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ABSTRACT

We use KiDS weak lensing data to measure variations in mean halo mass as a function of several key galaxy properties (namely
stellar colour, specific star formation rate, Sérsic index, and effective radius) for a volume-limited sample of GAMA galaxies
in a narrow stellar mass range [M, ~ (2-5) x 10'° Mg]. This mass range is particularly interesting, inasmuch as it is where
bimodalities in galaxy properties are most pronounced, and near to the break in both the galaxy stellar mass function and the
stellar-to-halo mass relation (SHMR). In this narrow mass range, we find that both size and Sérsic index are better predictors of
halo mass than either colour or SSFR, with the data showing a slight preference for Sérsic index. In other words, we find that
mean halo mass is more tightly correlated with galaxy structure than either past star formation history or current star formation
rate. Our results lead to an approximate lower bound on the dispersion in halo masses among log M, &~ 10.5 galaxies: We find
that the dispersion is 0.3 dex. This would imply either that offsets from the mean SHMR are closely coupled to size/structure
or that the dispersion in the SHMR is larger than what past results have suggested. Our results thus provide new empirical
constraints on the relationship between stellar and halo mass assembly at this particularly interesting mass range.

Key words: galaxies: evolution — galaxies: fundamental parameters — galaxies: luminosity function, mass function — galaxies:
statistics — galaxies: stellar content.

1 INTRODUCTION

As the quantitative link between the observed galaxy population and
the cosmological population of dark matter haloes, the stellar-to-
halo mass relation (SHMR) represents a crucial interface between
observation and theory (see Wechsler & Tinker 2018, for a recent
review). The messy baryonic processes of galaxy formation and
evolution are understood to be seeded by the dissipationless collapse
of their larger dark matter haloes. The ongoing accretion on to
and dynamics within galaxies are thus driven by the gravitational
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potential well at the centre of the halo, and regulated by shocks,
outflows, and other gastrophysical processes of feedback within and
at the outskirts of the halo. Secular evolutionary processes like gas
accretion, dynamical instability, star formation, and feedback would
lead to the expectation of self-similar evolution of galaxies of a given
mass, with the possibility of second-order effects tied to formation
time, and so to large-scale environment. This self-similarity is broken
by stochastic, perturbative effects like interactions and/or mergers
between galaxies, which can lead to significant differences in the
evolutionary trajectories of individual galaxies. The outstanding
challenge of galaxy formation and evolution is to identify and
articulate the relative importance of these many different processes

© 2020 The Author(s)

Published by Oxford University Press on behalf of the Royal Astronomical Society

120Z U9Iell 1| uo 1s8nb Aq 05 1L006S/9682/2/667/9101E/SEIUW/WO0"dNO"0IWapEDE//:SARY WOl papeojumod


http://orcid.org/0000-0002-9871-6490
http://orcid.org/0000-0002-9636-1809
http://orcid.org/0000-0002-0641-3231
http://orcid.org/0000-0002-6061-5977
http://orcid.org/0000-0003-4221-6718
http://orcid.org/0000-0001-9395-4759
http://orcid.org/0000-0001-5991-3486
http://orcid.org/0000-0003-0429-3579
mailto:entaylor@swin.edu.au

and mechanisms by connecting the cosmological population of dark
matter haloes to the correlated distributions of galaxy parameters as
observed in the real Universe.

Techniques like abundance matching (e.g. Conroy, Wechsler &
Kravtsov 2006; Guo et al. 2010; Moster et al. 2010) have been
used to derive the average SHMR by forcing consistency between
a halo mass function from theory (e.g. Press & Schechter 1974;
Sheth & Tormen 1999; Tinker et al. 2010) and the observed galaxy
stellar mass function (e.g. Bell et al. 2003; Marchesini et al. 2009;
Baldry et al. 2012; Driver et al. 2018). Extensions or refinements like
halo occupation modelling (e.g. Berlind & Weinberg 2002; Yang,
Mo & van den Bosch 2003) also require consistency with clustering
statistics and other observational constraints (but see Moster et al.
2010, who argue that clustering statistics do not have a significant
influence on the inferred SHMR). A number of studies have now
extended this formalism to infer the SHMR based on the combination
of weak lensing measurements with number counts and/or spatial
clustering (e.g. Leauthaud et al. 2012; Velander et al. 2014; Coupon
etal. 2015; van Uitert et al. 2015). While lensing provides an avenue
for direct measurement of the SHMR for log M, < 10.5, van Uitert
etal. (2015) found that weak lensing data on their own do not provide
strong constraints on the SHMR in the high-mass regime (but see the
recent lensing-only SHMR determination by Dvornik et al. 2020):
For log My, 2 12, it is the stellar mass function that provides the
tighter constraint on the SHMR.

There is a qualitative and quantitative consensus on the form of
the SHMR, at least in terms of a population average, that emerges
from these analyses. The generic result is that the knee in the galaxy
stellar mass function is tied to a break in the SHMR around log M, ~
10.5, with an associated peak in the stellar-to-halo mass ratio of ~2—
3 per cent and a halo mass of log M, ~ 12. (e.g. Behroozi, Conroy &
Wechsler 2010; Moster et al. 2010; van Uitert et al. 2015). On either
side of this peak, the SHMR is reasonably described as a power law,
with the low- and high-mass slopes usually taken as reflecting the
suppression of star formation by supernova (e.g. Larson 1974; Mc-
Kee & Ostriker 1977; Joung & Mac Low 2006) and by AGN feedback
(e.g. Bower et al. 2006; Croton et al. 2006), respectively, in the low-
and high-mass regimes (see also e.g. Mitchell et al. 2016). However, it
is worth emphasizing that this generic result is a virtually inescapable
consequence of trying to reconcile the observed Schechter-like
galaxy stellar mass function with a close-to-power-law halo mass
function (different versions of this argument can be found in, e.g.
Marinoni & Hudson 2002; Behroozi et al. 2010; Moster et al. 2010;
van Uitert et al. 2015). Any model that gets both the stellar and halo
mass functions right will necessarily give a similar form for the
SHMR.

Weak gravitational lensing (see reviews by Bartelmann & Schnei-
der 2001; Hoekstra & Jain 2008), and more specifically galaxy—
galaxy weak lensing, is one of the most successful observational
avenues to obtaining direct halo mass measurements for large
and representative galaxy samples (e.g. Brainerd, Blandford &
Smail 1996; Hudson et al. 1998; Hoekstra, Yee & Gladders 2004;
Mandelbaum et al. 2006). In order to more directly challenge
models of galaxy formation and evolution in a cosmological context,
our goal in this paper is to take a more empirical approach to
exploring the role of halo mass, as measured by galaxy—galaxy weak
lensing, in influencing or determining the observable properties of
galaxies.

Our specific interest is to probe correlations between halo mass
and galaxy properties at fixed stellar mass — or, in other words,
to identify which galaxy property or properties are most directly
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correlated with the dispersion around the average SHMR.! By
attempting a systematic (if not exhaustive) exploration of second-
order correlations around the SHMR, our goals are similar to, but
distinct from, studies by Mandelbaum et al. (2006), Hudson et al.
(2015), Charlton et al. (2017), and others who have derived SHMRs
separately for different galaxy subsamples selected by colour and/or
size. Our goals are similarly complementary to, e.g. van Uitert et al.
(2015), who have considered whether halo mass correlates more
strongly with stellar mass or velocity dispersion (see also e.g. Li,
Wang & Jing 2013).

One novel aspect of this paper is that, as a means to control
for the mass dependence of the SHMR, we focus on a narrow
mass range in stellar mass: 10.3 < logM, < 10.7 or M, ~ (2—
5) x 10' Mg. This mass range is particularly interesting for
several reasons. First, it is close to the knee of both the galaxy
stellar mass function and the SHMR. It is thus where the stellar-
to-halo mass ratio peaks, and so (in the canonical view) the point
of transition where stellar feedback gives way to AGN feedback as
the dominant regulator of star formation. Robotham et al. (2014)
have also shown, based on galaxy pair counts and star formation
rates (SFRs), that this mass range is where galaxy mergers take over
from star formation as the dominant channel for galaxy stellar mass
growth.

Perhaps most significantly for this work, this mass range is also
where the bimodality (or bimodalties) in galaxy properties is most
pronounced, and where there are approximately equal numbers
of canonically ‘early-’ and ‘late-type’ galaxies — whether that
distinction be made on the basis of broad-band colour (see e.g.
Baldry et al. 2006; Peng et al. 2012; Taylor et al. 2015), specific
star formation rate (SSFR; Renzini & Peng 2015), morphological
classification (Bamford et al. 2009; Kelvin et al. 2014; Moffett et al.
2016), structure (van der Wel 2008), size (Shen et al. 2003; Lange
et al. 2015), etc. (see also e.g. Robotham et al. 2013). By having a
relatively large spread in galaxy properties across our sample, we
obtain the best lever arm on any dependence on halo mass with these
properties. Further, because this is the mass regime where there is
the greatest diversity in galaxy properties, this is also where the
influence of halo mass is potentially the most interesting: Can one or
more manifestations of galaxy bimodality be linked to differences in
halo mass?

