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Abstract

We observed RZ LMi, which is renowned for its extremely short (∼19 d) supercycle and
is a member of a small, unusual class of cataclysmic variables called ER UMa-type dwarf
novae, in 2013 and 2016. In 2016, the supercycles of this object substantially lengthened
in comparison to the previous measurements to 35, 32, and 60 d for three consecutive
superoutbursts. We consider that the object virtually experienced a transition to the nova-
like state (permanent superhumper). This observed behavior reproduced the prediction
of the thermal-tidal instability model extremely well. We detected a precursor in the
2016 superoutburst and detected growing (stage A) superhumps with a mean period of
0.0602(1) d in 2016 and in 2013. Combined with the period of superhumps immediately
after the superoutburst, the mass ratio is not as small as in WZ Sge-type dwarf novae,
having orbital periods similar to RZ LMi. By using least absolute shrinkage and selection
operator (Lasso) two-dimensional power spectra, we detected possible negative super-
humps with a period of 0.05710(1) d. We estimated an orbital period of 0.05792 d, which
suggests a mass ratio of 0.105(5). This relatively large mass ratio is even above that of
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ordinary SU UMa-type dwarf novae, and it is also possible that the exceptionally high
mass-transfer rate in RZ LMi may be a result of a stripped secondary with an evolved
core in a system evolving toward an AM CVn-type object.

Key words: accretion, accretion disks — novae, cataclysmic variables — stars: dwarf novae — stars: individual
(RZ Leonis Minoris)

1 Introduction

SU UMa-type dwarf novae (DNe) are a class of cataclysmic
variables (CVs) which are close binary systems transfer-
ring matter from a red dwarf secondary to a white dwarf,
forming an accretion disk. In SU UMa-type DNe, two types
of outbursts are seen: normal outbursts and superoutbursts.
Superoutbursts are defined by the presence of (positive)
superhumps, which are humps with a period that is a few
percent longer than the orbital period [for general informa-
tion on CVs, DNe, SU UMa-type DNe, and superhumps,
see e.g., Warner (1995)].

RZ LMi is one of the most enigmatic SU UMa-type DNe.
This object was originally discovered as an ultraviolet-
excess variable star [Lipovetskii & Stepanyan 1981; it was
later given a designation of FBS 0948+344 (Abrahamian
& Mickaelian 1993)]. Lipovetskii and Stepanyan (1981)
reported that the object had a spectral energy distribution
of spectral classes O–B at maximum. When the object was
fading or rising, strong emission lines appeared. Lipovet-
skii and Stepanyan (1981) studied 16 objective prism plates
and seven direct imaging plates and recorded a strong vari-
ation with a range of 14–17 mag. The object was recorded
at 17 mag on the Palomar Obervatory Sky Survey (POSS).
Based on the colors and rapid variation in a time-scale of
a few days, Lipovetskii and Stepanyan (1981) suggested
a dwarf nova-type classification. Green et al. (1982) also
selected it as an ultraviolet-excess object (PG 0948+344)
and confirmed it spectroscopically as a CV. They gave a
variability range of B = 14.4–16.8 without details (the min-
imum likely referred to the magnitude in POSS). Despite
the finding by Lipovetskii and Stepanyan (1981), Kholopov
et al. (1985) designated RZ LMi as a nova-like (NL) vari-
able by referring to Green et al. (1982). Kondo, Noguchi,
and Maehara (1984) also selected RZ LMi as an ultraviolet-
excess object.

The nature of the variability of this object remained
unclear. Knowing the dwarf nova-type classification, one
of the authors of this paper (TK) visually observed
this object in 1987–1988 and found relatively stable
∼20 d cycle lengths with additional short outbursts. This
result was reported in the domestic variable star bul-
letin “Henkousei” (in Japanese). This report was prob-
ably the first to document the unusual cyclic variation of

RZ LMi. Two teams observed this object photometrically:
Robertson, Honeycutt, and Turner (1994) reported an
unusual long-term repetitive light curve with a stable period
(it is now known as the supercycle) of 19.2 d. Pikalova and
Shugarov (1995) reported that the behavior was different
from a typical dwarf nova in that it showed short fading
and brightening. They also reported a possible period of
21.167 d or 23.313 d, and classified it as a VY Scl-type NL.

