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ABSTRACT

Context. Planets orbiting low-mass stars such as M dwarfs are now considered a cornerstone in the search for planets with the potential
to harbour life. GJ 273 is a planetary system orbiting an M dwarf only 3.75 pc away, which is composed of two confirmed planets,
GJ 273b and GJ 273c, and two promising candidates, GJ 273d and GJ 273e. Planet GJ 273b resides in the habitable zone. Currently, due
to a lack of observed planetary transits, only the minimum masses of the planets are known: Mb sin ib = 2.89 M⊕, Mc sin ic = 1.18 M⊕,
Md sin id = 10.80 M⊕, and Me sin ie = 9.30 M⊕. Despite its interesting character, the GJ 273 planetary system has been poorly studied
thus far.
Aims. We aim to precisely determine the physical parameters of the individual planets, in particular, to break the mass–inclination
degeneracy to accurately determine the mass of the planets. Moreover, we present a thorough characterisation of planet GJ 273b in
terms of its potential habitability.
Methods. First, we explored the planetary formation and hydration phases of GJ 273 during the first 100 Myr. Secondly, we analysed
the stability of the system by considering both the two- and four-planet configurations. We then performed a comparative analysis
between GJ 273 and the Solar System and we searched for regions in GJ 273 which may harbour minor bodies in stable orbits, that is,
the main asteroid belt and Kuiper belt analogues.
Results. From our set of dynamical studies, we find that the four-planet configuration of the system allows us to break the mass–
inclination degeneracy. From our modelling results, the masses of the planets are unveiled as: 2.89 ≤ Mb ≤ 3.03 M⊕, 1.18 ≤ Mc ≤

1.24 M⊕, 10.80 ≤ Md ≤ 11.35 M⊕, and 9.30 ≤ Me ≤ 9.70 M⊕. These results point to a system that is likely to be composed of an
Earth-mass planet, a super-Earth and two mini-Neptunes. Based on planetary formation models, we determine that GJ 273b is likely
an efficient water captor while GJ 273c is probably a dry planet. We find that the system may have several stable regions where minor
bodies might reside. Collectively, these results are used to offer a comprehensive discussion about the habitability of GJ 273b.

Key words. planets and satellites: dynamical evolution and stability – planets and satellites: formation

1. Introduction

In the last decade, interest in planetary systems around M-type
stars has risen significantly. The source of this scientific interest
is twofold. On the one hand, M-type stars are the most abundant
star type in the Solar neighbourhood and, indeed, in the Universe
(see e.g. Henry et al. 1994; Chabrier & Baraffe 2000; Winters
et al. 2015). However, their physical properties are poorly known
since they are generally quite faint, as compared with other stel-
lar types, and they have only recently become a cornerstone
for the detection of low-mass planets. Indeed, recent studies
based on radial–velocity (RV) and transit photometry surveys
⋆ Juan Carlos Torres Fellow.

have hinted at the high occurrence of low-mass planets orbit-
ing M dwarfs, with a rate of at least one planet per star (e.g.
Bonfils et al. 2013; Dressing & Charbonneau 2013, 2015; Tuomi
et al. 2014). This fact is also supported by the number of dedi-
cated surveys targeting M dwarfs, notably in the search of rocky
planets in their habitable zones (HZs). Some examples are the
SPECULOOS (Gillon 2018; Burdanov et al. 2018; Delrez et al.
2018; Jehin et al. 2018), CARMENES (Quirrenbach et al. 2010;
Reiners et al. 2018), and MEarth (Nutzman & Charbonneau
2008) projects.

More interestingly, the great number of M-type stars has
significantly increased the chances of finding Earth-mass rocky
planets in temperate orbits, that is, within the host star’s HZ.
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Table 1. GJ 273 system properties.

Star

Other designations
BD+05 1668

2MASS J07272450+0513329
DR2 3139847906304421632

Spect. type (1) M3.5V
α (J2000) 07h27m24.49s

δ (J2000) +05◦13′32.8′′

V (2) 9.872
J (3) 5.714 ± 0.032

H (3) 5.219 ± 0.063

Ks
(3) 4.857 ± 0.023

L (L⊙) (4) 0.0088
R (R⊙) (4) 0.293 ± 0.027

Teff (K) (4) 3382 ± 49

M (M⊙) (5) 0.29
[Fe/H] (6) 0.09 ± 0.17

Prot (d) (7) 99

Planets

Planet P (d) M sin i (M⊕) a (au) e

GJ 273b (8) 18.6498+0.0059
−0.0052

2.89+0.027
−0.26

0.091101+0.000019
−0.000017

0.10+0.09
−0.07

GJ 273c (8) 4.7234+0.0004
−0.0004

1.18+0.016
−0.16

0.036467+0.000002
−0.000002

0.17+0.13
−0.12

GJ 273d (9) 413.9+4.3
−5.5

10.8+3.9
−3.5

0.712+0.062
−0.076

0.17+0.18
−0.17

GJ 273e (9) 542+16
−16

9.3+4.3
−3.9

0.849+0.083
−0.092

0.03+0.20
−0.03

References. (1) Hawley et al. (1996); (2) Gaidos et al. (2014); (3) Cutri et al. (2003); (4) Boyajian et al. (2012); (5) Delfosse et al. (2000); (6) Neves
et al. (2013); (7) Astudillo-Defru et al. (2017a); (8) Astudillo-Defru et al. (2017b); (9) Tuomi et al. (2019).

Nevertheless, planets in the HZs of M dwarfs are close to the
star and, thus, they are generally exposed to intense radiation and
magnetic fulgurations. Whether a planet can remain habitable in
the presence of UV and X-ray flares is still a matter of debate:
while a single flare probably would not compromise a planet’s
habitability, planets orbiting M dwarfs may suffer frequent and
strong flares at younger ages (Armstrong et al. 2016).

Among all the planets discovered so far orbiting M dwarfs,
some of the most interesting are also the ones closest to Earth.
One such example is the temperate Earth-mass planet orbiting
Proxima Centauri-b, which is located only 1.2 pc away (Anglada-
Escudé et al. 2016), while the seven Earth-size planets orbiting
the TRAPPIST-1 system at a distance of 12.1 pc, where at least
three of them are in the HZ (Gillon et al. 2016, 2017), are equally
alluring. In this context, GJ 273 is a highly interesting M dwarf
(also known as Luyten’s star) hosting a multi-planet system,
which is one of the closest stars to the Sun located at only 3.75 pc
(Gatewood 2008).

Compared with other M-type stars, GJ 273 is a bright star
(9.87 Vmag, Koen et al. 2010), with a main-sequence spectral
type of M3.5V (Hawley et al. 1996), which shows a small pro-
jected rotational velocity (v sin i < 2.5 km s−1, Browning et al.
2010). In the work by Astudillo-Defru et al. (2017b), the authors
made use of a data set of 280 RVs measured with HARPS
(mounted on ESO’s 3.5-m La Silla telescope in Chile) which
covered 12 yr of intense monitoring of GJ 273. Astudillo-Defru
et al. (2017b) reported the presence of two short-period plan-
ets, GJ 273b and GJ 273c, with minimum masses of 2.89 and
1.18 M⊕ and orbital periods of 18.6 and 4.7 d, respectively. Planet
GJ 273b was shown to be located in the HZ of GJ 273 which,

along with its close proximity to Earth, sparked interest in this
particular system. In addition, in the recent study presented by
Tuomi et al. (2019), the authors made use of a data set that com-
bined HARPS, HIRES (Keck), PFS (Subaru), and APF (Lick),
for a total of 466 RVs measurements, and fully confirmed the
existence of the two planets previously detected by Astudillo-
Defru et al. (2017b) in addition to suggesting the presence of
two extra planets at larger heliocentric distances: GJ 273d, with
a minimum mass of 10.8 M⊕ and an orbital period of 413.9 d, and
GJ 273e with a minimum mass of 9.3 M⊕ and an orbital period
of 542 d1. The authors claimed these new signals as “planetary
candidates” which need more data to verify their planet nature.
In addition, Astudillo-Defru et al. (2017b) reported the presence
of long-period signals with P ∼ 420 and 700 d. However, both
signals were not considered by the authors as planetary candi-
dates but were, instead, attributed to stellar activity. Prior to that
report, Bonfils et al. (2013) also found a controversial signal of
a possible planet at P∼ 420 d, however, due to their poor phase
coverage, the authors considered it an unclear detection.

Collectively, the present data have prevented us from making
any definite statements regarding the precise number of planets
in the GJ 273 system. Therefore, since the existence of the two
outermost planets, GJ 273d and GJ 273e, is still under debate,
in the present study we consider two options: two– and four–
planet configurations. In Table 1, we present the known physical
characteristics of the planets and the star.

1 At the time of writing, the study of Tuomi et al. (2019) is still being
peer-reviewed.
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The paper is organised as follows: in Sect. 2, we attempt
to reproduce the system architecture using accretion simulations
where we track the content of water of the planets. In Sect. 3, we
review the current observational data set that consists of RVs and
photometric measurements. In Sect. 4, we analyse the stability of
the system and provide extra constraints on the planetary param-
eters and the general system architecture, while in Sect. 5 we
explore the similarities of GJ 273 with the Solar System while
searching for minor-body reservoir analogues. In Sect. 6, we dis-
cuss the habitability of planet GJ 273b and, finally, in Sect. 7, we
present our conclusions.

2. Formation and evolution of the planetary system

GJ 273: N-body experiments

In the present section, we analyse the processes of formation
and evolution among the planetary system GJ 273 using N-body
simulations. To do this, we first describe the properties of the
protoplanetary disk and then determine the physical and orbital
initial conditions that are to be used in our model. Then we define
the different scenarios to be modelled and, finally, we discuss the
results obtained from our N-body experiments.

2.1. Protoplanetary disk: properties

An important parameter that determines the distribution of the
material in a protoplanetary disk is the surface density. The gas-
surface density profile Σg(R) adopted in the present research is
given by:

Σg(R)=Σ0g

(

R

Rc

)−γ

e−(R/Rc)2−γ

, (1)

where R is the radial coordinate in the disk mid-plane, Σ0g a
normalisation constant, Rc the characteristic radius, and γ an
exponent that determines the density gradient. In the same way,
the solid-surface density profile Σs(R) is written as:

Σs(R)=Σ0sηice

(

R

Rc

)−γ

e−(R/Rc)2−γ

, (2)

where Σ0s is a normalisation constant and parameter ηice rep-
resents the change in the amount of solid material due to the
condensation of water beyond the snow line, which is assumed
to be initially located at Rice.

To determine the normalisation constant Σ0g, we integrated
the expression concerning the mass of the protoplanetary disk
assuming axial symmetry. From this, we can express the total
mass of the disk Md as:

Md =

∫ ∞

0

2πRΣg(R) dR, (3)

from which we obtain

Σ0g = (2 − γ)
Md

2πR2
c
. (4)

The normalisation constant Σ0s can be obtained making use of
the relation

Σ0s = z0Σ0g10−[Fe/H], (5)

where [Fe/H] is at stellar metallicity and z0 is the primordial
abundance of heavy elements in the sun, which has a value of
z0 = 0.0153 (Lodders et al. 2009).

