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ABSTRACT

Clusters of galaxies trace the most non-linear peaks in the cosmic density field. The weak gravitational lensing of background
galaxies by clusters can allow us to infer their masses. However, galaxies associated with the local environment of the cluster
can also be intrinsically aligned due to the local tidal gradient, contaminating any cosmology derived from the lensing signal.
We measure this intrinsic alignment in Dark Energy Survey (DES) Year | REDMAPPER clusters. We find evidence of a non-zero
mean radial alignment of galaxies within clusters between redshifts 0.1-0.7. We find a significant systematic in the measured
ellipticities of cluster satellite galaxies that we attribute to the central galaxy flux and other intracluster light. We attempt to
correct this signal, and fit a simple model for intrinsic alignment amplitude (A;a ) to the measurement, finding Aj5 = 0.15 £ 0.04,
when excluding data near the edge of the cluster. We find a significantly stronger alignment of the central galaxy with the cluster
dark matter halo at low redshift and with higher richness and central galaxy absolute magnitude (proxies for cluster mass). This
is an important demonstration of the ability of large photometric data sets like DES to provide direct constraints on the intrinsic
alignment of galaxies within clusters. These measurements can inform improvements to small-scale modelling and simulation
of the intrinsic alignment of galaxies to help improve the separation of the intrinsic alignment signal in weak lensing studies.

Key words: gravitational lensing: weak — galaxies: clusters: general —cosmology: observations.

1 INTRODUCTION

In 1919, predictions from the theory of general relativity were
confirmed by observing the deflection of the light by the sun (Dyson,
Eddington & Davidson 1920), which is aptly named gravitational
lensing. A century after this experiment, gravitational lensing has
become one of the most powerful probes in modern cosmology sur-
veys. Weak lensing probes, including galaxy—galaxy lensing, cluster
lensing, and cosmic shear can effectively constrain cosmological
parameters and thus reveal the growth history of structure in the
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Universe. The recent growth in data volume from Stage III surveys,
such as the Dark Energy Survey (DES),' the Kilo-Degree Survey,’
and the Hyper Suprime-Cam Survey® has significantly lowered the
statistical uncertainty in the lensing signal. This has in turn made
control of small systematic errors critical for extracting weak lensing
signals from existing and future surveys.

One major source of systematic uncertainty in weak lensing
studies is from the correlated intrinsic alignment of galaxies that
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contaminates the shear correlations (Troxel & Ishak 2014). The
intrinsic alignment of galaxies is caused by a variety of physi-
cal processes during structure formation Croft & Metzler (2000);
Heavens, Refregier & Heymans (2000); Hirata & Seljak (2004);
Bridle & King (2007); Blazek et al. (2019), leading to a tendency
for galaxies to physically align along the gradient of the tidal field.
The intrinsic alignment of galaxies acts as a nuisance signal to the
lensing measurement, which tends to distort the observed shape of
a galaxy tangentially to the gradient of the tidal field, and it can
strongly bias the weak lensing results we infer (e.g. Blazek et al.
(2019); Hamana et al. (2020); Asgari et al. (2021); Krause et al.
(2021); DES Collaboration et al. (2022)) if it is improperly corrected
or modelled. Isolating the intrinsic alignment signal can not only
improve the results we get from lensing surveys, but also provide
insights into the evolution of galaxies over time, which would also
modify the intrinsic alignment signal.

The alignment of galaxies in large-scale tidal fields has been
well studied, and especially for large and red galaxies, there is
a consensus in both measurements and simulations that a non-
zero alignment exists (e.g. Mandelbaum et al. (2006); Hirata et al.
(2007); Joachimi et al. (2011, 2013); Chisari et al. (2015); Singh,
Mandelbaum & More (2015); Tenneti, Mandelbaum & Di Matteo
(2016); Samuroff et al. (2019); Zjupa, Schifer & Hahn (2020);
Samuroff, Mandelbaum & Blazek (2021a); Fortuna et al. (2021b)).
Ignoring destructive interference via interaction or merging of
galaxies and clusters, one naively expects that the intrinsic galaxy
alignment would be stronger around the strongest overdensities
in the Universe like galaxy clusters. There is more disagreement
about the amplitude of the alignment of galaxies within such
large structures, i.e. intracluster alignments (e.g. Pereira & Kuhn
(2005); Agustsson & Brainerd (2006); Faltenbacher et al. (2007);
Siverd, Ryden & Gaudi (2009); Hao et al. (2011); Schneider et al.
(2013); Sifén et al. (2015)) with different shape measurement
methods leading to different conclusions. A measurement of the
alignment of REDMAPPER clusters in the Sloan Digital Sky Survey
(SDSS) data with the large-scale matter field was also performed
by van Uitert & Joachimi (2017). Huang et al. (2018) also found
that the inferred alignment depended also on the population of
galaxies, which may inform discrepancies among earlier stud-
ies.

The substantially increased physical volume (and thus the number
of clusters) probed in data sets like the Dark Energy Survey
Year 1 data enable an extremely powerful test of this question
of intracluster alignment. In this work, we study a variety of
alignment mechanisms for red-sequence galaxies within DES Year
1 REDMAPPER clusters. This follows an earlier work studying
REDMAPPER clusters in the Sloan Digital Sky Survey (SDSS) data
(Huang et al. 2016, 2018). We examine a similar set of alignment
statistics as this earlier work, comparing the METACALIBRATION and
IM3SHAPE weak lensing shape measurement algorithms used in
DES Year 1 for cosmology. In particular, we are able to measure
a significant non-zero signal in the metric most of interest to
cosmology, the mean tangential (radial) shear. These measurements
demonstrate that current and future large photometric surveys are
able to provide significant constraints on these local alignment
processes.

