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ABSTRACT

The canonical Lambda cold dark matter (ACDM) cosmological model makes precise predictions for the clustering and lensing
properties of galaxies. It has been shown that the lensing amplitude of galaxies in the Baryon Oscillation Spectroscopic Survey
(BOSS) is lower than expected given their clustering properties. We present new measurements and modelling of galaxies
in the BOSS LOWZ sample. We focus on the radial and stellar mass dependence of the lensing amplitude mismatch. We
find an amplitude mismatch of around 35 per cent when assuming ACDM with Planck Cosmological Microwave Background
(CMB) constraints. This offset is independent of halo mass and radial scale in the range My, ~ 1013310139 ! Mg and
r = 0.1-60 h~"Mpc (k 22 0.05-20 h Mpc ™). The observation that the offset is both mass and scale independent places important
constraints on the degree to which astrophysical processes (baryonic effects, assembly bias) can fully explain the effect. This
scale independence also suggests that the ‘lensing is low’ effect on small and large radial scales probably have the same physical
origin. Resolutions based on new physics require a nearly uniform suppression, relative to ACDM predictions, of the amplitude
of matter fluctuations on these scales. The possible causes of this are tightly constrained by measurements of the CMB and of

the low-redshift expansion history.

Key words: cosmological parameters —dark matter — large-scale structure of Universe.

1 INTRODUCTION

The Lambda cold dark matter (ACDM) model makes precise
predictions about the large-scale structure properties of the Universe.
In this model, the expansion history of the Universe is determined by
radiation, matter, and dark energy (A); and the growth of structure
follows that of a collisionless fluid called dark matter. Large galaxy
surveys map the matter field via galaxies that reside in gravitationally
collapsed structures called dark matter haloes. Given the wealth
of information available from current observations, one can make
testable predictions via the ACDM model despite not knowing a
priori how galaxies occupy dark matter haloes, a relationship called
the galaxy—halo connection.

In recent years, fueled by the increasing precision of cosmological
measurements, there is mounting evidence that the canonical
ACDM fails at correctly predicting observations. At the forefront
of this tension between ACDM and observations are comparisons
between inferences from the cosmic microwave background (CMB)
and low-redshift observations of the nearby Universe. The most
significant finding is the so-called H-tension: observations of the

* E-mail: jolange @ucsc.edu

CMB (Planck Collaboration VI 2020) infer a lower value for the
present-day expansion rate of the Universe than direct measurements
(see e.g. Riess et al. 2019). Ultimately, this finding could point to
revisions to our standard ACDM model (see Knox & Millea 2020,
and references therein).

In addition to the Hj tension, there is also increasing evidence
that CMB predictions for the amount of structure in the low-redshift
Universe do not match with observations. The tension is commonly
expressed in terms of constraints on Sy = 0g+/Q2,/0.3, where o is
strength of matter fluctuations and €2, is the fraction of the matter—
energy density of the Universe in matter. For example, a variety of
studies analysing galaxy clustering and galaxy—galaxy lensing favour
values for Sg that are around ~15 per cent lower than the values
preferred by the Planck Collaboration VI (2020) analysis (Cacciato
et al. 2013; Leauthaud et al. 2017; Abbott et al. 2018; Lange et al.
2019b; Singh et al. 2020; Yuan, Eisenstein & Leauthaud 2020b).
The statistical significance of the discrepancy for each of these low-
redshift studies and the CMB is at the level of >20 depending on the
data and scales analysed. Similar tensions have been found through
studies of clusters selected by the Sunyaev—Zeldovich effect (Planck
Collaboration XXVI2016), cosmic shear (Troxel et al. 2018; Hikage
etal. 2019; Hildebrandtet al. 2020), and the Lyman & power spectrum
(Palanque-Delabrouille et al. 2020).
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An alternative manifestation of this problem is that models for the
galaxy—halo connection fit to the clustering properties of galaxies
do not correctly predict their galaxy—galaxy lensing amplitudes if
the best-fitting cosmological parameters of the Planck Collaboration
VI (2020) analysis are assumed. Leauthaud et al. (2017) show that
different models for the galaxy—halo connection in the Baryon Os-
cillation Spectroscopic Survey (BOSS) CMASS sample overpredict
the measured lensing signal by around 40 per cent on non-linear
scales. This finding was later also confirmed for the BOSS LOWZ
sample (Lange et al. 2019b; Singh et al. 2020; Wibking et al.
2020). Additionally, it was shown that assembly bias, the often
neglected effect that the clustering amplitudes of dark matter haloes
depend on halo properties besides mass, cannot fully account for
the mismatch in the lensing amplitudes (Lange et al. 2019b; Yuan
et al. 2020b). Similarly, it was shown that the impact of baryons
on the matter distribution on small scales is insufficient to explain
the observations, both based on predictions from hydrodynamical
simulations (Leauthaud et al. 2017; Lange et al. 2019b) and via
constraints from observations of the thermal Sunyaev—Zeldovich
effect (Amodeo et al. 2020). Recently, Zu (2020) asked whether
or not extreme galaxy-halo models could explain the lensing-is-
low effect on small scales. However, we argue later that this would
require satellite fractions that are likely to be inconsistent with other
observations.

Interestingly, a recent study of the Dark Energy Survey (DES)
found evidence that the relative amount by which the lensing
amplitude is overpredicted could depend on host halo mass (Abbott
et al. 2020). They show that the cosmological constraints they obtain
from a combination of cluster abundance and weak lensing masses
depend on the cluster sample analysed. Particularly, clusters with
low richness, i.e. few satellite galaxies, prefer lower values for Sg.
Similarly, the relative overprediction of the lensing amplitudes was
shown to be the strongest for galaxies living in low-mass haloes. If
not due to observational systematics (Abbott et al. 2020), this finding
would place interesting constraints on theoretical models explaining
the lensing overprediction. For example, changes in the cosmological
parameter Sg would have a roughly mass-independent impact on the
predicted lensing signal at fixed clustering (Lange et al. 2019b).
Similarly, for the hydrodynamical simulations analysed in Lange
et al. (2019b), there was also no strong halo mass dependence to the
relative impact of the galaxy—galaxy lensing amplitude.

The goal of this work is to analyse the mass and radial dependence
of the mismatch between predicted and observed lensing amplitude
under the Planck Collaboration VI (2020) ACDM cosmology. In
this work, we do not explicitly model the effects of galaxy assembly
bias and baryonic feedback. These two effects have already been
studied elsewhere (Leauthaud et al. 2017; Lange et al. 2019a; Yuan
et al. 2020b) and both effects have been shown to be important
on smaller scales, r < 5h~'Mpc, but are complex and non-trivial
to model. Instead, our findings on the mass and scale dependence
places model-independent constraints on these and other physical
explanations for the lensing amplitude mismatch. To this end, we
analyse the clustering and lensing properties of galaxies in the
BOSS LOWZ galaxy sample. Specifically, we analyse LOWZ galaxy
samples selected by stellar mass which is known to be correlated with
halo mass. Additionally, by analysing different stellar mass estimates,
we can also place limits on which mass estimates correlate more
strongly with halo mass (Tinker et al. 2017). Because of the tight
correlation between stellar and halo mass (Wechsler & Tinker 2018),
a strong correlation between a stellar mass estimate and halo mass
could be seen as indication for a stellar mass estimate being more
accurate, i.e. more strongly correlated with the intrinsic stellar mass.

