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Abstract

Despite a growing understanding of the large-scale
structure of the Universe, little is known about the in-
teractions between the galaxies that comprise the dif-
ferent substructures (filaments, sheets, clusters, voids).
Observational and numerical studies have raised ques-
tions about whether galaxies are preferentially oriented
in certain directions, and if such orientation exists,
whether it is in any way related to the proximity of fil-
aments of galaxies. Using DLS data, we analyzed the
orientations of galaxies with respect to the axes of pre-
sumed filaments, examining general trends of orienta-
tion patterns. No statistically significant results were
found in the overall analysis, although future work will
be conducted to determine the behavior of galaxies at
different angles or distances from the filament, red and
blue galaxies, and galaxies with differing radii from the
center of the cluster, as well as the redshift evolution of
orientation patterns.

1 Introduction

The past twenty years have seen a remarkable increase
in our understanding of the structure of the Universe,
lending strong evidence for the existence of filaments
of dark matter between galaxy clusters and produc-
ing viable models concerning their interactions with
nearby galaxies. Observational and numerical evidence
strongly point to a “cosmic web” substructure of the
Universe, with high-density clusters of dark and lumi-
nous matter connected by filaments of galaxies and dark
matter, and large low-density voids separating these
structures (Pimbblet et al. 2004; Altay et al. 2006;
Colberg et al. 2005; Pimbblet 2005; Aragén-Calvo et

al. 2010). These studies also lend evidence that cosmic
web structures can influence the orientations of cluster
substructures in close proximity. In particular, several
numerical studies suggest that dark matter haloes within
galaxy clusters tend to align toward nearby intercluster
filaments (Altay et al. 2006; Jing 2002; Bailin & Stein-
metz 2005; among others).

A possible explanation for this behavior was pro-
posed by West (1993), who suggested that the prop-
erties and orientations of galaxies in clusters (as well
as the properties/orientations of the clusters themselves)
could be explained by a model in which galaxies merge
with clusters in preferred directions. His work, which
looked at numerical simulations as well as observations
of high-frequency radio galaxies, popularized the no-
tion of anisotropic hierarchical merging of galaxies and
galaxy clusters along intercluster filaments of dark mat-
ter. Other numerical simulations (Altay et al. 2006;
Pereira et al. 2008; Pimbblet 2005; Aragén-Calvo et
al. 2010; Colberg et al. 2005) support this hypothesis.
Recent observational studies connect galaxy alignment
within clusters to this model of anisotropic merging of
galaxies with galaxy clusters, although several studies
note mixed results and suggest that galaxy color (Tem-
pel et al. 2012; Kodama et al. 2001; Faltenbacher et
al. 2007) or dynamical age (Plionis & Basilakos 2002;
Plionis et al. 2003; Plionis 2004; Faltenbacher et al.
2007) may affect the signal of galaxy alignment.

Despite the broad scope of these studies, they have
many limitations that prevent them from adequately ex-
plaining the interactions between galaxy clusters and
filaments in close proximity to each other. Most of
these studies are limited to a relatively small number
of low-redshift galaxy clusters. Moreover, although
extensive discussion of simulated cluster substructure
has occurred, very few studies have examined how fil-



aments of galaxies particularly affect the alignments of
galaxies in clusters, a question that profoundly influ-
ences any research that utilizes weak gravitational lens-
ing. If galaxies are indeed aligned relative to nearby fil-
aments and clusters, the assumptions of random galaxy
orientation inherent in weak gravitational lensing stud-
ies would have to be reconsidered.

In this work, we examine the orientations of galax-
ies within hundreds of galaxy clusters to determine how
these orientations may be affected by infall from fila-
ments. This work is organized in the following man-
ner: Section 2 begins by describing the data used and
how the catalogs of data were created. The next section
(Section 3) explains how these data were analyzed in
order to rotate them along the direction of the interclus-
ter filament. Our results are detailed in Section 4, and
Section 5 discusses these results in the larger context of
current research and points to future work. Finally,the
paper is concluded with a summary (Section 6).

