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Abstract

We use more than a decade of radial-velocity measurements for « Cen A, B, and Proxima Centauri from the High
Accuracy Radial Velocity Planet Searcher, CTIO High Resolution Spectrograph, and the Ultraviolet and Visual
Echelle Spectrograph to identify the M sini and orbital periods of planets that could have been detected if they
existed. At each point in a mass—period grid, we sample a simulated, Keplerian signal with the precision and cadence
of existing data and assess the probability that the signal could have been produced by noise alone. Existing data
places detection thresholds in the classically defined habitable zones at about M sini of 53 M; for o Cen A, 8.4
M., for o Cen B, and 0.47 M. for Proxima Centauri. Additionally, we examine the impact of systematic errors, or
“red noise” in the data. A comparison of white- and red-noise simulations highlights quasi-periodic variability in the
radial velocities that may be caused by systematic errors, photospheric velocity signals, or planetary signals. For
example, the red-noise simulations show a peak above white-noise simulations at the period of Proxima Centauri b.
We also carry out a spectroscopic analysis of the chemical composition of the a Centauri stars. The stars have super-
solar metallicity with ratios of C/O and Mg/Si that are similar to the Sun, suggesting that any small planets in the
a Cen system may be compositionally similar to our terrestrial planets. Although the small projected separation of
a Cen A and B currently hampers extreme-precision radial-velocity measurements, the angular separation is now
increasing. By 2019, oo Cen A and B will be ideal targets for renewed Doppler planet surveys.
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1. Introduction

Over the past two decades, hundreds of exoplanets have been
detected with the radial-velocity technique, opening a new
subfield of astronomy. In 2009, the NASA Kepler mission
(Borucki et al. 2011; Batalha et al. 2013) used the transit
technique to dramatically advance our understanding of exoplanet
architectures, especially for low-mass planets. Burke et al. (2015)
used the Q1-Q16 Kepler catalog (Mullally et al. 2015) with the
Christiansen et al. (2015) pipeline completeness parameterization
to assess planet occurrence rates for Kepler G and K dwarfs. For
exoplanets with radii 0.75 < Rpjanet < 2.5 Re,  and orbital
periods, 50 < Py, < 300 days, they find an occurrence rate,
Fy=0.77 planets per star, with an allowed range of
0.3 < Fp < 1.9. The Burke et al. (2015) Kepler data analysis
suggests that most GK stars have rocky exoplanets and portends a
bright future for the discovery of low-mass planets orbiting nearby
GK stars with the radial-velocity technique, once precision is
improved.

At a distance of 1.3 parsecs, the three stars in the o Centauri
system are our closest neighbors. The stars of the central,
a Cen AB binary system orbit each other with a semimajor
axis of 24au and an eccentricity of 0.524 (Pourbaix &
Boffin 2016). Though planets are now known to be common,
there has been theoretical speculation about whether planets
would form in such a close binary system (Thébault
et al. 2006, 2008, 2009). Simulations have shown that if
planets do form in this system (Quintana & Lissauer 2006;
Quintana et al. 2007; Guedes et al. 2008), there are regions
where they can reside in dynamically stable orbits (Wiegert &
Holman 1997; Quarles & Lissauer 2016) around either oo Cen
A and a Cen B. Furthermore, approximately 20% of known

planets orbit stars that are components of binary star systems.
Particularly interesting is the case of HD 196885 AB, a stellar
binary system with a semimajor axis of 24au and an
eccentricity of 0.409, similar to the orbit of & Cen AB, with
a known planet orbiting the primary star (Chauvin et al. 2007;
Correia et al. 2008; Fischer et al. 2009). The case of
HD 196885 Ab provides empirical evidence that the formation
of planets is not precluded around oo Cen A or B.

The third star, Proxima Centauri, is a smaller M dwarf and
orbits this pair with a semimajor axis between 8700 and greater
than 10,000 au (Wertheimer & Laughlin 2006; Kervella
et al. 2017b). The « Centauri system has long been a key
target for Doppler planet searches from southern hemisphere
observatories (Murdoch et al. 1993; Endl et al. 2001, 2015;
Dumusque et al. 2012). While no planets have yet been
discovered around o Cen A or B (c.f. Dumusque et al. 2012;
Hatzes 2013; Rajpaul et al. 2016), an Earth-mass planet has
been detected orbiting Proxima Centauri using the Doppler
technique (Anglada-Escudé et al. 2016). This recent discovery
has increased interest in the system and the proximity of these
stars is an enormous advantage for missions that aim to obtain
images of any exoplanets. As human exploration ventures
beyond our solar system, these closest stars will surely be our
first destination.

In this work, we publish radial-velocity observations of
a Cen A and B, obtained at the Cerro Tololo Interamerican
Observatory (CTIO) with the Echelle Spectrograph (ES) from
2008-2010 and the CTIO High Resolution (CHIRON)
spectrograph. These data, together with archived data from
the High Accuracy Radial Velocity Planet Searcher (HARPS)
and the Ultraviolet and Visual Echelle Spectrograph (UVES)
of o Cen B and Proxima Centauri are used to test planet
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detectability and place constraints on the mass and orbital
periods of putative planets that may remain undetected around
these three stars.

2. The Alpha Centauri System

Alpha Centauri is a hierarchical triple-star system. The
primary and secondary components, & Cen A and B, are main-
sequence stars with spectral types G2V and K1V, respectively,
that are gravitationally bound in an eccentric orbit with a
semimajor axis of about 24 au. The two stars currently have an
angular separation of about 5 arcsec, which is not resolvable
with the naked eye. Their combined brightness of —0.27 mag
makes o Cen AB one of the brightest objects in the southern
hemisphere. The third star in this system, « Cen C or Proxima
Centauri, was discovered in 1915 (Innes 1915) and is a
relatively faint V = 11.1 mag M6V dwarf at a projected
angular separation of 272 from « Cen AB.

The recent astrometric analyses of &« Cen A (van Leeuwen
2007; Pourbaix & Boffin 2016; Kervella et al. 2017a) yield an
orbital parallax between 743 and 754 mas, corresponding to a
distance of 1.33-1.35 pc away. The three stars in the
« Centauri system are our closest stellar neighbors.

2.1. Doppler Analysis

Observations of a Centauri A and B were obtained with the
1.5 m telescope at the CTIO in Chile. From 2008 to 2010, the
refurbished Echelle Spectrometer (ES) was used to collect data.
The ES was located in the Coudé room; however, no other
attempt was made to stabilize the thermal environment of the
spectrograph and both diurnal and seasonal variations resulted
in temperature changes of several degrees in the Coudé room.
Light from the telescope was coupled to this instrument with an
optical fiber, and a slit was positioned at the focus to set the
resolution to ~48000. However, the slit width was manually
set with a micrometer and was not very precise; therefore, we
expect that slight variations in the resolution occurred
over time.

