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Abstract

Recent observations using several different telescopes and sky surveys showed patterns of asymmetry in the distribution of galaxies by
their spin directions as observed from Earth. These studies were done with data imaged from the Northern hemisphere, showing excellent
agreement between different telescopes and different analysis methods. Here, data from the DESI Legacy Survey was used. The initial dataset
contains ~2.2 x 107 galaxy images, reduced to ~8.1 x 10° galaxies annotated by their spin direction using a symmetric algorithm. That
makes it not just the first analysis of its kind in which the majority of the galaxies are in the Southern hemisphere, but also by far the largest
dataset used for this purpose to date. The results show strong agreement between opposite parts of the sky, such that the asymmetry in one
part of the sky is similar to the inverse asymmetry in the corresponding part of the sky in the opposite hemisphere. Fitting the distribution of
galaxy spin directions to cosine dependence shows a dipole axis with probability of 4.66¢ . Interestingly, the location of the most likely axis is
within close proximity to the CMB Cold Spot. The profile of the distribution is nearly identical to the asymmetry profile of the distribution
identified in Pan-STARRS, and it is within 1o difference from the distribution profile in SDSS and HST. All four telescopes show similar

large-scale profile of asymmetry.
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1. Introduction

Autonomous digital sky surveys that collect very large astronomi-
cal databases have allowed to address research questions that their
studying was not possible in the pre-information era. One of these
questions is the large-scale distribution of galaxy spin directions
as observed from Earth. While the initial assumption would be
that the spin directions of galaxies are randomly distributed at a
large scale, there is no valid proof to that assumption. In fact, mul-
tiple experiments have shown that the distribution as seen from
Earth might not be random (Longo 2007, 2011; Shamir 2012, 2019,
2020a,b,c, 2021; Lee et al. 2019a,b), and the profile of the distribu-
tion could exhibit a large-scale dipole axis (Shamir 2020a,b, 2021).
When normalised for the redshift distribution, different telescopes
show very similar profiles of asymmetry, and the directions of the
most likely axes agree within statistical error (Shamir 2020a,b).

The observation of a large-scale axis around which the uni-
verse is oriented has been proposed in the past through obser-
vations of cosmic microwave background (CMB), with consistent
data from the Cosmic Background Explorer (COBE), Wilkinson
Microwave Anisotropy Probe (WMAP), and Planck (Mariano &
Perivolaropoulos 2013; Land & Magueijo 2005; Ade et al. 2014;
Santos et al. 2015).
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Early attempts to study the distribution of spin directions of
spiral galaxies were based primarily by manual annotating a large
number of galaxy images (Sugai & Iye 1995; Land et al. 2008;
Longo 2011). Since human annotation is too slow to analyse large
datasets and can also be affected by the bias of the human per-
ception (Hayes, Davis, & Silva 2017), handling larger datasets in
a systematic manner requires automatic analysis of the galaxies
(Shamir 2012, 2013, 2016, 2019, 2020a,b). The application of the
automatic analysis methods to different datasets acquired by dif-
ferent telescopes showed very similar profiles of distribution in
data from Sloan Digital Sky Survey (SDSS), the Panoramic Survey
Telescope and Rapid Response System (Pan-STARRS), and the
Hubble Space Telescope (HST) (Shamir 2020a,b).

Non-random distribution of spin directions of galaxies has
been also observed in cosmic filaments (Tempel, Stoica, & Saar
2013; Tempel & Libeskind 2013). Alignment in spin directions
associated with the large-scale structure was also observed with
quasars (Hutsemékers et al. 2014) and smaller sets of spiral galax-
ies (Lee et al. 2019b). In addition to the observational studies,
dark matter simulations have also shown links between spin direc-
tion and the large-scale structure (Zhang et al. 2009; Libeskind
et al. 2013, 2014). The strength of the correlation has been asso-
ciated with stellar mass and the colour of the galaxies (Wang et al.
2018). These links were associated with halo formation (Wang &
Kang 2017), leading to the contention that the spin in the halo
progenitors is linked to the large-scale structure of the early uni-
verse (Wang & Kang 2018). The numerous studies with different
approaches, messengers, telescopes, and datasets that suggest links

(© The Author(s), 2021. Published by Cambridge University Press on behalf of the Astronomical Society of Australia.

https://doi.org/10.1017/pasa.2021.27 Published online by Cambridge University Press


https://doi.org/10.1017/pasa.2021.27
https://orcid.org/0000-0002-6207-1491
https://doi.org/10.1017/pasa.2021.27
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/pasa.2021.27&domain=pdf
https://doi.org/10.1017/pasa.2021.27

between the large-scale structure and the direction in which extra-
galactic objects spin reinforce the studying of this question using
larger datasets. Here, the distribution of spin directions of spiral
galaxies is studied using a very large number of galaxies from the
Southern hemisphere.

