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ABSTRACT

Context. Recent observations of two unusual Z Cam systems, V513 Cas and IW And have shown light curves that seem to contradict
the disc-instability model for dwarf novae: outbursts are appearing during standstills of the system when according to the model, the

disc is supposed to be in a hot quasi-equilibrium state.

Aims. We investigate what additional physical processes need to be included in the model to reconcile it with observations of such

anomalous Z Cam systems.

Methods. We used our code for modeling thermal-viscous outbursts of the accretion discs and determined what types of mass-transfer

variations reproduce the observed light curves.

Results. Outbursts of mass transfer (with a duration of a few days, with a short rise time and an exponential decay) from the stellar
companion will account for the observed properties of V513 Cas and IW And, provided they are followed by a short but significant
mass-transfer dip. The total mass involved in outbursts is of the order of 10%g.

Conclusions. We studied the possible origins of these mass transfer outbursts and showed that they most probably result from a giant
flare near the secondary star surface, possibly due to the absence of star spots in the L; region.

Key words. accretion, accretion disks — stars: dwarf novae — instabilities

1. Introduction

Dwarf novae are cataclysmic variable stars that undergo recur-
ring outbursts that last several days or more during which the
luminosity rises by typically 4—6 mag. These outburts are sep-
arated by low-luminosity quiescence intervals that last in gen-
eral for a few weeks (see e.g. Warner 1995, for a review of ob-
servations). It is now widely accepted that these outbursts are
caused by a thermal/viscous instability of the accretion disc that
sets in when the accretion disc is partially ionized (see Lasota
2001, for a review of the disc-instability model). An accretion
disc can only be steady if either its effective temperature is be-
low ~6000 K everywhere, down to the inner disc edge, which
means extremely low accretion rates, or if the disc is hot with
effective temperatures above 8000 K everywhere, up to the outer
disc edge, implying accretion rates above a certain critical value
M:m. In practice, when the mass transfer from the secondary
is lower than M:m, the disc undergoes a cycle of outbursts and
quiescent states. An important ingredient of the model is the vis-
cosity, parametrized according to the a prescription of Shakura
& Sunyaev (1973); the @ parameter must be five times higher in
outburst than in quiescence.

Although it suffers from some apparent weaknesses, in par-
ticular a simplistic description of viscosity and the use of 1+1D
numerical codes, the disc-instability model has been quite suc-
cessful in accounting for the basic characteristics of dwarf nova
light curves (outburst duration, recurrence time, amplitudes,
continuum spectral dependence, etc.). News about its demise
based on the alleged (too) large distance to the brightest dwarf
nova SS Cyg have been premature (Schreiber & Lasota 2007)
and ultimately false (Miller-Jones et al. 2013). Several additional
physical ingredients have also been found necessary to account
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for the variety of outburst types found in nature; most notably,
fluctuations of the mass transfer from the secondary (either in-
trinsic or due to irradiation) and tidal instabilities. Following the
observation by Vogt (1983) of mass-transfer enhancement dur-
ing superoutbursts of the SU UMa systems — a subclass of dwarf
novae that have both normal and very long outbursts — Osaki
(1985) suggested that irradiation by the accreting white dwarf
was responsible for superoutbursts. This author has changed his
mind and proposed a tidal instability model (Osaki 1989), in
which superoutbursts were due to a tidal instability triggered
when the accretion disc expands beyond the 3:1 resonance radius
during a normal outburst. The tidal-thermal instability model
was disputed for example by Smak (1991), who noted that ob-
servations of Z Cha and VW Hyi did appear to support the en-
hanced mass-transfer hypothesis in SU UMa systems; Smak &
Waagen (2004) also noted that U Gem underwent a long out-
burst in 2005, very similar to SU UMa superoutbursts (including
superhumps, which are modulations of the light curve with a pe-
riod slightly different from the orbital period), even though the
mass ratio in U Gem is too high for the 3:1 resonance to occur in
this system. Cannizzo (2012) also noted that U Gem and SS Cyg
showed embedded precursors in long outbursts, a feature that
was thought to be unique of SU UMa systems, and was a spe-
cific prediction of the tidal-thermal instability model. It was also
shown by Hameury et al. (2000) that mass-transfer fluctuations
were needed to account for the frantic behaviour of the ER UMa
systems, which show sequences of long and short outbursts on
short timescales.

