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Binary merger signals, short-lived

Gravitational waves 
from the varying 
mass quadrupole



S I M P L E  M O D E L :  S P I N N I N G  N E U T R O N  
S TA R  W I T H  E Q U AT O R I A L  E L L I P T I C I T Y
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S I M P L E  M O D E L :  S P I N N I N G  N E U T R O N  
S TA R  W I T H  E Q U AT O R I A L  E L L I P T I C I T Y

̂z

ellipticity  ε :=
Ixx − Iyy

Izz

sinusoidal signal
fgw = 2 frot

• signal always there



W H AT  C O U L D  G E N E R AT E  S I G N A L  ?

• what could source ellipticity ? 
• deformation frozen-in at birth 
• star-quakes 
• hot-spot (in accreting systems, very interesting) 
• internal magnetic fields* 



H O W  B I G  I S  T H E  D E F O R M AT I O N  ?

• maximum ellipticity** 
• i.e. before crust breaks, very uncertain 

• smallest ellipticity 
• magnetic fields, very low

* Mastrano et al, MNRAS 417 (2011) - **Johnson-McDaniel & Owen, PRD 88 (2013) - Gittins et al, PRD 101 (2020), Gittins & Andersson, MNRAS 500 (2020), 
MNRAS 507 (2021) - Morales & Horowitz, MNRAS 517 (2022)

≈ (10−3)10−5 − 10−8

≈ 10−14



W H AT  C O U L D  W E  L E A R N  ?

• ellipticity of object, internal structure of NS 

• access to invisible population of neutron stars 

• tests of GR (non-GR polarisations) 

• if in conjunction with EM timings 

• emission mechanism 

• differential rotation ? 

• even more intriguing, if signal does not come from a neutron star 



V E R Y  W E A K  S I G N A L S

ε

compare: hbinaries
0 ≈ 10−21

h0 =
4π2G

c4

Iεf2
gw

D
= 2 × 10−25 [ I

1038 kg m2 ] [ ε
10−6 ] [

fgw

103 Hz ]
2

[ 1 kpc
D ]

• signal always there 

• very weak: 



T H E  L O N G E R  T H E  O B S E R VAT I O N  I S ,  
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basic idea: combine the data (think FFT power), the signals 
adds coherently, the noise does not (matched filtering)

The longer is the time baseline, the higher is the SNR



K N O W N  N E U T R O N  S TA R S :  P U L S A R S

frot

 known from EM observations, so   is 
known, so GW signal is known
frot fgw = 2frot



S E A R C H E S  F O R  E M I S S I O N  F R O M  K N O W N  
P U L S A R S

• routinely done 

• benchmark: spin-down upper limit
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S E A R C H E S  F O R  E M I S S I O N  F R O M  K N O W N  
P U L S A R S

• routinely done 
• no detections 
• benchmark: spin-down upper limit

upper limits

             h0: largest GW amplitude 
consistent with no 

detection

signal frequency

lower is better



S E A R C H E S  F O R  E M I S S I O N  F R O M  K N O W N  
P U L S A R S

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



S P I N - D O W N  U P P E R  L I M I T

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

  hspdwn
0 =

1
D

5GI
2c3

| ·fGW |
fGW

GW amplitude at distance D from star



C O N T I N U O U S  G W S  F R O M  K N O W N  P U L S A R S

Searches for Gravitational Waves from Known Pulsars at Two Harmonics 2nd and 3rd LVK Observing Runs. 
Abbott et al, ApJ 953,1 (2022)Abbott et al, ApJ 953,1 (2022) [very recent: arxiv:2501.01495 (2025), 45 pulsars]

6x10-27



�  Most constraining ε UL is ≈5 x 
10-9 for J0711-6830
¡  ~ 364 Hz, 100pc, 0.57 spindown 

limit

�  @ > 300 Hz, the bulk below 10-7, 
well within maximum predicted 
values, and some within a factor 
of 10 of spindown limit

 
�  spindown limit is beaten at lower 

frequencies : 
¡  Crab: x 100 lower
¡  Vela x 20 lower
¡   but corresponding to higher 

ellipticities, less likely to exist.

