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ABSTRACT

We present a new measurement of the dark and luminous matter distribution of massive elliptical galaxies, and their evolution
with redshift, by combining strong lensing and dynamical observables. Our sample of 56 lens galaxies covers a redshift range
of 0.090 < z; < 0.884. By combining new Hubble Space Telescope imaging with previously observed velocity dispersion and
line-of-sight measurements, we decompose the luminous matter profile from the dark matter profile and perform a Bayesian
hierarchical analysis to constrain the population-level properties of both profiles. We find that the inner slope of the dark matter
density profile (‘cusp’; ppm o ¥~ 7") is consistent (i, = 0.971’8:8; with < 0.07 intrinsic scatter) with a standard Navarro—Frenk—
White (NFW; y;, = 1) at z = 0.35. Additionally, we find an appreciable evolution with redshift (dlog(yi,)/dz = —0.44f8:}§)
resulting in a shallower slope (of > 20 tension from NFW) at redshifts z > 0.49. This is in excellent agreement with previous
population-level observational studies, as well as with predictions from hydrodynamical simulations such as IllustrisTNG. We
also find the stellar mass-to-light ratio at the population level is consistent with that of a Salpeter initial mass function, a small
stellar mass-to-light gradient [«..(r) o r ", with 77 < 5 x 1073], and isotropic stellar orbits. Our averaged total mass density
profile is consistent with a power-law profile within 0.25 to 4 Einstein radii (y = 2.24 £ 0.14), with an internal mass-sheet
transformation parameter A = 0.96 4= 0.03 consistent with no mass sheet. Our findings confirm the validity of the standard mass
models used for time-delay cosmography.

Key words: gravitational lensing: strong —galaxies: elliptical and lenticular, cD —galaxies: evolution —cosmology: observa-
tions —dark matter.

processes, such as adiabatic cooling, mergers, and baryonic feedback,

1 INTROD TI L .
N ODUCTION are expected to alter both mass distributions into what we observe in

The progenitors of present-day elliptical galaxies are thought to
have formed at z > 3, from gas accreting into overdensities in the
primordial cosmic web (Rees & Ostriker 1977; White & Frenk 1991;
van de Voort et al. 2011). Dark-matter-only N-body simulations
predict that matter in these overdensities should distribute itself
into a Navarro—Frenk—White (NFW) profile, where the logarithmic
density slope scales with ! in the inner cusp, and »~3 outside of
the cusp (e.g. Navarro, Frenk & White 1996, 1997; Ghigna et al.
2000; Diemand, Moore & Stadel 2005; Gao et al. 2012). However,
baryonic processes are thought to actively shape the luminous and
dark matter profiles of these elliptical galaxies. Time-accumulated
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populations of low-z elliptical galaxies (e.g. Silk & Rees 1998; El-
Zant, Shlosman & Hoffman 2001; Di Matteo, Springel & Hernquist
2005; Springel, Di Matteo & Hernquist 2005).

Dark-matter-only simulations have made great strides in con-
ceptualizing our understanding of these structures. However, while
much can be gleaned through simulations, some inconsistencies still
arise when they are compared to observations. While simulations
predict an NFW profile for an unperturbed dark matter distribution,
independent analyses of the rotational curves of dwarf galaxies
strongly favour a more ‘cored’ (i.e. shallower inner slope) density
profile (Flores & Primack 1994; Moore 1994; Burkert 1995; Rhee
et al. 2004). This disagreement, known as the ‘core-cusp problem’,
continues to obscure our understanding of dark matter microphysics
(de Blok 2010; Bullock & Boylan-Kolchin 2017). Another problem
related to this is how the total mass distributions of massive elliptical
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galaxies seem consistent with a power-law profile p = r~" within
their effective (i.e. half-light) radius, which would imply that the
luminous and dark matter profiles combine to form a power-law
despite neither innately conforming to this profile. This phenomenon
is known as the ‘bulge-halo conspiracy’ (Dutton & Treu 2014). This
nearly isothermal trend, with small scatter u, = 2.19 £0.03 and
o, = 0.11 (Cappellari et al. 2015), was found to extend out to about
four times the Einstein radius in elliptical galaxies with large velocity
dispersion (Serra et al. 2016; Sahu et al. 2024). However, when
studies were extended to larger samples at lower velocity dispersion
oy, the ‘universal’ total slope was found to be part of a trend, which
flattens at around log o, ~ 2.1 (o, in units of kms™!) in elliptical
galaxies (Poci, Cappellari & McDermid 2017), reaching (y) = 1.5
around log o, &~ 1.8 for samples including spiral galaxies (Li et al.
2019) with a clear age dependence, resulting in lower y for younger
galaxies at fixed oy (Zhu et al. 2024). Keeping to the cold dark
matter regime, a possible explanation of these observations is that
the baryonic processes gradually influence the inner dark matter
density slope. These results also suggest that the galaxies’ detailed
formation history affects this process. Therefore, it is helpful to
quantify how the dark matter profile evolves with redshift; in other
words, how time-accumulated baryonic processes could potentially
alter its shape.

Understanding the distribution of dark matter within elliptical
galaxies is further complicated by the need to separate it from the
baryonic component, which is dominated by stars in their centre.
Thus, the observational characterization of dark matter haloes is
intertwined with the stellar mass-to-light properties of these galaxies.
This strongly depends on the presence of low-mass stars and high-
mass stellar remnants, whose presence can only be inferred indirectly
via galaxy stellar dynamics (e.g. Cappellari et al. 2012, 2013;
Oldham & Auger 2018; Lu et al. 2024; Mehrgan et al. 2024), a
combination of dynamics and lensing probes (e.g. Auger et al. 2010a;
Treu et al. 2010), microlensing (e.g. Schechter et al. 2014; Jiménez-
Vicente & Mediavilla 2019), or faint stellar absorption features in
the galaxy spectra (e.g. van Dokkum & Conroy 2010; Spiniello et al.
2012; La Barbera et al. 2017; Lagattuta et al. 2017). See reviews by
Smith (2020) and Cappellari (2016). The stellar mass-to-light ratio
and gradient (formulations shown in Section 4) are two parameters
that have been shown to accurately trace the presence of stellar mass
within elliptical galaxies.

As dark matter structures cannot be directly observed, strong
lensing systems are invaluable tools for probing invisible structures
at redshift z > 0.1. By measuring and modelling the imaging
configuration of strongly lensed systems, it is possible to constrain
the total mass profile of the lens galaxy (see reviews by Treu 2010;
Shajib et al. 2024). Folding in additional kinematic and line-of-sight
(LOS) measurements then allows for an accurate decomposition of
the dark and luminous matter profiles in the lens galaxies (e.g. Treu &
Koopmans 2004; Newman et al. 2013; Shajib et al. 2021).

With a better understanding of the matter distributions and evo-
Iution in galaxies, tighter constraints on cosmology through time
delay cosmography (Treu & Marshall 2016) can also be achieved.
The flat lambda cold dark matter (ACDM) cosmological model is
highly successful in explaining observables from the time of photon
decoupling (at z ~ 1100) to the present time (Planck Collaboration
VI 2020). According to this model, our Universe has a flat geometry
and is expanding at an accelerating rate (Riess et al. 1998; Perlmutter
et al. 1999). The inferred value for Hy (the present-day expansion
rate of the Universe, or the Hubble constant) from the Planck CMB
measurements is 67.4 0.5 km s~! Mpc~! (Planck Collaboration
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VI 2020). In contrast, direct measurements of H, using cosmic
distance ladders of Type la supernovae calibrated with Cepheids
are higher by 2 50 (Abdalla et al. 2022; Riess et al. 2022). Thus, if
this inconsistency is not due to systematic effects, then the ACDM
model would require revisions (Valentino et al. 2021).

Competitive late-time Hj constraints from time-delay cosmogra-
phy can be attained if the time delays can be measured precisely
and the lensing potential can be modelled accurately, providing an
independent method of measuring the Hubble constant (e.g. Treu,
Suyu & Marshall 2022; Treu & Shajib 2023; Birrer et al. 2024). This
is most commonly achieved by identifying and analysing strongly
lensed quasar systems (e.g. Lemon et al. 2018, 2022; Sheu et al.
2024), or more rarely using strongly lensed supernovae (e.g. Quimby
et al. 2014; Sheu et al. 2023; Pascale et al. 2025). The mass-sheet
degeneracy (Falco, Gorenstein & Shapiro 1985; Schneider & Sluse
2013), however, is currently the main source of residual uncertainty
in these measurements (Birrer et al. 2020). Therefore, information
about the lens mass profile, such as that obtained in this paper,
is crucial to mitigate the mass-sheet degeneracy and tighten the
constraints on Hy (Birrer & Treu 2021).

In this Project Dinos' paper, we investigate the radial density
profiles of the dark matter and baryons for a sample of elliptical
lens galaxies at redshifts 0.1 < z < 0.9. Our goal is to improve our
understanding of the properties and evolution of massive elliptical
galaxies. Specifically, we aim to constrain how the inner slope of
the dark matter profile evolves with redshift, investigate correlations
between dark and luminous matter density profiles with velocity
dispersion, determine the normalization and gradient of the stellar
mass-to-light ratio to study the stellar initial mass function, and test
the consistency of the total matter surface density with a power-law
profile.