To quantify the gas- and solid-surface density profiles
involved in our model, we must assign values to several parame-
ters such as the stellar metallicity [Fe/H], the mass of the disk
Md, the characteristic radius Rc, the exponent γ, the location
of the snow line Rice and the ηice parameter. On the one hand,
the GJ 273 star has a mass of M⋆ = 0.29 M⊙ and a metallic-
ity of [Fe/H] = 0.09 (Astudillo-Defru et al. 2017b). On the other
hand, our model uses a disk mass of Md = 5% M⋆, a characteris-
tic radius of Rc = 20 au, and an exponent of γ= 1, all of which is
consistent with observational studies of protoplanetary disks car-
ried out as part of several studies (e.g. Andrews et al. 2010; Testi
et al. 2016; Cieza et al. 2019) and with population synthesis mod-
els of protostellar discs (Bate 2018). The position of the snow line
Rice must be carefully chosen. To do this, we followed the proce-
dure proposed by Ciesla et al. (2015), who studied the delivery
of volatiles to planets from water-rich planetesimals around low-
mass stars. That work assumed that Rice’s location evolves in a
disk as a result of the variations over time of the stellar radius
and effective temperature. Based on such an assumption, the
snow line is about at 0.65 au (disk temperature of 140 K, age of
1 Myr) when the stellar parameters given by Siess et al. (2000)
are considered. Although the location of the sow line evolves
over time, we followed Ciesla et al. (2015) by assuming a fixed
value for Rice for the whole duration of our N-body experiments
(see Apendix A).

It is also important to consider that the location of the
snow line generally represents the transition from dry to water-
rich bodies in the disk. However, any increase in the amount
of solid material due to the condensation of water beyond the
snow line is strongly dependent on the existence of short-lived
radionuclides, notably Al26. According to the work carried out
by Lodders (2003) on Solar System abundances, we consider
that the ηice parameter has a value of 1 and 2 inside and beyond
Rice, respectively. From this, we assume that bodies initially
located inside the snow line are primarily made out of rocky
material with only 0.01% water by mass, while the initial con-
tent of water by mass of those bodies associated with the outer
region of the system beyond the snow line is of the order
of 50%.

Our investigation is focused on the formation, evolution, and
survival of the confirmed planets in GJ 273, especially the one
close to the HZ. Thus, it is necessary to specify the limits of
such a region in the system under study. We derive conservative
and optimistic estimates for the width of the HZ around GJ 273
from the models developed by Kopparapu et al. (2013a) of 0.1–
0.19 au and 0.08–0.2 au, respectively. We assume that a planet is
in the HZ of the system if its whole orbit is contained inside the
optimistic edges. According to this, a planet is considered to be
in the HZ of the system if its pericentric distance was q ≥ 0.08 au
and its apocentric distance was Q ≤ 0.2 au.

Based on the data considered in this section, we assume that
the extension of the region of study is between 0.01 au and 1.5 au
since it includes the HZ, the snow line, and an outer water-rich
embryo population.

2.2. N-body experiments: characterisation, parameters, and
initial conditions

In this sub-section, we analyse the process of formation and
evolution of terrestrial-like planets in the GJ 273 system from
N-body experiments. The MERCURY N-body code was used
to develop our simulations (Chambers 1999). In particular, we
made use of a hybrid integrator, which uses a second-order
mixed variable symplectic algorithm to treat the interactions
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between objects with separations greater than 3 Hill radii, and
the Bulirsch–Stoer method for resolving closer encounters.

In general terms, the accretion models were aimed at study-
ing the formation of terrestrial-like planets via N-body exper-
iments to track the evolution of planetary embryos and plan-
etesimals in a given system. However, N-body simulations that
include a population of embryos and thousands of planetesimals
are very costly numerically. In the present research, we con-
sider a simplified model, which assumes a disk only composed
of planetary embryos. The MERCURY code computes the tem-
poral evolution of the orbits of the embryos by simulating the
gravitational interactions among them. Such interactions pro-
duce orbits that cross each other, which results in successively
close encounters between them which, in turn, lead to collisions
among them, ejections from the system, and collisions with the
central star. Several works have shown that collisions between
gravity-domained bodies yield different outcomes depending on
the target size, projectile size, impact velocity, and impact angle
(Leinhardt & Stewart 2012; Chambers 2013; Quintana et al.
2016; Dugaro et al. 2019). In the present study, all collisions were
treated as perfect mergers, conserving the total mass of the inter-
acting bodies in each impact event. This approach has been the
main hypothesis of multiple works concerning accretion simu-
lations aimed at studying the process of planetary formation in
systems with different dynamical scenarios (e.g. Raymond et al.
2004, 2009; O’Brien et al. 2006; Lissauer 2007; De Elía et al.
2013; Dugaro et al. 2016; Darriba et al. 2017; Zain et al. 2018).

Our N-body simulations assumed 53 planetary embryos
between 0.01 au and 1.5 au, 28 (25) of which were initially
located before (beyond) the snow line at 0.65 au, and possessed
individual masses and physical densities of mp = 0.102(0.28) M⊕
and ρp = 3 (1.5) g cm−3, respectively. The embryos were dis-
tributed across the region of study using the acceptance–
rejection method developed by Jonh von Neumann from the
function

dN(R)=
2π

mp
RΣs(R)dR, (6)

where Σs(R) is represented by Eq. (2). Given that the planetary
embryos were assumed to start the simulation in quasi-circular
and coplanar orbits, the values of the variable, R, generated from
Eq. (6) were adopted as their initial semi-major axes a. In fact,
the initial eccentricities, e, and inclinations, i, of the embryos
were calculated randomly from uniform distributions assuming
values lower than 0.02 and 0.5◦, respectively. In the same way,
the argument of the pericenter, ω, the longitude of the ascending
node, Ω, and the mean anomaly, M, of the planetary embryos
were chosen randomly from uniform distributions between 0◦

and 360◦.
The N-body experiments developed using the hybrid inte-

grator of the MERCURY code required a good selection of the
time step to carry out a correct integration of the system stud-
ied. Based on this, we used a time step of 0.03 d, which is
shorter than 1/20th of the orbital period of the innermost body
in our scenario of work. Moreover, in order to avoid the integra-
tion of orbits with very small pericenters, our model assumed a
non-realistic value for the radius of the central star of 0.005 au.
Finally, we considered an ejection distance of 1000 au in all our
N-body experiments.

In order to analyse the formation and evolution history of the
planets that compose system GJ 273, we carried out two sets of
N-body accretion simulations:

– Set 1, which analyses the post-gas phase;

– Set 2, which includes the effects of the gas disk.
“Set 2” N-body simulations included modelling the effects of the
gaseous component of the disk in the early evolution of the plan-
etary embryos. To do this, we developed an improved version
of the MERCURY code, which included analytical prescriptions
for the orbital migration rates and eccentricity and inclination
damping rates derived by Cresswell & Nelson (2008) from the
formulae for damping rates obtained by Tanaka & Ward (2004)
and the migration rates obtained by Tanaka et al. (2002). We give
a detailed description of this in Sect. 2.4.

Due to the stochastic nature of the accretion process, we
carried out between 10 and 15 runs for each set of numerical
simulations. We must remark that, in both of them, each N-body
experiment was integrated for 100 Myr.

2.3. “Set 1”: collisional accretion of protoplanets after gas
dissipation

In this set of N-body experiments, we considered that the ini-
tial physical and orbital parameters assigned to the planetary
embryos in Sect. 2.2 were associated with the post-gas phase.
Thus, here, our main goal is to study the formation and evolution
of terrestrial-like planets via the collisional accretion of embryos
once the gas has dissipated from the system.

The left panel of Fig. 1 shows the mass distribution as a func-
tion of the semi-major axis of the planets formed in 9 N-body
simulations of “Set 1” after 100 Myr of integration. Moreover,
the light blue shaded area illustrates the optimistic limits of the
HZ of the system. The distribution of planets offers two impor-
tant results. On the one hand, the most massive planets in this
scenario formed at locations close to the snow line, which was
initially at around 0.65 au. In fact, our N-body experiments pro-
duced massive planets of about 5.4 M⊕ and semi-major axes
ranging between 0.50 au and 0.55 au. On the other hand, our
N-body simulations did not efficiently produce planets in the HZ
nor in the inner region of the system. In fact, only three plan-
ets formed in the HZ with masses between 1.6 M⊕ and 2.1 M⊕,
while no planet survived in the inner region of the system at
100 Myr. According to this, this scenario was not able to produce
planets analogous to those observed in the real system around
GJ 273.

2.4. “Set 2”: effect of the gas disk

In this set of N-body experiments, we tested the effects of the
presence of a gas disk in the early evolution of the planetary
embryos. To do this, we included additional forces to model the
effects of a dissipating gaseous disk on the orbital parameters of
the planetary embryos. In particular, our improved version of the
MERCURY code included effects that led to changes of the semi-
major axis (hereafter, “type-1 migration”) as well as decays in
eccentricity and inclination (hereafter, “type-1 damping”) of the
embryos.

The type-1 migration and type-1 damping were mod-
elled based on hydrodynamic simulations focused on planetary
embryos embedded within an idealised isothermal disk (Tanaka
et al. 2002; Tanaka & Ward 2004). However, those works are
only valid for embryos that are assumed to have no disk gap and
with low values associated with their eccentricities and inclina-
tions. In order to develop a more general treatment, we modified
the model to include the additional terms derived by Cresswell &
Nelson (2008), which allowed us to describe the type-1 migra-
tion and type-1 damping for embryos evolving on orbits with
large eccentricities and inclinations.
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Fig. 1. Mass distribution of the planets formed in the N-body simulations after 100 Myr of Set 1 (left panel), which only model the post-gas stage,
and Set 2 (right panel), which include the effects of the gas disk. In every panel, the black circles illustrate the two planets confirmed that orbit
GJ 273 (Astudillo-Defru et al. 2017b), while the color code represents the final fraction of water by mass of the planets resulting from our numerical
experiments. Finally, the light blue shaded region refers to the optimistic HZ derived from the model developed by Kopparapu et al. (2013a,b).

In idealised vertically isothermal disks, the type-1 migration
derived by Tanaka et al. (2002) can lead to the very fast inward
orbital migration of the planetary embryos. In general terms, the
migration times calculated with this model were comparable to
or smaller than the known lifetimes of gas disks, which may be at
odds with current planetary formation models. Type-1 migration
tends to be more complex when a more detailed treatment con-
cerning the physics of the disk is considered (e.g. Paardekooper
et al. 2010, 2011; Guilet et al. 2013; Benítez-Llambay et al.
2015). Beyond this, several authors have carried out population
synthesis studies using the expressions of Tanaka et al. (2002)
concerning type-1 migration rates, with an added reduction fac-
tor in order to reproduce observations (e.g. Alibert et al. 2005;
Mordasini et al. 2009; Miguel et al. 2011; Ronco et al. 2017).

