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AN ADVANCED APPROACH TO THE DEFINITION
OF THE “MILKY WAY GALAXIES-ANALOGUES”

Our Galaxy — the Milky Way — has certain features of the structure and evolution. The morphological, photometric, kinematic, and
chemodynamical properties are usually considered in search for the Milky Way galaxies-analogues (MWAs). The discovery of MWA
galaxies with a larger number of simultaneous selection parameters, as well as more stringent constraints on a given parameter, yields
a sample of MWA galaxies with properties closer fo the true properties of the Milky Way. So, in general, such MW parameters as the
morphological type, luminosity, color indices, structural parameters (size, bar, bulge, thin and thick disks, inner ring, halo), bulge-
to-total ratio, stellar mass, star formation rate, metallicity, and rotation velocity were used in various combinations for comparison
with other galaxies. However, the offset of some MW features in the multi-parameter space of MWAs features should be significant.

The paper aims to give a brief overview of the problematics and to present our approach for studying Milky Way and MWAs match-
ing characteristics (this project is supported by the National Research Fund of Ukraine). We propose to enlarge as much as possible
the number of Milky Way features and compile various samples of MWAs in our co-moving cosmological volume for their further
optimization. Such features can include 3D-kinematics of star’s movement in certain regions, low oxygen content on the periphery, low
nuclear activity, and the lack of significant merging over the past 10 Gyrs (isolation criterion). This approach will make it possible to
widely formulate the necessary and sufficient conditions for the detection of MWA galaxies as well as to reveal other MW multiwave-
length features.
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1. INTRODUCTION

The morphological, kinematic, and multiwavelength
properties of the Milky Way (MW), the structure of
spiral arms, the chemical evolution, the low activity
of a supermassive black hole, the cosmological origin,
and the placement of the Milky Way with neighboring
galaxies in the cosmic web are essential questions of
modern astrophysics.

Is the Milky Way really a typical giant spiral gal-
axy, and if not, how is it different, and how many
the MW-like galaxies are? The fact that the Milky
Way has general ratios between various parameters,
which are characterized for the spiral galaxies, sug-
gests that the MW is not highly unusual among gal-
axies. So, the anthropic principle is true, at least as a
first-order approximation. This justifies the selection
of Milky Way galaxies-analogues (MWAS) using any
MW parameters (stellar mass, luminosity, star forma-
tion rate, bulge-to-disk ratio, disk scale length, ro-
tation velocity, and morphology are usually consid-
ered). However, the offset of some MW features in
the multi-parameter space of MWAs features should
be significant.

In the earlier works, only the obvious morpho-
logical and photometric parameters were to be taken
into account as the MW indicators for MWAs. For
example, in the seminal article for this research field,
De Vaucouleurs and Pence [9] calculated isophotal
R,5=11.5 kpc and effective Reﬁ,= 5.1 kpc radii as op-
tical scale lengths, inner ring diameter D(r) = 6 kpc,
luminosity values M {(B) = —20.1 and class II, color
(B — V)= 0.53 and hydrogen indices in a frame of
the two-component MW structure model (spheroidal
for bulge and exponential for disk). It allowed them
to identify four nearby galaxies NGC 1073, NGC
4303, NGC 5921, and NGC 6744 as possible MWAs.

Mutch et al. [40] compiled a list of MWAs using
the stellar mass and the structural parameter as the
selection criteria, where the latter parameter corre-
sponds to the profile of the de Vaucouleurs brightness
distribution. Licquia et al. [34] selected a sample of
MWASs from the SDSS-III DRS based on their stel-
lar mass and the current star formation rate. Board-
man et al. [4] presented a sample of 62 MWA galaxies
from the MaNGA with selection criteria as the stellar
masses and bulge-to-disk ratio. We note that the se-
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lection of MWA galaxies using only two MW charac-
teristics is a typical approach and consistent with the
anthropic principle that the Milky Way is not unusual
among other galaxies.

The discovery of MWA galaxies with a larger num-
ber of simultaneous selection parameters, as well
as more stringent constraints on a given parameter,
yields a sample of MWA galaxies with properties
closer to the true properties of the Milky Way. So, in
general, such MW parameters as the morphological
type, luminosity, color indices, structural parameters
(size, bar, bulge, disk), bulge-to-total ratio, stellar
mass, and rotation velocity were used in various com-
binations for comparison with other galaxies.

On the other hand, when we use more selec-
tion criteria, we add little or no MWA galaxies (see,
Boardman et al. [5]). For example, Fraser et al. [20]
found only 176 MWA galaxies among over a million
of the SDSS DR7 galaxies, selecting them by stellar
mass M., morphology, and bulge-to-disk ratio and
using Galaxy Zoo morphological classification. They
concluded that the Milky Way is a galaxy with a low
star formation rate log (SFR,,,/Mg, yr—1) = 0.22,
but it is not unusual when compared to similar gal-
axies (the same as [61] who estimated this value as
0.25). Boardman et al. [4] did not find MWA galax-
ies in the MaNGA survey when they combined four
parameters: stellar mass, star-formation rate, bulge-
to-disk ratio, and disk scale length. Tuntipong et al.
[61] used four selection parameters (stellar mass M.,
star formation rate SFR, bulge-to-total ratio B/T,
and disk effective radius Reﬂ) for identifying MWAs
in the SAMI Galaxy Survey. Combinations of all the
parameters allowed them to find 10 MWAs in the
GAMA and Cluster regions of the SAMI survey and
to outline that B/T'is the least important out of them.
We also note that MW has stable rotation periods:
for the general spiral pattern of 220—360 Myr [21],
for the bar pattern of 160—180 Myr [57], and for the
Sun’s Galactic position of 212 Myr [50].

Pilyugin et al., in a series of works [43, 44, 46],
developed the newest approach for the MWAs selec-
tion. The oxygen abundance characterizes an astra-
tion level (a fraction of matter converted into a star)
and, consequently, is an indicator of how far a galaxy
has gone forward in its (chemical) evolution. They
considered a sample of about 500 galaxies from the
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MaNGA survey with selection criteria for three pa-
rameters (stellar mass M., optical radius R,s, rota-
tion velocity V, , to determine the oxygen abundance
in the center (O/H), and at the isophotal radius
(O/H) gy5- They found that the (O/H)g,s in the
Milky Way is appreciably lower than in other galax-
ies with similar value at the center (O/H),. So, they
revealed that the most prominent feature of the MW
is the low metallicity at the periphery and identified
four galaxies (NGC 3521, NGC 4651, NGC 2903,
and MaNGA galaxy M-8341-09101) that can be
considered as Milky Way twins.

