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Gravitational lensing in a nutshell
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Do you know what this picture 1s?
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Do you know what this picture 1s?

| SMACS 0723 25ttt (galaxy cluster)

| source:
. RS R e P2

(James Webb Space Telescope)
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Do you know what this picture 1s?
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Do you know what this picture 1s?

K\ju«vxgw\‘\vx Kim

2017 April 11

‘e
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2018 April 21
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M87 2ot S22 ZAUET S==

(Supermassive BH in M87)

source:
O|HIE =210|Z H&E

(Event Horizon Telescope)
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Do you know what this picture 1s?

Kyungmin Kim 2024 fRlASTHE & 71;—1'«1'7;!— AL - 71;.3:«1*73— 317



| TEa) M

Do you know what this picture 1s?

HEE! SobraldA] 2=t
71 Al (19194)

source:
-SO/Landessternwarte
Heidelberg-Konigstuhl/
- W. Dyson, A. S. Eddington,
& C. Davidson
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Gravitational lensing phenomena

e The deflection of light by massive bodies and the phenomena resulting therefrom.

NASA/ESA

galaxy cluster

Fa 9.7 A infinitesimally thn disk in Gargantua's equatoria pane. gravitatonaly ‘ensed by Garganiuz’s
weiped space and time, Here Gargantua spns very “ast. insel. The disk in the zbsence cf the black hole, Frem
Eugéeme ven Tunzelmsnne artstic leam at Dok /e Negadve.|

distorted light-rays

Earth

Fig. 8.8. Lighl rays (red) ring W the camera images of e back parl of e accreton
disk, nehird Gargartua: one image above the ho'e s shadow, the ather below the hole's

o Kip Thorne (2014)
“The Science of Interstellar”

P
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d
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Gravitational lensing phenomena

* One of the consequences of Einstein’s General Theory of Relativity.

e Confirmed with a ray of light passing close to the limb of the Sun (1919).

Apparent Position

® -

-
_— - --
e e e e mmm =

True Position Earth

FIG. 1.— Angular deflection of a ray of light passing close to the limb
of the Sun. Since the light ray is bent toward the Sun, the apparent po-
sitions of stars move away from the Sun.

[figure & caption from Narayan & Bartelmann '96]

 Magnify light from distant sources which would otherwise remain undetected (Zwicky 1937).
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Grav1tat10na1 lensmg of lights

Further reading: textbooks

such as
“Introduction to Gravitational Lensing with Python Examples”
by Massimo Meneghetti
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Lensing by a point mass N s
e Let’s suppose a lensing by a point mass VM

2 [—
. deflection angle, 6 = — JV 1 Pdz, where
C

e b: impact parameter

e 7: distance along the original light path

e ® = — GM/(b? + 7°)"?: Newtonian potential
* most of light deflection occurs within Az ~ % b of the point of closest encounter between the light

ray and the point mass.

e Az is typically much smaller than the distances between (the observer and lens) and between
(lens and source).

— thin lens (screen) approximation!
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Thin lens approximation N s
, deflection angle 5(5) = 4—§;J (xt : 5,1225,) d’E' where
¢ &= ¢

—

e £: a two-dimensional vector in the lens plane

o 2(&) = | p(&, 2)dz: surface mass density }

. . . 4GM(<)
, for a circularly symmetric lens, deflection angle becomes o6(&) = TR where
C
o £: distance from the lens center
S
L M(&) = 27?J 2(&ENE'dE" mass enclosed within radius &
0

Kyungmin Kim 2024 54 ,',"DH% Q9 71;—32*'71,1— AL - ?fi:f."@l— 217 [



2 e Teya)

[Lensing geometry and lens equation N

Apparent
Source __
D <3
: LS 2
., reduced deflection angle @ = —— y
DS True >R
Source &}

* We see that 0D¢ = D¢ + 0D ¢
from the schematic.

€

L ~ Lens Optical Axis Ob s\éfv or
— f# =0 — a(0): lens equation
(or, equivalently, lay-tracing equation) ‘ Dis 0 Dr ’
< DS >

Kyungmin Kim 2024 fhl4ETHE & TR @kl - TEne 1A 12



Einstein radius
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Narayan & Bartelmann
(astro-ph/9606001)

 With the deflection angle for a circularly sy
equation reads

po) =0

mmetric lens and its reduced deflection angle, the lens

D;¢ 4GM(0)
DLDS 6‘26’

* Due to the rotational symmetry of the lens system,

a source which lies exactly on the optic axis (f = 0)
is imaged as a ring having the radius 0 such as

1/2
AGM(Or) D

C2 DLDS

that is referred to as the Einstein radius.

O =

* For a point mass M, it becomes

4GM Dy
C2 DLDS

1/2

O =

-, .

JO073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0

- . . @

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope « Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team STScl-PRC05-32
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credit: ESA]
Types of gravitational lensing omarg | [ o | e [ o
 weak lensing " .
* distortion of background source such as galaxy . |
Large-scale Substructure, Cluster and
) ) ) ) structure outskirts of halos galaxy cores
 typically produces a single distorted image.

s=50 AU s=20 AU s=10 AU

e strong lensing

e occurs when source, lens, and observer are well e e "L
pOSitiOned. 2 z; |TE] N z; |TE] 2y [TE]
- < 1 N 0
e 2+ distorted images %: of w e | o] 00 KX’
M 03 | s
* microlensing s o e o 1 s o 0
14 A s

e occurs by small stellar objects

Magnitude
=

e observable by changes in the brightness

~150 ~100 ~50 0 50 100 150
S Time [day]
Kyungmin Kim 2024 XIS & BHIh aLif) - TEuk 1)
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Table-top gravitational lensing of lights

[credit: Perimeter Institute for Theoretical Physics / source: YouTube]
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Table-top gravitational lensing of lights

[credit: Perimeter Institute for Theoretical Physics / source: YouTube]
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Examples of gravitational lensing of lights

* Lensing by galaxies/galaxy clusters
* A major sub-discipline of gravitational lensing

e Cosmic telescope effect of gravitational lenses
enables us to study faint and distant galaxies
which happen to be strongly magnified by
galaxy clusters.