Here, we considered the type-1 migration rate for isothermal
disks of Tanaka et al. (2002) and Cresswell & Nelson (2008),
and we also incorporated a factor, f1, that ranged between 0 and
1. According to this, the type-1 migration time is inversely pro-
portional to such a factor, for which the larger the value of f1,
the faster the orbital migration. From this, we carried out N-body
experiments aimed at studying the gas effects on the formation
and evolution of the planetary system under consideration for
values of f1 between 0.01 and 1. Naturally, our results showed
that the larger the value of f1, the smaller the semi-major axes of
the resulting planets.

The gas disk was modelled by adopting the gas-surface
density profile Σg(R) given by Eq. (1) and a height scale of
H = 0.0361(R/1ua)5/4 au. In this scenario, we considered that the
gaseous component dissipates exponentially over 2.5 Myr, which
is consistent with studies concerning the lifetimes of primor-
dial disks associated with young stellar clusters developed by
Mamajek et al. (2009). According to this, it is very important

to remark that the zero-time of our N-body experiments cor-
responds to 1 Myr for which the gas effects were modelled for
1.5 Myr in all the numerical simulations.

The right panel of Fig. 1 illustrates the mass of the plan-
ets formed in 14 N-body simulations of “Set 2” after 100 Myr
of integration as a function of the semi-major axis, assuming
a reduction factor, f1, for a type I migration of 0.04. Accord-
ing to this, the most massive planets produced in this scenario
were located in regions of the system that were more inter-
nal than those formed in “Set 1”, which of course did not
include any gaseous effects. In fact, the most massive planets
resulting from “Set 2” were produced around the HZ of the sys-
tem, with masses between 2.2 M⊕ and 3.22 M⊕. These planets
showed physical and orbital parameters similar to those asso-
ciated with GJ 273b, which is a super-Earth with a minimum
mass of 2.89 ± 0.26 M⊕ orbiting around its parent star with a
semi-major axis of 0.09110± 0.00002 au, and an eccentricity of
0.10+0.09

−0.07
(see Table 1).

Moreover, the N-body experiments of “Set 2” efficiently pro-
duced a close-in planet population within the inner edge of the
HZ with masses ranging between 0.1 M⊕ and 1.3 M⊕. The phys-
ical and orbital properties of the most massive planets of this
close-in population are consistent with those of GJ 273c, which
has a minimum mass of 1.18 ± 0.16 M⊕, a semi-major axis of
0.036467± 0.000002 au, and an orbital eccentricity of 0.17+0.13

−0.12
(see Table 1).

According to “Set 2”, which included gas dynamics, simu-
lated planets with properties that were not dissimilar to the two
known planets in the GJ 273 system were formed. It is worth
remarking that gas effects play a key role in the final plane-
tary architecture of simulated systems. In fact, the location of
the peak of the planet mass distribution at more internal regions
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Fig. 2. Temporal evolution of semi-major axis as a function of the eccentricity in the “Set 2” N-body simulations, which illustrates the most
likely planetary-formation scenario. The planetary embryos (and the resulting planets) are represented by circles, which show a colour code that
indicates their fraction of water by mass. The solid blue lines illustrate curves of constant pericentric distance (q= 0.08 au) and apocentric distance
(Q= 0.2 au), while the light blue shaded region represents the optimistic HZ of the system.

of the system in comparison with that associated with “Set 1”,
and the formation of a close-in planet population within the inner
edge of the HZ, are a clear consequence of incorporating type-
1 migration and type-1 damping in the N-body experiments of
“Set 2”.

The right panel of Fig. 1 also allows us to derive important
conclusions concerning the final water content of the resulting
planets. On the one hand, all planets with masses greater than
1 M⊕ that survived in the HZ of the system became true water
worlds. In fact, in general terms, the accretion seeds2 started the
simulation beyond the snow line with 50% of water by mass.
Throughout the 100 Myr of evolution, they were impacted by
planetary embryos associated with different regions of the disk,
reaching final masses between 1.16 M⊕ and 3.22 M⊕, and final
contents of 18–50% of water by mass. On the other hand, all
planets with masses less than 1 M⊕ that survived in the HZ
had accretion seeds that started the simulation inside the snow
line with 0.01% water by mass. These planets had final masses
between 0.3 M⊕ and 1.02 M⊕ and kept their very low initial frac-
tion of water throughout their entire evolution since they only
accreted planetary embryos from the inner region to the snow
line. The right panel of Fig. 1 shows that GJ 273b is a potentially
habitable planet, which is located in a region of the mass–semi-
major axis plane associated with the presence of water worlds.
According to this model, GJ 273b should have a very high water
content by mass.

In this line of research, we suggest that planet GJ 273c should
have physical properties different to those shown by GJ 273b
concerning their final water contents. In fact, the right panel of
Fig. 1 shows that GJ 273c is located in a region of the system
where our N-body experiments produced planets with very low
final water content.

Figure 2 shows four snapshots in time of the semi-major
axis–eccentricity plane of the evolution of a given N-body

2 Following Raymond et al. (2009), a planet’s accretion seed is defined
as the larger body in each of its collisions.

simulation of “Set 2”, which exposes the best scenario that
we found. The solid circles represent the planetary embryos
(and planets) and the colour code refers to their fraction of
water by mass. The solid blue lines illustrate curves of con-
stant pericentric distance (q= 0.08 au) and apocentric distance
(Q= 0.2 au), while the light blue shaded area represents the
optimistic HZ of the system. Our study shows two relevant
results. On the one hand, the “Set 2” simulations were able to
produce planets with physical and orbital properties consistent
with those associated with the planets around GJ 273 (Astudillo-
Defru et al. 2017b). In fact, this N-body experiment formed a
planet analogous to GJ 273b(c) with a mass of 2.25 (1.13) M⊕,
a semi-major axis of 0.1095 (0.0482) au, and an orbital eccen-
tricity that oscillates between 0.0007 (0.0081) and 0.1 (0.176)
during the last 50 Myr of evolution. On the other hand, the
right and bottom panel of Fig. 2 shows that additional planets
have formed in different regions of the system after 100 Myr
of evolution. This result suggests that more planets with dif-
ferent physical and orbital properties might be orbiting around
GJ 273.

It is important to remark that the final water contents of the
planets formed in our simulations should be interpreted as upper
limits. On the one hand, our N-body experiments treat collisions
as perfect mergers, which conserve the mass and the water con-
tent of the interacting bodies. Thus, we did not account for water
loss during impacts, which could be relevant for small impact
angles and high velocities Dvorak et al. (2015). On the other
hand, our model did not include processes such as photolysis
and hydrodynamic escape, which could reduce the fraction of
water of the planets (Luger & Barnes 2015; Johnstone 2020).
From this last consideration, GJ 273c could be certainly a dry
planet since it is interior to the HZ, while GJ 273b could con-
tain less water than that obtained in our simulations since the
initial boundaries of the HZ are located in more external regions
of the disk, and then, they evolve inward significantly in the first
100 Myr of evolution for a 0.3 M⊙ M-dwarf (Luger & Barnes
2015). A detailed analysis about how the water loss processes
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mentioned in this paragraph affect the planets of our simulations
is beyond the scope of this work.

3. Observational constraints: radial velocities and

photometric measurements

3.1. HARPS observations

The simulations performed in Sect. 2 work well in predicting the
formation of two planets at the orbits of GJ 273b and GJ 273c.
However, our results for the best model indicated that more plan-
ets might be orbiting GJ 273 (see Fig. 2, panel corresponding to
100 Myr). The aim of this subsection is to demonstrate that even
if these planets exist, they would not be detected given the preci-
sion and cadence of the published data used to confirm GJ 273b
and GJ 273c. The fact that Tuomi et al. (2019) is still undergoing
the referee process at the time of writing prevented us from using
their data set in this experiment. Therefore, to test the hypothesis
of the existence of extra planets in the system, we obtained the
HARPS RVs provided by Astudillo-Defru et al. (2017b) in their
Table A.1. First, we subtracted the secular acceleration follow-
ing Eq. (2) from Zechmeister et al. (2009). Then we obtained the
residuals to a model containing all signals present in the HARPS
data. This included, in addition to the 18.6 and 4.7 d signals of
GJ 273b and GJ 273c, two large periodicities at ∼420 and ∼ 700 d
that the authors interpreted as stellar activity cycles. After having
obtained the residuals, we injected the RV time series repre-
senting the planets predicted by the aforementioned dynamical
simulations. The goal was to check whether such signals could
be detected. In particular, we defined sinusoidal models at the
time epoch of HARPS for the planet candidates represented in
the last panel of Fig. 2. The periods of the sinusoids were cal-
culated from the semi-major axes of the planets predicted by the
dynamic simulations using Kepler’s third law and assuming cir-
cular orbits. Additionally, we included a white noise component
calculated by randomly swapping the RV data among different
observing epochs and adding the resulting RVs to the sinusoidal
model (via bootstrapping method). This process was repeated
1000 times for each period (Pi) and amplitude (Ki) thus obtain-
ing 1000 simulated signals with random phases. Therefore, our
goal was to progressively increase the amplitude Ki and calculate
the rate of simulated signals that could be detected. Such a rate
is related to the minimum mass that the hypothetical planet must
have in order to be detected with the cadence and precision of the
HARPS observations, assuming circular orbits. To this aim, we
calculated the completeness (C) as the fraction of positive exper-
iments (Npos) among a total of 1000 experiments (N) for which
we recovered a signal equivalent to the sinusoid injected:

C = 100 × (Npos/N). (7)

To consider a recovered signal equivalent to the injected signal,
meaning a positive detection, we established that three criteria
had to be satisfied: (1) the period recovered (Pr) had to match
the injected one within the range given by the resolution fre-
quency (Pr = [1/(Pi + 1/T ), 1/(Pi − 1/T )]; where T refers to
the total time span of the data set), (2) the highest peak of the
differential likelihood periodogram had to be above the 1%-
False-Alarm-Probability3, and (3) the difference between the

3 For our periodograms we used a statistical estimator to the maximise
the differential likelihood function (D ln L= ln Lnull − ln Lmod). In par-
ticular, it evaluated how well represented the data were when fitting the
model (+1 planet, ln Lmod) compared to the initial hypothesis (i.e. +0
planets, ln Lmod). See Anglada-Escudé et al. (2016) for more details.

Fig. 3. Percentage of well-detected sinusoids from a total of N = 1000
experiments (i.e. completeness, C) versus the initial amplitude. The case
of simulated sinusoids with P = 652.3 d is illustrated here as an exam-
ple of how the C is calculate. The black line indicates the polynomial
model fitted to get the initial amplitude (Ki) that corresponds to a 90%
completeness (red cross).

initial and recovered amplitudes had to be below the RMS of
the initial residuals (Kr − Ki < RMSres).

Once we obtained the completeness, we considered that
signals with C ≥ 90% could be confidently recovered. This
approach allowed us to obtain the lowest amplitude at which
an RV signal could be detected, Kmin. Figure 3 shows how the
completeness increases with the initial amplitude for one of
the cases that we tested, that is, the set of simulated sinusoids
with P= 652.3 d. Finally, we obtained the lower limit that the
minimum mass of a planet had to reach to be detected as:

M sin i=Kmin

√

a M⋆

G
, (8)

where G is the gravitational constant, M⋆ is the mass of the star
(0.29 M⊙), and a is the semi-major axis obtained by making use
of the Kepler’s third law.

