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Gravitational waves from stellar-mass binary black holes
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https://www.ligo.org/science/Publication-GW150914CBC/index.php

inary black holes
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Gravitational Wave horizons

Binary black holes
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Gravitational Wave horizons

Binary black holes

9SIDAIU 9} JO sjuouodwio))

Age of the Universe



The era of gravitational wave astronomy is here!

Operational
Planned

Gravite t"i__c_mal Wave Observatories

~ommib. et

[Hanford, US] [Livingston, US] [KAGRA, Japan]



The era of gravitational wave astronomy is here!
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O4 is happening!
https://gracedb.ligo.org/superevents/public/O4 /4
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Gravitational wave lensing;:

First detection approaching, expanding horizons
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[this is an overview.

The plan Ask the experts in the

room/]

1. Gravitational waves are Standard Sirens
2. A crash-course on gravitational lensing
3. Current searches

4. Future prospects

11


http://ezquiaga.github.io/slides/ezquiaga_vienna_24.pdf

1. Gravitational waves are
standard sirens



Gravitational waves are standard sirens
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[general relativity predicts waveform]
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Gravitational waves are standard sirens

@ WW ~ &
' @ [cosmo prop WM N

gation]

[general relativity predicts waveform]
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Gravitational waves are standard sirens

[well understood detectability]

Il o
4 |

[cosmo propagation]

[general relativity predicts waveform]

|'}(1‘21 < (.05
Ix1| << 0.9895, |x2| <
Ix1.2] < 0.9895

Mass 1 (M|
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Gravitational waves are standard sirens

[well understood detectability]

Il o
4 |

[cosmo propagation]

[general relativity predicts waveform]
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2. A crash-course on
gravitational lensing
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For more details see: ezquiaga.github.io/lectures/Lecture Notes.pdf
Gravitational lensing

e Solve GW propagation on a curved background

}_L;w -+ QRaugyf_Laﬁ =

e We want to make a mapping between the source and the observer

through the lens
- \N\‘\W’ 'y

& [source]

[lens]

[observer] 20


https://ezquiaga.github.io/lectures/Lecture_Notes.pdf

Gravitational lensing

e Solve GW propagation on a curved background

2 » hab
hluy -+ 2RO¢,UJ5Vh — O Cf??\/V\J\N\W

e Cosmological background + gravitational potential
ds® = a(n)? (—(142®)dn* + (1 — 29)dz?)
e Focus on weak-field limit
D ~rgan/r <K 1

e Equations simplify, same propagation for both

V2h, — (1 —49)03h . =0

21



Gravitational lensing WX

e Within weak-gravity, solve in Fourier space:

L ¥

6]
(V2 +w?) h = 40w’h Rp<Dr,Drs

e For cosmological lenses, impose thin lens approximation.

e Integral solution: hL(W) . F((,u7 (95) : h(w)

— w —
F(w,y) = 2—m/d2x expliwTy (X, )]

[Dimensionless variables| 7 = 9/9 . Y= 55/9* . w=T1phiw

Etd/TDQ TDE(1+ZL)DLD5/CDLS

22



Gravitational lensing

hr(w)=F(w,0s) - h(w)

F(w,y)

w

271

/ d*z expliwT (%, 7)]
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Stationary Phase Approximation

e Solve integral in the limit of highly oscillatory integrand

w

F(w,y) = —,/d2af expltwTy(Z, )]

271

Ot
00, G—4,

o Stationary points define the images:

2 .
) 7y 4 L 0*Ta(0;)
Ty(0) ~ Ty(0;) + 5(;15%5@) 506 T

e Hessian matrix determines magnifications

u(0;) = 1/det(Tyup(0;))

Ty = 75 0%4/90,00,

pL



Multiple chirps

Atg-w>1

hr(w)= F(w,0s) - h(w)

F =~ Z \,uj\l/Q exp (iwt; — 1
J

e Lensed signals acquire a different phase shift

n; =0,1/2, 1

Magnification
) Time delay

' type Il
type |l | ]

