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The new BVRI photomerrke observations of the HW Vie-type eclipsing binary sysiem V1EZE Agl (P =
011037394 days) were presented. From these measuremeds, 16 new eclipse tmes have been obtsingd. The
light eurves in BYRE codors and the mdisl curves were simolmneously analyzed by using te Wilson-Deybnney
method for the system parameters, The sysiem congists of 8 very hol primary component (T, = 4200 K}
and & cold secondary component (T, = 3077 + 250 KL The absolute dimensions were found as follows: [ M
= 0351 = 4 0090 M, M. = 0095 = 0.011 M, R, = 076 = 0.007 R, R = 0,740 = 0.007 R, L,
=B6.21 = 676 L, ml L, = (L0022 = 02007 L),

The orlital period variation of YVIH2ZE Agl wis made using all available light minlmon thnss. Prom e
[0 - ) diagram, e orbial period siows a variation posibly ancibutable w the lght travel thme effect by
the presence of the drird body, The third body ocbiml period s P, = 331772000 days, i minimal mass s A
= 15247 M The muss value caleulared (or the thied body shows: that this olject is right a1 the border

-

betwesn the planets and the brown dwarls

1. Introduction

HW Vir systems are the rare evolved eclipsing binaries consist of
a hot subdwarf star (5d0s, sdBs) and & low-mass main-sequence sear.
The hot compact stars of the systems are core helium-burming stars
with very thin hydrogen envelopes that are found on the blue end
of horizontal branch of the Hermzsprung-Russell diagram. and they
have masses around 0.5 M. The low-mass main-sequence stars of the
systems are maostly late M-dwarf. HW Vir systems mostly have short
perinds {around (0.1 daysi. The short period indicates thot they have
undergane a common envelope phase followed by a spiral-in phase.
Currently, about two dozen HW Vir systems have been known, and
some of them have been observed over extended periods. These systems
are crucial o study the formation of hot subdwarf stars and low-
mazs white dwarfs, the common-envelope phase, and the pre-phase of
cataclysmic variables.

VI1E28 Aql (=N5VE 14256825, -2ZMASS J20200045+0437564) is a
HW Vir type eclipsing binary star system with an orhitzl period as very
short 011037399 days. The light curve of V1828 Aql is shown typical
features of HW Vir-type system. There are gquite significant variations
in outside of the eclipses that is cavsed by the reflection effect which
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results from heating of the atmosphere of the cold component by the
hot companent.

The fight variability of V1828 Aql was found from dats of Northern
Sky Variability Survey (NSVS} (Waosniak et al., 2004). Wils et al. (2007)
derived an orhital period of 26496, The first detailed photometric
and spectroscopic observations of the system was made by Almeida
er 6l {2012). They anelyzed the light curves and radial velocity curves
using Wilson-Devinney method and determined the photometric and
absolute parameters of the system. They caleulated the mass of the hot
component M, - 0.419 8., the mass of the cold component M, - 0.109
M, the radius of the hot component R~ 0.188 R, the radius of the
cold component Ry~ 0.162 R, In the same study, the temperatres
of the hot and cold component were given as T~ 42000K and T~
2550K, respectively.

V1828 Aql has artracted the attention of many investigators due o
chenges in the orbital perind. This case was discussed by Wils o1 &l
(2007), Kilkenny and Koen (2012}, Beuermann et gl (2012), Almeids
et al. (2013}, Lohr et .al. (2014), Nasiroglu et al (2017) and Zhu
et al. {201%). The variadons in the system’s orbital period were often
attributed to the light-time effect caused by the presence of additional

Received 19 December 20019 Receivid in revied fonm 10 Seplember 2027: Accepted 13 September 2021

Available online 20 Seprember 2021
1384-1076,/C 2021 Elsevier B.V. All righm resarved.