Such results suggest that some MW parameter(s)
can be unusual or their combination can be rare. In
this sense, we propose an advanced approach to the
search of MWAs by pointing out as much as possible
indicators of MW features (Section 2). It allows to
enlarge selection criteria for MWA definition as well
as to consider wider at what the properties of MW
look like to the outside extragalactic observer. The
aim of our article is to present the project “The Milky
Way galaxies-analogues™” (2024—2026) supported by
the National Research Fund of Ukraine.

2. CONCEPT OF AN ADVANCED APPROACH

Being a typical barred spiral galaxy, the Milky Way
has several meaningful observational features of its
evolution. In our opinion, using multiple selection
criteria for finding MWAs is a more effective ap-
proach, which enlarges the common picture of MW
and MWAs’ physical properties, diminishes potential
biases in MWA studies, and enriches our knowledge
for identifying and optimizing the necessary/suffi-
cient conditions for the definition of MWAS galaxies.

Below, we clarify and briefly discuss the MW pa-
rameters and observational features both mostly con-
sidered (Section 2.1) and those we would like to pro-
pose (Section 2.2, 2.3) for MWASs’ search.

2.1. Morphological and photometric parameters,
scale length of structures, metallicity, stellar mass,
and star formation rate. The morphological type of
our Galaxy was determined as SAB(rs)bc [9]. The
SBc type (7 = 4) is usually considered for the study
of MWAs.

Main structural parameters: giant disk galaxy hav-
ing four {two ?} spiral arms with twist angles, bar,
bulge, inner ring, and halo.
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Metallicity as a key parameter of chemodynamical
evolution reveals many factors that define the MW’s
structural parameters. Hammer et al. [26] found a
systematic offset in the position of the Milky Way in
the parameter space within 1o for all Tully-Fisher
ratios, which shows a significant deficiency in stel-
lar mass, angular momentum, disk radius, and Fe/H
in the stars in the periphery region at a given V, .. In
contrast, McGaugh [37] suggests that the Milky Way
is a normal spiral galaxy obeying the Tully—Fisher
and the size-mass relation. Licquia et al. [33] exam-
ined the three-dimensional diagram (V, , — lumi-
nosity — radius) and found that the Milky Way lies
farther from this relation than around 90 % of other
spiral galaxies, yielding evidence that the MW is ex-
tremely compact for its rotation velocity and lumi-
nosity possessing a cold bar [52]. In this context, we
also note the recent work by Queiroz et al. [51] with
the GAIA data on the differences of the stellar popu-
lation in the MW bar and bulge.

The chemical properties of the MW are not typical
in several aspects. On the one hand, the MW is one of
the most oxygen-rich spiral galaxies in the sense that
the metallicity in the center is close to the maximum
attainable value [47]. On the other hand, the oxygen
abundance along the optical radius is noticeably low-
er than in galaxies with a similar central metallicity
[46]. At the same time, the MW has a very steep me-
tallicity gradient compared to most giant spiral galax-
ies, in which the change in oxygen excess along the
optical radius is quite small [45].

Chandra et al. [6] considered the MW three-phase
chemodynamical evolution exploring a sample of
10 million red giant stars with low-resolution Gaia
XP spectra and operating with angular momentum
as a function of metallicity. They compared it with
those of MWAs from the Illustris (TNG50) cosmo-
logical simulation taking into account these three
MW evolutionary phases: the disordered protogalaxy,
the kinematically hot old disk, and the kinemati-
cally cold young disk. They proposed three physical
mechanisms for explanation (spinup, merger, and
cooldown), which satisfies conditions of the Gaia-
Sausage-Enceladus (GSE) last major merger with
our Galaxy at z ~ 2. In the frame of this three-phase
scenario, Semenov et al. [56] proposed an explana-
tion of yet one MW feature: the MW disk was formed
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quite early, within the first few billion years of its evo-
lution. It is consistent with the overall population of
MWA-mass disk galaxies. We note that the thickness-
es of thin and thick disks 220—450 pc and 2.6 kpc are
usually considered, respectively [3].

Among other MW chemodynamical features,
which were compared with MWAs obtained in
TNG50 cosmological simulations, we note recent
fundamental research by Rix et al. [54]. Using Gaia
XPspectra, they found a universal feature for MW
and MWAs: their extremely metal-rich giant stars
(M/Hyp > 0) are mostly concentrated in a compact
central dynamically hot knot with R < 1.5 kpc. Tak-
ing into account that MW metal-poor stars are also
concentrated in the central few kiloparsecs region,
future studies with the SDSS-V, as these authors
write, will allow us to estimate the stellar population
more precisely. Another “side” of our Galaxy, the
halo at 10—80 kpc, was studied by Han et al. [27]
with the H3 Survey data. They found the strong kine-
matic asymmetries of distributions and, consequent-
ly, cold and kinematically hot fractions of stars with
radial velocity dispersions of 70 km/s and 160 km/s,
respectively.

As for the inner ring feature, Wylie et al. [70] in
their recent meticulous work with a sample of APO-
GEE DRI16 inner Galaxy stars, studied the outer
bar region. They considered the orbits of stars in the
“‘state-of-the-art bar-bulge potential with a slow pat-
tern speed”, constructing the maps of their metallic-
ity [Fe/H], density, and ages. They conclude that the
MW inner ring-like structure is, on average middle-
age and has a metal-rich gradient along the bar’s ma-
jor axis. Their position is between the planar bar and
corotation.

The following photometric parameters, stellar
mass, star formation rate are usually taken into ac-
count for the search of MWAs: luminosity class (II);
isophotal diameter D,5 = 26.8 kpc [23] with adopting
a central surface brightness p, = 22 B-mag/arcsec 2
and a disk scale length 2 = 5 kpc; the isophotal radius
is usually adopted as R,5 = 12 kpc; the stellar disk up
to 1.35 kpc [53].

The mass of our Galaxy has various estimates de-
pending on methods and entire region for this esti-
mate: from 8.5x10'! Mg, [42] to 1.4x10'2 M, [24].
The virial mass at Galactocentric distance less than
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21.1 kpe is M, = 0.2x10'2 M, (see, for example,
Watkins et al. [69] for estimation by halo globu-
lar clusters motion); stellar mass M,= 5x1010M Sun
(log M. = 10.7) with linear scale (B/T, Reﬁp) [61];
number of stars N, = (1—4)x10!! when the disk stars
were detected with Gaia DR2 even beyond 25 kpc
from the MW center; dark matter density at Sun’s
position Mj,, = 0.0088 Mg, pc—3 [29] but a dark
matter area may extend up to ~ 600 kpc [7]; star for-
mation rate SFR = 1.78 £ 0.36 M, , yr-l[61].

In this context, the Illustris(TNGS50) simula-
tion, containing approximately 100 MWA galaxies
by mass, could be used to define their evolutionary
tracks in order to discover whether there is a typical
scenario of evolution that leads to the formation of
MWA galaxies or to estimate the probabilities of dif-
ferent scenarios of their formation. The result of this
task will be exploited to select the most likely sce-
nario (scenarios) for a search of MWA galaxies at the
higher redshifts.

2.2. Nuclear activity, supermassive black hole, 3D-
kinematics of stars. We propose to search for such a
parameter of the Milky Way in the parameter space,
which shows the maximum deviation from the cor-
responding relation for spiral galaxies. This param-
eter is used as the main criterion for selecting MWA
galaxies. Because the search for MWA galaxies is fea-
sible using any parameters of the MW, we propose to
increase their number both for the search for MWAs
and for the specification of their properties.

In most of the research, as you see, the MW gal-
axies-analogues were selected based on two/three
parameters: stellar mass and some additional pa-
rameter, usually bulge-to-disk (bulge-to-total) ra-
tio, the star formation rate. In addition to these MW
features, we would like to highlight the weak nuclear
activity and the low mass of the supermassive black
hole (SMBH), 3D-kinematics for the rotation veloc-
ity, isolation criteria, and several known multiwave-
length properties.

The 3D-kinematics of a star’s movement can serve
as an indicator for the search for MWAs. In series
of works, Fedorov et al. [17—18], Dmytrenko et al.
[10], Denyshchenko et al. [8] investigated the region
of the Milky Way in the coordinate ranges 120° <
<0<240°, 0kpec < R< 16 kpc, —1 kpc < Z< 1 kpc
with Gaia EDR3 using samples of red giants and sub-
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giants whose centroids are in the MW plane. For the
first time, these authors derived the dependence of
their kinematic parameters on the Galactocentric
coordinates as well as the parameters for rotational
velocity 0V/06 and 0V, /00.

Our approach includes the task of investigating the
3-D kinematics of a large part of the MW based on
GAIA DR3 data within the Ogorodnikov — Milne
model and using the determined strain and rotation
rate tensors to establish the spiral pattern of the MW.
The studied galactic space will be bounded by the
Galactocentric coordinates of 4 kpc < R < 14 kpc,
140° < 0 < 220° and —3 kpc < Z < 3 kpc. This is the
region dominated by older stars, which are more
evenly distributed than younger blue stars. Using the
obtained components of the spatial velocities of the
centroids and kinematic parameters, we will able to
construct V, (R) and their slope within this region
and to determine the parameters of the spiral arms,
including the coordinates of the vertices of various
star regions. These results can serve as characteris-
tic features for applying machine learning in tasks
of searching MWAs with kinematically cold rotating
disk.

Let us also remind that our Galaxy possesses both
a weak nuclear activity and a small mass of the super-
massive black hole: Mg, p,, = 4.61x10% M, (2, 22].
The central object Sgr A* usually shows quiescent
state, but sometimes does show rapid outbursts or
flares of radiation (see e.g. [13, 25], and references
therein). This is the case of a low-luminosity galactic
nucleus, radiating at ~ 10~8 of the Eddington level.
In the such regime of activity, the MW core has no
typical AGN-like gas-dusty torus but has so-called
“circumnuclear disk” (CND) as a torus-like dusty-
molecular gas around Sgr A* extending from ~1 pc to
~5pc (see, e.g. [16, 32, 59]).

2.3. Isolation criterion. We accept as a working
hypothesis that the MW’s features are caused by its
evolution without major merging over the last 10 Gyr.
We consider the isolation criterion of MWA galaxies
on the scales of neighboring galaxies to study the role
of satellites in the evolution of MWA galaxies.

The Milky Way can be considered an isolated ga-
laxy during the long time of its evolution. The results
of the high-resolution N-body simulations of last
major merger by Naidu et al. [41] allowed in particu-
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lar to determine both the orbital parameters of merg-
ing with two density profile breaks at ~15—18 kpc
and 30 kpc as well as distribution of stellar and dark
matter mass between GSE and Milky Way.

What is about minor mergers? How do the Magel-
lanic Clouds (the gas reservoirs) influence the evolu-
tion of MW? Van den Bergh [62] assumes that the
Magellanic Clouds may be interlopers from a remote
part of the Local Group rather than true satellites
of the Milky Way, i.e., the Large Magellanic Cloud
(LMC) is on its first approach to the MW. Font et al.
[19] and Jones et al. [28] investigated the significance
of satellite effects and analyzed star formation rates
in galaxy systems similar to the MW system using the
projected distances between galaxies.

What is the future collision of the Milky Way with
Andromeda galaxy [14, 63] in around 5 Gyr? Sawala
et al. [55] used the Gaia and HST observational data
to determine the dynamical process of merging the
MW-M31 system. These authors predicted that M33
and LMC, as other members of the Local Group,
can make this merger less likely because the LMC or-
bit runs perpendicular to the MW-M31 system orbit.
Moreover, they found that existing uncertainties in
the present kinematic and dynamic (masses) data for
Local Group galaxies give a 50 % — 50 %probabil-
ity of MW-M31 merger during the next 10 Gyr. Not
only the correct distance moduli determination (see,
for example, [15]) and the MW-M31 orbital geom-
etry [1] but also the position of the Local Void lying
adjacent to the Local Group [35, 36, 60] and the MW
moving away from this void can play a certain role.
To study the role of interaction with neighboring
(dwarf/normal) satellite-galaxies in the evolution of
MWAES, the isolation parameters for nearby galaxies
are available (see, Sorgho et al. [58] for the AMIGA
project). For example, the isolated galaxies selected
from the 2MIG catalog exhibit multiwavelength prop-
erties, which are characterized by weak nuclear activ-
ity as compared with galaxies in the dense environ-
ment [11, 38, 48, 68] and faint luminosity in spectral
ranges, especially in radio- and X-ray ranges [49, 64].

