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ABSTRACT

Context. Radial velocity (RV) measurements are used to search for planets orbiting late-type main-sequence stars and to confirm the
transiting planets.
Aims. The most advanced spectrometers are now approaching a precision of ∼10 cm s−1, which implies the need to identify and
correct for all possible sources of RV oscillations intrinsic to the star down to this level and possibly beyond. The recent discovery
of global-scale equatorial Rossby waves in the Sun, also called r modes, prompted us to investigate their possible signature in stellar
RV measurements. These r modes are toroidal modes of oscillation whose restoring force is the Coriolis force; they propagate in the
retrograde direction in a frame that co-rotates with the star. The solar r modes with azimuthal orders 3 ≤ m . 15 were identified
unambiguously because of their dispersion relation and their long e-folding lifetimes of hundreds of days.
Methods. In this paper, we simulate the RV oscillations produced by sectoral r modes with 2 ≤ m ≤ 5 by assuming a stellar rotation
period of 25.54 days and a maximum amplitude of the surface velocity of each mode of 2 m s−1. This amplitude is representative of
the solar measurements except for the m = 2 mode, which has not yet been observed on the Sun.
Results. Sectoral r modes with azimuthal orders m = 2 and 3 would produce RV oscillations with amplitudes of 76.4 and 19.6 cm s−1

and periods of 19.16 and 10.22 days, respectively, for a star with an inclination of the rotation axis to the line of sight i = 60◦. Therefore,
they may produce rather sharp peaks in the Fourier spectrum of the radial velocity time series that could lead to spurious planetary
detections.
Conclusions. Sectoral r modes may represent a source of confusion in the case of slowly rotating inactive stars that are preferential
targets for RV planet search. The main limitation of the present investigation is the lack of observational constraints on the amplitude
of the m = 2 mode on the Sun.

Key words. techniques: radial velocities – Sun: oscillations – stars: oscillations – stars: late-type – planets and satellites: detection –
planets and satellites: terrestrial planets

1. Introduction

The search for Earth-like planets around late-type stars is one
of the most active areas of modern astronomy. The radial veloc-
ity (RV) oscillations of the host stars induced by the motion of
orbiting planets have been used to discover the first exoplanet
and many others to date (e.g., Mayor et al. 2014). Moreover,
to confirm candidates discovered by means of transits and mea-
sure their masses, it is necessary to measure the radial velocity
oscillations of the host stars. This RV follow-up often leads to
the discovery of additional nontransiting planets around the host
stars, allowing a better characterization of the architectures of
their planetary systems.

The advent of HARPS (Mayor et al. 2003) and HARPS-N
(Cosentino et al. 2012) has pushed the RV measurement pre-
cision and long-term stability below 1 m s−1 on bright stars
(V <∼ 8–10), while the recently commissioned ESPRESSO spec-
trograph aims at a precision of 0.1 m s−1 (Pepe et al. 2014)

making it possible to detect the wobble of a planet like our Earth
on a one-year orbit around a Sun-like star, provided that stellar
intrinsic RV variations can be properly corrected. The ampli-
tude of the Sun’s RV oscillation induced by the Earth’s motion
is ∼9.2 cm s−1, while amplitudes on the order of 2–4 m s−1 are
observed in M dwarfs orbited by Earth-mass planets in their
habitable zones (e.g., Affer et al. 2016).

