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ABSTRACT

We present measurements of fh, the ratio of the aligned components of the projected halo and galaxy ellipticities, for a sample of
central galaxies using weak gravitational lensing data from the Kilo-Degree Survey (KiDS). Using a lens galaxy shape estimation
that is more sensitive to outer galaxy regions, we find fh = 0.50 ± 0.20 for our full sample and fh = 0.55 ± 0.19 for an intrinsically
red sub-sample (that therefore has a higher stellar mass), rejecting the hypothesis that round halos and/or galaxies are not aligned
with their parent halo at 2.5σ and 2.9σ, respectively. We quantify the 93.4% purity of our central galaxy sample using numerical
simulations and overlapping spectroscopy from the Galaxy and Mass Assembly survey. This purity ensures that the interpretation
of our measurements is not complicated by the presence of a significant fraction of satellite galaxies. Restricting our central galaxy
ellipticity measurement to the inner isophotes, we find fh = 0.34 ± 0.17 for our red sub-sample, suggesting that the outer galaxy
regions are more aligned with their dark matter halos than the inner regions. Our results are in agreement with previous studies and
suggest that lower mass halos are rounder and/or less aligned with their host galaxy than samples of more massive galaxies, studied
in galaxy groups and clusters.

Key words. Gravitational lensing: weak - galaxies: general

1. Introduction

The current standard model of cosmology, dubbed ΛCDM, has
been very successful in describing a large number of indepen-
dent cosmological probes, such as cosmic microwave back-
ground (CMB) observations (e.g. Planck Collaboration et al.
2020), the galaxy clustering signal (e.g. Alam et al. 2017), and
baryon acoustic oscillations (e.g. Anderson et al. 2014; Bautista
et al. 2018), among many others. According to this model, dark
matter makes up the majority of the matter density content of the
Universe and provides the seeds upon which galaxies and larger
structures can form and evolve.

From numerical simulations, it is understood that dark mat-
ter forms halos that are roughly tri-axial; they appear elliptical
in projection (Dubinski & Carlberg 1991; Jing & Suto 2002).
An estimation of the shape of these halos from observations can
therefore be used as a test for the current cosmological model,
as well as extensions to it, such as modifications to the gravity
theory or the dark matter component (e.g. Hellwing et al. 2013;
L’Huillier et al. 2017; Peter et al. 2013; Elahi et al. 2014).

? georgiou@strw.leidenuniv.nl

Observationally, many attempts have been made to measur-
ing halo ellipticities. Techniques include satellite dynamics (e.g.
Brainerd 2005; Azzaro et al. 2007; Bailin et al. 2008; Nieren-
berg et al. 2011), tidal streams in the Milky Way (e.g. Helmi
2004; Law & Majewski 2010; Vera-Ciro & Helmi 2013), HI gas
observations (e.g. Olling 1995; Banerjee & Jog 2008; O’Brien
et al. 2010), planetary nebulae (e.g. Hui et al. 1995; Napolitano
et al. 2011), X-ray observations (e.g. Donahue et al. 2016), and
strong lensing (e.g. Caminha et al. 2016), also accompanied by
stellar dynamics (e.g. van de Ven et al. 2010). These techniques
rely on luminous tracers of the dark matter shape, which can lead
to biases, complicate the interpretation of the measurements, and
cannot provide information on the larger scales of the dark mat-
ter halo where visible light is absent.

One observational technique without this drawback is weak
gravitational lensing, the coherent distortion of light rays from
background sources from the intervening matter distribution (for
a review, see Bartelmann & Schneider 2001). Because gravita-
tional lensing is sensitive to all matter (also non-baryonic mat-
ter), it serves as a great tool for studying the dark matter ha-
los. The distortion of the galaxy shapes due to weak lensing is
very small, and in order to extract a measurable signal, we need
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to statistically average over large ensembles of galaxies. When
the stacking is made around other galaxies, a technique called
galaxy-galaxy lensing, only the matter at the lens galaxy redshift
contributes coherently to the lensing signal, and the structures
along the line of sight simply add noise to the measurement.

Tri-axial dark matter halos cause an azimuthal variation in
the weak-lensing signal, enhancing it along the direction of the
semi-major axis of the projected halo and reducing it along
the semi-minor axis. For very massive structures, such as large
galaxy clusters, this variation is strong enough to be measured
for individual (e.g. Corless et al. 2009; Umetsu et al. 2018) or
stacked weak-lensing maps of cluster samples (Evans & Bridle
2009; Oguri et al. 2012). For galaxy-scale halos, this variation
can be measured by weighting the lensing measurements accord-
ing to the halo semi-major axis.

In most applications of weak-lensing-based measurements
of the dark matter halo ellipticity, the lens galaxy semi-major
axis is used as a proxy for the dark matter halo axis (Hoek-
stra et al. 2004; Mandelbaum et al. 2006; Parker et al. 2007;
van Uitert et al. 2012; Schrabback et al. 2015; van Uitert et al.
2017; Schrabback et al. 2020). The measured quantity is then
the ratio of the halo ellipticity to the galaxy ellipticity, weighted
by the average misalignment angle between the two, that is,
fh = 〈cos(2∆φh,g)|εh|/|εg|〉. This makes the measurement of fh a
useful step in determining the alignment between the dark matter
halo and its host galaxy. The misalignment angle has been mea-
sured in numerical simulations, with results from the most recent
hydrodynamical simulations suggesting a value of 〈∆φh,g〉 ∼ 30◦
(Tenneti et al. 2014; Velliscig et al. 2015; Chisari et al. 2017).
The misalignment decreases with decreasing redshift and in-
creasing halo mass, which suggests that massive central galaxies
are expected to carry most of the signal. van Uitert et al. (2017)
detected a non-zero halo ellipticity with & 3σ significance using
only ∼ 2500 lenses. These lenses were confirmed central galax-
ies of a galaxy group from a friends-of-friends-based group cat-
alogue built using spectroscopic data.

Motivated by this, we aim to define a sample of central galax-
ies with very high purity from a photometric galaxy sample
and use these as lenses to measure the anisotropic weak-lensing
signal around them. A galaxy sample with low satellite frac-
tion also produces a more robust measurement because satel-
lite galaxy lensing profiles across a wide range of scales com-
plicate the interpretation of the measured signal of the full sam-
ple. We used the fourth data release of the Kilo-Degree-Survey
(KiDS, Kuijken et al. 2019) and constructed an algorithm that
preferentially selects central galaxies using apparent magnitudes
and photometric redshifts. These redshifts are obtained from a
machine-learning technique, focussing on the bright-end sample
of galaxies in KiDS, and they achieve very high precision (Bil-
icki et al. 2018). We validated our central galaxy selection by
quantifying the sample purity using the group catalogue from
the Galaxy And Mass Assembly survey (GAMA, Driver et al.
2011; Robotham et al. 2011) and mock galaxy catalogues from
the Marenostrum Institut de Ciéncies de l’Espai (MICE) Grand
Challenge run (Crocce et al. 2015).

