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GW150914: first detection (LIGO '16)
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GW170817: only multi-messenger (LIGO '17, Fermi’17, ---)

Gamma rays, 50 to 300 keV. GRB 170817A
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Neutron stars — Nuclear physics, nucleosynthesis,
Hubble's constant...

GW speed [cy/c — 1| < 107'%  — Stringent test of GR!
(Ezquiaga & MZ, Creminelli & Vernizzi, Baker, Bellini+... '17)
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GW190521: a lot of questions! (2009.01075)

D
®

GW190521

#
— Mass € pair-instability supernova gap‘
Eccentric?* — dynamical origin
— Possible counterpart"‘ — AGN environment

("'Graham+19, M Esteles+21, *Romero-Shaw+22.. )
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O(100) GW events

4-OGC: Open Gravitational-wave Catalog 2015-2020

Alexander H. Nitz, Sumit Kumar, Yi-Fan Wang, Shilpa Kastha, Shichao Wu, Marlin Schafer, Rahul Dhurkunde, Collin D. Capano
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— astrophysics (BH origin), cosmology (distances, lensing), fundamental physics
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O(100) GW events

°®

------

— astrophysics (BH origin), cosmology (distances, lensing), fundamental physics
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Why GW lensing?

® EM lensing — Large-scale structure, dark matter...
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Why GW lensing?

® EM lensing — Large-scale structure, dark matter...

® GWs highly complementary:
- Coherent, low frequency — wave effects
- Weakly coupled — universe transparent to GWs
- Well modeled — less uncertainty
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Why GW lensing?

® EM lensing — Large-scale structure, dark matter...

® GWs highly complementary:
- Coherent, low frequency — wave effects
- Weakly coupled — universe transparent to GWs
- Well modeled — less uncertainty

® Many GW events — lensing increasingly relevant
(e.g. LIGO/Virgo/Kagra searches)

. : Cumulative Count of Events and (non-retracted) Alerts.
01=3,02 =8, 03a =33, 03b =23, Total =67

|

s

50 600

Time (Days)
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Geometric optics (Schneider+ '92)

nnnnnn

(source

plane)
Lens equation:
magnification py
Images Z1(y) — ¢ time-delay Tr

morse phase  ny € (0,7/2,7)
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Wave optics (Takahashi & Nakamura 03)

Point lens:

Einstein radius

B AGM.DLDLs Amplification |F(w, y)| = |Aiens/fo|
RE - DS Moving
&
Q
]
Dimensionless frequency .
[
|w=8rGM,.f] i
L. £
Amplification factor Chirping
~ 100 “ 10! )
F(w) _ }Z,|en5 frequency w = 8nGM, f
hiat

(Savastano, Vernizzi & MZ 2212.14697,
LISA cosmo white paper 2204.05434)
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Wave optics (Takahashi & Nakamura 03)

Point lens:

Einstein radius

A4GMrDrDrs
Rp = D magnification
S onset (w ~ 1)
3
Dimensionless frequency £
g
|w=8rGM,.f] z
-——- Unlensed signal 10°M,q =1
lensed signal My, =2-10°M, b= 2Rg
Amplification factor LISA sensitivity
1073
i.] Frequency [Hz]
dl
Pfiat

(Savastano, Vernizzi & MZ 2212.14697,
LISA cosmo white paper 2204.05434)
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GW |en5ing (Schneider+ 93, Takahasi & Nakamura 03)

10* Mg Hz N Wave Optics

10° 10* 102
w = 8nGM,,f

(E.g. 30 + 30M, starting at 40Hz)
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GW |en5ing (Schneider+ 93, Takahasi & Nakamura 03)

o~ (wa) (i)
104M® Hz

e Perturbative (w — 0)

Fx1+ Aw®
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107! 10°
w = 8nGM,,f

—— unlensed
lensed
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Time (s)

(E.g. 30 + 30M, starting at 40Hz)
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GW |en5ing (Schneider+ 93, Takahasi & Nakamura 03)

o~ (wa) (i)
104M® Hz

e Perturbative (w — 0)

