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Abstract

We present spectroscopic data of strong lenses and their source galaxies using the Keck Near-Infrared
Echellette Spectrometer (NIRES) and the Dark Energy Spectroscopic Instrument (DESI), providing redshifts
necessary for nearly all strong-lensing applications with these systems, especially the extraction of physical
parameters from lensing modeling. These strong lenses were found in the DESI Legacy Imaging Surveys using
residual neural networks and followed up by our Hubble Space Telescope program, with all systems displaying
unambiguous lensed arcs. With NIRES, we target eight lensed sources at redshifts difficult to measure in the
optical range and determine the source redshifts for six, between z, = 1.675 and 3.332. DESI observed one of
the remaining source redshifts, as well as an additional source redshift within the six systems. The two systems
with nondetections by NIRES were observed for a considerably shorter 600 s at high airmass. Combining
NIRES infrared spectroscopy with optical spectroscopy from our DESI Strong Lensing Secondary Target
Program, these results provide the complete lens and source redshifts for six systems, a resource for refining
automated strong lens searches in future deep- and wide-field imaging surveys and addressing a range of
questions in astrophysics and cosmology.

Unified Astronomy Thesaurus concepts: Strong gravitational lensing (1643); Gravitational lensing (670); Galaxy
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spectroscopy (2171); Infrared spectroscopy (2285); Spectroscopy (1558); High-redshift galaxies (734)

1. Introduction

As a consequence of general relativity, foreground
galaxies or galaxy clusters can warp spacetime and bend
the light of background galaxies when the alignment is
nearly perfect, resulting in the formation of multiple images,
arcs, or Einstein rings (e.g., D. Walsh et al. 1979; J. Huchra
et al. 1985; A. S. Bolton et al. 2008). These strong
gravitational lensing systems offer significant insights into
astrophysics and cosmology. Since the deflection of light is a
function of the lens mass, these systems may be used to study
the distribution of dark matter in lensing galaxies and galaxy
clusters (e.g., C. S. Kochanek 1991; L. V. E. Koopmans &
T. Treu 2002; A. S. Bolton et al. 2006; D. Clowe et al. 2006;
L. V. E. Koopmans et al. 2006; M. Brada¢ et al. 2008;
X. Huang et al. 2009; E. Jullo et al. 2010; C. Grillo et al.
2015; Y. Shu et al. 2015, 2016a, 2016b, 2017; N. Tessore
et al. 2016), as well as dark matter substructure or line-of-
sight low-mass halos (e.g., S. Vegetti et al. 2010;
Y. D. Hezaveh et al. 2016; A. C. Cagan Sengiil et al.
2022). These systems also act as a magnifying glass for both
spectral and spatial features of the lensed background galaxy,
allowing more detailed study of the morphology of high-
redshift galaxies (e.g., P. J. Marshall et al. 2007; M. A. Cor-
nachione et al. 2018; V. Patricio et al. 2019; E. Vanzella
et al. 2020). Finally, multiple images of a transient in the
background galaxy (typically a quasar or supernova) can be
used to measure time delays, providing an independent
measurement of the Hubble constant Hy (e.g., D. A. Goldst-
ein & P. E. Nugent 2017; D. A. Goldstein et al. 2018; Y. Shu
et al. 2018; J. D. R. Pierel & S. Rodney 2019; R. Wojtak
et al. 2019; S. H. Suyu et al. 2020; P. L. Kelly et al. 2023;
S. H. Suyu et al. 2024).

We conducted searches for strong lensing systems
(X. Huang et al. 2020, 2021; C. Storfer et al. 2024) using

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

deep residual neural networks (ResNet; K. He et al. 2015) on
the Dark Energy Spectroscopic Instrument (DESI) Legacy
Imaging Surveys (A. Dey et al. 2019), and presented a large
catalog of ~3500 new strong lens candidates.”> These
candidate systems need follow-up observations for confirma-
tion. For high-resolution imaging, our Hubble Space Telescope
(HST) Snapshot program followed up on a subset of 51
candidates. Except for one ambiguous case, 50 of 51
candidates in our HST sample show unambiguous arcs, with
most having multiple lensed images (Paperl in this series,
X. Huang et al. 2026). Spectroscopic observations are also
being carried out. A. Cikota et al. (2023) published the first of
our candidate systems spectroscopically confirmed by VLT
MUSE. The Dark Energy Spectroscopic Experiment (DESI
Collaboration et al. 2016a, 2016b) Strong Lensing Secondary
Target Program has already observed a large fraction of our
lens candidates for spectroscopic confirmation within its
footprint.”* Paper II in this series (X. Huang et al. 2025b) will
introduce this program and present strong lensing spectra from
DESI Early Data Release.