A clue to understanding the unusual behavior of RZ LMi
came from the discovery of the SU UMa-type dwarf nova
ER UMa with an ultrashort supercycle (interval between
superoutbursts) of 43 d in 1994 (Kato & Kunjaya 1995).
As presented orally in the conference held in Abano Terme,
Italy, 1994 June 20–24, Robertson’s team originally con-
sidered that the recurring NL-type bright state and the
dwarf nova-type state in ER UMa and RZ LMi were the
best examples to show the consequences of recurring mass-
transfer bursts from the secondary. In the same confer-
ence, however, after Robertson’s presentation, Y. Osaki
introduced Kato and Kunjaya’s detection of superhumps
in ER UMa (Osaki 1995c) and showed that the unusual
behavior of ER UMa could be understood within the frame-
work of the thermal-tidal instability (TTI) model (Osaki
1989) if one can allow an exceptionally high mass-transfer
rate (cf. Osaki 1995a). After this conference, Robertson’s
team published a paper following the interpretation by Kato
and Kunjaya introduced by Y. Osaki (Robertson et al. 1994,
1995).1 After the discovery of superhumps in ER UMa
and the recognition of the similarity between ER UMa and
RZ LMi, superhumps were naturally sought. The competi-
tion was intense: both Robertson, Honeycutt, and Turner
(1995) and Nogami et al. (1995) observed the same super-
outburst in 1995 and detected superhumps. These observa-
tions confirmed that RZ LMi does indeed belong to the SU
UMa-type DNe. These objects, together with V1159 Ori,
are usually called ER UMa-type stars (cf. Kato et al. 1999).

The mechanism of the ultrashort (19 d) supercycle and
the unusually regular outburst pattern remained a mys-
tery. Robertson, Honeycutt, and Turner (1994) suspected
a mechanism outside the disk in addition to the one in the

1 The dwarf nova-type nature was first clarified by Iida (1994). Misselt and Shafter
(1995) also observed ER UMa in 1993–1994 and finally reached the same conclusion
as Kato and Kunjaya (1995).
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disk. A later publication by Olech et al. (2008) followed the
former possibility and suggested a third body. In the stan-
dard TTI model, this short supercycle is difficult to repro-
duce, and Osaki (1995b) presented a working hypothesis
that in RZ LMi the disk becomes thermally unstable during
the superoutburst earlier than in other SU UMa-type DNe.
Hellier (2001) suggested, following the interpretation in
Osaki (1995b), that in systems with very small mass ratios
(q), the tidal torque is too small to maintain the super-
outburst, and that there occurs a decoupling between the
thermal and tidal instabilities. Hellier (2001) suggested that
one of the consequences of this decoupling can be found as
the persistent superhumps after superoutbursts.

According to the working hypotheses by Osaki (1995b)
and Hellier (2001), it is strongly predicted that the q is small
in RZ LMi and that the disk radius after the superoutburst is
larger than in other SU UMa-type DNe. RZ LMi, however,
has defied every attempt to determine the orbital period,
since it mostly stays in the “outburst” state and it is diffi-
cult to make a radial-velocity study in short quiescence. The
almost continuous presence of superhumps also made it dif-
ficult to detect potential orbital variations by photometric
methods. Without the orbital period or a radial-velocity
study, it remained impossible to observationally determine
q, and the evolutionary status of RZ LMi remained unclear
despite its unusual outburst properties.

The situation dramatically changed after the detection
of a possible change in the outburst pattern in the AAVSO
observations (vsnet-alert 19524). We have conducted a
world-wide campaign to observe RZ LMi during the 2016
season. The new development has also been helped by
the classification of superhumps stage (A, B, and C: Kato
et al. 2009) and identification of stage A superhumps rep-
resenting the growing phase of superhumps at the radius of
the 3 : 1 resonance (Osaki & Kato 2013b; Kato & Osaki
2013).

In this paper, key information and results are given
in the main paper. The results not directly related to the
conclusion of the paper, such as the variation of super-
hump periods and variation of the profile of superhumps,
are given in the Supplementary Information, as they will
provide useful information to expert readers.

2 Observations

The data were obtained under campaigns led by the
VSNET Collaboration (Kato et al. 2004) in 2016. We
also used the public data from the AAVSO International
Database.2 Time-resolved photometric observations were

2 〈http://www.aavso.org/data-download〉.

obtained on 75 nights (nights with more than 100 obser-
vations) between February 25 and June 10. Some snapshot
observations were obtained on some other nights. We also
performed time-resolved photometric observations during
the period of 2013 March 5–April 29 at nine sites. We also
obtained snapshot observations (several observations typ-
ically ∼20 min apart) on 47 nights between 2014 March
8 and May 22. The logs of observations are given in the
e-tables.3 Alphabetical abbreviated codes in the log are
observer codes of AAVSO and they mean that the data
were taken from the AAVSO database. We also used histor-
ical photographic data reported by Pikalova and Shugarov
(1995) (listed as “Shugarov,” as he finally compiled all the
data, in this paper).

The data were analyzed in the same way as described in
Kato et al. (2009) and Kato et al. (2014b). We mainly used
R software4 for data analysis. In de-trending the data, we
divided the data into four segments in relation to the out-
burst phase and used locally-weighted polynomial regres-
sion (LOWESS: Cleveland 1979). The times of superhumps
maxima were determined by the template-fitting method as
described in Kato et al. (2009). The times of all observations
are expressed in barycentric Julian Days (BJD).

