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Abstract: Theories beyond the Standard Model of particle physics often predict new, light, feebly interacting particles whose discovery requires
novel search strategies. A light particle, the QCD axion, elegantly solves the outstanding strong-CP problem of the Standard Model; cousins of the
QCD axion can also appear, and are natural dark matter candidates.&nbsp; First, | will discuss my experimental proposal based on thin films, in
which dark matter can efficiently convert to detectable single photons. A prototype experiment is underway, and current techniques promise to reach
significant new dark matter parameter space.

Second, | will show how rotating black holes turn into axionic and gravitational wave beacons, creating nature's laboratories for ultralight bosons.
When an axion's Compton wavelength is comparable to a black hole size, energy and angular momentum from the black hole source
exponentially-growing bound states of particles, forming "gravitational atoms.& nbsp; These "gravitational atoms emit monochromatic gravitational
wave signals, enabling current searches at gravitational wave observatories to discover ultralight axions. If the axions interact with one another,
instead of gravitational waves, black holes populate the universe with axion waves.

Pirsa: 20030092 Page 1/60



A -

/ Masha Baryakhtar

March 10, 2020

Kandinsky, Composition VIII ‘

Pirsa: 20030092 Page 2/60



The Standard Models

Particle Fever (2014) NASA/WMAP Science Team

» Minimal set of particles and parameters that accurately describes our universe
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The Standard Models

Have had great successes....

Discovery of gravitational waves,
further confirming general theory
of relativity and opening an era of
multimessenger astronomy
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Cosmic microwave

background matches
predication of LCDM
to excellent precision
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The Standard Models
Have had great successes....

Excellent agreement

. . between theory and
Higgs boson discovery, experiment

confirming theory of
masses and electroweak
symmetry breaking

THE 666 16 TR
PREDICT WILL COME OUT 16 A -

FOR &IMING MAGSG TO
OTHER PARTICLES.
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@\E@ » Electron g-2 magnetic

dipole moment

| =
h‘ PHD Comics

g/2 = 1.001 159 652 180 73 (28) [0.28 ppt| (measured)
g(a)/2 = 1.001 159 652 177 60 (520) [5.2 ppt] (predicted).
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® The Standard Models

... and great problems:
why Is the Higgs so light, or

what are dark matter and dark R
| why Is gravity so much weaker
energy that make up most of than the other forces?
the energy content of the (“Hierarchy Problem”)
universe!?
Energy Length
10" GeV
< Planck scale =110 cm
10" GeV t T
& 10%em
10" GeV =
) g‘ 109 ¢m
R (% 1000 1y) 10" GeV E
S 10%em
10° GeV E
= 107 cm
10° GeV 1 -
Other - "
nonluminous l 10" cm
Dark Energy Dark Matter YA 10066V 1o \weak scale —
S EL ~ 23% 23;&:1&2!;3‘}1“‘-‘;'“ e (TeV) F10 " cm
' GeV = proton mass -+
10 "7em
. _ 10°GeV+ < glectron mass »
Luminous matter _ (MeV) 10 em
stars and luminous gas 0.4%
radlation 0.005% 10° GeV
(keV)
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Searching for New Physics

« Most of the standard model lies within several
orders of magnitude in mass

+ Other scales must enter in a complete theory

eV

keV

MeV

GeV

'I‘e\/J

n
[1+]
<
Colliders

Dark Matter Detectors

10%m

1012 m

1015 m

10-8m

10-27m
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, , 1015 eV
Searching for New Physics
1012V
Most of the standard model lies within several
orders of magnitude in mass
Other scales must enter in a complete theory 1096\
Outstanding problems motivate searches at low
energies
Dark matter, strong-CP problem,... nev Aé
i V2
« QCD axion
+ Very weakly interacting
= meV A
+ Long wavelength =
w
w
eV \/

106 k

103 km

km

m

103m

106 m
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Outline

New bosons beyond the Standard Model
+ Searches for dark matter with light o

Gravitational atoms and axionic beacons
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The Strong-CP problem

[heoretically expect significant CP violation in potential of strong
interactions

» This would give the neutron an electric dipole moment

dﬁ.“

+
\J
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The Strong-CP problem

[heoretically expect significant CP violation in potential of strong
interactions

