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| ensing of Gravitational Waves
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Geometrical (ray-optics) regime

Cosmological GW sources most likely lensed by galaxy/cluster scale lenses: geometric theory of lensing

flux magnitication
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Difficult to tell it any single GW event is lensed !



Morse phase shift
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Sinary black holes on circular orbit with dominant (2,2)
radiation mode: degenerate with orbital phase

Dal & Venumadhav 1702.04724; Ezquiaga et al 2008.12814
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What to learn from lensed BBHSs?

Probe BBH sources beyond the usual detection horizon (in particular in the

era of 2G detectors) o |
Buscicchio et al (2020); Mukherjee et al (2021)

Opportunity to associate a BBH source with a host galaxy, or even localize it
within the host galaxy

Hannuksela, Collett, Caliskan & Li (2020);
Yu, Zhang & Wang (2020)

Probe profile of galaxy or cluster lenses complementary to lensed E
sources: central images; faint images;

Probe lens substructure through wave ditfraction effects; e.g. stellar mass
objects; small-scale clustering of the Dark Matter.

Dai, Li, Zackay, Mao & Lu (2018)
Diego, Hannuksela, Kelly, Pagano, Broadhurst, Kim, Li & Smoot (2019)

Oguri & Takahashi (2020)




Rate of lensing by galaxies or clusters

e.g. Dai, Venumadhav & Sigurdson (2017); Ng, Wong, Broadhurst & Li (2018); Li, Mao, Zhao & Lu (2018);
Oguri (2018); Hannuksela++ (2019); Contigiani (2020);

Models of lenses and BBH population;

~0.01 yrtat 01/02; ~ 0.1 —1 yr'at fully upgraded LIGO/Virgo; ~ O(100-1000) yr-' at 3rd gen. detectors

x x aLIGO, Pop-I/II ;
102 5 w0 ’é(x).(

WX A R o % e X
X ,&Hf‘:&;{;-ﬁfx&: X
- NE R iy Fevh gt %%
R S S & S P N S
(0 CE ) .35"&(‘
.g X % x})(.
— E X oy )(. 3(‘ X® X
& 100 "
4] 10 % 8 X
£

x  Htrailing

Uleading/ﬂftrailing

time delay At [day]

106 x o7 / 87"

15.9°
15.0
14.5

"o 14.0

M

g 13.5

10%10(M2()
%
(e

12.5
12.0

11.5

0.0

T = 75(|u| > 10)

w— BAHAMAS + EAGLE
we  Hilbert et al. 2008

SIS (Planck 2013)

SIS (Millennium)

> L

1.0 1.5 0 5 10
zZ" 105 x Or / Blog .\’1200

Robertson++ (2020)

including cluster-
scale lenses

for source atz =2



Search for multiple images in O1/02

Parameter coincidence quantified by Bayes

evidence ratios (excluding time, amplitude, GW170823 |- 023 SR .00
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Independent investigation into GW170104 / GW170814

Dal, Zackay, Venumadhayv, Roulet, Zaldarriaga 2007.12709

Intrinsic parameter significance

1071 T | - T
: GW170104- :
-~~~ GW170814 |
[
.\\ : i .
\‘\. 1
\ '
L . 1 .
5 102} i N .
O : . :
i N
: N
I \ .
[
[
: {5
! |
3 : 3
10— { § 3 1 [ S T | 3 3 { [T N |
1072 1071 100

Bint/Bir,??x

Coincidence in mass and
spin (intrinsic) parameters
p-value ~ 0.02

Extrinsic parameters Time delay Combined
- —_— T T T ]_0011 T o o o ' ————— 10_1_ —T Ty —
L\‘\\ | 1 X i ] 5 I
TN | R i |
1072 - [ - I 1
\I Z 1 \\ 5 —L'_L 1
I | I 1 107“F RS
| \ . by VO |
(T 10—3 " H : | | " \“‘-»
a : JEENGE 1 101 | \ - I
: | \ ] 1 " \\
i . ] | ]
I \l { I \ ) 1
I i . [ 1 _3 1
: H . ] 1073} - \\
10~4 | | L I L : i X
C | !}: | | 'l\
| ;] i \ | L,
___ GW170104- .1 11 I N ! I B
GW170814 ! - \_ : 1]
10-5 R —— il 102 = el 104 : Lo
102 101 10° 101 1027 1071 10° 101
Bext/Bgr;(?x Btime BextBtime/BgEx

Coincidence in extrinsic
parameters (sky location,
source orbital orientation, etc.)
p-value ~ 0.002

Look-elsewhere effect:
pick the “best” event pair
No greater than a factor of ~ 15



Single-template search for sub-threshold signals

If lensing If true, there are possibly additional lensed images.

