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New possibilities for investigation of the orientation
of galaxies in clusters
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Attempts to understand the mechanisms driving galaxy and their structures formation contributed to the for-
mulation of various theoretical models describing this issue. Various scenarios make different predictions regarding
the orientation of galaxies within large-scale structures, the distribution of their spins directions, and the alignment
between the brightest galaxy in the cluster and the major axis of the structure. For this reason, the study of
galaxy orientation provides a observational tool for testing models of their formation and remains a cornerstone of
extragalactic astronomy and cosmology. The proper study requires consideration of the fact that galaxies are oblate
spheroids with the real axis ratios dependent on the morphological type. However, most of the astronomical data
available today lacks this type of information. As a result, a new method of investigation based on the estimated
frequency of the occurrence of given morphological types of galaxies may prove to be an alternative. The method
was applied to galaxies belonging to the clusters of the Local Supercluster using data from Sloan Digital Sky Survey.
The obtained results confirm the theoretically predicted lack of significant alignment of the studied galaxies.
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INTRODUCTION

Particular theories of the formation of galaxies
and their structures give different predictions about
the angular momentum of galaxies, the orientation
of galaxies within large-scale structures, the distribu-
tion of spins of galaxies, and the alignment between
the brightest galaxy and the major axis of its hosting
structure |2, 5, 7, 25, 26, 28, 32, 38, 44]. While classi-
cal scenarios are still valid in the sense that the new
scenarios are essentially modifications of the old ones
and they can be classified according to the classical
scenarios. Over the years, the original theories have
been repeatedly verified and modified many times.
The model of hierarchical clustering has remained
valid and has been significantly improved.

According to the widely accepted ACDM cos-
mological model, on appropriately large scale, the
Universe is considered to be spatially flat, isotropic,
and homogeneous, with structures are formed from
primordial, adiabatic, self-scaling Gaussian fluctua-
tions [33, 35-37]. This model is currently consid-
ered the most probable, although alternative cosmo-
logical models are still being considered, and within
them, various scenarios of galaxy formation and their
structures. It should be noted that the dominant
scenarios are those based on the hierarchical clus-
tering model with tidal interactions, which are the
only ones that explicitly consider the occurrence of
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dark matter. The scientific community’s recognition
of these models is also demonstrated by the 2019 No-
bel Prize in Physics awarded to Phillip James Edwin
Peebles, the scientific father of this class of models,
for ‘his theoretical discoveries in physical cosmology’.

A test enabling comparison predicted theoretical
results of a given scenario with observations is the
investigation of galaxy orientation. This is a con-
sequence of various predictions regarding the distri-
butions of galaxy angular momentum postulated by
individual scenarios of the formation and evolution
of cosmic structures (22, 23, 34].

The method of alignment analysis first presented
by Hawley and Peebles [15] has become the standard
tool in this field. It involves a statistical analysis of
the distributions of galaxy position angles in order to
detect possible deviations from the isotropic distri-
bution, but it is limited only to side-viewed galaxies.

An alternative method was proposed by Opik [29],
later applied by Jaaniste and Sarr [20, 21|, and fur-
ther improved by Flin and Godlowski [9, 31|. It al-
lows to include galaxies with all possible settings and
positions on the celestial sphere to the study. In
addition to the position angles of galaxies, their el-
lipticities is also used. However, to obtain accurate
results, it is necessary to take into account the Holm-
berg effect in the analysis, which shows that the mea-
sured (especially optical) ellipticity of galaxy images
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differs from the true ellipticity of the image [10, 17—
19], and that galaxies are flattened spheroids with
the actual axis ratio depending on their morpholog-
ical type.

In past decades, the practice of providing high-
quality, readily usable astronomical data in sky sur-
veys such as SDSS [1, 24|, DESI [4], Euclid [8],
or Kilo-Degree Survey [43] has become increasingly
common.

However, these surveys often do not contain in-
formation on the morphological types of individual
galaxies, and rely on average values of the axial ra-
tio gg = 0.2, which is used by many researchers,
may be insufficient [11, 30]|. Alternatively, the es-
timated frequencies of occurrence of given morpho-
logical types can be used [6]. It has been initially
shown that methods using these estimated frequen-
cies can produce results comparable in terms of ac-
curacy to those achieved for known morphological
types of galaxies |13, 27].

In this paper, using data from the Sloan Digi-
tal Sky Survey, we present a practical application of
the developed method using estimated morphologi-
cal types of galaxies. Based on the available litera-
ture, the effectiveness of this method was also dis-
cussed.

OBSERVATIONAL DATA

The galaxy sample used in the study was
taken from the Sloan Digital Sky Survey Data Re-
lease 18 [1, 24]. Using the methods of classification
galaxy cluster’s members described in Tully’s pa-
pers [39, 40, 42|, galaxies located in the Ursa Major
region were examined. The sample includes galaxies
within the Local Supercluster with redshifts less than
0.01, which were also included in the de Vaucouleurs
classification [3]. The classification of Local Super-
cluster galaxies in terms of the structures they cre-
ate has been repeatedly verified in papers [41, 42].
The obtained sample of galaxies can be compared
in terms of location and completeness with group
#13 classified in the Tully’s Nearby Galazies Cata-
logue [41]. As such, it provides a robust sample to
verify the effectiveness of the new method for study-
ing galaxy orientation, as well as to indicate potential
differences resulting from the choice of this particular
sky survey.

