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A B S T R A C T 

Magnetic cataclysmic variables of the intermediate polar (IP) subclass display a wide range of variability across different 
wavelengths. In late 2024 October/early November, the IP V709 Cas was observed over 10 nights by the OPtical TIming 

CAMera at the San Pedro Mártir Observatory in simultaneous three-colour ( g, r , and i, or z band) photometry. On two of 
these nights, V709 Cas was simultaneously observed by the Neutron star Interior Composition ExploreR X-ray telescope. A 

periodogram analysis of the optical g- and r-band light curves reveals no prominent features at the white dwarf (WD) spin, but 
prominent features at the spin-orbit beat. In contrast, the X-ray and near-infrared (near-IR) i- and z-band periodograms show 

prominent features at the spin, but not the spin-orbit beat. Optical beat and near-IR spin pulsations have been seen in the IP PQ 

Gem, with simultaneous circular polarization detected in the near-IR, indicating cyclotron origin. We therefore speculate that 
we are seeing cyclotron radiation from V709 Cas, possibly adding it to the small group of cyclotron-emitting IPs. Combining 

analytical approximations with our expectation for cyclotron harmonics in the near-IR, we suggest a WD magnetic field strength 

of 10 MG < B < 40 MG. 

Key words: accretion, accretion discs – stars: individual: V709 Cas – novae, cataclysmic variables – stars: magnetic fields. 
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 I N T RO D U C T I O N  

ataclysmic variables (CVs) are binary systems comprised of a white 
warf (WD) primary and low-mass secondary (see e.g. B. Warner 
995 ). Roche lobe overflow leads to material from the secondary 
eing accreted on to the primary, though how this material reaches 
he primary depends on its magnetic field strength. If the primary 
s strongly magnetic (i.e. � 10 MG), the spin of the primary may
ecome synchronous with the orbit of the system, allowing material 
o be funnelled along accretion streams directly on to the magnetic 
oles of the WD. Such systems are referred to as polars. For more
eakly magnetized primaries, the spin of the primary will generally 
e asynchronous with the orbit of the system, leaving space for
n accretion disc to form. If the primary is moderately magnetic, 
he inner-edge of this accretion disc will be truncated at some radius
bove the WD surface (referred to as the magnetospheric radius). The 
rimary’s magnetic field then funnels material from the inner-edge of 
he accretion disc on to its magnetic poles. Such systems are referred
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o as intermediate polars (IPs; see J. Patterson 1994 for a review).
agnetically confined accretion on to a compact object produces a 

iverse range of observational characteristics across a wide range 
f wavelengths; in this regard, IPs are very similar to neutron star
ow-mass X-ray binaries (LMXBs; e.g. B. Warner 2004 ). 

The presence of spin pulsations in the X-ray and optical emission
f CVs are the primary observational characteristics of magnetism 

e.g. B. Warner 1995 ). Polars get their name from the fact that their
ptical–near-infrared (near-IR) emission is usually dominated by 
ircularly polarized cyclotron radiation; since the WD is rotating, 
his circular polarization is modulated on the WD’s spin period. 
n IPs, cyclotron radiation is harder to detect due to their weaker
agnetic fields (e.g. D. T. Wickramasinghe, K. Wu & L. Ferrario

991a ) and/or the accretion disc diluting polarized emission (e.g. 
. Piirola, P. Hakala & G. V. Coyne 1993 ). However, circularly
olarized emission has been found in ∼ 11 IPs (L. Ferrario, D.
e Martino & B. T. Gänsicke 2015 ; S. B. Potter & D. A. H.
uckley 2018 , and references therein), and it has been suggested

hat these ‘polarized IPs’ are low-field polar progenitors evolving 
owards synchronism (A. J. Norton, G. A. Wynn & R. V. Somerscales
004 ). 
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Table 1. OPTICAM observations. 

Epoch Date Filters Cadence Exposure 
(YYYY-MM-DD) (s) (s) 

1 2024-10-25 g, r , i 3 21 330 
2 2024-10-26 g, r , i 3 14 718 
3 2024-10-27 g, r , i 3 16 104 
4 2024-10-28 g, r , i 3 15 507 
5 2024-10-30 g, r , i 3 19 278 
6 2024-10-31 g, r , z 3 19 827 
7 2024-11-01 g, r , i 3 9885 
8 2024-11-02 g, r , i 3 23 136 
9 2024-11-03 g, r , i 3 4692 
10 2024-11-04 g, r , i 3 10 503 
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V709 Cassiopeiae (hereafter V709 Cas) is an IP that was discov-
red during the ROSAT all-sky survey. Follow-up pointed observa-
ions found that V709 Cas had a ‘hard’ X-ray spectrum (peaking at

1 keV), and suggested a 312.8 s spin period (F. Haberl & C. Motch
995 ). Shortly after its X-ray discovery, V709 Cas was optically
dentified and confirmed as a CV (C. Motch et al. 1996 ), and a few
ears later an orbital period of 5 . 340 ± 0 . 005 h was determined from
pectroscopy (J. M. Bonnet-Bidaud et al. 2001 ). The WD mass is
stimated to be 0 . 88+ 0 . 05 

−0 . 04 M� (A. W. Shaw et al. 2018 ), and using the
aia DR3 parallax of 1 . 35 ± 0 . 02 mas (Gaia Collaboration 2016 ;
. Lindegren et al. 2021 ; Gaia Collaboration 2023 ), the distance to
709 Cas is 725 ± 9 pc 1 (C. A. L. Bailer-Jones et al. 2021 ). 
Like a number of other fast-rotating IPs (e.g. XY Ari; K. Koyama

t al. 1991 , PQ Gem; S. R. Rosen, J. P. D. Mittaz & P. J. Hakala
993 , DO Dra; A. J. Norton et al. 1999 ), the X-ray spin pulsations of
709 Cas are double-peaked (A. J. Norton et al. 1999 ; D. Martino

t al. 2001 ; K. Mukai et al. 2015 ). In the optical, however, spin
ulsations are not always seen. From 3000–7000 Å photometry, V. P.
ozhevnikov ( 2001 ) was able to see pulsations at the spin frequency,
, and found that they were quasi-sinusoidal. V. P. Kozhevnikov
 2001 ) also identified a 317.94 s periodicity that they attributed to the
pin-orbit beat, ω − �, whose power was similar to that of the spin.
nlike the spin pulsations, V. P. Kozhevnikov ( 2001 ) found that the
eat pulsations were double-peaked (and also showed considerable
ight-to-night variations). Later optical studies found that the spin
ulsations of V709 Cas were either absent (e.g. F. Tamburini, D. de
artino & A. Bianchini 2009 ), or only recoverable on some nights