The critical limitation in discovering Earth-like planets
through the RV method is the intrinsic variability of their hosts
that is produced by several physical processes. Photospheric
granulation and p-mode oscillations can be averaged out by
designing the observations in an appropriate way (Dumusque
et al. 2011). Photospheric magnetic fields produce brightness
inhomogeneities akin to sunspots and faculae that perturb the
flux balance between the redshifted and the blueshifted portions
of the disk of a rotating star leading to a systematic distortion
of their spectral line profiles, which in turn induces an apparent
variation in their RVs. Moreover, surface magnetic fields locally
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quench convective motions responsible for the apparent spec-
tral line blueshifts, thus producing an apparent increase in the
disk-integrated RV measurements (e.g., Saar & Donahue 1997;
Meunier et al. 2010). These effects are modulated by the stellar
rotation and the evolution of the photospheric magnetic fields in
active regions generally showing a periodicity close to the stel-
lar rotation period and its first two or three harmonics (Boisse
et al. 2011). By correlating the RV variations with the chromo-
spheric activity index log R′HK (e.g., Lovis et al. 2011; Lanza et al.
2016) or with suitable indicators of the line profile distortions
(e.g., Dumusque et al. 2014; Lanza et al. 2018), such intrinsic
RV variations can be identified and corrected to some extent.
However, there are other phenomena that can induce an appar-
ent quasi-periodic RV variation in Sun-like stars that are more
difficult to recognize because they are not directly associated
with variations in activity indicators, for example a fluctuation
in the meridional circulation as proposed by Makarov (2010). In
the present work, we propose that r-mode oscillations recently
detected in the Sun (Löptien et al. 2018) can be another phe-
nomenon of this kind, which could potentially lead to false
planetary detections in late-type stars.

2. Observations

The so-called r modes are the toroidal modes of oscillation of a
rotating star (see, e.g., Papaloizou & Pringle 1978; Saio 1982)
for which the dominant restoring force is the Coriolis force. They
are associated with a pattern of radial vorticity of alternating sign
that propagates in the retrograde direction in a reference frame
that is co-rotating with the star.

Recently, Löptien et al. (2018) mapped the horizontal veloc-
ity field in the solar photosphere for the period 2010–2016 by
using granules observed in intensity by HMI/SDO as tracers of
the flow. By analyzing the sectoral power spectra of the radial
component of vorticity, ζ, they discovered oscillations with fre-
quencies corresponding to the classical sectoral Rossby waves.
By construction, sectoral power spectra are obtained by project-
ing the spatial data onto spherical harmonics with equal angular
degree l and azimuthal wavenumber m. Due to the “shrinking-
Sun effect” (Löptien et al. 2016) the horizontal velocity maps
obtained by granulation tracking could not be used to character-
ize modes with m ≤ 2. The nonsectoral power spectra did not
reveal any additional modes of oscillation.

The detected r modes were identified through their fre-
quencies in the co-rotating frame (see Sect. 3). The rms radial
vorticity of the modes ranges between 0.75 × 10−8 and 2.42 ×
10−8 s−1. Löptien et al. (2018) noted that the m = 3 sectoral
mode displayed a double-peak structure in the power spectrum
for 2010–2016, so the mode parameters were not studied in detail
in this case. The e-folding lifetime of the vorticity pattern asso-
ciated with individual solar r modes is up to 11 solar rotation
periods, as indicated by the high quality factors of the peaks in
the power spectrum.

Löptien et al. (2018) also confirmed the detection of r modes
in the shallow subsurface layers using ring-diagram helioseis-
mology. A recent time-distance helioseismology analysis by
Liang et al. (2018) extends these results to deeper layers and a
time interval of 21 yr (including data from SOHO/MDI). They
confirm e-folding lifetimes of almost two years for the sectoral
m = 3 and m = 5 modes and an upper limit for the maximum sur-
face velocity of the undetected m = 2 mode of about 0.7 m s−1.
Hanasoge & Mandal (2019) also confirmed the detection of sec-
toral modes with odd values of m, the only ones their specific
normal-mode coupling method is sensitive to.

Evidence of r-mode oscillations in stars other than the Sun
was obtained by Van Reeth et al. (2016) and Saio et al. (2018),
among others, who analyzed photometric time series of the
Kepler space telescope. These stars are early-type B and A main-
sequence stars, γ Doradus variables, or stars in eccentric close
binaries with strong tidal interactions, i.e., stars that are not the
usual targets for planet search through the RV method because
of their rapid rotation. The relative amplitudes of the light vari-
ations associated with r modes in these stars are on the order of
δL/L ∼ 10−3–10−4. The horizontal velocity of their oscillations
is on the order of vh ∼ σ(δL/L) GMR−2 Ω−2, where σ is the fre-
quency of the modes, G the gravitation constant, M the mass
of the star, R its radius, and Ω its rotation frequency (see, e.g.,
Provost et al. 1981; Saio 1982; Kepler 1984). Therefore, they have
horizontal velocities on the order of km s−1, which is at least a
factor of 103 larger than in the case of the Sun.

