Astronomy & Astrophysicsnanuscript no. aanda’lanl © ESO 2013
June 19, 2013

A dynamically-packed planetary system around GJ 667C witht  hree
super-Earths in its habitable zone  * **

Guillem Anglada-Escugt, Mikko Tuomi>3, Enrico Gerlach, Rory Barnes, Rere HelleP, James S. Jenkihs
Sebastian WendeSteven S. Vodt R. Paul Butlet, Ansgar Reiners and Hugh R. A. Jonés

Universitt Gottingen, Institut @ir Astrophysik, Friedrich-Hund-Platz 1, 3707 6ngen, Germany

Centre for Astrophysics, University of Hertfordshire, College Latatfield, Hertfordshire AL10 9AB, UK

University of Turku, Tuorla Observatory, Department of Physias Astronomy, \&isalantie 20, FI-21500, Piikki, Finland
Technical University of Dresden, Institute for Planetary Geodeslyrinann-Observatory, 01062 Dresden, Germany

Astronomy Department, University of Washington, Box 951580, WA Seattle, USA

Leibniz Institute for Astrophysics Potsdam (AIP), An der Sternwartel2882 Potsdam, Germany

Departamento de Astronda) Universidad de Chile, Camino El Observatorio 1515, Las Condesll&€£36-D Santiago, Chile
UCO/Lick Observatory, University of California, Santa Cruz, CA 95064 AUS

Carnegie Institution of Washington, Department of Terrestrial Magneti&@#l Broad Branch Rd. NW, 20015 Washington D.C.,
USA

© 0 N o g b WN P

submitted Feb 2013
ABSTRACT

Context. Since low-mass stars have low luminosities, orbits at which liquid water ciab @x Earth-sized planets are relatively
close-in, which produces Doppler signals that are detectable using$ttite-art Doppler spectroscopy.

Aims. GJ 667C is already known to be orbited by two super-Earth candidatebaVeapplied recently developed data analysis
methods to investigate whether the data supports the presence of additionenions.

Methods. We obtain new Doppler measurements from HARPS extracted spectrecamuined them with those obtained from
the PFS and HIRES spectrographs. We used Bayesian and periodbgsad methods to re-assess the number of candidates and
evaluated the confidence of each detection. Among other tests, we wélilatplanet candidates by analyzing correlations of each
Doppler signal with measurements of several activity indices and ine¢stighe possible quasi-periodic nature of signals.

Results. Doppler measurements of GJ 667C are described better by six (exa1) eplerian-like signals: the two known candidates
(b and c); three additional few-Earth mass candidates with periods 62%nd 39 days (d, e and f); a cold super-Earth in a 260-day
orbit (g) and tantalizing evidence ofal M, object in a close-in orbit of 17 days (h). We explore whether long-téafls orbits are
compatible with the data by integratingt80* solutions derived from the Bayesian samplings. We assess their stabifigysecular
frequency analysis.

Conclusions. The system consisting of six planets is compatible with dynamically stable coatiigns. As for the solar system,
the most stable solutions do not contain mean-motion resonances addsaréed well by analytic Laplace-Lagrange solutions.
Preliminary analysis also indicates that masses of the planets cannohbethign twice the minimum masses obtained from Doppler
measurements. The presence of a seventh planet (h) is supportieel fagt that it appears squarely centered on the only island of
stability left in the six-planet solution. Habitability assessments accountinthéostellar flux, as well as tidal dissipatioffexts,
indicate that three (maybe four) planets are potentially habitable. Dopulespace-based transit surveys indicate that 1) dynamically
packed systems of super-Earths are relatively abundant and &javfsdhave more small planets than earlier-type stars. These two
trends together suggest that GJ 667C is one of the first members wfeagieg population of M-stars with multiple low-mass planets
in their habitable zones.

Key words. Techniques : radial velocities — Methods : data analysis — Planets and satelliteamical evolution and stability —
Astrobiology — Stars: individual : GJ 667C

1. Introduction

Since the discovery of the first planets around other stars,
Doppler precision has been steadily increasing to the point
miptuom@utuy. fi where objects as small as a few Earth masses can currently be
* Based on data obtained from the ESO Science Archive Facility uq?teCted around nearby stars. Of special importance toxtne e
der request number ANGLADA36104. Such data had been previouSplanet searches are low-mass stars (or M-dwarfs) nearest t
obtained with the HARPS instrument on the ESO 3.6 m telescope i€ Sun. Since low-mass stars are intrinsically faint, thete
der the programs 183.C-0437, 072.C-0488 and 088.C-0662wihd
the UVES spectrograph at the Very Large Telescopes under the grstitution, Harvard University, University of Michigan, University of
gram 087.D-0069. This study also contains observations obtained atAfiizona, and the Massachusetts Institute of Technology.
W.M. Keck Observatory- which is operated jointly by the University** Time-series are available in electronic format at CDS via
of California and the California Institute of Technology- and observanonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
tions obtained with the Magellan Telescopes, operated by the Carndgiep: //cdsweb.u-strabg.fr/cgi-bin/qcat?]/A+A/

Send @print requests to G. Anglada-Escuél e-mail:
guillem.anglada@gmail.com- Mikko Tuomi, e-mail:
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at which a rocky planet could sustain liquid water on itsacef the significance of each detection (Bayesian evidencesratid
(the so-called habitable zone, Kasting et al. 1993) arealyi log—likelihood periodograms). The sequence and confideote
closer to the star, increasing their Doppler signatures evare. the signals in the Doppler data are given in section 5 where
For this reason, the first super-Earth mass candidates matite up to seven planet-like signals are spotted in the data. o pr
itable zones of nearby stars have been detected around Msdwanote Doppler signals to planets, such signals must be vatda
(e.g. GJ 581, Mayor et al. 2009; Vogt et al. 2010)). against possible correlations with stellar activity. Irctsan 6,

Concerning the exoplanet population detected to date, itvi® discuss the impact of stellar activity on the significante
becoming clear that objects between 2, Mnd the mass of the signals (especially on the GJ 667Cd candidate) and we con
Neptune (also called super-Earths) are very common ardiindcdude that none of the seven candidates is likely to be spsiria
G, K, and M dwarfs. Moreover, such planets tend to appearsection 7, we investigate if all signals were detectableivssts
close infpacked systems around G and K dwarfs (historicallgf the HARPS dataset to rule out spurious detections frorsigua
preferred targets for Doppler and transit surveys) withiterb periodic variability caused by stellar activity cycles. e that
closer in than the orbit of Mercury around our Sun. These feal signals except the least significant one are robustlyeprein
tures combined with a habitable zone closer to the star poin both the first and second-halves of the HARPS observing cam-
the existence of a vast population of habitable worlds intimul paign independently. A dynamical analysis of the Bayes@s: p
planet systems around M-dwarfs, especially aroungnwdtal- terior samples finds that a subset of the allowed soluticedsle
depleted stars (Jenkins et al. 2013). to long-term stable orbits. This verification steps allowspuo-

GJ 667C has been reported to host two (possibly thre@pting the first six signals to the status of planet candildte
super-Earths. GJ 667Cb is a hot super-Earth mass object inS@¢tion 8 we also investigate possible mean-motion resasan
orbit of 7.2 days and was first announced by Bonfils (2009). TE¥MR) and mechanisms that guarantee long-term stability of
second companion has an orbital period of 28 days, a minimuhe system. Given that the proposed system seems physitally
mass of about 4.5 Mand, in principle, orbits well within the lig- able, we discusses potential habitability of each candiutethe
uid water habitable zone of the star (Anglada-E$oetial. 2012; context of up-to-date climatic models, possible formatws:
Delfosse et al. 2012). The third candidate was considergd-te tory, and the fect of tides in Section 9. Concluding remarks
tive at the time owing to a strong periodic signal identifietWwo and a summary are given in Section 10. The appendices describ
activity indices. This third candidate (GJ 667Cd) woulddawn additional tests performed on the data to double-checkitjre s
orbital period between 74 and 105 days and a minimum masshfcance of the planet candidates.
about 7 M,. Although there was tentative evidence for more pe-
riodic signals in the data, the data analysis methods usédthy .

Anglada-Escud et al. (2012) and Delfosse et al. (2012) studie2$: Properties of GJ 667C

were not adequate to properly deal with such high multiflici GJ 667C (HR 6426 C), has been classified as an M1.5V star
planet detection. Recently, Gregory (2012) presented aBay (Geballe et al. 2002) and is a member of a triple system, since
analysis of the data in Delfosse et al. (2012) and concluldiad tit is a common proper motion companion to the KE5V bi-
several additional periodic signals were likely preseifiie pro- nary pair, GJ 667AB. Assuming the HIPPARCOS distance to
posed solution, however, contained candidates with queit the GJ 667AB binary+ 6.8 pc van Leeuwen 2007), the pro-
orbits and no check against activity or dynamics was dors; cgected separation between GJ 667C and GJ 667AB 230

ing serious doubts on the interpretation of the signals asetl AU. Spectroscopic measurements of the binary have revealed
candidates. metallicity significantly lower than the Sun (F&=-0.53+0.10

Efficienfconfident detection of small amplitude signals recayrel de Strobel 1981). The galactic kinematics of GJ 6&7 ar
quires more specialized techniques than those necessder tocompatible with both thin and thick disk populations and s
tect single ones. This was made explicitly obvious in, for exo clear match to any known moving group or stream (Anglada-
ample, the re-analysis of public HARPS data on the MOV st&scud et al. 2012). Spectrocopic studies of the GJ 667AB pair
GJ 676A. In addition to the two signals of gas giant plane{€ayrel de Strobel 1981) show that they are on the main se-
reported by Forveille et al. (2011), Anglada-Eseu®l Tuomi quence, indicating an age between 2 and 10 Gyr. Following the
(2012) (AT12 hereafter) identified the presence of two végy s simple models in Reiners & Mohanty (2012), the low activity
nificant low-amplitude signals in closer-in orbits. One bét and the estimate of the rotation period of GJ 667€ (PO days,
main conclusions of AT12 was that correlations of signals adee Section 6) also support an age>02 Gyr. In conclusion,
ready included in the model prevent detection of additidmat  while the age of the GJ 667 system is uncertain, all analyses i
amplitude using techniques based on the analysis of théuesidicate that the system is old.
als only. In AT12, it was also pointed out that the two additib We performed a spectroscopic analysis of GJ 667C using
candidates (GJ 676A d and e) could be confidently detectdd witigh resolution spectra obtained with the UVEET spectro-
30% less measurements using Bayesian based methods.  graph (program 87.D-0069). Both the HARPS and the UVES

In this work, we assess the number of Keplerian-like sigpectra show ndél, emission. The value of the mean S-index
nals around GJ 667C using the same analysis methods asngasurement (based on the intensity of the CalKHmission
Anglada-Escué & Tuomi (2012). The basic data consists of 1lines) is 048 + 0.02, which puts the star among the most inac-
new Doppler measurements obtained with the HARPS-TERRi&e objects in the HARPS M-dwarf sample (Bonfils et al. 2013)
software on public HARPS spectra of GJ 667C (see DelfosBg comparison, GJ 581(9.45) and GJ 876 (S0.82) are RV-
et al. 2012, for a more detailed description of the dataset], stable enough to detect multiple low-mass planets arousm th
2) Doppler measurements from PREBgellan and HIRES&eck while slightly more active stars like GJ 176{84), are stable
spectrometers (available in Anglada-Ese@dButler 2012). We enough to detect at least one low-mass companion. Veryeactiv
give an overview of GJ 667C as a star and provide updated pad rapidly rotating M-dwarfs, such GJ 388 (AD Leo) or GJ 803
rameters in Section 2. The observations and data-prodeets /AU Mic), have S-indices as high as 3.7 and 7.8, respectively
in later analyses are described in Section 3. Section 4 ibbescr A low activity level allows one to use a large number of atomic
our statistical tools, models and the criteria used to diyantand molecular lines for the spectral fitting without accdaumt
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Table 1. Parameter space covered by the grid of synthetic models. Table 2. Stellar parameters of GJ 667C

Range Step size Parameters Value Ref.
Ter [K] 2,300 — 5,900 100
logl  0.0—+6.0 0.5 R.A. 17 18 57.16 1
[Fe/H] -4.0--2.0 1.0 Dec -34 59 23.14 1
-2.0-+1.0 0.5 tra [mas yri] 1129.7(9.7) 1
lipec [Mas yri] -77.0(4.6) 1
Parallax [mas] 146.3(9.0) 1
1
for magnetic angbr rotational broadening. UVES observations \H/T:hgg\]/] kms~] 18 lgé%'l%)) 23
of GJ 667C were taken in service mode in three exposures dur- J[mag] 6'548(21) 4
ing the night on August 4th 2011. The high resolution modé wit H [mag] 6.322(44) 4
a slit width of Q3” was used to achieve a resolving power of K [mag] 6.036(20) 4
R ~ 100000. The observations cover a wavelength range from Tet1[K] 3350(50) 5
640 nm to 1020 nm on the two red CCDs of UVES. [Fe/H] -0.55(10) 5
The spectral extraction and reduction were done using the logg[gincms'] 4.69(10) 5
ESOREX pipeline for UVES. The wavelength solution is based, ) »
to first order, on the Th-Ar calibration provided by ESO. All Derived quantities

orders were corrected for the blaze function and also nezethl

—1 _
to unity continuum level. Afterwards, all orders were mafge XV‘;’YSLSSSH[]ZT: 1 @95 29'>4’22(37§/$) 52
together. For overlapping orders the redder ends were used d M%SS [M.] 0.33(2) 5
to their better quality. In a last step, an interactive reato¥bad L/Lo 0.0137(9) 2

pixels and cosmic ray hits was performed.

The adjustment consists of matching the observed spectrRgterences.(1) van Leeuwen (2007); (2)Anglada-Esévet al. (2012);
to a grid of synthetic spectra from the newest PHOEMGES  (3) Mermilliod (1986); (4) Skrutskie et al. (2006); (5) This work (see
grid (see Husser et al. 2013)). The updated codes use a next)
equation of state that accounts for the molecular formattes
at low temperatures. Hence, it is optimally suited for siaul
tion of spectra of cool stars. The 1D models are computed in
plane parallel geometry and consist of 64 layers. Convedsio
treated in mixing-length geometry and from the convectige v
locity a micro-turbulence velocity (Edmunds 1978) is destlic
via Vimic = 0.5 - Veony. The latter is used in the generation of th
synthetic high resolution spectra. An overview of the maytad
parameters is shown in Table 1. Local thermal equilibriuiasis
sumed in all models.

First comparisons of these models with observations sh
that the quality of computed spectra is greatly improvecbime
parison to older versions. The problem in previous versins
the PHOENIX models was that observed spectra irettandy-
TiO bands could not be reproduced assuming the sdfeetiee
temperature parameter (Reiners 2005). The introductidheof As already mentioned, the distance to the GJ 667 system
new equation of state apparently resolved this problemrieia®e comes from the HIPPARCOS parallax of the GJ 667AB pair
models can consistently reproduce both TiO absorption $arghd is rather uncertain (see Table 2). This, combined wigh th
together with large parts of the visual spectrum at very lfigh luminosity-mass calibrations in Delfosse et al. (2000ppar
delity (see Fig. 1). gates into a rather uncertain mass (@832 M) and luminos-

As for the observed spectra, the models in our grid are algp estimates (0137+0.0009L,,) for GJ 667C (Anglada-Esceéd
normalized to the local continuum. The regions selectedHfer etal. 2012). A good trigonometric parallax measurementhed
fit were chosen as uffacted by telluric contamination and aredirect measurement of the size of GJ 667C using interfengmet
marked in green in Fig. 1. The molecular TiO bands in the megig¢e.g. von Braun et al. 2011) are mostly needed to refine its fun
between 705nm to 718 nne-{iO) and 840nm to 848 nmy¢{ damental parameters. The updated values of the spectioscop
TiO) are very sensitive t®¢; but almost insensitive to lagy The  parameters are slightly changed from previous estimateex
alkali lines in the regions between 764 nmto 772 nm and 816 rample, the fective temperature used in Anglada-Esewd al.
to 822 nm (K- and Na-atomic lines, respectively) are saresitt  (2012) was based on evolutionary models using the stellasma
logg andTes. All regions are sensitive to metallicity. The simul-as the input which, in turn, is derived from the rather uraiart
taneous fit of all the regions to all three parameters brdaks parallax measurement of the GJ 667 system. If the specpral ty
degeneracies, leading to a unique solutionftéaive tempera- were to be understood as a temperature scale, the star sieuld
ture, surface gravity and metallicity. classified as an M3V-M4V instead of the M1.5V type assigned

As the first step, a three dimension&kmap is produced to in previous works (e.g. Geballe et al. 2002). This mismasch i
determine start values for the fitting algorithm. Since thmdei a well known dfect on low metallicity M dwarfs (less absorp-
grid for they?-map is discrete, the real global minimum is likelytion in the optical makes them appear of earlier type thaarsol
to lie between grid points. We use the parameter sets of the thmetallicity stars with the samefective temperature). The spec-
smallesty?-values as starting points for the adjustment procéoscopically derived parameters and other basic prasecl-
dure. We use the IDlcurvefitfunction as the fitting algorithm. lected from the literature are listed in Table 2.

oince this function requires continuous parameters, wétuiee
dimensional interpolation in the model spectra. As a fotndle
parameter, we allow the resolution of the spectra to varyrin o
der to account for possible additional broadening (astysichl
instrumental). For this star, the relative broadeninglhigays
ound to be< 3% of the assumed resolution of UVES, and is
statistically indistinguishable from 0. More informatiom the
method and first results on a more representative samplarsf st
will be given in a forthcoming publication.
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Fig. 1. Snapshots of the wavelength regions used in the spectral fit to the U\dE81ap of GJ 667C. The observed spectrum is represented in
black, the green curves are the parts of the synthetic spectrum useditnThe red lines are also from the synthetic spectrum that were not used
to avoid contamination by telluric features or because they did not contairarg spectroscopic information. Unfitted deep sharp lines- especially
on panels four and five from the top of the page- are non-removeditefihatures.

