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Abstract

Using a sample of � 400, 000 low redshift (0.02 < z < 0.25) spectroscopic galaxies

from the Sloan Legacy Survey, I study the alignment of these targets with the distri-

bution of their surrounding galaxies. With the average alignment angle of 45� being a

random distribution, the luminous red galaxies show the highest parallel alignment (at

a 9σ signi�cance level) on average with their surrounding environment. When looking

at the alignment of a luminous red target galaxy with its surrounding structure out to

a projected distance rp, the average alignment angle is constant at hφi � 44.3� in the

interval 5 Mpc < rp < 30 Mpc. The faint red galaxies have a 4σ parallel alignment for

rp & 18 Mpc but no signi�cant alignment for smaller radii. Blue galaxies do not show

signi�cant alignment at any value of rp. Alignment for any of the four subsamples

shows no dependence on other properties such as the number of surrounding galaxies,

or magnitude and direction of the mean position o�set of the surrounding galaxies. Fu-

ture studies of alignment as a function of redshift will help to constrain the interplay

between galaxy evolution and the development of large-scale structure.

1 Introduction & Background

Study of the alignment of galaxies with each other and with large-scale structure has a

long history1. Studying intrinsic alignments can shed light on how the large-scale structure

affects the formation and evolution of galaxies. These interactions often depend on galaxy

type. Some properties used to categorize galaxies are their color and luminosity. Red

galaxies are usually elliptical, early-type galaxies. Relatively luminous blue galaxies are

flat, disk-shaped, late-type galaxies with angular momentum (spin) support, and dimmer

blue galaxies tend to be irregular in shape. Since the blue disks are rotationally supported,

it is reasonable to assume some sort of alignment between the disks and the large-scale

structure. As shown in several studies reviewed by Joachimi et al., blue disk galaxies tend

to align their spin perpendicular to the direction of filaments in the large-scale structure2.

However, this signal is fainter than the one seen in the red galaxies which tend to align

their major axes with the direction of the filament3. There is a strong correlation between

the mass and the luminosity of galaxies which shows that higher mass galaxies are higher

in luminosity. Studies using simulations show that the more massive galaxies and massive

dark-matter halos have stronger alignment signals4. This shows that massive objects tend

1Brown 1939; Wyatt and Brown 1955; Reaves 1958; Brown 1964; Joachimi et al. 2015.
2Joachimi et al. 2015.
3Chen et al. 2019; Joachimi et al. 2015.
4Ganeshaiah Veena et al. 2019.
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to influence their surroundings more. Luminous red galaxies are massive and can align

with their surroundings due to several processes. Being so massive, they can cannibalize

the smaller galaxies in a preferred direction ending up aligning with their surroundings as

they grow. Massive galaxies also influence their surroundings via tidal interactions. Tidal

torquing can explain the preferred distribution of surrounding galaxies along the major axis

of the massive central galaxy5. These are some of the ways alignments can be produced.

Besides the study of the large-scale structure, intrinsic alignments are extremely impor-

tant for weak gravitational lensing measurements6. Weak gravitational lensing is a tool to

probe the matter distribution in the universe using the bending of light due to gravity. It

produces distortions in the shapes of galaxies being lensed. When the lensed galaxies have

some kind of intrinsic alignment, it acts as a contamination in the actual weak-lensing signal.

So, in order to properly isolate the real weak-lensing signal, it is important to understand

how galaxies align and how the alignments depend on the properties of galaxies. The weak-

lensing signal is stronger for high redshift galaxies due to the presence of more matter in the

line-of-sight. General alignments with negligible weak-lensing effects for different types of

galaxies can be understood by studying alignments for low redshift galaxies.

In Section 2, I will describe the selection of data from the Sloan Digital Sky Survey, the

cuts on several parameters, noteworthy properties, explain target galaxies and surrounding

galaxies, and finally split the sample of my target galaxies into four subsamples based on

a luminosity dependent color divider. In Section 3, I will illustrate the process of defining

the alignment angle necessary for this study using mathematical tools. Section 4 will show

the results of my primary alignment analyses on four subsamples of target galaxies using

statistical means, and the dependence of alignment on luminosity for red and blue galaxies.

