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ABSTRACT

Context. The assembly history of the stellar component of a massive elliptical galaxy is closely related to that of its dark matter halo.
Measuring how the properties of galaxies correlate with their halo mass can therefore help to understand their evolution.
Aims. We investigate how the dark matter halo mass of elliptical galaxies varies as a function of their properties, using weak gravi-
tational lensing observations. To minimise the chances of biases, we focus on the following galaxy properties that can be determined
robustly: the surface brightness profile and the colour.
Methods. We selected 2409 central massive elliptical galaxies (log M∗/M� & 11.4) from the Sloan Digital Sky Survey spectroscopic
sample. We first measured their surface brightness profile and colours by fitting Sérsic models to photometric data from the Kilo-
Degree Survey (KiDS). We fitted their halo mass distribution as a function of redshift, rest-frame r-band luminosity, half-light radius,
and rest-frame u−g colour, using KiDS weak lensing measurements and a Bayesian hierarchical approach. For the sake of robustness
with respect to assumptions on the large-radii behaviour of the surface brightness, we repeated the analysis replacing the total lumi-
nosity and half-light radius with the luminosity within a 10 kpc aperture, Lr,10, and the light-weighted surface brightness slope, Γ10.
Results. We did not detect any correlation between the halo mass and either the half-light radius or colour at fixed redshift and
luminosity. Using the robust surface brightness parameterisation, we found that the halo mass correlates weakly with Lr,10 and anti-
correlates with Γ10. At fixed redshift, Lr,10 and Γ10, the difference in the average halo mass between galaxies at the 84th percentile and
16th percentile of the colour distribution is 0.00 ± 0.11 dex.
Conclusion. Our results indicate that the average star formation efficiency of massive elliptical galaxies has little dependence on their
final size or colour. This suggests that the origin of the diversity in the size and colour distribution of these objects lies with properties
other than the halo mass.

Key words. galaxies: elliptical and lenticular, cD – gravitational lensing: weak – galaxies: fundamental parameters

1. Introduction

Massive elliptical galaxies, with their smooth stellar distribution
and limited presence of cold gas and dust, are relatively sim-
ple objects compared to their star-forming counterparts. Qual-
itatively speaking, the history of these objects consists of two
phases: an initial period of intense star formation, followed by
a later stage in which most of their growth is due to mergers
with other galaxies (van Dokkum et al. 2010; Oser et al. 2010).
However, various aspects of their evolution are still unknown at
a quantitative level.

One of the biggest open questions in cosmology is what
stopped massive galaxies from forming stars and what prevents
them from resuming it. Feedback from the central supermas-

sive black hole is believed to play an important role in galaxy
quenching (i.e. the shutting off of star formation: see Fabian
2012, and references therein); however, despite recent progress
(Cheung et al. 2016; Baron et al. 2018), demonstrating a causal
connection between the two phenomena has proven to be diffi-
cult (see for example Shangguan et al. 2020).

Their post-quenching evolution is also a subject of debate:
at fixed stellar mass, elliptical galaxies at z = 0 are a factor
of a few larger, in terms of half-light radius, than their z = 2
analogues (Daddi et al. 2005; Trujillo et al. 2007; Buitrago et al.
2008). Such a size growth is generally attributed to dissipa-
tionless mergers (Naab et al. 2009), but both the observed and
theoretically predicted merger rates appear too low to account
for this phenomenon in its entirety (Newman et al. 2012;
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Nipoti et al. 2012). The addition of new systems to the quies-
cent galaxy population due to the quenching of previously star-
forming galaxies can alleviate this problem if these recently
quenched galaxies have larger sizes than the pre-existing ones
(see e.g. Scarlata et al. 2007; Damjanov et al. 2019). Moreover,
the presence of radial gradients in stellar population properties,
which were not taken into account in several of the studies men-
tioned above, act in ways that lead to an overestimate of the size
growth (Suess et al. 2019a,b). Nevertheless, we are still lacking a
physical model able to reproduce the evolution of the population
of massive galaxies in all its complexity.

A fundamental ingredient in the evolution of galaxies is their
dark matter halo. The dark matter distribution determines the
gas accretion rate and temperature in the early stages of star
formation, as well as the merger rate with other dark matter
halos and their respective galaxies. In particular, the mass of a
dark matter halo and its evolution is the most important quan-
tity that determines the properties of the galaxy at its centre
(Moster et al. 2018; Behroozi et al. 2019). From a galaxy evo-
lution perspective, having access to measurements of halo mass
would then allow one to link the properties of galaxies with
their assembly history. Direct constraints on the dark matter
distribution can be used to build more accurate models of the
relation between galaxies and halos, which in turn can reduce
systematic uncertainties in many cosmological probes that rely
on galaxies as tracers of the gravitational potential. We refer
to Wechsler & Tinker (2018) for a more thorough discussion
regarding this point.

One consequence of the connection between the distributions
of dark and baryonic matter is the fact that galaxies with higher
stellar mass are preferentially found at the centres of the more
massive dark matter halos. This is because the stellar mass of a
galaxy is related to the mass of the initial gas reservoir, which is
in turn proportional to the dark matter mass. The exact mapping
between stellar and dark matter halo mass, however, depends on
the efficiency of the process of conversion of gas into stars. If
this quantity varies as a function of the assembly history of a
galaxy, additional non-trivial correlations between the properties
of galaxies and halo mass could be introduced. For example, if
the gas-to-star conversion efficiency varies with time, the ratio
between the stellar and dark matter mass of a galaxy is different
among galaxies that formed their stars at different epochs (see
for example Moster et al. 2020).

Observationally, searches for correlations between halo mass
and galaxy properties have been carried out on various fronts.
There have been several efforts aimed at determining how the
average halo mass of star-forming galaxies differs from that
of quiescent ones at a fixed stellar mass. These include stud-
ies based on weak gravitational lensing (Hoekstra et al. 2005;
Velander et al. 2014; Hudson et al. 2015; Mandelbaum et al.
2016; Bilicki et al. 2021; Wang et al. 2021), satellite kinematics
(More et al. 2011; Lange et al. 2019), gas and globular cluster
kinematics (Posti & Fall 2021), galaxy clustering (Zehavi et al.
2011; Cowley et al. 2019), and combinations of multiple such
probes (Tinker et al. 2013). While the amplitude and signifi-
cance of the signal varies among different studies, some of
them clearly indicate that passive galaxies tend to be found
at the centres of more massive dark matter halos, compared
to star-forming galaxies of the same stellar mass. This sug-
gests that halo mass, or more generally halo assembly history,
plays a role in determining the quenching time of a galaxy (see
Zu & Mandelbaum 2016).

Charlton et al. (2017), Sonnenfeld et al. (2019a), and
Huang et al. (2020) have attempted to measure the dependence

of halo mass on the stellar profile of massive quiescent galaxies
at fixed stellar mass, using weak gravitational lensing observa-
tions. They found somewhat conflicting results: Charlton et al.
(2017) claim a positive correlation between the halo mass
and galaxy half-light radius at a fixed stellar mass, but their
measurement is in tension with a study by Sonnenfeld et al.
(2019a), which ruled out correlations as strong as those reported
by Charlton et al. (2017). Using data, in large part overlapping
with the Sonnenfeld et al. (2019a) study, Huang et al. (2020)
found a correlation between the halo mass and the ratio between
the stellar mass enclosed within two different apertures. They
interpreted their measurement as a positive trend between
galaxy size and halo mass, qualitatively in agreement with
the Charlton et al. (2017) work and in disagreement with the
Sonnenfeld et al. (2019a) study. The origin of this discrepancy
is unclear: more robust (model-independent) measurements are
needed to settle this issue.

Finally, Taylor et al. (2020) used weak lensing data to mea-
sure the average dark matter halo mass of galaxies in a narrow
stellar mass range around log M∗/M� ∼ 10.5 as a function of a
set of properties, including the stellar density profile and the star
formation rate. They found that the halo mass correlates most
strongly with the Sérsic index (positive correlation) and with
the half-light radius (negative correlation). Their sample, how-
ever, included both star-forming galaxies and quiescent ones, so
it cannot be compared to the studies cited above directly.

All of these measurements can, in principle, be used to test
predictions from theoretical models and hydrodynamical sim-
ulations (Shankar et al. 2014; Correa & Schaye 2020; Cui et al.
2021). Moreover, detecting correlations between the inferred halo
mass and galaxy properties at a fixed stellar mass would provide
further evidence for the existence of dark matter: if stars were
the only mass component, it would be very difficult to explain a
variation in the strength of the gravitational lensing signal among
galaxies of the same baryonic mass (Brouwer et al. 2021). In prac-
tice, however, systematic uncertainties in the observations limit
our ability to make precise quantitative statements.

A very important source of systematic uncertainty is the
measurement of the stellar masses of galaxies. The standard way
to obtain stellar masses is by fitting stellar population synthe-
sis models to the observed photometric or spectroscopic data.
Choices in various aspects of these models, such as the duration
of each stellar evolutionary stage, the stellar initial mass function
(IMF), the dust attenuation, the metallicity and its evolution (or
lack thereof), and the star formation history, can introduce biases
as large as 0.3 dex (Conroy 2013).

This systematic uncertainty limits not only the accuracy
of our knowledge of the stellar-to-halo mass ratio, but it can
also introduce spurious correlations with secondary parameters
or, vice versa, erase the signature of correlations. One illustra-
tive example is the study by Correa & Schaye (2020) of the
stellar-to-halo mass relation of Sloan Digital Sky Survey (SDSS;
York et al. 2000) galaxies as a function of galaxy morphology.
Using group richness as a proxy for halo mass and taking stel-
lar masses from the catalogue of Kauffmann et al. (2003), they
found that, at a fixed halo mass, disk galaxies have a higher
stellar mass compared to ellipticals. However, the signal dis-
appeared when using the stellar mass catalogue of Chang et al.
(2015). Since there is no strong reason to favour one catalogue
over the other, it is difficult to draw firm conclusions on the halo
mass-galaxy morphology relation with those data.