Our full sample of 56 lens galaxies consists of 33 lenses from
the Sloan Lens ACS (SLACS; Bolton et al. 2006) survey, and 23
lenses from the Strong Lensing Legacy Survey (SL2S; Gavazzi et al.
2012; More et al. 2012). Among these, we present power-law lens
models of 21 SL2S systems in this paper from newly obtained
high-resolution imaging from the Hubble Space Telescope (HST).
These new observations have a higher signal-to-noise ratio (S/N)
compared to previous HST observations available for 12 out of the 21
systems, and the remaining nine of the 21 have been observed with
the HST for the first time. This deep and high-S/N imaging data
allow for tighter constraints on their mass distribution properties.
For the remaining systems in our full sample (33 SLACS and two
SL2S lenses), we adopt the power-law lens models based on archival
HST imaging from Tan et al. (2024, henceforth referred to as Dinos-
I). Dinos-I performed a joint lensing — dynamics analysis based on
these lens models to find that the power-law profile can describe the
total mass distribution within 1o statistical consistency. Although
Dinos-I attempted to constrain any evolutionary in the deviation (or,
the lack thereof) from the power-law description, the lower S/N
of the archival HST imaging for the high-redshift (z ~ 0.6) SL2S
sample prevented a tight constraint on the evolutionary parameters.
In this paper, we resolve this issue by obtaining and modelling deeper
imaging of the SL2S sample. The knowledge acquired about the
mass density profile of elliptical galaxies and the stellar anisotropy
will inform H, measurements via time-delay cosmography. To that
end, we perform a Bayesian hierarchical analysis jointly on lensing
and dynamical observables to constrain population-level properties
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pertaining to dark matter and baryonic distributions in our lens galaxy
sample.

We organize this paper as follows. In Section 2, we introduce
our full lens sample. We then outline the modelling process for the
new SL2S system in Section 3. Next, we describe our hierarchical
Bayesian inference pipeline to constrain population level statistics
of our full sample in Section 4. We present the results of our
analysis in Section 5, and discuss their implications for galaxy
evolution, our understanding of elliptical galaxies, and cosmography
in Section 6. Finally, we conclude our findings in Section 7.
Throughout the paper, we adopt a flat ACDM cosmology model
based on the Wilkinson Microwave Anisotropy Probe (WMAP) 5-
yr observations (Komatsu et al. 2009), as our assumption of the
mass—concentration relation is derived from these values (Duffy et al.
2008). This includes wy = —1, og = 0.796, 2, = 0.3, 2, = 0.047,
and Hy = 70km s~ Mpc™', unless stated otherwise. Our choice in
cosmological parameters is motivated by how the mass-concentration
relation is most significantly affected by the og and w, parameters,
while being fairly robust against Q2,,,, 2, and Hy (e.g. Lépez-Cano
et al. 2022).

2 LENS SAMPLE AND DATA

Our full sample in this paper consists of 56 elliptical galaxy lenses.
Of these, 33 are from the SLACS sample and 23 from the SL2S
sample, spanning a lens redshift range of 0.090 < z; < 0.884, with
a mean redshift of 0.353 and a median redshift of 0.277. We use the
lens models and lens galaxies’ light profiles of all 33 SLACS and
two SL2S systems from Dinos-I (excluding systems without reliable
lens and source redshifts), modelled using archival HST imaging.

We model the remaining 21 SL2S lenses from our full sample,
using newly observed, high-resolution HST imaging in the F475X
filer obtained through the program HST-GO-17130 (PI: Treu), nine
of which were previously unobserved by HST. Although archival
HST images exist for many of these systems, they have significantly
shorter exposure times, making them comparatively less powerful
for constraining lens models and studying lens galaxy structures
(Dinos-1). The new images presented in the paper were obtained
using the Wide Field Camera 3 (WFC3), with at least 2366 seconds
of exposure per system from 2023 January 9 to 2024 April 14. The
wide and blue F475X filter was selected to observe the lensed blue
arcs at a high §/N, while minimizing contamination by the redder
lens galaxy’s light. A comparison between the F475X observations
and previously observed HST or Canada—France-Hawaii Telescope
(CFHT) imaging is presented in Figs 1, 2, and 3. These 21 SL2S
systems uniformly sample lens redshifts 0.3 < z; < 0.9. These 21
systems were selected out of the full SL2S sample of 35 lenses
because of the availability of redshifts for both the lensing and source
galaxies and the velocity dispersions of the lens galaxies (Sonnenfeld
et al. 2013, 2015). In this paper, we present lens models using these
new and deeper observations for the 21 SL2S lenses, which are of
higher quality than those previously published (Sonnenfeld et al.
2013, 2015; Dinos-I).

We incorporate the velocity dispersion (Mozumdar et al. 2025) and
the LOS measurements (Wells et al. 2024) of the SL2S systems into
the hierarchical analysis (see Section 4). The velocity dispersions
for the SLACS systems are provided by Knabel et al. (2025), and
the LOS information by Birrer et al. (2020). All velocity dispersion
measurements have been thoroughly analysed, and have both their
systematics and statistical uncertainties assessed (Knabel et al. 2025;
Mozumdar et al. 2025).
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While the F475X filter provides high S/N on the lensed arcs
and hence tight constraints on the lensing parameters, on average it
contains less of the lens galaxy’s light compared to redder filters.
Also, this filter is much bluer compared to the bands used to
measure the velocity dispersions. Therefore, for the lens light profile
used in the dynamical modelling, we use the lens galaxy’s light
profile derived from the r-band CFHT observations after tightly
constraining the flux distribution on the lensed arcs using our lens
models and source reconstructions based on the HST imaging (see
Section 3.2).

3 LENS GALAXY’S MASS AND LIGHT
DISTRIBUTIONS

In this section, we first present our general lens modelling pipeline,
applied to the new HST imaging for 21 SL2S systems in Section 3.1.
We then explain the modelling process for the CFHT r-band light
profiles in Section 3.2. Lastly, we describe how we account for
systematic uncertainties in Section 3.3.

3.1 Lens modelling

We use LENSTRONOMY,” a multipurpose lens modelling software
package, to model our lenses from the F475X data (Birrer & Amara
2018; Birrer et al. 2021). LENSTRONOMY has proven to be reliable
and robust in the Time-Delay Lens Modelling Challenge (TDLMC;
Dingetal. 2021), where LENSTRONOMY was used by two independent
teams to recover lens model parameters within statistical consistency
(in Rung 2).

We base our modelling pipeline on previous efforts by Shajib
et al. (2019) and Schmidt et al. (2023). A few of our systems require
additional modifications to the pipeline (e.g. including an additional
source light profile, lens light profile, and/or lensing profile). See Ap-
pendix A for system-specific amendments to the general modelling
pipeline. Our procedure for lens modelling consists of using a particle
swarm optimization operation (Kennedy & Eberhart 1995) to locate
a maximum of the lens likelihood function likely close to the global,
and then a Markov chain Monte Carlo (MCMC) algorithm with
EMCEE to obtain the posterior of the model parameters (Foreman-
Mackey et al. 2013).

We model the lens light using the elliptical de Vaucouleurs profile
(de Vaucouleurs 1948), which is the special case of the Sérsic profile
with the Sérsic index fixed at ny = 4 (Sérsic 1963). We opt to use a
simple lens light model, fixing ny = 4, as the lens galaxy light is not
very extended relative to the arc position in the observed F475X band.
Hence, contamination of the lens light to the source light becomes
much less an issue, and a simpler lens light model would prevent the
lens light from overfitting for the oftentimes brighter source galaxy
light.

The lens model utilizes a power-law elliptical mass distribution
(PEMD; Barkana 1998), and an external shear component. We
impose a Gaussian prior on the centre of the lens profile, with the
mean set at the lens light model centre and a standard deviation
of 0.04 arcsec, or one pixel in the F475X image. We also impose
prior conditions on the lens profile ellipticity as ¢, > g — 0.1 and
|Apa| <10 —5/(qL — 1), where gy, is the mass axis ratio, g is
the light axis ratio, and Aps the difference between the position
angles of the mass and light profile (Schmidt et al. 2023). These well
justified priors are to prevent non-physical configurations such as an

Zhttps://github.com/lenstronomy/lenstronomy
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WEFC3 F475X

WEFC3 FA75X

SL25J0214-0405

WEFC3 F475X

SL258J0217-0513
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CFHT g
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Figure 1. Comparison of the first eight (of 21) SL2S systems observed in HST-GO-17130, to prior HST or CFHT imaging. For each pair of images, the WFC3
F475X image is shown on the left, and prior HST imaging (if available; otherwise, CFHT g-band imaging) is shown on the right. All images are orientated such
that the North is up and the East is left. Qualitatively, the F475X images are many times sharper than previous imaging for a large majority of the systems.

extraordinarily large ellipticity in the mass distribution, and rather
shifts its effects onto the external shear component. The source light
model utilizes a basis set that includes an elliptical Sérsic profile and
shapelets (Refregier 2003; Refregier & Bacon 2003). The number
of shapelets is determined by the configuration with the lowest
Bayesian information criterion (BIC). We ensure the convergence of
the MCMC chains according to the method as follows. After running
the chain for an initial 200 steps, we start monitoring the median and
spread (16th and 84th percentiles) for each model parameter. When
all the model parameter means at a given step do not change from
that of the previous 100 steps by more than five per cent of the spread,
we consider the chains to have converged (Schmidt et al. 2023).
The lens model parameters are provided in Table 1. Image recon-
struction and residuals for each system are shown in Appendix A.

