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ABSTRACT

Spatially resolved stellar kinematics has become a key ingredient in time-delay cosmography to break the mass-sheet degeneracy
in the mass profile and in turn provide a precise constraint on the Hubble constant and other cosmological parameters. In this pa-
per, we present the first measurements of 2D resolved stellar kinematics for the lens galaxy in the quadruply lensed quasar sys-
tem RXJ1131−1231 using integral field spectroscopy from JWST’s Near-Infrared Spectrograph (NIRSpec), marking the first such
measurement conducted with JWST. In extracting robust kinematic measurements from this first-of-its-kind dataset, we have made
methodological improvements both in the data reduction and kinematic extraction. In our kinematic extraction procedure, we per-
formed joint modeling of the lens galaxy, the quasar, and its host galaxy’s contributions in the spectra to deblend the lens galaxy
component and robustly constrain its stellar kinematics. Our improved methodological frameworks are released as software pipelines
for future use: squirrel, for extracting stellar kinematics, and RegalJumper, for JWST-NIRSpec data reduction. We incorporated
additional artifact cleaning beyond the standard JWST pipeline. We compared our measured stellar kinematics from the JWST NIR-
Spec with previously obtained ground-based measurements from the Keck Cosmic Web Imager integral field unit and find that the
two datasets are statistically consistent at a ∼1.1σ confidence level. Our measured kinematics will be used in a future study to improve
the precision of the Hubble constant measurement.

Key words. gravitational lensing: strong – Galaxy: kinematics and dynamics – galaxies: elliptical and lenticular, cD –
galaxies: individual: RXJ1131–1231 – distance scale

1. Introduction

The so-called Hubble tension – the statistical difference between
the Hubble constant, H0, measured by several late-Universe
probes and that inferred from the early-Universe probes
(Abdalla et al. 2022; Di Valentino et al. 2025) – is arguably the
most pressing issue in observational cosmology. If the tension is
confirmed to be real and not due to unknown systematic uncer-
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?? NFHP Einstein Fellow.

tainties in multiple measurements, solving it would require new
physics beyond the standard flat Λ cold dark matter cosmology.
For example, one class of solutions would require modifying
the expansion history before recombination to adjust the sound
horizon at recombination, either by introducing new relativis-
tic particles or early dark energy (Knox & Millea 2020). Other
solutions are also possible. However, it is not trivial to find a
solution that solves the tension while satisfying all the other cos-
mological probes (Vagnozzi 2023), even with models featuring
a late-time evolution in the dark energy favored by recent mea-
surements (Lynch et al. 2024).

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A314, page 1 of 16

https://doi.org/10.1051/0004-6361/202556126
https://www.aanda.org
http://orcid.org/0000-0002-5558-888X
http://orcid.org/0000-0002-8460-0390
http://orcid.org/0000-0001-5568-6052
http://orcid.org/0000-0002-9402-186X
http://orcid.org/0000-0002-1283-8420
http://orcid.org/0000-0003-2547-9815
http://orcid.org/0000-0001-5110-6241
http://orcid.org/0000-0002-1293-5503
http://orcid.org/0000-0003-3195-5507
http://orcid.org/0000-0003-0758-6510
http://orcid.org/0000-0002-4030-5461
http://orcid.org/0000-0003-4079-3263
http://orcid.org/0000-0002-6449-3970
http://orcid.org/0000-0002-8512-1404
http://orcid.org/0000-0002-8593-7243
http://orcid.org/0000-0001-6116-2095
http://orcid.org/0000-0001-9935-6047
mailto: ajshajib@uchicago.edu
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Shajib, A. J., et al.: A&A, 707, A314 (2026)

Time-delay cosmography (Treu et al. 2016, 2022;
Treu & Shajib 2024; Birrer et al. 2024) measures the Hub-
ble constant and other cosmological parameters in a way that is
complementary and fully independent of traditional methods. It
is a “local” measurement in the sense that it measures distances
out to the lensed sources (typically z ∼ 1−3), thus comparable to
the local distance ladder, but it reaches the Hubble flow directly
in one step. Furthermore, by measuring the absolute time-delay
distance, which is a ratio of angular diameter distances, its
degeneracies are complementary to those of other probes
(Linder 2011). As a cosmological probe, it is most similar to
baryonic acoustic oscillations, but it does not require knowledge
of the sound horizon at recombination for absolute calibration.

As the culmination of two decades of effort, in 2020 the
Time-Delay COSMOgraphy (TDCOSMO) collaboration and its
forerunners (COSMOGRAIL, H0LiCOW, SHARP, STRIDES;
Eigenbrod et al. 2005; Lagattuta et al. 2012; Suyu et al. 2017;
Treu et al. 2018) published a measurement of the Hubble con-
stant with 2% precision based on seven lenses (Millon et al.
2020, hereafter, TDCOSMO-I). The measurement agreed very
well with the local distance ladder measurement by the Super-
nova H0 for the Equation of State (SH0ES) team (Riess et al.
2022), strengthening the tension with the early-Universe probe.

The TDCOSMO-I measurement achieved its precision by
breaking the mass-sheet degeneracy (MSD; Falco et al. 1985)
implicitly via the assumption of simply parameterized mass den-
sity profiles for the deflector galaxies. These models – power-law
mass density profile, or stars plus Navarro–Frenk–White dark
matter density profiles (Navarro et al. 1997) – had been shown to
describe the mass profiles of elliptical galaxies by studies based
on stellar kinematics (Cappellari et al. 2013) and X-ray measure-
ments (Humphrey & Buote 2010).

Given the importance of the tension, the TDCOSMO col-
laboration decided to repeat the measurements under virtually
no assumptions about the mass density profile. By choosing
a parameterization of the mass density profile that is maxi-
mally degenerate with H0 via the MSD, Birrer et al. (2020,
TDCOSMO-IV) showed that the uncertainties increase from
2% to 9% for the same systems, where the information con-
tent of the unresolved stellar kinematics available at that time
was the limiting factor. TDCOSMO Collaboration (2025) pro-
vide the most recent measurement from time-delay cosmogra-
phy, increasing the sample size of time-delay lenses to eight
and improving, among other aspects, all the stellar kinematic
measurements from new datasets, leading to a 4−5% measure-
ment of the Hubble constant (H0 = 71.6+3.9

−3.3 km s−1 Mpc−1 for
the TDCOSMO lenses in combination with a prior on Ωm
from Pantheon+ supernovae and 74.8+3.5

−3.4 km s−1 Mpc−1 from
TDCOSMO+SLACS+SL2S in combination with a prior on Ωm
from the DESI baryon acoustic oscillation)1. Stellar kinematics,
in particular spatially resolved information, is a crucial element
in further improving the precision of time-delay cosmography
under these weaker assumptions, as it breaks the MSD and the
mass-anisotropy degeneracy (MAD; Binney & Mamon 1982;
Treu & Koopmans 2002; Shajib et al. 2018; Birrer et al. 2020;
Birrer 2021; Yıldırım et al. 2020, 2023).

Shajib et al. (2023) have presented a spatially resolved
velocity dispersion measurement of RXJ1131−1231, the first
of its kind. This measurement is based on integral field spec-
troscopy (IFS) from the Keck Observatory’s Keck Cosmic Web

1 SLACS: Sloan Lens ACS (Bolton et al. 2006); SL2S: Strong Lensing
Legacy Survey (Gavazzi et al. 2012); DESI: Dark Energy Spectroscopic
Instrument (Abdul Karim et al. 2025).

