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Gravntatlonal waves (GVVS) from blnary black holes (BBHs) offer

a un/que opportunlty to. answer these fundemental open questions
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GWs open a unique window onto the Universe's history.

2035+

Binary black holes
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My research exploits data from gravitational-wave observatories to
learn about gravity, cosmology and astrophysics. g‘ﬁé’ntmc

Collaboration
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10 Years of LVK Black Hole* Mergers

*plus several neutron stars!

10 —

m"\
E >
= o
X D
-~
2
a9
x‘l
oo
5
Sgis
U =
U 9
-
i
TN
£8
0.5

Runi
18 weeks

®
(dist = 0.13 Gly)
Run 2
38 weeks

pr )
1 L
;j: o ' ) 7
- ? .
-~ S
e p
= ® o
K »:
. ) o
@)
O
Run 3
47 weeks

(" Total Initial Mass Signal Strength Unreleased Data
- o 000 - 0 e 0
10 (Solar masses) 200 low high )
o
O
: Q
“+ - O oo % o
= '. e %o o < IS ©
\‘ D W o 8 Q o 8@ %
® s ws o 3 o © L o
- ., o S -
& O o ? &’ g O - OO@
‘e 5 o C o
‘ . 9 o Og = o o" O =
O
(N ¢ o %@ o 86 3 o
“ ) 4 oQ? P Qo 0® N 0 0o0®°
e © o 9 O
o © @ O
O O
(o)
O O O -
Q
O
O o O v
o O O
O
O . “
o O
Q
=
O
o
Run 4
~90 weeks

Timespans of Science Runs (2015-2025)

[Credit: LIGO/Caltech/MIT/R. Hurt (IPAC)] 6



What comes next in gravitational-wave astronomy?
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3 Large statistics
| — GW events (population)
. -- Lensed GWs

Detections

New physics
(lensing)

| 1 | |
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Year



GW lensing will open discovery frontiers at high redshifts, zooming

into dark matter

GW Detector
Uncharted wave
optics lensing

e Discover/constrain new BBH formation channels at z > 3

The big goals

e Resolve unexplored dark matter substructures ~ 10 — 106M®



Today's plan

e Gravitational-wave lensing physics

e The data analysis problem
e Accelerating the discovery of lensed GWs

e New probes of Cosmology & Astrophysics
e The road ahead




Gravitational-wave lensing
physics



ezquiaga.github.io/lectures/Lecture Notes BHs GWs.pdf

Gravitational-wave lensing

e Solve GW propagation on a curved background:

}_L,UV —|— QRQMQV}_LO{B — O

e Map between the source and the observer through the lens

0 ‘ A
& SN

lobserver]

[lens]
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https://ezquiaga.github.io/lectures/Lecture_Notes_BHs_GWs.pdf

Gravitational-wave lensing: distorted waveforms

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

W / Frequency- \

F(w,y) = /dzx expliwly(x, )]

Y

dependent

\ distortions




Gravitational-wave lensing: repeated chirps

e When the time delay is /arger than the duration of the signal: At - w > 1

{Magnification

b= Z |,Ug"1/2 CXP (wﬂfj — 1 ) Time delay

J

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

type |

* | * . Dai & Venumadhav; 2017]
type IlI Ezquiaga et al.; PRD'20]

[source] limage]
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https://arxiv.org/abs/2008.12814
https://arxiv.org/abs/1702.04724

Gravitational lensing — gravitational-wave spectrum

Repeated chirps due to strong lensing

W,

V

Detector

Source
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Probing cosmic (sub)structures: GWs are sensitive to time delays
from milliseconds (solar-mass objects) to years (clusters of galaxies)

‘El Gordo’ cluster o2 g & . Galaxy with dark matter subhalos
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[Vujeva, Ezquiaga, Lo, Chan; PRD'25] [Vujeva et al.; PRD'26] 15


https://arxiv.org/abs/2501.02096
https://arxiv.org/abs/2510.14953

When is lensing more probable? Caustics are the regions of
highest magnification

Luka Vujeva (NBI)
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10

Isource plane} 5 limage plane} I
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https://arxiv.org/abs/2407.17547

Lensing near caustics

e For point sources, there are singular points in the lens mapping

0*Ty(0;)
d J
. ( 90,00,

)%O = u(0;) = oo

e Caustics exhibit universal behaviors (described by catastrophe theory)

iy ~ 1/4/Afg ~ At=1/3

e Stationary-phase approximation is broken when approaching a caustic

e The maximum magnification is set by diffraction

17



Diffraction around caustics: universal behavior classified with
catastrophe theory

Fold caustic Cusp caustic
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https://arxiv.org/abs/2407.17547

Diffraction around caustics: complex waveform distortions

from simple physical principles
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https://arxiv.org/abs/2407.17547

Searching for lensing:
smoking gun!

universality around caustics is a

DO Q2 H=~
- - -

Signal-to-noise ratio p(¢)

ek
-

overlapping signals

-==- first signal only
A S L TRl VY.