The goal of this work is to measure the distribution in the
dark matter halo mass of central massive elliptical galaxies as a
function of observationally robust properties, using weak lensing
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data from the Kilo Degree Survey (KiDS; de Jong et al. 2013). We
choose to work with massive galaxies because they are the objects
for which the lensing signal is strongest, and we limit the analy-
sis to ellipticals because the regularity of their surface brightness
profile allows for more accurate measurements of their structural
properties, compared to spiral galaxies. Finally, we use central
galaxies in order to have a cleaner interpretation of the lensing sig-
nal. This also implies that our measurements are mostly probing
the effects of physical processes internal to the halos, as opposed
to the environmental processes to which satellite galaxies are sub-
ject (such as stripping or galaxy harassment).

We first focus on the distribution of halo mass as a func-
tion of the following quantities: redshift, luminosity, colour, and
surface brightness profile. While the use of luminosity instead of
stellar mass can be seen as a step back compared to recent studies
on the relation between galaxies and halos, galaxy luminosities
do not suffer from the numerous sources of systematic uncertain-
ties mentioned above and can be determined much more accu-
rately than stellar masses. On the one hand, this approach shifts
the burden of predicting the stellar population properties to the
theory side, when comparing our measurements to theoretical
models. On the other hand, it makes these comparisons more
self-consistent because many of the currently available mod-
els of galaxy evolution already make predictions on key stel-
lar population properties, such as the star formation history (and
hydrodynamical simulations can predict full spectral energy dis-
tributions, see for example Trayford et al. 2017).

In a second stage, we tackle an additional source of system-
atic errors: the parameterisation of the stellar surface brightness
profile. The total luminosity of a galaxy at a cosmological dis-
tance is not directly observable because its surface brightness usu-
ally extends out to large radii (Tal & van Dokkum 2011) and falls
below the detection limit of current photometric survey data. The
total flux is then usually obtained by fitting a model surface bright-
ness profile to the observed data and extrapolating the model to
infinity or to a very large radius. This procedure can introduce
biases on the derived luminosity and half-light radius, in case the
true surface brightness deviates from the model one. Sonnenfeld
(2020) found that, for a typical massive elliptical galaxy in the
SDSS spectroscopic sample imaged at a depth of ∼26 mag, 20%
or more of the total flux obtained by fitting a Sérsic profile is due
to extrapolation.

We eliminate this source of systematic errors by employing
a more robust description of the surface brightness profile, intro-
duced by Sonnenfeld (2020): instead of the total luminosity and
half-light radius, we use the flux within a circularised aperture
of radius 10 kpc and the light-weighted projected stellar density
slope in the same aperture. We then measure the distribution in
halo mass as a function of these two quantities, as well as redshift
and colour. These measurements will provide a robust bench-
mark against which predictions from theoretical models can be
tested.

The structure of this paper is as follows. In Sect. 2 we
describe the data used for our study, including sample selection
criteria. In Sect. 3 we determine the distribution in luminosity,
half-light radius, and colour of our sample. In Sect. 4 we mea-
sure the distribution in dark matter halo mass as a function of
redshift, luminosity, half-light radius, and colour. In Sect. 5 we
repeat the analysis by replacing the total luminosity and half-
light radius with the aperture luminosity within 10 kpc and the
light-weighted surface brightness slope. We discuss our results
in Sect. 6 and provide our conclusions in Sect. 7.

We assume a flat Λ cold dark matter cosmology with ΩM =
0.3 and H0 = 70 km s−1 Mpc−1. Magnitudes are in AB units, and

masses and luminosities are in solar units. Quoted uncertainties
correspond to the 68% credible region.

2. Data

2.1. Sample selection

Our goal is to select a sample consisting of quiescent galax-
ies with an elliptical morphology and available spectroscopic
data, with which to obtain precise redshift, luminosity, rest-
frame colour, and size measurements. We also wish to carry out
a weak lensing analysis of the same sample. For this purpose,
we require our galaxies to lie in regions of the sky covered by
the Data Release 4 (DR4) of KiDS (Kuijken et al. 2019). For the
sake of a clean interpretation of our results, particularly from the
weak lensing part, we wish to limit our study to central galaxies.
We achieved these goals in a series of steps, as described below.

We selected galaxies from the spectroscopic sample of the
SDSS Data Release 12 (DR12; Alam et al. 2015). In particular,
we considered objects with spectra taken with the SDSS spectro-
graph (Smee et al. 2013) belonging to the Luminous Red Galaxy
sample (Eisenstein et al. 2001) of the SDSS Legacy Survey. We
first applied a minimum redshift condition, selecting only objects
at z > 0.15. This cut is motivated by the fact that the galaxy stel-
lar mass function of the SDSS Luminous Red Galaxy sample
is more or less independent of redshift above z = 0.15, by con-
struction, while it is a strong function of redshift below this limit.
This makes it easier to separate trends with redshift from trends
with luminosity.

To select quiescent galaxies, we applied a cut to the Hα
equivalent width EWHα, selecting only objects with EWHα >
−3 Å (the negative equivalent width corresponds to emis-
sion). This step, together with our minimum redshift condi-
tion, resulted in a sample of ∼3700 luminous red galaxies at
z > 0.15 with KiDS DR4 photometry. We removed obvious
disk-like objects by eliminating galaxies with a projected r-band
minor-to-major axis ratio smaller than 0.5, as measured from
KiDS photometric data (more details on these measurements are
provided in Sect. 2.3): they account for 8% of the sample.

We then removed ∼200 objects that are identified as clus-
ter members with a probability being a central galaxy smaller
than 0.5 in the red-sequence Matched-filter Probabilistic Perco-
lation (redMaPPER) catalogue (Rykoff et al. 2014). Using KiDS
colour-composite images in gri bands, we visually inspected
the remaining objects, and we eliminated galaxies with spiral
arms, with disk or ring features, or those in very close proximity
to objects with a comparable or higher brightness. This visual
inspection step removed a further 15% of the galaxies in the
sample. Finally, we applied a galaxy isolation cut, which was
needed in order to render the weak lensing analysis computa-
tionally tractable. For each galaxy, we drew a cone around it
with a 500 kpc physical radius at its redshift. From the sample,
we then removed any galaxy where the cone overlapped with
that of another more luminous galaxy. In Sect. 4 we give more
details on the rationale for this choice. Our final sample consists
of 2409 galaxies spanning the redshift range 0.15 < z < 0.4. The
tenth percentile, median, and 90th percentile of the distribution
in log M∗ of the sample (measured as described in Sect. 2.4) are
11.47, 11.68, and 11.93, respectively.

2.2. KiDS photometry

Our measurements of the surface brightness profiles of our
galaxies and the weak lensing data are based on photometric
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observations from KiDS DR4. KiDS is a photometric sur-
vey carried out from the ESO VLT Survey Telescope (VST;
Capaccioli & Schipani 2011; Capaccioli et al. 2012), with the
main goal of obtaining cosmological constraints from cosmic
shear measurements. KiDS DR4 covers an area of approximately
1000 square degrees, imaged in u, g, r, and i bands with the
instrument OmegaCAM (Kuijken 2011). In addition to optical
data, KiDS DR4 includes matched-photometry measurements
in the near-infrared bands Z,Y, J,H, and Ks obtained from the
VISTA telescope as part of the VISTA Kilo-degree INfrared
Galaxy survey (VIKING; Edge et al. 2013). The r-band data
is the one with the best image quality, with a typical seeing
FWHM < 0.8′′, while the 5σ mean limiting magnitude within a
2′′ aperture is ≈25. For this reason, we used the r-band to mea-
sure the structural parameters of our galaxies, as described in the
next section. We refer readers to Kuijken et al. (2019) for details
on the KiDS DR4 data reduction.

2.3. Surface brightness profile measurements

We describe the surface brightness distribution of each galaxy
with an elliptical Sérsic profile,

I(x, y) = I0 exp

−b(n)
(

R
Re

)1/n
, (1)

where x and y are Cartesian coordinates with an origin at the
galaxy centre and aligned with the galaxy major and minor axes,
respectively, and R is the circularised radius

R2 ≡ qx2 +
y2

q
, (2)

where q is the axis ratio, n is the Sérsic index, and b(n) is a
numerical constant defined in such a way that the isophote of
radius R = Re encloses half of the total light (see Ciotti & Bertin
1999). Throughout this paper, we refer to Re as the half-light
radius and as the size of a galaxy, interchangeably. The best-
fit Sérsic parameters for each galaxy were obtained by fitting
seeing-convolved Sérsic models to sky-subtracted and coadded
r-band images using the software 2dphot (La Barbera et al.
2008), largely following the procedure adopted by Roy et al.
(2018) for the analysis of data from previous KiDS data releases.

We obtained magnitudes in all nine bands by considering
Galactic extinction-corrected colours, measured with the Gaus-
sian Aperture and point spread function (PSF) technique (GAaP
Kuijken et al. 2015), and using them to rescale the Sérsic fit-
based r-band flux accordingly. An implicit assumption in this
step is that colours do not vary across the spatial extent of a
galaxy. We discuss the possible impact of this assumption in
Sect. 6.2.

