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Abstract: This work is part of an ongoing project which aims to detect terrestrial planets in our neighbouring
star system o Centauri using the Doppler method. Owing to the small angular separation between the two
components of the a Cen AB binary system, the observations will to some extent be contaminated with light
coming from the other star. We are accurately determining the amount of contamination for every
observation by measuring the relative strengths of the H-o. and NaD lines. Furthermore, we have developed a
modified version of a well-established Doppler code that is modelling the observations using two stellar
templates simultaneously. With this method we can significantly reduce the scatter of the radial velocity (RV)
measurements due to spectral cross-contamination and hence increase our chances of detecting the tiny
signature caused by potential Earth-mass planets. After correcting for the contamination we achieve RV
precision of ~2.5ms™! for a given night of observations. We have also applied this new Doppler code to
four southern double-lined spectroscopic binary systems (HR159, HR913, HR7578 and HD181958) and
have successfully recovered radial velocities for both components simultaneously.
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Introduction

Since the discovery of the first extrasolar planet around a
main sequence star (Mayor & Queloz 1995) about two decades
ago, almost 2000 extrasolar planets have been discovered,
owing in part to the vast success of NASA’s Kepler mission
(Borucki et al. 2010). The long-desired goal of finding an
Earth-mass planet in the habitable zone (HZ) of a Sun-like
star, which is often referred to as the ‘holy grail’ of planet
hunting, is now within reach, as the recent discovery of
Kepler-186f proves (Quintana et al 2014). Even more
intriguing, if such a planet is found orbiting a nearby
Sun-like star, the potential for extensive follow-up observa-
tions will be enormous.

Dumusque et al. (2012) announced the discovery of an
Earth-mass planet in a 3.24 d orbit around o Cen B using 459
precise RV measurements taken with the HARPS spectro-
graph (Mayor et al. 2003). Although this would place the
planet far from the star’s HZ (Kaltenegger & Haghighipour
2013), it remains an intriguing claim, as it shows that the tiny
RV signals from Earth-mass planets may be detectable even
if they are buried in the RV noise. However, Hatzes (2013) re-
analysed the HARPS data and his findings did not confirm
the existence of the planet. It is, therefore, important that the
reality of the purported planet be double-checked with an
independent dataset.

https://doi.org/10.1017/51473550414000317 Published online by Cambridge University Press

We have undertaken an observationally intensive campaign
to detect Earth-mass planets in our neighbouring star system, o
Centauri, including those which may lie within the respective
HZ of either star. Over the last 5 years we have taken about
26500 spectra of a Cen A and about 20000 spectra of o Cen B
with the HERCULES spectrograph (Hearnshaw et al. 2002)
attached to the 1 m McLellan telescope at Mt John University
Observatory (MJUO), New Zealand, to measure radial
velocities of both stars. We have also obtained between 100
and 200 spectra of each of four moderately bright double-lined
spectroscopic binaries (SB2s). Our observational campaign
was described in much more detail by Hearnshaw ez al. (2013),
Wittenmyer et al. (2014) and Endl et al. (2014).

Here we present our approach to overcoming the problem of
spectral cross-contamination in the spectra of the a Cen AB
binary system. When we started observing in 2009 the angular
separation between the two components was about 8", but
unfortunately it is steadily decreasing (only ~4.5" at present,
decreasing to a local minimum of ~4" in December 2015). The
typical seeing conditions at MJUO are ~2.5" and the optical
fibre connecting the telescope to the spectrograph subtends an
angle of ~4.5" on the sky. Therefore, when taking a spectrum
of either a Cen A or B, some light from the other star will enter
the fibre as well, especially for observations taken in poorer
seeing conditions. In order to alleviate that problem we
are using a 3” diameter pinhole, but that does not solve
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Fig. 1. Left panel: Linear correlation between the amount of contamination and the effective shift in the measured RV if the contamination is not
accounted for (diamonds). When accounting for the contamination (dots), the RV is independent of the amount of contamination. All data points
were produced using synthetic observations of a Cen B with varying amounts of contamination from o Cen A, with ARV=2km ™. Right panel:
Linear correlation between line index ratio R and spurious shift in the uncorrected RVs for observations of a Cen B from an observing run in
March/April 2012 (right panel). Greater values of R mean more contamination from a Cen A.

the problem entirely. This contamination results in a net
velocity shift as the two stars have a RV difference due to
their binary orbit (currently about 2.8 kms~', increasing by
~1.2ms~'d™ ). In order to detect the tiny Doppler wobble
of the stars due to a potential terrestrial planet (1 ms™"), it
is imperative that the true uncontaminated velocities can be
obtained.

