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ABSTRACT

AQ Men is a nova-like variable which is presumed to have a tilted, precessing accretion
disc. Grazing eclipses in this system have been speculated to be useful in exploring the
geometry of its accretion disc. In this work we analysed TESS observations of AQ Men, which
provide the best light curve of this object thus far. We show that the depths of the eclipses are
changing with the orientation of the accretion disc, which means that they can serve as a direct
test of the tilted accretion disc models. The precession period of the accretion disc is increasing
during the TESS observations. However, it is still shorter than the period determined in the
previous studies. The amplitude of the variability related to the precession of the accretion
disc varies, and so does the shape of this variability. Moreover, we have detected a positive
superhump that was previously unseen in AQ Men. Interestingly, the positive superhump has

a strongly non-sinusoidal shape, which is not expected for a nova-like variable.
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1 INTRODUCTION

Cataclysmic variables are binary systems in which a late-type star is
transferring mass to a white dwarf via Roche lobe overflow. In these
systems, the mass is usually accreted through an accretion disc,
unless the white dwarf has a high magnetic field, in which case
matter is accreted directly along field lines onto the magnetic poles.
In dwarf novae, the mass accretion rate is relatively low and the ac-
cretion disc has a temperature suitable to trigger thermal instability,
causing repeated dwarf nova outbursts. Nova-like variables, on the
other hand, are systems in which no dwarf nova or classical nova
outbursts have been recorded. Nova-like variables often have a high
mass-transfer rate. Reviews of cataclysmic variables are presented
in Warner (2003) and Knigge et al. (2011).

Due to their relative simplicity, cataclysmic variables with
low magnetic fields are excellent laboratories to study accretion
discs. One of the more puzzling phenomena related to accretion
discs in cataclysmic variables are superhumps. Positive and nega-
tive superhumps are quasiperiodic signals that have periods a few
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percent longer or shorter compared to the orbital period, respec-
tively. Both positive and negative superhumps can occur individu-
ally or simultaneously (e.g. Patterson 1999). Positive superhumps
are produced when a tidal instability causes elongation of the ac-
cretion disc (Whitehurst 1988a,b). It has been shown that a 3:1
tidal resonance in the accretion disc is the reason behind this in-
stability (Hirose & Osaki 1990). A positive superhump is under-
stood as being a beat frequency of a prograde apsida precession
of an elliptical disc, and the orbital frequency of the binary sys-
tem (Simpson & Wood 1998; Rolfe et al. 2001; Wood et al. 2011).
While the origin of negative superhumps is not well understood,
they are thought to be a beat frequency of a shifting hotspot around
the face of a tilted, retrogradely precessing disc and the orbital
frequency (Wood et al. 2000, 2009). In addition, magnetic fields
have been suggested as a significant factor leading to negative
superhumps by lifting the accretion disc out of the orbital plane
(Thomas & Wood 2015). In some cases, a superorbital signal is de-
tected together with a negative superhump. The frequency of the
superorbital signal is always equal to the difference between the
orbital and negative superhump frequencies. This implies that the
superorbital period is the period of the accretion disc precession.
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Figure 1. ASAS-SN light-curve of AQ Men. The times of the TESS sectors
in which AQ Men was observed are marked with grey.

AQMen (=EC0511-7955) was classified as a blue object in the
Edinburgh-Cape Blue Object Survey (Stobie et al. 1995). During a
spectroscopic follow-up, Chen et al. (2001) identified AQ Men as a
cataclysmic variable based on the presence of broad, double-peaked
Balmer emission lines. While a low excitation spectrum and high
amplitude of flickering in AQ Men led Chen et al. (2001) to sug-
gest that this object could be a dwarf nova, the authors also noted
that the presence of a C /N 14650 blend in emission is more
consistent with a nova-like variable. Similarly, Godon et al. (2009)
showed that the UV spectrum is most consistent with a dwarf nova
in quiescence, but nova-like classification cannot be ruled out. How-
ever, based on spectral features of AQ Men, Schmidtobreick et al.
(2012) classified this object as a SW Sex star, a subclass of nova-like
variables. Moreover, Bruch (2020) noted that the absolute bright-
ness of AQ Men is too high for a dwarf nova, while it is consistent
with a faint nova-like variable. Since no dwarf nova outburst has
been observed in AQ Men thus far, the nova-like classification is
more likely (Armstrong et al. 2013). In order to determine the na-
ture of AQ Men, we extracted a ASAS-SN light-curve of this object
(Shappee et al. 2014; Kochanek et al. 2017). In the light-curve a low
state is visible at MJD=~56970 that lasted ~100 days (Fig. 1). Using
the presence of a low state we unambiguously classify AQ Men as
a nova-like variable.

