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What is GW lensing?
Same principle as for light: the wave is deflected by a massive object along its path
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Different lens properties → Different effect on the GW
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What is strong lensing?
In the geometric optics limit
: the frequency evolution of the wave is unchanged.
We get several images with the same frequency evolution.

Differences between images:
- Time delay: waves take a
different path → different time
of arrival
- Relative magnification: links
the change in amplitude
between the two waves
- Morse phase: each wave
undergoes a global phase
shift. Depending on the image
position, we can get

n
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How do we search for strong lensing?
Two main characteristics used:
1. Same frequency evolution → Some parameters appear to be the same in the detector (masses, spins, sky
location, …): check if they have compatible posterior distributions
Masses:
Sky location:

Source: Haris et al, arXiv:1807.07062 2018

Source: Haris et al, arXiv:1807.07062 2018

2. The lensing parameters link the distance, time, and overall phase-shift between the two images: can analyse
the two images jointly, making the change through these parameters
Several methods have been developed taking advantage one or two of these characteristics
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Why care about strong lensing?

Source: Ng et al, 2018, Phys. Rev. D

Improved detector sensitivity
Increased rate
Could be detected soon

8

Why care about strong lensing?

Searches already ongoing!
(GWTC2 : Hannuksela et al, 2019;
GWTC-2.1 : LVK, ApJ., 2021 )
Source: Ng et al, 2018, Phys. Rev. D

Improved detector sensitivity
Increased rate
Could be detected soon
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Why care about strong lensing?
Some interesting science cases:
-

Origin of black holes (Hannuksela et. al, 2020)
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Why care about strong lensing?
Some interesting science cases:
-

Origin of black holes (Hannuksela et. al, 2020)

-

Expansion of the Universe (Hannuksela et. al, 2020)

-

Probe fundamental physics (Collett & Bacon, 2017; Fan et al., 2017)

-

Test GW polarizations (Goyal et al., 2021)

-

Probing of higher-order modes (Janquart et al., 2021b)
Credits: MIT

Better constraint on HOM means better localization
capabilities, better understanding of the binary,
enhanced tests of General relativity, …
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Possible issues when searching for strong lensing
A)

Rapid increase in the number of pairs to analyze

Future

Present

Credits: O. A. Hannuksela

Source: Suyu and Blandford, MNRAS, 2006
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Possible issues when searching for strong lensing
A)

Rapid increase in the number of pairs to analyze B) False alarm rate increases rapidly with the number
of detections
Future

Present

Credits: O. A. Hannuksela

ÇaliŞkan et al, arXIV 2201.04619

Source: Suyu and Blandford, MNRAS, 2006
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Possible issues when searching for strong lensing
A)

Rapid increase in the number of pairs to analyze B) False alarm rate increases rapidly with the number
of detections
Future

Present
C) Joint analysis of multiple
images
Credits: O. A. Hannuksela

ÇaliŞkan et al, arXIV 2201.04619

Source: Suyu and Blandford, MNRAS, 2006
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What are the methods to search for strong lensing?
-

Posterior overlap (Haris et al, 2018): Check the consistency between the posteriors for a subset of
parameters → Very fast but not so accurate

Lensed or not?
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What are the methods to search for strong lensing?
-

Posterior overlap (Haris et al, 2018): Check the consistency between the posteriors for a subset of
parameters → Very fast but not so accurate

Lensed or not?

Already a good discriminator but still some region
of overlap between the lensed and unlensed
events → Risk of false alarms
+

All the correlations are not accounted for
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What are the methods to search for strong lensing?
-

Posterior overlap (Haris et al., 2018): Check the consistency between the posteriors for a subset of
parameters → Very fast but not so accurate
Joint parameter estimation (Liu et al., 2020, Lo & Hernandez, 2021): Analyze the two data streams jointly
in a Bayesian framework → Very accurate but no so fast; multiple images can be intractable
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What are the methods to search for strong lensing?
-

Posterior overlap (Haris et al., 2018): Check the consistency between the posteriors for a subset of
parameters → Very fast but not so accurate
Joint parameter estimation (Liu et al., 2020, Lo & Hernandez, 2021): Analyze the two data streams jointly in
a Bayesian framework → Very accurate but no so fast; multiple images can be intractable
GOLUM (Janquart et al., 2021a): Joint analysis but distributing the runs to decrease the computational
burden → Fast and accurate

1) Analyze first image

3) Reweighting

2) Analyze the
second image
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Can we clearly identify lensing with those tools?
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Can we identify lensing with a single image?
It depends on the image!
For type I and III images, no…
For type II images, yes … but need to have significant higher order modes

Type II images lead to additional
distorsions. No shift can
compensate for this
→ We can identify the type II
images, if HOM effect is strong
enough (Wang et al., 2021;
Janquart et al., 2021b;
Vijaykumar et al., 2022).
Smoking-gun evidence for
lensing
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Can HOM also help if several images?
They can! And the presence of HOMs plays a role at lower contribution when several images are present
(Janquart et al., 2021b).