2. Data

The dataset of spiral galaxies was taken from the DESI Legacy
Survey (Dey et al. 2019), which is a combination of data collected
by the Dark Energy Camera (DECam), the Beijing-Arizona Sky
Survey (BASS), and the Mayall z-band Legacy Survey (MzLS). The
imaging is calibrated to provide a dataset of nearly uniform depth
(Dey et al. 2019).

The list of objects was determined by using all ‘south’ bricks
of Data Release (DR) 8 of the DESI Legacy Survey. Objects with
g magnitude smaller than 19.5 and identified as exponential discs
(‘EXP’), de Vaucouleurs r'/* profiles (‘DEV’), or round exponen-
tial galaxies (‘REX’) in DESI Legacy Survey DR8 were selected.
That selection provided a list of objects identified as extended
objects but excluded objects that may be embedded in other
extended objects. Objects identified as galaxies but are part of
other extended objects such as H II regions can still exist in the
dataset, and it is virtually impossible to inspect the entire dataset
by eye and remove such potential objects. If such object is located
on the arm of a galaxy, it might be wrongly identified as the cen-
tre of that galaxy and can lead to incorrect annotation. As will be
explained in Section 4, if such error indeed exists, it is expected
to impact clockwise and counterclockwise similarly and therefore
cannot lead to asymmetry in the dataset.

The images were retrieved through the cutout application pro-
gramming interface (API) of the DESI Legacy Survey server. The
images were downloaded as 256 x256 JPEG images, scaled by the
Petrosian radius to ensure the galaxy fits in the frame. The total
number of images retrieved from the Legacy Survey server is
22987 246. Downloading such a high number of images required a
substantial amount of time. The first image was retrieved on 2020
June 4, and the process continued consistently until 2021 March
4, with just short breaks due to power outages or system updates
of the computer that was used to download the images. All images
were downloaded by using the same server located at Kansas State
University campus to avoid any possible differences between the
way different computers download and store images.

Annotation of the spin directions of such a large number of
galaxies is highly impractical to perform manually due to the
labour involved in such process. Therefore, the annotation of the
galaxies requires automation. A valid automatic process for this
task should be mathematically symmetric, to avoid any possible
systematic bias. Machine learning is commonly used to annotate
images, also in the astronomy domain. However, machine learning
and especially convolutional neural networks are normally based
on complex non-intuitive data-driven rules and almost always
have a small but non-negligible error. Because these rules are
determined automatically during the training process, there is no
guarantee that these rules are symmetric. To eliminate the possi-
bility that such bias affects the results, the algorithm needs to be
deterministic and mathematically symmetric.

To avoid the possibility of systematic bias, the fully symmetric
model-driven Ganalyzer algorithm was used (Shamir 2011). The
Ganalyzer algorithm first converts each galaxy image into its radial
intensity plot. The radial intensity plot is the transformation of the
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Figure 1. Examples of the peaks of the radial intensity plots of different galaxy images.
The direction of the lines generated by the peaks identifies the curves of the galaxy
arms and therefore can be used to determine the spin directions. The algorithm is
fully symmetric and is not based on complex non-intuitive data-driven rules commonly
used in machine learning.

original galaxy image, such that the value of the pixel (x,y) in the
radial intensity plot is the median value of the 5x5 pixels around
(Ox +sin (9) - 1, O, — cos (0) - r) in the original image, where r is
the radial distance, 6 is the polar angle, and Oy, O, are the X and Y
pixel coordinates of the centre of the galaxy.

After the galaxy image is converted into its radial intensity plot,
a peak detection algorithm (Morha¢ et al. 2000) is applied to the
horizontal lines of the radial intensity plot to identify the peaks
in each row. Because the arms of the galaxy have brighter pixels
than other pixels at the same distance from the galaxy centre, the
peaks in the radial intensity plot are the galaxy arms in the original
image. Since the arm of a spiral galaxy is curved, the peaks are
expected to form a line towards the direction in which the arm
spins. When applying a linear regression to that line, the sign of
the regression determines the direction towards which the arm is
curved, and consequently the direction towards which the galaxy
spins (Shamir 2011; 2017a,b,c, 2019, 2020b).

Figure 1 shows examples of galaxy images and the peaks of the
radial intensity plot transformation of each galaxy. The first two
images show a simple galaxy structure with two arms, and there-
fore the peaks of the radial intensity plots have two lines. Each
line corresponds to an arm of a galaxy. The direction of the lines
reflects the spin direction of the galaxies. Galaxies 3 and 4 are
galaxies with three arms, as reflected by the lines created by the
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peaks of the radial intensity plots. Galaxies 5 and 6 have more com-
plex morphology but still can be identified by a higher number of
peaks that drift towards the direction that allows to identify the
spin direction of the galaxy.