In Sect. 2 we present the data used for constructing and val-
idating our lens sample, consisting of highly pure central galax-
ies, which we describe in detail in Sect. 3. The method used to
measure the lensing signal is described in Sect. 4. The results
obtained are shown in Sect. 5, and we discuss the measurements
and conclude in Sect. 6. To calculate angular diameter distances,
we use a flat ΛCDM cosmology with parameters obtained from
the latest CMB constraints (Planck Collaboration et al. 2020),
that is, H0 = 67.4 km/s/Mpc and Ωm,0 = 0.313.

2. Data

Measuring the anisotropic lensing signal requires a wide survey
of deep imaging data so that accurate unbiased galaxy shapes can
be measured and the lensing signal can be statistically extracted.
For this reason, we used data from KiDS. Moreover, massive
central galaxies are expected to yield the highest signal-to-noise
ratio (S/N) for anisotropic lensing; we thus need a way of se-
lecting a pure sample of central galaxies as well as a means to
validate our selection. To this end, we made use of the GAMA
survey and mock catalogues from the MICE Grand Challenge
galaxy catalogue.

2.1. KiDS-1000

KiDS1 (de Jong et al. 2015, 2017; Kuijken et al. 2019) is a deep-
imaging ESO public survey carried out using the Very Large
Telescope (VLT) Survey Telescope and the OmegaCam camera.
The survey has covered 1,350 deg2 of the sky in three patches in
the northern and southern equatorial hemispheres in four broad-
band filters (u, g, r, and i). The mean limiting magnitudes are
24.23, 25.12, 25.02, and 23.68 for the four filters (5σ in a 2′′
aperture). The survey was specifically designed for weak-lensing
science and the image quality is high, with a small nearly round
point-spread function (PSF), especially in the r-band observa-
tions, which were taken during dark time with the best seeing
conditions. We used the fourth data release of the survey, with
1006 1 × 1 deg2 image tiles (KiDS-1000).

KiDS is complemented by the VISTA Kilo-Degree Infrared
Galaxy Survey (VIKING, Edge et al. 2013), which has imaged
the same footprint as KiDS in the near-infrared (NIR) Z,Y, J,H,
and Ks bands. This addition allows determining more accu-
rate photometric redshifts from nine broad-band filters. For our
source galaxy sample, redshifts were retrieved with the template-
fitting Bayesian photometric redshift (BPZ) code (Benítez 2000;
Coe et al. 2006), applied to the nine-band photometry. To esti-
mate source redshift distributions, we used the direct calibration
scheme to weight the overlapping spectroscopic sample accord-
ing to our photometric one. The process is described in detail in
Hildebrandt et al. (2020).

For our lens sample, we required more precise redshift es-
timates that help in a more accurate lensing measurement, as
well as to build a more robust central galaxy sample. We there-
fore chose to use a bright (mr . 20) sample with photometric
redshifts estimated with the artificial neural network machine-
learning code ANNz2 (Sadeh et al. 2016), as presented in Bil-
icki et al. (2018), but now extended to the full KiDS-1000 sam-
ple (Bilicki et al. 2021). This sample was trained on the highly
complete GAMA spectroscopic redshift catalogue (98.5% com-
pleteness at flux limit mr < 19.8 in equatorial fields, Liske et al.
2015). The full overlap between GAMA equatorial and KiDS
and the unbiased selection of flux-limited spectroscopy in the
former dataset allowed us to obtain very precise and accurate
photometric redshift estimates for our lens sample, with a mean
bias 〈δz〉 = 〈zphot − zspec〉 ' 10−4 and scatter σδz ' 0.02(1 + z).
By adding VIKING data over the full KiDS-1000 area (Kuijken
et al. 2019), the default photo-z solution is now based on nine-
band photometry. In this work, however, we used redshifts ob-
tained from the optical ugri band photometry alone: because the
lens sample is bright and has a relatively low redshift, NIR pho-
tometry does not significantly improve the photometric redshift
estimation (see Bilicki et al. 2018 for more details). In addition,

1 http://kids.strw.leidenuniv.nl
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using the NIR photometry would introduce additional masking
to our data because the VIKING coverage has some gaps, which
would reduce our lens galaxy sample. As we show in Sect. 3,
improving the redshift accuracy further (e.g. with NIR data)
does not significantly increase the purity of our central sample,
whereas increasing the survey area equips us with a larger sam-
ple for a more precise measurement. We restricted the lens red-
shifts to 0.1 < zl < 0.5 because outside of this range the photo-zs
are less well constrained (Bilicki et al. 2018); this cut removes a
small fraction of the lens sample (< 10%).

Galaxy shapes for our source galaxy sample were measured
using the THELI2-reduced r-band images with the lensfit shape
measurement method (Miller et al. 2007, 2013; Giblin et al.
2021). This method is a likelihood-based algorithm that fits sur-
face brightness profiles to observed galaxy images and takes the
convolution with the PSF into account. Within a self-calibrating
scheme, it has been shown to measure galaxy shear to percent-
level accuracy in simulated KiDS r-band images (Fenech Conti
et al. 2017; Kannawadi et al. 2019).

Shears were obtained using lensfit for galaxies with an r-
band magnitude larger than 20, which does not allow us to use
them for the shapes of our lens sample. In addition, lensfit is op-
timised for galaxies with low S/N and no set-up for measuring
bright galaxies is readily available. To acquire shape information
for our lens sample, we applied the DEIMOS shape measure-
ment method (Melchior et al. 2011) to the AstroWise3 reduced
r-band KiDS images.

DEIMOS is based on measuring-weighted surface brightness
moments from galaxy images and using these to infer the galaxy
ellipticity. Unlike other moment-based techniques, it allows for a
mathematically accurate correction of the PSF convolution with
the galaxy light profile, avoiding any assumptions on the profile
or PSF behaviour. The accuracy of this correction is only limited
by the accuracy of the PSF modelling. Moreover, a correction for
the necessary radial weighting, employed during moment mea-
surement, is used; higher-order moments are calculated in order
to approximate the unweighted galaxy moments from measured
weighted moments.

