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Introduction



Gravitational
Waves

~ - Predicted by Einstein in 1916

Properties:

- Travels at the speed of light
- Two polarizations

- Passes through matter
unimpeded
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Gravitational-Wave Generation

Credits: LIGO/Virgo, SXS


https://docs.google.com/file/d/1oYBOdiH3TXm1Roenjhc1CLQkN10nzu9d/preview

Gravitational-Wave Detection

Credits: LIGO/Virgo, SXS


https://docs.google.com/file/d/1hdyX8b3oZ8AgtpyXv9FMRRhu3ukCH2tK/preview
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Gravitational lensing of gravitational waves
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ESA/Hubble & NASA NASA, ESA & STScl Ogui et al.



Absolute rates (yr™!)

Why 1s gravitational lensing exciting now?
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e Forecasts predict strong
lensing at a reasonable rate

P w.r.t. alLIGO O1 noise

Ngetal (2017); see also Li et al. (2018), Oguri (2018); Wierda et al. (2021); Xu et al. (2021)



Why 1s gravitational lensing exciting now?

An entlrely new avenue to probe Study the origin of black holes (Hannuksela et al. 2020)

gravitational lensing e Tests of fundamental physics (Collett & Bacon
2017,Wong et al., in prep)
e Study the expansion of the Universe (Baker & Trodden

—new studies of astI”OphySiCS, 2017, Liao et al. 2017, Hannuksela et al. 2020)
cosmolo gy and fundamental thSiCS e Study microlens populations (Lai et al. 2018, Jung et
’ al., 2019)

e Study wave optics (Cheung et al., 2020)
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ESA/Hubble & NASA NASA, ESA & STScl : Chandra :

Chandra 0.5 Msec image 0.6 Mpc



How does gravitational-wave lensing work?
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Basics of gravitational-wave lensing

Described by the amplification factor "7%;0111"06
(Takahashi & Nakamura, 2002) i ! N

Dg|&3(1
F(f) = Sé()( ;%d%c exp | 27Tz' \ Dis
Angular Lens redshift .g/ 7< Ds

N

diameter lems ¢
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Lensing time delay Lens potential
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Basics of gravitational-wave lensing

Simplest example: Point Mass Lens

_ oW wy (V¥ +4-y)’
Described by: . [T " 15{ n(3) 1
- Lens mass +1n <y+ y2+4> r(1-Lu
- Lens position | ? | H ( ? )
- Angular diameter distances X 1F1 (%w 1 %wyﬁ) :
Simplifications:
1) Analytical solution to the hr ( f) _ F( f ) h( f)

amplification factor
2) Spherically symmetric model
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https://docs.google.com/file/d/1eh-0uMei-utPrIILI8zD_aiuv27I-6NO/preview

Basics of gravitational-wave lensing

Geometrical optics limit (A<<ML[])

F(f) =Y )" exp| 2mifta) — inin,]
J
Time delay

Image magnification

hi(f) = F(f)h(f)

Summed over number of images

Morse phase






https://docs.google.com/file/d/1pieRsINrkFF4FyVxWb3ThKZKFmRKo7_4/preview

Basics of gravitational-wave lensing

Wave optics lensing (GW lensing)

Geometrical optics (typical light lensing
scenario)

Valid for all lenses

Valid for large lenses

Suppresses small-scale structure

Does not suppress small-scale structure

Solved using amplification factor (expensive)

F(f) D8501+2Lf

d*x [ 27i ft
D.D. exp [ 27 fta(x,y)]

Solved using the lens equation (cheap)

F(f) = Z |Mj|1/2 exp | 2mwifty; — imn;]
J




How do we detect gravitational-wave lensing?
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reseecridetesotrone @R/ vs EM observatories @©esa

Electromagnetic observatories Gravitational-wave observatories

Main observable: Electromagnetic sources Main observable: Gravitational sources

Good angular resolution Poor angular resolution

Fair time resolution Extremely precise time resolution

Detection method: Measure flux intensities Detection method: Waveform templates

Wealth of gravitational lensing detections No confirmed gravitationally lensed detections




