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September 14, 2015, 9:50:45 Greenwich Time
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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 !)n"\um! the Standard Model g‘i'!l\'hé‘\':‘wf:f
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Black Holes as Nature'’s Detectors

Event horizon

Q
et
Q
=
Q
()
(@]
(@)
-
L

5
]

]
1

(15 km) x (M /10 M®@)

Range of astrophysical Black Holes:
few M® to 1010 M®

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

Focus on siv”;a!' I)Iél(']\ E!u'u\

Pirsa: 18050027 Page 5/36



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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Why 1s the Electric Dipole Moment of the Neutron Small?

The Strong CP Problem and the QCD axion
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E;()Illlitllli

O, ~a(x,t) 1s a fl_\-’l'mmi{‘al field, an axion
Axion mass from QCD:

l[)l‘.i a E\f 1[)“) ¢ ‘-V
f( ~ (300 km)_l —(
fu. | f”

I,-. axion (lt‘t‘il\-‘ constant

e ~ 6 x 107 HeV

1\1(,‘(“{11[‘5 new ll()[’('(,‘{‘i le](l can l)L‘ 1|](‘ (Iill‘li matter

Pirsa: 18050027 Page 8/36



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 imply a Plenitude of Universes

[Laws of Nature depcnd on the shape of the extra dimensions
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Non-trivial gauge conﬁgu rations

The Aharonov-Bohm Effect

vyl

Taking an c]cctron arnuncl tl'l{'_‘ S(')]Cl'](')i('l

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

B={

ltl'll_‘l"g\f Si(‘)l"L‘(l (1[11\!’ ]l‘lSldL‘ ll"ll_‘ S()l(_‘il()l(l
NUII*II‘I\"I(I] B’ill!g(‘ L‘(Hlilglll'illl()ll lil!' away carries no (‘Ilt‘!'g‘\-’

Solenoid
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Non-trivial gauge Conﬁgurations

The Aharonov-Bohm Effect

Taking an C]CCtI'Oﬂ El.I"OLI]'l('] thC S(')]Cl'](')i(l

e / A, dx" = e x Magnetic Flux

while

- - -

B={

l':l'll_‘l"g‘\.-’ Sl(')l'L‘('l (H‘llh\f il‘lSidL‘ lI"IL‘ S()lCi'lOi(I

N()n—trn-'lal gauge t‘()l"l!lgu ration L’ll" away carries no ecnergy
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Non-trivial gauge conﬁgurations

The Aharonov-Bohm Effect

Taking an C]CCtI'OH HI"OLIH('] thC S(")]Cl'](')i('l

g ¥ e / A, dx" = e x Magnetic Flux

P \

} i. while
"‘ ! 3

B =

Non-trivial topology:

"B]ocking out”’ the core still leaves a non-trivial gauge, but no mass
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A Plenitude of (Nearly) Massless Particles

® Spin-0 non-trivial gauge hield configurations: String Axiverse

L‘ ')iI‘l— non- rivia rauge '1|e ( C()Il]"‘Lll‘El ions: s‘inf?f imii\.'w se
® Spin-1 t | gauge field hgurat String P

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

;{J(“(IH

® Higher dimensional graviton or modifications of gravity at short

distances

Mass .'u‘quil'ml l).\' nnn—pvl'lm'b.‘lli\-v eltects
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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: [ )ilatons, Moduls,
Radion

® [ligher dimensional graviton or modifications of gravity at short

distances

—2h
® Particle Mass ~ My,,,a.€¢ 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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O ~a(x,t) 1s a fl_Vl'mmi{‘al field, an axion
Axion mass from QCD:

l[)l‘.i a E\f 1[)“) ¢ ‘-V
ff( ~ (300 l(m_)_l f—(
Ja - @

I,-. axion (lt‘t‘il\-‘ constant

e ~ 6 x 107 HeV

1\1(,‘(“{11(‘5 new ll()[’('(,‘!‘i le](l can l)L‘ IIIL‘ (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 in the Sky

The gl'(l\.fil;llinnal I |_\'<||'ngf:n Atom

Fine-structure constant: a = GyMpue = Ryliq

e P xR N e f - .

Principal (n), orbital (1), and (-}J-’Ilfr_

magnetic (m) quantum number for each level Erinding = — *),”‘.-3'
A :

& e ! .
Main ditferences from hy ngrn:{'ue atom:

Levels o« ('\:piui E’.“' bosons ()(‘L‘ll[){lli()[l number >1077

In _gi_uisz:ﬂ; 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 —— B ]ngoing (Bl [1s zll)sm‘[}m‘)

® Hermitian » Non-hermitian
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Superradiance Parametrics
Sup(:rrmliam‘c Condition

Woxion < T Y/ ' “Note: This 1s a kinematie condition

m : magnetic quantum number

Q. : angular velocity of the BH

Universal Phenomenon: 7 ,
O(C—l(mi—zmp)

Superluminal rotational motion of a conducting cylinder

| Cerankov
cone

Superluminal linear motion - Cherenkov radiation 1/n(w) <v =0
7

Condition can be extracted from requiring that dApn > 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 annihilations %
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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 p;u‘lit‘lus

Once Bl ;mgul;u‘ vulm:it‘y matches that of the level, gruwih stops
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Spin-Down of Astrophysical Black Holes

1.0

0.8

__\
o
-

=

04

Black Hole Spin a,

—
[
ra

0.0

=10""eVv

h

10 15 20
Black Hole Mass (M.,)

]{.’l[lgl' ()l‘lll(‘ (__)L‘[) {l.\i()]l (‘_\L('Ill(](‘ll l).\_-' current measurements

2x 107" > p, > 6x 1071 eV

Page 29/36



Black Hole Spins at al.LIGO
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Black Hole Spins at al.LIGO

BIH distribution with an axion
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Super-Radiance Signatures

GW annihilations

axion
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.Sigl‘lili . determined i)__\,’ the annihilation rate (can last thousands ni'l\.-'v.'lrs)
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® Signal frequency drifts upwards with time
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Expected Events from Annihilations

® [arge uncertainties coming from tails of BH mass distribution
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Pessimistic: Hat 5[)i11 distribution and 0.1 Bl l/{.‘cnlul‘.\'
Realistic: 30% above spin of 0.8 and 0.4 Bl I/L‘L‘Il[Lll'}'

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)

\
f ~ 15Hz x (fia /1011 L‘V) < f\ | Super-Radiant Mode (n, I, m)

Gravitons

® Signal « determined by the superradiance rate (1-100 years duration)
® Signal strength determined by the occupation number of the excited state
h ~3x10-2 for a BH 10 kpe away

® Signal frequency drifts upwards with time
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Pirsa: 18050027 Page 34/36



Transition Events Estimates

e [.ower number of observable sources due to .x:\.j';n:,l duration
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Real-Time Super‘r‘adiance
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