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The Dawn of the Gravitational Wave Astronomy

® ['he Violent Universe: Mergers, phase transitions, inflation

® New precision science: many mergers per day, lots of data per

merger

® How about ]}wl\nm[ the Standard Model ])h"\-'hi(‘.\?
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Black Holes as Nature's Detectors

Event horizon

o
[
=
Q
w0
o
(@)
et
L

L
]

]
1

(I5km) x (M/ 10 M@)

Range of astrophysical Black Holes:
few M® to 10! M®

Sensitive to boson masses 10-20-10-10 ¢V

Focus on hlt‘”éll' l)|.‘u‘1\ IM)'(‘,\‘
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Outline

® Theoretical Motivation for Light Bosons

® Black Hole Superradiance
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion
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Neutron

EDM Experimental bound: 05 < 10-10
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion
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Neutron
EDM Experimental bound: 0, < 10-10

E;()Illlitllll

0 ~a(x,t) 15 a (l.\.-'muni{‘al field, an axion
Axion mass from QCD:

101 GeV 101 GeV
% ~ (300 km) ™! }‘—(

I;. raxion (lt‘t‘il\-’ constant

o ~ 6 x 107 HeV

i\"‘ll,‘(]iilll,‘tﬁ new l‘l)I‘(‘(‘{’-} lel(l can l)L‘ 1|1L‘ (Iill‘li maftter
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The Many Universes of String Theory
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The Many Universes of String Theory
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The Many Universes of String Theory
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The Many Universes of String Theory

Extra dimensions of String Theory imp]l_\_f a Plenitude of Universes

[Laws of Nature depend on the shape of the extra dimensions
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Non-trivial gauge configurations

The Aharonov-Bohm Effect

1

Ta]\'ing an C]CCt[’Oﬂ around t]'lC SOlCHOi(l

e / A, dx” = e x Magnetic Flux
while

B =0

l‘:ncrgy stored onl\f inside the solenoid
Non-trivial gauge configuration far away carries no energy

Solenoid
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Non-trivial gauge conﬁgurations

The Aharonov-Bohm Effect

Taking an C]C‘Ctl"Oﬂ around t]'lC SOlCl10id

, \ e / A, dz" = e x Magnetic Flux

-

1 .
: while
|

Y ; B=0

:ncrcr\: Storcd only il15i( ¢ tne so Cll()i(
Energy stored only inside the solenoid

Non-trivial gauge configuration far away carries no energy
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Non-trivial gauge conﬁgurations

The Aharonov-Bohm Effect

e Taking an electron around the solenoid
,"’l' K‘\\
\\\l e | A,dx" = e x Magnetic Flux
while
B=0

Non-trivial topology:
“Blocking out” the core still leaves a non-trivial gauge, but no mass
g gaug
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A Plenitude of (Nearly) Massless Particles

Spin-0 non-trivial gauge hield configurations: String Axiverse
Spin-1 non-trivial gauge field configurations: String Photiverse

Fields that determine the shape and size of extra dimensions as
well as values of fundamental constants: Dilatons, Moduli,
!{.](Eil‘l‘

I Iit'ihvu' dimensiona gras iton or modifications of gl‘il\-’it._v at short

dlslances

Mass ;u‘quin-(l l)‘\‘ non —pvl'lln'l}.‘lli\'v eftects
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A Plenitude of (Nearly) Massless Particles

® Spin-0 non-trivial gauge field configurations: String Axiverse
® Spin-1 non-trivial gauge field configurations: String Photiverse

® [ields that determine the shape and size of extra dimensions as
well as values of fundamental constants: [Dilatons, Moduly,

5{{““()!%

o | li\:’_:[u‘s' dimensiona gra iton or modifications of gravily at short

distances

2h

® Particle Mass ~ M€ <2
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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion
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Neutron
EDM Experimental bound: 0, < 10-10

Sululi(m:

0 ~a(x,t) 15 a (l.\.-'n;uni{‘al field, an axion
Axion mass from QCD:

10" GeV 1012 GeV
% ~ (300 km) ™! }‘—(

I;. raxion (1(‘(‘;[\-’ constant

o ~ 6 x 107 HeV

i\"‘ll,‘(]iilll,‘tﬁ new l‘l)I‘(‘(‘{’-} lel(l can l)L‘ 1|1L‘ (Iill‘li matter
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Super-Radiance Cartoon

Super-radiant scattering of a massive object
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Super-Radiance Cartoon

~ . . .
buper-reldlalnl scattering ol a wave
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Black Hole Bomb

Press & Teukolsky 1972

Photons reflected back and forth from the black hole
and through the ergoregion
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Superradiance for a massive boson