2 Observations from the Deep
Lens Survey

In the interest of investigating these questions, we used
the Deep Lens Survey (DLS) to obtain observational
data of galaxy clusters. The DLS, a survey of five
2° x 2° fields, was originally designed to promote study
of weak gravitational lensing, so each field had 54 ksec
exposure time (12 ksec in BV z’; 18 ksec in R). This
feature of the survey ensured that the data obtained had
very well-measured shapes, a necessary detail in any
project that focuses on the ellipticity components of
the galaxies it seeks to examine. Additionally, it al-
lowed the DLS to collect significant information about
high-redshift galaxy clusters (up to 19mag/arcsec’ in
BV R and 28mag/arcsec’ in z’). Redshifts were col-
lected as photometric probability distribution functions
rather than using spectroscopic data. For these reasons,
the DLS seemed ideal for this particular project.

The fields of the DLS were chosen without consid-
eration of known features or targets, but with the intent
of avoiding bright stars or areas with strong extinction;
in this sense, they were “random” and could be con-
sidered representative of low-extinction, unmasked re-
gions of the sky. Data were collected using Mosaic, a
CCD camera with a 35’ field. The data analysis found in
this work was performed on catalogs of galaxies and of
galaxy clusters that had been created prior to the begin-

ning of this study. In this work, we use galaxy catalogs
created by the SExtractor (version 2.1.6, developed by
the DLS collaboration), using data obtained from the
DLS.

Because of the very large number of galaxies in-
volved in the DLS, collecting spectroscopic galaxy red-
shift information was beyond the scope of this survey.
Thus, redshifts were collected as photometric proba-
bility distribution functions rather than using spectro-
scopic data. In addition to this practical reason for col-
lecting photometric redshift information, use of photo-
metric redshifts would be more feasible when attempt-
ing to gather information about high-redshift objects, a
crucial component of the DLS.

In order to be included in the catalog, all galaxies
were required to meet certain criteria. All galaxies in
the catalog were between 22" and 25" magnitudes
in the R band. Ellipticity components were measured
with respect to the sky, with the standard notation of
the +x coordinates to the right, +y coordinates up, and
with right ascension (RA, a measure of the horizontal
position of a star in the sky) heading in the -x direc-
tion and declination (Dec, a measure of the vertical po-
sition of a star in the sky) in the +y direction. Any
galaxy whose uncertainty in the ellipticity value (A€)
exceeded 0.3 was considered poorly measured and was
thus eliminated from the galaxy catalog, as were galax-
ies so masked by a foreground object as to make run-
ning the SExtractor prohibitive.

The DLS cluster catalogs, comprised of 780 cluster
candidates with redshifts extending back to z=1.2, were
created using a Bayesian cluster-identifying algorithm
developed by Ascaso, Wittman & Benitez (2012). The
algorithm determines the probability that any galaxy in
a survey is the brightest cluster galaxy (BCG) in a clus-
ter, and hence the probability that a galaxy cluster is
centered approximately at that galaxy. Thus, the algo-
rithm went through a field, calculating the probability
that a cluster could be centered on a given galaxy given
the properties of the galaxy (position, photometric red-
shift, magnitude, spectral type) and known cluster infor-
mation such as the “cluster luminosity function, density
profiles, and photometric redshift distribution.” (Ascaso
et al. 2012, hereafter referred to as AWB 2012) A back-
ground probability level is computed and then galax-
ies with probability of cluster membership 3-c greater
than the background probability are included as cluster
members and used to compute density, richness (A.;),
luminosity (L.;), redshift, etc. Cluster redshift was then
estimated by using the highest-probability redshift slice



in a clusters’s photometric redshift probability distri-
bution function, as determined by the Bayesian cluster
finder. The RA and Dec of the cluster were then de-
termined to be located at the position of the brightest
galaxy within that redshift band and within 1.5Mpc of
the (hypothesized) cluster center. Luminosity and mass
of the clusters were calculated using the cluster rich-
ness parameter (A.;), as described in AWB 2012. All of
these quantities were measured using the galaxy catalog
created by the DLS collaboration.

