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Abstract

First multi-colour complete light curves and low-resolution spectra of short-period eclipsing binary TT Cet are presented. The stellar
atmospheric parameters of the primary star were derived through spectra fitting as: Tor =7 091 & 124K, log g =4.15 £ 0.33 cm/ s2, and
[Fe/H] = —0.23 £ 0.04 dex. The light curves were analysed using the Wilson-Devinney code. The photometric solution suggests that this
target should be a near-contact binary with the primary component filling its critical Roche lobe (i.e. SD1-type NCB). The luminosity
enhancement around the primary light maximum (phase 0.10-0.40) on the light curve was detected like other SD1-type NCBs, which could
be caused by a hot spot near the facing surface of the secondary component due to mass transfer. Long-term decrease of the orbital period
at a rate of dP/dt = —5.01 (£0.06) x 1078 d - yr~! was detected by the O—C analysis, which supports the mass transfer from the primary to
the secondary and is consistent with its primary filling configuration. No third body was found through the light curve and O-C analysis.
TT Cet may locate in the broken contact stage predicted by the thermal relaxation oscillation theory (TRO) and will evolve to the contact
stage eventually. It is another good observational example supporting the TRO theory. We have collected all known SD1-type NCBs with
absolute parameters from the literatures. The relations of these parameters are summarised for these rare systems.
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1. Introduction a same spectra type for primary star as Duerbeck & Rucinski
(2007). Using the photometric and spectroscopic data of All Sky
Automated Survey-3 project, new estimation of physical and abso-
lute parameters (including a updated period of 0.485952 d) were
made by Deb & Singh (2011). TT Cet was marked as a con-
tact binary in the catalogue of Giuricin, Mardirossian, & Mezzetti
(1983) and as a near-contact binary (NCB) in the catalogue of
Shaw (1994). Duerbeck & Rucinski (2007) found that TT Cet
might be a detached system rather than a semi-detached system
with a quite faint and cool secondary component.

In this study, the first multi-colour high-precision light curves,
low-resolution spectrum, and O-C diagram were acquired. The
detailed light curve analysis, spectra fitting, and period investiga-
tion were presented. We also collected all known SD1-type NCBs
with absolute parameters from the literatures. The relations of
these parameters are summarised for these rare systems.

Near-contact binaries (NCBs) are eclipsing binaries that show fol-
lowing characteristics commonly: continuous EB-type light varia-
tions, facing surface less than 0.1 orbital radius apart, short period
(less than 1 d), and one or two components at or near their
Roche lobes (Shaw 1994). According to their geometric structure,
NCBs can be classified into following sub-classes: semi-detached
systems with one component filling its critical Roche lobe (includ-
ing SD1 and SD2 types, which represent systems with primaries
and secondaries filling their critical Roche lobes, respectively),
marginal contact, and marginal detached systems (Zhu & Qian
2009). Mass transfer occurs in such binaries frequently. NCBs
have been the significant transition targets between tidal-locked
detached systems and W UMa-type overcontact systems.

TT Cet was confirmed as one B Lyraes candidate system by
Hoffman et al. (2008), and the light curve showed EB-type char-
acteristic (Deb & Singh 2011). Brancewicz & Dworak (1980)
obtained the geometric and physical parameters of this target
using the iterative method. Duerbeck & Rucinski (2007) acquired
the preliminary orbit parameters through the radial velocity (RV)
measurement. According to their investigation, the mass ratio

2. Observation and data reduction

2.1. Photometric observations

was determined as gy =0.394+0.07, and the spectral type of
the primary star was estimated as F4 V. Then Pribulla et al.
(2009) measured the RVs of both components and confirmed
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New light curve in Cousin I, band (Bessell 1983) was observed
on 2005 November 29, December 7, and 2006 February 3 with
the Andor DW436 2K Charge Coupled Device (CCD) camera
mounted on the 1-m telescope (labelled as ‘D1 m’) at Yunnan
Observatories (YNO), Chinese Academy of Sciences (CAS). The
first multi-colour light curves of this target in Johnson—Cousin
BVR.I, filters (Azusienis & Straizys 1969; Bessell 1983) were
observed with the Andor DW936 2K CCD camera mounted on
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Table 1. Photometric observation Log of TT Cet

Data Filter Telescopes Field

2005 Nov 29 I 1Im 73 x 7.3
2005 Dec 7 Ic Im 73 x713
2006 Feb 3 Ic Im 73 x713
2018 Dec 25 BVR:I. 70cm 20" x 20’
2018 Dec 31 BVR:I. 70cm 20" x 20’
2019 Jan 24 BVR:I. 70cm 20" x 20’
2019 Jan 27 BVR:I. 70cm 20" x 20’

Figure 1. Observed CCD image of TT Cet. ‘Variable star’, ‘Comparison star’ are marked
with 'V’ and ‘C’, respectively. Ch(1 m) and Ch(70 cm) represent the corresponding check
stars for light curves observed with ‘D1 m’ and ‘D70 cm’, respectively.

the 70-cm Sino-Thai telescope (labelled as ‘D70 c¢m’) locating
at Lijiang Observing Station of YNO on 2018 December 25, 31
and 2019 January 24, 27. The detailed observation log is given
in Table 1. PHOT package of IRAF was used to process all
observation images.