For a fraction of the systems in our lens candidate catalog
(preliminarily, ~30%), the source redshifts are too high and
the typical emission features (e.g., [O1I] 3727) would lie
beyond the optical range. We therefore turn to Keck NIRES
to obtain spectroscopic redshifts for the lensed sources of
these systems. Of these 30% of systems, the selection criteria
for the eight systems in this paper were primarily based on
visibility from Keck, the typical airmass of observation, and
the brightness of the lensed arcs. Follow-up studies on the
remaining systems are underway, and multiple Keck
observing runs have been completed. Here, in Paper III of
this series, we present our first near-IR spectroscopic follow-
up results from Keck NIRES for systems observed by our
HST program. We describe our Keck NIRES observations in
Section 2, and present the data reduction pipeline in

53 The entire catalog of these lens candidates can be found on our project
website: https: //sites.google.com/usfca.edu/neuralens/

54 DEST will separately follow up lensed quasar candidates discovered by
autocorrelation (C. Dawes et al. 2023)
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Section 3. We describe our results in Section 4, and conclude
in Section 5.

2. Observations
2.1. Hubble Space Telescope

For our Hubble Space Telescope Snapshot program (GO-
15867, PI: Huang), Confirming Strong Galaxy Gravitational
Lenses in the DESI Legacy Imaging Surveys, we submitted a
subset of our most promising lens candidates (112 targets).
Details of the program are provided in Paper I (X. Huang et al.
2026) of this series. Briefly, 51 systems were observed by
WEFC3 in F140W, with approximately half galaxy-scale and
half group-scale lensing systems. Fifty out of 51 of them were
confirmed to be strong lenses based on unambiguous lensing
features in the high-resolution HST images. Our Keck NIRES
observations described below target a subset of these systems.
Hubble Space Telescope data for these systems are hosted
online.”

2.2. Keck NIRES

To fully characterize a lensing system, we need to measure
the redshifts of both the lens deflector (z;) and lensed source
(z;). DESI has been highly successful in obtaining lens
redshifts (Paper I, X. Huang et al. 2025b), since lens spectra
commonly have prominent absorption features (e.g., Ca H&K)
and the 4000 A Balmer break, within its optical range
(z4 < 1.6). However, for 7 of the 8 systems in this paper, DESI
was unable to obtain the source redshifts as of DESI DR2,
likely since all these features, including the strong [OII]
doublet emission feature, are redshifted beyond its optical
range into the infrared. We therefore target these lensed
sources using NIR spectroscopy, namely the NIRES instru-
ment (J. C. Wilson et al. 2004) on the 10 m Keck II
Telescope.”® Lensed source galaxies, being at higher redshifts,
are typically star-forming (e.g., A. S. Bolton et al. 2000).
NIRES provides broad wavelength coverage in the near-
infrared that can be used to identify emission features of these
source galaxies and secure their redshift. NIRES is a cross-
dispersed echellette spectrograph, covering a wavelength range
of 0.94-2.45 um including the Y, J, H, and K bands. NIRES
has five spectral orders with overlap, the only gap being
between 1.85-1.88 um, a region of poor atmospheric
transmission. The slit size is 0.55 x 18", with an average
spectral resolution of A\/AX ~ 2700 (Av =~ 110km s~ 1) and
spectrometer pixel scale of 0 15 pix '

A total of eight systems from X. Huang et al. (2020, H20)
and X. Huang et al. (2021, H21) that were observed and
confirmed to be strong lenses by HST were followed up by
Keck NIRES over two half-nights.”’ In this Keck NIRES
program, our primary goal is to measure the source redshifts.
Therefore, our slits were oriented accordingly along the
brightest source arc images, typically on high star formation
rate regions (“knots”) within them. The target name, date of
observation, coordinates, exposure length, and other relevant
observing information are provided in Table 1. Observations

3510.17909/d1yz-ze43

36 We note that deeper optical spectroscopy (e.g., A. Cikota et al. 2023)
remains an alternate method for follow-up at these redshifts.

57 We were unable to observe on another half-night awarded to us, on 2022
December 16, due to weather.
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of the science targets as well as the standard star were
conducted with an ABBA dither pattern with a 2"4" nod
depending on the extent of the arcs and their positions in the
slit.”® This allows a subtraction of correlated noise pattern in
the spectrum by subtracting the A and B dithers. For all
systems in this paper, each dither had an exposure time of
300s, and so a full ABBA set requires a 1200 s total exposure.
The two systems DESI J023.0157-16.0040 and DESI
J024.16314-00.1384 were observed at a high airmass of
~1.6. After a 600 s AB exposure each, we decided to move to
the next target, as we were unconvinced we could secure the
redshift with the lack of visible emission features in the 2D
spectrum and worsening airmass. These are the only two
systems for which Keck NIRES was unable to secure a source
redshift. The source redshift of DESI J023.0157-16.0040 was
later captured successfully by DESI.

