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Q: CR, neutrino and -ray energies?γ

2011.03545 

<latexit sha1_base64="nPn6lOvWB7YljSq2Y6UJ6t0Hh4E=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gGdsWTStA1NMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aJkk1oQ2S8ES3Y2woZ5I2LLOctpWmWMSctuLR7dRvPVFtWCIf7FjRSOCBZH1GsHVSK1TsMVSiW674VX8GtEyCnFQgR71b/gp7CUkFlZZwbEwn8JWNMqwtI5xOSmFqqMJkhAe046jEgpoom507QSdO6aF+ol1Ji2bq74kMC2PGInadAtuhWfSm4n9eJ7X96yhjUqWWSjJf1E85sgma/o56TFNi+dgRTDRztyIyxBoT6xIquRCCxZeXSfOsGlxWL+7PK7WbPI4iHMExnEIAV1CDO6hDAwiM4Ble4c1T3ov37n3MWwtePnMIf+B9/gBWyI+W</latexit>

⇡±
<latexit sha1_base64="jjjh7TbfwyHrodCFDGTFH7oh7bY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gGdsWTStA1NMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TK86M9f1vr7Cyura+UdwsbW3v7O6V9w+aJkk1oQ2S8ES3Y2woZ5I2LLOctpWmWMSctuLR7dRvPVFtWCIf7FjRSOCBZH1GsHVSKxTpY6hEt1zxq/4MaJkEOalAjnq3/BX2EpIKKi3h2JhO4CsbZVhbRjidlMLUUIXJCA9ox1GJBTVRNjt3gk6c0kP9RLuSFs3U3xMZFsaMRew6BbZDs+hNxf+8Tmr711HGpEotlWS+qJ9yZBM0/R31mKbE8rEjmGjmbkVkiDUm1iVUciEEiy8vk+ZZNbisXtyfV2o3eRxFOIJjOIUArqAGd1CHBhAYwTO8wpunvBfv3fuYtxa8fOYQ/sD7/AFkjY+f</latexit>

µ±

<latexit sha1_base64="bPWNf0fRjat0cnR2ybx2zboB/Pc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0BZJeao6MdaUM0lbhhlOO5miWMSctuPR7dRvP1GlWSofzDijkcADyRJGsHFSO5S2Fwrbq9b8uj8DWiZBQWpQoNmrfoX9lFhBpSEca90N/MxEOVaGEU4nldBqmmEywgPadVRiQXWUz86doBOn9FGSKlfSoJn6eyLHQuuxiF2nwGaoF72p+J/XtSa5jnImM2uoJPNFieXIpGj6O+ozRYnhY0cwUczdisgQK0yMS6jiQggWX14mj2f14LJ+cX9ea9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb17mvXjv3se8teQVM4fwB97nD28uj6Y=</latexit>⌫µ

<latexit sha1_base64="tP2sIjaC5T8+oPQKGtYdUk3oIWA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMF0xbaWDbbabt0dxN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelHCmjed9O4WV1bX1jeJmaWt7Z3evvH/Q0HGqKAY05rFqRUQjZxIDwwzHVqKQiIhjMxrdTv3mEyrNYvlgxgmGggwk6zNKjJUCfOwkoluueFVvBneZ+DmpQI56t/zV6cU0FSgN5UTrtu8lJsyIMoxynJQ6qcaE0BEZYNtSSQTqMJsdO3FPrNJz+7GyJY07U39PZERoPRaR7RTEDPWiNxX/89qp6V+HGZNJalDS+aJ+yl0Tu9PP3R5TSA0fW0KoYvZWlw6JItTYfEo2BH/x5WXSOKv6l9WL+/NK7SaPowhHcAyn4MMV1OAO6hAABQbP8ApvjnRenHfnY95acPKZQ/gD5/MHzSiOsg==</latexit>

e±

<latexit sha1_base64="Hehrs96QM/i6I1oIUb6UhwhtuFw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv5XZn1sFetuXV3BrJMvILUoECzV/3q9hOWxSgNE1TrjuemJsipMpwJnFS6mcaUshEdYMdSSWPUQT47dkJOrNInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6DnMs0MyjZfFGUCWISMv2c9LlCZsTYEsoUt7cSNqSKMmPzqdgQvMWXl8njWd27rF/cn9caN0UcZTiCYzgFD66gAXfQBB8YcHiGV3hzpPPivDsf89aSU8wcwh84nz/X8Y65</latexit>⌫e

