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Plan

TAKE AWAY an idea
of what Is feasible

e | ecture ll, actual searches |
» Order of magnitude

» Known pulsars, all known detectable strain

» SUPEernova remnants
/ P * |t depends on how

 Only sky position known <
Y SKY P R g LMXBs Srgaalr;ghv;gveforms are

* Nothing known (blind surveys)

» Typical waveform
* Could these searches detect something else ? parameter ranges

*|dea of computing cost



KNOWN PULSARS
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KNOWN PULSARS GROUND GW DETECTORS' BAND
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SEARCHES FOR EMISSION FROM KNOWN
PULSARS

e routinely done



SEARCHES FOR EMISSION FROM KNOWN
PULSARS

e routinely done
* no detections .

upper limits



SEARCHES FOR EMISSION FROM KNOWN
PULSARS

e routinely done
* no detections .

4+ ho: largest GW amplitude

consistent with no

upper limits detectior

lower is better

\

signal frequency




SEARCHES FOR EMISSION FROM KNOWN
PULSARS

e routinely done
* no detections
e important benchmark: spin-down upper limit



SPIN-DOWN UPPER LIMIT

e all rotational energy lost (which we know) is
radiated away by (continuous) GWs, then

DY\ 2¢° fow

hspdwn _ 1 SGI ‘fGW‘
0

GW amplitude at distance D from star



CONTINUOUS GWS FROM KNOWN PULSARS

Sensitivity estimate
Resulfs

pbelow spin-down limit
spin-down limits

Vela pulsar’
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Abbott et al, Apd 953,1 (2022)




RECALL :
GW AMPLITUDE <49 ELLIPTICITY

)
€ Jow 1 kpc
1038 kg m* | | 10=¢] | 103 Hz ),

= 2% 107%
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KNOWN PULSARS: CONSTRAINING THE

ELLIPTICITY

® Resulfs
below spin-down limit
v spin-down limits

10°
Gravitational-wave Frequency (Hz)

 most constraining: € < 5 X 10~
J0711-6830,100 pc away, ~ 364 Hz,
x1.8 below hgpdwn

e above 300 Hz, < 107

* below 60 Hz spindown limit is beaten
(x100 for Crab, x20 for Vela), but
corresponding ellipticities are higher



ACCRETING NEUTRON STARS




SPINS OF ACCRETING NEUTRON STARS
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Patruno Haskell Andersson, ApJ 850 (2017)



SPINS OF ACCRETING NEUTRON STARS
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Patruno Haskell Andersson, ApdJ 850 (2017)

IDEA: TORQUE BALANCE, GW EMISSION
BALANCING ACCRETION TORQUE



A GOOD IDEA
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F. Gittins, N. Andersson, Mon.Not.Roy.Astron.Soc. 488 (2019)



TORQUE BALANCE

1

htorq .bal. - M—— z %

1 1
F2 7
X

/

NS mass

torque arm GW frequency
NS radius

observed X-ray flux



SCORPIUS X-1
BRIGHTEST X-RAY SOURCE (AFTER SUN)

L LU

=== (1, Abbott et al (2017)

w02, Zhang et al (2021)
- 03, Abbott et al (2021a)

no detections

!

requires large computer
cluster for weeks
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Frequency (Hz)

Abbott et al, Astrophys.J.Lett. 941 (2022) 2, L30, Whelan et al, Astrophys.J. 949 (2023) 2, 117

caveat: spin wandering (Mukherjee et al , PRD97 (2018)



Sco X-1 searches

~ 10! — 10'* templates

“Blueprint” to search for emission from :

Object in a binary system with some constraint on orbital parameters
Sky position known
Jw not known

fow assumed = 0
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SUPERNOVA REMNANTS MAY HOST YOUNG NEUTRON
STARS

Pulsar spin decreases, so the younger the object, the higher is the
spindown, i.e. the kinetic energy loss, a fraction of which, might go in GWs

( n
fspin X spin
n: braking index

v

characteristic age
1 fspin

T. .=



SUPERNOVA REMNANTS MAY HOST YOUNG NEUTRON
STARS

Pulsar spin decreases, so the younger the object, the higher is the
spindown, i.e. the kinetic energy loss, a fraction of which, might go in GWs

n
fspin X spin
n: braking index

v

characteristic age




EMISSION FROM NEUTRON STARS IN YOUNG
SUPERNOVA REMNANTS: NO PULSATIONS OBSERVED

SO have to search over frequency, frequency derivatives:



EMISSION FROM NEUTRON STARS IN YOUNG
SUPERNOVA REMNANTS: NO PULSATIONS OBSERVED

SO have to search over frequency, frequency derivatives:

Assume frequency. Characteristic age

_ b7 fow _ ;
TC'_n—lf q - <few =0

/

when n=2 this is the
smallest.




