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ABSTRACT

Context. To date, puzzlingly few bona fide RR Lyrae stars have been identified in binaries. Binarity in pulsating stars can be revealed
through well-timed photometric data over sufficiently long time bases because of the light travel time effect (LTTE) on the pulsations,
which manifests as variation in the timings of maximum light in the O−C (observed minus calculated) diagram. However, O−C
variations can also have other causes, such as the Blazhko effect or a sudden or gradual change in the main pulsation period.
Aims. We approach this challenge by disentangling the Blazhko effect and period changes from the potential LTTE on V1109 Cas, an
RR Lyrae star suspected to be part of a binary system based on its O−C data in the GEOS database. In doing so, we aim to uncover
the subtler signals indicative of a companion (LTTE).
Methods. We analysed nine years of ground-based photometric data, using Fourier analysis to model the pulsation modulated by the
Blazhko effect. From the fit to the observed light curves, we constructed a refined O−C diagram without the scatter caused by Blazhko
modulation. Subsequently, we considered different possible scenarios, because distinguishing intrinsic period changes or breaks from
the LTTE is challenging.
Results. If the remaining O−C variation is due to a period break, refining the O−C diagram can almost entirely remove the trends.
If we interpret the variation as an LTTE, we can consider possible configurations. While we currently favour a period break as the
explanation for the residual O−C variations, more data on the star in the forthcoming years will help reveal whether the O−C variations
are due to the LTTE or intrinsic period changes.
Conclusions. Our study, based on a detailed light-curve fitting of V1109 Cas, offers insights into the discernment between Blazhko
modulation, intrinsic period breaks, and the LTTE in binary systems. Our results highlight the complexity of determining binarity
from O−C data traditionally used for detecting binary motion, calling for caution in this process.
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1. Introduction

Since their discovery at the end of the 19th century, RR Lyrae
stars have played a crucial role in astrophysics. These evolved,
low-mass, radially pulsating stars, initially called cluster vari-
ables given their high occurrence rates in globular clusters, are
characterised by large amplitude variations of their luminosity
(order 0.3−2 mag) with periods of between a few hours and
about a day (Smith 1995). On the Hertzsprung-Russell dia-
gram, RR Lyrae stars are positioned on the intersection of the
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horizontal branch with the instability strip. RR Lyrae pulsations
are caused by the kappa-gamma mechanism, which involves
the interaction between the opacity (kappa) and the tempera-
ture gradient (gamma) in the star’s outer layers. As the star
expands, lower temperatures increase opacity, trapping radiation
and causing radiative-pressure-driven expansion. This cyclic
interaction drives the observed pulsations, characterised by a
regular cycle of expansion and contraction, leading to changes
in luminosity. The kappa-gamma mechanism relies on the inter-
action between variations in opacity and temperature gradient
during the pulsation cycle.
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RR Lyrae stars come in different subtypes. Most numerous
are the fundamental-mode pulsators or RRab stars, which show
longer periods (typically 0.3−1.0 days, but most of them above
0.45 days), peaked light curves, and larger amplitudes (typically
1 mag or more in V). The first-overtone pulsators or RRc stars
have shorter periods (0.2−0.5 days), more sinusoidal light curves
than the RRab stars, and smaller amplitudes, typically below
0.5 mag in the V filter. Finally, the Lyrae pulsators or RRd stars
are rare and pulsate in the fundamental radial mode and the first
overtone simultaneously.

Light curves of pulsating stars, and particularly of RR Lyrae
stars, are usually characterised by the instant when the star
is the brightest, at its maximum. Historically, RR Lyrae stars
have often been studied through the so-called O−C (‘observed–
calculated’) diagrams, in which the observed times of maximum
are compared to the calculated times of maximum based on a
reference epoch and a value of the pulsation period, assumed
to be constant. However O−C diagrams can be constructed
from timing (or phase) information of many different light-
curve features, not only maxima. In this way, O−C variations
reveal changes in the pulsation period. O−C diagrams have
revealed that some RR Lyrae stars display period changes that
are too sudden to be of evolutionary nature. Moreover, many
RR Lyrae stars show continuous period variation resulting in
a parabolic O−C curve, which is positive or negative depend-
ing on whether the period increases or decreases. All of these
commonly observed intrinsic period changes (gradual increase,
decrease) or period breaks (discontinuous period changes) can
be studied through the O−C diagram.

About 50% of the fundamental-mode pulsators (RRab stars;
Jurcsik 2009; Benkő et al. 2014) show a remarkable amplitude
and/or phase modulation with a period of typically weeks to
months, called the Blazhko effect (Blažko 1907). The modu-
lation is also found in a smaller but considerable fraction of
the first-overtone pulsators (RRc stars; around 10%, Netzel et al.
2018) and RRd stars (Soszyński et al. 2016). This modulation is
mostly periodic but variations in the period of the Blazhko effect
are seen in several well-studied stars (Kolenberg et al. 2006;
LaCluyzé et al. 2004; Le Borgne et al. 2014).

In addition to causing variations in the amplitude of the
light curve, the Blazhko effect often manifests itself as a phase
modulation, because it causes the instantaneous period of the
star to vary with an amplitude of up to several minutes across
the Blazhko modulation cycle. Therefore, the Blazhko effect can
also be detected in O−C variations, with the moment of maxi-
mum light occurring sometimes earlier and sometimes later than
the calculated time of maximum based on the mean period of the
star.

