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A B S T R A C T 

The cross-correlation function and template matching techniques have dominated the world of precision radial velocities for 
many years. Recently, a new technique, named line-by-line, has been developed as an outlier resistant way to efficiently extract 
radial velocity content from high resolution spectra. We apply this new method to archival HARPS and CARMENES data sets of 
the K2-18 system. After reprocessing the HARPS data set with the line-by-line framework, we are able to replicate the findings 
of previous studies. Furthermore, by splitting the full wavelength range into sub-domains, we were able to identify a systematic 
chromatic correlation of the radial velocities in the reprocessed CARMENES data set. After post-processing the radial velocities 
to remo v e this correlation, as well as rejecting some outlier nights, we robustly unco v er the signal of both K2-18 b and K2-18 c, 
with masses that agree with those found from our analysis of the HARPS data set. We then combine both the HARPS and 

CARMENES velocities to refine the parameters of both planets, notably resulting in a revised mass and period for K2-18 c of 
6 . 99 

+ 0 . 96 
−0 . 99 M ⊕ and 9.2072 ± 0.0065 d, respectively. Our work thoroughly demonstrates the power of the line-by-line technique 

for the extraction of precision radial velocity information. 

Key words: techniques: radial velocities – planets and satellites: detection – planets and satellites: fundamental parameters –
planets and satellites: individual: K2-18. 

1

E  

(  

m  

h  

t  

o  

d  

2  

m  

t  

p  

m  

e  

�

m  

S  

i  

a  

a  

t  

e  

P
 

s  

1  

t  

s  

s  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5050/6767604 by C
SIC

 - Instituto D
e G

anaderia D
e M

ontana user on 10 January 2023
 I N T RO D U C T I O N  

xemplified by its role in the foundational disco v ery of 51 Pe gasi b
Mayor & Queloz 1995 ), precision radial velocity (pRV) measure-
ents, where one observes the gravitational reflex motion of a

ost star due to an orbiting planet, is one of the key observational
echniques upon which exoplanet science rests. Despite having been
 v ertaken by the transit method in terms of raw numbers of planet
etected, thanks to dedicated surv e ys such as Kepler (Borucki et al.
010 ) and TESS (Ricker et al. 2014 ), pRV observations have re-
ained critical, not only for the confirmation of planet candidates, but

he understanding of their physical properties. When combined with
lanetary radius information gained through transit observations,
ass estimates provided by pRV surveys allow for estimates of

xoplanet bulk densities and thus atmosphere scale heights – infor-
 E-mail: michael.radica@umontreal.ca 
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Pub
ation which is critical for atmospheric characterization (Seager &
asselov 2000 ). Additionally, the spectroscopic capabilities of pRV

nstruments have recently started to be used to perform exoplanet
tmosphere studies; leveraging the relative Doppler shift of planetary
nd stellar spectral lines as the planet mo v es in its orbit to probe
he composition and structure of exoplanet atmospheres (e.g. Brogi
t al. 2012 , 2013 , 2016 ; Birkby et al. 2013 , 2017 ; Guilluy et al. 2019 ;
elletier et al. 2021 ; Boucher et al. 2021 ). 
Ever since the first exoplanet discovery, RV measurement preci-

ion has significantly impro v ed, from ∼15 m s −1 (Mayor & Queloz
995 ) to better than 50 cm s −1 with the latest state-of-the-art spec-
rographs (Pepe et al. 2021 ). Ho we ver, recent interest in planetary
ystems around low-mass stars, as well as atmospheric spectroscopy
tudies, have moti v ated a shift in pRV instruments from operating in
he optical to near-infrared (NIR) wavelengths (Artigau et al. 2014b ;
otani et al. 2014 ; Quirrenbach et al. 2018 ). pRV observations in

he NIR are significantly more challenging than in the optical due
o a combination of factors, perhaps the foremost of which is that
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elluric absorption is much more prominent in the YJHK wavebands 
ompared to the optical (Artigau et al. 2014a ). This imparts a strong
elluric signal to all pRV observations in the NIR which generally 
warfs the scientific signal of interest. Ho we ver, other ef fects such
s emission from OH in Earth’s atmosphere (Rousselot et al. 2000 ),
s well as detector effects such as persistence (Artigau et al. 2018 )
lso present substantial challenges. 

Artigau et al. ( 2022 , hereafter A22) recently presented a no v el
ethod for pRV measurements, uniquely suited to the challenges 

resented by observations in the NIR as well as optical wavelengths, 
nd demonstrate its ef fecti veness on two test data sets: publicly
vailable data for Proxima Centauri retrieved from the HARPS data 
rchi ve, and observ ations of Barnard’s Star from the SPIRou Le gac y
urv e y (Donati et al. 2020 ). 
In this article, we apply the unique capabilities of the LBL method

o archi v al HARPS and CARMENES RV data of the K2-18 system
o attempt to rectify persistent anomalies in the literature. Our work 
s laid out as follows: in Section 2 , we briefly summarize the key
spects of the LBL pRV technique, then outline the current state 
f knowledge regarding the K2-18 system in Section 3 . Section 4.1
resents our reanalysis of the HARPS RV time series presented in 
loutier et al. ( 2017 ) and later extended by Cloutier et al. ( 2019 ),
nd Section 4.2 , a consistent reanalysis of the CARMENES RV 

ime series first published by Sarkis et al. ( 2018 ). In Section 4.3 , we
ombine all available RV data for the K2-18 system to refine the
hysical and orbital parameters of the planets, and we summarize 
nd conclude in Section 5 . 

 OV ERVIEW  O F  T H E  LBL  T E C H N I QU E  F O R  

RV  MEASUREMENTS  

he earliest RV data sets were derived through the use of the
ross-correlation function (CCF) technique, whereby an observed 
pectrum is cross-correlated with a mask consisting of a comb of
elta functions denoting the locations of stellar lines, with each delta 
unction weighted by the line-depth and local signal-to-noise ratio 
S/N). The CCF method yields an average line profile, who’s central 
elocity is the overall RV shift of the observed spectrum, and whose
igher-order moments (e.g. the full-width-half-max; FWHM) are 
sed as tracers of stellar activity. 
The LBL technique (A22) is an extension of the Bouchy, Pepe &

ueloz ( 2001 ) formalism that uses a projection of the residual
etween a spectrum and the corresponding stellar template on 
o the deri v ati ve of the spectrum to measure a velocity. In the
BL, the analysis is performed on individual ‘lines’ rather than 

