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Since the discovery of superhumps in 1974, these photometric modulations have provided a
crucial observational window into disk instabilities in cataclysmic variable stars, particularly the
tidal instability associated with the 3:1 resonance. Over the past few decades, extensive time-
resolved photometry has revealed a rich diversity of superhump-related phenomena, including
delayed superhump development, early superhumps in WZ Sge-type dwarf novae, systematic
stage A-B-C evolution, negative superhumps, and superhumps observed in related systems such
as intermediate polars and AM CVn stars.

In this invited review, we summarize key observational advances since the establishment of the
thermal-tidal instability framework, discuss their theoretical interpretations within the disk in-
stability model, and highlight remaining open problems. These developments have been driven
by coordinated networks of amateur observers, wide-field robotic surveys, and continuous high-
precision space-based photometry from Kepler and TESS. Together, they demonstrate that super-
humps remain a powerful probe of disk dynamics, binary parameters, and the interplay between
thermal, tidal, and geometric effects in accretion disks.
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1. Introduction

Cataclysmic variable stars (CVs) consist of a late-type main sequence star (secondary star) and
a white dwarf (primary star) surrounded by an accretion disk formed by gas transferred from the
secondary star ([1] for a review). Dwarf novae (DNe) are a class of CVs that undergo outbursts
caused by the thermal instability [2].

Superhumps were first discovered in a dwarf nova VW Hyi by Vogt [3] in 1974 and have
been studied extensively by many researchers since then. Superhumps are observed only during
superoutbursts and are characterized by their period typically a few percent longer than the orbital
period and the small amplitude of typically 0.1-0.3 mag [4]. They are visible even in pole-on
systems, crucially indicating that they are non-geometrical in origin. The memorable book by
Warner [1] describes almost all of the phenomena observed in cataclysmic variable stars in the
literature by 1995, including superoutbursts and superhumps in SU UMa stars.

The theoretical explanation for superhumps lies in the beat phenomenon between the orbital
motion and the precession of an eccentric disk [5]. This eccentricity is caused by the tidal instability
related to the 3:1 resonance in the accretion disk. This mechanism is central to the definition of SU
UMa-type dwarf novae.

The review by Osaki [6] summarizes the thermal-tidal instability (TTI) model for dwarf nova
outbursts which had been established by 1996 in a framework connecting normal outbursts due solely
to the thermal instability and superoutbursts due to a conbination of thermal and tidal instabilities
(see also [7]). The most important figure in this review is shown in Fig. 1. The behavior of these
systems is largely governed by the mass transfer rate (M) and the orbital period (Pyp):

* Nova-likes / Permanent superhumpers: High M, leads to stable disks. The latter is tidally
unstable and always shows superhumps.

+ Z Cam/SS Cyg: Intermediate/low M,, results in systems dominated by thermal instability. Z
Cam stars are around the border line of the thermal instabiliy and sometimes show a standstill

« ER UMa / SU UMa / WZ Sge: Short P, (low mass ratio g) allows the disk to reach the
3:1 resonance, triggering tidal instability. Larger M, systems, namely ER UMa > SU UMa
> WZ Sge, have shorter superoutburst-recurrence cycle.

In section 2, we summarize recent observational results of superhumps in CVs, theoretical
interpretation and remaining problems. A brief summary is put in section 3.

2. Observations and Theoretical Explanations of Superhumps and related
phenomena

This section examines several observational results concerning superhumps in recent years that
are difficult to explain by theories up to 1996, and present their current theoretical interpretations
and remaining problems.
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Figure 1: M-Py, diagram. The acronyms of NL, ZC, UG, PS, ER, SU and WZ present nova-likes, Z
Cam-type stars, U Gem(SS Cyg)-type stars, permanent superhumpers, ER UMa-stars, SU UMa-stars and
WZ Sge-type stars. CVs in the upper and lower regions separated by the oblique line are thermally stable and
unstable, respectively. CVs in the right and left regions are tidally stable and unstable, respectively. Systems
with lower mass transfer rates have longer (super)outburst-recurrence cycles. This figure was created based
on Figure 3 in [6].

