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Abstract W UMiis a near contact, semi-detached, double-lined eicigpsinary star with an orbital period
of 1.7d. Simultaneous analysis of nédW’ R multi-color light curves and radial velocity data yieldeth
main astrophysical parameters of the binary and its compstars. We determined mass and radius to
be M; = 3.22 + 0.08 My, Ry = 3.63 £+ 0.04 R, for the primary star and/, = 1.44 + 0.05 Mg,

Ry = 3.09+0.03 R, for the secondary star. Based on analysis of mid-eclipsestinariation in the orbital
period is represented by a cyclic term and a downward pasabtdss loss from the system is suggested
for a secular decrease-(.02 syr—') in the period. Both the mechanisms of a hypothetical tertsar
orbiting around W UMi and the surface magnetic activity cf thss massive cooler companion were used
to interpret periodic changes. Observational parametere \iound to be consistent with binary stellar
evolution models produced in the non-conservative appro&ESA at a higher metallicity than the Sun
and an age of about 400 Myr for the system. Evidence that tstemsyis rich in metal was obtained from
spectral and kinematic analysis as well as evolution modlél&/Mi, a high mass ratio system compared
to classical semi-detached binaries, is an important elasipce it is estimated from binary evolutionary
models that the system may reach its contact phase in a sherirterval.

Key words. binaries: eclipsing — stars: fundamental parameters —s:séaolution — stars: individual:
W UMi

1 INTRODUCTION cretion structure of the primary component (Kaitchuck &
Honeycutt 1982). On the other hand, Algols with periods
In the field of astrophysics, the role and importance ofyt p ~ 3 _ 4§ show temporary weak accretion structures
double-lined eclipsing binaries (EBs) is well known. EBS 5 ¢\igence of a mass transfer process cannot be observed.
provide accurate determination of absolute parametergppgg gre important because they display meaningful as-
mainly the radius and mass of the components from Sigqphysical processes and are useful for studying binary
multaneous analysis of light and radial velocity (RV) curvegiar evolution when taking into account the effects of mass
data. Moreover, they are good indicators of distance. transfer and loss.
Semi-detached Algol-type binaries (SDBs) consist of
a less massive, sub-giant or giant secondary component Near-contact binaries (NCBs) are within the interme-
of F-G-K spectral type and a hotter, more massive, maindiate class according to Roche classification (Shaw 1994).
sequence primary component which is B-A spectral typeSDBs may be also a member of SD2-type of NCBs, if the
In this type of EB, the secondary companion, which fills itsmassive companions are very close to their inner Roche
Roche lobe, can display the loss of angular momentum anldbes (Zhu & Qian 2009). NCBs can be investigated to
mass transfer to the more massive companion. In long pe&xamine the evolutionary process of a possible transition
riod Algols with orbital periodsP) longer tharb —6d, we  from detached binary to semi-detached binary, and also
can expect a permanent accretion disk because of the aftem semi-detached binary to contact binary. In this study,
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semi-detached binary W UMi is an SD2 type NCB candi-evolutionary scenarios for W UMi. Finally, a discussion
date system. about the results and conclusions is presented.

W UMi (HIP 79069, BD+86 244, SAO 2692), a clas-
sical Algol-type binary system with an orbital period of 2 PHOTOMETRIC AND SPECTROSCOPIC

about 1.701d, was discovered by Astbury (1913). The first OBSERVATIONS

spectroscopic study of W UMi was carried out by Joy &The differentialBV R LCs of W UMi were observed dur-
Dustheimer (1935) who measured the RV values associhg April — May 2012 on nine nights at the Observatory

ated with only the primary component and estimated th%f Canakkale Onsekiz Mart University using the 30-cm di-

spectral type to be A4 for the component. In a later SPECameter Schmidt-Cassegrain telescope with an STL-1001E

troscopic study by Sahade (1945), because of determi%’amera We chose GSC 4655-00320 £ 9™.79) and
ing lines belonging only to the hotter primary component,~ g~ 4651-00275 = 11™

. . . ) . ) .03) as the comparison and
W UMi was again classified as a single line spectroscopi¢, .\ <tars respectively

) and no light changes were indi-
binary. Recently, Park et al. (2018) presented a SPEClQated for these stars during observations. We reduced the

scopic and photometric study, which includes RVs of theCCD frames obtained from each night's observation em-
primary and secondary stars and an orbital solution of thﬁloying C-Munipack codeht t p: / /i nt egr al . sci

system. nmuni . cz/). The mean errors were calculated as about

UBYV light curves (LCs) of W UMi were acquired by 0™.01 for all filters. The initial epochZ, (HJD) =
Devinney et al. (1970) and solved by the Russell-Merrill2452500.3960 and orbital peridd = 1.7011371d taken
method. The same photometric data were re-analyzed dyom Kreiner (2004) were applied to calculate the orbital
Mardirossian et al. (1980). Recent analysis of the LCs fophases in the LCs.
the system was reported by Park et al. (2018), in which  Spectroscopic data of the target were acquired with a
the mass ratioq) of the components was determined and0.91 m diameter telescope equipped with an echelle spec-
considered to bg = 0.399. In addition, the tempera- trograph (FRESCO) at Catania Astrophysical Observatory.
ture of the massive star was found to be 98300K us- FRESCO has a resolving power of about about 20000
ing spectral analysis (Park et al. 2018). Therefore, the baA CCD camera with 10241024 pixels (size 2424 um)
sic astrophysical parameters in that study were estimatewlith a thinned back illuminated SITe was utilized. The
as different from previous studies (e.g. Mardirossian et alspectral data were recorded in 19 orders from about 4300
1980; Djurasevit et al. 2003). Payne-Gaposchkin (1952i0 6650A. Signal to noise ratio (S/N) manifested variation-
firstly reported changes in the orbital period of the targets betweer30 — 50 in the Ha continuum region. In the
Orbital period variations of W UMi were interpreted as be-spectroscopic observations of W UMi, Vega (AOV) and
ing in continuous decrease and also experiencing suddenBoo (K1.5 Ill) were selected as the standard stars for
changes as a result of mass loss by Nakamura et al. (1998)e hotter primary and cooler secondary companions, re-
Lastly, Kreiner et al. (2008) announced a decrease and aspectively. According to atmospheric conditions, expesur
so a cyclic variation in the period. The cyclic changes werdimes between 2500 and 3300s were given for a total of
interpreted with a probable third body in the system specid6 spectra obtained. For the data reduction, we utilized
fied as an M dwarf star. the ECHELLE task of IRAF code, including the follow-

. ing steps: light subtraction from background, division by a
The present study presents an analysis of new pha: = © , .

. . . flat field obtained by a halogen lamp, wavelength calibra-
tometric and spectroscopic data and also the evolution-

ary status of W UMi, taking into account binary effect- tion with the spectrum of .a Th-Ar lamp and normalization
. . . . . dof the spectra to the continuum.
s. Section 2 includes information on photometric an
spectroscopic observations. RV values of the companion-
s, properties of the system’s orbit, and also the model at SPECTROSCOPIC ANALYSIS
mosph_ere application are gwen |r_1 Section 3. Simultaneous ; kv Measurementsand Or bital Properties
analysis of the photometric multi-color LCs and RV data
of the components are reported in Section 4. In the nexh the spectroscopic studies by Sahade (1945) and Joy &
section, we focus on probable factors causing variations iDustheimer (1935), merely the RV measurements of the
the period of the target. The following section includes theprimary component were determined. W UMi was known
main astrophysical properties of the components and alsas a single-lined binary until the study of Park et al. (2018)
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who measured the RV values of both companions and reFable 1 RVs and Their Errors for Hot and Cool Components of
ported orbital parameters. In order to test the orbitalpara WUMI
eters found by Park et al. (2018), we aimed to calculate the HJD Orbital Vi Va

. . . . —1 —1
orbital solution using our own data by measuring RVs of 2450000+  Phase kins™) (k5™ )
; L 3160.4684  0.0183 - 7.6+11.5
both components with many more absorption lines. 31265004 00558 B S84+ 198
3155.4744  0.0826 —58.3+4.3 90.9 +£9.7
The RV measurements of W UMi were made by exe- ~ 3167.5015  0.1527  —89.7+ 5.6 -
) o 3184.5565 0.1783 —92.5+4.7 147.349.4
cuting the IRAF task FXCOR which includes the cross- 3157.5005 0.2737 —113.8 +4.3 182.4 + 13.2
correlation technique, commonly implemented for this 3203.5845 0.3638 —78.9+5.6 -

. . 31255839 0.5118 —6.6+2.5 -
aim. RVs of the hotter, primary component and cooler, sec- 31275672 06776 565145 18014 12.6

ondary component were calculated from 12 and 11 spec- 31854074 0.6785 64.8+52 —192.6412.3

tra, respectively. We eliminated two spectra from the 16 3202.5581  0.7604  73.4+£6.1 —213.5+11.1
: : 3151.5535 0.7778  79.34+6.8 —201.3+10.6

spectra due to large errors while the RVs were designat- 31704304 08756 541+6.6  —160.5+83

ed for the primary component. The standard stars Vega 31245607 0.9103  39.84+6.1  —131.0+9.2

(AOV, RV= —13.9 kms~') for the primary star andv

Boo (K1.51ll, Rv= —5.9 kms~1) for the secondary s-

tar were selected as templates for application of the cross-

Table 2 Orbital Parameters for W UMi

correlation method. Nal D2 anddlines were exclud- Parameter Value
ed in the spectroscopic analysis |n. orde-r .not to be affect- Ty (HID) 2452500.3960
ed by mass transfer and/or magnetic activity. Furthermore, Py, (d) 17011371
we did not consider the regions affected by telluric lines. ? ('Zlf(“ 5713) ‘;gj i ié

. . o ms- . .
Finally, the wavelength region between 4400 and 6800 K; (km s-1) 196.6 + 2.6
was preferred to measure RV values of the hotter and cool- ay sini (10° km) 2.11 £ 0.05
. az sini (106 km) 4.60 4 0.10
er companions. M sind i (M) 2.85 + 0.16
Mo sin® i (M) 1.31 4+ 0.06
The RVs of the components and their errors deter- Notes: 1Kreiner (2004).

mined from spectroscopic analysis are listed in Table 1.
The weighted averages of the RVs were determined from
the cross-correlation of each order of W UMi spectra used,
with the corresponding order of the spectra of standard s-
tars. Calculation methods for the weighted means of the
RVs and their errors can be found in several studies (e.g.
Frasca et al. 2000; Soydugan et al. 2007).

