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Discovery? RULED OUT?
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DES J0405-3308 DES J0408-5354 DES J0420-4037

Image magnifications ~ 0*¥ (r)/0r* « projected mass
-> sensitive to small-scale
structure
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Dark matter
physics/halo properties

Both subhalos and
line-of-sight halos

ﬁ

(Sub)halo mass function
amplitude & slope

halo density profiles,
concentrations

Exotic DM physics

Simulation pipeline

Main deflector mass models
- Satellite galaxies
- Mass profile ellipticity,
slope, external shears
- Multipole perturbations

20—

<+«— Finite-size background sources

*—— Measurement uncertainties

The effects of baryons,
e.g. tidal stripping, heating, etc.

All code is open source:
- pyHalo (generate substructure realizations)
- lenstronomy (lensing calculations)
- samana (simulation pipeline)



Simulation pipeline example: 1) generate realizations of halos from model

CDM WDM
- plethora of subhalos & field halos - No structure below a cutoff scale
- halo concentration increases at lower masses -halo concentrations suppressed below cutoff

sn 1keV

- thWDM 0.7keV
sn 2keV

- thWDM 1.3keV
sn 3keV

- thWDM 1.7keV
sn 7TkeV

- thWDM 3.4keV
sn 14keV

thWDM 5.9keV
sn 15keV
thWDM 6.2keV
- sn 30keV
- thWDM 10.9keV
sn 60keV
thWDM 19.1keV




Simulation pipeline example: 1) generate realizations of halos from model

CDM WDM

- plethora of subhalos & field halos - No structure below a cutoff scale
- halo concentration increases at lower masses -halo concentrations suppressed below cutoff




Simulation pipeline example: 2) forward model lenses with halos

~ 10° simulations per lens for accurate statistics

CDM WDM

RXJ0911+0551
Aa =0.25




Simulation pipeline example:
3) compute flux ratios

CDM WDM

more structure = more perturbation less structure = less perturbation

FLUX RATIO (IMAGE 1/ IMAGE 2)



Simulation pipeline example: 4) derive likelihoods

WDM

less structure = less perturbat

Measured flux ratio

CDM

10N

10N

more perturbat

more structure

RXJ0911+0551

911+055

L Rlo
2 33

FLUX RATIO (IMAGE 1/ IMAGE 2)



All methods tested and End—to—end. inference on simulated data
validated on simulated see Gilman et al. (2019, 2024)

datasets
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RATIOS & IMAGING DATA

|Og]_0 zSubEU(_z.S, _1.0) '

IOg]_O 2sub €EC (-1.4,0.2)

25 LENSES

IMAGE POSITIONS AND
FLUX RATIOS ONLY

Accurate inferences with unknown

IMAGE POSITIONS, FLUX

1.3 RATIOS & IMAGING DATA

115

2 1.0
S

- Source sizes

0.7

- Tidal stripping assumptions "

45

- Galaxy morphologies o

30

(including deviations 2

2.2

from ellipticity) oo

2:1

2.5 2.0 -1.5 1.0 4.0 5.5 7.0 85  10.0
l0g10 Zsub [kpc™2] 0910 Mhm [Mo]

Vmac

2.5

see:
Gilman et al. (2018, 2019, 2024)

arXiv: 1712.04945, 1901.11031, 2404.03253

=
’ﬂ_,gnﬂ"’
=)

IOglOrnhm
=
U OO N 00 W O N

Q 9 ¢ A © %$0.70.851.01.151.325 30 35 40 45 50

Q' A r\/. f)). e .QO)

OLos Osrc Vv

N &5
’Lq}f’»

zsub X 102 [kpc_z] Ymacro

%Y 5 6 7 8 9 10
log10mMpm



First applicati()n to WDM | Adapted from Gilman et al. (2020)
arXiv: 1003.000383

Gilman, et al. (2020)

Used narrow-line flux ratios from
Nierenberg et al. (2014, 2017, 2020)

mthermal > 52keV

Combination with Milky Way satellites
(Nadler et al. 2021)