Table 1 Tahle 2
Data for V1828 Aql, comparison and check stams, Mew mimma of times of V15248 Agl
System BA e, B {mag} B Errur (d] Epoch Type Fileer (b,
L7 VIaES Agl b I RO L R T HSEIR 2FI0N 0000298 365495 0 Bvki TLG
CI TV 049384 TRl L TR ¥ U T | e L R § v HSEINEEIIRE  LO00ET  36S50.0 | BYRL TUG
2 TYC S04.1033-§ 200 0™ 08845 +" 507 12", % (Aot | ZASEARE AT TLAMNERER ALA505 n AV TUG
ZA5EIBE.ANET A (FREITHEE MASTD 1 avel TG
TASEAAT 410080 LT IE1A.0 | HVRI ruG
ZASEAAT A6583] (FEE DI IBELIS [} AVRI TUG
components. Beuermann et al. {2012) reparted the existence of a giant 2'&“":5?“ ""m’ﬁ" T’Hnj JI’ E:ﬂ :ﬁ
: . z DASEITM LS OOOUTR  RNED TLiG
planet with a m.a_r.s n! alfl-n‘ut l2_ Mjm ‘.l.'lEEB Aql. Almeidz er al, (2013) JERITAARETY  QG0SHE - EAMS 1 B TUG
found two cyclic variations with periods of Py~ 3.4% years and Py = MR LIRSS 0003 d0iMn | " coMuG
6.86 vears in the (0-C) curve. They explained this situation by the ZASETOLATEIGS  QOO0IIL A0lmS D £ COmMUG
existence of two planets with masses of M.~ 2.9 Mand M, = 8 M;, e L L R T k CEMLLE
s 3 i . .l LTt L B e (L 28 LB n R COMUG
;cspectr:;:y. Wltl.ttmmg._'er et al !?013—] showed that t::ll orbit would SeRE R CahONET | dOLEER F P i
e unstable at short time scales in the two-planet model for V1828 DARGNISAREINN  OOGDIZY  AbidYA 00 ® COMUG
Agl. Hinse et al. {2014) pointed out that the current {0-C) cycle of ZASEFOSN0E4TA (U003 G480 B COMLUG

the system is not long enough to detect the additional body. Nasirogiu

et al. (2017) also made {0-C) anelysis of the system. They calculated a
third body with & perdod of P4=9.95 years and a mass of My~ 14.75

M;- Finally, Zhu et al. (2019 published new minima times and they
caleulated the mass and period of the third body as My=- 14.15 Mj,
P,= B.B3 years, respectively.

2. Observations

New photomeirie observations of V1828 Agl were carried out by
TUBITAK National Observatory's (TUG) 100-cm telescope (T100) with
51 1100 series CCD camera (Fairchild 486 BI, Cryo-tiger cooling, 15
pm pixel size, 4096 = 4037 pixel) using B-V-R-I filters during the
season July 2018 (single night) snd August 2018 (Two nights) snd
sanpkkale Onsekiz Mart University Ulupmnar Observatory’s (COMUGH
30-em telescope (T30) with ALTAU47 CCD cemere [E2V CCD4T-10,
Peltier conling, 13 pm pixel size. 1024 = 1024 pixels) using R filter
during the season August 2019 lasting 2 nights. Relevant data for the
eclipsing system (V). the comparison (C1]) and the check [C2) stars is
given in Table 1. All dats in this able are taken from SIMBAT.

The reduction of the CCD images was carried out using the C-
MUNIPACK' program. All the CCD images were calibrated using bias.
dark and flat images.

During of observations and in BVR! bands, 8 total of 16 neéw minima
times. with 8 primary minims times among them were observed. New
minima times and their errors were calculated by Kwee—van Woerden
method (Kwee and ven Woerden, 1956). The averages value were
caleulated for the times of minima obitained in the different filiers
during the same observational night. The minims times which were
obtained as Julian Date - Universal Time [(JO-UTC) were converted to
Barycentric Julian Date - Dynamical Time (BJD-TDB) using a code.”
published by Eastman et al. {2010) The new minimsa times obtained in
the BJI» are given im Teble 2.

The phases of the light curves were calenlated using the following
light elements given by Wils et al. (2007 ). The reference time (To) and
its error were converted to BJD format.

BJ Diminl ) = 2454274 20881 ) + 0. LIDATS N 2 10 E (13}

3. Modeling of light curves

The BYRI light curves obtained in TUG and the radisl velocity
curves taken from Almeide et al. (20012) were solved simulianeously by

using the Wilson and Devinney (1971} synthesizs code. Almeids et al
(2(x12) performed the spectroscopic ohservations using the Cassegrain

' Avaibalbe in hipssSe-munipack sourceforge net
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spectrograph attached to the 1.6-m telescope at the Observatario do
Picodos Dias/TLaboratario Nacional de Astrofisica (OPD/LMNA] facilities
in Brazil. They obtained 36 spectra using 1.8 Aresolotion.

Wilson—Devinney code has several modes for the different types
of light curves. These modes are 2, 3, 4, and 5 correspond to the
scenarios in which the binary components are detached, overcomiact,
semi-detached with star 1 accurately filling its limiting lobe, and semi-
detached with ster 2 precisely filling its limiting lobe, respectivelv. In
the application of this procedure; we chose mode 2, and set the control
parameter I'B = 1. In this case, the coupling between (L) and (T.} is
severed end the luminosity of both stars (L. L,) can be adjusted.

