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CWs targeted search

NO evidence of CW signal in the LIGO/Virgo data

236 pulsars, O2+03 data : arXiv:2111.13106

How to improve the detection probability?

Considering an ensemble of pulsars Giazotto et al. 1997 Phys.Rev.D 55

F-stat Chen et al 2016 Phys.Rev.D 94,

Bayesian method Pitkin et al 2018 Phys.Rev.D 98

5n-vector method
o D’Onofrio et al. 2021 Class. Quantum Grav.38 13502
o D’Onofrio et al. 2022 Phys. Rev. D 105, 063012

Stochastic Targeted search arXiv:2203.03536



https://arxiv.org/abs/2203.03536

ENSEMBLE ANALYSIS combines the effects of weak sources that are individually
undetectable

—»  Multipletest H,=H"UH>U.. UH

— Linearly combining the single pulsar detection statistics

» S, defined by the 5n-vector method in [1], “normalized” to be compared

Gaussian noise : S; ~ Gamma(z;2,1)

———p> Rank truncation method [2]

[1] P Astone et al 2012 J. Phys.: Conf. Ser.363 012038
[2] D. Zaykin et al., Gen. Ep. 22 (2002)



Ensemble procedure

Simplest way to define an ensemble statistic : take the sum of the S statistics

o with ~200 pulsars, how many signals can be near the detection thr?
To maximize the det. prob. we need to estimate signals “strength”
Use single pulsar p-values in a real analysis!

Organize for increasing p-values is equal to organize for decreasing values of

the statistics

N
T(k) = Z F(,;) — Sum of order statistics
i=N-—-k+1



Fix pulsars to
analyze

J0835-4510

J0534+2200

Compute detection
statistics S

Order for
decreasing values

Ensemble statistic
T(k)
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P-value of ensemble

The idea is to construct a p-value of ensemble for the T(k) statistics as a function of k

. o X 2
To reconstruct T(k) noise distribution: = 0Pk cal il Pt 10 Rl it g de
g 08 10 Y'ul:;u;«: :‘:h \\'ill: [":—%; | S 10 f’nI::::p:,: :jl: it ‘r'::,:.-;.l.
1) Gaussian noise case 5% B
E 0.7
a) FixN : o

b) S~ Gamma(2,1) NOISE
S ~ x2(\ ,4) SIGNAL
c) Monte Carlo procedure
d) T(k) distribution for each k
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P-value of ensemble

The idea is to construct a p-value of ensemble for the T(k) statistics as a function of k

To reconstruct T(k) noise distribution:

1) Gaussian noise case —Sensitivity test

2) Real case —S distribution from off-source frequencies in a band (tenth of Hz)
near the GW frequency

a) BSD framework [1]

b) Generalize the Monte Carlo procedure starting from the experimental S
distribution for each pulsar

7 [1] O J Piccinni et al 2019 Class. Quantum Grav. 36 015008
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Single pulsar analysis

219 pulsars used in O3 targeted search (R. Abbott et al. 2021)
First results on binary systems for the 5n-vector method
LIGO-Virgo O3 datasets
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Ensemble analysis
Known pulsars in O3 targeted search

=
2.4 T T T T e :_— 500 T T T T T T T T T T

) # Shape parameter 5 RTTH IRURUNE S SRR

= 400 | ke p

2 22} o Scale parameter J =} I

= 5 300} = E

= pe

£ 2 o200t < 1

= o 2 # 95% CL

w 5100} — — —Fitted values | -

= 1.8 1 o | ] ] ; ] ] ] I I ;

Lf:‘ 9 0 20 40 60 80 100 120 140 160 180 200 220

L 16} 1 k in T(k)

¥

< =

4 1.4+ g 131 T T T T T T T T T T

| 1.4 £ o =
= i ———

?:1-2' i Z osf S e :