* The statistics of gravitational lensing events
lensed by galaxies offers one of the promising
ways of inferring cosmological parameters.

Kyungmin kim 2024 54 !;T,H% Q9 l;-rqal— AL - 'Q;—a:f_'lm— 17 ) (6
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Gravitational lensing for cosmology

* Measurement of the Hubble constant H, w/ gravitational lensing (Refsdal 1964)

 Hubble—Lemaitre law: v = HyD (v: recessional velocity; D: proper distnance)
— Unit of Hj: [km - s~ Mpc‘l]

* Key: time delay between lensed images
 Time delay « the difference in the absolute lengths of the light paths & H, :
 If the time delay is measured and

if an accurate model of a lensed source
is provided, H could be measured.

[credit: EO Portal]
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Lensing configuration

| o () i
. Define the amplification factor as F(f) = (= h(f)=F()hy(f))

hy(f)

where /1;(f) and &y, (f) are the lensed and unlensed GWs in the frequency domain.

Kyungmin Kim 2024 XIS & BHIh aLif) - TEuk 1)
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Lensing configuration (cont’d)

 With adopting the thin-lens approximation, we get

2
F(f) = Dol +2) ]-CJ‘ZZX expl2zift (X, y)],
D; D ¢ l

where

o X =¢/&), y = €D, /{yDq: the source position

e £ is the impact parameter in the lens plane

* ¢ is the position vector of the source in the source plane

* £, is an arbitrary normalization constant of the length

* ¢, is the arrival time at the observer from the source

e ['is normalized such that | /| = 1 in the no-lens limit

Kyungmin Kim 2024 LxiabThE § THuk ekl - TiEn 1) 20
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Arrival time

» The arrival time 7, at the observer from the source position € through ¢ is given by

De&y(1+z) [1
DDps 12

td(Xa y) — ‘X —Yy ‘2 T l//(X) + ¢m(y) ;

where
e (X) is the dimensionless deflection potential
* ¢ (y) is an arbitrary constant to be chosen to make the minimum value of 7, is O

 For convenience, we set &, is equal to the Einstein radius of the lens such as

Kyungmin Kim 2024 XIS § Bk aLif] - TaEnk 1)
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Takahashi & Nakamura

Lens models in geometrical optics limit

* Point-mass lens: describe lens mass as a 2-dim Dirac delta function on lens plane

1/2 : 1/2 /
F(f) = |u | =i u_| "= e*™,

where
L (0?+2) . | |
He = 5 + 2 \/ - 4): magnification factor for the 1st image (+) and 2nd image (-),
WY
respectively
y\/y2+4 \/y2+4+y
At, = 4M; . > - 1n : time delay between 1st and 2nd images

VY2 +4 -y

o M;. = M;(1 + z): redshifted lens mass

Kyungmin Kim 2024 LxiabThE § THuk ekl - TiEn 1) 22



7 Tomre) Tl

Takahashi & Nakamura

Lens models in geometrical optics limit

e Singular Isothermal Sphere: circular and symmetric mass distribution on lens plane

F(f) B mn 1/2 Z"Iu_|1/2627m'fAtd lfy < 1,
| g M3 ity > 1

where

. 4+ = — * 1: magnification factor for the 1st image (+) and 2nd image (-), respectively
Y

o At; = 8M;_y: time delay between 1st and 2nd images

o M;, = M;(1 + z): redshifted lens mass

Kyungmin Kim 2024 XIS § Bk aLif] - TaEnk 1) 23
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Search for strong lensing of gravitational waves

Strain

K\juw\gwx’m Kim

.
oy
—~—

/Sjrong lensing challenge

/
T .
| T— 4
' ‘-\_
' o T — — C —
J
[ J —
| ! o —
J I i /
' _,).rr-"‘—”"—'-
/ e
')
”

Strong lensing:
- Identify “repeated events” in the

data
- Targets: Galaxies, galaxy clusters

Precise measurement of

gravitational-wave 1mage properties

Atio ~ week

Aty ~ day

Aty ~ week

/ 4
Time

[credit: Otto Hannuksela]

2024 SalkfTHL & THuE aiily - TR Wil
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Search for millilensing of graviational waves

K\juw\gwx’m Kim

le | 04 M, lens

Millilensing
beating patterns

N\

Mllhlensmg challenge

Millilensing:
- Modify gravitational-wave templates to identify
millilensing “beating patterns™
- Targets: Subhalos, massive black holes

Measurement of the millilens mass and source position

[credit: Otto Hannuksela]

2024 SalkfTHL & THuE aiily - TR Wil
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Search for microlensing of gravitational waves

K\juw\gwx’m Kim

- Microlensing challenge

©

Wave optics
diffraction

R

‘“""’W\fv\fwl'ﬁ"""'—

Lens plane Source plane
Microlens | -~ . ;
. = Source
: -y
: T
g S =
) ® Host galaxy // l [
Detector } //
. ; i
L
D; x DLS
D

