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Gravitational Wave horizons
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Gravitational lensing

• Clean signals, not affected by the medium 

• All-sky coverage, high redshifts, large wavelengths  

• Well understood selection effects of detectors

of gravitational waves
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Gravitational lensing

• Clean signals, not affected by the medium 

• All-sky coverage, high redshifts, large wavelengths 

• Well understood selection effects of detectors 

• Precise timing information 

• Poor sky localization 

• Coherent detection of waveform

of gravitational waves



Strong lensing
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nj = 0, 1/2, 1

• Each image type (I, II and III) acquire a different phase shift
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Waveform distortions in type II images
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Ezquiaga et al.; Phase effects from strong lensing of GWs (PRD, arXiv 2008.12814)

https://arxiv.org/abs/2008.12814
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nj = 0, 1/2, 1

• Each image type (I, II and III) acquire a different phase shift

• Lensed GWs can differ from (unlensed) GR wave-forms       
• Identify strong lensing with single image

Ezquiaga et al.; Phase effects from strong lensing of GWs (PRD, arXiv 2008.12814)
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type II image: Effect on parameter estimation

Ezquiaga et al.; Phase effects from strong lensing of GWs (PRD, arXiv 2008.12814)
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Implications for next-generation detectors: Wang et al.’21, Janquart et al.’21, Vijaykumar et al’22

https://arxiv.org/abs/2008.12814
https://arxiv.org/abs/2101.08264
https://arxiv.org/abs/2110.06873
https://arxiv.org/abs/2202.06334
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• Strong lensing:

• Modified GW propagation: hmg ⇠ hgr e
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Ezquiaga, Hu, Lagos, Lin, Xu; Modified GW prop with higher modes (JCAP, arXiv 2203.13252)

Note: degeneracies with modified gravity
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Searching for strongly lensed GWs
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Look for overlaps in the 
(detector frame) masses, 
sky positions and spins 

+ 
Joint parameter estimation



Çalışkan, Ezquiaga, Hannuksela and Holz; Lensing or luck (PRD, arXiv 2201.04619)

Lensing or luck?
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Nfalse alarm ⇠ N2

https://arxiv.org/abs/2201.04619


LVC (incl. Ezquiaga); Search GW lensing O3a (ApJ, arXiv 2105.06384, science summary)
20

LVK: no evidence of strong lensing so far… 

LVK (incl. Ezquiaga); Search GW lensing full O3 (arXiv 2304.08393, science summary)

https://arxiv.org/abs/2105.06384
https://www.ligo.org/science/Publication-O3aLensing/
https://arxiv.org/abs/2304.08393
https://www.ligo.org/science/Publication-O3bLensing/index.php
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stochastic background
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individual events

LVK: no evidence of strong lensing so far… 

LVC (incl. Ezquiaga); Search GW lensing O3a (ApJ, arXiv 2105.06384, science summary)
LVK (incl. Ezquiaga); Search GW lensing full O3 (arXiv 2304.08393, science summary)

https://arxiv.org/abs/2105.06384
https://www.ligo.org/science/Publication-O3aLensing/
https://arxiv.org/abs/2304.08393
https://www.ligo.org/science/Publication-O3bLensing/index.php
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Fight false alarms: phase consistency

Ezquiaga, Hu and Lo; in preparation



24Xu, Ezquiaga and Holz; Strong lensing probes compact and galaxy pop (ApJ, arXiv 2105.14390)
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Wave effects:
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Wave effects:
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Probing compact objects (Dai et al.’18, Diego’19, Tambalo et al.’22, …), strong lensing + microlensing 
(Seo et al.’21, Mena et al.’22, …), breaking mass-sheet degeneracy (Cremonese, Ezquiaga, Salzano’21), 
solving diffraction integral (Feldbrugge&Turok’20, Tambalo et al.’22)   
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https://arxiv.org/abs/1810.00003
https://arxiv.org/abs/1911.05736
https://arxiv.org/abs/2212.11960
https://arxiv.org/abs/2110.03308
https://arxiv.org/abs/2205.05409
https://arxiv.org/abs/2104.07055
https://arxiv.org/abs/2008.01154
https://arxiv.org/abs/2210.05658
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LVK: no evidence of wave effects so far… 

LVC (incl. Ezquiaga); Search GW lensing O3a (ApJ, arXiv 2105.06384, science summary)
LVK (incl. Ezquiaga); Search GW lensing full O3 (arXiv 2304.08393, science summary)

Lens mass
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bounds

https://arxiv.org/abs/2105.06384
https://www.ligo.org/science/Publication-O3aLensing/
https://arxiv.org/abs/2304.08393
https://www.ligo.org/science/Publication-O3bLensing/index.php


29LISA Cosmo WG white paper (arXiv 2204.05434) and references therein  

Wave effects: LISA
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Probing dark matter sub-halos
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Wave effects Strong lensing
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Gravitational lensing
beyond general relativity
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GW lensing beyond GR

GWs can mix with the additional fields. The propagation  eigenstates 
may have different speeds, splitting or distorting each image

• Beyond GR the background of the additional fields         modify 
propagation (besides the change in gravitational potential)

�(r)
<latexit sha1_base64="/s7YIgsCcMLVG0pi87RhAYV0YnQ=">AAACAnicbVBNS8NAEN34WetX1JN4CRahXkpSBQUvBS8eK9gPaEvZbKft0s0m7E7EEoIX/4oXD4p49Vd489+4TXvQ1gcDj/dmdnaeHwmu0XW/raXlldW19dxGfnNre2fX3tuv6zBWDGosFKFq+lSD4BJqyFFAM1JAA19Awx9dT/zGPSjNQ3mH4wg6AR1I3ueMopG69mEb4QGzdxJfxJAm7WjIi+o07doFt+RmcBaJNyMFMkO1a3+1eyGLA5DIBNW65bkRdhKqkDMBab4da4goG9EBtAyVNADdSbLVqXNilJ7TD5UpiU6m/p5IaKD1OPBNZ0BxqOe9ifif14qxf9lJuIxiBMmmi/qxcDB0Jnk4Pa6AoRgbQpni5q8OG1JFGZrU8iYEb/7kRVIvl7yzUvn2vFC5msWRI0fkmBSJRy5IhdyQKqkRRh7JM3klb9aT9WK9Wx/T1iVrNnNA/sD6/AEc7Zfa</latexit>

Ezquiaga & Zumalacárregui; GW lensing beyond GR (PRD, arXiv 2009.12187)

https://arxiv.org/abs/2009.12187
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GW lensing beyond GR
Modified effective metric for each eigenstate and polarization mixing 

Time delays Birefringence 

• No need of EM counterpart! Extend cosmological test GW propagation!
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Ezquiaga & Zumalacárregui; GW lensing beyond GR (PRD, arXiv 2009.12187)

Scrambling Echoes

https://arxiv.org/abs/2009.12187


birrefringence (LIB)

34Goyal, Vijaykumar, Ezquiaga and Zumalacárregui; (arXiv 2301.04826)

Probing lens-induced 
Srashti Goyal 
(ICTS)

https://arxiv.org/abs/2301.04826


35Goyal, Vijaykumar, Ezquiaga and Zumalacárregui; (arXiv 2301.04826)

Srashti Goyal 
(ICTS)
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Multiple images, type II distortion, 
expected soon!

Lensing beyond general relativityWave effects, PBH, sub-halos 



Join us!
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ezquiaga.github.io/joinus

http://ezquiaga.github.io/joinus

