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Abstract

We report on photometric and spectroscopic observations and analysis of the 2019
superoutburst of TCP J21040470+4631129. This object showed a 9 mag superoutburst
with early superhumps and ordinary superhumps, which are the features of WZ Sge-
type dwarf novae. Five rebrightenings were observed after the main superoutburst. The
spectra during the post-superoutburst stage showed Balmer, Hel, and possible sodium
doublet features. The mass ratio is derived as 0.0880(9) from the period of the super-
hump. During the third and fifth rebrightenings, growing superhumps and superout-
bursts were observed, which have never been detected during a rebrightening phase
among WZ Sge-type dwarf novae with multiple rebrightenings. To induce a superout-
burst during the brightening phase, the accretion disk needs to have expanded beyond
the 3:1 resonance radius of the system again after the main superoutburst. These pecu-
liar phenomena can be explained by the enhanced viscosity and large radius of the
accretion disk suggested by the higher luminosity and the presence of late-stage super-
humps during the post-superoutburst stage, plus by more mass supply from the cool
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mass reservoir and/or from the secondary because of the enhanced mass transfer than

those of other WZ Sge-type dwarf novae.

Key words: accretion, accretion disk—novae, cataclysmic variables — stars: dwarf novae — stars: individual

(TCP J21040470+-4631129)

1 Introduction

Cataclysmic variables (CVs) are close binary systems
made up of a primary white dwarf (WD) and a secondary
low-mass star. The secondary fills up its Roche lobe, trans-
ferring mass into the primary Roche lobe through the inner
Lagrangian point L;. Dwarf novae (DNe) are a subclass of
CVs which possess accretion disks and show recurrent out-
bursts. Normal outbursts are typically 2-5 mag brightening
for a few days. The mechanism of normal outbursts is
explained by thermal instability in an accretion disk (Osaki
1974; Meyer & Meyer-Hofmeister 1981), in that a vis-
cosity jump between neutral and ionized hydrogen triggers
a rapid increase of the mass accretion rate on the WD, and
the released gravitational energy is observed as an outburst.

SU UMa-type DNe, one subclass of DNe, are char-
acterized by superoutbursts, which last longer and are
brighter than normal outbursts. Superoutbursts come with
superhumps, 0.1-0.5 mag fluctuations with a period a few
percent longer than the orbital one. Superoutbursts are
explained as follows: when the disk radius reaches the 3:1
resonance radius, thermal tidal instability is triggered and
the accretion disk becomes eccentric, which leads to more
effective tidal dissipation and brightening (Osaki 1989).
Superhumps are caused by precession of the eccentric
disk, and the period of superhumps is the synodic period
between the precession period and the orbital period of the
secondary (Whitehurst 1988; Hirose & Osaki 1990). Kato
et al. (2009) proposed that a superoutburst is divided into
three stages based on a variation of superhump periods:
Stage A has longer superhump periods and growth of
superhump amplitudes; Stage B has systematically varying
periods and a decrease in the amplitudes; Stage C has
shorter periods. Also, the term after a superoutburst until
reaching quiescence is referred to as the post-superoutburst
stage, and superhumps during this stage are referred to as
late-stage superhumps.

WZ Sge-type DNe form a subclass of SU UMa-type DNe;
they show mainly superoutbursts, and seldom normal out-
bursts due to their low mass-transfer rates (for a review,
see Kato 2015). The amplitudes of superoutbursts of WZ
Sge-type DNe are usually larger than those of SU UMa-
type DNe. The most outstanding features of WZ Sge-type
DNe are early superhumps and rebrightenings. An early
superhump is a double-wave profile modulation which is

observed at an early stage of superoutbursts. Since the
period of early superhumps is almost the same as the orbital
one with < 1% accuracy (Ishioka et al. 2002; Kato 2002),
even if the orbital period were not determined, a WZ Sge-
type DN can be studied statistically regarding the periods of
early superhumps as the orbital ones (Kato 2015). When an
accretion disk reaches the 2 : 1 resonance radius, tidal insta-
bility triggers a two-armed pattern in the accretion disk
and this pattern is observed as early superhumps (Lin &
Papaloizou 1979; Uemura et al. 2012). Since early super-
humps suppress the growth of tidal instability at the 3:1
resonance radius (Lubow 1991; Osaki & Meyer 2002,
2003), early superhumps are observed before Stage A super-
humps.

