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A B S T R A C T 

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 co v ers a redshift range 
of 0 . 090 ≤ z l ≤ 0 . 884. By combining new Hubble Space Telescope imaging with previously observ ed v elocity 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’; ρDM 

∝ r −γin ) is consistent ( μγin = 0 . 97 

+ 0 . 03 
−0 . 03 with ≤ 0 . 07 intrinsic scatter) with a standard Navarro–Frenk–

White (NFW; γin = 1) at z = 0 . 35. Additionally, we find an appreciable evolution with redshift (d log ( γin ) / d z = −0 . 44 

+ 0 . 14 
−0 . 15 ) 

resulting in a shallower slope (of > 2 σ tension from NFW) at redshifts z ≥ 0 . 49. This is in excellent agreement with previous 
population-le vel observ ational 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 [ κ∗( r) ∝ r −η, with η ≤ 5 × 10 

−5 ], and isotropic stellar orbits. Our averaged total mass density 

profile is consistent with a power-law profile within 0.25 to 4 Einstein radii ( γ = 2 . 24 ± 0 . 14), with an internal mass-sheet 
transformation parameter λ = 0 . 96 ± 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. 
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 I N T RO D U C T I O N  

he progenitors of present-day elliptical galaxies are thought to 
ave formed at z > 3, from gas accreting into o v erdensities in the
rimordial cosmic web (Rees & Ostriker 1977 ; White & Frenk 1991 ;
an de Voort et al. 2011 ). Dark-matter-only N -body simulations 
redict that matter in these o v erdensities should distribute itself
nto a Navarro–Frenk–White (NFW) profile, where the logarithmic 
ensity slope scales with r −1 in the inner cusp, and r −3 outside of
he cusp (e.g. Navarro, Frenk & White 1996 , 1997 ; Ghigna et al.
000 ; Diemand, Moore & Stadel 2005 ; Gao et al. 2012 ). Ho we ver,
aryonic processes are thought to actively shape the luminous and 
ark matter profiles of these elliptical galaxies. Time-accumulated 
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rocesses, such as adiabatic cooling, mergers, and baryonic feedback, 
re expected to alter both mass distributions into what we observe in
opulations of low- z elliptical galaxies (e.g. Silk & Rees 1998 ; El-
ant, Shlosman & Hoffman 2001 ; Di Matteo, Springel & Hernquist
005 ; Springel, Di Matteo & Hernquist 2005 ). 
Dark-matter -only simulations ha ve made great strides in con- 

eptualizing our understanding of these structures. Ho we ver, while 
uch can be gleaned through simulations, some inconsistencies still 

rise when they are compared to observations. While simulations 
redict an NFW profile for an unperturbed dark matter distribution, 
ndependent analyses of the rotational curves of dwarf galaxies 
trongly fa v our a more ‘cored’ (i.e. shallower inner slope) density
rofile (Flores & Primack 1994 ; Moore 1994 ; Burkert 1995 ; Rhee
t al. 2004 ). This disagreement, known as the ‘core-cusp problem’,
ontinues to obscure our understanding of dark matter microphysics 
de Blok 2010 ; Bullock & Boylan-Kolchin 2017 ). Another problem
elated to this is how the total mass distributions of massive elliptical
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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1 https://www.projectdinos.com 
alaxies seem consistent with a power-law profile ρ = r −γ within
heir ef fecti ve (i.e. half-light) radius, which would imply that the
uminous and dark matter profiles combine to form a power-law
espite neither innately conforming to this profile. This phenomenon
s known as the ‘bulge-halo conspiracy’ (Dutton & Treu 2014 ). This
early isothermal trend, with small scatter μγ = 2 . 19 ± 0 . 03 and
γ = 0 . 11 (Cappellari et al. 2015 ), was found to extend out to about
our times the Einstein radius in elliptical galaxies with large velocity
ispersion (Serra et al. 2016 ; Sahu et al. 2024 ). Ho we ver, when
tudies were extended to larger samples at lower velocity dispersion
v , the ‘universal’ total slope was found to be part of a trend, which
attens at around log σv ≈ 2 . 1 ( σv in units of km s −1 ) in elliptical
alaxies (Poci, Cappellari & McDermid 2017 ), reaching 〈 γ 〉 = 1 . 5
round log σv ≈ 1 . 8 for samples including spiral galaxies (Li et al.
019 ) with a clear age dependence, resulting in lower γ for younger
alaxies at fixed σv (Zhu et al. 2024 ). Keeping to the cold dark
atter regime, a possible explanation of these observations is that

he baryonic processes gradually influence the inner dark matter
ensity slope. These results also suggest that the galaxies’ detailed
ormation history affects this process. Therefore, it is helpful to
uantify how the dark matter profile evolves with redshift; in other
ords, how time-accumulated baryonic processes could potentially

lter its shape. 
Understanding the distribution of dark matter within elliptical

alaxies is further complicated by the need to separate it from the
aryonic component, which is dominated by stars in their centre.
hus, the observational characterization of dark matter haloes is

ntertwined with the stellar mass-to-light properties of these galaxies.
his strongly depends on the presence of low-mass stars and high-
ass stellar remnants, whose presence can only be inferred indirectly

ia galaxy stellar dynamics (e.g. Cappellari et al. 2012 , 2013 ;
ldham & Auger 2018 ; Lu et al. 2024 ; Mehrgan et al. 2024 ), a

ombination of dynamics and lensing probes (e.g. Auger et al. 2010a ;
reu et al. 2010 ), microlensing (e.g. Schechter et al. 2014 ; Jim ́enez-
icente & Mediavilla 2019 ), or faint stellar absorption features in

he galaxy spectra (e.g. van Dokkum & Conroy 2010 ; Spiniello et al.
012 ; La Barbera et al. 2017 ; Lagattuta et al. 2017 ). See re vie ws by
mith ( 2020 ) and Cappellari ( 2016 ). The stellar mass-to-light ratio
nd gradient (formulations shown in Section 4 ) are two parameters
hat have been shown to accurately trace the presence of stellar mass
ithin elliptical galaxies. 
As dark matter structures cannot be directly observed, strong

ensing systems are invaluable tools for probing invisible structures
t redshift z � 0.1. By measuring and modelling the imaging
onfiguration of strongly lensed systems, it is possible to constrain
he total mass profile of the lens galaxy (see re vie ws by Treu 2010 ;
hajib et al. 2024 ). Folding in additional kinematic and line-of-sight
LOS) measurements then allows for an accurate decomposition of
he dark and luminous matter profiles in the lens galaxies (e.g. Treu &
oopmans 2004 ; Newman et al. 2013 ; Shajib et al. 2021 ). 
With a better understanding of the matter distributions and evo-

ution in galaxies, tighter constraints on cosmology through time
elay cosmography (Treu & Marshall 2016 ) can also be achieved.
he flat lambda cold dark matter ( 	 CDM) cosmological model is
ighly successful in explaining observables from the time of photon
ecoupling (at z ≈ 1100) to the present time (Planck Collaboration
I 2020 ). According to this model, our Universe has a flat geometry

nd is expanding at an accelerating rate (Riess et al. 1998 ; Perlmutter
t al. 1999 ). The inferred value for H 0 (the present-day expansion
ate of the Universe, or the Hubble constant) from the Planck CMB
easurements is 67 . 4 ± 0 . 5 km s −1 Mpc −1 (Planck Collaboration
NRAS 541, 1–27 (2025) 
I 2020 ). In contrast, direct measurements of H 0 using cosmic
istance ladders of Type Ia supernovae calibrated with Cepheids
re higher by � 5 σ (Abdalla et al. 2022 ; Riess et al. 2022 ). Thus, if
his inconsistency is not due to systematic effects, then the 	 CDM
odel would require revisions (Valentino et al. 2021 ). 
Competitive late-time H 0 constraints from time-delay cosmogra-

hy can be attained if the time delays can be measured precisely
nd the lensing potential can be modelled accurately, providing an
ndependent method of measuring the Hubble constant (e.g. Treu,
uyu & Marshall 2022 ; Treu & Shajib 2023 ; Birrer et al. 2024 ). This

s most commonly achieved by identifying and analysing strongly
ensed quasar systems (e.g. Lemon et al. 2018 , 2022 ; Sheu et al.
024 ), or more rarely using strongly lensed supernovae (e.g. Quimby
t al. 2014 ; Sheu et al. 2023 ; Pascale et al. 2025 ). The mass-sheet
e generac y (F alco, Gorenstein & Shapiro 1985 ; Schneider & Sluse
013 ), ho we ver, is currently the main source of residual uncertainty
n these measurements (Birrer et al. 2020 ). Therefore, information
bout the lens mass profile, such as that obtained in this paper,
s crucial to mitigate the mass-sheet de generac y and tighten the
onstraints on H 0 (Birrer & Treu 2021 ). 

In this Project Dinos 1 paper, we investigate the radial density
rofiles of the dark matter and baryons for a sample of elliptical
ens galaxies at redshifts 0 . 1 < z < 0 . 9. Our goal is to impro v e our
nderstanding of the properties and evolution of massive elliptical
alaxies. Specifically, we aim to constrain how the inner slope of
he dark matter profile evolves with redshift, investigate correlations
etween dark and luminous matter density profiles with velocity
ispersion, determine the normalization and gradient of the stellar
ass-to-light ratio to study the stellar initial mass function, and test

he consistency of the total matter surface density with a power-law
rofile. 
Our full sample of 56 lens galaxies consists of 33 lenses from

he Sloan Lens A CS (SLA CS; Bolton et al. 2006 ) surv e y, and 23
enses from the Strong Lensing Le gac y Surv e y (SL2S; Gavazzi et al.
012 ; More et al. 2012 ). Among these, we present power-law lens
odels of 21 SL2S systems in this paper from newly obtained

igh-resolution imaging from the Hubble Space Telescope ( HST ).
hese new observations have a higher signal-to-noise ratio ( S/N )
ompared to previous HST observations available for 12 out of the 21
ystems, and the remaining nine of the 21 have been observed with
he HST for the first time. This deep and high- S/N imaging data
llow for tighter constraints on their mass distribution properties.
or the remaining systems in our full sample (33 SLACS and two
L2S lenses), we adopt the power-law lens models based on archi v al
ST imaging from Tan et al. ( 2024 , henceforth referred to as Dinos-

). Dinos-I performed a joint lensing – dynamics analysis based on
hese lens models to find that the power-law profile can describe the
otal mass distribution within 1 σ statistical consistency. Although
inos-I attempted to constrain any evolutionary in the deviation (or,

he lack thereof) from the power-law description, the lower S/N 

f the archi v al HST imaging for the high-redshift ( z ∼ 0 . 6) SL2S
ample prevented a tight constraint on the evolutionary parameters.
n this paper, we resolve this issue by obtaining and modelling deeper
maging of the SL2S sample. The knowledge acquired about the

ass density profile of elliptical galaxies and the stellar anisotropy
ill inform H 0 measurements via time-delay cosmography. To that

nd, we perform a Bayesian hierarchical analysis jointly on lensing
nd dynamical observables to constrain population-level properties

https://www.projectdinos.com
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2 https:// github.com/ lenstronomy/ lenstronomy 
ertaining to dark matter and baryonic distributions in our lens galaxy 
ample. 

