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ABSTRACT

Time-delay cosmography is a powerful technique to constrain cosmological parameters, particularly the Hubble constant (Hy). The
TDCOSMO Collaboration is performing an ongoing analysis of lensed quasars to constrain cosmology using this method. In this
work, we obtain constraints from the lensed quasar WGD 2038—-4008 using new time-delay measurements and previous mass models
by TDCOSMO. This is the first TDCOSMO lens to incorporate multiple lens modeling codes and the full time-delay covariance matrix
into the cosmological inference. The models are fixed before the time delay is measured, and the analysis is performed blinded with
respect to the cosmological parameters to prevent unconscious experimenter bias. We obtain Dy, = 1.68‘:83‘3 Gpc using two families
of mass models, a power-law describing the total mass distribution, and a composite model of baryons and dark matter, although the
composite model is disfavored due to kinematics constraints. In a flat ACDM cosmology, we constrain the Hubble constant to be
Hy = 65fﬁ kms~! Mpc~!. The dominant source of uncertainty comes from the time delays, due to the low variability of the quasar.
Future long-term monitoring, especially in the era of the Vera C. Rubin Observatory’s Legacy Survey of Space and Time, could
catch stronger quasar variability and further reduce the uncertainties. This system will be incorporated into an upcoming hierarchical
analysis of the entire TDCOSMO sample, and improved time delays and spatially-resolved stellar kinematics could strengthen the
constraints from this system in the future.

Key words. gravitational lensing: strong — cosmological parameters — distance scale

1. Introduction verse. Its value has important implications for the age, mat-
. . ter and energy content, and future of the Universe. In recent

;l;lhi Hubble cont;tant (Ho) 15 a key co'smolo%lcalfpta;lramgte.r years, a discrepancy has emerged among various methods
at represents the present-day expansion rate ot the Uni- p constraining Hy (see e.g., Verde et al. 2023, for a recent
* Corresponding author; kcwong19@gmail . com review). In particular, the results from the Planck mission
** NHFP Einstein fellow. find Hy = 67.4 + 0.5kms™! Mpc™!' (Planck Collaboration VI
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2020) in a flat ACDM cosmology based on observations
of the cosmic microwave background (CMB). Other meth-
ods anchored in the early Universe find similar results (e.g.,
Macaulay et al. 2019; Schoneberg et al. 2022; Brieden et al.
2023; Madhavacheril et al. 2024). However, other measure-
ments based in the local Universe tend to find a higher value
(e.g., Freedman et al. 2019; Pesce et al. 2020; Anand et al. 2022;
Palmese et al. 2024). The most precise constraint, from the
Supernovae, Hj, for the Equation of State of Dark Energy
(SHOES) Collaboration, using type Ia supernovae calibrated by
the Cepheid distance ladder, is Hy = 73.0 + 1.0kms~! Mpc™!
(Riess et al. 2022). These conflicting measurements may point
to new physics beyond flat ACDM if they cannot be explained
by systematic errors.

Strong gravitational lensing of variable sources, such as
quasars or supernovae, can be used to constrain cosmologi-
cal parameters through a technique known as “time-delay cos-
mography”. By measuring the time delay between multiple
lensed images of the source, it is possible to constrain the
“time-delay distance” to the lens system and thus H, (Refsdal
1964; Suyu et al. 2010). Typically, background quasars lensed
by galaxies have been used for time-delay cosmography due
to their brightness and variability on short timescales, along
with the fact that galaxy-scale lenses are also more abundant
on the sky and have a shorter time delay relative to cluster-
scale lenses. Recent results using lensed supernovae (Kelly et al.
2023; Pascale et al. 2024) have shown promise, but such objects
are still quite rare in comparison (see Suyu et al. 2024, and ref-
erences therein).