During the analyses, we fixed several parameters. These peram-
eters may be estimated from the known characteristics of the stars.
The temperamure {T;]) of the primary star was taken to be 42000K
from Almeida et al. (2012}, The logarithmic limb darkening coefficients
were calculated by van Hammie (1993). For the primary hot com ponent,
the bolometric albedo and the gravity-darkening exponent were fixed at
Ay= 1.0 and g~ 1.0 by taking into consideration of the temperature of
the component (Rucifski, 1969; Lucy. 1967). Because of the reflection
effect, the temperature of the surface of the cold component facing the
hot component is higher than the rest of the surface of cold component,
5o the coefficient of bolometric albedo and gravity-darkening exponent
for the cold component were set to A+~ 1.0 and g~ 0.32. It is assumed
that this system has & circular orbit and the orbital eccentricity (e = @)
and the longitude of periastron (w = 90"} were fixed. We set the third
light I, = 0 in our analysis.

On the other hand, the adjustable parameters were the reference
epach time of the light elements T, the orbital period of the sysrem
P, the semi-major axis a, the radial velocity of the center of the mass
V., the orbital inclination i, the temperature of secondery componRent
T;. the dimensionless surface potentials of components £, and £,
the mass ratio of components g. end the monochromatic [uminosity
of the primary component L. To attsin models. caloulations with
Wilson-Dievinney code were repeated until the correction of each free
parameter becomes smaller than its standard deviation, The result
paramerer valoes obtasined from the anelyses are given in Table 3.
Fiz. | shows the light curves obtzined from the observations in the BVRI
filters and the model curves obtained from the analyses. The theoretical
velocity curves shows in Fig. 2.

4. Absolute dimensions

Absolute dimensions for the components of V1828 Agl are caleu-
lated from the photometric elements given in Tahle 3. The absolute
parameters of the system are listed in Table 4. As seen in thistable, the
relative uncertainties are smaller than 1% for the absolote masses and
radii of both components..
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Additional guantities listed in Table 3 incluode the luminosites,
absolute magnitodes, and the distance. Interstellar reddening toward
V1828 Agl was teken from Stassun et al. (20197 and is BE(B-V)
0™.523, Along with the apparent visual magnitude of the system out
of eclipse (V' = 13™.33]; Henden et al.) and the bolometric corrections
from Eker et al. (2018), we deduce a distance of 730 +97 pc. The
caleulated distsnce is not far from the distance of 753 =20 pc deduced

from the rigonometric parallax listed in the Geia/EDR3 catalog (Gala

Collaboration, 2016b, 2020a).

1223 kmssl.

5. Orbital period changes

In the presence of a third body gravitarionally bounded to binary
star systems, the difference berween the observed (0) and calculswed
(C) minimum times of the svstem may prodoce a regular cyclical
variaon over dme. This effect, which we call the light travel fome
effect [(LTTE}, shaws itself as a sinusoidal variation in {O-C) diggrams.
This sinusoidal variation can be modeled as follows (Borkovits ot al.,
015).
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Fig. 3. (0-C) dagram of VIE2S Aql (top. paned) and residuals from model (hamom: panel).

Table 3 Tahle 4
Ihe resules of the fight corve analysis of VIS8 Agl. The absolute= paramesers of VIE2E AqL
Almpida et al, (2012 Fhis work Farameder Ammda et al {2012) This work
Farameter (U] (VRS ) M, (M) Lal8 + 0¥ 51 = DL0A0
Ty 18I - JASEIO8 NI 5 000002 M (M) 0LL0g + 00 s = 001l
£ (day} LA 1Tl + O000mo] i (Rg) (LI88 &+ 0010 170 = LAGF
(B L0 = 004 074 = 3 Ry (R ) LIG2 = 0008 140 = OOnF
¥, (kmss) 1234 4 (08 T, (K} A2Z000 = AN 423040
[ ] HLS + 0.3 2r18 + 04 T3 (K] 50 + 550 HFT = 230
T; K 42000 1 K 2008 o (B0 LB £ (04 074 + 0.03
T 6K 00 + 550 Hirr + 2% logg; Leg=) 581+ fAG + (02
i, 455 = 011 A0 = (LR logi, (cgs} 44065 = 012 512 00
iy 268 = 42 281 + 0% My, (mag) - 0,05 + Lo
q (260 = (L E 027 = ol My, - (mag) - VTG + 07
Ay Az 100 - (120 = 012} L0~ 1,00 Ly (L) Sedl + 76
i+ %= [ I | L00 - 0,32 Lz L) (LiKER = ELUHN
P i 0,999 £ (LO0L V™) 13331 = 1T
L AL+ ) - 9% = 0L EfBVy ™) - b
Ly +gly L9 + ELEN] & {pcl - e T
Ly AL+, . .908 & G2 d... fpel - T8I 4 30
LAl +ialy - .CHEL
LA+, 01,0101
LAl +Lady K 0.0
Lyt ik UL The code uses the Python-based version ‘PyMultiNest’ (Buchner et al.,
g el S e iyt 2014) of the ‘MultiNest' (Feroz et al,, 2009) code that works with the
r, leide) 0295 = 008 (LTI8T + 00011 Mested-sampling afgorithm. The code implementation is based on the
ry [hack) 029 + 0006 02993 ¢ (L01d Bayesian framework method in Masuda (2017).
rz (pulz), 0.194 = (G4 LIRSS 3 ELO120 During our ohservations, we determined & total of 16 minima times,
:— ::i':":lt' ::f;:ig_{::ﬁ 3:;"': i ﬁg{;: with & primary eclipses smong them. New times of the minima and
r; fhackl Q.27 + LA 01827 = 014G their errors, which were determined by using Kwee & van Woerden

