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ABSTRACT

We present results of our analysis of up to 15 yr of photometric data from eight AM CVn systems with orbital periods
between 22.5 and 26.8 min. Our data have been collected from the GOTO, ZTF, Pan-STARRS, ASAS-SN, and Catalina all-sky
surveys and amateur observations collated by the AAVSO. We find evidence that these interacting ultracompact binaries show
a similar diversity of long-term optical properties as the hydrogen accreting dwarf novae. We found that AM CVn systems in
the previously identified accretion disc instability region are not a homogenous group. Various members of the analysed sample
exhibit behaviour reminiscent of Z Cam systems with long superoutbursts (SOs) and standstills, SU UMa systems with regular,
shorter SOs, and nova-like systems that appear only in a high state. The addition of TESS full frame images of one of these
systems, KL Dra, reveals the first evidence for normal outbursts appearing as a precursor to SOs in an AM CVn system. Our

results will inform theoretical modelling of the outbursts of hydrogen deficient systems.

Key words: accretion, accretion discs —surveys —binaries: close — stars: dwarf novae.

1 INTRODUCTION

AM CVn systems are at the shortest tail of the cataclysmic variable
(CV) period distribution, consisting of a white dwarf that accretes
matter from a hydrogen deficient low-mass companion that is either
fully or partially degenerate. The orbital periods of these systems
are in the range ~5-65 min (Solheim 2010). The first AM CVn
was identified in 1967 (Smak 1967, 1975) and by 2018 the known
population consisted of 56 systems (Ramsay et al. 2018), with a
few more in subsequent years. It is understood that the accretion is
driven by gravitational wave (GW) radiation as the binary system
loses angular momentum, as first proposed by Kraft, Mathews &
Greenstein (1962). This GW radiation is predicted to be detectable
by LISA (Stroeer & Vecchio 2006) that intends to employ AM CVn
systems as verification sources. The expected GW signal can be
predicted from the distance, derived from Gaia parallax data, and
the component masses, derived from photometric and spectroscopic
observations (Kupfer et al. 2018). This utility in part drives the desire
to improve our understanding of AM CVn systems.
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In addition to these aforementioned properties understood to be
common to all AM CVn systems, some systems have shown outburst-
ing behaviour. These events are characterized by a sudden increase
in brightness of 3—4 mag, which often leads to their discovery. It has
previously been predicted and subsequently observed that systems
with orbital periods between approximately 22 and 44 min exhibit
outburst behaviour (Ramsay et al. 2012). This correlates and agrees
well with predictions of the behaviour of the accretion discs of AM
CVn systems, and how they vary with orbital period. Those systems
with the shortest periods are expected to have hot, small, and stable
accretion discs, and those with the longest periods are expected
to have cool, large and stable accretion discs. Those systems with
intermediate periods are expected, however, to have an unstable disc
that can act as the source of outbursts (Solheim 2010; Kotko et al.
2012).

Outbursting AM CVn systems share a number of characteristics
with hydrogen-dominated dwarf nova, whereby they both exhibit
so-called normal and ‘superoutbursts’ (SO). SO last several weeks
or more, e.g. ~10 d in KL Dra or ~29 d in V803 Cen, and result
in the AM CVn achieving maximal brightness. Normal outbursts are
far shorter events lasting between 1 and 5 d, with a peak brightness
typically 1 mag dimmer than their SO counterparts (Cannizzo et al.
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2012). SO generally have more complex profiles consisting of a
sudden increase in brightness that is bluer in colour (when compared
to the system in quiescence; Hameury et al. 2020), which gradually
decreases over the duration of the outburst. Regardless of the duration
of the SO, they often exhibit a small dip in brightness soon after
maximum brightness after which the brightness can increase again
(Ramsay et al. 2012).

Some systems also spend extended periods, sometimes several
years, in ‘high states’ similar to the ‘standstills’ that are observed in
Z Cam systems. Such states have been attributed to the mass accretion
rate lying close to the critical value for accretion disc instability (Kato
et al. 2001). From a theoretical standpoint the behaviour of these
systems is described by the disc instability model (DIM; Meyer &
Meyer-Hofmeister 1983). This model outlines how different mass
accretion rates, a key property driving AM CVn behaviour, and disc
temperatures arise; which states are stable, and how the unstable sys-
tems can exhibit outbursts. Crucially DIM also predicts that the mass
accretion rate is strongly correlated to the orbital period of a system,
and thus is a marker for its expected behaviour (Solheim 2010).

