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Probes of Dark Matter
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Multiplane Gravitational Lensing

Line-of-sight Halos Line-of-sight Halos
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Recursive multiplane lens equation:

Xj = X1 — Z‘Z;ll Biioi(x;)

where

Observer =1 [—1 Main [+1 N—-1 N Source D..D
Lens Plane 51 j = ] =
Plane (i = 1) (i=N+1)
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A Simple Way: “Effective Multiplane Lensing”

| aen(x) = Vour(x) + V x Aur(x) |

where
Ot - effective scalar potential
A.g - effective vector potential

[u:x—aeﬂ:(x)]

A ¢ points in line-of-sight direction. Therefore, introduce (. (x) such that Acg(X) = (o (X)2

Divergence Component:

Curl Component:
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vanish for
single-plane
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Divergence and curl of the effective deflection field
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The Two-point Correlation Function

The correlation function

{(r) =&(r2—r1) = 3 fA d°r1 Kdiv(r1) Kaiv(r +1r1)

6(r) = &0, pir) = Y2020 €0(r) Tu(tz), where iy = cos 6
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The Correlation Multipoles

— 1 T,y .
€o(r) = 250 [, dpy Sl

(E.g., Hezaveh+ (2016b), Brennan+ (2019), T2 h; ).5 0.0 0.5
Diaz Rivero+ (2018a, 2018b), x [arcsec]

Cyr-Racine+ (2019), Bayer+ (2018), )
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Masked-normalized Correlation Function Multipoles (&) of kqiv Fields

Subhalos only. Line-of-sight halos only

005  0.10 | X 005 010
r (arcsec) r (arcsec)

Dhanasingham+ (2022)

Birendra Dhanasingham (UNM) 8/9/2022



Masked-normalized Correlation Function Multipoles (&) of kqiv Fields

Subhalos only. Line-of-sight halos only

SOMETHING NEW!
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Multipoles probe dark matter
microphysics

Yo = 0.025 kp(‘fz. (SLOS =1.0
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Lens Modeling & Residuals
Noise + (Sub+LOS) Signal +
Source & Macrolens Mismodelling

Image Residual

Vegetti+ (2012)

[500,08 N —VSec|xerusn) - 501(x) + 5S[x — cupg(x)] + N(X)}
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Residuals And Decomposition

8O0obs(X) = 004y (X) + 60eur(x) + N (%) s\ZNmodeS B W+ N (%)

m=1

|

where Wy, (x) = =V uS(0)[u=x—vg¢,(x) - VOm (%) 55(1.
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Test Sensitivity Using Mock Observations

Two instruments
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where the covariance matrix is given by C = Cg+ Cxn
Fisher Matrix

F..=_ 9% 1n L
G = (91nPg1,7; 8lnPg2,j
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Fisher Forecast Results
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Takeaway Message

The Iline-of-sight halos In a strong lens system create
anisotropic signatures in Kdiv maps and add non-zero
quadrupole moment to the 2-point correlation function
multipoles.

This detectable non-zero quadrupole can be used to study
dark matter microphysics.
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Thank you!
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Foreground line-of-sight halos only.
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Full Lens Image
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UNDERSTANDING RESIDUALS

6Oobs = —V Srec|x—ans(x) - 0(x) + 05[x — ape(x)] + N(x)
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UNDERSTANDING RESIDUALS

- The true source
Strue = Stec + 05 where S;..— reconstructed source

- The true deflection field
Qe (X) = ape(X) + da(x) where o — best-fit deflection field

. Image residuals between the best-fit image and the true lensed image
5oobs — Strue [X — Olgrye (X)] — Srec {X — abf(x)] + N(X)

0Oobs ~ —V Srec|x—ans (x) - 00(x) + 0S[x — ane(x)] + N(x)

where

oo = Qtrue — Abf — Vd)eff + V X Aeff - VQbe‘ff,bf — V(queff + V X Aeff
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RESIDUALS AND DECOMPOSITION
(500105 ~ _VStrue|x—aO(x) . 5&()() + N(X) — 5Odiv + 5Ocm~1 + N(X)

where 0o = Vet sub+1.0s + V X A 1.0s

. Divergence part of the deflection field (Fourier Bases)
Voaiv(X) = Vet sub10s(X) = 30250 By, Vi, (x)

where
B = % fA d*x Vir.(x) - Voaiv(x). A— Area of the image

Divergence Contribution

« Residuals 1

( \
800bs (%) = 004iv (X) + 601 (x) + N(x) & S 0medes BW, + N(x)

where Noise

Wm(X) = _VuS(u)‘u:x—quo(x) g qum(x)
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. Residuals DivergencekContribution
[ )
§Oobs (%) = 304iv (X) + 60cur1 () + N (x) & 3075 By Wy, + N(x)

)

where :
Noise

Win (%) = =VuS()[u=x-vg,x) - Vem(x).

. Likelihood

1s0T -1
— 3060, CT 150,

v/ |C]
Cs.ij = (00gqiy; 607 )

div,j

~ where the covariance matrix is given by C = Cg+Cy

L ox &

. Fisher Matrix

F.=_ 9 1n L
vy — 81nPg1,?; 8111P32,j
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