[image]
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3. Current searches



Gravitational lensing -
gravitational wave spectrum

Repeated chirps due to strong lensing

o  Hw

Waveftorm distortions by substructures
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Repeated chirps due to strong lensing

e The properties of the j-th chirp

| d), =dp/ /|1

e |f not identified as lensed, a magnified events appears closer and
more massive

ml . = maet /(1 + 2(d))) [see Chen's talk]
28



Repeated, coherent signals

q=0.1,.=m/3.0

iPMAN
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*}M’V\M/\/\n

—0.4 —0.2

0.0
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0.2

0.4
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Precise timing

0.1251

0.100

0.07571

0.0500

0.025F

0.000

—5 0 5) 10
tarrival — <tarrival> [ms]
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Poor

sky localization

HE' ~ 1//\/

60°
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Searching for repeated chirps

Bl GW170104_101158
B GW170814.103043

2 4 6 —1 0 1 30 40 50 20 30
det det

32



Searching for repeated chirps: false alarms

I Lensed Image 1 Event 12
B Lensed Image 2 B Event 89

30°

33


https://arxiv.org/abs/2201.04619

Searching for repeated chirps

e Given the large number of pairs, need quick methods to identify
promising pairs

300 A
o Compute the posterior £ o
overlap .
IO":‘
hine learni ML) &
e Use machine learning (ML) &
summary statistic T 3
O |

g [ e

-y - : «  03b-03b

[see Li's talk] - E
10 I |||ll SRR LT AP SR R L. 1
1073 102 10°! 10" 200 400 600 E&00
MI. FPP No. of pairs
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https://arxiv.org/abs/1807.07062
https://www.ligo.org/science/Publication-O3bLensing/index.php
https://arxiv.org/abs/2106.12466

Fight false alarms: phase consistency

GW150914

g 920 30 0 60 100 200

|Ezquiaga, Hu, Lo; PRD'23] 35


https://arxiv.org/abs/2308.06616

Fight false alarms: phase consistency

Bl Typel
B Type II (shifted by —7/2)
B Not-lensed (shifted by )

s
| ZalR VAV

)

3.0 3.5 3 4 —50 —49 —48
OH o1, Ay
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https://arxiv.org/abs/2308.06616

Joint parameter estimation

e Infer the parameters of the source under the lensing hypothesis

using data from multiple events

e Allows for Bayesian model
comparison

e Measure consistency of

events: coherence ratio

(CLy) LS

e With source/lens
populations priors,
compute Bayes factor

(Btu)

e This is in principle all we need, but...
computationally costly ... astro priors ..

15° -

30° -

45° -

|

1 l

B first image (31 deg?®)
B second image (80 deg?)

joint inference (17 deg?)

15° 30° 45° 60°

a



https://arxiv.org/abs/2308.06616
https://arxiv.org/abs/2308.06616

Sub-threshold searches

e Demagnified events could be under the noise (sub-threshold event)

o Jargeted searches following super-threshold events reduce template bank
and increase sensitivity

4 T ' ' ' T ' ' ' T ' . ' T ' v . T . ' ' T

Whitened Strain

Time (s)
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https://arxiv.org/abs/2311.06416

GWTC-3 results

e No evidence of repeated chirps in the data

B
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https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php

GWTC-3 results

e Upper bound on binary black hole merger rate
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https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php

Phase shifts & higher modes

e A gravitational wave is a superposition of frequency modes

e A lensed signal of type | has different amplitude and arrival time

hi = Z ‘UI’1/2~A€m cos|m(QAL + ©c) — Xem)

{m>0

e A lensed signal of type Il has also a

hH — Z ‘MH‘l/zAEm COS | TN (QAtII + Spc) — XIm +
£, m>0

[Dai & Venumadhav; 2017] [Ezquiaga et al.; PRD'20] 41


https://arxiv.org/abs/2008.12814
https://arxiv.org/abs/1702.04724

Waveform distortions in type Il images

e Lensing imprints but modifications in the
signals that cannot be mapped to other astrophysical parameters

Unlensed Lensed m— AUVim s Aim Ap. =7/4 Ao, Aog Type I (no p) at t4 Type II (no p) at t_

my=10my, (t=m/3

axll man VAV

—0.4 —0.2 0.0 0.2 0.4 —0.10 —0.08 —0.06 —0.04 —0.02 0.00 0.02
At [s] At [s]