MNRAS 541, 1-27 (2025)

3.2 Modelling the lens galaxy light in the CFHT imaging

While the CFHT data have a lower resolution and S/N compared
to the HST imaging, the CFHT r-band is closer to the optical band
absorption features used in the velocity dispersion measurements and
accentuates the lens galaxy light over the source galaxy. Hence, we
use the CFHT r-band imaging to fit the lens galaxy light profile of
our SL2S systems. To accurately model the light profile, we deblend
the lensed arcs in the CFHT data to robustly fit the lens galaxy’s
light distribution. We make use of the high constraining power of the
lens models from Section 3.1, by imposing a posterior probability
distribution (taken from the lens model) for the relative locations
of the lens and source profiles and the mass model parameters for
the CFHT r-band models. For the lens light profile, we use a single
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Figure 2. Comparison of the next eight (of 21) SL2S systems observed in HST-GO-17130, to prior HST or CFHT imaging. See the caption of Fig. 1 for a full

description.

elliptical Sérsic profile with a uniform prior ny ~ U([1, 5]) on the
Sérsic index. This is the same as the lens light model applied to the
HST imaging, but now with added flexibility in the Sérsic index.
We impose the same Gaussian prior on the lens light model centre
and ellipticity as with the HST data. For the source light profile,
we also use a single elliptical Sérsic profile. This is similar to the
source light model applied to the HST imaging but without the
shapelets basis, as we find that the CFHT r-band’s comparatively
lower angular resolution, redder colour, and lower S/N in the
lensed arcs do not require the additional freedom provided by
shapelets.

The lensing model MCMC chains are then run until they have
converged; see Table 1 for the resulting lens light parameters. The
image reconstruction and residuals for each system are shown in

Appendix A. Similar to the case of lens modelling with the HST
imaging, there are a few systems that do not strictly follow the
model described above. We discuss these exceptional cases also in
Appendix A.

3.3 Estimating systematic uncertainty of the mass model
parameters

Only the statistical uncertainties are accounted for in the lens
modelling procedures described above. While we expect some
lensing quantities, such as the Einstein radius, to remain robust across
modelling methodologies, y has been shown to vary significantly
(Dinos-I). To estimate systematic uncertainties in y, a comparison
between different models and modelling pipelines is necessary. Of

MNRAS 541, 1-27 (2025)
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Figure 3. Comparison of the last five (of 21) SL2S systems observed in HST-GO-17130, to prior HST or CFHT imaging. See the caption of Fig. 1 for a full

description.

the 21 SL2S systems modelled in this paper, 11 overlap with Dinos-I’s
sample. Following Dinos-I, we use the lensing information quantity
defined as

S i
\ 2o N

where S; is the lens-light subtracted flux of the ith pixel on the lensed
arcs, and N; is the noise level in that pixel. The weight w; is defined
as

7= (1)

w; =

16; — Re| |¢—¢m>b"
1 1 s 2
+ R E ( * ¢ref :| ( )

where 6; is the radial distance of the pixel from the deflector galaxy,
Ry is the Einstein radius, ¢; is the azimuthal angle of the pixel,
and ¢, is a reference angle which we chose to correspond to the
brightest pixel on the arc. By minimizing the correlation between
logZ and log o, (where o, is the statistical uncertainty of ) across
our 21 SL2S systems and Dinos-I's 77 systems, we estimate a =~ 2
and b ~ (.2.

Following Dinos-I (see fig. 7 therein), the systematic uncertainty
given a system’s lensing information is described with

Oy sys = U)T?;,(g tanh (Iscale/I) . (3)

MNRAS 541, 1-27 (2025)

Dinos-I sets a;‘f;‘s = 1/3, which we also adopt in this paper. Z,e is

fit for by minimizing the absolute difference between unity and the
reduced x2, summed over the 11 overlapping systems between our
and Dinos-I’s samples, that is, this penalty function defined as

Niens ( ours __ Tan+24)2

1 Vi Vi
PToeate) = |1 — L a )
scale Nlens ; (U;’}ljrs)z + (U;:a;l+24)2

@

From this, we find Z . = 125. The total uncertainty is then
calculated by adding the systematic and statistical uncertainties in
quadrature. See Fig. 4 for a summary comparison between our and
Dinos-I's y values, after accounting for systematic uncertainties.
Note that since we fit for different weights a and b, the infor-
mation criterion Z values we present differ from those presented
in Dinos-I. Fig. 4 (left panel) shows that the results are not only
consistent with Dinos-I, but also have smaller uncertainties as the
F475X data provide higher S/N within the lensing features (see
Section 2, Figs 1, 2, and 3 for a qualitative comparison). The
same methodology is applied to estimate our sample’s Einstein
radii systematic uncertainties as well. On average, the y systematic
uncertainty makes the total uncertainty 5.7 times larger than the
statistical uncertainty, while the Rg systematic uncertainty does
so by a factor of 2.7. The total uncertainties are presented in
Table 1.
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Table 1. SL2S modelling results. Here, z; is the spectroscopic lens galaxy redshift, Rg is the Einstein radius, y is the logarithmic slope of the mass profile, gm
is the mass axis ratio, PA, is the mass position angle, "% is the residual shear magnitude, ¢"*" is the residual shear angle, Re is the effective or half-light
radius in the CHFT r-band, ¢y, is the light axis ratio, and PAy, is the light position angle. All degree measures are given as North of East.

Name 2l Rg v 4m PAn yher e Refy qL PAL
(arcsec) ) ©) (arcsec) @)
SL28J0205-0930 0557  1.246750%  2.0070%  0.63%0%%  —2673  0.06109! 1547 0.35%092  0.6370%  —167%
SL28J0212—-0555 0750  1.238700% 143701 0.70%00  —26F1 0443000 —20f] 029709 0547013 35700
SL2SJ0214-0405  0.609  1.340709% 239701 0751003 4713 0.17400) 821 0.62100¢  0.8170% 2878
SL28J0217-0513  0.646 12727001 1947002 0857000 211 0107000 —87f 038700 0.66700  —477)
SL2SJ0218—0802  0.884  0.85070016  2.047018  0.887001 45+3 0.02+000 =32t 0417008 051797 6317,
SL2SJ0219-0829 0389  1.2967003%  2.7070%  0.67100; 1173 0.05%001 6472 0471003 0.64700 912
SL2SJ0220-0949 0572 09147393 2.97+018 077007 _24*T 007100 —1977, 0207500 0.62%005 2078
SL28J0226—-0420 0494  1.152759%  2.0501% 0724093 2143 0.07500! 22t 0.5270%  0.7870:93 3478
SL2SJ0232—-0408  0.352  1.01979018  238T00% 0707501 2372 0057000 —18%3 053700 065700 2373
SL2SJ0848—0351  0.682  0.9307003%  1.95T00% 043001 25T 0.0170¢ 35112 039790 032709 304
SL2SJ0849-0412 0722 L.134F001 207709 071703 40110 0.03%0:03 65743 0271002 0.4270%8 494
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Figure 4. Comparison of logarithmic slopes (y) between our and Dinos-I's models (Sheu + 25 and Tan + 24, respectively). On the left plot, we compare
Dinos-I and our values of y (on the x- and y-axes, respectively), for the 11 overlapping systems between our samples. The grey error bars represent the systematic
uncertainties, and the one-to-one relation is traced with the red dashed line. We find that our measurements generally match that of Dinos-I, with tighter
uncertainties. On the right plot, we plot lensing information Z (defined in equation 1) versus y for our 21 systems (in blue) and the 11 overlapping systems
from Dinos-I (in orange). The data for the overlapping systems in Dinos-I have less lensing information due to their shorter exposure times from a snapshot
programme, and their comparatively redder bands used. The coloured uncertainties are the statistical uncertainties, whereas the grey uncertainties are the total
ones. Overall, our sample of SL2S lenses contains more lensing information per system than that in Dinos-I.

4 HIERARCHICAL ANALYSIS analysis on our sample. However, to run in a computationally
reasonable time, we first parametrize each system at an individual
level before constraining the associated population-level parameters.
In this paper, most of the population-level parameters are denoted as

Our goal is to constrain the population-level properties of the
luminous and dark matter profiles for our full sample of SLACS
and SL2S lenses. To that aim, we perform a hierarchical Bayesian

MNRAS 541, 1-27 (2025)
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such: u, is the population mean and o, is the population scatter of
the subscripted parameter x. If we account for a redshift evolution
in x, then «, is the linear correlation for that parameter with respect
to redshift z, €, is the linear correlation for that parameter with
respect to the logarithmic velocity dispersion log(oy), and w, and
o, are evaluated at the reference redshift z,.; = 0.353 and reference
velocity dispersion log(oy .f) = 2.42, which are the means of our 56
systems sample.