We provide the magnitudes of the star-forming knots for the
lensed source images of each target in Table 1. They are
calculated for the HST F140W band in the AB system, with a
zero point of 26.45 (V. Bajaj et al. 2020). We calculate
isophotal magnitudes using the total flux within a contour
around a knot. We define the contour for each knot to be at
75% of the peak pixel value of the knot. Since a dim, extended
region and a bright concentrated region may have similar
magnitudes, we also provide the area within the contour as a
proxy for the extent of the knot. For the two knots of DESI
J023.0157-16.0040 and the fainter of the two knots covered by
the slit in DESI J154.5307-00.1368, due to the presence of the
lens light, the 75% contours also enclose a large fraction of the
lens light. For these cases, we instead use an elliptical aperture
placed over the knot at the 75% level as judged by the source
image light profile at the far side relative to the lens location.
The magnitude estimated this way thus is a lower bound for its
true magnitude. More accurate photometry will be provided
with full lens modeling, which will include the modeling of
lens light, in future publications.

3. Spectral Reduction

We use Pypelt for spectral reduction. We introduce this
open-source package in Section 3.1, and our reduction process
in Section 3.2.

3.1. Pypelt

Pypelt is a versatile Python package for semi-automated
reduction of spectroscopic data (J. Prochaska et al. 2020a;
J. X. Prochaska et al. 2020b). The reduction takes several
steps. First it performs overscan subtraction, dark-current and
bias correction, bad pixel masking, slit edge detection, and
wavelength calibration on both the science and standard star
observations. Finally, Pypelt performs Poisson-limited sky
subtraction and object extraction to generate the 1D and 2D
science spectra. Object detection is typically done automati-
cally, but for faint galaxies, where redshift measurements
depend on emission-line detection, a manually laid trace is
used to extract the spectra. These science spectra can be
flexure corrected, coadded, and even telluric corrected. For

8 The ABBA dither pattern refers to taking exposures at the first dither
position (A) and then two at the second dither position (B) before returning to
position A. For further information, see NIRES Instrument Documentation:
Observing  Procedures  (https://www2 keck.hawaii.edu/inst/nires /night_
check.html).
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Table 1
Keck NIRES Observations

Date Seeing Airmass Target R.A. Decl. Isophotal Magnitude Contour Area Exp. Time (s)
2022 Nov 13, 0’55 1.38 DESI J006.3643+10.1853 6.3643 +10.1853 23.84 + 0.02 0.0325 1200
23.87 + 0.02 0.0450
1.60 DESI J023.0157-16.0040 23.0157 —16.0040 24.02 + 0.02* 0.1014 600
23.23 £ 0.02" 0.1436
1.56 DESI J024.1631+00.1384 24.1631 +0.1384 22.78 + 0.01 0.1925 600
22.71 + 0.01 0.2425
1.18 DESI J094.5639+50.3059 94.5639 +50.3059 23.85 + 0.02 0.0775 3600
24.36 + 0.03 0.0325
1.43 DESI J154.5307-00.1368 154.5307 —0.1368 24.24 + 0.03" 0.1050 2400
25.03 + 0.04 0.0350
2023 Jan 10, 0'8 1.07 DESI J133.3800+23.3652 133.3800 +23.3652 23.51 + 0.02 0.0350 2400
23.34 + 0.02 0.0525
1.17 DESI J165.4754-06.0423 165.4754 —6.0423 22.15 + 0.01 0.4775 3600
22.28 + 0.01 0.3725
1.11 DESI J215.2654+00.3719 215.2654 +0.3719 24.15 + 0.03 0.0925 2400
2441 + 0.03 0.0800

Notes. The target naming convention is R.A. and decl. in decimal format. This naming convention differs slightly from past papers with candidates (X. Huang et al.
2020, 2021) where, e.g., DESI J006.3643+10.1853 is called DESI-006.3643+10.1853. We use the new convention for confirmed strong lenses, and also to match
IAU naming conventions. The isophotal magnitude (mag) is for HST F140W in the AB system. The area of the contour in arcsec® is shown as a proxy for the extent
of the star-forming region. “For these cases, the reported magnitudes are the lower (or brighter) bounds (see text), and only the uncertainties are shown.

further information regarding Pypelt, we direct the reader to
J. Prochaska et al. (2020a) and J. X. Prochaska et al. (2020b).