Mass and scale dependence of lensing is low
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This work extends Leauthaud et al. (2017) and Lange et al. (2019a)
to larger radial scales and presents higher signal-to-noise lensing
measurements. This work extends Singh et al. (2020) to smaller radial
scales and adds in new constraints on the halo mass dependence of
the ‘Lensing is Low’ effect.

Throughout this work, we assume a ACDM cosmology with 2y, o
= 0.307 for our clustering and lensing measurements. All scales
and lensing amplitudes reported are in comoving units and scaled
by h = Hy/(100km s~ Mpc™!) to be independent of the choice of
h. Our paper is structured as follows. In Section 2, we describe our
observational data and measurements. The modelling framework is
described in Section 3. We present our main results in Section 4 and
discuss them in Section 5. Finally, our conclusions are presented in
Section 6.

2 OBSERVATIONS

Our sample of galaxies is drawn from the BOSS DR12 LOWZ large-
scale structure sample (Reid et al. 2016). The BOSS LOWZ selection
primarily targets galaxies in the redshift range 0.1 < z < 0.45. For
our analysis, we only study galaxies in the narrower redshift range
0.2 < z < 0.35 to avoid having to model redshift evolution effects in
the survey. As discussed in Ross et al. (2017), galaxies in the North
(NGC) and the South Galactic Cap (SGC) regions of BOSS have
slightly different photometry and thereby target selections. To avoid
systematic errors, we only consider galaxies from the larger NGC
area.

2.1 Stellar masses

We analyse three different stellar mass, M,, estimates. The first two
are directly derived from SDSS data: the “Wisconsin’ masses based
on a Principal Component Analysis (PCA) of the BOSS spectra
(Chen et al. 2012) and the ‘Granada’ stellar masses' based on
photometry (Ahn et al. 2014). For the ‘Granada’ estimates, we utilize
results assuming a wide prior on the star formation history and the
possibility for dust extinction. In both cases, we use the results from
a Kroupa (2002) initial mass function (IMF).

Finally, we use a new stellar mass estimate based on deeper
photometry from the DESI Legacy Imaging Surveys DR8 (Dey et al.
2019;Zhou et al. 2021). First, objects in the Legacy surveys have been
cross-matched with SDSS spectroscopic targets, including BOSS
LOWZ. This allows us to access deeper photometric data, including
near-IR bands from the Wide-field Infrared Survey Explorer (WISE;
Lang 2014). To convert photometry to stellar mass estimates, Legacy
targets are cross-correlated with galaxies from the Stripe 82 Massive
Galaxy Catalog (MGC; Bundy et al. 2015) that have spectroscopic
redshifts. Then, a random forest is trained to reproduce near-IR
masses from the MGC given the Legacy photometry. This can be
done with a precision of around 0.1 dex and no strong systematic
shift. The trained random forest is then applied to all BOSS LOWZ
targets and their associated Legacy fluxes. We note that for around
5 per cent of all BOSS LOWZ targets, no Legacy photometry can
be associated. In this case, we use a Wisconsin stellar mass as a
proxy: If a galaxy originally without a Legacy stellar mass estimate

!For the Granada masses, we use the median posterior mass of the publicly
available data, not the best-fitting mass. We find that the former correlates
more strongly with the other two stellar mass estimates and also results
in a stronger clustering of the most massive galaxies, indicating a stronger
correlation with halo mass (Tinker et al. 2017).

MNRAS 502, 2074-2086 (2021)

120z ABIN G0 U0 1SaNnB AQ ¥BE /1 L9/¥202/2/20S/l0Ie/Seuw/woo"dno-ojwapese/:sdny woly papeojumoq



2076  J. U. Lange et al.

has a Wisconsin mass estimate placing it into the nth percentile of
all Wisconsin mass estimates, we assign it the nth percentile of all
Legacy masses.

In order to study the mass dependence of the lensing and clustering
properties, we bin galaxies into three bins according to their stellar
mass estimates. The bin edges are defined by [11.3, 11.5, 11.7, oo],
[11.4, 11.57, 11.75, oc], [11.1, 11.3, 11.5, oo] in logM,/Mg for
the Wisconsin, Granada, and Legacy mass estimates, respectively. In
all cases, the lower bin edges roughly mark the top 95th, 50th, and
12th percentiles of all masses. In general, we expect higher stellar
masses to correlate with higher clustering and lensing amplitudes.
The amount of correlation is related to how well the stellar mass
estimates trace the host dark matter halo mass (Tinker et al. 2017).
We use the observed stellar mass function (SMF) as constraint on
our galaxy—halo connection models. We use five mass bins starting
from log M, = 11.3, 11.4, and 11.1 for the Wisconsin, Granada,
and Legacy masses, respectively. The first four bins have widths
of 0.1dex whereas the last bin goes to log M, = oco. We assume
a constant, uncorrelated 5 per cent observational uncertainty for all
SMF bins when fitting the data. This uncertainty, which is larger than
the actual observational uncertainty, is chosen to not let small details
of the SMF strongly affect fits on the galaxy—halo connection.

2.2 Clustering

We estimate galaxy clustering using the projected correlation func-
tion, wy,

+77, max
wp(rp) = / Sgg(rn’rp)drﬂ 5 (1)
—F7,max
where &, is the 3D galaxy two-point correlation function and r,
and r;, are the projected and perpendicular coordinates, respectively.
As the integration boundary we choose 7, = 1002~ Mpc. We
measure w,, in 14 logarithmic bins in r, going from 0.1 to 63 2~ Mpc.
The two-point correlation function &, is estimated with the Landy
& Szalay (1993) estimator. Additionally, we use the algorithm
developed in Guo, Zehavi & Zheng (2012) to correct for the impact
of spectroscopic incompleteness due to fibre collisions.
Uncertainties on the measurements are estimated from jackknife
re-sampling of 75 roughly equal size areas. Because of the non-
negligible noise in the covariance matrix estimate, we apply a
Gaussian smoothing with a scale of 1 bin for bins close in 7, to the
correlation matrix. We neglect the diagonal terms of the correlation
matrix which are unity by definition. See Mandelbaum et al. (2013)
for a similar approach. We show the resulting correlation matrix C,,
in Fig. 1. We see non-negligible correlations, especially at large rp,
even between different stellar mass bins.

2.3 Lensing
We estimate the so-called excess surface density, AX
AZ(r) = (E(< ) — Z(n), @

by cross-correlating BOSS galaxies with background galaxy shape
measurements from SDSS. We follow the same methodology as
in Singh et al. (2020). Specifically, we use the shape catalogue
presented in Reyes et al. (2012). Our estimator for the excess surface
density is

14+m
AS = fri—T AT, — ASR). 3
fo R (A% R) 3
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Figure 1. Assumed correlation matrix for the w, measurements. The labels
indicate the stellar mass bins in log M,. The projected radius r, increases
from left to right and bottom to top. The results here are for the Wisconsin
stellar masses. The correlation matrices for the Granada and Legacy mass
estimates are qualitatively and quantitatively similar.

