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[Euclid’s view of Abell 2390]

The exploration of the distant Universe is powered 
by gravitational lensing 
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strong lensing

weak lensing
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[galaxy-scale strong lenses]

Gravitational lensing only becomes more probable 
at higher redshifts
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[strong & weak lensing]

All sources are lensed. A fraction of them with 
large magnifications 
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Gravitational waves from compact binary 
coalescences are unique cosmic messengers

• 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



Gravitational Wave horizons
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The era of gravitational wave astronomy is here!
~100 events: BBH, BNS, NSBH
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https://gracedb.ligo.org/superevents/public/O4/#
We are taking data!

The Universe
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+200 candidates

Check 
arXiv this 
summer!
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The future: “big data” & distant Universe

[Chen, Ezquiaga & Gupta (CQG’24)]

https://iopscience.iop.org/article/10.1088/1361-6382/ad424f


LISA’s 
perspective

[LISA red book] 12

https://arxiv.org/abs/2402.07571


Gravitational lensing
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• Solve GW propagation on a curved background
<latexit sha1_base64="tW3SyL14N/Sb+qYSf9FYOeDlWyE="></latexit>

⇤h̄µ⌫ + 2R̄↵µ�⌫ h̄
↵� = 0

• We want to make a mapping between the source and the observer 
through the lens

[source] 

[lens] 

[observer] 

For more details see: ezquiaga.github.io/lectures/Lecture_Notes_BHs_GWs.pdf

https://ezquiaga.github.io/lectures/Lecture_Notes_BHs_GWs.pdf


Gravitational lensing
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<latexit sha1_base64="ERgV84q4MMHo97a4txEQyv5S6v4="></latexit>

hL(!) = F (!, ✓S) · h(!)
<latexit sha1_base64="pVd6RYLMRBjxhKukWmp3oS1P+NE="></latexit>

F (w, ~y) =
w

2⇡i

Z
d2x exp[iwTd(~x, ~y)]

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



Multiple chirps
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�td · ! � 1
<latexit sha1_base64="OcmHjIC/pgVwKtDhFvqPEoLzi+k=">AAACBnicdVA9SwNBEN3z2/gVtRRhMQhWx17UaDpRC0sFo0IuhL29ybm4d3vszgkhWNn4V2wsFLH1N9j5b9zECCr6YODx3gwz86JcSYuMvXsjo2PjE5NT06WZ2bn5hfLi0pnVhRHQEFppcxFxC0pm0ECJCi5yAzyNFJxHVwd9//wajJU6O8VuDq2UJ5nsSMHRSe3yangICjnFdkxDEWukoU4h4TRMEhq0yxXm1+tsK6hR5m8zVq3VHWGb1d1ajQY+G6BChjhul9/CWIsihQyF4tY2A5Zjq8cNSqHgphQWFnIurngCTUcznoJt9QZv3NB1p8S0o42rDOlA/T7R46m13TRynSnHS/vb64t/ec0CO7utnszyAiETn4s6haKoaT8TGksDAlXXES6MdLdScckNF+iSK7kQvj6l/5Ozqh9s+tWTrcre/jCOKbJC1sgGCcgO2SNH5Jg0iCC35J48kifvznvwnr2Xz9YRbzizTH7Ae/0AsV+YAA==</latexit>

<latexit sha1_base64="9pLeYJ/wQfD4/h0JNtFRzRymi0o=">AAAB/HicdZBNS8MwGMfT+TbnW3VHL8EheBi1HWNuB2HgxeME9wJbKWmWbXFpWpJUKGV+FS8eFPHqB/HmtzHrxlDRB0L+/P7PQ578/YhRqWz708itrW9sbuW3Czu7e/sH5uFRR4axwKSNQxaKno8kYZSTtqKKkV4kCAp8Rrr+9Grud++JkDTktyqJiBugMacjipHSyDOL3LuDl9AuD8rQOa9kl2eWbKvRaNTrNehYdlZwQar2ipTAslqe+TEYhjgOCFeYISn7jh0pN0VCUczIrDCIJYkQnqIx6WvJUUCkm2bLz+CpJkM4CoU+XMGMfp9IUSBlEvi6M0BqIn97c/iX14/VqO6mlEexIhwvHhrFDKoQzpOAQyoIVizRAmFB9a4QT5BAWOm8CjqE1d//F52K5dQs56ZaalaXceTBMTgBZ8ABF6AJrkELtAEGCXgEz+DFeDCejFfjbdGaM5YzRfCjjPcvdJ2SCQ==</latexit>