We organize this paper as follows. In Section 2 , we introduce
ur full lens sample. We then outline the modelling process for the
ew SL2S system in Section 3 . Next, we describe our hierarchical
ayesian inference pipeline to constrain population level statistics 
f our full sample in Section 4 . We present the results of our
nalysis in Section 5 , and discuss their implications for galaxy 
volution, our understanding of elliptical galaxies, and cosmography 
n Section 6 . Finally, we conclude our findings in Section 7 .
hroughout the paper, we adopt a flat 	 CDM cosmology model 
ased on the Wilkinson Microwave Anisotropy Probe (WMAP) 5- 
r observations (Komatsu et al. 2009 ), as our assumption of the
ass–concentration relation is derived from these values (Duffy et al. 

008 ). This includes w 0 = −1, σ8 = 0 . 796, 
m 

= 0 . 3, 
b = 0 . 047,
nd H 0 = 70 km s −1 Mpc −1 , unless stated otherwise. Our choice in
osmological parameters is moti v ated by ho w the mass-concentration 
elation is most significantly affected by the σ8 and w 0 parameters, 
hile being fairly robust against 
m 

, 
b , and H 0 (e.g. L ́opez-Cano
t al. 2022 ). 

 LENS  SAMPLE  A N D  DATA  

ur full sample in this paper consists of 56 elliptical galaxy lenses.
f these, 33 are from the SLACS sample and 23 from the SL2S

ample, spanning a lens redshift range of 0 . 090 ≤ z l ≤ 0 . 884, with
 mean redshift of 0.353 and a median redshift of 0.277. We use the
ens models and lens galaxies’ light profiles of all 33 SLACS and
wo SL2S systems from Dinos-I (excluding systems without reliable 
ens and source redshifts), modelled using archi v al HST imaging. 

We model the remaining 21 SL2S lenses from our full sample, 
sing newly observed, high-resolution HST imaging in the F475X 

ler obtained through the program HST-GO-17130 (PI: Treu), nine 
f which were previously unobserved by HST . Although archi v al
ST images exist for many of these systems, they have significantly 

horter exposure times, making them comparatively less powerful 
or constraining lens models and studying lens galaxy structures 
Dinos-I). The new images presented in the paper were obtained 
sing the Wide Field Camera 3 (WFC3), with at least 2366 seconds
f exposure per system from 2023 January 9 to 2024 April 14. The
ide and blue F475X filter was selected to observe the lensed blue

rcs at a high S/N , while minimizing contamination by the redder 
ens galaxy’s light. A comparison between the F475X observations 
nd previously observed HST or Canada–France–Hawaii Telescope 
CFHT) imaging is presented in Figs 1 , 2 , and 3 . These 21 SL2S
ystems uniformly sample lens redshifts 0 . 3 < z l < 0 . 9. These 21
ystems were selected out of the full SL2S sample of 35 lenses
ecause of the availability of redshifts for both the lensing and source
alaxies and the velocity dispersions of the lens galaxies (Sonnenfeld 
t al. 2013 , 2015 ). In this paper, we present lens models using these
ew and deeper observations for the 21 SL2S lenses, which are of
igher quality than those previously published (Sonnenfeld et al. 
013 , 2015 ; Dinos-I). 
We incorporate the velocity dispersion (Mozumdar et al. 2025 ) and 

he LOS measurements (Wells et al. 2024 ) of the SL2S systems into
he hierarchical analysis (see Section 4 ). The velocity dispersions 
or the SLACS systems are provided by Knabel et al. ( 2025 ), and
he LOS information by Birrer et al. ( 2020 ). All velocity dispersion

easurements have been thoroughly analysed, and have both their 
ystematics and statistical uncertainties assessed (Knabel et al. 2025 ; 
ozumdar et al. 2025 ). 
While the F475X filter provides high S/N on the lensed arcs
nd hence tight constraints on the lensing parameters, on average it
ontains less of the lens galaxy’s light compared to redder filters.
lso, this filter is much bluer compared to the bands used to
easure the velocity dispersions. Therefore, for the lens light profile 

sed in the dynamical modelling, we use the lens galaxy’s light
rofile derived from the r -band CFHT observations after tightly 
onstraining the flux distribution on the lensed arcs using our lens
odels and source reconstructions based on the HST imaging (see 
ection 3.2 ). 

 LENS  G A L A X Y ’ S  MASS  A N D  L I G H T  

I STRI BU TI ONS  

n this section, we first present our general lens modelling pipeline,
pplied to the new HST imaging for 21 SL2S systems in Section 3.1 .
e then explain the modelling process for the CFHT r -band light

rofiles in Section 3.2 . Lastly, we describe how we account for
ystematic uncertainties in Section 3.3 . 

.1 Lens modelling 

e use LENSTRONOMY , 2 a multipurpose lens modelling software 
ackage, to model our lenses from the F475X data (Birrer & Amara
018 ; Birrer et al. 2021 ). LENSTRONOMY has pro v en to be reliable
nd robust in the Time-Delay Lens Modelling Challenge (TDLMC; 
ing et al. 2021 ), where LENSTRONOMY was used by two independent

eams to reco v er lens model parameters within statistical consistency
in Rung 2). 

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

de Vaucouleurs 1948 ), which is the special case of the S ́ersic profile
ith the S ́ersic index fixed at n s = 4 (S ́ersic 1963 ). We opt to use a

imple lens light model, fixing n s = 4, as the lens galaxy light is not
 ery e xtended relativ e to the arc position in the observed F475X band.
ence, contamination of the lens light to the source light becomes
uch less an issue, and a simpler lens light model would prevent the

ens light from o v erfitting for the oftentimes brighter source galaxy
ight. 

The lens model utilizes a power-law elliptical mass distribution 
PEMD; Barkana 1998 ), and an external shear component. We 
mpose a Gaussian prior on the centre of the lens profile, with the
ean set at the lens light model centre and a standard deviation

f 0 . 04 arcsec , or one pixel in the F475X image. We also impose
rior conditions on the lens profile ellipticity as q m 

≥ q L − 0 . 1 and
 � PA | ≤ 10 − 5 / ( q L − 1), where q m 

is the mass axis ratio, q L is
he light axis ratio, and � PA the difference between the position
ngles of the mass and light profile (Schmidt et al. 2023 ). These well
ustified priors are to prevent non-physical configurations such as an 
MNRAS 541, 1–27 (2025) 

https://github.com/lenstronomy/lenstronomy
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M

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. 
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xtraordinarily large ellipticity in the mass distribution, and rather
hifts its effects onto the external shear component. The source light
odel utilizes a basis set that includes an elliptical S ́ersic profile and

hapelets (Refre gier 2003 ; Refre gier & Bacon 2003 ). The number
f shapelets is determined by the configuration with the lowest
ayesian information criterion (BIC). We ensure the convergence of

he MCMC chains according to the method as follows. After running
he chain for an initial 200 steps, we start monitoring the median and
pread (16th and 84th percentiles) for each model parameter. When
ll the model parameter means at a given step do not change from
hat of the previous 100 steps by more than five per cent of the spread,
e consider the chains to have converged (Schmidt et al. 2023 ). 
The lens model parameters are provided in Table 1 . Image recon-

truction and residuals for each system are shown in Appendix A . 
NRAS 541, 1–27 (2025) 
.2 Modelling the lens galaxy light in the CFHT imaging 

hile the CFHT data have a lower resolution and S/N compared
o the HST imaging, the CFHT r -band is closer to the optical band
bsorption features used in the velocity dispersion measurements and
ccentuates the lens galaxy light o v er the source galaxy. Hence, we
se the CFHT r -band imaging to fit the lens galaxy light profile of
ur SL2S systems. To accurately model the light profile, we deblend
he lensed arcs in the CFHT data to robustly fit the lens galaxy’s
ight distribution. We make use of the high constraining power of the
ens models from Section 3.1 , by imposing a posterior probability
istribution (taken from the lens model) for the relative locations
f the lens and source profiles and the mass model parameters for
he 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. 
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lliptical S ́ersic profile with a uniform prior n s ∼ U([1 , 5]) on the
 ́ersic index. This is the same as the lens light model applied to the
ST imaging, but now with added flexibility in the S ́ersic index.
e impose the same Gaussian prior on the lens light model centre

nd ellipticity as with the HST data. For the source light profile,
e also use a single elliptical S ́ersic profile. This is similar to the

ource light model applied to the HST imaging but without the 
hapelets basis, as we find that the CFHT r -band’s comparatively 
ower angular resolution, redder colour, and lower S/N in the 
ensed arcs do not require the additional freedom provided by 
hapelets. 

The lensing model MCMC chains are then run until they have 
onverged; see Table 1 for the resulting lens light parameters. The 
mage reconstruction and residuals for each system are shown in 
ppendix A . Similar to the case of lens modelling with the HST
maging, there are a few systems that do not strictly follow the
odel described abo v e. We discuss these exceptional cases also in
ppendix A . 