In order to distinguish the two sets of light curves, the light
curve in the I, band observed with 1-m telescope and light curves
in the BVR.I. band obtained with 70-cm telescope are labelled
as ‘LCpim and ‘LCppoem> respectively. The nearby invariable
comparison star and check stars were chosen to determine the dif-
ferential magnitudes. TYC 5278-951-1 was chosen as comparison
star for the two sets of light curves. Because the field of views of
the two telescopes are different, TYC 5277-893-1 and Gaia DR2
2464167327789832960 (Gaia Collaboration et al. 2018) (a9 =
01"47™08°.34, 8,000 = —09°45'14”.50,) were chosen as check stars
for light curves LCp; , and LCpyo cm, respectively. The information
of comparison and check stars along with the target TT Cet are
listed in Table 2. In the table, the V band magnitudes were taken
from the Tycho-2 Catalog (Heg et al. 2000) and the G band mag-
nitude of the check star Check(Ch),c, , was acquired from the Gaia
DR2 data (Gaia Collaboration et al. 2018). The B-V colour indices
of the variable star and comparison star are 0.44 and 0.56 (Hog et
al. 2000), respectively.

One observation image is shown in Figure 1. In the figure,
variable star is marked with ‘V’, comparison star is marked with
‘C’, and check stars are marked with Ch(1 m) and Ch(70 cm),
respectively. The light curves observed with telescope ‘D1 m’ and
‘D70 cm’ are shown in Figures 2 and 3, respectively. Different
colours represent the data observed on different night. The square,
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Figure 3. Light curves of TT Cet on BVR./. bands observed by ‘D70 cm’.

circle, triangle, and rhombus signs show the B, V, R, and I,
band data, respectively. The magnitude difference of the compar-
ison star and check star are shown in the bottom of the figures.
The standard deviation of magnitude difference is about 0.009,
0.01 in the LCp;m and LCpycm, respectively. In Figures 2 and
3, one can see that the light curves are asymmetry, which show
obvious O’Connell effect. Take the LCpyg o, for example, the lumi-
nosity difference (i.e. Max.I—Max.II) of BVR.I, bands are about
0.049, 0.046, 0.044, and 0.040 mag, respectively. And Max.I and
Max.II are the maximum brightness at 0.25 and 0.75 phase of
the light curve from the primary eclipse, respectively. We note
that the luminosity differences of short-wavelength bands are
larger than those of long-wavelength bands (i.e. short-wavelength
bands are more sensitive to the perturbation causing O’Connell
phenomenon than long-wavelength bands).

2.2. Spectra observation

The spectra observation was performed on 2018 September
30 with the Beijing Faint Object Spectrograph and Camera
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Table 2. Information of TT Cet and the corresponding comparison and check stars

Targets Name 2000 82000 Mag
Variable (V) TT Cet 01M46™56°.50 —09°45'09".75 V=10.91
Comparison (C) TYC 5278-951-1 01M47M15°5.76 —09°42/30".97 V=11.89
Check(Ch)icqgcm TYC 5277-893-1 01M46M38°.93 —09°44'07".23 V' =12.03
Check(Ch).c, 0147m08%.34 —09°45'14".50 G=14.07
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Figure 4. Spectrum of TT Cet observed on 2018 September 30. The black and red lines
in the top panel represent the observed and fitted spectrum, respectively.

(BFOSC) mounted on the 2.16-m telescope of Xinglong station
of National Astronomical Observatories of China (NAOC), CAS.
Low-dispersion spectrometer BFOSC and grism G7 were used.
The slit width and the line dispersion of grism G7 are 1.8 arcsec
and 95 Amm™, respectively. The observation wavelength range
is 400—680nm (Fan et al. 2016). IRAF was used to process the
observation images and extract the spectra. Normalised flux was
obtained and the atmospheric absorption lines were corrected.
Because of the low resolution, the observed spectrum can only
show the spectral lines of the primary star, and the lines of the
secondary star may be too faint to be detected. The observed
spectrum is shown in Figure 4 with black line. University of
Lyon Spectroscopic analysis Software (ULySS) (Koleva et al. 2009)
was employed to acquire the atmospheric parameters through
full spectra fitting with model spectra generated by an inter-
polator with the ELODIE library (Prugniel & Soubiran 2001).
The red line in the Figure 4 shows the fitted spectrum. The
stellar atmospheric parameters of the primary star of TT Cet
were derived as: Ty =7 091 £ 124K, logg=4.1540.33 cm/s?,
[Fe/H] = —0.23 4 0.04 dex. The same method was used to analyse
the data from the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope spectroscopic survey, and stellar atmospheric parame-
ters of many binary systems were derived (Qian et al. 2017, 2018,
2019). Because the secondary star is quite faint and the primary
star contributes the most light to the total system, the atmospheric
parameters obtained by ULySS can be used to describe the atmo-
spheric characteristic of the primary star. The temperature of the
primary star can be adopted as 7091 K. The comparisons of our
calibrated spectrum with three standard spectra from the Sloan
Digital Sky Survey (SDSS) (Vanden Berk et al. 2001) are shown
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Figure 5. Calibrated spectrum of TT Cet and the A9V, F7, GO standard spectra from
SDSS (Vanden Berk et al. 2001)

in Figure 5. From the figure, we can see that the primary compo-
nent should be a F7-type star, which is agreed well with its colour
(B— V =0.44) (Cox & Pilachowski 2000).

3. O-Cdiagram analyses

We collected all available times of light minimum with error.
Combined with four eclipse times observed by us, totally 92 eclipse
times crossing about 50 yr were used to construct the O-C dia-
gram. All eclipse times with available error used for the period
analysis are listed in Table 3, in which P and S marked the pri-
mary and secondary eclipse times, respectively. The O-C gateway
in the reference column means that the data were collected from
the O-C gateway web and the original publications are unavailable
on line. The corresponding O-C and cycle E were computed with
follow ephemeris.