Finally, there is yet another cause of variations in the O−C
diagram: a light travel time effect (LTTE) in a binary system
can also affect the observed timings of maximum light (Woltjer
1922; Irwin 1952). The LTTE is the modulation of the light
curves induced by the changing distance between the observer
and the pulsating component in a binary system due to its motion
around the centre of mass (Hajdu et al. 2021). In principle, the
LTTE in a binary system should be detectable in the O−C dia-
grams of an RR Lyrae star. While more than half of stars are
generally found in multiple systems, strikingly few of the many
known RR Lyrae stars are known to be part of a multiple sys-
tem (Liška et al. 2016a). Since RR Lyraes are evolved low-mass
stars with ages above 10 Gyr, they have gone through a giant
phase during which the star had a radius of a few astronomical
units. If such a star is part of a binary system, it is unlikely that
the companion star has an orbit that is smaller than the RR Lyrae

star had when it was still in its giant phase. Therefore, due to
their evolutionary path, the orbital periods of binaries containing
a RR Lyrae star must be of the order of tens of years, and hence
their detection is difficult. Given their distances, the probability
of observing a binary system containing an RR Lyrae star with-
out adaptive optics or interferometry is negligible. Very wide
binaries can be detected as proper motion pairs with long orbital
motions using Gaia data, even when the brightness ratios are of
the same order of magnitude as those of RR Lyrae stars and their
supposed companions, as shown by Kervella et al. (2019) with
multiple probable detections. Since the start of the Gaia mis-
sion, the accuracy of the positions recorded at different dates has
allowed proper-motion anomalies to be identified. Some of these
anomalies can be interpreted as a motion of the star around the
centre of mass in a binary system. Kervella et al. (2019) studied
198 RR Lyrae stars using Hipparcos and Gaia DR2 data: 13 of
them show significant proper-motion anomalies.

The analysis of light curves can potentially reveal eclipsing
binaries. However, considering the distance between the compo-
nents, observing eclipse events is, in general, very unlikely. Gen-
erally, very few candidate RR Lyrae stars in eclipsing binary sys-
tems have been found, with a peculiar exception being the case
of OGLE-BLG-RRLYR-02792, an entirely new kind of vari-
able star, a so-called binary evolution pulsator (Pietrzyński et al.
2012).

The detection of a binary component in RR Lyrae stars can
also be inferred from fluctuations in the mean radial velocity
relative to the barycentre of the Solar System, known as the
gamma velocity. This method has been employed in various
research efforts, such as the study conducted by Barnes et al.
(2021), to identify binary RR Lyrae systems. To derive binarity
through radial velocity measurements, it is essential to under-
take comprehensive time-series observations that span the entire
pulsation period of the RR Lyrae star. This approach ensures the
accurate calculation of the gamma velocity from the star’s radial-
velocity curve. The necessity for detailed observations becomes
particularly pronounced for stars exhibiting the Blazhko effect,
which complicates the radial-velocity profile and consequently
the determination of the gamma velocity.

The LTTE is the most widely used method for searching for
binaries among the RR Lyrae stars. For a binary RR Lyrae star,
the motion around the centre of mass causes changes in position
that can be measured via the LTTE through the timing of the
maximum of the light curves. If the pulsating star has a binary
companion, the gravitational effects induce its centre to orbit
around the centre of mass of the double system. We can define
a vector joining the centre of mass to the centre of the pulsating
star. The projection of this vector on the line of sight produces
an orbital LTTE. As a consequence, the O−C values will vary
periodically with orbital period T .

These periodic variations are often studied using O−C dia-
grams (Liska & Skarka 2015). The detailed methodology for
this technique is described in Sections 3.2 and 3.4. A notorious
star discovered through the LTTE is TU UMa, which is the
best RR Lyrae star candidate known in a binary system
(Saha & White 1990; Wade et al. 1999). The binarity of TU
UMa was demonstrated using this method, with an orbital period
of 23.3 years, a minimum mass of the companion of 0.33 solar
masses, and an eccentricity of '0.7 (Liška et al. 2016b).

In recent decades, several stars showing such O−C variations
have been investigated, yielding new candidate binary RR Lyrae
stars. Hajdu et al. (2021) present 87 candidates for RR Lyrae vari-
able stars in binary systems based on a new search using the LTTE
and O−C diagrams in the Galactic bulge time-series photom-
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etry of the Optical Gravitational Lensing Experiment (OGLE).
Of these, 61 are new candidates, while 26 have previously been
reported (Hajdu et al. 2018). Analyses of the RR Lyrae light
curves of the Kepler mission showed three additional possible
binary candidates (Barnes et al. 2021; Li & Qian 2014).

In studies focusing on RR Lyrae stars within binary systems,
the interpretation of O−C diagrams can be complicated by the
presence of the Blazhko effect alongside intrinsic variations in
the star’s period. It is essential to separate these contributions to
accurately discern the binary system’s dynamics.

To simplify the analysis of the O−C data sets, the first studies
that searched for orbital LTTEs looked at RR Lyrae stars that do
not exhibit the Blazhko effect, and were carried out by, for exam-
ple, Saha & White (1990) and Hajdu et al. (2015). In the present
paper, we take this approach further and focus on a potential
binary system RR Lyrae star, V1109 Cas, which also exhibits
the Blazhko effect. The availability of more light-curve data for
V1109 Cas enhances our capacity to dissect and understand the
various factors contributing to its O−C variation behaviour.

2. Data

The star V1109 Cas (right ascension (RA) of 01h26m22s.159,
declination (Dec) of +73◦13′11′′.31), has an apparent visual
magnitude ranging from 12.67 to 13.47. The potential binarity
of this star was revealed by its O−C variations from the GEOS
RR Lyrae Survey (GRRS; Le Borgne et al. 2018). The GEOS
RR Lyrae is a pivotal resource for researchers focusing on RR
Lyrae stars, offering access to over 153 925 recorded maxima for
4185 stars. This extensive collection includes data derived from
electronic, photographic, and visual observations of field RRab
and RRc stars. The database facilitates comprehensive analyses
by providing tools for examining O−C curves, bibliographies,
and statistics on RR Lyrae maxima; it integrates with exter-
nal astronomical catalogs and databases, enhancing the scope
of research on phenomena such as period variations and the
Blazhko effect (Le Borgne et al. 2007). Observational data on
O−C times provide valuable insights into the pulsational prop-
erties of RR Lyrae stars, yet they capture only a limited aspect
of the stellar variability. Therefore, we selected a star for which
comprehensive photometric data are accessible in addition to the
O−C information. As shown in Figure 1, the O−C diagram of
V1109 Cas reveals deviations suggestive of binary characteris-
tics. Yet, we also see clear indications of a Blazhko variability in
the O−C diagram, leading to large scatter in the O−C diagram.
The integration of detailed photometric observations allows us
to delineate the Blazhko effect and identify potential disruptions
in the periodicity of the star’s pulsation with more accuracy and
to assess whether the star is part of a binary system, as its O−C
diagram seems to suggest.