200

100

RV (km/s)

—100
The secondary component is dimmer than the prima-
ry component in the W UMi system. Therefore, the er- 72003
ror values of the RVs of the secondary component were E \ \ \
found to be larger. The error values computed from RV 0.0 bt Phase Lo
measurements are approximatglym s~ and10 kms~*

for the hotter and cooler components, respectively. The acig.1 RV variations of components of W UMi versus orbital
cordance of observational points with theoretical curges i Phase. RV values of the primary and secondary stars ardisjni
presented in Figure 1. The spectroscopic orbital paraml2yfi||e0| andopen circlesrespectively.

eters given in Table 2 were utilized as input parameter-

s in the simultaneous analysis of light and RV curve da= 5 \ogel Atmosphere Application

ta. According to the orbital parameters, it is clear that the

semi-amplitude for the RV changes in the secondary comi order to model the spectra of W UMi, especially the
ponent K, ~ 197+ 3km s~ ') and mass ratio of the com- dominant more massive, hotter companion, the observed
panion stars¢ = 0.460) were ascertained to be different spectrum at the orbital phase of about 0.5 was considered.
from those published by Park et al. (2018). We preferred the spectrum given by Park et al. (2018) s-
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ince the spectrum is around the secondary minimum and
also has higher resolution. It is almost impossible to de- I
termine the atmospheric properties of the cooler secondary 1.00 |-
companion of W UMi because of its low light contribution
(5% — 10%) to the total light of the target in the optical
region.

0.96
0.92

0.88 |

Our main goal in the spectral synthesis was primarily 0ss |- ]
to test whether the metallicity of the primary componentis . U
different from that of the Sun since binary evolution mod- ,, *® [
els indicate that the system is rich in metal as described i
Section 6.

0.76 -
44|60 44|80 45|00 45|20 45|40 45|60

NormalizedFlux

For modeling of the spectrum, the code I ]
Spectroscopy Made Easy (SME) was chosen 0.90 - 1
(Valenti & Piskunov 1996). The software can be used for I |
fitting the observed spectrum with the spectral synthesis
method. Atmospheric parameters of the hotter component °7° T
of W UMi were determined by interpolation of the 4| ]
ATLAS model atmospheres (Kurucz 1993) included in
SME software. We have utilized the line information from
the Vienna Atomic Line Database (VALD; Piskunov etal. o4 i o _;Zjﬁ;‘;g‘ljos‘)e"”a_-
1995). The spectral regiod460 — 4560A, including - [Fe/H]=+0.5
several absorption metallic lines and alse fine, was O e mm i e om0 wm 6o
applied. The temperaturd(z; = 9310 £+ 90K) and Wavelength (A)
projected rotational velocityvf sini = 107 + 5kms™") Fig.2 Synthetic spectrum calculated ISNVE for [Fe/H]= 0.0
of the hotter companion were derived. During the modelblue dashed lingand [Fe/H= +0.5 (red solid lind togeth-
atmosphere analysis, the value of surface gravity of thér with the observed spectrurgrgy dot§ in wavelength region
primary componentlgg g — 3.83 + 0.02), which was 4460 — 4560 A (upper panel and around region of Hline (bot-

tom pane) (Color version is onling
calculated from the results obtained from the simultaneous
analysis of the light and RV curves, was taken as constant
in order to avoid parameter degeneration. All atmospheré SIMULTANEOUS SOLUTION OF BVR LIGHT
parameters were found to be in accordance with the values AND RV CURVES
given by Park et al. (2018). On the other hand, although
Park et al. (2018) performed spectral analysis under th&n€ RV values of the companions and multi-color LCs of
assumption of solar metallicity, our results displayed”’ UMi acquired in this study were simultaneously an-

higher metallicity than the Sun for the system. alyzed by the Wilson-Devinney (WD) code (Wilson &
Devinney 1971). All magnitude values obtained from ob-

Iron content was used to estimate metallicity of theservations inB, V' and R bands were normalized to unity
primary component since the [Fe/H] ratio is easy to meaaround the orbital phase of 0.25. In the WD solution, we
sure in the optical spectra. We measured the [Fe/H] ratiosed 2930, 2905 and 2890 observational points, il and
to be about-0.5 4= 0.2 from the spectra obtained at the or- R filters, respectively. All observational points were of the
bital phase of about 0.5 (HID 245284.3062) by Park et alsame weight during the analysis. In order to decide accu-
(2018). The measured [Fe/H] ratio was converted to metakate MOD in the solution, firstly, we tried the MOD2 given
licity (Z) value asZ ~ 0.05. Comparison between the ob- for detached systems. As the surface potential of the less
served spectrum of W UMi and the synthetic spectrum fomassive, secondary star reached its Roche limit, the anal-
solar metallicity andZ = 0.05 can be seen in Figure 2. ysis was continued and the process was completed with
This Z value indicates that the primary companion mayMODS corresponding to semi-detached systems.
be a metal-rich star compared to the Sun, which coincides During the solution, we fixed some parameters as con-
with the evolution models in this study. stant while others were set free. Fixed parameters were the

0.80 .

0.50 -
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limb-darkening coefficients from van Hamme (1993), theTable 3 Parameters Derived from Analysis B’ R Multi-color
values of bolometric albedos as 1.0 and 0.5 from Rucifsk;Cs and RV Data for W UMi

(1969), the gravity darkening coefficients for radiative at Parameter Value
mospheres to be 1.0 from von Zeipel (1924) and for con- a(Ro) 10.01(6)
. Vy (km s71)  -15.05(1.2)
vective atmospheres they were 0.32 from Lucy (1967). The i) 83.57(18)
rotational parametersF{) and (F;) of both two compo- Ty (K) 9310*
nents were selected as 1.0, assuming synchronous rotation T2 (K) 5240(30)
. . . o) 3.266(16)
for both companions. A circular orbi¢ (= 0) was accept- Qs 2773
ed as obtained from the solution of the spectroscopic orbit. Phase shift 0.0001(1)
T ; q 0.447(5)
Thg free parameters were the inclinationaf the system’s LLitls)  0.947(8) @)
orbit, temperature of the cooler, secondary)( surface 0.920(5) )
potential of the hotter, primanf);), phase shift, mass ra- 0.895(3) ®)
tio (¢), semi-major axisd) of the orbit, RV (/) of the Lal(La+Le2) 8‘823 gg
system’s mass center and the fractional value of the prima- 0.105 ®)
ry luminosity (L) during iterations. r1 (mean) 0.363(1)
y Y( 1) 9 ro (Mean) 0.309(1)

In the analysis, the leading parameters were the tem-
perature of the hotter star and mass ratio of the companion
stars. The temperature of the more massive, primary com-
panion was chosen to be 9310K as reported by Park et al.
(2018), which is tested in this study by applying spectral
synthesis around theddline region and also in the wave-
length rangel460 — 4560 A. Because of the difference be-
tween the spectroscopic mass ratio obtained in this study
and they value determined by Park et al. (2018), photomet-
ric g-search was performed employing the light curvesLCs
obtained in this study. As a result of this scanning, the min-
imum value of}_(O-C)? (the weighted sum of the squared
residuals) was obtained arouge= 0.44, which is close to 02 0.3 04 05 06 07 08 09 1.0 1.1 1.2
the spectroscopigvalue in this study. Therefore, the mass Orbital Prose
ratio value ) of 0.460 listed in Table 2 and obtained from
the orbital solution was utilized as the input parameter in
the solution. In the results of the photometric modeling, th according to results in Table 3 and also Roche geometry in
mass ratio obtained was 0.447, which is very close to th%igure 7
spectroscopic mass ratio value.

In order to test the third light contributing to the total 5 rRE|TAL PERIOD VARIATIONS
light of W UMi, a third light parameterl§¢) was chosen
as a free parameter. The third light was accepted to be z€&lassical Algol-type EB stars or SDBs may indicate
ro during the iterations since a meaningful value was nothanges in their orbital periods with different forms. This
obtained forl;. The physical and geometrical parameterscan be seen for many systems in the- C' catalog of EB
derived from simultaneous analysis of the RVs and multisystems (Kreiner et al. 2001). Some SDBs show upward
color LCs are listed in Table 3. Comparisons of observaor downward parabolic changes together with cyclic varia-
tional points and model curves are displayed in Figure 3tions or not, although an increase in the orbital period can
Roche lobes together with the binary demonstrate, in adse expected due to their evolutionary status. This reveal-
cordance with parameters determined from the analysis &f that different physical processes (e.g. mass loss and/or
BV R LCs, that while the secondary component fills thetransfer, magnetic activity, existing unseen components)
Roche lobe, the primary companion fills about 85% of itscan be effective at the same time or some can be more
inner lobe (see Fig. 7). Although W UMi is classified asdominant from time to time.
a classic Algol-type EB, it is a candidate showing char-  In this study, the orbital period behavior of semi-
acteristics of a near contact semi-detached binary systerdetached binary W UMi was studied over a time interval

Notes: *Adopted from Park et al. (2018).

Normalized Flux

Fig.3 BV R LCs of W UMi along with theoretical fits.
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Table4 Obtained Minima Times in This Study for W UMi Table5 Parameters and Their Errors Obtained from Analysis of
O — C Data for W UMi

JD. Hel.+2400000 Error Min.  Filters

56046.4245 00008 I BVR Parameter Value
56051.5146 0.0006 I BVR To (HID+2400000) 43392.4858(43)
56052.3721 0.0002 | BVR P, (d) 1.7011469(5)
Q (d) —6.15(1)x 10~10
. . . a2 sini’ (AU) 2.99(0.65)
of about a century. In addition to three minima times ob- e 0.31(10)
tained in this study which are provided in Table 4, 201 e- w’ (deg) 189(28)
clipse times (172 visual (v), 2 photographic plate (p) and 1" (HID+2400000) 34867(1526)
P » « photographic p P Pra (years) 71.1(5.7)
27 photoelectric (pe) and CCD) were included in the anal- F(Ms3) (M) 0.0052878(158)
ysis. The data were referenced from the “O-C Gateway” M3 (Mp)fori =90°  0.49
Kio (kms™1) 1.3

(http://var2.astro. cz/ ocgat e/)and the litera-
ture. In this study, analysis was carried out base@enC
data as conducted for many EBs (e.g. Soydugan et al. 201
Zasche et al. 2008; Yang 2013).