Minl = H/D2458484.16341 + 0.485952% x E. (1)

The O-C diagram of TT Cet is plotted in Figure 6 with error bars,
in which the cross, triangle, and circle dot signs represent the data
obtained with visual (vis), photoelectricity (Pe), and CCD-type
detectors, respectively. A weight of 1 for vis data and a high weight
of 5 for Pe and CCD data were applied in the O-C analysis. Based
on the least-squares method, the following equation can be used
to describe the O-C diagram:

Minl = HJD 2458484.16134(.00009) (2)
+0.485953(40.001321) x E (3)
—3.33(40.04) x 1071 x E2. 4)
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Table 3. Times of light minima of TT Cet

HJD(2400000+) Error Min. Meth. E 0-C(d) References
40119.46100 P vis —37791 —0.09038 Diethelm et al. (1974a)
40152.50800 P vis —37723 —0.08811 Diethelm et al. (1974a)
40157.37100 P vis —37713 —0.08463 Diethelm et al. (1974a)
40181.40600 S vis —37663.5 —0.10426 Diethelm et al. (1974a)
40205.24000 N vis —37614.5 —0.08191 Diethelm et al. (1974a)
40220.30700 S vis —37583.5 —0.07942 Diethelm et al. (1974)
40221.26600 S vis —37581.5 —0.09232 Diethelm et al. (1974)
40238.27900 N vis —37546.5 —0.08764 Diethelm et al. (1974)
40442.61500 P vis —37126 —0.09446 Carnevali et al. (1975)
40501.42100 P pe —37005 —0.08865 Kizilirmak & Pohl (1971)
44457.83830 S vis —28863.5 —0.04956 Wolf & Kern (1983)
44457.84700 S vis —28863.5 —0.04086 Wolf & Kern (1983)
44468.76450 P vis —28 841 —0.05728 Wolf & Kern (1983)
46327.54100 P vis —25016 —0.04718 -(1986)

46350.38200 P vis —24 969 —0.04592 -(1986)

46401.40200 P vis —24 864 —0.05088 -(1986)

46402.37100 P vis —24 862 —0.05379 -(1986)

46403.34400 P vis —24 860 —0.05269 -(1986)

46707.55400 P vis —24234 —0.04864 -(1987a)

46821.27500 P vis —24 000 —0.04041 -(1987b)

47115.26800 P vis —23395 —0.04837 -(1988)

47471.47000 P vis —22662 —0.04919 -(1989)

48500.24460 P CCD+V —20545 —0.03497 O-C gateway
48521.63000 0.00800 P CCD —20501 —0.03146 - (1992a)

48890.45500 0.00800 P CCD —19742 —0.04403 -(1992b)

50446.24710 0.00030 N CCD —16 540.5 —0.02725 Agerer & Huebscher (1998)
50702.58700 0.00400 P CCD —16013 —0.02703 -(1998)

50750.45380 0.00040 S CCD —15914.5 —0.02651 Agerer & Hubscher (1999)
51397.98300 P CCD —14 582 —0.02835 O-C gateway
51462.13380 P CCD —14 450 —0.02321 O-C gateway
51462.13400 P CCD+R —14 450 —0.02301 O-C gateway
51869.84500 P CCD+V —13611 —0.02574 O-C gateway
51869.85000 P CCD+V —13611 —0.02074 0O-C gateway
51879.32470 0.00060 S CCD+1r —13591.5 —0.02210 Agerer & Hubscher (2002)
52224.60500 P vis —12881 —0.01070 0O-C gateway
52237.96230 S CCD+R —12853.5 —0.01708 O-C gateway
52238.67720 P CCD —12852 —0.03111 O-C gateway
52245.97570 P CCD —12837 —0.02189 O-C gateway
52245.97580 P CCD+Rc —12837 —0.02179 O-C gateway
52581.77020 P Cccb —12146 —0.02022 0-C gateway
52582.01510 S CCD+1c —12145.5 —0.01829 O-C gateway
52638.62720 P CCD —12029 —0.01960 O-C gateway
52999.69090 P CCD —11286 —0.01824 0-C gateway
53271.33940 0.00020 P CCD + BVR —10727 —0.01691 Cakirli et al. (2006)
53271.58390 0.00020 S CCD + BVR —10726.5 —0.01538 Cakirli et al. (2006)
53272.31170 0.00020 P CCD + BVR —10725 —0.01651 Cakirli et al. (2006)
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Table 3. Continued