While the photometric observations of AQ Men Chen et al.
(2001) did not detect periodic signals, the authors suggested an
orbital period of 0.130+0.014 d based on radial velocity measure-
ments. The orbital period was later refined to 0.141 d (or 7.0686 c/d)
by Armstrong et al. (2013), where it was shown that the system is
eclipsing. In addition to the orbital period, Armstrong et al. (2013)
detected a signal at 0.263 c/d, as well as a weaker signal at 7.332 c¢/d.
These signals were interpreted by authors as superorbital and nega-
tive superhump periods, respectively. However, neither superorbital
nor negative superhump periods were detected by Bruch (2020); the
only signals detected by that author were a relatively strong signal at
8.25d (or 0.12 c¢/d) and a weak signal at the orbital period proposed
by Armstrong et al. (2013).

Both the data used by Armstrong et al. (2013) and Bruch
(2020) were obtained by ground-based telescopes. While
Armstrong et al. (2013) observed AQ Men for 33 nights and Bruch
(2020) only for 8 nights, the data collected by Bruch (2020) should

be enough to yield consistent results to the Armstrong et al. (2013)
study. In order to resolve the issue of variable periods present in
AQ Men we employed TESS observations, which result in much
more sensitive and longer monitoring of the object compared to
previous studies. We present these observations in Section 2. In
Section 3, we present the detection of negative and positive super-
humps. In Section 3.1, we discuss the evolution of superhumps,
as well as the variability of the superorbital period of this system.
In Section 3.2 we present changes in positive and negative super-
humps, as well as in the depth of eclipses, that are related to the
precession of the accretion disc. Finally, we give a summary of our
results in Section 5.

2 OBSERVATIONS

AQ Men was observed by the Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2015) with 120 s cadence during sectors 1, 5, 8,
11, 12, and 13. This corresponds to non-continuous observations in
the time period between MJDs 58324 and 58681. Each sector lasts
approximately 28 days. The start and end dates of individual sectors
are available on the TESS website!. We used data reduced with the
SPOC pipeline (Jenkins et al. 2016). While the reduced data have
had most of the spacecraft systematic trends removed, in order to
compensate for any secular changes in the telescope between the
sectors, we subtracted the mean flux from data obtained during
each of the sectors. A sample of the TESS light-curve is presented
in Fig. 2. The full light-curve is available at the Mikulski Archive
for Space Telescope (MAST?).

We searched for periodic signals in the data in individ-
ual sectors using a Lomb-Scargle periodogram (Lomb 1976;
Scargle 1982) that was calculated using a routine from Astropy
(Astropy Collaboration et al. 2013, 2018). The power spectra were
dominated by signals from the orbital period (wq) and its harmon-
ics (Fig. 3). In order to search for weaker signals we used the stan-
dard consecutive prewhitening method (e.g. Dorn-Wallenstein et al.
2019). We assumed that a signal is significant when its power ex-
ceeded 10 standard deviations of the nearby noise level. The power
spectrum after prewhitening shows that there are no more signif-
icant signals remaining (Fig. 3). The frequencies found in sector
13 data are presented in Table 1. The results for other sectors were
consistent with results from sector 13, with the exception that some
signals are variable with time (Section 3.1). Most notably, superor-
bital signal was not detected in sectors 5 and 8 due to the fact that
the superorbital signal was weakest at those times. We attempted
the prewhitening method on the data from all TESS sectors simul-
taneously but we were unable to remove certain signals, hinting
that variability in AQ Men can change its period or amplitude over
time. The variability of the detected signals is discussed further in
Section 3.1.

Note that in the prewhitening process we removed the signals
using the function

F(MID) = Z A; * sin[27w; (MID — MIDg)], (1)

therefore the MJD(y values given in Table 1 correspond to the phase
zero value of the sine in the F(MJD) function and not to the time of
minimum value. The mid-eclipse time in this notation is occurring
at the orbital phase 0.6614.

! https://tess.mit.edu/observations/
2 http://archive.stsci.edu/
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Figure 2. Representative samples of the TESS light-curve of AQ Men (black points) with corresponding errors (grey lines) at different timescales. The data is

from TESS sector 11.

3 RESULTS

The strongest signal detected by us was at 7.06869(13)c/d,
which corresponds to the orbital frequency (wg) detected by
Armstrong et al. (2013). We did not detect signals at the super-
orbital (N) and negative superhump (w-) frequencies discovered
by Armstrong et al. (2013) at 0.263(3) c¢/d and 7.332(3), respec-
tively. However, we did detect two signals at 0.42093(41) and
7.4890(10) c/d (Table 1). These signals are consistent with satis-
fying the relation wg + N = w_, therefore we interpret them as
superorbital and negative superhump periods respectively. We did
not detect the signal at 0.12 c¢/d which was detected by Bruch (2020)
in observations taken at the same time as TESS sector 2. We note
that signals with similar frequencies to the Bruch (2020) detec-
tion are present in some of the TESS sectors; however, they have
signal-to-noise ratios consistent with being low-frequency noise.
One of the signals detected by us is located at a frequency
6.64591(34) c/d, which we interpret as a positive superhump (w+4),
as this signal is at a frequency that is a few percent lower than the
orbital frequency. The difference wy — w4 =0.42278(47) c/d. While
this difference is relatively close to the superorbital frequency, it
differs from the superorbital frequency by 6.3 times the sum of
the standard deviations of w( — w4 and the superorbital frequency.