3. Model

The surface displacement ξ associated with an r mode is dom-
inated by the toroidal component of displacement (see, e.g.,
Kepler 1984, Sect. IIb),

ξ ' Re {T} , (1)

where for a mode with spherical harmonic degree l and
azimuthal order m we have

T = Klm

(
Θ̂

1
sin Θ

∂

∂Φ
− Φ̂ ∂

∂Θ

)
Ym

l (Θ,Φ) exp(−iσobst). (2)

In the above expression Θ is the colatitude measured from the
stellar rotation axis, Φ is the longitude measured in the inertial
frame of the observer, Ym

l is a spherical harmonic function, and
Klm fixes the amplitude of the mode. The frequency of oscillation
in the inertial frame σobs is related to the stellar angular velocity
Ω and the mode frequency σ in the co-rotating frame through

σobs = mΩ + σ, (3)

where in the limit of slow uniform rotation (Ω2 � GMR−3; Saio
et al. 2018),

σ = − 2mΩ

l(l + 1)
. (4)

In the inertial reference frame of a distant observer, the dipole
sectoral mode has a vanishing frequency, so we consider only
the effects of sectoral modes with l = m ≥ 2 on the RV of the
star.

The velocity associated with an r mode with given l, m, and
prescribed parameters is the total time derivative of ξ; its explicit
expression can be found in Sect. III of Kepler (1984). We com-
pute the radial velocity of each surface element by means of
Eq. (68) of Kepler (1984) assuming an inclination angle i for
the stellar rotation axis to the line of sight. For simplicity, we
assume a star with the same radius as the Sun; an angular veloc-
ity Ω = 2.84738 µrad s−1, corresponding to the solar equatorial
rotation period of 25.54 days; and a linear limb-darkening coeffi-
cient u = 0.684, appropriate for the continuum of the V passband
(cf. Table 1 in Diaz-Cordoves et al. 1995).

To compute the RV of the star, we consider an average spec-
tral line whose profile is obtained by integrating over the disk
of the star the local line profiles emerging from the individual
surface elements (cf. Lanza et al. 2011). The local line profile is
assumed to be a Gaussian displaced by the local radial velocity
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computed as explained above. We include the effect of the limb-
darkening variation in the continuum of the spectral lines, but
other effects, such as the possible variation of the line absorp-
tion coefficient with the position on the disk of the star or the
effects of temperature inhomogeneities in active regions, are not
included for simplicity.

The RV of a star is generally measured by computing the
cross-correlation function (CCF) between its spectrum and a
binary line mask depending on its spectral type. The CCF is
then fitted with a Gaussian and its central wavelength is used
as a measure of the RV of the star (e.g., Baranne et al. 1996).
In our case, we derive the RV by considering in place of the
CCF the average spectral line profile computed above. Other
methods for measuring the RV have been proposed by, among
others, Galland et al. (2005), Anglada-Escudé & Butler (2012),
and Astudillo-Defru et al. (2017) and have been applied to stars
of spectral type A or F, having a relatively low number of spec-
tral lines in their optical spectra and relatively fast rotation, or to
M-type dwarfs.

A crucial parameter in the computation of our synthetic
RV oscillations is the amplitude Kmm of the individual sectoral
r modes. Guided by the solar observations (Löptien et al. 2018),
we fix Kmm in order to have a maximum surface velocity of
2 m s−1 for each mode with m ≤ 5. We do not consider modes
with l > m, which are not observed in the Sun.

