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I Q: Boron vs Carbon

- Carbon (C-12) is formed in stars!
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https://arxiv.org/abs/1701.06149
https://www.oncotarget.com/article/15700/text/

'Q: Cosmic Ray Sky Map

Map of cosmic ray arrival directions for ultra-high energy (E > 8 X 1018 eV) from Pierre Auger Observatory:
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10% anisotropy!
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Roughly consistent with anisotropy in the 2MRS Galaxy Survey
(once magnetic field deflection is taken into account)

[Auger Collaboration, 1709.07321] | 3



https://arxiv.org/abs/1709.07321

Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser
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GGravitational Waves

- | o STz
Einstein field equations of General Relativity: pv = T g L
Einstein tensor Stress-energy tensor
Gravity Matter

ace-time curvature specified by the metric, S

Credit: ESA/C. Carreau



. GGravitational Waves

Einstein field equations of General Relativity: Gy =0

Einstein tensor
(Gravity)

Space-time curvature specitied by the metric, g,

Linearise the field equations in vacuum:

g/u/ ~ 77,u1/ =+ h,uz/
Wave-like solutions! Gravitational Waves (GWs)
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Credit: ESA/C. Carreau

Generated by moving masses... | ]



The Gravitational Wave Spectrum c= Aaw - faw

nH7 uHz mHz Hz kKHZ

10'3 km ~ pc 10" km 108 km 105 km 100 km
30 years 10 days 15 minutes 1 second 1 ms
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I Direct detection of GWSs

GW traveling into the screen causes (tiny) distortion:

Basic Michelson
Interferometer with 4 km
Fabry Perot Cavities

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

Mirror

4 km

Mirror

Y

Laser

1/708.00918

Typical GW strain is AL/L ~ 1072
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https://www.ligo.caltech.edu/page/ligos-ifo
https://arxiv.org/abs/1708.00918

LIGO-Virgo-KAGRA (LVK)
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https://arxiv.org/abs/2102.10816
https://arxiv.org/abs/1906.03643

'GW150914 - the first BH-BH merger

1602.03840

14 September 2015
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Merger of two BHs - with masses 36 M and 29 M,
at a luminosity distance of d; &~ 200 — 600 Mpc!

0.30

0.35
Time (s)

0.40

0.45

=N WA

Separation (Rg)

~ 1.0
N
S 05
< 00
€ 05
el
“I' 1.0
—~ 1.0
o
© 0.5
e
= 0.0
€ .05
e
“I' 10
—~ 1.0
o
-
OE
(1))
-
o
(¥ )

-1.0

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

Credit: Caltech/MIT/LIGO Lab
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https://www.gw-openscience.org/tutorials/
https://arxiv.org/abs/1602.03840

. The COm paCt ObJeCt ZOO https://media.ligo.northwestern.edu/gallery/mass-plot
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Credit: LIGO/Caltech/Sonoma State (Aurore Simonnet) | »


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

‘The Compact Object Zoo

https://media.ligo.northwestern.edu/gallery/mass-plot
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Masses in the Stellar Graveyard 2019

in Solar Masses

EM Neutron Stars

LIGO-Virgo | Frank Elavsky | Northwestern
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https://media.ligo.northwestern.edu/gallery/mass-plot

The COmpaCt ObJeCt ZOO https://media.ligo.northwestern.edu/gallery/mass-plot

Masses in the Stellar Graveyard 2021

In Solar Masses
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GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern



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

The COmpaCt ObJeCt ZOO https://media.ligo.northwestern.edu/galler

Masses In the Stellar Graveyard 202

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern



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

The COmpaCt ObJeCt ZOO https://media.ligo.northwestern.edu/galler

Masses in the Stellar Graveyard .o
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Fifth Gravitational-wave Transient Catalog (GWTC-5) [arXiv:2605.27223]


https://media.ligo.northwestern.edu/gallery/mass-plot
https://arxiv.org/abs/2605.27223

The COmpaCt ObJeCt ZOO https://media.ligo.northwestern.edu/galler

Masses in the Stellar Graveyard .o

LIGO-Virgo-KAGHA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Fifth Gravitational-wave Transient Catalog (GWTC-5) [arXiv:2605.27223]


https://media.ligo.northwestern.edu/gallery/mass-plot
https://arxiv.org/abs/2605.27223
https://arxiv.org/abs/2007.07889

‘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 mgy ~ 30 — 130 M (so-called pair-instability supernovae do not leave behind a BH).



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 mgy ~ 30 — 130 M (so-called pair-instability supernovae do not leave behind a BH).

