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Abstract

We report on the evolution of superhumps and late superhumps in an ultrashort period dwarf nova, 1RXS
J232953.9+ 062814, during the superoutburst in 2001 November. Ordinary superhumps were observed throughout
a plateau phase, a rapid fading phase, and a rebrightening phase. During the plateau phase, the superhump period
increased with time at a large rate of Pyo = 1.19 0.24 x 10~*. In conjunction with the rebrightening phenomenon,
these characteristics indicate that an accretion disk expanded further outward from the 3 : 1 resonance radius, which
caused a large amount of left over matter at the outer disk, even after the superoutburst. In the post-outburst phase,
we detected late superhumps superimposed on dominant double-peak modulations. Late superhumps were observed
at least for 10d without a significant period change. We detected the first normal outburst of this object on 2001
December 26. The interval between the superoutburst and this normal one is 53 d. This short recurrence time sup-
ports a high mass-transfer rate in this system. Concerning the evolutionary status of IRXS J232953.9+ 062814, we
propose that it is a progenitor of AM CVn stars on the evolutionary course of the cataclysmic variable channel in
which systems have a secondary star with a hydrogen-exhausted core.
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1. Introduction

transfer in CVs is maintained by removal of the orbital angular

Cataclysmic variables (CVs) are semi-detached binaries
which contain a white dwarf and a Roche-lobe filling sec-
ondary star (Warner 1995). The orbital-period distribution of
hydrogen-rich CVs has some notable characteristics. One is a
short-period cut-off at about 78 min, called the “period mini-
mum”. The other is a striking dearth between 2-3 hr, called the
“period gap”. They have been interpreted with the evolution-
ary scenario of CVs (Paczynski 1981; King 1988). The mass

momentum. The driving processes of angular-momentum loss
have been believed to be gravitational-wave radiation and the
magnetic braking (Taam et al. 1980; Rappaport et al. 1983).
According to the standard evolutionary scenario based on these
driving mechanisms, the period minimum is caused by a de-
generacy of secondary stars, which leads to a system expansion
with mass transfer. On the other hand, the period gap is caused
by a disappearing of magnetic braking when secondary stars
become fully convective at an orbital period of near 3 hr. This
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Table 1. Details of the equipment used for photometric observations.

Site Telescope Camera Filter
Kyoto 30 cm ST-7E unfiltered
Clovis 28 cm CB245 unfiltered
Okayama 30 cm ST-9E unfiltered
Auburn 35cm ST-6B Vv
Tsukuba 25 cm AP-7 V, unfiltered
Ouda 60 cm PixelVision R,

SITe SIO04AB
Idstein 20 cm ST-6B unfiltered
Wako 20 cm AP-7p unfiltered
Landen 35cm ST-7 unfiltered
Nyrola 40 cm ST-7E R
Bisei 30 cm ST-8E unfiltered
Potenza 20 cm MX916 unfiltered

evolutionary model predicts a smaller mass-transfer rate in a
system with a shorter orbital period, which has been confirmed
by observations (Sproats et al. 1996).

Contrary to ordinary hydrogen-rich CVs, helium CVs, or
AM CVn stars have ultrashort orbital periods of ~ 1000 s
(Smak 1967; Warner, Robinson 1972; Nelemans et al. 2001).
They are considered to have a secondary star of a helium
white dwarf or a semi-degenerate helium star. For the for-
mation of AM CVn stars, three models have been proposed:
(1) the white-dwarf channel (Tutukov, Yungelson 1979), (2)
the helium-star channel (Iben, Tutukov 1991), and (3) the CV
channel (Podsiadlowski et al. 2001). The lack of possible pro-
genitors of AM CVn stars has made it difficult to observation-
ally determine which channels are real, or dominant.

Dwarf novae (DNe) form a subgroup of CVs. They expe-
rience repetitive outbursts with typical amplitudes of 2—5 mag
(Warner 1987). Their outburst is considered to be a suddenly
enhanced release of gravitational energy induced by a thermal
instability of an accretion disk (Osaki 1996). According to the
disk instability model, superoutbursts, which are observed only
in SU UMa-type DNe, are induced by the tidal instability. The
precession of a tidally distorted disk causes a beat phenomenon
with the orbital motion of a secondary. It naturally explains
superhumps, which are short-term modulations with a period
slightly longer than the orbital period.

