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Gravitational Wave lens
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Gravitational Wave lensing

: ﬁ\ 95\ o

AA%O

Dy < Drs




Gravitational Wave lensing




R.Takahashi,Astrophys.J.835,103(2017),arXiv:1606.00458 [astro-ph.CO]
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GL of GW

h(f) - F0,,f) = hy(f)
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GL of GW

h(f) - F0,,f) = hy(f)
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[ h(f) - €™ df = h (1)
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GL of GW hL(t) VS h(t)
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Amplification Factor

h(f) - F0,,f) = hy(f)



High accuracy on /1, constraints
from gravitational wave lensing event
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How?  teq000




the arrival time difference

TEM,i—GW(ya W) = TEM,i(y) = TGW(% W)



singular isothermal sphere (SIS)
2
oi |

272G r?
with a stellar dispersion velocity 62 = 220 km/s

p(r) =

Navarro-Frenk-White (NFW)

Po
p(r) = >
r r
P (1+7)
assuming a realistic observed model [Buote and Barth 2019]



we calculate AT%,,_~w for a large set of input parameters
we assume an independent prior on 2 from Planck,

Q. = 0.3061 + 0.0052

we infer the uncertainty on £, by crossing the prior with
the time-delay uncertainty



uncertainty on GW time-delay

OAT = (Z”fpz)_l

where

; ~2/3
pr=p (1 + 2 ==
fobs

[Huerta at el. 2015]




Methodology
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NFW lens - IPTA 65 pulsars array
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NFW lens - SKA 1000 pulsars array
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Results

Zs 0.5

oar (days) 0.835 0.003 1.431 0.006

Ho (km s~! Mpc™1) 68 74 68 74 68 74 68 74

y J NFW - ACDM

0 1.37 1.55 0.06 0.06 2.19 2.47 0.06 0.07

0.1 1.62 1.85 0.06 0.06 2.60 2.94 0.06 0.07

0.5 3.72 4.49 0.06 0.07 5.60 6.05 0.07 0.08
NFW - quiessence

0 14.50 15.80 12.10 14.20 14.70 16.20 12.60 13.70

0.1 14.60 16.00 12.60 14.20 15.00 16.70 12.60 13.70

0.5 16.50 18.20 13.10 14.30 16.90 19.30 12.70 13.90
SIS - 0, =220 (km/s) - ACDM

0 2.80 3.15 0.06 0.07 4.56 5.13 0.07 0.08

0.1 3.06 3.43 0.06 0.07 5.03 5.63 0.07 0.08

1 >10 9.70 0.10 0.10 >10 >10 0.17 0.16
SIS - 0, = 220 km/s - quiessence

0 15.80 17.30 12.90 14.20 16.10 18.70 12.70 13.90

0.1 16.00 17.60 12.90 14.20 16.40 19.00 12.70 13.90

1 >20.00 >20.00 13.20 14.40 >20.00 >20.00 12.80 13.90




e need for different measurement to decrease the error

(6 ~ 1/A/n)

» today observations could match current precision on 1),
 SKA will give decisive results



Mass Sheet Degenerac
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Mass Sheet Degeneracy

,’ =2/ |

12 - surface mass density




MSD

Can we solve I1t?

* EM geometrical optics regime:
multiple Images; independent
mass estimation of the lens (e.qg.
dynamics)

 EM wave optics regime: multiple
lenses

* In GW lensing: 1 image and 1
lens can break MSD!



Gravitational Lensing of Grav. Waves







Lensed GWs

3 regimes
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Lensed GWs 201
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Interference regime:




Interference regime:




Interference
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S/N - template matchinc




e $(0) = h(1) + n(0) e

* |nner product:

®a(f) - b*(f)
b) = 4R d
(a|b) C [L S f}

(sthy) ~  (hlhy)

— e
N/

rThy) /)

4
* S (f) - (single-sided) power
spectral density (L1-O3-LIGO)

P ~
Confidence region: A)(z ~ Zpgpt ] ——— 30 — A)(z ~ 11.8

P opt

M. Maggiore,Gravitational Waves: Volume 1: Theory and Experiments,Gravitational Waves (OUP Oxford, 2008)
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Interference
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popt ~ 55

0.483 0.512 0.557 0.615 0.682 0.749 0.809 0.856 0.888 0.901
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A

min

= 0.99

0.464 0.464 0.449 0.453 0.496 0.581
0.570 0.565 0.580 0.638 0.735 0.843

0.644 0.662 0.722 0.819

Ay < 40 %

0.786 0.865 0.704 0.614 0.557 0.495

0.792 0.650 0.549 0.474 0.382 0.258 AM 3 5

0.781 0.622 0.507 0.413 0.297 0.151
0.798 0.623 0.490 0.381
0.840 0.655 0.501 0.378 0.230
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12 —20%

Amax = 1 . O 1 P. Schneider and D. Sluse, Astron. Astrophys.559, A37(2013), arXiv:1306.0901 [astro-ph.CO]
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We analysed how MSD behave in GW lensing
. In the GO regime it can not be broken

1.
2
3. In WO can be broken in some cases
4. In interference regime Is broken

5

. How well it Is broken depends on the strength of
the signal and sensitivity of detectors. Nowadays

we might have upto Ay ~ 5% and AM ~ 6 %



High precision lens
modelling
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Gravitational Wave lensing
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ZS=1
M, = 10° M,

M, (r.) = 10° M

2= 0.5 z; = 0.15

- gNFW,yzg

un - z = 1 — ¢NFW__, | un - z = 1
un - z = 0.80 ——= NFW-2 un - z = 0.84 ~—=- NFW-2

SIS —:— NFW-2- zg = 0.50 - z; = 0.25 SIS ~ NFW-2
NFW NFW 25 = 0.47 - 2z, = 0.25




p ~ 220 SNR of the signal

A 1—4-10"7 lensed / unlensed
papt

Ay’ ~ 14.2 3 free parameters
S 1-15-10"* 30 threshold

% opt



un - 2z = 0.80 ~——- NFW-2 B NFW—2 - unlensed




m-z=1 —— SIS —— gNFW,_,

p ~ 100 SNR of the signal

L = 0.9869 SIS / gNFW, _,
papt

Ay’ ~ 11.8 2 free parameters
LA 0.9994 30 threshold

% opt






NFW-2

28 = 0.90 - 2 = 0.25

p ~ 220 SNR of the signal

L —1-14.10° NFW / NFW-2
papt

Ay’ ~ 14.2 3 free parameters

L 1-14-10 36 threshold

% opt



NEFW-2
9 = 0.090 - 2], — 0.29

NFW-2
28 = 0.90 - 2 = 0.25




1. Lensed events can be misinterpreted by
unlensed one

2. Studying the phase of the signal is more
effective than matched filtering

3. We can differentiate between lens models

4. Differentiating between models is useful to
study dark matter/dark energy content



