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Abstract

We present a new method to search for strong gravitational-lensing systems by pairing spectra that are close
together on the sky in a spectroscopic survey. We visually inspect 26,621 spectra in the Dark Energy
Spectroscopic Instrument (DESI) Data Release 1 that are selected in this way. We further inspect the 11,848
images corresponding to these spectra in the DESI Legacy Imaging Surveys Data Release 10, and obtain 2046
conventional strong gravitational lens candidates, of which 1906 are new. This constitutes the largest sample of
lens candidates identified to date in spectroscopic data. Besides the conventional candidates, we identify a new
class of systems that we term “dimple lenses.” These systems have a low-mass foreground galaxy as a lens,
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typically smaller in angular extent and fainter compared with the lensed background source galaxy, producing
subtle surface brightness indentations in the latter. We report the discovery of 318 of these “dimple lens”
candidates. We suspect that these represent dwarf galaxy lensing. With follow-up observations, they could offer a
new avenue to test the cold dark matter model by probing their mass profiles, stellar mass–halo mass relation, and
halo mass function for MHalo ≲ 1013M⊙. Thus, in total, we report 2164 new lens candidates. Our method
demonstrates the power of pairwise spectroscopic analysis and provides a pathway complementary to imaging-
based and single-spectrum lens searches.

Unified Astronomy Thesaurus concepts: Strong gravitational lensing (1643); Gravitational lensing (670); Galaxy
spectroscopy (2171); Sky surveys (1464); Redshift surveys (1378); Dwarf galaxies (416)
Materials only available in the online version of record: machine-readable table

1. Introduction

Strong gravitational lensing occurs when a massive fore-
ground object lies along the line of sight to a more distant
background source. The gravitational field of the foreground
object warps spacetime and thus bends and magnifies the light
from the background source, creating distinctive features such
as arcs, Einstein rings, or multiple images. These configura-
tions depend on the mass distribution of the lens and the
geometry of the source, the lens, and the observer.

Strong-lensing systems are powerful tools in astrophysics
and cosmology. They provide a unique way to study the mass
profiles, including both baryonic matter and dark matter, of
galaxies and galaxy clusters (e.g., A. B. Newman et al. 2015).
Lensing also enables magnified views of high-redshift source
galaxies, offering insights into early galaxy formation and
evolution (e.g., G. Roberts-Borsani et al. 2022). Furthermore,
precise modeling of lens systems can constrain cosmological
parameters, such as the Hubble constant, through time-delay
measurements between multiple images of variable sources
(e.g., TDCOSMO Collaboration et al. 2025) and can also test
alternative dark matter models beyond the standard cold dark
matter (CDM), such as the self-interacting dark matter model
(e.g., S. Li et al. 2025), wave dark matter model (e.g.,
J. H. H. Chan et al. 2020a; A. Amruth et al. 2023), and warm
dark matter model (e.g., K. T. Inoue et al. 2024).

There has also been growing interest in using strong-lensing
systems to test the CDM model with low-mass dark matter
halos. At cosmological distances, the focus tends to be on
“dark” halos that have mass MHalo ≲ 109M⊙ and do not host
sufficient amounts of baryons to form stars (e.g., S. Vegetti
et al. 2010). However, CDM has not been sufficiently tested in
the range 109–1012M⊙. For example, Figure 11 in S. P. Driver
et al. (2022) shows the halo mass function measured down to
MHalo ∼ 1013M⊙. In addition, they show that more than half of
the dark matter mass in the Universe is stored in halos with
MHalo ≲ 1013M⊙, as CDM predicts an abundance of them
(e.g., A. Jenkins et al. 2001; M. S. Warren et al. 2006;
V. Springel et al. 2008). Halos with MHalo ∈ 109–1012M⊙
typically host dwarf galaxies. Finding them represents the first
step toward testing CDM below the typical galactic scale.
However, these are very hard to find at cosmological distances.
Recently, E. Silver et al. (2025) showed that such dwarf
galaxies can be discovered at cosmological distances by
applying machine learning (ML) to imaging data from the
Hubble Space Telescope, JWST, and Roman, using their
CASSL forecast and simulations pipeline (E. Silver 2025), and
the RUN detection pipeline (E. Silver & R. Wang 2025). We
will show in this work that it is also possible to find these low-

mass galaxies in large quantities and at cosmological distances
in ground-based spectroscopic data.
Traditionally, strong-lensing systems were identified through

direct visual inspection of wide-field imaging surveys, searching
for morphological features such as arcs and rings around massive
galaxies or clusters (e.g., J. H. O’Donnell et al. 2022). While
effective, this method is labor intensive and constrained by
human capacity. To overcome this limitation, citizen science
projects have helped address this bottleneck by engaging
thousands of volunteers to visually inspect images for potential
lenses (e.g., P. J. Marshall et al. 2016; A. More et al. 2016b;
A. Sonnenfeld et al. 2020; E. O. Garvin et al. 2022). In parallel,
automated algorithms have been developed to search for
characteristic morphologies using predefined criteria (e.g.,
R. Gavazzi et al. 2014). In recent years, ML algorithms such as
convolutional neural networks have been increasingly applied to
imaging data to automate the discovery of strong lenses,
achieving remarkable success on large datasets (e.g., C. Jacobs
et al. 2019; R. Cañameras et al. 2020; X. Huang et al. 2020).
Beyond static imaging, the time domain offers an

additional avenue for discovering strong lenses. Proposed by
C. S. Kochanek et al. (2006), this technique targets strongly
lensed quasars by identifying flux variations among
multiple images. Subsequent applications to modern surveys
have successfully uncovered new lensed quasars (e.g.,
Z. Kostrzewa-Rutkowska et al. 2018; F. Dux et al. 2024;
W. Sheu et al. 2024).
In addition to imaging-based searches, another well-

established approach utilizes spectroscopic data from large-
scale spectroscopic sky surveys such as the Sloan Digital Sky
Survey. A strong-lens candidate can be identified when a
single-fiber spectrum exhibits features from two objects at
distinct redshifts, allowing detection of lensing systems even
when the corresponding imaging features are not discernible
(A. S. Bolton et al. 2006). In all cases that we are aware of,
these lens candidate systems consist of a massive foreground
galaxy and a background emission-line source.
The recent advent of large-scale spectroscopic surveys such

as the Dark Energy Spectroscopic Instrument (DESI; DESI
Collaboration et al. 2025) has dramatically expanded the
available spectroscopic dataset, providing millions of spectra
across a wide redshift range with unprecedented coverage and
depth. This wealth of spectroscopic information opens up new
discovery space beyond what is accessible through lens
searching using imaging data or single-fiber spectra.
In this paper, we present a new method to search for strong

gravitational lens candidates by pairing spectra from a
spectroscopic sky survey and visually inspecting both the
spectra and corresponding imaging data. In Section 2, we
describe the observations and data used in this work. In
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Section 3, we describe the procedure for selecting spectra from
the data. In Section 4, we detail the visual inspection process
and present the resulting list of candidates. We discuss our
findings in Section 5 and summarize in Section 6.

2. Observations

In this work, we use spectroscopic data from Data Release 1
(DR1) of the Dark Energy Spectroscopic Instrument (DESI
Collaboration et al. 2025), along with imaging and photometric
data from Data Release 10 (DR10) of the DESI Legacy
Imaging Surveys (A. Dey et al. 2019, D. J. Schlegel 2026, in
preparation).