42


https://arxiv.org/abs/2008.12814

Caustics

For point sources, there are singular points in the lens mapping

0°Tq(0;)
ol ( 90,00,

)%O = () = oo

Caustics exhibit universal behaviors (described by catastrophe

theory)
e ~ 1//Abg ~ At=1/3

SPA is broken when approaching to a caustic

Maximum magnification set by diffraction

43



Approaching a (fold) caustic

Luka Vujeva (NBI)

source plane \ Image plane
[ | | imag



https://arxiv.org/abs/2407.17547

L

Highly magnified, overlapping :
Signals Rico.hLo-(NBl)

40 -

30 1

20 -

10 -

overlapping signals

-=-- first signal only
. . . Lt v vy T T WA
—0.04 —-0.02 0.00 0.02 0.04 0.06

L — tﬁrst [S]
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https://arxiv.org/abs/2407.17547

Wave optics Aty - w

o Time delay scales with the lens mass

(14 zp)Mp,
JAN =1)~4
taly = 1 ( 100M, )

[point mass lens]

o GW frequency scales with binary mass (has astrophysical size!)

1 1 10M
f o~ ~800H2< @>

27T QtSch M

e Wave optics regime:  Af, - w ~ 1

e Low-frequency limit has small lensing

46



Wave optics: diffraction

&
o

[point mass lens]

= 05/0p
p— — () (N)
o ) o )

Impact parameter y

=
Sy

T 2T 37

GW frequency w =t - w

47



[see Ubach’s talk]
E.g. compact (point) lenses

Ataly = 1) 24 (

(1+ 2zp) My,
ms
100M,

Diffraction Interference

| | | 4 | | |
- Not-lensed - Not-lensed

Lensed, At; =9 ms Lensed. Atd 45 ms
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DO

- g,_|_
= N A [
EENIWA
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= |V O\

—

N2

mmn |
AR |

—0.5 —04 —0.3 —0.2 —0.1 0.0 0.1 —0.5 —04 —0.3 —0.2 —0.1 0.0 0.1
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Strain [x10%?]
O}
—

——

B

—=>

——

|
N\

|
B

|
W

e Most lens models require solving the diffraction integral

numerically. Great recent progress [see Villarubia-Rojo's talk]
48



Parameter estimation of lensed signals

e Include lensed parameters in the inference

+0.°
28.0a7¢ 2

e Requires efficient models T
for the computation of the Al
amplification function. i i

ey

e Allows to make Bayesian

model comparison (BLy) ey 4
- 2 .

]
< H
\\J J_V\‘ —
/
i
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J
]
n‘_/ <
-~ o,
S
/
/ ’ q
o ,/
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e Addressing possible

- Ny a IR
i N T | VY g f i
waveform systematics and L b oongh
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& | {1
M [Ms] v1.149



https://www.ligo.org/science/Publication-O3aLensing/
https://arxiv.org/abs/2306.03827

GWTC-3 results

e No evidence of distorted waveforms by lensing (“microlensing’)

2.9
1 O3 Events

920- ». .| Background



https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php

GWTC-3 results

e Upper bound fraction of compact lenses (w.r.t. dark matter)

Spread in fpy using S redshift distributions

1.0

fom

0.4 -

flat prior
Bl cffreys prior

10? 103 10% 107
M [Mo)


https://www.ligo.org/science/Publication-O3aLensing/
https://www.ligo.org/science/Publication-O3bLensing/index.php

Searching for lensed GWs

e Distorted waveforms could be missed by current searches!

1.0

S — o
FEN @) CO
I 1 1

Impact parameter y

-
DO
I

B S

10

Lens mass [M]

100

10

1

False Alarm Rate |year

Juno Chan (NBI)

1
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https://arxiv.org/abs/2411.13058

4. Future prospects



Substructures

o Gravitational waves are effectively point sources. They are very
sensitive to small scales

V.S.

* -g; ,

[Hubble Space Telescope]

54


https://en.wikipedia.org/wiki/Singular_isothermal_sphere_profile
https://science.nasa.gov/mission/hubble/science/universe-uncovered/hubble-galaxies/

Substructures - clusters

10

Abell 2390 Abell 370 El Gordo e

5

g f
1

2 /
100
1

10

[Vujeva, Ezquiaga, Lo_, Chan; to appear] 55



Substructures - clusters

e In real clusters, relative magnifications and time delays — ELCRUISENGIE)
change dramatically compared to singular isothermal sphere (SIS)

| SIS ® ® 1 SIS ® | SIS °
o  Abell 2390 e Abell 370 ® e FEl Gordo

102 10° 102

56



GW amplitude

Substructures - subhalos c @
@ ,
e Dark matter halos are made of smaller halos Y
e Gravitational waves could interfere! W\AAA/\
Y

magnification
onset (w ~ 1)