We adopt a generalized NFW profile (gNFW; Keeton & Madau
2001; Wyithe, Turner & Spergel 2001) for modelling the dark matter
profile, allowing us to quantify how the inner slope of these haloes
evolve over redshift due to baryonic processes. The gNFW density
profile is defined as

Ps
(r[r (1 +r /o3 v’

where r; is the scale radius, ps is the density at rg, and yi, is the
inner logarithmic slope. With y;, = 1, the gNFW profile becomes
an NFW profile. This parameter y;, and its evolutionary trend can
provide insights into the baryonic processes that have shaped the
dark matter and generally the overall mass distribution (mergers,
stellar, supernovae, and AGN feedback, etc.), with 4, < 1 roughly
describing an expanded or cored halo (e.g. Governato et al. 2010,
2012) and yi, > 1 roughly describing a contracted or cuspier halo
(e.g. Gnedin et al. 2011; Newman et al. 2013).

As we are interested in constraining the population-level stellar
mass-to-light ratio (Y, = M, /Lg, where both are in solar units), it
is necessary to convert the modelled surface brightness, i.e. the Sérsic
profile(s), to a B-band luminosity scale. For our modelled SL2S
systems, we use the CFHT r-band light profiles (see Section 3.2).
For the remaining SL2S and SLACS systems, we use the HST
light profiles modelled by Dinos-I. As such, all systems’ Sérsic
profile amplitudes were scaled according to their distance modulus
(assuming our fiducial cosmology) and K -corrected to correspond to
the rest-frame B band, requiring SED fitting. We use k-CORRECT,’ a
PYTHON implementation for calculating these K -corrections (Blan-
ton & Roweis 2007), to account for the distance modulus (the angular
diameter distance and cosmological surface brightness dimming
corrections) and the SED shape variation. For the SL2S systems, we
use simple aperture photometry (of radius ~ 0.1 arcsec, centred on
the lens) on the CFHT u, g, r, i, and z bands for the necessary colour
information; for the SLACS systems, we use the colour information
of Auger et al. (2009) (from HST F435W, F555W, F606W, F814W,
and/or F160W filters). The resulting distance-modulus-corrected and
K -corrected surface brightness profile in B band is denoted as /g (r).

In addition to Y,p, we also include a population stellar mass-
to-light gradient component 7. This is incorporated by multiplying
the luminous matter surface density by a power law dictated by
—n. Quantitatively, therefore, the luminous matter convergence . is
modelled as

_Xs (1T 6
K (r) = T (Reff> B(r) (6)

)

p(r) =

where X is the lensing critical surface mass density. Although
lensing and dynamics constrain the radial shape of the overall mass
density profile, leaving a degeneracy between the dark and luminous
matter distribution in the most general sense, varying n and i,
affects the overall mass profile shape differently in our particular
parametrization. As a result, we do not have a perfect degeneracy

3https://github.com/blanton 144/kcorrect
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between n and yi,, as it is broken by our physically motivated
model parametrization. Furthermore, we find including Y, in our
model makes the best-fitting anisotropy profile more consistent with
previous empirical studies (Section 5).

We include a Y,p prior to better constrain our model. For the
redshift evolution parameter dlog(Y,.p)/dz, we adopt a prior of
Qlog(T,p5) = —0.72J_r8:8§ (statistical) &= 0.04 (systematic) (Treu et al.
2005). This prior is derived from fundamental plane analysis, a
methodology independent of lensing, on spheroidal galaxies. For the
corresponding normalization, we analyse a set of 79 SLACS lenses
from Auger et al. (2009), as they share a similar velocity dispersion
distribution to our sample (also considering the nonoverlapping
subsample of SL2S lenses), and their constraints on the stellar
profiles are independent of lensing analysis. We calculate log(Y.z)
for each of the 79 systems using the stellar mass and B-band absolute
magnitudes provided in Auger et al. (2009). We obtain the population
mean of Y,p and its uncertainty from these 79 systems to serve
as the prior for our sample. In this sampling, we set the prior
for the stellar initial mass function (IMF) to be uniform between
the Salpeter and Chabrier IMF to make the prior uninformative on
the IMF. In practice, we obtain log(Y,g) from Auger et al. (2009)
assuming a Salpeter IMF (Salpeter 1955). Then with an additional
offset factor of U/([—log(1.8), 0]) to uniformly sample between the
Chabrier (Chabrier 2003) and Salpeter IMFs, we sample the (tiog(v,5)
posterior and fit the distribution as a Gaussian; in contrast, the
intrinsic scatter ojog(r,;;) is measured at a fixed IMF. We also sample
from the aforementioned Qjog(, ;) Prior, to fit for ftiog(r, ) and Olog(r,p)
measured at z,.¢. From this, we find and use the following as our prior:

Hiog(rug) ~ N(p = 0.46, 0 = 0.08),
Olog(rys) ~ INN (= —3.94, 0 = 1.18),
Ulog(ray) ~ N (i = —=0.72, 0 = 0.07), )

where we define a lognormal distribution as
InN(, o) = N0, ®)

We first calculate the posterior distributions for the individual-level
parameters pertaining to the luminous and dark matter profiles for
each system, before performing the analysis at the population level.
Equation (6) is used to convert the lens light surface luminosity to
luminous matter surface density used in our dynamical models; the
overall convergence shape is set by the stellar mass-to-light ratio
parameter Y,p, the stellar mass-to-light gradient parameter 1, and
the corrected, modelled B-band surface luminosity profile /5(r). We
define Dyjgp¢ as the combined data set of /(r) across all systems.

As we use the gNFW model for the dark matter profile, for
each system of our sample, we obtain posterior distributions of
the individual-level parameters © = {rg, log(ks), ¥, log(Ysp), 0},
where «; is the convergence of the gNFW profile at ry (i.e. ks =
pst's/ Lerits see equation 5).

At the individual-system level, we constrain over only the lensing
observables D, independent of the mass-sheet degeneracy: the
Einstein radius and the quantity Rger/(1 — kg), where «g and ag
are the convergence and deflection angle at the Einstein radius,
respectively (Kochanek 2020; Birrer 2021).

Additionally, we impose a joint prior on R and log(ks), in the form
of a mass—concentration relation for the dark matter profile (Dufty
et al. 2008), which was derived assuming a WMAPS cosmology
(Komatsu et al. 2009). Given that we utilize a gNFW dark matter
profile, we adopt a concentration definition of

C_y = r00/7-2, &)
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Figure 5. Luminous matter (LM) and dark matter (DM) decompositions for three strong lensing systems at varying redshifts in our sample. We present the
posterior distributions for each individual system using strong lensing information only, demonstrating its strong constraining power independent of kinematic

data.

Table 2. Description and priors of the population-level parameters sampled by our Bayesian hierarchical process. See Section 4 for the derivation of our priors

ON [log(T,p)> Tlog(Yp)» AN Ulog(T, p)-

Parameter Description Prior

My Population mean of y;,, the logarithmic inner slope of the DM halo, at zyer and log(oy, rer) U([0.1,2.0))

Oyin Population scatter of i, at zrer and log(oy ref) Uo, 11

Qyin Linear dependency of y;i, on redshift U(-5, 5]

€Yin Linear dependency of yi, on log(oy) U[-5, 5]

Hlog(Ty5) Population mean of log(Yp), the log stellar mass-to- B-band-light ratio, at zer and log(oy ref) N(n =0.46,0 = 0.08)
Olog(Typ) Population scatter of log(Yyp) at zrer and 10g(oy ref) InN(u=-394,0 =1.18)
Ulog(Typ) Linear dependency of log(Yp) on redshift N =-0.72,0 =0.07)
€log(Typ) Linear dependency of log(Yxp) on log(oy) U(-5, 5]

n Population average stellar mass-to-light gradient U(0, 0.5])

M Bani Population mean of By, the stellar anisotropy parameter U(I-1,1))

O Buni Population scatter of SBani U(n((0, 0.5]))

Magni Population mean of a,y;, the anisotropy radius divided by the effective radius U(n([0.2, 5]))

Odgni Population scatter of aani U(In((0, 0.5]))

where c_; is the modified gNFW concentration parameter, 5 is the
radius where the mean density is 200 times the critical density of
the universe, and r_;, is the radius at which the logarithmic surface
density slope is equal to —2 (Keeton & Madau 2001). In the case
of an NFW profile (yi, = 1), c_, is equivalent to the conventional
concentration parameter of r,g/rs. While the mass—concentration
relation from Duffy et al. (2008) was estimated using NFW dark
matter simulated haloes, we assume that this relation also applies
to ¢_p, as they are both similarly physically motivated (Keeton &
Madau 2001).