KL Dra was one of the first AM CVn systems that was seen to
exhibit regular outbursts (Wood et al. 2002). Follow-up work by
Ramsay et al. (2010) found that KL Dra showed SO approximately
every 60 d, which lasted for about two weeks. Conversely, despite
their almost identical orbital periods, Kato et al. (2000) found that
CR Boo appeared to show a cyclic behaviour moving between high
and low states on a time-scale of 46.3 d. In order to gain a better
understanding of these differences, we have selected a sample of AM
CVn systems with orbital periods within 2.5 min of that measured
for CR Boo and have collated photometric data from a range of All-
Sky Surveys and amateur measurements taken over a period of 15 yr.
These data allowed us to study the long-term outbursting properties of
these AM CVns with many having data for the entire 15 yr considered
— although other systems such as CX361were observed less often.
We further used TESS full frame images to study KL Dra, which
revealed key detail in the SO for the first time.

2 ALL-SKY SURVEYS AND AAVSO
PHOTOMETRY

2.1 Data

We combined data from a number of all-sky surveys as well as
data gathered by amateurs and made available through the AAVSO
International Database'. The surveys that we used were Catalina
(Drake et al. 2009), ASAS-SN (Kochanek et al. 2017), Pan-STARRS
(Flewelling et al. 2020), ZTF (Bellm et al. 2019), and GOTO (Dyer
2020) that brought together photometric data from 2005 to 2020. Data
from Catalina, Pan-STARRS, ASAS-SN, and ZTF were accessed
through their respective public data releases. Additional, more recent,
ZTF data were also acquired through the Lasair transient broker
(Smith et al. 2019). Data from GOTO were accessed through the in-
collaboration database that offers access to photometry shortly after
observation.

As the data we used came from a range of telescopes, we had to take
care to select data from suitable band passes to ensure compatibility.
For Pan-STARRS, ASAS-SN, and ZTF, this was achieved using
data taken in their respective g-band (~4087-5522 A) filters. In ZTF
we also accessed r-band data that are used illustratively in some

IKafka, S., 2020, Observations from the AAVSO International Database,
https://www.aavso.org
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figures but was not part of the analysis. Similarly for GOTO, the
data used were taken in either the L band (~4000-6800 A), or with
a clear filter. Data obtained from Catalina were limited to the V band
that has significant overlap with these other filters (~4740-6860 A).
Similar consideration was made to the AAVSO data and only data
acquired using a V-band filter or no filter but calibrated with a V-band
zero-point were used. Fig. 1 shows subsections of the light curves
of each of the sources that we have studied in this paper combining
each of these data sets.

In surveys with quality flags associated with each photometric
measurement, such as in Pan-STARRS, these were used to identify
bad data that should not be included. Manual filtering, by e.g.
inspecting source images, was also performed with measurements
that were considered to be the most flawed also removed, e.g. those
subject to poor seeing. This conservative approach, usually removing
fewer than five data points, ensured that measurements that could
be part of a real feature are not inadvertently removed whilst also
avoiding introducing data that may be indicative of a feature that
does not exist.

2.2 Data analysis

In order to search for any periodicity in systems, such as regular
SO, an Analysis of Variance (AOV) period search (Schwarzenberg-
Czerny 1989; Devor 2005) from the varTooLs suite developed
by Hartman & Bakos (2016) was employed. AOV, which is well
suited to determining the orbital periods of eclipsing binaries,
works on the principle of folding and binning the data on different
periods and identifying the period that minimizes the difference
between data points in the same bin from successive cycles. The
results of these period searches, from successive observing seasons,
provided our recurrence times for SO. In addition to this, since there
were differences in the sampling frequency of observations, visual
inspection was used to verify results. The nreuTKURVE (Lightkurve
Collaboration et al. 2018) PYTHON module was used to fold the
photometric data according to the identified period. Doing this made
it possible not only to see the overall cyclic behaviour in an observing
season, but it also allowed for cycles to be compared as per Figs 2 and
3. Consequently, it was possible to develop an understanding of the
differences in those features that were present or absent in different
cycles and observing seasons.

Using plots such as these, we were able to study the SO cycles of
the systems in detail visually identifying the duration and amplitude
of SO, the existence of normal outbursts and any dips in SO bright-
ness. Table 1 shows the key properties determined for each system
in our study; the mean recurrence time, amplitude, SO duration, and
the presence of normal outbursts, the errors on these mean values
were calculated from their respective standard deviations. This high-
level comparison shows that despite all of these systems having
relatively similar orbital periods, the property considered to be key
in determining their behaviour, they appear to show quite divergent
behaviour.

What follows is a discussion of the observed behaviour of those
systems with periods within 2.5 min of CR Boo as seen in our data.
Note that when individual observing seasons are discussed in this
paper, they are referred to by the year that forms the majority of the
observing seasons.