Imager (KCWI) instrument. In combination with lens mod-
els and time delays previously published by our collaboration
(Tewes et al. 2013; Suyu et al. 2013, 2014), Shajib et al. (2023)
measured H0 = 77.1+7.3

−7.1 km s−1 Mpc−1, reaching a precision on
H0 comparable to that achieved by Birrer et al. (2020) with seven
lenses, demonstrating the power of spatially resolved kinemat-
ics. However, the limited spatial resolution of the seeing-limited
ground-based data meant that the MAD still left a significant
uncertainty. Simulations have shown that with the spatial reso-
lution of the NIRSpec integral field unit (IFU) on board JWST,
one can dramatically improve the precision of the measurement
(Yıldırım et al. 2020, 2023; Wang et al. 2025).

We present here the first space-based stellar kinematic
map for a time-delay gravitational lens system. The data for
RXJ1131−1231 are from the NIRSpec IFU on JWST and rep-
resent a sixfold improvement in angular resolution with respect
to the Keck data used by Shajib et al. (2023). Furthermore, the
data probe the rest frame Ca ii triplet region, which is believed
to be the most accurate probe of stellar kinematics in ellip-
tical galaxies (Barth et al. 2002). To achieve maximum preci-
sion and accuracy from the data, we modeled the three spec-
tral components (lens galaxy, quasar, and quasar host) simul-
taneously, accounting for the effects of JWST’s point spread
function (PSF). We implemented the improved methodology
from Knabel et al. (2025a) to account for systematic uncertain-
ties arising from the choice of stellar template libraries, as well
as other sources, achieving a 1.58% systematic covariance. A
companion paper will present the lensing and dynamical models,
along with the related inference of the Hubble constant (Wang
et al., in preparation).

The paper is organized as follows. In Sect. 2, we describe
the data acquisition and reduction. In Sect. 3, we describe how
we obtained additional pieces of information required for the
kinematic extraction. In Sect. 4, we describe the measurement in
detail. In Sect. 5, we present the measured kinematic maps and
uncertainty estimates, and compare them with the previous mea-
surement of resolved kinematics for the same system. In Sect. 6,
we conclude the paper with a discussion and comparison with
previous measurements.

2. Observations and data reduction

In this section, we first provide a brief description of the lens
system RXJ1131−1231 in Sect. 2.1. Then we describe the spec-
troscopic observation with JWST-NIRSpec in Sect. 2.2 and the
data reduction procedure in Sect. 2.3.

2.1. Description of the lens system

The quasar lens system RXJ1131−1231 was first discovered by
Sluse et al. (2003). It comprises an elliptical galaxy as the deflec-
tor with a redshift of zd = 0.295, while the quasar’s (i.e., the
lensed source) redshift is zs = 0.654 (Sluse et al. 2007). Due to
the relatively low redshift of the deflector, the system appears
brighter and larger in angular size than most other such sys-
tems. The intricate features within the Einstein ring offer valu-
able insights for constraining the lens mass model (see Fig. 1).

This system has been extensively studied due to its early dis-
covery and the abundance of lensing information. Time delays
for this system were measured by Tewes et al. (2013). Suyu et al.
(2013, 2014) conducted lens modeling and cosmographic anal-
ysis of this system. These authors employed simply parame-
terized lens models based on high-resolution imaging from the
Hubble Space Telescope’s (HST) Advanced Camera for Surveys
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Fig. 1. Imaging of the system RXJ1131−1231. Left panel: HST-ACS image in the F814W band. The four quasar images are labeled A, B, C, and
D. The central deflector is marked with G, of which we are measuring the spatially resolved velocity dispersion. An arrow points to the nearby
satellite S. The North and East directions, along with a 1′′ scale, are also illustrated. The 3′′.2 × 3′′.1 yellow squares represent the dithered 2 × 2
mosaic pattern of the NIRSpec IFU, which covers a 6′′.1×5′′.55 field of view over the system. Right panel: “White-light” image of the system from
the JWST-NIRSpec datacube, summed within 8255−8890 Å in the lens galaxy’s rest frame. The white bar represents 1′′, and the red and yellow
arrows point to the east and north, respectively. The blue contours show the region within which the spaxels are summed to obtain a high-S/N
spectrum of the host galaxy. The black regions around the quasar images were used to extract summed spectra for modeling the quasar’s emission
line components. HST and JWST logo credits: NASA.

(ACS; HST-GO 9744; PI: Kochanek), the measured time delays,
single-aperture velocity dispersion, and an external convergence
estimate to infer H0 = 80.0+4.5

−4.7 km s−1 Mpc−1. However, as dis-
cussed in the introduction, these simply parameterized lens mod-
els implicitly break the MSD. The two independent mass profiles
used in the analysis by Suyu et al. (2014) nonetheless account
for additional systematic uncertainties in H0, partly due to the
MSD. Birrer et al. (2016) independently modeled the mass of
this system while accounting for the MSD with a prior on
the quasar-host-galaxy size. The findings from these authors
revealed that the choice of prior on the dynamical modeling
anisotropy dominated the systematic uncertainties in inferring
H0. These obstacles are overcome by the new data presented in
this work.

2.2. JWST-NIRSpec spectroscopy

The JWST-NIRSpec IFS for RXJ1131−1231 was obtained
through Cycle 1 program JWST-GO-1794 (PI: Suyu, co-PIs:
Yıldırım, Treu). The observation was carried out on May 9,
2023. We observed the system with G140M grating and the
F100LP filter, which covers the observed wavelength range of
0.97−1.84 µm with a nominal resolution R ∼ 1000. We per-
formed a 2 × 2 mosaic mapping pattern to obtain a total field
of view of 6′′.1′′ × 5′′.55 encompassing the entire lensing sys-
tem, including the lensed quasar images and the arcs from the
quasar host galaxy. For individual tiles in the mosaic, we per-
formed a four-point dithering with sub-arcsecond shifts. We used
the “IRS2” readout mode with the “NRSIRS2” readout pattern to
achieve smaller noise levels for the outer regions with lower sur-
face brightness of the lensing galaxy. For each of the dither posi-

tions, we exposed for 1050.4 s with two integrations and seven
groups to prevent saturation of the pixels from the bright quasar
images. For each mosaic tile, we also obtained a multi-shutter
array (MSA) leakage calibration exposure of 1050.4 s. Addition-
ally, we obtained a background exposure from a nearby empty
patch of the sky with an exposure time of 1050.4 s to mitigate
potential contamination from stray light.

2.3. Data reduction

We developed a custom data reduction pipeline RegalJumper2,
which is built on the standard JWST data reduction pipeline3.
Our custom pipeline includes additional steps to clean up 1/ f
noise, cosmic rays (CRs), and artifacts, in addition to the stan-
dard three-stage data reduction procedure implemented by the
standard pipeline. Below, we describe how these additional steps
are interleaved within the standard reduction stages.

– In Stage 1, the standard pipeline performs detector-level
corrections to generate countrate images (i.e., rate files)
per exposure. We included the standard steps: group scale
correction, data quality initialization, saturation detection,
superbias subtraction, reference pixel correction, linearity
correction, dark current subtraction, jump detection with
default settings for CR shower flagging, ramp fitting, and
gain scale correction. After these steps, we manually iden-
tified outliers in the produced files, which are most likely to

2 https://github.com/ajshajib/regaljumper
3 https://jwst-pipeline.readthedocs.io; we used version
1.18.0, with stcal version 1.12.0 and JWST Calibration References
Data System context 1364.
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be unidentified hot pixels, and marked them, along with their
adjacent pixels, as bad pixels. We then cleaned the 1/ f noise
using the software package NSClean (Rauscher 2024). In
this step, we used a hand-drawn trace mask4 to achieve
a robust cleaning, as recommended by Rauscher (2024).
We also added “snowball” regions detected previously in
this stage to this mask for enhanced robustness. Next, we
performed additional CR cleaning using the Python pack-
age lacosmic (van Dokkum 2001). Next, we subtracted the
median of the obtained “leakcal” exposures to manually per-
form the MSA leakage correction.