2.1. DESI DR1

DESI is a multifiber spectrograph installed on the Mayall
4 m telescope at Kitt Peak National Observatory, designed to
measure redshifts of galaxies and quasars (DESI Collaboration
et al. 2016a, 2022). The instrument deploys 5000 robotically
actuated fibers of diameter 1 .5 across a focal plane with a
diameter of 3.2° (DESI Collaboration et al. 2016b; J. H. Silber
et al. 2023; T. N. Miller et al. 2024; C. Poppett et al. 2024),
and DESI’s observing strategy is optimized to maximize
survey efficiency (E. F. Schlafly et al. 2023). The spectro-
graphs cover a wavelength range of 3600–9800 Å, split across
three arms (blue, red, and near-infrared), with a resolving
power ranging from R ∼ 2000 at the blue end to R ∼ 5500 at
the red end (DESI Collaboration et al. 2022). This resolution is
sufficient to resolve key spectral features such as the [O II]
λλ3726, 3729 doublet, the [O III] λλ4959, 5007 doublet, Hβ
and Hα emission lines, and absorption features like Ca H and
K lines (e.g., T.-W. Lan et al. 2023).

DESI DR1 provides spectra targeting over 18 million unique
objects, processed through a sophisticated data reduction
pipeline (J. Guy et al. 2023). Redshifts and classifications
are derived using the template-fitting pipeline Redrock
(A. Brodzeller et al. 2023; A. Anand et al. 2024, S. Bailey
et al. 2026, in preparation), and the results are compiled into
merged redshift catalogs covering all targeted sources. DR1
also includes multiple value-added catalogs, among which the
FastSpecFit Spectral Synthesis and Emission-line Catalog
provides derived spectrophotometric quantities, such as
velocity dispersions, as well as additional spectral measure-
ments obtained from spectral fitting (J. Moustakas et al. 2023).
DESI’s target selection is based on photometry from the DESI
Legacy Imaging Surveys (A. D. Myers et al. 2023). There are
four main extragalactic target classes: the Bright Galaxy
Survey (BGS; C. Hahn et al. 2023), targeting galaxies at
z ≲ 0.6; luminous red galaxies (LRG; R. Zhou et al. 2023) at
0.4 ≲ z ≲ 1.0; emission-line galaxies (ELG; A. Raichoor et al.
2023) at 0.6 ≲ z ≲ 1.6; and quasars (QSO; E. Chaussidon
et al. 2023) over a broad redshift range.

Throughout this work, the term “spectrum” refers to the
signal collected by an individual DESI fiber, rather than the
intrinsic spectrum of a single astrophysical object. Because
each fiber subtends a finite aperture on the sky, the collected
light may include contributions from neighboring sources
within the fiber footprint.

2.2. DESI Legacy Imaging Surveys DR10

A. Dey et al. (2019) describe the DESI Legacy Imaging
Surveys (hereafter the DESI Legacy Surveys), which combine

three imaging surveys: the Dark Energy Camera Legacy
Survey (DECaLS), the Mayall z-band Legacy Survey (MzLS),
and the Beijing-Arizona Sky Survey (BASS). In Chile, DECaLS
has been conducted using the 4 m Blanco telescope, covering
∼9000 deg2 of the sky in both the North and South Galactic Cap
regions, extending up to decl. +32° and +34°, respectively. In
Arizona, BASS has been carried out in the g and r bands using
the Bok 2.3 m telescope, while MzLS has imaged the z band
using the 4 m Mayall telescope; both BASS and MzLS target
the north Galactic cap with decl. > +32°, covering ∼5000 deg2.
Together, they cover more than 14,000 deg2 of extragalactic sky
in three optical bands (g, r, z), providing photometrically
calibrated imaging with a median delivered image quality
(FWHM) of 1 .3 (g), 1 .2 (r), and 1 .1 (z) for DECaLS; 1 .6 (g)
and1 .5 (r) for BASS; and 1 .0 (z) for MzLS. The surveys reach
a median 5σ galaxy depth of approximately 24.0, 23.4, and
22.5 AB mag in the g, r, and z bands, respectively (see Table 4
of A. Dey et al. 2019 for details).
The Tractor (D. Lang et al. 2016) performs source extraction

and model-based photometry using the point-spread function
(PSF) and galaxy-profile fitting to deblend overlapping sources.
This photometric dataset, previously noted as the basis for
DESI’s target selection, also serves as a reference in our work.

3. Spectroscopic Selection

3.1. Prefiltering

We begin with the full DESI DR1 merged redshift catalog38

containing approximately 28 million spectra. From this
dataset, we apply initial quality filters to ensure reliability.
First, we remove all spectra with “ZWARN” flags not equal to
zero, indicating potential issues with the pipeline fitting. Next,
we exclude spectra whose spectral type is classified as a star or
whose object type “OBJTYPE” is not a target “TGT.” Finally,
for each object with multiple coadded spectra, we retain only
the spectrum with the longest effective exposure time. These
prefiltering steps are essential for removing unreliable
measurements and focusing on extragalactic objects that are
potential lens candidates, and they reduce the number of useful
spectra to approximately 15.8 million.

3.2. Grouping

After filtering, we apply the friends-of-friends (FoF) algorithm
using the spherimatch39 package (Y.-M. Hsu 2025), developed
by our team, to group nearby spectra within a linking length of
3 .0. We then apply a redshift-based filter, requiring the ratio
between the maximum and minimum redshifts in each group
to exceed 1.3, which selects systems with substantial redshift
differences characteristic of lensing phenomena. The linking
length of 3 .0 is chosen to keep the number of objects for
visual inspection at a manageable level, as extending this
threshold would lead to diminishing returns while systems
with a scale larger than this have predominantly been
identified in previous imaging-based searches. This approach
efficiently identifies candidate lensing systems, where multiple
objects appear in close proximity on the sky but originate from
different redshifts, and focuses on discovering new systems in
a relatively unexplored parameter space.

38 https://data.desi.lbl.gov/public/dr1/spectro/redux/iron/zcatalog/v1/
(zall-pix-iron.fits).
39 https://github.com/technic960183/spherimatch
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After applying these filters, we retain 13,218 groups contain-
ing a total of 26,621 spectra. These groups are distributed as
13,044 pairs (two spectra), 165 triplets (three spectra), seven
quartets (four spectra), and two quintets (five spectra).

3.3. Visual Inspection for Spectral Validation

To ensure the reliability of our candidate selection, we
conduct a comprehensive visual inspection of all 26,621
spectra, with two primary goals: validating the pipeline-fitted
redshifts and correcting cases where the pipeline redshifts are
incorrect. To achieve this, we assign a quality flag to each
spectrum based on the clarity and number of spectral features.
The primary features considered include the Balmer series, Ca
H and K and G absorption lines, and [N II] λλ6550, 6585,
[S II] λλ6718, 6733, [O II] λλ3726, 3729, and [O III]
λλ4959, 5007 doublets and also [Mg II] λ2799, C III] λ1909,
C IV λ1549, and Lyα for quasars. These are only the majority
of the lines used; minor lines are not listed.

We use the following three-level quality grading system
during this inspection:

1. High. Redshift is confidently determined with at least
two strong spectral features.

2. Moderate. Redshift is probable based on either one
strong doublet feature or multiple weak features together
with the continuum (the 4000 Å break).

