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motivation

gravitational waves can teach us about

astrophysics
cosmology
nuclear matter
gravity

how about particle physics?
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main message

If anultralight boson existd,
It will spontaneously form clouds
aroundspinning black holes

these clouds will emit potentially
detectablesravitational waves,
evidence for a new particle
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ultralight bosons

simplewell-motivated extension of the standard model

anewinteger-spin particle with vergmall mass
10 ©° < p/ev <10 °

shouldinteract very weakly If at all,
other than gravitationally, heraed to detect

depending on specibc mass and other couplings,
could be a viabldark matter candidate
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the QCD axion

scalar postulated to solve 8teong-CP problem!!
why doesnOt the strong force break CP symmetry

10 GeV
fa 3

wherefa Is the Peccel-Quinn symmetry breaking sca_

g ~ 6 x 107 ¥ eV

other model-dependent couplings, 2=
e.g. to electromagnetism

L, | ?—'aE éB
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string theory predicts many

ultralight bosons

existence omyriadaxion-like particles is a natural
consequence of extra dimensionstting theory

QCD axion would beonecomponent of thiaxiverse
should expect many of them to be much lighter

10' 3 < y/eV < 10 10

Max Isi (LIGO caltech) Mass could populate every decade in this range



how to look for ultralight,
weakly-interacting bosons?

(without assuming much about speciPc properties)
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superradiance

waves may be scattered
from a black-hole with an

Increasecamplitude

more generally, any wasehancemeiht
due to adissipativprocess

Max Isi (LIGO Caltech) see review by Brito et al. [arXiv:1501.06570]
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superradiance

IS a purely kinematic effect
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superradiance

IS a purely kinematic effect

wo/m<ﬂ —> A()<Af

wave frequency, ; azimuthal quantum numbmar,
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superradiance condition

wave Is ampliped If

L /m <

wave frequency, ; azimuthal qguantum numbsar,

generic kinematic effect, ihard to observé
need highly spinning central object, with lots of symmetry
and size comparable to iIncoming wavelength
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rotating black-hole

superradiance

wave extracts energy from the ergoregion
(like Penrose process)

direct consequence bf
2nd law of!

/ BH thermodynamics
wo/m < QH:> Ag < Af

wave frequency, ; azimuthal quantum numbmar,
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black-hole bomb

(Teukolsky & Press 1972)

.
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Max Isi (LIGO Caltech) mirror



Max Isi (LIGO Caltech)

black-hole bomb

(Teukolsky & Press 1972)

mirror

14



black-hole bomb

(Teukolsky & Press 1972)

Max Isi (LIGO Caltech)



black-hole bomb

(Teukolsky & Press 1972)

Max Isi (LIGO Caltech)



black-hole bomb

(Teukolsky & Press 1972)




black-hole bomb

(Teukolsky & Press 1972)




black-hole bomb

(Teukolsky & Press 1972)




black-hole bomb

(Teukolsky & Press 1972)




boson superradiance

|
' H
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boson superradiance

I
" H

boson field
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boson superradiance

boson field
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boson superradiance
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boson field
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boson superradiance

boson field
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boson superradiance

mass acts as a ‘“mirror’’!

boson field
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conPnement condition

maximum amplibPcation for

lc! 2'R

boson Compton waveleng=h/ #c; black-hole radiug,

for astrophysical black holghis gives
U~ 10" ° =10 “° eV
for the QCD axion, this also meagsGUT scale

Max Isi (LIGO Caltech)
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conPnement condition

maximum amplibPcation for

lc! 2'R

boson Compton waveleng=h/ #c; black-hole radiug,

for astrophysical black holghis gives

1 9 1 20 theoretically
i~ 107 =10 eV interesting!

for the QCD axion, this also meagsGUT scale\_/
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an atom In the sky

solve Schrsdinger equation on Kerr background:

hydrogenic energy levels!

.33*

level energy cloud radius
2 2
o n° GM
A ~ uc? (1 re ~
H ( 2n2> a2 2

with aFine-structure consiginen by

GMu 1 R, " schwarzshi
— - - — radius
hC Ve,

8%

Max Isi (LIGO Caltech) principal quantum numbee&n ;+l+m

19



an atom In the sky

solve Schrsdinger equation on Kerr background:
hydrogenic energy levels!

but not quite...

bosongnstead of fermions

system iron-Hermitian!
with ingoing boundary condition at horizon

for scalar, rate dével growth IS
b T ! o I+ (m" H “)

single level dominates at any given time
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|l =m=1

axion cloud

prst dominant mode for scalars

A

I
* H

for bducial values

a ~ 0.5
e~ 10" He

k\ Schwarzshild radius
v

110! O(hours) rc! 10Rs

Max Isi (LIGO Caltech) boson field
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l/m< |

cloud spontaneously forms
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od
<1

cloud and BH effectively decouple
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BH has spun down
(and lost some mass)

beod

cloud and BH effectively decouple
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limits from X-ray binaries

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.0840%I(])
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e

N

cloud emits GWs!
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cloud dissipates
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main message

