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3 shades of darkness

 Black-hole (BH) superradiance: a primer

 BH superradiant instability triggered by ultralight bosons & GW signatures

 Superradiance in stars and pulsar-timing constraints on dark photons

 Superradiance triggered by plasma: constraints on spinning primordial BHs 

Black holes
Ultralight 

bosons

Primordial 

black holes
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BH superradiance

 Superradiant scattering off a Kerr BH when

 Requires dissipation → event horizon

 Amplification depends on the nature of the bosonic field

Thorne, Price, Macdonald's “Membrane Paradigm” (1986)

Richartz+, Phys.Rev. D80 (2009) 124016 

Brito, Cardoso, PP, “Superradiance” Springer (2015)

Zeldovich, Press, Teukolsky (1970s)
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Superradiant scattering off a BH

 Larger amplification for GWs (S=2) and at high spin

 Nonlinear effects (slightly) decrease efficiency [East, Ramazanoğlu, Pretorius PRD 89 061503 (2014)]

 Small effect, e.g. luminosity modulation in binary pulsars [Rosa, PLB 2015 & PRD (2017)] 

scattering amplification factors
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Ultralight fields in the dark universe?

 Compelling dark-matter candidates alternative to WIMPs

 Fuzzy DM: mass ~ 10-22 eV → no problems at sub-kpc scale

 Plethora of sub-eV DM particles: 

 QCD axion, stringy axion-like particles (ALPs), axiverse 

 Dark photons & hidden sectors, massive gravitons …

 Common properties:

 Bosonic fields

 Small mass (from sub-eV down to 10-33 eV)

 Weakly coupled to SM (or not coupled at all!)

Hui, Ostriker, Tremaine, Witten, PRD95 043541 (2017) 

Arvanitaki+, PRD81 123530 (2010)
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Brito, Cardoso, PP, 2015 Class. Quantum Grav. 32 134001

 Backreaction is negligible → Kerr metric

 For real fields → quasi-stationary BHs 

 Note: for complex field → Kerr BHs with scalar hair 

Evolution of the instability

Herdeiro & Radu 2014-2018

Energy density of the cloud
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Impact of multiple modes

 Evolution depends on energy of initial seed:

 Quantum fluctuation → multiple modes negligible

 Large seed → impact of initial amplitude

 Might be relevant for BHs formed from mergers

 Quasi-adiabatic evolution agrees well with numerical simulations [Okawa+ 2018]

Small seed Large seed

1 mode

2 modes

Ficarra, Pani, Witek, 1812.02758 (2018)
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GW direct detection

LISA   

(mass-spin)

Arvanitaki+ 2014-2016

Baryakhtar+ 2017

Brito+ 2017

 Pipeline in LIGO/Virgo [D’Antonio 2018, Isi+ 2018]
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BH mass-spin distribution

 LISA will fill the mass gap by detecting intermediate-mass BHs

 Stronger constraints for dark photons and massive spin-2 fields 

Arvanitaki+ 2014-2016, Baryakhtar+ 2017, Brito+ 2017, Cardoso+ 2018
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Follow-up searches

 “Axion” counterpart for LIGO/Virgo

Arvanitaki+ 2014-2016, Baryakhtar+ 2017, Ghosh+ 2018
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Stochastic background from axions
Brito+ PRL, PRD 2017

 Can affect direct detection

 Direct bounds from LIGO O1

 Actual searches [Tsukada +, 1812.09622]

Energy spectrum
Formation rate density 

per comoving volume
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Probing superradiance in binaries
Baumann+ PRD 2019, Hannuksela+ Nature Astron. 2019

 Resonant excitation of levels, depletion of the cloud

 EMRIs can probe the cloud mass function          
[Macedo+ ApJ 2013, Hannuksela+ Nat. Astron. 2019]
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Pulsar-timing measurements of spin and spin-down rates put 

direct constraint on dark-photon models

Measured for several pulsarsSuperradiant-instability time scale

Cardoso, Pani, Yu, PRD 2017

Superradiant instabilities in stars
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Primordial BH bombs

Plasma frequency

Superradiant instability 

at different redshift

PP & Loeb, Phys.Rev. D88 (2013) 041301 

 Also investigated in the context of Fast Radio Bursts Conlon & Herdeiro, PLB (2018)
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Conclusion & Open Issues

Open problems:

 Massive spin-2, plasma, nonlinear coupling, effects in binaries, … 

Smoking guns from BH superradiant instabilities

 Gaps in the BH Regge plane → highly-spinning BHs disfavored 

 Periodic GW sources → detecting ultralight bosonic DM with LIGO/Virgo?

 Pulsar-timing constraints on superradiant instabilities in neutron stars 

 Bounds on spinning PBHs

Cardoso-Pani, CERN Courier 2017


