Gravitational Lensing
of Gravitational

Waves in the

Wave-Optics Regime

.

Alice Garoffolo PN

aligaro@sas.upenn.edu ‘ UN



mailto:aligaro@sas.upenn.edu

Propagation effects

Propagation effects carry cosmological and astrophysical information.
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Weak lensing Strong lensing Interference
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Wave optics for GWs $ ) e .60
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Rules of the game

Goal:

solve wave eguation on the lens
background
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Talk’s plan

1. Diffraction integral formalism for wave-optics effects
2. Scattering amplitudes for including PM effects — 2511.15797

3. Wave-optics in modified gravity — 2605.21584

4. Many lenses with open quantum systems — 2604.15313
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Talk’s plan

1. Diffraction integral formalism for wave-optics effects
2. Scattering amplitudes for including PM effects — 2511.15797
3. Wave-optics in modified gravity — 2605.21584

4. Many lenses with disorder systems — 2604.15313
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The diffraction integral y

Nakamura&Deguchi 1999
» Consider a scalar wave h = F(X) (ew)b‘_xs'/ | X — X | )

e In[]h =0, assume:

1. Eikonal: @ > \6%F\/|6,,F\

2. Paraxial: p < 1

3. Newtonianlens: U < 1

4. Scalar fields

05 F
. KG equation becomes Schrédinger iwd, .F = ;) -~ 2w*UF
r

* Solve with path integral:

T By PRy SoR e CE a7 e A o o e o — o a g R e O ars

DG (e [ F1TOL -200.70)] |

| R
Faine(r, ¢ 0) =




Nakamura&Deguchi 1999
Considering that the lens extension along the optical axis is small (thin lens)

The diffraction integral g e

i - Leff = Zslzlo/ <50 .
N <l eff - . > >
Foo(w.b,) = 025 ¢10@GIo)
y - dift O : ; .
y 27Tl |

2
Fermat potential: ®(b, b)) = =t p- —SlbO — 2 J'dZ U(z, b)
2 Zso
€ )_)
bo

Defining adimensional frequency parameter: v = wl,. .

« If v > 1: sum of the saddle point VI;CI)(I_;, I;O) =0

« If v < 1:interference among all possible paths




Talk’s plan

1. Diffraction integral formalism for wave-optics effects
2. Scattering amplitudes for including PM effects — 2511.15797
3. Wave-optics in modified gravity — 2605.21584

4. Many lenses with disorder systems — 2604.15313
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Scattering amplitudes

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.
arXiv: 2511.15797
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Scattering amplitudes: the Fresnel factor

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.
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Doing a partial wave expansion of [ ]h = O:
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With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.
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Diffraction r
integral diff

—_ - 2Z0 N Zeff - ZS N 2
Scattering feik(l’ b ) — € 1 Wt d2b eT(b_zS_ob0> -2 [dzU 1
amplitude 0>~ 0
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With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.

Diffracti a1
ITTrraction - o ) eik -
integral I gife (0) ba) =Zege o [T (rg,bp) + 1
i0zeftbd

S —_— 2Z120

cattering eik —

. rn,bp) =
amplitude S0, bo) Zogr
C

This came from 6K at O(U):
from scattering techniques and
BHPT we can improve the
computation of the phase shift 16/35



Scattering amplitudes: the phase shift

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.

For a Schwarzschild black hole 5%

. PM: GM/|b|
| . Eikonal (> 1): 1/(w|b])

can be computed either via BHPT or
resuming Feynman diagrams in the eikonal limit. Two small parameters:

2401.08752
— : . 15t GM  (12s=1) 1
zo b 5611(21/ —log\b|+ T _I_( ) 2
l 16 |b| 24 (a) b )
B v = 4MGw
S (e®)) * First order BE vanishes for non-spinning lenses

 BE corrections depend on spin

ia)zeﬂrl;%

« Use the matching Fy; = z.pe * f*+1to improve F .
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Post Minkowskian corrections: behavior in | ¢ |

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.
arXiv: 2511 .1 5797
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Post Minkowskian corrections: behavior in | ¢ |

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.
arXiv: 251 1 .1 5797
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Post Minkowskian corrections: behavior in v

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.
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With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden.

arxiv: 2511.15797
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Talk’s plan

1. Diffraction integral formalism for wave-optics effects
2. Scattering amplitudes for including PM effects — 2511.15797
3. Wave-optics in modified gravity — 2605.21584

4. Many lenses with disorder systems — 2604.15313
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Goal:

solve modified wave equation on
the lens background
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These corrections are suppressed in GO: ER/w? ~ &/ (coLlenS)2 ~ E/V? .