In our investigation of the star, we utilised photometric
data provided by Eric Denoux, a contributor to the GRRS
(Le Borgne et al. 2018). The observations were conducted
using a 25.4 cm Schmidt-Cassegrain telescope equipped with
a SBIG ST-2000 XM CCD camera, which has a resolution of
1600× 1200 pixels and a pixel size of 7.4× 7.4 µm. To optimise
the data capture, a 2× 2 binning technique was employed during
the recording process.

The observational dataset spans nine years, from 2013
to 2022. The recorded magnitudes are presented in differen-
tial magnitude units. The measurement timings, recorded ini-
tially in Julian days (JD) and ranging from 2456547.32592
to 2459843.69796, were converted to heliocentric Julian days
(HJD) to account for the effect of the Earth’s motion.

Fig. 1. Original O−C diagram of the suspected binary RR Lyrae star
V1109 Cas from the GEOS database, based on a mean period of P0 =
0.436196000 days.

3. Methodology

3.1. O–C diagram

According to a given pulsation period, P, one can index each
time of maximum by an integer E, counting the number of
maxima that have occurred since an initial heliocentric Julian
date, HJD0. When a pulsating star beats regularly (i.e. when
there is no Blazhko effect or other period variation), the instants
of maximum light must adhere to the following law (Equation 1):

CE = HJD0 + E × P, (1)

where CE is the calculated time of the Eth maximum.
Consider an observation recorded at time HJD, the first step

consists in determining the count E, the number of elapsed pul-
sation cycles since HJD0 (Equation (2)):

E = b(HJD−HJD0)/Pe, (2)

where the be symbol stands for ‘round to the nearest integer’. For
a given E, the date of the observed maximum is OE and can be
compared to the corresponding time CE calculated using Equa-
tion (1). A set of OE−CE is named O−C. If the star is pulsating
regularly and the correct period P is known, all O−C sets should
be equal to zero.

The Blazhko effect is defined as a modulation of the
pulsating period that causes O−C to vary with the so-called
Blazhko period, PB. Typical Blazhko periods, PB, lie between
10 and 500 days, with some stars showing modulation periods of
thousands of days (Skarka et al. 2020), reaching into the realm of
the expected binary periods. The Blazhko effect leads to magni-
tude changes at maximum brightness, whereas the induced mag-
nitude changes at the minimum brightness are much smaller.

Periodic variations of the O−C values can be due to a
Blazhko effect or to a LTTE or to a combination of the two
effects (see Equation (A.5)). Moreover, the Blazhko effect has
an O−C amplitude of the same order of magnitude as the sus-
pected orbital LTTE.

Other effects are known to also produce variations of O−C
with time. A regular increase or decrease in the pulsating
period induces a parabolic behaviour of the O−C values and is
observed in a significant fraction of stars (e.g. BN Aqr). Sudden
changes of the pulsation period are sometimes observed when
they induce O−C slope breaks (e.g. AV Dra). These two O−C
diagram situations are illustrated in Figure 2. The two effects
(period increase or decrease, and period break) are considered
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Fig. 2. O−C diagrams showing a period break with a sequence of linear
fits for AV Dra (left) and parabolic behaviour with a parabolic fit for BN
Aqr (right). We have removed the outliers between 1930 and 1940 on
BN Aqr.

Fig. 3. Schematic overview of our methodology to determine refined
O−C diagrams for the suspected binary RR Lyrae star V1109 Cas.

intrinsic to the RR Lyrae star, just like the Blazhko effect. Thus,
if an RR Lyrae star in a binary system shows a Blazhko effect, a
more careful analysis is needed to separate the two effects on the
O−C diagram.

Intrinsic pulsation period changes can resemble O−C varia-
tions due to a binary orbit and can mistakenly be interpreted as
such. Even period breaks, although not smooth, can look like the
signature of the LTTE for some geometrical configurations. Both
period changes and period breaks lead to variations in the O−C
diagrams, but these variations can be differentiated as shown in
Figure 2. However, binary motion is periodic, and to confirm
the LTTE, several authors take a few cycles to conclude the
effect: see Hajdu et al. (2021) Section 3 and Skarka et al. (2020)
section.

The classical O−C diagram, as defined in Equation (1), is
based on just one mean pulsation period and does not take into
account its periodic modulation due to the Blazhko effect. With
the light curves of V1109 Cas at our disposal, we proceeded in
two steps to refine the O−C diagrams as schematically shown
in Figure 3. In the first step, we focused on the Blazhko effect
by fitting the data with a mean pulsation period modulated by a
Blazhko effect. With the reduced scatter in the O−C diagram after
removing the Blazhko effect, we see a residual signal that could
be due to the LTTE and/or intrinsic period changes (gradual or
break). We investigate both scenarios in the second step.

3.2. Fourier analysis to account for the Blazhko modulation

To describe the variability, we employed a technique that
involves fitting the light curves with a series of sinusoidal func-
tions, governed by the following equation:

m(t) = A0 +

n∑
i=1

Ai sin(2πFit + Φi), (3)

where m(t) represents the magnitude as a function of time t, Ai
denotes the amplitude associated with each frequency Fi, and Φi
is the corresponding phase shift.