3. Observations and Doppler measurements and is especially well suited to deal with the highly blended

) ) ectra of low mass stars. It only replaces the last step of a
A total of 173 spectra obtained using the HARPS spectrograggmpbx spectral reduction procedure as implemented by the
(Pepe et al. 2002) have been re-analyzed using the HARREXRPS Data Reduction Software (DRS). Such extraction is
TERRA software (Anglada-Esc@d& Butler 2012). HARPS- automatically done by the HARPS-ESO services and includes

TERRA implements a least-squares template matching alggr the necessary steps from 2D extraction of the echelle or-
rithm to obtain the final Doppler measurement. This method
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ders, flat and dark corrections, and accurate wavelengtiraal where the former is the formal uncertainty in each measunéme
tion using several hundreds of Th Ar lines accross the HARR®d the latter is the jitter that is treated as a free pararéthe
wavelength range (Lovis & Pepe 2007). Most of the spectmaodel (one for each instrument
(171) were extracted from the ESO archives and have been Since radial velocity variations have to be calculated with
obtained by other groups over the years (e.g., Bonfils et edspect to some reference velocity, we use a parametbat
2013; Delfosse et al. 2012) covering from June 2004 to Judescribes this reference velocity with respect to the dagamm
2010. To increase the time baseline and constrain long gberiaf a given instrument. For several telescp&trument combi-
trends, two additional HARPS observations were obtained b@ations, the Keplerian signals must necessarily be the saine
tween March 5th and 8th of 2012. In addition to this, threthe parameters, (reference velocity) andrl2 (jitter) cannot be
activity indices were also extracted from the HARPS spectraxpected to have the same values. Finally, the model also in-
These are: the S-index (proportional to the chromospheris-e cludes a linear trengl to account for very long period compan-
sion of the star), the full-width-at-half-maximum of the ame ions (e.g., the acceleration caused by the nearby GJ 667AB bi
line profile (or FWHM, a measure of the width of the meamary). This model does not include mutual interactions betw
stellar line) and the line bisector (or BIS, a measure of asymlanets, which are known to be significant in some cases@d.g.
metry of the mean stellar line). Both the FWHM and BIS ar876, Laughlin & Chambers 2001). In this case, the relatil@ky
measured by the HARPS-DRS and were taken from the headai@sses of the companions combined with the relatively short
of the corresponding files. All these quantities might daitee time-span of the observations makes thefects too small to
with spurious Doppler fisets caused by stellar activity. In thishave noticeable impact on the measured orbits. Long-term dy
sense, any Doppler signal with a periodicity compatiblehwitnamical stability information is incorporated and disadkater
any of these signals will be considered suspicious and ill r(see Section 8). Explicitly, the baseline model for the Rg¢arb
quire a more detailed analysis. The choice of these indEesvations is
not arbitrary. Each of them is thought to be related to an unde
lying physical process that can cause spurious Doppieets. ) k
For example, S-index variability typically maps the presenf Vi) =7 +7(ti —to) +
active regions on the stellar surface and variability of sted- =1
lar magnetic field (e.g., solar-like cycles). The line btse@and _ . o
FWHM should have the same period as spurious Doppler S}ﬁhereto is some refgrence epoch (whlph we arbltrar!ly chqose
nals induced by spots corotating with the star (contréigices 25 5=2450000 JD)g is a function describing the specific noise
combined with stellar rotation, suppression of convectire Properties (instrumental and stellar) of {h instrument on top
to magnetic fields aridr Zeeman splitting in magnetic spots).Of Fhe gstlmated Gaussian uncertainties. We mod(_el thigibmc
Some physical processes induce spurious signals at sotie paySing first order moving average (MA) terms Tuomi et al. (2013
ular spectral regions (e.g., spots should cause strorftgate at 2012) that depend on cor.relatlon terms W|th activity indiee-
blue wavelengths). The Doppler signature of a planet canelid "0ted a%) and on the residuaj 5 to the previous measurement
is constant over all wavelengths and, therefore, a sigraaligh 2t ti-1. This component is typically parameterized using one or
only present at some wavelengths cannot be considered a cfB@re “nuisance parameterg’that are also treated as free pa-
ible candidate. This feature will be explored below to vafel a@meters of the model. Functidirepresents the Doppler model
the reality of some of the proposed signals. A more comprehé}f @ planet candidate with parametgs (Period P;, Doppler
sive description of each index and their general behavioein S€Mi-amplitude;, mean anomaly at reference epddb, ec-
sponse to stellar activity can be found elsewhere (Baligbat Centricitye;, and argument of the periastran).
1995; Lovis et al. 2011). In addition to the data productsveelr The Gaussian white noise component of each measurement
from HARPS observations, we also include 23 Doppler me@Pd the Gaussian jitter component associated to eachrimsifu
surements obtained using the PMSgellan spectrograph pe-€énter the model in the definition of the likelihood functibras
tween June 2011 and October 2011 using the lodine cell tech- [ ( )]2
—m =it }

f(t.8)) +a [y ti.z, t—1,rica] . (1)

nique, and 22 HIRE&eck Doppler measurements (both RV N

sets are provided in Anglada-Esé& Butler 2012) that have L(Ml6) = 1_[ exp{ 2071072
lower precision but allow extending the time baseline ofdbe =1 \[2n(0? + o) MR
servations. The HARPS-DRS also produces Doppler measure-

ments using the so—called cross correlation method (or A8F) wherem stands fodataandN is the number of individual mea-
the Appendices, we show that the CCF-Doppler measuremesusements. With these definitions, the posterior protgitaien-
actually contain the same seven signals providing inditent  sity 7(6lm) of parameter® given the datam (¢ includes the or-
firmation and lending further confidence to the detections.  bital elementsB;, the slope terny,” the instrument dependent
constant @fsetsy,, the instrument dependent jitter termg and

a number of nuisance parametes is derived from the Bayes’
theorem as
The basic model of a radial velocity data set from a single
telescope-instrument combination is a sunkdfeplerian sig- (gim) = M
nals, withk = 0, 1, ..., a random variable describing the instru- fL(m|0)7r(0)d0
ment noise, and another describing all the excess noisesin th

data. The latter noise term, sometimes referred to asisRa This equation is where the prior information enters the rhode
jitter (Ford 2005), includes the noise originating from #tel- through the choice of the prior density functior(®). This way,

lar surface due to inhomogeneities, activity-related pineena, the posterior density(6|m) combines the new information pro-
and can also include instrumental systemafieas. Following vided by the new daten with our prior assumptions for the pa-
Tuomi (2011), we model these noise components as Gaussiameters. In a Bayesian sense, finding the most favored model
random variables with zero mean and variances?fndc?, and allowed confidence intervals consists of the identiicat

)

4. Statistical and physical models

®3)
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and exploration of the higher probability regions of thetpes 100 [ @ 7.2 days ' N
rior density. Unless the model of the observations is vemy- si sof|b

ple (e.g., linear models), a closed formmB|m) cannot be de- 60
rived analytically and numerical methods are needed tooe&pl 40
its properties. The description of the adopted numericdhous 20
are the topic of the next subsection. 20

30 |
20
10
Given a model withk Keplerian signals, we draw statistically 40
representative samples from the posterior density of theemno 30
parameters (Eq. 3) using the adaptive Metropolis algorithm
Haario et al. (2001). This algorithm has been used sucdfssfu
in e.g. Tuomi (2011), Tuomi et al. (2011) and Anglada-E%cud
& Tuomi (2012). The algorithm appears to be a well suited to
the fitting of Doppler data in terms of its relatively fast gen
gence — even when the posterior is not unimodal (Tuomi 2012)
—and it provides samples that represent well the posteenr d
sities. We use these samples to locate the regions of maximum 10
a posterioriprobability in the parameter space and to estimate 5
each parameter confidence interval allowed by the data. We de 20
scribe the parameter densities briefly by using the maximum ig
a posterioriprobability (MAP) estimates as the most probable 5
values, i.e. our preferred solution, and by calculating 3886 0 [
Bayesian credibility sets (BCSs) surrounding these estisna 10
Because of the caveats of point estimates (e.g., inabdityet
scribe the shapes of posterior densities in cases of mudtino
ity andor non-negligible skewness), we also plot marginalized ,
distributions of the parameters that are more importarmhfeo Period [days]

detection and characterization point of view, namely, ®0 g 5 | og-likelihood periodograms for the seven candidate signals

semi-amplitudes;, and eccentricities;. sorted by significance. While the first six signals are easily spotted,
The availability of samples from the posterior densities afe seventh is only detected with log—L periodograms if all orbits are

our statistical models also enables us to take advantageeof assumed to be circular.

signal detection criteria given in Tuomi (2012). To claimath

any signal is significant, we require that 1) its period islwel . o :
constrained from above and below, 2) its RV amplitude hast3gt the global maxima of the target function is missed. Our
log—likelihood periodogram (or log—L periodogram) is altoo

density that diers from zero significantly (excluded from the . : > \ 4
99% credibility intervals), and 3) the posterior probakgitf the to systematically identify periods for new candidate ptarsf

model containingc+1 signals must be (at least) 150 times great«lehﬁjgher probability and.ensure that these areas have bedn wel
than that of the model containing ortysignals. explorhed ?ly f[he E|>aye5|a?1 s?mpllngs (?-9-.%.We alwayg f"‘tltmf Pt
The threshold of 150 on condition (3) might seem arbitrarStartt e chains close to the five most significant periadicieft

. . ¥ the data). A log—L periodogram consists of computing the i
and although posterior probabilities also have associated grovement) of thg Iogparithm %f the likelihood (neV\[/) mogel with

Alog L

@ 28.1 days
C

4.1. Posterior samplings and Bayesian detection criteria

Alog L

91 days
d

20
10

0
20

Alog L

Alog L

10

20
15

Alog L

Alog L

Alog L

fﬁrtawtiﬁs. (Jenkins & PﬁaCOCk 2%1)’ Wg cons:dgtr .th?:] au(;: + 1 planets) compared to the logarithm of the likelihood of the
resnoid IS a conservalive oné. As made explicit In € A&fy, | v nothesis (onlk planets) at each test period. Log—L peri-

;”'“Otf_‘ of the Pt?]sterlc;r density f?ncftlon(el_m), t\f/l\(/a I;killh_oggl odograms are represented as period vessiog L plots, where
unction 1s not the only source ot information. We taxe into a log is always the natural logarithm. The definition of theelik

count the fapt that all parameter valges are not eq.“.a”y.ﬁm*) hood function we use is shown in Eq. 2 and typically assumes
pnorto_makmg the_measurements viaprior prol_aabﬂﬂyatmm Gaussian noise sources only (that igfatient jitter parameters
Essentially, our priors are chosen as in Tuomi (2012). Of SP&re included for each instrument anejin Eq. 1)

cial relevance in the detection process is the prior chac¢hie AlogL can also be used for estimating tineduentistfalse

eccentricities. Our functional choice for it (Gaussianhwiero . prohability (FAP) of a solution using the likelihooatio
mean andre = 0.3) is based on statistical, dynamical and popu; fo nested models. This FAP estimates what fraction of
lation considerations and itis discussed further in theeagiges ;<" e would recover such a significant solution by an un-

(Appendix A). For more details on fiiérent prior choices, Se€ g,y nate arrangement of Gaussian noise. To compute tHis FA
the dedicated discussion in Tuomi & Anglada-Escude (2013)'from AlogL we%sed the up-to-date recipes providepd by Baluev
(2009). We note that that maximization of the likelihooddtwes
4.2. Log-Likelihood periodograms solving for many parameters simultaneously: orbital paam
ters of the new candidate, all orbital parameters of theadire
Because the orbital period (or frequency) is an extremely nadetected signals, a secular acceleration terra zero-pointy,
linear parameter, the orbital solution of a model wikh+ 1 for each instrument, and jitter termag of each instrument (see
signals typically contains many hundreds or thousandsaallo Eq. 1). It is, therefore, a computationally intensive tasépe-
likelihood maxima (also called independent frequenciesany cially when several planets are included and several timust
method based on stochastic processes, there is always eechéast periods for the new candidate must be explored.
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As discussed in the appendices (see Section A.1), allofable 3. Relative posterior probabilities and log-Bayes factors of mod-
ing for full Keplerian solutions at the period search levelkes els M with k Keplerian signals given the combined HARPS-TERRA,
the method very prone to false positives. Therefore whilella f HIRES, and PFS RV data of GJ 667C. Factomdicates how much
Keplerian solution is typically assumed for all the pre\styude- the probability increases with respect to the best model with one less
tectedk-candidates, the orbital model for the+ 1-candidate Keplerian and> denotes the MAP period estimate of the signal added
is always assumed to be circular in our standard setup Tm he solution when |ncrea3|rthnIythe highest probability sequence

| L iod i tural fﬂﬂ'. ISShown here (reference solution). A complete table with alternative so-
way, our log-L periodograms represent a natural genetmizra o ng corresponding to local probability maxima is given in Appendix
of more classic hierarchical periodogram methods. Thihowket g -
was designed to account for parameter correlations at tiee-de

tion level. If such correlations are not accounted for, tigeis "k P(M,(d) A log P(dIM,) P [days] ID
icance of new signals can be strongly biased causing bath falg 2.710°% Z 602.1 -
positives and missed detections. In the study of the plapstth 1 3.4<10% 1.3x10*’ -516.0 7.2

ing M-dwarf GJ 676A (Anglada-Escéd® Tuomi 2012) and in 2 1.3x10% 3.9x10% -486.3 91

the more recent manuscript on GJ 581 (Tuomi & Jenkins 20128 8.%10°%®  6.7x10" -444.5 28

we have shown that -while log-L periodograms representanim4 1.9%10™*  2.1x10° -436.2 53
provement with respect to previous periodogram schemes- thf 1.2x10%*  1.3x10° -436.7 62
aforementioned Bayesian approach has a higher sensitivity > 1.0x107  5.5<10° -420.0 39,53
lower amplitude signals and is less prone to false positae d 5 1.0<107  5.3<10° -422.3 39, 62
tections. Because of this, the use of log—L periodogramstis n g i'ii& j&igﬁ _3(1)?.(7) gg gg ggg

to quantify the significan_ce of.a new signal bl_Jt to _prpyide vi—7 0057 i _-405 4 17 39 53 256
sual assessment of possible aliases or alternative tkglihibod - 0.939 230 -402.6 17’, 39: 62‘, 256

solutions.
Log—L periodograms implicitly assume flat priors for all the

free parameters. As a result, this method provides a quigiofva

assessing the sensitivity of a detection against a choipgiaf are the yearly aliases of each other. Accordingly, our Bayes

functions that are dlierent from uniform. As discussed latersamplings converged to either period equally well givirigtgly

the sixth candidate is only confidently spotted using logetip higher probability to the 53-day orbit6). In both cases, we

odograms (our detection criteria is FAR%) when the orbits of found that including a fourth signal improved the model @rob

