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215t century particle physics owes a lot to astronomy & compact objects

The Standard Model of particle physics

Years from concept to discovery
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Particle physics owes a lot to astronomy & compact obj
Dark Matter

| Ford, Rubin
| Astrophys.J159(1970)379-403

OB Stars in Andromeda




Particle physics owes a lot to astronomy & compact obj
Dark Energy

Supernova Search Team, Riess et al Typela Supernovae
Astron.J 116(1998)10091038




Particle physics owes a lot to astronomy & compact obj
Cosmic Microwave Background

Penzias & Wilson, Astrophysical Journal, vol. 142, p.419  -421 1965



Particle physics owes a lot to astronomy & compact obj
Indirect Detection of Gravitational Waves
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J.H. Taylor and J.M. Weisberg
Astrophys.J 253 (1982) 908.




Particle physics owes a lot to astronomy & compact obj
Indirect Detection of Gravitational Waves

NEWS

me | InDepth | Israel-Gaza war | Cost of Living | War in Ukraine | Climate | UK | World | Business | Politics

Scientists pick up shock waves from
colliding galaxies

Arzoumanian et al. (NANOGrav), Astrophys. J. Lett. 905, L34 (2020)
Goncharov et al., Astrophys. J. Lett. 917, L19 (2021)

Chen et al. (EPTA), Mon. Not. Roy. Astron. Soc. 508,4970 (2021)
Tarafdar et al., Publ. Astron. Soc. Austral. 39, e053 (2022)



Particle physics owes a lot to astronomy & compact obj

Detection of Gravitational Waves
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Phys. Rev. Lett16(2016)6,061102

LIGO Hanford

|

LIGO Livingston

0.5

0.6

LIGO Scientific Collaboration and Virgo Collaboration

0.7 0.8
Time (sec)



Superradiance

Useful Reading: https:/arxiv.org/pdf/1501.06570






Superradiance Toy Systems

Metal
EM Waves
Resistive Cylinder
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EM fields a bit complicated
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Inspired by
Y. B.i U0 k | ARIREKGEksp. Teor Fiz. 14 (1971) 270 [JETP Lett. 14, 180 (1971)].
Y.B.U 0 k | ZhERETROL Fiz 62 (1972) 2076&ov.Phys JETP 35, 1085 (1972)].



Superradiance Toy Systems

Metal

Resistive Cylinder
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Inspired by
Y. B.i U0 k | ARIREKGEksp. Teor Fiz. 14 (1971) 270 [JETP Lett. 14, 180 (1971)].
Y.B.U 0 k | ZhERETROL Fiz 62 (1972) 2076&ov.Phys JETP 35, 1085 (1972)].



Superradiance Toy Systems
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Inspired by
Y. B.i U0 k | ARIREKGEksp. Teor Fiz. 14 (1971) 270 [JETP Lett. 14, 180 (1971)].
Y.B.U 0 k | ZhERETROL Fiz 62 (1972) 2076&ov.Phys JETP 35, 1085 (1972)].



Superradiance Toy Systems

T %0 1 %o , |

Inspired by
Y. B.i U0 k | ARIREKGEksp. Teor Fiz. 14 (1971) 270 [JETP Lett. 14, 180 (1971)].
Y.B.U 0 k | ZhERETROL Fiz 62 (1972) 2076&ov.Phys JETP 35, 1085 (1972)].
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Superradiance Toy Systems
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o , — Z >0 energy extraction
W p 06_‘ a ? 1 )‘Y LYT) I (Z[q - )é(] Z< 0 energy absorption
Exercise.

Inspired by
Y. B.i U0 k | ARIREKGEksp. Teor Fiz. 14 (1971) 270 [JETP Lett. 14, 180 (1971)].
Y.B.U 0 k | ZhERETROL Fiz 62 (1972) 2076&ov.Phys JETP 35, 1085 (1972)].



Eureka! Scientists explore mysteries of
black holes with hi-tech bathtub

. o . . Rotating cylinder amplifies electromagnetic fields
Nottingham University researchers are simulating black 01 Oct 2024 Isabelle Dumé
holes with a tiny vortex inside a bell jar of superfluid helium

gapped
ferrite core

Seen for the first time The equipment used to perform the Zel'dovich experiment. (Courtesy: University of
Southampton)

https:// physicsworld.com/a/rotating -cylinder-amplifies-electromagnetic-fields/



Superradiance Toy Systems
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Inspired by
Y. B.i U0 k | ARIREKGEksp. Teor Fiz. 14 (1971) 270 [JETP Lett. 14, 180 (1971)].
Y.B.U 0 k | ZhERETROL Fiz 62 (1972) 2076&ov.Phys JETP 35, 1085 (1972)].