The results are summarised in Fig. 4. There we can see how
the masses of the hypothetical planets (blue crosses) are below
the detection region (grey area). On the contrary, the GJ 273b and
GJ 273c analogues predicted by our dynamical simulations (red
crosses) are on or above the detection limit (black line) and, as
consequence, they could be detected using the RV data set. The
large peaks and white gaps at ∼0.013 au and at large semi-major
axis indicate misleading regions where the temporal aliases pre-
vent a good monitoring. This is a consequence of the spectral
window shown in the upper part of the figure.

3.2. TESS observations

TESS (the Transiting Exoplanet Survey Satellite; Ricker et al.
2014) is currently performing a two-year survey of nearly the
entire sky, with the main goal of detecting exoplanets smaller
than Neptune around bright and nearby stars. It has four 24◦ ×
24◦ field-of-view cameras, each containing four 2 k × 2 k CCDs,
with a pixel scale of 21′′. At the time of writing, TESS has dis-
covered several planetary systems such as L 98-56 (Kostov et al.
2019), TOI-125 (Quinn et al. 2019), TOI-270 (Günther et al.
2019), LP 791-18 (Crossfield et al. 2019), and LP 729-54 (Nowak
et al. 2020) among others. GJ 273 was observed by TESS in
sector 7 with CCD camera 1 from 2019-Jan.-07 to 2019-Feb.-
02 (TIC 318686860). An alert was not issued by TESS for this
object, due to the lack of clearly identified transits by both the
QLP (Quick Look Pipeline) and the SPOC (Science Processing
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Fig. 4. Minimum (lower-limit) masses of the planetary signals depend-
ing on their semi-major axes (black dots). Circular orbits were assumed.
Only planets within the grey areas could be detected using the HARPS
data set that confirmed GJ 273b and GJ 273c. Blue crosses, which cor-
respond to the masses of the hypothetical planets predicted by the
dynamical models (see last panel of Fig. 2) are below this detection
threshold. The inset shows a close-up of the GJ 273b and GJ 273c ana-
logues predicted by the dynamical models. The minimum GJ 273b and
GJ 273c masses reported by Astudillo-Defru et al. (2017b) are high-
lighted with red crosses and appear on or above the detection threshold.
Open circles indicate experiments for which 90% completeness was not
reached even when running the experiments with Ki up to 6.75 ms−1.
They correspond to high power regions of the spectral window shown
in the top panel.

Operations Center). With this in mind, we performed our own
search for threshold-crossing events that might not have been
detected by the aforementioned automated pipelines.

Our custom-made pipeline SHERLOCK4 (Searching for Hints
of Exoplanets fRom Lightcurves Of spaCe-based seeKers) made
use of the LIGHTKURVE package (Lightkurve Collaboration
2018) to obtain the TESS data of GJ 273 from the NASA

Mikulski Archive for Space Telescope (MAST). We used the
Pre-search Data Conditioning Simple APerture (PDC-SAP) flux
given by the SPOC. First, we removed the outliers, defined as
data points >3σ above the running mean. Then, we made use
of WOTAN (Hippke et al. 2019) to detrend the flux using the
bi-weight method. This choice was based on its good speed–
performance ratio compared with other methods such as Gaus-
sian processes. The bi-weight method is a time-windowed slider,
where shorter windows can efficiently remove stellar variability,
but there is an associate risk of removing any actual transit sig-
nal. In order to prevent this issue, our pipeline explored twelve
cases with different window sizes (see Fig. B.1). The minimum
value was obtained by computing the transit duration (T14) of
a similar planet to the outermost one confirmed in the system,
that is, a hypothetical Earth-size planet with a period of 19 d
orbiting the given star. To protect a transit of this duration, we
chose a minimum window size of 3×T14. The maximum value
explored was fixed to 20×T14, which seemed enough to remove
the variability of GJ 273. For all the detrended light curves,
the transit search was performed using the TRANSIT LEAST
SQUARE (TLS) package, which uses an analytical transit model
based on stellar parameters, and is optimised for the detection of
shallow periodic transits (Hippke & Heller 2019). We searched
for signals with periods ranging from 0.5 to 25 d, with signal-
to-noise ratios (S/N) of ≥ 5 and signal detection efficiencies
(SDEs) of ≥5, following the vetting process described by Heller
et al. (2019). Bearing in mind that planet GJ 273b has an orbital
period of 18.6 d, since the TESS data span 24.45 d, including
a gap of 1.67 d (TJD = 1503.04–1504.71) caused by the data

4 SHERLOCK code is available upon request.

download during telescope apogee, this means that only a sin-
gle transit may have been observed for this planet. The same
situation may also apply for the outermost planets GJ 273d and
GJ 273e whose orbital periods exceed 400 d, which means that in
the best-case scenario only a single transit might be detected for
each planet in the current set of data. We did not find any signal
which fulfilled the criteria of the vetting process, which agrees
with the negative results yield so far by the automatic pipelines
of TESS. This is a hint that GJ 273 is not a transiting system.

However, in order to quantify the detectability of the planets
in the existing set of data, we carried out injection-and-recovery
tests. These consisted of injecting synthetic planetary signals
into the PDC-SAP flux light curve before the detrending and the
TLS search. Since there are two confirmed planets and two can-
didates, with significant differences in their physical properties
(i.e. the innermost planets are likely Earth- and super Earth-mass
planets with orbital periods <20 d, and the outermost planets are
likely mini-Neptunes with orbital periods >400 d), we performed
three independent injection-and-recovery tests: (1) the first one
focused on the innermost planets GJ 273b and GJ 273c, where
we studied the Rplanet–Pplanet parameter space in the ranges of
0.8–3.0 R⊕ with steps of 0.05 R⊕ and 1–25 d with steps of 1 d,
that is, we explored 1080 different scenarios; (2) second, we
explored the parameter space around the planet GJ 273d, over
the radius range 1.0–4.0 R⊕, with steps of 0.05 R⊕ and periods
of 400–425 d with steps of 1 d; therefore, we explored a total
of 1625 scenarios. (3) For the planet GJ 273e, we studied radii
from 1.0–4.0 R⊕ with steps of 0.05 R⊕ and periods of 530–555 d
with steps of 1 d, which yielded a total of 1625 scenarios. The
range of the planetary radii explored here was chosen from the
dynamical arguments presented in Sect. 45. For simplicity, we
assumed the impact parameters and eccentricities were zero. In
these inject-and-recovery tests, we considered that an injected
signal was recovered when a detected epoch matched the injected
epoch within one hour and if a detected period matched any
half-multiple of the injected period to better than 5%. As we
injected the synthetic signals in the PDC-SAP light curve, the
signals were not affected by the PDC-MAP systematic correc-
tions; therefore, the detection limits should be considered as the
most optimistic scenario (Eisner et al. 2020). For test (1), we
found that the innermost planet GJ 273c had a recovery rate of
100%, and the planet GJ 273b had a recovery rate of about 40%,
where these results are shown in Fig. 5. On the other hand, for
tests (2) and (3), the planet signals were recovered at very low
rates <2%. This means that a transit of planet GJ 273c can be
ruled out by the TESS data, while transits for the other planets
in the system might have been missed due to low-S/N data or
because of the limited time-coverage of the data.

4. Dynamical evolution

4.1. Stellar age

Stellar age is a key value used to evaluate the dynamical stability
of the whole planetary system. In our case, GJ 273 is an M3.5V
star, whose mass has been estimated to be 0.29 M⊙ thanks to
the empirical mass–luminosity relation presented by Delfosse
et al. (2000). The evolution of such a low-mass star is very slow

5 The dynamic simulations in the context of the four-planet config-
uration yielded as the most likely scenario a planetary system with
minimum inclinations down to 72◦, i.e., composed of an Earth-mass
planet, a super-Earth and two mini-Neptunes. To obtain the appropri-
ate range of the radii, we applied the corresponding mass–radius (M–R)
relationships; see Sect. 4 for more details.
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Fig. 5. Injection-and-recovery test performed to check the detectabil-
ity of the innermost planets GJ 273b and GJ 273c in the current set
of TESS data. We injected synthetic transits into the available photo-
metric data corresponding to each planet by taking into account the
uncertainties in their physical properties. We explored a total of 1080
different scenarios. We found that planet GJ 273c showed a recovery
rate of 100%, which clearly suggests that this planet is not transiting.
On the other hand, planet GJ 273b showed a recovery rate of ∼40%,
implying its possible detection in future observations. We carried out
two other experiments to check the detectability of the two outermost
planets GJ 273d and GJ 273e, finding recovery rates <2%; see the main
text for more details.

and, hence, stellar evolutionary models are rather useless with
regard to establishing its accurate age. According to the PARSEC
evolutionary tracks and isochrones (Bressan et al. 2012; Chen
et al. 2014), the stellar effective temperature, Teff , and luminosity,
L⋆, of a 0.3 M⊙ main sequence star vary by ∼0.1% and ∼10%,
respectively, over the entire age of the Universe. On the other
hand, it is well known that stellar age correlates with the stel-
lar rotation rate and stellar activity, as demonstrated by several
empirical relations provided in the literature. In fact, considering
that GJ 273 has a rotational period of P⋆ = 99 d (Astudillo-
Defru et al. 2017b), the gyrochronological relation presented by
Barnes (2010) yields an age of tgyro = 8.4 Gyr. If, instead, we
consider log R′

HK
=−5.56 (Astudillo-Defru et al. 2017b) as the

index of chromospheric activity, the relation found by Mamajek
& Hillenbrand (2008) yields an age tHK = 8.7 Gyr.

It is important to stress that both the empirical age-activity
and gyrochronological relations are calibrated using stars (usu-
ally belonging to clusters or stellar associations) whose ages are
already known thanks to isochrone fitting (i.e. evolutionary mod-
els) and whose ages are generally young. In fact, as stated by
Soderblom (2010), for old stars, the portion of the chromospheric
signal that can be attributed to age is uncertain because it is dif-
ficult to detect and calibrate the continuing decline of activity
in stars older than ∼2 Gyr. In addition, there is a lack of open
clusters for calibrating the gyrochronological ages of old stars.
Meibom et al. (2015) confirmed a well-defined period–age rela-
tion up to 2.5 Gyr, which can be considered as the upper limit at
which gyrochronological ages are conservatively reliable. Keep-
ing these conservative constraints in mind, the low stellar activity
level and rotational rate, and the consistency among tgyro and tHK,
all suggest an age higher than 8 Gyr.