» This would give the neutron an electric dipole moment

dﬁ.ﬂ b T“

"+” M \__J
e N | - a = +
W ~rxXp
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The Strong-CP problem

dﬁll

+
Upper bound from measurements of neutron electric dipole moment, ~—7
Oy + argdet M, + < 10-10
Solve the problem by promoting 0 to a dynamical field,
the axion:
('x." Yy
Vo —0GG
8
i)
a, {a N
Vo2 (=-0)GG
st \J ®
Nonperturbative QCD effects create potential for the axion;
at the minimum the strong-CP problem is solved (0~0) Peccei and Quinn, PRL 38, 1440, 1977

Weinberg, PRL 40,223, 1978
Wilczek, PRL 40, 279, 1978
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Axion dark matter

» Cosmological evolution analogous to damped harmonic oscillator with
frequency given by the mass and damping by Hubble friction:

a+3Ha+m?a=0

Initial value in our inflationary patch

\

_—
s
-
Preskill, Wise, Wilczek (1983)
Dine, Fischler (1982)
a ai Abbott, Sikivie (1982)
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Axion dark matter

» Cosmological evolution analogous to damped harmonic oscillator with
frequency given by the mass and damping by Hubble friction:

i+ 3Ha+m’a=0
* Early on,H >> m: frozen by Hubble friction

- When H < m: begins to oscillate; energy density dilutes as nonrelativistic

matter
Initial value in our inflationary patch
\ Predicts dark matter
® ) me :
density as a function of
S axion mass and initial
-

amplitude, set by inflation

Preskill, Wise, Wilczek (1983)
Dine, Fischler (1982)

d ] Abbott, Sikivie (1982)
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106 k

- : 105V
Searching for New Physics
* Axions are
10%km
. » 10-12eV
+ Solutions to a theoretical puzzle of small
numbers—the strong-CP problem
‘ ‘ _ km
+ Approximately massless particle with mass 1096\
and couplings fixed by a high scale fo,
102GeV
S 706N \
ma = 5.70(6)(4) peV (7‘/,‘1 ) "

uev AR

>

V2
103 m

meV A

z

w

5
Sk 106m

eV \/
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Y 106 k
, , 1015eV
Searching for New Physics
« Axions are
103 km
, » 10126V
+ Solutions to a theoretical puzzle of small
numbers—the strong-CP problem.
‘ ‘ _ km
+ Approximately massless particle with mass 1096\
and couplings fixed by a high scale fo, )
a’
, 10"2GeV
My = 5.70(6)(4) ueV { ——
uev f\g
. _ | 1t (|
Low-energy remnants of complex physics at Ve
high scales
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell 103 m
- Candidates for the dark matter of the i AN
o Y, Z
universe Nelson, Scholtz \% © »
Arias, Cadamuro, Goodsell, Jaeckel, Redondo, Ringwald )
Graham, Mardon, Rajendran VT © X
5 106m
Preskill, Wise, Wilczel eV WV
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Y 106 k
, , 1015eV
Searching for New Physics
« Axions are
103 km
, » 10126\
+ Solutions to a theoretical puzzle of small
numbers—the strong-CP problem.
‘ ‘ _ km
+ Approximately massless particle with mass 1096\
and couplings fixed by a high scale fo, )
a!
, 10"2GeV
My = 5.70(6)(4) ueV { ——
uev f\g
. _ | 1t (|
Low-energy remnants of complex physics at v
high scales
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell 103 m
- Candidates for the dark matter of the = AN
o \Y; Z
universe Nelson, Scholtz Vl,l B ()]
Arias, Cadamuro, Goodsell, Jaeckel, Redondo, Ringwald )
Graham, Mardon, Rajendran VT © X
< B 106m
Preskill, Wise, Wilczel eV WV
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Outline

- Searches for dark matter with light L

CASTE
SNTORTA T T I Pt
|| dark matte
10 ' searches
3" AR dark matee!
w5 P
Pk MB, |. Huang, R. Lasenby, PRD 2018
% g )
Funded Prototype Experiment, Bosonic Dark Matter Search Using
10 o 107" 10 107 10" 10 107 g0t 10 0t g0t 10° 10 Superconducting Nanowire Single-Photon Detectors.
m(eV) Pls K. Berggren (MIT) & S.\W. Nam (NIST)
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Light bosonic dark matter

« Amplitude of axion (dark photon) dark matter background acts as an oscillating
current in Maxwell's equations with frequency equal to the particle mass

Axion ‘current’ = Jayy 010 Byt
®

,l,s ¥ .
www}{wvwv Dark photon ‘current’| Ja/| = km3 A’

photons t X
Um
+-——» —
for an eV 10~ Ssec
particle: s
10~ Psec mm

A

dark matter
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Light bosonic dark matter

+ Photon can convert into axion (dark photon) and back through E . B (kinetic mixing)

PR AY
%\‘/ \WVAVAVAY' 1{’ Y
S vwvw%www—
>
®

+ Can we see axion or dark photon dark matter converting to photons?

oy ~ 0.3 GeV/em?

