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Gravitational lensing of gravitational waves

Adapted from Ubach and Espuny (2024)
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1. Why do wave effects (diffraction, interference) appear in 
gravitational waves (GWs)

2. Validity of the Geometrical Optics (GO) approximation

3. How do wave effects look like in GW events

4. Detectability of wave effects in GWs

5. Self-lensing in astrophysical environments

6. Self-lensing of a moving source
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1. Why do wave effects appear?

Wave effects appear as:
● Diffraction (around the lens)
● Interference (between emerging images)

Gravitational waves have:

● Coherent emission    (Thorne, 1994)

● Long wavelength:                → wave effects more common 
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Schwarzschild 
radius of the lens

Wavelength of gravitational waves

Point mass lens model

Scalar field at the observer:

Parameters:            ,     :
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Point mass lens model

Geometric Optics approximation
(Stationary Phase Approximation of the 
Fresnel-Kirchhoff integral)

1. Why do wave effects appear?
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Point mass lens model

1. Why do wave effects appear?
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Image 2? Adapted from 
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Ubach (2022)



  
Point mass lens model

1. Why do wave effects appear?
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analytical solution 
to Fresnel-Kirchhoff integral
(W. Gordon, 1928)

Transmission factor: 

Point mass lens model
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observer

lens

1. Why do wave effects appear?



  
Point mass lens model

Geometric Optics approximation
(Stationary Phase Approximation of the 
Fresnel-Kirchhoff integral)
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GO approximation 
valid:

Takahashi and Nakamura (2003)
Bulashenko and Ubach (2022)

____ full-wave solution
 
------ GO approximation

- - - - asymptote

?

2. Validity of the GO approximation

Amplification Interference



Diffraction significant:

Takahashi and Nakamura (2003)
Bulashenko and Ubach (2022)

____ full-wave solution
 
------ GO approximation

- - - - asymptote

2. Validity of the GO approximation

Amplification Interference



Bulashenko and Ubach (2022)

Source: compact binary merger 
(Ringdown = last stage of merger)

For our astrophysical case of interest:
Binary mergers emitting gravitational waves

2. Validity of the GO approximation



Close to caustics, wave effects are 
also important, even for large

Diffraction

Deguchi and Watson (1986)
Bulashenko and Ubach (2022)

2. Validity of the GO approximation



  

3. How do wave effects look like?

Focus on compact binary mergers 
(LIGO-Virgo-KAGRA frequencies)
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Inverse 
Fourier 

Transform

Compact binary merger
3. How do wave effects look like?



  

Amplification
Amplification

Interference pattern

Two 
images

unlensed
lensed

Bondarescu, Ubach, Bulashenko, Lundgren (2023)

GO

GO

Point mass lens model,
3. How do wave effects look like?



  

Interference 
pattern

Two images

Amplification

Bondarescu, Ubach, Bulashenko, Lundgren (2023)

3. How do wave effects look like?



  

unlensed

lensed

Bulashenko & Ubach (2022)
Bondarescu, Ubach, Bulashenko, Lundgren (2023)

Evenly spaced interference pattern
3. How do wave effects look like?



  
Adapted from Bondarescu, Ubach, Bulashenko, Lundgren (2023)

Time delay 
between 
images

Evenly 
spaced 
oscillations

3. How do wave effects look like?



  

Time delay 
between images

Evenly spaced 
oscillations

Time delay 
between 
images

Evenly spaced 
oscillations

Signatures of microlensing:
Evenly spaced oscillations + Time-delayed images

→ To distinguish from eccentric, precessing and other frequency-modulated signals

Time delay 
between images

Spacing between  
oscillations
(consecutive 
maxima/minima)

3. How do wave effects look like?



  

Ubach & Espuny, arXiv:2407.09588 (2024)

*Geometric Optics
*Point mass lens model https://zoom3.net/sonificacions/

Interfering gravitational waves (+sonification)

Sonifications in collaboration with Jordi Espuny:

3. How do wave effects look like?


https://arxiv.org/abs/2407.09588


  

Stellar-mass BHs and 
intermediate-mass BHs

Intermediate-mass BHs

(Super)massive BHs 

Ubach, Gieles, Miralda-Escudé (2025)

3. How do wave effects look like?

https://arxiv.org/abs/2512.08898
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4. Detectability of wave effects



  

Match between templates,        

Explain template matching: 2 templates, match is a 
number, can be anything that deviates the signal

With the match, it’s difficult to know if it’s lensed. But is it 
even detectable mismatch? Doesn’t seem so (images of 
paper-bilby), some silent...

Quantifies the non-deviation on of one template from another template, 
integrated over frequency

,

4. Detectability of wave effects



  

Match determines distortion from the unlensed signal

Bondarescu, Ubach, Bulashenko, Lundgren (2023)
See also Mishra+(2024)

*However, see Chan+(2025)
→ detectability might decrease in wave-optics region

Highest distortion

4. Detectability of wave effects



  

Gravitational waves from different astrophysical environments:

How to distinguish the environment of GW sources?

