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ABSTRACT

Context. GJ 581 is anearby M dwarf known to host a packed multiple planet system composed of two super-Earths and a Neptune-mass
planet. We present new orbital analyses of the GJ 581 system, utilizing recent radial velocity (RV) data obtained from the CARMENES
spectrograph combined with newly reprocessed archival data from the HARPS and HIRES spectrographs.

Aims. Our aim was to analyze the post-discovery spectroscopic data of GJ 581, which were obtained with CARMENES. In addition,
we used publicly available HIRES and HARPS spectroscopic data to seek evidence of the known and disputed exoplanets in this
system. We aimed to investigate the stellar activity of GJ 581 and update the planetary system’s orbital parameters using state-of-the-
art numerical models and techniques.

Methods. We performed a periodogram analysis of the available precise CARMENES, HIRES, and HARPS RVs and of stellar activity
indicators. We conducted detailed orbital analyses by testing various orbital configurations consistent with the RV data. We studied the
posterior probability distribution of the parameters fit to the data and we explored the long-term stability and overall orbital dynamics
of the GJ 581 system.

Results. We refined the orbital parameters of the GJ 581 system using the most precise and complete set of Doppler data available.
Consistent with the existing literature, our analysis confirms that the system is unequivocally composed of only three planets detectable
in the present data, dismissing the putative planet GJ 581 d as an artifact of stellar activity. Our N-body fit reveals that the system’s
inclinationisi = 47.0j}‘3‘18 deg, which implies that the planets could be up to 30% more massive than their previously reported minimum
masses. Furthermore, we report that the GJ 581 system exhibits long-term stability, as indicated by the posterior probability distribution,
characterized by secular dynamical interactions without the involvement of mean motion resonances.

Key words. planetary systems — planets and satellites: dynamical evolution and stability — stars: low-mass
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1. Introduction

As of January 2024, exoplanet surveys have yielded over 5500
confirmed exoplanets. About 1000 planets have been discov-
ered using the precise radial velocity (RV) method thanks to
over four decades of Doppler surveys, whereas more than 3800
planet candidates have been detected using the transit photom-
etry technique, primarily thanks to NASA’s highly successful
Kepler space telescope (Borucki et al. 2010) and Transiting Exo-
planet Survey Satellite (TESS; Ricker et al. 2015). The majority
of the remaining exoplanet discoveries have been made either
via direct imaging (e.g., Marois et al. 2008) or the gravitational
microlensing method (e.g., Gaudi 2012).

Many exoplanets reside in over 870! multiple-planet sys-
tems, which are fundamentally important in understanding the
formation and evolution of our Solar System and the broader
exoplanetary landscape. In this context, the precise RV method
has exhibited remarkable efficiency in discovering multiple exo-
planet systems and characterizing their orbital architectures.
The RV data are sensitive to the orbital eccentricity, minimum
planetary masses, and in some exceptional cases to the over-
all dynamical fingerprint of the system, which could allow for
the pathways of planetary evolution in the early phases of the
protoplanetary disk to be reverse engineered.

Many multiple-planet systems have been discovered around
nearby M dwarfs, which are primary targets for a number of
planet search surveys via the precise RV method (e.g., Marcy
et al. 1998; Delfosse et al. 1998a; Endl et al. 2003; Kiirster
et al. 2003; Butler et al. 2006; Zechmeister et al. 2009; Bonfils
et al. 2013; Reiners et al. 2018b, etc.). M dwarfs represent a
large fraction — about 72% — of the stars in the solar neigh-
borhood (Golovin et al. 2023; Reylé et al. 2021). Exoplanets
induce higher Doppler signals in M dwarfs than in more mas-
sive stars such as the Sun. The lower stellar masses allow for
the detection of potentially rocky planets in the habitable zone
(Kopparapu et al. 2013) and multiple-planet systems with rel-
atively packed shorter periods with typical RV semi-amplitudes
of afew ms~!. As a result, more than 100 M-dwarf planetary sys-
tems have been discovered via the transit and RV methods and
half of which are multiple-planet systems. More than 15% of the
known M-dwarf exoplanet systems contain three and more plan-
ets, with the record holder being the TRAPPIST-1 system, which
is orbited by seven closely packed rocky exoplanets (Gillon et al.
2016; Agol et al. 2021). Thanks to TESS, the number of planets
around M dwarfs detected with the transit technique and with
mass determination from precise RV is constantly growing too
(e.g., Trifonov et al. 2021; Bluhm et al. 2021; Caballero et al.
2022; Gonzdlez-Alvarez et al. 2022; Palle et al. 2023, just to
mention a few examples of our team).

M dwarfs, however, pose specific observational challenges
due to their rather high stellar activity, which can sometimes
be mistaken for a planetary signal (e.g., Hatzes 2016; Tal-Or
et al. 2018). Furthermore, stochastic stellar noise, commonly
referred to as RV jitter, typically results in velocity fluctua-
tions on the order of 1-2ms™!, for the most inactive stars, a
range comparable to the Doppler velocity amplitudes induced
by low-mass planets. Therefore, securing exoplanet detections in
M-dwarf surveys typically requires many RV observations with
cutting-edge instruments.

In recent years, it has become evident that acquiring precise
RV measurements in the redder part of the spectrum significantly

I Up-to-date list available on https://exoplanet.eu/
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enhances M-dwarf surveys (Quirrenbach et al. 2014; Reiners
et al. 2018a). Among the instruments tailored for this purpose is
the CARMENES? spectrograph (Quirrenbach et al. 2016), which
is specifically suited for measurements of M dwarfs. This is due
to its operation in the red part of the visible and the near-infrared
(NIR) spectral regions, which reduces the influence of stellar
activity on the RVs and is often detrimental in studies of these
active stars.

It is essential to continue long-term observing programs of
M dwarfs as they have some of the most planet-rich systems
(e.g., TRAPPIST-1) and show a close-in habitable zone due
to their small size and temperature, which provides an ideal
environment for small Earth-like planets. Clarifying the num-
ber of planets in these systems, the properties of each planet, and
the dynamical relationships between them is only possible with
extensive data sets covering long time spans with precise RVs.

In this paper, we present a new orbital analysis of the well-
known multiple planetary system around the M dwarf GJ 58],
using archival HIRES (Vogt et al. 1994), HARPS (Mayor et al.
2003), and CARMENES data. This work presents a detailed
extension of our previous work (Trifonov et al. 2018), who stud-
ied GJ 581 together with six other M-dwarf systems. Here we
provide constraints on the orbital inclinations and dynamical
masses of the planets, based on a detailed dynamical analysis of
the compact three-planet system. In contrast to Trifonov et al.
(2018), we provide new insights into the nature of the stellar
activity of this system as derived from the significant ~67 days
signal in the Doppler data. To achieve this, we employ a nested
sampling (NS) scheme for Bayesian posterior analyses, which
combines a self-consistent N-body orbital model and a Gaussian
process (GP) model, which serves as a proxy for the stellar activ-
ity. To sum up, the present study represents a more focused and
detailed investigation of the orbital and dynamical aspects of
GJ 581, utilizing contemporary Bayesian numerical techniques.

This work is organized as follows: in Sect. 2, we provide a
literature overview of the GJ 581 multi-planet system and the
physical properties of the stellar host, which were estimated else-
where or in this work. In Sect. 3, we present the spectroscopic
and photometric data used for our orbital characterization and
stellar activity analysis. Section 4 describes our spectroscopic
data analysis methods and results. Section 5 presents our orbital
analysis results and finally, our summary is given in Sect. 6.

2. Overview of the GJ 581 system

GJ 581 is a very weakly active M3.0V star, located just 6.3 pc
away from the Sun. Although we use the Gliese—Jahreiss iden-
tificator, it was already tabulated in the first catalog of nearby
stars of Gliese (1969). However, it had already been listed
as a high proper motion star by many others before, such as
Giclas et al. (1964), Luyten (1955), Porter et al. (1930), Wolf
(1919), and Schonfeld (1886) in his Bonner Durchmusterung
des sudlichen Himmels. Having been known for over a cen-
tury, the star GJ 581 has been investigated in detail in many
works on parallax (Adams et al. 1926; Perryman et al. 1997),
photometry (Kron et al. 1953; Leggett 1992), spectroscopy
(Vyssotsky et al. 1946; Sousa et al. 2008), chromospheric activ-
ity (Stauffer & Hartmann 1986; Wright et al. 2004), multiplicity
(Fischer & Marcy 1992; Ward-Duong et al. 2015), and many

2 Calar Alto high-Resolution search for M dwarfs with Exo-earths with

Near-infrared and optical Echelle Spectrographs, http://carmenes.
caha.es


https://exoplanet.eu/
http://carmenes.caha.es
http://carmenes.caha.es

von Stauffenberg, A., et al.: A&A, 688, A112 (2024)

Table 1. Stellar parameters of GJ 581.