Fx1+ Aw®

107! 10°
w = 8nGM,,f

e Wave Optics

Ja—— ZetwT(Z)
211

—— unlensed
lensed

-0.30 -025 -020 -015 =010 -0.05
Time (s)

(E.g. 30 + 30M, starting at 40Hz)
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GW |en5ing (Schneider+ 93, Takahasi & Nakamura 03)

o~ (wa) (i)
104M® Hz

e Perturbative (w — 0)

Fx1+ Aw®

107! 10°
w = 8nGM,,f

e Wave Optics

F=" [ dzevT@
211

e Geometric optics (w — c0)
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(E.g. 30 + 30M, starting at 40Hz)

Miguel Zumalacarregui (AEI) GW difraction, dispersion & birefringence (12)



Probing a cored lens with GWs (Tambalo, MZ+ 2212.11960)

Cored profile
p(r)

e.g. warm DM, ultra-light DM
self-interacting DM

1
o
r24r2

(Nadler+20)
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Probing a cored lens with GWs (Tambalo, MZ+ 2212.11960)

lens density
3 —--X(;(SIS)
Cored profile —o1
— 015
1
)X —F"">%5
pr) o< — 2

e.g. warm DM, ultra-light DM
self-interacting DM

Fixed y = 0.3, vary z. = r./Rg,

500 1000 1500 2000
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Probing a cored lens with GWs (Tambalo, MZ+ 2212.11960)

lens density
3 \‘\\ --- X(; (SIS)
Cored profile o
— 015
1 —
)X —F"">%5 b
pr) o< — 2

e.g. warm DM, ultra-light DM
self-interacting DM

Fixed y = 0.3, vary z. = r./Rg,

1000 1500 2000

Miguel Zumalacarregui (AEI) GW difraction, dispersion & birefringence (13)



Probing a cored lens with GWs (Tambalo, MZ+ 2212.11960)

lens density
3 —--X(;(SIS)
Cored profile o
— 015
1 2
)X —F"">%5 ‘
pr) o< — 2

e.g. warm DM, ultra-light DM
self-interacting DM

Fixed y = 0.3, vary z. = r./Rg,




Probing a cored lens with GWs (Tambalo, MZ+ 2212.11960)

Cored profile
p(r)

e.g. warm DM, ultra-light DM
self-interacting DM

1
o
r24r2

Fixed y = 0.3, vary z. = r./Rg,

X — WO = envelope =--- GO
54 —— 0(SIS)

»

A N
VAR A RVAVATRIAY

500 1000 1500




Tests of Dark Matter (Mocz+20, Hui+16,---)

warm DM Cold DM

109Mg [10722eV?
“Fuzzy" DM: ultra-light axion . > 0.33kpc o2l ( 0™ )

c me
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Tests of Dark Matter (Mocz+20, Hui+16,---)

aLIGO Core detection!

aLIGO

»
%
%
=z

10°Mg (10~22eV
c me

“Fuzzy” DM: ultra-light axion r. > 0.33kpc

Assumes largest Rg — conservative (smallest z. predicted)

Miguel Zumalacarregui (AEI) GW difraction, dispersion & birefringence ()]



Tests of Dark Matter (Mocz+20, Hui+16,---)

=== LIGO

—
7

)
17
=
-

106 107 10° 10° 10 10M 10"
Virial mass [M)]

. . 10°M 10722V
“Fuzzy” DM: ultra-light axion r. > 0.33kpc © < € )

c me
Assumes largest Rg — conservative (smallest z. predicted)

Compare w/ (Dalal, Kravtsov 22)
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Weak lensing limit (Gao+21, Choi+21, Savastano-+23)

5 0.00 0.25 0.50 1073

)

Green's function  hy (t) = / At G(t — 1) ho(1)
—_——
FIE)
G(t) = /S(t) + G (1)
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Weak lensing limit (Gao+21, Choi+21, Savastano-+23)

]jLL = F(w)ibo

5 0.00 0.25 0.50

)