3.2. Data Processing

For this paper, the spectra taken for each night consisted of
science observations of the lensed sources and standard star
observations from the CALSPEC database (R. C. Bohlin et al.
2014). Flat frames (120s x 10) and dark frames (120s x 10)
were taken for calibration. Wavelength calibration was performed
using sky lines.” Pypelt v1.13.0 was used for this analysis.
Applying Pypelt to a broad range of spectra requires
appropriate manual adjustments for our specific use case:
spectroscopic extraction of source galaxy emission lines.

The main differences between our procedure and a standard
Pypelt reduction are the use of a manual object extraction and the
omission of a telluric correction. The continuum of the lensed
source arcs typically does not have sufficient signal to be
separated from noise. This means the emission features are not
easily detected by Pypelt using the automatic object detection,
and requires the manual specification of the object position and
an estimation of the FWHM. Additionally, the automatic
extraction routine had to be suppressed for a particular system
(Section 4.3). This suppression was later adopted for all systems.
Telluric correction is not used, due to the low signal-to-noise ratio
(SNR) for our spectra (J. Hennawi 2026, private communication).
At low SNR, this correction exhibits pathological behaviors, as it
is challenging to distinguish noise from signal. This is acceptable,
since for our targets, the telluric correction does not impact the
redshift determination based on identifying emission features.

The standard star used to generate the sensitivity function
for both nights was of the G191-B2B observations from the
night of 2023 January 10.°° These were taken with an exposure

59 hutps: //pypeit.readthedocs.io/en/release/calibrations /wave_calib.html

Although standard star observations of BD+4-75325 were taken on the night
of 2022 November 13, Pypelt faced an internal error in the generation of the
sensitivity file using this standard star, and the issue was raised to the Pypelt
team (J. Hennawi and X. Prochaska 2026, private communications)

time of 15s each in an ABBA dither pattern of 2”. Using the
estimate of the sensitivity function from a different night may
slightly affect line ratios, but should not impact redshift
measurements. The ABBA frames of the emission-line spectra
are individually extracted and coadded with their positive and
negative features using Pypelt’s weighted 1D coaddition
pipeline (J. X. Prochaska et al. 2020b). Pypelt internally
performs both correction of the spectra to the barycentric
frame as well as to their vacuum wavelengths.

For all systems, we place the NIRES slit orientation along a
lensed arc of the source galaxy in order to capture in the same
slit two lensed images of the same star formation region or two
different star formation regions (Sections 4.1 and 4.4) of the
source galaxy. Therefore, the detected emission features have
identical (or very similar (Section 4.4)) redshifts, allowing us
to coadd their individual emission spectra. The combined 1D
spectra are inspected alongside the 2D spectra (see, e.g.,
Figure 1).

3.3. Redshift Fitting

Redshift fitting was performed by performing a Gaussian fit
to two emission lines in the spectrum. The two emission lines
chosen are either the strongest emission lines or the strongest
from two different elements, e.g., O and H. The fit involved six
parameters. The redshift z, which determines the mean
wavelengths of the Gaussians, the amplitudes «;, a, of the
Gaussians, and the standard deviations of the Gaussians oy, 05,
as well as a constant ¢ to normalize the continuum:

(A — /\l,rest(1 + Z))z
207

A= )\Z,rest(l + Z))2
203

F\) = alexp[—

+c, (1)

+ azexp[—

where Aj e and A e are the rest-frame wavelengths of the
emission lines chosen. This model was fit to the spectral data
and uncertainties within a narrow range around the emission


https://pypeit.readthedocs.io/en/release/calibrations/wave_calib.html
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Figure 1. DESI J006.3643+-10.1853. Left Column: the first and second rows show the spectra for each source image #1 and #2. The third row shows the weighted
coaddition of the source image pair. The spectra in these panels are smoothed with a kernel of 10 pixels. The fourth row shows the zoom-in for individual emission
lines (maroon), alongside the error spectrum (black), with a convolution kernel of 5 pixels. The error spectrum is provided on a separate scale for clarity. We show
the 2D spectra in the bottom row, with black lines showing the alignment with the zoomed-in emission lines on the fourth row above. The locations of the source arcs
are indicated (“1” and “2” in black) in the 2D spectra. The spatial separation of the star-forming regions in 2D spectra (note the scale bar corresponding to 3")
matches the separation in the HST F140W image. Finally, for the negative signals of the spectral features, the bright pixels above and below to them (especially
prominent for [O I1I] doublet) are due to an artifact of the Pypelt 2D coaddition pipeline. Right Column: we show the discovery image from the DESI DR9 Legacy
Surveys Imaging (grz bands) and the HST F140W image with the slit orientation (green). The source arcs are labeled as “1” and “2” in white. The length of the
compass corresponds to 3”.

lines, using SciPy’s curve fit routine. The final redshift (D24), random uncertainties vary. For DESI BGSs (z < 0.4,

results alongside the measured uncertainties are shared in
Section 4.