Here, fii,s = 1.1 is a correction factor for photometric redshift errors,
i.e. it corrects for biases due to photometric redshift inaccuracy and
sources physically in front of the lenses. Furthermore, 1 4+ m = 1.04
is a correction for shear biases and R = 0.87 the shear responsivity
correction factor. As discussed in Singh et al. (2020), the product
of all these correction factors has an uncertainty of ~ 6 per cent that
is dominated by the uncertainty of fi;,s. Thus, our measured lensing
signals have an overall systematic uncertainty of 6 per cent. Note that
this uncertainty in the normalization should be independent of scale
7p or stellar mass of the sample. Finally, AX; and AXy are the raw,
uncorrected measurements of the excess surface density for the lenses
and a set of random points, respectively. Subtracting the signal around
random points can mitigate residual additive systematic biases in the
lensing signal and reduce the overall statistical uncertainty (Singh
et al. 2017). The raw lensing amplitudes are calculated via

AS = oL Dos wise Az, Zs)’ @

DR 2s WRS

where ) 1 denotes a sum over lens galaxies, > g a sum over
equivalent random targets and » s a sum that goes over all sources
with zs > zp. and within a certain projected distance from the lens
or random target. Note that in the denominator, the sum is over
random source pairs which amounts to applying the correction for
boost factor (Sheldon et al. 2004). Additionally, e, is the tangential
ellipticity, A X the critical surface density

1 c? D(zs)
(1+2.)? 471G Da(zy, zs)Dalzn)’

Dy, the angular diameter distance and wyg the weight assigned to
each lens—source pair. We refer the reader to Singh et al. (2020)
and Leauthaud et al. (in preparation) for a detailed discussion of the
galaxy—galaxy lensing computation.

We calculate the galaxy—galaxy lensing signal in 14 logarithmic
bins in r,, going from 0.1 to 63 h~'Mpc, the same bins as for cluster-
ing. Similarly, uncertainties are derived from jackknife resampling of
68 regions. We apply the same Gaussian smoothing to the covariance
matrix as for w, to de-noise the covariance estimate. We ignore
the cross covariance between clustering and galaxy—galaxy lensing
measurements.

AXei(zL, 2s) =

(&)
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3 MODELING

To make predictions for galaxy clustering and galaxy—galaxy lensing,
we directly populate dark matter-only simulations with galaxies. This
approach, in contrast to empirical halo models (see e.g. van den Bosch
etal. 2013), is necessary for percent-level accurate predictions in the
highly non-linear regime (see e.g. Reid et al. 2014; Saito et al. 2016;
Leauthaud et al. 2017; McClintock et al. 2019a, b). For this work,
we use simulations from the publicly available Abacus simulation
suite (Garrison et al. 2018). Specifically, we use the z = 0.3 outputs
from the 20 AbacusCosmos_720box_planck simulation runs.
The output redshift is close to the mean redshift of the BOSS LOWZ
sample analysed, z = 0.285. The cosmology used in these simulations
is characterized by Hy = 67.26kms™! Mpc’l, Qmo = 0.3142, and
oy = 0.830. Particularly, Ss = 0.849 is on the high end of the Planck
Collaboration VI (2020) analysis where Sg = 0.832 £ 0.013 (TT, TE,
EE + lowE + lensing). As shown in Section 5.2, we expect that using
the Planck values would lower the lensing prediction by less than
5 per cent, without a strong mass or scale dependence. Thus, it would
not qualitatively change the results of this work. Haloes in the simula-
tion are identified with the ROCKSTAR halo finder (Behroozi, Wech-
sler & Wu 2013). Additionally, we use a random 0.5 per cent subset
of all simulation particles to probe the underlying matter density field.

3.1 Galaxy-halo connection

There exist several methods to populate dark matter-only simulations
with galaxies (see Wechsler & Tinker 2018, for a review). These
methods include semi-analytical models, semi-empirical models,
and subhalo abundance matching models. In this work, we populate
dark matter haloes in the simulation according to a Halo Occupation
Distribution (HOD) model. Compared to the other three methods,
HOD models have the greatest flexibility and allow us to make
the smallest amount of intrinsic assumptions about the galaxy—
halo connection. More specifically, we use a conditional stellar
mass function (CSMF) parametrization which allows us to predict
the abundance of galaxies as well as their clustering and lensing
properties as a function of stellar mass. We note that Leauthaud
et al. (2017) have shown that the exact choice of the galaxy—halo
connection model does not have a strong impact on the lensing
prediction at fixed clustering.

In our CSMF framework, each isolated halo can host two types
of galaxies: central galaxies are placed at the centre of haloes and
satellite galaxies orbit inside the gravitational potential well. We
assume that the average number dN of galaxies with a stellar mass in
the range log M, =+ dlog M, /2 living in a halo of mass M}, is given by

dN

————— (M. |My) = ®(M.|My) + DM, My). 6
dlogM‘( | M) (M| My) + P(M.,|My) (6)

We furthermore assume that the number of centrals follows a
Bernoulli distribution, i.e. the number can only be O or 1, and the
number of satellites follows a Poisson distribution.

The central CSMF @, is given by a lognormal distribution

[ (log M(M@/M»z]
exp | — )

2
20},

O (M, | M) = @)

2
2oy,

where the characteristic stellar mass is parametrized by the stellar-
to-halo mass relation (SHMR)
(My/ My, )"

M.(My) = M,, —
! T+ /My )

(®)
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Overall, we have five parameters, oy, , log M, o, log My, 1, 1, and y»,
parametrizing the central galaxy occupation. However, we fix y| =
4.0 because it is virtually unconstrained at the high stellar masses we
are probing.

Similarly, the satellite CSMF is given by

as+1
Dy(M.|My) = ¢s(Mpy) (In 10) (7T . )
M, (My)

2
X exp [—105s (ﬁ) ] ) )
where
log ¢ps(My) = by + by log My, /(1022 ™M) (10)
and
log M[(My) = log M,(My) — 0.25 (11)

These definitions follow the parametrizations used in Yang, Mo &
van den Bosch (2008), Cacciato et al. (2009), and Lange et al. (2018)
and have four free parameters: o, d, bg, and b;.