L. Hric et al. 2014 ). 
In the most recent photometric study of V709 Cas, S. M. Rao

t al. ( 2026 ) found spin and beat periods of 312 . 7478 ± 0 . 0002
nd 317 . 9267 ± 0 . 0002 s, respectively, using data collected by the
ransiting Exoplanet Survey Satellite (TESS) . The TESS bandpass
overs red optical through near-IR wavelengths (6000–10 000 Å),
ossibly marking the return of V709 Cas’s spin pulsations to the
ptical. By studying the relative powers of the spin and beat signals
ver time, S. M. Rao et al. ( 2026 ) found that while the spin is
sually the dominant periodicity, there are epochs where the beat is
ominant. To explain this, S. M. Rao et al. ( 2026 ) suggested that
709 Cas is a disc-overflow system that shows episodes of stream-

ed accretion. Long-term variations in the accretion configuration
ave been invoked to explain similar behaviour in other IPs (e.g. FO
qr; D. Martino et al. 1999 ), and may explain why the spin pulsations
f V709 Cas ‘disappeared’ from the optical after the observations of
. P. Kozhevnikov ( 2001 ). 
Herein, we present an analysis of multiband photometric data on

709 Cas obtained with the OPtical TIming CAMera (OPTICAM;
. Castro et al. 2019 ) mounted on the 2.1 m telescope at the San
edro Mártir Observatory (OAN-SPM), in México. OPTICAM is
quipped with three 2048 × 2048 s CMOS cameras and a set of
DSS filters ( u or g, r , and i or z), allowing for simultaneous three-
olour observations in the 3551–8932 Å central wavelength range.
e also analyse simultaneous Neutron star Interior Composition

xploreR ( NICER ; K. C. Gendreau, Z. Arzoumanian & T. Okajima
012 ) X-ray data. In Section 2 , we detail the OPTICAM and NICER
bservations and reduction. In Section 3 , we describe the analyses
e performed. In Section 4 , we present the results of these analyses.

n Section 5 , we interpret our results. Our final thoughts are then
iven in Section 6 . 
NRAS 545, 1–15 (2026)
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 DATA  R E D U C T I O N  

.1 OPTICAM 

709 Cas was observed on 10 nights from 2024 October 25 to 2024
ovember 4. These observations are listed in Table 1 , including

he filters used, the observing cadence, and the total exposure time.
o reduce storage requirements, all observations were performed
sing the ‘2x2’ binning mode, which reduces the image sizes from
048x2048 to 1024x1024 (A. Castro et al. 2019 , 2024 ). 
For each image, cosmic rays were removed using the L.A.Cosmic

lgorithm (P. G. Dokkum 2001 ) as implemented in Astro-
CRAPPY version 1.2.0 (C. McCully et al. 2018 ). Background

mages were estimated using the SExtractorBackground es-
imator from photutils version 1.13.0 (L. Bradley et al. 2024 )
ith the box size parameter set to 64 pixels. To identify sources,
e used the SourceFinder routine from photutils , which

ombines source detection and deblending, to identify sources 5 σ
bove the estimated background with the npixels parameter set
o 32. Barycentric corrections were also applied to the time stamps
f each image. Photometry was then performed on the background
ubtracted images using the optimal photometry algorithm described
n T. Naylor ( 1998 ). To correct for atmospheric effects, we computed
elative light curves using a bright unlisted comparison source
earby in the field. The coordinates of our comparison source
ere approximately RA 00:28:51, Dec. + 59:17:26, and we found
o evidence of intrinsic variability in our comparison source. The
esulting light curves for each filter can be seen in Fig. 1 . 

.2 NICER 

n 2024, V709 Cas was observed four times by NICER . These obser-
ations are listed in Table 2 ; observations that were simultaneous with
PTICAM are marked with an asterisk. We note that the exposure

imes of the non-simultaneous observations are shorter than the spin
eriod of V709 Cas (312.75 s), and so we do not include analysis of
hese observations. 

NICER data were primarily reduced using HEASOFT version 6.35.1.
e computed energy spectra using the nicerl3-spect tool
ith bkgmodeltype = 3c50 (R. A. Remillard et al. 2022 ).
icerl3-spect performs the NICER -recommended analysis
teps to compute the background, response, and spectra files. After
pplying Barycentric corrections to the photon arrival times with
arycorr , we also extracted light curves using version 2.2.6 of

he X-ray spectral timing Python package stingray (D. Hup-
enkothen et al. 2019 ; M. Bachetti et al. 2024 ). We compute ‘soft’
-ray light curves in the 0.5–2.5 keV energy range (similar to the 0.1–

https://dc.zah.uni-heidelberg.de/gedr3dist/q/cone/form
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Figure 1. OPTICAM light curves of V709 Cas from Table 1 binned to a 1 min time resolution. The shaded regions represent the GTIs of the simultaneous 
NICER observations listed in Table 2 . 

Table 2. NICER observations of V709 Cas. 

Date ObsID Exposure 
(YYYYMMDD) (s) 

2024-10-31∗ 7204990101 6105 
2024-11-01∗ 7204990102 6945 
2024-11-21 7204990103 247 
2024-11-23 7204990105 22 

Note. Observations that are simultaneous with OPTICAM are marked with 
an asterisk. 
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.4 keV energy range of the ROSAT pointed observations studied in 

. Haberl & C. Motch 1995 ), and ‘hard’ light curves in the remaining

.5–12 keV energy range. The Good Time Intervals (GTIs) of our 
xtracted light curves are represented by the shaded grey regions in 
ig. 1 . 

 DATA  A NALYSIS  

.1 Identification of periodic signals 

o identify periodic signals, we use the Lomb–Scargle periodogram 

LSP; N. R. Lomb 1976 ; J. D. Scargle 1982 ). We prefer the LSP
o the classical periodogram in this case since the LSP does not
equire uniformly sampled input, allowing for an improved frequency 
esolution at the cost of potential aliasing and windowing effects (J.
. VanderPlas 2018 ). We compute the LSP using ASTROPY version 
.1.4 (Astropy Collaboration 2022 ). 

.2 Characterization of periodic signals 

.2.1 Frequency errors 

o estimate the frequency errors on features identified in our LSPs,
e use a Monte Carlo method. The first step is to re-sample the

ight curve with replacement, meaning that some points will not 
e re-sampled, while others will be re-sampled more than once. 
herefore, this method effectively changes the ‘weight’ of each data 
oint in the computation of the LSP. Additionally, this method also 
lightly changes the window function, allowing aliases to be rejected 
e.g. D. R. Zurek et al. 2009 ). We then compute the LSP of the re-
ampled light curve, fit a second-order polynomial to the tallest peak
n the LSP, and use this polynomial to interpolate the frequency
f maximum power. By repeating the above, we can construct 
requency distributions for features in the original LSP; interpolating 
he frequency of maximum power prevents the frequency grid of the
SP from discretizing this distribution. We can then approximate the 
8 per cent confidence interval on a given feature in the original LSP
sing the 16th and 84th percentiles of its frequency distribution. 