Superradiance Kerr Black Holes
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Superradiance Kerr Black Holes
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Effective Potential For Fields
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Superradiance Kerr Black Holes
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Superradiance Kerr Black Holes

Instabilities
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Superradiance Kerr Black Holes

Instabilities
I Q I (‘l )3]1:) a
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Arvanitaki,Baryakhtar, HuangPRD 912015)8, 084011



Superradiance Kerr Black Holes

Self InteractionsQ QCD axion
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Constraining Axions with BEldiperradiance

Exploring the String  Axiverse with Precision Black Hole Physics
Arvanitaki, Dubovsky
https://arxiv.org/abs/1004.3558

mHz Hz kHz MHz GHz THz PHz

Bosenova collapse of axion cloud around a rotating black hole
Yoshino, Kodama SN1987A
https://arxiv.org/pdf/1203.5070

Discovering the QCD Axion with Black Holes and Gravitational Waves
Arvanitaki, Baryakhtar, Huang
https://arxiv.org/pdf/1411.2263

Superradiance
Brito, Cardoso, Pani

https://arxiv.org/pdf/1501.06570

Black hole superradiance of self-interacting scalar fields GW170817
Baryakhtar, Galanis, Lasenby, Simon N
https://arxiv.org/pdf/2011.11646

Superradiance Exclusions in the Landscape of Type IIB String Theory T Ty T PP PR DU BB L B :
Mehtaa, Demirtasb, Longb,Marsh McAllister, Stott 107107107107 10750 307107 10 10 0 A0 A0 A0 4070 407 A0 0 40 A0 40
https://arxiv.org/pdf/2011.08693

my [eV]

Properties of Ultralight Bosons from Heavy Quasar Spins via Superradiance
Unal, Pacucci, Loeb
https://arxiv.or f/2012.127

Getting More Out of Black Hole Superradiance : a Statistically Rigorous Approach to Ultralight Boson Constraints
Hoof, Marsh, SiskReynés Matthews, Reynolds

https://arxiv.org/pdf/2406.10337

Stepping Up Superradiance Constraints on Axions
Witte, Mummery
https://arxiv.org/pdf/2412.03655
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https://arxiv.org/abs/1004.3558
https://arxiv.org/pdf/1203.5070
https://arxiv.org/pdf/1411.2263
https://arxiv.org/pdf/1501.06570
https://arxiv.org/pdf/2011.11646
https://arxiv.org/pdf/2011.08693
https://arxiv.org/pdf/2012.12790
https://arxiv.org/pdf/2406.10337
https://arxiv.org/pdf/2412.03655

Superradiance Kerr Black Holes

Constraints on Light Fields
- State of the art
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https://arxiv.org/pdf/2412.03655

Superradiance in Stars




Superradiance stars
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Superradiance

Neutron Star Black Hole

? GR

stellar matter Horizon



Superradiance in Stars

Superradiance in Stars: Non -equilibrium approach to damping of fields in stellar media
Chadha-Day, Garbrecht,JM
JCAP12(2022)008

Superradiance in Stars
Cardoso, Brito, Rosa
Phys. Rev. 31 (2015)12,124026

Superradiance in rotating stars and pulsar -timing constraints on dark photons
Cardoso, Pani, Yu
Phys. Rev. D 95, 124056 (2017)

Axion Superradiance in Rotating Neutron Stars
Day, JM
JCAP 10 (2019) 051

Particle Probes with Superradiance Pulsars
Kaplan, Rajendran, Riggins
[hep-ph1908.1044(Q



Superradiance

guvvu,vyd) _I_ méqﬁ — 0 rg — GM

m) > w

ZBH _ |¢out|2 .

BH _ )2I+1 ) i
i |§bin|2

_ 2
1 =rg(mQy — w)(wrg .

suppose for stars: 8%¢+yd =0

r |¢0Ut|2 /
lent;a = W —1= Rz(mQ—w)(wR)2+1 c 7y

BH is damping membrane with effective d&g\r E)n hér} e osa Phys. Re91[2015)12, 124026