2.1 Superhump Evolution

While earlier studies (e.g., [8]) analyzed the superhump evolution, long-term coverage was
often insufficient to systematically discuss that evolution. More recent systematic studies ([9], and
its series of papers), however, have identified three distinct stages of superhump evolution:

1. Stage A: Characterized by a constant long period and growing amplitude.

2. Stage B: The superhump period becomes shorter initially, which then lengthens while the
amplitude decays in most cases. This represents the propagation of the eccentricity wave to
the inner part of the disk.

3. Stage C: Characterized by a constant short period. This stage typically appears around the
end of the superoutburst and is accompanied by an decrease of the decline rate.

An example is shown in figure 2.

This course of superhump evolution is explained by the DIM [10]. The stage A is the growing
period of the superhumps as the eccentric deformation remains at the 3:1 resonance radius. The
period of the stage-A superhump thus represents the precession rate at the 3:1 resonance radius.
During the stage B, the eccentricity wave probagetes to the inner part of the disk. The period of
the stage-B superhump represents the overall precession rate of the disk. However, the remaining
problem is how the lengthening of the stage-B superhump period is explained. Note that some
systems show constancy or even shortening of the stage-B superhump period. Furthermore, there
are problems regarding the stage C: why does the sudden transition from the stage B to C occur,
and why is the period of the stage-C superhump constant?
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Figure 2: (top) O-C diagram of the superhump maximum timing, (middle) superhump amplitude, and
(bottom) superhump amplitude, (bottom) superoutburst light curve after subtraction of a linear decay trend.
The horizontal axis represents the superhump cycle (E) starting from the first observed superhump. This
figure is Figure 3 in [9].

2.2 A New Method for Mass Ratio Estimation

Kato & Osaki [11] proposed that the mass ratio (¢ = M» /M) can be rather accurately estimated
by the excess of the stage-A superhump period and orbital period (¢* = (Psg — Porb)/Porb)- This
idea is based on the formulation of the dynamical precession rate given by Hirose & Osaki [12]
and the hypothesis that the stage-A superhump period is determined by the precession rate at the
3:1 resonance radius [10]. Kato & Osaki [11] gave an approximate formula of ¢ in the range of
0.025 < g < 0.394:

g = —0.0016 + 2.60€* + 3.33(€")* + 79.0(¢*)°, )

where the maximum error in g is estimated to be 0.0004. Kato & Osaki[11] checked the validity of
this method by comparison of the g value by this method and that by the eclipse analysis (see also
[13]).

While the mass ratio is a basic parameter of binaries, accurate estimation of it has been difficult,
since it requires observation of the eclipse profile or radial velocity of the secondary star in CVs in
quiescence. In contrast, we can estimate the mass ratio by observations of the early superhumps and
stage-A superhumps in dwarf novae in superoutburst, since the early superhump period is almost
equal to the orbital period [14]. The new and easy method has contributed to increases of the
number of DNe with an accurately measured mass ratio.
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2.3 Standstill and superoutburst in NY Ser

NY Ser is a so-called “in-the-gap" SU UMa star with a superhump period of 2.5 hr and a
supercycle of about 100 days [15]. Two standstills were found in the 2018 light curve of this star
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Figure 3: (right) ASAS-SN light curve in V and g bands of NY Ser from 2015 to 2018. (left) Enlarged light
curve in 2018. Two superoutbursts occurred directly following standstills. This figure was created based on
Figures 1 and 2 in [16].

Both superoutbursts in 2018 rose directly from the immediately prior standstills. The second
standstill clearly started during the decay from the prior normal outburst, as often observed in Z Cam
stars. While no superhumps were observed during the standstills, superhump evolution apparently
began at a very early phase of the second superoutburst rise from the standstill (see E-figure 4 in
[16D.

These observed features suggest that 1) the mass transfer rate in NY Ser is close to the limit for
the thermally stable disk', 2) the 3:1 resonance was excited as the disk expanded to the resonance
radius during standstills, and 3) a superoutburst is triggered by the tidal instability.

Related to NY Ser, we also note that RZ LMi, an ER UMa-type dwarf nova near the period
minimum was observed to behave like a permanent superhumper intermittently (Kato et al.[17]).