2.2.1 PTF1J1919+4815

The behaviour that is exhibited by PTF1 J1919+4-4815 shows two
distinct states that it cycles between. The SO that marks this transition
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Figure 1. Representative subsections of each of the light curves of the sources under investigation.

Blue points from GOTO, red and green points from g- and

r-band ZTF data, pink points from ASASSN, brown points from Pan-STARRS, and purple points from AAVSO.
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different colours represent a different cycle and phase 0 corresponds to the
mean transition time to the high state for each of the cycles. We see a
remarkable consistency from cycle to cycle in the high-state behaviour, in
addition to numerous normal outbursts during the low state.
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Apparent Magnitude

7[3.4 7[|).2 ().IU 0.2 0.4
Phase

Figure 3. The light curve of the CR Boo SO cycle 2019-4 extracted using
the inferred period as shown in Fig. 2 (48.5 d).

lasts on average 17 £ 0.4 d and occurs on average every 35 &+ 1.4 d;
meaning that the system spends an equal amount of time in high and
low states. Our results are consistent with a previous study of this
system that identified a recurrence time of 36.8 d with a duration of
~13 d (Levitan et al. 2014). From the data available for this systems,
it appears that this is a consistent behaviour seen in all observing
seasons considered. The SO show a minor dip and then increase in
brightness a few days after onset. The low state for this system is
close to the limiting magnitude for the surveys we used; however,

MNRAS 502, 4953-4962 (2021)

Table 1. Key observational parameters of the AM CVn systems in this study
that have periods between 22.5 and 26.8 min.

System Py Trec Amplitude  Tpyr Normal
(min) (d) (mag) (d) outbursts
PTF1 J1919+4815 225 35+14 23+£01 1704 v
ASASSN 14CC 225 29+7.1 39401 14+£22 v
CX361 22.9 - - - X
CR Boo 245 49+1.6 32402 24+1.5 v
KL Dra 250 60+30 36=£05 10+0.7 v
PTF1 J2219+3135 26.1 67.3+24 35+04 - v
V803 Cen 266 74+14 42+£05 28+38 v
PTF1 J0719+4858 26.8 - 29+0.1 - X

Notes. Periods taken from Ramsay et al. (2018); all other data, including
uncertainties, established in this work. We show the orbital period, Poy, the
SO recurrence time, Trec, the SO amplitude, the SO duration, Tpyr, and not
the presence or absence of normal outbursts.

as we see a number of short-lived events of magnitude less than that
seen in SO, we are confident that the system does exhibit normal
outbursts, which have also been observed in previous studies.

2.2.2 ASASSN 14CcC

ASASSN 14CC was discovered in 2014 by ASAS-SN (Jayasinghe
et al. 2019) and was subsequently observed extensively by am-
ateur astronomers in the proceeding months; consequently, there
is a wealth of data from 2014; however, following this, amateur
observation appeared to cease leaving only limited data from All-
Sky Surveys. Nevertheless, the data from 2014 are sufficient to allow
discussion of the observed behaviour. ASASSN 14CC clearly shows
distinct high and low states with abrupt changes from one to the
other. The 2014 observations show seven distinct high states with
seven corresponding low states (Kato 2015). ASASSN 14CC appears
to spend the majority of its time in a high state with these lasting
for a mean duration of 14 £ 2.2 d; this contrasts with low states
that have a relatively constant 12-d duration. As is often seen in
AM CVn systems, the low states of ASASSN 14CC show frequent
normal outbursts. A higher density of long-term observations than
that available to us would be required to confirm the continuity of this
behaviour but the limited data we had access to suggested that this
was archetypal of the system. The light curve of ASASSN 14CC is
reminiscent of that of CR Boo (see Section 2.2.4). If this is the case,
then we would expect ASSASN 14CC to show extended periods of
time in only a high state; we do not see this in our data, but encourage
future observations at high cadence to establish if ASASSN 14CC
shows this behaviour.

2.2.3 CX 361

First discovered by Wevers et al. (2016), CX 361 was identified as
an AM CVn with an average apparent i-band magnitude of 17.35
with short-term variability of 0.2 mag over a period of 15 yr as seen
in the OGLE III and IV surveys. In addition to this, a long-term
modulation, where the brightness appears to trend downwards was
also observed. During the 15 yr of observations, it was not seen to
exhibit any outbursts and was further identified as being in a high
state from optical spectroscopic observations. This marks the system
as highly unusual as it lies outwith the previously defined zones
of stability for accretion discs and would be expected to outburst
regularly.
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In the data that we considered here, CX 361 has only been observed
by GOTO and Pan-STARRS each providing a small number of
observations. The crowded nature of the field (CX 361 is located
in the galactic bulge) makes extracting photometry challenging;
however, our data appear to be consistent with the earlier observations
of Wevers et al. (2016). Although we have only limited data, we
see some evidence, particularly in Pan-STARRS that the previously
identified gradual decrease in brightness has continued. Much of the
differences that we see in our data may be attributed to the use of a
different filter and observations crowded fields being highly sensitive
to the effects of variable seeing conditions, making it harder to resolve
single sources.