.2.2 Amplitudes 

o characterize the amplitude of a signal, we use the peak-to-peak
ulsed fraction as defined in L. Bildsten et al. ( 1997 ). We approximate
he maximum and minimum pulsed flux using the relative extrema of
he phase binned light curve. For brevity, we refer to the peak-to-peak
ulsed fraction as simply the pulsed fraction. 

.3 Power-spectrum modelling 

n addition to identifying periodic signals, we also seek to model the
ower spectrum of V709 Cas by fitting the averaged periodogram. 
o compute the averaged periodogram, we use stingray . Since 
PTICAM observations are not perfectly uniformly sampled, we first 

e-bin our light curves to a time resolution of 5 s before computing
veraged periodograms with a segment length of 3500 s. This resulted
n 33 g-band segments, 34 r-band segments, 29 i-band segments, and
ust five z-band segments. We therefore exclude the z-band data from
his analysis since there were too few segments to reliably model
he power spectrum. For the periodogram normalization, we use 
he fractional RMS normalization such that integrating the averaged 
eriodogram yields the square of the fractional RMS of the light
urve. 

.3.1 Models 

n this case we are only interested in modelling the broad-band noise,
hich we assume can be described by a zero-centred Lorentzian: 

 ( ν) = A
νbreak 

ν2 + ν2 
, (1) 
MNRAS 545, 1–15 (2026)
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Figure 2. LSPs of the combined light curves from all nights for each band. 
The vertical lines show the spin frequency, ω (dashed line), and the beat 
frequency, ω − � (dotted line). 
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here ν is frequency, A is the normalization, and νbreak is the break
requency. Zero-centred Lorentzians are commonly used to model
he aperiodic X-ray variability of LMXBs (e.g. M. A. Nowak 2000 ;
. Belloni, D. Psaltis & M. van der Klis 2002 ), and M. Veresvarska
t al. ( 2024 ) showed that they can equally be used to model the
periodic optical/near-IR variability of IPs. 

We explicitly note that the periodogram cannot account for Poisson
oise, and so it is also necessary to model the white noise using a
onstant, c: 

 ( ν) = c. (2) 

.4 X-ray flux estimation 

o estimate the X-ray flux of V709 Cas in absolute units (i.e.
rg cm−2 s−1 ), we jointly model our NICER spectra using XSPEC
ersion 12.5.1 (K. A. Arnaud 1996 ). In jointly modelling these
pectra, we assume that the spectral shape is the same. However, we
llow the integrated flux to vary between observations by including
 constant component that we fix to 1 for ObsID 7204990101,
ut leave as a free parameter for ObsID 7204990102. 

Above 10 keV, the X-ray spectra of IPs are well described by
ooling flow models such as mkcflow (R. F. Mushotzky & A. E.
zymkowiak 1988 ). Between 0.5 and 8 keV, however, the X-ray
pectra of IPs are often too flat to be described by simple absorption
nd cooling flow models; instead, these spectra are better fit with
 photon power law (e.g. K. Mukai et al. 2003 ). Despite being
nphysical, a power law has a similar effect to convolving a cooling
ow model with pwab , a power-law absorption model (e.g. K. Mukai
t al. 2015 ; K. Mukai 2017 ). In our case, we note that NICER
nly covers the 0.2–12 keV energy range. As such, the differences
etween a phenomenological power law model and a more physical
ooling flow model, in terms of both goodness of fit and inferred
ux, 2 are likely to be minimal. We therefore choose to model the
ontinuum emission of V709 Cas using the simpler powerlaw
odel, which we convolve with TBabs to represent absorption due

o the interstellar medium. In CVs, some fraction of the emission may
lso be absorbed by material within the system. In XSPEC , partial
overing absorption can be modelled using a partcov component,
hich we convolve with the phabs absorption model. Physically,
habs represents photoelectric absorption, and is considered to be

he best absorption model for CVs (e.g. K. Mukai 2017 ). 
In addition to their continuum emission, CVs often show discrete

pectral features, such as the Fe K complex (e.g. K. Yoshida,
. Inoue & Y. Osaki 1992 ). Phenomenologically, these spectral

eatures can be modelled using gaussian components. When
tting emission lines, it is common to fix the width (sigma
arameter) to prevent the component from becoming too broad
for a recent example, see M. Kimura et al. 2025 ). In our case,
e fix the emission line width to 0.1 keV, roughly matching
ICER ’s energy resolution. To verify the significance of emission

ine components, we use the F-test and adopt the conventional
ignificance threshold of p ≤ 0 . 05. The only exception to this
s the Fe K complex, which we explicitly decompose into three
aussians with line energies of 6.4 keV (fluorescence Kα), 6.67 keV

He-like), and 6.97 keV (H-like). Our starting model is there-
ore constant ∗TBabs ∗(partcov ∗phabs) ∗(powerlaw +
aussian + gaussian + gaussian) . 
NRAS 545, 1–15 (2026)

 Provided we do not extrapolate the model beyond NICER ’s energy range. 

p
 

f  

3  
 RESULTS  

.1 Identification of periodic signals 

.1.1 Fundamental frequencies 

o search for spin and beat pulsations in our light curves, we
omputed LSPs around the 312.75 s spin frequency reported by S. M.
ao et al. ( 2026 ). These LSPs are presented in Fig. 2 , with vertical

ines corresponding to the spin, ω (dashed line), and the spin-orbit
ide bands, ω ± � (dotted lines). 

From Fig. 2 , it can be seen that the LSPs of the hard and soft X-ray
ight curves, as well as those of the i- and z-band light curves, are
ominated by the spin frequency (and aliases thereof). Conversely,
he g- and r-band LSPs are dominated by the ω − � beat frequency
nd corresponding aliases. A weak feature at ω − � can also be seen
n the i-band LSP, while the z-band LSP lacks the resolution required
o identify a beat. The X-ray LSPs show no features at ω − �. No
rominent features at the ω + � side band can be seen in any of these
eriodograms. 
Following the method described in Section 3.2.1 , the X-ray LSPs

rom Fig. 2 suggest spin periods of 312 . 73 ± 0 . 03 s (hard) and
12 . 73 ± 0 . 01 s (soft), while the i-band LSP suggests a spin period
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Figure 3. Light curves for Epochs 6 and 7 folded on the 312.73 s spin period. Two periods are presented for clarity. 