Image identification is crossed at a lower threshold for 2
images → smoking gun evidence!

Better probing of the HOMs, better sky
location, enhanced tests of general relativity
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If (nearly) no HOM, how do we identify?
False alarm probability issues (Wierda et al., 2021, Çalişkan et al., 2022; Janquart et al., 2022): need to find one
lensed event pair in a see of unlensed ones
→ Unlensed events can mimic strong lensing…

Source: Çalişkan et al., 2022
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If (nearly) no HOM, how do we identify?
False alarm probability issues (Wierda et al., 2021, Çalişkan et al., 2022; Janquart et al., 2022): need to find one
lensed event pair in a see of unlensed ones
→ Unlensed events can mimic strong lensing…
False
alarms
posterior
overlap

False alarms GOLUM
Source: Çalişkan et al., 2022
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How can we decrease the false alarm probability?
Methods usually require to have consistent frequency evolution, linked by the lensing parameters but do not
impose anything on the values of the lensing parameters
→ False alarm probability can be reduced by imposing constraints on the lensing parameter for a given lens
model

→ Imposing consistency of time delays with expected
values for a lens model reduces significantly the false
alarm probability.

Source: Wierda et al., 2021
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How can we decrease the false alarm probability?
Methods usually require to have consistent frequency evolution, linked by the lensing parameters but do not
impose anything on the values of the lensing parameters
→ False alarm probability can be reduced by imposing constraints on the lensing parameter for a given lens
model
Lensed based on matching posteriors

Lensed
based on
time-delay

Adapted from Haris et al., 2018

→ Already helps for posterior overlap methods
Source: Wierda et al., 2021
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Is it that easy and can we do better?
For real searches, we do not know the correct model beforehand → Consequence of a wrong model?
Can we use other parameters (Morse factor, relative magnification) and do they help?
Since joint parameter estimation is doing better than posterior overlap, can we include the information there?

30

Is it that easy and can we do better?
For real searches, we do not know the correct model beforehand → Consequence of a wrong model?
Can we use other parameters (Morse factor, relative magnification) and do they help?
Since joint parameter estimation is doing better than posterior overlap, can we include the information there?
→ Effect of the model can be included in post-processing and is fast: 1 run, and then can test several models.
→ Model helps but error in models can have serious impact (Janquart et al., 2022)
No model: Identification is difficult
Correct model (SIE), time delay and
magnification: Identification is made easier
SIE + Shear model: time delay and magnification.
Slight difference in density profile does not
degrade the impact of the model significantly
No magnification: Slight decrease in
performance but much better than no model
Wrong model: Worse than no model.
Identification would become extremely difficult
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Is it that easy and can we do better?
For real searches, we do not know the correct model beforehand → Consequence of a wrong model?
Can we use other parameters (Morse factor, relative magnification) and do they help?
Since Joint parameter estimation is doing better than posterior overlap, can we include the information there?
→ Effect of the model can be included in post-processing and is fast: 1 run, and then can test several models.
→ Model helps but error in models can have serious impact (Janquart et al., 2022)

The inclusion of a lens model helps
decreasing the false alarm probability

The effect of the models should become even
more important when considering triples or
quadruples. Work in progres…
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Conclusions and outlooks
●
●
●
●

●

●
●

Gravitational wave lensing is an active field of research
Strong gravitational wave lensing is upon us, manifesting itself as repeated events with the same
frequency evolution
Strong lensing has interesting and exciting science cases.
There are many challenges to search for strong lensing and to identify the lensed images:
○ Increasing number of pairs to analyze → Requires speed
○ Analysis of multiplets → Requires precision and tractability
○ High false-alarm probabilities
Methods exists to search for and analyze strongly lensed events:
○ Very fast analysis method, e.g. posterior overlap
○ Very precise analysis method: joint parameter estimation
○ Precise and fast: GOLUM
Higher order modes can help in having clear signatures for lensing with one or multiple images
Using lens models and associated expected values for the lensing parameters, one can decrease the
false-alarm probability.
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