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Abstract

We present a timing study of the short-period eclipsing cataclysmic variable (CV) HT Cas. Based on new eclipse
times derived from our photometric monitoring and archival optical data, combined with historical timings,
spanning ∼42 yr, we detect a secular decrease in the orbital period at a rate of  = - ´ - -P 1.32 10 ss12 1 and a
cyclic period wiggle with an amplitude of 79.3 s and a period of 30.28 yr. We find that neither gravitational
radiation nor magnetic braking can explain the observed decrease rate, suggesting the presence of additional
angular momentum loss (AML). The empirical consequential AML (eCAML) model developed by Schreiber et al.
can well match the observed orbital decay in HT Cas, and the physical mechanism for eCAML is most likely
attributable to the frictional AML following nova eruptions. As for the cyclic variation, the best explanation is the
influence of an unseen companion in orbit around the binary. The derived orbital parameters reveal that the
hypothetical third body could be a giant planet with mass ofM3; 14MJup that is moving on a highly eccentric orbit
(e = 0.82). Taken together the results of the present study suggest that HT Cas is a unique triple system containing
a high-eccentricity giant planet and it has the potential to become an ideal laboratory in which to test models of CV
evolution.

Unified Astronomy Thesaurus concepts: Close binary stars (254); Eclipsing binary stars (444); Cataclysmic
variable stars (203); Dwarf novae (418)

Supporting material: machine-readable table

1. Introduction

Cataclysmic variable stars (CVs) are an important class of
post–common envelope binaries (PCEBs) in which a late-type
main-sequence secondary star transfers matter to a white dwarf
primary star via an accretion disk/column (Warner 1995). The
majority of CVs have orbital periods of 80 minutes to 10 hr,
and evolve toward shorter periods due to angular momentum
losses (AMLs) through gravitational radiation (GR; Kraft et al.
1962; Paczyński 1967) and magnetic braking (MB; Verbunt &
Zwaan 1981). If the orbital inclination is greater than 80°, the
secondary star can obscure all other components and produce
complex eclipse structures. In nonactivity states, the white
dwarf eclipse can be separated by high-time-resolution
observations. Therefore, in eclipsing CVs the white dwarf
can also be timed precisely. Accurate eclipse timing measure-
ments allow period variations to be studied, which can be used
to detect the orbital evolution of CVs and circumbinary planets.
Generally, secular period decreases derive from the system’s

AMLs via GR and MB. However, cyclic period oscillation can
be the result of magnetic activity from the late-type secondary
star (see Applegate 1992) or the light travel time effect (LTTE)
from third-body perturbations (e.g., Qian et al.
2010a, 2011, 2015; Beuermann et al. 2011; Potter et al.
2011; Han et al. 2017). Applying the eclipse timing method, at
least in principle, we can test the evolutionary theory of CVs
and search for circumbinary companions around them.
Within the past decade, many circumbinary companions

(e.g., planets or brown dwarfs) around CVs have been
indirectly detected by eclipse timing variations, such as DP
Leo (Qian et al. 2010b; Beuermann et al. 2011), UZ For (Potter
et al. 2011; Khangale et al. 2019), HU Aqr (Qian et al. 2011;
Goździewski et al. 2015), V893 Sco (Bruch 2014), OY Car
(Han et al. 2015), V2051 Oph (Qian et al. 2015), DV UMa
(Han et al. 2017), and SW Sex (Fang et al. 2020). An
estimation method of the energy required to drive period
fluctuations, presented by Brinkworth et al. (2006) and
developed by Völschow et al. (2016), also has been used in
these proposed circumbinary systems to exclude the Applegate
mechanism. The result shows that such systems suffer from
energy problems, with the exception of SW Sex. In addition,
for supposedly multiplanet hosts (e.g., HU Aqr and UZ For),
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the dynamical stability of the orbits has been analyzed and two-
planet solutions have been found to be unstable (e.g., Horner
et al. 2011; Potter et al. 2011; Hinse et al. 2012; Wittenmyer
et al. 2012). Follow-up analysis by Goździewski et al. (2015),
however, found that stable three-planet orbits for HU Aqr
would be possible if the middle planet is in a retrograde orbit.
More targets of ensured timing stability are required to
understand the nature of eclipse timing variability, and many
supposed planetary systems should also be constantly mon-
itored on a long-term time baseline to test the prediction of
previously proposed models.

As a dwarf-nova-type CV, HT Cas was first discovered as a
U Gem star by Hoffmeister (1943). Subsequently, it was
reclassified as an SU UMa–type star based on the detections of
superhumps and rare, long, and irregular outbursts (e.g., Zhang
et al. 1986; Wenzel 1987; Kato et al. 2012). Patterson (1981)
presented an extensive photometric study that obtained the
eclipsing light curves of HT Cas and estimated an orbital period
of 1.77 hr. Due to its eclipse property, Horne et al. (1991)
determined the well-constrained system parameters by model-
ing the eclipsing light curves. Also, the orbital ephemerides of
HT Cas have been derived by many authors based on the
continuously updated mid-eclipse times (Patterson 1981;
Zhang et al. 1986; Horne et al. 1991; Mukai et al. 1997;
Bruch 2000; Feline et al. 2005). However, they have found no
evidence of period variations. Borges et al. (2008) presented
new observations and detected a cyclic variation in the orbital
period of HT Cas. However, the data coverage in this literature
is only 0.8 times the proposed modulation period and it still
needs more monitoring. In this paper, we present new eclipse
timings of HT Cas spanning an additional 12 yr and update the
O − C diagram in order to study its orbital period changes. We
describe the new observations in Section 2, and show an
analysis of the eclipse timings in Section 3. A discussion on the
physical causes of the eclipse timing variations is given in
Section 4 and conclusions are provided in Section 5.