The TDCOSMO Collaboration has been using time-delay
cosmography to determine Hy in a way that is independent of
and complementary to other methods. The latest TDCOSMO
results from a joint analysis of seven lensed quasars constrain H
to ~2% precision that is in agreement with late-Universe probes
such as SHOES, assuming that the lens galaxies are accurately
parameterized by a power-law or stars+dark matter mass pro-
file (Millon et al. 2020a; Shajib et al. 2020; Wong et al. 2020).
Relaxing this assumption gives an ~8% constraint (Birrer et al.
2020), which is statistically consistent with both Planck and
SHOES. In order to use this technique to better constrain Hy,
more lensed quasars with inferred time-delay distances are
needed to increase the sample size and reduce the current uncer-
tainty.

In this paper, we present a measurement of the time-delay
distance to the lensed quasar WGD 2038—-4008 based on existing
lens models (Shajib et al. 2022) and new time-delay measure-
ments. To date, this is the only lens in the TDCOSMO sample
that has been modeled by two independent teams using different
modeling codes, which are combined into a final inference to
account for systematic differences between the two. Since a time
delay had not yet been measured when the models were devel-
oped in Shajib et al. (2022), they are effectively fixed prior to
the measurement of the time delay, and we keep the cosmolog-
ical parameter inference blinded until the analysis is completed
to prevent any unconscious experimenter bias. The results were
unblinded on May 14, 2024 after all primary authors consented,
and the results were not subsequently modified in any way. The
addition of this lens to the TDCOSMO sample will improve the
overall constraint on cosmology.

This paper is organized as follows. We provide an overview
of time-delay cosmography in Sect. 2. We describe the data we
use in Sect. 3 and our procedure for the cosmographic inference
in Sect. 4. We present our results in Sect. 5. We summarize our
findings in Sect. 6. Throughout this paper, all magnitudes given
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are in the AB system. All parameter constraints given are medi-
ans and 16th and 84th percentiles unless otherwise stated.

2. Time-delay cosmography

In this section, we summarize the principles behind time-delay
cosmography, and refer the reader to, e.g., Treu et al. (2022),
Treu & Shajib (2023), and Birrer et al. (2024) for recent com-
prehensive reviews. Light rays emitted from the background
source experience a delay in arrival time at the observer because
of the gravitational lensing effect. This time delay is the result
of two physical effects: the excess path length of the deflected
ray relative to the path it would take in the absence of lensing,
and the time dilation arising from the ray passing through the
gravitational potential of the lens (Refsdal 1964; Shapiro 1964).
The excess time delay for a given lensed image (relative to an
unlensed image) is
(0.8 = 22 40.8), M
where 6 is the image position, B is the source position, ¢ is
the “Fermat potential” at the image position, c is the speed of
light, and Dy, is the time-delay distance. The Fermat potential is
defined as

09— 2
¢0.B) = ¢ 2'3) - (), (2)

where ¢ is the deflection potential (a scaled projection of the
gravitational potential) that is related to the (scaled) deflection
angle @ by V¢ = a@. The time-delay distance is defined as

Dst

Dx = (1 + R
ar = ( Zd)DdS

3)

where z4 is the lens redshift, and Dy, Ds, and Dy, are the angular
diameter distances from the observer to the lens, the observer to
the source, and the lens to the source, respectively. Each of the
angular diameter distances in Eq. (3) is inversely proportional to
Hy, therefore Dy, o< Hy I

In order to constrain Dy, (and therefore, Hy) from a lensed
quasar, one must measure the time delay between at least one
pair of images, and constrain the Fermat potential at the position
of the same images from an accurate mass model of the lens.
In practice, the time delay is measured by monitoring the lens
over a period of time and comparing the light curves of the mul-
tiple images to look for common features corresponding to the
same brightness fluctuation at the source. The mass model of
the lens is generally constrained from high-resolution imaging
data, either from space telescopes or ground-based telescopes
with adaptive optics (e.g., Chen et al. 2019).

A complicating factor is the mass-sheet degeneracy (MSD),
a mathematical transform that can change the time delays
by a multiplicative factor A (along with a rescaling in the
unobservable source position), while leaving other observables
unchanged (e.g., Falcoetal. 1985; Schneider & Sluse 2013).
This is equivalent to having an infinite sheet of mass in the lens
plane with constant surface density k = 1 — A (in units of the
critical density for lensing), although it can arise from both an
internal transformation of the lens mass profile (4j,;) and mass
external to the lens (Adex; = 1 — kext). This can, therefore, rescale
the inferred Dy, and Hy by the same factor A if not accounted
for.

