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Abstract

Tilted disk precession exists in different objects. Negative superhumps (NSHs) in cataclysmic variable stars are
believed to arise from the interaction between the reverse precession of a tilted disk and the streams from the
secondary star. Utilizing Transiting Exoplanet Survey Satellite photometry, we present a comprehensive
investigation into the tilted disk precession and NSHs in the dwarf nova (DN) HS 2325+8205, employing eclipse
minima, eclipse depths, NSH frequencies, and NSH amplitudes and the correlation between them as the windows.
We identified NSHs with a period of 0.185671(17) day in HS 2325+8205. The NSH frequency exhibits variability
with a period of 3.943(9) days, akin to the tilted disk precession period validated in nova-like stars (SDSS J0812)
and intermediate polars (IPs; TV Col). The O−C of the eclipse minima were similarly found to vary cyclically in
a period of 4.135(5) days, characterized by a faster rise than fall. Furthermore, the NSH amplitude exhibits
complex and diverse variations, which may be linked to changes in the disk radius, the mass transfer rate, and the
apparent area of the hot spot. For the first time in DNe, we observe biperiodic variations in eclipse depth
(P1= 4.131(4) days and P2= 2.065(2) days≈ Pprec/2) resembling those seen in IPs, suggesting that variations
with P2 are not attributable to an accretion curtain, as previously suspected. Moreover, NSH amplitude and eclipse
depth decrease with increasing NSH frequency, while NSH amplitude correlates positively with eclipse depth.
These complex variations observed across multiple observational windows provide substantial evidence for the
understanding of tilted disk precession and NSHs.

Unified Astronomy Thesaurus concepts: Cataclysmic variable stars (203); Semi-detached binary stars (1443);
Dwarf novae (418)

1. Introduction

Superorbital signals (SORs) have been found in cataclysmic
variable stars (CVs) such as TV Col (Q.-B. Sun et al. 2024a;
Psor∼ 4 days), active galactic nuclei, black hole binaries like
SS 433 (S. B. Foulkes et al. 2010; Psor∼ 162 days), and X-ray
binaries such as Her X-1 (R. Giacconi et al. 1973; Psor∼
35 days). These signals are generally believed to originate from
the reverse precession of tilted accretion disks. Evidence comes
from the discovery of reverse precession in jets (e.g.,
R. M. Hjellming & K. J. Johnston 1981; A. Caproni &
Z. Abraham 2004; Z. Abraham 2018; Y. Cui et al. 2023). The
precession period of the jet in M87 was measured to be
Pprec∼ 11 yr (Y. Cui et al. 2023), and the precession timescale
of the active galactic nucleus 2MASX J12032061+1319316
was estimated to be Pprec∼ 105 yr (K. Rubinur et al. 2017).

CVs exhibit SORs with periods of only a few days, believed
to originate from the reverse precession of tilted disks (e.g.,
J. I. Katz 1973; P. Barrett et al. 1988; D. Harvey et al. 1995;
M. A. Wood et al. 2009). They have short precession timescales
and numerous examples of precession signals (e.g., A. Bruch
2022, 2023a, 2023b; Q.-B. Sun et al. 2022; S. Y. Stefanov &
A. K. Stefanov 2023). Therefore, CVs provide an ideal
experimental environment for studying tilted disk precession in

astrophysics. Negative superhumps (NSHs) in CVs, with periods
several percent shorter than the orbital period, are thought to
result from interactions between the streams from the secondary
star and the reverse precession of tilted disks (e.g., J. M. Bonne-
t-Bidaud et al. 1985; D. Harvey et al. 1995; J. Patterson 1999).
The relationship 1/Pprec= 1/Psor= 1/Pnsh− 1/Porb exists,
where Pprec is the precession period.
Evidence for the tilted disk precession has been found, with the

surprising agreement of the SORs with predictions of the tilted disk
precession period (Pprec;Psor) being the most important evidence.
Other evidence includes the eclipse minima, the eclipse depth, the
eclipse width, and the NSH amplitude with periodic variations
similar to the theoretical tilted disk precession period
(Pprec;Psor;PO−C,eclipse;Pdepth,eclipse;Pwidth,eclipse;Pamplitude,
NSHs). NSHs are thought to originate from the interaction of the
streams with the tilted disk precession, and the main observational
evidence for this is 1/Pnsh; 1/Psor+ 1/Porb. Some authors have
reproduced NSHs based on smooth particle hydrodynamics within
the framework of this model (e.g., M. M. Montgomery 2009;
M. A. Wood et al. 2009; M. Kimura & Y. Osaki 2021). The
finding that the NSH amplitude varies as the tilted disk precession
is very important evidence. However, this observational evidence is
still lacking.
Recently, we conducted an extensive study of tilted disk

precession in CVs using space telescope data, focusing on
NSHs as a key indicator (e.g., Q.-B. Sun et al. 2023b, 2023a,
2024b, 2024a). Dwarf nova (DN) outbursts are commonly
attributed to thermal instabilities in accretion disks, while
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NSHs are believed to arise from interactions between tilted disk
precession and streams from secondary stars. However, the
combination of thermally unstable and tilted disks remains
poorly understood. We observed in DN systems AH Her,
ASAS J1420, TZ Per, and V392 Hya that NSH amplitudes vary
with outburst phases (Q.-B. Sun et al. 2023a, 2024b),
suggesting a significant link between NSHs and DN outbursts
as a valuable avenue for studying accretion disk instability and
NSH origins. Additionally, we detected periodic variations in
eclipse minima, eclipse depth, and NSH amplitudes consistent
with the precession period of the tilted accretion disk in the
nova-like star (NL) SDSS J0812 (Q.-B. Sun et al. 2023b).
These findings provide strong evidence for a direct correlation
between NSH origin and tilted disk precession. Subsequently,
we confirmed these phenomena in the intermediate polar (IP)
system TV Col, a prototype for NSH systems, and observed a
biperiodic variation in eclipse depth, potentially linked to the
dual accretion curtains of IPs (Q.-B. Sun et al. 2024a) and
offering critical observational insights into tilted disk preces-
sion in CVs. Recent studies by A. Bruch (2024) have similarly
identified a prevalence of periodic variations in observed minus
calculated (O− C) diagrams and eclipse widths, consistent
with the period of tilted disk precession.

HS 2325+8205, a long-period eclipsing DN (∼4.66 hr)
initially discovered by O. Morgenroth (1936), has a rich
observational history (e.g., O. Morgenroth 1936; H.-J. Hagen
et al. 1995; A. Aungwerojwit et al. 2005; J. Shears et al. 2011;
L. K. Hardy et al. 2017; Q.-B. Sun et al. 2023c) and is
classified as a Z Cam–type DN due to its short recurrence
period (S. Pyrzas et al. 2012). In our recent study, we identified
quasiperiodic oscillations (QPOs) with a period of ∼2160 s
during the peak of a long outburst, with the QPO intensity
correlated with orbital phase (Q.-B. Sun et al. 2023c). Hence,
we propose that studying the relationship between QPOs and
orbital phase could offer valuable insights into their origins.

Although the tilted disk reverse precession model is widely
used, the mechanism that leads to disk tilting and reverse
precession is controversial. Fundamental questions, such as
how the material streams from the secondary star interact with
the accretion disk and the underlying physical processes at the
point of contact, require more detailed exploration. SORs
characterize tilted disk precession, but current studies indicate
that SORs are not universally observed in systems with NSHs,
particularly in DNe with NSHs (e.g., G. Ramsay et al. 2017;
J. Court et al. 2020; Q.-B. Sun et al. 2023a, 2024b), posing a
challenge to the tilted disk precession theory. HS 2325+8205,
a DN with NSHs, presents new observational data. Utilizing
eclipse minima, eclipse depths, NSH frequencies, and NSH
amplitudes as investigative windows, we endeavor to explore
potential evidence of tilted disk precession and validate
whether phenomena observed in nonmagnetic CVs (NLs) and
magnetic CVs (IPs) also manifest in DNe. This approach aims
to provide invaluable observational insights for studies
pertaining to tilted disk precession and NSHs.

The organization of this paper is outlined as follows.
Section 2 introduces the photometric data obtained through the
Transiting Exoplanet Survey Satellite (TESS) mission. In
Section 3, we conduct an in-depth analysis of NSH frequency,
NSH amplitude, and eclipse depth, as well as O− C variations
and QPOs. Section 4 delves into potential explanations for the
observed changes. Finally, Section 5 presents the conclusions.

2. TESS Photometry

This paper harnesses data from TESS (G. Ricker et al. 2015),
launched by NASA in 2018 and managed by MIT. NASA’s
Ames Research Center’s Science Processing Operations Center
(J. M. Jenkins et al. 2016) is responsible for processing TESS’s
calibrated data into light curves, providing both simple aperture
photometry (SAP) and presearch data-conditioned simple
aperture photometry light curves (for details, see J. D. Twicken
et al. 2010 and K. Kinemuchi et al. 2012). Eventually, these
data are transmitted to the Mikulski Archive for Space
Telescopes.6 Our research has already made significant
progress in studying CVs utilizing TESS data (e.g., Q.-B. Sun
et al. 2023a, 2023b, 2023c, 2024a, 2024b).
The photometric observations of HS 2325+8205 were

conducted by the TESS mission, encompassing Sectors 18,
19, 25, 26, 53, 59, and 60 (refer to Table 1 and Figure 1 for
details). Our recent research revealed the presence of QPOs
during the peak of the long outbursts of HS 2325+8205,
utilizing data from Sectors 18, 19, 25, and 26 (Q.-B. Sun et al.
2023c). Subsequently, fresh data from TESS were released, and
the current study primarily focuses on analyzing the data
obtained from Sectors 53, 59, and 60, particularly exploring the
impact of the emerging NSHs and the accretion disk precession
on the system.

Table 1
Journal of Observations

Sectors Start Time Start Time End Time
(MBJD) (UT) (MBJD)

18 58790.15713 2019-11-03 58814.51574
19 58815.58519 2019-11-28 58840.65031
25 58983.12924 2020-05-14 59008.80275
26 59009.76386 2020-06-09 59034.63223
53 59743.49271 2022-06-13 59768.47641
59 59909.76523 2022-11-26 59936.18870
60 59936.40397 2022-12-23 59962.08395

Figure 1. HS 2325+8205 light curve from TESS photometry. The yellow line
is the LOWESS fit in order to remove the outburst trend.

6 https://mast.stsci.edu/
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3. Analysis and Results

3.1. The Emergence of NSHs

To analyze the photometric data of HS 2325+8205 obtained
by TESS, we employed the locally weighted regression (LOW-
ESS) method (W. S. Cleveland 1979) to remove the outburst
trend, as illustrated in Figure 1. The resulting residuals were
segmented into five parts for frequency analysis using Period04
software (details in P. Lenz & M. Breger 2005). Sectors 18 and
19 are treated as one part, Sectors 25 and 26 as another, and the
remaining 53, 59, and 60 as one part each (see Table 2 for the
span of each part). This analysis revealed dominant orbital
periods, NSHs, and twice the orbital harmonic signals. Notably,
NSHs were detected specifically in sectors 53, 56, and 60, as
shown in Figures 2(b) and (c). Further analysis excluding eclipse
phases emphasized the prominence of NSHs. The average period
of the NSHs was determined to be 0.185671(17) day, averaged
over the three sectors (see Figure 2(c) and Table 2). The orbital
period averaged over all five sectors was calculated as 0.194321
(18) day. This marks the first detection of NSHs in HS 2325
+8205. The excess was calculated as ò=−0.0445(2), where
ò= (Pnsh− Porb)/Porb. No SORs were identified in the light
curve. The theoretical precession signal was calculated to be
4.171(17) days (0.240(1) day−1, 1/Pprec= 1/Pnsh− 1/Porb).