—0.04

~0.02 0.00 002 004 0.06
L — tﬁrst [S]

Rico Lo (NBI)
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https://arxiv.org/abs/2407.17547

The data analysis problem



Searches for gravitational-wave lensing

f‘ Repeated chirps due to strong lensing :

———— ——————— — e e — __ _ — _— ——

Waveform distortions by substructures

Detector

Source

22



Key question: are all the signals from independent sources?’
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Strongly lensed GWs: repeated, coherent signals

2E
q=0.1,.=m/3.0 A
— 1_
=
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—2' I | b4 | |
—0.4 —0.2 0.0 0.2 0.4 -
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e If not identified as lensed, a magnified event

|
|

~appears closer and more massive

mgrc = Madet/ (1 + Z(dJL))




inferred redshift

Gravitational lensing rarely produces high-mass outliers!

outliers
outlier region

INtrinsic Mmax

detector horizon

- 2.0

10Y -
107" -
-9
102 o — 1
10! 102

Detector frame m; [Mg)]

2.0

1.0

0.5

0.0

log o 1t

true redshift

10! 102

Detector frame m; [Mg)]
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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?

“ Bl GW170104_101158
B GW170814.103043

50

20

det

30

e False alarm probability rapidly increases

27


https://arxiv.org/abs/2201.04619

Lensing or luck?

e False alarm probability rapidly increases

(\ Bl Typecl - L I
B Tyoc 11 (shifted by —7/2 | 2 |

P ( , y /2) ‘ Nfalse alarm ™ N
B Not-lensed (shifted by ) e —

e Look at consistency of detector phase instead!

3.0 3.5 3 4 —50 —49 —48
®H o3 Agy


https://arxiv.org/abs/2201.04619
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2308.06616

log o P/ Pmax

| |
\ = -

Lensing or luck?

Normalizing low model for GW170104

B True posterior

= Flow posterior

<
“\

Ll
- -

Sy

'R
7 N

e False alarm probability rapidly increases

e Look at consistency of detector phase instead!

e Consistency of detector phase instead without
approximations using normalizing flows


https://arxiv.org/abs/2201.04619
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2509.06901

Lensing or luck?

) | I

45° 1

B first image (31 deg?)
B sccond image (80 deg?)

joint inference (17 deg?)

0° 15° 30° 45° 60°

8

e False alarm probability rapidly increases

e Look at consistency of detector phase instead!

e Consistency of detector phase instead without
approximations using normalizing flows

e Final word: joint parameter estimation

27


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

LVK lensing searches: no evidence for repeated chirps in GWT(C-4

Rm(2m) [GPC_B Yr_l]

109

lensing
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— SGWB ~/ Lensing
No lensing
i i i
0.0 0.5 1.0 1.5
<m

(2J)J)VIRGED
KACRA

2.0
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https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php
https://arxiv.org/abs/2512.16347

Searches for gravitational-wave lensing

Repeated chirps due to strong lensing

‘ |

>
1

\
\
\
J

Source Detector
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Whitened strain [o]

Frequency [Hz]

Key question: are GW signals described by nonlensed general
relativity predictions?

Hanford, Washington (LHO)

Hanford
10 ” * '
\
N AN | [
LHO data | “
—10 4 Bl Waveform model reconstruction | “ “
B Wavelet rgconstruction |
256 — -
T
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Q
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64 Q
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32 5

—0.10 —0.05 0.00 0.05
Time [s]

0.10
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https://ligo.org/science-summaries/O4a_catalog_omnibus/
https://ligo.org/science-summaries/gw231123/

Matched-filtering

Signal-to-noise

e
-

Signhal-to-noise Ratio (SNR)

— LIGO-Hanford

-

Data from the LIGO Hanford Observatory (whitened and bandpassed)

150
100 -

—100 A

—— Detector Strain
—— GW Template

A Pa" W

|

I

i

‘ " | l

4

—150

—0.4 —).3

—0.2

—-0.1

Time [sec]

