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Abstract.

In the past several decades, multiple cosmological theories that are based on the contention that the Universe has a
major axis have been proposed. Such theories can be based on the geometry of the Universe, or multiverse theories
such as black hole cosmology. The contention of a cosmological-scale axis is supported by certain evidence such
as the dipole axis formed by the CMB distribution. Here I study another form of cosmological-scale axis, based
on the distribution of the spin direction of spiral galaxies. Data from four different telescopes is analyzed, showing
nearly identical axis profiles when the distribution of the redshifts of the galaxies is similar.
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1. Introduction

While the Cosmological Principle has been the com-
mon working assumption for most cosmological the-
ories, accumulating evidence suggest that the Uni-
verse is not necessarily isotropic. Probes that show
cosmological-scale anisotropy include the cosmic mi-
crowave background (Eriksen et al., 2004; Cline et al.,
2003; Gordon and Hu, 2004; Campanelli et al., 2007;
Zhe et al., 2015), short gamma ray bursts (Mészéros,
2019), radio sources (Ghosh et al., 2016; Tiwari and
Jain, 2015; Tiwari and Nusser, 2016), LX-T scal-
ing (Migkas et al., 2020), Ia supernova (Javanmardi
et al., 2015; Lin et al.,, 2016), galaxy morphology
types (Javanmardi and Kroupa, 2017), dark energy
(Adhav et al., 2011; Adhav, 2011; Perivolaropoulos,
2014; Colin et al., 2019), polarization of quasars (Hut-
semékers et al., 2005; Secrest et al., 2021), and high-
energy cosmic rays (Aab et al., 2017).

In particular, the anisotropy of the CMB shows
certain evidence of an axis of a cosmological scale
(Abramo et al., 2006; Mariano and Perivolaropoulos,
2013; Land and Magueijo, 2005; Ade et al., 2014; San-
tos et al., 2015; Dong et al., 2015; Gruppuso et al.,
2018). A Hubble-scale axis has been also proposed
by the anisotropy in cosmological acceleration rates
(Perivolaropoulos, 2014).

These observations can be viewed as a shift
from the standard cosmological models (Pecker, 1997;
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Perivolaropoulos, 2014; Bull et al., 2016; Velten and
Gomes, 2020). Possible explanations include double
inflation (Feng and Zhang, 2003), contraction prior to
inflation (Piao et al., 2004), primordial anisotropic vac-
uum pressure (Rodrigues, 2008), moving dark energy
(Beltran Jimenez and Maroto, 2007), multiple vacua
(Piao, 2005), or spinor-driven inflation (Bohmer and
Mota, 2008). Other theories can be based on the ge-
ometry of the Universe, such as ellipsoidal universe
(Campanelli et al., 2006, 2007, 2011; Gruppuso, 2007;
Cea, 2014), geometric inflation (Arciniega et al., 2020a;
Edelstein et al., 2020; Arciniega et al., 2020b; Jaime,
2021), or supersymmetric flows (Rajpoot and Vacaru,
2017). A cosmological-scale axis is also related to the
theory of rotating universe. While early rotating uni-
verse theories were based on a static universe (Godel,
1949), more recent theories are based on an expanding
universe (Ozsvéth and Schiicking, 1962; Ozsvath and
Schiicking, 2001; Sivaram and Arun, 2012; Chechin,
2016; Seshavatharam and Lakshminarayana, 2020a;
Campanelli, 2021). In these models, a cosmological-
scale axis is expected.

The existence of a cosmological-scale axis can also
be linked to holographic big bang (Pourhasan et al.,
2014; Altamirano et al., 2017), and black hole cosmol-
ogy (Pathria, 1972; Easson and Brandenberger, 2001;
Chakrabarty et al., 2020). These theories can explain
cosmic inflation without the assumption of dark en-
ergy. Black holes spin (Gammie et al., 2004; Mu-
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dambi et al., 2020; Reynolds, 2021), and the spin of
a black hole is inherited from the spin of the star from
which it was created (McClintock et al., 2006). If the
Universe was formed in a black hole, and the black
hole spins, the Universe should have a preferred di-
rection inherited from the spin direction of the black
hole (Poptawski, 2010; Seshavatharam, 2010; Sesha-
vatharam and Lakshminarayana, 2020b), leading to
an axis (Seshavatharam and Lakshminarayana, 2020a).
Such black hole universe might not be aligned with
the cosmological principle (Stuckey, 1994). It has also
been shown that holography can impact the entropy of
a hierarchy of the large-scale structure (Sivaram and
Arun, 2013).

This paper analyzes the possibility of a
cosmological-scale axis as predicted by some of
these models. A spiral galaxy is an extra-galactic
object that its visual appearance changes based on
the perspective of the observer. The spin directions
of galaxies are aligned within cosmic web filaments
(Kraljic et al., 2021), and alignment in the spin di-
rections of spiral galaxies have been observed among
galaxies that are too far from each other to have gravi-
tational interaction (Lee et al., 2019a,b). Other studies
suggested a correlation between the cosmic initial
conditions and the spin direction of spiral galaxies,
proposing the contention that galaxy spin direction can
be used as a probe to study the early Universe (Motloch
et al., 2021).

The correlation between the location of spiral
galaxies and their spin direction cannot be explained
by gravity in its standard form, and was therefore de-
fined as “mysterious” (Lee et al., 2019b). Evidence
of non-random distribution has been proposed by nu-
merous previous studies (Longo, 2007, 2011; Shamir,
2012, 2013, 2016, 2017b,c,a, 2019, 2020a,c,b; Lee
et al., 2019a,b; Shamir, 2021a,b). These observa-
tions include several different telescopes such as the
Sloan Digial Sky Survey (Shamir, 2012, 2020c, 2021a),
the Panoramic Survey Telescope and Rapid Response
System (Shamir, 2020c), the Hubble Space Telescope
(Shamir, 2020a), and the Dark Energy Camera (Shamir,
2021b). The different telescopes show very similar pat-
terns regardless of the telescope being used, and regard-
less of whether the galaxies images were analyzed man-
ually or automatically (Shamir, 2021b).