As noted by Kreiner et al. (2008), parabolic and cyclic

with a period of=71 yr. The projected distance of the close
%l’nary’s mass center to the mass-center of the triple sys-
tem (@125ini’) was calculated as 2.99 AU. These values of

changes in the) — C araph of the tardet svstem are clear the two parameters allow us to estimate the mass function
9 —~arep getsy of the possible tertiary star to b M3) ~ 0.0053 M.

ly seen. Therefore, the — C data represent a cyclic term Therefore, the minimum mass of the unseen compan-

sgperlmposed on a. parabola. A_ sec?ular decline in t_he_Ollrbn was calculated to be 0.49;. The amplitude of RV
bital period of semi-detached binaries does not coincide . .

ith th Ut at  th ; , th Changes of the mass-center of W UMi, relative to that of
w € evolufionary stalus of INese systems since eltrhe third-body system, would be Xés—!, which can be

less massive components are filling their Roche lobes an&l . . . .
. . . etectable spectroscopically if spectra can be obtaintd wi
transferring their mass to the hotter, more massive compan-high resolution and high S/N. We found the maximum

ion. However, the dominant mechanism may be mass an : .
. _ _angular separation between the tertiary component and the
angular momentum loss from the binary. The cyclic varia- . . . .
. . ; ._close binary to be approximately’ .12 for a distance of
tion can be the result of a tertiary star in the close pair or . : .
the maanetic cvcle of the secondary component with Ccm414 pc which was taken from the Gaia-DR2 database (Gaia
vectivegoutelr Iayers These two osZibIe rrrl)echanivsv:ns Wer%ollaboration etal. 2016, 2018).
Yers. P Cyclic O — C changes for W UMi can be also inter-

evaluated in this study to interpret cyclic changes in the : . -
_ preted as possible magnetic activity on the surface of the
O — C diagram.

Firstly, O — C data of W UMi is represented by a pooler com.pamon. Appl_eg_ate_(1992) pr_oposed a modgl 0
downward parabola plus light-time effect (LITE) using the mterpre'F this type of Yarlatlon in the perlods of cllose- bmg
following equation r|es,.wh|ch was applied tg many active close.bmarles, in-
cluding at least one star with an outer convective envelope.
T=To+ExP+QxE*+At, (1) We employed the basic sinusoidal equation to model the
cyclic changes of th® — C values of the target as applied
whereT, (reference time for primary eclipse) aditi(or-  to many active binary stars (e.g. Tian et al. 2009; Zhang
bital period) are the light elements of W UMi, while the et al. 2019). Applying the method of differential correc-
time delay resulting from an unseen star in the close bition, the parameters of the sinusoidal changes were derived
nary is represented hix¢. The LITE equation, described and are listed in Table 6, together with the Applegate mod-
as a time delay and given by Irwin (1959), is commonlyel's parameters. The rate of the modulation period, result-
utilized for the analysis of changes in orbital period (e.g.ing from the magnetic cycle of the cooler, less massive star
Soydugan et al. 2003, 2006; Zasche et al. 2014). in the system, was calculated As?/P ~ 5.5 x 107,

The parameters derived from the analysis applying thavhile the average sub-surface magnetic field of the com-
quadratic term and LITE t® — C data are reported in panion of late spectral type was estimated tod#e7 kG.
Table 5. Distribution ofD — C values, applied model fits The model parameters in Table 6 for W UMi were found
and also residuals from the theoretical representation ate be consistent with those proposed by Applegate (1992).
indicated versus years and also epoch numbers in Figure 4. The value of the quadratic termyj is indicative of a
LITE parameters in Table 5 signify that W UMi has an decline in the period of the target, with a ratedd?/dt =
eccentric orbit around the mass-center of the triple system1.55 x 10~"yr—! due to mass loss from the close bi-



F. Soydugan, E. Soydugan & F. AlicavdsNear-contact Semi-detached Binary W UMi
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Fig.4 (a) Variation ofO — C values of W UMi fitted with a

0 3000

6000

9000

parabolic termdashed lingand parabolic plus LITESplid line)

fit. (b) LITE representation a — C' data after removing parabol-

ic term. (c) Residuals from theoretical representation.

Table 6 Parameters of Sinusoidél — C' Change and Applied

Applegate Model for Cooler Companion in W UMi

Parameter Value
To (HID+2400000) 43392.4841(54)
Py (d) 1.7011525(6)
Ts (cycle) 3789(30)
Amoa (d) 0.016(3)
Proa (d) 25385(75)
AP (s) 0.582
AP/P 4.0x10°6
AJ (gem?s1) 8.3x10%7
I (gen?) 8.9x10°4
AQ/Q 0.0015
AE (erg) 1.6<10%!
ALpms (erg) 2.2¢10°%2
B (kG) 2.7
Am (mag) 0.0006

nary. Under the assumption of mass transfer from the le

52-7

Table7 Main Physical Parameters of W UMi

Parameter Primary Secondary
Mass (M) 3.22+0.08 1.44+0.05
Radius Re) 3.63+0.04 3.09 £0.03
Temperature (K) 9310 £ 90¢ 5240 % 200
log L (L) 1.954+0.03 0.81+0.08
log g (cgs) 3.83+0.02 3.62+0.02
M1 (Mag) 9.13+0.06 2.714+0.15
BC (mag) -0.24 -0.39
M, (mag) -0.01£0.09 2.92+0.15
E(B — V) (mag) 0.10

Orbital separationR)) 10.01 £ 0.06
Photometric distance (pc) 4220

Gaia DR2 distance (pc) KT

Notes: “Park et al. (2018)2Drilling & Landolt (2000).