3 Results and discussion

3.1 Outburst light-curve and emergence
of superhumps

Figure 1 illustrates the three consecutive superoutbursts in
2016 during which we obtained time-resolved photometric
observations. The initial part of the light curve (upper panel)
was the final fading part of the preceding superoutburst.
There was only one normal outburst between the first and
second superoutbursts. Although the initial part of the first
superoutburst was not well sampled, we found that the
superoutburst lasted for 26 d.

There were two normal outbursts between the second
and the third superoutburst. The duration of the second
superoutburst was 48 d, even longer than the first one. The
intervals (supercycles) between the three superoutbursts
were 32 d and 60 d. These values were 2–3 times longer than
the historical supercycle (19 d) of this object (Robertson
et al. 1994; Nogami et al. 1995).

During the best-observed second superoutburst, there
was a shoulder (precursor outburst). Figure 2 shows the ini-
tial part of this superoutburst. The precursor part is clearly
seen between BJD 2457483 and 2457484. During this
phase, superhumps rapidly grew to the maximum ampli-
tude and they started to decay slowly (lower panel; see

3 E-tables are available in the online edition as Supporting Information.
4 The R Foundation for Statistical Computing 〈http://cran.r-project.org/〉.
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Fig. 1. Light-curve and O – C diagram of superhumps in RZ LMi (2016). Upper: Light curve. The data were binned to 0.0023 d. In this figure, we
show three consecutive superoutbursts which we observed. Middle: O – C diagram for the second superoutburst (filled circles). We used a period
of 0.05955 d for calculating the O – C residuals. Lower: Amplitudes of superhumps. The scale is linear and the pulsed flux is shown in a unit
corresponding to 18 mag = 1. (Color online)

also figure 3 for an enlargement). This behavior is the same
as in ordinary SU UMa-type DNe [see e.g., figure 19 in
Kato et al. (2013a) for one of the best-known SU UMa-
type DNe VW Hyi; see also figure 4 in Osaki and Kato
(2013a) for the corresponding part of the Kepler data
of V1504 Cyg]. Similar precursors were also recorded in
snapshot observations of the first superoutburst and less
markedly (fewer observations) during the third superout-
burst. These observations indicate that RZ LMi shows a
sequence of a precursor and the main superoutburst as in
ordinary SU UMa-type DNe at least in this season.

The variable supercycles now safely exclude the exis-
tence of a stable clock (such as an orbiting third body)
which was supposed to work to produce regular super-
outbursts (Robertson et al. 1994; Olech et al. 2008). Fur-
thermore, Osaki (1995a) already showed that the super-
cycle length reaches the minimum as the mass-transfer rate
(Ṁ) increases, but that it lengthens again as Ṁ further
increases. As Ṁ increases, the system eventually reaches the

“permanent outburst” state (see figure 2 in Osaki 1995a),
bridging ER UMa-type objects and what is called perma-
nent superhumpers (Skillman & Patterson 1993; Patterson
1999). The current state of RZ LMi reproduced this predic-
tion exactly, providing strong support to the explanation
of the unusual short supercycles in ER UMa-type objects.

Osaki (1995b) formulated the duration of a superout-
burst (tsupermax) as below:

tsupermax ∼ tvis[ fM/(1 − 1/e)][1 − (Ṁ/Ṁcrit)]−1/2, (1)

where tvis is the viscous depletion timescale and Ṁcrit is the
critical Ṁ required to produce a hot, stable disk, respec-
tively. The factor fM is the fraction of the disk mass accreted
during a superoutburst. It is given by

fM � 1 − (R0/Rd,crit)3.0, (2)
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Fig. 2. Light-curve and O – C diagram of superhumps in RZ LMi (2016). This figure is an enlargement of figure 1. Upper: Light curve. The data were
binned to 0.0023 d. The precursor part is clearly seen between BJD 2457483 and 2457484. During this phase, superhumps rapidly grew. Middle:
O – C diagram for the second superoutburst (filled circles). We used a period of 0.05955 d for calculating the O – C residuals. Lower: Amplitudes of
superhumps. The scale is linear and the pulsed flux is shown in a unit corresponding to 18 mag = 1. (Color online)

Fig. 3. Growing superhumps and precursor at the start of the 2016 April superoutburst. The data were binned to 0.0023 d. Superhump grew between
BJD 2457483 and 2457484. (Color online)

where R0 and Rd, crit represent the disk radius at the end
of a superoutburst and at the start of a superoutburst
(assuming that the disk critically reaches the radius of the
3 : 1 resonance at the start of a superoutburst), respec-
tively. If we consider that tvis and R0 are the same between
different superoutbursts of RZ LMi, we can estimate Ṁ

during the current state. Using the parameters in Osaki
(1995b), tvis = 11.2 d and an assumption of a large disk
radius at the end of a superoutburst R0 = 0.42a, where
a is the binary separation, the historical tsupermax of 6 d
(Robertson et al. 1995) is reproduced with Ṁ/Ṁcrit =
0.5. The current tsupermax values of 26 and 48 d require
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Fig. 4. Stage A superhumps in RZ LMi (2016). The data between BJD
2457483.01 and 2457484.40 were used. Upper: PDM analysis. We ana-
lyzed 100 samples which randomly contain 50% of observations, and
performed PDM analysis for these samples. The bootstrap result is
shown as a form of 90% confidence intervals in the resultant PDM θ

statistics. Lower: Phase-averaged profile. (Color online)