Green's function  hy (t) = / At G(t — 1) ho(1)
—_——
FIE)
G(t) = /S(t) + G (1)
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Weak lensing limit (Gao+21, Choi+21, Savastano-+23)

y*G(7)

—0.50 —0.25 0.00 0.25 1072

)

Green's function  hy (t) = / At G(t — 1) ho(1)
—_——
FIE)
G(t) = Vs() + G (1)
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Weak lensing limit (Gao+21, Choi+21, Savastano-+23)

;lL = F(w)ibo

y*G(7)

0.25 1073

)

Green's function  hy (t) = / At G(t — 1) ho(1)
—_——
FIE)
G(t) = Vs() + G (1)
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Probing Substructure

[F(w)|

10 SIS

-0.5 0.0 0.5 1.0 10t 10°

Eat w

composite lens

-1.0
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(Savastano+ 2306.05282)

(toy model, not a realistic halo)
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Probing Substructure

1000 SIS

-0.5 0.0 0.5 1.0 10t 10°

Eat w

composite lens

-1.0
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(Savastano+ 2306.05282)

(toy model, not a realistic halo)
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WO detection prospects (Savastano+ 2306.05282)

e Critical impact param y,:
M -SNR? > 1 (optimistic)

(~ 30% larger than Caliskan+22)
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WO detection prospects (Savastano+ 2306.05282)

e Critical impact param y,:
M -SNR? > 1 (optimistic)

(~ 30% larger than Caliskan+22)

e Halo mass function (Tinker+08)

No sub-halos (pesimistic)

1010 101
Myie [M,
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WO detection prospects (Savastano+ 2306.05282)

e Critical impact param y,:
M -SNR? > 1 (optimistic)
(~ 30% larger than Caliskan+22)

e Halo mass function (Tinker+08)

No sub-halos (pesimistic)

e MBH optical depth ~ 0.1

10°4 LISA 0° M 100M, —— 107Mg --

(higher than Gao+22, Fairbairn+22)

1010 101
Myie [M,

e Probe M, ~ 107 M, halos?
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Strong field propagation

Gravitational spin-hall effect

T'Vypu =

Miguel Zumalacarregui (AEI)

(Anderson+ '19, Oancea+ '22)
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Strong field propagation (Anderson-+ '19, Oancea+ '22)

Gravitational spin-hall effect

. R

#Vupu = =5 Buvas v 87
~—— ~——
Space-time GW spin

e Modified trajectory:
ip = gy 65 G]\z/w2

dispersion, birefringence
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Strong field propagation (Anderson-+ '19, Oancea+ '22)

Gravitational spin-hall effect

1 -
:i‘”V,,pu = —= Ruyaﬁ pV SQB
AN —~—
Space-time GW spin
e Modified trajectory:
tR — tgeo < GM Jw?
b, = ﬁ]{ 0.8 G]\Y/U)S

dispersion, birefringence
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Strong field propagation

Gravitational spin-hall effect

. 1 -
#Vupp= =5 Buvap 77 57
——

~—~—

Space-time GW spin

e Modified trajectory:
ip = gy 65 G]\z/w2
fL - tR 0.8 C:]\if/ll'd

dispersion, birefringence

) (5

Miguel Zumalacarregui (AEI)

e Distorted waveform:

40Hz
f

10* My,
M

At = 15ms (

GW difraction, dispersion & birefringence

(Anderson+ '19, Oancea+ '22)

0.00

(19)



Configuration dependence

At = 15ms

< 0.00
-0.25
-0.50
-0.75

—-1.00

-1.00 -0.75 —0.50 —-0.25

BH shadow

0.00 0.25 0.50 0.75 1.00

k3

source sphere, 7s;c = 10GM, a = 0.99

Miguel Zumalacarregui (AEI)

10*M\ [ 40Hz >
M f

(Oancea+ 2209.06459)

Einstein radius
(magnified)

graze light-ring
(demagpnified)

GW difraction, dispersion & birefringence
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GSHE detection prospects ()

LIGO SNR>8, Mfy = 104, Mggy = 60

e Source — observer:

dP o< |p| ™!

e Detector sensitiviy, SNR
distribution...