4.2. Stability of the system

In order to explore the stability of the system, we used the
mean exponential growth factor of nearby orbits, Y(t) (MEGNO,

Cincotta & Simó 1999, 2000; Cincotta et al. 2003). MEGNO is
a chaos index which evaluates the stability of a body’s trajec-
tory after a small perturbation and predefined initial conditions.
MEGNO is closely related to the maximum Lyapunov exponent
and the Lyapunov characteristic number, which are well-known,
powerful tools for studying the long-term evolution of Hamil-
tonian systems (Benettin et al. 1980; Goździewski et al. 2001).
Therefore, MEGNO provides a clear picture of resonant struc-
tures and establishes the locations of stable and unstable orbits.
To calculate MEGNO, Y(t), each body’s six-dimensional dis-
placement vector, δi, is considered as a dynamical variable in
both position and velocity from its shadow particle, that is,
a particle with slightly perturbed initial conditions. Then, for
each δi differential equation, the variational principle is applied
to the trajectories of the original bodies. Then, MEGNO is
straightforwardly computed from the variations as:

Y(t)=
2

t

∫ t

t0

‖δ̇(s)‖

‖δ(s)‖
s ds, (9)

along with its time-average mean value:

〈Y(t)〉=
1

t

∫ t

t0

Y(s) ds (10)

Thanks to the time-weighted factor, the amplified stochas-
tic behavior allows for the detection of hyperbolic regions in the
time interval (t0, t). To distinguish between chaotic and quasi-
periodic trajectories in phase space, we evaluated 〈Y(t)〉. Here, if
〈Y(t)〉 → ∞ for t → ∞ the system is chaotic. On the other hand,
if 〈Y(t)〉 → 2 for t → ∞ then the motion is quasi-periodic. These
criteria have been extensively used within dynamical astronomy,
for both the Solar System and extrasolar planetary systems (e.g.
Jenkins et al. 2009; Hinse et al. 2015; Wood et al. 2017; Horner
et al. 2019). We applied the MEGNO implementation within the
N-body integrator REBOUND (Rein & Liu 2012), which made use
of the Wisdom-Holman WHfast code (Rein & Tamayo 2015).
This allowed us to explore the whole parameter space at a small
computational cost. As a first approach we only considered the
two planets already confirmed in the system, that is, GJ 273b and
GJ 273c. We then explored the stability of the system for dif-
ferent planetary eccentricities and inclinations following Jenkins
et al. (2019). The natural trend of planetary systems is to reside
in a nearly co-planar configuration, hence, we assumed planets b
and c as being co-planar, and the initial longitude of the ascend-
ing node Ω for both planets was taken as zero. This choice was
motivated by the results yielded by Kepler and the HARPS sur-
vey, which suggest that the mutual inclinations of multi-planets
systems are of the order .10◦ (see e.g. Fabrycky et al. 2014;
Tremaine & Dong 2012; Figueira et al. 2012). We then con-
ducted dynamical simulations to explore the minimum values of
the inclinations for planets GJ 273b and GJ 273c. Furthermore,
their masses are dependent on their orbital inclination angles,
the so called mass–inclination degeneracy of radial velocity data,
which means that any uncertainties in their inclination angles
will seriously affect their determined masses. Hence, exploring
the minimum values of their inclination angles is equivalent to
exploring the maximum values of their masses. We evaluated
their inclinations 1000 times, ranging from 10◦ and 90◦ for three
different set of eccentricities corresponding with the nominal
values and ±1σ uncertainties given in Table 1: (1) eb = 0.03
and ec = 0.05; (2) eb = 0.10 and ec = 0.17; and (3) eb = 0.19 and
ec = 0.30. Our choice to limit the inclination to 10◦ was motivated
by geometrical arguments, which for randomly oriented systems,
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Fig. 6. Stability analysis based on the MEGNO parameter for different
scenarios for the two-planet configuration. We explored 1000 different
values of the orbital inclination ranging from 90◦ to 10◦, for three dif-
ferent sets of eccentricities corresponding to their nominal values ±1σ
uncertainties: (1) the solid-green line corresponding to eb = 0.03 and
ec = 0.05; (2) the solid-yellow line, which corresponds to eb = 0.10 and
ec = 0.17; and (3) the solid-red line for eb = 0.19 and ec = 0.30. For clar-
ity, scenarios (1) and (2) have been shifted by 0.5 units from 〈Y(t)〉= 2.
On the x-axis, for each inclination the corresponding planetary mass is
shown due to the mass-inclination degeneracy.

disfavour small values of i (see e.g. Dreizler et al. 2020). Further-
more, orbital inclinations close to zero (face on) disfavour the
detection of planetary systems via RVs. The integration time was
set to 106 times the orbital period of the outermost planet, and
the integration time-step was 5% the orbital period of the inner-
most one. We found that the system was unstable when i . 50◦

for set (3), that is, for the maximum eccentricity values. On the
other hand, the system tolerated the full range of inclinations for
sets (1) and (2) (see Fig. 6). This dynamical robustness impedes
strong constraints on the system’s inclination and, consequently,
on the planetary masses.

Next, we explored the stability of the system in a four-planet
configuration. In the previous analysis of the two-planet con-
figuration, we found that the system became unstable when we
considered the +1σ values of the eccentricities, that is, set (3)
for i < 50◦. In order to explore the effect of the inclinations
on the stability of the two outermost planets, the two innermost
planets were fixed to their nominal values, which yielded sta-
ble solutions. Then we ensure that if any instability is reached is
due to the new planets added to the system. With this in mind
we tested three different scenarios: (1) ed = 0.0 and ee = 0.0; (2)
ed = 0.17 and ee = 0.03; (3) ed = 0.35 and ee = 0.23. We found
that scenarios (2) and (3) are highly unstable for the whole
range of inclinations explored. Only for the case (1), for angles
ranging from 90◦ to ∼ 72◦, was the system stable. These pro-
vide strong constraints on the four-planet configuration, which
allowed us to determine the planetary masses in the following
ranges: 1.18 ≤ Mc ≤ 1.24 M⊕; 2.89 ≤ Mb ≤ 3.03 M⊕; 10.80 ≤
Md ≤ 11.35 M⊕; and 9.30 ≤ Me ≤ 9.70 M⊕. These results hint
that for the GJ 273 system, if the two outermost planets are
eventually confirmed, the entire system is likely composed of
an Earth-mass, a super-Earth, and two mini-Neptunes in the

outskirts. The stability of the system is mainly controlled by
the two mini-Neptunes, which should reside in nearly circu-
lar orbits. Since the planets have not been found transiting so
far, their expected radii are still highly uncertain. Based on the
M–R relationships for ice-rock-iron planets given by Fortney
et al. (2007), we estimate the radius of GJ 273c to be in the
range of 1.04 ≤ Rc ≤ 1.18 R⊕, considering two possible com-
positions: Earth-like (rock-iron as 67–33%) and 100% rocky.
For GJ 273b we obtained a size range of 1.32 ≤ Rb ≤ 1.83 R⊕,
considering compositions of either 100% rocky, or a 50–50%
mix of ice-rock. These choices for the compositions of GJ 273c
and GJ 273b were motivated by the results obtained in Sect. 2,
where we found that GJ 273c is likely a very dry object, while
GJ 273b was an efficient water captor at early time scale, so
consequently, it might be highly hydrated. For the outermost
planets we followed the recently revisited relation given by Otegi
et al. (2020), who established an M–R diagram with two popula-
tions: small-terrestrial planets (ρ > 3.3 g cm−3) and volatile-rich
planets (ρ < 3.3 g cm−3). This revisited M–R diagram showed
that the two populations overlap in both mass (5–25 M⊕) and
radius (2–3 R⊕), where planetary mass or radius alone cannot be
used to distinguish between the two populations. This fact hints
that for the case of the outermost planets in GJ 273, it is not
possible to distinguish the two populations, consequently their
radii are more degenerated than in the case of the inner plan-
ets. Considering both options, that is, small-terrestrial planets
and volatile-rich planets, their corresponding radius ranges are
2.00 ≤ Rd ≤ 3.68 R⊕ and 1.91 ≤ Re ≤ 3.35 R⊕, respectively.

4.3. Tidal evolution

In closely-packed systems like GJ 273 tidal interactions between
the planets and the star may influence the evolution of the plane-
tary parameters and their orbits. However, the time scales differ
from one parameter to other. For example, the obliquity and plan-
etary rotational period evolve fast, while the eccentricity and
semi-major axes require time scales which may last up to the
age of the host star. As a planetary orbit evolves through tidal
coupling, the orbital energy is converted into tidal energy, and
substantial internal heating of the planet can occur. Here, we
studied the evolution of the tides in the context of the two-planet
system. This choice was motivated by the fact that the outermost
planets, if they exist, must not be affected by tides due their large
heliocentric distances. We refer the reader to Barnes (2017) and
references therein for a detailed review of the existing models
used to study the evolution of tides in exoplanets.

In order to explore the evolution of GJ 273b and GJ 273c
under tidal interactions, we employed the constant time-lag
model (CTL), where bodies were modelled as a weakly viscous
fluid (see e.g. Mignard 1979; Hut 1981; Eggleton et al. 1998;
Leconte et al. 2010). We made use of the implementation of
this model in MERCURY-T (Bolmont et al. 2015) and Posidonius
(Blanco-Cuaresma & Bolmont 2017). Our planetary-formation
model favored small planets in the range of their uncertain-
ties, i.e., GJ 273c in the range of 1.18–2.50 M⊕ and GJ 273b
in 2.89–6.00 M⊕. Hence, GJ 273c may be considered an Earth-
mass/rocky planet, while GJ 273c might be a super-Earth or a
mini-Neptune composed of a mix of rock and ice. With these
in mind, for GJ 273c we assumed the product of the potential
Love number of degree 2 and a time-lag corresponding to Earth’s
value of k2,⊕∆τ⊕ = 213 s (Néron De Surgy & Laskar 1997).
Furthermore, we assumed that the potential Love number of
degree 2 and the fluid number were equal. For rocky-icy planets,
the dissipation factor strongly depends on the ratio of rock to ice,
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Fig. 7. Obliquity and rotational period evolution due to the effect of tides
for the innermost planets GJ 273b and GJ 273c. Each set of line-style
curves represents a different initial spin-rate and each set of coloured
curves represents a different initial obliquity. It is shown that for any
possible combination of initial conditions, in a short-time scale com-
pared with the age of the star, both planets reached a pseudo-rotational
state.

where a larger amount of ice results in a larger dissipation fac-
tor. Unfortunately, these values are unknown. For example, for
planets with 100% ice, the dissipation factor is considered to be
larger than Earth’s by up to 10 times. For 100% rocky planets,
this factor is assumed to be roughly 0.1–0.5 Earth’s value. Given
that based on our formation models, the planet GJ 273b seems
to be an efficient water captor at early times, we considered that
the ratio of rock and ice was skewed towards ice-rich. Hence,
for GJ 273b we assumed 3× k2,⊕∆τ⊕ (Bolmont et al. 2015, 2014;
McCarthy & Castillo-Rogez 2013). This choice, despite having
been made without taking into account the results found in the
four-planet configuration, it is still in agreement with the results
of the latter configuration, where it was found that GJ 273c is
likely an Earth-mass planet and GJ 273b is a super-Earth. A
detailed study of the planetary compositions would be desirable
in order to better understand the real nature of the planets and
the validity of the values assumed here.