– In Stage 2, the standard pipeline performs additional
instrument-level and observing-mode corrections to produce
flux-calibrated exposure files (i.e., cal files). We included
the standard steps: assigning the world coordinate system
(WCS), MSA flag-open correction, source type determina-
tion, flat-field correction, path-loss correction, and photo-
metric calibration. After these steps, we manually detected
and flagged outliers and their adjacent pixels again, which
are likely to be unidentified hot pixels in the flat field refer-
ence frame.

– In stage 3, the standard pipeline combines the individual
exposures to construct the 3D datacube. We used the driz-
zling method to build the cube with a pixel scale of 0′′.05
and kept the coordinate system aligned with the IFU frame.
After that, we manually performed background subtraction,
following the procedure recommended by the TEMPLATES
team5 to subtract a simulated background level using the
JWST backgrounds tool (jbt)6. Although we did not use the
dedicated background exposures to subtract the mean back-
ground level, we constructed the background datacube fol-
lowing the same reduction procedure and used it to estimate
the background noise level to add to the total noise level of
the data during further analysis. The reduced spectra have a
reciprocal dispersion of 6.36 Å per pixel.

After constructing the datacube, we correct the “wiggles” in the
spectra, which are a manifestation of the resampling noise due
to undersampling of the PSF (Law et al. 2023; Perna et al. 2023).
We used the software package raccoon7 (Shajib 2025) to clean
the wiggles from the spectra. We describe the settings we used
for this step in Appendix A and illustrate an example of the
wiggle-cleaned spectra.

3. Ancillary ingredients for kinematic extraction

To achieve an accurate absolute calibration of the stellar veloc-
ity dispersion, we measured the effective line spread function, as
described in Sect. 3.1. We then constructed a lens model of the
white-light image obtained from the data cube to properly recon-
struct the effective PSF and account for cross-contamination by
the multiple spectral components (Sect. 3.2).

3.1. Line spread function

Shajib et al. (2025) provide the wavelength-dependent formula
for the instrumental dispersion σinst assuming a Gaussian line

4 Included in the GitHub repository of RegalJumper.
5 https://github.com/JWST-Templates/Notebooks/blob/
main/nirspec_ifu_cookbook.ipynb
6 https://jwst-docs.stsci.edu/jwst-other-tools/
jwst-backgrounds-tool
7 https://github.com/ajshajib/raccoon

spread function (LSF) as

σinst(λ) =

 σ′piv
2

{1 + α (λ − λpiv)/[µm]}2
− σ2

PN


1/2

, (1)

where σ′piv = 117.01 ± 2.25 km s−1, α = 0.668 ± 0.035, σPN =

6.90 ± 0.49 km s−1, and fixed λpiv = 13539.59 Å. This LSF was
derived by fitting narrow emission lines from the planetary neb-
ula SMP LMC 58 observed with the same grating and filter con-
figuration of NIRSpec (Program JWST-CAL-1492, PI: T. Beck).
At the observed wavelength of the Ca ii triplets (corresponding
to rest-frame mean wavelength of 8570 Å), the instrumental dis-
persions are 140.6±3.0 km s−1 and 113.0±2.0 km s−1 for the lens
and the quasar-host galaxies, respectively. The corresponding
LSF full widths at half maximum (FWHMs) are 12.16 ± 0.26 Å
and 12.48 ± 0.22 Å, respectively.

3.2. Lens modeling of the white-light image

We performed lens modeling of the image shown in Fig. 2,
which was obtained by summing the datacube between 8700 and
8800 Å in the lens rest frame. This wavelength range is immedi-
ately redward of the Ca ii region, and we chose this range to
obtain the lens galaxy’s light profile close to the Ca ii triplet
to deblend the lens galaxy’s light fraction relative to the other
components, thereby accurately extracting the lens galaxy’s S/N
for use in Voronoi binning. Additionally, the constrained lens
galaxy light profile would be used as the tracer distribution in the
Jeans dynamical modeling, along with the effective PSF at that
wavelength that is reconstructed simultaneously with the lens
modeling. From this lens model, we obtained the lens galaxy’s
light profile for estimating the signal-to-noise ratio (S/N) at
each spaxel. During lens modeling, we also reconstructed the
PSF iteratively, which is necessary for dynamical modeling with
kinematic maps. We added the background noise level estimated
from the background exposure’s datacube to the noise level pro-
vided by the reduction pipeline, which is a combination of the
propagated detector-level Poisson noise, the read noise, and the
flat field’s uncertainty levels.

We performed lens modeling with the publicly avail-
able software package lenstronomy (Birrer & Amara 2018;
Birrer et al. 2021). For the mass model, we used an elliptical
power-law (EPL) model (Tessore & Metcalf 2015) and a resid-
ual shear field (also called external shear). We modeled the satel-
lite galaxy’s mass distribution with a singular isothermal sphere
with a fixed Einstein radius θE = 0′′.2, which is the best-fit value
from Suyu et al. (2013). We modeled the light distribution of
the lens galaxy as a superposition of two concentric elliptical
Sérsic profiles (Sérsic 1968). We also modeled the satellite’s
light profile with a circular Sérsic profile, with fixed Reff = 0′′.01
and nSérsic = 1 following Suyu et al. (2013). We modeled the
quasar-host galaxy’s light distribution with a basis set including
one elliptical Sérsic profile and a set of exponential shapelets
with nmax = 20 (Refregier 2003; Birrer et al. 2015; Berge et al.
2019), with their centroids joined. We modeled the quasar point
images with the PSF, with their positions freely varied on the
image plane.

We obtained an initial PSF estimate using the stpsf software
package8 (Perrin et al. 2014), which is a mean of the generated
PSFs at six uniformly spaced wavelengths within the wavelength
range 8700−8800 Å, that was used to construct the white-light

8 https://github.com/spacetelescope/stpsf
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Fig. 2. Lens modeling with the image obtained by summing the datacube within 8700−8800 Å in the lens galaxy’s rest frame. This wavelength
range covers the Ca triplets of the lens galaxy. Top row, from left to right: Illustration of the data, the optimized-model-based reconstruction of the
data, and the normalized residuals. Bottom row, from left to right: Illustration of the initial PSF model from stpsf, the iteratively reconstructed
PSF, and the fraction of the lens light compared to the total light in the image. The reconstructed PSF will be necessary for dynamical modeling,
and we use the lens light fraction to obtain the S/N of the lens galaxy for Voronoi binning.

image. We then iteratively reconstructed the PSF along with the
lens model optimization (Chen et al. 2016; Shajib et al. 2019).
The reconstructed image is shown in Fig. 2. We used Astropy9

(Astropy Collaboration 2022) to fit a 2D elliptical Gaussian pro-
file to the reconstructed PSF. We find agreement with previous
results (e.g., D’Eugenio et al. 2024) that the NIRSpec PSF is
slightly more elongated along the x-axis (FWHM 0′′.1666) than
along the y-axis (FWHM 0′′.1308). The geometric-mean or cir-
cularized FWHM of the PSF is 0′′.1476.

4. Extraction of the kinematic maps

In this section, we describe our methodology to extract the
resolved stellar kinematics from the JWST-NIRSpec datacube.
We generally follow the methodology presented by Knabel et al.
(2025a) to account for the systematic uncertainties stemming
from the choice of stellar template libraries, in addition to other
sources of systematic uncertainties. For this purpose, we devel-
oped the squirrel pipeline10, which is built on the penal-
ized PiXel Fitting (pPXF) software package11 (Cappellari 2017,
2023). We describe several individual steps in our kinematic fit-
ting procedures in Sects. 4.1–4.5 and then summarize the steps
involved in the entire fitting procedure in Sect. 4.6.