EMISSION FROM NEUTRON STARS IN YOUNG
SUPERNOVA REMNANTS: PARAMETER SPACE

Assume frequency. Characteristic age

_ 7 fow _
TCO_n—lf q - <Jow <0

when n=7 this is the

' 2
q () HZ/S2 < ].(:GW < 7 ‘fGW‘max /IargeSt.

fow

braking ff
index = f_2




EMISSION FROM NEUTRON STARS IN YOUNG
SUPERNOVA REMNANTS: PARAMETER SPACE

Assume frequency. Characteristic age

_ 7 fow _
TCO_n—lf q - <Jow <0

- ) f 300yrs
= 10~/ Hz/s
6w lmas (1kHz> ( )

T
y fowl,
q 0 Hz/s* < froyy <7 6w lnay

fow

. 300yrs \ °
— 1077 Hz/s? /
T 6wl <1kHz> ( T )

braking ff
index = f_2




EMISSION FROM NEUTRON STARS IN YOUNG SUPERNOVA
REMNANTS: PARAMETER SPACE » IT’S BIG

1 vyr
fGW‘max ~ 1 kHZ 5fGW ~ 3 X 10—8 HZ ( y )

coh

. ~ Tow 300yrs . 1 year .
= 10" Hz/s ~ 10~15
| fow | <1kHZ - Sf oy ~ 10 Hz/s( T )

3
. ~ Tow 300yrs ’ . 23 » (1 year
— 10~ Hz/s? Sfow ~ 3.7%x 10723 Hz/s
6w ( 1kHz r o Teoh



DECISIONS...

SNR

(G name)

1.940.3
15.9+40.2
18.9—-1.1
39.2—-0.3
65.7+1.2
03.3+6.9

111.7-2.1
189.1+43.0
189.1+4+3.0
266.2—1.2
266.2—1.2
201.0-0.1
330.2+1.0
347.3—-0.5
350.1-0.3
353.6—-0.7
354.4+40.0
354.4+-0.0

Other name

3C 396

DA 495

DA 530
Cas A

IC 443

IC 443

Vela Jr.
Vela Jr.
MSH 11-62

RA+dec

(J2000)
174846.9-271016
181852.1-150214
182913.1-125113
190404.7+052712
195217.0+292553
205214.0+55172:
232327.9+58484:
061705.

061705.
085201.4—-461753
085201.4—-461753
111148.6—603926
160103.1-513354
171328.3—-394953
172054.5—-372652
173203.3—-344518
173127.5—-333412
173127.5—-333412

D

(kpc)

8

9

D

D

e Ming et al, Optimally setting up directed searches [...], Phys Rev 97 (2018) , Phys Rev D 93 (2016)

e \Which objects to target ?
o Youngest ?
o Closest ?
e \What signal frequency range ?

e \What spindown spindown range ?

e what search ?

o What frequency and frequency-
derivative grid spacings ?

o What search set-up (Tcoh) ?



THE BACKPACK-PROBLEM




THE CONTINUOUS WAVES BACKPACK-PROBLEM

¢ Assume distribution of signal parameters (most difficult part)

¢ Pick among different targets, different search set-ups and different
ranges of searched signal frequency

o Computing cost

o Detection probability

+ Maximize detection probability at fixed computing budget

* J.Ming et al, Phys. Rev. D 97, 024051 (2018)
* J.Ming et al, Phys. Rev. D 93, 064011 (2016)



SUPERNOVA REMNANTS
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(G name)
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SUPERNOVA REMNANTS TO TARGET:

C=3EM R = 1.87 x 10!