he spectrum all at once. The moti v ation for such a procedure is
uite simple: pRV spectra, especially in the NIR, are well known 
o be effected by telluric absorption and emission as well as other
etector ef fects. Regions af fected by spurious structures can be 
odelled through a mixture model to derive an outlier-resistant 

elocity. 
The LBL framework allows for a per-band RV measurement of the 

 elocity, which pro vides a consistenc y check of pRV measurement.
his is not unique to the LBL, provided that the domain is wide
nough, this can also be done in the framework of CCF measurements 
e.g. Kossakowski et al. 2022 ) or template matching. The subdivision
f a data set into multiple bands enables a more robust discrimination
etween signals of a planetary nature, which should be present 
n periodograms of all bands, and those originating from stellar 
cti vity, which are kno wn to be wavelength dependent (Reiners et al. 
010 ). 
 T H E  K 2 - 1 8  PLANETA RY  SYSTEM  

he K2-18 system has attracted considerable interest from the 
xoplanet community in recent years. A habitable-zone mini- 
eptune, K2-18 b was detected around the M2.5V host star (Benneke

t al. 2017 ) by Montet et al. ( 2015 ) using two transits from K2
hotometry. Benneke et al. ( 2017 ) later confirmed this disco v ery
ia the observation of a single transit with Spitzer /IRAC 4.5 μm
hotometry. Subsequent transmission spectra taken with the Wide 
ield Camera 3 instrument of the Hubble Space Telescope then 
amously yielded a detection of water vapour in its atmosphere 
Benneke et al. 2019 ; Tsiaras et al. 2019 ) – the first such detection for
 habitable-zone planet. Although, further studies (e.g. Barclay et al. 
021 ; B ́ezard, Charnay & Blain 2022 ) have claimed that the inferred
ignature of atmospheric water vapour may be erroneous, and instead 
ue to inhomogeneities in the stellar surface, or indeed methane 
bsorption. 

The temperate conditions of K2-18 b and the detection of water
apour in its atmosphere have made it the subject of much interest. In
epth modelling efforts have detected the hallmarks of disquilibrium 

hemistry (Hu 2021 ; Blain, Charnay & B ́ezard 2021 ), and it was also
ecently proposed that K2-18 b may be a so called Hycean world – an
cean planet surrounded by a thin H/He dominated atmosphere, and 
otentially even habitable (Madhusudhan et al. 2020 ; Madhusudhan, 
iette & Constantinou 2021 ; Piette & Madhusudhan 2020 ). Hu et al.
 2021 ) suggest that the unique chemical signatures of such Hycean
orlds will even be detectable with the JWST . Indeed, to this end
2-18 b will be targeted for observation during JWST Cycle 1 with

he NIRSpec, MIRI, and NIRISS instruments to attempt to shed light
n its composition and internal structure. 1 

There is more intrigue though, in the K2-18 system than just
he nature of K2-18 b. The first RV analysis on this system was
arried out by Cloutier et al. ( 2017 , hereafter C17) who observed
5 spectra of K2-18 from 2015 April to 2017 May with the HARPS
pectrograph (Pepe et al. 2004 ). Not only did these observations
rovide an independent confirmation of the planetary nature of K2- 
8 b, but C17 also claimed the detection of a second non-transiting
lanet, K2-18 c. C17 find a mass of 8.0 ± 1.0 M ⊕ for K2-18 b, and
 minimum mass of 7.5 ± 1.3 M ⊕, as well as a period of 8.96 d for
2-18 c. 
Sarkis et al. ( 2018 , hereafter S18) presented 58 spectra of K2-18

bserved with the VIS channel of the CARMENES spectrograph 
Quirrenbach et al. 2018 ) between 2016 December and 2017 June.
he y reco v er a strong signal of K2-18 b in their RV data, but find no
vidence for K2-18 c. Their analysis finds that the signal of K2-18 c
s only present in the second half of their data set, when the star
isplayed an increased level of activity (as demonstrated by the level
f signal from the Ca infrared triplet; see their fig. 8). They thus
onclude that the ∼9-d signal found by C17 is likely do to stellar
ctivity. 

Cloutier et al. ( 2019 , hereafter C19) then revisited their initial
nalysis in conjunction with the CARMENES observations presented 
y S18 as well as 31 additional HARPS spectra – extending the full
2-18 baseline from 2015 April to 2018 June. Through a thorough

eanalysis of the CARMENES measurements, they conclude that 
hree ‘anomalous’ nights are artificially suppressing the signal of 
2-18 c, and that once remo v ed, the signal is much more apparent

n a Lomb–Scargle periodogram (Scargle 1982 ) analysis. They then 
roceed to a joint analysis of all available RV data for K2-18 (minus
MNRAS 517, 5050–5062 (2022) 
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Table 1. Comparison of Planet Parameters from Different Studies. 

Parameter Study 
C17 S18 C19 This study 

K2-18 b 
Period, P b [d] 32.9396 ± 10 −4 32.9396 ± 10 −4 32.9396 ± 10 −4 32.9396 ± 10 −4 

RV Semi-Amplitude, K b [m s −1 ] 3.18 ± 0.71 3.55 ± 0.57 2.75 ± 0.43 3.112 ± 0.56 
K2-18 c 
Period, P c [d] 8.962 ± 0.008 – 8.997 ± 0.007 9.2072 ± 0.0065 
RV Semi-Amplitude, K c [m s −1 ] 4.63 ± 0.72 – 2.76 ± 0.41 3.568 ± 0.45 

Note. – denotes that insufficient evidence for the planet was found in the study. 
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Figure 1. Top : Median subtracted RV values for each of our three chosen 
HARPS bands. Middle : Same as the top, but with the u ′ band remo v ed 
to better visualize the other two bands. Bottom : Histogram showing the 
velocity difference from the mean, divided by the RV error for each band. The 
distribution for each band traces a normal distribution (dashed–black curve), 
and no > 5 σ outliers are present. 

Table 2. Comparison of Individual Bands for the LBL Reprocessed 
CARMENES and HARPS Data sets. 