MNRAS 000, 1-11 (2020)

Therefore, the superorbital frequency is only consistent with the wg+
N = w_ relation and is not associated with the positive superhump.

Moreover, we detected signals at seven harmonics of the orbital
frequency, reflecting a non-sinusoidal shape of the orbital variabil-
ity. Similarly, Armstrong et al. (2013) detected five harmonics of
the orbital frequency. The other detected frequencies are consistent
with simple arithmetic combinations of the orbital and superorbital
frequencies. Due to the fact that wg + N = w— and wy — N =~ w,,
the identifications given in Table 1 are not unambiguous. For ex-
ample, the frequency 7w(-6N could be identified as 6w+ +w(. We
decided to identify the additional signals as a combination of wy
and N, with the exception of frequencies at multiple times the posi-
tive superhump frequency. However, we note that in most cases of
signal processing it is rare to see signals at frequencies such as 7w-
6N, without detecting any signals at frequencies 7wy-nN, where
0<n<6. Therefore, notations such as 6w4+w(y might be preferable.
The signals at frequencies at multiple times the positive superhump
frequency are due to the strongly non-sinusoidal shape of positive
superhumps. It is worth noting that the signal at 2w, was signifi-
cantly stronger than the signal at w,. A similar multitude of signals
with frequencies at arithmetic combinations of the orbital and su-
perorbital frequencies is sometimes observed in systems where both
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Figure 3. Top panel: A power spectrum of TESS AQ Men observations
taken from sector 13, where the orbital period is highlighted with a red
line. Bottom panel: A power spectrum of the same data after undergoing the
standard prewhitening procedure.

positive and negative superhumps are present (Skillman et al. 1999;
Fontaine et al. 2011). Interestingly, even though we detected a total
of 24 frequencies (Table 1), we did not detect signals at frequencies
2w- — w4 and 2w- + w4, which were theoretically predicted for sys-
tems in which both negative and positive superhumps are present
simultaneously (Wood et al. 2000).

In order to study the shape of the orbital variability, we first
prewhitened the data from all of the TESS sectors. Afterward, we
added back only the signals at integer multiples of the orbital fre-
quency which were initially removed during the prewhitening. The
same procedure was applied to the superorbital, negative super-
hump, and positive superhump signals together with their har-
monics. The resultant light curves were then phased using the
ephemerides from Table 1 and binned using 150 equally separated
bins. The phase plots are presented in Fig. 4.

In the phase plot of orbital variability, an eclipse and an orbital
hump are visible. Interestingly, the orbital hump appears before the
eclipse, while in the observations of Armstrong et al. (2013) the
orbital hump maximum and the eclipse were aligned in time. The
reason for the phase shift of the orbital hump is not clear. It has been
accepted that orbital hump in systems such as AQ Men is due to a
presence of a hotspot. However, we note that an orbital hump due to

Table 1. Frequencies of signals identified in AQ Men observations from
sector 13 of the TESS together with their identification (ID): wy is the orbital
frequency, N is the superorbital frequency, while w; and w_ are positive
and negative superhump frequencies respectively. MIDg values corresponds
to the phase argument of the sine function described by Eq. 1.

1D Frequency [c/d]  Amplitude [e/s] MIJDg
w 7.06869(13) 24.66(17)  58667.68379(16)
2wy 13.29413(28) 11.25(17)  58667.67647(18)
w4 6.64591(34) 9.42(17)  58667.71802(42)
N 0.42093(41) 7.78(17)  58668.449(8)
2wy 14.13860(41) 7.70(17)  58667.64725(24)
2wy-N 13.71513(44) 7.28(17)  58667.70072(27)
4w 28.27526(60) 5.29(17)  58667.68000(18)
3wy 21.20627(62) 5.10(17)  58667.69222(25)
w_ 7.4890(10) 3.42(17)  58667.69220(11)
2wp-3N 12.8742(11) 3.08(17)  58667.7019(7)
3wy 19.9415(11) 3.11(17)  58667.65870(43)
3wp-2N 20.3658(11) 291(17)  58667.69293(45)
wo-2N 6.2228(12) 2.84(17)  58667.7486(15)
6w 42.4152(12) 2.71(17)  58667.66454(24)
Swo 35.3431(13) 2.56(17)  58667.67009(30)
4wo-2N 27.4305(14) 2.32(17)  58667.68465(42)
7 wy-6N 46.9523(15) 2.11(17)  58667.68200(27)
Two 49.4830(17) 1.89(17)  58667.68073(29)
2wo+N 14.5574(19) 1.68(17)  58667.6597(11)
4w, 26.5834(21) 1.53(17)  58667.68059(65)
3wp-N 20.7830(21) 1.51(17)  58667.67364(84)
6wo-5N 40.3054(24) 1.36(17)  58667.66312(49)
8wy 56.5535(29) 1.09(17)  58667.67454(44)
6wo-4N 40.7268(32) 0.99(17)  58667.66489(66)

