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https://www.nasa.gov/missions/webb/nasas-webb-stuns-with-new-high-definition-look-at-exploded-star/

The standard

cosmological model...

\
— -,
— & - e -
. ‘3’ ‘é‘ 1 e i DS 0 ==
2 R ¥ ey I Y e § Y =
_ b - - I . . o ’“ -
- ey 0 SRS o s, . ¥ ."- -
. 0.. J“ :. .:-o- - ‘::"_‘. Y q &’ A Tl ) ]
: RIS TR I el Y R » -
: o‘ﬂ' : -?‘. ] 1o 99 L B ..':.:0‘ L e .
» ' .‘ '.\ C » ‘, . Y ~ p «-. ; ’.. - ~ -
AR B AT T e ~ e o -
U8 GRSk A S ) SO w=a e <
-~ = ks 3 s ‘ ’
. " "'.: » '. s -fd ?" . ." - W ..' - i ’ -/
. LI :.' ’.l . L ;‘ﬁ.’.‘ E : . | \“ | =
» *. . . -;."*‘ ‘ - ~Fle® |
) - > - - ” ' ~ L b 3
Pl ,‘:,, s Y 13 I
.'.' ® .o‘ i‘ '.g:" "3 A L ’
bollery VI '
» ) .')"._"h
. o

|..'“ .... R .;' I . “ =
2 ., o “."; . l 1' o
IAIE Ty ‘ q - t il
R O PR z : | Y| fe, &
o 0 "-,s' alp vy, s e f l,
T . 10 " ol ¢ - ' M
F e eile —r- 9 . Se e 8 A - .
?“.' .‘ 5 -:- -’;"a‘ S ’ YO 20 . : . > L' * " - ‘
’ B : 193 P s 24 . "."l ‘. tag. | [N~ '
- ' .* - - ’ . .\ 5 » . T‘ -
o "; & Sl P - ), B - =z =
R : ~ A -p
LY I < 82 ey - - ) ’
- ® e - ‘
= ! : wty ‘. \

...13.8 billion years of cosmic history




We don’t understand the basics of our Universe

Why the Universe
fob g %y % | expands ever faster?
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Dark Matter

What holds
galaxies together?

Dark Energy

Is Einstein gravity valid
at cosmological scales?
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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

E_tellar evolution

How, when,
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https://chandra.harvard.edu/graphics/xray_sources/stellar_fate_type1a_label.jpg

Binary black holes
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Gravitational Wave horizons

Binary black holes
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Components of the Universe

Gravitational Wave horizons
2035+

“
e*
.

°
°
° o . ° o
o °© °
. U R YL .
-]
o © ° o0 o o, & %00 o
ar ner R e A \
° S ° ° ° ° o 0° ° ° ° o
o [ ° o
°
“‘ o © ° ° o © ° o ® .° 0,;\3 °©
. ° o ° oo ® °
. °eey ° o oo ° ‘ °
’0 ® ° ° ° \ ° °© °

o @
o ° o ° ° oflo
* ° \ ° °°°°e o °
L 4 o ° ° °
L4 ] L4 °
o o ° °

13.8 Gry]r°

o &

o 0 o
o ®

e
eegao °

° e
° ° o
° o ® °
o )
o o — il i, Ly
o

:'-_Dark Mattel-'*x‘

°
°
-
-_— . =
bl S

o
go 000,
° 0o
. o 60 o0, °c e % ° 'M Ead
°
* ° ° I S ° * °
- ° ° ° ° % °
°
. ° I Wmae", o 1 e
° °
/l . o [ /
°

SOTOY IPR[( AIRUIY]

L]
- ° °
° o %
e e -]
-] %
o
° o / o o o ° %00 °, 2% IG ° I
I . / ° e :
L] e °.° -]
o 8 ° o
o [} o o
s ¢ ° ° e °
0 o °

R
. ° ooy 8
. P, . o ogo B N 4 ° /
° o
* o g ° © ° °© o ° . °
. * H °: °e © :e ° °© :A ° e /
. o o o o o
. . . o ° ° s °l /
* ° ° ° °© o ©
* ° o °o °
o 060 o g @ ° °

.