Parameter Value Reference
Identifiers BD-07 4003 Sch86
Gl 581 Gli69

Karmn J15194-077 Cabl6

a (J2000) 15 19 26.83 Gaia DR3
6 (J2000) -07 43 20.2 Gaia DR3
Uq 08§ (mas yr~') —1221.278 + 0.037 Gaia DR3
Us (masyr~!) -97.229 +0.027 Gaia DR3
@ (pc) 158.718 £ 0.030 Gaia DR3
d (pc) 6.3005 = 0.0012 Gaia DR3
y (kms™) +9.75 +£0.16 Gaia DR3
U (kms™!) —25.0660 £ 0.0084  This work
V (kms™) —25.6517 +£0.0048 This work
W (kms™") +11.8904 + 0.0074 This work
G (mag) 9.4218 +0.0028 Gaia DR3
Spectral type M3.0V Rei95
Ly (Lo) 0.012365 £ 0.000068 Cif23
Terr (K) 3500 + 26 Mar21
logg (cms™2) 497 +0.11 Mar21
[Fe/H] -0.08 £0.07 Mar21
R« (Ro) 0.302 +0.005 This work
M, (M) 0.295+£0.010 This work
P (days) 132.5+6.3 Suals
Fx (107" ergs™' cm™2) 1.8+0.2 Loyl6
vsini (kms™) <20 Reil8
pEW(Ho) (A) +0.188 £0.018 Fuh20
log R} -5.48%0.17 This work
B (G) 160 = 50 Rei22
Galactic population Young disk This work

Notes. Photometry in passbands different from Gaia’s G from the
blue (Tycho-2’s Br) to the mid-infrared (WISE’s W4) were compiled by
Cifuentes et al. (2020). ® Average log R}, from 563 FEROS, HARPS,
HIRES, and TIGRE measurements compiled by Perdelwitz et al. (2021).
References. Sch86: Schonfeld (1886); Gli69: Gliese (1969); Rei95:
Reid et al. (1995); Sua: Sudrez Mascarefio et al. (2015); Cablé6:
Caballero et al. (2016); Loyl6: Loyd et al. (2016); Reil8: Reiners
et al. (2018b); Fuh20: Fuhrmeister et al. (2018); Gaia DR3: Gaia
Collaboration (2021); Mar21: Marfil et al. (2021); Rei22: Reiners et al.
(2022); Cif23: Cifuentes (2023).

other topics (e.g., Henry & McCarthy 1993; Delfosse et al.
1998b; Boyajian et al. 2012). We summarise the main astrophys-
ical parameters of GJ 581 with their references in Table 1. We
computed the galactocentric space velocities UVW and assigned
a galactic population from the Gaia DR3 astrometry as Montes
et al. (2001) and the stellar radius and mass from the bolometric
luminosity and effective temperature via Stefan—Boltzmann law
and the M,-R, relation of Schweitzer et al. (2019). Importantly
for this work, GJ 581 has an estimated mass of 0.295 + 0.010 M,
and a radius of 0.302 + 0.005 R;. All their activity indicators
(long rotational period and slow rotational velocity, faint He,
Ca 11 H&K and IRT, ultraviolet, and X-ray emission, and weak
magnetic field) point towards an old age inconsistent with the
assigned kinematic galactic population. However, in spite of its
old age, GJ 581 has a debris disk (Lestrade et al. 2012).

The GJ 581 star is also well known because it hosts one of the
most extensively discussed and debated multiple-planet systems.

Different studies have reported varying numbers of planets in
this system, ranging from three to six. GJ 581 b was one of the
first exoplanets discovered around an M dwarf star by Bonfils
et al. (2005) using HARPS spectra and the RV method. Two
years later, Udry et al. (2007) announced the existence of two
more planets, namely GJ 581 ¢ and d, with further analysis and
additional HARPS RVs. They confirmed the first planet discov-
ered with an orbital period of 5.366 days and determined orbital
periods of P ~ 12.9 and 83.6days for the other two, respec-
tively. They reported minimum masses for the three planets of
~15.7,5.0, and 7.7 Mg. Mayor et al. (2009) revised the period of
GJ 581 d to ~66.8 days and additionally discovered GJ 581 e with
the shortest orbital period in the system of 3.15 days and a mini-
mum mass of ~1.9 Mg. These values categorized GJ 581 b and
GJ 581 ¢ as Neptune-like planets, while GJ581d and GJ 581 e
were classified as super-Earths.

Afterwards, using Keck HIRES (Vogt et al. 1994) RV, Vogt
et al. (2010) suggested the possibility of up to six planets within
the system, introducing GJ 581 f and GJ 581 g with periods of
P ~ 433 days and 37 days, respectively. This exoplanet discovery
announcement generated significant interest within the research
field and among the general public, as GJ581 g would have
been the first rocky exoplanet positioned within the habitable
zone of its host star. Subsequently, several follow-up studies con-
ducted an extensive RV analysis of HARPS data available for the
system, casting doubt on the existence of planets GJ 581 f and
GJ 581 g (see Forveille et al. 2011). Vogt et al. (2012) continued
to argue the existence of planet GJ 581 g with a follow-up RV
analysis and an analysis of dynamical stability, which was fur-
ther backed by Téth & Nagy (2014), who challenged the results
of Forveille et al. (2011).

Further, the existence of GJ 581 d was questioned by Baluev
(2013), who analyzed correlated noise components, specifically
red noise, using data from both HARPS and Keck HIRES.
Their study confirmed planets GJ 581 b, GJ 581 c, and GJ 581 e
but suggested that GJ581d drops to low statistical signifi-
cance when considering the red noise. This was further sup-
ported by Robertson et al. (2014) and Hatzes (2016), both of
whom proposed that the RV signal with a period of ~67 days
in the RV measurements is most likely due to stellar activ-
ity rather than an exoplanet in orbit. Robertson et al. (2014)
found a significant correlation with a Pearson correlation coef-
ficient of » = —0.31 between the Ha activity index and the
HARPS data set after removing the dominant signal of GJ 581 b.
In a similar vein, Hatzes (2016) showed that Ha variations
had significant sinusoidal variations that are 180deg out of
phase with the suggested orbital period of GJ581d, support-
ing the claim that it is a signal due to stellar activity. As
a result, the accepted number of planets in this system was
(and still is) three, with GJ 581 b, GJ 581 c, and GJ 581 e being
confirmed.

The latest update on the orbital parameters of GJ581 was
presented by Trifonov et al. (2018), who incorporated the most
recent HARPS, HIRES, and CARMENES data sets available
then. In that work, they assumed the existence of three planets
in orbit around GJ 581, but they did not conduct an in-depth
analysis of the stellar activity signal. The orbital update by
Trifonov et al. (2018) employed a standard x> minimization along
with a bootstrap posterior analysis. The stability analysis in that
paper, however, focused solely on the best-fit solution. The main
orbital parameters (orbital period P, minimum mass M, sini,
semi-major axis a, and eccentricity e) of confirmed GJ 58l e, b,
and c planets and conjectural GJ 581 [g], [d], and [f] planets are
displayed, together with the corresponding references, in Table 2.
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Table 2. Published main orbital parameters of all confirmed and conjectural planets in the GJ 581 system.

Planet P (days) M, sini (Mg) a (au) e Reference
e 3.14942 1 0.00045 1.94 0.03 0 (fixed) ~ Mayor et al. (2009)
3.14867 +0.00039 1.7£0.2 0.0284533 +0.0000023 0 (fixed)  Vogtetal. (2010)
3.14941 +0.00022 1.84 0.028 0 (fixed)  Forveille et al. (2011)
3.1494£0.0305  1.860+£0.406  0.028459 +0.000177 0 (fixed)  Vogtetal. (2012)@
3.14905 + 0.00016 1.77+0.13  0.02845621 +0.0000095  0.195+0.073  Baluev (2013)®
3.1490 + 0.0002 1.7+0.2 0.02815 + 0.00006 0.00+£0.06  Robertson et al. (2014)
3.153*000¢ 16570740 0.029 +0.001 0.125700%  Trifonov et al. (2018)
3.14994+0 0007 1.834010 0.02799*90003 0.0297001%  This work
b 5.366 = 0.001 16.6 0.041 0 (fixed)  Bonfils et al. (2005)
5.3683 = 0.0003 157 0.041 0.02+0.01  Udry et al. (2007)
5.36874 +0.00019 15.65 0.04 0 (fixed) Mayor et al. (2009)
5.36841 +0.00026 15.6+0.3 0.0406163 + 0.0000013 0 (fixed) ~ Vogtetal. (2010)
5.36864 + 0.00009 15.96 0.041 0 (fixed)  Forveille et al. (2011)
5.3694 +0.0122 16.00+ 117 0.0406161 + 0.0000609 0 (fixed) ~ Vogtetal. (2012)@
5.368589+0.000068  15.86+0.16  0.04061189 +0.00000034  0.022+0.010  Baluev (2013)®
5.3686 + 0.0001 158403 0.04061 = 0.00003 0.00+0.03  Robertson et al. (2014)
536870001 15207022 0.041 +0.001 0.022*3%27 Trifonov et al. (2018)
5.36832*0 00010 15.31#038 0.0399+0:0003 0.02836*00087  This work
c 12.932 + 0.007 5.03 0.073 0.16+0.07  Udry et al. (2007)
12.9292 + 0.0047 5.36 0.07 0.17+0.07  Mayor et al. (2009)
12.9191 +0.0058 56+03 0.072993 +0.000022 0 (fixed)  Vogtetal. (2010)
12.9171 £0.0022 541 0.073 0 (fixed)  Forveille et al. (2011)
12.9355£0.0591  5.302+£0.881  0.072989 +0.000226 0 (fixed)  Vogtetal. (2012)«
12.9186 +0.0021 538+028  0.0729286+0.0000080  0.040+0.044  Baluev (2013)®)
12.914 £ 0.002 55+0.3 0.0721 +0.0003 0.00+£0.06  Robertson et al. (2014)
12.919+0:903 5.652+03%¢ 0.074 +0.001 0.087*3230  Trifonov et al. (2018)
12.92015*-00062 5.01%921 0.0717+0.90%8 0.0161709118  This work
[g] 36.562 +0.052 31+£04 0.14601 + 0.00014 0 (fixed)  Vogtetal. (2010)
32.129 £0.635 2.242 +0.644 0.13386 +0.00173 0 (fixed)  Vogtetal. (2012)
[d] 83.6 £0.7 7.7 0.25 0.20£0.10 ~ Udry et al. (2007)
66.80 + 0.14 7.09 0.22 0.38+£0.09  Mayor et al. (2009)
66.87 +0.13 5.6+0.6 0.21847 + 0.00028 0 (fixed) ~ Vogt et al. (2010)
66.59 +0.10 5.26 0.22 0 (fixed) ~ Forveille et al. (2011)
66.671 +0.948 5.94+1.05 0.21778 +0.00198 0 (fixed)  Vogtetal. (2012)«
[f] 43313 7012 0.758 £0.015 0 (fixed)  Vogtetal. (2010)

Notes. Astrometric, circular, noninteracting model for a potential five-planet system as preferred by Vogt et al. (2012). ®’Shared-red-jitter model

for a potential three-planet system as preferred by Baluev (2013).

While GJ 581 is one of the best-studied systems in terms of
RV data, none of the planets in the GJ 581 system is known
to transit so far. For example, when it was initially discovered by
Mayor et al. (2009), GJ 581 e was determined to have a 5% transit
probability. Lopez-Morales et al. (2006) were the first to search
for transits of the planets orbiting GJ 581; however, no transits
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were found in their study. Afterwards, other teams have also
looked for transits of the innermost planet, such as Forveille et al.
(2011) and Dragomir et al. (2012). The latter acquired MOST
space-based photometry between 2007 and 2009, and found no
significant candidates. Under the assumption that GJ 581 e does
indeed produce transits, but with a depth too shallow to be
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detected, Dragomir et al. (2012) were able to rule out a radius
larger than 1.62 Ry and thus put lower constraints on its den-
sity at p. = 2.5-3.0 gcm™>. Therefore, it is most plausible that
the inclinations are not sufficiently close to edge-on to produce
transits.

3. Data
3.1. HIRES data

The HIgh Resolution Echelle Spectrograph (HIRES, Vogt 1992)
is a versatile spectrometer at the Keck Observatory, Hawai’i,
USA. It is installed on the right Nasmyth platform of the 10 m
Keck I telescope and operates in the wavelength range of 0.3 um
to 1.0 um. In conjunction with a iodine (I) cell (Marcy &
Butler 1992), HIRES was the first Doppler machinery capable of
delivering relative RV measurements with a precision down to
about 3ms~! (Butler et al. 1996). Through ongoing instrument
and pipeline optimizations, the noise floor has been lowered to
around 1ms™' for bright stars (Butler et al. 2017; Luhn et al.
2020), establishing HIRES legacy surveys as a cornerstone in
the detection and characterization of small exoplanets.

The HIRES RV measurements of GJ581 were collected
between August 1999 and August 2014, resulting in a long
temporal baseline of 5484 days. We had access to 413 precise
RV measurements of GJ 581 made publicly available through
the extensive catalog of HIRES spectroscopic RVs and activity
indices published by Butler et al. (2017). This catalog encom-
passes approximately 65 000 spectra that were collected over an
18-year period from 1996 to 2014; it includes spectra of GJ 581
along with those from 1700 other stars. A subsequent reanalysis
of the HIRES RV data products by Tal-Or et al. (2019) led to the
adjustment of the data set to account for small, yet significant,
systematic nightly zero-point variations present in the observa-
tions. Tal-Or et al. (2019) showed that the improvement of the
data was on the order of 1 ms~'. Besides, a major upgrade was
undertaken on the HIRES spectrograph in August 2004, which
involved the replacement of the CCD (Butler et al. 2017). This
upgrade impacted the initial 12 RV measurements in the data
set; however, no significant offset was identified in the data set
corrected by Tal-Or et al. (2019). Consequently, we employed
the improved data set published by Tal-Or et al. (2019) in our
analyses.

We binned the HIRES data into nightly averages, which
left us with a set of 158 data points. The weighted root-mean-
square (wrms) value of the binned data set, being the weight
the reported uncertainty of the individual RV, is wrmsyrgs =
9.46ms~!, which indicates the scatter or variability of the
obtained RVs. The median RV uncertainty of the binned data
set, denoted as dyres, is 1.76 ms~!.

3.2. HARPS data

The HARPS spectrograph (Mayor et al. 2003) is operated at the
ESO 3.6 m Telescope at the La Silla Observatory, Chile and is
one of the most powerful RV instruments by delivering precision
below 1 ms~!. We utilized the serval (Zechmeister et al. 2018)
pipeline for precise RV extraction. We obtained time series of
several stellar activity indicators, such as the He line, the sodium
D lines, the chromatic index (CRX), and the differential line
width (dLW). These indicators are fundamentally important for
characterizing and quantifying stellar activity of GJ 581 and can
give insights on how different types of stellar activity influence
and affect RV measurements (Zechmeister et al. 2018). We also

inspected the data products from the official ESO-HARPS Data
Reduction Software (DRS) pipeline, from which we collected
additional activity indicators related to the spectral line pro-
files, which may also show evidence of stellar activity. The DRS
time series that we utilized were the full-width half maximum
(FWHM), the contrast (CON), and the CCF bisector slope (BIS),
which offer information about spectral line profile variations and
magnetic activity (Queloz et al. 2001).

We retrieved a total of 250 high-precision RV data points
of GJ581 obtained between May 2004 and May 2012 with a
total temporal baseline of 2909 days. Nightly binning of the data
set slightly reduced the RV data set to 248 data points, which
have a wrmsgarps = 9.68 ms~! and a median RV uncertainty
of 6yarps = 1.05ms™!. The HARPS RV measurements, their
corresponding activity index data, as well as their respective
uncertainties are tabulated in Table A.2.

3.3. CARMENES data

GJ 581 was part of the regular monitoring program involving
over 350 M-dwarf targets within the CARMENES guaranteed
time observation program (see Reiners et al. 2018b; Ribas et al.
2023 for details). Within the CARMENES survey, we obtained
54 pairs of optical (VIS, 0.52 um to 0.96 um) and near-infrared
(NIR, 0.96 um to 1.71 pm) spectra of GJ 581. These spectra rep-
resent the most recent data in the study, with the first data points
acquired in January 2016 and the last in July 2019, covering a
time span of 1265 days. The typical exposure time was approxi-
mately 20 min, with the objective of achieving an signal-to-noise
ratio (S/N) of 150 in the J band.

All spectra underwent standard CARMENES data process-
ing following the procedure detailed by Caballero et al. (2016).
These calibrated spectra were subsequently processed using
serval to compute precise RVs in both the VIS and NIR ranges.
For an M3.0V star such as GJ 581, the CARMENES NIR pre-
cision is typically poorer, as demonstrated by Reiners et al.
(2018a) and Bauer et al. (2020), since the Doppler informa-
tion contained in the spectral lines is lower than in the optical
channel. Consequently, we did not use the CARMENES NIR
RV data for updating the orbital information of GJ581. As a
result, when referring to CARMENES RVs throughout our work,
we specifically mean using the CARMENES VIS data. Further-
more, we harnessed the extensive CARMENES precise RV data
set collected during the survey period to compute minor nightly
zero-point (NZP) systematics, making corrections to enhance the
precision, as thoroughly explained by Tal-Or et al. (2019) and
Trifonov et al. (2018, 2020).

The CARMENES RV data have a median error of
Gearmengs = 1.29ms ! anda weighted-root-mean-square value
of wrmscarmenes = 9.21ms~'. Concurrently with the RV
extraction from the CARMENES spectra, serval generated
time series data for various stellar activity indices, such as CRX,
dLW, calcium infrared triplet (Ca 11 IRT = CalRTa,b,c), He,
NaD,, and NaD, (Zechmeister et al. 2018; Schofer et al. 2019).
Additionally, using the raccoon pipeline (Lafarga et al. 2020),
we computed the FWHM, BIS, and CON from the CARMENES
spectra. The CARMENES data, which include the RV data set
and activity indices along with their respective uncertainties, are
available in Table A.3.

