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EDITORIAL

In the 54-th edition of the journal Contributions of the Astronomical Observa-
tory Skalnaté Pleso (CAOSP), 11 regular articles on 228 pages in three issues
and 32 articles on 242 pages in the form of one ”Special Issue” were published
in 2024. According to the Journal Citation Reports database, the articles pub-
lished in 2023 received 167 citations corresponding to the journal impact factor
(JIF) of 0.4 and the JIF Quartile Q4.

Volume 54/1 published four regular articles. Two papers presented a useful
software: (i) Mapping the main-belt asteroid’s passages through known mete-
oroid streams, and (ii) performing the internal consistency between mean geo-
centric parameters and mean elements of a meteor shower. One article was de-
voted to the dwarf nova V503 Cyg, focused on the analysis of its super-outburst,
a normal outburst, and a quiescent phase, mostly based on the TESS data. One
purely theoretical article dealt with modeling a normal stars structure within
the generalized polytropic model.

Volume 54/2 introduces selected contributions based on lectures from pro-
ceedings of our workshop ”Observing techniques, instrumentation and science
for metre-class telescopes II1”, held in Tatranskd Lomnica during September
11.-15., 2023. The conference was organized on the occasion of the 80th an-
niversary of the first observations at the Skalnaté Pleso Observatory. The main
goal of the conference was to highlight the significant role of small telescopes in
astronomy and astrophysics research. The conference showed the importance of
small telescopes in carrying out long-term monitoring programs, high-cadence
observations of transient phenomena and all-sky surveys by robotic telescopes.

Volume 54/3 published three extended papers. The first deals with the light
curve analysis for the two eclipsing binary stars EM Cet and EL Cen, while the
second one presents an investigation of a pair of open clusters NGC 7031 and
NGC 7086 utilizing Gaia DR3. The third theoretical article considers an inter-
esting property of gravity within the general relativity that causes the innermost
parts of ultra-compact objects (e.g. neutron stars) to be hollow.



Volume 54/4 published four regular articles. The first one presents an inter-
esting method that allows us to characterize and detect classical Be and Her-
big Ae/Be stars in Gaia low-resolution BP/RP spectra, which can distinguish
emission-line objects from normal stars. Another interesting article presents
photometric measurements of asteroid (12499) 1998 FR47, in which the authors
investigate its rotational properties and the possibility of being a binary system.
There is also one theoretical article presenting modeling of the internal structure
of hot white dwarfs within a hybrid model. Finally, standard modeling of the
light curves of W UMa type binaries can also be found.

To make the published manuscripts more ”reader-friendly” we made some
minor changes in our LaTeX and bibTeX styles (version 3.10). The hypertext
links for references with DOI are now available in the resulting PDF.

Tatranskd Lomnica, January, 2025
Augustin Skopal, Editor-in-Chief

Richard Komzik, Managing Editor
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Abstract. Since 2017 the Institute of Astronomy of the Russian Academy
of Sciences (Russia) and Institute of Geophysics and Astronomy (Cuba) have
been implementing a joint international project with the aim of building a
distributed global optical telescope network. The first 20 cm aperture robotic
telescope of the the Russian-Cuban network has been operating since 2021 in
Havana. It has a 3.5x3.5 degree field of view and a FLI PL16803 4K CCD
camera with a set of UBVRI photometric filters. Construction of the second 50
cm telescope near Kislovodsk (Russia) has been underway since 2023 and it will
be finished at the end of 2024, its scientific operation will start in early 2025. By
2030, the plan is to build the third 1 m telescope at Valle de Picadura (Cuba).
The main parameters and scientific equipment of the new 50 cm telescope
are described and its role in the Russian-Cuban distributed global telescope
network is discussed.

Key words: telescopes — wide field telescopes — astronomical observations

1. Introduction

Since 2017 the Institute of Astronomy of the Russian Academy of Sciences
(INASAN, Russia) and Institute of Geophysics and Astronomy (IGA, Cuba)
have been developing a joint international project with the aim of building
a distributed multi-task network of optical telescopes RCO (Russian-Cuban
Observatory) (Bisikalo et al. (2018)).

At the beginning of 2021, the first telescope was installed at IGA in Havana
(Bisikalo et al. (2022)). In 2023, the second optical telescope of a 50 cm aperture
began being built in Russia.

According to the current plan, the third custom 1 m wide-field telescope
based on INASAN’s experience to build a 1 m modern telescope with a 9k
detector (Ibrahimov et al. (2020); Shugarov et al. (2020); Ibrahimov (2019))
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having spectroscopic, astrometric and photometric capabilities will be installed
in 2030 at Villa de Picadura located 80 km east of Havana.

2. RCO network

The time difference of 8 hours (120 degrees) between Cuba and Russia (Kislo-
vodsk) allows for continuous observations of up to 16 hours, which makes the
RCO an efficient tool for many observational tasks requiring a long continuous
observation series of the studied objects (see Fig. 1). The location of the second
telescope in Russia significantly boosts the functionality of the Russian-Cuban
network both in terms of global coverage and observation modes.

Figure 1. Russian-Cuban network of optical telescopes (RCO).

Among scientific goals, we can reference the detection and tracking of newly
discovered asteroids (Ibrahimov et al. (2021)), photometric studies of variable
stars (Savanov et al. (2024, 2023); Naroenkov et al. (2022a,b)) and the study of
optical transient events, e.g. sources of gamma-ray bursts and tidal disruption
events.

At least two types of telescopes should be included in the network — wide-
field survey telescopes and middle-aperture follow-up telescopes equipped with
cameras and spectrographs.

The first telescope of the Russian-Cuban network is a multipurpose photo-
metric robotic telescope, which has a 20 cm aperture, 3 degree field of view
and a set of UBVRI filters. The most interesting new objects, discovered by the
20 cm wide field telescope, will be studied in more detail with larger telescopes
both in spectroscopic and photometric modes.
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For this purpose, in the frame of the stage 2 of the RCO network devel-
opment, the second 50 cm telescope with two main scientific instruments for
spectroscopy and photometry is under construction.

For the second RCO observation station, the Kislovodsk observatory in the
North Caucasus at the altitude of 2070 m was chosen. The observatory al-
ready has all key infrastructure and is easily accessible from the closest city of
Kislovodsk.

This site has relatively good astronomical seeing for the central part of
Russia. According to (Kornilov et al. (2016a)), the median moonless night-sky
brightness is 22.1, 21.1, 20.3 and 19.0 mag per square arcsec for the B, V, R and
I spectral bands, respectively. The annual amount of clear night astronomical
time is, on average, 1320 h, i.e. 45% of the possible amount at the latitude of
the observatory (Kornilov et al. (2016b)).

3. 50 cm telescope for the second RCO station

The second RCO observation station close to Kislovodsk will be equipped with:
— Astrosib RC500 0.5 m aperture telescope;

— custom-made focal unit with a switchable diagonal mirror for fast (about
15 s) switching between two scientific instruments;

— FLI Kepler 4040 FSI camera with Johnson-Cousins-Bessel UBVRI filters;

— suspended BACHES spectrograph with a ZWO ASI294 MM camera and
active optics;

— ASA DDM100 direct drive mount;
— Astrosib ASD-4.5 dome.

The new 50 cm telescope RC500 for the second RCO observation station
is produced by ASTROSIB Ltd, Russia (see Fig.2). It has a 0.5 m aperture
Ritchey-Chretien optical system with a 508 mm primary mirror housed in a
carbon-fiber truss design optical tube assembly and a two-lens field corrector.
The equivalent focal ratio is F/8 and focal length is 4000 mm. The telescope
is equipped with a motorized focuser and motorized primary and secondary
mirrors covers.

The telescope is mounted on an ASA DDM100 equatorial mount equipped
with direct drive motors and absolute encoders. A well-proven Astrosib ASD-4.5
all-sky dome (4.5 m) was chosen and will be mounted on an original hyperboloid
5.4 m high pier designed by INASAN (see Fig. 3).

The RCO observation station close to Kislovodsk will operate in a fully
robotic mode with remote access by INASAN and IGA staff. For remote and
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Figure 2. RC500 0.5 m aperture telescope for the second RCO station near Kislovodsk
(Russia).

autonomous operations, the observation site has a set of equipment: weather sta-
tions, lightning detector, GPS/GLONASS receiver, all-sky camera and surveil-
lance cameras. The observatory is controlled by a set of special software created
by INASAN, which allows the control of all devices to perform scientific obser-
vations, data storage and data processing remotely.

4. Custom focal unit and scientific instruments

The second RCO station telescope most complicated part is its custom designed
fully automated focal unit, which allows remote observations in both photomet-
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Figure 3. 4.5 m Astrosib ASD-4.5 all-sky dome installed on a 5.4 m high pier at the
INASAN observatory close to Kislovodsk (Russia).

ric and spectroscopic modes. The RC500 focal unit optical scheme, mechanical
design and fabrication were done by INASAN. The majority of the focal unit
components are off-the-shelf, which reduces cost and makes it easy to reproduce
it for another telescope.

The RC500 custom-made focal unit main functions are:

— electromechanical switching between photometric and spectral modes of op-
eration;



12 M. Ibrahimov, et al.

— electromechanical switching to calibrate spectrograph with calibration lamp;

— to alight two scientific instruments’ focuses to avoid the telescope refocusing
during switching between instruments;

— a possibility of installing an additional focal extender for the spectrograph;
— telescope guide camera and spectrograph slit viewing and guiding cameras;
— tip-tilp corrector for the spectrograph;

— high rigidity, mechanical stability of the entire structure and reliable fasten-
ers;

— light tightness design;

— the ability to rotate and fix the entire assembly and its elements around the
optical axis of the telescope, for accurate orientation of the spectrograph.

The main components of the custom-made focal unit are presented in Fig.4,
5 and the optical scheme is shown in Fig.6.

The 50 cm telescope has two main scientific instruments — a photometric
imaging camera and medium resolution spectrograph, which are quickly inter-
changeable by the telescope’s motorized folding mirror within 15 seconds. It
allows for a very flexible observational program every night. Both photometric
and spectroscopic modes of operation are available at any time without the need
to modify the telescope’s setup.

The main instrument for spectroscopic research is the Basic Echelle Spek-
trograph (BACHES). It is a compact, lightweight and inexpensive medium res-
olution (R=20000) Echelle spectrograph manufactured by Baader Planetarium
GmbH, well suited for remote autonomous operation at a robotic observatory.

BACHES main parameters are:

average spectral resolution: R~20000 with a slit of 25x130 pm;
— spectral range: 3920-8000 A continuously (depending on detector size);
spectrograph efficiency: ~27% at 5040 A, total efficiency ~11-13%;

limiting magnitude: ~10™ visual (SNR=20, 30 min. exposure);

— detector: a low noise and extra high sensitivity cooled back-illuminated
sCMOS camera ZWO ASI294MM, Sony IMX492, sensor size 19.1x13 mm;

— fiber feed calibration module: a Thorium-Argon hollow cathode lamp and
Tungsten flat-field lamp.

BACHES allows the acquisition of spectra of an observed object as well as
calibration spectra. To couple the spectrograph with the telescope, a simple



The new 50-cm multi-purpose telescope of the Russian-Cuban observatory 13

Figure 4. Custom focal unit main components: 1. Rear flange of the telescope; 2. In-
strument selector; 3. Linear actuator, electromechanical driver of the diagonal mirror;
4. Filter wheel; 5. FLI Kepler 4040 camera; 6. BACHES spectrograph; 7. Spectro-
graph detector; 8. Spectrograph slit viewing and guiding camera; 9. Fiber-optic light
input from the calibration module; 10. Off-axis guide camera focuser; 11. Off-axis guid-
ing camera; 12. Additional mounting bracket for the spectrograph; 13. Active optics
module for the spectrograph. 14. Driver of the diagonal mirror of the spectrograph
calibration module.

achromatic telescope’s focal extender Edmund Optics 62495 F/8 to F/10 is
used. To allow for long spectroscopic observations with an exposure of up to
0.5 hours and more with minimum loss of light, BACHES is equipped with a
tip-tilt active optics Starlight SXV-AO-USB module with a ZWO ASI178MM
slit viewing and guiding camera. With a 0.5 m telescope, BACHES is capable
of obtaining spectra of 10 mag targets with a SNR=20 for 30 minute exposures.
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Figure 5. Custom focal unit main internal components: 15. Instrument selector di-
agonal mirror; 16. Linear actuator of the diagonal mirror, the position for spectral
observations is shown; 17. Diagonal mirror of the side off-axis guider; 18. Scientific
filter installed in the filter wheel; 19. Active optics module tip-tilt plate; 20. Focal
extender for the spectrograph.

BACHES has been successfully used on the 1 m telescope at another INASAN
observatory for several years. In 2024 it will be relocated to the new 0.5 m RCO
telescope.

The second main 50 cm telescope scientific instrument is the sSCMOS camera
FLI Kepler 4040. The camera’s main parameters are:

— sensor: GPIXEL GSENSE4040;
— format: 4096 x4096 pixels;

— pixel size: 9 pm;

— full well capacity: 70000 e-;

— shutter type: rolling and mechanical;
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Figure 6. RC500 0.5 m aperture telescope and its focal plane instruments optical
schemes: 1. Light from the telescope; 2. Telescope field corrector; 3. Diagonal switch-
ing mirror; 4. UBVRI filters; 5. Scientific FLI Kepler 4040 camera; 6. Main off-axis
guide pick-off mirror; 7. Telescope off-axis guiding camera; 8. The tip-tilt plate of ac-
tive optics module; 9. Focal extender; 10. Spectrograph entrance slit with a slit viewing
mirror; 11. Spectrograph internal fold mirror; 12. Spectrograph collimator; 13. Spec-
trograph Echelle; 14. Spectrograph cross-disperser; 15. Spectrograph objective; 16.
Spectrograph detector; 17. Spectrograph slit viewing and guiding camera.
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— typical system noise: 3.7 e-;
— typical dark current: < 0.5 e-/pixel/sec at -30°C;
— typical non-linearity: < 1%.

The telescope focal unit has an off-axis guiding camera ZWO ASI178M with
a Baader focuser 2458125. The camera is equipped with a FLI CFW5-7 filter
wheel with 7 slots for photometric filters. In the first step, 5 filters of the stan-
dard Johnson-Cousins-Bessel system UBVRI will be installed. The sixth slot of
the filter wheel will be used for broad-band imaging (integral light) to achieve
maximum sensitivity of the telescope. In particular, this mode is efficient to
search for new objects such as asteroids, comets and space debris. The seventh
slot of the filter wheel will be reserved for future scientific observation programs.

5. Summary

The first 20 cm telescope of the Russian-Cuban RCO network has already been
built in Havana (Cuba) and has been operating since 2021. The construction
of the second 50 c¢m telescope close to Kislovodsk (Russia) is currently close to
completion. Both telescopes are designed to operate in a fully robotic mode.
It will allow Cuban and Russian astronomers to conduct scientific research re-
motely, both in photometric and spectroscopic modes.

It is expected to build the third 1 m telescope at Valle de Picadura (Cuba)
before 2030, which will significantly improve the Russian-Cuban network func-
tionality both in terms of global coverage and observation modes, including
spectroscopic observations and more precise photometric observations.

Other telescopes worldwide, based on existing agreements, can be used for
follow-up observations of the most interesting objects: INASAN’s 2 m telescope
at the Terskol observatory and INASAN’s 1 m telescope, 0.5 m telescope of
the Ussuri Department of the IAA RAS, several 0.5-1.5 m telescopes of the
astronomical institutes of the Academy of Sciences of the Republic of Uzbek-
istan and the Republic of Tajikistan. All these observation sites together allow
observations along an arc of 214 deg (or 14.3 h) in the northern hemisphere,
which enables planning almost round-the-clock monitoring programs and alert
observations from the above-mentioned observation sites.

International cooperation with other countries is highly welcomed for further
expansion of the scientific potential of the optical telescope network.
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075-15-2023-608 of August 30, 2023). The Cuban team acknowledges material, tech-
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Abstract. We present the first light curve analysis for two detached eccentric
eclipsing Algol-type binaries V869 Car and V2184 Sgr, using the PHOEBE
code. The stars were selected from the PZP catalogue. The light curve for
V869 Car is from the Oglell project. For V2184 Sgr, we analyzed two available
light curves from the ASAS and the TESS mission. We determined 8 new times
of minima for V 2184 Sgr and preliminary orbital and physical parameters for
both systems. The analysis shows e, w(rad) and g, equal to 0.070(1), 2.976(52)
and 0.951(8) for V869 Car, while 0.4896(5), 5.750(2) and 0.9004(70) for V2184
Sgr. The analysis shows that both stars are of late F-Spectral types in which one
may expect magnetic activity or star spots due to their convective envelopes.

Key words: binaries: eclipsing — stars: eccentric — apsidal motion — V869 Car
— V2184 Sgr

1. Introduction

Contact and semi-detached binaries of short orbital periods are distinguished
by their circular orbits due to the large mutual tidal interaction and the mass
transfer between their components. On the other hand, detached eccentric bi-
naries are with longer orbital periods and characterized by the phenomenon of
apsidal motion due to the mutual tidal interaction between their components.
Apsidal motion in detached binary systems, driven by tidal forces, rotational
deformation, dynamical interaction of triples, including so-called dynamical de-
lays (see, e.g., Rappaport et al. (2023, 2024); Borkovits et al. (2015); Borkovits
& Mitnyan (2023)) and relativistic effects, involves the gradual precession of
the orbit’s major axis. This phenomenon is crucial for constraining the internal
structure of the stars’ components in these systems, offering valuable informa-
tion through the internal structure constant, k. However, it is important to
note that the apsidal motion measurements provide a weighted average mean
of ko, reflecting combined contributions rather than detailed individual internal
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structures. For a deeper understanding, see studies by Petrova & Orlov (2002)
and Claret & Gimenez (1989). Systems with eccentric orbits exhibit unique tidal
effects due to the varying gravitational forces throughout their orbits. These in-
teractions can cause significant stellar distortions and periodic pulsations, par-
ticularly evident in heartbeat stars. These stars, named for their distinct light
curve patterns that resemble a heartbeat, showcase how tidal forces can in-
duce oscillations and variations in stellar temperatures and shapes, especially
at periastron. Notable examples from the Kepler mission, such as KOI-54, have
provided profound insights into these tidal interactions.

Observational data of long-period binaries using normal ground-based tele-
scopes are relatively limited due to the difficulties facing observers to covering
their full light curves. This has led to a lack of data available for binaries of this
class. Fortunately, during the past three decades, great advances in instruments
and many satellites and automated ground telescopes have obtained high-quality
observations. Examples include the Kepler space telescope, the Optical Grav-
itational Lensing Experiment (OGLE), All Sky Automated Survey (ASAS),
Super-WASP survey, and the Transiting Exoplanet Survey Satellite (TESS)
(Ricker et al., 2015). These large-scale photometric surveys have reported tens
of thousands of new eclipsing binaries in our Galaxy and in other nearby galax-
ies (Kim et al., 2018). Hence, analysis of these data is necessary and required.
Consequently, several authors have compiled catalogues for detached eclipsing
binary stars that show apsidal line rotation. Examples of such catalogues include
Petrova & Orlov (1999), Hegediis et al. (2005), Bulut & Demircan (2007), Prsa
et al. (2011), Slawson et al. (2011), Kirk et al. (2016) and Kim et al. (2018). For
a preferred summary of most of these catalogues, see Kjurkchieva et al. (2017).

Several researchers have investigated individual eccentric binaries, e.g., Frand-
sen et al. (2013), Gaulme et al. (2013, 2014, 2016), Borkovits et al. (2014),
Maceroni et al. (2014), and Rawls et al. (2016). Kjurkchieva & Vasileva (2015a,b)
modeled several systems from the Kepler catalogue of eccentric binaries and ob-
tained their orbital and stellar parameters using the PHOEBE code. In the
present work, we aim to follow their procedure in analyzing the light curves
of two long-period eccentric eclipsing binaries (EEB) that were observed from
different sources such as OGLE, ASAS, and TESS.

In the next section, we provide information and a brief description of the
available data of the two systems. Section 3 deals with the analysis of light curves
using the PHOEBE code, while Section 4 deals with the results and discussion.

2. Source of data

From the Peremennye Zvezdy Prilozhenie catalogue (volume 12 and volume
11), we selected two detached systems, OGLEII CAR-SC1 46493 (= V869 Car)
and ASAS 194617-3724 (= V2184 Sgr = TIC 299888115), as their light curves
exhibit a secondary minimum deviation from the phase value 0.5 (Fig. 4 &
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Table 1. Stars magnitudes and effective temperatures from different sources.

Name G J H K B 14 Teyy.
V869 Car - 14.46%  13.96"0 13.631 - - 6264*
V2184 Sgr  12.5688% 11.547% 11.318% 11.240° 13.29' 12.70' 6183"

T Gaia Collaboration (2018), yCat. 1345.
2 Cutri et al. (2003), yCat. 2246.

3 Hog et al. (2000).

* Bai et al. (2019) .

Fig. 5). Also, we included the recent light curve observed for V2184 Sgr via
TESS in June/July 2019 (Fig. 6). The magnitudes in different bands for both
systems and the effective temperature T'.ry. were collected from various sources
and are listed in Table 1.

2.1. V869 Car

Huemmerich & Bernhard (2012) classified the star OGLEII CAR-SC1 46493
(2000 = 11"05™ 59%.24, d3000 = —61°50 58 .9) as an Algol eccentric eclipsing
binary with a secondary eclipse at 0.45 phase. They recorded the line elements,

HJD(Min.I) = 2450551628 + 2¢.23281 E. (1)

The star was then named V869 Carina, by Kazarovets et al. (2015), in the
GCVS.

2.2. V2184 Sgr

The variable nature of V2184 Sgr (TIC 299888115) (angpo = 19746™17%.49,
2000 = —37°24'52".7) was discovered by Hoffmeister (1963). It was included
in the GCVS as an EA-type star without light elements. Later, Kreiner (2004)
introduced the light elements:

HJDMinI = 2452505%.1325 + 169.495833 E, (2)
HJDMinII = 2452509%.0615 + 169.494994 F. (3)
Other light elements were given by Paschke & Bréat (2006):

HJD(MinI) = 24532149456 + 167.496 E. (4)

HJD(MinII) = 2453630%.645 + 16%.496 E. (5)
Kim et al. (2018) presented the light elements,

HJD(MinI) = 2453212¢.280 + 16%.49541 E. (6)
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While the international Variable Star index (VSX) gave the light elements,
HJD(MinI) = 24536149205 + 167.496 E. (7)

Seven times of minima (Table 2) were taken from the online O-C gateway
website (Paschke & Brét, 2006). Besides, we deduced 8 new minima times from
the light curves of the TESS mission (Ricker et al., 2022) by using the AVE
program that uses Barbera (1996) method. The O-C residuals are calculated
using equation (6) of Kim et al. (2018), and plotted in Fig.1.

Table 2. Time of minima for V2184 Sgr.

HJD (+2400000) O-C (day) Type Method Ref.
53214.4565 2.4565 P peV 1]
53713.2249 -1.8851 S peV  [1]
53940.2470 2.4490 P pe V. [1]
53944.1188 ~1.9269 S pe V. [1]
54055.7606 2.4947 p peV 1]
54142.0650 -1.9257 S peV 1]
54897.0283 2.4965 P peV  [1]
58658.0053240.00014  2.5200 P CCD() [
58661.82509-+£0.00011 -1.9079 S CCD (I) [2]
58674.50037+0.00027 2.5197 P CCD (I) [2]
58678.32066+£0.00028  -1.9078 S CCD (I) [2]
59037.40158+0.40158  2.5218 P CCD(D) [
50041.2216740.00008  -1.9058 S ccp () |2
59053.89716:0.00009  2.5220 P CCD() [
59057.71695+0.00015 -1.9059 S CCD (I) [2]

[l Paschke & Brat (2006).
(I present work obtained from TESS LCs.

Recently, in 2019 and 2020, the Transiting Exoplanet Survey Satellite (TESS)
provided 4 new light curves for V2184 Sgr. Due to the high accuracy of the data
we aimed to analyze the first LC observed during June-July 2019 too, and com-
pare results obtained from both ASAS and TESS observations.

3. Light curve analysis

The morphology of the light curves of both systems shows that the secondary
eclipse has shifted from phase 0.5 and exhibits constant brightness outside the
eclipses. Therefore, to proceed with the analysis of the light curves using the
PHOEBE code (Prsa & Zwitter, 2005) we chose the detached mode. In analyzing
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Figure 1. The O-C diagram of V 2184 Sgr; open circles stand for primary minima,
while dots for secondaries.

the light curve we kept the primary component effective temperature, 77, as a
constant and run the program to fit Tp (Zasche, 2016). We used Ti cfy. =
6264 K for V869 Car and 6183 K for V2184 Sgr, both values were taken from
the Gaia catalogue (Bai et al., 2019). Bolometric albedo and gravity-darkening
coefficients were also used as constant input parameters. After Lucy (1967) and
Ruciniski (1973), one can obtain the gravity-darkening coefficient. The effective
temperature, 17 c¢y., for both systems is below 7200 K, thus, when considering
convective envelope components, the gravity-darkening coefficient is assumed to
be g1 = g2 = 0.32 and the bolometric albedo A; = Ay = 0.5 (Zasche, 2016).
To proceed to the solution of the light curve for such binaries without wasting
time, we have to calculate roughly the values of orbital eccentricity, e,, and
the longitude of periastron, w,. This can be done by solving the following two
equations which are the approximate equations (9.25) and (9.37) given by Kopal
(1978),

€6 COS W, = % -wl(p2 — ¢1) — 0.5], (8)
eosinw, = (Wo — Wy)/(Wo + Wh), 9)

where e, and w, are the orbital eccentricity and longitude of periastron; W;
and Wy are the duration widths of the primary and secondary minima (in phase
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Figure 2. The gy, — Y. (O — C)? relation for V869 Car.

units); ¢ is the phase of the secondary minimum, while ¢; = 0 (see Table 3).
One has to note that equation (9) is valid for orbits close to edge-on (inclination
close to 90°). The inclination of long-period eclipsing binaries is close to 90°
because the eclipse would not occur for low inclination angles. One can easily
estimate the minimum inclination angle ¢ for eclipses to occur as cos i < r1 +1ra,
where r; and ro are the fractional radii of the components (r1 2 = Ry 2/a), noting
that their values are very small in detached long period binaries (Table 4). We
have obtained e, = 0.0732 and w, = 2.829 (rad.) for V869 Car. Also for V2184
Sgrasas, we determined e, = 0.4512 and w, = 5.910 (rad) and for V2184
Sgrress, we determined e, = 0.4720 and w, = 5.823 (rad). Both e, and w, are
used as input raw parameters for PHOEBE.

In the absence of spectroscopic observations, the mass ratio ¢ (= ma/m;)
can be estimated from photometric data by following a g-search procedure (see,
e.g., Djurasevi¢ et al. (2016), Awadalla et al. (2016), El-Sadek et al. (2019) and
Hanna et al. (2024)). However, at the beginning of the analysis, we kept the
mass ratio value at one. This approach is justified because both binaries are
well-detached and the elliptical differences outside of their eclipse are nearly
negligible (Zasche et al., 2018). Wyithe & Wilson (2002) indicated that in the
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Figure 3. The gy, — > (O — C)? relation for V2184 Sgr.

case of a detached binary, the effect of the mass ratio, generally, during the
analysis of the LC can be effective if the system has a very low mass ratio or if
one of the components is too advanced (the case in which the radius R increases
to half the total separation, a). The preliminary tests show that no component
of our two binaries has its fractional radius r;(= R;/a) larger than 0.2, see
Graczyk (2003). Hence, we started the program with ¢ = 1 and after arriving
at the best fit solution, we ran the program including fitting q.

We validated our final estimate of ¢ by the well-known g-search procedure
by constructing the relationship between the sum of squared weight deviation
(O—(C)? and ¢ (Fig. 2 & 3). This method requires creating a series of simplified
models with different values of the mass ratio g, chosen to cover a reasonable
range. In this study, the search is carried out from ¢ = 0.1 to 1.1. We deter-
mined the photometric mass ratio, gpn, to be 0.951(8) for V869 Car, 0.885(13)
for V2184 Sgrasas and 0.9004(70) for V2184 Sgrrpss. For the analysis, we
followed the same implementation of Zasche (2016). We considered the effective
temperature of the primary component, 7% s, and the mass ratio, g,, = 1, as
constant parameters. We first started by adjusting the inclination, 7, with the
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Table 3. The measured parameters from the light curves. The eccentricity (e,) and
periastron angle (w,) are calculated to be the initial input orbital parameters to

PHOEBE.
W1 Wg d)z €o Wo (Rad)
V869 CarogrLe 0.1250 0.1210 0.4560 0.0732 2.829
V2184 Sgrasas 0.0310 0.0223 0.7677 0.4512 5.910
V2184 Sgrress 0.0328 0.0214 0.7689 0.4720 5.823
16 | . . .
mx . “~ d D) i
_ 162} f
(@)}
©
Z -
{
16.4 |- OGLE 46493
166 ] ] ] 1 ] ] 1 ] 1 ] ]
-0.2 0 02 04 06 08
Phase

Figure 4. Top: The V869 Car light curve (dots) and its fit in the red solid line; bottom:
corresponding residuals (moved vertically to save space).

primary luminosity. We then included the surface potentials of the primary and
secondary components (€21 & 25) in the process of the fitting, in an effort to
come up with a better approach. We then included the eccentricity, periastron
longitude and the phase shift as variable values in the analysis. We followed
the fitting step by step until the solution converged giving an acceptable good
fit. Moreover, we include the mass ratio in the fitting process and continue till
we reach the best fit with the lowest cost function value. The final solution set
parameters along with standard errors are listed in Table 4, while the synthetic
light curves extracted with these parameters are plotted as red solid lines in

Fig. 4, Fig. 5 and Fig. 6 along with residuals at the bottom of each figure.



26 M.A. Hanna et al.

124
128
>
U] -~
=
132
136 -
1 1 1 1 1 1 1 1 1 1 1
-02 0 02 04 06 08 1
Phase
124

128 .
> . e
o
>

13.2

126 R Min. | B

l 1 l 1 l ) | L l 2 I 1 l 1
-0.04 0 004 072 075 08
Phase Phase

Figure 5. Top panel: V2184 Sgrasas light curve (dots) and its fit in the red solid line
with the corresponding residuals (moved vertically to save space). Bottom panel: The
two minima in a different scale just for clarity.
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Table 4. Orbital and physical parameters of V869 Car and V2184 Sgr

Parameters V869 Car V2184 Sgrasas V2184 Sgrress
Wavelength 8000 A 5500 A 8100 A I central
band=7865 A
T, (day) 2450551.628  2453614.205 2458663.999
+0.000102
P (day) 2.23281 16.4960 16.4959
+ 0.00002 + 0.00003 + 0.00001
e 0.07023 0.43348 0.48963
+0.001 +0.0004 +0.0005
w (rad) 2.976 6.270 5.75
+0.052 +0.011 +0.001
Tiesr (K) 6264 (fixed) 6183 (fixed) 6183 (fixed)
Toepys. (K) 6069.381 6088 6130
+19.031 +134 +17
Phase shift 0.02103 0.13446 0.1587
+0.00016 +0.00009 +0.000006
i (°) 81°.528 89°.6 89°.72
+0.063 +0.022 +0.014
q 0.951 0.886 0.885
+0.008 +0.013 +0.007
L/l +15) 0.4807 0.47020 0.49854
+0.0971 +0.1831 +0.019
la/(l1 +12) 0.5193 0.52979 0.50145
+0.0971 +0.1831 +0.019
- 0.1900 0.0419 0.0426
o 0.1868 0.0419 0.0425
1 0.369 0.552 0.686
+0.085 +0.123 +0.013
T 0.385 0.749 0.687
+0.096 +0.213 +0.03
o 6.479 23.8110 26.724
+0.034 +0.139 +0.230
0, 5.9402 18.152 23.580
+0.0303 +0.173 +0.2218
fr -0.375 -0.732 -0.721
f -0.320 -0.653 -0.635
ALB1 0.5 0.5 0.5
ALB2 0.5 0.5 0.5
0 0.32 0.32 0.32
g 0.32 0.32 0.32
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Figure 6. Top: V2184 Sgrress light curve (dots) and its fit in the red solid line with
the corresponding residuals (moved vertically to save space).
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Figure 7. The (e-LogP) plane for a binary sample of 78 well-studied binaries listed
in Mayer & Hanna (1991) (dots). The present two targets V2184 Sgr and V869 Car
are denoted by the red square symbols, while the blue star symbols represent EM Cet
and EL Cen that were studied recently by Hanna et al. (2024).
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V869 Car

Phase 0.45

Figure 8. Up: The Roche Lobe configuration of V869 Car. Bottom: The orbital phases
represent the situation in different phases 0.0, 0.25, 0.5, 0.75. The phase 0.45 shows
the shape at the secondary eclipse.
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V2184 Sgr

Phase 0.00

Phase 0.25

Phase 0.5

Phase 0.75

Phase 0.76

Figure 9. Up: The Roche Lobe configuration of V2184 Sgr. Bottom: The orbital
phases represent the situation in different phases 0.0, 0.25, 0.5, 0.75. The phase 0.76
shows the shape at the secondary eclipse.
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Table 5. Orbital and physical parameters of V869 Car and V2184 Sgr.
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Star Name Comp. M R Teys L M Log g Sp.type
Mo Re K Lo (bol)
V869 Car Pri. 1.250 1.33 6264 2.70 3.65 4.28 F8
() (02) (16) ~ (03)  (01)
Sec. 1.19 1.27 6069 1.95 4.88 4.34 F9
(10) (10) (19) (55) (04) (04)
V2184 Sgr  Pri 1.23 1.31 6183 2.389 3.79 4290 F8
(ASAS) (03) (03) (60) 3) (2)
Sec. 1.203 1.282 6088 2.148 3.906 4.302 F9
(8) (7) (124) (61)  (30)  (2)
V2184 Sgr  Pri. 1.230 1.312 6183 2.389 3.79 4.296 F8
(TESS) 08) (7 (60)  (3) (2)
Sec. 1.210 1.295 6130 2.25 3.85 4.298 F9
(8) (7) (17)  (6) (3) (2)

4. Discussion and conclusion

Eclipsing binaries, especially those with eccentric orbits, are fundamental stellar
systems that provide both the physical parameters (e.g., mass, radius, temper-
ature and luminosity) and orbital parameters (e.g., period, eccentricity, and
longitude of periastron). These two sets of parameters allow testing different
tidal theories (e.g., Alexander’s weak friction theory, Alexander (1973); Zahn’s
theory, Zahn (1977) and Tassoul’s theory, Tassoul (1988)), deducing the ap-
sidal motion parameters and calculating the synchronization & circularization
timescales Hanna (1993) & Hanna et al. (1998). Hence, studying the evolution

and internal structure of stars.

— On analyzing the light curve of V2184 Sgr of the ASAS (Fig. 5), one may
notice that the fit at the minima does not adequately match the data. This
has been observed in other similar studies. More than 13 out of 54 systems
studied by Zasche et al. (2018) did not adequately describe the data, e.g.,
CzeV 688, CzeV 364, CD-33 2771, V611 Pup, TYC 8603-723-1, PS Vul and
V839 Cep. They stated that this may be due to the fact that the mass
ratio is based on the assumption of a main sequence of star components
and that they may be giants or some over-luminous stars according to their
effective temperatures. Zasche (2016) also reported that this may only be
due to the limitations of the software itself and the limited physics built into
it. However, basically in the analysis, we keep the light curves so that the
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cost function does not drop dramatically, only varies around some value and
shows no further progression. Also, even the residual values are distributed
relatively symmetrically around the zero line and no systematic deviations
appear there.

On comparing the obtained two sets of parameters of V2184 Sgrég‘gg (see,

Table 4), one can notice that the differences are in the range of the esti-
mated errors for each parameter. For example, the eccentricity, longitude of
periastron and inclination are quite similar, while there are small differences
in some other parameters such as T, surface potentials Q1 & o and limb
darkening x; & xo. However, it is preferable to consider the results of the
TESS light curve since its morphological profile is better than the scattered
light curve of ASAS, and it was observed over a shorter interval of time.

The obtained orbital inclination from the analysis of the two light curves of
V2184 Sgr are nearly the same, within the error range (iasas = 89°.60 £
0.022 and irgss = 89°.72 £ 0.014). Both values are very close to 90°, which
is typically expected for eclipses of binaries with orbital periods greater than
eight days (Kjurkchieva & Vasileva, 2015b).

We deduced the spectral type of V869 Car and V2184 Sgr using the tables
given by Cox (2000). The effective temperatures, T 2 ¢ for V869 Car are
6264 K & 6069(19)K, which correspond to spectral types F8 & F9. For
V2184 Sgrasas, T12 eff are 6183 & 6088(134) K which correspond to F'8
& F9, while for V2184 Sgrrrss, 11,2 «fy are 6183 K & 6130(17) K which
correspond to F'8 & F9, respectively. This result is expected, suggesting that
both stars are essentially solar-type main sequence stars.

It is worth noticing that the light curve by TESS (Fig. 6) is clearly of very
good quality, as compared with the scattered ASAS light curve (Fig. 5),
and consequently, its fit could be better than that of ASAS. The ASAS
observations cover about 7.2 years while the light curve of TESS is continuous
and covering the two minima (prim. & sec.) of the light curve only in about
11 successive days.

It is important to note that the solutions presented in Table 4 are still only
preliminary results based on photometry, and the individual parameter errors
based on the errors provided by the PHOEBE software.

We have determined 8 new times of primary and secondary minima from the
four TESS light curves, all are listed in Table 2 together with the available
minima times in the O-C gateway (Paschke & Brat, 2006) . We attempted
to study the period variation due to the apsidal motion by the O — C plot
analysis, but we could not come up with an acceptable solution due to the
lack of minima time available.
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— The absolute physical parameters of the components were calculated using
the empirical relations adopted by Harmanec (1988) and listed in Table 5.

— The main choice of the two systems under analysis is simple and does not

depend on their location or brightness. The criterion based on analyzing
new light curves for systems that have not been studied before, since our
main goal is to expand the present set of eclipsing binaries in the period-
eccentricity diagram. Another criterion for our selection is systems with good
phase light curves, i.e., photometry must cover the entire light curve and es-
pecially the duration and depths of both eclipses.
We have constructed the e-LogP plane to check the location of our two
targets among a set of 78 detached eclipsing binaries brighter than 9™ in
maxima. They are well-studied binaries collected from the GCVS (58 sys-
tems) together with other fainter detached binaries with well determined
parameters, as compiled by Harmanec (1988) as well as several others from
different sources. All are listed in Mayer & Hanna (1991). We have plotted
our two targets together with another two systems EM Cet & EL Cen of our
recent paper (Hanna et al., 2024). The four systems follow the same trend
distribution of the group as seen in the plot (Fig. 7).

— Using the PHOEBE software, we determined the orbital elements and stellar
parameters of the two detached systems V869 Car and V2184 Sgr. The
analysis shows that both stars are of late spectral types in which one may
expect magnetic activity or star spots due to their convective envelopes.

— The geometrical configuration for both systems and the model solution at
different orbital phases using the Binary Maker program (Version 3) are also
illustrated by Figures 8 & 9.

— The light curves’ morphology clearly show that both systems are detached
eccentric eclipsing binaries, and the analysis contributed for orbital eccen-
tricities equal to (e = 0.4896 + 0.0018) and (e = 0.0702 £ 0.001) for V2184
Sgr and V869 Car, respectively.
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Abstract. The kinematic parameters identified from high-velocity stars situ-
ated within ~ 100 kpc are examined and analyzed. We included three high-
velocity programs comprising 591, 87, and 519 stars as a function of distances
ranging from 0.10 kpc to nearly 109 kpc. In this analysis, we will determine
the spatial velocities (U, V, W) in galactic coordinates along with their veloc-
ity dispersion (o1, o2, 03), the convergent point (A,, D,) and, therefore, the
solar motion (Sg). In conclusion, we are calculating the first Oort constant
(A=11.94+0.29 km s™! kpc™') and the second one (i.e., B = —17.78 £ 0.24
km s~ ! kpc™!), the angular rotation rate |A-B| = 25.07 £5.01 km s~ * kpc™*,
and the average rotational velocity V, = 243.72 + 15.61 km s 1.

Key words: High-velocity stars — Gaia DR3 — Kinematics — Oort constants.

1. Introduction

The stars known as high-velocity stars (HiVels) travel through space at sub-
stantially faster rates than the average Milky Way (MW) Galaxy star. These
objects are special in astronomy study since they can reach speeds of thousands
or even hundreds of kilometers per second. In the disk region, almost all the
stars in our Galaxy rotate around the galactic center at a normal velocity of
200-240 km s~ (Bovy et al., 2012; Huang et al., 2016; Eilers et al., 2019). An
alternative indirect estimate of both the circular velocity (V,) and the escape
velocity (Vese) at which the stars in the solar neighborhood would have suffi-
cient energy to completely escape from our Galaxy’s gravitational field can be
obtained from the kinematic properties of the halo-population stars that have
been observed to have the largest space velocities to the Sun (i.e., the extreme
HiVels).

Including the Gaia DR3, Large Sky Area Multi-Object Fiber Telescope
(LAMOST, Cui et al. (2012)) galactic surveys, and spectroscopic observations
from large-scale galactic surveys (SEGUE, (Yanny et al., 2009; Rockosi et al.,
2022)) have demonstrated the existence of HiVels in our Galaxy. Among these,
a few are even hypervelocity stars (HVSs), meaning that their V.. are smaller
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than their overall galactocentric velocities (Vgsr), and almost all HiVels have
low luminosity (Mg ~ 10 mag).

In the halo, they exhibit tens of kilometers per second (Xue et al., 2008;
Huang et al., 2016), especially when a star approaches or even exceeds the
Galaxy’s escape velocity at its position. HiVels indicate the presence of extreme
dynamical and astrophysical processes (Hills, 1988; Yu & Tremaine, 2003; Brom-
ley et al., 2006; Abadi et al., 2009; O’Leary & Loeb, 2008; Capuzzo-Dolcetta &
Fragione, 2015; Marchetti et al., 2019). The finding of such rare objects offers a
valuable tool for investigating the MW’s mass distribution, particularly its dark
component (Gnedin et al., 2005; Rossi et al., 2017; Contigiani et al., 2019), be-
cause they travel large distances across it (Gnedin et al., 2005; Kenyon et al.,
2008), and their trajectories can also be used to probe the shape of the Galaxy’s
dark matter halo (Bromley et al., 2006; Yu & Madau, 2007). The study of stel-
lar motion and the dynamics of the MW Galaxy reveals a relationship between
HiVels and the Oort constants (A & B), where HiVels offer special test cases for
comprehending extreme stellar motions both inside and outside of the Galaxy.

HiVels and HVSs can be divided into four subclasses, each with a distinct
origin of these high velocities; i) black hole ejection (BHE): As a result of tidal
interaction between a close stellar binary system and a supermassive black hole
(SMBH) in the Galaxy, a process known as the ”"Hills mechanism,” the so-
called HVSs (with velocities even greater than 1000 km s~1) were first predicted
from theoretical arguments of Hills (1988). Extending the Hills mechanism al-
lows for the ejection of HVSs and HiVels, ii) supernova explosions (SNEs) can
cause significant disruption to binary systems and induce their companion stars
to become HiVels or HVSs. Examples of such explosions include core-collapse
and thermonuclear supernova explosions (SNe) (Blaauw, 1961; Portegies Zwart,
2000; Justham et al., 2009; Wang & Han, 2009; Pakmor et al., 2013; Zubovas
et al., 2013; Shen et al., 2018; Neunteufel, 2020; Bauer et al., 2019). Generally,
stars with velocities of no more than 300-400 km s~! cannot be ejected by
core-collapse SNEs (Portegies Zwart, 2000), iii) dynamical ejection mechanism
(DEM), in which three or four-body interaction of stars (and black holes) in
high-density environment ejects a runaway star (Poveda et al., 1967). This pro-
cess involves the expulsion of runaway stars from young stellar clusters because
of close stellar interactions. This mechanism often achieves a maximum kick
velocity of around 300-400 km s~!, which is the result of collisions between
two close binaries (Leonard & Duncan, 1990; Leonard, 1991; Gvaramadze et al.,
2009), and iv) tidal stripping from dwarf galaxies (TSD): In this scenario, stars
can be rapidly removed from a dwarf Galaxy that is pericentrically passing
through a region where the MW gravity field is causing tidal disruption (Abadi
et al., 2009). According to Piffl et al. (2011), runway stars in this mechanism
must be expelled by a large dwarf Galaxy (> 101°M,).