Microlensing:
- Modity gravitational-wave templates to identify
microlensing wave optics effects
- Targets: Stars, stellar-mass black holes and primordial

black holes

Measurement of the microlensing mass and source position

2024 SalkfTHL & THuE aiily - TR Wil

[credit: Otto
Hannuksela]
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Search results (selected

THE ASTROPHYSICALJOURNAL LETTERS (O1 & O2 BBHs) THE ASTROPHYSICALJOURNAL (O3a CBCs)

Search for Gravitational Lensing Signatures in LIGO-Virgo Search for Lensing Signatures in the Gravitational-Wave
Binary Black Hole Events Observations from the First Half of LIGO-Virgo's Third

0. A. Hannuksela' (2, K. Haris? (), K. K. Y. Ng®4 (), S. Kumar®®® (), A. K. Mehta? (), D. Keitel” (2, Observing Run

T.G.F. Li'(2, and P. Ajith?® (& R. Abbott', T. D. Abbott?, S. Abraham?, F. Acernese®®, K. Ackley®, A. Adams’, C. Adams?,
Published 2019 March 19 - ® 2019. The American Astronomical Society. All rights reserved. R. X. Adhikari', V. B. Adya®, C. Affeldt'®" « Show full author list

The Astrophysical Journal Letters, Volume 874, Number 1 Published 2021 December 10 - ® 2021. The American Astronomical Society. All rights reserved.
Citation O. A. Hannuksela et al 2019 ApJL 874 L2 The Astrophysical Journal, Volume 923, Number 1

DOI 10.3847/2041-8213/ab0cOf Citation R. Abbott et al 2021 ApJ 923 14

DOI 10.3847/1538-4357/ac23db

(O3 CBCs)
THE ASTROPHYSICAL JOURNAL (01 & O2 BBHs; microlensing)

al <lV > gr-gc > arXiv:2304.08393

General Relativity and Quantum Cosmology

Submitted on 17 Apr 202371
OPENACCESS ‘ ‘ _ Search for gravitational-lensing signatures in the full third observing run of the LIGO-Virgo network
Deep Learnlng—based SearCh fOr MleOlGﬂSlng Slgnathe from The LIGO Scientific Collaboration, the Virgo Collaboration, the KAGRA Collaboration: R. Aobott, H. Abe, F. Acernese, K. Ackley, S. Adnicary. N. Adhikari, R. X. Ad
Binary Black Hole Events in GWTC-1and -2 Agarwal, M. Agathos, O. D. Aguiar, L. Aiello, A. Ain, P. Ajith, T. Akutsu, S. Albanesi, R. A. Alfaidi, C. Alléné, A. Allocca, P. A. Altin, A. Amato, S. Anand, A. Ananys
_ Ando, T. Andrade, N. Ancres, M. Andrés-Carcasona, T. Andric, S. Ansoldi. ). M. Antelis, S. Antier, T. Apostolatos. E. Z. Appavuravther, S. Appert, S. K. Apple, K.
Kyungmin Kim™2 (2, Joongoo Lee3 (), Otto A. Hannuksela? (&, and Tjonnie G. F. Li%56 (& Aréne, N. Aritomi, N. Arnaud, M. Arogeti, S. M. Aronson, K. Asada, G. Ashton, Y. Aso, M. Assiduo, S. Assis de Souza Melo, S. M. Aston, P. Astone, F. Aubin, K. A
Published 2022 October 24 - © 2022. The Author(s). Published by the American Astronomical Society. S. Bae, Y. Bae, S Bagnasco, Y. Bai, J. C. Baier, ). RBaird, R. Bajpai, 7. Baka, M. Ball, G. Ballardin, S. W. Rallmer, C. RBaltus, S. Banagiri, B. Ranerjee, D. Bankar, ). C. Rai

Barone, B. Barr, L. Barsotti, M. Barsuglia, D. Barta, J. Bartlett, M. A. Barton, I. Bartos, S. Basak, R. Bassiri, A. Basti, M. Bawaj, ). C. Bayley, M. Bazzan, 3. Bécsy, V. M
(1595 additional authors not shown)

The Astrophysical Journal, Volume 938, Number 2
Citation Kyungmin Kim et al 2022 ApJ 938 157
DOI 10.3847/1538-4357/ac92f3

* No strong evidence has been found yet.

Kyungmin kim 2024 fhlabeht § Tk miiiby - T a) 27



7 Tigre) Sea)

Deep learning-based search for
microlensing signature from binary black hole events in GWTC-1 and -2

° Motivation KK et al. (ApJ, 2022)

le-21

aLLIGO noise

e Microlensing of GWs (GW microlensing) 1| —L Microlensed Gw
24 - mi"rm |

e can be caused by stellar objects < IOSMQ embedded around macrolenses
like galaxies or galaxy clusters.

Strain

e may arrive at detectors with O(1) ~ ©(100) ms of time delays between

multiply lensed signals |
= superposition of those signals L

=> interference patterns, a.k.a. beating patterns

-3

Time [rom merger |s|

* We seek beating patterns from GW signals of binary black hole (BBH) events.

e The first deep learning (DL)-based search for any lensing signature.

