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ABSTRACT

We report the discovery of the third tidally tilted pulsator, TIC 63328020. Observations with
the TESS satellite reveal S Lyrae-type eclipses with an orbital period of 1.1057 d, and § Scuti-
type pulsations with a mode frequency of 21.09533 d~!. This pulsation exhibits a septuplet
of orbital sidelobes as well as a harmonic quintuplet. Using the oblique pulsator model, the
primary oscillation is identified as a sectoral dipole mode with [ = 1,m = |1]. We find the
pulsating star to have M7 ~ 2.5 Mgy, R; ~ 3Ry, and Teg,1 ~ 8000 K, while the secondary
has My ~ 1.1Mg, Ry ~ 2R, and T2 ~ 5600 K. Both stars appear to be close to
filling their respective Roche lobes. The properties of this binary as well as the tidally tilted
pulsations differ from the previous two tidally tilted pulsators, HD74423 and CO Cam, in
important ways. We also study the prior history of this system with binary evolution models
and conclude that extensive mass transfer has occurred from the current secondary to the

primary.
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1 INTRODUCTION

The single-sided or tidally-tilted pulsators are a newly recognized
type of pulsating star in close binary systems. In these stars the tidal
distortion caused by the companion aligns the pulsation axis of the
oscillating star with the tidal axis. This has two important conse-
quences. First, the pulsation axis corotates with the orbit and there-
fore the stellar pulsation modes are seen at varying aspect, leading
to amplitude and phase variations with the orbital phase. Second,

* E-mail: sar@mit.edu

the tidal distortion of the pulsating star causes an intrinsically un-
even distribution of pulsation amplitude over the stellar surface.

These two facts can be used to our astrophysical advantage.
Viewing the stellar pulsation over the full orbital cycle allows us to
constrain the orbital inclination, %, and the obliquity of the pulsation
axis, 3, to the orbital axis. The required mathematical framework,
the oblique pulsator model, has been developed over the past four
decades, starting with Kurtz (1982). Even though it was developed
for the rapidly oscillating Ap (roAp) stars, whose pulsation axes
are tilted with respect to their pulsation axes due to the stellar mag-
netic fields, it is readily applicable to tidally tilted pulsators. Since



2 S. Rappaport et al.

the pulsation axes of those stars are located in the orbital plane, the
analyses of the binary-induced variability and of the tidally tilted
pulsation mutually constrain each other. The predominant shape of
the distorted oscillations, and thus the “pulsational quantum num-
bers” — the spherical degree [ and the azimuthal order m — can
be determined from the variation of the pulsation amplitude and
phase over the orbit. In reality, the tidal distortion induces cou-
pling between modes of different spherical degree I, modifying the
perturbed flux distribution at the surface, and sometimes “tidally
trapping” the oscillations on one side of the star. The theoretical
groundwork for this type of analysis was laid by Fuller et al. (2020,
MNRAS, in press).

Two single-sided pulsators have so far been reported in the
literature; both are ellipsoidal variables. The first discovery was
HD 74423 (Handler et al. 2020), which contains two chemically
peculiar stars of the A Bootis type in a 1.58-d orbit that are close to
filling their Roche lobes. Although the two components are almost
identical, only one of them shows § Scuti pulsation. Rather unusual
for this type of pulsating star, there is only a single mode of oscilla-
tion, and it is not clear which of the two components is the pulsator.
Shortly afterwards, Kurtz et al. (2020) reported the discovery of a
second such system, CO Cam. The properties of this binary are
different from those of HD 74423. Its orbital period is somewhat
shorter (1.27 d), the secondary component is spectroscopically un-
detected, hence considerably less luminous than the pulsating pri-
mary, which is far from filling its Roche lobe. The pulsating star in
the CO Cam system is also chemically peculiar, but it is a marginal
metallic-lined A-F star (often denoted with the spectral classifica-
tion “Am:”), and it pulsates in at least four tidally distorted modes.

Both HD 74423 and CO Cam were designated as “single-sided
pulsators” because they show enhanced pulsation amplitude on the
L, side of the star facing the secondary, as explained by Fuller et
al. (2020, MNRAS, in press). In the present paper, we report the
discovery of the third single-sided pulsator, TIC 63328020, which
is different from the two systems studied earlier. With the discovery
of a sectoral pulsation mode in TIC 63328020, we now refer to
these stars generally as ‘tidally tilted pulsators’, where the more
specific name, ‘single-sided pulsators’, can still be used for those
stars that have strongly enhanced pulsation amplitude on one side
of the star.

In Section 2 we discuss how this object was first noticed in
Transiting Exoplanet Survey Satellite (TESS) data and we present
a detailed analysis of the pulsations. In particular, we show that the
pulsations are strongly modulated in amplitude and phase around
the orbit, with the peak pulsation amplitudes coinciding in time
with the maxima of the ellipsoidal light variations (‘ELVs’), hence
in quadrature with the eclipses. In Section 3.1 we present the re-
sults of a study of archival data for the spectral energy distribution
(‘SED’) as well as the long-term eclipse timing variations (‘ETVs’)
for the system. Our radial velocity (RV) data for the system are
presented and analysed in Section 3.2, while Section 3.3 utilizes
the RV and SED data to analyse the system properties. As a com-
plementary analysis of the system parameters, in Section 3.4 we
combine the RV data and the TESS light curve via the pheobe?2
code to derive the system parameters. Finally, in Section 4 we use a
series of MESA binary evolution grids to understand the formation
and evolutionary history of TIC 63328020. We conclude that there
was almost certainly a prior history of mass transfer in the system
and that the roles of the primary and secondary stars have reversed.

2 ECLIPSES AND PULSATIONS IN TIC 63328020

TIC 63328020 = NSVS 5856840 was reported as a suspected
eclipsing binary of the 8 Lyrae type by Hoffman et al. (2008), the
only literature reference to this star. It has an apparent magnitude
V = 11.97, and a parallax of 0.949 &£ 0.035 mas, giving a distance
of 1053 & 38 pc (Luri et al. 2018; Gaia Collaboration et al. 2018)
and an absolute visual magnitude of My = 1.86. The TESS Input
Catalog (TIC) parameters are T = 7100 K and log g = 3.6 (cgs).
There is no spectral type. The archival properties of TIC 6338020
are summarised in Section 3.1.1 below.

In addition to the eclipses, 6 Scuti-type pulsations were dis-
covered by one of us (DWK) during a visual inspection of TESS
Sector 15 light curves. During its main two-year mission, 2018 —
2020, TESS observed almost the whole sky in a search for transiting
extrasolar planets around bright stars (4 < I. < 13) in a wide red-
bandpass filter. The measurements were taken in partly overlapping
24 x 96° sectors around the ecliptic poles that were observed for
two 13.6-d satellite orbital periods each (Ricker et al. 2015).

TIC 63328020 was observed by TESS in Sectors 15 and 16
in 2-min cadence. We used the pre-search data conditioned sim-
ple aperture photometry (PDCSAP) data downloaded from the
Mikulski Archive for Space Telescopes (MAST)*. The data have
a time span of 51.95d with a centre point in time of ty =
BJD 2458737.344622, and comprise 34657 data points after some
outliers were removed with inspection by eye.