The structure of our discussion is as follows. We lay out our
experimental design in Section 2, including our sample selection
(Section 2.1) and subdivision (Section 2.2), weak lensing measure-
ments (Section 2.3), and halo mass modelling (Section 2.4). We
present proof of concept for our novel approach in Section 3, includ-
ing demonstrated consistency with existing results (Section 3.1) and
a variety of null results (Section 3.2), before presenting our main
results in Section 4. In Section 5.1, we discuss our results and their
implication for the role of halo mass in galaxy formation and the
dispersion in the SHMR. We also consider potential confounding
effects and biases in Sections 5.2 and 5.3. A full summary of our
quantitative results is given in Table 1, and we summarize our main
results and conclusions in Section 6. For the purpose of stellar mass

"In more theory-minded approaches like abundance matching and halo
occupation modelling, the dispersion in the SHMR is usually framed in
terms of the distribution of galaxy stellar mass values at fixed halo mass,
i.e. n(M,|Mpao). For this paper, we consider instead the complementary
quantity: the distribution of halo mass at fixed stellar mass, n(Mpalo |M). The
two quantities are related, but distinct, with the latter being a more natural
observable.
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estimates, we assume a Chabrier (2003) stellar initial mass function
(IMF), and we have adopted a concordance cosmology (2, 24, /)
= (0.3, 0.7, 0.7) throughout.

2 EXPERIMENTAL DESIGN

2.1 Lens galaxy sample selection

Our lens sample is selected from the Galaxy And Mass Assembly
(GAMA) survey (Driver et al. 2011; Liske et al. 2015; Baldry
et al. 2018), which has obtained near-total (299.5 percent) spec-
troscopic redshift completeness for r < 19.8 galaxies over three
equatorial fields totalling 180 sq. deg (plus two Southern fields we
do not consider here). We make use of a number of data products
that have been described elsewhere, and have been made public
with GAMA Data Releases 2 and 3 (Liske et al. 2015; Baldry
et al. 2018), including stellar mass estimates and stellar population
parameters (Taylor et al. 2011), group identifications (Robotham
et al. 2011), and Sérsic profile fits (Kelvin et al. 2012). We also
make use of ultraviolet-plus-total-infrared SFRs described in Davies
(2016).

Our primary sample selection is in terms of stellar mass, namely
103 < logM, < 10.7. The stellar mass estimates are based on
stellar population synthesis modelling of optical-to-near-infrared
spectral energy distributions (SEDs), using the Bruzual & Charlot
(2003) simple stellar population models with the Chabrier (2003)
prescription for the stellar IMF, and single-screen dust following
Calzetti et al. (2000). The GAMA SEDs are all measured in (large)
matched apertures on seeing-matched imaging, in order to obtain
the best characterization of SED shape (Hill et al. 2011; Wright
et al. 2016). Because the apertures are finite, we re-normalize the
SEDs to match the Sérsic model photometry in the r band, as a
measure of total flux. To identify and exclude catastrophic errors in
the photometry (which sometimes happen when a very bright star
disrupts the segmentation and aperture definition), we throw away
185 cases where the Sérsic and aperture photometry are inconsistent,
with a difference of more than 0.3 mag.

We limit our sample to the redshift range 0.10 < z < 0.18. The up-
per redshift limit, which is to ensure that we have a properly volume-
limited sample, has been determined following the arguments given
in Taylor et al. (2015); see also fig. 14 of Baldry et al. (2018). The
lower limit is to protect against potential systematics tied to redshift
errors, since the usual linear propagation of error/uncertainty can
break down at the lowest redshifts. With the selections above and the
usual quality cut nQ > 3 for redshift reliability, this gives a parent
sample of 11392 galaxies.

In order to ensure that we are truly looking at the primary haloes of
the particular galaxies in our lens sample, we have also done our best
to select only central galaxies based on the GAMA group catalogues
(G3C; Robotham et al. 2011). First, if a galaxy is ungrouped in
the G3C then it is taken to be a central by default. Then, the G3C
gives two quantities that can be used to identify the central galaxy
within a group: RankBCG, which ranks galaxies within each group
according to brightness, and RankIterCen, which ranks galaxies
according to their distance from an iteratively re-calculated centre
of light. For our analysis, we require either RankBCG = 1 and
RankIterCen < 4 or vice versa; that is, we require approximate
consistency between the two measures. This gives us our main sample
of 7593 central galaxies. Note that both values are precisely 1 for
~93 percent of our main sample, and that our final sample is &3
per cent larger than it would be if we defined our sample based on just
one of the two measures. In any case, we have repeated our analysis
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using different central galaxy selections and verified that none of our
main results or conclusions change.

2.2 Sample subdivision

Fig. 1 shows the range of properties spanned by the galaxies in
our sample, namely stellar mass, log M,; intrinsic (i.e. corrected
for internal dust attenuation) stellar colour, (g — i),; SSFR; Sérsic
index, n; and Sérsic effective radius, R.. In the diagonal panels of
this figure, the lighter grey histogram shows the distributions for the
parent sample, and the black histograms refer to our main sample
of central galaxies only. We note that while the effect of excluding
satellite galaxies in this mass range is to slightly reduce the relative
numbers of generically red, passive, and de Vaucouleurs-like (n 2 2)
galaxies, it also leads to a more nearly flat distribution of log M, for
our main sample.

One of the ways that we will explore halo mass variations will be
to split our main sample into subsamples, according to a particular
property. The dashed lines in each panel of Fig. 1 show the quartiles
for each property within our main sample; i.e. these lines show how to
split our main sample into four equally sized subsamples on the basis
of any one property. One nice aspect of selecting this particular mass
range is that dividing this sample into quartiles closely aligns with the
peaks and saddle of the bimodalities in colour, SSFR, shape, size, etc.

The principal difficulty that we will grapple with in this paper
is that, even at fixed mass, many of these properties are closely
correlated. There are good astrophysical reasons why a sample of
galaxies with blue colours is also likely, in general, to have higher
SFRs, and to have a discier morphology (and hence lower values for
the Sérsic index, n). This can be seen from the bivariate distributions
for the main parameters of interest within our main sample, which
are shown in the off-diagonal panels of Fig. 1. As a quantitative
description of the overlap between subsamples divided in different
ways, the upper-right panels of Fig. 1 remap each property to a
dimensionless rank orpercentile. Each cell in these panels thus shows
how the quartile subdivision in one property projects on to a similar
subdivision in the other property; the numbers refer to how many
galaxies are found in each cell. For example, it can be seen that
while the bluest quarter of our main sample [the left-hand column in
the upper (g — i),—log M, panel] does span the full mass range that
we consider, it is nevertheless biased slightly to lower stellar masses
(more galaxies in the lower cells than in the upper cells); conversely,
the reddest quarter of the sample (right-hand column) has slightly
higher stellar masses (more galaxies in higher cells). Similarly, the
lowest quarter of our sample in stellar mass has on average bluer
stellar colours, and the highest quarter in stellar mass has on average
slightly redder stellar colours.

By virtue of our decision to focus on only a narrow stellar mass
range, the interdependence is stronger between parameters other
than mass. This shows how we can effectively control for the
mass dependence of the SHMR to isolate second-order correlations
between halo mass and the dispersion in the SHMR. For the other
properties we consider, the interdependencies mean that any ‘true’,
causal relation (or relations) between halo mass and one (or more) of
these properties will induce ‘spurious’, coincident correlations with
other properties. On the other hand, while these interdependencies
are significant, they are not total — there are real differences between
subdividing this sample according to different properties. This gives
us cause to hope that we may be able to distinguish between a genuine
correlation between lensing signal and some galaxy property and
any ‘spurious’ or tertiary correlations. We return to this point in
Section 5.1.
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Figure 1. Illustrating the distributions of and correlations between galaxy parameters within our sample of log M, ~ 10.5 galaxies. Along the diagonal, the
panels show histograms of the distributions of: stellar mass, log M, intrinsic (dust-corrected) stellar colour, (g — i),; SSFR; Sérsic index, n; and half-light
radius, R.. The black histograms show our sample of central galaxies only; the lighter grey histogram shows the parent sample, including satellites. In the lower
left panels, the black points show bivariate distributions for these parameters. The red lines show how the sample is divided into four equally sized samples
according to each property, after excluding a few outlying values (red points). The upper right panels explicitly show the overlap between these different sample
divisions. As discussed in Section 2.2, the main points to take from this figure are: (1) across this limited mass range, the distribution of other galaxy properties
as a function of mass is roughly constant (each cell in the top row is roughly uniformly populated); and (2) although there is strong covariance between other
galaxy properties (there is clear structure in the grey points), there are considerable differences when dividing the sample according to different properties (many

galaxies are found in off-diagonal cells).

2.3 Weak lensing measurements from KiDS

The weak lensing measurements that are the focus of this paper are
derived from the shapes of much more numerous background source
galaxies, as measured in ugri optical imaging from the Kilo Degree
Survey (KiDS; Kuijken et al. 2015; de Jong et al. 2017; Hildebrandt
et al. 2017, 2020). The KiDS source catalogues are composed of
~15 million z < 1.2 galaxies, almost fully encompassing the (much
smaller) GAMA fields. The distorting effect of weak gravitational
lensing, called shear, is to slightly change the observed ellipticity
and position angle of a background source seen in close projection
to a nearer lens. The aggregate effect for an ensemble of many
background sources is that their sizes are seen to be, on average,

very slightly compressed radially and stretched tangentially around
the lens.