If anultralight boson existd,
It will spontaneously form clouds
aroundspinning black holes
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detectablesravitational waves,
evidence for a new particle
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GW emission mechanisms

boson annihilation
two axions annihilate into a graviton

level transitions
axions switch energy levels like in hydrogen atom

bosenova
axion nonlinearities lead to sudden cloud collapse

Max Isi (LIGO Caltech) 30
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9
.~~~ boson annihilation

9

1@

axions annihilate into gravitdns,
producingcoherent GWs

macroscopically, this Is just dué to
the stress-energy of the cloud

L
6# 10 13
6 kpeT Mz

| " '22:_
hg! 4" 10 01 ] f

fow ! 20! " 290 Hz

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]

. Brito et al. (2017) [10.1103/PhysRevD.96.064050]
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,,,,,, efd boson annihilation

the signal calast very long

14
TGW ~ 2 X 107yl’ Hz E
f o)

(muchlonger than superradiance timescale)

and Is expected to have a sligpih-up

. eHz f 7 Mp 7 1Cyr
f | 10 °P—=
cw ! 10 s  Hz f Tew

(due to self interactions)

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]

. Brito et al. (2017) [10.1103/PhysRevD.96.064050]
Max Isi (LIGO Caltech)
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axion search space

LIGO
10 **1 wev! 10 H

LISA
10 71 p/ev! 10 1
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/—ﬂ Ocontinuous (gravitational) wavesO
directed CW searches

look for signals from a particular BH

1000 | | ul 10 Fev
f 1 A
500 L,
* c
4+
0
- 0
. 100 O
50| O
| )
Cfow ! 2u/! v !
10 \ ‘ ‘ ‘ \ o ‘ ‘ ‘ \ o MN10_146V
10 50 100 500 1000
MI!
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directed CW searches

look for signals from a particular BH

| =0.2
1.x10~%° - 5MpC
' .= 0.7
5.x 10726
<
1.x10~2°
5.x 1027
10 ‘ 50 100 500 1000

M/M,
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all-sky CW searches

look for signals from anywhere in the sky

[— mg = 10°""%eV -2 m,=10""eV ... m,=10" ""SCV]

104t AdLIGO T ———— -
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D(Hz™'7?) D(Hz™'"?)

D(f) = \/Sn(f)/hthr strain needed for detection
~—

(band-width corresponds to different BH population models)
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stochastic background

look forunresolvabsegnals from anywhere in the sky

1018} \ /7= 1077 4yr-long observatidn
m.= 10 Y BH |n|t|al Sp|n 09
1 0—20 m, = 10""eV (for vertical lines only)
10-22 ‘. m, = 10 eV
\
A P
= 10—24 | I / m, = 107" eV
m, = 107"%eV
10_26 \\\\\ |
10728 | S /lm LIGO
10—30 vt B SR ™ N MG gl

0510410510410 10° 101 107 1 (0
f(HZ) =3 z=0.001
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main message

If anultralight boson existd,
It will spontaneously form clouds
aroundspinning black holes

these clouds will emit potentially
detectablesravitational waves,
evidence for a new particle

Max Isi (LIGO Caltech)
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thank you!

el

learn more

Arvanitaki & Dubovsky (2011) [arXiv:1004.3558]
Arvanitaki et al. (2015) [arXiv:1411.2263]}
Brito et al. (2017) [arXiv:1706.05097]

Max Isi (LIGO Caltech)
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model-dependent

constraints

LB | T ITI""' llnvm‘l T
Laser experiments /
r J

10

adodsa)9)

105

= Solar magnetic

Solar-Germanium

106 105 104 103 102 10! 10° 10° 104
ma(e\l)

Feng (2010) [doi: 10.1146/annurev-astro-082708-101659]
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model-dependent

constraints

10-¢ .
T TE

7 8
Axion Mass (ueV)

.(2018) [10.1103/PhysRevLett.120.151301]
4 L; g
10 ~ /// * Allowed mass
10-15 %//// .
106 105 104 103 102 10 10° 10° 10«

m, (eV)
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a dark matter candidate:

the QCD axion

for the QCD axion to be a viabtld dark matter candidate

It must satisfghore constraints than needed to solve the
strong-CP problem

for Instance; or would have been
produced in too much abundancannot be too heavy or
It would affect evolution of heavy stars

these constraints imply
10" GeV 0, ° > f, > 10° GeV

Y

6 eV o: < mg < 6meV

Y

with®some constant less than one
Max Isi (LIGO Caltech) 44
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Figure 1| Wave characteristics of the surface perturbation ¢, filtered at a single frequency, for six different frequencies. a-f, The frequencies are 287 Hz
(@), 2.04Hz (b), 3.27 Hz (¢), 3.45 Hz (d), 3.70Hz (e), and 411 Hz (f). The horizontal and vertical axis are in metres (m) while the colcur scale s in

millimetres (mm). The patterns show the interfering sum of the incident wave wizh the scattered wave. The waves are generated on the l2ft and propagate
to the right across the vortex centred at the origin,

Max Isi (LIGL Caitecn) Torres et al. (2018) [10.1038/nphys4151]
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level growth

0.5 1. 1.5 2.
L ' ' ' 10—6

time in yrs for 10 solar mass BH

Max Isi (LIGO Caltech) Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]
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limits from X-ray binaries

Arvanitaki et al. (2015) [10 1103/PhysRevD.91.084011]
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limits from X-ray binaries

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]
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