In 2011, we replaced the ES with the CHIRON
spectrograph (Tokovinin et al. 2013). This instrument was
also placed in the Coudé room and the optical fiber was
changed to an octagonal fiber to reduce modal noise in our
spectra. CHIRON was not in a vacuum enclosure; however, the
combination of thermal insulation and a thermally controlled
space inside the Coudé room stabilized the temperature drifts to
+/—2 K. There are four observing modes with CHIRON; for
our observations of o Cen A and B, we adopted a fixed-width
slit at the focus of the optical fiber that provided an
instrumental resolution of R ~ 90000 at the expense of a
~30% light loss. A small fraction of light was picked off from
the light path inside the spectrograph and sent to a
photomultiplier tube to determine the photon-weighted mid-
point and correct for the barycentric velocity during our
observations.

The ES and CHIRON both use an iodine cell to provide the
wavelength solution and to model Doppler shifts (Butler
et al. 1996). The iodine cell is inserted into the light path for all
of the program observations where radial velocities will be
measured. The forward modeling process that we use also
requires high-signal-to-noise ratio, high-resolution template
observations and a very high-resolution Fourier transform
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spectrum (FTS) of the iodine cell, obtained at the Pacific
Northwest National Labs (PNNL) Environmental Molecular
Sciences Laboratory (EMSL). Template observations are made
without the iodine cell and are bracketed by several observa-
tions of bright, rapidly rotating B-stars through the iodine cell.
The B-star observations are used to model the wavelength
solution and the spectral line spread function (SLSF) of the
instrument. The template observation is deconvolved with the
SLSF, providing a higher-resolution, iodine-free spectrum for
modeling Doppler shifts. With the template observation, T and
the FTS iodine spectrum, I,, the model is constructed as:

(T, x b) = SLSF (1

and a Levenberg—Marquardt least-squares fitting is used to
model the program observations. The error budget for the
CHIRON radial-velocity (RV) measurements accounts for
instrumental errors (including variations in temperature,
pressure, and vibrations), modal noise in the octagonal fiber,
algorithm errors in the analysis, and the inclusion of velocity
effects (granulation, spots, faculae) from the surface of the
stars. For the o« Centauri AB stars, flux contamination from the
companion star turned out to be the most significant error
source.

2.2. Spectroscopic Analysis

The stellar properties and chemical abundances of « Cen A
and B were determined by using the spectral synthesis
modeling code, Spectroscopy Made Easy (SME), described
in Brewer et al. (2016), to analyze several iodine-free spectra
obtained with the CHIRON spectrograph in 2012. The stellar
parameters that we derive, as well as some comparison data that
represent the range of values from the published literature with
available uncertainties, are listed in Table 1.

Because we have analyzed 28 o Cen A and B spectra, the
rms of those spectroscopic parameters is one way to assess
uncertainties. However, for all spectroscopic parameters, we
find that the rms is too small to provide a plausible estimate of
uncertainties. Instead, we adopt the more conservative model
parameter uncertainties that were established using the same
SME modeling technique for more than 1600 stars observed
with the Keck HIRES spectrograph (Brewer et al. 2016).
Following Brewer et al. (2016), small empirical corrections
were applied to the elemental abundances of o Cen AB to
account for slight systematic trends that occur as a function of
temperature with our analysis method.

Our spectroscopic analysis yields an effective temperature of
5766 + 25 K for v Cen A, and 5218 £ 25 K for a Cen B.
The effective temperature for o Cen A is consistent with the
effective temperature measurement derived from angular-
diameter measurements by Boyajian et al. (2013) and
consistent with the G2V spectral classification (Perryman
et al. 1997; van Leeuwen 2007). The calculated effective
temperature for a Cen B is similarly consistent with the results
of Boyajian et al. (2013) and the K1V spectral classification.

Both stars have a super-solar metallicity, [Fe/H] =
0.22 £ 0.03 and 0.24 + 0.03 for o Cen A and B, respectively,
consistent with other published values, e.g., Anderson &
Francis (2011). We measure a C/O ratio of 0.47 & 0.05 and
Mg/Si of 1.05 £ 0.03 for « Cen A, similar to the solar value.
The results for « Cen B are nearly identical with a C/O ratio