2.4 Long period SU UMa stars

Long Py SU UMa stars have been discovered so far, e.g. TU Men (Pyp = 2.8 hr [18]).
Some of them have been proved to have an evolved secondary star, e.g. CRTS J035905.9+175034
[19], and the relationship between orbital period and mass ratio, assuming the secondary star is a
main-sequence star, does not apply to these stars.

However, Kato & Vanmunster [20] discovered along P, SU UMa star, SDSS J094002.56+274942.0
with a Psy of 4.38 hr. The superhumps had fully evolved by 6 days from the superoutburst maxi-
mum. Shallow eclipses were observed during the superoutburst with the orbital period of 3.92 hr.
Using Py, Psy and eclipses, a mass ratio of 0.39(3) and an inclination of 70.5(5)deg were obtained.
The Gaia parallax and 2MASS observations support an idea of a main-sequence secondary star in
this system, and this idea can explain ellipsoidal modulations observed during quiescence by ZTF
and ATLAS (see [21]).

A problem remains unsolved that why this star has such a high mass transfer rate even in the period gap.
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Numerical simulations have indicated the upper limit of the mass ratio for development of the
eccentricity by the 3:1 resonance is 0.25 [22] or 0.33 [23]. This discovery of such a high mass-ratio
SU UMa star, however, suggests that the eccentricity can grow under a weak tidal effect and would
request a reanalysis of the basis of the 3:1 resonance.

2.5 Early Superhumps in WZ Sge stars

Early superhumps are observed exclusively in the very early phase of WZ Sge-type super-
outbursts and are regarded as one of the criteria for classification as a WZ Sge-type dwarf nova
[24, 25]. They exhibit double-peaked shapes and a period nearly equal to Po. The amplitude of
the early superhumps depends on the inclination, suggesting that early superhumps are geometrical
phenomena (see e.g. [26]).
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Figure 4: (upperleft) Light curve of two days around the superoutburst maximum in a WZ Sge star V455
And in 2007. (lowerleft) Its detrended one. The evolution of the early superhumps in a very short time (<
one day) was clearly observed. (right) Folded superhump profiles in different objects and superoutburst. All
have double-peaked shapes, though the details of these profiles are slightly different. This figure was created
based on Figures 11 and 12 in [24].

In the TTI model, Osaki & Meyer [27] explained that the early superhump appears due to the
2:1 resonance [28, 29]. The 2:1 resonance radius is smaller than the tidal truncation radius only in
systems having a very small mass ratio (¢ < 0.08), and the growth rate of the 2:1 resonance is much
larger than the 3:1 resonance. These features naturally explain that early superhumps are observed
only in WZ Sge stars before the (ordinary) superhumps appear. Uemura et al. [30] developed a
method to reconstruct the vertically extended disk by modelling multi-color light curves of early
superhumps under an assumption of self-occultation (for an application of this method, e.g. [26]).

2.6 Long period WZ Sge stars

An outburst of ASASSN-16eg was first observed in 1996 [31]. The overall light curve shown
in Fig. 5(a) seems truly a type-C superoutburst (a superoutburst followed by only one short
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rebrightening) of WZ Sge-type DNe. Both of early superhumps and ordinary superhumps were
observed (Fig. 5), and the periods of the early superhump and ordinary superhump were 109 and
115 min. The mass ratio was estimated to be g = 0.166(2) by using the period excess method of
the early superhump introduced above. This mass ratio is normal for its orbital period. Wakamatsu
et al.[31] listed other SU UMa-type dwarf novae which showed WZ Sge-like superoutbursts so far.
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Figure 5: (a) Long-term light curve of ASASSN-16eg during the superoutburst in 2016, which is a typical
one of WZ Sge stars. (b) Folded light curve of early superhumps having a double-peaked shape. (c¢) O-C
diagram of the superhump maximum timing (upper), amplitude of the superhump, and (c) light curve of the
superoutburst having a common horizontal axis. This figure was created based on Figures 1, 2 and 3 in [31].