The multiwavelength data for exploiting spectral
energy distributions (SED) of MWAs are also gath-
ered in various observational sky surveys obtained by
ground-based and space telescopes [65]. Therein, in
our opinion, the galaxies most MW-like (MW twins)
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deserve close attention. For example, the NGC 3521
is one of such MW twins as regarding baryon mass,
rotation velocity, scaled disk length, and metallic-
ity. Its multiwavelength observational data, includ-
ing from the Ukrainian UTR-2 radio telescope in
the decameter range [31], will be quite useful both
to have a full SED of the NGC 3521 and to explain
some MW features as the Galactic background radio
emission or the North Polar Spur [39]. The archive of
the UTR-2 radio telescope contains large volumes of
24-hour survey data for 4-5 positions on inclination.
An interesting expected result to find the view of
the MW from the outside observer can be achieved
using machine learning for classification by a range
of photometric parameters (morphology details, op-
tical radius, luminosity concentration index to the
center, color indices, etc.) and image features (bar
and bulge, structure of spiral arms, inclination angle,
etc.) classification [12, 30, 66, 67] as well as the ob-
tained 3-D kinematics of the MW red-giant and sub-
giant stars, and the parameters of multiwavelength
radiation of MWAs as additional indicators.

3. CONCLUSION

Our project for searching MWAs includes several re-
search areas: 3D kinematics of stars of the MW, se-
lected multiwavelength properties of MWA galaxies,
including NGC 3521 as the most MW-like galaxy;
the activity of the nuclei and SMBH masses of MWA
galaxies; the gravitational coupling of selected MWA
galaxies and the analysis of the significance of the in-
fluence of dwarf neighboring galaxies; cosmological
simulations of the evolutionary tracks of MWA gal-
axies; search for the appearance of the MW for the
outside observe by machine learning, which is based
on the data of MWA-galaxies; the revealing for oth-
er features of the MW in comparison with the MWA
galaxies.

Samples of candidates for the role of the MWAs
should contain the maximum possible number of

MW features. This allows for optimizing the neces-
sary and sufficient conditions for revealing MWAs.
The number of candidates for MWA galaxies will
increase quantitatively, and their study will, in turn,
help to understand the appearance and features of
the MW as an extragalactic object. Cosmological
simulations TNG50, in turn, allow clarifying wheth-
er single/different evolutionary tracks lead to the for-
mation of the MWA.

The Milky Way galaxies-analogues provide an al-
ternative insight into the various pathways that lead
to the formation of disk galaxies with properties simi-
lar to the Milky Way. Such an approach will make it
possible to widely formulate the necessary and suffi-
cient conditions for the detection of MWA galaxies as
well as to reveal other MW multiwavelength features.
In our cosmological co-moving volume, the MWAs
can be identified in solving the multi-parameter task
of optimizing those quantitative and qualitative char-
acteristics that should be as similar as possible to the
MW features. This circumstance reflects the fact that
available samples of MWAs contain the galaxies in
the redshift range of the Local Universe.

Determining what our Galaxy (our big house)
looks like from the outside is of great importance for
astrophysics and astronomy’s popularization. Man-
kind has always been interested in whether our place
of residence in the Universe is special or wheth-
er there are other similar places. First, there was a
search for planets near other stars; after discovering
the first exoplanets, the search began for terrestrial
planets and planetary systems similar to the Solar
System. The search for for MWA galaxies is the next
step on this path.

Acknowledgments. The authors gratefully thank
Prof. L. S. Pilyugin for the helpful discussion and to
the anonymous Referee. The work is supported by
the National Research Fund of Ukraine (Project No.
2023.03/0188, 2024—2026).

86 ISSN 1561-8889. Kocmiuna nayka i mexnonoeia. 2024. T. 30. No 4



An advanced approach to the definition of the “Milky Way galaxies-analogues”

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Banik, 1., Thies, I., Truelove, R., et al. (2022). 3D hydrodynamic simulations for the formation of the Local Group satellite
planes. Mon. Notic. Roy. Astron. Soc., 513, Issue 1, 129—158. https://doi.org/10.1093 /mnras/stac722

Becerra-Vergara E. A., Arghelles C. R., Krut A., et al. (2021). Hinting a dark matter nature of Sgr A* via the S-stars. Mon.
Notic. Roy. Astron. Soc. Lett., 505, Issue 1, L64—168. https://doi.org/10.1093/mnrasl/slab051

. Bland-Hawthorn, J., Gerhard, O. (2016). The galaxy in context: Structural, kinematic, and integrated properties. Annu.

Rev. Astron. and Astrophys., 54, 529—596. https://doi.org/10.1146/annurev-astro-081915-023441

Boardman, N., Zasowski, G., Seth, A., et al. (2020). Milky Way analogues in MaNGA: multiparameter homogeneity and
comparison to the Milky Way. Mon. Notic. Roy. Astron. Soc., 491, Issue 3, 3672—3701. https://doi.org/10.1093/mnras/
stz3126

Boardman, N., Zasowski, G., Newman, J. A., et al. (2020). Are the Milky Way and Andromeda unusual? A comparison with
Milky Way and Andromeda analogues. Mon. Notic. Roy. Astron. Soc., 498, Issue 4, 4943—4954. https://doi.org/10.1093/
mnras/staa2731

Chandra, V., Semenov, V. A., Rix, H.-W., et al. (2024). The three-phase evolution of the Milky Way. Astrophys. J., 972, Issue
1,id.112, 16 p. https://doi.org/10.3847/1538-4357 /ad5b60