3 Working With the Clusters

3.1 Refining the estimate for the location of
the centers of the clusters

A good estimate of the three-dimensional location of
the cluster centers is crucial to understanding galaxy
orientation in this study, and masking from foreground
objects may skew these estimates. Thus, the previously
created cluster catalogs were further refined by deter-
mining the fraction of the cluster that was unmasked
and eliminating any cluster with a fraction unmasked
< 0.85. This condition was decided upon because
when a test catalog of 10000 galaxies from the second
field (F2) was used, the entire field was approximately
85% unmasked and 6 of 128 clusters (4.7%) were more
masked than the overall field, as shown in Figure 1.
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Figure 1: Nearly all galaxy clusters were over 85% un-
masked.

The cluster centers in the DLS had been previously
identified and their centers approximated using the al-

gorithm of AWB 2012, but in this method these clus-
ters were then subjected to a re-centering process in an
effort to establish more accurate cluster centers. The
overall process relies on the assumption that the visi-
ble galaxies that comprise the cluster will be the pri-
mary factors in determining the center of mass of a clus-
ter. To this effect, for each cluster identified in the As-
caso DLS catalogs, a smaller catalog of galaxies poten-
tially contributing to the cluster was created and ana-
lyzed. To create the catalog, the distance between each
galaxy in the field (whose RA and Dec were taken from
the galaxy catalog) and the previously estimated cluster
center was calculated; if the galaxy’s projected distance
from the cluster center fell within the projected distance
of the virial radius (ry9p) plus a user-determined buffer
(we used a 10% buffer), the galaxy was included in the
catalog of galaxies to be further considered as potential
cluster members.

Although galaxies beyond a certain point were re-
moved from analysis, other galaxies may be included
in the cluster catalog despite having a low probability
of cluster membership. Thus, calculating a probability
of membership based on redshift and projected distance
from the cluster center can help to determine the degree
to which a given galaxy influences the overall cluster
center of mass. In order to avoid unnecessarily elimi-
nating data by simply removing the less likely galaxies,
candidates are assigned weights based on their likeli-
hood of being cluster members, a process described in
the following paragraphs.

Redshift weights were assigned by assuming that the
redshift probability distribution function of the clus-
ter is Gaussian, with a mean at the redshift given by
the Ascaso catalogs and a standard deviation given by
the error of the redshift (also from the Ascaso cata-
logs). The galaxy redshift probability distribution func-
tion was given by the photometric redshifts from the
galaxy catalog. We then wish to ascertain the probabil-
ity that the galaxy and cluster probability distributions
are roughly the same (or at least consistent with each
other). To do so, we convolve the distributions using
the following relationship, where z,, is the redshift prob-
ability distribution function (pdf) of the galaxy, z.; is the
pdf of the cluster, Az is the redshift width of the cluster,
p(f(y)) is the probability of the cluster’s occurring at
any given redshift, and p(g(y)) is the probability of the
galaxy’s occurring at any given redshift:

we=Pleg =) =82 [ p(FO)-ple()dy.



Since we are dealing with discrete redshift bins, we
must in actuality use the relationship

wy = P(zg =20) = Az i)p(f(Z)) -p(g(2)),

where w;, z¢, z and Az are defined as in the previ-
ous equation, p(f(z)) is the probability of the cluster’s
occurring at any given redshift bin, and p(g(z)) is the
probability of the galaxy’s occurring at any given red-
shift bin. This is essentially equivalent to taking the
inner product of the same-sized probability distribution
functions and multiplying by the width of the redshift
bin. The result gives the probability of the galaxy’s red-
shift distribution being consistent with that of the clus-
ter (ie, the probability that the galaxy is a member of
the cluster, given the redshift distributions).