3. Reject. Redshift is unreliable, with apparent features
likely arising from artifacts or imperfect sky subtraction,
or with no clear features.

In this grading system, “strong” features refer to those visually
about 2 times stronger than local fluctuations, while “weak”
features are between 0.5 and 2 times as strong. We retain only
spectra graded high or moderate for subsequent analysis. The
grading ensures that the pipeline-fitted redshift is of sufficient
quality and not driven by artifacts, while the distinction
between levels mainly serves as a reference for future studies.

For spectra where we identify clear discrepancies between
the spectral features and the pipeline-fitted redshift, we
manually assign a corrected redshift. These spectra are then
reevaluated with the corrected redshift and graded using the
same criteria as other spectra.

In parallel, we record basic spectral properties, including the
presence of emission or absorption lines, and the spectral type
(galaxy, quasar, or star) for reference in subsequent analysis.
We then exclude spectra belonging to stars that have been
misclassified as extragalactic sources.

Additionally, we use a separate “partner’s Z” flag for spectra
in which spectral features of another group member appear,
potentially indicating a multiply imaged source. During visual
inspection, we can overlay spectral line markers at an
alternative redshift and compare directly with other group
members. If the features match those of a partner rather than
the target itself, we apply the “partner’s Z” flag. In cases where
two objects cross-contaminate each other’s spectra, we assign
the “partner’s Z” flag to both spectra. See Figure 1 for
examples of accepted spectra, including a case with such a
“partner’s Z” flag assigned.

After filtering through this visual inspection process, we
obtain a refined sample of 11,837 groups comprising 23,811
spectra.

Furthermore, for groups that contain more than two spectra,
we find that only 13 triplets have three well-separated redshifts

(Δz� 0.02), and the rest have only two. For the triplets that
have three well-separated redshifts, we break them into three
pairs of spectra. For the remaining groups, most consist of
multiple fibers pointing at different parts of an object and a
single fiber pointing at a second object. We select a
representative pair of spectra for each group based on fiber
positions or spectral quality. Pairs that do not satisfy a
separation of 3 .0< and a redshift ratio of >1.3 are removed.
With this method, we convert all groups into 11,848 pairs of
spectra (hereafter “systems”) for the second round of visual
inspection in the next section.

4. Candidate Inspection and Results

This section presents the visual inspection of potential
lensing systems using a combination of spectroscopic and
imaging information. With groups of spectra having reliable
redshifts established in the previous section, we assess whether
their configurations exhibit features commonly associated with
strong gravitational lensing.
In Section 4.1, we outline the key observational features

considered during inspection. Section 4.2 introduces the grading
scheme used to classify candidates based on the strength and
consistency of these features. The outcome of the inspection is
presented in Section 4.3. In Section 4.4, we describe a new class
of systems, referred to as dimple systems, that exhibit less
conventional but likely lensing-related signatures.

4.1. Visual Inspection to Determine Lens Candidacy

The visual inspection to determine lens candidacy is guided
by several observational factors drawn from both imaging and
spectroscopy, including the following:

1. Arc-like or elongated features that curve toward the
central object.

2. Multiple-image or counterimage configurations, as well
as rings, typically exhibiting similar colors.

3. Deviation from PSF-like morphology in quasar sources,
which may suggest unresolved multiple images. This is
analogous to “elongated features” in the first item.

4. Spectral features of sources appearing in the spectrum of
the lens (referred to as the “partner’s Z” in Section 3.3).
This is considered potential evidence for a counterimage.

5. An estimated Einstein radius, derived from the velocity
dispersion of the lens assuming an isothermal mass profile
(R. Narayan & M. Bartelmann 1996). This provides an
angular scale for comparison with the positions of lensed
features (see Figure 2 for an example). The angular
Einstein radius θE is calculated using

c

D

D
4 , 1v

E

2
ds

s
( )=

where σv is the velocity dispersion of the lens, c is the
speed of light, Ds is the angular diameter distance to the
source, and Dds is the angular diameter distance between
the lens and source. All distances are computed assuming
a flat ΛCDM cosmology with H0 = 70 km s−1 Mpc−1 and
Ωm = 0.3, and σv is obtained from the FastSpecFit
Spectral Synthesis and Emission-line Catalog.40

40 https://data.desi.lbl.gov/public/dr1/vac/dr1/fastspecfit/iron/v2.1/
catalogs/ (fastspec-iron.fits), and its website at https://data.desi.lbl.gov/doc/
releases/dr1/vac/fastspecfit/.

4

The Astrophysical Journal Supplement Series, 282:41 (19pp), 2026 February Hsu et al.

https://data.desi.lbl.gov/public/dr1/vac/dr1/fastspecfit/iron/v2.1/catalogs/
https://data.desi.lbl.gov/public/dr1/vac/dr1/fastspecfit/iron/v2.1/catalogs/
https://data.desi.lbl.gov/doc/releases/dr1/vac/fastspecfit/
https://data.desi.lbl.gov/doc/releases/dr1/vac/fastspecfit/


These factors are considered together during inspection. The
combination of spectral evidence and morphological features
from imaging often provides stronger support for lensing
candidacy than from either spectral or imaging data alone.
When considering only one of these two aspects, the evidence
may be ambiguous—for example, a pair of foreground and

background objects in proximity on the sky with different
redshifts may merely overlap (without the strong-lensing effect
present); the spectral flag “partner’s Z” may result from the light
of the background object “leaking” into the fiber centered on the
foreground object due to finite seeing; or an elongated feature in
imaging may simply be a spiral arm, clarified by the spectra.
Our grading reflects a holistic judgment that also considers the
plausibility of alternative explanations. To minimize bias, we do
not check whether a system is known from previous studies
before the completion of the visual inspection.

4.2. Candidate Grading

We evaluate each system to determine whether it meets the
criteria for one of three grade levels: A, B, or C. Systems that
receive any of these grades are selected as lens candidates. The
grading reflects the strength and consistency of the observed
lensing features, as detailed below.
Grade A—strongly convincing candidates:

1. Candidates display features such as multiple images, an
arc–counterarc configuration, or a significant arc, and the
angular separation between the features and the lens
(hereafter θsep) is consistent with the estimated Einstein

Figure 2. Images used for visual inspection. The same image is shown twice;
the right panel includes annotations, while the left panel does not, to avoid
obscuring faint features. In the right panel, the yellow solid circle marks the
estimated Einstein radius, and the yellow dashed circles show its 1σ
uncertainty. The red and blue dots indicate fiber positions for the foreground
and background objects, respectively. The system shown here is DESI-
043.3037+03.0729 (see Section 4.3.1).

Figure 1. Representative spectra for the redshift quality grading system. Top panel: high redshift quality. The emission lines secure the redshift. From left to right,
the zoomed-in boxes show the details of [O II] λλ3726, 3729, Hα and [N II] λλ6550, 6585, and [S II] λλ6718, 6733. Second panel: moderate redshift quality. The
strength of Ca H and K absorption lines is slightly higher than the noise, and the 4000 Å break is detected. Third and fourth panels: a pair of spectra showing a
foreground galaxy (third panel, z = 0.3679) and a background galaxy (fourth panel, z = 1.1166). The foreground spectrum is labeled with the “partner’s Z” flag
because of the [O II] λλ3726, 3729 emission lines from the background spectrum, visible in both panels (see the zoomed-in boxes). The background spectrum does
not have the flag. Both of these spectra are graded as high-quality.
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radius θE calculated from the velocity dispersion (i.e.,
θsep ∼ θE).

