The Small-Scale Structure of Dark Matter Through Roman’s Lenses

Tansu Daylan
Assistant Professor

Department of Physics and McDonnell Center for the Space Sciences
Washington University in St. Louis

Shifting Landscapes

in Astrophysics, EE : W h' |
Pasadena, July 16, 2026 X aS




he search for dark matter

Uncovering a gamma-ray excess at the galactic center
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Strong gravitational lensing

Imaging of strong gravitational
lenses allows inference of the
abundance and structure of
mass, which is referred to as
gravitational imaging.




Cold Dark Matter (CDM) in hierarchical structure formation

In the concordance model of cosmology, Lambda Cold Dark Matter (LCDM), virialized and dynamically equilibrated objects form

in the form of halos with a have a characteristic profile.

Giocoli+2008
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Strong gravitational lensing with substructure

- Low-mass dark matter subhalos (< 1e9 M) typically lead to
millilensing by perturbing the lens potential (Koopmans 2005).

- Inference of millilensing signature requires diffraction-limited imaging
(i.e., ~0.1 arcsec resolution).
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Transdimensional gravitational imaging

- A critical unknown in inference of subhalos is the number of unknowns
(subhalos).

- Gravitational imaging can be performed transdimensionally using PCAT
(Daylan+2017), which is a transdimensional, Bayesian, and hierarchical
iInference framework that samples from the posterior of a metamodel consistent
with data using a computationally efficient set of proposals.
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Transdimensional gravitational imaging

3811

PCAT/Lens (Daylan et al. 2018) .
samples from the posterior catalog
space of subhalos consistent with
the imaging data, characterizing the
transdimensional uncertainties in the
catalog space.
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Transdimensional gravitational imaging

Sample catalogs of dark matter subhalos can be
marginalized over to constrain the convergence field
(.e., mass surface density).
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Next frontier in gravitational imaging

To advance our capability to characterize dark matter substructure, 686 - gﬁfg;ﬂs
we need IR capabillity, high angular resolution, wide field of view. & 6000 1 . SLOS
i B BELLS GALLERY
Roman’s wide field of view coupled with diffraction-limited E 4000 -
photometry in the infrared will transform our ability to detect and =
characterize strong lenses relevant to testing the microphysics of %2000 -
dark matter. e
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High-latitude wide-area survey and substructure lensing

- During the community survey definition process, we proposed an
intermediate-depth tier for the HLWAS to optimize the survey for
the detection of strong lenses amenable to substructure inference
(Daylan & Birrer, 2023).
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The Roman Strong Lensing WES program

In October 2023, we began our Roman Wide Field Science Program (BONSSC24K0095). The goals of
the program are to

- develop a pipeline to generate realistic Roman WFI images of galaxy-galaxy-type strong lenses
toward informing a broad range of science cases with a team focus on dark matter substructure
via gravitational imaging,

- Implement and organize a data challenge based on the data.

Team members

co-l: Simon Birrer (Stony Brook University) )
Bryce Wedig Aysu Ece Saricaoglu

Washington University: Bryce Wedig and Aysu Ece Saricaoglu (grad students), Jodie Xiao (undergrad)

Stony Brook University: Alan Huang, Yixuan Shao, Rahul Karthik (grad students)

Pl: Tansu Daylan (Washington University)

Collaborators: Francis-Yan Cyr-Racine, Cora Dvorkin, Douglas P. Finkbeiner, Xiaosheng Huang,
Priyamvada Natarajan, Anna M. Nierenberg, Annika Peter, Justin D. R. Pierel, Risa H. Wechsler



The Roman view of strong gravitational lenses

The resulting simulation pipeline, mejiro, takes into account the Roman
optics and detector response, which we used to estimate the yield for strong
lenses amenable to detection and characterization (Wedig et al., 2025).

https://zenodo.org/records/15512464

B}Qc '\'Néd. : https://github.com/AstroMusers/mejiro


https://github.com/AstroMusers/mejiro

The Roman view of strong gravitational lenses

The resulting simulation pipeline, mejiro, takes into account the Roman
optics and detector response, which we used to estimate the yield for strong
lenses amenable to detection and characterization (Wedig et al., 2025).

High Latitude Wide Area Survey simulation with SLSim (Khadka et al., in prep.)

Output: parameters for detectable strong lenses

A 4

Generate realistic population of CDM subhalos with pyHalo
(Gilman et al. 2020)

Ray-shoot to draw surface brightness with lenstronomy
(Birrer & Amara 2018, Birrer et al. 2021)

Simulate Roman HLWAS exposure with GalSim (Rowe et al. 2015)
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Simulating optical and detector systematics
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The Roman view of strong gravitational lenses
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The

Roman view of strong gravitational lenses
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The Roman view of strong gravitational lenses

Per exposure:
~2( detectable strong lenses
~1 high-SNR (SNR > 200) strong lens
Over the mission lifetime in the HLWAS.:
>160,000 “detectable” lenses
> 500 high-SNR strong
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Gravitational Lenses Projected to ‘Pop Out’ in Simulated Roman Image News &Events v Multmedia ~

imulations of Gravitationally Lensed Galaxies in a Roman Space Telescope Image

NASA's Roman to Peer Into
Cosmic ‘Lenses’ to Better
Define Dark Matter

A funky effect Einstein predicted, known as gravitational lensing — when a foreground galaxy

magnifies more distant galaxies behind it — will soon become common when NASA’'s Nancy

Grace Roman Space Telescope begins science operations in 2027 and produces vast surveys of

=FWashU YaleNews SPACE! STScl & NASA Press release, June 12, 2025



The

Roman view of strong gravitational lenses
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The

Roman view of strong gravitational lenses
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Further development of mejiro (July 2025 onward)

COSMOS-Web galaxies as
sources with four bands (see
right)

GPU-accelerated ray-shooting
with JAX via JAXtronomy

Co-addition of L2 data
products from romanisim
using romancal




Roman Strong Lensing Data Challenge

As part of our WFES Program work, we have been running a Roman Strong
Lensing Data Challenge focused on strong lensing.