To model the PSF, we used shapelets (Refregier 2003). These
are orthogonal Hermite polynomials multiplied with Gaussian
functions that can be linearly combined to describe image
shapes. The process is described in Kuijken et al. (2015), who
reported that the model performed very well in KiDS imaging
data and displayed only a very weak residual correlation between
the modelled ellipticities and those measured using the stars in
the image. To measure galaxy moments, we used an elliptical
Gaussian weight function following a per-galaxy matching pro-
cedure. The size of the weight function is tied to the scale of this
Gaussian, and we used two different scales in this work, equal
to the isophote of the galaxies riso and 1.5riso (defined at 3σ
above the background, see Georgiou et al. 2019b for more de-
tails). We used these two values to probe potential differences
in the measured ellipticity ratio with the galaxy scale probed; a
larger weight function will reveal more of the shape of the outer
galaxy regions. Neighbouring sources in the image were masked
using segmentation maps from SExtractor (Bertin & Arnouts
1996). A detailed description of the shape measurement process
can be found in Georgiou et al. (2019b).

For the GAMA galaxy sample, which is very similar in prop-
erties to the lens sample used here, Georgiou et al. (2019b)
showed that the multiplicative bias on the ellipticity (not shear) is

2 https://www.astro.uni-bonn.de/theli/
3 http://www.astro-wise.org/

lower than 1% and does not depend strongly on the galaxy prop-
erties. This is attributed to the great flexibility of the DEIMOS
method and to the fact that these galaxies have a very high S/N
in the KiDS imaging data (with a mean S/N ∼ 300 in r-band im-
ages) and are generally very well resolved compared to the PSF
size.

In our analysis, we did not probe the lensing signal on very
large scales and therefore did not subtract the signal around ran-
dom points, which in any case has been shown to be consistent
with zero in other KiDS weak-lensing measurements (Dvornik
et al. 2017). Additive bias in the shape measurements is not ex-
pected to bias the spherically averaged gravitational shear mea-
surements. The anisotropic lensing measurements are not ex-
pected to be affected either because sources and lenses were
measured using different shape measurement methods, and any
additive biases (which are measured to be negligibly small)
are not expected to be correlated. Multiplicative biases are also
not expected to play a significant role because they affect the
isotropic and anisotropic lensing signal in the same way, which
would leave the measurement of halo ellipticity unaffected. Fur-
thermore, multiplicative bias for the lens shapes has been shown
to be on the sub-percent level (Georgiou et al. 2019b) and does
not affect the calculation of the position angle of the lens.

2.2. GAMA

GAMA4 (Driver et al. 2009, 2011; Liske et al. 2015) is a spec-
troscopic survey carried out with the Anglo-Australian Tele-
scope, using the AAOmega multi-object spectrograph. It pro-
vides spectroscopic information for ∼ 300, 000 galaxies over five
sky patches of ∼ 60 deg2 area each for a total coverage of ∼ 286
deg2. The three equatorial patches (G09, G12, and G15) have a
completeness of 98.5% and are flux limited to rpetrosian < 19.8
mag; of the two south patches, G23 overlaps the KiDS footprint
and has a completeness of 94.5% with a flux limit i < 19.2 mag.
This latter selection gives a slightly lower mean redshift than
in the equatorial fields, therefore we used for the lens photo-z
training only the deeper and more complete equatorial data. We
verified that adding G23 does not improve the photo-z estimates
(see Bilicki et al. 2021, for more details).

The unique aspect of the GAMA sample is the high com-
pleteness, together with the fact that no pre-selection is made on
the target galaxies except for imposing a flux limit and removing
stars and point-like quasars (Baldry et al. 2010). This nullifies
any selection effects and provides the means to produce a highly
pure and accurate group catalogue (Robotham et al. 2011). This
catalogue is produced using a friends-of-friends based-algorithm
to define galaxy groups and assign galaxies to them. We used this
group catalogue to validate our central galaxy sample selection
from our lens galaxy sample and quantify its purity, assuming the
satellites identified in the catalogue to be the true satellites of the
sample. We use the tenth version of this group catalogue, which
does not contain the G23 region. After masking the lens sample
according to the KiDS mask, we are left with ∼ 120, 000 galax-
ies that match the group galaxy catalogue. In Fig. 1 we show the
satellite fraction of the sample in redshift bins; at higher redshift,
satellites fall below the detection limit and the satellite fraction
of the sample decreases.

4 http://www.gama-survey.org/
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Fig. 1. Satellite fraction (Nsat/Nall) in the GAMA galaxy sample in bins
of redshift.

2.3. MICE

The GAMA group catalogue we used has imperfections, es-
pecially for the more massive groups. Robotham et al. (2011)
showed that the number of high-richness groups was lower than
expected from mock group catalogues that were specifically
designed to validate the group-finding algorithm. In addition,
Jakobs et al. (2018) used hydrodynamical simulations and found
that the group algorithm tends to fragment larger groups into
smaller ones. Because of this, we chose to also validate our cen-
tral sample selection using mock galaxy catalogues from a cos-
mological simulation, the MICE Grand Challenge run (Crocce
et al. 2015).

MICE is an N-body simulation containing ∼ 70 × 1010 dark
matter particles in a (3h−1Gpc)3 comoving volume, from which a
mock galaxy catalogue was built using halo occupation distribu-
tion and abundance matching techniques (Carretero et al. 2015).
Halos are resolved down to a few 1011 M�/h. The catalogue con-
tains information for a large number of galaxy properties, such as
apparent magnitude, stellar mass and a distinction of the galax-
ies into centrals and satellites, which we used here. Other ap-
plications of the catalogue include galaxy clustering, weak lens-
ing, and higher-order statistics (Fosalba et al. 2015a,b; Hoffmann
et al. 2015). We downloaded the publicly available version 2 of
the catalogue from cosmohub5 (Carretero et al. 2017). From the
5000 deg2 that the whole mock catalogue covers, we cut out 200
deg2 and selected galaxies with apparent SDSS-like r-band mag-
nitude of < 20.3 mag to match the cut performed in Bilicki et al.
(2018).

3. Central galaxy sample

3.1. Algorithm

In order to optimally extract the anisotropic weak-lensing signal
of elliptical dark matter halos, it is important to exclude galaxies
in our sample that reside in sub-halos, that is, satellite galaxies
(see e.g. van Uitert et al. 2017). Because of the hierarchical struc-
ture formation, central galaxies are commonly found in over-
dense regions of the Universe where other neighbouring galax-
ies are also likely to be found. Based on this, we developed an
algorithm to search for galaxies in our sample that have a high
probability of being a central halo galaxy.

5 https://cosmohub.pic.es
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Fig. 2. Purity of our central galaxy sample as a function of fixed cylin-
der radius used to identify centrals in overdense regions. Lines con-
nect the individual points. In solid blue we show results from the
GAMA+KiDS-1000 overlap in the photometric redshift space of 0.1 <
z < 0.5. We also show the results for redshifts between 0.1 < z < 0.3
with a dashed orange line. The dotted green line shows the purity of the
sample obtained using the MICE2 mock catalogues for 0.1 < z < 0.5.
The dash-dotted red line shows results obtained when we searched for
the most massive (in terms of stellar mass) galaxy in the cylinder cen-
tre instead of the brightest one. Finally, the dense dash-dotted purple
line represents results obtained when instead of a fixed cylinder radius
we used multiples k of the galaxy R200 to define the radius size, with
k = {1, 2, 3, 4}. In this case, we plot the median value of the cylinder
radius on the x-axis, corresponding to the four different purity values.