While the 2:1 resonance radius exceeds the tidal truncation radius, can the TTI model explain
WZ Sge-type superoutbursts in such "high-g" systems? This is still an open question. However,
such long period "WZ Sge stars" commonly have long superoutburst cycle lengths over 2 years and
large outburst amplitude over 6 mag. This suggests that these stars have very low mass transfer
rate for their orbital periods. In this case, the mass and angular momentum stored in the disk by
the onset of an outburst may be enough for the disk radius to exceed the tidal truncation radius,
to reach the 2:1 resonance radius around the superoutburst maximum. Confirmation by theoretical
works and numerical simulations are awaited. This topic may be related to that cool gases beyond
the Roche-lobe of the white dwarf were detected during a superoutburst in HT Cas [32].

2.7 Negative Superhumps

Negative superhumps have a period slightly shorter than Py, in contrast to (ordinary) super-
humps (e.g. [33]), and they have been observed in various types of cataclysmic variables, such as
old novae (e.g. [34]), nova-likes (e.g. [35]), dwarf novae (e.g. [36]), AM CVn stars (e.g. [37]), and
so on. An example is exhibited in figure 6. Negative superhumps have the following features: 1)
observed in CVs regardless of Py and g, 2) observed regardless of the state, namely, quiescence,
outburst, and standstill, 3) co-existence with (ordinary) superhumps, and 4) unpredictable timings
of appearance and disappearance.
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Figure 6: (upperleft) Kepler light curve of an SU UMa star V1504 Cyg and its dynamic power spectra. Only
ordinary superhumps were observed during the superoutbursts. (lowerright) The same, but in the the term
when negative superhumps were observed as well as ordinary superhumps. Normal outbursts occurred less
frequently in this term. This figure was created based on Figure 3 in [38].

Theoretically, a tilted accretion disk is known to show retrograde precession (e.g. [39]). The
period of the negative superhump is explained by the synodic period between the orbital motion and
the retrograde precession of the disk (e.g. [40]). The difference of the normal outburst frequency
is attributed to the difference of the impact point of the mass stream on the disk [38]. Since disk
expansion leads to an increase in the negative superhump frequency [41], variations of the negative
superhump period provides insight into disk expansion/shrinkage. Recently, a new subgroup of
dwarf novae has been established, called "IW And"-type ([42-44]), which are characterized by
the light curves of standstills with oscillations and outbursts directly rising from the standstill.
Numerical simulations trying to reproduce the IW And-type behavior by a combination of the
thermal instability and tilted disk has been performed [45, 46].

3. Superhumps in related objects

3.1 Superhumps in an intermediate polar CC Scl

Intermediate polars (IPs) have an accretion disk, the inner part of which is truncated by strong
magnetic fields on the white dwarf ([47] for a review of IPs,). Some of DNe below the period gap
have been proposed or identified to be intermediate polars. CC Scl is an example, whose P, Psy,
and spin period were estimated to be 1.4 hr [48, 49], 1.44 hr [50, 51], and 389.5 s [52].

The whole light curve of the superoutburst in CC Scl mimics that of ordinary SU UMa stars
(figure 7), which suggests that the TTI model is applicable to IPs if the mass and angular momentum
are stored, enough for the disk radius to reach the 3:1 resonance radius, before the onset of a precursor
[51]. The duration of the superoutburst is, however, 8 days at most, slightly shorter than a typical
value of SU UMa stars, which may be due to truncation of the inner part of the accretion disk [50].
Although the stage-A superhumps were missed, the stage-B and -C superhumps were continuously
observed. The transition from the stage B to C occurred about three days after the rapid decay from
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Figure 7: (left) Light curve of the precursor and superoutburst in CC Scl in 2014 (lower) and O — C diagram
of the superhump maximum timing in the same horizontal axis (upper). (right) ® diagram of a PDM analysis
for superhumps (upper) and superhump light curve folded by the resultant period. This figure was created
based on Figures 1 and 2 in [51].

the superoutburst, while this transition usually occurs before the rapid decay in ordinary SU UMa
stars. This implies that the stage C superhumps originate from the outermost part of the accretion
disk [51].