THE ASTRONOMICAL JOURNAL, 155:24 (12pp), 2018 January Zhao et al.
Table 1

Stellar Parameters for the o Cen Stars
Parameter aCen A aCen B a Cen C Source
ID HIP 71683, HD 128620, GJ 559A  HIP 71681, HD 128621, GJ 559B  HIP 70890, GJ 551
Spectral Type G2V KOV M5Ve Perryman et al. (1997)
Vinag —0.01 1.13 11.1 Perryman et al. (1997)
Parallax (mas) 75481 £ 4.11 796.92 + 25.9 771.64 £ 2.6 van Leeuwen (2007)
Parallax (mas) 743 £ 1.3 743 £ 1.3 Pourbaix & Boffin (2016)
Parallax (mas) 747.17 £ 0.61 747 £ 0.61 Kervella et al. (2017a)
1 R.A. (mas yrfl) —3679.25 —3614.39 —3775.75 Perryman et al. (1997)
1 R.A. (mas yrfl) —3773.8 £ 0.4 Kervella et al. (2016)
4 Decl. (mas yr 1) 473.67 802.98 765.65 Perryman et al. (1997)
1 Decl. (mas yr’l) 770.5 £ 2.0 Kervella et al. (2016)
My 4.36 5.5 15.5 using Kervella et al. (2017a) parallax
M, /M, 1.10 £+ 0.03 0.97 + 0.04 Lundkvist et al. (2014)
M, /M, 1.13 £+ 0.007 0.97 + 0.04 Pourbaix & Boffin (2016)
M, /M 1.1055 + 0.0039 0.9373 + 0.0033 Kervella et al. (2016)
M, /M, 0.1221 £ 0.0022 Mann et al. (2015)
M, /M, 0.120 + 0.015 Anglada-Escudé et al. (2016)
M, /M, 1.1 £0.02 0.91 £ 0.02 0.106 = 0.005 (this work)
O.p (mas) 8.511 £+ 0.020 6.001 + 0.0034 Kervella et al. (2003)
OLp (mas) 1.044 + 0.08 Ségransan et al. (2003)
R./R; 1.22 + 0.01 0.88 + 0.01 Lundkvist et al. (2014)
R./Rs 1.231 4+ 0.0036 0.868 + 0.0052 Pourbaix & Boffin (2016)
R./R; 1.2234 £ 0.0053 0.8632 £ 0.00537 Kervella et al. (2017a)
R./R; 0.1542 + 0.0045 Mann et al. (2015)
R, /R 0.141 + 0.02 Anglada-Escudé et al. (2016)
R./Rs 1.23 £+ 0.04 0.84 + 0.02 0.131 = 0.005 (this work)
L,/Ls 1.5159 £ 0.0051 0.5014 £ 0.0017 Boyajian et al. (2013)
L,/L;, 0.00155 £ 0.00005  Anglada-Escudé et al. (2016)
L,/L 0.0011 £ 0.0002 (this work)
Age (Gyr) 517509 2.5313:43 (this work)
Age (Gyr) 52+£1 45+1.2 (isochrone) Boyajian et al. (2013)
Age (Gyr) 485+ 0.5 Thévenin et al. (2002)
Age (Gyr) 6.6 1.6 52+16 (activity) Mamajek & Hillenbrand (2008)
Age (Gyr) 44 + 1.3 6.5+ 1.3 (gyro) Mamajek & Hillenbrand (2008)
log R'uk —4.9 £+ 0.08 Dumusque et al. (2012)
log R'ux —5.002 —4.923 Henry et al. (1996)
B (days) 22 41 Morel et al. (2000)
Teee (K) 5793 £7 5232 £9 Boyajian et al. (2013)
Teer (K) 5766 + 25 5218 £ 25 2879 £ 50 (this work)
vsini (kms™') 251 £0.5 1.9 +£05 (this work)
log g (cms™") 431 £ 0.05 Lundkvist et al. (2014)
log g (cms™") 43117 £ 0.0015 Kervella et al. (2017a)
log g (cms™!) 4.27 +0.05 444 + 0.05 5.23 £+ 0.01 (this work)
[Fe/H] 0.20 0.21 Anderson & Francis (2011)
[Fe/H] 0.22 + 0.03 0.24 + 0.03 0.10 £ 0.12 (this work)
[C/H] 0.19 £+ 0.03 0.19 + 0.03 (this work)
[O/H] 0.25 + 0.04 0.23 + 0.04 (this work)
[Si/H] 0.21 £ 0.03 0.20 £+ 0.03 (this work)
[Mg/H] 0.19 £+ 0.03 0.19 £+ 0.03 (this work)
[C/O] 0.47 £+ 0.05 0.49 £+ 0.05 (this work)
[Mg/Si] 1.05 £+ 0.03 1.05 £+ 0.03 (this work)
[Si/Fe] 1.11 £ 0.04 1.04 £ 0.03 (this work)

of 0.49 £ 0.05 and a Mg/Si ratio of 1.05 £ 0.03, the same as
a Cen A. Because the ratios of abundances
photospheres evolve slowly over main-sequence lifetimes
(Pinsonneault et al. 2001; Turcotte & Wimmer-Schweingru-
ber 2002), we can use the C/O and Mg/Si ratios as a proxy for
disk compositions. Brewer & Fischer (2016) showed that most
stars have low C/O ratios, leaving the Mg/Si ratio important

in stellar

for regulating the geology of planetesimals. The implication is
that any rocky planets forming around o Cen A or B could
have a composition and internal structure that may be similar to
the solar system terrestrial planets.

The temperature and [Fe/H] for Proxima Centauri were
derived from infrared K-band features in XSHOOTER spectra
available from the ESO Public Archive. The observations were
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carried out in Period 92 using a slit width of 074 (R ~ 9100)
and were reduced following the standard recipe described in the
XSHOOTER pipeline manual® (Vernet et al. 2011). The
wavelength calibration for the spectra was based on telluric
lines, using a modified version for XSHOOTER data of the
IDL-based code xtellcor_general by Vacca et al. (2003). The
Proxima Cen spectra were convolved with a Gaussian kernel to
degrade the resolution to R ~ 2700, in order to use the Nal,
Cal, and H,O-K2 indices calibrated to provide metallicity
estimates for M dwarf stars by Rojas-Ayala et al. (2012). With
this technique, we derive Ty = 2879 4+ 50K and [Fe/H] =
0.08 £ 0.12 and a spectral type of M5.5V. The metallicity for
Proxima Cen is slightly lower than that of « Cen A and B;
however, the uncertainty in the Proxima Cen measurement is
four times the uncertainty for & Cen A or B. Proxima Centauri
should share the same chemical composition as o Cen A and
B unless those stars had a significantly different accretion
history than Proxima.

2.3. Isochrone Analysis

Using spectroscopic parameters (Tor , [Fe/H], [Si/H]) and
distance, we derive the best-fit models to the Yale-Yonsei (Y?)
isochrones (Demarque et al. 2004) to estimate the stellar mass,
radius, and age for a Cen A and B. Our stellar masses (listed
in Table 1) agree well with other published values (Lundkvist
et al. 2014; Pourbaix & Boffin 2016) and the radius is
consistent with the angular-diameter measurement by Kervella
et al. (2017a). The isochrone-derived age for w Cen A is
5.177 1% Gyr, slightly older than the Sun and consistent with
previous age estimates. Our isochrone model for « Cen B
gives a younger age with large uncertainties, 2.53ﬁj§5 Gyr. The
posterior in the isochrone fit shows a peak at younger ages for
a Cen B that is ill-constrained by log g and distance.
However, the ages for the two stars do agree within their
uncertainties.

The log g, stellar mass, and radius of Proxima Cen were
determined by adopting the age of ~5 Gyr that we estimate for
a Cen AB, and interpolating the temperature onto a solar-
metallicity isochrone for main-sequence, low-mass stars from
Baraffe et al. (2015). Because M dwarfs evolve very slowly
after the pre-main-sequence phase, any errors in the adopted
age of the star will not significantly affect the derived stellar
model. The Baraffe et al. (2015) isochrones were only
calculated for solar metallicity; therefore, the isochrone model
parameters will not account for the slightly super-solar
metallicity of Proxima Centauri. The isochrone model para-
meters for Proxima Cen are also compiled in Table 1.

2.4. Chromospheric Activity

The chromospheric activity of a«Cen A and B was
monitored Henry et al. (1996) by measuring emission in the
cores of the Call H & K lines relative to continuum bandpasses
(i.e., the Syk values), scaled to the long-term Mount Wilson H
& K study (Vaughan et al. 1978; Wilson 1978; Duncan
et al. 1991; Baliunas et al. 1995). The Syx values together with
the B — V of the star can then be transformed to log Ry,
which is the fraction of bolometric luminosity from the lower
chromosphere after subtracting off photospheric contributions
(Noyes et al. 1984). Using log R’y instead of Syk allows for a

3 http:/ /www.eso.org/sci/software /pipelines/
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straightforward comparison of chromospheric activity that is
independent of spectral type.