<latexit sha1_base64="bPWNf0fRjat0cnR2ybx2zboB/Pc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0BZJeao6MdaUM0lbhhlOO5miWMSctuPR7dRvP1GlWSofzDijkcADyRJGsHFSO5S2Fwrbq9b8uj8DWiZBQWpQoNmrfoX9lFhBpSEca90N/MxEOVaGEU4nldBqmmEywgPadVRiQXWUz86doBOn9FGSKlfSoJn6eyLHQuuxiF2nwGaoF72p+J/XtSa5jnImM2uoJPNFieXIpGj6O+ozRYnhY0cwUczdisgQK0yMS6jiQggWX14mj2f14LJ+cX9ea9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb17mvXjv3se8teQVM4fwB97nD28uj6Y=</latexit>⌫µ

<latexit sha1_base64="iHcFEyaVTnQVCGIcyGq2PxgvbkI=">AAACG3icbVDLSsNAFJ3UV62vaJdugkVwVRIVdVmsCzdCBfuAJoTJZNoOnZmEmUkxhH6KuNXvcCduXfgZ/oGTNgtbPTBwOOfeO4cTxJRIZdtfRmlldW19o7xZ2dre2d0z9w86MkoEwm0U0Uj0AigxJRy3FVEU92KBIQso7gbjZu53J1hIEvEHlcbYY3DIyYAgqLTkm1V3CBmDvsugGgmWNe+up75Zs+v2DNZf4hSkBgq0fPPbDSOUMMwVolDKvmPHysugUARRPK24icQxRGM4xH1NOWRYetks/NQ61kpoDSKhH1fWTP29kUEmZcoCPZlnlMteLv7n9RM1uPIywuNEYY7mHw0SaqnIypuwQiIwUjTVBCJBdFYLjaCASOm+Fi6FExLLIvXjPLbuyFlu5C/pnNadi/rZ/XmtcVO0VQaH4AicAAdcgga4BS3QBgik4Bm8gFfjyXgz3o2P+WjJKHaqYAHG5w8ZqqKQ</latexit>�CMB

<latexit sha1_base64="nk4lpi8RSDJX/gIDJIVTPIBxw1I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOa3QEWAvfKFb/qz4CWSZCTCuSo98pf3b4iqaDSEo6N6QR+YsMMa8sIp5NSNzU0wWSEB7TjqMSCmjCbXTtBJ07po1hpV9Kimfp7IsPCmLGIXKfAdmgWvan4n9dJbXwdZkwmqaWSzBfFKUdWoenrqM80JZaPHcFEM3crIkOsMbEuoJILIVh8eZk0z6rBZfX8/qJSu8njKMIRHMMpBHAFNbiDOjSAwCM8wyu8ecp78d69j3lrwctnDuEPvM8fiYePHQ==</latexit>� <latexit sha1_base64="cpMZCqW77J+g0UHEeaAOapKBTlo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRT0G9OAxonlAsobZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xsnjoIkFDUVVN91dQSK4Nq777eSWlldW1/LrhY3Nre2d4u5eXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD67HfeEKleSwfzDBBP6I9yUPOqLHSPT6edIolt+xOQBaJNyMlmKHaKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOiJHVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhFd+xmWSGpRsuihMBTExGf9NulwhM2JoCWWK21sJ61NFmbHpFGwI3vzLi6R+WvYuymd356XKzSyOPBzAIRyDB5dQgVuoQg0Y9OAZXuHNEc6L8+58TFtzzmxmH/7A+fwB50iNkA==</latexit>