Fig. 1 shows the TESS photometry for TIC 63328020. The top
panel displays the full Sectors 15 and 16 light curve, where the
eclipses and ellipsoidal light variations are obvious. The bottom
panel shows a short segment of the light curve where more details
can be seen. Importantly, a careful look reveals that the pulsational
variations are largest on the ELV humps where the star is brightest.
That, of course, is at orbital quadrature, so this is distinctly different
from the first two single-sided pulsators, HD 74423 and CO Cam.
The frequency analysis below bears out this first impression. First,
we look at the light curve, which shows the ellipsoidal orbital vari-
ations clearly, and the amplitude modulation of the pulsations on
careful inspection.

2.1 The orbital frequency

We analysed the data using the frequency analysis package
PERIOD04 (Lenz & Breger 2005)2, a Discrete Fourier Transform
program (Kurtz 1985) to produce amplitude spectra, and a com-
bination of linear and nonlinear least-squares fitting to optimise
frequency, amplitude and phase. The derived orbital frequency is
Vorb = 0.9043640 & 0.0000007d™! (Poy, = 1.1057495 +
0.0000008 d), where variance from the pulsations and from some
low frequency artefacts have been filtered for a better estimate of
the uncertainty in the frequency. A 50-harmonic fit by least-squares
was done to see how this frequency fits the data, and to show that
the pulsation frequencies are not orbital harmonics. In practice, the

1 http://archive.stsci.edu/tess/all_products.html

2 This to was used to begin the analysis, but later changed to the time of
pulsation maximum to test the oblique pulsator model. For the assessment
of phase errors with nonlinear least-squares fitting, it is important that the
to chosen is near to the centre of the data set. Since frequency and phase are
degenerately coupled in the fitting of sinusoids, when tq is not the centre
of the data set, small changes in frequency result in very large changes in
phase, since phase is referenced from ¢¢.

3 https://www.univie.ac.at/tops/Period04/
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Figure 1. Top: The full Sectors 15-16 light curve of TIC 63328020 showing the orbital variations. Bottom: A section of the light curve where close inspection
shows the pulsations, particularly at orbital quadrature. The zero point of the ordinate scale is the mean.

harmonics at frequencies higher than 20 X v,,1, do not have statis-
tically significant amplitudes.

After pre-whitening the data by the 50-harmonic fit, some low
frequency artefacts from the data reduction were removed with a
high-pass filter, which was a simple consecutive pre-whitening of
low frequency peaks extracted by Fourier analysis until the noise
level was reached in the frequency range 0 — 6 d~*. This was done
to study the pulsations with white noise for the purpose of estimat-
ing the uncertainties.

2.2 The pulsation

TIC 63328020 pulsates principally in a single mode at a frequency
of 11 = 21.09533 & 0.00014d ™", typical of § Sct stars. Because
this oblique nonradial pulsation mode is observed from changing
aspect with the orbit of the star and its synchronous rotation, am-
plitude and phase modulation of the pulsation generate a frequency
septuplet. There is also a harmonic at 2v; that generates a quin-
tuplet. These are typical of oblique pulsators. There are also two
low-amplitude frequencies at 10.502d ™" and 11.406d™"! that are
separated by the orbital frequency. It is likely that one of these is a
mode frequency and the other is part of a frequency multiplet from
oblique pulsation where the signal-to-noise is too low to detect the
other multiplet components. Whichever of these two frequencies is
the mode frequency, it is close to, but is not, a sub-harmonic of the
principal mode frequency. Because of the low signal-to-noise, we
do not discuss these 10.502d ™! and 11.406d™" frequencies fur-
ther.

The top panel in Fig. 2 shows the amplitude spectrum for the
high-pass filtered data. An inspection shows that there is a septu-
plet centred on v; = 21.09533d™* and a quintuplet centred on
211 = 42.19065d"". The detected frequencies are listed in Ta-
ble 1. Because the orbital inclination is close to 90°, and the tidal
pulsation axis is is inclined 90° to that, the pulsation shows am-
plitude maxima twice per orbit, as will be seen in the next sub-
section. That then generates two principal peaks in the amplitude
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Figure 2. Top: The amplitude spectrum of the high pass data. There is a fre-
quency septuplet centred on 1 = 21.09533 c/d, and a quintuplet centred
on 2v7. The reason there are two high amplitude first sidelobes about an
almost zero amplitude mode pulsation frequency is that we are seeing this
pulsation inclined by 90° to the orbital axis, which itself is near to ¢ = 90°,
thus giving two pulsation amplitude maxima per orbit.

spectrum at v1 — Vo, and 11 + Vorb, along with the other sidelobes.
We determined the frequencies in the multiplets by a combination
of linear and nonlinear least-squares fitting, and determined that
all separations in the multiplets are equal to the orbital frequency
Vorb = 0.9043640 = 0.0000007 d~* determined in the last section
within 1.50. We took the average of those two highest amplitude
sidelobe frequencies to determine the value of v1, and generated
the frequency multiplets from that. Thus we only give frequency
uncertainties on these two highest amplitude frequencies, i.e., those
for the first orbital sidelobes vy — Vorp and 1 + Vorh, Which are
40.00015d™* and £0.00022d ™, respectively.

We then forced a frequency septuplet for v; and a quintu-
plet for 2vq, all split by exactly the orbital frequency, vor, =
0.904339 + 0.000013d ™. The reason for choosing this exact
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Table 1. A least squares fit of the two low frequencies, the frequency sep-
tuplet for v1 and the frequency quintuplet for 2v;7. The zero point for the
phases, to = BJD 2458737.14936, has been chosen to be a time when the
two first orbital sidelobes of v1 have equal phase.

frequency  amplitude phase
d-1! mmag radians
+0.023

Viow — Vorb 10.50197 0.133 —0.708 £0.175
Viow 11.40633 0.152 1.129 £ 0.152
V1 — 3Vorb 18.38223 0.181 1.350 4+ 0.128
V1 — 2Vorb 19.28660 0.192 2.859 £0.121
vl — Vorb  20.19096 1.585 0.719 £0.015
vy 21.09533 0.110 0.304 £0.211
Vi + Vorb  21.99969 1.080 0.719 £ 0.022
vl + 2v6p  22.90405 0.154 —0.419 £ 0.151
v1 + 3o 23.80842 0.185 1.296 4+ 0.125
2v1 — 2v4,,  40.38193 0.049 —2.882 £ 0.479
2v1 — Vorp  41.28629 0.266 1.608 4 0.087
2v1  42.19065 0.341 0.057 £ 0.068
2v1 + vorp  43.09502 0.277 —1.652 £ 0.084
2v1 + 2v6,, 4399938 0.133 —3.130 £ 0.175

splitting is that for oblique pulsators it is instructive to examine
the pulsation phases, and those are inextricably coupled to the
frequencies, as can be seen by examining the function we fitted,
(cos 2w f(t — to) + ¢). Pre-whitening by that solution (and includ-
ing in the fit the two low-frequencies 10.502d ™! and 11.406d~%)
leads to no variance in the data above noise, as can be seen in the
bottom panel of Fig. 2. This shows that exact splitting by the orbital
frequency about v; and 2 fits the data, and that there are no other
detectable pulsations. This star has one principal oblique pulsating
mode.

Finally, we chose a time zero point, o, such that the pulsa-
tion phases were equal for the two dominant peaks seen in the top
panel of Fig. 2. This effectively choses a time of pulsation ampli-
tude maximum with the orbit and rotation of the star, thus provides
the orbital phase for the time of pulsation maximum. Table 1 shows
a least-squares fit of the determined frequencies.