Figure 4. Light curves for Epochs 6 and 7 folded on the 317.91 s beat period. Two periods are presented for clarity. 
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f 312 . 748+ 0 . 004 

−0 . 003 s. 3 Similarly, the g- and r-band LSPs suggest beat
eriods of 317 . 915+ 0 . 005 

−0 . 007 and 317 . 913+ 0 . 006 
−0 . 007 s, respectively. The g-

and beat and i-band spin periods therefore imply an orbital period 
f 5 . 345+ 0 . 006 

−0 . 008 h. All of these periods are consistent with previously
eported values (Section 1 ). 

To visualize the pulse profiles, we folded all of our light curves
n the X-ray spin period of 312.73 s, and additionally folded our
 We do not attempt to infer a spin period from the z-band LSP due to the 
oor resolution. 

i  

p
 

d  
PTICAM light curves on the g-band beat period 317.91 s. For
ll phase folds, we used an arbitrary time of zero phase of BMJD
0608. We note that we do not fold the X-ray light curves on the
eat period since none of our X-ray LSPs show beat features. The
pin-folded light curves for Epochs 6 and 7, for which we have
imultaneous NICER data, are presented in Fig. 3 , while the beat-
olded OPTICAM light curves for these same epochs are presented 
n Fig. 4 . The phase-folded light curves for the remaining epochs are
resented in Appendix A . 
As can be seen in Fig. 3 , the spin-folded light curves change

rastically from X-rays to near-IR. Within a given waveband, the spin
MNRAS 545, 1–15 (2026)
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M

Figure 5. Spin ( ω; black ‘x’ markers) and beat ( ω − �; red ‘ + ’ markers) 
pulsed fractions for the OPTICAM g, r , and i bands as a function of epoch 
number. 
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Table 3. Average spin and beat pulsed fractions over all epochs. 

Band Pulsed fraction 
(per cent) 

Spin Beat 

2.5–12 keV 62 ± 10 
0.5–2.5 keV 64 ± 3 
g 1 . 80 ± 0 . 07 2 . 21 ± 0 . 07 
r 2 . 25 ± 0 . 03 2 . 01 ± 0 . 03 
i 4 . 89 ± 0 . 03 2 . 23 ± 0 . 03 
z 8 . 41 ± 0 . 09 2 . 48 ± 0 . 09 

Figure 6. Average spin ( ω; black dashed line) and beat ( ω − �; red dotted 
line) pulsed fractions for the OPTICAM g, r , i, and z bands as a function of 
central wavelength. 
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ulsations can also be seen to vary from night to night. Considering
rst the X-rays, the soft band reveals a double-peaked pulse profile
onsistent with those seen in A. J. Norton et al. ( 1999 ) and K. Mukai
t al. ( 2015 ), while the increased scatter seen in the hard band makes
he pulse profile difficult to characterize. 

From the spin-folded OPTICAM light curves shown in Fig. 3 , it
an be seen that the the pulse profile becomes clearer with increasing
avelength: the g band shows a large amount of scatter, though
ulsations are somewhat visible, while the z band shows clear double-
eaked pulsations. The double-peaked OPTICAM pulsations appear
symmetrical, with one peak having a larger amplitude than the other,
hile in the X-rays both peaks can be seen to have similar amplitudes.

t can also be seen that there are no appreciable phase lags between
he different OPTICAM bands. 

Regarding the beat pulsations shown in Fig. 4 , it can be seen that
he night-to-night variations are more drastic than in the case of the
pin. In terms of shape, the beat pulsations can be either single-
r double-peaked, depending on the night (Appendix A ). Within a
iven epoch, the beat pulse profile appears similar across all bands,
ith the exception of Epoch 7, which shows a large amount of

catter. The qualitatively similar beat pulsations from optical to near-
R is in contrast to the strongly wavelength-dependent spin pulsations
escribed above. 
Aside from the above qualitative differences, the spin and beat

ulsations also exhibit quantitative differences in amplitude over
ime and across wavelengths. To check for correlations between the
pin and beat variability, we computed the nightly pulsed fractions
f the spin and beat pulsations for the OPTICAM g, r , and i bands,
or which we have multiple nights of data. The results of this are
resented in Fig. 5 . To then investigate the wavelength dependence
f the spin and beat pulsations, we computed their averaged pulsed
ractions over all epochs (listed in Table 3 ), and in Fig. 6 we present
he averaged OPTICAM pulsed fractions as a function of filter
avelength. 
As can be seen from Fig. 5 , the spin and beat pulsed fractions of

he g and r bands appear highly correlated over time, while the i 
and shows a less clear correlation. In particular, Epoch 9 shows a
arge increase in the beat pulsed fraction across all three bands. In the
 and r bands, the increased beat pulsed fraction is coincident with
NRAS 545, 1–15 (2026)
 similarly large increase to the spin pulsed fraction. In the i band,
owever, the large increase to the beat pulsed fraction in Epoch 9 is
oincident with a much smaller increase in the spin pulsed fraction. 

Considering the averaged pulsed fractions listed in Table 3 , it can
e seen that the X-ray spin amplitude does not change significantly
etween our hard and soft bands. In both cases, the pulsed fraction
s slightly in excess of 60 per cent, consistent with D. Martino
t al. ( 2001 ). In contrast, it can be seen that the amplitude of the
pin pulsations in the OPTICAM bands increases with increasing
avelength. In the optical g and r bands, the increase is relatively
odest at ∼25 per cent. When moving from the optical to the near-

R, however, the i-band pulsed fraction is more than twice that of the
 band; within the near-IR, the pulsed fraction increases by a further
72 per cent from the i to the z band. 
Unlike the spin, the OPTICAM beat pulsed fractions list in Table 3

ppear largely insensitive to wavelength: across all four bands, the
eat pulsed fraction is ∼ 2 per cent. As can be seen in Fig. 6 , the
ptical spin and beat pulsations are therefore of similar amplitudes.
n the near-IR, however, the i-band spin pulsed fraction is more than
wice the beat pulsed fraction, and the z-band spin pulsed fraction is
arger than the beat pulsed fraction by a factor > 3. 

.1.2 Harmonic frequencies 

o search for spin and beat harmonics, we also computed LSPs
round 2 ω and 2( ω ± �). These LSPs are presented in Fig. 7 ; in this
ase, the vertical lines correspond to the first harmonic of the spin,
 ω (dashed line), and the first harmonics of the spin-orbit side bands,
( ω ± �) (dotted lines). We recall that V. P. Kozhevnikov ( 2001 )
ound peaks at 2( ω − �) but not 2 ω. 

