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A theorist’s view



An observer’s view
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Subhalos as a 
probe of The 

NATURE OF DARK 
MATTER



Examples of Astrophysical effects
that can be probed by subhalos
• Is dark matter not completely cold (“non zero free 

streaming length”)?
• “warm” dark matter (WDM) changes the subhalo mass 

function
• Does dark matter interact with itself?
• ”self-interacting” dark matter (SIDM) can change the 

internal structure of subhalos
• Is dark matter made of primordial black holes?
• Depending on PBH mass, very dense

• Is dark matter a light axion (“fuzzy”)
• Debroglie subhalos and changes mass profile



Warm Dark Matter

Lovell et al. 2014Free streaming ~kev scale thermal relic



Subhalos in CDM vs WDM

Li et al. 2016; Nierenberg et al. 2013



Luminous Satellites in CDM vs WDM

Nierenberg, Treu, Menci et al. 2016



What is Gravitational Lensing?



What is Gravitational Lensing?

Movie courtesy of Y. Hezaveh



Strong Lensing Basics. I
Surface mass density

Deflection angle

For azimuthal symmetry

Lens equation

Critical density



Strong Lensing Basics. II

2D potential

2D Poisson Equation

Jacobian matrix and magnification



Subhalos and lensing

• Strong lensing can detect subhalos based solely on 
mass!

• subhalos are detected as “anomalies” in the 
gravitational potential ψ and its derivatives

– ψ’’ = Flux anomalies

– ψ’ = Astrometric anomalies

– ψ = Time-delay anomalies

– Natural scale is a few milliarcseconds. Astrometric 
perturbations of 10mas are expected



“Missing satellites” and lensing

Courtesy of D.Gilman



1998. The beginning



Flux Ratio Anomalies

T.Treu: Flux ratio anomalies and the substructure problem 3

Figure 1. The substructure problem. In simulations (top, from Kravtsov 2010), galaxies and clusters
are self-similar and should have the same amount of satellites. In reality, this is not observed: galaxies
have many fewer (luminous) satellites than expected based on dark matter substructure. Does this mean
they are dark, or that they do not exist? Answering this question is the goal of this program.

Figure 2. HST-F160W images of the targets.

A smooth mass distribution would predict:
This to be 100x brighter These to be 2x brighter

This to be 10% brighter 

What causes this the anomaly?
1.Dark satellites? 
2.Astrophysical noise? (microlensing, dust, azimuthal 
structure)



Optically Thick Microlensing

1 Introduction to Microlensing
Nature has given us a tool more powerful than any telescope we could build in the next several
decades. This tool is the combination of strong gravitational lensing by a galaxy and further lensing
by the individual masses inside the galaxy.

When a massive galaxy happens to lie between us and a distant quasar, it gravitationally lenses
the quasar’s light, producing multiple observed images (two or four) of the quasar, and introducing
a magnification to each one. The locations of the images allow us to determine the amount of
mass responsible for the lensing, and the multiplicity of the images can be understood in terms
of Fermat’s principle, namely, that light will take paths that correspond to stationary points of the
travel time; we observe the images that correspond to minima and saddle points of the travel time
(two of each in the case of quadruply lensed quasars).

Each of these observed images of the quasar (henceforth, a “macroimage”) is in fact the sum
total of multiple microimages of the quasar formed by the stars in the lensing galaxy (Fig. 1). We
call these stars “microlenses,” and they have characteristic Einstein radii of microarcseconds (µas).
They are the most powerful zoom lenses in the universe.

Lensing  
Galaxy

Observed 
Quasar 
Images

Zoom in 
×105

stars

microimages 
of quasar

Figure 1: Left: Magellan image (600⇥600) of RX J1131�1231. Right: Simulated 60 µas ⇥ 60 µas region of the lensing
galaxy where the macroimage forms. The background quasar is located in the center of the image, and this is where a
single image would be formed if the mass distribution were completely smooth (i.e., no stars). The microlensing stars
are shown in white and the quasar microimages formed by the stars in red (saddle-points) and blue (minima). Arrows
point to a few examples of each. The single macroimage in the green box on the left is the sum of all the individual,
unresolved microimages shown on the right.

Both the number of microimages and their brightnesses are a sensitive function of the position
of the background quasar relative to the small patch of microlenses that forms the macroimage.
As the quasar and lensing galaxy move relative to each other, the observed brightness of a single
macroimage can vary greatly on a timescale of months or years (Fig. 2). This variability has noth-
ing to do with any intrinsic variability of the quasar1. It is due to the motion of the quasar relative
to the network of microlenses, and it is one of the key observational signatures of microlensing.