Band 
RMS 

[m s −1 ] 
RMS error 

[m s −1 ] Fractional 
contribution [%] 

HARPS 
u ′ 82 .53 75 .42 0 .17 
g ′ 6 .15 4 .90 42 .51 
r ′ 5 .17 4 .11 57 .32 
Total 4 .82 2 .73 
CARMENES 
g ′ 13 .02 9 .03 7 .25 
r ′ 8 .34 2 .54 84 .01 
i ′ 12 .06 8 .14 8 .06 
z ′ 41 .11 27 .51 0 .69 
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he three anomalous nights), as well as individual analyses of just
he HARPS and CARMENES RVs separately. The parameters of
2-18 b are consistent across both sets of data, and the joint analysis

efines its mass to 8.63 ± 1.35 M ⊕. Ho we ver, HARPS prefers a
ignificantly larger median RV semiamplitude, and therefore larger
inimum mass, for K2-18 c than does CARMENES (although the

wo are consistent at 1 σ ; see their fig. 6). The joint analysis thus
a v ours a minimum mass intermediate to that calculated from either
ARPS or CARMENES alone, of 5.62 ± 0.84 M ⊕ – ∼2 σ lower

han the original estimate from C17, as well as a period of 8.99 d – a
.3 σ difference from their original estimate. A summary of the most
ertinent planet parameters from each study (including this present
ne) is included in Table 1 . 

 ANALYSIS  A N D  RESULTS  

.1 HARPS revisited 

e retrieved all available processed HARPS spectra for K2-18 from
he ESO science archive. 2 A total of 100 nights were retrieved
o v ering a time period of 2015 April to 2018 July. The first 75
ights of these data, up to 2017 May, were previous independently
educed and analysed in C17, and C19 later presented the latter 25
ights of observations. We then passed all 100 nights through the
BL pipeline to extract the precision radial velocity information. 
To verify self-consistency, we subdivide the full HARPS wave-

ength range (378–691 nm) into three bands, corresponding to the
 

′ (324–391 nm), g ′ (337–613 nm), and r ′ (496–744 nm) bands of
he Sloan Digital Sk y Surv e y (SDSS) (Fukugita et al. 1996 ). We
hen perform an iterative sigma clip on each band to remo v e 3 σ
utliers in RV and RV error. Three nights are remo v ed in this way
the same three nights were flagged in each band, and were thus
emo v ed). The resulting RV values are shown in Fig. 1 . The Bouchy
t al. ( 2001 ) framework should lead to normally-distributed errors,
nd we first verify this by constructing histograms of the per-night
elocity difference from the mean, divided by the corresponding
V uncertainty for each night. As shown in Fig. 1 , all three bands
icely appear tracing a normal distribution, with no remaining > 5 σ
utliers. We verify the Gaussian nature of these distributions using
he D’Agostino K-squared test (D’Agostino & Pearson 1973 ) via
he normaltest routine of the SCIPY.STATS package, and indeed
nd p -values for each band of > 0.85, indicating consistency with
 normal distribution in each case. The statistics for each band are
rovided in Table 2 . 
We proceed to construct Lomb–Scargle periodograms (Scargle

982 ) for each band, as well as for the total nightly RV measurement
which we construct as the average of the RV measurement in each
NRAS 517, 5050–5062 (2022) 
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Total 8 .25 2 .33 
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Figur e 2. Lomb–Scar gle periodograms for each of our three HARPS bands, 
as well as the total RV and dLW parameter. The derived orbital periods of 
K2-18 b, and c, as well as the stellar rotation period (from Section 4.1 ) are 
denoted with blue, green, and red dotted–vertical lines, respectively. The 1 
and 0.1 per cent false alarm probabilities are denoted via the grey horizontal–
dotted lines. The next to last panel also displays the periodogram of the 
window function in red. 
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Figure 3. Posterior distributions for the P rot parameter of the exponential- 
sine-squared GP (equation 1 ) fit with JULIET , resulting from training on three 
different data sets: the LBL dLW, the FWHM values published by C17, and 
the K2 photometry. Only the the K2 photometry training set yields a strong 
constraint on P rot . A uniform prior from zero to 100 d was used in all cases. 
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and weighted by the corresponding RV error), which we show in 
ig. 2 . The total RV periodogram is qualitatively similar to that which
as presented in C19 (see their fig. A.2.). Strong signals are present

t the predicted orbital periods of K2-18 b, and c, as well as the
tellar rotation period. Similar signals are also present in the g ′ , and
 

′ bands, although the signal of the ∼32 d stellar rotation period is
ess significant in the r ′ band than the g ′ . There are no significant
ignals present in the u ′ band, which is unsurprising given the large
rror bars and scatter in this band (e.g. Fig. 1 ). We could cut the
ntirety of the u ′ band, and proceed with using only the g ′ and r ′ 

ands. Ho we ver, gi ven that the distribution of the u ′ band velocities
re still Gaussian, and that, due to the large error bars the u ′ band
ontributes at an extremely low level ( ∼1 per cent) to the combined
V signal, we elect to retain it for our analysis. We note though, that
ven if we do cut the u ′ band entirely, our results remain unchanged.

Following C17, C19, we then proceed to model the total RV 

easurements. Common practice in the RV literature is to employ 
aussian Processes (GPs) within a Bayesian retrie v al frame work to

fficiently model stellar activity signals (e.g. Gilbertson et al. 2020 ). 
o fully leverage the capabilities of a GP, it is important to ‘train’ a
P on ancillary data – in the scope of RV analysis where the goal

s to model stellar activity, training sets include common activity 
ndicators such as the H α index, as well as the full width at half-

aximum (FWHM) or bi-sector inverse slope of the cross-correlation 
unction constructed during RV extraction. A22 demonstrated that 
he LBL can calculate the change in line width parameter, dLW 
Zechmeister et al. 2018 ). The dLW is linked to the change in the
WHM of lines, and is equal to the FWHM for Gaussian line profiles.
he dLW periodicity is shown in the bottom panel of Fig. 2 , and there

s some power at the stellar rotation period. Ho we ver, we find that
raining a GP on the LBL dLW does not result in any meaningful
onstraint on the stellar rotation period. Training on the FWHM 

alues published by C17 yields an identical result – indicating that 
he use of either of these activity indicators as training sets would
ot add meaningful constraints to the GP model. Training on the K2
hotometry though, does result in a strong constraint on the stellar
otation period of 39.669 ± 0.809 d, which is in agreement with
hat derived with the same method by C17, as well as that from S18.
herefore, similarly to both C17 and C19, we choose to retain the K2
hotometry as our training data. The stellar rotation period posterior 
istributions for each of these three training sets are shown in 
ig. 3 . 
K2-18 was observed during Campaign 1 by the K2 mission 

etween 2014 June and August . As mentioned abo v e, to retain
onsistency with C17 and C19, we train our GP model on the K2
hotometry. To this end, we obtained the full detrended photometric 
ime series from the MAST archive. 3 Again, following C17, we 
elected the EVEREST reduction (Luger et al. 2016 ), and remo v ed
he two observed transits of K2-18 b in order to create our training
et. We note though, that we also tested other reductions of the K2
ight curves including POLAR (Barros, Demangeon & Deleuil 2016 ) 
nd K2SFF (Vanderburg & Johnson 2014 ) – the results in each case
re completely consistant. 

We jointly fit the training photometry and RV data with the
ULIET package (Espinoza, Kossakowski & Brahm 2019 ). For 
ach planet, we fit a standard five-parameter Keplerian orbit 
 P , t 0 , 

√ 

e sin ω, 
√ 

e cos ω, K). To both the RV and photometry,
e fit an exponential-sine-squared GP as implemented by the 
eorge package (Ambikasaran et al. 2016 ), and built into JULIET .
xponential-sine-squared GP models are inherently periodic, and 
ave had much success in modelling stellar activity. george defines 
he exponential-sine-squared kernel k , on some data x , as: 

( x) = σ 2 exp 

(
− αx 2 − � sin 2 

[
πx 

P rot 

])
, (1) 
MNRAS 517, 5050–5062 (2022) 
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Figure 4. Top : K2 photometry (blue points) of K2-18 showing quasi-periodic modulation indicative of stellar activity. The best-fitting exponential-sine-squared 
GP model is o v erplotted in black. Bottom : Residuals to the light curve fit. 
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ia four hyperparameters, σ , α, � , and P rot . The σ parameter
o v erns the amplitude of the GP, and thus the amplitude of the
tellar variations. We thus fit σ separately for the photometry and
Vs, whereas the other three parameters go v ern the length scales
f the exponential and sinusoidal variations, and are thus shared
etween the two data sets. We additionally fit an additive scalar
itter term individually to both data sets to account for potential
nderestimations of the error bars, as well as for the systematic
elocity of the K2-18 system. In total, our fit has 18 free parameters,
he assumed prior distributions for which are listed in Table A1 . 

JULIET implements sampling via both Markov-Chain Monte Carlo
MCMC) and Nested Sampling algorithms. We use Nested Sampling
hrough the MULTINEST algorithm (Feroz, Hobson & Bridges 2009 ),
hich is implemented in JULIET via PYMULTINEST (Buchner 2016 ).
ested Sampling has numerous benefits o v er MCMC, including the

bility to better map multimodal posterior distributions, as well as
irectly calculating the Bayesian evidence, Z , which enables model
omparison (Skilling 2006 ). The fit results to the photometry are
hown in Fig. 4 , and to the RVs on the left side of Fig. 10 . The
osterior distributions are shown in blue in Fig. A1 as well as listed
n Table A1 . 

Direct comparisons between our results and either C17 or C19
re difficult as C17 only analysed the first 75 nights of data,
hereas C19 only report the results of their joint analysis with

he CARMENES data. Nevertheless, the majority of our results are
onsistent with the findings of both studies. Comparing our derived
V semiamplitudes for both planets to the HARPS-only results
resented in Fig. 6 of C19, we find that our results are consistent
t a 1 σ level, and the marginalized posterior distrib utions ha ve
ualitatively similar widths, indicating that the precision on the RV
emiamplitudes derived from LBL RV data is comparable to those
erived using template matching. This result is not surprising, as both
NRAS 517, 5050–5062 (2022) 
ethodologies are based upon the Bouchy et al. ( 2001 ) framework,
nd should thus yield consistent results. 

The only major discrepancy between our reanalysis, and the results
ublished in C19 is the period of K2-18 c. C17 derive a period of
.962 ± 0.008 d, which is further refined to 8.997 ± 0.007 d in C19.
o we ver, our analysis yields a period of 9.207 ± 0.006 d – a 35 σ
iscrepancy. To further investigate this inconsistency, we apply our
tting procedure to both the ensembles of data presented in C17
nd C19; that is, the RV measurements extracted with the NAIRA
emplate matching algorithm instead of the LBL. Our reanalysis
f the C17 ensemble yields a period which is 1 σ consistent with
heir findings. Ho we ver, using the full C19 ensemble, we once again
etrieve a 9.207 d period – not the 8.997 d that C19 found on the exact
ame data set. We therefore conclude that it is not the difference in
V extraction routines (LBL versus template matching) which causes

his difference. 
C19 use an MCMC algorithm for their RV fits, as opposed to

ur choice of Nested Sampling. They initialize their w alk ers at the
est-fitting values of each parameter as calculated in C17. Therefore,
f the posterior distribution is sufficiently multimodal, it is possible
or the w alk ers to get stuck in one mode, and not explore the entire
arameter space – which would lead to them finding another mode
entred around 9.21 d. To test this hypothesis, we switch to JULIET ’s
CMC sampler, which is implemented through the EMCEE package
 oreman-Macke y et al. ( 2013 ) – the same sampler used by C19. We

nitialize each w alk er at the best-fitting parameters from C17 and
t both the LBL and template matching RV data. In both cases, the
CMC converges on a period of ∼8.99 d, although in the LBL case,

ome w alk ers mak e the jump to the ∼9.21 d mode, revealing the true
imodal nature of the posterior distribution. Indeed, if we instead
nitialize the w alk ers around a period of 9.21 d for K2-18 c, both data
ets yield the 9.207 d period. 
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Figure 5. Top : Median subtracted RV values for each of our four chosen 
CARMENES bands. Middle : Same as top, but with the z ′ band remo v ed 
to better visualize the other three bands. Bottom : Histogram showing the 
velocity difference from the mean, divided by the RV error for each band. 
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Figure 6. Identical to Fig. 2 but for the four CARMENES bands. 
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We thus conclude that the different periods are due to inefficiencies 
n the MCMC sampler when exploring multimodal posteriors and/or 
n inadequate choice of starting positions for the MCMC w alk ers –
ssues which are not encountered by Nested Sampling routines. To 
urther solidify the validity of our result, we performed two Nested 
ampling fits to the LBL data fixing the period of K2-18 c to 8.997 d

n one case, and 9.207 d in the other. By comparing the Bayesian
 vidence v alues, we find that the 9.207 d period is strongly preferred
y � ln Z = 5.44 or > 3.6 σ (Benneke & Seager 2013 ). Furthermore,
2-18 c itself is identified in the data at a ∼4 σ level ( � ln Z = 6.49).