The second feature of WZ Sge-type DNe is rebrighten-
ings, which are outbursts observed just after a main super-
outburst (Richter 1992; Osaki et al. 1997; Hameury et al.
2000; Kato et al. 2004a). The mechanism of rebrighten-
ings is as yet unknown, though some suggestions are the
mass reservoir model (Kato et al. 1997; Hellier 2001; Osaki
et al. 2001; Uemura et al. 2008; Isogai et al. 2015), the
enhanced viscosity model (Osaki et al. 2001; Meyer &
Meyer-Hofmeister 2015), and the enhanced mass transfer
model (Hameury et al. 2000). From the morphology of
rebrightening phenomena, based on the repeating times and
duration of rebrightenings, WZ Sge-type DNe can be clas-
sified into five types: type A, long-duration rebrightening;
type B, multiple rebrightenings; type C, single rebright-
ening; type D, no rebrightening; and type E, double super-
outbursts (Imada et al. 2006; Kato 20135). This classification
may reflect the evolution of binary systems, thus the mor-
phology of rebrightenings could help to understand the evo-
lutionary states of DNe (Kato 2015). The suggested order
of evolutionis C— D —- A — B — E.

In this paper we present observations and analysis
of TCP J21040470+4631129 (hereafter referred to as
TCP J2104). The superoutburst of TCP J2104 was first
detected by Hideo Nishimura, Shizuoka-ken, Japan, on
three frames using a Canon EOS 6D Digital camera +
200mm /3.2 lens under the limiting mag = 14.5 on
2019 July 12.490 UT (BJD 2458677.2).! The coor-
dinates of this object are RA 21"04™0456784(1) and

1 See (http://cbat.eps.harvard.edu/unconf/followups/J21040470+4631129.html) for
details.
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Dec +46°31'1474652(1) (J2000.0) in the Gaia Data
Release 2 (Gaia DR2; Gaia Collaboration 2018). There
is a quiescent counterpart of G = 17.77(5) and Gpp —
Grp = 0.58(4) at 109.1(1.4) pc, which corresponds to
Mg = 12.58(5) in absolute magnitude, and the proper
motion is 46.7(1)masyr~! (Gaia Collaboration 2018;
Bailer-Jones et al. 2018). The orbital period was confirmed
as 0.05352(2)d through spectroscopic observation by
Neustroev et al. (2019b). TCP J2104 was classified as a
WZ Sge-type DN since this object showed double-wave
early superhumps during the main superoutburst (see
subsection 3.2). Also, five rebrightenings were observed
after the main superoutburst, thus it was classified as a
type B object among WZ Sge-type DNe (see subsection 3.3
for details). Note that the ASAS-SN Sky Patrol (ASAS-SN;
Shappee et al. 2014) data were contaminated by a nearby
star.

Section 2 presents an overview of the observations of
TCP J2104, and section 3 shows the results of our anal-
ysis. We discuss the uniqueness and the possible nature of
TCP J2104 in section 4, and give a summary of this paper
in section S.

2 Observations and analysis

Time-resolved charge-coupled device photometric obser-
vations of TCP J2104 were carried out by Variable Star
Network (VSNET) collaborations (Kato et al. 2004b). The
instruments are summarized in table E1,> and logs of the
photometric observations are listed in table E2.2 All the
observation epochs are described in barycentric Julian date
(BJD). Note that photometric data include the g-, 7-, i-, z;-,
B-, V-, Rc-, and Ic-band filtered and unfiltered data, and
the zero-points of the filtered data were adjusted to the data
of the V-band observations by T. Vanmunster.

The phase dispersion minimization (PDM) method was
used for period analysis (Stellingwerf 1978). The 90%
confidence range of @ statistics by the PDM method
was determined following Fernie (1989) and Kato et al.
(2010). Before period analysis, the global trend of the
light curve was removed by subtracting a smoothed light
curve obtained by locally weighted polynomial regression
(LOWESS: Cleveland 1979). Observed-minus-calculated
(O — C) diagrams were produced to visualize the period
variations, which are sensitive to slight variations of super-
hump periods. Note that in this paper we used 0.0542 d for
calculated (C).

