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DM Figure of Merit

o 2 classes of physical observables
from astro DM probes

* |s DM cold? Is DM collisionless?
* Free streaming? Interactions?

e Abundance of DM halos,
profiles of DM halos

e gself-interaction cross-section and
particle mass
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Substructure Lensin
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-lux Ratio Anomalies

QUASAR

e Four distinct images

e Lensed quasars

» DM from (anomalous)
fluxes difterent than
predictions of main
deflector '




Strong Lensing of Quasars

Narrow Line
Region

Broad Line
- u " R '
» Different regions -> different egion

physical sizes and emit In
different wavelengths -> \ |
independent datasets S pecretion

e Smaller source sizes are more
sensitive to lower mass DM

halos Obscuring
Torus

* Observe narrow-line region with
HST/Keck and warm dust with
JWST

Urry et al ASP 1995



Source Sizes Matter

 \Want flux ratios from cold torus /
warm dust region (~5 pc)

e More sensitive to low mass DM
halos than narrow-line (~80 pc)

e JWST observations are sensitive
to completely dark DM halos

change 1n flux (%)

15
memmm Warm Dust (5 pc), 10’ M,

10F= = Warm Dust (5 pc), 10° Mo

mmmm Nuclear narrow-line (80 pc), 10’ M,

)

= ® 1 Nuclear narrow-line (80 pc), 10° Mo

0 HAE N ERERREREYELEE

—-0.15 -0.10 —0.05 0.00 0.05 0.10 0.15
halo offset from image [arcsec]

Nierenberg+ (2309.10101) MNRAS



WGD J0405-3308 GD J0405-3308

Statistical Signals
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* Wide range of substructure . B
realizations can reproduce oM. Qe ¢
observed flux ratios
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that a given set of parameters . |
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Anomalous Fluxes

» Ratios of fluxes from quadruply

lensed images

 Ratio to divide out unknown flux
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 Model predicts distribution of
fluxes, not a single value

 Need machine learning,
simulation-based (likelihood-free)
statistical inference
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Warm Dark Matter

 Cold DM predicts an abundance
of DM halos at small masses

« Warm DM predicts few DM halos: e
structure suppressed at small . ' .
scales g

» Constrained by observing
smallest DM halos

Lovell et al 2014

e Masses ~1-20 keV

* e.g. sterile neutrinos



Halo Mass Function

 Half-mode mass (M,,,,): scale
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Modeling halos
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Modeling halos

Ingredients for pyHalo

e Concentration mass relation

cwpmM, 2) —(1+ Z)ﬁ(z)<1 + 60
CCDM(Ma Z)

e Fileld halos: NFW

e Subhalos: Truncated NFW
(r_t~4-10r_s)
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ABC method

pyHalo to generate halos lenstronomy to lens

Calculate the ray-
tracing / lensing ->
calculate flux
ratios

Populate lens

Sample prior /
calculate mass
function / vary
macromodel

samana to sample

with .0.s./sub
halos

(GGalacticus to model subhalos

Distribution of

Accept sample if Calculate
accepted

| S _statistic is within | “@=] summary statistic
some threshold SUH = D, Ui = faaai)’

parameters Is
posterior
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WDM Constraint

* 9lenses: 0405, 0607, 0608, 0659, 1042,
1537, 16006, 2026, 2038

e My, < 10"°M (mypy > 6.1 keV) .,
(Posterior odds 10:1)

o
U1

e 3.0 keV for GUT-scale produced sterile
neutrino DM,

10910 Mhm/Mo
>

e 15 keV for miracle keV sterile neutrino
DM,

U1
8

e 50 keV for Dodelson-Widrow sterile 4.0
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Summary

e M, < 10"°M

* mWDM > 61 k@V

* With substructure lensing we are directly observing DM and characterizing the
population of completely dark DM halos, with no corresponding galaxies

 EXxpect even stronger probes from the full sample

* Test additional DM models using this formalism (SIDM, FDM)

* Joint constraints using additional tracers (arcs, satellites, streams, Lya)
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Ex JWST data: J1537-3010

Observe quad lenses
in 4 JWST MIRI filters
560w, 1280w,
f1800w, 2550w

Keeley et al 2024
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Ex Fitting Results: J1537-3010

Model data with
point source,
lensed light from
QSO host (arc),
deflector light
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Ex SED Results

Observed Wavelength (um)
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Plot: Samples from posterior;
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component are varied
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1 Keeley et al 2024



Fitting JWST data

Model the data with lensed

quasar (point source),
lensed light from QSO host,

deflector light

Observe quad lenses in
4 JWST MIRI filters

560w, 1280w, f1800w,
2550w

Model the fluxes of the
quasar with an SED

model (continuum, hot
dust, warm dust)

Use warm dust
fluxes In each image

for DM Inference




What Is Needed for SIDM
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What Is Needed for SIDM

e Cores

 Core-collapse
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What Is Needed for SIDM

 Cores
 Core-collapse

* Core-collapse triggered by
stripping
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What Is Needed for SIDM

Cores
Core-collapse

Core-collapse triggered by
stripping

Anti-correlation between
concentration and pericenter

W o i

M |
NFW profile
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Kaplinghat et al 2019



What Is Needed for SIDM

 Cores
 Core-collapse

* Core-collapse triggered by
stripping

* Anti-correlation between ‘ ;
concentration and pericenter | 50 100

k [h/Mpc|

e Suppression

e Dark acoustic oscillations
Munoz et al 2020



MixDM

Forecast constraints
Keeley et al 2023

 Mock data generated from a MixDM
model

» Posterior of parameters 2 ., M, .,
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