Hanford

Onoise

GW231123: a Binary Black Hole Merger with Total Mass 190-265 M,

THE LIGO ScCIENTIFIC COLLABORATION, THE VIRGO COLLABORATION, AND THE KAGRA COLLABORATION

(Compiled: 14 July 2025) 140
N 120
ABSTRACT ::i 100
On 2023 November 23 the two LIGO observatories both detected GW231123, a gravitational-wave § 80
signal consistent with the merger of two black holes with masses 137722 M and 1032 My (90% g 00
credible intervals), at luminosity distance 0.7-4.1 Gpc and redshift of 0. 39+0 27 and a network signal- = i'o
to-noise ratio of ~22.5. Both black holes exhibit high spins, 0.907019 and 0.8070%) respectively. # -0.10  =0.05  0.00 0.05 0.10
A massive black hole remnant is supported by an independent ringdown analysis. Some properties Time [s]
of GW231123 are subject to large systematic uncertainties, as indicated by differences in inferred
parameters between signal models. The primary black hole lies within or above the theorized mass Pm ‘

gap where black holes between 60-130 My should be rare due to pair instability mechanisms, while
the secondary spans the gap. The observation of GW231123 therefore suggests the formation of black
holes from channels beyond standard stellar collapse, and that intermediate-mass black holes of mass Mass ratio g = mz/mi
~200 M form through gravitational-wave driven mergers. Total mass M /Mg

Final mass M;/Mg

kSecondary mass ms / M@

: : . 4+0.10
[2507.0821 9] Primary spin magnitude y; 0.90" 519

. . 0.20
Secondary spin magnitude 2 0.80f0,5 1

]T


https://arxiv.org/abs/2507.08219

. GW170817 - the first NS-NS merger 5

N
17 August 2017 - observation of the merger L.:/ é ;XVT
of two ~ 1.5 — 2.0 M neutron stars d N
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1710.05832 1805.11579 Credit: LIGO/Virgo/Georgia Tech/S. Ghonge & K. Jani I h



https://arxiv.org/abs/1710.05832
https://arxiv.org/abs/1805.11579
https://dcc.ligo.org/LIGO-D1800296/public

‘Multi-messenger tollow-up
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| 1 0 |
y-ray . Follow-up observations

Fermi, INTEGEAL, Aslrosel, 1PN, Insight-HXMT, Swill, AGILE, CALET, H.E.S.E., HAWG.'Kunus-Wlnd - “ " , " ” '
H across the spectrum!

X-ray

Swik, MAXI/GSC, NUSTAR, Chandra, INTEGRAL

Swill, HS1
Optical e
Swopc, DECam, DLT40, REM-RO32, HST, Las Cumbres, SkyMapper. VISTA, MASTER, Magellan. Sucaru, Pan-STARBST, .
HCT, TZAC, LECT. T17. Gemni-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VYS5T, VIRT, SALT, CHILES , TOROS,
3OOTLS-5, Zadko, (Talascopa. Nat, AAT, Pi of tha Sky, AST3-2, ATLAS, Danish Tel, CFN, T835, CABA - I m ' III l " l | I[ ' ! ] [ H I I | | .
- A ‘ [
e ‘ Sadly no neutrinos detected :(
//
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— b Eirpiim nwil
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Radio o \ e

ATCA. VLA, ASKAP, VLBA, GMRT, MWA. LOFAR, LW&}.MGA. OVRC, EVN, ¢-MERLIN, MccrKAT, Parkes. SRT, Eflelsberg
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1/10.06833, 2105.13160 | 14


https://arxiv.org/abs/1710.05833
https://arxiv.org/abs/2105.13160

What can we learn”

GW170817 resulted in a kilonova

A Afterglow
. % . (X-ray/Radio)
@%&\Eﬁﬂ? 1ee .0, A i
,@\\fé: 30—
& < Weaky-rays
- SGRB % Macronova
& : (UVOIR)

1/10.05436

Synthesis of r-process elements in
neutron rich ejectal

1901.09044

Extreme nuclear/quark physics!
2103.16371

ests of general relativity!
1710.06394

Measurement of the Hubble Constant!
1710.05835

F


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

The Gravitational Wave Spectrum c= Aaw - faw

nH7 uHz mHz Hz kKHZ

10'3 km ~ pc 10" km 108 km 105 km 100 km
30 years 10 days 15 minutes 1 second 1 ms

SOURCES
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1 AU (150 million km)
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LISA (~2035)



Pulsar Timing Arrays (PTA)




Pulsar Timing Arrays (PTA)
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Pulsar Timing Arrays (PTA)
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https://arxiv.org/abs/2306.16217
https://arxiv.org/abs/2306.16213

. Sources of Nanohertz GWs

Supermassive Black Holes Scalar-induced GWs?