The above model describes the abundance and stellar masses of
all galaxies. However, only a subset of all galaxies, luminous red
galaxies (LRGs), receive spectroscopic redshifts in BOSS. Thus, we
need to model this selection, as well. We assume that the probability
¢ for a galaxy to obtain a spectroscopic redshift in in BOSS LOWZ
depends on both its stellar mass M, and its halo mass M in the
following way:

12)

1 1 MO‘FMI*“F M, M—]
o(M,, My) = Eerfc (_ og M" M, " (My) *T) '

or

The parameters M, r and ot determine the mass and rate at which the
completeness changes from O to 1. Additionally, the parameter ar €
[0, 1] determines how much the completeness depends on stellar
mass versus halo mass. Specifically, for o = 1 it depends purely
on stellar mass and for o = 0 on halo mass only. This definition
generalizes the one used in Guo, Yang & Lu (2018) by introducing
a possible halo mass dependence. Such a dependence is necessary if
galaxy properties determining BOSS selection cuts, i.e. luminosity
and colour, correlate with halo mass at fixed observed stellar mass
(Saito et al. 2016; Berti et al. 2021). In principle, we could vary
the three free parameters for centrals and satellites independently.
However, we set o = 1 for satellites since those parameters would
be largely degenerate with the satellite occupation parameters and
use the same o for centrals and satellites. Overall, we have four
free parameters describing the incompleteness of the BOSS LOWZ
sample: M, r ¢, M, r, or, and ar

Finally, we assume satellites inside a dark matter halo to be
distributed according to an NFW profile (Navarro, Frenk & White
1997)

1

S

where logn is a free parameter that regulates the spatial bias of
satellites and r; is the (dark matter) scale radius of the halo. We vary
n independently in the three different stellar mass bins for which
we measure galaxy clustering and galaxy—galaxy lensing. Given the
effect of mass segregation (van den Bosch et al. 2016), one would
expect 1 to increase with stellar mass. Overall, we have 15 free
parameters describing the galaxy—halo connection.

n(r) o« (13)

MNRAS 502, 2074-2086 (2021)
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3.2 Mock observables

We use HALOTOOLS (Hearin et al. 2017) to create mock galaxy
populations from halo catalogues and the parametrized galaxy-—
halo connection. Furthermore, we use the same software package
to create mock observables to be compared from these mock galaxy
catalogues. For each parameter choice of the galaxy—halo connection,
we calculate mock observables, i.e. w, and AX, by averaging the
results from all 20 simulation boxes. We refer the reader to Lange
et al. (2019b) for a detailed discussion of the equations underlying
the estimation of AX from simulations. Finally, we use a pre-
computation algorithm? (Reid et al. 2014; Zheng & Guo 2016; Lange
et al. 2019b) to speed up the calculation of mock observables. The
main idea is to compute halo auto- and cross-correlation functions,
i.e. wp, as well as the halo-matter cross-correlation functions, i.e.
A, as a function of halo mass. To this end, we use 100 bins in halo
mass going from log M;,/h~'Mg = 12.0 to 15.4, the highest halo mass
in the simulations. These correlation functions can then be convolved
with the galaxy occupation as a function of halo mass to predict the
clustering properties and lensing properties of galaxy samples. Thus,
to make predictions for galaxies, one does not need to analyse the
positions of individual galaxies and matter particles, thereby greatly
reducing the computational cost (Zheng & Guo 2016).

We note that when calculating the expected galaxy—galaxy lensing
signal, we place satellites into random positions in the host halo
according to an NFW profile. However, this ignores the fact that
satellites are hosted by subhaloes that are themselves density peaks
inside the host dark matter halo. This additional subhalo lensing term
has been measured in observations (see e.g. Li et al. 2016; Sifén et al.
2018) but its exact contribution for our lensing predictions cannot
be predicted a priori because it depends on the relation between
observed stellar and subhalo mass. Following the model in Zu &
Mandelbaum (2015), we estimate that the additional contribution
of a subhalo lensing term is of the order of ~15 per cent for the
low-mass samples and ~5 per cent for the high-mass samples at
r, = 0.1 Mpch~!. However, the effect should fall off steeply with
r, and be negligible at 7, > 0.5 Mpc 2~ Ultimately, accounting for
the subhalo lensing part would only increase our lensing prediction.
Thus, ignoring this effect is a conservative assumption regarding the
finding that lensing is low.

4 RESULTS

Our analyses follows the general approach employed in Leauthaud
et al. (2017). First, we fit a model for the galaxy—halo connection to
the SMF and clustering properties of galaxies. This is done separately
for the three different measurements corresponding to the three
different stellar mass estimates. Afterwards, for each stellar mass
estimate, we study the predictions for the stellar mass-dependent
lensing amplitude and compare them against our measurements.
Specifically, we want to investigate whether the ratio of observed
to predicted lensing amplitude depends on halo mass or radial scale.

4.1 Galaxy clustering

In the upper panels of Fig. 2, we show the projected galaxy clustering
measurements wp qps for the different stellar mass selected samples.
For all three stellar mass estimates, we find that higher stellar masses
result in larger clustering amplitudes on all scales. This is expected

Zhttps://github.com/johannesulf/TabCorr
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because of the correlations between stellar mass and halo mass as
well as halo mass and clustering. When comparing the three different
stellar mass estimates, we find that the Wisconsin mass estimates
lead to the strongest clustering differences between different stellar
mass samples, followed by the Legacy mass estimates and finally the
Granada mass estimates.

We now fit the galaxy—halo connection model described in
Section 3.1 to the observed SMF @, and projected clustering wp ops-
This is done for each of the three stellar mass estimates separately.
We assume flat priors for all parameters as listed in Table 1 and a
multivariate Gaussian likelihood, i.e.

Xdur + X 3)],

Inf=-— 14
n 5 , (14)
where

(CDO S(Mr,i) - CI)mo (M*,i))z
XSZMF = Z > < , (15)

(0.05 D5 (M,,1))?

reflecting a 5 per cent uncorrelated error on the SMF, as discussed
earlier, and

2 T ~—1
pr = (wp.obs - wp,mod) pr (wp,obs - wp,mod)~ (16)

We use the nested sampling (Skilling 2004) code MULTINEST
(Feroz & Hobson 2008; Feroz, Hobson & Bridges 2009; Feroz
et al. 2019) to evaluate the posterior of galaxy—halo connection
parameters. We use 5000 live points, a target efficiency of 5 per cent
and a stopping criterion of A In Z = 1073, Constant efficiency mode
is turned off.

The clustering prediction of the galaxy—halo connection model is
shown in the upper panel of Fig. 2 with bands denoting 95 per cent
uncertainty ranges. Similarly, the lower panels display the difference
between the best-fitting model and the observations in units of the
observational uncertainty. Overall, the model is able to qualitatively
predict the clustering amplitudes for all three stellar mass esti-
mates. The x2 value is 38, 33, and 39 for 47 data points and 15
free parameters for the Wisconsin, Granada, and Legacy masses,
respectively. In our galaxy-halo connection model, the different
clustering properties of the three stellar mass estimates are largely
explained by different scatter of stellar mass at fixed halo mass.
The scatter is oy, = 0.13270011, 0.17179013, and 0.149001% for
the Wisconsin, Granada, and Legacy stellar masses, respectively.
This follows the trend observed in the clustering with the Wisconsin
(Granada) masses having the strongest (weakest) correlation of stellar
mass with clustering and smallest (largest) oy, . For all three stellar
mass estimates, we also find that the model favours mass segregation,
i.e. 11 < 12 < n3. In Fig. 3, we show the predicted host halo mass
distributions for each of the three best-fitting models. As expected,
the Wisconsin and Legacy models predict a stronger difference in
the halo mass distributions of the three stellar mass bins than the
Granada model.