2. Observations and Data Reduction

HT Cas was observed with four different telescopes between
2008 October 19 and 2020 October 5: the Lijiang 2.4 m
telescope equipped with a VersArray 1300B CCD camera from
2008 to 2011 and with the 2K× 4K YFOSC (Yunnan Faint
Object Spectrograph and Camera) after 2012 and the Sino-Thai
70 cm reflecting telescope equipped with an Andor DW936N
2K CCD camera, located at the Lijiang observational station of
Yunnan Observatories, and the 2.16 m and 85 cm telescopes at
Xinglong Station administered by the National Astronomical
Observatories, Chinese Academy of Sciences, mounted on
which were the 1242× 1152 BFOSC (Beijing Faint Object
Spectrograph and Camera) detector and an Andor DW436 2K
CCD camera, respectively. No filter was used for most of the
observation. The V and R bands were used for several
observations between 2008 October and 2009 July, and the
others were obtained by using “no filter” in order to improve
the time resolution further.

Data reduction was carried out by applying the aperture
photometry package of the IRAF software after data pre-
processing, including bias, dark, and flat-field corrections (see
Tody 1986, 1993). We chose two nearby, no-variable stars as
the comparison star and check star, and performed differential
photometry procedures on the extracted original curves. Some
sample eclipse profiles during quiescence are plotted in

Figures 1 and 2. Note that there are two types of the quiescent
eclipse light curves. The eclipse shape in Figure 1 exhibits
white dwarf and bright spot eclipses (a two-step eclipse
feature), but in Figure 2 the bright spot is very faint or absent.
This behavior can be interpreted as the presence of quiescent
high and low states in HT Cas that was previously reported by
some authors (e.g., Berriman et al. 1987; Wood et al. 1995;
Robertson & Honeycutt 1996; Feline et al. 2005), who
concluded that the state changes are most likely the result of
mass-transfer rate variation from the secondary star and
through the accretion disk. Although the eclipse profiles are
variable due to the effects of the accretion disk and hot spot, the
ingress and egress times of the white dwarf are very stable. The
earlier eclipse timings (Tmid) were measured by averaging the
mid-ingress (Ti) and mid-egress times (Te) of the white dwarf
eclipses, i.e., Tmid= (Ti+ Te)/2. However, different methods
were used to determine the mid-ingress and mid-egress times,
such as the linear fitting method for both the ingress and egress
branches of the white dwarf eclipses (Patterson 1981; Zhang
et al. 1986) and the derivative technique described by Wood
et al. (1985) (see Horne et al. 1991; Borges et al. 2008). The
systematic error caused by the different methods is about 10 s
(Horne et al. 1991). In the derivative method, Ti and Te
correspond to the minimum and maximum of points in the
derivative curves. Therefore, we used this method to determine
the mid-eclipse times of HT Cas. Two examples of measuring
the mid-eclipse times of the white dwarf are displayed in
Figure 3. With our observations during quiescence, we
measured 31 new mid-eclipse times of the white dwarf by
this method. The standard deviations in the measurement
process were specified as the errors, which are closely
connected with the data time resolution and signal-to-noise
ratios. The measured mid-eclipse times and the errors are listed
in Table 1. Besides these data, we found that a lot of quiescent
light curves from the American Association of Variable Star
Observers (AAVSO) database11 are available for determining
mid-eclipse times. Adopting the same method above, 92 mid-
eclipse times were determined. Given that the reliability of the
AAVSO data is significantly lower than that of our observa-
tions, the timing errors of the AAVSO data will be much larger.
The eclipse timings derived from AAVSO are also listed in
Table 1. We also converted all available mid-eclipse times to
barycentric Julian dates in barycentric dynamical time
(BJD_TDB).

3. Analysis of Eclipse Timing Variations

The orbital period of HT Cas has been studied previously
and many eclipse timings have also been published (e.g.,
Patterson 1981; Zhang et al. 1986; Horne et al. 1991; Mukai
et al. 1997; Bruch 2000; Feline et al. 2005; Borges et al. 2008).
Due to the short observational baseline, the orbital period did
not have any obvious changes before 2008. Later, Borges et al.
(2008) reported that the orbital period may show a 36 yr cyclic
period oscillation based on additional data. Based on the new
mid-eclipse times presented in this paper and the previous
eclipse times from the literature, the latest O− C diagram of
HT Cas was constructed by using the orbital ephemeris of

11 https://www.aavso.org/LCGv2/
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Feline et al. (2005),

( ) ( )
( ) ( )

=
+ ´ E

Min. BJD 2, 443, 727.937862 8
0.07364720309 7 , 1

and is plotted in Figure 4. The updated O− C curve has an
observational baseline of ∼42 yr.

We noted that the new mid-eclipse times show significant
departures from the model of Borges et al. (2008), being
composed of the linear plus sinusoidal ephemeris. There
appears to be a periodic variation in the O− C curve (see top
panel of Figure 4), and yet the sine curve is not sufficient to
describe this change. In order to explore the possible cause of
the cyclic fluctuation, we used an LTTE via the presence of a
tertiary companion to replace the sinusoidal term. Therefore,
the linear plus LTTE model was used to fit the O− C curve, as
follows:

( ) ( )t- = D + D ´ +O C T P E . 21 0 0

Here, ΔT0 and ΔP0 are the revision values of the initial epoch
and orbital period, and τ is the LTTE perturbed by a tertiary

component orbiting the eclipsing system (Irwin 1952, 1959):

[( ) ( ) ] ( )t
n w

n
w= -

+
+

+A e
e

e1
sin

1 cos
sin 32

[ ] ( )* *w w= - +A e E E1 sin cos cos sin , 42

which includes five parameters of the LTTE orbit, i.e., A, e, ω,
P3, and T. Note that this equation does not contain both P3 and
T, which are the parameters related to E

*

. A detailed
explanation of these parameters can be found in Table 2 and
in Han et al. (2017). Fitting results were obtained by applying
the Levenberg–Marquardt method (Press et al. 1992) and are
listed in Table 2. All timings were factored by weighting by the
inverse of the squared errors. However, this model cannot
sufficiently describe all observed timings, especially for cycle
numbers between 79,770 and 125,129 (see Figure 4). More-
over, the most updated observations post-E= 195,000 (∼2017
December) show a departure from the predicted trend from this
solution and the residuals seem to show significant deviations,

