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Continuous gravitational waves II
Detection methods



Plan
• Lecture I


• Continuous Gravitational Waves, generalities and motivation


• Detection methods

• Lecture II, actual searches


• Known pulsars, all known


• Only sky position known


• Nothing known (blind surveys)


• Could these searches detect something else ?

supernova remnants

accreting LMXBs

TAKE AWAY an idea 
of what is feasible

•  Order of magnitude 
detectable strain


•  It depends on how 
many waveforms are 
searched


•  Typical waveform 
parameter ranges


• Idea of computing cost
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• 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)

6x10-27



R E C A L L  :  

G W  A M P L I T U D E         E L L I P T I C I T Y

h0 =
2π2G

c4

Iεf2
gw

D
=

= 2 × 10−25 [ I
1038 kg m2 ] [ ε

10−6 ] [
fgw

103 Hz ]
2

[ 1 kpc
D ]



�  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, 
x1.8 below 


• above 300 Hz, 


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

ε < 5 × 10−9

≈ 364
hspdwn

0

≲ 10−6



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



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) 



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) 



A  G O O D  I D E A

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




 htorq.bal.
0 ∝ M− 1

4 r
1
4
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1
2
X R

1
2 f − 1

2
GW

T O R Q U E  B A L A N C E

NS mass

GW frequencytorque arm

NS radius

observed X-ray flux



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 )

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


O1, Abbott et al (2017)

O2, Zhang et al (2021)
O3, Abbott et al (2021a)

no detections

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

9x10-26

requires large computer 
cluster for weeks

𝒟 ∼ 70
1

Hz



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



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 ≥

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:



Results: lowest a few hupper limit
0 ∼ 10−26

E@H latest search, in prep

E@H latest search, in prep



  G347

E@H latest search, in prep

Results: lowest a few hupper limit
0 ∼ 10−26

𝒟 ∼ 20
1

Hz

𝒟 ∼ 100
1

Hz



Translated into ellipticity upper limits :



A  H I E R A R C H Y  O F  S E M I - C O H E R E N T  S E A R C H E S  
W I T H  I N C R E A S I N G  T C O H



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

Successive stages: super 
computing cluster

https://einsteinathome.org/



ALL-SKY SURVEYS

I have to explicitly search over all possible sky 
positions



8x10-26

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

I S O L AT E D  O B J E C T S  



8x10-26

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

I S O L AT E D  O B J E C T S  

−2.6 × 10−9 Hz/s ≤ ·fGW ≤ 2.6 × 10−10 Hz/s

| ·fGW | ≤ 5 × 10−10 Hz/s

−10−8 Hz/s ≤ ·fGW ≤ 10−9 Hz/s

require large computer 
cluster for weeks

requires 
Einstein@Home for 

months
𝒟 ∼ 55

1

Hz



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



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


 different algorithms and implementations encode those choices

Depth

Breadth Robustness

at
fixed

resources



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
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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



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

 Re-interpreting results from all-sky searches


 Setting up specific searches

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



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

 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



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/



C AV E AT

 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



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 …



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 …



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 parameters additionally searched

• Less sensitive search than for isolated objects

| ·fGW | ≤ a few 10−10 Hz/s

• 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

requires large 
computer cluster for 

weeks

𝒟 ∼ 20
1

Hz



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 parameters additionally searched

• Less sensitive search than for isolated objects

| ·fGW | ≤ a few 10−10 Hz/s

1 kpc

100 pc

10 pc

Izz = 3 × 1038 kg m2

Izz = 1038 kg m2

Excludes NSs in 
binaries with 
ellipticities >  
within 1 kpc

3 × 10−6



… 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

• might uncover unexpected exotic signal

• high-risk/high-gain enterprise, but remember the 

history of GWs…



D. Reitze, APS meeting 2024



– J O H N  C .  M A X W E L L

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