4. Results

We present the six lensing systems for which we have
successfully obtained the source redshifts from Keck NIRES
spectra, ranging from 1.67511 to 3.33185 in Section 4.1-4.6.
The results are summarized in Table 2, alongside DESI spectra
of the lens galaxies and other source galaxies with emission
features within the DESI optical range, for completeness. The
uncertainties from redshift fitting for each system, of order
O(1074) to O(l()f5 ), are also provided. Since these uncertain-
ties are small, we also note possible systematic uncertainties
from Pypelt wavelength calibration. We find an rms
uncertainty of <0.2 pixels for all systems tested. This
corresponds to a maximum uncertainty of 0.6 A, which would
cause a maximum of O(10™%) systematic error in redshift. For
DESI redshifts, as described in DESI Collaboration et al. 2024

with z,.q ~ 0.2) uncertainties are o, = 0.00003(1 + z) (D24,
Table 6). For LRGs (0.4 < z < 1.1), the uncertainties are
estimated to be o, = 0.00014(1 + z) (D24, Table 5). Finally,
for ELGs (0.6 < z < 1.6), such as the two source galaxies
observed by DESI in Table 2, we have o, = 0.000026(1 + z)
(D24, Table 5).

The spectroscopic redshifts for the lenses from the DESI
Strong Lens Secondary Target program (described further in
Paper II, X. Huang et al. 2025b) is shown for all systems except
for DESI J094.5639+50.3059 and DESI J023.0157-16.0040. For
the former, we show our redshift result from the Kast
spectrograph on the 3 m Shane Telescope at the Lick Observatory
on 2022 Feb 6, for which K.-V. H. Tran et al. (2022) also
reported the same value. Given that these are elliptical galaxies,
these spectroscopic redshifts agree well with photometric
redshifts from R. Zhou et al. (2020). The two systems (DESI
J023.0157-16.0040 and DESI J024.1631+00.1384) for which
we have not secured the source redshifts with Keck NIRES only
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Table 2
Redshift Results

System Name 24 s Ozs
DESI J006.3643+10.1853 0.4631* 2.39688 =+ 0.00004

1.3143* + 0.00006"
DESI J023.0157-16.0040 1.5818* + 0.00007*
DESI J024.1631+00.1384 0.3445*
DESI J094.5639+50.3059 0.522° 3.33185 + 0.00010
DESI J133.3800+23.3652 0.3053* 2.18858 =+ 0.00002
DESI J154.5307-00.1368 0.3718* 1.73735, 1.73885 =+ 0.00004, 0.00006
DESI J165.4754-06.0423 0.4834* 1.67511 + 0.00005
DESI J215.2654+00.3719 0.6566" 2.20645 + 0.00035

Notes. We report redshifts z; of two separate sources for DESI J006.3643+10.1853 (see Section 4.1). We report two redshifts z; for two star-forming knots within
the same source for DESI J154.5307-00.1368 (see Section 4.4). The redshifts in bold are determined by Keck NIRES and are presented in detail in this work.

 Redshifts determined by DESI.
® Redshift determined from Lick.

had 600 s of exposure at higher airmass (about 1.6), shorter than
the other systems (1200-3600 s), at airmasses of about 1.1-1.4.
DESI J023.0157-16.0040 was later targeted successfully by
DESI at the limits of its optical range, and the source redshift was
determined to be 1.5818. DESI J024.1631+00.1384 will be
targeted again in future observations.

4.1. DESI J006.3643+10.1853%"

This system was discovered in H21, and the Legacy
Imaging Surveys image was given a human inspection score
of 2.5. In H21, the lens candidate systems with a human scores
of 2 or 2.5 were given a C grade, but they stated that any
system with a human score of 2.5 is at least a likely lensing
system. In the DESI Legacy Surveys image (Figure 1), there
are four arclets with very similar blue colors, even though they
do not form a “classic” quad pattern. But this is not a surprise,
given that the lens appears to be at least a group or a small
cluster. The HST image confirms that three of the four
suspected blue lensed images indeed have the appearance of
lensed arcs, curving toward the brightest galaxy in the group,
with each arc having two star formation “knots.” The fourth
arc appears to be a rare prominent radial arc (see, e.g.,
T. Broadhurst et al. 2000) near and pointing toward the
brightest galaxy in the group. Keck NIRES spectroscopy now
provides the redshift of the brightest lensed image. In Figure 1,
we find clear evidence of the emission features Hey, [O 1I], [O
1], HB, and [N 1] in both the 1D and 2D spectra. The source
redshift is determined to be z; = 2.39688. The 1D spectra of
the two knots are both shown in Figure 1 (which are at the
same redshift as expected), along with their coaddition. This
lensed source is among the brightest sources targeted in this
Keck program. Besides the emission features, faint traces
corresponding to the continuum of the source spectra can be
seen in the 2D spectra (Figure 1). K.-V. H. Tran et al. (2022)
reported the same source redshift of 2.396 for this system,
though they did not show the spectra. There also appears to be
a faint reddish arc to the SE of the Legacy Surveys image. This
reddish arc is confirmed by HST, and has DESI spectra with a
strong [O 11] feature. The redshift of this second lensed source
is at z = 1.3143.