HJD(2400000+) Error Min. Meth. E 0-C(d) References
53273.52780 0.00020 S CCD + BVR —10722.5 —0.01529 Cakirli et al. (2006)
53274.50020 0.00020 S CCD + BVR —10720.5 —0.01479 Cakirli et al. (2006)
53275.47140 0.00030 S CCD + BVR —10718.5 —0.01550 Cakirli et al. (2006)
53276.44490 0.00020 S CCD + BVR —10716.5 —0.01390 Cakirli et al. (2006)
53288.83320 P CCD —10691 —0.01738 0O-C gateway
53311.66850 0.00100 P Ccb —10 644 —0.02182 Ogloza et al. (2008)
53316.04510 P CCD+Rc —10635 —0.01879 O-C gateway
53663.01640 P CCD+Rc —9921 —0.01722 0O-C gateway
53704.08079 0.00099 S CCD+1c —9836.5 —0.01577 This study
53712.09653 0.00053 P CCD+1c —9820 —0.01824 This study
53709.67020 P CCD —9825 —0.01481 0O-C gateway
53983.26220 P CCD+1c —9262 —0.01379 0O-C gateway
54054.69680 P Cccb —9115 —0.01413 O-C gateway
54091.62930 P Ccb —9039 —0.01398 0O-C gateway
54380.77440 0.00030 P Ccbh —8444 —0.01032 Samolyk (2008a)
54419.64730 0.00020 P Ccb —8364 —0.01358 Samolyk (2008a)
54449.77680 0.00020 P CCD —8302 —0.01311 Samolyk (2008a)
54708.78940 0.00020 P CCD —7769 —0.01292 Samolyk (2008b)
54713.16190 P CCD+Rc —7760 —0.01399 0O-C gateway
54741.10400 S CCD+1c —7702.5 —0.01413 0O-C gateway
54809.38390 0.00060 P CCD +1r —7562 —0.01049 Hubscher, Steinbach, & Walter (2009)
55102.89830 0.00010 P CCD+V —6958 —0.01109 Diethelm (2010)
55144.68990 0.00010 P Ccbh —6872 —0.01137 Samolyk (2010)
55486.80040 0.00010 P CCD+V —6168 —0.01107 Samolyk (2011)
55508.66890 0.00010 P CCD+V —6123 —0.01041 Samolyk (2011)
55533.69670 0.00020 S CCD+V —6071.5 —0.00914 Diethelm (2011)
55811.9036 0.00020 P Ccbh —5499 —0.00976 Samolyk (2012)
55888.684 0.00010 P Ccbh —5341 —0.00978 Samolyk (2012)
55896.70590 0.00050 S Ccbh —5324.5 —0.00609 Diethelm (2012)
56247.32000 0.00300 P CCD —4603 —0.00635 Paschke (2013)
56253.63520 0.00010 P CCD —4590 —0.00853 Samolyk (2013a)
56271.61540 P CCD+V —4553 —0.00855 Samolyk (2013b)
56538.88980 P CCD+V —4003 —0.00775 Samolyk (2013b)
56949.03350 P CCD+1c —3159 —0.00754 0O-C gateway
57331.96570 P CCD+B —2371 —0.00552 0O-C gateway
57331.96590 P CCD+V —2371 —0.00532 0O-C gateway
57331.96680 P CCD+Ic —2371 —0.00442 0O-C gateway
57342.65750 P CCD+V —2349 —0.00466 0O-C gateway
57358.69460 P Ccbh —2316 —0.00398 0O-C gateway
58067.69780 p Ccbh —857 —0.00475 0O-C gateway
58077.9034 P CCD+V —836 —0.00414 0O-C gateway
58077.90410 P CCD+1c —836 —0.00344 O-C gateway
58083.73570 p CCD+V —824 —0.00326 O-C gateway
58136.70620 p CCD+V —715 —0.00153 O-C gateway
58478.09057 0.00048 S CCD + BVRclc —12.5 0.00156 This study
58484.16341 0.00011 P CCD + BVRclc 0 0.00000 This study
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Figure 6. O-C diagram of TT Cet

The quadratic term in the equation signifies that the period
is undergoing a long-term decrease at a rate of dP/dt=
—5.01(£0.06) x 10°8d -yr_l. The fitted curve was plotted in
Figure 6 with black line and the residuals were shown in the bot-
tom. There is no other change in the residuals and no third body
was detected through our period analysis.

4. Light curve analyses

The multi-colour light curves of TT Cet were obtained for the
first time. In order to acquire the phased light curves more accu-
rately, different linear ephemerides were used for two sets of light
curves. For the light curve LCp, 1, the following linear ephemeris
was used:

Minl = HJD 2453712.09653(99) + 0.485952¢ x E. (5)

While for the light curves LCpyq cm, the following linear ephemeris
was used:

Minl = HJD 2458484.16341(11) + 0.485952¢ x E, ©6)

in  these equations, epoch  2453712.09653(99) and
2458484.16341(11) are the primary eclipse times observed
during the corresponding light curve observation.
Wilson-Devinney (W-D) program (Wilson & Devinney 1971;
Wilson 1990, 2012) was used to analyse the light curves. During
the solution process, the effective temperature of the primary star
was fixed at 7091 K, which was estimated from our spectral anal-
ysis. The RV data of two components acquired from Duerbeck
& Rucinski (2007) and Pribulla et al. (2009) were applied in the
WD modelling, which can help to obtain more reliable measure-
ments of the components, such as masses. The phase of the data
was recalculated using a more appropriate epoch 2450702.587(4)
and a period of 0.475852 d. The gravity-darkening coefficients
of the components are adopted as g; = g = 0.32. The bolomet-
ric albedos are taken as A; = A, = 0.5 (Rucinski 1969) according
to the convective envelopes (T <7 200K) of both components.
Meanwhile, the bandpass limb-darkening coefficients [taken from
van Hamme (1993)] and the logarithmic bolometric coefficients
were applied. As we can see in Figures 2 and 3, the light curves
show obvious O’Connell effect with brightness enhancement at
the primary light maximum. The asymmetry means that the light
curves have been disturbed by some perturbation caused by the
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photospheric activity of the component. We note that the short-
wavelength bands behaved more sensitive to the perturbation than
long-wavelength bands. Moreover, for such late type system, hot
spot model should be more convictive to explain the brightness
enhancement around phase 0.10-0.40. The convergent solutions
with mode 4 (the semi-detached case with the primary compo-
nent filling the critical Roche lobe) and mode 3 (over contact case)
with a hot spot were acquired. Spot model was employed for the
light curve fit with four adjustable parameters: the latitude of spot
center (0) in degree; the longitude of spot center (¢) in degree;
spot angular radius (r) in radian; and the spot temperature fact
Ty (Ty =T,/ Ty, in which T; is the spot temperature and T, is
the photosphere surface temperature of the star). The adjustable
parameters of mode 4 are as follow: the monochromatic luminos-
ity of primary star, Ly, L1v,Lig.,L1r; the orbital inclination, i; the
mean temperature of secondary star, T»; and the dimensionless
potential of the secondary star, €2,. Compared with mode 4, the
only one different adjustable parameter of mode 3 is the dimen-
sionless potential of the components €2; = €2,. The third light L,
was adjustable parameter at each mode, but no converged result
was obtained. In order to confirm a more reliable mass ratio, the
photometric solutions based on a group of assumed mass ratio val-
ues from 0.01 to 1 were obtained with the differential correction
program. The search step length is 0.01. For all assumed values
of g, the sums of weighted square deviations (3" (O — C);*) with
mode 3 and mode 4 are displayed in Figure 7. One can see from
this figure, the minimal values achieved at g = 0.43 and q = 0.42
with mode 4 and mode 3, respectively. Then, the mass ratio was
made as one adjustable parameter. The theoretical light curves
obtained from mode 3 and mode 4 are shown in Figure 8 with
green lines and black lines, respectively. The spotted theoretical
light curves with both modes fitted the observed light curves very
well. The final converged photometric solutions show that the
brightness enhancement can be explained by the appearance of
a hot spot near the facing surface of the secondary component
due to the mass transfer. All converged photometric solutions are
listed in Table 4. The uncertainty of mass ratio in the table was
given by WD program with the standard method. In addition, the
g-search curve bottom can be used to confirm the uncertainty of
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Table 4. Spotted photometric solutions of TT Cet

Mode 4 Mode 3
LC(70 cm) LC (1 m) LC (70 cm) LC (1 m)

Parameters Values Values Values Values
g1=092 0.32 (fixed) 0.32 (fixed) 0.32 (fixed) 0.32 (fixed)
A=A 0.5 (fixed) 0.5 (fixed) 0.5 (fixed) 0.5 (fixed)
q (My/My) 0.430 (4) 0.431 (10) 0.420 (1) 0.415 (2)
T1(K) 7091 7091 7091 7091
T2(K) 5414 (10) 5378 (23) 5383 (11) 5353 (23)
i°) 82.59 (29) 82.85 (52) 82.23 (20) 82.44 (53)
o 2.739 2.740 2.715(2) 2.7038 (3)
Q) 2.751(13) 2.760 (35) 2.715 2.7038
L1/Ltotalp 0.9149 (1) - 0.9176 (1) -
L1/Ltotaty 0.8808 (1) - 0.8835 (1) -
L1/Ltotalr, 0.8596 (2) - 0.8622 (2) -
L1/Lotaly, 0.8382 (3) 0.8430 (4) 0.8407 (2) 0.8450 (3)
r1(pole) 0.427 (1) 0.427 (2) 0.4294 (2) 0.4303 (3)

r1(side) 0.455 (1) 0.455 (2) 0.4579 (3) 0.4590 (5)
r1(back) 0.482 (1) 0.482 (2) 0.4852 (4) 0.4862 (8)
ra(pole) 0.286 (4) 0.285 (10) 0.2868 (8) 0.2857 (9)
ry(side) 0.298 (5) 0.297 (12) 0.2992 (10) 0.2979 (11)
ry(back) 0.329 (8) 0.327 (20) 0.3322 (17) 0.3309 (19)
Ry/R1 0.670 (11) 0.666 (25) 0.6705 (15) 0.6666 (17)
f(fill — degree), 0.966 (53) 0.95(12) - -
f - - 0.013 (7) 0.014 (1)
Latitude (degree) 85.81 (£11.10) 85.81 (fixed) 82.14 (+8.38) 82.14 (fixed)
Longitude (degree) 100.56 (78) 100.56 (fixed) 100.48 (73) 100.48 (fixed)
Radius (radian) 0.395 (44) 0.395 (fixed) 0.384 (36) 0.384 (fixed)
Te(Ts/Ts) 1.300 (39) 1.300 (fixed) 1.314 (43) 1.314 (fixed)
> (- C)? 0.0135 0.0045 0.0134 0.0045

LC, light curve
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Figure 8. The theoretical light curves with hot spot of TT Cet with mode 3 and mode 4.
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phase=0.25
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Figure 9. Geometrical structure of TT Cet with bolding region marking the position of the hot spot with mode 4.

the mass ratio. It can be seen from Figure 7, the g-search bot-
tom with mode 3 is clearly sharp around 0.420(1), the uncertainty
may be 0.01. The g-search bottom with mode 4 is narrow (visually,
from 0.42 to 0.44), so the mass ratio 0.430(4) may have an uncer-
tainty of 0.04. The geometric structure in 3D view with mode 4 is
shown in Figure 9, and the bolding region shows the position of
the hot spot.