4.1. Voronoi binning

For appropriate Voronoi binning (Cappellari & Copin 2003), we
first set a target S/N for each bin. We define a “specific” S/N

9 https://www.astropy.org
10 https://github.com/ajshajib/squirrel
11 https://pypi.org/project/ppxf

(sS/N) as sS/N ≡ (S/N)/
√

∆L, where S is the summed flux
within a wavelength range ∆L and N is the noise summed in
quadrature within the same range. The

√
∆L term standardizes

the sS/N as it cancels out the improvement in the S/N solely
due to an increase in the summed wavelength range. We took the
wavelength range 8700−8830 Å in the lens rest frame, slightly
redward of the Ca ii triplets, to compute the sS/N. We set our tar-
get sS/N for each Voronoi bin to 90 Å−1/2, which we determined
through an trial-and-error experiment to be sufficient for pro-
viding stable kinematic measurements (i.e., devoid of extremely
high or low spurious values that are indicative of amplified sys-
tematic effects due to suboptimal S/N)12.

We estimated the sS/N of the lens galaxy spectrum for each
spaxel by considering the fractional contribution of the lens
galaxy’s light, as determined by the best-fit model described in
Sect. 3.2. This involved scaling the total sS/N, which includes
signals from all components, by the lens galaxy’s light fraction
at each spaxel (see Fig. 2). For Voronoi binning, we included
only those spaxels that are within 1′′.5 of the lens galaxy cen-
ter and have more than half of the total flux contributed by the
lens galaxy. We also manually exclude from the initial Voronoi
binning an aperture around the satellite galaxy, where the satel-
lite’s light is more than 5% of the lens galaxy’s light. We used
the software package13 vorbin to perform Voronoi-binning with

12 For comparison, the equivalent S/N of sS/N = 90 Å−1/2 in the Å−1

unit would be ∼40 Å−1, with the conversion peformed through S/N-per-
pixel over pixel size. The equivalent S/N per logarithmically rebinned
spectral pixel of 70 km s−1 is ∼128, to enable comparisons based on the
S/N definition adopted by the Sloan Digital Sky Survey (Bolton et al.
2012) and the MaNGA survey (Westfall et al. 2019).
13 https://pypi.org/project/vorbin
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Fig. 3. Voronoi binning map. Left panel: Voronoi bins outlined over the white-light image of the system. Middle panel: Bin numbering. Right
panel: Total sS/N for each Voronoi bin. The horizontal dashed line marks 90 Å−1/2, which we set as the minimum target for each bin. Only the last
Voronoi bin, which contains the satellite galaxy, is slightly below this sS/N target.

the minimum target sS/N per bin. We then manually combined
a few single-spaxel bins near the center so that a Voronoi bin
includes at least two spaxels and a few Voronoi bins in the outer
periphery for which the initial Voronoi binning did not lead to
a total sS/N ≥ 90 Å−1/2. Finally, we included back the aperture
containing the satellite galaxy as the last bin, yielding a total of
32 Voronoi bins. The Voronoi binning map and the sS/N in each
bin are illustrated in Fig. 3.

4.2. Log-rebinning of spectra

We rebinned the spectral data, which is linearly sampled in
wavelength, into a logarithmically sampled one using pPXF.
Such log-rebinning is a standard procedure for kinematic mea-
surements, facilitating numerical fitting with a constant veloc-
ity scale per wavelength-pixel (Cappellari 2017). We chose
the default rebinning settings of pPXF that maintain the same
pixel numbers before and after rebinning, resulting in a veloc-
ity scale of 171.92 km s−1. We also created a covariance matrix
for the log-rebinned spectra, as log-rebinning induces covari-
ances within the spectra, with stronger covariances between
more closely adjacent bins. We created the covariance matrix
using the Monte Carlo method, by generating 5000 realizations
of the spectra that are statistically consistent with the data within
its noise levels and then taking the covariance of these samples
after log-rebinning them. This covariance enabled us to fully
propagate the uncertainty provided by the reduction pipeline into
the final analysis by providing it to the pPXF kinematic fitting
routine.

4.3. Spectral templates

We chose two stellar template libraries: the Indo-US
(Valdes et al. 2004) and the X-shooter Spectral Library
(XSL) DR3 (Verro et al. 2022). We used the “cleaned” libraries
provided by Knabel et al. (2025a)14. We did not use the MILES
library, which was also cleaned by Knabel et al. (2025a), since
the original MILES library does not cover wavelengths up to the
Ca ii triplet. Although the Ca ii triplet library from Cenarro et al.
(2001) is referred to as the MILES-CaT library, because it
contains a subset of the MILES stars, we did not use this library
as it was not cleaned by Knabel et al. (2025a).

14 The “cleaned” libraries can be obtained from https://github.
com/TDCOSMO/KINEMATICS_METHODS

From these libraries, we further removed spectra that have
gaps within the fit wavelength ranges around the lens and quasar-
host galaxy’s Ca ii triplet regions, either by using the flags pro-
vided Knabel et al. (2025a) or by directly checking for such gaps
within the relevant wavelength range. Ultimately, we had 609
stellar templates in the Indo-US library and 489 stellar tem-
plates in the XSL. The Indo-US library has a constant resolution
FWHM of 1.35 Å (Beifiori et al. 2011), which corresponds to
instrumental dispersion (standard deviation) σtemp = 18 km s−1.
The XSL has an instrumental dispersion σtemp = 11 km s−1 (for
the VIS arm), corresponding to a resolution FWHM of 0.74 Å at
the wavelength of the Ca ii triplet. The stellar template libraries
are broadened by an additional (σ2

inst − σ
2
temp)1/2 before being

used in the kinematic fitting to account for the instrumental
broadening in the observed absorption line widths.

The Ca ii triplet region of the lens galaxy coincides with the
Hα, [N ii], and [S ii] lines from the quasar and the host galaxy.
Therefore, we fit the spectra with multiple components (similar
to Turner et al. 2024): the lens galaxy’s stellar continuum and
absorption features, the host galaxy’s stellar continuum and gas
lines, and the quasar emission lines. Below, we describe how we
built a set of optimal templates for each of these components.

4.3.1. Template for the host galaxy’s stellar continuum

To create a template for the quasar-host galaxy’s stellar contin-
uum, we first extracted a summed spectrum within 8200−8850 Å
in the host galaxy’s rest frame from a region containing the
lensed arcs (shown with blue contours in the right panel of
Fig. 1). Then, the spectra were fit with the Indo-US and XSL
template libraries, while also accounting for the contribution
from the lens galaxy’s stellar continuum at the corresponding
wavelength range. This capability of pPXF to fit multiple com-
ponents with different kinematics is crucial for modeling the
complex spectrum analyzed in this paper, where emission lines
from both the lens galaxy and the quasar plus host (at signifi-
cantly different redshifts) can have multiple kinematic compo-
nents (e.g., broad or narrow profiles or different velocities). We
followed the methodology of Knabel et al. (2025a) to select the
combination of an additive polynomial degree of four and a mul-
tiplicative polynomial degree of one that yields a subpercent dif-
ference in the best-fit velocity dispersion between the Indo-US
library and XSL, while orders any higher do not significantly
affect the results. Fig. 4 shows the best-fit model to the host
galaxy’s Ca ii triplet.
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Fig. 4. Fitting of the Ca ii region of the quasar host galaxy. The gray bars
represent the data points, with the width of each bar corresponding to
the pixel size and the height representing the original ±1σ noise level.
The gray lines attached to the bars represent the boosted uncertainty
levels to achieve χ2

red = 1. The red line illustrates the best-fit model. The
Ca ii triplet features are marked with blue lines.

