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Superoutburst of WZ Sge-type dwarf nova
below the period minimum: ASASSN-15po
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Abstract

We report on a superoutburst of a WZ Sge-type dwarf nova (DN), ASASSN-15po. The
light curve showed the main superoutburst and multiple rebrightenings. In this out-
burst, we observed early superhumps and growing (stage A) superhumps with periods
of 0.050454(2) and 0.051809(13) d, respectively. We estimated that the mass ratio of sec-
ondary to primary (qg) is 0.0699(8) by using P, and a superhump period Psy of stage A.
ASASSN-15po0 [P, ~ 72.6 min] is the first DN with an orbital period between 67-76 min.
Although the theoretical predicted period minimum P, of hydrogen-rich cataclysmic
variables (CVs) is about 65-70 min, the observational cut-off of the orbital period distri-
bution at 80 min implies that the period minimum is about 82 min, and the value is widely
accepted. We suggest the following four possibilities: the object is (1) a theoretical period
minimum object, (2) a binary with a evolved secondary, (3) a binary with a metal-poor
(Popullation IlI) seconday, or (4) a binary which was born with a brown-dwarf donor below

the period minimum.
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1 Introduction

Cataclysmic variables (CVs) are close binary systems which
are composed of a white dwarf (WD) primary and a Roche-
lobe-filling secondary. The transfered mass from the sec-
ondary forms an accretion disk around the primary. Dwarf
novae (DNe) are a subclass of CVs characterized by a
sudden brightening of the disk, called an outburst. Out-
bursts are thought to be caused by the thermal instability
of disk (see, e.g., Warner 1995).

SU UMa-type DNe show not only normal outbursts
but also superoutbursts, which are caused by thermal-
tidal instability (Osaki 1989, 1996). In superoutbursts,
superhumps can be observed which have a small ampli-
tude of 0.1-0.5mag and a period a few percent longer
than P,,. Superhumps are considered to be a result of the

3 : 1 resonance of accretion disks which makes disks ellip-
tical (Whitehurst 1988; Lubow 1991a,1991b; Hirose &
Osaki 1990). According to Kato et al. (2009), ordinary
superhumps are classified into three stages by how the
period changes: stage A, stage B, and stage C (see figure 1 on
the classification of superhumps). The stage A superhumps
are thought to represent the growing phase of the 3 : 1
resonance, and their period is considered to reflect the disk
precession rate at the 3 : 1 resonance radius. The period of
stage B superhumps is shorter because of pressure effects in
the disk, and the origin of stage C superhumps is unclear
(for more detail, see Kato & Osaki 2013).

WZ Sge-type DNe are a subclass of SU UMa-type DNe
which show few normal outbursts and, compared with
SU UMa-type DNe, have especially rare outbursts and short
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Fig. 1. Examples of the classification of superhumps. This figure is taken
from Kimura, Isogai, and Kato (2016), and the plotted data is the outburst
of ASAS J102522-1542.4 during 2006 which was analyzed in Kato et al.
(2012). Upper: O—C diagram. Middle: Superhump amplitude. Lower:
Overall light curve. The classification is defined by the variations of the
period and amplitude. (Color online)

orbital periods. WZ Sge-type DNe feature double-peak vari-
ations in their light curves, called early superhumps, which
are observed in the initial term of superoutbursts. It is
believed that the period of early superhumps corresponds
reasonably well with the orbital period (Kato 2002; Ishioka
et al. 2002). They also exhibit multiple rebrightenings after
the main superoutburst (see Kato 2015 for a review). The
reason why early superhumps are observed in WZ Sge-type
DNe is that the binaries have extremely small mass ratios g,
so the disks can spread to the 2 : 1 resonance radius (Osaki
& Meyer 2002). Once the 2 : 1 resonance is excited, two-
armed dissipation patterns appear near the 2 : 1 resonance
radius, and we see the geometrical superposition of two

light sources. This is how early superhumps with double-
peaked profiles are observed (cf. Maehara et al. 2007). The
2 : 1 resonance is thought to suppress the growth of the
3 : 1 resonance (Lubow 1991a). Hence, after the 2 : 1 res-
onance becomes weak, the 3 : 1 resonance becomes excited
and ordinary superhumps grow. There are several cases
when rebrightenings occur after main superoutbursts. The
rebrightenings are grouped into five types: only one long
duration rebrightening (type A), multiple rebrightenings
(type B), only one short duration rebrightening (type C),
no rebrightenings (type D), and double superoutburst (type
E) (Imada et al. 2006; Kato et al. 2009, 2013). The rebright-
ening types appear to reflect the evolutionary phase, and the
order of the evolution seems to be type C—D—A—B—E
as Kato (2015) suggested.