all the candidates are assumed to be circular. This isetthéine  bility by a factor>10®. In appendix B.2 we provide a detailed

beyond which our detection criteria becomes strongly déeen analysis and derived orbital properties of both solutiond a

on our choice of prior on the eccentricity. The same applies show that the precise choice of this fourth period does niot su

the seventh tentative candidate signal. stantially dfect the confidence of the rest of the signals. As will

be shown at the end of the detection sequence, the most likely

solution for this candidate corresponds to a minimum mass of

2.7 Mg and a period of 62 days.

As opposed to other systems analyzed with the same teclnique After including the fourth signal, a fifth signal at 39.0 days
(e.g. Tau Ceti or HD 40307, Tuomi et al. 2012, 2013), we fourhows up conspicuously in the log-L periodograms. In théeca
that for GJ 667C the simplest modej € 0 in equation 1) al- the posterior samplings always converged to the same pefiod
ready provides a sficient description of the data. For brevity,39.0 days without diiculty (signal f). Such a planet would have
we omit here all the tests done with more sophisticated paragnminimum mass of2.7 Ms. Given that the model probability
eterizations of the noise (see Appendix C) that essentigdlyi improved by a factor of 5:310° and that the FAP derived from
to unconstrained models for the correlated noise terms kaad the log-L periodogram is.@5%, the presence of this periodicity
same final results. In parallel with the Bayesian detection ds also supported by the data without requiring further axsu
quence, we also illustrate the search using log—L pericaogr tions.
In all that follows we use the three datasets available atittie : The Bayesian sampling search for a sixth signal always con-
HARPS-TERRA, HIRES and PFS. We use the HARPS-TERR¥erged to a period of 260 days that also satisfied our detectio
Doppler measurements instead of CCF ones because TERRiteria and increased the probability of the model by adaot
velocities have been proven to be more precise on stable #x 10°. The log-L periodograms did spot the same signal as the
dwarfs (Anglada-Escu@& Butler 2012). most significant one but assigned a FAP-@0% to it. This ap-
The first three periodicities (7.2 days, 28.1 days and 91)daysrent contradiction is due to the prior on the eccentridityat
were trivially spotted using Bayesian posterior samplingd is, the maximum likelihood solution favors a very eccenbrioit
the corresponding log-L periodograms. These three sigraats for the Keplerian orbit at 62 days{ ~ 0.9), which is unphys-
already reported by Anglada-Es@udt al. (2012) and Delfosseical and absorbs variability at long timescales throughsais.
etal. (2012), although the last one (signal d, at 91 daysaieed To investigate this, we performed a log-L periodogram dearc
uncertain due to the proximity of a characteristic timels@f assuming circular orbits for all the candidates. In thisecdse
the star’s activity. This signal is discussed in the conbéstellar 260-day period received a FAP 0506 which would then qual-
activity in Section 6. Signal d has a MAP period of 91 days arity as a significant detection. Given that the Bayesian dietec
would correspond to a candidate planet with a minimum massasfteria are well satisfied and that the log—L periodogratae a
~ 5 Mg. provide substantial support for the signal, we also incliidie
After that, the log—L periodogram search for a fourth sighe model (signal g). Its amplitude would correspond to agia
nal indicates a double-peaked likelihood maximum at 53 amdth a minimum mass of 4.6 M
62 days -both candidate periods receiving extremely logefal When performing a search for a seventh signal, the posterior
alarm probability estimates (see Figure 2). Using the exip  samplings converged consistently to a global probabilikim
Dawson & Fabrycky (2010), it is easy to show that the two peaksum at 17 days (M sin~ 1.1 Mg) which improves the model

5. Signal detection and confidences
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Fig. 3. Marginalized posterior densities for the Doppler semi-amplitudes of trenseyported signals.
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Fig. 4.RV measurements phase-folded to the best period for each planet Birales are HARPS-TERRA velocities, PFS velocities are depicted
as blue triangles, and HIRES velocities are green triangles. Red sguai@gerages on 20 phase bins of the HARPS-TERRA velocities. THe blac
line corresponds to the best circular orbital fit (visualization purposBg.o

probability by a factor of 230. The global probability maxim planet or brown dwarf. Further Doppler follow-up, astroret
containing seven signals corresponds to a solution with-a peeasurements, or direct imaging attempts of faint companio
riod of 62 days for planet e. This solution has a total prolitgbi might help addressing this question.

~ 16 times larger than the one wiff, = 53 days. Although In summary, the first five signals are easily spotted using
such a diterence is not large enough to make a final decision @ayesian criteria and log—L periodograms. The global smiut
which period is preferred, from now on we will assume that owontaining seven-Keplerian signals prefers a period df 6ays
reference solution is the one with, = 622 days. The log—L for signal e, which we adopt as our reference solution.,Still
periodogram also spotted the same seventh period as thianexperiod of 53 days for the same signal cannot be ruled out at the
vored one but only when all seven candidates were assumedrni@oment. The statistical significance of a 6th periodicitpeteds
have circular orbits. Given that this seventh signal is vdoge on the prior choice for the eccentricity, but the Bayesiadsod
to the Bayesian detection limit, and based on our experienceratio is high enough to propose it as a genuine Kepleriarakign
the analysis of similar datasets (e.g., GJ 581 Tuomi & JenkilThe statistical significance of the seventh candidate (b)oise
2012), we concede that this candidate requires more measteour detection limit and more observations are neededllp fu
ments to be securely confirmed. With a minimum mass of ondpnfirm it.

~ 1.1 Mg, it would be among the least massive exoplanets dis-

covered to date.

6. Activit
As a final comment we note that, as in Anglada-Eg&ceidal. y

(2012) and Delfosse et al. (2012), a linear trend was always In addition to random noise (white or correlated), stellzivity
cluded in the model. The most likely origin of such a trend isan also generate spurious Doppler periodicities that dariam
gravitational acceleration caused by the central GJ 667AB Iplanetary signals (e.g., Lovis et al. 2011; Reiners et &.320
nary. Assuming a minimum separation of 230 AU, the acceldn this section we investigate whether there are periodiava
ation in the line-of-sight of the observer can be as large.@s 3ions in the three activity indices of GJ 667C (S-index, Bifsla

m s, which is of the same order of magnitude as the observBdlVHM are described in Section 3). Our general strategy is the
trend of~ 2.2 m st yr-1. We remark that the trend (or part offollowing : if a significant periodicity is detected in anyibie in-

it) could also be caused by the presence of a very long peridides and such periodicity can be related to any of the catelid
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Table 4. Reference orbital parameters and their corresponding 99% credibility intervals. Wiidegleso and Mg are unconstrained due to strong degeneracies at small eccentricities,
their suma = Mg + w is better behaved and is also provided here for reference.

b (h) c f e
P [days] 7.2004 [7.1987,7.2021] 16.946 [16.872,16.997] 28[28M75, 28.193]  39.026 [38.815, 39.220] 62.24 [61.69, 62.79]
e 0.13[0.02, 0.23] 0.06 [0, 0.38] 0.02 [0, 0.17] 0.03 1[0, 0.19] 20m 0.24]
K[ms?] 3.93[3.55, 4.35] 0.61[0.12, 1.05] 1.71[1.24, 2.18] 1.08 [0.BB5] 0.92[0.50, 1.40]
w [rad] 0.10[5.63, 0.85] 2.0[0,4 5.1[0, 21 1.8[0, 21] 0.5[0, 21]
Mo [rad] 3.42[2.32, 4.60] 5.1[0,/4 0.3 1[0, 21] 5.11[0, 21] 4.110, 21]
A [deg] 201[168, 250] 45(180) 308(99) 34 (170§ 262(150)
Msini [Mg] 5.6 [4.3,7.0] 1.1[0.2,2.1] 3.8[2.6,5.3] 2.7[1.5,4.1] 2.7 [1433]
a[AV] 0.0505 [0.0452, 0.0549]  0.0893 [0.0800, 0.0977]  0.12%1@, 0.137] 0.156 [0.139, 0.170] 0.213[0.191, 0.232]
d g Other model parameters
P [days] 91.61[90.72, 92.42] 256.2[248.3,270.0] y[mslyr 7] 2.07[1.79, 2.33]
e 0.03 [0, 0.23] 0.08 [0, 0.49] Yuarps [Ms™] -30.6 [-34.8, -26.8]
K[ms?] 1.52[1.09, 1.95] 0.95[0.51, 1.43] yhires [Ms71] -31.9[-37.0,, -26.9]
w [rad] 0.7 [0, 2] 0.9[0, 21] yprs[ms™t] -25.8[-28.9, -22.5]
Mo [rad] 3.7[0, & 4.11[0, 2] onarps[Ms™] 0.92[0.63, 1.22]
OHIRES [m st ] 2.56 [093, 515]
A [deg] 251(126) 285(170) oprs[ms™] 1.31[0.00, 3.85]
Msini[Mg]  5.1[3.4,6.9] 4.6[2.3,7.2
a[AU] 0.276 [0.246, 0.300] 0.549 [0.491, 0.601]

Notes. 1 Values allowed in the full range of. Full-width-at-half-maximum of the marginalized posterior is provided totithte the most likely
range (see Figure 10).Due to the presence of a strong alias, the orbital period of this candidaie: lo® 53 days instead. Such an alternative
orbital solution for planet e is given in Table B.2.

e overall model probability would increase and the planenhaig
Sdndex (1) 4 in question should decrease its significance (even disappea

Log—L periodogram analysis of two activity indices (S-irde
but specially the FWHM) show a strong periodic variability at
00 105 days. As discussed in Anglada-Eseust al. (2012) and
Delfosse et al. (2012), this cast some doubt on the candidate
91 days (d). Despite the fact that the 91-day and 105-day peri
ods are not connected by first order aliases, the phase sampli
is sparse in this period domain (see phase—folded diagrdms o
the RV data for the planet d candidate in Fig. 4) and the log—L
periodogram for this candidate also shows substantial paive

C

S-index (2) A

F

P AN |
10 100

Period [days] . 105 days. From the log—L periodograms in Figure 2, one can di-
o ® ¢ t e d — rectly obtain the probability ratio of a putative solutidrdd days
@ 105 days FWHM (@) 1 versus one with a period of 105 days when no correlation terms

are included. This ratio is.8 x 10%, meaning that the Doppler

period at 91 days is largely favoured over the 105-day onke. Al

Bayesian samplings starting close to the 105-day peak emgled

converging on the signal at 91 day. We then applied our valida

10 100 00 tion procedure by inserting linear correlation terms inrtiedel

B T T T i A (9=Cgx FWHM,; or g=Csx S), in eq. 1) and computed both
@ log—L periodograms and Bayesian samplings withahd G

as free parameters. In all cases thieg L between 91 and 105

days slightly increased, thus supporting the conclusiai ttte

i’ signal at 91 days is of planetary origin. For example, thie @it

o i L ‘ - likelihoods between the 91 and 105 day signals increased fro

Period [days] 6.8x10* to 3.7 1P when the correlation term with the FWHM

Fig. 5. Top two panelsLog—L periodograms for up to 2 signals in the%%sclgﬁlggﬁg ﬁi?mFﬁﬂrﬁo?{nI&i \Eﬁea%/he:ﬁré jzm)r;gggi i||g;%dl

S-index. The most likely periods of the proposed planet candidates ) . : !
marked as vertical line®ottom two panels.Log—L periodograms for ppendix C) and still preferred the 91-day signal withouy an

up to 2 signals in the FWHM. Given the proximity of these two signal§loubt. We conclude that this signal is not directly relatethe
it is possible that both of them originate from the same feature (actigtellar activity and therefore is a valid planet candidate.
region corotating with the star) that is slowly evolving with time.

o
= é
ol ™I | |

@ 110 days

Alog L

:

Given that activity might induce higher order harmonics in
the time-series, all seven candidates have been analyzéd an
signals (same period or aliases), we add a linear corralsgion  double-checked using the same approach. Some more details o
to the model and compute log—L periodograms and new sathe results from the samplings are given in the Appendix 8l12.
plings of the parameter space. If the data were better destri candidates -including the tentative planet candidate ssqrhall
by the correlation term rather than a genuine Doppler sjghal these validation tests withoutfficulties.
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Table 5. Most significant periods as extracted using log-L periodograms aasutiles of the first ppsmeasurements. Boldfaced values indicate
coincidence with a signal of our seven-planet solution (or a first grelerly alias thereof). A parenthesis in the last period indicates a prdferr
period that did not satisfy the frequentist 1% FAP threshold but did satisfBayesian detectability criteria.

Nops 1 2 3 4 5 6 7

50 7.2 1015 - - - - -
75 7.2 103.0 - - - - -
90 7.2 280 104.1 - - - -
100 7.2 912 280 548 - - -
120 7.2 916 28.0 - - -
143 7.2 916 28.0 53% 353 (260) -
160 7.2 28.1 91.0 389 534 275 (16.9)

173 7.2 281 91.9 619 38.9 260 (16.9)

Notes. 2 1 year? alias of the preferred period in Table 4.

40 T T 128_ T T T T T T T T T
91 days E 60 - +28d
30 — No correlation term | 40

e Including correlation term 20 R J\-\W -

- 0 Al 1N
g 20 105 days 1§§ :: T T T T T T T +91dl ::
40 |— —
10 28 it _AA/’\ PSS INAV | =
0 . it & 60 _— T T T T L I +63& T —_
10 _100 1000 40— —
Period [daysl Zg -_A. . I\MI\M\AAM AAANM\ A /\m N =
Fig. 6. Log-likelihood periodograms for planet d (91 days) including NE T L B B B B T —
the correlation term (red dots) compared to the original periodogram 2E +39d =
without this term (black line). The inclusion of the correlation term in- ‘2‘§ e I S
creases the contrast between the peaks at 91 and 105 days, fakering 120 . T . .
interpretation of the 91 days signals as a genuine planet candidate. & +260d

40
2 s Mnns AA./\/\MJ\/P’\AA_IA | !
T T

7. Tests for quasi-periodic signals

T I

Activity induced signals and superposition of several pete el = ! ! Real set =
dent signals can be a source of confusion and result in detec- & wf- -
tions of “apparent” false positives. In an attempt to qusuitow ’ 16 32 64 128 256
much data is necessary to support our preferred globalisolut Period [days]
(with seven planets) we applied the log-L periodogram asisly Fig. 7. Sequence of periodograms obtained from synthetic noiseless
method to find the solution as a function of the number of datiata generated on the first 75 epochs. The signals in Table 4 were se-
points. For each dataset, we stopped searching when no peagatially injected from top to bottom. The bottom panel is the peri-
above FAP 1% was found. The process was fully automatedagpgram to the real dataset after removing the first 7.2 days plamet ca
no human-biased intervention could alter the detectioneece. didate.
The resulting detection sequences are show in Table 5. lin add
tion to observing how the complete seven-planet solutiowlsl
emerges from the data one can notice thatNgss <100 the pressed our doubts about the reality of the second signallgo o
k = 2 andk = 3 solutions converge to a strong signakat00 one planet candidate would have been proposed (GJ 667Cb).
days. This period is dangerously close to the activity one de \jith 228 RV measurements in hand (173 HARPS-TERRA,
tected in the FWHM and S-index time-series. To explore whag PFS and 22 from HIRES) we know that such a conclusion is
could be the cause of this feature (perhaps the signature ai@onger compatible with the data. For example, the secodd a
quasi-periodic signal), we examined tNg,s=75 case in more third planets are very consistently detected at 28 and 9%.day
detail and made a supervigesual analysis of that subset. e investigated the nature of that 100 day signal using sgicth

The first 7.2 days candidate could be easily extracted. \Wabsets of observations as follows. We took our preferregise
then computed a periodogram of the residuals to figure outpiflanet solution and generated the exact signal we wouldogxpe
there were additional signals left in the data. In agreematht if we only had planet ¢ (28 days) in the first 75 HARPS-TERRA
the automatic search, the periodogram of the residualsofinot measurements (without noise). The periodogram of suchsenoi
of Figure 7) show a very strong peak-at00 days. The peak wasless time-series (top panel in Fig. 7) was verffatient from the
so strong that we went ahead and assessed its significahad. Itreal one. Then, we sequentially added the rest of the signhals
a very low FAP & 0.01%) and also satisfied our Bayesian deAs more planets were added, the periodogram looked closer to
tectability criteria. We could have searched for additimmn- the one from the real data. This illustrates that we wouldehav
panions, but let us assume we stopped our analysis herdsIn teached the same wrong conclusion even with data that had neg
case, we would have concluded that two signals were strongifyible noise. How well the general structure of the perigdonm
present (7.2 days and 100 days). Because of the proximity witas recovered after adding all of the signals is rather rkeafde
a periodicity in the FWHM-index ( 105 days), we would have extcomparing the bottom two panels in Fig. 7). While this is not a
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Fig. 9. Periodograms on first and second half of the time series as obtainedalllggnals except one were removed from the data. Except
for signal h, all signals are significantly present in both halves and dwaud been recovered using either half if they had been in single planet
systems.