IRXS J232953.9+062814 is a recently discovered
SU UMa-type DN (Uemura et al. 2001). Uemura et al. (2002,
hearafter, Paper I) revealed extraordinary features that it has
an ultrashort orbital period of ~ 64 min, although its optical
spectrum is apparently hydrogen-rich. Its bright quiescent
magnitude of +7.8 < My < +8.8, furthermore, indicates a
high mass-transfer rate despite the short orbital period. This
apparently contradicts the standard evolutionary scenario
of ordinary hydrogen-rich CVs. Thorstensen et al. (2002)
reported a conspicuous secondary star in this object, which
is also quite atypical among short-period systems just above
the period minimum. The evolutionary status and the driving
mechanism of the mass transfer of this object are open issues.

In Paper I, we reported on the first results of our photometric
campaign during the superoutburst in 2001 November. Here,
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we report on our detailed analysis of superhumps during the
superoutburst and the post-outburst phase. In the next section,
we show the evolution of superhumps with a brief description
of our observation method. We then suggest an interpretation
of the superhump evolution. We, furthermore, propose a possi-
ble evolutionary status of this object, in which it is a progenitor
of AM CVn stars on the course of the CV channel. We sum-
marize our findings in the final section.

2. Observation and Result

We performed CCD photometric observations at 12 sites.
The equipment used in our observations is listed in table 1. We
performed image reduction and an adjustment of each magni-
tude scale in the same manner as that mentioned in Paper 1.
The observation log is presented in table 2.

As reported in Paper I, the object experienced a superout-
burst which was first detected on 2001 November 3 (HJD
2452217). Figure 1 shows the light curve during and after
this superoutburst. The object entered a rapid fading phase on
November 8 (HJD 2452221). A rebrightening subsequently
occurred on November 9 (HJD 2452223). In this paper, we
call a short period after rebrightening as a “transition phase”,
in which the decline rate decreased with time. The object then
entered a post-outburst phase. No major brightening was ob-
served until 2001 December 26 (HJID 2452269), when we de-
tected another outburst, as can be seen in the right panel of
figure 1. Throughout these phases, we detected periodic mod-
ulations whose period and profile varied with time. In the fol-
lowing subsections, we report on their detailed characteristics.

2.1. Main Outburst and Rapid Fading Phase

During the plateau of the superoutburst, we detected super-
humps, as reported in Paper I. We estimated the observed peak
times of the superhumps by taking cross-correlations between
the average hump profile and observed light curves. Using
these observed peak times, we obtained O — Cs of each peak
time (figure 2). In this figure, the average superhump period
(0.046371 d) is indicated by the dotted line.

The O — Cs during the plateau phase depict a smooth curve,
and can be represented by a parabolic curve. We obtained
a reduced x2 of 1.76 by fitting a parabolic function. This
strongly indicates a significant increase of the superhump pe-
riod. In SU UMa-type DNe, the period change of superhumps
is a well-known phenomenon, from which we can obtain in-
formation about the evolution of a tidally distorted accretion
disk. While most of them show the period decrease of super-
humps, systems with quite short orbital periods tend to show
the period increase of superhumps (Kato et al. 2001). Among
short-period systems, it is important to note that the unique
twin of 1RXS J232953.9+062814, V485 Cen also exhibited
a period increase (Olech 1997). The rate of the period increase
in V485 Cen is Py (= P/P) =2.8+0.3 x 10~*, which is
largest among known systems. By fitting a parabolic function
to O — Cs in figure 2, we estimated the rate of period change
in 1IRXS J232953.9+ 062814 to be Pyo = 1.1940.24 x 1074,
This is significantly smaller than that in V485 Cen and still
larger than those in ordinary systems (Kato et al. 2001). In con-
junction with an orbital period longer than that of V485 Cen,
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Table 2. Journal of observations.

