRRTuqKKkZaqSAoDhlphv2Lkd+8JULShN+oQUr8GHU5jShGykiBfdgNMi/WHtdD6KE0Fckd9IhCP+oB7H0/ArvsVJwx4Cxxc1IGOWqB/eF1EqxjwhVmSMq266TKz5BQFDMyLHlakhThPuqStqEcxUT62fisIdwzSgdGiTDFFRyrvycyFEs5iEPTGSPVk9PeSPzPa2sVnfsZ5alWhOPJR5FmUCVwlBHsUEGwYgNDEBbU7ApxDwmElUmyZEJwp0+eJY2jintaOb4+KVcv8ziKYAfsgn3ggjNQBVegBuoAg3vwCJ7Bi/VgPVmv1tuktWDlM9vgD6z3Lxvhn/k=</latexit>

gµ⌫ ⇡ ⌘µ⌫ + hµ⌫

Einstein field equations of General Relativity:

Credit: ESA/C. Carreau

<latexit sha1_base64="9rY1DIMzN+nk2PCZZDIdi9LcvAs="></latexit>✓
@2

@t2
�r2

◆
hµ⌫ = ⇤hµ⌫ = 0

Linearise the field equations in vacuum:

Wave-like solutions! Gravitational Waves (GWs)
<latexit sha1_base64="tesQHJT5wnNaRfeJq4BDKVWaGxM=">AAACEHicdZDLSgMxFIYzXmu9jbp0EyyiqzKtpbYLpeDGZQV7gc60ZDJpG5rJDElGLMM8ghtfxY0LRdy6dOfbmGlrUdEfAn++cw7J+d2QUaks68NYWFxaXlnNrGXXNza3ts2d3aYMIoFJAwcsEG0XScIoJw1FFSPtUBDku4y03NFFWm/dECFpwK/VOCSOjwac9ilGSqOeeeRB2Y2LydmgF9t+BG0eJdCDt9309uU065k5K1+tViuVMizkrYnglJSsOcmBmeo98932Ahz5hCvMkJSdghUqJ0ZCUcxIkrUjSUKER2hAOtpy5BPpxJOFEnioiQf7gdCHKzih3ydi5Es59l3d6SM1lL9rKfyr1olUv+LElIeRIhxPH+pHDKoApulAjwqCFRtrg7Cg+q8QD5FAWOkMszqE+e7/m2YxXyjnT65Kudr5LI4M2AcH4BgUwCmogUtQBw2AwR14AE/g2bg3Ho0X43XaumDMZvbADxlvn6iCnQY=</latexit>

ds2 = gµ⌫dx
µdx⌫

<latexit sha1_base64="LYePxtkJHWbOgZIJJJKfFX89OXg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwY0m0aDdCwUV1V6EvaGKYTCft0MkkzEyEEvIVbvwVNy4UcSvu/BunD1BbDwwczjmXO/f4MaNSWdaXkVtaXlldy68XNja3tnfM3b2WjBKBSRNHLBIdH0nCKCdNRRUjnVgQFPqMtP3h1dhv3xMhacQbahQTN0R9TgOKkdKSZ57UvNQJE+jwJLt0AoFwWoFOTGEtS/FdWs4y2PhJeGbRKlkTwEViz0gRzFD3zE+nF+EkJFxhhqTs2las3BQJRTEjWcFJJIkRHqI+6WrKUUikm07OyuCRVnowiIR+XMGJ+nsiRaGUo9DXyRCpgZz3xuJ/XjdRQcVNKY8TRTieLgoSBlUExx3BHhUEKzbSBGFB9V8hHiDdjdJNFnQJ9vzJi6R1WrLPS2e35WL1ZlZHHhyAQ3AMbHABquAa1EETYPAAnsALeDUejWfjzXifRnPGbGYf/IHx8Q28YZ8l</latexit>