This study is based on data from four differ-
ent telescopes — the Panoramic Survey Telescope and
Rapid Response System (PAN-STARRS), the Dark En-
ergy Camera (DECam), the Sloan Digial Sky Survey
(SDSS), and the Hubble Space Telescope (HST). The
SDSS galaxies also have redshift, which allows to study
whether the location of the most likely axis changes
with the redshift. Dependence between the location
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of the most likely axis and the redshift might indicate
that the axis, if exists, does not necessarily go through
Earth.

2. Galaxy data

The primary dataset used in this study is a dataset of
spectroscopic objects identified as galaxies from SDSS.
However, to test the consistency of the observations
across different telescopes, data from three other tele-
scopes was also used. These telescope include Pan-
STARRS, DECam, and HST.

2.1 SDSS data

The SDSS galaxies were taken from (Shamir, 2020c).
The dataset includes 63,693 galaxies classified with the
Ganalyzer algorithm as discussed in Section 2.6. The
unique feature of the dataset is that all galaxies have
spectra, taken from SDSS DR14. Figure 1 shows the
redshift and g magnitude distribution of the objects
in the dataset. Figure 2 shows the distribution of the
galaxy population in different RA ranges. The full de-
tails about the dataset are available in (Shamir, 2020c).
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Figure 1. Redshift and g magnitude distribution of the SDSS
galaxies. All galaxies have spectra.
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Figure 2. Distribution of the SDSS galaxies across different
RA ranges.

2.2 DECam data

The dark energy camera (DECam) of the Blanco 4 me-
ter telescope (Diehl et al., 2012; Flaugher et al., 2015)
covers ~ 9 - 10% deg?, mostly from the Southern hemi-
sphere. The DECam image data was retrieved through
the DESI Legacy Survey API (Dey et al., 2019). The
description of the dataset and the way it was acquired
and annotated is provided in (Shamir, 2021b).

In summary, the initial list of objects was taken
from Data Release 8 of the DESI Legacy Survey, and
included all objects imaged by DECam identified as
galaxies, and had magnitude of 19.5 or less in either
the g, r or z band. A set of 22,987,246 objects met
these criteria. The images of these objects were down-
loaded by using the cutout service of the DESI Legacy
Survey. Each image is a 256x256 JPEG image, and the
Petrosian radius was used to scale the image so that the
object fits in the frame. All images were downloaded by
the exact same computer, to avoid any differences in the
way the files were handled by the system. Download-
ing such a high number of galaxies naturally required
nine months, from June 4th 2020 to March 4th, 2021.
The data is described in (Shamir, 2021b).

As also discussed in Section 2.6, most galaxies are
not spiral galaxies or do not have an identifiable spin
direction. Therefore, most galaxies were rejected from
the analysis and were not assigned with a spin direction.
That left a set of 836,451 galaxies in the dataset that
were assigned with identifiable spin direction. Some of
these galaxies are close satellite galaxies or other large
extended objects inside a larger galaxy. To remove such
objects, objects that had another object within less than
0.01° were removed. After removing neighboring ob-
jects, 807,898 galaxies were left in the dataset. More
information about that dataset is provided in (Shamir,
2021b).

Table 1 shows the RA distribution of the DECam
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RA # galaxies
(degrees)
0-30 155,628
30-60 133,683
60-90 80,134
90-120 21,086
120-150 52,842
150-180 59,660
180-210 58,899
210-240 58,112
240-270 36,490
270-300 2,602
300-330 64,869
330-360 83,893
Table 1. The number of DECam galaxies in different 30°
RA slices.
z # galaxies
0-0.05 2,089
0.05-0.1 5,487
0.1-0.15 4,226
0.15-0.2 1,927
0.2-0.25 784
0.25-0.3 621
>0.3 1,893

Table 2. The number of DECam galaxies in different redshift
ranges. The distribution is determined by a subset of 17,027
galaxies included in the 2dF data release.

galaxies. The DECam galaxies do not have redshift,
and therefore the distribution of the redshift was deter-
mined by using a subset of 17,027 galaxies that are also
included in 2dF (Cole et al., 2005). Table 2 shows the
redshift distribution of the DECam galaxies.

2.3 Pan-STARRS data

Pan-STARRS data includes 33,028 galaxies from Pan-
STARRS DR1 (Shamir, 2020c). The initial set included
2,394,452 Pan-STARRS objects identified as extended
sources by all color bands, and g magnitude brighter
than 19 (Timmis and Shamir, 2017). These galax-
ies were annotated automatically as described in Sec-
tion 2.6. Most objects in the initial list are too small to
allow the identification of their morphology, and there-
fore just 33,028 with identifiable spin patterns were in-
cluded in the final dataset.

Figure 3 shows the distribution of Pan-STARRS
galaxies. Since Pan-STARRS galaxies do not have red-
shift, the distribution was determined by a subset of
12,186 galaxies that had redshift through SDSS.
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Figure 3. The redshift distribution of 12,186 Pan-STARRS
galaxies with spectra in SDSS.

2.4 HST data

While HST cannot provide a dataset of galaxies com-
parable in size to any of the other digital sky surveys, it
has two primary advantages. First of all, the images are
not impacted by an atmospheric effect. Although there
is no atmospheric effect that can make a galaxy seem
to spin in the opposite way, space-based observations
can ensure that no unknown atmospheric effect can im-
pact the data. The other advantage is the far deeper
field that HST can provide compared to the Earth-based
telescope. Because the asymmetry can change with
the redshift, using the much more distant HST galax-
ies can provide information that cannot be provided by
the ground-based digital sky surveys.

The dataset of HST galaxies is based on the Hub-
ble Space Telescope (HST) Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (Grogin
et al., 2011; Koekemoer et al., 2011). The dataset and
the annotation of the galaxies is described in detail in
(Shamir, 2020a).

The dataset was taken from several fields: the
Cosmic Evolution Survey (COSMOS), the Great Ob-
servatories Origins Deep Survey North (GOODS-N),
the Great Observatories Origins Deep Survey South
(GOODS-S), the Ultra Deep Survey (UDS), and the
Extended Groth Strip (EGS). The initial set included
114,529 galaxies (Shamir, 2020a). The image of each
galaxy was extracted by using mSubimage tool (Ber-
riman et al., 2004), and converted into 122x122 TIF
(Tagged Image File) image format.