The algorithm works as follows: For every galaxy in our
sample, we searched for neighbouring galaxies inside a cylinder
in sky and redshift space. The cylinder radius has a fixed phys-
ical length while the depth of the cylinder is determined by the
accuracy of our redshift estimation. If neighbouring galaxies are
indeed found, we ask whether the galaxy we selected that lies in
the middle of the cylinder is the brightest galaxy (in the r band)
inside that cylinder. If this is true, we identify this galaxy as a
central. We tested two different cylinder depths, ±dz and ±2dz
(where dz is the redshift uncertainty, equal to ∼ 0.02(1 + z) for
our lens galaxy sample) and chose the latter, which was found to
perform better.

3.2. Sample purity

We tested the performance of this algorithm on the GAMA
galaxy survey sample and on the mock galaxy catalogues from
the MICE simulation. The spectroscopic information together
with the high completeness of the GAMA sample allows con-
structing a highly accurate group galaxy catalogue, which we
used here to identify central and satellite galaxies. We selected
central galaxies by removing any galaxy that is a satellite (we
kept the brightest group galaxies as well as field galaxies; the
latter are expected to live in their own isolated dark matter halo
or have satellites around them that are too faint to detect).

However, this group catalogue is not perfect (see Sect. 2.3).
Therefore we also used the MICE mock galaxy catalogues to val-
idate our algorithm, where we know a priori the central and satel-
lite galaxies. We mimicked the photometric redshift uncertainty
in the mock catalogue redshifts by adding a random number to
them, drawn from a Gaussian distribution with a scale equal to
the redshift uncertainty, ∼ 0.02(1 + z).
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We show the performance of our algorithm in Fig. 2, where
we plot the purity (number of true centrals we identified over
the total number of centrals we identified) of our central galaxy
sample as a function of the fixed cylinder radius used. When the
GAMA survey is used as reference, we can achieve purity of up
to ∼ 94 % for the largest cylinder radius. Moreover, the purity
of the sample increases when a larger cylinder is used, which
is expected because it is less likely to misidentify a very bright
nearby satellite as a central when a larger cylinder is used that is
more likely to also contain the central galaxy.

We also confirmed the purity of our sample in low-redshift
galaxies (0.1 < z < 0.3) of the GAMA sample, where the
satellite fraction remains high, around ∼ 27 % (Fig. 1), because
the algorithm might under-perform in this satellite-rich redshift
space. We find, however, that the purity of the central sample is
higher in this regime, which makes us confident that our central
sample selection is reliable.

Results from applying the algorithm to the MICE2 mock
galaxy catalogue are also shown in Fig. 2. The purity values
that we achieve are very similar to the values we obtained us-
ing GAMA, except when the largest cylinder radius is used. This
means that for the largest radius, the actual purity of our central
sample is higher than the one we measure using GAMA.

In addition, we tried to optimise our central selection using
the stellar masses in the mock galaxy catalogues. First, we mod-
ified the algorithm so as to select the most massive galaxy in the
cylinder centre instead of the brightest one. For this, we used
the stellar mass present in the MICE catalogues, and plot the pu-
rity in Fig. 2. The performance is worse than when the apparent
brightness is used, suggesting that the central galaxy is more of-
ten the brightest galaxy in the halo, but not the most massive in
terms of stellar mass.

Lastly, instead of using a fixed cylinder radius to search for
overdense regions, we used a per-galaxy cylinder radius, tied to
the R200 of the galaxy. To compute this, we used the stellar-to-
halo mass relation computed for GAMA central galaxies (van
Uitert et al. 2016),

Mc
∗(Mh) = M∗,0

(Mh/Mh,1) β1

[1 + (Mh/Mh,1)] β1−β2
, (1)

where Mc
∗ is the stellar mass of the central galaxy and Mh the

halo mass. We used the best-fit values from van Uitert et al.
(2016) for the remaining parameters in this model and solved
numerically for Mh. We then computed the R200 from Mh ≡

4π(200ρ̄m)R3
200/3, where ρ̄m = 8.74×1010h2M�/Mpc3 is the co-

moving matter density. Fig. 2 shows that the purity of the sample
generally increases when a more per-galaxy optimised cylinder
is used.

It is clear that increasing the cylinder radius increases the
purity of our central galaxy sample, but this comes at a cost.
Specifically, the completeness of the sample drops as the radius
increases, and we finally have fewer galaxies for our analysis.
This is expected because larger cylinders encompass ever more
central galaxies, making the sample less complete. Even the gain
using the galaxy R200 as a cylinder radius causes the complete-
ness to drop by ∼ 3 %. It is therefore important to find a good
compromise between the sample purity and the total number of
central galaxies that are used.

As a last step in this direction, we considered the second
brightest galaxy in the cylinder and the difference in magnitude
from the brightest galaxy. When two galaxies are in the same
overdensity but are too close in magnitude, it is possible that the
centre of the halo does not correspond to the brightest galaxy.
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Fig. 3. Purity (solid, left y-axis) and completeness (dashed, right y-
axis) of our central galaxy sample after rejecting centrals with a galaxy
brighter than a magnitude difference from the brightness of the central
galaxy, shown on the x-axis. The cylinder was fixed at 0.6 Mpc/h. Lines
connect the individual points.

Therefore we rejected centrals that have a galaxy inside the same
cylinder up to a magnitude difference limit. We plot the purity of
the central sample following this procedure as a function of the
magnitude difference limit for a fixed cylinder of 0.6 Mpc/h ra-
dius in Fig. 3. The purity increases as the magnitude difference
limit increases, but the completeness drops.

Based on this, we chose to use a magnitude difference limit
of 0.1 in our final sample. To increase the sample size without
compromising much on its purity, we opted to use a fixed cylin-
der radius of 0.6 Mpc/h. With this setup, we achieve a purity
of 93.4%, as quantified from the overlap with the GAMA group
catalogue. The total number of central galaxies for the whole
KiDS-1000 area after masking is 138,607. Shape measurements
are successfully obtained for 115,930 galaxies using a weight
function with a scale equal to riso and 117,601 galaxies using
1.5riso.

3.3. Scaling with photo-z accuracy

Interestingly, the purity of the sample seems to plateau for
large cylinders. To understand this better, we repeated the anal-
ysis using the mock galaxy catalogues and sampled photo-
metric redshifts with three different values of accuracy, dz =
{0.02, 0.01, 0.0035}(1 + z). The first choice represents our lens
galaxy sample, the second corresponds to the photometric red-
shifts achievable for luminous red galaxies (LRGs, Rozo et al.
2016; Vakili et al. 2019), and the last is the expected redshift ac-
curacy from a narrow-band based survey, such as the Physics of
the Accelerated Universe (PAUS Eriksen et al. 2019).