The diffraction integral in MG

With: AG, G. Tasinato

. Consider a scalar wave h = FMY(x) (eiwlx_xsl/ | X — x| )

P

e In ( — fR) h = (0, assume:

1. Eikonal: @ > \d%FMG |/ 6,,FMG\

2. Paraxial: p < 1 EAU

Ut = U+ ——
3. Newtonianlens: U < 1 20
4. Scalar fields T < R
déFMG Po

. KG equation becomes Schrodinger iwo, FMC = 2w U, FMO




With: AG, G. Tasinato
arXiv: 2605.21584

* Consider a SIS galaxy lens: {U = 207 log(r/ry)

R =2062/7?
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Issue with IR behavior

With: AG, G. Tasinato T
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Multiplying the Schrodinger equation by I ;.= , and integrating over a sphere, one finds for w — 0:

The eikonal approximation breaks down at small frequency: the diffraction integral is not a good solution.

— Jdﬂ 0, FYS|* = 4(;25Jdgz |
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| - ‘ it ‘ I — rs ‘
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Distorted base waveform

With: AG, G. Tasinato

In order to have a description that interpolate smoothly from v > 1 to v < 1, we change the reference function
from to one with the correct static limit

. Zlo

7 A

b, O

v
L4
L4

R

h = FMG X hfree

[V2 + a)z] hiree = ()

a% Fref

<

h = Fref X href

Under the modified eikonal & paraxial:

2 .
—0,F™ +20' Inhj' o,F™
r

F"™! satisfies the same GR equation:

ia)a,,Fref = — l82Fref + 2w UF™

260

(V24 @ = 2EAU()| A =0
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Distorted base waveform

With: AG, G. Tasinato

In order to have a description that interpolate smoothly from v > 1 to v < 1, we change the reference function
from to one with the correct static limit

— GR ref
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2.0 — Il :

' | E
15 [ “" Under the modified eikonal & paraxial:
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05 f r

| iy
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Distorted base waveform

With: AG, G. Tasinato
arXiv: 2005.21584

In order to have a description that interpolate smoothly from v > 1 to v < 1, we change the reference function
from to one with the correct static limit

 h = FOR x prt .
[V + 0 = 28AUM)]| B =0 |

.’f _ MG free "Q
| V24 0| byt = 0]

| Fdiff|

25 F

20 F

s b The reference wave is a distorted spherical wave.

1.0 F

0.5 F

0.0 b

0 MG + SIS: shift of Ay = ; | ;\/(21,” + 1)+ 16035

angular momentum 29/35



Distorted base waveform

With: AG, G. Tasinato

In order to have a description that interpolate smoothly from v > 1 to v < 1, we change the reference function
from to one with the correct static limit

| F gl h = FMG % h;ree h = FGR % hcl;)ef
5 (L0 | I (V2 + 2| hfee=0] ¥ V24 0? = 28AU®)| B =0
s f “u { The reference wave is a distorted spherical wave.
1.0 - M” ref . - . (1)
 hsT=io ) Q@ + Dj (orh(@r,)PAcosy)
0.5 _80 /—0)
) 272 "
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Distorted base waveform

With: AG, G. Tasinato

In order to have a description that interpolate smoothly from v > 1 to v < 1, we change the reference function
from to one with the correct static limit

— GR ref

NFaed h = FMO x plree o h=F""Xh
25 | l L[V 4+ niee=0] — 7 ||V +o®-280AU®)| k5 =0
|
sk “u The reference wave is a distorted spherical wave. When wr, > 1
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Numerical results

With: AG, G. Tasinato
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Numerical results

With: AG, G. Tasinato
arXiv: 2605.21584 ot ————————————————————————————————————————————————————————
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Numerical results

With: AG, G. Tasinato
arXiv: 2605.21584 e
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Conclusions

Lensing in wave-optics is an interesting testing ground for scattering approaches with observational prospects.

Scattering & Lensing WO in MG

With: M. Carrillo Gonzales, V. De Luca, AG, J. Parra Martinez, M. Trodden. With: AG, G. Tasinato
arXiv: 2511.15797 arXiv: 2605.21584
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