Unlike the galaxies of the other telescopes, the HST
galaxies were classified by their spin direction manu-
ally through a long labor-intensive process. During that
process, a random half of the images were mirrored
for the first cycle of annotation, and then all images
were mirrored for a second cycle of annotation as de-
scribed in (Shamir, 2020a) to offset a possible percep-
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Table 3. The number of galaxies in each of the five HST
fields.

Field Field # galaxies Annotated
center galaxies
COSMOS 150.12°,2.2° 84,424 6,081
GOODS-N  189.23°,62.24° 5,931 769
GOODS-S  53.12¢,-27.81° 5,024 540
UDS 214.82°,52.82° 14,245 616
EGS 34.41°,-5.2° 4,905 684

tional bias. That process led to a clean dataset of 8,690
galaxies (Shamir, 2020a). Naturally, the HST galaxies
are more distant than the galaxies imaged by the other
telescopes. Figure 4 shows a histogram of the distri-
bution of the photometric redshift of the HST galaxies.
The photometric redshift is highly inaccurate, but even
when considering the expected inaccuracy of the pho-
tometric redshift it can be safely assumed that the HST
galaxies are more distant from Earth compared to the
galaxies imaged by the ground-based telescopes. Ta-
ble 3 shows the number of galaxies taken from each
field.
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Figure 4. The distribution of the photometric redshift of
HST galaxies, as a fraction of the total number in each
redshift range.

2.5 Distribution of the galaxy population

The HST galaxies are concentrated in five relatively
small fields, making the distribution of these galaxies
simple. The other sky surveys cover far larger foot-
prints. Although the footprints are large, they cover
merely part of the sky. Moreover, the density of the
galaxy population within the footprint of each sky sur-
vey is not uniform. Table 1 shows the distribution of
the galaxies in different RA ranges in DECam, and Fig-
ure 2 displays the distribution of the galaxy population
in SDSS, showing that the distribution is not uniform.
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Figure 5 shows the galaxy population density in
each part of the sky in each of the ground-based tele-
scopes. The distribution is determined by the number
of galaxies in each 5? x5 field of the sky. To avoid bias
due to the different surface area covered by pixels closer
to the celestial poles, the Hierarchical Equal Area iso-
Latitude Pixelization (HEALpix) was used. That anal-
ysis shows the differences in the density of galaxies in
different parts of the sky and in different telescopes.
As expected, the different sky surveys have different
footprints, and different galaxy distribution within their
footprints.

O N T 0.005

Pan-STARRS

O "I 0.005

Figure 5. The density of the galaxy population in SDSS,
Pan-STARRS and DECam. The galaxy population density
in each 5% x 5° field of the sky is determined by the number
of galaxies in that 5% x 5 field divided by the total number
of galaxies from that telescope.

The different telescopes are not different just in the
parts of the sky they cover, but also in the redshift of the
galaxies they can image. Obviously, the space-based
HST is far deeper than any existing ground-based tele-
scope, and the redshift distribution as shown in Fig-
ure 4 is not comparable to any of the ground-based tele-
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scopes. The redshift distribution of the three other tele-
scopes is shown in Figure 6.
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Figure 6. The distribution of the redshift in SDSS, DECam,
and Pan-STARRS.

2.6 Galaxy annotation

The HST galaxies were annotated manually, as ex-
plained in Section 2.4 and in (Shamir, 2020a). The
other datasets were far too large to analyze manually,
and therefore automatic analysis was needed.

In the recent years, pattern recognition, and espe-
cially deep convolutional neural networks (DCNNs),
have been becoming very common in classification of
galaxy images (Sharma and Baral, 2018; Ciprijanovi¢
etal., 2020). While DCNNs are powerful tools that pro-
vide strong classification accuracy for supervised ma-
chine learning tasks, they are based on non-intuitive
data-driven rules that are difficult to conceptualize. Be-
cause these rules are complex and non-intuitive, it is
very difficult to ensure their symmetricity. Even a
seemingly unimportant aspect such as the order of the
training images can lead to a different DCNN and im-
pact the way it works. As shown in (Shamir, 2021a),
even subtle bias in the classification algorithm can lead
to very strong asymmetry in the analysis. Since the
asymmetry or other biases in DCNNs are difficult to
control or profile, these algorithms are not suitable for
identifying subtle asymmetries.

To analyze the galaxy images in a controlled and
fully symmetric annotation, the Ganalyzer algorithm
was used (Shamir, 2011). Ganalyzer is not based on
any aspect of machine learning, deep learning, or pat-
tern recognition. Instead, it is a model-driven algorithm
that follows mathematically defined rules. Ganalyzer
first transforms each galaxy image into its radial in-
tensity plot, which is a 360x35 image that reflects the
changes of pixel intensity relative to the center of the
image. Each pixel (x,y) in the radial intensity plot is
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the median value of the 5x5 pixels around coordinates
(O, +sin(f) - r, Oy —cos(0) - r) in the original galaxy im-
age, where r is the radial distance measured in percent
of the galaxy radius, 6 is the polar angle, and (O, O,)
are the pixel coordinates of the center of the galaxy.

Pixels on the galaxy arms are expected to be
brighter than pixels that are not on the arm of the
galaxy at the same radial distance from the galaxy cen-
ter. Therefore, peaks in the radial intensity plot are ex-
pected to correspond to pixels on the arms of the galaxy
at different distances from the galaxy center. A peak
detection algorithm (Morh4c et al., 2000) applied to the
lines in the radial intensity plot allows to identify the
peaks. Linear regression is then applied to the peaks
in adjunct lines. The slope of the lines formed by the
peaks reflects the curves of the arms, and consequently
the spin direction of the galaxy.

Figure 7 shows examples of galaxy images, their
radial intensity plots, and the peaks identified in the ra-
dial intensity plots. As the figure shows, each arm is
reflected by a vertical line of peaks. The slope of that
line indicates the curve of the arms, and consequently
the spin directions of the galaxies. More information
about Ganalyzer and detailed performance analysis can
be found in (Shamir, 2011; Dojcsak and Shamir, 2014;
Shamir, 2017c,a,b, 2019, 2020c, 2021b).

Figure 7. Galaxy images, their radial intensity plots, and
the peaks of the radial intensity plots of four different SDSS
galaxies.