The internal transformation, Aj,, can be incorporated into a
particular parameterization of the lens mass profile that is max-
imally conservative with respect to the MSD (Birrer et al. 2020)
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and can be more tightly constrained with resolved kinematics
of the lens galaxy (e.g., Shajib et al. 2023; Yildirim et al. 2023).
Throughout this analysis, we assume Aj, = 1, similar to previous
TDCOSMO analyses for individual systems (e.g., Suyu et al.
2013; Wong et al. 2017; Rusu et al. 2020; Shajib et al. 2020).
Instead, we consider two model families (see Sect. 3.1), which
allows us to see if there are hints of A;,; # 1. A more general
result allowing for the maximal degeneracy with respect to the
MSD will be incorporated into a future joint TDCOSMO anal-
ysis with all of the analyzed lenses (TDCOSMO Collaboration,
in preparation).

The external convergence, kex, can be constrained through
an analysis of the mass along the line-of-sight (LOS) to the lens.
By characterizing the overdensity of the LOS (typically using
cosmological simulations calibrated by relative galaxy number
counts), it is possible to generate a distribution of .y values that
can be factored into the final constraint (e.g., Greene et al. 2013;
Rusu et al. 2017; Wells et al. 2023, 2024).

3. Data

The quadruply-imaged lensed quasar WGD 2038—4008 was
discovered in the Dark Energy Survey (DES) footprint by
Agnello et al. (2018) through a combined search with the Wide-
Field Infrared Survey Explorer (WISE) and the Gaia mission.
The lens redshift is zg = 0.2283, and the source redshift is
zs = 0.777 (Buckley-Geer et al. 2020). The uncertainties on
zq and zg are small enough to have a negligible impact on the
results, so we assume they are fixed throughout the analysis.

3.1. Fermat potential

WGD 2038-4008 was modeled using imaging data from the
Wide-Field Camera 3 (WFC3) on the Hubble Space Telescope
(HST). The data are taken in three filters: F475X and F814W in
the ultraviolet-visual (UVIS) channel, and F160W in the infrared
(IR) channel. Fig. 1 shows a composite color image of the lens
system using these data (Shajib et al. 2019).

The lens was modeled by two independent teams in order
to evaluate the consistency between two different lens model-
ing codes, GLEE (Suyu & Halkola 2010; Suyu et al. 2012) and
LENSTRONOMY (Birrer & Amara 2018; Birrer et al. 2021). The
details of the models are presented by Shajib et al. (2022), and
we summarize them here. The two modeling teams each fit both
an elliptical power-law total mass model and a stars+dark matter
(hereafter, “composite”’) mass model, including external shear.
The models are constrained by the quasar image positions, as
well as the surface brightness distribution of the lensed arcs
from the quasar host galaxy in all three bands. At the time
of the analysis, a time delay had not yet been measured for
WGD 2038-4008, so the results were presented in terms of the
Fermat potentials and time delays predicted by the models at
the quasar image positions. We note that no modifications were
made to the models from Shajib et al. (2022), so the Fermat
potentials are effectively fixed before the measurement of the
time delay.

Despite working independently without knowledge of the
other team’s results, the power-law model results from both
teams agreed to within ~1o. However, both teams indepen-
dently found structural problems with their composite models
(an extremely low dark matter fraction for the GLEE team, and
an unphysical velocity dispersion profile for the LENSTRONOMY
team). The GLEE team made the decision to combine the power-
law and composite model results with equal weight, while the

Fig. 1. HST RGB color-composite of the system WGD 2038-4008
combining the imaging data in the F160W, F814W, and F475X filters.
The four images A, B, C, and D are labeled. The scale bar represents
1”, and the arrows point to the north and east directions.

