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Abstract In this paper, we present the analysis of the stellar bingsyesn HIP 43766 to determine its
properties. We rely on dynamical modeling and atmospheddeating with recent data to determine the
orbital solution and the physical properties of the syst&here is a consistency between observed and
synthetic photometry obtained using atmospheric modeliing calculated dynamical mass sum of the
system ranged between 1.691 and 2.609 solar masses, wialegiés between 2.0 and 2.1 as estimated
utilizing atmospheric modeling. This could be due to inaecy in estimating the orbit, which could
be modified with future observations with more relative fiosal measurements. The parameters of the
system and the position of the components on the evolutydnacks show that the system consists of F5
and G5 subgiant stars, mostly formed by fragmentation. Aadyioal mass sum is predicted for the system.
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1 INTRODUCTION Al-Wardat et al. 2017 Masda et al. 2018 Masda et al.
2019bandMasda et al. 2019a

It is well known that most of the stars in the sky are In Table1, we present basic information on the HIP

binary or multiple systemsDuquennoy & Mayor 1999 43766 system. Note that the system has three different

To determine the physical and geometrical parameteréd/ués for parallax. The first parallax of the system is
of a binary system, one should analyze these Systemg.btamed from the Hipparcos and Tycho Catalogues and its

Moreover, the most accurate and reliable method fovalueis21.70 4 1.32 mas, which corresponds to a distance

estimating stellar masses is by analyzing stellar binarg_d = 46.08 pc. The second value is referenced from the

systems. Binary systems play many roles in astrophysic&!iPParcos New Astrometric Cataloydn Leeuwen 2007

For example, they are used to examine the formation of"d its value i£0.40 + 0.92 mas, which corresponds to

stars and stellar evolutionary theories. Sometimes, hight distance ofi8.85 4 0.05 pc, while the third value is

resolution observational techniques such as speckle icquired from the Gaia Data Release 2 and its value is

terferomerty (e.g..abeyrie 197GndBalega & Tikhonov 23.04135 + 1.1074, which corresponds to a distance of

1977 and adaptive optics are not sufficient to determing! = 43.46 pc.

the physical parameters of the individual components of The paper is organized as the follows. In Sectihn

visual close binary systems (VCBS). However, a photowe present the orbital analysis of the system. In Se@jon

dynamical model can be adopted for an eclipsing binarghe physical properties of individual stars in the system

system (e.g.Surgit et al. 202 are determined. Results and discussion are presented in
Section 4. Finally, we provide the conclusion of our

In 2002, Al-Wardat (2002 introduced a new method findings in Sectiorb.

for estimating the physical and geometrical parameters

of both components of VCBS by combining spectropho-

tometry with atmospheric modeling. In order to be able2 ORBITAL SOLUTION

to employ this novel method, one must determine the

magnitude differences which are obtained from speckl@he dynamical modeling technique developed by

interferometry measurements, as well as the color indice§okovinin (2016 is employed to estimate the orbital

This new method along with the dynamical modelingproperties of HIP 43766: the perioé), epoch of passage

developed bylokovinin (1992 has been applied to many through periastroni(,), eccentricity ¢), semi-major axis

systems (e.g.Al-Wardat etal. 2014a Al-Wardatetal. (a), inclination §), longitude of periastrond) and position

2014 Al-Wardatetal. 2014c Al-Wardatetal. 2016 angle of the line of node<)) for the stellar system. To
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Table 1 Fundamental Parameters and Observed Photometric DatdRat3766

Property Parameter Value Reference
Position 2000 08P54™ 555 98 http://sinbad. u- strasbg. fr/si nbad SIMBAD
2000 +26°11'53.84 http://sinbad. u- strasbg. fr/si nbad SIMBAD
Magnitude [mag] my 6.73 ESA (1997
my, 7.385 ESA(1997)
(B=V)y 0.65 + 0.009 ESA(1997)
Ay 0.006 Lallement et al(2014)
Br 7.522 +0.008 Hag et al.(2000
Vi 6.817 £ 0.007 Hag et al.(2000
(B=T)r 0.657 £ 0.008 Hag et al.(2000
Parallax [mas] THip 21.70 + 1.32 ESA(1997)
THip 20.40 + 0.92 Van Leeuwer(2007)
TGaia 23.04135 +1.1074  Gaid

LCollaboration et al. (2018).