2.4. Rest-frame colour and luminosity measurements

We base our analysis on measurements of the rest-frame r-band
luminosity and u − g colour. We obtained these quantities by
fitting spectral energy distribution templates, obtained with the
software Galaxev (Bruzual & Charlot 2003), to the observed
KiDS multi-band data. In particular, we generated composite
stellar population synthesis models assuming a Chabrier stellar
IMF (Chabrier 2003) and an exponentially declining star forma-
tion history, a range of values of metallicity, and dust attenu-
ation. We then optimised for the parameters of the model given

the observed 9-band magnitudes to obtain a best-fit spectral tem-
plate, with which we derived the rest-frame r-band luminosity
and u − g colour.

The model is not able to fit the observed magnitudes down to
the noise level, which is very low (typically a few millimags in
all bands, except u). The derived u−g colour, then, is sensitive to
the spectral energy distribution of the galaxy over the full wave-
length range probed by KiDS photometry, and it should there-
fore be considered as an average measure of galaxy redness over
a broad spectral range. To make sure that the results are inde-
pendent of our way of measuring u− g, we repeated the analysis
using a more direct estimator of rest-frame colour, the Dn4000
spectral index, which we obtained from the SDSS spectroscopic
catalogue. The Dn4000 index is defined as the ratio between the
continuum level redward and blueward of the 4000 Å break (see
Balogh et al. 1999, for details). Our measurements of the distri-
bution of halo mass as a function of Dn4000 are indistinguish-
able from those obtained using u − g. Therefore, we only show
the latter in this paper.

One by-product of this spectral energy distribution fitting
process is an estimate of the stellar mass of each galaxy. We
chose not to use this information for the core of our analysis
since the stellar mass parameter is highly degenerate with the
stellar IMF, the metallicity, and the star formation history param-
eters, and because the way that these aspects of our composite
stellar population models are set is somewhat arbitrary. The only
aspect of our study that relies on these stellar mass measure-
ments is the estimate of the (small) baryonic contribution to the
weak lensing signal, in Sect. 4.

2.5. Aperture luminosity and light-weighted slope

We also consider an alternative parameterisation of the luminos-
ity profile of our galaxies, based on quantities that are measured
more robustly than the total luminosity and the half-light radius.
We use the rest-frame r-band luminosity enclosed within a cir-
cularised aperture of physical size 10 kpc, Lr,10, and the light-
weighted surface brightness slope within the same aperture, Γ10.
Following Sonnenfeld (2020), the latter is defined as

Γ10 ≡ −

2π
∫ 10

0 R
d log Ir

d log R
Ir(R)dR

2π
∫ 10

0 RIr(R)dR
= 2 −

2π(10)2Ir(10)
Lr,10

, (3)

where Ir(R) is the circularised rest-frame r-band surface bright-
ness profile of the galaxy.

To calculate Lr,10 and Γ10, we assume that the true surface
brightness profile of each galaxy is given by its best-fit Sérsic
model. This is a good approximation as the typical deviation in
the surface brightness profile of massive elliptical galaxies from
a Sérsic model, in the region constrained by the data, is a few
percent (see Fig. 4 of Sonnenfeld 2020). Although based on the
same Sérsic model used to estimate Lr and Re, the advantage of
using Lr,10 and Γ10 is that they do not rely on any extrapolation to
large radii where the surface brightness profile is unconstrained,
and they are therefore determined more robustly.

2.6. Background source shape and redshift measurements

Our weak lensing analysis is based on shape measurements
of galaxies in the background of the objects in our sam-
ple, obtained by Giblin et al. (2021). Shapes are described
by two ellipticity components, (ε1, ε2), which were measured
from individual r-band exposures with the lensfit algorithm

A55, page 4 of 17



A. Sonnenfeld et al.: The dark matter halos of elliptical galaxies

(Miller et al. 2007, 2013; Fenech Conti et al. 2017). lensfit
also assigns a weight ws to each source, which takes into account
the uncertainty in the ellipticity measurements and the intrinsic
scatter in the ellipticity distribution of the source sample. The lat-
ter dominates the error budget for most sources (see Miller et al.
2013, for details). As we explain in Sect. 4, shape measurements
are weighted by their ws in the weak lensing analysis. We esti-
mated multiplicative shear biases using image simulations from
Kannawadi et al. (2019). The uncertainties on these are of the
order of 10−3.

Background sources were selected on the basis of their
photometric redshifts (photo-zs). These were obtained using
the Bayesian Photometric Redshift code (BPZ; Benítez 2000;
Coe et al. 2006) on KiDS u, g, r, and i and VIKING Z,Y, J,H,
and Ks PSF-matched photometry, using a source magnitude prior
from Raichoor et al. (2014). We refer readers to Wright et al.
(2019) for details on the photo-z measurements. For each lens at
redshift zl, we selected only galaxies with a maximum a poste-
riori redshift zB larger than zl + 0.2. Following Hildebrandt et al.
(2021), we then determined the weighted redshift distribution of
the resulting sample, nw(zs), incorporating the lensfit weight.
This was done with a set of objects with spectroscopic redshift
measurements which was matched to the source sample with
a self-organising map approach (Wright et al. 2020). The red-
shift distribution of the spectroscopic sample was re-weighted
to match the relative abundance of source galaxies with dif-
ferent photometric measurements, multiplied by their lensfit
weight.

3. Distribution in luminosity, half-light radius, and
colour

In Fig. 1 we show the distribution in redshift, luminosity, half-
light radius, Sérsic index, rest-frame u − g colour, Lr,10, and Γ10
of our galaxy sample. We can clearly see that Re correlates pos-
itively with Lr and n, while Γ10 anti-correlates with Lr,10 (as
measured by Sonnenfeld 2020, on a similar sample of elliptical
galaxies). The distribution in the Sérsic index, however, shows
bimodality, with a secondary peak at around n = 10. It is not
clear whether this bimodality is real, or if it is a spurious result
of the fit with 2dphot. Visual inspection did not reveal any obvi-
ous difference between galaxies with n > 9 and the rest of the
sample, and we found no correlation between n and the χ2 of the
photometric fit.

Galaxies with a very large Sérsic index can be problematic
because a large fraction of their model flux is due to an extrapo-
lation of the surface brightness profile to regions that are below
the detection limit of the survey (see Fig. 2 of Sonnenfeld 2020).
However, as we explained in Sect. 1, the parameterisation in
terms of Lr,10 and Γ10 is robust with respect to this extrapola-
tion. For these reasons, we decided not to apply any further cut,
and we carry out the analysis with all galaxies, regardless of their
Sérsic index.

As a first step in our analysis, we are interested in com-
pressing these data into a few numbers describing how the size
and the colour of our galaxies correlate with each other, how
they scale with redshift and luminosity, and what the scatter is
around their mean relations. For this purpose, we fitted a bivari-
ate Gaussian in log Re and rest-frame u − g colour to the data.
We chose this model because it is the simplest one allowing us
to infer the above quantities. We quantify the goodness of the
Gaussian assumption later in this section. Redshift and luminos-
ity are treated as independent variables and their distribution is
not modelled.

We write our model as follows (for the sake of keeping the
notation compact, we indicate the rest-frame u− g colour as C):

P(log Re,C) = R(Re|z, Lr)K(C|z, Lr,Re). (4)

In the above equation, the factor R describes the distribution in
half-light radius as a function of redshift and luminosity. This is
a Gaussian in log Re

R(log Re|z, Lr) =
1

√
2πσR

exp

−
(
log Re − µR(z, Lr)

)2

2σ2
R

, (5)

with mean

µR(z, Lr) = µR,0 + ζR(z − 0.3) + βR(log Lr − 11.3) (6)

and dispersion σR. In Eq. (6), the parameter µR,0 indicates the
average value of log Re at the pivot point z = 0.3 and log Lr =
11.3, while coefficients ζR and βR describe a linear scaling of
log Re with z and log Lr, respectively.

The factor K describes the distribution in colour as a func-
tion of redshift, luminosity, and half-light radius. This is also a
Gaussian distribution

K(C|z, Lr, log Re) =
1

√
2πσC

exp

− (C − µC(z, Lr,Re))2

2σ2
C

, (7)

with the mean that scales with redshift, luminosity, and half-light
radius as

µC(z, Lr,Re) = µC,0 + ζC(z − 0.3) + βC(log Lr − 11.3)
+ ξC

(
log Re − µR(z, Lr)

)
(8)

and dispersion σC. We would like to point out that in Eq. (8), the
pivot point in log Re space is not fixed, but it is set to the average
half-light radius µR(z, Lr), defined in Eq. (6), which scales with
redshift and luminosity. This means that ξC indicates how colour
scales with relative size, compared to the average value of log Re
of galaxies with the same redshift and luminosity.

We fitted the parameters of the model with a Markov
chain Monte Carlo (MCMC), using the affine-invariant sampling
method of Goodman & Weare (2010), implemented in Python
with the package emcee (Foreman-Mackey et al. 2013). The sta-
tistical uncertainties on all of the observed quantities, redshift,
luminosity, size, and colour are very small (the typical photo-
metric error is 0.01 mag); therefore, we neglected them when
carrying out the fit. After performing the fit, we removed the
outliers, which we identified with a sigma-clipping procedure,
and we repeated the fit on the new sample, iterating until con-
vergence. To be precise, we labelled as outliers any objects with
values of log Re that are more than 4σR away from the average
size µR(z, Lr) or with values of C that are more than 4σC away
from the average colour µC(z, Lr,Re). We removed 28 galaxies
from the sample with this procedure. We visually inspected these
galaxies and found that, for the most part, they are objects with a
bright object in their proximity: we suspect that either the GAaP
or Sérsic model fits, on which our photometry is based, suffered
from a catastrophic failure due to blending.