The paper is organized as follows. In Section 2, we discuss the DES
data used in this work, including the cluster and shape catalogues. We
describe the methodology used in Section 3, and the measurement
results in Section 4. In Section 5, we present a discussion of the
interpretation of the signal in terms of an intrinsic alignment model
and the mass profiles of the clusters. We conclude in Section 6.
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2 DARK ENERGY SURVEY YEAR 1 DATA

The Dark Energy Survey is a six-year survey covering 5000 deg”
of the southern sky using the Dark Energy Camera (Flaugher et al.
2015) mounted on the Blanco 4-m telescope in Cerro Tololo, Chile.
Observations use five broad-band filters g, r, 7, z, Y. The first year of
DES observations (Y1) lasted from August 2013 to February 2014
and covers ~40 per cent of the total DES footprint (Drlica-Wagner
et al. 2018). We use data based on several value-added catalogues
built from the Y1 data: 1) the YIA1 GOLD catalogue, a high-quality
photometric data set; 2) the red-sequence Matched-filter Probabilistic
Percolation (REDMAPPER) cluster and member catalogues; 3) the
METACALIBRATION and IM3SHAPE shape catalogues. We describe
each of these in more detail in the following subsections.

2.1 GOLD catalogue

The Y1A1 GOLD data set (Drlica-Wagner et al. 2018) is a high-
quality photometric catalogue that contains multi-epoch, multi-
object photometric model parameters, and other ancillary informa-
tion. The objects in this catalogue are selected from the initial Y1A1
coadd detection catalogue, which is processed by the DESDM image
processing pipeline (Mohr et al. 2008; Sevilla et al. 2011; Mohr
et al. 2012). The Y1A1 GOLD catalogue restricts the footprint of
the objects to regions with at least one image of sufficient science
quality in each filter. Several bad region masks including unphysical
colours, the Large Magellanic Cloud, globular clusters, and bright
stars are applied to the catalogue. The final Y1A1 GOLD footprint
covers ~1800deg? with an average of three to four single-epoch
images per band. The photometric accuracy is <2 per cent over
the survey area. A comparison with the deeper catalogue of the
Canada—France—Hawaii Telescope Lensing Survey shows that the
Y1A1 GOLD catalogue is >99 per cent complete in g, r, i, z bands
for magnitudes brighter than 21.5. There are approx. 137 million
objects in the final Y1A1 GOLD catalogue.

2.2 REDMAPPER cluster catalogue

The red-sequence Matched-filter Probabilistic Percolation
(REDMAPPER) photometric cluster finding algorithm is optimized
for deep wide-field photometric cosmology surveys (Rykoff et al.
2014) and produces a cluster catalogue identifying overdensities
of red-sequence galaxies with a probabilistic assignment of these
red-sequence galaxies as central/satellite members. This alogorithm
has been validated using X-ray and Sunyaev-Zel’dovich (SZ)
observations (Sadibekova et al. 2014; Rozo et al. 2015; Saro et al.
2015; Rozo et al. 2016; Bleem et al. 2020a; Grandis et al. 2021),
and updates to the method are described in Rozo et al. (2016);
Rykoff et al. (2016); McClintock et al. (2019). We briefly describe
the algorithm and resulting cluster catalogue below.

To identify clusters, the REDMAPPER algorithm counts the excess
number of red-sequence galaxies, called the richness (1), within
a radius R; = 1.0~ ! Mpc (A/100)*? that are brighter than some
luminosity threshold Ly, (z). A locally volume-limited version of
the catalogue is also produced, which imposes a maximum redshift
on clusters such that galaxies above Ly, (z) can be detected at 100
An associated redshift-dependent random catalogue for both cluster
catalogues is produced using a survey mask constructed to require
that a cluster at redshift z at each point in the mask be masked by at
most 20 per cent by the associated galaxy footprint mask.

The algorithm centres each cluster on the most likely central
galaxy, based on an iteratively-trained filter relying on galaxy
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Figure 1. The redshift distribution of REDMAPPER cluster members used in
this work.

brightness, cluster richness, and local density to determine the central
candidate probability. Each red-sequence cluster member is also
assigned an associated membership probability, which we weigh
all measurements by. Additional information about the quality of
photometric redshifts of the clusters and cluster members can be
found in Elvin-Poole et al. (2018); McClintock et al. (2019), but
over most of the redshift range used in this paper cluster redshifts
are unbiased at the level of |Az| < 0.003 with a median photometric
redshift scatter of o,/(1 + z) ~ 0.006. For red-sequence cluster
members, this is o,/(1 + z) &~ 0.035.

In this work, we use a total of 16966 clusters from the DES
Y1 REDMAPPER catalogue (7066 in the volume-limited catalogue).
Within these clusters, there are an effective number of 452280
(248670) cluster members (either central or satellite galaxies). We
have performed measurements, both using all clusters and only
the volume-limited sample. The full catalogue allows us to probe
a larger redshift range with higher statistical precision, while the
volume-limited sample matches what has been used for cosmological
inference in DES Collaboration et al. (2020a). We will show results
primarily from the volume-limited sample unless otherwise noted for
cases where results are not qualitatively similar, and using the same A
> 20 selection on richness in either case as DES Collaboration et al.
(2020a), since inference of the halo shape based on the distribution
of satellite galaxies is increasingly difficult as the number of satellite
galaxies decreases. We use as central galaxies only the most probable
central galaxy in each cluster. The redshift distributions of the final
samples of clusters are shown in Fig. 1. It is important to note that
the full catalogue, relative to a volume-limited selection, will have
some systematic selection bias in the population of clusters probed,
particularly at around z = 0.7 and above. Characterizing this selection
is beyond the scope of this paper.

2.3 Shape catalogues

We use a fiducial shape catalogue that is calibrated with the META-
CALIBRATION method, which uses available imaging data directly
without the need for significant prior information as a function
of galaxy properties (Huff & Mandelbaum 2017; Sheldon & Huff
2017). The METACALIBRATION implementation used in DES Y1 was
described in detail in Zuntz et al. (2018). Limitations in the DES
Y1 implementation of METACALIBRATION lead to a residual mean
multiplicative shear bias estimate of m = 0.012 £ 0.013, which
is due primarily to the effects of neighbouring light on the shear
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recovery. This mean correction is applied to the measurements in
this work. For IM3SHAPE, we divide the mean shear signal by the
mean of 1 + m, where m is the calibration factor inferred from
simulations, and for METACALIBRATION, we divide the mean shear
signal by the mean value of %(1 + m)(R1, + Ry), where m is the
shear bias estimate above and R the response inferred from the
METACALIBRATION process.

