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[Euclid’s view of Abell 2390]

Every time we have been able to look further, we have found 
fascinating surprises
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Why does the Universe 
expand ever faster?

What holds galaxies 
together?

How does gravity 
work?
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Gravitational waves (GWs) from binary black holes (BBHs) offer 
a unique opportunity to answer these fundamental open questions

Signals well understood 
& precisely measured

Travel unaltered except for 
gravitational interactions!

GW detection Dark matter halo simulation



Gravitational Wave horizons
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GWs open a unique window onto the Universe’s history. 
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My research exploits data from gravitational-wave observatories to 
learn about gravity, cosmology and astrophysics.
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What comes next in gravitational-wave astronomy? 
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GW lensing will open discovery frontiers at high redshifts, zooming 
into dark matter
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Source Lens GW Detector

High-z black hole 
populations

Dark matter 
substructures

Uncharted wave 
optics lensing

The big goals 
• Discover/constrain new BBH formation channels at  
• Resolve unexplored dark matter substructures  – 

z > 3
∼ 10 106M⊙
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Today’s plan

• Motivation

• Gravitational-wave lensing physics

• The data analysis problem

• Accelerating the discovery of lensed GWs

• New probes of Cosmology & Astrophysics

• The road ahead 



Gravitational-wave lensing 
physics
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Gravitational-wave lensing
ezquiaga.github.io/lectures/Lecture_Notes_BHs_GWs.pdf

• Solve GW propagation on a curved background:

<latexit sha1_base64="tW3SyL14N/Sb+qYSf9FYOeDlWyE="></latexit>

⇤h̄µ⌫ + 2R̄↵µ�⌫ h̄
↵� = 0

• Map between the source and the observer through the lens

[source] 

[lens] 
[observer] 

<latexit sha1_base64="ZbV7urYadioXqoV+c1tiu9s2Guw=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRahXpZdqVVvBS8ePFSwrdAuJZtm29hssiRZoZT+By8eFPHq//HmvzHbFvHzwcDjvRlm5oUJZ9p43ruTW1hcWl7JrxbW1jc2t4rbO00tU0Vog0gu1U2INeVM0IZhhtObRFEch5y2wuF55rfuqNJMimszSmgQ475gESPYWKk56F6WzWG3WPLcswzHyHe9KX6TUg1mqHeLb52eJGlMhSEca932vcQEY6wMI5xOCp1U0wSTIe7TtqUCx1QH4+m1E3RglR6KpLIlDJqqXyfGONZ6FIe2M8ZmoH96mfiX105NdBqMmUhSQwWZLYpSjoxE2euoxxQlho8swUQxeysiA6wwMTaggg3h/98/SfPI9atu5apSqlXnceRhD/ahDD6cQA0uoA4NIHAL9/AIT450Hpxn52XWmnPmM7vwDc7rB10Jjv8=</latexit>

hL(t) <latexit sha1_base64="kT/bTQiFSxQCwknk++P3G3DgG60=">AAAB63icdVDLSgNBEOz1GeMr6tHLYBDiZdlIjHoLePEYwTwgWcLsZDY7ZGZ2mZkVwpJf8OJBEa/+kDf/xtkkiM+ChqKqm+6uIOFMG897d5aWV1bX1gsbxc2t7Z3d0t5+W8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJX7nTuqNIvlrZkk1Bd4JFnICDa5FFXMyaBU9tzLHGeo6noz/CblBszRHJTe+sOYpIJKQzjWulf1EuNnWBlGOJ0W+6mmCSZjPKI9SyUWVPvZ7NYpOrbKEIWxsiUNmqlfJzIstJ6IwHYKbCL908vFv7xeasILP2MySQ2VZL4oTDkyMcofR0OmKDF8YgkmitlbEYmwwsTYeIo2hP9//yTtU7dad2s3tXKjvoijAIdwBBWowjk04Bqa0AICEdzDIzw5wnlwnp2XeeuSs5g5gG9wXj8ADMiOQA==</latexit>

h(t)

https://ezquiaga.github.io/lectures/Lecture_Notes_BHs_GWs.pdf
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Gravitational-wave lensing: distorted waveforms
• In the weak-gravity and thin lens approximation, solve the diffraction integral in Fourier space:

<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)]

Frequency- 
dependent  
distortions
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Gravitational-wave lensing: repeated chirps
• When the time delay is larger than the duration of the signal:

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

F ⇡
X

j

|µj |1/2 exp (i!tj � i⇡nj)

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

• Different extrema of the time-delay surface acquire different phase shifts

type I

type II
type III

[image][source]

<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

[Ezquiaga et al.; PRD’20]
[Dai & Venumadhav; 2017]

Magnification 
Time delay 
Phase shift

Distorted 
waveform

https://arxiv.org/abs/2008.12814
https://arxiv.org/abs/1702.04724
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Repeated chirps due to strong lensing

Waveform distortions by substructures

Source Lens Detector

Gravitational lensing — gravitational-wave spectrum



‘El Gordo’ cluster
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Probing cosmic (sub)structures: GWs are sensitive to time delays 
from milliseconds (solar-mass objects) to years (clusters of galaxies)

[Vujeva, Ezquiaga, Lo, Chan; PRD’25]

Galaxy with dark matter subhalos

[Vujeva et al.; PRD’26]

https://arxiv.org/abs/2501.02096
https://arxiv.org/abs/2510.14953
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When is lensing more probable? Caustics are the regions of 
highest magnification

[Lo, Vujeva, Ezquiaga, Chan; PRL’25]

0.25” 0.5” 1
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µ

[galaxy lens with a cored singular isothermal ellipsoid density profile]

[source plane] [image plane]

Luka Vujeva (NBI)

https://arxiv.org/abs/2407.17547


<latexit sha1_base64="iUvWA+uOj7PXXgfjO6qq0MjAVXE="></latexit>

det

✓
@2Td(✓j)

@✓a@✓b

◆
! 0 ) µ(✓j) ! 1

<latexit sha1_base64="Fr4usc3N6T65hGtoP0ul9dKKRk8="></latexit>

µ± ⇠ 1/
p
�✓S ⇠ �t�1/3
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Lensing near caustics
• For point sources, there are singular points in the lens mapping

• Caustics exhibit universal behaviors (described by catastrophe theory)

• Stationary-phase approximation is broken when approaching a caustic

• The maximum magnification is set by diffraction
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Diffraction around caustics: universal behavior classified with 
catastrophe theory

[Ezquiaga, Lo, Vujeva; PRD’25]

°0.10 °0.05 0.00 0.05 0.10

y1

°0.2

°0.1

0.0

0.1

y 2

0

1

2

3

4

5

|F
fo

ld
(~y

,w
=

64
º
)|

°0.1 0.0 0.1 0.2
y1

°0.04

°0.02

0.00

0.02

0.04

y 2

0

2

4

6

8

10

|F
cu

sp
(~y

,w
=

51
2º

)|

Fold caustic Cusp caustic

https://arxiv.org/abs/2407.17547


19

Diffraction around caustics: complex waveform distortions 
from simple physical principles

[Ezquiaga, Lo, Vujeva; PRD’25]
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Searching for lensing: universality around caustics is a 
smoking gun!
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[Lo, Vujeva, Ezquiaga, Chan; PRL’25]
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Rico Lo (NBI)

https://arxiv.org/abs/2407.17547


The data analysis problem
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Repeated chirps due to strong lensing

Waveform distortions by substructures

Source Lens Detector

Searches for gravitational-wave lensing
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Key question: are all the signals from independent sources?
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Strongly lensed GWs: repeated, coherent signals
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<latexit sha1_base64="EzYeo0P7b2D9lgE6mMQn/45NO/M=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRIp6kYpuHFZwT6gjWEymbRjZyZhZiKU0LUbf8WNC0Xc+gXu/BsnbRe29cCFwzn3cu89QcKo0o7zYxWWlldW14rrpY3Nre0de3evqeJUYtLAMYtlO0CKMCpIQ1PNSDuRBPGAkVYwuM791iORisbiTg8T4nHUEzSiGGkj+fYhv3/wuxzpvuRZSPQIXkI+I/h22ak4Y8BF4k5JuQYmqPv2dzeMccqJ0JghpTquk2gvQ1JTzMio1E0VSRAeoB7pGCoQJ8rLxq+M4LFRQhjF0pTQcKz+ncgQV2rIA9OZ36jmvVz8z+ukOrrwMiqSVBOBJ4uilEEdwzwXGFJJsGZDQxCW1NwKcR9JhLVJr2RCcOdfXiTN04p7VqneVsu1q2kcRXAAjsAJcME5qIEbUAcNgMETeAFv4N16tl6tD+tz0lqwpjP7YAbW1y9BT5tL</latexit>