Frequency [Hz]

* Revisit the 46 BBH events in GWTC-1 and -2 already analyzed by
LIGO-Virgo-KAGRA collaboration to search lensing signatures in GWs
via the Bayes factor-based analysis [Hannuksela+ (2019); Abbott+ (2021)].

e Search the signature from spectrograms of BBH signals to bring
the excellence of state-of-the-art DL. models [Kim+ (2021)].

Kyungmin Kim 2024 LxiabThE § THuk ekl - TiEn 1) 23
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Deep learning-based search for
microlensing signature from binary black hole events in GWTC-1 and -2

 Implementation of deep learning

* VGG-19 + ensemble learning (to mitigate biased prediction may be caused by a single learner)

-------------------------------------------------

e prepared 10 ensemble learners with altering random seed for the same training data § [ Ensemble Learner #10
: Ensemble Learner #1
: e L : L Initial
* Binary classification scheme with hierarchical criterion Classification :
* Initial classification on each detector’s data based on the prediction, )
probability 7 to the lensed class, from ensemble learners /2 1
* Majority voting-based temporary classification on each detector’s data . o N
emporary
Classification (L1
. o poo . . : A 4
* Primary classification based on consistency between the class of ; (Hl
each detector’s data of an event e ———————
. . . 10° 3 SN .
* Final classification based on follow-up analyses %, =%, =%}, =U &l =61, =61 =L
and a cross-verification Primary inconsistency between '
10! Classification ; Gup B> a0d By
* Build a p-value model with testing data o oo T e Ml e TS
T?" 10-2 """"""""""""""""""
=¥
e Use the model as one of verification methods Final
. . o . : Classification !
for the final classification. . S e
: lensed
e Set the empirical criterion r > 0.6 for - lo
claiming the detection of a lensed signal 0.0 02 o4 08 1.0

Kyungmin Kim 2024 fhl4ETHE & TR @kl - TEne 1A 29
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microlensing signature from binary black hole events in GWTC-1 and -2

e Probability r to the lensed class from all ensemble learners

for 46 evaluated BBH events in GWTC-1 and -2.

Run #1 Run #2 Run #3 Run#4  Run#5 Run#6  Run#7 Run #8 Run#9  Run #10

H1 L1 V1 HI L1 VI HI L1 VI H1 L1 V1 H1 L1 V1 HI L1 V1 H1 L1 VI H1 L1 V1 H1 L1 V1 HI L1 V1

GW150914 0.050.03 --- 0.04 0.01 -+ 0.02 0.01 -+ 0.03 0.03 --- 0.03 0.01 --- 0.01 0.01 -~ 0.02 0.02 -+ 0.04 0.02 -~ 0.03 0.01 = 0.050.03

GW151012 o.12 g -~ o.05[EKY - o0.03 K - 0.02[KL] - o.02 | - o.02[fK) - o.04 K] - o.02[fK] - 0.04[XK - o.02 K] -

GW151226 0.03 0.1 --- 0.04 0.08 -+ 0.02 0.04 -+ 0.02 0.13 --- 0.02 0.03 --- 0.01 0.02 -~ 0.02 0.02 -+ 0.01 0.11 --= 0.02 0.01 --= 0.02 0.02

GW170104 0.12 0.03 --- 0.24 0.03 -~ 0.1 0.02 -+ 0.22 0.02 --- 0.04 0.01 --- 0.050.01 -~ 0.08 0.07 - 0.09 0.03 --- 0.050.03 --= 0.06 0.02
GW170608 0.17[%F] - 0.06 0.33 -+ 0.04 - 0.13[KJ] - 011045 - 0.02[KY] - 0.04 021 - 0.05[KI] - 0.07[ K - 0.05