2.3 Pulsation as a function of orbital phase

While the frequencies, amplitudes and phases determined by
Fourier analysis and least-squares fitting in the last subsection con-
tain the information to study the oblique pulsation, it is instructive
and easier to see how this pulsation varies with orbital aspect by
plotting the pulsation amplitude and phase as a function of orbital
(rotational) phase. To do this we fitted the pulsation frequency, v,
and its harmonic, 2v1, to chunks of the data that are Po,,/10 in
duration. It is immediately obvious from doing this that pulsation
amplitude maximum occurs in quadrature to the orbital eclipses.
This is the signature of an oblique pulsation in a dipole sectoral
mode.

To show this, we have set the time zero point i of an
orbital period prior to pulsation maximum, as determined from
the fitting in the last subsection. That zero point is tg =
BJD 2458736.87292. We emphasise that this time has been chosen
with reference to the pulsation amplitude maximum, hence is inde-
pendent of the determination of the time of primary eclipse from
the study of the orbital variations.
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Figure 3. v1: Top and second panels: The pulsation amplitude and phase
variation as a function of orbital phase taking 11 to be the pulsation fre-
quency. The zero point in time, tg = BJD 2458736.87292, has been set
to be % of an orbital period before the time of pulsation maximum, which
was determined by choosing the time when the phases of the first orbital
sidelobes are equal. Third panel: The pulsation amplitude as a function of
orbital phase for the second harmonic 2v1. The phase diagram for this fre-
quency is not shown, since it is uninformative because the low amplitude
results in high scatter in the phase determinations. The second harmonic
peaks when the L3 point is closest to the observer. Bottom: the orbital light
variations as a function of orbital phase for comparison. For this panel the
data were binned by a factor of 10. It can be seen that orbital light maximum
coincides with pulsation maximum, and that the pulsation amplitude is very
similar at orbital phases 0.0 and 0.5. This is currently unique.

Fig. 3 shows the results. The mode is a sectoral dipole mode
with £ = 1,m = |1]. Amplitude maximum coincides with or-
bital quadrature, and the phase reverses by 7 rad at the times of the
eclipses when the line of sight aligns with the tidal axis. This is
new and currently unique among tidally tilted pulsators. Because
the mode is sectoral, it has a symmetry with respect to the tidal dis-
tortion such that the star is not strongly “single-sided”. The third
panel of Fig.3 shows that the harmonic distortion of the mode is
strongest during secondary eclipse when the L3 side of the pulsat-
ing star is closest to the observer, thus the L; and L3 sides of the
pulsator do differ and the star is mildly a “single-sided pulsator”.

2.4 A identification constraint on the p mode

The standard simple relation for a toy model pulsator of
P /% = (Q can be rewritten in terms of observables as

log@Q =log P + %logg + TloMbol + log Ter — 6.454,

where @) is a pulsation “constant” that can be compared with mod-



Table 2. Properties of the TIC 63328020 System

Parameter Value

RA (J2000) (h m s) 21:20:14.41
Dec (J2000) (° /') 51:23:41.04
IO 11.553 +0.014
G 11.967 4 0.009
Ggp? 12.267 4+ 0.026
Grp? 11.462 + 0.024
Ba 12.619 + 0.228
ye 11.965 + 0.114
Je 10.991 + 0.020
He 10.829 + 0.019
Ke 10.744 + 0.018
w1 10.451 £ 0.024
w2d 10.476 + 0.022
w34 10.232 £ 0.070
w4d >9.07
R(Re)" 361078

L (L) 13.540.8
Orbital Period (d)¢ 1.10575

K1 (kms—1)e 87.5+ 4.5

~ (kms—1)e —8.8+3.6
Distance (pc)? 1053 £ 38
Jio, (mas yr—1)P +2.5140.05
s (mas yr— 1P +1.49 £+ 0.05

Notes. (a) ExoFOP (exofop.ipac.caltech.edu/tess/index.php). (b) Gaia DR2
(Lindegren et al. 2018; Luri et al. 2018; Gaia Collaboration et al. 2018). (c)
2MASS catalog (Skrutskie et al. 2006). (d) WISE point source catalog
(Cutri & et al. 2013). (e) This work; see Table 4 for details on the orbital
period and Table 5 and Fig. 6 for the RV results.

els, P is the pulsation period in days and log g is in cgs units.
Taking Teg = 7100K, logg = 3.6 from the TIC, and My, =
My = 1.86 from the GAIA parallax and V' magnitude then gives
for 11 a value of Q = 0.011, indicative of radial overtone around
n = 6 — 10. The same calculation for the low frequency peak at
11.406d™" gives Q = 0.021, suggesting a second radial overtone
mode.

3 SYSTEM PROPERTIES OF TIC 63328020
3.1 Archival Data
3.1.1 Magnitudes and Gaia Results

We have collected a set of archival magnitudes for TIC 63328020
and report these values in Table 2. Additionally, we list the Gaia
information about this object in Table 2. There is a fainter (G =
19.9) neighbour star some 2.84" away, but there is insufficient Gaia
information to tell whether that star is physically associated with
TIC 63328020.

3.1.2  Spectral Energy Distribution

The spectral energy distribution (SED) points for this object are
plotted in flux units in Fig. 4, and many of them are reported as
magnitudes in Table 2. The SED points have all been corrected for
interstellar extinction at a level* of E(g—r) ~ 0.30=40.03, which

4 (http://argonaut.skymaps.info/query)
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results.

50000

we take to mean Ay ~ 1. We then use the wavelength dependence
of extinction given by Cardelli, Clayton & Mathis (1989), in partic-
ular, the fitting formulae in their Eqn. (2) and (3) for (A(\)/A(V)).
Also shown on the figure are fitted curves to the SED based on the
contributions from both stars in the binary. These will be discussed
in Section 3.3.2.

3.1.3 Archival Photometric Data

In addition to the new TESS photometry on TIC 63328020, we have
utilized archival photometric data from ASAS-SN, WASP, KELT,
and DASCH (for references see Table 3) to establish the long-term
orbital ephemeris for this binary. The time intervals for the various
data sets, and references to the archival data are given in Table 3.
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Table 3. Eclipse Timing Variation Data for TIC 63328020

Table 5. Radial Velocity Data for TIC 63328020

Source Start Date®  End Data® ETV? Epoch (BJD) RV (Call K)* RV (CCF)? RV (average)“
kms—! kms—! kms—!
TESS® 58711 58763 +0.0029 4 0.0003
ASAS-SN¢ 57106 58348 +0.00002 4 0.0044 2458816.3148 70.9+4.5 67.7+3 68.8 +4
KELT 3¢ 56744 57021 +0.00002 £ 0.0039 2448816.4059 37.14+4.7 30.7£3 328 +4
KELT 2¢ 56387 56668 +0.0006 + 0.0033 2458817.3112 78.0t4.1 775+3 77T +4
KELT 1¢ 56007 56303 +0.0055 £ 0.0022 2458817.3870 69.0 +4.3 70.1£3 69.7 £ 4
WASP/ 54070 54670 —0.0005 4 0.0007 2458818.3317 62.8 4.5 67.0£3 65.6 £4
DASCH 39 35119 47857 —0.0303 £ 0.0077 2458818.4005 72.3+6.3 77.0£3 75.4+4
DASCH 29 22335 35119 —0.0066 4= 0.0050 2458819.3069 14.1+4.6 12.0+3 12.7+4
DASCH 19 10606 22335 +0.0514 4+ 0.0099 2458819.3908 55.4 £4.2 58.5+3 57.5+4
Epoch of ¢g K¢ ~@ cycles after TESS
Notes. (a) HID-2 400 000. b. The fold period is 1.105 769 8 days with an kms—! kms—1
epoch of HID 2444 000.2795. The ETV value is expressed in days. (c)
2458818.7042(36) 87.5+4.5 —8.8+3.6 82.006 &+ 0.005

This work. (d) Shappee et al. (2014) and Kochanek et al. (2017). (e)
Pepper et al. (2007) and Pepper et al. (2012). (f) Collier Cameron et al.
(2006); Pollacco et al. (2006). (g) Grindlay et al. (2009).

Table 4. Orbital Period Determinations for TIC 633280200

Parameter Value Uncertainty
TESS Only
Py ® [days] 1.105749 0.000001

P,1,? [days] 1.1059 0.0002

P,.° [days] 1.105751 0.000 001

P, % [days] 1.105754 0.000001

]Dorb/Ijolrbe [yearS] —3050 500
Long-Term ETV Study

P, f [days] 1.105769 8 0.000000 3

P, [days] 1.105769 8 0.0000003

Porb/ Porb " [years] +15.7 x 106 3 x 106

Notes. (a) Based on the frequency analysis. (b) Spacing between the v1
pulsation sextuplet. The corresponding epoch time is JD 2 458 736.8729.
(c) Eclipse timing analysis (‘ETV’) assuming no period changes. The
reference fold epoch is JD 2458 736.8720. (d) ETV analysis allowing for
Porb .(e) Poyb/ Porb from the ETV analysis. (f) From the long-term
photometric ETV analysis assuming P,,1, is a constant. The fold epoch
time is JD 2444 000.2795. (g) From the long-term photometric ETV
analysis allowing for Porb- (h) Porp/ Porb from the long-term
photometric ETV analysis

The DASCH data cover more than a century, but only about 1100
scanned plates for this object were available; we divided these up
into three roughly 30-yr long intervals which are denoted “1”, “2”
and “3”. The same was done for the KELT data which spanned
three observing seasons and was divided into three ~10-month seg-
ments. For each data set we derived a time of mid-primary eclipse
from a fold of the data about a common reference period and epoch
(see Table 3).

From this set of archival photometry we derived a long-term
ETV curve for this object which is plotted in Fig. 5. While the long-
term orbital period is well defined to a about a part per million with
Por, = 1.105769 8(3) d, it is also apparent that there are signifi-
cant non-linear ETVs present. At the moment, there is insufficient
information to quantify whether these are due to orbital motion in-
duced by a distance companion or some other effect causing jitter
in P, (e.g., Applegate 1992). In Table 4 we summarize all the in-
formation that we have about the orbital period, and its derivative,

Notes. (a) Based on measurements of the Ca II K line only. (b) Based on a
cross correlation analysis of the spectrum over the region of 3700 to
4700 A. (c) Weighted average of the two RV analyses. (d) Based on the
average of the RVs, and a simple sinusoidal fit that does not take into
account the Rossiter-McLaughlin effect (but see Section 3.4 for a more
complete analysis).

derived in several different ways from the various available data
sets.

3.2 Radial Velocity Measurements

TIC 63328020 was observed with the Intermediate Dispersion
Spectrograph (IDS) on the 2.5-m Isaac Newton Telescope (INT)
between 28 November and 1 December 2019. The blue-sensitive
EEV 10 detector was used along with a 1" wide slit and the R1200B
grating centred at 4000 A for an unvignetted spectral coverage
of ~3600-4600 A at a resolution of approximately 4500. In to-
tal, eight exposures were acquired with integration times between
1200 s and 1400s, the dates of which are shown in Table 5. The
spectra were wavelength calibrated against arc frames, illuminated
using Copper-Argon and Copper-Neon lamps, obtained immedi-
ately after each observation in order to avoid shifts due to flex-
ure in the instrument. Bias subtraction, wavelength calibration, sky
subtraction and optimal extraction (following the routine of Horne
1986) were performed using standard STARLINK routines.

We extracted the K-velocity of the primary star via two dif-
ferent approaches. In the first we simply fit the deep Ca II K line (at
3934 A) and thereby estimated RVs with the corresponding uncer-
tainties. In the second, we did a cross-correlation analysis. For the
latter, we removed the spectrograph blaze function from the spectra
by breaking the spectra into 4-nm wide bins, identifying the highest
10 per cent of flux measurements within each bin (most of which
are in the continuum), fitting a basis spline to the continuum points,
and dividing the spectrum by the best-fit spline. We then measured
radial velocities by cross-correlating each blaze-corrected spectrum
with the highest signal-to-noise observation. The results are very
similar to those obtained from the Ca II K line alone, but the un-
certainties for the cross-correlation result are empirically somewhat
smaller. We list both sets of RVs in Table 5.

We do not see any lines from the companion star. We estimate
that the luminosity of the secondary is <10 per cent that of the
primary.

The RV data were taken over four consecutive nights, and
since the orbital period is 1.1 d, there was insufficient time for the
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Figure 6. Radial velocity curve for the primary in TIC 63328020. Because
the orbital period is relatively close to a day, the orbital phase sampled over
the four nights of observations did not cover the lower half of the RV curve.
The red curve is a model fit using Phoebe?2, yielding 89 + 6 km/s (see
Sect. 3.4).

orbital phases during the observations to drift more than ~40% of
an orbital cycle. Nonetheless, we were able to measure the K ve-
locity of the primary star to be 87.5 4= 4.5 km s~ ! (see Table 5).
The radial velocities are plotted in Fig. 6 along with a superposed
model fit which is discussed in Section 3.4.

The RV orbital phase zero comes out to be 82.006 % 0.005 or-
bital cycles after the TESS reference phase zero, and thus is consis-
tent to within an uncertainty of ~8 minutes. The RV orbital phase
zero is also consistent with the orbital phase zero determined from
the pulsation frequencies (see Fig.3), with the same uncertainty.
This shows how precisely the pulsation axis coincides with the tidal
axis.

3.3 System Parameters From RV Data Plus SED Fitting

In order to evaluate the binary system parameters of TIC 63328020,
we utilised two essentially independent approaches to the analy-
sis (see also (Kurtz et al. 2020)). In the first, we find the stellar
masses, inclination and system age that best yield a match to the
existing measurements of the spectral energy distribution (SED)
and the measured radial velocity of the primary star. In the second
approach, we model the TESS light curve and simultaneously the
radial velocity curve with the phoebe?2 binary light curve emula-
tor (Prsa et al. 2016). Both methods utilise a Markov chain Monte
Carlo (MCMC) approach to evaluate the uncertainties in the pa-
rameters.

3.3.1 Coeval, No-Mass-Loss Assumption

The first method for finding the system parameters utilises three
basic ingredients: (1) the known K velocity for the primary star
(see Fig. 6); (2) the measured SED points® between 0.4 and 22 yim;
and (3) the Gaia distance (Lindegren et al. 2018).

In this part of the analysis we also make use of the MIST
(MESA Isochrones & Stellar Tracks; Dotter 2016; Choi et al. 2016;
Paxton et al. 2011; Paxton et al. 2015) evolution tracks for stellar
masses between 0.7 and 3.0 M, with solar composition®, in steps
of 0.1 M. Both here and in Section 3.3.2, we utilise the Castelli

5 http://viz-beta.u-strasbg fr/vizier/sed/doc/; see also Table 2.
6 We have chosen solar metallicity due to lack of information about the
interior composition of the primary star in TIC 63328020.
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& Kurucz (2003) model stellar atmospheres for 4000 < Teg <
10,000K in steps of 250K. A solar chemical composition is as-
sumed.

