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Gravitational Wave Lensing (LIGO '16)

4 €
3§
2§
o §
08

Deflection, multiple images, magnification, time delay, diffraction
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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.
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Frequency dependence (Schneider+93, Takahashi+03, Tambalo+22)
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Frequency dependence (Schneider+93, Takahashi+03, Tambalo+22)
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Frequency dependence (Schneider+93, Takahashi+03, Tambalo+22)
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Frequency dependence

lens
F(w) = 7
at

M

e Perturbative (w — 0)
F~1+ Aw®

e Wave Optics

J——
21

l dfein(:f?)

e Geometric optics (w — o0)

F — Z \/mei(“)TI—‘rwnI)
I

Miguel Zumalacarregui

)

(Schneider+-93, Takahashi+03, Tambalo+22)
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Probing a cored lens with GWs

Cored profile
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Probing a cored lens with GWs

lens density
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Probing a cored lens with GWs
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Probing a cored lens with GWs
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Probing a cored lens with GWs

Cored profile
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Reconstructing lens parameters (Fisher matrix)

-04 02 0.0
Alog(M,)

LISA (Mggy = 10° Mg, y = 0.3,z = 0.01, fixed SNR=1000)

See also Takahashi+04, Caliskan+22
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Reconstructing lens parameters (Fisher matrix)
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LISA (Mggy = 10° Mg, y = 0.3,z = 0.01, fixed SNR=1000)

See also Takahashi+04, Caliskan+22
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LISA: vary source mass (fixed SNR=1000)

MagulM o]
10°

— 10

w (M, =107)
10° 10!

— 10°

10°

Probing ULDM w lensed GWs 7)

Miguel Zumalacarregui



LISA: vary source mass (fixed SNR=1000)

Lens mass

Alog(M,) (SNR=103)
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Tests of Dark Matter (Mocz+20, Hui+16,---)

fuzzy DM warm DM Cold DM

“Fuzzy” DM: ultra-light axion r. > 0.33kpc
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Tests of Dark Matter (Mocz+20, Hui+16,---)

aLIGO

aLIGO

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

10°Ms 10722V °
c mqi)

Assumes largest Rg — conservative (smallest z. predicted)
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Tests of Dark Matter (Mocz+20, Hui+16,---)

=== LIGO
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Assumes largest Rg — conservative (smallest z. predicted)

Compare w/ (Dalal, Kravtsov 22)
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FDM modelling beyond cored isothermal sphere

M, =10*My, my=10"22 eV

(Singh, Brando+ in prep.)

M, =10My, my=10"22 eV
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Include more realistic profile, substructure, etc...
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Conclusions

GW complement EM lensing
- wave effects

- probes lens properties

Fast & accurate F'(w) computations

Recover lens params
-precision ~ 1/SNR

-strong parameter degeneracies

Wave optics — additional lens info!

Probe dark matter properties —
FDM wDM CDM
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Backup Slides
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Fisher matrix analysis (Vallisneri '07)
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source lens

Static single detector, optimal
orientation...

(Caliskan+ '22 — detailed source modeling)
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Vary impact parameter

LISA (Mggy = 10° M, fixed SNR=1000)

Alog(M,) (SNR=103) o || Axc (SNR=10%)

Lens mass Impact param. Core size
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Vary impact parameter

LISA (Mggn = 10° Mg, fixed SNR=1000)
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ong vs weak lensing

ens equation

Fix core size x. = 0.05

WAANANAANAANANAARAANARNAANNY

20000 2500 3000

Miguel Zumalacarregui Probing ULDM w lensed GWs (14)



ong vs weak lensing

ens equation

Fix core size x. = 0.05
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Strong vs weak lensing

ens equation

Fix core size x. = 0.05
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Computing amplification factor |

0 1+ Aw®

w -
Fo / P TED —

21 W= oo
N — e Z \/mei(wTI+TrnI)
I

I(w)

1) beyond Geometric Optics:

SOVl (1407 e
1

Miguel Zumalacérregui Probing ULDM w lensed GWs (15)



Computing amplification factor |
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2) C-deformation:
Z— (r,0) = (2(N),0)

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