Weights were also necessary to determine the proba-
bility of a galaxy’s being part of a cluster based on pro-
jected distance from the cluster center; although clus-
ters beyond a certain point were eliminated from anal-
ysis, their probabilities still matter. These weights were
also calculated with the assumption that galaxy density
of the cluster would be Gaussian, with a mean radius
of zero. Thus, the distance to the center of the cluster
was calculated in the same manner as was used to find
the abbreviated cluster catalog. Weight (w,,4) was then
determined by the bell curve function:

@}
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where d is the projected distance from the galaxy center
to the cluster center, and o is the cluster’s raq.

Weights that indicate likelihood of cluster member-
ship are not the only relevant means by which galaxy
information should be multiplied. Center of mass cal-
culations require knowledge of the mass of the con-
stituents of the system, and although the galaxy catalog
did not include mass information, by assuming a linear
relationship between mass and luminosity in galaxies,
mass could be estimated. To simplify this process, only
the R-band magnitude (Ry,g) was considered in esti-
mating the mass of each galaxy. Thus, galaxies with a
higher R-band magnitude were given higher “luminos-
ity weights” (lum = 10~Rnaz)_ and likewise galaxies less
luminous in the R-band were considered as being less
massive and thus having less influence on the center of
mass of the cluster.

The assigned weights w; were then multiplied to find
the total weight to apply to the galaxy within the cluster,

and then the RA, Dec, and Z of the center of the cluster
were calculated in the following manner:

O = (Wi~ ;)
Oe1 = (Wi i)
ch = <W,‘ -Z,'>.

To ascertain that these centroid calculations were self-
consistent, the process was iterated until the results be-
gan to converge on a centroid value (ie, the projected ra-
dius of the most recently calculated centroid was within
1% of ryyy, and the redshift value was within 1% of
the last redshift calculated). These values were used to
create a new cluster catalog with adjusted cluster cen-
ters (hopefully more accurate ones). The previously
mentioned buffer zone minimized the need to re-extract
galaxies from the catalog each time the re-centering
process was iterated.

3.2 Determining the location of the fila-
ments

After these steps were taken to re-center the clusters,
the cluster pairs likely to support filaments of dark mat-
ter were identified and a separate catalog of cluster pairs
created. Using the data obtained in the numerical study
of Colberg et al. (2005), it was evident that about 85%
of the all clusters within 10 Mpc/h of each other had a
straight filament between them (a result confirmed ob-
servationally by Pimbblet et al. 2004). Clusters were
assumed to be distinct if they were at least 2 Mpc/h from
each other. Thus, any clusters separated by a physi-
cal three-dimensional distance between 2 and 10 Mpc/h
were noted as cluster pairs likely to have straight and
on-center intercluster filaments (see Figure 2), and were
separated and placed in the cluster pair catalog. Factors
such as cluster photometric redshift error and the error
associated with filaments that are straight but not neces-
sarily on-center were not considered for this study; later
research may refine these aspects and determine to what
degree these errors significantly affect the data analysis.

3.3 Rotating the clusters to align with the
filament axis

Once a cluster pair catalog was created, in order to com-
bine the data from the clusters, each cluster needed to
be rotated into a cluster-centric coordinate system such
that the filament axis (which was determined to be the
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Figure 2: Likelihood of finding a filament between clus-
ters at certain distances. (Colberg et al. 2005)

axis between the center of the two clusters in the cluster
pair) would correspond with the y-axis of the system.
This rotation was effected by finding the difference be-
tween the RA and Dec of the two clusters in the pair and
then determining the angle to rotate the cluster so that
the filament presumed to exist there would align with
the y-axis:

T
arctan O — ox

where 0 is the angle between the y-axis of the cluster
and the filament. This angle was calculated and a ro-
tation matrix was applied to all galaxies in the cluster
catalog, as demonstrated in Figure 3. Thus, the analy-
sis may now be continued in a cluster-centric, filament-
aligned reference frame.