In the thin lens approximation, and assuming circular symmetry
for the projected lensing mass, the degree of shear is related to the
geometry of the observer—lens—source configuration, and to the mass
distribution of the lens via

Y(R) = AX(R) / Xeric - 1

The action of the lensing mass distribution is determined via the
excess surface density (ESD), which can be expressed as

AX(R) = Z(R) — Z(R) . )

MNRAS 499, 2896-2911 (2020)
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In words, this is the difference between the mean projected surface
density within the radius R:

~

R
S(R) dR' Z(R') 3)

7R? J,
and the projected surface density at that radius, X(R). All else being
equal, the degree of shear thus depends on the density contrast, and
not the density (or mass) per se. The gravitational and geometric
dependence of the shear is fully encapsulated by the critical surface
density, X, which is given by

C2 Dl
4G DS D]S ’

where Dy, Ds, and Dy are the angular diameter distances between
the observer and the lens, between the observer and the source, and
between the lens and the source, respectively.

The method for deriving weak lensing measurements from KiDS
imaging is described in detail in, e.g. Viola et al. (2015), Hildebrandt
et al. (2017), and Dvornik et al. (2018). In brief, galaxy shape
measurements are made using the /ensfit method (Miller et al. 2013),
and then the lensing signal is measured in annuli as a weighted
average of the tangential projections of the background source
ellipticities, to build up a lensing profile for each lens, viz.

'{Ei's'icn‘.i' 1
ASg; = X Wy J el ) 5)
Zj Wi 1+K(R)

Here, AXy ;is the ESD profile for the ith lens measured in an annulus
with radius, R; ¢; is the tangential projection of the shape tensor for
the jth source; w;; is the weight given to each source according to

“

crit =

its ellipticity and the lens—source geometry; X ;; is the effective
critical surface density for the lens/source pair ij; and K is a small
(<10 percent) scalar correction to account for the multiplicative
‘noise bias’ and ‘weight bias’ in the overall shear inferred from
the optimally weighted shapes of small- and/or low-signal-to-noise
galaxies. The Fenech Conti et al. (2017) calibration of the Ks used
here has recently been updated by Kannawadi et al. (2019), but the
differences are negligible for our purposes.

We use the KiDS galaxy—galaxy weak lensing pipeline (see e.g.
Dvornik et al. 2018) to obtain ESD profiles for each of the galaxies
in our lens sample, based on the KiDS-450 catalogues (Hildebrandt
et al. 2017). This pipeline builds ESD profiles, given lens positions
and redshifts, and catalogues of shape and redshift information
for background sources, as described in Kuijken et al. (2015).
Specifically, we measure ESD profiles in 20 concentric annuli around
each lens, with a logarithmic spacing between annulus edges in the
range of 12-2000 kpc (corresponding to ~5” — 13" at the median
redshift of our sample), and only considering background sources
with zg > 0.2 and (zs — z7) > 0.1.

The source redshift distribution (which enters via the f)cm,,- j in
equation 5) is estimated separately for each foreground lens, using the
direct re-weighting approach described in Hildebrandt et al. (2017),
which is itself based on the method proposed by Lima et al. (2008).
Similar to the shape measurements, any residual errors/uncertainties
in the photometric redshift estimates, which are typically at the
level of a few percent, are not formally propagated into the ESD
measurements. We note, however, that to the extent that any such
errors are tied to the sources, and not the lenses, they will affect all of
our galaxy subsamples in the same way. Such systematics thus have
no impact on our ability to identify relative trends across the sample,
which is our principal focus.

In principle, because the same background source galaxy can
contribute to the ESD profile for multiple lenses, the errors in

MNRAS 499, 2896-2911 (2020)

the ESD profiles of different lenses can be significantly correlated,
particularly where there is a high density of lenses on the sky. In
practice, for our specific and relatively small sample of log M, ~
10.5 galaxies, this covariance is negligible: The Pearson correlation
coefficients for ESD profile measurements at different radii for
different lenses are <0.001. This should not be surprising given the
relatively low sky densities of our lens sample: ~40 deg~2, over three
independent fields. We therefore ignore the covariances between the
ESD measurements for the lenses in our sample, which makes the
computation described in the next section tractable.

These ESD profiles — one for each of the lens galaxies we consider
— represent the weak lensing data set that we analyse in this paper.
While the signal-to-noise ratio in any one ESD profile is very low,
by considering them aggregate, we can hope to derive information
about the global lensing properties of the ensemble.

2.4 Lens modelling and mass estimation

Equation (1) shows how, knowing both the geometry of the lens—
source system and the projected mass distribution of the lens, one
can predict the shear. Conversely, given observational constraints
on both the geometry and the shear, one can infer the lens mass
distribution.

‘We assume that the haloes can be described using the NFW mass
distribution (Navarro, Frenk & White 1997), which is fully described
by its mass,” My, and a shape parameter, ¢, which is usually referred
to as the concentration. Analytic expressions for the values of f), IR
and/or AX for the NFW profile are given in, e.g. equations (11)—(15)
of Wright & Brainerd (2000) or equations (40)—(43) of Coe (2010).
We find that, in general, we cannot place strong constraints on the
values of ¢ using our data (see Section 5.3 where we explore this
issue in greater detail). For this reason, and following van Uitert
et al. (2015), we adopt a fiducial mass—concentration relation based
on Duffy et al. (2008):

M o —0.081
pal ) (142710, 6)

= fune 10,14 (o
c=f (2><1012h*'M@

where the scaling factor fionc = 0.70 comes from the lensing-plus-
stellar mass function modelling of van Uitert et al. (2015).

For small values of R, the stars within the galaxy itself can make
a non-negligible contribution to the observed shear. In the thin lens
approximation, the shear from the stars is simply added linearly
to that from the halo. Knowing each galaxy’s total stellar mass,
circularized effective radius, and Sérsic shape parameter, we can
approximately account for this using a circularized Sérsic profile
to describe the stellar mass distribution of the galaxy. The relevant
assumptions are (1) that the Sérsic parameters derived from fits to the
r-band images can be used to describe the stellar mass distribution,
and (2) that a circularized model is sufficient for the purposes of
computing the lensing shear. Analytic expressions for the values of
$ and T for the circularly symmetric Sérsic profile can be obtained
from, e.g. equations (1) and (2) of Graham & Driver (2005).

2Following the convention for N-body dark matter simulations, Mg is
defined as the mass enclosed within a radius Rygo from the halo centre, such
that the mean mass density within Rpqg is 200 times the cosmological mean
matter density at that redshift, i.e. p = 200 Qy(2) peric. With this definition,
the shape parameter ¢ can be related to a scale radius Ry via ¢ = Rago/Rs.
Note that for clarity, elsewhere in the paper we will use the symbol M), and
just ‘the halo mass’; this should properly be understood as referring to this
proxy measurement of the total or virialized halo mass.
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Putting these two pieces together — i.e. knowing the Sérsic
parameters for the galaxy, and given a trial value for the halo mass
— we can then generate a model ESD profile to compare to the data.
The goodness of fit for the ensemble is given by the summation over
all radii and for all lenses:

K (Miao) = Y {AER_,- — AS (R M.;, Rejni)

R.i
2
—AZNrw(R | Mham)} Ok @)

where o ; is the formal uncertainty associated with the measured
AXpg ;. Noting that the summation over i can be evaluated for the
sample as a whole or for any specific subset of the sample, the (log)
likelihood function for the ensemble is then just

—1
In L(Mhalo) = TXZ(Mhalo) . (8)

Within the framework of Bayesian statistics, the quantity of inter-
est is not the likelihood per se, but instead the posterior probability
distribution function (PDF) for the value of My, which is given by
the product of the likelihood and an assumed prior on My,,. Here,
we adopt a prior that is flat in My, (and not, say, flat in log My10),
which means that the PDF is directly proportional to £ as defined
above. The effect of choosing a prior that is flat in log M, would be
to make the PDF proportional to £/My,,,. With the data used here,
this 1/Mpa, up-weighting blows up more rapidly than the value of £
drops for values of My, < 10!! Mg. The result is a pathological
effect where the PDF diverges for small values of M},,. Quite aside
from this point, this choice of prior is also natural since, all else being
equal, our observables (i.e. the ESD and the shear) scale linearly with
mass, and our fits are framed in terms of linear ESD. In other words,
our decision to use a flat prior in My, is crucial to our results, and
also reasonable.

Looking at equations (7) and (8), it can be seen that if all lens
galaxies are assumed to have the identically the same halo mass, then
the summations over i need only be done once. If this summation
is done in advance, then the computation of the likelihood function
involves just the one comparison between that co-added ESD profile,
representing the ensemble in aggregate, and one for the model.
This is the standard approach of ‘stacking’, which has the well-
known limitation that it is necessarily limited to considering the
mean properties of the larger ensemble (and always with the implicit
assumption of Gaussian statistics).