Section 5 will go into the detail of how the average alignment angle depends on the distance

scale considered for the surrounding galaxies. Section 6 will lay out the dependence of

alignment on other properties such as the number of surrounding galaxies, and magnitude

and direction of the mean position offset of the surrounding galaxies. Lastly, Section 7 will

summarize the main results and discuss the implications and some future work.

5Joachimi et al. 2015; Peebles 1969; Hoyle 1951.
6Gunn 1967; Okumura and Jing 2009.
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2 Data Source & Color-Magnitude Divider

Using CasJobs 7, I downloaded the data for all galaxies from Data Release (DR) 15 of the

Sloan Digital Sky Survey (SDSS)8;9. The SDSS imaging survey covered 14; 555 deg2, roughly

one-third of the full sky, recording imaging data for 50 million galaxies and spectroscopic data

for 1.5 million of those galaxies10. Target galaxies in my study are from the spectroscopic

portion of the survey and have precise spectroscopic redshifts.

The redshift range for the galaxies in the SDSS is large, but for the purposes of this

study, I limited that range to 0:02 < z < 0:25. The upper limit at z = 0:25 is sufficiently low

so that the weak lensing effects are small. The lower limit at z = 0:02 is sufficiently large so

that the primary source of redshift is the cosmological redshift and not the peculiar motion

of the galaxy.

Figure 2.1: Target galaxies redshifts. This figure shows the redshift distribution of the

target galaxies. The lower bound, the upper bound, and the median value are marked on

the histogram.

The SDSS camera imaged the galaxies in five broadband filters (ugriz). This gives the

apparent magnitude of an object in each of the five bands. I used photometry in the r and

7https://skyserver.sdss.org/casjobs/
8Aguado et al. 2019.
9https://www.sdss.org/dr15/

10Eisenstein et al. 2011.
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the u bands with effective wavelengths of �r = 6222Å and �u = 3540Å to get the color

and the absolute magnitude11. At the (low) redshifts of my sample, the K-correction for

magnitudes is small enough to be neglected, especially for r-band. The limiting apparent r-

band magnitude for the SDSS spectroscopic survey is r = 17:712. There exist galaxies in the

spectroscopic survey with r > 17:7 (see left-hand panel of Figure 2.2) but the spectroscopic

data are not complete at these fainter magnitudes. The SDSS pipeline assigns the value of

r = 24:80 and u = 24:63 to the objects with near-zero flux in the respective bands. This can

be seen in the histograms in Figure 2.2. To avoid these zero-flux galaxies, I further limited

my sample to only galaxies with r < 24:4 and u < 24:25 which removed the survey artifacts.

Calculating the magnitude difference between two filters gives the color of the object. In

Figure 2.2: Photometric data for the target galaxies. The leftmost panel shows the

distribution of r-band magnitudes, where the r = 17:7 cutoff for the complete spectroscopic

survey is clearly notable. The second panel shows the distribution of the u-band magnitudes.

The third panel shows the distribution of the absolute r-band magnitudes with the median

value. The rightmost panel shows the distribution of the u � r color index. u � r = 2:22

divides the two distinct peaks.

this study, I defined the “color” of a galaxy by the u � r color index. This is particularly

convenient because the u-band is sensitive to the presence of hot stars which have strong UV

emission. The u� r color index is a good diagnostic of the presence of recent star formation.

Using this color index, I can separate the early-type and the late-type galaxies. For a more

robust separation, I need the absolute magnitudes of the target galaxies. At low redshift,

the relation between distance modulus r �Mr and redshift z is given by13

r �Mr � 43:23� 5 log10

�
H0

68 km s�1 Mpc�1

�
+ 5 log10 z + 1:086 (1� q0) z; (2.1)

11Smith et al. 2002; Fukugita et al. 1996.
12Strauss et al. 2002.
13Ryden 2017.
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where r is the apparent r-band magnitude and Mr is the absolute magnitude, H0 is the

Hubble constant for which I will use H0 = 70 km s�1 Mpc�1, and q0 is the deceleration

parameter for which I use the accepted value from the Benchmark Model14, q0 � �0:53.

Using these values, equation (2.1) reduces to

Mr = r � 43:23� 5 log10 z � 1:662z; (2.2)

where z is the spectroscopic redshift of the target galaxy from the SDSS database. The

absolute magnitudes computed from equation (2.2) are an indication to how luminous a

galaxy is, and I will use Mr as a proxy for a galaxy’s luminosity. For concreteness, and to

avoid non-galaxy objects, I restricted the absolute magnitudes of target galaxies to �23:5 �
Mr � �18. After making all these cuts on several parameters, my final sample contained

385,245 target galaxies.

