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Introduction

Normalized amplitude
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* GWs areripples in the fabric of spacetime produced by 500 e
. . LIGO-
accelerating masses (e.g, binary neutron star coalescence BNS)

. Routinely detected by ground-based LIGO-Virgo-KAGRA (LVK) 0

interferometers network A
500
.. . , S) LIGO-Livi
* The observable duration is dictated by the interferometers T e o
minimum frequency limit fuin g
\ J % 100
1 S50
Current (LVK):  fuin = 20Hz — T4, ~30—-60s 500
—— Einstein Telescope (ET): fumin ~ few Hz — T;; ~ severalhours
Cosmic Explorer (CE) 160
50

What configuration? Triangle? Double L-shaped?

-30 -20 -10 0
What minimum frequency? 2, 3, 4, 5 Hz?

Time (seconds)
https://doi.org/10.1103/PhysRevLett.119.161101
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Signal Model
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Masses Sky locatlon Inclination
Spins Polarlzatlon

Raemer delay + Doppler effect

Taet(T) - n(ax, 0)

tssp(T) = 7+ .

Graham Woan - https://www.glowscript.org/#/user/grahamwoan/folder/Public/program/gwgw

fmin = 2Hz  fuax = 10 Hz
~ 6 hours

Y

Antenna response

y
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—— h(7) = Fi.(7) hy (tssp(7)) + Fix(7) A (tssp(T))

\ N \/
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Colored Gaussian GW polarizations
Noise (ET PSD)
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How to detect? Matched Filtering

https://www. k|ss caltech. edu/workshops/LISA/presentat|ons/Babak pdf

- 0.6} ' ]
% 8'(3, WNWMV\NW\ANWWW% “,M,\\.,‘WM I This is the true waveform (a template)
‘s 0.3} . Butin a real application we don’t know
< Ol'g i ; ‘(“"‘QN“”‘“\M ; .' _ what the true parameters are!
e 8 E . l
6 | .
g i | | We need a TEMPLATE BANK
| |
s | ‘5 1 For short signals,
= 0.0 Fa s WAV \‘w‘“"”’f - requires sampling from
‘' 0.3 | U
& o.6l . | | g | the reduced parameter
10 F ' ' ' ! | space 6 = {m1, ma, X1L, X2L}
8 = | ~ —
o 6l l s = max X?*(,)
4 . JE{l . aM}
2
n

time
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Doppler shifts
Hours-long signals 0= XL}
Antenna Pattern g — {m1, ma, X1L, X2L, @, 6, %, L}
modulations l
l Full parameter space
Computing time > Event time
EARLY NING MULTI-MESSEN ASTRONOMY
5
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Y2 — {d, h)| (d, h) = 4Re/ d*(f)h(f) df «—— The Matched Filtering statistic... a bit slow
(ha h) ? 0 Sn(f)
Nspr—1 10
. % . 1 [ T
([d,h]) = Af Y Wa -kl Cfar fa3 da) 025 0.50 ho(t) ~ Ay Aqei®
a=0 l 0- SE'T Power
2 2 ﬁ
—~ &
X2 = M ~ M - | — Exact template
(h, ) ([R, A]) g | Linear frequency
S
=
~ g T
SSFT — Iax X2(9j) 61 -
je{l,.. . N'}
Yy, %0 1000 2000 3000 TJIU{);GX{;?{)“
n iy —— GPU-acceleration g T e /s o o

Still requires to sample from the full parameter space!
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Amortized Inference

p(0|Hg)dg - Computationally

p(d|Hs) p(d|6, Hs)
B(d) — — / intractable at inference

- p(dHN) p(d|HN)

To reduce this computational burden, we propose marginalizing over the extrinsic parameters
using deep learning

. p(dA\, N, Hs) = N 0= {\ )
Bvd) = [ EEo (A ps) ) o

Binary Cross-Entropy (BCE) loss computes this integral

ry(d) = B(A; d)

B(d) ~ max B(\;d)
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CNN - training step

Sample a batch of parameters

{

Generate a matched pair of samples

OPN Frequency Track

i ~3/8
256 e (s
fl&; M) = fo|l+ %(ﬂ'fu)q( o3 ) (to — 1‘.}:|

f [Hz]

Signal Hypothesis
Crop the SFT data around

5
the approximated frequency track >
(OPN approximation) é
- - P
d(ta; Mc) = |dalka = P, daka + P]] € C2P4! =
=0 2000 4000 6000

lRe / Im decomposition

t[s]

Dget (M) = [Red(ta; Mc), Imd(ta; Mc)]
D(MC) - [Ddet(MC)7 det - 1‘) R | Ndet] NOise Hyp0theSis

Generate an indipendent realization ——»
of colored noise

Crop the SFT data using the same
frequency track and same

| Whitening :
parameters of the signal sample

D(M.)

Vv (5h)
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CNN - training

0.40
* On-the-fly generated dataset e
 BCE with logits ’ 0.30 1
 Batch size = 128 50.25-
aal
* Ntraining steps — 1080000 0204

After 27 000 steps = Nvalidation steps — 200 0.15 \

m— Training Loss
= =+ Validation Loss

+ NVIDIA A100-SXM-64GB I L i e —
0 150 300 450 600 750 900 1050
l Training Steps (x10%)
138 240 000 TRAIN SAMPLES ®)
i N~
1024 000 VALIDATION SAMPLES  ~— Equinox | -\ o0
tirqin ~ 24 hrs CINECA
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CNN - execution
- Template bank generation Tyy = {Mg)} [=0,..., N -1 <«— 1D parameter space!
I [
1. Track computation - f(Mc(z))
> For each template Mﬁ” € Tax | 2. Tensor construction> D) — D(f(M((;l)))
3. Whitening
CNN
! l
ry) = fo(DV) e R
o — max sV
CNN = Maxr,
[
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CNN - execution (rolling window test)
t [h]
0 1 2 3 4 D