Also, low-resolution spectroscopic data sets were
obtained on BJD 2458733.3, 2458746.0, 2458770.0,
2458830.9, 2458831.9, 2458846.0, and 2458851.0 with

2 Tables E1, E2, and E3 are available only in the online edition as supplementary data.

the Kyoto Okayama Optical Low-dispersion Spectrograph
with an integral field unit (KOOLS-IFU; Matsubayashi et al.
2019) mounted on the 3.8 m Seimei telescope at Okayama
Observatory, Kyoto University, and on BJD 2458828.2
and 2458832.9 with the Transient Double-beam Spec-
trograph (TDS) mounted on the 2.5m telescope of the
Caucasus Mountain Observatory, Sternberg Astronomical
Institute, Lomonosov Moscow State University. The logs
of the spectroscopic observations are listed in table E3.?
The wavelength coverage of VPH-Blue of KOOLS-IFU is
4200-8000 A and the wavelength resolution is R = A/AX
~ 400-600. To obtain more detailed data around the He
line, we also performed observations with VPH683. The
wavelength coverage of VPH683 of KOOLS-IFU is 5800-
8000 A and the wavelength resolution is R ~ 2000. The
wavelength coverage of the TDS blue and red channel dis-
persers is 3600-5600 A and 5600-7400 A, respectively, and
the wavelength resolutions are R ~ 1300 and R ~ 2500.
The data reduction was performed using IRAF in the stan-
dard manner (bias subtraction, flat fielding, aperture deter-
mination, scattered light subtraction, spectral extraction,
wavelength calibration with arc lamps, and normalization
by the continuum).

3 Results
3.1 Overall light curve

The bottom panel of figure 1 shows the light curve of
TCP J2104 after the detection of the superoutburst.® The
light curve consists of the main superoutburst and five
rebrightenings. The main superoutburst lasted for ~24d
from BJD 2458677, reached ~8.5 mag, and was ~9 mag
brighter at the peak than in quiescence. The peak epochs
of the first and second rebrightenings were around BJD
2458704.3 and BJD 2458710.0, and their peak magnitudes
were ~12 mag. On BJD 2458715, a >0.6 mag brightening
was observed. As AAVSO* and ASAS-SN (Shappee et al.
2014) also detected a brightening in the same epoch, this
brightening seems to be real. The third rebrightening was
detected during BJD 2458721-2458279, and reached
~11 mag at its peak, which was significantly brighter and
lasted longer than the first, second, and fourth rebright-
enings. The peak epoch of the fourth rebrightening was
around BJD 2458742.8. Eighty-five days after the fourth
rebrightening, the fifth rebrightening was detected on BJD
2458827 and lasted ~13 d. In this fifth rebrightening the
peak magnitude reached ~11mag and lasted longer as

3 The overall light curve including pre- and post-detection is presented in figure E1
in the online edition as supplementary data.

4 (https://www.aavso.org/).
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Fig. 1. Top panel: O — C diagram of TCP J2104. Note that 0.0542d was used for C. Middle panel: Evolution of the superhump amplitudes in the
magnitude scale. Bottom panel: Light curve of TCP J2104 during the main superoutburst and rebrightenings. The labels “m-so,” “r1,” “r2,” “r3,”
“r4,” and “r5” represent the main superoutburst and the first to fifth rebrightenings. The red arrow indicates BJD 2458677.2, when TCP J2104 was
first detected. The green (KOOLS-IFU) and purple (TDS) arrows show the epoch when the spectra were taken. The orange arrow shows the epoch
when the photometric data shown in figure 8 was taken by MuSCAT2 (Narita et al. 2019). (Color online)

well. As of 2020 February, its magnitude is ~15.2 and this
is still ~3 mag brighter than in quiescence.

The O — C diagram of TCP J2104 is presented in
the top panel of figure 1 using a period of 0.0542d,
and the variation of the superhump amplitudes in the
magnitude scale is shown in the middle panel. Based on
the phase changes in the O — C diagram and super-
hump amplitudes, we regard BJD 2458677-2458686 as
the early superhump phase, BJD 2458688-2548689 as
Stage A, BJD 2458690-2458699 as Stage B, and later
as the post-superoutburst stage. During the third and fifth
rebrightenings, TCP J2104 showed variation of the super-
hump period and growths of the superhump amplitudes.
Therefore, we determined the superoutburst stages for the
third rebrightening (BJD 2458721-2458723 as Stage A and
BJD 2458723-2458729.5 as Stage B) and also the fifth
rebrightening (BJD 2458827.5-2458831 as Stage A and
BJD 2458831-2458838 as Stage B).

3.2 Early superhumps and ordinary superhumps

Figure 2 presents an enlarged O — C diagram (upper panel),
the variation of the superhump amplitudes (middle panel),

and the light curve (lower panel) during the main super-
outburst. The evolutions of the superhump periods and
amplitudes are clearly seen.