.2 CARMENES revisited 

e next turn our attention to the CARMENES-VIS data set (520–
60 nm) first published by S18. We reprocess the CARMENES 

pectra through the LBL algorithm in the same way as the HARPS,
nd divide the full CARMENES bandpass into four individual bands, 
orresponding roughly to the SDSS g ′ , r ′ , i ′ , and z ′ (711–1221 nm)
ands. We then perform initial processing (3 σ outliers in RV and RV
rror) and visualizations in the same manner as for the HARPS data.
ur full CARMENES data set includes 64 nights of data spanning the

ime period from 2016 December to 2018 February. Only 58 nights
ere presented in S18: our dataset contains three nights of data 

aken after 2016 June (which was the latest date included in S18),
s well as three additional nights observed prior to 2016 June. The
V time series for each of the four bands, as well as the consistency
istograms are shown in Fig. 5 , and the periodograms are shown
n Fig. 6 . In general, our reprocessed CARMENES measurements 
aintain a slightly higher precision than those first presented by S18 

RMS error of 2.33 versus 3.60 m s −1 ) but a larger o v erall scatter
RMS of 8.25 versus 5.78 m s −1 ). The full statistics for each band
re shown in Table 2 . 

Unlike for the HARPS dataset, the histograms do not all trace 
 normal distribution. Indeed, when the D’Agostino K-squared test 
s applied, each case yields a p -value < 10 −9 , indicating strong
eviation from normality. This becomes especially concerning when 
nspecting the periodograms for each band. There are no signals 
igher than the 0.1 per cent FAP line near the expected periods of
ither planet, nor the expected stellar rotation period in any of the
ARMENES periodograms. Signals around the orbital periods of 
oth planets, as well as the rotation period of the star are prominent,
ut barely abo v e the lev el of the ‘noise’ at shorter ( < 5 d periods).
ur periodograms are comparatively noisier than those presented 
y S18, although the roots of this additional noise are not clear.
omparing the total and r ′ band periodograms, it appears that two
re nearly identical. This is not surprising, given that the precision
btainable in the r ′ band is much greater than what is possible in the
ther three bands. It therefore contributes ∼85 per cent of the total
V signal – making the non-Gaussian nature of its histogram all the
ore concerning. 
We attempt a first fit, identical to the fits we performed with the

ARPS data – fitting the same ensemble of parameters jointly to the
ARMENES RV data and the K2 photometry. We are able to reco v er

he signal of K2-18 b with an RV semi-amplitude consistent with that
ound in the HARPS analysis, but only at a ∼2 σ level, and only an
pper limit is retrieved for K2-18 c. We experiment with removing
he r ′ band entirely, and only keeping the three other bands whose
istograms are roughly Gaussian. Ho we ver, in this case, we still only
etrieve an upper limit for K2-18 c, but also lose the signal of K2-18 b.
his is unsurprising, gi ven ho w strongly the r ′ band contributes to
MNRAS 517, 5050–5062 (2022) 
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Figure 7. Colour-correlation plots showing the r ′ band radial velocity as 
a function of colours calculated from the three remaining bands. The best- 
fitting slope is o v erplotted in black, and the Pearson R correlation coefficient, 
and corresponding p-value are included in the upper right corner of each plot. 
The faded blue points are nights which were sigma-clipped. 
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detrended CARMENES RV time series. The size of the point reflects the 
relative size of the RV error bars. The dashed grey line denotes the 3 σ
dispersion of the calculated powers. Only one night lies well outside the 3 σ
limit. We do not find the three anomalous nights identified by C19 (denoted 
in blue) to suppress the signal of K2-18 c. 
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he total RV signal, that removing it removes much of the scientific
ignal of interest. 

We had hoped that the unique capabilities of the LBL methodology
ould shed light on the reason why the signal of K2-18 c appear to
e suppressed in the CARMENES data set. We therefore set out to
nco v er the root causes of the non-Gaussian nature of the r ′ band
istogram. 
We first investigated whether chromatic correlations were present

n the r ′ band. In general, one would expect the RV value measured
o be independent of the wavelength at which the measurement was
aken. That is to say, the RV value in a band should not be correlated
ith the value in another band, or indeed the difference in RV values
etween two bands (i.e. an ‘R V colour’). W e searched for chromatic
orrelations by comparing the RV value in the r ′ band with the RV
olours calculated from the three remaining bands ( g ′ –z ′ , g ′ –i ′ , and
 

′ –z ′ ). The results are shown in Fig. 7 . 
In the initial sigma clip that was performed on the CARMENES

ata set, we remo v ed eight nights which were 3 σ outliers in all four
ands. Ho we ver, there were a number of other nights which were
 3 σ outliers in one or two bands, but not in the others. We have so

ar retained these nights, ho we v er, these can be gin to bias our results
hen analysing and comparing individual bands. Therefore, at this
oint, if a night is an outlier in any of the four bands, we clip it from
ut analysis — another five nights are removed in this way. 
For each comparison, we calculate the Pearson correlation coeffi-

ient ( R ), as well as the corresponding p -value using the personr
outine of the SCIPY.STATS package. We additionally fit a linear slope
o each case. The best-fitting slope and correlation coefficients are
lso shown in each panel of Fig. 7 . As evidenced by the R , and
 -values, the r ′ band displays significant correlations with each of
he three RV colours. Jeffers et al. ( 2022 ) recently demonstrated that

ore active host stars have more apparent RV correlations – K2-
8 is known to be moderately activ e. Howev er, we do not find any
orrelations from a similar analysis on our reprocessed HARPS data
et. 

Although one would hope for these chromatic correlations to not
e present in the first place, it is possible to mitigate their effects via
ost-processing – namely we can divide out the best-fitting slope
n each case to attempt to remo v e the correlation. We therefore
etrend the r ′ band RVs against all three RV colours, ef fecti vely
NRAS 517, 5050–5062 (2022) 
emoving all correlations. Reapplying the D’Agostino K-squared
est at this juncture results in a p -value of ∼0.1 – still a larger
eviation from Gaussian that we see for HARPS, but nevertheless a
reat impro v ement from the starting value of ∼10 −9 . We note that
ome correlations are also present in the other three bands, ho we ver
hey are not as strong, nor as significant as for the r ′ band. Given
ow weakly each of the other three bands contributes to the total
V signal, we chose to only detrend the r ′ band, and leave the other
ands as they were. Ho we ver, if we do detrend the other three bands
s well, it makes no quantitative difference to the results. After the
etrending, we then recombine the r ′ band with the other three bands
ia a weighted average as before. 
Following C19, we also performed a leave-one-out cross-

alidation analysis – which consists of omitting a single night
rom the data set and calculating the power at the period of
2-18 c (9.207 d) in a Lomb–Scargle periodogram. In this way,
e can understand the impact of individual data points on the

nsuing analysis. When analysing the RV time series presented
y S18, C19 hypothesized that there may be a small number of
on-outlier nights which are suppressing the signal of K2-18 c.
ndeed, through their leave-one-out cross-validation, they identify
hree nights, which when remo v ed greatly amplify the signal of
2-18 c in a Lomb–Scargle periodogram. The results of our leave-
ne-out cross-validation are shown in Fig. 8 . 
We identify one night (night 1 in our zero-inde x ed time series,