Using the above fit, we constructed a single template for the
host galaxy’s stars by combining the Indo-US library with the
corresponding best-fit weights. The wavelength range around
the lens galaxy’s Ca ii triplet which is fit later in this analy-
sis, corresponds to 6463−6960 Å in the quasar-host galaxy’s
rest frame. The Indo-US stellar library, and hence the single
template constructed above, has coverage down to this wave-
length range. The quasar-host galaxy does not have any promi-
nent kinematic lines around the lens galaxy’s Ca ii triplet, and
thus any wavelength-dependent difference between the quasar-
host galaxy’s Ca ii triplet wavelength and that corresponding to
the range around the lens galaxy’s Ca ii triplet would have a neg-
ligible impact on our analysis. Furthermore, although we fit the
host galaxy spectra summed from a region primarily containing
the disk, rather than the bulge, which may have different kine-
matic and stellar population properties, this difference is unlikely
to affect our analysis for the same reasons mentioned above.

4.3.2. Templates for the quasar spectra

To build the templates for the quasar images, we extracted
summed spectra from circular apertures of 0′′.2 radius around the
four quasar images (illustrated in Fig. 1). To each of these spec-
tra, we fit multiple emission lines: narrow [N ii] and [S ii] dou-
blets, and Hα with both narrow and broad components. While
each narrow line was fit with a single Gaussian profile with a
common velocity shift and dispersion for all of them, the broad
Hα line was fit with two Gaussians with independent velocity
shifts and dispersions, following Guo et al. (2018)15. Here, we
aimed to construct the templates for the quasar images’ emission
lines independently of the physical interpretation of the compo-
nents. We used an additive polynomial of order four and a mul-
tiplicative polynomial of order one to account for the quasar’s
continuum. Additionally, the host galaxy’s combined stellar tem-
plate from Sect. 4.3.1 was also incorporated as an additional
component in the fit, with its associated best-fit velocity and
dispersion kept fixed as obtained in that section. We combined
the best-fit emission lines for a given quasar image to con-
struct its associated template (Fig. 5). In our fitting of the lens

15 For example, see https://nbviewer.org/github/legolason/
PyQSOFit/blob/master/example/example.ipynb
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Fig. 5. Fitting of the quasar lines at images A, B, C, and D, respectively,
from top to bottom. The observed spectra are shown with gray bars, with
the width corresponding to the bin width and the height representing the
±1σ noise range. The red lines show the best fit. The individual narrow
and emission lines from the best fit are shown in purple, and the lens
galaxy’s stellar continuum is shown in emerald. We adopted the best-fit
gas lines with fixed relative amplitudes for all three images as free linear
components in our kinematic fitting of the spectra across the entire field
of view.

galaxy spectra, we used all four templates as independent com-
ponents because they have different profile shapes, likely due to
microlensing (e.g., Hutsemékers et al. 2024), and a given spaxel
can receive contributions at varying levels from the four quasar
images carried through the PSF spikes. The constructed quasar
templates excluded the quasar continuum because it would be
accounted for by the polynomials adopted in the kinematic fit-
ting of the lens galaxy’s spectra. We illustrate the expected and
effective levels of quasar contribution in each Voronoi-binned
spectrum in Appendix B.

4.3.3. Templates for the host galaxy’s emission lines

We also construct a set of emission line templates for the nar-
row Hα, [N ii], and [S ii] lines from the host galaxy, which
are independent of the quasar’s narrow lines described above in
Sect. 4.3.2. If these emission line components were allowed to
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have individually free amplitudes, they would sometimes result
in unrealistic line ratios, especially in cases where their frac-
tional contribution to the spectrum is relatively small. There-
fore, we built eight emission line templates where the line ratios
between them were fixed within each template. The number
eight was adopted because the NIRSpec PSF is expected to have
eight prominent spikes; thus, a given spaxel can receive contri-
butions from eight different positions of the lensed arc in a non-
trivial manner. We divided the regions traced with blue contours
in Fig. 1 into eight segments and fit the spectra summed within
each of these segments. In addition to the emission lines with
freely varying amplitudes, we included all the other components
in these fits, namely the quasar templates, the host galaxy’s stel-
lar continuum template, and the Indo-US template library for
the lens galaxy’s spectra. We then constructed the emission line
templates from each of the fits by fixing the relative line ratios to
the best-fit values. When fitting the lens galaxy spectra in subse-
quent steps, including these eight emission line templates, each
template was allowed to have independent kinematic properties
(both in mean velocity and dispersion) because kinematic prop-
erties from different points of the quasar-host galaxy can mix in
a single spaxel due to nontrivial superposition of the PSF spikes,
as mentioned above. The mean velocity of the host galaxy’s
Ca ii triplet lines obtained in Sect. 4.3.1 is 293 ± 7 km s−1, and
the mean velocity of the emission lines obtained in this section is
217.0 ± 0.4 km s−1. This difference suggests potentially distinct
kinematic properties of the stars and gas that generated the fit
absorption and emission features, respectively. Interpreting these
velocities as residual systemic velocity would lead to adjusting
the redshift of the host galaxy (and its quasar) by approximately
+0.001 to zs ≈ 0.655.

4.3.4. Template for the lens galaxy’s spectra

We constructed the stellar template for the lens galaxy in two
regions: one for the Voronoi bins with luminosity-weighted cen-
ters within a 0′′.5 radius from the lens galaxy center, and the
other for those outside (for bins 10, 14, 19, and 31). We excluded
bin 32, which contains the satellite galaxy, from this step in the
template-making process. For a given set of settings on the poly-
nomial orders and the fit wavelength range, the summed spectra
from these two regions are fit with a given template library from
the Indo-US and XSL, and the template library was combined
using the best-fit weights to produce one single template asso-
ciated with the given settings and template library. We used this
combined template when fitting to the spectra for all the Voronoi
bins within the associated region to mitigate spurious scatter in
the fit kinematics, following standard procedure in the literature
(Shajib et al. 2023; Knabel et al. 2025b).

4.4. Fitting spurious spikes

Some spurious spike-like features in the spectra are not well-
fit by the stellar templates, and they also do not align with any
expected emission lines at the redshifts of the lens or quasar-host
galaxy. We explicitly modeled these spurious spikes as emission
lines with instrumental resolution, since otherwise, they can have
a significant impact on the measured kinematics. These spurious
spikes may have astrophysical origins, such as emission lines
from faint sources at other redshifts with undetected continua
or the Zodiac, or may be data-level defects, such as artifacts
from unidentified warm pixels or uncleaned CRs. For a given
spectrum and a set of fitting ingredients and settings, we first

identified the 5σ outliers or spurious features. Then, we refit the
spectra with the same ingredients but now with the identified
spikes modeled. Next, we identified 3σ outlier pixels and refit
the spectra again with all the identified spikes modeled. Finally,
we identified 2.7σ outlier pixels. We performed this identifica-
tion process in multiple steps until we reached our outlier detec-
tion threshold of 2.7σ for a more robust detection of the true
outlier at our target threshold. Furthermore, we performed the
same detection procedure for a given Voronoi-binned spectrum
using both template libraries and selected only the spikes identi-
fied in both cases. We set our outlier detection threshold at 2.7σ
because the statistically expected number of pixels with absolute
residuals larger than 2.7σ is less than one, given the total num-
ber of pixels within the fit wavelength range. Although most of
the identified spikes have positive amplitudes, a fraction of them
have negative amplitudes, and we allowed for this in our model.

4.5. Estimating systematic uncertainty

We accounted for the systematic uncertainties stemming from
several aspects, where a particular choice needs to be made
for the kinematic fitting, namely the template stellar library,
the orders of the additive and multiplicative polynomials used
to model the continuum, the detection threshold for spurious
spikes, and the fit wavelength range. We adopted multiple viable
choices for each of these aspects to marginalize over them and
account for the associated systematic covariances. We took the
following choices for these aspects:

– Template library: Indo-US and XSL;
– Order of additive and multiplicative polynomials: (2, 2), (3,

2), (4, 2), (2, 3);
– Spurious spike detection threshold: 2.7σ and 2.6σ; and
– Fit wavelength range: 8255–8890 Å, 8280–8890 Å, and

8255–8865 Å.
By combining these choices, we had a total of 48 model setups.
For each choice, we regenerated combined templates for the
two regions described in Sect. 4.3.4 to fit the Voronoi-binned
spectrum. We first combine the 16 model setups within each
given fit wavelength range choice using the Bayesian informa-
tion criterion (BIC) weighting following Knabel et al. (2025a).
Then, we combined the three sets of kinematic measurements
and their covariances (mean velocities and velocity dispersions)
with equal weights. We did not use BIC weighting in this lat-
ter case, as it would weigh more heavily the case with a smaller
number of data points, which is undesirable.