a hotspot is rarely observed so long before the eclipse, and is rarely
as prominent in nova-like variables as in the case of AQ Men (e.g.
Smak 1994; Rutkowski et al. 2013). Since different explanations of
an orbital hump have been proposed (e.g. presence of spiral arms
in the disc; Khruzina et al. 2015) the AQ Men light curve needs to
be modelled in detail in order to decisively confirm that the orbital
hump is due to the hotspot.

The superorbital signal is sinusoidal, as is reflected by our
detection of only the fundamental frequency. This is in agreement
with the observations of Armstrong et al. (2013). The negative su-
perhump is close to being sinusoidal while being slightly skewed
and concave upward during the rise and concave downward during
the decline. The drop from maximum is ~20% faster than the rise.
The opposite is true in the data of Armstrong et al. (2013), where
the rise to the maximum is faster.

The shape of the positive superhump variability is strongly
non-sinusoidal (Fig. 4). In fact, between phases ~0.25 and ~0.75 a
pattern resembling a full cycle of a sinusoid appears, while between
phases ~0.75 and ~1.25 there is a nearly linear drop in bright-
ness. Positive superhumps are not expected to show such complex
behaviour, as they typically show only small deviations from a sinu-
soid (e.g. Papadaki et al. 2006; Wood et al. 2011; Kato & Hiroyuki
2013; Tampo et al. 2020), even when a large number of signals are
present in the periodogram (Skillman et al. 1999). The exceptions
are positive superhumps in dwarf novae, which can change their
shape significantly during an outburst (e.g. Patterson 1995). The
reason for a strongly non-sinusoidal shape of the positive super-
hump in AQ Men is not clear.

MNRAS 000, 1-11 (2020)
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Figure 4. The binned phase plots of orbital, superorbital, positive superhump and negative superhump variability (black lines). The grey area represents the
standard error of the mean for each of the bins. The orbital phase is defined such that mid-eclipse occurs at orbital phase 0.6614.

3.1 The superhumps and superorbital signal evolution

Armstrong et al. (2013) did not detect a positive superhump in
AQ Men, while the negative superhump was present in their ob-
servations. In our data the positive superhump has a significantly
greater amplitude than the negative superhump. This suggests that
the amplitudes of these two forms of variability had to have changed
significantly in the past. To explore this further, we calculated a mov-
ing dynamical periodogram of the TESS data. The observations
were divided in segments with lengths of 8 days, which roughly
corresponds to three times the superorbital period. The segments
were taken every 2 days, meaning each data point was included in
four separate segments. It is apparent that the superorbital signal
is the second strongest signal in the earliest observations and at
MIJD~58630, while on some dates (e.g. MID~58660) it is one of
the weakest (Fig. 5). Moreover, the low-frequency noise sometimes
had power similar to the signals from the system. Because of this, we
performed a non-standard prewhitening method, where we removed
the four strongest signals in the order given in Table 1. Remaining
signals were not strong enough to study using this method when
such short segments were employed.

After MJD 58360 the amplitudes of orbital and superorbital

MNRAS 000, 1-11 (2020)

variability appear to be correlated, with both of them having a
maximum at MJD 58628 (Fig. 5). The correlation between the
amplitudes of the superorbital and orbital periods is expected, as
they both are related to the brightness of the accretion disc. Between
MJD 58400 and MJD 58550 the amplitude of neither the orbital nor
superorbital variability changes significantly. Before MJD 58360
the amplitude of the superorbital signal was at its highest within
the period covered by TESS observations, but the amplitude of
the orbital signal was the same as at MJD 58400-58550. This is
unexpected, but may be explained if the accretion disc is not entirely
eclipsed. This occurs when the system is slightly inclined, and the
donor eclipses only a part of an out of plane accretion disc (grazing
eclipses; Armstrong et al. 2013). In this scenario only the central
parts of the accretion disc were brighter before MJD 58360 than
during the later observations. Since the central parts of the accretion
disc would not not be eclipsed, a change in their brightness would not
change the eclipse depth. However, these parts of the accretion disc
are still precessing and their brightness would reflect on amplitude
of the superorbital signal.