It is clear that not all galaxies in the initial dataset are spiral, and
not all spiral galaxies provide clear details that can allow to identify
their spin direction. To remove galaxies that their spin direction
cannot be identified with high certainty, only galaxies that have at
least 30 identified peaks aligned in lines are considered as galax-
ies with identifiable spin directions. Additionally, the number of
peaks that shift in one direction should be at least three times the
number of peaks shifting towards the opposite direction (Shamir
2020b). If that condition is not satisfied, the galaxy is not annotated
and being rejected from the analysis.

The requirement for the peaks of the radial intensity plot to
shift to one direction at least three times more than the other
direction can handle situations in which the arms are tilted in
a non-uniform manner. Galaxy 6 in Figure 1 is an example of
a galaxy with arms tilted in non-uniform directions. The num-
ber of peaks shifting to the right (counterclockwise) is 55, while
the number of peaks shifting to the left is 18. That reflects the
stronger counterclockwise winding as seen in the image. If the
number of peaks shifting to the left was higher, the galaxy would
not be annotated at all, would be assumed inconclusive, and conse-
quently rejected from the analysis. It is reasonable to assume that
many galaxies with identifiable spin directions are rejected from
the analysis, reducing the size of the usable data. However, the
key requirement of the algorithm is that the rejection of galax-
ies is done in a symmetric manner, and with no preference to
galaxies of a certain spin direction. As discussed in Section 4 and
shown theoretically and empirically in Shamir (2021), Ganalzyer
is mathematically symmetric. Also, experiments that were done
by adding a large number of artificial incorrectly classified galax-
ies showed minor impact on the results of the analysis when they
were distributed evenly, while even 1% artificial systematic error
led to very strong signal that peaked at the celestial pole (Shamir
2021). Additional discussion about the impact of different types
of possible errors can be found in Section 4. More detailed infor-
mation about the annotation algorithm can be found in Shamir
(2011, 2012, 2020a,b, 2021), Hoehn & Shamir (2014), and Dojcsak
& Shamir (2014).

After applying the algorithm, 836451 galaxies were assigned
with identifiable spin directions. In some cases, digital sky survey
can identify objects that are part of the same galaxy as sepa-
rate galaxies. To avoid having the same galaxy more than once
in the dataset, objects that have another object within less than
0.01° were removed. After removing these objects, 807 898 galaxies
were left in the dataset. To test the consistency of the classi-
fication, 200 galaxies annotated as spinning clockwise and 200
galaxies annotated as spinning counterclockwise were inspected
manually. None of the galaxies determined by the algorithm to
be spinning clockwise was visually spinning counterclockwise,
and none of the galaxies that according to the algorithm were
spinning counterclockwise was by manual inspection spinning
clockwise.

To ensure that the process of annotation is consistent, all galaxy
images were analysed by the exact same algorithm, exact same
code, exact same computer, and exact same processor. That was
done to avoid a situation in which different computers or even
different processors analyse different galaxies and could lead to
differences in the way each galaxy is analysed. Annotation of the
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Table 1. The number of galaxies in differ-
ent right ascension ranges.

RA range (degrees) # galaxies
0-30 155628
30-60 133683
60-90 80134
90-120 21086
120-150 52842
150-180 59660
180-210 58899
210-240 58112
240-270 36490
270-300 2602
300-330 64 869
330-360 83893

Table 2. The number of galaxies in different dec-
lination ranges.

Declination range (degrees) # galaxies
—70to —50 81355
—50to —30 123972
—30to —10 121656
—10to +10 236740
+10 to +30 203 562
+30 to +50 40613

initial dataset of over 2.2x107 galaxies required 107 d using a
single Intel Xeon processor at 2.8 Ghz. To reduce the response
time of the experiment, the process of galaxy annotation started
before all galaxies were fully downloaded from the Legacy Survey
server.

Like many other digital sky surveys, galaxies in the Legacy
Surveys are not distributed uniformly across all right ascension
and declination ranges. Tables 1 and 2 show the number of galaxies
in different right ascension and declination ranges, respectively.
As Table 2 shows, the dataset also includes bricks with positive dec-
lination. All galaxies in Table 2 were used, and therefore the dataset
was not limited to merely galaxies with negative declination. While
the dataset is not made of purely galaxies from the Southern hemi-
sphere, most galaxies have far lower declination compared to data
collected by telescopeslocated in the Northern hemisphere such as
Pan-STARRS or SDSS. Pan-STARRS and SDSS also cover some of
the Southern sky but do not go below the declination of —30°, and
most of their footprint is in positive declination. Table 3 shows the
redshift distribution of the galaxies. The Legacy Survey galaxies do
not have redshift, and therefore the distribution of the redshift was
measured by using a subset of 17 027 galaxies that had redshift in
the 2dF redshift survey (Cole et al. 2005).

