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Searching for Ultralight particles

. QCD axion
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® Black Hole Superradiance

® Spinning Black Holes ©

® (Gravitational Wave Signals




Superradiance

Zel'dovich: Starobinskii; Misner

>

A wave scattering off a

rotating object can increase In
amplitude by extracting

angular momentum and A\/\>
energy.

Growth proportional to
probability of absorption when
rotating object is at rest:
dissipation necessary to

change the wave amplitude . o
Superradiance condition:

Angular velocity of wave slower than angular velocity of BH horizon,

(2, < Qppg



Superradiance

Particles/waves trapped in orbit around the BH repeat this process continuously

Press & Teulkosky

“Black hole bomb™
exponential instability when
surround BH by a mirror

Kinematic, not resonant
condition

Superradiance condition:

Angular velocity of wave slower than angular velocity of BH horizon,

(2, < Qppg



Superradiance

Particles/waves trapped in orbit around the BH repeat this process continuously

Press & Teulkosky

“Black hole bomb™
exponential instability when
surround BH by a mirror

Kinematic, not resonant
condition

Superradiance condition:

Angular velocity of wave slower than angular velocity of BH horizon,

(2, < Qppg



Superradiance

For a massive particle,
e.g. axion,
gravitational potential barrier

acts as “mirror’”

For high superradiance rates,

“mirror’ size comparable to
BH size:
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,rg SJ ILLCL N 3km 6x10 eV

a

[ Zouros & Eardley'/9; Damour et al '/6; Detweller'80; Gaina et al /8]

| Arvanrtaki, Dimopoulos, Dubovsky, Kaloper, March-Russell 2009; Arvanrtaki, Dubovsky 20 | (%]



Superradiance:
Gravitational Atoms

V(’I") _—~GNMBHMa

r Hydrogen atoms Gravitational ‘atoms’
"Fine structure constant’ Kem a = GyMgupta = Tglha
2
n
| B = Te ™ ~ 4 —400r,
Radius o T Cfla
70 30
Occupation number N =1 N ~ 10" =10
— classical field
Boundary conditions regular at origin Ingoing at horizon
2 2
Energy levels @ - 2T
> ( 2n2> fha ( oz T e

Superradiance condition:

Wa
o < {pH

(m = magnetic quantum number) 9



Superradiance:
Vector Gravitational Atoms

Hydrogen-like radial profile, vector spherical harmonic angular

10



Analytic superradiance rates
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Superradiance: a stellar black hole history

A black hole is born with spin a* = 0.95,M = 40 Moe.

Black Hole Spin a,

Black Hole Mass (M)



Superradiance: a stellar black hole history

Black Hole Spin a,
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BH spins down and fastest-growing level is formed

~ 10 years
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Superradiance: a stellar black hole history

Once BH angular velocity matches that of the level, growth stops

Black Hole Spin a,

1.0,
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Superradiance: a stellar black hole history

BH spins down and next level formed; VLLK
annihilations to GWs deplete first level

Black Hole Spin a,

1.0},
0.8
06 ~ 10 years
0.4 no longer satisfies I=1 SR condition;

~10° years ,jnihilation signal lasts 3000 years
0.2

U, =6x10"13eV
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Superradiance: a stellar black hole history

The following level has a superradiance rate exceeding age of BH

Black Hole Spin a,
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U, =6x10"13eV
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Superradiance: a stellar black hole history

Spin | particles: faster superradiance rate for the same mass particle
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higher total angular
momentum for a
given orbital angular
momentum



Black Hole Spins

Black hole spin and mass measurements from X-ray binaries:

several black holes disfavor this scalar/vector mass
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Black Hole Spins

Five stellar black holes and four SMBHs combine
to disfavor the range:

scalar

vector
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9-240 BB

Black Hole Spins
at LIGO

s/Gpc3/yr.— 1000s of BHs merging in

low-redshift universe —
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Black Hole Spins
at LIGO

It ight axion exists, many Initial BHs would have low spin due
to superradiance, limrted by age and radius of binary system

1.0

0.8

S
o)

Black Hole Spin a,
>
~

0.2

0 T 0 T 0 60 0 100

Black Hole Mass (M)

21



For light vector, the spindown Is even more dramatic, imrted by age
binary system; first level not affec
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Black Hole Spins

LIGO may measure hundreds of BHs in spin-mass plane
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Gravrtational Wave Signals

® [ransitions between levels )m)'

® Annihilations to gravitons //gw

® Signals coherent, monochromatic, last hours
to millions of years



Detectable Sources

Annihilations ;:W

* Event rates up to 10,000 — can be observed and studied in detall

* Uncertainty dominated by BH mass distribution at higher masses
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Annihilations \::?WM
e Mergers at LIGO: a black hole is born! /

e Follow up with continuous wave search to see If superradiance
creates a cloud of axions around the new BH

e Targeted searches especially promising at future GVV observatories
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Conclusions