K N O W N  P U L S A R S :  C O N S T R A I N I N G  T H E  
E L L I P T I C I T Y

• most constraining: 
J0711-6830,100 pc away,  Hz, 
x1.7 below  

• above 300 Hz,  

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

ε < 5.3 × 10−9

≈ 364
hspdwn

0

≲ 10−6



Y O U N G  N E U T R O N  S TA R S  :  S U P E R N O VA  
R E M N A N T S

Courtesy NASA/JPL-Caltech



A C C R E T I N G  N E U T R O N  S TA R S



I D E A :  T O R Q U E  B A L A N C E ,  G W  E M I S S I O N  
B A L A N C I N G  A C C R E T I O N  T O R Q U E

S P I N S  O F  A C C R E T I N G  N E U T R O N  S TA R S

Patruno Haskell Andersson, ApJ 850 (2017) 



“ B L I N D  S E A R C H E S ”  :  S I G N A L S  F R O M  
U N K N O W N  S O U R C E S  



 WAV E F O R M S  R E S O LVA B L E  
W I T H  6  M O N T H S  O F  D ATA

≈ 1028

 O P T I M A L  ( F U L LY  C O H E R E N T )  S E A R C H  
M E T H O D S  C A N N O T  B E  U S E D



Semi-coherent searches

time

DATA

Tobs ~ year



Semi-coherent searches

Brady et al, PRD 57 (1998), Brady&Creighton, PRD 61 (2000), Krishnan et al, PRD70 (2004), Dhurandhar et al, PRD 77 (2008), Astone et al, 
PRD90 (2014), Walsh et al, PRD 94 (2016), O. Piccinni et al, CQG 36 (2019), Dergachev&Papa, PRL 123 (2019)

time

DATA

Tobs = N Tcoh

time

1 2 … N



We do a whole hierarchy of semi-coherent searches



We do a whole hierarchy of semi-coherent searches
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1st pass on data

2nd pass on data

cross-check on new data

time
Nth pass on data



Noise rejection

time

1st semi-coherent search
threshold



time

time

2nd semi-coherent search

Noise rejection
threshold



time

time

time

3rd semi-coherent search

Noise rejection
threshold



time

time

time

time

n-th stage
….

Noise rejection
threshold



F R O M  P O I N T  O F  V I E W  O F  H I D D E N  S I G N A L



F R O M  P O I N T  O F  V I E W  O F  H I D D E N  S I G N A L



 Broad parameter space searches require choices, i.e. trade-offs


 different algorithms and implementations encode those choices

Depth

Breadth Robustness

at
fixed

resources



A L L - S K Y, 2 0 - 8 0 0 H Z ,  O 3  D ATA



A L L - S K Y, 2 0 - 8 0 0 H Z ,  O 3  D ATA

these are fake signals         no 
real candidate surviving



V E R Y  G O O D  PA R A M E T E R  R E C O N S T R U C T I O N  
( B A S E D  O N  T H E  H A R D W A R E  I N J E C T I O N  R E C O V E R Y )



V E R Y  G O O D  PA R A M E T E R  R E C O N S T R U C T I O N  
( B A S E D  O N  T H E  H A R D W A R E  I N J E C T I O N  R E C O V E R Y )

If something is detected how does it make sense to inspect that spot in the sky ?



8x10-26

O3 data



E L L I P T I C I T Y  U P P E R  L I M I T S  



F I R S T  S TA G E  I S  T H E  M O S T  E X P E N S I V E

Einstein@Home volunteer distributed computing project, tens 
of thousands of machines 24 x 7.

Einstein@Home: volunteer 
computing (≈ 6 PETA-flops 24x7)



F I R S T  S TA G E  I S  T H E  M O S T  E X P E N S I V E

Einstein@Home volunteer distributed computing project, tens 
of thousands of machines 24 x 7.

Einstein@Home: volunteer 
computing (≈ 6 PETA-flops 24x7)

https://einsteinathome.org/



B U T  N O T  A L L  S E A R C H E S  N E E D  
E I N S T E I N @ H O M E  …



B U T  N O T  A L L  S E A R C H E S  N E E D  
E I N S T E I N @ H O M E  …



Pagliaro et al, ApJ 952 (2023)