3. Results

As a simple analysis, the asymmetry in each part of the sky

was determined as £—<=t, where cw is the number of galaxies

rotating clockwise, and ccw is the number of galaxies rotating



https://doi.org/10.1017/pasa.2021.27

4
Table 3. The number of galaxies in
different z ranges. The distribution
is determined by a subset of 17027
galaxies that had redshift in the 2dF
redshift survey.
z # galaxies
0-0.05 2089
0.05-0.1 5487
0.1-0.15 4226
0.15-0.2 1927
0.2-0.25 784
0.25-0.3 621
>0.3 1893
0.03
0.02
B
8 o.01 I
s |
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Figure 2. Asymmetry in the distribution of the galaxies in different RA ranges. The
graph shows inverse asymmetry in corresponding sky regions in opposite hemi-
spheres.

counterclockwise in that part of the sky. The normal distribution
standard error is \/LN’ where N is the total number of galaxies in
that sky section. Figure 2 shows the asymmetry in different 30°
right ascension (RA) slices.

As the figure shows, the asymmetry in each RA slice agrees with
the inverse asymmetry in the corresponding RA slice in the oppo-
site hemisphere. For instance, the strongest asymmetry of 0.011
is observed in the RA range (30°-60°). The uncorrected binomial
probability to have such distribution by chance is 2 x 107>, and
the Bonferroni corrected probability is 3 x 107, That asymme-
try corresponds to the strongest inverse asymmetry of —0.007,
observed in the corresponding RA range in the opposite hemi-
sphere (210°-240°). The lowest asymmetry is observed in the RA
range of (120°-150°) and matches the low asymmetry in the corre-
sponding sky region in the opposite hemisphere (300°-330°). The
same can be observed with all other sky regions, where the mag-
nitude of the asymmetry in each sky region corresponds to the
magnitude of the inverse asymmetry in the opposite sky region.
The only exception is the RA range (90°-120°), and the corre-
sponding RA range (270°-300°). But these RA ranges have by far
the lowest number of galaxies 21 086 and 2 602, respectively, and
therefore the error in these RA ranges is far larger compared to the
other RA slices.

The symmetricity of the algorithm was verified by comparing
the annotations of a certain set of galaxies to the annotations of the
same set of galaxies such that the images are mirrored. Previous
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Table 4. Number of clockwise and counterclockwise galaxies in opposite hemi-
spheres. The P is the binomial distribution probability to have such difference or
stronger by chance when assuming 0.5 probability for a galaxy to spin clockwise
or counterclockwise.

Hemisphere #cw galaxies  #ccw galaxies S0V P
(0° —150° U 330° — 360°) 264707 262559 0.004 0.0015
(150° — 330°) 139719 140913 —0.004 0.0121

experiments with other telescopes showed that the annotation of
the mirrored galaxy images are exactly the opposite compared to
the original galaxy images (Shamir 2017a,c, 2020b, 2021). The fact
that mirroring the galaxies provided inverse results is an empirical
evidence that any error in the annotation algorithm affects both
clockwise and counterclockwise galaxies in a similar fashion.

As Figure 2 shows, the RA range (150° — 330°) shows higher
population of counterclockwise galaxies, while the RA range
(0° — 150° U 330° — 360°) shows a higher number of galaxies that
spin clockwise. The only exceptions are the RA slices with low
population of galaxies. To verify the symmetricity of the analy-
sis, the analysis was repeated such that each image was mirrored
by converting the images to lossless TIFF format, and then using
the ‘flip” command of ImageMagick. As expected, the results
were exactly inverse to the results with the original non-mirrored
images.

Table 4 shows the number of galaxies spinning in each direction
in each hemisphere. As the table shows, the sky imaged by DESI
Legacy Survey can be separated into two hemispheres such that
one hemisphere has a higher number of galaxies that spin clock-
wise, and the opposite hemisphere has an excessive number of
galaxies that spin counterclockwise. In both cases, the asymmetry
is statistically significant.

The fact that the sky covered by the DESI Legacy Survey can
be separated into two opposite parts such that one has a higher
number of clockwise galaxies and the other has a higher number
of counterclockwise galaxies indicates that the distribution of the
spin directions of spiral galaxies as observed from Earth can form
a large-scale axis. To examine the probability that the distribution
of the spin directions of the galaxies exhibits a dipole axis, the same
method used in Shamir (2012, 2019, 2020a,b, 2021) was applied.