1‘\.

Solar Flux ~ 1.4 kW/m?

.l‘_‘l. T

Dark Matter Flux ~ 14 W/m?

* Impossible to conserve both energy and momentum: photons relativistic while dark

matter is massive with a small velocity in our galaxy

+ Cannot change propagation of dark matter; but will be able to manipulate light in a

medium to correct the mismatch

Pirsa: 20030092 Page 20/60



Light bosonic dark matter

photon ('”‘““(W‘."’ /-f‘ : .i‘r)
Amplitude dark matter  cos(mat)

i Y

. match temporal oscillation

© 2000 Brookw/Cole - Thamson

Amplitude

oscillating current can source /\ /\ /\
electromagnetic radiation L \/ V «

spatially constant dark matter
background: no radiation in
free space 20
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w(k) Light bosonic dark matter

photon cos(w~t — k,x)n,(x)

& Amplitude dark matter cos(mat)
\\/\\\f |

e match temporal oscillation
S ™ - w
Amplitude nyd nods

Add periodicity in one dimension to
correct momentum mismatch

* Periodic index of refraction changes free
solutions of photon modes

- Electric field no longer integrates to zero
against a constant DM background match Spatia| oscillation:

source electromagnetic radiation
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Searches for dark matter with light

= Dark matter acts as time-varying background
* * fé ‘current’ which sources single photons

Outgoing photon energy sourced by dark matter:

) T —(
”)V = m(m, ‘|‘ ()( 10 dem_)

Detector
Outgoing photon momentum sourced by periodicity:

y s & C’.R., ase "",P r EDI T ¢ -
MB, |. Huang, R. Lasenby, PRD 8 ~ - 4+ 0(10 Bmdm)

Ay " nd
Emission when DM mass matches periodicity:
oz
My = E
Dielectric 'lattice’ vector corrects mismatch

between photon and dark matter momentum

22
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Nanowire Detection of Photons from the Dark Side

B e e off Chiles, NIST e ik
N — e ieh Calesiie ® . High index of
g e m— S - e
e S— Multilayer stack - AN refraction
A—t——— b & LK contrast, more
.. . \d layers increase
i 1 .
i = 4 conversion
Lens R
- 4 * e.g silicon (n2=3.4)
\ / and
A 4

DOE QuantiSED grant, DE-
SC0019129 ($300,000 for two
years)
Bosanic Dark Matter Search
Using Superconducting Nanowire
Single-Photon Detectors.
Pls K. Berggren (MIT) &
- Signal photons perpendicular ~ SW.Nam (NIST)

to stack: efficiently focused

+ Small area single photon
detector with ultra low noise

MB, . Huang, R. Lasenby PRD 2018 23
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Nanowire Detection of Photons from the Dark Side

& ——»

24
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Nanowire Detection of Photons from the Dark Side
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Searches for dark matter with light

A(um)
1 0.5 0.2 0.1 0.05

Dark Photons
Projected Limit

Bosonic Dark
Matter Search
Using
Superconducting

Suixiw onaup uojoyd-uoroyd yueq —

“—> o
A ] i . Mo, Nanowire Single
10-14 bl Pl fractional Xenon DM Photon Detectors.
w N coverage per
stack
10—15 . ey N P N
0.1 0.2 0.5 1 2 5 10 20
ma (eV)

- Prototype can already cut into new parameter space with weeks of runtime
+  Currently performing experimental checks

» Longer run time, other frequencies planned

26
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Searches for dark matter with light

Mym Alpmn

y 20 10 5 2 1 0.6 0.2 0.1 107 10 1
10 ;
e dark photons axions (add B-field)
0 Sotgy T 10
10" / L
o I
o = il O
o _% > 100 caol HB Stars § g
(5]