- =1 o

z 2, 06} P 4

= g s 95% CL

[ .04 — — —Fitted values | ]
T‘: 02 L 1 1 L 1 1 1 L 1 1

c < - - 0 20 40 60 80 100 120 140 160 180 200 220

0 50 100 150 200 kin T(k)
Pulsar

TR NN S

S S A A

% Ensemble p-value

100 - 6) < Single pulsar p-value -
2 ]
L | | | | | | | | | | ]
0 20 40 60 80 100 120 140 160 180 200 220

kin T(k)



Fitted parameters for S statistic
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P-value in %

Ensemble analysis
Millisecond pulsars
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Ensemble analysis

Millisecond pulsars in LIGO detectors
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Upper limit

e T(k) signals distributions can not be analytically computed

e BUT ----> T(N) ~ non-central X2 r.v. with parameter A

AT - [Haal? AT [Hxal?

N
A= Q.Hle.
; 0, (Z

n 2
j=1"j

of - T;-|AJP ~ Xkoa 0% T AL

)

P(A|T?) o P(T*|A)P(A)
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Upper limit

e T(k) signals distributions can not be analytically computed

e BUT ----> T(N) ~ non-central X2 r.v. with parameter A

o2 . ) |A Z;\l : .'Tk-'lA:_;lz

7=1 "

A='Z-.>.H3.,.(Z,,'A*'4 Bl e Pl Al ) P(A|T") o« P(T*|A)P(A)

e Going hierarchical —hyper-parameter a (e.g. mean value for exponential dist.)

e Hypothesis: we will assume a common distribution for the ellipticities

1) P(a|T") /P(T*|A)P(A|(r)P((r)dr‘\

2) P(a|T) (H/ (S:|H:) P H|(1(11./>
13



Summary

| propose a multi-detector ensemble procedure to combine the single pulsar
statistics that increases the detection probability for CW signals.

This procedure is a rank-truncation method since | combine together the top-ranked
statistics according to single pulsar p-values.

Preliminary results for O3 data show no evidence of CW signal from ensemble.
Upper limits can be set on population parameters.

Pipeline review on-going for application to O4 data.

The procedure can be easily generalized to different pipelines/measurements/fields
for sub-threshold signal detections.

14



Thank you!



Continuous gravitational waves (CWs)

Radio emission

|solated spinning neutron stars with non axi-symmetric mass ,‘f"r
distribution are possible sources of CWs. s
ic fields /‘“'“"‘—'
e CWs are always present in GW detectors. et C/ ’
e CW frequency is linked to source rotational frequency
e CW amplitude is expected much weaker than that generated _;_""'
by binary BH/NS collisions

of rotation

i

8 parameters for CW signal :

Different strategies considering source assumptions:
f}'ut frof a o | —EXTRINSIC / °

Targeted search; ——» accurate ephemeris

e Narrow-band search: l

h‘() ¢ 1 1) |—» INTRINSIC e Directed search; “KNOWN PULSAR"

e All-sky search; 2




CW Signal

Source as triaxial neutron star rotating around a principal axis of inertia : fg'w = 2l

167G Lef? o | 1K pc Iy ¢ P |- |E— I
ho = rot v 4.93.107% - =] |  — e
0 ¢t d l d ] [10“81&' qg- 777..2] 10761 | 100H = con ‘

hg‘[) — 1 (E("I: frot
d

1/2
5 3 fm) — Spin-down limit: theoretical upper limit

<= [l @i

GW emission SSB modulation Sidereal modulation Detector noise
\ / qua .f_q'w :t Q: .]l_qw :t ZQ
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\ e Doppler correction

e Spin-down correction

At the detector, CW signal is
splitted in 5 frequencies
(antenna pattern) :
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Tools

e 5-vector method, matched filter in frequency domain

T(?L) _ h(f) 5 ’n(?‘) B H, = cos 2 — gm sin 29 H, — sin 210 + jn cos 2¢

VIt Vit
h(t) = Ho(Hy AT + Hy A% )e?0t 0 — AL =g+ a1, c08Qt + g, 8in Qf + a9, cos 20 + g, sin 204