Figure 2.3: Color-magnitude plot and subsamples. The target galaxies are plotted on

a u�r color-magnitude plot and divided into red and blue using a magnitude dependent color

divider15. The red and blue samples are further divided into luminous and faint subsamples

using their respective medians.

I further split the final sample using the color divider specified as follows16

u� r = �0:0178M2
r � 0:146Mr + 2:294: (2.3)

14Ryden 2017.
16James and Ryden 2017.
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This luminosity-dependent color divider separates blue and red galaxies better than dividing

at a constant color index. This division allows me to investigate the dependence of alignments

on target galaxy properties such as color and luminosity. The target galaxies that I use in this

study are shown as points on the color-magnitude plot in Figure 2.3 along with equation (2.3)

to divide blue and red galaxies. Finally, I divided the blue and red galaxies into luminous

and faint at their respective medians. Thus, the four sub-samples consist target galaxies of

the following properties: Luminous Red (LR), Faint Red (FR), Luminous Blue (LB), and

Faint Blue (FB). LR sample and FR sample each have 109,097 target galaxies; LB sample

and FB sample each have 83,525 target galaxies.

Position angles (PA) are a convention of defining angles and orientations on the sky where

’ increases from North towards East in the sky. PA defined in the SDSS database have a

range �87� . ’ . 246�. In the database, an image of a galaxy is approximated as an ellipse

and since an angular range of 180� is sufficient to describe all possible orientations of an

ellipse, I converted all the PA to be within the range 0� < ’ < 180�.

The SDSS database also provides the axis ratio for the image of a galaxy. This axis ratio,

0 � q � 1, is the measure of how elongated a galaxy is. The more circular a galaxy, the

closer q is to 1 and circular shapes don’t have well-defined orientations. So, the position

angles for galaxies with q � 1 are not well-defined. On the other extreme, q � 0 means that

the shape of the object is essentially a straight line and is most likely a diffraction spike

from a bright star misidentified as a galaxy. In order to eliminate such artifacts, I removed

objects with q < 0:1 from my data. The distribution of the remaining q for each of the four

subsamples is shown in Figure 2.4. It shows that both red and blue luminous samples have

the peak q closer to 1 indicating that they are likely 3D ellipsoids with three different axis

lengths viewed from different angles. The faint samples have a more uniform distribution

indicating their higher abundance of disk-like or flat shapes.

Each target galaxy has its associated “surrounding galaxies.” These are galaxies within

a projected distance of 30 Mpc of the target galaxy. Projected distance rp is defined by the

equation

rp = 1:25 Mpc
� z

0:1

�� �

1 arcmin

�
; (2.4)

where z is the redshift of the target galaxy, and � is the angular separation in arcsec on the

sky. Substituting rp = 30 Mpc in equation (2.4) and solving for the angle � that corresponds

to 30 Mpc at the target galaxy’s redshift z, we get

� =

�
0:1

z

��
30 Mpc

1:25 Mpc

�
arcmin = 24 arcmin

�
0:1

z

�
: (2.5)

I carefully selected my target galaxies from the survey regions of the SDSS such that each
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Figure 2.4: Target galaxies axis ratios. The distribution of axis ratio q is shown for the

four subsamples of target galaxies. Both luminous subsamples show larger number of target

galaxies with q close to 1. The faint subsamples show a more uniform distribution.

target galaxy would have a sufficiently surveyed region to include at least 30 Mpc around the

target galaxy. To avoid the boundary of the survey region, I limited the right ascension (RA)

and declination (DEC) ranges of my sample of target galaxies to an area within the main

region of the survey with a buffer of � 5� at the boundaries. This resulted in a sample of

galaxies all being located in the same patch of the sky. However, there is no loss of generality

here due to the cosmological principle. At the median redshift of the target galaxies, z � 0:1,

an angle � = 1� corresponds to a projected distance rp � 75 Mpc; thus, the patch of sky

I am using (120� � 45�) corresponds to a region 9000 Mpc � 3375 Mpc, large enough that

the cosmological principle applies. We can expect the same properties and behavior at such

large scales in any other patch of the sky.