Since not all galaxies are spiral galaxies, and since
not all spiral galaxies have an identifiable spin direc-
tion, it is clear that the majority of the galaxies cannot
be used for the analysis. Therefore, only galaxies that
have at least 30 identified peaks in the radial intensity
plot aligned at the same direction are used. Galaxies
that do not meet that criterion are rejected regardless
of the sign of the linear regression of their peaks. As
mentioned above, the primary feature of the algorithm
is that it is fully symmetric, and works by clear defined
rules.
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3. Analysis method

A dipole axis in the distribution of spin directions of
galaxies means that the number of spiral galaxies spin-
ning clockwise is higher than the number of galax-
ies spinning counterclockwise in one hemisphere, but
lower in the opposite hemisphere. A simple method is
to separate the sky into two hemispheres, and count the
number of clockwise and counterclockwise galaxies in
each part of the sky. A simple binomial distribution can
then provide the statistical significance of the asymme-
try.

The advantage of the method is that it is simple, and
allows a straightforward statistical analysis. An inverse
asymmetry in the two opposite hemispheres indicates
on possible asymmetry, but also shows that the asym-
metry cannot be driven by a bias in the annotation, as
such bias is expected to be consistent throughout the
entire sky. That will be discussed thoroughly in Sec-
tion 5. The downside of this approach is that none of
the sky surveys covers the entire sky. Also, the den-
sity of the population of the galaxies imaged by each
sky survey changes in different parts of the sky, and is
not consistent or equally distributed. Ground-based sky
surveys can only cover one hemisphere, but in practice
cover just a portion of the hemisphere they can observe.
That can naturally lead to substantial inconsistencies
between different telescopes, as different sky surveys
that cover different parts of the sky.

To analyze a dipole axis in a manner that can handle
different parts of the sky, a possible axis in the galaxy
spin directions of the galaxies can be determined by ap-
plying y? statistics to fit the spin direction distribution
to cosine dependence, as was done in (Shamir, 2012,
2019, 2020a,c). From each possible (a, ¢) combination
in the sky, the angular distance ¢; between («, ) and
each galaxy i in the dataset was computed. The y? from
each (a, 0) was determined by Equation 1

2 _ 5 (di-]cos(gp)] - cos(4)’

@0 cos(¢;)

where d; is the spin direction of galaxy i such that d; is
1 if the galaxy i spins clockwise, and -1 if the galaxy i
spins counterclockwise.

The x? is computed using the actual spin directions
of the galaxies. Then, the y> computed with the actual
spin directions is compared to the average y?> computed
in 103 runs such that d; of each galaxy i is assigned with
a random number within {-1,1}. The standard deviation
of the y? of the 10° runs is also computed. Then, the
o difference between the y?> computed with the actual
spin directions and the y? computed with the random
spin directions provided the probability to have a dipole
axis in that (@, §) combination by chance.

, (1)
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Repeating that process from each possible (a, )
provides a full map of likelihood to have a dipole axis at
each point in the sky. Mollweide projection is then used
with the Matplotlib library to visualize the results. As
will be discussed in Section 5, the measurement used
in this study is a relative measurement rather than an
absolute measurement. That is, the measurement is not
based on differences in the number of galaxies in differ-
ent parts of the sky. Instead, the measurement is based
on the ratio between galaxies with opposite spin direc-
tions. Because the number of galaxies spinning clock-
wise in any field is expected to be within the same order
of magnitude of the number of galaxies spinning coun-
terclockwise, non-uniform distribution of the number
of galaxies in the sky cannot lead to signal unless the
ratio between clockwise and counterclockwise galax-
ies is indeed statistically different than 1:1. Detailed
explanation and experimental results are described in
Section 5.1.

Since the analysis attempts to find the best fit into
cosine dependence, and since the measurement is rel-
ative and not absolute, it is not dependent on the part
of the sky being covered, or on the distribution of the
galaxy population in the dataset. Because the measure-
ment is relative and not absolute, it is also allows to
avoid the assumption of uniform sky coverage, as done
in analysis of probes such as CMB. For instance, the
obstruction of the Milky Way is expected to affect the
number of clockwise galaxies in the same way it affects
the number counterclockwise galaxies in the potentially
obstructed field, and therefore the effect on both types
of galaxies is offset. The analysis method is also de-
scribed in (Shamir, 2012, 2019, 2020a,c, 2021a).

4. Results

As a very simple first experiment, the sky was divided
into two simple hemispheres by the RA. The first hemi-
sphere was the RA range of (0° — 1807), and opposite
hemisphere (180°—-360°). The number of galaxies spin-
ning clockwise and the number of galaxies spinning
counterclockwise can be compared. Tables 4 and 5
show the number of galaxies spinning clockwise and
counterclockwise in the two hemispheres in DECam
and SDSS, respectively.

As Table 4 shows, DECam have an excessive num-
ber of galaxies spinning clockwise in the (0° — 180°)
hemisphere, and more galaxies spinning counterclock-
wise in the opposite (180° — 360°) hemisphere. In
both cases the differences are statistically significant.
DECam mostly covers the Southern hemisphere. In
SDSS, which covers mostly the Northern hemisphere,
the asymmetry is inverse. In SDSS a higher number
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Hemisphere #cw # ccw e P
galaxies  galaxies

(0° - 1807) 252,478 250,555 0.0038  0.0033

(180° —360°) 151,948 152,917 -0.0033  0.039

Table 4. Number of clockwise and counterclockwise galax-
ies in opposite hemispheres in DECam. The P values are
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 #cow oo P
galaxies galaxies

(0° —1807%) 14,403 15,101 -0.024 0.00002

(180° - 360°) 17,263 16,926 0.01 0.035

Table 5. Number of clockwise and counterclockwise galax-
ies in opposite hemispheres in SDSS.

counterclockwise galaxies is observed in the (0°—1807)
hemisphere, and more clockwise galaxies in the oppo-
site hemisphere. These differences are also statistically
significant according to binomial distribution when as-
suming that the probability of a galaxy to spin clock-
wise or counterclockwise is 0.5.

While the separation of the sky into two hemi-
spheres is very simple, it relies on a basic and straight-
forward statistical analysis. To better profile the exis-
tence of a dipole axis in the distribution of spin direc-
tions of spiral galaxies, the method described in Section
3 was applied. Figure 8 shows a Mollweide projection
of the probability of a dipole axis in each integer (a, 0)
combination in the datasets acquired from SDSS, Pan-
STARRS, and DECam as described in Section 2..