.3 Estimating systematic uncertainty of the mass model 
arameters 

nly the statistical uncertainties are accounted for in the lens 
odelling procedures described abo v e. While we e xpect some

ensing quantities, such as the Einstein radius, to remain robust across
odelling methodologies, γ has been shown to vary significantly 

Dinos-I). To estimate systematic uncertainties in γ , a comparison 
etween 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. 
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he 21 SL2S systems modelled in this paper, 11 o v erlap with Dinos-I’s
ample. Following Dinos-I, we use the lensing information quantity
efined as 

 = 

∑ arc 
i w i S i √ ∑ arc 

i N 

2 
i 

, (1) 

here S i is the lens-light subtracted flux of the ith pixel on the lensed
rcs, and N i is the noise level in that pixel. The weight w i is defined
s 

 i = 

[ 

1 + 

| θi − R E | 
R E 

(
1 + 

| φi − φref | 
φref 

)b 
] a 

, (2) 

here θi is the radial distance of the pixel from the deflector galaxy,
 E is the Einstein radius, φi is the azimuthal angle of the pixel,

nd φref is a reference angle which we chose to correspond to the
rightest pixel on the arc. By minimizing the correlation between
og I and log σγ (where σγ is the statistical uncertainty of γ ) across
ur 21 SL2S systems and Dinos-I’s 77 systems, we estimate a ≈ 2
nd b ≈ 0 . 2. 

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

γ, sys = σ max 
γ, sys tanh ( I scale / I ) . (3) 
NRAS 541, 1–27 (2025) 
inos-I sets σ max 
γ, sys = 1 / 3, which we also adopt in this paper. I scale is

t for by minimizing the absolute difference between unity and the
educed χ2 , summed o v er the 11 o v erlapping systems between our
nd Dinos-I’s samples, that is, this penalty function defined as 

( I scale ) ≡
∣∣∣∣∣∣1 −

1 

N lens 

N lens ∑ 

j 

(
γ ours 

j − γ Tan + 24 
j 

)2 

(
σ ours 

γ,j 

)2 + 

(
σ Tan + 24 

γ,j 

)2 

∣∣∣∣∣∣ . (4) 

rom this, we find I scale = 125. The total uncertainty is then
alculated by adding the systematic and statistical uncertainties in
uadrature. See Fig. 4 for a summary comparison between our and
inos-I’s γ values, after accounting for systematic uncertainties.
ote that since we fit for different weights a and b, the infor-
ation criterion I values we present differ from those presented

n Dinos-I. Fig. 4 (left panel) shows that the results are not only
onsistent with Dinos-I, but also have smaller uncertainties as the
475X data provide higher S/N within the lensing features (see
ection 2 , Figs 1 , 2 , and 3 for a qualitative comparison). The
ame methodology is applied to estimate our sample’s Einstein
adii systematic uncertainties as well. On average, the γ systematic
ncertainty makes the total uncertainty 5.7 times larger than the
tatistical uncertainty, while the R E systematic uncertainty does
o by a factor of 2.7. The total uncertainties are presented in
able 1 . 
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Table 1. SL2S modelling results. Here, z l is the spectroscopic lens galaxy redshift, R E is the Einstein radius, γ is the logarithmic slope of the mass profile, q m 

is the mass axis ratio, PA m 

is the mass position angle, γ shear is the residual shear magnitude, φshear is the residual shear angle, R eff is the ef fecti ve or half-light 
radius in the CHFT r -band, q L is the light axis ratio, and PA L is the light position angle. All degree measures are given as North of East. 

Name z l R E γ q m 

PA m 

γ shear φshear R eff q L PA L 

(arcsec) ( ◦) ( ◦) (arcsec) ( ◦) 

