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Abstract: <p>The recent gravitational-wave detections of binary mergers& nbsp;<br />
have opened a new and exciting window into observing the Universe.& nbsp;<br />
Persistent sources of gravitational waves must also exist; searches for& nbsp;<br />
continuous gravitational-wave signals generally look for signals fromé& nbsp;<br />
non-axisymmetric neutron stars, but are also suitable for continuous& nbsp;<br />
gravitational waves from axion annihilations in clouds around black& nbsp;<br />
holes. | will discuss the expected axion annihilations signal from an& nbsp;<br />
astrophysical standpoint, starting from the Galactic isolated black hole& nbsp;<br />
population.</p>
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Prologue Sl
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GWTC-1: A Gravitational-Wave Transient
Catalog of Compact Binary Mergers
Observed by LIGO and Virgo during the

First and Second Observing Runs
https://dcc.ligo.org/LIGO-P1800307/public

Michael Purrer
AE| Potsdam-Golm

On behalf of the

ﬁ LIGO Scientific & Virgo Collaborations @W\

GWPAW Dec 1, 2018
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Prologue

ﬁ (@

Confident detections of GWs

* Found four new binary black hole merger events:
GW170729, GW170809, GW170818, GW170823

» 151012 designated as a GW event (higher significance

because of improved detection pipelines)

* Not all events found with all searches

FAR [y '] Network SNR
Event UTC Time PyCBC GstLAL cWB PyCBC GstLAL
GWI150914 09:50:45.4 < 1.53x10° < 100X 107 < 1.63x 107! 23.6 24.4
GWI151012 09:54:43 4 0,17 7.92x% 107 9.5 10.0
GWI151226 03:38:53.6 < 1.69%10°° < 100 x 1077 0.02 13.1 13.1
GWI170104 10:11:58.6 <137x10° <100x 107 291 %10 13.0 13.0
GW170608 02:01:16.5 <309%x 10 < 1L00x 107 L44x 10 15.4 14.9
GW170729 18:56:29.3 1.36 0.18 0.02 9.8 10.8
GW170809 08:28:21 8 1.45x 10~* < 1.00 x 107 ([74i7) 12.4
GWI170814 10:30:43.5 <125x10° < 1.00x 107 <2.08x 10 16.3 15.9
GW170817 12:41:04.4 <1.25%x 10" < 1.00x 107 30,9 13.0
GWI70818 02:25:09.1 420x 103 1.3
GWI170823 13:13:58.5 <329 %10 < 1.00 x 107 2.14 x 10-* 1.1 1.5
7 Compact Binary Mergers in O1 & 02 with LIGO & Virgo Dec 1, 2018 M2IIVIRGD

cWB
25.2
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17.2
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Prologue
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Prologue A

Masses in the Stellar Graveyard

in Solar Masses

10 binary
black holes

EM Neutron Stars

1 binary
neutron star

LIGO-Virgo | Frank Elavsky | Northwestern
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Prologue

Any system with a changing mass quadrupole will emit gravitational waves
e.g., mountains on neutron stars
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Overview of this talk B G

Searching for continuous
‘etection-of gravitational waves from

paet-ebjects

isolated neutron stars

9 Sylvia J. Zhu, Perimeter Institute, 06 Dec 18
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Overview of this talk @&

Searching for continuous
Deteetion~of gravitational waves from

Fo¥=Y, {w@@j@@@,

boson clouds around black holes
(with an astronomy approach)
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Bumpy neutron stars - Qe

To get gravitational waves, need a
time-varying mass quadrupole

2
4—" J (I“f}”_,
: rot by X :
e f dt?
fow = 2fror
|Iw B [_\‘_1'1
;/,,-r"'f- 1! ol
X » :
~ ._2 -
hy = 1
c D
Note: There are other relevant mechanisms, but | will focus on this one
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the physical waveform < MO

AR =

time frequency

B

frequency and frequency derivatives
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v frequency and frequency derivatives
v sky position
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scenario: known pulsar - MO

“Any gravitational-wave emission - “Any mountains on the neutron star
from this pulsar must be quieter must be smaller than this height”
than this amount”
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scenario: known neutron star &

compact cores of supernova remnants

X frequency and frequency derivatives
V' sky position
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scenario: known neutron star

"Any gravitational-wave emission from

this neutron star if it were emitting
at this frequency must be quieter

than this amount”

. * upper limits from this search (90% UL)
-
Lo uncertainty from this search
=== indirect age-basad limit
55 Cas A search (95% UL) [3]
S6 "Nine Young SNEs" (95% UL) [18]
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scenario: "\_(YJ)_/" |G

\ (V)1

There should be >10% NSs in the Galaxy
2500 pulsars have been discovered
=> 99,997,500 NSs are hidden

\_(W)_/ frequency and frequency derivatives
\_(W)_/ sky position
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h 90%

scenario: all-sky search
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scenario: all-sky search < NN

"Any gravitational-wave emission from

boson annihilations anywhere in
* ?
the sky must be quieter than this

amount”

What does the ensemble signal from all the black holes in our Galaxy look like?