3.2. Parameter Extraction for NSHs

More recent studies have highlighted the complexity and
variability of NSHs, where a single period is insufficient to
describe its behavior. We observed periodic variations in NSH
amplitude, O− C, and eclipse depth in NLs and IPs, and we
aimed to verify this phenomenon in DN HS 2325+8205, where
no SORs were found. If periodic variations similar to the tilted
disk precession cycle were found, it would be possible to
demonstrate that the tilted disk has not disappeared. Therefore,
we employed a segmented fitting approach similar to Q.-B. Sun
et al. (2023b, 2024a) to explore the evolution of NSHs.
NSHs were detected solely in Sectors 53, 56, and 60, with

the corresponding SAP_flux light curve labeled LC#1 (see
Figure 3(a)). The light curve after removing the outburst trend
was denoted as LC#2 (see Figure 3(b)). The out-of-eclipse
portion of LC#2 was divided into 91 segments, each spanning
approximately 4 times the orbital period (∼0.78 day, account-
ing for potential data gaps of varying durations; see Table A1).
Following the methods of Q.-B. Sun et al. (2023b, 2024a), we
initially attempted a segmented linear superposition sinusoidal
model to fit the out-of-eclipse curve of LC#2 (depicted by blue
circles in Figure 3(b)) but encountered poor fitting results
during outburst peaks. Due to the persistent outburst presence
in LC#1, which hindered accurate LOWESS trend removal per
segment, we opted for a least-squares quadratic superimposed

Table 2
Frequency Analysis Results of Period04 for Different Curves of HS 2325+8205

Start and End Timesa Sectors Typesb Frequency Errors Period Errors Amplitudef Errorsf

(day) (1 day–1) (1 day–1) (day) (day) (e s−1) (e s−1)

1790.6586–1841.1504 18, 19 orb 5.1475 1.63E–04 0.194270 6.13E–06 6.629 0.099
2*orb 10.2923 1.31E–04 0.097160 1.23E–06 8.253 0.099

1983.6307–2035.1323 25, 26 orb 5.1447 1.30E–04 0.194376 4.92E–06 7.111 0.086
2*orb 10.2910 1.10E–04 0.097172 1.04E–06 8.421 0.086

2743.9942–2768.9765 53 orb 5.1472 5.79E–04 0.194281 2.19E–05 4.043 0.106
nsh 5.3881 2.82E–04 0.185594 9.72E–06 8.298 0.106
2*orb 10.2929 3.40E–04 0.097155 3.21E–06 6.892 0.106

2910.2667–2936.6888 59 orb 5.1437 7.74E–04 0.194412 2.93E–05 2.366 0.088
nsh 5.3729 4.30E–04 0.186121 1.49E–05 4.264 0.088
2*orb 10.2901 4.45E–04 0.097181 4.21E–06 4.113 0.088

2936.9055–2962.5841 60 orb 5.1476 7.65E–04 0.194265 2.89E–05 5.671 0.202
nsh 5.3967 7.89E–04 0.185299 2.71E–05 5.500 0.202
2*orb 10.2943 5.42E–04 0.097141 5.12E–06 8.003 0.202

2744.3160–2962.0519 53, 59, 60 fre 0.2536 5.81E–04 3.942596 9.03E–03 0.067 0.015
2744.3160–2768.4769 53 A1 0.2150 5.05E–03 4.651595 1.09E–01 2.350 0.520
2910.6340–2962.0519 59, 60 A2 0.2381 3.11E–03 4.200622 5.49E–02 1.416 0.411
2748.0497–2959.0980 53, 59, 60 O − C 0.2419 2.65E–04 4.134623 4.54E–03 0.0010 0.0001
2748.0497–2959.0980 53, 59, 60 depth1 0.2421 2.60E–04 4.131036 4.43E–03 2.618 0.260
2748.0497–2959.0980 53, 59, 60 depth2 0.4842 4.87E–04 2.065178 2.08E–03 1.413 0.263
2961.2563–2962.5730 60 QPOc 39.477 2.41E–02 2188.638 1.34E+00 7.054 0.407
1251.8247–1302.2254 K2(c18) SDSS J0812d 0.3214 3.03E–03 3.111484 2.93E–02 0.092 0.026
2174.7567–2227.0064 32, 33 TV Cole 0.2555 1.93E–03 3.913435 2.96E–02 0.122 0.022

Notes.
a The units are BJD–2457000.
b The meanings of the different symbols are as follows: orb = orbital frequency, nsh = NSH frequency, 2*orb = second harmonic of the orbital frequency,
fre = frequency of NSH frequency change, A1 = peak frequency of change in NSH amplitude in Sector 53, A2 = frequency of NSH amplitude change in Sectors 59
and 60, O − C = signal of the O − C curve change, depth1 = peak frequency of eclipse depth, depth2 = peak frequency of the residual from the first analysis (details
in Section 3.6), and QPO = peak frequency of the QPO at the top of the outburst in Sector 60.
c The unit of the QPO’s period is the second, and the other period units are days.
d Periodic analysis of the NSH frequency of SDSS J0812 (Q.-B. Sun et al. 2023b) from the 18th observational campaign of K2.
e Periodic analysis of the NSH frequency of TV Col (Q.-B. Sun et al. 2024a).
f The symbols fre, SDSS J0812, and TV Col have an amplitude unit of 1 day−1, O − C has an amplitude unit of days, and all the remaining amplitudes have a unit of
e s−1.
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sinusoidal model without weighting to mitigate outburst
effects:

( ) · ·
· ( · ( · )) ( )p

= + +
+ +
Z B C

A p
Flux BJD BJD BJD

sin 2 freq BJD . 1

2

Here, Z, B, C, A, freq, and p represent the fitted intercept, linear
coefficients, quadratic coefficients, amplitude, frequency, and
phase, respectively. The theoretical NSH curve derived from
the segmental fit was subtracted from the LC#1 light curve to

obtain LC#3, which represents the light curve after removing
the NSH trend. The final fit results are depicted by the yellow
solid line in Figure 3(b) and summarized in Table A1,
providing crucial insights into NSH amplitude and frequency.

3.3. Frequency Variation

The average value of BJD for each segment served as the x-
axis for plotting, yielding curves depicting NSH frequency and
amplitude variations over time. The frequencies of NSHs were

Figure 2. Frequency spectrograms of HS 2325+8205. (a) Results of the frequency analysis of the light curve after removing the outburst trend by dividing it into five
separate parts (see Table 2); the time range in the legend is in units of BJD–2457000. (b) Results of the analysis of the curves after removing the outburst trend and
eclipse for Sectors 53, 59, and 60. (c) Local zoomed-in view of plate (b); vertical red, blue, and magenta dashed lines correspond sequentially to the orbital frequency,
the NSH frequency, and the twice harmonic of the orbital frequency (all averaged over different sectors).

Figure 3. Segmented fitting process. (a) SAP_flux light curves (LC#1) for Sectors 53, 59, and 60; the yellow solid line is the LOWESS fit. (b) Residuals (LC#2) of
the LOWESS fit to LC#1; the blue points are the out-of-eclipse curves, and the yellow solid line is the segmental fit to the out-of-eclipse curves. (c) Residuals (LC#3)
obtained by subtracting the yellow solid line from all light curves in LC#2; the blue points are the out-of-eclipse curves, and the red points are the eclipse minima.
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consistently higher than the orbital frequency, exhibiting
periodic instabilities and variations (see Figure 4(a)). Analysis
conducted using Period04 revealed that NSH frequencies
exhibit periodic variations with a period of 3.943(9) days (see
Figure 4(a) and Table 2). The sinusoidal fits corresponding to
the peak NSH frequency are represented by blue solid lines in
Figure 4(a) (Period04 software integrates frequency analysis
with sinusoidal fitting; details are given in P. Lenz &
M. Breger 2005).

To visualize these periodic variations more intuitively, we
selected the light curve from Sector 59 as an example and
zoomed in (see Figure 5). Using BJD 2459760.6121 as the
zero-phase point (which was standardized for all subsequent
folding), the NSH frequency changes were folded over phases

0–2, revealing the periodic changes in NSH frequency (see
Figure 8(a)). This study marks the first observation of periodic
variations in NSH frequencies resembling the theoretical cycle
of tilted disk precession, providing crucial observational
evidence for understanding the origin of NSHs.

3.4. Amplitude Variation

We have observed periodic variations in the NSH amplitude
similar to the tilted disk precession period in NLs (e.g., SDSS
J0812; Q.-B. Sun et al. 2023b) and IPs (e.g., TV Col;
Q.-B. Sun et al. 2024a). To verify the generality of this
phenomenon, we conducted a similar analysis of NSH
amplitude in the DN HS 2325+8205. The NSH amplitudes

Figure 4. Frequency analysis of different curves of HS 2325+8205. Right panels: frequency spectra of the different curves; the peak frequencies have been marked
using red vertical lines. Left panels: the scattered dots are the different curves, and the solid line is the sinusoidal fit corresponding to the peak frequencies (see Table 2
for parameters). (a), (b), (c), and (d) are in turn the NSH frequencies, the eclipse depths, the residuals from the fitting of the (b) panels, and O − C between the
observed and calculated eclipse minimum epochs. The red horizontal dashed line in (a) is the orbital frequency.
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obtained from segmented fits exhibited both positive and
negative values, with absolute values used for analysis. The
analysis of NSH amplitude revealed instability characterized by
various types of variations:

(a) Quadratic variation in NSH amplitude in Sector 53 (see
Figure 6(a)).

(b) Long-term increase in NSH amplitude observed in
Sectors 59 and 60 (see Figure 6(a)).

(c) Periodic variations in amplitude across Sectors 53, 59,
and 60 (see Figure 6(b)).

(d) Amplitude of periodic variations in NSH amplitude
increasing in Sectors 59 and 60 over time (see
Figures 6(a) and (b)).

Figure 5. Details of different curves and their contrasts. The data were selected from Sector 59 in order to clearly show the details of the changes and to compare the
different curves. (a) The frequency variation of NSHs is consistent with Figure 4(a). (b) The variation curve of eclipse depth is in accordance with Figure 4(b). (c) In
agreement with Figure 4(c). (d) The O − C variation curve is in agreement with Figure 4(d). (e) The LC#3 light curve. (f) The LC#4 light curve. (g) The CWT 2D
power spectra of LC#4 are consistent with Figure 6(d). (h) The variation curve of the amplitude of NSHs is in agreement with Figure 6(b).
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To determine the period of periodic amplitude variation, we
performed a parabolic fit to NSH amplitude data in Sector 53
and a linear fit in Sectors 59 and 60 (blue and red solid lines in
Figure 6(a)) to mitigate long-term variations. The residual data
from these fits were separately analyzed for frequency (see
Figures 6(e) and (f)). The periods of amplitude variation
were found to be P|A|,s53= 4.652(109) days and P|A|,s59,s60=
4.201(55) days (see Table 2). The period of Sector 53 is slightly
longer than the theoretical precession period, while Sectors 59
and 60 exhibit variations closer to the theoretical precession
period, a bias that may be related to the small number of data
points in Sector 53.