Strong lensing challenge
arcsecond~107(-4) deg
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Question: How can we

detect lensing if we can not
P2 sce the multiple images in et~
N the sky? )

GW170814
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NASA, ESA & STScl

- Targets: Galaxies, galaxy clusters
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ay

Strain (x10r

Parameter estimation
= follows Bayesian analysis

Key components:
- Waveform model
known
- Noise model known

Gives us for extremely
precise measurement of
the binary parameters and

4 the signal

20
Credits: Cardiff University


http://www.youtube.com/watch?v=3dtchyj1PQI

rong lensing challenge

o1

Gravitational-wave detectors observe strong lensing as repeated events

VA &
7S

Strain

H1~14

VA
7 A

/ L
7 7

Aty1 ~ week

/L
&Y

Strong lensing:
- Identify “repeated events” in the

data
- Targets: Galaxies, galaxy clusters

Precise measurement of
gravitational-wave image properties
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Millilensing challenge

Millilensing by subhalos or more massive black holes can
produce milli-images or changes in the intensity of light

NASA, ESA & STScl
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le+04 M lens

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

Measurement of the millilens mass and source position
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Microlensing challenge
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16 Mg lens

©

Wave optics
diffraction

o

~ AW

Detector

Microlensing:

\/hcrolensmg challenge

Lens plane

Microlens | """

Host galax
O g 4

Source plane

Source
> L
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- Modify 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
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Gravitational-wave detection

Electromagnetic observatories

Gravitational-wave observatories

Strong lensing: Multiple images

Millilensing: Strong lensing flux
anomalies, lens system imaging

Microlensing: Time-dependent i
change

Searches for
gravitational-wave lensing
have started

Hannuksela et al. (2019)
Liet al. (2019)

Mclsaac et al. (2019)
Pang (2020)

Dai et al. (2020)

Liu et al. (2020)

LVK (2021)

peated events

sform beating patterns

ve optics diffraction in
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Why detect gravitational-wave lensing?
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Test gravity

logB?

Probe the full gravitational-wavq

o winoutienseq POlarizatioh content

v  with lensed v
_103 L T T T T

0 25 50 75 100 125 150 175
SNR

28
Wong et al. (in prep); see also Goyal et al. (2020)



Liu et al., in preparation

Probe dark matter

Dark matter halo
Spiral disk

—~Dark matter sub-halo
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Dark matter halo

O

(0

subhalos within halg§

o

Probe dark matter

Cold dark matter

subhalos within sutl

O

O

Liu et al., in preparation

o

subhalo

[+]

O

- Subhalos down

subhalo

to arbitrarily

small length scale

Warm dark matter

O

&

subhalo -Subhalo

suppressed
below a
characteristic

scale

Model
discrepancies

formation yon Small

scales.



Probe dark matter

Galaxy

o

| O

LIGO, Virgo, Kagra detectors

O Q|0 —— ‘
~ )
LT A\ [ s [seatinpatems
ik Subhalo VvV /
The small / \ \
subhalo
lenses the 1

wave - J\Vl\ur\

Liu et al., in preparation

Lensing by subhalo reveals itself
as beating patterns in the detector

See also applications to
compact dark matter

(Basak et al., 2022)
and low-mass subhalos

. using wave optics

effects (Oguri &
Takahashi, 2022),
among others
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Study the expansion of the Universe

0.06
Injection
.05 - — H(()'(nnl)in(,‘(l
HA Five high-redshift
= 0.04 [ Hubble constant
ar,
(5 Hy measurements from a
= 0.03 dp single event
g Hys g
EL, d
0.021 Hy%
d
0.01f — Hoi
0.00 1 : ‘ - ' #
0 20 40 60 30 100 120

Hannuksela et al. (2020)

Hy [kms™'Mpc™]

See also studies using
electromagnetic
counterparts (Liao et
al., 2017, 2019, and
others)
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Do multi-messenger lensing science