e+

<latexit sha1_base64="U4H5W6GJ24WDpUNphXiuzmrC0s8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbCroh4DevAY0TwgWcPspDcZMju7zMwKYcknePGgiFe/yJt/4+Rx0MSChqKqm+6uIBFcG9f9dnJLyyura/n1wsbm1vZOcXevruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLB9dhvPKHSPJYPZpigH9Ge5CFn1FjpHh9POsWSW3YnIIvEm5ESzFDtFL/a3ZilEUrDBNW65bmJ8TOqDGcCR4V2qjGhbEB72LJU0gi1n01OHZEjq3RJGCtb0pCJ+nsio5HWwyiwnRE1fT3vjcX/vFZqwis/4zJJDUo2XRSmgpiYjP8mXa6QGTG0hDLF7a2E9amizNh0CjYEb/7lRVI/LXsX5bO781LlZhZHHg7gEI7Bg0uowC1UoQYMevAMr/DmCOfFeXc+pq05ZzazD3/gfP4A6lCNkg==</latexit>

e�

For CR interactions with interstellar medium, interaction probability is small (say ) 
and only some fraction of the initial CR energy goes into any given pion

≲ 10−3

But, PeV gamma rays are above the threshold 
for pair-production, so they cascade down to 
the TeV energy scale

This   process dumps comparable energy into gamma-rays and neutrinos.pp astro-ph/0606058 

*Note that not all processes lead to substantial neutrino 
production (e.g. inverse compton)

https://arxiv.org/abs/2011.03545
https://arxiv.org/abs/astro-ph/0606058
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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>
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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
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The Gravitational Wave Spectrum

kHzHzmHzμHznHz

 km100 km105 km108 km1011 km ~ pc1013

1 ms1 second15 minutes10 days30 years

<latexit sha1_base64="2UD3FrM0+1CDmeEJoPgdUCV434g=">AAACE3icbVDLSgMxFM34rPU16tJNsAjiosyIr41QcKHuKtgHdIaSyWTa0GQyJBmhDP0HN/6KGxeKuHXjzr8x086ith4IHM65h9x7goRRpR3nx1pYXFpeWS2tldc3Nre27Z3dphKpxKSBBROyHSBFGI1JQ1PNSDuRBPGAkVYwuM791iORior4QQ8T4nPUi2lEMdJG6trHGF5Bj5lAiLoeR7oveXbTGnk4FBpG01LXrjhVZww4T9yCVECBetf+9kKBU05ijRlSquM6ifYzJDXFjIzKXqpIgvAA9UjH0BhxovxsfNMIHholhJGQ5sUajtXpRIa4UkMemMl8RTXr5eJ/XifV0aWf0ThJNYnx5KMoZVALmBcEQyoJ1mxoCMKSml0h7iOJsDY1lk0J7uzJ86R5UnXPq2f3p5XaXVFHCeyDA3AEXHABauAW1EEDYPAEXsAbeLeerVfrw/qcjC5YRWYP/IH19Qvj7Z49</latexit>
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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

8

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) 9

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

se
s

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

se
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?2007.07889

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/2111.03606
https://arxiv.org/abs/2111.03634
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Mass gap black holes

Models of stellar evolution predict that it should not be possible to form BHs from stellar collapse in the 
mass range  (so-called pair-instability supernovae do not leave behind a BH). mBH ∼ 50 − 130 M⊙
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Mass gap black holes

Models of stellar evolution predict that it should not be possible to form BHs from stellar collapse in the 
mass range  (so-called pair-instability supernovae do not leave behind a BH). mBH ∼ 50 − 130 M⊙

GWTC-4 will be released soon: 213 high-confidence mergers so far!

[2507.08219]  

https://arxiv.org/abs/2507.08219
https://gracedb.ligo.org/superevents/public/O4/
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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


<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
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The Gravitational Wave Spectrum