3.4. TESS data

We investigated the TESS data containing precise photometry
for GJ 581. TESS observed GJ 581 (TIC 36853511) in sector 51
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between 22 April 2022 and 18 May 2022. GJ 581 is not expected
to be observed again by the end of TESS cycle 6, but is
expected to be observed by TESS in sector 91 of cycle 7 (Spring
2025). The sector 51 data, obtained in 2-min cadence inte-
grations, were retrieved from the Mikulski Archive for Space
Telescopes®. For this target, the Science Processing Operations
Center (SPOC; Jenkins et al. 2016) at NASA Ames Research
Center provided both simple aperture photometry (SAP) and
systematics-corrected photometry derived from the Kepler Pre-
search Data Conditioning algorithm (PDCSAP, Smith et al.
2012; Stumpe et al. 2012). PDCSAP light curves undergo cor-
rection for contamination from nearby stars and instrumental
systematics stemming from pointing drifts, focus changes, and
thermal transients. As described in Sect. 4.5, in the SPOC
pipeline, a portion of the sector 51 light curve was excluded due
to scattered light from Earth and the Moon.

4. Data analysis and results
4.1. Signal analysis tools

To perform data and orbital analyses of the GJ581 system,
we employed the versatile Exo-Striker exoplanet toolbox*
(Trifonov 2019; Trifonov et al. 2020). This open-source Python
library offers an intuitive graphical user interface and inte-
grates various public tools for exoplanet analysis. Notable fea-
tures include a generalized Lomb-Scargle periodogram (GLS,
Zechmeister & Kiirster 2009) and a maximum In £ periodogram
(MLP, Baluev 2008; Zechmeister et al. 2019). Additionally, it
incorporates the wotan package for transit photometry detrend-
ing (Hippke et al. 2019) and a transit period search via the
transitleastsquares package (TLS, Hippke & Heller 2019),
among others. We employed these tools for signal analysis in
this study. Beyond Exo-Striker, we also employed Stacked
Bayesian Generalized Lomb-Scargle periodograms (S-BGLS
Mortier et al. 2015; Mortier & Collier Cameron 2017) for a
more detailed period analysis of the RV data. The subsequent
subsections elaborate on specifics regarding our data analysis
setup.

4.2. Periodogram analysis

For the periodogram analysis of the RVs and activity index
data of GJ 581, we employed MLP. In contrast to the GLS peri-
odogram, the MLP does not optimize the least-squares for each
periodogram frequency (see Zechmeister & Kiirster 2009), but
it optimizes the In £ metric and quantifies its power as Aln L
relative to the null (flat) model for each frequency. As a result,
the MLP allows for flexible parameterization during the fre-
quency scan and can accommodate additive mutual data offsets
and data variance (i.e., the “jitter” estimate added in quadra-
ture to the uncertainty budget), which can be applied to each
tested data set individually. While the computation of the MLP is
more resource-intensive than the GLS periodogram, it has been
proven more suitable for conducting a rigorous period search in
combined data time series.

The upper part of Fig. 1 illustrates the MLP power spec-
trum of the combined RV data. The top panel shows the In £
accounting only for offsets and jitter. Subsequent MLP panels
demonstrate the results obtained with a pre-whitening approach,

3 https://mast.stsci.edu
4 https://github.com/3fon3fonov/exostriker
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Fig. 1. MLP power spectrum of RV data. Top panels: HIRES,
HARPS, and CARMENES. Bottom panels: CARMENES only. Hor-
izontal dashed lines indicate FAP levels of 10%, 1%, and 0.1%, as
defined by Zechmeister & Kiirster (2009). The cyan, green, magenta,
and blue vertical lines indicate the orbital periods of GJ 581 e, GJ 581 b,
GJ 581 c, and of the conjectural GJ 581 [d], respectively. The red vertical
line represents the rotational period of GJ 581 (P, = 132.5 + 6.3 days),
with shaded regions indicating the associated uncertainty range (see
Table 1).

which involves the successive subtraction of the most promi-
nent period from the data via the best-fitting Keplerian model.
The last panel displays the MLP of the residuals after fitting
for all potential planetary (and stellar activity) signals. The
abscissa represents the periods at which these signals occur on
a logarithmic scale, while the ordinate axis quantifies the signal
significance using the A In £ metric.
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The first panel of Fig. 1 shows that the combined RV data
exhibit a significant 5.37 days signal (green vertical line), con-
sistent with the initial detection of GJ581b by Bonlfils et al.
(2005). Following the removal of this dominant signal using a
Keplerian model, the second panel reveals a robust signal cor-
responding to the confirmed 12.9 days period planet GJ 581 c
(magenta vertical line). Moreover, a signal surpassing the FAP
threshold emerges at 3.15 days, consistent with the innermost
planet, GJ 581 e (cyan vertical line). Additionally, a 66.7 days
signal, originally attributed to a planet by Mayor et al. (2009),
becomes evident. Considering the 12.9 days signal as a planetary
candidate and constructing a simultaneous two-planet model, the
3.15days and 66.7 days period signals gain significance in the
residuals. The 3.15 days signal prevails in strength, leading to its
adoption as the subsequent third planet.

In the fourth panel of Fig. 1, the 66.7 days signal retains
its significance, prompting its inclusion in the pre-whitening
as a Keplerian signal. The subsequent fifth panel depicts the
residuals, where no significant signals are discernible. The lack
of signal within the fifth panel supports the inference that the
66.7 days signal is not an alias of a distinct signal. Further anal-
ysis is warranted to determine the nature of the latter signal,
whether planetary or stemming from stellar activity.

We also inspected the individual RV data sets with an MLP
to seek for mutual signal consistency. The MLP cascade of the
HARPS data revealed the presence of three planets, GJ 581 b, c,
and e, along with a potential stellar activity signal at 66.7 days.
MLP analysis of the HIRES data alone successfully reproduced
the GJ581b and c planets, as well as the 66.7 days signal.
However, the precision of the data is likely insufficient to detect
the lowest RV amplitude planet GJ581e. The MLP results
for our CARMENES data are presented in the lower part of
Fig. 1. After pre-whitening, no significant signals were identi-
fied following the removal of the second planet with a period of
~12.9 days. Nevertheless, the residuals of the two-planet model
revealed an insignificant signal at 3.15days, suggesting con-
sistency between the CARMENES and HARPS data. With a
larger number of RVs, CARMENES would likely have detected
GJ 581 e. Notably, no signal appears at a period of 66.7 days in
the CARMENES MLP. This lack hints at the possibility that
the 66.7 days signal may be indicative of stellar activity, more
prominent in the blue (where HARPS and HIRES operate) and
less detectable or absent in the redder spectral region probed by
CARMENES. However, it is also plausible that the CARMENES
time series is not sensitive to this signal, an aspect explored in
Sect. 4.4.

4.3. Activity analysis

Figure A.l presents the MLP power spectra of all the RV
time series used in this study, from CARMENES, HARPS, and
HIRES, along with those of the corresponding spectroscopic
activity indices. The HARPS Ha series exhibits significant activ-
ity signals within the uncertainty range of the stellar rotational
period at 132.5 + 6.3 days. The NaD; and NaD, time series
also show strong power close to that range. The 66.7 days sig-
nal, at half the rotational period, could be the second harmonic.
Alternatively, its lower significance could result from the over-
shadowing strength of the 132.5days signal and, therefore, a
strong activity signal independent of the rotational period of
the star. To explore this further, we removed the 132.5days
signal in the Ha periodogram by fitting a sine model. As
depicted in Fig. 2, the residuals reveal a significant signal at the
66.7 days period, along with other significant signals at periods
of 43.7 days, 45.8 days, 71.7 days, and 316.8 days. The increase in

3.15d  5.37d 12.9d 66.7d  132.5d

6(
GJ 581 HARPS H-alpha
40r
20F , [\
‘ MLV
60)
GJ 581 HARPS H-alpha withi P rot removed
Q 40r
<1 gt | )
o i a
aiidladiiad s abaude oy .|L.IMUA.M;.,VMWM \W\ A/V /\/\ /\/ \\
10 100 1000
period [d]

Fig. 2. MLP power spectrum of the HARPS Ha index. Top panel: base
index with no alterations. Bottom panel: residuals after the main peri-
odic signal associated with the stellar rotation was removed.
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Fig. 3. Correlation plots between the HARPS RV residuals and He
activity time series. The first panel shows the correlation when no planet
is fit, the second when the 5.36 days is removed and the third panel when
both the 5.35 days and 12.9 days planets are removed.

the 66.7 days signal thus suggests an independent activity signal
strong enough to appear in the RV data, undermining the exis-
tence of the conjectural planet GJ 581 [d]. However, caution is
warranted, as modeling the stellar activity signal near the rota-
tional period with a sinusoid may not be ideal due to potential
variations in the semi-amplitude (K) or phase of stellar activity
over time. We attempted a similar analysis with both the Na D,
and NaD, time series, but without any clear-cut outcome, as
expected due to the strong signal not precisely aligning with the
stellar rotational period.