Recent observations of several unusual Z Cam systems,
IW And, V513 Cas HX Peg, AH Her, and AT Cnc by Simonsen
(2011) brought new evidence that the dwarf nova outburst-cycle
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Fig. 1. Light curve of V513 Cas (data from AAVSO).

behaviour is more complex than initially believed; later obser-
vations of IW And and V513 Cas by Szkody et al. (2013) con-
firmed the unusual behaviour of these two systems. Inspection
of the AAVSO light curves show that the other three systems
appear to be less illustrative. Z Cam systems have mass-transfer
rates close to M:m, and exhibit long standstill intervals during
which the luminosity is intermediate between quiescence and
outbursts. The Z Cam behaviour can be explained by a vary-
ing mass-transfer rate: standstills correspond to periods during
which the actual mass-transfer rate is above M:m’ and the disc is
in a hot, stable state; whereas when the mass transfer slightly de-
creases below M:m and enters the instability zone, a sequence of
low states and outbursts appears (Buat-Ménard et al. 2001). The
model clearly predicts that a standstill can only be followed by a
decline to quiescence, never by an outburst. This is because dur-
ing standstills the disc is in a hot state in which thermal/viscous
outbursts are not possible. This is a very generic prediction of
all models in which the system alternates between two stable
states. Indeed, until the observations by Simonsen (2011), all
Z Cam system standstills were terminated by a decline to qui-
escence. As can be seen in Fig. 1, this is clearly not the case
for V513 Cas; outbursts are observed during standstills, with an
increase in optical luminosity of slightly less than 1 mag; these
outbursts are usually followed by a decay to a low state at magni-
tudes of approximately 18. In some cases, it seems that the disc
directly returns to the standstill level. IW And shows a similar
behaviour, but one should note that the data are sparser than for
V513 Cas. Recently, the newly identified dwarf nova ST Cha has
been observed to exhibit a light curve similar to that of V513 Cas
(Simonsen et al. 2014).

In Sects. 2 and 3 we show that no physically motivated mod-
ifications of the dwarf nova disc-instability model can account
for the observed light curves of such anomalous Z Cam stars. In
Sect. 4 we show that observations can only be reproduced by an
outburst of mass transfer from the secondary, and we then dis-
cuss the possible outburst mechanisms. Section 5 contains our
conclusions.

2. Three stable equilibria in a dwarf-nova disc?

The spectra of IW And observed by Szkody et al. (2013) are typ-
ical of standard dwarf novae, with strong Balmer lines in emis-
sion during quiescence and in absorption during outbursts; the
possibility of an abnormal accretion disc, which could have been
related for instance to a peculiar chemical composition of the
secondary, can therefore be excluded. One cannot, however, to-
tally exclude the possibility that accretion disc equilibria in the
three anomalous Z Cam systems form three stable branches, as
would be the case if the so-called S-curve that relates the disc
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effective temperature and the surface density presented a double
S-shape.

Indeed, the basis of the disc-instability model is the exis-
tence of a thermal-viscous instability in regions where the disc
is partially ionized and the opacities are strongly temperature
dependent. This instability is conveniently visualized in the sur-
face density X — effective temperature T plane (or equivalently,
the accretion rate M). At a given radius the equilibrium curve
has the well-known S-shape, with cold and hot stable branches,
linked by an unstable intermediate segment. Sometimes small
wiggles appear on the S-curve (see e.g. Fig. 1 in Lasota 2001),
which result from convection and changes in molecular opaci-
ties, but these are always too small and too localized in radius to
generate instabilities; rather, they may cause small undetectable
oscillations in the light curve. On the other hand, the shape of
the actual S-curve is determined by changing the viscosity pa-
rameter « from its quiescence value (typically a. =~ 0.04) to
approximately 0.2 on the hot branch. This transition is assumed
to occur when partial ionization sets in, but the evidence for this
has been circumstantial (see, however, Hirose et al. 2014). One
could therefore conceive that for some reason, the actual shape
of the S-curve is altered and that a new stable branch is gener-
ated for example by a more complex change in @ than commonly
assumed.