0.0

0.1

0.2
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https://www.youtube.com/watch?v=bBBDR5jf9oU

GW searches: distorted events could be missed by current
matched-filtering pipelines

Juno Chan,(NBI)
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Lens mass [M] [Chan et al.; PRD'25] 32



https://arxiv.org/abs/2411.13058

2.0 1

1.5

1.0

0.5 1

0.0

GW231123: an intriguing lensing candidate found in GWTC(C-4

2 Simulations
j GW data
/
/|
/|
V4
/
/|
/
V4
4
4
V4
4
qn
4% GW231123
4%
/
1 1 I I/M 1 1
4 —9 0 2 4

logio(Lensing Bayes Factor)

e GW231123 is the most massive and the
most highly spinning BBH to date

e Also, the highest-ranked lensing candidate

Challenges:

e A "50 detection’ requires millions of
simulations

o« Computationally intractable with
conventional methods

33


https://arxiv.org/abs/2512.16347

Accelerating the discovery
of lensed GWs



Accelerating gravitational-wave inference

B DINGO
-------- bilby nonlensed

e High-dimensional parameter estimation with
large correlations, uncertainties and multimodality

e Traditional methods stochastically sample the
likelihood millions of times

e DINGO: simulation-based inference with
normalizing flows

M. [Mg] q ay as ®1 P2 P12 L 05N DEC  t. — tref [9]


https://arxiv.org/abs/2106.12594

B DINGO-lensing
-------- bilby

v,/

n"

Lorena Magana

Juno Chan,(NBI)

DINGO-lensing

e Deep-learning inference for lensed GWs

o Accelerate analysis from (CPU) days to

minutes

L 1 -
b

2

10000 1 é
M. [Mg] ¢ ay a2 o1 P2 P12 0353 Osn  di [Mpc]  rer (0

36


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

A deep-learning analysis of GW231123

117.657

B DINGO-lensing (~30 CPU mins)
I DINGO
----- bilby (~15 CPU days)

e With DINGO-1ensing, we trained a
neural network and performed 200,000+
simulations

0.8
e LVK and other groups only ~250 sims 05

"5 GW231123

0.50 = 0.29

0.8
e Neural networks key specifications: 0.5

0.2

b o e EE Em oms R o oms Ew,

£0.5F ¢
0.2}

— 20T

- s W mm
- 5\

At ms

20t

110 140 0.3 0.7 0.3 0.7 0.3 0.7 20 25
M. [Mg] a as Lrel At [ms]

37


https://arxiv.org/abs/2512.17631

A deep-learning analysis of GW231123

e With DINGO-1lensing, trained neural

network and performed 200,000+
simulations

e LVK and other groups only ~250 sims

o Statistical significance cannot exceed 40

e With waveform systematics, significance

drops to ~ 30

e Lensing time delay matches the period of
the signal

1 2 3 4 Significance (o)

NRSur
SEOB

GW231123-like simulations
—— Nonlensed (NRSur)

Nonlensed (SEOB)
Nonlensed (XPHM)
—— Lensed (NRSur)

1o Poisson error

10 15

38


https://arxiv.org/abs/2512.17631

New probes of
Cosmology & Astrophysics



Probing dark matter (sub)structures

Cold dark matter halo w/ subhalos

x 10722
— Lensed
6- No substructure n
n
4 7 ﬂ ﬁ 1
y 100 \ |
2 - :
o A |
o () 1
/
—2 y u
! “
o —4- V
- 10 -
| 6- v
1?7
—8

04 -03 -02 —01 00 01
[Vujeva et al.; PRD'26] time |sec] 40



https://arxiv.org/abs/2510.14953

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

e Substructure produces more images, shorter
time delays, relative magnifications > 2 and

. - - . . . O
distorted waveforms [ e CDM (optimistic)
CDM (conservative) °

10 -
e A small change in subhalo concentration -

boosts effects of substructure

e Even larger for other scenarios!

| Substrugture
Lensing

Relative magnification

107 10" 103 101
Time delay [days]
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https://arxiv.org/abs/2510.14953