Low Mass Fields are Bound —> Unstable
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Path Integral
Q% Qrg Q f

l Non-Eq QFT

Po(x) + mip(x) + / dyMR(x,y)d(y) = 0

Dynamical Equation for%o

Superradiance in Stars: Non -equilibrium approach to damping of fields in stellar media
Chadha-Day, Garbrecht, JM, (2022)


https://arxiv.org/search/hep-ph?searchtype=author&query=Chadha-Day,+F
https://arxiv.org/search/hep-ph?searchtype=author&query=Chadha-Day,+F
https://arxiv.org/search/hep-ph?searchtype=author&query=Chadha-Day,+F
https://arxiv.org/search/hep-ph?searchtype=author&query=Garbrecht,+B

82 §(x1) + mg(x1) + f dxoMr(x1, %) b(x2) = 0

Upon performing a Wigner transformation, defined by
® 0

N(q, x) = / dyN(x +y/2,x — y/2)e?d @ —

we can express this equation in Wigner space as
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— V2¢p(w, x) + (mé — w?)p(w, x) + ilm[Mz(w, x)]d(w, x) ~ 0




Flat Space + Static Star
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Add GR +Rotating Star

“A Modern approach to superradiance” Endlich, Penco JHEP 05 (2017) 052
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We now understand superradiance in stars!

And we know how to calculate it:

—V2¢(w, x) + (mg, — w?)p(w, x) + iim[Mg(w,x)]d(w, x) >~ 0

3w



- [superradiance time years]

Instability Rate (PSR J17482446ad)
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Axions

Axion nucleon interactions:

Lann = Ganau¢N7M75Na Lann = i(2mn/m7r)f7r0N'75N

—~V2¢(w,x) + (m?b — w?)p(w, x) + ilm[Mz(w, x)]p(w,x) ~ 0

Optical Theorem

N(p1) ; N(ps)
ImII(q) : 7ri

N(p2) 1 N(pa)




Axions

Superradiance rate for mode (I,m,n) :

a G2 PFT2 (m R)(2/+3) (m r )(2/+3) (w mQ)

nlm = 4 W

N(p1) : N(p3)

ImTII(q) : ™ .

N(ps) 1 N (pa)

Imﬂ—H/ p, f-H/ 4°p; (1££)|M :
— i (27T)32EII : (27T)32EJ J aNN—NN

(calculate integral from axion mean free path: Harris (2020), Brinkmann + Turner (1988) )
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Other Interactions with Bosons

Bai, Cardoso , Chen, LiJM, Seong (to appear soon)
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Axion DM Detection with
Neutron Stars



z’i on Fundamental Physics:
pdevices to large scale detectors

19-23 Jan 2026 h -//indico.ql llevent/15247

Invited Speakers

Giovanni Bartoni Birmingham
Clare Burrage Nottingham
Aaron Chou Chicago

Ed Daw Sheffield

Joe Formaggio MIT

Andrew Geraci Northwestern
Hartmut Grote Cardiff

Takis Kontos ENS Paris

Tim Langen TU Wien

Sofia Qvarfort Stockholm

Kristof Schmieden Mainz

Wouter Van De Pontseele Colorado School of Mines
Silke Weinfurtner Nottingham

Stafford Withinton Oxford

DRDS5 Representative

More TBD

Topics

Precision metrology & quantum sensing
Cold atoms and molecules

Quantum analogues

Atom interferometry

5th force tests

Axion/WIMP dark matter & dark energy
Neutrinos

Gravitational waves

Tabletop detectors


https://indico.global/event/15247/
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axion dark matter
ALP detection
X-ray detection

Part Il

High-Frequency Gravitational Waves




Motivating Axions/ALPs

: Frequency [MHz
- Axions can be dark matter 10° 1 vl 104]
1077
- Could provide a solution to strong CP problem*
10*10 Neutron Stars
- Huge network of experiments —
\—li 10 11 5
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QW8Kccl Ik
’A *there may be no strongCP problem
Ai, Cruz, Garbrecht, Tamafihys. Lett. B22(2021)136616

[ Consistent with experiment, predicts zero nEDM—term physically redundant)
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Neutron Stars are
Incredible Objects!

Extremely Compact
0 ébg,YéepmnQa

Spin 100s of times a second | Magnetic
Superradiance in stars:

JCAP12 (2022)008 ChadhaDay, Garbrecht,JM
Cardoso, Brito, Rosa Phys. Re¥1[2015)12,124026

field lines

Strongest magnetic fields in Universe | é T
Great axion labs
In radio and Xray

Neutron stal

Accurate clocks '
Ultra-light dark matter tests ol Beam rotates
Khmelnitskya, Rubakovb JQ#g¥2014)019 Y around spin axis.

Ul W6 WU W63l Dkt Waé6 1JLW

e.g. stellar cooling, DM capture, etc etc
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Early Proposals:



