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GENRAL DESCRIPTION OF THE THESIS

Relevance of the topic
The star formation process continues at all stages of the evolution of our and other galaxies,

including the present stage [1], and is one of the most important processes which provides
the observational output of the galaxies. The evolutionary process of stars enriches the
surrounding environment by heavy elements through a continuous manner via powerful
stellar winds and an instantaneous manner via supernova explosions accompanied by a
strong release of energy, which, in addition to generating turbulent motions in the
surrounding gas-dust matter, contributes to maintaining its highly heterogeneous
structure and may, under certain circumstances, give birth to new molecular regions
prone to star formation. Therefore, young stellar clusters are recognized as important
tracers of recent star formation in galaxies and of spiral structure in galactic disks with a
wide range of stellar masses (from O high-mass stellar objects to brown dwarfs) within
relativity small volume of space. Since stars in such groups have the common heritage of
being formed more or less simultaneously from the same progenitor molecular cloud,
observations of a cluster can be used to provide classical tests of stellar evolution theory.
There is a large number of observation data, which witness that the star formation process
has consecutive nature [9]. Therefore, the spatial distribution of young stellar objects
(YSOs) in clusters and the quantitative ratio between YSOs with different masses and ages
are essential for understanding the evolutionary history of a cluster itself. However, such
studies have been seriously hampered by the fact that galactic clusters form in giant
molecular clouds and during their formation and earliest stages of evolution are
completely embedded in molecular gas and dust, and thus obscured from view. Given the
constraints imposed by traditional techniques of optical astronomy, direct observation and
study of young embedded clusters had been extremely difficult, if not impossible.
However, during the last two decades, the development of infrared (IR) astronomy has
dramatically improved this situation providing astronomers the ability to survey and
systematically study embedded clusters within molecular clouds.

Embedded stellar clusters, which are still surrounded by molecular clouds are of
particular interest to understand which properties of stellar clusters are related to their
origins and which are derived from subsequent evolution. There is also a certain
relationship between the properties of the stellar population of young clusters and the
process of their formation. If the star-formation in clusters is triggered, the age spread of
stars in the cluster should be small, while in self-initiated protocluster condensations, the
individual clumps should have a larger age spread [11].

Investigations have shown that more than one mechanism may be at work
forming clusters in the natal molecular cloud and in most cases embedded clusters are
associated with IRAS sources [6]. The obtained data only strengthened the confidence that
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stars are born in deeply embedded regions, which contain a significant amount of
intimately mixed relatively cold gas and dust [7] which is called the interstellar medium
(ISM). The matter in ISM manifests itself primarily through obscuration, reddening, and
polarization of starlight, through the formation of absorption lines in stellar spectra, and
through various emission mechanisms (~10-15% of the total mass of the Galactic disk). It
tends to concentrate near the Galactic plane and along the spiral arms while being very
inhomogeneously distributed at small scales. It displays dramatic density and temperature
contrasts, such that only the densest, coldest molecular regions can offer an environment
favorable to star formation [3]. Consequently, the study of ISM in conjunction with the
study of embedded in them YSOs is very important for understanding the process of
formation and evolution of the stellar population.

Despite all efforts, however, today there are much more questions in the theory
of star formation than answers to them. Some of the relatively clarified questions include
the mechanism of low-mass star formation. The formation of low-mass TTau stars is
composed of different stages. These theoretical stages have been confirmed by
observations of stellar objects at different evolutionary stages: from molecular protostellar
clouds to low-mass main-sequence stars. Several studies show that most intermediate-
mass Herbig Ae/Be stars share a number of characteristics of low-mass stars [4]. However,
extending this theory to high-mass stars is not trivial. One of the many reasons is that high
dust extinction makes it difficult to observe high-mass stars during critical early formation
phases. They evolve quickly and important evolutionary phases are short-lived. As a
result, high-mass stars reach the zero-age main sequence (ZAMS) while still accreting (e.g.

(5D.

The aim of the thesis
The thesis is devoted to the investigation of the star-forming regions analyzing a large
amount of IR data. In particular, the aims are:
=  The search for young stellar clusters in the vicinity of IRAS objects, which
appear to be associated with high-mass YSOs;
*  Identification of the clusters' members using their IR properties;
= Investigation of structural properties of young stellar clusters;
=  Determination of age and age spread of clusters' members;
=  Construction of the Luminocity Functions (LFs) and Mass Functions (MFs) for
clusters;
=  Determination of ISM parameters, namely the distribution of hydrogen column
density (N(H;)) and dust temperature (Ty);
=  Determination of the star formation efficiency (SFE) and star formation rate
(SFR)



Scientific novelty

In this thesis novel approach is used for data analysis which includes the combination of
different methods. Young compact clusters have been discovered around 16 out of the 20
IRAS sources, including 4 for the first time. For a more detailed study, 3 clusters (IRAS
05137+3919, 05168+3634 and 19110+1045) were selected with presumably different
stellar populations. In these star-forming regions the physical parameters of the ISM are
estimated and rich population of embedded YSOs are identified and investigated. The
results show the direct relationship between surface stellar density and hydrogen column
density in all three star-forming regions. The distribution of identified YSOs shows that
Class I sources are mostly found in the detected dense clusters, while Class IT have a wider
distribution.

Studying common structure of the molecular cloud surrounding IRAS
05168+3634, it turns out that apart from it, there are four IRAS sources (IRAS 05184+3635,
05177+3636, 05162+3639, and 05156+3643) embedded in the same molecular cloud.

The age of the TRAS 05137+3919 and 05168+3634 star-forming regions is
estimated to be between 0.1 and 3 Myr, while the age of the physically connected IRAS
19110+1045 and 19111+1048 (or G45.12+0.13 and G45.07+0.13 UCHII regions) star
formation regions is 1 Myr. This suggests that star formation in the first two star-forming
regions started as a result of the independent condensation of their molecular clouds,
while in IRAS 19110+1045 and 19111+1048 star-forming regions - as a result of the
triggering shock.

Practical importance
The thesis may contribute to the star formation theory which is one of the most important

problems in the modern astrophysics. The introduced innovative methods can be used to
investigate other star-forming regions because the obtained results are highly reliable.

Obtained results in the G45.12+0.13 and G45.07+0.13 UCHII regions can be
strong confirmation of triggered star formation and very good starts for investigation of
massive star formation in the GRSMC 45.46+0.05 molecular cloud since it contains a
number of other UCHII regions and, therefore, high-mass stars.

Basic results to be defended:
1. At least for 20 regions, we obtained that around a middle- and high-mass YSO,
in a certain stage of evolution, a group of young stars was formed and with

modified selection criteria (depth of images, longer wavelength range), the
percentage of detected groups should increase.

2. The selected YSOs are distributed nonuniformly in the IRAS05137+3919 star-
forming region and form two subgroups.

3.  The distribution of stars in the IRAS05168+3634 field made it possible to reveal
five dense subgroups around IRAS sources, which repeat the shape of the
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molecular cloud seen in far-infrared (FIR) wavelengths. We concluded that
TRAS05168+3634 and other four sub-regions (IRAS 05184+3635, 05177+3636,
05162+3639, and 05156+3643) are embedded in the single molecular cloud and
based on Gaia EDR3 parallaxes are located at ~1.9 kpc distance.

The age spread of the IRAS05137+3919 and IRAS05168+3634 star-forming
regions is much larger, and, therefore, it can be concluded that the stellar
population is formed as a result of independent condensations in the parent
molecular cloud.

The presence of a region (bridge) with relatively high density and low
temperature positioned between the G45.12+0.13 and G45.07+0.13 UCHII
regions suggests that these UCHII regions are physically connected.

Based on the data obtained by the SED fitting tool, the minimum and maximum
estimated mass in the region surrounding IRAS 19110+1045 and 19111+1048 are
1.7 and 22 Mg, respectively.

We presumed that the low-density extended emission observed on the MIR
images, which also stands out well on the dust temperature maps in G45.12+0.13
and G45.07+0.13 UCHII regions, may be due to the existence of the stellar
clusters.

The IRAS clusters’ members in G45.12+0.13 and G45.07+0.13 UCHII regions
exhibit low scatter relative to the isochrones and their evolutionary age
distribution shows small spread. Therefore, we concluded that their origin can
be relate to an external triggering shock.

We assumed that uniformly distributed non-cluster YSOs in the region
surrounding IRAS 19110+1045 and 19111+1048 are part of the young stellar
population of the GRSMC 45.46+0.05 molecular cloud.

The distribution of classified YSOs in the field showed that Class II objects are
distributed more homogeneously on the field than Class I objects, which are
located in certain areas and show clear concentrations. This confirms the
assumption that, unlike the Class II objects, Class I objects did not have enough
time to leave their birthplaces after formation.

Approbation of the work:
The main results of the thesis had been presented in the following conferences:

1.

Armenian-Iranian Astronomical Workshop, 13-16 October, 2015, Byurakan,
Armenia
Star Cluster: From Infancy to Teenagehood, 8-12 August, 2016, Heidelberg,
Germany
Non-Stable Universe: Energetic Resources, Activity Phenomena and
Evolutionary Processes, 19-23 September 2016 in Yerevan and Byurakan,
Armenia
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4.  Stellar Associations: 70 Years of Research, 25-27 September, 2017, Byurakan,
Armenia

5. The Olympian Symposium 2018 “Gas and stars from milli- to mega- parsecs”, 28
May — 1 June 2018, Paralia Katerini, Mount Olympus, Greece.

6. Instability Phenomena and Evolution of the Universe, 17.09-21.09, 2018,
Byurakan, Armenia

7. Astronomical Surveys and Big Data 2, 14-18 September, 2020, Byurakan,
Armenia

8. European Astronomical Society Annual Meeting 2021, 28 June - 2 July, 2021,
Virtual meeting

9. Astronomy in the Crossroads of Interdisciplinary and Multidisciplinary
Sciences, 22-25 September, 2021, Virtual meeting

10. Joint International Conference on Astrophysics for Young Scientists, 14-15
October, 2021, Virtual meeting

11. From Stars to Galaxies II, 20-24 June 2022, Chalmers University, Gothenburg,
Sweden

12. European Astronomical Society Annual Meeting 2022, 27 June - 1 July 2022,
Valencia, Spain

13. International Astronomical Union General Assembly 2022, 2-11 August 2022,
Busan, Republic of Korea

Structure of the thesis
The thesis consists of five chapters including Introduction and main Conclusions and

References. The thesis contains 131 pages, including 37 figures and 19 tables (6 long tables
are online).

Content of the thesis

In Introduction (Chapter 1), the current state of the star formation theory is
presented emphasizing the role of star clusters (and ISM) in that process. Unsolved
questions related to star formation are also reviewed. The structure, publications in the
topic and aims of the thesis are presented.

In Chapter 2, the used data and methods are described. This chapter contains
three sub-sections. In the first sub-section, we described the used observational data,
which are covering a wide range of near-infrared (NIR) to FIR. The thesis contains two
main scientific directions, namely study of ISM and YSOs. To study gas and dust, as well
as deeply embedded point sources, we used FIR observations in the 70-500 ym range since
this wavelength range covers the peak of the spectral energy distribution of cold dust
emission. Modified single-temperature blackbody fitting was subsequently carried out to
obtain the important ISM parameters such as the hydrogen column density (N(H;)) and
the dust temperature (Ty). To select and study the potential stellar members of the star-
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forming regions, we used NIR, mid-infrared (MIR), and FIR data. Since, the presence of
circumstellar discs and envelopes cause an IR excess of a YSO, therefore YSO candidates
were identified based on their position in colour—colour (c-c) infrared diagrams. The
choice of colours depends on the available data. The selection criterion does not, of course,
give us very complete list of the clusters’ members. To confirm the selected YSOs and to
determine their parameters, we constructed their SEDs and fitted them with the radiative

transfer models of [8].
. B 50
D ] IRAS 05168+3634

IRAS 05358+3543

30 46900 300
o Jarcmin?)

den (N

390 :;sum.o b

0.0 1.0 2.0 3.0 4.0

r (arcmin)
Figure 1. (Left) NIR images and isodenses of IRAS05358+3543 star-forming region.
IRAS and MSX sources are indicated by stars and triangles, respectively. (Right) Radial
distribution of the stellar density relative to IRAS05168+3634 source. Vertical lines are
standard errors.