Chromospheric activity provides a good way to estimate
rotation periods and ages (Noyes et al. 1984), even for older and
more slowly rotating stars. Both a Cen A and B are chromo-
spherically quiet stars with estimated rotation periods of about 22
and 41 days, respectively (Morel et al. 2000). This is typical of
stars that are about the age of the Sun. Coronal cycles have been
measured at X-ray and UV wavelengths with periods of 19 and 8
years for « Cen A and B, respectively (Ayres 2014, 2015).

A recalibration of chromospheric activity—age relation and a
calibration of stellar rotation to stellar age (gyrochronology)
was carried out by Mamajek & Hillenbrand (2008). Their
revised calibration returns activity and gyrochronology ages of
6.6 and 4.4 Gyr for « Cen A and 5.2 and 6.5 Gyr for o Cen B.
Mamajek & Hillenbrand (2008) estimate uncertainty in these
ages of about 1.5 Gyr for the activity calibration and 1.3 Gyr
for their gyrochronology technique.

2.5. Stellar Ages

As described above, stellar ages can be estimated in several
ways: from isochrone fitting, stellar activity, stellar rotation
speed (gyrochronology), dynamical measurements of the visual
binary orbit, or galactic kinematics. Furthermore, in the case of
a binary star system, we expect that the stars are co-eval; both
stars should yield an independent estimate for the age of the
binary system. Taking the average of the stellar ages for both
a Cen A and B estimated from the ages tabulated in Table 1,
we calculate a weighted mean age for the o Centauri system of
5.03 £ 0.34 Gyr.

2.6. Stellar Orbits

Pourbaix et al. (1999) used published astrometry and radial-
velocity (RV) data from the European Southern Observatory
Coudé Echelle Spectrograph to derive the orbital parameters for
the o Cen A and B stellar binary system. Pourbaix & Boffin
(2016) refined this binary star orbit by supplementing their
previous analysis with 11 years of high-precision RV measure-
ments from the HARPS spectrograph and some additional
astrometric data from the Washington Double Star Catalog
(Hartkopf et al. 2001). They derive an orbital period of
7991 £ 0.013 years and eccentricity of 0.524 £ 0.0011, and
masses M = 1.133 &= 0.005 M, and Mg = 0.972 £ 0.0045 M.
We use their published orbital parameters to plot the projected
orbit of a Cen B around o Cen A in Figure 1. The projected
separation between the two stars reaches a local minimum in
2016, but will increase to observable levels by 2019.

Proxima Centauri has a projected separation of 15000 +
700 au from o Cen AB and a relative velocity with respect to
aCen AB of 0.53 £ 0.14 km s~! (Wertheimer & Laughlin
2006). Wertheimer & Laughlin (2006) used Hipparcos
kinematic information and carried out Monte Carlo simulations
to determine the binding energy of Proxima Cen relative to
o Cen AB. They found a high probability that Proxima Cen is
gravitationally bound and near apastron in a highly eccentric
orbit. More recently, Kervella et al. (2017b) added published
HARPS RV measurements and likewise concluded that Proxima
Centauri is gravitationally bound to the a Cen AB stars,
traveling in an orbit with eccentricity of 0.50 35 with an orbital
period of ~550,000 years.
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3. Exoplanet Searches

The three stars in the o Centauri system have been targets of
different precision, radial-velocity surveys to search for
exoplanets from southern hemisphere observatories (Endl
et al. 2001, 2015; Dumusque et al. 2012). In 2012, a planet
was announced orbiting o Cen B (Dumusque et al. 2012)
using data from the HARPS spectrograph. While that putative
signal was later shown to be a sampling alias in the time-series
data (Rajpaul et al. 2016), Anglada-Escudé et al. (2016)
subsequently discovered a low-mass planet orbiting Proxima
Centauri, a M5.5V star. The orbital period of Proxima Cen b is
11 days, which places this planet at the appropriate distance
from its host star to fall within the habitable zone. This
detection was a record-breaking discovery because of the low
mass of the planet, although the habitability of this world is
now being debated. Airapetian et al. (2017) find that the planet
orbiting Proxima Centauri will incur a significant atmospheric
loss of oxygen and nitrogen in addition to a massive loss of
hydrogen because of the high-energy flux from this relatively
active M dwarf (Airapetian et al. 2017).

There are several reasons why Doppler planet searches around
the binary stars o Cen A and B are well-motivated. The stars
are bright, allowing for high-cadence and signal-to-noise spectra.
The decl. of the stars is —60°, close to a southern polar orbit, so
that the observing season stretches between nine months and a
year depending on the position of the observatory. Dynamical
simulations (Wiegert & Holman 1997) show that any planets in
the system are likely to be nearly aligned with the binary-star
orbit; this implies that any RV amplitude would not be strongly
attenuated by orbital inclination.

However, there are some challenges for planet detection,
formation, and long-term stability around o« Cen A or B. One
key concern is that the semimajor axis of the binary star orbit is
only about 24 au (Pourbaix & Boffin 2016) and the orbital
eccentricity of 0.524 means that the separation of the stars is
only 16.3 au at periastron passage. While Wiegert & Holman
(1997) demonstrate that any existing planets would be
dynamically stable if they orbit within a few au of either star,
the close proximity of the stars has led to theoretical
speculation about whether planets could have formed in the
first place around o Cen A or B (Barbieri et al. 2002; Quintana
et al. 2002, 2007; Quintana & Lissauer 2006; Thébault
et al. 2008, 2009). Encouragingly, 20% of detected exoplanets
have been found in binary star systems orbiting one or the other
star. An especially interesting case is the binary star
HD 196885 AB. With a semimajor axis of 24au and an
eccentricity of 0.409, this is a close analog of the & Cen AB
binary pair. HD 196885 A is known to host a gas-giant planet
with M sini of ~3 Mjyp and an orbital period of 3.69 years
(Chauvin et al. 2007; Correia et al. 2008; Fischer et al. 2009).

