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We calculated morphological parameters for a test sample of 4659 galaxies from VIPERS
(spectroscopic galaxy survey performed on VIMOS spectroscope at VLT). These parameters include
Gini, Myo, Concentration, Asymmetry, and Smoothness, also known as CAS parameters. The results
correlate with the distribution of these parameters for other simulated and observed samples. We also
studied the dependence of these parameters with the Sersic power index of the radial distribution of
the surface brightness of the galaxy image. Our aim was to find a clear division of VIPERS galaxies
into elliptical and spiral. This is necessary for testing the method of the Sersic index (ns) calculation
in the statmorph program. To find such bimodality, we use B-V color index from VIPERS database.

To perform the error analysis of morphological parameters, we simulated galaxy images with
a random background of different magnitudes and estimated the errors as the dispersion of the
parameters. We also found asymptotic values of errors of morphological parameters by increasing
the numbers of mock images.

To analyse the possible variation of each morphological parameter during the convolution of close
galactic images, we have simulated them to research. As a result of this investigation, we have
analysed the dependence of every morphological parameter from CAS and Gini-My statistics, from
the distance between galactic centers.

The differences between our results for VIPERS and Gini-Mgq distribution for PanStarrs galaxies
at z < 0.5 could be explained by cosmological evolution of galaxies. We found out that in modern
Universe there are many more elliptical galaxies than at z > 0.5 which corresponds to VIPERS
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sample. Also we concluded that galaxy mergers were more frequent in the early Universe.
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I. INTRODUCTION

VIPERS! is a major galaxy survey [1] for LSS (Large
Scale Structure) study [2]. It contains 91507 galaxies
at redshift 0.5 < z < 1.2, covering 24 deg? on the
sky. Their positions are important cosmology informati-
on that was used for recovering 3D filament structure
in the observed volume [3]. But in addition to the
positions, it is also important to study the images of
galaxies for non-uniformity in the distribution of bri-
ghtness. In the first approximation, galaxy images can
be considered as ellipses with the radial distribution of
surface brightness given by Sersic profile [4, 5]. But there
are more detailed parameters to describe the images
beyond Sersic profile. Some of the best sets of advanced
morphology parameters are Gini [6] and My, stati-
stics [7], Concentration [8, 9], Asymmetry [10-12], and
Smoothness [9]. These parameters can be calculated by
the statmorph program that was written by Rodriguez-
Gomez in Python [13]. The main task of the current
investigation was to use the statmorph code to calculate
above parameters for VIPERS galaxies. It is a very
important task because these parameters can be used

L VIPERS (VIMOS Public Extragalactic Redshift Survey), home
page: http://vipers.inaf.it.
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for two cosmological studies. The first one is the research
into galactic merging history during the evolution of the
Universe [14]. The second one is the analysis of the envi-
ronmental influence on the galactic morphology [15, 16],
which means that environment should have influence
on the galaxy formation. The distribution of galactic
parameters could be used to analyse the result of the
galaxy formation.

Calculation of morphological parameters of galaxies is
very important for studying the extragalactic Universe,
because, as it was mentioned above, the process of galaxi-
es merging is bound with its morphological features.
For these galaxies, their appearance and any physical
parameters are highly dependent on the morphological
types [16], masses [16], redshifts [4, 14], environments
[15, 16], and the previous star formation and merging
histories of the individual galaxies [4, 14, 15].

It is very useful to study the influence of the envi-
ronment on galaxy formation and merging too, because,
as it is said in [16], there is a correlation between the
environment and the galactic type, which can be obtai-
ned from the knowledge of morphological parameters,
e.g. early-type galaxies are preferentially found in
denser regions than late-type ones [17]. Environmental
characteristics can be used in studying not only the
formation and evolution of galaxies, but also their merg-
ing and interactions.
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II. SAMPLE

VIPERS is the spectroscopic galaxy survey performed
on VIMOS spectroscope at Very Large Telescope (VLT)
[1, 2]. It covers the W1 and W4 regions of Canada—
France-Hawaii Telescope Legacy Survey?.