The results are shown in Fig. 4, where we plot the purity
and completeness for the different redshift accuracies. We also
changed the size of the cylinder in redshift space according to
the redshift accuracy. Interestingly, the purity of the sample re-
mains roughly the same in all three cases. As the redshift accu-
racy and cylinder depth decrease, the completeness of the sample
increases as well. From this we conclude that improvements to
the purity cannot be made by reducing the redshift uncertainty.

The lack of improvement in purity can be understood that
in lower mass groups the central halo galaxy does not always
correspond to the brightest galaxy (see e.g. Lange et al. 2018).
Increasing the redshift accuracy allows a better determination
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Fig. 4. Purity (solid lines) of our central galaxy sample selection as
a function of the fixed cylinder radius. Lines connect the individual
points. Results shown for three different simulated photometric red-
shift accuracies. The depth of the cylinder is equal to ±2 times the red-
shift uncertainty. The completeness of the central galaxy sample is also
shown on the right y-axis, overplotted with dashed lines.

of centrals in less massive halos, which are expected to carry a
weaker signal of halo ellipticity, however. Therefore it is better
to increase the area of the survey, if possible, instead of the red-
shift accuracy. This justifies our choice of using the much larger
area KiDS-1000 data and not the spectroscopic redshifts of the
GAMA survey for our analysis.

3.4. Sample characteristics

We present here the characteristics of the final sample of central
galaxies we compiled. The sample properties were obtained for
the overlap of our KiDS-1000 sample with the GAMA survey,
where an extensive photometry and stellar mass catalogue was
used (StellarMassesLambdarv20, Taylor et al. 2011; Wright
et al. 2016). This catalogue provides estimates of the stellar
mass, absolute magnitudes, and restframe colours of galaxies
using fits to galaxy SEDs from photometry in the optical+NIR
broad bands.

In addition, we split the central sample into intrinsically red
and blue galaxies. To do so, we isolated the red-sequence galax-
ies by inspecting the distribution of apparent g − i colour versus
mr in ten linear redshift bins in the redshift range of the lens
sample. With this division, we obtained 62426 red and 53504
blue-lens galaxy sub-samples. Their average ellipticity modulo
is the same as for the full sample, but their distributions show
that slightly more blue galaxies have ellipticities with absolute
values below 0.1 or above 0.3 than red galaxies.

In the top panel of Fig. 5 we show the distribution of stel-
lar mass for the full galaxy population in the bright KiDS-1000
sample (restricted to the overlap with GAMA), as well as for our
central galaxy sample, also divided into red and blue centrals.
The central galaxies are generally more massive than galaxies
in the whole population, as expected. The mean stellar mass of
the red and blue central sample is ∼ 1011 M� and 1010.6 M�,
respectively.

In addition to this, we show the distribution of restframe g− i
colours, corrected for dust extinction, in the bottom panel of Fig.
5, again for the full KiDS-1000 and central (all, blue, and red)
galaxy sample. The central galaxy sample consists of generally
more red galaxies than the full sample. The colour distributions
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Fig. 5. Normalised distributions of the full sample (in filled grey) and
our central galaxy sample (in black, red, and blue for all, red, and blue
centrals, respectively) in the GAMA overlap. Top: Distribution of stellar
mass. Bottom: Distribution of restframe dust corrected g − i colour.

of our selection of red and blue centrals generally also follows
the expected restframe g − i distribution, which makes us con-
fident in our colour selection. We note that a small number of
relatively blue galaxies enter our red-galaxy sample, which is an
effect of our imperfect colour split based on photometric redshift
data and a visual inspection. However, given the number of these
galaxies, we do not expect a cleaner sample selection to alter our
results.

4. Method

Gravitational lensing has the effect of coherently distorting light
rays of background galaxies (sources) from the intervening mat-
ter along the line of sight. Because galaxies are biased tracers
of the matter density in the Universe, we expect to find a corre-
lation between the position of foreground galaxies (lenses) and
the shapes of the source galaxies. In its weak regime, the effect
is very small, and the observed ellipticities of source galaxies are
only affected by about 1%. Large statistical ensembles of lens-
source galaxy pairs are therefore required to extract the weak-
lensing signal.

For lens and source galaxies, we used the third flattening,
ε = ε1 + iε2, as an ellipticity measure, which is related to the
ratio of semi-minor to semi-major axis, q, by |ε| = (1−q)/(1+q).
We can then express the tangential and cross ellipticity of source
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galaxies with respect to the lens position as

ε+ = −ε1 cos(2θ) − ε2 sin(2θ) , (2)
ε× = ε1 sin(2θ) − ε2 cos(2θ) , (3)

where θ is the position angle of the line connecting the lens-
source galaxy pair. When averaged over pairs, ε+ provides an
unbiased but noisy estimate of the gravitational shear γ, that is,
〈ε+〉 ≈ γ+, which can then be related to the excess surface mass
density through

∆Σ(R) = Σ̄(< R) − Σ(R) = γ+(R)Σcrit , (4)

with Σcrit the critical surface density, defined by

Σcrit =
c2

4πG
Ds

DlDls
. (5)

In this equation, c and G are the speed of light and gravitational
constant, respectively, Ds is the angular diameter distance to the
source galaxy, Dl to the lens galaxy and Dls between the lens and
source galaxy. Equation (4) holds true only when an azumuthally
averaged ensemble of lenses is considered.

The isotropic (azimuthally averaged) part of the lensing sig-
nal can be calculated from the data using the estimator

∆̂Σ =

(∑
ls wlsε+Σcrit∑

ls wls

)
, (6)

where the sum runs over all lens-source galaxy pairs that fall in
a given projected radius bin. We weighted each pair with ellip-
ticity weights, ws, computed by lensfit, which accounts for the
uncertainty in the shear estimate, and define

wls = wsΣ
−2
crit . (7)

Because galaxy redshifts are computed through photometry, it is
important to account for the full posterior redshift distribution of
source galaxies, p(zs) (see Sect. 2.1) when computing Σcrit. This
is done with equation

Σ−1
crit =

4πG
c2

∫ ∞

zl

Dl(zl)Dls(zl, zs)
Ds(zs)

p(zs)dzs . (8)

4.1. Anisotropic lensing model

We modelled the anisotropic part of the lensing signal follow-
ing the formalism presented in Schrabback et al. (2015), which
is based on work by Natarajan & Refregier (2000) and Mandel-
baum et al. (2006). The excess surface mass density of a lens is
modelled as

∆Σmodel(r,∆θ) = ∆Σiso(r)[1 + 4 frel(r)|εh,a| cos(2∆θ)] . (9)

Here, ∆Σiso is the excess surface mass density for a spherical halo
(estimated from data using Eq. (6)) and ∆θ is the position angle
coordinate in the lens plane, measured from the halo semi-major
axis. The ellipticity of the halo is probed by the galaxy elliptic-
ity, therefore we are sensitive only to the aligned component of
the halo ellipticity with the galaxy, |εh,a| The anisotropy of the
elliptical halo lensing is described by frel(r), which depends on
the assumed halo density profile and is generally a function of
the projected separation r. For elliptical halos that are not de-
scribed by a single power-law, frel(r) needs to be computed nu-
merically (see e.g. Mandelbaum et al. 2006), and we interpolated
this quantity (using a cubic interpolation) from tabulated values.