Damour et al; Zouros & Eardley;

Detweiler; Gaina {_l‘:;n'l‘\- 70s)

Particle Compton \*’Va\-’clc‘.ngm Con‘lp;u‘al)h‘, to the size of the Black Hole
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Gravitational Atom 1n the Sky

The gl';l\-’il;llinmll I l_\'drogcn Atom

Fine-structure constant: a = GyMpypty = Rypiq

Principal (n), orbital (1), and

92
Ly
: f y l"- . . f—
I11ilg‘netl(‘ (ﬂ]) (Illﬂntun1 l1l||]1ber i()r t‘.il(‘h |f3.\-’el binding ‘)I’;‘J

1\1"1-“] li”‘l‘l‘l‘i'i‘l( cSs E.{'i}![! !!\igil).f','(\ll atome:
[Levels m'x'l:gm‘ti i:_\.' bosons n(‘t‘u});llinn number >1077

In i{n_m.r:; Boundary Condition at Horizon
£ ;
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Key Points About Superradiance

® For light axions(weak coupling) equation identical to Hydrogen
atom

® Boundary conditions different:

® Regular at the origin e ]ngoing (BH 1s absorber)

® Hermitian » Non-hermitian
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Superradiance Parametrics

fiLl}j(:Fttl(li;ll}(‘Lr Condition

Woxion < T SZ{ “Note: This 1s a kinematic condition

m : magnetic quantum number

Q. : angular velocity of the BH

, i Q.
{llll‘\(‘if‘-i.'li Phenomenon: P i )
‘_' ) ()(C—l(uﬂ-n]('))
Superluminal rotational motion of a conducting cylinder
-
' Cerenkov
o cone
Superluminal linear motion - Cherenkov radiation 1/n(w) < v =8 -
v

Condition can be extracted from reqLﬁrh1g1}ullnh\n[|> 0
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Evolution of Superradiance for an Axion

Superradiance instability

Gravity wave transitions of axions between levels

Gravity wave emission through axion annthilations N
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Superradiance: A stellar Black Hole History

A black hole is born with spin a® = 0.95, M = 40 M@
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Superradiance: A stellar Black Hole History

~1077 pul‘li(‘lu:ﬁ

Once Bl angul;u‘ vclncit‘y matches that of the level, gruwth stops
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Spin-Down of Astrophysical Black Holes
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Black Hole Spins at alLIGO

BI distribution without an axion
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Black Hole Spins at alLIGO

BIH distribution with an axion
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Super-Radiance Signatures

GW annihilations
axion ~

f 10kHz x (j1, /107 eV)
N .
graviton
7

" ~ s
Eyraviton = 2 Muxion

axion 7

.Signal determined h}" the annihilation rate (can last thousands ni'l\.-'v.'u's)

/ 10722 "1kpe afl LI M
lpeak = '
peak P 0.5 [ 10M g

® Signal frequency drifts upwards with time

df _ 10-12 Hz ( f ) Mm)j 10° .\”‘)
dr s \kHz/ \ f, ( T
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Expected Events from Annihilations

® [arge uncertainties coming from tails of BH mass distribution
f (Hz)
100 1000 10000

ANNIHILATIONS i~ Explores
Voyager
s al.1GO Design

o, 4SS, o WLIGO 2015

100

N | year

Expf_‘CtE‘d dCtECL’—lblC sources

2 days

0.0 =i . Ca
I 10" 101

101
He (€V)

Pessimistic: flat spin distribution and 0.1 BI l/{.‘L'IllLII‘_\'
Realistic: 30% above spin of 0.8 and 0.4 BH/century

Optimistic: 90% above spin of 0.9 and 0.9 BH/century
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Super-Radiance Signatures

GW transitions

Super-Radiant Mode (n+1, |, m)

Y
Y

%

N,

f ~ 15Hz x U‘”‘I;"l(_rll (.‘\;') ‘_! ,ﬂ f%h r,\ Super-Radiant Mode (n, I, m)
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\ /
Yo

Gravitons

® Signal determined by the superradiance rate (1-100 years duration)

® Signal strength determined by the occupation number of the excited state
h ~3x10-25 for a BH 10 kpc away

® Signal frequency drifts upwards with time

df oMzl f ) M ) -m'mw)z s y.—):
d s (smnz__ (Il)M:_ ( fu (';' )

Page 34/36



Transition Events Estimates

¢ [Lower number of observable sources due to :J\-"'H.Zl duration
f (Hz)
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Real-Time Superradiance

Blde HO]CS P]‘O(—ILICCCI fl"O]TI lTlCl"gC]‘S are pOil'lt sources candidatcs
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