mj
det = mdet

<latexit sha1_base64="MDMUYv5krRV/ODlXezS9uhkkMVU=">AAACKnicbVDLSgNBEJz1bXxFPXoZDIIghF0J6kWJ6MGjgkmEbAyzk944yezsMtMrhmW/x4u/4sWDIl79ECePg6+ChqKqm+6uIJHCoOu+O1PTM7Nz8wuLhaXlldW14vpG3cSp5lDjsYz1TcAMSKGghgIl3CQaWBRIaAT9s6HfuAdtRKyucZBAK2JdJULBGVqpXTzFth8xvNNRpiHMb3v0mP6U9nyEBxxtyroaQOWZfw4Sme3LenneLpbcsjsC/Uu8CSlVyRiX7eKL34l5GoFCLpkxTc9NsJUxjYJLyAt+aiBhvM+60LRUsQhMKxsdkNMdq3RoGGtbCulI/T6RsciYQRTYzuEP5rc3FP/zmimGR61MqCRFUHy8KEwlxZgOc6MdoYGjHFjCuBb2VsrvmGYcbboFG4L3++W/pL5f9g7KlatKqXoyiWOBbJFtsks8ckiq5IJckhrh5JE8k1fy5jw5L8678zFunXImM5vkB5zPLzCxqaA=</latexit>

tjref = tref +�tj

<latexit sha1_base64="efCkWdVPDsDv3WdV2gvbFrQI6fk=">AAACFXicbVC7TsMwFHV4lvIKMLJYVEgMqCSoAhZQJRYGhiJRqNSEyHFdMDhOsG8QVZqfYOFXWBhAiBWJjb/BfQxQOJLlo3Puvb4+YSK4Bsf5ssbGJyanpgszxdm5+YVFe2n5TMepoqxOYxGrRkg0E1yyOnAQrJEoRqJQsPPw5rDnn98xpXksT6GTMD8il5K3OSVgpMDebAXHF9d4H5t7ywN2D/2ZGe0QmWeevlWQdb0oDa67eR7YJafs9IH/EndISlU0QC2wP71WTNOISaCCaN10nQT8jCjgVLC86KWaJYTekEvWNFSSiGk/62+Q43WjtHA7VuZIwH31Z0dGIq07UWgqIwJXetTrif95zRTae37GZZICk3TwUDsVGGLciwi3uGIURMcQQhU3u2J6RRShYIIsmhDc0S//JWfbZXenXDmplKoHwzgKaBWtoQ3kol1URUeohuqIogf0hF7Qq/VoPVtv1vugdMwa9qygX7A+vgEx4aAy</latexit>

djL = dL/
q

|µj |

<latexit sha1_base64="CgL23iStrdP676lhlbOlowbXhf0=">AAACJXicbVDJSgNBEO1xjXGLevQyGAQvxpkQ1INKwIvHCGaBTAw9nZqkTc9Cd40YhvkZL/6KFw8GETz5K3aWgyY+aHj1qopX/dxIcIWW9WUsLC4tr6xm1rLrG5tb27md3ZoKY8mgykIRyoZLFQgeQBU5CmhEEqjvCqi7/etRv/4IUvEwuMNBBC2fdgPucUZRS+3chRP1eNvxKfakn0jw0vuHyznt2EF4wrGbrjtp4kT8pJi2c3mrYI1hzhN7SvJlMkGlnRs6nZDFPgTIBFWqaVsRthIqkTMBadaJFUSU9WkXmpoG1AfVSsa+qXmolY7phVK/AM2x+nsjob5SA9/Vk6PT1WxvJP7Xa8bonbcSHkQxQsAmRl4sTAzNUWRmh0tgKAaaUCa5vtVkPSopQx1sVodgz355ntSKBfu0ULot5ctX0zgyZJ8ckCNikzNSJjekQqqEkWfySt7J0Hgx3owP43MyumBMd/bIHxjfP1iXp6c=</latexit>

�j
ref = �ref � ⇡/2

• If not identified as lensed, a magnified event 
appears closer and more massive 