A simplification of our approach is the neglect of the effects
of differential rotation on r modes. As they are retrograde modes,
their phase speed with respect to the local plasma will change
with latitude as a consequence of the latitudinal differential
rotation (Wolff 1998).

The amplitude Kmm may be larger in stars with a rotation
rate and/or a spectral type different from those of the Sun. To
make predictions of the r-mode amplitudes in late-type stars, the
mechanisms of excitation and damping would have to be iden-
tified, but unfortunately we can currently only make conjectures
about them. If r modes are excited by convection, we expect that
stars with a convective flow faster than the Sun, such as main-
sequence F-type stars, may display larger amplitudes. If they are
excited by the shear associated with differential rotation (Saio
et al. 2018), their amplitude may depend on the amplitude of the
differential rotation in the radial and in the latitudinal directions.

4. Results

In Fig. 1 we plot the RV oscillations for a Sun-like star with
sectoral r modes; the amplitude of each mode has been fixed
to have a maximum surface velocity max{vsurf} = 2 m s−1. The
surface velocity is defined as vsurf = (v2

Θ
+ v2

Φ
)1/2, where vΘ is

the meridional and vΦ the azimuthal component of the velocity
(see Sect. 3). The amplitude of the oscillations A0 (from min-
imum to maximum velocity) is given in Table 1 together with
their period and rms radial vorticity ζ assuming that the star is
rotating with the solar rotation period of 25.54 days and consid-
ering an inclination i = 30◦ or i = 60◦. For an inclination i = 0◦
or i = 90◦, the amplitudes vanish because of the symmetry lead-
ing to a perfect cancellation of the integrated radial velocity. The
rms radial vorticity is computed considering the velocity field
in the ±20◦ latitude range to allow a direct comparison with the
observations by Löptien et al. (2018). We assume here that the
amplitude of the modes is not damped, which is a rather good
approximation given the long lifetimes of the solar r modes (see
Sect. 2). With our choice of the Kmm values, the rms vorticities
of the simulated r modes are smaller by a factor of ≈1.5–2 than
those observed by Löptien et al. (2018) for l = m ≥ 4, implying
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Fig. 1. Top panel: simulated RV variations of a Sun-like star produced
by individual r modes, as seen by a distant observer, as a function of
the time. The spin axis of the star has an inclination of i = 60◦ to the
line of sight. Different line styles refer to different sectoral modes: the
solid line is for m = 2 mode, the dotted line for m = 3, the dashed
line for m = 4, and the dash-dotted line for m = 5. See Table 1 for the
amplitude, the period, and the rms radial vorticity of each mode. Bottom
panel: line-of-sight velocity on the disk for m = 2 at the four different
phases a–d indicated by circles in the top panel. The color scale satu-
rates at ±2 m s−1: blue is toward and red is away from the observer. The
plus symbols indicate the north pole and the black lines the equator.

that our choice is conservative. Although m = 2 has not been
observed and m = 3 is rather weak in comparison with m ≥ 4 in
the solar case, the same magnitude is assumed for all the modes
implemented in this work. This allows us to immediately see the
increasing cancellation effects reducing the RV amplitudes of
the modes with higher m when their variations are integrated
over the stellar disk. Because the observed RV amplitude and
rms vorticity scale in direct proportion to the maximum sur-
face velocity for a given mode, it is simple to compute its RV
amplitude for different amplitudes of the surface velocity (see
the example below). Given our ignorance of the excitation and
damping mechanisms of these modes in the Sun and late-type
stars, we cannot rely on the theory to predict their amplitudes.