The left panels in figure 3 show the results of PDM anal-
ysis during the early superhump phase (upper panel) and
the mean profile of the early superhumps (lower panel). The
double-wave variation is clearly seen in the mean profile,
and the period of the early superhumps was 0.053472(5) d,
which is consistent with the period [0.0535(3) d] reported
by Sokolovsky et al. (2019). This early superhump period
is ~0.1% shorter than the orbital period reported by
Neustroev et al. (2019b), and this slight difference is con-
sistent with other WZ Sge-type DNe (Ishioka et al. 2002).
Also, the right panel in figure 3 presents the mean pro-
files of the superhumps during Stage A (upper profile) and
Stage B (lower profile) of the main superoutburst. The
superhump periods of Stage A and Stage B were 0.0551(1) d
and 0.054182(4) d, respectively.

3.3 Late-stage superhumps and rebrightenings

PDM analysis of the light curve between the end of the
main superoutburst and the start of the third rebrightening
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also detected in ASASSN-14dx (Isogai et al. 2019) during
the post-superoutburst stage and also in quiescence. The
latter period (0.05443 d) seems to be identified as that of
the late-stage superhumps since this period is roughly equal
to the superhump period during the main superoutburst.
The presence of the late-stage superhumps implies that the
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Fig. 3. Upper left panel: 0-diagram of the PDM analysis of early superhumps of TCP J2104 (BJD 2458677-2458684). The gray area represents the 90%
confidence range of the 6 statistics by the PDM method (Fernie 1989; Kato et al. 2010). Lower left panel: Phase-averaged profile of early superhumps.
Right panel: Phase-averaged profiles of the superhumps in Stage A (upper profile) and Stage B (lower profile). (Color online)
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Fig. 5. Left panels: Analysis results of the third rebrightening. Right panels: Analysis results of the fifth rebrightening. Top panel: O — C diagram of
TCP J2104 during each rebrightening. Note that 0.0542 d was used for C. Middle panel: Evolution of the superhump amplitudes of the corresponding
phase. Bottom panel: Light curve of TCP J2104 during each rebrightening. (Color online)

disk still maintained an eccentric shape after the main super-
outburst (Kato et al. 2009, 2016). Also, the mean profile of
the light curve from the fourth rebrightening until the fifth
rebrightening is presented in the lower panel of figure 4.
Between the fourth and fifth rebrightenings, on the other
hand, TCP J2104 only showed variations with the orbital
period. This indicates that the superhumps ceased after the
fourth rebrightening.

TCP J2104 showed a total of five rebrightenings after
the main superoutburst. Until this object was observed,
rebrightenings detected in other objects with type B
rebrightening (multiple rebrightenings) were only normal
outbursts. However, in the case of TCP J2104, the super-
hump period variation and the growth of superhump ampli-
tudes were detected for the first time during the rebright-
ening phase. The top panels of figure 5 show the O — C
diagrams during the third (left) and fifth (right) rebrighten-
ings, the middle panels show the variations of superhump
amplitudes, and the bottom panels show the light curves, in
which the evolution of superhump periods and amplitudes
are clearly seen. Also, figure 6 presents the mean profiles of
superhumps during Stage B of the third (upper profile) and
fifth (lower profile) rebrightenings. Double-wave modula-
tions were not detected during the third and fifth rebright-
enings, and the O — C diagrams did not show any possible
early superhump stages. The peak magnitudes of the third
and fifth rebrightenings were 2.5 mag fainter than the main
superoutburst (a WZ Sge-type superoutburst) but brighter
than the first, second, and fourth rebrightenings (normal
outbursts). Therefore, these features suggest that the third
and fifth rebrightenings were SU UMa-type superoutbursts.
We note that in the fifth rebrightening the quality of data
during Stage A is better than those of the main super-
outburst and the third rebrightening, and hence we used
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Fig. 6. Phase-averaged profiles during Stage B of the third (upper profile)
and fifth (lower profile) rebrightenings. (Color online)

the Stage A superhump period of the fifth rebrightening
[0.05530(2) d] for the following discussions.