The median value and 68% credible limits on the marginal
posterior probability distribution of each model parameter are
reported in Table 1. The results can be summarised as follows.
Size scales with luminosity with a steeper-than-linear relation,
βR = 1.381 ± 0.018, and it decreases with increasing redshift at
a fixed luminosity: ζR = −0.79 ± 0.05. This is a steeper evolu-
tion than the change in size at a fixed stellar mass, as reported
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Fig. 1. Distribution in redshift, rest-frame r-band luminosity, half-light radius, Sérsic index, rest-frame u− g colour, luminosity within 10 kpc, and
light-weighted surface brightness slope within 10 kpc of the galaxy sample. Contour levels enclose 68% and 95% of the sample, respectively.

Table 1. Parameters describing the size and colour distribution as a function of redshift and luminosity.

Parameter Prior Med.± 1σ Description

µR,0 U(0, 2) 1.212 ± 0.004 Mean log Re at z = 0.3 and log Lr = 11.3.
ζR U(−3, 3) −0.80 ± 0.05 Linear scaling of the average log Re with redshift.
βR U(−3, 3) 1.374 ± 0.017 Linear scaling of the average log Re with log Lr.
σR U(0, 1) 0.183 ± 0.003 Intrinsic scatter in log Re at fixed redshift and luminosity.
µC,0 U(1, 3) 1.751 ± 0.001 Mean u − g colour at z = 0.3, log Lr = 11.3 and average size.
ζC U(−10, 10) −0.412 ± 0.015 Linear scaling of the average colour with redshift.
βC U(−3, 3) −0.009 ± 0.005 Linear scaling of the average colour with log Lr.
ξC U(−10, 10) −0.007 ± 0.006 Linear scaling of the average colour with excess size.
σC U(0, 1) 0.053 ± 0.001 Intrinsic scatter in colour at fixed redshift, luminosity and size.

Notes. The parameters are introduced in Eqs. (5)–(8). Column (2): priors on the parameters. Column (3): median and 68% credible region of the
marginal posterior probability distribution of each parameter given the data.

in the literature: for example, Newman et al. (2012) observed an
average size evolution rate at fixed M∗ of d〈log Re〉/dz ≈ −0.12
over the redshift range 0 < z < 1. The difference is due to the
luminosity evolution of galaxies at a fixed stellar mass: at a fixed
luminosity, passive galaxies at a higher redshift are intrinsically
less massive than their lower redshift counterparts, and there-
fore their sizes are smaller on average. Our measurement of the
intrinsic scatter in log Re at a fixed redshift and luminosity is
σR = 0.183 ± 0.003.

The rest-frame u − g colour decreases with an increasing
redshift at a fixed luminosity, ζC = −0.412 ± 0.015, which is
qualitatively in agreement with a passive evolution scenario,
and almost independent of luminosity at a fixed redshift, βC =
−0.009±0.005. Moreover, at a fixed redshift and luminosity, the
colour is independent of excess size: ξC = −0.007 ± 0.006.

This finding is somewhat surprising, given previous similar
studies from the literature. For instance, Kim et al. (2018) found
a positive, albeit weak, correlation between the stellar surface
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mass density of a sample of spheroidal galaxies and the Dn4000
spectral index. Zahid & Geller (2017) also report a correlation
between Dn4000 and the size at a fixed stellar mass in a sam-
ple of quiescent galaxies. In order to compare our finding with
these studies, we repeated our analysis by using Dn4000 mea-
surements in place of the colour. We found that Dn4000 has a
weak positive correlation with luminosity, thus still in appar-
ent discrepancy with the studies mentioned above. As we show
in Sect. 6.1, however, using stellar mass in place of luminosity
leads to an anti-correlation between size and colour. Moreover,
the apparent discrepancy with respect to the Zahid & Geller
(2017) and Kim et al. (2018) studies could be due to differences
in the sample selection criteria: for example, the Zahid & Geller
(2017) sample is dominated by galaxies with a stellar mass
below 1011 M�, which are excluded by our luminosity cut.

The measurements shown in this section were obtained under
the assumption of a bi-variate Gaussian distribution in log Re
and C at a fixed redshift and luminosity. In order to verify the
accuracy of this model, in Fig. 2 we show the observed size and
colour distributions as a function of the predicted average value
of these quantities, obtained via Eqs. (6) and (8). The model is
able to correctly reproduce the average size and colour of the
majority of the sample. However, there is a subset of galaxies at
low luminosity, redder colours, and low redshift that appear to
deviate from the 1:1 line. We repeated the analysis by removing
objects with z < 0.2. While this additional selection caused the
inferred distribution in size and colour to change, the final mea-
surements of the halo mass distribution did not vary. Therefore,
we present the results obtained with the full sample.

To check the robustness of the Gaussian scatter assumption,
we measured the fraction of galaxies with values of Re that are
within 1σR of µR(z, Lr). This is 71%, which is slightly larger
than the expected value of 68% of a pure Gaussian. Similarly,
the fraction of galaxies with colour within 1σC of µC(z, Lr,Re)
is 71%. These small deviations from a Gaussian distribution are
not concerning for the goals of this work.

4. Dark matter halo mass distribution

4.1. Model

We wanted to measure the distribution in dark matter halo mass
as a function of redshift, luminosity, size, and colour. We did
so with a Bayesian hierarchical inference approach, following
the method of Sonnenfeld & Leauthaud (2018). In order to fit
the weak lensing data, we needed to model the projected surface
mass density distribution of the lens sample. We only used data
covering relatively small scales, 50−500 kpc, where the lensing
signal from the lenses themselves dominates over the contribu-
tion from the large-scale structure. Therefore, we modelled each
lens simply as the sum of a dark matter halo and a stellar com-
ponent. We describe the former with a spherical Navarro, Frenk,
& White profile (NFW, Navarro et al. 1997), and the latter with
a circularised Sérsic profile. We ignored any contribution from
gas. We discuss the impact of these assumptions in Sect. 6.2.

The 3D density distribution of a spherical NFW profile, as a
function of radius r, is the following:

ρDM(r) ∝
1

r(1 + r/rs)2 · (9)

It has two degrees of freedom, related to the normalisation and
the scale radius rs. We describe the normalisation in terms of the
mass Mh enclosed within the spherical shell of radius rh, within
which the average density is 200 times the critical density of

the Universe at the redshift of the galaxy, ρc. We refer to Mh
simply as the halo mass. As a second parameter, we used the
concentration ch, defined as the ratio between rh and the scale
radius.

We then modelled the distribution in Mh and ch of our lens
population with the following functional form:

P(log Mh, log ch|z, Lr,Re,C) = H(log Mh|z, Lr,Re,C)
× C(log ch|Mh). (10)

We modelled the first term as a Gaussian in log Mh,

H(log Mh|z, Lr,Re,C) =
1

√
2πσh

exp

−
(
log Mh − µh

)2

2σ2
h

, (11)

with mean

µh(z, Lr,Re,C) = µh,0 + ζh(z − 0.3) + βh(log Lr − 11.3)
+ ξh

(
log Re − µR(z, Lr)

)
+ νh (C − µC(z, Lr,Re)) (12)

and dispersion σh. Similarly to our parameterisation of the
colour distribution in Sect. 3, in Eq. (12) we allowed for the aver-
age log Mh to scale with redshift, luminosity, and excess size, via
the parameters ζh, βh, and ξh. In addition, we allowed for a corre-
lation between the halo mass and excess colour C−µC(z, Lr,Re),
which is the difference between the colour of a galaxy and
the average colour of galaxies of the same redshift, luminos-
ity, and size, via parameter νh. Sonnenfeld & Leauthaud (2018)
show how a log-Gaussian distribution in Mh of the same kind as
that found in Eq. (11) is able to accurately capture the average
halo mass of a sample of massive galaxies and the correlations
between Mh and galaxy properties, when fitted to weak lensing
data similar to those of the KiDS survey.

Then, we described the term C in Eq. (10) with a fixed mass-
concentration relation for the distribution in ch:

C(ch|Mh) =
1
√

2πsc
exp

{
−

(log ch − µc(Mh))2

2s2
c

}
, (13)

with mean

µc(Mh) = µc,0 + βc(log Mh − 12) (14)

and dispersion sc. Following the N-body simulation predictions
of Macciò et al. (2008) based on WMAP5 cosmology, we fixed
µc,0 = 0.83, βc = −0.097, and sc = 0.1. We discuss the impact of
this choice in Sect. 6.2.

Our model distribution in dark matter halo mass is then sum-
marised by the following set of free parameters:

η ≡
{
µh,0, ζh, βh, ξh, νh, σh

}
. (15)

In principle, µR and µC are also free parameters that enter the
halo mass distribution through Eq. (12). In practice, however,
we fixed their values to the median of their marginal posterior
distribution obtained from the analysis of Sect. 3, for the pur-
pose of reducing the dimensionality of the problem. This is a
fair approximation since the uncertainties on µR and µC are very
small (see Table 1).

We wanted to determine the posterior probability distribu-
tion of the model parameters η given the data d. Using Bayes’
theorem, this is given by

P(η|d) ∝ P(η)P(d|η), (16)
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Fig. 2. Comparison between observed and model-predicted sizes and colours. Left: observed half-light radius as a function of the average Re of
galaxies with the same redshift and luminosity, as predicted by Eq. (6). Right: observed rest-frame u− g colour as a function of the average colour
of galaxies with the same redshift, luminosity, and size, as predicted by Eq. (8). Uncertainties on the model parameters are neglected, as they are
very small with respect to the observational scatter. The dashed line marks the 1:1 relation.

where P(η) is the prior probability on the parameters and P(d|η)
is the likelihood of observing the data given the model.

