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Dwarf novae belong to the class of cataclysmic variablesrapoesent the close binary systems
in the late evolutionary stages. They consist of a white é\aad a red dwarf which fills its
Roche lobe and transfers mass to the white dwarf. The gamstilews from the secondary to
the primary white dwarf forming an accretion disk aroundDwarf novae undergo outburst in
semi-periodic intervals of time, when the brightness iases by B to 5. For most of them, the
faint state (or quiescence) is a normal state. There ares3 tyfpdwarf novae: U Gem, Z Cam and
SU UMa. The last ones have orbital periods about 880 min, mass of the secondary 3 times
less or even more than white dwarf mass. Two types of outbarstobserved in these systems:
frequent normal outbursts and superoutbursts which lasidoand rise to slightly higher lumi-
nosities. During superoutburst they exhibit so-callegd&thumps”, — brightness increase on the
small part of the light curve repeated with the period a fewceets longer than the orbital one
and amplitude of 0.1™-0.3™. Superhumps are the most striking phenomenon which erllibit
SU UMa dwarf novae and make them interesting and promisifectbfor study. According to
the tidal- thermal model (Osaki, 1996) superhumps are dgeatdtational disturbances from the
secondary. These disturbances became nifesttive then the matter of accretion disk reach the
3:1 resonance of the orbital motion of the secondary. Thérmeaf the orbital and precessional
periods cause periodic variations, identified as superlsurRpsitive and negative superhumps
are described. The evolution of superhumps is considegether with the changes of super-
hump period during the outburst.The observational pragedf SU UMa stars are collected by
photometric observations of various systems. Criteriacfassification of WZ Sge dwarf novae
(sub-type of SU UMa stars) are summarized. Rebrighteninghbo outbursts are one of the
most striking characteristics of WZ Sge objects.
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1. Introduction

Dwarf novae belong to the class of cataclysmic variablesraptesent the close binary sys-
tems in the late evolutionary stages. They consist of a whitarf and a red dwarf which fills
its Roche lobe and transfers mass to the white dwarf. Thetgeans flows from the secondary
to the primary white dwarf forming an accretion disk arounddwarf novae undergo outburst in
semi-periodic intervals of time, when the brightness iases by 3 to 5. For most of them, the
faint state (quiescence) is their normal state. Duringspgace the disk has a low viscosity and
accumulates mass, remaining cool and faint. When the sud®sity of the disk reaches a critical
value, the viscosity increases and mass flows rapidly throlig disk to the white dwarf, releasing
gravitational energy. The disk became hot and luminousicguke dwarf nova outburst.

2. Classification of dwarf novae

There are 3 types of dwarf novae: U Gem, Z Cam, and SU UMa.

UGem - the classical dwarf novae, outbursts with large amplitude-66™ (a factor of 46- 100
in intensity) and typical cycle from weeks to years.

ZCam - exhibit long standstills at the mean light level! below maximum, these periods of
constant light may last for many months, their length vacigssiderably,
— in standstill they resemble the nova-like systems whiclensfiow outbursts.
SUUMa - have orbital periods — about 80180 min,

— mass of the secondary 3 times less or even more than whitd chaas,
— two types of outbursts: frequent normal and less often suleurst,

— they exhibit so-called “superhumps”, — brightness inceeas the small part of the
light curve repeated with the period a few percents longan the orbital one with am-
plitudes~ 0.1-0.3™. Superoutbursts last longer and rise to slightly highenhasities.

SU UMa stars in turn are subdivided into two groups:

WZ Sge-type  —unusually high amplitudes (8,
— rare outbursts (once a decade),
— the shortesPq, among DNe € 80— 90 minutes),

— rebrightening, — complex post-superoutburst rise of lirighs or echo out-
bursts,

absence of normal outbursts (defining characteristic of W& &ars, have been
recorded in a few systems).

ER UMa-type with extremely short interval between superoutbursts<20°),

from one third to one half of the cycle takes the superoutburs
— normal outbursts occur every 4 days.

About 10 WZ Sge-type dwarf nova was discovered in 201400 WZ Sge-type stars are known
[10], 4 eclipsing systems between them.
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3. Statistics for WZ Sge stars

The properties of this class of stars were described inlddigiKato in his fine review [10].
For majority of WZ Sge-objects they were defined as a follgwin

1. thePqyp is shorter than 06% and lies in the range.0553- 0.0592 (for 50% stars),
2. the outburst amplitudes larger thdh The largest one (8") — in SSS J224739,

3. the recurrence time is shorter than-28yr, the median value is 11.5 yr, the shortest known
interval (450) — in AL Com.
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Figure 1: Orbital periods, outburst intervals and amplitudes (leftight) of WZ Sge-objects, according to
[10].

4. Superhumps

Superhumps are the phenomenon typical for the SU UMa staessfiape of the superhumps
depends on the outburst phase and could changed from orensigsainother, the period of super-
humps changed during the outburst. The evolution of supeplsypasses through the next 3 main
stages stages according Kato et al.(2009):

stage A early superhumps with more long period of superhumps,

stage B intermediate stage with systematically varying periodugfeshumps and the last one,

stage C with short stable periods.

Early superhumps, observed in the beginning of the outbheste a double hump wave and
their periods are very close to the orbital ones (Kato, 2002)ey were detected in 63% of the
studied WZ Sge-type dwarf novae [10] with amplitude in agerkarger than 0.02 mag.

The stage of “ordinary superhumps” changes the “early $wmeps” stage. They have a
typical one-hump wave and the largest amplitude of perigdithe period of ordinary superhumps
usually is a few percent longer than the orbital period. Tiknary superhumps can be explained
by the thermal tidal instability model of an accretion di€ks@ki,1989). The presence of the tidal
3:1 resonance in the disk (with the radius smaller than ther@sonance radius) results in the
formation of an eccentric outer ring undergoing apsidatession with a period appreciably longer
than the orbital one. A final stage of superoutburst is chiaraed by “late superhumps” with
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smaller amplitude and a longer period. The late superhurppsaa several days after the rapid
decline from the plateau in the light curve of a superoutbamsl may continue for several hundred
cycles after the end of the superoutburst. According to K2808), the late superhumps originate
in the precessing eccentric disk near the tidal truncafldm eccentric disk slowly expands during
the superoutburst decline and finally reaches the tidatation, where the period is stabilized. In
WZ Sge-type dwarf novae stage C is usually not present.

a).'® : : : . 1), B g e
1.05 | 15 Oct 2015, AZT-5] 4 October 12,2013
110 | . = \ 3 ]
o o A
. e o ~ 3
115 o . -
-'g)' *'{' . 33+ '33' ! - <. .
1.20 ot .'v'.Q‘ mew e > . 4‘: H e
o = 8 . . . "
- TR T I = Cw Fa W
. . 3 . .
o5l y.ﬁ sos% K3 S 34l N 2- - /7 SR I 7
* AN i T “ . . 5
o A L & e Lo wes?
130 | g * . .:’; v N > '-:5
35 e - -
135 |
140 . . L . 56 I . L s L L L
7311.15 7311.20 7311.25 7311.30 7311.35 731 6578.15 657820 657825 657830 657835 657840  6578.45
JD2450000 + D 2450000 +
c) . . T r d) 3.1 T T T T
Loadl o 5 Oct. 2015, AZT-5
32| 4
3 Nov 2014, AZT 5 .
108 |- °e o
33| s f& FR J
- 5\ 2
1.0 | ?-. -'.“ ® ..f.:' -
= @0 el o 2 [ RS i
QYA VLY N ° Fhpad IS W
12t L Bt A 289y ° a
. 35 4 glas. f..'% e
.t e, N
e d .
14 36 |- ~
) . N | L
6965.15 696520 696525 696530 696535 696540 696545 6965.50 - ; : : ;
JD2450000.0+ 7301.35 7301.40 7301.45 7301.50 7301.55 7301.60
JD2450000 +
3 — Ty
e). e . November 7, 2008 1
' Y S |
. L)
16,24 4. ok W .
> 1 ¢ ?’. v s.' 4 *
16,3 R KLY |
| A
16,4 ) o -
16,5

BT AT I R T A R
477830 477835 477840 477845 477850 477855 477860 477865 477870

Figure 2: Variety of superhumps in the light curves offérent SU UMa stars: a). J14574 = 09.05898:
b). AW Sge,Porp = 09.0724; ¢). J2138P, = 09.05456; d). PU Per; ). UW TrRqp = 09.05334.

According to the tidal-thermal model (Osaki, 1996) superps are due to gravitational distur-
bances from the secondary. These disturbances becomefiiegtize when the matter of accretion
disk comes to 3:1 resonance with orbital motion of the seapndThe beating of the orbital and
precessional periods cause periodic variations, idetitfgesuperhumps. So the superhumps period
Pshis related to the precession periBgrec and orbital periodPory:
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1 1 1
— = - 4.1
Psh Porb IDprec ( )
and the fractional superhump excess, introduced by Katb4@y in the frequency unit:
P
e=1--2P (4.2)

Psh
The fractional superhump excess is a direct measure of doegsion rate.
This model is supported by numerical simulations (Bisikeil@l., 2005; Kaigorodov et al., 2006;
Smith et al., 2007).
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Figure 3: Left panels: Evolution of superhumpsin dwarf nova J1915: a — beginnirgiadfe A superhumps;

b — stage B superhumps; ¢ — transition from B to C stage; d —fpdsig stage superhumps (scale is the
same). Right panels: Superhumps in dwarf nova KV Drd&o, = 09.05876, amplitude of superhumps
decreases with time, their profile becames less steep. 8 superhumps which is clearly seen in the
lowest light curve evidence that a new stage is approaching.

4.1 Negative superhumps

It was found that not all SU UMa stars showed on their lightvesr“positive superhumps”.
Some of them demonstrate variations with the period, shtiréa the orbital one. Such variations
called “negative superhumps” (Ringwald et al., 2012). Trst fletection of negative superhumps
during the superoutburst of SU UMa-type DNe was done for ERal$Mperoutburst in 2011. Later
they were also reported during normal outbursts and quiesceith an amplitude- 0.5- 1.0™.
Dwarf nova MN Dra displayed negative superhumps betweesuperoutbursts (Pavlenko et al.,
2010). The existence of negative superhumps during a sufseirst was reported for other SU
UMa dwarf novae: V1504 Cyg and V344 Lyr (Osaki & Kato, 2013).