In order to avoid systematic biases in our anisotropic lensing sig-
nal measurement, it is also necessary to define the excess surface
mass with lens and source ellipticities rotated by π/4, where we
have

∆Σ45,model(r,∆θ) = ∆Σiso(r)[4 frel,45(r)|εh,a| cos(2∆θ+ π/2)] , (10)

where frel,45(r) is obtained in the same manner as frel(r).
The quantity of interest is the ratio of the halo ellipticity

modulo to the galaxy ellipticity modulo, f̃h = |εh|/|εg|. How-
ever, we can only measure this quantity weighted by the av-
erage mis-alignment angle between the halo and host galaxy
semi-major axis, ∆φh,g. Consequently, the measured quantity
fh = f̃h〈cos(2∆φh,g)〉 (where we also assume that the misalign-
ment angle does not depend on |εh|). In order to extract fh from
data, we used the following estimators:

f̂ ∆Σ =

∑
ls wlsε+Σcrit|εl| cos(2φls)∑

ls wls|εl|
2 cos2(2φls)

, (11)

and

f̂45∆Σ = −

∑
ls wlsε×Σcrit|εl| sin(2φls)∑

ls wls|εl|
2 sin2(2φls)

, (12)

where φls is the angle between the lens semi-major axis and
the position vector connecting the lens-source galaxy pair.
These two estimators can be predicted from fh frel∆Σiso and
fh frel,45∆Σiso, respectively. However, the estimators are easily
contaminated by systematic errors in the lensing signal measure-
ments, such as imperfections due to incorrect PSF modelling or
cosmic shear from structures between the lens and the observer
(Mandelbaum et al. 2006; Schrabback et al. 2015). An estimator
that is insensitive to these systematic effects can be constructed
by subtracting the two,

̂( f − f45)∆Σ = f̂ ∆Σ − f̂45∆Σ . (13)

To measure the ellipticity ratio, we used this estimator. The anal-
ysis we followed is described below.

4.2. Extracting fh

To measure fh from data, we considered the two estimators
xi = ∆̂Σi and yi = ̂( f − f45)∆Σi/( frel(ri) − fref,45(ri)), where the
index i runs over the radial bins over which we calculated the
lensing signal, and ri is the central value of that bin. These are
two random Gaussian variables, which prevents us from simply
computing their fraction m = yi/xi, which would lead to a biased
estimate of fh. To overcome this, we considered for a given m the
quantity yi−mxi. This is a random Gaussian variable drawn from
N(0, w−1

i ), with w−1
i = σ2

y + m2σ2
x and σx, σy are the error on the

measured estimators xi and yi, respectively (Mandelbaum et al.
2006).

The following sum ratio∑
i wi(yi − mxi)∑

i wi
∼ N

(
0,

1∑
i wi

)
(14)

is also a random Gaussian variable. Based on this, we determined
confidence intervals of ±1σ in measuring m by considering the
inequality

−Z√∑
i wi

<

∑
i wi(yi − mxi)∑

i wi
<

+Z√∑
i wi

. (15)
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We used m drawn from a grid and calculated fh by requiring
fh = m(Z = 0). We also determined the ±1σ intervals by setting
Z = ±1. In addition, we computed the reduced χ2 from n radial
bins using

χ2
red =

∑
i wi(yi − m(Z = 0)xi)2

n − 1
. (16)

This method does not take into account the off-diagonal elements
of the covariance matrix of our measurements. These where esti-
mated to be very small (see Sect. 5), however, with the standard
deviation of the correlation matrix off-diagonal elements being
4 × 10−2.

5. Halo ellipticity

We measured the weak-lensing signal around our central galaxy
sample using 25 radial bins, logarithmically spaced between 20
kpc/h and 1.2 Mpc/h. We restricted the sample to lens galaxies
with well-defined ellipticities, 0.05 < εl < 0.95. The median red-
shift of the lenses is 0.26, and their average ellipticity is 0.188
for shapes obtained using weight function of riso and 0.183 when
using 1.5riso. We fitted the isotropic weak-lensing signal with
a Navarro–Frenk–White (NFW) profile (Navarro et al. 1996;
Wright & Brainerd 2000) and fixed the concentration-mass re-
lation according to Duffy et al. (2008),

c = 5.71
(

M200

2 × 1012M�/h

)−0.084

(1 + z)−0.47 , (17)

to finally obtain an estimate for the scale radius rs. This was
then used to calculate frel(r) and frel,45(r). We note that our mea-
surements of fh are not very sensitive to the concentration-mass
relation. Changing the constant in Eq. (17) by 20% shifts our
measured value by at most ∼ 0.3σ, therefore we did not con-
sider a more complicated relation. In NFW profile fits, we used
the mean redshift of the full lens sample. We also restricted the
fit to the range from 40 kpc/h up to 200 kpc/h. The first limit
minimises signal from baryons in the centre of the halo and con-
tamination of the source galaxy shear by the extended light of
each lens (Schrabback et al. 2015; Sifón et al. 2018). The up-
per limit ensures that we do not include contributions from the
two-halo term when fitting the lensing signal. This is a conser-
vative limit because we do not expect a strong two-halo term in
our lensing signal because our galaxy sample is only very little
contaminated by satellite galaxies.

To calculate the covariance of our measurements, we used
a bootstrap technique. We sampled 105 random bootstrap sam-
ples from the lens catalogue (with replacement) and used this
data vector to calculate the covariance matrix, obtaining error
bars for our measurements from its diagonal elements. This tech-
nique ignores errors due to sample variance from the large-scale
structure. However, these are expected to be negligible given
the scales we probe. We tested this by computing the covari-
ance and errors from a per-area bootstrap technique, dividing
the survey into 1 deg2 patches and computing the lensing signal
in each patch. We then selected 105 random bootstrap patches,
weighting them by the number of lenses (because patches with
significantly fewer than average lenses will have a more uncer-
tain signal measurement) and derived fully consistent error bars.
We also find that the off-diagonal elements of the covariance ma-
trix are negligible at all scales, justifying the analysis outlined in
Sect. 4.2.