Deason, A. J., Fattahi, A., Frenk, C. S., et al. (2020). The edge of the Galaxy. Mon. Notic. Roy. Astron. Soc., 496, Issue 3,
3929—3942. https://doi.org/10.1093/mnras/staal 711

Denyshchenko, S. 1., Fedorov, P. N., Akhmetov, V. S., et al. (2024). Determining the parameters of the spiral arms of the
Galaxy from kinematic tracers based on Gaia DR3 data. Mon. Notic. Roy. Astron. Soc., 527, Issue 1, 1472—1482. https://
doi.org/10.1093/mnras/stad3350

de Vaucouleurs, G., Pence, W. D. (1978). Outsider’s view of the galaxy: Photometric parameters, scale lengths, and absolute
magnitudes of the spheroidal and disk components of our galaxy. Astron. J., 83, 1163—1173. https://doi.org/10.1086/112305
Dmytrenko, A. M., Fedorov, P. N., Akhmetoy, V. S., et al. (2023). The vertex coordinates of the Galaxy’s stellar systems
according to the Gaia DR3 catalogue. Mon. Notic. Roy. Astron. Soc., 521, Issue 3, 4247—4256. https://doi.org/10.1093/
mnras/stad823

Dobrycheva, D. V., Vavilova, 1. B., Melnyk, O. V., Elyiv, A. A. (2018). Morphological type and color indices of the SDSS
DR9 galaxies at 0.02 < z<0.06. Kinematics and Physics of Celestial Bodies, 34, Issue 6, 290. doi: 10.3103/S0884591318060028
Dobrycheva, D., Khramtsov, V., Vasylenko, M., et al. (2023). The CNN classification of galaxies by their image morphologi-
cal peculiarities. /AU Proc. (The Predictive Power of Computational Astrophysics as a Discovery Tool. Eds. D. Bisikalo, D.
Wiebe, C. Boily), 362, 111—115. https://doi.org/10.1017/S1743921322001259

Dodds-Eden, K., Gillessen, S., Fritz, T. K., et al. (2011). The two states of Sgr A* in the near-infrared: bright episodic
flares on top of low-level continuous variability. Astrophys. J., 728, Issue 1, id. 37, 13 p. https://doi.org/10.1088/0004-
637X/728/1/317.

Dubinski, J., Mihos, J. C., Hernquist, L. (1996). Using tidal tails to probe dark matter halos. Astrophys. J., 462, 576. https://
doi.org/10.1086/177174

Elyiv, A. A., Melnyk, O. V., Vavilova, I. B., et al. (2020). Machine-learning computation of distance modulus for local galax-
ies. Astron. and Astrophys., 635, id. A124, 7 p. https://doi.org/10.1051/0004-6361/201936883

Etxaluze, M., Smith, H. A., Tolls, V., et al. (2011). The galactic center in the far-infrared. Astron. J., 142, Issue 4, id. 134,
9 p. https://doi.org/10.1088/0004-6256/142/4/134.

Fedorov, P. N., Akhmetov, V. S., Velichko, A. B., et al. (2021). Kinematics of the Milky Way from the Gaia EDR3 red giants
and subgiants. Mon. Notic. Roy. Astron. Soc., 508, Issue 2, 3055—3067. https://doi.org/10.1093/mnras/stab2821

Fedorov, P. N., Akhmetov, V. S., Velichko, A. B., et al. (2023). Mapping the kinematic parameters of the Galaxy from the
Gaia EDR3 red giants and sub-giants. Mon. Notic. Roy. Astron. Soc., 518, Issue 2, 2761—2774. https://doi.org/10.1093/
mnras/stac3218

Font, A. S., McCarthy, I. G., Belokurov, V. (2021). Can cosmological simulations capture the diverse satellite populations
of observed Milky Way analogues? Mon. Notic. Roy. Astron. Soc., 505, Issue 1, 783—801. https://doi.org/10.1093/mnras/
stab1332

Fraser-McKelvie, A., Merrifield, M., Arag\n-Salamanca, A. (2019). From the outside looking in: what can Milky Way
analogues tell us about the star formation rate of our own galaxy? Mon. Notic. Roy. Astron. Soc., 489, Issue 4, 5030—5036.
https://doi.org/10.1093 /mnras/stz2493

Gerhard, O. (2011). Pattern speeds in the Milky Way. Memorie della Societa Astronomica Italiana Suppl., 18, 185. https://doi.
org/10.48550/arXiv.1003.2489

Ghez, A. M., Salim, S., Weinberg, N. N., et al. (2008). Measuring distance and properties of the Milky Way’s central super-
massive black hole with stellar orbits. Astrophys. J., 689, Issue 2, 1044—1062. https://doi.org/10.1086,/592738

ISSN 1561-8889. Kocmiuna nayka i mexwonoeis. 2024. T. 30. Ne 4 87



1. B. Vavilova, P. M. Fedorov, D. V. Dobrycheva, O. Sergijenko, A. A. Vasylenko, A. M. Dmytrenko, V. P. Khramtsov, et al.

23.
24.
25.
26.
27.
28.
29.

30.

31.
32.
33.

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

45.
46.

47.

88

Goodwin, S. P., Gribbin, J., Hendry, M. A. (1998). The relative size of the Milky Way. Observatory, 118, 201—208.

Grand, R. J. J., Deason, A. J., White, S. D. M., et al. (2019). The effects of dynamical substructure on Milky Way mass esti-
mates from the high-velocity tail of the local stellar halo. Mon. Notic. Roy. Astron. Soc. Lett., 487, Issue 1, L72—L76. https://
doi.org/10.1093/mnrasl/s1z092

Genzel, R., Eisenhauer, E, Gillessen, S. (2010). The Galactic Center massive black hole and nuclear star cluster. Rev. Mod-
ern Phys., 82, Issue 4, 3121—3195. https://doi.org/10.1103/RevModPhys.82.3121

Hammer, E, Puech, M., Chemin, L., et al. (2007). The Milky Way, an exceptionally quiet galaxy: Implications for the for-
mation of spiral galaxies. Astrophys. J., 662, Issue 1, 322—334. https://doi.org/10.1086/516727

Han, J. J., Conroy, C., Zaritsky, D., et al. (2024). Our halo of ice and fire: Strong kinematic asymmetries in the Galactic
Halo. https://10.48550/arXiv.2406.12969