3.8 Myr -

Age of the Universe



The plan

1. A crash-course on gravitational waves
2. The new era of gravitational-wave astronomy
3. Standard siren cosmology

4. Gravitational wave lensing

11



The plan - warm up

e Please, raise your hand if...

e You are in the year of your PhD

e In your year’

e You have studied before a
in the title

with “gravitational waves’

e You have published a with the words “gravitational

waves written somewhere

e In the 7

e You have already seen the

in the hotel :)

12



The plan - practicalities

e Please ask questions!

e The goal of these lectures is to give an overview of gravitational
wave astronomy and its application to cosmology

e Detailed derivations can be found in my lecture notes:

e T he slides contain references
with links to papers/sources

e Remember, please ask questions!



http://ezquiaga.github.io/lectures/Lecture_Notes

1. A crash-course on
gravitational waves



Gravitational waves in flat space

e Perturbations around Minkowski

gwx(ta f) = Nuv T huv(tv f)

h(t,T)] < 1

e Einstein field equations

1
R,uu — §Q;WR — SWGTMV

o Gravitational wave propagation

1
hy = —167G (TW — 5mWT)

15



Gravitational wave properties

e Wave equation in vacuum hu, =0

e Wave ansatz h,w(x) = Re [Auy(zv)ew(x)} k,=0,0
A, = A€y

e Highly oscillatory phase: 0 — 0/c

e Leading order:
N k"k” =0
e Next to Leading order:

VH(A%k,) = 0 k*V g€, = 0

16



Gravitational wave polarizations

o Counting degrees of freedom:

Symmetric 4D tensor €ur = €vp ;10
Lorenz gauge V*h,, =0: 10-4 =06

Residual gauge ¢y, =0 : 10-4-4 =2

e Polarization decomposition:

e (1) = €4 (2)€), + ex(2)é],

17



Gravitational Wave Polarizations
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Gravitational waves In curved enare

o Perturbations around curved background
B
g,LLV — g,ul/ + h,LLV
e Definition is not unique, short-wave approx.

B |—1/2

Agw < Lp ~ |Ragy,

e We can fix the transverse-traceless gauge in vacuum V*"h,, =h =0

e Wave equation

Ry + 2R}, 507 =0
New interactions! Og> 00g"
- g,Ll,l/ g,LU/

19



Gravitational waves in cosmology

o Perturbations around homogeneous and isotropic backgrounds

Juv — gE;EJRW + h,uu

e GWs unambiguously defined + scalar-vector-tensor decomposition

e Wave equation in vacuum

VR 2R R =0

l

hiy + 2Hhi; + VZhi; = 0

l

1 a
hij(UaX) = mhgy t(UaX)




Gravitational wave generation

e Different regimes

Far Zone .

e Rewriting the field equations:

hu = —167GT,, + O(h?) = —167G1y,

e Green’'s function solution: R = Py —
_ . s Tt —12—2'],2")
how (L, Z) = 4G/d ' 77

1

2

Guvh

21



Quadrupole formula

e Far zone solution: expand large distances
o Near zone solution: expand small velocities v/c

e Leading Newtonian limit: match near and far zone solutions

27 d? ,L-T-T t—1r/c
h;-F-T(t, f) _ 9 ( / )
J clr dt?

- 1
QY = /deTOO(CIJ) <azzaj~7 — §r25”>

22



Compact binary coalescence

o At leading order in post-Newtonian expansion ‘
1 + cos? ¢
ho(t) = he 5 cos [P (1)] ‘
hy(t) = he cost sin [P(1)] M. = (mim2)3/%/(mq 4+ mg)*/®
o« Amplitude
5/3 »2/3
B~ C gwW
- T

e Frequency

fgvv ™~ Mi/gfgv{z/g

fow ~ d®/dt
23



Inspiral - the “chirp”
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Inspiral-Merger-Ringdown
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Numerical simulation of a binary black hole merger
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https://www.ligo.caltech.edu/video/ligo20160211v10
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Cosmological compact binary coalescence