Additional evidence for the nature of the signal being
activity-based is given in Fig. 3, which shows the correlation
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Fig. 4. S-BGLS (left) and coherence test (right) for HARPS (top) and HIRES (bottom). Red boxes indicate a coinciding dip in significance, which

also happens at overlapping time frames.

between the pre-whitened RVs and the Ha index. As expected,
there is almost no correlation in panel 1, as the 5.36 days (b)
planet dominates the RV variations. In panels 2 and 3, when
first the 5.36 days planet and then the 12.9 days (c) planet are
removed, the correlation becomes stronger, with Pearson’s cor-
relation coefficients of —0.22 and —0.33, respectively. These
correlation coefficients agree with the results of Robertson et al.
(2014), who found a correlation of —0.31 after removing the
5.36 days planet and declared the GJ 581 d planet a false positive
on this basis. A similarly strong correlation is present between
the HIRES RV data and the Ca11 S index. Here Pearson’s corre-
lation coefficients are +0.29 and +0.33 (for one and two planets
removed, respectively), further solidifying that there is a corre-
lation between the RV residuals and Ha index. No significant
correlation was found for other activity data. In reference to
the study by Robertson et al. (2014), Anglada-Escudé & Tuomi
(2015) highlighted that correlations after a pre-whitening process
might include contributions from actual signals. While acknowl-
edging this concern, we point out that it is not applicable here,
as we do not make any quantitative inferences, but only illus-
trate the likely scenario of stellar activity mimicking a planetary
signal.

To further investigate the 66.7 days signal and to determine
its origin, we used S-BGLS periodograms and coherence test-
ing. While similar analyses were performed by Mortier & Collier
Cameron (2017) using the available HARPS data, we inspected
the signal in more depth with data from both HARPS and
HIRES. Figure 4 shows the results from our S-BGLS analysis
and a signal coherence test, in which the RVs are consecu-
tively included and the significance S/N at the specific period
under investigation (66.8 days) is plotted against the number of
data points. For both HARPS and HIRES, the 66.7 days signal
increases in significance overall, which was expected due to the
strong periodogram peak. However, there are distinct variations
in the log-probability of the signal for both instruments. If it were
to be a planet, we would expect the detection significance to rise
continuously, which is not the case for either HARPS (as also
pointed out by Mortier & Collier Cameron 2017) or HIRES. The
dips within the two plots bear a close resemblance to each other
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(red squares), and they span coinciding time frames from late
2008 to early 2010. The coinciding time frame suggests a “qui-
eter” period of activity for GJ 581 and strengthens the conclusion
that the origin of the signal at 66.7 days is stellar activity.

4.4. Injection-retrieval map analysis of the 66.7 days signal

We generated injection-retrieval maps for each instrument by
simulating the injection of a Keplerian signal in the RV data
sets. We took residuals from our best-fit model (see below), free
of any signal and injected sinusoids with a range of periods (P),
semi-amplitudes (K), and mean anomalies (MA). This process
effectively introduced a synthetic planet-like signal into the RV
data. The signal was subsequently retrieved by generating a GLS
periodogram for each parameter combination and by determin-
ing whether a planetary signal could be detected with FAP of
0.1% for a given period range. Therefore, we were able to analyse
the individual RV data sets and could quantify their capability to
detect significant signals at specific periods and semi-amplitudes
of the RV curve, particularly in proximity to the signal of the
conjectural planet GJ 581 d.

We were mainly interested in the CARMENES map, as we
wanted to test whether CARMENES could detect the 66.7 days
RV signal. The first panel of Fig. 5 shows a very narrow tran-
sition zone between the signal being detectable or not. The
signal, whose position is signified by a green marker, has a semi-
amplitude too low for being detectable in the CARMENES data
at a significance of FAP of 0.1%. In contrast, the HARPS data
have a high detection probability between 70% and 90% and the
HIRES data a moderate detection probability of around 70%.
Thus, we concluded that the number of RV data points from
CARMENES (54) is insufficient to detect the potential 66.7 days
planet. This outcome is consistent with the results from HIRES
and HARPS, as both of these data sets are larger even after
binning the data, by factors of ~5x (249 data points, HARPS)
and ~3x (159 data points, HIRES).

In addition, the lack of a signal due to activity in the
CARMENES RVs is also to be expected as the wavelength
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Fig. 5. Injection-retrieval detection probability grids for CARMENES, HIRES, and HARPS, from left to right. Higher detection probabilities are
marked with lighter colors. The location in the semi-amplitude-orbital period (K—P) diagram of the conjectural planet GJ 581 [d] is marked by a

green dot.

range covered by this instrument minimizes the effect of stel-
lar activity in spectroscopic data, due to the RVs being derived
from a redder range of the visible spectrum in comparison to
HARPS. This could explain the complete absence of any peaks
near 66.7 days in the CARMENES data (see the bottom panel
of Fig. 1). We note that while the possible rotation period is
prominently visible in HARPS H-alpha data, it is conspicu-
ously absent in the periodograms generated from CARMENES
activity indices. Therefore, it is not unlikely that GJ 581 was
experiencing a quiet phase during the CARMENES observa-
tional baseline, thus, potentially contributing to the nondetection
of the ~66.7 days signal.

4.5. Transit search in the TESS data

We retrieved the raw PDCSAP TESS light curve for transit
search. The PDCSAP data set is by default corrected for dom-
inant systematics, but small systematics are often evident in the
light curve. We applied our own normalization scheme using the
wotan transit photometry detrending package, which is conve-
niently wrapped in the Exo-Striker. We used a spline and a
robust (iterative) squared-exponential GP kernel for capturing
the nonperiodic variation of the light curve (Hippke et al. 2019).
We thus derived a normalized, flat TESS light curve, which we
used in our further orbital analysis.

We carried out a transit signal search on the TESS light
curve using the TLS algorithm (Hippke & Heller 2019). Remark-
ably, the TLS power spectrum reveals compelling evidence of a
shallow, transit-like signal with a periodicity of 3.12 days. The
signal detection efficiency power level is 36.5, by far surpass-
ing the recommended detection threshold of >8 as suggested by
Aigrain et al. (2016). However, we found only three transit-like
occurrences with mid-transit epochs of BJD = 2459701.229,
2459704.346, and 2459 716.811. These three events are at the
bare minimum to claim transit detection, but the signal is intrigu-
ing since it is very close to the orbital period of the RV-confirmed
planet GJ 581 e, with a period of 3.15 days. Figure 6 shows the
TLS power spectrum and a follow-up transit model fit to the
TESS light curve.

Our initial hypothesis asserted that gravitational interactions
between the planets in the GJ 581 system, over the combined
observational baseline (RV + TESS), could lead to orbital period
oscillations of GJ 581 e, resulting in a somewhat shorter period

of 3.12 days at the epoch of TESS sector 51. Such a shift would
imply relatively strong transit timing variations (TTVs). Utiliz-
ing the ttvfaster code (Agol & Deck 2016), we calculated
analytic TTV predictions for a range of dynamical masses and
eccentricities of the GJ 581 three-planet system. Our analysis
indicates that GJ 581 e could exhibit TTV amplitudes of only a
few minutes and not the ~30 min observed. Moreover, a transit-
only fit suggests very shallow transit depths, corresponding to a
planet radius of ~0.6 Rg, which combined with the RV-estimated
minimum mass of GJ 581 e would result in a nonphysical bulk
planetary density. Our confidence in the reality of the transit-like
signal was further diminished when we were not able to find con-
sistent results even when considering the possibility of a grazing
transit.

Nevertheless, we conducted an extensive RV and transit
photo-dynamical modeling with posterior analysis using the
Exo-Striker and the flexi-fit> codes; we were unable to
find a common model that fits the three transit events and
the available RV data. We note in passing that we explored
fits involving other intriguing possibilities. For instance, we
observed that the 3.12days period is the 1-year alias of the
3.15days signal seen in the RV data. Additionally, significant
signals at periods of 0.74 days and 0.77 days were identified in
Fig. 6. These periods are close to the 1-day alias of 3.12 days
and 3.15 days, which is approximately 0.76 days. Consequently,
we inferred that the true period of GJ 581 e could be 3.12 days.
Therefore, we considered the true period of GJ58le to be
~3.12 days or ~0.76 days. We conducted separate NS parameter
scans, imposing strong priors at these orbital periods. Unfor-
tunately, these models did not converge well when employing
multi-Keplerian or photo-dynamical schemes.

To dispel any doubts, as a final test, we reprocessed the TESS
photometry using a bespoke, optimized pixel level decorrelation
(PLD; Luger et al. 2016)-based light curve (see Rapetti et al., in
prep. for further details), which recovered segments of the data
that were initially excluded by the SPOC pipeline due to scat-
tered light. However, this custom PLD-based light curve did not
contain a significant 3.12 days or ~0.76 days signals. Therefore,
we concluded that the 3.12 days signal is very likely a marginal
false-positive and did not discuss it further in our work.

5 https://gitlab.gwdg.de/sdreizl/exoplanet-flexi-fit
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Fig. 6. Top left panel: TLS spectrum of the publicly available PDCSAP detrended light curves from Sector 51. These data exhibit significant TLS
power with a periodicity of 3.12 days, suggesting a potential transit detection with a prominent proximity to the orbital period of the RV-confirmed
planet GJ 581 e, with a period of 3.15 days. Top right panel: TLS spectrum residuals with no signal left after a Keplerian model is fit. Bottom left
panel: Keplerian transit model to the TESS data of GJ 581. Bottom right panel: phase-folded representation of the model to the data. While these
data can be effectively fit with a Keplerian model, further more detailed reanalysis of the TESS data from sector 51 pointed out that the 3.12 days
is a marginal false-positive detection and is not related to GJ 581 e (see text for details).

