Mass-Sheet Degeneracy
in
Gravitational Wave Lensing

Anson Chen
Paolo Cremonese

07.12.2023

Strong group meeting



Gravitational Lensing
o) §
Gravitational Waves




Gravitational Lensing

EM: 10° < f< 10'® Hz |GW: 107 < f < 10* Hz




Geometrical-Optics vs Wave-Optics

GO approximation breaks when

(1 + zL>f] i

Mipp < 10°M

Hz

fAt< 1

Geometrical Optics M; = 11000 > 2.10° =

f

straln

0.0
time |[g]




Mass-Sheet Degeneracy




Ma.ss-Sheet Degeneracy

* Scalings of lens mass:
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Ma.ss-Sheet Degeneracy

Why a problem? Can we solve it?
* Observables are preserved! « EM geometrical optics regime:
_ multiple images; independent
* Problems: e.g. biased mass estimation of the lens (e.g.
estimations of mass lens dynamics)
* Biased estimation of * EM wave optics regime: multiple
cosmological parameter, e.qg. lenses
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GW lensing
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Wave optics limit

The GW signal i1s amplified by the lens.

Amplification factor:  F(w,y) = Zﬂ /d% expliwT (x,y)]
W/

w and T are dimensionless freqguency and time delay.

F(w,y) = —iweiwyz/Z/da: rJo(wxy) exp {iw —x* — U(x) }

For the point mass lens model, ¥ (z) = Inx
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Mass-sheet degeneracy

The lens mass Is added or subtracted by a constant mass sheet so that the convergence
IS transformed by

K— kx=Ak+ (1= X)

The deflection angle and the source position are also scaled by
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It leads to a transformation to the time delay.
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Mass-sheet degeneracy

The source position and the lens potential are transformed as
Y= Y = AY;
kil

U(Z) = UA(F) = NE(F) + (1 - A) -3

The amplification factor is then given by
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For the point mass lens model,
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Mismatch

Mismatch between lensed waveforms with varying M and A and the fiducial waveform with
My = 100Mg, A =1

To minimize the mismatch we need to align the lensed images by shifting the waveforms by
the time delay.
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We are left with terms of wA ~ M A w = 8m(1+ zr)Mf




Mismatch

Aligning with time delay with Aligning with time delay with
varying M, and A fiducial M =100 and A=1
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In realistic PE we cannot compute the time delay since we don’t know the true values of
lensing parameters. We can only estimate the coalescence time t .
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Fisher matrix forecast
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Ma.ss-Sheet Degeneracy

PE analysis



Ma.ss-Sheet Degeneracy
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- High correlation M;, — y

- High correlationd; — 0,y




PE with /1

- NOCORR M, — y
- correlationto M;, — A

- luminosity distance d;
- smaller corr w/ 0,

- high corr w/ M,

- high corr w/ 4
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Ma.ss-Sheet Degeneracy

Injection 4 = (.8
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Injection 1 = 0.8
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PE with A

- All parameters retrieved
correctly
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PE summary

) N oe+0.10
g = ‘_J.b«)_.n.l3
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Injection 4 = 0.8

PE summary

The MSD is parametrised correctly

For injections

y correlates far less with A than M,

considering A increases M, . errors

the behaviour of M, , and y depend
considerably on other parameters (d;)

adding A, we retrive the correct
parameters

s o e o o» - e o = - d,\"
-




Open issues

Role of time shift

Fﬂ=;( > >1+2 exp[ala)/lzyzl F( > >1F1<1

What happens in the geometric limit

Increase width of prior in PE analysis

How to translate the problem to constraining H,