METACALIBRATION also allows us to account for sample selection
bias effects, as described in Troxel et al. (2018) and Zuntz et al.
(2018), which we also include. However, we match the shape
catalogue to the REDMAPPER central/satellite member catalogue,
which introduces an additional selection that we cannot incorpo-
rate in the selection bias correction. In future work, it would be
valuable to explore the impact of this selection by running the
REDMAPPER selection algorithm on the photometry produced in the
METACALIBRATION process, similar to how we incorporate redshift
selection biases in, e.g. Troxel et al. (2018). This has been measured,
for example, for a generic red galaxy selection used for intrinsic
alignment studies in Samuroff et al. (2019). At the current precision
of the measurements in this paper, however, we expect this additional
correction to be safely negligible. The METACALIBRATION catalogue
yields a total of 35 million objects, 262 867 of which are matched to
the REDMAPPER central/satellite members and used in the selection
for the current analysis. We are able to match a METACALIBRATION
shape measurement to 66 per cent of REDMAPPER members.

We also compare measurements using the IM3SHAPE shape cata-
logue, Zuntz et al. (2013, 2018), which utilizes a simulation-based
calibration and only has secure shape measurements for 39 per cent
of REDMAPPER members. This low fraction of cluster members
with secure shapes for IM3SHAPE gives too low a signal to noise
for the two-point correlation function measurements presented later
in Section 4.4 to be useful, but it is compared to METACALIBRATION
in other measurements. The IM3SHAPE catalogue provides a model
fit for either a bulge- or disc-like profile. We find about 80 per cent of
central galaxies better fit by a de Vaucouleurs (bulge) profile versus
exponential (disc) profile, while for satellites, about 60 per cent are
better fit by an exponential profile.

3 METHODS TO INFER THE INTRINSIC
ALIGNMENT OF GALAXIES IN CLUSTERS

The intrinsic alignment of galaxies in the (quasi-)linear regime is
typically expressed via perturbation theory as a function of the
underlying tidal field. Most cosmological studies have used a linear
alignment model (Hirata & Seljak 2004; Bridle & King 2007) that
uses the first-order expansion of the intrinsic shear y’ (shown here
up to second-order) in the linear density field:

1
y'(x) = Cis;j+C> (sikskj_gaij52> + Ci5(8si;) + Cotij + -+ -,
(D

where each field is evaluated at x and summation occurs over repeated
indices. The C; parameters are then the analogue to galaxy bias
parameters in perturbation theory, and §;; is the Kronecker delta,
8 is the density field, s;;(k) = S; j[8(k)] is the normalized Fourier-
space tidal tensor, s2(k) is the tidal tensor squared, and the tensor
L = S’,- [0 — 8] involves the velocity shear. From this, one can build
up all standard components of commonly used intrinsic alignment
models up to second order in the density field, as described in detail
in Blazek et al. (2019).

When modelling the intrinsic alignment of galaxies in strongly
non-linear environments like galaxy clusters, where perturbative
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models will break down, it has been proposed to use a ‘l-halo’
model in analogy to the halo model for the matter power spectrum to
describe alignments internal to a single cluster halo. This has been
discussed by Schneider & Bridle (2010) and Fortuna et al. (2021a),
which outline approaches for building such a model, including tests
on simulations. Previous attempts to directly measure such a signal,
e.g. within galaxy clusters, have had mixed results both in simulations
and data. These fall into two categories: 1) the alignment of the cluster
shape with the tidal field, and 2) the alignment of satellite galaxies,
using the cluster centres as a proxy for the peaks of the local tidal
field.

Better measurements of the 1-halo intrinsic alignment signal are
necessary to inform and constrain such a beyond-perturbative model,
however, which is the goal of this paper. While most measurement
attempts have focused on objects with spectroscopic redshifts, which
suffer from limited data volumes, we present several complementary
measurements of these alignments using a fully photometric galaxy
cluster and satellite catalogue that selects red-sequence galaxies and
spans over 1000 deg? to redshift 0.7.

3.1 Orientation of the satellite galaxy distribution

We quantify the strength of the central galaxy alignment relative to
the orientation of the cluster satellite distribution as a proxy for the
dark matter halo orientation in two ways, which were also used in
SDSS for REDMAPPER clusters by Huang et al. (2016). First, we use
the position angle difference An between the central galaxy and its
host cluster, and second, the central galaxy alignment angle 6., for
each central-satellite pair. They are both defined to lie in the range
[0°, 90°], with values closer to 0° indicating stronger central galaxy
alignment.

Measuring An requires an approximation of the overall cluster
shape from the distribution of satellite galaxies. We use two different
methods to determine the ellipticity and orientation of the cluster in
order to measure An. Both measurements are most sensitive to the
ellipticity at a range of radii close to half the cluster scale identified
by R A

3.1.1 Method 1: second moments

We follow the method used by Huang et al. (2016) to calculate the
cluster ellipticity and position angle of the satellite galaxies with
respect to the central galaxy. We use all satellite galaxies with ppem
> 0.2* in order to reasonably trace the shape of the cluster. We
first calculate the reduced second moments of the positions of all
remaining satellite galaxies in the cluster:

2
Zi pi,mem%
My = ————" @)
o Z,‘ pi,mem
Zz‘ Pi mem X;gi
My=———" 3)
i Z[ pi,mem
S, Pimens
i Pi,mem 72
My, = i @)

—
Z,‘ pi,mem

where x; and y; are the distances of satellite galaxy i from the central
galaxy in RA and Dec, respectively, and r; is the Cartesian distance

4The choice of minimum ppe, is arbitrary, and has very little impact on our
results.

MNRAS 526, 323-336 (2023)

Figure 2. Anexample REDMAPPER identified cluster at z = 0.41. Overlaid in
red is the shape of the cluster fit by Method 2. This cluster was found to have
e = 0.73, with a position angle 48° east-of-north and REDMAPPER radius
0.746 Mpc. member galaxies are identified in cyan squares to differentiate
from other projected galaxies along the line of sight. The brightest central
galaxy is the solid red square in the centre. The model is constrained to be
centred on the REDMAPPER-identified central galaxy.

from satellite galaxy i to the central galaxy. We then use the Stokes
parameters to define the cluster shape as follows:

1 — b%/a?