The study aims to examine and report the spatial structures, kinematics
of the HiVels, including their velocity ellipsoid motion characteristics, parame-
ters characterizing the local rotational properties of our Galaxy such as Oort’s
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constants A and B. In the context of our ongoing investigations into stellar as-
sociations, we present velocity ellipsoid parameters for three Program stars as
a function of distances (d), i.e., Program I (591 stars; 0.10 < d(kpc) < 15.40),
Program II (87 stars; 0.30 < d(kpc) < 108.64), and Program III (519 stars;
0.29 < d(kpc) < 16.44). Moreover, determination of the equatorial coordinates
for convergent points (i.e., 4,, D,) with AD-chart method. Finally, we com-
puted the MW Galaxy’s local differential rotation close to the Sun, i.e., the
Oort constants (A & B) based on observed velocities of three considered Pro-
gram stars.

The remainder of this article is structured as follows: Section 2 provides the
selected data considered in this analysis. Section 3 details the computational
methods, including velocity ellipsoid parameters and the convergent point Sec-
tion 4 deals with the galactic rotational constants. We close finally with discus-
sion and conclusions in Section 5.

2. Selected data

The Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST),
also named the “Guo Shou Jing” Telescope (Cui et al., 2012) is a 4-m Schmidt
spectroscopic survey telescope specifically developed to study four thousand
targets per exposure in a field of view roughly 5° in diameter (Cui et al., 2012;
Luo et al., 2012; Feltzing et al., 2014). LAMOST spectra have a resolution of
~1800 with a wavelength range of 3800-9100 A. In March 2020, 10,608,416
spectra in DR7! (Lei et al., 2020) were made accessible by LAMOST.

The third major data release from the European Space Agency’s (ESA) Gaia
mission, which aspires to provide the most precise three-dimensional map of the
Milky Way, is called Gaia Data Release 3 (hereafter DR3) (Gaia Collaboration
et al., 2023). Gaia is an astrometry expedition that was launched in 2013 to
determine the locations, distances, movements, and other characteristics of over
one billion stars and other celestial objects. Released on June 13, 2022, DR3
represents a major update to the earlier Gaia data releases (DR1 and DR2) in
understanding stars’ physical characteristics and chemical makeup. Moreover,
detailed astrometric parameters like equatorial coordinate system (o, §), par-
allaxes (m; mas), movements within the MW as the well-known proper motion
(PM; mas yr~!) components in right ascension and declination (uq cosd, jis)
for roughly 470 million stars, and radial velocities (V.; km s~1!) for 34 million
stars, DR3 is a rich source of stellar data and provides photometric across three
broadband filters: the G band (330-1050 nm), the Blue Prism (Gpp: 330-680
nm), and the Red Prism (Grp: 630-1050 nm) for sources brighter than 21 mag.
Common errors in the photometric observations throughout these three bands
with G < 20 magnitudes are approximately 0.30 magnitude and increase for
fainter stars (approaching G = 21). DR3 can measure PM for bright stars (G

Thttp://dr7.lamost.org/
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< 15) with remarkable accuracy, frequently to within ~ 0.02 to 0.03 mas yr—1.

With uncertainties of about 1.00 mas yr~! or exceed for fainter stars (G = 20),
but it still yields useful motion data. The uncertainty limit in parallax is about
0.02 to 0.03 mas for G < 15 mag, ~ 0.07 mas for G = 17 mag, ~ 0.50 mas for
G = 20 mag, and ~ 1.30 mas for G = 21 (Gaia Collaboration et al., 2023). The
astrometric accuracy of DR3 is significantly better than that of DR2, with PM
accuracy being doubled and parallax accuracy being roughly 1.5 times higher.
Furthermore, astrometric inaccuracies in parallax measurements were reduced
by 30-40%, while accurate motion measurements were improved by 2.5 times.

Li et al. (2021) reported on approximately 591 HiVels in the galactic halos
with three-dimensional velocities in the galactic rest frame larger than 445 km
s~ ! that were chosen from over 10 million spectra of Data Release 7 of the Large
Sky Area Multi-object Fiber Spectroscopic Telescope (LAMOST DR7) and the
second Gaia data release (Gaia DR2, Gaia Collaboration et al. (2016)).

According to the fifth data release of the V,. Experiment survey (RAVE DRS5,
(Kunder et al., 2017)), the twelfth data release of the Sloan Digital Sky Survey
(SDSS DR12, (Alam et al., 2015)), the eighth data release of the Large Sky Area
Multi-Object Fiber Telescope (LAMOST DRS8, (Wang et al., 2022)), sixteenth
data release of The Apache Point Observatory Galactic Evolution Experiment
(APOGEE DR16, (Majewski et al., 2017)), second data release of the Galactic
Archaeology (GALAH DR2, (De Silva et al., 2015)), and Early Data Release 3
(Gaia EDR3), Li et al. (2023) present about 88 HiVels by large-scale galactic
surveys.

With crossmatch between DR3 and precise V. with other large-scale galac-
tic surveys, such as GALAH DR3 (De Silva et al., 2015; Buder et al., 2021),
LAMOST DRI10 (Yanny et al., 2009; Zhao et al., 2012), RAVE DR6 (Steinmetz
et al., 2020), APOGEE DR17 (Majewski et al., 2017), Liao et al. (2024) present
about 591 HiVels of the Large Magellanic Cloud (LMC).

In what follows, we report in our analysis three Programs (I, II, and III) of
halo HiVels as a function of distances and lags between a few parsecs till ~ 100
kpc.

The most recent data from DR3 was used to update and enhance Programs
I, I, and III. To ensure data consistency, crossmatches were carried out using
software that was based on the Tool for OPerations on Catalogues And Tables
(TOPCAT) and Starlink Tables Infrastructure Library (STIL; Taylor (2005)).
This tool has several options for modifying astronomical catalogs and is espe-
cially reliable when examining tabular data within a given range (0 < z < 1).

(i) The Program I mainly aims to comprehend the galactic and kinematic char-
acteristics of about 591 HiVels (Li et al., 2021) with LAMOST and Gaia
DR3 located (0.10 < d(kpc) < 15.40).

(ii) Program II was set for 87 HiVels who are ejected from the galactic center
with large-scale galactic surveys (Li et al., 2023) with DR3, LAMOST, SDSS,
and other large-scale surveys combining astrometric and spectroscopic data
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within (0.30 < d(kpc) < 108.64). The missing one of 88 stars is HVS23 (o =
240°.537580, 6 = 0°.912272) into which there is no Gaia DR3 identification
number and no proper motions data in both directions, therefore, we neglect
it from this Program set.

(iii) Program III was set and updated via DR3 sources for 519 HiVels influenced
by LMC’s gravitational potential (Liao et al., 2024) in the range of (0.29 <
d(kpc) < 16.44).

Table 1 presents the fundamental parameters of these three Programs of
HiVels (Li et al., 2021, 2023; Liao et al., 2024), respectively. The distribution of
selected stars across the sky is shown in Figure 1 with almost random directions
of velocity vectors. Figure 2 presents the V,. distribution as a function of galactic
longitude (1°) for all halo HiVels observed in our considered three Programs (I,
11, and III).
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Figure 1. Distribution of HiVels in the galactic coordinate system (I,b). Program I:
black closed circles (591 stars), Program II: blue closed pluses (87 stars), and Program
III: red open circles (519 stars).

3. VEPs and CP

3.1. Velocity ellipsoid parameters (VEPS)

A equatorial-galactic transformation matrix based on the SPECFIND v2.0 cat-
alog of radio continuum spectra (see Eq. (14); Liu et al. (2011)) was used to
derive the spatial velocity components (U, V, and W; km s~!) of HiVels in
galactic coordinates with the aid of the calculated space velocity components
(Vi Vy, and V5 km s™1) at distances (d;; pc) from the Sun as given in Egs. (4),
(5), and (6). Therefore,
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Table 1. The fundamental parameters of the three Programs I, II, and III of HiVels
adopted by Li et al. (2021, 2023), and Liao et al. (2024), respectively.

No.

Gaia DR3 ID Ra. Dec. Ve £ov,
deg. deg. km s~!

Program I: N = 591 stars; 0.10 < d(kpc) < 15.40

[\V]

591

1383279090527227264  240.3375 41.1668  -184 &£ 5.00
1570348658847157888  193.4372  55.0581  -230 +£ 15.00
966594450238136704  102.4834 46.8368  -80 £ 6.00

1272009269712167680 229.6719 28.3365  -147 £ 12.00

Program II: N = 87 stars; 0.30 < d(kpc) < 108.64

[\]

87

255667999133782348  12.3624  7.1290 -345.37 £ 9.48
2801887851883799936  12.5096  21.4207 -32.94 £+ 14.38
2510946771548268160 29.3032  1.1937 217 £+ 2.26

2872564390598678016  352.2706 33.0032  237.3 £ 6.40

Program III: N = 519 stars; 0.29 < d(kpc) < 16.44

[\

519

6087590373666222080  201.7684 -44.5009 328.84 + 1.19
6098873935647575552  220.6412 -44.5675 163.15 = 0.71
6135358205355639424  193.4286 -44.9466 203.66 £+ 0.32

4421621689671197568  229.5736 2.1771 -54.16 £ 0.82

where

U = —0.0518807421V,, — 0.8722226427V,, — 0.4863497200V,

V = 0.4846922369V,, — 0.4477920852V), 4 0.7513692061V,,

W = —0.8731447899V,, — 0.1967483417V,, +- 0.4459913295V,,

Ve = —4.74d; i, cos d sin a — 4.74d; ju5 sin § cos a + V. cos 9 cos o,

Vy = +4.74d; 114 cos d cos o — 4.74d; ju5 sin 0 sin a + V. cos d sin a,

V, = +4.74d; j15 cos 0 + V. sin 6.
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Figure 2. Distribution of (V,; km s™') for three Program HiVels as a function of their
galactic longitudes (I°). Program I: black closed circles (591 stars), Program II: blue
closed pluses (87 stars), and Program III: red open circles (519 stars).

In what follows, we estimate the velocities’ dispersion (o1, 02, and o3; km
s~ 1) using the following equations to specify VEPs as described in the literature
(Elsanhoury, 2024; Elsanhoury & Al-Johani, 2023):

z=p*—r? (9)
¢ = tan~? (‘f) : (10)

The parameters ¢ and r are given by the equations

1 1
qg= 51@ - §k$ =5 (k1k2 — 3k3) — 271&” (11)

The coefficients k1, ko, and k3 are determined as a function of matrix ele-
ments (pq;; Vi=1,2,3; Vj=1,2,3)

ki = — (g1 + po2 + p33)
ko = paipos + paipss + poopss — (pdy + iy + pds) (12)
ks = ,u%2u33 + ,Uz%g,quQ + u§3u11 — p11ph22/433 — 2p412/413 423
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since

— 2 —_
=y LL U= (0) pe=y L UVi-UV;
s = % L UWi = UWs e = 5 UL, VE = (V) (13)
pos = 4 Sy ViWi = VW, pag = % S0, W2 — (W)

The direction cosines (l;,m;,n;; Vj =1,2,3) for the eigenvalue problem
(A;), matrix elements (u;;), and velocities’ dispersion (o;) [i.e., A; = ajz;
Vi =1,2,3] where (A1 > Ag > A3), along three axes (Elsanhoury et al., 2015),
are mathematically given as follows:

lj = [po2pss — 07 (pa2 + pss — ‘7?) - '“%3] /Dj. (14)
mj; = [#23#13 — p12p33 + 032'#12] /DJ" (15)
nj = [paapos — paspez + o pas) /Dj, (16)

and

DJQ' = (M22M33 - M%g)g + (p23p113 — M12M33)2
+ (pazpios — pspinz)” + 2[(p2z + pss) (35 — pa2piss)
12 (p23pins — pazpias) + pas (Hi2ies — M13/~t22)]0]2
+ (U35 + dpoapiss + 139 — 233 + 13y + 1is) o}
—2 (g2 + piz3) 09 + 05,

where (12 +m3 +n3 = 1) is an initial test for our code and (I2) is known as
the vertex longitude (Mihalas et al., 1983; Elsanhoury, 2016).