To overcome this limitation, we also pursue a different approach:
fitting each lens in the full ensemble simultaneously, while allowing
each lens to have its own particular mass. To do this, we adopt a
simple (linear) parametric prescription to predict halo mass from
some other property (e.g. colour, size, etc.), here denoted as x:

Mhaio,i(xi]A, b) = A (x; —x0) +b . 9)

Being free to choose any value for the arbitrary reference value, xg, we
choose x( to be the mean value of x for the ensemble, so as to minimize
the covariance between the parameters A and b. We neglect any
observational errors/uncertainties in the x values, essentially because
properly accounting for these errors is computationally expensive.
The effect of this decision will be to (weakly) systematically bias
our results towards apparently weaker correlations, i.e. lower values
of A.

The only other additional complication is whether and how to
accommodate negative values for My,, ;. Even though, physically,
mass is a strictly positive quantity, from an experimental standpoint
it is perfectly reasonable to obtain a negative measurement where
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the errors are comparable to the actual value. Our simple scheme
for treating negative values of My, is to use the absolute value of
Mo to determine the shape of the ESD profile, and then reverse the
sign of the shear in the case of a negative mass, so that A X (—Mjy,)
= —AX(Mya,). The motivation and rationale for this decision —
essentially, to limit potential biases in the inferred values for A — are
discussed further in Section 3.2.

Rather than fitting for the value of a single parameter, My,,, for
the ensemble, we can thus allow each lens to have its own unique
halo mass, My, ;» Which is derived from the value of x for that lens,
X;, and the free parameters A and b. We adopt the standard ‘non-
informative’ or reference prior, which is flat in both A and b. Our
likelihood function then becomes

InL(A, b) = _71 x2(A, D), (10)

with the only other formal modification being to replace the My,i0
that appears in equation (7) with My, i(xi|A, b) as defined in
equation (9). Formally, the approach outlined above is equivalent
to fitting for the ensemble of values My, ; for all lenses in the
sample (which are in general poorly constrained on their own), and
then fitting a linear relation to those results. Seen through this lens,
our approach is not to track the constraints on the individual My, ;
values, and instead marginalize over these unknowns as nuisance
parameters.

The practical consequence of this change is that we cannot pre-
compute the summation over i in the definition of the x2: It is
necessary to compute a separate model-observed ESD comparison
for each individual lens, and for every set of (A, b) trial values.
However, the benefit justifies the cost: By allowing each lens to have
its own halo mass, it becomes possible to make inferences about the
distribution of halo masses across the ensemble — which, after all, is
our primary goal in this paper.

3 PROOF OF CONCEPT AND SOME SIMPLE
SANITY CHECKS

3.1 The SHMR across our sample

As a demonstration of our ability to identify and measure variations
in halo mass across our sample, we first consider the correlation
between stellar mass and halo mass. A secondary motivation here
is to check that the results we obtain are broadly consistent with
existing results. From the outset, however, we make the disclaimer
that past determinations have been derived following very different
methods and assumptions, and our ability to constrain the relation
between stellar and halo mass with our sample is limited by our
deliberate decision to focus on a narrow mass range.

3.1.1 Stacked lensing profiles

Fig. 2 shows the mean halo lensing profiles for our lens sample,
subdivided by stellar mass into four equally populated bins. In each
panel of Fig. 2, the blue dashed line shows the mean lensing profile
for the stellar component, which is derived from the combination
of the SED-fit mass-to-light ratios and Sérsic fit parameters from
GAMA. These values have been subtracted from the KiDS lensing
measurements, shown in black, to isolate the lensing effect of the
halo. We note that accounting for lensing by the stars reduces the
inferred lensing mass by ~10-15 per cent, i.e. by ~3-5 times the

MNRAS 499, 2896-2911 (2020)

1202 YoIe\ | Uo 1sanB Aq 05 10065/9682/2/661/2101HE/SEIUW/WIO0D dNODILSPEDE//:SA)Y WO} POPEOJUMO(



2902  E. N. Taylor et al.

_ 10.30<log M. <10.39 10.39<log M. <10.49 10.49<log M. <10.59 10.59 <log M. <10.70
% 150 4 Y :(028‘0‘25)><10]2M 150 4 M :(028m23)x1012M 150 - v :(074}0’29)><10|2M 150 - Y :(023‘("23)><10]2M
& hato — (U-28_ 13 ® halo — (0-28_ 1> ® hato — (074 5, o) halo — (0-25_ ®
©
2 - ~ ~ ~
~ 100 1 g 100 £ 100 & 1004 4+ &
W g g gL L g g
> £ is
[’”\] 504 Y + 0o 1 2 50 1 0 1 2 504 I 0 1 2
< Mo [10°M ] N N5 S SR [0m,1 TN Mo [10°M ]
9) 0 FooT 4 0 RS = AP 0 \_ﬁl&_;_u .
m ‘ T T =T ‘ T —+ -
| 1
10° 10" 10° 107 10 10° 107 10" 10” 10° 10" 10°

radius [Mpc] radius [Mpc]

radius [Mpc] radius [Mpc]

Figure 2. Stacked lensing profiles and halo mass modelling, having subdivided our sample according to stellar mass, log M,.. In each panel, the mean lensing
signal from the halo is shown in black; in each case, these are based on the KiDS lensing measurements for approximately 1600 lenses. The blue dashed line
shows the lensing contribution from the stars, based on the GAMA Sérsic fit parameters for the lens galaxies. These values have been subtracted from the
observed ESD profiles to isolate the effect of the halo. The red shows the inferred NFW halo model; the heavy solid lines show the maximum likelihood fits;
the shaded regions show the equivalent of the =10 uncertainties; the thin dotted lines bound the 95 per cent confidence region. The inset within each panel is
the posterior PDF for the mean halo mass for each bin. Note that for each subsample, the uncertainty on the halo mass estimate is ~0.2 x 10'2 Mg

actual stellar mass.> Allowing that our simple accounting for the
lensing effect of the stars (using single and circularly symmetric
Sérsic profiles) may only be accurate to within, say, 10-20 per cent,
the impact of these errors on the inferred halo mass will be small: A
10-20 per cent residual from a 1015 per cent effect amounts to only
a few per cent in the final result. In other words, while it is important
to make some accounting of the lensing effect from the stars, having
done so, the residual errors in our results arising from imperfect
modelling of the stellar profiles will be negligible in comparison to
the statistical uncertainties.

The maximum likelihood estimates for each halo ESD profile
are shown in Fig. 2 as the red lines, with the red shaded regions
showing the equivalent of the 10 uncertainties (i.e. the 68 per cent
confidence interval), and the red dotted lines bounding the 95 per cent
confidence region. The inset panels show the posterior PDF for the
mean halo mass for the sample, with the same confidence limits
marked in a similar fashion. Note that simple Gaussian statistics are
not always a good way to represent our results, particularly where
there is small but non-zero likelihood that M}, < 0. (Recall that we
do allow the parameter M, to be negative; see Sections 2.4 and
3.2, below.) For example, in the first panel, the PDF for the lensing
halo mass can be seen to be slightly skewed towards higher masses.
For this reason, we will always show the (generally asymmetric)
68 per cent confidence limits instead of 1o errors.

3.1.2 Measuring mean halo mass in bins of fixed stellar mass

Fig. 3 shows the halo masses we derive from our stacked ESD profile
fits for our sample subdivided according to stellar mass. The black
points highlight the four equally sized mass bins shown in Fig. 2.
However, we could just as well have split our sample into fewer or
more bins: The grey points show what we get splitting our sample
into two, three, or six equally populated bins. (For reference, the
histogram in the upper panel shows the observed log M, distribution
for our sample.) Naturally, the uncertainties are larger for the smaller

3The reason for this discrepancy comes down to the different ESD profile
shapes for the stars and the halo, as can be seen in Fig. 2. Because the stellar
mass profile is steeper than for the dark halo, less stellar mass is required
to the produce a similar degree of shear at small radii. Conversely, at larger
radii, the shear signal is completely dominated by the larger and more diffuse
halo.

MNRAS 499, 2896-2911 (2020)

and less populated bins. Since each set of points is depicting the
same data, it is not surprising that they all show a more or less
consistent picture. That is, these binned results are a useful means
for visualizing the average relation between halo mass and stellar
mass across our sample.

For comparison, we show the SHMR determination from van
Uitert et al. (2015), which is derived from halo modelling of the
joint GAMA + KiDS data set over 100 square deg, and also the
one by Moster et al. (2010), which is derived from halo occupation
modelling on the SDSS data. Noting that the formal statistical
uncertainties on each of these curves are at the level of ~40 per cent,
our directly inferred halo mass measurements are slightly but
systematically low compared to the two SHMRs shown here: Where
we might have expected a mean halo mass of ~(1 £0.1) x 102 M,
the mean measured value for our sample is (0.4 & 0.1) x 10'2 M.
It is beyond the scope of this paper for us to resolve this apparent
disagreement, but we note that where our results come from direct
observational constraints on the gravitational mass surrounding our
lens galaxies, these other results are based primarily on the halo
and stellar mass function constraints, and subject to a particular
parametrization of the SHMR. While the uncertainties are large —
but especially given the very different approaches to measuring these
quantities (see also Dvornik et al. 2020) — it is encouraging that our
results are at least broadly consistent, to within a factor of 2.5.

3.1.3 Quantifying the relation between stellar mass and halo mass
by fitting to the ensemble

If we wanted to quantify the relation between stellar and halo mass
using our data, we could imagine fitting a linear relation to any one
of the different sets of binned and stacked halo mass measurements
shown in Fig. 3. In practice, however, the answer we would get would
depend somewhat on what binning we chose to adopt. This problem
is compounded by the fact that the uncertainties on each point are
manifestly non-Gaussian, so the error propagation would be non-
trivial. It is for these reasons that we do not base our analysis on the
binned and stacked ESD profiles, but instead perform simultaneous
fits to the many independent ESD profiles for the lenses in our sample,
as described in Section 2.4.

The results of this fit are shown in Fig. 4: We find
3 Mpao/d log M, = 0.367083. In light of the systematic difference
in the mean halo mass mentioned above, the comparison to
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Figure 3. Inferred halo masses from stacked ESD profile fitting for our
sample subdivided by stellar mass. The black squares show the inferred
halo masses for the four equally populated bins shown in Fig. 2; the grey
points show what we get when splitting our sample into two (circles), three
(triangles), or six (hexagons) equally sized bins. The horizontal length of
the error bar caps shows the extent of each bin, and the size of each point
reflects the number of lenses that have gone into each stack. The points are
the maximum likelihood values, and the (asymmetric) error bars reflect the
68 per cent confidence interval in the PDF for My, for each stack.

past results is better done in terms of the logarithmic slope,
dlog Myao/0 log M, = 0.32t3;33; the comparable values in this mass
range are 0.71 and 0.72 for Moster et al. (2010) and van Uitert et al.
(2015), respectively. In other words, we do infer a slightly shallower
SHMR than either of these authors, but this difference is not statis-
tically significant. Again, given the very different methods used to
arrive at these values, and allowing that the uncertainties are large, we
take it as encouraging that the results are at least broadly consistent.

3.2 Some simple sanity checks, and the potential for bias

Before we move on to searching for galaxy parameters that show
statistical correlations with halo mass, it is worthwhile to demonstrate
a null result. In Fig. 5, we show the inferred dependence of halo
mass on several parameters that we would expect to be completely
unrelated to halo mass, namely declination and a random value. We
also show the inferred relation between halo mass and both redshift
and apparent magnitude. If there is no significant evolution across
our 0.10 < z < 0.18 redshift window, and if our sample is properly
volume limited (i.e. that the stellar populations across our sample
do not vary with redshift), then we would expect to find dM,0/0z
= 0, and OMy,,/0m, = 0. In each of the four cases shown, while
the uncertainties are large, the measured values do conform to these
simple expectations.

Fig. 5, and particularly the panel showing the inferred correlation
between My, and apparent magnitude, is also useful to illustrate how
our scheme for allowing the value of My, to be negative mitigates
potential biases in our results. As shown in this figure, the data are
sometimes consistent with linear relations that would imply negative
halo masses. Taken at face value, negative masses would seem to be
unphysical, but this is totally consistent with a low-signal-to-noise
measurement of a strictly positive quantity.

We have considered two alternatives to our preferred approach for
accommodating negative values for My, [Which is simply to define
A (—Mya0) = —AX(Mypa,); see Section 2.4]. The first would be to
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Figure 4. Inferred linear correlation between halo mass and stellar mass
across our sample. The solid yellow line shows the best-fitting linear relation
between log M, and M0, based on simultaneous fits to the KiDS ESD
profiles for our sample of lenses. The darker and lighter shaded regions show
the percentile equivalents of the 10 and 420 regions for the fit. The points
and error bars are simply repeated from Fig. 3; the line shown is not simply
a fit to these points. Instead, the line and the various points are both different
visualizations of the same underlying lensing behaviour of the galaxies in
our sample.

restrict the allowed region of (A, b) parameter space to forbid any
non-positive values of My, i. Looking at Fig. 5, the problem with
this approach becomes clear: The allowed range of fit parameters
would become very sensitive to the furthest outlying point and/or
the precise limits over which the fitting is done. Looking at the trend
in halo mass as a function of apparent magnitude, for example, we
would get a very different answer if we required My, to be positive
for r < 17, or 16, or 12. The net result would be a potentially strong
bias against large values of A and/or small values of b.

At the other extreme, we could simply place a floor of zero on the
halo mass values, or, equivalently, say that AX (M) = 0 for My,
< 0. With this decision, any observed ESD profile would be equally
well consistent with My, = —10'* Mg as 0, and only data in the
My > 0 regime would contribute to the constraints on the values
of A and b. To the extent that approach would allow us to consider
steeper gradients, it would mean that we would be more likely to
overestimate any correlations than to underestimate them; that is, the
net result would be a potential bias towards larger values of A and/or
small values of b.

With these simple arguments, we motivate our specific approach
to accommodating negative values of My, as being intermediate
between these two extremes, and with the hope that any bias in our
results that arises as a consequence of this decision will be small.

4 RESULTS: EXPLORING CORRELATIONS
BETWEEN HALO MASS AND GLOBAL GALAXY
PARAMETERS

Our basic results are shown in Fig. 6. These panels show the inferred
variation in halo mass as a function of several key galaxy properties:
intrinsic stellar colour, (g — 7)., which is a proxy for light-weighted
mean stellar age; SSFR; Sérsic shape parameter, n; and half-light
radius, R.. We note that we have also considered a number of other
galaxy properties, including effective colour (i.e. without correcting
for internal extinction), ellipticity, SFR, H o equivalent width, mass-
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Figure 5. Some null results as simple sanity checks for our analysis. Each plot shows the apparent variation in halo mass as a function of some property that
is expected to be unrelated to halo mass. As in Figs 3 and 4, the histograms in the upper panels show the distributions of each property across our sample. The
fact that the observed dependence of halo mass on each of these quantities is consistent with zero is reassuring.

to-light ratio, etc. While we do not show the results for all of
the properties we have considered, we summarize the fit results in
Table 1. Our choice to focus our attention and discussion to these
four parameters in particular is influenced by our belief that they are
the more ‘fundamental’ and/or robustly measured than other related
quantities [e.g. preferring intrinsic stellar colour to effective colour,
or SSFR to SFR or H « equivalent width, and preferring the bimodal
but relatively flat distribution in (g — i), to the more strongly skewed
distribution of Dnygg], and because they are the parameters that show
the strongest correlations with halo mass.

The panels in Fig. 6 are analogous and directly comparable to
Figs 4 and 5: The upper panels show the distribution for each property
across the full sample; the points show the maximum likelihood
values for the mean halo mass, in bins of the quantity in question; the
horizontal error bars show the width of each bin; the vertical error bars
show the (asymmetric) 1o confidence intervals for the inferred halo
mass. Then, the lines show the inferred correlation between halo mass
and the quantity in question; the heavier and lighter shaded regions
show the equivalent of the 1o and 2o range for these fits, as a function
of the property in question; and the inferred values for the slope of
the linear fit are also given with 1o uncertainties in each panel.

Our first and most basic observation is that even over the narrow
range of stellar masses covered by our sample, there is significant

MNRAS 499, 2896-2911 (2020)

variation in galaxies’ halo masses. Taking the stacked-by-quartile
results in Fig. 6 at face value, the observed minimum-to-maximum
variation in stellar-to-halo mass fractions across the sample is at least
1 dex [(0.1-1.2) x 10'2 Mg].

Further to this, at (approximately) fixed stellar mass, there are
clear correlations between global galaxy properties and halo mass.
More specifically, we see that canonically ‘early-type’ galaxies
(i.e. red, quiescent, or elliptical galaxies) have larger halo masses
than ‘late types’ (i.e. blue, star forming, or disc galaxies). In
general terms, this result is consistent with, e.g. Hoekstra et al.
(2005), Mandelbaum et al. (2006), and others, who find offset
SHMRs for generically red/early versus blue/late samples. Our
results offer additional details and insight, by beginning to map the
relations between these properties and halo mass at fixed stellar
mass.

The obvious next question is: which property or properties are
most closely correlated with halo mass? This is the question that
occupies the rest of this paper.

Considering first the empirical correlation between halo mass and
intrinsic stellar colour, (g — i), the binned results appear broadly
consistent with all blue [(g — i), < 0.75] galaxies in the sample
having M, & (2-4) x 10" Mg, and red [(g — i), = 0.075] galaxies
having My, =~ 8 x 10! M.
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Figure 6. Exploring variations in halo mass as a function of other key galaxy observables. The different panels show the apparent trend in the mean halo mass
as a function of stellar colour, SSFR, Sérsic index, and effective radius. Focusing on the points, which show the mean inferred halo mass in bins, there is a clear
and apparently linear correlation between halo mass and both Sérsic index and effective radius, which is in close accord with the linear fits to the sample as a
whole. For stellar colour and SSFR, we do see significant correlations with halo mass across the sample, but the binned results are arguably less consistent with

a simple linear dependence.

Letus entertain this scenario for a moment to tease out an important
aspect of our approach. While there is nothing preventing us from
fitting a linear relation between any two properties (e.g. to quantify
the strength of the correlation), it should also be recognized that
there is no guarantee that the result of such a fit will provide a good
description of reality. In order to have confidence that the linear
fit provides a faithful description of the underlying data, therefore,
what we are looking for is consistency between the fits and the binned
results. Conversely, where the binned results are not consistent with
the linear fits, this is a sign that the relationship between these two
properties is more complex than a simple linear correlation. That is
why we show both the binned values as well as the linear fits, as
complementary representations of the same underlying data. At the
same time, recognizing the size of the formal uncertainties in these
panels, we must acknowledge the real risk of overinterpreting the
data in this regard.

Turning next at the empirical correlation between halo mass and
effective radius, R., the indication is that galaxies with R, = 4 kpc
(i.e. the canonical ‘late types’, which have larger sizes, bluer colours,
and lower Sérsic indices) have approximately constant halo masses
~(3-5) x 10" Mg,. There is possibly the suggestion from the binned

results that there is a strong correlation between effective radius
and halo mass for canonical ‘early types’, such that more compact
galaxies have higher halo masses, but for the reasons above, this
cannot be taken as anything more than suggestive.

Parenthetically, we note that the inverse correlation between
My, and R. seen in Fig. 6 would seem, on its face, to be
counter to the results in Charlton et al. (2017), who find a positive
correlation between the offsets from the SHMR and size-mass
relations: Averaging over 9 < logM, < 11.5 and 0.2 < zppo
< 0.8, their result is A log Myao = (0.42 £ 0.16) A log R.. Noting
the major differences in how our results are derived (volume-
limited versus magnitude-selected lens samples; spectroscopic ver-
sus photometric redshifts used for lens selection and characterization;
narrow versus broad redshift windows; exclusion versus inclusion
of satellites), we cannot hope to uniquely identify the cause for
this apparent tension. That said, we do highlight that the Charlton
et al. (2017) results are derived in bins of absolute magnitude
and effective colour, with both offsets determined separately for
the red and blue galaxy subsamples. In this sense, the Charlton
et al. (2017) results are perhaps better viewed as probing third-
order correlations between M, and R, at fixed mass and colour,
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Table 1. Summarizing the results of our linear fits to the correlation between halo mass and various quantities. For each quantity, x, the first three columns give
the values for the linear relation My, = A (x — x) + b, as defined in equation (9). As described in Section 5.1, we use In 10 o, A/b as a metric to compare the
relative strength of the correlation between each property and halo mass. These values, given in the final column, can be interpreted as the amount of dispersion
in the SHMR that is directly coupled to the property in question, and as such, they provide an approximate lower bound on the dispersion around the SHMR.

Quantity, x Mean value, xq b = (Mpa0) A = 0Mpy10/0x  RMS value, ox Implied SHMR dispersion
Principal quantities of interest:
Specific star formation rate, log SSFR/[Gyr '] ~1.0103 0.39870:-00¢ —0.188702% 0.400 0.097008
Intrinsic stellar colour, (g — i) 0.6192 0.3847009 1.065+0:423 0.158 0.207910
Effective radius, log Re/[kpc] 1.5942 0.406 0008 —0.9897041) 0.226 0.24100¢
Sérsic index, logn 0.3179 045770032 1.007+9332 0.287 0.287009
Other astrophysical quantities:
Stellar mass, log My/[Mo)] 10.4865 0.38870003 0.3577083% 0.115 0.097902
Star formation rate, log SFR [Mg yr'] 0.4616 0.40779108 —0.153792% 0.392 0.087008
Effective stellar colour, (g — i) 1.0449 0.40170408 0.38870347 0.145 0.08700
4000 A break strength, Drgoo 1.4838 0.335790% 0.629792%0 0.279 0.23%0-1
Null results and controls:
Sérsic magnitude (apparent), iy 18.2147 0.38910:99¢ 0.08470-136 0.462 0.0610:9
: 0.107 +4.367 +0.07
Redshift, z 0.1479 0.38710107 0.74474357 0.022 0.087007
Declination, Dec./[deg.] 0.0631 0.37070 043 —0.04810:081 1.502 0.107908
Random value, x 0.4973 0.388 0101 —0.4677939 0.289 0.167008
Axial ratio, ¢ 0.4105 0.40979995 —0.4661 04 0.224 0.127940
Position angle, 6/[deg] 0.0813 0.40610- 100 ~0.0037 002 51.485 0.191519

and assuming that colour is the correct choice for the second-order
term.

Returning to the main discussion, the empirical correlation be-
tween halo mass and SSFR is less impressive than the other param-
eters we consider. There is maybe a hint that there is a correlation
between halo mass and SSFR for actively star forming galaxies, and
maybe also a slight inverse correlation for more quiescent galaxies.
The fact that the variation in halo mass seen in this panel is less
than in some others implies that SSFR does not play a primary role
in predicting halo mass (and vice versa). Instead, we judge it more
likely that the empirical correlation seen is a spurious correlation
induced by correlation between both SSFR and halo mass and some
other parameter(s).*

Turning finally to the empirical correlation between Sérsic index
and halo mass, here the binned data are most consistent with a simple
linear correlation between log n and halo mass. This is also the most
significant (in a statistical sense) correlation that we see in our data
set.

In summary, then, we have three possible ways of understanding
our data:

(1) a direct correlation between halo mass and galaxy concentra-
tion, as quantified by Sérsic index, n;

(ii) a correlation between halo mass and size for early-type
galaxies, with late types having approximately constant halo masses;
or

4This view is informed by a series of numerical experiments where we explore
the potential for ‘spurious’ correlations induced by more ‘fundamental’ cor-
relation between one particular parameter and halo mass. More specifically,
we find that the empirical correlation between halo mass and SSFR can be
largely or fully explained as a natural consequence of the empirical correlation
between halo mass and any of Sérsic index, effective radius, or intrinsic stellar
colour. The converse — that a correlation between halo mass and SSFR can
explain the observed correlations with other properties — is untrue.
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(iii) a bimodal distribution of halo masses, which is tied to the
bimodality in intrinsic stellar colour, (g — 7).

Or, of course, it could be some combination of all three. While
we cannot unambiguously discriminate between these scenarios with
the present data, we discuss potential interpretations of these results
further in the next section.

5 DISCUSSION: PROBING THE APPARENT
CONNECTION BETWEEN GALAXY
PROPERTIES AND HALO MASS

5.1 Quantifying the connection between halo mass and galaxy
properties

The essential idea that we explore in this section is the extent to
which, at fixed mass, the scatter around the mean/median SHMR
is directly coupled to one (and only one) particular galaxy prop-
erty. Our motivation here is that by finding the galaxy property
that is most directly associated with halo mass, we then have
circumstantial evidence for the primary mechanism(s) by which halo
mass influences galaxy evolution. Such a finding would also have
implications for, e.g. cosmological studies where assembly bias is
relevant.

Given the tight correlations between many different galaxy ob-
servables, how could we hope to identify such a property? The
simplest approach — and the only one that we might hope our data to
support — is to find the property that implies the largest spread of halo
masses across the sample. To see this, imagine that there is a tight
correlation between halo mass and some galaxy property, x, and that
this property x is itself correlated with some other property, y, but
with some scatter. To the extent that binning by y results in mixing
galaxies with different values for x — and by extension, My, — in
each bin, the effect will be to drive the mean value of My, in each
bin towards the average value for the sample as a whole. (Think of
the central limit theorem.) The result is therefore that the observed
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(mean) trend in halo mass as a function of y will be less than that as
a function of x.3

Another way of framing this question is: what galaxy property is
the best predictor of halo mass across our sample of log M, ~ 10.5
galaxies? By writing My, = A(x — xo) + b + €, where € represents
the offset from the mean relation between My, and x, we can see
the net dispersion in the SHMR as the sum (in quadrature) of two
terms. The first term is tied directly to the gross trend between Mpa,
and x, viz. Aoy, where o, represents the distribution of x across
the sample via the RMS value. The second term represents some
‘random’ or unknown dispersion around that mean relation via the
RMS value of the (unknown) €s. Since the net dispersion is a finite
quantity determined by astrophysics, it can be considered fixed. The
best predictor of My, is the quantity for which the €s are minimized,
or, conversely, where the value of Ao, is maximized. The quantity
Ao, can also be seen as providing an approximate lower limit on
the true dispersion in the SHMR, inasmuch as any intrinsic scatter
around the relation between My,), and x will propagate through to a
greater net dispersion.

With this in mind, we use the implied dispersion in the SHMR
as a quantitative basis for comparing the strength or significance
of the correlation between halo mass and other observables. In our
motivating remarks above, which assume Gaussian statistics, we have
used My,),. Since the SHMR dispersion is expected to be lognormal, it
makes more astrophysical sense to consider the Gaussian dispersion
in log My, i.€.

d log M halo

Olog Mhaio < 9x oy =1In10 9x

oM, halo Ox
(M halo ) '

where values for dMy,/d0x = A and (My,,) = b come directly
from the MCMC chains for our modelling. We note that since
this quantity is pure scalar (i.e. is dimensionless), it is robust to
any gross systematic errors in our halo mass measurements that
might arise due to choice of cosmology, halo modelling, shape or
redshift measurement systematics, etc. For this reason, we strongly
recommend the use of this parameter for comparisons between our
observational results and the results of other studies or models.

The inferred values for the SHMR dispersion, derived in this way,
are given in Table 1 for all of the properties we have considered.
Taking these estimated dispersions at face value, we would conclude
that the property most directly related to halo mass is Sérsic index,
with an implied SHMR dispersion of >0.28 dex. The strength
of the correlations between halo mass and effective radius and
intrinsic stellar colour is only slightly weaker, with an implied SHMR
dispersion of 20.24 dex and 20.20 dex, respectively.

11

5.2 Isit really not just stellar mass?

Our analysis specifically focuses on a narrow range of stellar mass,
in an attempt to identify correlations with halo mass at fixed stellar
mass. The formal random errors in the stellar mass estimates that our
selection is based on are typically 0.12 dex, which is not negligible in
comparison to our 0.4 dex selection window. The particular concern
here would come from Eddington-like biases: While individual
galaxies are as likely to scatter to higher or lower masses, the fact

By the same token, we cannot exclude the possibility that any (or even all)
of the four apparent correlations shown in Fig. 6 is ‘spurious’, in the sense
that they are simply a consequence of a properly ‘fundamental’ astrophysical
correlation between halo mass and some property, unidentified, which is itself
correlated with each of the observables we consider — but this is inescapable.
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that lower mass galaxies are more common produces a systematic
bias as more low-mass galaxies scatter up into the sample than high-
mass galaxies scatter down. The consequence of this would be that
we might be overestimating stellar masses nearer to our lower mass
limit, and underestimating those nearer to our upper mass limit.
Simple numerical experiments suggest that despite the fact that ~20
per cent more galaxies scatter across the lower selection boundary
than the upper one, the scale of this kind of bias on the mean
mass is <0.006 dex at the low-mass end, and even smaller at the
high-mass end. In short, the systematic impact that random errors
in the stellar mass estimates might have on our results really is
negligible.

The bigger concern might be differential systematic errors in
the stellar mass estimates, whereby there is some bias in galaxies’
stellar mass estimates that correlates directly with one or more
of the observable properties we have looked at. While we cannot
unambiguously rule out this possibility, we can ask how big such a
bias would have to be in order to fully explain our results, following
a simple argument based on propagation of errors. In order to explain
the apparent correlation between halo mass and Sérsic index, the
size of the differential systematic bias would have to be such that we
are underestimating the stellar masses of high-n galaxies by ~0.4
dex (i.e. a factor of & 2.5) relative to low-n galaxies; this would be
equivalent to missing 1 mag of flux. For size, the bias would have to
be such that we are overestimating the masses of large galaxies by
~(.25 dex, or a factor of &~ 1.8, relative to small galaxies. For colour,
the masses of red galaxies would have to be underestimated by ~0.35
dex, or a factor of ~2.25, relative to blue galaxies. While biases of this
size are not inconceivable (see Taylor et al. 2010, for constraints on
differential systematic errors on stellar mass estimates), they would
certainly be extreme, to the point of undermining the vast majority
of work on galaxy formation and evolution over the past several
decades.

5.3 Isit really halo mass?

At the most basic level, what we have shown is that there are
differences in the observed ESD profiles for lens samples split by
different lens galaxy properties, which we have interpreted as being
due to variations in mean halo mass across the sample. Another
possibility is that the observed differences in the ESDs profile are in
fact the result of variations of some halo property other than mass,
e.g. halo concentration.

Recall from Section 2.4 that we are forced to assume a strict prior
on halo concentration as a function of halo mass. This is because
we cannot properly constrain the values of either ¢ or My, for our
lens sample without such a prior. In this section, we do away with
this prior, and look at the joint or bivariate halo mass—concentration
constraints, P(Myg,, ¢), that can be derived from our data.

The change is just to allow ¢ to be a free parameter in the
NFW description of the halo ESD profile, X xpw (R|Mpaio, ¢) so that
equations (7) and (8) become bivariate expressions of both My, and
¢, rather than My, alone. What we have done is to map the bivariate
likelihood function, £(My,,, ¢), based on fits to the stacked ESD
profiles for each of our quartile subsamples.

The results of this exercise are shown in Fig. 7. While the
uncertainties are large, there is not clear evidence for significant
variation in halo concentration across the sample: The ¢ values for
each subsample are generally consistent with one another. This is
not true for halo mass, where there is clear evidence of significant
variations in the mean values for My, across the sample. While we
cannot be absolutely sure that it is mass that is uniquely driving the
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Figure 7. The joint constraints on halo mass and halo concentration, when binning by stellar colour, SSFR, effective radius, and Sérsic index. These figures
provide a means to test the proposition that it is really halo mass that is varying across the sample, rather than halo concentration. The solid, dashed, and dotted
contours in each panel show the region bounding the 50, 90, and 99 per cent confidence regions in the halo mass—concentration plane when fitting to stacked
ESD profiles for the sample split according to different properties. The filled points with error bars show the usual least-squares estimator and (symmetric)
standard error estimates, which are what one would obtain by marginalizing over either My, or c¢. The black dashed line shows the Duffy et al. (2008) Mp,10—¢
relation that we adopt as our prior elsewhere in the text; the open squares show the values of My, We obtain with this prior. In each case, the results for each
subsample are consistent with no systematic variation in halo concentration across the sample as a whole, where there is clear evidence for significant variation
in halo mass. This shows that we really are seeing variations in halo mass, rather than halo shape, across our sample.

observed correlations, we can therefore exclude the possibility that
our results are being driven solely by variations in halo concentration.

Further to this point, it is heartening that the data are broadly
consistent with our assumed prior. That said, there is also the
possibility that the variation in ¢ as a function of My, across our
sample (i.e. at approximately fixed stellar mass) is slightly steeper
than the global relation for all haloes. We also note that, in general,
the inferred variation in Mp,, across the sample would be greater if
we were to relax our strong prior on c¢: Looking at the subsample with
the highest mean halo mass in each panel of Fig. 7, it can be seen that
the inferred mean halo mass is ~30 per cent larger with a flat prior on
¢ compared to the much stronger c¢(M) prior from Duffy et al. (2008).
While we have no objective basis from which to argue that one or the
other value is more correct, what we can say is that a less restrictive
prior on ¢ would only increase the apparent variations in halo mass
across our sample, and so the inferred strength of the correlations
between halo mass and galaxy properties. This is another reason why
our inferred values for the dispersion in the SHMR should be viewed
as lower limits.

MNRAS 499, 2896-2911 (2020)

6 SUMMARY AND CONCLUSIONS

Our broad purpose with this paper has been to explore correlations
between halo mass, as measured by galaxy—galaxy weak lensing, and
other observable galaxy properties. Our work is based on a volume-
limited sample of central galaxies (see Fig. 1) spanning a narrow
range in stellar mass (10.3 < log M, < 10.7) and redshift (0.10 < z
< 0.18). This particular mass range is interesting because: (1) being
near the knee in the galaxy stellar mass function and the SHMR,
this represents the point of transition between the low- and high-
mass regimes of galaxy evolution; and (2) being where the various
bimodalities in galaxy properties are most pronounced, this is where
there is the greatest spread of galaxy properties at fixed mass, and
so where we have the greatest statistical lever arm for identifying
correlations with halo mass.

From a technical standpoint, the first novel aspect of this work is
that in addition to deriving halo mass measurements from stacked
ESD profiles, we have also explicitly modelled the full set of
unstacked profiles for all of the lenses in our sample. Specifically,
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as described in Section 2.4, we have made linear fits to the rela-
tions between halo mass and galaxy observables, where we have
considered all of the individual lenses in our sample simultaneously.
This approach can be viewed as intermediate between convention
and the two-dimensional modelling approach pursued in Dvornik
et al. (2019, 2020), which gets away from the stacking of many
sources into azimuthally averaged ESD profiles by considering each
source independently. We have validated our approach in Section 3
through comparison between our measurement of the SHMR over
this narrow mass range and previous results, and by demonstrating
that we see no correlation between halo mass and a number of
unrelated variables, viz. declination, redshift, or a random variable.
We discuss the (limited) potential for systematic biases in our results
in Section 3.2.

When considering the results shown in Figs 4, 5, and 6, it is
important to recognize that the lines should not be understood as fits
to the points. Where the points show the mean halo mass inferred
from stacked ESD profiles, after binning by a particular galaxy
property, the lines represent the inferred mean relation between halo
mass and the property in question, as inferred from our modelling of
the full ensemble of unstacked ESD profiles. The points and the lines
are therefore best understood as complementary representations of
the general trend across the sample. Note that our analysis here is
not directly sensitive to any additional scatter in halo mass around
the mean relations as we observe them; see Section 5.1 for further
discussion of this point.

Fig. 6 shows our essential results, which are the empirical
correlations between halo mass, and several key galaxy properties,
viz. intrinsic stellar colour (as a tracer of stellar populations generally
light-weighted mean stellar age in particular), SSFR, effective radius
(as a proxy for size and/or density), and Sérsic index (as an indicator
of galaxy structure or concentration, which can also be taken as a
proxy for bulge-to-disc ratio). We see evidence for variation in halo
mass as a function of each of the galaxy properties that we have
considered. In general terms, our main observational result is thus
that, for the same stellar mass, canonically ‘early-type’ galaxies have
larger halo masses than canonical ‘late types’.