In Chapter 3, the results of the search and study of compact clusters in 20 star-
forming regions are presented. In order to detect clusters in considered 20 regions, we
constructed surface stellar density distribution maps around each IRAS source using NIR
and MIR photometric data. To confirm the results of surface stellar density distribution
maps and to refine the sizes of existing clusters, we also constructed the radial density
distribution of stars with respect to the geometric center of the group. Figure 1 shows the
examples of surface stellar density distribution map (left panel) and radial density
distribution of stars (right panel) in two different star-forming regions. We have also
compared the LF of stellar objects in the clusters and their fields using the Kolmogorov-
Smirnov test. We were able to detect compact clusters in 12 and 4 regions based on NIR
and MIR data, respectively. This represents 80% of the overall number of regions that
were studied and is substantially higher than the results based on data from the Two
Micron Sky Survey (2MASS). This chapter also contains short descriptions of considered
20 star-forming regions and parameters of their central YSOs. At least for these 20 regions,
we concluded that around middle- and high-mass YSO, in a certain stage of evolution, a
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group of young stars was formed and with modified selection criteria (depth of images,
longer wavelength range), the percentage of detected groups should increase.

In Chapter 4, a detailed study of three star-forming regions, namely IRAS
05137+3919, 05168+3634, and 19110+1045 is presented, which includes the study of both
the stellar population and the ISM. The main selection criteria of these three regions are
their considerable extent and multicomponent complex structure, which implies the
presence of several local nests of star formation. The regions are little studied, but at the
same time, there is sufficient observational data for their detailed study. Besides, our
preliminary studies have shown that the star-forming regions differ in their stellar
composition and structural properties. These star-forming regions are also of interest
because they are located at large distances, which will allow us to test the capabilities of
the databases at our disposal. All three regions, despite their certain differences, are united
by one aspect - they are regions of active star formation. This chapter contains 3 main sub-
sections and each sub-section describe the detailed study of the star-forming regions.

Figure 2. (Left) Colour-composite image of IRAS05137+3919 star-forming region: 160
um (blue), 350 um (green), and 500 um (red). (Middle) Column density map of the
region. The external isodense corresponds to the 2.5x10%? cm™2
between isodences is also 2.5x1022 cm™2. (Right) Dust temperature of the region. The

value and the interval

external isotherm corresponds to 11 K and interval between isotherms is 2.5 K. The
position of the IRAS source is indicated by red cross.

The first sub-section presents the investigation results of a young stellar cluster
located in the vicinity of IRAS05137+3919 associated with the CPM 15 YSO. Different
manifestations of active star formation have been observed in this region, such as maser
emissions, as well as CO and H, outflows. Left panel of Figure 2 shows the colour-
composite image covering the IRAS05137+3919 star-forming region. The region stands
out sharply in terms of brightness. Using the modified single-temperature blackbody
fitting, we have determined the main parameters (N(H,) and Ty) of cold composing gas-
dust matter in the region and their maps are presented in the middle and right panels of
Figure 2. The N(H,) and Ty maps show that the star-forming region stands out sharply in
terms of brightness with a relatively high density and temperature. The maxima of both
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N(H,) (~1.0x10%3 cm~?) and Ty (22 K) almost coincide with position of the IRAS source.
Towards the periphery, both parameters decrease up to 2.2x10%2 cm™2 and 11 K.

The radial distribution of stars density relative to the position of
TRAS05137+3919 confirmed the existence of a cluster in the vicinity of the IRAS source
with 1.5  radius. Within this radius, the stellar density (38 stars/arcmin?) is twice the
density of the field (19 stars/arcmin?).

The selection of YSOs in the IRAS05137+3919 star-forming region was based on
two c-c diagrams, namely (J-H) versus (H-K) and (J-K) versus [3.6]-[4.5]. Figure 3 (left and
right panels) shows the positions of 253 objects located within 1.5  radius relative to the
TRAS05137+3919 source. Totally, we selected 84 YSOs (blue circles) based on these two
c-c diagrams. This is almost 1.5 times greater than the earlier estimate of the cluster
members [2]. Since stellar magnitudes in the Spitzer 3.6 and 4.5 yum bands are available
for only 33 YSOs, we were able to obtain parameters of these YSOs using the SED fitting
tool. The full tables of selected YSOs with their parameters are included in the thesis. The
selected YSOs are distributed nonuniformly in the star-forming region and form two
subgroups; one is located around CPM 15, while the second group contains a significant
number of middle-mass objects surrounded by gas-dust nebulae.

25 4
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Figure 3. (Left) (J-H) vs. (H-K) and (Right) (J-K) vs. [3.6]-[4.5] c-c diagrams for
TRAS05137+3919 star-forming region. Not all non-classified objects (black circles) are
presented in these diagrams. Southwest component B of CPM15 YSO and the reddest
object with number 9 are labeled.

The distribution of 33 identified YSOs in colour-magnitude diagram (CMD) and
histograms of their evolutionary ages clearly showed very wide spread. On the basis of
these, it can be assumed that, in general, the star formation process in the considered
region is sequential. In addition, based on K luminosity function (KLF) slope, the age of
TIRAS05137+3919 star-forming region is estimated between 0.1 and 3 Myr. Therefore, the
large age spread of IRAS05137+3919 star-forming region give us bases to conclude that
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the stellar population is formed as a result of independent condensations in the parent
molecular cloud.

