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Abstract: Strong gravitational lensing provides a unique probe of dark matter structure at the smallest
cosmological scales, and thus constrains the particle nature of dark matter itself. By coupling directly to
gravity, lensing circumvents luminous tracers of the underlying dark matter, and it is sensitive to mass scales
below those of typical dwarf galaxies. Should dark matter continue to evade direct detection, gravitational
probes such as lensing will provide the only means with which to probe its particle nature, such as the
mass, self-interaction strength, non-gravitational interactions with the Standard Model, and compact object
abundances. Exploiting the full power of lensing to constrain the nature of dark matter requires a sufficiently
large and well-characterised sample of lenses, exquisite data and sophisticated analysis tools. While a large
sample of lenses is being assembled by current and upcoming surveys (such as Rubin, Roman, Euclid
observatories), sufficiently sensitive data can only be obtained with the resolution and collecting area of
large ground based facilities with adaptive optics, such as extremely large telescopes (ELTs), or the James
Webb Space Telescope (JWST). It is key to continue to support the development of adaptive optics from the
ground for high resolution imaging and spectroscopy and to support cross-disciplinary, collaborative efforts
to unite dark matter analysis with particle theory and experiment.
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Background: As the particle physics community seeks to diversify the experimental effort to search for
dark matter, it is important to remember that astrophysical observations provide robust, empirical measure-
ment of fundamental dark matter properties. In the coming decade, astrophysical observations will guide
other experimental efforts, while simultaneously probing unique regions of dark matter parameter space. In
this Letter of Interest we emphasise and promote strong gravitational lensing as a dark matter experiment.
Strong lensing is a purely gravitational phenomenon, which probes mass concentrations independent of their
baryonic content on sub-galactic scales, including in mass regimes where halos contain few to no stars1–4.
The detection and quantification of halo structure down to halo mass Mh ∼ 107M� provides a stringent
test of different dark matter models that makes unique predictions for the abundance and density profiles
of halos in this regime. Examples of these models include warm dark matter (WDM), self-interacting dark
matter (SIDM), primordial black holes (PBH), and fuzzy dark matter (FDM). While some dark matter mod-
els change primarily the abundance of structure, other models result in imprints on the density structure of
halos. Strong lensing is sensitive to both effects at low mass. Strong lensing observables are sensitive to
both subhalos associated with the host dark matter halo of the main deflector, and field halos along the entire
the line of sight from the source to the observer5–7. The latter population is unaffected by tidal forces from a
host halo, making line-of-sight halos pristine laboratories for probing dark matter physics through structure
formation.

Recent progress: Analyses of resolved distortions in extended Einstein rings have resulted in the detection
of substructure with inferred lensing masses of Mlens ≈ 108−9M� with the Hubble Space Telescope, Keck
adaptive optics (AO), and ALMA interferometric data8–13. The sensitivity of a lensing detection is limited
by the angular resolution of the data, and by the structure of the lensed source. Additional challenges arise in
the modelling process as a result of the complexity of the data set, uncertainties in telescope and instrument
response, and degeneracies in the lens model and source structure. Very Long Baseline Array (VLBA) radio
observations have the capacity to probe structure power at the 107M� scale, albeit for a very small sample
of lens systems, and require analysis pipelines that can cope with the large data volume per observational
target.

The magnification ratios between adjacent images of multiply-imaged quasars provide an alternate
means of probing substructure. Initial studies showed that these data are consistent with CDM at scales
of & 109 M�

3;14. Recent progress with newly gathered data and a re-analysis of previously existing data
resulted in tighter constraints demonstrating consistency with CDM to scales of & 108 M�

15;16. The latest
constraints correspond to a free-streaming length scale of ∼ 10kpc, or an equivalent thermal relic particle
mass of mth > 5 keV, ruling out warmer mass functions at 2 sigma confidence. A similar study constrain-
ing the mass-concentration relation of dark matter halos at ∼ 109 M�

17 showed consistency with CDM
predictions, and the extrapolation of N-body simulation results to the scales probed by lensing.