The log(Y, ) parameter is sampled from a broad uniform distribu-
tion encompassing 3o level of population scatter for fiiog(r, z) in €qua-
tion (7) scaled by their respective redshift, that is, 2/([0.21, 0.71]) x
—0.72(z — 0.347). We take this uniform distribution for the prior
for individual systems as the values are informed by the population
level prior and, therefore, we allow more freedom in the prior for
individual systems than the posterior of the mean would allow.

Furthermore, y;, and n also have priors of U([0.1,2.0)) and
U(In((0, 0.5])), respectively. The resulting individual posteriors are
parametrized as Gaussian distributions, with exception to i, which is
parametrized as a lognormal distribution. This is because we know
n cannot be < 0 based on studies of elliptical galaxies of stellar
populations and dynamics (Lu et al. 2024) and IMF gradients (van
Dokkum et al. 2017). See Appendix B for the individual posteriors
for each system in our sample. Therefore, the posterior probability

density function p(t; | Dy,;, Diign,;) for an individual lens is

P(Ti | Diis Diighti) ¢ p(Ti) p(Dii | Ti) p(Drighei | To)s (10)

where p(t;) is the combination of aforementioned priors, p(D,.; | ;)
is the likelihood of the lensing observables, and p(Djigne; | 7;) is the
likelihood of the observed surface brightness profiles.

In Fig. 5, we show the luminous and dark matter distribu-
tions of three exemplar systems in our sample (SL2SJ0232—-0408,
SL2SJ0226—0420, and SL2SJ018—0802) at varying redshifts, and
how their decomposition compares to the modelled power-law den-
sity profile. The luminous and dark matter decomposition figures for
our full sample of 56 systems are presented in Appendix B.

Finally, we use HIERARC* (Birrer et al. 2020), which
is a hierarchical Bayesian inference pipeline for strong
lensing systems, to infer the population-level parameters 7 =
{15 Opins Oy €ans Kiog(X)s Olog(Tap)s Hlog(Tun)s €log(Tan)s T Mfinis
08, }. See Table 2 for a description of the parameters. Unlike with
the other population parameters, 77 is parametrized as the population-
averaged M, /Lp gradient; this is equivalent to a population mean
parametrization of the gradient with a scatter of zero, or a Dirac
delta function. We also estimate external convergence distributions
for all but five systems (for which we do not have direct estimates

“https://github.com/sibirrer/hierarc
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of the external convergence) into this hierarchical analysis. For the
remaining five SL2S/SLACS systems, we apply the combined kex
distribution from the other SL2S/SLACS systems, respectively.

In addition to probing galaxy properties’ relation versus redshift,
we also account for their linear relation with log(oy) (i.e. €, and
€log(T,5))- The primary reason for this is so that our results remain
unbiased against the selection bias that is present in the SLACS
sample. As Sonnenfeld (2024) shows, the SLACS lenses have steeper
density profile and larger velocity dispersion than regular galaxies,
at fixed stellar mass; but they are near indistinguishable at fixed
velocity dispersion. While we acknowledge that there are bound to be
other differences between the SLACS and SL2S selection of lenses,
we account for the seemingly most significant differences (redshift
and velocity dispersion). Hence, we are able to effectively combine
the SLACS and SL2S samples, with the results being applicable to
elliptical galaxy populations.

As the baseline setting for the anisotropy profile, we assume
a spatially constant anisotropy model, which has been shown to
be consistent with local elliptical galaxies (Gerhard et al. 2001;
Cappellari et al. 2007b; Cappellari 2016). In this model, the stellar
anisotropy parameter B, is spatially constant, which is defined as

o2

Bui=1-%, (1n
UI

where o, and o, are the tangential and radial velocity dispersions,

respectively.

For comparison with previous work, we also implement an
Osipkov—Merritt anisotropy model (Osipkov 1979; Merritt 1985)
in addition to a constant stellar anisotropy. Under this model, we
parametrize a,,;, which is defined as the anisotropy radius divided
by the effective radius (Mamon & Lokas 2005):

dani = rani/reffv (12)

with the spatially-varying stellar anisotropy defined as

2

2 2 420
r +aanireff

ﬁani,OM(r) = (13)
We sample from the parent population (as defined by population-
level parameters m), to get & = {yin, l0g(YVsp), 0, Bani} for each
system. The model-predicted velocity dispersion is then determined
by deprojecting the total-matter 2D convergence and surface light
profiles through a multi-Gaussian expansion process (Emsellem,
Monnet & Bacon 1994; Cappellari 2002), where the 2D profile is
decomposed into a Gaussian basis then individually deprojected into
the corresponding 3D profile.

Therefore, the population-level posterior probability density func-
tion p(w | D) is

N
p(w | D) o pm) [ / d&ip(&; | 1)p(D; | &). (14)

where D is the full set of data for all systems, and D;
is the data pertaining to a single system. Decomposing D; =
{Ds,.i» Dros,is Dx,i» Diighi,i} (Where Dy, refers to the observed ve-
locity dispersions and Djos; refers to the external convergence
measurements) and combining with equation (10), we see that

N
p(m | D) p(n)H {/ d&;drg; dlog(ksi)p(&i | w)p(Do,i | &)

P(Dros.i | §)p(&i, rsi, 1og(ks.i) | Dy Dugnei)/p&i)| (15)
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where p(w) is the prior on m, p(§ | ) is the probability of
an individual system’s & given the parent population described
by m, p(D,; | &) is the likelihood of the velocity dispersion
measurements, p(Dros; | &) is the constraint imposed by the
LOS measurements, and p(&;) is the prior applied on &. The
p&i,rs;i,log(ks ;) | Dy,i, Diigne,i) term, which can also be written as
P(Ti, Bani | Dx,is Diigne,i), represents the probability of a sampled &;
parameter, marginalized over the individual posteriors from equation
(10).

For the anisotropy model parameters, Ba, ~ U([—0.5, 1]) for a
constant anisotropy, and @, ~ U([0.2, 5.0]) for an Osipkov—Merritt
anisotropy. We choose a constant anisotropy profile as our baseline
model, as it is consistent with dynamical observables obtained
for local elliptical galaxies (Gerhard et al. 2001; Cappellari et al.
2007a, 2007b). As we are sampling the & parameters from Gaussian
distributions specified by 7, these priors cause p(§; | ) to follow
a truncated Gaussian distribution (with exception to n, which is
sampled from a Dirac delta function), which serve to exclude
extreme values from being sampled. As these priors are uniform
and the ranges are broad enough to encompass the individual-level
constraints p(t | Dy i, Dijgn,i), we do not need to explicitly perform
the division of p(§;) in equation (15). See Table 2 for our priors on
7, the population-level parameters.

5 RESULTS

We test six different configuration of hierarchical hyperparameters.
Our baseline model assumes a constant anisotropy model, using
the priors from Table 2, Hy = 70kms~' Mpc~!, and is run on
our full SL2S and SLACS sample. Furthermore, we test the same
configuration but assuming an Ospikov—Merritt anisotropy model. To
test whether our results are selectively biased by our sample selection
and to better compare with previous works, we run on hierarchical
analysis on the SL2S and SLACS samples separately. To check how
robust our pipeline is to differing cosmology, we run two different
configurations with alternative H, values of 67 and 73 kms~! Mpc~'.
See Table 3 for the posteriors of all six of our models. We only
provide the upper 95th percentile for 7 as our perceived lower bound
is likely an artifact from using lognormal distributions to represent
the individual system posteriors. Fig. 6 presents the corner plot of
the population-level parameter distributions of our baseline, SL2S-
only, and SLACS-only models. In Fig. 7, we present the measured
velocity dispersion distributions and our resulting posteriors of the
two anisotropy models, for each system.

Using the population-level posteriors, we also present the lumi-
nous and dark matter profiles for a representative, averaged system
from our 56 system sample at z.s and log(oy f) in Fig. 8. This
average system’s light profile is generated by taking the mean surface
luminosity of our full sample (after being K -corrected, corrected for
distance modulus and cosmological surface brightness dimming, and
converted to absolute luminosity), at a given radius. The log(Y.p)
prior from equation (7; light orange) or the population-level posterior
(dark orange) is then applied to the averaged-flux profile. For the
dark matter profile, the average R; and log(k,) of the same lens
sample are used. However, y;, is sampled from either the population-
level distribution of the individual system posteriors (which serve
as priors in the hierarchical analysis; light blue) or the population-
level posteriors of our hierarchical analysis (dark blue). In Fig. 8, we
qualitatively observe a tighter constraint on yj, at Zrer and 1og(oy ref)
by applying our Bayesian hierarchical analysis; further analysis on
¥in and its evolution with redshift is discussed in Section 6.1. In
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Table 3. 1D posteriors of the population-level parameters sampled by our Bayesian hierarchical process. The baseline model assumes a constant anisotropy,
the priors established in Table 2, Hy = 70kms~! Mpc~!, and is applied to our full 56 SL2S and SLACS lens sample. The 95th percentile value is provided for

the population-level scatter parameters and 7.