o1 www.legacysurvey.org/viewer/ra=006.36439&dec=+10.
1853&layer=Is-dr9&pixscale=0.262&size=101&zoom=16

4.2. DESI J094.5639+50.3059%

DESI J094.5639+4-50.3059 was given an A grade in H21,
owing to the clear presence of the main arc to the west of the
foreground galaxy and a counterarc on the opposite side
(Figure 2). We observed this system using the Kast
spectrograph on the 3 m Shane Telescope at the Lick
Observatory on 2022 February 6. We determined the lens
redshift to be z; = 0.522 based on clear Ca H&K, G, and Mg
absorption lines. But we were unable to obtain the source
redshift using Kast at Lick. The lens redshift reported by K.-
V. H. Tran et al. (2022) is in agreement with this. For the
lensed source, from our Keck NIRES spectra, we find clear
evidence of [O11], [O 111], and HS emissions in the 1D and 2D
spectra, not just for the coaddition but also for the individual
images of the knot at the tips of the main arc. There could also
be a detection of a Mg Il emission line, though it aligns with
the noise (in black) and is not visible in the 2D spectrum. It has
the highest source redshift in this paper, at z; = 3.33185. This
system has been modeled in Paper V (see X. Huang et al.
2025a).

4.3. DESI J133.3800+23.3652%°

DESI J133.3800+4-23.3652 was given a B grade in H21. The
spectra of the source arcs show evidence of strong Ho, Hf,
[O11], and [O1II] doublet features in the coadded 1D and 2D
spectra (Figure 3). The high SNR in this system allows us to
infer the presence of the much weaker [N II] and [S II] features
as well. We determine the source redshift of this system to be
z, = 2.18858. The two source images on opposite sides of the
foreground galaxy have the same redshifts, providing further
support for the lensing nature of this system. DESI J133.3800
+23.3652 reduction faced a unique Pypelt error in which a
portion of the 1D spectrum from the automatically detected
lens galaxy was copied onto the trace corresponding to the
second source image. In order to suppress this unusual
behavior, Pypelt automatic object detection was turned off.®*
This enabled us to perform a manual extraction on the source
galaxy spectra for both images of the star-forming knot using

62 www.legacysurvey.org/viewer/ra=094.5639&dec=+50.
3059&layer=Is-dr9&pixscale=0.262&size=101&zoom=16

63 www.legacysurvey.org/viewer/ra=133.3800&dec=+23.
3652&layer=Is-dr9&pixscale=0.262&size=101&zoom=16

% This issue was also raised to and acknowledged by the Pypelt team
(X. Prochaska 2026, Private communications)


http://www.legacysurvey.org/viewer/?ra=006.36439%26dec=+10.1853%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=006.36439%26dec=+10.1853%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=094.5639%26dec=+50.3059%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=094.5639%26dec=+50.3059%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=133.3800%26dec=+23.3652%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=133.3800%26dec=+23.3652%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
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Figure 2. DESI J094.5639+50.3059. For the arrangement of the panels, see the caption of Figure 1.

Pypelt’s manual extraction feature. The manual extraction
routine was then adopted for all other systems as well, as
mentioned in Section 3.2. There is a second lensed source to
the east of the measured lensed source that falls into the slit.
However, we were unable to locate any emission features for
that source within our 1200 s exposure.

4.4. DESI J154.5307-00.1368%

This system was given a B grade in H20, on account of the
faint blue arc to the SW of the foreground galaxy (Figure 4).
The NIRES 2D spectra show a strong signal for Ha
emission, and next to it, a detection of the [N II] emission
line. The presence of Hf3 is weaker but clear, yet we do not
find an obvious detection of the [O IIT] doublet. Finally, there
may be a hint of the [O II] doublet in the 2D spectrum, which
can also been seen in one of the coadded 1D spectra (second
row in Figure 4), at ~20. We note that this feature is only
found in one of the two star-forming regions, which may be
due to low signal-to-noise ratio and/or the two knots having
different oxygen compositions. The redshift of the system is
determined to be z;, = 1.73810. Note that the two tips of the
arc are two different star formation regions. They have