Free streaming mass

Mihermal > 97keV
0.0 0.025 0.05 0.07/75 0.1

Overall number of subhalos
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sn 1keV
thWDM 0.7keV
sn 2keV
thWDM 1.3keV

sn 3keV RULED

thWDM 1.7keV

sn 7TkeV OUT,

thWDM 3.4keV
sn 14keV

- thWDM 5.9keV

sn 15keV
thWDM 6.2keV

- sn 30keV
thWDM 10.9keV
sn 60keV
thWDM 19.1keV

Zelko et al. 2022




WDM constraints from the JWST
lensed quasar dark matter survey




What kinds of
questions can we ask about
dark matter?

We can test any theory that alters the internal and/or
abundance of halos



We can test any theory that alters the internal and/or
abundance of halos

1) DM physics that
impacts the transfer function

- e.g. free-streaming in warm dark matter

- ultra-light DM (plus wave-interference effects), see
Laroche, Gilman et al. (2022)

P linear (k ) =P primordial (

Rest of talk:

2) Change the form of the primordial
S density fluctuations

3) Relax assumptions about the
collisionless nature of dark matter



corresponding halo mass [Mg]
1022 1019 1016 1013 1010

ACDM
e Lyman-—a
SDSS DR7 LRG
UV LF
1004 T+ DES Y1 cosmic shear
+— Planck 2018 TT
Planck 2018 EE
—+ Planck 2018 PP

We are free to interpret
measurements in terms of

either T’ (k) or Pp

rimordial

Adapted from Chabanier et al. (2019)

10-3 102 0.1 1 10
k [Mpc™|



o J UV LF "'\
1004 + DES Y1 cosmic shear N
+— Planck 2018 TT \.
Planck 2018 EE K K
o -+ Planck 2018 PP n(k) — nS + arunlog(k_> + brunlogz<k_>
10-3 10-2 0.1 1 10 0 0
k [Mpc™|

Pprimordial (k) x k" <k)

For k > ky =1 Mpc™!

——-
Phenomenological description 10+

k)

rimordial (

of small-scale P, o *
o 109 .
= Existing measurements
X
a 101
Physical models include —— n.=0.6,a,,n= —0.08, b,y = 0.02
- multi-field inflation 10744 — n.=0.96,a,,,= — 0.1, b,yn = — 0.015
(arXiv: 0205210) —— ns=1.4,aun= — 0.05, by, = — 0.015
- Scale_dependent 10_3 A— ns — 0.5, arun — 0.15, brun — 0.02

primordial non-Gaussianity
(arXiv: 2404.03244)

- Primordial magnetic fields 100 101
(arXiv: 1504.02311)

ACDM



Halo mass function

Changes to the power spectrum 102
produce correlated changesto =
the halo mass function and Iu
concentration-mass relation §'
% 101
Dashed: Sheth-Tormen mass = g
function prediction g

MORE SMALL SCALE POWER
Solid: power-law in halo mass fit LESS SMALL SCALE POWER

Gilman et al. (2022)
arXiv: 2112.03203
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Changes to the power spectrum
produce correlated changes to
the halo mass function and
concentration-mass relation

Dashed: Diemer & Joyce (2019)
concentration-mass relation prediction

Solid: power-law in peak height fit

Concentration-mass relation

brun — 0.01
n: =0.9645

MORE SMALL SCALE POWER
LESS SMALL SCALE POWER

Halo mass [My]



0.00 0.25 0.50 0.75 1.00
probability

O 2404210,940 > © 9 1450 O 10 ,0 (0.6 B0 > 6 09690&6096&«6@,096

Ssub |KpCc™?]
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First step: try to simultaneously infer halo abundance and concentration
inference performed with 11 quad lenses

Gilman et al. (2022)
arXiv: 2112.03203
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Flatter than CDM Decreasing power:
prediction Less numerous halos,

