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X GWs and lenSing both prediCted by GR 01+02+03+04a = 218, 04b* = 105, O4c* = 59, Total = 382
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LIGO-G2302098(d2b6aeb7), updated on 26 October, 2025 Credit: LIGO-Virgo-KAGRA Collaboration
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Localisation problem

“* Most GWs are BBHs, no optical

counterpart
* Localisation relies entirely on GW detector s N GW170104
triangulation = - : TN
** Usually 2-3 detectors online: poor sky ‘ TN
localisations ~ O(10-1000) sq. deg. S . )\ Gwi151226

o Impossible to connect GW to a single

galaxy host GW170817

“* GW lensing may offer a solution to connect R -
GW to host galaxy " GW150914

GW170814 . ) LIGO/Virgo/NASA/Leo Singer

(Milky Way image: Axel Mellinger)

LIGO/ Virgo/NASA/Singer, 2017
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GWs and lensing

X Lensing of supernovae/galaxies:
o Multiple copies of source image
o Magnification

% Time delays between images

% Image ‘parity’
" ge parity NASA/ESA/STScT

LESA/Hubble/NASA
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GWs and lensing

X Lensing of supernovae/galaxies:
Multiple copies of source image
Magnification

Time delays between images
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Image ‘parity’

“* Lensing of GWs:
Multiple copies of GW signal
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GWs and lensing

“* Lensing of supernovae/galaxies:
% Multiple copies of source image
% Magnification
% Time delays between images

% Image ‘parity’ ]
“* Lensing of GWs:

% Multiple copies of GW signal ' n'lﬁ | | IIIHI; Mll
X of amplitude il | ||| |'” Jl‘ul o WAV | ||,| |"‘i|'"
% Time delays between images | i'. ||
** Phase shift from image parity,
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GWs and lensing

-
. ) ) GW1 ] [ GW 2
** Lensing of supernovae/galaxies: .

% Multiple copies of source image - Y

% Magnification . il

< Time delays between images Pick model + BBH parameters - '*”*’Mﬂ*‘»“»“v'u"L'l,I"I\M'] ~~~~~~

% Image ‘parity’ \_
“* Lensing of GWs:

% Multiple copies of GW signal Addl ensing parameters

2 of amplitude o J“u"u“u".*.'.'w

% Time delays between images [ GW1 ]

** Phase shift from image parity, y

+* Relative values can be recovered
e.g. Janquart+21, Lo+23, Janquart+23

o)

Y

[If same parameters fit both data, lensed!
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“* GW lensing effects caused by lens potential: B lensed host
have to connect directly back to the lens from - ——
which they came Poon+21 S ~.

Ab =T |x — y|? _ xdx

% If GW comes from bright galaxy, host should |

also be lensed sl lens galaxy

“* We can try to connect observable EM lenses to
GW characteristics: joint reconstruction

“* MM reconstruction can also recover the pin-

point position of the gravitational wave event

Hannuksela+19, Wempe+21,
Uronen+24 Uronen+24
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Multi-messenger lensing’

“* GW lensing effects caused by lens potential:
have to connect directly back to the lens from

WhiCh they came Poon+24
Ap =T |x — y|? | _ xdx

% If GW comes from bright galaxy, host should
also be lensed

“* We can try to connect observable EM lenses to
GW characteristics: joint reconstruction

“* MM reconstruction can also recover the pin-

point position of the gravitational wave event

Hannuksela+19, Wempe+21,
Uronen+24
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Statistical Inference for Lens Modelling And Keconstructing Localisation —

SILMAREL - . '

Alpha-version

now on github
Lensed GW Improved lens
parameter estimation parameters
/ EM
Unsolved problem. | Joint EM + GW likelihood source.
Active subject of study, / reconstruction
only partial solutions
available for now
Telescop EM lens
e data reconstruction GW source
position
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Statistical Inference for Lens Modelling And Keconstructing Localisation —

SILMAREL

Alpha-version

now on github

gh _ Pldew, dem|Ha) _—p(demicw)

N " p(dow, demtHy) — pldem)p(dow)

p(d) = / p(dtiw| @B, L, T, 21, 25) P (dim | OL, Plight 21, Zs, &, 6) p(dspect|21) p(6)d6
x 6(z;)
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Statistical Inference for Lens Modelling And Keconstructing Localisation —

SILMAREL

BA _pldew,dem|Ha)  p(dEM+cw)
A =

p(dow,dem|Hy)  p(dem)p(dow)

p(d) — / p(dcg%/VkPBBHI ?L/?, Z], Zs) p(a)dg
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Statistical Inference for Lens Modelling And Keconstructing Localisation —

SILMAREL

Alpha-version

now on github

3 _pldew,dem|Ha)  p(dEM+cw)
4 = _

p(dow,dem|Hy)  p(dem)p(dow)

Silmarel solution:

eff eff 2 .
p(d‘g%,vmsz At,,0) ~exp (Dr? =Dy rode)” (A — Atpoger)?

2 7 model\2
2(0 ) 2(077%)
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Statistical Inference for Lens Modelling And Keconstructing Localisation —

SILMAREL

Alpha-version

now on github

laura.uronen@gmail.com

[

Lensed GW
parameter estimation

Telescop

e data

G Improved lens
posteriors parameters
E
Joint EM + GW likelihood >— [reﬁ;ﬁﬁdon]
v’ Lenstronomy
» TBD:
EM lens. » Herculens GW source
reconstruction > PyAutoLens position
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Conclusions

silmarel alpha
version on github!

** Rate estimates expect first GW lensing observation in the coming decade

X Lensing allows for multi—messenger studies with BBHs

o Improved localization by several orders of magnitude

* Potential applications in host-merger links, formation environments, cosmology, dark matter...

* Multi-messenger reconstruction is computationally expensive

L)

0

» Full joint analysis not yet possible

Silmarel uses posteriors/approximations instead

Simple reconstruction already implemented, and more elaborate models under development
Great potential for further development using FIM, ML...

K/ K/ K/ K/
0’0 0’0 0.0 0’0

Want to work towards a fall solution, to truly model GW + EM data jointly
* Broad range of science cases only just starting to be explored

** Exciting challenge mathematically, physically, and computationally!
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