5. Orbital analysis and results
5.1. Orbital analysis tools

We used the Exo-Striker tool for orbital parameter anal-
ysis, which offers orbital modeling of RV data with multi-
Keplerian and with self-consistent N-body models that account
for gravitational interactions between the planets. As a proxy
for stellar activity, the Exo-Striker relies on GP regression
models using the celerite package (Foreman-Mackey et al.
2017). It provides efficient best-fit optimization algorithms and
parameter sampling techniques, such as Markov chain Monte
Carlo (MCMC) sampling through the emcee sampler (Foreman-
Mackey et al. 2013) and nested sampling (NS) via the dynesty
sampler (Speagle 2020). Numerical stability analysis of the
multiple-planet configuration was performed using a customized
version of the SWIFT N-body package (Duncan et al. 1998),
which also is conveniently incorporated in the Exo-Striker.
We started with a multiple-planet Keplerian model, using its
best-fit parameters as an initial guess for the more complex self-
consistent N-body model, which we ultimately employed in our
study of the GJ 581 system. In our modeling approach, we fit
the RV offsets and RV jitter parameters of the HARPS, HIRES,
and CARMENES data sets, introducing six free parameters. The
fitting also encompassed the spectroscopic Keplerian parame-
ters of each planet, including the RV semi-amplitude K, orbital
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period P, eccentricity e, argument of periastron w, and the mean
anomaly MA for the epoch of the first RV data point of HIRES.
For our N-body model, the fitting parameters remained the same
and in our final and most intricate orbital N-body model, we
incorporated coplanar planetary inclinations i-tied to the same
value for all planets. For the GP regression model, we adopted
the rotational GP kernel, which serves as a proxy for quasi-
periodic stellar rotation modulation. The form of the kernel as
formulated by Foreman-Mackey et al. (2017) is:

nT

B 2
k — —7/L (
O =37¢c¢ [COS Pror

; ey

)+(1+C)

where P,y serves as a proxy for the stellar rotation period, L
represents the coherence time scale (such as the lifetime of
stellar spots), T denotes the time-lag between two data points,
and C acts as a balancing parameter between the periodic and
nonperiodic components of the GP kernel.

The initial fitting employed a maximum likelihood esti-
mator (MLE) scheme, optimizing orbital parameters through
the Nelder-Mead simplex algorithm (Nelder & Mead 1965).
The Nelder-Mead best-fit solution served as the foundation for
obtaining the most accurate solution, providing a robust ini-
tial guess for more detailed prior and posterior estimates. We
used the posterior distribution obtained through NS to esti-
mate parameter uncertainties and performed model comparison
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Table 3. Comparison between GJ 581 models described in the text.

No. of Model InL BIC InZ AInL ABIC AlnZ
planets

0 No. planet (Base model) —1691.96 3420.63 —1708.58 0 0 0
1 GJ581b —1239.84 254712 —1278.62 452.12 873.51 429.96
2 GJ581b+c -1120.95 2340.01 -1177.59 571.01 1080.61 530.99
3 GJ58lb+c+e -1070.43 2269.62 —1139.26 621.53 1151.00 569.32
4 GJI581b+c+e+GP -993.60 211596 —1081.08 698.36 1304.66 627.50
5 GJ 581 b + ¢ + e + GP (N-body, coplanar edge-on) -9088.38 2105.51 -1083.88 703.58 1315.11 624.70
6 GJ 581 b + ¢ + e + GP (N-body, coplanar inclined) -986.88 2108.65 -1077.76 705.08 1311.98 630.82

through statistical metrics such as Aln £, Bayesian information
criterion (BIC), and Aln Z. The 1-0 parameter uncertainties in
this work were determined as the 68.3% confidence levels of the
posterior parameter distribution.

5.2. Model comparison results

In our analysis, we assumed that the signal attributed to the
hypothesized GJ581d planet arises from stellar activity and
thus we modeled it with a GP. Consequently, our modeling
approach incorporates a maximum of three planets for GJ 581.
We began with no planets and progressively included configura-
tions with varying numbers of planets, assessing their statistical
properties. We compared these models by computing the dif-
ference of the In £ values of their respective MLE fits, that is,
Aln -£ = |1H Lcomplex model| - Iln Lsimpler model|~ Further, we com-
puted the BIC for each of our model configurations and then
also calculated the differences, ABIC. The BIC depends on
In £ through BIC = kInn — 21n L, where k corresponds to the
number of free parameters and n to the number of data points
used for the analysis. Lastly, we performed an NS analysis for
which we computed the In Z value of the posteriors, also known
as the Bayesian evidence or marginal likelihood, which comes
directly from the converged posteriors obtained with DYNESTY.
To identify the best model, we determined whether the above
statistical indicators showed a strong preference. For Aln £, we
based the threshold for significant detection on the values of
Anglada-Escudé et al. (2016), who proposed that Aln L > 7
should be considered statistically significant, while for the BIC
we adopted the value of ABIC > 10 as statistically significant
(Kass & Raftery 1995). Finally, following Trotta (2008), we
adopted a value of Aln Z = 2 as moderate evidence for a better-
suited model, while AlnZ > 5 shows strong evidence for a
better-suited model.

The results from our model comparison test are given in
Table 3. First, we constructed our flat model 0, which has only
the RV offsets and jitters for each data set, that is, a total num-
ber of six free parameters. We then created models that take into
account the confirmed planets by successively incorporating full
Keplerian models (see Sect. 5.1) using as an initial guess the RV
semi-amplitude, the period, and RV signal phase as constrained
by our periodogram analysis (see Sect. 4.2). Therefore, in order,
we incorporated GJ 581 b, with a period of 5.36 days, to create
model 1, then GJ 581 ¢, with a period of 12.9 days, for model 2,
and lastly GJ 581 e, with a period of 3.15days, for model 3.
Model 4 contains a three-planet Keplerian model along with a
GP model to capture the stellar activity, introducing more free
parameters. We used model 4 as a baseline for model 5, where
we employed a self-consistent N-body dynamical model instead

of a multi-Keplerian model. This approach better represents the
physical properties of the system by accounting for gravitational
interactions among all planets.

From model O to 3, all three of the quality assessment values
increased significantly. This outcome was expected as all three
planets are confirmed and fitting their signals should improve
the statistical significance of the model. The largest improve-
ment is predictably seen from the flat model to the first model.
This improvement can be attributed to the strong signal GJ 581 b
exhibits, as also seen in Fig. 1. Incorporating the GP-model
component in the Keplerian three-planet model led to a further
significant enhancement. Transitioning from model 4 to the N-
body model 5 resulted in a marginal increase in both likelihood
and BIC. Interestingly, In Z, experienced a marginal decrease
of AlnZ = 2.8. Despite this marginal setback, the decision
was made to proceed with the three-planet N-body model, as
it incorporates gravitational interactions between the planets and
provides a more realistic portrayal of the physical system. The
results from the coplanar edge-on NS fit in terms of median pos-
terior parameters and uncertainties, as well parameters from the
best —In £ MLE search values, are presented in Table 4.

Finally, we conducted an additional NS fit by employing our
best-model configuration from model 5 and introducing the incli-
nation of the orbital plane as an additional free parameter. In
essence, we thus maintained the system as coplanar, but scaled
the masses by a factor of sin i, thereby constructing a posterior
probability distribution for the dynamical masses of the GJ 581
system. In preparation for the coplanar inclined NS run, we sys-
tematically varied the system inclination followed by a global
MLE parameter optimization. We found that fits with i lower
than 10 degrees typically resulted in poor convergence due to
the increased planetary masses and planet-planet interactions.
Therefore, for the NS run, we opted for noninformative flat priors
for i within the range of 10-90 degrees.

Our results exhibited a marginal improvement with respect to
the edge-on N-body model solution with Aln £ = 1.5, but penal-
ized by ABIC = —3.14. The Bayesian evidence, however, favors
the more complex model with AlnZ = 6.12, sufficiently large
to adopt it according to Trotta (2008). The posterior distribution
yields i = 47*} deg. Consequently, the planets could be up to
~30% more massive.