Spins, eccentricity, Doppler/phase shifts..., self-lensing 

Isolated binaries, «in the field»
Binaries in star clusters Binaries in AGN disks

R. Jaume, S. Husa

Hubble, NASA, ESA NASA/ESA, Walter Jaffe/Leiden 
Observatory, Holland Ford/JHU/STScI

5. Self-lensing



  

Astrophysical environments and scenarios
Star (globular/nuclear) cluster AGN disk

Resonant interactions GW capture near central 
MBH

B

C

D

E

F

von Zeipel-Lidov-Kozai oscillations

General optical 
depth for the 
detectable BH 
population

A

5. Self-lensing



  

Lens model: point mass 

Self-lensing:

Ubach&Espuny 
(arXiv, 2024)

Ubach, Gieles, Miralda-Escudé (2025) 
https://arxiv.org/abs/2505.04794 

5. Self-lensing

https://arxiv.org/abs/2505.04794


  

● Probability     optical depth 

                          

→ low value: self-lensing usually neglected

Nevertheless, 
● very dense (relativistic) environments,     ↑
● # detections ↑↑ (next generation detectors) 

 

→ low probability     impossible

Probability of self-lensing

one lens, e.g. Gould (1995) population of lenses,     
optical lensing

5. Self-lensing



  

                       
Probability of detectable lensing

Detectability:
● Distortion (diffraction, interference)
● Multiple images

+ considering 
just detectable 
lens population

5. Self-lensing



  

● Probability of self-lensing (population):                       

Resonant 
interactions

General optical depth 
for the detectable BH 
population

B

A

Ubach, Gieles, Miralda-Escudé (2025)

5. Self-lensing
Probability of self-lensing



  

● Distortion on single waveform (diffraction, interference)
Detectability

Diffraction

Interference

Lindblom+(2008), Cornish+ (2011) Gao+ (2022), Tambalo+(2023), Savastano+(2023)

5. Self-lensing



  

Stellar-mass BH lenses: mostly undetectable,                     ,
                     

→ To have detectable imprint (interference pattern / multiple images),  
      we need a massive BH in the star cluster (IMBH/SMBH)

Diffraction

Interference

5. Self-lensing Detectability



  

Probability

Coincident with 
Gondán&Kocsis (2022), 
Leong et al. (2024)

(Central black hole)

Higher probability when 
source (binary) is closer 
to lens (central massive 
black hole), 

Self-lensing probability 
by central BH:

C: GW capture
D: Lidov-Kozai
E: Central lens
F: Lateral lens

Ubach, Gieles, Miralda-Escudé (2025)

5. Self-lensing

https://arxiv.org/abs/2512.08898


  

● Multiple images (strong lensing),

                    
                      

                      for both images

Detectability
5. Self-lensing



  

Signatures to distinguish between astrophysical environments

Ubach, Gieles, Miralda-Escudé (2025)

AGN disk: binary aligns dominantly        
                   with disk

5. Self-lensing

https://arxiv.org/abs/2512.08898
https://arxiv.org/abs/2512.08898


  
Waveforms obtained 
using pycbc

The keys to dynamical formation environments

5. Self-lensing
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Time (s) Using GWOSC code

5. Self-lensing
The keys to dynamical formation environments



  

Probability

Coincident with 
Gondán&Kocsis (2022), 
Leong et al. (2024)

(Central black hole)

Higher probability when 
source (binary) is closer 
to lens (central massive 
black hole), 

Self-lensing probability 
by central BH:

C: GW capture
D: Lidov-Kozai
E: Central lens
F: Lateral lens

Ubach, Gieles, Miralda-Escudé (2025)

5. Self-lensing

https://arxiv.org/abs/2512.08898


  

Amplitude envelope
(analog to lensing lightcurve)

Interference pattern 
modulation

Ubach (arXiv:2512.08898)

View from 
observer

6. Self-lensing of a moving source

https://arxiv.org/abs/2512.08898


  

Breaking a microlensing degeneracy: 
obtaining the orbital distance

Obtain information from       (half-width of the curve)? Usually degenerate parameters

Measuring      , 
we can directly know the 
orbital distance

When the source orbits the lens,

But what about       ?

Ubach (arXiv:2512.08898)

circular 
orbit

6. Self-lensing of a moving source

https://arxiv.org/abs/2512.08898


  

Obtaining the (redshifted) lens mass

The modulations (interference pattern) depend on       . They are created by the 
interference between the two signals: 

Time delay is changing over time as the source moves

Modulation period comes from phase difference between images:

where

where

Ubach (arXiv:2512.08898)

6. Self-lensing of a moving source

https://arxiv.org/abs/2512.08898


  

Dependence on the (redshifted) lens mass

6. Self-lensing of a moving source



  

6. Self-lensing of a moving source



  

6. Self-lensing of a moving source



  

Constraints on          and            
●         from measuring      : 

●                  from additionally measuring      from modulations and    :

Ubach (arXiv:2512.08898)

6. Self-lensing of a moving source

https://arxiv.org/abs/2512.08898


  

Wave effects can probe intermediate-mass black holes regime

New lensing feature: moving source 
● Characteristic of dense environments (high velocity)

● Additional information from interference pattern 

● Next steps: detectability and degeneracies

Outlook

Interference is potentially detectable, 
diffraction mostly undetectable for the moment

Self-lensing can provide additional information 
to constrain astrophysical environment
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Dependence on the minimum frequency
6. Self-lensing of a moving source
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