3.4 Spectroscopic observations

The spectroscopic observations for TCP J2104 were per-
formed during the post-superoutburst stage at Okayama
Observatory of Kyoto University and the Caucasus Moun-
tain Observatory of Sternberg Astronomical Institute,
Lomonosov Moscow State University. The six normalized
spectra are shown in figure 7. The upper four spectra were
taken during the fifth rebrightening, and the lower two were
taken before the fourth rebrightening and after the fifth
rebrightening. All the spectra show double-peaked Balmer
and Her features. The spectra during the fifth rebright-
ening show Ha and HB absorption lines with a central
emission core, and also Hel emission lines. This broad
absorption line plus superposed narrow emission line at
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Fig. 7. Low-resolution spectra taken on BJD 2458828.2, 2458830.9, 2458831.9, 2458832.9, 2458733.3, and 2458846.0 (upper to lower). The blue
lines represent the Balmer features (3835.384, 3889.049, 3970.072, 4101.74, 4340.5, 4861.3, and 6562.8 A), the green ones the He| features (5875.65,
6678.1517, and 7065.2 A), and the pink ones the Na D features (5889.97 and 5895.94 A). The plus marks show the telluric lines (6280 and 6880 A). All
spectra during the fifth rebrightening show Ha emission, H8 emission and absorption lines, and He | emission lines. (Color online)

the line center are suggested as being emitted from an
optically thick accretion disk and cool gas at the outer
disk (Clarke & Bowyer 1984). The FWHMs of the Ha
emissions’ are much narrower during the fifth rebright-
ening (~500 km s~!) than the other epochs (>1000 kms~1),
and this is essentially consistent with the result reported by
Neustroev et al. (2019a). Note that the correction of the
absorption lines was performed before the estimation of the
FWHM of Ha emission lines. In addition, the lower two
spectra show a possible emission line of the sodium doublet
(Na D, A5889.97/5895.94) with a low signal-to-noise ratio,
which was also observed during the post-superoutburst
stage in GW Lib (van Spaandonk et al. 2010) and SSS
J122221.7—-311525 (Neustroev et al. 2017), though this
feature is very rare among DNe and could be noise.

3.5 Light curve before the 2019 superoutburst

The Gaia Survey (Gaia Collaboration 2016) provided the
light curve data of TCP J2104 for the last five years.® Within
~4.5 yr before the superoutburst in 2019, TCP ]J2104 got
brighter as ~0.5 mag (from 17.92mag on BJD 2456990
to 17.46 on BJD 2458604, respectively). This result is dif-
ferent from the dimming of WZ Sge before superoutburst
(Kuulkers et al. 2011), which was derived from low-quality
photometric and visual observations and was less reliable
[see Kato (20135) for a discussion]. This gradual brightening
might reflect the accumulation of mass onto the accretion
disk, though more samples and statistical and theoretical
analyses are needed.

5 The spectra around the He feature are presented in figure E2 in the online edition
as supplementary data.

8 The light curve from the Gaia survey is presented in figure E1 in the online edition
as supplementary data.

The other feature of TCP J2104 before the superoutburst
in 2019 is the red color according to the Zwicky Tran-
sient Facility (g — 7 ~ 0.3; Masci et al. 2018; Bellm et al.
2019)” and Gaia DR2 [Gpp — Ggp = 0.58(4); Gaia Collab-
oration 2018]. This red color is not an ordinary color of
WZ Sge-type DNe, which usually show blue spectra domi-
nated by the primary WDs (Abril et al. 2020), and actually,
Gpp — Ggp is smaller than 0.4 in most WZ Sge-type
DNe (Isogai et al. 2019). As TCP J2104 is very close [at
109.2(14) pc; Bailer-Jones et al. 2018] and the dust extinc-
tion is almost zero [E(g — 7) = 0.00(1) at 100 pc for this
direction; Green et al. 2019], this is the intrinsic color of
TCP J2104. A possible explanation for the red color is the
emission from the secondary star. If we assume that only
the secondary of TCP J2104 contributes to the 7-band mag-
nitude of the ZTF data (Bellm et al. 2019) in quiescence,
the secondary must be ~12.5 mag in absolute magnitude
and this might be possible (Knigge et al. 2011).