4.3.1. Obliquity and planetary rotational periods

In order to explore the evolution of the obliquity (ǫ) and the
rotational periods of the planets (Prot), we performed a set of
simulations with different initial conditions: planetary rotational
periods of 10 h, 100 h, and 1000 h, combined with obliquities of
15◦, 45◦, and 75◦. The rest of the values were fixed to the nomi-
nal values in Table 1. We found that planet GJ 273c evolved over
a short time-scale ranging between 104 to 105 yr to a state with
ǫ → 0◦ and Prot = 113 h. For planet GJ 273b, the evolution was
slower and it needed a time-scale of about 106−107 yr to evolve
towards a state with a ǫ → 0◦ and Prot = 447 h. The results of this
set of simulations are displayed in Fig. 7. Since GJ 273 is much
older than these time scales, we conclude that the planets of the
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Fig. 8. Temporal evolution of the semi-major axis (top panel), eccentric-
ity (mid-panel) and mean tidal heating (bottom-panel) for the innermost
planets GJ 273b and GJ 273c in the system due to the effects of tides.

system are in pseudo-rotational state, that is, the planet’s rota-
tional spin is oriented with that of the star (the obliquity is zero)
and it reaches a constant rotational period. That is, the planets are
tidally-locked and fairly well aligned with the host star. However,
it is also important to note that the presence of a relatively large
moon might perturb the pseudo-rotational state, thereby locking
the obliquity into another value or generating chaotic fluctuations
(see e.g. Laskar & Robutel 1993; Lissauer et al. 2012).

4.3.2. Eccentricity, semi-major axes, and tidal heating

To study the evolution of the orbits, we ran another suite of sim-
ulations, with integrations up to ∼108 yr, assuming the nominal
values given in Table 1, and both planets had starting obliqui-
ties of 15◦, and rotational periods of 10 hr. From the previous
analysis, we note that these choices do not make a substan-
tial differences since the time scales for the evolution of these
parameters are much shorter. The results of these simulations
are displayed in Fig. 8. The semi-major axes of the planets do
not show any remarkable evolution, which agrees with results
presented by other authors where it is shown that the evolution
of the semi-major axis due to the effect of tides might last as long
as the life of the star (see e.g. Bolmont et al. 2015, 2014).

Regarding the eccentricities, for the inner most planet,
GJ 273c shrinks from 0.17 to 0.12 at the end of the integration.
For planet GJ 273b, the eccentricity maintains its initial value of
0.10. This hints that the tides are not strong enough to provoke
the circularisation of the orbits in the integration time lapse con-
sidered in this study. From this slow evolution, we can infer that
the circularisation spans from hundreds to thousands millions of
years.

Concerning the tidal heating, once a pseudo-rotational state
is reached by a planet, which we know from the previous sub-
section happens over a short time scale of <107 yr, tidal heating
remains at play while the orbits are eccentric. We have shown
that the period of circularisation lasts at least several 108 yr.
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A similar result was obtained by Barnes (2017) for Proxima
Centauri-b, who also used the CTL model. The planet was found
to reach the tidal-locking configuration in a time-scale of 104–
105 yr, but the orbit was likely non-circularised. Taken together,
the results found here suggest that: (1) tidal heating acts over
long-time scales of at least several ∼108 yr or more, and (2) it is
likely that the planets are tidally locked but the same side may
not always face the star. For the innermost planet, the tides add
significant extra heating which oscillates in the range of 100–
1000 Wm−2. On the other hand, GJ 273b received a tidal heating
of ∼0.1 Wm−2.

5. Minor-body reservoir analogues

In the Solar System, minor bodies are the building blocks of
planets. It is extensively accepted that they are the leftovers of
planetary formation, which, through impacts, played an impor-
tant role in the hydration process and the delivery of a variety of
organic volatiles to the early Earth (see e.g. Owen & Bar-Nun
1995; Morbidelli et al. 2000; Horner et al. 2009; Hartogh
et al. 2011; Snodgrass et al. 2017). This hints that minor bod-
ies might have played a key role in the emergence of life on
Earth (see e.g Oberbeck & Fogleman 1989a,b; Nisbet et al.
2001). On the other hand, it is also important to consider that
a too-high impact flux of minor bodies might erode planetary
atmospheres, thereby provoking oceanic evaporation, sterilising
planetary surfaces, and even causing mass extinctions (see e.g.
Alvarez et al. 1980; Chyba 1993; Becker et al. 2001; Ryder 2002;
Hull et al. 2020). Regarding exoplanetary systems, two popula-
tions of comets orbiting β-Pictoris have been identified (Kiefer
et al. 2014a). In addition, there is strong evidence of falling
evaporating bodies, that is, exocomets, in other young systems
such as Fomalhaut and HD 172555 (see e.g. Kiefer et al. 2014b;
Matrà et al. 2017). There are also high-contrast, spatially resolved
observations which showed an excess in the near infrared that has
been attributed to the presence of exozodiacal light in the main-
sequence stars, whose origin may have been the same as that
which produced the zodiacal cloud in the Solar System: minor
bodies’ dust particles coming from asteroid and cometary activ-
ity or disruptions (see e.g. Nesvorný et al. 2010; Absil et al. 2013;
Sezestre et al. 2019). Furthermore, the recent discoveries of the
interstellar objects 1I/2017 U1 (see e.g. Meech et al. 2017; Jewitt
et al. 2017) and 2I/Borisov (see e.g. Fitzsimmons et al. 2019;
de León et al. 2019) clearly hint at the existence of minor bodies
in other planetary systems, which can be ejected presumably by
some kind of dynamical perturbation, similarly to what happens
in the Solar System. Moreover, Ballesteros et al. (2018) proposed
that a swarm of Trojan-like asteroids could explain the myste-
rious behaviour of KIC 8462852 (see e.g. Boyajian et al. 2016,
2018). Despite being a very new and emerging field6, the for-
mation of minor bodies together with planets around host stars
appears to serve as evidence and, therefore, almost every plan-
etary system may harbour such remnants, which may reside in
stable orbits after the planetary-formation process. In this con-
text, we explored the potential existence and location of regions
in GJ 273 where minor bodies could reside in stable orbits for
long periods of time. In our Solar System, these stable regions
are the minor-body reservoirs, such as the main asteroid belt

6 From 13 May through May 17, 2019 at Leiden in the Netherlands,
an exocomet conference was held for first time: a Lorentz workshop
entitle ExoComets–Understanding the composition of Planetary Build-
ing Blocks which brought together the Solar System comet community,
exoplanet researchers, and astrobiologists.

Table 2. Scenarios considered in Sect. 5.

Sce. Planet a (au) e i (◦) M (M⊕)

(a) b 0.091 0.03 90 2.89
c 0.036 0.05 1.18

(b) b 0.091 0.19 90 2.89
c 0.036 0.30 1.18

(c) b 0.091 0.03 10 16.64
c 0.036 0.05 6.79

(d) b 0.091 0.19 50 3.77
c 0.036 0.30 1.54

(e)

b 0.091 0.10

80

2.93
c 0.036 0.17 1.19
d 0.712 0.0 10.96
e 0.849 0.0 9.44

Notes. Set of scenarios used to study the minor-body reservoirs for both
two- and four-planet configuration. The result of the simulation of each
scenario is displayed in Figs. 9 and 10.

(MAB; DeMeo et al. (2015); Morbidelli et al. (2015)), the Kuiper
belt (KB; Jewitt & Luu 1993; Brown et al. 2001; Morbidelli &
Nesvorný 2020) and the Oort cloud (OC; Dones et al. 2004;
Fernández 2005). For a full review of the characteristics and
properties of these structures, we refer the reader to de León et al.
(2018) and references therein. In this current analysis, we inves-
tigated the similarities between GJ 273 and our Solar System.

To perform this study, we made use of the MEGNO crite-
rion, previously described in Sect. 2. We carried out a stability
analysis by introducing a massless particle, such as a comet or
an asteroid, into the GJ 273 system. Initially, we only considered
the two-planet configuration. The particle was then evaluated in
the a–e parameter space using initial values of a0 ∈ [0.0, 0.2] au
and e0 ∈ [0.0, 0.99]. For simplicity, we considered the particle as
coplanar, that is, i= 0◦, meaning we only investigated moderately
flat structures, such as MAB and KB analogues. This choice was
motivated by the complex formation process of the OC, which
implies the migrations of giant planets in early ages of the Solar
System. Due to the many uncertainties in the planetary parame-
ters for the two-planet configuration, we repeated this analysis for
different scenarios by considering the maximum and minimum
values of their mass and eccentricity, e, as constrained by the
dynamic considerations presented in Sect. 4, but we kept their
semi-major axis, a, and mean longitude, λ, constant.

We tested four extreme configurations (see Table 2), which
covered all the possible parameter variations. The integration
time was set to 104× the orbital period of the outermost body in
the simulation. The time-step for the integration was set to 5% of
the orbital period of the innermost body. The size of the param-
eter space explored was 500 × 500 pixels, that is, we studied the
a–e space up to 250 000 times. In order to save computational
time, we prematurely ended the simulation when 〈Y(t)〉 > 5, or
when a collision of two bodies or the ejection of a particle took
place. For all these chaotic scenarios we assigned a value of
〈Y(t)〉= 5. We found that there are three main regions (Fig. 9)
where a particle remained stable. These are labelled as Regions
A, B, and C. Region A is placed between the host star and the
inner planet GJ 273b, from ∼0.01 au to ∼0.03 au and e. 0.4.
Region B is situated between the two planets, from ∼0.040 au
to ∼0.07 au, and e< 0.3. The last stable region, C, is the largest
one, which is located beyond the outermost planet from ∼0.1 au
to ∼0.2 au, where e increases progressively from 0 up to 0.4.
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Fig. 9. MEGNO maps in the a–e parameter space
for the two-planet configuration for four different
scenarios (as shown in Table 2). The dark-purple
areas correspond to stable orbits where minor
bodies may reside. On the other hand, yellow
areas correspond to unstable regions from which
a minor body would be expelled. Three main
stable regions are found: A, B, and C. Vertical
dashed-lines represent the MMRs found in the
system between the minor bodies and the planets
GJ 273b and GJ 273c.