GW170729 0.03 0.07 0.1 0.04 0.04 0.04 0.02 0.03 0.23 0.03 0.02 0.05 0.01 0.03 0.04 0.01 0.01 0.04 0.04 0.04 0.11 0.01 0.01 0.05 0.02 0.02 0.09 0.02 0.04 0.01
GW170809 0.38 0.07 0.09 0.14 0.03 0.18 0.13 0.04 0.13 0.17 0.04 0.04 0.1 0.02 0.14 0.03 0.03 0.15 0.19 0.05 0.11 0.03 0.07 0.14 0.07 0.06 0.09 0.33 0.03 0.08
GW170814 0.17 0.04 [)E] 0.03 0.04 0.16 0.03 0.01 048] 0.05 0.05 0.34 0.02 0.03 [JEJ] 0.02 0.03 [0:44 0.03 0.03 0.28 0.24 0.02 0.17 0.03 0.02 0.03 0.04 0.05 0.28
GW170818 0.25 0.13 0.12 0.03 0.07 0.05 0.22 0.07 0.01 0.04 0.22 0.01 0.1 0.07 0.01 0.02 0.03 0.0 0.16 0.1 0.02 0.04 0.09 0.0 0.1 0.1 0.01 0.03 0.09 0.01
GW170823 0.06 0.05 --- 0.03 0.05 - 0.03 0.05 -+ 0.02 0.14 --- 0.03 0.02 --- 0.02 0.01 -~ 0.03 0.04 - 0.03 0.05 -~ 0.02 0.02 --- 0.02 0.06 -
GW190408 181802 0.2 0.18 0.06 0.14 0.08 0.03 0.09 0.2 0.02 0.18 0.36 0.01 0.1 0.05 0.02 0.15 0.11 0.01 0.1 0.05 0.05 0.11 [§F] 0.03 0.06 0.09 0.06 0.3 0.36 0.02
GW190412 0.21 [Eg] 0.02 0.16 [KF] 0.02 0:38 [JFZ] 0.01 0:41 [X3] 0.07 0.12 0.19 0.01 0.08 [T 0.01 0.25 0.27 0.0 0.2 [JEFJ 0.01 0.27 [JZ3 0.01 0.12 [JEF] 0.01
GW190413 052954 0.05 [(KJJ0:45 0.02 [ 0.1 0.03 [XZ] 0.05 0.04 ] 0.08 0.08 [EE[EZ] 0.02 [KIJ 0.11 0.06 [ 0.24 0.02 0.24 0.11 0.08 [(§£] 0.03 0.04 [JEE] 0.18
GW190413 134308 0.07 0.09 0.36 0.03 0.1 0.03 0.05 0.06 0.03 0.04 0.02 0.07 0.05 0.34 0.01 0.03 0.05 0.06 0.16 [} 0.04 0.26 0.29 0.02 0.06 0.13 0.02 0.07 0.15
GW190421 213856 0.06 0.13 -+ 0.02 0.01 - 0.02 0.11 - 0.050.02 - 0.01 0.03 - 0.020.28 - 0.03 022 - 0.010.05 - 0.02 0.13 - 0.04 0.11 -~
GW190424 180648 -+ 0.05 == - 0.03 - = 0.04 == - 0.03 =+ - 003 - o 001 o 0.04 0 0.02 v 0.04 o 003 -
GW190503 185404 0.09 0.02 0.29 0.03 0.05 0.26 0.03 0.02 0.08 0.05 0.02 0.04 0.03 0.01 0.07 0.0 0.01 0.01 0.05 0.05 0.09 0.04 0.04 0.01 0.04 0.01 0.01 0.02 0.04 0.03
GW190512 180714 0.25 0.18 [ 0.1 0.06 [JEEJ0:41 0.05 0.07 0.03 0.12 0.08 0.2 0.03 0.06 0.13 0.08 0.22 0.06 0.07 [T 0.02 0.02 0.11 0.01 0.07 [ 0.02 0.04 0.04
GW190513 205428 0.05 [EF] 0.16 0.03 [ 0.07 0.03 [JEFJ 0.24 0.04 [JEJ 0.21 0.04 [ETF 0.08 0.06 [JFJ 0.01 0.07 [ 0.08 0.05 [T 0.13 0.08 [EZJ 0.14 0.09 [FK 0.05
GW190514 065416 0.08 0.24 - 0.07 0.07 = 0.03 0.12 - 0.06 0.2 - 0.050.23 - 0.01 0.04 -+ 0.08 028 -+ 0.01 0.12 - 0.02 0.06 - 0.02 0.1
GW190517 055101 0.23 0.09 0.3 0.13 0.06 [(F] 0.02 0.02 [[5] 0.02 0.05 0.07 0.04 0.03 047 0.06 0.04 [I57] 0.09 0.05 0:39 0.01 0.1 0.03 0.03 0.02 [JF] 0.01 0.03 [0:42
GW190519 153544 0.04 0.11 0.01 0.04 0.08 0.02 0.02 0.05 0.01 0.05 0.0 0.02 0.05 0.01 0.01 0.03 0.0 0.03 0.07 0.02 0.02 0.14 0.0 0.03 0.14 0.01 0.04 0.21 0.01
GW 190521 0:33 0.12 0.26 0.1 0.11 0.14 0.04 0.14 0.24 0.18 0.21 0.25 0.22 0.16 0.31 0.05 0.09 0.17 0.14 0.11 [0242 0.05 0.05 [JEZJ 0.08 0.3 0.34 0.07 0.16 0.18
GW190521 074359 0.07 0.03 --- 0.03 0.02 -+ 0.04 0.03 -~ 0.11 0.1 --- 0.03 0.02 - 002 0.04 -+ 0.04 0.03 -+ 0.05 002 =+ 0.050.05 - 0.04 0.05 -
GW190527 092055 [Eg045 - [EJo.16 - [EZo1s - (X039 - [EJo.as - [FF039 - [EFo31 - 032[0H] - [Eo.03 - [EJo.o5 -
GW190602 175927 0.03 0.1 [Jg] 0.02 0.15 0.07 0.02 0.06 [0:39 0.03 0.27 0.05 0.01 0.04 0.04 00 0.09 0.01 0.02 0.05 [0:43/ 0.03 0.13 0.21 0.03 0.07 003 0.02 0.29 0.03
GW190620 030421 - 0.14 038 - 0.06 (X3 -~ 0.07 0.04 --- 0.26 0.18 -~ 0.04[(EF] - 0.06[E - 0.07[EH - o.11[EL] - 0.06[KF] - 0.34 0.28
GW190630 185205 -+ 0.03 0.02 -+ 0.03 0.06 ‘- 0.02 0.03 -+ 0.07 0.02 - 0.02 0.01 -~ 0.03 0.0 - 0.03 003 =+ 0.03 0.01 - 0.04 0.01 -+ 0.04 0.01
GW190701 203306 0.11 0.14 0.26 0.02 0.07 0.11 0.03 0.03 0.14 0.06 0.08 0.07 0.03 0.05 0.14 0.01 0.01 0.01 0.07 0.05 0.35 0.04 0.01 0.04 0.03 0.04 0.16 0.01 0.05 0.06
GW190706 222641 0.03 0.05[0:42 0.02 0.06 0.3 0.01 0.08 0.11 0.01 0.1 0.17 0.01 0.04 0.31 0.0 0.03 0.06 0.02 0. 070.02 0.03 [I%574 0.01 0.11 0.31 0.01 0.06 0.1