In summary, all galaxies in the dataset that spin clockwise were
assigned with the value 1, and all galaxies that spin counterclock-
wise were assigned with the value —1. Then, for each possible
integer (o, §) combination, the angular distance ¢ between each
galaxy in the dataset and (o, 8) was computed. The cos (¢) of the
galaxies were then fitted with x? statistics into d - | cos (¢)|, where
d is the spin direction of the galaxy (d can be either 1 or —1). The
x* was computed 1000 times for each integer («, §) combination
such that in each time the galaxies were assigned with random
spin directions,. The mean and standard deviation of the 1000
runs were computed for each possible integer («,8). Then, the
x* computed when d was assigned the actual spin directions was
compared to the mean and standard deviation of the x? computed
with the random spin directions. The standard deviation was used
to determine the o difference between the mean x2 computed
with the random galaxy spin directions and the x* computed with
the actual spin directions. After computing the o difference of all
(o, 8) combinations, the location («, §) of the most likely dipole
axis can be determined by the («, §) that has the highest o dif-
ference between the x? computed with the actual spin directions
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Figure 3. The probability of a dipole axis in galaxy spin directions from every possible
integer («, §) combination.
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Figure 4. The probability of a dipole axis in the galaxy spin directions when the galaxies
are assigned with random spin directions.

and the mean x2 computed with the random spins. Detailed infor-
mation about the analysis can be found in Shamir (2012, 2019,
2020a,b, 2021).

Figure 3 shows the likelihood of a dipole axis in all (e, §)
combinations. The most likely dipole axis was identified at
(0 =57°,8 = —10°). The likelihood of the axis to be formed by
chanceis 4.660. The 1o error for that axis is (22°, 92°) for the right
ascension, and (—39°,56°) for the declination. Interestingly, the
CMB Cold Spot isat (o« =49, § = —19°), very close to the direction
of the most probable dipole axis.

Assigning the galaxies with random spin directions provides
a maximum likelihood of a dipole of 0.91¢. The likelihood of a
dipole axis formed by the spin directions of the galaxies in all inte-
ger (o, §) combinations is shown in Figure 4. As expected, galaxies
with random spin directions do not form a statistically significant
pattern.

The results observed with the DESI Legacy Survey, in which
most galaxies are in the Southern hemisphere, can be compared
to previous results using galaxies mostly from the Northern hemi-
sphere, namely Pan-STARRS, SDSS, and HST. Figure 5 shows the
results of a previous experiment (Shamir 2020b) of fitting the spin
directions of 3.3x10* Pan-STARRS galaxies into cosine depen-
dence from all possible integer (o, §) combinations. The specific
details of the experiment are described in Shamir (2020b). The
most likely dipole axis in Pan-STARRS galaxies is identified at
(o =47°,8 = —1°), with statistical significance of 1.87¢° (Shamir
2020b). That location is nearly identical to the most probable axis
identified in the DESI Legacy Survey galaxies as shown in Figure 3.

The previous analysis of the distribution of the spin direc-
tions of the galaxies imaged by Pan-STARRS was compared to the
previous analysis of 38 998 SDSS galaxies with spectra that their
redshifts distribute in a similar manner to the redshift distribution
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Figure 5. The probability of a dipole axis formed by the galaxy spin directions of
~3.3 x 10* Pan-STARRS galaxies (Shamir 2020b). The profile is very similar to the pro-
file formed by the galaxy spin directions of the galaxies imaged by the DESI Legacy
Survey as shown in Figure 3.
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Figure 6. The probability of a dipole axis in different («, §) when using ~3.3 x 10* SDSS
galaxies (Shamir 2020b).
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Figure 7. The profile of probabilities of a dipole axis in the spin directions of HST
galaxies (Shamir 2020a).

of the Pan-STARRS galaxies. Full details about that experiment
are described in Shamir (2020b). Figure 6 shows the probabil-
ity of a dipole axis in the distribution of spin directions of the
SDSS DR14 spiral galaxies (Shamir 2020b). The results show a
most likely dipole axis at (o« = 49°, § = 21°), with statistical signal
of 2.050 (Shamir 2020b). That position is also well within the 1o
error from the most likely dipole axis identified in the DESI Legacy
Survey. The difference in the RA of the two axes is just 7°.