We cannot resolve the individual microimages or the microlenses themselves. We use realiza-
tions of the microlens field to understand the microlensing variability that we observe. For each

1The possibility that intrinsic variability combined with the time delay between different macroimages could mas-
querade as microlensing variability has been shown to be negligible [e.g., 18]. However, studying systems with known
time delays does give a cleaner microlensing result and also allows one to break the mass-sheet degeneracy [7, 25].
Time delays themselves are of great interest in determining cosmological parameters [e.g., 11, 3].
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Figure 3: One of the main tools of microlensing analysis is the magnification map, shown on the left, which represents
the effects of the entire network of microlenses and shows their perturbative effect, i.e., the additional magnifcation
that the microlenses produce on top of the macro-magnification of the lensing galaxy. Each pixel corresponds to a
location in the simulated patch of the lensing galaxy and represents the sum total of the microlensing effects (further
magnification or even a de-magnification of the quasar) if the quasar were behind that location. The enlarged area
shows the correspondence between five pixels in the magnification map and the five images shown in Fig. 2.

a compact region near the black hole, and optical light coming from farther out (in the disk or
possibly beyond). Because the optical comes from a region comparable in size to the microlenses’
Einstein radii, the microlensing effects are diminished. The X-ray-emitting region is essentially
a point source and therefore gives a clean microlensing signal, unlike the optical which gives a
convolution of microlensing and the finite size of the optical emitting region of the quasar. High
spatial resolution X-ray observations are crucial to using the microlensing of quasars as a tool.
3 Determining the Smooth/Clumpy Matter Ratio
Schechter & Wambsganss [21] explored the microlensing effects of different fractional contribu-
tions of stars and dark matter to the total surface density, and they found that the probability of
a strong demagnification of a saddle point image, which is often seen in the observations, was
relatively low for stellar fractions of 2% and 100% but became appreciable for stellar fractions of
5%–25% (e.g., see Fig 4). Then, using an ensemble of 11 lensing galaxies, Schechter & Wambs-
ganss determined the most likely stellar fraction at the typical impact parameter of image formation
[22]. They noted, however, that their analysis produced inconsistent results unless they assumed
that the optical continuum emitting regions had an extended component.

The X-rays do not suffer such complications and offer a much more promising avenue, both
for individual systems [e.g., 14] and an ensemble of systems. The clean signal of microlensing in
X-rays was used for the ensemble of known quads to determine a most likely local stellar mass
fraction of 7% at a mean distance of 6.6 kpc from the center of a typical lensing galaxy [19].

4

Pooley et al. 2019



Why source size matters?



Dusty Torus and Narrow Line Region (and jet)
Are not affected by microlensing (and dust)

Moustakas & Metcalf 2003

Chiba+ 2005



2002. Anomalies detected in 7 radio lenses
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Fig. 5.— Results for the observed lens sample with b = 0.′′001. The heavy solid lines show the

probability distributions assuming errors in the flux ratios of 5%, 10% and 20%. The points on

the curves mark the median surface density (triangles) and the regions encompassing 68.3% (1σ,

squares), and 95.4% (2σ, pentagons) of the probability. The dashed curves show the contributions

from the individual lenses for the 10% case. The region between the vertical lines is the range

of substructure mass fractions found in the Klypin et al. (1999) simulations. Normal satellite

populations, with 10−4 <∼ fsat <∼ 10−3, correspond to a region off the left edge of the figure.

Dalal and Kochanek 2002
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2005. Gravitational Imaging

Koopmans 2005



Questions in the mid 2000

1. Can azimuthal complexity of the deflector mimic 
substructure (Evans and Witt 2003)?

2. What are the contributions from the line of 
sight?

3. How do we translate substructure detection to 
dark matter properties?



Answers
1. Azimuthal complexity?

1. Avoid disky lenses and model azimuthal 
structure (Gilman et al. 2017)

2. Contributions from the line of sight?
1. Significant, they need to be included (Gilman 

et al. 2019)
3. Inference of dark matter properties

1. Detailed calculations of structure growth, 
especially tidal effects (Du et al. 2024)



Line of sight: The problem in 3D

Courtesy of Daniel Gilman



Flux ratio anomalies: 
statistical treatment including LOS 

Gilman, Birrer, Treu et al. 2019



How do we make progress 
in practice?

1. Larger samples 
2. Extract more information per system
3. Work on the connection between particle 

theory and astronomical observables



Larger samples

Quads are rare (0.01/deg2) but we are making progress!
Schmidt, TT et al. 2023
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Figure 3. Signal-to-noise ratio maps for the proposed experiment: The top row shows the expected
S/N maps obtained by rescaling the total line flux by the flux ratios as measured in the continuum from
HST. The bottom row shows the expected S/N maps obtained by rescaling the total line flux by the flux
ratios predicted by smooth models without substructure (see Table 1). The difference is apparent by
eye. All simulations have been performed using the OSIRIS ETC developed by David Law assuming
exposure times of 7200s (for 0924 and 1138) and 3600s (for 1422). The S/N ratio scale shown is 0-50
for 0924 and 1138 and 0-150 for 1422. The field of view shown is the OSIRIS field of view for 0.05��

pixels in the appropriate narrow band filter.

Figure 4. Mid-IR Subaru image of 1422;
note how A and B are blended, while D is un-
detected (Chiba et al. 2005). Our experiment
will detect D and resolve all four images (see
Figure 3).

