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ABSTRACT
A variation of gravitational redshift, arising from stellar radius fluctuations, will introduce
astrophysical noise into radial velocity measurements by shifting the centroid of the observed
spectral lines. Shifting the centroid does not necessarily introduce line asymmetries. This is
fundamentally different from other types of stellar jitter so far identified, which do result from
line asymmetries. Furthermore, only a very small change in stellar radius, ∼0.01 per cent,
is necessary to generate a gravitational redshift variation large enough to mask or mimic an
Earth-twin. We explore possible mechanisms for stellar radius fluctuations in low-mass stars.
Convective inhibition due to varying magnetic field strengths and the Wilson depression of
starspots are both found to induce substantial gravitational redshift variations. Finally, we
investigate a possible method for monitoring/correcting this newly identified potential source
of jitter and comment on its impact for future exoplanet searches.
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1 IN T RO D U C T I O N

Space-based, photometric surveys have moved us into a new era of
exoplanet discovery. The Kepler mission alone has identified 1235
planetary candidates, 54 of which lie within the habitable zone
(Borucki et al. 2011). However, radial velocity (RV) follow-up is
mandatory for planet confirmation. To do this for low-mass planets
typically requires cm s−1 RV precision.

However, astrophysical noise sources (or stellar jitter) due to
spots, plages, granulation and stellar oscillations, for example, be-
come an issue at the m s−1 level. These phenomena alter the shape
of the stellar absorption lines, injecting spurious or systematic RV
signals that may mask or mimic planetary signals. There are numer-
ous examples of this occurring in the literature, e.g. HD 166435,
HD 219542, TW Hya, LkCa19 and BD +20 1790 (Queloz et al.
2001; Desidera et al. 2004; Huélamo et al. 2008; Huerta et al. 2008;
Figueira et al. 2010).

Spots and plages can induce RV signals of 1–100 m s−1 (Saar
& Donahue 1997). There have been many attempts to remove this
large-scale jitter using spot simulations, Keplerian models, bisector
analysis, harmonic decomposition, Fourier analysis, etc. (see Saar

⋆E-mail: c.a.watson@qub.ac.uk

& Donahue 1997; Hatzes 2002; Bonfils et al. 2007; Desort et al.
2007; Melo et al. 2007; Boisse et al. 2009, 2011; Queloz et al.
2009; Hatzes et al. 2010; Dumusque et al. 2011b). Even with these
removal techniques, active stars are still not ideal candidates for RV
follow-up and are thus often left out of planet surveys.

Unfortunately, even ‘quiet’ stars (those with little or no activity)
exhibit jitter due to granulation and stellar oscillations. Granulation
and stellar oscillations can introduce typical RV signals of a m s−1

or higher (e.g. Schrijver & Zwaan 2000). For this small-scale jitter,
the currently implemented removal technique rests on adapting ob-
servational strategies to average out such noise (see Dumusque et al.
2011a; Pepe et al. 2011). However, this technique is observationally
intensive and does not provide information on the nature of jitter.

In order to confirm low-mass planets around low-mass stars, it is
of utmost importance that we identify and understand stellar jitter,
in all its forms. In this Letter, we outline another possible source of
stellar jitter due to variations in gravitational redshift (GR). These
variations could potentially arise from fluctuations in the stellar
radius or changes in the line formation height.

In Section 2, we discuss the implications that variable GR has
on exoplanet confirmation/detection. We investigate measurements
of solar radius fluctuations in Section 3, and in Section 4 potential
mechanisms to produce stellar radius changes. In Section 5, we
discuss our findings and outline a possible solution.
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8 Dumusque et al.: Stellar noise and planetary detection

Fig. 4. Rms of the binned RVs, rmsRVb, as a function of the binning in days. The different considered strategies are 1 measurement
per night (the 2 heavy continuous lines), 2 measurements per night with a spacing of 5 hours (the 2 dashed lines) and 3 measurements
per night with a spacing of 2 hours (the 2 thin continuous lines). Circles represent a total observing time of 15 minutes per night
(1×15 minutes), squares represent a total observing time of 30 minutes per night (1×30 minutes, 2×15 minutes, and 3×10 minutes)
and triangles represent a total observing time of 1 hour per night (2×30 minutes and 3×20 minutes).

For each of them, we have 2 curves, the lower one is obtained
with an exposure time twice longer than the upper one. The dif-
ference between these 2 curves is small, so doubling the expo-
sure time does not strongly improve the results, although it dou-
bles the total measurement cost (neglecting overheads). Thus, it
appears that the exposure time is not the only parameter that can
average out stellar noise. The frequency of measurements plays
also an important role.