The results can also be compared to the previous analysis of
using ~8.7 x 10*> HST galaxies classified manually by their spin
directions (Shamir 2020a). Figure 7 shows the probability of a
dipole axis in all possible integer (o, §) combinations. The most
likely dipole axis exhibited by the HST galaxies was identified at
(o =782, 8 = 47°), with statistical significance of 2.8 as described
in Shamir (2020a). The 1o error for that axis is (58°, 184°) for the
right ascension, and (6°, 73°) for the declination. While that axis
is not as close to the axis of the DESI Legacy Survey data as the
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Figure 8. The profile of probabilities of a quadrupole axis in the spin directions of DESI
Legacy Survey galaxies.
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Figure 9. The profile of a quadrupole in Pan-STARRS (Shamir 2020b).
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Figure 10. The profile of a quadrupole in SDSS (Shamir 2020b).

axes observed in Pan-STARRS and SDSS data, the right ascension
is still relatively close, and the 1o error of that axis is still within
the 1o error of the most probable dipole axis computed from the
DESI Legacy Survey. It should also be noted that HST has a lower
number of galaxies compared to the three other telescopes, and
the mean redshift of the HST galaxies of 0.58 is far higher than all
other sky surveys.

In addition to a dipole axis, an attempt was also made to fit the
galaxy spin directions to quadrupole alignment. That was done by
x? fitting of the cos (2¢)) into d - | cos (2¢)| (Shamir 2019, 2020b).
Figure 8 shows the likelihood of a quadrupole axis from different
combinations of (&, §). The most probable quadrupole axis show
one axis at (@ =312° 6 =1°) and another axis at (@ =27°,8 =
—32°), with statistical significance of 3.0690 and 1.87¢, respec-
tively. The statistical significance of the quadrupole alignment
is, therefore, lower than the statistical significance of the dipole
alignment.

These axes can be compared to the quadrupole alignment of
the Pan-STARRS and SDSS galaxies, as shown in Figures 9 and 10,
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respectively. The most probable axes are (¢ =17°,8 = —2°) in
Pan-STARRS and (« = 7°, § =4°) in SDSS (Shamir 2020b). Fitting
the galaxies into quadrupole alignment shows somewhat larger
differences between the different telescopes compared to the
strong agreement between the dipole axes. However, the differ-
ence in the RA is still relatively small, and is 10° difference in
Pan-STARRS and 20° in SDSS.

4. Conclusion

Several previous observations have shown the possibility of certain
asymmetry between galaxies with opposite spin directions, and
large-scale patterns that the asymmetry might exhibit as observed
from Earth (Longo 2011; Shamir 2012, 2013, 2016, 2019, 2020a,b,
2021; Lee et al. 2019a,b). While these observations show good
agreement between telescopes, previous experiments were based
on galaxies imaged mostly in the Northern hemisphere. The anal-
ysis shown in this paper is based on a dataset in which the majority
of the galaxies are from the Southern hemisphere, which is also far
larger than any previous dataset used for this purpose before.

Simple analysis of asymmetry in different RA slices shows good
agreement between the asymmetry in corresponding RA slices
in opposite hemispheres, such that a higher number of clock-
wise galaxies in one part of the sky corresponds to a similarly
higher number of counterclockwise galaxies in the corresponding
part of the sky in the opposite hemisphere. Analysis of a dipole
axis shows good agreement with previous data from Pan-STARRS,
SDSS, and HST. The data are available in http://people.cs.ksu.edu/
Ishamir/data/assym_desi/.

It is very difficult to think of an error that would exhibit itself
in the form of such asymmetry. The classification algorithm is
mathematically symmetric and was tested empirically to show
inverse results when the images are mirrored. Even if the annota-
tion algorithm had an error, that error should have been consistent
throughout the sky, rather than being flipped in opposite hemi-
spheres. Obviously, no change in the algorithm or code was done
while the analysis was performed, and all galaxies were annotated
by the exact same algorithm and code, the exact same computer,
and the exact same processor.

The algorithm used to annotate the galaxies is fully symmet-
ric and works by clear mathematically defined rules. Therefore, an
error in the galaxy annotation should affect both clockwise and
counterclockwise galaxies similarly and therefore cannot lead to
asymmetry. That is also true for artefacts or bad data that might
be relatively rare but still exist in large databases such as the DESI
Legacy Survey. A detailed theoretical and empirical analysis of the
effect of error in the galaxy annotation was done in Shamir (2021).
In summary, the asymmetry between clockwise and counterclock-
wise galaxies A can be definedas A = %, where N,
is the number of clockwise galaxies correctly annotated as clock-
wise, N, is the number of counterclockwise galaxies correctly
annotated as counterclockwise, E., is the number of counter-
clockwise galaxies incorrectly classified as clockwise galaxies, and
E.y is the number of clockwise galaxies incorrectly classified as
counterclockwise galaxies.