The origin of negative superhumps is usually consideredrasut of retrograde precession
in a tilted accretion disk [12]. When the disk is tilted, thet Ispot is formed at the inner part of
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Figure 4: Stage B superhumps observed in the dwarf novae J2051.

the disk, not at the edge of the disk. Since the energy of thepat comes from the release of
gravitational energy, such a change in the location of thepat causes a variation in the amount of
released energy, namely, the luminosity of the hot spot. lehoed with the retrograde precession,
this efect can explain the negative superhumps.

Superoutbursts occur more regularly than the normal ostthuSeveral normal outbursts oc-
curred between two superoutbursts (see fig. 5). The peakitndgrof a normal outburst becomes
brighter and the cycle length becomes longer as the next@uiperst approaches.
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Figure 5: ER UMa light curve.

For explanation of such behaviour of SU UMa dwarf novae, lieerhal tidal instability (TTI)
model was suggested (Osaki, 1989). In this model, systerisavsmall mass ratioMy/M; =
g < 0.25) enable the disk radius to reach the 3:1 resonance of Hi@lanotion of the secondary.
In normal outbursts, the disk material only partly accraétethe inner region. The radius of the
disk becomes gradually larger after experiencing a normtdurst. When the disk radius reaches
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the 3:1 resonance one, the eccentric instability is excifBde increased turbulence in the disk
increases the mass-transfer rate in the disk and a longhtlsigoeroutburst is triggered (Osaki
1989).

Stage A superhumpsare currently understood to reflect the dynamical precegsite of the
disk at the radius of 3:1 resonanc#age Bis considered to have a smaller precession rate due
to the pressurefect, which produces retrograde precession, in the diskptigin of stage C
superhumpsand why stagd — C transition suddenly occurs are unsolved problems.
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Figure 6: The O-C diagrams of superhumps in SU UMa stars: a). dwarf 40625, b). dwarf nova J2138,
c). AW Sge and d). dwarf nova MN Dra. Figures c). and d). arertdkom [Kato et al., 2014a].

5. Phenomenon of rebrightenings

Rebrightenings or echo outbursts are one of most strikirgaieristics of WZ Sge objects.
Imada et al. (2006) suggested to classify all detectedghtanings in following 4 types:

e type-A outbursts (long-duration rebrightening),
e type-B outbursts (multiple rebrightenings),
e type-C outbursts (single rebrightening) and

e type-D outbursts (no rebrightening).
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Type-A outbursts and type-D outbursts tend to occur in dbjedth shortP,,. Type-C outbursts
are usually seen in objects with longeg,. For Type B the numbers of observed rebrightenings
can vary. Later Kato et al. (2014) suggested to add anotlper, & Type-E. It was done after the
detection of two objects with double superoutbursts: S22241 and OT J184228.

Itis not known yet whether the dwarf nova shows the same typeboightenings during every
outburst.

The main properties of WZ Sge-type objects with multiplerigittenings were discribed by
Meyer, Meyer-Hofmeister (2015). The study of type-B olgestiows thet the number of rebright-
ening ranges from 2 to 11. Their amplitudes are correlatel wiervals of rebrightenings chang-
ing approximately from 2 to 10 days. Average amplitude ofigdtienings range from 1.6 to 3.7

mag.
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Figure 7: Examples of dierent types of rebrightening according to Kato et al. (2015)
6. Summary

1. Superhumps are the striking phenomenon which exhibit¢t)Bla dwarf novae and make
them interesting and promising objects for study,

2. the presence of early superhumps and long or multiplégtgienings are the best distin-
guishing properties WZ Sge-type of dwarf novae,

3. the observational properties of SU Uma stars are cotleictedetailed Surveys of Period
Variations of Superhumps in SU UMa-Type Dwarf Novae ingéhtind worked out by T.Kato
(8 surveys at all and one more in preparation).

4. Despite these papers, many aspects of SU UMa dwarf nowdg still wait for the further
investigations, particularly in theoretical field. The Tmhbdel fails to reproduce the ampli-
tudes of superhumps (Smak, 2009). In his new interpretaifguperhumps, periodically
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variable irradiation of the secondary component resulis strongly modulated mass out-
flow. Superhumps are then due to enhanced dissipation ofitleidenergy of the stream
(Smak, 2016). But also this model haghdulties.

Criteria for classification of WZ Sge dwarf novae could be swarized in the following way:

e the amplitude of outburst is close t8';8

e the superoutbursts of WZ Sge-type objects are very rarertpecison with other SU UMa
dwarf novae;

e detection of “early superhumps” which are the unique feati\WZ Sge-type objects, early
superhumps show double-wave per a period wighy?

e stage Cis usually absent;

e the typical value ot for WZ Sge objects ig = 1 — Pgyrp/Psh~ 0.03
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