Doppler surveys generally avoid binary stars with separations
less than ~5 arcsec because additional RV errors can be incurred
by flux contamination from the companion star. At the next
periastron passage of a Cen AB (2035 May), the projected
separation of the two stars will be less than 2 arcsec. However,
with an orbital plane that is only 11°from an edge-on
configuration, the projected separation of &« Cen AB reached a
secondary minimum of ~4 arcsec in 2017. Figure 1 shows the
relative orbit of & Cen B orbiting aw Cen A, projected onto the
plane of the sky. Beginning in 2012, the angular separation
between the two stars decreased to 5”44 and flux contamination
from the binary-star companion was observed in the radial-velocity
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Figure 1. Projected orbital plane of a Cen A and B. The angular separation
reaches a temporary minimum just under 4” in 2017 and the angular separation
begins to increase in 2018. By 2020, the separation exceeds 5”5 and ground-
based, radial-velocity searches can resume without suffering significant
contamination from the companion star.

measurements and was exacerbated on nights of poor seeing
conditions.

For the CHIRON data, while there was code developed to
scale the flux taking into account contamination, the improve-
ment was insufficient for precision radial-velocity measure-
ments. The RVs listed in the Dumusque et al. (2012) paper
were restricted to observations obtained through 2011 that had
better than one arcsecond seeing. No HARPS radial velocities
were published for 2012 because the seeing conditions were
not adequate to avoid flux contamination during that year.
Wittenmyer et al. (2014) and Bergmann et al. (2015) have
presented methods for modeling flux-contaminated spectra to
reach an rms of a few meters per second. However, this more
complex modeling does not reach sub-meter-per-second
precision, which is the precision needed to contribute to the
detection of planets with velocity semi-amplitudes less than
one or two meters per second. The current small projected
angular separation of & Cen AB may force a hiatus in ground-
based Doppler programs for this system until 2019 or 2020.

3.1. Constraints from Existing Data

The existing Doppler planet searches allow us to place
constraints on the mass—period parameter space where planets
would have been detected if they existed. Conversely, we can
see what type of planets would have escaped detection.
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Data from the Echelle Spectrograph (ES), CHIRON, HARPS,
and UVES were compiled to constrain exoplanet detections for
a Cen A, B, and C (Proxima). Radial velocities of both oo Cen
A and B were obtained by our team using the ES between 2008
and 2011 and the CHIRON spectrograph between 2011 and 2013
at the 1.5 m CTIO in Chile. The HARPS spectrograph is located
at the 3.6 m ESO La Silla telescope. HARPS radial velocities of
o Cen B were obtained between 2008 February and 2011 July
and published by Dumusque et al. (2012). We also use published
RVs of Proxima Centauri from HARPS that span 2005-2016, and
published RVs from 2010 to 2016 at the UVES on the Very Large
Telescope at Cerro Paranal in Chile (Anglada-Escudé et al. 2016).
Both CHIRON and UVES are calibrated using the iodine cell
technique while HARPS is calibrated using the simultaneous
Thorium—Argon reference method Tokovinin et al. (2013),
Anglada-Escudé et al. (2016).

The 1.5 m CTIO telescope is part of the Small to Moderate
Aperture Research Telescopes (SMARTS) consortium. The ES
was a re-commissioned, fiber-fed spectrograph located at the
1.5 m CTIO telescope. The typical, single-shot precision of the
ES was about 7 m s~!. This spectrograph was replaced in 2011
with the CHIRON spectrograph, which was immediately
upgraded and re-commissioned in 2012 with new optical
coatings, a new CCD, better temperature control, and octagonal
fibers (Tokovinin et al. 2013). While the short term velocity
rms reached 0.5ms~! for bright, single stars observed with
CHIRON (Tokovinin et al. 2013), a serious short-coming for
RV measurements of @ Cen A and B RV measurements is that
the front end fiber feed was designed with a 2”7 field of view
to maximize the number of collected photons during poor
seeing conditions on the 1.5 m telescope. When CHIRON was
re-commissioned in 2012, the angular separation of o Cen A
and B was only 5”5 and there was significant flux contamina-
tion from the companion star on nights when the seeing was
worse than one arcsecond. By 2013, the angular separation of
AB had decreased so the flux contamination increased and
there were few nights when the rms of the RV measurements
was less than three times the average scatter per night. We
tested a new Doppler code that included a scaled flux from the
companion star, as described by Bergmann et al. (2015);
however, we were only able to reach a single-shot precision of
~15ms~! from the flux-contaminated spectra for o Cen A
and B. We prefer to retain the original velocities, rather than
velocities from our scaled flux analysis, because they more
clearly identify nights with spectral contamination that should
be rejected.

Figure 2 shows all of the binned RV measurements collected
by the ES (left of the vertical dashed line) and CHIRON (right
of the vertical dashed line) for & Cen A (top panel) and o Cen
B (bottom panel). Flux contamination from the companion
stars causes the velocities for & Cen A to decrease (shifting
toward the velocity of @ Cen B) and velocities for « Cen B to
increase. The effect of flux contamination is apparent in
Figure 2. The nights with poor seeing conditions that resulted
in flux contamination were excluded from the published
HARPS data (Dumusque et al. 2012). To eliminate nights at
the CTIO with significant flux contamination, we determined
an acceptable threshold for the measured contamination. After
subtracting out the binary trend from both data sets, the
resulting RV measurements should be Gaussian distributed
about zero. However, contaminated data will lie far away from
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Figure 2. Data of o Centauri A (top) and a Centauri B (bottom) taken at the
CTIO Telescope from 2009 to 2012. The Echelle Spectrograph was switched to
CHIRON in 2011, as shown by a dashed line on each graph. Observations are
binned by night. Blue points represent the data points used in the simulations.
Observations falling more than 30 away from the average due to contamination
were cut, shown here in orange.

the mean. We fit a Gaussian curve to the distribution of each
data set and consider any data point more than 30 away from
the distribution’s mean as suffering from considerable
contamination. Figure 3 shows the distribution (black), fitted
Gaussian curve (blue), and subsequent cuts (orange). The 3o
cuts frame the bulk of the observations, thereby excluding only
nights that deviate significantly from the mean.

Data that is retained and used in the simulations are shown in
Figure 2 in blue while cut data is plotted in orange. This
contamination is visually obvious and increases with time
following 2011, as the stars orbit closer and closer together (see
Figure 1). All velocities removed are skewed in the direction to
be expected from contamination (e.g., down for « Cen A and
up for a Cen B). Additionally, this choice of cut vets more
data points from the set of o Cen B observations, which
further suggests contamination as « Cen A is the brighter star
and would therefore cause more significant contamination in
a Cen B observations than if the reverse were true.