SL2SJ0205 −0930 0.557 1 . 246 + 0 . 009 
−0 . 008 2 . 00 + 0 . 09 

−0 . 08 0 . 63 + 0 . 04 
−0 . 03 −26 + 2 −2 0 . 06 + 0 . 01 

−0 . 01 15 + 7 −9 0 . 35 + 0 . 02 
−0 . 03 0 . 63 + 0 . 04 

−0 . 04 −16 + 4 −4 

SL2SJ0212 −0555 0.750 1 . 238 + 0 . 004 
−0 . 004 1 . 43 + 0 . 13 

−0 . 11 0 . 70 + 0 . 01 
−0 . 01 −26 + 1 −1 0 . 14 + 0 . 01 

−0 . 01 −20 + 1 −1 0 . 29 + 0 . 06 
−0 . 05 0 . 54 + 0 . 14 

−0 . 12 −35 + 10 
−6 

SL2SJ0214 −0405 0.609 1 . 340 + 0 . 008 
−0 . 008 2 . 39 + 0 . 21 

−0 . 18 0 . 75 + 0 . 02 
−0 . 03 47 + 5 −6 0 . 17 + 0 . 01 

−0 . 02 82 + 1 −1 0 . 62 + 0 . 06 
−0 . 05 0 . 81 + 0 . 05 

−0 . 06 28 + 8 −7 

SL2SJ0217 −0513 0.646 1 . 272 + 0 . 014 
−0 . 014 1 . 94 + 0 . 12 

−0 . 08 0 . 85 + 0 . 01 
−0 . 01 −21 + 1 −1 0 . 10 + 0 . 01 

−0 . 01 −87 + 1 −1 0 . 38 + 0 . 03 
−0 . 03 0 . 66 + 0 . 07 

−0 . 08 −47 + 7 −9 

SL2SJ0218 −0802 0.884 0 . 850 + 0 . 016 
−0 . 017 2 . 04 + 0 . 16 

−0 . 14 0 . 88 + 0 . 01 
−0 . 01 45 + 3 −3 0 . 02 + 0 . 01 

−0 . 01 −32 + 6 −5 0 . 41 + 0 . 08 
−0 . 08 0 . 51 + 0 . 22 

−0 . 13 63 + 7 −12 

SL2SJ0219 −0829 0.389 1 . 296 + 0 . 038 
−0 . 038 2 . 70 + 0 . 08 

−0 . 13 0 . 67 + 0 . 03 
−0 . 04 11 + 2 −3 0 . 05 + 0 . 01 

−0 . 01 64 + 2 −3 0 . 47 + 0 . 03 
−0 . 02 0 . 64 + 0 . 01 

−0 . 02 9 + 2 −2 

SL2SJ0220 −0949 0.572 0 . 914 + 0 . 023 
−0 . 020 2 . 17 + 0 . 16 

−0 . 19 0 . 77 + 0 . 07 
−0 . 08 −24 + 7 −12 0 . 07 + 0 . 04 

−0 . 03 −19 + 7 −14 0 . 20 + 0 . 01 
−0 . 01 0 . 62 + 0 . 05 

−0 . 07 −29 + 6 −3 

SL2SJ0226 −0420 0.494 1 . 152 + 0 . 009 
−0 . 009 2 . 05 + 0 . 14 

−0 . 15 0 . 72 + 0 . 03 
−0 . 02 21 + 3 −3 0 . 07 + 0 . 01 

−0 . 01 22 + 4 −4 0 . 52 + 0 . 04 
−0 . 04 0 . 78 + 0 . 03 

−0 . 04 34 + 6 −5 

SL2SJ0232 −0408 0.352 1 . 019 + 0 . 019 
−0 . 019 2 . 38 + 0 . 14 

−0 . 23 0 . 70 + 0 . 01 
−0 . 01 −23 + 2 −2 0 . 05 + 0 . 01 

−0 . 01 −18 + 3 −3 0 . 53 + 0 . 03 
−0 . 02 0 . 65 + 0 . 02 

−0 . 02 −23 + 2 −2 

SL2SJ0848 −0351 0.682 0 . 930 + 0 . 038 
−0 . 038 1 . 95 + 0 . 08 

−0 . 08 0 . 43 + 0 . 01 
−0 . 01 −25 + 1 −1 0 . 01 + 0 . 01 

−0 . 01 35 + 12 
−11 0 . 39 + 0 . 04 

−0 . 04 0 . 32 + 0 . 03 
−0 . 04 −30 + 4 −3 

SL2SJ0849 −0412 0.722 1 . 134 + 0 . 014 
−0 . 011 2 . 07 + 0 . 09 

−0 . 22 0 . 71 + 0 . 03 
−0 . 07 40 + 10 

−7 0 . 03 + 0 . 03 
−0 . 02 65 + 11 

−43 0 . 27 + 0 . 02 
−0 . 02 0 . 42 + 0 . 06 

−0 . 05 49 + 4 −4 

SL2SJ0855 −0147 0.365 0 . 956 + 0 . 034 
−0 . 034 2 . 25 + 0 . 12 

−0 . 10 0 . 83 + 0 . 01 
−0 . 01 −22 + 1 −1 0 . 04 + 0 . 01 

−0 . 01 75 + 1 −1 0 . 32 + 0 . 03 
−0 . 02 0 . 80 + 0 . 02 

−0 . 03 −18 + 9 −7 

SL2SJ0904 −0059 0.611 1 . 411 + 0 . 005 
−0 . 005 1 . 98 + 0 . 14 

−0 . 16 0 . 96 + 0 . 01 
−0 . 01 12 + 8 −12 0 . 08 + 0 . 01 

−0 . 01 −59 + 1 −1 0 . 30 + 0 . 02 
−0 . 02 0 . 90 + 0 . 05 

−0 . 09 −33 + 7 −15 

SL2SJ0959 + 0206 0.552 0 . 711 + 0 . 010 
−0 . 010 2 . 12 + 0 . 18 

−0 . 18 0 . 69 + 0 . 01 
−0 . 01 71 + 1 −1 0 . 09 + 0 . 01 

−0 . 01 83 + 1 −1 0 . 41 + 0 . 05 
−0 . 04 0 . 84 + 0 . 06 

−0 . 07 62 + 16 
−23 

SL2SJ1359 + 5535 0.783 1 . 092 + 0 . 006 
−0 . 006 1 . 81 + 0 . 07 

−0 . 10 0 . 73 + 0 . 02 
−0 . 02 62 + 2 −2 0 . 09 + 0 . 01 

−0 . 01 86 + 3 −5 0 . 60 + 0 . 08 
−0 . 08 0 . 50 + 0 . 10 

−0 . 10 58 + 7 −7 

SL2SJ1404 + 5200 0.456 2 . 394 + 0 . 011 
−0 . 011 2 . 49 + 0 . 18 

−0 . 24 0 . 75 + 0 . 01 
−0 . 01 24 + 1 −1 0 . 17 + 0 . 01 

−0 . 01 −74 + 1 −1 0 . 77 + 0 . 03 
−0 . 02 0 . 79 + 0 . 02 

−0 . 02 22 + 3 −3 

SL2SJ1405 + 5243 0.526 1 . 457 + 0 . 007 
−0 . 007 2 . 23 + 0 . 21 

−0 . 14 0 . 69 + 0 . 01 
−0 . 01 −41 + 2 −2 0 . 07 + 0 . 01 

−0 . 01 72 + 2 −2 0 . 47 + 0 . 02 
−0 . 02 0 . 79 + 0 . 02 

−0 . 03 −54 + 5 −5 

SL2SJ1406 + 5226 0.716 1 . 029 + 0 . 006 
−0 . 006 1 . 54 + 0 . 10 

−0 . 12 0 . 83 + 0 . 01 
−0 . 01 2 + 1 −1 0 . 01 + 0 . 01 

−0 . 01 30 + 12 
−11 0 . 26 + 0 . 04 

−0 . 04 0 . 40 + 0 . 08 
−0 . 05 −6 + 5 −5 

SL2SJ2203 + 0205 0.400 1 . 677 + 0 . 012 
−0 . 012 1 . 94 + 0 . 08 

−0 . 08 0 . 78 + 0 . 01 
−0 . 01 −50 + 1 −1 0 . 09 + 0 . 01 

−0 . 01 39 + 1 −1 0 . 54 + 0 . 01 
−0 . 01 0 . 77 + 0 . 01 

−0 . 01 −52 + 9 −9 

SL2SJ2205 + 0147 0.476 1 . 814 + 0 . 042 
−0 . 044 1 . 92 + 0 . 13 

−0 . 14 0 . 35 + 0 . 02 
−0 . 01 −15 + 1 −1 0 . 21 + 0 . 01 

−0 . 01 −18 + 2 −2 0 . 43 + 0 . 02 
−0 . 02 0 . 49 + 0 . 03 

−0 . 03 0 + 2 −2 

SL2SJ2221 + 0115 0.325 1 . 274 + 0 . 011 
−0 . 011 2 . 14 + 0 . 14 

−0 . 11 0 . 92 + 0 . 03 
−0 . 02 −10 + 6 −8 0 . 06 + 0 . 01 

−0 . 01 −86 + 3 −2 0 . 52 + 0 . 02 
−0 . 02 0 . 70 + 0 . 02 

−0 . 02 21 + 2 −2 

Figure 4. Comparison of logarithmic slopes ( γ ) 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 γ (on the x - and y -ax es, respectiv ely), for the 11 o v erlapping 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 I (defined in equation 1 ) versus γ for our 21 systems (in blue) and the 11 o v erlapping systems 
from Dinos-I (in orange). The data for the o v erlapping 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
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I  
 H I E R A R C H I C A L  ANALYSIS  

ur goal is to constrain the population-level properties of the 
uminous and dark matter profiles for our full sample of SLACS
nd SL2S lenses. To that aim, we perform a hierarchical Bayesian 
nalysis on our sample. Ho we ver, to run in a computationally
easonable time, we first parametrize each system at an individual 
evel before constraining the associated population-level parameters. 
n this paper, most of the population-level parameters are denoted as
MNRAS 541, 1–27 (2025) 
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uch: μx is the population mean and σx is the population scatter of
he subscripted parameter x. If we account for a redshift evolution
n x, then αx is the linear correlation for that parameter with respect
o redshift z, εx is the linear correlation for that parameter with
espect to the logarithmic velocity dispersion log ( σv ), and μx and
x are e v aluated at the reference redshift z ref ≡ 0 . 353 and reference
elocity dispersion log ( σv , ref ) ≡ 2 . 42, which are the means of our 56
ystems sample. 

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

( r ) = 

ρs 

( r /r s ) γin (1 + r/r s ) 3 −γin 
, (5) 

here r s is the scale radius, ρs is the density at r s , and γin is the
nner logarithmic slope. With γin = 1, the gNFW profile becomes
n NFW profile. This parameter γin and its evolutionary trend can
rovide insights into the baryonic processes that have shaped the
ark matter and generally the o v erall mass distribution (mergers,
tellar , supernovae, and A GN feedback, etc.), with γin < 1 roughly
escribing an expanded or cored halo (e.g. Governato et al. 2010 ,
012 ) and γin > 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
ass-to-light ratio ( ϒ ∗B ≡ M ∗/L B , where both are in solar units), it

s necessary to convert the modelled surface brightness, i.e. the S ́ersic
rofile(s), to a B-band luminosity scale. For our modelled SL2S
ystems, we use the CFHT r -band light profiles (see Section 3.2 ).
or the remaining SL2S and SLACS systems, we use the HST

ight profiles modelled by Dinos-I. As such, all systems’ S ́ersic
rofile amplitudes were scaled according to their distance modulus
assuming our fiducial cosmology) and K-corrected to correspond to
he rest-frame B band, requiring SED fitting. We use k -CORRECT , 3 a
YTHON implementation for calculating these K-corrections (Blan-
on & Roweis 2007 ), to account for the distance modulus (the angular
iameter distance and cosmological surface brightness dimming
orrections) and the SED shape variation. For the SL2S systems, we
se simple aperture photometry (of radius ∼ 0 . 1 arcsec, centred on
he lens) on the CFHT u , g, r , i, and z bands for the necessary colour
nformation; for the SLACS systems, we use the colour information
f Auger et al. ( 2009 ) (from HST F435W, F555W, F606W, F814W,
nd/or F160W filters). The resulting distance-modulus-corrected and
-corrected surface brightness profile in B band is denoted as I B ( r).
In addition to ϒ ∗B , we also include a population stellar mass-

o-light gradient component η. This is incorporated by multiplying
he luminous matter surface density by a power law dictated by
η. Quantitatively, therefore, the luminous matter convergence κ∗ is
odelled as 

∗( r ) = 

ϒ ∗B 

� crit 

(
r 

R eff 

)−η

I B ( r ) (6) 

here � crit is the lensing critical surface mass density. Although
ensing and dynamics constrain the radial shape of the o v erall mass
ensity profile, leaving a de generac y between the dark and luminous
atter distribution in the most general sense, varying η and γin 

ffects the o v erall mass profile shape differently in our particular
arametrization. As a result, we do not have a perfect degeneracy
NRAS 541, 1–27 (2025) 

 https:// github.com/ blanton144/ kcorrect

(  

p

c

etween η and γin , as it is broken by our physically moti v ated
odel parametrization. Furthermore, we find including ϒ ∗B in our
odel makes the best-fitting anisotropy profile more consistent with

revious empirical studies (Section 5 ). 
We include a ϒ ∗B prior to better constrain our model. For the

edshift evolution parameter d log ( ϒ ∗B ) / d z, we adopt a prior of
log ( ϒ ∗B ) = −0 . 72 + 0 . 07 

−0 . 05 (statistical) ± 0 . 04 (systematic) (Treu et al.
005 ). This prior is derived from fundamental plane analysis, a
ethodology independent of lensing, on spheroidal galaxies. For the

orresponding normalization, we analyse a set of 79 SLACS lenses
rom Auger et al. ( 2009 ), as they share a similar velocity dispersion
istribution to our sample (also considering the nono v erlapping
ubsample of SL2S lenses), and their constraints on the stellar
rofiles are independent of lensing analysis. We calculate log ( ϒ ∗B )
or each of the 79 systems using the stellar mass and B-band absolute
agnitudes provided in Auger et al. ( 2009 ). We obtain the population
ean of ϒ ∗B and its uncertainty from these 79 systems to serve

s the prior for our sample. In this sampling, we set the prior
or the stellar initial mass function (IMF) to be uniform between
he Salpeter and Chabrier IMF to make the prior uninformative on
he IMF. In practice, we obtain log ( ϒ ∗B ) from Auger et al. ( 2009 )
ssuming a Salpeter IMF (Salpeter 1955 ). Then with an additional
ffset factor of U([ − log (1 . 8) , 0]) to uniformly sample between the
habrier (Chabrier 2003 ) and Salpeter IMFs, we sample the μlog ( ϒ ∗B ) 

osterior and fit the distribution as a Gaussian; in contrast, the
ntrinsic scatter σlog ( ϒ ∗B ) is measured at a fixed IMF. We also sample
rom the aforementioned αlog ( ϒ ∗B ) prior, to fit for μlog ( ϒ ∗B ) and σlog ( ϒ ∗B ) 

easured at z ref . From this, we find and use the following as our prior: 

log ( ϒ ∗B ) ∼ N ( μ = 0 . 46 , σ = 0 . 08) , 

σlog ( ϒ ∗B ) ∼ ln N ( μ = −3 . 94 , σ = 1 . 18) , 

αlog ( ϒ ∗B ) ∼ N ( μ = −0 . 72 , σ = 0 . 07) , (7) 

here we define a lognormal distribution as 

ln N ( μ, σ ) ≡ e N ( μ,σ ) . (8) 

We first calculate the posterior distributions for the indi vidual-le vel
arameters pertaining to the luminous and dark matter profiles for
ach system, before performing the analysis at the population level.
quation ( 6 ) is used to convert the lens light surface luminosity to

uminous matter surface density used in our dynamical models; the
 v erall conv ergence shape is set by the stellar mass-to-light ratio
arameter ϒ ∗B , the stellar mass-to-light gradient parameter η, and
he corrected, modelled B-band surface luminosity profile I B ( r). We
efine D light as the combined data set of I B ( r) across all systems. 
As we use the gNFW model for the dark matter profile, for

ach system of our sample, we obtain posterior distributions of
he indi vidual-le vel parameters τ ≡ { r s , log ( κs ) , γin , log ( ϒ ∗B ) , η} ,
here κs is the convergence of the gNFW profile at r s (i.e. κs ≡

s r s /� crit ; see equation 5 ). 
At the individual-system level, we constrain over only the lensing

bservables D κ independent of the mass-sheet de generac y: the
instein radius and the quantity R E α

′′ 
E / (1 − κE ), where κE and αE 

re the convergence and deflection angle at the Einstein radius,
espectively (Kochanek 2020 ; Birrer 2021 ). 