(Q, U) = m(cos 2/3, sm2/3) = (Mxx -M 2Mxy)7 (5)

Yy
where b/a is the cluster minor-to-major axis ratio and g is the cluster
position angle (PA).

3.1.2 Method 2: quadrant grid

Our second method for measuring cluster shapes is based on the
assumption that satellite projections are distributed isotropically
along a profile of 2D ellipses around the central galaxy. We place a
set of orthogonal axes on the central galaxy in the plane of the sky,
rotated at different angles 6 relative to the central galaxy position
angle, and sum the pp., for all satellites in each quadrant (g).

‘We define the count difference in cross-pair quadrants as m = ¢, +
q3 — q2 — q4, which we can model as a function of 6. The assumption
of a 2D ellipse leads to the following expression for m(6):

m(0) = % {arctan (tan(ﬁri—e)) + 2 arctan (M)} (6)

where N is the effective number of satellites in the cluster, 8 is the
cluster position angle, and r is the minor-to-major axis ratio b/a. We
fit this model to the count difference data as a function of 6 assuming
Poisson uncertainty and find the best-fit parameters 8 and r, which
together completely describe the shape of the cluster. An example
cluster with the best-fit shape model overplotted is shown in Fig. 2.

3.2 Radial alignment of satellite galaxies with the cluster centre

The tendency of satellite galaxies to align radially with their major
axis pointed towards the central galaxy is another measure of the
influence of the cluster’s tidal field on the orientation of galaxies
within its dark matter halo. While the mechanism for this alignment,
e.g. whether itis achieved over time or during the galaxies’ formation,
is not clear, we can place empirical constraints on this alignment at
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Figure 3. Top: measured quantities relevant to the orientation of the central
galaxy within the dark matter halo of the cluster. An is the position angle
difference between the central galaxy and the cluster halo. 6., is the
alignment angle of the line connecting the central galaxy and each satellite
galaxy relative to the central galaxy position angle. Bottom: measured
quantities relevant to the orientation of the satellite galaxies within the dark
matter halo of the cluster. ¢, is the alignment angle of the line connecting
the central galaxy and each satellite galaxy relative to the satellite galaxy
position angle.

the time we observe the cluster. We can then study the evolution of
the mean alignment over time at different redshifts.

One way to parametrize this alignment is similar to the observables
described in the preceding section, which we will label ¢, following
Huang et al. (2018). This is the angle between the position angle of
the satellite galaxy and the line connecting it to the central galaxy.
This is shown in Fig. 3.

Another standard method is calculating the mean radial shape
y1(R)

Zi Pi,mem€i +

Zi Pi,mem ’
via the two-point correlation function of the central galaxy positions
with the ellipticity of the satellite galaxies. R is the projected distance
separation of the satellite from the central galaxy of the cluster, i
is some satellite galaxy in some cluster, and e, is the component
of the ellipticity projected along a basis coinciding with the line

yr(R) = @)
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Figure 4. The jackknife correlation matrix for the full-sample y1(R) mea-
surement, discussed in Sections 3.2 & 4.4. As expected for shot or shape
noise, the covariance is strongly diagonal.

connecting the satellite galaxy to the central galaxy of the cluster.
y 1 is most relevant for contamination to the cluster lensing signal.
In practice, we use TreeCorr® (Jarvis, Bernstein & Jain 2004) to
perform correlation function measurements in 10 logarithmic bins
of the distance between the central galaxy and the satellite galaxies.
The lower bound is arbitrary, while the upper bound is the maximum
radial distance to a satellite galaxy.

3.3 Estimating the covariance of measurements

Lacking a robust a priori theoretical model for what the measured
signals should be, we cannot construct a theoretical covariance
framework. Instead, we rely on a jackknife covariance estimate,
iteratively removing each cluster from the sample. The covariance is
then given by

N-1g _
Celn) = —— > (& =&, ®)
i=1

where N is the number of clusters, i is the cluster number, and
£ = > & /N, for some estimator &. The covariances are expected
to be dominated by shot or shape noise, given the small sample
sizes, so we expect the jackknife approach to be sufficiently accurate.
In particular, the measurement of yt in Section 4.4, which is the
most substantial result in this work, is non-zero only for very small
separations, where shape noise dominates the correlation function.
The covariance matrix for y 1 is shown in Fig. 4.

4 MEASURED ALIGNMENT IN DES CLUSTERS

We present the results of the measurements described in the previous
section. Unless otherwise noted, we will limit results to the volume-
limited REDMAPPER cluster catalogue for brevity, since in most cases
the results are qualitatively similar and thus conclusions drawn from
the data will not differ.

Shttps://github.com/rmjarvis/TreeCorr
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Figure 5. The position angle differences (An) between the brightest central
galaxy major axis and that of the satellite galaxy distribution for the DES
Y1 galaxy clusters, as measured by the two methods described in Section
3.1. Top: the distribution with cluster position angle inferred from the
METACALIBRATION (MCAL) shape catalogue. Bottom: the distribution with
cluster position angle inferred from the im3shape (I3S) catalogues. The results
are generally consistent with each other.

4.1 Alignment of central galaxy with satellite galaxy
distribution

We first compare measurements of the position angle difference
An, weighted by the probability of satellite galaxies being a cluster
member ppem, Using the two different methods of measuring An
and two estimates of the galaxy shape. Fig. 5 shows An for all
clusters in the sample, measured by Methods 1 & 2 and by both
METACALIBRATION (MCAL) and im3shape (I3S). In the case of
random alignment, we would expect a flat distribution with (An) =
45°. All four results are generally consistent and show a preference
for the alignment of the central galaxy with the overall cluster
shape, with the MCAL 2nd moment measurement finding (A7) =
35.01 & 0.39°, significantly less than 45°. We find both methods
of inferring the cluster satellite distribution shape agree very well
cluster-by-cluster, in addition to in the population mean.