In Table 2, we list the nightly binned, radial-velocity
measurements on nights where there was not significant flux
contamination from the companion star for o Centauri A and
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Figure 3. A histogram of the de-trended radial-velocity measurements for each
night at the CTIO Telescope of & Cen A (top) and o Cen B (bottom). Each
histogram is fit to a Gaussian, shown in blue. Nights where data fall more than
30 away (shown by red, vertical lines) most likely suffer contamination from
the other star and are cut. Retained nights are shown in blue in Figure 2.

Table 2
Relative, Binned RV Data from the Telescope
Star JD-2440000 RV ms~! Err ms~! Source
A 14689.5270 —239.82 7.20 ES
A 14834.8477 —187.13 4.64 ES
B 14834.8350 119.94 4.05 ES
B 14835.8154 126.48 4.74 ES

(This table is available in its entirety in machine-readable form.)

B, resulting in 230 data points for « Cen A and 237 points for
«a Cen B. The uncertainty on our single measurements is of the
order of 5 m s~! for ES data and 1.1 m s~! for CHIRON data
with regards to o Cen A. The uncertainty for a Cen B
observations is approximately 4.4 ms~! for ES data and
1.2 ms~! for CHIRON data. Because the errors are not pure
white noise, the error for each binned observation is taken to be
the average of the formal errors of every point that night. The
rms of the final, nightly binned radial velocities is 7.2 m s~! for
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a Cen A over4.13 years and 8.9 m s~! for o« Cen B over 4.38
years.

4. Simulations

Using the cleaned and nightly binned velocities for « Cen A
and B from the ES and CHIRON spectrographs at CTIO, the
published HARPS velocities for o Cen B, and the HARPS and
UVES velocities for Proxima Cen, we carried out Monte Carlo
simulations to assess whether planets of a given mass with
orbital periods between 2 and 1000 days would have been
detectable. The maximum orbital period of 1000 days was
chosen because we expect that dynamical influences from the
binary orbit of the  Cen AB stars would destabilize orbits of
putative planets beyond about 2 au (Wiegert & Holman 1997).
We restricted the detectability simulations for Proxima
Centauri (o« Cen C) to the same time baseline, searching for
significant signals well beyond the habitable zone of the low-
mass star. The minimum orbital period of 2 days is arbitrary,
but avoids spurious 1 day sampling aliases in the CHIRON and
HARPS data sets.

For the detectability simulations, we established a grid in
planet mass and orbital period parameter space for each of the
stars (o« Cen A, B, and Proxima Centauri) and injected a
simulated Keplerian signal at each grid point, adopting stellar
mass values from Pourbaix & Boffin (2016). For simplicity,
our simulations assume circular orbits and single-planet
architectures. Grid points are spaced on a hybrid log-linear
scale to adequately sample the parameter space.

The simulations reveal the detectable M sini of the planet.
While our simulations test M sini rather than planet mass,
planets are expected to inherit the 79° orbital inclination of the
binary star system (Wiegert & Holman 1997). Therefore, we
expect that the M sini value is close to the true mass of any
planets around either o Cen A or B.

The statistical significance of the injected signal was
determined by assuming the null hypothesis. In other words,
we assess the probability that a signal of similar strength to our
injected Keplerian signal would be produced by random errors
in our data. Planets that are more massive or in closer orbits
will produce stronger reflex velocities in the host stars that give
rise to stronger, coherent signals. These planets are more easily
detected as their signals are harder to reproduce by noise alone.
Our simulations test what strength of signal is necessary to
overcome the inherent noise in the data and produce a coherent,
detectable signal from a planet. We tested planet detectability
in the presence of both white noise and the red noise present in
the reported RVs.

4.1. White-noise Simulations

We simulated Keplerian RVs with identical temporal sampling
and error bars as the observed data sets, preserving any window
functions in the observations. Our white-noise simulations
assume that the radial-velocity scatter is completely captured
by white noise that is scaled to the quoted error bars. The
simulated radial velocities for the white-noise simulations were
created with a random draw from a Gaussian distribution that was
scaled to the formal error at the time of each observation. The
mean of the formal errors for the binned ES and CHIRON data is
0.48 m s~! for a Centauri A and 0.51 m s~ ! for o Centauri B
(but, as we show later, the systematic errors in the ES and
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Figure 4. Comparing generated Keplerian signals to noise. An example
periodogram of a significant detection (solid line) and an insignificant planetary
signal (dashed line) are given for white noise (black, top) and red noise (red,
bottom). On both graphs, a blue horizontal line marks the peak height that is
greater than the maximum peak height in 99% of 1500 instances of pure noise.
This corresponds to a p-value of less than 0.01 for the signal. Therefore,
periodograms with peaks higher than this line are considered significant. The
vertical, green, dashed line on both graphs marks the period of the generated
signal.

CHIRON data are significantly larger). The binned HARPS
data of o Centauri B have a mean error of 1.0 ms~!. The
standard error for the combined, binned HARPS and UVES
data of Proxima Centauri are on average 0.94 ms~!. We
generated 1500 sets of time-series, white-noise RV data.
The simulated radial velocities were created by adding
realizations of white noise to theoretical Keplerian models
at each mass—period grid point.

Using a Lomb-Scargle periodogram (Lomb 1976; Scargle
1982), the periodogram power for the simulated Keplerian
velocities was then compared to the periodogram power of the
1500 white-noise data sets at each grid point. The data sets that
are dominated by white noise produce a power spectrum with
multiple low peaks at many periods, while a detectable
Keplerian signal will produce a tall peak at the correct orbital
period. Examples of significant versus insignificant period-
ograms are given in Figure 4 for both white noise (top) and red
noise (bottom).

Zhao et al.

To decide whether the RVs with an injected Keplerian signal
would be detectable with current observations, we calculate a
p-value at each grid point. The p-value gives the probability that
the injected radial-velocity data produces the same signal as only
random noise. The p-value is defined as the fraction of
comparisons where the white-noise simulations yield a greater
maximum peak height than the simulated Keplerian signal.
Planets producing significant signals will more consistently give
stronger periodogram peaks, resulting in lower p-values. Larger
p-values indicate that the signal produced by the planet has no
more significance than white noise alone. We adopt an arbitrary
but often used threshold p-value of 0.01, meaning that fewer than
1 of 100 white-noise simulations produced a periodic signal that
was stronger than a simulated Keplerian signal.*

Figure 5 shows the white-noise detectability simulations for
a Cen A, a Cen B, and Proxima Cen. The p-values and color
gradients are scaled so that a boundary appears where
Keplerian signals yield a p-value of 0.01. Signals with lower
p-values (above this boundary) would have likely been
detected if they existed, while Keplerian signals with p-values
greater than 0.01 would be buried in the white noise given the
stated errors of the CHIRON and HARPS programs. The
CHIRON and HARPS data sets for « Cen B are kept separate
as they are unique in their sampling and would lead to different
aliasing as well as exhibit different instrumental errors.
Analyzing the two data sets separately allowed our results to
capture these differences. Additionally, while combining the
two data sets helps to push white-noise detection limits lower,
the red-noise simulations suffer instead. The CHIRON data,
with more systematic errors, serve to reduce the sensitivity of
the HARPS data rather than give better results. The upper right
panel of Figure 5 has a dot indicating the mass and period of
Proxima Cen b (Anglada-Escudé et al. 2016).