4.6. Kinematic fitting procedure

Here, we summarize the steps involved in our fitting proce-
dure, which combines all the ingredients and individual steps
described above.
1. We performed Voronoi binning as described in Sect. 4.1.
2. We log-rebinned the Voronoi-binned spectra and pro-

duced the covariance matrix of the rebinned spectra prop-
agated from the detector-level uncertainties as described in
Sect. 4.2. We used the full covariance matrix as input to
pPXF, a first for kinematic measurements in the literature.

3. We prepared the stellar templates for both the lens and
quasar-host galaxies, the quasar templates, and the emission
line templates (associated with the host galaxy) described in
Sect. 4.3. For each of the 48 model combinations described
in Sect. 4.5, we generated the combined templates within
two annuli: one that includes all the Voronoi bins with
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luminosity-weighted centers within 0′′.5 of the center, and
the other including the rest (but excluding bin 32 since it is
contaminated by the satellite galaxy).

4. We first boost the covariance of each Voronoi-binned spec-
trum within the range 8441−8570 Å, so that the median S/N
in this range matches that of the rest. As this wavelength
range contains the Hα and [N ii] lines from the quasar and
its host, which may have a very high S/N in the spaxels they
appear brightly in, we adjust the S/N so as not to allow any
strong residual in this region to bias the overall fit. We fit this
spectrum using the prepared templates and then boosted the
covariance of the spectrum by a factor of χ2 before refitting it
to obtain the final kinematic measurements and uncertainties.
We treat the formal error on the kinematic measurements
provided by pPXF from this final fit as the associated statis-
tical uncertainty. The kinematic values of the host galaxy’s
stellar component were fixed to the ones obtained from the
fit for the host galaxy’s Ca ii triplet in Sect. 4.3.1. However,
the narrow emission line sets were allowed to have free mean
velocities and dispersions, independently for each set. As a
result, the fit included a total of nine kinematic components:
the lens galaxy and eight sets of narrow emission line tem-
plates.

5. We combined the models using BIC weighting separately
within the three sets with different wavelength ranges, and
then combined the resultant three sets of values with equal
weighting, as described in Sect. 4.5.

Fig. 6 illustrates the kinematic fitting of bin 22, as an example.
The fits for the rest of the bins are illustrated in Appendix C.

5. Kinematic maps

In this section, we provide our measured kinematic maps in
Sect. 5.1 and compare them with previous resolved measure-
ments from ground-based data in Sect. 5.2.

5.1. Kinematic maps from JWST NIRSpec data

The 2D maps of the velocity dispersion and mean velocity mea-
surements in the 32 bins are illustrated in Fig. 7. We show the
total covariance matrix of the velocity dispersion measurements
in Fig. 8. The mean for absolute values of the off-diagonal ele-
ments in the “fractional” covariance matrix [i.e., with the i j-th
element being {cov(σlos,i, σlos, j)/σlos,iσlos, j}

1/2] is 1.24 ± 0.04%.
Although Yıldırım et al. (2020) forecast a 4% precision on the
H0 measurement based on simulated, JWST-quality 2D kinemat-
ics of RXJ1131−1231, the actual S/N in our data is less than
that assumed in their simulations. Therefore, this 4% precision
should be regarded as a lower limit, with the actualized uncer-
tainty on H0 to be presented by Wang et al. (in preparation).

We find that the lens galaxy is a slow rotator, with mean
velocities .50 km s−1 across the kinematic map. This result
agrees with the previous, resolved measurements from the
KCWI by Shajib et al. (2023).

In the kinematic map, the bin containing the satellite galaxy
(outlined with a white border in Fig. 7) is noticeable for having a
slightly different mean velocity and dispersion compared to the
surrounding bins. The satellite galaxy was previously attributed
as the “satellite” of the main deflector due to its similarity in
color (Claeskens et al. 2006). Indeed, the satellite galaxy does
not exhibit distinctly identifiable spectral features at a separate
redshift, suggesting that its redshift is very close to that of the
central galaxy. The mean velocity of the bin after subtracting
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Fig. 6. Best fit (red line) of the Voronoi-binned spectra in bin 22 as an
example. The gray bars represent the observed data, with the width indi-
cating the bin width and the height representing the original 1σ noise
level. The vertical gray lines attached to the bars represent the boosted
1σ noise level. These 1σ noise levels for each pixel are estimated from
random sampling given the covariance matrix. The Ca ii triplet wave-
lengths from the lens galaxy are marked with orange lines, and the
wavelengths of the host galaxy’s emission lines are marked with blue
lines. The blue-shaded region marks where we boosted the noise levels
around the Hα and [N ii] lines. The emerald line shows the contribution
from the lens galaxy’s stars. The sets of narrow emission lines from the
quasar host galaxy (including spurious spikes identified close to 8300,
8700, and 8900 Å in this case) are shown in purple.

the systemic velocity of the central deflector is −59 ± 23 km s−1.
Although this velocity measurement is a weighted combination
of both the satellite and main deflector contributions in bin 32, if
taken at face value, the −5σ value of −174 km s−1 would only
change the satellite galaxy’s redshift by 5.8 × 10−4, which is
below the typical uncertainty levels (i.e., ∼10−3) in spectroscopic
redshift measurements.

5.2. Comparison with previous measurement

In this section, we compare resolved kinematic measure-
ments from the JWST-NIRSpec IFS with those from the pre-
vious study using the Keck KCWI IFS (Shajib et al. 2023).
We used the updated values of the KCWI measurements
from TDCOSMO Collaboration (2025), which employed the
improved methodology of Knabel et al. (2025a). We took the
1D vrms profile as the measurements to compare, where vrms ≡

(σ2
los + v2

los)
1/2 with the vlos being the mean line-of-sight velocity

after subtracting off the systemic velocity. We created the 1D vrms
profile in annular bins from the 2D kinematics of the NIRSpec
data, following the same methodology as Shajib et al. (2023),
but with slightly different annulus widths that are suited to the
different Voronoi binning map used in this paper (see Fig. 9).

In addition to the two datasets having different PSF FWHMs,
the tracer populations are slightly different, given that the mea-
surements were taken at different wavelengths. Therefore, we
performed the comparison between the two datasets in the model
parameter space after performing dynamical modeling of the 1D
vrms profiles. For the tracer distribution of the KCWI measure-
ments, we used the double Sérsic light profile from Shajib et al.
(2023), which was fit to a large cutout of the HST F814W imag-
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Fig. 7. Velocity dispersion (top row) and mean velocity (bottom row)
measurements in 32 Voronoi bins. The first column shows the mea-
surement for each case, and the second column shows the measurement
uncertainties. The bin containing the satellite galaxy (i.e., bin 32) is out-
lined in white. The bins closer to the center have smaller uncertainties,
thanks to less contamination from the quasar and its host galaxy. The
systemic velocity of 213 km s−1 was subtracted from the mean velocity
map. The mean velocity map indicates that the lens galaxy is a slow
rotator, with small mean velocities (.50 km s−1) and a lack of a bipolar
velocity profile.
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Fig. 8. “Fractional” covariance matrix. In this matrix, the element with
indices i, j is [cov(σlos,i, σlos, j)/σlos,iσlos, j]1/2. The diagonal elements
represent the combined statistical and systematic uncertainties. The
mean for the absolute values of the off-diagonal elements is 1.14 ±
0.04%.

ing after subtracting the lensed quasars and arcs using the lens
model from Suyu et al. (2013). In the IR band, imaging data with
a larger field of view than that in the NIRSpec data was not
available. Therefore, we took the best-fit light profile from the
lens modeling performed on the NIRSpec white-light image in
Sect. 3.2 and stitched it with the light profile from the HST imag-
ing to cover the outer region. We took 1′′.3 as the stitching radius

since that is the largest extent covered by the 1D vrms profile from
the NIRSpec data.