We are also able to study the dependence of this alignment on
both cluster properties (e.g. richness and redshift) and central galaxy
properties (e.g. r-band absolute magnitude M, and g—r colour), which
is shown in Fig. 6 for the volume-limited and full cluster catalogues.
We split the clusters into tertiles in each of the four quantities,
and compare the An distributions. While any possible trends in the
volume-limited catalogue are very weak (at most the 1o level), we
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do observe significant trends with the full cluster catalogue, which
has higher statistical precision and goes to much higher redshift. We
find increasing alignment of the central galaxy with the cluster shape
for both higher richness clusters and brighter absolute magnitude,
as expected, since both are a proxy for cluster mass. We also find a
stronger tendency to align for lower redshift clusters, and while there
are significant differences in bins of colour, there isn’t a clear trend
in alignment versus colour.

These results are consistent with the weak trends seen in the
volume-limited sample. The trends of (An) for the full sample are
also qualitatively similar to Huang et al. (2016), with a slightly
better agreement in the low-z tertile selections that better matches
the redshift range of the SDSS REDMAPPER clusters studied in that
paper. In Huang et al. (2016), they find (An) = 35.07 4= 0.28°, while
we find (An) = 35.82 = 0.69°, though still extending to higher
redshift than the SDSS cluster sample.

The higher volume probed by the DES data allows us to demon-
strate these significant trends across redshift and magnitude for the
first time. These results are consistent with a model of the intracluster
alignment coalescing as the cluster evolves (at lower redshifts) and
being more strongly driven in more massive clusters (larger richness
and absolute magnitude). This result would be in conflict with the
often-assumed scenario of large-scale alignments of galaxies being
frozen in at early times as the galaxies form and then being disrupted
over time. For instance, the typical redshift scaling of analytic IA
models (e.g. Hirata & Seljak (2004); Bridle & King (2007); Blazek
et al. (2019)), assumes this behaviour. This result, if confirmed
with future studies, would provide important insight into how red
galaxies align in cluster environments, and potentially with large-
scale structure more generally.

4.2 Anisotropic distribution of satellite galaxies

Previous studies, including Huang et al. (2016) of REDMAPPER
clusters in SDSS, have found a tendency of satellite galaxies to align
along the major axis of the central galaxy. We also observe this trend,
measured as the distribution of angles ., weighted by pyem between
the line connecting central and satellite galaxies with the major axis
of the central galaxy. This is shown in Fig. 7, where we find (0cen) =
41.45 £ 0.13°. The difference in the number of satellites along the
major versus minor axes (slope in Fig. 7) is perhaps unintuitively
much less pronounced than the difference in number of clusters with
central galaxies aligned versus anti-aligned with the cluster major
axis (slope in Fig. 5), which is also consistent with what was found
in SDSS REDMAPPER clusters. This is expected, however, since 6 ce,
is only the same as 7., in the limit that the cluster ellipticity is 1.
Given the model in Section 3.1.2, we can model 0, from 1., and
find that the two measurements are consistent.

4.3 Agreement between halo orientation and galaxy
distribution

We have used the distribution of satellite galaxies within clusters as
a proxy for the shape of the underlying dark matter halo, which is
what can be expected to play a major role driving any true intrinsic
alignment of the galaxies. To justify this, we compare our cluster
shape measurements inferred from the galaxy distribution with the
DES Y1 weak lensing convergence ‘mass’ map (Chang et al. 2018)
to confirm the correlation between the galaxy satellite distribution
and the underlying dark matter halo. The region around each cluster
is cut out from the mass map, rotated, and stacked so that the inferred
position angle from Section 4.1 is aligned for all clusters. We show
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Figure 6. The position angle difference for clusters split into tertiles of richness, redshift, and central galaxy r-band absolute magnitude M, and g—r colour. The
fractional difference of An with respect to the middle bin is shown. Left: results for the volume-limited catalogue. There are very weak indications of trends
with the four properties, but only at the 1o level. Right: results for the full catalogue, which extends to much higher redshift. There exist highly significant
trends in stronger alignment of the central galaxy with the cluster shape when going to higher richness and central galaxy brightness, which are both a proxy for
cluster mass. We also find a trend of stronger alignment at lower redshift. These are consistent with the weaker trends in the volume-limited catalogue. We also
find significant non-monotonic differences in bins of colour in the full sample. Points are offset for visibility.
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Figure 7. The distribution of the alignment of satellite galaxy positions
relative to the position angle of the central galaxy of the cluster (fcepn). There
is a slight preference for satellite galaxies to be aligned closer to the major
axis of the central galaxy.

this result in Fig. 8, which compares the stacked convergence with
original random orientations, which has a nearly isotropic shape,
with the cluster stack aligned by position angle, which has a highly
anisotropic shape aligned in the direction of the inferred position
angle of the stacked clusters.

The ellipticity inferred from the stacked convergence is e = 0.33,
which agrees well with that inferred from the methods discussed
in Section 4.1, e = 0.35. It is important to note that we cannot
isolate solely e.g. virially bound galaxies in this process, and it is not
clear that all selected cluster members are part of a virially relaxed
system (see Section 5). Thus, some part of this ellipticity may be
incorporating the largest connected filamentary structures near the
cluster node in the dark matter distribution.

We also show in Fig. 8 the stacked convergence of clusters oriented
by the BCG major axis (see also, for example, Shin et al. (2018);
Okabe et al. (2020); Herbonnet et al. (2022)). We find this produces
aless elliptical stacked signal (e = 0.20) than orienting by the cluster
satellite galaxy distribution in the halo.

4.4 Radial alignment of satellite galaxies

In addition to the alignment of the central galaxy with the dark matter
halo of the cluster, satellite galaxies may also be influenced by the
local tidal field, causing a radial alignment of their major axes toward
the BCG. We find no evidence for a non-flat distribution, with mean
P = 44.9 £ 0.8°, indicating no statistically significant mean radial
alignment of objects between 0°and 90° within the cluster averaged
over all distances from the centre. This measurement is weighted to
the outer radii of the cluster, where there are more satellite galaxies,
and could swamp any signal closer to the centre of the cluster, where
we expect it to exist more strongly due to the cluster halo itself.