According to the evolutionary theory of CVs, a binary
separation becomes shorter mainly by magnetic braking in
the initial stage (orbital period P > 3hr), and by gravi-
tational wave radiation (GWR) in the final stage (orbital
period P, < 3hr) (Paczyfski 1981). As mass transfer
from the secondary proceeds, the secondary evolves and
partially degenerates. The smaller the mass of the degen-
erate secondary star becomes, the larger its radius becomes.
Such a transition of the mass—radius relation causes the
increasing orbital period. Hence it is believed that there
is a theoretical lower limit of the period of CVs, called
the period minimum P, (Paczynski & Sienkiewicz 1981;
King 1988). Assuming that the angular momentum loss of
the binary is driven purely by the GWR, the theoretical
Piin is calculated to be 65-70 min (Kolb & Baraffe 1999;
Howell et al. 2001). However, the observational cut-off of
the Py, distribution is about 80 min, and the peak, called
the period spike, is about 82 min (Gansicke et al. 2009).
Thus, Knigge, Baraffe, and Patterson (2011) suggested an
increased rate of the angular momentum loss to match the
observational distribution, and reproduced P, of 82 min.
Although the value of 82 min has been widely accepted, the
mechanism of the larger angular momentum loss is unclear,
and the discrepancy between the theory and observation
is not settled yet (period minimum problem). CVs below
the period minimum are generally classified as evolved
objects called EI Psc-type, or helium-rich objects called
AM CVn-type.

Szkody et al. (2005), Littlefair, Dhillon, and Martin
(2007), and Patterson, Thorstensen, and Knigge (2008)
reported on the peculiar “WZSge-like” CV OV Boo
(SDSS150722.30+523039.8) whose orbital period of
67 min is below the period minimum of 82 min. “WZ Sge-
like” means that this object has shown no outbursts but
the spectroscopy suggests a hydrogen-rich CV and the
binary parameters, measured by the eclipsing light curve,
are similar to WZ Sge-type DNe. To explain its short orbital
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period, they suggested the possibility that the secondary is
a metal-poor (Population II) star. We do not know, how-
ever, whether an object like OV Boo shows outbursts like
WZ Sge-type objects.

In this paper, we report on a new WZ Sge-type DN below
the period minimum, ASASSN-15po. It was first detected in
superoutburst at V.= 13.7 on 2015 September 20.46 UT by
the All-Sky Automated Survey for SuperNovae (ASAS-SN,
Shappee et al. 2014), using data from the Brutus telescope in
Hawaii (Simonian et al. 2015). The object was fainter than
V =17.6 on 2015 September 8.47 UT. This object showed
early superhumps and multiple rebrightenings, which sug-
gest that the object is a WZSge-type DN. Measuring
P,y ~ 72.6min by using the period of the early super-
humps, we found that the object has a very short orbital
period, below the commonly accepted period minimum
of 82 min.

We introduce observational and analysis methods in
section 2, show the results of the analysis in section 3, and
discuss the result in section 4.

2 Observation and analysis

ASASSN-15po was observed by several observers, and the
log of photometric observations is listed in e-table 1.!
We also used the public data from AAVSO International
Database.” Before analyzing the data, we applied zero-
point corrections to each observer by adding constants.
Moreover, we converted time to the barycentric Julian
date (BJD). When we analyzed the period of superhumps
or early superhumps, we subtracted a global variation of
superoutburst by using locally weighted polynomial regres-
sion fitting, LOWESSFIT (Cleveland 1979), and calculated
periods using phase dispersion minimization (PDM) anal-
ysis (Stellingwerf 1978). The 1o error of the PDM method
was estimated by using the same method of Fernie (1989)
and Kato et al. (2010). The O—C diagrams were drawn to
search the variation of the superhump periods in the same
way as Kato et al. (2009).