Probing dark matter (sub)structures:

self-interactions

e Self-interacting dark matter subhalos may undergo gravothermal collapse

o Effects of substructure increase both in geometric optics
and in wave optics

177

Cold dark matter

100

- 10

Self-interacting dark matter

100

- 10

42



Discover new black holes and lenses: population inference

Field binaries

BBHs

Pop I11

——  Nonlensed detections

— Lensed detections

15.0

e (Certain: BBHs beyond peak star formation

o Likely: high-z formation channels

e Possible: new physics

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

e Improve constraints on compact lenses by
two orders of magnitude

43


https://arxiv.org/abs/2501.02096

0102 O3 O4 IR1 O5 AP XG

GW lensing by intermediate-mass
black holes & globular clusters

e At most, 1 in every 10,000 strongly lensed GWs 100
e Isolated IMBHs only if ~ few % dark matter

N
-
S
+
Q
)
+= 1072
A
0/‘/
_ /
e GW events i
-- Strong-lensing
—  IMBH+GC lensing
10—6 ;
4 ¢
1078} /
. | . .
2020 2025 2030 2035
Year

“ i Messter. 15025 100 M, globular clugter.



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

Binaries near supermassive black holes:

strong-field lensing i =,
0dao Santos Uka vujeva

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

e The closer to the supermassive black hole, the

more probable lensing and strong-field effects
become

Kerr (a =0.9M) SB 1

Credit: Caltech

45



The road ahead



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

Source Lens GW Detector

High-z black hole Dark matter Uncharted wave
populations substructures optics lensing

47



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

e First lensed GWs!
e Uncover high-z

Understand |dentify Discover

Wave-optics lensing + Matched-filtering + Population inference
binary black holes

e Probe dark matter
substructures

substructures accelerated inference + constraints

theory+simulations <«—  new analysis tools <+—  LVK 04405 data <«—» Goals

48



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

e Enable the first detections of lensed 0102 03 O4 [R1 O3 A" XG
avitational waves [
gravitat! W Y | | GW events furthest BBH /
e Uncover t.he discovery potential of the | = Lensed GWs
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Lorentz

center
Gravitational Lensing in ~

the era of Multi-Messenger
Astronomy

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

| [o] o] [ |

« Gravitational lensing as seen by different messengers
« Towards detecting lensed binary neutron
star fnergers
« Astrophysics, Cosmology and Fundamental Physics
with Multi-Messenger Lensing
+ New frontiers in Multi-Messenger Lensing

Scientific Organizers

Jose M. Ezquiaga, Niels Bohr Institute
Anupreeta More, IUCAA

Samaya Nissanke, DESY/DZA/University
of Potsdam

The Lorentz Center organizes international workshops for researchers in all scientific
Graham Smith, Unlver5|ty of Blrmlng ham disciplines. Its aim is to create an atmosphere that fosters collaborative work, discussions
and interactions. For registration see: www.lorentzcenter.nl
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https://arxiv.org/abs/2512.17631

Multi-messenger lensing: lenscat

e Cross-match GWs with lens catalogs

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

Galaxy
Group
Cluster

60°

60°

' 60°

https://github.corn

/lenscat/lenscat 51



Multi-messenger lensing: lenscat

e Cross-match GWs with lens catalogs

e Identify host galaxy (sky localization!) + watchlist for efficient lenses
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~LISA - Laser Interferometer Space Antenna (~2035!)
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THE SPECTRUM OF GRAVITATIONAL WAVES @esa

- e — .
Observatories Ground-based " Space-based observatory ' Pulsar timing array Cosmic microwave
& experiments experiment : : background polarisation
| = ' pu——
|
1“
Timescales milliseconds secopds hours ' years billions of years

I
Frequency (Hz) 100 1 ‘ 2 10* . 10°¢ 10° 101
|

Cosmic fluctuations in the early Universe

'l
Cosmic | = o, 3
sources Compact object falling - ‘. : ) A
S Pul onto a supermassive ~ Merging supermassive black holes
upernova | ulsar J black hole | )
‘ K‘ | | K‘ eh | Nag,
o’ * | =
Me_rgin%neutron. Merging stellar-fnass black holes Merging white dwarfs
#lisa stars in other galaxies | in othergalaxies /. Inour Galaxy
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LISA strong lensing: overlapping signals

e Strongly lensed GWs may overlap in the LISA

band

TDIA
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LISA strong lensing: overlapping signals

M, (10"My) = 1.4770:%
1 1

e Strongly lensed GWs may overlap in the LISA
band

o = 300338
I I

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

D (Gpc) = 6.797002
1 1

e Wave-optics will add additional distortions
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http://blackholecomicbook.com
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The next frontler m gravntatlonal wave phy5|cs
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. Gravitational-wave lensing science! between theory
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o Probe dark matter substructures at N\ anaIyS|s ‘
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