We also measure the mean shape of REDMAPPER cluster members
as a function of distance from the cluster centre, yt(R), which is
shown in Figs 9 & 10, with distance from the centre of the cluster both
as a fraction of the cluster size (R; ) and in absolute units, respectively.
We find a highly significant radial alignment signal within about
0.1R;, (or 0.1 Mpch~ 1) of the cluster centres, with a total signal-
to-noise S/N = 18 (‘Original’ in Fig. 9). In our measurements of
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Figure 8. The stacked convergence map is centred on the positions of clus-
ters. Top: the stacked convergence for clusters with their original orientation
in the sky. The measured ellipticity of the mass is consistent with stacked
random orientations. Centre: the stacked convergence for clusters rotated
with the position angle inferred from the satellite galaxy distribution oriented
vertically. The measured ellipticity of the mass is e = 0.35. Bottom: the
stacked convergence for clusters rotated with the position angle inferred from
the central galaxy’s major axis. The measured ellipticity of the mass is e =
0.20.

y1(R), we apply a ‘member boost’ factor to account for the expected
(weighted) fraction of cluster members in the sample that are
actually foreground/background objects and thus do not contribute
to the IA signal. We calculate this factor, which is a function of
distance from the stacked cluster centre, using the REDMAPPER
membership probabilities pmem: Bu(r) = >_; Pmem.i/ 2 Pimem.i- The
membership probabilities are also used to weigh each galaxy in the
correlation function estimator. This member boost is analogous to
the boost factor typically applied to galaxy—galaxy or cluster—galaxy
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Figure 9. The two-point correlation function yT, measuring the mean
tangential shape as a function of relative satellite distance from the centre
of the cluster (negative values indicate radial alignment). The open points
are measurements without subtracting the foreground radial alignment signal
that we identify as being due to intracluster light impacting the ellipticity
measurements of galaxies projected near the centre of the cluster. and the
solid points are the measurements after subtracting this systematic signal.
Within ~0.1 R;, there is a significant radial intrinsic alignment signal. The
intrinsic alignment signal is consistent with zero on scales larger than ~0.1 R;,.

0.05

NFW tidal align (inner)
0.04 1 --- NFW tidal align (all)
—-— NFW tidal align + lensing (all)

0.03 1

—-Yr

0.02

ool | {

> 3 -
I ) R S ——
® s \-\.i
-0 Oio_z 10'_1 700

Distance from BCG [Mpc/h]

Figure 10. The measured y signal, corrected for the impact of intracluster
light on the ellipticity measurements, in bins of absolute separation. This is
compared to the NFW tidal alignment model prediction with Aja = 0.15
(orange, solid) and Ajp = —0.037 (blue, dashed), as well as model (green,
dash—dot) with both NFW tidal alignment with Aj4 = 0.06 and lensing
contamination, as described in the text.

lensing measurements to account for dilution from sources physically
associated with the lens.

To test the robustness of this measurement, we also show the result
of the y (R) cross-component measurement, which is consistent
with zero, in Fig. 11. We also repeat the y r measurement for a sample
of galaxies not physically associated with the cluster, but projected
in the same line of sight in front of the cluster. This should produce
no physical signal, as those galaxies are not affected by the potential
of the cluster, yet we find a sharp transition to a significant mean
radial alignment within about 0.05R;, of the cluster centre. Previously,
Zhang et al. (2019b) identified an intracluster light profile within DES
REDMAPPER clusters that is the most plausible cause of this apparent
galaxy alignment. The scale of this alignment agrees fairly well with
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Figure 11. Tests of potential systematic contributions to the measured y 7 in
Fig. 9. The orange dots are the cross-component y , using cluster members.
The blue dots are the y7 signal measured using foreground galaxies around
cluster centres. The cross-component should be consistent with zero at the
statistical precision of this measurement, and we find that it is. Similarly, since
the foreground galaxies are physically disassociated with the local tidal field
of the clusters and do not experience lensing due to the clusters, there should
also be no physical signal here. We do find evidence of correlation within
~0.05R;,, which is most likely due to intracluster light near the centre of the
cluster biasing the shape measurement of overlapping galaxies on the sky.

the inner-most profile model component they fit, which may in fact
be associated with the edge of the central galaxy profile.

Since we can measure this kind of contamination, we can correct
the measured alignment signal for the cluster satellite galaxies by
subtracting this foreground signal, which results in the corrected
signal shown in Fig. 9 in blue. The new covariance for the measure-
ment takes into account the uncertainties from both measurements.
All two-point correlation function results will be corrected by
this foreground signal. We find that this measured alignment with
foreground clusters due to intracluster light is consistent with being
unchanged as a function of redshift and richness, so we correct
measurements in bins of redshift or richness by the foreground signal
for the full cluster population, which has smaller uncertainty.

The final radial alignment signal we measure in Figs 9 & 10 is
substantially stronger in amplitude and signal-to-noise than found
for the full satellite population with SDSS REDMAPPER clusters
in Huang et al. (2016), with a total signal-to-noise of ~6. Given
the signal to noise of the measurement, we can attempt to look
for the evolution of the signal over redshift, shown in Fig. 12. The
radial intrinsic alignment signal from the satellites we observe within
0.1R;, of the centre of the clusters does have a small indication
of portential redshift dependence. Given recent potential richness-
dependent systematics in optical cluster studies (DES Collaboration
et al. 2020b), we also consider the richness dependence of the
measurement, which is shown in Fig. 13. We find that the radial
intrinsic alignment signal has no richness dependence.

4.5 Impact of measured radial alignment within clusters on
cosmology

Given the presence of a non-zero radial alignment signal within
REDMAPPER clusters, it is useful to consider if this signal could
leak into estimates of mean tangential shear like y, or AX. In
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Figure 12. The measured mean radial alignment of satellite galaxies mea-
sured for clusters split into three bins of redshift.
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Figure 13. The measured mean radial alignment of satellite galaxies mea-
sured for clusters split into three bins of cluster richness.

the cluster lensing measurements in McClintock et al. (2018),
cosmology is inferred from measurements only at (relative to this
study) large scales above 200 kpc, where the alignment signal is
small. A buffer in source photometric redshift of 0.1 was also used
to remove any sources within z = 0.1 of the cluster to minimize
these effects. However, due to the uncertainty in source redshifts,
this leaves a non-zero fraction of cluster members as part of the
source catalogue. To test any impact of radial alignment leakage, we
explicitly remove all cluster members from the source catalogue and
repeat the measurements in the same bins of richness and redshift
from McClintock et al. (2018). We find that the impact is much
smaller than the uncertainty on the measurement expected even
for DES Year 6, indicating this intracluster intrinsic alignment can
play no role in systematics of the cluster lensing signal used for
cosmological inference. This is partly due to the small fraction of
contaminated galaxies and the signal being present most strongly
only on scales smaller than those used in the cluster lensing
analyses.
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5 MODELLING