As the figure shows, DECam and Pan-STARRS
show a nearly identical profile of asymmetry. The
most likely axis in DECam data is identified at (@ =
57:'322,6 = —IOf(Z’g:), with statistical signal of 4.660
(Shamir, 2021b). That axis is very close to the most
likely axis identified with the Pan-STARRS data, at
(@ = 47°,6 = —1°), with statistical significance of
1.870 (Shamir, 2020c). It is interesting that the axis
is close to the CMB cold spot at (@ = 49,6 = —19).

When assigning the galaxies with random spin di-
rections, the signal is immediately lost (Shamir, 2021a),
and no profile can be identified in any of the telescopes
(Shamir, 2020c, 2021b). For instance, Figure 9 shows
the profile of asymmetry in the DECam galaxies such
that each galaxy was assigned with a random spin di-
rection. A more detailed analysis of “sanity tests” will
be discussed in Section 5..

The analysis done with the SDSS galaxies shows an
axis that is close but not identical to DECam and Pan-

STARRS. The axis peaks at (@ = 69*3% .6 = 56*3]7),
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Figure 8. Mollweide projection of the probability of a
dipole axis in galaxy spin directions from different («, )
combinations in SDSS, Pan-STARRS, and DECam.

with statistical significance of 4.630~. While that axis
is not identical to the axis identified with the DECam
data, it is still within 1o from it. While the axes are still
within 1o from each other, the SDSS galaxies have dif-
ferent redshift distribution compared to DECam. For
instance, 14.7% of the DECam galaxies have redshift
greater than 0.25, while in SDSS just 13.5% of the
galaxies are in the redshift range. To make a better
comparison between the sky surveys, the SDSS galaxy
dataset was reduced to a dataset of 38,264 such that the
distribution of the redshifts of the galaxies fits the distri-
bution of the redshift of the DECam galaxies. Since all
SDSS galaxies have redshift, the normalization of the
dataset was done by adding galaxies into the different
redshift bins in random order, and excluding a galaxy
if the fraction of the galaxies out of the total number of
galaxies in its redshift bin is greater than the fraction of
that bin in the DECam galaxies. That process leads to a
dataset that might be smaller than the original dataset,
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Figure 9. The probability of a dipole axis in galaxy spin
directions in DECam data such that the galaxies are assigned
with random spin directions.

but its redshift distribution is similar to the dataset it
is compared with. Obviously, the process is only pos-
sible in datasets were all galaxies have spectra. More
information about that process is provided in (Shamir,
2020c).
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Figure 10. The probability of a dipole axis in galaxy spin
directions from different (@, §) combinations in SDSS when
the redshift distribution is similar to the redshift distribution
of the DECam galaxies.

Figure 10 shows the probabilities of a dipole axis
from the different (@, ) combinations. As the figure
shows, when normalizing the distribution of the red-
shift of the SDSS galaxies, the profile is very similar
to the profile of the DECam galaxies. The most likely
axis identified in the dataset normalized (a = 789,60 =
—12), close to the most likely axis identified in DE-
Cam and Pan-STARRS data. In any case, these axes
are all within the 1o error, and show good agreement
between the different telescopes.

4.1 Analyzing the impact of the redshift distribution

As discussed above, the redshift of the galaxies have
an impact on the location of the most likely axis. As a
space-based instrument, HST can image deeper objects
than the ground-based telescopes. The mean redshift
of HST galaxies as approximated by the photometric
redshift is 0.58 (Shamir, 2020a). Although the photo-
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metric redshift is highly inaccurate, it can be safely as-
sumed that the HST galaxies have higher redshift than
the SDSS galaxies. The dipole axis formed by HST
galaxies was compared to the dipole axis formed by the
15,863 SDSS galaxies with z > 0.15. Figures 11 shows
the probabilities of the axes from each possible integer
(@, 6) combination.
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HST

Dec (degrees)

RA (degrees)

Figure 11. The probability of a dipole axis in galaxy spin
directions from different integer (a, §) combinations in HST
and SDSS when the galaxies are limitied to z>0.15.

As the figure shows, when the redshift of the galax-
ies is high, the axes observed in the two telescopes are
in close agreement. The most likely dipole axis iden-
tified in the HST galaxies is at (@ = 78%,6 = 47°).
That is in very close proximity to the most likely dipole
axis in the SDSS galaxies with z > 0.15, peaking at
(@ = 71°,6 = 61°) as also shown in (Shamir, 2020a).
The statistical signal of the axis observed with HST
galaxies is 2.80-, and the SDSS axis probability is 7.40.
That difference in the statistical significance can be ex-
plained by the fact that the HST galaxies are not dis-
tributed in the sky as the SDSS galaxies, but are con-
centrated in five fields. These five fields might not be
located where the asymmetry necessarily peaks. For
instance, the most populated HST field is COSMOS,
centered around (¢ = 150°,6 = 2°), where accord-
ing to the SDSS galaxies the asymmetry exists but does
not peak. Table 6 shows the distribution of the galax-
ies in the COSMOS field of HST, and in the 10° x 10°
centered around COSMOS in the other telescopes. All
fields show the same direction of the asymmetry, but the
asymmetry in the populated fields of HST and DECam
is just ~2%.
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Sky # Clockwise  # Counterclockwise P

survey galaxies galaxies value
COSMOS (HST) 3,116 2,965 0.027
Pan-STARRS 222 190 0.06
SDSS 461 440 0.24
DECam 2,640 2,498 0.025

Table 6. The number of clockwise and counterclockwise
galaxies in the HST COSMOS field, and in the 10°x 10° field
of SDSS, Pan-STARRS, and DECam centered at COSMOS.
The P values are the one-tail binomial probabilities of having
asymmetry equal or greater than the observed asymmetry
when the probability of a galaxy to spin in a certain direction
is 0.5.

4.2 Change of the axis as a function of the redshift

The most likely location of the dipole axis changes with
the redshift. That change can be profiled with the SDSS
dataset, as all galaxies in that dataset have redshift. For
instance, Figure 12 shows the profiles of the asymmetry
in several different redshift ranges of (x < z < x +
0.1). The figure shows that the location of the most
likely axis changes consistently with the redshift. One
immediate explanation to the change in the position of
the most likely location of the axis with the redshift is
that the axis does not necessarily go through Earth.