References:

Benefits:
1. 
Confirm/eliminate 
microlensing

2. High resolution
spectroscopy rules 
out wavelength-   
dependent 
suppression (e.g. 
dust)

3. Excellent 
astrometry and 
photometry

T.Treu: Flux ratio anomalies and the substructure problem 3

Figure 1. The substructure problem. In simulations (top, from Kravtsov 2010), galaxies and clusters
are self-similar and should have the same amount of satellites. In reality, this is not observed: galaxies
have many fewer (luminous) satellites than expected based on dark matter substructure. Does this mean
they are dark, or that they do not exist? Answering this question is the goal of this program.

Figure 2. HST-F160W images of the targets.

If the anomaly is 
from 
microlensing…

If the anomaly is 
from 
substructure…

Larger Samples:Narrow line flux ratios of lensed AGN



OSIRIS detection of substructure

Nierenberg Treu et al 2014
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OSIRIS detection of substructure

Nierenberg Treu et al 2014



Bridging the gap between flux 
ratios and gravitational imaging

Birrer 2021



Using the information from the 
arc and the flux ratios

Gilman et al. 2024



Using all the 
information
Breaks degeneracies
And increases 
sensitivity to WDM 
turnover mass

Simulation of WDM

Gilman et al. 2024



Progress in non-linear growth

Benson 2010

Du et al  2024



Flux ratio anomalies:  Forecasts

•Narrow line flux ratio anomalies 
can currently be studied for 20 
systems
•100-1000s systems are being 
discovered and will be discovered
•Large telescopes with AO will 
provide spectroscopic follow-up 
and emission line flux ratios
•JWST revolutionized the field by 
allowing MID-IR measurements

Gilman et al. 2019



Flux ratio anomalies:  Forecasts

•As new systems are discovered 
one can explore new models, e.g. 
self-interacting dark matter

Gilman et al. 2021



Recent results. I: sterile neutrino
Constraints on Sterile Neutrino Models from Strong Gravitational Lensing,
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The nature of dark matter is one of the most important unsolved questions in science. Some dark matter
candidates do not have sufficient nongravitational interactions to be probed in laboratory or accelerator
experiments. It is thus important to develop astrophysical probes which can constrain or lead to a discovery
of such candidates. We illustrate this using state-of-the-art measurements of strong gravitationally lensed
quasars to constrain four of the most popular sterile neutrino models, and also report the constraints for
other independent methods that are comparable in procedure. First, we derive effective relations to describe
the correspondence between the mass of a thermal relic warm dark matter particle and the mass of sterile
neutrinos produced via Higgs decay and grand unified theory (GUT)-scale scenarios, in terms of large-scale
structure and galaxy formation astrophysical effects. Second, we show that sterile neutrinos produced
through the Higgs decay mechanism are allowed only for mass > 26 keV, and GUT-scale scenario
> 5.3 keV. Third, we show that the single sterile neutrino model produced through active neutrino
oscillations is allowed for mass > 92 keV, and the three sterile neutrino minimal standard model (νMSM)
for mass > 16 keV. These are the most stringent experimental limits on these models.

DOI: 10.1103/PhysRevLett.129.191301

Introduction.—The nature of dark matter (DM) is one of
the most important questions in modern physics,
with implications spanning from particle physics to astro-
physics and cosmology. This unknown particle contributes
25% of the total energy of the universe [1], but is not
made of ordinary matter and has no electromagnetic
interaction.
Many DM models have been proposed. A number of

candidates fall into the class of cold dark matter (CDM) [2],
made of collisionless particles considered “cold” due to
their small velocity dispersion relative to the speed of light.
This model is extremely successful on supergalactic scales
but there are open challenges at subgalactic scales [3].
CDM predicts more satellites than are observed around

galaxies of Milky Way (MW) mass, “cuspy” dark matter
density profiles in contrast to the flatter cores observed in
dwarf galaxies and clusters, and predicts that subhalos
hosting the largest MW satellites are either underdense or
too small. It is still unclear whether these challenges can be
solved by a better understanding of baryonic processes, or
whether alternative dark matter models are needed (e.g., [4]
and references therein).
Plenty of DM models have been proposed to eliminate

these small-scale tensions between observations and CDM
[5]. DM particles which are generated with higher velocity
dispersions erase fluctuations in the matter power spectrum
at scales smaller than a characteristic “free-streaming
length,” suppressing structures below this scale. So-called
“hot” dark matter candidates such as standard neutrinos are
ruled out by observations [6–9], as the main DM compo-
nent. However, a broad range of “warm” DM (WDM) with
smaller but non-negligible free streaming lengths are
viable. One popular class of WDM models are sterile
neutrinos (SNs).

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 129, 191301 (2022)
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Recent results. II:PBHs

Dike, Gilman, Treu 2023



Summary
• The nature of dark matter is unknown, many 

alternatives to CDM are viable 
• Lensing provides unique insights on the small scale 

structure
• Lensing probes mass directly

• Stringent tests of broad classes of DM models are 
possible

• See talks by Gilman and Nierenberg for recent 
results and developments!


