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CDM

Strong lensing

Movie by Yashar Hezaveh
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Gravitational lensing: deflection of light by gravitational fields
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Observed source

Strong lensing produces multiple images of a single source…  
and the images are perturbed by dark matter halos

subhalos

field halos



Early-type galaxy deflector + extended source Early-type galaxy deflector  
+ quasar and host galaxy



In this talk: 

1) how does lensing work and why is it useful? 

3) What does the future hold?

2) some interesting science cases 
-> warm dark matter, self-interacting dark matter,  

primordial matter power spectrum

-> gravitational imaging and multiply-imaged quasars,  
as probes of DM substructure

-> the JWST lensed quasar DM survey  
-> better analysis methods  

-> more lenses 





Gravitational imaging generally  
refers to the detection 

of individual perturbers  
in lensed arcs  

(with a few exceptions 
e.g. Birrer et al. (2017), Powell et al. (2022))

Enables the direct detection  
and characterization  

of individual perturbers



Adapted from 
Vegetti et al. (2012)

  
halo

∼ 1010M⊙



Gravitational Imaging 

HST-like

4x resolution

Minimum detectable mass ~few × 109M⊙
Figure adapted from  
Despali et al. (2022)

Main challenge:  
interpretation of individual 

detections within DM 
theoretical frameworks

Halo detectability depends  
strongly on spatial  
resolution of data



Global VLBI:  
the ultimate gravitational 

 imaging tool

-> sub-milliarcsecond(!!)  
angular resolution of 
extended lensed arcs 

-> extremely computationally 
expensive to model 

see Powell et al. (2021, 2022)



Very robust probe of  
ultra-light DM  

de Broglie wavelength ~kpc  
-> wave interference effects on galactic scales 



Powell et al. (2022)Constraint  (20:1 Bayes factor)mΨ > 3 × 10−19eV



Early-type galaxy deflector + extended source Early-type galaxy deflector  
+ quasar and host galaxy



Strong lensing  
of compact sources

magnifications ∝
∂2Ψ
∂x2

∝ projected mass

image positions ∝
∂Ψ
∂x

time delays ∝ Ψ (grav . potential)

—> sensitive to local perturbations  
to the mass distribution and small-scale  

structure in the lens and along line of sight

(or spatially-resolved  
lensed arcs)

(of unresolved 
sources)



Image: ESA/Hubble, NASA, Suyu et al.



The prediction of 

LENSING OF

COMPACT 
SOURCES



Halo mass function, 
halo density profiles

Dark matter  
theory

 ray-tracing  
simulations per lens 

105 − 106M⊙

Compare with data
Techniques developed/tested by Gilman et al. (2018, 2019)



-> subhalo and line-of-sight halo  
modeling across 4 decades  

 of mass,  
and internal structure

(106 − 1010M⊙)

-> tidal evolution models for subhalos 
(recent progress: Du, Gilman, et al. 2025)

-> globular clusters

-> lens modeling considerations 
including angular structure in the main deflector 

(see Paugnat & Gilman 2025)

-> dark matter physics in alternative 
theories to CDM

Simulation ingredients

-> millions upon millions of CPU hours



Can apply these methods to a 
variety of models

- Warm dark matter 

- Self-interacting dark matter 

- Fuzzy dark matter 

- Primordial power spectrum

Gilman et al. (2019, 2020) arXiv: 1901.11031, 1908.06983  
Keeley, Nierenberg, Gilman et al. (2024) arXiv: 2405.01620 
Keeley, Nierenberg, Gilman et al. (2023) arXiv: 2301.07265

Gilman et al. (2021, 2022)  
arXiv: 2105.05259 & 2207.13111

 Laroche, Gilman et al. (2022)  
arXiv: 2206.11269

Gilman et al. (2022) (arXiv: 2112.03293)

- Black holes
Dike, Gilman et al. (2022) arXiv: 2210.09493



Simulation pipeline example: 1) generate realizations of halos from model
CDM Warm dark matter (WDM)