[see Goyal's talk]

—

-

|
="
e}

- Unlensed signal 10°M,q =1
| —— lensed signal M =2-108M., b = 2Rg

1 —— LISA sensitivity
I\ T T T 1

10—3 102

Frequency [Hz]
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https://arxiv.org/pdf/2204.05434.pdf

Substructures - subhalos

10° 10Y

Mr, = 107> M, g =1,

Zyoe= D]

10! 10!

109 10~2
instein radius

101 107>

My, M.]

Uncertainty AM, /M,

1Ive

Relat

58


https://arxiv.org/abs/2307.06990

Highly magnified gravitational waves

e Substructures can enhance high magnification tail

e Even more sensitive to small lenses close to the caustics!

-1 L 1 SIS 100y
L 1 Abell 2390 |
|| & 1 Abell 370 =

102 1 El Gordo < 10
A : <
-

5

103 - 1'
0 0.1
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https://arxiv.org/abs/2407.17547

Multi-messenger lensing

e Observe multi-messenger lensed events, e.g.
with ground-based or with LISA

[see Smith’s talk]

[Credit: D. Berryl:* B

o Great target for future detectors!

e Will open many science cases

60



Multi-messenger lensing & wave optics

o Gravitational waves and photons could suffer lensing in different regimes

. and may change in wave optics

— ——1] — . — p\*>
tp(w,Og) ~In ( " 95)) ty(w,0g) =t,(w,0s) +w o

61


https://arxiv.org/abs/2005.10702

Multi-messenger lensing & wave optics

e There is an apparent superluminality due to the waveform distortions

Lensed Lensed (t < tmerge) Lensed (¢t > tmerge) — =r+o Atpear/trr —== Atpear/tm + AT,

—— Unlensed
x10~18

./\/lc — 46 . 1O5M®, ML T 107M@, QS/QE — 01

ty = 3.7 minutes ”

/
D

o DO
——
\

[ I
[ I
i I
[ I
[ I
I I
—4 “ l ;
[ I
1 1 1 1 1 1 1 1 1 : . 1 1 1 :E 1 1
—35 —30 —25 —20 —15 —10 —d 0 —2.0 —1.5 —1.0 —0.5 0.0 0.5
At /[ty At /[ty
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https://arxiv.org/abs/2005.10702

Multi-messenger lensing

Cross match GWs with lens catalogs Luka Vujeva (NBI)

Identify lensed host galaxy (difficult!)

Watchlist for efficient lenses

e .. BRCHE - W4 P Py W
N | I o?® . (1 L T g
. ©%315°, 270° "225°. 180° .13

https://github.com /lenscat/lenscat 63



GW lensing with next-generation detectors

e Large number of detections enable statistical studies

0102 03 O4 05 AP XG

0p) 4:_ ____________________________________________________________________________________________________________________________________
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Populations & Cosmology

e Rates and time delay distributions inform about populations

al.IGO
e 1 o0.=600km/s
107 § o, = 300km /s
1077 l ; |_|1
g 10°; I
< 10 A . mﬁ‘—%—%
=Y 103 10_1 ] “'ﬂﬂ_L__H 1020-0 - — 0'6_| ’_(1 |1—0
- Multiple images ] E ’ ’ St | |
107 Primary images - E‘*—ﬁm
| Unlensed events | HH T
10 : . 1072 . . | |
10 10 ! 10° 0 2 4 6 8 10

ot time delay (yrs)

e |f you know the source and lens populations, rates and time delay

distributions inform about cosmology [see Ajith’s talk] -


https://arxiv.org/pdf/2105.14390

False violations of general relativity

e Lensed waveforms can be different from (unlensed) general
relativity waveforms
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https://arxiv.org/abs/2203.13252

Gravitational waves are precious cosmological
probes:
e Well understood signals from general relativity
Coherent detection of waveform
Only distorted by gravitational lensing

Current searches focus on repeated chirps and
distorted waveforms

No evidence so far, but first detections is
approaching!

Probing origin of the observed black holes and
dark matter substructures with gravitational

wave lensing
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