
1

Summer Student Lecture Programme - Friday 15th July 2022

Slides here: bradkav.net/talks

(An introduction to) 

Astroparticle Physics 
Lecture 2/2

Bradley J Kavanagh 
Instituto de Fisica de Cantabria (CSIC-UC) 

kavanagh@ifca.unican.es

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


2

Electrons vs Positrons

Solar 
modulation

Electrons can be directly accelerated 
(i.e. primary cosmic rays)

Positrons are only produced by the 
collisions of other cosmic rays  
(i.e. secondary cosmic rays)

Expect different spectra. But, rise in 
positron flux at high energy is still not yet 

understood (“positron excess”)!
E.g. 1303.0530

https://arxiv.org/abs/1303.0530
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Electrons vs Protons
Proton Spectrum (x0.01)

Electron + Positron Spectrum

See e.g. Appendix C of 1607.07886

Credit: Particle Data Group (2020)

Electrons and positrons lose energy much more 
rapidly (than nuclei) as they move through the Galaxy

Synchrotron
<latexit sha1_base64="ZeK/0DWp0Q5AlfTZMrTwdG9NJLs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNBDx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GTduDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRTe63nlBpHstHM07Qj+hA8pAzaqz0gKVeueJW3SnIMvHmpAJz1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1n00sn5MQqfRLGypY0ZKr+nshopPU4CmxnRM1QL3q5+J/XSU147WdcJqlByWaLwlQQE5P8bdLnCpkRY0soU9zeStiQKsqMDScPwVt8eZk0z6reZfX8/qJSu53HUYQjOIZT8OAKanAHdWgAgxCe4RXenJHz4rw7H7PWgjOfOYQ/cD5/AAEjjQc=</latexit>e

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

https://arxiv.org/abs/1607.07886
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf


4

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

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

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

e±, p±, ...

<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

Gamma rays

Neutrinos

Charged Cosmic  
Rays

Gravitational Waves

Dark Matter

The Sun

Supernovae

Quasars/AGN

Pulsars

BH/NS Mergers
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Gravitational Waves

Space-time curvature specified by the metric, gμν

Einstein tensor 
(Gravity)

Stress-energy tensor 
(Matter)
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gµ⌫ ⇡ ⌘µ⌫ + hµ⌫

Einstein field equations of General Relativity:

Credit: ESA/C. Carreau
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◆
hµ⌫ = ⇤hµ⌫ = 0

Linearise the field equations in vacuum:

Wave-like solutions! Gravitational Waves (GWs)
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ds2 = gµ⌫dx
µdx⌫
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Indirect observation of GWs

GWs sourced by a time-dependent 
 mass quadrupole moment.  

E.g. compact object binaries…

PSR B1913+16 (“Hulse-Taylor Binary”)

See e.g. astro-ph/0407149

GR prediction

Credit: Michael Kramer/Jodrell Bank Observatory/University of Manchester)

Pulsar

https://arxiv.org/abs/astro-ph/0407149
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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
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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) 10

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

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

“Mass-gap” black holes?

BH-NS mergers!

2007.07889

2106.15163

https://media.ligo.northwestern.edu/gallery/mass-plot
https://arxiv.org/abs/2007.07889
https://arxiv.org/abs/2106.15163
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A Whole Catalog!

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

With ~90 events, we can start to infer the properties of the population of merging Black Holes!

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


15

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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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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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!

12

*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


20

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?)

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


27

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

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

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

e±, p±, ...

<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

????

Gamma rays

Neutrinos

Charged Cosmic  
Rays

Gravitational Waves

Dark Matter

The Sun

Supernovae

Quasars/AGN

Pulsars

BH/NS Mergers



28

The Positive Electron

Phys. Rev. 43, 491 (1933)

https://journals.aps.org/pr/abstract/10.1103/PhysRev.43.491


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

29

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

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

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


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

29

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

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

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