(G347.3

Vela Jr. -




Results: lowest hglpper limit ~ 3 few 1()—26
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ho amplitude upper limit
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Results: lowest hglpper limit ~ 3 few 1()—26
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Translated into ellipticity upper limits :

 Cas A
e (G347.3

« Vela Jr.@ 200 pc
. Vela Jr.@ 900 pc|z

ellipticity upper limit
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A HIERARCHY OF SEMI-COHERENT SEARCHES
WITH INCREASING TcoH

observation time




FIRST STAGE IS THE MOST EXPENSIVE

Einstein@Home volunteer distributed computing project
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Successive stages: super
computing cluster




ALL-SKY SURVEYS

| have to explicitly search over all possible sky
0OoSItions



UPPER LIMITS ON
EMISSION FROM
ISOLATED OBJECTS
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UPPER LIMITS ON
EMISSION FROM
ISOLATED OBJECTS
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, require large computer '}
; cluster for weeks ‘

requires
Einstein@Home for
months

Signal frequency (Hz)




ELLIPTICITY UPPER LIMITS
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Broad parameter space searches require choices, I.e. trade-offs

Breadth

different algorithms and implementations encode those choices



WHAT ARE THE CHANCES OF DETECTION?

Synthetic isolated neutron star population, whose spin-
frequency v is evolved in time

. 3 5
V= YaiV™ + Vowl
_ 327°R°® 5o __ 5122%GI
S Fiip =~ Sy 0 ToW =T 55 €

P\ BILLIONS OF YEARS 4

Big Dark | | Milky Way | | /7/==Qur Solar Life
bang era .. galaxy forms '(/ﬂ‘..\n stem appears &

Humankind &
\ \k\“:‘::-// )/ < eVOlVGS .
N7/ forms | | on Earth = Pagliaro et al, ApJ 952 (2023)




CHANCES OF DETECTION NOW

ditfferent synthetic populations of non-recycled neutron stars:

expected # of detectable signals

mn

1.4+1.16
3.62 = 1.91

0.01 = 0.1
0.01 = 0.1
< 0.01
< 0.01

Pagliaro et al, Apd 952 (2023), arxiv:2303.04714,”Continuous gravitational waves from Galactic neutron stars:
demography, detectability and prospects”



NEXT GENERATION DETECTORS

expected # of detectable signals

T

BT CE

231.9 = 14.6 338.1 = 16.8
387.2x19.4 024.3 = 22.6
0.5 0.6 20x14
1.7 1.3 0.2 & 2.2




boson annihilations following the formation of gravitationally bound states of ultralight
bosons around black holes (through super radiance instability) will source continuous
gravitational waves

UPPER LIMITS ON #,

v

UPPER LIMITS ON BOSON MASS




boson annihilations following the formation of gravitationally bound states of ultralight
bosons around black holes (through super radiance instability) will source continuous
gravitational waves

UPPER LIMITS ON #,

v

UPPER LIMITS ON BOSON MASS

@ Re-interpreting results from all-sky searches

@ Setting up specific searches



UPPER LIMITS ON BOSON MASS

scenario: boson annihilations following the formation of gravitationally bound states of
ultralight bosons around black holes, through super radiance instability.

i- he - ~3x 1024 @ T(xi—Xe Mgy I kpc ' thW — ]d()}w - Af?}kvlv - Af%lwd

AfGw R Gw<§+1—28— f

Mgy Hb
10Mg 10713 eV

Mcloud

BH

cloud ~ £0 2
Afew. = fow (O.Za

super radiance will take place (level will grow) if y; > y.

As the boson annihilate the cloud is depleted so:

M 0.1\15/ 0.5
~5 % 10° BH ) (==
rov 5310w (5wt ) () (o)

o hO,peak

Cloud mass decreases, grab. | Fow (Maoua())2
Potential energy increases => | ERSIpREA ( cloud ) .
positive f; ' Tow \ Mgy

GW

@ Considering only first super radiant level n,I,m=(0,1,1)



UPPER LIMITS ON BOSON MASS

assuming super radiant emission
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@ Setting up specific searches,
and parametrising results as a
function of source parameters
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black hole mass [solar masses] black hole mass [solar masses]

FIG. 6. Exclusion regions in the boson mass (m;) and black hole mass (Mgp) plane for an assumed distance of D = 1 kpc (left) and
D = 15 kpc (right), and an initial black hole dimensionless spin y; = 0.9. For D = 1 kpc, three possible values of the black hole age,

tage = 10°, 10°, 10® years, are considered; for D = 15 kpc, tage = 10°,10%°,10° years are considered.
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FIG. 7. Same as Fig. 6 but for black hole initial spin y; = 0.5. The assumed distance is D = 1 kpc (left), and D = 15 kpc (right).