Flatter halo mass function

Slope of the halo mass function

Increasing power:
More numerous halos,
steeper halo mass function

Steeper than CDM
prediction

Amplitude of the halo mass function
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0.015

0.0

-0.015

P ( k) ~ Jta log k/ky+b log k/k

0.5645 0.9645 1.3645-0.2 -0.1 0.0 0.1 0.2-0.015 0.0 0.015

ns

0.00 0.25 0.50 0.75 1.00

arun brun

probability 10 2

1019

corresponding halo mass [Mg]
1016 1013 1010

Gilman et al. (2022)

arXiv: 2112.03203

ACDM
P(k) = P(ko)(

)0.9645

k
kg

prior min/max

68% Cl strong lensing (this work)
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SDSS DR7 LRG

UV LF

DES Y1 cosmic shear

anck 2018 TT

anck 2018 EE

anck 2018 PP

k [Mpc~1]

1073



Caveats

corresponding halo mass [Mg]
101° 1016 i o b 101° 107-

- model dependent statements

\ Gilman et al. (2022)
about P primordial (k ) , arXiv: 2112.03203

- Limited suite of simulations of structure
formation with this type of

power spectrum "0 ACDM
s P(K) = P(ko) (£)°2643
X prior min/max
i% 1 68% ClI strong lensing (this work)
Takeaway Lyman — a
SDSS DR7 LRG
UV LF
Lensing will be able to constrain DES Y1 cosmic shear
Planck 2018 TT
Pprimordial (k> from Planck 2018 EE
simultaneous inferences of halo Planck 2018 PP

abundance and concentration

k [Mpc™1]



We can test any theory that alters the internal and/or
abundance of halos

1) DM physics that
impacts the transfer function

- e.g. free-streaming in warm dark matter

- ultra-light DM (plus wave-interference effects), see
Laroche, Gilman et al. (2022)

P linear (k ) =P primordial (

Rest of talk:

2) Change the form of the primordial
S density fluctuations

3) Relax assumptions about the
collisionless nature of dark matter



Self-interacting dark matter (SIDM)

-> dark matter not collisionless; exchanges energy, momentum with itself



CDM

10 Mpc h~1

Self-interacting dark matter (SIDM)

-> preserves large-scale structure

fSIDM

o#/m,=0.0.cm?g™!

_—

o#/m,=1.0.cm?g1

figure from Fischer et al. (2022)

10°

-
-
Q0

-
-
~

-
-
o))

surface density [Mo kpc™2 h



Self-interacting dark matter (SIDM)

-> collisionless (CDM-like) at high speeds (v ~ 1,000 km s_l)
in cluster-mass halos

CDM y %7y fSIDM

10 Mpc h™" 07/my=0.0,cm?*g™~" o#/m,=1.0,c?g~

figure from Fischer et al. (2022)
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surface density [Mo kpc™2 h



Self-interacting dark matter (SIDM)

-> “large” cross sections (0 > 10 cm” g_l) at low speeds (v ~ 30 km s_l)
inside low-mass halos
CDM y 5%y fSIDM

10° =

_—

-
-
Q0

p—
<,
surface density [Mo kpc™2 h

-
-
o))

10 Mpc h™" 07/my=0.0,cm?*g™~" o#/m,=1.0,c?g~

figure from Fischer et al. (2022)



cross section [cm?2g™!]

100

10

0.1

0.01

0.001

0.0001

1 3 10 30 90 270 1000

corresponding halo mass scale [M;]

6 8 10 12 14 .
10 10 10 10 10 Velocity dependence
substructure lensing galaxy necessary to evade
T lust .
—_— galaxies 253 constraints from

galaxy clusters

Figure from Strongly-enhanced cross
Gilman et al. (2021) .
arXiv: 2105.05259 section at low speeds

(in low-mass halos)

v [km s71]