Date (HID) Time (hr)  Texp (5) N  Site* Date (HID) Time (hr)  Tixp (5) N  Site*
2452217.9760 5.19 30 480 K 2452235.4864 3.03 150 71 A
2452219.3652 1.91 40 163 L 2452235.5323 4.37 120 128 C
2452219.4144 2.47 60 133 I 2452235.9906 3.10 45 212 Ok
2452219.5782 2.45 80 100 A 2452237.9946 2.83 45 77 Ok
2452219.9603 3.67 30 65 K 2452238.0044 3.81 30 260 K
2452219.9871 4.02 70 188 T 2452238.5221 4.06 120 119 C
2452220.6118 1.66 70 76 A 2452238.9492 4.61 30 320 K
2452220.6766 2.47 20 238 W 2452239.8934 0.84 30 60 K
2452220.9036 4.59 30 438 K 2452239.9454 1.74 70 85 T
2452220.9106 4.57 15 219 T 2452240.5243 4.20 120 123 C
2452221.3710 1.99 250 24 P 2452240.8716 6.01 30 575 K
2452221.5638 2.36 80 100 A 2452241.9554 3.55 30 253 K
2452221.9112 2.24 30 39 K 2452241.9857 2.38 45 68 Ok
2452222.9532 1.15 30 31 K 2452242.5424 3.65 120 107 C
2452223.2378 7.30 70 110 | 2452243.8809 6.20 30 280 K
2452223.2379 6.34 50 145 L 2452244.8868 5.26 30 383 K
2452223.7036 2.04 20 205 w 2452245.5260 341 120 100 C
2452223.9062 6.17 40 507 B 24522459123 4.51 30 352 K
2452224.0245 2.69 30 263 Ok 2452247.5261 2.00 120 59 C
24522242167 6.35 70 126 I 24522479110 5.41 30 435 K
2452224.2314 6.22 70 306 L 2452250.0096 2.14 30 201 K
2452224.5011 2.09 90 80 A 2452250.8629 5.68 30 511 K
2452224.8822 0.56 130 11 T 2452251.8875 2.56 30 177 K
2452224.9391 2.94 30 56 K 2452252.5287 3.31 120 97 C
2452225.2096 0.19 70 5 I 2452253.5268 3.31 120 97 C
2452225.5099 2.31 120 67 A 2452254.9825 2.35 30 169 K
2452225.6936 1.57 10 130 W 2452255.9531 4.14 45 163 Ok
2452225.9039 3.12 30 164 K 2452256.9783 3.53 45 47 Ok
2452225.9246 1.15 130 29 T 2452257.0608 0.92 30 37 K
2452226.0141 1.13 30 110 Ok 2452257.5244 3.10 120 91 C
2452226.5365 2.65 120 73 A 2452257.9634 3.89 45 85 Ok
2452226.9849 4.76 30 166 K 2452258.0030 1.88 30 149 K
2452227.4989 4.64 120 129 A 2452258.9022 5.36 45 218 Ok
2452227.9028 6.78 30 631 K 2452258.9026 6.51 30 205 K
2452228.3696 0.59 60 28 N 2452259.9276 4.81 30 314 K
2452228.3914 1.85 90 52 I 2452260.9438 2.87 30 140 K
2452228.8841 3.03 30 156 K 2452261.5302 2.65 120 78 C
2452229.3500 2.32 90 84 I 2452261.9082 2.99 45 83 Ok
2452229.8743 7.56 30 625 K 2452261.9165 2.08 30 49 K
2452229.9192 2.85 130 78 T 2452262.5225 2.76 120 81 C
2452229.9973 3.37 30 157 Ok 2452262.8798 0.12 10 25 Ou
2452230.8758 7.46 30 313 K 2452262.9076 5.90 30 544 K
2452231.0544 1.81 30 183 Ok 2452263.5265 2.62 120 77 C
2452231.3236 2.73 60 138 N 2452263.9006 2.89 30 272 K
2452231.5425 4.41 120 129 C 2452266.5227 2.50 120 74 C
2452231.8788 5.50 30 293 K 2452266.8700 6.36 30 550 K
2452232.0221 2.60 30 263 Ok 2452267.8857 4.68 30 319 K
2452232.5461 341 120 100 C 2452268.5245 2.31 120 68 C
2452232.8818 5.12 30 277 K 2452269.8683 2.82 10 534 Ou
2452233.5314 3.57 120 83 A 2452269.9447 3.86 30 346 K
2452233.5434 4.24 120 124 C 2452270.5190 2.33 60 132 C
2452233.8881 6.36 30 581 K 2452270.8552 1.70 10 264 Ou
2452234.5418 4.20 120 123 C 2452270.9246 3.78 30 337 K
2452234.8685 7.24 30 701 K 2452271.5213 2.20 120 65 C
2452235.0111 2.73 30 174 Ok 2452271.8612 1.75 10 153 Ou
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Table 2. (Continued)

Date (HID) Time (hr)  Texp (5) N  Site*

2452272.8588 0.11 10 28  Ou
2452277.9385 1.59 30 162 K
2452282.9212 0.67 30 69 K
2452286.8866 0.18 30 19 K
2452286.8866 0.18 30 19 K
2452293.8885 1.93 30 189 K
=1
I plateau rebrightening
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4+ rapid fading et