5. Discussion and conclusion
5.1. Investigation on TT Cet

The atmosphere parameters of the primary component obtained
from the spectra fit are as follows: Ty =7 091+ 124K, logg =
4.15+0.33cm/s*, and [Fe/H]=—0.23 £0.04dex. The light
curves of this target show B Lyrae characteristics. The asymmetri-
cal light curves show obvious O’Connell effect with about 0.05 mag
brightness enhancement around the primary light maximum. The
spotted theoretical light curves with mode 3 and mode 4 fitted the
light curves quite well. The brightness enhancement around phase
0.10-0.40 could be explained by a hot spot near the facing surface
of secondary component causing by the mass transfer from the
primary component. The solution with over contact mode shows
that the system should be an extremely shallow contact binary
with f =0.013(7). Therefore, the semi-detached mode, with the
primary component filling its Roche lobe, may be more reason-
able than the contact model. TT Cet should be one SD1-type
near-contact binary. Such brightness enhancement also appears
in other SD1-type NCBs, such as BL And (Zhu & Qian 2006),
BS Vul (Zhu et al. 2012), GR Tau (Qian 2002a), and V473 Cas
(Zhu et al. 2009). The solutions with semi-detached mode show
that the primary component of TT Cet has already filling its Roche
lobe and the secondary is nearly filling the Roche lobe with a fill-
degree factor f(fill — degree), = 0.966(53). The orbital inclination
is i = 82.59(29)°, which means that the system is totally eclipse and
the photometric solutions are reliable. The temperature difference
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between the components is about 1700 K. TT Cet should con-
sist of a F7-type primary star and a G7-type secondary star (Cox
& Pilachowski 2000). The semi-major axis was estimated as a =
3.405282R¢, through the WD progress, which can be used to
compute the total mass M of the binary system
47%a’®
Gp?’

then, using the determined photometric solutions of mode 4,
the absolute parameters can be estimated as follows: M; =1.573
(£0.044)My, M, = 0.677(£0.082)My, R; = 1.551(20.002)R,,
R, = 1.039(£0.002)Ry, L, = 5.464(+0.394)L,, and L, =
0.972(%0.003)Lg.

All available eclipse times were used to investigate the varia-
tions of the orbital period by analyzing the O-C diagram. The O-C
analysis found that the period of TT Cet is decreasing at a rate
of dP/dt = —5.01(£0.06) x 1078 d - yr~". Such long-term period
decrease may be the results of mass transfer from the primary
component to the secondary one and the angular momentum loss
(AML) from the binary system [e.g., Zhu et al. (2009), (2012), Liao
et al. (2017), Liao, Qian, & Sarotsakulchai (2019)]. Case A mass
transfer from primary to the secondary component occurs com-
monly in SD1-type semi-detached systems, such as BL And (Zhu
& Qian 2006). The thermal timescale and nuclear timescale of the
primary star are 7y = 2 x 10”M,?/LyR, = 9.08 x 10° yr and Ty =
10"°M, /L, = 6.97 x 10° yr, respectively. The timescale of period
decrease is 7, = P/P=9.7 x 10° yrs, which is more close to the
thermal timescale of the primary star. It means that the mass trans-
fer in TT Cet is occurring on the thermal timescale of the primary
star. Assuming the conservation of mass, the following equation
can be used to calculate the rate of mass transfer:

P/P=3(1— M,y/M,) - My/M,. (8)

This leads to M, /M, = 6.03(40.12) x 10~%yr~!, and the timescale
of mass transfer is T ~ M,/AM, ~ 1.67 x 107 yrs. We note that
such a period change may also be one part of a cyclic variation

M=M, +M,= (7)


https://doi.org/10.1017/pasa.2020.22

Publications of the Astronomical Society of Australia

caused by the third body with a much longer period, such as 250
yr, while this possibility also needs more observation evidence.

Using the Kepler third law and the photometric solutions with
mode 4, the mean densities of the primary and secondary star
were calculated as p; =0.420p5 and p, = 0.601p¢, respectively.
The corresponding logarithm values are log p; /po = —0.377 and
log p2/po = —0.221. Compared with the main sequence stars with
same spectra type (Cox & Pilachowski 2000), the mean densities of
both components are quite lower, which indicates that the compo-
nents may evolved away from the zero age main sequence (ZAMS)
line.

The asymmetrical light curves of TT Cet show obvious bright-
ness enhancement around the primary light maximum, which may
be caused by the hot spot on the surface of the secondary com-
ponent. Accretion stream caused by the long-term mass transfer
from the primary star will emerge on the surface of the secondary
component, and then it will move to one side of the midline of
the two stars, which will lead to local brightness enhancement of
the surface (Hilditch et al. 1997). The latitude and longitude of the
spot centre are about 85.81° and 100.56°, and the angular radius of
the spot is about 22.6°, which follow the law of hot spot distribu-
tion on the secondary component (Hilditch et al. 1998). Hot spot
is one kind of vestige of mass transfer, so the area of hot spot can
be regarded as an indirect measurable parameter of mass transfer.
The proportion of hot spot area in the surface of the secondary
component is about 3.16%. Moreover, the long-term orbital period
decrease of TT Cet supports the mass transfer from the primary
to the secondary and is consistent with its primary filling config-
uration, which is another evidence of the mass transfer between
components.

Semi-detached systems with lobe filling primaries like TT Cet
are particular targets lying on key evolutionary phases, which are
quite rarely in observation. TT Cet maybe in the broken con-
tact stage predicted by the thermal relaxation oscillations theory
(TRO) (Lucy 1976; Flannery 1976; Robertson & Eggleton 1977;
Lucy & Wilson 1979). The geometric structure of such semi-
detached system with the primary filling the Roche lobe and
the secondary nearly filling the Roche lobe is quite instability.
However, such oscillation phase is quite short compared with the
whole life times of the components. During the semi-detached
phase, the light curves of such systems show classical EB-type
characteristic. The orbit will shrink, and the period will decrease
continuously because of the Case A mass transfer from the pri-
mary component to the secondary one. The period decrease and
the semi-detached configuration with lobe filling primary reveal
that TT Cet has reached the broken contact stage. Meanwhile, the
AML via magnetic braking could also play a key role during the
evolution process [e.g., Qian (2001) and (2003)]. With the period
decrease, the secondary star will expand to fill the Roche lobe,
then TT Cet will eventually evolve to the contact stage [e.g., Liao,
Qian & Liu (2012) and Qian & Yang (2005)]. It is another good
observational example supporting the TRO theory.