LENSTRONOMY team found that the predicted kinematics for
their composite model were largely discrepant from the observed
velocity dispersion, resulting in the power-law model receiving
nearly all of the weight. Despite these different choices, the final
constraints on the Fermat potentials were in good agreement (see
Shajib et al. 2022, Fig. 21).

3.2. Stellar velocity dispersion and line of sight effects

A measurement of the velocity dispersion of the lens, as well
as an analysis of the environment to constrain the external
convergence (kex) based on relative galaxy number counts
and the external shear from the lens model, is presented in
Buckley-Geer et al. (2020). Both the kinematics and key Were
incorporated into the lens models to determine the final Fermat
potentials (Shajib et al. 2022). As with the lens models, no mod-
ifications were made to the previously published results. Only
a measurement of the time delay of WGD 2038-4008 is then
needed to constrain Dy, using time-delay cosmography (Eq. 1).

The Dy, posterior without k. and kinematics included
will be used in an upcoming TDCOSMO hierarchical analy-
sis (TDCOSMO Collaboration, in preparation), as those observ-
ables will be incorporated for treatment at the population
level. For such future use cases, we present these results in
Appendix A.

3.3. Time delay

WGD 2038-4008 was monitored in the r-band at two separate
facilities, the Euler Swiss and ESO/MPG 2.2-m (2p2) telescopes,
from April 2017 to October 2023. The general observing strategy
adopted at the Euler telescope is detailed in Courbin et al. (2005)
and Eigenbrod et al. (2005), and that of the 2p2 in Courbin et al.
(2018) and Bonvin et al. (2019). Three seasons were accumu-
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Fig. 2. r-band light curves of WGD 2038-4008, containing 3671 epochs of monitoring data. Data from the 2p2 and Euler telescopes are denoted
by full disks and dots, respectively. When double coverage occurred, only the 2p2 data were used in the time-delay estimation. The median delays
relative to image A, along with the corresponding covariance matrix, are shown in the upper left corner.

lated at daily cadence on the 2p2, with the first in 2017, the sec-
ond in 2021 shortened by the COVID-19 pandemic, and the last
in 2022 temporarily interrupted by a snowstorm that forced the
closing down of the La Silla observatory. Concurrently, the Euler
telescope captured five more seasons, cadenced at a point every
two days. The photometric deblending, estimated time delays,
and uncertainties for WGD 2038-4008 and other lensed quasars
will be presented in an upcoming TDCOSMO paper (Dux
et al., in preparation), but we summarize the strategy and find-
ings regarding the present target here.

Despite the combined 3671 epochs of monitoring data plot-
ted in Fig. 2, the WGD 2038-4008 quasar showed little vari-
ation, making delay measurements challenging. Nevertheless,
comparing several initial guesses of the delay values from inde-
pendent investigators showed an acceptable scatter, and their
average was used as an initial starting point for value and uncer-
tainty inference with the PyCS3 toolbox (Millon et al. 2020b).
PyCS3 determines the values of the delays by optimizing the
shifts between curves with different estimators and randomized
initial shifts around the starting point. For uncertainties, it cre-
ates mock light curves with multiple realizations of the observed
noise power spectrum, also adding artificial modulations to the
individual curves, mimicking microlensing. The uncertainties
are generally taken as the standard deviation of the resulting
distributions of shifts. However, unlike previous H, estima-
tions, where assuming uncorrelated errors in the delays was
good enough to account for the uncertainty that maps into Hy,
the present case required accounting for significant covariance
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among different delays. Therefore, the delays were weighted
by their full 3 x 3! covariance matrix in the delay likelihood
(as opposed to a diagonal covariance matrix). We provide the
median time delays and covariance values with respect to image
A, which we then use for the cosmographic inference (Sect. 4).
Our notation of the A X delay, where X can be B, C or D, means
Atax = ta — tx, where ¢ is given in Eq. (1). The resulting delay
and covariance values are given at the top left of Fig. 2.