3.2. Galactic longitude and latitude parameters

Let L; and Bj, (Vj =1,2,3) be the galactic longitude and latitude of the di-
rections, respectively, which correspond to the extreme values of the dispersion,
then

L; = tan™* (%T]nj), (17)
Bj = sin™! (nj> (18)

3.3. Fundamental solar elements

For Program stars having space velocities (U, V, W), the components of the
Sun’s velocities are referred to as (Ug, Vi, and W), where (Ug = ~U), (Vo =
—V), and (Wg = —W). Therefore, the solar elements (Sg, l4, ba) with the

spatial velocity considered may take the following

So =T +V 4+ W, (19)
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la =tan™" <_[;/>, (20)

by = sin~! <_SZ/> (21)

In what follows, we estimate the Sun’s local velocity from radial velocities, by
letting X8, Y5 and Z¢ be the components of the Sun’s velocity relative to z,y,

and z axes with the origin at the observer. Therefore, X2 = —V/, Y3 =-V,,
and Z8 = —V.. From there, we can find the apex of the Sun’s trajectory from
formulae
Y.
as =tan"! (XZ) , (22)
Z.
04 =tan! ( 2® 2) ) (23)
(X8)"+ (v2)

and the Sun’s velocity is given by

So =/ (x2)" + (va)" + (23)". (24)

where Sg denotes the absolute value of the Sun’s velocity relative to the three
Program stars under consideration, (14, ba) are galactic longitude and galac-
tic latitude of the solar apex, respectively, and (a4, d4) is the galactic right
ascension and declination with respective manner of the solar apex. Figure 3
shows the HiVels in three projection velocities (i.e., U, V, and W) with respect
to the galactic center. This allows researchers to examine stellar populations in
the circumsolar area of the Galaxy. Of great interest is the UV plane, where
all stars can be properly classified into multiple families. Nearby stars mostly
originate from the disk, which has a distinctive velocity dispersion ~ -500 km
s~! along each coordinate.

Following the computational algorithm developed by Elsanhoury et al. (2015)
to serve and compute the VEPs and the convergent point (CP) of three HiVels
Programs, including various kinematic parameters (e.g., spatial velocities, ve-
locities dispersion, direction cosines, solar elements, ... etc.) and the ratios of
(02/01) and (03/071), into which the obtained results of these ratios ranged from
0.75 to 0.86 & 0.40 to 0.60, respectively.

Stars in the galactic disk have the largest velocity dispersion in the radial
direction, which is why it is said that the velocity ellipsoid’s longest axis points
approximately in the direction of the galactic center. The velocity ellipsoid’s
longest axis points roughly in the direction of the galactic center because one
of its axes is oriented normally to the plane of the galaxy, allowing the other
two axes to also lie there. The angle between a group of stars’ average V,. vector
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and the line connecting the Sun to the galactic center is known as the vertex
deviation or longitude of the vertex (l2). The kinematic characteristics of the
studied star population (e.g., HiVels) can be examined in this way. In the MW’s
thin disk, the velocity ellipsoid is oriented almost along the radial direction
(toward the galactic center) because the vertex’s longitude is usually near 0°
(Elsanhoury et al., 2015; Elsanhoury, 2016; Bisht et al., 2020; Mihalas & Binney,
1981). The original numerical results are listed in Table 2 and Table 3, including
the solar elements.
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Figure 3. Velocity components distributions UV, UW , and VW relative to the Galaxy
center of three Program HiVels calculated by us. Program I: black closed circles — 591
HiVels, Program II: blue closed pluses — 87 HiVels, and Program III: red open circles
— 519 stars.
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3.4. Convergent point (CP)

Usually, stars in a stellar association and/or moving group have a common
chemical composition, space velocity, age, and distance which indicates that
they are moving across the Galaxy together. The apparent movement of these
stars as viewed by the observer, however, varies slightly based on their position
in the MW. Their PM vectors indicate the velocity and bearing of the stars’
passage across the MW. Typically, in stellar kinematics, the coherent point in the
direction of one location on the celestial sphere is well-defined as a vertex, apex,
or CP with equatorial coordinates (A,, D,). Several techniques are stated for
this purpose like i) the classical CP method (Boss, 1908), ii) the individual star
apex (AD-diagram), known and developed by Chupina et al. (2001, 2006), and
iii) the convergent point search method (CPSM) edited by Galli et al. (2012).
In the present analysis, we specifically focus on the AD chart method, which
relies on the distribution of individual apexes within the equatorial coordinate
system and was employed by Bisht et al. (2020); Elsanhoury (2021); Maurya
et al. (2021); Elsanhoury et al. (2024). Eqgs. (4), (5), and (6) of average space
velocity vectors are used in this manner to get the equatorial coordinates of the
(Ao, D,) in the following formulae. The obtained results are listed in the last
row of Table 2.

A, = tan™! 2 & D,=tan"? Y (25)
Ve /Vixg_i_viyg

4. Galactic rotation constants

The stars offer a perfect sample for understanding the composition and de-
velopment of the galactic disk and determining the MW constant parameters.
These constants are crucial for understanding how stars, gas, and other objects
move within the Galaxy’s gravitational potential. Moreover, they describe the
rotation curve and the motion of objects relative to the galactic center. The
differential rotation and local angular velocity (i.e., local rotational features) of
the MW Galaxy are described by two fundamental parameters, A and B (i.e.,
Oort’s constants (Oort, 1927a)). They give the dynamic structure of the MW,
including its rotation curve and the distribution of matter within it. In addition
to helping quantify the shear and turbulent flow of the rotation of the Galaxy,
these constants are used to examine how the velocity of stars varies with their
distance from the galactic center. According to Oort (Oort, 1927a,b), the con-
stants (A & B) were then calculated using V,. and PM, yielding the values A =~
19km s~ kpc™! and B ~ -24 km s~! kpc™!. In his study, the relatively smooth
rotating curve of the Galaxy was demonstrated, cutting out the hypothesis that
it rotates like a rigid body.
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Table 2. VEPs and CPs of the three Program HiVels calculated by us.

Parameters

Program I: 591 HiVels (0.10 < d(kpc) < 15.40)

Ve, Vi, Vo (kms ™)
U, V,W (kms™1)
A1, A2, A3 (km Sil)
g1, 02, 03 (km S_l)
To (km s™h)
(l17 mi, n1)°
(lQ, ma, 77,2)
(lg, ms, TL3)D

o

-218.43 £ 14.76, 139.79 £ 11.83, -343.81 + 18.54
56.61 + 7.52, -426.79 £ 20.66, 9.88 & 3.14
239234, 137669, 38478.70

489.12 £ 22.12, 371.04 £ 19.26, 196.16 £ 14.01
644.50 £ 15.40

0.2869 £ 0.002, -0.9578 £ 0.002, -0.0220 £+ 0.001
-0.9145 + 0.003, -0.2806 + 0.002, 0.2916 + 0.002
0.2854 £ 0.002, 0.0636 £ 0.001, 0.9563+ 0.002

Lj,j=1,2,3 73.33, 162.94, 167.45

B;,j=1,2,3 -1.26, 16.95, 73.00

Se (kms™t) 430.641 £ 20.75

(la, ba)? 82.44 4+ 0.11, -1.32 & 0.02

(aa, 64)° -32.62 + 0.17, -52.97 + 0.86

(Ao, D,)° 147.382 4+ 0.08, -52.973 + 0.14

Parameters Program II: 87 HiVels (0.30 < d(kpc) < 108.64)
Ve, Vi, Vo (km s™1)  -256.92 & 16.03, 276.45 + 16.63, -232.17 & 15.24
U, V,W (kms™!)  114.88 + 10.72, -422.77 + 20.56, 66.39 + 8.15

A1, A2, A3 (km S_l)
o1, 02, o3 (km sfl)
7o (km s™1)

309649, 226100, 108921
556.46 + 23.59, 475.50 £ 21.81, 330.03 £ 18.17
802.92 £ 28.34

(I, m1, n1)° 0.2759 £ 0.002, 0.9610 £ 0.002, 0.0181 4 0.001

(l2, ma, n2)° -0.9528 £ 0.003, 0.2710 £ 0.002, 0.1368 £ 0.001
(Is, ms, n3)° 0.1265 £ 0.001, -0.0550 £+ 0.001, 0.9904 + 0.002
L;,j=1,23 -73.98, -164.13, -156.51

Bj,j=1,23 1.04, 7.86, 82.07

Se (km s™1) 443.100 + 21.05

(la, ba)° -74.80 £ 0.12, -8.62 £+ 0.34

(aa, 64)° -47.10 % 0.15, -31.60 + 0.18

(Ao, Do)° 132.902 £ 0.09, -31.600 £ 0.18

Parameters Program III: 519 HiVels (0.29 < d(kpc) < 16.44)

K, vy? vz (km Sil)
U, V,W (kms™)

A1, A2, Az (kms™h)
o1, 02, 03 (km s™ 1)
7o (km s™1h)

(lla my, nl)o

(12, ma, nz)o

(13, ms, 7’L3)o

Lj,5=1,2,3
Bj,j=1,2,3
Se (km s™1)

(la, ba)°®
(OZA, 514)0
(Ao, Do)°

-157.41 £ 12.55, 121.11 + 11.00, -230.11 &+ 15.17
14.46 £ 3.80, -303.43 £ 17.42, 10.98 £ 3.31
143180, 80747.10, 34595.50

378.39 + 19.45, 284.16 £ 16.86, 186.00 £+ 13.64
508.45 + 22.55

0.1307 £ 0.001, -0.9910 +£ 0.002, -0.0275 £+ 0.002
-0.9403 + 0.003, -0.1327 £+ 0.001, 0.3134 + 0.003
0.3142 £ 0.003, 0.0151 £ 0.001, 0.0950 £ 0.002
82.49, 171.97, 177.24

-1.57, 18.27, 71.67

303.977 £ 17.43

87.27 £ 0.11, -2.07 £ 0.03

-37.57 £ 0.16, -49.20 £+ 0.14

142.43 £+ 0.08, -49.21 + 0.14
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Table 3. Ratios of velocity dispersions and the solar velocities for our three program
HiVels and other components of the disks by different authors.

Type So o2/01 o3/01 Ref.
km s+
Program I — 591 stars 430.641 + 20.75 0.76 0.40 1]
Program II — 87 stars 443.100 £+ 21.05 0.86 0.60 1]
Program IIT — 591 stars 303.977 £ 17.43  0.75 0.49 [1]
Inner halo (d < 15 kpc) 213.36 + 14.61  0.70 0.52 2]
Outer halo (d = 15— 20 kpc) 210.14 £ 14.50  0.76 0.61 2]
Halo disk : 0.56 0.56 3]
Thin disk - 0.57 0.46 3]
Thick disk - 0.57 0.52 3]
Thin disk : 0.62 0.62 4]
Thick disk - 0.51 0.51 [4]
8.9 > My >8.0 ; 072+ 0.04 0.62+004 [5]
My > 9.0 - 0.67 £ 0.05 0.56 £ 0.04 [5]

[1] Current study, [2] Nouh & Elsanhoury (2020), [3] Yan et al. (2020),
[4] Soubiran et al. (2003), [5] Dyer (1956).