Jones, M. G., Sand, D. J., Karunakaran, A., et al. (2024). Gas and star formation in satellites of Milky Way analogs. Astro-
phys. J., 966, Issue 1, id. 93, 18 p. https://doi.org/10.3847/1538-4357 /ad3076

Kafle, P. R., Sharma, S., Lewis, G. E, et al. (2014). On the shoulders of giants: Properties of the stellar halo and the Milky
Way mass distribution. Astrophys. J., 794, Issue 1, id. 59, 17 p. https://doi.org/10.1088/0004-637X/794/1/59

Khramtsov, V., Vavilova, I. B., Dobrycheva, D. V., et al. (2022). Machine learning technique for morphological classifica-
tion of galaxies from the SDSS. I11. Image-based inference of detailed features. Space Science and Technology, 28, Issue 5,
27—55. https://doi.org/10.15407 /knit2022.05.027

Konovalenko, A., Sodin, L., Zakharenko, V., et al. (2016). The modern radio astronomy network in Ukraine: UTR-2,
URAN and GURT. Exp. Astron., 42, Issue 1, 11—48. https://doi.org/10.1007 /s10686-016-9498-x

Lau, R. M., Herter, T. L., Morris, M. R. et al. (2013). SOFIA/FORCAST Imaging of the circumnuclear ring at the galactic
center. Astrophys. J., 775, Issue 1, id. 37, 16 p. https://doi.org/10.1088/0004-637X/775/1/37.

Licquia, T. C., Newman, J. A., Bershady, M. A. (2016). Does the Milky Way obey spiral galaxy scaling relations? Astrophys.
J., 833, Issue 2, article id. 220, 15 p. https://doi.org/10.3847/1538-4357/833/2/220

Licquia, T. C., Newman, J. A., Brinchmann, J. (2015). Unveiling the Milky Way: A new technique for determining the
optical color and luminosity of our Galaxy. Astrophys. J., 809, Issue 1, article id. 96, 19 p. https://doi.org/10.1088/0004-
637X/809/1/96

Lindner, U., Einasto, J., Einasto, M., et al. (1995). The structure of supervoids. I. Void hierarchy in the Northern Local
Supervoid. Astron. and Astrophys., 301, 329. https://doi.org/10.48550/arXiv.astro-ph/9503044

Mazurenko, S., Banik, I., Kroupa, P, et al. (2024). A simultaneous solution to the Hubble tension and observed bulk flow
within 250 h-1 Mpc. Mon. Notic. Roy. Astron. Soc., 527, Issue 3, 4388—4396. https://doi.org/10.1093/mnras/stad3357
McGaugh, S. S. (2016). The surface density profile of the Galactic disk from the terminal velocity curve. Astrophys. J., 816,
Issue 1, article id. 42, 18 p. https://doi.org/10.3847/0004-637X/816/1/42

Melnyk, O., Karachentseva, V., Karachentsev, 1. (2015). Star formation rates in isolated galaxies selected from the Two-
Micron All-Sky Survey. Mon. Notic. Roy. Astron. Soc., 451, Issue 2, 1482—1495. https://doi.org/10.1093/mnras/stv950
Miroshnichenko, A. P. (2009). The North Polar Spur as a jet of our Galaxy. Radio Phys. and Radio Astron., 14, 5. https://doi.
org/10.1615/RadioPhysicsRadioAstronomy.v1.i2.10

Mutch, S.J., Croton, D. J., Poole, G. B. (2011). The mid-life crisis of the Milky Way and M31. Astrophys. J., 736, Issue 2,
article id. 84, 11 p. https://doi.org/10.1088/0004-637X/736/2/84

Naidu, R. P, Conroy, C., Bonaca, A., et al. (2021). Reconstructing the Last Major Merger of the Milky Way with the H3
survey. Astrophys. J., 923, Issue 1, article id. 92, 24 p. https://doi.org/10.3847/1538-4357 /ac2d2d

PeZarrubia, J., Ma, Y.-Z., Walker, M. G., McConnachie,A. (2014). A dynamical model of the local cosmic expansion.
Mpc. Mon. Notic. Roy. Astron. Soc., 443, Issue 3, 2204—2222. https://doi.org/10.1093/mnras/stu879

Pilyugin, L. S., Grebel, E. K., Kniazev, A. Y. (2014). The abundance properties of nearby late-type galaxies. 1. The data.
Astron. J., 147, Issue 6, article id. 131, 24 p. https://doi.org/10.1088,/0004-6256,/147/6/131

Pilyugin, L. S., Grebel, E. K., Zinchenko, 1. A., et al. (2019). Relations between abundance characteristics and rotation
velocity for star-forming MaNGA galaxies. Astron. and Astrophys., 623, id. A122, 28 p. https://doi.org/10.1051/0004-
6361/201834239

Pilyugin, L. S., TautvaiOien , G. (2024). Two sequences of spiral galaxies with different shapes of the metallicity gradients.
Astron. and Astrophys., 682, id. A41, 20 p. https://doi.org/10.1051/0004-6361,/202347032

Pilyugin, L. S., TautvaiOien , G., Lara-L\pez, M. A. (2023). Searching for Milky Way twins: Radial abundance distribution
as a strict criterion. Astron. and Astrophys., 676, id. A57, 28 p. https://doi.org/10.1051/0004-6361/202346503

Pilyugin, L. S., Thuan, T. X., VRIchez, J. M. (2007). On the maximum value of the cosmic abundance of oxygen and the
oxygen yield. Mon. Notic. Roy. Astron. Soc., 376, Issue 1, 353—360. https://doi.org/10.1111/j.1365-2966.2007.11444.x

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2024. T. 30. No 4



An advanced approach to the definition of the “Milky Way galaxies-analogues”

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.
6l.

62.

63.

64.

65.

66.

67.

68.

69.