JD = 57747.73) whose removal greatly amplifies the signal of K2-
8 c in the periodogram. Interestingly, this is not one of the nights
agged and remo v ed by C19 in their analysis. Indeed, none of the

hree nights identified by C19 are found to suppress the signal of K2-
8 c (e.g. Fig. 8 ). To attempt to better understand these four nights (the
hree identified by C19, and the one flagged here), and why they may
ave an outsized impact on the signal of K2-18 c, we first investigate
ach night in the context of the observation parameters (e.g. airmass,
xposure time, etc.) – perhaps unfa v ourable observing conditions
ender the data taken on these nights to be unreliable. Ho we ver, by
ll metrics these four nights appear to have had fa v ourable observing
onditions and do not stand out in any way. We then place the
ights in the context of our four CARMENES bands to verify if
hey represent outliers that were somehow missed in our previous
nalysis. We find that the night flagged during our cross-validation
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Figure 9. Comparison between the periodogram of the initial CARMENES 
RV time series ( top ), with the periodogram after detrending ( middle ), and after 
detrending as well as the removal of the night found to suppress the power of 
K2-18 c ( bottom ). The ‘noise’ at short < 5 d periods is much reduced, and the 
signals of both K2-18 b, and c are amplified. Indeed, the K2-18 c signal is even 
abo v e the 0.1 per cent FAP level for the first time after our post-processing. 
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s indeed a slight outlier ( ∼2.8 σ ) in the r ′ band – not enough to
e captured our previous sigma clipping, but potentially enough to 
ave an impact on the signal of K2-18 c, especially given the large
ractional contribution of the r ′ band to the final RV measurements 
Table 2 ). There is though, nothing to suggest the three nights flagged
y C19 to be unreliable. Indeed, their removal or inclusion has 
inimal impact on the final results. We therefore retain them in 

ll subsequent analyses, but discard the single night flagged by our 
ross-validation. 

To assess the results of our detrending and cross-validation, we 
ompare the periodograms of the CARMENES RV time series before 
nd after these steps in Fig. 9 . Indeed, the signal of K2-18 c is greatly
mplified compared to the original time series, and is now abo v e the
.1 per cent FAP level. The noise at short periods is also reduced. At
his point, we then once again launch a JULIET fit of the CARMENES
V data and K2 photometry. The resulting RV models are shown on

he right side of Fig. 10 . Again, the posteriors are shown in red in
ig. A1 , and listed in Table A1 . 
The marginalized posteriors are generally consistent with the 

arameters derived solely from the HARPS analysis, although often 
lightly less constraining. K2-18 b is detected at > 3 σ significance, 
nd K2-18 c at ∼2.5 σ . It is notable though that the retrieved RV semi-
mplitude of 3.51 m s −1 is significantly larger than the ∼2.3 m s −1 

etrieved by C19 with the CARMENES data set, and is 1 σ consistent
ith the HARPS semiamplitude. Although C19 managed to retrieve 

he signal of K2-18 c after removing the three nights identified via
heir leave-one-out cross-validation, the RV semiamplitude derived 
rom CARMENES was significantly smaller than that derived from 

ARPS (although they were marginally 1 σ consistent, mostly due 
o the extended CARMENES posterior (see their fig. 6). Ho we ver,
ig. A1 shows that in our reanalysis, the CARMENES and HARPS 

osteriors prefer the same RV semiamplitude for K2-18 c. It is
herefore possible that although the removal of night flagged through 
he leave-one-out cross-validation undoes the artificial suppression 
f the K2-18 c signal, the uncorrected chromatic trends bias the 
V semiamplitude to lower values. With the chromatic trends 
orrected, we find much better agreement between the HARPS 
nd CARMENES analyses. Moreo v er, after our post-processing, the 
vidence for the presence of K2-18 c increases from � ln Z = −0.41
o � ln Z = 2.09 – that is to say from ‘no evidence’ to a ‘moderate
etection’ (Benneke & Seager 2013 ). 

.3 Joint reanalysis 

ith the detrended CARMENES data set in hand, we finally proceed
o complete a joint analysis with the HARPS RV, and K2 photometric
ime series to refine the parameters of the K2-18 system. We once
gain launch a JULIET fit on all data sets together. The assumed priors
re once again listed in Table A1 . The only differences from the fits on
ndividual instruments is that the GP α, � , and P rot hyper-parameters
re shared between all instruments (HARPS, CARMENES, and K2), 
hereas we fit individual amplitudes ( σ ) for each instrument. Our fit
as a total of 21 free parameters, and the final posterior distributions
re shown in green in Fig. A1 , and listed in Table A1 . 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have applied the new LBL method for pRV extraction to two
rchi v al data sets of the K2-18 system using the HARPS and
ARMENES instruments. Previous analyses, particularly of the 
ARMENES data set by S18 cast doubt on the existence of K2-
8 c, but C19 showed that the non-detection of the second planet
 as lik ely due to a number of anomalous measurements which

rtificially damped its signal. With our LBL re-reduction, we confirm 

his hypothesis, and robustly detect K2-18 c in both data sets. 
The ability of the LBL to subdivide an instrument’s full wavelength

ange into smaller bands when calculating radial velocities has 
ro v ed to be a powerful tool to enable a deeper understanding of
otentially discrepant, or problematic data sets. With the HARPS 

ata set, it allowed us to verify the self-consistency of extracted
V measurements through intercomparisons of the three different 
ands. We showed the Gaussian nature of the residuals in each band,
hereby confirming the optimal functioning of the Bouchy et al. 
 2001 ) frame work. Ho we ver, in the case of the CARMENES data
et, the LBL method unco v ered concerning substructure, particularly 
n the r ′ band, where the dispersion was highly non-Gaussian. Since
he r ′ band contributes more strongly to the final RV measurement
han the other three bands, we considered (see Fig. 6 ), its anomalies
o have an oversized impact on the final RV analysis. It is unclear
xactly what caused the highly non-Gaussian nature of the r ′ band
esiduals – especially considering the fact that the other three 
ands were comparatively much more well behaved (e.g. Fig. 5 ).
n addition, we found chromatic correlations between the r ′ band 
Vs and colours constructed from the other three CARMENES 

ands. The correlations were not extremely strong, ho we ver they
ere found to be statistically significant. We detrended the r ′ band
V measurements in order to remo v e these chromatic correlations,
nd in doing so eliminated many of its > 5 σ outliers in Fig. 5 . 