Following this, numerous attempts have been made using different tracers to
calculate the Oort constants and illustrate the galactic rotation. After reviewing
the earlier data, Kerr & Lynden-Bell (1986) came to the following conclusions:
A = 1440 £1.20 km s~! kpc™! and B = —12.00 & 2.80 km s~ ! kpc~!. To
determine that A = —14.82 + 0.84 km s~ ! kpc™! and B = —12.37 + 0.64
km s™! kpc™!, Feast & Whitelock (1997) adopted 220 galactic Cepheids with
Hipparcos PM. Considering R, = 7.66 + 0.32 kpc by Metzger et al. (1998),
therefore, the obtained comparable outcome for A = 15.5040.40 km s~! kpc~!
using Cepheids. Recently, Nouh & Elsanhoury (2020) obtained a comparable
outcome of A & B with 15.60 & 1.60 & -13.90 £ 1.80 km s~! kpc~*, Elsanhoury
et al. (2021) computed Oort constants like A = 14.69 +0.61 km s~! kpc~! and
B = —16.7040.67 km s~ ! kpc™!, and Elsanhoury (2024) has A = 12.91 £0.16
km s~ ! kpc™! and B = —13.16 £ 0.27 km s~ kpc~1.

Here, we calculate the Oort constants (A & B) considered for three-Program
HiVels using the LAMOST and DR3 archives. With an amplitude that rises
linearly with distance, we follow the discovery that the heliocentric V,. shows a
double sine-wave variation with galactic longitude (Balona & Feast, 1974).

V, = —2A(Ry. — R,)sinlcosb + K, (26)

where (K; km s™1) is a correction term that can be understood as systematic
motions of massive stellar groups, systematic inaccuracies in the V,. caused by
motions within stellar atmospheres, gravitational redshift, and erroneous wave-
length combinations (Feast & Shuttleworth, 1965), where [ and b stand for the
specific star’s longitude and latitude, respectively, R, = 8.20£0.10 kpc (Bland-
Hawthorn et al., 2019) is the distance from the Sun to the galactic center, and
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Table 4. Velocity dispersion and rotation constants for three program HiVels under

study.

Parameters Program I Program II Program III
o9/01 0.76 0.86 0.75

A (km s7! kpe™1) 15.427 £ 0.25  3.883 £ 0.51 16.510 £ 0.25
B (km s~! kpc™1) -21.095 £ 0.22  -11.029 £ 0.30  -21.227 £+ 0.22
|A—B| (km s~ kpc™t) 36.522 4+ 6.04 14.912 4+ 3.86  37.737 & 6.14
V, (km s™1) 299.48 + 17.31 122.28 +£ 11.06 309.44 + 17.59

Program I: (591 stars); 0.10 < d(kpc) < 15.40
Program II (87 stars; 0.30 < d (kpc) < 108.64
Program III (519 stars); 0.29 < d(kpc) < 16.44

R, is the star’s radial distance from the galactic center, the cylindrical radius
vector, and it is determined by

R2, =R+ d” —2R,dcosl. (27)

Table 4 lists our three HiVels Investigations for which we computed the Oort
constants A and B. Row 2 least-squares fit of Eq. (26) yields the first Oort
constant (A; km s™! kpc™!), while the third row is the second Oort constant
(B; km s~! kpc™!) calculated using the relation (09/01)? = —B/(A— B) (Bisht
et al., 2020). The ratio (o3/01) is calculated using the computational method
covered in Section 3. The angular velocity is shown in row 4 (|A — B|; km s~*
kpc1), and the rotational velocity V, calculated using the well-known relation
V, = |A — B| R,, where R, = 8.20 & 0.10 kpc, is given in the last row. Our
mean Oort and rotational constants as compared with previous researchers are
presented in Table 5, it’s clear that Oort constants and galactic rotational pa-
rameters were computed for about 304,267 main sequence stars from the Gaia
DR1 using data at a typical heliocentric distance of 230 pc (Bovy, 2017), a
sample of stars within 500 parsecs used the Gaia DR2 data (Li et al., 2019),
using the trigonometric parallaxes and PMs of over 25,000 young stars from
the Gaia DR2 dataset (Krisanova et al., 2020), using a sample of halo red giants
and the radial and spatial velocities of 1,583 red giant stars collected from the
SEGUE-1 and SEGUE-2 surveys (Nouh & Elsanhoury, 2020), a sample of 5,627
A-type stars selected from the LAMOST surveys that were located within 0.60
kpc (Wang et al., 2021), devoted mid to late M-type stars (Elsanhoury et al.,
2021), for a clean sample of stars (130,665) within 100 pc (Guo & Qi, 2023)
computed these constants with a maximum likelihood model by using the Gaia
Catalog of Nearby Stars (GCNS) (Gaia Collaboration et al., 2021), and for high
and low galactic latitudes of K dwarfs (Elsanhoury & Al-Johani, 2023).
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Table 5. Velocity dispersion and rotation constants for three program HiVels under
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study.

A B |A — B Methods References
(km s™* kpc™') (km s™! kpc™!) (km s™' kpc™!) V,./PMs

11.94 £ 0.29 -17.78 £ 0.24 25.07 £ 5.01 Vi 1]
15.30 + 0.40 -11.90 £ 0.40 27.20 PMs 2]
15.10 £ 0.10 -13.40 £+ 0.40 28.40 PMs [3]
15.73 £ 0.32 -12.67 £ 0.34 28.40 PMs [4]
15.60 + 1.60 -13.90 £ 1.80 29.50 £ 0.20 Vi [5]
16.31 £ 0.89 -11.99 £ 0.79 28.30 PMs [6]
14.69 + 0.61 -16.70 £ 0.67 31.39 V. [7]
15.60 + 1.60 -15.80 £ 1.70 31.40 £ 2.30 Vi 8]
1291 £ 0.16  -13.16 £ 0.27  26.06 v, (9]

[1] Current study, [2] Bovy (2017), [3] Li et al. (2019), [4] Krisanova et al. (2020),
[5] Nouh & Elsanhoury (2020), [6] Wang et al. (2021), [7] Elsanhoury et al. (2021),
[8] Guo & Qi (2023), [9] Elsanhoury & Al-Johani (2023).

5. Discussion and conclusion

The velocity distribution (U, V', W) of stars in three spatial directions (o1, 02, 03)
is known as the velocity ellipsoid in galactic kinematics. The ellipsoid’s shape
reflects the anisotropy in the star motion, and its primary axes relate to the
directions with the largest and smallest velocity dispersion. Velocity ellipsoids
vary among star populations. For instance, thick disk and halo stars exhibit
more isotropic ellipsoids and bigger velocity dispersions than thin disk stars,
which have comparatively small dispersions. In this study, we calculated the
kinematical parameters, convergent point, and the Oort constants A and B
of three Programs (i.e., 591, 87, and 519 stars) of high velocity stars located
0.10 > d(kpc) > 109. The following summarizes the main findings of the
current studies:

e We retrieved high velocities in both mean spatial velocities (U, V, W, and
Vipace; km s71), Program I (56.61 + 7.52, -426.79 + 20.66, 9.88 + 3.14, and
430.641 + 20.75), Program IT (114.88 + 10.72, -422.77 + 20.56, 66.39 + 8.15,
and 443.100 £ 21.05), and Program III (14.46 4+ 3.80, -303.43 + 17.42, 10.98
+ 3.31, an 303.977 £+ 17.43) and the mean velocity dispersion (o1, o2, o3, and
0,5 km s71), Program 1 (489.12 + 22.12, 371.04 + 19.26, 196.16 + 14.01, and
644.50 + 15.40), Program II (556.46 + 23.59, 475.50 + 21.81, 330.03 + 18.17,
and 802.92 + 28.34), and Program IIT (378.39 + 19.45, 284.16 + 16.86, 186.00
+ 13.64, and 508.45 + 22.55).

e Our obtained results of the l3 are: -0°.9145 + 0°.003 (Program I), -0°.9528
+ 0°.003 (Program II), and -0.9403 + 0°.003 (Program III), these obtained
results are in line with that of Mihalas & Binney (1981) and many authors,
e.g., la = —0°.3454, —0°.6735, and —0°.0264 (Elsanhoury, 2024) and —0°.87 &
—0°.91 (Elsanhoury et al., 2018).
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e We have determined the convergent points (A4,, D,), Program I: 147°.382
+ 0°.08, -52°.973 + 0°.14, Program II: 132°.902 + 0°.09, -31°.600 + 0°.18, and
Program III: 142°.43 + 0°.08, -49°.21 4+ 0°.14.

e The mean values of Oort’s constants are A = 11.94 + 0.29 and B =
—17.78 £0.24 km s~! kpc~! as listed in Table 5. Therefore, the mean angular
velocity |A — B| = 25.07 = 5.01 km s~! kpc™! and the rotational velocity V, =
243.72 £ 15.61 km s~ 1.

e In regions where stars are to be expected to be quite a way distant on
average like our consideration of HiVels, the measured values of A and B may
contain significant inaccuracies due to both long distances (Lewis, 1990) and the
choice of kinematic model (V. or PM) (Hanson, 1987) as Table 4 makes it clear
with Program II. Lewis (1990) reported that this is due to two effects. First,
the proper motion along declination p;s nearly equal to the ratio of (V,/d), i.e.,
ps ~ (Vy/d) and A ~ ps, thus if d increases, the value of A will decrease, as
clearly seen in Program II of Table 4. But V,, is also dependent on (cosa) and
on distance d (see Eq. 5). Therefore, these two effects should affect both A and
B in a roughly equal manner (Lewis, 1990).
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Abstract. This paper focuses on observing unstudied Galactic open clusters
in the Ultraviolet (UV) wavelength range and analyzing their photometric
data. The Gaia Data Release 3 (DR3) enables us to precisely study known
Galactic open clusters. We conducted observations using the 1.54-meter Dan-
ish Telescope (DK1.54) in Chile and the 2.15-meter telescope at the Complejo
Astronémico El Leoncito (CASLEO) in Argentina, employing UV filters. Fur-
thermore, we have collected available photometric and astrometric data for our
observed clusters. We aim to estimate the reddening of Galactic open clusters
using UV photometry. We applied isochrone fitting to determine the reddening
of the clusters using well-known members. As a final result, we present the
reddening values of 105 Galactic open clusters in the UV, as determined by
our photometry.

Key words: open clusters — Gaia — ultraviolet — photometry

1. Introduction

Star clusters, particularly open clusters, serve as essential laboratories for un-
derstanding stellar formation, evolution, and dynamics. Since stars within a
cluster share a common origin, distance, and age, their study provides crucial
insight into the broader processes of stellar evolution (Krause et al., 2020). By
analyzing star clusters, we can refine our models of stellar formation and lifecy-
cles, such as those governed by mass, composition, and environment. Studying
these clusters in the Ultraviolet (UV) wavelengths is particularly important be-
cause UV observations are sensitive to young, hot, and massive stars (Hillier,
2020). These stars emit most of their light in the UV, making this wavelength
regime critical for understanding the early stages of stellar evolution and the
Interstellar Medium (ISM). One of the key challenges in studying star clusters is
interstellar reddening (absorption or extinction; Pandey et al., 2003). This effect
is caused by dust grains in the ISM that scatter and absorb starlight, causing
the light from stars to shift toward redder wavelengths (Cardelli et al., 1989).
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The amount of reddening is a function of the dust column density and the ob-
ject’s location within the Galaxy. Correcting for this reddening is essential for
accurately determining stellar properties such as temperature and luminosity.
Extinction models, such as the Fitzpatrick (1999) model, are commonly used to
correct for these effects. These models help to remove the distortion introduced
by the ISM and allow us to recover the intrinsic colours and magnitudes of stars.