GW190707_093326 DENIED -~ DEGEEN - DEECED - o2 - DSEE - EOEE - ocEE - 00 - o024 -~ oas[Eg -
GW190708 232457 - 0.07[(EY - 0.04[EX - 0.05[E3 - 0a19[FE - 0.02 012 - 0.06 0.15 - 004 003043 -+ 0.05048 - 0.12[0:46
GW190719 215514704 0.07 -~ 0.1 0.03 -+ 0.09 0.04 - 0.150.04 -~ 0.23 0.04 - 0.07 0.02 - 0.13 0.05 - 0.07 0.04 - 0.08 0.04 - 0.07 0.03 -

GW190720_000836 0.06 [IXF] 0.03 0.05 [ 0.01 0.02 [IE7] 0.02 0.02 0.21 0.0 0.01 [XTJ 0.01 0.01 0.04 0.0 0.04 0.33 0.01 0.01 0.05 0.01 0.01 0.06 0.05 0.02 0.42 0.01
GW190727 060333 0.08 0.04 0.04 0.04 0.06 0.02 0.02 0.01 0.02 0.07 0.06 0.01 0.03 0.02 0.02 0.01 0.01 0.0 0.06 0.04 0.05 0.03 0.06 0.01 0.04 0.03 0.01 0.04 0.04 0.02
GW190728 064510 0.22 [%[30.25 0.17 0.22 0.11 0.35 0.45 0.3 0.120.37 0.03 0.09 0.32 [I5f1 0.05 0.28 [=E] 0.19 (0.38 [EX] 0.03 0.28 0.13 0.1 0.21 0.04 0.06 0.42 0.11
GW190731 140936 0.0310.37 - 0.02 0.1 - 0.04 0.08 -~ 0.01 0.08 -~ 0.02 0.27 -+ 0.01 0.2 -+ 0.03 0.19 -+ 0.01 0.07 - 0.03 0.03 - 0.01 0.02 -

GW190803 022701 [XH 0.07 0.09 [JE(] 0.01 0.07 [5] 0.04 0.09 0.24 0.05 0.02 0.23 0.02 0.03 [XF] 0.01 0.01 0.23 0.07 0.08 0.38 0.05 0.01 0.14 0.05 0.03 0.24 0.03 0.07
GW190828 063405 0.03 0.02 [ 0.03 0.02 0.1 0.02 0.01 0.28 0.07 0.03 [0:47 0.02 0.01 [I{E] 0.03 0.01 0.26 0.03 0.01 [DEJ] 0.02 0.01 [KZ] 0.04 0.03 [EF] 0.04 0.02 0.06
GW190828 065509 0.05 0.15 [(XF] 0.02 0.04 [XZ] 0.02 0.08 0.22 0.01 0.04 [XT] 0.01 0.03 [ 0.02 0.06 [JEE] 0.02 0.1 [T 0.02 0.02 [F] 0.03 0.11 0:46 0.02 0.22 KA
GW190909 114149 0.050.13 -+ 0.06 0.02 - 0.03 0.01 - 0.04 0.06 - 0.03 0.08 --- 0.07 0.01 - 0.03 0.06 -~ 0.050.08 ‘- 0.06 0.01 ‘- 0.06 0.06

GW190910 112807 -+ 0.12 015 = 0.050.07 == 0.04 0.04 --- 0.04 0.11 - 0.03/0:47 --- 0.03 0.06 - 0.03 © 0.050.28 -+ 0.050.18 - 0.04 0.06
GW190915 235702 0.09 0.14 0.05 0.07 0.06 [0.42 0.04 0.33 0.02 0.32 0.17 0.0 0.03 0.17 0.06 0.02 0.05 0.02 0.09 0.05 0.06 0.09 0.08 0.01 0.09 0.11 0.01 0.09 0.06 0.02
GW190924 021846 0.23 [IXF] 0.04 0.23 [XF] 0.02 0.27 [XZ] 0.04 0.01 [XLJ 0.04 0.28 [XX] 0.01 0.18 K1Y 0.0 [XF[XE] 0.09 0.33 g 0.02 0.07 [(EF] 0.0 0.03 [EKJ 0.02
GW190929 012149 0.06 0.01 0.38 0.03 0.02 0.1 0.04 0.01 0.25 0.03 0.01 0.03 0.03 0.01 0.3 0.0 0.01 0.01 0.08 0.02 [[E71 0.0 0.02 0.03 0.02 0.01 0.04 0.03 0.03 0.07
GW190930 133541 [XJo0.11 - [gfgo.o1 - [EXJo.o4 - 0.280.01 - [XZJo.06 - 0.27 0.03 - [F0.12 -+ 042 0.01 - [0:48 0.04 - 0.01 -
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e Unlensed (U) if r < 0.5; Lensed (L) if r > 0.5

Run #1 Run #2 Run #3 Run #4 Run #5 Run #6 Run #7 Run #8 Run #9  Run #1()

Events H1 L1 V1 HI LT VI HI L1 VI HT L1 VI HI L1 V1 HI L1 VI HT L1 V1 HI L1 V1 HI L1 V1 H1 .1 VI
GWI150014 vcovv.ov.-..Uv0.vvuyv.vuvvvwv---.vvuv.vvuay.uvuvuv.uvu---uUw&u