Table 2 The latest relative positional measurements forTable 3 Modified Orbital Parameters of the HIP 43766
the HIP 43766 system taken from the Fourth Catalog oSystem along with the Previous One
Interferometric Measurements of Binary Stars.

Parameter Unit This work Mason(2000
Epoch Thetad®) Rho (o”’) Reference P+op [yr] 45.9506 £ 0.3513 45.02
1976.8579 142.7  0.23  McAlister (1979 Totor, [yl  1973.3197 +0.059 1973.16
1976.9234 1432  0.239 McAlister & DeGioia (1979 etoe 0.4896 £ 0.0077 0.475
1978.1493 1545  0.279 McAlister (1980 atoa [arcsec]  0.3603 & 0.0009 0.347
1980.1563 168.9  0.336 McAlister et al.(1983 i£0; [deg] 45.5+0.31 43.5
1980.907 171.6  0.33  Tokovinin (1982 Q+oq [deg] 159.63 £ 0.84 162.1
1982.2888 178.9  0.367 Fuetal(1997) wtow [deg] 261.71£0.3 257.5
1982.847 183 0.387 Tokovinin (1983 rms(@) [deg] 0.52 -
1983.0479 183.5 0.373 McAlister et al.(1987) rms(p) [aresec] 0.0031 -
1984.0553 187.8 0.378 McAlister et al.(1987)
1984.9312 192 0.401 Bonneau et al(1986 .
1985.0001 192 0.382 McAlister et al.(1987) Table 4 Dynamical Mass of HIP 43766
1986.8839 200.3 0.394 McAlister et al.(1989 _
1987.269 201.3 0.392 Hartkopf et al.(2000 Dynamical Mass
1989.2296 209.1 0.395 McAlister et al.(1990 Mason(2000 (Mx)  This work (M)
1990.2699 213.7 0.398 Hartkopf et al.(1992 ]
1991.25 217 0392 ESA(1997) THip1997 o g'éggigggg
1991.3184 217.5 0.394 Hartkopf et al (1994 THip2007 1691 1817 % 0.264
1991.68 232.8 0.44  Fabricius et al(2002 TGaia2018 : : :
1991.8944 219.7 0.395 Hartkopf et al(1994
iggg-gggg ggéi 8-232 :ar:top; ei a:-ggg% the new orbital parameters. The estimated new orbital
. . . artkopf et al. . .
1994.0927 228.9 0.393 Hartkopf et al(1997) parameters of the.system and thg old yalues are listed in
1995.1492 233.6 0.382 Hartkopf et al.(1997) Table 3. Figurel displays the relative visual orbit of the
19959191 235.1  0.383 Hartkopf et al(1997) system with the epoch of the positional measurement while
1996.8663 240.1 0.377 Hartkopf et al.(2000 . . . . .
19971315 241.2 037  Hartkopf et al(2000 Figure2 depicts the new orbit against the old one obtained
2001.02 259.1 0.366 Mason et al(2011) earlier byMason(2000.

2005.8636 281.2 0.353 Mason et al(201]) ; ;
5006.0548 283.1 036 Roberts Jr & Masoi2017) We have calculated the total dynamical mass with

2008.101 293.8 0.348 Gili & Prieur (2012 relatively small values of errors in this binary system via
Kepler’s third law. The total dynamical mass is given by

estimate these elements, we rely on relative position a
y P Mrpot. = Ma+ Mp = (—)]V[@ 1)

measurements from speckle interferometric observations. 3 P2

The method requires initial values of the pOSitionalwhereMB is the mass of the primary ComponeMB is
measurements of the SyStem, which are obtained from thﬁe mass is the Secondary Componeris’ the Semi_major

Fourth Catalog of Interferometric Measurements of Binaryaxis in arcseconds; is the parallax in arcseconds afds
Stars and fronMason et al(2018. We input these values the period in years.