Unfortunately, recent UV observations of star clusters are very scarce. Only
a few Well-studied ones are also analysed in the UV (Sindhu et al., 2018). The
Ultra Violet Imaging Telescope (UVIT) consortium presented some results for
well-known star clusters (Jadhav et al., 2021).

In this paper, we present the status of our project to observe Galactic open
clusters to study their extinction characteristics using our own observed Johnson
U and archival Gaia BP, RP, and G photometry.

2. Target selection and observations

For the first case study of our project, we selected 105 southern star clusters
from the list of Hunt & Reffert (2023) which are not too extended on the sky.
This catalogue contains the parameters (age, reddening, and distance) and posi-
tional information of 7 167 star clusters, including moving groups, with over 700
newly discovered high-confidence clusters. They used the widely applied Hierar-
chical Density-Based Spatial Clustering of Applications with Noise (HDBSCAN)
algorithm (Mclnnes et al., 2017).

We conducted observations using the 1.54-meter Danish Telescope (DK1.54)
in Chile and the 2.15-meter telescope at the Complejo Astronémico El Leoncito
(CASLEO) in Argentina, employing UV filters.

The DK1.54 was equipped with the Danish Faint Object Spectrograph and
Camera (DFOSC) using a 2k x 2k thinned Loral CCD chip with a field of
view (FOV) of 12x12 arc minutes. The 2.15-meter Jorge Sahade reflector at
CASLEO was using a 2k x 2k Roper Scientific Versarray 2048B camera with a
FOV of about nine arc minutes.

The exposure time for each cluster is 300 seconds, with at least two obser-
vations for each cluster.

3. Data reduction

The basic CCD reductions (bias-subtraction, dark correction, and flat-fielding)
were performed with standard IRAF v2.17 routines. We removed cosmic rays
whenever needed before calculating the Point Spread Function (PSF) and the
instrumental magnitude for all stars.

As the next step, we matched the observed fields using the Atlas of Large-
Area Digital Image Navigation (Aladin). For this, we used the IRAF task
“xy2sky” to transform pixel coordinates (x, y) into the celestial coordinates (RA,
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DEC). After a rotation of 270 degrees, we could compare them with external
catalogues.

For our purposes, we used the Gaia DR3 (Babusiaux et al., 2023) and its
photometry (BP, RP, and G magnitudes) for the matching process. This was
done by a newly developed pipeline software! based on the Match Program?,
which uses the FOCAS algorithm (Valdes et al., 1995). The script takes the Gaia
data and our objects in .CSV format as input data. Loading confirmed cluster
members representing main sequence stars into the script is also possible. We
used Hunt & Reffert (2023) catalogue, which is based on Gaia DR3 data, to

define members. We then filtered the matched stars for cluster members.

Instrumental magnitudes are typically uncalibrated values from the instru-
ment, which depend on the specific setup (filters, detectors, and exposure times).
The Gaia DR3 provides flux-calibrated low-resolution spectrophotometry
(BP/RP spectra) for about 200 million sources in the wavelength range from
330 to 1050 nm (Gaia Collaboration et al., 2023). From these spectra, synthetic
photometry can be derived for any passband. Existing observations can be re-
produced within a few per cent over a wide range of magnitudes and colour for
wide and medium bands, such as Johnson U, and with up to millimag accu-
racy when synthetic photometry is standardised for external sources. We first
checked the available standard U photometry using The General Catalogue of
Photometric Data®. No offsets or systematics were detected.

As the last step, we transformed our instrumental magnitudes to standard
ones as described by Bessell (2005).

4. Estimating the reddening values

We generated colour-colour diagrams from Colour-Magnitude Diagrams (CMDs),
including U photometry and fitted the filtered stars to find their extinction in
each colour from the main sequence standard line for the different colour com-
binations. The standard lines are taken from the Padova database of stellar
evolutionary tracks and isochrones (Bressan et al., 2012).

Fitting is done manually, using a GUI interface that allows the standard
main sequence to be shifted along two axes corresponding to the combination
of colours selected. The script calculates the errors for a confidence interval of
99.73%. A tutorial on the use of pipelines is available in the README.md file.

We get the reddening from U in the independent colour-colour diagram of
age, distance, and metallicity. We estimate the reddening for all our observed
clusters in different passbands.

Thttps://github.com/PoruchikRzhevsky /Match-pipeline
2http:/ /spiff.rit.edu/match/
Shttps://gcpd.physics.muni.cz/
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Figure 1. Colour—Colour diagrams of different clusters and filter combinations. The
standard lines are taken from Bressan et al. (2012). The green dots are matched
non-members and pink triangles are members from Hunt & Reffert (2023).

Figure 1 shows the Colour—Colour diagrams of different clusters and filter
combinations. The green dots are matched non-members, and the pink triangles
are members from Hunt & Reffert (2023).

In Table 1, we present the name of the clusters, their coordinates in RA and
DEC, different extinction ratios, uncertainties of each extinction’s ratios, mean
value of extinctions, the distance and log age from the Hunt & Reffert (2023)
catalogue. Only cluster BH 140 does not have log age in their catalogue. In its
complete form, this table is only available at the CDS or upon request.



64 T.Ramezani, E. Paunzen, A. Gorodilov and O.I. Pintado

Table 1. Coordinates, reddening values, and uncertainties of clusters. In its com-
plete form, this table is only available at the CDS or upon request. The first
page is printed here for guidance regarding its form and content. The columns de-
note: (1) Clusters’ name. (2) Right ascension (J2000; Gaia DR3). (3) Declination
(J2000; GaiaDR3). (4) E(U — BP)/E(BP — RP). (5) E(U — G)/E(BP — RP). (6)
E(U-RP)/E(BP—RP). (7)) E(U-G)/E(G—RP).(8) E(U-G)/E(BP—-G). (9) Un-
certainty of E(U—BP)/E(BP—RP). (10) Uncertainty of E(U—-G)/E(BP—RP). (11)
Uncertainty of E(U — RP)/E(BP — RP). (12) Uncertainty of E(U — G)/E(G — RP).
(13) Uncertainty of E(U —G)/E(BP —G). (14) Mean extinction. (15) Distance (kpc).
(16) logt.

1) 2) B @ 6 © () @ (9 @10 (1) (12) (13) (14) (15) (16)
Alessi_17 113.853 -15.092 1.08 1.36 2.01 2.08 3.78 0.28 0.11 0.17 0.76 041 206 3.92 838
Alessi_60 105.615 -1.120 0.90 1.29 1.90 2.03 209 0.14 0.09 008 022 020 1.64 264 8.68
Berkeley 33 104.454 -13.226 0.98 1.37 1.98 224 345 008 0.10 0.08 029 0.16 200 473 868
BH_T72 142.843 -53.041 1.30 1.68 230 218 298 0.55 0.56 0.57 0.80 0.88 209 451 823
BH_84 150.334 -58.217 0.92 133 193 221 322 012 013 013 034 035 192 380 821
BH_87 151.162 -55.377 1.13 154 213 252 3.71 0.11 0.10 0.08 021 027 221 218 815
BH_111 167.317 -63.830 091 130 191 215 3.32 023 024 022 051 053 192 246 843
BH_132 186.725 -64.065 0.85 1.32 1.85 1.93 345 031 032 032 046 032 188 247 798
BH_ 140 193.454 -67.182 1.16 1.55 217 2.84 344 0.06 007 007 038 039 223 4.60

CWNU_95 223299 -54.108 0.59 1.00 1.63 1.63 2.60 0.18 0.17 0.18 0.68 0.74 149 1.05 7.37
CWNU_1733 114.240 -26.321 0.39 0.89 1.45 1,51 211 027 032 028 071 080 127 173 830
Czernik _29 112.095 -15.399 1.08 141 2.08 244 3.66 0.09 0.10 0.07 032 021 213 351 839

5. Analysis

Let us recall that stars in galaxies are born in molecular clouds (MCs). The
gravitational collapse of the dense regions in the ISM of galaxies is an important
mechanism to form star clusters (Keilmann et al., 2024). Dust is made up of
heavy elements resulting from star nuclear burning. Dust grains are formed
by reprocessing these heavy elements in the interstellar medium after they are
expelled from stars by winds and explosions (Draine, 2003).

Dust (and gas) significantly affects light propagation, scattering, and ab-
sorbing photons from UV to infrared wavelengths, leading to extinction and
reddening effects in astronomical observations (Schlafly & Finkbeiner, 2011).
There are two different effects of extinction: 1) From the molecular cloud that
the star cluster is born from; 2) From the ISM between the observer and star
cluster.

Dust is not symmetrically distributed throughout space because of supernova
explosions, stellar winds, magnetic fields, and star formation variations. Another
complication is the composition of the ISM, which directly affects the reddening
law, i.e. the variation of extinction with wavelength. Therefore, the reddening
law and the amount of extinction depend on the line of sight. It is well known
that the Galactic disk has regions with an extinction as high as five magnitudes
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Figure 2. The upper panel shows the extinction in (BP — RP). The lower panel shows
the reddening ratio E(U — BP)/E(BP — RP) for the 105 observed clusters in the [X,
Y] coordinate system around the Sun at [0, 0], respectively.

per kpc (Neckel & Klare, 1980).

Expressing the extinction law is not unique in the literature; it has been
common practice to use the ratios of two colours, for example, E(U — B)/E(B —
V). Using A(V) as the reference extinction in the visual is arbitrary (Cardelli

et al., 1989).

In Fig. 2, we present the results of our extinction estimation in [X, Y] coor-
dinates. The X coordinate is in the direction of the Galactic centre, whereas Y
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is in the direction of the disk rotation. The Sun is located at [0, 0], respectively.
Because all studied star clusters are located in the Galactic disk, we do not
consider the third coordinate [Z] for our analysis.

With very few exceptions, the extinction is increasing for more distant clus-
ters (Fig. 2, upper panel). This is what the current models predict, and it lends
confidence in our fitting procedure.

The distribution of the reddening ratio (Fig. 2, lower panel) shows exciting
features. For example, there is a continuous transition in the direction [-3000,
—-3000], some sudden changes on small scales [-1000, —3000], and no changes in
certain lines of sight. It proves the capability to trace the ISM with extinction
estimates of star clusters.

6. Conclusions and outlook

It is well known that photometric observations in the UV region help to describe
the extinction law and the total absorption. Unfortunately, because of the inef-
ficiency of modern CCD detectors, such observations are not very common any
more. On the other hand, the number of star clusters is constantly increasing,
caused by the excellent astrometric data of the Gaia satellite mission.

Here, we present our first case study using the synergy of ground-based UV
observations and Gaia BP, RP, and G photometry to analyse star clusters.
High-precision PSF photometry using published membership probabilities and
a matching routine resulted in a unique data set of mainly unstudied open
clusters.

Fitting standard main sequences, which are independent of age, metallicity
and distance, allowed us to get absorption values and reddening laws toward
105 open clusters. Detailed maps show that our current models could be proven
and have the potential to study the characteristics of the ISM in more detail.

As the next step, we plan to observe more Galactic open clusters and gener-
ate a reddening law map of the visible regions around the Sun. Another approach
we will follow is the synthetic Gaia flux-calibrated low-resolution spectropho-
tometry (BP/RP spectra), which allows for a synthesis of photometry.
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