TO follow the calculations and tests of the script, one
has taken the whole VIPERS observe, which consists
of W1 and W4 regions, having 18 and 11 subregions,
respectively, in infrared filter i. Each subregion was di-
vided into small images, or, the so called, poststamps,
100 by 100 pixels corresponding to 18.57 arcsec box size.
To run the statmorph properly, it was necessary to filter
accessed images with an appropriate script, the result of
which reduced the initial number of objects. As a result,
W1 part obtains 38742 galaxies and W4 — 27715. After
discarding of images with instrumental issues, 58586
objects were gathered for morphological analysis. For
the following research, based on the assumption about
a dependence of Gini-My, statistics on the redshift, we
divided the whole data into 7 regions, related to different
z from the lowest — 0.0016, to the highest — 1.2 (bigger
redshifts were discarded). Details about the aforecited
division could be found in the Results sections.

III. METHOD

Within the current investigation, for the qualitati-
ve scrutiny of nonparametric approaches to studying
the morphology of VIPERS galaxies and subsequent
evaluation of statmorph’s capacity, Gini and My [7]
parameters were used as major. Enunciation of the defi-
nition of those parameters in following subsections will
contribute to the proper understanding of the resulting
statistical diagrams.

Details of our method with illustrations are presented
in the full version of the paper?®.

A. The Gini coefficient

Gini(G) parameter is mainly used in economy theory
for measuring the statistical dispersion intended to
represent the income inequality or the wealth inequali-
ty within a nation or a social group [6]. For example,
in a completely egalitarian society, Gini equals zero. In
astronomy cases, for a set of n pixel flux values X;, where

1 =1,2,...,n, the Gini coefficient can be computed as
[18]:
G- S eia-yxL ()
= = t—n — ils
|X‘{n‘(n - 1) i=1

2 CFHTLS(Canada-France-Hawaii Telescope Legacy Survey),
home page: https://www.cfht.hawaii.edu/Science/CFHLS/.

3 https://doi.org/10.13140/RG.2.2.24815.15523, https://ar
xiv.org/abs/2110.11666
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where |X| represents the mean over absolute values of
X;.

Gini coefficient takes a remarkably important part
in the current investigation because it’s estimation is
independent of the large-scale spatial distribution of the
galaxy’s light. Also it can distinguish between galaxies
with shallow light profiles and galaxies where much of
the flux is located in a few pixels not at the projected
center [7].

B. My coefficient

The total second-order moment M;.; is defined as a
sum of fluxes in each pixel I; multiplied by the squared
distance to the galaxy center over all the pixels highli-
ghted by the segmentation map [7]:

Mtot - ZMI = ZII (('rl - IC)2 - (yz - y0)2)v (2)

where (z.,y.) are coordinates of the galaxy centre.

To remove the dependence of the morphology determi-
nation from the total galaxy flux or size the Gini coeffi-
cient is traditionally used in conjunction with the Myg,
which is the essence of the second order moment of the
brightest 20% of the galaxy’s flux [7]:

M,
Mazo = logy <%/IZ

), while » T; < 0.2 Teor, (3)

tot

My plays an important role in tracing the spatial di-
stribution of any bright nuclei, bars, spiral arms, and
off-center star-clusters [7]. Moreover, it can be measured
without circular or elliptical aperture approaches, and,
furthermore, the center of the object galaxy is a free
parameter.

C. Concentration

In 2000, a series of articles by Matthew Bershady
and Christopher Conselice [8, 9, 12] introduced one of
the modern systems of morphological parameters — the
Concentration Asymmetry Smoothness or CAS system.
Those papers argued that nowadays most galaxies at
intermediate and high redshift are of an unusual, peculi-
ar morphological type thus they can not be classified
according to the traditional Hubble methods. From the
system mentioned before, we have taken the Concentrati-
on parameter to analyze its dependence on Gini-Myg. It
can be defined as:

C = 5logyg @7 (4)

720
where 199 and 7gg are the radii of the circular aperture,
which contain, respectively, 20 and 80 percent of the
galaxy flux. This definition, according to the authors
themselves, is stable enough to directly compare the

concentration of galaxies at intermediate and high
redshifts.
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D. Bimodality test