A Fourier fit for a Blazhko-modulated star encompasses the
primary frequency, its harmonics, and often symmetrical multi-
plet patterns around these frequencies, indicative of the Blazhko
effect. These multiplets frequently appear as triplets, with the
spacing between the central frequency (main or harmonic) and
the adjacent side-peaks equal to the Blazhko or modulation fre-
quency. Accordingly, Equation (3) can be extended following the
approach outlined by Kolenberg et al. (2011):

m(t) = A0 +

n∑
i=1

[
Ai sin

(
2π(k f0t + φi)

)
+ A+

i sin
(
2π

(
(k f0 + fB)t + φ+

i
))

+ A−i sin
(
2π

(
(k f0 − fB)t + φ−i

))]
+ B0 sin

(
2π( fBt + φB)

)
. (4)

The last term in this summation is included only if the
Blazhko frequency can be directly detected in the data. This is
not always the case; the Blazhko frequency is usually found indi-
rectly through the side peaks in the Fourier spectrum.

The Fourier analysis of our dataset was performed using
Period04, a software tool designed for the statistical evaluation
of extensive astronomical time series; even those with unevenly
spaced data points, as noted by Lenz & Breger (2014).

This initial analysis leads to the creation of a synthetic
dataset that mirrors the observed pulsation patterns. It incor-
porates all detected frequencies linked to the stellar pulsation,
including the fundamental frequency, its harmonics, and those
attributable to the Blazhko effect. Thus, we model the star’s pul-
sation modulated by the Blazhko phenomenon.

3.3. Step 1: Refined O–C diagrams based on a constant
mean pulsation period modulated due to the Blazhko
effect

As a first step in our analysis, we fit the observed data assuming
a mean pulsation period with Blazhko modulation, as in Equa-
tion (4). Our synthetic data set allows us to derive a refined ver-
sion of the O−C diagram.
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The peak times in the original data furnish the (O) values,
while the maxima identified in the synthetic (model) light curve
yield the (C) values. This process generates a sequence of (C)
values derived from the synthetic fit that encapsulates every iden-
tified frequency, including those linked to the Blazhko modula-
tion. We used Python routines to determine the times of maxi-
mum brightness for the original (O) or synthetic (C), fitting the
data using a cubic spline function with a non-zero smoothing
parameter developed by Le Borgne et al. (2007).

3.4. Step 2: Further refinement of the O–C diagrams for
different scenarios

By segregating the influences of the Blazhko effect, we aim to
clarify whether or not residual O−C discrepancies provide evi-
dence of inherent pulsation period variations, such as a break or
gradual change in the period, or of binarity. In our subsequent
analysis, we consider each of these cases as a potential expla-
nation for the remaining O−C variation. If the O−C variation is
due to a LTTE, we can use the equations in Appendices A and B
to determine the orbital solution and estimate the companion’s
mass. To fit the orbital solution, we use a statistical method
based on a five-dimensional grid varying the following orbital
elements: the orbital period T , e, the longitude of the ascending
node Ω, a1 · sin(i), and the date of periapsis (YearM0). We note
that a1, the semi-major axis of the RR Lyrae star, is referenced
with the centre of mass of the system. For each date of O−C,
we compute the corresponding LTTE using the equations in
Appendix A. The χ2 is computed as the weighted sum of squared
deviations. The best solution is where χ2 is minimal.

4. Analysis and results

4.1. Initial O–C diagram

The O−C diagram based on the GEOS database, which is
also shown in Figure 1, was determined using the following
ephemerides:

CE = 2458744.5610 + E × 0.436196000, (5)

with CE the calculated time of the Eth maximum. Figure 1
shows a large scatter as well as a slightly upward trend followed
by a downward trend. A repetitive pattern can be seen in the
scatter between 2018 and 2021, reminiscent of the star’s Blazhko
modulation.

4.2. Fourier analysis

We performed a Fourier analysis on the full light curves
we have at our disposal for V1109 Cas, encompassing
13 809 data points, spanning from HJD 2456547.3269171
to HJD 2459843.6994033. Applying the method described
in Section 3.2 to the star V1109 Cas, we converged
to a fit to the data including 30 frequencies presented
in Table 1: the main fundamental-mode frequency
f0 = 2.2925357± 0.0000002 c/d, and its harmonics up to
15 f0, and equidistant triplets around these frequencies with
a spacing of fB = 0.005294± 0.000001 c/d corresponding to a
Blazhko period of PB = 188.89± 0.07 d. The Blazhko frequency
itself is also present in the data with a low but significant
amplitude.

Figure 4 shows the fit we obtained to the data gathered by
E. Denoux. It shows that the fit, including the Blazhko effect

Table 1. Result of the fit with 30 frequencies to the V data.

Frequency Freq. Amp.± 0.001 Phase Φi/2π
(c/d) (mag)

f0 2.2925357 0.438 0.820± 0.001
2 f0 4.5850714 0.191 0.998± 0.001
3 f0 6.8776070 0.099 0.206± 0.002
4 f0 9.1701430 0.047 0.423± 0.005
5 f0 11.462679 0.019 0.631± 0.011
6 f0 13.755215 0.007 0.769± 0.034
7 f0 16.047750 0.004 0.904± 0.057
8 f0 18.340286 0.003 0.944± 0.075
9 f0 20.632822 0.003 0.114± 0.062
10 f0 22.925350 0.002 0.316± 0.114
11 f0 25.2178933 0.002 0.542± 0.109
12 f0 27.5104291 0.001 0.709± 0.213
13 f0 29.8029648 0.001 0.020± 0.229
14 f0 32.0955006 0.001 0.905± 0.587
15 f0 34.3880363 0.001 0.275± 0.311
f0 + fB 2.297830 0.079 0.107± 0.003
2 f0 + fB 4.590365 0.064 0.248± 0.005
3 f0 + fB 6.882901 0.054 0.452± 0.005
4 f0 + fB 9.175437 0.039 0.699± 0.009
5 f0 + fB 11.467973 0.025 0.932± 0.016
6 f0 + fB 13.760508 0.014 0.139± 0.023
f0 − fB 2.287241 0.060 0.533± 0.020
2 f0 − fB 4.579777 0.058 0.834± 0.004
3 f0 − fB 6.872313 0.046 0.183± 0.004
4 f0 − fB 9.164848 0.030 0.355± 0.005
5 f0 − fB 11.457384 0.018 0.577± 0.008
6 f0 − fB 13.749920 0.011 0.803± 0.012
fB 0.005294 0.011 0.834± 0.003