If the galaxy classification algorithm is symmetric, E.,, should
be roughly the same as E,,,, and therefore the asymmetry can
be defined by A = % Since E,, and E,.,, cannot be
negative values, a higher number of misclassified galaxies is
expected to make A smaller. Therefore, an error in the annotation
algorithm is expected to make the asymmetry lower and cannot


http://people.cs.ksu.edu/
https://doi.org/10.1017/pasa.2021.27

Publications of the Astronomical Society of Australia

lead to a statistically significant A in a population of evenly dis-
tributed galaxies. The analysis agrees with empirical experiments
done by adding an artificial error to the galaxy annotation algo-
rithm, showing that such error weakens the signal (Shamir 2021).
Therefore, if the algorithm is symmetric, error in the annotations
is expected to weaken the signal and cannot lead to statistically
significant asymmetry if the real distribution of the galaxies is ran-
dom. In some rare cases, the actual spin of a galaxy can be different
from the curves of the arms. However, these cases should be dis-
tributed equally between clockwise and counterclockwise galaxies
and therefore are not expected to lead to signal in the distribution
of spin directions.

Cosmic variance also cannot explain such asymmetry. The dif-
ference between the number of clockwise and counterclockwise
galaxies is a relative measurement, made of two measurements
made in the same field. The number of clockwise galaxies is one
measurement, while the number of counterclockwise spiral galax-
ies is another measurement made from the same field. Any effect
that can impact the number of clockwise galaxies identified in
the field is expected to make the same impact on the number of
counterclockwise galaxies.

As mentioned in Section 2, in some cases, photometric objects
can be part of the same galaxy, and therefore any object that
has another object within less than 0.01° was removed from the
dataset to ensure that no galaxy is represented more than once.
Previously, Iye, Yagi, & Fukumotoi (2021) reported on photo-
metric objects that are part of the same galaxies in the dataset
of Shamir (2017b). If that dataset was used for the purpose of
profiling asymmetry in the population of clockwise and counter-
clockwise galaxies, photometric objects that are part of the same
galaxy become duplicate objects. However, the dataset of Shamir
(2017b) was used to analyse the possible link between photometry
and spin direction, and not for analysing the large-scale distri-
bution of clockwise and counterclockwise galaxies as done here
or in previous studies (Shamir 2012, 2019, 2020a,b,c, 2021). That
is, if the dataset of Shamir (2017b) was used to identify a dipole
axis in the clockwise/counterclockwise distribution, the photo-
metric objects that are part of the same galaxies would have been
duplicate objects. However, the Shamir (2017b) was designed for a
different purpose and was not used for identifying a dipole axis in
the clockwise/counterclockwise galaxy distribution.

It is important to mention that unlike the analysis applied here,
in which the location of each galaxy is identified by its RA and
Dec, Iye et al. (2021) applied a 3D analysis, which required each
galaxy to have its RA, Dec, and redshift. Because the vast majority
of the galaxies used in Shamir (2017b) do not have spectra, Iye et al.
(2021) used the photometric redshifts taken from the photomet-
ric redshift catalogue of Paul, Virag, & Shamir (2018). The error
of the photometric redshift in that catalogue is ~18.5%, which is
far greater than the expected asymmetry. Also, because photomet-
ric objects that are part of the same galaxy can be assigned with
different photometric redshifts, such analysis with the photomet-
ric redshift can lead to biased results that are not of astronomical
origin. In summary, using the photometric redshift for identi-
fying subtle asymmetries in the large-scale structure might be
limited by the relatively large error and the possible systematic
bias of the photometric redshift and might not provide sound evi-
dence for the existence or inexistence of such cosmological-scale
asymmetries.

Another difference between the study of Iye et al. (2021) and
the work done in previous papers (Shamir 2012, 2020a,b) is that
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Iye et al. (2021) reported on random distribution in a subset of the
data, limited to zpp,r < 0.1. As shown in Shamir (2020b), no statis-
tically significant asymmetry is expected in that redshift range, and
in fact all previous attempts to limit the redshift to any value below
0.15 showed random distribution (Shamir 2020b). An experiment
of identifying a dipole axis when limiting the galaxies to z < 0.15
showed statistical signal lower than 2o (Shamir 2020b), and the
distribution in different parts of the sky showed low P values for
the lower redshift ranges, as shown in Tables, 3, 5, 6, and 7 in
Shamir (2020b).

A dataset from the same telescope (SDSS) and the same limit-
ing magnitude (g<19) that does not contain duplicate objects was
used for the analysis of spin direction asymmetry and a possible
dipole axis. The analysis showed that when not using the photo-
metric redshift and when not limiting the galaxies to zy,: < 0.1,
the patterns are statistically significant at ~2.60 (Shamir 2021).