Effects of SIDM on halo density profiles

Begin with an NFW profile predicted
by CDM

Line of sight
velocity dispersion




Effects of SIDM on halo density profiles

SIDM forms cores in halos

Line of sight
velocity dispersion
starts to equilibrate




Effects of SIDM on halo density profiles

Core reaches
max size

Eventually scattering
equilibrates central
velocity dispersion

Heat goes out




Effects of SIDM on halo density profiles

Core collapses

Runaway contraction;
process moves away
from equilibrium

Heat goes out

-> “gravothermal catastrophe”
(Lynden-Bell 1068)
-> proposed for SIDM by
Balberg et al. (2001)




Core-collapsed halos are extremely efficient lenses

551

J0911+0

RX
|




Core-collapsed halos are extremely efficient lenses

Now we are looking

down the line of sight Critical curve

(high magnifications)

-0.05 0.00 0.05

Dark matter density relative to average



SIDM with cores only SIDM cores+core collapse




Self-interacting dark matter (SIDM)

Adapted from Oman et al. (2016)

100————— e
80 g
60 |
. 40 Points: measurements |
Core formation+collapse Lines: DM & hydro sims
: : 20 _ -1 - _
match diversity of Vmax = 89 km s Vg = 101 km s~

—
. =

observed rotation curves? =
SE

A {

+ Vinax = 88 km s~ [ y =80 km s~!
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
Radius [kpc]




Hints from strong lensing? wiinor et al. (2021

0.7 2

LIGHT INFERRED MASS DENSITY

- -0.2

-2 -1.5 -1 -0.5 0 0.5 1 15 2

(a) masked HST image (a) tNFW model



LIGHT
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-1 -0.5 0 0.5 1 15

(a) masked HST image
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Minor et al. (2021)

B INFW, elliptical main lens
B tNFW, w/ multipoles

(Dutton 2014)
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corresponding halo mass scale [M;]
10° 108 1010 102 10%

100 substructure lensing galaxy
—galaxies clusters
10
IK we accept then the SIDM
: : : 1
interpretation of these observations
Figure from
0.1 Gilman et al. (2021)

arxiv: 2105.05259

THEN we should expect to find many
collapsed halos at lower masses

0.01

0.001

cross section [cm?2g~1]

0.0001

1 3 10 30 90 270 1000
v [km s7]



Easy to achieve eXtremely (Probed by strong lensing flux ratios )

: 3 — e
high (> 100 cm*2/g) 10
. HALOS DARK DWARF GALAXIES
cross sections at low speeds GALAXIES
T
@)
. N
-> example: attractive dark force -
exchanged via light mediator N
-
.
€Xp —r m¢ "C)’
V(r) = — o, ————— & .
8 & V(r) = — axexp —rr ms
. O
a, = potential strength = my / my = 10°
| m,=17.7
— ~ Credit: Daniel Gil
my, = mediator mass ~ 1 MeV @, = 0.0001 s |

m, = DM mass ~ 1 — 10 GeV 100 101 102
velocity [km/sec]



10°

halo mass [Ms]
107 108 102 1019 101! 1014

Model 1
Model 2
Model 3
Model 4
Model 5

Gilman et al. (2023)
arXiv: 2207.13111

101 102
relative velocity [km s™!]

Exact solutions for the
scattering cross section from
standard partial-wave analysis:

Model 1: Repulsive potential
-> broad range of repulsive
potentials have similar forms

Models 2-35: Attractive potentials
with (anti-)resonances
-> many SIDM formulations
include multi-component
DM with bound states



characteristic collapse timescale

[y L'~ (ov?)/{(v°) x density X velocity

Yang & Yu (2022) arXiv: 2305.10170,
Yang, Du et al. (2023) arXiv: 2205.02057

Halos collapse after some
multiple of the timescale

! subhalo "~ C

ollapse

lfeldhalo

109

10°

halo mass [Mg]
107 108 102 1019 101! 1012

Model 1
Model 2
Model 3
Model 4
Model 5

101 102
relative velocity [km s™1]


https://ui.adsabs.harvard.edu/link_gateway/2024JCAP...02..032Y/arxiv:2305.16176

ty L'~ (6v?)/{(v°) X density X velocity
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halo mass [Mg]