• must be lucky to see a signal from 
a non-recycled neutron star now


• Much better prospects with next 
generation detectors:

expected # of detectable 
signals

S Y N T H E T I C  P O P U L AT I O N S  A N D  C H A N C E S  O F  
D E T E C T I O N



B U T  M O S T  P U L S A R S  I N  G R O U N D - B A S E D  
D E T E C T O R S  B A N D  A R E  I N  B I N A R I E S …



S I G N A L  F R O M  N E U T R O N  S TA R S  I N  B I N A R Y  S Y S T E M  

Covas et al, arxiv:2409.16196, to appear in ApJ



S M A L L E R  V O L U M E  P R O B E D  
Covas et al, arxiv:2409.16196

1 kpc

100 pc

10 pc



N E E D  F O R  N E W  A N D  C L E V E R  
M E T H O D S



… S U M M A R I S I N G

• the first detection of 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 and require significant computing 
• trade-offs necessary: different approaches ma different 

choices  
• many open problems 
• auxiliary observations and modelling useful now and after first 

detection 
• high-risk/high-gain enterprise, but remember the history of 

GWs…



– J O H N  C .  M A X W E L L

“The only guarantee for failure is to stop trying.” 



T H A N K  Y O U  !



Semi-coherent searches

Brady et al, PRD 57 (1998), Brady&Creighton, PRD 61 (2000), Krishnan et al, PRD70 (2004), Dhurandhar et al, PRD 77 (2008), Astone et al, 
PRD90 (2014), Walsh et al, PRD 94 (2016), O. Piccinni et al, CQG 36 (2019), Dergachev&Papa, PRL 123 (2019)

time

DATA

Tobs = N Tcoh

time

1 2 … N



combination of per-segment results

• divide the data set in segments 

• perform a coherent (F-stat) search on 
each segment 

• combine the results from the segments, 
by adding the -stat values, one per 
segment

ℱ

1
Nseg

Nseg

∑
i=1

2ℱi



Combination of the single-segment results
• per-segment search uses coarse 
template grid 

• sum-track uses finer grid

2F1

+ 2F2

+ 2F3

+ … + 2FNseg ➔ <2F>

signal-template      track



W H AT  A R E  T H E  C H A N C E S  O F  D E T E C T I O N ?

ε
age

Spin frequency, now

Distance Magnetic field

Position

Spin frequency at birth

Kick velocity at birth

Sh(freq) search-sensitivity(freq)



Convolve together all these effects 
by building a synthetic population of 
neutron stars

Pagliaro et al, ApJ 952 (2023)



Convolve together all these effects 
by building a synthetic population of 
neutron stars

Pagliaro et al, ApJ 952 (2023)

• must be lucky to see a signal from 
a non-recycled neutron star now


• Much better prospects with next 
generation detectors:

expected # of detectable 
signals



W H AT  A R E  T H E  C H A N C E S  O F  D E T E C T I O N ?

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

neutron stars produced

·ν = γdipν3 + γGWν5

γdip = − 32π3R6

3Ic3μ0
B2, γGW = − 512π4GI

5c5 ε2

Pagliaro et al, ApJ 952 (2023)



C H A N C E S  O F  D E T E C T I O N  N O W

different synthetic populations of non-recycled neutron stars:

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

expected # of detectable signals



N E X T  G E N E R AT I O N  D E T E C T O R S

expected # of detectable signals



Y O U N G  N E U T R O N  S TA R S  :  S U P E R N O VA  
R E M N A N T S

Courtesy NASA/JPL-Caltech

h0 ≤ hage
0 =

1
D

5GI
2c3

1
τc



Cassiopeia A (Cas A)

•  yrs old


•  kpc away

330 ± 20

3.5 ± 0.2

Vela Jr

•  yrs old


•  pc away

700

200

• yrs old


•  pc away

4300

750

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



Cassiopeia A (Cas A) Vela Jr



A C C R E T I N G  N E U T R O N  S TA R S



I D E A :  T O R Q U E  B A L A N C E ,  G W  E M I S S I O N  
B A L A N C I N G  A C C R E T I O N  T O R Q U E

S P I N S  O F  A C C R E T I N G  N E U T R O N  S TA R S

Patruno Haskell Andersson, ApJ 850 (2017) 



S C O R P I U S  X - 1  
B R I G H T E S T  X - R AY  S O U R C E  ( A F T E R  S U N )

Abbo$ et al, Astrophys.J.Le-. 941 (2022) 2, L30, Whelan et al, Astrophys.J. 949 (2023) 2, 117 

O1, Abbo( et al (2017)

O2, Zhang et al (2021)

O3, Abbo( et al (2021a)

