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ABSTRACT
Some pulsating stars are good clocks. When they are found in binary stars, the frequencies of
their luminosity variations are modulated by the Doppler effect caused by orbital motion. For
each pulsation frequency this manifests itself as a multiplet separated by the orbital frequency
in the Fourier transform of the light curve of the star. We derive the theoretical relations
to exploit data from the Fourier transform to derive all the parameters of a binary system
traditionally extracted from spectroscopic radial velocities, including the mass function which
is easily derived from the amplitude ratio of the first orbital sidelobes to the central frequency
for each pulsation frequency. This is a new technique that yields radial velocities from the
Doppler shift of a pulsation frequency, thus eliminates the need to obtain spectra. For binary
stars with pulsating components, an orbital solution can be obtained from the light curve alone.
We give a complete derivation of this and demonstrate it both with artificial data, and with a
case of a hierarchical eclipsing binary with Kepler mission data, KIC 4150611 (HD 181469).
We show that it is possible to detect Jupiter-mass planets orbiting δ Sct and other pulsating
stars with our technique. We also show how to distinguish orbital frequency multiplets from
potentially similar non-radial m-mode multiplets and from oblique pulsation multiplets.

Key words: techniques: radial velocities – binaries: general – stars: individual: KIC 4150611;
HD 181469 – stars: oscillations – stars: variables: general.

1 IN T RO D U C T I O N

There are many periodic phenomena in astronomy that act as clocks:
the Earth’s rotation and orbit, the orbit of the Moon, the orbits of
binary stars and exoplanets, the spin of pulsars, stellar rotation and
stellar pulsation are examples. All of these astronomical clocks
show measurable frequency and/or phase modulation in the modern
era of attosecond precision atomic time, and stunning geophysi-
cal and astrophysical insight can be gleaned from their frequency
variability.

Variations in the Earth’s rotation arise from, for example, changes
in seasonal winds, longer-term changes in ocean currents (such as in
the El Nino quasi-biennial southern oscillation), monthly changes
in the tides and long-term tidal interaction between the Earth and
Moon. Earth rotation even suffers measurable glitches with large
earthquakes and internal changes in Earth’s rotational angular mo-
mentum. Earth’s rotation and orbit induce frequency variability in
all astronomical observations and must be precisely accounted for,
usually by transforming times of observations to Barycentric Julian
Date (BJD). The astronomical unit is known to an accuracy of less

⋆E-mail: shibahashi@astron.s.u-tokyo.ac.jp

than 5 m, on which scale the Earth’s orbit is not closed and is highly
non-Keplerian. Incorrectly transforming to BJD led to the first claim
of discovery of an exoplanet (Bailes, Lyne & Shemar 1991; it
was a rediscovery of Earth), and correct transformation led to the
true first exoplanets discovered orbiting the pulsar PSR 1257+12
(Wolszczan & Frail 1992). Hulse & Taylor (1975) famously discov-
ered the first binary pulsar. Timing variations in its pulses confirmed
energy losses caused by gravitational radiation and led to the award
of the Nobel prize to them in 1993.

Deviations of astronomical clocks from perfect time keepers have
traditionally been studied using ‘observed minus corrected’ (O−C)
diagrams (see, e.g. Sterken 2005, and other papers in those proceed-
ings). Pulsar timings are all studied this way. In an O−C diagram
some measure of periodicity (pulse timing in a pulsar, time of pe-
riastron passage in a binary star, the phase of one pulsation cycle
in a pulsating star) is compared to a hypothetical perfect clock with
an assumed period. Deviations from linearity in the O−C diagram
can then diagnose evolutionary changes in an orbit or stellar pulsa-
tion, apsidal motion in a binary star, stochastic or cyclic variations
in stellar pulsation, and, most importantly for our purposes here,
periodic Doppler variability in a binary star or exoplanet system.

That some pulsating stars are sufficiently good clocks to detect
exoplanets has been demonstrated. In the case of V391 Peg (Silvotti
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Questions

1.  Are phase modulations of Blazhko RR Lyrae 
variables distinguishable from the light travel 
time effect caused by binary motion?

2.  Aren’t RR Lyrae variables in binary systems 
misclassified as Blazhko variables?



FM features as evidence for binarity

 Multiplet fine structures with an equal spacing in 

Fourier spectrum.

 The amplitude ratio (A1+A-1)/A0 ∝νpuls

 The phase difference Φ±1- Φ0 ≃π/2 rad



Binary information from FM features

 The frequency spacing gives the orbital frequency.

 The amplitude ratio (A1+A-1)/A0 gives a1νpulssini/c.

 A quintuplet fine structure gives e and 𝜛.



Kepler data 
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Figure 1: Left: Light curve of 10789273 as a function of time. Right: Zoom-in of the window

spectrum.

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

-20 -15 -10 -5  0  5  10  15  20

A
m

p
lit

u
d
e
 (

m
a
g
)

Frequency (d-1)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

 2.05  2.06  2.07  2.08  2.09  2.1  2.11

A
m

p
lit

u
d
e
 (

m
a
g
)

Frequency (d-1)

Figure 2: Left: An amplitude spectrum of the light curve shown in Fig. 1. Right: Zoom-in of the

amplitude spectrum around ⌫1.
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Figure 3: Light curve of KIC 10789273, folded with ⌫�1
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Figure 2: Left: An amplitude spectrum of the light curve shown in Fig. 1. Right: Zoom-in of the

amplitude spectrum around ⌫1.
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Figure 4: An amplitude spectrum after pre-whitening the highest peak, ⌫1, 2⌫1, 3⌫1 and 4⌫1.
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 Multiplet fine structures with an equal 

spacing in amplitude diagram.

 The amplitude ratio (A1+A-1)/A0 ∝ν ?

 The phase difference Φ±1- Φ0 ≃π/2 ?
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OGLE data
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Figure 1: Left: Light curve of 06498 as a function of time (left panel) and
as a pulsation phase (right panel).
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Figure 2: Window spectrum. Top left: A day-night gap leads the comb
structure with spacing 1 d−1. Top right: Zoom-in of the window spectrum
shown in the right panel. Bottom: Further zoom-in of the window spectrum.
A year gap leads the comb structure with spacing ∼ 0.003 d−1.
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Figure 3: Left: An amplitude spectrum of the light curve shown in the
left panel of Fig. 1. Right: An amplitude spectrum after pre-whitening the
highest peak, ν1 Aliases of the highest peak with spacing 1 d−1 automatically
disappear.
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Figure 4: Left: Zoom-in of the amplitude spectrum around the highest
peak, ν1. The shape reflects the window spectrum shown in the left panel
of Fig. 2. Right: A further zoom-in of the amplitude spectrum around the
highest peak. The shape reflects the window spectrum shown in the right
panel of Fig. 2.
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Figure 5: Amplitude spectrum around ν1 (left panel) and around ν2 (right
panel) after pre-whitening the highest peak. A pair of sidlebes and their
aliases caused by a year gap are clearly seen.
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Figure 6: Left: An amplitude spectrum after pre-whitening the higher side-
lobe. The lower sidelobe and its aliases remain. Right: An amplitude spec-
trum after pre-whitening the lower sidelobe. The higher sidelobe and its
aliases remain.
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Summary

1.  The FM method is a powerful tool to distinguish 
Blazhko phase modulation and the light travel time 
effect caused by binary motion.

2.  The FM method does work efficiently for the 
ground-based OGLE data.

3.  Some RR Lyrae stars thought to be Blazhko stars are 
not Blazhko stars in reality but RR Lyrae stars in 
binary systems. 
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