The second sub-section presents the investigation results of a young stellar
cluster located in the vicinity of IRAS05168+3634 source. The presence of different maser
emissions and *CO cores confirms its active star-forming nature. The region has a more
complicated structure in the FIR wavelengths than in the NIR (see Figure 4). The complex
structure of the region is clearly visible in FIR (right panel). Moving toward longer
wavelengths, the cloud filaments surrounding IRAS05168+3634 become more visible and
it is obvious that the IRAS05168+3634 star-forming region is more extended and is located
within a 24 arcmin radius molecular cloud. Studying the common star-forming region in
the molecular cloud, it turns out that apart from IRAS05168+3634, there are four IRAS
sources (IRAS 05184+3635, 05177+3636, 05162+3639, and 05156+3643) embedded in the
same molecular cloud. Since, the distribution of stars in our field is 35 times different from
the homogeneous distribution and their distribution in the field repeats the shape of the
molecular cloud seen in FIR wavelengths, we concluded with a high probability that all
five IRAS star-forming regions are at the same distance.

37:00:00.0 5
Herschel SPIRE 500 .
—" R

55:00.0 IRAS 05162+3639

55:00.0

50:00.0

50:00.0 IRAS 0517743636

45:00.0F -
45:00.0

40:00.0
40:00.0

DEC (2000)
DEC (2000)
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IRAS 0515643643
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25:00.0 25:00.0 IRAS 0518443635 1RAs 0s168+3634
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Figure 4. The IRAS05138+3634 star-forming region at (/eff) NIR (2MASS K-band) and
(right) FIR (Herschel SPIRE 500 pum) wavelength ranges. The positions of five IRAS
sources are indicated by arrows.

The N(H;) and Ty maps in the left and right panels of Figure 5 show that the
star-forming region clearly stands out against the background of the surrounding
molecular cloud both with a higher density and temperature. The relatively hotter gas-
dusty matter forms dense condensations around IRAS objects. An exception is the
IRAS05162+3639 sub-region, near which on the N(H,) map there is practically no region
with a relatively higher density and no group of YSOs has been identified around this
source, but only 5 stars. In general, in the whole star-forming region Ty varies from 11 to
24 K, and N(H,) - from ~1.0 to 4.0x1023 cm™2.
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Figure 5. Maps of N(H;) column density (/eff) and Tq dust temperature (right) of
IRAS05168+3634 star-forming region. The outer isodense on the N(H,) map
corresponds to 0.9x10%3 cm™2, and the interval between isodenses is ~0.4x1023 cm™2.
The outer isotherm on the Tq map corresponds to 11 K, and the interval between

isotherms is 1 K. The positions of IRAS sources are marked by yellow crosses.
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Figure 6. [3.4]-[4.6] vs. [4.6]-[12] (/eff) and [3.4]-[4.6] vs. [4.6]-[22] (right) c-c diagrams
for the IRAS05168+3634 star-forming region. The blue circles are selected YSOs and
black circles are unclassified ones. Not all unclassified objects are presented in these
diagrams. IRAS and MSX sources are indicated by triangles and squares, respectively,
and they are labeled.

The selection of YSOs in the IRAS05168+3634 star-forming region was based on
four c-c diagrams, namely (J-H) versus (H-K), K-[3.6] versus [3.6]-[4.5], [3.4]-[4.6] versus
[4.6]-[12], and [3.4]-[4.6] versus [4.6]-[22]. Figure 6 shows only two of these c-c diagrams.
We added to our list those objects classified as YSOs in at least two c-c diagrams. Totally,
we selected 1224 YSOs within a 24 arcmin radius. The distribution of classified YSOs in
the field showed that Class II objects are distributed more homogeneously on the field
than Class I objects, which are located in certain areas and show clear concentrations with
sub-structures. This confirms the assumption that, unlike the Class II objects, Class I
objects did not have enough time to leave their birthplaces after formation. Since the
region is quite large, further investigations have only been performed on concentration
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areas. We estimated the size of each concentration in the molecular cloud based on map
of the distribution of stellar surface density. Then, 240 YSOs of 1224 selected from c-c
diagrams within the determined radii were explored in greater detail. The full tables of
240 selected YSOs with their NIR, MIR and FIR photometry and parameters (only 120
YSOs) obtained by SED fitting tool are available VizieR On-line Data Catalog.

The distribution of selected YSOs in K versus J-K CMDs and histograms of their
evolutionary ages clearly showed very wide spread as in IRAS05137+3919 case. KLF slopes
suggested that the age of all four subregions (except IRAS05162+3639) can be estimated
between 0.1 and 3 Myr. In the case of the IRAS05162+3639 subregion, there are not
enough YSOs to construct the KLF. Therefore, the large age spread of IRAS05168+3634
star-forming region give us bases to conclude that the stellar population is formed as a
result of independent condensations in the parent molecular cloud.
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Figure 7. Colour-composite images of G45.12+0.13 and G45.07+0.13 UCHII regions.
Left panel: Herschel 160 um (blue), 350 um (green), and 500 um (red); right panel:
zoomed area (white dotted square) at SCUBA 850 um (green) and Herschel 500 ym
(red). The positions and dimensions of the radio sources are marked by black circles. A

red dot represents the position of an IRAS source.

Since, the results for the distance of IRAS05168+3634 star-forming region are
quite different (1.88 and 6.1 kpc), we attempt to identify the list of YSOs in the Gaia EDR3
database. In total, we were able to identify 65 objects, but only for 11 of them (located in
all five sub-regions) the parallax measurement accuracy is high enough (w/o4 > 5) and
such a small number of objects is quite expected since YSOs are embedded in a dense ISM.
The result obtained from Gaia EDR3 data can be considered as one more argument in favor

The full tables are available in VizieR On-line Data Catalog: J/A+A/622/A38
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of the fact that all sub-regions are embedded in the single molecular cloud and belong to
the same star-forming region, which is located at ~1.9 kpc distance.

The last sub-section presents the investigation results of star-forming regions
associated with IRAS 19110+1045 and 19111+1048 sources, referred to as G45.07+0.13 and
G45.12+0.13 UCHII regions, respectively. This complex is an ideal laboratory to
investigate the early stages of massive star formations and their influence on natal
environments. Figure 7 presents colour-composite images covering the molecular cloud.
The G45.12+0.13 and G45.07+0.13 UCHII regions stand out sharply in terms of brightness.
The images also indicate that the UCHII regions are connected by a relatively colder
bridge and are thus very likely a physically bound system.
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Figure 8. Maps of Ty dust temperature (/eff) and N(H;) column density (right) of the
region surrounding G45.12+0.13 and G45.07+0.13 UCHII objects. The outer isotherm
corresponds to 13 K and the interval between isotherms is 4 K. The outer isodense

corresponds to 2.0x10%% cm™2 and interval between isodenses is 1.0x102% cm™2. The

positions of the IRAS and BGPC 6737 sources are marked by white crosses.