4.2 Galaxy-galaxy lensing

As discussed in Leauthaud et al. (2017), fitting galaxy—halo models
to small-scale clustering data provides precise predictions for the
lensing amplitude if cosmology is kept fixed and assembly bias and
baryonic feedback are ignored. In the upper panels of Fig. 4, we
show as bands the 95 per cent uncertainty predictions for the galaxy—
galaxy lensing amplitude in different stellar mass bins. As expected,
the galaxy—halo connection models based on clustering predict a
positive correlation between the lensing amplitude and the stellar
mass of the sample. Similarly, in accordance with the results in the
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Figure 2. Projected galaxy clustering as a function of comoving projected separation. From left to right, we show the results for the Wisconsin, Granada,
and Legacy mass estimates, respectively. Different colours correspond to the different stellar mass bins. The upper panel displays the measurements with 1o
uncertainties as error bars and the bands signify the 95 per cent posterior of the model fitted to the clustering. The lower panels show the difference between the
measurements and the best-fitting models in terms of o. Overall, the Wisconsin and Legacy mass estimates produce a slightly larger correlation of mass with
clustering properties than the Granada mass estimates.

Table 1. Prior and posterior constraints on galaxy—halo connection parameters for the three
different stellar mass estimates. All priors are chosen to be flat.

Parameter Prior Posterior

Minimum Maximum Wisconsin Granada Legacy
log M, ¢ 10.0 12.0 11067934 11.377912 10737929
log Mp | 11.0 14.0 11.847039 12.12+0:13 11724038
2 0.05 0.4 0.2937005°0 0.17370422 0.32970083
Tlog M, 0.1 0.25 0.1327001 017170012 0.14970014
bo -35 1.5 0.567046 2541274 0.637044
by -2.0 3.0 —0.041037 125792 —0.10103)
24 ag 3.0 2.0 —-2.307% 1167579 2381073
or 0.01 0.3 0.04470:02¢ 0.04970:039 0085700
log Mr 10.0 12.0 11.38070012  11.43910919  11.18870013
log Mr 10.0 12.0 11.42870010  11.42475970 11.24475016
ar 0.0 1.0 0.331018 0.78701¢ 0.667011
8 - 1.0 1.0 -0.53%023 —0.411012 —-0.72+0%
i 0.5 2.0 0.61170487 0.58570030  0.5797013¢
m 0.5 2.0 1.051032 0.847040 1.60702¢
m 0.5 2.0 1747537 1577539 176708

previous subsection, the models for the Wisconsin and Legacy mass
estimates predict the widest spread in lensing amplitudes between
the different subsamples.

In the same panels, we show as error bars the measurements from
cross-correlating our samples with SDSS galaxy shapes. We see that
the measurements reproduce the positive correlation of stellar mass
and lensing amplitude. However, for all three stellar mass estimates,
the lensing amplitude is significantly overpredicted for almost all
stellar mass bins and on all scales. In the bottom panels of the same
figure we show the ratio of observed to predicted lensing signal.
The uncertainties include both the observational uncertainties as
well as model uncertainties from fitting the galaxy—halo model to

the clustering data. We see highly significant deviations from the
expected unity ratio and find AX jps/AX0a ~ 0.65—0.70 instead.
We also show, as a guidance, the 6 per cent systematic uncertainty
coming from the lensing systematics, the lo uncertainty from
not modelling galaxy assembly bias (Lange et al. 2019b) and the
impact of baryonic feedback whereby the band show the range
between the predictions from Illustris and IlustrisTNG (Lange et al.
2019c).

First, we look for a scale dependence of the ratio f =
AZ gps/ AXinoq. To this end, we fit the data shown in the lower panel
of Fig. 4 with a simple linear model, f = a + blog r;,. Irrespective
of stellar mass estimate or bin, we find b to be constrained to
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Figure 3. Clustering-based predictions on the halo mass distribution for the different stellar mass bins. The distribution is predicted from the best-fitting model
with respect to the SMF and galaxy clustering data. Colours have the same meaning as in Fig. 2. Vertical dashed lines denote the median host halo mass of
each galaxy sample. As expected, the models fitted to the Wisconsin and Legacy stellar masses predict a slightly larger difference in host halo masses between

different stellar mass subsamples.

within ~=£0.04. However, for all the nine samples we analysed,
b is consistent with 0, i.e. no scale dependence, to within <1.50.
Thus, we do not find any evidence for a strong scale dependence of
the ratio of observed to predicted lensing signal. In the following,
we will average f over all scales to study the mass dependence of
the signal. The scale-averaged lensing ratios are shown in Fig. 5 for
all three different stellar mass estimates and samples. Similar to the
scale dependence, we do not find evidence for a mass dependence for
any of the three stellar mass estimates; the ratio is always consistent
with '~ 0.65.

5 DISCUSSION

In the previous section, we studied the scale and stellar mass
dependence of the galaxy clustering and galaxy—galaxy lensing
amplitude. Here, we will discuss implications for the lensing-is-low
tension and cosmology as well as scatter in the SHMR and different
stellar mass estimates.

5.1 Lensing is low

Our results in Section 4.2 show ubiquitous findings of a lensing-is-
low like tension with respect to cosmological parameters from the
Planck Collaboration VI (2020) CMB analysis. This confirms earlier
results by Leauthaud et al. (2017), Lange et al. (2019b), and Yuan
et al. (2020b) finding a lensing overprediction in BOSS when fixing
clustering but increases the signal-to-noise ratio compared to these
studies through the use of galaxy-galaxy lensing from SDSS over
CS82 and CFHTLenS. In the upper panel of Fig. 5, we compare
our finding for AX,/AX 04 against these other works from the
literature.

Our results can be directly compared to Yuan et al. (2020b) where
the authors fit the clustering and lensing properties of BOSS CMASS
galaxies. They assume the same cosmological parameters for the
modelling and infer A X jp/ A ¥ 10g = 0.67 £ 0.03, in good agreement
with our results. Similarly, they find that this ratio is consistent for all
scales analysed, albeit with large uncertainties, especially for r;, 2 5
h! Mpc. Leauthaud et al. (2017) use the same lensing data as Yuan
et al. (2020b) but compare models fitted to galaxy clustering from
different studies (Reid et al. 2014; Rodriguez-Torres et al. 2016; Saito
et al. 2016; Alam et al. 2017). Unfortunately, the different studies
do not all assume the same cosmology, making a direct comparison
to our results difficult. Overall, the authors find AX b/ AXmoa ~
(1.2—1.4)"" and no strong evidence for a scale dependence, in
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qualitative agreement with our results. Finally, Lange et al. (2019b)
analyse A X ps/A X 0q for the majority of galaxies in BOSS LOWZ
and CMASS using lensing data from CFHTLenS. When analysing
the entire sample, they find an ~3c¢ detection that AX p/AX 04
increases at larger radii with a strength compatible with our results
in Section 4.2. However, the results in Lange et al. (2019b) are driven
by scales < 5h~! Mpc as larger scales have much larger uncertainty.
Onsmall scales, r, < 3 h~'Mpc, where the signal-to-noise ratio is the
largest, they find A X jps/ A X oa = 0.65—0.80. Note that Lange et al.
(2019b) utilize an analytic halo model when making clustering and
lensing predictions. This could lead to inaccuracies in the predictions
for AXps/AX0a Whereas here we use direct mock population
and so our current predictions are more accurate across all radial
scales.