Pulatova, N. G., Vavilova, I. B., Sawangwit, U., et al. (2015). The 2MIG isolated AGNs - I. General and multiwavelength
properties of AGNs and host galaxies in the northern sky. Mon. Notic. Roy. Astron. Soc., 447, Issue 3, 2209—2223. https://
doi.org/10.1093/mnras/stu2556

Pulatova, N. G., Vavilova, I. B., Vasylenko, A. A., et al. (2023). Radio properties of the low-redshift isolated galaxies with
active nuclei. Kinematika i fizika nebesnyh tel, 39, Issue 2, 47—72. https://doi.org/10.15407 /kfnt2023.02.047

Reid, M. J., Menten, K. M., Brunthaler, A., et al. (2019). Trigonometric parallaxes of high-mass star-forming regions: Our
view of the Milky Way. Astrophys. J., 885, Issue 2, article id. 131, 18 p. https://doi.org/10.3847/1538-4357 /ab4al 1

Queiroz, A. B. A., Chiappini, C., Perez-Villegas, A., et al. (2021). The Milky Way bar and bulge revealed by APOGEE and
Gaia EDR3. Astron. and Astrophys., 656, id. A156, 27 p. https://doi.org/10.1051/0004-6361/202039030

Quillen, A. C. (1996). Morphology of cold bars in early and late type galaxies. https://doi.org/10.48550/arXiv.astro-
ph/9609041

Rix, H.-W.,, Bovy, J. (2013). The Milky Way’s stellar disk. Mapping and modeling the Galactic disk. Astron. and Astrophys.
Rev., 21, article id. 61. https://doi.org/10.1007/s00159-013-0061-8

Rix, H.-W., Chandra, V., Zasowski, G., et al. (2024). The extremely metal rich knot of stars at the heart of the Galaxy.
https://doi.org/10.48550/arXiv.2406.01706

Sawala, T., Delhomelle, J., Deason, A. J., et al. (2024). Apocalypse when? No certainty of a Milky Way — Andromeda col-
lision. https://doi.org/10.48550/arXiv.2408.00064

Semenov, V. A., Conroy, C., Chandra, V., et al. (2024). Formation of Galactic Disks. I. Why Did the Milky Way’s Disk Form
Unusually Early? Astrophys. J., 962, Issue 1, id. 84, 18 p. https://doi.org/10.3847/1538-4357 /ad150a

Shen, J., Zheng, X.-W. (2020). The bar and spiral arms in the Milky Way: structure and kinematics. Res. in Astron. and As-
trophys., 20, Issue 10, id. 159, 18 p. https://doi.org/10.1088/1674-4527/20/10/159

Sorgho, A., Verdes-Montenegro, L., Hess, K. M., et al. (2024). The AMIGA sample of isolated galaxies — effects of envi-
ronment on angular momentum. Mon. Notic. Roy. Astron. Soc., 528, Issue 2, 1630—1654. https://doi.org/10.1093/mnras/
stae006

Tsuboi, M., Kitamura, Y., Uehara, K., et al. (2018). ALMA view of the circumnuclear disk of the Galactic Center: tid-
ally disrupted molecular clouds falling to the Galactic Center. Publ. Astron. Soc. Jap., 70, Issue 5, id. 85, 25 p. https://doi.
org/10.1093 /pasj/psy080

Tully, R. B., Fisher, J. R. (1987). Nearby galaxies Atlas. Cambridge: University Press.

Tuntipong, S., van de Sande, J., Croom, S. M., et al. (2024). The SAMI galaxy survey: on the importance of applying mul-
tiple selection criteria for finding Milky Way analogues. Mon. Notic. Roy. Astron. Soc., 533, Issue 4, 4334—4359. https://doi.
org/10.1093/mnras/stae2042

van den Bergh, S. (2006). The Dwarf Satellites of M31 and the Galaxy. Astron. J., 132, Issue 4, 1571—1574. https://doi.
org/10.1086/507332

van der Marel, R. P, Fardal, M. A., Sohn, S. T, et al. (2019). First Gaia dynamics of the Andromeda System: DR2 proper
motions, orbits, and rotation of M31 and M33. Astrophys. J., 872, Issue 1, article id. 24, 14 p. https://doi.org/10.3847/1538-
4357/ab001b

Vasylenko, A. A., Vavilova, 1. B., Pulatova, N. G. (2020). Isolated AGNs NGC 5347, ESO 438-009, MCG-02-04-090,
and J11366-6002: Swift and NuSTAR joined viewl. Astron. Nachr., 341, Issue 8, 801—811. https://doi.org/10.1002/
asna.202013783

Vavilova, 1., Dobrycheva, D., Vasylenko, M., et al. (2020). Multiwavelength extragalactic surveys: Examples of data mining.
Knowledge discovery in big data from astronomy and Earth observation, 1st Edition. Ed. by P. Skoda and A. Fathalrahman.
Elsevier, 307—323. https://doi.org/10.1016/B978-0-12-819154-5.00028-X

Vavilova, I. B., Dobrycheva, D. V., Vasylenko, M. Y., et al. (2021). Machine learning technique for morphological classifi-
cation of galaxies from the SDSS. I. Photometry-based approach. Astron. and Astrophys., 648, id. A122, 14 p. https://doi.
org/10.1051/0004-6361,/202038981

Vavilova, 1. B., Khramtsoy, V., Dobrycheva, D. V., et al. (2022), Machine learning technique for morphological classification
of galaxies from SDSS. II. The image-based morphological catalogs of galaxies at 0.02 < z < 0.1. Space Science and Technol-
0gy, 28, Issue 1, 3—22. https://doi.org/10.15407/knit2022.01.003

Vol’vach, A. E., Vol’vach, L. N., Kut’kin, A. M., et al. (2011). Multi-frequency studies of the non-stationary radiation of the
blazar 3C 454.3. Astron. Rep., 55, Issue 7, 608—615. https://doi.org/10.1134/S1063772911070092

Watkins, L. L., van der Marel, R. P,, Sohn, S. T., et al. (2019). Evidence for an Intermediate-mass Milky Way from Gaia
DR2 Halo Globular Cluster Motions. Astrophys. J., 873, Issue 2, article id. 118, 13 p. https://doi.org/10.3847/1538-4357/
ab089f

ISSN 1561-8889. Kocmiuna nayka i mexwonoeis. 2024. T. 30. Ne 4 89



1. B. Vavilova, P. M. Fedorov, D. V. Dobrycheva, O. Sergijenko, A. A. Vasylenko, A. M. Dmytrenko, V. P. Khramtsov, et al.