Figure 1. Six sample eclipse light curves of HT Cas during quiescence in the N band observed with 2.16 m and 2.4 m telescopes in China. The orange boxes refer to
the magnitude differences between the comparison and check stars. The eclipse light curves display the properties of the white dwarf and bright spot eclipses.
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implying that a linear plus LTT ephemeris may not be a good
solution. Adding a quadratic term to the ephemeris leads to a
much better fit, as shown in Figure 5. The best-fitting
ephemeris that describes the O − C diagram can be represented
as

( – ) ( )b t= D + D ´ + +O C T P E E . 52 0 0
2

The same method was used to evaluate the fitting parameters,
and the explanations of the parameters are the same as those in
Table 2. The fit results with our best estimates of errors are also
summarized in Table 2. The quadratic plus LTT ephemeris
results in a smaller reduced χ2= 0.0003 and residual sum of
squares δ2= 2.09× 10−6 than those of the linear plus LTT
model (χ2= 0.0008 and δ2= 2.89× 10−6). Additionally, a
method of variance analysis (i.e., an F-test; Pringle 1975) was
applied to assess whether the quadratic term is significant, and
the F-statistic values are also listed in Table 2. All these results
show that a quadratic plus LTT ephemeris is a better model
with a higher level of confidence (>99.99%). Also note that
this conclusion is only based on the existing data, which just
cover 1.25 orbital cycles and lack the pre-1978 timings. Thus,
there may be a systematic error of several years. But how to
find this error is a complex problem and we require more
monitoring.

The downward parabola in Figure 5 reveals a secular decay
in the orbital period at a rate of  = - ´P 9.72

= - ´- - -10 days cycle 1.32 10 ss14 12 1. Additionally, the
orbital period of HT Cas shows a periodic wiggle with an
amplitude of 79.3 s and a period of 30.28 yr. In Figure 5, the

orange solid lines in the top and middle panels are the
theoretical orbit of a hypothetical third body orbiting HT Cas,
and the blue dashed line in the upper panel represents the
quadratic term of the best-fitting model. The residuals from
such a model are plotted in the bottom panel.

4. Results and Discussion

4.1. Interpretations of Secular Period Variation

4.1.1. Intrinsic AML Mechanisms: GR and MB

The long-term evolution of CVs is the result of AMLs. In
long-period systems (Porb� 3 hr), the dominant AML mech-
anism is the magnetized stellar wind, or MB (e.g., Verbunt &
Zwaan 1981), whereas short-period systems (Porb� 2 hr) are
considered to be driven entirely by GR (e.g., Paczyński 1967;
Faulkner 1971; Landau & Lifshitz 1975). HT Cas is a short-
period CV with an orbital period of ∼1.77 hr, consisting of a
white dwarf and a fully convective M-type star. Hence, the
observed period decrease in HT Cas can be the result of
systemic AML due to GR. The orbital period decrease rate
from gravitational waves is

( ) ( )


= -
+P

P

G

c

M M M M

a
3

32

5
, 6GR

orb

3

5
1 2 1 2

4

where a and c are the orbital separation and the speed of light,
respectively. Applying the binary parameters (M1= 0.61Me,
M2= 0.09Me, and a= 0.658Re) from Horne et al. (1991), we
calculated the GR-driven period decrease rate to be
 = - ´ - -P 1.03 10 ssGR

13 1, which is 1 order of magnitude

Figure 2. Four sample eclipse light curves of HT Cas during quiescence in the N band observed with 2.16 m, 2.4 m, 85 cm, and 70 cm telescopes in China. The orange
boxes represent the magnitude differences between the comparison and check stars. The eclipse light curves show the lack of hot spots.
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lower than the observed value. Therefore, other AML
mechanisms are required to produce the secular decrease.

The standard model of CV evolution assumes the cessation
of MB when the donor loses its radiative core (e.g., Rappaport
et al. 1983; Spruit & Ritter 1983). However, many studies have
shown that fully convective stars still have intense stellar
magnetic activity (e.g., Fleming et al. 1995; Hodgkin et al.
1995; Linsky et al. 1995; Delfosse et al. 1998), and they are
capable of producing substantial magnetic fields (e.g., Saar &
Linsky 1985; Johns-Krull & Valenti 1996; Reiners &
Basri 2007; Morin et al. 2008). A recent study found that
MB is not disrupted at an orbital period of ∼3 hr but reduces
fast enough (Garraffo et al. 2018). Therefore, MB-driven AML
should not be ignored below the period gap. To calculate the
orbital period decrease due to MB, we adopted the MB
prescription proposed by Rappaport et al. (1983),

⎜ ⎟

⎜ ⎟

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )

 





=- ´
+

´
g

-

-

P
M

M

M M

M

R

R

d

P

1.4 10

ss , 7

MB
12

1

1 2
1 3

2

orb

7 3
1

where R2 is the donor’s radius, and γ is the MB index in the
range of 0 to 4. Using the radius R2= 0.154Re (Horne et al.
1991) and the standard value of γ= 4, we derived the period
decay rate via MB to be  = - ´ - -P 5.88 10 ssMB

14 1. This
value is 2 orders of magnitude smaller than the observed one.
Moreover, Garraffo et al. (2018) found a fast decrease in MB
(∼90%) when the orbital period is close to 3.2 hr and below the
gap  ~P P 100MB GR . This implies that the residual MB is not
strong enough to play a dominant role in the evolution of HT
Cas. Consequently, there should be some other AML
mechanisms at work besides GR and MB.

