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Gravitational Lensing meets Gravitational Waves

M. Zumalacarregui - MPI-Grav Potsdam Suyu+ 25, LVK 25, Goyal Villarrubia-Rojo & MZ 25

Multiple distorted images
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https://docs.google.com/file/d/1sPJpr_rkWkUyX0SviswOiQdb1UkV43vd/preview


A new window into the universe

Discover distant sources:
Magnified Black holes 

and Neutron stars 

beyond the detector horizon

Probe dark matter:

10-6 to 107 M
☉

Non-baryonic halos,

initial conditions

Test gravity:
Novel effects beyond GR

Dynamical dark-energy theories

New gravitational fields
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1.GW231123 as a 
compelling lensed signal

2. Searching for compact & 
standard CDM halos

3. GW birefringence & 
dispersion beyond-GR
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A unique cosmic messenger

7Credit: ACR, SXS, Yifan Wang

Signal ⇔ evolution of the system

1) Signal predictable ab-initio 
(numerical relativity, post-Newtonian…)

M. Zumalacarregui - MPI-Grav Potsdam

2) Rich signal structure
(masses, spin, orbit…)

quasi-circular

eccentric

precessing

3) Direct probe of gravitational dynamics 
(emission, propagation, detection…)

http://www.youtube.com/watch?v=flvFpFUzEXY


The stellar graveyard: 2021

GW150914discovery!

 GW170817
multi-messenger!
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The stellar graveyard: 2026

161 new events released 
in May 26th (O4b)

More & louder 
events in the future

GW150914discovery!

 GW170817
multi-messenger!

GW231123
a lensed black hole merger?
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Ray-optics lensing

NASA, STScl, Springer, Schneider+ 92… M. Zumalacarregui - MPI-Grav Potsdam

source 
offset

y

image(s) x
Lens equation



Wave-optics lensing (Takahashi & Nakamura ‘03)

13

Einstein ring



Wave-optics lensing (Takahashi & Nakamura ‘03)
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~ R/λ 

λ1   >   λ2



Wave-optics lensing (Takahashi & Nakamura ‘03)
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[Savastano+ 22,  
LISA Cosmo 21]

Public code now available:
Villarrubia-Rojo+ 2409.04606 github.com/miguelzuma/GLoW_public



The amplification factor

[Tambalo, MZ, Dai, Cheung ‘22]M. Zumalacarregui - MPI-Grav Potsdam

Fourier
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Time domain waveform Encodes 
lens mass



Diffraction encodes the mass distribution
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[Villarrubia-Rojo, Savastano, MZ+ 2409.04606, Savastano+ ‘23]M. Zumalacarregui - MPI-Grav Potsdam

Fourier 
Transform

Mass distribution
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Most massive,
highest spin, 
discrepancies

19

GW231123: A black hole merger across the Universe

LVK 25, Goyal Villarrubia-Rojo & MZ 25

Magnification: DL
2 ∝ 1/𝛍

Redshift: M ∝ 1/(1+z)



Isolated lens (standard)
Consistent w/ population
Favored (Bayes factor ~800)

Most massive,
highest spin, 
discrepancies
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GW231123: A black hole merger across the Universe

LVK 25, Goyal Villarrubia-Rojo & MZ 25

Einstein ring

Lens: 
500-1,500 M

☉
 



Isolated lens (standard)
Consistent w/ population
Favored (Bayes factor ~800)

Most massive,
highest spin, 
discrepancies
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GW231123: A black hole merger across the Universe

LVK 25, Goyal Villarrubia-Rojo & MZ 25

Lens: 
200-1,000 M

☉

500-1,500 M
☉

 

Lens + external potential
Magnification (galaxy lens)
Favored (Bayes factor ~650)
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GW231123: A black hole merger across the Universe

LVK 25, Goyal Villarrubia-Rojo & MZ 25

Lens: 
200-1,000 M

☉

500-1,500 M
☉
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GW231123 source properties