Gµ⌫ =
8⇡G

c4
Tµ⌫



<latexit sha1_base64="SqR/Z0On7TbjoR6JvqwjaXsydvs=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjK2tnVXcKHuKtgHtEPJpJk2NMmMSaZQhn6HGxeKuPVj3Pk3pg9BRQ8EDufcyz05QcyZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsYXc781pgqzSJ5ZyYx9QUeSBYygo2V/LDXFdgMlUivWtNevoBcVEJlVIHILaKyVyxZUkHowqtCz0VzFM AS9V7+vduPSCKoNIRjrTseio2fYmUY4XSa6yaaxpiM8IB2LJVYUO2n89BTeGKVPgwjZZ80cK5+30ix0HoiAjs5i6h/ezPxL6+TmLDqp0zGiaGSLA6FCYcmgrMGYJ8pSgyfWIKJYjYrJEOsMDG2p5wt4eun8H/SPHO9snt+WyrUbpZ1ZMEROAanwAMVUAPXoA4agIB78ACewLMzdh6dF+d1MZpxljuH4Aect09asJKI</latexit>

fGW

<latexit sha1_base64="WYI8PLSkIDe0oZzw2bTks8SK74I=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiTp013BhbqrYB/QhjCZTtqhM0mYmQgl1F9x40IRt36IO//GSVtBRQ8MHM49l3vm+DGjUlnWh5FbW9/Y3MpvF3Z29/YPzMOjrowSgUkHRywSfR9JwmhIOooqRvqxIIj7jPT86UU2790RIWkU3qpZTFyOxiENKEZKS55ZHDJtHiFvyJGaCJ5e9uaeWbLKlWbdsSvQKtt1p2rbmtQqDe fcgnbZWqAEVmh75vtwFOGEk1BhhqQc2Fas3BQJRTEj88IwkSRGeIrGZKBpiDiRbroIP4enWhnBIBL6hQou1O8bKeJSzrivnVlE+XuWiX/NBokKmm5KwzhRJMTLQ0HCoIpg1gQcUUGwYjNNEBZUZ4V4ggTCSvdV0CV8/RT+T7qO7qdcu6mWWterOvLgGJyAM2CDBmiBK9AGHYDBDDyAJ/Bs3BuPxovxurTmjNVOEfyA8fYJaPeVUQ==</latexit>

�GW

<latexit sha1_base64="vX+TQwhQjErGwvHLsNd7/NhNJPc=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4Gmb6su4KLtRdhb6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwzn3ck+OHzGqtON8WJm19Y3Nrex2bmd3b/8gf3jUVmEsMWnhkIWy6yNFGBWkpalmpBtJgrjPSMefXKV+Z0qkoqFo6llEPI5GggYUI20krznoc6THkifXnfkgX3DsWql0WSlDxy4ZFEuGOJVatepC13YWKI AVGoP8e38Y4pgToTFDSvVcJ9JegqSmmJF5rh8rEiE8QSPSM1QgTpSXLELP4ZlRhjAIpXlCw4X6fSNBXKkZ981kGlH99lLxL68X66DmJVREsSYCLw8FMYM6hGkDcEglwZrNDEFYUpMV4jGSCGvTU86U8PVT+D9pF223alfuyoX67aqOLDgBp+AcuOAC1MENaIAWwOAePIAn8GxNrUfrxXpdjmas1c4x+AHr7RNWVJKG</latexit>

TGW

7

The Gravitational Wave Spectrum

kHzHzmHzμHznHz

 km100 km105 km108 km1011 km ~ pc1013

1 ms1 second15 minutes10 days30 years
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Direct detection of GWs

www.ligo.caltech.edu/page/ligos-ifo

1708.00918

Time

GW traveling into the screen causes (tiny) distortion:

Typical GW strain is !ΔL/L ∼ 10−23

https://www.ligo.caltech.edu/page/ligos-ifo
https://arxiv.org/abs/1708.00918
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LIGO-Virgo-KAGRA (LVK)

2102.10816Projected O4 strain noise

Seism
ic noise

Photon ‘shot’ 


noise

Stellar mass

Binaries!

GW frequency ~ twice orbital frequency.

Credit: LIGO, VIRGO & KAGRA.

LIGO 

Hanford

(2015-)

LIGO 

Livingston


(2015-)

Virgo

(2017-) KAGRA


(2020-)

1906.03643

https://arxiv.org/abs/2102.10816
https://arxiv.org/abs/1906.03643


Merger of two BHs - with masses  and  - 

at a luminosity distance of !

