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Astrophysical small scale structure probes
exploring 20 orders in mass of discovery space
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Astrophysical small scale structure probes

exploring 20 orders in mass of discovery space

Mo Probes
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Strong lensing:
multiple images of a background source




Strong lensing:
sensitivity to small scale dark matter haloes




Strong lensing:
sensitivity to small scale dark matter haloes




Strong lensing:
a forward modeling example




Strong lensing:
a forward modeling example

Intrinsic source

+ lensing effect § + convolution

+ pixelisation + noise

a lot of that’s what

] that’s what we need to know!
nuisance! we care!
?
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De-lensing de-convolution
with linear basis functions

Formulation as a
linear problem

source plane
Reconstructed
source

lensed convolved

See also: Waren&Dye 2003, Suyu+2006, Vegetti+2006 Lensing: SB+2015, 2016
for (adaptive) pixelized source reconstruction techniques Shapele.ts.' Refregiér 200’3' N

11 Software: SB&Amara 2018, SB+2021



De-lensing de-convolution:
example with pertect lens model

Reconstructed image

Simulation made with lenstronomy seftware, by Simon Birrer
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De-lensing de convolution:
example with missing (sub)-structure

Input image Reconstructed image

Simulation made with lenstronom y software, by Simon Birrer
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Resolved data can localize lensing
substructure through forward modeling

resolved strong lensing from ,
s ‘ direct detection through

alaxy surface brightne
; L = > lens modeling

Data Convergenc
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Keck adaptlve OpthS maging Koopmans 2005, Vegetti+2010, 2012, 2018
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Resolved data can localize lensing
substructure through forward modeling

resolved strong lensing from ,
: : direct detection through

lens modeling

galaxy surface brightness

SDP.81
Smooth Model (Band 6)

SDP.81
Perturbed Model (Band 6)

01 0 01 02 03 04 05 06 0.7 08 0.9 01 0 01 02 03 04 05 06 07 0.8 0.9 02 015 01 -005 0 0.05 0.1 0.15 0.2

Hezaveh+ 2016

ALMA interferometry
Koopmans 2005, Vegetti+2010, 2012, 2018

15 SB+2017, Hezaveh+ 2016, Ritondale+2018



perturbation

Flux-ratios are sensitive to
completely dark structure

‘ M == 107&4.3
0% source size: 25pc

—5% 4 ’
—-10% 4
Author- Daniel Gilman
Lmivensty of Tomnto
~15% +— - e
-0.2 -0.1 0.0 0.1 0.2
x offset

Mao & Schneider 1998, Dalal & Kochanek 2002, Moustakas & Metcalf 2003,

Nierenberg+2014, 2017 Hsueh+2016, 2017, 2020, Gilman+2018, 2019, 2020a,b
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Flux-ratios are sensitive to
completely dark structure
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Mao & Schneider 1998, Dalal & Kochanek 2002
Moustakas & Metcalf 2003 ,Nierenberg+2014, 2017

Hsueh+2016, 2017, Gilman, SB+2018, 2019, 2020a,b,

Hsueh+2020,.... 7

unresolved strong lensing
from quasar narrow line

exclusion regions for a
certain type of sub-clump
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small physical source size allows for

sensitivity to very low masses




Inference of dark matter microphysics

1010
® line-of-sight halos
A subhalos
@® main deflector
—& light ray
2 L
@ 10°g
Y— =
LLl (=
—_— @)
© c
S =
+ <
2 o
GL) wn
Observed B Source 108 <
Image o o
: : - : : : - 107
0.00 0.25 0.50 0.75 1.00 1.25 1.50

4

Figure from Wagner-Carena, Aalbers, SB+ 2021
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Inference of dark matter microphysics

e complex substructure and
ine-of-sight halos

e complex source morphology

s
redenit

¢ COmpleX data Figure: Gilman with PyHalo

CDM WDM
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—nd-to-end inference of dark matter microphysics

Individual detection Statistical detection
How do we know what we How do we know where the
detect and what not? signal is coming from?

How do we statistically
interpret the signal?

What is a good summary statistics that captures the
information and is robust to systematics?

ABC, Machine learning, residual power spectrum, sensitivity map, ...
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Results: Flux ratios

e gstatistical detection of substructure ---
e consistent with CDM
e competitive constraints on WDM

Credit: STSCI, GO-15177, 13732 Pl Nierenberg

WDM constraints from 8 quad lenses

10....

l0g10(Mpm)[Mo]

qu 9 Q) ’L\'%O)V%Qb(o%’bq‘b  © A % o O
5Ios > Youb X 102 |kpc?| l0g10(Mhm)[Mo]

Gilman, SB, Nierenberg+2020, see also Hsueh+2020



Results: Flux ratios

mass-concentration relation from 11 quad lenses
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Results: Imaging