GW151012 v, .-UL ..-UL ---UL .-.-UUL ---UL .---UL .-.-UOL --~-UVL - UL

GW151226 ¢ v.-.vvv..vy.vwy.uov&uy.uvwv-.uvwuy--«~u&uv.uuwuv-.--uu

GWI1707104 ¢ v .- +v.-vwouvv.vuy-uouu&ugyg--uu---uu - ul - U u - U u

GW170608 vt --UVUU---UVUY..UL --Uu-.-.-veyL.---vvuyu----uUuL----uUiL --uUwu .-
GW170729 vt vovrvovvovvvv g vvu v vtvutvvuvuddgivvuvuvrvuuuvuuuvuuu
GWI170809 vt vovtvovuuvuvuvuvvuvuvuvuvuvuuvuuuvuouuUvUvuvvuUvuvvuUvUvuUvGvTuUvUuUuuy
GWI170814 ¢ v L uUvUvuouuvuuyvuyuuuuyu gy s uUuUuU U uU Gy Uy Uy uuyuu Uy
GWIT0RIR U U U U U ouguu U U uUuUuuUvuUuuvUvUouUuUuUuUuUuUuUyuouUuUuUuuUuuuuy
GW 170823 vuy ..uv.--vvyy.."vyu--vvuv ---vuu..vu...vuu ---Uu4uU ---vUuU ...-
GW190408_181802 v vovuuovvuvuvuvuvvuvuvvuvuvuvuvuvuUuuvuouvuvuvuvuvuvuvvuUuL uUvUuvuUvuUuuUu
GW190412 v L UvUuUL UUvUL UVUL UU VU UL UVUVUUUUL UUL UUL U
GWI190413 (052954 v L UU L UUL UU L UUL L UL UUL UUUUUL UUL U
GWI190413_134308 v oovuvtuoovuugugvuvuvuuvrvguyguvvuuvvuougduvuvuuuLyUdvYuvtvudduuwuw
GWI190421_213856 vog.ov..0o0v..vv..0vyg...”vvv..vvuvu..Uvvuv ..-vUU4YU --vuUuyu ...
GW190424_180648 DU § ST U -« o U oo e U oor een u - . U - -. u ... .. Uu - - U - - U -
GW190503 185404 v viuvtuvuvuvuvuuvuvuUuuvyvuugUvTuUuUuvugdUUvuuUuUuyvuUuUGUYUUuUGUuyUUuU U uUuwuu
GWI190512_180714 U UL UuUvUv ey v vuvu v vvuUuuvuyU vuUuguUvUvuUyuUuULUuUvuUvUvUuUL Uuwu
GWI190513.205428 UL UvuUuL uUvULrLuvuL vuvuULvuUvUvLvuUvuL vuUvuUL uUvuUL uUuLu
GWI190514.065416 voo..0ov...oG¥00.vs"v..vv..vvoo..v9o..0oU0..-uvUv..uu .-
GW190517.055101 vt vovuvouvervvuUuLUvUvUvvuyUUvuUuUvvuULvUvUUGUJUUVUUUUL UUwu
GW190519_153544 vt ovuovuovuuvuuvuvuuvuUvuvuUuUvuvuUuvuvuuUgvvuvuguuuUvuvuUvuUvuUuvuUvUuUuuUuuwu
GW190521 ¢ uvduouvUvuuduouuuuvuvuyuyuyuuyvuyuuyYvuUuyuuyuyYyuuy s uUuuuuouy
GWI190521 074359 vgo..oouv.-.-ooou.-..-vuu-..uguyg-.-uug vgou-..ooug .-~ uvu-.-.-uu-..
GW190527.092055 L v..Lv..Luov..puovv..puv..rvuov..uv..ur ---L U-.-. L U ..
GW190602_175927 v oL uUuvguUgovuvuvuUvUvuvuvuUvvuUuuvuUuUuvuvuUuUuUUvuvuuUuuUvuvuUuUuUuUvUuuuuu
GW190620.030421 -~ v ~-~-veE.~--vvud..vvv.uvsg..uvr ---vuvurpr ---uvr --uuL - uu
GW190630 185205 -~ v .~.~vuv.ouv.vuv.vovvuv..o0ouv-.-~-uvuv.uvvu-.uu..uu
GW190701_203306 v uvouvuvuvuvuvuvuvuvuuvuviuviuvuouguvuuvuvvuuvuvUvuguvUvvuvUvuUuUvuuUuuu
GW190706.222641 vt vovuvuvuovuvuvuvvuvvuiuvvuvuvuvuvuvuUuvuUvuvvuvuguUL UuvuL vUuuUuuwu
GW190707093326 i L ---L L --L L V0L L L ---L L ---0UL ---0OL ---UL UL --
GWI190708 232457 -~ L ---uv4¢ ---vL --~-vup ---vyvu--vuvu--~vuvbsn --vuvuvu---vuu--uuu
GWI190719 215514 vgguy.uvvv..vvyvy..vuyvg..vuv..vvo..vuo..Uu4u..UTT490...4ugu...-
GW190720_000836 v L vuvoLvuUviLUvuvuvvuvuUgLvuUvuugdvUvuvuUvYgvuvrtguygdvvugvtugdduuwud
GW190727_060333 vt ovuvovuoouvuouvuguovuvuguvvuvvuUuvuvuUgvuvuuvvvvuuuvvuUuUvuUvuvuuvuuvuu
GW190728_ 064510 v L VU vuvuUuuvuvuvuUuvuUuyYU L UUuUL UUuUL UUUUUU U UV
GWI190731 140936 vgou..vuvuv.vvu..vuou..uUyg..vUuU« Uy« uUyg.eeUTU«uUuU e
GWI190R03.022701 L v vvuLyuUuguvUvuvugvvvvuvuvuvtgugLvuUugvUduvuvUvtvuUugdvtuvUvuuvuuuvuwu
GWI190828.0632405 v ovoLvuvUuvvuvvuvuvioovugvuvvuvvuuvuvLrvvuuvuvvuvvuuLvUuUL UUL UUWU
GWI190828_065509 v voLvuUuvervvuUovuvvuvuviLvuUvuvLUULVUULUUL UUUUUL
GW190909_ 114149 v ug.~--vuvv.vuv.vwayge-vuv&uv-...vwuvv.uvwuayo---vuv&uv..-vuvwuv-.--uu .-
GW190910_112807 -4 .v&uyvv.vusv..vuov.vovvuvyv..0vudv.-.vvuv .-.-.vvvu-..0ou...-uwu
GW190915.235702 v oouvuuuvuououuvuuuUguvuuvUuvrvuguvvuuUguvruouuuUvuvUuuU Uy uuUuuvuuuw
GW190924 021846 v L vuvuLvuUuviruUovuvuLuvvuUuLvuUvuvLvuUL L vuUuLUvUL UULU
GW190929. 012149 v uvuvuvuvuvuviuvuuvvuvuigdvgvuvuuvuvvuUuguvuvuvUvuvUuUL vuUvuUvUvGuUUvUUuUUuUuUUuUwu
GW190930_133541 L 0g.rv.rpvuv..vdd.r%uov.uvvuov..ruau.uvuv.uvu.uu ..
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Deep learning-based search for
microlensing signature from binary black hole events in GWTC-1 and -2