The most natural place where to alter the S-curve is the in-
termediate branch, where partial ionization sets in. This would
mean that the systems lies on this new branch during standstills.
This is impossible, however, because this new stable branch
would have to fit between the two turning points of the S-curve
(Lasota et al. 2008):

M, ~0.89 267
- 15 _—0.04 -1
Mcrit:2‘64><10 (01 (VO) (m) gs (1)
and
-0.85
. M r 2.58

15 _0.01 1 -1

M, =8.07x 101 & (_Me) (71010 Cm) gs, @

where M is the primary mass. These turning points are es-
sentially independent of @ and have a steep radial dependence;
MOreover, Mc_ril and M;m differ by a factor of about 3. It is thus
impossible to find an M, assumed to be constant throughout the
disc during standstills, such that M_, < M < M, throughout
the disc.

There remains the possibility of altering either the cold or
the hot branches. In the first case, standstills would correspond
to M < M_, down to the inner disc radius, which would im-
ply accretion rates not compatible with the observed luminosity
and spectrum during standstills. Altering the hot branch does not
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appear to be a solution either, because « is already of the order
of 0.1-0.2 for classical dwarf novae (Kotko & Lasota 2012),
and one would need to reach values close to 1 to create a new
branch sufficiently different from the classical one for enabling
outbursts.

The above reasoning is based on the assumptions that the
changes introduced to create a new branch result from a mod-
ification of @ alone, and that these modifications are compati-
ble with the standard model for dwarf novae. One would need
to severely deviate from these assumptions to be able to repro-
duce the observed properties of V513 Cas, ST Cha and IW And,
which would not make much sense.

3. Tidal instability of the accretion disc?

Osaki (1989) proposed that tidal instabilities are responsible for
the superoutbursts of the SU UMa systems; these are expected
to occur when the disc outer edge reaches the 3:1 resonance ra-
dius, which is possible only for systems with low mass ratios
(g < 0.25). If such an instability were to occur, the maximum
possible mass of the secondary would thus be 0.35 M., assum-
ing a primary mass equal to the Chandrasekhar mass. The or-
bital period of IW And and V513 Cas is 3.7 h and 5.2 h; whereas
IW And can indeed have such a low mass secondary, this seems
most unlikely for V513 Cas, unless the secondary is significantly
more oversized than would be expected at this period (see e.g.
Fig. 9 in Knigge et al. 2011). ST Cha has a period of 6.84 h,
which places this system safely outside the domain of applica-
tion of the tidal-thermal instability models.

To be on the safe side we did, however, model a disc evolu-
tion assuming the tidal instability sets in at some point. We used
our code as described in Buat-Ménard & Hameury (2002), arti-
ficially increasing both the tidal torque and heating for about ten
days, until the disc had shrunk enough for the tidal instability
to stop, which restored the tidal term to its normal value. The
average mass transfer rate was kept constant and slightly higher
than M:m. Outbursts were produced, as expected, but the system
always returned to standstill at the end of an outburst instead of
entering quiescence. This last feature could be reproduced only
if the mass transfer from the secondary were reduced at the same
time (or shortly afterwards) as the tidal instability sets in. This
could occur if the expansion of the disc were precisely due to
a reduction of mass transfer during standstill, provided that this
reduction were gradual enough so that a cooling wave did not
start immediately from the outer edge, stopping the disc expan-
sion, and lasted for about the time it takes for the disc to have
contracted beyond the point where the tidal instability stops. All
of this requires a fine-tuning of parameters that are not related
to any physical phenomenon, which makes this scenario very
unlikely.