Consistent with the approach of Q.-B. Sun et al. (2024a), we
employed continuous wavelet transform (CWT; C. E. Heil &
D. F. Walnut 1989) to validate changes in NSH amplitude. The
segmented fitting of the out-of-eclipse curve of LC#2 provided
the parabolic and sinusoidal components, yielding LC#4 after
removing the quadratic component (dotted line in Figure 6(c))
and retaining only the sinusoidal component (red solid line in
Figure 6(c)). CWT applied to LC#4 confirmed long-term and
periodic variations in NSH amplitude. The colors of the stripes
in the 2D power spectrum of CWT indicate NSH intensity.
Focusing on Sector 59 (2910.2667–2936.6888, BJD–
2457000), combined with Figures 6(a), (b), and (c), significant
enhancement in NSH intensity and clear periodic variation in
NSH amplitude were observed, consistent with segmental
fitting results.

This study represents the first observation of periodic
variations in NSH amplitude similar to the tilted disk
precession period in DNe, underscoring the general applic-
ability of this phenomenon.

3.5. O−C

The O− C method of eclipse minima provides an effective
means to study the evolution of binary star systems. In CVs,
primary stars, including white dwarfs, accretion disks, and hot
spots, are eclipsed by secondary stars when the orbital
inclination exceeds a critical threshold. The luminosity of
white dwarfs remains stable, with variations primarily
attributed to the accretion disk. Eclipse minima represent the
centers of brightness during these eclipses. Recent studies have
indicated that eclipse minima in CVs exhibit variations similar
to timescales associated with accretion disk precession. There-
fore, O−C analysis of eclipse minima serves as an ideal
method to investigate accretion disk variations in eclipsed CVs.
Previously, we utilized the LOWESS and segmented fitting

methods to remove outburst and NSH trends, resulting in
LC#3 (see Figure 3(c)). Consistent with Q.-B. Sun et al.
(2023b), we computed 356 eclipse minima for HS 2325+8205
using a linear superposition Gaussian fit (see Table A2). An
O− C analysis of these quiescent minima was carried out on
the basis of an ephemeris derived from Q.-B. Sun et al.

Figure 6. Analysis of the amplitudes of NSHs. (a) NSH amplitude variation curves; blue and red lines are parabolic and linear fits, respectively. (b) Residuals of the fit
in layout (a); blue and red lines correspond to sinusoidal fits to the peak frequencies of the frequency analysis of the NSH amplitudes in Sector 53 and in Sectors 59
and 60, respectively. (c) Out-of-eclipse curves of LC#2 with the parabolic component removed from the segmental fit; the yellow solid line is the sinusoidal part of
the segmental fit. (d) CWT 2D power spectrum of LC#4. (e) and (f) Results of the frequency analyses of the NSH amplitudes in Sector 53 and in Sectors 59 and 60,
corresponding to the black and red solid lines, respectively, with the peak frequencies marked by vertical dashed lines.
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(2023c),

( ) ( ) ( )= + ´ EMin.I BJD2458793.6762 6 0.19433475 6 , 2

where E represents the cycle number. The O−C analysis
revealed significant periodic variations, with frequency analysis
determining periods and amplitudes of 4.135(5) days and 87.3
(89) s, respectively (see the spectrum in Figure 4 and the
sinusoidal fit to peak frequency in Table 2), consistent with
theoretical accretion disk precession periods. Further observation
showed that the O−C variation is nonsinusoidal, with a rise
time approximately half that of the decline (see Figures 4(c) and
5(d)). The folded O−C curve is depicted in Figure 8(e), where
instead of a sinusoidal fit, we binned the curve at 0.03 phase
intervals, further revealing that the O−C curve rises faster than
it declines.

3.6. Eclipse Depth

Using a method consistent with Q.-B. Sun et al.
(2023b, 2024a), we computed the variation in eclipse depth
for HS 2325+8205, utilizing the −0.5 to −0.1 and 0.1–0.5
phases of each eclipse from the LC#3 light curves as out-of-
eclipse data. To exclude outburst effects, we focused on data
during quiescence and performed linear fits to the eclipse depths
for Sectors 53, 59, and 66, yielding the final relative eclipse
depth variation curves (see Figure 4(b)). Frequency analysis of
these eclipse depths revealed a periodic variation with a peak
frequency of 0.2421(3) day−1 (P1= 4.131(4) days). The sinu-
soidal fit corresponding to this peak frequency is depicted as
blue solid lines in Figures 4(b) and 5(b). Further frequency
analysis of residuals from the sinusoidal fit identified a periodic
variation with a period of P2= 2.065(2) days, approximately
half that of P1 (see Figures 4(c) and 5(c)).

Additionally, following Q.-B. Sun et al. (2024a), we folded
the eclipse depth curve and applied both double-sine and
single-sine fits. The results confirmed the presence of a
biperiodic variation in the eclipse depth (see Figures 8(c) and
(d)). Upon detailed comparison of the variations in LC#3 and
the eclipse depth curves, the clear bipeak structure is evident in
the minima (see Figures 5(b) and (e)).

This discovery represents the first observation of a biperiodic
variation in eclipse depth in nonmagnetic CVs, providing
crucial observational evidence for understanding tilted disk
precession in CVs.

3.7. QPOs

In recent work, QPOs were identified with frequencies of
40.263(5) day−1 (∼2145.89 s, 1827.1297–1827.9867) and
39.871(3) day−1 (∼2166.99 s, 1994.2584–1995.6320) during
the peak of two long outbursts in HS 2325+8205 (Q.-B. Sun
et al. 2023c). In this study, QPOs were similarly detected at the
peak of a long outburst in Sector 60. Following the
methodology of Q.-B. Sun et al. (2023c), the top curve was
selected to remove the orbital trend using a LOWESS fit (see
Figure 7(a)), and frequency analysis of the residuals identified
the period of the QPOs as 39.477(24) day−1 (∼2188.62 s,
2961.2563–2962.5730), generally consistent with previous
observations (see Figure 7). Spectrograms of the three data
sets were plotted to compare the three QPOs, showing no
significant changes over the maximum time span of QPO
detection (see Figures 7(c), (d), (e) and (g)), approximately
1135 days (∼3 yr). This stable period of QPOs in HS 2325

+8205 suggest that QPOs may have originated from physical
changes on timescales longer than at least ∼3 yr, providing
important observational evidence for studying the origin and
characteristics of QPOs.
In addition, a comparison of the three periodograms reveals

not only the presence of QPOs but also two distinct signals at
frequencies of approximately 30 day−1 and 45 day−1. The
periodogram from the interval 1994.2584–1995.6320 is the most
significant among them (see Figure 7(d)). Using Figure 7(d) as an
example, these signals are identified as f1= 29.784(56) day−1

and f2= 45.176(70) day−1. These signals might arise from the
combined frequencies of the orbital frequencies and QPOs,
f1≈ (39.871(3)–2 ∗ forb) day

−1 and f2≈ (39.871(3) + forb) day
−1.

The combined frequencies are still interesting to study, and the
reasons why 2 ∗ forb and + forb are observed rather than other
combinations need to be explored further.

4. Discussion

4.1. Correlation of Different Windows

We observed that the NSH frequency, NSH amplitude,
eclipse minima, and eclipse depth exhibit cyclic variations
similar to the theoretical period of tilted disk precession. These
findings suggest that although there are no SORs, the tilted disk
precession is still present, and the question of why the SORs
are not significant is still to be answered.
In this section, we explore their interrelationships and

intrinsic significance. In Section 3.2, NSH information was
derived via segmented fitting, yielding 91 data points. To
enhance our analysis, O− C and eclipse depth evaluations
were extended to encompass 227 points during the quiescent
state. Direct comparison between NSH information and O− C
or eclipse depth was not feasible. To proceed, we initially
focused on quiescent NSH data and employed linear
interpolation using eclipse minima as the base BJD to expand
the data points for NSH frequency and NSH amplitude to 227
points. This method generated frequency and amplitude change
curves for NSHs corresponding to each eclipse minima.
Comparison between interpolated results and original curves
is depicted in Figures 9(g) and (h), demonstrating consistent
trends.
Figure 9 illustrates the relationships among the four variation

curves. A significant correlation is evident between NSH
frequency, NSH amplitude, and eclipse depth, whereas O− C
shows no significant relationship with the other variables.
Linear fitting results reveal the following:

(a) NSH amplitude decreases as NSH frequency increases
(see Figure 9(c)), confirming the opposite evolutionary
trend between the two variables observed in Figures 9(g)
and (h).

(b) Similarly, eclipse depth decreases with increasing NSH
frequency (see Figure 9(b)), displaying notable changes
as shown in Figures 5(a) and (b), with sinusoidal curves
demonstrating opposite evolutionary trends.

(c) Conversely, eclipse depth increases with NSH amplitude
(see Figures 9(f) and 5(b) and (h)), providing further
evidence for (a) and (b) (where both NSH amplitude and
eclipse depth decrease with frequency, suggesting
isotropic evolution of NSH amplitude and eclipse depth).
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These findings offer crucial observational evidence for
subsequent discussions on their origin and for investigating
tilted disk precession and NSHs.

4.2. Complex Variations in NSH Amplitude

First, we utilize NSH amplitude variations as a starting
point to explore various new phenomena. Before delving into
these variations, let us revisit the origins of NSHs. Numerous
studies support the notion that NSHs stem from periodic
fluctuations in the energy released from streams impacting a
retrogradely precessing tilted disk (e.g., J. M. Bonnet-Bidaud
et al. 1985; D. Harvey et al. 1995; J. Patterson et al. 1997;
J. Patterson 1999; M. A. Wood & C. J. Burke 2007; M. A. Wood
et al. 2009; M. M. Montgomery 2009, 2012; E. Armstrong et al.
2013; D. M. Thomas & M. A. Wood 2015; M. Kimura et al.
2020; A. Bruch 2023b; Q.-B. Sun et al. 2024a). Because the tilted
disk is slowly reversing precession, when fast binaries turn a
circle, the streams from the secondary star will have the
opportunity to enter the farthest point of the inner disk twice
(two faces of the tilted disk), producing two humps with periods
slightly less than half the orbital period; due to the large optical

thickness of the disk, the observer will only be able to see a
single hump during one orbit. The release of TESS data has
provided a valuable opportunity to study the origin of NSHs,
leading to the discovery of numerous new phenomena, which
pose both challenges and opportunities for models of reverse
precession of tilted disks.
In Section 3.4, we identify four variations characterizing the

NSHs amplitude (see Figure 6): (a) parabolic variation, (b) long-
term increase, (c) periodic variation, and (d) long-term increase
in the amplitude of the periodic variation of the NSH amplitude.
To explain these phenomena, we enumerate the main sources of
NSH-related optical variations in CVs. The following possible
variations will be considered in the subsequent discussion using
the format, e.g., “Variable source: i”:

(i) Thermal instability on the accretion disk leading to a
luminosity rise (outburst; e.g., Y. Osaki 1996; J.-
P. Lasota 2001; J. M. Hameury 2020).