Analytic models of intrinsic alignments typically relate the galaxy
shapes to the local tidal field, often in regimes where perturbative
approaches are valid (e.g. Hirata & Seljak (2004); Blazek, Vlah &
Seljak (2015); Blazek et al. (2019). To describe the measured IA
signal within REDMAPPER clusters, we must in principle include both
the fully non-linear tidal field and non-linear responses of galaxy
shapes to that tidal field. Different approaches have been adopted
to treat these effects. A halo model for IA (Schneider & Bridle
2010; Fortuna et al. 2021a) provides a parametrized description of
galaxy shapes and locations within dark matter haloes. Similarly,
semi-analytic models can be applied to gravity-only simulations
to populate dark matter haloes with realistically aligned galaxies
(Joachimi et al. 2013; Hoffmann et al. 2022; Van Alfen, Blazek (in
prep.)). These approaches can be compared to both observational
data and hydrodynamic simulations (e.g. Samuroff, Mandelbaum &
Blazek (2021b)). However, such comparisons are not yet conclusive,
given a combination of small signals and dependence on ‘sub-grid’
assumptions.

In this work, we choose to use a simple non-linear model to provide
an estimate for the expected IA of red galaxies on this scale. Against
this estimate, we can then explore the impact of several potential
modelling complications relevant on these scales and for galaxy
clusters. We believe that these insights can be incorporated into more
sophisticated halo modelling in future work.

5.1 Non-linear tidal alignment

We start with the ansatz, explored in Blazek et al. (2015), that the IA
for red cluster member galaxies can be estimated as proportional to
the fully non-linear tidal field within the cluster. This model is similar
in spirit to the ‘non-linear linear alignment’ (NLA) model often used
in cosmic shear analyses Hirata & Seljak (2004); Bridle & King
(2007); Johnston et al. (2019); Samuroff et al. (2019). However,
rather than using the non-linear dark matter power spectrum, which
describes the overall clustering of matter, we use the cluster-matter
power spectrum, P, to calculate the relevant tidal field correlations.
As discussed in Blazek et al. (2015), the average galaxy 1A, y1a can
be described as the (projected) average correlation between the tracer
density, in this case galaxy clusters, and the tidal field.

1 l-Immx
= dIT (8. s 9
"= 5 [ an ) ©

where I, is the effective projection length. Making the Limber
approximation, this expression can be related to Pcp,:

1 A [
21_[max 2m 0

Via = dicic Jo(kcry) Pem (i), (10)
where Aj, is the IA amplitude, corresponding to the response of the
galaxy shape to the tidal field, and J; are the (cylindrical) Bessel
functions. Finally, for P.,, we combine a linear bias model on large
scales with an NFW halo contribution Navarro, Frenk & White
(1996) on small scales: P., = b.Pj, + Pnrw, Where Pygw is the
Fourier transform of the NFW profile. We use a bias value of b, =
4.27, a weighted averaged of measurements from To et al. (2021).
On the scales relevant for these intracluster measurements, the NFW
contribution dominates over the linear term.

To generate the NFW profile, we use the mean cluster mass and
concentration parameters measured in McClintock et al. (2018),
corresponding to My = 10'*'Mg and ¢y = 5. We assume a flat
ACDM cosmology with Qy, = 0.315 and & = 0.67. We note that our
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results are not sensitive to the assumed cosmological parameters,
within reasonable uncertainties.

As seen in Fig. 10, the measured data after correcting for the
influence of intracluster light are consistent with this fully non-
linear tidal alignment picture, but only on some scales. The positive
amplitude measurements (below ~200kpc ~~! are consistent with
the expected tidal alignment, while the negative points on larger
scales could be due to contamination from lensing or a different
effect not in our model. We discuss several possibilities below.
When including only scales near the cluster centre that exhibit a
coherent radial alignment (i.e. those with the expected IA sign), we
find an IA amplitude of Ajp = 0.15 £ 0.04 (x*/dof = 2.7). This
is somewhat smaller than most measurements of the large-scale red
galaxy intrinsic alignment amplitude, which tends to be closer to ~1—
5, depending on luminosity and details of selection. When fitting the
measurements on all scales, we find Ajy = —0.04 £ 0.02 (x2/dof
= 9.4). However, as reflected by the poor fit, this value is mostly
a coincidence of tension in mean tangential alignment in the outer
regions of the clusters and mean radial alignment in the innermost
regions. Alternatively, if we include an additional term, proportional
to the ‘member boost’ factor (described above), which expresses the
weighted fraction of non-cluster members, we can allow for lensing
contamination in the signal. With this more complex model, we find
Ajp = 0.06 £ 0.03 (x/dof = 7.1) when fitting all scales. While these
models behave qualitatively like our measured alignment signal, only
the fit ignoring the outer parts of the cluster has a plausible (though
still poor) x 2 in terms of a probability-to-exceed, with p = 0.02. This
indicates more work is needed to understand the measurements and
potential systematics.

5.2 Potential limitations to model interpretation

We now consider briefly additional effects beyond the measured
intracluster light that could potentially impact our interpretation of
the comparison of the measured IA and the NFW tidal model. We
leave for future work a detailed study of these effects in the context
of modelling IA within the one-halo and cluster regime.

First, the use of the Limber approximation requires an effective
line-of-sight projection length that is larger than the transverse
separation. While this assumption is typically appropriate for lensing
measurements as well as IA measurements that project over ~80-
100 Mpc, it is less clear that the assumption will hold within the
1-halo cluster regime. In particular, because only probable cluster
members are selected, the projection length is roughly the same
size as the cluster radius. Moreover, if the IA and clustering signals
vary considerably within the cluster, the effective projection length
will also vary, as it is dominated by the locations of the observed
galaxy pairs. As indicated in equation (10), a changing effective
projection length will impact the overall normalization of the IA
signal. This effect can be understood as follows: as the radial
separation decreases, the typical line-of-separation for the counted
pairs also decreases, significantly increasing the observed average
signal.