(1) Initial ground-based localization
> @

—

(3) Detailed lens modeling
allows us to further localize the

(2) By combining gravitational-wave
and electromagnetic observations, we can

binary to two sub-arcsec regions |ucalize the lensed host galaxy

Hannuksela et al. (2020); see also Smith et al., (2018, 2019, 2020) for cluster lensing




Left for homework

‘D

(you can e-mail me the answer at
oahannuksela@cuhk.edu.hk )

CAVE %
localization


mailto:oahannuksela@cuhk.edu.hk

What are some of the challenges?
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Why 1s it so difficult to detect strong lensing?

Can you disentangle the lensed waveform (top) from the unlensed one (bottom)?

Lensed

7l s o
® >

Not lensed Timem(sﬁ)h

@

.”/4 Time (s) Time (s)

Caliskan et al. (2022) NASA, ESA & STScl




Why 1s it so difficult to detect strong lensing?
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False
alarms
Increase
over time

Double Images

= Triple Images

Quadruple Images

----- Double Images (pops > 16)
----- Triple Images (pobs > 16)
----- Quadruple Images (pops > 16)

108 E
10!

Caliskan et al. (2022)

102
Total Number of Detections

1G>

10°

Probability of false alarm
increases rapidly over time
Solutions perhaps in statistical
lens modelling



Magnification
Relative time delay

Solve the following: |

D& f
B = DyDyg i

d*x exp [ 2miftq(x,y)]

Diego et al. (2019)



Why 1s millilensing challenging?

Current millilens model

- Two pertectly fixed images

Image 1

o

Subhalo

mage 2
o O

2

Realistic millilens model

- 1-4 images
- External magnification O Image 1
- Modified caustic curves

Subhalo
Image 4

O

Image 3

O

O

Image 2

Rapidly working on implementing better models and using phenomenological searches

M1




Why 1s multimessenger lensing challenging?

- The current lens models
are behind in progress

- Instrument capabilities
largely unknown

- Science cases not fully
explored




What to look forward to in the future?
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Absolute rates (yr™!)
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Searches on-going

e Forecasts predict strong
lensing at a reasonable rate
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Ngetal (2017); see also Li et al. (2018), Oguri (2018); Wierda et al. (2021); Xu et al. (2021)



Lensing
excluded
P(u>2) = 4:10*

Median Estimate 5
90% Credible Bounds 10
====Vangioni+ SFR

GWTC-2 lensing study

LIGO-Virgo Collaboration

T
10° £ || GW190602_175927 == . . _ = 0.1
P(x>10) = 1:10* 7 No sign of microlensing
& || owroos20_030421 (== — (.1
10" = =3
= || GW190630_185205 | : — 01 ®
% %,
— 10712 || GW190701_203306 = i o & 02 S
Hoehstic : . j s GW190706_222641 0.0
0 1 2 3 4
p GW190707_093326 e 04
Events anal : . . . . No sign of multiple images or
vents analysed No sign of lensing magnification b }% hold 1 P dd £es | _
BNS: sub-threshold lensed detections log o (B5)
GW190425 SR Event 1 Event 2 HANABI
NSBH:
GW190426_152155 GW190412 GW 190708 232457 97 |
g&HS: GW190421 213856  GW190910_112807 38
100521
GW190602_175927 GW190424_180648 GW190727_060333 -39
GW190706 22264 GW190521 GW190424 180648  GW190910_112807 39
Google “LVK lensing webinar” for more information GW190513 205428  GW190630_185205 -55




Thank you

Summary
e I[ntroduction
Basics of gravitational-wave lensing . galaxy cluster
How to detect lensing T ®
Science applications \ I‘{
Challenges '
Future outlook
Gravitational-wave lensing is a relatively new
observational field promising an entirely
different way to study gravity and observe
lensing, with applications ranging from

lensed galaxy images

distortec

modified gravity to dark matter and cosmology.

Detections have been forecasted, and searches
or lensing have started recently.