70. Wylie, S. M., Clarke, J. P, Gerhard, O. E. (2022). The Milky Way’s middle-aged inner ring. Astron. and Astrophys., 659, id.
A80, 8 p. https://doi.org/10.1051/0004-6361/202142343

Cmamms naditiwna 0o pedakuii 16.08.2024 Received 16.08.2024
[licas doonpayrosanns 17.09.2024 [puiinsamo Revised 17.09.2024
do dpyky 17.09.2024 Accepted 17.09.2024

1. B. Basunosa', n-p di3.-Mar. Hayk, ipod., 3aB. Binminy
E-mail: irivav@mao.kiev.ua

I1. M. Dedopos?, n-p di3.-MaT. HayK, 3aB. 1a0.

JI. B. Jlobpuuesa', kaua. dis.-Mar. HayK, cTaplil. HayK. CIiBpoO.
0. M. Cepeicuko', kaun. i3.-Mar. HayK, cTapIil. HayK. CIIiBpoo.
A. A. Bacunenko!, kaun. ¢is.-Mar. HayK, cTaplil. HayK. CIiBpoO.
A. M. JImumpenko?, kaug. ¢i3.-Mar. HayK, HayK. CITiBpo0.

B. I1. Xpamyo6?, aciipaHT

O. B. Komnanieys', Mon1. HayK. criiBpo6.

! TonroBHa acTpoHOMiuHa o6cepBaTopist HalioHanpHOT akanemii Hayk YKpaiHu

ByJI. AKaznemika 3abosotHoro 27, KuiB, Ykpaina, 03143

2 HayKoBo-IocCIigHMil iHCTUTYT acTpoHOMii XapKiBChbKOTo HallioHaabHOro yHiBepcutety imM. B. H. Kapasina
1. Ceobonu 4, XapkiB, Ykpaina, 61022

MEPCITEKTUBHUM NIOXIA 1O BUSHAYEHHSA «TAJJAKTUK-AHAJIOTTB YYMAILIBKOT'O IIIJIAXY»

Hama Tanaktuka — Yymanpkuii Lnsx — Mae neBHi 0oco0auBOCTI OyaoBU Ta eBosouii. [1py moinyky rajakThkK-aHajaoriB
Yymaupkoro Lnsxy 3a3Buuail BpaxoByl0Th MOP(OJIOTiuHi, (h)OTOMETPUUHI, KiHEMaTUYHI Ta XeMOJAMHAMIYHi BJIaCTHUBOCTI.
BusiBieHHs rajlakTUK-aHaJIOTiB i3 OUIBIIO0 KiIBKICTIO OHOYACHUX TTapaMeTpiB BiOOpPY, a TaAKOXK OLUJIbII CyBOPUMU OOMe-
JKEHHSIMU Ha TIEBHUI TTapaMeTp, Ja€ BUOipKY TalaKTUK-aHAJIOTIB i3 BIACTUBOCTSIMU, OJIVDKIMMU JIO CIIPaBXHIX BIACTUBOCTEN
Yymanpskoro Lmsaxy. 3a3suuaii Taki mapametpu Yymanbkoro Lmsxy, ssk MopdomoTiunmii TUTI, CBITHICTb, TTOKa3HUKHU KO-
JIbOPY, CTPYKTYPHi MapaMmeTpu (po3mip, 6ap, 6aimK, TOHKUI Ta TOBCTUI TUCKM, BHYTPIIITHE KiJIbIIE, Ta0), CIiBBiAHOIICHHS
CBITHOCTI OaJiKa J10 3arajibHoi, 30psiHa Maca, TeMIT 30PEYTBOPEHHSI, METaiYHICTh i IIBUIKICTh 0O€pTaHHS BUKOPUCTOBYIOTh-
Cs1 B Pi3HUX KOMOiHALLiSIX ISl TOPiBHSHHS 3 iHIIUMU TalaKTUKaMu. [1py iboMy 3MillleHHS JesIKUX nmapaMeTpiB Yymainbkoro
1Insxy y 6ararornapaMeTpuuHOMY MPOCTOPi MapaMeTPiB raJlaKTUK-aHAJIOTiB Ma€ OYTH 3HAYYIIHM.

Merta pob0oTH — HaJaTh KOPOTKU OTJISII TTPOOIEMATHKY Ta MPEACTaBUTH HAII TTiIXi 10 BUBYEHHST TAKMX OCOOJIMBOCTEM
Yymanpkoro IInaxy Ta iioro rajakTUK-aHaJIOTIB, SIKi 30iraloTbes (MPOEKT MiATPUMYEThCST HaltioHaabHUM (OHIOM HOCTTi-
IKeHb YKpaiHu). MM mpornoHyeEMO MaKCUMaJbHO 30LIbIINTH KibKiCTh HOCiAKYBaHUX MapaMeTpiB Yymanbkoro LImsxy
Ta CTBOPUTU Pi3Hi BUOIpKU rajakTUK-aHAJIOTIB Y OJIM3bKOMY KOCMOJIOTIYHOMY 00’€Mi JUIsl IXHBOT TOAAJIBIIOTI ONTUMI3alLlil.
Cepen Takux MapaMeTpiB — TPUBUMipHA KiHEMaTHKa pyxy 3ip y 3anaHiit oosnacti Hymaiibkoro LLnsaxy, HU3bK1Ui BMICT KUCHIO
Ha riepudepii, cimabka akTUBHICTD s1ipa i BiICYTHICTb 3HAYHOTO 3JIUTTS 3a ocTaHHi 10 MJIpa poKiB (KpUTepili i301bOBAHOCTI).
Takwii migxig 103BOIUTH cHOPMYIIIOBATH HEOOXiIHI Ta JOCTATHI YMOBH TSI BUSBJIICHHSI TAJIAKTUK-aHAJIOTIB Ta BUSIBUTH 1HIITI
0araToxXBUIbOBI 0co0aMBOoCTI Yymalibkoro LImsxy.

Karouogi caosa: TanaktTuyHa ta nosarajakTuyHa acTpoHOMiss — Mopgoutorist rajakTuK — AKTUBHI siipa rajaktuk — Yyma-
ubkuit Lnsx — 3opsiHa KiHemaTuka — KocMoJioriuHa eBOJIIOLLS.
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