~ = e N °
5 O q =
10-13 : oq \\‘ ora
8 o 2 3]
Chirped stacks, 100 perlods | h g-12 d
SifAL Oy SISO, TIOWSIO \ -g' " E
101 _ o |Xunun oM 5 =2
NSF proposal submitted fall 2019 \ -~ Q
Ex: Mazin,Weld, Daal \ S 3
it ‘ e . ' / MB, |. Huang, R. Lasenby PRD 2018 2
L~ Th:MB, Huang, Lasenby, Craig, Sutherland,Van Tilburg e 104 J =8 ‘ / “

h 0.08 0.1 0.2 0.5 1 2 5 10 20 0.02 0.05 01 0.2 05 1 2 5 10

ny(eV) m,(eV)

+ Dielectric materials can help correct the dispersion mismatch in waves between a
massless and massive particle of the same energy: this allows a conversion of
axions into photons

* First steps underway, use well-established optics and detector technology; possible to
reach very small couplings with larger setups

* Improve on parameter space by orders of magnitude, and perhaps see dark matter .
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Searches for dark matter with light

ark matter hao 8 Alpm

1010 20 10

Xeng

axions (add B-field)

_—

Telescopes \

10-13

Chirped stacks, 100 pel

AL Oy SHSIO,, TIO

10" NSF proposa
Ex: Mazin, We
Th: MB, Huang

- N - : I??,:.-(L:V_; b ’ ’ matter

' glasses
+ Dielectric materials can help correct the dispersion mism:
massless and massive particle of the same energy: this all
axions into photons

suoloyd o1 Bujjdnoy —»

1071

o
-
=1

* First steps underway, use well-established optics and dete to
reach very small couplings with larger setups

* Improve on parameter space by orders of magnitude, and perh e matter g
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Outline S

« Gravitational atoms and axionic beacons

CAST _,-V%
N l SNTO8TA ) - |
1 N At [
~f axion 5
P waves prel et T
S M g p daric matte!
;;:lvs, dCO
_ MB, Galanis, Lasenby, Simon (in prep)
spindown Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein 2003.03359
10 o™ 10 0 10 10 10" 0 107 10°% 1« 10 ot 0
meV) 29

Pirsa: 20030092 Page 30/60



Astrophysical Black Holes and Ultralight Particles

* Moving to the opposite side of the
mass spectrum:‘particle’ does not fit
In a laboratory

Black holes in our universe provide
nature's laboratories to search for
light particles

. black hole (30 M)
Set a typical length scale, and are a

huge source of energy

- Sensitive to QCD axions with GUT- L
to Planck-scale decay constants f;
compton
lore t 103km  Wavelength
1012 eV . _ « .
particle: kHz~
frequency

30
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Superradiance

* A wave scattering off a
rotating object can
increase in amplitude by
extracting angular
momentum and energy.
AN\\»>
» Growth proportional to
probability of absorption
when rotating object is at
rest: dissipation necessary '
to Increase wave
amplitude

Superradiance condition:

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

Q. < Qpp

Zel'dovich; Starobinskii; Misner

31
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Superradiance

+ Particles/waves trapped M,
near the BH repeat this '
process continuously

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

GnMpyt,
B
* For high superradiance rates,
compton wavelength should be

comparable to black hole
radius;

V(r) = -

. -1 9. 6x107 eV
Yo S Mg ~ 3km 25— —

(4!

Zouros & Eardley'79; Damour et al '76; Detweiler'80; Gaina et al '/8
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell 2009; Arvanitaki, Dubovsky 2010 3
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Gravitational Atoms

Asion " v '
Gravitational Atoms

: GyMpy,
Vir)= - ———
r n=1,0=0m=0 n=27¢=1m=1 n=37¢=2m=2
Gravitational potential similar to hydrogen atom
‘Fine structure constant’ Radius Occupation number
2
a = OnMgyp, = 144, 7, = ~ 4 —400r, N~ 107 = 10
A fy, ‘

33
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Gravitational Atoms

Asion " ¥ '
Gravitational Atoms

: GyMpy,
Vir)= - ———
r n=1,0=0m=0 n=27¢=1m=1 n=37¢=2m=2
Gravitational potential similar to hydrogen atom
‘Fine structure constant’ Radius Occupation number
2
a = OnMgyp, = 144, 7, = ~ 4 —400r, N~ 107 = 10
A fy, ‘