As can be seen from Fig. 7 , the higher frequency LSPs of all bands
how their most prominent features at 2 ω, in contrast to the findings
f V. P. Kozhevnikov ( 2001 ). However, a feature at 2( ω − �) can be
een in the g-band LSP with slightly less power than that of the spin
armonic. 
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Figure 7. Similar to Fig. 2 , but now vertical lines show the first harmonic 
of the spin, 2 ω (dashed line), and the first harmonic of the beat frequency, 
2( ω − �) (dotted line). 
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.2 Power-spectrum modelling 

he resulting fits from the OPTICAM power-spectrum modelling 
escribed in Section 3.3 are presented in Fig. 8 . 
As can be seen from Fig. 8 , the broad-band variability of the g 

 r , and i bands are all well described by zero-centred Lorentzians.
t can also be seen that both the r- and i-bands show a prominent
ignal at ∼ 2 ω, while the i band also shows a weak feature at ∼ ω. In
ontrast, the averaged periodogram of the g-band light curve shows 
o prominent features at any frequency. From these fits, we find break
requencies of 0 . 66 ± 0 . 05, 0 . 68 ± 0 . 05, and 0 . 78 ± 0 . 06 mHz for
he g, r , and i bands, respectively. These break frequencies show a
light, but not statistically significant, wavelength dependence. The 
verage break frequency is 0 . 70 ± 0 . 03 mHz. 

.3 X-ray flux estimation 

o estimate the X-ray flux, we jointly model our NICER 

pectra as described in Section 3.4 . Our starting model, 
onstant ∗TBabs ∗(partcov ∗phabs) ∗(powerlaw + 

aussian + gaussian + gaussian) , resulted in a joint 
2 /dof of 553.00/329. The residuals of this fit revealed several 
xcesses of emission at a range of energies, which we then
odelled as emission lines. The first emission line we identified 
as at 0 . 558 ± 0 . 007 keV ( χ2 /dof = 414.60/327; p = 4 × 10−21 ),
ossibly resulting from the 0.56 keV O VII line. We then identified
 second emission line at 0 . 96 ± 0 . 02 keV ( χ2 /dof = 388.19/325;
 = 2 × 10−5 ), consistent with the 0.96 keV Fe XX line. We

dentified a third emission line at 10 . 00 ± 0 . 09 keV ( χ2 /dof
 376.98/323; p = 0 . 009), most likely due to the 10.01 keV Ni

XVII line. We identified a final emission line at 1 . 80 ± 0 . 08 keV
 χ2 /dof = 369.33/321; p = 0 . 04), consistent with the 1.86 keV Si
II line. The parameters of our final fit are listed in Table 4 , while

he resulting fits can be seen in Fig. 9 . 
From Fig. 9 , it can be seen that our model yields χ2 

ν < 1 . 5 for both
bservations, indicating acceptable fits. That said, it can also be seen
hat there is a slight spectral change between these two observations,
nd so dedicated modelling of each observation may lead to better
esults. In particular, ObsID 7204990102 shows a hard component 
hat is not seen in ObsID 7204990101. We note that a hard component
as also been seen in previous X-ray studies of V709 Cas (e.g. K.
ukai et al. 2015 ; A. W. Shaw et al. 2018 ; D. Martino et al. 2020 ).
owever, since we are only interested in estimating the average X-

ay flux, dedicated modelling of each observation is beyond the scope
f this work. 
Including a cflux term in the model presented in Table 4

ields an unabsorbed 0.5–12 keV flux for ObsID 7204990101 
f (6 . 12 ± 0 . 08) × 10−11 erg cm−2 s−1 . For ObsID 7204990102,
he constant term indicates an 8 . 4 ± 0 . 7 per cent increase in
ux: (6 . 6 ± 0 . 1) × 10−11 erg cm−2 s−1 . The average flux over both
MNRAS 545, 1–15 (2026)
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M

Table 4. Model parameters assuming the multicomponent model: 
constant ∗TBabs ∗(powerlaw + gaussian + gaussian + 

gaussian + gaussian + gaussian) fit to V709 Cas’s NICER 

spectra. 

Component Parameter Value 

constant factor 1 . 084 ± 0 . 007(a) 

TBabs nH (1022 cm 

−2 ) 0 . 078 ± 0 . 004 
partcov CvrFract 0 . 17 ± 0 . 05 
phabs nH (1022 cm 

−2 ) 0 . 9+ 0 . 5 
−0 . 3 

powerlaw PhoIndex 1 . 10 ± 0 . 03 
norm (3 . 9 ± 0 . 2) × 10−3 

gaussian LineE (keV) 0 . 558 ± 0 . 007 
Sigma (keV) 0 . 1(b ) 

norm (7 . 8+ 1 . 0 
−0 . 8 ) × 10−4 

gaussian LineE (keV) 0 . 96 ± 0 . 02 
Sigma (keV) 0 . 1(b ) 

norm (1 . 4 ± 0 . 3) × 10−4 

gaussian LineE (keV) 1 . 80 ± 0 . 04 
Sigma (keV) 0 . 1(b ) 

norm (3 ± 1) × 10−5 

gaussian LineE (keV) 6 . 4(b ) 

Sigma (keV) 0 . 1(b ) 

norm (4 ± 1) × 10−5 

gaussian LineE (keV) 6 . 67(b ) 

Sigma (keV) 0 . 1(b ) 

norm (4 ± 1) × 10−5 

gaussian LineE (keV) 6 . 97(b ) 

Sigma (keV) 0 . 1(b ) 

norm (2 ± 1) × 10−5 

gaussian LineE (keV) 10 . 00 ± 0 . 09 
Sigma (keV) 0 . 1(b ) 

norm (1 . 2 ± 0 . 6) × 10−4 

Note. (a ) normalization factor for ObsID 7204990102 relative to ObsID 

7204990101. ( b) fixed. Errors represent the 1 σ confidence interval. 
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Figure 9. The fits to V709 Cas’s unfolded NICER spectra reported in Table 4 . 
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bservations is (6 . 37 ± 0 . 07) × 10−11 erg cm−2 s−1 , suggesting an
verage X-ray luminosity of (4 . 01 ± 0 . 08) × 1033 erg s−1 . 4 

 DISCUSSION  

.1 Wavelength-dependent pulsations 

n Section 4.1 , we found that the spin pulsations of V709 Cas are
ighly sensitive to wavelength. In this section, we attempt to provide
 physical explanation for this phenomenon. 