o Compact binaries at cosmological distances

hc (tobs) ~

5/3 £2/3
ME? 2

a(tobs) T

hc (tobs) ~

M5/3f2/3

obs

gw
dL

fgw — (1 + Z)fobs

l M, = (1+2)M,

d:" = di™ = ap(1 + z)/
0

dz

28



1. Key takeaways

o Gravitational waves are of space-time that
propagate across the Universe

e They propagate along and carry only
e Gravitational waves are sourced by the of
the

e« Compact binary coalescences produce sizable gravitational waves
with a waveform

e On a cosmological background, amplitude scales inversely with the

29



2. The new era of
gravitational-wave astronomy






. [Credit: R. Hurt, Caltech/MIT/LIGO Lab]


https://www.ligo.caltech.edu/video/ligo20160211v5

The variation in the distance is minuscule

0.000000000000000001 meters

atom: 10-10 meters

nucleus: 10-15 meters

GW effect: 10-18 meters
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https://arxiv.org/pdf/1602.03837.pdf

Tuned for detecting compact objects

10M,
~ ~ 800H
/ (57

1Gpc
c

~ 3Gy1" ~ O.QtUni
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Tuned for detecting compact objects

ho~ 10723 <1GPC) (
;

M
10Mg

L v =

— L1
10~ L _

.

20 100
Frequency (Hz)

1000

36



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]



Gravitational wave detectors

e Detectors are defined by their noise, n(t)
e Some simplifying assumptions:

Stationary: R(7) = (n(t)n(t + 7))

1 [T/2

Ergodic: (n) :T11_r>n T/ / n(t)dt
< L J_T/2

Zero-mean: (n(t)) =0

Gaussian: (*()7i(f")) = 3 5(1S(f — 1"

o Probability of noise realization n(t)

Pnln(t)] oc exp [_2 /OOO ‘Zi@‘f df ]




Gravitational wave detectors

o Detectors are also defined by their antenna response

h(t) = hy (8) Fy () + I (1) Fx (72)

(a) Source (b) Earth detector

39



Sky localization

e The arrival time difference between two detectors defines a ring in

the sky
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Sky localization

[Credit: Leo Singer] 41


https://www.youtube.com/watch?v=L2j6xmQRrUg
https://www.youtube.com/watch?v=L2j6xmQRrUg&t=48s

Matched-filtering

e The data stream: d(t) = s(t) + n(t)
e Filter data: d = /OO dt d(t)K(t)
e Signal to noise: ST
gy - I SR )
I A5 Sa(HIE (f)I?

e Define noise weighted diner product

= [ [7EOD] [ [

e Rewrite S/N: S/N (uls)

42



Matched-filtering

e Signal to noise: S/N = Lu]s)
(ulu)
e Optimal filter when u is parallel to s
> 5(f)
K(f) x
s

e Optimal signal-to-noise ratio

P2 = (h[h) = 4Re

|

< |h(f)|>

Su(l)

43



Matched-filtering

Signal-to-noise

10

Signal-to-noise Ratio {SNR)

— LIGO-Hanford

150

Data from the LIGO Hanford Observatory (whitened and bandpassed)

100

—100 -+
=190

- GW Template

Delector Strain

-0.4

=0l

0.0

0.1

0.2
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https://www.youtube.com/watch?v=bBBDR5jf9oU
https://www.youtube.com/watch?v=bBBDR5jf9oU
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https://ligo.org/science-summaries/GW150914CBC/

Detection statistics

Number of events

> 510
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mum Search Result
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https://ligo.org/science-summaries/GW150914CBC/

Parameter estimation

o |f we subtract the the right signal to the data, we should recover
the noise
n(t) = d(t) — s(t)
e Assuming Gaussian noise, the likelihood of the data is

A(d]6) o exp -—%(d _ h(0)|d — h(é’))}

= exp | (dh(0)) ~ 5 (b)) ~ ;5 (did)

e The posterior distribution of a parameter

pl61a) o p(6) exp | (dn(8)) ~ 5 (HOIA(6)




Parameter estimation
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https://ligo.org/science-summaries/GW150914Astro/