4.2. Red-noise Simulations

Our analysis using the white-noise simulations described
above will not account for any systematic or quasi-periodic
instrumental errors, analysis errors, photospheric jitter, or even
actual planets. To investigate the impact of systematic errors or
red-noise sources, we treat the reported residual velocities from
subtracting out the binary orbit from the observations as
coherent noise. This is a worst-case scenario and we note that it
is possible to improve detectability by de-correlating some of
these noise sources using techniques like line bisector
variations or FWHM variations to estimate photon noise
(e.g., Dumusque et al. 2012; Anglada-Escudé et al. 2016;
Rajpaul et al. 2016).

These residual velocities are assumed to capture uncorrected
observational errors, including instrumental errors and stellar
jitter. The residual velocities would also contain any potential
planetary signals. For this red-noise simulation, we simply
interpreted the residual velocities as pure red noise, and
continued the same simulation described for white noise,
adding Keplerian signals parameterized by each point of a
mass—period grid. A comparison of the red and white-noise
analysis can be useful for highlighting possible planetary

4 The purpose of this analysis is to assess the strength an injected Keplerian
signal requires to produce a signal significantly distinct from what would be
produced by pure noise in the current observations. We consider each scenario
individually and therefore do not make any adjustments to account for the
multiple comparisons problem.
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Figure 5. White-noise simulations. Mass vs. period grids showing the significance at which a planet of such a mass and period would have been detected assuming
only the reported errors for observations of (a) o Centauri A from ES and CHIRON, (b) Proxima Centauri from HARPS and UVES, (c) o Centauri B from ES and
CHIRON, and (d) o Centauri B from HARPS. A p-value of less than 0.01 (indicated by shades of blue) is considered significant. Green vertical bands mark the
conservative habitable zone where liquid water could persist for most of the stellar lifetime and the lighter green covers the optimistic habitable zone (as defined by
Kopparapu et al. 2013). A power law was fit to the detectability border of the « Cen B ES and CHIRON data and is plotted on the « Cen B HARPS grid as a dashed

line. The location of Proxima Cen b is indicated with a dot.

signals as well as quasi-periodic errors in our radial-
velocity data.

For the Monte Carlo, red-noise simulations, the radial-
velocity residuals were added to 1500 freshly generated white-
noise realizations and to the theoretical Keplerian signal at each
point of a mass—period grid. The periodograms of the red-noise
simulations now contain stronger power than the white-noise
simulations, meaning the simulated Keplerian signal must
generally have a larger amplitude to reach a p-value of 0.01
(see Figure 4). Figure 6 shows the red-noise simulations for
a Cen A from CHIRON (upper left), Proxima Centauri (upper
right), « Cen B from CHIRON (lower left) and o Cen B from
HARPS (lower right). Solid, black lines on each plot show a
power law that was fit to the detectability border from the
white-noise simulations for each data set.

5. Results

Our white-noise simulations are summarized in Figure 5.
Because both the original error bars and times of observation
are retained, the white-noise simulations will preserve our
ability to identify window functions in the sampling of our
data. These simulations exclude planets in the conservative
habitable zone of each star with a M sini of greater than
53 £ 13 My for o Cen A, 8.4 £ 1.5 M, for a Cen B, and

0.47 £ 0.08 M, for Proxima Centauri. However, this is an
overly optimistic scenario. Doppler measurements are known
to have contributions to the derived radial velocities that arise
from instability of the instrument, errors in the analysis, and
velocities in the stellar photosphere from spots, faculae,
granulation, p-mode oscillations, or meridional flows (e.g.,
Saar & Fischer 2000; Santos et al. 2000; Queloz et al. 2001;
Wright 2005; Lagrange et al. 2010; Meunier et al. 2010;
Borgniet et al. 2015). These velocities can obscure the Doppler
signals that arise from orbiting exoplanets. The white-noise
simulations will not capture these noise sources because of an
implicit assumption that the measurement errors are captured
by the formal RV uncertainties.

In contrast, our red-noise simulations, shown in Figure 6,
represent a worst-case scenario. For these simulations, we
assume that the time-series radial velocities contain only
coherent noise. This noise is added directly to random white
noise and the generated Keplerian signals, effectively preser-
ving any temporal coherence in the noise.

In practice, radial velocities can be treated with Gaussian
Process Regression (Rajpaul et al. 2016) or decorrelated using
line bisectors or the FWHM of the cross correlation function
(Dumusque et al. 2012) to mitigate the impact of non-Keplerian
radial velocities on exoplanet detectability. Red noise has also
been empirically modeled (Tuomi et al. 2013). Therefore, our
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Figure 6. Red-noise simulations. Mass vs. period grids showing the significance at which a planet of such a mass and period would have been detected assuming that
the current data of (a) o Centauri A from ES and CHIRON, (b) Proxima Centauri from HARPS and UVES, (c¢) a Centauri B from ES and CHIRON, and (d) «
Centauri B from HARPS is simply red noise. The color scale to p-value is the same as for Figure 5. A power law was fit to the detectability border given by the white-
noise simulations and is plotted here as a black line. The orange parameter space indicates areas where planets could still remain undetected. The conservative and
optimistic habitable zones are the same as Figure 5. Proxima Centauri b is indicated on subfigure (b) by a dot.

red-noise simulations slightly underestimate planet detectability.
The white-noise and red-noise simulations together frame the
mass—period boundary where existing Doppler surveys constrain
the existence of planets orbiting the v Centauri stars.

The boundary between parameter space where planets would
be detected or missed in the presence of white noise (Figure 5)
or red noise (Figure 6) is approximately defined by the lowest
mass at each period for which the p-value of the generated
Keplerian RV exceeds our threshold of 0.01. This border for
the white-noise simulations is both lower and smoother
compared to the red-noise simulations. To more closely
investigate these differences, we subtract the detectability
border of the white-noise simulations, Myy, from the
detectability border of the red-noise simulations, Myy. This
difference is plotted as a function of period in Figure 7 for
aCen A (top), « Cen B (middle), and for Proxima Cen
(bottom). Peaks in this difference plot will occur due to quasi-
periodic noise sources or planetary signals. Interesting to note
is the peak at around 675-720 days that can be seen in both the
CHIRON and HARPS observations of & Cen B. Additionally,
similar peaks appear in both the o Cen A and o Cen B
CHIRON data near 65, 150, and 575 days. The bottom plot in
Figure 7 includes a vertical, dashed line at the period of
Proxima Centauri b, around which a clear peak can be seen.