In our simulations, the sectoral modes giving the largest RV
oscillations are m = 2, followed by m = 3 (see Table 1). If the
maximum velocity of the modes is increased, for example to
4 m s−1, the amplitude of the RV oscillation produced by the
(2, 2) mode becomes 153 cm s−1 for i = 60◦. The amplitude of
the RV oscillations rapidly decreases with increasing m due to
increasing cancellation of the velocity patterns when integrat-
ing over the disk of the star. For this reason, we consider only
r modes with l ≤ 5. Although their frequencies are smaller than
the rotation frequency in the co-rotating frame, in the observer’s
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Fig. 2. Top panel: periodogram of the simulated radial velocity time
series of a Sun-like star showing sectoral r modes with m = 2 and
3 as seen with an inclination i = 60◦. The RV amplitudes and the
periods of the modes are given in Table 1; they correspond to a maxi-
mum horizontal velocity of the modes of 2 m s−1 at the stellar surface.
The periodogram is normalized according to the definition of the GLS
given by Zechmeister & Kürster (2009). A normally distributed random
noise with a standard deviation σn of 10 cm s−1 was added. The verti-
cal dashed line indicates the period of the m = 2 mode and the dotted
line that of the m = 3 mode. The red horizontal line gives the level of
1% FAP as determined by analyzing 10 000 random shufflings of the
original time series. Bottom panel: same as the top panel, but for a stan-
dard deviation of the noise σn of 50 cm s−1. Here the red horizontal line
indicates the level corresponding to a FAP of 2%.

Table 1. Peak-to-peak amplitudes A0 and sidereal oscillation periods
of the RV variations produced by sectoral r modes in a Sun-like star
inclined by i = 30◦ and i = 60◦.

Mode A0(i = 30◦) A0(i = 60◦) Period ζ rms
(l,m) (cm s−1) (cm s−1) (days) (10−8 s−1)

(2, 2) 44.3 76.4 19.16 0.24
(3, 3) 6.7 19.5 10.22 0.38
(4, 4) 0.6 4.4 7.10 0.53
(5, 5) ∼10−4 2.3 5.47 0.68

Notes. All modes are assumed to have the same maximum surface
horizontal velocity of 2 m s−1.

frame they have positive frequencies σobs = [m − 2/(m + 1)]Ω,
tending to mΩ for large m (cf. Eqs. (3) and (4)).

In Fig. 2, we plot the periodogram of a simulated RV time
series of 200 days with daily cadence and randomly missing
observations amounting to 30% of the time to include the effect
of bad weather. We only consider the contributions of the sec-
toral modes with m = 2 and 3 assumed to have a constant
amplitude in a Sun-like star viewed with an inclination of 60◦,
and add a normally distributed random noise with standard
deviation σn of 10 or 50 cm s−1. The periodogram is com-
puted with the generalized Lomb-Scargle (GLS) formalism of
Zechmeister & Kürster (2009). The red horizontal lines at a
normalized power of 0.138 indicate the level corresponding to
a false-alarm probability (FAP) of 1% as derived by analyzing

Fig. 3. Top panel: periodogram of the simulated radial velocity time
series of the Sun as a star with sectoral r modes with m = 2 and m =
3 as seen by an Earth observer. The RV maximum amplitude of the
m = 2 mode is 24.5 cm s−1, while the amplitude of the m = 3 mode is
7.1 cm s−1; the periods of the modes are given in the text. These RV
amplitudes correspond to a maximum horizontal velocity of the modes
of 2 m s−1 at the surface of the Sun. The periodogram of a noiseless
time series is plotted with a thin blue solid line, while the periodogram
obtained adding a normally distributed random noise with a standard
deviation σn = 10 cm s−1 is plotted with the thicker green solid line.
The vertical dashed line indicates the period of the m = 2 mode and the
dotted line that of the m = 3 mode, if the inclination B0 of the solar
equator is fixed. The red horizontal line indicates the level of 1% FAP.
Bottom panel: same as the top panel, but the maximum RV amplitude of
the sectoral m = 2 mode is now assumed to be 8.2 cm s−1, corresponding
to the upper limit for the amplitude of this mode found by Liang et al.
(2018), while the amplitude of the m = 3 mode is still 7.1 cm s−1. The
upper limit for the m = 2 mode corresponds to a maximum horizontal
velocity of 0.7 m s−1 at the surface of the Sun.