To analyse images using the Statmorph code, we
approximated PSF by two-dimensional Gaussian functi-
on with sigma = 2 pixels. This number corresponds to
0.7”, the mean value of FWHM of images in CFHTLS
[1, 2]

We have performed two tests of morphological
parameters for our sample. The aim of the first of them
was to find a clear division of VIPERS galaxies into elli-
ptical and spiral. This is important to test the method

of the Sersic index (ns) calculation in the statmorph
program. To find such bimodality, we have used u—g
color index from VIPERS database. Spiral galaxies must
have u—g<1.3 and ns>0.7. Elliptical galaxies must have
u—g > 1.3 and ns < 0.7. We used a sample of 4388
VIPERS galaxies from one W4 field 60’ x 60" centered at
RA = 22h13m18s, DEC = 401d19m00s. For 0.2 < ng <
10 we have built (Fig. 1) a distribution of u—g galaxy
color versus the Sersic index and indicated four main
regions with physically realistic values, which are quanti-
tatively described in the Table 1 with other regions.

Region Ne| Region name |u-g min|u—g max| Nmin |Mmax | IV
1 Very red 2 6 0 1095 | 22
2 Very blue —6 0 0 1095 | 40
3 Weak 0 2 0.0004|0.001| 184
4 Diffuse tail 0 2 0.001 | 0.35 | 169
5 Extreme 0 2 10 | 1095 | 284
6 Elliptical 1.3 2 0.7 10 | 356
7 Blue Elliptical 1.3 0.7 10 |1132
8 Red spiral 1.3 2 0.45 | 0.7 | 253
9 Spiral 1.3 0.45 | 0.7 |1446
10 Fake elliptical 1.3 2 0.35 [ 0.45| 8
11 Fake spiral 1.3 0.35 | 0.45 | 395

Table 1. Regions in the distribution of color index — Sersic index n for VIPERS galaxies shown in Fig. 1. N is the number of
galaxies in the region

6. Elliptical

u-g

. 8. Red Spiral

7. Blue Elliptical

9. Spiral

107t 10°

Sersic index

10t

Fig. 1. The distribution of the u-g galaxy color versus Sersic index. Marginal axes represent univariate histograms with the
Gaussian kernel density estimations

Statmorph is affected by the artifacts from the algo-
rithm of the Sersic index calculation. Affected parts of
the distribution include ‘weak’ region N3 and ‘fake regi-
ons’ N10 and N11, described in Table 1. They origi-
nate from the lower bound of Sersic index in statmorph

and other special features of its calculation. We suppose
that excluding both regions 10 and 11 we will still have
enough galaxies and a correct proportion to detect the
concentration of elliptical galaxies. The idea of the test
was to compare a fraction of red galaxies for two ranges
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of ms: 0.45-0.7 and 0.7-10. These fractions are equal to
15% and 24% respectively. This way, we have found that
excess of elliptical galaxy number in region 6 is equal to
134 galaxies.
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0.0005 1 *

0.0000 1

100 10° 10° 10°
Number of simulated images
Fig. 2. Asymptotic limit of errors with an increase in the
number of simulations. Errors of Gini are marked by crosses,
Mgo — diamonds, Concentration — squares, Asymmetry —
triangles up, Smoothness — circles, asymmetry rotated by
90 degrees — triangles down

IV. ERROR ANALYSIS AND MERGER
SIMULATION

Our error analysis of morphology parameters was
performed on the basis of the statmorph tutorial . To
evaluate errors of morphological parameters, we have si-
mulated a set of different galaxy images with a random
background. We considered values of the radii of si-
mulated images from 0.6 to 4.5 arcsec. As a result, we
have got exponential trends for increasing all parameter
errors with infrared magnitude ¢ and have fit them. In
each fit we have used the values of magnitude from i = 19
to i = 24. The results of our simulations allow one to
expect major problems with ¢ > 24 and r < 1 arcsec.
We also found asymptotic limits of errors of morphologi-
cal parameters for a large number of simulated images
Fig. 2.