(ii) Changes in the radius of the accretion disk (e.g.,
N. Vogt 1983; Y. Osaki 1989; B. Warner 1995) resulting
in shifts in the impact point of the stream and consequent
alterations in the released kinetic energy.

Figure 7. QPOs for HS 2325+8205 in Sector 60. (a) Outburst top of Sector 60 corresponding to the LC#3 curve; the red solid line is the LOWESS fit. (b) Residuals
of the LOWESS fit; the red solid line is the sinusoidal fit corresponding to the peak frequency. (c), (d), and (e) Comparisons of the spectrograms of the three QPO light
curves corresponding to the times in order 1827.1297–1827.9867, 1994.2584–1995.6320, and 2961.2563–2962.5730, and the magenta dashed line corresponds to a
frequency of 40 day−1. (f) Enlarged view of the light curves in the blue colored rectangular box in panel (b). (g) Combined view of panels (c), (d), and (e), with the
curve colors corresponding to the individual panels in turn.
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(iii) Variations in the matter transfer rate from the secondary
star (e.g., J. Smak 2013; J. M. Hameury &
J. P. Lasota 2017; J. M. Hameury 2020).

(iv) Changes in the tilt angle of the accretion disk (e.g.,
M. M. Montgomery 2009; Y. Osaki & T. Kato 2013;
M. Kimura et al. 2020).

(v) Retrograde precession of the tilted disk, the origin
of SORs.

(vi) Variation in the hot-spot position as the material stream
traverses the disk, the origin of NSHs.

(vii) Variations caused by the combination of binary motion
phase changes and tilted disk precession phase changes
due to unchanged observational positioning.

Recent investigations have shown in DNe AH Her, ASAS
J1420, TZ Per, and V392 Hya that NSH amplitudes decrease
during rising outbursts and increase during declining outbursts

(Q.-B. Sun et al. 2023a, 2024b), interpreted as arising from
changes in the accretion disk radius (Variable source: ii). In this
study, we observe a parabolic variation in NSH amplitude for
HS 2325+8205 in Sector 53. Sector 53ʼs light curve displays
two incomplete outbursts at its start and end (see Figure 3(a);
2743.9942–2768.9765), with the middle period in quiescence.
Additionally, NSHs in Sector 53 exhibit their highest
amplitudes during quiescence, decreasing during rising out-
bursts and increasing during declining outbursts, mirroring the
behavior observed in AH Her. Consequently, we suggest that
the parabolic variation in NSH amplitude in Sector 53 stems
from changes in the accretion disk radius (Variable source: ii).
During outburst rise, the disk radius expands, reducing the
distance from the Lagrangian L1 point to the disk contact point,
thereby diminishing the energy release from the material.
Conversely, during outburst decline, the disk contracts.
However, the absence of significant parabolic variation in

Figure 8. Different folding curves for HS 2325+8205. The zero-phase point is BJD 2459760.6121, and the folding period corresponds to the frequency analysis
results of the different curves (see Table 2). (a) Folded curves for the frequency variation of the NSHs, with the red solid line being a sinusoidal fit. (b) Folded curves
for the amplitude variation of the NSHs, with the red solid line being a sinusoidal fit. (c) Folded curves for the variation of the eclipse depth, with blue dashed and
magenta solid lines being a single-sinusoidal and a double-sinusoidal fit, respectively. (d) Folded curves for O − C; the red curves are the result of binning at 0.03
phase intervals.
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Sectors 59 and 60 is perplexing and might be obscured by
longer-term, more pronounced variations.

Periodic variations in NSH amplitude have been observed in
NL SDSS J0812 (Q.-B. Sun et al. 2023b) and IP TV Col
(Q.-B. Sun et al. 2024a), and this phenomenon is noted for the
first time in DNe. This periodic variation provides strong
evidence for the presence of a tilted disk with reverse
precession in NSHs. Consistent with interpretations of SDSS
J0812 and TV Col, the origin of the periodic amplitude
variation may be akin to the origin of SORs, stemming from
the periodic variation in the apparent hot-spot area due to tilted
disk precession (Variable source: vii).

Additionally, we have newly identified that the amplitude of
cyclic variations in NSH amplitude increases with a long-term
increase in NSH amplitude. The amplitudes of NSHs in Sectors
59 and 60 exhibit a prolonged increase beyond the outburst
timescale, potentially associated with changes in the tilt angle

of the disk (Variable source: iv) and the rate of matter transfer
(Variable source: iii). The relationship between the orbital and
NSHs and the tilted disk precession frequency can be expressed
as (J. C. B. Papaloizou & C. Terquem 1995; J. Larwood 1998;
Y. Osaki & T. Kato 2013; J. Smak 2013; M. Kimura et al.
2020; S. Y. Stefanov & A. K. Stefanov 2023)
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where νnsh is the orbital frequency, νorb is the NSH frequency,
νprec is the tilted disk precession frequency, G is the
gravitational constant, M2 is the mass of the secondary, a is
the binary separation, Σ is the surface density of the disk, Ω is
the Keplerian angular velocity of the disk matter, r is the radial
distance from the accretion disk to the white dwarf, and θ is the
tilt angle. Assuming the other parameters are constant, an

Figure 9. Correlation of different curves. (a), (b), (c), (d), (e), and (f) in order of NSH frequency vs. O − C, NSH frequency vs. eclipse depth, NSH frequency vs. NSH
amplitude, O − C vs. eclipse depth, O − C vs. NSH amplitude, O − C vs. NSH amplitude, and eclipse depth vs. NSH amplitude. The colors in the figure indicate the
density (amount of data per unit area), with redder colors indicating more data points per unit area. (g) and (h) Examples and results of linear interpolation of NSH
frequency and amplitude; the dotted line in the figure is the result of interpolation, and the red line is the raw data.
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increase in the tilt angle leads to an increase in νnsh, but our
analysis of NSH frequencies reveals no significant long-term
increasing trend except for periodic variations. Hence, as noted
by J. Smak (2013), this may be related to a long-term increase
in the matter transfer rate (Variable source: iii). If there is a
sustained increase in the material transfer rate, this could also
explain the long-term increase in the amplitude of periodic
NSH amplitude variations, which are larger for the same orbital
phase and tilted disk precession phase.

4.3. Not Only IPs but Also DNe

Periodic variations in eclipse depth related to tilted disk
precession have been observed in NL DW UMa (D. R. S. Boyd
et al. 2017) and NL variables (Iłkiewicz et al. 2021). In our recent
studies, we have detected periodic variations in eclipse depth in
both IP TV Col (Q.-B. Sun et al. 2024a) and NL SDSS J0812
(Q.-B. Sun et al. 2023b). TV Col exhibits biperiodic variations
with periods P1= 3.905(11) days and P2= 1.953(4) days, where
P1≈ Pprec≈ 2× P2. We interpreted P1 as evidence of tilted disk
precession, attributing it to periodic changes in the apparent area
of the tilted disk. The occurrence of P2 exclusively in IPs, not
NLs, led us to propose that this biperiodic variation might be
linked to the precession of two accretion curtains along with the
tilted disk. However, this hypothesis has evolved with the
findings presented in this paper.

In our recent study, we present the first evidence of biperiodic
variations in eclipse depth in the DN HS 2325+8205
(P1= 4.131(4) days, P2= 2.065(2) days, Pprec= 4.171(17) days)
resembling those observed in TV Col. Interestingly, this
biperiodic variation in eclipse depth is not exclusive to IPs.
The amplitude of P1 in HS 2325+8205 is approximately twice
that of P2 (see Table 2), suggesting that P1 originates from a
brighter source compared to P2. P1 closely matches the
theoretical precession period of the tilted disk, implying periodic
changes in the brightness of the eclipsing center due to tilted disk
precession, further supporting the evidence of tilted disk
precession. Additionally, we found a correlation where the
eclipse depth increases with the amplitude of NSHs (see
Figures 9(f) and 5(b) and (h)), consistent with our interpretation
of cyclic variations in NSH amplitude and eclipse depth with P1.
As the apparent area of the hot spot increases, so does the eclipse
depth.

Surprising and confusing is the change in period for P2.
However, when this phenomenon was first noticed in the IP TV
Col, we suggested that it was due to the accretion curtain
precessing with the tilted disk (Q.-B. Sun et al. 2024a). Yet, the
same variation was found in the nonmagnetic DN HS 2325
+8205, which showed no relation to the accretion curtain. P2 is
approximately half of the theoretical period of tilted disk
precession, suggesting a clear association with tilted disk
precession. Simply put, during one complete precession cycle
of the tilted disk (Pprec), the tilted disk reveals an additional
bright source appearing twice, or two sources appearing once
each, in addition to the brightness of the disk itself. A similar
change in tilted disk precession is the fact that the stream does
have the opportunity to enter the furthest point twice on two
faces of the tilted disk. This implies that the additional
brightness source is likely still due to the motion of the hot spot
across the disk face.

Additionally, the observation that this biperiodic variation is
evident in the eclipse depth but not in the NSH amplitude, NSH

frequency, or O− C highlights a distinct difference in the
origins of these variations. To fully understand this, it is crucial
to consider or rule out various possible factors, including the
type of binary system, orbital inclination, fluctuations in the
accretion disk’s transparency, and the distribution of material,
among others. Detailed studies are scarce, and additional
observational evidence is necessary to validate our hypotheses.
We also caution that the biperiodic variation may alternatively
manifest as a bipeak variation in eclipse depth.

4.4. New Evidence for the Origin of NSHs

In Section 3.3, we identify a periodic variation in the
frequency of NSHs in DN HS 2325+8205 (Pfre = 3.943
(9) days), which closely matches the theoretical period of tilted
disk precession, observed here for the first time. To verify this
phenomenon, we try to seek validation in SDSS J0812 and TV
Col. Frequency analyses were conducted using segmented fit
parameters reported in Q.-B. Sun et al. (2023b, 2024a). The
results reveal periodic variations in NSH frequency with periods
of Pfre = 3.111(29) days (Pprec= 3.0451(5) days; Q.-B. Sun et al.
2023b) and Pfre = 3.913(30) days (Pprec= 3.895(5) days;
Q.-B. Sun et al. 2024a) in SDSS J0812 and TV Col, respectively
(see Figure 10). This establishes that periodic variations in NSH
frequency, approximately matching the period of tilted disk
precession, are common across NLs, IPs, and DNe.
The NSH frequency variation can be described by

Equation (3), where the orbital and precession frequencies are
pivotal. Additionally, we observe a periodic variation in the
O−C diagram of eclipse minima in HS 2325+8205 (PO−C=
4.135(5) days and AO−C= 87.3(89) s; see Section 3.5), char-
acterized by a faster rise than fall. This could potentially
contribute to the observed frequency variations of NSHs, given
that O−C variations stem from changes in the orbital period.
Unfortunately, such short-term periodic O−C variations cannot
be attributed to dominant long-term magnetic activity cycles
(J. H. Applegate 1992), the light travel time effect caused by a
third body (J. B. Irwin 1952; T. Borkovits & T. Hegedüs 1996),
or slight amplitude fluctuations of the accretion disk (B. E. Scha-
efer 2021). Instead, they likely represent periodic oscillations of
the eclipse center due to accretion disk precession (E. De Miguel
et al. 2016; Q.-B. Sun et al. 2023b, 2024a).
If NSH frequency variations are indeed linked to changes in

the period of tilted disk precession, periodic fluctuations in the
precession period would be expected. However, the SOR cycle
remains stable in both SDSS J0812 and TV Col. Moreover, the
possibility of alternating acceleration and deceleration within a
single precession cycle of the tilted disk could potentially
produce asymmetric signals in the SORs (constant SOR period
but with asymmetric nonsinusoidal changes in shape). Yet no
such asymmetry was detected in the nearly sinusoidal
variations of the SORs observed in SDSS J0812 and TV Col.
Therefore, we propose that NSH frequency variations are not
solely a product of the precession cycle.
Crucial observations include »P Pfre prec, the NSH amplitude

decreasing with increasing NSH frequency, and the inverse
correlation observed between eclipse depth and NSH frequency
(see Section 4.1 and Figure 9). This suggests that if NSH
frequency variation is not directly related to the tilt disk
precession period, it may correlate with the precession phase.
We suggest that such variations may arise from an interaction
between the orbital phase and tilted disk precession phase,
similar to the variations observed in NSH amplitude and eclipse
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depth. However, the exact mechanism remains puzzling and
requires further study.