Boundary conditions at horizon give imaginary frequency: exponential growth
of particle number around rapidly rotating black holes

a’ ,
Ex~pu (I ——,,) +il,
] b
2n- 34
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Superradiance: a stellar black hole history

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

1.0

0.8

0.6

04

Black Hole Spin a,

Uy =6x10""eV

0.0
20 40 60 80 100 120 140

Black Hole Mass (M.,) 35
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Superradiance: a stellar black hole history

~1078 particles
Cloud can carry up to a few percent of the black hole mass: huge
energy density

1.0
Black hole spins

08 down
; _ e Can search for or
2 0.6 exclude the
- presence of axions
.E () 4 no I()I’lg’t‘l" Siltisf‘lCS 121 SI{ C()mliti()n by measurlng Splns
i of astrophysical
3
m black holes

0.2

=610 Bev
0.0
20 40 60 80 100 120 140
Black Hole Mass (M) 37
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Superradiance: a stellar black hole history

1.0

=
o0

_—
e
L)

0.4

Black Hole Spin a,

—
o~
ro

0.0

N

Cloud of axions sources coherent, monochromatic gravitational waves

20

'
'
'
'
'

\}

40

60 80 100
Black Hole Mass (M)

Ha =010

120

annthilation signal lasts 3000 years

13
eV

140

Gravitational
wave frequency
s set by twice
the axion energy

Emission can be
observed In
LIGO continuous
wave searches

38
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Gravitational Wave Signals

gravitational wave strain
(source frame)
L]
L = AR
time

Weak, long signals last for ~ thousand- billion years,
visible from our galaxy

Event rates up to 10,000 — can be observed and
studied in detail
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Gravitational Wave Signals

3
ﬁ‘a

Weak, long signals last for ~ thousand- billion years,
visible from our galaxy

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

gravitational wave strain
(source frame)

= ANARAA

time

what are the
near-term
prospects of
detection?

Loud, short signals last for ~ days - months, observable from BBH or NS-NS

merger events

Event rates <|/year at design alLIGO sensitivity, up to 100's at future

observatories
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Gravitational Wave Signals

: ‘ Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359]
* Signals appear in the detector clustered around P wanaia, ggenstein (£U0393357)

single frequency at twice the axion mass 1o-2 Hp=8x10"1 eV
xi=0.999, agepy = 10* yr  :
. xi=05 -
* Larger signals for larger black holes and lower : 1.2
frequencies (more binding energy, lower frequency) B
3
@, . . P
* Cut off by BH mass distribution, SR condition, or 2104 ; &
signal time PN i
104 : \H g
0% NEES i 2
o |5 &
E = -
SINES P =
1026 -
385.5 I86.0 T T 386.5 Tm? 0 387.5
fLiW
2m 2,”
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Gravitational Wave Signals

: ‘ Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359]
* Signals appear in the detector clustered around P wanaia, ggenstein (£U0393357)

single frequency at twice the axion mass

Hp=8x 10713 eV
T

10-% -
X =0.999, agegy = 10" yr |+ fow,source
L xi=0.5 P f[.w‘nh-‘
* Larger signals for larger black holes and lower I3 :
. , ) . ) 0-43 X =0.999, agep = 10° yr
frequencies (more binding energy, lower frequency) 5=0.5 _
Source

* Cut off by BH mass distribution, SR condition, or & frequencies

signal time of black holes
C -

d > lkpe
. . 1025 K ;
* Signals get weaker over time
* Further, older black holes fill out distribution of 10-26 ; -
. 385.5 386.0 T T 386.5 Tm? 0 387.5
weaker signals fow
2w 24
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Gravitational Wave Signals

: ‘ Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359]
* Signals appear in the detector clustered around P wanaia, ggenstein (£U0393357)

single frequency at twice the axion mass 1022 Hp=8x10"1 eV
X =0.999, agegy = 10" yr |+ fow,source
L _ ~ _ _ xi=0.5 * f[.w‘nh-‘
* Larger signals for larger black holes and lower I3 -
. : . . 10-43 X =0.999, agep = 10° yr
frequencies (more binding energy, lower frequency) =05

(;)hserved
ffequencies
aof black holes

d> I kpc

* Cut off by BH mass distribution, SR condition, or 2104

signal time

. . 10~
* Signals get weaker over time
* Further, older black holes fill out distribution of 10-26 i
. 385.5 386.0 a86.5 187.0 387.5
weaker signals fow