Grade B—convincing but less secure candidates:

1. For θsep/θE ≲ 1.5, candidates show an arc-like elonga-
tion or faint multiple images/counterimages.

2. For θsep/θE ≳ 1.5, candidates exhibit multiple images/
counterimages.

3. Without θE available, candidates display multiple images
or an arc–counterarc pair.

Grade C—tentative candidates with limited confidence:

1. For θsep/θE ≲ 1.5, candidates exhibit a possible arc-like
elongation.

2. For θsep/θE ≳ 1.5, candidates show an arc-like elonga-
tion or faint multiple images/counterimages.

3. Without θE available, candidates display a possible arc-
like elongation or multiple images, paired with a
luminous (typically red) foreground galaxy.

4.3. Conventional Strong-lens Candidates

From the visual inspection of 11,848 systems, we identify
2046 conventional lens candidates, of which 1906 are
newly discovered and 140 are previously known systems
independently recovered by our method (see Section 5.3
for discussion). These known systems are originally reported
by A. S. Bolton et al. (2008), B. C. Lacki et al. (2009),
J. R. Brownstein et al. (2012), A. Sonnenfeld et al. (2013,
2018, 2019, 2020), R. Gavazzi et al. (2014), A. More et al.
(2016a), C. A. Lemon et al. (2018, 2019), K. C. Wong et al.
(2018, 2022), A. Manjón-García et al. (2019), C. E. Petrillo
et al. (2019), C. Jacobs et al. (2019), J. González-Nuevo et al.
(2019), J. H. H. Chan et al. (2020b), X. Huang et al.
(2020, 2021), A. T. Jaelani et al. (2020), R. Cañameras et al.
(2020, 2021), M. S. Talbot et al. (2021), R. Li et al. (2021),
G. Stein et al. (2022), Y. Shu et al. (2022), E. Savary et al.
(2022), and C. Storfer et al. (2024). The distribution of grades
is summarized in Table 1.

All newly discovered Grade A lens candidates are presented
in Figure 3, with descriptions in Section 4.3.1 and detailed
properties listed in Table 2. All other candidates are
summarized in Appendix A, which includes a machine-
readable catalog with a descriptive table. Image cutouts of
all new Grade B candidates are shown in Appendix B.

4.3.1. Description of New Grade A Candidates

Here we provide descriptions of all newly discovered Grade
A candidates. The candidates are listed in the same order as in
Figure 3 and Table 2. Pairs of spectra for two selected
candidates are provided in Figures 4 and 5.

DESI-004.5374+01.0382. A large arc in the SE and a
counterimage in the W.

DESI-037.4253-03.3533. An image in the NW and a
counterimage in the S. The [O II] λλ3726, 3729 doublet from
the source appears in the lens spectrum.
DESI-043.3037+03.0729. A doubly lensed quasar system.

Both Lyα and C IV λ1549 emission lines from the source
appear in the lens spectrum—these appear as broad features,
though not as broad as for a typical QSO (see Figure 4).
DESI-063.4488-18.1813. A large arc in the E and a

counterarc in the W.
DESI-066.3585-16.5116. A quadruply lensed system. The

[O II] λλ3726, 3729 and [O III] λλ4959, 5007 doublets, as well
as the Hβ emission line from the source, appear in the lens
spectrum.
DESI-119.2449+42.4903. A slightly elongated quasar

image in the SE and a counterimage in the SW.
DESI-132.2396-01.3110. An arc in the E and a counterarc in

the W. Two possible images in the NW and the SW make this
system a possible quad.
DESI-152.1067-03.2930. A large arc in the S.
DESI-162.5471+02.3538. A large arc in the NE and a

possible counterarc in the SW.
DESI-215.8346+35.7262. An image in the E and another in

the N; possibly a quad.
DESI-227.5058+37.0509. A doubly lensed quasar system.

An image in the N and a counterimage in the SE.
DESI-227.9553+36.6557. A possible quadruply lensed

quasar system with three clear images and a possible fourth
image in the S. The C III] λ1909 broad emission line from the
source appears faintly in the lens spectrum.
DESI-228.8385+02.3565. A doubly lensed quasar system.

The spectrum of the source comes from the image in the N.
The image in the S does not have a DESI spectrum at present.
Features from both spectra appear in each other, likely due to
the small separation between the fibers.
DESI-231.8344+01.6947. A lensed quasar system. There

appears to be a very faint arc around the lens, starting from the
bright image in the SW and extending toward the N. In
addition, the [Mg II] λ2799 and C IV λ1549 broad emission
lines from the source appear in the lens spectrum (see
Figure 5).
DESI-249.7123+04.6103. A large arc in the NE and a

possible counterarc in the SW.
DESI-251.9827+32.5477. A large but faint arc in the W and

another arc of similar size in the E.
DESI-259.9375+14.3606. A large arc in the SW and a

possible counterarc in the NE. The [O II] λλ3726, 3729
emission lines from the source appear in the lens spectrum.
DESI-264.7547+30.3171. An arc in the W and a possible

counterarc in the E.
DESI-285.9895+64.4143. An arc in the W and a counterarc

in the E.
DESI-334.6393+00.6638. Two arcs in the NE and the NW,

with two other possible counterarcs on the opposite side.
Features from both spectra appear in each other, likely due to
the small separation between the fibers.

4.4. Dimple Systems

During visual inspection, we also identify a class of lens
candidates that we refer to as “dimple systems.” In these cases,
a small, low-mass foreground galaxy, acting as a lens, appears
superimposed on the extended light profile of a large
background galaxy. While the lens typically has a small

Table 1
Grading Results for Conventional Lens Candidates

Grade A Grade B Grade C Total

Newly Discovered 20 188 1698 1906
Previously Known 41 45 54 140

Total 61 233 1752 2046
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Einstein radius and does not produce obvious arcs or
counterimages, it may induce a localized indentation, visually
resembling a dimple, in the surface brightness profile of the
background source (see the simulations of such systems in
E. Silver et al. 2025).

We have identified 318 dimple candidates (some over-
lapping with the conventional lens candidates); examples are
shown in Figure 6.

Follow-up observations of these candidate dimple systems
are needed to confirm their lensing nature. For example, high-
resolution imaging can reveal the indentation in the light
distribution of the background galaxy. Multiband imaging may
offer improved contrast between the lens and the background
source. In addition, a data cube from an integral field unit can
reveal the relative strength of the emission-line fluxes of the
background galaxy with respect to the location of the
foreground low-mass galaxy, either from space or from a
ground-based observatory with adaptive optics.