in the ORBITX code TOkOVinin 1993 to determine the The formal error in the mass is
best-fit orbit for the system.
The relative positional measurements of the system are % = Q(E)2 + Q(E)2 + 4(%3)2. 2
™ a

listed in Table2. The orbit of the system was built by
Mason (2000. Mason used the first 26 points measured  Using the values of andP obtained from the orbital
before 2000 to construct the orbit. We have included solution and the three values of parallax measurement, we
four new points to modify the orbit and to estimate estimate the dynamical mass. TaBlists the comparison
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Fig.1 The relative visual orbit of the system with the
epoch of the positional measurement.
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We then used this value ofAm along with the
visual magnitude of the system listed in Tallei.e.,
m, = 6.73, in the following equations to get the apparent
magnitudes for the two main components of the system;
i.e., componentg andB

A

= my +2.5log (1+107044™)

m’ 4+ Am.

m ®3)
(4)

Also, the absolute magnitude of the two components of the
system is calculated from the following equation

m

v
B
v

My =m,+5—5logd — Ay, (5)

where Ay is the interstellar extinction coefficient and
its value is 0.006. By considering the values of the
absolute magnitudes for each component in the system,
we are able to fix the values of effective temperature,
bolometric correctio{B.C'.), mass and spectral type for
each component in our system from the tables listed in
Gray(2005 andLang(1992.

The preliminary values of bolometric magnitude
(Mye1), luminosity (L), radius () and gravitational
acceleration (logy) for the two main components of the
system are calculated utilizing the following well-known
equations for a main sequence star:

Myor = My + B.C., (6)
L M, — My,
log — = b<>17bl7 )
Lo 2.5
R L Teff )
log{ =— ) =05log| — | —21o , (8
g(R®> g<L®) g<Teff® ( )

M R
1 =1 — ) =21 — 4.43 9
0g g og(MQ) Og(R®)+ N C)
whereT, = 5777 K, Ry, = 6.69 x 10° m and M2,

Fig.2 The difference in the orbit between the last work4™.75.

from Mason(2000 and this work.

between dynamical masses obtained from tMason
(2000 work and this work.

3 PHYSICAL ELEMENTS

We employ a novel technique fromAl-Wardat (2002

The preliminary specific values of the physical
parameters for the components of the system for each
parallax are listed in Tablé.

Next, we use these estimated values in Tablas
preliminary input parameters for the grids of Kurucz’'s
line-blanketed plane-parallel models (ATLAS9) to obtain
preliminary synthetic SEDs for star4 and B for each
value of the parallax. These are then combined to get

to estimate the physical properties of each star in thene total synthetic SED of the system according to the

system; i.e., the effective temperaturdg(), radii (R),
gravitational accelerations (lag, luminosities () masses
and spectral typesS(,).

following equation Al-Wardat 2012

F\-d*=H R} +HP R%, (10)

The technique is based on building individual spectral,ich can be written as

energy distribution (SED) models for the system’s ) )
components. To do so, we first calculate the average F, = (7) (Hf+Hf . (R_) )7
B

of Am measurements in th&-band from the speckle
interferometric results (Tablés). The average value
calculated from these measurements is givem\oy =
1.686.

RA RA

(11)

where H{! and HZ represent the flux from a unit surface
of the system’s componentsand B, respectively, and’,
signifies the total SED of the entire system.
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Table5 Magnitude Difference between the Two Components of the 1368 System in Different
Filters in the Visual Band

Am oam  Filter A/A))  Telescope diameter  Reference

(mag) (mag) (nm) (m)

1.505 0.015 511/222 0.3 ESA(1997)

1.49 0.01 505/97 3.5 Fabricius & Makaroy2000
2.07 0.01 530/100 1.4 Fabricius et al(2002

Table 6 Preliminary Physical and Geometrical Properties of Eaeh iitthe HIP 43766 System