<latexit sha1_base64="SeER7xcwo/+84I7i5wKNNPz234s=">AAACF3icbVDLSsNAFJ3UV62vqks3g0VoEWoiRd0oBTcuXFSwD2jTMJlM22lnkjAzEWrIX7jxV9y4UMSt7vwbpw9QWw9cOJxzL/fe44aMSmWaX0ZqYXFpeSW9mllb39jcym7v1GQQCUyqOGCBaLhIEkZ9UlVUMdIIBUHcZaTuDi5Hfv2OCEkD/1YNQ2Jz1PVph2KktORki9xpcaR6gsdS4KTdh+fwR/KISo7y1uF93nOu2/1CwcnmzKI5Bpwn1pTkymCCipP9bHkBjjjxFWZIyqZlhsqOkVAUM5JkWpEkIcID1CVNTX3EibTj8V8JPNCKBzuB0OUrOFZ/T8SISznkru4cHSxnvZH4n9eMVOfMjqkfRor4eLKoEzGoAjgKCXpUEKzYUBOEBdW3QtxDAmGlo8zoEKzZl+dJ7bhonRRLN6Vc+WIaRxrsgX2QBxY4BWVwBSqgCjB4AE/gBbwaj8az8Wa8T1pTxnRmF/yB8fENQmafVg==</latexit>

mj
src = mdet/(1 + z(djL))
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Gravitational lensing rarely produces high-mass outliers!

101 102
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[Farah, Ezquiaga, Fishbach, Holz; PRD’26]

Amanda Farah 
(CITA)

With lensing Without lensing

*high-magnification tail exaggerated for illustrative purposes

https://arxiv.org/abs/2507.07964
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Strongly lensed GWs: precise timing, poor sky localization
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Lensing or luck?
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• False alarm probability rapidly increases 
<latexit sha1_base64="UMOP1McFQfun2aPBMTKB+BPl88A="></latexit>

Nfalse alarm ⇠ N2

[Çalışkan, Ezquiaga, Hannuksela and Holz; PRD’22]

https://arxiv.org/abs/2201.04619
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Lensing or luck?

• False alarm probability rapidly increases 
<latexit sha1_base64="UMOP1McFQfun2aPBMTKB+BPl88A="></latexit>

Nfalse alarm ⇠ N2

[Çalışkan, Ezquiaga, Hannuksela and Holz; PRD’22]
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• Look at consistency of detector phase instead!

[Ezquiaga, Hu, Lo; PRD’23]
https://github.com/ezquiaga/phazap

https://arxiv.org/abs/2201.04619
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2308.06616
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Lensing or luck?

• False alarm probability rapidly increases 
<latexit sha1_base64="UMOP1McFQfun2aPBMTKB+BPl88A="></latexit>

Nfalse alarm ⇠ N2

[Çalışkan, Ezquiaga, Hannuksela and Holz; PRD’22]

• Look at consistency of detector phase instead!

[Ezquiaga, Hu, Lo; PRD’23]
https://github.com/ezquiaga/phazap
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• Consistency of detector phase instead without 
approximations using normalizing flows

[Campailla, Raveri, Hu, Ezquiaga;’25]

https://arxiv.org/abs/2201.04619
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2509.06901
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Lensing or luck?

• False alarm probability rapidly increases 
<latexit sha1_base64="UMOP1McFQfun2aPBMTKB+BPl88A="></latexit>

Nfalse alarm ⇠ N2

[Çalışkan, Ezquiaga, Hannuksela and Holz; PRD’22]

• Look at consistency of detector phase instead!

[Ezquiaga, Hu, Lo; PRD’23]
https://github.com/ezquiaga/phazap

• Consistency of detector phase instead without 
approximations using normalizing flows

[Campailla, Raveri, Hu, Ezquiaga;’25]

• Final word: joint parameter estimation

[golum, Janquart et al.; hanabi, Lo et al.]

https://arxiv.org/abs/2201.04619
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2509.06901
https://arxiv.org/abs/2509.06901
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LVK lensing searches: no evidence for repeated chirps in GWTC-4
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Constrained by lensing and 
stochastic background

Constrained by 
individual events

[LVK lensing GWTC-2] [GWTC-3] [GWTC-4]

https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php
https://arxiv.org/abs/2512.16347
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Repeated chirps due to strong lensing

Waveform distortions by substructures

Source Lens Detector

Searches for gravitational-wave lensing
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Key question: are GW signals described by nonlensed general 
relativity predictions?