Ṁ/Ṁcrit = 0.97 and 0.99, respectively. Although these esti-
mates have uncertainties due to various assumptions, it is
certain that the current state of RZ LMi is critically close
to the stability border. If RZ LMi increases Ṁ further by
1%, the object should become a permanent superhumper.
As judged from these estimates, we have seen an almost
complete transition from an ER UMa-type object to a per-
manent superhumper. There has been at least one case
(BK Lyn) in which a permanent superhumper became an
ER UMa-type object and then returned back (Patterson
et al. 2013; Kato et al. 2013a), and the case of RZ LMi
may not be special.

3.2 Growing (stage A) superhumps
and post-superoutburst superhumps

As is best seen in the lower panel of figure 2, the ampli-
tudes of superhumps rapidly grew in ∼20 cycles. During
the initial ∼13 cycles, the O– C values (middle panel) were
negative and a characteristic kink around E = 13 indicates
that this object showed long-period (stage A) superhumps
before entering the stable phase of stage B superhumps with

Fig. 5. O – C diagram of superhumps in RZ LMi in 2013 April. Upper:
Light curve. The data were binned to 0.0023 d. Middle: O – C diagram
(filled circles). We used a period of 0.05945 d for calculating the O – C
residuals. Lower: Amplitudes of superhumps. The scale is linear and
the pulsed flux is shown in a unit corresponding to 18 mag = 1. (Color
online)

a shorter period, as in other SU UMa-type DNe (see the
e-tables for the full list of times of superhump maxima).
This identification appears particularly confident since it
has been recently demonstrated that ER UMa, the proto-
type of ER UMa-type objects, showed the same pattern with
a precursor outburst (Ohshima et al. 2014). The period of
stage A superhumps from the times of maxima (E ≤ 13)
is 0.0602(4) d. By using the data between BJD 2457483.01
and 2457484.40, we have obtained a period of 0.0601(1) d
with the phase dispersion minimization (PDM: Stellingwerf
1978) method (figure 4). The errors are 1σ estimated by
the methods of Fernie (1989) and Kato et al. (2010). We
consider that the result by the PDM method is more reliable
than that from superhump maxima, since it gives a smaller
error, and adopted this period.

Although the second superoutburst was generally well
observed, the observations were unfortunately relatively
sparse around stage A. The 2013 April superoutburst of
this object was relatively well observed in the same phase,
although the brightness peak was missed and instead of
a distinct precursor there was a stagnation in the rising
phase, which was likely an embedded precursor (figures 5
and 6; see e-table for the full times of superhump maxima).
During the observation in 2013, a continuous light curve
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Fig. 6. Growing superhumps and stagnation (embedded precursor) at
the start of the 2013 April superoutburst. The data were binned to
0.0023 d. Superhump grew between BJD 2456381.41 and 2456381.88.
(Color online)

Fig. 7. Stage A superhumps in RZ LMi (2013 April). The data between
BJD 2456381.41 and 2456381.88 were used. Upper: PDM analysis.
Lower: phase-averaged profile. (Color online)

of growing superhumps (0 ≤ E ≤ 4) was well recorded.
Using the data between BJD 2456381.41 and 2456381.88,
we obtained a period of 0.0602(3) d with the PDM method
(figure 7). Since this value is consistent with the 2016 one,
we adopted an averaged value of 0.0602(1) d as the period
of stage A superhumps.

The dynamical precession rate, ωdyn, in the disk can be
expressed by (see Hirose & Osaki 1990):

ωdyn/ωorb = Q(q)R(r ), (3)

where ωorb and r are the angular orbital frequency and the
dimensionless radius measured in units of the binary sepa-
ration a. The dependencies on q and r are

Q(q) = 1
2

q√
1 + q

, (4)

and5

R(r ) = 1
2

√
rb(1)

3/2(r ), (5)

where 1
2 b( j)

s/2 is the Laplace coefficient;

1
2

b( j)
s/2(r ) = 1

2π

∫ 2π

0

cos( jφ)dφ

(1 + r2 − 2r cos φ)s/2
. (6)

This ωdyn/ωorb is equal to the fractional superhump excess
in frequency: ε∗ ≡ 1 − Porb/PSH, where Porb and PSH are the
orbital period and superhump period, respectively. If Porb

is known, we can directly determine q from the observed
ε∗ of stage A superhumps under the assumption that the
period of stage A superhumps reflects the purely dynamical
precession rate at the radius of the 3 : 1 resonance (Kato &
Osaki 2013).