We also obtained a low S/N optical spectrum. On
BJD 2457311.79, ASASSN-15po was observed at the
Guillermo Haro Observatory at Cananea, Sonora, Mexico
on the 2.1-m telescope with the Boller and Chivens
spectrograph, equipped with a 24-um (1024 x 1024)
Tektronix TK1024 CCD chip. The observation was taken
in the wavelength range of 3900-7150 A with a disper-
sion of 3.2 Apixel~!. The corresponding spectral resolu-
tion was about 6.5 A. We took one spectrum with a 30-min

! E-tables 1-3 are available as Supporting Information in the online version.

2 (http://www.aavso.org/data-download).
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Fig. 2. Overall light variation ASASSN-15po. The superoutburst and mul-
tiple rebrightenings are visible. All data are binned to 0.01d.

exposure time. The weather was clear during the obser-
vation, and the seeing was around ~1”5. The reduction
procedure was performed using IRAF. A comparison spec-
trum of a He-Ar lamp was acquired for the wavelength
calibration.

3 Result

3.1 Overall light curve

The superoutburst of ASASSN-15po was detected at
V = 13.7 on BJD2457275.94 by the ASAS-SN team,
and the superoutburst was seen as is shown in figure 2.
In quiescence, this object was g = 21.6 in SDSS data
(Simonian et al. 2015), so the superoutburst had a large
amplitude of at least ~8 mag. Time-resolved photometry
started on BJD 2457277.38, and early and ordinary super-
humps were observed during the plateau phase. Following
the main superoutburst, which lasted for about 28 days
until BJD 2457303.32, there were multiple rebrighten-
ings between BJD 2457309.10 and BJD 2457332.46. This
light curve represents the type A/B (multiple) rebrighten-
ings according to Kato (2015). Type A/B is often seen
in WZ Sge-type DNe that evolved around or beyond the
period minimum [for more detail about the discussion of
the rebrightening types of WZ Sge-type DNe, see Kato
(2015)].

3.2 Spectroscopy

The spectrum of ASASSN-15po was obtained during
rebrightnings on BJD2457311.79, and the normalized
spectrum is in figure 3. The red spectrum is ASASSN-
15po and the blue is SS§130101:122221.7—311525 (taken
from Neustroev et al. 2016) which is known as a typical
WZ-Sge type novae. The spectrum of ASASSN-15po shows
Hp, Hy, and H$ absorption lines, which are typical prop-
erties of that of WZ-Sge type novae during the later part of
superoutburst.
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Fig. 3. This figure shows the normalized spectrum observed on
BJD 2457311.79 (during rebrightenings). The red spectrum is ASASSN-
15po and the blue is SSS130101:122221.7-311525 (SSS122222) which is
known as a typical WZ-Sge type novae. It was observed at the Guillermo
Haro Observatory at Cananea, Sonora, Mexico on the 2.1-m telescope
with the Boller & Chivens spectrograph, equipped with a 24-um (1024
x 1024) Tektronix TK1024 CCD chip. The observation was taken in the
wavelength range of 3900-7150 A with a dispersion of 3.2 A pixel~".
The corresponding spectral resolution was about 6.5 A. We took one
spectrum with 30-min exposure time. The weather was clear during the
observation, and the seeing was around ~175. The reduction procedure
was performed using IRAF. A comparison spectrum of a He-Ar lamp was
acquired for the wavelength calibration. (Color online)

3.3 Early superhumps

As we mentioned in section 1, it is believed that the 2 : 1
resonance is the cause of early superhumps (Osaki & Meyer
2002), and it is usually observed as a double-peaked mod-
ulation. It is well-known that the orbital period is very
close to the period of early superhumps to an accuracy of
0.1% (Kato 2015). We observed the early superhumps in
this superoutburst (BJD 2457277.38-2457285.62), and we
regarded the period as the orbital period P,y,. The result
of PDM analysis of the early superhumps is 0.050454(2) d
(in figure 4). As one can see in figure 5, the phase-averaged
profiles changed day by day. As in figure 6, the O—C dia-
gram during early superhumps indicated that the period is
almost constant. The times of the early superhump maxima,
which were used to draw the O—C diagram, are listed
in e-table 2.