Since the surrounding galaxies are taken from the imaging survey with no spectra, their

photometric redshifts zsurr are not as accurate as spectroscopic redshifts of the target galax-

ies. For the surrounding galaxies to be within 30 Mpc of a target galaxy, they need to have

redshifts similar to the target galaxy. Keeping in mind the large errors on zsurr, I picked

surrounding galaxies such that jz � zsurrj < 0:08, which uses a bound of twice the standard

deivation in zsurr given z.
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3 De�ning the Alignment Angle

Alignment studies are done in many ways, with many different definitions of the alignment

angle17, which makes it important to precisely define what I mean by the alignment angle.

Prior to that, I need to define and quantify all other relevant properties of a target galaxy and

its surrounding galaxies. Suppose that a target galaxy is at right ascension �t and declination

�t. It is surrounded by a population of N galaxies that I have designated as “surrounding

galaxies,” after doing cuts on location and redshift. The ith surrounding galaxy has right

ascension �i and declination �i. Since the surrounding galaxies are in small patches of the

sky around each target galaxy, I can safely use equation (2.5) and the “flat celestial sphere”

approximation, and adopt a Cartesian coordinate system whose origin is at (�t, �t). The

x-axis lies in the North-South direction, and the value of x increases going northward; this

matches the convention that DEC increases going northward. The y-axis lies in the East-

West direction, and the value of y increases going eastward; this matches the convention that

RA increases going eastward. The position of each surrounding galaxy, in angular units, is

given by xi = �i � �t and yi = (�i � �t) cos
�
�i+�t

2

�
. Some basic properties of a collection of

points on a Cartesian plane are the first and the second moments. Weighing each galaxy

equally, the mean offset (first moment) of the surrounding galaxies from the target galaxy

in angular units is given by:

�x =
1

N

NX
i=1

xi (3.1)

�y =
1

N

NX
i=1

yi (3.2)

The mean offsets in equations (3.1) and (3.2) only depend on the position of the surrounding

galaxies; they do not depend on any other properties of the surrounding galaxies such as the

mass or the luminosity.

The mean square offsets (second moments) relative to the center of the distribution of

surrounding galaxies are given by:

�xx =
1

N

NX
i=1

(xi � �x)2 (3.3)

�yy =
1

N

NX
i=1

(yi � �y)2 (3.4)

�xy =
1

N

NX
i=1

(xi � �x) (yi � �y): (3.5)

17Joachimi et al. 2015.
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In equations (3.3), (3.4), and (3.5), if �xy = 0, then the distribution of surrounding galaxies

can be approximated as an ellipse whose long axis is along the x-axis (if �xx > �yy) or along

the y-axis (if �yy > �xx). If �xy 6= 0, the distribution of galaxies can be approximated as a

tilted ellipse.

The position angle ’surr of this tilted ellipse is given by the relation

tan (2’surr) =
2�xy

�xx � �yy
� �: (3.6)

However, in computing the position angle ’surr, it is important to chose the correct branch

of the tangent function. Using the usual convention (North through East) and equation

(3.6), the position angle of the ellipse describing the surrounding galaxies is

’surr =
1

2
tan�1 �; [�xx > �yy; �xy > 0] (3.7)

’surr =
1

2

�
180� + tan�1 �

�
; [�xx < �yy] (3.8)

’surr =
1

2

�
360� + tan�1 �

�
; [�xx > �yy; �xy < 0] (3.9)

Figure 3.1: De�nition of the alignment angle. This illustration shows an example

target galaxy in red and its surrounding galaxies as gray dots. The blue ellipse best describes

the distribution of the surrounding galaxies. The angular difference between the major axis of

that ellipse and the major axis of the target galaxy is defined as the alignment angle, shaded

in yellow. The blue cross is the mean position offset of the distribution of surrounding

galaxies from the target galaxy.
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This position angle ’surr is such that 0� < ’surr < 180� and indicates the direction of

a filament of the large-scale structure if the target galaxy happens to be in one. The mean

square moment along the long axis of the ellipse is

�aa =
1

2

�
�xx + �yy +

q
4�2

xy + (�xx � �yy)2

�
(3.10)

and the mean square moment along the short axis is

�bb =
1

2

�
�xx + �yy �

q
4�2

xy + (�xx � �yy)2

�
: (3.11)

Using equations (3.10) and (3.11), the axis ratio qsurr of the ellipse describing the surrounding

galaxies is then

qsurr =

r
�bb
�aa

: (3.12)

Now equipped with the necessary geometric tools, I define the alignment angle � as

the angular difference between the position angle of the target galaxy ’ and the position

angle of the ellipse describing the surrounding galaxies ’surr such that 0� � � � 90�. An

illustration of this alignment angle can be seen as the yellow angle between the two green

lines in Figure 3.1. This definition of the alignment angle � is used throughout this study.