> www.legacysurvey.org/viewer/?ra=154.5307&dec=-00.1368&layer=Is-
dr9&pixscale=0.262&size=101&zoom=16

slightly different redshifts, at 1.73885 and 1.73735, for the
eastern and western knot, respectively (labeled as knot #1
and #2 in Figure4). We see clear evidence for this
difference in the Ha emission feature in both 2D and 1D
spectra. The H{ emission appears to show the same
difference. This difference in redshift corresponds to a line-
of-sight velocity difference of 164.2 km s ! (Equation (10),
D. W. Hogg 1999). The existence of a velocity difference
indicates these may be two separate knots, rather than
multiple images of the same knot. Lens modeling of this
system is forthcoming, and it may shed more light on the
specific lensing configuration. For now, we expect that the
system 1is either a singly lensed arc (the targeted southwest
arc) or an “inclined double configuration” (P. Saha &
L. L. R. Williams 2003), where the second arc is the source
north of the lens galaxy. Depending on the outcome, one
interpretation may be that separate, lensed knots are on
opposite ends of the galaxy, and we detect the velocity
difference due to galactic rotation. We average the redshifts
of the two knots to determine the source redshift.
Approximately 5” to the north, there appears to be an arclet
that may be another lensed image of the same background
galaxy. We will target this object in future spectroscopic
observations.


http://www.legacysurvey.org/viewer/?ra=154.5307%26dec=-00.1368%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=154.5307%26dec=-00.1368%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
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Figure 3. DESI J133.3800+23.3652. For the arrangement of the panels, see the caption of Figure 1.

4.5. DESI J165.4754—06.0423°°

DESI J165.4754-06.0423 was given a grade C in H21, with
a human score of 2.5, which indicates at least a likely
candidate (see Section 4.1). We determine the source redshift
to be z; = 1.67511. It is the lowest-redshift source galaxy in
this work, with the [OII] doublet emission feature lying just
beyond the optical edge of DESI spectroscopy. From the
NIRES spectra, clear Hey, [N 1], and HJ signals, alongside the
brighter of the [O III] doublet and a possible weak [S II] and Hy
signal, enable us to secure the redshift of the source galaxy.
The bump in the 1D coadded spectrum between the [S II]
doublet is due to imperfect subtraction of a bright sky line.
This can be seen as a jump at that wavelength in the noise
spectrum, which is only present in one of the two individual
1D spectra (Source Arc #2 in Figure 5).

4.6. DESI J215.2654+00.3719%

DESI J215.2654+00.3719 is a grade A candidate in H20,
with two prominent blue arcs around an elliptical galaxy. This
system has the faintest star-forming regions in this program,

6 www.legacysurvey.org/viewer/?ra=165.4754&dec=-06.0423&layer=Is-
dr9&pixscale=0.262&size=101&zoom=16
&7 www.legacysurvey.org/viewer/?ra=215.2654&dec=+00.
3719&layer=Is-dr9&pixscale=0.262&size=101&zoom=16

with the brightest knot in the arcs being 22.8 mag in HST
F140W.%® It was observed with 2400 s of exposure because it
was near the end of night. With careful inspection, we have
found two weak features in the 2D spectrum, with both a
visible positive and negative signal to ensure they are not due
to noise (Figure 6). We reason that they must be the strongest
features in the NIR range, and have conducted tests to fit them
for Ha,, [O 1], and [O 1] in order. We find that the spacing
between them exactly matches that between Ha and the
brighter of the [OI] doublet, which are generally the two
emission features with the clearest detections in the other NIR
spectra presented in this work. This places the source galaxy at
a redshift of z; = 2.20645. The nondetection of other emission
features such as [O 11], HB, [N 11], and [S 11] is unsurprising due
to the intrinsic relative faintness of these emission lines
compared to the faint detected Ha and [O 1] features and
given the intrinsically low brightness of the star-forming
regions (magnitudes of 24.15 and 24.41; see Table 1). The
zoom-in views of the 1D spectrum and 2D features are shown
in Figure 6.

%8 We did not target the brightest feature in the F140W cutout image near the
top center (Figure 6, lower right panel). Given its reddish color in the Legacy
Surveys grz image, we suspect this feature likely corresponds to a small
interloper or satellite galaxy. We will address the nature of this object in future
follow-up observations.


http://www.legacysurvey.org/viewer/?ra=165.4754%26dec=-06.0423%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=165.4754%26dec=-06.0423%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=215.2654%26dec=+00.3719%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
http://www.legacysurvey.org/viewer/?ra=215.2654%26dec=+00.3719%26layer=ls-dr9%26pixscale=0.262%26size=101%26zoom=16
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Figure 4. DESI J154.5307-00.1368. For the arrangement of the panels, see the caption of Figure 1. Note that, in the 2D zoom-in, the Ha emission features
corresponding to the two star-forming knots do not align exactly in the spectral direction, indicating slightly different redshifts for knot #1 and #2 at z;; = 1.73885
and z,, = 1.73735, respectively. For this system, the zoom-in panels in the fourth row highlight the 1D spectrum of star formation region #2 (corresponding to the

gray highlighted areas in the second row) and not the coaddition.