3.4 Ordinary superhumps

Ordinary superhumps can be seen as a result of the 3 : 1
resonance. We drew the O—C diagram in the same way
in subsection 3.3. The times of the superhump maxima,
which were used to draw the O—C diagram, are listed
in e-table 3. In figure 7, we can see the clear phase tran-
sition at E = 48. We determined that stage A occurred
from BJD 2457286.97-2457289.46 (E < 48) because of
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can see that the period is almost constant. The middle panel shows the
variation of the amplitude. The lower panel is the light curve. (Color
online)

the increasing amplitude (see the middle panel of figure 7),
and stage B lasted between BJD 2457289.46-2457303.79
(E = 49-329) because of the gradual variation of Pgy and
the decreasing amplitude. There seems to be no stage C
because the main superoutburst finished before the appear-
ance of stage C. In stages A and B, we obtained the periods
of 0.051809(13) and 0.050913(2)d, respectively, by the
PDM analysis as in figure 8. The rate of variation of the
period in stage B (Puo = Pogr/ Pspy) is 1.29(17) x 10-5. After
the main superoutburst, we could not see clear superhumps
because of the sparse data and the interference caused by
rapid variations of rebrightenings.

4 Discussion

4.1 Orbital period below the period minimum

Orbital periods of CVs are very important for determining
the evolutionary stage of CVs. As mentioned in the previous
section, we regarded the period of early superhumps as the
orbital period, and the value is 0.050454(2) d (=72.6 min)
below the period minimum of 82 min. ASASSN-15po is the
first DN with an orbital period between 67-76 min and
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Fig. 7. The upper panel is the O—C diagram of ordinary superhumps
(BJD 2457286.55-2457303.32), and one can clearly see the transition
between stages A and B at E = 48. The middle panel shows the variation
of amplitudes, and the lower panel is magnitude. (Color online)

the first WZ Sge-type DN below the commonly accepted
period minimum, except for the ultra-short orbital period
objects, which are helium-rich CVs like AM CVn-type or
EI Psc-type CVs or their candidates (Breedt et al. 2012).
Although this orbital period is unusual for an ordinary CV,
the profile of the superoutburst is very similar to those of
ordinary WZ Sge-type DNe.

4.2 Mass ratio

The mass ratios of the secondary star to the primary star
(9 = M>/M,) are one of the most important properties for
discussing the evolution of binaries. It had been estimated
as a function of fractional superfump excess (€ = wp:/Worp,
— 1) using an empirical relation derived by Patterson et al.
(2005). This method, however, suffers from the degree of
pressure effect (Pearson 2007). Recently, deepened under-
standing of precession disks enabled us to develop an esti-
mation method for the mass ratio of SU UMa-type DNe.
By using the method of Kato and Osaki (2013), we can
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estimate the mass ratio g from P, and Psy of stage A. We
define the fractional superhump excess €* as

€= wpr/worb =1- Pnrb/PSHa (1)

where w,, is the apsidal precession rate of the eccentric disk,
and w,,, is the orbital angular frequency. The dynamical
precession rate wgy, at the radius 7 is as follows [note that
equation 2 in Kato and Osaki (2013) is a misprint (Kato
etal. 2016)]:

@ayn 4 (ﬁyl)) 2)
Worb \/ 1 —+ q 4 2 )

where 7 is normalized by the binary separation and 1 /st)2
is the Laplace coefficient (Hirose & Osaki 1990);

_ o cos (jp)d¢
T 2w /0 (1472 —=2rcos¢)/?’

1. ..
Ebi;’z(r) (3)
We know that the dynamical precession during stage A
occurs at the 3 : 1 resonance radius, which is given by

r3a =37 (1 +q)7"". (4)

By numerically solving the above equations, the mass ratio
(q) can be obtained just from Py, and Psy of stage A. We
calculated that the g of ASASSN-15po is 0.0699(8). This is
a normal value in WZ Sge-type DNe.
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Fig. 9. The figure shows orbital period versus mass ratio of CVs, which
is mainly taken from Kato and Osaki (2013). Filled circles and squares
are CVs for which the mass ratio are measured by stage A superhumps
and eclipses, respectively. Unfilled triangles are El Psc-type binaries,
which are taken from T. Oshima et al. (in preparation). The dashed line
is the standard evolutionary track, and the thick line is the modified one.
ASASSN-15po and OV Boo are also plotted, using star symbols. (Color
online)

We also know the empirical relation of WZ Sge-type
DNe between g and Py, = Pgyy/Psyy during stage B. Kato
(2015) derived the following equation

q = 0.0043(9) Pgoe x 10° 4 0.060(S5). ()

g from equation (5) is 0.066(7) which is in good agreement
with g from stage A. We note that this relation is known
to hold for ordinary WZ Sge-type DNe (and a part of SU
UMa-type DNe), and it is unclear whether we can use the
relation for unusual WZ Sge-type DNe. We should confirm
it by measuring more unusual objects.