4.1.2. Additional AML Mechanisms

The revised model of CV evolution presented by Knigge
et al. (2011) shows that below the period gap the AML rate is
about 2.47 times the GR-induced AML rate, indicating that

there should be additional AML mechanisms. Under this
model, many discrepancies between theory and observations
could be solved, such as the period distribution, space density,
and minimum period. In fact, the consequential AML (CAML)
mechanism, caused by the mass transfer during the binary
evolution, has been proposed a few decades ago (Web-
bink 1985; King & Kolb 1995). To explain the origin of extra
AMLs, Schenker et al. (1998) studied the effect of friction
between the secondary star and the expanding nova shell after a
nova explosion. However, this model was unable to reproduce
the observed period distribution. Recently, Schreiber et al.
(2016) proposed an empirical CAML (eCAML) model in
which the specific angular momentum of the lost matter
increases with decreasing white dwarf mass, and found that this
model can solve several points of disagreement between
predictions and observations, especially the white dwarf mass
problem in CVs. The eCAML model has been supported by
new observational evidence (see Pala et al. 2022). As shown in
Pala et al. (2022), there is an anticorrelation between the
average accretion rates and the white dwarf masses for short-
period CVs, which suggests the presence of an extra AML
mechanism that has a major influence on the evolution of CVs
with low white dwarf masses. We used the eCAML model
from Schreiber et al. (2016) to estimate the orbital period
decrease due to CAML,

( )
 

= - ´
P

P M

M

M
3

0.35
, 8CAML

orb 1

2

2

where M2 is the mass accretion rate. Adopting the parameter
 = ´ - -M M2.2 10 yr2

10 1 from Pala et al. (2022), we derived
the period decay rate to be  = - ´ - -P 8.48 10 ssCAML

13 1. Note
that the total AML rate from the system is   = +J J Jsys CAML, so
the total period decrease rate should be  =Ptotal  + +P PGR MB
  - ´ - -P 1.01 10 ssCAML

12 1, which is very close to the
observed value P. Therefore, we argue that the observed
period decrease in HT Cas could be explained if additional
AML mechanisms are taken into account.
However, the eCAML model is purely empirical and still

lacks the exact physical mechanism. Several different physical

Figure 3. Two examples of determining mid-eclipse times for two different types of the quiescent curve. The cyan boxes represent the light curves, and the yellow
solid curves are the corresponding smoothed light curves. The derivative curves are plotted in the upper part of the diagrams. The vertical solid lines refer to the mid-
ingress (Ti) and mid-egress times (Te) of the white dwarf, while the dashed–dotted lines denote the mid-eclipse times (Tmid).
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Table 1
New Mid-eclipse Times of HT Cas

Date Min. (HJD) Min. (BJD) Epoch O − C Err. Telescope Filter

2008 Oct 19 2,454,759.18225 2,454,759.18301 149,785 −0.00116 0.00010 85 cm N
2008 Nov 10 2,454,781.20250 2,454,781.20326 150,084 −0.00143 0.00010 85 cm V
2008 Nov 25 2,454,796.15320 2,454,796.15396 150,287 −0.00111 0.00005 2.4 m N
2008 Nov 28 2,454,799.02528 2,454,799.02604 150,326 −0.00128 0.00005 2.4 m N
2008 Dec 25 2,454,816.03768 2,454,816.03844 150,557 −0.00138 0.00010 85 cm R
2009 Jan 15 2,454,847.04335 2,454,847.04412 150,978 −0.00117 0.00005 2.4 m V
2009 Jan 21 2,454,853.00880 2,454,853.00957 151,059 −0.00114 0.00005 2.4 m R
2009 Jul 1 2,455,014.22224 2,455,014.22301 153,248 −0.00143 0.00010 85 cm R
2009 Oct 31 2,455,136.18195 2,455,136.18271 154,904 −0.00150 0.00005 2.4 m N
2009 Nov 27 2,455,163.06322 2,455,163.06398 155,269 −0.00145 0.00005 2.4 m N
2010 Jan 14 2,455,211.15476 2,455,211.15553 155,922 −0.00154 0.00005 2.4 m N
2010 Nov 30 2,455,531.15205 2,455,531.15281 160,267 −0.00135 0.00005 2.4 m N
2011 Dec 18 2,455,914.04378 2,455,914.04453 165,466 −0.00144 0.00005 2.4 m N