Weak lensing data consist of an ensemble of shape measure-
ments on galaxies located behind the lens. The main observable
is the complex ellipticity, ε = (ε1, ε2). The expectation value of
the tangential component (with respect to the lens galaxy) of the
ellipticity εt is the tangential reduced shear at the image position
θ and source redshift zs, gt(θ, zs), corrected for the shear multi-
plicative bias (1 + m):

E [εt] = (1 + m)gt(θ, zs). (17)

To predict the value of the reduced shear at each source posi-
tion given our model, we worked under the isolated lens assump-
tion of Sonnenfeld & Leauthaud (2018): we assumed that only
the lens galaxy and relative dark matter halo contribute to the
lensing signal on sources around it. This allows us to predict the
value of the reduced shear gt given the halo mass, the halo con-
centration, the redshift, and the stellar mass of a lens galaxy. We
then approximated the likelihood of a single shape measurement
ε(obs)

t as a Gaussian centred on Eq. (17) and with a dispersion
equal to the inverse square root of the lensfit weight, w−1/2

s .
For a given source redshift zs, the shape measurement likelihood
is then

P(ε(obs)
t |Mh, ch, zs) = N((1 + m)gt(θ, zs,Mh, ch),w−1

s ), (18)

where N(µ, σ2) indicates a Gaussian distribution with mean µ
and variance σ2. The exact individual redshifts of the source
galaxies, however, are not known. We thus marginalise Eq. (18)
over the lensfit weight-weighted source redshift distribution,
nw(zs):

P(ε(obs)
t |Mh, ch) =

∫
dzsnw(zs)N((1 + m)gt(θ, zs,Mh, ch),w−1

s ),

(19)

where the model reduced shear term in the integrand is zero for
values of zs that are smaller than the lens redshift.

The function nw(zs) was determined using a spectroscopic
sample of galaxies matched to the entire KiDS DR4 shape mea-
surements catalogue (Hildebrandt et al. 2021). This is not nec-
essarily the same as the redshift distribution of the sources

around our lenses as our source sample could be contaminated
by galaxies physically associated with the local environment of
the lenses. To correct for this difference, we first made five radial
bins, then compared the number density of sources around our
lens sample with that around a large set of random points cover-
ing the same footprint as the lenses. We found that the former is
on average 10% larger than the latter, with a mild dependence on
the radius. Using these measurements, we corrected the nw(zs) of
the sources in each radial bin by boosting the number density of
sources (which are not lensed) at the same redshift of the lens.

The full likelihood for an ensemble of shape measurements
around a single lens is the product over the sources of terms of
the form of Eq. (18). We only considered sources in an annulus
of physical radius at the lens redshift between 50 and 500 kpc.
The isolation criterion applied in the construction of the sam-
ple, which is described in Sect. 2.1, ensures that we never use
the same shape measurement more than once in different lenses.
Additionally, it allows us to write the likelihood as the product
of N independent factors, with N being the number of lenses in
our sample:

P(d|η) =

N∏
i

P(di|η), (20)

where di are the shape measurements around the ith lens. As
explained above, the shear data depend on the values of the halo
mass and concentration. To evaluate each term in the product of
Eq. (20), it is then necessary to average over all possible values
taken by these quantities, as predicted by the following model:

P(di|η) =

∫
d log Mhd log chP(di|Mh, ch)P(Mh, ch|η), (21)

where P(log Mh, log ch|η) is the model probability distribution of
Eq. (10).

We assumed flat priors on each parameter, with bounds
reported in Table 2. We sampled the posterior probability dis-
tribution P(η|d) with an MCMC. At each draw of the set
of parameters η, we evaluated the integrals of Eq. (21) with
Monte Carlo integration and importance sampling, following
Sonnenfeld et al. (2019b, see their Appendix A).
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Table 2. Parameters describing the halo mass distribution, Eq. (15).

Parameter Prior Med.± 1σ MAP Description

µh,0 U(11, 15) 13.28 ± 0.07 13.31 Mean log Mh at z = 0.3, log Lr = 11.3, average size and colour.
ζh U(−3, 3) 1.4 ± 0.8 1.35 Linear scaling of the average log Mh with redshift.
βh U(0, 3) 0.99 ± 0.29 1.02 Linear scaling of the average log Mh with log Lr.
ξh U(−1, 1) 0.20 ± 0.29 0.19 Linear scaling of the average log Mh with excess size.
νh U(−10, 10) −0.4 ± 1.2 −0.29 Linear scaling of the average log Mh with excess colour.
σh U(0, 3) 0.09 ± 0.08 0.01 Intrinsic scatter in log Mh.

Notes. Column (2): priors on the parameters. Column (3): median and 68% credible region of the marginal posterior probability distribution of
each parameter given the data. Column (4): maximum a posteriori value.
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Fig. 3. Posterior probability distribution of the model parameters describing the distribution in dark matter halo mass of the sample of lenses
defined in Eq. (10). Contour levels correspond to a 68% and 95% enclosed probability.

4.2. Results

The posterior probability distribution is shown in Fig. 3. The
median and 68% credible region of the marginal posterior prob-
ability of each parameter is reported in Table 2.

We detect a positive correlation between halo mass and lumi-
nosity, with logarithmic slope βh = 0.99 ± 0.29. We do not
detect correlations between halo mass and either redshift, size, or
colour: parameters ζh, ξh, and νh are all consistent with 0 within
2σ. We interpret these results as follows.

The correlation of halo mass with luminosity is closely
related to that with stellar mass: this is confirmed by the fact

that the value of βh that we measured is consistent with the
slope of the halo mass-stellar mass correlation measured by
Sonnenfeld et al. (2018) on a similarly selected sample of galax-
ies. The lack of a strong correlation between halo mass and red-
shift at a fixed luminosity is the result of a combination of a few
effects. First of all, there is an intrinsic evolution in the mapping
between galaxy and halo masses, as both components grow with
time; halo mass grows both via the accretion of matter and as
a result of the evolution in the critical density of the Universe,
which is an effect referred to as pseudo-evolution. Second, the
luminosity evolution of passive galaxies implies that, at fixed
luminosity, higher redshift galaxies are less massive than lower
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redshift ones, and therefore they live in less massive halos. Third,
systematic errors in the photometric measurements of the back-
ground sources can introduce biases on the redshift evolution
parameter ζh. For example, if the source redshifts are system-
atically overestimated as a result of contamination from galax-
ies physically associated with the lens groups – we only applied
a global correction for this effect, which might not be entirely
accurate – this biases the inference of the halo mass of galaxies
at a different redshift differently due to the non-linear depen-
dence of the lensing critical surface mass density on the lens and
source redshift. Our main motivation for introducing a scaling of
halo mass with redshift is precisely to separate any evolution sig-
nal, whether real or artificial, from the dependence of halo mass
on luminosity, size, and colour. Therefore, we do not investigate
the nature of the ζh measurement further.

The amplitude of the halo mass-size correlation, ξh = 0.20 ±
0.29, is consistent with the value found by Sonnenfeld et al.
(2019a) on a similarly selected sample of galaxies, ξh = −0.14±
0.17, and corroborates the evidence against a strong correlation
between these two quantities. Besides the data used, the main
difference between the two measurements is that, in the present
paper, ξh describes a correlation at fixed redshift and luminosity;
whereas in the case of Sonnenfeld et al. (2019a), ξh refers to a
correlation at a fixed stellar mass. Our measurement of ξh implies
that the difference in the average halo mass between galaxies at
the 84th and 16th percentile of the size distribution is

∆2σR〈log Mh〉 ≡ 2σRξh = 0.07 ± 0.10. (22)

Similarly, given our constraint on the parameter describing
the correlation between halo mass and colour, νh, we can quan-
tify the difference in average halo mass between galaxies at the
84th and 16th percentile of the colour distribution at a fixed red-
shift, luminosity, and size, as

∆2σC〈log Mh〉 ≡ 2σCνh = −0.03 ± 0.11. (23)

The lack of a strong correlation between halo mass and rest-
frame u− g colour at a fixed redshift appears to contrast with the
positive trend found by Zu & Mandelbaum (2018) in their weak
lensing and clustering study of red SDSS galaxies. We discuss
the significance of this result in Sect. 6.3.

Part of the signal captured by νh could be due to a variation
in the stellar mass-to-light ratio of galaxies with colour: if red-
der galaxies are intrinsically more massive at a fixed luminosity,
their halo mass is also higher in virtue of the steep stellar mass-
halo mass correlation. We discuss to what extent the coefficient
νh is sensitive to this effect in Sect. 6.1.

Finally, we infer a value of the intrinsic scatter in log Mh of
σh = 0.09 ± 0.08. While the inference is consistent with zero,
our measurement does not allow us to put a strong constraint on
this quantity: the 95%-ile of the marginal posterior distribution
in σh is as large as 0.25.

4.3. Posterior predictive check

As a consistency test, we performed a posterior predictive check,
which is how the goodness-of-fit is assessed with Bayesian hier-
archical models. Given our sample of lens galaxies, we drew
realisations of the distribution of halo mass from the poste-
rior probability distribution P(η|d). For each realisation, we pre-
dicted the weak lensing signal, which we then compared with
the observed data. In order to easily visualise the data, we con-
sidered the stacked weak lensing signal in bins for our compar-
ison. We binned our lens sample in three different ways. First,

we split it according to the galaxy excess size, dividing the sam-
ple into galaxies that lie above or below the average size given
their redshift and luminosity, µR(z, Lr). Second, we split the sam-
ple according to the colour between galaxies that are redder or
bluer than the average colour given their properties, µC(z, Lr,Re).
Third, we split the sample on the basis of the predicted average
halo mass. In particular, we considered the set of model parame-
ters η(MAP) that maximises the posterior probability distribution
and used it to define the maximum a posteriori average halo
mass, µ(MAP)

h . This is given by

µ(MAP)
h = 13.31 + 1.35(z − 0.3) + 1.02(log Lr − 11.3)

+ 0.19
(
log Re − µR(z, Lr)

)
− 0.29 (C − µC(z, Lr,Re)). (24)

We then split the sample between galaxies with µ(MAP)
h larger and

smaller than the median value, which is 13.35.
We computed the observed signal as follows. We made five

radial bins in the range 50 kpc < R < 500 kpc, then we converted
the measurement of the tangential ellipticity of each source into
an estimate of the excess surface mass density,

∆Σ(obs) ≡ εtΣcr (25)

and related uncertainty, where Σcr is the critical surface mass
density for gravitational lensing. Since we do not have exact
source redshift measurements, we approximated Σcr with an
average over the source redshift distribution nz(zs):

Σ−1
cr ≈

4πG
c2 D(zl)

∫
dzsnw(zs)

D(zs, zl)
D(zs)

, (26)

where D(z) is the angular diameter distance as a function of red-
shift.