4.3 Evolutionary state

We introduced the evolutionary theory of CVs in section 1,
and the evolutionary track can be clearly seen on the rela-
tion between mass ratio g versus Py, in figure 9, which is
taken from Kato and Osaki (2013). Filled circle and squares
are CVs for which mass ratios have been measured by stage
A superhumps and eclipses, respectively. The dashed line
is one of the standard evolutionary tracks, for which it is
assumed that the angular momentum loss is driven only
by the GWR, and the thick line is another one, which is
modified by assuming a higher angular momentum loss to
correspond with the observational studies, with the period
minimum of 82 min from Knigge, Baraffe, and Patterson
(2011). The mechanism of the higher angular momentum
loss rate is unclear; nevertheless, the modified evolutionary
theory has been widely accepted. The scattering around Py,
~ 0.074 is mainly caused by observational difficulties. One
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system (IY UMa-type) with ¢ ~ 0.10 is an eclipsing one, and
it is difficult to determine the period of stage A superhumps
due to overlap with eclipses (see Kato & Osaki 2013). Other
systems with relatively long P, (~0.074) also have difficul-
ties since stage A superhumps in high-q systems last only 1-
2d, in contrast to several days in low-g systems. Although
the majority of CVs are considered to evolve along the
evolutionary track as the mass transfer proceeds, ASASSN-
15po is located below the period minimum. This object is
a long-sought candidate of the theoretical period minimum
CV, which evolves purely by the GWR.

This possibility, however, may be less likely since the
majority of known CVs are not apparently on the theoret-
ical evolutionary track and there is no physical reason why
one single CV out of more than 2000 should undergo a
different type of angular momentum loss. The systems with
high-density secondaries can have shorter orbital periods
below the period minimum. As we consider the Roche lobe
geometry, the relation of P, and the density of a secondary
star p, is restricted to Pu,./p, = constant (Faulkner et al.
1972). From this relation, we can say that the shorter the
orbital period that the system has, the higher the density of
the secondaries should be. Hence, the short orbital period
of ASASSN-15po suggests that this system has a compact,
high-density secondary.

One explanation for the high-density secondary is that
the system has a slightly evolved secondary, called an EI Psc-
type CV (Faulkner et al. 1972). The density of evolved stars
is higher than that of hydrogen-rich stars (Faulkner et al.
1972). Recently, several EI Psc-type CVs have been discov-
ered and are thought to be intermediate objects evolving
toward the AM CVn-type systems in the CV channel. The
identification of an EI Psc-type is an unusually hot donor
for the short orbital period (Thorstensen et al. 2002), which
can be explained as an evolved donor that has been stripped
of its hydrogen layers. Another hallmark of these systems is
that they are N-enhanced, and C-depleted (Géansicke et al.
2003). There is, however, only a low-resolution spectro-
scopic observation of ASASSN-15po (see subsection 3.2),
so we cannot determine whether ASASSN-15po is classi-
fied as a EI Psc-type CV. It is known that evolved CVs
often show profiles of superoutbursts different from those
of hydrogen-rich CVs because of the difference of the ion-
ization temperature between the hydrogen and the evolved
helium-rich disks (Tsugawa & Osaki 1997). However, it is
known that some EI Psc-type CVs show outbursts similar
to typical hydrogen-rich objects, because the secondaries of
such objects are considered to be only slightly evolved and
have a hydrogen-rich surface and a helium-rich core. The
disk composition of such objects is, thus, still sufficiently
hydrogen-rich (Ohshima et al. in preparation). Considering
this, there is a possibility that ASASSN-15po is a member of

the EI Psc-type CVs. We are not sure, however, whether the
surface and core composition is sufficiently different since
these stars may be fully, or nearly fully, convective.