5. Discussion

5.1. The New Methodology and the Prediction

Our method identified a total of 2046 conventional strong-
lens candidates (Grades A–C), including 1906 newly dis-
covered systems and 140 previously known lenses recovered.
These findings demonstrate that our method is effective for
discovering new lens candidates, particularly those that may be
missed by ML-based searches in imaging data or by single-
fiber searches in spectroscopic data, since our method
integrates both spectral (across two or more fibers) and
imaging information.
The redshift distributions of these candidates are shown in

Figure 7. For the lenses, the distribution peaks at zd ∼ 0.3,
which is lower than that of the known candidates (at zd ∼ 0.4),
but has a slightly broader range. Grade A systems are the most
consistent with the known sample, with Grade B and Grade C
candidates showing progressively greater differences. The

Figure 3. All 20 new Grade A candidates discovered in this paper. The naming convention is R.A. and decl. in decimal format. The images have a width of 51 pixels
13 .4. North is up, and east to the left. The gray solid circle marks the estimated Einstein radius (denoted in the upper right of each image), and the gray dashed

circles indicate its 1σ uncertainty. The red and blue dots indicate fiber positions for the foreground and background objects, respectively; zd and zs are the
spectroscopic redshifts of the lens and the source, respectively. See Section 4.3.1 for the description of each candidate.
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Figure 4. Spectra of DESI-043.3037+03.0729 with spectroscopic redshift zd = 0.6027 (lens, top) and zs = 2.3404 (source, bottom). The emission lines Lyα and C IV
λ1549 from the source appear in the lens spectrum.

Figure 5. Spectra of DESI-231.8344+01.6947 with spectroscopic redshift zd = 0.3059 (lens, top) and zs = 1.4395 (source, bottom). Broad emission lines [Mg II]
λ2799 and C IV λ1549 from the source appear in the lens spectrum.

Table 2
Properties of New Grade A Lens Candidates

Name θDS θE Lens Source

zd σv g r z zs Type g r z

DESI-004.5374+01.0382 1.91 3.05 1.36
1.76+ 0.327 455 ± 116 20.96 19.36 18.47 0.750 GAL 23.63 22.39 20.73

DESI-037.4253-03.3533 1.70 2.41 0.68
0.80+ 0.274 348 ± 53 20.64 19.32 18.56 1.098 GAL 22.80 22.95 22.43

DESI-043.3037+03.0729 1.78 1.58 0.41
0.47+ 0.603 300 ± 41 21.89 20.41 19.08 2.340 QSO 21.67 21.63 20.99

DESI-063.4488-18.1813 1.23 1.23 0.43
0.52+ 0.286 270 ± 52 20.12 18.67 17.71 0.785 GAL N/A 23.68 20.72

DESI-066.3585-16.5116 1.79 1.37 0.29
0.32+ 0.267 280 ± 31 19.07 17.88 17.10 0.772 GAL 22.22 22.53 21.99

DESI-119.2449+42.4903 2.31 6.13 3.04
4.07+ 0.122 485 ± 140 20.05 19.30 18.63 2.086 QSO 21.87 21.73 21.37

DESI-132.2396-01.3110 1.35 1.26 0.25
0.27+ 0.367 301 ± 31 20.85 19.09 17.85 0.793 GAL 26.25 23.69 21.33

DESI-152.1067-03.2930 2.98 4.08 1.12
1.30+ 0.281 480 ± 71 19.48 17.89 16.94 0.846 GAL 22.32 21.86 21.09

DESI-162.5471+02.3538 1.49 1.97 0.88
1.14+ 0.331 396 ± 102 20.85 19.32 18.44 0.634 GAL 23.54 23.16 22.59

DESI-215.8346+35.7262 2.14 1.93 0.42
0.47+ 0.406 361 ± 42 20.76 18.87 17.84 0.974 GAL N/A 24.15 21.15

DESI-227.5058+37.0509 1.89 2.10 0.71
0.85+ 0.422 325 ± 60 21.16 19.50 18.55 2.063 QSO 23.00 22.90 22.10

DESI-227.9553+36.6557 2.69 3.97 1.32
1.59+ 0.367 423 ± 78 20.45 19.10 18.10 2.822 QSO 21.21 20.06 19.17

DESI-228.8385+02.3565 1.15 2.39 0.39
0.42+ 0.228 470 ± 40 19.06 18.25 17.70 0.378 QSO 19.28 18.31 17.42

DESI-231.8344+01.6947 2.55 1.93 0.82
1.04+ 0.306 306 ± 74 20.95 19.91 19.30 1.440 QSO 19.15 18.66 18.81

DESI-249.7123+04.6103 1.48 0.90 0.13
0.14+ 0.363 284 ± 21 20.67 18.94 17.86 0.637 GAL N/A 24.60 20.95

DESI-251.9827+32.5477 2.03 1.76 0.43
0.50+ 0.341 308 ± 41 20.97 19.39 18.51 1.196 GAL 23.30 23.26 22.61

DESI-259.9375+14.3606 1.65 1.29 0.28
0.32+ 0.557 308 ± 36 22.16 20.46 19.12 1.269 GAL 22.52 22.44 21.80

DESI-264.7547+30.3171 1.71 1.98 0.59
0.70+ 0.315 388 ± 63 20.02 18.40 17.45 0.630 GAL 25.02 23.27 21.09

DESI-285.9895+64.4143 1.48 1.10 0.14
0.15+ 0.231 242 ± 16 19.90 18.45 17.55 0.757 GAL 25.46 23.32 20.88

DESI-334.6393+00.6638 1.15 1.20 0.29
0.33+ 0.245 260 ± 34 20.41 18.92 17.99 0.720 GAL 25.18 23.75 20.88

Notes. The naming convention is R.A. and decl. in decimal format. θDS is the angular separation between the fiber pair on the sky (between the putative lens and the
source image), and θE is the estimated Einstein radius, both in arcseconds. For the lens, zd is the spectroscopic redshift, σv is the velocity dispersion in km s−1, and g,
r, and z are the g-, r-, and z-band magnitudes, respectively. For the source, zs is the spectroscopic redshift, Type is the spectral type, and g, r, and z are also the
magnitudes.
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distribution of the sources also shows a similar trend. This may
indicate that our Grade B and C candidates represent lensing
systems that occupy a broader parameter space than the known
lenses.

Figure 8 shows the spatial distribution of all visually
identified candidates overlaid on the DESI DR1 spectroscopic
footprint. The strong correlation between candidate density
and the underlying spectroscopic coverage highlights the
dependence of our method on fiber density. In particular, the
small clumps of candidates in high-density regions are due to
the “One-percent Survey” conducted during the DESI Survey
Validation phase, which followed a “deep-first” strategy and
created localized regions of high fiber coverage. This reflects
the clear advantage of increased spectroscopic density for this
approach to strong-lens searches.

By performing a linear fit between the density of spectra
with reliable redshift measurements in DESI DR1 ρspec and the
density of candidates ρcan on a HEALPix map with Nside = 16,
we obtain the following relation:

r0.000154 0.0703, 0.641.can spec
2= × =

This corresponds to an average yield of one strong-lens
candidate per ∼6500 redshift measurements within a unit solid
angle. (“Injected” candidates are not included in this estimate;
see Section 5.3.)
As DESI progresses toward its goal of obtaining redshifts for

40 million galaxies and quasars across 14,000 deg2, and given
that DR1 already contains about one-third of the redshift
measurements, we estimate that our method could identify at
least ∼4000 additional lens candidates. This would bring the total

Figure 6. Representative “dimple” lens candidates discovered in this paper. The image format and annotations follow the same convention as in Figure 3. Velocity
dispersion is not available for most of the dimple candidates; thus the estimated Einstein radius is not provided.