In order to check whether the shape of superorbital variability
changed with the system brightness, we plotted the mean superor-
bital signal obtained in the same way as for Fig. 4, but with data
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Figure 5. Plots showing the amplitude variability of the orbital, superorbital
and positive superhump signals, as well as the amplitude of the first harmonic
of the positive superhump signal.

separated before and after MJD 58360. The result is presented in
Fig. 6. The shape of the superorbital signal changes significantly
between the two periods of time. At MJD>58360 the shape is si-
nusoidal, as is expected for variability caused by a precessing tilted
accretion disc. At MJD<58600 the shape is a skewed sinusoid and
the rise is twice as long as the decline. The reason for this change
of the shape of the superorbital variability is not known.

The superhump periods in some nova-like variables seem to be
stable over several years (Ringwald et al. 2012). However, variabil-
ity of the superhump frequency is observed in dwarf novae during
superoutburst (e.g. Court et al. 2019; Kato et al. 2020) and is some-
times observed in nova-like variables (see e.g. Andronov et al. 2003,
and references therein). The negative superhump and superorbital
frequencies in AQ Men have clearly changed in the past, given
that the frequencies measured by Armstrong et al. (2013) and by
us differ significantly. The discovery of the superorbital period at
0.263(3) c/d was based on data from MJD~52333 (Armstrong et al.
2013). The mean date of all of the TESS data points is MJD 58541,
which gives a difference of 6208 d. The frequency change of the su-
perorbital signal between those two observations was 0.158(4) c/d.

In order to measure the possible changes in the detected fre-
quencies, we used the standard prewhitening method for each sector.
The only exception was analysis of the superorbital signal, for which
we divided the TESS data into three segments. The first segment con-
sisted of sector 1, the second segment of sectors 5 and 8, and the third
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Figure 6. Same as Fig. 4, but only for superorbital variability and with data
divided at MJD 58600 (see text).

segment of sectors 11, 12, and 13. This was done because the super-
orbital signal had signal to noise ratio too low for some of the sectors
to measure the frequency change with sufficient accuracy (Fig. 5). In
order to estimate the rate of frequency change of the signals, we as-
sumed that they changed linearly and we fitted lines to each of them
individually. As a result, we estimated the upper limit of the rate of
change of the orbital frequency |wg| < 2.12x 107 ¢/d%. The appar-
ent constant orbital period is expected for the relatively short time
span covered by TESS observations. In particular, for the AQ Men
orbital period of 3.4 h, the expected iy is of order of 10~ ¢/d? (see
e.g. fig. 11 of Knigge et al. 2011) which is well below our accuracy.
In the case of the signal at frequency 2w., the estimated rate of
change is (204) = (6.8 +1.3) x 1075 c/d?, showing a clear increase
of frequency with time. Similarly, the rate of change we measure
for the positive superhump is @y = (3.4 = 0.8) x 1073 ¢/d2, which
is consistent with half of the rate we measure for the signal at 2w,
This rate is an order of magnitude higher than the rates observed
in dwarf novae (e.g. Kato et al. 2017), but is not unexpected for a
nova-like variable (e.g. Kato & Hiroyuki 2013). In the case of the
superorbital frequency, we estimated N = (=3.4 +2.4) x 1072 ¢/d.
In the case of the negative superhump frequency we measured
- = (=2.1 £ 1.3) x 1079 ¢/d?. The rates of change of the negative
superhump and superorbital frequencies are equal within the errors,
which is expected given that they follow the equation N = w_ — wy.
However, we note that the errors of N and «_ are relatively large
and relation between them should be accepted with care. Our fits
are presented in Fig. 7.

The rate of superorbital frequency change N = (=3.4 + 2.4) x
1073 ¢/d? means that the rate of change the of superorbital frequency
has inverted at least once in the past and is now decreasing back
towards the frequency measured by Armstrong et al. (2013). The
superorbital frequency and, by extension, the negative superhump
frequency, can change with system brightness (Kato & Hiroyuki
2013). It is not possible to determine whether this is the reason
in the case of AQ Men on a longer timescale, as our data and the
data of Armstrong et al. (2013) and Bruch (2020) were taken with
different filters. However, during the period covered by TESS alone,
AQ Men was fading nearly linearly with a rate of —1.9 + 0.3 mJy/d
(Fig. 1). This is consistent with the correlation between the system
brightness and superorbital frequency.
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Figure 7. Plots showing the frequency variability of the superorbital, positive
superhump and negative superhump signals, as well as the frequency of the
first harmonic of the positive superhump signal. The fit to the points is
plotted with a red line. Gray areas represents the error of each fit.

Interestingly, the measured rate of positive superhump fre-
quency change is consistent with the negative value of the rate
measured for the superorbital and negative superhump signals. Cor-
related changes of negative and positive superhump frequencies
have been observed in the past and they were similarly connected
to changes in brightness of the system (Kato & Hiroyuki 2013). A
longer time span of data is necessary to confirm the relation be-
tween the frequency changes of the positive superhump and the
superorbital signal.