Additionally, we impose a joint prior on R s and log ( κs ), in the form
f a mass–concentration relation for the dark matter profile (Duffy
t al. 2008 ), which was derived assuming a WMAP5 cosmology
Komatsu et al. 2009 ). Given that we utilize a gNFW dark matter
rofile, we adopt a concentration definition of 

 −2 ≡ r 200 /r −2 , (9) 

https://github.com/blanton144/kcorrect
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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 deri v ation of our priors 
on μlog ( ϒ ∗B ) , σlog ( ϒ ∗B ) , and αlog ( ϒ ∗B ) . 

Parameter Description Prior 

μγin Population mean of γin , the logarithmic inner slope of the DM halo, at z ref and log ( σv , ref ) U ([0 . 1 , 2 . 0)) 

σγin Population scatter of γin at z ref and log ( σv , ref ) U ([0 , 1]) 

αγin Linear dependency of γin on redshift U ([ −5 , 5]) 

εγin Linear dependency of γin on log ( σv ) U ([ −5 , 5]) 

μlog ( ϒ ∗B ) Population mean of log ( ϒ ∗B ), the log stellar mass-to- B-band-light ratio, at z ref and log ( σv , ref ) N ( μ = 0 . 46 , σ = 0 . 08) 

σlog ( ϒ ∗B ) Population scatter of log ( ϒ ∗B ) at z ref and log ( σv , ref ) ln N ( μ = −3 . 94 , σ = 1 . 18) 

αlog ( ϒ ∗B ) Linear dependency of log ( ϒ ∗B ) on redshift N ( μ = −0 . 72 , σ = 0 . 07) 

εlog ( ϒ ∗B ) Linear dependency of log ( ϒ ∗B ) on log ( σv ) U ([ −5 , 5]) 

η Population average stellar mass-to-light gradient U ([0 , 0 . 5]) 

μβani Population mean of βani , the stellar anisotropy parameter U ([ −1 , 1]) 

σβani Population scatter of βani U ( ln ((0 , 0 . 5])) 

μa ani Population mean of a ani , the anisotropy radius divided by the effective radius U ( ln ([0 . 2 , 5])) 

σa ani Population scatter of a ani U ( ln ((0 , 0 . 5])) 
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4 
here c −2 is the modified gNFW concentration parameter, r 200 is the 
adius where the mean density is 200 times the critical density of
he universe, and r −2 is the radius at which the logarithmic surface
ensity slope is equal to −2 (Keeton & Madau 2001 ). In the case
f an NFW profile ( γin = 1), c −2 is equi v alent to the conventional
oncentration parameter of r 200 /r s . While the mass–concentration 
elation from Duffy et al. ( 2008 ) was estimated using NFW dark
atter simulated haloes, we assume that this relation also applies 

o c −2 , as they are both similarly physically moti v ated (K eeton &
adau 2001 ). 
The log ( ϒ ∗B ) parameter is sampled from a broad uniform distribu-

ion encompassing 3 σ level of population scatter for μlog ( ϒ ∗B ) in equa- 
ion ( 7 ) scaled by their respective redshift, that is, U([0 . 21 , 0 . 71]) ×

0 . 72( z − 0 . 347). We take this uniform distribution for the prior
or individual systems as the values are informed by the population 
evel prior and, therefore, we allow more freedom in the prior for
ndividual systems than the posterior of the mean would allow. 

Furthermore, γin and η also have priors of U([0 . 1 , 2 . 0)) and
( ln ((0 , 0 . 5])), respectively. The resulting individual posteriors are
arametrized as Gaussian distributions, with exception to η, which is 
arametrized as a lognormal distribution. This is because we know 

cannot be < 0 based on studies of elliptical galaxies of stellar
opulations and dynamics (Lu et al. 2024 ) and IMF gradients (van
okkum et al. 2017 ). See Appendix B for the individual posteriors

or each system in our sample. Therefore, the posterior probability 
ensity function p( τi | D κ,i , D light ,i ) for an individual lens is 

( τi | D κ,i , D light ,i ) ∝ p( τi ) p( D κ,i | τi ) p( D light ,i | τi ) , (10) 

here p( τi ) is the combination of aforementioned priors, p( D κ,i | τi )
s the likelihood of the lensing observables, and p( D light ,i | τi ) is the
ikelihood of the observed surface brightness profiles. 

In Fig. 5 , we show the luminous and dark matter distribu-
ions of three e x emplar systems in our sample (SL2SJ0232 −0408,
L2SJ0226 −0420, and SL2SJ018 −0802) at varying redshifts, and 
ow their decomposition compares to the modelled power-law den- 
ity profile. The luminous and dark matter decomposition figures for 
ur full sample of 56 systems are presented in Appendix B . 
Finally, we use HIERARC 

4 (Birrer et al. 2020 ), which 
s a hierarchical Bayesian inference pipeline for strong 
ensing systems, to infer the population-level parameters π ≡
 μγin , σγin , αγin , εγin , μlog ( ϒ ∗B ) , σlog ( ϒ ∗B ) , αlog ( ϒ ∗B ) , εlog ( ϒ ∗B ) , η, μβani , 

βani } . See Table 2 for a description of the parameters. Unlike with
he other population parameters, η is parametrized as the population- 
veraged M ∗/L B gradient; this is equi v alent to a population mean
arametrization of the gradient with a scatter of zero, or a Dirac
elta function. We also estimate external convergence distributions 
or all but five systems (for which we do not have direct estimates
MNRAS 541, 1–27 (2025) 

https:// github.com/ sibirrer/ hierarc 

https://github.com/sibirrer/hierarc
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f the external convergence) into this hierarchical analysis. For the
emaining five SL2S/SLACS systems, we apply the combined κext 

istribution from the other SL2S/SLACS systems, respectively. 
In addition to probing galaxy properties’ relation versus redshift,

e also account for their linear relation with log ( σv ) (i.e. εγin and
log ( ϒ ∗B ) ). The primary reason for this is so that our results remain
nbiased against the selection bias that is present in the SLACS
ample. As Sonnenfeld ( 2024 ) shows, the SLACS lenses have steeper
ensity profile and larger velocity dispersion than regular galaxies,
t fixed stellar mass; but they are near indistinguishable at fixed
elocity dispersion. While we acknowledge that there are bound to be
ther differences between the SLACS and SL2S selection of lenses,
e account for the seemingly most significant differences (redshift

nd velocity dispersion). Hence, we are able to ef fecti vely combine
he SLACS and SL2S samples, with the results being applicable to
lliptical galaxy populations. 

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

ani = 1 − σ 2 
t 

σ 2 
r 

, (11) 

here σt and σr are the tangential and radial velocity dispersions,
espectively. 

For comparison with previous work, we also implement an
sipk ov–Merritt anisotrop y model (Osipk ov 1979 ; Merritt 1985 )

n addition to a constant stellar anisotropy. Under this model, we
arametrize a ani , which is defined as the anisotropy radius divided
y the ef fecti ve radius (Mamon & Łokas 2005 ): 

 ani = r ani /r eff , (12) 

ith the spatially-varying stellar anisotropy defined as 

ani , OM 

( r ) = 

r 2 

r 2 + a 2 ani r 
2 
eff 

. (13) 

e sample from the parent population (as defined by population-
evel parameters π ), to get ξ ≡ { γin , log ( ϒ ∗B ) , η, βani } for each
ystem. The model-predicted velocity dispersion is then determined
y deprojecting the total-matter 2D convergence and surface light
rofiles through a multi-Gaussian expansion process (Emsellem,
onnet & Bacon 1994 ; Cappellari 2002 ), where the 2D profile is

ecomposed into a Gaussian basis then individually deprojected into
he corresponding 3D profile. 

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

( π | D) ∝ p( π ) 
N ∏ 

i 

∫ 

dξi p( ξi | π ) p( D i | ξi ) , (14) 

here D is the full set of data for all systems, and D i 

s the data pertaining to a single system. Decomposing D i ≡
 D σv ,i , D LOS ,i , D κ,i , D light ,i } (where D σv 

refers to the observ ed v e-
ocity dispersions and D LOS ,i refers to the external convergence

easurements) and combining with equation ( 10 ), we see that 

( π | D) ∝ p( π ) 
N ∏ 

i 

[∫ 

d ξi d r s ,i d log ( κs ,i ) p( ξi | π ) p( D σv ,i | ξi ) 

p ( D LOS ,i | ξi ) p ( ξi , r s ,i , log ( κs ,i ) | D κ,i , D light ,i ) /p( ξi ) 

]
, (15) 
NRAS 541, 1–27 (2025) 
here p( π ) is the prior on π , p( ξi | π ) is the probability of
n individual system’s ξi given the parent population described
y π , p( D σv ,i | ξi ) is the likelihood of the velocity dispersion
easurements, p( D LOS ,i | ξi ) is the constraint imposed by the
OS measurements, and p( ξi ) is the prior applied on ξi . The
( ξi , r s ,i , log ( κs ,i ) | D κ,i , D light ,i ) term, which can also be written as
( τi , βani | D κ,i , D light ,i ), represents the probability of a sampled ξi 

arameter, marginalized o v er the individual posteriors from equation
 10 ). 

For the anisotropy model parameters, βani ∼ U([ −0 . 5 , 1]) for a
onstant anisotropy, and a ani ∼ U([0 . 2 , 5 . 0]) for an Osipkov–Merritt
nisotropy. We choose a constant anisotropy profile as our baseline
odel, as it is consistent with dynamical observables obtained

or local elliptical galaxies (Gerhard et al. 2001 ; Cappellari et al.
007a , 2007b ). As we are sampling the ξ parameters from Gaussian
istributions specified by π , these priors cause p( ξi | π ) to follow
 truncated Gaussian distribution (with exception to η, which is
ampled from a Dirac delta function), which serve to exclude
xtreme values from being sampled. As these priors are uniform
nd the ranges are broad enough to encompass the indi vidual-le vel
onstraints p( τ | D κ,i , D light ,i ), we do not need to explicitly perform
he division of p( ξi ) in equation ( 15 ). See Table 2 for our priors on
, the population-level parameters. 