statistical proof of significance, it shows that freriodogramof  aliasing arguments- e.g., see GJ 581d (Udry et al. 2007; Mayo
the residuals from the 1-planet fit (even with only 75 RVs meat al. 2009) and HD 12561 ab(Anglada-Escuél et al. 2010; Lo
surements) is indeed consistent with the proposed sewasepl Curto et al. 2010). The fact that all signals detected in tie v
solution without invoking the presence of quasi-periodtinals. locity data of GJ 667C have similar amplitudes — except gesha
This experiment also shows that, until all stronger sigoaldd candidate b which has a considerably higher amplitude — made
be well-decoupled (more detailed investigation showesllihp- this problem especially severe. In this sense, the cuyrerdil-
pened at about,s ~ 140), proper and robust identification ofable set of observations are a sub—sample of the many mdre tha
the correct periods was veryfiicult. We repeated the same eximight be obtained in the future, so it might happen that one of
ercise withNops=100, 120 and 173 (all HARPS measurementshe signals we report “bifurcates” into other periodigtid his

and obtained identical behavior without exception (seefsan experiment also suggests that spectral information beyoad
Figure 8). Such anfect is not new and the literature containsnost trivial aliases can be used to verify and assess thédisign
several examples that cannot be easily explained by sitiepliscance of future detections (under investigation).
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7.1. Presence of individual signals in one half of the data parameter combinations. The most likely orbital elements$ a
corresponding confidence levels can be deduced from these sa

As an additional verification against quasi-periodicitg ives- ges_ In Table 4 we give the orbital configuration for a plamgt

tigated if the signals were present in the data when it was
vided into two halves. The first half corresponds to the figst
HARPS observations and the second half covers the remain netary system is physically realistic, it is necessawonfirm

data. The data from PFS and HIRES were not used for this gL ihese parameters not only correspond to the solutiomefel
The experiment consists of removing all signals except fa, 0 b

. . . by the data, but also constitute a dynamically stable cordigu
and then computing the penodogram on'those re&dua}s (ﬂﬁ%tn. Due to the compactness of the orbits, abundant resesan
and second halfs separately). If a signal is strongly pteisen ’

, TP and therefore complex interplanetary interactions aresetqu
both halfs, it should, at least, emerge as substantialiyf®ant. . jinin the credibility intervals. To slightly reduce thismplex-

Al 5‘9”’%"5 except for the seventh one passed this test}nicq{y and since evidence for planet h is weak, we split our aialy
That s, in all cases except for h, the periodograms pronﬂmenand present- in the first part of this section- the resultslier

disptl_ay tthhe ?olr;-rgmo;/ed sig?al ur}ambiguof.sthiSideSJﬁmsix—planet solution with planets b to g. The dynamical fedity
strating that all signals are strongly present in the twodm|i of the seven-planet solution is then assessed by investighie

f'ﬂﬁo |Ilustttra(';es that any (g the can(_J]Iclqta't[]est\t/)ould hat\)/_?_ beaerll tsemi-major axis that would allow introducing a seventh ptan
ially spotted using periodograms if it had been orbi mgn&ofwith the characteristics of planet h.

around the star. The fact that each signal was not spottedebe
(Anglada-Escud et al. 2012; Delfosse et al. 2012) is a conse-

quence of an inadequate treatment of signal correlatiorenwlI8.1. Finding stable solutions for six planets
dealing with periodograms of the residuals only. Both the d

scribed Bayesian method and the log-likelihood periodmgr%
technique are able to deal with such correlations by idgntif
ing the combined global solution at the period search lekgl.
for other multiplanet systems detected using similar tepes
(Tuomi et al. 2013; Anglada-Escad® Tuomi 2012), optimal
exploration of the global probability maxima at the sigredisch

level is essential to properly detect and assess the sigmifecof . X
property effects were neglected for these runs. Possifiezts of tides are

low mass multiplanet solutions, especially when sevemaias =, X i > :
have similar amplitudes close to the noise level of the measudiscussed separately in Section 9.4. The integration wppst

ments if any of the planets went beyond 5 AU or planets approached
: .. . L S . DAU.
Summarizing these investigations and validation of the S|SaCh other c!qser than 1 ) . . .
nals against activity, we conclude that 'I_'he ;tab|llty of those c;onﬁguranons that surwyed the-nte
gration time span of Horbital periods of planet g (i. e 7000

— Up to seven periodic signals are detected in the Doppler mg&ars), was then determined using frequency analysis @rask
surements of GJ 667C data, with the last (seventh) sigd&93). For this we computed the stability indBx for each
very close to our detection threshold. planetk as the relative change in its mean motignover two

— The significance of the signals are ndfeated by corre- consecutive time intervals as was done in Tuomi et al. (2013)
lations with activity indices and we could not identify anyFor stable orbits the computed mean motion in both intervals
strong wavelength dependence with any of them. will be almost the same and therefobg will be very small.

— The first six signals are strongly present in subsamples \&f note that this also holds true for planets captured inaide
the data. Only the seventh signal is unconfirmed using haNean-motion resonance (MMR), as long as this resonance help
of the data alone. Our analysis indicates that any of the dixstabilize the system. As an index for the total stabilitg oon-
stronger signals would had been robustly spotted with héiguration we used = max(Dy|). The results are summarized
the available data if each had been orbiting alone around theFigure 10. To generate Figure 10, we extracted a sub-gampl
host star. of 80,000 initial conditions from the Bayesian samplingiso3e

— Signal correlations in unevenly sampled data are the reagisifigurations that did not reach the final integration time a
why Anglada-Escuéet al. (2012) and Delfosse et al. (2012jepresented as gray dots. By direct numerical integratigheo
only reported three of them. This is a known problem wheigmaining initial conditions, we found that almost all corfi
assessing the significance of signals using periodogramga@tions withD < 10°° survive a time span of 1 Myr. This cor-
residuals only (see Anglada-Es@&& Tuomi 2012, as an- responds to-0.3 percent of the total sample. The most stable
other example). orbits we found D < 10°%) are depicted as black crosses.

In Figure 10 one can see that the initial conditions taken
Given the results of these validation tests, we promotefsite® from the integrated 80,000 solutions are already confineal to
signals (b, c, d, e, f, g) to planet candidates. For economy y¥ry narrow range in the parameter space of all possiblésorbi
language, we will refer to them gdanetsbut the reader must This means that the allowed combinations of iniiand . are
remember that, unless complementary and independenteerifialready quite restricted by the statistics. By examininguFé
tion of a Doppler signal is obtained (e.g., transits), tHeyusd be 10 one can also notice that those initial conditions thatedr
calledplanet candidatesverifying the proposed planetary sys-out to be long-term stable are quite spread out along thesarea
tem against dynamical stability is the purpose of the nesti@e.  where the density of Bayesian states is higher. Also, foresom
of the candidates (d, f and g), there are regions were no orbit
was found with Bx1075. The paucity of stable orbits at certain
regions indicate areas of strong chaos within the staai$fial-
One of the by-products of the Bayesian analysis describtitkin lowed ranges (likely disruptive mean-motion resonanced)ila
previous sections, are numerical samples of statistiediityved Ilustrate that the dynamics of the system are far from trivial

Vstem with seven planets around GJ 667C, which is preferred
rom a statistical point of view. To be sure that the proposed

first thing to do is to extract from the Bayesian samplings
hose orbital configurations that allow stable planetaryiomo
over long time scales, if any. Therefore we tested the styabil
each configuration by a separate numerical integratiorgubia
symplectic integrator SABAof Laskar & Robutel (2001) with a
step sizer = 0.0625 days. In the integration, we included a cor-
rection term to account for general relativistic precessiodal

8. Dynamical analysis
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Fig. 10.Result of the stability analysis of 80,000 six-planet solutions in the planétia isemi-major axisa vs. initial mean longituda obtained
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Table 6. Astrocentric orbital elements of solutioR.S

Planet P a(Av) e w(®) Mo(°®) Msini (Mg)
b 7.2006 0.05043 0.112 4,97 209.18 5.94
c 28.1231 0.12507 0.001 101.38 154.86 3.86
f 39.0819 0.15575 0.001 77.73 339.39 1.94
e 62.2657 0.21246 0.001 317.43 11.32 2.68
d 92.0926 0.27580 0.019 126.05 243.43 5.21
g 251.519 0.53888 0.107 339.48 196.53 4.41

The distributions of eccentricities are also strongligeted as S. In Table 6, we present the masses and orbital parameters
by the condition of dynamical stability. In Figure 11 we showef S;, and propose it as the favored configuration. To double
the marginalized distributions of eccentricities for ttemple check our dynamical stability results, we also integratgdio®
of all the integrated orbits (gray histograms) and the ittistr 10° years using the HNBody package (Rauch & Hamilton 2002)
tion restricted to relatively stable orbits (with<DLO™, red his- including general relativistic corrections and a time siép =
tograms). We see that, as expected, stable motion is only pb& years!
sible with eccentricities smaller than the mean valuesnath
by the statistical samples. The only exceptions are plabets )
and g. These two planet candidates are well separated from $¢- Secular evolution
other candidates. As a consequence, their probabilityitins A, ,qh the dynamical analysis of such a complex systern wit
are re;]ther L;:’f&ﬁteq ?y the pondglon og Iogg-term Sltab'lglylaswedifferent, interacting resonances could be treated in a separat
BOte eredt atlt ein OFm?‘ﬂP” ah Oé‘tt ed Iynamlca 3@ > __paper, we present here a basic analysis of the dynamicat arch

een used onlg posteriori If we had used long-term dynamiCSe e of the system. From studies of the Solar System, we kn
asaprior (e.g., assign O probability to orbits with 1), mod- that, in the absence of mean motion resonances, the vasatio
gLaterlgsi(;?jetT]tgr? x;{l?]'tgu\:vgﬁcl)?cgi\;e ﬁgffznrzggrr: (rg(;Le S;Z?}”Q[;'e orbital elements of the planets are governed by the lfedca
PP P secular equations. These equations are obtained aftexginvgr
over the mean longitudes of the planets. Since the involeed e
centricities for GJ 667C are small, the secular system céimbe

formative constraint than the dynamical viability of thestgm. ited here to its linear version, which is usually called albap-

In the following we will use the set of initial conditions tha
gave the smalledd for a detailed analysis and will refer to it * Publicly available at httgjanus.astro.umd.edtdNBody/
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Fig. 11.Marginalized posterior densities for the orbital eccentricities of the six pkolation (b, ¢, d, in the first row; e, f, g in the second) before
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Lagrange solution (for details see Laskar (1990)). Balsicthle
solution is obtained from a transformation of the complesi-va 01 9
ablesz, = &€« into the proper modesy. Here, g are the
eccentricities andoy the longitudes of the periastron of planet 0.08
k=Db,c,...,g. The proper modes, determine the secular vari-
ation of the eccentricities and are giveniy~ €@*éJ

Since the transformation into the proper modes depends onlg
on the masses and semi-major axes of the planets, the secufar o4 |
frequencies will not change much for thefdrent stable config-

0.06

urations found in Figure 10. Here we use solutignt&obtain 0.02

numerically the parameters of the linear transformatioa -

quency analysis of the numerically integrated orbit. Theukse 0

frequenciegy and the phaseg are given in Table 7. How well 5000 7500 10000 12500

the secular solution describes the long-term evolutiomefec- thy

centricities can be readily seen in Figure 12. Fig. 12.Evolution of the eccentricities of solution SColored lines give

the eccentricity as obtained from a numerical integration. The thin black
_ lines show the eccentricity of the respective planet as given by the lin-
Table 7.Fundamental secular frequencgzsphasegy and correspond- ear, secular approximation. Close to each line we give the name of the

ing periods of the six-planet solution. corresponding planet.

k Ok ok Period

[degyr] [deg] [yr] Although the eccentricities show strong variations, these
1 0071683 356.41  5022.09 changes are very regular and their maximum values remain
g 8'38‘11%3 ﬁg'gg 122;2? bounded. From the facts that 1) the secular solution agees s

' ' : well with numerically integrated orbits, and 2) at the saimeet
4 0.050200 33.63 7171.37 - . .

the semi-major axes remain nearly constant (Table 8), we can

5 0.656733 135.52 548.17 .
6 0012230 34044 2943580 conclude that §is not dfected by strong MMRs.

Nevertheless, MMRs that can destabilize the whole system
are within the credibility intervals allowed by the sampfsnand

From Figure 12, itis easy to see that there exists a strong set far away from the most stable orbits. Integrating sontaef
ular coupling between all the inner planets. From the L@|adn|tlal conditions marked as cha9t|c in Figure 10 one findd,th
Lagrange solution, we find that the long-term variation af thfor example, planets d and g are in some of these cases tempora
eccentricities of these planets is determined by the sefrgta ily trapped inside a 3:1 MMR, causing subsequent disintegra
quencyg;—gs with a period ofv 17000 years. Here, the variationof the system.
in eccentricity of planet b is in anti-phase to that of planeto
f.due to the exchang'e of orb[tal a}ngular momentum. On shorigr Including planet h
time scales, we easily spot in Figure 12 the coupling between
planets d and e with a period ef 600 years d; — gs), while  After finding a non-negligible set of stable six-planet swins, it
the eccentricities of planets ¢ and f vary with a period of@tn is tempting to look for more planets in the system. From tha da
3000 yearsd; + g4). Such couplings are already known to preanalysis, one even knows the preferred location of suchreepla
vent close approaches between the planets (Ferraz-Metlb etWe first considered doing an analysis similar to the one fer th
2006). As a result, the periastron of the planets are locked asix-planet case using the Bayesian samples for the seamepl
the diferenceAw between any of theits librates around zero. solution. As shown in previous sections, the subset of stsd
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Table 8. Minimum and maximum values of the semi-major axes and
eccentricities during a run ofsg®ver 10 Myr.

Smin Amax €min €max
0.050431 0.050433 0.035 0.114
0.125012 0.125135 0.000 0.060
0.155582 0.155922 0.000 0.061
0.212219 0.212927 0.000 0.106
0.275494 0.276104 0.000 0.087
0.538401 0.539456 0.098 0.116

Q O ® —+~0O T|X

eccentricity

lutions found by this approach is already small comparetid¢o t
statistical samples in the six-planet case((3%). Adding one
more planet (five extra dimensions) can only shrink the ikedat
volume of stable solutions further. Given the large undetits
on the orbital elements of h, we considered this approach too a [AU]

computationally expensive and ifieient.

As a first approximation to the problem, we checked whethEig. 13. Stability plot of the possible location of a 7th planet in the sta-
the distances between neighboring planets are still laigagh ble & solution (Table 5). We investigate the stability of an additional
to allow stable motion. In Chambers et al. (1996) the mea lifPlanet with 1.1 Earth masses around the location found by the Bayesian
time for coplanar systems with small eccentricites israated 2navsis, For fhese itegrations, we varied the semp-major axs and ec
as a function of the mutual dlstance between the planets, t.h(S and Mg were set to the values of the statistically preferred solution,
masses and the number of planets in the system. From theirjgie the inclination was fixed to zero. The nominal positions of the
sults, we can estimate the expected lifetime for the sel@mep pjanets as given in Table 6 are marked with white crosses.
solution to be at least $Gears.