Notes. We note that the fit contains two independent frequencies, f0 =
2.2925357 ± 0.0000003 c/d and f0 + fB = 2.297830 ± 0.000002 c/d,
yielding a Blazhko frequency of fB = 0.005294 ± 0.000001 c/d or a
Blazhko period of PB = 188.89 ± 0.07 days.

(red), takes into account and describes rather well the changes in
amplitude, phase (timing of maximum), and light curve shape of
the observed data. This is not the case for a fit without a Blazhko
effect (blue).

4.3. Step 1: Refined O–C diagrams

Figure 5 shows a subset of our photometric data (in black) and
the best fits without (in blue) and with the Blazhko effect (in
red). The different fits show differences in O−C values of the
order of several minutes. We constructed refined O−C diagrams
based on a single mean period of pulsation modulated by the
Blazhko effect, as described in Section 3.3. The lower left panel
of Figure 6 demonstrates the value of adopting an alternative
strategy to determine O−C values in the case of a Blazhko star.
We see a significant reduction in the scatter of the O−C diagram
when taking into account the phase modulation.

The error bars depicted in Figure 6 stem from the sampling
methodology outlined in Section 2.3 of Le Borgne et al. (2007).
To get O−C data, the sampling process involves two consecutive
exposures, each of 30 seconds, taken every 10 minutes within
a window of 2 hours centred around the predicted peak time
and extending 20 minutes beyond. On average, this results in
an interval of 5.8 minutes between successive measurements.
However, this nominal sampling regime may be affected by
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Fig. 4. Two subsets of the data (black) and the Fourier fits (red and blue) for the V1109 Cas observations, obtained by E. Denoux between 2013
and 2022. The blue fit only accounts for the mean period of the star and its harmonics, without modulation. The red fit takes into account the
Blazhko modulation of the star, and fits the data better.

Fig. 5. Zoomed-in view of three pulsation periods (top) and
one pulsation period (bottom), with the left and right panels
showing two different sections of the light curve. The raw
data are plotted in black. The fit without phase modulation is
shown in blue, while the fit taking into account the Blazhko
effect is shown in red. The vertical lines show the temporal
shifts of the light maximum for the observations and for the
two fits. The fit including the Blazhko effect is closer to
the original data, explaining the reduction in scatter in the
refined O−C diagram shown in Figure 6.

local factors like weather conditions or telescope operations.
For well-covered maxima, the mean error bar is approximately
0.003 days, equivalent to 4.3 minutes, with typical error bars
falling within the range of 0.002–0.010 days.

If the period changes caused by the Blazhko effect are pro-
perly taken into account, the difference in timing of maximum
light between the original data (black dots) and the red fit, resul-
ting in an O−C difference, will be due to the suspected orbital
motion (LTTE) or intrinsic period changes (gradual or break).

4.4. Step 2: Further refining the O–C diagrams for different
scenarios

In the left panel of Figure 6, we see a remaining variation that
could be due to an intrinsic period change, such as a break or a
gradual change, or to an orbit (LTTE).

4.4.1. Intrinsic period changes: Break or gradual change

After refining the O−C diagram on the basis of a mean pul-
sation period changed by the Blazhko effect, as shown in
Figure 6, we noticed a possible break in the period around
2018. Therefore, we divided the data into two parts, and
carried out a more detailed analysis of the light curves. A
first part before 2018 extends from HJD 2456547.3269171
(September 11, 2013) to HJD 2458055.3275026 (October 28,

2017) corresponding to 2535 data points. A second part after
2018 extends from HJD 2458191.3920346 (March 13, 2018)
to HJD 2459843.6994033 (September 21, 2022) corresponding
to 11269 data points. The results of the fits are presented in
Tables 2 and 3. We find periods of pulsation of 0.4362084 ±
0.0000002 days and 0.4361944 ± 0.0000004 days and modula-
tion periods of PB = 187.0± 0.3 days and PB = 189.2± 0.1 days,
respectively. The Blazhko frequency itself does not have a sig-
nificant amplitude in the separate data sets.

The O−C diagram constructed on the basis of this period
break as described in Section 3.3 and based on the sampling as
described in Section 4.3 is shown in red in the right panel of
Figure 6, with an error bar of 0.003 d. The period break removes
the slopes in the O−C diagram, and what remains is a much
smaller scatter around zero.

While the shape of the refined O−C diagram is indicative of a
period break, we also investigated whether or not we could detect
gradual period changes over the 9 years of observations. To
determine this, we subdivided the data set into bins of 200 days,
and performed Fourier analysis as in Equation (4) on the light
curves in two consecutive intervals (400 days, covering more
than two Blazhko periods) with a sliding window. This analy-
sis was performed on 15 overlapping windows. The changes in
pulsation period for subsequent windows were below the error
bars of 0.0001 days, except for the location of the break. This
led us to conclude that a period break is a more likely explana-
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Fig. 6. O−C diagrams extracted from the Blazhko effect with
a mean period (bottom left) using the method described in
Section 3.2, and with a period break (bottom right) using the
method described in Section 3.4. In the bottom left panel, we
see a remaining variation that could be due to an orbit or an
intrinsic period change. In the top panel, the blue colour rep-
resents the case where no Blazhko effect is extracted.

