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We present the results of a search and identification of young stellar objects (YSOs) in the Serpens South 
star-forming region, which is part of the Aquila Rift complex. Using AllWISE catalog data within a radius 
of 7′ from the center of the region, a multi-stage filtering procedure was applied to remove contaminating 
sources, including galaxies, active galactic nuclei, shock emission sources and PAH emission. Photometric 
criteria were then used to classify the sources according to their evolutionary stages. As a result, a sample 
of 145 YSO candidates was identified, including 1 protostar, 37 Class I objects, 48 Class II objects, 47 
Class III objects and 12 transition disks. A quantitative analysis of the spatial distribution of the sources 
was performed using cumulative distribution functions, the Kolmogorov–Smirnov test and bootstrap 
resampling. The results show that early-stage objects (Class I) exhibit pronounced clustering in the central 
region (R₅₀  =  0.26 pc) and are associated with dense filamentary structures, whereas Class II and III 
objects display a more extended distribution. A Jeans analysis combined with Monte Carlo simulations 
yielded a median gas density of n ≈ 1.6 × 105 cm-3, consistent with dense prestellar cores. Multiwavelength 
verification using infrared, X-ray, optical and radio catalogs showed that 78.6% of the objects possess 
independent infrared confirmation, while 70.3% have X-ray detections. In addition, 11 new YSO candidates 
not previously reported in published catalogs were identified. The obtained results demonstrate the high 
efficiency of WISE data for detecting heavily obscured sources and provide new insights into the early 
stages of star formation in dense filamentary environments.
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1. Introduction

The study of star formation and stellar evolu-
tion remains one of the central problems of modern 
astrophysics, since stars play a fundamental role in 
the formation and dynamical evolution of galaxies. 
In this context, star-forming regions are of particu-
lar importance, as they provide an opportunity to in-
vestigate the early stages of stellar evolution and the 
spatial distribution of young stellar objects (YSOs).

Observations of young stars embedded in mo-
lecular clouds are significantly hindered at optical 
wavelengths because of strong extinction caused by 
interstellar dust [1]. Infrared observations provide an 
effective way to overcome this limitation by reveal-

ing sources with infrared excess emission associated 
with circumstellar disks and envelopes. Major ad-
vances in this field have been enabled by the Spitzer 
Space Telescope [2] and the Wide-field Infrared Sur-
vey Explorer (WISE) mission [3], which provided 
extensive infrared photometric surveys that form the 
basis of modern YSO identification techniques.

The classification of YSOs [4–10] is commonly 
performed using two principal approaches: infrared 
color diagnostics and the spectral index α, which 
characterizes the slope of the spectral energy distri-
bution. Infrared color criteria are widely used in the 
analysis of large infrared surveys, allowing efficient 
identification of YSO candidates while simultane-
ously removing a significant fraction of background 
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contaminants [11–14]. At the same time, classifica-
tion based on the spectral index provides a physically 
motivated separation of sources into evolutionary 
classes (Class I, II and III) [15]. In the present work, 
we primarily focus on photometric classification 
based on infrared colors using modern criteria for 
contaminant rejection and sample purification.

The Serpens South star-forming region, which 
is part of the Aquila Rift complex, is an active en-
vironment characterized by a high concentration of 
young stellar objects and a pronounced filamentary 
structure [16–19]. Despite the availability of high-
angular-resolution observations obtained with facili-
ties such as Spitzer and Herschel, the WISE catalog 
remains an important resource because of its full-sky 
coverage and the uniformity of its photometric data, 
which are particularly valuable for statistical analy-
ses and cross-matching studies. 

In contrast to studies aimed at constructing large-
scale YSO catalogs across extended sky regions us-
ing uniform selection criteria [20], this work focuses 
on a detailed investigation of the local Serpens South 
star-forming region. Such a localized analysis makes 
it possible to examine how environmental factors, in-
cluding extinction, gas density and the evolutionary 
state of the molecular cloud, influence the observed 
properties of the YSO population [21].

A comprehensive source-selection procedure 
was implemented, combining successive contami-
nant removal with multi-stage verification of YSO 
candidates using data from 19 astrophysical catalogs 
covering the infrared, X-ray, radio and optical wave-
length ranges. In addition, statistical techniques and 
numerical simulations were employed to study the 
spatial distribution of YSOs belonging to different 
evolutionary classes, enabling an assessment of their 
clustering behavior and its relation to the physical 
characteristics of the surrounding medium.

The adopted methodology resulted in the iden-
tification of previously uncataloged YSO candidates 
and allowed us to investigate the connection between 
their spatial distribution and evolutionary properties. 
These results provide additional constraints on the 
physical conditions and dynamical state of the star-
forming environment in the Serpens South region.

2. Observations

The Aquila molecular cloud complex, also 
known as the Aquila Rift, is a prominent dark-cloud 
structure located in the constellations Aquila, Ser-
pens Cauda and Ophiuchus. It consists of extended 
interstellar dust and molecular clouds distributed 
along a large northeast–southwest elongated feature. 

The Aquila Rift forms part of the Great Rift, a nearby 
system of dark clouds whose dust obscures the cen-
tral regions of the Galactic plane and the inner sectors 
of the Milky Way.

Several active star-forming regions are located 
within the western part of the Aquila Rift, including 
Serpens Main, Serpens South, W40 and MWC297. 
CO and HI observations [22, 23] show that the com-
plex extends along the Galactic plane over Galactic 
longitudes from approximately 20° to 40° and Galac-
tic latitudes from about −1° to 10°. However, the rel-
ative distances between the embedded protoclusters 
Serpens South and W40 remain uncertain. Whether 
the Aquila Rift and the main Serpens cloud belong 
to the same molecular complex and therefore share 
a common distance is still under discussion [24, 25].

Previous studies have suggested that Serpens 
Main and the Aquila Rift may represent physically 
distinct structures, which could explain the discrep-
ancy between their estimated distances [26, 27]. In 
particular, distance estimates of approximately 200–
280 pc have been reported for the Aquila Rift com-
plex, whereas Serpens Main is commonly placed at a 
distance of about 415 pc, implying that Serpens Main 
is located farther away than Serpens South. More re-
cent studies focused on the Serpens South protoclu-
ster [28] adopted a distance of approximately 260 pc 
for this star-forming region.

Based on extinction measurements [29] and radio 
spectral-line observations [30, 31], the nearby H II 
region W40 has generally been placed at distances 
ranging from about 300 to 700 pc. A more recent 
Chandra X-ray study [32], based on X-ray luminosity 
function arguments, suggested that the most probable 
distance to the W40 cluster is approximately 600 pc, 
although a smaller distance of about 300 pc could not 
be excluded.

Among the star-forming regions associated with 
the Aquila Rift cloud complex, Serpens South is of 
particular interest. Serpens South is a young embed-
ded cluster discovered through infrared observations 
with Spitzer. The cluster is embedded within a dense 
filamentary molecular cloud containing a large pop-
ulation of protostars. Owing to the high concentra-
tion of protostars and prestellar cores in this region, 
Serpens South is considered one of the most active 
sites of star formation within the Aquila Rift complex 
(Figure 1). Large-scale magnetic fields have been de-
tected in the region, oriented predominantly perpen-
dicular to the main cloud filament, whereas several 
sub-filaments tend to align parallel to the primary fil-
amentary structure. Such magnetic fields may play an 
important role in slowing the gravitational collapse of 
dense molecular condensations within the complex.
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Figure 1. Aquila Rift/Serpens region based on 2MASS observations [16].

Spitzer observations show that W40 and the em-
bedded Serpens South cluster are located close to 
each other on the plane of the sky, suggesting that 
Serpens South may be physically associated with the 
more evolved W40 region. Recent distance measure-
ments for Serpens Main and W40 yielded values of 
approximately 436 pc, implying that Serpens South 
may be located at a similar distance because the two 
regions appear to be kinematically connected. Stud-
ies by [33, 34] estimated the mass of the giant molec-
ular cloud associated with W40 to be approximately 
∼1.4 × 105 M⊙ and derived a characteristic distance 
of about 474 pc. Similarly, it has been suggested that 
Serpens South may interact with the expanding shell 
of the W40 H II region, further supporting the pos-
sibility that the two regions are located at nearly the 
same distance. However, large-scale observations of 
the 12CO (2–1) and 13CO (2–1) emission toward the 
Aquila Rift revealed two spatially extended compo-
nents associated with Serpens South and W40 that 

exhibit different radial velocities. These results sug-
gest that large-scale expanding shells, bubbles and/or 
gas flows influence the observed velocity fields and 
may play an important role in the formation and evo-
lution of these molecular clouds [35].

As part of the Herschel Gould Belt Survey [36], 
a 3.3° × 3.3° region toward the Aquila complex was 
mapped in the far-infrared wavelength range. The re-
sulting maps provide high spatial resolution and sen-
sitivity across five bands between 70 and 500 μm. A 
large population of previously unidentified protostars 
and prestellar cores was detected, primarily concen-
trated within three active star-forming regions: the 
filamentary molecular cloud hosting Serpens South, 
the eastern H II region W40/Sh2-64 and the southern 
MWC 297/Sh2-62 region.

Therefore, the Aquila Rift complex, which con-
tains star-forming regions at different evolutionary 
stages and physical conditions, represents an impor-
tant laboratory for investigating the early stages of 
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star formation over a wide range of wavelengths and 
observational techniques.

 
3. Source Selection and Initial Data Processing

A literature review of nearby star-forming re-
gions was carried out in order to determine their cen-
tral coordinates, angular sizes and the corresponding 
search radius required for the identification of young 
stellar objects (YSOs). The Serpens South region, 
centered at RA(J2000) = 18h30m03s and Dec(J2000) 
= −02°01′58.2″, has an apparent size of approximate-
ly 14.4 × 20.3 arcmin.

The search for YSO candidates was performed 
using the SIMBAD Astronomical Database (CDS, 
Strasbourg) and the AllWISE Data Release catalog 
[37]. For the Serpens South region, a search radius 
of 7 arcmin was adopted within the coordinate range 
277.39° ≤ α ≤ 277.62° and −2.031° ≤ δ ≤ −2.036°. A 
total of 682 infrared sources were identified within 
this area. The detected source density is consistent 
with the expected infrared source population toward 
this portion of the Galactic plane and includes both 
potential YSO candidates and a significant number of 
background and extragalactic contaminants. 

An initial photometric quality filtering was ap-
plied to the Serpens South dataset in order to exclude 
sources with unreliable flux measurements. Only ob-
jects with photometric uncertainties smaller than 0.2 
mag were retained. This threshold provides a balance 
between sample completeness and photometric reli-
ability by removing low signal-to-noise detections, 
consistent with approaches commonly adopted in 
similar studies. At the same time, it should be noted 
that this criterion may exclude a fraction of faint but 
physically real sources.

 For the subsequent analysis, only sources with 
non-zero magnitudes in all four WISE bands (W1, 
W2, W3 and W4) were considered. For convenience, 
the following color-index notation was adopted 
throughout this work: W1-W2 by W12; W2-W3 by 
W23; W1-W3 by W13, W2-W4 by W24 и W3-W4 by 
W34. 

The next stage of the analysis involved the re-
moval of contaminating sources that may exhibit in-
frared colors similar to those of YSOs. The first class 
of contaminants consists of star-forming galaxies. 
Galaxies undergoing active star formation typically 
show enhanced polycyclic aromatic hydrocarbon 
(PAH) emission produced through interactions be-
tween interstellar dust and ultraviolet radiation fields. 

Star-forming galaxies dominated by polycyclic 
aromatic hydrocarbon (PAH) emission typically ex-
hibit very red infrared colors, characterized by large 

values of W23 and are generally fainter than typical 
young stellar objects. In this study, we adopted the 
same approach based on established color-selection 
criteria. The criteria used to identify and remove 
probable star-forming galaxies were: W23>1; W12<1; 
W12<0.46∙W23-0.466 and W1>12 (or W2>11). All 
criteria were required to be satisfied simultaneously 
in order to reliably identify contaminating sources. 
Applying these conditions to the Serpens South re-
gion resulted in the identification of 5 infrared sourc-
es associated with star-forming galaxies. The adopted 
selection criteria are based on characteristic infrared 
colors related to PAH emission and are widely used 
in similar studies, confirming their effectiveness for 
separating extragalactic contaminants from YSO 
candidates. 

Another important class of contaminants consists 
of active galactic nuclei (AGNs), whose mid-infrared 
fluxes may closely resemble those of young stellar 
objects. AGN emission is generally fainter than that 
of typical YSOs in regions located within approxi-
mately 5 kpc. Since the studied region is located at 
a distance of less than 1 kpc, these selection crite-
ria are particularly important for the present sample. 
The criteria adopted to identify and remove prob-
able AGNs were: W1>1.8∙W13+4.1 and W1>13 (or 
W2>12, or W1> W13+11). Applying these criteria 
to the Serpens South region resulted in the identifi-
cation of 211 infrared sources consistent with AGN 
contamination. It should be noted that, despite the ap-
plication of strict selection criteria, some AGNs may 
still remain within the sample because of the overlap 
between their photometric properties and those of 
young stellar objects, representing one of the main 
sources of uncertainty in the classification process. 

In addition to star-forming galaxies and AGNs, 
infrared emission may also arise from shocked gas 
structures and polycyclic aromatic hydrocarbon 
(PAH) emission associated with the interstellar me-
dium. The criteria adopted for removing these Ga-
lactic contaminants were based on their characteristic 
infrared colors. Shock-emission sources were identi-
fied using the color criteria W12>1 and W23<2. Ap-
plying these conditions to the Serpens South region 
resulted in the identification of 40 shock-emission 
sources. The relatively large number of such sourc-
es supports previous evidence for active motions of 
interstellar material within the region. To exclude 
PAH-emission sources, two sets of color criteria 
were applied: first, W12 < 1 and W23 > 4.9 and sec-
ond, W12 < 0.25 and W23 > 4.75. Using these con-
ditions, 17 PAH-emission sources were identified 
in the Serpens South region. The removal of these 
types of contaminants represents an important step 
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in the analysis, since diffuse interstellar emission and 
shocked structures may mimic the infrared character-
istics of young stellar objects, particularly in active 
star-forming environments. 

For the investigated Serpens South region, the 
application of all photometric quality and color-se-
lection criteria resulted in the exclusion of 273 out 
of 496 infrared sources as potential contaminants, 
including galaxies, active galactic nuclei, PAH-
emission sources and shock-related structures. Such 
a high contamination fraction is a common charac-
teristic of wide-field infrared surveys such as WISE, 
where extragalactic sources and diffuse interstellar 
structures may reproduce the photometric properties 
of young stellar objects.

To improve the reliability of the results, an ad-
ditional assessment of photometric quality was per-
formed using the AllWISE catalog flags [38]. Only 
sources with quality flags A and B, corresponding to 
signal-to-noise ratios of wSNR > 3, were included in 
the analysis, ensuring sufficient photometric accura-
cy in the infrared bands. Nevertheless, even sources 
satisfying these criteria may still be associated with 
diffuse interstellar emission, particularly in the W3 
(12 μm) band, where the background contribution 
becomes significant. Therefore, all candidates were 
additionally inspected visually using W3 images 
and combined W1–W3 maps, following approaches 
commonly adopted in studies of star-forming re-
gions. Sources that did not exhibit a clear point-like 
morphology in the W3 band or were associated with 
diffuse structures were excluded from further analy-
sis [39].

After all stages of filtering, the final sample con-
sisted of 148 sources, corresponding to approximate-
ly 29.8% of the initial sample. Although photometric 
classification based on infrared criteria inevitably 
retains some degree of uncertainty because of the 
limited spatial resolution of WISE data and the par-
tial overlap between the color properties of different 
source populations, the applied filtering procedure 
substantially reduces contamination and provides a 
statistically reliable sample of probable young stellar 
object candidates suitable for further analysis.

4. Results and discussion 

4.1 Identification of young stellar objects
In this study, the identification of YSOs was 

performed using WISE photometric criteria com-
bined with a classification scheme supplemented 
by 2MASS data. The inclusion of near-infrared 
measurements makes it possible to refine the clas-
sification boundaries and reduce the overlap be-

tween the color distributions of different source 
populations, thereby improving the robustness of 
the method and reducing the probability of false 
classifications. 

Additional selection criteria involving fluxes in 
all four WISE bands (W1–W4) were applied for the 
identification of protostars, allowing a more reliable 
separation from extragalactic contaminants, includ-
ing active galactic nuclei (AGNs). As a result, 2 pro-
tostar candidates were identified in the Serpens South 
region. Their presence is supported by previous infra-
red observations, particularly Spitzer Gould Belt Sur-
vey data, which revealed a dense embedded cluster 
of protostars in this region, as well as by far-infrared 
Herschel observations indicating a large population 
of protostellar and prestellar cores. 

The identification of Class I and Class II objects 
was carried out using WISE color criteria with ad-
ditional constraints based on 2MASS data. In total, 
37 Class I objects and 48 Class II objects were identi-
fied. In addition, 12 sources were classified as transi-
tion-disk objects, while 49 sources were assigned to 
Class III.

Based on the resulting classification, a color–
color diagram (W12 versus W23) was constructed for 
all identified YSO candidates (Figure 2). The dashed 
lines indicate the classification boundaries separating 
different evolutionary stages of YSOs. The horizon-
tal boundary at W12 = 0.25 defines the lower limit 
of infrared excess, whereas the vertical boundary at 
W23  = 2.0 separates more deeply embedded sources 
with enhanced mid-infrared emission. 

The distribution of sources on the diagram dem-
onstrates a clear evolutionary sequence. Class I ob-
jects are concentrated in the region of large color 
indices, consistent with the presence of dense dusty 
envelopes. Class II objects occupy an intermediate 
region associated with protoplanetary disks, while 
Class III objects and transition disks are located clos-
er to the photospheric region, reflecting the reduced 
infrared excess at later evolutionary stages. One pro-
tostar is located in the region of high W12 values, 
indicating the presence of a dense cocoon-like en-
velope of gas and dust. Although its color index is 
lower than that of some Class I objects, it remains 
significantly separated from the photospheric and 
Class II regions, supporting its classification as one 
of the youngest and most deeply embedded objects 
in the sample.

During the analysis, several sources with anoma-
lous color indices were identified, including objects 
with negative values of W23 or W12. Such values 
are inconsistent with the expected infrared proper-
ties of dusty envelopes and are most likely associ-
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ated with the sensitivity limitations of the WISE tele-
scope, particularly in the W3 band, as well as with 
contamination from diffuse background emission. In 

total, 3 anomalous sources out of 148 (≈2.0%) were 
identified. The complete list of anomalous objects is 
provided in Appendix A.

Figure 2. WISE color–color diagram (W1−W2) vs. (W2−W3)  
for young stellar object candidates in the Serpens South region.

The presence of these anomalous sources reflects 
residual photometric uncertainties and does not sig-
nificantly affect the overall distribution of the sam-
ple. The relatively low fraction of anomalous objects 
(~2%) indicates the high purity of the final sample 
and confirms the effectiveness of the adopted filter-
ing procedure. 

Thus, the constructed color–color diagram re-
flects the distribution of reliably identified sources 
and confirms the validity of the adopted classifica-
tion criteria, while also demonstrating the evolution-
ary structure of the young stellar object population in 
the Serpens South region.

4.2 Spatial distribution of young stellar objects
а) Spatial distribution map of young stellar ob-

jects
To investigate the structural relationship between 

YSOs at different evolutionary stages and the sur-
rounding interstellar medium, a spatial distribution 
map of YSOs in the Serpens South region was con-

structed. Figure 3 presents the identified YSO candi-
dates overlaid on a WISE 12 μm infrared image. Such 
a visualization makes it possible to examine the de-
gree of concentration of the youngest objects, includ-
ing protostars and Class I sources, along the dense 
gas-and-dust filaments of the nebula, as well as to 
trace the evolutionary segregation process, in which 
stars gradually disperse as they evolve from deeply 
embedded protostellar cores into more evolved Class 
III systems.

Figure 3a shows the spatial distribution of Class 
I objects, Class II objects, transition disks and pro-
tostars. Sources at the earliest evolutionary stages, 
including protostars and Class I objects, exhibit a 
pronounced concentration toward the central region, 
spatially coinciding with the densest and most highly 
obscured structures visible in the infrared map. Such 
a distribution is characteristic of young protostellar 
populations closely associated with dense molecular 
filaments [40]. Class II objects display a more ex-
tended distribution, occupying both the central and 
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peripheral regions, indicating a more advanced evo-
lutionary stage and partial dynamical relaxation [41]. 
Transition-disk objects do not exhibit a strong cen-
tral concentration and are predominantly distributed 
at intermediate and larger distances from the cluster 

center, consistent with their interpretation as more 
evolved systems. It should be noted that the protostar 
sample in the present study is limited (N = 1), pre-
venting statistically significant conclusions regarding 
their spatial distribution. 

 
(a) YSO candidates: protostar, Class I and Class II objects 

and transition disks
(b) Class III YSO candidates

Figure 3. Spatial distribution of YSO candidates of different evolutionary classes  
in the Serpens South region overlaid on the WISE 12  μm  map.

The observed spatial distribution of different 
YSO classes reflects an evolutionary sequence in 
which younger objects remain closely associated 
with dense molecular-cloud structures, whereas more 
evolved sources gradually disperse as a result of clus-
ter dynamical evolution and interactions with the sur-
rounding environment. Similar behavior has previ-
ously been reported in several star-forming regions, 
including Serpens South and Orion.

Figure 3b shows the spatial distribution of Class 
III YSO candidates in the Serpens South region. In 
contrast to younger objects, Class III sources exhibit 
a significantly more uniform and extended spatial 
distribution, without a pronounced concentration to-
ward the central part of the region. Such a distribu-
tion is consistent with the expected dynamical evo-
lution of stellar clusters, in which Class III objects, 
having lost their protoplanetary disks, represent a 
more evolved population that has had sufficient time 
to migrate away from their formation sites. The ab-
sence of a clear correlation with dense infrared struc-
tures further indicates that these objects are no longer 

directly associated with active star-forming regions, 
in agreement with observations of other star-forming 
environments.

b) Radial properties of YSO candidates of differ-
ent evolutionary classes

To quantitatively investigate the spatial distribu-
tion of YSO candidates in the Serpens South region, 
radial distances relative to the cluster center were 
analyzed. Source coordinates were obtained from 
the AllWISE catalog and converted into equatorial 
coordinates (J2000) expressed in degrees. The clus-
ter center was defined using the median coordinates 
of the Class I objects. This choice is motivated by 
the fact that Class I sources correspond to the earli-
est evolutionary stages and are therefore expected to 
remain spatially associated with ongoing star forma-
tion. The use of median values instead of mean co-
ordinates reduces the influence of asymmetries and 
outliers in the spatial distribution. 

Radial distances were calculated under the small-
angle approximation with a cosine correction applied 
to declination , where Δα and 
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Δδ represent the offsets in right ascension and decli-
nation relative to the cluster center and r is expressed 
in arcminutes [42].

To compare the spatial distributions of different 
evolutionary classes (Class I, II, III and transition-
disk YSO candidates), cumulative distribution func-
tions (CDFs) were used, thereby avoiding depen-
dence on binning and enabling robust comparisons 
between samples of different sizes [43]. For each 
class, an empirical cumulative distribution function 
of radial distances was constructed. The statistical 
significance of the differences between distributions 
was evaluated using the Kolmogorov–Smirnov test, 
which measures the maximum deviation between two 
empirical cumulative distributions and estimates the 
probability that the samples originate from the same 
parent distribution. In addition, mean and median ra-
dial distances were calculated for each class and used 
as independent indicators of spatial concentration. 

To evaluate the robustness of the median values, 
a bootstrap resampling procedure was applied [44]. 
For each sample, 5000 bootstrap realizations with re-
placement were generated, allowing the distribution 
of median radii and the corresponding 68% confi-
dence intervals to be determined. This procedure is 
particularly important for the relatively small sample 
of transition disks (N = 12), for which standard statis-
tical estimates may be unstable.

Figure 4 presents the cumulative radial distribu-
tions (CDFs) for Class I, II, III and transition-disk 
YSO candidates relative to the cluster center. The 
distribution corresponding to Class I objects is sys-
tematically shifted toward smaller radii, indicating 
a high degree of spatial concentration. The median 
radius for this class is rmed = 3.50 arcmin.

The distributions of Class II and III objects are 
nearly identical and are characterized by median radii 
of approximately 5.2 arcmin, indicating a more spatially 
extended structure. This result is supported by the Kol-
mogorov–Smirnov test, which reveals no statistically 
significant difference between these classes (p ≈ 0.91). 

Transition disks exhibit a systematic shift toward 
larger radii, with a median value of rmed = 5.46 arc-
min. The confidence interval derived from bootstrap 
resampling (5.38–6.09 arcmin) does not overlap with 
that of the Class I population, indicating the absence 
of strong central concentration for transition-disk ob-
jects. At the same time, partial overlap with the distri-
butions of Class II and III sources suggests statistical 
consistency with more evolved populations.

Overall, the obtained results are consistent with 
the standard evolutionary picture of YSOs, in which 
younger objects remain concentrated in the central 

star-forming regions, whereas more evolved sources 
become distributed over a larger spatial volume.

Figure 4. Cumulative distribution functions of radial distances 
for young stellar object candidates of different evolutionary 

classes in the Serpens South region.

Table 1. Radial properties of YSO candidates belonging to dif-
ferent evolutionary classes.

Class of objects N ⟨r⟩ 
(arcmin)

rmed 
(arcmin)

68% CI 
(arcmin)

Class I 37 3.27 3.50 3.30–3.77

Class II 48 4.81 5.19 4.93–5.31

Class III 47 4.66 5.22 4.85–5.37

Transition Disk 12 5.55 5.46 5.38–6.09

c) Quantitative analysis of the spatial distribu-
tion of YSOs

A quantitative analysis of the spatial distribution 
of young stellar objects at early evolutionary stages 
in the Serpens South region was further performed, 
revealing systematic differences between evolution-
ary classes. 

Figure 5 presents the spatial distribution of YSO 
candidates in the Serpens South region overlaid on 
the WISE 12 μm infrared emission map together 
with contour lines corresponding to the kernel den-
sity estimation (KDE) of the source distribution [45]. 
The color map represents the infrared intensity on a 
logarithmic scale (MJy/sr-1). The left panel (Figure 
5a) shows the distribution of protostars (yellow stars) 
and Class I objects (red circles). Regions of enhanced 
source density, indicated by white contours, demon-
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strate pronounced clustering, with the sources con-
centrated along an elongated structure associated with 
a dense molecular filament. The right panel (Figure 
5b) presents the distribution of Class II objects (green 
squares). Their spatial distribution appears more dif-
fuse, while the density contours (green) indicate sig-
nificantly weaker clustering compared with the Class 
I population.

For the early evolutionary classes of YSO can-
didates, several quantitative spatial parameters were 

calculated, including R50, the characteristic radius 
containing 50% of the objects of a given class; NN 
(Nearest Neighbor), defined as the mean distance to 
the nearest neighboring source; and KDE (Kernel 
Density Estimation), corresponding to the peak value 
of the kernel density distribution. The first parameter 
characterizes the local concentration of objects, the 
second describes the compactness of the population 
and the third reflects the maximum projected surface 
density of sources within the cluster.

Figure 5. Spatial distribution and clustering of YSO candidates based on WISE infrared emission at 12 μm.

Class I objects exhibit a more compact spatial 
distribution, characterized by a radius of R50 = 0.26 ± 
0.03 pc, whereas Class II objects show a larger char-
acteristic radius of R50 = 0.37 ± 0.02 pc. Thus, the 
characteristic spatial scale increases by approximate-
ly 40% from Class I to Class II sources. The mean 
nearest-neighbor distance also increases from 0.055 
pc for Class I objects to 0.066 pc for Class II objects, 
indicating a decrease in the local source density. The 
KDE analysis further shows that the peak density of 
the Class I population is approximately three times 
higher than that of the Class II population, implying 
significantly stronger clustering at earlier evolution-
ary stages.

Protostars in the present sample are represented 
by a limited number of objects (N = 1), preventing a 
statistically meaningful quantitative analysis of their 
spatial distribution. Nevertheless, their localization 
within the region of maximum source density is con-

sistent with the expected location of the youngest ob-
jects near the centers of active star formation.

The obtained results are consistent with the es-
tablished evolutionary picture of stellar clusters, in 
which the youngest objects, including protostars and 
Class I sources, remain concentrated within dense fil-
amentary structures, whereas more evolved objects, 
such as Class II and Class III sources, exhibit a more 
extended spatial distribution. 

Table 2. Spatial distribution parameters.

Parameter Class I Class II
Number of objects (N) 37 48
(R50) (pc) 0.26 ± 0.03 0.37 ± 0.02
NN (pc) 0.055 0.066
KDE peak 2.95·10-5 1.05·10-5



112

Identification of young star objects in the serpens ...                        Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026:103-130

d) Estimation of the Physical Parameters of the 
Serpens South Region Using the Monte Carlo Method

To quantitatively interpret the observed cluster-
ing scale of the identified young stellar objects, a 
Jeans analysis was performed taking into account 
the uncertainties of the input parameters. The mean 
nearest-neighbor separation, Lobs ≈ 0.06 pc, was ad-
opted as the characteristic fragmentation scale. The 
gas temperature was assumed to lie within the range 
of 10–15 K, corresponding to typical conditions in 
dense molecular clouds [46]. Since the Jeans length 
depends nonlinearly on both temperature and densi-
ty, Monte Carlo simulations were applied in order to 
obtain a statistically robust estimate of the physical 

parameters of the environment. Within 104 realiza-
tions, the gas temperature and the observed spatial 
scale were randomly varied and for each realization 
the gas density satisfying the condition λJ ≈ Lobs was 
determined.

 The simulation results are presented in Figure 
6, which shows the resulting gas-density distribution. 
The histogram represents the Monte Carlo sample, 
while the solid curve corresponds to the smoothed 
kernel density estimation (KDE). The vertical dashed 
line marks the median value, whereas the dotted lines 
indicate the 68% confidence interval. The resulting 
distribution is close to log-normal in shape, with a 
moderate asymmetry toward higher densities.

Figure 6. Monte Carlo estimation of gas density from Jeans analysis in Serpens South.

The numerical estimates are summarized in 
Table 3. The median gas density is found to be 
n≈1.6×105 cm−3, with a 68% confidence interval of 
n≈(1.1–2.2)×105 cm−3. These values significantly ex-
ceed the average density of typical molecular clouds 
(∼103–104 cm−3) and are consistent with dense fila-
mentary structures and prestellar cores [47]. Previ-
ous studies of the Serpens South region have shown 
that star formation occurs within a dense filamentary 
structure characterized by a high concentration of 
protostars [48]. 

Thus, the obtained results are consistent with the 
current paradigm of filamentary star formation, in 

which gravitational fragmentation of dense filaments 
plays a key role [49]. The observed clustering scale 
of the YSO candidates corresponds to the Jeans scale 
within the densest regions of the filaments, confirm-
ing the connection between the spatial distribution of 
the sources and the physical conditions of the sur-
rounding medium.

It is important to note that the contribution of tem-
perature uncertainty to the final result is secondary 
compared to the effect of gas density, in agreement 
with theoretical estimates of the Jeans-length sensitiv-
ity [50]. This indicates that gas density plays the domi-
nant role in determining the fragmentation scale.
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Table 3. Estimated gas density parameters.

Parameter Value
Median ( n ) (1.56×105  ) cm−3

Mean ( n ) (1.71×105  ) cm−3

Lower limit (16%) (1.12 ×105  ) cm−3

Upper limit (84%) (2.24 ×105  ) cm−3

Confidence interval (68%) ((1.12–2.24)×105) cm−3

4.3 Multiwavelength verification and compara-
tive analysis of YSO candidates

To independently verify the adopted classification 
and evaluate the novelty of the resulting YSO candi-
date sample in the Serpens South region (1 protostar, 
37 Class I objects, 48 Class II objects, 47 Class III 
objects and 12 transition disks), a multiwavelength 
cross-identification analysis was performed using 
19 astrophysical catalogs and published studies. The 
analysis included infrared catalogs (7 catalogs, in-
cluding 2MASS, WISE/NEOWISE, Spitzer, as well 
as the general source catalog and YSO sample pre-
sented in [20]), X-ray catalogs (3 catalogs: SFiNCs 
[51], Chandra and MORX [52]), radio [40] and sub-
millimeter catalogs (4 catalogs: VLA GBS [53-55]), 
as well as combined and optical datasets [56–59]. 
The results of the cross-identification analysis are 
presented in Appendices B and C.

а) Cross-identification with infrared catalogs
To independently validate our classification and 

assess the novelty of the resulting sample, we per-
formed a cross-identification of all 145 YSO can-
didates with the infrared catalogs presented in [20], 
where deep near-infrared (NIR) mapping of the 
W40–Serpens South region was carried out using 
CFHT observations combined with data from the 
2MASS, UKIDSS and Spitzer surveys, resulting in a 
cleaned catalog containing 901,910 point sources. It 
is important to emphasize that the data presented in 
[20] were obtained using an independent methodol-
ogy based on deep NIR and Spitzer observations and 
do not include WISE photometry, which forms the 
basis of the classification adopted in the present work. 
This makes the cross-comparison particularly valu-
able for an objective assessment of the reliability of 
our sample. The positional cross-identification shows 
that 137 out of 145 YSO candidates (94.5%) have 
counterparts in the general catalog presented in [20]. 
The highest completeness is achieved for the more 
evolved populations (Class II, Class III and transition 
disks), which is expected because of their enhanced 
brightness in the near-infrared wavelength range. A 

key result, however, is that comparison with the final 
sample of 832 verified YSOs identified in [20] shows 
that 124 out of our 145 candidates (85.5%) are absent 
from their final YSO catalog. Particularly notable are 
the results for the later evolutionary classes: 97.9% of 
the Class III objects and 100% of the transition-disk 
objects were not classified as YSOs in [20], indicat-
ing a substantial degree of novelty within the result-
ing sample. At the same time, it should be noted that 
a significant fraction of these sources had previously 
been identified in other studies of the Serpens South 
region based on X-ray, infrared and submillimeter 
observations. As an additional verification step, the 
2MASS photometry of our objects was compared 
with the catalog data reported in [20], confirming the 
reliability of the source identifications (see Appendix 
B for details). 