e Define effective Vasugr

Tsre = 10GM, Mgy = 60Mg
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GSHE detection prospects ()

LIGO SNR>8, Mfy = 104, Mggy = 60

e Source — observer:
dP o< |p| ™!

e Detector sensitiviy, SNR
distribution...

e Define effective Vasugr

e Potential sources:
* Mergers very close to BHs?
* Last migration trap (Peng+21)
Tsre ~ 1BGM )
M>10"My

Tsre = 10GM, Mgy = 60Mg
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Outlook

~ 1/600 strongly lensed events (aLIGO) (Ng+17)

Intriguing candidate? (Dai+ 2007.12709) or not? (LVC 2105.06384)

~ 1/week — ~ 1/minute!

05 Voyager

FUTURE DETEC

Figure: F. Broekgaarden

2025 2030 2035
time

Searches for EM counterparts, strong lenses, small scale structure - - -
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https://github.com/FloorBroekgaarden/GW_visualization_detection_number

Conclusions mange tak!

More data is coming! —

GWs complement EM observations
* wave effects, low f

* probes gravtational d.o.f.s

Diffraction from GW lensing
* dark matter —

* lens (sub)-structure

Dispersion in strong fields

* extreme environments —

Opportunities for fundamental physics
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Backup Slides
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Computing amplification factor |

0 1+ Aw®

w —r
. / et TED) =

21 W= oo
N — e Z \/mei(wTI+TrnI)
I

I(w)

1) beyond Geometric Optics:

SOVl (1407 e
1

Perturbative
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Computing amplification factor |

0 1+ Aw®

w —r
w / Lyt TED =

2T

I(w)

w — 00
— Z Vprlei Tt
I

1) beyond Geometric Optics:

> Vil (1 +i > ! (wTrtmnr)
I

2) C-deformation:
Z— (r,0) = (2(N),0)

(Feldbrugge+, Tambalo, MZ+)
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Computing amplification factor |

0 1+ Aw®

w —r
. / et TED) =

211

I(w)

w\>00
\ i(w ™
—_— S Vel
I

1) beyond Geometric Optics:

5= (120 temion
I

2) C-deformation:
= (r,0) = (2(\),0)

(Feldbrugge+, Tambalo, MZ+)
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Computing amplification factor Il

0 1+ Aw®

w —r
= w/d%ein(f,ﬂ) /

27

I(w)

w —
—_— \OO} Z \/mei(wT,+wn1)
I

Contour flow

I(1) = / dwe™"™T I (w)
_ / Pas(r — T(2))

(Ulmer+ , Diego+, Tambalo, MZ+)
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Computing amplification factor Il

1+ Aw®
w0
o / Lot (D) e
27Ti w&}
e e — S et Tt
I

I(w)

Contour flow

I(1) = / dwe™"™T I (w)
_ / Pas(r — T(2))

(Ulmer+ , Diego+, Tambalo, MZ+)
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Computing amplification factor Il

1+ Aw®
w0
= w/deein(f,z?) /

211 W = oo

—_— [ Z \/mei(wT1+Trn1)
I

I(w)

Contour flow

I(1) = / dwe™"™T I (w)
_ / Pas(r — T(2))

(Ulmer+ , Diego+, Tambalo, MZ+)
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Wave Optics Methods & validation  (Tambalo, Mz+ 2210.05658)

Accuracy < O(1%) speed O(0.1)s

Perturbative

2% algorithms: v point lens (analytic sol), v extended lenses
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ong vs weak lensing

ens equation

Fix core size x. = 0.05

WAANANAANAANANAARAANARNAANNY

20000 2500 3000
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Strong vs weak lensing

ens equation

Fix core size x. = 0.05

WA

O

10 5001 JLEUH 1500 20000 2500 3000

Miguel Zumalacarregui (AEI) GW difraction, dispersion & birefringence (29)