We conclude therefore that the tidal instability cannot ac-
count for the light curves of anomalous Z Cam stars. This is
consistent with the fact that this instability is not expected to oc-
cur in systems under consideration here.

4. Outburst of mass transfer

We now examine the only possibility left: outbursts in the three
anomalous Z Cam stars are due to a mass-transfer outburst from
the secondary.

1019

1018

V magnitude

0 20 40 60
time (days)

Fig. 2. Response of the accretion disc to a mass-transfer outburst. The
top panel shows the mass-transfer rate from the secondary (dashed red
curve) and the mass-accretion rate onto the white dwarf (solid curve),
the bottom panel shows the visual magnitude.

4.1. Disc response to mass-transfer outbursts

We have modelled the disc response to a mass transfer out-
burst using our code described in Buat-Ménard & Hameury
(2002), assuming a primary mass of 0.8 M, a secondary mass
of 0.5 Mg, and an orbital period of 5.2 h, corresponding to
V513 Cas. The average outer disc radius is then 4.295x 10'? ¢cm.
The viscosity parameter @ was assumed to be a. = 0.04 on the
cold and a, = 0.2 on the hot branch, with the transition from
the cold to hot situation described as in Hameury et al. (1998).
We found that the anomalous Z Cam behaviour is reproduced
by assuming the time profile of the mass-transfer rate from the
secondary shown in Fig. 2; we started from a steady-state situa-
tion corresponding to standstills where the mass transfer rate is
3x10'7 g s~! (slightly above the critical accretion rate at the outer
disc rim' 2.3 x 10" g s7!), which was then abruptly increased to
4 x 10" g s7! and then decreased exponentially to a minimum
of 8 x 10'¢ g 57! before recovering the quasi-steady-state value.

As can be seen, the time evolution of the optical light curve
is quite similar to that observed in V513 Cas; the outburst ampli-
tude is of the order of 0.8 mag, with a rapid rise (about a day) and
a slightly decaying plateau, followed by a rapid decline to a short
quiescent phase. The rise time in the optical is controlled by a4,
provided that the mass transfer rises on a shorter timescale, and

' This value does not correspond to Eq. (2) at the assumed outer radius

because in the code additional heating by e.g. tidal torques is taken into
account. Such effects lower the value of the critical accretion rate (see
Buat-Ménard et al. 2001).
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the outburst duration is approximately equal to the duration of
the mass-transfer outburst. The existence of a quiescent state is
determined by the fact that the mass transfer from the secondary
decreases below M:m at the end of an outburst for a time long
enough for a cooling wave to start from the outer disc edge; as
soon as the mass-transfer rate is restored to its standstill value, an
outside-in outburst begins, possibly before the cooling wave has
had enough time to reach the inner disc edge (this is the situation
depicted in Fig. 2). As the propagation time of the heating front
is much shorter than that of a cooling front, the disc may never
have reached a full quiescence state. This explains both the short
duration of the quiescent states shown in Fig. 1 and their varying
depth, and the fact that in some cases the system returns directly
to standstill at the end of an outburst (e.g. at JD 2455 600).

We can thus account for the observed light curves, at the ex-
pense of rather strong requirements on the shape of mass transfer
outbursts. The most stringent constraints are (1) the large am-
plitude of the outburst, and (2) the requirement that the mass-
transfer rate decreases below M:m at the end of an outburst be-
fore returning to its steady-state value. On the other hand, it
could be argued that the light curves of the three anomalous
Z Cam systems are a strong argument in favour of the existence
of such outbursts since no other plausible explanation of their
shape seems to exist.

4.2. Origin of the mass-transfer outbursts

The important characteristics of the mass-transfer outbursts
needed to account for the observed light curves are the total
mass involved during the outbursts and their relative regularity,
in terms of recurrence time, amplitude, and durations. However,
these outbursts are not found in most systems and may thus be
due to some rare set of circumstances/parameters.