Since the superorbital frequency is changing towards the one
observed by Armstrong et al. (2013), one can hypothesize that the
positive superhump will fade away and only the negative superhump
will be visible, similar to what was seen in the observations of
Armstrong et al. (2013). One may suspect that when the superorbital
frequency in a given system would be the same, a similar accretion
disc state can be presumed. Such switches between positive and
negative superhump states have been observed in another nova-
like variable, TT Ari (e.g. Smak & Stepien 1975; Skillman et al.
1998; Kraicheva et al. 1999; Kim et al. 2009; Weingrill et al. 2009).
Moreover, on rare occasions, positive and negative superhumps in
TT Ari have been detected simultaneously (Belova et al. 2013),
further expanding similarities between TT Ari and AQ Men.
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Figure 8. Lomb-Scargle power spectra of eclipse depths and hotspot hump
height. The superorbital frequency detected in the measurements of the
eclipse depths is highlighted with a blue line.

3.2 Exploring the precession of the accretion disc

Armstrong et al. (2013) discovered that the eclipses in AQ Men
change their depth significantly between orbital cycles. It was dis-
cussed by them that this may be an effect of grazing eclipses which
change their depth depending on the phase of superorbital variabil-
ity, i.e. eclipses happening at different accretion disc orientations
with respect to the observer. However, their data were not suffi-
cient to confirm this hypothesis. In order to explore the variability
in the depths of the eclipses, we divided the data into segments
with lengths equal to twice the orbital period and segments sepa-
rated by one orbital period length. We then folded the data using
the orbital solution given in Table 1. Using phased data, we mea-
sured the minimum flux during each eclipse using the mean flux
between phases 0.657-0.666, the baseline flux using the mean flux
between phases 0.8-0.9, and the hotspot hump maximum using the
mean flux between phases 0.27-0.33 (Fig. 4). We then calculated
the depth of each eclipse by subtracting the eclipse minimum from
the quiescence flux, and the hotspot hump height by subtracting
the quiescence flux from the hump maximum. Each measurement
was assigned the mean time of each segment. For this dataset, we
calculated a Lomb-Scargle periodogram (Fig. 8). The hotspot hump
height did not show any periodic changes. Meanwhile, the eclipse
depth clearly varied with the superorbital period, which confirms
the hypothesis of Armstrong et al. (2013).

In order to study how the eclipse depths change with the super-
orbital period, we phased the eclipse depths with the superorbital
signal solution from Table 1. The eclipse depths rose slowly from
superorbital phase ~0.0 to ~0.75, and decreased ~3 times as fast
(Fig. 9). Interestingly, the maximum eclipse depth at superorbital
phase ~0.75 appears to correspond to the minimum of the superor-
bital variability (Fig. 4).

To explore the possibility of any other changes in the shape of
the variability, we reproduced Fig. 4 but separated data points by the
associated phases of the superorbital variability. In other words, we
studied how the orbital variability, positive superhump, and negative
superhump behave at different phases of the superorbital variability.
The resultant phase plots are presented in Fig. 10. It is clear that
when it comes to the shape of the orbital modulation, only the eclipse
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Figure 9. Eclipse depth as a function of superorbital phase. The errors
represent the standard error of the mean.

depth is changing with the superorbital phase. The amplitude of the
positive superhump seems to vary slightly with the superorbital
phase, but no obvious correlation between the superorbital phase
and the positive superhump shape is apparent. The amplitude of
the negative superhump is too low to study its shape reliably using
this method. However, it seems that the negative superhump has
a maximum amplitude at superorbital phase ~0.7 and a minimum
amplitude at superorbital phase ~0.1, similarly to the depth of the
eclipses.

Armstrong et al. (2013) argued that the changes of superhump
and orbital variability shapes with superorbital phase can serve
as a test of accretion disc geometry. In particular, Montgomery
(2012) showed that the accretion stream might switch from under
to over the tilted accretion disc every half of the disc precession
period, creating a lift that can push the disc out of the orbital plane.
Armstrong et al. (2013) hypothesised that a study of the shape of
the negative superhump and eclipse depths can serve as a test of this
model. The comparison of the models of Montgomery (2012) to
our data is not trivial, as Montgomery (2012) did not simulate light
curves of the variability. The fact that we observe the maximum
amplitudes at superorbital phase ~0.75 and minimum at phase ~0
seems to not be in agreement with the simulations of Montgomery
(2012), as in there the switch between under- and over-disc accretion
happens at every half of the superorbital phase, and one would
expect the minimum and maximum to be separated by half of the
superorbital period. However, Montgomery (2012) simulated only
one case, with an accretion disc being out of the orbital plane by
5 degrees. Therefore, our observations may be consistent with this
model if different disc inclinations or disc sizes are considered.