2011 Dec 24 2,455,920.08281 2,455,920.08357 165,548 −0.00147 0.00005 2.4 m N
2011 Dec 31 2,455,927.07928 2,455,927.08003 165,643 −0.00149 0.00005 2.4 m N
2012 Oct 4 2,456,204.80313 2,456,204.80390 169,414 −0.00123 0.00010 AAVSO V
2012 Oct 7 2,456,207.89627 2,456,207.89704 169,456 −0.00127 0.00020 AAVSO V
2012 Oct 15 2,456,215.77621 2,456,215.77697 169,563 −0.00159 0.00020 AAVSO V
2012 Oct 16 2,456,216.88100 2,456,216.88176 169,578 −0.00150 0.00020 AAVSO V
2012 Oct 17 2,456,217.76500 2,456,217.76577 169,590 −0.00127 0.00020 AAVSO V
2012 Oct 18 2,456,218.79593 2,456,218.79670 169,604 −0.00140 0.00020 AAVSO V
2012 Oct 18 2,456,218.86938 2,456,218.87015 169,605 −0.00159 0.00020 AAVSO V
2012 Oct 20 2,456,220.85793 2,456,220.85870 169,632 −0.00152 0.00020 AAVSO V
2012 Oct 26 2,456,226.89715 2,456,226.89792 169,714 −0.00137 0.00010 AAVSO V
2012 Oct 29 2,456,229.84297 2,456,229.84374 169,754 −0.00144 0.00020 AAVSO V
2012 Dec 2 2,456,263.57329 2,456,263.57406 170,212 −0.00154 0.00010 AAVSO V
2012 Dec 2 2,456,263.64711 2,456,263.64788 170,213 −0.00137 0.00010 AAVSO V
2012 Dec 2 2,456,263.72069 2,456,263.72145 170,214 −0.00143 0.00010 AAVSO V
2012 Dec 2 2,456,263.79437 2,456,263.79514 170,215 −0.00140 0.00010 AAVSO V
2012 Dec 2 2,456,263.86785 2,456,263.86861 170,216 −0.00157 0.00010 AAVSO V
2012 Dec 3 2,456,264.60441 2,456,264.60517 170,226 −0.00148 0.00010 AAVSO V
2012 Dec 3 2,456,264.67823 2,456,264.67900 170,227 −0.00130 0.00020 AAVSO V
2012 Dec 3 2,456,264.75176 2,456,264.75253 170,228 −0.00142 0.00020 AAVSO V
2012 Dec 3 2,456,264.82550 2,456,264.82627 170,229 −0.00133 0.00020 AAVSO V
2012 Dec 4 2,456,265.56206 2,456,265.56283 170,239 −0.00124 0.00020 AAVSO V
2012 Dec 4 2,456,265.63552 2,456,265.63629 170,240 −0.00143 0.00020 AAVSO V
2012 Dec 4 2,456,265.70908 2,456,265.70985 170,241 −0.00151 0.00020 AAVSO V
2012 Dec 4 2,456,265.78271 2,456,265.78348 170,242 −0.00153 0.00020 AAVSO V
2012 Dec 4 2,456,265.85644 2,456,265.85720 170,243 −0.00145 0.00020 AAVSO V
2012 Dec 8 2,456,269.61237 2,456,269.61313 170,294 −0.00153 0.00020 AAVSO V
2012 Dec 8 2,456,269.75983 2,456,269.76059 170,296 −0.00137 0.00020 AAVSO V
2012 Dec 8 2,456,269.83322 2,456,269.83399 170,297 −0.00162 0.00020 AAVSO V
2012 Dec 9 2,456,270.86461 2,456,270.86537 170,311 −0.00129 0.00020 AAVSO V
2013 Jan 11 2,456,304.07932 2,456,304.08009 170,762 −0.00147 0.00010 85 cm N
2013 Sep 9 2,456,545.42137 2,456,545.42214 174,039 −0.00130 0.00020 AAVSO V
2015 Nov 21 2,457,348.17583 2,457,348.17663 184,939 −0.00133 0.00010 85 cm N
2015 Nov 23 2,457,350.09079 2,457,350.09160 184,965 −0.00119 0.00010 85 cm N
2015 Dec 4 2,457,360.99034 2,457,360.99114 185,113 −0.00143 0.00010 85 cm N
2015 Dec 7 2,457,364.08370 2,457,364.08450 185,155 −0.00125 0.00010 70 cm N
2015 Dec 10 2,457,367.02943 2,457,367.03023 185,195 −0.00140 0.00010 85 cm N
2016 Jan 6 2,457,394.05815 2,457,394.05896 185,562 −0.00121 0.00005 2.16 m N
2016 Feb 5 2,457,424.03237 2,457,424.03317 185,969 −0.00140 0.00005 2.4 m N
2016 Mar 2 2,457,450.02989 2,457,450.03069 186,322 −0.00135 0.00005 2.16 m N
2016 Dec 23 2,457,746.09166 2,457,746.09247 190,342 −0.00132 0.00005 2.4 m N
2017 Jan 29 2,457,783.06240 2,457,783.06322 190,844 −0.00147 0.00010 70 cm N
2017 Oct 31 2,458,058.35588 2,458,058.35671 194,582 −0.00123 0.00020 AAVSO V
2017 Nov 5 2,458,063.43746 2,458,063.43828 194,651 −0.00131 0.00010 AAVSO V
2017 Nov 6 2,458,064.32120 2,458,064.32202 194,663 −0.00134 0.00010 AAVSO V
2017 Nov 6 2,458,064.39468 2,458,064.39550 194,664 −0.00151 0.00010 AAVSO V
2017 Nov 6 2,458,064.46835 2,458,064.46917 194,665 −0.00148 0.00010 AAVSO V
2017 Nov 7 2,458,065.35232 2,458,065.35315 194,677 −0.00127 0.00010 AAVSO V
2017 Nov 8 2,458,066.45697 2,458,066.45780 194,692 −0.00133 0.00010 AAVSO V
2017 Nov 11 2,458,069.40295 2,458,069.40377 194,732 −0.00124 0.00020 AAVSO V
2017 Nov 11 2,458,069.47650 2,458,069.47733 194,733 −0.00134 0.00020 AAVSO V
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Table 1
(Continued)