Parameter estimation

aligned spin
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https://ligo.org/science-summaries/GW150914Astro/

Parameter estimation
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Measurement uncertainty

e In the high signal-to-nise limit, inferred parameters are close to
the maximum likelihood (ML) value

i =0t + A

e Expanding the likelihood around this value

1 S
p(@\d) X exXPp |:—§FZ]A(9@A(9]}

e E.g. il(f) = Ae'?
Oma =046=1/p
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Population inference

e The posterior distribution of the hyper-parameters

p(A[{di}) o< p(A)p(1di}|A) = H f];g])?ppop HI)A)

e Including selection effects

obs

Ppop (0i|A)Pdet (0 T Poon(0ilM)
({d; }|N)
pitad = IT e ™ 9‘A>pdet(> = L a6 pan )

e Including measurement uncertainties

H [ dOp(0|d;)ppop (0] 2)

PREIN = Ll F a0 (010 pace (0
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The era of gravitational wave astronomy is here!
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https://ligo.org/science-summaries/O3bAstroDist/

GWTC-3 population

10° ; :

T |
=102} j
- L |
— :
. 3
D
T ' ' | ' ?
: GV\ TC- 3(Powcx La\a + P(,ak)

-—- %t(\r F()ITII(]TI()TI (‘\].})IT‘I(H} Norm.)

0.00 0.25 0.50 0.7 1.00 1.25 1.!

~/
sy


https://ligo.org/science-summaries/O3bAstroDist/

O4 is happening!
https://gracedb.ligo.org/superevents/public/O4 /4
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r Gravitational

Jose Maria Ezquiaga

Niels Bohr Institute
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ezquiaga.github.io
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\Mr GraceDB Public Alerts + Latest Search Documentation Login

Plecse log in to view full dotabase contents.

LIGO/Virgo/KAGRA Public Alerts

= More details abcut public alerts are provided in the LIGO/Virgo/KAGRA Alerts Jser Guide.

s Retractions are marked in red. Setraction means that the candidate was manually vetted and is no longer
censidered a candidate of interest.

s [ ess-significant events are marked in grey, and are not manually vetted. Consult the LVK Alerts Liser Guide for
more informaticn on significance in O4.

s Less-significant events are not shown by default. Press "Show All Public Events" to show significant and less-
significant events.
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https://gracedb.ligo.org/superevents/public/

The future: "big data” & distant Universe
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[XG = next-generation detector = Cosmic Explorer / Einstein Telescope]

[Chen, Ezquiaga & Gupta (CQG'24)] gq


https://iopscience.iop.org/article/10.1088/1361-6382/ad424f
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2. Key takeaways

o Gravitational waves detectors are describes by their and
function
e The is given when the filter matches the
signal
e Data stream can be using a template bank. An

event is found when it cannot be explained by noise background

e Once an event is detected, we can infer the parameters. This is a
parameter space

e Almost significant candidates since the first observation.
more to come in the |
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3. Standard siren cosmology



Gravitational waves are standard sirens

WV\/\/ f}o

[general relativity predicts waveform]

_LIGO Hanford Data (shifted)
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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]

. @ o :VV\MN S

[general relativity predicts waveform]

x1,2] < 0.05
1| < 0.9895, |xz| < 0.05
x1,2| < 0.9895

Mass 1 [Mg)]



Gravitational waves are standard sirens

[well understood detectability]

Il o
4 |

[cosmo propagation]

[general relativity predicts waveform]

-
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«n Numerical relativity
Reconsiructec (wavelet)
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O
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(D)
]
o
o
&
[Interplay with astrophysics]
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BRIGHT SIRENS

Redshift from electromagnetic counterpart
(e.g. identifying host galaxy)

GW170817

Need matter around merger: neutron
stars!, AGN?

Bright counterpart at high-z?