Here, a4, €5, vy, weaTe the semi-major axis, the eccentricity, the
true anomaly &nd the argument of periastron of the third body orbit,
respectively. |, is the inclination of binary's orhit relstive to the center
of mass of triple system and ¢ is the speed of light

We wrote a computer program in Python using the equations
of Borkovits et al. (2015) to model the changes in the (O-C) disgram.

(1956} method, are presented in Table 2. In addition, we collected
the published minima times of the system from the literature. A total
of 217 observadonal minima times were used in the (0-C) analysis. The
{0-C) values were compated using the linear light elements given by Eq
{1k The observed minima times cover between 2007 and 2019

The results obtained from the {(0-C) analyses are given in Table 5
in comparizon with the previous results. The minimum mass of the
third body is obrsined 13.24 ' M. Accarding to this value, the mass
of the third body was calculated shout 1.5 Msmaller than that found



Table 5

Orhital pammeters of Y1428 Aql ond s cire v sabstellar component
Farometer Namiroghy = al {2007) Zhiy ex 2l [HI1T) Thix work
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by MNasiroglo et al. {2017} and Zhu et al. (2012). The (O-C) disggram is
shown in Fig. 3, along with the residuals from the observed minima. In
Fig. 3. the upper panel shows the Hnearly corrected periodic change of
thie new minimum times of the system obtained from the Literature and
in this study, and the residuals formed by subtracting the model from
the dats in the lower penel.

6. Results

In this study, the radial velocity and light curves analysis of V1828
Agl was made with the Wilson-Trevinney program . and the geometric
and physical clements of the system were derived. In addition, the
period analysis of the system was performed using all available minima
times in the literature and combining our new minims times. The
following results were abtained with these enalyses.

1. V1828 Agl which is a system of type HW Vir, consists of & very hot
primary compaonent (T= 42000 K} and & cold secondary component
{Ty~= 3077 K). Due to the high temperature difference between the
components; the light curve of the system shows a marked reflection
effect. Because of this influential reflection effect, in the light curve
analysis the bolometric slbedo was taken as Ay~ 1.0 for the secondary

COmponant.

2. The masses end radii of the primary and secondary components
were obisined as 0.351 £0.040 M, 0.095 +0.011 M_and 0.176 +0.007
H, 0:140 +£0.007 R, respectively. In addition, distance of the system is
730 +97 pe.

3. A periodic variation is seen in the (0-C) diagram of V1828 Aqgl
We assumed that this variation was caused by a third body gravita-
tionally bounded to the system. The period of the evelic variation was
caleulated 33137 I’ﬂ davs, . From this variation, the mass function
of the third body (f{em,)) was found as 9.989 = 10-6 M. This addi-
tional ‘body has a period of 33137 8% devs, and an eccentricity of e
= (I3 Tt & located a:ppmxmhehr 335 I:lilll: AU from the binary
system’s center of the mass: If the orhital inclination of the third body
iz assumed to be =90, the minimum mass of the circumbinary com-
panion was calculated as 13241 M;. This mass value indicates that
it is & substellar object. Thizs result is cnnﬁ:rmeﬂ findings by Nasirogiu
et al (2017) and Zhu et el (2019].

Future high-precision observations will help to reveal more detailed
features of the system. There is also a need for & large number of
new minima times to identify the presence of substellar body that are
thought to be gravitationally bounded to the svstem:.
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