We note that two possible time-delay solutions could fit the
light curves equally well. In particular, the A C delay could either
be negative (—5.3 days) or positive (+7.9 days), with only small
repercussions on the values of the other delays. The change of
sign between these two values is associated with a change in
the order of arrival time between these two images. Both solu-
tions were compared to the delays predicted by the mass models,
and the solution with a negative A C delay was found to yield a
much better y> with respect to the model-predicted time delays.
Because the ordering of the arrival time predicted by the lens
model is very robust, we discarded the positive A C solution and
estimated the delay covariance matrix around the negative A C
solution only.

! There are 6 distinct delay pairs in a quadruply lensed quasar, but

because PyCS3 shifts all available curves together, there are only 3
degrees of freedom. Hence the 6 X 6 covariance matrix combining all
delay pairs is singular, while any 3 X 3 sub-matrix containing all delays
relative to one given lensed image contains the full information.
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Due to the faintness of the lensed images (Vega
r-magnitudes between 20 and 21) and the relative lack of vari-
ability of the source quasar during the monitoring period, the
observational constraints on the delays are weak. Neglecting
covariance, we find a precision of 30%, 70%, and 20% on the
AB, AC, and A D delays, respectively.

4. Cosmographic inference

We combine the Fermat potentials with the new time-delay mea-
surements in order to place constraints on Dy,. As discussed
in Sect. 3.3, we use the delays relative to image A, along with
the corresponding covariance matrix. The 3 X 3 matrix contains
all of the time-delay information, which we verify by testing
the delays relative to the other images with their corresponding
covariance matrices and finding the differences to be negligible.

The observational data D consists of the imaging data, kine-
matics, environment/LOS data, and time-delay measurements.
The likelihood of the data can be expressed as

L(D | DAt) = fL(Dimg,kin,LOS | gmodel? Kext)

X LD | Emodets Kext> Dar)
X p(é‘model’ Kext) dé:model dKext~

“

Here, &40 are the parameters of the lens model, including the
lens and source light distributions. The probability density func-
tion p(&models Kext) 18 the prior on the model and external con-
vergence parameters. In practice, the sampling of the posterior
can be split into separate parts (e.g., the lens model, kinemat-
ics, LOS). All of the samplings aside from the time-delay like-
lihood were performed in Shajib et al. (2022), and we include
the time-delay likelihood as the final piece of the inference in
this work. We sample D,, assuming a uniform prior in the range
0 < Da; £4Gpe.

In addition to the constraint on Dy,, which is independent
of cosmology, we also constrain H, directly in a flat ACDM
cosmology. We assume a uniform prior in the range 0 < Hy <
150km s~ Mpc™!. We fix Q, = 0.3 and Q5 = 0.7, as they are
very weakly constrained by time-delay cosmography applied to
a single system (e.g., Bonvin et al. 2017; Wong et al. 2020).

We first perform the inference for the GLEE and LENSTRON-
OMY models separately to evaluate the variation in the result due
to the differences between lens modeling codes. For our final
result, we need to combine the model constraints from GLEE and
LENSTRONOMY. Statistically weighting the models from the two
codes is complicated by the different choices made by each mod-
eling team, including differences in the image reconstruction
region and differences in the PSF reconstruction, among other
things. Instead, we take the conservative approach of combining
the model constraints from GLEE and LENSTRONOMY with equal
weight to marginalize over any systematic differences between
the two codes. This is the first TDCOSMO lens to incorporate
multiple lens models into the final inference in this way.

The time-delay distance and the corresponding Hy value are
kept blinded until the time-delay measurement is finalized and
all primary authors agree to unblind. This is done to prevent
unconscious experimenter bias. We do this by either subtract-
ing the median of the distributions or setting the median value
to zero in any plots and tables viewed during the analysis. In
this way, we are still able to view the spread of the distribution
of these parameters and their covariances with other parameters,
but not their absolute values until the analysis is finished. Once

the results were unblinded on May 14, 2024, no further modifi-
cations were made to any part of the analysis.