* Doppler shift: larger spread for further sources

(smaller strains)

+ If one signal is detectable, expect many with a unique strain vs. frequency profile
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Gravitational Wave Signals

Current searches for gravitational waves from asymmetric rotating neutron stars

All-Sky Ol Upper Limits

Powerflux 01 search
» Time-domain F-stat 01 search
3 Sky Hough O1 search
™ i » Frequency Hough O1 search
s ¢ Results from this search

o .
L .
o '
2z &
B ER
7] W
(7] S, " np by e
E Sy . bl LY
bl' i Y .,_‘.\ - S M,
T o et
—
S ——
20 30 40 50 80 70 80 90 100

Signﬁl Frequency (Hz)

Abbott et al PRD 96, 122004 (2017)

Vela Pulsar

Cambridge Univ

rsity Lucky Imaging Group

44
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number of detectable signals

Gravitational Wave Signals

flw (Hz)

200 500 T50 1000 1250 1500 1750
. e e e . e ke
Munax = 20M o, Xi max = 1.0
10° B Mupox=20Mg, Ximax = 0.5
Minax = 20M o, ¥i max = 0.3
Miax = 30M &, X o = 1.0
Menax = 30M o, X1 max = 0.5

10#

10!

10"

T y T T T

0.5 1.0 1.5 20 2.5 3.0
Hy (eV)
Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

+ Weak, long signals last for ~
million years, visible from
our galaxy
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Gravitational Wave Signals

pp=2x10 M eV " M= 4x10 eV
- By > 1.5%10 - o> 1x10° %
;; \ hy > 31077 | By > 2% 107
* Weak, long signals last for ’ ol
~ million years, visible from ' ha>1.%10 P> 1x10°
. — 26 e hy>3%10°7 o hp>2x10-7
our galaxy, limited by LIGO )
noise floor E, B
+ Event rates up to 10,000 " ;
— can be observed and | ‘ . .
an be observed anc ” g gy -

Studied in de‘ta\' 10 10¢ 10 10f 1017 1 2 107 10t 10 10° 101" 1500 3000

taw (yr) number in tan (vE) number in

Mp=8x10"" eV distance bin o =20 % 10°1 eV distance hin

*+ Searches ongoing with O/ 1000

= ho>1%10°% = By = 3% 1077
== 0 - v & -
v 5 s v & 40 . 6x10-
OE da‘ta hy > 2% 10 & gy > 6x 10
] 00 g 30
al) B
0 0 —_— i
h = 1%1077 hg > 3% 1077
e hp>2x104 £ o hp>6x1077
0 . 20 s
=1 1
I~ °
10 10 f. .
0 L. - . 0 W ey ! . |
107 104 101 10° 101 1500 000 107 104 10" 104 1010 20 40 60 840
- bar in . nimber in
T (YT) 1 Tun (yr)
! distance bin . distance bin

8l
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number of detectable signals

10#

10!

10"

Gravitational Wave Signals

flw (Hz)

250 500 750 1000 1250 1500 1750
. e e e . e ke
Meax = 20M 5, Xi max = 1.0
B Mpax=20Mg, X, max = 0.5
o e Miax = 20M o, Xi max = 0.3
& . Manax = 30M 6, i, imax = 1.0
&4 | no BH spins Mpax = 30M o, X, max = 0.5
® ' labove 0.5 |
@ - L kot
oW . 1':,'; s
i P v
no BH spins
above 0.3
] .
[ ] = )
L |l ®
] I )
ol ) @
o0 ® |
LB ;| s .. - CHE A
T T T T T T T T T T T T T T T T
0.5 1.0 1.5 2.0 2.5 1.0 1.5 4.0
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Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

Weak, long signals last for ~
million years, visible from
our galaxy

Very sensitive to number of
rapidly rotating black holes
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number of detectable signals
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10"

Gravitational Wave Signals

fow (Hz)
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. e e e . e e
@ Myax=20Mo, X max = 1.