\‘ Fermi/
\ GBM

\
-

\\
S
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https://arxiv.org/pdf/1710.05835.pdf
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https://www.nature.com/nature/journal/v551/n7678/pdf/nature24471.pdf

COSt

[recall Enrico’s talk]

s GW170817
Planck!’
SHoES#®
— 120
F 4
7
P4
Vs
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//
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- 140
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— 160
- 17
| | | 188
110 120

[Nature 551, 85 (2017)] 70


https://www.nature.com/nature/journal/v551/n7678/pdf/nature24471.pdf
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https://arxiv.org/abs/1807.09241

e O01-O2 BNS rate: 110 — 3840 / Gpc3 / yr

e O3a BNS rate: 80 — 810 / Gpc3 / yr

o O3a BNS rate: 10 — 1700 / Gpc3 / yr

e 04 significant BNS candidates so far: 07?

BNS
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https://arxiv.org/pdf/2204.07592.pdf

Neutron star - black hole mergers
~ to the rescue?

LVK Black Holes LVK Neutron Stars EMV Black Holes EM Neutron Stars
73



Neutron star - black hole mergers
to the rescue?

Higher modes to ‘break

‘ | |  distance degeneracies!

If too asymmetric neutron
 star is quickly eaten... .




DARK SIRENS

o Statistically infer z from galaxies in localization volume
e E.g. GW170814
e Need good localization and complete galaxy catalogs!

50
&
)

=

| —

[Credit: DES]

For more details see:
Hitchhiker guide GW galaxy catalog cosmo
(arXiv 2212.08694)



https://arxiv.org/pdf/1901.01540.pdf
https://iopscience.iop.org/article/10.3847/2041-8213/ab14f1/pdf
https://arxiv.org/abs/2212.08694

Dark
sirens

DESI im&g ng dark siren coverage
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https://arxiv.org/abs/2111.06445

Do binary black holes trace the large scale

structures?

W e
w NS 4.

12}2
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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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SPECTRAL SIRENS

{dr(2), Mget = (1 + 2)m}

log|Detector frame mass]



SPECTRAL SIRENS
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Luminosity distance

SPECTRAL SIRENS
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SPECTRAL SIRENS
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All compact binaries are standard sirens, no electromagnetic
information is necessary

J \ N ——

Binary neutron stars “Stellar-mass” binary black holes “Far-side” binaries

Ezquiaga & Holz; Spectral sirens: Cosmology from full mass distribution of compact
binaries (PRL'22, )

[Chernoff&Finn'93] [Roy+'24] [Farr4+'19] [Mastrogiovanni+'21] [Ezquiaga&Holz'20]
[Taylor+'11]  [Mali&Esscik’'24] [You+4'20] [LVC Cosmo GWTC-3 '21]



https://arxiv.org/abs/2202.08240
https://arxiv.org/pdf/2103.14663.pdf
https://arxiv.org/pdf/1908.09084.pdf
https://arxiv.org/pdf/2006.02211.pdf
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/gr-qc/9304020
https://arxiv.org/abs/1108.5161
https://arxiv.org/abs/2004.00036
https://arxiv.org/abs/2410.07416
https://arxiv.org/abs/2411.02494

All compact binaries are spectral sirens, no electromagnetic
information is necessary

Currently, binary black holes most promising
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Non-parametric reconstruction

— Truth (Gaussian process === POWER LAW + PEAK BROKEN POWER LAW
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1 1 1
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https://arxiv.org/abs/2404.02210

Standard sirens: current results
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https://arxiv.org/abs/2111.03604

Standard sirens: current results
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https://arxiv.org/abs/2111.03604

Standard sirens: forecasts
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[Hanford, US] [lemgston US] [Chen, Ezquiaga & Gupta (CQG'24)] 89



https://iopscience.iop.org/article/10.1088/1361-6382/ad424f
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If the Dark Energy equation of states evolves in time
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https://arxiv.org/pdf/1805.08731.pdf

H, (also) with dark sirens

@ BBH (Dark) V NSBH (Dark) BNS (Dark) BNS (Bright)
100—E
10—1_
(@)
AN 0
= _ L - 270
<] 1072
10_3—E
1074 i | i i i
HLA ET CE4020 CE40ET CE4020ET
Networks
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https://iopscience.iop.org/article/10.1088/1361-6382/ad424f

Spectral sirens: forecasts

IBBHs between NSBH and PISN gap]