3.2 Superhumps in AM CVn Stars

AM CVn stars are a kind of CVs but have a He star or a white dwarf as the secondary ([53, 54]
for reviews of AM CVn stars). Superhumps and negative superhumps have been observed also in
AM CVn stars, and the behavior of them is basically the same as that of H-rich CVs in a variety
of types: nova-likes including permanent superhumpers, Z Cam stars, ER UMa stars and SU UMa
stars. Transitions between the states in some of AM CVn stars have been observed (e.g. [55, 56]).

We here introduce an AM CVn star NSV1440. Two superoutbursts were observed in 2015 and
2017 [57], and this star is the first AM CVn star showing light curves analogous to those of type-E
superoutbursts and rebrightenings observed in H-rich WZ Sge stars (see [24]). The early and stage-
A superhump periods in the 2015 superoutburst were 36.33(1) min and 36.98(3) min, respectively.
The mass ratio calculated by using the period-excess method was g = 0.045(2). The orbital period
of this star was photometrically measured to be Py, = 36.56(3) min [58]. By substituting this
orbital period, the period-excess method gives g = 0.029(3). In either case, NSV 1440 is certainly
in the very late stage of the CV evolution, like WZ Sge stars showing type-E superoutbursts. This
confirms that the DIM, originally developed for H-rich disks, is also applicable to He-rich disks.
Recently, analyses of such outbursts in six long-Po, AM CVn stars clarified that all outbursts have
very similar features, especially in the long fading tail following the rebrightening phase [59].
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Figure 8: Light curves of the 2015 and 2017 superoutbursts in NSV 1440 in the upper and lower panels.
These mimic the type-E superoutburst (double superoutburst divided by a dip) and rebrightenings in WZ Sge
stars. This figure is Figures 1 in [57].

3.3 Superhumps in black hole X-ray binaries

As the similarity between the outburst light curves of soft X-ray transients and those of WZ
Sge-type dwarf novae has been pointed out (e.g. [60]), superhump-like optical variations have been
reported in several black hole X-ray binaries, e.g. KV UMa [61-63]. During the 2018 outburst of
the black hole X-ray binary MAXI J1820+070, a clear transition from stage A to stage B superhumps
was observed for the first time [64]. The characteristics of the O — C diagram of superhump maxima
and the amplitude evolution closely resemble those seen in SU UMa-type dwarf novae.

The mass ratio was estimated to be 0.066(1) using the period-excess method, based on the stage-

A superhump period and the orbital period [65]. The black hole mass was estimated to be 7.3-10.8

+0.79
8 -0.72

the superhump stage transition occurred about 5 days earlier than the transition from the hard to soft
X-ray state. This behavior can be naturally interpreted in terms of inward propagation of enhanced
viscosity and the associated viscous timescale [64].

M, consistent with the value of 8.4 M derived from the rotational velocity. Furthermore,

These results indicate that the TTI model is applicable to outbursts in black hole X-ray binaries,
despite the presence of strong gravity and intense X-ray irradiation. However, the large superhump
amplitude of approximately 0.8 mag and the absence of detectable color variation during the
superhump phase observed in this system remain unresolved issues.

4. Conclusion

The disk instability model, supplemented by geometric effects, has evolved into a remarkably
successful framework for interpreting the diverse phenomenology of superhumps in cataclysmic
variables. Systematic observations have established the stage A-B-C evolution of superhumps,
enabled a new and practical method for estimating binary mass ratios, and revealed unexpected
behaviors such as standstill-triggered superoutbursts, high-mass-ratio SU UMa stars, long-period
WZ Sge-like systems, and the widespread occurrence of negative superhumps.

At the same time, these observations expose important theoretical challenges. The origin
of period changes during stage B, the abrupt transition to stage C, the growth of eccentricity at
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unexpectedly high mass ratios, and the excitation of the 2:1 resonance in long-period systems all
require further investigation through analytical work and numerical simulations. The detection
of superhumps in intermediate polars and AM CVn stars further demonstrates that the essential
physics of the disk instability model is applicable across a wide range of disk compositions, magnetic
environments, and evolutionary stages.

The progress reviewed here underscores the unique role of superhumps as a diagnostic of
accretion-disk structure and dynamics. Insights gained from cataclysmic variables provide a valu-
able foundation for understanding accretion phenomena on longer timescales and larger spatial
scales, including those in X-ray binaries and active galactic nuclei.
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