Strong vs weak lensing

ens equation

Fix core size x. = 0.05

AV AAANANAANANIAAAANAS

AWM

JLEUH 1500 20000 2500
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Strong vs weak lensing

ens equation

Fix core size x. = 0.05

AV AAANANAANANIAAAANAS

AWM

JLEUH 1500 20000 2500
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Strong vs weak lensing

ens equation

Fix core size x. = 0.05

AV AAANANAANANIAAAANAS

AWM

JLEUH 1500 20000 2500
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Fisher matrix analysis (Vallisneri '07)

_ Ohr | Ohy, B 7/
Fry = <891 %>, (hlg) = 4R (/ mh(f)g (f))

WO (w < weu) Lens with a core:

lens density

e 0; € (log(Dr), ¢o,log(Mr.),y, xc)

source lens

e Static single detector, optimal
orientation...

(Caliskan+ '22 — detailed source modeling)
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Reconstructing lens parameters  (see also Takahashi-+04, Caliskan-+22)

Fisher forecast

LISA

Mpgpn = 10° Mg
y = 0.3,x. = 0.01,
fixed SNR=1000

0.0 0.2
Alog(M,)
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Reconstructing lens parameters  (see also Takahashi-+04, Caliskan-+22)

Fisher forecast

LISA

Mpgpn = 10° Mg
y = 0.3,x. = 0.01,
fixed SNR=1000

—0.004 -0.002 0.000 0.002 0.004 0.2990 0.2995 0.3000 0.3005 0.3010
Alog(M,) y
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vary source mass
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LISA: vary source mass

MganlMo]
10°
107
10°
10°
10*

lensed SNR

Alog(M,) (SNR=103) Ay (SNR=10%) Axc (SNR=10%)

10° 108 1010 102 104 10° 108 1010 102 104
Mz [Mo] Mz [Mo]

Lens mass Impact param. (y =0.3) Core size (z. = 0.01)
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Vary impact parameter

LISA (Mggy = 10° M, fixed SNR=1000)

Alog(M,) (SNR=10°) o ]| Axc (SNR=10%)

Lens mass Impact param. Core size
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Vary impact parameter

LISA (Mggn = 10° Mg, fixed SNR=1000)

Alog(M,) (SNR=10%) | Axc (SNR=10%)

Ay (SNR=10%)

10° 10° 107
Mz [Mo]

fixed SNR=100)

Ay (SNR=10?) Axc (SNR=10?)

0.3
0.5

i Alog(M,) (SNR=10?)

10' 102 10° 10 10°  10° 10° 100 102 10° 102 10°  10%
Mz Mo Mz [Mo] Mz [Mo]

Lens mass Impact param. Core size
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GSHE probabilities

10°My\ [ 40Hz\?

At =15
ms i 7

H shadow

.00
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
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Outline

e Introduction

e Wave-optics lensing

- Lens (sub)structure

- Light halos & dark matter

e Strong-field lensing

- Extreme environments

o Lonsingd | Erce:

— ask me latter (or JM anytime)

e Outlook & conclusions

Miguel Zumalacarregui (AEI)
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GW lensing beyond GR (Ezquiaga & MZ 20)

Scrambling

A

i

Echoes

e Work in WKB (f — oo expansion) at leading order

® GWs (hy,hy) + new d.o.f. <> propagation eigenstates

(See also Dalang+ 20)

e Eigenstates split — interfere at detector (or “echoes”)
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Observing polarization Time Delays Aty

At19 = bms

@ ~ 0, amplitude H; ~ h;, head-on 30 — 300 source,
AT = -0.38, AX =0.71

No need for EM counterpart!
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Observing polarization Time Delays Aty

Atlg = 50ms

Amplitude

22
~

@ ~ 0, amplitude H; ~ h;, head-on 30 — 300 source,
AT = -0.38, AX =0.71

No need for EM counterpart!
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Observing polarization Time Delays Aty

Atlg = 700ms

Amplitude

22
~

—0.6 —-0.4 -0.2
ts)

@ ~ 0, amplitude H; ~ h;, head-on 30 — 300 source,
AT = -0.38, AX =0.71

No need for EM counterpart!
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An example theory (Horndeski) (Ezquiaga& MZ'20)