As mentioned in previous sections, morphological
parameters of galaxies are widely used in astrophys-
ics. For example, they can be used for analysing galaxy
mergers and interactions. We have performed simulations
of images pairs without taking into account the physi-
cal interaction of galaxies and changes in their shape.
These simulations were used to analyse the behavior of
every morphological parameter from CAS/GMaq stati-
stics during a merging of two galaxies.

First of all, we have studied a variation of Gini and
My parameters versus distance between merging galaxi-
es. The change in Gini is the most inconspicuous, it

4 https://nbviewer. jupyter.org/github/vrodgom/statmorph/
blob/master/notebooks/tutorial.ipynb
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shifts between 0.4 to 0.5. The errors of defining this
parameter are growing a lot at the distance of 15 pixels,
but perceptibly decreasing at the distance of 20 pixels.
Moy is changing a lot during the merge (between —1.6 to
—1), although the resulting parameter remains constant.

For the variation in Smoothness and Asymmetry
parameters, initial and final values (before and after the
merge) remain constant, but the change in them is di-
fferent. Smoothness has something like maximum near
10 pixels offset (peak from 13 to 6). It can be explained
by dividing the starting segmentation map by two maps
of two different galaxies. Asymmetry, at the same time,
changes weakly (between 0 and 0.4).

The last one was the variation in Concentration
analysis. Before merging (at 20 pixels distance), there
was only one segmentation map, so the concentration
was high. After decreased the distance, the segmentati-
on map was divided into two regions, which significantly
decreased the resulting concentration. But after merging,
segmentation map had connected again, and concentrati-
on returned to its maximum.

Errors in all parameters were increasing during the di-
vision of the starting segmentation map at mid distances,
and were decreasing during the connection of two maps
into after merging at lower distances.

V. RESULTS

Using the information provided in the previous secti-
on, we have calculated the Gini coefficient and Mg for
plotting the Gini (Mgg) distribution, which is shown in
the Fig. 3. The division into elliptical, spiral and merging
galaxies is performed using the so called bulge statistics
and merger statistics.

Bulge statistics indicates the morphological type of a
galaxy. According to [13], it can be calculated by the
following formula:

F = —0.693 - Mag + 4.95 - G — 3.96. (5)

Merger statistics shows the distribution between
regular and peculiar galaxies, for example, coalesced
ones, and could be obtained as [13]:

S =0.139 - Myg + 0.99 - G — 0.327. (6)

The value F' = 0 is the bound between spiral and
elliptical galaxies. F' > 0 corresponds to the elliptical
galaxies and F' < 0 refers to the spiral ones. Regi-
on S > 0 corresponds to merging or peculiar galaxi-
es. One may see that the plotted distribution has a bi-
ased percentage of bimodality: E, SO and Sa galaxies are
much more rare then the spiral ones. This fact differs
current investigation from the Rodriguez-Gomez one, in
which the statmorph script was firstly used. As one may
see, the bimodality in the mentioned work is more expli-
cit, although the density contours does not confirm this
statement. Potential discrepancies could be explained by
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the difference between redshifts in the current paper and
the compared one (z ~ 0.05 for the Pan-STARRS® and

0.5-1.2 for VIPERS).

To validate the above assumption about the reasons
for the discrepancy between the drawn graphs, the data
was divided into several redshift ranges and investigated
for its dependence on morphological parameters. The
corresponding regions are distributed nearlv normallv

0.8

Gini(M20) diagram for the whole VIPERS sample

and have their maximum count at z ~ 0.63; the respecti-
ve region, named “medium-z”, consists of 22959 galaxi-
es and lies between 0.6 and 0.8z. The near-peak regi-
ons, called “Medium-low-z” (z = 0.4 — 0.6) and “High-
2" (z = 0.8 — 1.0), contain 14852 and 13310, respecti-
vely. Objects from all remaining regions account for less
than 13% of the data, so their contribution to the general
pattern of the distribution is not significant.
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Fig. 3. Distribution of Gini versus Myp parameters. Bulge and merger statistics are shown as blue and orange lines, respectively.
Colors of objects are based on a calculation of the Concentration parameter for each of them. Inner contour corresponds to
68% of the data sample around the most dense part of the distributions. Outer contour surrounds 95% of the data sample
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Fig. 4. Distributions of Gini versus Mao parameters for different redshifts from the lowest (z > 0.2) to the highest (z < 1.2).
Contours are showing 68% and 95% of data. Colors of objects are based on a calculation of the Concentration parameter for
each of them and are the same as they were for previous graph