Model 6 represents the final orbital update for the GJ 581
system adopted in this work. The posterior distribution of
the NS analysis is shown in Fig. A.2 and Table 5 presents
the medians and lo uncertainties derived from the NS of
the posterior distribution and the best-fit solution with a
maximum —In/L, found via the MLE search. These results
enabled us to determine planetary parameters such as the
periods P, = 3.1481*000" days, Py, = 5.368670 0001 days, and
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Median and 1-0

Maximum —In £

Parameter Planet e Planet b Planet ¢ Planet e Planetb  Planet ¢
K (ms™) 1.8”_’8:% 12.6j8:% 3.1f8;{ 1.9 12.6 3.1
P (days) 3.1499t8:888{ 5.3683’:8:888{ 12.9201”:8:8882 3.151 5.368 12.920
e 0.0291’8:8{2 0.02844_’81883 0.0161“:8:8%{21‘ 0.025 0.038 0.017
w (deg) 235.43;; 70.4’:}2;2 226.4’:5158'39_8 2434 71.1 237.0
MA (deg) 31.53‘;:2 214.23‘;:8 156.9fé8%‘3 35.8 212.9 146.8
a (au) 0.02799ﬁ8:8882 0.0399’:8:8882 0.07171’8:888@ 0.028 0.040 0.072
my, (Mg) 1.831’8:}8 15.31f8§§ S.Olfgéi 1.89 15.24 5.03
GPro amp. (ms™') 151433 10.4
GPg, time scale (days) 706.4%3178 400.1
GPg period (days) 66.8)7 66.2
GPgo fact. 0.19’:8:82 0.21
RVos CARM. (ms™!) —1.4f}:g -1.9
RV, HIRES (ms™) —O.St{é -0.3
RV, HARPS (ms™!) 0.4*13 0.4
RV;i CARM. (m s7h) 0.9f8:j 0.9
RV HIRES (m s7h I.Sjgé 1.5
RV;; HARPS (ms™) 0.6%0] 0.6
Notes. Listed are the best-fit parameters and 1-0 uncertainties from the NS posterior analysis.
Table 5. Same as Table 4, but for the coplanar inclined system.

Median and 1-0 Maximum —In £
Parameter Planet e Planet b Planet ¢ Planet e Planetb  Planet c
K (ms™) 1.8+01 12.3+01 3141 1.8 12.6 3.1
P (days) 3.1481j8:888j‘1 5.3686j8:888} 12.9211t8:888§ 3.149 5.368 12.921
e 0.012j8:8(1)§ 0.0342’:8:8(1)8 0.032’:8:8% 0.015 0.030 0.001
w (deg) 226”_’2; 54fii 16jgé 193.6 43.6 84.1
MA (deg) 101+38 231*13 7% 52.7 2411 3033
a (au) 0.02799j8:888§ 0.0399j8:888§ 0.0718t81888§ 0.028 0.040 0.072
m, (Mg) 2.48f8:7§ 20.5fg:§ 6.81f(1):%é 2.33 19.17 6.29
i (deg) 471’{2 47 j{g 47j{§ 52.7
GPgo amp. (ms™!) 1193} 9.0
GPro: time scale (days) 517.1’:%;768 407.0
GPgy, period (days) 66.4709 66.6
GPr, fact. 0.32t8:i% 0.05
RV, CARM. (ms™!) _1'7312 -14
RV, HIRES (ms™") -0.4*1 0.3
RV, HARPS (ms™') O.SfH 0.7
RV CARM. (ms™") 1.6703 0.9
RV;; HIRES (m s7h) 1.7f8:§ 1.6
RV;ii HARPS (m s7h 1.0’:8:} 0.7
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P, = 1292110008 days, the eccentricities e, = 0.012*000,

ep = 0.0342°00% e, = 0.032*002) and the dynamical masses

me = 2.48*070 Mg, my = 20.50%518 Mg, and m. = 6.81792L M,

The best-fit model 6 is shown in the top panel of Fig. 7, where
all three RV time series used in the analysis (CARMENES,
HIRES, HARPS) are shown together with the respective RV
residuals below. The bottom panel illustrates an MLP power
spectrum of the residuals, which exhibits no significant signals.

5.3. Dynamical analysis

The GJ581 planets form a compact multi-planetary system,
necessitating a thorough investigation of both its long-term sta-
bility and dynamical architecture. To address this, we employed
the Wisdom—Holman N-body algorithm (also known as MVS;
Wisdom & Holman 1991) with a small time step of 0.03 day to
effectively capture the evolution of the shortest-period planet.
Numerical simulations were performed for our adopted best-
fit model 6. Commencing at the first RV epoch BID =
2451409.762, we conducted an integration of 10 Myr, which
covered just over one billion completed orbits of GJ 581 e. For
posterior analysis, we randomly chose 1000 configurations from
the NS and integrated them for a much shorter time of a
maximum of 10000yr (i.e., about a million completed orbits
of GJ581e). This numerical setup is sufficient for studying
the long-term stability of the system, allowing us to construct
posteriors of its dynamical parameters.

We assessed the stability of the system by inspecting the evo-
lution of the semi-major axis and eccentricity over time for each
integrated sample. If the variations in the semi-major axis of a
planet became too large or the orbital eccentricity became too
large, the orbits would interfere with each other over time, indi-
cating an unstable system. We assumed that the system would
be stable if the semi-major axes remained within 5% of the
best-fit values from which the system was integrated and if the
eccentricities of all of the planets remained below 0.5.

For our adopted dynamical model and integrated posteriors
we found mean period ratios of P,/P. ~ 1.70, P./Py ~ 2.41,
and P./P. ~ 4.10. None of these three values strongly indicates
a low-order mean motion resonance (MMR), though P /P, is the
closest candidate to a 4:1 MMR. To test if an MMR is involved in
the dynamics of the GJ 581 system, we calculated the evolution
of the associated MMR angles. We tested a large variety of low-
and high-order MMRs. For an n’:n resonance between an inner
planet i and an outer planet o, the resonance angles are given by:

G = 1A — 1 Ao + (m — n)y@; — (m — n')w,, ()

where 4 = MA + @ is the mean longitude with MA being the
mean anomaly, whereas @ = w + Q is the longitude of perias-
tron with w being the argument of periastron, and € being the
longitude of the ascending node (which is undefined, thus set
to Q = 0deg). The integer m satisfies n < m < n’ (Mardling
2013). We found no libration of any resonance angle around a
fixed point. Therefore, we ruled out an MMR librating config-
uration of GJ 581 based on the available RV data and our NS
analysis.

Figure A.3 shows the posterior probability distributions of
the mean planetary eccentricities and their semi-amplitudes. All
examined samples are stable for 10 000 yr, showing rather small
mean eccentricities with similarly small amplitude fluctuations
around their mean values. Figure 8 shows a snapshot of the
dynamical simulation carried out for the median parameters of

the coplanar-inclined NS stable samples as a representative of
the overall orbital dynamics of the GJ 581 system. The top left
panel shows the evolution of the semi-major axes of the GJ 581
planets, which do not vary significantly over time, suggesting
a stable constellation. When inspected more closely, the semi-
major axes do vary on shorter time periods, but this variation
does not affect the stability of the system. Similarly, the period
ratios between the planets are shown in the top right subpan-
els, which also change slightly over the integrated time. The
bottom panels of Fig. 8 show the evolution of the orbital eccen-
tricities, which osculate with small amplitudes with secular time
scales of ~49yr and ~417 yr, but overall the orbital geometry
remains nearly circular. We found no libration in the secular apsi-
dal arguments Aw between the planets. We repeated the N-body
integration accounting for general relativistic precession effects
(MVS-GR, see Trifonov et al. 2020), but found no significant
deviations in the semi-amplitude and eccentricity evolution over
the investigated 5000 yr period and, therefore, we treated them
as negligible. We concluded that the GJ 581 system maintains
long-term stability without any observed MMR configurations,
with the difference in the orbital arguments of periastron Aw =
w. — wy circulating throughout the 0 deg to 360 deg range.

6. Summary

We present an updated orbital analysis of the GJ 581 system,
which utilizes CARMENES spectroscopic data in addition to
the previously published archival HARPS and HIRES measure-
ments. With these extensive data and by thorough periodogram
and activity analyses, we were able to confirm that, despite its
strength and periodicity, the much disputed 66.7 days signal orig-
inates from stellar activity. This result supports the conclusions
of the most recent published research, that is, the system com-
prises only three planets with periods of ~3.15 days, 5.37 days,
and 12.9days. We were not able to detect the elusive stellar
activity signal in the CARMENES data, possibly due to its red-
der wavelength coverage compared to the HIRES and HARPS
spectrographs, but also and most likely because of the smaller
number of measurements. The RV signals of GJ 581 b and c are
significantly detected in the CARMENES data and the signal
for GJ 581 e is strengthened when all three data sets are used
together. We studied MLP periodograms to analyze and isolate
the HARPS activity indicators and found significant signals in
the Ha index time series. Additionally, we found a correlation
of the HARPS He time series with the RV residuals. A sub-
sequent analysis of the signal in both the HIRES and HARPS
data with S-BGLS periodograms and coherence testing revealed
robust evidence that the signal near 66.7 days is not of planetary
nature.