Motivated by this result, we explored the phase space around
the proposed orbit for the seventh planet. To do this, weaise s inclination of the orbital plane in steps ofL@ve applied the fre-
tion S and placed a fictitious planet with 1.14Mthe estimated duency analysis to the resulting system. By making the pgane
mass of planet h as given in Table 4) in the semi-major axigganmore massive, the interactions between them become stronge
between 0.035 and 0.2 AU (step size of 0.001 AU) varying thth a corresponding shrinking of the areas of stabilitytHis
eccentricity between 0 and 0.2 (step size of 0.01). Thealrait- €xperiment, we found that the system remained stable feaat |
glesw and My were set to the values of the statistically preferre@ne Myr for an inclination down to = 30°. If this result can be
solution for h (see Table 4). For each of these initial configiyalidated by a much more extensive exploration of the dyonami
rations, we integrated the system for*kbits of planet g and and longer integration times (in prep.), it would confirmtttiee
analyzed stability of the orbits using the same seculaugaqy Mmasses of all the candidates are within a factor of 2 of the min
analysis. As a result, we obtained a value of the chaos ibdexmum masses derived from Doppler data. Accordingly, c,f and
at each grid point. Figure 13 shows that the putative orbh ofé would be the first dynamically confirmed super-Earths (true
appears right in the middle of the only island of stabilititia  masses below 10 }) in the habitable zone of a nearby star.
the inner region of the system. By direct numerical intagrat
of solution $ together with planet h at its nominal position, W& Habitabilit
found that such a solution is also stable on Myr timescalath W™" y
this we conclude that the seventh signal detected by thedBaye Planets h—d receive 20—-200% of the Earth’s current inswiati
analysis also belongs to a physically viable planet thatitig@ and hence should be evaluated in terms of potential hakiyabi
confirmed with a few more observations. Traditionally, analyses of planetary habitability begiithwdeter-
mining if a planetis in the habitable zone (Dole 1964; Hait4;9
Kasting et al. 1993; Selsis et al. 2007; Kopparapu et al. 2013
but many factors are relevant. Unfortunately, many aspeots
Due to the lack of reported transit, only the minimum mass@&8t presently be determined due to the limited charactiésiza
are known for the planet candidates. The true masses depend@rivable from RV observations. However, we can explore the
the unknown inclination of the system to the line-of-sight. Inissues quantitatively and identify those situations inalithab-
all the analysis presented above, we implicitly assumettiwt itability is precluded, and hence determine which of thdaep
GJ 667C system is observed edge-br @0°) and that all true etscould support life. In this section we provide a preliminary
masses are equal to the minimum mass Msks shown in the analysis of each potentially habitable planetin the cdraépre-
discussion on the dynamics, the stability of the systemaig-fr vious results, bearing in mind that theoretical predictiohthe
ile in the sense that dynamically unstable configuratiomsbea Most relevant processes cannot be constrained by exisitag d
found close in the parameter space to the stable ones. theref
it is_ likely that a more complete analysis could set strong li 9.1, The Habitable Zone
itations on the maximum masses allowed to each companion.

An exploration of the total phase space including mutudi-nc The HZ is defined at the inner edge by the onset of a “moist
nations would require too much computational resourcessandyreenhouse,” and at the outer edge by the “maximum green-
beyond the scope of this paper. To obtain a basic undersigindaouse” (Kasting et al. 1993). Both of these definitions assum
of the situation, we only search for a constraint on the maxim that liquid surface water is maintained under an Earth-tike
masses of thegolution assuming co-planarity. Decreasing thenosphere. At the inner edge, the temperature near the surfac

8.4. An upper limit for the masses
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becomes large enough that water cannot be confined to the sur-Models of rocky planet formation around M dwarfs have
face and water vapor saturates the stratosphere. From sthelre found that those that accrete from primordial material eyt

lar radiation can dissociate the water and hydrogen carpescdao be sub-Earth mass (Raymond et al. 2007) and volatile-
Moreover, as water vapor is a greenhouse gas, large gearititi poor (Lissauer 2007). In contrast, the planets orbiting &0

the atmosphere can heat the surface to temperatures that foare super-Earths in a very packed configuration summing up to
the liquid phase, rendering the planet uninhabitable. Aoilter > 25 Mg, inside 0.5 AU. Therefore, the planets either formed at
edge, the danger is global ice coverage. While greenhouss gdarger orbital distances and migrated &d. Lin et al. 1996),

like CO, can warm the surface and mitigate the risk of globair additional dust and ice flowed inward during the protoplan
glaciation, CQ also scatters starlight via Rayleigh scatteringetary disk phase and accumulated into the planets Hansen &
There is therefore a limit to the amount of @@at can warm Murray (2012, 2013). The large masses disfavor the first sce-
a planet as more C{actually cools the planet by increasing itsario, and we therefore assume that the planets formed fram m
albedo, assuming a moist or runaway greenhouse was neyer tierial that condensed beyond the snow-line and are volitle
gered. If not gaseous, these planets contain substantial watdemon

We use the most recent calculations of the HZ (Kopparapthich is a primary requirement for life (and negates the dry-
et al. 2013) and find, for a 1 Earth-mass planet, that the infké@rld HZ discussed above). In conclusion, these planetiicou
and outer boundaries of the habitable zone for GJ 667C lie & terrestrial-like with significant water content and heace
tween 0.095-0.126 AU and 0.241-0.251 AU respectively. Wdtentially habitable.
will adopt the average of these limits as a working definitadn
the HZ: 0.111 — 0.246 AU. At the inner edge, larger mass plap- - -
ets resist the moist greenhouse and the HZ edge is closeutin,%‘?' Stellar Activity and habitability

the outer edge is almost independent of mass. Kopparapu eigb|iar activity can be detrimental to life as the planets be
(2013) find that a 1M, planet can be habitable 5% closer tgathed in high energy photons and protons that could step th
the star than a M, planet. However, we must bear in mind thagimosphere or destroy ozone layers. In quiescence, M dwarfs
the HZ calculations are based on 1-dimensional photoct@migyit very little UV light, so the latter is only dangerous iifes
models that may not apply to slowly rotating planets, a $itia occyr frequently enough that ozone does not have time to be
likely for planets c, d, e, fand h (see below). replenished (Segura et al. 2010). As already discussed:iioge
From these definitions, we find that planet candidate & ( 2, GJ 667C appears to be relatively inactive (indeed, we avoul
0.0893 AU) is too hot to be habitable, but we note its semi-majoiot have been able to detect planetary signals otherwisd), a
axis is consistent with the most optimistic version of the.H%o the threat to life is small today. If the star was very activ
Planet c & = 0.125 AU) is close to the inner edge but is likely tain its youth- with mega-flares like those on the equal mass sta
be in the HZ, especially since it has a large mass. Planetd f &XD Leo (Hawley & Pettersen 1991)- any life on the surface of
e are firmly in the HZ. Planet d is likely beyond the outer edgsianets might have beenficult during those days (Segura et al.
of the HZ, but the uncertainty in its orbit prevents a defusiti 2010). While M dwarfs are likely to be active for much longer
assessment. Thus, we conclude that planets c, f, and e aré@nfe than the Sun (West et al. 2008; Reiners & Mohanty 2012),
the HZ, and planet d might b&g.there up to four potentially GJ 667C is not active today and there is no reason to assuine tha
habitable planets orbiting GJ 667C. life could not form after an early phase of strong stellaivégt
Recently, Abe et al. (2011) pointed out that planets with
small, but non-negligible, amounts of water have a larger HZ __
than Earth-like planets. From their definition, both h andrel a¥-4- Tidal Effects

firmly in the HZ. However, as we discuss below, these plang&§anets in the HZ of low mass stars may be subject to strong

are likely water-rich, and hence we do not use the Abe et gli5) distortion, which can lead to long-term changes initatb
(2011) HZ here. and spin properties (Dole 1964; Kasting et al. 1993; Barhak e
2008; Heller et al. 2011), and tidal heating (Jackson etG082
Barnes et al. 2009, 2013). Both of these processesfteat hab-
itability, so we now consider tidalfeects on planets c, d, e, f and

Planet formation is a messy process characterized by scatfe

ing, migration, and giant impacts. Hence precise calauatof Tides will first spin-lock the planetary spin and drive the
planetary composition are presently impossible, but seedBoobliquity to either 0 orr. The timescale for these processes
et al. (2010); Carter-Bond et al. (2012) for some generaldse is a complex function of orbits, masses, radii and spins (se
For habitability, our first concern is discerning if a plangt e.g. Darwin 1880; Hut 1981; Ferraz-Mello et al. 2008; Leconte
rocky (and potentially habitable) or gaseous (and unirthblg). et al. 2010) but for super-Earths in the HZ ofa0.3 M,, star,
Unfortunately, we cannot even make this rudimentary evana Heller et al. (2011) found that tidal locking should occu.if—
based on available data and theory. Without radii measurtsne 10° years. We have used both the constant-time-lag and constant
we cannot determine bulk density, which could discrimirise phase-lag tidal models described in Heller et al. (2011) and
tween the two. The least massive planet known to be gaseouBasnes et al. (2013) (see also Ferraz-Mello et al. 2008; hteco
GJ 1214 b at 6.58¢ (Charbonneau et al. 2009), and the largest al. 2010), to calculate how long tidal locking could take f
planet known to be rocky is Kepler-10 b at 4\, (Batalha these planets. We consider two possibilities. Our basehse is

et al. 2011). Modeling of gas accretion has found that pkanetery similar to that of Heller et al. (2011) in which the plase
smaller than Mg, can accrete hydrogen in certain circumstancesitially have Earth-like properties: a 1-day rotation ipel; an
(Ikoma et al. 2001), but the critical mass is likely largeisdauer obliquity of 23.5 and the current tidal dissipation of the Earth (a
et al. 2009). The planets in this system lie near these massial Q of 12-Yoder (1995) or time lag of 638 s-Lambeck (1977);
and hence we cannot definitively say if any of these plan&ts ateron de Surgy & Laskar (1997)). We also consider an extreme,
gaseous. but plausible, case that maximizes the timescale for tiokei-

9.2. Composition
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CPL CTL
base | max base ] max

tiock tero tiock tero tock tero tock tero
0.07 0.08 18.2 20.4] 0.55 0.77 66.9 103
0.62 0.69 177 190| 4.7 8.1 704 1062
2.2 2.3 626 660 | 185 30.1 2670 3902
142 15.0 4082 4226 129 210 >10* >10¢
704 73 >100 >10° | 692 1094 >10* > 10

Table 9. Timescales for the planets’ tidal despinning in units of Myr. “CPL” dendtesconstant-phase-lag model of Ferraz-Mello et al. (2008),
“CTL" labels the constant-time-lag model of Leconte et al. (2010).
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Fig. 14. Tidal evolution of the spin properties of planet GJ667Cf. Solid lines dgpedictions from constant-time-lag theory (“CTL"), while
dashed lines illustrate those from a constant-phase-lag model (“CRLtyjacks assume a scenario similar to the “base” configuration (see text
and Table 9)Left Despinning for an assumed initial rotation period of one day. The CPdeingelds tidal locking in less than 5Myr, and CTL
theory predicts about 20 Myr for tidal lockinRight Tilt erosion of an assumed initial Earth-like obliquity of.23 Time scales for both CPL and
CTL models are similar to the locking time scales.

ing: 8-hour rotation period, obliquity of 8%.%nd a tidalQ of During the tidal despinning, tidal heat can be generated as
1000 or time lag of 6.5 s. In Table 9 we show the time for théissipation transforms rotational energy into frictiohalat. In
obliquity to erode to 1, tero, and the time to reach the pseudosome cases, the heating rates can be large enough to trigger a
synchronous rotation periothck. runaway greenhouse and render a planet uninhabitabled8arn
In Figure 14, we depict the tidal evolution of the rotation peet al. 2013). Tidal heating is maximized for large radiuspla
riod (left panel) and obliquity (right panel) for planet fas ex- that rotate quickly and at high obliquity. Using the Lecoetal.
ample. The assumed initial configuration is similar to thas®’ (2010) model and the Earth’s dissipation, we find that tidelth
scenario. Time scales for rotational locking and tilt evasare ing of the HZ planets will be negligible for most cases. Cdasi
similar to those shown in Table®. an extreme version of planet h, which is just interior to th& H
As these planets are on nearly circular orbits, we eSuppose it has the same tidal dissipation as the Earth (vidhich
pect tidally-locked planets to be synchronously rotatiafy, the most dissipative body known), a rotation period of 1(ahr,
though perhaps when the eccentricity is relatively larggups- eccentricity of 0.1, and an obliquity of 80The Leconte et al.
synchronous rotation could occur (Goldreich 1966; Murray &010) model predicts such a planet would have a tidal heat
Dermott 1999; Barnes et al. 2008; Correia et al. 2008; Ferrdhx of nearly 4000 W m?. However, that model also predicts
Mello et al. 2008; Makarov & Efroimsky 2013). From Tablethe flux would drop to only 0.16 W n in just 1& years. The
9 we see that all the planets h—f are very likely synchronotismescale for a runaway greenhouse to sterilize a planet ke
rotators, planet e is likely to be, but planet d is uncertainrder of 16 years (Watson et al. 1981; Barnes et al. 2013), so
Should these planets have tenuous atmospher@8(ar), then this burst of tidal heating does not forbid habitability.

they may not support a habitable surface (Joshi et al. 1997). ager tigal locking, the planet would still have about 0.14 W
Considerable work has shown that thicker atmospheres &e gh-2 ¢ tigal heating due to the eccentricity (which, as for the

to redistribute dayside heat to produce clement condi@oshi ihar candidates. can oscillate between 0 and 0.1 due tord
. : . o ) , . yna
et al. 1997; Joshi 2003; Edson et al. 2011; Pierrehumbett;201. ) interactions). If we assume an Earth-like planet, taout

Wordsworth et al. 2011). As we have no atmospheric data, §go, of that heat is generated in the oceans, and 10% in thg rock
assert that tidal locking does not preclude habitabilityaiy of iierior. Such a planet would have churning oceans, andtabou
the HZ planets. 0.01 W n72 of tidal heat flux from the rocky interior. This num-

2 Note that evolution for the CPL model is faster with our parametef€r should be compared to 0.08 ngthe heat flux on the Earth
ization. In the case of GJ 581 d, shown in Heller et al. (2011), the plariéd€ entirely to other sources. As= 0.1 is near the maximum of

was assumed to be less dissipative in the CPL ma@gl< 100) and the secular cycle, seg8, the actual heat flux is probably much
evolution in the CPL model was slower. lower. We conclude that tidal heating on planet h is likelyo&

17



Guillem Anglada-Escuglet al.: Three HZ super-Earths in a seven-planet system

HZ with HZ with

H,O clouds Habitable Zone CO, clouds
GJ 667C b h? c “ ‘e .d /] g
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Moist Maximum
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é....10.....26....36....46..//..90
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Fig. 15.Liquid water habitable zone of GJ 667C with the proposed seven candafatestimated using the updated relations in Kopparapu et al.
(2013). Three of the reported planets lie within the HZ. The newly repgifitets f and e are the most comfortably located within it. The inner
edge is set by the moist greenhouse runaway limit and the outer edgebistbe snow ball runaway limit. The empirical limits set by a recent
uninhabitable Venus and an early habitable Mars are marked in brownliseléd The presence of clouds of water (inner edge) o @Qter
edge) might allow habitable conditions on planets slightly outside the nomifiaitaa of the habitable zone (Selsis et al. 2007).

negligible, with the possibility it could be a minor contutior to  can also impact plant life, and we might expect less prodecti
the internal energy budget. As the other planets are motandjs photosynthesis (Kiang et al. 2007), perhaps relying on pigih
the tidal heating of those planets is negligible. The CPIdjmts  such as chlorophyll d (Mielke et al. 2013) or chlorophyll f{gh
higher heating rates and planet ¢ could recei@01 W nt? of et al. 2010).

internal heating, but otherwise tidal heating does rfgc the

Planet c is slightly closer to the inner edge of the HZ than
HZ planets. gnty 9

the Earth, and so we expect it to be warmer than the Earth, too.
It receives 1230 W ? of stellar radiation, which is actually
less than the Earth’s solar constant of 1360 WF.nAssuming
synchronous rotation and no obliquity, then the global atien

: - . ds strongly on the properties of the atmosphere. Hitthe
Assuming planets c, f and e have habitable surfaces (seeeFljiIFpen LS
15), what might their climates be like? To first order we ex- osphere is thin, then the heat absorbed at the sub-stellatr p

; . annot be easily transported to the dark side or the poles. Th
pe_ct a planets surface tempgrature to be coolt_er as Sem'r'mélurface tem ergture wcr:uld be a strong function of ther;emith
axis increases because the incident flux falsvath distance le of the hgst star GJ 667C. For thicgker atmospheres. heat re
squareld. Hovr\]/_e\;]er,lglt?jedol vanatlonl(sj Czn sgpl)ersede tm'd’:]reg'%tribution becomes more siénificant With a rotgtion pérci)f
e.g.a closer, high-albedo planet could absorb less energy tha o :

more distant low-albedo planet. Furthermore, moleculethén -~ <8 days, the planet is likely to have Hadley cells that extend

atmosphere can trap photons near the surface via the gregmh? the Poles (at least if Titan, with a similar rotation pekids
effect, or scatter stellar light via Rayleigh scattering, afi-an& guide), and hence jet streams and deserts would be unlikely

greenhousefect. For example, the equilibrium temperature O‘fhe location of land masses is also important. Should land be

Venus is actually lower than the Earth's due to the formerge  concentrated near the sub-stellar point, then silicateheeag
albedo, yet the surface temperature of Venus is much lager t 'S More éective, and cools the planet by drawing down £O
the Earth’s due to the greenhoud®eet. Here, we speculate on(Edson etal. 2012).
the climates of each HZ planet based on the our current under- Planet f is a prime candidate for habitability and receives
standing of the range of possible climates that HZ planeghimi 788 W nT2 of radiation. It likely absorbs less energy than the
have. Earth, and hence habitability requires more greenhousesgas
Certain aspects of each planet will be determined by the rdf€ €Oz or CHy. Therefore a habitable version of this planet has
der spectral energy distribution of the host star. For exanpe t© have a thicker atmosphere than the Earth, and we can assume
“stratosphere” is expected to be isothermal as there iggiegl @ rélatively uniform surface temperature. Another potiilis
ble UV radiation (Segura et al. 2003). On Earth, the UV ligitn “eyeball” world in which the planetis synchronously totg
absorbed by ozone creates a temperature inversion that dejjld ice-covered except for open ocean at the sub-stellat poi
eates the stratosphere. HZ calculations also assume tuioadp (- ierrehumbert 2011). On the other hand, the lower albedo of
planets orbiting cooler stars are lower than the Earth'abee C€ In the IR may make near-global ice coverag@lilt (Joshi
Rayleigh scattering is lessfective for longer wavelengths, ang& Haberle 2012; Shields et al. 2013).
because the peak emission in the stellar spectrum is close toPlanet e receives only a third the radiation the Earth does, a
several HO and CQ absorption bands in the near infraredlies close to the maximum greenhouse limit. We thereforeeixp
Therefore, relative to the Earth’s insolation, the HZ istHar a habitable version of this planet to have2 bars of CQ. The
from the star. In other words, if we placed the Earth in orbjilanet might not be tidally locked, and may have an obliquity
around an M dwarf such that it received the same incidenaradthat evolves significantly due to perturbations from othanp
tion as the modern Earth, the M dwarf planet would be hotter ats. From this perspective planet e might be the most Egkeh-|
it would have a lower albedo. TheftBrent character of the light experiencing a day-night cycle and seasons.