Methods

The basic idea is to treat a Centauri as a double-lined
spectroscopic binary system with a very large and variable
flux ratio. We developed a routine that uses the line index
ratio (a measure of relative line strengths) of the H-o. and NaD
lines to quantify the amount of contamination, that is, to
determine the flux ratio of a given observation. The amount of
contamination mainly depends on the seeing conditions and
on imperfect telescope guiding. From that we can in principle
derive the corresponding uncontaminated velocities given that
the correlation between the line index ratio and the corre-
sponding RV shift is known.

However, more reliable results can be obtained using the
flux ratio as well as the difference in RV due to the binary orbit
(Pourbaix et al. 2002) as input parameters to a modified version
of a well-established Doppler code first described by Endl
et al. (2000). This code now uses two stellar templates
simultaneously to model the observations. We use the
simultaneous iodine technique for wavelength reference and
reconstruction of the instrumental profile. The full model can
be written in general terms as

g0 = k[(/ilk + AL + €50+ M), W] @ b, (1)

where k is a normalization factor, f; and f> are the stellar
templates, AL, and A), are their respective Doppler shifts, fi5 is
the iodine template, € («1) is the amount of contamination, ¢
is the instrumental profile and ® denotes a convolution.
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Note that generally e is different for every observation of a
Cen A or B as the amount of contamination changes, whereas
the flux ratio is constant for the SB2 systems, unless they are
eclipsing or intrinsically variable stars. On the other hand, both
shift parameters are freely modelled for the SB2 systems, but,
because the contaminating star usually does not contribute a
lot of light, the optimum value of its shift parameter is not very
well defined for observations of a Cen. It is therefore more
effective to couple it to the shift parameter of the main target
using the known binary orbit and also the differences in
convective blueshift and gravitational redshift between the two
stars (from Pourbaix et al. 2002).

Results

Because the passbands used for the calculation of the line index
ratio R contain several telluric water lines, and because several
other telluric lines move in and out of these passbands over the
course of a year as the Earth orbits the Sun, the exact value of
the line index ratio R depends on the water vapour column
density and the barycentric correction for a given observation.
After correcting for these two effects, and after subtracting
the binary orbit, we found a linear correlation between the
line index ratio R and the corresponding spurious shift in the
uncorrected RVs, both from synthetic observations and from
real observations (Fig. 1). The corrected line index ratio can
therefore be used as a reliable measure of the amount of
contamination.

The true uncontaminated velocities were obtained using the
modified Doppler code described above. Figure 2 shows both
the uncorrected (contaminated) velocities and the corrected
(uncontaminated) velocities for 1307 observations of o Cen B
taken during an observing run in March/April 2012. The root
mean square (RMS) for one night is typically 2.5ms™ ' after
correcting for the contamination, while it is typically 20 m s~
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Fig. 2. Corrected and uncorrected radial velocities for 1307 spectra of
a Cen B taken over 17 nights in March/April 2012. In both cases, the
binary orbit has already been subtracted. Note that these are relative
velocities (relative to the template) and hence the zero point for the

corrected velocities has been arbitrarily shifted for the sake of clarity.

if the contamination is unaccounted for and can even exceed
100m s~ ! for some heavily affected nights. The RMS for all
1307 observations is reduced from 70.2 to 4.8 m s~ !, which is a
decrease by a factor of almost 15. Discarding the most heavily
affected 20% of these observations, the RMS is even further
reduced to 3.4 ms™'. Any residual RV variations are then due
to intrinsic stellar activity and the presence of any potential
planets. We have performed a period analysis of these 1307
corrected RVs but did not find any significant peaks in the
periodogram. We are currently in the process of reducing all
~47000 observations of the two stars with the method
described above and expect that we can scrutinize the reality
of the putative planet in a 3.24 d orbit around a Cen B once we
have a full set of corrected RVs.

