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Searching for gravitational-wave signals from axions
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.063020#
https://www.aei.mpg.de/continuouswaves/arxiv200303359

In which I try to convince you | understand what an axion is

Axions are hypothetical particles that were proposed to solve the strong CP problem

The neutron should have an _ butit does not
electric dipole moment

&

It @ is dynamical, then it will naturally relax’ to zero — 0 is a field and its oscillations give rise to axions
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https://arxiv.org/abs/1812.02669

Superradiance instability

Axions around a black hole can increase in number by extracting black hole spin

classical analog superradiance

Uball < Vcylinder (), < Qpy

3 Sylvia J. Zhu, Physikerinnentagung 2020



Gravitational “atom”

~ fastest growing level

® 6% g
1so 2py 2po 2p, ,
=0 =1 =2
[Wikimedia Commons] M. BEFyaKRTar
&Y X (e(dnuc o X ,uaMBH
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https://commons.wikimedia.org/wiki/File:Atomic_orbitals_spdf_m-eigenstates_and_superpositions.png

Gravitational “atom” sources continuous gravitational waves

MBH )\a

< > < >
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o
maximum rate
o
fastest growing level
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M. Baryakntar
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Some types of gravitational-wave signals

transient signals can be loud (h = 10-21) continuous signals are very quiet (h s 10-29)

#

strain A:
fractional |
changein |

length
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https://einsteintoolkit.org/gallery/bbh/index.html
https://www.ligo.caltech.edu/video/gravitational-waves
https://news.uchicago.edu/story/ligo-announces-detection-gravitational-waves-colliding-neutron-stars
https://cplberry.com/2020/01/26/1903-07813/
http://www.etsy.com/ca/shop/ButterflyLove1?ref=l2-shopheader-name&section_id=6445214

Some types of gravitational-wave signals

recent example of a search continuous signals are very quiet (h = 10-25)

- Abbott et al, 2019a
Dergachev & Papa, 2020
- this search

10724 |

h0 amplitude upper limit
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https://arxiv.org/abs/2009.12260

Searching for the axion annihilation signal

The axion can have any mass within a large range (~1013 eV to 107 eV).
't will (try to) interact with all black holes.

{Ua} {108 black holes}

To search for axions, we search for the ensemble axion annihilation signal from all black holes in the Galaxy

8 Sylvia J. Zhu, Physikerinnentagung 2020



What to do with search resul

ts?

~  Find the axion

Detect a signal

Detect no signal
Because the axion doesn”

- ex|Ist?

Because the black holes ¢
Are they too old?

Too young?

00 far away?

Spinning too slowly?

The wrong mass?

on't result in a detectable signal?

Sylvia J. Zhu, Physikerinnentagung 2020



Gravitational “atom” sources continuous gravitational waves
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Simulate 108 isolated black holes in the Galaxy

galaxy = disk + bulge + halo mass: power-law distribution

black holes are born: Mgy € [bMq,20M )

85% + 15%
na—— & Mgy € [5M., 30M,]

with an initial velocity:

spin: uniform distribution

natal kicks L
i € [()7 1] optimistic
and move through the Galax[/ i € [07 005] ‘moderate”
+ - +
’ xi € 10,0.3] ‘pessimistic”

Tsuna, Kawanaka, and Totani, MNRAS 477 (2018)]
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https://ui.adsabs.harvard.edu/abs/2018MNRAS.477..791T/abstract

Calculate the signal from every black hole

{Ua} {108 black holes}

12 Sylvia J. Zhu, Physikerinnentagung 2020



Calculate the signal from every black hole

!
10742 |
|
b1
. |
© 10" f.: current
X > = S B search
\’\/‘ /\,~ sensitivity
102

193.0 193.2 193.4 193.6
fGW. obs (HZ)
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What do the ensemble signals look like?

Ly =2x 10713 eV =4 x 10713 eV 1, =8 x 10713 eV 1, =20 x 107 ¥ eV
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What are the current detection prospects?
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What are the current detection prospects?
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What are the current detection prospects?
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What are the current detection prospects?
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Interpreting null results for boson clouds

We now have a framework for robustly defining boson mass exclusion/disfavorment (??) regions

continuous gravitational-wave search sensitivities

h0 amplitude upper limit

1 0-24 L

S—

Abbott et al, 2019a
Dergachev & Papa, 2020

- this search

102 10°
Signal frequency (Hz)

expectations on number of detectable signals
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range of disfavored boson masses
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Thanks

I\

v

PRD 102, 063020

https://www.aei.mpg.de/continuouswaves/arxiv200303359

20 Sylvia J. Zhu, Physikerinnentagung 2020


http://www.etsy.com/ca/shop/ButterflyLove1?ref=l2-shopheader-name&section_id=6445214
https://www.aei.mpg.de/continuouswaves/arxiv200303359
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.063020#

extra slides

21 Sylvia J. Zhu, Physikerinnentagung 2020



Recent searches using GWs

Some recent searches (non exhaustive listll)