{;0:% max = 20 X 0
§ @ o W Mupax =20M g, Xi max = 0.5
p Muox = 20M o, Xi.max = 0.3
; ' My = 30M &, X1 o = 1.0
® more Mmax = 30M o, Xj max = 0.5

. ‘heavy BHs'
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L ] | | IR B
ol (R ] ]
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0.5 1.0 1.5 2.0 2.5 3.0 1.5 1.0
le—12

Hy (eV)
Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

+ Weak, long signals last for ~
million years, visible from
our galaxy

Very sensitive to number of
rapidly rotating black holes

Weak dependence on mass
distribution except at low
axion masses
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number of detectable signals
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Gravitational Wave Signals

fow (Hz)
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. b ke e . e ol
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man Mmax = 20M o, Xi max = 0.5
o Y Mungx = 20M 1, X5 max = 0.3
signals! Mye = 30M o, X, s = 1.0
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e Xi,max = 0.5

@
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Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

+ Weak, long signals last for ~
million years, visible from
our galaxy

Very sensitive to number of
rapidly rotating black holes

Weak dependence on mass
distribution except at low
axion masses

Up to 1000 signals above sensitivity threshold of Advanced LIGO searches today

Can disfavor axions of mass ~ 1012 eV with assumptions on black hole populations

Futher characterization of continuous wave searches in dense signal regime is ongoing
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Gravitational Wave Signals

Expected signal number
goes up quickly for lower
hO sensitivities

Expected signal number

decreases with decreasing
upper spin

10

10"

e Ng

ynals abov
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104
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10¢

number of sig

10!

10"
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107

10!

number of signals with hg > 10725

109
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1044 104 10
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Gravitational Wave Signals

: ‘ Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359]
* Signals appear in the detector clustered around P wanaia, ggenstein (£U0393557)

single frequency at twice the axion mass 1022 Hp=8x10"1 eV
X =0.999, agegy = 10" yr |+ fow,source
L _ ~ _ _ xi=0.5 * f[.w‘nh-‘
* Larger signals for larger black holes and lower I3 -
) : . . 10-43 X =0.999, agep = 10° yr
frequencies (more binding energy, lower frequency) =05

(;)bserved
feequencies
aof black holes

d> I kpc

* Cut off by BH mass distribution, SR condition, or 2104

signal time

. . 104
* Signals get weaker over time
* Further, older black holes fill out distribution of 10-26 3
. a85.5 a86.0 a86.5 387.0 387.5
weaker signals few

* Doppler shift: larger spread for further sources

(smaller strains)

+ If one signal is detectable, expect many with a unique strain vs. frequency profile
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Superradiance: history with self-interactions

~1078 particles
Cloud can carry up to a few percent of the black hole mass: huge
energy density

1.0
08 Self-interactions
' of axions in the cloud
S can become
= .
2 0.6 _—— Important
w2
L
o
i ()‘4 no I()I’lg’t‘l" Siltisf‘lCS 1:1 SI{ c‘()m]iri(m
8
[aa}
0.2
=610 Bev
0.0
20 40 60 80 100 120 140
Black Hole Mass (M) 49
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Self-Interactions

;'. “a

MB, M. Galanis, R. Lasenby, O. Simon, (in prep)
» So far, have focused on gravitational A. Gruzinov, 1 604.06422

signatures of the axion

« What new effects arise when axion

self-interactions become important? q
o1 e ¥

of SNT987A ‘ - {
—_ 0 axion g
> waves e O
8 i P AU—"d-ark mateer 3
\-,: 101 : o
&“'-. ’ -\0( a
‘e’ ' Q o
N 5
A * 10 @

10 =10 10 ) 1077 107 10 1 1 10 10 10 )

m(eV)

50
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Self-Interactions =
(=2 2

: - . MB, M. Galanis, R. Lasenby, O, Si (in prep)
Sma|| Self_lnter_actlons: f” ~ Mm . alanis, R. Lasenby, O©. Simon, (in prep)

: Time evolution
« BH spins down: next level formed;

annihilations to GWs deplete first level o 107 \Ir =2 |
. . o (=1
- Next level has a superradiance rate exceeding X
S w107
age of BH o
)
L 69
10 10 —
® E - -t
1 —/ 1055 .
08 1 o 10 10 10
il =
\ / = 1(yr)

- P /\__,-,,—-" g 10
0.6 / ~ | year
1 0.8

no longer satishies =1 SR

0.4 condition
~ 100 years 0.6
0.2 0.4

Ja=6e10 ey

Black Hole Spin a.