20 25 30 35
HJD—-2452200

Date (HID) Time (hr)  Texp (5) N  Site*

2452298.8972 1.36 30 132 K
2452301.9210 0.33 30 29 K
2452303.8964 0.92 30 82 K

* K=Kyoto, T =Tsukuba, C = Clovis, N = Nyrola, Ou= Ouda,
I=Idstein, B = Bisei, A = Auburn, Ok = Okayama, W = Wako,
L = Landen, P = Potenza.
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Fig. 1. Light curves of IRXS J232953.9+062814 during and after the outburst in 2001 November. The abscissa and ordinate denote HID and the
differential magnitude, respectively. The filled circles represent the averaged magnitudes during each night. Left panel: Light curve including the
superoutburst. We define four phases during this period, as shown in the panel (see the text). Right panel: Light curve during the post-outburst phase

including a normal outburst.

the object thus lies between V485 Cen and ordinary short-
period systems in the Pyo—Psy diagram (see, figure 10 of Kato
et al. 2001).

We detected periodic modulations even in the rapid fading
phase, as shown in figure 3. The humps had a single-peak pro-
file and a period analogous to that of superhumps. In most
SU UMa stars, superhump signals generally weaken in the
late stage of superoutbursts and almost disappear in the rapid
fading phase. Instead of ordinary superhumps, other types of
modulations, called late superhumps generally appear (Haefner
et al. 1979; Vogt 1983). While they have the superhump pe-
riod, their peak shifts by about 0.5 phase shifted from that of
ordinary superhumps. Using the average light curve of super-
humps in the plateau phase, we estimate two peak times of the
humps in figure 3, which are plotted in figure 2. The phase
of these peak times roughly coincides with that of superhumps
before the rapid fading phase. This indicates that the humps
in the rapid fading phase are not late superhumps, but ordinary
superhumps. Their amplitudes are about 0.15 mag, which are
comparable to those just before the rapid fading phase. This is
atypical for ordinary superoutbursts, and implies that the effect
of tidal dissipation was still efficient even in this stage.

The O — C diagram shows that the hump peaks during the
rapid fading phase lie slightly earlier than that expected from
the constant period increase indicated by a solid curve. When
we fitted a parabolic function using the O — Cs including these
two points, it yielded a reduced y 2 of 2.78. Compared with that

HJD - 2452200
18 20 22 24 26 28

0.01

0.005

O-C (d)

rapid fading

-0.005 rebrightening

-0.01 - superoutburst plateau

transition phase

-0.015 L : 1 L L
0 50 100 150 200 250

cycle

Fig. 2. O — C diagram of superhumps through the main plateau,
rapid fading, rebrightening, and transition phase. The abscissa de-
notes the cycle. We also show the corresponding HJD at the
upper axis. The ordinate denotes O — C (d). We calculated
the O — Cs from peak times of humps (Tjea) determined by
Tpeak = HID 2452218.02058 + 0.046271 E, where E is the cycle. The
dotted curve indicates an average superhump period of 0.046371 d. We
calculated O — C's in this figure with a period 0.0001 d shorter than the
average superhump period in order to clearly show period changes. The
solid lines indicate parabolic curves fitted to the O — Cs (see the text).
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calculated using the points without them, this result indicates
that the period increase is significantly weakened in the rapid
fading phase.

2.2. Rebrightening

The light curves during rebrightening are shown in figure 4.
The beginning of rebrightening was detected 1.6d after the
rapid fading phase. The object reached the maximum of re-
brightening between HID 2452223.55 and 2452223.70, within
only two days from the rapid fading phase. The rebrighten-
ing phenomenon after a superoutburst is frequently observed
in SU UMa-type DNe with short orbital periods (e.g. Kato
et al. 1997). The interval between the main superoutburst and
the rebrightening is, however, quite short in the case of this
system. Even in the case of V485 Cen, Olech (1997) reported
that the object reached the peak of a rebrightening 4-6d after
a rapid fading phase.

As can be seen in figure 4, periodic modulations still ap-
peared in both ascending and descending branches of the re-
brightening. The amplitude of these humps was 0.10-0.15 mag
and slightly increased with time. We calculated O — Cs of these
humps in the same way as mentioned above, and show them in
figure 2. While we can see O — C's during rebrightening almost
equal to those in the rapid fading phase, it is not evident that
superhumps appeared throughout these phases without any pe-
riod shifts, because of the lack of observations between these
phases. On the descending branch of rebrightening, the second
hump rapidly evolved, as can be seen in figure 4. In an ordi-
nary SU UMa-type DNe, a rapid growth of late superhumps is
frequently observed in the late plateau phase of superoutbursts.
The evolution of hump profiles in figure 4 is reminiscent of
that phase. We hence suggest that the main humps and the sec-
ond humps in the rebrightening phase are superhumps and late
superhumps, respectively.