Our approach follows that of Kurtz et al. (2020; and refer-
ences therein), but we briefly describe our procedure here for com-
pleteness. We use an MCMC code (see, e.g., Ford 2005) that evalu-
ates four parameters: the primary mass, M1, secondary mass, M>,
system inclination angle, 7, and the MIST equivalent evolutionary
phase (EEP) of the primary star. The use of EEPs as a fitted param-
eter are described in detail in Kurtz et al. (2020).

For each step in the MCMC analysis we use the value of
M, and the EEP value for the primary to find R; and Tcg,; from
the corresponding MIST tracks, using interpolation for masses be-
tween those that are tabulated. That also automatically provides an
age, 7, for the star. Since, in this first step of the analysis, we as-
sume that the two stars in the binary are coeval and have experi-
enced no mass exchange, we use the value of 7 to find the EEP for
the secondary. In turn, that yields the values of R2 and Teg 2.

‘We check to see that neither star overfills its Roche lobe, and
if one does, then that step in the MCMC chain is rejected.

The two masses and the orbital inclination angle determine
what the K velocity of the primary should be. This is then com-
pared to the measured value of 89 + 6 km s~ !, and determines the
contribution to x? due to the RV evaluation.

Finally, we use Ry and Tcf,1, as well as R2 and Teg 2, along
with interpolated Kurucz model spectra, to fit the 26 available SED
points. Here log g is simply fixed at 4.0. The value of x> for
this part of the analysis is added to the contribution from the RV
match, and a decision is made in the usual way via the Metropolis-
Hastings jump condition (Metropolis et al. 1953; Hastings 1970) as
to whether to accept the new step or not.

This is done 107 times and the posterior system parame-
ters are collected. The parameter posterior distributions are fur-
ther weighted according to the derivative of the age with respect
to the primary EEP number: d7/d(EEP) as described in Kurtz et
al. (2020). This corrects for the unevenly spaced EEP points within
a larger evolutionary category, and across their boundaries.

The results of this analysis are summarised in a single plot
of distributions in Fig. 7. We show the posterior distributions for
My, Ms, R1 and Ro, in solar units, while 7% and 7% are in units
of 10* K, and R:/Ry, is dimensionless. For this coeval and no
mass exchange scenario, the radius of the lower mass secondary,
Ry is much smaller than for the primary, R;. This results from the
fact that if the more massive primary is only somewhat evolved off
the ZAMS, then the secondary with a much lower mass cannot be
hardly evolved at all.

These results are summarised in the second column of Table
6.

3.3.2 Relaxing the No-Mass-Loss Assumption

Here we utilised the same information as in Section 3.3.1 (viz, the
K velocity of the primary and the SED points, but we relax the
constraint that the two stars must be coeval and have undergone no
mass exchange.

The MCMC system parameter evaluation results for this case
are summarised by the distributions in Fig. 8. We find three major
differences from this removal of the coeval constraint: (1) the dis-
tributions are considerably broader than in Fig. 7; (2) the mass of
the primary star has shifted considerably to higher values; and (3)
the radius of secondary has nearly doubled.

The system parameter results for the case where the no-prior-
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Figure 8. Posterior distributions from the MCMC analysis for the case
where the stars are not assumed to be coeval and without any prior mass
exchange. The axis labeling is the same as in Fig. 8. Note, that the distribu-
tions are broader than in Fig. 7, and M7 has gotten larger, as has Ro.

mass-exchange assumption has been relaxed are summarised in the
third column of Table 6.

3.4 System Parameters From RV Data Plus Light curve
Modelling

In Section 3.3.1 above we analysed the basic system parameters
from an MCMC evaluation of the two masses, the inclination an-
gle, and the evolutionary phases (EEP) of the two stars. The fitted
quantities were K1 and 26 SED points, coupled with the Gaia dis-
tance. In Section 3.3.2 we relaxed the coeval constraint on the two
stars and fit independently for their masses and radii.

We now proceed to analyse the system parameters via si-
multaneous fitting of the TESS orbital light curve as well as the
radial velocity curve using the next-generation Wilson-Devinney
code phoebe?2 (Pria et al. 2016). First, we removed the pulsa-
tions from the light curve. In addition, a visual inspection of the
orbital light curve in Fig. 1 shows that the ELV peak following the
primary eclipses is lower than the preceding ELV peak. This differ-

¥
= 1.0
e
S
?g@
20.8
o

T T T

0.5 1.0 15 2.0
Orbital Phase

Figure 9. The model phoebe?2 light curve (red) on the observations
(black). A sinusoidal component of amplitude 0.4 per cent was removed
from the TESS light curve to equalize the two ELV maxima before per-
forming the fit (see text for details).

ence can be empirically removed by subtracting a simple sinusoid
at the orbital frequency and of amplitude 4110 ppm. The phasing
of this sinusoid would be correct for the Doppler boosting (DB) ef-
fect (Loeb & Gaudi 2003; van Kerkwijk et al. 2010) if the lower
luminosity secondary were the source of the DB. From the orbital
solutions already in hand (see columns 2 and 3 of Table 6), the ex-
pected DB amplitude would be ~1000 ppm and < 300 ppm for the
primary and secondary, respectively. Thus, the observed amplitude
is far too large to be the DB effect, and we attribute it to spots on the
secondary that are corotating with the orbit. Therefore, we elected
to subtract off a sinusoidal component with amplitude 4110 ppm
from the light curve before carrying out the fitting with phoebe?2.

The light-curve fitting utilized the MCMC methodology out-
lined in Boffin et al. (2018) and Jones et al. (2019). The component
masses, radii and temperatures, and the orbital inclination were al-
lowed to vary freely over ranges consistent with the observed SED.
The only additional free parameters were the gravity brightening
exponent, f1 (where T2 jocar = T pote (Gloeal /Gpote) ). of the
primary and the (Bond) bolometric albedo (Horvat et al. 2019),
A, of the secondary, which are critical for constraining the ELV
and irradiation effect amplitudes, respectively.

The best-fitting phoebe2 orbital light curve is shown in
Fig. 9 while the corresponding model fit to the radial velocities was
presented in Fig. 6. The resultant model parameters for the system
are listed in the last column of Table 6.

It is clear that the phoebe2 model provides a remarkably
good fit to both the observed light and radial velocity curves, with
all model variables extremely well constrained. The model vari-
ables all present with strongly Gaussian posteriors, however sev-
eral are strongly correlated. For example, due to the use of a single
photometric band, the posteriors of the primary and secondary tem-
peratures show a weak positive correlation. Likewise, the primary’s
radius is positively correlated with its mass, with larger primary
masses necessitating larger primary radii in order to maintain the
same Roche lobe filling factor and thus the same amplitude of ELV.
Ultimately, further observations are required to break these corre-
lations but, nonetheless, the current data are sufficient to strongly
constrain the properties of the system (see Kurtz et al. 2020, for fur-
ther discussion of the fitting of a singled-band ELV light curve for a
similar case, albeit without the observed eclipses of TIC 63328020
which provide additional strong constraints).