.1.1 The wavelength dependence of ω and ω − �

s mentioned in Section 1 , S. M. Rao et al. ( 2026 ) found that
he relative prominence of ω − � and ω features in their LSPs
ould vary with time. We recall that S. M. Rao et al. ( 2026 )

herefore suggested that V709 Cas is a disc-overflow system that
ccretes primarily via a disc (when ω is most prominent), but
lso shows episodes of stream-fed accretion (when ω − � is most
rominent). We also recall that the TESS bandpass covers 6000–
0 000 Å, meaning it partially overlaps with our r and z bands, while
ompletely overlapping with the i band. Since we see ω and ω − �

imultaneously at different wavelengths within the TESS bandpass,
he two signals being produced by different accretion mechanisms is
ifficult to reconcile. Indeed, periodicities at ω − � can be produced
NRAS 545, 1–15 (2026)

 Using a distance of 725 ± 9 pc (Section 1 ). 

T  

B  

C  
n disc-accreting systems if emission from the accretion column is
eprocessed by material fixed in the orbital frame. Such reprocessing
ould take place, for example, where material from the secondary
eets the outer edge of the accretion disc (B. J. M. Hassall et al.

981 ), or in the atmosphere of the secondary (J. Patterson & C. M.
rice 1981 ). As an example, A. E. Covington et al. ( 2022 ) noted that

he IP RX J2133.7 + 5107 showed a period of enhanced accretion
hat was coincident with an increase in power of the ω − � beat
requency. A. E. Covington et al. ( 2022 ) argued that disc-overflow
as unlikely since the overflow stream could not be close to the inner-

dge of the disc given the low Pspin /Porb ratio ( ≈ 0 . 022); instead, they
nvoked the reprocessing mechanism described above. In our case,
709 Cas has an even lower Pspin /Porb ratio of ≈ 0 . 016, leading us

o also conclude that disc-overflow is unlikely. We therefore suggest
hat the optical ω − � beat pulsations seen in Fig. 2 are produced by
he reprocessing of soft X-rays in a disc-accreting system (e.g. G. A.

ynn & A. R. King 1992 ). One question that remains, however, is
hy the spin pulsations ‘reappear’ in the near-IR. 

.1.2 Hints of cyclotron emission? 

he increasing spin pulsed fraction with increasing wavelength
hown in Table 3 and Fig. 6 may be a result of cyclotron emission.
o date, cyclotron emission has been confirmed in only 11 IPs:
G CMi (S. C. West, G. Berriman & G. D. Schmidt 1987 ; G.
hanmugam et al. 1990 ), PQ Gem (V. Piirola et al. 1993 ; S. R.
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osen et al. 1993 ; S. B. Potter et al. 1997 ), RX J1712.6–2414 (D.
. H. Buckley et al. 1995 ), V2306 Cyg (M. Uslenghi et al. 2001 ),
X J2133.7 + 5107 (S. Katajainen et al. 2007 ), V405 Aur (V. Piirola
t al. 2008 ), V3731 Oph (O. W. Butters et al. 2009 ), NY Lup and UU
ol (S. Katajainen et al. 2010 ), IGR J15094-6649 (S. B. Potter et al.
012 ), and IGR J17014-4306 (S. B. Potter & D. A. H. Buckley 2018 ).
he most direct detection of cyclotron emission comes from circular 
olarization. Additionally, cyclotron humps, characteristic humps 
n a source’s spectrum at harmonics of the fundamental cyclotron 
requency, are another indication of cyclotron emission. Cyclotron 
umps can also be used to constrain the WD magnetic field strength
as in, for example, C. Littlefield et al. 2023 ), though such features
re yet to be found in IPs (V. S. Dhillon et al. 1997 ). 

From the photometric data we have on V709 Cas, we cannot 
traightforwardly determine the emission mechanism. However, we 
an make comparisons to systems in which cyclotron emission has 
een confirmed, and we find striking similarities between V709 Cas 
nd PQ Gem. V. Piirola et al. ( 1993 ) found that R- and I -band light
urves of PQ Gem showed pulsations at the 13.9 min WD spin period,
hile the U -, B-, and V -band light curves all showed pulsations at a
4.5 min period that they attributed to the spin-orbit beat (implying 
n orbital period of ∼ 5 h). These findings were also supported by
. R. Rosen et al. ( 1993 ). V. Piirola et al. ( 1993 ) also found circular
olarization in the R and I bands, with the I -band polarization
ariation being approximately twice that of the R band. As such, V.
iirola et al. ( 1993 ) concluded that the R- and I -band spin pulsations
ere a result of cyclotron emission. Given the similarities between 
ur findings and those of V. Piirola et al. ( 1993 ) and S. R. Rosen
t al. ( 1993 ), we find it likely that V709 Cas also emits cyclotron
adiation. 

Cyclotron emission can further explain the weak correlation 
etween the i-band spin and beat pulsed fractions seen in Fig. 5 .
ollowing our suggestion in Section 5.1.1 that the beat pulsations 
re a result of reprocessed emission from the accretion column, an 
ncrease in the beat pulsed fraction implies an increase in the mass
ccretion rate (as in, for example, A. E. Covington et al. 2022 ). By
xtension, the low-amplitude g- and r-band spin pulsations are also 
ikely to be a result of thermal emission given how tightly correlated
heir amplitudes are with the beat pulsed fraction. In contrast, the 
eak correlation between the i-band spin and beat pulsed fractions 

een in Fig. 5 suggests that non-thermal emission (i.e. cyclotron 
adiation) contributes significantly to the i-band spin pulsations. 

.2 Double-peaked spin pulsations 

s mentioned in Section 1 , double-peaked spin pulsations are 
ommonly observed in IPs, particularly those with shorter rotation 
eriods. In Section 4.1 we showed that, in addition to the double-
eaked X-ray spin pulsations previously reported in A. J. Norton 
t al. ( 1999 ), D. Martino et al. ( 2001 ), and K. Mukai et al. ( 2015 ),
709 Cas also shows double-peaked spin pulsations in the optical 

nd near-IR. 
Since X-rays are emitted from the accretion column (K. Aizu 

973 ; A. C. Fabian, J. E. Pringle & M. J. Rees 1976 ), double-
eaked X-ray spin pulsations are often attributed to both poles 
eing seen each rotation (e.g. A. J. Norton et al. 1999 ). S. R. Rosen
t al. ( 1993 ) considered that the double-peaked R- and I -band spin
ulsations of PQ Gem may be caused by emission from both poles,
ut also suggested that cyclotron beaming may be important. Since 
yclotron radiation is emitted perpendicular to the magnetic field 
ines, cyclotron beaming would produce a flux minimum when the 
agnetic pole is pointed at the observer, while maxima would be 
roduced when the magnetic pole subtends an angle of ±90◦ to the
bserver’s line of sight, thereby producing two maxima per rotation 
rom a single pole. From Fig. 3 , however, it can be seen that the
- and z-band spin pulsations do not produce minima at the X-ray
axima. Therefore, if V709 Cas emits cyclotron radiation, cyclotron 

eaming must be unimportant; indeed, this is also the case for the
rototypical polar AM Her, which shows double-peaked optical and 
ear-IR spin pulsations whose maxima coincide with those of its X-
ay spin pulsations (D. T. Wickramasinghe et al. 1991b ). We therefore 
onclude that the double-peaked spin pulsations produced by V709 
as are likely a result of both poles contributing to the observed flux.