In the Solar System, the MAB is a very stable region located
between Mars and Jupiter, which contains roughly 3 × 1024 g
(∼4% mass of the Moon) of material spread among countless
bodies with a size distribution given by a power law with an
incremental size index between −2.5 and −3, most of whom have
eccentricities less than 0.4 and inclinations below 20◦ (see e.g.
de León et al. 2018). The objects in this region are composed
mainly of silicates, metal, and carbon. Since Region B is inner to
the snow line of the system (∼0.65 au), we might consider this as
a hot-MAB analogue, where minor bodies may reside, trapped
in between the two planets. This region, while being sculpted
slightly differently in each scenario, robustly remained in the sys-
tem throughout all the possible configurations explored, which
hints that it is a very suitable place where minor bodies may
exist. Furthermore, our planetary formation models presented in
Sect. 2 revealed that bodies in this region are very dry, simi-
larly to what is found in our MAB. On the other hand, Region
A suffered dramatic changes depending on the configuration
considered, even disappearing when the maximum eccentricities
were considered, namely, in scenarios (b) and (d). Therefore, the
existence of objects in region A seems less possible, but perhaps
mildly plausible. However, in a more realistic scenario, the tidal
interactions with the host star might prevent the accumulation
of minor bodies in this region. In the Solar System there is no
population of objects inhabiting stable orbits between the inner-
most planet, Mercury, and the Sun, which hints that this structure
does not have any known analogue. Finally, we identified a
region which expanded from the outermost planet to the edge of
the system considered at 0.2 au, namely, Region C. This region
changed slightly in each scenario, but it remained present in all of
them. Its shape was sculpted by planet GJ 273b, which was also
responsible for several spines of stability, corresponding to mean
motion mesonances (MMRs). The most evident MMRs have
been labelled in Fig. 9, but many others with lower intensities
were also present. Similar structures were also found in Kepler-
47 by Hinse et al. (2015). In order to identify these MMRs, we
made use of the ATLAS2BGENERALcode7, which allowed us to

7 http://www.fisica.edu.uy/~gallardo/atlas/2bmmr.html

place resonances between a planet of mass mp and a mass-less
particle (Gallardo 2006). Region C seems to be similar to the
reservoir present in the outskirts of the Solar System, that is, the
KB. In the Solar System, this region is differentiated into two
areas: the trans-Neptunian belt and the scattered disk (SD). The
first contains objects with eccentricities up to 0.2, while in the
SD the bodies may have eccentricities up to 0.5; in both cases
the inclinations are mostly below 40◦ (see e.g. de León et al.
2018). The objects contained in this region are largely composed
of ices, such as water, nitrogen, or methane, mixed with silicates
and refractory non-volatiles species. From our planetary forma-
tion models in Sect. 2, we found that Region C is composed
mainly by high-hydrated objects, what could be considered also
as volatile-rich. Since this region is also inner to the snow line, it
might be a hot-KB analogue. Among all the resonances found in
Region C, it is interesting to remark the 2:3 MMR with GJ 273b,
which is analogous to the well-known 2:3 resonance of minor
bodies with Neptune, which is one of the most populated reso-
nances in the Solar System, where the dwarf planet Pluto and the
Plutinos family orbit. It has been suggested that trans-Neptunian
objects larger than 500 km may have a rocky core, an icy man-
tle, and a volatile-rich crust (McKinnon et al. 2008). In fact, the
NASA’s New Horizon spacecraft visited the Pluto–Charon sys-
tem, it found strong indications of the presence of a subsurface
ocean on Pluto; such oceans may also be present in others dwarf
planets (Moore et al. 2016). In this context, it is interesting to
note that for GJ 273, this hot-KB analogue resides in the HZ of
the system.

In the second step of our analysis, we considered the four-
planet configuration. In this case, as shown in Sect. 4, we found
that the system remained stable only for values of inclinations
ranging from 90◦ to ∼72◦; hence the masses of the planets
were highly constrained. We also found that the two outermost
planets likely resided in near-circular orbits. Therefore, since
the planetary parameters were well constrained, for the four-
planet configuration we only studied one scenario (Table 2). We
followed the same strategy described for the two-planet config-
uration but extended the initial semi-major axis range to 1.4 au.
We assumed an intermediate value of the inclination of 80◦. A
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Fig. 10. MEGNO map in the a–e parameter space for the four-planet
configuration, as shown in Table 2. The colour scheme is the same as
given in Fig. 9.

stability map of this configuration is displayed in Fig. 10. We
found that the innermost Region A was almost removed in this
scenario, similar to that found for scenarios (b) and (d) shown in
Fig. 9. Region B remained well established, which lends cre-
dence to the conclusion that is a very suitable region where
minor bodies may reside. On the other hand, Region C, which
we considered to be a hot-KB analogue in the two-planet config-
uration, consisted of a large stable region spanning between 0.1
to 0.6 au, with a maximum eccentricity of ∼0.55 at 0.3 au. This
structure may be considered as the second hot-MBA analogue in
the system. From ∼0.55 to ∼1.0 au, there was an empty region
where minor bodies would be expelled easily, and from ∼1.0 au
to the edge of the simulation, there was a stable region that may
be a KB analogue, which we have labelled as Region D. There-
fore, in the four-planet configuration, GJ 273b resided in between
the two hot-MBA analogues. Regions C and D were sculpted by
the pair of mini-Neptunes in the outskirts, which are likely to
have provoked long-terms perturbations that altered the state of
the minor bodies hosted therein.

This technique may be used not only to identify the loca-
tion(s) of minor-body reservoirs such as MAB or KB analogues
in exoplanetary systems, but also to predict the locations and
ascertain the characteristics of debris disks. An example is
the analysis of the dynamic environment of HR 8799 made by
Contro et al. (2016), where the authors modelled the innermost
debris disk and concluded that it exhibited similar features as
our MAB, including the presence of Kirkwood gaps. Indeed, in
the case of GJ 273, the system might harbour debris disks in
these stable locations. However, the GJ 273 system is old and
it is expected that the primordial dust and gas were removed
a long time ago, as is the case in our own Solar System. If
in the future infrared or millimetre observations of this system
reveal the presence of debris disks, we may consider that these
regions are collisionally active, meaning that collisions between
minor bodies happen very often and produce vast quantities of
dust, commonly enough to prevent its dissipation via a variety of
mechanisms, such as Poynting-Robertson drag or radiation pres-
sure, which act on short time scales (see e.g. Wyatt & Whipple
1950; Wyatt et al. 2011).

6. Habitability of GJ 273

The importance of M dwarfs in the search for life-bearing planets
has been long debated. It was suggested that for many aspects,

planets orbiting in the liquid-water HZs of these stars might
provide stable environment for life, especially just after their
first 0.5–1.0 Gyr, which consists of a period of intense radia-
tion which could erode and damage planetary atmospheres. This,
along with the feasibility of transit detection compared with
more massive stars, has prioritised an M-dwarf’s planets as tar-
gets in the search of other biospheres beyond the Solar System
(see e.g. Scalo et al. 2007; Yang et al. 2013; Shields et al. 2016a;
O’Malley-James & Kaltenegger 2019).

In this context, the GJ 273 system is particularly interesting
because it is one of the closest planetary systems to Earth hosted
by an M dwarf and it contains a confirmed exoplanet in the inner
region of the HZ. Indeed, the first factor to consider whether a
planet is potentially habitable is its distance to the host star, in
which a terrestrial-mass planet with an Earth-like atmospheric
composition (CO2, H2O, and N2) can sustain liquid water on
its surface. Following Kopparapu et al. (2013a, 2014), the opti-
mistic HZ in the GJ 273 system spans between 0.08 and 0.2 au,
which establishes that GJ 273b is close to the inner border, but
still remaining within it.

However, many different factors play important roles when
describing the potential habitability of an exoplanet and for a
detailed discussion, we refer the reader to Meadows & Barnes
(2018) and references therein. Unfortunately, it is not possible to
address each of these factors at the same time.

In this particular study, from the planetary formation mod-
elling performed in Sect. 2, we found that GJ 273b could have
been an efficient water captor during its first 100 Myr. Since we
are considering perfect merger collisions, the water mass frac-
tion found for this planet is an upper limit and it is likely that the
real content of water is lower, but still significant, which implies
a certain level of hydration.

From the dynamic analysis performed in Sect. 4, we found
that GJ 273b, if the four-planet configuration is confirmed, would
be compatible with a super-Earth with a mass range of 2.89 ≤
Mb ≤ 3.03 M⊕, a size of 1.32 ≤ Rb ≤ 1.83 R⊕, and it resides in a
stable orbit. The orbital parameters of a given exoplanet, such as
its semi-major axis, eccentricity, and obliquity, govern the radi-
ation received by the planet along its orbit, which impacts its
planetary climate (see e.g. Spiegel et al. 2009; Armstrong et al.
2014; Shields et al. 2016b). In the work by Kane & Torres (2017),
the authors described the maximum flux received by a planet as
a function of the latitude, β, the orbital eccentricity, the orbital
phase, φ, and the obliquity, ǫ, as follows:

F =
L⋆

4πr2
cos | β − δ |, (11)

where L⋆ is the stellar luminosity, and δ is the stellar declination
given by:

δ= ǫ cos[2π(φ − ∆φ)], (12)

for which ∆φ is the offset in phase between periastron and the
highest solar declination in the Northern hemisphere. As we
showed in Sect. 4, due of the action of tides, GJ 273b is likely
in a pseudo-rotational state, that is, the obliquity is zero and it
reached a constant rotational period. However, the planet’s orbit
might not yet be completely circularised. Consequently, Eqs. (11)
and (12) can be simplified as:

δ= 0→ F =
L⋆

4πr2
cos | β |. (13)

This means that the orbital phase is no longer relevant and the
distribution of flux along the latitude is the same for the whole
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orbit, which depends only on the planet’s eccentricity. Therefore,
the maximum change in flux for a given latitude would take place
between the periastron and the apastron:

∆F =
L⋆

4πa2

e

1 − e2
cos | β |. (14)

Considering the nominal value of the eccentricity and semi-
major axis given in Table 1, we found that GJ 273b receives, at
the equator 2088–1051 Wm−2 (1.53–0.77 F⊕), 1476–743 Wm−2

(1.08–0.54 F⊕) at β= ±45◦, and ∼ 0 Wm−2 (0.0 F⊕) at the poles.
These values suggest that the stellar flux received by the planet
may vary by as much as 50% along its orbit, which might have
strong implications in terms of the global climate of the planet.

Furthermore, in Sect. 4, we obtained the tidal heating expe-
rienced by the innermost planets in the system. The effect of
tidal heating in rocky or terrestrial planets and exo-satellites may
have significant implications for their habitability, notably for
M dwarfs (Shoji & Kurita 2014) where the HZ and tide-regions
overlap. Thus, tidal heating could either favor or work against
the habitability of GJ 273b. As an example and in making an
analogy with the Jupiter-moons system, Europa is a rocky body
covered by a 150-km thick water-ice crust, tidal heating may
maintain a subsurface water ocean. In the case of the Jovian
satellite Io, the extreme violence of the tides provokes intense
global volcanism and rapid resurfacing, ruling out any possibil-
ity of habitability. Indeed, in the case of Io, the tidal heating was
found to be h= 2 Wm−2 and it is considered that larger heat-
ing rates would result in uninhabitable planets (Blaney et al.
1995; Bagenal et al. 2004). On the other hand, internal heating
is used to explain Earth’s plate tectonics, which may actually
enable planetary habitability since it drives the carbon–silicate
cycle, which stabilises the temperature of the atmosphere and
the levels of CO2. Indeed, from Martian geophysics studies it
has been suggested that tectonic activity ceased when the inter-
nal heat dropped below 0.04 Wm−2 (Williams et al. 1997). Based
on these arguments, Barnes et al. (2009) established the lim-
its of tidal heating which may be compatible with a biosphere
in the range of 0.04–2.0 Wm−2. In this context, we found that
GJ 273b, with tidal heating of h= 0.1 Wm−2, is compatible with
the development of life.