20 Sylvia J. Zhu, Perimeter Institute, 06 Dec 18
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Part 2: CWs from boson clouds & =

Disclaimer: | am going to play fast and loose with notation, terminology

21 Sylvia J. Zhu, Perimeter Institute, 06 Dec 18
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einstein

boson clouds around black hole& -

* from a data analyst’s understanding
(note: we are focus on scalars)

1. BHis born 2. boson cloud builds up
via superradiance instability

BH mass M ‘ BH mass < M

BH spin a; BH spin < a
> minimum spin
for cloud formation

3. annihilations within cloud produce
continuous gravitational waves

¢ W BH mass <M

BH spin < ai

M
M

Sylvia ). Zhu, Perimeter Institute, 06 Dec 18
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a few other searches & o

Search for the signal as a stochastic background:

A first search for
a stochastic gravitational-wave background
from ultralight bosons

LIGO-P1800232

Leo Tsukada
(RESCEU, U Tokyo)

co-authors:
Patrick Meyers, Andrew Matas, Thomas Callister

26 Sylvia J. Zhu, Perimeter Institute, 06 Dec 18
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a few other searches & o

Search for the signal as a stochastic background:

Energy density spectrum
(Isolated + merger remnant BHs)

iy~ 10~ 130y o1 /S above these curves
= detectable

1070 o —— my, = 1071200V

—_— Ty, 1) 120y

design

Median projected
CBC background

isolated BHs [3M_, 50M |
solid — p(p):[0,1]

Qawlf)

1010

10-1%

- merger remnant BHs |[SM_ . 100M _ |

dotted curves

1o T T T T
oY 10! 104 1o#
frecuency (He) Median projected CBC background
Phys. Rev. Lett. 120, 091101 (2018)
GWPAW @ Maryland 714
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a few other searches - e

All-sky search for individual signals:

A semi-coherent analysis moethod to search for continuous gravitational waves emittoed
by ultra-light boson clouds around spinning black holes

S, D'Antonio,! ¢ Palomba,? S Frasea,®® Go Intini,®? L La Rosa,? P Leac,? 3 8
Mastrogiovanni, > A. Miller 237 F. Mucincein,? O. 1. Piecinni,®% and A. Singhal®
UINFN, Sezione di Roma Tor Vergata, 1-00183 Roma, Haly
YINFN, Sezione di Rema, I-00185 Roma, Italy
HUmiversity of Rome ?¢7La Saptenza???, [-00185 Roma, Maly
Y University af Florda, Gainesinlle, FL SEGH, USA
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our approach < feR

We are taking an astronomy approach:
Use a simulation of isolated black holes in the Galaxy [Tsunaetal. MNRAS 477 (2018)]
Calculate the expected ensemble signal from all of these BHs
Search for this

wow what a great title about CWs from boson clouds

Sylvia J. Zhu"*, Daichi Tsuna?3P, Richard Brito*®,
Maria Alessandra Papal®, Norita Kawanaka®7?, Heinz-Bernd Eggenstein!

! Maa-Planck-Institut fiir Gravitationsphysik, CallinstraBe 38, 30167, Hannover, Germany
2 Research Center for the Farly Universe (RESCEU), the University of Tokyo, Hongo, Tokyo 113-0033, Japan
8 Department of Physics, School of Science, the University of Tokyo, Hongo, Tokye 118-0038, Japan
1 Maz-Planck-Institut fiir Gravitationsphysik, am Mihlenberg 1, 14476, Potsdam-Golm, Germany
 University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53201, USA
S Department of Astronomy, Graduate School of Science, Kyoto

Unaversity, Kitashirakawa Oiwake-cho, Sakyo-ku Kyoto, 606-8502, Japan
" Hakubi Center, Yoshida Honmachi, Sakyo-ku, Kyolo 606-8501, Japan

M
0o
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CW signal from a single system &

2 bosons —> 1 graviton inherent CW frequency depends /
almost entirely on boson mass e
BHs are moving towards or away from us observed CW frequency will be Jobs
Doppler shifted due to BH motion
. ﬂ:u')x > fmruu'
____________ R
30 Sylvia ). Zhu, Perimeter Institute, 06 Dec 18
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CW signals from all systems &

2 bosons —> 1 graviton inherent CW frequency depends ‘
almost entirely on boson mass R

BHs are moving towards or away from us observed CW frequency will be Jobs
Doppler shifted due to BH motion

all* BHs will have clouds that emit this CW we should be looking for the { fobs }

ensemble signal produced by all BHs

- - ’
-
Jobs > [source .