In any case, duplicate objects are expected to be distributed
evenly between galaxies that spin clockwise and galaxies that
spin counterclockwise. Empirical experiments by adding artificial
duplicate objects to randomly distributed data showed that dupli-
cate objects do not have substantial impact on the results, until
an extremely large number of duplicate objects is present. The
results show that even when duplicating each object five times, the
asymmetry signal is still below 2o if the original data are random
(Shamir 2021).

The contention that alignment in galaxy spin directions is
related to the large-scale structure was also proposed with smaller-
scale experiments, in which correlation between spin directions of
spiral galaxies were identified even when the galaxies were too far
to have gravitational interactions (Lee et al. 2019b). Unless assum-
ing modified Newtonian dynamics (MOND) gravity models that
support longer gravitational span (Amendola et al. 2020), these
findings might conflict with standard cosmology. Alignment of the
position angle of radio galaxies also showed large-scale consistency
of angular momentum (Taylor & Jagannathan 2016). These obser-
vations have been aligned with observations made with datasets
such as the TIFR GMRT Sky Survey (TGSS) and the Faint Images
of the Radio Sky at Twenty-centimetres (FIRST), showing large-
scale alignment of radio galaxies (Contigiani et al. 2017; Panwar
et al. 2020).

Large-scale anisotropy has been reported also by using several
other probes such as the cosmic microwave background (Eriksen
et al. 2004), frequency of galaxy morphology types (Javanmardi &
Kroupa 2017), short gamma ray bursts (Mészaros 2019), Ia super-
nova (Javanmardi et al. 2015; Lin, Li, & Chang 2016), LX-T scaling
(Migkas et al. 2020), and quasars (Secrest et al. 2020). The cosmic
microwave background also shows the possibility of the existence
of a cold spot (Cruz et al. 2007; Mackenzie et al. 2017; Farhang &
Movahed 2021), which makes another indication of the possibility
of cosmological-scale anisotropy. The location of the most proba-
ble location of the dipole axis shown in this paper is very close to
the location of the CMB Cold Spot.

The possible anisotropy observed in the cosmic microwave
background (Cline, Crotty, & Lesgourgues 2003; Gordon & Hu
2004; Zhe, Xin, & Sai 2015) has led to cosmological theories that
challenge the standard cosmology models. These theories include
primordial anisotropic vacuum pressure (Rodrigues 2008), dou-
ble inflation (Feng & Zhang 2003), contraction prior to inflation
(Piao, Feng, & Zhang 2004), moving dark energy (Jiménez &
Maroto 2007), multiple vacua (Piao 2005), and spinor-driven
inflation (Bohmer & Mota 2008). Understanding and profiling
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the possible cosmological-scale anisotropy can provide important
information leading to additional theories that shift from the
existing standard models.

A large-scale axis can be related also to other cosmologi-
cal models such as rotating universe (Godel 1949; Ozsvath &
Schiicking 1962; Ozsvath & Schiicking 2001; Sivaram & Arun
2012; Chechin 2016), or ellipsoidal universe (Campanelli, Cea,
& Tedesco 2006, 2007; Campanelli et al. 2011; Gruppuso 2007;
Cea 2014), where a large-scale asymmetry axis is assumed, and
has also been associated with the axis formed by CMB anisotropy
(Campanelli et al. 2007).

Cosmological theories such as holographic big bang
(Pourhasan, Afshordi, & Mann 2014; Altamirano et al. 2017)
can also be related to a cosmological-scale axis. The existence of
such axis is also aligned with the black hole cosmology theory
(Pathria 1972; Easson & Brandenberger 2001; Chakrabarty et al.
2020), providing an explanation to cosmic inflation that does not
involve dark energy. The spin of black holes is originated from
the spin of the stars from which they were created (McClintock
et al. 2006). Since a black hole spins, a cosmological-scale axis
is expected to exist in the universe hosted by it. If the universe
was formed in a black hole, the universe should have a preferred
direction inherited from the spin direction of the black hole
hosting it (Poplawski 2010; Seshavatharam 2010; Seshavatharam
& Lakshminarayana 2020a), and therefore an axis (Seshavatharam
& Lakshminarayana 2020b). Such black hole universe might not
be aligned with the cosmological principle (Stuckey 1994).

The ability to analyse and profile non-random distribution of
the spin directions of galaxies is a relatively new research topic that
became possible due to the availability of digital sky survey. These
studies were not possible in the pre-information era. As the evi-
dence for the existence of such axis are accumulating, it is clear that
further research will be required to fully understand the nature of
the possible non-random structures formed by the distribution of
spin directions of galaxies.
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