2.2.4 CR Boo

Plots such as those shown in Figs 2 and 3 allowed us to extract
the period of the SO cycle and study individual cycles for different
observing seasons of CR Boo. Using these plots, it was possible
to make a detailed study of observing seasons from 2005 through to
2019. From this study, it was clear that there are two types of seasonal
behaviour; those that only show a continuous high state and those
that alternate between a high and a low state. Those seasons that
only show a high state make up ~ 40 per cent of the seasons studied
and show an absence of other features in their light curves, although,
occasionally, they show short-lived dimming events. All but one of
these seasons are seen to occur successively with other seasons of
this type, indeed, the early time of the 2018 season also exhibits this
behaviour. The extended duration that this state is maintained for
suggests that it is a stable configuration for CR Boo’s accretion disc.

Those seasons that show both high and low states are far more
feature rich in comparison. In those seasons that do exhibit an SO,
e.g. at MID = 58640, we see this to occur on a period that is centred
upon 48 d. In those seasons that show low states, we see frequent
(every 6-10 d) and sudden brightening events that we identify as
normal outbursts similar to those seen by Ramsay et al. (2012). We
expect that these probably occur in every low state but due to their
brevity have escaped observation in some low states as a result of the
sampling. These observations compare favourably to those of Kato
et al. (2000), who saw the shift from high to low state occur on a
period of 46.3 d and normal outbursts occur every 4-8 d. Within our
observations, although broadly consistent, there is some drift season
to season in observed SO recurrence time, with some seasons more
in line with previous observations.

The other prominent feature frequently seen is a dip in brightness
immediately after the onset of the SO i.e. the start of the high state,
after which the brightness again increases. A clear example of this can
be seen in cycle 2019-4 shown in Fig. 3. Although our observations
do not show this feature in every season, it is likely that the dip is a
feature common to SO and that poor data collection, most likely poor
sampling, has resulted in the missed observation of it in some SO.

2.2.5 KL Dra

KL Dra has been observed by various All-Sky Surveys that gave
us access to several years worth of photometric data. It consistently
exhibits SO that lasts between 7 and 15 d, which recur on a time-
scale of approximately 60 d with an amplitude of 3.6 mag. This
is consistent with the findings of Ramsay et al. (2012), who found
a variable recurrence time centred on 60 d with durations in the
same range that we observed. Similar to many of the other AM
CVn systems in our study, the SO that we see also exhibit a dip in

AM CVn accretion states 4957

brightness shortly after onset. We discuss these SO in more detail
using TESS observations in Section 3.1.

During the low states between successive SO, we see three to
four normal outbursts that appear to last approximately 1 d. Our
observations of these normal outbursts are in line with the current
understanding that KL Dra does exhibit normal outbursts, with
previous work, e.g. Kotko et al. (2012), coming before this discovery
and so building models without accounting for their existence.

2.2.6 PTF1J2219+43135

The behaviour observed in PTF1 J22194-3135 appears to be similar
to that discussed above for KL Dra. Though data do not have
particularly good sampling, a pattern similar to that seen in KL Dra
can be identified. Using the AOV method, we were able to extract a
recurrence of time of approximately 67.3 d that we could tenuously
confirm by visual inspection. Due to the sampling of the data, it was
neither possible for us to determine an outburst duration, nor was it
possible to confirm the presence of any dip in the SO. Furthermore,
our data do not show convincing evidence of normal outbursts in
PTF1J2219+43135.

2.2.7 V803 Cen

V803 Cen displays behaviour that is very similar to that seen in
CR Boo, exhibiting both high and low states as well as extended
periods where it is only found in a high state, which make up the
majority of observations. As is common with other systems that
exhibit low states, V803 Cen shows normal outbursts during the
low states. The SO that V803 Cen exhibits also show a dip in
their brightness immediately after their maximum brightness as is
seen in other systems. The periodicity of the transition between
the high and low states is somewhat hard to ascertain due to the
apparent preference shown in many observing seasons towards the
high state, which limits the number of observed transitions. However,
in those seasons with transitions, the recurrence time, whilst varying
by several days, lies at approximately 74 d. Of the SO that we did
see, the majority had a duration, as determined by visual inspection
of the light curves, centred on 28 d, although a few were seen to have
durations as short as only 20 d.

2.2.8 PTF1J0719+4858

PTF1 J0719+4858 is one of the dimmest sources considered in
this work regularly being observed at magnitude 20. As a result of
this, it is more sparsely observed that many of the other sources we
have studied; nevertheless, there are sufficient data to allow for a
broad discussion of the behaviour observed. Although not densely
sampled, the system appears to show distinct high and low states
that it transitions between; however, with the data available, it not
possible to determine the time-scale of these transitions, which state
is preferred by the system, or if the SO contains any feature of
note. Additionally, the system does not appear to show any normal
outbursts in the low states occurring the between the SO.

3 TESS OBSERVATIONS

The Transiting Exoplanet Survey Satellite (TESS) satellite was
launched on 2018 April 18 into a 13.7-d orbit and has four small
telescopes that cover a 24° x 90° area of sky (see Ricker et al.
2015 for details). It has now covered both the Southern and Northern
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Figure 4. Top panels: ZTF g and r band, in green and red, and GOTO, in blue, data showing SO in KL Dra. Bottom panels: TESS data taken contemporaneously
showing each of these SO and the immediately proceeding normal outburst. No ground-based data are available for SO3 and SO4 as KL Dra was too close to

the Sun at these times.

ecliptic hemispheres apart from a strip along the ecliptic plane. Each
sector of sky is observed for around 28 d. In the first two years of
observations, around 20 000 stars were observed with a cadence of
2 min in each sector. However, the full frame images that we made
use of only give a cadence of 30 min for each sector. KL Dra is
located in the continuous viewing zone near the northern ecliptic
pole (data from sector 15 were not available). Ideally, we would have
gathered data of more than a single system; however, CR Boo, the
only other system that could have been seen in more than a single
sector, repeatedly fell in a chip gap or just out of field.

3.1 Data analysis

One of the challenges of obtaining photometry of KL Dra using TESS
is the large pixel scale (21 arcsec pixel ') coupled with the fact that it
is spatially nearby (6 arcsec) a galaxy (it was originally misclassified
as a supernova — SN 1998di Jha et al. 1998; Wood et al. 2002).
To obtain photometry, we used packages Leanor (Feinstein et al.
(2019) and r.zeuTxURVE (Lightkurve Collaboration et al. 2018), which
correct for the background and remove instrumental effects that are
present in the data. Both produced similar results but we present the
photometry produced by riceTkUrRVE. We extracted 15 x 15 pixel
postage stamps centred on KL Dra. We took the flux from a3 x 3 set
of pixels centred on KL Dra and took background from pixels that
were below a low threshold.

We did not expect to detect KL Dra in quiescence since it is much
fainter than the nearby galaxy. However, we hoped we may be able
to detect both normal and SO in KL Dra. In Fig. 4, we show five
time intervals where we have obtained contemporaneous photometry
using ZTF and GOTO, although we do not have ground-based data
for two of the SO as KL Dra was too close to the Sun. Since ZTF
data show SO at the same time as found from TESS observations, we
are confident that TESS has recorded five SO from KL Dra. This is
the first time that any SO from a AM CVn has been observed at such
high cadence over its duration.

In the first SO (SO1), observations started mid-way through the
SO and there is a short gap near the peak of SO3. In four SO, the
dip that has been seen in previous observations of KL Dra and other
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AM CVn systems is also seen. After the flux has recovered from the
dip, we find that in two SO, the source becomes highly variable. In
all cases there is a rapid decline in flux at the end of the SO.

The difference in the apparent scale of the outbursts between
the two sets of observations is immediately apparent, with the
outburst in TESS appearing far less prominent. Due to the large
pixel size the nearby galaxy (which is significantly brighter than KL
Dra) dominates the light in the pixels. We confirmed this effect by
performing aperture photometry upon the sources in the approximate
field of view of the TESS pixel using data from Pan-STARRS and
simulating the effect of an SO on the received flux. We found that an
SO produces an approximate increase of 10 per cent in flux received,
which is in line with the TESS observations.

In Fig. 5, we show the first 4 d of four of the SO observed. We
have manually shifted the time axis so the dip lines up. In each case,
we find a clear drop in flux around 1 d from the initial rise in flux.
Similar behaviour was first reported in a SO of a hydrogen accreting
dwarf novae using Kepler data (Cannizzo et al. 2012), where it was
identified to be a normal outburst acting as the trigger of a subsequent
SO. Due to the similarity, we attribute this finding in KL Dra to be
the same feature. Further observations of other dwarf novae show
this to be a feature of all SO observed in high cadence. However, this
is the first time that this precursor has been seen in an outburst from
an AM CVn.

We also show one SO from the hydrogen-rich accreting dwarf nova
WX Hyi (using TESS 2-min data from sector 3). This shows a normal
outburst preceding the SO: the difference is the time-scale where
the SO occurs over a longer time-scale, which is expected, given
the difference in scale of the binaries. These observations of WX
Hyi show evidence of superhumps; although these have previously
observed in KL Dra (Wood et al. 2002), they are not present in these
TESS data. This, as with the apparent magnitude of the SO observed,
is a direct result of the flux excess from the other sources lying in the
same pixel.

We further identify a number of normal outbursts between the
SO observed in KL Dra. Although there are short gaps in the data,
implying that some normal outbursts may have been missed, we
find there are three or four normal outbursts between SO. Between
SO1 and SO2 the time interval between normal outbursts is 6-10 d,
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Figure 5. Four SO from KL Dra and one from DN WX Hyi as seen by
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compressed it for straightforward comparison. These observations of WX
Hyi show evidence of superhumps, although previously observed in KL Dra,
these observations do not show this as a result of the flux excess from the
other sources in the same pixel.

SO2 and SO3 12-17 d, SO3 and SO4 ~12 d, SO4 and SO5 ~13 d,
and after SO5 ~14 d. This appears to be correlated with the SO
recurrence time with a shorter recurrence time, leading to a shorter
interval between normal outbursts. Observations such as these will
inform future models of outbursts in systems similar to KL Dra.

4 DISCUSSION

We have presented optical photometry collected over 15 yr of eight
AM CVn systems all of which have an orbital period in the range
22.5-26.8 min. The vast majority of these systems have been seen
to outburst in a manner consistent with the findings of Ramsay et al.
(2012), who identified that systems with an orbital period between 20
and 45 min undergo outbursts. The properties of these SO have been
identified to be correlated with the period of the system as quantized
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relationships for amplitude and recurrence time derived by Levitan et al.
(2015), and duration derived by Cannizzo & Nelemans (2015) as a function
of orbital period. Squares and circles denote CR Boo-like and KL Dra-like
systems, respectively. Values taken from Table 1, recurrence and duration for
PTF1J0719+4858 from Levitan et al. (2011, table 4).

by Levitan et al. (2015, section 4.2) and Cannizzo & Nelemans
(2015).

These systems have now been sufficiently well sampled to allow us
to distinguish between normal outbursts, which only last a few days
at most, and SO, which last at least a week. This has allowed some
of these systems to be identified as the hydrogen deficient analogues
of SU UMa dwarf novae that show similar behaviour (Kotko et al.
2012). Complete study of the normal outbursts has, however, only
been possible with space telescopes such as TESS; offering sufficient
temporal resolution to see these short lived events. Normal outbursts
are seen clearly in PTF J1919+4-4815, ASASSN-14CC, CR Boo, KL
Dra, PTF J22194-3135, and V803 Cen, both in our observations and
that of others. This has allowed for a more complete picture of the
behaviour of these systems to be observed and thus address oversights
in earlier modelling work that omitted features due to their apparent
absence.

4.1 Outburst properties and period

In our study of these AM CVn systems, we identify two distinct
groupings of outbursting systems (Fig. 1). ASASSN 14CC, CR
Boo, and V803 Cen each show very similar high and low states
of similar duration. Reminiscent of the standstills that are seen in Z
Cam systems (Simonsen et al. 2014), we see that CR Boo and V803
Cen have extended periods of time (>1 yr), where they are only seen
in a high state. The remaining systems, with the exception of CX
361, show regular but much shorter SO, and do not appear to show
evidence of standstills.

In Fig. 6, we compare the properties of the SO from each of
the systems that we have examined with the qualitative predictions
made by Levitan et al. (2015) and the predictions based on the DIM
made by Cannizzo & Nelemans (2015), and refined by Cannizzo &
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Table 2. Superhump derived mass ratios from Green et al. (2018).

System q System q
CR Boo 0.058 4 0.008 CX361 0.070 £ 0.007
V803 Cen 0.058 +£0.014 KL Dra 0.092 £ 0.006

Note. The left-hand columns show those systems that we have identified to
have long SO and standstills, whilst the rightmost columns show CX 361, a
high-state system, and KL Dra that shows short SO.

Ramsay (2019). Itis immediately clear that systems with very similar
periods can have divergent outbursting properties. For example, our
data indicate that in those observing seasons that show outbursting
behaviour, CR Boo has a recurrence time that is centred on 48.6 d;
conversely, KL Dra, which has an orbital period only 30 s longer,
shows a recurrence time of the order of 60 d.

This is not the first time that such differences have been noted and
various work has been undertaken to classify this behaviour as the
analogue of different hydrogen dominated CVs (see and references
therein Kotko et al. 2012). Consequently several attempts to adapt
pre-existing hydrogen dominated models have been undertaken
in order to explain observations; however, the question of why
apparently similar AM CVn system behave so divergently has not
been addressed conclusively.

In Table 2, we show the mass ratios for four systems arranged
according to the outburst behaviour that they exhibit. We see that
those systems that behave like CR Boo have consistently lower
mass ratios, i.e. the differences between their masses are more
pronounced. It is our contention that this change in relative masses
may be a significant component in determining mass transfer rate
from the donor star and thus the outburst profile followed by any
given outbursting AM CVn system. Inferring the mass ratio of an
AM CVn system is a non-trivial task, which in many cases requires
substantial observations of a system. For example, the superhump
excess that can give the mass ratio from empirical relations (Knigge
2006): consequently, mass ratio values are unavailable for a number
of systems. Despite this, it provides a possible marker as to the origin
of the divergence in outbursting AM CVn behaviour.

There are however other possible factors that could be involved in
determining the observed behaviour. The rate of mass transfer from
the donor star is the fundamental property that determines outburst
behaviours and there are a number of different ways in which this
can manifest differently. The type of the donor star and the formation
channel that was followed by the AM CVn system at its birth can
affect this mass transfer rate, and incidentally affect the value of g for
a system. The mass transfer rate can also be affected the entropy of
the donor and how it has been effected by irradiation (Deloye et al.
2007). These factors are not readily determined through observation
alone so future confirmation of this will rely heavily upon modelling.
An additional factor that could affect the accretion process is if the
primary white dwarf had a sufficiently high magnetic field to either
truncate or prevent the formation of an accretion disc. One AM CVn
system (SDSS J0804+1616) has some evidence for the white dwarf
having a significant magnetic field (Roelofs et al. 2009).

In addition to the two different outbursting states, we also see
evidence of high-state systems in our period range. In Section 2.2.3,
we discussed the behaviour that we see in our data of CX 361.
Consistent with previous observations, this system unexpectedly
deviates from theoretical predictions and is observed in a high state.
Recently, Burdge et al. (2020) identified another high-state AM CVn
system, ZTF J2228+4-4949, with a period of 28.6 min. Although this
system lies outwith the period range we have studied, it does lie well
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within the range of periods that are predicted to outburst. Comparison
of the spectra of CX361 and J2228+4949 with the high-state spectra
of KL Dra (Ramsay et al. 2010) yields no immediate evidence of
difference. This is in line with expectations as they were identified
as high-state systems initially from their spectra; nevertheless, it is
possible that unusual metallicity is a component. Alternatively, it is
equally possible, as before, that another factor, such as a different
formation channel or donor type has resulted in this permanent high
state.

In high-state systems, such as AM CVn itself, the state is
maintained because the accretion disc temperature is always in excess
of the ionization temperature of helium. This makes the temperature
sufficiently high so as to have a mass accretion rate above the critical
value; this in turn is a stable thermal equilibrium for the system to
occupy and thus the system remains in a high state (see sections
3.5.3.2 and 3.5.3.3 in Warner 2003).

The existence of such systems in the instability region is further
proof that more than simply the orbital period of system is important
when considering their behaviour. These systems, and other subse-
quently identified, should be a focus of further observations in order
to identify which physical parameters are important in determining
the behaviour of these systems and how the disc accretion model can
be altered in light of this.

In previous studies (eg. Ramsay et al. 2012; Levitan et al. 2015),
considering the AM CVn systems discovered at the time, it was
possible to say that all systems within the period range ~22 and
44 min showed outbursts; however, with the discovery of further
systems, this is clearly not the case. Systems within this period range
cannot be treated like an homogeneous group and, like their hydrogen
dominated cousins, they ought to be subdivided based on their
outburst behaviour. The high-state systems appear to be the analogues
of nova-like systems. Likewise, we agree with Kotko et al. (2012)
that KL Dra-like systems are most likely the helium-dominated
analogues of SU UMa systems whilst CR Boo-like systems are Z
Cam analogues. In Z Cam systems, the mass accretion rate lies very
close to the critical mass accretion rate and standstills are believed
to occur when this critical value is reached. it is equally possible
however, that the CR Boo systems are analogous to VY Scl systems
that show similar extended high states. It is still an open question as
to what causes these variations in mass accretion rate but starspots
have been suggested as a possible origin (Livio & Pringle 1994) and
it could be the case that systems of this type are more likely to host
starspots.