Since the orbital period of RZ LMi is not known, we
cannot directly apply the method in Kato and Osaki (2013)
to determine q dynamically. We can instead use the period
of post-superoutburst superhumps to constrain q and the
disk radius as introduced in Kato et al. (2013b):

ε∗(stageA) = Q(q)R(r3:1) (7)

and

ε∗(post) = Q(q)R(rpost), (8)

where r3: 1 is the radius of the 3 : 1 resonance;

r3:1 = 3(−2/3)(1 + q)−1/3, (9)

ε∗(post) and rpost are the fractional superhump excess and
disk radius immediately after the outburst, respectively. By
solving equations (7) and (8) simultaneously, we can obtain
the relation between rpost and q. If we have knowledge about
rpost, as determined in other systems in Kato and Osaki
(2013), we have a more stringent constraint.

On 2013 March 20, the object was observed in quies-
cence closely following a superoutburst which started on

5 There was a typographical error in the second line of equation (1) in Kato and Osaki
(2013). The correct formula is q√

1+q

[
1
4
√

r b(1)
3/2

]
. The results (including tables) in Kato

and Osaki (2013) used the correct formula and the conclusions are unchanged. We
used the correct formula in equation (5) in this paper. The same correction of the
equation should be applied to Kato et al. (2013b), Nakata et al. (2013), and Kato
(2015).
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Fig. 8. Post-superoutburst superhumps in RZ LMi (2013 March 20). The
data between BJD 2456371.5 and 2456371.9 were used. Upper: PDM
analysis. Lower: Phase-averaged profile. (Color online)

March 6. The object displayed post-superoutburst super-
humps and there was a continuous run covering six cycles.
A PDM analysis of this continuous run yielded a period
of 0.0594(2) d (figure 8). Since this variation was also
present after one further normal outburst, and since the
decaying amplitudes of this variation exclude the possibility
of the orbital variation, we identified this period as that
of post-superoutburst superhumps. We combined the qui-
escent data on March 20 and 24 and obtained a period
of 0.05969(2) d (figure 9, assuming that the superhump
phase and period did not change during a normal out-
burst). The shorter one-day alias (∼0.0584 d) is too close to
the supposed orbital period (discussed later) and this alias
is unlikely.

Using the periods of stage A superhumps and post-
superoutburst superhumps, the relation between rpost and
q is shown in figure 10. The measurements of rpost in
SU UMa-type DNe using the same method are within the
range of 0.30 and 0.38 (Kato & Osaki 2013). The smaller
values represent the values for WZ Sge-type DNewith mul-
tiple rebrightenings (after such rebrightenings), and it is
extremely unlikely to be the case for RZ LMi. If rpost is
around 0.38, q is estimated to be 0.06(1). It would be note-
worthy that Osaki (1995b) assumed rpost = 0.42 for this
particular object. If this is indeed the case, q needs to be as

Fig. 9. Post-superoutburst superhumps in RZ LMi (2013 March 20 and
24). Upper: PDM analysis. Lower: Phase-averaged profile. (Color online)

Fig. 10. Relation between q and rpost using the periods of stage A super-
humps and post-superoutburst superhumps. Dashed curves represent
the range of 1σ errors. (Color online)

large as 0.10(2). This consideration suggests that the expec-
tations of Osaki (1995b) and Hellier (2001) that RZ LMi
has a very small q and that the large disk radius immedi-
ately following a superoutburst are not true at the same
time: either q is higher or the disk radius is smaller. This
is the important conclusion from the present observation.
Since stage A superhumps were not very ideally observed in
the present study, further observations are needed to refine
the result.
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Fig. 11. Two-dimensional Lasso period analysis of RZ LMi (2016). Upper:
Light curve. The data were binned to 0.02 d. Lower: Lasso period anal-
ysis. The strong persistent signal (disturbed during the starting phase of
the superoutburst due to the non-sinusoidal profile and rapidly varying
periods) around 16.8 c d−1 is superhumps. A weaker signal around
17.50–17.55 c d−1 between BJD 2457510 and 2457530 is possible neg-
ative superhumps. log λ = −6.4 was used. Porb represents the orbital
period we suggest. The widths of the sliding window and the time step
used are 18 d and 0.8 d, respectively.