The N(H;) and T4 maps of the wider region surrounding the G45.12+0.13 and
G45.07+0.13 UCHII objects are shown in Figure 8. Both UCHII regions are distinct from
the molecular cloud due to their high dust temperature and column density with an almost
spherically symmetric distribution. This is fully consistent with the basic concept of
UCHII regions about the presence of a hot, high mass stellar source and stellar wind,
which leads to the blowing out of matter [10]. In general, within both regions, Ty varies
from about 17 to 40 K and N(H,) varies from about 3.0x10%3 to 5.5x10%3 cm™2. Ty drops
significantly from the centres to the periphery, reaching a value of about 18-20 K. In
G45.07+0.13 region, the IRAS source is somewhat offset from the density maximum. Near
IRAS19110+1045, the column density is ~3.5x1023 cm™2. The IRAS source is located close
to the dust temperature maximum (Tq = 42 K). In G45.12+0.13 region, the position of
IRAS19111+1048 coincides with the maxima of both the column density (5.5x10%% cm™2)
and temperature (35 K). The isotherms are slightly elongated towards the northwest,
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which may relate to the presence of two UCHIIs (G45.12+0.13 and G45.13+0.14). The
presence of a region (bridge) with relatively high density (N(H,)~4.3x10%% cm™2) and low
temperature (Tq =19 K) positioned between the two UCHII regions suggests that they are
physically connected.
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Figure 9. (J-H) vs. (H-K) (/ef?) and K-[3.6] vs. [3.6]-[4.5] (zight) c-c diagrams of the IRAS
19110+1045 and 19111+1048 star-forming regions. The blue circles are selected YSO
candidates and black circles are non-classified ones. Not all non-classified objects are
presented in these diagrams. IRAS19111+1048 source is indicated by a red triangle.

The selection of YSOs in the IRAS 19110+1045 and 19111+1048 star-forming
regions was based on six c-c diagrams, namely (J-H) versus (H-K), K-[3.6] versus [3.6]-
[4.5], [3.6]-[4.5] versus [5.8]-[8.0], [3.6]-[5.8] versus [8.0]-[24], [3.4]-[4.6] versus [4.6]-[12],
and [3.4]-[4.6] versus [4.6]-[22]. Figure 9 shows only two of these c-c diagrams. We added
to our list those objects classified as YSOs in at least two c-c diagrams. However, since the
region has two saturated areas in the MIR band around the IRAS sources
(IRAS19110+1045 with 25" radius and IRAS19111+1048 with 50" radius), objects within
those areas classified as YSOs based on only the NIR c-c diagram were included in the list
of YSO candidates. We selected 909 YSOs within a 6 arcmin radius. Excluding objects in
two MIR-saturated regions (115 YSOs), we achieved relatively robust parameters for 431
of the 793 selected YSOs. We also performed a visual inspection of the YSO candidates in
two MIR-saturated regions, because from our point of view, these objects are of the
greatest interest as they are located in the immediate vicinity of the UCHIIs. Overall, the
final list comprised 518 YSOs (423 with constructed SEDs and 95 YSOs in two saturated
regions). The full tables of 518 selected YSOs with their NIR, MIR and FIR photometry
and parameters obtained by SED fitting tool are available VizieR On-line Data Catalog?.

2 The full table is available in VizieR On-line Data Catalog: J/other/PASA/39.24
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The selected YSOs form dense clusters in both UCHII regions. Therefore, the low-density
extended emission observed on the MIR images, which also stands out well on the dust
temperature maps in both UCHII regions, may be due to the existence of the stellar
clusters. Based on the data obtained by the SED fitting tool, the minimum and maximum
estimated mass in the region is 1.7 and 22 Mg, respectively. Primarily, the lack of low-
mass stellar objects can be explained by the large distance of the star-forming region. We
were able to identify NIR counterpart of IRAS19111+1048 source, which has 9.4+4.3 Mg
mass, 23 000111 000 K temperature, and (2.51+1.2)x10° years evolutionary age.
Unfortunately, due to the saturation of the central parts of the UCHII regions in the MIR
range, we were unable to identify the YSOs associated with IRAS19110+1045 source.
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ZAMs

¥ 3

W65 60

55 50 45 40
Lag (Age)

(-K)abs (K)abs
Figure 10. (Bottom left and middle) K versus (J-K) CMDs for identified YSOs in the
IRAS 19110+1045 and 19111+1048 star-forming regions, and Control field 2,
respectively. Red circles are stellar objects within the IRAS clusters with constructed
SED. Objects located in the saturated regions are yellow circles. Non-cluster objects are
blue crosses and no-SED objects are black dots. IRAS19111+1048 source is indicated by
a green triangle and labelled. Stellar objects located in Control field 2 are indicated by
coral crosses. (Top left and middle) Histograms of (] — K),ps values. (Right) Histogram
of evolutionary ages for members of the IRAS clusters (z0p), the non-cluster objects
(middle), and the objects in the Control field 2 (bottom).