4.2 Precursor normal outbursts

Observations of dwarf nova using Kepler (Cannizzo et al. 2012)
provided evidence of normal outbursts immediately before the onset
of a SO. Subsequent observations of SS Cyg using AAVSO data by
Cannizzo (2012) also found evidence of such precursor outbursts.
These were identified to be associated with the superhump where
the mass transfer rate undergoes a modulation allowing for a brief
cooling front to propagate.

Since these discoveries, it has been established that such precursor
outbursts are seen in all dwarf nova. Until now, these had not been
seen in hydrogen deficient systems. Our observations of KL Dra in
TESS provide the first evidence of a normal outburst immediately
proceeding a SO in an AM CVn. The relative rarity of AM CVn
systems has meant that it has only been possible to make this
discovery with high-cadence observations.

This has significant implications for the application of the disc
instability model as applied to AM CVn systems; in dwarf nova they
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are believed to be the event that induces the subsequent outburst,
their presence here suggests a similar effect. We believe that a similar
superhump feature should be introduced to modelling of AM CVn
SO to account for this discovery.

In order to identify if this is a feature common to all outbursting
AM CVn systems, or indeed a subset of them, high-cadence pho-
tometry of similar type to that supplied by TESS should be employed
in future studies of these systems if possible. We believe, however,
that evidence from hydrogen dominated systems points to this being
likely.

4.3 Dips

Most of the sources in this study appear to show a pronounced dip in
brightness a handful of days after maximum brightness that lasts for
approximately a day. This feature has has previously been observed
by Ramsay et al. (2012, section 4) in various AM CVn systems.
In our observations, we see this dip feature, to varying degrees,
in PTF1919+44815, ASASSN 14CC, CR Boo, KL Dra, and V803
Cen. Examples of these features can be seen in Figs 3 and 4. For
those systems where we do not see a dip, there are limited data,
and previous work has seen a dip in PTF1 JO719+4858 (Levitan
etal. 2011), suggesting they are common in outbursts from AM CVn
binaries.

In Fig. 7, we compare one SO from KL Dra observed using
TESS with two other systems: ASASSN 14-mv, a 41-min AM CVn
system (Ramsay et al. 2018), and EG Cnc, an SU UMa dwarf nova
(Patterson et al. 1998), both of which were identified as showing
‘echo’ outbursts, where multiple, shorter duration, lower amplitude
outbursts are seen during the decline to quiescence. Although we
expect the physical mechanism that gives rise to the dips seen in
some AM CVn systems and the echo outbursts will be different, they
highlight the need to obtain photometry covering the duration of the
SO so that they can inform and test models that predict the properties
of the accretion disc during an outburst (e.g. Kotko et al. (2012)).

5 CONCLUSIONS

We have investigated the behaviour of eight AM CVn systems in the
disc instability region with orbital periods between 22.5 and 26.8 min
in order to probe the behaviour of these systems and their outbursts.
We present the first evidence of precursor normal outbursts before
the onset of the SO in KL Dra, which we believe, based on hydrogen
dwarf nova, are likely to be ubiquitous in AM CVn systems. If
confirmed, this finding should prompt changes to the existing models
for disc accretion in AM CVn systems.

We have further identified that the previously broadly accepted
finding that systems with orbital periods between 22 and 44 min
should exhibit outbursts is not as well defined as previously thought.
We have studied one AM CVn and discussed another with periods
inside this range that have only been seen to exist in their high
state. It is also likely that more such systems exist but observational
bias means that they have not been identified; outbursting sources
often make more attractive targets for study meaning that these
systems may well have been neglected. This adds to the growing
body of evidence that suggests that the long-term behaviour of AM
CVn systems in the instability region is more subtle than previously
thought and mirrors that of the hydrogen-dominated accreting dwarf
novae. We believe that further observations of more sources will
cement this conclusion, yielding further evidence of these high state
systems.
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Figure 7. Light curves of a SO observed in KL Dra using TESS and of
ASASSN 14mv and EG Cnc, where data originate from AAVSO. In KL Dra,
1 denotes the peak of the preceding normal outburst, 2 denotes the dip in
brightness between the normal outburst and the SO (Section 4.2), 3 denotes
the peak of the SO, and 4 denotes the dip in the SO. The middle panel shows
an echo outburst in 2015 from the AM CVn binary ASASSN 14mv, and the
lower panel shows an echo outburst from the hydrogen accreting binary EG
Cnc from 1996. Such features should inform models that predict outburst
from accreting binaries.
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