5. Conclusions

In this paper, we present an in-depth study of the tilted disk
precession and the origin of the NSHs based on TESS
photometry using an analysis similar to that of Q.-B. Sun
et al. (2023b, 2024a), with a sample of the long-period
eclipsing DN HS 2325+8205. We utilize the eclipsing minima
O−C, the eclipsing depth, the NSH frequency, the NSH
amplitude, and the correlation between them as the windows.
The main results are as follows:

(1) For the first time, we found NSHs with periods of
0.185671(17) day (ò=−0.0445(2)) in HS 2325+8205,
but no SORs. Discontinuities in NSHs and the absence of
a co-occurrence of SORs and NSHs in HS 2325+8205
provide observational evidence for studying the forma-
tion and cessation of tilted disks and NSHs. Additionally,
we rediscovered QPOs with a period of ∼2188.62 s
(39.477(24) day−1) in the new observational data, with
the period remaining stable for over 3 yr. This provides
crucial observational evidence for understanding the
origin of QPOs.

(2) In HS 2325+8205, a similar periodic variation in the
NSH frequency (Pfre = 3.943(9) days) was found as in the
tilted disk precession cycle. Subsequently, we verified
this in NL SDSS J0812 (Pfre = 3.111(29) days) and IP TV

Col (Pfre = 3.913(30) days) and again found similar
periodic variations, suggesting that this phenomenon is
general. In addition, we found that both NSH amplitude
and eclipse depth decreased with increasing NSH
frequency. Therefore, we suggest that the periodic
variations in NSH frequency may have a similar origin
to the periodic variations in NSH amplitude and eclipse
depth from the interaction of the orbital phase with the
tilted disk precession phase.

(3) The NSH amplitude exhibits complex variations, includ-
ing (a) parabolic variation in Sector 53, (b) a long-term
increase in Sectors 59 and 60, (c) periodic variation
across all sectors, and (d) a long-term increase in the
amplitude of the periodic variation of the NSH amplitude
in Sectors 59 and 60. We suggest that (a) may resemble
DNe AH Her, ASAS J1420, TZ Per, and V392 Hya,
attributable to variations in the accretion disk radius; (b)
may be associated with variations in the matter transfer
rate; (c) mirrors the origin of SORs from cyclic variations
in the hot-spot apparent area; and (d) may result from
combined variations in the matter transfer rate and hot-
spot apparent area.

(4) Similarly, we found periodic variations in the eclipsing
minima O−C of HS 2325+8205, with periods and
amplitudes PO−C= 4.135(5) days and AO−C= 87.3(89) s,
respectively. These variations may be linked to periodic
changes in the eclipsing center in response to tilted disk
precession. Additionally, we observed that the rate of rise

Figure 10. NSH frequency variation curves and frequency analysis of SDSS J0812 and TV Col. The data presented are sourced from Q.-B. Sun et al. (2023b) for
SDSS J0812 and Q.-B. Sun et al. (2024a) for TV Col. In each subplot, the vertical solid line indicates the peak frequency, and the blue solid line represents the
sinusoidal fit corresponding to this peak frequency. (a) and (b) correspond to the NSH frequency variations and corresponding frequency analyses for SDSS J0812,
while (c) and (d) correspond to the NSH frequency variations and corresponding frequency analyses for TV Col.
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of O− C is about half that of the rate of fall, indicating
the asymmetric brightness distribution of the tilted disk.

(5) Analogous to IP TV Col, we identified biperiodic variations
in eclipse depth with periods P1= 4.131(4) days and
P2= 2.065(2) days (P1≈ Pprec≈ 2× P2) in DN HS 2325
+8205. This is the first observation of such cycles in DNe,
suggesting that the variation with period P2 may not be
related to the accretion curtain. We suggest that the periodic
variation with period P2 may also arise from material
streams impacting the furthest points of the two sides.

We conducted a detailed study of tilted disk precession and
NSHs in DN HS 2325+8205 across multiple observation
windows. Our results indicate the presence of periodic
variations approximately matching the precession period in
O−C, eclipse depth, NSH frequency, and NSH amplitude.
These findings strongly support the existence of tilted disk
precession, although no SORs were detected, and the question
of why the SORs are not significant urgently needs to be
addressed. The most intricate variations observed are in NSH
frequency, NSH amplitude, and eclipse depth, and there is a
correlation between them. This paper provides important
observational evidence on these phenomena, which is key
evidence for the study of the origin of the NSHs.
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Appendix
Supplementary Material

This appendix contains Tables A1 and A2. Table A1 shows
the segmented parabolic superimposed sinusoidal fitting
parameters, calculated as described in Section 3.2 of the main
paper. Table A2 shows the quiescent eclipsing parameters for
HS 2325+8205, including eclipsing minima, depth, E, and
O− C analyses.
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Table A1
Parameters Obtained from Fitting the NSHs Using a Parabolic Superimposed Sine Fit

Starta Enda During Z Err. B Errors C Errors A Errors Freq. Errors p Errors νb cred
2 c

(BJD) (BJD) (day) (e s−1) (e s−1) (e (s day)−1) (e (s day2)−1) (e (s day2)−1) (e (s day2)−1) (e s−1) (e s−1) (1 day−1) (1 day−1) (rad) (rad)