We perform the dynamical modeling of the 1D vrms profile
with NIRSpec-only, KCWI-only, and the joint data. We took a
spherical power-law mass model and performed Jeans model-
ing of the kinematics. We took a spherical model for simplicity,
given that the kinematic profile to be modeled is 1D. We also
added a central super-massive black hole in our mass model,
with its mass Mbh ∝ θ

2
E,bh a free parameter (see Wang et al. 2025,

for its impact on 2D kinematics). Our model has five free param-
eters: the Einstein radius θE, the power-law mass profile’s loga-
rithmic slope γ, the super-massive black hole’s Einstein radius
θE,bh, the ratio of the tangential and radial velocity dispersion
σt/σr ≡ (1 − βani)1/2 with βani being the amplitude of a spa-
tially constant anisotropy profile, and the mass-sheet transforma-
tion (MST) parameter λmst (for a brief explanation of the MST,
see Treu & Shajib 2024). Here, the λmst parameter encapsulates
both the contribution from the external convergence (i.e., κext)
and the internal MST. We imposed a prior on the total Einstein
radius as (θ2

E + θ2
E,bh)1/2 ∼ N(1′′.640, 0′′.015) based on the lens

model of Suyu et al. (2013), but adjusting the mean value given
our inclusion of the central black hole with an associated Ein-
stein radius of 0′′.15. We also imposed a uniform prior on the
anisotropy parameter σt/σr ∼ U (0.72, 1.22), which imposes
the bounds −0.5 < βani < 0.5. We performed the dynami-
cal modeling with lenstronomy’s Galkin module and sam-
pled from the posterior using the affine-invariant ensemble sam-
pler emcee (Foreman-Mackey et al. 2013). Then, we performed
a likelihood ratio test using the statistic Λ ≡ 2(logLcomb −

logLNIRSpec−logLKCWI) ≈ 7.0, which is expected to follow a χ2

distribution with five degrees of freedom. The p-value of this Λ-
statistic is 0.22 (z-score ∼1.2σ). Therefore, we cannot exclude
the null hypothesis that the two datasets are consistent. It can
be noticed in Fig. 10 that the NIRSpec measurements provide
more constraint on the stellar anisotropy (σt/σr), breaking the
MAD more effectively than the previous KCWI measurements
with seeing-limited resolution, which left this parameter largely
unconstrained within the prior volume.

6. Conclusion

In this paper, we extracted the 2D kinematic map for the
lensed quasar system RXJ1131−1231 from the JWST NIR-
Spec IFS, which is a first for a time-delay lens galaxy. The
2D resolved kinematics will improve the Hubble constant mea-
surement by breaking the MSD and the MAD, after combining
them with the measured time delays, lens models, and estima-
tion of the line-of-sight convergence. This combination and Hub-
ble constant measurement will be presented in a future study
(Wang et al., in preparation). Resolved 1D kinematics from
the same NIRSpec dataset presented here have been used in
the recent measurement of H0 by the TDCOSMO collaboration
(TDCOSMO Collaboration 2025).

The JWST NIRSpec dataset analyzed in this paper is the first
of its kind, presenting novel challenges in robustly extracting
stellar kinematics from this dataset. The unprecedentedly high
S/N of this dataset at the corresponding wavelengths necessi-
tated meticulous modeling of all components, namely the lens
galaxy, the background quasar, and its host galaxy, to robustly
extract the stellar kinematics of the lens galaxy. Our methodol-
ogy for this joint modeling has been packaged for future use into
the publicly available squirrel pipeline, built upon the pPXF
software program. Additionally, the JWST dataset required spe-
cial processing beyond the standard JWST pipeline to mitigate
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Fig. 9. One-dimensional profile of the rms velocity vrms ≡ (σ2
los + v2

los)
1/2, where vlos is the line-of-sight mean velocity after subtracting the mean

systemic velocity of 213 km s−1. Left panel: One-dimensional vrms profile for JWST-NIRSpec measurements from this paper. Middle panel: One-
dimensional vrms profile for the Keck-KCWI measurements from Shajib et al. (2023). The vertical error bar represents the total uncertainties,
including both statistical and systematic contributions, and the horizontal error bars denote the annulus widths. The dashed lines represent the
best-fit model predictions from JWST-only data (red), KCWI-only data (blue), and from a joint fit (black), and the associated shaded regions
illustrate the 1σ extent of the predictions from the model posterior. The horizontal arrows represent the FWHMs of the corresponding PSF in each
panel. Right panel: One-dimensional light profile from double Sérsic fits performed on the NIRSpec white-light image (red line) as part of the
lens modeling in this paper, and from that, on the HST imaging in the F814W filter (blue line) from Shajib et al. (2023). The vertical dashed line
marks the 1′′.3 transition radius, where we stitch the light profiles with IR in the inner region and the visible one in the outer region that is used in
the dynamical model of the NIRSpec 1D profile. From a likelihood-ratio test, we find that the JWST and KCWI measurements are consistent at
∼1.2σ (i.e., the likelihood-ratio test statistic’s p-value is ∼0.22).
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of them are consistent at .1σ confidence levels. The JWST NIRSpec’s superior spatial resolution also allows for the exclusion of a large fraction
of the prior volume in the anisotropy parameter (σt/σr) that is largely unconstrained by the Keck-KCWI measurements.
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several sources of non-random noise and artifacts, including
uncleaned residual CRs and resampling noise, which manifests
as “wiggles” in the spectra. Our JWST data reduction pipeline,
RegalJumper, is also made publicly available. These method-
ological frameworks will enable rapid analysis of current and
future JWST datasets of time-delay lenses to achieve less than
2% precision in the Hubble constant measurement in the near
future (Birrer & Treu 2021).

Acknowledgements. We thank Elizabeth Buckley-Geer and Cheryl Pavlovski
for useful discussions that improved this work. This work is based on observa-
tions made with the NASA/ESA/CSA James Webb Space Telescope. The data
were obtained from the Mikulski Archive for Space Telescopes at the Space
Telescope Science Institute, which is operated by the Association of Univer-
sities for Research in Astronomy, Inc., under NASA contract NAS 5-03127
for JWST. These observations are associated with program #1794. The specific
observations analyzed can be accessed via https://dx.doi.org/10.17909/
wjva-0750. Code scripts and kinematic maps are available from the corre-
sponding author on request. AJS received support from NASA through STScI
grants JWST-GO-2974 and HST-GO-16773. Support for this work was also pro-
vided by NASA through the NASA Hubble Fellowship grant HST-HF2-51492,
awarded to AJS by the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy, Inc., for NASA,
under contract NAS5-26555. TT acknowledges support by NSF through grants
NSF-AST-1836016, NSF-AST-1906976, and NSF-AST-2407277, and from the
Moore Foundation through grant 8548. SHS thanks the Max Planck Society for
support through the Max Planck Fellowship. SHS and HW are supported in
part by the Deutsche Forschungsgemeinschaft (DFG, German Research Foun-
dation) under Germany’s Excellence Strategy – EXC-2094 – 390783311. This
project has received funding from SNSF and the European Research Coun-
cil (ERC) under the European Union’s Horizon 2020 research and innova-
tion programme (COSMICLENS: grant agreement No. 787886; LENSNOVA:
grant agreement No. 771776). CDF acknowledges support for this work from
the National Science Foundation under Grant No. AST-2407278. This research
made use of pPXF (Cappellari 2017, 2023), pafit (Krajnović et al. 2006),
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Appendix A: Correction for wiggles in spectra

In this appendix, we briefly describe the "wiggle" correction
we performed on the reduced datacube spectra and provide the
relevant settings. We used the software package raccoon, the
detailed mechanism and features of which are presented by
Shajib (2025).