After this detrending, and the removal of a single night found to
e suppressing the signal of K2-18 c in the CARMENES data set,
he CARMENES periodogram is much cleaner and more closely 
esembles that of the HARPS data (Fig. 9 ). The signals of both K2-
8 b and c are strong (although not as significant as in the HARPS
eriodogram), and the amplitudes of spurious signals at short periods 
re reduced. The comparatively noisier nature of the CARMENES 

eriodogram as opposed to the HARPS is likely due, in large part,
o the differing number of nights used in each analysis. Indeed, our
ARPS data set consists of 97 nights, and the CARMENES of only
MNRAS 517, 5050–5062 (2022) 
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Figure 10. Results of the joint RV/photometry fitting for the HARPS ( left ) and CARMENES ( right ) data sets. First row : RV time series with the best-fitting 
GP activity model and 1 σ env elope o v erplotted in red. Second row : RV time series phase folded to the best-fitting period of K2-18 b. The Keplerian solution is 
o v erplotted in blue. Third row : Same as the second row, but for K2-18 c, with the Keplerian solution in green. Fourth row : Residuals to the RV fits. 
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0 – it is therefore unsurprising that the signals of interest would be
ore significant with HARPS than with CARMENES. 
We do remo v e 14 nights from the CARMENES data set which

re either flagged as > 3 σ outliers in at least one band (13 nights),
r through the leave-one-out cross-validation (one night). On the
ace, this may seem like a relatively large fraction of the total RV
easurements, but we note that even if we trim fewer nights, for

xample retain the five nights that were flagged as outliers in our
olour correlation analysis, our results remain the same, albeit with
ess well constrained posteriors for most of our model parameters. 

Another interesting outcome of our analysis of the CARMENES
ata set is that the RV semi-amplitude of K2-18 c is in much better
NRAS 517, 5050–5062 (2022) 
greement with that derived form the HARPS dataset than was found
y C19. As can be seen in Fig. A1 , the K c posteriors for both
nstruments agree much better than was found by C19 (cf. their
ig. 6 ). This results in a revision of the minimum mass of K2-18 c

o 6 . 92 ± 1 . 98 M ⊕ from the published 5 . 52 ± 0 . 84 M ⊕. Our derived
ass for K2-18 b is slightly higher than the value obtained by C19,

ut still consistent at the 1 σ level. 
Our work also demonstrates the power of Nested Sampling

lgorithms for retrie v al analyses. C19 misidentified the period of
2-18 c as their MCMC algorithm could not adequately capture

he multimodal nature of its posterior probability distribution.
o we ver, our Nested Sampling algorithm does not suffer from the
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ame limitations. Furthermore, we obtain the Bayesian evidence 
for free’, allowing model comparison between orbital solutions 
ith a 8.997 and 9.207 d period which robustly confirms our 
ndings. 
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igure A1. Posterior distributions for all fitted parameters for the joint HARPS +
blue) and CARMENES + K2 (red) fits. Labels capping each column are the medi
osteriors are nearly identical, with CARMENES proving to be 1 σ consistent, altho
s well as the orbital parameters of K2-18 c. 
ny queries (other than missing material) should be directed to the
orresponding author for the article. 
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Table A1. Fitted model parameters and their prior distributions. 

Model parameter Prior distribution Posterior median with 16th and 84th percentiles 
HARPS + K2 CARMENES + K2 Joint 

System parameters 
Systemic velocity (HARPS), γ 0, HARPS [m s −1 ] U ( −1000 , 1000) 84 . 57 + 0 . 82 

−0 . 67 – 85 . 50 + 0 . 88 
−0 . 70 

Systemic velocity (CARMENES), γ 0, CARM 

[m s −1 ] U ( −1000 , 1000) – 498 . 92 + 0 . 97 
−0 . 88 498 . 56 + 0 . 93 

−0 . 87 

GP hyperparameters 
GP amplitude (HARPS), σHARPS [m s −1 ] J (0 . 1 , 100) 1 . 933 + 0 . 860 

−0 . 911 – 1 . 818 + 0 . 892 
−0 . 944 

GP amplitude (CARMENES), σCARM 

[m s −1 ] J (0 . 1 , 100) – 0 . 679 + 1 . 375 
−0 . 473 0 . 617 + 1 . 310 

−0 . 435 

GP amplitude (K2), σK 2 [ppm] J (10 −3 , 10 6 ) 5871 . 100 + 2265 . 863 
−1434 . 768 5917 . 908 + 2000 . 039 

−1355 . 728 5874 . 013 + 2313 . 581 
−1398 . 826 

GP log exponential time-scale, α [d] U ( −5 , 5) −3 . 612 + 0 . 229 
−0 . 229 −3 . 596 + 0 . 231 

−0 . 212 −3 . 594 + 0 . 251 
−0 . 235 

GP log coherence, � U ( −5 , 5) 0 . 052 + 0 . 118 
−0 . 120 0 . 045 + 0 . 118 

−0 . 116 0 . 052 + 0 . 129 
−0 . 131 

GP periodic time-scale, P rot [d] U (0 , 100) 39 . 522 + 0 . 740 
−0 . 613 39 . 649 + 0 . 671 

−0 . 568 39 . 556 + 0 . 740 
−0 . 626 

Additive jitter (HARPS), jit HARPS [m s −1 ] J (10 −2 , 10 2 ) 1 . 961 + 0 . 522 
−0 . 488 – 1 . 957 + 0 . 500 

−0 . 545 

Additive Jitter (CARMENES), jit CARM 

[m s −1 ] J (10 −2 , 10 2 ) – 4 . 364 + 0 . 644 
−0 . 563 4 . 234 + 0 . 582 

−0 . 546 

Additive Jitter (K2), jit K 2 [ppm] J (10 −1 , 10 4 ) 1 . 497 + 7 . 426 
−1 . 252 1 . 361 + 5 . 804 

−1 . 085 1 . 387 + 7 . 536 
−1 . 160 

K2-18 b 
Period, P b [d] N (32 . 93962 , 10 −4 ) † 32.9396 ± 10 −4 32.9396 ± 10 −4 32.9396 ± 10 −4 