The magnification of lensed images depends on the size of the background source, and thus the inter-
pretation of these data depends on the size of the emitting source region (radio vs narrow-line emission
region) and on the smooth component of the lens model with respect to which anomalies can be identified.
Over-simplified lens models18 can bias the expected flux ratios, and baryonic structures such as prominent
disks can affect the interpretation of anomalous structures in both real lenses19–21 and simulated ones22.

The way forward - opportunities and challenges: Deviations from CDM predictions at mass scales of
107M�, where galaxy formation models have minimal impact on the structure and abundance of dark matter
halos, would require physics beyond ΛCDMwith a particle physics model of dark matter. Conclusive results
at the 107M� scale will require an expanded sample size of suitable lens systems, and improved data quality.
The Rubin and Roman Observatories will yield up to 10,000 gravitational lenses, including several hundred
quadruply-imaged quasars. The order of magnitude expansion of the current strong lens sample size forms
the basis upon which strong gravitational lensing probes of dark matter and dark energy will operate in
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the next decade. However, this sample of lenses will not translate into constraints on dark matter at the
107M� level on its own; sufficiently precise and sensitive follow-up efforts must be undertaken for a targeted
subsample. Further, for a decisive measurement to determine the physical nature of dark matter, multiple
independent approaches with statistical significance and rigorous tests of systematics and assumptions are
required.

Existing adaptive-optics supported ground and space-based facilities and with the near-term advances in
all-sky access of adaptive optics, such as the commissioning KAPA instrument23 , paired with the emerging
sample of gravitational lenses, have the spatial resolution necessary for precise determination of the mass
function and structure of halos in the range 108−10M� with gravitational imaging. Gravitational imaging
sensitivity will significantly benefit from the improved imaging resolution afforded by next-generation tele-
scopes. For constraints from unresolved image flux ratios, predictions for required numbers of lenses and
flux measurement precision are provided by Gilman et al. (2019)7. The expected number of quadruply-
lensed quasars on the sky is sufficient to meet the requirements to measure the mass structure at ∼ 107 M�,
but the constraining power of a fixed sample size depends strongly on the measurement precision of the
flux ratios. Current state of the art measurements presented by Nierenberg et al. (2020)24 achieve 5-6 %
precision. Considering that most of the quadruply-lensed quasars to be added to the existing sample will be
fainter, enhanced observational capabilities will ensure that lensing reaches the 107M� target threshold.

The James Webb Space Telescope (JWST) will enable precise spectroscopic measurement of narrow
line and dusty-tori flux ratios, but may not have the capacity to do so for a required sample of ∼ 100
quadruply-lensed quasars. In addition, uncertainties in the emitting source structure affect the interpretation
of the flux ratios and thus provide a systematic floor unless resolved measurements of a subset of quasars
can be achieved. The collecting area of the next generation of ground based extremely large telescopes
(ELTs; US-ELTP for the US) with adaptive optics will make it possible to precisely measure flux ratios for a
sufficiently large sample and allow a statistically precise inference of the structure at ∼ 107 M�. In addition,
when the adaptive optics performance on ELTs becomes near diffraction limited, the currently unresolved
narrow line emission regions become resolved and assumption on the source morphology can be replaced
by direct empirical evidence.

In addition to the required data to perform the dark matter experiment with strong lensing, ongoing de-
velopments in the data analysis techniques encompassing image simulation, signal extraction and statistical
inference tools, including the use of machine learning approaches, need to be pursued to cope with the ex-
pected data sets. Furthermore, accurate predictions of the gravitational and non-gravitational imprints on
the structure formation process at the probed mass resolution require advanced computational approaches.
Furthermore, translating observations into constraints on dark-matter particle properties requires a dedi-
cated simulation effort, which includes creating many realizations of lens systems with full baryonic and
dark-matter physics.