kHzHzmHzμHznHz

 km100 km105 km108 km1011 km ~ pc1013

1 ms1 second15 minutes10 days30 years

<latexit sha1_base64="2UD3FrM0+1CDmeEJoPgdUCV434g=">AAACE3icbVDLSgMxFM34rPU16tJNsAjiosyIr41QcKHuKtgHdIaSyWTa0GQyJBmhDP0HN/6KGxeKuHXjzr8x086ith4IHM65h9x7goRRpR3nx1pYXFpeWS2tldc3Nre27Z3dphKpxKSBBROyHSBFGI1JQ1PNSDuRBPGAkVYwuM791iORior4QQ8T4nPUi2lEMdJG6trHGF5Bj5lAiLoeR7oveXbTGnk4FBpG01LXrjhVZww4T9yCVECBetf+9kKBU05ijRlSquM6ifYzJDXFjIzKXqpIgvAA9UjH0BhxovxsfNMIHholhJGQ5sUajtXpRIa4UkMemMl8RTXr5eJ/XifV0aWf0ThJNYnx5KMoZVALmBcEQyoJ1mxoCMKSml0h7iOJsDY1lk0J7uzJ86R5UnXPq2f3p5XaXVFHCeyDA3AEXHABauAW1EEDYPAEXsAbeLeerVfrw/qcjC5YRWYP/IH19Qvj7Z49</latexit>
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Pulsar Timing Arrays (PTA)

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a

GWs
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Pulsar Timing Arrays (PTA)

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a

<latexit sha1_base64="MuD1f96oVBPdNRzsJb7vfDwqYrA=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZQu9kNhkyO7vOzIphyU948aCIV3/Hm3/jJNmDJhY0FFXddHcFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPhzcRvPjKleSzvzShhfoR9yUNO0Vip1Xni3QyDcbdUdivuFGSReDkpQ45at/TV6cU0jZg0VKDWbc9NjJ+hMpwKNi52Us0SpEPss7alEiOm/Wx675gcW6VHwljZkoZM1d8TGUZaj6LAdkZoBnrem4j/ee3UhFd+xmWSGibpbFGYCmJiMnme9Lhi1IiRJUgVt7cSOkCF1NiIijYEb/7lRdI4rXgXlfO7s3L1Oo+jAIdwBCfgwSVU4RZqUAcKAp7hFd6cB+fFeXc+Zq1LTj5zAH/gfP4AUaeQKw==</latexit>

⇠ab

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>
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Pulsar Timing Arrays (PTA)

[NANOgrav, 2306.16217, 2306.16213]

67 pulsars

C
or

re
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tio
ns

 b
et
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ee
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tim

in
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re
si

du
al

s 
δt “Hellings-Downs Curve”

<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a

<latexit sha1_base64="MuD1f96oVBPdNRzsJb7vfDwqYrA=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZQu9kNhkyO7vOzIphyU948aCIV3/Hm3/jJNmDJhY0FFXddHcFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPhzcRvPjKleSzvzShhfoR9yUNO0Vip1Xni3QyDcbdUdivuFGSReDkpQ45at/TV6cU0jZg0VKDWbc9NjJ+hMpwKNi52Us0SpEPss7alEiOm/Wx675gcW6VHwljZkoZM1d8TGUZaj6LAdkZoBnrem4j/ee3UhFd+xmWSGibpbFGYCmJiMnme9Lhi1IiRJUgVt7cSOkCF1NiIijYEb/7lRdI4rXgXlfO7s3L1Oo+jAIdwBCfgwSVU4RZqUAcKAp7hFd6cB+fFeXc+Zq1LTj5zAH/gfP4AUaeQKw==</latexit>

⇠ab

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

GWs

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>

fGW ⇠
⇣rISCO

r

⌘3/2
✓
10

6M�
M1

◆
mHz

Supermassive Black Holes Scalar-induced GWs?

…and other possibilities…

<latexit sha1_base64="GG4T5ltqecNurSVdchmcEay7Eos=">AAACInicbZDLSgMxFIYz9VbrbdSlm2AR6qbMiNdd0Y3LCvYCnTKcSdM2bSYzJBmhDH0WN76KGxeKuhJ8GNMLYlt/CPx85xxOzh/EnCntOF9WZml5ZXUtu57b2Nza3rF396oqSiShFRLxSNYDUJQzQSuaaU7rsaQQBpzWgv7NqF57oFKxSNzrQUybIXQEazMC2iDfvur6KesNsadYiAuegICDz7DXolwD9uIuO/7FvRns23mn6IyFF407NXk0Vdm3P7xWRJKQCk04KNVwnVg3U5CaEU6HOS9RNAbShw5tGCsgpKqZjk8c4iNDWrgdSfOExmP6dyKFUKlBGJjOEHRXzddG8L9aI9Hty2bKRJxoKshkUTvhWEd4lBduMUmJ5gNjgEhm/opJFyQQbVLNmRDc+ZMXTfWk6J4Xz+5O86XraRxZdIAOUQG56AKV0C0qowoi6BE9o1f0Zj1ZL9a79TlpzVjTmX00I+v7B2CaovM=</latexit>