Figure 7. Redshift distributions of conventional lens candidates by grade. Left panel: distribution of lens redshifts. Right panel: distribution of source redshifts. In
both panels, stacked colored histograms represent all conventional candidates identified in this work, grouped by visual inspection grade, Grade A (blue), Grade B
(green), and Grade C (orange), corresponding to the left y-axis. The black solid lines represent the redshift distributions of previously known strong-lensing systems,
corresponding to the right y-axis.
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number of new candidates discovered with our method to
approximately 6000 by the end of the DESI 5 yr main survey.
This demonstrates that our method is competitive with and
complementary to the number of lenses found or projected to be
found by using imaging data (X. Huang et al. 2020, 2021;
C. Storfer et al. 2024; J. C. Inchausti et al. 2025) or the single-
fiber search technique (J. Karp et al. 2026, in preparation) on the
same DESI footprint. Not counting the single-fiber search that is
expected to be published soon, there are now ∼10,000 lens
candidates from DESI imaging and spectroscopic data. Combin-
ing all search methods, we expect the number of strong lenses
(with redshifts for the lenses and sources for most systems) from
the DESI footprint will be of the same order of magnitude as that
projected to be found in the Rubin Observatory Legacy Survey of
Space and Time (LSST). Together with UNIONS41 (C. J. Storfer
et al. 2025), this sample will provide a highly complementary
set of lenses, with LSST uncovering systems in the southern
sky and 4MOST enabling their follow-up.

5.2. Dimple Candidates with Dwarf Galaxies

In addition to the conventional candidates, we identify 318
systems characterized by lensing configurations with small
Einstein radii. We interpret these systems as potential candidates
for strong lensing by dwarf galaxies. To explore this connection,
we crossmatch our dimple candidates with the DESI Extragalactic
Dwarf Galaxy Catalog42 (DGC; V. Manwadkar et al. 2026, in

preparation) and find 30 matches. See Appendix C for their
image cutouts. As shown in Figure 9, the distribution of the
putative lenses in the candidate dimple lensing systems
extends to higher redshifts than the dwarf galaxies in the
DESI catalog. This is not a surprise, as dwarf galaxies are
difficult to identify beyond the local Universe. We suspect a
large number of our dimple lens candidates will turn out to be
dwarf galaxies. Therefore, our discoveries of these dimple lens
candidates present a possible new avenue to find and study
dwarf galaxies. First, dwarf galaxies acting as lenses will allow
us to measure the total mass within the Einstein radius. The
comparison with the baryonic mass will make it possible to
constrain the mass of the dark matter component, and this will
address the question of the nature of dark matter by
constraining their mass-profile slope (e.g., G. Zhang et al.
2024; Q. He et al. 2025), stellar mass–halo mass relation (e.g.,
J. I. Read et al. 2017; R. H. Wechsler & J. L. Tinker 2018), and
halo mass function for MHalo ≲ 1013M⊙ (e.g., S. P. Driver
et al. 2022). Second, this will allow us to identify dwarf
galaxies at cosmological distances and will further allow us to
examine any evolutionary trends. Lastly, by the end of the
DESI program, we expect to find a total of at least ∼1000
dimple lens candidates. This will then constitute a statistical
sample of dwarf galaxies, for which we can measure the
masses reliably via the lensing effect.

5.3. Biases from Spectral Targeting

To evaluate selection biases in our method, we examine the
distribution of DESI target classes that led to the initial
spectroscopy of each candidate in our sample. Table 3
summarizes this for both lenses and sources across all

Figure 8. All candidates identified in this work overlaid on the DESI DR1 footprint. Each point represents an individual candidate with the following color scheme:
newly discovered Grades A (blue), B (green), and C (dark orange); previously known Grades A (light blue), B (light green), and C (yellow); and dimple candidates
(red). The grayscale background shows the density of spectra with confident redshifts (ZWARN = 0 and OBJTYPE = TGT). The black solid line represents the
footprint of the DARK program of the DESI main survey. This map is drawn with the Mollweide projection in equatorial coordinates.

41 The MzLS part of the DESI Legacy Surveys covers approximately the
same footprint. However, the image quality is inferior to that of UNIONS.
42 https://data.desi.lbl.gov/public/dr1/vac/dr1/extragalactic-dwarfs/v1.0/
(desi_dwarfs_y1_catalog.fits), and its website at https://data.desi.lbl.gov/
doc/releases/dr1/vac/extragalactic-dwarfs/.
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conventional candidates, including distinctions between pre-
viously known lens candidates and newly identified ones.
Since we intentionally avoid imposing priors on the spectral
type of the lens or source, this enables us to identify candidates
beyond specific combinations of spectral types (e.g., LRG as
foreground and ELG as background from single-fiber lens
searches; e.g., M. S. Talbot et al. 2021), offering a more
complementary perspective on the lensing population.

To trace the origins of each candidate, we further examine
the targeting bitmasks recorded for each fiber. In addition to
the main survey (e.g., BGS, LRG, and ELG), we also track
whether a fiber has been selected by any of the Secondary
Target Programs (SCND), a set of programs that utilize
remaining fibers not assigned to primary targets, thereby
enabling broader scientific exploration beyond the main
programs.

We find that all previously known lens candidates in our
sample are associated with BGS, LRG, or SCND targets.
Notably, 82 out of 140 contain at least one spectrum solely
observed through the program “Spectroscopic confirmation of
strong gravitational lens candidates” (hereafter STRON-
G_LENS; X. Huang et al. 2025), which is specifically designed
to acquire spectra of systems already identified as lens
candidates from the DESI Legacy Surveys imaging data.

While all spectra are treated equally in our analysis, these
cases correspond to targets intentionally observed through
dedicated programs—effectively sample injections—and
therefore cannot be regarded as independent recoveries by
our method.
In contrast, the newly identified candidates are mostly

targeted via the main DESI survey programs, particularly BGS
and LRG for the lenses, and ELG for the sources. None of
these new candidates are associated with the STRONG_LENS
program, consistent with the expectation that they were not
preselected as known lens candidates.
This distinction between preselected and independently

discovered candidates underscores the importance of separat-
ing sample injection from genuine recovery. The targeting
breakdown demonstrates that our pipeline is capable of
recovering known lenses and, crucially, identifying new
systems from the main DESI survey without relying on prior
lensing information. This motivates a deeper analysis of
recovery efficiency using only the subset of previously known
candidates unaffected by targeted injection, which we present
in the following subsection.

5.4. Recovery of Previously Known Candidates

To further quantify the performance of our methodology, we
evaluate how previously known lens candidates (excluding
those solely observed through the STRONG_LENS program as
mentioned above) progress through each stage of our pipeline.
Out of 3619 such systems with at least one DESI fiber, only
154 have multiple fibers within 3″, a necessary condition for
forming spectral groups in this work. Among these, 90 systems
have reliable redshifts in two or more spectra after visual
inspection, and 78 of them satisfy the redshift ratio threshold.
Ultimately, 56 pass our final lens inspection. This much-
reduced number (from 3619) reflects both the stringency of our
selection criteria and observational limitations, particularly
fiber density, which appears to be the dominant bottleneck. It
is worth emphasizing that despite this limitation, DESI
remains the only wide-field spectroscopic survey with
sufficient coverage and fiber density to enable a pair-based
lens search of this nature.

Figure 9. Redshift distributions of dimple candidates. Left panel: distribution of lens redshifts. Right panel: distribution of source redshifts. In both panels, the filled
histograms (red for lenses, blue for sources) show the redshift distributions of all dimple candidates identified in this work, corresponding to the left y-axis. The black
solid lines represent the redshift distributions of systems matched with the DESI DGC, corresponding to the right y-axis.