10 000 random shufflings of the time series. The level corre-
sponding to a FAP of 5% (not shown) is 0.117. Therefore, the
m = 2 mode is detected with high significance, while the FAP
of the m = 3 mode is above 5% when we consider a noise
with σn = 10 cm s−1. With a standard deviation of the noise
σn = 50 cm s−1, the FAP of the m = 2 mode is 0.019, indicat-
ing that a higher noise level may hamper a clear detection of this
r mode. Even if they are not significantly detected, we note that
the effects of the modulations due to the m = 2, 3 modes remain
hidden in the power spectrum and contribute to the intrinsic
stellar RV variability at the 10 cm s−1 level.

We repeated the above calculations for our Sun for which
the apparent latitude B0 of the center of the disk oscillates
between −7.◦23 and +7.◦23 over a period of one year. Assum-
ing again max{vsurf} = 2 m s−1, we find that the amplitude of
the m = 2 mode is modulated between zero and a maximum of
24.5 cm s−1. For the m = 3 mode, we find a maximum amplitude
of 7.1 cm s−1.

Because we observe the Sun from the Earth’s vantage point,
and because of the modulation of the amplitude due to the annual
variation of the apparent inclination of the solar rotation axis
(B0 angle variations), the RV power of the m = 2 mode would
be split into two peaks with periods of 20.22 and 22.74 days,
respectively (cf. Wolff & Blizard 1986). The RV power of the
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m = 3 mode would be split into two equal peaks with periods of
10.82 and 11.5 days, respectively.

In Fig. 3, we plot the GLS periodogram of a simulated daily
RV time series of the Sun as a star with a total extension of
200 days and missing observations covering 30% of the time.
We consider two possible RV amplitudes for the sectoral m = 2
mode, i.e., 24.5 or 8.1 cm s−1, the latter corresponding to the
upper limit of 0.7 m s−1 for vsurf as found by Liang et al. (2018),
and simulate both noiseless time series and time series with a
random normal noise of standard deviation of 10 cm s−1. The
red horizontal lines in the figure panels indicate the level of the
normalized power corresponding to a FAP of 1%. We conclude
that even a modest amount of noise can hamper a significant
detection of the r modes in the disk-integrated solar RV observa-
tions. We note the splitting of the power of the r modes into two
close peaks having periods shorter and longer than the periods
predicted in the case of a fixed B0 angle, respectively, as a con-
sequence of the yearly modulation of B0 for an observer on the
Earth.

The peaks of the m = 3 mode for the noiseless time series
(σn = 0) are higher in the lower panel of Fig. 3 because the vari-
ance of that time series is lower than the variance of the time
series in the upper panel, thanks to the smaller amplitude of the
m = 2 mode. Since the periodogram power is normalized to the
weighted variance of the data around their mean (cf. Eq. (4) in
Zechmeister & Kürster 2009), the normalized power of the sig-
nal of the m = 3 mode increases. On the other hand, the level of
1% FAP for the time series with σn = 10 cm s−1 is not modified
because it is determined by considering the distribution of the
maximum values of the GLS of 10 000 randomly shuffled time
series that have no periodic signals, but have the same variance
of the original time series which leads to the same normalized
level.

5. Discussion

Due to their long lifetimes, the sectoral r modes are thought to
produce RV oscillations that may be misinterpreted as being due
to an orbiting Earth-mass planet. According to the above simula-
tions, the sectoral m = 2 modes may have the highest amplitudes
in RV measurements. Unfortunately, we currently have no obser-
vational constraints on the surface amplitude of these modes
on the Sun. The m = 2 modes may or may not be excited to
sufficiently large amplitudes to be detectable on Sun-like stars.
Additional information from solar observations and theory will
be required to estimate mode amplitudes. We note that it is not
excluded that quadrupole r modes could be excited to signifi-
cant amplitudes through tidal interaction with a close-in planet
(Ogilvie 2014).