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 Miguel Escudero

[Planck, 1502.01589]

Credit: ESA/Planck Collaboration

Cosmic Microwave  
Background (CMB)

Proton

Dark Matter

https://summerstudent.web.cern.ch/lectures-2025
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 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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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/1306.5725
https://arxiv.org/abs/1711.04778
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

<latexit sha1_base64="ZV4KsHckPP2J+MTEpqhKU85ZGck=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCHjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvQBrypmkbcMMp71EUSwCTrvB5Db3u09UaRbLRzNNqC/wWLKQEWxyaUAiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2r+uVDo9a8K+Iowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wcC8I48</latexit>�

<latexit sha1_base64="MV7ij4JuNFS0qY6/jgfmfJ0bVQg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD12V9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZPb+/qNRu8ziKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNiGY3h</latexit>⌫

Decays of super-heavy Dark Matter could 
contribute to the flux of PeV neutrinos:

mχ ∼ 220 PeV
τχ ∼ 1029 s

https://arxiv.org/abs/1508.02500
https://arxiv.org/abs/1712.07138
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Dark Matter properties
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*See additional slides…
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Axion searches in the lab
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<latexit sha1_base64="4DnsBb0FH4NxL2TSd7R5YiFtCxY="></latexit>

Axions: light pseudoscalar particles, a

https://github.com/cajohare/AxionLimits
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Axion searches and Neutron Stars
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γ
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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
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Dark Matter
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e±, p±, ...

Neutrinos

Charged Cosmic  
Rays
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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

33

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

https://darwin.physik.uzh.ch/, 2404.19524

Dark Matter experiments like DARWIN/XLZD will continue to 
search for WIMP Dark Matter with unprecedented sensitivity 2.6m

https://arxiv.org/abs/1902.09485
https://www.cta-observatory.org
https://darwin.physik.uzh.ch/
https://arxiv.org/abs/2404.19524
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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!

https://darwin.physik.uzh.ch/, 2404.19524

Dark Matter experiments like DARWIN/XLZD will continue to 
search for WIMP Dark Matter with unprecedented sensitivity 2.6m

https://arxiv.org/abs/1902.09485
https://www.cta-observatory.org
https://darwin.physik.uzh.ch/
https://arxiv.org/abs/2404.19524
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Additional Slides
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Reading Suggestions

Astroparticle Physics: Theory and Phenomenology, Günter Sigl, Atlantis Press Paris (2017) 

Lectures on Astroparticle Physics, Günter Sigl, hep-ph/0408165 (2004) 

Introduction to Cosmic Rays, Peter Biermann & Günter Sigl, astro-ph/0202425 (2002) 

An Introduction to Particle Dark Matter, Stefano Profumo, Leonardo Giani & Oliver F. Piattella, 
arXiv:1910.05610 (2019) 

The basic physics of the binary black hole merger GW150914, LIGO & Virgo Collaborations, 
arXiv:1608.01940 (2016) 

Check arXiv, and summaries on popular blogs like Sunny Vagnozzi’s HisDarkCMB or Mauricio 
Bustamante’s Daily arXiv Picks! 

Feel free to email me at kavanagh@ifca.unican.es!

Slides here: bradkav.net/talks

https://doi.org/10.2991/978-94-6239-243-4
https://arxiv.org/abs/hep-ph/0408165
https://arxiv.org/abs/astro-ph/0202425
https://arxiv.org/abs/1910.05610
https://arxiv.org/abs/1608.01940
https://arxiv.org
https://www.sunnyvagnozzi.com/blog
https://mbustamante.net/my-daily-arxiv-picks/
mailto:kavanagh@ifca.unican.es
http://bradkav.net/talks
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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 