Recently, Zu (2020) claimed that the lensing-is-low tension can
be solved on small scales for both the CMASS sample analysed in
Leauthaud et al. (2017) and Yuan et al. (2020b) and a LOWZ sub-
sample very similar to the one studied in this work. The author
can fit the large-scale clustering and lensing on small scales by
predicting a large fraction of satellites in both galaxies samples.
Theoretically, this works in reducing the small-scale lensing signal
because satellites are off-centred from dark matter halo core and
thereby have a smaller small-scale lensing amplitude than centrals
at the same halo mass and large-scale bias. However, the fraction of
satellites in many studies is tightly constrained by observations that
were not studied in Zu (2020), like the projected galaxy clustering
down to 0.1 2~'Mpc or anisotropic clustering (see e.g. Reid et al.
2014; Guo et al. 2015; Saito et al. 2016), or direct counts in clusters
(e.g. Bradshaw et al., in preparation). For example, the best-fitting
model of Zu (2020) implies a satellite fraction of f, ~ 0.5—0.8
for CMASS, significantly higher than the constraints from Reid
et al. (2014), Guo et al. (2015), and Saito et al. (2016) placing it at
far ~ 0.1 £0.03.

Our new results provide meaningful constraints on the scale
dependence of the lensing-is-low tension. Overall, we find no
evidence for a strong scale dependence of the ratio of observed
to predicted lensing signal. As discussed in Lange et al. (2019b),
changes to the cosmological parameters, particularly Sg, tend to
change the lensing predictions on all scales without a very strong
scale dependence. On the other hand, galaxy assembly bias and
baryonic feedback have a stronger scale dependence where the
impact is limited to r, < 5A7'Mpc and <14~ 'Mpc, respectively.
We note that both effects are not modelled in our analysis as our
predictions are based on collisionless dark matter-only simulations
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Figure 4. The galaxy—galaxy lensing signal of different stellar mass subsamples and the ratio of observed to predicted lensing amplitude. In the upper panel
we compare predictions (bands, 95 per cent uncertainty) from clustering and observations (error bars, 68 per cent uncertainty). The top left label indicates the
stellar mass range and the top right label the stellar mass estimate. In the bottom panel, we show the ratio of observed to predicted lensing signal. The 68 per cent
error bars include both observational uncertainties and model uncertainties. In the bottom panel, the results for different stellar mass subsamples are offset in
the x-axis for clarity. Generally, the lensing signal is overpredicted by ~35 per cent on all scales, for all stellar masses, and all stellar mass estimates. Finally, in
the lower panel we also show the potential contribution from lensing systematics, galaxy assembly bias, and baryonic feedback.

and our model for the galaxy—halo connection postulates that galaxy
occupation depends on halo mass only. As discussed by Lange et al.
(2019b) and Yuan et al. (2020b), both effects can likely alleviate but
not completely explain the lensing-is-low tension on small scales.
Similarly, they are unable to explain the lensing tension on larger
scales. Thus, it remains difficult to resolve the lensing-is-low result
without a change in cosmological parameters. On the other hand, the
absence of a strong scale dependence to the lensing-is-low tension
likely also places interesting constraints on models of baryonic
feedback. While baryonic feedback typically impacts the lensing
signal at the level of ~10 per cent (Leauthaud et al. 2017; Lange
etal. 2019b), its strength can vary widely between different feedback
implementations (van Daalen, McCarthy & Schaye 2020). Thus,
our lensing data might be able to rule out very energetic baryonic
feedback models. Particularly, it will be interesting to compare such

constraints to more direct constraints from probing gas physics via
the Sunyaev—Zeldovich effect (Amodeo et al. 2020). We leave such
an analysis to future work.

We also find no evidence for a strong stellar mass dependence
of the lensing-is-low signal. Through the correlation of stellar mass
and halo mass, this also implies the absence of a strong halo mass
dependence in the halo mass range 10'33—103° h~! Mg. The
absence of a strong halo mass dependence in the lensing-is-low effect
is consistent with both the baryonic feedback models in Illustris
and IllustrisTNG or changes in cosmological parameters (Lange
et al. 2019b). However, our results are qualitatively different than
those presented in the DES cluster analysis (Abbott et al. 2020).
Particularly, Abbott et al. (2020) find that only clusters with low
richness have a lensing amplitude that is strongly overpredicted when
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Figure 5. The scale-averaged ratio of observed to predicted lensing signal
(top panel) and constraints on cosmological parameters from the literature
(bottom panel). In the upper panel, we compare our results on the ratio
of predicted to observed lensing signal for different stellar mass bins against
those of Leauthaud et al. (2017), Lange et al. (2019b), and Yuan et al. (2020b).
In the lower panel, we show constraints on Q‘["moagﬁ (Cacciato et al. 2013;
Abbott et al. 2018, 2020; Asgari et al. 2020; Planck Collaboration VI 2020;
Singh et al. 2020) divided by the values in the Abacus Planck simulations. For
o =1.0and g = 1.25 and in the absence of galaxy assembly bias and baryonic
feedback, this ratio should be roughly comparable to the ratio of observed
to predicted lensing signal in our analysis. Error bars denote 68 per cent
uncertainties and for Leauthaud et al. (2017) and Lange et al. (2019b) we
show rough ranges. See the text for details.

one assumes the cosmology from the DES 3x2pt analysis.? In other
words, if not explained by systematic errors, the findings by Abbott
et al. (2020) indicate a strong halo mass dependence. However,
we note that our analysis covers a lower halo mass range than
the DES cluster cosmology study, as shown in Fig. 6. Particularly,
only our highest stellar mass bin roughly overlaps with the lowest
richness bin in the DES cluster cosmology analysis. In this lowest
richness bin, assuming AY M}?B, the authors find A X ps/A X mod
~ (.7—0.8. Taking into account that the predicted AX .4 is based
on a cosmology with ~10 per cent lower Sg, the ratio would likely be
lower for the Planck cosmology and likely in the range of our results.
Overall, we find that while it is possible that the findings of Abbott
et al. (2020) are caused by observational systematics, our analysis
does not seem inconsistent with their results in the overlapping halo
mass range.

5.2 Cosmology

The lensing-is-low tension can be interpreted as evidence for cos-
mological parameters different than the ones preferred by the Planck

3The DES 3x2ptanalysis (Abbott etal. 2018) favours Sg = O.773f8:8§8, lower
than the best-fitting value of the Planck CMB analysis, Sg = 0.825 4= 0.011
(Planck Collaboration VI 2020). If the Planck CMB cosmological model was
assumed, a lensing-is-low like tension would have likely been found in all
richness bins, albeit with the strongest finding still in the lowest richness bin.
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Figure 6. The inferred host halo mass distribution of different galaxy and
cluster samples. The solid lines show the best-fitting inferred halo masses for
the BOSS LOWZ galaxies in this work, based on modelling their clustering
properties and the Legacy stellar mass estimates. Dashed lines show the
inferred halo mass distribution of clusters in different richness bins from
the DES cluster cosmology analysis (Abbott et al. 2020). These estimates
are based on modelling cluster counts and weak lensing signals. Our most
massive galaxy bin corresponds to the lowest DES richness bin.