 RESULTS  

e test six different configuration of hierarchical hyperparameters.
ur baseline model assumes a constant anisotropy model, using

he priors from Table 2 , H 0 = 70 km s −1 Mpc −1 , and is run on
ur full SL2S and SLACS sample. Furthermore, we test the same
onfiguration but assuming an Ospikov–Merritt anisotropy model. To
est whether our results are selectively biased by our sample selection
nd to better compare with previous works, we run on hierarchical
nalysis on the SL2S and SLACS samples separately. To check how
obust our pipeline is to differing cosmology, we run two different
onfigurations with alternative H 0 values of 67 and 73 km s −1 Mpc −1 .
ee Table 3 for the posteriors of all six of our models. We only
rovide the upper 95th percentile for η as our perceived lower bound
s likely an artifact from using lognormal distributions to represent
he individual system posteriors. Fig. 6 presents the corner plot of
he population-level parameter distributions of our baseline, SL2S-
nly, and SLACS-only models. In Fig. 7 , we present the measured
elocity dispersion distributions and our resulting posteriors of the
w o anisotrop y models, for each system. 

Using the population-level posteriors, we also present the lumi-
ous and dark matter profiles for a representativ e, av eraged system
rom our 56 system sample at z ref and log ( σv , ref ) in Fig. 8 . This
verage system’s light profile is generated by taking the mean surface
uminosity of our full sample (after being K-corrected, corrected for
istance modulus and cosmological surface brightness dimming, and
onverted to absolute luminosity), at a given radius. The log ( ϒ ∗B )
rior from equation ( 7 ; light orange) or the population-level posterior
dark orange) is then applied to the averaged-flux profile. For the
ark matter profile, the average R s and log ( κs ) of the same lens
ample are used. Ho we ver, γin is sampled from either the population-
evel distribution of the individual system posteriors (which serve
s priors in the hierarchical analysis; light blue) or the population-
evel posteriors of our hierarchical analysis (dark blue). In Fig. 8 , we
ualitativ ely observ e a tighter constraint on γin at z ref and log ( σv , ref )
y 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 , H 0 = 70 km s −1 Mpc −1 , 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 η. 

Model μγin σγin αγin εγin μlog ( ϒ ∗B ) σlog ( ϒ ∗B ) αlog ( ϒ ∗B ) εlog ( ϒ ∗B ) η × 10 3 μβani or μa ani σβani or σa ani 

Baseline 0 . 97 + 0 . 03 
−0 . 03 ≤ 0 . 07 −0 . 44 + 0 . 14 

−0 . 15 0 . 39 + 0 . 39 
−0 . 41 0 . 72 + 0 . 02 

−0 . 02 ≤ 0 . 19 −0 . 57 + 0 . 06 
−0 . 06 0 . 56 + 0 . 28 

−0 . 28 ≤ 0 . 05 −0 . 20 + 0 . 21 
−0 . 19 ≤ 0 . 46 

OM 0 . 95 + 0 . 04 
−0 . 03 ≤ 0 . 08 −0 . 48 + 0 . 15 

−0 . 16 0 . 47 + 0 . 37 
−0 . 44 0 . 72 + 0 . 03 

−0 . 02 ≤ 0 . 20 −0 . 57 + 0 . 07 
−0 . 08 0 . 63 + 0 . 36 

−0 . 35 ≤ 0 . 05 3 . 62 + 0 . 91 
−1 . 36 ≤ 0 . 44 

SL2S 0 . 92 + 0 . 14 
−0 . 15 ≤ 0 . 28 −0 . 18 + 0 . 43 

−0 . 41 0 . 62 + 0 . 88 
−1 . 06 0 . 75 + 0 . 05 

−0 . 08 ≤ 0 . 36 −0 . 67 + 0 . 09 
−0 . 10 0 . 32 + 0 . 54 

−0 . 59 ≤ 1 . 89 −0 . 19 + 0 . 19 
−0 . 19 ≤ 0 . 36 

SLACS 0 . 95 + 0 . 07 
−0 . 06 ≤ 0 . 08 −0 . 46 + 0 . 43 

−0 . 38 0 . 09 + 0 . 55 
−0 . 63 0 . 62 + 0 . 02 

−0 . 02 ≤ 0 . 14 −0 . 74 + 0 . 07 
−0 . 07 1 . 06 + 0 . 46 

−0 . 39 ≤ 0 . 13 −0 . 04 + 0 . 19 
−0 . 22 ≤ 0 . 45 

H 0 = 67 0 . 97 + 0 . 03 
−0 . 03 ≤ 0 . 07 −0 . 45 + 0 . 16 

−0 . 14 0 . 41 + 0 . 41 
−0 . 36 0 . 73 + 0 . 02 

−0 . 02 ≤ 0 . 19 −0 . 58 + 0 . 06 
−0 . 05 0 . 60 + 0 . 36 

−0 . 43 ≤ 0 . 05 −0 . 20 + 0 . 21 
−0 . 19 ≤ 0 . 45 

H 0 = 73 0 . 96 + 0 . 03 
−0 . 03 ≤ 0 . 07 −0 . 46 + 0 . 13 

−0 . 14 0 . 41 + 0 . 38 
−0 . 36 0 . 73 + 0 . 02 

−0 . 02 ≤ 0 . 19 −0 . 58 + 0 . 07 
−0 . 07 0 . 59 + 0 . 30 

−0 . 29 ≤ 0 . 05 −0 . 19 + 0 . 20 
−0 . 17 ≤ 0 . 47 
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ddition, discussion on the total convergence profile and the necessity 
f a mass sheet is found in Section 6.4 . 

 DISCUSSION  

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

.1 Implications on galaxy evolution 

n Fig. 9 , we present the population distribution of αγin (left), and
he evolution of γin o v er redshift (right). From the left panel, we
ee that αγin has a ≥ 2 σ departure from no evolution αγin = 0, and
hus we find tentati ve e vidence for e volution of the dark matter halo
nner slope with redshift ( αγin = −0 . 44 + 0 . 14 

−0 . 15 for our baseline model).
urthermore from the right panel, we find that γin is consistent with 

hat of an NFW γin = 1 (with μγin = 0 . 97 + 0 . 03 
−0 . 03 at z ref and log ( σv , ref ))

t redshifts ≤ 0 . 49 (with ≤ 2 σ agreement), and trends towards slopes
hallower than an NFW profile at higher redshifts. This supports the 
ypothesis that these dark matter o v erdensities conform to an NFW
rofile through time-accumulated baryonic processes that gradually 
lter the density profile o v er time. 

We also see that our results are very consistent with previous stud-
es of observed elliptical galaxy populations. Our results primarily 
iffers from previous studies as we (1) investigate the evolution of γin 

ith redshift, (2) use newly observed, high S/N data for the SL2S
ystems (which occupy higher redshifts compared to the SLACS 

ample), and (3) utilize the impro v ed and uniform models in Dinos-
. 

Our γin distribution is in agreement with the previous population 
tudies of Grillo ( 2012 ), Sonnenfeld et al. ( 2015 ), and Oldham &
uger ( 2018 ) o v er their respectiv e redshift ranges, while pro viding

ighter, more accurate constraints across a much larger redshift range. 
n addition, we also find that our results in excellent agreement 
ith the IllustrisTNG predictions utilizing cosmological magne- 

ohydrodynamical simulations of dark matter halo formation (see 
ppendix C on how we derive γin from the simulation data). 
Using our averaged light profile (see Fig. 8 ), we can also model

or a corresponding halo response parameter ( ν) of our population of
ark matter haloes (Dutton et al. 2007 ; Shajib et al. 2021 ). Assuming
hat a dark matter halo initially follows an NFW profile distribution,

is described as 

 f = � 

νr i , (16) 

here r i and r f are the initial and final positions of a given dark
atter particle, and � is the contraction factor. The halo response
arameter describes the amount of adiabatic contraction ( ν > 0) or
xpansion ( ν < 0) of the dark matter halo due to baryonic processes.
e reco v ered a halo response parameter of ν = 0 . 04 + 0 . 01 

−0 . 01 , and so
e observe an overall contraction of the dark matter halo. This is in

light 2 . 4 σ tension with Shajib et al. ( 2021 ), where they recover μν =
0 . 06 + 0 . 04 

−0 . 04 o v er a sample of SLACS lenses. Ho we ver, we remark that
here are many differences between our analysis and that of Shajib
t al. ( 2021 ). For example, the gNFW profile used in this paper and
he adiabatically contracting/expanding NFW profile are inherently 
ifferent and do not directly translate between one another. Perhaps 
he biggest difference between the two dark matter profiles is that the
uter radius of the gNFW profile should not change considerably (see
quation ( 5 )), whereas the adiabatically contracting/expanding NFW 

rofile can with varying ν. As such, the measurement of r f /r i can
ystematically vary significantly outside of the scale radius between 
ur analyses, and thus result in differing values of the halo response
arameter. 
Lastly, we find that our log stellar mass-to-light ratio evolves with

edshift as αlog ( ϒ ∗B ) = −0 . 57 + 0 . 06 
−0 . 06 for our baseline model. All of our

odels are in agreement with our prior used for αlog ( ϒ ∗B ) ∼ N ( μ =
0 . 72 , σ = 0 . 07) (equation ( 7 ); with tension of at most 1 . 6 σ ), which
as derived from independent fundamental plane analysis. 

.2 Implications on IMF 

o infer the IMF one can compare the ϒ ∗B v alues deri ved from the
ynamics + lensing models against the corresponding values from 

he stellar population ϒ 

pop 
∗B . Here, we compare our final posterior

f log ( ϒ ∗B ) at z ref and log ( σv , ref ) with the log ( ϒ 

pop 
∗B ) distribution of

lliptical galaxy lenses measured by Auger et al. ( 2009 ) converted
o the same redshift (assuming a given IMF, and accounting for the
edshift dependence from Treu et al. 2005 ). 