1 2 3
Parameter Unit CompA Comp.B Comp.A Comp.B Comp.A Comp.B
My [mag] 6.93843 8.62443 6.93843 8.62443 6.93843 8.62443
My [mag] 3.61487 5.30087 3.48811 5.17411 3.74199 5.42799
M1 [mag] 3.50487 4.99087 3.34811 4.96411 3.59199 5.11799
Tom K] 6890 5635 6440 5770 6280 5635
R [Re] 1.24736  0.940681 1.53465  0.908303 1.44241  0.887196
L [Lo] 3.14812  0.801034 3.6371 0.821023 2.9054 0.712534
Logg [cgs]  4.41986  4.42163  4.20411  4.47733  4.21219  4.47248
M [Mo] 1.52 0.87 1.4 0.92 1.26 0.87
Sp. Type F2 G7 F5 G5 F7 G7

1 using old Hipparcos parallaESA 1997 (r + o = 21.70 % 1.32); 2 using new Hipparcos parallax
(Van Leeuwen 200/(7 & o = 20.40 4 0.92); 2 using Gaia parallaxqollaboration et al. 20087 + o
=23.04135 £ 1.107).

Table 7 Estimated Physical Parameters of Individual ComponeritsariHIP 43766 System for the
Three Parallax Measurements

1 2 3
Parameter Unit Compd Comp.B Comp.A Comp.B Comp.A Comp.B
My [mag] 3.36 4.95 3.23 4.82 3.48 5.09
Mol [mag] 3.24 4.76 3.11 4.62 3.36 4.91
Tofr K] 6010 5350 6010 5350 6010 5350
R [Re] 1.852 1.163 1.971 1.253 1.751 1.085
M [Mo)] 1.21 0.85 1.253 0.85 1.18 0.82
Logg [cos] 45 455 4.50 455 4.50 4.55
Sp. Type F4lVv G4lv F3IV G3IvV F51V G5IV

1 using old Hipparcos parall@ESA 1997 (7 &+ o = 21.70 + 1.32); 2 using new Hipparcos parallax
(Van Leeuwen 2007(7 & o = 20.40 £ 0.92); 3 using Gaia parallaxZollaboration et al. 20087 + o
=23.04135 + 1.107).

Table 8 Magnitudes and Color Indices of the Entire Synthetic Speetand Individual Components of HIP 43766

System Filter | THip1997 THip2007 TGaia2018

Entire Synth. A B Entire Synth. A B Entire Synth. A B
o = +£0.03 o= +£0.03 o = £0.03

Joh- U 7.55 7.68 9.90 7.55 7.68 9.90 7.55 7.68 9.92
Cou. B 7.39 7.56 9.45 7.39 7.56 9.46 7.39 7.56 7.48
1% 6.73 6.94 8.62 6.73 6.94 8.62 6.73 6.94 8.62
R 6.37 6.60 8.17 6.37 6.60 8.18 6.37 6.60 8.19
U—-B 0.17 0.12 0.44 0.16 0.12 0.44 0.16 0.12 0.44
B-V 0.66 0.62 0.83 0.66 0.63 0.83 0.65 0.62 0.83
V—-R 0.36 0.34 0.45 0.36 0.34 0.45 0.36 0.34 0.45
Strom. u 8.70 8.83 11.05 8.70 8.83 11.05 8.70 8.82 11.07
v 7.74 7.90 9.91 7.74 7.90 9.91 7.74 7.90 9.93
b 7.10 7.29 9.06 7.10 7.29 9.07 7.10 7.28 9.10
Y 6.70 6.91 8.58 6.70 6.91 8.58 6.70 6.91 8.60
U —v 0.96 9.34 1.14 0.96 0.93 1.14 0.96 0.93 1.14
v—>b 0.64 0.61 0.85 0.64 0.61 0.85 0.64 0.61 0.85
b—y 0.40 0.38 0.48 0.40 0.38 0.48 0.39 0.38 0.48
Tycho Br 7.55 7.71 9.68 7.55 7.71 9.68 7.55 7.71 9.70
\%d 6.80 7.01 8.71 6.80 7.01 8.71 6.80 7.01 8.73
Br —Vr 0.74 0.70 0.97 0.74 070 0.97 0.74 0.70 0.97
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Fig. 3 The entire flux and individual synthetic SEDs of the binargteyn HIP 43766 relying on Kurucz blanketed models
(Kurucz 1994 (ATLAS9).
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Fig.4 The evolutionary tracks of both components of HIP 43766 eHFR diagram with varying masses (0.8, 0.9, ....,
1.4 M). The evolutionary tracks are adopted fr@irardi et al.(2000.