A‘Sllb — 150

A
0

a multiple of 7, 10° 10’ 10° 10° 1010
halo mass [Mg]

[y L'~ (ov?)/{(v°) x density X velocity

-
O

tsubhalo ~ ﬂsub tO

0.8
43
5
0.6
o 0.14 \
E : |
o )
O :
: 0.4
> _”
Q
0.01-

IR | N EEERY | BN R ERE | R R R | NS EERE |
106 10’ 108 10° 10*°
halo mass [Ms]

O
N

fraction of collapsed subhalos

halos collapse after

O
=




M

< O O =
N o o o

I
N

fraction of collapsed subhalos

RN |
107

IR R R | —
108

halo mass [Ms]

TR A

v

] . B

ODE | ' ? O "‘w Sk
.. o " s A

.

o
.\o -

Gilman et al. (2023)
arXiv: 2207.13111



=
o

O
1N

fraction of collapsed subhalos

O

O
o

O
o

O
N

o

=
o
o

108

halo Mmass [M@]

010

f 8510 sub  f 7585 sub

r 2 field r 1 field

r 3 field

1

Likelihoods all publicly available

We can compute the likelihood of data given
fraction of collapsed halos as a function of halo mass:

P ———

Z (data ‘fcollapsed (M ))
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fraction of collapsed subhalos

We can compute the likelihood of data given
fraction of collapsed halos as a function of halo mass:

\ O Z (data ‘fcollapsed (M ))

recast this as constraints on
the core-collapse timescale

Z (data ‘ /lsub’ lﬁeld’ 0) — J‘EZ (data ‘fcollapsed (M ))

halo mass [Mq]
’ Xp (fcollapsed (M ) ‘ /Isub9 Aﬁeldﬂ 6) dfcollapsed

O
o
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cross section [cm? g1

Inference on real data with 11 lenses Model 1

25
10° Elastic CDM
SIDM | (no halos
100 collapse)
10—1 2 . 3
go.
1072 =
o
10° 102 102 7.
relative velocity [km s™1] -
_ 1.7
tsubhalo ™~ su'tcollapse

/ Inelastic @THY Physical processes
fieldhalo SIDM (100% impacting subhalos

collapse)

1.0

even

2:1

4:1

relative likelihood



Inference on real data with 11 lenses: scenarios with 100% collapse strongly disfavored

halo mass [My]
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Inference on real data with 11 lenses: scenarios with 100% collapse strongly disfavored

halo mass [My]
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Inference on real data with 11 lenses: scenarios with 100% collapse strongly disfavored
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Inference on real data with 11 lenses: scenarios with 100% collapse strongly disfavored

halo mass [My]
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SIDM GAME-CHANGER

JWST lensed quasar DM survey: subject of Anna’s talk up next



THE (recent) PAST: narrow-line flux ratios from HST
(everything presented in this talk)
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THE PRESENT: mid-IR flux ratios from JWST GO-2046

\ Distortion
/ ~ size of the source

~10 pC 10°M, @

JWST GO-2046 “A definitive test of the dark matter paradigm”

Pl Anna Nierenberg, Co-Is include D. Gilman

Survey introduction:
- Nierenberg, incl. Gilman et al. (2023) (arXiv: 2309.10101)

First results with ¢ systems:

- Keeley, incl. Gilman et al. (2024) (arXiv: 2405.01620)
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Future (hopefully by Dec. 2024) lensing-based constraints on SIDM

HST-like data JWST data
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relative likelihood (SIDM:CDM)

SIDM discovery Ruling out SIDM
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Forecasts from
Gilman et al. (2021)
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Takeaways:

If a large population of collapsed halos below 106M® exists,
we should soon know thanks to

Upcoming surveys will find thousands of strong lenses!
- this is just the beginning