6 ABSOLUTE PROPERTIESAND
EVOLUTIONARY STATUS

The fundamental astrophysical parameters of the semi-
detached binary W UMi were determined with the simul-
taneous solution oBV R multi-color LCs and the RV da-

ta of the companion stars. Although W UMi is classified
as an SDB, a cooler, less massive star fills its Roche vol-
ume as expected, but another hotter component fills about
85% of its Roche lobe according to the photometric so-
lution. Therefore, the system should be considered as a
near-contact semi-detached binary. The absolute parame-
ters, which were computed using the parameters listed in
Table 3, are shown in Table 7. The bolometric correction
values of the companions applied in the calculation were
chosen from Drilling & Landolt (2000) with a solar tem-
perature (s, ) of 5777 K.and solar bolometric magnitude
(Myo,,) of 4.74 mag.

From the simultaneous solution of the RVs of the com-
panions and multi-color photometric data, the mass and
radius of the hotter primary star were calculated to be
3.22+0.08M and 3.630.04R, respectively. The des-
ignated mass value corresponds to the B8 spectral type ac-
cording to the absolute parameters of main sequence stars
by Eker et al. (2018). The radius value of the primary com-
ponent was identified as being fairly large for the B8 spec-
tral type. Thdog g value of the secondary star and its other

Jaasic parameters indicate that it is a distorted sub-giant s

massive component to the more massive one at a rate " @S confirmed by photometric results.

1078 My yr—! due to the semi-detached status of W UMi,

The photometric distance of W UMi was ascertained

the amount of mass escaping from the system can be et be 422-40 pc using the absolute parameters and inter-

timated to belM/dt = —5.8 x 1078 My yr~!. The cal-

stellar reddening given in Table 7. We estimated the value

culation method for the rates of mass loss, together witlof the color excessly(B — V') value to bex~ 0™.10 from
mass transfer in the system, can be referenced in the stutlye Galactic extinction maps of Schlegel et al. (1998). The

of Soydugan et al. (2011).

calculated distance is compatible with the value,434c,
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provided by the Gaia DR2 database (Gaia Collaboratioffable8 Evolutionary Model Parameters Derived FrifiESA for

et al. 2018) within error limits. W UM
Mass transfer Z My—; Ms_; Pyp_; Age
We also calculated the components of space veloc- modes Me)  (Mg) (d) (Myr)
ities (U,V,W) based on the proper motions and parallax Conservative 0.014 236 235 2.29 520
value from the Gaia DR2 database (Gaia Collaboration ¢onservatve 0055 229 241 310 880
i Non-conservative  0.055
et al. 2018), and also the velocity of the center of mass , — 1 229 252 208 790
of the system from this study. Differential corrections for «=0.3 237 273 281 660
" : a=05 247  3.01 2.63 530
the s.pace velolcmes Werg calculated applylng the formu- =07 260 362 597 200
las given by Mihalas & Binney (1981), while the correc- o =0.9 295  4.45 1.33 280

tions for the local standard of rest were according to the

study of Coskunoglu et al. (2011). The corrected space vders (e.g. Paxton et al. 2015; Streamer et al. 2018; Rosales

locity values were found to beJ(V,\W) = (—27.9 + 0.7,  etal. 2019).

—16.6 £0.9, —2.2 4+ 1.2)km s, while the total space ve- The possible binary star evolution models, which

locity of W UMi was calculated a82.5+1.7kms™!. The we can implement to explain the evolutionary status of

basic kinematic characteristics of the system indicate thaV UMi, were investigated comparing the surface gravi-

it may be a member of the thin disk of our Galaxy, accordty (logg) and radii of the companions from the model-

ing to the criteria of Leggett (1992). s and analysis of observational data. Model parameters

) . ) from MESA are listed in Table 8, which are assumed under

In order.to -|nvest|gate -the evolutionary states of they,q approaches of conservative and non-conservative mass

NCB W UMi, binary evolutionary models were generat- yanster. As seen from the table, we calculated models for

?d with version 8845 OM)dl.“ e for Experi n?nt S solar metallicity ¢ = 0.014) and also for metal-rich mode

: n Stellar Astrophysics (MESA) code using the with Z = 0.055, which yields a better match with the pa-

binary module (Paxton et al. 2011, 2913' 2015, 2018)rameters of the target derived from analysis of the observa-

Models were -constructed under tW(_) different approachﬁons_ In Figure 5, the locations of both companions of the

es (conse_rvatlve gn_q non-conservative mass transfer) a@gstem in the diagram dbg I, —log T.; together with the

also the different |n|t|.al-\./alues.of the .components’ mass'evolutionary models from th&ESA binary module with

es (1—; and M), initial orbital period of the system g, metallicity and als& = 0.055 were produced un-

(Porb—s) and also metallicity (Z). Thus, a large numberder the assumptions of conservative and non-conservative

of models were produced in order to search for complix o ion. It can be seen from Figure 5(a) that the mod-

ance with the observed parameters of the system. Durin(gls produced for solar metallicity do not show good com-
the model generation process, the initial mass varied b%'atibility with the current properties of the companions of
tween 2.35 and 2.98/, for the primary component and W UMi. Figure 6 indicates the radii variations and also
between 2.35 and 4.4, for the secondary componen- mass-luminosity relations of the components during non-

t. while we changed the initial value of the orbital peri- ., ,oative evolution fa = 0.055. Evolutionary tracks

od from 1.3 to 2.3d. The metallicity value was also aI—in Figures 5 and 6 were generatedM§SA for the initial
tered fromZ = 0.01 to Z = 0.06 for both the conser- masses of the components in Table 8.