5.2. Preliminary statistic results of SD1-type NCBs

We collected all ascertained SD1-type NCBs from the literatures
based on the tables of Zhu et al. (2009) and Zhu & Qian (2009).
These systems were tabulated in Table 5. The light curves of
SD1-type NCBs show enhanced brightness around the primary
maximum commonly. The periods of the samples are all less than
1 d. The periods only show decrease variation, which indicates that

https://doi.org/10.1017/pasa.2020.22 Published online by Cambridge University Press

24

dp/dt(10~7 d yr™)

4 [ _

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

" ‘ ' ' T T v T T T
A Pri
: A -
LogR,/R,,,~P"®|
o 04 L grimepose X ]
z -
2 0.0 A
3 l -
- —TAA -
_Oé AF : : - L N ! N ! N !
= v Prl T T . : = : - : |
S V Sec .
@ 4 |—LogL,L,,,~P* _ . 4
< |- = - LogL,lL,,,~P*®) vy Ty
i) v ;M
8’ 0 v v_ VA v _v_v_ b2 5 |
- W-oemm T vTVVY
1 " 1 . L V., . ) ) ‘ 1 ‘ 1
0.8 ® rn T , . . : ‘
S 1 O se
3 0.4 - Loch‘/Mm"_Pnn . ]
= [ = -LogM,M,,,~]
= 0.0
e : 8 s QRO - 95570 0%
S o4] e . |
. 5 : K
T T . . : ‘ ‘ |
0.6 0.5 0.4 -0.3 02 01 o0
LogP

Figure 11. The R-P, L-P, and M-P relations of SD1-type NCBs.

the mass transfer may play an important role in the structural evo-
lution process of these systems, which has been suggested by Zhu
et al. (2009) and Zhu & Qian (2009).

The correlation of dP/dt-P of SD1-type NCBs is shown in
Figure 10, which is similar to the corresponding correlations of
the SD2-type NCBs and the Algol semi-detached systems with
decreasing periods (Zhu & Qian 2009). The function of the lin-
ear fit is dP/dt =0.30(£0.81) — 2.68(+1.32)P. The radii-period
(R-P, including R;-P and R,-P), luminosity-period (L-P, includ-
ing L;-P and L,-P) and mass-period (M-P, including M;-P and
M,-P) relations are plotted in Figure 11. The radii-mass (R-M)
and luminosity-mass (L-M) relations are plotted in Figure 12. The
corresponding relation equations are listed as follow, in which r
represents the correlation coefficient,

log R;/Re = 0.50(3) + 1.03(10) log P(r = 0.83), 9)

log Ry /R, = 0.29(2) + 0.96(8) log P(r = 0.88), (10)
log L, /Lo = 1.44(17) + 2.35(60) log P(r = 0.46), (11)
log L, /Lo, = 0.34(16) + 2.28(58) log P(r = 0.46), (12)
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Table 5. Parameters of SD1-type near-contact binaries