The other possibility is that this object is metal-poor
(Population II). As discussed in Patterson, Thorstensen, and
Knigge (2008), if the metallicity of the secondary is poor,
the opacity of the surface is also small, which leads to about
a 20% smaller radius of the secondary. Lower metallicity
enables the period minimum to become shorter (Antipova
1987). Hence, the short orbital period of ASASSN-15po
can imply that the object belongs to Population II. How-
ever, we have to note that, as mentioned in section 1,
CVs with low metallicity may not undergo the same
outbursts as CVs with normal metallicity because of the dif-
ferent opacity of the accretion disk. In ordinary hydrogen-
rich CVs, the middle branch of the S-curve mainly rep-
resents the opacity variation due to the partial ionization
of hydrogen. It is known that iron-group elements con-
tribute to this opacity, and we may expect some differ-
ence in the S-curve between Population I CVs and iron-
poor Population II ones, and consequently some differ-
ence in the outburst behavior [cf. different S-curve in dif-
ferent metallicities in Pojmanski (1986)]. This metallicity
effect becomes more prominent in hydrogen-poor systems
(figure 3 in Tsugawa & Osaki 1997). We do not have
observational evidence of whether outburst properties in
Population II CVs are different from those in Population I
ones, but since the number of CVs in globular clusters is
increasing (cf. Belloni et al. 2016), we may have obser-
vational evidence in the near future how Population II
CVs behave during outbursts. Here, we showed in section
3 that ASSASN-15po behaved very similarly to ordinary
hydrogen-rich CVs. Assuming the difference of the outburst
behavior between Population I and II, our observations sug-
gest that ASASSN-15po is not a Population II star. We have
no way to identify whether the secondary belongs to Pop-
ulation II because there is no data on the proper motion of
this object. In order to check this interpretation, we need
a theoretical model calculation of DN outbursts for dif-
ferent metallicities and a direct spectroscopic observation in
quiescence.

Finally, we have to consider the possibility that the
binary was born with a brown dwarf donor below the
period minimum. This system may have started mass
transfer below period minimum, and evolved towards its
present longer period.

5 Summary

We reported photometric observations and a low-resolution
spectroscopy of the superoutburst of ASASSN-15po. The
light curve showed a typical WZ Sge-type superoutburst
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with the multiple rebrightenings, classified as type A/B.
The main superoutburst lasted for about 28 days, and,
after a few days, the rebrightening phase began and
continued for at least 24 days. We could also see early
superhumps (BJD 2457277.38-2457285.62), stage A
superhumps (BJD 2457286.97-2457289.46) and stage
B superhumps (2457289.46-2457303.79). Superhump
periods are 0.050454(2),0.051809(13),and 0.050913(2) d,
respectively. The rate of variation of the period in stage B
(Pgor) Was calculated to be 1.24(18) x 107°. By using the
P, and Pgy of stage A, we estimated g = 0.0701(8). We
also estimated g = 0.066(7) by using an empirical relation
between q and Py, for normal WZ Sge-types. The latter g
is in good agreement with the former q.

We found that ASASSN-15po has an orbital period
below the observational period minimum of 82 min.
Although the evolutionary theory suggests that the period
minimum is 65-70 min, there are no DNe with an orbital
period between 67-76 min. We suggested four possibilities.

* This object is a theoretical period minimum object whose
angular momentum is extracted purely by the GWR.

* The secondary of ASASSN-15po has been partially
stripped, with an evolved, helium-rich core and hydrogen-
rich surface atmosphere

* The secondary is a metal-poor object belonging to Pop-
ulation II. The low opacity of a Population II star leads
to a smaller radius and higher density, and thus a shorter
period minimum.

* The binary was born with a brown-dwarf donor below
the period minimum.

To determine the status of ASASSN-15po, we have to
carry out a detailed spectroscopic observation.