Table 2. Fit of a subset of V1109 Cas.

Frequency Freq. Amp.± 0.003 Phase Φi/2π
(c/d) (mag)

f0 2.292482 0.442 0.831± 0.001
2 f0 4.584964 0.197 0.023± 0.003
3 f0 6.877446 0.108 0.241± 0.005
4 f0 9.169929 0.054 0.469± 0.009
5 f0 11.462410 0.028 0.683± 0.018
6 f0 13.754892 0.012 0.888± 0.050
7 f0 16.047374 0.010 0.968± 0.055
8 f0 18.339856 0.007 0.172± 0.072
9 f0 20.632338 0.007 0.298± 0.071
10 f0 22.924820 0.005 0.547± 0.102
11 f0 25.217302 0.002 0.755± 0.240
12 f0 27.509784 0.005 0.871± 0.094
13 f0 29.802266 0.002 0.181± 0.475
14 f0 32.094748 0.002 0.297± 0.256
15 f0 34.387231 0.002 0.554± 0.211
f0 + fB 2.297836 0.072 0.416± 0.007
2 f0 + fB 4.590313 0.060 0.575± 0.008
3 f0 + fB 6.882795 0.049 0.780± 0.009
4 f0 + fB 9.175277 0.039 0.982± 0.013
5 f0 + fB 11.467759 0.024 0.296± 0.018
6 f0 + fB 13.760241 0.016 0.495± 0.029
f0 − fB 2.287133 0.056 0.911± 0.009
2 f0 − fB 4.579615 0.063 0.082± 0.008
3 f0 − fB 6.872097 0.050 0.320± 0.009
4 f0 − fB 9.164579 0.036 0.546± 0.014
5 f0 − fB 11.457061 0.025 0.790± 0.019
6 f0 − fB 13.749543 0.016 0.003± 0.029

Notes. Data corresponding to the data with starting
epoch = HJD 2456547.3269171 (before the apparent break around
2018). We note that the fit contains two independent frequencies,
f0 = 2.292482 ± 0.000001 c/d and f0 + fB = 2.297836 ± 0.000007 c/d,
yielding a Blazhko frequency of fB = 0.005348 ± 0.000008 c/d or a
Blazhko period PB = 187.0 ± 0.3 days.

tion for the shape of the refined O−C diagram than a gradual
period change.

4.4.2. LTTE: Fitting the orbital solution

An alternative explanation for the remaining variation in the
O−C diagram after subtraction of the Blazhko effect is the LTTE.

Table 3. Fit of a subset of V1109 Cas.

Frequency Freq. Amp.± 0.001 Phase Φi/2π
(c/d) (mag)

f0 2.292556 0.437 0.778± 0.001
2 f0 4.585111 0.190 0.912± 0.001
3 f0 6.877667 0.099 0.076± 0.002
4 f0 9.170223 0.046 0.251± 0.004
5 f0 11.462779 0.019 0.399± 0.011
6 f0 13.755334 0.008 0.485± 0.022
7 f0 16.047890 0.005 0.582± 0.035
8 f0 18.340446 0.004 0.619± 0.039
9 f0 20.633001 0.004 0.716± 0.044
10 f0 22.925557 0.004 0.905± 0.041
11 f0 25.218113 0.003 0.068± 0.064
12 f0 27.510668 0.002 0.220± 0.084
13 f0 29.803224 0.001 0.494± 0.207
14 f0 32.095780 0.001 0.361± 0.224
15 f0 34.388336 0.001 0.701± 0.287
f0 + fB 2.297841 0.080 0.660± 0.002
2 f0 + fB 4.590397 0.066 0.756± 0.003
3 f0 + fB 6.882952 0.057 0.923± 0.003
4 f0 + fB 9.175508 0.040 0.129± 0.005
5 f0 + fB 11.468064 0.026 0.318± 0.007
6 f0 + fB 13.760619 0.014 0.480± 0.013
7 f0 + fB 16.053175 0.011 0.635± 0.017
8 f0 + fB 18.345731 0.006 0.801± 0.033
f0 − fB 2.287271 0.067 0.545± 0.003
2 f0 − fB 4.579826 0.064 0.676± 0.002
3 f0 − fB 6.872382 0.052 0.860± 0.003
4 f0 − fB 9.164938 0.035 0.042± 0.005
5 f0 − fB 11.457493 0.022 0.215± 0.009
6 f0 − fB 13.750049 0.013 0.386± 0.013

Notes. Data corresponding to the data with starting
epoch = HJD 2458191.392034 (after the apparent break around
2018). We note that the fit contains two independent frequencies,
f0 = 2.292556 ± 0.000001 c/d and f0 + fB = 2.297841 ± 0.000007 c/d,
yielding a Blazhko frequency of fB = 0.005285 ± 0.000008 c/d or a
Blazhko period PB = 189.2 ± 0.1 days.

Orbital motion would result in gradual apparent period changes,
as the time between consecutive maxima will change periodi-
cally due to the varying light travel time. While the period break
is a likely explanation for the observed shape of the refined O−C
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Table 4. Orbital elements and mass derived from a fit to the O−C diagram after subtraction of the Blazhko effect.

a1 · sin(i) (day) Ω (degree) T (year) e Periastron date f (m) K (km s−1) m2 mini (M�)

0.0161± 0.0002 100± 7 17± 2 0.88± 0.06 2017.8± 0.01 0.07 ±0.05 10.3± 4.7 0.43

Fig. 7. χ2 maps with the 3σ contours of the orbital fit of V1109 Cas.
See the description in Section 3.4.

diagram (Figure 6), we consider an alternative interpretation of
the O−C dispersion after extraction of the Blazhko effect, belie-
ving it to be due to an orbit for a specific configuration. We used
the statistical method described in Section 3.4 to calculate the
optimal orbital parameters based on the χ2 values. Table 4 lists
the orbital elements, the minimum mass, and the semi-amplitude
K calculated from the orbital parameters (Hajdu et al. 2021).
Uncertainties are given at the 3σ level. The companion mass is
deduced under the assumption that the RR Lyrae star has a mass
of 0.63 M� (Marsakov et al. 2019), as given in Table 4. Figure 7
displays the χ2 maps with the 3σ contours. Figure 8 shows the fit
over the data without the Blazhko effect and the residuals after
the subtraction of the orbit.