Since the infrared wavelength range provides the 
dominant contribution to the identification of young 
stellar objects in the studied region, additional data 
from several independent infrared surveys and spe-
cialized YSO catalogs were incorporated into the 
analysis

First, data from the Spitzer, WISE and NEOWISE 
space missions were used. The Spitzer survey (IRAC 
and MIPS) provides deep mid-infrared coverage in 
the 3.6–24 μm range, which is critically important for 
detecting circumstellar disks and protostellar objects, 
whereas WISE and its extension NEOWISE (3.4–22 
μm) provide complete coverage of the entire region 
over a wider field of view, although with lower sensi-
tivity compared to Spitzer. The combination of these 
surveys enables reliable identification of sources ex-
hibiting infrared excess emission associated with ac-
cretion disks and dusty envelopes. 

Second, several specialized YSO catalogs were 
employed. The MIRES (Mid-InfraRed Excess Sourc-
es) catalog presented in [60] was developed for the 
identification of massive young stellar objects and 
protostars using Spitzer/IRAC observations. In addi-
tion, the Spitzer YSO SED catalog provides a sys-
tematic classification of sources based on spectral en-
ergy distribution (SED) modeling in 22 star-forming 
regions, including Serpens South and represents one 
of the most widely used resources for identifying cir-
cumstellar disk systems. 

Third, results from several independent stud-
ies were incorporated into the analysis. A combined 
analysis of infrared and X-ray observations in the 
Serpens South region revealed a significant number 
of YSO candidates. A machine-learning approach for 
YSO classification based on WISE data was devel-
oped in [61], while an updated catalog of young stel-
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lar objects was presented in [62]. In addition, YSO 
candidates in the Serpens–Aquila Rift complex were 
identified using a combination of WISE, 2MASS and 
Gaia observations. 

Taken together, the combined use of these data-
sets showed that 114 out of 145 objects (78.6% of 
the sample) possess independent infrared confirma-
tion of their YSO nature. Such a high fraction is ex-
pected because infrared wavelengths, particularly in 
the mid- and far-infrared ranges, penetrate the pa-
rental molecular clouds that strongly absorb optical 
and ultraviolet radiation. Moreover, infrared excess 
emission is a direct indicator of circumstellar disks 
and dusty envelopes, making infrared observations 
the primary and in many cases the only, method for 
identifying young stellar objects at early evolution-
ary stages. The obtained results confirm that the in-
frared wavelength range remains the principal tool 
for identifying protostellar and disk-bearing systems 
in the Serpens South region and further demonstrate 
the high reliability of the present sample, since the 
overwhelming majority of the candidates possess in-
dependent infrared confirmation from multiple data-
sets.

b) ross-identification with radio and X-ray cata-
logs

To independently verify the young nature of the 
sample of 145 YSO candidates, a cross-identification 
analysis was performed using radio and X-ray cata-
logs, as well as independent source catalogs associ-
ated with star-forming regions (the results are pre-
sented in Appendices B and C).

A comparison with the VLA Gould’s Belt Survey 
(GBS) radio catalog, containing 146 sources detected 
at 4.5 GHz with a sensitivity of 10–15 μJy, revealed 
no positional matches within a search radius of 30″. 

Despite the absence of direct matches with the 
VLA catalog, three objects in our sample possess in-
dependent confirmation in the radio and submillimeter 
wavelength ranges based on specialized studies of the 
Serpens South region. Previous molecular and radio in-
vestigations of the Aquila Rift complex have revealed 
dense molecular condensations, selective CO disso-
ciation regions and complex gas kinematics associated 
with active star formation [63-65]. A catalog of milli-
meter and submillimeter sources in the W40–Serpens 
South region obtained with the JCMT telescope using 
the SCUBA-2 instrument (450 and 850 μm) revealed 
dense cold cores, many of which are associated with 
protostellar objects at early evolutionary stages. High-
angular-resolution SMA observations further identi-
fied several compact millimeter sources corresponding 
to individual protostars and compact multiple systems 

in Serpens South. Recent interferometric studies of 
massive star-forming regions obtained with ALMA 
have additionally demonstrated the importance of mo-
lecular and ionized gas diagnostics for investigating 
the physical and dynamical properties of embedded 
young stellar environments [66-70]. Additional confir-
mation is provided by complementary catalogs of sub-
millimeter and infrared-selected YSOs, as previously 
reported in [40, 62]. The catalog presented in [71] in-
cludes submillimeter and millimeter continuum sourc-
es identified in the Serpens South region using JCMT 
and IRAM 30m observations. The Spitzer YSO SED 
catalog additionally includes millimeter and radio de-
tections for part of the sample, allowing these sources 
to be classified as protostellar objects with confirmed 
cold dust components. Based on these studies, three 
objects in our sample were identified as having radio 
or submillimeter confirmation: the first source was 
detected in the submillimeter range, as previously re-
ported in [58, 62]; the second object was classified as 
a millimeter/radio source in [40]; and the third object 
was identified in the submillimeter range [71].

 All three objects belong to the early evolution-
ary stages (Class I), which is expected because such 
sources possess the most massive and cold dusty 
envelopes emitting strongly in the submillimeter 
and millimeter wavelength ranges. The absence of 
matches with the VLA GBS catalog even for these 
three objects can be explained by differences in sen-
sitivity and observing frequencies. The survey pre-
sented in [53] was carried out at 4.5 GHz (6 cm) and 
was optimized for the detection of free–free emission 
from ionized gas, whereas submillimeter observa-
tions in the 450–850 μm range are primarily sensi-
tive to cold dust emission. Thus, these two observa-
tional regimes trace different physical components of 
protostellar systems (ionized winds/jets versus cold 
dusty envelopes) and are not necessarily expected to 
correlate directly.

The very small number of radio detections 
(≈2.1% of the total sample) is consistent with the re-
sults previously reported in [53], where only ~30% of 
YSOs in the Gould Belt were found to be detectable 
at radio wavelengths. Under the extreme conditions 
of the Serpens South region, this fraction may be 
even lower because of free–free absorption and the 
high optical depth of the surrounding medium.

Additional cross-identification with the MORX 
(Million Optical Radio/X-ray Associations) catalog 
did not reveal statistically significant matches within 
the investigated area (≈0.05 deg2), which is likely ex-
plained by the high extinction and incomplete cover-
age by deep surveys.
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In contrast, X-ray observations provide strong 
independent confirmation of the young nature of 
the sources, since high-energy emission is a direct 
indicator of magnetic activity characteristic of stars 
at early evolutionary stages. The principal contribu-
tion comes from two major catalogs. The first is the 
SFiNCs (Star Formation in Nearby Clouds) catalog, 
derived from a homogeneous analysis of archival 
Chandra X-ray and Spitzer infrared observations 
covering 22 star-forming regions [51]. This project 
identified more than 15,300 X-ray sources, nearly 
8,500 of which were classified as probable young 
stellar members, increasing the known YSO popula-
tions in some regions by factors of 6%–200%.

The second dataset is a dedicated X-ray study of 
the Serpens South region, as previously reported in 
[52]. Using Chandra ACIS-I observations, that study 
identified 152 X-ray sources, of which 66 obtained 
reliable infrared counterparts based on Spitzer and 
2MASS data, while 95 were classified as new YSO 
candidates.

Within our sample, 102 objects (70.3%) possess 
independent X-ray confirmation. This fraction dem-
onstrates not merely a significant but rather a domi-
nant overlap between the infrared- and X-ray-select-
ed populations. The obtained value is fully consistent 
with the fundamental observational trends estab-
lished for star-forming regions. Previous studies [63] 
have shown that the X-ray detection fraction of YSOs 
reaches approximately 70%–75% for more evolved 
objects, particularly Class II and Class III sources. 
Our results are therefore fully consistent with this 
established statistical behavior and confirm that the 
observed population represents a typical sample of 
young stars, for which X-ray activity serves as a reli-
able indicator of youth independent of the effects of 
dusty envelopes and circumstellar disks. The optical 
depth for soft X-ray emission (~0.5–8 keV) is sub-
stantially lower than at optical wavelengths, allow-
ing the detection of sources deeply embedded within 
their parental molecular clouds. 

Thus, the X-ray data not only complement but 
also independently validate the infrared classifica-
tion. The high fraction of joint detections (infrared + 
X-ray) serves as a robust indicator that the identified 
sources represent a real and physically young stellar 
population rather than artifacts or erroneous identifi-
cations. 

c) Cross-identification with multiwavelength 
data

An integrated assessment of the multiwavelength 
confirmations was performed in order to quantita-
tively evaluate the contribution of each wavelength 

range to the verification of the sample. Based on 
comparisons with infrared (Spitzer, WISE, NEO-
WISE and 2MASS), X-ray (SFiNCs and Chandra, as 
previously reported in [52]) and optical datasets, all 
145 candidates were classified according to the type 
of observational confirmation. 

Objects possessing exclusively infrared confir-
mation, without detections in the X-ray or optical 
wavelength ranges, account for 61 sources (42.1% 
of the sample). This category mainly includes highly 
obscured objects for which the X-ray emission may 
be significantly attenuated, as well as intrinsically 
faint X-ray sources lying below the sensitivity limits 
of the adopted surveys. 

A total of 13 objects (9.0% of the sample) are 
detected only in X-rays without independent infrared 
confirmation. The presence of X-ray emission in the 
absence of detectable infrared excess may indicate 
several possible scenarios: (a) very low-mass objects 
such as ultracool dwarfs, (b) sources so strongly ob-
scured in the infrared range that they are absent from 
the adopted catalogs, or (c) possible artifacts related 
to X-ray data processing. Additional spectral energy 
distribution (SED) analysis is required for the final 
classification of these objects. 

Joint infrared and X-ray confirmation is observed 
for 28 objects (19.3% of the sample). Such sources 
represent highly reliable YSO candidates because 
two independent physical mechanisms – thermal 
emission from circumstellar dust and X-ray emission 
from magnetically active coronae – simultaneously 
indicate a young stellar nature. This category may 
therefore be considered the “gold standard” for cross-
validation of YSO samples. 

Optical data play a secondary role, provid-
ing confirmation for only 21 objects (14.5% of the 
sample). Such a low fraction is expected because of 
the extreme conditions in the Serpens South region: 
the high level of interstellar extinction typical of 
dense molecular clouds strongly suppresses optical 
emission, even in the I band (~800–900 nm). Con-
sequently, optical detections are generally limited to 
the outermost and least obscured members of the as-
sociation or to foreground objects. 

Complete three-wavelength confirmation (in-
frared + X-ray + optical) is achieved for 21 objects 
(14.5% of the sample). These represent the most reli-
able YSO candidates, for which not only high-energy 
and dust-related emission but also optical radiation 
has been detected, primarily in red optical filters. 
This suggests comparatively low extinction along the 
line of sight or a location outside the densest regions 
of the molecular cloud.
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Particular attention should be given to 11 objects 
(7.6% of the sample) that do not possess confirmation 
in any of the considered wavelength ranges (infrared, 
X-ray, or optical) (Table 4). A key result of the pres-
ent study is the demonstration that all of these sourc-
es are present in the general point-source catalog 
presented in [20], which contains 901,910 reliable 
astronomical sources in the Serpens South region. 
Therefore, these objects represent real astrophysi-
cal sources rather than artifacts related to WISE data 
processing. Moreover, although these sources are in-
cluded in the deep multiwavelength catalog reported 
in [20], they were not included in the final sample 
of 832 verified YSOs identified in that study. This 
discrepancy is likely explained by two factors. First, 
the methodology adopted in [20] relied primarily on 
deep NIR (CFHT) and Spitzer observations together 
with more restrictive selection criteria designed to 
minimize false identifications, potentially excluding 
fainter or more heavily obscured sources. Second, the 
present work makes extensive use of WISE photom-
etry, which was not incorporated into the methodol-
ogy of [20]. In particular, the W3 (12 μm) and W4 
(22 μm) bands provide unique sensitivity to warm 
dust emission associated with circumstellar disks and 
dusty envelopes, enabling the identification of YSOs 
that may remain undetected in shorter-wavelength 
NIR observations. Thus, the WISE-based criteria ad-
opted in the present study made it possible to identify 
a population of young objects that was not recovered 
using the more restrictive selection procedure of [20]. 
Collectively, these results emphasize the substantial 
novelty of the present study, in which these sources 
are identified for the first time as YSO candidates. 

The absence of X-ray, optical and radio detec-
tions for these 11 objects, including Class I, II and III 

sources, does not contradict their young stellar nature. 
For Class II and III objects, this may be explained by 
several factors: (a) the large intrinsic spread in YSO 
X-ray luminosities, which may vary by up to two or-
ders of magnitude within a single evolutionary class 
[72, 73], allowing weak sources to fall below the sen-
sitivity limit of Chandra observations; (b) variability 
of magnetic activity analogous to solar flares; and (c) 
residual extinction attenuating soft X-ray emission. 
For Class I objects, an additional factor is the strong 
shielding produced by dense dusty envelopes. 

The absence of optical detections is also expect-
ed. Even for Class III sources in Serpens South, the 
typical extinction reaches several magnitudes, ren-
dering optical emission inaccessible to most ground-
based surveys. Likewise, the absence of radio detec-
tions is not unusual, since only approximately 30% of 
YSOs in the Gould Belt are detectable at 4.5 GHz, as 
previously reported in [53]. 

Therefore, the absence of multiwavelength con-
firmations can be explained by a combination of fac-
tors, including low luminosity, variability, extinc-
tion and survey sensitivity limitations, rather than 
by the absence of a young stellar nature. These 11 
objects represent valuable candidates for future deep 
observations. Additional observations with facilities 
such as ALMA, JCMT and NOEMA, together with 
detailed Herschel-based spectral energy distribution 
analysis are required for the final verification and 
classification of these sources. 

Overall, the combined analysis presented here 
demonstrates the varying levels of reliability in YSO 
identification across the studied region and emphasiz-
es the essential role of a multiwavelength approach, 
particularly for heavily obscured star-forming envi-
ronments.

Table 4. New YSO candidates in the Serpens south region.

№ AllWISE RA(J2000), 
deg

DE(J2000), 
deg

W1,
mag

W2,
mag

W3,
mag

W4,
mag

YSO 
Candidate 

(class)
SS_YSO_01 J183003.69-015842.5 277.52 -01.98 15.877 13.835 10.513 8.120 I 
SS_YSO_02 J183016.33-020149.3 277.57 -02.03 15.210 13.840 9.555 7.049 I 
SS_YSO_03 J183017.04-020409.5 277.57 -02.07 15.548 13.280 10.075 7.338 I 
SS_YSO_04 J183000.31-020616.0 277.50 -02.10 14.222 12.732 10.414 4.829 I 
SS_YSO_05 J183006.84-020806.8 277.53 -02.14 14.243 12.207 10.120 8.193 I
SS_YSO_06 J183004.38-020539.0 277.52 -02.09 14.050 12.936 10.799 8.580 II
SS_YSO_07 J182947.76-015941.6 277.45 -01.99 13.132 12.588 10.866 8.631 II
SS_YSO_08 J183022.05-015921.5 277.59 -01.99 13.266 12.547 9.367 6.740 II
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№ AllWISE RA(J2000), 
deg

DE(J2000), 
deg

W1,
mag

W2,
mag

W3,
mag

W4,
mag

YSO 
Candidate 

(class)
SS_YSO_09 J183017.84-020215.3 277.57 -02.04 14.179 13.792 9.900 7.986 III
SS_YSO_10 J182942.40-020515.0 277.423 -02.09 12.044 11.902 9.898 6.883 III
SS_YSO_11 J182937.64-020401.0 277.41 -02.07 13.242 13.067 9.947 6.579 III

Continuation of the table

4.4 Comparison with other star-forming regions 
and interpretation 

The results obtained in the present study allow 
a comparison between the Serpens South region and 
other well-studied star-forming environments, in-
cluding NGC 1333, Ophiuchus, Serpens Core and IC 
348.

1. A systematic comparison of five star-forming 
regions – Serpens South, Serpens Core, Ophiuchus, 
NGC 1333 and IC 348 — was previously presented 
in [74]. That study showed that, for most regions, the 
distribution of young stellar objects on scales larg-
er than 0.15 pc is well described by the gas column 
density distribution, while the spatial distribution of 
YSOs at a given column density remains statistically 
random. However, Serpens South and NGC 1333 
exhibit significant deviations from this behavior on 
smaller spatial scales (~0.15 pc), indicating that star 
formation in these two regions cannot be explained 
solely by gas column density. Instead, additional lo-
cal processes, such as turbulence, magnetic fields, or 
dynamical interactions, likely play an important role. 

Our analysis of the spatial distribution (Figures 
3–5) fully supports this interpretation. Figure 3a 
shows that the youngest objects, including protostars 
and Class I sources, are concentrated toward the cen-
tral region and coincide with the densest structures 
visible in the WISE 12 μm infrared map, whereas 
Figure 3b demonstrates that Class III objects exhibit 
a substantially more uniform distribution. Figure 4 
presents the cumulative distribution functions (CDFs) 
of radial distances for different evolutionary classes, 
showing a systematic shift of the Class I distribu-
tion toward smaller radii compared with the Class II 
and III populations. In addition, Figure 5 shows the 
kernel density estimation (KDE) of the source dis-
tribution, where the contours associated with Class I 
objects demonstrate pronounced clustering, while the 
Class II population exhibits a significantly weaker 
concentration. 

The quantitative estimates summarized in Table 
2 show that the characteristic radius for Class I ob-
jects is R₅₀ = 0.26 ± 0.03 pc, whereas for Class II 
objects R₅₀ = 0.37 ± 0.02 pc. The median gas density 

derived from our Jeans analysis (n ≈ 1.6×10⁵ см⁻³; 
see Figure 6 and Table 3 in Section 3.3d) significant-
ly exceeds the average density of typical molecular 
clouds (∼10³–10⁴ см⁻³) and corresponds to dense fila-
mentary structures and prestellar cores detected with 
Herschel, as previously reported in [28, 36].

2. Comparison with the nearby W40 region pro-
vides important evolutionary information. According 
to the deep near-infrared survey presented in [20], 
the central region of W40 is dominated by Class II 
YSOs, corresponding to a more evolved stellar popu-
lation, whereas approximately half of the YSOs in 
Serpens South belong to the younger Class I stage. 
This suggests that Serpens South is in an earlier stage 
of cluster evolution despite its spatial proximity and 
kinematic association with W40.

Our results are fully consistent with this interpre-
tation. In the present sample, the fraction of Class I 
objects and protostars reaches approximately 26% 
(38 out of 145 objects). Furthermore, 124 out of 145 
YSO candidates (85.5%) are absent from the final 
YSO catalog presented in [20], demonstrating the 
high efficiency of WISE data for identifying heavily 
obscured sources at early evolutionary stages.

 3. The density estimates and clustering scales 
derived in this work can also be compared with those 
observed in other young embedded clusters. For ex-
ample, in the NGC 1333 cluster, which also exhibits 
deviations from the model of on small spatial scales, 
the average gas density is approximately ∼10⁵ см⁻³, 
nearly identical to our estimate for Serpens South 
(n  ≈ 1.6×10⁵ см⁻³; see Table 3). By contrast, in more 
diffuse star-forming regions such as IC 348 and Tau-
rus, the gas density is significantly lower and the 
spatial distribution of YSOs is more accurately de-
scribed by the gas column density distribution with-
out requiring additional local interactions.

The characteristic clustering scale obtained for 
Serpens South in the present study (R₅₀ = 0.26 ± 0.03 
pc for Class I objects; see Table 2) is also consistent 
with the typical sizes of dense cores embedded with-
in filamentary structures observed by Herschel as 
part of the Gould Belt Survey, as previously reported 
in [28, 36]. The mean nearest-neighbor distance for 
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Class I objects is 0.055 pc (Table 2), corresponding 
to typical fragmentation scales of dense molecular 
filaments.

4. A recent study [75] investigated the hierarchi-
cal structure of YSOs in the W40–Serpens South re-
gion using the minimum spanning tree (MST) meth-
od. The authors showed that the fractal dimensions 
in the central regions are approximately 1.6 for W40 
and 1.4 for Serpens South. The lower fractal dimen-
sion derived for Serpens South indicates a higher de-
gree of clustering, implying that the YSOs in Serpens 
South are concentrated into more compact groups. 

Our analysis (see Figure 5 with KDE contours 
and Table 2 with the quantitative parameters) yields 
results fully consistent with this interpretation. Figure 
3 shows that the youngest objects (Class I sources) 
exhibit the highest degree of spatial concentration, 
whereas Class II and III objects are distributed more 
uniformly throughout the region. The peak KDE 
density for the Class I population (2.95×10⁻⁵) is ap-
proximately three times higher than that of the Class 
II population (1.05×10⁻⁵), confirming a substantially 
stronger degree of clustering at earlier evolutionary 
stages. As previously reported in [20], four MST 
branches overlap with the main filament of Serpens 
South and molecular gas “hubs” together with an en-
hanced concentration of Class I YSOs are observed 
at their intersection points.

Thus, the comparison presented here, based on 
the quantitative results of our study (Figures 3–6 and 
Tables 1–3), allows the following conclusions to be 
drawn.

Serpens South, together with NGC 1333, belongs 
to the class of star-forming regions in which small-
scale processes, including local interactions, turbu-
lence and magnetic fields, play a key role in regulat-
ing star formation, distinguishing these environments 
from more diffuse regions such as IC 348 [76]. Our 
CDF distributions (Figure 4) and radial parameters 
(Table 1) quantitatively support this conclusion.

From an evolutionary perspective, Serpens South 
appears to be at an earlier stage of cluster evolution 
than the neighboring W40 region, as indicated by the 
high fraction of Class I objects identified both in our 
sample and in the catalog presented in [20].

The higher degree of clustering (corresponding 
to a lower fractal dimension) observed for the young 
population in Serpens South relative to other star-
forming regions reflects the hierarchical structure 
of the dense filamentary cloud in which the stars are 
forming. Our KDE maps (Figure 5) and clustering 
parameters (Table 2) provide a quantitative basis for 
this interpretation.

5. Conclusion

In the present work, a comprehensive study of the 
young stellar object (YSO) population in the active 
star-forming region Serpens South, located within 
the Aquila Rift complex, has been carried out. Us-
ing multiwavelength data from the AllWISE catalog 
together with modern photometric selection criteria, 
a set of results was obtained that provides insight into 
the physical processes occurring within the region.

A representative sample of 145 YSO candidates 
was identified and classified according to their prob-
able evolutionary stages. Protostellar candidates to-
gether with Class I objects account for approximately 
26% of the sample, which, combined with the detect-
ed Class II population, suggests a high level of on-
going star formation activity. The presence of Class 
III candidates and transition disks further indicates 
a possible evolutionary sequence within the region, 
supporting the interpretation of Serpens South as one 
of the youngest nearby star-forming environments in 
the Galaxy.

The analysis of the spatial distribution of the 
sources indicates a likely correlation between evolu-
tionary stage and the morphology of the surrounding 
gas. Early-stage objects exhibit clear spatial segrega-
tion and are preferentially concentrated along dense 
dusty filaments. In contrast, the more diffuse distri-
bution of Class II and III objects may reflect dynami-
cal relaxation processes and the gradual dispersal of 
the stellar population from the parental molecular 
structures.

A Jeans analysis combined with statistical mod-
eling was used to estimate the local physical condi-
tions within the fragmentation regions. The derived 
gas volume density, n ≈ 1.6 × 105 cm-3, is consistent 
with theoretical models of star formation occurring 
within filamentary hubs and may support the impor-
tant role of gravitational instability in this region.

The performed cross-identification with inde-
pendent astrophysical catalogs, including Chandra/
SFiNCs and Spitzer datasets, provides additional 
confirmation of the reliability of the adopted meth-
odology. A substantial fraction of the sample exhib-
its both infrared excess emission and X-ray activity, 
characteristic of magnetically active young stellar 
objects.

During the course of this study, 11 new YSO can-
didates not previously reported in the literature were 
identified, including one potentially deeply embed-
ded Class I source. These results suggest that WISE 
observations provide an efficient method for detect-
ing objects located in regions of strong interstellar 
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extinction that may remain inaccessible to near-in-
frared surveys.

Overall, the obtained results expand the current 
understanding of the star-forming architecture of the 
Serpens South region. The identified spatial structure 
together with the newly detected YSO candidates 
demonstrates the importance of further observational 
studies aimed at determining the detailed physical 
properties of individual members of this association.
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APPENDIX А
Complete list of anomalous sources.

Table A1. Candidate YSOs with anomalous color indices.

AllWISE ID RA (deg) Dec (deg) W1, mag W2, mag W3, mag W1−W2, 
mag

W2−W3, 
mag YSO

J183003.51−015647.0 18.500978 −1.946338 12.561 9.569 11.027 2.992 −1.458 Protostar
J183010.76−015813.1 18.502991 −1.970293 11.385 10.394 10.632 0.991 −0.238 Class III
J182936.66−015548.3 18.493519 −1.930082 13.666 13.692 10.151 −0.026 3.541 Class III

APPENDIX B
Cross-identification with the infrared catalog.

Cross-identification with the infrared catalog previously reported in [20] was performed to independently verify our classification 
and assess the novelty of the obtained sample. The authors of [20] carried out deep near-infrared (NIR) mapping of the W40–Serpens 
South region using the CFHT (Canada–France–Hawaii Telescope) and combined these observations with data from the 2MASS, 
UKIDSS and Spitzer surveys. As a result, they produced a cleaned point-source catalog containing 901,910 reliable objects after apply-
ing strict artifact rejection procedures, including the removal of halos, false detections and lateral stripes. From this catalog, a sample 
of 832 verified young stellar objects (YSOs) of different evolutionary classes was identified. 

It is important to emphasize that the data presented in [20] were obtained using an independent approach based on deep NIR and 
Spitzer observations and do not include WISE photometry, which forms the basis of our classification scheme. This makes the cross-
comparison particularly valuable for an objective assessment of the reliability of our sample.

For each of the 145 YSO candidates identified in this work, we searched for positional counterparts in the catalog reported in [20]. 
A matching radius of 2″ was adopted, corresponding to the typical astrometric accuracy of the surveys considered. For every source 
in our sample, the angular distances to all objects in the comparison catalog were calculated and the closest source within the adopted 
radius was considered a counterpart.

The cross-identification with the full catalog of 901 910 sources demonstrated a high degree of positional agreement. Detailed 
statistics for the different object classes are presented in Table B1.

Table B1. Results of the cross-identification of YSO candidates with the full catalog.

YSO Class Total Number of Objects 
Identified in This Study Found in the Catalog of [20] Agreement (%)

Class I 37 31 83.8
Class II 48 47 97.9
Class III 47 46 97.9

Transition Disk 12 12 100.0
Protostars 1 1 100.0

Total 145 137 94.5

n average, 94.5% of our candidates have positional counterparts in the independent deep NIR catalog previously reported in [20]. 
This strongly demonstrates that our sample consists of real astrophysical sources rather than artifacts or noise associated with WISE 
data processing. The highest matching completeness is achieved for the more evolved classes (Class II, Class III and Transition Disk), 
which is expected because these objects are brighter in the near-infrared wavelength range forming the basis of the catalog presented 
in [20]. 

Among the eight YSO candidates in our sample (5.5% of the total 145 sources) that were not found in the cleaned catalog of [20], 
seven objects possess independent confirmations in other astrophysical databases and published studies, indicating their genuine astro-
physical nature despite the absence of cross-identification with the catalog of [20]. In particular, several objects have independent cross-
identifications confirming their nature: J183000.62−020208.8 (Class I) is classified as a “confirmed Young Stellar Object” based on 
the 2MASS survey [39]; J183002.38−020356.9 (Class I) is identified as a “confirmed millimetric source (protostar)” [56]; the objects 
J183000.27−020356.1, J182952.35−015745.9 (Class I) and J183010.50−020307.6 (Class II) are confirmed as “Young Stellar Objects” 
in Spitzer surveys, whereas J183005.37−020746.5 (Class I) and J183008.32−015705.7 (Class III) are classified as “Young Stellar 
Object candidates” based on the same data [54]. All of these sources therefore possess independent cross-identifications in published 
catalogs, confirming their astrophysical reality.
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The only object that was not found either in the catalog of [20] or in any other available published studies is WISE 
J183000.32−020616.0 (Class I) with coordinates α(J2000) =18h30m00.316s and δ(J2000)=−02°06′16.04″. Since it has not previously 
been reported either as a confirmed YSO or as a YSO candidate, we classify it as a new Class I young stellar object candidate, cor-
responding to the most deeply embedded and earliest evolutionary stage of star formation. This makes the source particularly valuable 
for future spectroscopic and multiwavelength investigations. Thus, our study not only confirms the existence of previously known 
sources omitted from the catalog of [20], but also reveals one genuinely new candidate, highlighting the advantage of the WISE-based 
classification method for identifying highly obscured protostellar objects.

For additional verification, we compared the 2MASS photometry of our objects with the measurements reported in the catalog 
of [20]. A match was considered confirmed when the photometric difference satisfied Δm ≤ 0.05 mag in all three bands (J, H and K). 
The adopted threshold corresponds to a flux ratio of F₁/F₂ ≈ 0.955 (a relative difference of 4.5%) and exceeds the typical photometric 
uncertainties (σ ≈ 0.01–0.03 mag) by a factor of 2–5, corresponding to a significance level of approximately 1.7–5σ [39, 24]. Overall, 
74.5% (102 out of 137) of the positionally matched sources passed the photometric consistency test. A clear dependence on evolution-
ary class is observed, ranging from 32.3% for heavily embedded Class I objects to 100% for Transition Disk sources with optically thin 
disks, further supporting the reliability of our classification scheme.

Table B2. 2MASS photometric confirmation for matched objects.

YSO Class Found in the Full Catalog of 
[20] Good 2MASS Agreement Fraction (%)

Class I 31 10 32.3
Class II 47 38 80.9
Class III 46 42 91.3

Transition Disk 12 12 100.0
Protostars 1 0 0

Total 137 102 74.5

A key result of our study is the comparison with the sample of 832 YSOs previously reported in [20]. As shown in Table B3, 124 
out of 145 of our candidates (85.5%) are not included in their final YSO list.

The results are particularly significant for the later evolutionary classes: 97.9% of the Class III objects and 100% of the Transition 
Disk sources were not classified as YSOs in the study of [20]. At the same time, it should be emphasized that, despite the absence of 
identification in that work, a substantial fraction of these sources has been independently detected and classified as young stellar objects 
in other catalogs and studies of the Serpens South region based on X-ray, infrared and submillimeter observations.

Table B3. Comparison of our sample with the verified YSOs of [20].

YSO Class Total Number of Objects 
Identified in This Study

Found in the YSO 
Sample Unmatched Objects Fraction of Unmatched 

Objects (%)
Class I 37 14 23 62.2
Class II 48 5 43 89.6
Class III 47 1 46 97.9

Transition Disk 12 0 12 100.0
Protostars 1 1 0 0

Total 145 21 124 85.5
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Peculiarities of diffusive and convective mixing in gas mixtures with fine dust in isobaric-

isothermal conditions 
 
This paper presents a numerical study of diffusive–convective mixing in gas–solid systems under 

isothermal and isobaric conditions. Two model systems, CO₂ + Si – N₂ and H₂O + C – Air, were 
investigated to analyze the transport of gas components and dispersed solid particles. Simulations were 
performed in the ANSYS Fluent environment using the Species Transport and Eulerian Multiphase Flow 
models, enabling the coupled description of gas-phase diffusion and particle motion. Calculations were 
carried out for a two-dimensional vertical channel geometry previously employed in studies of gas–gas 
mixing, where instability of mechanical equilibrium in the diffusion layer was observed. The results show 
that the dispersed solid phase forms localized regions of increased density that subsequently undergo 
gravitational displacement, leading to the development of convective structures and intensive mixing. At 
later stages, the system evolves toward a quasi-stationary concentration distribution. The study extends a 
previously validated numerical approach for gas mixtures to gas–solid media with different physicochemical 
properties and demonstrates the formation of Rayleigh–Taylor-type structures in the absence of thermal and 
chemical effects. The proposed methodology provides an effective tool for modeling diffusion–convective 
processes in multiphase systems and may be applied to the analysis of aerosol transport and dust particle 
dynamics in both atmospheric and technological environments. 

Keywords: diffusion, convection, instability, Eulerian model, numerical modeling, ANSYS Fluent, 
Rayleigh-Taylor instability. 

 
 
 
 
 
 
1. Introduction 
 
Diffusion and convective mass transfer in gas–

solid systems play a critical role in a wide range of 
natural and industrial processes, including 
atmospheric aerosol transport, dust emission from 
thermal power plants, and mixing in chemical 
reactors. In many practically relevant scenarios, 
these processes occur under isothermal and isobaric 
conditions, yet their dynamics remain poorly 
understood due to the complex interplay between 
concentration-driven instabilities and gravitational 
settling of the dispersed phase. 

In isothermal multicomponent gas mixtures, a 
substantial difference in the diffusion coefficients of 
the components can disrupt the mechanical 

equilibrium of the system [1–3]. Depending on the 
relationship between the partial concentration 
gradients and the thermophysical parameters of the 
mixture, regions of elevated or reduced density may 
form [4, 5], triggering concentration-driven 
gravitational convection. The threshold conditions 
for this instability can be determined experimentally 
[6], analytically within the framework of Rayleigh 
stability theory [1, 7], or numerically [8, 9]. A 
comprehensive review of this phenomenon for gas 
mixtures is given in [10]. 

Previous studies [1, 10] addressed the case in 
which the mixture density decreases with height – a 
configuration that suppresses gravitational instabi-
lity. The present work focuses on the opposite si-
tuation: a density gradient directed upward, which 