10

6. Discussion
6.1. Detectability

We have carried out simulations to show how past Doppler
surveys of the « Centauri stars constrain the probability of
exoplanets over the mass—period parameter space shown in
Figures 5 and 6. While the Doppler technique can only derive
M sini, rather than the true planet mass, the dynamical
influences of the binary star system mean that any stable
planets are more stable and therefore more likely to be nearly
co-planar with the 79° inclination of the stellar binary system
(Wiegert & Holman 1997; Quarles & Lissauer 2016). This
suggests that the M sini is approximately the actual planet
mass for prospective planets around o Cen A or B. We show
that Earth analogs could still exist around either « Cen A or B
and would not have been detected by the past decade of
precision radial-velocity searches. Continued, high-cadence,
high-precision radial-velocity observations could still reveal
Earth-sized planets within this star system, even within the
habitable zones of each of the three stars.

At each point in the parameter space of M sini and orbital
period, we sample a Keplerian signal at the actual time of the
observations with added white noise scaled to the errors to
provide a baseline of planet detection space. These simulations
exclude planets within the conservative habitable zone of each
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Figure 7. Difference in detectability between the red-noise simulations and the
white-noise simulations from subtracting the two detectabliity borders for o
Centauri A (top), o Centauri B (middle), and « Centauri C (bottom). Peaks
indicate periodicities in the residual radial velocities that could correspond to
stellar noise, systematic errors, or even planetary signals. Negative differences
are not shown. We assume negative values to arise from over-fitting the data or
white noise alone and so hold no physical meaning. A blue dashed line in the
bottom Proxima Centauri plot indicates the orbital period of Proxima Cen b.

planet with a M sini of greater than 53 M, for o Cen A, 8.4
M. for a Cen B, and 0.47 M. for Proxima Centauri on
average. This result for « Cen B comes from the HARPS data
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set; the CHIRON data set excludes planets in the habitable
zone of o Cen B to greater than 23.5 M., . We then repeat our
analysis using the actual velocity scatter after subtracting the
binary star orbit as “red” noise in addition to the white noise.
We assess the probability that this signal could have been
produced by noise alone by calculating a p-value, the fraction
of comparisons where noise-only simulations yield greater
periodogram power than the Keplerian signal at any grid point.
The color scales of Figures 5 and 6 pivot around a p-value of
0.01, which would be marginally detectable.

Both the white-noise and the red-noise simulations preserve
th2e cadence of observations. Because observations are a
discrete sampling of a continuous signal, aliases appear in
periodograms that can be mistaken for true, astrophysical
signals. These commonly correspond to periodicities of the
sidereal year, sidereal day, solar day, and synodic month
(Dawson & Fabrycky 2010). For example, reduced sensitivity
can be seen in all four data sets presented in Figure 5 around
300400 days, which likely corresponds to the annual con-
straints the Earth’s orbit around the Sun places on observations.

We subtract the white-noise mass—period boundary that occurs
at a p-value of 0.01 from that same boundary in the red-noise
simulations to highlight periodicities present in the residual radial
velocities. Even after implementing the cuts described in
Section 3.1, we acknowledge that some of the remaining RV
measurements may still be affected by small amounts of
contamination, which effectively contributes to the red noise.
The peaks apparent in Figure 7 could correspond to quasi-periodic
systematic errors, stellar jitter, or even planetary signals. For
example, peaks that appear consistently in the CHIRON data for
both « Cen A and o Cen B (e.g., at 65, 150, and 575 days), are
indicative of instrumental or systematic errors, as it is improbable
that both stars will exhibit the same astrophysical velocity signals.
Also potentially interesting are the periods where peaks in the
CHIRON and HARPS data of o Cen B align (e.g., at around
700 days). Because these peaks appear in observations from two
different instruments with different data reduction pipelines, it
seems unlikely that the same peaks would arise in both data sets
from instrumental or systematic error; however, these peaks could
still be the result of astrophysical velocity signals. In the case of
Proxima Centauri, it is illustrative to note a distinct signal at the
period of the recently discovered Proxima Cen b. A Keplerian
signal would produce a red-noise source in the velocities of that
star; this peak is likely due to the signal produced by Proxima Cen
b that is retained in the residual radial velocities.

Radial-velocity precision approaching 10 centimeters per second
will ultimately be needed to detect exoplanets with smaller masses
and longer orbital periods in the yet-to-be-probed parameter space
around o Cen A and B. There are several challenges for reaching
such high RV precision. Some of the issues should be relatively
straightforward to address. For example, the p-mode oscillations of
a Cen A have a radial-velocity amplitude of 1-3m s~! (Butler
et al. 2004), which adds random scatter to radial velocities. The
p-mode amplitudes in &« Cen B are much weaker with a semi-
amplitude of only 0.08 m s~! (Kjeldsen et al. 2005); however,
changing granulation patterns also introduce radial-velocity scatter
at the level of 0.6 m s~! for both stars on timescales ranging from
15 minutes to several hours (Del Moro 2004; Dumusque
et al. 2012). Both p-mode oscillations and granulation change on
relatively short periods, allowing the observing strategy to be
tailored to dramatically reduce these noise sources. For example, a
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series of exposures over ten minutes is sufficient to average over
the high frequency p-mode signals.

Additional challenges to higher RV precision include
requirements of higher stability for next generation spectro-
graphs (temperature and pressure stability), improved wave-
length calibration, calibration of both CCD stitching and random
pixel position errors, and mitigation of modal noise for multi-
mode fibers (Fischer et al. 2016). It seems likely that ongoing
efforts to address these engineering challenges will be success-
ful. Techniques for modeling or de-correlating Doppler
velocities that arise from stellar photospheres are less mature.
Significant progress on disentangling stellar noise sources is
required so that clean orbital velocities can be obtained.
Currently, the two stars are separated by less than 5", giving
rise to cross contamination between the two stars and preventing
high-precision, radial-velocity measurements. As the separation
between o Cen A and B begins to increase in 2019, radial-
velocity measurements will help to push constraints even lower
and could ultimately lead to the discovery of Earth-like planets.
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