4 Primary Alignment Analysis

After dividing the main sample into four subsamples based on color and luminosity of the

target galaxies, and precisely defining the alignment angle, I can begin to analyze the data.

Before doing anything more complex, the simplest analysis is to get the statistics of the

datasets. If the sample is randomly distributed, meaning there is no preferred alignment,

then the average angle alignment will be 45�. Looking at the results in Table 4, clearly

the LR galaxies subsample have the lowest mean with the highest significance, showing a

trend toward parallel alignment on average. The FR galaxies subsample’s mean is also

less than 45�, but with a lower significance. The LB and FB galaxies subsamples have

a mean consistent with 45�, showing no preferred alignment. These results already show

that red target galaxies, especially the LR galaxies, have a slight preference toward parallel

alignment, whereas the blue target galaxies align randomly with their respective surrounding

distribution of galaxies. The number of red galaxies is greater than the number of blue

galaxies, which results in slightly better error of the mean for the red galaxies.

To further quantify the results and see the trends visually, I plotted a binned histogram

for each subsample with 0:5� bins and normalized the x-axis by dividing the alignment
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Table 4.1. Simple Alignment Statistics

Galaxy Sample Mean Alignment Angle Est. error of mean No. of target galaxies

Luminous Blue 45:044� 0:090� 83525

Faint Blue 44:992� 0:090� 83525

Luminous Red 44:271� 0:079� 109097

Faint Red 44:684� 0:079� 109097

angles by 90� in order to make it range from dimensionless 0 to 1. In Figure 4.1, 0 on the

x-axis shows perfectly parallel alignment and 1 shows perfectly perpendicular alignment of

the target galaxy with its surrounding distribution of galaxies. To model the trend in the

histogram, a linear fit was the best choice since the spread in the data is large and fitting

with a polynomial of any higher order would just be absurd. The frequency of occurrence

is normalized to y = 1 at x = 0:5 (i.e. 45�); this eliminates the ‘intercept’ parameter in a

linear fit, making the slope the only relevant fit parameter.

I get the best fitting slopes for all four subsamples by doing a simple linear least-squares

fit using Python. The corresponding results for each subsample are shown in Figure 4.1.

After fitting the data, I vary the slope and perform the Kolmogorov-Smirnov (K-S) test on

the results to find the 90% two-sided confidence level in the slope. The K-S test compares

two cumulative distribution functions (CDF) by quantifying the largest distance between

the CDF of a data sample and some reference CDF. If the two distributions are identical,

they follow the null hypothesis and the largest distance is zero. The K-S test also pro-

vides a p-value which I used to signify the 90% two-sided confidence level in the best-fit

slopes. For my analysis, I compare my data with a random distribution to see how much

the distribution of alignment angles deviates from random distribution. Here again, the LR

galaxies subsample has the most negative slope with the highest significance, indicating the

overabundance of galaxies with a parallel alignment with their surroundings. Slopes of both

the blue subsamples are consistent with being zero with at least 90% confidence, confirming

the random distribution of alignment angles. The FR galaxies subsample also has a slightly

negative slope which is still significant at the 90% confidence level.

For a more detailed understanding of dependence of alignment on luminosity, instead of

dividing up the target galaxies into four subsamples based on their color and luminosity, I

plotted the average alignment angle for the red and blue samples as a function of 1% lumi-
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Figure 4.1: Alignment angle distribution. This plot shows the normalized histograms

of the alignment angle for all four subsamples. The left two panels display the random dis-

tribution of alignment angle for the blue galaxies. The top-right panel is the most significant

(9�) result and it shows that the luminous red galaxies have an average parallel alignment

with their surroundings. The bottom-right panel shows parallel alignment also for the faint

red galaxies, but the significance is lower (4�).
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nosity bins in Figure 4.2. The blue sample showed an average alignment of 45� throughout

the luminosity bins except for the most luminous 3-4%. In the red sample, there was a clear

trend going from the most luminous to the least luminous galaxies. More luminous galaxies

showed a stronger parallel alignment.