9.5. The Weather Forecast
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Finally planet d is unlikely to be in the habitable zone, but iThe statistical evidence for the 7th candidate (planet tgris
could potentially support sub-surface life. Internal giyegen- tative and requires further Doppler follow-up for confirioat
erated byge.g., radiogenic heat could support liquid water beGregory (2012) proposed a solution for the system with simil
low an ice layer, similar to Europa. Presumably the biolaljjc characteristics to the one we present here but had fundament
generated gases could find their way through the ice and bifferences. In particular, he also identified the first five gfesn
come detectable bio-signatures, but they might be a veryl snsgnals but his six-planet solution also included a candige-
constituent of a large atmosphere, hampering remote d@atectriodicity at 30 days- which would be dynamically unstableda
While its transit probability is rather low~0.5%), its apparent activity was associated to the signal at 53 days withouhéurt
angular separation from the star+4s40 milliarcseconds. This discussion or verification. Theftierence in our conclusions are
value is the baseline inner working angle for the Day&BA due to a slightly dierent choice of priors (especially on the ec-
high-contrast mission being considered by ESA (Cockell.et &entricity), more data was used in our analysis -only HARPS-
2009) so planet d could be a primary target for such a missiorCCF data was used by Gregory (2012)-, and we performed a

more thorough investigation of possible activity-relapesiod-
. . icities.

9.6. Moons in the habitable zone of GJ 667C Numerical integration of orbits compatible with the poiter

In addition to planets, extrasolar moons have been sugtjaste density distributions show that there is a subset of cordiums
hosts for life (Reynolds et al. 1987; Williams et al. 1997A@y that allow long-term stable configurations. Except for plsn
etal. 2011; Heller & Barnes 2013). In order to sustain a subst D and g, the condition of dynamical stability dramaticalfy a
tiaL |0ng_|ived atmosphere under an Earth-like amounteifar fects the distribution of a!lOWEd eccentricities |nd|mlthat_th_e
irradiation (Williams et al. 1997; Kaltenegger 2000), tivdra lower mass planet candidates (c, e, f) must have quasitaircu
magnetic field over billions of years (Tachinami et al. 2Q&Hd Orbits. A system of six planets is rather complex in terms of
to drive tectonic activity, Heller & Barnes (2013) concladat Stabilizing mechanisms and possible mean-motion res@sanc
a satellite in the stellar HZ needs a mas€.25Ms in order to Nonetheless, we identified that the physically allowed cprfi
maintain liquid surface water. rations are those that avoid transient 3:1 MMR between fdane

If potential moons around planets GJ 667Cc, f, or e forméyand g. We also found that the most stable orbital solutioas a
in the circumplanetary disk, then they will be much less rivass Well described by the theory of secular frequencies (Laplac
than the most massive satellites in the Solar System (Canug-gdrange solution). We investigated if the inclusion of eeseth
Ward 2006) and thus not be habitable. However, if one of thoBlnet system was dynamically feasible in the region dssaio
planets is indeed terrestrial then impacts could have edeat PY the Bayesian samplings. It is notable that this prelimina
massive moon as happened on Earth (Cameron & Ward 197ggndidate appears around the center of the region of sfabil
Further possibilities for the formation of massive satediare Additional data should be able to confirm this signal and pro-
summarized in Heller & Barnes (2013, Sect. 2.1). vide detectability for longer period signals. .

As the stellar HZ of GJ 667C is very close to this M dwarf The closgly packed dy_namlcs keeps the eccentricities small
star, moons of planets in the habitable zone would havetlfighPut non-negligible for the lifetime of the system. As a réspib-
eccentric orbits due to stellar perturbations. These peations (ential habitability of the candidates must account foaltidis-
induce tidal heating and they could be strong enough to ptevéiPation éfects among others. Dynamics essentiaffget 1) the
any moon from being habitable (Heller 2012). Moons arour}@t@l energy budget at the surface of the planet (tidal hgati
planet d, which orbits slightly outside the stellar HZ, abaffer 2) Synchronization of the rotation with the orbit (tidal kaeg),

a more benign environment to life than the planet itselfhéyt and 3) _the tlmesca}les for the erosion 'of.thelr obliquitidsege
experience weak tidal heating of, say, a few watts per Squ&h@amlcal constraints, as well as predictions for potdptieab-
meter (see Jupiter's moon lo, Reynolds et al. 1987; Spend@Plé super-Earths around M dwarf stars, suggest thatat le
et al. 2000). threg planet candidates (planets ¢, e and f) could haye nexchai

Unless some of these planets are found to transit, therd'RPitable for the current life-span of the star. Assumingaky
no currently available technique to identify satellitespiing composition, .p'a'.‘et d lies shghtly o_utS|.de the cold edgehef
2009: Kipping et al. 2012). The RV technique is only sensitivSte!lar HZ. Still, given the uncertainties in the planetgraeters
to the combined mass of a planet plus its satellites so it nigh nd in the assumptions in the climatic models, its potehtk

possible that some of the planets could be somewhat lighter— itab[lity_cannot be ruled out (e.g., ocean of liquid wateden
host a massive moon. a thick ice crust, or presence of some strong green-hdiiset e

gas).

One of the main results of the Kepler mission is that high-
multiplicity systems of dynamically-packed super-Eartre
quite common around G and K dwarfs (Fabrycky et al. 2012).
We describe and report the statistical methods and tests u$@e putative existence of these kinds of compact systenusidro
to detect up to seven planet candidates around GJ 667C udifiglwarfs, combined with a closer-in habitable zone, sutgges
Doppler spectroscopy. The detection of the first five plaietsthe existence of a numerous population of planetary systems
very robust and independent of any prior choice. In additin with several potentially-habitable worlds each. GJ 66 7i&é&dy
the first two already reported ones (b and ¢ Anglada-Esdud to be among first of many of such systems that may be discov-
Butler 2012; Delfosse et al. 2012) we show that the third gianered in the coming years.
also proposed in those papers (planet d) is much betteriegpla
by a Keplerian orbit rather than an activity-induced peided Acknowledgementswe acknowledge the constructive discussions with the ref-
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Table A.1. Reference prior probability densities and ranges of thef 1.0 m s and white Gaussian noise of 1 mts We then per-

model parameters. formed the log-L periodogram search on a large number oéthes
datasets (1¥). When the search model was allowed to be a fully
Parameter 7(6) Interval Hyper-parameter ~ Keplerian orbit, the correct solution was only recoveregd® of
_ values the time, and no signals at the right period were spottedaissu
K Uniform [0, Kmax] Kmax=5msT a circular orbit. With aK = 2.0 m s!, the situation improved
w Uniform [0, 21] - and 60% of the orbits were identified in the full Keplerianeas
(li/l “UN.(fO’ e) E)O’2171r oe=03 against 40% of them in the purely circular one. More tests are
0 niform [0, 2r] I illustrated in the left panel of Fig. A.1. When an eccentyiaif
o Uniform [0, Kimaxl * 1o L
; X 0.4 and K=1 m s+ signal was injected, the completeness of the
Y Uniform [~Kmax Kmad * full . : 0
@ Uniform 1,1 ully Keplerlan search mcreased to 91% and the completenes
logP Uniform  [log Po, 10g Pray] Po = 1.0 days of the circular orbit search increased to 80%. Whelk & 2

Pmax = 3000 days M s signal was injected, the orbits were identified-i99% of
the cases. We also obtained a histogram of the semi-amgditud
Notes. * SameKax as for theK parameter in first row. of the false positive detections obtained when no signalinas
jected. The histogram shows that these amplitudes werdesmal
than 1.0 m st with a 99% confidence level (see right panel of
Appendix A: Priors Fig. A.1). This illustrates that statistical tests basedpoint
estimates below the noise level do not produce reliablesasse
The choice of uninformative and adequate priors plays a céfients on the significance of a fully Keplerian signal. Foneegi
tral role in Bayesian statistics. More classic methodshsaE dataset, information based on simulations (e.g., Fig. Arla
weighted least-squares solvers, can be derived from Bages fphysically motivated prior is necessary to correct suclkatin
orem by assuming uniform prior distributions for all free- pabias (Zakamska et al. 2011).
rameters. Using the definition of Eq. 3, one can note thateund  |n summary, while a uniform prior on eccentricity only
coordinate transformations in the parameter space (©@\ge looses a few very eccentric solutions in the low amplitude
from P to P! as the free parameter) the posterior probabiliegime, the rate of false positive detectionsJ0%) is unac-
distribution will change its shape through the Jacobiaemet ceptable. On the other hand, only a small fraction of higluly e
nant of this transformation. This means that the posteri®r dcentric orbits arenissedif the search is done assuming strictly
tributions are substantially fierent under changes of paramecircular orbits. This implies that, for log—likelihood pedogram
terizations and, even in the case of least-square staligtite searches, circular orbits should always be assumed wheshsea
must be very aware of the prior choices made (explicit, or inlng for a new low-amplitude signals and that, when approach-
plicit through the choice of parameterization). This digion jng amplitudes comparable to the measurement uncerintie
is addressed in more detail in Tuomi & Anglada-Escude (2013)ssuming circular orbits is a reasonable strategy to aaa f
For the Doppler data of GJ 667C, our reference prior choicggsitives. In a Bayesian sense, this means that we have to be
are summarized in Table A.1. The basic rationale on each prikery skeptic of highly eccentric orbits when searching figr s
choice can also be found in Tuomi (2012), Anglada-E€c&d nals close to the noise level. The natural way to address this
Tuomi (2012) and Tuomi & Anglada-Escude (2013). The prigfelf-consistently is by imposing a prior on the eccentyititat
choice for the eccentricity can be decisive in detection ek suppresses the likelihood of highly eccentric orbits. Tog-|
signals. Our choice for this prioN(0,c9)) is justified using Likelihood periodograms indicate that the strongest fmissi
statistical, dynamical and population arguments. prior (forcee = 0), already does a very good job so, in general,
any function less informative than a delta functiaife] = 6(0))
and a bit more constraining than a uniform priefd) = 1) can
provide a more optimal compromise between sensitivity aad r
Our first argument is based on statistical consideratiomsite bustness. Our particular functional choice of the priory&an
imize the risk of false positives. That is, sineds a strongly distribution with zero-mean and = 0.3) is based on dynamical
non-linear parameter in the Keplerian model of Doppler aign and population analysis considerations.
(especially ife >0.5), the likelihood function has many local
maxima with high eccentricities. Although such solutiorigim
appear very significant, it can be shown that, when the dsdec
amplitudes approach the uncertainty in the measureméetse t From a physical point of view, we expegipriori that eccentric-
high-eccentricity solutions are mostly spurious. ities closer to zero are more probable than those close tg uni
To illustrate this, we generate simulated sets of obsemati when multiple planets are involved. That is, when one or two
(same observing epochs, no signal, Gaussian white noise ptanets are clearly present (e.g. GJ 667Cb and GJ 667Cc are
jected, 1m st jitter level), and search for the maximum likeli-solidly detected even with a flat prior &, high eccentricities in
hood solution using the log—L periodograms approach (assutine remaining lower amplitude candidates would corresgond
ing a fully Keplerian solution at the period search levele sainstable and therefore physically impossible systems.
Section 4.2). Although no signal is injected, solutionshwét Our prior fore takes this feature into account (reducing the
formal false-alarm probability (FAP) smaller than 1% arerfd likelihood of highly eccentric solutions) but still allovisgh ec-
in 20% of the sample. On the contrary, our log—L periodogranentricities if the data insists so (Tuomi 2012). At the shngp
search for circular orbits found 1.2% of false positivestahang level, the only orbital configurations that we explicitlyriad
the expectations given the imposed 1% threshold. We pedornis that we do not allow solutions with orbital crossings. \&hil
an additional test to assess the impact of the eccentrigiy@gn  a rather weak limitation, this requirement essentially oees
the detection completeness. That is, we injected one Kaplerall extremely eccentric multiplanet solutiores ¥0.8) from our
signal ¢ = 0.8) at the same observing epochs with amplitud@ddCMC samples. This requirement does not, for example, re-

A.1. Eccentricity prior : statistical argument

{\2. Eccentricity prior : dynamical argument
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Fig. A.1. Left panel. Detection completeness as a function of the injected signa adinlly Keplerian search versus a circular orbit search.
Red and blue lines are for an injected eccentricity of 0.8, and the brodipaple ones are for injected signals with eccentricity of 0.4. Black
horizontal lines on the left show the fraction of false-positive detectiatisfging the FAP threshold of 1% using both methods (Keplerian versus
circular). While the completeness is slightly enhanced in the Howegime, the fraction of false positives is unacceptable and, therefare,
implicit assumptions of the method (e.g., uniform prior &rare not correctRight panel. Distribution of semi-amplitudeK for these false
positive detections. Given that the injected noise level is 1.4'ndlsm s nominal uncertainty, 1 m$jitter), it is clear that signals detected with
fully Keplerian log—L periodograms witK below the noise level cannot be trusted.

move orbital configurations with close encounters betwéam-p the relative probabilities of models with= 0, 1, 2, ... rather eas-
ets, and the solutions we receive still have to be analyzadiby ily. The parameter spaces of all models could be sampled with
merical integration to make sure that they correspond tolestaour Markov chains relatively rapidly and the parametershef t
systems. As shown in Section 8, posterior numerical integgra signals converged to the same periodicities and RV amg@ggud
of the samplings illustrate that our prior function waseatll, regardless of the exact initial states of the parameteovgct
rather conservative. Unlike in Anglada-Escué et al. (2012) and Delfosse et al.
(2012), we observed immediately that 2 was not the number
of signals favored by the data. While the obvious signalsat 7.
and 28.1 days were easy to detect using samplings of the param
To investigate how realistic our prior choice is comparetht® eter space, we also quickly discovered a third signal atiager
statistical properties of the known exoplanet populatioms of 91 days. These signals correspond to the planets GJ 667C
obtained the parameters of all planet candidates Wtkini b, ¢, and d of Anglada-Escécet al. (2012) and Delfosse et al.
smaller than 0.1 M, as listed in The Extrasolar Planet{2012), respectively, though the orbital period of compani
Encyclopaedig as at 2012 December 1. We then producedWas found to be 75 days by Anglada-Eseuet al. (2012) and
histogram in eccentricity bins of. D. The obtained distribution 106 days by Delfosse et al. (2012). The periodograms alsw sho
follows very nicely a Gaussian function with zero mean angPnsiderable power at 106 days corresponding to the solutio
oe = 0.2, meaning that our prior choice is more uninformativef Delfosse et al. (2012). Again, it did not provide a solatio
(and therefore, more conservative) than the current Higtn as probable as the signal at 91 days and the inclusion ofrlinea
of detections. This issue is the central topic of Tuomi & Aauts- correlation terms with activity did notfgect its significance (see
Escude (2013), and a more detailed discussion (plus soase ill2lso Sec. 6).
trative plots) can be found in there. We could identify three more signals in the data at 39, 53,
and 260 days with low RV amplitudes of 1.31, 0.96, and 0.97
) ) . ) ms, respectively. The 53-day signal had a strong alias at 62
Appendix B: Detailed Bayesian detection days and so we treated these as alternative models andatattul
seguences their probabilities as well. The inclusion & = 6 andk = 7
. . . : e signals at 260 and 17 days improved the models irrespective o
In this section, we provide a more detailed description ¢écle $1e preferred choice of the period of planet e (see Table. B.1)

tions of seven signals in the combined HARPS-TERRA, PF : ,
and HIRES data. We also show that the same seven signals (W?hassess the robustness of the detection of the 7-th sigaal,
rted alternative chains at random periods. All the chdiat

some small dterences due to aliases) are also detected indepgp- . . ;
dently when using HARPS-CCF velocities instead of HARP ow good signs of convergence (bound period) unequiyocall

TERRA ones. The PFS and HIRES measurements used are a §ﬁf§§éegu%7gga£i;%r ég?elg?ér?i?i?é?ge\}vg'Qgﬁoﬁgéhaeﬁgﬁ'g
those provided in Anglada-Esoaid Butler (2012). Y ’

to planet candidates.