For the analysis, the most likely dipole axis was de-
termined with the SDSS galaxies limited to a 0.1 red-
shift interval. That was done to all redshift ranges be-
tween 0.01<z<0.11, to 0.16<z<0.26, where the num-
ber of galaxies becomes low. Table 7 show the location
of the most likely axis in different redshift ranges. The
error of the RA and declination are the low and high
1o error range of the most likely possible axis. Fig-
ure 13 displays the change in the RA and declination
of the most likely axis in the different redshift ranges.
The x-axis shows the mean redshift in each redshift
range. Figure 14 shows a similar analysis such that
the galaxies are separated into non-overlapping redshift
bins. The most distant bin is made of HST galaxies.

The figures show that the RA of the most likely axis
does not change substantially in the examined redshift
ranges. The declination, however, changes consistently
with the redshift, until it stabilizes at around z>0.15.
Figure 15 visualizes the most likely axis points in a 3D
space such that the distance d is determined by convert-
ing the mean redshift of the galaxies in each redshift
range to the distance, measured in Mpc. The 3D trans-
formation is then performed simply by Equation 2. As
expected, the points are aligned in a manner that forms
a 3D axis.
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Figure 12. The profile of asymmetry axes in different redshift ranges.

z # galaxies RA Dec o
(degrees) (degrees)

0.03-0.13 | 38938 | 246x(56,49) | -20£(65,33) | 1.88
0.04-0.14 | 38264 | 258+(43,52) | -54(61,30) | 1.97 x = cos(a) - d - cos(d)
0.05-0.15 | 36889 | 266+(50,45) | 8+(7328) | 2.13 o« .
0.06-0.16 | 34810 | 278+(62,38) | -5+(44,39) | 2.18 y = sin(a) - d - cos(d)
0.07-0.17 | 31,573 | 270+(43,33) | -15+(31,37) | 2.42 z=d - sin(d)
0.08-0.18 | 27,500 | 270+(52,38) | -21x(31,21) | 2.54
0.09-0.19 | 23705 | 266+(59,32) | -32+(2342) | 2.62 (2)
0.1-0.2 20,928 | 269+(62,29) | -35+(26,42) | 2.50
0.11-021 | 18,018 | 262+(51,62) | -38+(29,40) | 2.35 To approximate the 3D direction of the axis, a sim-
0.12:0.22 1 14895 | 267+(43,55) | -36+(3039) | 22 ple 3D analysis between two points a and b in a 3D
0.13-023 | 12315 | 265+(56,45) | -37+(3543) | 24 .
0.14-024 | 9057 | 261+(6345) | -40+(39.39) | 2.7 space can be used as shown by Equation 3. The two
0.15-025 | 8,134 | 265+(30,49) | -36+(46,38) | 3.3 points from which the direction of the axis was deter-
0.16:0.26 | 5601 | 267+(67.32) | -40+(d544) | 32 mined are the two most distant points from each other,

which are also to two points with the lowest and high-
est redshift shown in Table 7. The closet point to Earth
shown in Table 7 is at (@ = 266°,6 = 10%), and 310

Table 7. The most likely axis identified in SDSS galaxies
when limited to different redshift ranges.
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Figure 13. The RA (top) and declination of the most likely
axis when the redshift range changes. The error bars show
the 1o error of the most likely location of the axis.

Mpc away (z=~0.07). An observer in that point would
see an axis in (@ = 268°,6 = —29°), and the other end
of that axis in (o = 88,8 = 299).

a = atan2(y, — yp, \/(xa = xp)* + (24 — 2b)%)
6 = atan2(—(x, — xp), —(z4 — 7))

3)

The analysis shown in Table 7 and Figure 12 shows
weak signal in z < 0.1. The z < 0.1 range might be
dominated by galaxies from the local neighborhood,
and therefore the presence or absence of alignment
of galaxy angular momentum in that redshift range
might not provide an observation that can be consid-
ered of cosmological scale. Galaxies within clusters
are aligned (Tovmassian, 2021), and galaxies inside the
local filament might be aligned in their spin direction
(Tempel and Libeskind, 2013; Pahwa et al., 2016; An-
tipova et al., 2021). Therefore a possible cosmological-
scale alignment in spin direction might be saturated by
alignment inside the Galaxy local neighborhood.

The SDSS galaxies have spectra, and therefore
allow to analyze higher redshift range by excluding
galaxies with low redshift. That analysis can also be
done by using the HST galaxies. Figure 11 shows
that both telescopes have similar profiles when the red-
shift is greater than 0.15. Assuming that z > 0.1
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Figure 14. The RA and declination of the most likely
axis when the galaxies are separated into non-overlapping
redshift bins.

is considered outside of any local filament, Figure 16
shows the distribution of the spin directions of SDSS
galaxies such that z > 0.1, meaning that all galaxies
used are outside of the local neighborhood. The figure
shows maximum statistical significance of ~ 3.2¢0 at
(@ = 4995, 6 = 56*3%).

That provides indication that the signal can be of
cosmological scale, and not necessarily a feature of the
local neighborhood. The RA of the most likely axis
does not change significantly when z > 0.1, making
it difficult to make conclusions about the impact of the
change of the RA. The declination changes consistently
until z =~ 0.15, where it is stabilizes. The change out-
side of the local neighborhood might provide a certain
indication of cosmological scale axis that does not go
directly through Earth, but further research with larger
datasets of high-redshift galaxies will be required to
study it further. Instruments such as the Dark Energy
Spectroscopic Instrument (DESI), when become avail-
able, can be combined with optical data such as the DE-
Cam data used here to allow further analysis.

Another interesting observation, that can also be
seen in Table 7, is that the signal increases as the red-
shift gets stronger. The observed trend of increasing
signal with higher redshift is in agreement with the
alignment in the polarization of radio sources, that also
gets stronger at higher redshifts (Tiwari and Jain, 2013).
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Figure 15. 3D visualization of the points in Table 7.

Sigma

0.5
1.0
15

2.0

Dec (degrees)

25

3.0

35

4.0

RA (degrees)

Figure 16. Probability of a dipole axis in different (e, ¢) in
SDSS galaxies limited to z > 0.1.

