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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° =
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Phase study of Lensed events
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Unlensed vs lensed events
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Unlensed vs lensed events
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ZSZI
M, =10° M,

M,(r,) = 10° M,

g =02 z =015

) un - 2 =1 — egNFW,
un - z = 0.80 : W- un - 2 = 0.84 - NFW-2

SIS ‘— NFW-2- 25 =0.50-2, =025 | SIS ~ NFW-2
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Lensed Waveforms

match study

(S hT) (h hT) : Inner product:

(h 1 hT) (hT hT) l (a b)=2Re _J: acf )'b*(f;n:rfc;*(f)-b(f) 7

- S (f) - (single-sided) power
spectral density

P
A % 203, |1 - L

2 ~
o 36 — Ay? ~ 11.8 (14.2)

M. Maggiore,Gravitational Waves: Volume 1: Theory and Experiments,Gravitational Waves (OUP Oxford, 2008)



phase study

In a matched filtering analysis,
the phase of the waveform can
be measured with an accuracy
corresponding to the inverse SNR

o, ~ p~' rad

C. Cutler, E. E. Flanagan, Phys. Rev. 1994, D49, 2658.
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Lensed waveforms

un - z =0.80 ieghn B 8 YL

p ~ 220 SNR of the signal
el i 410 lensed / unlensed
Popt

Ay’ ~ 14.2 3 free parameters
e 113 10" 30 threshold

% opt



Lensed waveforms

N R — NFW-2 — unlensed
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p ~ 100 SNR of the signal

L =0.9869 SIS / gNFW, _,
popt

Ay’ ~ 11.8 2 free parameters
s 0.9994 30 threshold

% opt






NFW-2

2a: =00 gp =120

p ~ 220 SNR of the signal

Eaial NFW / NFW-2
popt

Ay’ ~ 14.2 3 free parameters

Lo q 36 threshold

% opt
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O Lensed events can be misinterpreted by
unlensed one

o Studying the phase of the signal is more effective
than matched filtering

© We can differentiate between lens models

L [ | |
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Mass-Sheet Degeneracy




Mass-Sheet Degeneracy in Gravitational-Waves microlensing

e~ P AL OV T AR e e e

' 1. MSD transformation — @ f <. ©Simulate a BBH lensed 4. Study the event through &

! event with 4 # 1 PE analysis:

.  Scalings oflensmass & ¢ a. MSD parameter fixed to
Scaling of angles =1

l b. MSD parameter free

Effectively adding |
.’ (subtra,ctmg) mass to the lens
¢ W/ no visible angular change
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Biased estimations of lens
parameters!
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Ma.ss-Sheet Degeneracy

* Scalings of lens mass:

,’ = /2., |

- k= K, =Ak+ (1 —4)

1> - surface mass density |

—_ — <

. S A
- 0, =0 , =40 e Bt

) 5

E. E. Falco, M. V. Gorenstein, and I. |. Shapiro, ApJ 289, L1 (1985) P S 0 e

_ad o> d, =Aad+ (=210 . ~
0




Ma.ss-Sheet Degeneracy

* Scalings of lens mass:
- k= K, =Ak+ (1 —4)

* Scaling angles:

04
— - —
5 HS L A ‘95 e st
E. E. Falco, M. V. Gorenstein, and I. . Shapiro, ApJ 289, L1 (1985) h Re_pa ra metrlsatlon Of ‘
| I
| lens parameter:
0 T
SE ) = 9—
E
where

0r: Einstein radius




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

H



Gravitational Lensing of Gravitational Waves

a mpLiﬁca’ciow
factor

X /
h,(f) = h(f) - F(f.y)

- \

lensed wa\/e-form
unlensed waveform
frequenc Y domain ’
fr&quewcg domain



Gravitational Lensing of Gravitational Waves
A dependent

a mpLLﬁcatiow
factor

/
h(f) = h(f)- F(f,y,2)

&

lensed wa\/e-form
unlensed waveform

frequency domain
fr&quewcg domatin



Ma.ss-Sheet Degeneracy

PE analysis



Ma.ss-Sheet Degeneracy

Parameter Value
Injection 4 = 1 Yy 7178
q 0.94
injected wavetform unlensed wavelorm d; [Mpc] 1800
cos @ 0.95
Je-18 - JN
M,;, [Mg] 700
el - s E— Na Y4 > y 1.2
y) 1
1e-19 -
detectors H1,L1,Vl1
optimal SNR 78
le-19 5 J i B0 > wf approx IMRPhenomXP
20 40 60 30 100

frequency |11z
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PE without /1

- 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




Je-18

le-18

4e-19

le-19

Ma.ss-Sheet Degeneracy

Injection 4 = (.8

injected A =1 m——INjcCted N =8 unlensed wavelorm
T | T I !
20 40 60 80 100

frequency [IIz]

Parameter Value
/A 71.78
q 0.94
dy [Mpc] 1300
coS O 0.95
M;, [Mg] 700
Y 1.2
A
detectors H1,L1,V1
optimal SNR 78
wf approx IMRPhenomXP




Injection 1 = 0.8

) 0,09
g — 0.8675%)

s T TR — PE without A
N 50 I
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© /{ i dLm]_ = 1300
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High correlation M, , —
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PE with A

- All parameters retrieved
correctly
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Ma.ss-Sheet Degeneracy

Real(istic) events

Injected

Parameter Injection GW200208 GW200208
Y /A 71.78 38.97 38.90
q 0.94 0.76 0.77
dr, [Mpc] 1300 2294.6 2770
coS Oy 0.95 —0.83 —0.83
M, [Mg] 700 1693.47 1900
y 1.2 1.46 1.5
Y 1 — —
detectors | H1,L.1,V1 | H1,L1,V1 | H1, L1, V1
optimal SNR 78 19.12 9.91
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Conclusions /2 GW<00<08

» The MSD is parametrised correctly

 Forinjections

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;)

we are able to solve the degeneracy

 For a real(istic) event

- low SNR complicates everything ol | W smniines| * Wimaccd 1N i . L il a0

- degeneracy is not transmitted to A
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-/ correlates much more with d; than M, . or y
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