3.6 Short-timescale variations

Highly time-resolved photometric data were taken by
MuSCAT (the Multi-color Simultaneous Camera for
studying Atmospheres of Transiting planets; Narita et al.
2015) mounted on the 1.88m telescope at Okayama
Astrophysical Observatory and MuSCAT2 (Narita et al.
2019) mounted on the 1.52 m Telescopio Carlos Sanchez
in the Teide Observatory. Figure 8 shows a light curve of
TCP J2104 in the g, , 7, and g, bands, and g — r and » — 2,
around BJD 2458846.3 after the fifth rebrightening, taken
by MuSCAT2. Each filtered light curve shows ~0.01d
variations, whose timescales are about one-fifth of the

7 The light curve from ZTF is presented in figure E3 in the online edition as
supplementary data.
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Fig. 8. Highly time-resolved light curves by MuSCAT2 (Narita et al. 2019)
inthe g (blue), r(green), i (orange), and z; (red) bands, and g — r(purple)
and r — zs (magenta) on BJD 2458846.3 after the fifth rebrightening.
0.0535d is the orbital period of TCP J2104. (Color online)

orbital or superhump periods. On the other hand, the
g — rand r — 2, colors vary only with orbital or superhump
periods. Similar short-timescale variations were detected
in MuSCAT and MuSCAT2 data for the other epochs
as well. Such variations were observed in ASASSN-18fk
(Pavlenko et al. 2019) and in many systems by Warner
and Woudt (Warner & Woudt 2002) and their subsequent
papers. The origin of these kinds of modulations are still
unclear, and proposed interpretations are the spin period
of the white dwarf (Pavlenko et al. 2019), flickering due
to a variation of the mass transfer rate (Scaringi 2014),
or traveling waves near the inner edge of the magnetically
truncated accretion discs (Warner & Woudt 2002).

4 Discussion
4.1 TCP J2104 among WZ Sge-type DNe

Hirose and Osaki (1990) suggested the relations in equa-
tions (1), (2), (3), and (4) between the mass ratio g,
orbital period Py, and superhump period Py, using
the dimensionless radius 7 normalized by the binary
separation A:

P orb

1—
Psh

= 0(q) x R(r). (1)

The dependence on g and 7 is

-J2104(B)}§@
0.12 | e Unknown 7
o A g
B 1{. ]
s C B

010 p ® ]

S A E 1
= J
A &Y. ; f
n 008 o ﬁ? I _
o i ]
g o s % 1
0.06 — _

i + . ]

0.04 [ L -
I I U EU BRI B

0.045 0.050 0.055 0.060 0.065 0.070 0.075
period (day)

Fig. 9. Relations between the orbital period or early superhump period
Porp and mass ratio g of WZ Sge-type DNe. The red square corre-
sponds to TCP J2104, and other markers represent WZ Sge-type DNe
from Kato et al. (2017). The shapes and colors of the markers distin-
guish the type of rebrightening: black circles, type unknown; magenta
circles, type A (long-duration rebrightening); orange squares, type B
(multiple rebrightenings); blue diamonds, type C (single rebrightening);
green triangles, type D (no rebrightening); and purple triangles, type E
(double superoutbursts). The solid and dashed lines represent the theo-
retical model and best-fitting model of the evolutionary track of the DNe
(Knigge et al. 2011). (Color online)

and

_ 1 b(l)
R(r) = 3 Vr by, (r), (3)
where 1 i;)z(r) is the Laplace coefficient,

1 0 (r) = i/zn cos(j¢)d¢
252 T 2w Jo (1472 =27 cos @)/

(4)

During Stage A, superhumps are growing at the 3:1
resonance radius. Thus the mass ratio is obtained by sub-
stituting equations (5) and (6) for  and Py, in equation (1)
(Kato & Osaki 2013):

Por
1 - 52— = Qlg) x Rirs) (5)
Stage A sh
ria =370 (14q)7', (6)

The mass ratio for TCP J2104 was determined as 0.0880(9)
using this method. Figure 9 shows the relations between
mass ratios and orbital periods or early superhump periods
for TCP J2104 and other WZ Sge-type DNe from Kato
et al. (2017), and also shows the theoretical evolution
track of DNe assuming the mass of the primary WD to
be 0.75 Mo (Knigge et al. 2011). TCP J2104 is located
around the period minimum, which is consistent with
other WZ Sge-type DNe with multiple rebrightenings
(type B rebrightening).

Note that, in contrast, Neustroev et al. (2019b) esti-
mated the mass ratio to be ~0.1 using the empirical rela-
tion proposed by Patterson et al. (2005) and adopting a
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online)

superhump period of 0.0547(3) d. Their superhump period
might be that during Stage A of the main superoutburst,
even though that during Stage B should be adopted as the
superhump period for this relation. Using our superhump
period during Stage B and this relation, the mass ratio of
TCP J2104 is estimated to be ~0.062. Since this empir-
ical relation was obtained from the mass ratio of just 12
DNe which are mostly SU UMa-type and would not be
suitable for such a peculiar WZ Sge-type DN, the accu-
rate mass ratio of TCP J2104 seems to be 0.0880(9), esti-
mated by the method proposed by Kato and Osaki (2013)
which reflects the possible accretion disk physics at the 3:1
resonance radius.