S. Error analysis and “sanity check”

Naturally, it is important to ensure that the results are
not driven by an error. The spin direction of a galaxy is
a crude binary variable, and there is no atmospheric or
other effect that can flip the spin direction of a galaxy
as seen from Earth. While it is difficult to think of an
error in the telescope system that can lead to the ob-
servation, the fact that four different telescopes show
the same profile with a nearly identical profile indicates
that it is unlikely that the observation is driven by some
unknown error in the telescopes.

Rarely, galaxies can be counter-winding (Grouchy
et al., 2008), and their actual spin direction is not
aligned with the curve of the arms. However, these
case are rare, and in any case counter-winding galax-
ies are equally distributed between galaxies that spin
clockwise and galaxies that spin counterclockwise.

The algorithm used for annotating the galaxies
(Shamir, 2011) is fully symmetric. It works by clear
and defined rules that are completely symmetric, and
the algorithm is not based on pattern recognition, ma-
chine learning, or deep learning methods that rely on
data-driven non-intuitive rules. Therefore, inaccurate
annotation is expected to impact both clockwise and
counterclockwise galaxies. That was also tested empir-
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ically by mirroring the galaxy images (Shamir, 2021a).
In all datasets, mirroring the galaxy images led to ex-
actly inverse results (Shamir, 2012, 2020c,a, 2021b). A
more detailed explanation about mirroring the galaxy
images is available in (Shamir, 2021a).

Also, a bias in the annotation algorithm is expected
to lead to similar bias in all parts of the sky, rather than
“flip” in opposite hemispheres. The observations in all
datasets from all four telescopes show inverse asymme-
try in opposite hemispheres. Since each galaxy image
is analyzed separately, if a consistent error in the anno-
tation algorithm existed, it would have led to the same
asymmetry in all parts of the sky, but not to opposite
asymmetry in opposite hemispheres.

If the galaxy annotation algorithm had a certain er-
ror in the annotation of the galaxies, the asymmetry A
can be defined by Equation 4.

— (Ncw + Ecw) - (Nccw + Eccw)
Ncw + Ecw + Nccw + Eccw

A

; “

where E.,, is the number of Z galaxies incorrectly anno-
tated as S galaxies, and E,,, is the number of S galax-
ies incorrectly annotated as Z galaxies. Because the
algorithm is symmetric, the number of S galaxies in-
correctly annotated as Z is expected to be roughly the
same as the number of Z galaxies missclassified as S
galaxies, and therefore E., =~ E..,, (Shamir, 2021a).
Therefore, the asymmetry A can be defined by Equa-
tion 5.

_ Ncw_Nccw
NCW + ECW + Nccw + Eccw

&)

Since E.,, and E.., cannot be negative, a higher
rate of incorrectly annotated galaxies is expected to
make A lower. Therefore, when the algorithm is sym-
metric, incorrect annotation of the galaxies is not ex-
pected to lead to asymmetry, and can only make the
asymmetry weaker rather than stronger. That has also
been tested empirically and showed that error makes
the signal weaker rather than stronger, unless the error
is asymmetric (Shamir, 2021a). For that reason, algo-
rithms that are based on pattern recognition, machine
learning, or deep learning cannot be used for this pur-
pose, as they are based on complex data-driven rules
that they symmetricity is very difficult to verify.

An empirical experiment (Shamir, 2021a) of in-
tentionally annotating some of the galaxies incorrectly
showed that even when an error is added, the results
do not change significantly even when as many as 25%
of the galaxies are assigned with incorrect spin direc-
tions, as long as the error is added to both clockwise
and counterclockwise galaxies (Shamir, 2021a). But
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if the error is added in an asymmetric manner, even a
small asymmetry of 2% leads to a very strong axis that
peaks exactly at the celestial pole (Shamir, 2021a).

It should be also mentioned that the HST galaxies
were annotated manually, with no intervention of any
algorithm (Shamir, 2020a). Other datasets that were
prepared manually were used in (Shamir, 2016, 2017b)
The asymmetry profile is consistent regardless of the
method of annotation, further showing that a computer
error is not a likely explanation to the asymmetry.

5.1 Analysis of the distribution of the galaxy popula-
tion

Obviously, no Earth-based telescope can cover the en-
tire sky, and the footprint of the sky covered by any
Earth-based telescope is merely a portion of the entire
sky. As discussed in Section 2.5, the galaxies in the
sky surveys are not distributed uniformly inside their
footprints. Such non-uniform distribution can in some
cases lead to a shift in the location of the most likely
axis. For instance, Tiwari et al. (2019) showed that
the TGSS ADRI catalog of radio sources might not
be suitable for observing large-scale or moderate scale
anisotropy also due to non-uniform distribution of the
sources throughout the sky.

What makes the probe of spin direction distribu-
tion of spiral galaxies different from other probes is that
the spin direction is a comparative measurement, rather
than an absolute measurement. Absolute measurements
such as CMB or the number of radio sources can be im-
pacted by the distribution of the measurements, as well
as by other effects such as Milky Way obstruction. For
instance, if the Milky Way obstructs some of the sky,
the change in the temperature in that part of the sky
can lead to certain anisotropy. When counting radio
sources, an anisotropy can be driven by differences in
the coverage of different parts of the sky Tiwari et al.
(2019).

The ratio between galaxies that spin in opposite
directions is a comparative scale, meaning that it is
not determined by the number of galaxies in a cer-
tain field, but by the difference between the number of
galaxies spinning clockwise and the number of galaxies
spinning counterclockwise in that field. In each given
field, the number of clockwise galaxies is balanced by
aroughly similar number of counterclockwise galaxies.
The cosine dependence analysis described in Section 3
identifies the best axis that fits the distribution of the
clockwise and counterclockwise spiral galaxies. Be-
cause the measurement is relative, it is expected to be
less sensitive to the distribution of the absolute number
of galaxies, as each field that used in the analysis has
a roughly similar number of galaxies that spin in each
direction. Therefore, four different telescopes with four
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different footprints provide very similar location of the
most likely axis.

