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Abstract. Cervantes (p Arae) is a G3IV subgiant, located 15.57 + 0.02 parsecs from the
Sun. Cervantes has several physical properties comparable to those of the Sun, although
overall its values are larger. Similarities are also observed in its planetary system, which has
been studied, with one of the planets confirmed in the habitable zone. This paper aims to
investigate the internal stellar structure of Cervantes, building on initial studies of its in-
fluence on the planetary system through modeling experiments. Interior structure modeling
was performed using the MESA program. The development of MESA was driven by stellar
evolution calculations, which underpin various areas of astrophysical research. Static model-
ing was conducted based on the star’s current phase, with an age of 6 Gyr, producing various
physical parameters and dividing the star into zones. Ultimately, the analysis provided key
physical parameters such as mass, luminosity, pressure, temperature, radius, and age, along
with the zonal division of the stellar interior: the nuclear core (R < 0.28 R ), radiative zone
(0.28 < Re < 0.99), and convective envelope (0.99 < R < 1.349).
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1 Introduction

One of the well-known planetary systems is the pu Arae system, which consists
of a single star, Cervantes (u Arae, HD 160691, HR 6585, GJ 691), with
four planets orbiting it. The first planet, u Arae b, was identified by [Butler
et al., 2001], followed a year later by the second planet, ;1 Arae c, identified
by [Jones et al., 2002] through observing linear trends in radial velocity data
obtained using the Anglo-Australian Telescope. i Arae d was identified as
the third planet using the HARPS spectrometer [Santos et al., 2004a, Santos
et al., 2004b], observed over eight nights in June 2004, while x Arae e, the
outermost planet in this system, was identified by [Pepe et al., 2007]. Based on
the radial velocity measurements spanning over 17 years, the orbital solution
for the planetary system was completed by [Gozdziewski, 2022] in a study that
included eccentricity, orbital period, etc. Cervantes is classified as a yellow
subgiant star (G3IV), located at a distance of 15.57 + 0.02 pc from the Sun
[Benedict et al., 2022], observed to have a visual magnitude of 5.1 mag and
parallax of 65.6 + 0.8 mas [Vauclair, 2013].

The complex solar system with many planets makes the p Arae system
interesting to study, which is realized through various astronomical and as-
trophysical research programs in the fields of astrometry and asteroseismol-
ogy, such as the NASA Exoplanet Research Program, Geneva Planet Search
Program, NASA Astrobiology Program, Anglo-Australian Planet Search Pro-
gram [Butler et al., 2001], NN-EXPLORE Program [Scott et al., 2018], and
others. Stars with planetary systems, such as Cervantes, have phys1cal parame-
ters, especially element abundances, that are quite intriguing to examine, such
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as the ratio of helium abundance to metallicity [Izotov and Thuan, 2004]. In
studies of the internal structure and evolution of stars, physical parameters
such as mass, age, and temperature are also important to investigate.

However, characterizing subgiant planet hosts like Cervantes is fundamen-
tally challenged by the difficulty of accurately determining stellar mass in the
evolved red giant regime [Malla et al., 2024]. As A- and F-type progenitors
ascend the red giant branch, they become difficult to distinguish from less
massive G- and K-type counterparts due to converging effective temperatures
and luminosities, making robust mass estimates critical for differentiation.
Traditional spectroscopic methods and isochrone fitting often suffer from sys-
tematic uncertainties; notably, spectroscopic surface gravities are frequently
systematically larger than asteroseismic measurements, which can lead to over-
estimated stellar and planetary masses. This has fueled a mass controversy
where the spectroscopic masses of these evolved hosts are suspected of being
overestimated by up to 50 per cent compared to kinematic and population-
based models [Lloyd, 2011]. Additionally, these stars occupy regions of the
Hertzsprung—Russell diagram where evolutionary tracks are tightly packed or
overlapping, making it arduous to isolate specific stellar properties without
precise, model-independent methods like asteroseismology to resolve discrep-
ancies [Veras, 2016].