5. Discussion

In the previous sections, we derive refined O−C diagrams
taking into account the pulsation period changes induced by
the Blazhko effect. From these refined diagrams, other causes
for O−C variations can more easily be derived, such as period
breaks, gradual period changes, and the LTTE.

As the Blazhko effect has an O−C amplitude of the same
order of magnitude as the suspected orbital LTTE, we looked
for ways to distinguish between the two effects. First, the LTTE
does not significantly change the brightness at maximum light,
while the Blazhko effect does. When only considering O−C data,
the brightness at maximum light is not considered. Time-series
photometry over a longer time base, however, allows us to dis-
tinguish this distinct feature of Blazhko modulation. Second,

binary stars are generally not expected to have orbits closer than
a distance corresponding to the RR Lyrae radius when it was
a giant (i.e. a few astronomical units). Therefore, orbital peri-
ods are expected to be longer (years to decades, or even cen-
turies) than typical Blazhko periods (weeks to months). Observa-
tions spanning more than a century can be necessary to uncover
period changes or the LTTE. For the star DM Cyg, for exam-
ple, the O−C diagram based on observations spanning one cen-
tury revealed a steady period increase (Jurcsik et al. 2009). If
this period increase were due to the LTTE, we would have to
observe for even longer than a century to observe the expected
subsequent period decrease.

For most studied modulated RR Lyrae stars, the available
data are insufficient to perform a full light-curve analysis that
allows us to mathematically model the Blazhko effect accu-
rately. With only O−C data, as found in the GEOS RR Lyrae
database, one can also derive (and subtract) a mean Blazhko
period using phase dispersion minimisation methods. However,
as the Blazhko effect is not always mono-periodic, and a subset
of modulated stars also show period doubling (Kolenberg et al.
2010; Szabó et al. 2010) and Szabó et al. (2010), there is an
advantage to the light-curve fitting as applied on V1109 Cas
here.

For modulated stars with a changing Blazhko period and/or
multiple Blazhko periods, applying this light-curve fitting
method is more challenging and will require more data, but it
will still yield a more accurate subtraction of the Blazhko effect
than when only using the times of maximum (O−C data). The
nine years of time-series photometry of the star V1109 Cas
would not be sufficient to derive an accurate binary period on top
of the Blazhko effect, but a detailed study of the refined O−C dia-
gram could reveal which explanation is more likely for the O−C
variations.

Our analysis reveals that a period break is a likely expla-
nation for the O−C variations. We compared the O−C resi-
duals using the standard deviation (sigma, σ) of the consid-
ered O−C diagrams of V1109 Cas taking into account differ-
ent effects. Before the extraction of the O−C variations due
the Blazhko effect, sigma is equal to 0.013 days (18 minutes).
Subsequently, after subtracting the Blazhko effect, consider-
ing a mean pulsation period, the standard deviation amounts
to 0.008 days (11 minutes). Taking into account a period break
reduces the standard deviation to 0.006 days (8 minutes), as
illustrated in Figure 6. The residual O−C dispersion can be
due to various factors, including insufficiently modeled period
changes or modulations. However, we do not see a clear remain-
ing trend in the residual O−C diagram, which would be indica-
tive of orbital motion. Thus, taking into account a period break
removes the potential orbital signature from the O−C diagram.

However, orbital effects on the O−C diagram can resemble
a period break for some geometrical configurations (Ω ' 90◦
or Ω ' 270◦ and e> 0.5). With more data, it will be possible
to decipher whether the O−C variations are due to a period
break or an orbit. In the scenario of an orbit, we expect to see
repeating features, such as upward and downward trends in the
O−C diagram, which would not be expected for a mere period
break or change.
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Fig. 8. O−C diagrams extracted from the orbital effect. Left: Initial O−C subtracted by the Blazhko effect showing only the LTTE (red) and the
best orbit (green) as described in Section 4.4.2. Right: Residuals after subtraction of the best-fit orbit.

Intrinsic and sudden changes of the fundamental radial
period of an RR Lyrae star must be due to structural changes
in the star, particularly changes in its density distribution. The
cause of such changes remains unknown, but observations seem
to indicate that stars either show distinct period breaks, or more
gradual period changes. In Section 4.4.2 and Figures 7 and 8 we
demonstrate that, if we hypothetically simulate the possibility of
an orbital solution instead of considering the period break, this
can lead to conclusions in terms of an orbit. We obtain a rather
eccentric orbit and minimum mass m2 of 0.43 M� (see Table 4),
a plausible value for an invisible companion, also from a stel-
lar evolution point of view. However, this orbital solution does
not reduce the dispersion of the O−C diagram as we obtain a
slightly higher value of the standard deviation σ of 10 minutes.
The period break method gives better results.

Therefore, our results for the specific case of V1109 Cas
show that the most likely interpretation of the dispersion of
the O−C diagram after extraction of the Blazhko effect from
the star V1109 Cas is a period break as shown in Figures 6
and 9. The period of pulsation found before the break is P =
0.4362084± 0.0000002 days and that after the break is P =
0.4361944± 0.0000004 days. The difference in period before
and after the break is ∆P = 1.2 s.