METHOD OF ANALYSIS AND RESULTS

The obtained galaxy sample was analysed using
the method described in [13, 27|, which is an exten-
sion of the approach presented in details in |9, 12, 31].

The method calculates two angles determining
the spatial orientation of galaxies, as presented in
Figurel. These angles are the ‘polar’ angle dp,
which is the angle between the normal to the galaxy
plane and the main plane of the coordinate system,
and the ‘azimuth’ angle 7, describing the direction
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between the projection of this normal vector onto the
main plane and the direction toward the zero initial
meridian. In the case of the supergalactic coordinate
system, the main plane is the supergalactic equator,
and thus, both dp and 1 can be expressed as the
relation between the latitude (B) and longitude (L)
angles, the angle of the position (P) in the frame of
reference, and the inclination angle (7), which is the
angle between the normal to the galaxy plane and
the observer’s line of sight.

Fig. 1: A schematic illustration of angles dp and 7.

The deprojection of galaxy images on the celestial
sphere gives four solutions for the angular momen-
tum vector. However, since the direction of galaxy
rotation is usually unknown, it is sufficient to exam-
ine only the directions perpendicular to the galaxy
plane. In Figurel, Ni and N represent the possi-
ble positions of the normal galaxy plane-directed line
segment inside the sphere. If the rotation direction
of the galaxy were considered, two additional normal
vectors Ni and NJ would appear, which would be
comprise a directed line segment outside the sphere

However, only two possible settings of galaxies
should be taken into account in the calculations. As
a result, the formulas for calculating the angles ép
and 7 are expressed as:

sindp = —cosisin B + sini cosr cos B,

sinn = (cosdp) " [~ cosicos Bsin L+
+ sin i (F cosrsin Bsin L £ sinr cos L)],

cosn = (cosdp) "' [— cosicos B cos L+
+ sini (F cosrsin B cos L F sinrsin L)),

where r = P — g As a result of the reduction

of the analysis into only two solutions, it is nec-
essary to consider the sign of the expression: S =
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—cosicos B Fsinicosrsin B and for S > 0 should
be reversed the sign of dp, respectively.

The value of the inclination angle is determined
using Holmberg’s formula for oblate spheroids [17]:

2 _ 2
i=cos ! 4 q20 , (1)
1-— a5

where ¢ = 5 is the ratio of the minor to the major
axis diameters, and qq is the ‘true’ axial ratio, which
depends on the morphological type of the galaxy [16].

As part of the study, using statistical methods,
the obtained real distributions of angles ép and 7
are confronted with its theoretical distributions. To
analyze the distribution of these angles, statistical
methods described in [13] were used. The analyzed
ranges of the angles were divided into n = 18, equal
to the width of bins.

The x? test is performed using the following
statistic:

zn: (Nt — Nog)?

2
X pry
No

k=1
where N is the total number of galaxies in the clus-
ter, Ni and Ny j, are the observed and expected num-
bers of galaxies in the k-th bin, respectively. The ex-
pected value of the test statistic is E(x?) =n—1=
17, with the variance o(x?) = \/2(n — 1) = 5.831.
For the assumed confidence level of o = 0.05, the
critical value of the test is x2. = 27.587.
The first autocorrelation test determines the cor-
relations between the number of galaxies in neigh-
boring angle bins. The statistic C' is defined as:

(N, — N, N, N
C = Z k Ok)( k+1 — 0k+1)’

=1 [No 1 No k+1]

where N, 11 = Ni. In the case where all Ny are
equal, the expected value of E(C) = —1 [12]. The
variance of the C' statistic is obtained from numerical
simulations.

In the Fourier test, the deviation from isotropy is
modelled as a slowly varying function of the angle 6,
as given by the following relation:

(2)

N = No,k(l + Aq1 cos 20 + Ao sin 20+
+ Ajg cosdOy + Agasindly + .. ).

The Fourier coefficients are calculated using the fol-
lowing formulas:

Sy (Ng — Nog) cos 2.7y
>ohei Nogcos?2J8,

(AL] (Z No L COS 2J0k> ;
k=1

Ay =
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22:1 (Nk — NO,k) sin 2J0k

Aoy = ,
27 > r_q No g sin? 2,70y,

1

(AQJ (Z No k sin 2J9k> .
k=1

By introducing the auxiliary variable J
¥:2;G;i1;1;, where G is the inverse matrix of the
covariance matrix of A;;, the probability values can
be expressed as:

P (> A1) =exp (—;J> ,

where T
I=(Anly) ,
and
1 1
P(>A)= <1 + J) exp (—J) ,
2 2
where

I= (A0 AR )T

In the Kolmogorov-Smirnov test, the A statistic
is calculated as:

A = v/nD,,, where D,, = sup |F(x) — S(x)],
with F'(z) and S(z) representing the theoretical and
empirical distribution functions, respectively. For
the assumed confidence level of a = 0.05, the critical
value of the test is A, = 1.358.