2.3.  Transition and Post-Outburst Phase

The rapid fading from the rebrightening lasted for at least
0.8 d, and then the fading became gradual at ~0.01 magd " af-
ter the transition phase, which was lasted for ~ 5d. The fading
rate decreased with time during the transition phase. We show

1.00

2.4

2.6

2.8

diff. mag.

3.0

3.2

1.3 1.4 1.5
HJD—-2452223

o

Fig. 4. Light curves around rebrightening. The abscissa and ordinate
denote HID—2452223 and the differential magnitude, respectively.
Top panel: Light curve of all rebrightening. Middle and bottom panels:
Light curve between HID 2452223.8-2452224.6. The horizontal and
vertical scales are the same in order to compare them clearly.

representative light curves during these phases in figure 5.

As can be seen in the right panel of figure 1, the long-term
light curve of the post-outburst phase can be described by grad-
ual fading with a minor reflare. The minor flare occurred in
HID 2452247 with an amplitude of ~ 0.20mag. Although it
only has small amplitudes, independent confirmations by ob-
servations at Kyoto and Clovis support that it is a real event.
On the other hand, larger variations after ~ HJD 2452255 are
mainly caused by a bad seasonal condition. This small am-
plitude reflare is different from rebrightening regarding a lack
of rapid fading. After relatively gradual brightening, the ob-
ject started fading at a rate comparable to that before the minor
flare, as can be seen in the right panel of figure 1.

The nature of dominant short-term modulations changed
during the transition phase. As can be seen in figure 5, su-
perhumps were still prominent and had more evolved second
humps in the early transition phase. The profile then became
more complicated in the late transition phase. To calculate
the peak times of the humps, we divided the light curve into
two-day bins and made their average light curves. Cross-
correlations between the average and observed light curves
yielded O — Cs of the humps, which are shown in figure 2.
This figure includes no hump in the late transition phase, since
the complicated profile makes it difficult to determine the peak
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Fig. 5. Light curves for the transition and the post-outburst phases. The
abscissa and ordinate denote HID—2452200 and the differential mag-
nitude, respectively. The panels show examples of short-term varia-
tions in the transition phase (HID 2452226 and 2452227) and in the
post-outburst phase (HID 2452231).

times. As can be seen in figure 2, the O — Cs in the rebright-
ening and transition phases depict a smooth curve. This sys-
tematic period shift from the rebrightening phase strongly in-
dicates that superhumps appeared at least until the early transi-
tion phase. Using all points during the rebrightening and tran-
sition phases in figure 2, fitting a parabolic function yielded
x2=1.19 and Py = —9.15 £ 1.86 x 1073, We show the fitted
curve in figure 2 by a solid line. As can be seen from this figure
and the fitted curve, it may be possible that the period shift had
already stopped during the mid-transition phase (cycle ~ 200).
In this case, we obtained Py = —8.22 £ 3.34 x 1075 from
a x? fitting without the points of a cycle > 200 in figure 2.
While these Py, are relatively large, they are rather normal
among ordinary SU UMa-type DNe (Kato et al. 2001). The
O — Cs in the rapid fading phase are apparently not on this
curve of the constant-period decrease.

In the post-outburst phase, the light curve was dominated
by double-peak modulations, whose amplitude was slightly
variable. The typical light curve is shown in the bottom
panel of figure 5. In Paper I, we performed a period analy-
sis using the light curve for the first three days in the post-
outburst phase. This revealed that the double-peak modula-
tions have a period significantly shorter than the superhump
period. Thorstensen et al. (2002) have recently revealed that,
in conjunction with the spectroscopic phase, the photometric
modulations are ellipsoidal modulations caused by the orbital
motion of a tidally distorted secondary. To obtain a more ac-
curate photometric period, we analyzed the light curve during
the post-outburst phase from HID 2452230 to 2452271. When
we calculated the period, observations during the normal out-
burst were excluded, except for that on HID 2452271.50-1.65

[Vol. 54,
. L il
= i |
e
7 0.951 :
0.91 . ,
0.0440 0.0450 0.0460 0.0470
period (d)
1.01
i/
© 0.99
=
0.97 . ,
0.0440 0.0450 0.0460 0.0470

period (d)