We present our measurements in Fig. 6 for the case when
the shape of the lens galaxy is measured using a weight function

with scale equal to riso. Results for the full, red, and blue lens
galaxy sample are shown in the left, right, and middle column,
respectively. The first row shows the isotropic lensing signal
measurement, spherically averaged, as well as the best-fit NFW
profile, with the ranges used in the fit indicated with dashed
vertical lines. We also overplot the isotropic lensing signal ob-
tained from the full KiDS-1000 bright-end catalogue in the same
redshift range in the top left panel for comparison. Our central
galaxy sample is generally more massive and is not affected by a
strong two-halo term, in contrast to the full sample. The result-
ing average halo mass for the three sub-samples is listed in Table
1. We also verified that ∆Σ45, which is calculated by substituting
the tangential with the cross ellipticity component in Eq. (6), is
consistent with zero at all measured scales. This is expected be-
cause a spherically averaged cross component is not generated
by gravitational lensing, and it serves as a useful sanity check
for a potential systematic offset.

In the next three rows of Fig. 6 we present the measurement
of the anisotropic lensing signal for the three sub-samples. We
used these measurements to calculate the ellipticity ratio, fh, fol-
lowing Sect. 4.2, as well as the 1σ confidence intervals. For
the fh measurement, we used scales from 40 kpc/h up to the
estimated r200 for the corresponding galaxy sample, which are
shown as dashed lines in the figure. For visualisation, we over-
plot the best-fit NFW profile of the corresponding galaxy sam-
ple, multiplied by frel, frel,45 or their difference, accordingly, and
the best-fit value of fh.

The resulting values of fh as well as the reduced χ2 of the
fit are presented in Table 1. We see that the ellipticity ratio is
fitted reasonably well, as expressed by the χ2 values. For the
full sample we measure an ellipticity ratio of 0.27 with a 1.5σ
statistical significance. For the red galaxies, the measured ratio is
higher, 0.34, and the significance also increases to 2-σ. Finally,
we do not measure a significant ellipticity ratio for blue galaxies.

5.1. Misalignment dependence on galaxy scale

Following the results presented in the previous section, we re-
measured the ellipticity ratio, fh, using lens galaxy shapes with
a weight function of scale equal to 1.5riso. When a larger weight
function is used, the measured shapes are more sensitive to the
morphology of outer galaxy regions. The mean ellipticity of the
lens sample is measured to be very similar when using the two
weight functions (with a difference of 0.005), and their distribu-
tions were inspected to be nearly the same. Therefore any differ-
ence measured in fh will be directly related to differences in the
mean misalignment angle, 〈cos(2∆φh,g)〉.

The isotropic lensing signal obtained with the larger weight
function is statistically the same because the lensing sample
is not systematically different. We show the anisotropic lens-
ing measurements in the last row of Figure 6 with green dia-
monds and the model obtained using the best-fit fh for a large
weight function with a dashed red line (see also Table 1). The
measured signal for ( f − f45)∆Σ is higher, although only at a
level of ∼ 1σ. When the full sample was analysed, we mea-
sure an fh = 0.50 ± 0.20, which is ∼ 1.5 times higher than
the value obtained using the smaller weight function. For the
red and blue galaxy sub-samples, we find fh = 0.55 ± 0.19 and
fh = 0.28 ± 0.55, respectively, both of which are higher than
the values obtained by using a smaller weight function. For red
galaxies the detection of a non-zero ellipticity ratio is increased
to 2.9σ, while blue galaxies are still found to have a value fh
fully consistent with zero.
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Table 1. Results from fits to the weak-lensing signal for the full sample and for the red and blue central galaxy sub-samples. The mean stellar
mass is shown for galaxies in the KiDS-1000 and GAMA overlap, quoted from the StellarMassesLambdarv20 catalogue. We also show the
best fit and error of M200 from the NFW profile fits to the isotropic weak-lensing signal and the resulting ellipticity ratio fh fit, with its reduced χ2,
according to Sect. 4.2, obtained using the two different weight function sizes to measure lens galaxy shapes (see Sect. 2.1).

Sample M∗ [1010 M�] M200 [1012 M�] fh (rwf/riso = 1) χ2
red (rwf/riso = 1) fh (rwf/riso = 1.5) χ2

red (rwf/riso = 1.5)

Full 9.28 3.74 ± 0.16 0.27+0.19
−0.18 1.14 0.50 ± 0.20 1.41

Red 12.14 6.69 ± 0.30 0.34 ± 0.17 0.80 0.55 ± 0.19 0.90

Blue 5.63 1.35 ± 0.14 0.08±0.53 0.83 0.28 ± 0.55 1.23

Based on this analysis, we suggest that outer galaxy re-
gions are more aligned with the shape of the dark matter halo.
This agrees with other observations, where central galaxies were
found to be more aligned with their satellite galaxy distribu-
tions when the shape measurement used was more sensitive to
their outer regions (Huang et al. 2016; Georgiou et al. 2019a).
The physical processes causing this behaviour can be either
tidal interactions between the central galaxy and the dark mat-
ter halo affecting the outer, less strongly bound galaxy regions
more strongly, or it might be that infalling material to the central
galaxy generally follows the ellipticity of the dark matter halo.

5.2. Comparison with the literature

Our analysis closely follows work done in previous studies.
Mandelbaum et al. (2006) used a very similar estimator on a
much larger lens sample, split into colour and luminosity. For
their L6 luminosity bin, which is closer to the mean luminos-
ity of our sample, they found fh = 0.29 ± 0.12 for red and
fh = 1.0+1.3

−0.9 for blue galaxies, but we note that a sign inconsis-
tency in their model computation might have affected these re-
sults (Schrabback et al. 2015). van Uitert et al. (2012) also stud-
ied a large lens sample consisting of less massive galaxies than
ours, and found fh = 0.19± 0.10, 0.13± 0.15, and −0.16+0.18

−0.19 for
all, red, and blue lens samples, respectively. Following the same
method, Schrabback et al. (2015) studied a sample of lenses
split into colour and stellar mass, and found fh = −0.04 ± 0.25
for all red lenses and fh = 0.69+0.37

−0.36 for all blue ones. They
also provided predictions of fh from the Millennium Simulation
(Springel et al. 2005), which agrees with the values we obtain
here. The studies above used an almost identical method as we
did and lens samples much larger than ours, but the samples were
likely contaminated by satellite galaxies. Our study indicates the
importance of selecting central galaxies for an anisotropic lens-
ing signal measurement.