The definition of Eq. (25) is motivated by the fact that, in the
case of a single lens, if Σ(R) is the projected surface mass den-
sity of the lens and Σ(R) � Σcr, then the expectation value for
the right-hand side quantity is the excess surface mass density
∆Σ(R) at the source position. The latter is defined as the differ-
ence between the average surface mass density within radius R
and Σ(R):

∆Σ(R) = Σ̄(<R) − Σ(R). (27)

For each radial bin, we obtained a weighted average of ∆Σ(obs),
with an inverse variance weighting scheme, and related uncer-
tainty. The result is shown as error bars in Fig. 4.

We subsequently obtained the posterior-predicted expecta-
tion value of the stacked excess surface density profile, ∆Σ(pp),
as follows. At each draw of the values of the model parameters
from the posterior probability distribution, we randomly drew a
value for the halo mass and concentration for each lens in the
sample. Then we computed the expectation value of the tangen-
tial ellipticity of each source, given its position, redshift, and the
mass density profile of its lens. Finally, we obtained the inverse-
variance weighted ∆Σ, as was done with the observed data. The
16th and 84th percentile of the posterior-predicted ∆Σ(pp) profile
of the two lens sub-samples for each binning scheme are shown
as bands in Fig. 4.

The ∆Σ(pp) profile reproduces the average observed signal for
each sub-sample. In order to quantify the goodness of fit, we
considered the standard deviation in the observed ∆Σ around the
posterior predicted profile as test statistics: assuming our model
to be accurate, we estimated the probability of obtaining a higher
standard deviation than the observed value. Very low values for
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Fig. 4. Stacked excess surface mass density profile of the lenses in our sample. The sample is split into two bins according to size (left panel),
colour (middle panel), and predicted average halo mass, depending on the maximum a posteriori value of µh defined in Eq. (24) (right panel). The
error bars show the excess surface mass density obtained by stacking the observed tangential ellipticity in five radial bins. The bands show the
same quantity obtained by posterior prediction from our model, without adding shape noise. For each sub-sample, the figure reports the probability
of obtaining a scatter around the posterior predicted ∆Σ profile larger than the observed value, under the assumption that the model describes the
truth. Small values for this quantity may indicate that the model is unable to reproduce these observations. Error bars have been offset slightly in
the horizontal direction, for clarity.

this probability, 5% or lower, might indicate the inability of the
model to reproduce these data.

For each posterior draw, we generated mock ∆Σ observa-
tions in the five radial bins by adding noise to the posterior
predicted profile; computed the standard deviation of the mock
data points around ∆Σ(pp), rms(mock); and compared this quan-
tity with the standard deviation of the observed data points
around ∆Σ(pp), rms(obs). In Fig. 4 we report the probability that
rms(mock) > rms(obs) for each sub-sample. The smallest value of
this probability is 8%, which occurs for the sub-sample of higher
µ(MAP)

h . This means that there is no strong reason to question the
ability of our model to reproduce the stacked weak lensing data.

5. Distribution as a function of robust observables

In this section we fit for the distribution of halo mass of the
sample as a function of redshift; rest-frame r-band luminos-
ity within an aperture of 10 kpc, Lr,10; light-weighted projected
slope within 10 kpc (defined in Eq. (3)), Γ10; and the rest-frame
u − g colour, C. Compared to the analysis of Sect. 4, we replace
the total luminosity and the half-light radius with Lr,10 and Γ10.
The motivation for this is to obtain a description of the halo
mass distribution that is robust with respect to assumptions on
the asymptotic behaviour of the surface brightness profile of the
lens galaxies.

Similarly to our approach in Sect. 3, we first fit for the dis-
tribution in colour as a function of redshift, Lr,10 and Γ10. We
do this so that we can later model the distribution in halo mass
as a function of excess colour, that is the difference between the
colour of a galaxy and the average colour of galaxies with the
same redshift, Lr,10 and Γ10. We model the colour distribution
with the same functional form as Eq. (7), but now expressed as

a function of the new set of parameters:

K(C|z, Lr,10,Γ10) =
1

√
2πσC

exp

−
(
C − µC(z, Lr,10,Γ10)

)2

2σ2
C

·
(28)

The mean colour µC is allowed to scale with z, Lr,10, and Γ10 as
follows:

µC(z, Lr,10,Γ10) = µC,0 + ζC(z − 0.3) + λC(log Lr − 10.9)
+ γC (Γ10 − 1.5). (29)

We fitted for the parameters of the distribution of Eq. (28):
the results are reported in Table 3. Galaxy colour does not
depend on Lr,10 or Γ10 at a fixed redshift. This result matches
the finding of Sect. 3: the colour of these galaxies is independent
of their surface brightness profile. At a fixed surface brightness
profile, colour decreases with increasing redshift with the same
trend previously measured in Sect. 3: ζC = −0.418 ± 0.017.

We then model the distribution in halo mass and concentra-
tion of the sample. We use the same functional form as Eq. (10),
expressed in terms of the new set of variables, for this purpose:

P(log Mh, log ch|z, Lr,10,Γ10,C) = H(log Mh|z, Lr,10,Γ10,C)
× C(log ch|Mh). (30)

Similarly to Eq. (11), the termH is a Gaussian in log Mh, with a
mean µh that is given by

µh(z, Lr,10,Γ10,C) = µh,0 + ζh(z − 0.3) + λh(log Lr − 10.9)
+ γh (Γ10 − 1.5)
+ νh

(
C − µC(z, Lr,10,Γ10)

)
, (31)
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Table 3. Parameters describing the distribution in colour as a function of redshift, Lr,10 and Γ10.

Parameter Prior Med.± 1σ Description

µC,0 U(1, 3) 1.751 ± 0.001 Mean u − g colour at z = 0.3, log Lr,10 = 10.9 and average size.
ζC U(−10, 10) −0.418 ± 0.017 Linear scaling of the average colour with redshift.
βC U(−3, 3) 0.005 ± 0.010 Linear scaling of the average colour with log Lr,10.
ξC U(−10, 10) 0.009 ± 0.010 Linear scaling of the average colour with Γ10.
σC U(0, 1) 0.053 ± 0.001 Intrinsic scatter in colour at fixed redshift, Lr,10 and Γ10.

Notes. The parameters are introduced in Eqs. (28) and (29). Column (2): priors on the parameters. Column (3): median and 68% credible region
of the marginal posterior probability distribution of each parameter given the data.
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Fig. 5. Posterior probability distribution of the model parameters describing the distribution in halo mass as a function of redshift, Lr,10 and Γ10,
Eq. (30). Contour levels correspond to a 68% and 95% enclosed probability.

and dispersion σh. The quantity µC(z, Lr,10,Γ10) is the average
colour given by Eq. (29), with the coefficients ζC, λC, and γC
fixed to the median marginal posterior values reported in Table 3.
The concentration distribution C is the same as Eq. (13).

In Fig. 5 we show the posterior probability distribution of the
model parameters (µh,0, ζh, λh, γh, νh, σh). The median and 68%
credible region of the marginal posterior of each parameter is
given in Table 4. Our measurement of λh does not let us deter-
mine whether halo mass increases or decreases with Lr,10 at a
fixed redshift. However, we find that halo mass increases with
decreasing Γ10. The values of the parameters describing the red-
shift and colour dependence of the halo mass at a fixed surface

brightness profile, ζC and νC, are slightly different compared to
the inference obtained in Sect. 4, but consistent within the uncer-
tainty. The difference in the average halo mass between galax-
ies at the 84%-ile and 16%-ile of the colour distribution that we
obtain in this case is

∆2σC〈log Mh〉 ≡ 2σCνh = 0.00 ± 0.11. (32)

This indicates that our constraint on the correlation between
halo mass and colour is somewhat model-dependent, but, given
the current uncertainty level, it is still robust with respect to
the two parameterisations of the surface brightness profile that
we employed. Finally we point out that, although the value of
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Table 4. Parameters describing the distribution in halo mass as a function of redshift, Lr,10 and Γ10, Eq. (30).

Parameter Prior Med.± 1σ MAP Description

µh,0 U(11, 15) 13.24 ± 0.07 13.27 Mean log Mh at z = 0.3, log Lr,10 = 10.9, Γ10 = 1.5 and average colour.
ζh U(−10, 10) 1.7 ± 0.9 1.70 Linear scaling of the average log Mh with redshift.
λh U(−10, 10) −0.1 ± 0.5 −0.08 Linear scaling of the average log Mh with log Lr,10.
γh U(−10, 10) −2.1 ± 0.4 −2.06 Linear scaling of the average log Mh with Γ10.
νh U(−10, 10) −0.1 ± 1.0 0.08 Linear scaling of the average log Mh with excess colour.
σh U(0, 3) 0.08 ± 0.08 0.00 Intrinsic scatter in log Mh.

Notes. Column (2): priors on the parameters. Column (3): median and 68% credible region of the marginal posterior probability distribution of
each parameter given the data. Column (4): maximum a posteriori value.

the parameter µh,0 measured here differs from the value found
in Sect. 4, this is simply the consequence of adopting a different
pivot point for the description of the mean halo mass of Eq. (12),
compared to Eq. (34).