Table 3
Distribution of DESI Target Classes

Class Lens Sources

New Known All New Known All

BGS 1474 92 1566 132 2 134
LRG 442 70 512 662 18 680
ELG 72 0 72 846 37 883
QSO 38 0 38 362 7 369
SCND 177 87 264 223 83 306
LENS 0 78 78 0 80 80
others 189 15 204 283 6 289

Notes. Each target may be selected by multiple target classes, so the total
counts exceed the number of candidates. LENS refers to the STRONG_LENS
program. Counts from all other SCND programs are combined under “others.”
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In the final stage, out of the 78 systems, 22 do not pass
inspection. Fourteen of these are from C. E. Petrillo et al.
(2019), four from SuGOHI (A. Sonnenfeld et al. 2018, 2020;
K. C. Wong et al. 2018), two from M. S. Talbot et al. (2021),
one from G. Stein et al. (2022), and one from C. Storfer et al.
(2024). We find that, as shown in Figure 10, in several cases,
the systems are rejected as strong-lens candidates because their
estimated Einstein radii are too small compared to the
separation between the putative lens and source images,
lowering our confidence below the threshold used in this work.
In other cases, the previously presumed background source is
actually a foreground galaxy. Finally, for some systems (e.g.,
Figure 11), a nearby galaxy with a different redshift can lead to
a spurious pair being selected, even though the actual source of
the background emission is unresolved in imaging.

6. Summary

In this work, we present a new method for searching for
strong gravitational lenses. We identify lens candidates by
matching pairs of spectra that are close in angular separation
on the sky but have sufficiently large redshift differences in a
spectroscopic survey. This method complements ML-based
lens searches in imaging data and single-fiber lens searches in
spectroscopic data. Our approach utilizes spectroscopic data
from DESI DR1 and imaging from the DESI Legacy Surveys
DR10. To date, DESI DR1 contains the largest publicly
available redshift catalog, with 14.6 million reliable redshift
measurements of galaxies and quasars. By leveraging the
unprecedented fiber density of DESI, we perform a pairwise
spectroscopic lens search for the first time.

Visual inspection plays a crucial role in our method. It
consists of two parts: pipeline redshift validation for 26,621
spectra and image inspection for 11,848 systems.
To select the spectra for inspection, we begin with galaxies

and quasars with redshifts labeled as reliable by the pipeline,
then group them using our implementation (spherimatch;
Y.-M. Hsu 2025) of the FoF algorithm in spherical coordinates
with a linking length of 3 .0. We keep the groups whose
maximum and minimum pipeline redshifts yield a redshift
ratio greater than 1.3. We then grade each spectrum’s pipeline
redshift reliability as high, moderate, or reject, and proceed
only with those having high or moderate grades. For spectra
with clear mismatches between their features and the pipeline
redshift, we manually assign corrected redshifts before
grading. For groups with more than two spectra, we break
them into pairs (if there are at least three well-separated
redshifts in the group) or select the best pair to represent the
group.
We conduct one more round of visual inspection, which

involves both imaging and spectral data. On the imaging side,
we consider both classical imaging features and the expected
Einstein radius as grading factors. Einstein radii are estimated
using the redshifts of the putative lens and source for each pair
and assuming a singular isothermal mass profile. On the
spectral side, we determine whether spectral features of the
putative source appear in the lens spectrum, which may
indicate the presence of counterimages unresolved in the
imaging data.
We then assign Grades A, B, or C to our candidates based

on all the factors mentioned above. We present 2046 strong-
lens candidates. Among them, 1906 are new discoveries
(including 20 new A-grade and 188 new B-grade systems) and
140 correspond to previously published lenses, of which 78 are
DESI STRONG_LENS secondary targets. To our knowledge,
our new candidate sample represents the largest number of
strong-lens candidates identified in spectroscopic observations.
In addition to conventional systems, we identify a new class

of candidates, which we term dimple systems. These involve
small, low-mass galaxies in front of background galaxies with
extended light profiles, producing subtle surface brightness
indentations rather than prominent arcs or counterimages. We
identify 318 dimple systems and match 30 of them with the
DESI DGC. This represents an alternative and complementary

Figure 10. Rejected previously identified lens candidates during the final
candidate inspection. The format is the same as in Figure 3. zred and zblue are
the spectroscopic redshifts of the foreground object (red dot) and the
background object (blue dot), respectively. Upper left: the background image
does not show elongation and its slightly asymmetric appearance may be
caused by obscuration from the foreground galaxy. The estimated Einstein
radius is 3 times smaller than the separation between the two objects. Upper
right: the putative lens (blue dot) is in fact in the background. Note that the
galaxy north of the blue-dot galaxy does not have a DESI spectrum. Lower
left: the spectrum of the putative source (red dot) shows that it is in the
foreground.

Figure 11. A previously identified lens candidate that we do not recover in this
work. The format and annotations are the same as in Figure 10. M. S. Talbot
et al. (2021) identified this candidate by the detection of the [O II]
λλ3726, 3729 doublet at z = 0.88 within the z = 0.361 galaxy (blue dot),
though the source is unresolved in imaging. In our analysis, this system is
selected because of the nearby foreground galaxy (red dot), at zred = 0.2552,
forming a pair of galaxies with differing redshifts. However, it fails the final
candidate inspection because the pair does not resemble a strong-lensing
system.
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approach to using ML techniques to find low-mass galaxies
(E. Silver et al. 2025). One significant advantage of our
approach is that our candidates already have redshifts for the
foreground and background galaxies. This enables the use of
dwarf galaxy lenses to test predictions of the CDM model, by
constraining their mass profiles, stellar mass–halo mass
relation, and abundance. However, high-resolution imaging
is required for full confirmation and lens modeling to
determine the enclosed mass, the slope of the mass profile,
and other properties.

By overlaying the sky distribution of our candidates with the
DESI spectroscopic density map, we find a strong correlation
between the density of our candidates and the density of the
spectroscopic data, indicating that our method depends heavily
on the local density of available spectra.

Given the ongoing progress of the DESI 5 yr main survey,
we project that this method will discover approximately 7000
new lens candidates in total. This is competitive and highly
complementary to ML-based imaging and single-fiber spectro-
scopic lens searches on the same DESI footprint.

Acknowledgments

The authors thank the anonymous referee for constructive
comments that improved the manuscript.

Y.-M.H. acknowledges support from Ting-Wen Lan and
Hsi-Yu Schive, who provided the opportunity to continue this
research during his study at National Taiwan University.

X.H. acknowledges the University of San Francisco Faculty
Development Fund.

This research used resources of the National Energy
Research Scientific Computing Center (NERSC), a U.S.
Department of Energy Office of Science User Facility operated
under contract No. DE-AC02-05CH11231, and the Computa-
tional HEP program in the Department of Energy’s Science
Office of High Energy Physics provided resources through the
“Cosmology Data Repository” project (grant #KA2401022).