<latexit sha1_base64="iHcFEyaVTnQVCGIcyGq2PxgvbkI=">AAACG3icbVDLSsNAFJ3UV62vaJdugkVwVRIVdVmsCzdCBfuAJoTJZNoOnZmEmUkxhH6KuNXvcCduXfgZ/oGTNgtbPTBwOOfeO4cTxJRIZdtfRmlldW19o7xZ2dre2d0z9w86MkoEwm0U0Uj0AigxJRy3FVEU92KBIQso7gbjZu53J1hIEvEHlcbYY3DIyYAgqLTkm1V3CBmDvsugGgmWNe+up75Zs+v2DNZf4hSkBgq0fPPbDSOUMMwVolDKvmPHysugUARRPK24icQxRGM4xH1NOWRYetks/NQ61kpoDSKhH1fWTP29kUEmZcoCPZlnlMteLv7n9RM1uPIywuNEYY7mHw0SaqnIypuwQiIwUjTVBCJBdFYLjaCASOm+Fi6FExLLIvXjPLbuyFlu5C/pnNadi/rZ/XmtcVO0VQaH4AicAAdcgga4BS3QBgik4Bm8gFfjyXgz3o2P+WjJKHaqYAHG5w8ZqqKQ</latexit>�CMB

<latexit sha1_base64="cpMZCqW77J+g0UHEeaAOapKBTlo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXRT0G9OAxonlAsobZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xsnjoIkFDUVVN91dQSK4Nq777eSWlldW1/LrhY3Nre2d4u5eXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD67HfeEKleSwfzDBBP6I9yUPOqLHSPT6edIolt+xOQBaJNyMlmKHaKX61uzFLI5SGCap1y3MT42dUGc4EjgrtVGNC2YD2sGWppBFqP5ucOiJHVumSMFa2pCET9fdERiOth1FgOyNq+nreG4v/ea3UhFd+xmWSGpRsuihMBTExGf9NulwhM2JoCWWK21sJ61NFmbHpFGwI3vzLi6R+WvYuymd356XKzSyOPBzAIRyDB5dQgVuoQg0Y9OAZXuHNEc6L8+58TFtzzmxmH/7A+fwB50iNkA==</latexit>

e+

<latexit sha1_base64="U4H5W6GJ24WDpUNphXiuzmrC0s8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbCroh4DevAY0TwgWcPspDcZMju7zMwKYcknePGgiFe/yJt/4+Rx0MSChqKqm+6uIBFcG9f9dnJLyyura/n1wsbm1vZOcXevruNUMayxWMSqGVCNgkusGW4ENhOFNAoENoLB9dhvPKHSPJYPZpigH9Ge5CFn1FjpHh9POsWSW3YnIIvEm5ESzFDtFL/a3ZilEUrDBNW65bmJ8TOqDGcCR4V2qjGhbEB72LJU0gi1n01OHZEjq3RJGCtb0pCJ+nsio5HWwyiwnRE1fT3vjcX/vFZqwis/4zJJDUo2XRSmgpiYjP8mXa6QGTG0hDLF7a2E9amizNh0CjYEb/7lRVI/LXsX5bO781LlZhZHHg7gEI7Bg0uowC1UoQYMevAMr/DmCOfFeXc+pq05ZzazD3/gfP4A6lCNkg==</latexit>

e�

<latexit sha1_base64="KzxyGPP3A+T0yp0EvqbGlp46Q8w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeizowWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqxUp71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJRvyxX7/I4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHxpOM7w==</latexit>a

<latexit sha1_base64="z6lNsXVngPFUOrseNxMohrAjcac=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegHjwmYB6QLGF20knGzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj26nffEKleSQfzDhGP6QDyfucUWOl2k23WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duiEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLTr0mPK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNM7K3mX5vHZRqtxlceThCI7hFDy4ggrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB5eXjNA=</latexit>

B

<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�

<latexit sha1_base64="z6lNsXVngPFUOrseNxMohrAjcac=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegHjwmYB6QLGF20knGzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj26nffEKleSQfzDhGP6QDyfucUWOl2k23WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duiEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLTr0mPK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNM7K3mX5vHZRqtxlceThCI7hFDy4ggrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB5eXjNA=</latexit>

B

<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�

<latexit sha1_base64="GkHt61aIu4lnsyNrMfe05BVg8AI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeAHjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdgdYCNwrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9Xz+4tK7TaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AIohjx8=</latexit>�

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