Fig. 6. Period—© diagrams calculated from the light curve during the
post-outburst phase. The abscissa and ordinate denote the period in
days and the theta, respectively. Top panel: Period—© diagram of the
double-peak modulations which dominate in the post-outburst phase.
Lower panel: Period—© diagram of the residual light curve. The verti-
cal lines appeared in both panels indicate the superhump period during
the plateau phase (0.046371d).

in which the double-peak modulations had already appeared
(see the next subsection). After subtracting the slow fad-
ing trend and the minor reflare profile, we performed a pe-
riod analysis with the phase dispersion minimization method
(PDM; Stellingwerf 1978), which yielded the period—© dia-
gram shown in the upper panel of figure 6. In this figure, we
indicate the superhump period with a solid line. We can see a
strong periodicity shorter than the superhump period. A weak
signal slightly longer than the superhump period is the one-
day alias of this strong signal. We determined the period to
be 0.0445652 4+ 0.0000007d. This photometric period is al-
most equal to a spectroscopic period reported by Thorstensen
et al. (2002).

Although double-peak modulations dominate in the post-
outburst phase, their variable amplitude implies another peri-
odicity. We subtracted the average profile of the double-peak
modulations from the light curve and performed a PDM anal-
ysis with the residual light curve. The obtained period—© dia-
gram is shown in the lower panel of figure 6. There is a strong
periodicity which is longer than that of double-peak modula-
tions and shorter than the average superhump period. We de-
termined the period to be 0.045855 £ 0.000010d. The average
light curve of residual modulations is shown in figure 7. It has
a single-peak profile with the amplitude of ~ 0.05mag. The
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Fig. 7. Average light curve of late superhumps. The abscissa denotes
the phase in the late superhump period. The ordinate denotes the dif-
ferential magnitude, whose scale is adjusted by subtracting the average
magnitude.
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Fig.8. O — C diagram of superhumps during the transition and
post-outburst phases. The abscissa and ordinate denote the cycle and
the O — C (d), respectively. O — Cs in this figure were calculated with
the period of the residual modulations in the post-outburst phase, i.e.,
Tpeak = HID 2452225.523642 + 0.045855E.

humps were constant in amplitude for at least 10d.

We calculated the peak times of residual humps with their
average light curve. Their O — Cs determined with the period
of residual modulations are shown in figure 8. This figure also
includes a part of O — Cs in the transition phase. Figure 8
reveals that the residual modulation has characteristics differ-
ent from that in the early transition phase. First, we can find
no significant period change over 200 cycles. The period of
residual modulations was thus constant or variable with only a
small Pyy. Second, their peak timings are apparently shifted
compared with those in the transition phase. The peak time
of residual modulations is rather near that of second humps
evolving through the rebrightening—transition phase. In con-
junction with their long-lived nature and single-peak profile,
we conclude that the residual modulations are late superhumps
and that ordinary superhumps disappeared during the transition
phase.
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Fig. 9. Light curves during the normal outburst. The abscissa and or-
dinate denote HID—2452200 and the differential magnitude, respec-
tively. Top panel: Long-range light curve during the normal outburst.
Lower three panels: Short-range light curves during the rising stage
(HJD 2452269-70), the early fading stage (HID 2452270), and the late
fading stage (HJD 2452271). Each light curve is subtracted the linear
rising or fading trend.

2.4. Normal Outburst

We detected another outburst in HID 2452269. We show
the light curve of this outburst in figure 9. A rapid brightening
was successfully detected in the late HID 2452269. The rising
rate decreased with time from 7.6magd~—' to 2.3magd~" dur-
ing this run. The observed maximum was 1.1 mag fainter than
the supermaximum in 2001 November. The object then started
rapid fading at a rate of 1.6magd~". The fading became more
gradual near the quiescent level.

Short-term modulations weakened in amplitude during this
outburst. While we can see some hints of modulations during
the rising stage, our period analysis provided no significant pe-
riodicity. On the other hand, modulations during the early fad-
ing stage are relatively evident, as shown in figure 9. Our ob-
servation detected two dip-like profiles whose amplitudes were
0.04 mag. We estimated the separation between the two dips
to be ~ 0.046d, which is reminiscent of the orbital or super-
hump period. Folding the light curve with the photometric or-
bital period of 0.0445652d, we found that the phase of these
dips corresponds to the phase of a minimum of double-peak
modulations. This strongly indicates that the dips are signals
associated with the orbital motion. In the late fading stage, the
light curves were dominated by double-peak modulations as
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seen in the bottom panel of figure 9. After this outburst, the
object again started gradual fading, as shown in figure 1. The
object became ~ 1 mag fainter during the post-outburst phase
for 70 d. The amplitude of the superoutburst is hence ~ 4 mag.