Figure 10 represents the relationship between absolute
magnitudes in quiescence vs. those at the peaks of super-
outbursts (left), and vs. the amplitudes of superoutbursts
(right) of WZ Sge-type DNe. The magnitude data was taken
from The International Variable Star Index (VSX; Watson
et al. 2006), and the distance data were taken from Gaia
DR2 (Gaia Collaboration 2018; Bailer-Jones et al. 2018).
Note that in figure 10 only WZ Sge-type DNe with distance
errors less that 20% are plotted. As TCP J2104 clearly
showed early superhumps and possible orbital period vari-
ations, this object is not a low-inclination system. Even
then, TCP J2104 showed one of the brightest superout-
bursts and largest amplitudes among WZ Sge-type DNe.
Since the luminosity source of outbursts of DNe is the
release of the gravitational energy from the accreting mass
on the primary WD, this large amplitude could be accom-
plished by highly accumulated mass in the accretion disk of
TCP J2104 before the main outburst.

4.2 Two superoutbursts during the
rebrightening phase

In this subsection we discuss how the superoutbursts and
growths of superhumps during the rebrightening phases
were triggered. Essentially, in order to let the superhumps
grow during the rebrightening phase, it is required for
the accretion disk to expand beyond the 3:1 resonance
radius again.

One possible mass supplier during the rebrightening
phase is enhanced mass transfer from the illuminated sec-
ondary (Hameury et al. 2000). Because of the very bright
superoutburst of TCP J2104, its secondary might be irra-
diated and heated more than other DNe, and thus a higher
enhanced mass transfer rate of TCP J2104 during the
rebrightening phase might be expected. Note that since the
mass transfer rates from the secondary of SU UMa-type
DNe are roughly five times higher than those of WZ Sge-
type DNe (Hellier 2001), in order to trigger two superout-
bursts in half a year, the enhancement of the mass transfer
rate during the rebrightening phase of TCP J2104 would
be at least five times that in quiescence. Another supplier of
mass could be the mass reservoir which is the gas left over
around the outer disk. The spectra of TCP J2104 during
the post-superoutburst stage showed the possible Na D
feature, which was proposed to arise from a cool mass
reservoir in the outer disk (Neustroev et al. 2017). This
mass reservoir may enable the accretion disk to grow again
rapidly during the post-superoutburst stage. In the case of
TCP J2104, its accretion disk possibly contained more mass
before the main superoutburst, and the tidal force was as
weak as other WZ Sge-type DNe around the period min-
imum. These points support a larger mass reservoir for
TCP J2104 than other WZ Sge-type DNe. Note that as the
amount in the mass reservoir does not increase during the
rebrightening, there should be enough mass in the reservoir
to trigger two superoutbursts right after the main superout-
burst. Compared to that, the enhanced mass transfer can
sustain mass supply from the secondary during the rebright-
ening phase, though the expected enhancement of the mass
transfer rate is relatively large and some numerical simula-
tions disfavor this model as the scenario of rebrightenings
(Osaki & Meyer 2003, 2004). Also, from the point of view
of the angular momentum, the more angular momentum
the mass supplier has, the more easily the disk can expand
and rebrightenings can be triggered. The mass reservoir has
that, orbiting around the outer disk. On the other hand,
the enhanced mass transfer has that around the circulariza-
tion radius of the system, which is only ~0.24A (A being
the binary separation; Hellier 2001) and this would shrink
the disk rather than expand it. In fact, there is no numer-
ical simulation code that can reproduce the rebrightening
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phenomena reasonably, and we cannot exclude either
possible mass supplier.