0 25 50 7 100 7 50 25 0
Signal Overlap in Window (%)
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Simulation setup

13 distance steps

. . . Source Distance —— d; ¢ [~ 40, ~ 3000] Mpc
Simulation grid < 3 4 s G o on
Bank Size — Nsrr € {10°,10%,10°,10%,10"}

Neny € {102,103, 104}

In each iteration: o Uniform population

1. s L tione=—" Signal — 51(513 S— h(é’ﬁle) + colored gaussian noise realization
- Sample generation—_, Noise —— Indipendent colored gaussian noise realization

2. Search —— Generate random template bank Tonn = {(M.)}

/\ Tser = {(mlam2aX1Lax2L:aaéﬂ¢: L)}

2
S = max d, o sonn = max f4(D, 6
SFT = Mmax x (d, 0) NN = max fs(D, 0)

p(s|Hs)
—_ = —_— et — > A
3. Output 4P(S|HN) Pfa p(S > Tfa.|HN) 0.1% Ddet p(S Tt |Hs)
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0.8
A SET = A SET
o o CNN
I10.6:
< P
0.95 5‘ 0.95 =
= 0.4
(0.0 - S e R 0.90 e e
= Sigmoidal fit = O 2 = Sigmoidal fit ﬁ
Wl d% + 10 ) Bl )% + 1o
0.85 . w w i 0.85 — w ™
900 950 1000 1050 1100 800 850 900 950
10 10 10 10

dr, [Mpc] dr [Mpc]
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Results — Execution time

~ 40 000 templates/s
~ 45000 templates/s

A
TCNN

2L
TCNN

martin.gerini@uclouvain.be

CNN
(8)
(2L)

1000
s ~ 25 ms

40 000

1
000 s ~ 22 ms

45000

UCLouvdin

SFT Matched Filtering

~ 10000 templates/s (A)
~ 14000 templates/s (2L)
107
TS, = ~ 17 mi
MF = 70000 ° i
107
Tyt = ~ 12 mi
MF = 77000 HHH
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Results — different signal lenghts

ETA ET2L
12001 1000- s 3
B E g 8 u <]
1000+
7 800
K001 z
a SHET N 3 = A SFKT N 3
s 108 | = 600 o 10
600 7 CNN 107 |5 o CNN 7
S
400/ 00
200 1 i " ; 00 [ ] | 1
2 3 4 5 2 3 4 5
fmin [HZ] fmin [HZ]
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Results — different signal lenghts
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Conclusions

GPU-optimized SFT Matched Filtering

v

Optimal sensitivity
But high computational costs

v

CNN Sensitivity comparable to SFT Matched Flltering

Efficiency gain of over four orders of magnitude

Low-latency triggering of long-duration GW signals

What’s next?
- Overlapping signals
- Skylocation with flowmatching exploiting the chirpmass estimation of this detection pipeline

17
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Block Layer / Operation Kernel Stride Output Shape
Input Input Tensor - - (4/6,51,218)
Conv2D (2,2) (1,2) (32,50, 109)
Convil  ReLU : - (32,50,109)
Conv2D (5,5) (3,3) (64, 16,35)
Conv 2 BatchNorm - - (64, 16,35)
ReLLU - - (64, 16,35)
Conv2D (5,5) (3,4) (128,4,8)
Conv 3 BatchNorm - - (128,4,8)
RelLU - - (128,4,8)
Conv2D (2,2) (2,2) (256,2,4)
Conv 4 BatchNorm - - (256,2,4)
ReLLU - - (256,2,4)
Flatten Ravel - - (2048)
Dropout (p = 0.5) - - (2048)
Linear (Dense) - - (128)
Classifier ReLU - - (128)
Dropout (p = 0.5) - - (128)
Linear (Output) - - (1)

Scalable detection of long-duration GW signal from BNS
in next-generation ground-based detectors
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ETA ET2L

f min f min

Batch Size Batch Size
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£ = h) —%(h,h)

he(t) cos ¢g + hs(t) sin¢g

h(t) = .

X =max L =

®o0,dL

hc/s(t) - Ac/s,teiqs(t) )
Ay = A4 (HRe + Ay ()Im
Aoy = Ax(H)Re — A ()Im

-et[)l*hl IbFUDI

L] :

UCLouvdin B I G 0 [: c A

Ac(t) = AW ),

Ay (t) = A(t) cos tF« (t) .

<d? hC>2 + <da hs) = X (0
2(he, he) T ) (0,)
NSFT 1
([d hc/s — Z AC/st e ‘PaC(fa’fa’ )
d AL .
Clforfoida) = AF 30 germsgwelfo = fu fo)
k=kmin Su(fx)
nspr—1
Sre(fo, f1) = At Z el 2 foTs 4 17}
j=0
(Jhe, hel) = D [AL(ta) + A% (ta (Af Yy el fk) fa))
@ k=Kmin

Scalable detection of long-duration GW signal from BNS
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N = 107 <S> ~ popt(l o <ﬂ>)
s(6)
T 6;0 =1 ——
é_.r} L] - IJJ( , true) S(Otrue)
i I
| I 10 Hz ~7/3
| - f
: -------- I IIliIl "
I
| T Lowering from 5 Hz to 2 Hz yelds an
i 19 increase in ngt of ~ 7.14%
i Median mismatch increases from
| 0.8 10 ~ 0.49 to ~ 0.71

The expected detection statistic decreases to 1.0714 x (1 — 0.71)/(1 — 0.49) =~ 61% of its original value
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