Date Min. (HJD) Min. (BJD) Epoch O − C Err. Telescope Filter

2017 Nov 12 2,458,069.55018 2,458,069.55101 194,734 −0.00130 0.00020 AAVSO V
2017 Nov 12 2,458,069.62388 2,458,069.62470 194,735 −0.00126 0.00010 AAVSO V
2017 Nov 12 2,458,070.28657 2,458,070.28739 194,744 −0.00139 0.00010 AAVSO V
2017 Nov 12 2,458,070.36034 2,458,070.36117 194,745 −0.00126 0.00020 AAVSO V
2017 Nov 13 2,458,071.39122 2,458,071.39205 194,759 −0.00144 0.00010 AAVSO V
2017 Nov 13 2,458,071.46507 2,458,071.46589 194,760 −0.00124 0.00020 AAVSO V
2017 Nov 14 2,458,071.53869 2,458,071.53951 194,761 −0.00127 0.00020 AAVSO V
2017 Nov 14 2,458,071.61229 2,458,071.61311 194,762 −0.00132 0.00020 AAVSO V
2017 Nov 14 2,458,072.34883 2,458,072.34965 194,772 −0.00125 0.00020 AAVSO V
2017 Nov 14 2,458,072.42245 2,458,072.42328 194,773 −0.00127 0.00010 AAVSO V
2017 Nov 14 2,458,072.49608 2,458,072.49691 194,774 −0.00129 0.00010 AAVSO V
2017 Nov 15 2,458,072.56965 2,458,072.57047 194,775 −0.00137 0.00010 AAVSO V
2017 Nov 15 2,458,073.30611 2,458,073.30693 194,785 −0.00138 0.00010 AAVSO V
2017 Nov 15 2,458,073.37983 2,458,073.38065 194,786 −0.00132 0.00010 AAVSO V
2017 Nov 15 2,458,073.45359 2,458,073.45441 194,787 −0.00120 0.00020 AAVSO V
2017 Nov 16 2,458,073.52711 2,458,073.52793 194,788 −0.00133 0.00010 AAVSO V
2017 Nov 16 2,458,073.60077 2,458,073.60160 194,789 −0.00131 0.00010 AAVSO V
2017 Nov 16 2,458,074.33750 2,458,074.33832 194,799 −0.00106 0.00010 AAVSO V
2017 Nov 16 2,458,074.41081 2,458,074.41163 194,800 −0.00139 0.00010 AAVSO V
2017 Nov 16 2,458,074.48451 2,458,074.48534 194,801 −0.00133 0.00010 AAVSO V
2017 Nov 17 2,458,074.55801 2,458,074.55884 194,802 −0.00148 0.00010 AAVSO V
2017 Nov 17 2,458,075.29469 2,458,075.29551 194,812 −0.00128 0.00010 AAVSO V
2017 Nov 18 2,458,075.51561 2,458,075.51644 194,815 −0.00130 0.00010 AAVSO V
2017 Nov 18 2,458,075.58925 2,458,075.59007 194,816 −0.00131 0.00020 AAVSO V
2017 Nov 18 2,458,076.32588 2,458,076.32670 194,826 −0.00115 0.00010 AAVSO V
2017 Nov 18 2,458,076.39938 2,458,076.40020 194,827 −0.00130 0.00010 AAVSO V
2017 Nov 18 2,458,076.47294 2,458,076.47376 194,828 −0.00139 0.00010 AAVSO V
2017 Nov 19 2,458,076.62038 2,458,076.62120 194,830 −0.00124 0.00010 AAVSO V
2017 Nov 19 2,458,077.28305 2,458,077.28387 194,839 −0.00139 0.00010 AAVSO V
2017 Nov 19 2,458,077.35660 2,458,077.35742 194,840 −0.00149 0.00010 AAVSO V
2017 Nov 19 2,458,077.43036 2,458,077.43118 194,841 −0.00138 0.00010 AAVSO V
2017 Nov 20 2,458,077.50414 2,458,077.50496 194,842 −0.00125 0.00010 AAVSO V
2017 Dec 19 2,458,107.03635 2,458,107.03717 195,243 −0.00156 0.00005 2.16 m N
2017 Dec 20 2,458,107.92028 2,458,107.92111 195,255 −0.00139 0.00005 2.16 m N
2017 Dec 27 2,458,115.06403 2,458,115.06485 195,352 −0.00143 0.00005 2.4 m N
2018 Nov 3 2,458,425.63439 2,458,425.63521 199,569 −0.00132 0.00010 AAVSO V
2018 Nov 3 2,458,425.92885 2,458,425.92967 199,573 −0.00145 0.00010 AAVSO V
2018 Nov 23 2,458,445.59253 2,458,445.59335 199,840 −0.00158 0.00010 AAVSO V
2018 Dec 8 2,458,460.61672 2,458,460.61754 200,044 −0.00142 0.00010 AAVSO V
2018 Dec 9 2,458,461.64788 2,458,461.64870 200,058 −0.00132 0.00010 AAVSO V
2018 Dec 10 2,458,462.60512 2,458,462.60594 200,071 −0.00149 0.00010 AAVSO V
2018 Dec 10 2,458,462.67885 2,458,462.67967 200,072 −0.00141 0.00010 AAVSO V
2018 Dec 10 2,458,462.75234 2,458,462.75316 200,073 −0.00156 0.00010 AAVSO V
2018 Dec 11 2,458,463.56243 2,458,463.56325 200,084 −0.00160 0.00010 AAVSO V
2018 Dec 11 2,458,463.63609 2,458,463.63692 200,085 −0.00158 0.00010 AAVSO V
2018 Dec 11 2,458,463.70995 2,458,463.71077 200,086 −0.00137 0.00010 AAVSO V
2018 Dec 18 2,458,471.44290 2,458,471.44372 200,191 −0.00138 0.00010 AAVSO V
2018 Dec 19 2,458,471.51643 2,458,471.51725 200,192 −0.00149 0.00010 AAVSO V
2019 Jan 23 2,458,506.64642 2,458,506.64724 200,669 −0.00122 0.00010 AAVSO V
2019 Jan 23 2,458,506.71985 2,458,506.72067 200,670 −0.00144 0.00010 AAVSO V
2019 Jan 28 2,458,511.65427 2,458,511.65509 200,737 −0.00138 0.00010 AAVSO V
2019 Jan 28 2,458,511.72785 2,458,511.72867 200,738 −0.00145 0.00010 AAVSO V
2019 Jan 30 2,458,513.64267 2,458,513.64349 200,764 −0.00145 0.00010 AAVSO V
2019 Jan 30 2,458,513.71626 2,458,513.71708 200,765 −0.00151 0.00010 AAVSO V
2019 Feb 8 2,458,522.62766 2,458,522.62847 200,886 −0.00143 0.00010 AAVSO V
2019 Feb 8 2,458,522.70092 2,458,522.70173 200,887 −0.00182 0.00010 AAVSO V
2020 Sep 27 2,459,120.12895 2,459,120.12975 208,999 −0.00153 0.00010 85 cm N
2020 Oct 5 2,459,128.22850 2,459,128.22930 209,109 −0.00155 0.00005 2.16 m N
2021 Jun 19 2,459,384.66820 2,459,384.668994 212,591 −0.00142 0.00010 AAVSO V

(This table is available in machine-readable form.)
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origins for CAML have been proposed in the literature, such as
the presence of a circumbinary disk (van den Heuvel 1994;
Taam & Spruit 2001), a fast isotropic wind from the white
dwarf (King & Kolb 1995), the outflows from the Lagrangian
points (Vanbeveren 1998), and the friction during nova
eruptions (Schenker et al. 1998). Shao & Li (2012) discussed
several potential possibilities of the CAML mechanisms, and
found that the outflows from an outer Lagrangian point or a
circumbinary disk can account for the additional AML below
the period gap. But several recent studies showed that the best
candidate for CAML is the friction between the system and a
nova shell around it (Nelemans et al. 2016; Schreiber et al.
2016; Sparks & Sion 2021), possibly resembling a circumbin-
ary disk formed from the remaining ejected material in a nova
eruption (see Liu & Li 2016), or a common envelope phase
(see Nelemans et al. 2016; Liu & Li 2019). To evaluate the
AML rate from nova eruption, we considered the AML to be a
continuous process and to be similar to that of a circumbinary
toroid/disk. The period decrease rate due to the friction during
nova eruptions is given by (Nelemans et al. 2016)

⎡
⎣⎢

⎤
⎦⎥( )