6. Discussion

6.1. Expectations from variations in M∗/L

The analysis of Sects. 4 and 5 shows that, at a fixed redshift and
surface brightness distribution, there is not a large difference in
the average halo mass of redder and bluer elliptical galaxies. If
the stellar mass-to-light ratio was identical for all of our galaxies,
expressing trends in terms of luminosity or stellar mass would be
equivalent. However, colour differences reflect differences in the
properties of the stellar population, and therefore we can expect
the stellar mass-to-light ratio to vary across our sample. In this
section we investigate to what extent our result can change when
using stellar mass in place of luminosity.

We proceed as follows. We use composite stellar population
synthesis models obtained with Galaxev (Bruzual & Charlot
2003) to assign stellar masses to galaxies. Rather than fitting
for the stellar population parameters to the full set of photomet-
ric data, however, we assume a simplified model that results in
a one-to-one mapping between the rest-frame u − g colour and
stellar mass-to-light ratio. We do this to maximise the correlation
between these two properties, so as to obtain an upper limit on
the effect of variations in mass-to-light ratio with colour. Then,
we repeat the analysis carried out in Sect. 4, using these assigned
stellar masses in place of the luminosities.

We assume a model with a fixed metallicity of Z = 0.05 and
an exponentially decaying star formation history with decay time
τ = 1 Gyr. The time since the initial burst is the only parameter
that we leave free to vary. Figure 6 shows how the stellar mass-
to-light ratio varies as a function of colour for this model (green
curve). Given the value of u−g of each galaxy, we use this curve
to assign a value of M∗/Lr and, consequently, a stellar mass to it.
For reference, in Fig. 6 we also show curves for two different val-
ues of the metallicity covered by the Bruzual & Charlot (2003)
stellar population library. Although the value of the metallicity
that we adopted is relatively high, we made this choice to ensure
that our model can span the whole range of the observed u − g
colour.

Following Sect. 3, we first determined the distribution in
half-light radius as a function of the redshift and stellar mass of
the sample. We found the following expression for the average
log Re:

µR(z,M∗) = 1.08 − 0.21(z − 0.3) + 1.31(log M∗ − 11.6), (33)
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Fig. 6. Stellar mass-to-light ratio as a function of rest-frame u−g colour,
for three composite stellar population models obtained with Galaxev
(Bruzual & Charlot 2003). Each model has a fixed metallicity and an
exponentially declining star formation history with a decay time of
1 Gyr. Each curve was obtained by varying the time since the initial
burst. The grey lines connect points of fixed time since the initial burst,
as indicated by the labels. The model corresponding to a metallicity
Z = 0.05 is used in Sect. 6.1 to assign stellar masses to galaxies, given
their observed colour.

and an intrinsic scatter in log Re at a fixed z and M∗ of σR = 0.20.
Then we measured the distribution in colour as a function of
redshift, stellar mass, and excess size. This has a best-fit mean
given by

µC(z,M∗,Re) = 1.74 − 0.40(z − 0.3) + 0.05(log M∗ − 11.6)
− 0.10(log Re − µR(z,M∗)), (34)

and a scatter ofσC = 0.05. We point out that, as we anticipated in
Sect. 3, colour has a non-negligible anti-correlation with excess
size, at fixed stellar mass and redshift.

We fitted for the distribution in halo mass as a function of
redshift, stellar mass, excess size, and excess colour. We used the
same method and the same model as in Sect. 4, with stellar mass
in place of the luminosity. In particular, we assumed a Gaussian
distribution in log Mh, with the following mean,

µh(z,M∗,Re,C) = µh,0 + ζh(z − 0.3) + βh(log M∗ − 11.6)
+ ξh

(
log Re − µR(z,M∗)

)
+ νh (C − µC(z,M∗,Re)) , (35)

and dispersion σh.
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Table 5. Parameters describing the distribution in halo mass as a function of redshift, stellar mass, half-light radius, and colour, Eq. (35).

Parameter Prior Med.± 1σ Description

µh,0 U(11, 15) 13.18 ± 0.09 Mean log Mh at z = 0.3, log M∗ = 11.6, average size and colour.
ζh U(−3, 3) 1.6 ± 0.8 Linear scaling of the average log Mh with redshift.
βh U(0, 3) 0.99 ± 0.26 Linear scaling of the average log Mh with log M∗.
ξh U(−1, 1) 0.17 ± 0.28 Linear scaling of the average log Mh with excess size.
νh U(−10, 10) −1.2 ± 1.2 Linear scaling of the average log Mh with excess colour.
σh U(0, 3) 0.09 ± 0.08 Intrinsic scatter in log Mh.

Notes. Column (2): priors on the parameters. Column (3): median and 68% credible region of the marginal posterior probability distribution of
each parameter given the data.

−4 −3 −2 −1 0 1 2 3
νh
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Fixed stellar mass
(M∗/L assigned
from u− g colour)

Fig. 7. Colour dependence of the halo mass. Blue histogram: marginal
posterior probability distribution of the parameter νh, describing the
dependence of the average halo mass as a function of excess colour
at a fixed redshift, stellar mass, and size, as defined in Eq. (35). Pink
histogram: marginal posterior probability distribution of the parameter
νh, describing the dependence of the average halo mass as a function of
excess colour at a fixed luminosity and size, as inferred in Sect. 4.

In Table 5 we report the median and 68% credible region of the
marginal posterior probability distribution of each model param-
eter. Figure 7 shows the marginal posterior of the parameter νh,
which in the context of this analysis quantifies the correlation
between halo mass and colour at a fixed stellar mass, redshift,
and size (blue histogram). The same figure shows the value of νh
obtained from the analysis of Sect. 4 (pink histogram).

Compared to the analysis of Sect. 4, the inferred value of νh
is lower, but still consistent with no correlation: νh = −1.2± 1.2.
This result was obtained under the assumption that the stellar
mass-to-light ratio has a perfect positive correlation with colour,
and therefore represents an extreme case. The true amplitude
of the halo mass-colour correlation at a fixed stellar mass is
somewhere between the value obtained using luminosity and that
reported in this section. In order to further clarify this issue, how-
ever, it is necessary to obtain robust estimates of galaxy stellar
mass-to-light ratios. As we explained in Sect. 1, this is currently
very challenging.

6.2. Possible sources of systematic errors

Our work consists of measuring the distribution of halo mass as
a function of various galaxy properties. We put particular care in

ensuring that these properties, including redshift, surface bright-
ness profile, and colour, were measured robustly. Nevertheless,
some of these measurements could still be affected by systematic
errors.

One possible source of error is the presence of colour gradi-
ents in the galaxies in our sample. Massive galaxies are known
to have, on average, negative colour gradients (that is, they are
redder in the inner parts, see for example Tortora et al. 2010;
Szomoru et al. 2013); however, we implicitly assumed spatially
uniform colours when deriving sizes, luminosities, and rest-
frame colours. This implies that our measurements are sensitive
to the choice of the photometric band used for the Sérsic profile
fits, the r-band, and the method used to measure colours, which
relies on the GAaP method of Kuijken et al. (2015).

A negative colour gradient means that the size of a galaxy
is smaller when measured at longer wavelengths. This can intro-
duce a spurious correlation between size and redshift because
the observed-frame r-band corresponds to longer wavelengths
for galaxies at higher z. Such a correlation is absorbed by the
parameter ζR of our model, which describes the scaling of size
with redshift (see Eq. (6)). However, if gradients are a strong
function of luminosity, then that would alter the distribution of
galaxies in luminosity-size space, potentially introducing a bias
in our estimate of parameters βh and ξh. Similarly, our mea-
surement of the trend of halo mass with colour is robust with
respect to gradients, as long as these gradients scale with red-
shift, luminosity, and size in a way that is captured by the model
distribution of Eq. (8). However, if gradients correlate with halo
mass in a way that is not captured by our model, then biases are
introduced.

The correct approach to dealing with colour gradients would
be to adopt a more flexible model for the surface brightness dis-
tribution of galaxies, with a definition for galaxy size that is inde-
pendent of the photometric band used, and with the presence of
gradients. The model for the halo mass distribution, then, would
need to allow for a scaling of halo mass with the colour gra-
dient of a galaxy. That, however, is beyond the scope of this
work.

Another possible source of systematic error is the assump-
tion of an NFW density profile with a mass-concentration rela-
tion for the dark matter on which our measurement of the halo
mass distribution is based. The choice of the density profile is
degenerate with the halo mass: for example, assuming a lower
concentration leads to a higher inference on Mh (see Sect. 5.3 of
Taylor et al. 2020). In principle, then, a positive trend between
halo mass and a galaxy observable could escape our detection
if this observable also has an anti-correlation with concentra-
tion. It is then important, when comparing our measurements
with model predictions, to define the halo masses of the model
in as similar a way as possible to ours: for example, by fitting
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the projected surface mass density profile in the radial range
50−500 kpc with an NFW profile and a mass-concentration rela-
tion given by Eq. (14).

We also assumed a spherical distribution for the dark mat-
ter mass. This is, on average, a good assumption, but individ-
ual halos are close to elliptical in projection (see for example
Georgiou et al. 2021; Schrabback et al. 2021). To first approx-
imation, ignoring ellipticity worsens the goodness of fit of the
lensing data around individual lenses. Our model can compen-
sate for this effect by increasing the intrinsic scatter in the halo
mass.

We interpreted the lensing signal under the assumption that
all of the galaxies in the sample are at the centre of their host
halo. Although we removed probable satellite galaxies with the
use of the redMaPPer cluster catalogue, there could still be resid-
ual satellites in the sample due to the incompleteness of the cata-
logue. Nevertheless, Sonnenfeld & Leauthaud (2018) show that
the inference method on which our work is based is robust with
respect to the presence of satellites: for example, a satellite frac-
tion as large as 16% causes a negligible bias on the inferred aver-
age halo mass.