The results for the system parameters derived from the



Table 6. Derived Parameters for the TIC 63328020 System
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Input Constraints SED + RV¢ SED + RV? Light curve + RV¢
Period (days) 1.1057 1.1057 1.1057
Ky (kms~1)d 89+6 89+6 89+6
Spectral 26 SED points® 26 SED points®
Light curve modeling TESSY
Distance (pc) 1054 £+ 20 1054 + 20 1054 + 20
Ay 1.0 1.0 1.0
Derived Parameter SED + RV¢ SED + RV? Light curve + RV¢
M1 Mgp) 2.08 +0.02 2.81+0.36 2.50 +£0.20
Mo Mgp) 1.11 + 0.06 1.11£0.10 1.07 £ 0.06
R1 Rp) 2.834+0.04 2.87+£0.12 3.10£0.10
R> (Rp) 1.02 £0.08 1.97£0.15 2.06 + 0.06
Terr,1 (K) 8025 £ 80 7885 £ 120 8200 + 450
Terr,2 (K) 6111 + 200 4915 £ 400 5600 =+ 250
1 (deg) 73+6 76+ 4 79.1+0.6
a(Rp) 6.6 +0.1 70£04 6.94+0.2
R1/Ry, 2 0.98 0.88 £0.06 2 0.92
Ky (kms—1)P 189 £ 8 225+ 17 208 + 10
age (Myr) 800 £ 25

B1? 0.80 £ 0.06
Aol 0.68 £ 0.06

Notes. (a) MCMC fits to the measured RV amplitude plus the SED points. The assumption is made that the two stars are coeval in their evolution, and have

not exchanged any mass. (b) Same as (a) except that the assumption of no prior mass exchange has been dropped. (c) phoebe? fit to the TESS orbital light

curve plus the RV amplitude. (d) This work (see Sect. 3.4). (e) See Fig. 4. (f) Modelled with phoebe?2. (g) Gaia DR2 (Lindegren et al. 2018). (h) Predicted
from the MCMC parameter evaluations. (i) Gravity brightening exponent. (j) Bond bolometric albedo of the secondary.

Phoebe fit to the TESS are summarised in the fourth column of
Table 6.

4 FORMATION AND EVOLUTION - PRIOR HISTORY
OF MASS TRANSFER

In order to determine the formation history of TIC 63328020, we
must first consider whether or not mass transfer between the binary
components has had a significant effect on its evolution. The second
column of Table 6 lists the inferred properties of TIC 63328020 that
were derived based on the SED and RV data under the assumption
of no mass transfer during the binary’s evolution. With this latter
constraint relaxed, the properties of the binary deduced using (i)
the SED and RV data, and (ii) the RV data in conjunction with a
phoebe? fit to the light curve, are shown in the third and fourth
columns, of Table 6, respectively.

The most glaring discrepancy between any of the predicted
properties of the two stars occurs for the radius of the secondary
(R2). The inference for the radius made under the assumption of
no mass transfer disagrees with the other two inferences by nearly
a factor of two. Given that the last two inferences were derived
independently (although they do share the same RV data) and
given that no constraint on mass transfer was imposed, the rela-
tively good agreement between these two cases seems to imply that
TIC 63328020 very likely experienced mass transfer in the past.
Moreover, an orbital period on the order of days is typical of many
‘Algol-like’ binaries for which mass transfer/loss occurred during
their prior evolution (see, e.g., Batten 1989; Eggleton 2000).

In analysing the evolution of the progenitor binary we will
therefore assume that mass transfer occurred. The next question
to address is whether or not the current primary was the original

primary of the progenitor system (i.e., the more massive one) or
whether a mass-ratio reversal occurred (i.e., an Algol-like evolu-
tion). If a mass-ratio reversal did not occur, then we are forced to
conclude that the original primary could not have lost much mass
simply because the original mass ratio (M1 /M>) would have been
so large (2> 3) that the binary would have undergone a dynamical
instability leading to the presumed merger of the two stars (see,
e.g., Webbink 1976; Soberman, Phinney & van den Heuvel 1997
for a discussion of the conditions leading to dynamical instability).

For the other scenario, the masses of the two primordial com-
ponents (we will refer to them as ‘Star 1’ and ‘Star 2’) may
have changed significantly during the course of the evolution. The
largest uncertainty concerns the degree to which mass transfer be-
tween the components is conservative. For a fully conservative
transfer, all of the mass that is lost by the more massive star (Star
1) is subsequently accreted by Star 2. On the other hand, for com-
pletely non-conservative mass transfer, the mass of Star 2 would
not change as the mass of Star 1 decreased. Because we do not
know how non-conservative mass transfer could have been (or the
amount of angular momentum transported out of the binary), we
have investigated a realistic range of possibilities.

4.1 Evolutionary Grid

To determine the properties of putative primordial binaries that
could evolve to approximately match the observational properties
inferred for TIC 63328020, we generated a grid of binary evolu-
tions using version 10108 of MESA. Specifically, we use the binary
version of MESA for which the evolution of both the donor and ac-
cretor stars are computed simultaneously (see Paxton et al. 2011;
Paxton et al. 2015). Because of the large number of dimensions of
initial parameter space, we have tried to minimize computations by
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Figure 10. Representative tracks of three distinctly different primordial binary evolutions leading to the formation of TIC 63328020 are shown in the HR di-
agram. The evolution of the more massive component of the primordial binary (Star 1) is denoted by a solid curve and the evolution of its less massive
companion (Star 2) is represented by a dashed curve. Arrows superposed on the curves denote the direction of increasing age (i.e., the direction in which the
component is evolving). Different colours are used to denote each pair of the components of the primordial binary. Each component initially starts evolving
from the ZAMS and those masses for all three cases are labelled. The red tracks correspond to a binary that experiences highly non-conservative mass-transfer
(B = 0.8), while the blue and green tracks assume fully conservative mass-transfer. The solid dots of the same colour as the track indicate the points in the
evolution when the orbital period matches the observed value (1.1057 d). The purple dots indicate the points for which (rapid) thermal-timescale mass-transfer
is first initiated. All of the tracks terminate when both stars have simultaneously fill their Roche lobes.

fixing the chemical composition. Given the binary’s proximity to
the mid-plane of the Galaxy, we have set the metallicity to a value
of Z = 0.03 and have taken the hydrogen and helium abundances
tobe X = 0.69 and Y = 0.28, respectively.

This still leaves the initial mass values of the more massive
component (Star 1) and its companion (Star 2), in addition to the
primordial orbital period (Po,b), as unknown values. Moreover, the
degree to which mass transfer is non-conservative and the mecha-
nism describing the removal of orbital angular momentum is very
uncertain. This uncertainty can be parametrized in terms of the
quantities o and [ (for details see Tauris & van den Heuvel 2006).
In the MESA code, « is the fraction of the mass lost by the donor
star that gets ejected from the binary such that the mass carries
away the specific angular momentum of the donor star (i.e., fast
Jeans’ ejection), and S is the fraction of the mass that is ejected
from the accretor and is assumed to carry away the specific angular
momentum corresponding to that star. Thus the mass gained by the
accretor (secondary) can be written as:

5M2 = —(1—0[—5)5Ml. (1)

We further assume that none of the mass that is lost from the bi-
nary forms a circumbinary torus that can extract additional orbital
angular momentum during the binary’s evolution.

After extensive experimentation we found that the choices of
the primordial masses and orbital period in addition to the sum
of (a + ) were much more important factors than the individ-
ual choices of the values of « and ( in trying to replicate the
properties of TIC 63328020. For this reason our final set of mod-
els have been computed with o = 0. Finally, orbital angular mo-
mentum dissipation was calculated based on the torques associated

with gravitational radiation and magnetic braking as described in
Goliasch & Nelson (2015) and Kalomeni et al. (2016), with the
magnetic braking index set equal to 3. The magnetic braking for-
mula (Verbunt-Zwaan law; Verbunt & Zwaan 1981) was inferred
from observations of low-mass main-sequence stars and thus must
sometimes be extrapolated to stars that are either evolved, very
low-mass, or rapidly rotating. Although the magnitude of magnetic
braking torques remains uncertain, it has relatively little effect on
the evolutionary tracks until after thermal timescale mass transfer
has occurred.