Model Hn ¥in Uy /in Hlog(ep)  OlogMup)  ClogMup)  €log(Tug) 71X 107 g OF fay  Opyy OF Oy
Baseline  0.97700 <0.07 —044731% 039703 0727002 <019  -05770% 056703 <005  —02070% <046
oM 095109 <008 —048%01> 047703 072700 <020  —0.57700%  0.63103¢  <0.05 3.6210%% <044
+0.14 +0.43 +0.88 +0.05 +0.09 +0.54 +0.19
SL2S 092701% <028 —0.1870% 062798 0757007 <036 —0.67700% 032703% <189 —0.197019 <0.36
SLACS 0957007 <0.08 —046%0% 009703 062700 <014 —0747007  1.0670%5 <013 —0.0470)) <045
Hy=67 097700 <007 —045%018 041704 073750 <019 —0.5870% 0607038 <005 —0.2070% <045
Hoy=73 096709 <007 —0467012 041793 073702 <019  —058%007 059753 <005 —0.1970% <047

addition, discussion on the total convergence profile and the necessity
of a mass sheet is found in Section 6.4.

6 DISCUSSION

In this section, we discuss the results of our Bayesian hierarchical
analysis, with an emphasis on its implications on elliptical galaxy
evolution (Section 6.1), IMF (Section 6.2), velocity dispersion
(Section 6.3), cosmography (Section 6.4).

6.1 Implications on galaxy evolution

In Fig. 9, we present the population distribution of «,,, (left), and
the evolution of y;, over redshift (right). From the left panel, we
see that o, has a > 20 departure from no evolution «,,, = 0, and
thus we find tentative evidence for evolution of the dark matter halo
inner slope with redshift (et,,, = —0.447014 for our baseline model).
Furthermore from the right panel, we find that y;, is consistent with
that of an NFW y;, = 1 (with p,,, = 0.97f8:8§ at Zyer and log(oy rer))
at redshifts < 0.49 (with < 20 agreement), and trends towards slopes
shallower than an NFW profile at higher redshifts. This supports the
hypothesis that these dark matter overdensities conform to an NFW
profile through time-accumulated baryonic processes that gradually
alter the density profile over time.

We also see that our results are very consistent with previous stud-
ies of observed elliptical galaxy populations. Our results primarily
differs from previous studies as we (1) investigate the evolution of y;,
with redshift, (2) use newly observed, high S/N data for the SL2S
systems (which occupy higher redshifts compared to the SLACS
sample), and (3) utilize the improved and uniform models in Dinos-
L

Our Y4, distribution is in agreement with the previous population
studies of Grillo (2012), Sonnenfeld et al. (2015), and Oldham &
Auger (2018) over their respective redshift ranges, while providing
tighter, more accurate constraints across a much larger redshift range.
In addition, we also find that our results in excellent agreement
with the IllustrisTNG predictions utilizing cosmological magne-
tohydrodynamical simulations of dark matter halo formation (see
Appendix C on how we derive y;, from the simulation data).

Using our averaged light profile (see Fig. 8), we can also model
for a corresponding halo response parameter (v) of our population of
dark matter haloes (Dutton et al. 2007; Shajib et al. 2021). Assuming
that a dark matter halo initially follows an NFW profile distribution,
v is described as

rf =er,‘, (16)

where r; and r; are the initial and final positions of a given dark
matter particle, and I' is the contraction factor. The halo response

parameter describes the amount of adiabatic contraction (v > 0) or
expansion (v < 0) of the dark matter halo due to baryonic processes.
We recovered a halo response parameter of ¥ = 0.0470 0!, and so
we observe an overall contraction of the dark matter halo. This is in
slight 2.40 tension with Shajib et al. (2021), where they recover i, =
—0.061001 over a sample of SLACS lenses. However, we remark that
there are many differences between our analysis and that of Shajib
et al. (2021). For example, the gNFW profile used in this paper and
the adiabatically contracting/expanding NFW profile are inherently
different and do not directly translate between one another. Perhaps
the biggest difference between the two dark matter profiles is that the
outer radius of the gNFW profile should not change considerably (see
equation (5)), whereas the adiabatically contracting/expanding NFW
profile can with varying v. As such, the measurement of r;/r; can
systematically vary significantly outside of the scale radius between
our analyses, and thus result in differing values of the halo response
parameter.

Lastly, we find that our log stellar mass-to-light ratio evolves with
redshift as aog(r, ;) = —0.57 0 0e for our baseline model. All of our
models are in agreement with our prior used for ag(r, ;) ~ N (1 =
—0.72, 0 = 0.07) (equation (7); with tension of at most 1.6¢ ), which
was derived from independent fundamental plane analysis.

6.2 Implications on IMF

To infer the IMF one can compare the Y, values derived from the
dynamics + lensing models against the corresponding values from
the stellar population Y. Here, we compare our final posterior
of 10g(Y,5) at Zrer and log(oy rer) With the log(YFF) distribution of
elliptical galaxy lenses measured by Auger et al. (2009) converted
to the same redshift (assuming a given IMF, and accounting for the
redshift dependence from Treu et al. 2005).

We present this comparison in Fig. 10, for our baseline, SL2S-only,
and SLACS-only models. All models favour a heavier, Salpeter-
like IMF. This is in agreement with similar analyses on elliptical
galaxy lenses (e.g. Treu et al. 2010; Sonnenfeld et al. 2012; Shajib
et al. 2021), with results from galaxy dynamics, which indicate a
Salpeter-like IMF for galaxies with large velocity dispersion (e.g.
Cappellari et al. 2012, 2013; Li et al. 2017; Lu et al. 2024) and
from analysis of the spectra features (e.g. Dokkum & Conroy 2010,
2012; Conroy & van Dokkum 2012; Spiniello et al. 2012; Smith
2020), which indicates that elliptical galaxies favour an IMF heavier
(Salpeter-like) than what is observed of the Milky Way (Chabrier;
Chabrier 2003; Chabrier & Lenoble 2023).

As theoretical studies have shown, a bottom-heavy IMF can be
indicative of higher fragmentation rates of molecular clouds, and
thus a larger population of dwarf stars (Hopkins 2013; Chabrier,
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12 W. Sheu et al.

a Yin

EYin

Il Combined (baseline)
B SL2S-only
B SLACS-only

O, O Ny N N, N
% Yo% %% Yo% %% %

e, @
i

N N\ N
0 0 ‘0
"% % Yo

iog(Yg)
[#]
5

L
.90

“o

Elog(Y+p)
6"C) («5‘ ‘?0

N
\}'\5‘

@@@é@@&m

pﬂam
N N
0,0, ¢, 0, 9

‘Z)ro Q‘b '\Q ’\-q' ’\:L Qb QQ Qb \-'\"’JQ ‘\-‘) QQ '\:9 ")Q
luVin a‘r’in EVin

"J Q <3 Q "J M) ‘3 ‘o Q °> S ‘b b- Q v ‘b
PN Q,g'\gbghg ANTOT AT T OT 970 OF O
Hiog(Y+5) @iog(v7) Elog(Y+5) HBani

Figure 6. Posteriors of the population-level parameters from our Bayesian hierarchical analysis applied on our full sample (purple), SL2S-only (orange), or
SLACS-only (green). See Table 2 for a description of all the parameters and their marginalized point estimates. For the sake of readability, we exclude the
population-level scatter and 77 parameters from this figure, though their 95th percentile values are given in Table 2. The darker and lighter shaded regions in the
2D distributions represent 68th and 95th percentiles, respectively. All model parameters shown qualitatively seem to follow well a Gaussian distribution.

Hennebelle & Charlot 2014). We note that the observed stellar mass
to light gradient could arise not only from trends in radial stellar
population age and metallicity, but also potentially in the IMF as
suggested from stellar population analysis (e.g. Martin-Navarro et al.
2015; Dokkum et al. 2017; Parikh et al. 2018; La Barbera et al.
2019). Our data are not sufficient to distinguish the two hypotheses.
However, recent analysis for the MaNGA galaxy survey found no
dynamical evidence of the IMF gradients indicated by the studies of
spectral absorptions (Lu et al. 2024). This suggests either systematic
issues in either technique or that the IMF gradients indicated by the

MNRAS 541, 1-27 (2025)

stellar population do not affect the log(YFy) as predicted by simple
assumptions on the IMF shape.

6.3 Implications on velocity dispersion measurements and
dependence

We find that the linear relationship between y;, and log(oy) is
€y, = 0. 39+8 32 for our baseline model. In other words, our result
is consistent with no linear trend between the inner dark matter
logarithmic slope and the logarithmic velocity dispersion; this result
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Figure 7. Comparison between the observed and predicted velocity dispersions (left) and their normalized residuals (right, normalized with the measurement
uncertainties) from our Bayesian hierarchical analysis, for all 56 SLACS and SL2S lenses in our sample. We show the predictions for spatially constant (orange)
and Osipkov—-Merritt (green) anisotropy profiles; their respective reduced x2 (solely based on the velocity dispersion measurements) are given in the legend.
This plot shows the consistency between observed and measured velocity dispersion, across both anisotropy models.

holds true across all of our models. We caution, however, that our
range in velocity dispersion is relatively small, and thus the errors are
large. Studies covering a larger range of stellar velocity dispersion
may recover a significant trend.