2743.9942 2744.6484 0.65 35.43 3.93 −1.94E+05 2.16E+04 2.67E+08 2.96E+07 12.105 3.235 5.261 0.024 350.46 64.92 368 21.29
2744.6498 2745.4262 0.78 2.88 0.98 −1.58E+04 5.40E+03 2.17E+07 7.41E+06 11.185 3.117 5.393 0.023 −13.41 63.79 433 23.92
2745.4275 2746.2026 0.78 −12.73 0.77 6.99E+04 4.21E+03 −9.60E+07 5.78E+06 8.710 3.334 5.554 0.032 −454.19 87.24 429 26.19
2746.2039 2746.9803 0.78 −3.70 1.89 2.03E+04 1.04E+04 −2.79E+07 1.43E+07 7.616 2.603 5.346 0.029 117.15 79.85 430 18.51
2746.9817 2747.7581 0.78 5.16 0.90 −2.83E+04 4.93E+03 3.89E+07 6.78E+06 7.286 2.789 5.321 0.032 184.07 89.08 432 16.62
2747.7595 2748.5345 0.78 3.30 0.94 −1.81E+04 5.15E+03 2.49E+07 7.07E+06 5.258 2.598 5.513 0.042 −340.81 114.47 429 17.87
2748.5359 2749.3123 0.78 3.40 1.33 −1.87E+04 7.34E+03 2.57E+07 1.01E+07 5.779 2.554 5.450 0.036 −168.24 99.56 430 13.41
2749.3137 2750.0901 0.78 2.16 1.41 −1.19E+04 7.75E+03 1.63E+07 1.07E+07 10.423 2.167 5.286 0.018 281.54 49.86 426 15.14
2750.0915 2750.8665 0.78 0.08 1.42 −4.56E+02 7.81E+03 6.28E+05 1.07E+07 10.677 2.322 5.308 0.019 219.90 51.43 428 15.34
2750.8679 2751.6443 0.78 9.32 0.86 −5.13E+04 5.06E+03 7.06E+07 3.04E+06 9.784 2.797 5.366 0.024 60.75 65.19 431 16.44
2751.6457 2752.4207 0.78 4.58 0.90 −2.52E+04 5.23E+03 3.47E+07 3.41E+06 6.215 2.531 5.640 0.034 −692.07 94.10 431 17.06
2752.4221 2753.1985 0.78 13.97 0.43 −7.69E+04 2.37E+03 1.06E+08 3.26E+06 7.865 2.758 5.334 0.029 150.08 80.97 430 15.99
2753.1999 2753.9763 0.78 7.61 0.86 −4.19E+04 3.15E+03 5.77E+07 1.21E+07 11.828 2.287 5.369 0.016 54.06 44.78 431 14.76
2753.9776 2754.7527 0.78 −5.78 1.27 3.19E+04 7.02E+03 −4.39E+07 9.66E+06 12.233 1.951 5.263 0.014 343.29 38.32 430 12.31
2754.7540 2755.5304 0.78 3.57 1.27 −1.97E+04 7.00E+03 2.71E+07 9.65E+06 12.719 2.512 5.289 0.017 272.98 46.57 430 14.71
2755.5318 2755.9930 0.46 95.65 0.68 −5.27E+05 5.29E+03 7.26E+08 7.29E+06 8.496 5.167 5.704 0.050 −868.25 138.76 265 17.73
2756.9124 2757.8624 0.95 7.64 0.96 −4.21E+04 5.29E+03 5.81E+07 7.29E+06 10.921 2.236 5.349 0.017 108.17 46.94 524 21.33
2757.8638 2758.6402 0.78 −1.83 0.85 1.01E+04 4.66E+03 −1.39E+07 6.43E+06 14.675 2.231 5.323 0.013 181.60 35.84 433 15.97
2758.6416 2759.4166 0.78 −3.32 0.68 1.83E+04 3.78E+03 −2.53E+07 5.21E+06 14.474 2.665 5.296 0.016 254.99 43.47 429 18.96
2759.4180 2760.1944 0.78 −1.67 0.72 9.19E+03 4.00E+03 −1.27E+07 5.51E+06 12.693 3.322 5.490 0.021 −281.49 58.67 430 22.68
2760.1958 2760.9722 0.78 11.45 1.08 −6.32E+04 5.96E+03 8.72E+07 8.23E+06 8.969 2.471 5.450 0.023 −169.72 63.74 433 17.39
2760.9736 2761.7486 0.78 −0.98 1.41 5.39E+03 7.79E+03 −7.44E+06 1.07E+07 9.717 3.105 5.395 0.026 −17.28 71.93 429 19.51
2761.7500 2762.5264 0.78 −9.63 1.22 5.32E+04 6.72E+03 −7.34E+07 9.28E+06 13.346 2.338 5.249 0.015 386.13 42.07 430 16.80
2762.5278 2763.3028 0.78 7.80 1.46 −4.31E+04 8.07E+03 5.95E+07 1.11E+07 13.671 2.167 5.314 0.014 206.96 37.37 424 14.43
2763.3042 2764.0806 0.78 −5.09 0.74 2.82E+04 4.07E+03 −3.89E+07 5.63E+06 14.025 2.676 5.273 0.016 319.25 45.33 429 18.47
2764.0820 2764.8584 0.78 −16.19 2.34 8.95E+04 1.29E+04 −1.24E+08 1.79E+07 9.739 3.260 5.537 0.027 −411.05 75.27 431 23.17
2764.8598 2765.6348 0.78 −3.95 0.51 2.18E+04 2.85E+03 −3.02E+07 3.94E+06 8.566 3.131 5.259 0.032 360.21 87.47 430 28.91
2765.6362 2766.4126 0.78 −86.57 0.43 4.79E+05 2.37E+03 −6.62E+08 3.28E+06 6.508 3.029 5.329 0.039 165.12 108.17 430 22.89
2766.4140 2767.1904 0.78 −127.30 0.49 7.04E+05 2.72E+03 −9.75E+08 3.77E+06 4.239 3.334 5.319 0.066 191.87 182.82 432 26.90
2767.1918 2767.9668 0.78 −29.87 0.45 1.65E+05 2.47E+03 −2.29E+08 3.42E+06 5.507 3.459 5.454 0.052 −180.49 144.06 429 30.67
2767.9682 2768.9765 1.01 44.98 14.80 −2.49E+05 8.19E+04 3.45E+08 1.13E+08 −7.484 4.711 5.599 0.052 −584.12 142.82 566 74.14
2910.2667 2910.9890 0.72 33.58 4.33 −1.95E+05 2.52E+04 2.84E+08 3.67E+07 3.397 3.014 5.411 0.067 −65.36 195.02 392 16.10
2910.9903 2911.7667 0.78 −7.28 0.21 4.24E+04 1.19E+03 −6.17E+07 1.74E+06 −0.495 6.432 5.404 0.139 1.51 1.75 430 10.84
2911.7681 2912.5445 0.78 −14.18 0.60 8.26E+04 3.50E+03 −1.20E+08 5.09E+06 4.749 2.082 5.357 0.033 90.38 96.50 430 9.30
2912.5459 2913.3209 0.78 −9.50 0.27 5.54E+04 1.59E+03 −8.06E+07 2.32E+06 −4.818 2.020 5.395 0.031 −19.64 89.85 432 7.32
2913.3223 2914.0987 0.78 8.59 0.85 −5.01E+04 4.94E+03 7.29E+07 7.20E+06 6.025 1.367 5.302 0.017 252.84 50.87 430 5.00
2914.1001 2914.8765 0.78 −2.03 0.31 1.18E+04 1.82E+03 −1.73E+07 2.65E+06 3.445 1.699 5.560 0.036 −500.76 104.59 430 4.77
2914.8778 2915.6528 0.78 1.02 0.31 −5.93E+03 1.80E+03 8.64E+06 2.62E+06 5.227 1.172 5.303 0.017 248.86 50.19 431 3.73
2915.6542 2916.4306 0.78 −6.30 0.97 3.67E+04 5.67E+03 −5.36E+07 8.27E+06 5.509 1.227 5.264 0.017 363.77 50.64 429 3.64
2916.4320 2917.2084 0.78 2.52 0.60 −1.47E+04 3.51E+03 2.14E+07 5.12E+06 4.522 1.560 5.406 0.025 −52.13 73.39 314 3.58
2917.2098 2917.9848 0.78 10.32 0.22 −6.02E+04 1.28E+03 8.79E+07 1.87E+06 3.174 1.389 5.573 0.033 −538.11 96.08 429 4.18
2917.9862 2918.7626 0.78 10.74 0.31 −6.27E+04 1.79E+03 9.15E+07 2.61E+06 4.222 1.635 5.391 0.028 −6.22 80.50 429 4.24
2918.7640 2919.5403 0.78 −2.05 0.77 1.20E+04 4.51E+03 −1.75E+07 6.59E+06 6.696 1.054 5.324 0.012 187.15 34.97 430 2.91
2919.5417 2920.3167 0.78 4.29 0.27 −2.51E+04 1.56E+03 3.66E+07 2.28E+06 6.405 1.335 5.323 0.016 191.98 46.31 431 3.85
2920.3181 2921.0945 0.78 6.11 0.33 −3.57E+04 1.94E+03 5.21E+07 2.83E+06 5.351 1.529 5.369 0.021 55.26 61.37 430 3.65
2921.0959 2921.8709 0.78 4.56 0.45 −2.67E+04 2.65E+03 3.90E+07 3.87E+06 4.019 1.414 5.598 0.026 −612.74 77.18 430 4.23
2921.8723 2922.6487 0.78 4.34 0.39 −2.54E+04 2.31E+03 3.71E+07 3.37E+06 4.302 1.447 5.374 0.025 42.98 72.17 432 3.27
2922.6501 2923.3195 0.67 1.53 0.26 −8.92E+03 1.53E+03 1.30E+07 2.24E+06 6.514 1.440 5.295 0.017 273.82 49.53 384 3.83
2923.5653 2924.2028 0.64 5.42 0.33 −3.17E+04 1.96E+03 4.63E+07 2.86E+06 6.810 2.166 5.339 0.024 143.76 70.51 357 6.48
2924.2042 2924.9806 0.78 0.53 0.65 −3.08E+03 3.81E+03 4.49E+06 5.58E+06 7.077 1.936 5.297 0.021 266.98 60.83 432 6.57
2924.9820 2925.7584 0.78 −1.71 0.34 1.00E+04 2.00E+03 −1.46E+07 2.93E+06 5.414 1.825 5.500 0.025 −326.80 72.30 430 6.33
2925.7598 2926.5348 0.78 −0.74 0.19 4.34E+03 1.12E+03 −6.36E+06 1.64E+06 4.905 0.990 5.421 0.016 −94.92 45.41 430 3.18
2926.5361 2927.3125 0.78 7.95 0.34 −4.66E+04 1.97E+03 6.81E+07 2.88E+06 5.831 1.804 5.344 0.023 131.26 67.10 431 5.67
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Table A1
(Continued)

Starta Enda During Z Err. B Errors C Errors A Errors Freq. Errors p Errors νb cred
2 c

(BJD) (BJD) (day) (e s−1) (e s−1) (e (s day)−1) (e (s day2)−1) (e (s day2)−1) (e (s day2)−1) (e s−1) (e s−1) (1 day−1) (1 day−1) (rad) (rad)

2927.3139 2928.0903 0.78 −0.80 0.54 4.69E+03 3.17E+03 −6.87E+06 4.63E+06 8.719 1.018 5.285 0.009 301.63 26.16 430 2.78
2928.0917 2928.8667 0.77 −6.11 0.46 3.58E+04 2.72E+03 −5.24E+07 3.98E+06 7.710 1.268 5.290 0.013 286.94 36.83 431 3.66
2928.8681 2929.6444 0.78 −0.63 0.38 3.68E+03 2.21E+03 −5.40E+06 3.24E+06 7.631 1.589 5.278 0.016 324.65 46.56 431 4.37
2929.6458 2930.2792 0.63 22.78 1.03 −1.33E+05 6.03E+03 1.96E+08 8.84E+06 5.040 2.533 5.554 0.037 −484.99 107.12 358 6.42
2930.4958 2931.1986 0.70 8.97 0.42 −5.26E+04 2.44E+03 7.70E+07 3.58E+06 4.844 1.414 5.375 0.022 38.94 63.30 379 3.07
2931.2000 2931.9764 0.78 3.44 0.63 −2.02E+04 3.67E+03 2.96E+07 5.38E+06 6.057 1.822 5.287 0.023 297.39 66.64 431 6.08
2931.9778 2932.7541 0.78 −1.10 0.58 6.43E+03 3.40E+03 −9.43E+06 4.98E+06 7.908 1.108 5.282 0.011 311.60 31.38 430 3.30
2932.7555 2933.5305 0.77 −8.18 0.92 4.80E+04 5.42E+03 −7.04E+07 7.95E+06 6.892 1.432 5.300 0.016 258.48 46.29 431 4.63
2933.5319 2934.3083 0.78 −10.82 0.34 6.35E+04 1.99E+03 −9.31E+07 2.93E+06 7.320 1.566 5.256 0.016 387.06 48.25 430 4.50
2934.3097 2935.0861 0.78 124.38 0.34 −7.30E+05 1.97E+03 1.07E+09 2.88E+06 3.488 0.150 5.388 0.001 0.00 1.69 430 4.97
2935.0874 2935.8624 0.77 −42.71 1.52 2.51E+05 8.93E+03 −3.68E+08 1.31E+07 10.290 2.372 5.321 0.017 198.06 51.00 432 14.06
2935.8638 2936.6402 0.78 −7.78 0.39 4.57E+04 2.29E+03 −6.71E+07 3.36E+06 7.600 2.449 5.383 0.024 14.70 69.25 430 10.62
2936.6416 2937.4180 0.78 −47.15 1.77 2.77E+05 1.04E+04 −4.07E+08 1.53E+07 3.902 7.193 5.336 0.137 154.25 401.17 306 45.19
2937.4194 2938.1943 0.77 −31.84 0.23 1.87E+05 1.38E+03 −2.75E+08 2.02E+06 5.698 6.495 5.243 0.087 429.60 257.00 343 85.74
2938.1957 2938.9721 0.78 25.31 2.49 −1.49E+05 1.46E+04 2.19E+08 2.15E+07 11.814 4.149 5.245 0.027 421.03 79.49 430 48.14
2938.9735 2939.7499 0.78 −1.99 0.55 1.17E+04 3.24E+03 −1.72E+07 4.76E+06 10.015 3.673 5.400 0.027 −34.41 78.41 430 22.84
2939.7513 2940.5262 0.77 2.51 0.88 −1.48E+04 5.18E+03 2.17E+07 7.61E+06 9.115 3.217 5.430 0.026 −122.63 76.34 431 23.37
2940.5276 2941.3040 0.78 −4.51 6.69 2.65E+04 3.93E+04 −3.90E+07 5.78E+07 8.309 3.383 5.347 0.030 125.27 88.71 430 20.35
2941.3054 2942.0818 0.78 0.74 0.86 −4.37E+03 5.07E+03 6.43E+06 7.46E+06 −6.042 3.457 5.470 0.041 −239.98 120.83 430 19.12
2942.0832 2942.8581 0.77 16.63 2.65 −9.79E+04 1.56E+04 1.44E+08 2.29E+07 −3.602 3.018 5.580 0.062 −563.59 181.67 431 18.05
2942.8595 2943.6359 0.78 5.91 0.30 −3.48E+04 1.78E+03 5.12E+07 2.61E+06 6.416 2.848 5.323 0.033 191.55 96.82 424 15.96
2943.6373 2944.4137 0.78 −4.94 0.35 2.91E+04 2.05E+03 −4.28E+07 3.02E+06 10.966 2.929 5.239 0.021 439.01 60.73 309 14.57
2944.4151 2945.1901 0.77 2.41 1.49 −1.42E+04 8.78E+03 2.09E+07 1.29E+07 10.673 2.979 5.297 0.021 270.53 61.78 431 16.04
2945.1914 2945.9678 0.78 8.80 1.04 −5.19E+04 6.12E+03 7.64E+07 9.02E+06 7.049 3.309 5.454 0.034 −194.04 99.28 430 18.14
2945.9692 2946.7456 0.78 −2.73 1.11 1.61E+04 6.53E+03 −2.37E+07 9.62E+06 5.965 2.963 5.565 0.036 −521.14 106.68 430 16.44
2946.7470 2947.5220 0.77 8.56 2.02 −5.04E+04 1.19E+04 7.43E+07 1.75E+07 7.569 3.089 5.394 0.029 −17.17 86.84 431 17.45
2947.5233 2948.2997 0.78 −9.72 0.96 5.73E+04 5.66E+03 −8.44E+07 8.35E+06 11.689 2.446 5.280 0.016 317.16 46.79 430 15.93
2948.3011 2949.0775 0.78 2.53 1.44 −1.49E+04 8.50E+03 2.20E+07 1.25E+07 9.862 3.094 5.333 0.023 162.11 68.40 430 17.09
2949.0789 2949.7469 0.67 9.56 1.07 −5.64E+04 6.33E+03 8.32E+07 9.33E+06 7.684 3.774 5.395 0.035 −19.06 103.75 385 17.64
2955.0440 2956.0731 1.03 −2.62 1.00 1.55E+04 5.93E+03 −2.29E+07 8.77E+06 12.264 2.403 5.368 0.014 61.09 40.79 581 24.63
2956.0745 2956.8495 0.77 −15.37 0.77 9.09E+04 4.54E+03 −1.34E+08 6.72E+06 16.820 2.900 5.331 0.013 170.16 37.87 307 17.42
2956.8509 2957.6273 0.78 0.67 1.41 −3.99E+03 8.33E+03 5.89E+06 1.23E+07 15.218 3.003 5.325 0.015 186.27 43.22 430 18.42
2957.6286 2958.4050 0.78 7.40 2.37 −4.38E+04 1.40E+04 6.47E+07 2.07E+07 15.357 3.801 5.311 0.018 227.97 53.93 430 22.37
2958.4064 2959.1814 0.77 22.57 1.21 −1.34E+05 7.15E+03 1.98E+08 1.06E+07 9.905 3.263 5.500 0.024 −329.40 70.43 431 20.97
2959.1828 2959.9591 0.78 237.19 1.43 −1.40E+06 8.47E+03 2.08E+09 1.25E+07 −2.830 4.089 5.279 0.108 324.63 319.74 430 28.05
2959.9605 2960.7369 0.78 −1.85 1.80 1.09E+04 1.06E+04 −1.61E+07 1.57E+07 5.804 2.860 5.643 0.055 2786.40 162.34 430 44.58
2960.7383 2961.5133 0.77 −187.89 0.49 1.11E+06 2.90E+03 −1.65E+09 4.29E+06 12.141 9.469 5.763 0.055 −1110.48 162.45 431 162.90
2961.5147 2962.5730 1.06 0.14 0.69 −8.38E+02 4.08E+03 1.26E+06 6.04E+06 −13.302 4.825 5.235 0.039 −0.44 0.04 602 175.33