Jse the best-fit waveform informed from GW170814 and GW170104 for a single-template search.
Jse extrinsic parameters informed from GW170814 and GW170104 (especially RA, DEC); this is

implemented as a coherent score:

S o Z Z /dDLL(s,cf)M,tO,DL) P(Dy)

SGHpair QbZVI ,to

Overall ~ 104 reduction in look-elsewhere effect and ~ 20% more sensitive Iin strain amplitude.

Somewhat surprisingly, we found one sub-threshold signal, GWC170620, with a false alarm probability
1.3% determined empirically from time slides



Relative Morse phases

1
Morse phase manifests itself as a change in the orbital phase Ay = 5 Ad

h=Fy(a, o, ¥) hy + Fx(a, 0, ¥) hx

1 |
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Morse phase differences
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Checks on GW170814, GW170104 and GWC170620

Liu, Hernandez & Creighton 2009.06539
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Properties of candidate lensed images

GW170814, GW170104 and GWC1/70620 have

network SNRs ~18, ~14, 7.8

strain amplification ratios ~ 1: 0.4 : 0.25

N

lLevent
1170620

flux magnification ratios ~ 1: 1/6 : 1/15 a

(Absolute magnifications undetermined.)

Long time delays on the order of months; need a galaxy

cluster scale lens
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Difficulty with image configuration

Three types of images:
minimum (L), saddle point (S), maximum (H)

Source Single image

GW170104, GWC170620, GW1/70814 must be
either L, H, HorH, L, L

Radial arc

S images must have been missed from n(L) + n(H) - n(S) = 1.
This however Is not too strange given the fraction of Hanford- . . ,
Livingston coincident times VAIRNY, )

| images have (absolute) magnification factors > 1, so at  Ensten gross | T

least one H image is significantly magnified (”!) .
(GW170814 for L, H, H, or GW1/70104 for H, L, L). This is
peculiar!

/ |

22kl > 0.26 Kneib (1993)

Einstein quad: central de-magnified H image

Likely zs < 0.7 because no counter image within Radial arc: counter S image with short delay
1 hr of GW170814.



| esson learned from O1/02

* Relative Morse phases are measurable! The combination of time delays,
magnification ratios, and Morse phases tightly constrains any viable lens.

* Due to detector antenna patterns, even very loud lensed images can hide In

noise. Conve

rsely, very faint lensed images can get lucky to be detectable,

* If the triplet is a statistical fluke, we are currently limited by false alarms.
Getting more events at current measurement quality won't help. Need better

measurement!
Ky localization from at least 3 detectors

* (1) better s

e (2) more sh
e (3) smaller
better sens

e (4) detection O

ItIvi

measurement)

* (5) S image of high SNR signals (hi

ort time-delay (
error pbars on in
ity at low frequencies

- distant lower-mass

Wang, Lo, Li & Chen 21

3

nours, days) candidates
rinsic parameters and extrinsic parameters from

BH events (much better chirp mass

gher harmonics & spin-orbit precession)
01.08264


https://arxiv.org/abs/2101.08264

The End



Detector responses play tricks

GW170814
1 1 1 1 1 1 1
175 [ — Livingston / About 4—>5 hrs after GW1/70814, LIGO
| —= hanforg detectors became almost blind toward that
o 1.50F === Virgo - direction on the sky, and Virgo was more
S 195 7/"‘"- ] sensitive !
& : 7
&) 1.00 | \.\. /°/ =
é’ ) e N //' Broadhurst, Diego & Smoot 1901.03190
5 0. . . %
“ 0.50} M\~ "~ -
- -\ ' =~ Lesson learned:
] A N A\ } an image equally loud as GW170814
0.00 i could have hidden in the Gaussian noise.
-12 -9 -6 -3 0 3 6 9 12
At [h]

Strain amplitude response



DEC [°]

| ocalization From Joint PE

| I I .
_aaf
il RXCJ0317.9-441
—44 - | 7= 0.08
® O
CJ0314.3-4525
—45} E:
—46 F
47 F
—48 F
—490 | ®
O RXCJ0317.7-4848
ACT-CL-J0304-4921 z=0.16
=0 z=0.39
] ] I I
42 44 46 48 50 52
RA [°]

localized to ~ 16 deg?

Time delays ~ months require
a DM halo of galaxy group or
galaxy cluster scale

Galaxy group or cluster
lenses can have more
complicated structure.

Perhaps the peculiar image
configuration not completely
out of the question.