3.3 Possible negative superhumps
and orbital period

We used the least absolute shrinkage and selection operator
(Lasso) method (Tibshirani 1996; Kato & Uemura 2012),
which has been proven to yield very sharp signals. We used
the two-dimensional Lasso power spectra as introduced in
the analysis of the Kepler data in such studies as Kato and
Maehara (2013) and Osaki and Kato (2013b). These two-
dimensional Lasso power spectra have been proven to be
very effective in detecting signals in non-uniformly sam-
pled ground-based data (see e.g., Ohshima et al. 2014)
since Lasso-type period analysis is less affected by aliasing
than traditional Fourier-type power spectra. This charac-
teristic has enabled detection of negative superhumps in
ground-based observations (e.g., Ohshima et al. 2014; Kato
et al. 2014b). The result for RZ LMi in 2016 is shown in
figure 11. The strong persistent signal around 16.8 cycles
per day (c d−1) is superhumps. A weaker signal around
17.50–17.55 c d−1 between BJD 2457510 and 2457530 is
possible negative superhumps. Since the second superout-
burst lasted for a very long time, it may have been possible
that negative superhumps were excited during this long-
lasting standstill-like phase, which gives a condition that is
almost the same as that in permanent superhumpers (see

subsection 3.1). A PDM analysis of the data between BJD
2457510 and 2457530 yielded a period of 0.05710(1) d.
The superhump period in this interval was 0.059555(4) d.

It has been widely accepted that absolute fractional
superhumps excesses (ε+ for positive superhumps, and
ε− for negative superhumps, where ε ≡ PSH/Porb − 1)
are tightly correlated when both signals are simulta-
neously seen in NL CVs (e.g., Patterson et al. 1997;
Montgomery 2009). The empirical relation is ε+ � 2|ε−|. If
it is also the case for RZ LMi, Porb is expected to be around
0.05792 d. This period is labeled as Porb in figure 11. If this
is indeed the orbital period, the consequence is important
(cf. subsection 3.2). The measured period of stage A super-
humps [0.0602(1) d] gives ε∗ = 0.038(2), which is equiva-
lent to q = 0.105(5) [see table 1 in Kato and Osaki (2013).
This value is higher than the typical ones for WZ Sge-
type DNe, which have similar Porb as RZ LMi (Kato &
Osaki 2013; Kato 2015; Kato et al. 2016b). This q mea-
surement invalidates the suggestion by Osaki (1995b) and
Hellier (2001) that the unusual properties of RZ LMi is
a result of the very low q. The q, however, is consistent
with the relation derived from the period of stage A and
post-superoutburst superhumps (subsection 3.2, figure 10)
assuming the large disk radius at the end of a superout-
burst. If this interpretation is correct, the disk radius at
the end of a superoutburst is large, as required by Osaki
(1995b), but the origin of the large disk (i.e., superout-
bursts which terminate earlier than in ordinary SU UMa-
type DNe) cannot be attributed to an exceptionally small q.
In recent years, some SU UMa-type DNe show early termi-
nation of superoutbursts (such as V1006 Cyg, Kato et al.
2016a). In Kato et al. (2016a), the termination may be asso-
ciated with the supposed appearance of stage C superhumps
(late-stage superhumps with a shorter constant period). The
origin of stage C superhumps is still poorly known, and the
reason for the premature termination of superoutbursts,
which may be related to the evolution of stage C super-
humps, still needs to be clarified.

There is supporting evidence for a large q: the dura-
tion of stage A superhumps, which is considered to reflect
the growth time of the 3 : 1 resonance, is very short (less
than 1 d) in RZ LMi. From a theoretical standpoint, this
growth time is expected to be proportional to 1/q2 (Lubow
1991), and this relation has been confirmed in WZ Sge-
type DNe(Kato 2015). As judged from the rapid growth of
superhumps in RZ LMi, it appears extremely unlikely that
RZ LMi has as small a q as in WZ Sge-type DNe.

3.4 Evolutionary status

If the q derived from the possible negative super-
humps and suggested by the rapid growth of superhumps
(subsection 3.3) is correct, RZ LMi cannot be an object
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Fig. 12. Location of RZ LMi on the diagram of mass ratio versus orbital
period. The dashed and solid curves represent the standard and optimal
evolutionary tracks in Knigge, Baraffe, and Patterson (2011), respec-
tively. The filled circles, filled squares, filled stars, and filled diamonds
represent q values from a combination of the estimates from stage A
superhumps published in six preceding sources (Kato & Osaki 2013;
Nakata et al. 2013; Kato et al. 2014a, 2014b, 2015, 2016b), known q
values from quiescent eclipses or radial-velocity study (see Kato & Osaki
2013 for the data source). In addition to the references listed in Kato
et al. (2016b), we supplied the data for SDSS J143317.78+101123.3 in
Hernández Santisteban et al. (2016). (Color online)

close to the period minimum or a period bouncer—Olech
et al. (2008) conjectured that some ER UMa-type novae are
period bouncers. The q we suggested is similar to or even
larger than those of ordinary SU UMa-type DNe having
similar Porb (figure 12).