4 DISCUSSION

A common method used to describe superhump periods is a positive
superhump period excess e, = (P4 — Pg)/P( and a negative super-
hump period deficit e = (Py — P_)/Pg, where Py is the orbital
period, P, is the positive superhump period and P_ is the nega-
tive superhump period. Using the periods from Table 1, we obtain
e- =0.056 and €; = 0.064. Armstrong et al. (2013) observed only
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Figure 10. Same as Fig. 4, but with data points separated at different super-
orbital variability phases. The orbital modulation has been plotted using 100
bins, the positive superhump using 25 bins, and negative superhump using
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Figure 11. Relations between the superhump excess/deficit and the orbital
period of a number of cataclysmic variables. The AQ Men values (red
points) from the year 2002 are from Armstrong et al. (2013) and the values
from 2018-2019 are from this work. The black points are previously known
systems (Ohshima et al. 2014, and references therein).

the negative superhump in AQ Men, and for their observations from
the year 2002 we obtain e— = 0.036.

The superhump excess/deficit has been shown to be corre-
lated with the orbital period of the system (e.g. Patterson 1999;
Retter et al. 2002) and, consequently, with the mass ratio of the
system components (e.g. Montgomery 2001; Patterson et al. 2005).
The value of the period deficit observed in 2002 in AQ Men was
close to the typical value of e~ ~ 0.03 that is expected for its or-
bital period (Fig. 11). During the TESS observations, the period
deficit value was closer to the other outliers in this parameter space:
V1159 Ori, LQ Peg, and KIC 8751494. This could be interpreted
as being due to the fact that the accretion disc in AQ Men was in
a state that is rarely observed in cataclysmic variables. Similarly
to AQ Men, LQ Peg and KIC 8751494 are also nova-like systems,
while V1159 Ori is a dwarf nova. On the other hand, the period
excess observed by TESS is consistent with the values for other
cataclysmic variables at the same orbital period (Fig. 11).

In a system where both positive and negative superhumps are
present, the ratio of period excess to period deficit has been shown
to be usually equal to ~2 (Patterson et al. 1997; Wood et al. 2009).
When pressure is not affecting the accretion disc, this ratio was
theoretically shown to be close to 7/4 (Larwood 1998; Montgomery
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Figure 12. Same as Fig. 11, but for the relation between period excess and
period deficit. The theoretically predicted 7/4 ratio is shown as grey line.

2009; Osaki & Kato 2013). In the case of AQ Men, the ratio of
period excess to period deficit in the TESS observations differ sig-
nificantly from the main trend (Fig 12). In the case of KIC 8751494
the deviation from the 7/4 ratio can be explained by pressure effects
(Kato & Hiroyuki 2013), which can also explain the ratio observed
in AQ Men. In the case of V1159 Ori, the deviation from the 7/4
ratio can be explained by impulsive negative superhumps that were
proposed by Osaki & Kato (2013). While the nature of impulsive
negative superhumps is not known, they differ from regular neg-
ative superhumps in that they occur only during a decline from a
dwarf nova outburst, they are observed only for a few days and
their frequency is highly variable (Wood et al. 2011; Osaki & Kato
2013). The impulsive negative superhump interpretation is unlikely
in the case of AQ Men, as no dwarf nova outburst was observed and
the negative superhump frequency remained relatively stable during
all the TESS observations. However, the ratio of the period excess
from TESS data and the period deficit observed by Armstrong et al.
(2013) is surprisingly close to the 7/4 value (Fig. 12) predicted by
Osaki & Kato (2013). This could support the idea that the negative
superhump observed by Armstrong et al. (2013) was an ordinary
negative superhump, whilst during TESS observations an impulsive
negative superhump was present. Moreover, impulsive negative su-
perhumps are only observed during a decline from a dwarf nova
outburst, i.e. when the mass transfer rate through the accretion
disc is decreasing. Since the brightness of AQ Men was decreasing
during the period covered by TESS (Fig. 1), a similar decrease in
mass transfer rate trough the accretion disc occurred in AQ Men.
However, the mass transfer rate decrease in AQ Men was orders
of magnitude smaller compared to a dwarf nova and it is not clear
whether it could result in an impulsive negative superhump.