36 M⊙ 29 M⊙
dL ≈ 200 − 600 Mpc

10

GW150914 - the first BH-BH merger
 14 September 2015

Credit: Caltech/MIT/LIGO Lab

Try it yourself! - https://www.gw-openscience.org/tutorials/1602.03840

https://www.gw-openscience.org/tutorials/
https://arxiv.org/abs/1602.03840


2017

Credit: LIGO/Caltech/Sonoma State (Aurore Simonnet) 11

The Compact Object Zoo https://media.ligo.northwestern.edu/gallery/mass-plot

https://media.ligo.northwestern.edu/gallery/mass-plot
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The Compact Object Zoo

2019

So
la

r m
as
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https://media.ligo.northwestern.edu/gallery/mass-plot

https://media.ligo.northwestern.edu/gallery/mass-plot
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The Compact Object Zoo

So
la

r m
as
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s

2021

https://media.ligo.northwestern.edu/gallery/mass-plot

https://media.ligo.northwestern.edu/gallery/mass-plot
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The Compact Object Zoo https://media.ligo.northwestern.edu/gallery/mass-plot

2022

Third Gravitational-wave Transient Catalog (GWTC-3) [arXiv:2111.03606, arXiv:2111.03634]

https://media.ligo.northwestern.edu/gallery/mass-plot
https://arxiv.org/abs/2111.03606
https://arxiv.org/abs/2111.03634
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The Compact Object Zoo https://media.ligo.northwestern.edu/gallery/mass-plot

2022

“Mass-gap” black holes?

BH-NS mergers!

2007.07889

2106.15163

Third Gravitational-wave Transient Catalog (GWTC-3) [arXiv:2111.03606, arXiv:2111.03634]

https://media.ligo.northwestern.edu/gallery/mass-plot
https://arxiv.org/abs/2007.07889
https://arxiv.org/abs/2106.15163
https://arxiv.org/abs/2111.03606
https://arxiv.org/abs/2111.03634
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GW170817 - the first NS-NS merger

1710.05832, 1805.11579

17 August 2017 - observation of the merger

 of two  neutron stars∼ 1.5 − 2.0 M⊙

Localised to 

within ~30 deg2

NGC 4993 

Credit: LIGO/Virgo/Georgia Tech/S. Ghonge & K. Jani

https://arxiv.org/abs/1710.05832
https://arxiv.org/abs/1805.11579
https://dcc.ligo.org/LIGO-D1800296/public
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Multi-messenger follow-up

GW170817 merger occurred just two 
seconds before the gamma-ray burst 

GRB 170817A

1710.05833, 2105.13160

Sadly no neutrinos detected :( 

Follow-up observations 

across the spectrum!

https://arxiv.org/abs/1710.05833
https://arxiv.org/abs/2105.13160
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What can we learn?

Tests of general relativity!

Synthesis of r-process elements in

neutron rich ejecta!

Extreme nuclear/quark physics!

Measurement of the Hubble Constant!
1710.05835

1710.06394

2103.16371

1901.09044

1710.05436

GW170817 resulted in a kilonova

https://arxiv.org/abs/1710.05835
https://arxiv.org/abs/1710.06394
https://arxiv.org/abs/2103.16371
https://arxiv.org/abs/1901.09044
https://arxiv.org/abs/1710.05436
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fGW
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�GW
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TGW
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The Gravitational Wave Spectrum

kHzHzmHzμHznHz

 km100 km105 km108 km1011 km ~ pc1013

1 ms1 second15 minutes10 days30 years
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Pulsar Timing Arrays (PTA)
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GWs
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Pulsar Timing Arrays (PTA)
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Pulsar Timing Arrays (PTA)

[NANOgrav, 2306.16217, 2306.16213]

67 pulsars
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δt “Hellings-Downs Curve”
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https://arxiv.org/abs/2306.16217
https://arxiv.org/abs/2306.16213
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Sources of Nanohertz GWs

<latexit sha1_base64="rYRTqHM3rdQGdV/RpeGA7bayhNY="></latexit>
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Supermassive Black Holes Scalar-induced GWs?

…and other possibilities…
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hij ⇠ (ri��)(rj��)

[Domènech, 2109.01398]

Could be produced by enhanced scalar 

perturbations in the early Universe

https://arxiv.org/abs/2109.01398
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Dark Matter in Cosmology

See “Introduction to Cosmology” Lectures by Daniel Baumann

1502.01589

Credit: ESA/Planck Collaboration

Cosmic Microwave Background (CMB)

https://summerstudent.web.cern.ch/lectures-2022
https://arxiv.org/abs/1502.01589
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Dark Matter in Galaxies

Both observations and simulations tell us: Galaxies contain lots of Dark Matter (DM)!

Rubin, Ford & Thonnard (1980)

Aquarius simulation - 0809.0898

DM density at Earth:
<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>

⇢� ⇠ 5⇥ 10�25 g/cm3

⇠ 0.3 GeV/cm3

⇠ 0.008 M�/pc
3

1404.1938

https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1404.1938
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Dark Matter properties Dark Matter must be:

• Non-baryonic

• Cold (i.e. slow-moving)

• (Almost) electrically neutral

Too light! 

Has wave-like properties 


on galactic scales!

Too heavy! 

DM mass comparable to 


galactic masses!

*See additional slides…
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*See additional slides…
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Direct detection of WIMPs on Earth

For WIMPs with GeV-scale masses, 

expect detectable nuclear recoils of 

energy O(keV)

Also possible to look for DM-electron scattering, depending on the model.

Detector

Charge (ionisation)Heat (phonons)

Light (scintillation)

N
χ

For sensible models, expect signal 
rates on the order of <1 event per 

kg per keV per day

No convincing signal yet!

mproton

http://ddldm.physics.sunysb.edu/ddlDM/
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Indirect detection of Dark Matter

Aquarius simulation - 0809.0898

Look for signals of Dark Matter annihilation in

 regions of large DM density!

<latexit sha1_base64="+tF/HDIc4wUg1OEvMu/XTq2jG1M="></latexit>
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Annihilation cross section

 (particle physics)

Gamma-ray spectrum

(annihilation channel)

DM density distribution

(astrophysics)

WIMP annihilation:

0806.2911

1012.4515

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1012.4515
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Gamma-ray constraints

1503.02641

Fermi constraints from 15 Dwarf Spheroidal Galaxies:

Credit: ESO/Digitized Sky Survey 2

Fornax Dwarf Galaxy

(Satellite of the Milky Way)

Exact constraints depend on annihilation channel ( , etc.)χχ → bb̄, χχ → W+W−, χχ → e+e−

https://arxiv.org/abs/1503.02641


1711.04778 Residuals 1306.5725 
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Galactic Centre Excess

1411.4647

1503.02641

https://arxiv.org/abs/1711.04778
https://arxiv.org/abs/1306.5725
https://arxiv.org/abs/1411.4647
https://arxiv.org/abs/1503.02641
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Point sources in the Galactic Centre

Credit: Christoph Weniger, UvA , © UvA/Princeton

Credit: Kevin Gill / Flickr

1506.05104, 1711.04778

Galactic Centre excess could be due to a population of 

unresolved point sources (millisecond pulsars?)

Square Kilometer Array (SKA)?

https://arxiv.org/abs/1506.05104
https://arxiv.org/abs/1711.04778
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Anti-proton excess

1504.04276, 1610.03071, 1903.01472

Anti-protons are an excellent probe of New Physics - they’re hard to make!

Several excesses point towards 60 GeV Dark Matter - 

But modeling gamma-ray and cosmic-ray backgrounds is hard.

https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1610.03071
https://arxiv.org/abs/1903.01472
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High energy neutrinos
1508.02500, 1712.07138
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Decays of super-heavy Dark Matter could 
contribute to the flux of PeV neutrinos:

https://arxiv.org/abs/1508.02500
https://arxiv.org/abs/1712.07138
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Axion searches in the lab
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Axions: light pseudoscalar particles, a

https://github.com/cajohare/AxionLimits
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Axion searches and Neutron Stars
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Axions: light pseudoscalar particles, a

https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/2202.08274
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Dark Matter properties

Primordial Black Holes

(PBHs*)

Weakly interacting 

massive particles


(WIMPs)

Axion-like 

particles

(ALPs)

Dark Matter must be:

• Non-baryonic

• Cold (i.e. slow-moving)

• (Almost) electrically neutral

Too light! 