Could be produced by enhanced scalar
perturbations in the early Universe
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[Doménech, 2109.01398]

...and other possibilities...


https://arxiv.org/abs/2109.01398

The Gravitational Wave Spectrum c= Aaw - faw

nH7 uHz mHz Hz kKHZ

10'3 km ~ pc 10" km 108 km 105 km 100 km
30 years 10 days 15 minutes 1 second 1 ms
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Dark Matter iﬂ COsmO‘Ogy See “Introduction to Cosmology” Lectures by Miguel Escudero

Cosmic Microwave
Background (CMB)
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https://indico.cern.ch/event/1616585/timetable/#30-cosmology-33
https://arxiv.org/abs/1502.01589

Dark Matter in Galaxies

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

Observations -
- from starlight

Velocity
(km s-1) .
- | Expected from
the visible disk

S—

——y
‘s

C— -
~— ——

_—
— —

i 10,000 - 20,000 ~ 30,000 40,000

i

© . 'Distance (light years)

DM density at Earth:  py ~ 5 x 107°° g/cm’
~ 0.3 GeV/cm?’

\ . |
~ 0.008 Mg /pc Aquarius simulation - 0809.0898
1404.1938
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https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1404.1938

I Dark Matter in Galaxies

Both observations and simulations tell us: Galaxies contain lots of Dark Matter (DM)!
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https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1404.1938

Dark Matter properties Dark Matter must be:
' - e Non-baryonic
e Cold (i.e. slow-moving)

107 107% 1072 107% 107% 107 107 102 10!

1074 107% 107% 107 10 10° 10> 10%® 10%

\
,

(1072 10712 1072 108 10" 10 10% 10 10% 105 |

\ Too heavy!

Too light! DM mass comparable to
Has wave-like properties galactic masses!

' | |
on galactic scales! *See additional slides... 22




Dark Matter properties Dark Matter must be:
' - e Non-baryonic
e Cold (i.e. slow-moving)
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Has wave-like properties galactic masses!
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on galactic scales! *See additional slides... 22



Dark Matter properties Dark Matter must be:
' - e Non-baryonic
e Cold (i.e. slow-moving)
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(— ) —) —>
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: (ALPs) | | (WIMPs) ‘
Too heavy!
Too light! DM mass pomparable to
Has wave-like properties galactic masses.

) , . |
on galactic scales! *See additional slides... 22



I Direct detection of WIMPs on Earth

DM in the Milky Way is moving
slowly: v ~ 107 ¢

For WIMPs with GeV-scale masses,
expect detectable nuclear recoils of
energy O(keV)

Light (scintillation)

Detector

Heat (phonons) Charge (ionisation)

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

Cross Section [¢m?]

No convincing signal yet!

10—32
O,c} LUX (M)
o /, -+ sy CIrEY - W
1034 7) CRESST (Surf)
-36 .
10 4@,\@
Vi EDELWEISS (Surf)
~38 % N\
10
\ NEWS-G
CRESST-1II \ Dégf“\/Na
10 N DAMIC DAMA/I =
CDMSI(E \‘\ 2 SONE-
49 DarkSide-50 (S2)
10 9 SuperCDMS .\(S'\deO
XENONIT (82) EDELWEISS Dark: -
LU
10744 - ¥ -NON\OO _—
- =" - /,
v-tloor “ 4 =)
107 \
\ o -
- \ L
1074 Moroton 'L - --
10—50 lll | | lllllll | | lllllll | | llllllI | | lllllll | | | 1 L1l
0.1 0305 1 3 5 10 30 50 100 300 1000 3000 10

WIMP mass [GeV/c’]

Also possible to look for DM-electron scattering, depending on the model. | 23



http://ddldm.physics.sunysb.edu/ddlDM/

I Indirect detection of Dark Matter

- Look for signals of Dark Matter annihilation in
regions of large DM density!
WIMP annihilation: y) Gamma-rays
/0
£ b
/ vl.l
“‘//v v
/ + nve
\ JU MX“’
X Y et
- Neutrinos
N\ Vu
\
0806.2911 \
uve
o
+ a few p/p, d/d
Anti-matter
Annihilation cross section DM density distribution
(particle physics) (astrophysics)
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dE, 47 2m2 dBE,  Juo /losp (r, &)

Aquarius simulation - 0809.0898

Gamma-ray spectrum
1012 4515 (annihilation channel)
| 24



https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1012.4515

Gamma-ray constraints

Fornax Dwarf Galaxy
(Satellite of the Milky Way)

b o

Credit: ESO/Digitized Sky Survey 2

10721,

Fermi constraints from 15 Dwart Spheroidal Galaxies:

— 4-year Pass 7 Limit

1503.02641

— O-year Pass 8 Limit

-- Median Expected
68% Containment
95% Containment
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Exact constraints depend on annihilation channel (yy — bi?,)()( — WTW™, yy — eTe™, etc.)
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https://arxiv.org/abs/1503.02641

I Galactic Centre Excess

Residuals 1306.5725

Data 1711.04778
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https://arxiv.org/abs/1711.04778
https://arxiv.org/abs/1306.5725
https://arxiv.org/abs/1411.4647
https://arxiv.org/abs/1503.02641

. Point sources in the Galactic Centre

Galactic Centre excess could be due to a population of
unresolved point sources (millisecond pulsars?)

r

| \

» W” : & Credit: Kevin Gill / Flickr

Non-Poissonian noise
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Bartels et al. 2016 Lee et al. 2016

Credit: Christoph Weniger, UVA , © UvA/Princeton

1506.05104, 1711.04778 Square Kilometer Array (SKA)? ]—-
27



https://arxiv.org/abs/1506.05104
https://arxiv.org/abs/1711.04778

“Anti-proton excess

Anti-protons are an excellent probe of New Physics - they're hard to make!
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Several excesses point towards 60 GeV Dark Matter -
But modeling gamma-ray and cosmic-ray backgrounds is hard.

1504.04276, 1610.03071, 1903.014/72 ]—'
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https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1610.03071
https://arxiv.org/abs/1903.01472

“HiIgh energy neutrinos

Decays of super-heavy Dark Matter could m, ~ 220 PeV
contribute to the flux of PeV neutrinos: 70
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https://arxiv.org/abs/1508.02500
https://arxiv.org/abs/1712.07138

Dark Matter properties Dark Matter must be:
' - e Non-baryonic
e Cold (i.e. slow-moving)
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AXiOﬂ SearCheS in the \ab Axions: light pseudoscalar particles, a
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https://github.com/cajohare/AxionLimits

Axion searches and Neutron Stars Axions: light pseudoscalar particles, a

1 =i Frequency [MHZz]
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https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/2202.08274

Dark Matter properties Dark Matter must be:
' - e Non-baryonic
e Cold (i.e. slow-moving)
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Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser
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photon

Timeline o

1912: Hess discovers cosmic rays

1933: Anderson discovers the positron in Cosmic Ray tracks
1939: Auger and collaborators demonstrate the existence of Cosmic Ray air showers

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

1970s: The "Dark Matter” paradigm coalesces

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

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

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

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

2023: Detection of Milky Way in Neutrinos by lceCube (Dm—

o EkseryEd— — T Gan T RN

2023: NANOgrav & IPTA detect nHz Gravitational Waves ..~ ..

Galacuc Coord. ‘\,\
-120° 180"
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I New Views Into the Universe

The Cherenkov Telescope Array (CTA) will observe very high

energy gamma rays with very high energy resolutions
https://www.cta-observatory.org

Credit: Einstein Telescope

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

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

I New Views Into the Universe

The Cherenkov Telescope Array (CTA) will observe very high

energy gamma rays with very high energy resolutions
https://www.cta-observatory.org

Credit: Einstein Telescope

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

https://darwin.physik.uzh.ch/, 2404.19524
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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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...looking forward to many more unexpected discoveries! ]—-
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Additional Slides




. Reading suggestions Slides here: bradkav.net/talks

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

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

Introduction to Cosmic Rays, Peter Biermann & Gunter 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!



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

LISA - GWSs In space!

Characteristic Strain

Laser Interferometer Space Antenna
(Planned for the 2030s)
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https://arxiv.org/abs/1907.06482

. Primordial Black Holes

2007.10722

Bounds online
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http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722

I PBHs and Gravitational Waves
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Gamma-ray transparency and axions
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‘Gravitational Wave probes of DM
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For more information about probing Dark Matter with Gravitational Waves, see 1907.10610
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https://arxiv.org/abs/1907.10610

Dark Matter in Galaxies (2)

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

Aquarius simulation - 0809.0898

Angle from the GC [degrees]
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DM density at Earth:  py ~ 5 x 107°° g/cm’
~ 0.3 GeV/cm”
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https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/1012.4515

“Anti-proton excess (2)
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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

I The Gravitational Wave Future

Planned Earth-based observatories such as Einstein Telescope:
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In addition, space-based detectors such as LISA will probe even lower frequencies (mHz)
and therefore more massive systems (such as supermassive BH inspirals). ]—-
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