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Gravitational lensing only becomes more probable
at higher redshifts

102

—_
1
W

Strong lensing optical depth
>
|

0 Z 4 0 8 10
Redshift

[galaxy-scale strong  lenses] 3



3 A%/ sources are Iensed A fractlon of them W|th
' ijarge magmflcatlons_ o O s

e
|

Tl

10-3—

. :  '1Of5;

irMagI-.uﬁcamOnu " [strong & weak lensing] -



. LY y * . - £ ) d-\
- .8 .‘. ‘-{’.‘. . . "‘(\ PR T "
' W S e - ‘ o ’3 .o, B .’ .
1] .u.'"." -‘- £ Y . t’ f}
' . ’

we . 8 ) ST O ‘ v

w .y ' .-";A 3 ,,,‘_ ',@_ s v

Gravutat;onal WéVeé from compacf bmar ss—

Compact binaries merge at cosmological
distances

Signals are understood from first
principles (solving numerical relativity)

GWs travel unaltered through the
Universe, except for gravitational lensing

GW wavelengths are of astrophysical
scale
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Components of the Universe

Gravitational Wave horizons
2035+
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The era of gravitational wave astronomy is here!
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We are taking datal
https://gracedb.ligo.org/superevents/public/O4 /4
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The future: "big data” & distant Universe
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https://iopscience.iop.org/article/10.1088/1361-6382/ad424f

LISA's
perspective
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https://arxiv.org/abs/2402.07571

For more details see: ezquiaga.github.io/lectures/Lecture Notes BHs GWs.pdf

Gravitational lensing

e Solve GW propagation on a curved background

}_L;w -+ QRaugyf_Laﬁ =

e We want to make a mapping between the source and the observer

through the lens
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https://ezquiaga.github.io/lectures/Lecture_Notes_BHs_GWs.pdf

Gravitational lensing

e In weak-gravity and thin lens approximation, solve in Fourier space:

hr(w)=F(w,0s) - h(w)

F(w,y)

w
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Multiple chirps

Atg-w>1

hr(w)= F(w,0s) - h(w)

F =~ Z \,uj\l/Q exp (iwt; — 1
J

e Lensed signals acquire a different phase shift

n; =0,1/2, 1

Magnification
) Time delay
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Gravitational lensing -
gravitational wave spectrum

Repeated chirps due to strong lensing
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Waveftorm distortions by substructures
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Gravitational wave lensing;:
expanding horizons
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Gravitational wave lensing;:
expanding horizons to detect new populations

E.g. two (toy) populations of black holes

Field binaries pop III

BBHs
—— Detected BBHs

—— Lensed detections
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Gravitational wave lensing;:
probing dark matter structures
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Gravitational wave lensing;:
- X

probing dark matter structures P
o

E.g. compact (point) lenses: PBHs, IMBHs
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Gravitational wave lensing;:
probing dark matter structures

E.g. subhalos are comparable to supermassive binary black
hole coalescences. LISA signals could distorted by lensing!
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. Unlensed signal 10°M.,q =1
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https://arxiv.org/pdf/2204.05434.pdf
https://arxiv.org/abs/2307.06990
https://arxiv.org/abs/2407.04052

Signal-to-noise ratio
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Gravitational wave lensing;:

Highly magnified, overlapping signals near caustics

E.g. interference and diffraction near fold caustic

overlapping signals

-==- first signal only
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https://arxiv.org/abs/2407.17547
https://arxiv.org/abs/2503.22648

LIGO

Scientific

Collaboration

Lensing searches: GWTC-3 2)virD

e No evidence of repeated chirps in the data ,KAGRA

e No evidence of distorted lensed waveforms in the data
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https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php

[ Seteamns
Lensing searches: GWTC-3 /(@/}}\/IRGD

e Upper bound on binary black hole merger rate KAC RA

S —— SGWB ~JLensing

No lensing
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https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php

Searching for lensed GWs
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e Distorted waveforms could be missed by current searches! REGEESGENN(I)
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https://arxiv.org/abs/2411.13058

Abell 2390
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e Cross match GWs with lens catalogs

o Identify host galaxy (sky localization!)

e Watchlist for efficient lenses

Galaxy -
Group —60°
Cluster

—60°

https://github.com /lenscat/lenscat 27



Gravitational waves are precious cosmological
probes:

Well understood signals from general relativity

Travel unaltered except for gravitational lensing |

Probing origin of the observed black holes and

dark matter substructures via lensing -

k¢

Future of gravitational wave astronomy is
exciting!
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