Ay = by cos Ot + by sin Qt + by, cos 20t + by, sin 20t

i X A+/;v 5
It can be rewritten in terms of Signal 5-VECs A" A~* Hyje = A Hoe" H y /y
e 5n-vector method, extension to a network of n detectors
X =[Xe,Xal A*=[A}Af] AX=[AXAX]
VAY; , A ‘ , ~ ‘ . g
S = |ATYH|? + |[AX|'|H.|*? ——— 5n-vec definition
- AT - |A’<|“‘ , . e
S =—; po rsl s+ - 2|H,<| — “normalized” definition
Z] 1 ] T |A | Z_] 1 |A I 19



Fix pulsars to
analyze
i.e.N!

J0835-4510 J0534+2200 J1813-1749 J2229+6114

Experimental
S distribution

Monte Carlo
procedure:
1. Select randomly
a point from each
distribution

2. Order

3. Partial sum
N l / ¢

Ripet 1-2-3 M times: T(k) — | Z S(,l-) T(2) = T(1) =

T(k) distribution!

3)




e MC noise.m

1.  Generate a Gamma(x; 2,1) distribution
with 200k points to simulate the single
pulsar noise distribution.

2. Select randomly N points to simulate an ensemble.

Repeat steps 1-4, M
times to reconstruct T(K)
noise distributions

3. Rank for decreasing values these N
points (that is for increasing p-values).

A

4.  T(k) is the sum of the k
top-ranked values



https://git.ligo.org/CW/software/ensemble_5vect/-/blob/main/Sensitivity%20estimation/MC_noise.m

noise_par = MC _noise( 100, 'K', 28)

0.06 :
I MC data
0.05 {“ — — —Gamma(56,1) |
' b % Gamma(156.613,0.67949)
)
0.04 I
)
0 0.03 |
¢
0.02 j
!
i
0.01 S
!
)
0 < :
0 1 50
! T(28
v (28)

Simple sum of gamma
random variable

Fit using a Gamma
(mle() matlab function)
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MC sig.m

Fix A distribution for an
ensemble of N pulsars

Compute detection
probability at f.a. of 1 %

1. Generate N non-central x2 distribution

with 200k points with the appropriate A to ‘
simulate individual signal distributions.

Repeat steps 1-4, M

2.  Select randomly N points to simulate an ensemble. times to reconstruct T(K)

signal distributions

3. Rank for decreasing values these N 1
points and construct T(k).

For each k, compute

the median value for
4. Compute the p-value for the the 10k p-values of

ensemble as a function of k using T(k) ensemble



https://git.ligo.org/CW/software/ensemble_5vect/-/blob/main/Sensitivity%20estimation/MC_sig.m

[median_pv_MC, pd,pd_S]=MC _sig(noise par,'ParDist', flat’,'ParValue’,[5,6,7],'SigNum’,10);

1 - —= 10° : :
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[median_pv_MC, pd,pd_S]=MC _sig(noise_par,'ParDist','"exp’,'ParValue’,[1,1.5,2],'SigNum’,50),

1 : 102

e 5() Pulsars with signals (A=1)

0.9 H = 50 Pulsars with signals (1=1.5)

s 5() Pualsars with signals (1=2)
¥  Single pulsar det. prob (X=1)
3% Single pulsar det. prob (A=1.5) |==]
% Single pulsar det. prob (1=2)
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e ensemble analysis.m

Load cell array from ensemble_detection() :
pulsars structs with the S distributions for each detector

Fix pulsars Threshold for the detectors to be
(e.g. MS or LH or MS-LH) considered for multidetector analysis

v

Default perc=0.2
Set of pulsars to analyze thr_scale = 2+[-1, 1].*perc*2;

Monte Carlo procedure from S experimental distributions

P-value of ensemble for T(k)
Summary plot



https://git.ligo.org/CW/software/ensemble_5vect/-/blob/main/Ensemble%20statistic%20T(k)/ensemble_analysis.m