[GW250114 discovery paper] [GW231123 discovery paper]

https://ligo.org/science-summaries/O4a_catalog_omnibus/
https://ligo.org/science-summaries/gw231123/


[Credit: Alex Nitz] 31

Matched-filtering

Time [sec]

https://www.youtube.com/watch?v=bBBDR5jf9oU
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GW searches: distorted events could be missed by current 
matched-filtering pipelines
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[Chan et al.; PRD’25]

Juno Chan (NBI)
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https://arxiv.org/abs/2411.13058
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Challenges: 
• A “5  detection” requires millions of 

simulations  
• Computationally intractable with 

conventional methods

σ

LIGO-Virgo-KAGRA lensing analysis GWTC-4 • GW231123 is the most massive and the 
most highly spinning BBH to date 

• Also, the highest-ranked lensing candidate 
(inferred lens mass )∼ 1000 M⊙

log10(Lensing Bayes Factor)

Simulations
GW data

GW231123: an intriguing lensing candidate found in GWTC-4

https://arxiv.org/abs/2512.16347


Accelerating the discovery 
of lensed GWs



• High-dimensional (15+) parameter estimation with 
large correlations, uncertainties and multimodality 

Accelerating gravitational-wave inference
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[Dax et al. PRL’21]

• DINGO: simulation-based inference with 
normalizing flows

• Traditional methods stochastically sample the 
likelihood millions of times (need fast waveforms!)

https://arxiv.org/abs/2106.12594
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[Chan, Magaña-Zertuche, Ezquiaga, Lo, Vujeva, Bowman PRD’25]

https://github.com/dingo-lensing/dingo-lensing
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¢t [ms]

DINGO-lensing

bilby

DINGO-lensing 
• Deep-learning inference for lensed GWs 
• Accelerate analysis from (CPU) days to 

minutes

Juno Chan (NBI) Lorena Magaña 
(NBI) 

https://arxiv.org/abs/2512.17631
https://github.com/dingo-lensing/dingo-lensing
https://github.com/dingo-lensing/dingo-lensing
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GW231123

[Chan, Ezquiaga, Lo, et al. PRDL’25]
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( 30 CPU mins)∼

( 15 CPU days)∼

A deep-learning analysis of GW231123

• With DINGO-lensing, we trained a 
neural network and performed 200,000+ 
simulations 

• LVK and other groups only 250 sims 

• Neural networks key specifications: 
• Waveform: NRSur7dq4 
• Chirp mass [30, 180] Msun 
• Mass ratio [1/6, 1] 
• Lensing time delay (0, 0.1) sec 
• Relative magnification (0, 1)

∼

https://arxiv.org/abs/2512.17631


• With DINGO-lensing, trained neural 
network and performed 200,000+ 
simulations 

• LVK and other groups only 250 sims∼
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A deep-learning analysis of GW231123
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• Statistical significance cannot exceed   

• With waveform systematics, significance 
drops to  

• Lensing time delay matches the period of 
the signal

4σ

∼ 3σ

[Chan, Ezquiaga, Lo, et al. PRDL’25]

https://arxiv.org/abs/2512.17631


New probes of  
Cosmology & Astrophysics
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Probing dark matter (sub)structures

[Vujeva et al.; PRD’26]

Luka Vujeva (NBI)
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https://arxiv.org/abs/2510.14953


• Substructure produces more images, shorter 
time delays, relative magnifications > 2 and 
distorted waveforms

41

• A small change in subhalo concentration 
boosts effects of substructure 

• Even larger for other scenarios! (e.g., self-
interacting dark matter)

[Vujeva, Ezquiaga, et al.’25]

Probing dark matter (sub)structures: higher-order caustics

Luka Vujeva (NBI)

https://arxiv.org/abs/2510.14953


• Self-interacting dark matter subhalos may undergo gravothermal collapse  
• Effects of substructure increase both in geometric optics (number of repeated signals) 

and in wave optics (waveform distortions)

42
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Luka Vujeva (NBI)Maddi Reggio (NBI)

Probing dark matter (sub)structures:  
self-interactions



Discover new black holes and lenses: population inference

• Certain: BBHs beyond peak star formation 
• Likely: high-z formation channels (Pop III)  
• Possible: new physics (primordial BHs)