( )
 

a= - + +
+

P

P

M

M
q

q

q
3 1

2 1
. 9Nova

orb

2

2

2

where q=M2/M1 is the mass ratio, and the parameter α is the
ratio of the mass-loss rate from the system to the mass-transfer

rate (  a = M Mej 2 ). We generally assume that all of the
material accreted by the white dwarf is ejected during nova
eruptions, i.e., α= 1 (Knigge et al. 2011). For HT Cas, the
period decrease rate via nova eruptions can be estimated as
 = - ´ - -P 1.71 10 ssNova

12 1. As expected, this value is
slightly larger than both the observed value P and the predicted
value Ptotal above owing to the assumption of a nova ejecta
fraction of 100%. Finally, we conclude that the eCAML model
is in good agreement with the observed period decay in HT Cas
and the physical cause behind eCAML most likely originates
from the friction between the secondary star and the ejecta
during nova explosions.
We still cannot completely rule out the possibility that the

secular orbital decay in HT Cas could be only a part of a very-
long-period cyclic fluctuation as a result of the LTTE in the
presence of a wider-orbit companion. To test this hypothesis,
the system will require more monitoring to expand the data
coverage in the future.

4.2. Cyclic Period Variation

4.2.1. LTTE and Applegate Mechanism

Cyclic period modulations are observed in many PCEBs, and
can be interpreted as the magnetic activity cycle in M dwarfs,
i.e., the so-called Applegate mechanism (Applegate 1992), or as

Figure 4. Latest O − C diagram of HT Cas constructed with a linear plus light travel time (LTT) ephemeris. The black open circles denote all historical timings, while
the dark gray solid circles refer to our eclipse timings and the light gray solid circles denote the AAVSO data. The orange solid line in the top panel represents the best-
fit model. The middle panel shows the LTTE orbit and the bottom panel displays the fit residuals from the complete ephemeris.
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the LTTE due to the perturbation of potential Jupiter-like
planets. To test whether the eclipse timing variations in PCEBs
could be caused by magnetic activity, some previous authors
have calculated the energy required to produce the change via
Applegate’s mechanism. More specifically, the required energy
for the change is compared to the energy that is produced by the
star. In the case of HT Cas, we first used an approach from
Brinkworth et al. (2006) to estimate the energy required of
Applegate’s mechanism. The result shows that the energy
requirement is slightly higher than the maximum available
energy of the star (see Figure 6). In our analysis, we applied
2500 K for a donor star of ∼0.09Me to estimate its luminosity

by ⎜ ⎟
⎛
⎝

⎞
⎠

( )





=L
R

R
LT

T2
2

2 2
2 . Völschow et al. (2016) further improved

the Brinkworth et al. (2006) model by considering the angular
momentum exchange between a finite shell and the core of the
donor star. A publicly available Applegate calculator12 based on
this framework could also be employed to assess the energetic
feasibility of the Applegate mechanism. Based on the
calculations, we show that the lower limit of the required
energy divided by the available energy is D ~E E 0.91sec ,
which means that HT Cas requires a substantial fraction of the
available energy, although still less than 100%. In addition,
those authors found that Applegate’s mechanism becomes
more feasible with increasing donor mass and decreasing
orbital separation, and an ideal Applegate candidate is a system
with a tight orbit of ∼0.5Re and a donor star of ∼0.5Me. More
recently, the most detailed approach described so far was
proposed by Völschow et al. (2018), who suggested that the
most promising Applegate PCEBs are low-mass systems with

binary separations �1Re and donor masses in the range of
0.30–0.36Me. Besides, a study by Ak et al. (2001) found that
the solar-type activity cycles for the secondary star in short-
period CVs have a peak value at 9.7 yr, which is obviously
shorter than the observed oscillation period of ∼30.28 yr. These
imply that magnetic activity is probably not the dominant
mechanism here, and the third-body model seems to be more
feasible. Nevertheless, the Applegate process should not be
entirely neglected when analyzing the O− C curve of HT Cas as
it could contribute to additional scatter.
In the framework of third-body hypothesis, we derived

the mass of the tertiary component as ¢ =M isin3
( ) ( ) = M M0.013 0.002 13.61 2.09 Jup by using the best-

fitting parameters listed in Table 2 and the binary parameters
from Horne et al. (1991). Assuming coplanarity between the
tertiary companion and the eclipsing host star (i.e.,
¢ = = i i 81 ), the third body’s mass would match a giant
planet’s, at an orbital separation of ∼10.13 au in a very high
eccentricity orbit (e = 0.82). We have examined all supposed
circumbinary planetary PCEBs and found that this extreme
eccentricity is second only to that of the highly eccentric planet
in QS Vir (Almeida & Jablonski 2011). Horner et al. (2011)
showed, however, that a system with two extra bodies is
dynamically unstable. The most recent data from Bours et al.
(2016) also showed that the eclipse time variations in QS Vir
are very complex, and what causes them is still unknown.
Therefore, HT Cas could be a very interesting triple system
with a highly eccentric planetary orbit.

4.2.2. Applegate–Lanza Mechanism

More recently, an Applegate-like mechanism was proposed
to explain orbital period modulation in close binaries with a
late-type magnetically active donor (Lanza 2020). This model
supposes that a persistent nonaxisymmetric internal magnetic
field results in a nonaxisymmetric component of the gravita-
tional quadrupole moment of the active star. The spin angular
momentum of the active component is coupled with the orbital
angular momentum, and ultimately causes the modulation of
the orbital period. Here we apply Lanza’s model to test whether
the cyclic period variation in HT Cas may result from the
Applegate-like process.
The relative amplitude of the variation of the donor’s angular

velocity is given by (Lanza 2020, Equation (56))

( )DW
W

= -
Dma

I

P

P3
, 10

s

2

where m and a are the reduced mass and the semimajor axis of
the binary, respectively. Is is the moment of inertia of the donor
star about the spin axis, and ΔP/P=Δt/T is the relative
amplitude of the period modulation, or equivalently the O− C
deviations Δt over the timescale T of the O−C curve. The
consequent variation in rotational energy is

[ ] ( )D = WDW = - W
D

E I mr
t

T3
. 11srot 0

2 2

For HT Cas, the relative amplitude of the period modulation is
ΔP/P≈ 5.22× 10−7, i.e., Δt/3T= 1.74× 10−7. The reduced
mass is m= 0.078Me, and the angular velocity is
Ω= 2π/Porb= 9.87× 10−4 s−1. The orbital radius is usually
the semimajor axis length of the secondary star (r0= a2).