The lack of superhumps and the short duration (~ 2d) of the
outburst are evidence that the outburst is a normal one. This is
the first normal outburst confirmed after the object was classi-
fied as an SU UMa-type DN. The interval between the super-
outburst and the normal outburst is 53d. This recurrence time is
quite short among short-period SU UMa stars and rather anal-
ogous to long-period SU UMa stars having orbital periods near
2 hr (Warner 1995).

3. Discussion
3.1. Interpretation of the O — C Diagram

The ordinary period decrease of superhumps has been at-
tributed to decreasing apsidal motion due to a shrinking disk
during superoutbursts (Warner 1985; Patterson et al. 1993). On
the other hand, the period increase of superhumps is proposed
to be the result of an expanding disk beyond the 3 : 1 resonance
radius (Kato et al. 1997; Kato et al. 2001). In this scenario,
the eccentricity wave can propagate outward when a system
has a large amount of accumulated matter due to a small mass-
transfer rate (M) and/or has a small 3 : 1 resonance radius due
to a small mass ratio (g = M,/ M).

In Paper I, we suggested an unexpectedly high M in 1RXS
J232953.9+ 062814 based on a bright absolute magnitude at
quiescence. In this paper, we have furthermore revealed that
the recurrence time between the superoutburst and the normal
one is quite short among short-period systems. According to
the disk instability model (Osaki 1995), this short recurrence
time also supports a high M.

It is thus less likely that the period increase in 1RXS
J232953.9+062814 is caused by a small M. It is, however,
also problematic to explain it with a small ¢g. In Paper I, we
suggest a secondary star with relatively large mass based on a
large superhump excess and high effective temperature of the
secondary (see also Thorstensen et al. 2002). This provides a
relatively large g of 0.19 +0.02 while short-period systems are
expected to have g ~ 0.05.

Additionally to the period increase of superhumps, the post-
outburst rebrightening phenomenon is also analogous to or-
dinary short-period systems. Osaki et al. (1997) proposed a
model that the rebrightening is caused by a temporal increase
in viscosity at a cold state. In short-period systems, a large
amount of accumulated matter enables a disk to expand further
outward. The left over matter can re-ignite after the superout-
burst when the magnetic field, or viscosity gradually decays
(Osaki et al. 2001).

On the other hand, the outer portion of the disk can be a
superhump light source propagating outward, which leads to
the period increase of superhumps (Kato et al. 1997). This
scenario indicates that a large amount of left over matter can
cause both the period increase of superhumps and the rebright-
ening phenomenon. The detection of rebrightening in 1RXS
J232953.9+062814 may support that its period increase of su-
perhumps was also caused by a large amount of left over mat-
ter. We detected superhumps even in the rapid fading phase
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and the rebrightening phase without any noticeable decreasing
in the amplitude. This also indicates the presence of a large
amount of matter at the outer disk, in which the tidal dissipa-
tion was still efficient even after the superoutburst. Since the
object has a large ¢ and M, additional unknown mechanisms
are needed to expand a disk further outward from the 3 : 1 res-
onance radius.

While the superhump period started decreasing in the rapid
fading phase, a constant decreasing rate cannot explain the sub-
sequent period decrease in the rebrightening and the transition
phase, as shown in figure 2. It is possible that the superhump
period had continuously decreased from the rapid fading phase
to the transition phase at variable rates of the period decreasing.
The disk instability model, however, rather prefers a scenario
that the rapid period decrease after the superoutburst was in-
terrupted by the expansion of the disk, or the period increase
during the rising stage of rebrightening.

Superhumps rapidly disappeared during the late transition
phase, as shown in figure 5. When double-peak modulations
and late superhumps subsequently became dominant, the pe-
riod change had already stopped, as can be seen in figure 8.
Late superhumps have been proposed to be caused by the
brightness variation of the stream—disk impact region (Haefner
et al. 1979; Vogt 1983). Based on this model, we consider
that the tidal dissipation was no longer significant in the late
transition phase, while the disk was still eccentric. The grad-
ual fading trend during the post-outburst phase was possi-
bly associated with the gradual decay of the eccentricity of
the disk. Such a long, fading tail is frequently observed in
WZ Sge-type DNe, although they have a small ¢ compared
with 1RXS J232953.9+062814.