Notes.
a BJD–2457000.
b Degree of freedom of the fit.
c Fitted reduced chi-square.
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Table A2
Eclipse Parameters and O − C Analysis of the Quiescence of HS 2325+8205

Minima BJD Err. Minima Flux Err. Eclipse Depth E O − C Minima BJD Err. Minima Flux Err. Eclipse Depth E O − C
(BJD–2457000) (day) (e s−1) (e s−1) (e s−1) (day) (BJD–2457000) (day) (e s−1) (e s−1) (e s−1) (day)

2748.04965 0.00047 −21.96 3.43 18.69 4911 −0.00451 2923.14741 0.00054 −13.06 1.23 12.48 5812 −0.00236
2748.24578 0.00097 −16.84 3.81 15.32 4912 −0.00271 2923.72959 0.00068 −11.23 1.74 11.37 5815 −0.00318
2748.43980 0.00077 −18.10 3.87 17.89 4913 −0.00303 2923.92478 0.00166 −9.97 3.11 8.87 5816 −0.00233
2748.63278 0.00067 −20.12 3.45 19.41 4914 −0.00438 2924.11897 0.00128 −11.00 2.49 9.63 5817 −0.00247
2748.83026 0.00157 −17.29 3.47 17.20 4915 −0.00124 2924.31316 0.00085 −11.86 3.24 10.88 5818 −0.00262
2749.02389 0.00101 −17.22 3.58 16.16 4916 −0.00194 2924.50516 0.00088 −11.86 2.29 10.56 5819 −0.00495
2749.21852 0.00080 −18.97 2.77 18.66 4917 −0.00165 2924.70201 0.00073 −13.30 1.68 12.32 5820 −0.00243
2749.41425 0.00107 −25.02 3.86 23.07 4918 −0.00025 2924.89448 0.00073 −12.94 1.65 12.51 5821 −0.00430
2749.60627 0.00057 −25.82 2.99 22.76 4919 −0.00257 2925.09088 0.00156 −10.41 1.61 9.29 5822 −0.00223
2749.80051 0.00082 −24.11 3.67 23.67 4920 −0.00266 2925.28401 0.00094 −9.64 1.71 8.70 5823 −0.00344
2749.99575 0.00103 −21.31 3.80 21.68 4921 −0.00175 2925.47658 0.00106 −7.19 1.63 7.19 5824 −0.00520
2750.18884 0.00065 −19.97 3.31 19.95 4922 −0.00300 2925.67411 0.00195 −4.45 1.48 3.15 5825 −0.00201
2750.38168 0.00047 −22.28 3.03 22.40 4923 −0.00449 2925.86824 0.00114 −5.33 1.38 4.13 5826 −0.00221
2750.57743 0.00099 −17.82 3.61 14.40 4924 −0.00308 2926.06046 0.00081 −6.66 1.76 6.25 5827 −0.00433
2750.77369 0.00081 −15.51 2.63 13.96 4925 −0.00115 2926.25977 0.00228 −7.24 1.70 6.08 5828 0.00065
2750.96527 0.00057 −20.75 2.83 19.89 4926 −0.00391 2926.45165 0.00119 −8.91 1.47 8.69 5829 −0.00181
2751.16133 0.00101 −20.17 3.96 19.96 4927 −0.00218 2926.64694 0.00061 −10.85 1.33 9.42 5830 −0.00085
2751.35439 0.00118 −17.21 3.20 17.54 4928 −0.00346 2926.84007 0.00059 −11.38 1.41 11.01 5831 −0.00206
2751.54840 0.00215 −17.26 3.46 14.26 4929 −0.00378 2927.03478 0.00060 −12.06 1.55 11.33 5832 −0.00168
2751.74390 0.00082 −16.32 2.54 14.61 4930 −0.00262 2927.22958 0.00060 −13.02 1.62 12.08 5833 −0.00122
2751.93576 0.00085 −15.55 3.26 15.04 4931 −0.00509 2927.42332 0.00055 −15.66 1.44 14.63 5834 −0.00181
2752.13182 0.00067 −14.87 2.83 14.10 4932 −0.00337 2927.61774 0.00054 −15.24 1.57 14.18 5835 −0.00173
2752.32675 0.00085 −17.41 3.38 15.11 4933 −0.00277 2927.81199 0.00048 −15.35 1.54 15.37 5836 −0.00181
2752.52385 0.00084 −17.37 2.82 16.58 4934 −0.00001 2928.00528 0.00043 −14.52 1.26 13.93 5837 −0.00286
2752.71458 0.00066 −19.48 3.55 19.24 4935 −0.00361 2928.20064 0.00047 −11.25 1.28 10.45 5838 −0.00183
2752.91075 0.00116 −16.10 3.73 15.84 4936 −0.00178 2928.39362 0.00046 −9.96 1.44 9.50 5839 −0.00319
2753.10515 0.00080 −17.75 3.29 16.00 4937 −0.00171 2928.58864 0.00051 −11.34 1.59 10.24 5840 −0.00250
2753.29912 0.00101 −21.72 3.38 18.44 4938 −0.00208 2928.78288 0.00050 −10.53 1.47 9.29 5841 −0.00259
2753.49289 0.00056 −24.35 2.88 22.97 4939 −0.00264 2928.97731 0.00048 −12.66 1.62 11.83 5842 −0.00250
2753.68608 0.00080 −23.68 3.48 22.98 4940 −0.00379 2929.17042 0.00048 −14.32 1.47 13.96 5843 −0.00372
2753.88198 0.00067 −21.90 2.85 21.66 4941 −0.00222 2929.36408 0.00054 −14.62 1.56 14.56 5844 −0.00440
2754.07636 0.00054 −22.76 2.99 22.43 4942 −0.00217 2929.55701 0.00064 −13.58 1.38 12.31 5845 −0.00580
2754.26920 0.00059 −21.67 3.48 20.81 4943 −0.00367 2929.75128 0.00071 −12.99 1.21 11.31 5846 −0.00587
2754.46355 0.00041 −21.24 2.59 18.02 4944 −0.00365 2929.94547 0.00163 −7.52 1.51 6.70 5847 −0.00601
2754.65800 0.00054 −18.90 2.97 17.74 4945 −0.00354 2930.14159 0.00042 −8.36 1.01 7.05 5848 −0.00423
2754.85240 0.00042 −21.68 1.94 19.93 4946 −0.00347 2930.53097 0.00065 −6.34 1.08 5.36 5850 −0.00352
2755.04731 0.00064 −23.29 3.09 22.76 4947 −0.00290 2930.72632 0.00087 −6.66 1.45 7.00 5851 −0.00250
2755.24130 0.00097 −22.44 3.10 22.08 4948 −0.00324 2930.92258 0.00093 −6.67 1.38 6.03 5852 −0.00058
2755.43578 0.00094 −23.75 3.16 21.46 4949 −0.00310 2931.11665 0.00084 −8.07 1.17 7.28 5853 −0.00084
2755.62961 0.00129 −20.05 2.41 16.91 4950 −0.00360 2931.31084 0.00099 −10.18 1.64 8.84 5854 −0.00099
2755.82614 0.00156 −12.79 2.69 12.37 4951 −0.00141 2931.50517 0.00059 −11.27 1.29 10.09 5855 −0.00099
2756.98983 0.00066 −20.71 2.75 18.27 4957 −0.00373 2931.69948 0.00101 −10.79 1.95 9.80 5856 −0.00102
2757.18498 0.00070 −19.68 2.92 17.68 4958 −0.00291 2931.89287 0.00040 −12.44 1.12 11.47 5857 −0.00196
2757.38224 0.00102 −16.33 2.92 15.26 4959 0.00001 2932.08672 0.00050 −15.55 1.43 14.32 5858 −0.00245
2757.57369 0.00073 −20.34 3.10 19.23 4960 −0.00287 2932.28175 0.00055 −15.10 1.50 14.77 5859 −0.00175
2757.76961 0.00069 −20.14 2.76 21.02 4961 −0.00128 2932.47518 0.00047 −14.46 1.38 14.34 5860 −0.00266
2757.96156 0.00053 −24.15 2.96 25.25 4962 −0.00367 2932.66928 0.00050 −12.23 1.20 12.26 5861 −0.00289
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Table A2
(Continued)

Minima BJD Err. Minima Flux Err. Eclipse Depth E O − C Minima BJD Err. Minima Flux Err. Eclipse Depth E O − C
(BJD–2457000) (day) (e s−1) (e s−1) (e s−1) (day) (BJD–2457000) (day) (e s−1) (e s−1) (e s−1) (day)