As for the the linear relation between log(Y', ) and log(ay ), we find

€log(r, ) = 0.56703% for our baseline model, and o, ) = 1.067039

for our SLACS-only model. A similar quantity is measured in Treu
et al. (2010) and Sonnenfeld, Nipoti & Treu (2017), but instead of
finding the correlation between log(Y',z) and the logarithmic velocity
dispersion, they probe the correlation between log(MD. /M3%

and log(o,). M, is the stellar mass inferred by lensing and

dynamical models, and M35 is the stellar mass inferred from stellar
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Figure 8. The luminous (LM), dark (DM), and total matter (TM) profiles
of a representative, averaged system for our lens sample (see the text for
details) at zrer and log(oy rer). The light and dark-shaded regions represent the
prior (without kinematic and LOS information) and the hierarchical posterior
distributions (with kinematic and LOS information), respectively, for a given
coloured profile. The dark matter NFW curve (yi, = 1) is shown in grey. The
total density profile posterior is plotted as the green shaded region, and the
best-fitting power law + MST model plotted in purple. Within the relevant
lensing regime of 0.25Rg to 4Rg (red dotted—dashed lines), we see that
the total density profile agrees well with a power law profile with a small
contribution from the MST (A ~ 1).

populations synthesis models within the Einstein radius; the ratio of
which is referred to as the ‘IMF mismatch’ parameter. Treu et al.
(2010) measure a slope between the logarithmic IMF mismatch
parameter and log(oy,) of 1.31 £0.16 in a SLACS sample, while
Sonnenfeld et al. (2017) measures 0.81 £ 0.21 in a SL2S and SLACS
sample. While this parametrization is not perfectly analogous to the
€log(, ) used in this paper [e.g. the ‘IMF mismatch’ parameter used in
Treu et al. (2010) and Sonnenfeld et al. (2017) does not account for a
mass-to-light gradient], both of these measurements are nonetheless
< lo consistent with our results for using corresponding dataset.

6.4 Implications on time-delay cosmography

In our models with varying Hy (67, 70, and 73km s~' Mpc™'; see

Table 3), we find that our results are self-consistent and robust against
an assumed cosmology (specifically, with Hy). This is expected, as
our analysis should only depend on the ratio of cosmological dis-
tances. Additionally, as our mass-concentration relation assumption
is only significantly affected by og and wy (e.g. Lépez-Cano et al.
2022), this also means that our results can be used independently of
H,, and can be applied to lensed cosmography discussions without
systematic bias. Of course, this also means that our implications
on galaxy evolution (Section 6.1), IMF (Section 6.2), and velocity
dispersion (Section 6.3) remain robust against our choice of Hj.
From Table 3, we find our 7 posterior to be 7 < 5 x 10~ for our
baseline model, and 7 < 1.3 x 10~* for our SLACS-only model. In
comparison to Shajib et al. (2021) which finds that exp(itiogn;) <
1.7 x 1072 on an SLACS lens sample, our results are not only
in agreement with Shajib et al. (2021), but also provides tighter
upper bounds on the stellar mass-to-light ratio gradient and stronger
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Figure 9. Left: the posterior distribution of «,,, the population-level linear redshift evolution of the dark matter inner cusp’s logarithmic slope. We show
our results assuming either a constant (purple) or Osipkov—Merritt (orange) anisotropy model, with the shaded regions corresponding to their respective
uncertainties. The red dotted line corresponds to «;,, = 0 (i.e. no evolution with redshift). Both anisotropy models are consistent with no redshift evolution
of yin. Right: yin versus redshift, using modelled population-level parameters iy, 0y, and ay, . As the constant and Osipkov—Merritt anisotropy models
almost completely overlap, we only plot the constant anisotropy model distribution, with the shaded purple region correspond to the 68th percentile. The
faint green points are the y;, posteriors of each of our 56 lens sample, constrained on only lensing information, and the dashed green lines correspond to
the 68th percentile population posterior from these lensing-only constraints. We overlay the 68th percentile distributions from previous observational studies
of elliptical galaxies (Grillo 2012; Sonnenfeld et al. 2015; Oldham & Auger 2018), as well as from the IllustrisTNG simulation (see Appendix C). The red
horizontal line corresponds to y;, = 1 (i.e. an NFW profile). Our results are in agreement with previous observational studies and with the IllustrisTNG
simulation predictions. Additionally, we find that y;, is < 20 consistent with an NFW at z < 0.49, and becomes shallower than an NFW profile at higher

redshifts.
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Figure 10. The posterior distribution of log(Yxp) at zrt and log(oy, ret),
sampled from the population-level distributions of fiog(r,) and Olog(r,p)-
We show our results of our hierarchical analysis applied on our full sample
(purple), only the SL2S systems (orange), or only the SLACS systems (green).
The shaded region illustrates the 68th percentile of the log(Y',p) posterior, for
their respective distribution. Also shown is the 68th percentile uncertainty of
our [iog(T, ) Prior (see equation (7)), adjusted by +log(1.8)/2 for a Salpeter
or Chabrier IMF, respectively. All models strongly prefer a Salpeter IMF over
a Chabrier IMF.

evidence for a negligible stellar mass-to-light ratio gradient at the
population level. We also find that our stellar orbits are generally
isotropic, with no evidence of a departure from isotropy.

From Fig. 9, while our y;, distribution at z < 0.49 is consistent
with an NFW profile at the 20 level, results indicate an significantly
shallower inner slope at higher redshifts. At the 3o level, the redshift
range where yi, ~ 1 expands to z < 0.83. As the lensed quasars used
by the TDCOSMO collaboration are at centred at approximately
71 ~ 0.5, this sample can be seen as broadly consistent (within 1 to
30) with using an NFW profile.

We find that the power-law profile remains a robust method of
modelling the total surface density profile for our sample of galaxies.
From our averaged profile, for a generous radius range of expected
lensed image locations (0.25Rg to 4Rg), our total mass posterior
profile is in excellent agreement with a power law (Fig. 8, green
shaded region and purple line).

To quantify this agreement and to probe the mass sheet transfor-
mation (MST), we parametrize a convergence model using a power
law with a mass sheet as shown by Falco et al. (1985):

I()LI)»KPL-F(I —)x), (]7)

where «p is the power-law convergence profile (as a function of the
Einstein radius and y) and X is the internal MST parameter (where
A = 1is equivalent to having no mass sheet). We fit this convergence
profile to the u total matter convergence profile (shown as the dark
shaded green region in Fig. 8) within the range of 0.25Rg to 4R,
by minimizing the average variance marginalized over log-space.
By doing we, we measure the mean internal MST parameter of our
sample to be A = 0.96 £ 0.03, and a mean total density logarithmic
slope of ¥ =2.24 +0.14. We find that a power-law profile can
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well describe the total matter convergence within this broad lensing
regime. Our A result is consistent with those found by Dinos-I when
assuming a constant anisotropy model (u; = 0.9170:9), and shows
that our population of elliptical galaxy lenses are consistent (< 1.20)
with having no mass sheet present. Additionally, our y agrees well
(at or within 1o) with other average logarithmic slope measure-
ments from dynamical models, such as p, =2.19+0.03 from
Cappellari et al. (2015) and p,, = 2.078 £ 0.027 from Auger et al.
(2010b).

We note that these results, especially that of our A posterior, are
made under the assumption that the total matter profile of the elliptical
galaxy is composed of a gNFW dark matter profile and a luminous
surface density profile according to equation (6). In contrast, Dinos-I
estimates a population posterior of u; = 0.911“8:(1)8, while explicitly
allowing for maximal flexibility of the total matter profile and more
model-robust result. Nevertheless, our model-specific result is in
good agreement with the results of Dinos-I.

As the MST is an ongoing obstacle in accurately determining Hy
measurements through the study of lensed quasars, this result indi-
cates that the systematic bias imposed by an MST may be minimal
(when using a power-law profile to model a lens convergence). As the
measured Hubble constant is linearly related to A, tighter constraints
on cosmology can be achieved when we reduce the theoretical effects
of the MST.

7 CONCLUSION

In this work, we study the population statistics of dark and luminous
matter profiles from a sample of 56 SL2S and SLACS elliptical
galaxy lenses, spanning a redshift of 0.090 < z < 0.884. The param-
eters include the inner logarithmic slope of the dark matter surface
density profile (yin), the stellar mass-to-light ratio (Y, p), the stellar
mass-to-light gradient (), and anisotropic parameters. Due to our
large and diverse sample, we can also accurately probe the correlation
of yin and log(Y, p) with both z and log(o,). From our analysis,
we better our understanding of elliptical galaxy populations, from
their properties to their origin and evolution of their surface density
profiles, as well as their implications for cosmology. We present the
main results of our paper as the following:

(1) We model 21 lenses (nine of which previously unobserved
by HST), with new high resolutions observations in the F475X. As
the imaging S/N is significantly higher than those used in previous
models, our measurements of the lensing parameters (such as Rg and
y) are more precise and accurate for these 21 systems.

(ii) We place tighter constraints on p,, = 0.9770:9% with < 0.07
intrinsic scatter (at z = 0.353, log(oy) = 2.42, and assuming a
constant anisotropy model), especially at higher redshifts as seen in
Fig. 9. These results are consistent (within 1o) with previous studies
on elliptical galaxy populations, as well as with the IllustrisTNG
simulation predictions.