Roman Strong Lensing Data Challenge

Objectives:

- maximize the dark matter science potential of Roman galaxy-scale strong lenses by providing simulated
datasets

- facilitate community efforts to train neural networks on strong lens identification and dark matter characterization

- enable dataset generation and analysis on Roman Research Nexus

4 Roman Data Challenge for Dark
Matter @ »Home
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dark matter models. Thus, our aim is to analyze dark matter through strong gravitational lenses,
which can allow us to place constraints on these alternative dark matter models.

With the Roman space telescope HLWAS survey launching in May 2027, Wedig et al (2025)
predicts that there will be about 500 detectable strong lenses with sufficient signal-to-noise ratio
to be susceptible to robust dark matter analysis. Thus, the Roman data challenge aims to achieve
the following:

https://roman-data-challenge.readthedocs.io/en/latest/



Roman Strong Lensing Data Challenge

The data challenge will have four rungs, increasing in difficulty and extent.

Rung 0: Train a regression model to infer the Einstein Radius of a simple strong lens with no added
substructure, serving as a tutorial to familiarize participants with the data challenge process.

Training dataset: ~10k images, Test set: ~10k images

Rung 1: Train a classification model to determine whether a strong lens contains substructure or not
using a dataset with 50% containing substructure and 50% not.

Training dataset: ~100k images, Test set: ~10k images

Rung 2: Measure the amplitude, slope, and low-mass cutoff of the subhalo mass function.

Rung 3: Disentangle line-of-sight halos from substructure and infer their concentrations.



Roman Strong Lensing Data Challenge

Datasets, stored in HDF5 files, are hosted on
Zenodo (links to each dataset are on the
website).

.

Each dataset is bundled with a Jupyter notelbook
that demonstrates how to work with it.

- We will help participating teams obtain RRN
accounts, access the data on the RRN, and
perform analyses on the RRN to rehearse the
future Roman workflow in collaboration with
STScl.

- Classification models, accuracy, precision, true
positive rate, and false positive rates are
evaluated.

For regression models goodness, precision, and
accuracy are evaluated.

clojsisis s Fols

For questions on or to participate in the data challenge, you can contact us via the
Roman Slack Workspace (#strong-lensing) or the mailing list
romanstronglensing@lists.physics.wustl.edu.



Roman Strong Lensing
Data Challenge

Fall 2025: generation of the Rung O
and Rung 1 dataset and website

January 2026: Start of the data
challenge office hours and Rung O

March 2026: Incorporate feedback
from Rung O, begin Rung 1

~January 2027 incorporate
commissioning data into a training
and test data set for a new version of
the challenge.

~December 2027: end of the data
challenge
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Roman Strong Lensing

Data Challenge

* Atleast 7 teams are participating, and 3 have submitted final results so far.
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Roman Strong Lensing Data Challenge

At least 7 teams are participating, and 3 have submitted final results so far.
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Cycle 1 and beyond

We are currently using mejiro-simulated cutouts, along with
photometric redshift estimates, to train neural networks to extract
strong lens candidates from the upcoming imaging data stream.

As part of this longer-term work, we look forward to the approved
Cycle 1 programs:

| ed/co-led from WashU: /

Transiting White Dwarf Exoplanets with the Galactic Bulge Time
Domain Survey (19060)

All the strong lenses in Roman HLWAS (19045) e

CO-l:
Strongly Lensed Supernova Cosmology with the Roman HLTDS
(19038)

llluminating Dark Energy and Black Holes with Strong Bryce Wedig (WashU)
Gravitational Lensing in the Nancy Grace Roman Space
Observatory Era (19065)


https://roman.ipac.caltech.edu/cycle1-approved-programs/19038
https://roman.ipac.caltech.edu/cycle1-approved-programs/19065

Conclusion

Multiwavelength probes of dark matter chart our path toward constraining its
particle nature.

Roman Space Telescope, scheduled for launch on August 30, 2026, will
observe ~160,000 detectable strong lenses of which about 500 will have
sufficient signal-to-noise to be amenable to detailed substructure
characterization to probe dark matter microphysics.

We are in accretion process to start a strong lensing focus group
within the Cosmology Science Group of the Roman Science
Collaboration. Reach out if you are interested!

January 2025, during our AAS 245 visit to GSFC
| ] ]
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We invite applications for the two annual
postdoc prize fellowships at WashU with
relevance to Roman.

Ed Jaynes Fellowship
(deadline: ~December, 2026)

MCSS Fellowship
(deadline: ~December, 2026)