The frequencies of the RV oscillations of r modes in a star
are close but not equal to the rotation rate Ω; specifically, they are
4Ω/3 and 5Ω/2 for the sectoral modes with m = 2 and 3. In the
case of a star rotating like the Sun, this implies putative orbital
periods of 19.16 and 10.22 days that correspond to planets with
minimum masses of 0.22 and 0.07 Earth mass, respectively (see
Table 1 and Wright 2017). Although some cases of RV signals
with a period ratio close to 4/3 have been reported (e.g., Santos
et al. 2014), other effects can contribute to produce peaks with
the frequencies indicated above, notably spot intrinsic evolution,
differential rotation (e.g., Reinhold & Gizon 2015), or the combi-
nation of differential rotation with spots on opposite hemispheres
of a star (e.g., Collier Cameron et al. 2009). Therefore, we expect
the power spectrum of real active stars to be rather complex with

the signals of r modes not unambiguously detectable in all the
cases, even if their amplitudes are sufficiently large.

The peak in the Fourier spectrum of the RV produced by
an r mode may persist for long time intervals because modes
are long lived. Given a quality factor Q ∼ 10, this would pro-
duce a peak very similar to those generally attributed to the
reflex motion induced by an orbiting planet unless a long time
series with frequent sampling and covering several seasons is
acquired to reveal the expected phase changes associated with
the attenuation and re-excitation of the mode.

Most of the active regions in slowly rotating stars such as
the Sun have lifetimes shorter than the rotation period. Only
long-lived active regions and photospheric faculae give a truly
periodic signal in RV series. Episodically, large complexes of
activity may last for 5–15 rotation periods (Castenmiller et al.
1986). The associated RV periodicities are generally at the rota-
tion period of the star and its first two or three harmonics
(cf. Boisse et al. 2011), while the periodicities induced by
r modes would appear at different periods that could be mis-
interpreted as the periods of orbiting low-mass planets.

Some stars that are targeted for planet search have rotation
periods significantly longer than that of the Sun, up to 120–
150 days for some low-activity M-type stars (Robertson et al.
2014). These targets may have sectoral modes producing RV
oscillations with periods of several tens of days that could be
misinterpreted as planets in their habitable zones; these habit-
able zones are closer to the stars than in the case of the Sun
because of the lower stellar luminosities.

As an application, we searched for the orbital periods of
“confirmed exoplanets” that have been observed only in radial
velocity from exoplanet.eu, excluding transiting exoplanets
that are certainly confirmed. We restricted the search to cases
where the rotation period of the host star is known. We obtained
a (nonexhaustive) list of exoplanets for which the ratio of the
orbital period (Porbit) to the stellar rotation period (Prot) can be
calculated. Figure 4 shows the ratios in the range from 0 to 1, as
well as the planet orbit eccentricities. Highlighted in red are the
exoplanets for which the ratio Porbit/Prot is close to either 0.4 or
0.75, i.e., the ratios expected from the m = 2 and m = 3 sectoral
r modes (see Henry et al. 2000; Fischer et al. 2001; Meyer et al.
2006; Simpson et al. 2010; Bonfils et al. 2013; Anglada-Escudé
et al. 2013; Wittenmyer et al. 2014; Suárez Mascareño et al. 2015,
2016; Hinkel et al. 2015; Bourrier et al. 2018). Large eccentric-
ities correspond to RV signals that are not sinusoidal, unlike
r-mode linear oscillations that are expected to be sinusoidal.
Since HD 38529 b has an eccentricity of 0.248, it is unlikely to be
an r-mode false positive. We note that GJ 163, HD 130322, and
GJ 667 C were observed in RV over short periods, typically less
than 1000 days (corresponding to 9–13 stellar rotations); these
are perhaps the most likely candidates for r-mode oscillations
since r modes may remain coherent over such periods of obser-
vation. The signals for GJ 163 c, GJ 832 c, and GJ 667 C f have
RV semi-amplitudes of 3 m s−1 or below, while HD 130322 b and
55 Cnc b have RV semi-amplitudes of 112 and 71 m s−1, which
is far above the solar r mode amplitudes.