5. Discussion and Conclusion
5.1. Further Analysis

The focus of this paper is to obtain redshifts, which are
necessary for setting the overall scale for the lens mass profiles
through lens modeling (Paper V; X. Huang et al. 2025a).
However, the spectra contain significant information beyond
redshift determination. Other possible avenues for further
research include analysis of high-redshift galaxy star formation
rates through measurement of equivalent widths of lines such
as Ha and HJ (e.g., R. C. Livermore et al. 2015; V. Patricio
et al. 2018; D. Nagy et al. 2023). Given that the continuum is
not always detected, this would represent a lower bound,
which nevertheless is a useful estimate. This information is
also essential for estimating supernova rates, and can be used
to identify ideal systems for lensed-supernova searches (e.g.,
Y. Shu et al. 2018, 2021). Finally, given that the strong lensing
systems in the paper magnify high-redshift source galaxies at
redshifts z ~ 1.7—3.3, their metallicities and galaxy evolution
(e.g.,D. P. Stark et al. 2013; T.-T. Yuan et al. 2013; V. Patricio
et al. 2019; X. He et al. 2024) could be studied, along with
reionization in general, through further Ly studies
(T. E. Rivera-Thorsen et al. 2017; G. Khullar et al. 2021).

5.2. Conclusion

We present and analyze Keck NIRES spectra of strong
lensing systems discovered in the DESI Legacy Imaging
Surveys using residual neural networks. Redshifts from this
program can be used for various strong lensing applications,
such as characterizing the selection function of the neural
network used, as well as converting geometrical parameters to
physical ones. Additionally, this paper demonstrates the
potential of the neural network lens sample for discoveries
of high-redshift galaxies, galaxy formation studies, and
understanding reionization. The candidate systems used have
unambiguous lensing features that have been confirmed by our
Hubble Space Telescope program (GO-15867, PI: Huang).

We targeted the lensed sources of these systems because
they were beyond the optical range of DESI, specifically when
the [O 1] doublet at 3727 A is redshifted beyond 9800 A
(A. G. Adame et al. 2024), at z ~ 1.6. The exception is DESI
J023.0157-16.0040, where the [O 11] doublet is barely within
range and was successfully observed by DESI to have a
redshift of 1.5818. We have succeeded in measuring the lensed
source redshifts for six (with an exposure time of 1200-3600
s) of seven other observed systems, with z; between = 1.67511
and 3.33185. Two each of these six systems were given grades
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Figure 5. DESI J165.4754-06.0423. For the arrangement of the panels, see the caption of Figure 1.

A, B, and C (with human inspection scores of 4, 3, and 2.5,
respectively) in our lens searches (X. Huang et al. 2020, 2021,
where we pointed out that candidates with a score of 2.5 or
above are at least likely lenses). The two systems for which we
did not obtain the source redshifts with Keck NIRES had
considerably shorter exposure times (600 s) and were at higher
airmass (~1.6). DESI J024.1631+00.1384 will be targeted in
future observations. This is a relatively small sample, and we
will present larger samples of confirmed systems in the DESI
Strong Lens Foundry series. Nevertheless, this is a promising
first assessment that attests to the quality of our lens candidates
found in the DESI Legacy Imaging Surveys. These NIR
spectroscopic observations show great promise for obtaining
lensing systems at high redshifts, for which the strongest
spectral features of the lensed sources are beyond the optical
range.

Though the main objective of this program is to obtain
redshifts, the spectra we obtained clearly have sufficient
signal-to-noise ratios for follow-up investigations, in part-
icular, measuring the equivalent width of the most prominent
emission lines and determining metallicity ratios. This would
allow us to estimate the star formation rates and therefore
supernova rates in the lensed source galaxies, and to study the
metallicity and formation process of high-redshift galaxies.
That work is beyond the scope of this paper, and may be
carried out in a future study.
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For systems observed with at least one full ABBA dither
pattern (1200 s), Keck NIRES achieves a 100% success rate in
obtaining redshifts for the lensed sources. In addition to NIR
spectroscopy, another possible method for follow-up is to use
deep optical spectroscopy to identify weaker spectral lines
(e.g., DESI J253.2534+4-26.8843; A. Cikota et al. 2023). In
future follow-up observations, the comparison between the
efficiencies of NIR spectroscopy and deep optical spectrosc-
opy for high-redshift lensed sources could be investigated
further with our large sample of lens candidates.
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