CMB analysis. However, running a full cosmological analysis is
beyond the scope of this work as it would require us to carefully
model baryonic feedback and galaxy assembly bias. Instead, we
seek to quantify by how much different cosmologies proposed in the
literature can alleviate the tension reported here. We can perform
a very rough comparison with other works by noting that the
predicted lensing signal at fixed galaxy clustering scales roughly
with Qf‘nyoaég . In the purely linear regime, the predicted AX scales
with Q,,003, i.e. « = B = 1. In the non-linear regime where our
signal-to-noise ratio is the highest the relation is more complicated
and can vary with scale in the range from ~0.7 to ~1.1 for o and
~1.0 to ~1.5 for B (Yoo et al. 2006). In the following, we will
use ¢ = 1.0 and B = 1.25 which is a good approximation for
r, =11~ Mpc.

The lower panel of Fig. 5 demonstrates by roughly how much
different proposed cosmologies would lower the predicted lensing
signal compared to the prediction from Abacus Planck. Cacciato
et al. (2013) study the luminosity-dependent clustering and lensing
properties of galaxies in the main galaxy sample of SDSS to constrain
cosmological parameters. Given that Cacciato et al. (2013) analyse
galaxy—galaxy lensing down to the highly non-linear regime and
they can explain all the data without the need for baryonic feedback
or assembly bias, their results seem at odds with our findings since
their inferred cosmology would only lower the lensing prediction
by around 20 per cent =+ 2 per cent, not 30-35 per cent. Part of the
reason could be that Cacciato et al. (2013) use an analytical halo
model to predict galaxy clustering and galaxy—galaxy lensing. We
find that this analytical halo model when applied to our data and
assumed cosmology tends to underpredict the lensing amplitude at
fixed clustering by ~10 per cent compared to the simulation, similar
to what was found in Lange et al. (2019b).

Singh et al. (2020) fit the clustering and lensing amplitude of
BOSS LOWZ galaxies in the redshift range 0.16 < z < 0.36
down to scales r, = 2~ 'Mpc. Given that they use a very similar
sample to ours, it is not surprising that their cosmological constraints
would result in a 24 per cent &= 7 per cent lower lensing prediction,
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Figure 7. The linear (solid) and non-linear (dotted) matter power spectrum
as predicted by the best-fitting cosmological parameters of the Planck Col-
laboration VI (2020) CMB analysis. We also outline the approximate scales
probed by different experiments. Following Chabanier, Millea & Palanque-
Delabrouille (2019), we convert distances r into wavenumbers & by calculating
the median of the window function that determines matter fluctuations on
scales r. For the two-halo regime we use r = 3.5-50 2! Mpc. For the 1-halo
regime we instead show two choices. First, as solid lines, we use the lagrangian
radius r of haloes of masses in the range 10'33-10'3 =1 M. This roughly
corresponds to the k-range contributing to these haloes in the linear regime.
For the dotted lines we use r = 0.1-3.5 4! Mpc, corresponding to the k-
range of the 1-halo term in the non-linear regime. Note that both the clustering
and lensing probe roughly the same scales.

in rough agreement with what we find. The remaining difference
could be caused by their correction for the effects of baryonic
feedback that tends to lower the lensing prediction even further.
Qualitatively and quantitatively similar statements can be made
regarding a comparison with the results of Wibking et al. (2019)
which are based on the same data as Singh et al. (2020) but use a
different analysis method and go down tor,, = 0.6 h~'"Mpc. The DES
Y1 3x2pt analysis (Abbott et al. 2018) concentrates on clustering and
lensing on larger scales where the impact of baryonic feedback and
details of the galaxy—halo connection is not strong. Their constraints
on cosmological parameters imply a 15 per cent & 3 per cent lower
lensing prediction. Similarly, the cosmic shear analysis of Asgari
et al. (2020) would result in a roughly 27 per cent & 7 per cent
reduction. Finally, the cosmological constraints from the DES Y1
cluster cosmology analysis imply a 42 per cent & 8 per cent reduced
lensing prediction.

As discussed above, and shown in Fig. 5, both clustering and
lensing signals can be fit if we allow for a reduction in €2, and/or
o, but the required values are in tension with other cosmological
measurements. A reduction in either parameter will be in tension
with measurements of the CMB within the ACDM cosmology. If
we consider a model which results in the reduction in 2, o between
the CMB and today (such as a decaying dark matter model) we
are confronted with late-time measurements such as the luminosity
distance determined by type Ia supernovae which give Qo =
0.298 £ 0.022 (Scolnic et al. 2018).

Along similar lines, it is of interest to consider modifications of the
standard cosmological model which would allow for a non-standard
scale dependence. The range of scales probed by the data considered
here is shown in Fig. 7. We convert the distances r into wavenumbers
k by calculating the median of the window function that determines
matter fluctuations on scales r (Chabanier et al. 2019). Using this
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convention, our observations are sensitive to ~0.05 Mpc ' <k <
20Mpc h~!. One might ask whether a break to the power spectrum
at large k could reconcile the clustering and lensing measurements
while still be in agreement with CMB constraints. We note that AX
at fixed clustering roughly scales with og and the power spectrum
with 0. Thus, the change in the power spectrum compared to
the ACDM prediction would have to be large, = 30 per cent to
lower the lensing prediction significantly. However, the clustering
measurements presented here require that this reduction be fairly
scale independent between 0.05 2 Mpc~' <k < 1hMpe~!. Using
the model of van den Bosch et al. (2013) we checked that a
suppression of the power spectrum going from 0 to 30 per cent in
the range k = 0.02 to k = 0.12 Mpc~' provides an insufficient fit
to the shape of the projected clustering measurements while not
solving the lensing tension on all scales. Thus, a break in the power
spectrum would have to occur at even smaller k. However, as shown
in Fig. 7, the lower end of these scales overlap with those probed by
the CMB (k ~ 0.05 h~' Mpc roughly corresponds to a multipole £
2~ 400), which implies that any pre-recombination modification to
the matter power spectrum (see e.g. Buen-Abad et al. 2018) must
be accompanied by a modification to the photon transfer function
to compensate. Post-recombination suppression of the matter power
spectrum may be achieved by decaying dark matter scenarios, such
as the one discussed in Abellan et al. (2020).

5.3 Scatter in the stellar-to-halo mass relation

The stellar mass scatter in the SHMR 1is an important probe of galaxy
evolution (see e.g. Gu, Conroy & Behroozi 2016; Wechsler & Tinker
2018) as it relates to the stochasticity of star formation and the time-
scale of feedback processes (see e.g. Hahn, Tinker & Wetzel 2019).
In our analysis we find a scatter of 0.13-0.17 dex, depending on the
stellar mass estimate. This finding is in agreement with other studies
which place the scatter at ~0.1-0.2 dex (Yang, Mo & van den Bosch
2009; More et al. 2011; Leauthaud et al. 2012; Zu & Mandelbaum
2015; Saito et al. 2016; Tinker et al. 2017; Behroozi et al. 2019)
with the scatter likely being higher for smaller halo masses (Zu &
Mandelbaum 2015; Lange et al. 2019a; Cao et al. 2020).