.2.1 Asymmetries and night-to-night variations 

n their two-pole model of AM Her, D. T. Wickramasinghe et al.
 1991b ) showed that the relative flux contributions of each pole
hange with time, producing asymmetric double-peaked spin pul- 
ations due to moving emission regions. Similarly, the variations in 
he asymmetry of V709 Cas’s spin pulsations may also be a result
f the varying visibilities of two emission regions. We also note that
ariations in the spin pulsations are a common feature of IPs (e.g.
. O’Donoghue, C. Koen & D. Kilkenny 1996 ; T. W. Reimer et al.
008 ), and so night-to-night variations (as shown in Fig. 5 ) are not
urprising. 

.3 Magnetic field strength 

sing the power-spectrum models from Section 4.2 , in addition to
he inferred X-ray luminosity from Section 4.3 , we can obtain a
ough estimate of the surface magnetic field strength, B, of V709
as. Assuming a dipole field, we can rewrite equation 6.18 of J.
rank, A. King & D. J. Raine ( 2002 ) to yield 

30 = Ṁ
1 / 2 
16 M

1 / 4 
∗

R3 ∗, cm 

[ RM , cm 

5 . 1 × 108 	 

] 7 / 4 
, (3) 

here B30 is the surface magnetic field strength in units of 1030 

, Ṁ16 is the mass accretion rate in units of 1016 g s−1 , M∗ is the
D mass in solar masses, R∗, cm 

is the WD radius in cm, RM , cm 

is
he magnetospheric radius in cm, and 	 is a dimensionless quantity
elated to the accretion geometry. The accretion geometry determines 
ow the Alfvén radius, RA (R. F. Elsner & F. K. Lamb 1977 ) relates
o the magnetospheric radius: 

A = RM 

	 

. 

or magnetized neutron stars, it is convention to assume 	 ≈ 0 . 5
ollowing P. Ghosh & F. K. Lamb ( 1979a , b ), and so we also adopt
his value. To solve equation ( 3 ), we therefore need to estimate the

D radius, magnetospheric radius, and mass accretion rate. 
The WD radius can be approximated using the WD mass–radius 

elation of M. Nauenberg ( 1972 ). For a 0.88 M� WD (A. W. Shaw
t al. 2018 ), this relation gives a radius of 6 . 4 × 108 cm. 

We can interpret the average break frequency of 0.70 mHz found
n Section 4.2 as the viscous frequency of the accretion disc at the
agnetospheric radius (e.g. Y. E. Lyubarskii 1997 ; P. Arévalo & P.
ttley 2006 ; S. Scaringi 2014 ). Relating the viscous frequency to
 Keplerian orbital radius yields 1 . 8 × 1010 cm; since the viscous
requency cannot be larger than the dynamical frequency (N. I. 
hakura & R. A. Sunyaev 1973 ), this represents a lower limit on

he magnetospheric radius. 
MNRAS 545, 1–15 (2026)
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The mass accretion rate, Ṁ , can inferred by rearranging equa-
ion 1.5 of J. Frank et al. ( 2002 ) to yield 

˙
 = Lacc R∗

GM∗
, (4) 

here Lacc is the accretion luminosity and G is the gravitational
onstant. It is difficult to measure Lacc directly since it will span a
ide range of wavelengths. However, we can assign a lower limit

o Lacc using X-ray luminosity found in Section 4.3 , which implies
˙
 � 2 . 2 × 1016 g s−1 . 
The values derived above suggest a magnetic field strength of � 10
G, which is considerably larger than the 1 . 9 ± 0 . 03 MG magnetic

eld strength estimated by V. F. Suleimanov, V. Doroshenko & K.
erner ( 2019 ). However, V. F. Suleimanov et al. ( 2019 ) were unable
easure a break frequency for V709 Cas, and therefore estimated

he magnetospheric radius using the co-rotation radius. For a spin
eriod of 312.73 s, the co-rotation radius is 6 . 6 × 109 cm, which
s a factor ∼ 2 . 7 lower than our lower limit on RM 

. Correcting the
agnetic field strength estimate of V. F. Suleimanov et al. ( 2019 ) by
 factor 2 . 77 / 4 ≈ 5 . 9 gives B = 11 . 0 ± 0 . 2 MG, in agreement with
ur estimate. 

.3.1 Cyclotron harmonics 

ith a lower limit on the magnetic field strength, we can check that it
s consistent with our suggestion of cyclotron emission by calculating
he fundamental cyclotron frequency, fcyc , from equation 6.30 of J.
rank et al. ( 2002 ): 

cyc = eB 

2 πme c 
, (5) 

here e is the charge of an electron, B is the magnetic field
trength, me is the electron mass, and c is the speed of light in a
acuum. It should be noted, however, that the fundamental cyclotron
requency (and low harmonics thereof) are believed to be obscured
y the emitting material, such that only higher harmonics contribute
ignificantly to the observed flux (e.g. J. Frank et al. 2002 , chapter
). 
Following our interpretation that the i- and z-band spin pulsations

ound in Section 4.1 are a result of cyclotron emission, this implies
yclotron harmonics close to the central wavelengths of these
lters (7480 and 8932 Å, respectively). The i and z bands roughly
orrespond to the 13th and 11th harmonics of a 10 MG field, fifth and
ixth harmonics of a 20 MG field, and third and fourth harmonics
f a 30 MG field, respectively. For a 40 MG field, second and third
armonics would be produced at ∼ 8900 and 6700 Å, respectively,
nd so would likely not be seen in the i band. Moreover, since it is
enerally the third to sixth harmonics that are seen (e.g. C. Littlefield
t al. 2023 ), we find a 10 MG field unlikely. We therefore suggest
hat V709 Cas’s magnetic field strength is in the 10 MG < B < 40