We know of at least one other object, GALEX
J194419.33+491257.0 in the Kepler field, which has a
very short Porb of 0.0528164(4) d and very frequent out-
bursts (normal outbursts with intervals of 4–10 d) (Kato
& Osaki 2014). This object has an unusually high q =
0.141(2) measured using stage A superhumps. These prop-
erties are somewhat similar to those of RZ LMi. Kato
and Osaki (2014) suggested the possibility that GALEX
J194419.33+491257.0 may be a CV with a stripped core-
evolved secondary and which is evolving toward an AM
CVn-type CV. Such a condition might be a fascinating pos-
sibility to explain why RZ LMi has an exceptionally high
Ṁ for its Porb.

3.5 Secular variation of supercycle

As discussed in subsection 3.1, it is likely that RZ LMi
changed Ṁ by a factor of ∼2 in the last two decades.
In recent years, a transition from the NL (permanent
superhumper) state to the ER UMa-type state was dis-
covered in BK Lyn (Patterson et al. 2013; Kato et al.
2013a). Patterson et al. (2013) proposed, based on the
potential identification with an ancient classical nova in

101, that ER UMa stars are transitional objects during the
cooling phase of post-eruption classical novae [the idea
was not new and it was already proposed in Kato and
Kunjaya (1995) and Osaki (1995a)]. Following this inter-
pretation, Otulakowska-Hypka and Olech (2013) studied
ER UMa-type objects and found a secular increase of the
supercycle in most typical ER UMa-type objects. RZ LMi
was included, and Otulakowska-Hypka and Olech (2013)
gave a Ṗ of the supercycle of (5.0 ± 1.9) × 10−4 in 18 yr. We
should note that Zemko, Kato, and Shugarov (2013) also
studied variation of supercycles in ER UMa and reported
that supercycles vary in a range of 43.6–59.2 d with shorter
time-scales of 300–1900 d. A secular increase of the super-
cycle was also statistically meaningful in that work (Zemko
et al. 2013).

The conclusion of Otulakowska-Hypka and Olech
(2013), however, was only based on the variation of super-
cycles, and they disregarded the possibility that the super-
cycle can also increase if Ṁ increases toward Ṁcrit since
there is a minimum in the supercycle as Ṁ increases [cf.
the right-hand branch of figure 1 in Osaki (1995a); see also
subsection 3.1]. As this is apparently the case for RZ LMi,
we studied the secular variation of supercycles in RZ LMi.
We summarize the result in table 1 [the data in Kato et al.
(2013a) also used AAVSO observations]. When raw data
were not available, we measured the fraction of superout-
burst and duty cycle by eye from the figures in the papers
listed in the table. The data for 1986–1989 (Shugarov) were
too sparse to determine the supercycle and only the duty
cycle was estimated. The data for 1987–1988 (Kato) were
visual observations. The supercycle was determined from
seven well-defined bright outbursts. The duty cycle was
probably underestimated due to the insufficient detection
limit of visual observations. For AAVSO observations, the
fraction of superoutbursts could be determined only to 0.05
since most of the data were randomly sampled snapshot
observations.

It has became apparent that the supercycle was not
stable as had been supposed in Robertson, Honeycutt, and
Turner (1995) and Olech et al. (2008). The supercycle at the
time of Robertson, Honeycutt, and Turner (1995) probably
reached the historical minimum. It was likely the super-
cycle once lengthened to as much as ∼24 d before 2013,
but it returned to 19–20 d. This behavior probably gave
the impression that the supercycle is globally constant if
seen in long time-scales, such as several years. The situation
changed in 2016 when the supercycle strongly increased.
This increase was associated with the increase of the frac-
tion of superoutburst and the duty cycle, indicating that
Ṁ increased despite the lengthening of the supercycle [con-
trary to the conclusion by Otulakowska-Hypka and Olech
(2013)]. Although the situation before 2016 was less clear,
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Table 1. Supercycles of RZ LMi.

Year JD range∗ Supercycle Fraction of Duty cycle† Nights Source
(d) superoutburst

1984 45699–45851 19.6(1) 0.4 0.53 30 This work (Shugarov)
1984–1985 46019–46230 19.5–21.5 0.35: 0.39 31 This work (Shugarov)
1986–1989 46468–47682 — — 0.6 7 This work (Shugarov)
1987–1988 47151–47318 22.5(9) — 0.39 52 This work (Kato)
1992–1995 48896–49723 18.87 0.4 0.5 — Robertson, Honeycutt,

and Turner (1995)
2004–2005 53027–53519 19.07(4) 0.4 0.4 — Olech et al. (2008)
2005–2006 53644–53884 19.7(1) 0.45 0.58 89 AAVSO
2006–2007 54041–54254 20.75(4) 0.40 0.55 113 AAVSO
2007–2008 54374–54626 21.3(1) 0.45 0.55 100 AAVSO
2008–2009 54749–54988 21.7(1) 0.40 0.31 96 AAVSO
2009–2010 55146–55334 24.3(1) 0.35 0.52 58 AAVSO
2012 55985–56070 21.61(2) 0.55 0.46 76 Kato et al. (2013a)
2012–2013 56273–56473 22.83(1) 0.50 0.62 149 This work
2013–2014 56563–56819 20.8(1) 0.40 0.48 151 This work (Neustroev),

AAVSO
2014–2015 56930–57178 19.9(1) 0.45 0.55 96 AAVSO
2016 57416–57451 35 0.60 0.50 28 This work
2016 57451–57483 32 0.81 0.74 31 This work
2016 57483–57543 60 0.80 0.83 54 This work

∗JD−2400000.
†Object brighter than 15.0 mag.