Our results are qualitatively and quantitatively consistent with the
stellar-to-halo mass measurements (in the relevant mass range) of red
versus blue galaxies by, e.g. Hoekstra et al. (2005), Mandelbaum et al.
(2006), and Hudson et al. (2015). As discussed in Section 4, there is
at least superficial tension between our qualitative interpretation of
the relation between halo mass and galaxy size and that of Charlton
et al. (2017). Our results should be contrasted to complementary
studies by, e.g. Sonnenfeld, Wang & Bahcall (2019) and Huang et al.
(2020), who have investigated stellar-to-halo mass ratios as a function
of size/structure for very to supermassive galaxies (log M, > 11 and
>11.7, respectively). Our findings are also broadly consistent with
those of Alpaslan & Tinker (2020), who show strong correlations
between the properties of SDSS central galaxies and the combined
luminosity of their satellites, which they use as a proxy for halo mass.

At a basic level, what we have shown is that there are differences
in the lensing signal from haloes (more specifically, the ESD profiles;
see Fig. 2), which we are then interpreting as being due to variations
in the mean halo masses, as a function of different observables. It is
conceivable what we are seeing are really variations in some other
halo property, which we are mistakenly attributing to variations in
mass. An important factor in our process for inferring halo masses
is a strong prior constraint on halo concentration as a function of
mass, since we cannot place strong constraints on halo mass without
such a prior. In order to address the possibility that what we may
be seeing is variation in halo concentration, rather than mass, as a
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function of galaxy properties, we have looked at the joint halo mass—
concentration likelihood surface for various subsamples of our data.
As shown in Fig. 7, while the data are consistent with all subsamples
having approximately the same halo concentration, there is clear
evidence for variations in halo mass across the sample. It remains
possible that there is also some variation in halo concentration across
the sample, but it is clear that there is certainly significant variation in
halo mass. It also seems likely that relaxing the c(Mpa,) prior would
only strengthen the observed correlations, rather than reduce them.

As a way to derive new insights into the influence that halo
mass has on the formation and evolution of individual galaxies, our
particular goal is to identify galaxy properties that are most directly
correlated with offset from the SHMR. Saying the same thing in
another way, we are looking for what galaxy property (in addition
to stellar mass) is the best predictor of halo mass. Compared to past
studies, the novel aspects of this work are: (1) use of a narrow stellar
mass range, to control for stellar mass dependence as best we can;
and (2) a systematic consideration of multiple galaxy observables.

The observed variation in mean halo mass as a function of
galaxy properties within our sample demonstrates that log M, ~
10.5 galaxies span a range of halo masses; that is, at fixed mass,
there is significant dispersion in the SHMR. Moreover, the fact that
the observed variations in halo mass across our sample as a function
of colour, SSFR, size, and shape are larger than those as a function
of stellar mass clearly demonstrates that we are directly probing
the dispersion in the SHMR. We can thus use our sample to get
an approximate lower bound on the SHMR dispersion, under the
assumption that the offset from the mean SHMR is fully and directly
tied to one given observable (see Section 5.1). In this way, we can
limit the dispersion in the SHMR at log M, ~ 10.5 to be 20.3 dex.

While the expectation from simulations is that there should be
significant dispersion in the SHMR (as high as ~0.4 dex; Mitchell
et al. 2016), there are not yet many strong, direct observational
constraints (but see e.g. Cao et al. 2020). Abundance matching
and halo occupation modelling approaches typically find an inferred
dispersion in stellar mass at fixed halo mass of order 0.2 £ 0.02 dex
(e.g. Moster et al. 2010; van Uitert et al. 2015; Tinker et al. 2017).
This propagates through to an expected dispersion in halo mass at
fixed stellar mass of order 0.24 dex fora 10.3 < log M, < 10.7 sample
like ours. If there is any additional variation in stellar-to-halo mass
ratios beyond what is directly correlated with galaxy structure, then
the dispersion must be larger than the value of ~0.2 usually found by
abundance/halo occupation modelling of the SHMR. Alternatively,
if past results are correct, then our results would suggest that the
dispersion in the SHMR is essentially perfectly coupled to structure;
in other words, galaxies follow a sort of ‘Fundamental Plane’ as a
function of stellar mass, halo mass, and structure, with essentially no
scatter.

It is not possible with the present data set to definitively address
the question of which parameter is (or parameters are) most directly
and fundamentally tied to halo mass. However, in general terms, we
find that the structural properties of Sérsic index and effective radius
are better predictors of halo mass than stellar population properties
like stellar colour or SFR. The suggestion from the data is that
Sérsic index is slightly preferred over effective radius as the ‘more
fundamental’ parameter: Using the metric of the inferred dispersion
in the SHMR to compare the relative significance of the trends with
different parameters, the values are 0.281095 for Sérsic index and
0.24709 for effective radius, compared to 0.20751% for intrinsic
stellar colour. The value for SSFR is just 0.09700¢, but with the
caveats that (1) the binned-and-stacked results indicate that a simple
linear fit does not provide a faithful description of the mean relation
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between My, and SSFR, and (2) the observed trend with SSFR can
be explained as a spurious or secondary correlation.

A naive interpretation of our results would be that, at fixed stellar
mass: halo mass determines structure (but with some scatter); then,
structure determines stellar populations (but with some scatter).
One implication of this would be that galaxy structure (as traced
by effective radius and/or Sérsic index) responds more quickly to
changes in halo mass than does stellar colour, which would imply
that the structural transition from disc dominated to bulge dominated
precedes the colour transition from blue to red. By contrast, it would
seem that halo mass does not play a primary role in determining the
instantaneous SFR — or at least, SSFR is not a good predictor of M,
— in this mass range. By adopting stellar mass as the independent
variable or regressor, however, the implicit assumption in the above
is that stellar mass can be taken as a proxy for something like ‘degree
of evolution’.

A more theory-minded view would instead cast halo mass play
in this primary role. In this framing, our stellar mass selection
might be viewed as mixing halo populations such that a higher
halo mass is offset by a lower stellar-to-halo mass ratio or vice
versa. The interpretation would then be that, at fixed halo mass: a
more concentrated stellar structure in the present day is associated
with relatively less stellar mass; conversely, a more extended and/or
discier stellar distribution is associated with a relatively larger stellar
mass. From this point of view, the implication of our results would
be that the processes of star formation and/or stellar assembly have
gone slower (through differences in environment, merger history,
stellar feedback, or internal dynamics) and/or ended sooner (through
differences in environment, merger history, AGN feedback, or
internal dynamics), to produce the relatively lower stellar-to-halo
mass ratios for generically early types.

The crucial question thus remains: what is the nature of the astro-
physical causal connection(s) underpinning the observed statistical
correlations? From the observers’ side, one avenue for further study
is the degree to which the dispersion around the SHMR is ‘random’
— in the sense that it is the product of stochastic processes that
are not closely correlated with other halo particulars like formation
time or large-scale environment — or if it instead reflects some form
of assembly bias (see e.g. Wang, De Lucia & Weinmann 2013;
Alpaslan & Tinker 2020). We have no direct means of probing this
question with the present data/analysis — instead, what is needed are
models that reproduce our results, which can then be interrogated to
see how this behaviour comes about in the models.

In cosmological models of galaxy formation, the mechanism for
long-term quenching of star formation in massive galaxies is by
heating the gas in the outer halo, and thereby preventing or disrupting
further gas accretion on to the galaxies. The subgrid prescription
for this ‘maintenance mode’ feedback is usually, but not uniquely,
associated with kinetic and/or energetic feedback from the central
black hole (see e.g. Davé, Thompson & Hopkins 2016). To the
extent that AGN feedback scales with black hole mass, and black
hole mass scales with bulge mass, and bulge-to-total ratio scales
with Sérsic index, our results might be used as an indirect test of
AGN feedback prescriptions. For a different perspective, our results
would seem at least superficially consistent with, e.g. Snyder et al.
(2015), who show that within 10'> M, haloes from the IllustrisTNG
simulations, discier galaxies tend to have higher stellar masses, and
also Tachella et al. (2019), who argue that present-day structure is
set during the star-forming phase, where stellar feedback is more
important. Following this line of argument, our results might be a
more sensitive test of stellar feedback prescriptions (but modulo any
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effects of assembly bias). In this spirit, we present our observations
as targets for modellers to aim to reproduce.

With this first exploratory study, we have demonstrated the
feasibility and utility of unstacked lensing profiles to probe variations
in halo mass across an ensemble. Looking ahead, the obvious
next question is whether similar trends exist for lower and higher
masses. This will need more work, and possibly also larger samples
to obtain sufficient signal in the lensing measurements. Taking a
broader perspective, this study also shows the value of having
galaxy demographic survey data as a foreground screen for wide-area
lensing surveys. In this, we particularly highlight the opportunities
that will be afforded by the combination between KiDS and WAVES-
Wide (Driver et al. 2019), as well as between Euclid and a proposed
4MOST Hemisphere Survey (4HS), in the next few years.
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