Figure 4.2: Average alignment as a function of luminosity. In effect, the x-axis

is the luminosity of the target galaxy and the y-axis is the average alignment angle in the

respective luminosity bin. There is no significant trend for the blue target galaxies in the

top panel, but the red galaxies in the bottom panel show a clear trend of alignment being

significantly parallel at high luminosities.

5 Varying the Surrounding Radius

The results in the previous section show alignment of the target galaxy with the distri-

bution of their surrounding galaxies within 30 Mpc of the target galaxy. Now instead of

considering surrounding galaxies within only 30 Mpc, I vary the surrounding radius rp from

5 to 30 Mpc. This allows to investigate any trend in the alignment angle as a function of

the surrounding radius, the distance scale being considered. The lower limit of 5 Mpc is

a reasonable one because for rp � 5 Mpc, the number of surrounding galaxies within that

radius is at least 3 and the ellipse describing the distribution of surrounding galaxies can be
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Figure 5.1: Alignment vs. surrounding radius. This plot shows the average alignment

angle as a function of surrounding radius (5 Mpc � rp � 30 Mpc) for all four subsamples.

The left two panels display the average alignment consistent with 45� for the blue galaxies at

any rp. The top-right panel shows that the luminous red galaxies have an average alignment

of h�i � 44:3� throughout the range of rp. The bottom-right panel for the faint red galaxies

shows that the average alignment angle is consistent with 45� for rp . 18 Mpc and it is

parallel for rp & 18 Mpc.

well-defined. In Figure 5.1, I plot the average alignment angle for surrounding radii between

5 and 30 Mpc. The error on each point is from standard error of the mean (�) of each bin

and I have shown errors up to 5�. Again, both the blue subsamples are consistent with 45�

average alignment angle regardless of the surrounding radius, conforming with random dis-

tribution. Average alignment angle for the LR galaxies consistently lies below 45�, roughly

constant at h�i � 44:3�, showing a parallel alignment at any value of the surrounding radius.

The significance of this result, how far the mean is from the 45� mark, is 9� for the largest

surrounding radius. Average alignment angle for the FR galaxies is consistent with 45� up

to � 18 Mpc, and for surrounding radii larger than that, there is a parallel alignment at 4�

significance. 18 Mpc is close to the mean distance between moderately large galaxy clusters,

meaning the result for the faint red galaxies could be related to that, but more data are

needed to confirm this.
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6 Dependence of Alignment on Other Properties

Following the main analyses of this study, I also performed some secondary analyses on

alignments to further investigate the dependence of alignment on other properties. Firstly, I

investigated how the alignment depends on the number of surrounding galaxies. I normalized

the number of surrounding galaxies by the mean number of surrounding galaxies in the target

galaxy’s redshift bin. This average number of surrounding galaxies is shown as a function

of redshift in Figure 6.1. As shown in Figure 6.2, I binned and plotted the alignment angle

Figure 6.1: Average number of surrounding galaxies vs. redshift. The binned data

for the average number of surrounding galaxies for a given redshift bin are shown in this

plot.

as a function of the normalized number of surrounding galaxies. For the most under-dense

bin in the luminous blue subsample, there are only two target galaxies and both happen to

have very similar alignment angles making the error on that bin small. So, this bin cannot

be regarded as a significant result. Considering this, all four subsamples have no significant

alignment trends as a function of the number of surrounding galaxies.

Next, I considered the alignment as a function of mean offset of the surrounding galaxy

distribution. The mean offset of a sample of surrounding galaxies is the mean of their

positions in a Cartesian coordinate system as defined in equations (3.1) and (3.2). Dividing

the mean offset by the surrounding radius (30 Mpc), I made it a fractional offset. I sorted,

binned, and plotted the alignment angle as a function of the fractional offset in Figure 6.3

and again saw that there were no significant trends.
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Figure 6.2: Average alignment vs. number of surrounding galaxies. This plot

illustrates that for all four subsamples, there are no significant trends in alignment as a

function of the number of surrounding galaxies.

Figure 6.3: Average alignment vs. fractional o�set. This plot illustrates that for all

four subsamples, there are no significant trends in alignment as a function of the fractional

mean offset of the surrounding galaxies from the target galaxy.
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