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Gravitational lensing
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Gravitational lensing
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Gravitational lensing
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Gravitational lensing
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Gravitational waves

Jeff Bryant, Wolfram|Alpha, LLC



Gravitational waves: detections
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Artistic sonification
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Detection technique: matched filtering

Template:
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Match between templates

Deviation of data / one template from , over all frequencies
[Taking into account detector noise]
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Gravitational waves and where to find them
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Gravitational waves and where to find them

Compact binary merger:

NASA/ESA, Walter Jaffe/Leiden
R..Jaume, S.Husa Hubble, NASA ESA _ Observatory, Holland Ford/JHU/STScl

Binary inside
stellar clusters

\ Galactic Nucleidi)ks

binary Ongoing  Gravitational waves could be
work lensed by environment

Binary inside Active

Isolated




Summary

Lensing of gravitational waves

e New information from lenses:

> invisible astrophysical objects
(black holes, dark matter)

> hidden environments
(centre of dense regions)

e Should exist & be detected (soon!)



Thank you for your attention!
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How many lensed events can we expect?

Current detectors, O4 run:

Multiple images: ~1 lensed event/year
(Ng et al. 2018, Xu et al. 2022, Yang et al. 2022...)

Wave effects: ~0.001-0.05 lensed events/year
(Yamamoto 2005, Choi et al. 2021, Lai et al. 2018...)




Match between templates

M(a,b) = max,, 2ULIBO) L, / e @ (F)B(F) + a(1)" (f)

v/ (a,a) (b, b)




Other distortions in signals

Eccentricity, precession, spin misalignment...

Template truncation, artifacts, noise...

P

=

=]

AW

Whitened strain

KR

)

1.2 1.3 1.4
Time (s)

._.

4
IS
]

PSD (1/Hz)

oo
101

HU (TFG 2020)  f(:

PSD (1/Hz)

10-51

e (H;, Délyléfﬂr (2021) Frequency (Hz) | e.g. Damour+ (2000)




Extended lens (ongoing work)

We want this... Current simple approximation:

| Geometrical Optics
F = —v et2mvT 1+ L =Y arvy—in
z Foo = | —2 + Y gitmvy—in/2
ens y y
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00 05 10 15 20 25 3.0 35 4.0

14

...simple approximation Fig
...computed correctly at high v o< M7y, f
...computed faster Add diffraction



Thin-lens approximation

2
Propagation: (V2 -+ k2) © = 40—]; Up (scalar wave equation)

Thin lens: lens size < distances travelled (cosmological)

P <« observer

80



Fresnel-Kirchhoff integral

Huygens-Fresnel principle (wave optics)

Fresnel-Kirchhoff integral:

A 1
S(P) = = i[k(r+s)+1r]
2(P) i\ // rs / \dS

Geometrical Gravitational
time delay time delay

v

superposition of partial waves at lens plane L

AGk

o) = -5 [£(€) mig - €

Y. dependson model, e.g. Y = M 2 (5’) for a point mass
81



Fresnel-Kirchhoff integral

Schwarzschild RS — QGM

_ radius of the lens C2

mens 2R
Dimensionless frequency: I @

Wavelength of gravitational waves A

p(P) = % / / L ko) tin] gg
1

rs
= —iudéeik%“()) // d2X
S -
d(x)
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Fresnel-Kirchhoff integral

1 :
= arg (e%i v T<X7Y)) T(x,y) = 5(x - y)? — ¥(x) + vo

o £ 0 dr, n
(I)(X) S [_7T77T] = 0 Rg’ Y= 0p dg Rg'
g = 5 Ohoor o
2 RS 1) — 10 ) — ?;tr;;sp.zi/ﬁtr)xw.org/abs/2112.10773
vV = —— .
Geometrical
A (v>1, A< Rs)  Optics limit (v ~ 1, ~ Rs)
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Geometrical Optics (GO) approximation

Solution to Fresnel-Kirchhoff integral:

1st image

minimum Z(P) x Z |Mj|1/2€i(27w T(x;,y)—n;7/2)
'/
magnification of the j-th image nj = (_)’ 1,2
0% 1y = (det Dy /Ox,))" penenimg on
Wave effects in GO:
saddle point
2nd image p * Multiple images of source S

* Magnification/demagnification of
(2 images for the particular case of point mass lens, other Images
models can have more images)

84



Point mass lens

— describes compact objects

-
N F>1 Magnification
Transmission factor: [ = ip(P) <

F<1 Demagnification
o

Py [[omrom i rley) = 00y - 660 + o

\l

analytical solution
! to Fresnel-Kirchhoff integral w( ) — In ‘X’
F(v,y) = 2™ VeimIn(my) I(1 —imv)  Fy(imv; 1; invy?)
L 2Rg
A d
é 0 \/QRS LS
’ Y ) — ﬂ drds
___________________ IO on 85




Point mass lens
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O. Bulashenko and H. Ubach (2021)
https://arxiv.org/abs/2112.10773 (preprint)
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https://arxiv.org/abs/2112.10773

O. Bulashenko and H. Ubach (2021)
https://arxiv.org/abs/2112.10773 (preprint)
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Geometrical optics (GO) validity

GO approximation validity: 1% Z e

Before:
v > 1

* Less restrictive condition
l} * Depends also on ¢

)\Xﬁs O. Bulashenko and H. Ubach (2021)
https://arxiv.org/abs/2112.10773 (preprint)
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Characteristic angles

A7\ 12 D o\-U2
g = (0.9 mas) (E) (lﬂkpc) ,

F M 1/2 D\ "1/2
o = (0°9) 101 M, Cpe '

Hewitt+ 1987
MG1131+0456
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Intensity

Edgeatx=0,z=0 Screen Fresnel pattern

(a) (b)
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