The pioneering works of Hoekstra et al. (2004) and Parker
et al. (2007) conducted similar measurements of fh for single-
band photometric data and found fh = 0.77+0.18

−0.21 and fh = 0.76 ±
0.10, respectively. However, these results were not corrected for
the spurious signal introduced by other effects that align lens
and source ellipticities. This may have biased the resulting fh
measurements to high values (Schrabback et al. 2015).

Focussing on the brightest group galaxies (BGG) of the
GAMA group catalogue specifically (using groups with more
than five members), van Uitert et al. (2017) detected an halo el-
lipticity of εh = 0.38 ± 0.12 using the BGG semi-major axis as a
proxy for the halo orientation and focussing on scales below 250
kpc. Similar ellipticity has also been detected for dark matter
halos of galaxy clusters (Evans & Bridle 2009; Clampitt & Jain
2016; Shin et al. 2018; Umetsu et al. 2018). For comparison, we
find εh = 0.0510.036

−0.034 for the full sample and εh = 0.064 ± 0.032

for red galaxies using the average lens galaxy ellipticity of our
sample and assuming zero misalignment angle.

The galaxies in these groups and clusters are generally more
massive than our central galaxy sample (see Table 1), with the
GAMA BGG sample having a mean stellar mass of 2.25 × 1011

M�, and cluster central galaxies are typically more massive than
that. In order to confirm whether more massive galaxies in our
sample have an higher ellipticity ratio, we selected galaxies
based on stellar mass, obtained running the code Le Phare (Ilbert
et al. 2006) on the KiDS-1000 nine-band photometry (Wright et
al. in prep.). Using all galaxies with M∗ > 1.58 × 1011 M� , we
find fh = 0.24 ± 0.19, which is slightly higher than the value for
the whole sample.

The ellipticity we obtain is significantly lower than what is
measured in galaxy groups. This suggests either that halos of
galaxy groups and clusters are more elliptical than those of rela-
tively isolated galaxies6 or that the mean misalignment between
halos and galaxies is smaller for group and cluster central galax-
ies. In cosmological simulations, higher mass halos where found
to be more elliptical and less misaligned with their host galaxy
than lower mass halos, which agrees with the trend observed
here (e.g. Tenneti et al. 2014; Velliscig et al. 2015; Chisari et al.
2017). However, we did not measure a significant increase in
fh when we restricted our sample to high stellar mass galaxies,
which leaves the interpretation unclear.

Another possible reason for the discrepancy may be differ-
ences in the shape measurement of the lenses. Shapes of lens
galaxies were derived using a generally large weight function in
van Uitert et al. (2017, and private communication). We measure
a larger fh when using a larger weight function for measuring
shapes of lens galaxies in our sample, which might explain at
least part of the low-halo ellipticity value we find in comparison
to galaxy groups.

6. Conclusions

We measured the anisotropic lensing signal and halo-to-galaxy
ellipticity ratio of galaxies for a bright sample (mr . 20) with ac-
curate redshifts acquired through a machine-learning technique,
trained on a similar spectroscopic sample (GAMA, mr,petro <
19.8). We minimised satellite contamination because it would
complicate the interpretation and modelling of the measured sig-
nal. To construct the sample, we identified galaxies in regions of
high galaxy number density and selected the brightest galaxy
(in r band) in a cylindrical area. We assessed the purity of our
central galaxy sample using the overlap with GAMA and found
the purity to be = 93.4%. Similar values were obtained using the

6 Our sample consists of both BGG and field galaxies, the latter ex-
pected to be either isolated galaxies or BGGs of groups whose satellites
are too faint to be detected within the imposed magnitude limit.
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Fig. 6. Measurements of the weak-lensing signal around our central galaxy sample. The first column shows results obtained for all centrals, and
the second and third columns show results for the red and blue sub-samples, respectively (with open circles placed for negative measurements).
The first row shows the isotropic lensing signal, the second and third row show the anisotropic lensing signal obtained with the estimators of
Eqs. (11)-(12), and the last row shows the difference, Eq. (13). The best-fit NFW profile is overplotted in the first row, with dashed vertical lines
depicting the ranges that were used during the fit. We also show the isotropic lensing signal of the full KiDS-1000 sample as grey points as a
comparison to the signal obtained using only the central galaxies. For the next rows we show the best-fit NFW profile multiplied by the best-fit fh
and frel, frel,45 and their difference, respectively, as well as the ranges we used during the fit with dashed lines. In the last row, we show with green
diamonds and the dashed red line the data and model with the best-fit fh obtained using a larger weight function of rwf = 1.5riso to measure the
lens galaxy shapes.

MICE mock galaxy catalogues (built from N-body cosmological
simulations).

We used the central galaxy sample as lens galaxies and back-
ground sources from the KiDS-1000 shear catalogues. We also
split the lens sample into intrinsically red and blue galaxies. Us-
ing the measured lensing signal, we extracted the ellipticity ra-
tio fh (weighted by the misalignment angle between the galaxy
and the halo semi-major axis) using an estimator that was not
affected by systematic errors such as incorrect PSF modelling

and cosmic shear. We measure fh = 0.27+0.19
−0.18 for the full sam-

ple and fh = 0.34 ± 0.17 for an intrinsically red sub-sample,
respectively, while for blue galaxies the ratio is fully consistent
with zero. Our measurements agree with predictions based on
cosmological simulations, and we demonstrated the importance
of using a highly pure sample of central galaxies to measure the
halo ellipticity.

Our results generally agree with studies of similar galaxy
samples. However, we find a significantly lower halo elliptic-
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ity when we compared our results to central galaxies of galaxy
groups and clusters. Cosmological simulations predict that lower
mass halos are rounder and/or more strongly misaligned with
their host halo than more massive halos, which may explain part
of this difference. Using shape estimates that are more sensitive
to outer galaxy regions, we find a higher value for fh, specif-
ically, 0.5 ± 0.2 and 0.55 ± 0.19 for the full and red sample,
respectively, rejecting the hypothesis of round halos and/or ran-
domly aligned galaxies with respect to their parent halo at 2.5
and 2.9σ. This suggests there is a galaxy-scale dependence of the
misalignment angle ∆φh,g, with outer regions of the host galaxy
being more aligned with its dark matter halo.

Our results can also be connected with the difference found
between the predicted galaxy intrinsic alignment signal of dark
matter halos and the observationally measured alignment of
galaxies, which are found to have a much lower signal (e.g. Fal-
tenbacher et al. 2009; Okumura et al. 2009). In addition, galaxy
intrinsic alignments have been observed to depend on the galaxy
properties, with more luminous (and therefore massive) galax-
ies indicating a stronger alignment amplitude than less luminous
ones (Singh et al. 2015; Johnston et al. 2019). This trend of the
alignment signal points in the same direction as the decreasing
misalignment of halos and galaxies with increasing halo mass
seen here and in cosmological simulations.
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