Table 9 Comparison between the Observational and Synthetic Madgstand Color Indices for the HIP 43766 System

Filter Observed Synthetic (This work)
[mag] [mag]
| 7Hip1og7 THip2007 TGaia2018
Vs 6.73 6.73 £0.03 6.73 £0.03 6.73 £ 0.03
(B-=V)s 6.73 6.73 £0.03 6.73 £0.03 6.73 £ 0.03
Am 1.686 1.678 1.683 1.678

Since the SED for the two components of our systemnin this case), respectively. The zero poirts,were taken
is not observed, we should rely on other quantities as &om Apellaniz(2007).
reference for the best fit with the synthetic one. The Al- The most accurate physical properties of the sys-
Wardat complex method for analyzing close visual binarier are obtained when we get the best synthetic
systems is followed to get the best #l{Wardat 2003. In  Sep. This will lead to synthetic magnitude and color
this method, the magnitudes and color indices are utilize¢hjex values that are consistent with those obtained
as a reference to ensure the reliability of the estimate@,m observations Http://si nbad. u- strashg.

quantities.. _ _ fr/si nbad, SIMBAD catalog) within the error values.
FollowingAl-Wardat(2003, the synthetic magnitudes Utilizing Equation (L1), we calculate the entire flux of

are calculated from the synthetic SED using the foIIowingthe system from the fluxes of the two components of the

relationship system and depending on the parallax of the system. The
best-fit for the SED of the system is featured in Fig8re
B [ Po(AN)Fx s(A)dA . N .
my = —2.5 IngPp()\)FM()\)dA +7ZbB,, (12)  Also, based on the physical properties listed in Table

which are obtained from the best-fit SED, we plot the stars
wherem,, represents the synthetic magnitude of the pass2n the stellar evolutionary tracks diagram®yrardi et al.
bandp, P, is the dimensionless sensitivity function of the (200Q. This is displayed in Figure.

pass-bang, and F ;(\) and F .(\) are the synthetic We have used three photometrical systems; Johnson:
SEDs of the star being studied and the reference star (Veda, B, V, R, U — B, B — V, V — R; Stromgrenu, v, b,
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Table 10 Estimated Physical Parameters of Individualfor the calculated parameters of the individual components
Components in the HIP 43766 System of the system which are listed in Talle.
Figure 4 depicts the positions of the system’s

Parameter Unit Comp. A Comp. B i h luti tracks Girardi et al
T ] 6010 = 70 5350 L 70 components on the evolutionary tracks @frardi et al.
R [Ro] 1.852+0.12 1.164+0.11 (2000. It affrms that the primary component is more
log g [cgs] 4.50+0.15  4.55+0.16 massive and more evolved than the secondary one.
My [mag] 3.36+£0.13  4.9540.14 h £ th d th o f
Moy [mag] 3244013 476+ 0.14 The parameters of the sy§tem and t e_po_smons 0
M [Ms] 1.214£0.08  0.85=+0.09 the components on the evolutionary tracks indicate that
Sp. Type F4 G4

the system consists of F5 and G5 subgiant stars. Such
stars with the same fundamental parameters are most
y,u—v,v—0b,b—yand Tycho:Br, Vi, Br — Vi (see  probably formed by fragmentation, wheBennell & Bate
Al-Wardat 2012. The magnitudes and color indices of the (1994 concluded that fragmentation of a rotating disk
entire and individual components of HIP 43766 are showraround an incipient central protostar is possible, as long
in Table8. as there is continuing infalZinnecker & Mathieu2001)

The observational magnitude, color index and magnialso pointed out that hierarchical fragmentation during
tude difference as well as the synthetic ones are listed irotational collapse has been invoked to produce binaries
Table 9. We realize there is a high consistency betweerand multiple systems.
this work and observations. This gives a good indication  Since the system has three different parallax values,
of the reliability of the estimated parameters for thewe have calculated three values for the total dynamical
individual components of the system based on parallaxass for the system utilizing Equatiob) (Moreover, Al-
measurements. Wardat's mass sum is independent of the parallax value