An alternative explanation of why the period excess and period
deficit ratio from TESS data does not fit the theoretical prediction
is that the signal observed at the frequency w_ was wrongly inter-
preted as a negative superhump. Instead, an alternative explanation
could be that the depth of eclipses in AQ Men is changing with the
superorbital frequency (Fig. 10). In signal processing, this can be
interpreted as a modulation of an amplitude of the orbital signal with
the modulation frequency equal to the disc precession frequency.
Such a modulation is known to manifest itself in power spectra with
side peaks, that in the case of AQ Men would be located at frequen-
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cies wy — N and wqy + N (e.g. Benkd et al. 2011). Therefore, the
signal at frequency w- = wq + N can be interpreted as a side peak
caused by modulation of orbital variability amplitude rather than a
negative superhump caused by a shifting hotspot around the face
of a tilted, retrogradely precessing disc. The modulation at wy — N
in this case would be blended with a genuine positive superhump.
However, we dismiss this interpretation as the change of eclipse
depths is a relatively small effect (Fig. 10) and is not likely to pro-
duce such a strong artificial signal (Table 1). In order to test that
we created an artificial TESS light curve of AQ Men with only the
orbital variability present. Periodogram of this artificial light curve
showed that the changes in eclipse depths observed in AQ Men
could not result in an artificial signals strong enough to be detected
with our accuracy.

The interpretation of the change in negative superhump period
excess that we favour is the change of accretion disc inclination. It
was shown that the negative superhump period excess is a function
of both the disc inclination angle as well as the binary mass ratio
(eq. 54-56 in Montgomery 2009), which is not taken into account
in relations such as the one presented in Fig. 11. In particular, it is
possible that the accretion disc was depleted during the low state
observed in ASAS-SN data and it was reshaped at a different incli-
nation angle. On other hand, the positive superhump is not affected
by the accretion disc inclination angle and is following the standard
relation (Fig. 11). Moreover, eq. 54 of Montgomery (2009) suggests
that the accretion disc in AQ Men was more out of the orbital plane
in observations of Armstrong et al. (2013) than during the TESS
observations. It may be hypothesised that during Armstrong et al.
(2013) observations the accretion disc was so far out of the orbital
plane that it was not affected by the 3:1 resonance, and because of
that the positive superhump was not excited at that time. The change
in the accretion disc inclination could also explain the shift in phase
of the orbital hotspot between the TESS and Armstrong et al. (2013)
observations. The change of accretion disc inclination implies a shift
of the position at which the accretion stream is hitting the accretion
disc, and therefore implies a shift in the observed hotspot hump
phase. Alternatively, the lack of positive superhump in observations
of Armstrong et al. (2013) may be explained if the accretion disc
was smaller during their observations and it did not extend to the 3:1
resonance radius. This would be supported by the fact that AQ Men
shows high variability in mass transfer rate (Fig. 1).

5 SUMMARY

In this work we analysed TESS observations of a nova-like variable
AQ Men which provided the most sensitive and longest monitoring
of AQ Men to date. The main findings of the work include:

e AQ Men is a nova-like variable that experienced a low state at
MJD=56970 that lasted ~100 days.

e The negative superhump frequency and superorbital fre-
quency changed significantly compared to the observations of
Armstrong et al. (2013). The negative superhump shape changed
slightly compared to past observations.

e The positive superhump was detected for the first time in
AQ Men. The positive superhump shape is strongly non-sinusoidal,
which is not expected for a nova-like variable.

e The superorbital frequency increased between the
Armstrong etal. (2013) and TESS observations. However,
across the TESS observations the superorbital frequency was
decreasing, implying that the rate of frequency change inverted at
least once in the past. The rate of change of the positive superhump

frequency was consistent with a negative value of the superorbital
frequency rate of change. This behaviour was accompanied by a
decrease in mass transfer rate in the system.

e The amplitudes of the orbital and superorbital variabilities
were variable and seemed correlated most of the time. The excep-
tion was at the start of TESS observations, where the amplitude of
the superorbital variability was the highest during the period cov-
ered by TESS, while the amplitude of the orbital variability at this
time was close to the mean value. Moreover, at the start of TESS
observations the shape of superorbital variability was significantly
non-sinusoidal, contrary to later observations.

o In the measurements of the depths of eclipses, the superorbital
frequency was detected. The eclipses were deepest at the super-
orbital phase ~0.75, while at the superorbital phase ~0.0 eclipses
were shallowest. Contrary to the eclipse depth, the amplitude of the
hotspot hump was not affected by the superorbital variability.

The results show that AQ Men is a useful tool in studying
accretion discs in cataclysmic variables. In particular, the changes
of eclipse depths with the superorbital frequency were predicted
based on the assumption that the superorbital frequency is due to
a precessing accretion disc that is out of the orbital plane. As the
nature of negative superhumps and the superorbital signals are still
under discussion, the detection of such changes serves as a test of
the nature of the two signals. Because of this, AQ Men should be
an object of light curve modelling in the future, and in this way it
can serve as a tool to probe the accretion disc structure and further
test tilted accretion disc models. The TESS observations covered
only a period of a small, consistent decrease in mass transfer rate
in AQ Men. Since both the superhump and superorbital signals
showed apparent correlation with changes in the mass transfer rate,
the system should be monitored in the future to study behaviour of
superhump and superorbital signals when further mass transfer rate
variability is present.
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