The wiggles or modulation on the spectra are artifacts due to
resampling noise, as the pixels are not optimally sampled by the
PSF, and our four-point dither pattern is insufficient to recover
the optimal sampling (Law et al. 2023). In raccoon, the wiggle
is modeled as a sinusoidal chirp function:

W(λ) = 1 + A(λ)
[
sin(φλ) + k1 sin2(φλ) + k2 sin(3φλ)

]
, (A.1)

where A(λ) is the wavelength-dependent amplitude and φλ =
λ f (λ) + φ0 is wavelength-depedent phase term. The wiggle can
be made asymmetric with the k1 , 0 and the peaks can be sym-
metrically sharpened (or, de-sharpened) with k2 , 0. In our use
case, we set both k1 = 0 and k2 = 0.

The wiggles affect the single-spaxel spectra. However, they
wash out if the spectra are summed within an aperture with a
few spaxel radius. From our tests, we find that the wiggle signal
is almost completely washed out with an aperture radius larger
than three pixels, which approximately equals the FWHM of the
PSF. We obtain the best-fit wiggle model by fitting the single-
spaxel spectra d(λ) with a model

m(λ) = W(λ) T (λ), (A.2)

with the template T (λ) for the original spectra constructed as

T (λ) = c1 a(λ) + c2 s(λ) + c3 λ
b + c4 P(λ), (A.3)

where c1, . . . , c4 are linear coefficients, a(λ) is the aperture-
summed spectra around the spaxel, s(λ) is the spectra summed
within a shell centered on the spaxel, and P(λ) is a polyno-
mial of chosen degree. The power-law term λb and the poly-
nomial P(λ) are expected to model the change in the continuum
level between the single-spaxel spectra and the aperture-summed
one. The combination c1 a(λ) + c2 s(λ) allows accounting for
changes in the emission or absorption line shapes between the
modeled single-spaxel spectra and the aperture-summed one
(Dumont et al. 2025). In our case, we chose four spaxels as the
radius of the aperture to extract a(λ), the inner and outer radii
of the shell to extract s(λ) to be three and five spaxels, respec-
tively, and the polynomial degree to be two. The functions A(λ)
and φλ were modeled with B-splines with three and seven knots
(thus with five and nine free parameters), respectively. We prop-
agate the uncertainty of the above fitting procedure of the wig-
gle model and add it to the noise levels of the corrected spectra
d(λ)/W(λ).

We perform the cleaning for the spaxels within an aperture
of 0′′.7 radius centered on the lens galaxy, and for which the wig-
gle is detected with more than 3σ and the wiggle model explains
more than half of the scatter observed in the “wiggle signal” [i.e.,
d(λ)/T (λ)]. We chose the 0′′.7 radius, as this would be an a priori
safe choice for a radius outside of which all the spaxels would
belong to Voronoi bins large enough to smooth out the wiggles
after summing within. Although we fit within a narrow wave-
length range out of the whole observed region, we fit and correct
for the wiggles across the whole wavelength range so that the
modeled wiggle signal is less affected by local outliers, noise, or
scatter within the fit wavelength region, and the fit wiggle pattern
is dictated more by a global pattern. In Fig. A.1, we illustrate an
example of the wiggle signal and the best-fit wiggle model. In

Fig. A.2, we show the spaxels for which wiggle cleaning was
performed. In Fig. A.3, we illustrate the impact of the cleaning
on the measured kinematics (here, only the systematics from the
template library choice were marginalized). Without cleaning,
the measured velocity dispersions would shift down by ∼0.6%
on average in the central region of the lens galaxy (that excludes
the four outermost bins and the one containing the satellite), and
the dispersion in the bin with the satellite galaxy would shift up
by ∼10%.

Appendix B: Quasar contamination levels

In this appendix, we show the expected quasar contamination
in each Voronoi-binned spectrum alongside the effective levels
recovered from our pPXF fits (Fig. B.1). The expected levels are
derived from the decomposition based on our best-fit lens model
in Sect. 3.2. The effective contamination measured by pPXF
closely matches these expectations and follows the same spatial
trend – minimal in the center and increasing toward the quasar
image – demonstrating the effectiveness of our multi-component
fitting approach.

Appendix C: Fits of individual Voronoi bins

In this appendix, we illustrate the kinematic fits to all the indi-
vidual Voronoi-binned spectra in Figs. C.1 and C.2.
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Fig. A.1. Fit wiggle model used to correct for the resampling noise. The data points show the signal of wiggle d(λ)/T (λ) for the central spaxel on
the lens galaxy, where T (λ) is obtained from the best-fit model m(λ). The orange line shows the W(λ) function in the best-fit m(λ), with the orange
shaded region illustrating the 1σ confidence region. The vertical gray dashed lines show the wavelength range containing the Ca ii triplets of the
lens galaxy that we fit to measure the lens galaxy’s kinematics. The gray data points are rejected outliers using the false discovery rate method.

Fig. A.2. Spaxels cleaned for wiggles (within the regions enclosed with
white borders). Only the spaxels within a circle of 0′′.7 radius from the
lens galaxy center were considered to be cleaned. Then, we only cleaned
the spaxels for which the wiggle was detected at a confidence level of
more than 3σ and the best-fit wiggle model explains more than half of
the variance or scatter observed in the wiggle signal. The wiggles are
more prominent in spaxels with more flux. As a result, the white con-
tours above primarily encompass the central region of the lens galaxy
and the satellite galaxy.
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Fig. A.3. Impact of wiggle cleaning on the measured kinematics. The
illustrated test is for a single model setup out of the 48 combinations
described in Sect. 4.5. The first column displays the fractional differ-
ences in the measured dispersions (top row) and mean velocities (bot-
tom row) within the Voronoi bins, while the second column shows these
differences normalized by the statistical uncertainty.
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Fig. B.1. Expected quasar contamination in each Voronoi-binned spec-
trum from the best-fit lens model (left) and the effective levels from our
pPXF fits (right). The effective contamination is consistent across bins
and follows the same radial increase – from low at the center to higher
outward – highlighting the effectiveness of our multi-component fitting
approach.
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Fig. C.1. Individual kinematic fits for the first 18 out of the 32 Voronoi-binned spectra. The best-fit gas lines are subtracted for better visualization
of the Ca ii triplet features (marked with orange lines). The blue-shaded region marks where we boosted the noise levels around the Hα and
N ii lines. The gray bars represent the observed data, with the width marking the bin width and the height marking the original 1σ noise level.
The vertical gray lines represent the boosted 1σ noise level. These 1σ noise levels for each bin are estimated from random sampling given the
covariance matrix. The measured velocity dispersion σlos is also annotated in each panel.
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Fig. C.2. Individual kinematic fits for the last 14 out of the 32 Voronoi-binned spectra. The best-fit gas lines are subtracted for better visualization
of the Ca ii triplet features (marked with orange lines). The blue-shaded region marks where we boosted the noise levels around the Hα and
N ii lines. The gray bars represent the observed data, with the width marking the bin width and the height marking the original 1σ noise level.
The vertical gray lines represent the boosted 1σ noise level. These 1σ noise levels for each bin are estimated from random sampling given the
covariance matrix. The measured velocity dispersion σlos is also annotated in each panel.
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