* Results: Temporary, Primary, and Final Classes

Tempor Tempor Tempor

Clasls)o aryPrimary Final Cfiasgo al'yPrim.au'y Final C?aslsm aryPrimary Final
Event Event Event

HILl V1 Class Class H1L1 V1 Class Class HILl V1 Class Class
GW150914 U U - U U GW190503_185404 U U U U U GWI190719 215514 U U --- U U
GWI151012 UL - U U GW190512_180714 U U U U U GWI190720000836 U U U U U
GW151226 U U . U U GW190513205428 U L U U U GWI190727060333 U U U U U
GW170104 U U - U U GW190514 065416 U U --- U U GWI190728 064510 U U U U U
GW170608 UL U U GW190517055101 U U U U U GWI190731_140936 U U --- U U
GW170729 U UU U U GW190519_153544 U U U U U GWI190803.022701 U U U U U
GW170809 U UU U U GW190521 UuUuU U U GW190828 063405 U U L* U U
GW170814 U UuUuU U U GW190521 074359 U U --- U U GWI190828 065509 U U L U U
GW170818 UUU U U GW190527 092055 L U --- U U GW190909_114149 U U --- U U
GW170823 uu... U U GW190602_175927 U U U U U GW190910_.112807 --- U U U U
GW190408_181802 U U U U U GW190620 030421 --- U L U U GW190915235702 U U U U U
GW190412 UL U U U GW190630_185205 --- U U U U GWI190924 021846 U L U U U
GW190413.052954 U L U U U GW190701203306 U U U U U GW190929 012149 U U U U U
GW190413.134308 U U U U U GW190706222641 U U U U U GW190930_133541 L*U --- U U
GW190421 21386 U U --- U U GWI190707 093326 L* L. --- L U
GW190424_180648 --- U - U U GW190708_232457 --- U L* U U

K\jumaw\’m Kim

2024 fXiabthE & GEur et - Taue 1a)



< i/’wz\vl T

Deep learning-based search for
microlensing signature from binary black hole events in GWTC 1 and -2

GW150914 A

e GW190707 093326 CW121012 1
- GW151226 -

GW170104 -

. . (o . GW170608 A

e Primary classification: Lensed (the only event out of 46) GW170729-
GW170814 A

GW170818 A

- +0.012 _, .- : -
e ¥ =0.9847 7,5 with 90% C.I. (from bootstrapping) GWI%@%%E%@

0<n<01 GW190413_052954 -
° S PR 0. GW190413_134308 1
GW190421_213856 -
GW190424 180648 -
GW190503_185404 -

* The uncertainty of p includes the possibility of the unlensed hypothesis being true, SW0si2 180714-

. GW190514 065416 1
1.€., D > 0.05. GW190517_055101 -
GW190519 153544 1

ML _ GW190521 -

o c.f., B -0.4 disfavoring lensed hypothesis [Abbott+ (2021)] GW190521 074359 -

GW190527 092055 -
GW190602 175927 -
GW190620 030421 -

* No visually recognizable signature of beating patterns. GW190630_185205 1
GW190701 203306-

300 300

GW190719_215514-
GW190720 000836 -
GW190727_060333 -
GW190728 064510
GW190731_ 140936
GW190803 022701 -
GW190828 063405 -
GW190828 065509 -
GW190909 114149 -
GW190910 112807 -

200 200 §

100 100

3.4 3.6 3.8 4.0 42 3.4 3.6 3.8 4.0 492 -
- - L GW190915 235702 -
+1.2465272200 x 107 +1.2465272200 x 10° GW190924 021846 -
| GW190929 012149 -
(a) GW190707_.093326 (LIGO-Hanford) (b) GW190707_093326 (LIGO-Livingston) GW190930 133541 -
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