0.2
00 £, ~ 10" GeV

20 40 60 80 100 120 140
0.0 .
10 10* 10

Black Hole Mass (M) I
r{yr) 5
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Self-Interactions

Lar‘ger‘ Self“interqctionS' f ~ OI?_GeV MB, M. Galanis, R. Lasenby, O. Simaen, (in prep)
' c Ja ’

Time evolution

- Black hole energy sources the cloud through 3 b e o]
. ‘ | 2 107 L1~ 107 Gev
superradiance ks
X
(3]
- Second level populated through self- Y 107
. ' o
Interactions 3 [, ~ 107 GeV
L . S ‘
* Non-relativistic axion waves carry energy to >
) 65 1 |
D 10 ;
Infinity 10 10¢ 10
t(yr)
1.0 - 3 s
f, ~ 107 GeV
 — f—=)
=] = & /=1 0.8
l\\ e d ‘\\ Ll g 0.6
LN LN $
RN PN 0.4} ]
(=1 \ =0 (=2 ‘ o 0.2 fu~ 10 GeV ]
A. Gruzinov, 160406422 o 10 10¢ 107 |
t(yr) =
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Self-Interactions

Lar‘ger‘ Self“interqctionS' f ~ OI?_GeV MB, M. Galanis, R. Lasenby, O. Simaen, (in prep)
' c  Ja ’

Time evolution

- Black hole energy sources the cloud through 3 b oo
) v 4077
superradiance 6 _\I .
% long period
+ Second level populated through self- b 107 of axion
- ST & emission
INnteractions B Wl | -
£ 10 [
* Non-relativistic axion waves carry energy to = < | )2
o e 10%% - - |
infinity 0 10f N
t(yr)
18 £~ 10" GeV
e=l —o =2 - 08 longer spindown ,
oL A 06
e e <
S i S 0.41 [~ 10" GeV |
(=1 e /=3 02
A. Gruzinov, 160406422 g 10 10¢ U

t(yr)
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Axionic Beacons

A new source of axions in the universe
* Black hole energy slowly and - Axion field gradient acts like a
constantly converted to axion magnetic field on particle spins
waves
- Can be detected directly if ——
axions couple to the Standard .
MOdel [< | \ magnctometer
e B[/
\ - , B() N /
» Fractional field amplitude -
iIndependent of self interactions,
B,(1)

comparable to laboratory
search targets

a o f 107 eV ( a )-‘(‘kpc)
Ja H 0.2, r

CASPEr Budker, Graham, Ledbetter;, Rajendran, Sushkov (2014)
Kimball et al (2017)
55
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Axionic Beacons

Black hole energy constantly converted to axion waves

Signals from nearby black holes

- Signal strength constant in 1027

time, independent of self He®, n=10% cm™®, p=1, V=1cm’, 1,=1000s, Texy= sy T
interaction strength at small m
fa o ;
z o
: : S >
* Axion waves observable in = =
. D [a N
axion force/dark matter 107} e
f ; — =
experiments (ARIADNE, 2
CASPER...) ¥
10781
* Requires different data

analysis strategies (c.f. LIGO 1.x10°" 5.x107'% 1.x107"% 5.x10°"2 1.x10""
. ol
continuous waves search) Ha(eV)
MB, M. Galanis, R. Lasenby, O. Simon, (in prep)

56

Pirsa: 20030092 Page 58/60



Gravitational Atoms and Axionic Beacons

« In the presence of ultralight axions, black holes spin down. Measurement of high
spin black holes places exclusion limits; LIGO will provide more data points

* Axion clouds produce monochromatic wave radiation; we are looking for these
signals in LIGO data

- Self-interactions of axions slow down energy extraction from black holes and
populate the universe with axion waves

10% |
S Dreroi Al EERE e
10 SNTOBTA
|
10 axion
— 10(
> waves
©
U .Iu'l.J |
m— I —— ~
10" P
/‘-" '_7 ,‘
= o oemamam == ',
0% R} 1searches I a s
| GWs, 1 _ ; c
BH [} with black hole ¢ v
10" indo i I"xup{“,l'mdi:lm'c" | o
spindo - ;i
Ay O — — — — — i Rk
WM T e 10 107 10 wV* 10°% 107 . ¥ T
A .
meV) . . 57
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@ dielectric stacks
-

)

: R
axion waves =

e

gravitational waves

g

) r

* Much left to explore!

* non-photon interactions of the QCD axion

» gravitational tests of beyond-the-standard
model physics
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