This modified Doppler code can also be applied to other
SB2 systems. As a proof of method we have successfully
recovered precise RVs for both components of four southern
SB2 systems (HR159, HR913, HR7578 and HDI181958).
RV measurements for HR7578, which consists of a pair of
almost equal K3 dwarfs, are shown in Fig. 3 as an example.
The Keplerian orbit was determined using the RVLIN package
(Wright & Howard 2009, 2013) and the corresponding
uncertainties in the orbital parameters were estimated via a
bootstrap algorithm (Wang et al. 2012). Our best-fit orbital
solution is in excellent agreement with the one found by Fekel
& Beavers (1983) and of much higher accuracy.

Summary and discussion

We have used the line index ratio of the H-a and NaD lines to
determine the amount of contamination in the spectra of o Cen
A and B. Using the flux ratio from the line index ratio analysis
and the binary orbit as an input to a modified Doppler code we
can determine the true RV of the main target for observations
of o Cen A or B.
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Fig. 3. RV measurements (upper panel) of HR7578 obtained with the
modified Doppler code and their residuals (lower panel). Filled dots
represent MJUO spectra and crosses represent spectra taken at
McDonald Observatory. Open circles represent the datapoints that
were not used in the fit, as the spectral lines were too heavily blended,
resulting in larger residuals. The solid line is our best-fit Keplerian
orbit and the RMS around this model is 28.2m s~ ' for component A
and 40.7m s~ for component B.

Dumusque ez al (2012) estimated the effect of the
contamination on the RV as a function of seeing and simply
discarded observations that were too heavily affected.
However, given that the vast majority of our spectra were
contaminated to some extent (especially those of o Cen B), and
the fact that it is crucial to have a very large number of
observations, we developed a pipeline that applies the
necessary corrections to the velocities. With the angular
separation between o Cen A and B decreasing, this technique
will sooner or later become necessary for all telescope sites.

After correcting for the contamination in a sample of 1307
observations of a Cen B, we have an RMS of typically
2.5ms~ ! for the RV measurements of one night, compared to
more than 100ms~' for some heavily affected nights if no
corrections were made. It is reassuring that the RMS of the
corrected RVs is very similar to the RMS of the RVs we have
obtained for single stars of similar spectral type.

The question whether or not we would be able to detect the
proposed planet around o Cen B in our dataset has been
addressed in a recent study by Endl ez al. (2014). After injecting
a simulated planetary signal and pre-whitening the dataset by
removing the binary orbit and the intrinsic stellar signals due to
the long-term magnetic cycle and stellar rotational activity
(similar to Dumusque et al. 2012; Hatzes 2013), it was found
that the simulated planetary signal emerges from the noise in
the periodogram even if the white noise is as large as ~5ms™ .
The same study found that a super-Earth inside the HZ around
o Cen B, which ranges from about 226 to 523 days in orbital
period (the narrow HZ as defined in Kaltenegger &
Haghighipour 2013), with a minimum mass of 3.2 Mg and a
period of 234 days should be detectable if the white noise does
not exceed ~3ms~'. We are therefore confident that the

175


https://doi.org/10.1017/S1473550414000317

176

Christoph Bergmann et al.

signal of the proposed 3.24 d planet should be detectable with
our data if it exists, and we might also be able to detect a
potential super-Earth in the habitable zone. Besides, recent
studies have shown that planetary signals can be detected even
if the signal is smaller than the overall RMS of the velocities
(e.g. Dumusque et al. 2012; Tuomi et al. 2013; Jenkins &
Tuomi 2014).

In addition, we have successfully applied the new Doppler
code to four double-lined spectroscopic binaries and have
obtained velocities for both components simultaneously. The
RV precision predictably depends on spectral type, but at
present the precision of this method is mostly limited by the
choice of the template stars. Using synthetic templates or more
appropriate single stars as templates would almost certainly
improve the RV precision still further. We have been able to
improve the orbital parameters for these systems, in some cases
substantially. Perhaps more importantly, the level of precision
that can be obtained with this method will eventually allow
us to search for planets in SB2 systems, which are usually
excluded from RV planet search programmes, thus opening up
new grounds for planet hunting.

To our knowledge the only other survey aimed at detecting
planets in SB2 systems (Ratajczak et al. 2012) has not produced
any discoveries. The potential discovery of a Jupiter-mass
planet in a close triple system by Konacki (2005) could not
be confirmed by Eggenberger et al. (2007). Eventually, this
method could even be used to search for circumbinary planets
as also proposed by Konacki et al. (2009).
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