In conclusion, exploiting the full power of lensing to constrain the nature of dark matter requires both
exquisite data and sophisticated analysis tools. While the latter are being developed on precursor datasets,
the former can only be obtained with the resolution and collecting area of extremely large telescopes (ELTs).
The analysis of the proposed data will require continued support for the development of methods, com-
putational techniques and resources, as well as a robust interface between strong lensing predictions and
cosmological numerical simulations of different dark matter theories.
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Bernstein, E. Bertin, D. Brooks, D. L. Burke, A. Carnero Rosell, M. Carrasco Kind, J. Carretero, C. E. Cunha,
C. B. D’Andrea, L. N. da Costa, D. L. DePoy, S. Desai, H. T. Diehl, T. F. Eifler, B. Flaugher, D. A. Goldstein,
D. Gruen, R. A. Gruendl, J. Gschwend, G. Gutierrez, E. Krause, K. Kuehn, H. Lin, M. A. G. Maia, M. March,
F. Menanteau, R. Miquel, A. A. Plazas, A. K. Romer, E. Sanchez, B. Santiago, M. Schubnell, I. Sevilla-Noarbe,
R. C. Smith, F. Sobreira, E. Suchyta, G. Tarle, D. Thomas, D. L. Tucker, A. R. Walker, R. H. Wechsler, W. Wester,
B. Yanny, and (DES Collaboration, “Farthest Neighbor: The Distant Milky Way Satellite Eridanus II,” Astrophys.
J., vol. 838, p. 8, Mar. 2017.

[6] G. Despali, S. Vegetti, S. D. M. White, C. Giocoli, and F. C. van den Bosch, “Modelling the line-of-sight
contribution in substructure lensing,” Mon. Not. R. Astron. Soc., vol. 475, pp. 5424–5442, Apr. 2018.

[7] D. Gilman, S. Birrer, T. Treu, A. Nierenberg, and A. Benson, “Probing dark matter structure down to 107 solar
masses: flux ratio statistics in gravitational lenses with line-of-sight haloes,” Mon. Not. R. Astron. Soc., vol. 487,
pp. 5721–5738, Aug. 2019.

[8] S. Vegetti, L. V. E. Koopmans, A. Bolton, T. Treu, and R. Gavazzi, “Detection of a dark substructure through
gravitational imaging,” Mon. Not. R. Astron. Soc., vol. 408, pp. 1969–1981, Nov. 2010.

[9] S. Vegetti, D. J. Lagattuta, J. P. McKean, M. W. Auger, C. D. Fassnacht, and L. V. E. Koopmans, “Gravitational
detection of a low-mass dark satellite galaxy at cosmological distance,” Nature, vol. 481, pp. 341–343, Jan. 2012.

[10] S. Vegetti, L. V. E. Koopmans, M. W. Auger, T. Treu, and A. S. Bolton, “Inference of the cold dark matter
substructure mass function at z = 0.2 using strong gravitational lenses,” Mon. Not. R. Astron. Soc., vol. 442,
pp. 2017–2035, Aug. 2014.

[11] Y. D. Hezaveh et al., “Detection of lensing substructure using ALMA observations of the dusty galaxy SDP.81,”
Astrophys. J., vol. 823, no. 1, p. 37, 2016.

[12] S. Birrer, A. Amara, and A. Refregier, “Lensing substructure quantification in RXJ1131-1231: a 2 keV lower
bound on dark matter thermal relic mass,” Journal of Cosmology and Astroparticle Physics, vol. 5, p. 037, May
2017.

[13] E. Ritondale, S. Vegetti, G. Despali, M. W. Auger, L. V. E. Koopmans, and J. P. McKean, “Low-mass halo
perturbations in strong gravitational lenses at redshift z∼0.5 are consistent with CDM,” 2018.

[14] A. M. Nierenberg, T. Treu, G. Brammer, A. H. G. Peter, C. D. Fassnacht, C. R. Keeton, C. S. Kochanek, K. B.
Schmidt, D. Sluse, and S. A. Wright, “Probing dark matter substructure in the gravitational lens HE 0435-1223
with the WFC3 grism,” Mon. Not. Roy. Astron. Soc., vol. 471, no. 2, pp. 2224–2236, 2017.

[15] D. Gilman, S. Birrer, A. Nierenberg, T. Treu, X. Du, and A. Benson, “Warm dark matter chills out: constraints
on the halo mass function and the free-streaming length of dark matter with eight quadruple-image strong gravi-
tational lenses,” Mon. Not. R. Astron. Soc., vol. 491, pp. 6077–6101, Feb. 2020.