We performed samplings of the parameter space of the model
B.1. HARPS-CCF, PFS and HIRES with k = 8 but could not spot a clear 8-th periodicity. The period
of such 8th signal converged to a broad probability maximem b
Bveen 1200 and 2000 days but the corresponding RV amplitude

A.3. Eccentricity prior : population argument

First, we perform a detailed analysis with the CCF values pr
vided by Delfosse et al. (2012) in combination with the PF& ane .o e a posterior density that did noffielr significantly from
HIRES velocities. When increasing the number of planets, pgs, 1,6 yrobability of the model with= 8 only exceeded the
rameterk, in our statistical model, we were able to determ'nﬁrobability ofk = 7 by a factor of 60

3 http: We therefore conclude that the combined data set with
exoplanet.eu HARPS-CCF RVs was in favor df = 7. The corresponding
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Table B.1.Relative posterior probabilities and log-Bayes factors of moddlsvith k Keplerian signals derived from the combined HARPS-CCF,
HIRES, and PFS RV data on the left and HARPS-TERRA HIRES, PFS onghe FactorA indicates how much the probability increases with
respect to the best model with one less Keplerian sighallenotes the MAP period estimate of the signal added to the solution wheasimge
the numbek. Fork =4, 5, 6, and 7, we denote all the signals on top of the three most signifinastat 7.2, 28, and 91 days because the 53 and
62 day periods are each other’s yearly aliases and the relative sign#ichthese two and the signal with a period of 39 days are rather similar.

HARPS-CCF, PFS, HIRES HARPS-TERRA, PFS, HIRES
K | P(Md) A logPAM) P, [days] P(Mi(d) A logP{dAM)  Ps[days]

0 [ 2.2x10 7 - 629.1 - 2.7x10°% = 602.1 -

1| 24x10%° 1.1x10*  -550.0 7.2 3.4x10%  1.3x10°  -516.0 7.2

2 | 1.3x10%  5.6x10° -526.9 28 1.3x10% 3.9x1012  -486.3 91

3| 87102 6.5¢1CF -503.6 91 8.9x10718  6.7x10Y  -444.5 28

4| 51x10Y  5.910° -494.2 39 15¢104  1.7x10° -436.4 39

4] 1.0x10  1.2¢10° -488.9 53 1.9x10  2.1x10° -436.2 53

4| 2.0x10Y7  2.3x10° -495.2 62 1.2¢10%  1.3x10° -436.7 62

5| 8.0x10° 7.6x10P -474.7 39, 53 1.0x<107  5.5¢10° -420.0 39, 53

5| 5.4x1012 5210 -482.0 39, 62 1.0x10®  5.3x10° -422.3 39, 62

6| 3.4x10%  4.3x10° -463.3 39,53,256 | 4.1x10°%  4.0x10" -408.7 39, 53, 256

6 | 1.3x107 16 -471.2 39, 62,256 | 4.1x10%  4.0x10° -411.0 39, 62, 256

7] 0998 @ 2.x10° -454.6  17,39,53,256 0.057 14 -405.4 17, 39, 53, 256
7 | 1.5x10°° 4.3 -461.2 17,39, 62,256 0.939 230 -402.6 17,39, 62, 256

Table B.2. Seven-Keplerian solution of the combined RVs of GJ 667C with HARPS-G@&& MAP estimates of the parameters and their 99%
BCSs. The corresponding solution derived from HARPS-TERRA da&én in Table 4. Note that each dataset preferdferdint alias for planet
f (53 versus 62 days).

Parameter b h c f
P [days] 7.1998[7.1977,7.2015] 16.955[16.903, 17.011] 128[28.084,28.204] 39.083[38.892, 39.293]
e 0.10[0, 0.25] 0.16 [0, 0.39] 0.02 [0, 0.20] 0.03 [0, 0.18]
K [ms™] 3.90[3.39, 4.37] 0.80[0.20, 1.34] 1.60[1.09, 2.17] 1.817B, 1.85]
w [rad] 0.2 [0, Z] 2.3[0, 21] 2.3[0, 21] 3.6 [0, 21]
Mo [rad] 3.2[0, Z] 6.0 [0, 21] 2.9]0, 21] 2.8 [0, 21]
e d g
P [days] 53.19[52.73, 53.64] 91.45[90.81, 92.23] 256.4 [84865.8]
e 0.13[0, 0.19] 0.12[0, 0.29] 0.18[0, 0.49]
K [ms™] 0.96 [0.48, 1.49] 1.56 [1.11, 2.06] 0.97 [0.41, 1.53]
w [rad] 0.8 [0, ] 3.0 [0, 21] 6.2 [0, 21]
Mo [rad] 5.9[0, Z] 5.4 [0, 2n] 1.0[0, 21]

y1 [ms™I] (HARPS)
v2 [ms™] (HIRES)
ys [ms'] (PFS)

y [ms*ta’]

01 [mS_J'] (HARPS)
T32 [mSﬁl] (HIRES)
o3 [ms™] (PFS)

32.6[-37.3, -28.2]

-33.3[-38.9,, -28.2]
-27.7[-31.0, -24.0]
2.19[1.90, 2.48]
0.80[0.20, 1.29]
2.08[0.54, 4.15]
1.96 [0.00, 4.96]

orbital parameters of these seven Keplerian signals asershmo As for the CCF data, we branched the best fit solution into
Table B.2. Whether there is a weak signal at roughly 1200-206t two preferred periods for the planet e/@3days). The solu-
days or not remains to be seen when future data become av#iln and model probabilities are listed on the right-siddalble
able. The naming of the seven candidate planets (b to hyslloB.1. The only significant dierence compared to the HARPS-
the significance of detection. CCF one is that the 62-day period for planet e is now preferred
Still, the model with 53 days is only seventeen times lesbg@ro

. ble than the one with a 62 days signal, so we cannot confidently
B.2. HARPS-TERRA, PFS and HIRES (reference solution) 16 oyt that the 53 days one is the real one. For simplicity an

The HARPS-TERRA velocities combined with PFS and HIRE® avoid confusion, we use the 62-day signal in our reference
velocities contained the signals of GJ 667C b, ¢, and d ve¥@lution and is the one used to analyze dynamical stabifity a
clearly. We could extract these signals from the data wigeedhabitability for the system. As an additional check, préfiary
and obtained estimates for orbital periods that were ctergis dynamical analysis of solutions with a period of 53 days for
with the estimates obtained using the CCF data in the prepianet e showed very similar behaviour to the referenceisolu
ous subsection. Unlike for the HARPS-CCF data, however, tHeterms of long-term stability (similar fraction of dynacaily

91 day signal was more significantly present in the HARpgt_able orbits and similar distribution fqr tHe chaos |nd|ces_).
TERRA data and it corresponded to the second most signffinally, we made severalferts at sampling the eight-Keplerian
cant periodicity instead of the 28 day one. Also, increasingModel with diferent initial states. As for the CCF data, there are
improved the statistical model significantly and we coulding hints of a signal in the- 2000 day period domain that could not
detect all the additional signals in the RVs. be constrained.
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Appendix C: Further activity-related tests © ] T

) 5 % [ Mode: 1.0938923 W 1.18112676E-02 7]
C.1. Correlated noise o ™ | fﬁ 1'2258;3; ut 1.68123059E—02 |
The possible #ect of correlated noise must be investigated to- g #9 - s 8
gether with the significance of the reported detections @3 S X N ]
581; Baluev 2012; Tuomi & Jenkins 2012). We studied the im- = ' .
pact of correlated noise by adding a first order Moving Averag s, | ]
term (MA(1), see Tuomi et al. 2012) to the model in Eq. 1 = © |- -
and repeated the Bayesian search for all the signals. Tha MA( L i i
model proposed in (Tuomi et al. 2012) contains two free param - .
eters: a characteristic time-scaleand a correlation cdgcient o \
c. Even for the HARPS data set with the greatest number of 0 5
measurements, the characteristic time-scale could nobbe ¢
strained. Similarly, the correlation cieient (see e.g. Tuomi ¢ [m/s/index]

et al. 2013, 2012) had a posteriori density that was nfiesi Fig. C.1. Value of the linear correlation parameter of the S-index)(

_ent from its prior, i_.e. i.t was found to be roughl_y uniform et with the radial velocity data for a model with= 3 Keplerians (detec-
interval [-1,1], which is a natural range for this parametef tion of planet d).

cause it makes the corresponding MA model stationary. While
thek = 7 searches lead to the same seven planet solution, models
containing such noise terms produced lower integratedginibb one semi-amplitud&;, per echelle aperture and all the other pa-
ities, which suggests over-parameterization. When thipéiag, rametersé, w;, Mo; andP;) were common to all apertures. The
one should use the simplest model (principle of parsimong) aresulting statistical model has X3+ 5x k- 1 parameters when
accept that the noise is better explained by the white naise ¢ k Keplerian signals are included and one is investigated (250
ponents only. Finally, very low levels of correlated noisealso free parameters fdk = 7). We started the posterior samplings
consistent with the good match between synthetic and real pén the vicinity of the solutions of interest because seanglihe
odograms of subsamples in Section 7. period space would have been computationally too demanding
Neglecting the searches for periodicities, we could obtela-

_ . . tively well converged samples from the posterior densitiea

C.2. Including activity correlation in the model reasonable time-scale (few days of computer time).

Because the HARPS activity-indices (S-index, FWHM, and The result is the semi-amplitude of each signal measured
BIS) were available, we analyzed the data by taking into aeto &5 & function of wavelength. Plotting tt{sagainst central wave-

possible correlations with any of these indices. We addezkan 1€n9th of each echelle order enabled us to visually assess if
tra component into the statistical model taking into actdim  SI9Nals had strong wavelength dependencies (i.e. whetbes t

ear correlation with each of these parameters@sC) = C z WVere sig_nals only present ina few echglle orders) anq cHeck i
(see Eq. 1), wherg is the any of the three indices at epdgh the obtalned solution was consistent with th_e one denve_nh fr

In Section 6, we found that the log—L of the solution fof'€ cOmbined Doppler measurements. By visual inspectidn an
planet d slightly improved when adding the correlation ter pplying basic statistical tests, we observed that thetescat

The slight improvement of the likelihood is compatible wih the amplitudes for all the candidates was consistent wiliin

consistently positive estimate @f for both FWHM and the S- error bars and no significant systematic trend (e.g. ing1gds

index obtained with the MC samplings (see Fig. C.1, for an evggé\i/am: dtr::eglﬁso?rtgze d;?g/)eévgfnfcimge'gﬁgé(]iﬁe'c'g;?étthe
ample distribution ofCs_ingex as obtained with & = 3 model). 9 P y

While the correlation terms were observed to be mostly pmsitiw'th ;he values in Table 4. We are developing a more quantat
in all cases, the 0 value for the dtieient was always within the version of these tests by studying reported activity-irtlisig-

95% credibility interval. Moreover, we found that the intatgd nals on a larger sample of stars. As examples of low—-amplitud

s length-dependent signals ruled out using similas tast
model probabilities decreased when compared to the motiel wyave i ;
the same number of planets but no correlation term includef]® HARPS wavelength range see : Tuomi et al. (2013) on HD

This means that such models are over-parameterized ame; th 307 (K3V), Anglada-Escud& Butler (2012) on HD 69830

fore, they are penalized by the principle of parsimony. Leg\él)vlaBr\]/c; Reiners et al. (2013) on the very active M dwarf AD

C.3. Wavelength dependence of the signals

Stellar activity might cause spurious Doppler variabilityat

is wavelength dependent (e.g., cool spots). Using the HARPS
TERRA software on the HARPS spectra only, we extracted one
time-series for each echelle aperture (72 of them). Thisgs®
results isNgps = 72 x 173 = 12456 almost independent RV
measurements with corresponding uncertainties. Exceptie
ibration related systematidtfects (unknown at this level of pre-
cision), each echelle aperture can be treated as an indemtend
instrument. Therefore, the reference velocitigand jitter terms

o of each aperture were considered as free parameters. To as-
sess the wavelength dependence of each signal, the Kepleria
model of the i-th planet (one planet at a time) also contained