In principle, it is possible to constrain the angular diameter
distance to the lens, Dy, by combining the lens model constraints
with kinematics of the lens galaxy (e.g., Paraficz & Hjorth 2009;
Jee et al. 2015, 2016), as has been done for some of the lenses
in the TDCOSMO sample (Birrer et al. 2019; Chen et al. 2019;
Jee et al. 2019). Since the models used in this work were already
completed in Shajib et al. (2022), and incorporating Dy would
require a new inference that would change the model weighting,
we do not include Dy in order to maintain our blind analysis. The
constraints from Dy tend to be weaker than those from Dj, when
based on single aperture-averaged kinematic measurements of
the lens galaxies (see e.g., Wong et al. 2020, Table 2), so they
are unlikely to have a large impact on our results.

5. Results

In this section, we present the results of combining the
new time delays with the Fermat potentials from Shajib et al.
(2022), including the k.x and lens velocity dispersion from
Buckley-Geer et al. (2020). As previously mentioned, the
results without k.y and kinematics included are provided in
Appendix A.

5.1. Time-delay distance

Using a uniform Dy, prior (Sect. 4), we first calculate the Dy,
distributions for GLEE and LENSTRONOMY separately. In Fig. 3,
we show the power-law model, composite model, and combined
results for each of the two modeling codes. As described in
Sect. 3.1 and Shajib et al. (2022), the combined results for GLEE
give equal weight to the power-law and composite models, while
the combined results for LENSTRONOMY give most of the weight
to the power-law model based on kinematic constraints. The
results for both modeling codes are in good agreement, and are
presented in detail in Table 1.

Figure 4 shows the final joint constraint on D,,, weighting
the combined GLEE and LENSTRONOMY models equally. We find
Dy, = 1.68%0452 Gpe. This result is also presented in Table 1.
The large uncertainty on this result is dominated by the time-
delay measurement uncertainty, which ranges from 20—-70% for
the different image pairs resulting from the low variability of
the source quasar. By comparison, the uncertainty on the Fermat
potential differences between image pairs, including LOS and
kinematics, ranges from just 7—13%.

5.2. Hy in flat A\CDM

Assuming a uniform prior on H, with fixed Q,, = 0.3 and Q, =
0.7, we find Hy = 65fﬁ kms™! Mpc’1 in a flat ACDM cosmol-
ogy. The final distribution, along with the individual GLEE and
LENSTRONOMY constraints, is shown in Fig. 5, and the statistics
for all distributions are presented in Table 2. As with the Dy,
constraint, the uncertainty comes primarily from the time-delay
measurement.

6. Summary

We present new time-delay measurements for the lensed quasar
WGD 2038-4008. These delays are combined with the Fer-
mat potentials from previously developed lens models to con-
strain the time-delay distance and Hubble constant in flat
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Fig. 3. D,, distribution for GLEE (top) and LENSTRONOMY (bottom)
for different mass models. The power-law (blue) and composite (red)
model constraints are shown separately, as well as the combined con-
straint (purple and green, respectively) for each code. The GLEE results
give equal weight to the power-law and composite models, while the
LENSTRONOMY results give most of the weight to the power-law model
based on the kinematics weighting. A flat prior in the range 0 < Dy, <
4 Gpc is assumed.

ACDM. The result combines models that assume either a
power-law mass profile or a composite stars+dark matter pro-
file, although the composite models were either down-weighted
due to kinematics or showed unusual behavior in our previ-
ous analysis (Shajib et al. 2022). The analysis is performed
blindly with respect to Dy, and Hy. This is the first lens in the
TDCOSMO sample to incorporate multiple lens models into
the final result to account for systematic differences between
lens modeling codes. It is also the first TDCOSMO lens to
use the full time-delay covariance matrix in the cosmographic
inference.

We determine the time-delay distance of WGD 2038-4008
to be Da; = 1.68%03% Gpc. We constrain the Hubble constant to
be Hy = 65723 kms™' Mpc™" in flat ACDM, assuming Qy, = 0.3
and Qa = 0.7. The dominant source of uncertainty in the cos-
mographic inference from this system comes from the time-
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Table 1. Time-delay distance constraints.