To further optimise numerical computations, we were guided
by a number of grids that were previously generated to solve for
the evolution of other types of interacting binaries. Specifically, we
have used the grids generated for post-Algol binaries such as MWC
882 (Zhou et al. 2018) and wide, hot subdwarf binaries (Nelson
& Senhadji 2019) to try to constrain the range of possible initial
conditions. After creating new grids of binary evolution tracks, we
found that both conservative and non-conservative evolutions could
produce the desired results given the appropriate choices of the pri-
mordial masses and the primordial period. Thus we conclude that
a fine-tuning of the initial conditions is not required in order to re-
produce the observations.

Possible evolutionary scenarios can be divided into two sep-
arate classes: (1) the more massive star (Star 1) loses a relatively
small fraction of its initial mass while the companion (Star 2) gains
some portion of that mass; or, (2) the more massive primordial star
loses a large fraction of its mass leading to a mass-ratio reversal
(the mass ratio being defined as ¢ = Mstar1/Mstar2), thus im-
plying that the accretor becomes more massive than the donor. For



either scenario, the evolution can be fully conservative (8 = 0) or
highly non-conservative (8 = 0.8).

We find that the first scenario (mass ratio does not change sig-
nificantly) never fully reproduces the observationally inferred prop-
erties listed in columns 2 and 3 of Table 6. Although this grouping
(class) of evolutionary tracks can reproduce most of the properties
of TIC 63328020, we did not find a primordial binary that could ul-
timately produce a secondary star with such a large radius (=~ 2R)
while simultaneously matching all of the other inferred properties
of both stars. The problem stems from the following physical con-
straints: (i) in order to bloat the accretor sufficiently, mass-transfer
rates in excess of ~ 3 x 1077 Mg yr~ are required for extended
periods of time; and, (ii) binaries with large mass ratios tend to
experience dynamical instabilities when Roche lobe overflow first
commences. With respect to the latter issue, the very large mass
ratio inferred for TIC 63328020 necessarily implies that the accre-
tor could only have gained a few tenths of a solar mass during the
evolution (otherwise the initial evolution would have been dynam-
ically unstable). And given the required high mass-transfer rates
and the small net accretion, this implies that mass transfer would
have occurred over an extremely short interval (< 1 Myr), mak-
ing the whole scenario less likely. Moreover, mass-transfer rates
of ~ 107 Mg yr~" are expected at the current epoch and there
is little evidence to support such a high value (see the discussion
below).

According to the second scenario, the original primary of the
primordial binary (i.e., the donor) loses so much mass to its accret-
ing companion that a mass-ratio reversal occurs (in other words,
the observed low mass secondary of TIC 63328020 was originally
the higher mass star). As discussed above, the largest uncertainty
concerns the choice of 5 and we attempt to mitigate the effects of
this uncertainty by creating a grid of models with the variable g
taken to be one of the dimensions of parameter space. It is gen-
erally expected that the evolution of Algol-like binaries will be at
least mildly non-conservative (see, e.g., Eggleton 2000) and that is
why we chose to investigate the range 0 < 8 < 0.8.

The evolution of both binary stars in the Hertzsprung-Russell
diagram for three representative systems (one for the first scenario
and two for the second scenario corresponding to extreme values
of 3) is shown in Fig. 10. For the first scenario (see the solid and
dashed blue curves for the evolution of the donor and accretor,
respectively), we chose a primordial binary consisting of 2.7 and
0.9 Mg components with an orbital period of 3.0 d. Possible solu-
tions for TIC 63328020 are denoted by the solid blue dots. For the
second scenario, this fully conservative case has components ini-
tially consisting of 2.25 and 1.85Mg, stars in a 2.35-d orbit (see
the green solid and dashed curves, respectively). The highly non-
conservative evolution with 8 = 0.8 is denoted by the red curves.

The primordial binary consisted of a 3.5 M donor in a 1.706-
d orbit with a 2.09 M, accretor. For these latter two sets of evolu-
tionary tracks there are two sets of solid dots (green and red) that
denote possible solutions at the observed orbital period of 1.1057 d.
In each case, the latter set of dots (corresponding to a later age)
better fits the inferred properties of TIC 63328020 enumerated in
Table 6. The solid magenta dots indicate the onset of (rapid) ther-
mal timescale mass transfer. For all cases, the evolutionary tracks
are seen to abruptly change their trajectories in the HR diagram
once mass transfer commences. The donor stars all tend to evolve
towards lower luminosities and effective temperatures while the ac-
cretors immediately evolve towards higher temperatures and lumi-
nosities.

Each of the three tracks terminates once the accretor has ex-
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Figure 11. The evolution of the masses of the two components of the pri-
mordial binary as a function of orbital period is illustrated. Arrows super-
posed on the curves denote the direction of increasing age (i.e., the direction
in which the component is evolving). Star 1 is always losing mass while Star
2 is accreting mass. The colour scheme for the three cases shown in Fig. 10
is repeated here. The initial orbital period for each case is also labeled (up-
per left) and the observed orbital period (1.1057 d) is denoted by a vertical
black bar. The solid dots of the same colour as the curves indicate the points
that could be possible solutions for the properties of TIC 63328020. The
cyan-shaded region represents the approximate range of possible masses of
the current primary based on the analysis presented in Table 6 (columns
3 and 4). The yellow-shaded region corresponds to the possible range of
masses for the current secondary. All of the curves terminate when both
stars have simultaneously filled their Roche lobes.

panded sufficiently to fill its Roche lobe. A summary of the three
tracks and the best fit to the inferred data enumerated in columns 3
and 4 of Table 6 is presented in Table 7. Note that the subscripts 1
and 2 denote the properties of the primary and secondary, respec-
tively, for TIC 63328020 at the current epoch. The age is measured
from the formation of the primordial binary and log M indicates
the (current) mass-transfer rate from the donor star.

In order to further elucidate the scenarios associated with our
three representative tracks, the evolution of the masses of each
component is shown as a function of the orbital period (FPorp) in
Fig. 11. The colour coding and the use of solid and dashed lines in
addition to the solid dots have the same meaning as that described
for Fig. 10. For track #1 (blue curves), the primordial donor sim-
ply loses a few tenths of a solar mass that is then gained by the
primordial secondary (accretor). Although this is one of the sim-
plest types of evolution that could reproduce the observed masses
of TIC 63328020, we were unable to find any combination of ini-
tial conditions or values of the parameters governing some of the
input physics (e.g., orbital angular momentum dissipation) that re-
produced the inferred radius of the secondary. Instead, both tracks
#2 (green curves) and #3 (red curves) can produce reasonable fac-
similes of TIC 63328020.