6. Summary and conclusions

In this work, we demonstrate how the Blazhko effect can be
disentangled from potential period changes due to other aspects,
namely either binary or intrinsic period breaks.

Puzzlingly few of the many detected RR Lyrae stars are
known to have a stellar companion. The binarity of this class
of pulsating stars is an elusive aspect of astrophysics due to the
complexity of detecting companions to these evolved low-mass
stars. Radial-velocity data of RR Lyrae stars gathered over suf-
ficiently long periods are sparse and have only led to one bona
fide candidate so far (Barnes et al. 2021).

However, binary RR Lyrae stars may be revealed through
simple photometric data. The LTTE in a binary system should
be detectable in the O−C (‘observed–calculated’) diagrams of
the time of maximum light of an RR Lyrae star.

The O−C diagrams of RR Lyrae stars are also affected
by intrinsic period changes (gradual increase, decrease), period
breaks (discontinuous period changes), and, in many cases, a
Blazhko effect, which is a periodic amplitude and phase (period)

Fig. 9. Refined O−C diagram by extracting only the Blazhko effect
(green) and extracting Blazhko effect and period break (red). For the
period break, we used two different pulsation periods before and after
the break to construct the refined O−C diagram (red).

modulation of the light curve. These contributions have to be
carefully disentangled in order to extract the binary motion.

The aim of this study is to analyse observational data
obtained with small ground-based telescopes for a suspected
RR Lyrae binary star. We separate the different contributions to
the O−C variations. If binarity is a contributor, we can constrain
the orbital parameters of the binary system. The star V1109 Cas,
for which long time-series photometry is available, was selected
to cover the largest possible fraction of the orbital period. To
study the binarity of V1109 Cas, we analysed the O−C diagram.
In a first step, we reduced the scatter on the O−C diagram caused
by the Blazhko effect. Subsequently, we analysed the O−C resid-
uals after subtracting the Blazhko effect. We considered two
cases: a first solution that takes into account an intrinsic period
break or gradual period change effect, and a second solution that
stipulates an orbital effect due to the LTTE.

Our analysis reveals that, for the nine years of time-series
photometric data of the candidate binary RR Lyrae star
V1109 Cas, the dispersion of the O−C can be explained by the
Blazhko effect and a period break without invoking binarity.
Future photometric observations of the star could shed more
light on its potential binary nature.

Our study highlights the importance of a detailed analysis
of the light curves to discern the Blazhko effect and a period
break from binarity, and calls for caution when interpreting O−C
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variations as signs of binarity. Our methodology can be further
tested and applied to numerous other RR Lyrae stars showing
O−C variations reminiscent of the LTTE in a binary orbit. Our
study also demonstrates the usefulness of data gathered by both
amateur and professional observers with small telescopes, and
the benefits of Pro-Am collaborations. We call upon this prolific
community to continue their efforts in observing RR Lyrae stars,
and in particular stars showing O−C variations.
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Pietrzyński, G., Thompson, I. B., Gieren, W., et al. 2012, Nature, 484, 75
Saha, A., & White, R. E. 1990, PASP, 102, 148
Skarka, M., Prudil, Z., & Jurcsik, J. 2020, MNRAS, 494, 1237
Smith, H. A. 1995, Cambridge Astrophysics Series (Cambridge: Cambridge

University Press)
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Appendix A: Orbital solution

Given Keplerian orbital parameters (a, T , e, Ω, i, and
HJDperiapsis) at a given time, HJD, we computed the mean
anomaly, M:

M =
HJD − HJDperiapsis

T
. (A.1)

The eccentric anomaly, u, was deduced by solving the Kepler
equation

M = u − e · sin (u). (A.2)

The true anomaly, v, was calculated as{
cos(v) = cos(u) − e
sin(v) = sin(u)

√
1 − e2 . (A.3)

Then we computed the light time travel. At a given HJD corre-
sponding to a maximum observed OE , the LTT contribution is

OE = CE + LTT. (A.4)

If a Blazhko effect occurs by the time shift of B, the OE will add
a term to Eq. A.4:

OE = CE + LTT + B. (A.5)

Appendix B: Mass determination

From a dataset of O-C versus time, considering an O-C variation
due only to the LTTE, we can measure the orbital period, T , and
the amplitude, ∆t, of the LTTE of O-C along the period. The
following formula gives a1, the semi-major axis of the RR Lyrae
star with the centre of mass,

a1 · sin i = c · ∆t, (B.1)

where i is angle between the line of sight and the axis perpendic-
ular to the orbital plane, and c is the light celerity.

The semi-major axis of the companion relative to the RR
Lyrae star, a, is a = a1 + a2, where a2 is the semi-major axis
of the companion with the centre of mass. From the equality
a1 · m1 = a2 · m2 we can deduce a2 = a1 · m1/m2. Thus, a =
a1 · (m1 + m2)/m2. The third Kepler’s law,

a3

T 2 =
G(m1 + m2)

4π2 , (B.2)

combined with above relations gives the relation

m3
2 − fi · m2

2 − 2m1 fi · m2 − m2
1 fi = 0, (B.3)

where fi is

fi = 4π2 ·
a1

3

G · T 2 = 4π2 ·
(c · ∆t/sin(i))3

G · T 2 . (B.4)

In the case sin(i) = 1 (i.e. the orbit is seen edge-on), the reso-
lution of the third-order polynomial of Eq. B.3 gives the minimal
mass of m2 (m1 is assumed and ∆t is measured).

The general formula for calculating m2 if m1 and sin(i) are
known is the mass function f (m):

f (m) = 4π2 ·
(a1 · sin(i))3

G · T 2 =
(m2 sin (i))3

(m1 + m2)2 . (B.5)

The companion mass was deduced, allowing us to hypothe-
sise that RR Lyrae stars have a mass of 0.63 M� (Marsakov et al.
2019).
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