• Goal: joint GW population analysis 
including astrophysics, cosmology and 
lensing  

• Improve constraints on compact lenses by 
two orders of magnitude 
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[Xu, Ezquiaga, Holz; ApJ’22; Farah, Ezquiaga, Fishbach, Holz; PRD’26]

https://arxiv.org/abs/2501.02096
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GW lensing by intermediate-mass 
black holes & globular clusters

Messier 15, a  globular cluster5 ⋅ 105 M⊙ [Vujeva, Ezquiaga, Lo, Zwick’26]

• At most, 1 in every 10,000 strongly lensed GWs 
• Isolated IMBHs only if dark matter ∼ few %

https://en.wikipedia.org/wiki/Messier_15
https://arxiv.org/abs/2512.17631


Binaries near supermassive black holes:  
strong-field lensing

Luka Vujeva (NBI)Luka Vujeva (NBI)João Santos  
(Lisbon)
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Kerr ( ) SB Ia = 0.9M

Schwarzschild SB I

• Black holes may merge in migration traps near 
active galactic nuclei

• The closer to the supermassive black hole, the 
more probable lensing and strong-field effects 
become

Credit: Caltech
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The road ahead



GW lensing will open discovery frontiers at high redshifts, zooming 
into dark matter

47

Source Lens GW Detector

High-z black hole 
populations

Dark matter 
substructures

Uncharted wave 
optics lensing
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GW lensing requires synthesizing advances beyond the state-of-the-
art in theory, simulations & data analysis

theory+simulations

Understand  
Wave-optics lensing + 
substructures

new analysis tools

Identify 
Matched-filtering + 
accelerated inference

LVK O4+O5 data

Discover 
Population inference 
+ constraints

Goals

• First lensed GWs! 
• Uncover high-z 

binary black holes 
• Probe dark matter 

substructures
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The furthest binary black holes:  
the next frontier in gravitational lensing

• Enable the first detections of lensed 
gravitational waves 

• Uncover the discovery potential of the 
furthest binary black holes (gravity, 
cosmology & astrophysics)



LORENTZCENTER.NL

19 - 23 October 2026, Leiden, the Netherlands  @omega

Multi-Messenger  
Lensing Program  
poster

Topics
• Gravitational lensing as seen by di!erent messengers 
• Towards detecting lensed binary neutron  

star mergers
• Astrophysics, Cosmology and Fundamental Physics 

with Multi-Messenger Lensing
• New frontiers in Multi-Messenger Lensing

Scienti#c Organizers
• Jose M. Ezquiaga, Niels Bohr Institute
• Anupreeta More, IUCAA
• Samaya Nissanke, DESY/DZA/University  

of Potsdam
• Graham Smith, University of Birmingham

The Lorentz Center organizes international workshops for researchers in all scienti!c 
disciplines. Its aim is to create an atmosphere that fosters collaborative work, discussions 

and interactions. For registration see: www.lorentzcenter.nl

Gravitational Lensing in 
the era of Multi-Messenger 

Astronomy

[Smith et al. PTRSA’26] 50

https://arxiv.org/abs/2512.17631
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Multi-messenger lensing: lenscat

https://github.com/lenscat/lenscat 

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

• Identify host galaxy (sky localization!)  + watchlist for efficient lenses
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Multi-messenger lensing: lenscat

https://github.com/lenscat/lenscat 

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

• Identify host galaxy (sky localization!)  + watchlist for efficient lenses



52

LISA - Laser Interferometer Space Antenna ( 2035!)∼



53
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LISA strong lensing: overlapping signals

• Strongly lensed GWs may overlap in the LISA 
band
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LISA strong lensing: overlapping signals
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• Strongly lensed GWs may overlap in the LISA 
band

• High precision in the recovery of lensed 
parameters for massive black hole binaries and 
extreme mass ratio inspirals

• Wave-optics will add additional distortions
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The next frontier in gravitational-wave physics

Gravitational-wave lensing science!  
• First detection around the corner 
• Probe dark matter substructures at 

otherwise inaccessible scales 
• Unveil high-redshift binary-black-hole 

populations 
• Test gravity in the uncharted wave-optics 

regime

Strong synergies 
between theory, 

simulations & data 
analysis

jose.ezquiaga@nbi.ku.dk
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Join us!
ezquiaga.github.io/joinus

http://ezquiaga.github.io/joinus