In Sect. 5, we highlighted the importance of minor bod-
ies on the emergence and maintenance of life on a planet, and
we identified stable locations in the system where minor bodies
may reside after the planetary formation. It is beyond the scope
of this paper to explore more deeply how the potential hosted
bodies of the stable regions evolve and behave due to their grav-
itational interactions with other planets in the system, such as
those that occur in the Solar System. But this study would be
highly interesting due to the location of GJ 273b in between two
minor-body reservoirs. An example of this are the theoretical
studies of three systems HD 10180, 47 UMa, and HD 141399 by
Dvorak et al. (2020), where the authors studied the dynamical
evolution of hypothetical exocomet populations, and the study
presented by Schwarz et al. (2017), where the authors explored
the water delivery to the planet Proxima Centauri-b in consid-
eration of a hypothetical population of exocomets. A similar
study was performed by Dencs et al. (2019), where the authors
investigated a synthetic late-heavy-bombardment-like event in
the TRAPPIST-1 system, which could have transported a sig-
nificant amount of water to the habitable planets discovered in
the system. All these studies could be combined with the recent
prescriptions given by Wyatt et al. (2020) to perform predictions
about the evolution of GJ 273b’s atmosphere due to planetesimal
impacts.

Another important factor to consider in terms of habitabil-
ity are stellar flares and coronal mass ejections (CMEs), where
the former deliver strong and isotropic ultraviolet (UV) radia-
tion, and the latter form directional streams of charged particles.
While a potential atmosphere on GJ 273b could protect the sur-
face from harmful UV light, flares pose an imminent danger to
surface life if these absorbers are depleted. For example, Tilley
et al. (2019) found that the CMEs associated with strong flares
can deplete the ozone in a potential atmosphere, leaving the
flares’ UV radiation to hit the surface nearly unabsorbed. On
the other hand, prebiotic chemistry research has shown that a
certain amount of flaring might, in fact, be necessary to form
possible precursors for life in the first place (Rimmer et al. 2018).
This suggests that surface life might rely on a host stars with the
right balance of flaring, not too much and not too little (see e.g.
Günther et al. 2020).

7. Conclusions

In this study, we set out to better understand the real nature of
the planetary system GJ 273. This system is of special interest
because it is the fourth closest planetary system to the Sun orbit-
ing an M dwarf (3.75 pc) known to host a planet in the HZ, just
after Proxima Centaury (1.30 pc, Anglada-Escudé et al. 2016),
Ross-128 (3.37 pc, Bonfils et al. 2018), and GJ 1061 (3.67 pc,
Dreizler et al. 2020). The planets in GJ 273 have been detected
so far only via RVs: two confirmed (GJ 273b and GJ 273c), and
two candidates (GJ 273d and GJ 273e). We performed a compre-
hensive study of GJ 273’s planetary formation and water delivery
history in its early times, a dynamical stability of the system
and the effects of tides on the planets, as well as the dynami-
cal environment, where we identified regions where the system
may harbour minor bodies in stable orbits, namely, MAB and
KB analogues. Each of these parameters has an substantial influ-
ence on the potential habitability of the planet located in the
HZ, GJ 273b. We also reviewed the published observational
data obtained via HARPS and TESS, where we explored the
detectability of the known candidates and extra planets in the
system. More specifically:
1. We analysed the process of formation and evolution of the

planetary system around GJ 273, making use of N-body sim-
ulations. Our research allowed us to derive three important
results: (1) the gaseous component of the disk played a
key role in determining the physical and orbital properties
of the planets of the system; (2) GJ 273c is a planet with
very low water content, while GJ 273b seems to be a water
world evolving within the HZ; and (3) the planetary system
around GJ 273 might host more planets (in addition to the
two confirmed) with different physical and orbital properties.

2. From our review of the observational data sets, we found that
these other possible planets predicted by the N-body simu-
lations could not have been detected with the precision and
cadence of the HARPS RV data-set that confirmed GJ 273b
and GJ 273c. From the TESS data, however, we found that a
transit of the innermost planet GJ 273c can be ruled out. On
the other hand, for the rest of the planets in the system, the
TESS photometric data were insufficient to confidently rule
out the presence of any transit signals.

3. We tested the stability of the system using the MEGNO cri-
terion. We found that in the two-planet configuration we
could not constrain the inclination of the system and conse-
quently the masses of the planets remain unknown. However,
in the four-planet configuration, the system was stable only
for near-circular orbits of the two outermost planets, GJ 273d
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and GJ 273e, and minimum inclinations of the whole system
down to ∼72◦. Hence, this scenario allowed us to unveil the
system as likely composed by an Earth-mass planet, a super-
Earth, and two mini-Neptunes with masses of: 1.18 ≤ Mc ≤

1.24 M⊕, 2.89 ≤ Mb ≤ 3.03 M⊕, 10.80 ≤ Md ≤ 11.35 M⊕,
and 9.30 ≤ Me ≤ 9.70 M⊕, respectively. In this scenario,
using M–R relationships for different bulk compositions we
found that the radii of the planets would be in the fol-
lowing ranges: 1.04 ≤ Rc ≤ 1.18 R⊕, 1.32 ≤ Rb ≤ 1.83 R⊕,
2.00 ≤ Rd ≤ 3.68 R⊕, and 1.91 ≤ Re ≤ 3.35 R⊕, respectively.

4. Since the two innermost planets occupy close-in orbits, we
performed a tidal-evolution analysis where we found that
both GJ 273b and GJ 273c are likely in a pseudo-rotational
state, meaning that their spins are aligned with that of the
host star and they have reached constant rotational periods.
This state was reached over a short time scale of <107 yr,
which is much shorter than the age of the star, estimated to
be older than a few Gyr. However, we found that the time
required to circularise the orbits was much longer, which
could last several 108 or 109 yr, which hints that the orbits
might not be fully circular and, hence, a certain amount of
tidal heating may be induced.

5. Using the MEGNO criterion we studied the similarities of
GJ 273 with the Solar System in terms of minor-body reser-
voirs in both the two- and the four-planet configurations.
We found several regions where minor bodies might reside
in stable orbits, forming structures like the MAB or KB.
Each structure was sculpted differently in each scenario
and, in particular, there were two structures present in all
simulations: (1) region B, which was trapped in between
planets GJ 273b and GJ 273c and may be considered as an
hot-MBA analogue; and (2) region C, which may be a hot-
KB analogue in the two-planet configuration or a hot-MBA
analogue trapped between GJ 273b and GJ 273d in the four-
planet configuration. All these structures identified in GJ 273
seem to have some similarities with those of the Solar Sys-
tem, but at the same time, they point out the large diversity
of minor-body reservoirs that may exist.

Finally, taking together all the analyses performed in this study
and considering whether the four-planet configuration is eventu-
ally confirmed, we conclude that GJ 273b is likely a super-Earth
residing in a stable orbit close to the inner border of the HZ of
its host star. The planet might be hydrated and it is likely in a
pseudo-rotational state with in a non-circular orbit. Such a small
eccentricity could provoke remarkable variations of the stellar
flux received that could result in strong implications in terms
of the global climate of the planet. Nevertheless, we also found
that GJ 273b undergoes tidal heating compatible with the devel-
opment and existence of a biosphere. The reservoirs of minor
bodies could also play a role in the emergence and maintenance
of life in GJ 273b. In fact, it would be desirable to further inves-
tigate how minor bodies such as asteroids and comets evolve and
behave in relation to GJ 273b, in particular the impact-flux ratio,
where aspects such as the watering, the delivery of organics, and
the evolution of planetary atmosphere take place.
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Appendix A: Location of the snow line

In our modelling, we followed the procedure proposed by Ciesla
et al. (2015) to compute the location of the snow line, which sets
the boundary between dry embryos and water-rich embryos in
each of our N-body simulations. This procedure is described in
detail below.

To do this, we assumed that water condenses in a proto-
planetary disk, where its partial pressure exceeds the saturation
pressure, which is associated with temperatures between 140 K
and 180 K for typical disk conditions. In our work, we adopt a
value of T = 140 K to define the position of the snow line in the
protoplanetary disk. To determine the distance R from the central
star in the disk mid-plane, where T = 140 K, we adopt the tem-
perature profile suggested by Chiang & Goldreich (1997), which
is given by:

T (R)=

(

α

4

)1/4 (

R⋆

R

)1/2

T⋆, (A.1)

where R is the radial coordinate in the disk mid-plane, R⋆ and T⋆
are the radius and effective temperature of the star, respectively,
and α is the grazing angle at which the starlight strikes the disk.
According to this, the location of the snow line (Rice) will be
given by:

Rice =

(

α

4

)1/2

R⋆

(

T⋆

140 K

)2

. (A.2)

As the reader can see, Rice strongly depends on the radius
and the effective temperature of the central star, which evolve
over time. Following the stellar evolutionary models developed
by Siess et al. (2000), we made use of Eq. (A.2) to determine
the temporal evolution of the snow line in a protoplanetary disk
around a 0.3 M⊙ star, which is illustrated in Fig. A.1. The five
curves presented in the figure correspond to different values
of the star’s initial metallicity, Z, (in terms of mass fraction)
adopted in the stellar models of Siess et al. (2000). It is important
to note that we assume a value of α= 0.045 in the construction
of these five curves, which is in agreement with the expressions
given by Chiang & Goldreich (1997), and with the value used by
Ciesla et al. (2015).

Like Ciesla et al. (2015), we set the location of the snow
line at 1 Myr. We consider that this choice may be somewhat
arbitrary since the snow line will continually migrate inward
as the system evolves. However, our selection simply defines a
boundary between the dry embryos and water-rich embryos in
our simulated protoplanetary disk. According to the results illus-
trated in Fig. A.1, the snow line at 1 Myr is located at 0.65 au
for all values of the star’s initial metallicity, Z, adopted by Siess
et al. (2000). Table A.1 shows the values of the luminosity,
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Fig. A.1. Location of the snow line as a function of time for a 0.3 M⊙
star based on the stellar models developed by Siess et al. (2000). The
five curves correspond to different values of the star initial metallicity,
Z, (in terms of mass fraction). The gray dashed line indicates a value of
0.65 au.

Table A.1. Luminosity, temperature, and radius at 1 Myr of a 0.3 M⊙
star for different values of the star initial metallicity (in terms of mass
fraction) (Siess et al. 2000).

Metallicity Luminosity Temperature Radius
(L⊙) (K) R⊙

0.01 0.722040 3604 2.061
0.02 0.682419 3360 2.305

0.02 + OS 0.678208 3359 2.298
0.03 0.660323 3365 2.259
0.04 0.636591 3289 2.329

temperature, and radius of a 0.3 M⊙ star at 1 Myr used in our
work to compute the location of the snow line, which were
extracted from the different stellar models of Siess et al. (2000).

From Fig. A.1, it is evident that the snow line changes over
time. However, we follow Ciesla et al. (2015) and other previous
studies based on N-body simulations, and assign a single location
for the snow line (Rice = 0.65 au) for the whole duration of the
numerical experiments. As we previously mentioned, the snow
line is defined to determine a boundary between dry embryos
and water-rich embryos in the protoplanetary disk.
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Appendix B: Detrended models
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Fig. B.1. Detrended models applied to the TESS data in our search for threshold-crossing events. We used the bi-weight method with different
window-sizes. Each panel indicates the window-size (in units of d) in the top. The black points show the PDC-SAP fluxes, the solid-orange line are
the identified trends, and the teal points are the detrended data used as input into the TLS. In all cases, the y-axis shows the normalised flux, and
the x-axis is units of Barycentric TESS Julian Date.
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