Taking only the shortest exposure times, we are left with
3 strategies: 3 times 10-minute measurements per night with 2

hours of spacing between them (hereafter, 3N strategy), 2 times
15-minute measurements per night separated by 5 hours (here-
after, 2N strategy), and 1 measurement per night with 15 min-
utes exposure time (hereafter, 1N strategy). Comparing the 1
measurement-per-night of 30 minutes strategy with the 2N and
3N strategies allows to clearly see that with a similar observation
time per night (30 minutes), splitting the measurements over the
night in 2 or 3 blocks improve significantly the averaging of the
stellar noise. The best among the considered strategies is the 3N
strategy. This strategy gives values for rmsRVb in average 30 to

Dumusque et al., 2011, A&A, 525, 140

ARTICLE
doi:10.1038/nature11572

An Earth-mass planet orbiting a Centauri B
Xavier Dumusque1,2, Francesco Pepe1, Christophe Lovis1, Damien Ségransan1, Johannes Sahlmann1, Willy Benz3,
François Bouchy1,4, Michel Mayor1, Didier Queloz1, Nuno Santos2,5 & Stéphane Udry1

Exoplanets down to the size of Earth have been found, but not in the habitable zone—that is, at a distance from the parent
star at which water, if present, would be liquid. There are planets in the habitable zone of stars cooler than our Sun, but
for reasons such as tidal locking and strong stellar activity, they are unlikely to harbour water–carbon life as we know it.
The detection of a habitable Earth-mass planet orbiting a star similar to our Sun is extremely difficult, because such a
signal is overwhelmed by stellar perturbations. Here we report the detection of an Earth-mass planet orbiting our
neighbour star a Centauri B, a member of the closest stellar system to the Sun. The planet has an orbital period of
3.236 days and is about 0.04 astronomical units from the star (one astronomical unit is the Earth–Sun distance).

Since the discovery of the first exoplanet orbiting a solar-type star in
19951, the number of known planets has not stopped growing: at
present, there are more than 750 confirmed planets2 with minimum
mass estimates, and over 2,300 transiting planet candidates detected
with the Kepler satellite that are awaiting confirmation. Two main
detection techniques have led to this impressive number of discov-
eries: the radial-velocity technique, which measures the change in the
velocity of the central star due to the gravitational pull of an orbiting
planet; and the transit method, which measures the small reduction in
flux when a planet passes in front of its host star. These two techniques
are complementary; the former gives the minimum mass of a planet
(minimum because the orbital inclination of the planet is unknown),
whereas the latter gives a planet’s radius.

One of the major challenges in the search for exoplanets is the
detection of an Earth twin, that is, an Earth-mass planet orbiting in
the star’s habitable zone. In this regard, aCentauri B is one of the most
interesting targets. At a distance of 1.3 parsecs, it is a member of the
closest stellar system to the Sun, composed of itself, a Centauri A and
Proxima Centauri. It also exhibits low stellar activity, similar to the
solar activity level, usually associated with a small perturbing contri-
bution of intrinsic stellar activity to the measured radial velocities. a
Centauri B is cooler than the Sun (effective temperature3–6 5,214 6 33
K, spectral type K1V), and has a smaller mass that our parent star7

(0.934 6 0.006 solar masses). These two conditions ease the detection
of a potentially habitable planet using radial velocities; the relative
coolness implies a habitable zone closer to the star, and the smaller
mass leads to a stronger radial-velocity variation for a similar-mass
planet. In addition, theoretical studies show that the formation of an
Earth twin is possible around aCentauri B8,9. Finally, the brightness of
the star (visual magnitude 1.33) would allow for an efficient char-
acterization of the atmosphere of potentially orbiting planets.

An Earth twin induces a typical radial-velocity variation of a few
tenths of a metre per second on a star like a Centauri B. Such detec-
tions, technically possible with the most stable high-resolution spec-
trographs, are however challenging due to the presence of intrinsic
stellar signals inducing a radial-velocity ‘jitter’ at the level of a few
metres per second, even for quiet stars.

We report here the discovery of a planetary companion around a
Centauri B, unveiled by a radial-velocity signal with a semi-amplitude
K of 0.51 m s21, a period P of 3.236 d, and a semi-major axis a of

0.04 astronomical units (AU). This planet, with a minimum mass sim-
ilar to that of Earth, is both the lightest orbiting a solar-type star and
the closest to the Solar System found to date. Being much closer to its
parent star than Earth is to the Sun, it is not an Earth twin. However,
the small amplitude of the signal shows that the radial-velocity tech-
nique is capable of reaching the precision needed to detect habitable
super-Earth planets around stars similar to our Sun, or even habitable
Earths around cooler stars (that is, M-dwarfs). In addition, statistical
studies of exoplanets suggest that low-mass planets are preferentially
formed in multi-planetary systems10–12. There is therefore a high
probability that other planets orbit a Centauri B, perhaps in its hab-
itable zone.