Both donor stars (solid curves) initially undergo thermal
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Table 7. MESA Model Parameters for the TIC 63328020 System

Model Parameter Track #1 Track #2 Track #3
(Blue) (Green) (Red)
Msiar1,0 Me)? 2.70 225 3.50
Mstar2,0 Me)® 0.90 1.85 2.09
Porp,0 (d)° 3.00 2.35 1.71
Jeld 0.0 0.0 0.8
q0(= M1,0/Ma,0)° 3.00 1.216 1.675
M1 Mg)? 2.48 2.87 2.55
M (Mg)® 1.12 1.23 1.18
R1 Rp)? 3.10 3.07 3.06
R2 Rp)? 0.92 2.22 2.19
Togr,1 (K)? 6280 9490 8510
Tegr,2 (K)4 5050 5410 5630
Lol Le)? 134 68.7 442
Lior2 (Le)? 0.49 3.80 433
R1/Ryp, 1 1.0 0.94 0.98
Ra /Ry, 2 0.43 1.0 1.0
log M Mg yr—1)e —5.57 —8.69 —9.00
Porp/Porp (yr—1) —4.0E-6 +5.9E-10 —6.1E-10
system age (Myr) 485 935 545

Notes. (a) ‘Star 1’ and ‘Star 2’ refer to the original primordial primary and
secondary, respectively. The subscript ‘0 indicates the initial system pa-
rameters. (b) [ is the fraction of mass that is transferred to the accretor
but is ejected from the system with the specific angular momentum of that
star. The parameter « (not in the Table) is fixed at 0.0 and is the fraction of
mass lost by the donor star that is ejected from the system with the specific
angular momentum of the donor star. (c) Initial mass ratio of the primor-
dial binary (Msgar,1/Mstar,2)- (d) These are the model parameters for the
current-epoch TIC 63328020 system. (e) The total rate of mass lost by the
donor star.

timescale mass transfer causing the orbital period to decrease (see
Fig. 11) as both donor stars shrink due to quasi-adiabatic mass loss.
However, once the mass ratio has been reduced to about unity, fur-
ther mass transfer causes the orbits to expand with a concomitant
increase in P,r,. As the donor stars approach quasi-thermal equi-
librium (with a much reduced mass transfer rate), they contract
forcing the orbit to shrink”. The accretors for both cases contin-
uously gain mass with a resulting increase in their radii. The tracks
terminate once the accretors also fill their Roche lobes.

4.2 Discussion

Based on the analysis of an extensive grid of models, we conclude
that there is a wide range of initial conditions that can replicate the
currently observed properties of TIC 63328020. The simplest type
of evolution wherein the primordial primary loses a few tenths of
a solar mass to a much less massive accretor, although appealing,
cannot reproduce all of the inferred properties. But a wide range
of evolutionary scenarios for which a mass-ratio reversal occurs
(i.e., the primordial primary becomes the less massive secondary)
can be accommodated. In particular, if the evolution is highly non-
conservative, then the total mass of the primordial binary would
have to be considerably more massive than the presently inferred
value with an initial mass ratio of ¢o 2 1.5. For more conservative

7 Note that the green track of the donor star subsequently experiences a
second orbital period minimum. This is due to the thermal re-adjustment of
the core from purely convective energy transport to a fully radiative mode.

evolutions, the initial total mass can be much smaller and the mass
ratio much closer to unity. Thus there is a wide range of initial pa-
rameters for the primordial binary that can produce robust models
of TIC 63328020.

Although there are significant uncertainties associated with
systemic mass loss and the orbital angular momentum dissipated
as a result of this non-conservative mass transfer, we find that
the individual choices of the parameters o and 3 are not nearly
as important as the contribution from their sum. For this reason,
we parametrized the effects of non-conservative mass transfer in
terms of 8 (a« = 0). We conclude that the values of § in the
range of 0 to 0.8 can lead to plausible solutions for the proper-
ties of TIC 63328020 (see columns 3 and 4 of Table 6). How-
ever, the highly conservative models tend to produce primaries with
higher effective temperatures (= 1000 K higher). For this reason,
we somewhat prefer models for which 8 ~ 0.3.

Another important result to note is that the ‘simple’ evolution-
ary scenario implies that mass-transfer rates at the present epoch
should be on the order of 10~° M, yr~*. By way of contrast, the
‘mass-reversal’ scenario requires mass-transfer rates that are typi-
cally three orders of magnitude smaller (Table 7). We examined the
spectrum of TIC 63328020 for P Cygni profiles and found no ev-
idence for that feature. This would seem to imply a relatively low
mass transfer rate. We also examined four WISE band observations
looking for any evidence of nebulosity that might be expected due
to a significant wind emanating from the binary. We could not find
any hint of nebulosity in that region. There was also no sign of any
NIR nebulosity from the PanSTARRS images. Although not con-
clusive, these results seem to hint at a relatively low mass transfer
rate or one that is not highly non-conservative.

One of the very intriguing features of many of our evolution-
ary tracks that reproduce robust models of TIC 63328020 is that the
accretor is very close to filling its Roche Lobe. Since it is relatively
unlikely that we would find such a configuration based solely on the
observed pulsational properties, the question arises as to whether
the binary had already evolved to a point where both stars tem-
porarily over/filled their Roche lobes before one of them contracted
leading to the currently observed configuration. If one of the stars
contracted then it is possible that it could remain in a detached state
for at least a Kelvin time. On the other hand, it is quite possible that
the binary would have merged were contact to have occurred. We
are currently trying to address this and questions related to the for-
mation and evolution of WU Ma binaries using smoothed particle
hydrodynamics (SPH; S. Tripathi, L. Nelson, & T.S. Tricco 2020
[in preparation]).

5 CONCLUSIONS

In this work we report the discovery of a short-period 8 Lyrae bi-
nary with tidally-tilted pulsations at v = 21.09533 d~*. The pul-
sation amplitude varies with orbital phase and is a maximum at
orbital quadrature, i.e., when the ellipsoidal light variations are at
a maximum. The phase of the pulsations rapidly change by more
than 7 radians around the time of the primary eclipse, and there
is a smaller jump in phase at the secondary eclipse by about half
that amount in the opposite direction. We note that the phase is not
a pure w-radian jump because the mode is distorted from a pure
sectoral dipole mode.

In order to help visualize how the tidally tilted pulsations
would appear to an observer on an circumbinary planet orbiting
TIC 63328020, we include a simulation in the form of an MP4



video (‘TIC63328020.mp4’). The video is supplied as Supporting
Information for the paper. This same video is also presented in
Fuller et al. (2020, MNRAS, in press).

The pulsating star has M; ~ 2.5Mg, R1 ~ 3Rge, and
Ter,1 ~ 8000 K, while the secondary has M2 ~ 1.1 Mg, Ry ~
2R, and Teq 2 ~ 5600 K. Both stars appear to be close to filling
their respective Roche lobes. The orbital period is constant to a part
in ~10° over the last century. However, the period appears to vary
erratically on timescales of weeks to decades. At present we have
no firm explanation for this behavior.

‘We have carried out an investigation of the history of this sys-
tem with an extensive set of binary evolution models. We conclude
that the most likely scenario is that there has been a prior epoch of
mass transfer which has reduced the mass of the original primary so
that it is currently the low-mass secondary. By contrast, the original
secondary is now the pulsating primary star. The mass transfer may
still be ongoing with a low mass-transfer rate of ~3 x 107° Mg
yro L
Although the architecture and evolutionary histories of the
three known tidally tilted pulsators (HD 74423, CO Cam, and
TIC 63328020) are unique, they all feature heavily tidally distorted
¢ Sct pulsators in short-period orbits. Whereas HD 74423 and CO
Cam feature axisymmetric tidally tilted pulsations trapped on the
L, side of the star, the tidally tilted mode in TIC 63328020 ex-
hibits very different phase and amplitude modulation, indicative of
a non-axisymmetric (jm| = 1) mode that is mostly confined to the
equator (Fuller et al. 2020). Future discoveries of tidally tilted pul-
sators will likely reveal more diversity amongst this new class of
stars.
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