Period T T My M, Ry Ry Ly Ly dP/dt
Star (d) g(M,/M1)  Enhancement phase (K) (K) Mg Mo (Ro) (Ro) (Lo) (Lp) (077d-yrY) Ref
BO Peg 0.58043 0.55 Uncertain - - 1.9 1.0 1.8 1.3 - - —1.26 (1)(2)
V1010 Oph  0.66144 0.470 Around 0.25 7500 5132 1.887 0.887 2.01 1.40 1145 122 -3.97 (3)(4)
V361 Lyr 0.30961 0.694 0.17-0.46 6200 4500 1.26 0.87 1.02 0.72 1.48 0.20 —0.84 (5)(6)
BL And 0.72238 0.377 0.22-0.38 7500 4830 1.8 0.7 2.13 1.35 1286  0.92 —0.24 (7)
V388 Cyg 0.85905 0.3653 0.05-0.50 8750 5543 2.08 0.79 2.52 1.54 33.88 1.82 —-4.11 (8)(9)
RT Scl 0.51156 0.433 0.20-0.48 7000 4820 1.63 0.70 1.59 1.10 5.50 0.36 —-1.29 (10)(11)
CN And 0.46279 0.3885 0.20-0.40 6500 5922 1299 0505 1425 0.916 - - —1.40 (12)(13)
GR Tau 0.42985 0.2192 0.20-0.40 7500 3434 1.45 0.32 1.49 0.71 6.38 0.06 —0.42 (14)(15)
FT Lup 0.47008 0.465 0.10-0.40 6700 3916 1.43 0.61 1.43 0.94 - - —1.85 (16)
V473 Cas 0.41546 0.493 0.30-0.43 5830 4378 1 0.48 119 0.83 5.70 0.23 —0.76 (17)
BS vul 0.47597 0.340 0.25-0.45 7000 4632 1.52 0.52 1.54 0.93 513 0.35 —0.0007 (18)
NP Aqgr 0.80698 0.598 Uncertain 7050 4250 1.65 0.99 2.13 167 10 0.83 - (19)
V609 Aql 0.79657 0.70 Uncertain 6050 5000 1.05 0.74 4.39 1.84 2.70 0.8 —0.775 (20)
DO Cas 0.68467 0.304 Uncertain 8350 4297 2130 0.650 2.22 1.29 21.47 0.51 - (4)(21)(22)
V747 Cen 0.53719 0.320 Around 0.25 8150 4275 1541 0.493 1.70 0.98 1142 0.29 - (4)
VWV Cet 0.52239 0.284 Uncertain 8150 6252 1.042 0.296 1.48 0.79 8.66 0.85 - (4)
TT Her 0.91210 0.439 Uncertain 7239 4690 1.56 0.68 2.30 1.49 13.0 0.96 —1.82 (23)(24)
V1374 Tau 0.25086 0.48 0.60-0.90 4100 3455 0.66 0.32 0.742  0.508 - - - (25)
GO Cyg 0.71776 0.428 Uncertain 10350 6490 3.0 13 2.50 1.75 64 4.9 —0.01 (26)
IR Cas 0.68069 0.851 Uncertain 6750 5992 1.43 1.22 177 151 5.85 2.63 —1.18 (27)
V369 Cep 0.32819 0.85 0.30-0.45 5348 4985 0.78 0.66 0.89 0.70 0.58 0.25 -0.73 (28)
V525 Sgr 0.70512 0.55 0.25-0.35 9250 6200 - - - - - - - (29)
TT Cet 0.48595 0.43 0.10-0.40 7091 5414 1.57 0.68 1.55 1.04 5.46 0.97 —0.501 This study
DM Del 0.84468 0.550 Uncertain 8770 4823 2.51 1.38 - - - - —2.27 (30)
FF Vul 0.44499 0.4852 Around 0.25 6500 4958 - - - - - - —0.99 (31)
V530 And 0.57722 0.3786 Uncertain 7000 6500 - - - - - - —0.99 (32)
(1) = Yamasaki & Okazaki (1986); (2) = Qian (2002b); (3) = Lipari & Sistero (1987); (4) = Siwak, Zola, & Koziel-Wierzbowska (2010); (5) = Lister (2009); (6) = Hilditch et al. (1997); (7) = Zhu &
Qian (2006); (8) = Kang et al. (2001); (9) = Oh et al. (1997); (10) = Duerbeck & Karimie (1979); (11) = Hilditch & King'(1986); (12) = Van Hamme et al. (2001); (13) = Cai et al. (2019); (14) = Qian
(2002a); (15) = Gu et al. (2004); (16) = Lipari & Sistero (1986); (17) = Zhu et al. (2009); (18) = Zhu et al. (2012); (19) = Ibanoglu, Cakirli, & Dervisoglu (2010); (20) = Turner et al. (2008); (21) = Liu,

Zhang, & Zhang (1988); (22) = Jafarzadeh (2006); (23) = Milano et al. (1989); (24) = Terrell & Nelson (2014); (25) = Austin et al. (2011); (26) = Ulas et al. (2012); (27) = Li et al. (2014); (28) = Zhu
et al. (2014); (29) = Haans & Malasan (2019); (30) = He & Qian (2010); (31) = Samec et al. (2016); (32) = Samec et al. (2014).

log M, /Mg = 0.35(5) 4 0.71(16) log P(r = 0.47), (13) o 1 e 7T T
- 054 © fz;R/Rm-(M/Msun)“'“ ]
log M, /Mg = 0.003(64) 4 0.69(22) log P(r =0.28),  (14) 8
I
log R/Rgp = 0.14(2) + 0.60(8) log M /M (r =0.59),  (15) §’ 0.0 o 7
log L/Lg =0.33(5) 4+ 2.71(24) log M/Mg(r =0.79).  (16) 05 1 ° 1 1 1 1 L
The above relationships are vary similar to that of NCBs 2 < : ' ' ' T4
acquired by Zhu et al. (2009) and Zhu & Qian (2009). We note ) 1| < SEO P
| Logl/L 40~ sun. 7

that in Figure 11, there are two total absences of samples with _?
periods around 0.35 and 0.5 d. The gap near 0.5 d may be caused =
by the selection effect of the samples apparently, because the S
binaries with period close to 12h are difficult to observe. Such 14
gap also appears in the relation of contact binaries (Gazeas & _— . .
Niarchos 2006). While the gap near 0.35d is very interesting, -06 04 02 0.0 0.2 04 06
more observation data are needed to understand this feature. The LogM/Mg,

radii, luminosity, and mass of components are correlated with

the period of the system, which is shown obviously in Figure 11.  Figure12. The R-Mand L-M relations of SD1-type NCBs.
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Figure 13. The temperature-luminosity diagram of SD1-type NCBs.

The correlation coefficient of the R-P relation is much larger than
that of L-P and M-P relations. The coefficient of radii-mass rela-
tion and luminosity-mass relation are estimated as 0.60 and 2.71,
respectively. The coefficient of R-M relation is larger than that
of W UMa-type over-contact systems (0.46), but less than that of
detached systems (0.724). Meanwhile, the coefficient of L-M rela-
tion is very near to that of the main sequence systems (2.76). The
temperature-luminosity diagram of SD1-type NCBs including TT
Cet is plotted in Figure 13. In the figure, the ZAMS and terminal-
age main sequence lines are acquired by Schaller et al. (1992) at
Z =0.020. From the figure, we can see that the primary compo-
nents of SD1-type NCBs are located in the main sequence, and
the secondaries have evolved from the main sequence. The results
indicate that the two components of SD1-type NCBs may lay in
the similar evolutionary, and the secondary component has higher
degree of evolution.
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