LVK, All-sky search for gravitational wave emission from scalar boson clouds around spinning black holes in LIGO O3 data, PRD 105, (2022)



UPPER LIMITS ON BOSON MASS

assuming super radiant emission

fow (Hz)
1000 1250 1500 1750

@ Re-interpreting results from
all-sky searches, assuming
distributions of source
parameters
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Zhu et al, Characterizing the continuous gravitational-wave signal from boson clouds around Galactic isolated black holes, PRD 102, 2020



DO YOUR SEARCH BY MINING
RELEASED RAW RESULTS

@ Dergacheyv et al, Early release of the expanded atlas of the sky In
continuous gravitational waves, Phys.Rev.D 109 (2024) 2, 022007

®20 Hz < f-yy < 1500 Hz | fow | 5% 10719 Hz/s
@ a sky-map every 45 mHz
@ h upper limits as function of sky position, 1,

@ |n every sky pixel and frequency band : parameters of largest
SNR template, and SNR value

@ Big data set: ~ 800 GB, specific library (MVL) developed to allow
fast access on laptop (can also use it on GAIA data)

Download here: https://www.atlas.aei.uni-hannover.de/work/volodya/O3a_2_atlas/



CAVEAT

@ Confident boson-cloud signal detection :

@ Requires being sure that there is a black hole of consistent mass
and spin where the signal is coming from



BUT MOST PULSARS IN GROUND-BASED
DETECTORS BAND ARE IN BINARIES...



BUT MOST PULSARS IN GROUND-BASED
DETECTORS BAND ARE IN BINARIES...

O ALL PULSARS ABOVE 10 HZ
* PULSARS IN BINARIES ABOVE 10 HZ
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requires large
computer cluster for

WIS

ALL-SKY SEARCH FOR EMISSION FROM
NEUTRON STARS IN BINARY SYSTEMS

10-21 e Covas et al, Ap. J. Lett. 929 (2022) , O3a

10722
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o |fow| < afew 10710 Hz/s

e Orbital parameters additionally searched
e |ess sensitive search than for isolated objects
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ALL-SKY SEARCH FOR EMISSION FROM
NEUTRON STARS IN BINARY SYSTEMS

10~
I, =10% kg m’

I, =3x10%kgm?

1 Kpc
Excludes NSs in _~ 100 pc
binaries with  “
ellipticities > 3 x 107°
within 1 kpc

10f~‘>. . : : . . . :
300 325 350 375 400 425 450 475
Frequency [Hz]

o |fow| < afew 10710 Hz/s
e Orbital parameters additionally searched
e |ess sensitive search than for isolated objects



..SUMMARISING

the first detection ot a continuous GW from a
neutron star will open the field of GW-pulsar-
astronomy

now probing interesting source parameter-range
broad surveys are hard

might uncover unexpected exotic signal

high-risk/high-gain enterprise, but remember the
history of GWs. ..



LIGO — NOt WithOUt Controversy! BNEWS & COMMEN Wif‘ﬂw.jggﬁ.
LIGO A $250 Million Gamble

prize would be great: the first gimpses of gravtational waves. Bul a messy dispute al
Cmrus again rais d'\ question of whether it's 100 long a shot

Congressional Testimony to the House Committee on
Science, March 1991

"the sources we think we know are out there are

too weak to be detected in gravity waves by
LIGO."

"LIGO is at best, a physics experiment, not an
astronomical observatory."

' ... astronomers can think of cheaper
experiments that are much more likely to yield
fundamental advances.”

“...even if all the estimated improvements over
the LIGO prototype are achieved in LIGO, the

@ “The payoff, when it

resulting sensitivity of LIGO falls at least ten i gl comesisso eciing tha

thoelilihly it's worth the risk.”

times short of being useful astronomically”

At the time, these criticisms were all very valid!

D. Reitze, APS meeting 2024




I

"The only guarantee for failure is to stop trying.

-JOHN C. MAXWELL