- plethora of subhalos & field halos 
-  halo concentration increases at lower masses

- No structure below a cutoff scale  
-halo concentrations suppressed below cutof



 simulations per lens for accurate statistics∼ 105 − 106

Simulation pipeline example: 2) forward model the data

CDM WDM



FLUX RATIO (IMAGE 1 / IMAGE 2)

Model 1  

Model 2  

CDM 
more structure = more perturbation

WDM  
less structure = less perturbation

Simulation pipeline example: 2) forward model the data



FLUX RATIO (IMAGE 1 / IMAGE 2)

Measured flux ratio

Relative  
likelihood

Bayesian  
posteriors,  

confidence intervals,  
Bayes factors, etc. 

Simulation pipeline example: 3) derive likelihoods

CDM 
more structure = more perturbation

WDM  
less structure = less perturbation



mthermal > 5.2keV

Adapted from Gilman et al. (2020) 
arXiv: 1908.06983

First application to WDM

Used narrow-line flux ratios in 8 lenses  
from Nierenberg et al. (2014, 2017, 2020)
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Overall number of subhalos

Gilman, et al. (2020)

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

mthermal > 9.7keV



Early results from JWST  
lensed quasar  

DM survey  
(will discuss this later)

see Keeley, Nierenberg,  
Gilman, et al. (2024) 

arXiv: 2405.01620



All code is open source/public

In particular:  
  

- generates full subhalo and line-of-sight  
halo populations in seconds 

- Has a variety of mass  
- profiles & DM models 
- Accurate tidal stripping models 
- designed for use with 

𝚙𝚢𝙷𝚊𝚕𝚘

𝚕𝚎𝚗𝚜𝚝𝚛𝚘𝚗𝚘𝚖𝚢

https://github.com/dangilman/pyHalo



In this talk: 

1) how does lensing work and why is it useful? 

3) What does the future hold?

2) some interesting science cases 
-> warm dark matter, self-interacting dark matter

-> gravitational imaging and multiply-imaged quasars,  
as probes of DM substructure

-> the JWST lensed quasar DM survey  
-> better analysis methods  

-> more lenses 



Effects of SIDM on halo density profiles

Begin with an NFW profile predicted 
by CDM

r−1

r−3

Line of sight  
velocity dispersion 

Heat goes in



Effects of SIDM on halo density profiles

SIDM forms cores in halos

Line of sight  
velocity dispersion 
starts to equilibrate 

Heat goes in

SIDM 
profile



Effects of SIDM on halo density profiles

Eventually scattering 
equilibrates central  
velocity dispersion

Heat goes out

Core reaches  
max size



Effects of SIDM on halo density profiles

-> “gravothermal catastrophe” 
(Lynden-Bell 1968)  

-> proposed for SIDM by 
Balberg et al. (2001)

Core collapses

Runaway contraction; 
process moves away 

from equilibrium

Heat goes out



CDM SIDM with cores only SIDM cores+core collapse



Core-collapse requires  
large cross sections  
which arise naturally 

in SIDM w/light  
mediators

V (r) = ± α
exp (−rmϕ)

r
GeV



Dwarf  
galaxiesCore-collapse requires  

large cross sections  
which arise naturally 

in SIDM w/light  
mediators

V (r) = ± α
exp (−rmϕ)

r



Gilman et al. (2023)

Constraints from lensing 
on these models currently 

disfavor scenarios with  
a majority of subhalos+field 

halos collapsing 

see Gilman, Zhong,  
& Bovy (2023) 

2207.13111



t−1
0 ∼ ⟨σv5⟩/⟨v5⟩ × density × velocity

characteristic collapse timescale 

Yang & Yu (2022) arXiv: 2305.16176,  
Yang, Du et al. (2023) arXiv: 2205.02957 

tsubhalo ∼ λsub tcollapse

tfieldhalo ∼ λfield tcollapse

Halos collapse after some 
multiple of the timescale

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


t−1
0 ∼ ⟨σv5⟩/⟨v5⟩ × density × velocity

Calculate core-collapse 
timescales for each cross  

section



t−1
0 ∼ ⟨σv5⟩/⟨v5⟩ × density × velocity λsub = 150

tsubhalo ∼ λsub t0

Predict core-collapse 
fractions from the collapse 

timescales



Gilman et al. (2023) 
arXiv: 2207.13111



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

Likelihoods all publicly available 

ℒ (data | fcollapsed (M))



recast this as constraints on  
the core-collapse timescale 

ℒ (data |λsub, λfield, σ) = ∫ ℒ (data | fcollapsed (M))
× p (fcollapsed (M) |λsub, λfield, σ) dfcollapsed

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

ℒ (data | fcollapsed (M))



tsubhalo ∼ λsub tcollapse

tfieldhalo ∼ λfield tcollapse

Inference on real data with 11 lenses



In this talk: 

1) how does lensing work and why is it useful? 

3) What does the future hold?

2) some interesting science cases 
-> warm dark matter, self-interacting dark matter,  

primordial matter power spectrum

-> gravitational imaging and multiply-imaged quasars,  
as probes of DM substructure

-> better data from the JWST lensed quasar DM survey  
-> better analysis methods  

-> more lenses 



Black hole
Accretion disk  
and “hot torus” 

-> intrinsic sizes of light-days to ~ 0.1 pc 
(micro-lensed like crazy) 

-> SED dominated by emission at λ < 2μm

“Warm torus” 
-> size > 1 pc, not micro-lensed by stars 

-> SED dominated by emission at  
-> accessible with MIRI instrument on JWST

λ > 10μm

“Nuclear narrow-line region” 
-> intrinsic size 10-100 pc (current data) 

-> OIII emission lines  
(see Nierenberg, Gilman et al. 2019)

Quasar (not to scale)
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Black holeQuasar (not to scale)

Accretion disk  
and “hot torus” 

-> intrinsic sizes of light-days to ~ 0.1 pc 
flux ratios impacted by micro-lensing 

-> SED dominated by emission at λ < 2μm

“Warm torus” 
-> size > 1 pc, not micro-lensed by stars 

-> SED dominated by emission at  
-> accessible with MIRI instrument on JWST

λ > 10μm

“Nuclear narrow-line region” 
-> intrinsic size 10-100 pc (current data) 

-> OIII emission lines  
(see Nierenberg, Gilman et al. 2019)



Cycle 1 JWST program GO-2046 (PI Anna Nierenberg)  

Goal: isolate flux from compact (~5 parsec) emission around background quasar in 31 systems 
 

early results in the context of WDM mentioned previously (Keeley, Nierenberg, Gilman et al. (2025)) 
 

constraints from the full sample in the context of warm and self-interacting dark matter 
coming vey soon -> Gilman et al. (2025a), Gilman et al. (2025b)





NFW (CDM) halo106M⊙  collapsed SIDM halo106M⊙



With only image positions 
and flux ratios, only 

limited information 
regarding large-scale mass 

distribution of the lens

2) better analysis methods:  
joint modeling of flux ratios with lensed arcs 



Forward modeling of  
arcs+flux ratios improves  

constraints on  
DM properties 

 
Gilman et al. (2024)

With only image positions 
and flux ratios, only 

limited information 
regarding large-scale mass 

distribution of the lens



Adapted from Gilman et al. (2025a, in prep)



CDM

WDM 

SIDM 
with collapse  
below 108M⊙

Flux ratio predictions  
for J1537+3010 

-> observed with 
JWST survey

Gilman et al. 2025B, in prep



Upcoming constraints  
from the JWST  

survey coming soon! 
Gilman et al. 2025a (in prep) 





We can expect tens-of-thousands of galaxy-scale lenses 
from cosmic surveys (e.g. Rubin Obs, Roman, Euclid)  

 
- among these, 500-1000 will be quadruply-imaged quasars

Shajib et al. (2025)

3) more lenses 