Table 2
Orbital Parameters of the Circumbinary Giant Planet in HT Cas

Parameters Linear plus LTTE Quadratic plus LTTE Units

ΔT0 +4.76
(± 1.26) × 10−4

+4.65
(± 0.42) × 10−4

days

ΔP0 −6.87
(± 0.90) × 10−9

−4.03
(± 0.86) × 10−10

days

β L −9.72
(± 0.85) × 10−14

days/
cycle

e 0.81 (± 0.04) 0.82 (± 0.05) L
ω 3.24 (± 0.04) 3.71 (± 0.08) deg
T 2,440,048.87

(± 963.99)
2,443,737.16
(± 69.86)

BJD

A 0.001391
(± 0.000189)

0.000918
(± 0.000095)

days

P3 39.13 (± 2.61) 30.28 (± 0.13) yr
¢a isin12 0.241 (± 0.033) 0.159 (± 0.016) au

f (m) 9.13 (± 3.92) × 10−6 4.38 (± 1.35) × 10−6 Me

¢M isin3 0.017 (± 0.004) 0.013 (± 0.002) Me

d3 ( ¢ = i 90 ) 11.97 (± 3.22) 10.13 (± 2.07) au
δ2 2.89 × 10−6 2.09 × 10−6 L
λ 7318.50 10,077.65 L
χ2 0.0008 0.0003 L

Note. ΔT0—revised epoch; ΔP0—revised orbital period; β—rate of linear
period decrease; e—eccentricity; ω—longitude of periastron passage; T—
periastron passage; A—semiamplitude; P3—orbital period of the third
companion; ¢a isin12 —projected semimajor axis; f (m)—mass function;

¢M isin3 —mass of the third companion; d3—orbital separation; δ2—residual
sum of squares; λ—F-statistic value; χ2

—chi-square.

12 http://theory-starformation-group.cl/applegate/
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Therefore, the change in rotational energy is

( )D » - ´E 7.36 10 J. 12rot
33

The luminosity timescale is ΔErot/L2= 718.6 yr, much longer
than the observed modulation cycle. This implies that even
though less than 10% of the rotational energy is dissipated
during the mechanism work, such a low stellar luminosity is
unable to provide the required energy along a full oscillation
cycle. This gives support to the interpretation of the apparent
orbital period changes in terms of a light time effect. Similarly,
it only means that the Applegate-like process is not the
dominant mechanism here. Thus we suspect that the observed
timing variations in HT Cas may result from a combination of a
third-body perturbation and an Applegate and/or Applegate-
like mechanism.

5. Conclusions

In this work, we have analyzed the orbital period variations
of a short-period eclipsing CV, HT Cas. The results show that
this system experiences a rapid orbital decay and a cyclic
period oscillation. In general, the orbital period decrease in
CVs arises from intrinsic AMLs by GR and/or MB. In
particular, short-period systems are considered to be dominated
by GR-driven AML. Our calculations, however, indicate that

the observed decrease rate is an order of magnitude higher than
the sum of both period decay rates caused by GR and MB,
suggesting the presence of additional AML mechanisms.
Recently, Schreiber et al. (2016) proposed the eCAML model
to solve the white dwarf mass problem in CVs and found that it
can not only explain the high average mass of CVs’ white
dwarfs but also solve other discrepancies between theory and
observations. Using this model we found that the observed
period decrease rate in HT Cas is basically consistent with the
theoretically predicted value. We also explored the physical
mechanism behind the eCAML model and found that the
frictional AML following nova eruptions is the most promising
candidate. Certainly, the actual evolution of HT Cas could be
more complicated than the case we discussed above, and more
observations and detailed tests are required in the near future.
Due to the fact that HT Cas has an extremely low-mass fully

convective secondary star and needs a significant fraction of the
available energy (>90%) to effect period changes, Applegate’s
mechanism struggles to explain the observed cyclic period
fluctuation. Also, the alternative mechanism given by Lanza
(2020) does not appear to be capable of explaining the orbital
period oscillation in HT Cas. The most plausible explanation is
the LTTE caused by the presence of an unseen circumbinary
companion. The mass of the tertiary object was derived as

( ) ( )¢ =  = M i M Msin 0.013 0.002 13.61 2.093 Jup. If this

Figure 5. Latest O − C diagram of HT Cas constructed with a quadratic plus LTT ephemeris. The black open circles denote all historical timings, while the dark gray
solid circles refer to our eclipse timings and the light gray solid circles denote the AAVSO data. The orange solid line and blue dashed line in the top panel represent
the best-fit model and the quadratic term of the model, respectively. The middle panel shows the LTTE orbit and the bottom panel displays the fit residuals from the
full ephemeris.
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third body is coplanar to the orbital plane of the eclipsing pair
(i.e., ¢ = = i i 81 ), its mass would match that of a giant planet
on a very high eccentricity orbit (e = 0.82). Even though there
have been multiple claims of planets around evolved star
binaries, as yet, independent evidence for such planets is still
quite lacking apart from the eclipse timing. Astrometry is
expected to be an effective method to confirm the presence of
these candidates (see Marsh 2018).

The present study reveals that HT Cas has significant extra
AML due to the friction between the secondary star and the
ejecta in a nova eruption and contains a high-eccentricity giant
planet around it. This makes HT Cas one of the most peculiar
short-period CVs, and continuous monitoring of eclipse timing
in the system will provide an improved understanding of CV
evolution. Moreover, HT Cas has been considered to be a
modern counterpart of the ancient nova event in 722 CE (e.g.,
Duerbeck 1993; Hoffmann & Vogt 2020), potentially indicat-
ing that it could once have been a classical nova, although the
nova shell around HT Cas is undetected by the Hα imaging
method (Sahman et al. 2015). This provides indirect observa-
tional support for the frictional AML mechanism during nova
eruptions. If all the results are reliable, how did the high-
eccentricity giant planet form? Does the formation of a highly
eccentric orbit have anything to do with the nova eruptions?
These issues remain to be explored in future studies.
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