To test the effect of the non-uniform distribution
of the galaxies empirically, the galaxies from the four
telescopes were combined into a single dataset. In
order not to use the same galaxy more than once,
galaxies that appear in two or more telescopes were
removed, leading to a dataset of 935,155 galaxies. To
create a dataset of galaxies that are distributed uni-
formly within the footprint, the 935,155 galaxies were
added in random order into a new dataset such that
before adding a galaxy to the dataset, the number of
galaxies with 5° radius from that galaxy was counted.
If 500 or more galaxies are present within a distance of
5%, the galaxy is not added to the dataset. Otherwise,
the galaxy is added. The algorithm for creating that
dataset U from the dataset D of 935,155 galaxies can
be summarized as follows:

1. U« {}
2. For each galaxy d in D
galaxy_counter « 0
For each galaxy uin U

if distance(d,u)< 5°

galaxy_counter « galaxy_counter +1

if galaxy_counter<500

add galaxy d to U

© NN AW

Then, isolated galaxies in dataset U that do not have
500 galaxies within 5° are removed from U. When the
galaxies in D are iterated in random order, that process
leads to a dataset U of 193,368 galaxies that are dis-
tributed uniformly inside the combined footprint. Fig-
ure 17 shows the distribution of the galaxy population
in different parts of the sky. The dataset is smaller
than the DECam dataset, but spreads much more uni-
formly in the sky compared to the other sky surveys.
Figure 18 shows the probability for a dipole axis in
each (a,d) combination. The most likely axis is at
(@ = 63, delta = —16°).

As the figure shows, when the distribution of the
galaxies is uniform, and no certain parts of the sky
are overpopulated or underpopulated, the profile of the
asymmetry is in agreement with the profile determined
by DECam or Pan-STARRS when the galaxy popula-
tion is not normalized. Considering the ratio in each
part of the sky as temperature, the HEALPix library
(Zonca et al., 2019) can also be used to profile the
dipole, showing a dipole at (@ = 45°,6 = —23°).

As mentioned above, there is no Earth-based tele-
scope that can cover the entire sky. Even when com-
bining the footprints of all telescopes, substantial parts
of the sky are not covered. The relative measurement
used here is expected to lead to the same profile of best
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Figure 18. The probability of the most likely axis from each
(@, 6) combinations. The number of galaxies is similar in the
different populated parts of the sky.

cosine fitness regardless of the parts of the sky that are
covered, given that the sky coverage is sufficiently large
to allow fitness. However, the non-uniform distribution
of the parts of the sky that need to be covered should
be tested empirically. For that purpose, an experiment
was performed such that only two parts of the sky were
used, in two exactly opposite hemispheres. The two
parts of the sky were (0° < @ < 60°%,-45° < § < 09),
and the exact same part of the sky in the opposite hemi-
sphere (180° < a < 240°,0° < § < 45°). These are
two exact opposite parts of the sky, and therefore an
asymmetry profile is not expected to be driven by non-
uniform distribution of the galaxies in the sky. That
dataset included 282,252 galaxies. Figure 19 show the
results, with the most likely axis peaking with 5.40 at
(@ = 41°,6 = —12°), well within the 1o error of the
analysis when using the entire dataset.
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Figure 19. The probability of the most likely axis from each
(a, 0) combinations. The parts of the sky used in the analysis
are of similar size in exact opposite hemispheres.

6. Conclusions

Multiple sky surveys have shown certain patterns of
asymmetry between clockwise and counterclockwise
galaxies. These sky surveys include SDSS (Shamir,
2012, 2020c), Pan-STARRS (Shamir, 2020c), DECam
(Shamir, 2021b), and HST (Shamir, 2020a). These
observations include different ways of annotating the
galaxies, observations from both the the Northern and
Southern hemispheres, and observations from ground-
based and space-based instruments. All observations
are in very good agreement. As multiple probes have
shown disagreement with the cosmological isotropy as-
sumption, the contention that the Universe is oriented
around an axis is in agreement with several existing
cosmological theories such as black hole cosmology,
elliptodial universe, rotating universe, and other cosmo-
logical models that provide an alternative to the stan-
dard model.

One of the possible weaknesses of the analysis is
that the footprint does not cover the entire sky. As no
Earth-based sky survey can cover the entire sky, an ex-
periment that provides 100% sky coverage is not possi-
ble. The use of a comparative measurement and not an
absolute measurement makes the analysis more robust
to cases of non-uniform distribution. Several empirical
experiments were also performed to analyze the impact
of the asymmetric shape of the footprint, showing con-
sistent results, although no experiment that covers the
entire sky can be done, as the sky surveys do not pro-
vide full sky coverage.

The observations show that the location of the most
likely axis changes with the redshift at z > 0.1. That
can be viewed as an indication that if such axis exists,
it does not necessarily go directly through Earth. The
general location of the axis at (@ =~ 260°,6 =~ —40°)
is roughly aligned with the axis formed by the isotropy
of the accelerating cosmological expansion rate at (@ =
223°,6 = —76.2°) as explained in (Perivolaropoulos,
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2014). The Shapely supercluster (Sheth and Diaferio,
2011) is also not far at (o = 202°,6 = —30°).

As the evidence of cosmological-scale anisotropy
are accumulating, theories that provide alternatives
or expansions to the standard cosmology model are
being proposed (Arun et al., 2017; Nadathur et al.,
2012; Narlikar et al., 2007; Perivolaropoulos, 2014;
Bull et al., 2016; Lopez-Corredoira, 2017; Scott, 2018;
Tatum et al., 2018; Neves, 2020; Nojiri et al., 2019;
Lépez-Corredoira, 2017; Freedman, 2017; Fiscaletti,
2018; Tatum et al., 2018; Guo et al., 2019; Li, 2021).
Such cosmological-scale alignment between galaxies
can also be related to alternative gravitational theo-
ries that shift from the Newtonian model (Bekenstein
and Milgrom, 1984; Milgrom, 2009; Deser and Tekin,
2007; Alka¢ and Tekin, 2018; Sivaram et al., 2020,
2021b,a), where gravity span is far greater than as-
sumed by the existing models of gravity (Amendola
et al., 2020; Falcon, 2021). Such gravity models have
impact on cosmology (Sivaram, 1994), and can also
explain other anomalies that disagree with the stan-
dard model such as the Keenan—Barger—Cowie (KBC)
void (Haslbauer et al., 2020) and the El Gordo (ACT-
CL J0102-4915) massive galaxy cluster (Asencio et al.,
2020). It is therefore important to continue to explore
different probes and different observations that can pro-
vide more information about the structure of the Uni-
verse. Clearly, further research will be required to fully
profile the nature of the asymmetry.
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