Fig. 13. Overall light-curve of RZ LMi in 2013. The data were binned to
0.03 d. (Color online)

the changing supercycle suggests fluctuating Ṁ within time
scales of a year or two. The outburst pattern was gener-
ally regular in the second best-observed season in 2013
(figure 13). The duration of the superoutburst was appre-
ciably longer between BJD 2456380 and 2456400 (17 d,
in contrast to 12–13 d in other superoutbursts in 2013;
a mean value of supercycles in 2013 is given in table 1). It
was likely that Ṁ temporarily increased also in 2013. In the
2013–2014 season, the durations of superoutbursts again
decreased to shorter than 12 d (figure 14) while supercycle
lengths remained short (∼21 d).

As far as RZ LMi is concerned, Ṁ is not secularly
decreasing as in the scenario given by Patterson et al. (2013).
Among other ER UMa-type objects, BK Lyn returned to

Fig. 14. Overall light-curve of RZ LMi in 2013–2014. The data were binned
to 0.03 d. (Color online)

its original NL state in late 2013 and the ER UMa-type
state was only transiently present (Kato et al. 2013a). As
discussed in Kato et al. (2013a), the hypothetical cooling
sequence from NL objects → ER UMa-type DNe → ordi-
nary SU UMa-type DNe after nova eruptions as proposed
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by Patterson et al. (2013) is not very consistent with obser-
vational statistics, since such a cooling sequence would pre-
dict a large number of intermediate (having much more
slowly cooling white dwarfs) objects between ER UMa-type
DNeand ordinary SU UMa-type DNe, while observations
could not confirm a large number of such objects. As seen in
ER UMa, BK Lyn, and RZ LMi, the Ṁ variations look more
irregular with time-scales of several years and it looks like
that the majority of variations in outburst activities in these
systems does not reflect the secular Ṁ variation as proposed
by Patterson et al. (2013). As this paper has shown, the high
activity of RZ LMi may be a result of a rare evolutionary
condition with a relatively massive secondary. In such a
case, we may not require a nova eruption to produce an
object like RZ LMi.

4 Summary

We observed RZ LMi, which is renowned for the extremely
(∼19 d) short supercycle and is a member of a small,
unusual class of CV called ER UMa-type DNe, in 2013
and 2016. In 2016, the supercycles of this object sub-
stantially lengthened in comparison to the previous
measurements to 35, 32, and 60 d for three consecutive
superoutbursts. The durations of the superoutbursts also
lengthened and they composed 60%–81% of the super-
cycle. Such long durations of superoutbursts have never
been observed in this object, and we consider that the object
virtually experienced a transition to the NL state (perma-
nent superhumper). This observed behavior reproduced the
prediction of the thermal-tidal instability model made by
Osaki (1995a) extremely well. We estimated that in 2016,
the mass-transfer rate of RZ LMi reached 97%–99% of
the thermal stability limit, and that it was about two times
larger than the value in the past.

We detected a precursor in the 2016 superoutburst
and detected growing (stage A) superhumps in 2016 and
in 2013. We estimated their period to be 0.0602(1) d.
This makes the second case in which growing superhumps
were confidently recorded in ER UMa-type DNe during the
sequence of the precursor and the main superoutburst. We
also detected post-superoutburst superhumps immediately
after a superoutburst in 2013 with a period of 0.05969(2) d.
Since both stage A superhumps and post-superoutburst
superhumps can be considered to reflect the dynamical pre-
cession rates, we can derive the relation between the mass
ratio and the radius of the post-superoutburst. The result
suggests that the mass ratio is not as small as in WZ Sge-type
DNe, having orbital periods similar to RZ LMi.

By using Lasso two-dimensional power spectra, we
detected possible negative superhumps with a period of
0.05710(1) d. By combination with the period of ordinary

superhumps, we estimated the orbital period of 0.05792 d.
The period of stage A superhumps, combined with this
orbital period, suggests a mass ratio of 0.105(5). This rel-
atively large mass ratio is consistent with the rapid growth
of superhumps. This mass ratio is even above ordinary
SU UMa-type DNe, and it is also possible that the excep-
tionally high mass-transfer rate in RZ LMi may be a result
of a stripped core evolved secondary in a system evolving
toward an AM CVn-type object.

An analysis of historical records of supercycles in this
system suggests that the variation of the outburst activity is
sporadic with time-scales of years and it does not seem to
reflect the secular variation caused by evolution.
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