Driven by the need to resolve the complexities of post-main-sequence evo-
lution, this research seeks to determine the precise static structure of Cervantes
by leveraging the MESA (Modules for Experiments in Stellar Astrophysics)
software suite [Paxton et al., 2010]. As a subgiant, Cervantes undergoes rapid
internal structural transitions like the contraction of its helium core and the ex-
pansion of its outer envelope. Those transitions are difficult to capture through
observation alone. By generating a high-fidelity model, we can establish a ro-
bust baseline of the star’s current physical state, including its interior density
profile and chemical gradients. This model serves as a vital foundation for ex-
ploring the long-term dynamical evolution of its four known planets, allowing
us to predict how burgeoning stellar radii and intensifying tidal interactions
will reshape the architecture of the entire planetary system.

2 Physical Characteristics of Cervantes

As explained in the Introduction, the entry point of our research is a literature
review to determine and select the physical parameters of the star as input
for the MESA program. Observational and measurement-derived physical pa-
rameters were prioritised over modelling results [Mumtahana, 2020]. Aster-
oseismology studies related to spectroscopic observations of Cervantes were
conducted by [Soriano and Vauclair, 2010]. Physical parameters of the star,
such as age, mass, radius, effective temperature, luminosity, metallicity, etc.,
were obtained from this study. In addition to [Soriano and Vauclair, 2010], sub-
sequent asteroseismology studies on Cervantes were performed by researchers
including [Vauclair, 2013], [Bonfanti et al., 2015], [Soto and Jenkins, 2018], as
well as [Mathur et al., 2012]. The following equation is the basic calculation
for the Z fraction from metallicity data [Bertelli et al., 1994]. The value of
[Fe/H] was chosen by calculating the mean of all [Fe/H] values obtained from
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the literature review.

log Z = 0.977 [Fe/H] — 1.699 (1)

3 Modelling using MESA

MESA has revolutionized the field of stellar modeling by providing an open-
source, highly versatile, and 1D computational instrument capable of simulat-
ing a star’s entire life cycle. Its power lies in its modular architecture, which
allows researchers to swap out different physical modules — such as nuclear
reaction networks, opacities, and equations of state — to suit specific research
goals. This flexibility is paired with robust implicit hydrodynamics, enabling
MESA to handle everything from the stable hydrogen-burning of sun-like stars
to the violent, rapid transitions of supernova progenitors [Paxton et al., 2018].

In the realm of exoplanet studies, MESA has become an indispensable
tool for characterizing the missing half of any planetary system: the host star.
Because exoplanet properties like mass and radius are measured relative to
their stars, the high-fidelity evolutionary tracks produced using MESA [Dotter,
2016, Choi et al., 2016] are essential for reducing uncertainties. Beyond just
the star, MESA’s capabilities extend to modeling giant planets themselves,
allowing simulation of the internal structure and thermal cooling of gas giants
down to one-tenth the mass of Jupiter [Paxton et al., 2013].

The MESA program was developed to solve numerical calculations related
to stellar physics. Therefore, several equations must be solved, such as con-
servation of mass, hydrostatic equilibrium, the equation of state, and energy
generation. These numerical calculations produce values for the star’s physical
parameters, including mass, density, temperature, pressure, luminosity, mass
fractions of various elements (H, He, C, N, O, etc.), and energy transport
mechanisms as a function of the star’s radius [Paxton et al., 2010].

Table 1. Physical parameters of Cervantes [Soriano and Vauclair, 2010]

Parameter Value
Mass (Mg) 1.10 £+ 0.02
Radius (Rp) 1.36 £ 0.06
log g (dex) 4.215 4+ 0.005
Effective temperature (K) 5820 £ 50
Luminosity (L) 1.90 +£0.10
Metallicity [Fe/H] 0.32£0.02
Helium abundance Y 0.30 £0.01
Age (Gyr) 6.34 £0.80

Physical parameters of Cervantes, derived from asteroseismological analy-
sis via spectroscopic observations by [Soriano and Vauclair, 2010] (see Table
1), were used in this study as the range for initial input conditions. Table
2 shows some physical parameters of the Cervantes star reported in various
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Table 2. Physical parameters of Cervantes obtained from various literature
sources.

Parameter Value(s)

Age (Gyr) 6.7%; 5.7 £0.6%; 6.34 & 0.80%; 6.4'2

Terr (K) 5773%; 5813 4 40%; 5770 & 50°; 5800 + 100%; 5811 + 457;
5798 + 33%; 5813 + 40%; 5784 + 441°; 5807 + 304

log g 4.240.1%; 4.30 £ 0.10°%; 4.42 +0.067;
4.31 £ 0.08%; 4.25 £+ 0.07%; 4.30 + 0.06*°

[Fe/H] (dex) 0.28 +0.03%; 0.32 + 0.05%; 0.32 4+ 0.05%; 0.32 4 0.10%;

0.28 +0.037; 0.32 + 0.04%; 0.32 4+ 0.05%; 0.29 4 0.03%;
0.32%; 0.33 + 0.03%

Mass (M) 1.13 £0.02% 1.10 £ 0.02%; 1.13 4+ 0.02"*
Radius (Rg) 1.33 4+ 0.02%; 1.36 & 0.06*
log(L/Le) 0.28 +0.012°; 0.28 4 0.0012**

Notes. Superscripts indicate literature sources: * [Gozdziewski, 2022]; % [Soto and Jenk-
ins, 2018]; ® [Bonfanti et al., 2015]; * [Soriano and Vauclair, 2010], [Santos et al.,
2004a, Santos et al., 2004b]; 5 [Vauclair, 2013]; ¢ [Bensby et al., 2003]; 7 [Laws et al.,
2003); ® [Santos et al., 2004a]; ° [Santos et al., 2004b]; ' [Fischer and Valenti, 2005];
' [Bazot et al., 2005]; ** [Saffe et al., 2005]; '* [Bouchy et al., 2005]; ** [Soubiran et al.,
2016] and [Ségransan et al., 2010] in [Morgan et al., 2025].

sources in the literature. Subsequently, specific physical parameters were se-
lected as primary input data, including mass and metallicity fraction, and age
as the stopping condition (see Table 3) for the modelling process. The range
of Cervantes’ physical parameters yields various possible modelling scenar-
ios. Therefore, in this study, parameter values were determined by averaging
all available values from diverse references to obtain representative estimates.
This program operates from the pre-main-sequence phase up to the current
condition (subgiant phase).

Table 3. MESA input and stop parameter

Parameter Value
Mass (Mp) 1.115

Z 0.0401671
Age (Gyr) 6
MLT« 1.8845

In this study, convective overshooting is neglected because its impact on
stellar evolution is small, as indicated by [Claret and Torres, 2016, Claret and
Torres, 2017, Claret and Torres, 2018, Claret and Torres, 2019], and it only
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becomes significant for stars with masses above about 1.2 M. In contrast, the
choice of the mixing-length parameter in this work is motivated by the presence
of a convective envelope in stars with masses between 0.5 and 1.2 M, [Joyce
and Tayar, 2023], for which value of MLTa = 1.8845 is estimated using the
linear model of [Viani et al., 2018], which relates the MLT« to the stellar
physical parameters (adopted [Soriano and Vauclair, 2010]) by using the solar
reference value MLTa = 1.70098. The MLT« value used in this study is also
close to the one reported by [Henyey et al., 1965].

4 Results and Analysis

The values shown in Table 4 represent all physical parameters of Cervantes
resulting from MESA calculations, which are considered sufficiently accurate
as they fall within the error ranges of the primary references, [Soriano and
Vauclair, 2010]. Referring to the MESA calculation results, curves illustrating
the relationships between various physical parameters of Cervantes can be pro-
duced. In this study, which aims to reconstruct the interior structure, curves
depicting the relationships between physical parameters such as mass, tem-
perature, density, pressure, luminosity, mass fractions, and energy transport
mechanisms relative to radius will be generated and discussed.