In the Cramer-von Mises test, and its advanced

modification, the Watson test, the W?2 and U? statis-
tics are computed as:
S
W?= + —,

2
U2:W2—n<F—;> ,

where F' = 13 P(x;) is the average value of
F(x). More details on the statistical tests can be
found in [12, 13, 31].

Using these statistical tests, the analysis of the
d0p and n angle distributions for the studied sample
of galaxies was carried out. The obtained results are
presented in Table1. In order to determine the reli-
ability of the obtained results, they were compared
with the results of numerical simulations [12]. Ta-
ble 2 presents the mean values and standard devia-
tions of the statistical tests for isotropic distributions
of dp and n angles simulated using our method [13].
Comparison of the results in Table 1 and 2 shows that
the distribution is random. The Fourier test further
provides an additional possibility to confirm the lack
of significant alignment.

n

2i—1
2n

(Fe -
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The statistical parameter Aj; provided by the
Fourier test, describing the preferential orientation
of galactic axes with respect to the main axis of the
cluster reference frame. For the ép angles, negative
values of the coefficient A17 indicate a predominance
of galaxies with normals parallel to the main plane of
the coordinate system, while positive values of this
coefficient indicate a predominance of normals per-
pendicular to the main plane. Changing the posi-
tion of the pole of the coordinate system along the
celestial sphere causes the main plane of the system
to also change its position. For each such instan-

taneous coordinate system, the parameter U(AAllll) is

computed, where o(Aq7) is formal error of Ay;. This
approach, used and described in detail in [14], makes
it possible to easily find both preferred and unde-
sirable alignment directions normal to the galaxy
planes. The resulting maps can be analyzed in terms
of the correlation of their maxima with selected im-
portant points.

The maps prepared based on the galaxy sample
defined in the previous section are presented in Fig-
ures2. Using the de Vaucouleurs classification [3],
the sample was divided into sub-samples of spiral
and non-spiral galaxies. Key directions, as seen from
the center of the considered cluster, are marked on
the maps. The three cluster poles are marked as a
black filled star, a square and a triangle. The white
circle and inverted triangle indicate the direction to
the center of the Local Supercluster and Virgo A
cluster center, respectively, while the black pentagon
indicates the line of sight from Earth. The positive

values of =21 form ‘hills’ when the direction of the

O'(All)
galactic cluster axis is close to the direction of galac-
tic axis alignment, while the negative values creates
‘valleys” when these directions are perpendicular to

each other. For all tested samples, the value of U(AAIIII)

parameter did not exceed 3.0. The observed ‘hills’
and ‘valleys’ are of the same height in all cases, which
is consistent with the lack of significant alignment,
confirmed by the results of the remaining statisti-
cal tests presented in Table1. The slight difference
observed for the sub-sample of spiral galaxies is a
statistically weak, at the 1o level.

A11
o(A1r)
distributions are located nearby, but they are not
strictly correlated with the line of sight direction.
This is a significant difference from the situation
in [14], when determining the inclinations of galaxies
from Tully’s catalogue [41], of an average ‘true’ ellip-
ticity of galaxies o = 0.2 when determining galaxy
inclinations from Tully’s catalogue [41], of the aver-
age ‘true ellipticity’ of galaxies go = 0.2 and not tak-
ing into account the Fouque and Paturel correction
for the Holmberg effect [10, 17-19], see also discus-
sion in 11, 14, 27]. This supports the validity of our
method and suggests that the Holmberg effect is not
significant for SDSS data.

As seen in Fig. 2, the positive extremes in

26

B. Mrzygtod, W. Godtowski

CONCLUSIONS

Our new method of investigation of the orienta-
tion of galaxies in clusters in the absence of infor-
mation on their morphological types has been tested
using new observational data from the Sloan Digi-
tal Sky Survey. The group of galaxies located in the
Ursa Major (Tully’s group #13) was chosen because
for this group we have observational data from the
Tully’s catalogue [41], which facilitates the analysis
of the results and in particular the investigation of
the influence of observational effects.

The results obtained using the developed method
of investigation of galaxy orientations is consistent
with the predictions from the hierarchical cluster-
ing model, which takes into account tidal effects [2],
as well as the Li model [26]. Similarly to the stud-
ies on small galaxy groups and clusters, e.g. Tully
clusters [11, 30|, no alignment was observed. The re-
sult is therefore consistent with the current state of
knowledge, according to which the ordering of galax-
ies in clusters increases with their number.
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Fig. 2: Maps of TAAIIIS for samples of galaxies studied in this work. The left, centre, and right panels show the
entire sample, the spiral and the non-spiral galaxies subsample, respectively. In the maps the important directions
are indicated, as seen from the center of the considered cluster. The three cluster poles are marked with a black filled
star, a square and a triangle, the white circle and the inverted triangle indicate the direction to the centre of the Local

Supercluster and the direction of the Virgo A cluster centre, respectively, while the black pentagon indicates the line
of sight from Earth.

27