We present this comparison in Fig. 10 , for our baseline, SL2S-only,
nd SLACS-only models. All models fa v our a hea vier, Salpeter -
ike IMF. This is in agreement with similar analyses on elliptical
alaxy lenses (e.g. Treu et al. 2010 ; Sonnenfeld et al. 2012 ; Shajib
t al. 2021 ), with results from galaxy dynamics, which indicate a
alpeter-like IMF for galaxies with large velocity dispersion (e.g. 
appellari et al. 2012 , 2013 ; Li et al. 2017 ; Lu et al. 2024 ) and

rom analysis of the spectra features (e.g. Dokkum & Conroy 2010 ,
012 ; Conroy & van Dokkum 2012 ; Spiniello et al. 2012 ; Smith
020 ), which indicates that elliptical galaxies fa v our an IMF hea vier
Salpeter-like) than what is observed of the Milky Way (Chabrier; 
habrier 2003 ; Chabrier & Lenoble 2023 ). 
As theoretical studies ha ve shown, a bottom-hea vy IMF can be

ndicative of higher fragmentation rates of molecular clouds, and 
hus a larger population of dwarf stars (Hopkins 2013 ; Chabrier,
MNRAS 541, 1–27 (2025) 
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M

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 η 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. 
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ennebelle & Charlot 2014 ). We note that the observed stellar mass
o light gradient could arise not only from trends in radial stellar
opulation age and metallicity, but also potentially in the IMF as
uggested from stellar population analysis (e.g. Mart ́ın-Navarro et al.
015 ; Dokkum et al. 2017 ; Parikh et al. 2018 ; La Barbera et al.
019 ). Our data are not sufficient to distinguish the two hypotheses.
o we ver, recent analysis for the MaNGA galaxy survey found no
ynamical evidence of the IMF gradients indicated by the studies of
pectral absorptions (Lu et al. 2024 ). This suggests either systematic
ssues in either technique or that the IMF gradients indicated by the
NRAS 541, 1–27 (2025) 
tellar population do not affect the log ( ϒ 

pop 
∗B ) as predicted by simple

ssumptions on the IMF shape. 

.3 Implications on velocity dispersion measurements and 

ependence 

e find that the linear relationship between γin and log ( σv ) is
γin = 0 . 39 + 0 . 39 

−0 . 41 for our baseline model. In other words, our result
s consistent with no linear trend between the inner dark matter
ogarithmic 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 χ2 

ν (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. 
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olds true across all of our models. We caution, ho we ver, that our
ange in velocity dispersion is relatively small, and thus the errors are
arge. Studies co v ering a larger range of stellar v elocity dispersion

ay reco v er a significant trend. 
As for the the linear relation between log ( ϒ ∗B ) and log ( σv ), we find

log ( ϒ ∗B ) = 0 . 56 + 0 . 28 
−0 . 28 for our baseline model, and εlog ( ϒ ∗B ) = 1 . 06 + 0 . 46 

−0 . 39 
or our SLACS-only model. A similar quantity is measured in Treu
t al. ( 2010 ) and Sonnenfeld, Nipoti & Treu ( 2017 ), but instead of
nding the correlation between log ( ϒ ∗B ) and the logarithmic velocity 
ispersion, they probe the correlation between log ( M 

LD 
∗, Ein /M 

SPS 
∗, Ein ) 

nd log ( σv ). M 

LD 
∗, Ein is the stellar mass inferred by lensing and

ynamical models, and M 

SPS 
∗, Ein is the stellar mass inferred from stellar
MNRAS 541, 1–27 (2025) 
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Figure 8. The luminous (LM), dark (DM), and total matter (TM) profiles 
of a representativ e, av eraged system for our lens sample (see the text for 
details) at z ref and log ( σv , ref ). 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 ( γin = 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 rele v ant 
lensing regime of 0 . 25 R E to 4 R E (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 ( λ ≈ 1). 
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Figure 9. Left: the posterior distribution of αγin , the population-level linear reds
our results assuming either a constant (purple) or Osipkov–Merritt (orange) ani
uncertainties. The red dotted line corresponds to αγin = 0 (i.e. no evolution with 
of γin . Right: γin versus redshift, using modelled population-level parameters μγ

almost completely o v erlap, we only plot the constant anisotropy model distribut
faint green points are the γin posteriors of each of our 56 lens sample, constrain
the 68th percentile population posterior from these lensing-only constraints. We o
of elliptical galaxies (Grillo 2012 ; Sonnenfeld et al. 2015 ; Oldham & Auger 201
horizontal line corresponds to γin = 1 (i.e. an NFW profile). Our results are in 
simulation predictions. Additionally, we find that γin is ≤ 2 σ consistent with an 
redshifts. 
opulations synthesis models within the Einstein radius; the ratio of
hich is referred to as the ‘IMF mismatch’ parameter. Treu et al.

 2010 ) measure a slope between the logarithmic IMF mismatch
arameter and log ( σv ) of 1 . 31 ± 0 . 16 in a SLACS sample, while
onnenfeld et al. ( 2017 ) measures 0 . 81 ± 0 . 21 in a SL2S and SLACS
ample. While this parametrization is not perfectly analogous to the
log ( ϒ ∗B ) used in this paper [e.g. the ‘IMF mismatch’ parameter used in
reu et al. ( 2010 ) and Sonnenfeld et al. ( 2017 ) does not account for a
ass-to-light gradient], both of these measurements are nonetheless
1 σ consistent with our results for using corresponding dataset. 

.4 Implications on time-delay cosmography 

n our models with varying H 0 (67, 70, and 73 km s −1 Mpc −1 ; see
able 3 ), we find that our results are self-consistent and robust against
n assumed cosmology (specifically, with H 0 ). This is expected, as
ur analysis should only depend on the ratio of cosmological dis-
ances. Additionally, as our mass-concentration relation assumption
s only significantly affected by σ8 and w 0 (e.g. L ́opez-Cano et al.
022 ), this also means that our results can be used independently of
 0 , and can be applied to lensed cosmography discussions without

ystematic bias. Of course, this also means that our implications
n galaxy evolution (Section 6.1 ), IMF (Section 6.2 ), and velocity
ispersion (Section 6.3 ) remain robust against our choice of H 0 . 
From Table 3 , we find our η posterior to be η ≤ 5 × 10 −5 for our

aseline model, and η ≤ 1 . 3 × 10 −4 for our SLACS-only model. In
omparison to Shajib et al. ( 2021 ) which finds that exp ( μlog ( η) ) ≤
 . 7 × 10 −2 on an SLACS lens sample, our results are not only
n agreement with Shajib et al. ( 2021 ), but also provides tighter
pper bounds on the stellar mass-to-light ratio gradient and stronger
hift evolution of the dark matter inner cusp’s logarithmic slope. We show 

sotropy model, with the shaded regions corresponding to their respective 
redshift). Both anisotropy models are consistent with no redshift evolution 

in , σγin , and αγin . As the constant and Osipk ov–Merritt anisotrop y models 
ion, with the shaded purple region correspond to the 68th percentile. The 
ed on only lensing information, and the dashed green lines correspond to 
 v erlay the 68th percentile distributions from previous observational studies 
8 ), as well as from the IllustrisTNG simulation (see Appendix C ). The red 
agreement with previous observational studies and with the IllustrisTNG 

NFW at z ≤ 0 . 49, and becomes shallower than an NFW profile at higher 
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Figure 10. The posterior distribution of log ( ϒ ∗B ) at z ref and log ( σv , ref ), 
sampled from the population-level distributions of μlog ( ϒ ∗B ) and σlog ( ϒ ∗B ) . 
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 ( ϒ ∗B ) posterior, for 
their respective distribution. Also shown is the 68th percentile uncertainty of 
our μlog ( ϒ ∗B ) prior (see equation ( 7 )), adjusted by ± log (1 . 8) / 2 for a Salpeter 
or Chabrier IMF, respectively. All models strongly prefer a Salpeter IMF o v er 
a Chabrier IMF. 
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vidence for a negligible stellar mass-to-light ratio gradient at the 
opulation level. We also find that our stellar orbits are generally 
sotropic, with no evidence of a departure from isotropy. 

From Fig. 9 , while our γin distribution at z ≤ 0 . 49 is consistent
ith an NFW profile at the 2 σ level, results indicate an significantly

hallower inner slope at higher redshifts. At the 3 σ level, the redshift
ange where γin ≈ 1 expands to z ≤ 0 . 83. As the lensed quasars used
y the TDCOSMO collaboration are at centred at approximately 
 l ∼ 0 . 5, this sample can be seen as broadly consistent (within 1 to
 σ ) with using an NFW profile. 
We find that the power-law profile remains a robust method of
odelling the total surface density profile for our sample of galaxies. 
rom our averaged profile, for a generous radius range of expected 

ensed image locations (0 . 25 R E to 4 R E ), our total mass posterior
rofile is in excellent agreement with a power law (Fig. 8 , green
haded region and purple line). 

To quantify this agreement and to probe the mass sheet transfor-
ation (MST), we parametrize a convergence model using a power 

aw with a mass sheet as shown by Falco et al. ( 1985 ): 

λ = λκPL + (1 − λ) , (17) 

here κPL is the power-law convergence profile (as a function of the 
instein radius and γ ) and λ is the internal MST parameter (where 
= 1 is equi v alent to having no mass sheet). We fit this convergence

rofile to the μ total matter convergence profile (shown as the dark 
haded green region in Fig. 8 ) within the range of 0 . 25 R E to 4 R E ,
y minimizing the average variance marginalized over log-space. 
y doing we, we measure the mean internal MST parameter of our

ample to be λ = 0 . 96 ± 0 . 03, and a mean total density logarithmic
lope of γ = 2 . 24 ± 0 . 14. We find that a power-law profile can
ell describe the total matter convergence within this broad lensing 
egime. Our λ result is consistent with those found by Dinos-I when
ssuming a constant anisotropy model ( μλ = 0 . 91 + 0 . 10 

−0 . 09 ), and shows
hat our population of elliptical galaxy lenses are consistent ( ≤ 1 . 2 σ )
ith having no mass sheet present. Additionally, our γ agrees well 

at or within 1 σ ) with other average logarithmic slope measure-
ents from dynamical models, such as μγ = 2 . 19 ± 0 . 03 from
appellari et al. ( 2015 ) and μγ = 2 . 078 ± 0 . 027 from Auger et al.
 2010b ). 