The angle between each galaxy and the filament axis
of the cluster was noted, as were galaxy redshift and
radial weights, in order to be used further during the
analysis.

Finally, to determine the presence or absence of in-
trinsic alignment, the galaxies’ ellipticity components
were converted into the ellipticity components associ-
ated with the reference frame of the rotated cluster using
double-angle formulas. Ax represents change in Dec,
Ay represents change in RA, Ar is total projected sep-
aration, and ¢ is the angle between the galaxy location
and the x-axis:
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Figure 3: The angle about which the cluster and fila-
ment are rotated. Projected coordinates are used to ro-
tate the cluster such that its y-axis aligned with the pre-
sumed filament.



These steps were repeated with the second cluster in the
pair.

4 Results and Data Analysis

From the way the ellipticity components were calcu-
lated, a completely random distribution of galaxy ori-
entations would have a weighted mean of zero for both
ellipticity measurements. In order to conduct the anal-
ysis of the overall galaxy orientation patterns across
each field, information saved during the galaxy rotation
steps was used to calculate the weighted averages and
weighted standard errors of the mean for each field. Be-
cause the curves seemed to demonstrate a non-normal
distribution (as shown in Figure 4), a test was conducted
to determine normality. In all five fields, there was un-
der a 10% probability that the curves were normal, and
thus tests that assume normality, such as t-tests, could
not be applied to these data. However, statistical tests
that assume nothing but continuous data distribution
could be relevant.
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Figure 4: The shape of the weighted histogram for the
first ellipticity component (Field 2); the distribution has
too little skew to be normal.

In the interest of using a statistical test valid
for any continuous distributions of data, two-sample
Kolmogorov-Smirnov (KS) statistical tests were used
to determine the probability that the data set from each
field was centered about zero. The results of these tests,
as presented in Tables 1-4 in the Appendix, do not give
any reason to suspect a non-random galaxy alignment
pattern within galaxy clusters.

To test the code used to rotate the galaxy informa-
tion and to run the statistical analysis, a galaxy catalog
with strong alignment was created and run through the
method described above. The deviation from a random
distribution was very statistically significant, as demon-
strated in Figures 5 and 6.
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Figure 5: The first ellipticity component of the simula-
tion catalog, with a clearly nonzero mean.
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Figure 6: The second ellipticity component of the sim-
ulation catalog, also with a clearly nonzero mean.

Determining whether or not galaxies were more
likely to be located along the cluster axis was another
goal of this study. In order to decide this, a KS test was
conducted, comparing the weighted histogram of effec-
tive number of galaxies vs. angle to the filament axis
to a uniform distribution of galaxies along all filament



angles (this graph is shown in Figure 7). No statisti-
cally significant deviation from uniform was discovered
in any of the fields - when a chi-squared goodness-of-fit
test was applied to the fields, all yielded > 99% proba-
bility of being uniform.
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Figure 7: The weighted histogram of effective num-
ber of galaxies vs. angle to the filament axis (Field 2).
There is no statistically significant deviation from uni-
form.

All tests were conducted on two catalogs per field —
the first catalog included all cluster galaxies, and the
second included all cluster galaxies with the inner 250
Mpc/h removed to prevent noise from the center of the
cluster. However, no significant differences were de-
tected between the two catalogs in any of the fields, as
demonstrated in Figures 8-11.