For a qualitative analysis of the above mentioned
assumption, already plotted distributions from the arti-
cle by Jennifer Lotz [19] were used for comparison. In
Fig. 4 one can see 5 graphs with the data structured

5 Pan-STARRS — Panoramic Survey Telescope and Rapid
Response System, home page: https://panstarrs.stsci.edu/

from the lowest to the highest redshifts with built densi-
ty contours and bulge and merger statistics lines. The
comparison between the plotted distributions and the
graphs by Jennifer Lotz is reasonable because of similar
z, but there are significant distinctions that affect the di-
fference in the obtained results. First of all, one may noti-
ce that the percentage of late-type, or elliptical, galaxies
in Lotz’s work prevails over the calculated percentage
of the same objects but in VIPERS observe. It can be
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explained by the specifics of the data, which was used in
the reference paper, as it was artificially cut in a large
number of early type and peculiar galaxies, which are,
eventually, dominating in the plotted distributions [19].
However, one could establish a similar nature in chang-
ing in the percentage of late and early type galaxies, if
one paid attention to the contour, which corresponds to
68 percentage of the data sample. With a decreasing in
the redshift, it slowly shifts towards elliptical galaxies.
The exception is the group of small redshifts for which
this contour motion falls out of the general trend. This
difference may occur from the insufficiently high amount
of galaxies of these redshifts. But, in general, the behavi-
or of the sample objects described above coincides with
generally accepted theories of the galactic evolution from
spiral to elliptical due to coalescence or interactions.

VI. CONCLUSION

Gini-My statistics, as we know it nowadays, was first
established in [7] where it was used to the built Gini-
Mgy distribution with the bulge statistics line. The main
result of that work is the fact that almost all ‘normal’
galaxies from their data lie below that line. The same
result can be notice of on our resulting graph, where a
high amount of our data galaxies lies below the bulge
statistics line, which immediately type them to late-type
galaxies.

Bulge and merger statistics were applied in [19] to
galaxies observed in All-wavelength Extended Groth
Strip International Survey, AEGIS (Hubble Telescope)
to find local merger candidates and to differ early and
late-type galaxies at redshifts 0.2 < 2z < 1.2. The
authors mentioned the division between merger candi-
dates and normal Hubble types. In this work, the also
demonstrated the evidence for bimodality between early
and late types.

The above mentioned Gini-Msq classification was used
for merger diagnostics of simulated galaxies in [20]. In
this paper, one may see the dependence of morphologi-
cal parameters Gini-Msg and C on time, their in-time
evolution. The main result, which is suggested in the
paper, is that morphological evolution is not uniform.

Bulge statistics F' based on Gini-Msg classification
was analyzed in [21] for Tllustris simulation. Besides the
morphology classification, the following parameters were
fitted with Bulge statistics: Star formation rate, stellar
mass, galaxy size, and galaxy rotation.

All mentioned works demonstrate the same Gini-Mayg
distribution of different classes of galaxies as our work.

After the comparison of our Gini and My parameters
with many other works, we confirm that our results are in
agreement with the results, obtained by another authors.

Secondly, we have got satisfied statistical errors for
the results presented in our paper. Some disagreement
between our and other above mentioned papers are wi-
thin statistical errors ranges.