Goyal Villarrubia-Rojo & MZ 25

Inconsistencies in 
unlensed signal models

Chirp mass μ3/5 M2/5

Consistent when 
including lensingNRSur (—) 

XPHM  (- - -)

Incomplete sky localization 
(miss host, additional images) 

base
lensed

Unlensed
 point mass + external potential
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Multi-scale lensing: predicting additional images

Goyal Villarrubia-Rojo & MZ 25

Assume lensing by a singular isothermal sphere*
* simple model for a galaxy lens, can be extended…

     → convert κ=γ to macroscopic offset

Additional image forms → 75% probability

with SNR > 8 → 55% probability

external potential 
(singular isothermal)
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What is the microlens?

Goyal Villarrubia-Rojo & MZ 25

External potential (κ=γ) vs isolated lens

Intrinsic lens mass (inferred)

Lighter lens

Physical lens offset

Higher offset (10 ✕ probability)

Candidates

● Intermediate-mass BH

● Stellar cluster (inner region)

● Star field

… 

● Primordial BH

● Compact dark matter halo

 (point-like R≪RE  vs  extended)
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Dark Matter interpretation of GW231123

Goyal Villarrubia-Rojo & MZ 25, PBH bounds [Kavanaugh]
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primordial black holes
ultra-compact minihalosCollapsed subhalos

Dark matter theories
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10-22 eV ~GeV ~M
☉ (~1066 eV)

Wave-like New particles Macroscopic

Gravitational signatures → halo mass function & morphology 

Solitonic cores

Planck 18, Schive+14, Turner+21, ESA/Hubble, N. BartmannM. Zumalacarregui - MPI-Grav Potsdam



Dark matter & lensing diffraction
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Measure the lens morphology & size/mass

→ probe dark-matter theories

Self-interacting DM [Nadler+20] [Savastano+ 23]



Trailing images (ray optics): 

→ spectrum sensitive to 
mass, abundance & shape

→ improves limits on 
compact objects

Lensing stochastic diffraction (LSD)

30[MZ 24]

delay ~ object mass



Stochastic diffraction: wave-optics
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[Savastano+23]

Wave-optics lens features 
trace extended objects

→ mass, abundance…

Convergence to average 
lens if N → ∞



Stochastic diffraction in LISA

32[Urrutia & Vaskonen 24, Ando 26, Choi, Urrutia & MZ (2607.xxxxx)]

Frequency-dependent fluctuations: 
 GW source “flickers” as frequency changes.

New description based on 
principal components/eigenbasis

[MZ & Shan 2606.17765]



Frequency-dependent fluctuations: 
 GW source “flickers” as frequency changes.

→ LISA probes ~10-104 M
☉

 CDM halos 

Stochastic diffraction in LISA

33[Urrutia & Vaskonen 24, Ando 26, Choi, Urrutia & MZ (2607.xxxxx)]

Uncertainty: halo concentration & merger rate



Stochastic diffraction in LISA

34[Urrutia & Vaskonen 24, Ando 26, Choi, Urrutia & MZ (2607.xxxxx)]

Frequency-dependent fluctuations: 
 GW source “flickers” as frequency changes.

→ LISA probes ~10-104 M
☉

 CDM halos

→ LISA will constrain DM alternatives
and the small-scale power spectrum

Uncertainty: halo concentration & merger rate
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Novel wave-optics effects

36
M. Zumalacarregui - MPI-Grav Potsdam

- Stars, remnants…

- Dark matter

- Strong gravitational fields 
[Anderson+20, Oancea, Stiskalek, MZ 22,23]

- Theories beyond Einstein’s GR



Testing gravity with GWs

37
M. Zumalacarregui - MPI-Grav Potsdam [Ezquiaga & MZ 19 20]

GW emission:
      ✘ No cosmological gravity



Testing gravity with GWs

38M. Zumalacarregui - MPI-Grav Potsdam [Ezquiaga & MZ 19 20]

GW emission:
      ✘ No cosmological gravity
GW propagation (FRW)
   ✘ No signal distortion (need EM)