From equation (1), using the period of the late-stage
superhumps (P tagesn), the orbital period (P), and the
mass ratio of the system (g), the size of the precessing disk
(*post) can be calculated (Kato et al. 2013):

P()l’)
1— =" = O(q) x R(rpos)- (7)

Plate stage sh

The estimated disk radius of TCP ]J2104 before the
third rebrightening was 0.38(2)A (Kato & Osaki 2013).
This value is much larger than the circularization radius
of the system. Moreover, after the main superoutburst,
TCP J2104 dropped to ~14 mag; however, this is ~4 mag
brighter than in quiescence, and is also brighter than
other WZ Sge-type DNe during their post-superoutburst
stage (Meyer & Meyer-Hofmeister 2015). As pointed out
by Osaki, Shimizu, and Tsugawa (1997), Osaki, Meyer,
and Meyer-Hofmeister (2001), and Meyer and Meyer-
Hofmeister (2015), even after the cooling wave propagates
through the disk, the viscosity of the disk can be enhanced
and the disk remains hotter than in quiescence. Note that
this brighter state than in quiescence during the rebright-
ening phase may be attributed to the cooling of the heated
WD due to the enhanced mass accretion during the main
superoutburst. A blackbody fit to the multi-band observa-
tions by MuSCAT and MuSCAT?2 during the rebrightening
phase, however, yielded a size (>10'" cm) much larger than
the WD (~10% cm), and the disk component should have
contributed significantly. This hotter state and the large
radius of the accretion disk kept TCP J2104 brighter than in
quiescence and made rebrightenings more easily triggered.
During this phase, the existence of the late-stage super-
hump indicates that the disk still kept its non-axisymmetric
shape after the main superoutburst, which would also
make rebrightenings more easily induced. In addition to
that, the intervals between the end of the main super-
outburst and the first rebrightening, and between the first
and second rebrightenings, were both ~5 d; however, the
interval between the second rebrightening and the start of
the third rebrightening was ~11 d. Around BJD 2458715 a
slight brightening was observed, though this brightening did
not develop into an outburst. The rising rate of this bright-
ening (~1magd~!) is slower than the first, second, and
fourth rebrightenings (>2.5 magd~!). This result suggests
the brightening on B]JD 2458715 was an inside-out rebright-
ening (Hellier 2001). During this slight brightening, the
heating wave did not propagate through the entire disk so
that the mass and angular momentum were not dissipated
enough to cause an outburst but remained in the accre-
tion disk. This phenomenon and the longer interval may

enable more mass accretion on the accretion disk before the
third rebrightening.

As discussed above, the rebrightenings are expected to
be more easily triggered in TCP J2104 because of the large
accretion disk, the presence of late-stage superhumps, and
more enhanced viscosity of the accretion disk compared to
other WZ Sge-type DNe. Along with that, the greater mass
supply made the accretion disk massive enough to reach the
3:1 resonance radius and initiate a superoutburst during
the third rebrightening. The possible suppliers are the mass
reservoir and/or the transferred mass from the illuminated
secondary. The same scenario can be applied for the fifth
rebrightening. After the fourth rebrightening, TCP J2104
remains ~15 mag, which indicates that the accretion disk
remained with enhanced viscosity and in a hotter state than
in quiescence. During the long interval of ~85d, the disk
became massive and finally the fifth rebrightening and the
superoutburst were induced again.

5 Summary

We have reported on photometric and spectroscopic obser-
vations and analysis of the main superoutburst and five
rebrightenings of TCP J21040470+4631129, a WZ Sge-
type dwarf nova with multiple rebrightenings. The early
superhump and Stage A superhump periods were detected
as 0.053472(5) and 0.0551(2)d, respectively. The mass
ratio of this system was estimated as 0.0880(9) using the
superhump period, which is within the normal range of
WZ Sge-type DNe. The spectra of TCP J2104 during the
post-superoutburst stage showed emission and absorption
lines of Balmer, Hel, and possible Na D. The Na D fea-
ture is uncommon among dwarf novae, and suggests a
cool mass reservoir in the outer disk. The slow brightening
before the superoutburst and a large superoutburst ampli-
tude suggest more accumulated mass in the accretion disk
than in normal WZ Sge-type DNe before the superoutburst.
In addition, we found a unique series of rebrightenings,
including superoutbursts and growing superhumps, during
the third and fifth rebrightenings, the first ever detected
during the rebrightening phase among WZ Sge-type DNe
with multiple rebrightenings. These phenomena require the
accretion disk to expand beyond the 3:1 resonance radius
again during the rebrightening phase. The elevated bright-
ness of the system after the main superoutburst and the
presence of the late-stage superhumps suggest enhanced vis-
cosity and a large radius of the accretion disk, which enable
the rebrightenings to be triggered more easily. Also, a mas-
sive mass reservoir because of the small mass ratio of this
object and/or the transferred mass from the illuminated sec-
ondary let the accretion disk to be massive enough to initiate
the superoutbursts during the rebrightening phase.
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