This material is based on work supported by the U.S.
Department of Energy (DOE), Office of Science, Office of
High Energy Physics, under contract No. DE-AC02-
05CH11231, and by the National Energy Research Scientific
Computing Center, a DOE Office of Science User Facility
under the same contract. Additional support for DESI was
provided by the U.S. National Science Foundation (NSF),
Division of Astronomical Sciences, under contract No. AST-
0950945 to the NSF’s National Optical-Infrared Astronomy
Research Laboratory; the Science and Technology Facilities
Council of the United Kingdom; the Gordon and Betty Moore
Foundation; the Heising-Simons Foundation; the French
Alternative Energies and Atomic Energy Commission
(CEA); the National Council of Humanities, Science and
Technology of Mexico (CONAHCYT); the Ministry of
Science, Innovation and Universities of Spain (MICIU/AEI/
10.13039/501100011033); and the DESI Member Institutions:
https://www.desi.lbl.gov/collaborating-institutions.

The DESI Legacy Imaging Surveys consist of three
individual and complementary projects: the Dark Energy
Camera Legacy Survey (DECaLS), the Beijing-Arizona Sky
Survey (BASS), and the Mayall z-band Legacy Survey
(MzLS). DECaLS, BASS, and MzLS include data obtained,
respectively, at the Blanco telescope, Cerro Tololo Inter-
American Observatory, NSF’s NOIRLab; the Bok telescope,
Steward Observatory, University of Arizona; and the Mayall

telescope, Kitt Peak National Observatory, NOIRLab. NOIR-
Lab is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agree-
ment with the National Science Foundation. Pipeline proces-
sing and analyses of the data were supported by NOIRLab and
the Lawrence Berkeley National Laboratory. The Legacy
Surveys also use data products from the Near-earth Object
Wide-field Infrared Survey Explorer (NEOWISE), a project of
the Jet Propulsion Laboratory/California Institute of Technol-
ogy, funded by the National Aeronautics and Space Admin-
istration. The Legacy Surveys were supported by the Director,
Office of Science, Office of High Energy Physics of the U.S.
Department of Energy; the National Energy Research
Scientific Computing Center, a DOE Office of Science User
Facility; the U.S. National Science Foundation, Division of
Astronomical Sciences; the National Astronomical Observa-
tories of China; the Chinese Academy of Sciences; and the
Chinese National Natural Science Foundation. LBNL is
managed by the Regents of the University of California under
contract to the U.S. Department of Energy. The complete
acknowledgments can be found at https://www.legacysurvey.
org/acknowledgment/.
Any opinions, findings, and conclusions or recommenda-

tions expressed in this material are those of the authors and do
not necessarily reflect the views of the U. S. National Science
Foundation, the U. S. Department of Energy, or any of the
listed funding agencies.
The authors are honored to be permitted to conduct

scientific research on I’oligam Du’ag (Kitt Peak), a mountain
with particular significance to the Tohono O’odham Nation.
Facilities: Mayall (DESI), Mayall (Mosaic-3), Blanco

(DECam), Bok (90Prime).
Software: spherimatch (Y.-M. Hsu 2025), astropy (Astropy

Collaboration et al. 2013, 2018, 2022), desispec (J. Guy et al.
2023), desitarget (A. D. Myers et al. 2023), FastSpecFit
(J. Moustakas et al. 2023), Redrock (S. Bailey et al. 2026, in
preparation).

Author Contributions

Y.-M.H. developed the methodology, conducted the visual
inspection, implemented the software tools, and prepared the
manuscript. X.H. supervised the research, provided training for
the visual inspection, and reviewed and revised the manuscript.
C.J.S. and J.C.I. assisted with referencing the known
candidates. D.S. contributed to the development of concepts
and the initial feasibility discussion. J.M. developed Fas-
tSpecFit, which provided the velocity dispersion measure-
ments. All other authors, as DESI builders, contributed
through their roles in the DESI Collaboration.

Appendix A
Full Catalog of Lens Candidates

This appendix presents the full list of lens candidates
identified in this work as an online catalog. It includes all
systems graded A, B, or C, newly discovered or previously
known, as well as the dimple candidates. A machine-readable
version is provided on our project website at https://sites.
google.com/usfca.edu/neuralens/, at Zenodo doi:10.5281/
zenodo.17153224, and in Table 4, which describes the
columns in the catalog.
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Table 4
Description of Columns in the Full Candidate Catalog

Column Unit Description

Name ⋯ Name in the convention of R.A. and decl. in
decimal format

RAdeg deg R.A. in decimal degrees (International Celestial
Reference System, ICRS)

DEdeg deg Decl. in decimal degrees (ICRS)
Grade ⋯ Visual inspection grade for conventional lenses
z(d) ⋯ Lens spectroscopic redshift
z(s) ⋯ Source spectroscopic redshift
Known ⋯ Previously reported lens candidate
Dimple ⋯ Dimple candidate
DGC ⋯ Matched with DGCa

Sep arcsec Angular separation between the fiber pair
RE arcsec Estimated Einstein radius
E_RE arcsec +1σ limit of the estimated Einstein radius
e_RE arcsec −1σ limit of the estimated Einstein radius
Vd km s–1 Lens velocity dispersion
e_Vd km s–1 Uncertainty of the lens velocity dispersion
NSp ⋯ Number of spectra with reliable redshift mea-

surements in the group
Nz ⋯ Number of distinct redshifts (Δz � 0.02) in the

group
Nz1 ⋯ Number of spectra with the first redshift in the

group
Nz2 ⋯ Number of spectra with the second redshift in the

group
Nz3 ⋯ Number of spectra with the third redshift in the

group
q_z(d) ⋯ Lens visual inspection quality on spectroscopic

redshift
q_z(s) ⋯ Source visual inspection quality on spectroscopic

redshift
SpType(d) ⋯ Lens spectral type
SpType(s) ⋯ Source spectral type
Emi(d) ⋯ Emission lines present in the lens spectrumb

Emi(s) ⋯ Emission lines present in the source spectrumb

Abs(d) ⋯ Absorption lines present in the lens spectrumb

Abs(s) ⋯ Absorption lines present in the source spectrumb

Fg(d) nMgy Lens g-band flux from The Tractor (FLUX_G)
Fr(d) nMgy Lens r-band flux from The Tractor (FLUX_R)
Fz(d) nMgy Lens z-band flux from The Tractor (FLUX_Z)
Fg(s) nMgy Source g-band flux from The Tractor (FLUX_G)
Fr(s) nMgy Source r-band flux from The Tractor (FLUX_R)
Fz(s) nMgy Source z-band flux from The Tractor (FLUX_Z)
Tid(d) ⋯ Lens TARGETID in the DESI catalogc

Sur(d) ⋯ Lens SURVEY name in the DESI catalogc

Prog(d) ⋯ Lens PROGRAM name in the DESI catalogc

Tid(s) ⋯ Source TARGETID in the DESI catalogc

Sur(s) ⋯ Source SURVEY name in the DESI catalogc

Prog(s) ⋯ Source PROGRAM name in the DESI catalogc

Notes.
a Available only for the dimple candidates.
b Available only for the spectral type of galaxy.
c (TARGETID, SURVEY, PROGRAM) can uniquely determine a fiber in the DESI redshift catalogs.

(This table is available in its entirety in machine-readable form in the online article.)
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Appendix B
Images of New Grade B Candidates

Figure 12 shows image cutouts of all newly discovered
Grade B systems.

Figure 12. All new Grade B candidates discovered in this work. The format and annotations are the same as in Figure 3.
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Figure 12. (Continued.)
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Figure 12. (Continued.)
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Appendix C
Images of DESI DGC Matches

Figure 13 shows image cutouts of all matches in the DGC
with the dimple candidates.
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