Table 4. MESA results for Cervantes’ physical parameters

Parameter Value
Mass (Me) 1.115
Radius (Ro) 1.3699
log g (dex) 4.2120
Effective temperature (K) 5780.6
Luminosity (Le) 1.8878
Age (Gyr) 6

4.1 Mass-Density and Pressure-Temperature Relation

In this section, using Fig. 1, the mass, density, temperature, and pressure
profiles are presented as functions of radius for the star Cervantes. The mass
increases significantly with radius, particularly within the range 0.0 < Rg <
0.6, and begins to level off at Rs > 0.9. In contrast, the density exhibits
the opposite trend, especially within 0.0 < Rs < 0.2, reaching a maximum
value of 490 g/cm?®, which is considerably higher than that of the Sun, at
only 150 g/cm?. Consequently, Cervantes is classified as a subgiant star. Fig.
1 also shows that the material near the stellar surface consists of lower-density
matter.

Similar to the density profile, both pressure and temperature exhibit the
same trends. The maximum pressure reaches 5.78 x 10'7 dyne/cm?, which is
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higher than that of the Sun at 2.65 x 10!” dyne/cm?, and decreases sharply for
R < 0.2Rg. The pressure then declines more gradually within the range 0.2 <
R < 0.3 and becomes nearly constant for R > 0.3Rs. Meanwhile, the highest
temperature is recorded at 1.865 x 107 K in the stellar core, indicating that the
gas is fully ionised in this region. At lower temperatures, ionisation occurs only
partially. Compared with the Sun, whose core temperature is approximately
1.5 x 107 K, the temperature of Cervantes is notably higher.
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Fig. 1. Mass and density profiles as functions of radius (left), temperature and
pressure profiles as functions of radius (right)

4.2 Luminosity and Energy Generation

In this section, Fig. 2 presents the luminosity and energy generation profiles as
functions of radius for the Cervantes star. A significant increase in luminosity
occurs within the region R < 0.28 R, beyond which the luminosity remains
approximately constant. The resulting luminosity of Cervantes is also higher
than that of the Sun, with a value of 1.98L,. Fig. 2 additionally displays the
energy generation profile (dL/dr) as a function of radius. From this profile, it
is evident that the stellar core is located within the region R < 0.28R,.

4.3 Element Abundances

In this section, Fig. 3 presents the abundance profiles of various chemical
elements, including hydrogen, helium, carbon, nitrogen, oxygen, and others as
functions of radius. The abundance curves, particularly those of hydrogen and
helium, indicate the occurrence of nuclear burning in the stellar core, whereby
hydrogen is converted into helium. This hydrogen-burning process corresponds
to the fusion of four 'H nuclei into a *He nucleus. The abundance of *He
reaches its maximum value of 0.0026. [Soriano and Vauclair, 2010] reported
that the Cervantes (u Arae) system exhibits an enhanced helium abundance,
consistent with the principles of galactic chemical evolution [Izotov and Thuan,
2004]. In the present study, the lower helium abundance compared with that of
7 Ceti [Mumtahana, 2020] is attributed to subsequent nuclear fusion processes
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Fig. 2. Luminosity and energy generation profiles as a function of radius

producing carbon and oxygen during the subgiant stage of the Cervantes star
(see the right panel of Fig. 3).
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Fig. 3. Mass fractions of the various elements in Cervantes

The high temperature of Cervantes enables the operation of the CNO cycle
[Pols, 2011]. As shown in the right panel of Fig. 3, a significant increase in the

abundances of 2C occurs at a radius of 0.18 < Ry < 0.28 and 90 reach
its peak at a radius of > 0.11R, whereas the abundances of Mg and 2°Ne

remain constant throughout the stellar radius.
4.4 Energy Transport Mechanism

In the stellar interior, the transport of energy from high temperature regions to
lower temperature regions occurs through two mechanisms, namely convection
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and radiation. The left panel of Fig. 4 illustrates the energy transport mecha-
nism in Cervantes through the relationship between dln P/dInT and radius,
where efficient energy transport is identified by values exceeding 2.5 [Pols,
2011]. Based on the MESA calculations, radiative energy transport operates
in Cervantes up to a radius of 0.99 R, while the convective envelope lies above
this radius.