Ultra light axions, scalars, vectors, ..., can be
constrained or discovered by measurements of
astrophysical black holes

Independent of background density and coupling

BH spin measurements exclude previously open
parameter space

Advanced LIGO may measure thousands of BH
spins and provide evidence of a new light particle

Continuous GWV signals may be observable from
annihilations of scalars or vectors

May observe growth of gravitational atom after a
merger In real time

Thank you
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Analytic superradiance rates

Mgn/M_
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For massless boson, scattering probability depends on j, wavefunction value
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Superradiance

SR boundary function of & and spin a+: «/¢ < 1/2

Strong dependence = , SEACE = A
on ¢ a = GyMgup,
0.5 1. 1.5 2.
Steep function of : - 10
coupling & Y
I : X | as 0.99 .107°
Depends on BH S| a=a,=09 )
spin ax i : 110710 ;
P : ? -
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time lasts between : |
|
100 s and 100 years p -y
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Vector superradiance rates
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Analytic superradiance rates

*  For massless boson, absorption probability Is

= (i) T () [ (509 ()

» Split light vector into transverse (“‘massless vector”) and
longitudinal (“massless scalar’) modes. Massless scalar 17—
component corresponds to Ag part of vector field,
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D L AM — O — a@ Az ~ a() AO *ﬁr -_-n%‘_x"“i"-:;-ii‘j. } E\ S8 e

1
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Decay “through scalar mode” with I' >~ S H




Analytic superradiance rates

vecto scala

'
.......................................................................................................................................................................................................................

Leading growth via: vector ~ vector  scalar (+vector) gcalar

j=0 | _~— _~— _20‘7‘”'“ —8a’u

Vector rates are faster for the same total angular momentum,

and more robust to perturbations N



Black Hole Spins

-ive stellar black holes and four SMBHs combine
to disfavor the range:
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Black Hole Spins

Can find statistical evidence for deficit of high spins In
a range of BH masses with 50-200 measurements:
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Black Hole Spins

Can find statistical evidence for deficit of high spins In
a range of BH masses with 50-200 measurements:
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Black Hole Spins

May see spin-down of black holes at LIGO outside
of excluded region
1.0+ S
i Ua=3x10""eV -
&1 1110 million years (measured) |
0.8 %
S
=
& 0.6 l
A
E : o 'Y
- 0.4 | ¢ 7
as : ’l ) s
0.2 4 . ' =
0.0 A LT 1T e o
0 100 150 200

Black Hole Mass (M)



Black Hole Spins, coupling

Five currently measured black holes combine to

set [Imit:
2x 107 >y > 6x1071 eV

3x 10" < £, < 1x 10" GeV

s —60
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Transitions )W

Optimal reach of advanced LIGO

Using
monochromatic
search for rotating
neutron stars
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Gravitational VWave Signals
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Gravitational Wave Signals
Advanced LIGO sensitivity

Advanced LIGO
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Annihilations \:::W
e Mergers at LIGO: a black hole is born! /

e Follow up with continuous wave search to see If superradiance
creates a cloud of axions around the new BH

e Targeted searches especially promising at future GVV observatories
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Black Hole Spins

Black hole spin and mass measurements from X-ray binaries:

several black holes disfavor this scalar/vector mass
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Black Hole Spin a,

Black Hole Spins

More constrained at lighter masses
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Black Hole Spins

At even lighter masses, constraint Is relaxed; SR time is too long
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Expected Events

Gravrtational Wave Signals
stochastic bkgd
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Black Hole Environment

_ If present, companion star/accretion disk can
Perturbations from slightly constrain small coupling parameter space

non-axisymmetric

Companion star
matter can lead to P

o M, 1/8 M 1/6 day 1/6
level mixing, (5)>00 (%) (oz) (7)
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< D Black Hole Spins

® [wo leading methods: continuum fitting and X-ray
reflection

® Based on finding the innermost stable orbit of the
accretion disk

® Uncertainty dominated by observational errors; smaller at
extremal spins

NON-SPRPINNING BLARCIK HOLE




Xray line BH spin measurement
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Continuum measurement
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Fig. 3 (a) Radius of the ISCO Risco and of the horizon Ry in units of GM/c? plotted as a
function of the black hole spin parameter a«. Negative values of ax correspond to retrograde
orbits. Note that Risco decreases monotonically from 9GM/ c? for a retrograde orbit around
a maximally spinning black hole, to 6GM/c? for a non-spinning black hole, to GM/c? for a

prograde orbit around a maximally spinning black hole. (b) Profiles of d(L/M)/dIn R, the
differential disk luminosity per logarithmic radius interval normalized by the mass accretion
rate, versus radius R/(GM/c?) for three values of ax. Solid lines are the predictions of the NT
model. The dashed curves from Zhu et al. (2012), which show minor departures from the NT
model, are discussed in Section 5.2.