......... , )
.- -
> il _ﬁl!!x “_f\uum'
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parameter space < R

fow € [20, 500] Hz = U € [4e-14, Te-12] eV

500 Man = 15M o, a;= 0.7 500 Mgy = 15M ¢, a;=0.7
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Galactic isolated black holes

input:

gravitational potential:

+
initial spatial distribution:
. 85% +
initial velocity distribution:
r—r

face-on view of the Galaxy

~ einstein
@ .. home

+ "
g
15%
[
.. »
' ; g
natal kicks
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Galactic isolated black holes

output:
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ingredients B

position signal strength
mass signal duration
velocity signal frequency
spin
44 Sylvia ). Zhu, Perimeter Institute, 06 Dec 18
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Galactic isolated black holes &=

What do we know about their mass distribution?

Known Galactic BHs are in binary systems 5

optical

3

e.g., Cygnus X-1

33

Vl/f.r\f\'f

@ /1/1} X rays
black hole (~15Ms)

blue supergiant (~20Rg, 20-40M,)
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Galactic isolated black holes

What do we know about their mass distribution?

Known Galactic BHs are in binary systems:

Likefihood

Likelihoo
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Galactic isolated black holes &

What do we know about their mass distribution?

‘ M\ 135
Salpeter initial mass function & (IN) = 0.03 (@— from observations of stars
O]

effect, since in this region masses and bolometric corrections are not known very accu-

It is not yet clear whether the steeper drop of ¢ for masses larger than 10 9 is a real
( rately and the number of such stars reasonably near the galactic plane is small. )

10’ w
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Galactic isolated black holes  E =«

What do we know about their mass distribution?

. outside the
> —Galaxy

EM Neutron Stars
.
. o ®
. .
® e®®%s %
po—

LIGO-Virgo | Frank Elavsky | Northwestern
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Galactic isolated black holes

einstein
@, home
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Galactic isolated black holes &

We will assume a couple of different mass distributions

1. Gaussian distribution from known Galactic BHs
2. M3 distribution up to some maximum Mmax:

Choose Mmax s.t. it is the smallest value that still yields
a detectable signal in 108 BHs, Mmax = 15M,,

Mmax = 15Ms: completely fine

Mmax = 20M,: reasonable
Mmax = 30M,: astronomers get upset

51 Sylvia ). Zhu, Perimeter Institute, 06 Dec 18
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Galactic isolated black holes &=

What do we know about their natal kicks?

pulsar natal kicks: ~a few hundred km/s

velocity

53 Sylvia J. Zhu, Perimeter Institute, 06 Dec 18
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Galactic isolated black holes &=

What do we know about their spin distribution?

A\ (V)./

We take a uniform spin distribution between 0 and 1

57 Sylvia ). Zhu, Perimeter Institute, 06 Dec 18
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signal ensemble examples RO

Near 100 Hz (Ua ~ 2€-13), need Mmax ~ 25Me

max BH mass = 26M o

107 0"
All signal lifetimes are long enough
Can only detect signals from 0™ 0
BHs within hundreds of pc
<100 signals over a few Hz L
Obviously we can go to larger 0 10 15 2 2 o7 % ” 100
. Mgy (M) observed freq (Hz)
BH masses, but we start to strain =~ = 036
e ' 24
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. ) L] .
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s 025 o8
o - 020 < '0 B 7
5. O € E 5
= 10 = Q ° Og, ] &
:"{‘ @ D15 .? ° [ ] =248
o 2%,
21 010 OD 9}) 249
= ® em‘?o"@ © Oe
K . 005 R 60 ® o .
10" * i o0 ee B 000 ‘
01 02 03 20 2 2
d (kpc) My (M)
59 Sylvia |. Zhu, Perimeter Institute, 06 Dec 18

Pirsa: 18120007 Page 42/44



signal ensemble examples e

Near 300 Hz (Ua ~ 6€-13), need Mmax < 15Mq max BH mass = 15M

10 0

Only ~1% of signals are still
detectable (timescales) 0

Detectable signals come from
within 1 kpc of Earth

< q Bt g

0"

~3000 signals over 12 Hz
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conclusion / future plans ¢ e

The search is running; will start processing results next spring

We are finalising assumptions about the BH population
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