The results, which are shown in this paper, could be
used in further studies of the influence of merging and
environment on the galaxy morphology, and for advanced
classification of galaxies on the basis of their morphologi-
cal parameters via the statmorph code.
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POSBIIINPEHA MOP®O0OJIOTIA TAJTAKTUK VIPERS
O. Dyruin', A. Tyrait!, H. Iynarosa®?, JI. Bagopoxual™?
! Kuiscokutl nauionarvruti ynisepcumem imeni Tapaca Ieewenxa, sya. Tnywrosa, 4, Kuis, 03127, Yrpaina,
2Tonoena acmporomiuna obcepsamopia Hayionarvroi axademii nayx Yrpainu,
6ya. Axademixa 3aborommnozo, 27, Kuis, 03143, Yxpaina,
3 Incmumym acmporomii Maxca Iranwa, Tatideavbeps, Himewwuna,
4@(mym;mem Pizuru, acmponomii ma npukaadnoi inPopmamuru, Hdsearoncorui ynisepcumem, Kpaxis, Hoavua

Mu pospaxyBaiu MOpdOJIOTiUHI TapaMeTpu Ijis TECTOBOrO 3pa3ka B 4659 rajakTukax 3 OrIsmy
VIPERS (crekrpockormiunuii Orjisij rajJakThk, nposeaenuii ua crnekrpockoni VIMOS na VLT). i na-
pamerpu Bryo9aroTh Gini, Moy, KOHIEHTpAIIO, ACHMETPII0 Ta MIAJKICTh. Pe3yapraru KOpeaioTh i3
POBIOLIOM IUX HAPAMETPIB i iHIMUX MOJETbOBAHUX Ta CIIOCTEpEKyBaHUX BHOIpOK. Mu Takoxk [10-
CIi UM 3a/IeKHICTH UX napamMeTpiB Bif inmekcy Cepcika paaiajbHOTO PO3MOIIIY MTOBEPXHEBOTO OJIUCKY
300paxkenus rajakTuku. Harmroio meroro Oyso giTke po3misennas rajsaktuk VIPERS na emintuuni ta cmi-
pasbHi, HeoOxiHe Jyis 1epeBipku Meroiy podpaxyHky ingekcy Cepcika (ns) y nporpami statmorph. 1106
3HalTH Taky OiMOJAJIBHICTH, MU BUKOPUCTOBYBaJIK iHJAEKC KOJbOPY B—V 3 6a3u manux VIPERS.

s ananizy moxuboK MOpQOJIOTidHUX MapaMEeTPIiB MU 3MO/IEIIOBAIN 300payKeHHs TAJTAKTUK 13 BATIA -
KOBUM (POHOM Pi3HOI BETMIMHHA Ta OIMIHWIN MOXUOKK K AUCIEPCIo X mapamerpi. Mu Takoxk 3HARIILIIT
ACHMIITOTUYHI 3HAYEHHs ITOXUOOK MOPMOIOTiIHIX TapaMeTpiB, 301IbIMYI0YN KITbKICTh CUMY/TbOBAHNAX 30-
OparKeHb.

Hacrynuum eramom pobGoTtu Oyiia cUMyJIsiilisi map 300pakKeHb 3311 TOTO, m00 MpOaHai3yBaTH MO-
JKJIMBI 3MiHH KOXKHOTO MOPQOIOTIYHOrO mapaMeTpa i1 9ac HaK/IaJaHHsd 300paXKeHb OJTM3bKUX TaJaKTHK.
VY pe3ysbTari MpOro AOCIIIKEHHA MU IPOAHAIII3YBaIH 3aJI€KHICTh KO2KHOIO MOPGOJIOri4HOr0 napamMmerpa
3i craructuku CAS ta Gini- My Big BizcTani MixK IeHTpaMu FaJIaKTHK.

Bigminmocti Mmixk HammMu pesymbraramu mono posnominy Gini-Msgg mms ramaktuk VIPERS Ta
PanStarrs mpu z < 0.5 MOXKHA TOSCHATH KOCMOJIOLIYHOIO €BOJIONIE0 rajakTuk. Mu 3’dcyBaniu, 1o B
cygacaomy Bcecsiti enintuunux rasaktuk nabararo Oisibine, mixk 3a z > 0.5, mo Bianosizae Bubipmi
VIPERS. Takox mMu midimain BUCHOBKY, IO 3JIUTTS FAJIAKTUK y paHHROMY BcecBiti BimbOyBasiocst gacrirrre.

Kurrouosi cioBa: lamaktuku: ¢poTomeTpisi, KOCMOJIOTIis: BeIuKOMacTabua cTpyKTypa BeecsiTy.
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