High-precision radial velocities
High-precision measurements were obtained for a Centauri B
between February 2008 and July 2011 using the HARPS spectrograph
(Supplementary Information section 1, and Supplementary Data).
HARPS is a high-resolution (R 5 110,000) cross-dispersed echelle
spectrograph installed on the 3.6-m telescope at La Silla Obser-
vatory (ESO, Chile). This instrument has demonstrated a long-term
precision of 0.8 m s21, thereby becoming the most powerful machine
with which to hunt for exoplanets using the radial-velocity tech-
nique12,13,14. a Centauri B was observed with HARPS following an
intensive observational strategy, optimized to sample high- and med-
ium-frequency intrinsic stellar signals15, which makes it possible to
model and consequently remove their perturbing contributions. The
star was observed every possible night three times, with exposure
times of ten minutes, and with measurements optimally separated
by two hours14.

The raw radial velocities of a Centauri B (Fig. 1a) exhibit several
contributing signals that we could identify. Their origin is associated
with instrumental noise, stellar oscillation modes, granulation at the
surface of the star, rotational activity, long-term activity induced by a
magnetic cycle, the orbital motion of the binary composed of a
Centauri A and B, light contamination from aCentauri A, and impre-
cise stellar coordinates.

In the following, we will consider each of these contributions sepa-
rately, modelling and removing them one by one, from the largest to
the smallest amplitude. The model parameters estimated for each
contribution will then be used as initial conditions for a global fit that

1Observatoire de Genève, Université de Genève, 51 chemin des Maillettes, CH-1290 Sauverny, Switzerland. 2Centro de Astrofı̀sica da Universidade do Porto, Rua das Estrelas, P-4150-762 Porto, Portugal.
3Physikalisches Institut Universitat Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland. 4Institut d’Astrophysique de Paris, UMR7095 CNRS, Université Pierre & Marie Curie, 98bis Boulevard Arago, F-75014
Paris, France. 5Departamento de Fı̀sica e Astronomia, Faculdade de Ciências, Universidade do Porto, Rua do Campo Alegre s/n, P-4169-007 Porto, Portugal.
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STELLAR SURFACE MAGNETO-CONVECTION AS A SOURCE OF ASTROPHYSICAL NOISE. I.
MULTI-COMPONENT PARAMETERIZATION OF ABSORPTION LINE PROFILES

H. M. Cegla1,2, S. Shelyag1, C. A. Watson1, and M. Mathioudakis1
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ABSTRACT

We outline our techniques to characterize photospheric granulation as an astrophysical noise source. A four-
component parameterization of granulation is developed that can be used to reconstruct stellar line asymmetries
and radial velocity shifts due to photospheric convective motions. The four components are made up of absorption
line profiles calculated for granules, magnetic intergranular lanes, non-magnetic intergranular lanes, and magnetic
bright points at disk center. These components are constructed by averaging Fe i 6302 Å magnetically sensitive
absorption line profiles output from detailed radiative transport calculations of the solar photosphere. Each of the
four categories adopted is based on magnetic field and continuum intensity limits determined from examining
three-dimensional magnetohydrodynamic simulations with an average magnetic flux of 200 G. Using these four-
component line profiles we accurately reconstruct granulation profiles, produced from modeling 12 × 12 Mm2

areas on the solar surface, to within ∼±20 cm s−1 on a ∼100 m s−1 granulation signal. We have also successfully
reconstructed granulation profiles from a 50 G simulation using the parameterized line profiles from the 200 G
average magnetic field simulation. This test demonstrates applicability of the characterization to a range of magnetic
stellar activity levels.

Key words: line: profiles – planets and satellites: detection – stars: activity – stars: low-mass – Sun:
granulation – techniques: radial velocities

Online-only material: color figures

1. INTRODUCTION

One of the consequences of plasma motions in the outer layers
of low-mass stars with convective envelopes is radial velocity
(RV) shifts due to variable stellar line profile asymmetries,
known as astrophysical noise (or stellar “jitter”). This can pose a
major problem for planet hunters as RV follow-up is mandatory
for most planet confirmation and characterization. As these net
RV shifts, produced by photospheric convective motions, are on
the m s−1 level (Schrijver & Zwaan 2000), stellar granulation
will severely impact the confirmation of low-mass planets
around solar-like stars. Additionally, the promise of cm s−1 RV
precision from spectrographs like Espresso and Codex makes
it ever more pertinent that we understand granulation both in
terms of the physical processes involved as well as an important
source of astrophysical noise.

Meunier et al. (2010) conclude that the limiting factor for
detecting Earth-like planets in the habitable zone is, in fact, the
convective contribution to the RVs and not the larger amplitude
contribution of spots and plages. Meunier et al. (2010) go on
to affirm that the amplitude of convective noise in solar-like
stars must decrease by one order of magnitude or more to make
possible the detection of low-mass planets.