Model Dy
(Gpo)

GLEE power-law 1.60f8:§g
GLEE composite 1.86f8:j(1]
GLEE combined 1.72i8:‘3‘§
LENSTRONOMY power-law  1.64*037
LENSTRONOMY composite ~ 2.13*043
LENSTRONOMY combined ~ 1.650-37
GLEE+LENSTRONOMY final ~ 1.687040

Notes. Reported values are medians, with errors corresponding to the
16th and 84th percentiles. A flat prior in the range 0 < Dy, < 4 Gpc is
assumed.

Dat €10, 4]
————— GLEE
—-—-- Lenstronomy
1.2 == Final
1.0
0.8
L
[a)
[a
0.6
0.4
0.2
0.0
0.5 1.0 1.5 2.0 2.5 3.0
Dat (Gpc)

Fig. 4. Dy, distribution using a flat prior in the range 0 < Dy, < 4 Gpc.
Shown are the results for GLEE (purple), LENSTRONOMY (green), and
the final combined result (black).

delay measurements due to the low variability of the quasar.
Future long-term monitoring, especially in the era of Vera C.
Rubin Observatory’s Legacy Survey of Space and Time, could
reduce the uncertainties by catching stronger quasar variabil-
ity. Spatially-resolved kinematics of the lens galaxy could also
improve the mass model constraints, particularly for the com-
posite models.

Although the constraints from WGD 2038—-4008 alone are
too broad to shed light on the H, tension, it will be included
as part of the full TDCOSMO sample in a future hierar-
chical analysis that will provide the most robust constraint
on Hy (in flat ACDM as well as other cosmologies) from
time-delay cosmography to date (TDCOSMO Collaboration, in
preparation).
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Fig. 5. H distribution for flat ACDM using a flat prior in the range
0 < Hy < 150kms™' Mpc™!. We assume Q,, = 0.3 and Q, = 0.7.
Shown are the results for GLEE (purple), LENSTRONOMY (green), and
the final combined result (black).

Table 2. H, and D,, constraints in a flat ACDM cosmology.

Model Hy Dy,
(kms~'Mpc™')  (Gpe)

+23 +0.36
GLEE power-law 691, 1.4373¢
. +21 +0.43
GLEE composite 59, 1.667 3
: +22 +0.43
GLEE combined 64714 1.53% 4%
+23 +038
LENSTRONOMY power-law 67 1.467 37
LENSTRONOMY composite 52+8 1.88+0-29
LENSTRONOMY combined 673 1.47+03%
GLEE+LENSTRONOMY final 65+ 1.50*9%

Notes. Reported values are medians, with errors corresponding to
the 16th and 84th percentiles. A flat prior in the range 0 < Hy <
150kms~' Mpc~! is assumed. We fix Q, = 0.3 and Q, = 0.7.
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Appendix A: Results without «. or kinematics

We present the results of the D, inference without including the
external convergence (ke ) or stellar kinematics in Table A.1. We
provide the constraints for the power-law and composite results,
but not the combined constraints between the two, as removing
the kinematics information changes the relative weighting of the
models for LENSTRONOMY. These results will be included in an
upcoming hierarchical analysis of the entire TDCOSMO sample
(TDCOSMO Collaboration, in preparation), in which ke and
kinematics will be incorporated for treatment at the population
level.
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Table A.1. Time-delay distance constraints, without ke, or Kinematics
included.

Model D
(Gpe)

+0.31
GLEE power-law 1.47705,
. +0.35
GLEE composite 1.647032
LENSTRONOMY power-law 1.52703%
LENSTRONOMY composite® 1.86*941
GLEE+LENSTRONOMY power-law | 1497032
GLEE+LENSTRONOMY composite | 1.74*40

Notes. Reported values are medians, with errors corresponding to the
16th and 84th percentiles. A flat prior in the range 0 < D, < 4Gpc is
assumed. “The LENSTRONOMY composite model is highly excluded by
the kinematics data if A;,, = 1 is assumed. Therefore, this value should
not be used under this assumption. However, we provide this value for
future usage with freely varying Aj,.
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