3.2.  Evolutionary Status of 1RXS J232953.9 +062814

As noticed in Paper I, this object apparently breaks the stan-
dard scenario of CV evolution regarding its ultrashort orbital
period despite the high M, the large ¢, and the hydrogen-rich
spectrum. The proposed g of 0.19 £ 0.02 in Paper I indicates a
secondary star more massive than that in short-period SU UMa
stars. A massive secondary star can be consistent with the high
M when we consider gravitational-wave radiation to be a pro-
cess of angular-momentum removal from the system.

The ordinary evolutionary sequence of CVs has been con-
sidered with secondary stars near main-sequence stars (e.g.
King 1988). This sequence makes the period minimum
around 70min and is difficult to explain the presence of
1RXS J232953.9+062814. We propose that this object has
an evolved secondary star which has a hydrogen-exhausted
core (see also Thorstensen et al. 2002). A secondary star
with a hydrogen-exhausted core has mass more than that ex-
pected from the mass—radius relation of main-sequence stars
and brown dwarfs. According to Podsiadlowski et al. (2001),
such systems have a shorter period minimum and, further-
more, have more luminous secondary stars around their pe-
riod minimum. They predicted that, before the period min-
imum, such CVs still have much hydrogen in their surface,
which is consistent with the hydrogen-rich spectrum of 1RXS
J232953.9+062814.

To perform a rough estimate of the M of the object, we as-
sumed the masses of a white dwarf and a secondary star to
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be M| =0.7M¢ and M, = 0.14 M, respectively. In conjunc-
tion with an orbital period of 64 min, we estimated the rate
of angular-momentum loss due to gravitational-wave radiation
(Jgr) to be about 7-times larger than that of ordinary short-
period systems (M| = 0.7, M, = 0.065, and Py, = 80min as-
sumed). We need a mass—radius relation of secondary stars to
translate J into M. If we assume the empirical relation of ordi-
nary CVs, M of the object is about 9-times larger than that of
ordinary short-period systems.

Theoretical calculations show that CVs having secondary
stars with hydrogen-exhausted cores evolve without a fully
convective phase until secondary stars degenerate (Baraffe,
Kolb 2000; Podsiadlowski et al. 2001). In these systems, we
can hence expect the effect of magnetic braking even for or-
bital periods shorter than 2hours. We estimated the rate of
angular-momentum loss due to magnetic braking (Jmp) based
on Rappaport et al. (1983). The system parameters of IRXS
J232953.9+ 062814 yield Jus 60% larger than Jor. We cal-
culated the total M of an object 24-times larger than that of
ordinary short-period systems assuming the empirical mass—
radius relation. This large M can explain the quiescent absolute
magnitude of an object 3—4 mag brighter than that of ordinary
short-period systems, as shown in figure 2 of Paper I. Our pro-
posed scenario can thus reconcile the problems of this object
against the standard evolutionary sequence of CVs.

This scenario predicts that the binary system shrinks with
time until the secondary star degenerates. At the period mini-
mum, the surface abundance of hydrogen will significantly de-
crease compared with the current state. The object, hence, pos-
sibly appears to be an AM CVn star after the period minimum.
This is just the CV channel proposed as an evolutionary se-
quence of AM CVn stars by Podsiadlowski et al. (2001). Marsh
and Steeghs (2002) have recently suggested that V407 Vul,
which is proposed to be a binary system with a 9.5-min orbital
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period, is a progenitor of AM CVn stars on the course of the
white-dwarf channel. The present discovery of a high M and
a luminous secondary star of 1RXS J232953.9+062814 pro-
vides stronger observational support for the CV channel to be
an evolutionary sequence of AM CVn stars.

4. Summary

Our detailed analysis of short-term modulations revealed
the evolution of superhumps and late superhumps observed in
1RXS J232953.9+062814. Superhumps appeared during the
main plateau, rapid fading and rebrightening phase. They then
disappeared during the transition phase. The superhump pe-
riod increased with time at a relatively large rate during the
main plateau phase. The period increase was interrupted when
the object entered the rapid fading phase. During the rebright-
ening phase and the transition phase, the superhump period
continued to decrease. The period increase, the rebrighten-
ing, and the long fading tail are characteristics observed in
WZ Sge stars or short-period SU UMa stars, although 1RXS
J232953.9+ 062814 has a large mass ratio and accretion rate.
Late superhumps subsequently appeared since the early post-
outburst phase. They were long-lived and showed no signifi-
cant systematic period change. We propose a possible evolu-
tionary scenario of this object that it is a progenitor of AM CVn
stars on the course of the CV channel.
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