Acknowledgement

We are grateful to many worldwide observers who have contributed
to the AAVSO International Database by observing and providing
data of cataclysmic variables. We acknowledge with thanks the
ASAS-SN team for surveying and making the information available
to the public. We also acknowledge very helpful comments from
the referee. This work was supported by a Grant-in-Aid “Initiative
for High- Dimensional Data-Driven Science through Deepening of
Sparse Modeling” from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) of Japan (25120007). It was also
partially supported by grants RFBR No. 15-02-06178, RFBR No.
14-02-0082 (S.S.), VEGA No. 2/0002/13 (S.S.) and RSF No. 14-
12-00146 (P.G., for processing observation data from Slovak obser-
vatory).

Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:
E-tables 1-3.

References

Antipova, L. I. 1987, Ap&SS, 131, 453

Belloni, D., Giersz, M., Askar, A., Leigh, N., & Hypki, A. 2016,
MNRAS, 462, 2950

Breedt, E., Ginsicke, B. T., Marsh, T. R., Steeghs, D., Drake, A. J.,
& Copperwheat, C. M. 2012, MNRAS, 425, 2548

Cleveland, W. S. 1979, J. Amer. Statist. Assoc., 74, 829

Faulkner, J., Flannery, B. P., & Warner, B. 1972, Ap], 175,
L79

Fernie, J. D. 1989, PASP, 101, 225

Ginsicke, B. T, et al. 2003, ApJ, 594, 443

Giinsicke, B. T., et al. 2009, MNRAS, 397, 2170

Hirose, M., & Osaki, Y. 1990, PAS], 42, 135

Howell, S. B., Nelson, L. A., & Rappaport, S. 2001, Ap]J, 550,
897

Imada, A., Kubota, K., Kato, T., Nogami, D., Maehara, H.,
Nakajima, K., Uemura, M., & Ishioka, R. 2006, PASJ, 58,
L23

Ishioka, R., et al. 2002, A&A, 381, L41

Kato, T. 2002, PASJ, 54, L11

Kato, T. 2015, PAS], 67, 108

Kato, T., et al. 2009, PAS]J, 61, S395

Kato, T., et al. 2010, PAS]J, 62, 1525

Kato, T., et al. 2012, PAS], 64, 21

Kato, T., et al. 2016, PAS]J, 68, 107

Kato, T., Monard, B., Hambsch, F.-]., Kiyota, S., & Maehara, H.
2013, PAS]J, 65, L11

Kato, T., & Osaki, Y. 2013, PAS], 65, 115

Kimura, M., Isogai, K., & Kato, T. 2016, PAS], 68, 55

King, A. R. 1988, QJRAS, 29, 1

Knigge, C., Baraffe, 1., & Patterson, J. 2011, ApJS, 194, 28

Kolb, U., & Baraffe, I. 1999, MNRAS, 309, 1034

Littlefair, S. P., Dhillon, V. S., & Martin, E. L. 2007, MNRAS, 381,
827

Lubow, S. H. 1991a, ApJ, 381, 259

Lubow, S. H. 1991b, Ap], 381, 268

Maehara, H., Hachisu, I., & Nakajima, K. 2007, PAS], 59,
227

Neustroev, V. V., et al. 2016, MNRAS, submitted

Osaki, Y. 1989, PAS], 41, 1005

Osaki, Y. 1996, PASP, 108, 39

Osaki, Y., & Meyer, F. 2002, A&A, 383, 574

Paczynfski, B. 1981, Acta Astron., 31, 1

Paczynski, B., & Sienkiewicz, R. 1981, ApJ, 248, L.27

Patterson, J., Thorstensen, J. R., & Knigge, C. 2008, PASP, 120,
510

Patterson, J., et al. 2005, PASP, 117, 1204

Pearson, K. J. 2007, MNRAS, 379, 183

Pojmanski, G. 1986, Acta Astron., 36, 69

Shappee, B. J., et al. 2014, Ap], 788, 48

Simonian, G., et al. 2015, The Astronomer’s Telegram, 8042

Stellingwerf, R. F. 1978, Ap], 224, 953

Szkody, P., et al. 2005, AJ, 129, 2386

Thorstensen, J. R., Fenton, W. H., Patterson, J. O., Kemp, J.,
Krajci, T., & Baraffe, I. 2002, ApJ, 567, L49

Tsugawa, M., & Osaki, Y. 1997, PAS], 49, 75

Warner, B. 1995, Cataclysmic Variable Stars
Cambridge University Press)

Whitehurst, R. 1988, MNRAS, 232, 35

(Cambridge:



