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Strong lensing

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

subhalos

field halos
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4 quasar  
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Strong lensing  
of compact sources

magnifications ∝
∂2Ψ
∂x2

image positions/arcs ∝
∂Ψ
∂x

time delays ∝ Ψ (grav . potential)

—> sensitive to local perturbations  
from small-scale structure  
along entire line of sight

(of unresolved 
sources)



Image: ESA/Hubble, NASA, Suyu et al.
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From early 2000s - mid 2010s,  
we only knew of a handful of quads

Most quads contaminated by  
stellar microlensing

Today: 
We know of ~50 quads,  

JWST has recently surveyed 31  
(GO-2046, PI Nierenberg,  
Co-Is include D Gilman)

JWST mid-IR measurements 
- flux from extended region  

around quasar (larger than 1 ) 
-> immune to stellar microlensing 

- smaller than 10 pc  
-> maximally sensitive to DM halos
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We lacked analysis methods to 
perform population-level inferences

We can perform end-to-end  
forward modeling with entire 

halo populations 



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 
based on scaling relations from nearby ellipticals 

-> 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



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



Can test any theory that  
alters halo properties

- 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



Cold dark matter (CDM) Warm dark matter (WDM)

λFS ∼ ctNR ∝ Vrms
z∼3000

Free-streaming imposes a characteristic  
length scale  in structure formationλFS

Small-scale structure washed  
out on scales below λFS

Gravity is the only  
relevant force

Gravity is scale free

Halo mass function is scale-free

Halos have a universal density profile



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

CDM WDM



FLUX RATIO (IMAGE 1 / IMAGE 2)

Model 1  

Model 2  

CDM 
more structure = more perturbation

WDM  
less structure = less perturbation



FLUX RATIO (IMAGE 1 / IMAGE 2)

Measured flux ratio

Relative  
likelihood

Bayesian  
posteriors,  

confidence intervals,  
Bayes factors, etc. 

CDM 
more structure = more perturbation

WDM  
less structure = less perturbation



PRL  
arXiv: 2606.05277

PRD,  
arXiv: 2511.07513 

all

PRL  
arXiv: 2604.05237



Technological development #1:
Subhalo tidal evolution model calibrated  

to the galacticus semi-analytic model and implemented in pyHalo 

The model predicts  
 p (fbound |cinfall, zinfall, chost)

Figure from Du, Gilman, et al. (2025)

For technical details see  
Du, Gilman et al. (2025)  

“Faster than SAM” 



Infall mass functions Bound mass functions 

Differential tidal stripping 
depending on concentration 

Figure from  
Gilman et al. (2026a)



Technological development #2:  
joint modeling of arcs+flux 

ratios



Adapted from  
Gilman et al. 2026

κhalos =
1
2

∇ ⋅ ⃗α − κmacro



Adapted from  
Gilman et al. 2026



Adapted from  
Gilman et al. 2026



Figure from Gilman et al. (2026a)



Figure from  
Gilman et al. 2026b

mhm < 107.4M⊙

mthermal > 6.5 keV

mhm < 107.2M⊙
mthermal > 7.4 keV



Does a half-mode mass constraint of   
mean halos exist on that scale? 

-> not necessarily  

107.4M⊙

dN
dM

∝
dNcdm

dM (1 + a ( mhm

m )
b

)
cLensing constraints both the  

halo mass function (both subhalos and  
field halos with roughly equal weight)

Lensing constrains the  
concentration-mass relation 

AND 

c (m, z) ∝ ccdm (m, z) (1 + a ( mhm

m )
b

)
c

What is the minimum halo mass, assuming a CDM-like  
Concentration-mass relation? 



What is the minimum halo mass, assuming a CDM-like  
concentration-mass relation? 

For subhalo abundance 
predicted by N-body sims: 

 

and galacticus 

mmin = 108.2M⊙

mmin = 108.3M⊙

Figure from Nierenberg, Gilman, et al. (2026)



- 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

Can test any theory that  
alters halo properties



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



Why consider alternatives like SIDM?
Several recent suggestions that low-mass halos have central densities that deviate from CDM 

The historical argument is  
phrased as a “diversity” problem 

in rotation curves

Oman et al. (2015)

-> this interpretation is challenging 
due to systematics, baryonic feedback, 

etc.  
 

not all analyses of satellites conclude  
this is actually a problem 

 
isolated field dwarfs provide  

cleaner probes



Why consider alternatives like SIDM?
Recent detections from galaxy-galaxy strong lenses have fueled further interest

Reanalysis of dark 
perturber in 

SDSSJ0946+1006 
Minor et al. (2026)

Note: this is reproduced by 
many groups

Top: An extremely compact  object detected 
in VLBI images of a lensed arc (Powell et al. 2025) 

1.4 × 106M⊙

See also: Vegetti et al. (2026) “A possible 
challenge to cold and warm dark matter”



Inference of subhalo  
projected mass fraction: 

1.7+2.6
−1.2 × 107 M⊙ kpc−2 (95 % conf)

(106 < m/M⊙ < 1010.7)

~1.5-2 sigma higher than  
predicted by theory 

0.4 1.6 6.2 24.7 98.3
Projected mass density [106M⊙ kpc−2]

Gilman et al. (2026b)

Why consider alternatives 
like SIDM? (Now our own data)



Merging image  
pair

Relative magnification  
is ~6

Difficult to explain with  
just CDM+globular clusters

Why consider  
alternatives like SIDM?



Submitted to PRL  
arXiv: 2610.40766

Submitted to PRD,  
arXiv: 2609.35974

all



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



NFW (CDM) halo106M⊙  collapsed SIDM halo106M⊙



The core collapse timescale
In SIDM models a characteristic timescale  governs the evolution of DM halos tc

 depends on the SIDM cross section, although the connection depends on environment tc

Our approach:  
-> parameterize directly in terms of tc

-> bin in halo mass above and 
below 108M⊙

-> sample  with 0.3 dex scatter, tc

t6/8 t8/10

Collapse  
time:

Collapse  
time:

t/tc > 1 → Core collapsed

where  is elapsed time since z=10t



Field halos: core collapse fraction follows directly from  and evolves with z tc



Subhalos: tidal stripping can accelerate core collapse relative to field halos 
->  rescales  for subhalos such that they collapse faster λsub tc



t6/8, t8/10, λsubSIDM parameters: 

t6/8 t8/10



Once we have determined a halo 
collapses, transform the density profile 

into a collapsed form (red curve)  



Once we have determined a halo 
collapses, transform the density profile 

into a collapsed form (red curve)  

ξcore → 0

One additional free parameter for the  
internal structure of deeply collapsed halos: 

produces a power-law profile (right)

ξcore → 1
produces a point-mass + NFW profile

-> it remains an open question whether 
core collapse ends in black hole formation

t6/8, t8/10, λsub, ξcore

SIDM parameters: 



Once we have determined a halo 
collapses, transform the density profile 

into a collapsed form (red curve)  

Globular clusters

t6/8, t8/10, λsub, ξcore

SIDM parameters: 

Log-normal mass function with a  
mean mass  and 0.6 scatter2 × 105M⊙

 is the surface mass density  
 

from nearby elliptical we get 
~ 

Σgc

Σgc 105.6M⊙kpc−2

Nuisance parameters: 

Σgc, Σsub



Core collapse 
above 108M⊙

Core collapse  
below 108M⊙Gilman et al. (2026c)



Core collapse 
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Core collapse 
above 108M⊙

Core collapse  
below 108M⊙



Core collapse 
above 108M⊙

Core collapse  
below 108M⊙



Model-predicted flux ratio distribution Gilman et al. (2026c)



Likelihood function Gilman et al. (2026c)



Likelihood function Gilman et al. (2026c)



Likelihood function 

log10 (t6/8/Gyr)



Gilman et al. (2026c)



Gilman et al. (2026c)



Gilman et al. (2026c)
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What do the inferred collapse timescales  
mean for SIDM particle physics models? 

Step 1) Pick a particle physics model 

Step 2) Predict the core  
collapse timescale for the model 

Step 3) Map the predicted  onto the  
strong-lensing likelihood

tc

Step 4) Transform lensing likelihood into 
a likelihood on SIDM parameters 



Velocity dependence  
 necessary to evade  

constraints from  
galaxy clusters

Step 1) Pick a particle  
physics model 



The ‘canonical’ solution: 
couple DM to a  
light mediator ϕ

V (r) = − α
exp (−rmϕ)

r

GeV



pykawa:  
public GitHub repo  

with SIDM cross  
sections 

https://github.com/dangilman/pykawa



Step 1) Pick a particle  
physics model 

  
->  we consider a model where DM couples to  

a light mediator and also evades  
cosmological/direct detection bounds  

(see Gilman et al. 2026d)  

σV =
3
2 ∫

dσ
dΩ

sin2 θdΩ

Compute the differential scattering cross  
section by solving the Schrödinger equation, and  
then compute the “viscosity” cross section:  

dσ/dΩ



Step 2) Evaluate the core  
collapse timescale  

First take a velocity average of σV

and then evaluate (Gurian et al. (2026))

this expression interpolates between the  
long and short mean free path regimes

x = (σeffρsrs)−1
is the Knudsen number 

Model of Gurian et al 2026  

Long mean free path extrapolation  



Step 3) Map the predicted  onto the  
strong-lensing likelihoods

tc

Models map to coordinates 



Step 3) Map the predicted  onto the  
strong-lensing likelihoods

tc

Global rescaling of  -> curvesσV



Step 4) Scan the SIDM  
parameter space  
and compute the 
likelihood



Step 4) Scan the SIDM  
parameter space  
and compute the 
likelihood

Favored regions of parameter space have 
-  
-  

-  
- cross section strengths  

at 10 km/sec  
-> the specific answer depend on the 

assumptions for SIDM halo properties 

mχ ∼ 20 − 80 GeV
mϕ ∼ 0.5 − 5 MeV

αχ ∼ 10−3

102 − 104 cm2g−1



What comes next? 

Unusually high abundance of globular clusters around lenses? 
Other mechanisms that elevate halo densities besides SIDM? 

Ways out for collisionless DM: 

Probe combination: the SIDM signal should be seen in MW, local group satellites, 
and stellar streams, across environments and mass scales

(Maybe) SIDM signals may be detected in future laboratory/CMB experiments

What would seal the deal? 

Baryons (besides GCs)? Unlikely to mimic this kind of signal in low-mass halos



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

Shajib et al. (2025)

What does the future hold?  
We are in a new era of precision DM science with strong lensing  