The stellar contribution to the lensing signal was estimated
by using stellar masses obtained via stellar population synthe-
sis modelling. As we discussed above, these stellar masses are
subject to systematic uncertainties. We repeated the analysis by
increasing the stellar masses by 0.25 dex, which corresponds to
the difference in stellar mass-to-light ratio between a Salpeter
and a Chabrier IMF. The main change that we found is that the
average halo mass parameter µh,0 decreases by 0.05, compared
to the fiducial analysis.

Finally, we ignored the contribution of gas to the total mass.
This means that, implicitly, the gas is described by the dark mat-
ter component, in our model. We expect the fraction of gas to
total mass to be smaller than 10% and roughly constant with halo
mass (Dvorkin & Rephaeli 2015), and therefore it is not signifi-
cant for the results of our study.

6.3. Comparison with the Zu & Mandelbaum (2018) study

Zu & Mandelbaum (2018), using weak lensing and galaxy clus-
tering, report a positive trend between halo mass and rest-frame
g−r colour at a fixed stellar mass for a sample of colour-selected
red galaxies from SDSS. They also show how their measurement
favours a halo-quenching model, a scenario in which the proba-
bility of finding a quenched (that is, red) galaxy in a given halo
primarily correlates with the halo mass, as opposed to a model
in which the galaxy colour primarily depends on the halo assem-
bly time. Confirming or questioning the trend with our indepen-
dent measurement can therefore have important implications for
galaxy evolution models.

Zu & Mandelbaum (2018) do not explicitly report a distri-
bution of halo mass as a function of colour, and therefore it is
difficult to make a direct comparison with our results. Never-
theless, their Fig. 7 shows the weak lensing signal, ∆Σ, mea-
sured in three stellar mass bins for two subsets of galaxies
split on the basis of their g − r colour. Their data show that,
in their highest stellar mass bin, the values of ∆Σ for redder
galaxies are ∼50% higher than those of bluer galaxies over the
radial range covered by our measurements. At a fixed phys-
ical distance from the lens centre and fixed halo concentra-
tion, ∆Σ roughly scales with a power 0.6−0.7 of the halo mass.
Therefore, a 50% difference in ∆Σ corresponds to a halo mass
difference of 0.3 dex. Our posterior prediction on the differ-
ence in average halo mass between our redder and bluer sub-

samples rules out such a large value with more than 99% prob-
ability, and the discrepancy becomes even larger when using
stellar mass in place of luminosity to split the sample. There-
fore, our measurements are in strong contrast with those of
Zu & Mandelbaum (2018).

There are, however, several differences between our
analysis and that of Zu & Mandelbaum (2018). Firstly,
Zu & Mandelbaum (2018) used g−r to distinguish among galax-
ies of a different colour, while we used u − g. However, for
red galaxies, such as those in our sample, the two colours are
very strongly correlated, and therefore our results are robust
with respect to the particular choice of photometric bands. More
important differences are the selection criteria and the stellar
mass measurements used: we drew galaxies from the Lumi-
nous Red Galaxy sample of SDSS, while Zu & Mandelbaum
(2018) used the Main Spectroscopic Sample (Strauss et al.
2002). Although there is overlap between the two samples, the
latter is dominated by lower-mass and lower-redshift galaxies.
Moreover, we applied a morphological selection and obtained
luminosities from Sérsic profile fitting to KiDS data, while
Zu & Mandelbaum (2018) used colour alone to define their sam-
ple of red galaxies and relied on stellar masses obtained from
SDSS.

In light of these differences between the two studies, there
can be several possible explanations for the origin of the dis-
crepancy. First, the stellar masses used in one of the two studies
could be biased in a colour-dependent way: since stellar mass
scales with halo mass, any stellar mass-colour correlation would
affect the estimate of νh (as Sect. 6.1 shows).

Second, a selection based purely on colour, such as that
of Zu & Mandelbaum (2018), results in a sample of red galax-
ies with a non-negligible fraction of lenticular galaxies, bulge-
dominated galaxies with spiral arms, or galaxies with an irreg-
ular morphology. If halo mass is a function of morphology,
such a dependence could show up as a correlation with colour.
Such a correlation could also be observed if the stellar mass
measurements are biased in a morphology-dependent way. This
could happen, for example, if the presence of spiral arms biases
the total flux of a galaxy obtained by fitting a simply parame-
terised surface brightness profile (Sonnenfeld 2022). We tested
this hypothesis by repeating our analysis while relaxing our mor-
phology selection criterion. This resulted in the inclusion of an
additional 157 galaxies, representing about 6% of the sample.
The median value of the marginal posterior on νh changed from
νh = −0.3 to νh = 0.0: the effect of including disk galax-
ies increases the correlation between halo mass and colour, but
not to the level required to explain the discrepancy with the
Zu & Mandelbaum (2018) measurement. The fraction of red
galaxies with a disky morphology, however, is a strong function
of stellar mass. Therefore, the morphological selection could
still be important in a sample such as that of Zu & Mandelbaum
(2018).

Third, the inference method employed here substantially dif-
fers from that of Zu & Mandelbaum (2018): while we fit our
model directly to the individual shape measurements around
each lens, Zu & Mandelbaum (2018) first binned lenses and then
fitted the stacked weak lensing data. In order to understand the
impact that binning can have on the measurement, we repeated
our analysis by splitting the lens sample into two bins accord-
ing to colour, using the same procedure as in Sect. 4.3, and
then fitting for the average halo mass of each sub-sample sep-
arately. Since information on the diversity of galaxies within
a bin is usually lost in a binned analysis, we did not account
for a dependence of the halo mass on any galaxy property: in
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other words, we set the model parameters ζh, βh, ξh, and νh to
zero.

We found a value of µh,0 = 13.38 ± 0.08 for the redder sub-
sample and µh,0 = 13.26 ± 0.10 for the bluer sub-sample. This
result tells us that, if we ignore correlations between halo mass
and galaxy properties within a bin, our data favour a model in
which redder galaxies live in more massive halos on average;
although, solutions in which the two sub-samples share the same
halo mass are well within 2σ. The fact that the full model instead
favours a slightly negative value of νh indicates that the appar-
ent difference in average halo mass found in the binned analysis
is more likely the result of correlations between halo mass and
galaxy properties other than colour, and most importantly lumi-
nosity. Nevertheless, this experiment suggests that a difference
in the inferred average halo mass of the order of 0.1 dex with
respect to the Zu & Mandelbaum (2018) study could be due to
the choice of binning the sample.

Fourth, the colour dependence of halo mass could be a strong
function of stellar mass disappearing at the very high masses
probed by our sample. Lastly, there could also be biases in
the colour or weak lensing measurements in either of the two
studies.

In order to rule out any of these hypotheses, it would be nec-
essary to repeat our analysis with the same selection criteria,
stellar mass measurements, and colour measurements as those
used by Zu & Mandelbaum (2018). That, however, is beyond the
scope of this work.

7. Conclusions

We carried out a study of the dark matter halo mass dis-
tribution of a sample of massive elliptical galaxies, selected
from a combination of spectroscopic and morphological cri-
teria. We first measured the distribution in log Mh as a func-
tion of redshift, luminosity, half-light radius, and colour. Then
we repeated the analysis by describing the surface brightness
distribution of galaxies in terms of the luminosity within a
physical aperture of 10 kpc, Lr,10, and the light-weighted pro-
jected slope of the surface brightness profile within the same
aperture, Γ10. The first description allows for a more intuitive
interpretation of the results. The latter is more robust with
respect to assumptions on the surface brightness profile of the
galaxies.

Our measurements can be used to test theoretical models for
the distribution of dark matter halo masses of massive ellipti-
cal galaxies, provided that those models can make predictions
on galaxy stellar mass-to-light ratios. For models that can pre-
dict the full radial profile of the stellar distribution of galaxies,
such as hydrodynamical simulations, we recommend using our
description of the halo mass distribution in terms of Lr,10 and
Γ10, presented in Sect. 5, as a reference. This would allow one to
avoid introducing biases related to the extrapolation of the Sérsic
surface brightness model out to very large radii, where it is not
constrained by the data.

Our analysis ruled out strong correlations between halo mass
and galaxy size at a fixed luminosity, corroborating previous
findings from Sonnenfeld et al. (2019a). In particular, the dif-
ference in the average halo mass between galaxies at the 84%-
ile and 16%-ile of the distribution in half-light radius at a fixed
luminosity and redshift is 0.06± 0.11 dex (68% credible region).
We also ruled out a strong correlation between halo mass and
rest-frame u − g colour. The value of the coefficient describing
the halo mass-colour correlation slightly depends on whether we
adopted a description in terms of luminosity and size, or Lr,10

and Γ10. In the latter case, the difference in average halo mass
between galaxies at the 84%-ile and 16%-ile of the colour dis-
tribution at a fixed redshift and surface brightness distribution is
0.00 ± 0.11 dex.

Using stellar mass instead of luminosity does not shift the
inferred amplitude of correlations by more than the uncertainty.
We then conclude that our analysis did not find evidence for the
existence of a correlation between halo mass and a secondary
galaxy property at a fixed stellar mass. Elliptical galaxies with a
different size or colour for the same stellar mass have presum-
ably had different assembly histories. Our results indicate that,
regardless of these differences, the average efficiency of massive
elliptical galaxies in converting gas into stars, which is reflected
by the stellar-to-halo mass ratio, is roughly constant as a function
of size or colour. The origin of the diversity in the size and colour
distribution of these objects must be searched for by examining
properties other than halo mass.
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