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

9x10-26



5 0 %  O F  P U L S A R S  R O TAT I N G  A B O V E  1 0  H Z  A R E  I N  
B I N A R I E S



S I G N A L  F R O M  N E U T R O N  S TA R  I N  B I N A R Y  S Y S T E M  

Covas et al, arxiv:2409.16196, to appear in ApJ



P R E V I O U S  S E A R C H E S
Covas et al, arxiv:2409.16196

1 kpc

100 pc

10 pc



A  F E W  D E TA I L S  O F  A L L - S K Y  S E A R C H  F O R  E M I S S I O N  F R O M  
N E U T R O N  S TA R S  I N  B I N A RY  S Y S T E M S

I = 1038 kg m2

I = 3 × 1038 kg m2

•  

• Orbital eccentricity  

• Orbital parameters additionally searched 
• Less sensitive search than for isolated objects

| ·fGW | ≤ a few 10−10 Hz/s

e ≤ 5.7 × 10−3 [ 500Hz

fGW ]

• Covas et al, Ap. J. Lett. 929 (2022) , O3a 

• Abbott et al, PRD 103 (2021), O3a 

• Aasi et al, PRD 90 (2014), S6

3x10-25



T R A D E - O F F S

50-300 Hz:  
covered parameters  

of 12% of known PSRS

300-500 Hz:  
covered parameters  

of  42% of known PSRS
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N E U R A L  N E T W O R K S :  D I F F E R E N T  T H A N  
S TA N D A R D  U S E - C A S E

• Poor performance of DNN (standard image recognition convolutional 
networks)


• Different regime than usually assumed: here we have weak and 
“delocalised” features


• Prospects for use in the incoherent combination step are perhaps better


• Only recently a custom-designed DNN* could match optimal detection 
statistic performance for Tcoh ~ 10 days 


• MUCH work to do 


*Joshi et al, (Joshi and Prix, “Novel neural-network architecture for continuous gravitational waves” PRD 108 (2023) 
Dreissigacker et al, “Deep-Learning Continuous Gravitational Waves: Multiple detectors and realistic noise", PRD 102 (2020) 
Dreissigacker et al, “Deep-Learning Continuous Gravitational Waves", PRD 100 (2019) 
Bayley et al, “Robust machine learning algorithm to search for continuous gravitational waves”, PRD 102 (2020) 



U P P E R  L I M I T S  O N  B O S O N  M A S S  

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

U P P E R  L I M I T S  O N  h0



F E W  D E TA I L S  O N  B O S O N  C L O U D  M O D E L
scenario: boson annihilations following the formation of gravitationally bound states of ultralight bosons 
around black holes, through super radiance instability.

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

super radiance will take place (level will grow) if χi > χc
As the boson annihilate the cloud is depleted so:

Cloud mass decreases, grav. 
potential energy increases => 
positive ·fGW



U P P E R  L I M I T S  O N  B O S O N  M A S S  
assuming super radiant emission

 Setting up specific searches, 
and parametrising results as a 
function of source parameters

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



U P P E R  L I M I T S  O N  B O S O N  M A S S  

 Re-interpreting results from 
all-sky searches, assuming 
distributions of source 
parameters

Zhu et al, Characterizing the continuous gravitational-wave signal from boson clouds around Galactic isolated black holes, PRD 102, 2020



Sco X-1 searches

Sky position known 
 not known fGW·fGW assumed  = 0

≈ 1010 − 1012 templates

“Blueprint” to search for emission from : 


Object in a binary system with some constraint on orbital parameters



Sco X-1 searches

Zhang et al, ApJ Lett 906 (2021)
40 Hz ≤ fGW ≤ 180 Hz
Tcoh = 19 hrs

Whelan et al, ApJ 949 (2023)
25 Hz ≤ fGW ≤ 1600 Hz
4 min ≤ Tcoh ≤ 2.8 hrs

Sky position known ·fGW assumed  = 0

≈ 1010 − 1012 templates



S U P E R N O VA  R E M N A N T S

Courtesy NASA/JPL-Caltech



S U P E R N O VA  R E M N A N T S  M AY  H O S T  Y O U N G  N E U T R O N  
S TA R S

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

·fspin ∝ f n
spin

n: braking index

characteristic age

τc :=
1

n − 1
fspin
·fspin



S U P E R N O VA  R E M N A N T S  M AY  H O S T  Y O U N G  N E U T R O N  
S TA R S

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

·fspin ∝ f n
spin

n: braking index

characteristic age

τc :=
1

n − 1
fspin
·fspin

hspindown
0 ≥

1
D

5GI
2c3

1
τc



E M I S S I O N  F R O M  N E U T R O N  S TA R S  I N  Y O U N G  
S U P E R N O VA  R E M N A N T S :  N O  P U L S AT I O N S  O B S E R V E D

so have to search over frequency, frequency derivatives:



E M I S S I O N  F R O M  N E U T R O N  S TA R S  I N  Y O U N G  
S U P E R N O VA  R E M N A N T S :  N O  P U L S AT I O N S  O B S E R V E D

Assume frequency. Characteristic age

τc :=
1

n − 1
f
·f

−
fGW

τ
≤ ·fGW ≤ 0

when n=2 this is the 
smallest. 

so have to search over frequency, frequency derivatives:



E M I S S I O N  F R O M  N E U T R O N  S TA R S  I N  Y O U N G  
S U P E R N O VA  R E M N A N T S :  PA R A M E T E R  S PA C E

−
fGW

τ
≤ ·fGW ≤ 0

n =
f ··f
·f 2

braking 
index 0 Hz/s2 ≤ ··f GW ≤ 7

| ·fGW |2
max

fGW

when n=7 this is the 
largest. 

Assume frequency. Characteristic age

τc :=
1

n − 1
f
·f



E M I S S I O N  F R O M  N E U T R O N  S TA R S  I N  Y O U N G  
S U P E R N O VA  R E M N A N T S :  PA R A M E T E R  S PA C E

−
fGW

τ
≤ ·fGW ≤ 0

n =
f ··f
·f 2 0 Hz/s2 ≤ ··f GW ≤ 7

| ·fGW |2
max

fGW

| ·fGW |max = 10−7 Hz/s ( f
1kHz ) ( 300yrs

τ )

| ··f GW |max = 10−17 Hz/s2 ( f
1kHz ) ( 300yrs

τ )
2

braking 
index

Assume frequency. Characteristic age

τc :=
1

n − 1
f
·f



E M I S S I O N  F R O M  N E U T R O N  S TA R S  I N  Y O U N G  S U P E R N O VA  

R E M N A N T S :  PA R A M E T E R  S PA C E            I T ’ S  B I G

| ·fGW |max = 10−7 Hz/s ( fGW

1kHz ) ( 300yrs
τ )

| ··f GW |max = 10−17 Hz/s2 ( fGW

1kHz ) ( 300yrs
τ )

2

fGW |max ∼ 1 kHz δfGW ∼ 3 × 10−8 Hz ( 1 yr
Tcoh )

δ ·fGW ∼ 10−15 Hz/s ( 1 year
Tcoh )

2

δ ··f GW ∼ 3.7 × 10−23 Hz/s2 ( 1 year
Tcoh )

3



D E C I S I O N S …

τ

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

● Which objects to target ?


○ Youngest ?


○ Closest ?


● What signal frequency range ?


● What spindown spindown range ?


● what search ?


○ What frequency and frequency-
derivative grid spacings ?


○ What search set-up (Tcoh) ?



T H E  B A C K PA C K - P R O B L E M



T H E  C O N T I N U O U S  W AV E S  B A C K PA C K - P R O B L E M

◆ Assume distribution of signal parameters (most difficult part)


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


○ Computing cost


○ 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)



S U P E R N O VA  R E M N A N T S
τ



S U P E R N O VA  R E M N A N T S  T O  TA R G E T:



W H AT  A R E  T H E  C H A N C E S  O F  D E T E C T I O N ?

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

neutron stars produced

·ν = γdipν3 + γGWν5

γdip = − 32π3R6

3Ic3μ0
B2, γGW = − 512π4GI

5c5 ε2

Pagliaro et al, ApJ 952 (2023)



D O  Y O U R  S E A R C H  B Y  M I N I N G   
R E L E A S E D  R AW  R E S U LT S

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


       


 a sky-map every 45 mHz


  upper limits as function of sky position, 


  In 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)

20 Hz ≤ fGW ≤ 1500 Hz | ·fGW | ≤ 5 × 10−10 Hz/s

h0 ι, ψ

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



Bells and monochromatic signal



P H A S E  PA R A M E T E R  R E C O V E R Yfrom Prof. Andrew Yao’s Basic Science Lecture, on Monday: 