25
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Table C.2. HARPS-TERRA Doppler measurements of GJ 667C. Measuremenis &ne barycenter of the Solar System and corrected for
perspective acceleration. The median has been velocity has beesxcsedbfior cosmetic purposes. Nominal uncertainties in FWHM and BIS are
2.0 and 2.35 times the correspondings (see Section 4.5 in Zechmeister et al. 2013). No consistent CCF reeasnuitr could be obtained for
the last two spectra because of conflicting HARPS-DRS software veréitifferent binary masks) used to produce them. Except for those two
spectra and according to the ESO archive documentation, all CCF raeesus were generated using the default M2 binary mask.
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BJD RVIERRA O TERRA RV et O ccf FWHM BIS S-index TJs
(days) (ms') (ms') (ms') (ms!) (kms') (ms') () =)
2453158.764366 -3.10 0.95 -3.11 1.05 3.0514 -7.93 0.46670096.
2453201.586794 -11.88 1.25 -11.8 1.09 3.0666 -9.61 0.4119007@
2453511.798846 -7.61 0.89 -9.22 1.07 3.0742 -7.42 0.59150088.
2453520.781048 -3.92 1.17 -0.37 1.23 3.0701 -11.99 0.4547008Q
2453783.863348 0.25 0.61 0.34 0.65 3.0743 -13.31 0.4245 058.0
2453810.852282 -3.48 0.55 -3.00 0.54 3.0689 -10.62  0.42330044
2453811.891816 2.20 1.08 0.24 1.02 3.0700 -9.37 0.4221 66.00
2453812.865858 -0.34 0.71 -0.56 0.72 3.0716 -9.78 0.4125005@.
2453814.849082 -10.16 0.49 -10.06 0.47 3.0697 -10.63 8.484.0042
2453816.857459 -9.15 0.52 -9.89 0.65 3.0698 -12.20  0.4205005Q
2453830.860468 -6.96 0.56 -7.29 0.59 3.0694 -11.59 0.4729005Q
2453832.903068 -0.49 0.64 -0.35 0.68 3.0706 -13.33  0.49300058
2453834.884977 -1.50 0.72 -1.68 0.57 3.0734 -8.20 0.44560040.
2453836.887788 -6.99 0.48 -6.24 0.48 3.0723 -8.27 0.48640044.
2453861.796371 6.38 0.59 7.84 0.59 3.0780 -11.47 0.6347 060.0
2453862.772051 6.69 0.76 8.00 0.74 3.0768 -12.54  0.5534 068.0
2453863.797178 4.57 0.59 4.58 0.56 3.0759 -10.71 0.4891 050.0
2453864.753954 121 0.68 2.52 0.65 3.0783 -9.21 0.4854 58B.00
2453865.785606 -1.85 0.61 -2.55 0.55 3.0752 -7.73 0.48150050.
2453866.743120 -1.36 0.58 -2.32 0.49 3.0770 -7.49 0.52770048.
2453867.835652 -0.48 0.66 -0.05 0.64 3.0816 -10.55 0.47080056
2453868.813512 2.34 0.56 0.62 0.61 3.0754 -10.01  0.4641 058.0
2453869.789495 3.85 0.63 4.73 0.65 3.0795 -12.71 0.4837 058.0
2453870.810097 2.37 0.88 2.82 0.81 3.0813 -10.48  0.4567 06R.0
2453871.815952 -1.11 0.61 -3.03 0.81 3.0790 -9.16 0.52440068.
2453882.732970 -2.96 0.52 -4.17 0.51 3.0795 -8.09 0.51210044@.
2453886.703550 -4.54 0.58 -3.78 0.48 3.0757 -10.11  0.4607004Q
2453887.773514 -5.97 0.48 -3.98 0.44 3.0700 -10.94 0.44900040
2453917.737524 -4.12 0.88 -2.44 1.14 3.0666 -10.91 0.5176008@
2453919.712544 0.98 0.99 0.69 1.17 3.0774 -8.01 0.4324 78.00
2453921.615825 -1.67 0.49 -1.24 0.51 3.0671 -9.87 0.43050048.
2453944.566259 -2.02 0.98 -2.16 1.00 3.0776 -9.25 0.61430070.
2453947.578821 3.89 1.68 5.83 2.43 3.0806 -8.54 0.7079 38.01
2453950.601834 -1.01 0.89 1.65 0.92 3.0780 -11.80 0.56120070.
2453976.497106 2.40 0.61 3.52 0.60 3.0791 -12.74  0.5365 058.0
2453979.594316 -2.67 0.95 -0.48 1.19 3.0776 -9.20 0.5517009Q.
2453981.555311 -4.77 0.64 -4.29 0.57 3.0749 -13.12  0.53390056
2453982.526504 -4.36 0.81 -2.88 0.69 3.0717 -11.84 0.49530060
2454167.866839 -1.87 0.62 -2.51 0.61 3.0798 -10.14  0.51410058
2454169.864835 -0.10 0.59 -0.04 0.63 3.0793 -11.94 0.4729005Q
2454171.876906 5.17 0.71 6.08 0.58 3.0744 -7.24 0.4893 50.00
2454173.856452 -1.18 0.83 -1.44 0.61 3.0746 -10.33 0.4809005Q
2454194.847290 1.27 0.59 0.85 0.69 3.0756 -8.43 0.4586 58.00
2454196.819157 -3.57 0.79 -3.06 0.79 3.0759 -12.33 0.48090060
2454197.797125 -3.83 0.86 -4.71 0.97 3.0726 -9.12 0.45840060.
2454198.803823 -4.06 0.76 -4.99 0.79 3.0708 -9.33 0.56850068.
2454199.854238 0.18 0.55 0.97 0.51 3.0714 -10.66  0.4652 048.0
2454200.815699 1.30 0.60 2.55 0.57 3.0708 -10.26 0.4468 040.0
2454201.918397 0.54 0.79 231 0.63 3.0681 -11.27  0.4690 056.0
2454202.802697 -2.96 0.69 -3.23 0.66 3.0696 -8.49 0.49540056.
2454227.831743 -1.26 0.84 0.47 0.95 3.0619 -9.96 0.4819 070.0
2454228.805860 3.35 0.68 5.19 0.65 3.0651 -15.03 0.4603 058.0
2454229.773888 7.44 1.29 7.23 1.28 3.0708 -6.34 0.5213 8R.00
2454230.845843 151 0.58 1.97 0.62 3.0631 -8.92 0.4409 58.00
2454231.801726 -0.57 0.62 -1.15 0.55 3.0704 -8.86 0.59930056.
2454232.721251 -0.63 1.15 -2.17 1.41 3.0719 -9.70 0.37370076.
2454233.910349 -1.27 1.29 -2.10 1.68 3.0687 -12.12  0.5629011Q
2454234.790981 -1.89 0.74 -1.48 0.66 3.0672 -8.39 1.2169009G.
2454253.728334 0.99 0.79 1.65 0.84 3.0773 -10.30  0.4509 06R.0
2454254.755898 -2.64 0.54 -3.25 0.52 3.0779 -7.99 0.44260046.
2454255.709350 -2.92 0.74 -2.83 0.72 3.0775 -7.36 0.48290059.




Guillem Anglada-Escuglet al.: Three HZ super-Earths in a seven-planet system

Table C.2.continued.

BJD RVIERRA O TERRA RV et O ccf FWHM BIS S-index TJs
(days) (ms') (ms') (ms') (ms') (kms') (ms?') (&) @)
2454256.697674 -0.21 0.97 -0.45 0.84 3.0775 -9.19 0.46080068.
2454257.704446 2.93 0.66 2.39 0.70 3.0766 -11.09 0.4549 058.0
2454258.698322 4.19 0.83 5.19 0.63 3.0799 -9.57 0.4760 5R.00
2454291.675565 -5.58 1.16 -4.45 1.35 3.0802 -9.95 0.42980086.
2454292.655662 -4.37 0.75 -1.25 0.76 3.0820 -11.83 0.44870056
2454293.708786 0.89 0.63 2.84 0.59 3.0732 -11.52 0.5344 056.0
2454295.628628 3.05 0.92 3.67 1.03 3.0786 -6.85 0.4975 7R.00
2454296.670395 -4.68 0.75 -3.99 0.74 3.0703 -7.79 0.54530060.
2454297.631678 -5.53 0.63 -4.81 0.55 3.0725 -10.38 0.521200586
2454298.654206 -5.39 0.67 -6.73 0.71 3.0743 -5.18 0.57180066.
2454299.678909 -1.46 0.85 -2.26 0.92 3.0785 -6.46 0.52990070.
2454300.764649 0.14 0.74 -0.07 0.63 3.0693 -12.07 0.48030050@.
2454314.691809 -0.53 1.88 -2.89 2.22 3.0756 -12.48 0.3823010Q
2454315.637551 341 1.12 2.31 1.47 3.0701 -10.42 0.4835 090.0
2454316.554926 5.78 0.96 6.61 1.12 3.0746 -6.02 0.4402 69.00
2454319.604048 -6.64 0.79 -7.01 0.59 3.0694 -7.54 0.4643005Q.
2454320.616852 -5.58 0.65 -6.49 0.69 3.0698 -3.94 0.46110050.
2454340.596942 -1.52 0.60 -0.55 0.55 3.0691 -10.11 0.44800048
2454342.531820 -2.39 0.66 -1.74 0.54 3.0667 -9.95 0.45730048.
2454343.530662 0.55 0.64 1.39 0.61 3.0669 -7.25 0.4900 58.00
2454346.551084 -0.17 1.01 -0.82 1.14 3.0677 -5.48 0.56280086.
2454349.569500 -5.24 0.65 -4.02 0.77 3.0658 -11.12 0.380920058
2454522.886464 -1.68 0.70 -1.11 0.61 3.0688 -9.85 0.55820056.
2454524.883089 4.38 0.69 3.05 0.69 3.0668 -8.66 0.4779 50.00
2454525.892144 1.96 0.72 0.69 0.58 3.0692 -8.77 0.4202 4©.00
2454526.871196 -1.08 0.54 0.30 0.52 3.0717 -9.58 0.4898 046.0
2454527.897962 -2.69 0.64 -3.31 0.65 3.0689 -8.46 0.4406005Q.
2454528.903672 -2.80 0.71 -5.04 0.74 3.0679 -8.40 0.46660058.
2454529.869217 0.48 0.63 -0.10 0.62 3.0664 -8.23 0.4255 050.0
2454530.878876 1.40 0.68 1.38 0.53 3.0667 -7.31 0.4331 48.00
2454550.901932 -6.95 0.70 -6.46 0.58 3.0680 -5.44 0.4330004a.
2454551.868783 -3.73 0.65 -3.44 0.53 3.0654 -7.36 0.42870046.
2454552.880221 0.24 0.59 -0.25 0.50 3.0665 -9.12 0.4342 040.0
2454554.846366 2.14 0.57 1.73 0.68 3.0699 -5.49 0.4116 5R.00
2454555.870790 -2.84 0.58 -2.26 0.58 3.0663 -7.66 0.47040050.
2454556.838936 -4.14 0.59 -3.47 0.51 3.0686 -11.20 0.4261004G
2454557.804592 -4.56 0.66 -4.37 0.60 3.0650 -8.87 0.43060040.
2454562.905075 0.67 0.70 0.80 0.57 3.0668 -7.11 0.4709 50.00
2454563.898808 -1.37 0.71 -1.39 0.53 3.0656 -11.93 0.41270046
2454564.895759 -2.63 0.85 -2.82 0.71 3.0680 -8.67 0.50680060Q.
2454568.891702 3.27 0.87 4.85 1.02 3.0735 -11.20 0.4682 069.0
2454569.881078 -0.46 0.83 0.46 0.78 3.0720 -16.02 0.493900640.
2454570.870766 -1.70 0.72 -1.21 0.88 3.0715 -10.68 0.460600606
2454583.933324 0.44 1.00 1.56 1.11 3.0711 -17.51 0.5177 080.0
2454587.919825 -0.50 0.90 -1.42 1.10 3.0824 -7.86 0.46020078.
2454588.909632 4.05 0.98 3.18 1.05 3.0828 -6.95 0.5501 80.00
2454590.901964 4.22 0.93 4.19 0.93 3.0758 -9.05 0.4707 78.00
2454591.900611 1.69 0.91 -1.27 0.96 3.0753 -7.39 0.5139 078.0
2454592.897751 -2.50 0.68 -2.50 0.63 3.0757 -8.84 0.47410050.
2454593.919961 -2.30 0.74 -2.58 0.65 3.0680 -12.41 0.503900646
2454610.878230 9.08 0.88 10.36 0.95 3.0671 -9.46 0.4037 069.0
2454611.856581 5.49 0.56 6.40 0.54 3.0650 -8.37 0.4296 50.00
2454616.841719 4.81 0.91 5.15 0.88 3.0713 -8.09 0.3999 68.00
2454617.806576 8.12 0.93 7.30 1.33 3.0753 -14.38 0.4948 086.0
2454618.664475 10.67 1.76 7.01 2.51 3.0854 -7.21 0.6755 138.0
2454639.867730 3.14 1.06 4.26 1.10 3.0588 -8.27 0.4083 88.00
2454640.723804 5.06 0.64 7.07 0.66 3.0705 -13.61 0.4387 058.0
2454642.676950 -0.81 0.47 1.56 0.61 3.0704 -10.27 0.47200058.
2454643.686130 -2.06 0.72 -4.52 0.76 3.0709 -9.26 0.48090064.
2454644.732044 -1.19 0.46 -1.85 0.56 3.0680 -8.64 0.5097005@.
2454646.639658 5.74 1.11 5.01 0.95 3.0737 -10.14 0.4316 066.0
2454647.630210 5.37 0.68 3.28 0.72 3.0693 -6.35 0.4938 6R.00
2454648.657090 2.58 0.92 0.96 0.94 3.0720 -8.85 0.4597 68.00
2454658.650838 -4.20 0.97 -3.30 0.88 3.0714 -13.06 0.41930066
2454660.650214 -0.82 1.13 -0.40 1.06 3.0728 -10.20 0.4224007a
2454661.760056 1.72 0.73 1.76 0.84 3.0737 -11.56 0.4238 068.0
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Table C.2.continued.
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BJD RVIERRA O TERRA RV et O ccf FWHM BIS S-index TJs
(days) (ms') (ms') (ms') (ms') (kms') (ms?') (&) (@)
2454662.664144 3.30 0.72 2.58 0.97 3.0713 -8.43 0.4675 70.00
2454663.784376 -1.92 0.93 -1.14 0.78 3.0643 -11.52 0.3811006Q
2454664.766558 -1.00 1.51 0.0 1.85 3.0765 -9.85 0.4702 06.01
2454665.774513 -1.88 0.87 -2.51 0.85 3.0695 -9.89 0.418300686.
2454666.683607 -0.37 0.87 0.36 0.79 3.0717 -9.64 0.4098 060.0
2454674.576462 4.82 1.01 6.41 1.39 3.0901 -6.38 0.4226 88.00
2454677.663487 7.37 1.78 8.63 3.11 3.1226 -4.66 0.4452 10.01
2454679.572671 2.94 1.26 -1.23 1.48 3.0822 -5.41 0.5622 108.0
2454681.573996 2.51 0.89 2.86 1.10 3.0780 -6.26 0.4443 78.00
2454701.523392 -0.50 0.68 -0.28 0.67 3.0719 -4.48 0.51410058.
2454708.564794 -0.12 0.86 -0.67 0.79 3.0803 -12.80 0.5160006Q
2454733.487290 8.06 351 10.75 3.89 3.0734 -3.79 0.5017 146.0
2454735.499425 0.00 1.04 -2.22 1.19 3.0720 -11.44 0.4337007Q.
2454736.550865 -3.28 0.91 -4.99 1.05 3.0671 -8.70 0.46470076.
2454746.485935 -4.49 0.58 -5.00 0.53 3.0611 -13.01 0.42590046
2454992.721062 6.84 0.79 7.80 0.65 3.0748 -10.71 0.4826 058.0
2455053.694541 -3.20 0.84 -3.32 1.09 3.0741 -11.73 0.44270078
2455276.882590 0.27 0.74 1.86 0.77 3.0732 -11.03 0.4699 060.0
2455278.827303 1.84 0.92 1.02 0.85 3.0760 -8.41 0.5883 78.00
2455280.854800 5.26 0.76 4.41 0.87 3.0793 -12.50 0.4817 068.0
2455283.868014 -0.69 0.68 -0.09 0.61 3.0793 -8.23 0.5411005@.
2455287.860052 4.99 0.72 5.42 0.64 3.0779 -11.76 0.5366 056.0
2455294.882720 8.56 0.69 6.81 0.58 3.0775 -8.71 0.5201 50.00
2455295.754277 10.15 1.06 8.21 0.98 3.0743 -8.94 0.5805 076.0
2455297.805750 4.95 0.64 3.95 0.70 3.0779 -10.19 0.4614 050.0
2455298.813775 2.52 0.75 2.95 0.67 3.0807 -7.72 0.5828 60.00
2455299.785905 3.74 1.60 4.62 2.19 3.0793 -10.36 0.4187 106.0
2455300.876852 5.07 0.60 5.78 0.75 3.0792 -9.53 0.5104 60.00
2455301.896438 9.54 0.99 8.40 1.32 3.0774 -12.07 0.4395 088.0
2455323.705436 8.56 0.86 8.82 0.78 3.0702 -7.78 0.4349 60.00
2455326.717047 2.17 1.05 0.67 1.27 3.0649 -9.48 0.5955 08.01
2455328.702599 1.56 1.02 1.83 1.01 3.0658 -8.48 0.5077 89.00
2455335.651717 1.01 0.92 3.02 1.22 3.0593 -10.79 0.4685 090.0
2455337.704618 7.58 1.03 6.13 1.24 3.0725 -11.55 0.4859 090.0
2455338.649293 13.01 1.97 12.32 2.54 3.0687 -5.74 0.4969138.
2455339.713716 6.70 1.03 5.13 1.57 3.0700 -11.07 0.4760 090.0
2455341.789626 -0.40 0.63 0.01 0.71 3.0812 -11.27 0.49160060Q.
2455342.720036 4.80 0.91 5.68 1.13 3.0718 -7.25 0.4674 76.00
2455349.682257 6.55 0.78 4.00 0.97 3.0685 -4.609 0.4787 078.0
2455352.601155 12.92 1.11 14.24 1.35 3.0700 -7.48 0.45300098.
2455354.642822 7.52 0.60 8.38 0.65 3.0663 -10.63 0.4347 050.0
2455355.576777 6.41 0.97 4.76 0.96 3.0681 -9.41 0.4278 78.00
2455358.754723 8.54 1.17 10.00 1.30 3.0619 -11.04 0.35270096.
2455359.599377 6.89 0.90 6.90 0.97 3.0724 -11.39 0.3649 070.0
2455993.879754 12.28 1.04 - - - - 0.5179 0.0086
2455994.848576 15.43 1.30 - - - — 0.6712 0.0120