- Directed search for signal from a single Bl
- Search for the stochastic background: Tsu

Isietal, PRD 99 (2019); Ling et al., PRD 101 (2020)

kada et al., PRD 99 (2019)

- All-sky search: Palomba, ..., A. Miller, et al.,

PRL 123 (2019)

- Indirect constraints from spinning black holes: Ng et al., arXiv:1908.02312

22
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https://ui.adsabs.harvard.edu/abs/2019PhRvD..99h4042I/abstract
https://ui.adsabs.harvard.edu/abs/2020PhRvD.101f3020S/abstract
https://ui.adsabs.harvard.edu/abs/2019PhRvD..99j3015T/abstract
https://ui.adsabs.harvard.edu/abs/2019PhRvL.123q1101P/abstract
https://ui.adsabs.harvard.edu/abs/2019arXiv190802312N/abstract

Gravitational-wave interferometers

Sylvia J. Zhu, Physikerinnentagung 2020


https://www.ligo.caltech.edu/WA/video/ligo20160211v6

Gravitational-wave interferometers

increasing  detector sensitivity during 02 (2016-2017)
sensitivity
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https://www.ligo.caltech.edu/images
https://arxiv.org/pdf/1811.12907.pdf

Searching for continuous gravitational waves

4

the waveform at the source:
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25

4

the waveform at the detector:

demodulate the signal for
~every point in the sky
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fFooo ] -
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time
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frequency
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Types of searches

targeted search directed search all-sky search
known pulsars known neutron stars minimal assumptions

(V) /[

—— ) COMpuUtational cost —
— search sensitivity I —— ——

20 Sylvia J. Zhu, Physikerinnentagung 2020


https://commons.wikimedia.org/wiki/File:Crab_Nebula_pulsar_x-ray.jpg
https://commons.wikimedia.org/wiki/File:Cassiopeia_A_Spitzer_Crop.jpg

Types of searches

targeted search directed search all-sky search
known black hole known black hole minimal assumptions on
+ + black hole positions or
known boson mass unknown boson mass boson mass

O

oo @

Mpu Ab

< > < >

. - '\lr “"\,\

maximum rate
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https://cplberry.com/2020/01/26/1903-07813/
http://www.etsy.com/ca/shop/ButterflyLove1?ref=l2-shopheader-name&section_id=6445214
https://commons.wikimedia.org/wiki/File:M101_hires_STScI-PRC2006-10a.jpg
https://ui.adsabs.harvard.edu/abs/2019PhRvD..99h4042I/abstract
https://ui.adsabs.harvard.edu/abs/2019PhRvL.123q1101P/abstract

Gravitational “atom” sources continuous gravitational waves
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What kind of signals do we expect?

a < up,Mpy determines most of the signal properties

Mgy (M)
o1

30

10

signal strength
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7
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[Steltner, ..., Zhu, et al., arXiv:2009.12260] 29

derived upper limit on signal strength

10

N
s

recent all-sky search results

-------- Abbott et al, 2019a
Dergachev & Papa, 2020
this search

10°
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https://arxiv.org/abs/2009.12260

What kind of signals do we expect?

a < up,Mpy determines most of the signal properties
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Interpreting null results (upper limits) — boson clouds (speculating)

priors

X

ax =20Mo, max
ax =20Mg, Xi max = 0.3
ax =30Mo, max = 1

ax =30Mg, Xi max = 0.5

X XXXZX
3533 3 3
N
N R XXX
3

31
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priors

X

(possible plan)

10—23

10725

Interpreting null results (upper limits

) — boson clouds (speculating)

1
@

Mmax =20M o,
Mmax = 20M ¢,
Mmax =20M o,
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the QCD axion can take a wide range of masses

1018
_________________ Disfavoured by black hole superradiance _
G110
9
<
_o_l
—
Isocurvature § 110
— perturbations § <
> : = > ()
8 (assuming T . < 13) c = =g
. s EE 3
=1
¢ &=
9*: E 1107
12
1Z110°
108 | | | | | ~ Supernova | | , | axokb-
10° 10* 106 108 1010 1012 104

H; (GGV)

[di Cortona et al., JHEP 2016] 33 Sylvia J. Zhu, Physikerinnentagung 2020



https://ui.adsabs.harvard.edu/abs/2016JHEP...01..034D/abstract

The ensemble signal

2 bosons annihilate -> gravitational waves
black holes are moving towards or away from us

all* black holes will have radiating clouds
(i.e., all black holes with the right properties)

f obs > fsource

34

inherent signal frequency depends almost
entirely on boson mass fsource

observed signal frequency will be Fobs
Doppler shifted due to this motion

we should be looking for the ensemble signal
oroduced by all the boson clouds near us

A

f obs < fsource

’
O

"
-
“
-
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Mass and self coupling

We are interested in particles for which the self coupling is not so strong that cloud collapses as a bosenova.

e.g., the regions here are determined based on observations of spinning black holes
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https://ui.adsabs.harvard.edu/abs/2015PhRvD..91h4011A/abstract

108 isolated black holes in the Galaxy

galaxy = disk + bulge + halo  (see D. Tsuna et al. 2018)
final black hole spatial properties

black holes are born: e 0
+15%
[3)
2 0
>,
— E «n
natal kicks -10
5
0 5 10 15 20
— distance from Sun (kpc)
&)
y
and move through the Galaxy S
N

X .
-10 " 0 5 10

o+ S+
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formation of the second cloud level

When the second level tully forms, the first level falls back into the black hole and emission ceases.

rime

Tgrowth,1

X = Xe, 1 < Xi

Tgrowth,?2 =>> Tgrowth,1
X — Xe,2 < Xe,1

X — Xe,2

37 Sylvia J. Zhu, Physikerinnentagung 2020



What do the ensemble signals look like?

U,=4x10"13 eV U,=8x10"13 eV

10—22 10—22
10—23 10—23
E 10—24 Jg 10—24
10—25 10—25
10—26 10—26
193.0 193.2 193.4 193.6 385.5 386.0 386.5 387.0 387.5
fGW fGW
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What do the ensemble signals look like?

The orange curves define the envelopes of the potential signals over a wide range of boson masses.

U,=4x10"13 eV
|| ”

Up = 8 X 10-13 eV
== :

10722 — . 10-22
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10725 1072

102 : 1026 ;

193.0 193.2 193.4 193.6 385.5 386.0 386.5 387.0 387.5

fGW

fGW

The black solid vertical lines show min few given Msn = 20Me; the dotted line shows the rest mass frequency.
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What do the ensemble signals look like?

Signals get quieter as black holes age => envelopes drop
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What do the ensemble signals look like?

U,=4x10"13 eV U,=8x10"13 eV
m : X |

10722 — . 1022 :

—— Xi=0.999, agegy = 10" yr: —— X;=0.999, agegy =10%yr :

— Xi=0.5 § —— 47=0.5

N I : [ N :

10-23 | == x;=0.999, agegy = 10° yr: 10-23 | == x;=0.999, agegy =10°yr

———- xi=0.5 g -~ x;=0.5

_810—24 : 310_24 /

1023 1025

\\\ '

\\‘

W 1

10—26 . . 10—26 A -
193.0 193.2 193.4 193.6 335.5 380.0 387.0 387.5

The black solid vertical lines show min few given Mg = 20Me; the dotted line shows the rest mass frequency.

41 Sylvia J. Zhu, Physikerinnentagung 2020



What do the ensemble signals look like?

The signals w/ their source frequencies fill in the regions defined by the envelopes and vertical lines.

=4 %1013 eV =8x10"13 eV
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What do the ensemble signals look like?

The black hole velocities add a large Doppler shift and "smear out” the distribution.

— -13 — —13
10722 =— Hp =4 x 10 .eV 10-22 Hp =8 x 107 7 eV
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43 Sylvia J. Zhu, Physikerinnentagung 2020



Which black holes produce ~detectable signals?

The "relevant” black holes depend on the boson mass, through both the signal properties and the detector sensitivity
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Varying spin

For our BH population, initial spins of >0.3 are needed to produce ~detectable signals
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Concerns about signal density

Searches can turn up multiple signals per frequency bin => signal confusion
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Concerns about signal density

A dense signal background can affect the noise floor beyond what typical CW searches expect
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sources of transient gravitational waves

A changing mass quadrupole produces gravitational waves

UGo ([2IVIRGD Y ¢ Time: -0.63 seconds
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https://www.ligo.caltech.edu/video/ligo20181203v1

Continuous gravitational waves

A changing mass quadrupole produces gravitational waves
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https://news.uchicago.edu/story/ligo-announces-detection-gravitational-waves-colliding-neutron-stars

Types of searches

targeted search directed search all-sky search
known pulsars known neutron stars minimal assumptions
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ho =

upper limit on gravitational-wave signal strength

/ 2X rotation frequency frot
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Interpreting null results (upper limits) — neutron stars

directly translates to - upper limit on neutron star ellipticity (~max mountain height)
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https://iopscience.iop.org/article/10.3847/1538-4357/ab20cb

Interpreting null results (upper limits) — neutron stars

/ 2X rotation frequency frot
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.082008