The division between the two energy transport zones is further confirmed
by the curve of convective velocity as a function of radius (Fig. 4, right panel),
where the convective velocity begins to increase at a radius of 0.99 R and
rises significantly before returning to zero at the stellar surface. An additional
confirmation of the boundary between the radiative zone and the convective
envelope is provided by the Schwarzschild stability criterion, represented by
the radial profile of V;,q — Vaq. As shown in Fig. 5, this quantity remains
negative throughout most of the stellar interior, indicating radiative stability
and crosses zero at a radius of approximately 0.99 Rs. Beyond this radius,
Viad — Vad becomes positive, signifying the onset of convective instability.
This is also consistent with the transition radius inferred from the energy
transport mechanism and convective velocity curve.
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Fig.4. Energy transport mechanism curves (left) and convective velocity
(right) as a function of radius

4.5 Cervantes Interior Structure

In this section, as illustrated in Fig. 6, the interior structure of the star Cer-
vantes is modelled using the radius dependence of the stellar physical param-
eters discussed previously. The nuclear core of the star extends to a radius of
0.28 R, as determined from Figs. 2 and 3. The radiative zone occupies the
region 0.28 < R < 0.99 R, based on the left panel of Fig. 4, while the con-
vective envelope spans 0.99 < R < 1.349 R according to the right panel of
Fig. 4. Consequently, the radiative zone contributes to approximately 52% of
the total stellar radius, followed by the convective envelope at 27%, and the
nuclear core at around 21%.
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Fig. 6. Schematic of Cervantes interior structure

5 Discussion and Conclusion

The study of stellar interior structure can be carried out through calculations
and modelling using the MESA program. In this work, the star Cervantes
(1 Arae) was selected as the object of study because it hosts four orbiting
planets and is classified as a metal-rich subgiant star. The modelling results
indicate that stellar mass and luminosity increase with radius, whereas den-
sity, temperature, and pressure decrease outward. Nuclear fusion reactions
occurring during the main-sequence phase are dominated by the conversion of
hydrogen into helium, followed by subsequent fusion processes that produce
heavier elements such as carbon and oxygen. Based on the modelling results,
the nuclear core of Cervantes is estimated to extend to a radius of approxi-
mately 0.28 R (Fig. 2 and Fig. 3), while the radiative zone and convective
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envelope occupy the regions 0.28 < R < 0.99 Ry and 0.99 < R < 1.349 Ro,
respectively (Fig. 4). Determining the internal stellar structure in this manner
provides a useful reference for modelling stellar evolution and for examining
the nucleosynthesis and energy transport processes that shape stellar interiors.

In addition to stellar interior properties, the present MESA model offers
a starting point for exploring the evolution of the planetary system orbiting
Cervantes. The radius and luminosity values obtained from the model (Table
4) suggest that Cervantes has already entered a post—-main-sequence phase. As
stellar luminosity continues to evolve, the location of the circumstellar habit-
able zone is expected to change over time, as discussed in theoretical studies of
evolving habitable zones [Kasting et al., 1993, Kopparapu et al., 2013, Ramirez
and Kaltenegger, 2014]. Consequently, planets currently located within or near
the habitable zone of the pu Arae system may experience potentially habitable
conditions only during specific evolutionary intervals. Incorporating stellar
luminosity—age relations derived from MESA into planetary climate models
therefore represents a natural extension of the present work.

As Cervantes evolves further toward the red giant branch, continued stel-
lar expansion and changes in envelope structure are expected to enhance tidal
interactions between the star and its close-in planets. Previous studies have
shown that such interactions may lead to orbital decay and, in some cases,
planetary engulfment [Villaver and Livio, 2009, Villaver et al., 2014, Mustill
and Villaver, 2012]. The present interior structure model helps to constrain
the current evolutionary stage of Cervantes and provides relevant input pa-
rameters, such as stellar radius and envelope structure, that are required for
future tidal and engulfment studies. Time-dependent stellar evolution mod-
elling will therefore be necessary to investigate when these processes become
significant and how they may affect the long-term stability of the pu Arae
planetary system.

In summary, this study presents a static interior model of Cervantes that is
consistent with available observational constraints and provides a framework
for future investigations. Extending the present MESA modelling to include
long-term stellar evolution will allow a more detailed exploration of habitable-
zone evolution, planetary orbital decay, and potential engulfment scenarios.
Such an approach is expected to improve our understanding of the coupled
evolution of stars and their planetary systems, particularly for evolved, planet-
hosting stars similar to u Arae.
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