The amplitude of the RV variations associated with active
regions are on the order of several m s−1 in the Sun and slowly
rotating stars (e.g., Haywood et al. 2016; Lanza et al. 2016,
2018). Several methods have been developed to correct for such
activity-induced variations based on different techniques and
correlations with activity indicators (e.g., Dumusque et al. 2017).
In the best cases, they can be applied to uncover Keplerian
signals with amplitudes of several tens of cm s−1 in long time
series of late-type stars with very low levels of activity (and
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Fig. 4. Ratios of exoplanet orbital periods (Porbit) to the rotation periods
of their host stars (Prot) for exoplanets that have been observed in radial
velocity only. The exoplanet orbit eccentricity is given on the vertical
axis. The dashed lines indicate the expected ratios Porbit/Prot for the m =
2 and m = 3 sectoral r modes of stellar oscillations. Exoplanets with
ratios close to these values are potential false positives and are labeled
with the number listed in the top table and plotted in red with error bars.

convective noise, e.g., Dumusque et al. 2012). It is precisely in
the 10 cm s−1 regime, which is becoming accessible thanks to the
increasing stability and accuracy of stellar speedometers such as
HARPS and ESPRESSO, that solar-like r modes could become
a source of false detections. They can be identified by their char-
acteristic frequencies provided that the stellar rotation period is
known. We note that the relationship between r-mode amplitudes
and activity-cycle phase is not straightforward for the Sun (Z.-C.
Liang, priv. comm.). Present methods to correct for the effects
of stellar activity in RV time series are not yet advanced enough
to reach the precision of 10 cm s−1, thus making it even more
important to understand all the sources of RV variations at that
level, including the effects of the r modes.

A solar telescope has been built to feed the high-accuracy
spectrograph HARPS-N to make measurements of the solar RV
from its spectrum integrated over the solar disk. The system
collects up to ∼40–60 measurements per clear day, reaching a
precision of ∼35–40 cm s−1 on a single measurement (Dumusque
et al. 2015; Phillips et al. 2016). A preview of the results has
been published by Mortier & Collier Cameron (2017). In the
lower panel of their Fig. 2, the stacked periodogram of a series
of measurements covering approximately 300 days shows sig-
nals with synodic periods around 19 and 9 days, which are rather
close to the expected periods of the m = 2 and m = 3 sectoral
r modes. If these oscillation periods are indeed due to r modes,
then they should also be present in the BiSON and GOLF/SOHO
disk-integrated velocity observations covering multiple decades
(at least at times when B0 , 0), and in other spatially resolved
Doppler observations. Furthermore, we conjecture that r modes

may affect the RV of the Sun or late-type stars also in an indirect
way, namely by modifying the distribution of the surface mag-
netic fields through their velocity field because magnetic flux
tubes are frozen to the photospheric plasma. We expect the mag-
netic fields to be concentrated in regions of higher vorticity (e.g.,
Balmaceda et al. 2010), thus producing a local quenching of the
convective spectral line blueshifts that can lead to a perturbation
of the disk-integrated RV (e.g., Meunier et al. 2010) with the
temporal and spatial periodicities of the underlying r modes.

6. Conclusions
The recent discovery of r modes in the Sun by Löptien et al.
(2018) prompted this investigation of their possible signature in
the RV measurements of Sun-like and late-type stars, including
those that are targets for exoplanet search by means of the radial
velocity technique.

Under reasonable assumptions, we find that the lowest-m
r modes may produce disk-integrated RV oscillations with
amplitudes up to several tens of cm s−1. Their periods are com-
parable with the stellar rotation period, but different from it and
its harmonics, unlike the modulations produced by stellar activ-
ity. False planetary detections produced by r-mode oscillations,
if any, should be identifiable provided that the rotation period
of the star is known. We expect putative orbital periods on the
order of 10–20 days and amplitudes corresponding to masses of
0.1–0.2 Earth masses, if we consider the low-amplitude r modes
excited in the Sun. However, larger amplitudes could be possible
in other stars that might put into question some of the candidates
recently proposed around some M dwarfs (see Sect. 5).
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