Time of inferior conjunction, T 0, b [RJD] N (57264 . 39142 , 6 . 4 ×
10 −4 ) † 

57264.3914 ± 0.0007 57264.3914 ± 0.0007 57264.3914 ± 0.0007 

RV Semi-Amplitude, K b [m s −1 ] modJ (1 , 20) 2 . 628 + 0 . 678 
−0 . 736 3 . 699 + 1 . 207 

−1 . 183 3 . 112 + 0 . 557 
−0 . 564 √ 

e b sin ω b U ( −1 , 1) −0 . 059 + 0 . 396 
−0 . 311 −0 . 024 + 0 . 332 

−0 . 342 −0 . 062 + 0 . 313 
−0 . 272 √ 

e b cos ω b U ( −1 , 1) 0 . 393 + 0 . 104 
−0 . 199 0 . 331 + 0 . 167 

−0 . 320 0 . 408 + 0 . 078 
−0 . 124 

Planet Mass ∗, M b [M ⊕] 7 . 839 + 1 . 881 
−2 . 327 10 . 902 + 3 . 742 

−3 . 658 9 . 510 + 1 . 567 
−1 . 890 

K2-18 c 
Period, P c [d] U (8 , 10) 9 . 208 + 0 . 007 

−0 . 007 9 . 343 + 0 . 601 
−0 . 160 9 . 207 + 0 . 007 

−0 . 006 

Time of inferior conjunction, T 0, c [RJD] U (57262 , 57272) 57267 . 831 + 0 . 536 
−0 . 462 57266 . 847 + 1 . 370 

−1 . 241 57267 . 581 + 0 . 480 
−0 . 467 

RV Semi-Amplitude, K c [m s −1 ] modJ (1 , 20) 3 . 620 + 0 . 521 
−0 . 531 3 . 467 + 1 . 172 

−1 . 409 3 . 568 + 0 . 439 
−0 . 457 √ 

e c sin ω c U ( −1 , 1) −0 . 166 + 0 . 302 
−0 . 265 −0 . 023 + 0 . 454 

−0 . 449 −0 . 251 + 0 . 286 
−0 . 208 √ 

e c cos ω c U ( −1 , 1) −0 . 013 + 0 . 263 
−0 . 261 0 . 059 + 0 . 380 

−0 . 435 0 . 114 + 0 . 224 
−0 . 257 

Minimum planet mass ∗, M c sin i c [ M ⊕] 7 . 022 + 1 . 141 
−1 . 151 6 . 372 + 2 . 507 

−2 . 832 6 . 922 + 0 . 962 
−0 . 991 

Note . ∗ Denotes a deriv ed parameter. Masses were calculated assuming a stellar mass of 0 . 4951 ± 0 . 0043 M � (Benneke et al. 2019 ), and an inclination for 
K2-18 b of 89.5785 ◦ (Benneke et al. 2017 ). † Based on the transit measurements of Benneke et al. ( 2017 ) – Indicates that a parameter was not included in 
that fit. U represents a uniform prior with equal probability per unit. J represents a Jeffreys prior with equal probability per decade. N ( x , y ) represents a 
normally distributed prior centered at x , with a width of y . modJ ( x , y ) represents a modified Jefrreys prior, which behaves like a uniform prior for values < x , 
and a Jeffreys prior > x . 

Table A2. Full HARPS-LBL time series. 

BJD - 2400000 RV σRV RV ( u ′ ) σRV ( u ′ ) RV ( g ′ ) σRV ( g ′ ) RV ( r ′ ) σRV ( r ′ ) dLW 

(m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) 

57 117.565 87 94.124 3.696 172.796 84.828 100.031 7.318 91.456 5.174 114 401.696 
57 146.526 95 94.141 2.408 132.574 79.442 92.804 4.634 92.853 3.414 172 287.280 
57 146.646 07 101.863 3.383 10.130 83.555 94.013 6.779 105.664 4.693 124 530.558 
57 148.518 85 82.284 3.904 −1.255 81.273 84.830 7.928 82.853 5.387 125 182.600 
57 199.503 91 87.493 2.876 135.617 84.608 92.620 5.164 84.240 4.275 261 253.532 
57 200.503 11 86.428 2.292 −53.884 77.141 84.556 4.219 86.720 3.348 259 047.599 
57 204.491 17 79.839 3.592 139.444 85.363 86.182 6.874 79.002 5.128 246 499.966 
57 390.845 08 87.206 2.057 78.025 69.617 84.391 3.401 86.682 3.324 330 037.719 
57 401.779 22 79.783 2.011 25.376 66.801 78.612 3.413 81.240 3.138 184 148.180 
57 403.826 87 81.312 2.187 46.689 62.941 82.177 3.736 80.179 3.423 160 552.608 

Note. Only the first 10 rows of this table are shown to demonstrate its format; a machine readable version is available in the online material. The full data set 
can also be downloaded from the CDS. 
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Table A3. Full CARMENES-LBL time series. 

BJD - 2400000 RV σRV RV ( g ′ ) σRV ( g ′ ) RV ( r ′ ) σRV ( r ′ ) RV ( i ′ ) σRV ( i ′ ) RV ( z ′ ) σRV ( z ′ ) dLW 

(m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) 

57 735.61776 491.428 2.018 500.577 8.205 490.197 2.171 495.176 7.576 551.482 31.646 297 762.957 
57 747.73287 519.376 1.744 518.692 6.071 520.544 1.909 510.504 6.221 471.606 25.747 180 535.708 
57 752.68374 517.259 1.466 517.348 4.779 518.008 1.610 509.234 5.439 505.854 22.551 215226.257 
57 755.70984 491.991 1.746 491.965 6.118 492.357 1.907 488.247 6.362 487.293 24.980 160 751.602 
57 759.69413 503.357 2.130 494.338 8.002 504.532 2.322 504.182 7.465 436.404 27.072 118 527.351 
57 762.68384 499.807 1.551 503.096 5.261 499.834 1.699 494.779 5.699 512.192 21.533 150 647.335 
57 766.73467 492.742 2.486 496.567 9.601 491.709 2.702 503.485 8.832 456.798 30.663 304 16.110 
57 779.49771 502.572 2.677 498.548 10.730 503.059 2.887 502.210 9.911 472.121 38.235 310 571.531 
57 787.47672 493.241 7.087 436.431 26.143 499.551 7.767 492.043 25.080 424.833 59.606 562 879.493 
57 791.46270 492.963 4.050 526.776 16.388 492.100 4.383 474.215 14.681 503.398 42.829 252 616.256 

Note. Only the first 10 rows of this table are shown to demonstrate its format; a machine readable version is available in the online material. The full data set 
can also be downloaded from the CDS. 
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