[16] J. W. Hsueh, W. Enzi, S. Vegetti, M. W. Auger, C. D. Fassnacht, G. Despali, L. V. E. Koopmans, and J. P. McK-
ean, “SHARP - VII. New constraints on the dark matter free-streaming properties and substructure abundance
from gravitationally lensed quasars,” Mon. Not. R. Astron. Soc., vol. 492, pp. 3047–3059, Feb. 2020.

[17] D. Gilman, X. Du, A. Benson, S. Birrer, A. Nierenberg, and T. Treu, “Constraints on the mass-concentration
relation of cold dark matter halos with 11 strong gravitational lenses,” Mon. Not. R. Astron. Soc., vol. 492,
pp. L12–L16, Feb. 2020.

[18] D. Xu, D. Sluse, P. Schneider, V. Springel, M. Vogelsberger, D. Nelson, and L. Hernquist, “Lens galaxies in the
Illustris simulation: power-law models and the bias of the Hubble constant from time-delays,” Mon. Not. Roy.
Astron. Soc., vol. 456, no. 1, pp. 739–755, 2016.

4



[19] J. W. Hsueh, C. D. Fassnacht, S. Vegetti, J. P. McKean, C. Spingola, M. W. Auger, L. V. E. Koopmans, and D. J.
Lagattuta, “SHARP – II. Mass structure in strong lenses is not necessarily dark matter substructure: a flux ratio
anomaly from an edge-on disc in B1555+375,” Mon. Not. Roy. Astron. Soc., vol. 463, no. 1, pp. L51–L55, 2016.

[20] J. W. Hsueh, L. Oldham, C. Spingola, S. Vegetti, C. D. Fassnacht, M. W. Auger, L. V. E. Koopmans, J. P.
McKean, and D. J. Lagattuta, “SHARP – IV. An apparent flux-ratio anomaly resolved by the edge-on disc in
B0712+472,” Mon. Not. Roy. Astron. Soc., vol. 469, no. 3, pp. 3713–3721, 2017.

[21] J.-W. Hsueh, G. Despali, S. Vegetti, D. Xu, C. D. Fassnacht, and R. B. Metcalf, “Flux-ratio anomalies from
discs and other baryonic structures in the Illustris simulation,” Mon. Not. Roy. Astron. Soc., vol. 475, no. 2,
pp. 2438–2451, 2018.

[22] D. Gilman, A. Agnello, T. Treu, C. R. Keeton, and A. M. Nierenberg, “Strong lensing signatures of luminous
structure and substructure in early-type galaxies,” Mon. Not. Roy. Astron. Soc., vol. 467, no. 4, pp. 3970–3992,
2017.

[23] J. R. Lu, P. Wizinowich, C. Correia, J. Chin, S. Cetre, S. Lilley, S. Ragland, E. Wetherell, S. Birrer, T. Do,
W. Drechsler, A. Ghez, T. Jones, M. Liu, D. Mawet, C. Max, M. Morris, T. Treu, and S. Wright, “KAPA: A
new Keck laser-guide star AO system that increases image quality and sky coverage,” in American Astronomical
Society Meeting Abstracts, American Astronomical Society Meeting Abstracts, p. 118.03, Jan. 2020.

[24] A. M. Nierenberg, D. Gilman, T. Treu, G. Brammer, S. Birrer, L. Moustakas, A. Agnello, T. Anguita, C. D.
Fassnacht, V. Motta, A. H. G. Peter, and D. Sluse, “Double dark matter vision: twice the number of compact-
source lenses with narrow-line lensing and the WFC3 grism,” Mon. Not. R. Astron. Soc., vol. 492, pp. 5314–5335,
Mar. 2020.

5



Authors: (Name and affiliation)
Tommaso Treu (University of California, Los Angeles)
Daniel Gilman (University of Toronto)
Chris Fassnacht (University of California, Davis)
Francis-Yan Cyr-Racine (University of New Mexico)
Cora Dvorkin (Harvard University)
Anna Nierenberg (University of California, Mercedes)
Keith Bechtol (University of Wisconsin-Madison)
James Nightingale (Durham University)
Yao-Yuan Mao (Rutgers University)
Leonidas Moustakas (JPL/Caltech)
Dominique Sluse (University of Liège)
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