4.2.1. Coronal mass ejections

The total amount of mass transferred during the outburst shown
in Fig 2 in is 6.5 x 10> g, orders of magnitude above what is
observed in solar coronal mass ejections (CMEs), which is on
average of the order of 10" g and can reach at most about 10" g;
their duration is also much shorter (Webb & Howard 2012) than
that of anomalous Z Cam outbursts. We do not know much about
CME:s in other stars, in particular those of the lower main se-
quence, which are much more active than the Sun. It is unlikely,
however, that the mass involved in stellar CMEs is large enough
to account for the outbursts observed in V515 Cas and IW And.

4.2.2. Magnetic activity

Magnetic activity has been invoked to account for the low states
of AM Her systems, which do not have accretion discs, and
whose luminosity changes can thus be directly attributed to
changes in mass-transfer rates. Livio & Pringle (1994) and King
& Cannizzo (1995) argued that large star spots entering the L,
area would strongly reduce the mass-transfer rate, but this pro-
posal was challenged by Howell et al. (2000). Although star
spots have been put forward to account for low states, they could
also produce outbursts in a situation where they are so numerous
that on the average, at least one star spot would be expected in
the L; area; outbursts could then be produced when there is no
star spot close to L;. Low states in AM Her systems last much
longer than the outbursts in V513 Cas, indicating that star spots
move or are generated on long timescales in these systems. The
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low states of the AM Her star cannot be attributed to their full
convective structure (as might be suggested by the periods of
most of them, which are shorter than 2 h) because such systems
at periods >3 h also display low states. The very presence of
AM Her stars at long periods could be due to long-term mass-
transfer fluctuations (Hameury et al. 1989). In addition, VY Scl
stars whose secondary stars also stop transferring matter to the
primary white dwarf all have orbital periods of between three
and four hours (Warner 1995) and are assumed to be still in
possession of their radiative cores. Clearly, the universal phe-
nomenon of mass-transfer variations in CVs is not understood
at all.

4.2.3. Irradiation of the secondary

As mentioned earlier in this paper, irradiation has been proposed
as a possible mechanism for the outbursts of dwarf novae and to
account for the high and low states of AM Her systems (King
& Lasota 1984). Irradiation was also invoked (Hameury et al.
2000) to account for the long duration of outbursts in systems
such as RZ LMi or EG Cnc. There is direct evidence for modu-
lated irradiation of the secondary stars during dwarf nova super-
outbursts (Smak 2011). It is not clear, however, that irradiation
could be sufficient to account for the observed outburst shape
and intensity; except for AM Her systems — which do show large
mass-transfer variations, but not, strictly speaking, mass-transfer
outbursts — (but there the secondary is irradiated by hard X-rays,
which can penetrate deep below the photosphere), the variations
in the mass-transfer rate are assumed to be relatively small. It is
not clear either what would set V513 Cas, ST Cha, and IW And
apart from other systems.

4.2.4. A third body

The existence of a third body, be it a planet such as the one found
in V893 Sco (Bruch 2014) or a more massive companion, could
account for periodic or quasi-periodic variations of the mass-
transfer rate by modulating the orbital separation. Chavez et al.
(2012) suggested that this could be the explanation for the long-
term modulation observed in the light curve of FS Aur. Although
the outburst sequence is very regular (see Fig. 1), it is not strictly
periodic; moreover, in such a scenario it would be extremely dif-
ficult to reproduce the very short rise time of the mass-transfer
outburst.

5. Conclusions

The disc-instability model can be reconciled with the observa-
tions of the anomalous Z Cam stars V513 Cas, ST Cha, and
IW And, which exhibit outbursts during standstills provided that
these outbursts result from outbursts in mass transfer from the
secondary. The observed light curves are very well reproduced,
but the reason for the required mass-transfer outbursts remains
rather elusive. The most promising explanation is that they are
due to magnetic activity of the secondary star in these three sys-
tems, which might be much stronger than in other systems, thus
explaining why they do not behave as all other Z Cam systems,
in which the standstills are interrupted by a decline to a low state,
with outbursts starting only during low states.
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