We have estimated the physical parameters of eacand yields a total mass af0 M.
componentin the system for the three values of parallaxes. Figure 2 displays the modified orbit and acts as a
Fortunately Al-Wardat's method enables us to determineomparison with the old one which is obtained Mgson
which parallax gives the correct values of the physical2000 following the Tokovinin methodTokovinin 2016.
parameters. For binary stars, there are different mettwods The estimated new values of the orbital elements are listed
estimate the masses. For example, utilizing Kepler’s thirdn Table3.
law from Equation {), we can estimate the dynamical The best estimated physical parameters of individual
mass sum. Also, Al-Wardat's method enables us taomponents of the system are displayed in Talfeor
estimate the masses of individual components by theithe parallax measuremeni;,1997, because the dynamical
positions in the Hertzsprung-Russell (H-R) diagram andotal mass for parallax measurement of Hipparcos 1997 is
evolutionary track. very close to the value obtained from Al-Wardat’'s mass

Table4 shows a comparison between dynamical massum.
sum of the system from the Mason work and this work,  We can predict a dynamical mass sum of the system by
while Al-Wardat's method gives a mass sum26 M.  relying on Equation) (see for examplél-Wardat et al.
for muipiogr, 2.10 Mg for mmip20o7r and 2.00 M for  20149. Using the estimated values of the period and semi-
TGaia2018- It IS very interesting to note that Al-Wardat's major axis listed in Table3, and the average values of
mass sum is independent of the parallax value. From thmass sum obtained from the Al-Wardat methdd, .. =
comparison of dynamical masses with Al-Wardat’s mas2.053M,), we arrive at a dynamical parallaxiy, =
sum, we realize that parallax measurement from Hipparcos2.096 4= 0.19. Note that this value is close to the parallax
2007 gives a high difference between masses, but thebtained by Hipparcos 1997.
parallax measurement of Hipparcos 1997 provides a good
indication about the mass sum, as QOes Qaia 2018, but HIP ~oncLUSIONS
43766 has a large error value within Gaia measurements.

We conclude that the best estimated physical parametef this paper, we analyzed the stellar system HIP 43677
for individual components of the HIP 43766 system are forg determine the properties of its two components. We
parallax measurement of Hipparcos 1997 which are listedpplied recent data and methods developedbWwardat

in Table10. (2002 (atmospheric modeling) andokovinin (2016
(dynamical modeling) to determine the physical properties
4 RESULTSAND DISCUSSION and orbital solution for the system, respectively, withiéet

accuracy than past studies. The physical and geometrical
There is a high consistency between the synthetiparameters of the system’s components are estimated
magnitudes and color indices and the observational onefepending on the best fit between the observational and
(Table9). This is an indication of the correctness of valuessynthetic SEDs, built using the atmospheric modeling
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of the individual components and the system’s orbitalGili, R., & Prieur, J.-L. 2012, Astron. Nachrichten, 333,772
elements. Girardi, L., Bressan, A., Bertelli, G., & Chiosi, C. 2000, A%

The spectral types of components of the system 141, S371
are F4lV and GA4lVv for the primary and secondary Gray, D. F. 2005, The Observation and Analysis of Stellar
components, respectively. Photospheres (Cambridge Univ. Press)

The entire and individual synthetic magnitudes andHartkopf, W., McAlister, H., & Franz, O. 1992, AJ, 104, 810
color indices of the system are calculated for the threeHartkopf, W., McAlister, H., Mason, B., et al. 1994, AJ, 108,
photometric systems and their corresponding filters. We 2299
suggested that the fragmentation process is the mostartkopf, W., McAlister, H., Mason, B., et al. 1997, AJ, 114,
probable mechanism for the formation of the system. 1639
Finally, a dynamical mass sum of the system is predicted.Hartkopf, W., Mason, B., McAlister, H., et al. 2000, AJ, 119,
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