To date, there have been only a handful of attempts to decrease
the effects of granulation for the benefit of exoplanet detection
and confirmation. Dumusque et al. (2011) propose adjustments
to the number of measurements and exposure time in order to
average out some of the effects of granulation. Although this
method has had success (see Pepe et al. 2011 and Dumusque
et al. 2012), it is both time and cost intensive, and does not
provide information on the nature of granulation. Aigrain et al.
(2012) take a different approach and use photometry to estimate
RV variations due to stellar activity, including a parameter to

estimate the perturbation due to convection. They successfully
demonstrate that they can reproduce variations well below the
m s−1 level. However, as low-mass planets around solar-like
stars require cm s−1 precision, there is still an urgent need to
further characterize and remove the RV variations of surface
convection.

Although there have been few attempts to remove or reduce
the effects of granulation, there have been numerous observa-
tions and theories devoted to understanding the nature of gran-
ulation (for a comprehensive review see Nordlund et al. 2009,
Stein 2012, and references therein). We were particularly in-
spired by the four-component model of Dravins (1990), used
to reconstruct the observed asymmetries in stellar line profiles
due to granulation. Similar to Dravins (1990), our aim is to
measure and understand the RV signal produced by convective
motions integrated across a stellar disk. However, our main goal
is to simulate numerous granulation observations and ultimately
develop a statistically significant noise removal method.

In this paper, the first in a series, we outline a technique
to characterize granulation as an astrophysical noise source.
The backbone of this characterization is a state-of-the-art three-
dimensional (3D) magnetohydrodynamic (MHD) solar simu-
lation, coupled with detailed wavelength-dependent radiative
transfer. Due to the time-intensive nature of detailed radiative
diagnostics, producing enough realistic granulation patterns to
cover an entire stellar disk with this method is not feasible. As
such, we use the output from a short time series of simulations
to parameterize the granulation signal.

In Section 2, we outline our procedure to separate absorption
line profiles from solar simulations into four categories based on
continuum intensity and magnetic field strength to categorize the
different physical components present in photospheric magneto-
convection. In Section 3, we use these components to reconstruct

1
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strength of these correlations indicate that such photometric variability measurements
are likely to be among the best ways to identify RVs induced from granulation. Ac-
cordingly, high precision simultaneous photometry from space-based transit missions,
targeting bright stars, could be the key to pinning down the granulation noise within the
spectroscopic observations necessary for most exoplanet confirmations.

7.10 Noise Reduction

In this section we demonstrate the e↵ectiveness of each of the granulation noise diag-
nostic tools discussed in the precious sections. For those diagnostics where the exact
definition was varied to maximise the correlation with RV, only the optimal definition
was used to remove/reduce the granulation noise. First, the standard deviation, V�, of
the uncorrected disc-integrated line profile RVs was calculated; this was found to be ⇠
20.4 cm s�1. Next, the robust bisquares linear fit between the diagnostic and RV was
then subtracted o↵ of the RV measurements. The standard deviation of the corrected
RV was then measured and, finally, the percentage of noise reduction was calculated.
All of these values, as well as the correlation coe�cients for each of the noise reduction
techniques is shown in Table 7.1.

Table 7.1: Granulation Noise Reduction Success for the Various Diagnostics

Diagnostic V� (cm s�1) Fractional Reduction (%) Pearson’s R
– 20.4 – –

BIS 37.8 -85 -0.48
C 13.3 35 -0.84
Vb 15.5 24 0.80
Ab 16.2 21 -0.78

bi-Gauss 46.1 -126 -0.40
Vasy 9.0 56 0.91

FWHM 77.0 -277 0.26
Line Depth 13.0 36 -0.84

EW 17.4 15 -0.76
Brightness 10.5 49 -0.89

As expected, those diagnostics with the strongest correlation with RV reduced the
granulation noise by the largest fraction. We also found that those diagnostics with poor
correlations with RV actually made the scatter within the RVs worse when attempting
to correct for the granulation noise. By far the largest reduction of noise was obtained
when using the Vasy (56% noise reduction), followed then by the brightness or inte-
grated area under the line profile (49%). A marginal noise reduction was also achieved
with the line depth (36% reduction) and bisector curvature (35% reduction). Vasy has
been shown to reduce the standard deviation of the disc-integrated line profile RVs to
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Next Steps...

•Continue to make observations more realistic:!

•Instrumental profile, photon noise, finite exposures, 
additional noise sources, various magnetic fields, 
injecting planets

•Test observationally!

•Solar data, highest RV precision targets

•Expand to a suite of stellar lines with varying:!

•Formation heights, absorption strengths,!
excitation and ionisation potentials

•Expand to other spectral types