0.02 [2035_|_]
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3.0
2G: <10% within 1 year at approx. z=0.7
3G: Sub-percent within 1 month. High-redshift!
[Ezquiaga & Holz (PRL'22)] 92


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.061102

Expansion rate at high redshift /(z)

Combining sirens sub-percent precision across cosmic history!
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Spectral sirens
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.061102
https://iopscience.iop.org/article/10.1088/1361-6382/ad424f

LISA's
perspective
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https://arxiv.org/abs/1702.00786

Ady /dr

LISA forecasts: super massive BBHs
[approx. 10-30 bright sirens (4 yrs)]
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https://arxiv.org/abs/1906.01593
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https://arxiv.org/pdf/2204.05434.pdf

3. Key takeaways

o Gravitational waves carry information about their
and

e With a direct additional information on redshift we have a
. Using a galaxy catalog we have a

e Cosmology and astrophysics can be inferred simultaneously using
the method

e Current constraints dominated by . Spectral siren allow
to look further.

e In the future, constrain at high redshift!
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4. Gravitational wave
lensing
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Gravitational lensing -
gravitational wave spectrum

Repeated chirps due to strong lensing
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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
Will-'e

& [source]

[lens]

[observer] 102



Gravitational lensing

e Solve GW propagation on a curved background M\N\Nﬁ

_ _ 0l ‘
hluy —I— 2RO¢,U,5Vh — O <'f??\/\/\J\N\I\"

o Within weak-gravity & thin lens approximations, in Fourier space:

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

F(w,y) = —,/dzm expltwTy (X, )]

[Dimensionless variables| #=0/0,, = 55/9* . w = T1phiw
t

T;=tq/mp07 7= 1+21)DDg/cDrg

i

‘l
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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,
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Strong lensing

Atg-w>1

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

F =~ Z \,uj\l/Q exp (iwt; — 1
J

Magnification
) Time delay

e Each image type (I, Il and Ill) acquire a different phase shift

n; =0,1/2, 1

105



Repeated, coherent signals

¢g=0.1,1=7/3.0 *
L | n

N i “ '
L ,
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At [s]
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Precise timing
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Poor sky localization

0 M \/1Gpc
" 102M, V' D

60°
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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]
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https://arxiv.org/abs/2008.12814

Searching for repeated chirps

Bl GW170104_101158
B GW170814.103043

2 4 6 —1 0 1 30 40 50 20 30
ra dec mget mget 110



Searching for repeated chirps

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

30°
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https://arxiv.org/abs/2201.04619

Fight false alarms: phase consistency

GW150914

g 920 30 0 60 100 200

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


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

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
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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
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E.g. compact (point) lenses
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Searching for distorted lensed GWs

e Highly distorted waveforms could be missed by current searches
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https://arxiv.org/abs/2411.13058

False violations of general relativity

e Lensed waveforms can be different from (unlensed) general
relativity waveforms

e E.g. typel
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https://arxiv.org/abs/2203.13252

GW detections
S

Gravitational wave lensing;:
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https://arxiv.org/pdf/2105.14390
https://arxiv.org/abs/2407.17547

GW amplitude
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https://arxiv.org/pdf/2204.05434.pdf

Increased optical depth in wave optics
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https://arxiv.org/abs/2307.06990

4. Key takeaways

o Gravitational waves are only altered by
with cosmic structures

e Strong lensing may produce . Searching for them is
difficult, but first detections is around the corner

o Gravitational waves may be diffracted by cosmic structures
producing . This is unique!

e There are other unique observational signatures as phase shifts in

e Lensed gravitational waves can probe small and
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There are MANY

| other things | did not

+ | have time to cover:

| e cross correlations

with other surveys

| e stochastic
backgrounds

e neutron star

equation of state

tests of gravity

1 Gravitational waves are precious cosmological probes:

o Well understood signals from general relativity
| ¢ Coherent detection of waveform

o Expansion rate at high redshift H(z) with binary

black holes mergers
e Probing origin of the observed black holes and

dark matter substructures via lensing

Future of gravitational wave astronomy is exciting.
Join us!

quiaga@nbi.ku.dk 123
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