5 Discussion

Hawley and Peebles (1975) first noted clear, if weak,
evidence for the radial alignment of galaxies within
galaxy clusters, which was later confirmed by sev-
eral different observational studies (Djorgovski 1983;
Agustsson & Brainerd 2006; Jones et al. 2010; Pereira
& Kuhn 2005; Pereira & Bryan 2010), although evi-
dence for radial alignment has not always been favor-
able (Torlina et al. 2006, Trevese & Cirimele 1992).
Numerical simulations of the effects of filaments of
dark matter on galaxy clusters have also produced re-
sults suggesting the possibility of radial alignment of
cluster substructures (Catelan et al. 2000; Croft & Met-
zler 2000; Pereira et al. 2008; Altay et al. 2006).
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Figure 8: The distribution for the first ellipticity com-
ponent of Field 3, with center galaxies included.
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Figure 9: The distribution for the first ellipticity com-
ponent of Field 3, without center galaxies included.
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Figure 10: The distribution for the second ellipticity
component of Field 3, with center galaxies included.
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Figure 11: The distribution for the second ellipticity
component of Field 3, without center galaxies included.

It is evident that if such an alignment exists, it would
strongly affect research that seeks to use weak gravia-
tional lensing to understand dark energy and dark mat-
ter, and that assumes random galaxy alignment in all
images except those distorted by massive foreground
objects. This work’s findings suggest that at least in the
overall population of galaxies examined by the DLS,
there is no galaxy alignment that would cast doubt on
this assumption.

However, while there is no reason to suspect overall
alignments of galaxy orientation with a nearby filament,
factors such as a galaxy’s angle or distance from the fil-
ament, distance from the cluster center, galaxy color,
or cluster dynamical age and/or redshift may contain
alignment patterns overlooked by a more general analy-
sis. Thus, it would be valuable for future work to exam-
ine what orientation patterns, if any, occur in catalogs
filtered by these categories.

This work also remains incomplete in that it has not
yet examined how errors (such as uncertainties in red-
shift measurements or center estimates) may affect the
results present. Moreover, in order to more rigorously
validate these findings, they would have to be compared
to cosmological simulations. I hope to pursue this work
more thoroughly in the future.

6 Summary

An understanding of galaxy alignment patterns, if such
patterns exist, is crucial for determining which assump-
tions weak gravitational lensing researchers may validly
make. Studies of galaxy alignment, both observational
and numerical, have produced mixed results concerning
whether intrinsic galaxy orientations exist. In order to
further probe this question, this study analyzed the ori-
entations of 780 galaxy clusters and over one million
galaxies, and thus far has found no statistically signif-
icant intrinsic galaxy alignment. Although the study is
by no means complete, its results already have implica-
tions for dark energy and galaxy evolution research.
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Appendix

Note that due to incomplete masking information in
Fields 1 and 5, these fields could not be completely
analyzed, so only the data from Fields 2, 3, and 4 are
presented here.



Table 1: Summary Information, First Ellipticity Com-

ponent, without Centers

Field 2 Field 3 | Field 4
Prob. of Normal Dist. 0.196 0.131 0.151
Weighted Average 0.000173 | 0.00618 | -0.00264
Weighted SEM 0.00990 | 0.0109 0.0108
Prob. of Center at Zero | 1.0 0.767 0.870

Table 2: Summary Information, Second Ellipticity
Component, without Centers

Field2 | Field 3 Field 4
Prob. of Normal Dist. 0.0196 0.0555 0.151
Weighted Average 0.00180 | -0.00766 | 0.00195
Weighted SEM 0.00988 | 0.0112 0.0109
Prob. of Center at Zero | 0.998 0.405 0.995

Table 3: Summary Information, First Ellipticity Com-

ponent, with Centers

Field2 | Field3 | Field 4
Prob. of Normal Dist. 0.212 0.158 0.153
Weighted Average 0.00249 | 0.00391 | -0.00264
Weighted SEM 0.00974 | 0.0112 | 0.0111
Prob. of Center at Zero | 0.919 0.960 0.913

Table 4: Summary Information, Second Ellipticity

Component, with Centers

Field2 | Field 3 Field 4
Prob. of Normal Dist. 0.0538 0.00955 | 0.0617
Weighted Average 0.00556 | -0.00820 | 0.00343
Weighted SEM 0.0101 0.0117 0.0112
Prob. of Center at Zero | 0.259 0.266 0.707
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