vative and non-conservative models. We also used param- | w o 1 on-conservative approach, models were pro-

gtera, mggnlng the fractional mass loss from the_SySten?juced for different values of the fractional mass loss pa-
in the vicinity of the secondary co.mponenF as defmed. b¥ameter(x). The best match with the current parameters of
Soberman et al. (1997), as a variable during calculatlonthe system was — 0.7. In that case, the system’s age was

s for the non-conservative models. In addition, the eﬁec&stimated as- 400 Myr, while conservative models with
of magnetic braking (Rappaport et al. 1983) was also in-Z — 0.055 give an age ,oiz 880 Myr

cluded in the model’s calculations by considering the cur-

rent mass of the cooler component in order to take into] DISCUSSION AND CONCL USIONS

account the angular momentum change of the system dur-

ing evolution. Applications of the binary module MESA  SDB type binaries are valuable for investigation of the evo-
code to reveal the evolutionary state of binary stars catutionary phases of close binaries and the processes-affect
be found in several studies, which includes information oring evolution, such as mass transfer and loss. On the other
model calculations and explanations of the used paramdrand, it is not easy to obtain the absolute parameters of
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Fig.5 Positions of primary and secondary components of W UMiFig.6 Locations of primary fflled sta) and secondaryfi{led
represented bfilled star (primary) andtriangle (secondary) in  triangle) companions of W UMi in planes dfog R — log M
the plane ofog L —log T.¢. Dashed linesndicate Terminal Age  and log R — Age in upper (a) and lower (b) panels, respec-
Main Sequence (TAMS). Under the conservative mass transfetively. Evolutionary calculations for primary companionithv
approach, evolutionary tracks for obtained initial masseord-  initial mass of 2.6QV/ (blue lin and secondary companion
ing to metallicities Z= 0.014 (dot-dashed lindor primary,dot-  with initial mass of 3.62/; (red line) were made for the non-
ted linefor secondary) and Z 0.055 (continuousblue linefor conservative mass transfer mode. All theoretical curvas wal-
primary andred line for secondary) are displayed in the upper culated byMESA.

panel (a). In the bottom panel (b), evolutionary tracks ale
ed under the non-conservative mode for primasd(line) and
secondaryIflue ling components are drawn for=2 0.055. All
theoretical curves were calculated l#SA.

to fill approximately 85% of its inner Roche lobe. It is
worthwhile studying W UMi from this aspect and the rea-
sons are as follows: i) to derive the main absolute param-
these systems due to faint secondaries in the optical regiarters of the companion stars based on both spectroscopic
and also mass transfer and loss events. In the catalog layd photometric analysis, ii) to investigate its orbitalipe
Ibanoglu et al. (2006), there are only 38 eclipsing doubleod variation, and iii) to examine the evolution of the system
lined SDBs, and so far the number of these systems hdsy producing binary evolution models under both the con-
not greatly increased, although many optical LCs of theservative and non-conservative mass transfer approaches.
SDBs have been gained from several ground-based surveys The simultaneous analysis of LCs and RV data pro-
(e.g., ASAS, SuperWASP) and satellites (é-ipparcos  duces a mass ratio valug & 0.447 + 0.005) greater by
Kepler, TESS. ~8% than the value given by Park et al. (2018), which
W UMi is a double-lined semi-detached binary andis due to the different measurements of RV data of the
is also close to the contact phase, as indicated by recenbmponents. Therefore, it can be said that the mass of
analysis. The target can therefore be classified as a nedhe primary component is found to be smaller but its ra-
contact, semi-detached binary based on the description dfus is larger, when we compare them with the values of
Zhu & Qian (2009) because the hotter component appeafark et al. (2018). The errors calculated for the masses
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9 W UMi (nor'l-ConservatiVe)

2010). In this study, LITE analysis indicated that a teytiar
companion around the close pair with a minimum mass
of ~ 0.49 M, and a period of 71yr may cause this kind
of cyclic O — C variation. On the other hand, a significant
third light (/3) could not be determined during the analysis.

4.2

36

5 24L 25007 30x10° 35310° P;f:;f:ay 1 In this study, the parameters obtained by applying parabol-
L s Tl :' "“‘*\_\\ g;:::gwy,‘ ic and LITE terms to th&® — C values in general are com-

5 TN — = patible with those obtained by Kreiner et al. (2008), but
S 1af various values have been found to be above the error lev-

el for some parameters (e.g., mass and orbital period of
oo .o day a possible third body). Magnetic activity of the sub-giant
0.0 'Tgﬁﬁigﬁ)@) i companion with a temperature of 5240 K may be the cause
of such cyclic variations in th® — C diagram. Therefore,
the Applegate model was also utilized to explain the cyclic
period variations of W UMi and the calculated model pa-
rameters were found to be compatible with those proposed

0.00 1.00x10° 2.00x10° 3.00x10° 4.00x10° 5.00x10°
Age (Yr)

Fig.7 Variation of orbital period P) and mass ratiog) of
W UMi versus its age until system reaches contact phasetiétosi .
of the system based on presdhandg values, and also current N Applegate (1992).