Second, the REDMAPPER algorithm selects objects with a mem-
bership probability that, by construction, depends on the distance
from the cluster centre and provides a weight corresponding to this
probability. We use these weights to remove dilution from non-cluster
members. However, if an appreciable number of galaxies are in fact
behind the cluster, this will lead to contamination from gravitational
lensing, which is not included in our model, which assumes all
galaxies are at the cluster redshift. Similarly, the membership weights
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will also alter the effective line-of-sight weighting, e.g. compared to
equation (10), and we do not take this into account.

Third, we expect the fraction of cluster members that are fully
virialized to increase at smaller radii. If cluster member alignment
develops as a response to the local environment during virialization,
we would expect the IA signal to increase with the virialized fraction.
Conversely, if IA is primarily imprinted by the large-scale tidal field
at early times, we may expect the process of virialization to suppress
the IA signal. It remains an open question which of these effects
dominates IA, both in general and in cluster environments — see, e.g.
Blazek et al. (2015); Piras et al. (2018). However, we note that even
assuming a maximal impact of virialization, this would require a very
significant change in virialized fraction with radius of the cluster.

Fourth, our simple ansatz, assuming a fixed linear response to the
fully non-linear field may fail to capture relevant IA physics on these
scales. A scale-dependent IA response could capture some of this
additional complexity.

Finally, alignments are measured with respect to an assumed
cluster centre. Miscentring of REDMAPPER clusters (e.g. Zhang et al.
(2019a); Bleem et al. (2020b)) will lead to a suppression of the
measured IA signal on the smallest scales. Because 275 per cent of
REDMAPPER clusters are well centred (Zhang et al. 2019a), this effect
should be subdominant. However, future modelling should account
for miscentring for a more precise inference of IA amplitude.

6 CONCLUSIONS

As cosmological studies seek to utilize smaller-scale information
in the lensing signal, which can contribute significant additional
constraining power, it will be key to form a better empirical
understanding of the small-scale intrinsic alignment of galaxies. This
is particularly true for cluster lensing studies, which probe the most
extreme density regions of the Universe. The DES Y1 photometric
data set is a powerful tool for these studies, due to the large volume
probed in which to identify galaxy clusters and the large number of
galaxies over that volume with robust shape measurements. The DES
Y1 redMaPPer cluster catalogue extends to nearly z = 1, providing
a wide range of redshift over which to study the evolution of the
intrinsic alignment signal in galaxy clusters.

In this work, we investigate the intracluster alignment of red-
sequence galaxies using a variety of metrics that probe: 1) the
alignment of the central galaxy with the cluster dark matter halo;
2) the mean distribution and alignment of satellite galaxies with the
central galaxy; and 3) the mean radial alignment of satellite galaxies
as a function of separation from the cluster centre. These are com-
pared across two shape measurement methods, METACALIBRATION
and IM3SHAPE, and for the full REDMAPPER cluster sample and the
volume-limited sample used for cosmological inference in DES.

We find significant trends of alignment in all measurements probed
except for the mean alignment of satellite galaxies’ position angles
relative to the central galaxies in the full populations. We also
find that our proxy for the cluster dark matter halo orientation, the
distribution of satellite galaxies, agrees well with the orientation of
haloes inferred by the weak lensing convergence (mass). In particular,
we are able to identify significant trends in the alignment of the
central galaxy relative to the cluster dark matter halo orientation with
increasing cluster richness and central galaxy absolute magnitude
(both proxies for cluster mass) and to lower redshifts. This is
consistent with an alignment mechanism that increases over time
as the cluster evolves, with greater support by more massive clusters,
rather than one that is fixed at cluster or galaxy formation and
degrades over time with interactions and mergers.
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We are also able to probe the mean radial alignment of cluster
satellites relative to the cluster centre using the two-point corre-
lation function yT, finding a non-zero measurement below 0.2R;
or 0.25Mpc h~! with a signal to noise of ~6 after correction for
systematics in the shape measurements due to intracluster light.
Using the full range of scales within the cluster, we find a mea-
surement consistent with zero, due to a tension between the mean
radial alignment observed in the inner regions of the clusters and a
mean tangential alignment in the outer parts of the clusters. We find
both a larger amplitude and a higher signal to noise than in a previous
study of this measurement for REDMAPPER clusters in SDSS (Huang
et al. 2016, 2018). The statistical power of this measurement of yt
enables us to study its evolution in bins of cluster properties, though
we are not able to identify any significant trends with those properties
with the current DES Year 1 data set.

The statistical power of these kinds of radial alignment mea-
surements in cluster regions can enable new constraints on sim-
ulations and models of small-scale intrinsic alignment behaviour.
We make a first attempt to compare the measurement to a simple
tidal intrinsic alignment model inferred from the constraints on
the NFW halo profile for these REDMAPPER clusters and find an
alignment amplitude Ajy = 0.15 £ 0.04 (p = 0.02) when excluding
data near the edge of the cluster. We discuss several potential
caveats with this simple modelling approach and leave a more
extensive attempt to model or simulate the measurement to future
works.

The intrinsic alignment of galaxies in the one-halo regime has
implications for cosmic shear measurements. Previous studies have
considered this impact, e.g. Sifén et al. (2015); Fortuna et al. (2021a),
finding that the impact is likely significant, but with a large uncer-
tainty due to the unknown degree of alignments and their dependence
on halo mass. In probing alignments at the cluster mass scale with
good precision, our measurement will allow these predictions to
be made with greater certainty. We leave these calculations for
future work but note that our measurements indicate IA that may
be somewhat larger than what is assumed in the forecast of (Sifén
et al. 2015).

The measurements of intracluster intrinsic alignment of red-
sequence galaxies presented here are just an example of the power
available in large photometric data sets like DES to study intrinsic
alignment phenomena. We have used here the first year of DES
data, which only covers one-third of the full survey area to half
image depth. We expect significant increases in statistical power
for these studies in the full DES data set and future surveys
like Euclid, the Vera C. Rubin Observatory Legacy Survey of
Space and Time, and the Roman Space Telescope. These future
measurements will unlock new potential for constraining small-
scale astrophysics to inform more robust cosmological analyses with
lensing.
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