2758.15652 0.00039 −29.12 2.83 29.82 4963 −0.00304 2932.86454 0.00058 −9.70 1.53 9.14 5862 −0.00196
2758.35119 0.00083 −19.23 3.27 16.97 4964 −0.00271 2933.05832 0.00048 −11.03 1.63 9.78 5863 −0.00252
2758.54544 0.00088 −18.90 3.85 16.44 4965 −0.00279 2933.25213 0.00040 −11.90 1.52 10.88 5864 −0.00304
2758.73828 0.00046 −22.37 3.51 19.61 4966 −0.00429 2933.44533 0.00035 −10.43 1.06 9.12 5865 −0.00418
2758.93307 0.00054 −23.38 3.82 22.26 4967 −0.00383 2933.64018 0.00060 −10.45 1.64 9.87 5866 −0.00366
2759.12866 0.00088 −21.11 4.06 20.26 4968 −0.00258 2933.83523 0.00061 −12.68 1.56 12.29 5867 −0.00295
2759.32138 0.00055 −25.28 3.13 24.27 4969 −0.00419 2934.03044 0.00056 −13.21 1.18 12.55 5868 −0.00207
2759.51678 0.00104 −26.15 3.24 24.26 4970 −0.00313 2934.22300 0.00053 −15.49 1.23 14.48 5869 −0.00385
2759.70951 0.00084 −22.59 3.17 21.82 4971 −0.00473 2934.41680 0.00066 −14.71 1.54 14.12 5870 −0.00438
2759.90342 0.00036 −22.54 2.18 22.37 4972 −0.00516 2942.38812 0.00241 −10.71 3.65 9.83 5911 −0.00079
2760.10069 0.00184 −10.95 2.59 9.01 4973 −0.00222 2942.58147 0.00276 −11.88 3.57 11.36 5912 −0.00177
2760.29357 0.00072 −17.07 3.03 14.09 4974 −0.00368 2942.77686 0.00151 −16.43 3.07 13.81 5913 −0.00072
2760.48695 0.00045 −15.61 2.53 14.02 4975 −0.00463 2942.97188 0.00089 −20.82 2.59 17.89 5914 −0.00003
2760.68196 0.00124 −10.74 3.62 9.95 4976 −0.00396 2943.16433 0.00118 −18.89 3.60 17.46 5915 −0.00192
2760.87991 0.00141 −13.05 3.63 12.35 4977 −0.00034 2943.35972 0.00143 −18.34 3.42 17.72 5916 −0.00086
2761.07346 0.00096 −17.00 3.30 16.75 4978 −0.00113 2943.55289 0.00111 −18.06 3.99 17.76 5917 −0.00203
2761.26718 0.00087 −15.95 3.00 16.05 4979 −0.00174 2943.93918 0.00216 −21.25 3.52 19.23 5919 −0.00441
2761.46157 0.00084 −17.85 3.23 15.61 4980 −0.00169 2944.13654 0.00075 −24.03 3.81 23.69 5920 −0.00138
2761.65772 0.00113 −19.39 3.83 17.70 4981 0.00013 2944.32897 0.00079 −23.51 3.67 21.95 5921 −0.00328
2761.85170 0.00091 −26.31 4.09 22.02 4982 −0.00022 2944.52452 0.00064 −17.69 2.28 16.98 5922 −0.00207
2762.04507 0.00103 −21.80 3.23 18.44 4983 −0.00119 2944.71907 0.00122 −16.05 3.36 14.98 5923 −0.00185
2762.23769 0.00049 −22.56 2.30 22.74 4984 −0.00290 2944.91234 0.00109 −16.93 2.98 14.79 5924 −0.00292
2762.43284 0.00052 −22.68 2.25 24.07 4985 −0.00209 2945.10793 0.00094 −18.84 2.83 17.62 5925 −0.00166
2762.62501 0.00058 −24.96 3.96 26.38 4986 −0.00425 2945.29957 0.00077 −20.25 2.89 18.59 5926 −0.00436
2762.82078 0.00040 −25.70 2.91 25.07 4987 −0.00282 2945.49446 0.00120 −17.25 3.52 16.46 5927 −0.00380
2763.01470 0.00055 −19.72 3.16 18.80 4988 −0.00323 2945.68867 0.00089 −17.48 3.33 17.29 5928 −0.00393
2763.20932 0.00045 −19.95 3.15 16.88 4989 −0.00295 2945.88274 0.00060 −16.75 2.79 15.84 5929 −0.00419
2763.40369 0.00044 −17.67 2.60 15.87 4990 −0.00291 2946.07712 0.00121 −9.94 2.73 8.98 5930 −0.00415
2763.59706 0.00055 −25.52 3.96 21.93 4991 −0.00388 2946.27196 0.00098 −11.59 2.52 11.77 5931 −0.00364
2763.79231 0.00064 −20.11 2.89 20.57 4992 −0.00296 2946.47007 0.00159 −12.73 3.24 10.85 5932 0.00013
2763.98505 0.00053 −25.06 2.52 24.17 4993 −0.00456 2946.66503 0.00149 −17.82 4.35 16.01 5933 0.00076
2764.18017 0.00077 −23.64 2.66 22.31 4994 −0.00377 2946.85531 0.00082 −17.34 3.18 15.64 5934 −0.00330
2916.15166 0.00067 −12.98 1.63 11.73 5776 −0.00206 2947.05224 0.00090 −17.34 2.77 15.16 5935 −0.00070
2916.34539 0.00073 −12.65 1.60 10.85 5777 −0.00266 2947.24549 0.00120 −17.23 4.31 16.34 5936 −0.00179
2916.54014 0.00062 −12.77 1.35 12.26 5778 −0.00225 2947.44141 0.00088 −19.69 3.23 18.84 5937 −0.00020
2916.73133 0.00045 −13.17 1.31 13.81 5779 −0.00539 2947.63420 0.00086 −25.62 4.15 23.54 5938 −0.00175
2917.12045 0.00062 −11.17 1.41 10.40 5781 −0.00494 2947.82812 0.00092 −22.07 3.78 21.37 5939 −0.00216
2917.31567 0.00061 −9.41 1.28 8.51 5782 −0.00405 2948.02115 0.00078 −21.93 3.52 20.57 5940 −0.00347
2917.51042 0.00033 −9.74 1.06 8.94 5783 −0.00364 2948.21625 0.00067 −21.82 3.41 19.19 5941 −0.00270
2917.70551 0.00075 −9.05 1.59 7.94 5784 −0.00288 2948.41086 0.00083 −19.16 3.79 18.09 5942 −0.00242
2917.90111 0.00092 −9.46 1.47 7.99 5785 −0.00162 2948.60521 0.00114 −16.55 4.07 14.84 5943 −0.00241
2918.09541 0.00074 −10.47 1.39 9.41 5786 −0.00165 2948.79783 0.00061 −21.49 3.96 19.04 5944 −0.00412
2918.28972 0.00069 −9.84 1.17 8.93 5787 −0.00168 2948.99211 0.00075 −18.17 2.78 16.30 5945 −0.00418
2918.48471 0.00105 −9.99 1.73 9.35 5788 −0.00102 2949.18803 0.00127 −17.02 3.47 16.20 5946 −0.00259
2918.67809 0.00090 −11.73 1.44 11.34 5789 −0.00198 2949.38115 0.00132 −17.67 3.79 17.28 5947 −0.00381
2918.87212 0.00050 −14.61 1.26 13.51 5790 −0.00228 2949.57569 0.00157 −15.43 3.40 15.45 5948 −0.00360
2919.06629 0.00059 −13.86 1.34 12.58 5791 −0.00245 2955.21221 0.00077 −21.81 3.93 21.17 5977 −0.00279
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Table A2
(Continued)

Minima BJD Err. Minima Flux Err. Eclipse Depth E O − C Minima BJD Err. Minima Flux Err. Eclipse Depth E O − C
(BJD–2457000) (day) (e s−1) (e s−1) (e s−1) (day) (BJD–2457000) (day) (e s−1) (e s−1) (e s−1) (day)

2919.26150 0.00055 −13.15 1.36 13.16 5792 −0.00157 2955.40790 0.00118 −20.50 3.40 18.05 5978 −0.00144
2919.45384 0.00054 −12.64 1.53 12.14 5793 −0.00357 2955.60228 0.00088 −20.76 3.79 20.28 5979 −0.00139
2919.64851 0.00049 −12.41 1.55 12.02 5794 −0.00323 2955.79743 0.00120 −21.04 3.36 21.11 5980 −0.00058
2919.84409 0.00050 −11.23 1.23 10.42 5795 −0.00199 2955.98975 0.00065 −24.62 3.28 24.70 5981 −0.00259
2920.03730 0.00066 −11.08 1.61 9.78 5796 −0.00311 2956.18381 0.00099 −25.88 4.01 24.57 5982 −0.00286
2920.23160 0.00051 −10.69 1.16 9.82 5797 −0.00315 2956.57246 0.00047 −28.39 3.46 27.33 5984 −0.00288
2920.42589 0.00065 −11.04 1.66 10.29 5798 −0.00319 2956.76733 0.00047 −22.82 2.86 21.81 5985 −0.00235
2920.61895 0.00052 −11.48 1.48 11.42 5799 −0.00447 2956.96045 0.00044 −20.98 3.17 19.62 5986 −0.00356
2920.81362 0.00059 −11.33 1.44 11.29 5800 −0.00413 2957.15473 0.00050 −18.70 3.40 17.09 5987 −0.00362
2921.00711 0.00045 −11.31 0.98 10.21 5801 −0.00497 2957.35082 0.00105 −16.06 4.34 15.10 5988 −0.00186
2921.20221 0.00066 −9.90 1.27 9.18 5802 −0.00421 2957.54381 0.00122 −20.99 5.40 19.16 5989 −0.00321
2921.39641 0.00195 −5.88 0.98 4.11 5803 −0.00434 2957.73702 0.00057 −24.35 3.20 23.83 5990 −0.00433
2921.59025 0.00180 −5.96 0.99 4.69 5804 −0.00484 2957.93126 0.00069 −27.98 3.53 27.49 5991 −0.00443
2921.78913 0.00332 −6.56 1.45 5.44 5805 −0.00029 2958.12642 0.00067 −26.39 2.63 25.40 5992 −0.00360
2921.98264 0.00093 −8.64 1.38 8.44 5806 −0.00112 2958.31989 0.00060 −25.92 2.44 23.03 5993 −0.00447
2922.17629 0.00068 −10.44 1.46 9.37 5807 −0.00180 2958.51565 0.00099 −20.34 2.79 17.75 5994 −0.00304
2922.37077 0.00068 −10.57 1.50 9.43 5808 −0.00166 2958.71039 0.00117 −14.95 3.01 12.61 5995 −0.00264
2922.56452 0.00090 −9.95 1.70 9.43 5809 −0.00224 2958.90284 0.00085 −13.15 2.89 11.13 5996 −0.00452
2922.75983 0.00065 −12.88 1.46 11.00 5810 −0.00127 2959.09804 0.00084 −15.99 2.97 15.44 5997 −0.00366
2922.95440 0.00070 −11.33 1.25 10.63 5811 −0.00103 L L L L L L L
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