Roche geometry (inner box) are indicated. Theoreticatlinere In this study, binary evolutionary models were propa-
drawn usingVESA binary models. gated byMESA code to try to understand the present evolu-
tionary status and to investigate the initial state of the sy

and radii of both components are on the order of 3% anéem. Both conservative and non-conservative mass transfer
1%, respectively. From the spectral synthesis analysis, fPProaches were implemented for solar metallicity and al-
may be suggested that the system has a higher metalligo for the system having higher metallicity than the Sun.
ity ([Fe/H]~ 0.5 + 0.2) than the Sun, as is apparent in Although the conservative models with=20.05 are not
Figure 2, although solar metallicity was assumed by Parkar from representing the observational parameters of the
et al. (2018). The metal-rich state of the system is supportarget system, a better fit with the observational data was
ed by the fact that it is a thin-disk member, as derived fronfichieved in non-conservative models with= 0.05 val-
kinematic analysis as well as by binary evolution modelsues. In some studies, it was reported that non-conservative
The surface gravity values of the cooler companions indimodels better represent the observational parameters of
cate that it is a sub-giant star. The hotter, primary compoclassical Algols (e.g., Sarna 1993; van Rensbergen et al.
nent has a |owe]|0gg value than values of main-sequenceZOll). The decreasing orbital period of W UMi determined
stars with the same spectral type and mass (e.g., Eker et 8y O — C analysis, which can also be seen for several
2018). The mass of the gainer component is found to b&lgols (e.g., Qian 2002; Soydugan et al. 2011), may al-
larger than that of main sequence stars at the same tempé&p be considered as evidence to support non-conservative
ature, which is most likely due to the evolutionary state ofévolutionary models.
the target and the mass loss and transfer process, as seen in In the most compatible evolutionary models in non-
the generated evolutionary models. conservative mode, the age of W UMi could4d00 Myr
Mass transfer in classical SDBs takes place fromwith an initial orbital period of 2.3d, as ascertained in
the less massive component to the more massive starable 8. Important transition points for the evolution were
Therefore, the orbital period of these systems is expectealso examined during the model calculations. The best
to increase. In the case of W UMi, the orbital period wasnon-conservative model matching the observed data sug-
found to be decreasing at a rate-e6.02syr—! when we gests that the first Roche-lobe overflow (RLOF) started
analyzed minima times reported in the last century. Thavhen the age of the target wa®200 Myr and it had an
decrease in the period may occur due to mass loss frowrbital period of~1.4d. The mass transfer rate in the sys-
the system (5.810~% M yr~—1). In addition to the secu- tem was calculated to be x 10~7 My yr—! during the
lar changes, th& — C values of the target also manifest first RLOF phase. In Figure 7, variation of the orbital pe-
a cyclical change, which can be interpreted as a possiblgod (P) and mass ratiog of the companion stars can be
third body or magnetic activity on the surface of the ac-viewed during evolution until the contact phase. In addi-
tive component (e.g., Soydugan et al. 2003; Zasche et dion, the currenf” andq values are indicated together with
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the present Roche geometry in Figure 7. Non-conservative 82, 10

binary models show that the near-contact system W UMiDjurasevic, G., Rovithis-Livaniou, H., Rovithis, P., &t 2003,
may be a contact binary after abeiit — 50 Myr. It is es- A&A, 402, 667

timated from the models that the values®findqg of the ~ EKer, Z., Bakis, V., Bilir, S., et al. 2018, MNRAS, 479, 5491
system will decrease until the contact phase (Fig. 7) andrasca A., Marino, G., Catalano, S., & Marilli, E. 2000, A&A

) . . 358, 1007
when it r_eaches the contact phase, the Qrbnal period anE&-elia Collaboration, Brown, A. G. A., Vallenari, A., et al. &)
mass ratio will bex1.4 d and=0.3, respectively. ARA 595 A2

. From the re_sults in th_ls study and glso the literature, it .. Collaboration, Brown, A. G. A., Vallenari, A., et al. &)
is thought that investigation of W UMi type near-contact ,er g16 A1
semi-detached systems is important to understand the N@anoglu, C., Soydugan, F., Soydugan, E., & Dervisogiu,
ture of these binaries and also possible transition from 2006, MNRAS, 373, 435
semi-detached status to the contact phase during the evolurwin, J. B. 1959, AJ, 64, 149
tion of close interacting binary stars. In the case of W UMi, Joy, A. H., & Dustheimer, O. L. 1935, ApJ, 81, 479
more spectroscopic data with high-resolution and S/N igkaitchuck, R. H., & Honeycutt, R. K. 1982, PASP, 94, 532
needed to reliably derive the metal abundance of the syd:r€iner. J. M. 2004, Acta Astronomica, 54, 207
. . KJelner, J. M., Kim, C.-H., & Nha, I.-S. 2001, An Atlas of O-
tem, to obtain clues on its mass flow and loss processes an _ o _
. . C Diagrams of Eclipsing Binary Stars, Parts 1-6, (Cracow:
to check the possible magnetic cycle of the cooler compo- ) o
Pedagogical University Press)

nent and any unseen companion around the binarysysterR.reiner 3. M. Pribulla. T.. Tremko. J.. Stachowski. G. &

Zakrzewski, B. 2008, MNRAS, 383, 1506
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