The distribution of the identified YSOs in the K versus J-K CMD is shown in the
left and middle panels of Figure 10. The positions of objects in the two IRAS clusters
(circles) and non-cluster objects (crosses) are different. The clusters’ members and non-
cluster objects exhibit low scatter relative to the isochrones. An overwhelming majority
(more than 80%) of the non-cluster objects are younger than 0.1 Myr. In contrast, about
75% of objects in the IRAS clusters are older than 0.1 Myr and concentrated around the
ZAMS. For improved clarity, the histograms of (J — K),ps are shown in the top left and
middle panels. In general, the (J — K),ps spread of the vast majority of stellar objects from
both samples is small. The distribution of evolutionary ages (by the SED fitting tool) for
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the non-cluster (middle right) and Control field 2 (lower right) objects has a well-defined,
coincident peak and confirms the results of (] —K)aps histograms. In contrast, the
distribution of the evolutionary ages of the objects in the clusters has two peaks (top right)
which was constructed based on parameters from only 29 YSOs for which the SED fitting
tool was applied. Most of the other 95 YSOs in the MIR-saturated regions are concentrated
around the ZAMS and to the left of the 1 Myr isochrone. Therefore, we assumed that these
objects will have a real contribution to the first peak in the evolutionary age distribution.
Accordingly, this distribution will have only one well-defined peak as the histogram of
(J — K)abs- The small spread of evolutionary ages suggests that the clusters owe their origin
to a triggering shock.

The non-cluster YSOs are found to be uniformly distributed in the molecular
cloud. Therefore, the origin of the non-cluster objects cannot be explained by the activity
of the embedded massive stars in the UCHII regions. To understand the existence of the
non-cluster objects, we performed the same analysis in Control field 2 which is very close
to the considered region. YSOs in Control field 2 show the same behavior as the non-
cluster objects (evolutionary ages, masses, and surface stellar density). Accordingly, it is
plausible that the non-cluster YSOs are part of the young stellar population of the GRSMC
45.46+0.05 molecular cloud. To understand the tracers of their origins, the star formation
history of the GRSMC 45.46+0.05 star-forming region as a whole must be investigated.

In Conclusions (Chapter 5), the main results of the thesis are presented.
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uuoenouvarr

Uwnbkiuwjununipjniip udhpJws k wuwnnupwewugdui wnhpnypukph
nuuntdtwuhpnipjuip, npp Yyhpnisnud £ dks pwbwlmpyudp  huypwlupdhp
njjuttn: Twutwynpuybu, winkiwjununipjut tyyunwlubph kb

e IRAS opjkljnntiiph onipe Lphniwuwpy wunnuyniynbph npontnud, npnup
Juuyws ki Uks quiiquény Gphinnwuwpn Uunnuyht Opjknutph (YSO)-
ubtiph htw;

e Uunnuinyubph wbnpudtbph  tmjiwgmd’  oquiugnpstnyg — tpuwtg
npubnpus  (phunpuljut  jnipuhwnlnipnitutpp)  hwnlnmpmniuttpp
hudpwupipp whpnyyenud;

e Gppunwuwpy wuwnnuinyunbph  jupmigwspuyhtt  hwnlnipjnitubph
niuntdbwuhpnipinily;

e  Uuunnulnyunbph winudttph mwuphpubpp b nuphph pugjunidp;

e  Uuunnuynyunbph jnuuwngmpub $nibulghwikph (LFs) b quugdush
Iniujghwiph (MFs) unnignid;

e Uhowuwniqnuyht  dhowquyph (ISM)  wwpwdbwnpkph  npnpnud,
dwutwynpuybu opwusth wnibwluyhtt funnipjut (N(Hz)) b thnome
otbpdwuwnhdwuh (Ty) pupfuniu:

Unbktwpnunipmiinmd - ukpuyugqus L 20 IRAS  wnpmipubph  pnipg
wunnulniyntph npnudwt b ntumdbwuhpnipjut wpynibupubpp: Lipuyugyuws k&
twl btpkp IRAS 0513743919, 0516843634 U 19110+1045 wunnupwowgiwi
whpnyputph  dwipwdwut nunidbwuhpoipini, npp bkpwend B hsybu
wunnujhtt ptwlsnipinit, wyjuybku b ISM: Ujy Eptp whpnypubph punpnipjut
hhdtwub swithwithpulpp npug qquith nwpwsusnipniut nt puquupununphy
pupn Junnigguéspl k, npp Gupunpnid E wunnunugwgdwt th putth mnknuyht
opwfuikinh weluynipnii: Uju mhpnyputpp hbnwppppmipinit bu ukpuyugund,
pwih np npuip quuidnud Eu ks hinpwynpnipniutkph Jpw, htyp dbq poyp juw
uwnnigh) Ukp Ynnuhg ogurnuugnpdyws nyjuutiph puqutph htwpwynpnipniuubpp:
Upmyniupubipp gnyg ki wnwihu, np ponp Epkp wunpunwewgdw nhpnypiubpnud
gnjnipjnth nith ninhn Juy wunnbph dwujbpbinipuyghtt punieyu b N(H,))-h dholi:

Uwnugyky ku htnbyw) hhdtwljwb wpnyniupubpn.

e 20 IRAS wnpmipukphg 16-h onipe hwjnbwpkpdk] L Ephnwuwpy
yndyuwln wunnulnipnkp, npnighg 4-p° wpweht whquid: Uw fuqunid &
nuunidtwuhpyws whpnypubph punhwinip pdh 80%-p b qquihnpku
wybth pwpap L, pwt tpyme dhypn Epluph opowhwymnipjut (2MASS)
wnyjutnh hhdwt Jpu uvinwugdwus wpyniupukpp;

e Untduqli 20 mhpnyplbph hwiwp dkup Eqpuljuginud up, np dhohti b Ubs
quiigquény YSO-h onipg, Knynighuyh npnowlh thnynud, dhwnpynud £
Enpinwuwpn wunnbph janwdp b thothnpubng ptnpnipjut swithwithpubpp

19



(nuwswthwlwt uwwhdwth punpnipmitp, wydbh Epup wihpwyht
nhpnyp) hwpntwpbpfus udpkph nnynuwght pubwlp whnp wbjwbw;
Conpus  YSO-utpp wbhwdwutn i  pupjuywus IRAS05137+3919
wunnunwewgdw mhpnypnid b juquniud ki kplynt Bupwfunidp;
IRAS05168+3634 whpnypnid wuwnnbph pwopunidp htwpwynpnipmnia
nytkg hwjntwptpl] hhug juhwn Gupwpdpip IRAS wnpnipukph onipyg,
npnup Yphumd t htont pudpwlupdhp wihph Gplupnipiniabbpnod
nhwnynn Unjklniught wdwh dip: Uklp Eqpuiljugnhtip, np IRAS05168+3634
b wy) snpu Eipuwinhpnypubkpn (IRAS 05184+3635, 05177+3636, 05162+3639,
05156+3643) nuynuyws tu Ukl punhwunip dnikynyuhtt wdwh dke b Gaia
EDR3 wyupuwjwpultph hhdwb dpu qunuynid Eu 1.9 juyull hknpwynpnipjut
Ypuws

IRAS05137+3919 L IRAS05168+3634 wuwmnunwowgdwl whpnyputph
wnwphph puplunidp owwn wydbih UksS kb, hbwbwpwp, Yupbkh b
kqpuljugut], np wuwnnuyhtt  phwlsnipmiip  dbwynpyl; b dwyp
Unjkynyuyhtt wdwyh wujwp punwugnmdubph wpngniuapnud;

Uttp kupunpnud kup, np gubp unnipjutt mupusjus sunuquypnidp,
npp phuynud Edhohtt hudpwupdhp nppnypnud unwugdus yuwnlkpubtph
Jpw, husp quy wyph b puljunid twl G45.12+0.13 & G45.07+0.13 UCHII
whpnyputnh Ty pwpubqubpnud, Jupnn b wuwpdwbudnpdus huty
wunnulniynbph wejumpjudp;

G45.12+0.13 u G45.07+0.13 UCHII wppnypubpnud  wuwnnulnywuntph
wlunudubpp hqnupnuubph tjundwdp otk tnpp gpnud, b upwbg
Enynighntt tnwuphph pwohunudp gnyg E wnwihu thnpp tmupusywdnipnii:
Zhnbwpwp, dbktp Lqpuljugunid Gup, np ppuig dwgnudp Yupnn b
Juwyws 1huk] wpiwphtt hpwhpnn nidh htw;

Nuumdbwuhpywd wunnunwuewgdu wnppnyplkphg dhuy
IRAS19110+1045 L 19111+1048 whpnyputpnud ki hwynbwpbpdl) ks
quiigquény wuwnnkp, npunkn hwjwiwpwp wunnupuewgdwtt ywpngkup
hpwhpyt &

Uttp Lupwnnpnid Lup, np IRAS 19110+1045 1 19111+1048 wuwnnulyniinkphg
nnipu quiynn  YSO-ukpp hwbnhuwbnid  &u  GRSMC45.46+0.05
UnjEnyuyhtt wdwh Eppnwuwpy wunnuyht phwlsnipyui Uh dwup;
Cunpué YSO-ubkph pwohunudp nupwnnid gnyg wnykg, np I nuuh (Class I)
opjnutpp  hhdtwluind  Ynbughuinmpugqus Bu  hwjnwpbpjus
wunnunyunbpnud, dhiyntn II nuuph (Class II) opjkunubtpp wykih
hwdwubn ki puphuqus: U hwunmwwnnid £ wyt Bipwnpnipniup, np h
wnupphpnipnit Class II opjkljnnukph, Class I opjklunubtpp pwdupup
dudwwy sk niikgh] dbwynpybtinig htwnn phjnt hpkug suiuduypp:
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ITOUICK Y U3YYEHUWE MOJIOZBIX THOPPAKPACHBIX
3BE3/THBIX CKOILJIEHWH

PE3IOME

Juccepranus IOCBAleHa MCCIEROBAaHHUIO 06JacTeidl 3Be3000pa3oBaHUS Ha OCHOBE
aHasn3a GOJBIIOTO KOJIMYeCcTBA MH(PAKPaCHBIX AAHHBIX. B 4acTHOCTH, ee OCHOBHBIMU
3ala9aMU SIBJISIOTCS:

e Tlomck MONOABIX 3BE3NHBIX CKOILIEHMH B OKpecTHOCTSX IRAS 06BexTos,
KOTOpBIe, IIO-BUAMMOMY, CBf3aHBI C MACCHBHBIMH MOJIOABIMHU 3BE3THBIMU
o6pextamu (YSO);

e NpeHTnduranusa WWIEHOB CKOIUIEHMH II0 UX CBOMCTBAM B WH(GPAKPaCHOM
[VaIa30He;

e  NccienoBaHue CTPYKTYPHBIX CBOMCTB MOJIOJBIX 3BE3/IHBIX CKOILIEHUI;

e  Oumupezenenue Bo3pacTa U BO3PACTHOTO pasbpoca WIEHOB CKOIJIEHUH;

e Tlocrpoenue byuxkuumit ceerumocts (LF) u dyukuunit macc (MF) ais ckomnennit;

e Ompeznenenne mapaMeTpoB MexsBeszHo#t cpexpr  (ISM), a umeHHO

pacrpefieieH s MIOTHOCTH CTOJIOIA Bomopoma (N(H,)) i Temmepatyps! meimm
(Tq)-

B guccepTranuu IIpefCTaBI€HBI pe3yJbTAaThl IIOMCKA M H3Y4YEeHUA 3BE3ITHBIX
cxorurenu#t okoso 20 IRAS ucrounuxos. Takxe mpezcraBieHo MOAPOOGHOe UCCIef0BAHIE
Tpex obiacTeil 3Be3mooOpasoBanus, a umenHo IRAS 05137+3919, 05168+3634 u
19110+1045, xoTopoe BKJIIOYaeT M3yueHHe KaK 3Be3LHOrO HaceleHUd, Tak u ISM.
OCHOBHBIMH KPHUTEpUSAMH OTGOpa 3THUX Tpex objacreil SBISIOTCS WX 3HAYUTENbHAs
IIPOTSKEHHOCTh ¥ MHOTOKOMIIOHEHTHAA CJIOXKHAS CTPYKTYpa, IpeIIoIaraoias Haludue
HECKOJIBKUX JIOKaJBHBIX OYaroB 3Be3[000pa3oBaHMA. OTH 00JIaCTH 3Be3/000pa3soBaHUA
IIPeZACTABIIAIOT MHTEPEC ellje U IIOTOMY, YTO OHH PACIIOI0KEHbI Ha OOIBIINX PACCTOSHUAX,
YTO IO3BOJIUT IPOTECTHPOBATh BO3MOXXHOCTH MCIIOJIB3yeMBIX HaMu 0a3 JaHHBIX.
PesynbraThl IIOKa3bIBAIOT IPSIMYIO 3aBUCHMOCTb MEXZAY 3Be3ZHOM IUIOTHOCTHIO U
IUIOTHOCTBIO Cpefsl BO BCeX Tpex o0OJIacTsAX 3Be3q000pa3oBaHus. BOT OCHOBHbIE
Ppe3yJIbTaThL:

e  Mosogsle KOMIIAKTHBIE CKOILIEHUA OGHApYy>keHsI B okpecTHOCTAX 16 u3 20 IRAS

HMCTOYHUKOB, B TOM 4YHCIE B 4-X - BrepBsble. OTo cocrasiaster 80% or obuiero
YUC/IA MCCIEfOBAaHHBIX PETMOHOB M CYIIECTBEHHO IIPEBBIIIAET DE3YJIbTATH,
monxy4eHHsle Ha JaHHBIX 2MASS 0630pa;

. o xpaiineit mepe, gns 20 o6iacTeil MbI IPUIUIKA K BBIBOZY, YTO BOKpPYT YSO

cpemHei#i ¥ OONBLUION Macchl Ha OIpeJeJleHHOM STale  SBOJIONUU
cdopmMupoBaIack IpyIa MOJIOABIX 3Be3Z, U TPYU U3MEHEHHBIX KPUTEPUAX 0TOOpa
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(rmy6una wnsobpaxeHuii, Gojee IJIMHHBIA [JUANa3soH AJIHH BOJH) IIPOLEHT
OGHapY>KeHHBIX TPYIII JOJDKHO YBEIUIUTHCS;

Bri6pannsie YSO HepaBHOMEpPHO paciipefiesieHbl B 00JIaCTH 3Be3000pa30oBaHust
TRAS05137+3919 1 06pa3yioT ABe MOATPYIIIIb;

Pacnipepenenne 3Besm B mone IRAS05168+3634 1mo3BOMMIO BBIAENIUTH MATH
IUIOTHBIX IIOATPYII BOKPYr HCTOYHUKOB IRAS, moBropamomux ¢dopmy
MOJIEKYJIAPHOTO 06JIaKa, HabII0aeMoro B JalbHeM HHPPaKPaCHOM JMalla3oHe.
Msr npunutu k BeiBogy, uro IRAS05168+3634 u mpyrue deTsipe mozmo6acTu
(IRAS 05184+3635, 05177+3636, 05162+3639 u 05156+3643) BcTpOeHS! B eAUHOE
MOJIEKyJIIPHOe 00JIaKO U Ha OCHOBe mapastakcoB Gaia EDR3 pacmosoxeHs: Ha
paccrosHuu ~1.9 Knk;

Pas6poc BospacToB oOnacTeil 3BesmoobpasoBanus IRAS05137+3919 wu
IRAS05168+3634 3nauuTenpHO GOBLIE, IIO3TOMY MOXKHO CI€JaTh BBIBOJ, YTO
3Be3HOe HaceleHWe (GOPMHUpPYeTCI B  pe3yJIbTaTe CaMOCTOSATEIBHBIX
KOHJIeHCAllNii B POIUTEIBCKOM MOJIEKYJIIPHOM OOJIaKe;

Msr mpepmosaraeM, YTO pacIIMpeHHOe W3Ty4eHHe HU3KOM ILIOTHOCTH
HabmofaeMoe Ha M300paKEHUAX CpefHero HH(PAKpacHOTO [HAaIa30OHa,
KOTOpOe TaKXKe XOPOIIO BbIJe/ISeTCs Ha KaPTaxX TeMIIePaTypsI IBUIX B 00IaCTAX
G45.12+0.13 u G45.07+0.13 UCHII, mMoxeT GbITh CBA3aHO C CyILIECTBOBaHUEM
3Be3/IHBIX CKOILUIEHUIA;

Yinens! ckomnenuit IRAS B o6iacrax G45.12+0.13 u G45.07+0.13 UCHII umeror
He6OJIBIION Pa36pOC OTHOCUTEIBHO U30XPOH, U UX DBOIIOIMOHHOE BO3PACTHOE
pacIipeziesieHye TIOKa3bBaeT HeGOIb1ION pas6poc. IloaToMy MBI ZeaeM BBIBOZ,
YTO UX IPOUCXOXKIEHNE MOXKET OBITh CBA3aHO C BHEIIHUM TPUTTEPHBIM IIOKOM.
Cpenu paccMOTpeHHBIX 061acTeil 3Be37000pa30BaHiUsA MaCCHBHbIE 3Be35I GLIN
OGHapy>XeHbI TOJIBKO B 06JIaCTH, e, 110 BCeil BUAMMOCTH, 3B€34,006pasoBaHme
6BLIO MHUITMIPOBAHO BHEITHMM TPUIT€PHBIM IOKOM, TO ecTh IRAS19110+1045
u 19111+1048;

Ms1 npeamonaraeM, uto YSO BHe ckomnenuit IRAS 19110+1045 u 19111+1048
ABJIAIOTCA YacThIO MOJIOZOTO 3BE3THOTO HACEeIeHUST MOJIEKYJIIPHOTO OGiaxa
GRSMC45.46+0.05;

Pacnpenenenue Bpr6panHsIx YSO B 1moJIe II0Ka3aso, uTo o6bekTs kaacca I (Class
I) B ocHOBHOM pacIONIOXEHSI B OGHAPYXEHHBIX 3Be3JHBIX CKOIUIEHHSX, a
o6bextsl kmacca II (Class II) pacmpezenenst Gosee paBHOMEPHO B IO
MOJIEKYJIIPHOTO 00JaKa. DTO MOATBEPXKIAeT IPEeANOIOKeHNUe, YTO, B OTINIUeE
or o6wexToB Class II, o6pexter Class I He ycmemu HOKMHYTH MeCTO CBOETo
pOXIeHus mocie GOPMUPOBAHU.
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