We note that these results, especially that of our λ posterior, are
ade under the assumption that the total matter profile of the elliptical 

alaxy is composed of a gNFW dark matter profile and a luminous
urface density profile according to equation ( 6 ). In contrast, Dinos-I
stimates a population posterior of μλ = 0 . 91 + 0 . 10 

−0 . 09 , while explicitly
llowing for maximal flexibility of the total matter profile and more
odel-robust result. Nevertheless, our model-specific result is in 

ood agreement with the results of Dinos-I. 
As the MST is an ongoing obstacle in accurately determining H 0 

easurements through the study of lensed quasars, this result indi- 
ates that the systematic bias imposed by an MST may be minimal
when using a power-law profile to model a lens convergence). As the
easured Hubble constant is linearly related to λ, tighter constraints 

n cosmology can be achieved when we reduce the theoretical effects
f the MST. 

 C O N C L U S I O N  

n this work, we study the population statistics of dark and luminous
atter profiles from a sample of 56 SL2S and SLACS elliptical

alaxy lenses, spanning a redshift of 0 . 090 ≤ z ≤ 0 . 884. The param-
ters include the inner logarithmic slope of the dark matter surface
ensity profile ( γin ), the stellar mass-to-light ratio ( ϒ ∗,B ), the stellar
ass-to-light gradient ( η), and anisotropic parameters. Due to our 

arge and diverse sample, we can also accurately probe the correlation 
f γin and log ( ϒ ∗,B ) with both z and log ( σv ). From our analysis,
e better our understanding of elliptical galaxy populations, from 

heir properties to their origin and evolution of their surface density
rofiles, as well as their implications for cosmology. We present the
ain results of our paper as the following: 

(i) We model 21 lenses (nine of which previously unobserved 
y HST ), with new high resolutions observations in the F475X. As
he imaging S/N is significantly higher than those used in previous

odels, our measurements of the lensing parameters (such as R E and
) are more precise and accurate for these 21 systems. 
(ii) We place tighter constraints on μγin = 0 . 97 + 0 . 03 

−0 . 03 with ≤ 0 . 07
ntrinsic scatter (at z = 0 . 353, log ( σv ) = 2 . 42, and assuming a
onstant anisotropy model), especially at higher redshifts as seen in 
ig. 9 . These results are consistent (within 1 σ ) with previous studies
n elliptical galaxy populations, as well as with the IllustrisTNG 

imulation predictions. 
(iii) Our results measure a γin redshift evolution of d γin / d z ≡

γin = −0 . 44 + 0 . 14 
−0 . 15 for our baseline model. Combined with the result

f the previous bullet point, the o v erall trend of our result is that
ur population dark matter distribution is ≤ 2 σ consistent with an 
FW profile slope ( γin = 1) at lower redshifts of 0 . 09 ≤ z ≤ 0 . 49

with the range being 0 . 09 ≤ z ≤ 0 . 83 for ≤ 3 σ consistency), while
eing shallower than that of an NFW profile at higher redshifts up
o z = 0 . 9. Therefore, we find that the TDCOSMO collaboration
ensed quasars (with z l ∼ 0 . 5) are broadly consistent with an NFW
ark matter profile (i.e. within 1 to 3 σ ). 
MNRAS 541, 1–27 (2025) 
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(iv) We determine that γin and log ( σv ) have a correlation of εγin =
 . 39 + 0 . 39 

−0 . 41 using our baseline model, which is a new result which
reviously has not been studied. 
(v) We find the correlation between log ( ϒ ∗B ) and log ( σv ) to be

log ( ϒ ∗B ) = 0 . 56 + 0 . 28 
−0 . 28 for our baseline model. This is in agreement

ith previous works using fundamental plane analysis. 
(vi) Our population of massive elliptical lenses strongly fa v our a

alpeter IMF o v er a Chabrier IMF (see Fig. 10 ), which agrees well
ith previous analyses o v er similar elliptical galaxy populations. 
(vii) Our results are robust against assumed values of H 0 (as our hi-

rarchical analysis only relies on the ratio of cosmological distances)
nd different anisotropy models. We verify this by checking the self-
onsistency of our results with H 0 = 67, 70, and 73 km s −1 Mpc −1 ,
s well as with a radially-constant anisotropy model and an Osipkov–
erritt anisotropy model (see Table 3 ). 
(viii) Within 0 . 1 < z < 0 . 9, we find a small, almost-negligible

istribution of η ≤ 5 × 10 −5 , providing tighter upper bounds to the
tellar mass-to-light gradient within elliptical galaxy populations. 

(ix) Our average total mass convergence is in agreement with that
f a power-law profile within a generous range of 0 . 25 R E − 4 R E (see
ig. 8 ). We find our mean internal MST parameter to be consistent
ith no mass sheet (within 1 . 2 σ ; λ = 0 . 96 ± 0 . 03), and our mean

otal density logarithmic slope to be γ = 2 . 24 ± 0 . 14. 

In the near future, upcoming surv e ys such as the Vera C. Rubin
bservatory Le gac y Surv e y of Space and Time (LSST), the Nancy
race Roman Space Telescope , and the Euclid -wide surv e ys are

xpected to boost the current number of strong lenses by two to three
rders of magnitudes (Oguri & Marshall 2010 ; Collett 2015 ; Verma
t al. 2019 ). With this, tighter constraints on the redshift evolution of
lliptical galaxies, and an even-better understanding of the formation
f dark matter haloes can be achieved. 
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A E L S  

H band light (Figs A4 , A5 , and A6 ) models for the 21 SL2S systems. For a 
m  3 . The following systems do not fully conform to this modelling scheme: 

urce galaxy. Thus, we add a second S ́ersic light profile to the source light 
p

odel from a S ́ersic + shapelets basis to S ́ersic + point source + shapelets 
b  is, which we speculate could introduce fluctuation in the point-source-like 
i nto our model to account for these potential flux anomalies. These point 
s lane image in Fig. A2 . 

F
o
m
l
t

PPENDIX  A :  SL2S  LENSING  A N D  L I G H T  M O D

ere, we show the HST lensing (Figs A1 , A2 , and A3 ) and CFHT r -
ajority of systems, we fit for the model scheme outlined in Section
SL2SJ0232 −0408 We find it necessary to model for a second so

rofile. 
SL2SJ0959 + 0206 For this system, we changed the source light m

asis. This change is in response to how dense the source galaxy core
mages. To account for this, we add additional degrees of freedom i
ources locations are labelled in the magnification map and source p
NRAS 541, 1–27 (2025) 

igure A1. 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 

bserved image. The second column shows the reconstructed image from our best-fitting model. The third column shows the normalized residuals that are 
inimized 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 

ensed 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 
he 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. A1 for the full 
description. 

urce within one arcsecond of the lens galaxy. We model for this additional 
l

ssary to model for a second source galaxy, and so a second S ́ersic light 
p

SL2SJ2203 + 0205 For this system, there is an interloping point so
ight profile using a point source light profile. 

SL2SJ2221 + 0115 Like with SL2SJ0232–0408, we find it nece
rofile is added to the source light profile. 
MNRAS 541, 1–27 (2025) 
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M

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. A1 for the full 
description. 
NRAS 541, 1–27 (2025) 
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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 S ́ersic 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 A5. 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. 
NRAS 541, 1–27 (2025) 
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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) 
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A POSTERI ORS  

W s for the 56 SL2S and SLACS strong lens sample (Figs B2 , B2 , B3 , and 
B

F
r
m
T

PPENDIX  B:  L U M I N O U S  A N D  DA R K  MATTER  

e present the luminous and dark matter decomposition distribution
4 ) used in our hierarchical analysis, as discussed in Section 4 . 
NRAS 541, 1–27 (2025) 

igure B1. Luminous and dark matter decompositions for 15 (of 56) strong lensing systems used in our Bayesian hierarchical analysis. The name and lens 
edshift are given at the top right, and the model parameter distributions in the bottom left for each subplot. R s is the dark matter scale radius, κs is the dark 
atter convergence at R s , γin is the dark mater logarithmic inner slope, ϒ ∗B is the mass-to-light ratio in B-band in solar units, and η is the mass-to-light gradient. 
he 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. B1 for the full description. 
MNRAS 541, 1–27 (2025) 
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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. 

A F RO M  ILLUSTRISTNG  

H r profile from haloes in the IllustrisTNG simulation (Nelson et al. 2019 ). 
W 019 ), which were selected to have the morphology of massive elliptical 
g mass to satisfy 10 10 . 7 M 
 ≤ M � ≤ 10 11 . 9 M 
. This sample of elliptical 
g hed at z > 1. 

 galaxies from the TNG100-1 run at snapshots z = 0, 0.1, 0.2, 0.3, 0.4, 
0  matter by following the algorithm adopted by the ROCKSTAR catalogue 
( arahi 2022 ). We bin the dark matter particles in each halo in equal-mass 
r onal softening length in the TNG100 −1 run. We set the number of radial 
b  bin. We then take only the bins with r < R 200 c , where R 200 c is set by the 
M  a gNFW profile with free scale radius, amplitude, and inner logarithmic 
s

T

©
P
(

PPEN D IX  C :  I N N E R  DA R K  MATTER  PROFILE  

ere, we describe the extraction of the inner slope of the dark matte
e take the same 165 elliptical galaxy haloes from Wang et al. ( 2

alaxies at both redshifts z = 0 and z = 1, and their z = 0 stellar 
alaxies represents passive evolution, where they have already quenc

We extract the dark matter particle distribution for each of these
.5, 0.7, and 1. We then extract the radial density profile of the dark
Behroozi, Wechsler & Wu 2013 , see also Anbajagane, Evrard & F
adial bins between 3 ε and R 200 c , where ε = 0 . 74 kpc is the gravitati
ins to either 50 or that needed for having at least 15 particles in each
 200 c of each halo. We then fit this inner radial density profile with

lope γin . 
MNRAS 541, 1–27 (2025) 
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