Subhalo is a line-of-sight

object
Subhalos have unusually
0.30- : :
Interlopers mistaken h|g N COnCentrathnS
g 0.25- as subhalos Interlopers are
'«3 identified and ] . . i
E o R gl .. W NV, elipical main lens
A ) 102 _ B (INFW, w/ multipoles
© _— : L 9
= 0.15. ((I:)l")m ;';?4'.0 ¢(M), +- 20
ig Canstant r_ ~ 1 kpc
S0.10-
E =
£ 0.05 §'10° S

0.0055——30 25 -2.0 -15 -1.0 -0.5

Slope of the Subhalo Mass Function [T e e L

10 —

Sengul+2022 T ool ]
96 9.8 10.010.210.410.610.811.0

log(mmgg)

Minor et al. 2021




Results: Imaging

Forward modeling and simulation reconstructed source
based inferences with Approximate
Bayesian Computing (ABC)

>2keV WDM ruled out (caveat: no line

30
of sight structure modeled) HST data, IZO smooth
x aﬁ% ,, Ppreferred
ti;‘; —o°<C]
i ' el : r;'.r : 10
s clump
e e —20
1" F814W+F555W I preferred
-30

Birrer+2017



Results: Imaging

Fuzzy dark matter from a radio arc

my = 3.2 x 107*% eV, fom = 0.63

K/,

200 mas

Alog P; = —137199

Powell et al. 2023



supstructure in clusters

Reconstrictions

Nesiduals

Source Model




Galaxy-scale density profiles

* Understanding of (dark matter) density profiles
required to accurately measure the Hubble
constant with time-delay cosmography

e Extensive efforts in data acquisition and modeling
underway

e Same data and results can be used to interpret
dark matter microphysics on galactic scales



onstraining galaxy density protiles
with lensing and kinematics
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Constraining galaxy density profiles
with lensing and kinematics
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Joint hierarchical analysis of HO,
galaxy density profiles and stellar anisotropy
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Constraining galaxy density profiles
with lensing and kinematics

3d density profile

convergence profile
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steeper mass profile

—— Stellar M/L gradient
—== Constant stellar M /L
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Th | S d eCad e ' (Discovery and imsslvljlicn"gc)I

10’000+ strong lenses

200+ quasar lenses
Time-domain information

E-ELT, TMT, GMT
(high resolution imaging)

Square Kilometer Array, (ng)VLA
(high resolution interferometry)

(gravitational waves)

Vera Rubin Observatory

(discovery and time-domain) Nancy Grace Roman telescope

(discovery and imaging) James Webb Space Telescope

(high resolution spectroscopy)




Forecast constraints with JWST- 38.4 hours

to observe 31 lenses in Cycle 1

Excl

[Vlilky Way
satellites limit

. GUT $cale sterile neutrino
ed by MW sat.

3 T -
10 - CDM
Ce . . e Lymana
F2 550Wr Sensitivity of this ¥t _ ,
JWST program = =+ Currgnt limit from lensing
~ Prog Detedtable with this proposal

Simulated JWST MIRI image
JWST-GO-02046, Pl Nierenberg




Forecast constraints with JWST- 38.4 hours
to observe 31 lenses in Cycle 1

10%F

| I | - DM

Ce . s Lymana
F2550W Sensitivity of this ’ , ,
JWST program = =+ Currgnt limit from lensing
Prog Detedtable with this proposal

. GUT $cale sterile neutrino
Excluded by MW sat.

[Vlilky Way
satellites limit

M7po [Ms]

Simulated JWST MIRI image
JWST-GO-02046, Pl Nierenberg

We will be able to detect completely dark halos!



How to perform inference with a sample of
100-1000 lenses?

10°

—— Test Distribution

10 Lenses Constraint
W 50 Lenses Constraint
B 100 Lenses Constraint
Bl 1000 Lenses Constraint

Potential
"Dark Halos"

7.0 7.5 8.0 8.5 9.0 9.5 10.0
log10(M/M &)

Are convolutional neural networks up to the task?

Figure from Wagner-Carena, Aalbers, SB+ 2022
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Next-generation high-resolution
capabilities (ELT, ngVLA, SKA)

n
10° Msol

”
107 Mso

——
’—' s, losMsol

Figure: Vegetti



Next-generation high-resolution
capabilities (ELT, ngVLA, SKA)

Input image Reconstructed image Image residuals

Simulation made with lenstronomy software, by Simon Birrer



Next-generation high-resolution
capabilities (ELT, ngVLA, SKA)

HST

HST x 2

HST x 20

10°

10°

10-

10°

numbker in mass bin




Think big with lensing!

* lensing is sensitive to the projected central density
of sub haloes (how about combining it with satellite
kinematics?)

* high (anomalous”) concentrations have been
found. Do we have already a signal of something”

e redshift and mass evolution: A large sample of
lenses can be sensitive to 'smoking gun’ signals...
so tell me what these signals are!



summary

Gravitational lensing is...

* unique window to the dark universe

e probes small (dark) matter structure

e competitive with other
cosmological probes

 advancing with increased sample
size and improved observational
capabilities!

e robust with revised and well-tested
and validated methodology
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