Our results can be most directly compared to the findings of
Tinker et al. (2017). The authors study the mass-dependent clustering
amplitude of BOSS CMASS galaxies, similar to what we perform for
LOWZ. However, Tinker et al. (2017) infer a scatter of 0.187003 dex
for the Wisconsin masses whereas we find 0.13 £ 0.01 dex. The
difference could be partially explained by the different galaxy
samples, i.e. CMASS versus LOWZ, and the fact that Tinker et al.
(2017) assume a cosmology with Q, = 0.27 and g = 0.82. On
the other hand, Saito et al. (2016) studied the anisotropic clustering
of BOSS CMASS galaxies using the M, estimates of Bundy et al.
(2015), i.e. comparable to our Legacy mass estimates. They infer
a 0.10-0.14 dex scatter between stellar mass and halo Ve, the
peak maximum circular velocity Vi,.x achieved over the lifetime
of a halo. Given the close correlation between Vieu and M,
for field haloes, our results of oy, = 0.1497001 are in good
agreement.

Finally, we note that our results on the scatter between halo mass
and observed stellar mass leave little room for intrinsic scatter in
stellar mass. For example, as discussed in Bundy et al. (2015), the
uncertainty in the observed stellar mass estimate of any of the three
stellar mass estimates is of order 0.1-0.2 dex. On the other hand,
based on theoretical models of galaxy formation, the intrinsic scatter
in stellar mass at fixed halo mass is also expected to be at least 0.1 dex
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(Wechsler & Tinker 2018). A change in cosmological parameters
or the inclusion of galaxy assembly bias in the modelling could
potentially bring our results in better agreement with expectations.

5.4 Precision of stellar mass estimates

In agreement with our findings, Tinker et al. (2017) infer from
BOSS CMASS galaxies that the spectroscopic Wisconsin stellar
masses correlate more strongly with large-scale bias than the Granada
stellar masses. We study new stellar mass estimates based on deeper
photometry by the DESI Legacy Imaging Surveys that produce stellar
mass-bias correlation similar to the Wisconsin mass estimates. As
discussed in Tinker et al. (2017), the correlation of observed stellar
mass with large-scale bias can be used to gauge the precision of
different stellar mass estimates. The idea is that stellar mass and halo
mass are strongly correlated, as is halo mass and large-scale bias.
Thus, the stellar mass estimate that produces the strongest clustering
amplitude would correlate most strongly with halo bias, thereby halo
mass and finally intrinsic stellar mass. We note that this argument
would still work even in the presence of galaxy assembly bias, i.e.
the correlation of intrinsic stellar mass with halo properties besides
halo mass. However, the argument does not work if any secondary
galaxy property at fixed intrinsic stellar mass correlates with large-
scale bias. For example, Berti et al. (2021) have shown that at
fixed (observed) stellar mass, the specific star formation rate (sSSFR)
correlates with large-scale clustering, even if one only considers
quiescent, red galaxies. Thus, for example, a bias of observed stellar
mass as a function of sSSFR at fixed intrinsic M, could be an alternative
explanation for the clustering differences between the three different
stellar mass estimates.

6 CONCLUSION

In this analysis, we have provided new measurements of the scale
and mass dependence of the lensing-is-low effect in the BOSS galaxy
sample (Leauthaud etal. 2017; Lange et al. 2019b; Yuan et al. 2020b).
Our main result is that once cosmological parameters are fixed to
those favoured by the Planck Collaboration VI (2020) CMB analysis
and a galaxy—halo model is fitted to the projected clustering of galax-
ies, the lensing is overpredicted by ~35 per cent, with no obvious
dependence on halo mass in the range ~10'3*~10"*° 1=! M, and or
scale in the range 0.1/4~ ' Mpc < r, < 60 h~'Mpc. These findings
provide important constraints on possible solutions to the lensing-is-
low phenomenon.

The lack of a strong halo mass dependence is qualitatively different
than what is found in the recent DES Y1 cluster analysis (Abbott
et al. 2020) but consistent with many plausible explanations for the
lensing-is-low problem such as changes in cosmological parameters
or baryonic feedback (Lange et al. 2019b). On the other hand, the
lack of a strong scale dependence indicates that baryonic feedback or
details of the galaxy—halo connection cannot fully explain the tension
since those operate at scales below r, < 5k~ Mpc. Additionally, as
shown in Leauthaud et al. (2017), Lange et al. (2019b), and Yuan
et al. (2020b), both effects are unlikely to lower the lensing signal by
~35 per cent.

The apparent scale independence of the lensing-is-low effect over
a broad range of scales provide tight constraints on possible new-
physics explanations for the tension. In particular, models suppress-
ing the matter power spectrum on comoving scales k > 0.05 2~! Mpc
are unlikely to resolve the tension while preserving the observed scale
independence of the effect. Complicating matters further is the fact
that the comoving scales probed by the CMB have a significant
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overlap (see Fig. 7) with those where the lensing-is-low effect
occurs, implying that solutions modifying the amplitude of matter
fluctuations at early times must be carefully vetted against CMB
data. Solutions based on modifying the growth of matter fluctuations
at late times must also explain the lack of scale dependence of the
lensing-is-low effect while not running afoul of constraints on the
late-time expansion history as probed by type Ia supernovae and
BAO. A detailed comparative analysis of possible solutions is left to
future work.

Our study also provides valuable results on the galaxy—halo con-
nection and stellar mass estimates. For example, we find that SDSS
spectroscopic Wisconsin and DESI Legacy imaging photometric
stellar mass estimates correlate more strongly with halo properties
like halo mass and bias than the Granada mass estimates based purely
on SDSS photometry. One possible explanation is that the former two
mass estimates provide more precise estimates of the intrinsic stellar
mass. Finally, for all three stellar mass estimates, we find evidence
of mass segregation in the sense that more massive satellite galaxies
orbit closer to the halo centre than less massive satellite galaxies.

In the future, we plan to combine the clustering and lensing
measurements with estimates of the thermal and kinematic Sunyaev—
Zeldovich effect around the same lenses. This can provide additional
constraints on gas dynamics and the strength of baryonic feedback
(Amodeo et al. 2020). Similarly, we plan to investigate the lensing-
is-low effect by cross-correlating BOSS lenses with other imaging
surveys like DES, the Kilo Degree Survey (KiDS), or the Hyper
Suprime Cam (HSC) survey. This will help to eliminate lensing
systematics as a possible source of the unexpectedly low lensing
signal. Preliminary results for BOSS LOWZ indicate that SDSS is
accurate to within the quoted 6 per cent systematic error (Leauthaud
et al., in preparation). Finally, combining galaxy—galaxy lensing
signals with constraints from redshift-space clustering on non-linear
scales is another promising avenue. First, redshift-space clustering
could constrain the amount of galaxy assembly bias (Lange et al.
2019c; Yuan et al. 2020a) and further reduce the uncertainty in the
lensing predictions on non-linear scales. Additionally, redshift-space
clustering is sensitive to the cosmological parameter combination fo g
where fis the growth rate. Thus, combining redshift-space clustering
with lensing could further break the 2, — og compared to using
only projected clustering and lensing, similar to the analysis of
Troster et al. (2020) on large scales.
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