nj = 0, 1/2, 1

• Lensed signals acquire a different phase shift

<latexit sha1_base64="eLIpDQzsRXdcjQwlCLdWmwTi5/s="></latexit>

F ⇡
X

j

|µj |1/2 exp (i!tj � i⇡nj)
Magnification 
Time delay 
Phase shift

<latexit sha1_base64="ERgV84q4MMHo97a4txEQyv5S6v4="></latexit>

hL(!) = F (!, ✓S) · h(!)

type I

type II
type III

[image][source]



Repeated chirps due to strong lensing

Waveform distortions by substructures

Source Lens Detector

Gravitational lensing - 
gravitational wave spectrum
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Gravitational wave lensing:  
expanding horizons 
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Gravitational wave lensing:  
expanding horizons to detect new populations
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“field”: 100,000 /yr; 100 lensed/yr;  
[O5] 1500 det./yr, 5 lens det./yr  

∼ “pop-III”: 35,000 /yr; 150 lensed/yr 
[O5] 0 det./yr, 1 lens. det./yr  

∼

E.g. two (toy) populations of black holes 
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Gravitational wave lensing:  
probing dark matter structures 

<latexit sha1_base64="eJ32jtDfydkouIEm7vadDq8aqtQ="></latexit>

�gw ⇠ 103km

✓
Mbbh

10M�

◆
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Gravitational wave lensing:  
probing dark matter structures 
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<latexit sha1_base64="DzwLhgTDwcdPFGOeTWNkbcNW1fw="></latexit>
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E.g. compact (point) lenses: PBHs, IMBHs
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LISA sensitivity

[LISA Cosmo white paper]  

Gravitational wave lensing:  
probing dark matter structures 

E.g. subhalos are comparable to supermassive binary black 
hole coalescences. LISA signals could distorted by lensing! 

[Çalışkan et al.; PRD’23]
[Brando et al.; PRD’25]

https://arxiv.org/pdf/2204.05434.pdf
https://arxiv.org/abs/2307.06990
https://arxiv.org/abs/2407.04052
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[Lo, Vujeva, Ezquiaga, Chan; PRL’25]

Gravitational wave lensing:  
Highly magnified, overlapping signals near caustics

[Ezquiaga, Lo, Vujeva; 2025]
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E.g. interference and diffraction near fold caustic 

https://arxiv.org/abs/2407.17547
https://arxiv.org/abs/2503.22648


[LVK lensing GWTC-2] 23

Lensing searches: GWTC-3

[LVK lensing GWTC-3]

• No evidence of repeated chirps in the data

• No evidence of distorted lensed waveforms in the data

https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php


[LVK lensing GWTC-2] 24[LVK lensing GWTC-3]

• Upper bound on binary black hole merger rate
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Lensing searches: GWTC-3

https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php
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Searching for lensed GWs
• Distorted waveforms could be missed by current searches!
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[Chan et al.; PRD’25]

Juno Chan (NBI)

https://arxiv.org/abs/2411.13058
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Substructures - clusters

[Vujeva, Ezquiaga, Lo, Chan; 2025]

Luka Vujeva (NBI)
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Multi-messenger lensing
• Cross match GWs with lens catalogs Rico Lo (NBI)

https://github.com/lenscat/lenscat 

• Identify host galaxy (sky localization!)  

• Watchlist for efficient lenses
Luka Vujeva (NBI)
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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 

• Future of gravitational wave astronomy is 
exciting!

jose.ezquiaga@nbi.ku.dk

Conclusions Looking forward  
for your questions! 

mailto:jose.ezquiaga@nbi.ku.dk


Join us!
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ezquiaga.github.io/joinus

http://ezquiaga.github.io/joinus