Has wave-like properties 


on galactic scales!

Too heavy! 

DM mass comparable to 


galactic masses!

*See additional slides…
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Gravitational Waves

Dark Matter

The Sun
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Timeline

1912: Hess discovers cosmic rays 

1939: Auger and collaborators demonstrate the existence of Cosmic Ray air showers 

1960s: Homestake Experiment detects Solar Neutrinos (and the Solar Neutrino Problem) 

2023: NANOgrav & IPTA detect nHz Gravitational Waves

2015: GW150914 - First direct observation of GWs from Black Hole Binary Mergers

2017: GW170817 - First direct observation of GWs from Neutron Star Mergers by LVK

2017: TXS 0506+056 - First multimessenger detection of a blazar (neutrinos + gamma rays)

2023: Detection of Milky Way in Neutrinos by IceCube

2010: Discovery of the Fermi gamma-ray bubbles and Galactic centre excess

1933: Anderson discovers the positron in Cosmic Ray tracks

1970s: The “Dark Matter” paradigm coalesces



Planned Earth-based GW observatories such as Einstein Telescope 
will allow us to see every merging stellar-mass BH in the Universe
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New Views into the Universe

1902.09485

Credit: Einstein Telescope
10 km

Credit: Gabriel Pérez Diaz, IAC

The Cherenkov Telescope Array (CTA) will observe very high 
energy gamma rays with very high energy resolutions

https://www.cta-observatory.org

http://www.xenon1t.org, 2303.14729

Dark Matter experiments like XENONnT will continue to search 
for WIMP Dark Matter with unprecedented sensitivity

https://arxiv.org/abs/1902.09485
https://www.cta-observatory.org
http://www.xenon1t.org
https://arxiv.org/abs/2303.14729


Planned Earth-based GW observatories such as Einstein Telescope 
will allow us to see every merging stellar-mass BH in the Universe
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New Views into the Universe

1902.09485

Credit: Einstein Telescope
10 km

Credit: Gabriel Pérez Diaz, IAC

The Cherenkov Telescope Array (CTA) will observe very high 
energy gamma rays with very high energy resolutions

https://www.cta-observatory.org

…looking forward to many more unexpected discoveries!

http://www.xenon1t.org, 2303.14729

Dark Matter experiments like XENONnT will continue to search 
for WIMP Dark Matter with unprecedented sensitivity

https://arxiv.org/abs/1902.09485
https://www.cta-observatory.org
http://www.xenon1t.org
https://arxiv.org/abs/2303.14729
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Additional Slides
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LISA - GWs in space!

1907.06482

Laser Interferometer Space Antenna

(Planned for the 2030s)

https://arxiv.org/abs/1907.06482
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Primordial Black Holes
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Bounds online

2007.10722

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
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PBHs and Gravitational Waves

ai = 0.01 pc

ei = 0.995
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Gamma-ray transparency and axions

1302.1208 2012.15513 
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e�
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Axion-like particle:

https://arxiv.org/abs/1302.1208
https://arxiv.org/abs/2012.15513
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Gravitational Wave probes of DM

For more information about probing Dark Matter with Gravitational Waves, see 1907.10610
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https://arxiv.org/abs/1907.10610
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Dark Matter in Galaxies (2)

Aquarius simulation - 0809.0898

1012.4515

Simulations point to Dark Matter halos with cuspy NFW density profiles:

DM density at Earth:
<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>

⇢� ⇠ 5⇥ 10�25 g/cm3

⇠ 0.3 GeV/cm3

⇠ 0.008 M�/pc
3

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1012.4515
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Anti-proton excess (2)

1504.042761903.01472

Several excesses point towards 60 GeV Dark Matter - 

But modeling gamma-ray and cosmic-ray backgrounds is hard.

https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1903.01472
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The Gravitational Wave Future

1902.09485Credit: Einstein Telescope

10 km

In addition, space-based detectors such as LISA will probe even lower frequencies (mHz) 
and therefore more massive systems (such as supermassive BH inspirals). 

Planned Earth-based observatories such as Einstein Telescope:

https://arxiv.org/abs/1902.09485
https://lisa.nasa.gov