(iii) Our results measure a y;, redshift evolution of dy;,/dz =
@y, = —0.447012 for our baseline model. Combined with the result
of the previous bullet point, the overall trend of our result is that
our population dark matter distribution is < 2¢ consistent with an
NFW profile slope (yin = 1) at lower redshifts of 0.09 < z < 0.49
(with the range being 0.09 < z < 0.83 for < 30 consistency), while
being shallower than that of an NFW profile at higher redshifts up
to z = 0.9. Therefore, we find that the TDCOSMO collaboration
lensed quasars (with z; ~ 0.5) are broadly consistent with an NFW
dark matter profile (i.e. within 1 to 30).
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(iv) We determine that y;, and log(oy) have a correlation of €, =
0.39f8ji? using our baseline model, which is a new result which
previously has not been studied.

(v) We find the correlation between log(Y,p) and log(oy) to be
€log(Typ) = 0.56703% for our baseline model. This is in agreement
with previous works using fundamental plane analysis.

(vi) Our population of massive elliptical lenses strongly favour a
Salpeter IMF over a Chabrier IMF (see Fig. 10), which agrees well
with previous analyses over similar elliptical galaxy populations.

(vii) Ourresults are robust against assumed values of H (as our hi-
erarchical analysis only relies on the ratio of cosmological distances)
and different anisotropy models. We verify this by checking the self-
consistency of our results with Hy = 67, 70, and 73 kms~! Mpc~!,
as well as with a radially-constant anisotropy model and an Osipkov—
Merritt anisotropy model (see Table 3).

(viii) Within 0.1 < z < 0.9, we find a small, almost-negligible
distribution of 77 < 5 x 107>, providing tighter upper bounds to the
stellar mass-to-light gradient within elliptical galaxy populations.

(ix) Our average total mass convergence is in agreement with that
of a power-law profile within a generous range of 0.25Rg — 4 R (see
Fig. 8). We find our mean internal MST parameter to be consistent
with no mass sheet (within 1.26; A = 0.96 & 0.03), and our mean
total density logarithmic slope to be ¥ = 2.24 +0.14.

In the near future, upcoming surveys such as the Vera C. Rubin
Observatory Legacy Survey of Space and Time (LSST), the Nancy
Grace Roman Space Telescope, and the Euclid-wide surveys are
expected to boost the current number of strong lenses by two to three
orders of magnitudes (Oguri & Marshall 2010; Collett 2015; Verma
et al. 2019). With this, tighter constraints on the redshift evolution of
elliptical galaxies, and an even-better understanding of the formation
of dark matter haloes can be achieved.
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APPENDIX A: SL2S LENSING AND LIGHT MODELS

Here, we show the HST lensing (Figs A1, A2, and A3) and CFHT r-band light (Figs A4, A5, and A6) models for the 21 SL2S systems. For a
majority of systems, we fit for the model scheme outlined in Section 3. The following systems do not fully conform to this modelling scheme:

SL2SJ0232—-0408 We find it necessary to model for a second source galaxy. Thus, we add a second Sérsic light profile to the source light
profile.

SL2SJ0959+40206 For this system, we changed the source light model from a Sérsic + shapelets basis to Sérsic + point source + shapelets
basis. This change is in response to how dense the source galaxy core is, which we speculate could introduce fluctuation in the point-source-like
images. To account for this, we add additional degrees of freedom into our model to account for these potential flux anomalies. These point
sources locations are labelled in the magnification map and source plane image in Fig. A2.
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Figure Al. Lens models for the first eight out of the 21 SL2S lenses in our sample, using the HST F475X imaging. The first column shows the HST F475X
observed image. The second column shows the reconstructed image from our best-fitting model. The third column shows the normalized residuals that are
minimized in fitting for the model. The fourth column shows the HST observed image subtracted by the best-fitting model’s lens light profile, illustrating the
lensed arcs. The fifth column shows the magnification map of the lensing profile of the best-fitting model. The sixth column shows the reconstructed source of
the best-fitting model. The remaining systems are shown in Figs A2 and A3.
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Figure A2. Lens models for the next eight (of 21) SL2S lenses in our sample, using the HST F475X observations. See the caption of Fig. Al for the full

description.

SL2SJ2203+0205 For this system, there is an interloping point source within one arcsecond of the lens galaxy. We model for this additional

light profile using a point source light profile.

SL2SJ2221+4+0115 Like with SL2SJ0232-0408, we find it necessary to model for a second source galaxy, and so a second Sérsic light

profile is added to the source light profile.
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Figure A3. Lens models for the last five (of 21) SL2S lenses in our sample, using the HST F475X observations. See the caption of Fig. Al for the full
description.
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Figure A4. Lens light models for the first eight out of the 21 SL2S lenses in our sample, using the CFHT r-band observations. The first column shows the CFHT
r-band observed image. The second column shows the reconstructed image from our best-fitting model. The third column shows the normalized residuals that
are minimized in fitting for the model. The fourth column shows the HST observed image subtracted by the best-fitting model’s lens light profile, illustrating the
lensed features. As we are primarily interested in the CFHT r-band for lens galaxy light profiles, the lensing parameters of these models are heavily restricted
by the HST models and the source galaxy light is modelled with a single Sérsic profile. Therefore, we do not show the magnification map or the reconstructed
source. The remaining systems are shown in Figs A5 and A6.
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Figure AS. Lens light models for the next eight (of 21) SL2S lenses in our sample, using the CFHT r-band observations. See the caption of Fig. A4 for the full
description.
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Figure A6. Lens light models for the last five (of 21) SL2S lenses in our sample, using the CFHT r-band observations. See the caption of Fig. A4 for the full
description.

MNRAS 541, 1-27 (2025)



24

W. Sheu et al.

APPENDIX B: LUMINOUS AND DARK MATTER POSTERIORS

We present the luminous and dark matter decomposition distributions for the 56 SL2S and SLACS strong lens sample (Figs B2, B2, B3, and
B4) used in our hierarchical analysis, as discussed in Section 4.
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Figure B1. Luminous and dark matter decompositions for 15 (of 56) strong lensing systems used in our Bayesian hierarchical analysis. The name and lens
redshift are given at the top right, and the model parameter distributions in the bottom left for each subplot. R; is the dark matter scale radius, «; is the dark
matter convergence at Ry, yin is the dark mater logarithmic inner slope, Y, p is the mass-to-light ratio in B-band in solar units, and 7 is the mass-to-light gradient.
The remaining systems are shown in Figs B2, B3 and B4.
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Figure B2. Luminous and dark matter decompositions for the next 15 (of 56) strong lensing systems used in our Bayesian hierarchical analysis. See the caption
of Fig. BI for the full description.
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Figure B3. Luminous and dark matter decompositions for the next 15 (of 56) strong lensing systems used in our Bayesian hierarchical analysis. See the caption
of Fig. B1 for the full description.
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Figure B4. Luminous and dark matter decompositions for the last 11 (of 56) strong lensing systems used in our Bayesian hierarchical analysis. See the caption
of Fig. B1 for the full description.

APPENDIX C: INNER DARK MATTER PROFILE FROM ILLUSTRISTNG

Here, we describe the extraction of the inner slope of the dark matter profile from haloes in the IllustrisTNG simulation (Nelson et al. 2019).
We take the same 165 elliptical galaxy haloes from Wang et al. (2019), which were selected to have the morphology of massive elliptical
galaxies at both redshifts z = 0 and z = 1, and their z = O stellar mass to satisfy 10'®7 My < M, < 10''® M. This sample of elliptical
galaxies represents passive evolution, where they have already quenched at z > 1.

We extract the dark matter particle distribution for each of these galaxies from the TNG100-1 run at snapshots z = 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.7, and 1. We then extract the radial density profile of the dark matter by following the algorithm adopted by the ROCKSTAR catalogue
(Behroozi, Wechsler & Wu 2013, see also Anbajagane, Evrard & Farahi 2022). We bin the dark matter particles in each halo in equal-mass
radial bins between 3¢ and Ry, where € = 0.74 kpc is the gravitational softening length in the TNG100—1 run. We set the number of radial
bins to either 50 or that needed for having at least 15 particles in each bin. We then take only the bins with r < Rjgo., Where Ry, is set by the
M0 of each halo. We then fit this inner radial density profile with a gNFW profile with free scale radius, amplitude, and inner logarithmic

slope yin.

This paper has been typeset from a TeX/IATEX file prepared by the author.

© 2025 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 541, 1-27 (2025)


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 LENS SAMPLE AND DATA
	3 LENS GALAXYS MASS AND LIGHT DISTRIBUTIONS
	4 HIERARCHICAL ANALYSIS
	5 RESULTS
	6 DISCUSSION
	7 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: SL2S LENSING AND LIGHT MODELS
	APPENDIX B: LUMINOUS AND DARK MATTER POSTERIORS
	APPENDIX C: INNER DARK MATTER PROFILE FROM ILLUSTRISTNG

