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ABSTRACT

Context. The K2.5 dwarf HD 40307 has been reported to host three super-Earths. The system lacks massive planets and is therefore
a potential candidate for having additional low-mass planetary companions.

Aims. We re-derive Doppler measurements from public HARPS spectra of HD 40307 to confirm the significance of the reported
signals using independent data analysis methods. We also investigate these measurements for additional low-amplitude signals.
Methods. We used Bayesian analysis of our radial velocities to estimate the probability densiti@edrdimodel parameters. We

also estimated the relative probabilities of models witffieding numbers of Keplerian signals and verified their significance using
periodogram analyses. We investigated the relation of the detected signals with the chromospheric emission of the star. As previously
reported for other objects, we found that radial velocity signals correlated with the S-index are strongly wavelength dependent.
Results. We identify two additional clear signals with periods of 34 and 51 days, both corresponding to planet candidates with
minimum masses a few times that of the Earth. An additional sixth candidate is initially found at a period of 320 days. However, this
signal correlates strongly with the chromospheric emission from the star and is also strongly wavelength dependent. When analysing
the red half of the spectra only, the five putative planetary signals are recovered together with a very significant periodicity at about 200
days. This signal has a similar amplitude as the other new signals reported in the current work and corresponds to a planet candidate
with M sini ~ 7 Mg (HD 40307 g).

Conclusions. We show that Doppler measurements can be filtered for activity-induced signals if enough photons ficieat su
wavelength interval are available. If the signal corresponding to HD 40307 g is a genuine Doppler signal of planetary origin, this
candidate planet might be capable of supporting liquid water on its surface according to the current definition of the liquid water
habitable zone around a star and is not likely téiesufrom tidal locking. Also, at an angular separation~ofi6 mas, HD 40307 g

would be a primary target for a future space-based direct-imaging mission.

Key words. Methods: Statistical, Numerical — Techniques: Radial velocities — Stars: Individual: HD 40307

1. Introduction that are still stable in long-term, e.g. a possibility of having ten
. . _planets with masses of 17 Mwithin a distance of 0.26 AU on

Current high-precision  spectrographs, such as the H'E{bble orbits (Funk et al., 2010). However, the physical nature of
Accuracy Radial Velocity Planet Searcher (HARPSjese companions as scaled-Up versions of the Earths is not en-
Mayoretal, 12003) and the High Resolution Echellgiely ciear (Barnes et al., 2009a). Their masses, between those
Spectrograph (HIRES; Vogtetial, 1994), enable detectiogseah and Neptune, suggest they are Neptune-like proto-gas
of low-mass planets orbiting nearby stars. During recent yeag;/?nts that could not accumulate enough gas before it was blown
radial velocity (RV) planet searches have revealed seve ay by the newly born star. On the other hand, recent tran-
systems of super-Earths god Neptune-mass planets aroundi ohservations of hot super-Earths around bright nearby stars
nearby stars (e.g. Mayor etal., 2009a.b;_Lovis etlal.. 2013ggqer et al.; 2009; Batalha et al., 2011; Winn et al., 2011) indi-
Pepe et all, 2011 Tuoni, 2012). B cate that a good fraction of these hot super-Earth mass objects

The system of three super-Earths orbiting HD 40307 has &in have rocky compositions.
ceived much attention because the planets appear in dynamically
packed orbits close to mean motion resonances (Mayor et al., In this article we re-analyse the 345 HARPS spectra publicly
20094). This has been used as an argument to suggest that kailable through the ESO archive using a newly developed soft-
mass planets may be found in highly compact multiple systemyare tool called HARPS-TERRA (template-enhanced radial ve-
locity re-analysis application; Anglada-Escudé & Butler, 2012).
* e-mail: mikko. tuomi@utu.fi; m.tuomiGherts.ac.uk Instead of the classic cross-correlation function method (CCF)
** e-mail:guillem.anglada@gmail.com implemented by the standard HARPS-ESO data reduction soft-
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ware (HARPS-DRS), we derive Doppler measurements by leasable 1. Stellar properties of HD 40307.
squares matching of each observed spectrum to a high signal-to-
noise ratio template built from the same observations. A descrip-

tion of the method and the implementation details are given in Parameter Estimate Reference
Anglada-Escudé & Butler (2012). In addition to an increase in Spectral Type K25V _Gray et al. (2006)
precision (especially for K and M dwarfs), this method allows us logRy,, -4.99  Mayor et al. (2009a)
to perform additional analyses and tests beyond those enabled by ~ 7 [mas] 77.980.53  van Leeuwen (2007)

: log Lgtar/L -0.639:0.060 Ghezzi et al. (2010)
the CCF data products provided by the HARPS-DRS. As an ex- tar/ -0
ample, it allows us to re-obtain the RV measurements using only log g 4.47:0.16  Sousa etal. (2008)

a restricted wavelength range. As we show in Se¢flon 5, this ca- -'\rA STa[’,Q}A J 04797562'23 gﬁ:iggtz‘l[ ((22%01?)
pability can be instrumental in ruling out the planetary nature of [F%H] .0.31:0.03 Sousaetal. (2008)
prominent signals correlated with stellar activity. vsini [kms] <1 Mayor etal. (2009a)

We rely on the Bayesian framework when estimating the or- Prot [days] ~48 Mayor et al. (2009a)
bital parameters supported by the data, determining the signifi-  Age [Gyr] ~4.5 Barnes (2007)

cances of the signals, and the modelling of the noise in the mea-
surements. In previous studies, radial velocities received within
an interval of an hour or so have been commonly binned together
in an attempt to reduce the noise caused by stellar- surfa®t surveys aiming at finding low-mass planets. According to
related éects, i.e. stellar oscillations and granulation, and oth#re calibration of Barnes (2007), HD 40307 likely has an age
factors within this timescale (Dumusque et al., 2010). In prisimilar to that of the Sun~(4.5 Gyr).
ciple, this would enable the detections of planets smaller than
roughly 5 M, with HARPS over a variety of orbital distances, .
even at or near the stellar habitable zdne (Dumusque et all, 2030>tatistical analyses
2011a). In our approach, and instead of binning, we apply a sedf1  statistical models
consistent scheme to account for and quantify correlated noise
in the Bayesian framework and use Bayesian model probablfe modelled the HARPS RVs using a statistical model with a
ties to show that a solution containing up to six planets is cleaffjoving average (MA) term and two additional Gaussian white
favoured by the data, especially when the redmost part of theise components consisting of two independent random vari-
stellar spectrum is used in the RV analysis. Only the confluengeles.
of refinements in these data analysis methods (re-analysis of theThe choice of an MA approach instead of binning is based on
spectra and Bayesian inference) allows the detection and veiffie results of Tuomi et al. (2012b) and accounts for the fact that
cation of these low-amplitude signals. uncertainties of subsequent measurements likely correlate with

We start with a brief description of the stellar properties ¢ine another at time-scales of an hour in an unknown manner. We
HD 40307 (Section 2) and describe the statistical modellidighit our analysis to MA models of third order (MA(3) models)
of the observations and the data analysis techniques we ubegause higher order choices did not improve the noise model
(Section 3). In Section 4 we describe the properties of the Rignificantly. Hfectively, the MA(3) component in our noise
measurements and perform a detailed Bayesian analysis thagel corresponds to binning. However, unlike when binning
identifies up to three new candidate signals. We discuss the sfegasurements and artificially decreasing the size of the data set,
lar activity indicators and their possible correlations with the Rthis approach better preserves information on possible signals in
signals in Section 5. In this same section, we find that one of tH& data. The two Gaussian components of the noise model are
candidates is spuriously induced by stellar activity by showiﬁbe estimated instrument noise with zero-mean and known vari-
that the corresponding periodic signal4B20 days) is strongly ance (nominal uncertainties in the RVs) and another with zero-
wavelength dependent. When the RVs obtained on the redm@&@n but unknown variance corresponding to all excess noise in
part of the spectrum are analysed (Section 6), the 320-day sigit@ data. The latter contains the white noise component of the
is replaced by a signal of a super-Earth-mass candidate witBtallar surface, usually referred to as stellar “jitter”, and any ad-
200-day period with a minimum mass of abeu?Ms, orbiting  ditional instrumental systematidfects not accounted for in the
within the liquid water habitable zone of HD 40307. The anaRominal uncertainties. Keplerian signals and white noise com-
ysis of the dynamical stability of the system (Section 7) shov®nent were modelled aslin Tuomi et al. (2011).
that stable solutions compatible with the data are feasible and theIn mathematical terms, an MAJ model is implemented on
potential habitability of the candidate at 200 days (HD 40307 g)easurementy as
is discussed in Section 8. We give some concluding remarks and p
discuss the prospects of future work in Section 9. m = ret) +y + 6 + ¢j[m7j —retio) - y] exp(ti,,— _ ti), 1)

=1

2. Stellar properties of HD 40307 wherer(t;) is the superposition d Keplerian signals at epoch
We list the basic stellar properties of HD 40307 in TdBle 1. This and y is the reference velocity. The random varialeleis
K2.5 V star is a nearby dwarf with a Hipparcos parallax of 77.99e Gaussian white noise component of the noise model with
+ 0.53 mas, which implies a distance of 12.83.09 pc. It is zero-mean and variane€ = o + o, whereo? is the (fixed)
somewhat smaller (M= 0.77 + 0.05 Mg; |Sousa et all, 2008) nominal uncertainty of théh measurements amiﬁ is a free
and less luminous (logda/Ls = —0.639+ 0.060; Ghezzi et al., parameter describing the magnitude of the jitter component.
2010) than the Sun. The star is quiescent Rag < —4.99; Finally, the free parameters of the Mg)(model are denoted as
Mayor et al., 2009a) and relatively metal-poor with fHe= - ¢;, j = 1,..., p—they describe the amount of correlation between
0.31+0.03 (Sousa et al., 2008). It also lacks massive planetdhe noise of théth andi — jth measurements. The exponential
companions, which makes it an ideal target for high-precisiderm in Equation[{{l) ensures that correlations in the noise are
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modelled on the correct time-scale. Specifically, using hours asles them if they explain the data better than lower anes (Tuomi,
units of time, the exponential term (that is alwaysl because 2012 Tuomi et &l., 2012a).
ti > ti_j) vanishes in few hours. For the MA componentg;, we selected uniform priors as

To demonstrate the impact of binning on this data set(¢;) = U(-1,1), forall j = 1,2,3. This choice was made to
Section[4.1l shows the analyses of binned RVs with the coensure thatthe MA model was stationary, i.e. time-shift invariant
mon assumption that the excess noise is purely Gaussian. Fha condition that is satisfied exactly when the values are in the
corresponds to using the nightly average as the individual Rvterval [-1, 1].
measurements and setting= 0 for all j in Eq. (3). Finally, we did not use equal prior probabilities for the mod-
els with difering numbers of Keplerian signals. Instead, follow-
ing [Tuomi (2012), we set them &(My) = 2P(My,1), which
means that the model withKeplerian signals was always twice
To estimate the model parameters and, especially, their @$ probable prior to the analyses than the model With 1
certainties as reliably as possible, we drew random Sampﬁ@pbl’ian signals. While this choice makes our results more ro-
from the parameter posterior densities using posterior saBtist in the sense that a posterior probability that exceeds our
pling algorithms. We used the adaptive Metropolis algorithietection threshold is actually already underestimated with re-
of Haario et al. [(2001) because it can be used to receive Fpect to equal prior probabilities, there is a physical motivation
bust samples from the posterior density of the parameter vé@s-well. We expect that the dynamical interactions of planets in
tor when applied to models with multiple Keplerian signals (e.gny given system make the existence of an additional planet less
Tuomi et al., 2011} Tuoml(, 2012). This algorithm is simply @robable because there are fewer dynamically stable orbits. This
modified version of the famous Metropolis-Hastings Marko@lso justifies the qualitative form of our prior probabilities for
chain Monte Carlo (MCMC) algorithm (Metropolis et al., 1953the eccentricities.

Hastings| 1970), which adapts the proposal density to the infor- Our criterion for a positive detection éfKeplerian signals
mation gathered from the posterior density. We performed sai®-as follows. First, we require that the posterior probability of
plings of models wittk = 0, 1, ...7 Keplerian signals. a k-Keplerian model is at least 150 times greater than that of

The samples from the posterior densities were then usedhgk — 1-Keplerian model (Kass & Raftery, 1995; Tuomi, 2011,
perform comparisons of theftirent models. We used the one2012; Tuomi et all, 2011; Feroz et al., 2011). Second, we require
block Metropolis-Hastings (OBMH) method (Chib & Jeliazkovthat the radial velocity amplitudes of all signals are statistically
2001]Clyde et all, 2007) to calculate the relative posterior progignificantly diferent from zero. Third, we also require that the
abilities of models with dfering numbers of Keplerian sig- periods of all signals are well-constrained from above and below.
nals (e.gl Tuomi & Kotiranta, 2009; Tuomi, 2011; Tuomi €t al.These criteria were also applied.in Tuomi (2012).

20171 Tuomil 2012). We performed several samplings using dif- We describe the parameter posterior densities using three
ferent initial values of the parameter vector and calculated tAgmbers, namely, the maximuenposteriori (MAP) estimate
means and the corresponding deviations as measures of unaeg the limits of the corresponding 99% Bayesian credibility sets
tainties of our Bayesian evidence numbB(siMy), wherem (BCSs) or intervals in one dimension (e.g. Tuomi & Kotiranta,
is the measurement vector amdy denotes the model witk 2009).

Keplerian signals.

The prior probability densities in our analyses were esseg
tially uniform densities. As in_Tuorni (2012), we adopted the’
priors of the RV amplituder(K;) = U(0, ary), reference veloc- As is traditionally the case when searching for periodic signals
ity n(y) = U(-arv, arv), and jittern(o;) = U(0, ary), Where intime series, we used least-squares periodograms (L.omb, 1976;
U(a, b) denotes a uniform density in the interva) p]. Since the [Scargle, 1982) to probe the next most significant periods left in
observed peak-to-peakfiirence in the raw RVs is lower thanthe data. In particular, we used the least-squares periodograms
10 m s, the hyperparametag, was conservatively selected todescribed in Cumming (2004), which adjust for a sine wave and
have a value of 20 m8. The priors of the longitude of peri- an dfset at each test period and plot each test period against the
centre () and the mean anomalyp) were set toU(0, 2r), F-ratio statistic (or power) of the fit. While strong powers likely
in accordance with the choice of Ford & Gregory (2007) aniddicate the existence of a periodic signal (though strong powers
Tuomi (2012). We used the logarithm of the orbital period asay be caused by sampling-related features in the data as well),
a parameter of our model because, unlike the period as suclthé lack of them does not necessarily mean that there are no sig-
is a scale-invariant parameter. The prior of this parameter waificant periodicities left (e.d. Tuoimi, 2012). This is especially
set uniform such that the two cuff@eriodicities werd j, and so in multi-Keplerian fits due to strong correlations and aliases
Tmax- These hyperparameters were selectetigs = 1.0 days between clearly detected signals and yet-undetected lower am-
and Trax = 10Tgys because we did not expect to find signalplitude companions (e.g. Anglada-Escudé, et al., 2010). The rea-
with periods less than 1 day. Also, we did not limit the periodon is that residuals must necessarily be calculated with respect
space to the length of the baseline of the HARPS time seriesa model that is assumed to be correct, which is clearly not the
(Tabs), because signals in excess of that can be detected in 86e when adding additional degrees of freedom, i.e. additional
data(Tuomi et &ll, 2009) and because there might be long-perpdnetary signals, to the model. Therefore, determining the reli-
signals apparent as a trend with or without curvature in the daaility of a new detection based on goodness-of-fit comparisons
set. is prone to biases, whichfectively reduces the sensitivity and

Unlike in traditional Bayesian analyses of RV data, we ditkliability of these detections (Tuomi, 2012).
not use uniform prior densities for the orbital eccentricities. While periodograms of the residuals are very useful, they do
Instead, we used a semi-Gaussian@) o« N(0,c2) with the not properly quantify the significance of the possibly remaining
corresponding normalisation, where the hyperparanset@ras periodicities and, therefore, we used them as a secondary rather
chosen to have a value of 0.3. This value decreases the postdtian a primary tool to assess the significance of new signals. The
probabilities of very high eccentricities in practice, but still enanalytic false-alarm probability (FAP) thresholds as derived by

3.2. Bayesian analyses and detection thresholds

3. Periodogram analysis
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Cumming [(2004) are provided in the figures as a reference anc Nightly binned RVs
for illustrative purposes only. We used the same periodogram
tools to assess the presence of periodicities in the time series ¢ | 4-th signal 320-d
a few activity indicators.

Power

4. Analysis of the RV data

The 345 measurements taken on 135 separate nights were ol
tained over a baseline 6f 1900 days. In contrast to the discus-
sion intMayor et al.[(2009a), we could not confirm a long-period
trend using our new RVs and we did not detect evidence for
a trend in the new CCF RVs obtained using the HARPS-DRS. g
As shown irL Anglada-Escudé & Butler (2012) (Fig. 3), changes 3
in the continuum flux accross each echelle order (also callec
blaze function) induce RV shifts of several Thsf not prop-

erly accounted for. Thisfect was reported tofiect HARPS
measurements in_Pepe (2010) and appears to have been fixe
by HARPS-DRS v3.5 based on the release fib{esued on

29 October, 2010). With respect to HD 40307 in particular, we
found that when RVs were derived without blaze function cor-
rection, a strong positive drift~ 2 matyr-!) was left in the
Doppler time series. We speculate that the trend reported earlie
may be caused by this blaze function variability. A notable fea-
ture of the HD 40307 data set is that the epochs have a long ga
of 638 days between 3055 - 3693 [JD-2450000]. This feature car
effectively decrease the phase-coverage of the data on longer peg
riods and complicates the interpretation of periodograms due tc 3
severe aliases. &

Power

4.1. Analysis of binned dat 0 :
nalysis of binned data 10 100 1000

In a first quicklook analysis, we worked with the nightly aver- Period [days]

ages of the radial velocities as obtained from HARPS-TERRA

using the standard setup for K dwarfs. In this setup, all HARFASg. 1. Least-squares periodograms of the binned HD 40307 ra-
echelle apertures are used and a cubic polynomial is fitteddial velocities for the residuals of the models with three (top) to
correct for the blaze function of each aperture. After this corresix (bottom) periodic signals. The analytic 10%, 1%, and 0.1%
tion, the weighted meang 6f all RV measurements within eachFAPs are shown as horizontal lines.

nighte are calculated. As a result, we obtain internal uncertain-

ties of the order of 0.3-0.4 m&for the HARPS-TERRA RVs. ) ) )

Because of stellar apiar instrumental systematic errors, we ob-  First, we re-analysed the nighly binned RVs to see whether
served that these individual uncertainties are not representaf{ could independently reproduce the results of Mayorlet al.
of the real scatter within most nights with five or more measur2009a) when HARPS-TERRA measurements and our Bayesian
ments. Using three of those nights we estimate that at least B6thods were used. Assuming an unknown Gaussian noise pa-
ms~! must be added in quadrature to each individual uncertaifgmeter (e.g. Tuomietal., 2011) in addition to the estimated
estimate. After this, the uncertainty of a given epoch is obtain8éasurement uncertainties, the posterior samplings and the cor-
asost = ZiNe(O_ie)—l, where the sum is calculated over all eXpor_(_aspondlng model probabllltl_es easily revealed the three strong
sures obtained during a given night. Finally, based on their lo gf‘a's corr_espondlng to periods of 4.3, 9.6, and 20.4 days. The
term monitoring of inactive stars, Pepe et al. (2011) inferred §|dual penodogrz_im_o_f j[he three-KepIenan model revealed.ad-
noise level of 0.7 m& to account for instrumental and stellaional strong periodicities exceeding the 1% FAP level (Fig.
noise. After some tests, we found that adding 0.5'rsquadra- = top panel) and we tested more complicated models with up

ture to the uncertainties of the nightly averages ensured that n{i&x Keplerian signals. Especially, we tested whether the addi-
of the epochs had uncertainties below the 0.7 'nevel. The tional power present in the three-Keplerian model residuals (Fig.

typical uncertainties of a single night derived this way were FPr top panel) %t periods of 28.6, 34.8,51.3, a_nd_3_08 days, pea_kmg
the order of 0.8 mg.. These corrections are basically only well&00Ve the 10% FAP level, are statistically significant by starting
educated guesses based on the prior experience with RV data@HdvCMC samplings at n.earby sged periods.
reported stability of the instrument. Therefore, one must be espe- he global fom_Jr-KepIenan solution was fo_und to correspond_
cially careful not to over-interpret the results derived from thefig the three previously known super-Earth signals and an addi-
(e.g., powers in periodograms and significance of the signals) lgna! signal with an MAP period of 320 days. This period was
the fully Bayesian approach, we treat the excess noise as a pgg_n_ded f_rom above and t_)elow and |ts_ampl!tud_e was strictly
parameter of the model, therefore the Bayesian estimates of Rggitivé — in accordance with our detection criteria. The corre-
noise properties should in principle also be more reliable. ~ SPonding posterior probability of the four-Keplerian model was
1.9x10° times greater than that of a three-Keplerian one, mak-
1 www.eso.orgscifacilities/lasillg/instrumentgarpgtoolgdrs.htm| ing the 320-day signal significant. In addition to this signal, we
[www.eso.org] could identify a 51-day periodicity (Fi¢] 1, second panel) that
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satisfied the detection criteria as well. Including this fifth sig- Full spectrum RVs
nal in the model further increased the model probabilitity by a
factor of 6.6<10°. We could furthermore identify a sixth signal |_4-th signal 320-d

with our six-Keplerian model, correponding to a period of 34.4
days. However, even though the samplings converged well anc;
the solution looked well-constrained, the six-Keplerian model £
was only five times more probable than the five-Keplerian one ®
and would not be detected using our criteria in Sedfioh 3.2. Both
of the two new significant signals had MAP estimates of their
radial velocity amplitudes slightly lower than 1.0 ths- the sig-

nals at 51 and 320 days had amplitudes of 0.70[0.31, 1.09] ms
and 0.75 [0.38, 1.12] m$, respectively, where the uncertain-
ties are denoted using the intervals corresponding to the 99%2
BCSs. We note that the periodogram of sampling does not have*
strong powers at the periods we detect (see Fig. 1 in Mayor et al.
2009a).

Given the uncertain nature of the signal at 34.4 days and
the potential loss of information when using the nightly aver-
aged RVs (artificial reduction of the number of measurements), 5
we performed a complete Bayesian reanalysis of the full datase £
(345 RVs), now including the aforementioned moving average
approach to model the velocities.

4.2. Analysis using all RV measurements

The analyses of the unbinned data immediately showed the thre
previously announced signals (Mayor etlal., 2009a) with periods 3
of 4.3, 9.6, and 20.4 days. Modelling the data with the superpo-&
sition ofk Keplerian signals and an MA(3) noise model plus the
two Gaussian white noise components, our posterior sampling:
and periodogram analyses identified these signals very rapidly 0 10 100 1000
enabling us to draw statistically representative samples from the Period [days]
corresponding parameter densities.

The residual periodogram of this model (three Kepleriangg. 2. |east-squares periodograms of all 345 RVs of HD 40307
and MA(3) components of the noise removed) revealed SO the residuals of the models with three (top) to six (bottom)

significant powers exceeding the 0.1% and 1% FAP level at 3g8riodic signals together with the analytic 10%, 1%, and 0.1%
and 50.8 days, respectively (Fig. 2, top panel). Samplings of tagps.

parameter space of a four-Keplerian model indicated that the

global solution contained the 320-day periodicity as the fourth, ) ) ) . ) )

signal and yielded a posterior probability for the four-Kepleriaffill well-constrained, i.e. their radial velocity amplitudes were

model roughly 15x 10° times higher than for the three-Kepleriarstatistically distinguishable from zero and their periods had clear

one. The nature of this signal and its relation to the stellar actRtobability maxima. Because we were unable to constrain the

ity (Sectior’) is discussed in Sectionls.3. parameters of a seventh signal using the posterior samph_ngs, we
We continued by calculating the periodogram of the residgannot be sure whether the corresponding Markov chains had

als of our four-Keplerian model (Figl 2, second panel) and oponverged to the posterior density and cannot reliably calculate

served a periodogram power that almost reached the 1% FApestimate for the posterior probability of the seven-Keplerian

level at a period of 50.8 days. Including this fifth signal furthefodel- Therefore we stopped looking for additional signals.

increased the posterior probability of our model by a factor of From this analysis, we can state confidently that there are
6.4 x 10P. six significant periodicities in the HARPS-TERRA radial veloc-

The residuals of the five-Keplerian model contained a peffies of HD 40307 when the whole spectral range of HARPS is
odicity at 34.7 days (Fid.12, third panel) exceeding the 1% Fagsed. As we show in the next section, one of them has the same
level. The corresponding six-Keplerian model with this candieriod as the chromospheric activity indicator (S-index) and re-
date received the highest posterior probability — rougtdx30®  duires more detailed investigation. The analysis of all 345 RVs
times higher than that of the five-Keplerian model. Since tadicates that for these data binning appears to be a retrograde
parameters of this sixth candidate were also well-constrain§&P in extracting periodic signals from the RV data. We infer
we conclude that including the 34.7-day signal in the statistid&)at binning serves to alter measurement uncertainties and damp
model is fully justified by the data. the significance levels of the periodicities in the data.

We also attempted to sample the parameter space of a seven-

Keplerian model but _failed to find a clear p_robability maxi5_ Stellar activity

mum for a seventh signal (see also the residual periodogram

of the six-Keplerian model in Fidl2, bottom panel). AlthoughVe examined the time series of two activity indicators derived
the periodicity of the seventh signal did not converge to a wefrom the cross correlation function properties as provided by the
constrained probability maximum, all periodicities in the sixHARPS-DRS. They are the bisector span (BIS) and the full-
Keplerian model at 4.3, 9.6, 20.4, 34.7, 50.8, and 320 days wevrilth at half-maximum (FWHM) of the CCF. These indices
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monitor diferent features of the average stellar line. Briefly, BIS FWHM
is a measure of the stellar line asymmetry and should correlate 5,
with the RVs if the observedsets are caused by spots or plages
rotating with the star (Queloz etlal., 2001). The FWHM is a mea-
sure of the mean spectral line width. Its variability (when notin-
strumental) is usually associated with changes in the convectiv¢Z

patterns on the surface of the star. A third index, the so-called® RS N | R I G
S-index in the Mount Wilson system_(Baliunas et al., 1995),
is automatically measured by HARPS-TERRA on the blaze-
corrected one-dimensional spectra provided by the HARPS-
DRS. The S-index is a measure of the flux of the Call H and
K lines (14 = 3933664 A andix = 3968470 A, respectively) 3
relative to a locally defined continuum (Lovis et al., 2011a) and 2
is an indirect measurement of the total chromospheric activity of *
the star. For simplicity, the analysis of the activity indicators was
performed throughout for the 135 nightly averaged values using
sequential least-squares fitting of periodic signals that are eacl
described by a sine-wave model (period, amplitude and phase).

|- 1st signal 5000+ d

Power

5.1. Analysis of the FWHM and BIS

The BIS was remarkably stable (RMS0.5 ms™?) and the pe-
riodogram of its time series did not show any significant pow-
ers. Visual inspection of the time series for the FWHM already 5 [—

shows a very significant trend of 5.3 Mgyr~1. The 345 mea- 20 -

surements of the FWHM are listed in Talble A.2. A sinusoidal g o 0.1%
fit to this trend suggested a period of 5000 days or more (se¢d ™ T Y4
top panel in FigB). After removing the trend, two more signals 10 [~—=—~====-==-—F==—~-==-~-==-—-—-=--—=-¥% .
strongly show up in the residuals. The first one was found at 5 W | | | “ I ' h M 1 !

23 days and had an analytic FAP of 0.005%. After fitting a si- 0

nusoid to this signal and calculating the residuals, an extremely 10 100 1000
significant peak appeared at 1170 days with an analytic FAP ol Period [days]

0.002%. After including this in a model with three sinusoids, no. ) ) . .

additional signals could be seen in the periodogram of the resfdg. 3. Periodogram series of the signals detected in the FWHM,
uals with analytic FAP estimates lower than 10% (Elg. 3, bottoffPm most significant to less significant (top to bottom).

panel). We also show the FWHM values together with the fitted

periodic curves in Fig.J4. While the signals in the FWHM were [~ 1~ 1~ 1 T T = 1
significant, we did not clearly detect their counterparts in the _ 2
RVs. Given that BIS does not show any obvious signals either, @
we suspect that the periodicities in the FWHM might be caused
by instrumental fiects, e.g. tiny changes of the focus inside the
spectrograph, rather than intrinsic variability of the stellar lines.
The instrumental origin would reconcile the absence of corre-
spondent drifts in the BIS and in the RVs. A similar indication 20
of drifts and sensitivity of the FWHM to instrumental issues has
been reported in e.g. Lovis et al. (2011a). While this adds some - 53000 53500 54000 54500 55000
caveats on the long-term stability of the HARPS instrumental JD-2400000 [days]

profile (and therefore its long-term precision), unless it is foun|g'&4 Time series of the FWHM activity index. The solid black
pe

10

'
A

-10

FWHM - 5910 [m

to have similar periods, we see no reason to suspect that ani/

: ; ; ; : he best fit to a model containing three sinusoids
the signals in the RVs are spuriously induced by changes in !ﬂ? represents t
FWHM (intrinsic or instrumental). riods of 5000, 23 and 1170 days).

5.2. Analysis of the S-index add many ambiguities to the interpretation of the results. When
these two points were removed, the periodograms looked much
The S-index also shows strong coherent variablity. The full seieaner and we could unambiguously identify clear periodicities.
of 345 measurements of the S-index are provided in Table ATherefore, the analysis discussed here is based on the first 133
Again, this analysis was performed for the nightly binned meaightly averages only. As illustrated in the periodograms of Fig.
surements using least-squares periodograms and the sequdiitthis analysis showed strong evidence for three signals in the S-
inclusion of sinusoidal signals. The last two S-index measuri@dex. From most significant to less significant, we found these
ments were well above the average and could not be repto-consist of a long-period quadratic trend (with a period ex-
duced by any smooth function. Even if they are representatiseeding the data baseline), a signal with320 days and a third
of a physical process, such outlying points cannot be easslignal at 43 days. Fid.] 6 shows the best fit to a parabolic trend
modelled by a series of a few sinusoids because these watddether with the two periodicities at 320 and 43 days. As has
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Fig. 6. Time-series of the S-index. The solid black represents the
best fit to a model containing three sinusoids (periods of 4000,
320, and 43 days). Long-period trend and two signals at 320 and
43 days are clearly detected in the time-series of the S-index.

Power

25

43-d

tified at 43 days (or any of the potential fourth signals at peri-
ods of 26, 63, or 167 days), not even at low significance. Several
studies have demonstrated a clear correlation of the S-index with
observed RV fisets. For example, Dumusque etial. (2011b) per-
formed a comprehensive analysis of simultaneous HARPS RVs
30 and chromospheric emission measurements of G and K dwarfs,

Power

|- 4th signal
25 — ’ showing that the correlation between the chromospheric emis-
_ 20— . sion and RV dfsets can be clearly traced and quantified as a
g 5 —_0110//: function of spectral typé. Pepe et al. (2011) used this correlation
g 10 g T: 1 X to detrend the RV measurements of HD 85512 (K6 V) and re-

ported the detection ofmsini ~ 2Mg, candidate with an orbital
period of~ 58 days. More recently, Anglada-Escudé & Butler

A D (2012) showed that long-period signals correlated with Doppler
10 . 100 1000 signals can be strongly wavelength dependent even within the
Period [days] limited HARPS wavelength range. Since Keplerian signals can-

not be wavelength depedent, this provides a new set of diag-
Fbstics to distinguish activity-induced signals from Keplerian

signals. Instead of using the detrending technique employed by
Pepe et all (2011), we investigate in the next section if any of the

been reported for several other stars (Dumusque ét al., 201 gignals are wavelength dependent.
we find it likely that the long-period trend is the signature of
the stellar cycle that_ is not yet fully covered by the baseline af 3 Wavelength-dependent signals
the observations. This trend might also be related to the trend ob-
served in the FWHM, perhaps through an increase of the averdgslada-Escudé & Butlen (2012) showed that there is a cor-
magnetic field. relation between the S-indices and RV measurements of HD
Using more epochs, Lovis etlal. (2011a) reached the concB8830 (G8 V) and that an apparent long-period trend in the
sion that the stellar magnetic cycle of HD 40307 is about 5080/s completely disappeared when one obtains the velocities
days — a result that is compatible with ours. However, the natursing the redmost half of the HARPS spectra only. Following
of the 320-day signal is less clear. This period seems to be oglada-Escudé & Butler (2012), we call thifect chromatic
long to be caused by rotation because it is more than a factojjiter. Chromatic jitter can cause coherent RV variability (e.qg.,
three longer than the longest currently known rotation periogsriodic blueshifts following the magnetic cycle) but can also
which are about 100 days (Irwin et al., 2011). Long periods likeehave randomly,fectively adding uncertainty and correlated
this would be dificult to explain by angular momentum evolunoise to the measurements. At present, we do nfiicgntly
tion (Barnes et al., 2012). Indeed, the third signal in the S-indexderstand the underlying physics to be able to predict the ex-
(43 days) appears to be a much better match to the expected s$&tnce and nature of the wavelength dependence of activity-
lar rotation of HD 40307.(Mayor et al., 2009b). The S-index als@lated signals. Despite this lack of detailed knowledge, the di-
shows a few other tentative periodicities at 26, 63, and 167 daysished sensitivity of redder wavelengths to activity has been
(FAP ~ 2-5%). shown to be anfécient method in verifying or falsifying the
HD 40307 is a very quiet star (logR ~ -4.99; existence of proposed candidates. For example, CRNRHES
Mayor et al.; 2009a) and it is in thefective temperature rangeRV measurements (Huélamo et al., 2008; Figueiralet al.,| 2010)
where the correlation between magnetic activity and RV jittém the H-band {¢ 1.5um) were used to rule out the existence of
shows the smallest correlatior #300-5000 K, see Fig. 2 in a gas giant candidate around TW Hya that was initially detected
Dumusque et al., 2011b). Therefore, apart from the two most ab-the optical RVs by Setiawan etlal. (2008). Another example
vious signals in the S-indices (long-period trend and 320-day peas the brown dwarf candidate around LP 944-20. This candi-
riod), the other tentative periodicities are unlikely to produce ddate was first detected at optical wavelengths (2 Rnsemi-
tectable &ects on the RVs. Indeed, no RV counterpart was ideamplitude) and then ruled out by the same group using nIR

from most significant to less significant (top to bottom).
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Fig.7. RMS as a function of the bluest echelle aperture used.
The correspondinggc are illustrated at the top of the panel. A
shallow minimum is reached at aperture 264 = 433 nm), in-
dicating activity induced signajgtter at the bluest wavelengths. 10 100
Period [days]

NIRSPEQKeck observations (Martin etlal., 2006). The chroFig.8. Residual periodogram of the three-planet solution as
matic nature of activity-induced signals has also abundant qualfunction of the blue cut{® wavelengthigc. The top peri-
itative support from theory and simulations (e.g. Reinerslet abdogram is obtained using the full-spectrum RVs. The bottom
2010;Barnes et al., 2011). Below we explore the wavelength deriodogram is obtained using the aperture 40 (505.0 nm) as
pendence of the 320-day signal (and all the others) to investigate. All signals discussed in the text are marked with narrow
its (their) nature in more detail. vertical lines. The horizontal line represents the peak value of
As suggested by Anglada-Escudé & Butler (2012), the firseak closer to 320 days. Whelgc = 433 nm (central peri-
qualitative way of assessing the presence of chromatic jitter c@glogram), the emerging 125-day peak is already as high as the
sists of obtaining radial velocity measurements for all epochstivity-induced signal. The 120-day peak is an alias of the most
using the stellar spectrum from 680 nm (the longest wavelendiiely period of 200 days for planet candidate d.
available at HARPS) to some blue cut-wavelengtiigc, and
plot the RMS of the resulting RVs as a function.tdc. For a
perfectly stable star, the RMS should decrease monotonicdtat their significance is not seriouslffected by the choice of
as more echelle apertures are used to obtain the velocity déte.cut-df wavelength.
However, Anglada-Escudé & Butler (2012) showed that even for As we show in the next section, the 120-day signal is a yearly
quiet G and K dwarfs without reported planets, a minimum ialias of the most favoured period at 200 days, which also appears
this RMS was typically reached wheiac was chosen to be be-conspicuously in the bottom periodogram of Hig. 8. To further
tween 450-550 nm. For M dwarfs, this cuffavas found to be illustrate the wavelength dependence of the 320-day signal, we
closer to 600 nm. In Fig.]7, we show the RMS of the radial veshow the fitted RV amplitudes of the four candidate periodicities
locities of HD 40307 as a function dic and note that there ap- (periods of 34, 51, 200, and 320 days) as a functiotsef(Fig.
pears to be a shallow minimum &ic = 453 nm. Although this [@). These amplitudes are obtained by simultaneous least-squares
minimum is not very deep (no Keplerian solution was subtractéitting of seven circular orbits to the seven periods of interest
from the RVs), its existence already suggests the presencgpsriods are also allowed to adjust). While the planet candidates
wavelength-dependent noise that acts stronger in the blue pa@b84 and 51 days show roughly constant amplitudes, the 320-
the spectrum. day signal almost completely vanishes whigg is redder than
The next test consists of assessing if a signal observed 450 nm (K< 0.4 ms?). It is also worth noting that the 200-day
ing the full spectrum is also present when examining a susignal increases its amplitude as the 320-day signal disappears.
section of it. For simplicity, we restrict this test to the nightlyrhe 200-day signal is seriousl§fected by yearly aliases which,
binned measurements and only use periodogram tools. In agegtectively, correlates its amplitude with the signal at 320 days.
ment with[4.2, when the full spectrum was used, the fourth dorhe 320-day period is so suppressed at red wavelengths that for
inant signal was found at a period ©f320 days. Any activity- any Agc redder than 450 nm, we were forced to keep the period
induced signals only present at the bluest wavelengths shofikeéd at 320 days to estimate its amplitude and to prevent it from
lose their significance as one shiftgc towards the red wave- converging to a very dlierent periodicity.
lengths. As illustrated in Fid.] 8, this behaviour is clearly found At this point, it is fair to ask why the long-term variability in
for the 320-day signal. Interestingly, whapc is set to 430 nm the S-index (and in the FWHM) does not show in the RV data
(20th HARPS aperture), the 320-day peak becomes as high asavell. We can show that it actually does, very prominently,
new one emerging around 120 days. Whentkgis set to 503 when calculating the RVs using the bluemost part of the spec-
nm (40th HARPS aperture), the 120-day signal clearly dontrum only. To illustrate this, we obtained the RV measurements
nates the periodogram. It is noteworthy that the powers of batking the wavelength range from 380 nm to 440 nm (20 bluest
the 34- and 51-day peaks remain mostly constant, which shoeehelle apertures). After subtracting the signals of the three plan-
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2 | ' | ' | ' | Table 2. Overview of the significant periodicities found in two
@@ Planet e, P=34.4 days activity indicators
B Planet f, P=51.6 days
@@ Planet g, P=200 days Period Quantity RV counterpart

B Activity, P=320 days —

=
3
I

(days)

22.97 FWHM -

43.0 S-index -

320 S-index Yes (Blue)
1220 FWHM -
>4000  S-index (Blue?)
>5000 FWHM (Blue?)

RV semi-amplitude [m s™]
)
a1 [
|

nature of this chromatic jitter, choosinigc = 4900nm (37th

1 HARPS aperture) appears to provide a fair compromise. We sus-
pect that the observed behaviour of HD 40307 RVs (also HD
69830, HD 85512, and several other nominally stable stars, see
Anglada-Escudé & Butler, 2012) is a manifestation of the same
processes observed in magnetically active stars but occuring at
Fig. 9. Amplitudes of the four signals under discussion as a funiower RV amplitude levels. The correlation between the S-index
tion of the blue cut-ff A1gc. While all proposed candidates kee@nd the occurrence of the RV period at 320 days allows us to es-
a constant (or slightly increase) the derived semi-amplitude, ttablish a very likely connection between this activity-related sig-
320-day signal is almost nonexistent (the period actually beal and a spurious RV signal and rule out the Keplerian nature of
comes unconstrained) when wavelengths redder than 480 nmtheecorresponding candidate. We are in the process of analysing
used to derived a seven-planet orbital solution. the chromatic dependence of stellar jitter using a more repre-
sentative sample (i.e. the sample analysed in_Dumusque et al.,
2011a), the results of which will be presented in a future pub-
= . lication. Given the substantial changes in the potential signals
in the system (e.g., appearance of the candidate at a period of
125 or 200 days), we perform a complete orbital re-analysis of
the redmost half of the spectrum only (490-680 nm) in the next
section.

400 450 500 550
Blue wavelength cutoff [nm]

6. Analysis of the radial velocities from the 490-680
nm spectra

Blue RV [m s'l]

First, we performed a rapid analysis of the RVs obtained us-
ing the redmost part of the spectra using least-squares peri-
I ! I ! I ! I ! odograms. As was found to be the case when analysing the RVs
53000 53500 54000 54500 55000 from full spectra, three additional periodicities compared to the
JD -2400000 [days] (Mayor et al.| 2009a) solutions could be extracted from the data
, , ! if all orbital eccentricities were fixed to zero. Two of the signals
Fig. 10. Residuals of the three-planet fit when only the bluemogt 4 the same periods (34 and 51 days) and the third one showed
part of the spectra were used to extract the Doppler measuie: 200 days (and on its yearly alias at 125 days). Although a
ments. A quadratic trend similar to the one detected in the gpgel with circular orbits always looks more appealing aesthet-
index is the most obvious signal left in these residuals. ically, we admit that this assumption cannot be justified using a
pure least-squares approach without the use of prior information
andor physical constrains (e.g., orbital dynamics). As before,
ets reported by Mayor et al. (2009a), a parabolic shape is cleailyd in order to obtain a robust detection of all the candidates,
leftin the RV residuals. Fid. 10 illustrates how well the paraboliwe performed a full Bayesian analysis of the 345 red RV mea-
trend matches the long-period trend also observed in the S-indexements using the methods and models described in Section
(compare Figd.]6 arid110). No blue RV counterparts of the otf&D.
tentative periodicities in the S-index were identified in the data. The parameter spaces of models wikh= 0,...,6 were
As a conclusion to this section, we identified the chromat&asy to sample using the adaptive Metropolis algorithm and
nature of the~ 320-day signal. We note that the internal ethe Markov chains converged rapidly to the posterior densities.
rors of the individual spectra, given in the third column of TablAgain, the three candidates presented by Mayorlet al. (2009a)
[A.2, have a median value of 0.4-0.5 ThsThis number is sig- with periods of 4.3, 9.6, and 20.4 days were extremely signifi-
nificantly smaller than the measured intranight scatter and atssmt and easy to find using our MCMC samplings.
smaller than the best RMS we could receive from any six- or After removing the MA(3) component of the noise and the
seven-planet fit. This means that systematic noise (stelldoandignals in the three-Keplerian model, the power spectrum of the
instrumental) is a dominant source of uncertainty and that aesiduals showed very strong peaks at periods of 50.8, 82.1, and
curacy is not lost by ignoring the Doppler information at th&28.3 days (Fid. 11, top panel) exceeding 0.1% FAP levels. Even
bluest wavelengths. A careful optimisation &fc might pro- though the highest peak corresponds to the 125-day period, the
vide even more significant detections but, given the unknowhCMC samplings showed that the 50.8-day periodicity is the
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Red spectrum RVs Table 3. Relative posterior probabilities of models wikh =
20 0,...,6 Keplerian signalsXlx) and the periodsRs) of the sig-
4-th signal nals added to the model when increasing the number of signals
e D e in the model by oneR(d| M) is the Bayesian evidence and RMS
5  fm-mmmmmmmmmm e o denotes the common root mean square value of the residuals for
z 4 — =T comparison.
a
k  P(Mld) log P(d| M) RMS [ms?] Ps[days]
0 1.6x10°%7 -765.92+0.06 2.20 -
1 8.5x107%%¢  .715.20+ 0.04 1.88 9.6
2  7.%107%  -640.92+0.13 1.50 20.4
5 3 3.5x10% -548.90+0.27 1.16 4.3
z 4 11x10% -519.43+0.14 1.05 50.8
o 5 4.1x10°  -492.12+0.05 0.99 198
6 ~1 -469.40+ 0.12 0.92 34.7

6-th signal

nal in a seven-Keplerian model did not converge to a clear-prob
ability maximum, thus failing to satisfy our requirement that the
period of a signal has to be well-constrained for a positive detec-
tion.
To summarise, the posterior probabilities (and the corre-
sponding Bayesian evidences) of models with= 0,1, 2, ...
7-th signal Keplerian signals were found to be heavily in favourkof 6
0.1% (Table[3). This was the case although the selected prior proba-
_____________________________________ 1% bilities penalise the models more heavily as the number of sig-
WO pP——————— 2 nals increases. We do not show the results for a seven-Keplerian

model in Tabld B because the posterior samplings did not con-
verge to a clear maximum (nor several maxima) in the seven-
o e o) N\ ] Keplerian model and therefore we cannot be sure whether the

10 100 1000 OBMH estimate yielded trustworthy values for_ Fhe marginal in-
Period [days] tegrals needed to assess the m_odel probz_;\bllltles. We plot the
phase-folded MAP estimated orbits of the six Keplerian signals

Fig. 11. As in Fig.2 but for the unbinned radial velocities of thd" Fig.[12 after removing the MA(3) components.

490-680 nm spectrum. One of our detection criteria for Keplerian signals in the ra-
dial velocities is that their amplitudes should be statistically sig-
nificantly different from zero. The MAP estimates and the cor-

global solution by providing higher posterior probabilities to theesponding 99% BCSs of the six-Keplerian model parameters

four-Keplerian model. We note that when calculating the residfe shown in Tablgl4. The BCSs of the RV amplitudes clearly
ual periodogram of the three-Keplerian model, it is necessaryitalicate that all six amplitude parameters indedteged signif-
assume a fixed 3-Keplerian solution (and noise model) for tiently from zero in accordance with the model probabilities that
data. In contrast, the MCMC automatically accounts for corrénply the existence of six Keplerian signals in the data. This was
lations by also adjusting the noise parameters simultaneouslyctearly the case despite the 34.7- and 198-day signals having am-
find the most probable areas of the parameter space (not agplijudes with MAP estimates below 1.0 msAlso, the periods
minimising the least-squares sum). After several MCMC samf# all signals were well-constrained and had clear MAP values
plings starting in the vicinity of the dlierent possible periods and close-Gaussian densities (Table 4;[Ei. 13). The distributions
suggested by the periodogram, this 50.8-day signal was alwaj®rbital eccentricities are also shown in Higl 13. In agreement
found to correspond to the global four-Keplerian solution anlith the quicklook detection using least-squares periodograms
made the four-Keplerian model13x 10 times more probable assuming circular orbits, these distributions demonstrate that all
than the three-Keplerian one. signals had eccentricities consistent with close-circular orbits.
The residual periodograms of four- and five-Keplerian mod- We also analysed the RVs derived from two independent
els had moderate powers at 34.6, 81, 125, and 197 days (Migcks of the red part of the spectrum to assess if any of the

[I7, panels two and three). We performed similar samplings sifjnals was only present at certain wavelength ranges. The first

the parameter spaces of five- and six-Keplerian models using Hieck comprised the range between 465 and 553 nm (from now

favoured periodogram powers as starting points of the Markon Red1) and the second one covered the range between 553 to
chains. As a result, we found that the period space near the 1690 nm (Red2). Red1 contains the richest part of a HARPS spec-
and 34.6-day powers provided the global maxima and improvedm of a mid-K dwarf in terms of Doppler information (higher
the posterior model probabilities by factors a6% 10* and signal-to-noise, but also higher density of lines). The mean un-

2.5 x 10° when moving fronk = 4 tok = 5 and fromk = 5to  certainty of Red1 is approximately 0.6 MsAs a result, we

k = 6, respectively, wherk is the number of Keplerian signalsfound that the same six signals were directly spotted even with

in the model. Removing all six signals and the MA(3) comp@eriodograms only. The amount of Doppler information in Red2

nents of the noise from the data left the periodogram of the resig-lower and nominal uncertainties were found to be approxi-
uals without any considerable powers (Higl 11, bottom paneaiately 1.0 ms! on average. Using sequential periodogram sub-

Similarly as for the full spectrum, the period of the seventh sigraction of the signals we could recover the same six candidates

Power

Power

10
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Fig. 12. Phase-folded MAP Keplerian signals of the six-planet solution with the other five signals and the MA(3) component
removed from each panel.

except that the 125-day alias was preferred against the 200-@aycase, more heavily than the AIC. Even according to the more
signal for HD 40307 g. However, the Bayesian samplings imestictive BIC, the six-Keplerian model had the highest posterior
cluding the complete model for the uncertainties still converg@dobability and was 1:310° times more probable than the five-
to the same six-planet solutiongR 200 days). Given that there Keplerian model. These results provide further confidence in the
is noa priori reason to prefer one or the other (125 versus 2@@nclusion that six periodic signals explain the variations in the
days, no activity signals appear to be related to any of thengta.

and because the MCMC samplings insist on favouring the 200-

day period, we conclude that the solution in Tdle 4 is the one ) )

preferred by the data. The significances and model probabilited- Noise properties

using Red1 and Red2 are obviously lower than when using ¢ aqgition to ruling out wavelength-dependent signals, the
whole red half of the spectrum. Yet, with the exception of the 3f%ayesian analysis of the RVs atfidirent wavelength ranges
day candidate in R_ed2 (_chams converged to the same solutigilys the comparison of the noise properties. As described
but model probability ratio was close to the 1:150 threshold), &l| section 32, we modelled the radial velocity noise using a
signals could be confidently identified even using two subsetsifyq-order MA model (three free parameters) together with a
the HARPS data (each contain@bf the full HARPS wave- %aussian white noise component (one free parameter). The pos-
length coverage). These tests give us further confidence in 3oy distributions and MAP values for these parameters quan-
reality of the reported candidate signals. tify the significance and the magnitude of each component of the

As a final consistency check, we calculated the model profoise (white vs correlated).
abilities using diferent information criteria and compared them The MA parameterg;, j = 1, 2, 3, which describe the corre-
to the Bayesian model probabilities derived using our approition between the error of theh and (- j)th measurement, are
mation for the marginal integrals. First, we estimated the relelearly positive for the RVs from full spectra (Table 5). The noise
tive posterior probabilities using the Akaike information criteof the measurements appears to correlate positively the strongest
rion (AIC; see e.d. Liddle, 2007; Burnham & Anderson, 2002)yith the noise of the previous measurement and tfecede-
which is known to provide only rough approximations for thereases for the measurements obtained before that. However, this
marginal integrals. The AIC (actually its small-sample versiogorrelation decreases for the RVs obtained from the redmost part
AlICc) yielded posterior probabilities for the fiirent models of the spectra (490-680 nm). According to our results, this de-
that did not difer by more than a factor of 5 from the probacrease is balanced by a corresponding increase in the magnitude
bilities received using the OBMH estimate (Table 3). Using thef the Gaussian white noise component (Téble 5). Therefore, the
AIC in model selection yielded the same qualitative results ti@ise in the radial velocities becomes “whiter” when excluding
OBMH estimate did. A common criticism of the AIC is that doe#he bluest half of the spectra from the analyses. This result means
not penalise the more complex models as much as it should inthit in addition to removing long-term activity-related signals,
applications (e.d. Burnham & Anderson, 2002, and referendéging redder wavelengths also helps reducing correlations in the
therein). To obtain a more reliable comparison, we repeated thgise that might cause biases to any estimates of the Keplerian
model selection procedure using the Bayesian information crigégnals if not accounted for.
rion (BIC), sometimes called the Schwarz information criterion We note that the six signals in the velocities were rather in-
(Schwarz| 1978), which is known to penalise more complicaté@pendent of the exact MA model used. We obtained consistent
models, e.g. models with more Keplerian signals in this particaelutions with MA(2) and MA(4) models as well, though these
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Table 4. Six-planet solution of HD 40307 radial velocities. MAP estimates of the parameters and their 99% BCSs. Pagameter
denotes the estimates for eccentricity after excluding solutions corresponding to dynamically instabifityéarliime scales.

Parameter HD 40307 b HD 40307 ¢ HD 40307 d

P [days] 4.3123[4.3111, 4.3134] 9.6184[9.6135, 9.6234] 20.432 [20.408, 20.454]

e 0.20[0.04, 0.34] 0.06 [0, 0.17] 0.07 [0, 0.18]

€dyn 0.16 [0.04, 0.25] 0.05[0, 0.13] 0.05[0, 0.13]

K [ms™] 1.94 [1.67, 2.25] 2.45[2.17, 2.75] 2.75[2.40, 3.10]

w [rad] 3.4[2.4,4.2] 4.1[] 0.3[]

Mo [rad] 4.3[2.5,5.9] 5.3[] 5.6 []

m, sini [Mg] 4.0[3.3,4.8] 6.6 [5.6, 7.7] 9.5[8.0, 11.2]

a[AU] 0.0468 [0.0445, 0.0492]  0.0799 [0.0759, 0.0839]  0.1321 [0.1255, 0.1387]
HD 40307 e HD 40307 f HD 40307 g

P [days] 34.62 [34.42,34.83] 51.76 [51.30, 52.26] 197.8 [188.8, 203.5]

e 0.15 [0, 0.28] 0.02 [0, 0.22] 0.29 [0, 0.60]

€dyn 0.06 [0, 0.18] 0.03[0, 0.13] 0.22 [0, 0.45]

K [ms™] 0.84[0.53, 1.16] 1.09[0.77, 1.37] 0.95[0.65, 1.27]

w [rad] 5.3[-] 6.2 [-] 1.6 []

Mo [rad] 6.2 [] 0.5[-] 5.6 []

my Sini [Me] 3.5[2.1,4.9] 5.2[3.6, 6.7] 7.1[4.5,9.7]

a[AU] 0.1886[0.1782,0.1969]  0.247 [0.233, 0.258] 0.600 [0.567, 0.634]

v [ms 7] -0.47 [-0.71, -0.25]

o [ms?] 0.73[0.59, 0.87]

Table 5. Noise parameters obtained when using the RVs from
the full spectra and the red part (490-680 nm) of the spectra onlys R
as denoted using the MAP estimates and the 99% BCSs.

Parameter Full Red

o 054[0.28,0.77] 0.27[0.03, 0.50] <

b 0.23[-0.13,0.58]  0.10 [-0.25, 0.42] S §

s 0.28 [-0.06, 0.66] 0.25 [-0.07, 0.54]

o [ms?  053[0.41,0.65 0.73[0.59, 0.87] o %
N N

noise models were found to have slightly lower posterior prob ©
abilities. This indicates, as can be seen in Table 5, that the MA
components MAJ) with p > 1 do not dfect the solution much
because their 99% BCSs imply that they are consistent with zero.
o |

7. Orbital stability

We investigated the long-term stability of the planetary sys- ) .
tem corresponding to our six-Keplerian solution (TdBle 4). Thig9- 14- Approximate Lagrange stability thresholds (shaded ar-

analysis was performed in three steps. First, we checked §f$) between each two planets (red circles) and the MAP orbital
Lagrange stability criteria, which provide a first qualitative ad2@rameters of the six-planet solution (Téfle 4).

sessement of the allowed orbital configurations. Second, we nu-

merically integrated orbits directly drawn from the MCMC sam-

plings and assessed the fraction corresponding to stable orbits

at the Myr time scale. As a last test, we analysed the stability

of the six-planet configuration by testingfdirent eccentricities
and arguments of the node of each planet.

log,, a [AU]

bital resonances into account and is only valid for two planets at
a time, it provides simple guidelines on the prospects of stability
7.1. Lagrange stability criteria in the system.

As arough initial test, we checked whether the subsequent plan- According to the Lagrange stability criterion and the cor-
ets in the system satisfied the approximate Lagrange stability cesponding analytical thresholds in Figl 14, the six planet can-
terion expressed analyticallylin Barnes & Greenberg (2006) adiiates orbiting HD 40307 form a stable system if their or-
applied for instance in_ Tuomi (2012). We plotted the resultingjtal eccentricities are close to or below their MAP estimates.
areas of instability in Fid. 14 — if thie- 1th ori + 1th planet has Alternatively, it can be stated that if the planets exist and have
orbital parameters within the shaded areas surroundingttihe masses approximately equal to the minimum masses in [Thble 4,
planet, the system is likely unstable over the long term. Whitaey are all likely on close-circular orbits. Especially, the outer
this criterion is but a rough approximation of reality because égompanion is unlikely to have orbtital eccentricity in excess of
does not take the stabilising aiod destabilising ffects of or- 0.4 (Fig[14).
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Fig. 13. Distributions estimating the posterior densities of orbital peridj3, (eccentricities €), and radial velocity amplitudes

(Kx) of the six Keplerian signals. The dashed lines show the prior densities for comparison for the orbital eccentricities. The sc
curves are Gaussian densities with the same m@aan( varianced?) as the parameter distributions. Additional statistics, mode,
skewnessy(®), and kurtosisy*) of the distributions are also shown.

7.2. Numerical integration of MCMC samples grating planetary orbits (e.g._ Tuomi et al., 2009; Tuomi, 2011).
We found that most of the unstable configurations corresponded
To further test the dynamical stability of the system, we intéo one (or more) of the eccentricities of the companions being
grated the planetary orbits for 49ears, which is appropriate tohigher than its MAP estimate and the system turned out to be
exclude 'almost all' unstable configurations (Barnes & Quinmnstable in 16— 10° years. Specifically, we drew a sample from

2004). In our integrations, we used the Bulirsch-Stoer integratpie posterior density of the orbital parameters and used each vec-
(Bulirsch & Stoer, 1966) that has been used before when inte-

13



Mikko Tuomi et al.: Habitable-zone super-Earth candidate &x-planet system around the K2.5V star HD 40307

tor in this sample as an initial state of orbital integrations. Wer e.g. M« (ty) ~ 310°) and also conditions that lead to chaotic
increased the sample size such that there were 100 initial staiggion O ~ 1072 for e.g.M¢(to) ~ 267). When analysing the
that could not be shown to correspond to unstable orbital configsults of the respective integrations, we found that the orbital
urations. This subsample was found to correspond to 4% of theriods of candidates e and f need to have a ratio of 3:2 to main-
total sample. tain stable motion. This resonant configuration helps to avoid

In Fig.[I5 we plot the posterior densities of the planetaiose encounters between the planets due to the libration of the
eccentricities together with the densities obtained from the sulesonance angle= -2, + 31; — we. We note that this config-
sample of solutions that were not found to be unstable [Fig. &ifation is also maintained over long time intervals. Integrations
states essentially the same thing as Eig. 14. That is, it showsto 1 Myr using these initial conditions did not show any signs
that the stable configurations mostly correspond to orbital agFchaotic motion.
centricities closer to zero than those derived from the Bayesian In contrast, for highly unstable initial conditions the angle
MCMC analysis. The corresponding updated estimates for @reirculates, which leads very soon to collisions between some
bital eccentricities are shown in Talgle 4 and denoted usipg planets or the ejection of one of them.

While this experiment shows that a non-negligible fraction of In conclusion to the discussion on the dynamics of the sys-
the solutions allowed by the data corresponds to stable configm we find that — despite the presence of many planet candidates
urations, we aimed to explore the source of the dynamical imrthe system — there exists a substantial number of dynamically
stabilities and the role of potential dynamical resonances in tigble orbits allowed by the data. In particular, orbits with ec-
system as well. centricities close to zero are dynamically favoured due to the
existence of the stabilising 3:2 mean motion resonance between
candidates e and f. We note that we have only tested solutions
based on the minimum masses of the candidates. It is possible
Owing to the dense packing of the planets in the HD 40307 syibat increasing the masses of all planets by a small factor e.g.,
tem, one still has to rely on systematic numerical integratiods2) makes the system unstable and could therefore impose inter-
to correctly investigate any aspects of its stability. For exampksting upper limits to the masses. Additional RV measurements
from a direct numerical integration of the MAP six-planet soluare necessary to better constrain the eccentricities of the several
tion given in Tablé€}, one quickly finds that the orbital evolutiosandidates and derive more robust conclusions on the dynamical
leads to collisional trajectories within a timescale of ¥8ars.  features of the system.

As was already shown above, it is likely that the planets
have close-circular orbits. This configuration is also supportgd
by the confidence intervals given for the individual eccentrici-
ties in Tabld#, which essentially state that circular orbits canniblie so-called liquid water habitable zone (HZ) is the area around
be ruled out by the data. Therefore, to slightly simplify the dya star where an Earth-like planet could support liquid water on its
namical analysis, we performed a new fit to the observations, frface. For HD 40307, this HZ lies betweed®and 085 AU
which we allowed only circular orbits. For this nominal solutiorfsee Figl_1l7). This interval was computed using the recipes given
(S1 hereafter) we analysed the impact of changing the initial éoiSelsis et al. (2007) and is a function of stellar luminosity and
centricitye and initial mean anomall! of individual planets on effective temperature. We used the luminosity and temperature
the stability of the whole system. estimates given by Ghezzi et al. (2010). With an orbital semi-

Starting from S1 we changed only the initielor M of major axis of 060 AU, the planet candidate HD 40307 g receives
an individual planet. We then integrated the obtained sys-62% of the radiation the Earth receives from the Sun and lies
tem for 1000 years using the symplectic SABA2 integratemafely within the HZ of its stellar host. Even though the radiation
(Laskar & Robutel, 2001) with a time step= 0.1 days. The sta- is somewhat low compared to that received by the Earth, we note
bility of the system was afterwards estimated using a frequerttyat the Earth lies actually reasonably close to the inner boundary
analysis|(Laskar, 1993). For this we divided the solution into twaf the Sun’s HZ (Figl_1l7).
parts and computed the mean motiorfer all planets for each As is the case with the previously reported planets in the HZs
part separately. To obtain the measure of stabildy, (ve cal- of nearby stars, additional observational information is neces-
culated the maximum relative change in th&atience between sary — on top of confirming the planetary nature of the three new

7.3. Sources of (in)stability

Habitability and prospective follow-up

both mean motions as signals we report in this work — to decide if HD 40307 g indeed
i i can support water on its surface. In the meantime, and given that

D = max m-m i=b,...g @) it would be a rather massive object for a telluric planet, detailed

no |’ T climatic (e.g/ Barnes et al., 2012) and planetary interior simula-

tions (e.g. Korenaga, 2010; Stein etlal., Z011) can be used to esti-

For a stable system, the individual mean motions will not vapate its suitability for supporting liquid water and, perhaps, life.
with time, i.e.n; ~ n,. The results are shown in Fig.116. HeraJnlike the other previously reported candidate habitable planets
"red” denotes strongly chaotic orbits, while "black” correspondground nearby M dwarfs (e.g., GJ 581 and GJ 667C), HD 40307
to very regular ones. g is located farther away from the central star and, like the hab-

The left panel of Fid. 16 confirms that the stability of the systable zone planet candidate Kepler 22b (Borucki éf al., 2012), it
tem is crucially dependent on the individual eccentricities of thghould not sfer from tidal locking either (Kasting et al., 1993;
planets. Only for initial eccentricities very close to zero regul®arnes et all, 2009b).
motion can be foundX ~ 10-°). Using the right panel of Fif.16  Given its relatively long-period orbit, the transit proba-
it is also possible to identify the reasons for dynamical stabilibility of planet candidate HD 40307 g is very low@.6%
in HD 40307. While the system is not sensitive at all for exari€harbonneau el al., 2007). Also, previous attempts to detect the
ple to the initial mean anomaly of plangtit crucially depends transits of the inner candidate HD 40307 bxP.3 days) have
on M. andMs. In each column of these planets one finds in Figgeen unsuccessful (Gillon et al., 2010). Therefore, if coplanarity
[18 initial conditions that lead to very regular motidd ¢ 10° is a common feature of planetary systems, the fact that HD
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Fig. 15. Distributions estimating the orbital eccentricities given measurements alone (grey histogramnaeahstandard devi-
ationoy,), showing the values the eccentricities had during orbital integrations®ofeld's that could not be shown to be unstable
(white histogram; meapny and standard deviatiany), and their combination (red histogram).
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Fig. 16. Stability analysis of the circular six-planet solution (S1). The panels show the influence of changing the initial eccentricit
(left) and initial mean anomaly (right) on the stability of the complete planetary system. "Red” corresponds to highly unstable orb
while "black” denotes regular motion. Each of the 100 initial conditions per planet were integrated numerically for 1 kyr, for whicl
we then computed the stability criteri@n(Eq.[2).

40307 b is not transiting its star bodes ill for the transit chancdependent data analysis methods. In addition to these, we also
of any outer companion. HD 40307 is a nearby star (13 pc) corenfidently detect three new periodic signals in the RVs of this
pared to the typical target of the Kepler mission (e.g., Kepler X2.5 V dwarf star. Our analyses of the HARPS RVs indicates
is located at~ 200 pc). Because of this, the star-planet angthe existence of a system with six super-Earth candidates around
lar separation can be as large~ad6 mas. Space-based directthis star (Tabl€l3; Fig.-11) and our dynamical analyses show that
imaging missions such as DaryiitBA (Cockell et al., 2009) or long-term stable orbits are allowed within our credibility sets
NASA/TPF (Lawson et all, 2006) aim to reach the sensitivity tof the parameters. Our results make HD 40307 one of the few
detect Earth-sized planets at an inner working angte4® mas. known planetary systems with more than five planet candidates:
Therefore, HD 40307 g would be the first habitable-zone cantib 10180/|(Lovis et all, 2011a; Tuomi, 2012), the Kepler-11 six-
date in the super-Earth mass regime that could be targeted byplanet system (Lissauer et al., 2011), and the solar system.

planned direct imaging observatories. _ .
A handful of potentially habitable planets have been re-

ported to date. GJ 581 d (Mayor et al., 2009b) and HD 88512
9. Discussion b (Pepe et al., 2011) orbit at the extended HZ where thick clouds

of CO, or water would be required to sustain wet atmospheres.
After examining the wavelength dependence of the signals in the is the case with Kepler-22 b (Borucki et al., 2012) and GJ
RVs of HD 40307 and their relation to the chromospheric aé67C c (Anglada-Escudé et al., 2012), HD 40307 g orbits well
tivity indicator (S-index), we easily detect the three super-Eanitithin the more classic and conservative definition of the HZ.
candidates previously reportedlby Mayor etlal. (2009a) using M#Ath a radius of 2.4R;, Kepler-22 b is likely to be a small-
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Fig. 17. Representation of the liquid water habitable zone around HD 40307 as described by Selsis etlal. (2007) compared to
solar system. Note the compactness of the orbital configuration of the five inner planet candidates around HD 40307 compare
the planets in the inner solar system.

scale version of Neptune rather than a rocky planet with a solidw planet candidates reported here. Moreover, given that all
surface |(Borucki et all, 2012). However, the precise naturessifinals are of planetary origin, detailed dynamical analyses can
GJ 667C c and HD 40307 g are unknown and they could aladditionally constrain the orbits and masses by excluding unsta-
be scaled-down versions of Neptune-like planets with thick dite configurations, and especially, constraining the upper limits
mospheres and solid cores. Compared to the candidates orbitihthe planetary masses that could then be used to determine the
nearby low-mass stars (GJ 581 d, GJ 667C c, HD 85512 b), Hiizlinations of their orbits. In this sense, and given the relatively
40307 g is not likely to sfiier from tidal-locking — which im- dense dynamical packing of the system, the planet candidates
proves its chances of hosting an Earth-like climate. Like for trewound HD 40307 are likely to have masses close to their mini-
other HZ candidates, it is not yet possible to determine its physum values.

ical and geochemical properties and a direct-imaging mission The outer planet candidate (HD 40307 g) has a minimum
seems to be the most promising way of obtaining observatiomahss of~ 7 Mg and orbits the star within the liquid water HZ.
information on these properties. Given its priviledged position comfortably within the HZ, it is

For stable stars, the HARPS data can be readily usiely to remain inside it for the full orbital cycle even if its ec-

to detect Keplerian periodicities in RVs with amplitudes becentricity is not strictly zero. A more detailed characterization
low 1.0 ms? (Pepeetal.[ 2011). This accuracy can be a@f this candidate is very unlikely using ground based studies be-
ditionally improved by obtaining RV measurements usingause it is very inlikely to transit the star, and a direct imaging
optimized data-reduction techniques (e.g. HARPS-TERRAUission seems the most promising way of learning more about
Anglada-Escudé & Butler, 2012) and analysing the wavelength possible atmosphere and life-hosting capabilities. The plane-
dependence of the signals. Also, detections should not rely @y system around HD 40307 has an architecture radically dif-
criteria solely based on the analyses of the model residualéerent from that of the solar system (see Fidure 17), which indi-
this procedure is prone to biases and the weakest signals in@ates that a wide variety of formation histories might allow the
data can easily escape detection (compare e.g. the result§€Bergence of roughly Earth-mass objects in the habitable zones
Lovis et al.| 20114; Feroz etldl., 2011; Tubmi, 2012). of stars.
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Table A.2. HARPS-TERRA Diferential radial velocities of HD 40307 from the full spectra (F) and the red part (490-680 nm) of the spectra
(R). These velocities are in the solar system barycentric reference frame and are corrected for the perspective acfieletrafiba 8-index
measurements in the Mount Wilson system and corresponding uncertainties (photon noise) are also provided. The rightmost column cont
the measurements of the FWHM of the cross correlation function as provided by the HARPS-DRS. Since no uncertainties for the FWHM &
provided by the HARPS-DRS, we use the measured standard deviation over all 135 nightly averaged measurementy (&% measure of

the uncertainty of each nightly average used in the analysis.

Time Velocity (F) Unc.(F) Velocity (R) Unc.(R) S-index Unc. VWHM

JD [ms™] [ms™] [ms™] [ms™] [ [107%] [kms™]

2452942.82149 3.06 0.65 1.87 0.63 0.21054 0.80 5.9071
2452999.74728 -2.03 0.90 -1.86 0.63 0.19181 1.34 5.9011
2452999.77714 0.37 1.00 -2.45 0.67 0.19406  1.22 5.9009
2453000.76055 3.41 0.92 3.48 0.68 0.19707 1.18 5.9001
2453001.66845 5.93 0.84 5.34 0.77 0.19646  1.19 5.8988
2453002.66863 5.44 0.86 2.99 0.80 0.20258 0.93 5.8992
2453054.59115 0.52 0.77 -1.24 0.64 0.19893 1.14 5.9008
2453692.71322 0.80 0.77 2.23 0.58 0.18624  1.09 5.8972
2453692.71565 1.49 0.65 1.04 0.50 0.18699  1.05 5.8930
2453692.71802 2.22 0.69 3.79 0.65 0.18699  1.09 5.8948
2453692.72053 2.23 0.69 4.08 0.54 0.18726  1.05 5.8967
2453692.72300 1.31 0.55 1.25 0.52 0.18872  1.02 5.8950
2453692.72541 2.21 0.64 3.18 0.60 0.18726  1.01 5.8956
2453692.72783 0.95 0.67 1.01 0.56 0.18277 1.00 5.8945
2453692.73029 0.95 0.64 1.66 0.65 0.18538  0.99 5.8948
2453692.73273 1.06 0.60 2.35 0.51 0.18755 1.02 5.8939
2453692.73513 2.14 0.69 2.79 0.56 0.18738  1.02 5.8955
2453692.73762 1.60 0.65 2.30 0.41 0.19030 1.07 5.8943
2453692.74008 2.18 0.72 2.88 0.56 0.18666  1.05 5.8954
2453692.74250 1.94 0.65 2.70 0.64 0.18378 1.05 5.8956
2453692.74496 2.48 0.74 2.06 0.67 0.18525 1.08 5.8953
2453692.74735 0.41 0.67 1.86 0.61 0.18848 0.96 5.8923
2453692.74982 0.28 0.56 1.26 0.58 0.18663  0.96 5.8952
2453692.75226 0.21 0.63 2.53 0.61 0.18659 0.94 5.8938
2453693.61842 0.74 0.85 0.17 0.69 0.18743 1.21 5.8961
2453693.62016 2.19 1.02 1.59 0.68 0.18634 1.20 5.8983
2453693.62191 2.20 1.05 231 0.70 0.18454  1.23 5.8957
2453693.62371 3.48 1.01 2.23 0.81 0.18290 1.29 5.8990
2453693.62544 1.65 0.91 2.73 0.62 0.18509  1.29 5.8968
2453693.62717 2.08 0.95 3.29 0.71 0.18034 1.27 5.8943
2453693.62891 3.69 1.16 3.46 0.71 0.18243 1.31 5.9009
2453693.63068 0.52 1.13 2.20 0.78 0.18539 1.26 5.8954
2453693.63240 2.05 1.01 2.00 0.86 0.18637  1.23 5.8968
2453693.63414 0.89 0.88 -0.09 0.58 0.18740 1.19 5.8964
2453693.63589 1.27 0.96 0.20 0.82 0.18430 1.22 5.8982
2453693.63762 3.08 1.10 3.56 0.84 0.18463  1.30 5.8968
2453693.63939 2.21 1.08 2.31 0.74 0.18293 1.35 5.8979
2453693.64113 1.25 1.06 0.82 0.71 0.18577  1.33 5.8962
2453693.64290 1.80 0.89 2.94 0.73 0.18543 1.23 5.8949
2453693.64463 1.44 0.94 1.80 0.70 0.18958  1.26 5.8931
2453693.64636 1.36 0.90 1.38 0.73 0.18340 1.26 5.8951
2453693.64812 2.99 1.08 2.47 0.67 0.18493 1.34 5.9004
2453693.64987 3.52 1.53 5.40 0.82 0.18230 1.44 5.8967
2453693.65159 0.81 1.49 1.66 0.80 0.17806  1.51 5.9013
2453693.65339 0.63 2.01 0.13 1.10 0.17905 1.57 5.8984
2453693.65512 2.11 1.36 1.99 0.71 0.18354 1.57 5.8990
2453693.65688 1.41 1.48 0.52 0.89 0.18541 1.55 5.8991
2453693.65862 3.47 1.48 3.65 1.10 0.18220 1.46 5.9005
2453693.66035 3.56 1.36 5.18 0.80 0.18024 1.41 5.8990
2453694.71446 3.68 0.53 3.92 0.49 0.18893 0.91 5.8978
2453694.71838 2.80 0.65 2.62 0.65 0.18649 0.94 5.8975
2453694.72221 3.34 0.52 3.11 0.45 0.18729 0.91 5.8989
2453694.72598 2.99 0.52 3.83 0.49 0.18586  0.97 5.8969
2453694.72992 3.04 0.54 3.06 0.49 0.18547  0.95 5.8977
2453694.73376 3.32 0.60 2.80 0.56 0.18541  0.96 5.8988
2453694.73761 2.94 0.62 2.90 0.57 0.18763  0.99 5.8981
2453694.74126 4.09 0.69 4.87 0.69 0.18405 1.11 5.9007
2453694.74522 3.83 1.07 5.65 0.66 0.18498 1.28 5.8992
2453694.74905 3.44 0.83 3.34 0.65 0.18557 1.22 5.8947
2453695.68438 4.15 0.42 3.92 0.51 0.19010 0.68 5.8950
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Table A.2. Continued.

Time Velocity (F) Unc.(F) Velocity (R) Unc.(R) S-index Unc. VWHM

JD [ms™] [ms™] [ms™] [ms™] [ [107%] [kms™]

2453695.68817 4.61 0.43 4.97 0.35 0.19201 0.70 5.8920
2453695.69201 3.89 0.42 4.10 0.41 0.19170 0.70 5.8944
2453695.69592 4.00 0.39 4.50 0.35 0.18987 0.70 5.8958
2453695.69972 3.54 0.39 4.35 0.38 0.19025 0.67 5.8916
2453695.70350 4.89 0.40 5.82 0.34 0.19123  0.67 5.8919
2453695.70730 3.90 0.39 4.34 0.42 0.18864  0.68 5.8929
2453695.71114 4.42 0.45 5.34 0.45 0.19049  0.69 5.8916
2453695.71509 4.68 0.37 4.87 0.38 0.18974 0.71 5.8936
2453696.68945 481 0.50 4.89 0.51 0.18766  0.80 5.8962
2453696.69326 4.42 0.47 4.65 0.54 0.18826  0.80 5.8962
2453696.69706 3.57 0.53 3.21 0.61 0.18783  0.83 5.8972
2453696.70094 2.82 0.58 3.66 0.56 0.18688 0.82 5.8932
2453696.70477 2.92 0.43 2.97 0.55 0.18649 0.78 5.8951
2453696.70861 3.63 0.49 4.14 0.47 0.18861 0.82 5.8952
2453696.71244 3.60 0.43 3.33 0.41 0.18813  0.82 5.8962
2453696.71629 2.84 0.47 2.38 0.59 0.18730 0.77 5.8987
2453696.72009 3.20 0.46 3.25 0.36 0.18662  0.78 5.8954
2453696.72395 3.90 0.37 3.79 0.34 0.18783 0.78 5.8953
2453697.71626 -1.12 2.69 -2.24 1.05 0.18662  1.98 5.9028
2453697.72027 -0.35 2.63 0.43 0.98 0.18598 1.89 5.9054
2453697.72392 -1.80 1.96 -0.12 1.16 0.18833 1.64 5.9018
2453697.72793 -0.86 1.84 -0.13 0.89 0.18536  1.62 5.9035
2453697.73183 0.77 1.78 1.05 0.86 0.18136  1.58 5.9016
2453697.73547 -0.27 1.42 -0.81 0.82 0.18244  1.47 5.8981
2453697.73933 0.61 1.77 1.57 0.91 0.18004 153 5.8971
2453697.74308 -2.48 2.31 -0.45 1.15 0.18324 1.73 5.8946
2453697.74695 1.14 2.43 1.99 0.73 0.18138  1.82 5.8990
2453698.72214 -3.81 0.69 -3.27 0.64 0.18974 1.04 5.8982
2453698.72601 -3.52 0.61 -2.95 0.55 0.18798  1.02 5.8981
2453698.72978 -3.70 0.60 -3.84 0.59 0.18900 1.06 5.8955
2453698.73369 -2.89 0.69 -4.03 0.53 0.18913  1.09 5.8996
2453698.73753 -2.12 0.69 -1.74 0.55 0.18817 1.07 5.8998
2453698.74132 -3.49 0.60 -3.07 0.46 0.18917 1.02 5.9006
2453698.74516 -2.97 0.65 -3.20 0.57 0.18742 1.01 5.9005
2453698.74902 -2.96 0.68 -2.54 0.57 0.18875 1.14 5.8996
2453698.75274 -2.41 0.74 -0.18 0.67 0.18695 1.15 5.8985
2453699.72090 -3.09 0.56 -1.73 0.49 0.18900 0.93 5.8939
2453699.72453 -3.19 0.43 -2.43 0.43 0.19005 0.86 5.8982
2453699.72836 -1.84 0.52 -1.78 0.55 0.19065 0.87 5.8967
2453699.73223 -3.11 0.48 -2.28 0.55 0.19062 0.88 5.8955
2453699.73606 -3.85 0.53 -2.10 0.50 0.18777 0.91 5.8977
2453699.73995 -2.79 0.44 -2.21 0.36 0.18990 0.89 5.8967
2453699.74375 -3.02 0.58 -2.62 0.50 0.19189  0.92 5.8971
2453699.74760 -2.77 0.48 -1.93 0.44 0.19041 0.86 5.8969
2453699.75138 -3.02 0.51 -1.48 0.46 0.19000 0.92 5.8982
2453700.75276 -3.18 0.52 -2.35 0.52 0.18997 0.92 5.8975
2453700.75646 -3.61 0.49 -2.09 0.49 0.19447  0.86 5.8977
2453700.76034 -3.57 0.56 -2.20 0.50 0.18906  0.88 5.8982
2453700.76415 -3.57 0.55 -1.98 0.49 0.18985  0.87 5.8983
2453700.76799 -3.88 0.50 -4.00 0.51 0.19370 0.85 5.8994
2453700.77189 -3.74 0.47 -1.81 0.46 0.19120 0.84 5.8970
2453700.77569 -2.89 0.48 -1.25 0.38 0.19242 0.84 5.8975
2453700.77959 -3.74 0.44 -2.46 0.42 0.19187 0.81 5.8977
2453700.78341 -3.79 0.45 -2.33 0.45 0.19137 0.81 5.8961
2453721.72774 -0.58 0.51 -0.12 0.55 0.19012 0.76 5.8957
2453721.73151 -0.02 0.40 0.13 0.41 0.18984  0.77 5.8944
2453721.73536 0.15 0.46 0.67 0.45 0.19185 0.75 5.8928
2453721.73921 -0.61 0.45 -0.60 0.48 0.19262  0.80 5.8958
2453721.74307 -0.22 0.47 0.32 0.47 0.18883 0.83 5.8943
2453721.74696 -0.06 0.46 1.34 0.39 0.18745  0.86 5.8951
2453721.75079 -0.15 0.45 0.18 0.46 0.18779  0.85 5.8937
2453721.75459 -0.75 0.55 2.14 0.52 0.19036 0.84 5.8949
2453721.75842 -0.58 0.46 -0.02 0.54 0.18910 0.80 5.8954
2453721.76230 -1.00 0.46 -0.48 0.40 0.18967 0.78 5.8946
2453722.72704 0.59 0.30 1.65 0.30 0.18982 0.78 5.8951

2453722.73077 1.55 0.46 191 0.44 0.18878 0:79 5.8967
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Table A.2. Continued.

Time Velocity (F) Unc.(F) Velocity (R) Unc.(R) S-index Unc. VWHM

JD [ms™] [ms™] [ms™] [ms™] [ [107%] [kms™]

2453722.73453 0.35 0.46 1.69 0.53 0.18990 0.82 5.8951
2453722.73839 0.33 0.46 1.14 0.46 0.19035 0.82 5.8979
2453722.74226 1.81 0.40 191 0.39 0.19051 0.80 5.8961
2453722.74610 0.01 0.44 0.70 0.49 0.19076  0.84 5.8970
2453722.74997 0.38 0.44 1.69 0.50 0.19003 0.82 5.8948
2453722.75377 1.66 0.45 1.47 0.42 0.19084 0.81 5.8982
2453722.75760 1.28 0.48 1.47 0.48 0.19038 0.81 5.8951
2453722.76143 1.91 0.44 3.53 0.39 0.18872 0.84 5.8963
2453724.68964 -1.30 0.44 -0.76 0.48 0.19170 0.76 5.8950
2453724.69350 -2.69 0.41 -1.51 0.38 0.19169 0.74 5.8960
2453724.69729 -1.24 0.42 -0.55 0.36 0.19028 0.73 5.8947
2453724.70115 -1.64 0.41 -1.66 0.47 0.19108 0.74 5.8947
2453724.70501 -1.53 0.42 -1.56 0.36 0.19259  0.72 5.8937
2453724.70875 -2.23 0.48 -0.74 0.48 0.18971 0.73 5.8956
2453724.71265 -2.14 0.40 -2.12 0.44 0.19014 0.72 5.8939
2453724.71648 -1.42 0.36 -1.32 0.36 0.18899 0.74 5.8934
2453724.72034 -0.98 0.40 -0.98 0.45 0.19086  0.76 5.8977
2453724.72410 -1.83 0.44 -1.13 0.58 0.19198 0.78 5.8951
2453725.69712 -0.10 0.41 -0.90 0.48 0.18874  0.77 5.8956
2453725.70098 0.12 0.52 1.06 0.55 0.19180 0.77 5.8958
2453725.70477 0.61 0.43 1.15 0.47 0.19195 0.75 5.8951
2453725.70855 -0.07 0.43 0.62 0.48 0.19391 0.79 5.8961
2453725.71242 0.27 0.44 1.30 0.47 0.19424  0.80 5.8957
2453725.71626 0.26 0.44 2.37 0.47 0.19498 0.78 5.8966
2453725.72006 0.30 0.43 0.91 0.49 0.19641  0.78 5.8966
2453725.72392 -0.09 0.48 0.68 0.32 0.19523 0.79 5.8957
2453725.72779 0.56 0.39 0.64 0.45 0.19569  0.79 5.8976
2453725.73161 0.24 0.41 0.72 0.43 0.19779  0.76 5.8972
2453726.69222 -1.23 0.42 -0.68 0.36 0.19735 0.75 5.8948
2453726.69605 -0.39 0.52 -0.56 0.60 0.19193 0.90 5.8988
2453726.69999 -1.04 0.49 -0.95 0.40 0.19540 0.85 5.8981
2453726.70385 -0.90 0.44 -0.01 0.46 0.19450 0.81 5.8965
2453726.70759 -0.42 0.33 -0.08 0.38 0.19633  0.79 5.8978
2453726.71152 -1.51 0.44 -0.81 0.38 0.19472  0.79 5.8968
2453726.71531 -1.29 0.40 -0.61 0.38 0.19476  0.77 5.8955
2453726.71915 -1.78 0.37 -1.10 0.37 0.19419 0.76 5.8978
2453726.72297 -1.16 0.39 -0.65 0.39 0.19675 0.73 5.8935
2453726.72682 -1.51 0.41 -1.61 0.40 0.19529 0.72 5.8939
2453727.67219 -3.98 0.45 -1.95 0.39 0.19549  0.72 5.8951
2453727.67589 -4.74 0.47 -4.11 0.38 0.19477  0.75 5.8960
2453727.67976 -4.06 0.45 -1.58 0.36 0.19628 0.79 5.8974
2453727.68357 -3.77 0.33 -2.71 0.28 0.19665 0.74 5.8950
2453727.68745 -4.66 0.40 -4.20 0.46 0.19388 0.73 5.8972
2453727.69132 -4.52 0.46 -3.41 0.42 0.19491 0.74 5.8950
2453727.69508 -4.16 0.45 -3.58 0.50 0.19505 0.72 5.8957
2453727.69891 -3.62 0.41 -2.66 0.44 0.19700 0.73 5.8965
2453727.70278 -3.68 0.43 -3.30 0.47 0.19510 0.74 5.8958
2453727.70654 -4.41 0.39 -4.00 0.36 0.19613 0.79 5.8973
2453728.75882 -7.30 0.39 -6.77 0.34 0.19571  0.67 5.8944
2453728.76261 -6.96 0.41 -5.91 0.46 0.19505 0.66 5.8930
2453728.76641 -6.16 0.43 -5.73 0.49 0.19493  0.69 5.8946
2453728.77026 -6.29 0.41 -5.55 0.47 0.19498 0.66 5.8923
2453728.77409 -6.17 0.40 -5.04 0.39 0.19540 0.68 5.8932
2453729.73763 -2.36 0.39 -1.76 0.39 0.19499 0.78 5.8962
2453729.74153 -2.48 0.41 -2.47 0.48 0.19439 0.76 5.8949
2453729.74533 -2.47 0.42 -2.91 0.45 0.19289  0.75 5.8951
2453729.74917 -2.15 0.43 -1.29 0.40 0.19458 0.73 5.8953
2453729.75302 -2.08 0.34 -1.45 0.34 0.19526  0.74 5.8935
2453729.75680 -2.30 0.47 -2.07 0.51 0.19429 0.73 5.8943
2453729.76067 -2.53 0.46 -1.94 0.41 0.19421  0.73 5.8953
2453729.76447 -3.02 0.42 -2.98 0.42 0.19556  0.72 5.8954
2453729.76830 -2.92 0.39 -1.79 0.38 0.19425  0.69 5.8945
2453729.77221 -1.97 0.35 -1.33 0.27 0.19620 0.72 5.8940
2453757.58857 -2.31 0.45 -2.99 0.47 0.19530 0.74 5.8963
2453757.59426 -2.54 0.39 -3.14 0.45 0.19347 0.68 5.8958
2453758.57622 -5.29 0.31 -5.14 0.38 0.19282  0.52 5.8966
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Table A.2. Continued.

Time Velocity (F) Unc.(F) Velocity (R) Unc.(R) S-index Unc. VWHM

JD [ms™] [ms™] [ms™] [ms™] [ [107%] [kms™]

2453759.58537 -3.83 0.32 -4.30 0.38 0.19282 0.49 5.8945
2453760.66690 -0.17 0.39 -0.06 0.34 0.19132  0.63 5.8967
2453761.60321 -0.77 0.34 -1.16 0.36 0.19147 0.51 5.8962
2453762.59317 -2.54 0.34 -3.68 0.31 0.19299  0.65 5.8957
2453763.59467 -4.14 0.28 -4.40 0.35 0.19228 0.46 5.8954
2453764.61673 -2.63 0.27 -2.38 0.30 0.19295  0.40 5.8924
2453765.60207 -4.38 0.29 -4.72 0.35 0.19303  0.42 5.8946
2453782.55901 2.57 0.32 1.67 0.38 0.19276  0.52 5.8978
2453784.58651 -5.98 0.37 -6.03 0.36 0.19551  0.62 5.8974
2453786.61145 -4.44 0.33 -5.15 0.42 0.19704  0.53 5.9009
2453788.60032 -5.19 0.36 -5.57 0.44 0.19740 0.56 5.9009
2453790.59110 1.27 0.31 0.92 0.32 0.19900 0.50 5.9011
2453810.58376 -1.11 0.30 -2.02 0.37 0.19762  0.53 5.8990
2453811.57335 1.20 0.29 1.35 0.30 0.19763  0.50 5.9006
2453811.59677 2.28 0.34 2.13 0.43 0.19845  0.52 5.9012
2453812.55900 2.83 0.38 2.37 0.44 0.19635 0.61 5.9032
2453814.60118 -3.69 0.34 -4.49 0.41 0.19592 0.54 5.9006
2453817.59376 2.64 0.26 2.81 0.39 0.19563  0.60 5.8995
2453829.51773 3.30 0.79 3.40 0.66 0.19146  1.10 5.9002
2453829.52316 2.46 0.54 2.04 0.54 0.19708  0.99 5.9003
2453831.51533 -1.27 0.24 -1.84 0.38 0.19487 0.73 5.8947
2453831.52040 -1.61 0.45 -1.33 0.47 0.19360 0.75 5.8967
2453835.51806 0.01 0.53 -0.23 0.49 0.19214  0.87 5.9006
2453835.52259 0.52 0.62 0.00 0.59 0.19646  0.99 5.9021
2453861.46191 0.44 0.31 0.36 0.39 0.19838  0.67 5.9034
2453862.46764 -3.31 0.32 -4.20 0.32 0.19787 0.56 5.9024
2453863.46235 -4.49 0.32 -3.93 0.35 0.19568  0.52 5.8993
2453864.45691 -1.39 0.34 -2.25 0.36 0.19687 0.67 5.9012
2453865.45514 -4.05 0.30 -4.40 0.31 0.19588  0.48 5.8962
2453866.45643 -4.12 0.33 -4.67 0.39 0.19632 0.51 5.8964
2453867.47453 -1.7 0.24 -2.06 0.30 0.19410 0.53 5.8989
2453868.45499 1.50 0.35 0.77 0.34 0.19502  0.57 5.9005
2453869.45631 -0.41 0.31 -0.44 0.31 0.19488  0.48 5.8964
2453870.45490 -2.84 0.41 -2.84 0.42 0.19138 0.67 5.9018
2453871.45587 -3.91 0.28 -3.86 0.35 0.19317 0.57 5.8999
2453882.46166 0.88 0.97 2.20 0.57 0.20431 1.33 5.9084
2453882.46547 1.32 1.07 1.06 0.73 0.20471  1.33 5.9085
2453882.46940 2.58 0.91 3.30 0.72 0.20460 1.36 5.9110
2453974.92261 1.42 0.48 1.03 0.50 0.19426  0.80 5.9085
2453980.90950 4.83 0.55 5.02 0.52 0.19708 0.88 5.9069
2453980.91504 3.58 0.48 3.58 0.56 0.20014 0.85 5.9082
2453981.91896 3.66 0.84 3.17 0.63 0.20339 1.19 5.9069
2453981.92156 3.45 0.86 4.01 0.51 0.20369  1.27 5.9085
2453981.92423 4.09 1.06 4.23 0.71 0.20454 1.29 5.9108
2453981.92686 3.63 1.02 3.58 0.71 0.20040 1.25 5.9101
2454047.80472 -4.61 0.42 -5.02 0.56 0.19225 0.64 5.9048
2454049.80059 0.92 0.37 1.31 0.44 0.19283  0.58 5.9020
2454051.81528 -1.00 0.44 -0.88 0.51 0.18873 0.75 5.9011
2454053.82521 -1.36 0.38 -0.77 0.4 0.19429  0.56 5.8986
2454055.83011 -5.22 0.30 -4.90 0.43 0.19127 0.57 5.8995
2454077.73742 -2.98 0.30 -2.73 0.36 0.19573  0.52 5.9004
2454079.70672 6.02 0.37 5.88 0.45 0.19301 0.67 5.9014
2454081.71480 2.25 0.53 3.26 0.54 0.19077 0.84 5.9024
2454083.76354 3.32 0.50 4.14 0.54 0.19034  0.89 5.9033
2454115.61193 -3.41 2.12 -4.25 1.01 0.19494 1.81 5.9101
2454115.61771 -1.12 1.23 -0.51 0.73 0.19225 153 5.9089
2454120.67504 1.62 0.49 1.60 0.49 0.19653 0.80 5.9097
2454120.68114 -0.10 0.47 0.00 0.47 0.19609 0.78 5.9071
2454121.64059 0.46 0.44 0.13 0.52 0.19680 0.85 5.9071
2454121.64644 -0.58 0.43 -0.74 0.36 0.19683 0.81 5.9071
2454136.60823 0.91 0.34 0.82 0.47 0.19397 0.66 5.9017
2454136.61374 0.92 0.34 1.31 0.39 0.19206  0.62 5.9044
2454137.59986 -0.35 0.32 -0.59 0.35 0.19550 0.65 5.9026
2454137.60532 -0.51 0.39 -0.90 0.41 0.19380 0.66 5.9041
2454141.60605 -1.17 0.56 -1.19 0.52 0.20137  1.00 5.9098

2454141.61179 -1.12 0.37 -1.02 0:47 0.19861 0.96 5.9094
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Table A.2. Continued.

Time Velocity (F) Unc.(F) Velocity (R) Unc.(R) S-index Unc. VWHM

JD [ms™] [ms™] [ms™] [ms™] [ [107%] [kms™]

2454143.55743 2.02 0.46 1.29 0.45 0.19866 0.85 5.9058
2454143.56322 1.79 0.49 2.09 0.47 0.20033  0.82 5.9065
2454167.54364 1.07 0.31 -0.43 0.36 0.19678  0.50 5.9014
2454169.51793 -2.88 0.23 -3.25 0.28 0.19639  0.44 5.8994
2454171.53889 -5.73 0.32 -5.89 0.37 0.19491 0.45 5.9024
2454173.54371 -4.21 0.35 -4.44 0.45 0.19714  0.47 5.9050
2454194.49833 -3.09 0.41 -3.97 0.41 0.19940 0.78 5.9030
2454194.50370 -1.94 0.46 -2.26 0.47 0.19719 0.79 5.9040
2454196.49825 4.68 0.51 3.80 0.53 0.19934 0.91 5.9051
2454196.50338 3.95 0.55 2.79 0.52 0.20203  0.90 5.9041
2454197.49435 -0.12 0.48 0.25 0.49 0.19868 0.84 5.9009
2454197.49969 -0.76 0.45 -0.68 0.42 0.20035 0.85 5.9054
2454198.50730 -4.55 0.41 -4.84 0.46 0.19857  0.75 5.9048
2454198.51264 -4.27 0.50 -4.64 0.57 0.19747 0.78 5.9049
2454199.49468 -2.93 0.40 -2.46 0.44 0.19753 0.71 5.9034
2454199.49995 -2.45 0.40 -2.39 0.44 0.19613 0.72 5.9054
2454200.48249 -0.62 0.43 -1.47 0.54 0.19802 0.75 5.9033
2454200.48765 0.70 0.48 0.74 0.46 0.19712 0.76 5.9055
2454202.49346 -0.47 0.57 -1.44 0.61 0.19852  0.96 5.9057
2454202.49888 -0.01 0.58 -0.71 0.60 0.19647 0.97 5.9089
2454225.48698 5.40 0.98 4.79 0.64 0.20354 1.39 5.9095
2454225.49172 5.38 1.43 2.80 0.84 0.20578  1.79 5.9100
2454228.47911 -0.67 1.04 -1.47 0.76 0.20000  1.47 5.9078
2454228.48399 -0.99 0.68 -0.71 0.51 0.19916  1.22 5.9125
2454229.48224 -1.41 0.59 -2.26 0.57 0.20195 1.29 5.9143
2454229.48703 -0.94 0.89 -2.22 0.63 0.19863 1.23 5.9135
2454231.46180 0.43 0.55 0.44 0.52 0.20424  1.03 5.9061
2454231.46674 1.26 0.58 0.90 0.56 0.20124  0.99 5.9092
2454232.47095 0.22 0.64 0.45 0.55 0.20078  1.15 5.9063
2454232.47594 -1.01 0.65 -0.76 0.49 0.20121 1.11 5.9063
2454233.45885 0.96 1.40 -0.99 0.90 0.20153 1.61 5.9094
2454233.46394 -0.30 2.47 -0.49 1.07 0.20526  1.98 5.9142
2454234.48796 1.42 0.76 1.29 0.54 0.20107 1.21 5.9081
2454234.49299 1.05 0.71 2.35 0.56 0.20014 1.13 5.9105
2454315.88827 -4.59 2.00 -6.20 1.00 0.20437 1.80 5.9209
2454319.90884 -2.15 0.44 -3.79 0.56 0.19446  0.75 5.9142
2454342.87431 0.47 0.44 -0.90 0.55 0.19026  0.54 5.9109
2454346.90515 5.00 1.31 5.48 0.87 0.19405 1.46 5.9092
2454346.90736 3.80 1.30 3.11 0.74 0.19493 141 5.9077
2454346.90954 4.11 1.36 3.34 0.84 0.19976  1.53 5.9083
2454346.91177 4.40 1.11 2.73 0.66 0.18904 1.44 5.9095
2454346.91396 5.16 1.19 4.18 0.65 0.19593 1.47 5.9069
2454347.88542 5.81 1.35 4.70 1.00 0.19801  1.40 5.9038
2454347.88751 5.61 1.21 6.49 0.79 0.19498 1.37 5.9003
2454347.88962 491 1.44 5.42 0.75 0.19431  1.48 5.9045
2454347.89172 5.52 1.45 5.82 0.82 0.19381 1.54 5.9079
2454347.89390 5.39 1.11 6.90 0.70 0.19764 131 5.9041
2454349.87735 2.77 0.39 2,51 0.48 0.19545 0.54 5.9071
2454386.74976 3.17 0.39 2.23 0.47 0.19873  0.53 5.9141
2454387.78961 2.92 0.39 1.95 0.44 0.19570 0.48 5.9090
2454390.79759 2.81 0.39 2.45 0.52 0.19600 0.55 5.9045
2454392.73519 -2.61 0.45 -4.07 0.54 0.19740 0.69 5.9087
2454393.76810 -0.76 0.40 -2.09 0.55 0.19737 0.48 5.9099
2454394.76002 191 0.41 1.82 0.44 0.19706  0.57 5.9086
2454419.79420 -4.06 0.36 -4.76 0.38 0.19949 0.56 5.9075
2454420.76710 -4.00 0.36 -4.65 0.38 0.19976  0.46 5.9038
2454421.72662 -6.46 0.31 -6.55 0.42 0.19920 0.41 5.9033
2454422.74119 -6.11 0.38 -7.16 0.40 0.19682  0.52 5.9076
2454423.76829 -1.77 0.38 -3.12 0.43 0.19610 0.57 5.9027
2454424.74178 2.29 0.41 1.47 0.44 0.19561  0.56 5.9035
2454425.73676 3.14 0.40 1.80 0.44 0.19552  0.60 5.9029
2454426.71643 0.42 0.35 -0.05 0.41 0.19620 0.41 5.9011
2454427.74603 2.48 0.33 0.75 0.47 0.19600 0.47 5.9032
2454428.75546 451 0.42 4.09 0.51 0.19717 0.48 5.9030
2454429.72905 3.77 0.35 2.27 0.37 0.19554  0.56 5.9052
2454445.73146 471 0.40 3.94 0.38 0.19983 0.68 5.9044
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Table A.2. Continued.

Time Velocity (F) Unc.(F) Velocity (R) Unc.(R) S-index Unc. VWHM

JD [ms™] [ms™] [ms™] [ms™] [ [107%] [kms™]

245444573671 4.54 0.43 4.75 0.45 0.19962 0.71 5.9042
2454451.75723 171 0.64 1.88 0.60 0.20123  0.93 5.9077
2454451.76263 2.42 0.49 1.47 0.51 0.20303 0.85 5.9089
2454454.76782 3.87 0.52 3.77 0.51 0.20442  0.73 5.9114
2454454, 77327 4.14 0.44 4.44 0.55 0.20680 0.75 5.9108
2454478.66543 -6.25 0.37 -6.75 0.31 0.20483  0.50 5.9114
2454479.62214 -6.75 0.35 -7.58 0.37 0.20480 0.51 5.9126
2454480.58502 -3.22 0.42 -4.69 0.27 0.20450 0.59 5.9116
2454483.59354 0.73 0.40 -0.87 0.41 0.20461  0.53 5.9107
2454484.62713 2.01 0.43 1.11 0.53 0.20785 0.46 5.9128
2454486.58708 -0.20 0.4 -0.94 0.47 0.20710 0.60 5.9126
2454529.54157 1.59 0.43 -0.50 0.48 0.20937  0.59 5.9166
2454555.49159 -0.26 0.38 -1.68 0.37 0.19768  0.52 5.9059
2454556.48326 -3.20 0.40 -5.69 0.44 0.19768  0.52 5.9029
2454557.48453 -0.34 0.47 -2.01 0.40 0.19579  0.67 5.9054
2454562.47919 -0.9 0.35 -1.38 0.46 0.19707 0.43 5.9017
2454566.47610 -1.75 0.41 -2.47 0.53 0.20228 0.56 5.9074
2454570.47483 5.08 0.45 3.16 0.44 0.20497  0.67 5.9156
2454736.87535 0.59 0.52 -0.28 0.67 0.20753  0.79 5.9208
2454852.69375 -0.19 0.46 -2.03 0.53 0.22760 0.53 5.9260

2454854.61310 -1.56 0.31 -2.60 0.35 0.22883 0.54 5.9268
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