]WQ 10) ) w
L~ 7 (1 + D4g Mp) A2V VU¢7G1

-
o
°

Solar system

,_.
o
8

H
2
L

=
o
&

=
o
&

<
3
&
o
£
o
]
5]
o
©
€
£
o
L
c
S)
O

Nerr < fuco
10° 10t 102
Derivative coupling suppression (A4/Ho)
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An example theory (Horndeski) (Ezquiaga& MZ'20)
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(Goyal+ 2301.04826)

GW Birefringence tests

9zzrgr
aclISTmg
T

2TT0og,

e Mismatch & Injection parameter estimation studies

false alarm < 1073 /y)

(
.bms — (

3 events analyzed

e 43x GWTC

likely noise fluctuation)

~9

12

GW190521 — A

)

parameterization

(

%

2)

Aty

Constrain P(

(39)

GW difraction, dispersion & birefringence
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Constraining example theory (Goyal+ 2301.04826)

M ¢ ¢ w
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Constraining example theory (Goyal+ 2301.04826)

M ¢ ¢ w
L~ TP (1 +])4(p]\4_P> R+ EVMV,,¢G/,

Solar system

-
o
&

-
o
)

®

<
<
&
o
£
o
>
5]
o
©
£
£
S
L
c
S
(]

Nerr < fuco

Derivative coupling suppression (As4/Ho)
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Propagation Eigenstates  (e.g. neutrino flavor mixing)

e Leading order w — oo in k, =0, (phase)

D}I, 0 A\ [(“)Dm h—‘,—
0 (] 0 hx =0
My, 0 Os ®

e Mixing M;;, speeds O oc ki — 3 (k)|k)?
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Propagation Eigenstates  (e.g. neutrino flavor mixing)

e Leading order w — oo in k, =0, (phase)

D}L 0 A [(‘)Dm h+
0 (] 0 P =0
My, 0 Us ‘2

e Mixing M;;, speeds Oy oc k:o — cj(];’)|/€|2

e Diagonalize:

- 2 _
- Pure metric: Hyx<hy, c¢f=c¢
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Propagation Eigenstates  (e.g. neutrino flavor mixing)

e Leading order w — oo in k, =0, (phase)

D}L 0 A [(‘)Dm h+
0 (] 0 P =0
My, 0 Us ‘2

e Mixing M;;, speeds O oc ki — 3 (k)|k)?

e Diagonalize:

. 2 _ 2
- Pure metric: Hyx<hy, c¢f=c¢

2
Ac"gh/{) + e
Acy

2_ 2 2(Ac,)?

- Mostly metric: ~ Hp oc oy + My
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Propagation Eigenstates  (e.g. neutrino flavor mixing)

e Leading order w — oo in k, =0, (phase)

D}L 0 A [(‘)Dm h+
0 (] 0 P =0
My, 0 Us ‘2

e Mixing M;;, speeds O oc ki — 3 (k)|k)?

e Diagonalize:

. 2 _ 2
- Pure metric: Hyx<hy, c¢f=c¢

2
Ac"gh/{) + e
Acy

2_ 2 2(Ac,)?

- Mostly scalar:  Hz ~ o+ O(Mg)h,, c3=cs+ -

- Mostly metric: ~ Hp oc oy + My
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Lens-induced birefringence injections  (Goyal+ 2301.04826)

SNR=15 top: log(BELY)

-0.2

100

184 170.6 153.2 186.0

310 30 ]
Aty (ms) T AL (ms)
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Lens-induced birefringence Mismatch  (Goyal+ 2301.04826)

Top: GW150914-like. Bottom: GW190814-like
Left: GR injection (At"™ =0, ¢;’ = 0)

lens

Right: Non-GR injection At"™ = 10ms, ¢/™7 = 0r/5
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Lens-induced birefringence probability  (Goyal+ 2301.04826)

Probability (random Iens)'
—exp( Z)\)H 176 )

Cross section:

M 2n 7 //'
_ 2 /e
o =mhi (1012M@) oo

Cosmology:

o (14 2)?
)\oc/o dzm/dlog(]b[)a(]bf,z)f(]V[,z)
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