We conducted nested sampling analyses on various multiple-
planet models to the available RV data, encompassing both
Keplerian and dynamical models featuring a GP kernel. The
aim was to refine and constrain the parameters of the three con-
firmed remaining planets GJ581e, GJ581b, and GJ 581 and
to effectively filter the RV signal induced by stellar activity.
Our findings indicate that a dynamical model, when coupled
with a GP model component, provides a significant improve-
ment representation of the RV data compared to a nonperturbed
multi-Keplerian model. Our results suggest that the RV data
cover a sufficiently long baseline to detect secular dynamical
perturbations in the GJ 581 system. Additionally, we ran an N-
body model scheme that includes the line-of-sight inclination
as an additional fitting parameter to constrain the dynamical
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Fig. 7. RVs, MLP periodogram, and best-fit model of GJ 581. Top panel: precise Doppler measurements of GJ 581 from HIRES (purple circles),
HARPS (orange diamonds), and CARMENES (pink triangles) modeled with a three-planet self-consistent N-body model simultaneously con-
structed with a GP component that fits the stellar activity periodicity in the RVs. The middle subpanel shows the residuals of the N-body model,
where are effectively fit with the rotational kernel GP model. The bottom subpanel shows the data residuals to the total N-body+GP model. Middle
panels: phase folded data and N-body model for the three planetary signals as indicated in the subplots. Bottom panel: MLP periodogram of the
RV model and GP residuals. No significant periodicity remains after the model is subtracted.

masses of the planets. The latter model converged on an inclina-

tion of i = 47.0*|3§ degrees, yielding dynamical planet masses

of 248079 Mg, 20.50*$53 Me, and 6.81*921 Mg, for G 581 e,
GJ 581 b and GJ 58l c, respectlvely These masses and the model
are adopted as our final orbital and mass estimates for the GJ 581
system, indicating that the planets are approximately 30% more

Al112, page 14 of 21

massive than their previously reported masses, which assumed a
coplanar system, and therefore, minimum masses.

We performed a comprehensive long-term stability analysis
on the coplanar inclined system posteriors. Our findings indicate
that the GJ 581 system demonstrates long-term stability, with no
evidence of MMR dynamics. The system is characterized by
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Fig. 8. N-body orbital evolution of the GJ 581 system using initial orbital parameters from the median NS stable sample to represent the system’s
dynamical behavior for the first 2000 yr of evolution. The top panels show the evolution of planetary semi-major axes on the left and mutual orbital
period ratios are shown on the right. The bottom panels show the evolution of planetary eccentricities on the left, along with the evolution of the
mutual apsidal alignment angles. No secular or MMR dynamical architecture was observed for GJ 581.

low-eccentricity oscillations, showcasing two dominant secular
time scales of ~49 and ~417 yr.

The nearby M dwarf star GJ 581 is one of the most impor-
tant laboratories to study exoplanet dynamics, evolution, and
planet formation in general. Our work reveals the most com-
plete dynamical architecture of the GJ 581 planetary system
extracted from Doppler data. The new insight into the orbital and
dynamical configuration of GJ 581 provides a new focus on prob-
ing the planetary formation and evolution processes in densely
populated multi-planet systems around low-mass stars.
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Appendix A: Additional figures and tables

Table A.1. The adopted priors of the Keplerian and N-body model NS runs. Their meanings are U — Uniform (flat) prior, N — Gaussian prior, and
g — Jeftrey’s (log-uniform) priors.

Parameter GJ58le GJs81b GIs8lc
K [ms™'] U( 1.0,3.0) (8.0, 16.0) U( 1.0, 5.0)
P [day] U(3.1,3.2) U(53,54) U(12.8, 13.0)
e 2(0.0,0.2) U(0.0,0.1) U(0.0,0.2)
w [deg] (0.0, 360.0) (0.0, 360.0) (0.0, 360.0)
M, [deg] U( -180.0, 360.0) U( 0.0, 360.0) U(-180.0, 360.0)
i [deg] U( 10.0, 90.0)
RV.s CARM. [ms™'] U(C-5.0,5.0)
RV, HIRES [ms™'] U(-5.0,5.0)
RVos HARPS [ms™'] U(-5.0,5.0)
RV;i CARM. [ms™] J(0.01, 5.0
RV;; HIRES [ms™'] J(0.01,5.0)
RV HARPS [ms™'] J(0.01,5.0)
RV GPgy. Amp. U( 1.0, 20.0)
RV GPg,. timescale U(400.0, 6000.0)
RV GPgo. Period N(66.7, 10.0)
RV GPgy, fact. 2(0.05,0.5)

Table A.2. HARPS Doppler measurements and activity index measurements of GJ 581 evaluated using SERVAL. First 8 Data points. Full version

available at the CDS
Epoch [JD] RV [ms™!'] ogy[ms™'] Ha oo NaDy ownp, NaD, owap, CRX OCRX dLW caw FWHM  opwam  CON  ocon BIS TBIs
2453152.713 -11.637 0.939 0.946 0.001 0.130 0.002 0.163 0.002 5.743 5.072 -4.886 1818 3000.181 45.003 24.838 0.373 -11.619 -0.174
2453158.663 -19.979 1.194 0946 0.002 0.146 0.002 0.180 0.003 20.991 11.118  18.438 2.003 2966.956 44.504 23977 0.360 -11.038 -0.166
2453520.745 10.063 1.201 0942 0.002 0.156 0.003 0.184 0.003 -5003 8719 -2.392 1525 2995010 44.925 24.658 0.370 -10.463 -0.157
2453573.512 1.502 1.216 0.932 0.002 0.140 0.003 0.72 0.003 -—11.034 7562 4946 1367 2996.826 44952 24705 0.371 -8.543 -0.128
2453574.522 9.343 1.003 0.936 0.002 0.136 0.002 0.169 0.003 2.030 5088 7272 1.358 3004.475 45.067 24.707 0.371 -10351 -0.155
2453575.481 2.660 0.860 0.932 0.001 0.148 0.002 0.178 0.002 23286 5455 -17.185 1341 2997273 44959 25.023 0375 -9.780 -0.147
2453576.536 -7.076 1.003 0.940 0.001 0.139 0.002 0.170 0.002 4.131 5958 -1.318 1210 3002.883 45.043 24.828 0372 -6.175 -0.093
2453577593  —10.592 1.170 0944 0.002 0.137 0.002 0166 0.003 -0.569 6.356 4.872 1.196 3002757 45.041 24.685 0.370 -3.508 —0.053

Table A.3. CARMENES RV measurements and activity index measurements of GJ 581 evaluated by
uncertainties. First 8 Data points. Full version available at the CDS

SERVAL and their corresponding

Epoch [J[D] RV [ms'] ogy[ms'] Ha oo NaD onap  CRX  ocrx dLW ocgaw FWHM  opwam  CON  ocon BIS OBIS
2457415.7763 -10.377 1.127 0917 0.001 0.085 0.002 13.949 9.106 5839 0944 4395973 24397 22871 0.089 -15.180 4.148
2457418.762 13.277 1.150 0.923 0.002 0.097 0.003 21.726 9.368  -2.817 1163 4398.735 23.197 22915 0.084 -8.544 5.263
2457422.738 —4.847 1.656 0911 0.001 0.080 0.002 23931 9.329 0.987 1.045 4399.537 23337 22923 0.085 -10.775 4.129
2457466.713 14.703 1.343 0.903 0.002 0.090 0.003 3.858 9.386 0.580 1.153  4404.342 23939 22965 0.087 -9.000 4.541
2457476.636 0.932 1.268 0.905 0.001 0.093 0.002 10.016 8527 -0.767 1063 4396.872 22.554 22939 0.082 -10.326 3.805
2457490.597 -11.618 1.346 0.904 0.002 0.087 0.005 10.489 11.332 -11.920 1.487 4381.150 24.195 23.091 0.089 -11.098 6.341
2457493.601 14.607 1.297 0.909 0.002 0.099 0.005 12.559 12321 -8.169 1786 4391.286 23.004 23.059 0.084 -8.261 5.930
2457503.558 7.256 1.210 0917 0.001 0.086 0.003 6.142 8.831 3.457 1.147 4390.222 23975 22936 0.087 -8.837 3.932
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Fig. A.1. Full MLP power spectrum for all RV time series used, as well as their respective activity time series. Horizontal dashed lines indicate
FAP levels of 10%, 1%, and 0.1%. The cyan, green, magenta, and blue vertical lines indicate the period of GJ 581 e, GJ 581 b, GJ 581 c and the
66.7 d signal. respectively.
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Fig. A.2. Distribution of the NS posteriors of a coplanar inclined configuration of the GJ 581 system. The two-dimensional contours indicate 1-, 2-,
and 3-0 confidence levels of the posterior distribution. The red crosses indicate the median of the posterior probability distribution. Top to bottom
and left to right: mean orbital period Py, mean planetary eccentricities ey, planetary masses (in M), and the semi-major axes (in au).
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Fig. A.3. Distribution of 1,000 randomly sampled NS posteriors from the coplanar inclined model (see Fig. A.2) integrated over 10,000 years. The
two-dimensional contours represent the 1-, 2-, and 3-0- confidence intervals of the stable posterior distribution. From top to bottom, the corner
plot shows the mean osculating planetary eccentricities and osculating eccentricity semi-amplitudes for the three planets, pivotal for assessing the
GJ 581 system’s dynamical properties. The median values of the complete posterior distributions are indicated by red lines.
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Fig. A.4. The remaining posteriors of the dynamical properties of the best-fit dynamical model that are not displayed in the main text. The two-
dimensional contours indicate 1-, 2- and 3-0 confidence levels of the posterior distribution. The red crosses indicate the median of the posterior
probability distribution. Top to bottom and left to right: The RV offsets of CARMENES, HIRES and HARPS, respectively, the RV jitter, as well
as the mean semi-amplitude K, mean argument of periapsis w, the mean anomaly MA of each planet and the GP rotational kernel amplitude, time
scale, period, and factor.
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