G range. 
We note that our inferred magnetic field strength is more consistent

ith the expected field strength for a polar than an IP (e.g. B. Warner
995 ). However, similarly large estimates have been made for other
Ps. For example, V. Burwitz et al. ( 1996 ) estimated a field strength
f 10–30 MG for UU Col, H. Vaeth, G. Chanmugam & J. Frank
 1996 ) estimated a field strength of 9–21 MG for PQ Gem, and V.
iirola et al. ( 2008 ) estimated a field strength of 31.5 ± 0.8 MG for
405 Aur, all of which are known to emit cyclotron radiation. As

uch, we do not consider our result to be unphysical. 
NRAS 545, 1–15 (2026)
.3.2 A polar progenitor? 

iven the inferred magnetic field strength of 10 MG < B < 40 MG,
t is plausible that V709 Cas may evolve into a polar (as predicted
y, e.g. G. Chanmugam & A. Ray 1984 ; A. R. King, J. Frank & H.
itter 1985 ). Using numerical simulations, A. J. Norton et al. ( 2004 )

uggested that magnetic CVs with magnetic moments, μ, greater than
5 × 1033 G cm3 and orbital periods greater than 3 h will evolve into

olars. Assuming a dipole field, and using the WD radius estimated
n Section 5.3 (M. Nauenberg 1972 ), we find 2 . 6 × 1033 G cm 

3 <

< 1 . 0 × 1034 G cm3 . Our estimations are therefore consistent with
709 Cas being a polar progenitor. 

 C O N C L U S I O N S  

rom 10 nights of OPTICAM observations on V709 Cas, we found
pin and beat periods of 312 . 748+ 0 . 004 

−0 . 003 and 317 . 915+ 0 . 005 
−0 . 007 s, respec-

ively. These periods are consistent with previous measurements
e.g. F. Haberl & C. Motch 1995 ; V. P. Kozhevnikov 2001 ; S. M.
ao et al. 2026 ). We also found that the spin pulsations of V709
as appear strongly wavelength dependent. In the optical regime,
 is not prominent in the LSP and instead prominent features are

een at the ω − � beat frequency. In the near-IR, however, the
pposite is true: ω is prominent, while ω − � is not. Quantitatively,
e showed that the pulsed fraction of the spin pulsations increases

rom 1 . 80 ± 0 . 07 per cent in the g band to 8 . 41 ± 0 . 09 per cent in
he z band. In contrast, we showed that beat pulsations are much
ess sensitive to wavelength, increasing in pulsed fraction from
 . 21 ± 0 . 07 per cent in the g band to just 2 . 48 ± 0 . 09 per cent in
he z band. Based on similarities to PQ Gem (V. Piirola et al.
993 ; S. R. Rosen et al. 1993 ), we argue that V709 Cas likely
mits cyclotron radiation. If confirmed, V709 Cas would increase
he number of cyclotron-emitting IPs to 12 (L. Ferrario et al. 2015 ;
. B. Potter & D. A. H. Buckley 2018 , and references therein). In
ection 5.3 , we estimated the magnetic field strength to be in the
0 MG < B < 40 MG range based on analytical approximations (Y.
. Lyubarskii 1997 ; J. Frank et al. 2002 ; P. Arévalo & P. Uttley 2006 ;
. Scaringi 2014 ) and our expectation for cyclotron humps in the i 
nd z bands. This range is similar to the 9–21 MG magnetic field
trength estimated for PQ Gem (H. Vaeth et al. 1996 ), which is not
urprising given the similarities between these two systems. 

To follow up this work, we suggest searching for circular polariza-
ion in the (near-)IR emission of V709 Cas. POLIMA 2, a polarimeter
t the OAN-SPM, could be used to search for circular polarization
n the I band, which partially overlaps with our i and z bands.
lternatively, the bandpass of the PEPSI spectropolarimeter at the
arge Binocular Telescope (K. G. Strassmeier et al. 2015 , 2018 ) also
verlaps with our i and z bands. A benefit of PEPSI is that its high
pectral resolution may allow circularly polarized wavelengths (i.e.
yclotron humps) to be identified. Therefore, in addition to testing
or cyclotron emission, PEPSI may help to further constrain V709
as’s magnetic field strength. 
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PPENDIX  A :  PHASE-FOLDED  L I G H T  C U RV E S  

n this section we provide the phase-folded light curves for all epochs,
xcluding those already presented in Section 4.1 , to more clearly
NRAS 545, 1–15 (2026)

Figure A1. Light curves for Epochs 1 and 
emonstrate the qualitative wavelength-dependences and night-to-
ight variations. The light curves of Epochs 1 and 2, 3 and 4, 5 and 8,
nd 9 and 10 folded on the 312.73 s spin period found in Section 4.1
re presented in Figs A1 , A2 , A3 , and A4 , respectively. 

As can be seen from Figs A1 , A2 , A3 , and A4 , the g-band light
urves sometimes show spin pulsations consistent with those seen in
he i band, while other times they do not. In particular, if the i-band
pin pulsations are asymmetric, it is often the case that only the larger
eak is shown in the g band. The r band, in contrast, almost always
hows spin pulsations consistent with those seen in the i band, though
ometimes with different relative peak heights. For example, Fig. A1
hows the r-band light curves having a large peak at phase ∼ 0 . 2 and
 smaller peak at phase ∼ 0 . 75; in contrast, the i-band light curves
ither show a larger peak at phase ∼ 0 . 75 (Epoch 1; left panel) or
ave similarly sized peaks (Epoch 2; right panel). 
In Figs A5 , A6 , A7 , and A8 we present the light curves of Epochs

 and 2, 3 and 4, 5 and 8, and 9 and 10, respectively, folded on the
17.91 s beat period found in Section 4.1 . 
As can be seen from Figs A5 , A6 , A7 , and A8 , the beat pulsations

re qualitatively similar in all bands within a given epoch. Generally,
he beat pulsations appear single peaked, in contrast to the findings
f V. P. Kozhevnikov ( 2001 ), though Epoch 3 (left panel of Fig. A6 )
hows double-peaked beat pulsations. It can also be seen that the
eat pulsations show larger night-to-night variations than the spin
ulsations. 
2 folded on the 312.73 s spin period. 
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Figure A2. Light curves for Epochs 3 and 4 folded on the 312.73 s spin period. 

Figure A3. Light curves for Epochs 5 and 8 folded on the 312.73 s spin period. 

Figure A4. Light curves for Epochs 9 and 10 folded on the 312.73 s spin period. 
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Figure A5. Light curves for Epochs 1 and 2 folded on the 317.91 s beat period. 

Figure A6. Light curves for Epochs 3 and 4 folded on the 317.91 s beat period. 

Figure A7. Light curves for Epochs 5 and 8 folded on the 317.91 s beat period. 
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Figure A8. Light curves for Epochs 9 and 10 folded on the 317.91 s beat period. 
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