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Abstract

The habitability of a planet is influenced by both its parent star and the properties of its local stellar
neighborhood. Potential threats to habitability from the local stellar environment mainly arise from
two factors: cataclysmic events such as powerful stellar explosions and orbital perturbations induced
by close stellar encounters. Among the 4,500+ exoplanet-hosting stars, about 140+ are known to
host planets in their habitable zones. In this study, we use Gaia DR3 data to investigate the 10 pc
stellar neighborhood of the 84 habitable zone systems (HZS) closest to the Sun. We assess the possible
risks that local stellar environment of these HZS pose to their habitability. In particular, we find
that HD 165155 has a high stellar density around it, making it likely to experience at least one flyby
encounter within a span of 5 Gyr. We also identified two high-mass stars (M > 8Mg) as potential
progenitors of supernovae, which could threaten the long-term survivability of habitable zone systems
HD 48265 and TOI-1227. Further, to quantify the similarity between habitable zone stars and the Sun,
as well as their respective 10 pc stellar environments, we employ various astrophysical parameters to
define a Solar Similarity Index (SSI) and a Neighborhood Similarity Index (NSI). Our analysis suggests
that HD 40307 exhibits the closest resemblance to the solar system, while HD 165155 shows the least
resemblance.

Keywords: Exoplanet astronomy(486), Habitable zone(696), Habitable planets(695), Solar neighbor-

hood(1509), Gaia(2360), Close encounters(255)

1. INTRODUCTION

Finding a habitable world is one of the primary goals
of exoplanetary research. The study of habitability is a
rapidly growing field in exoplanet science, with over 150
confirmed discoveries of planets residing in the habitable
zones’ of stars already made (Fujii et al. 2018; Schwieter-
man et al. 2018; Glaser et al. 2020; Lisse et al. 2020; Hill
et al. 2023). Traditionally, the habitable zone (HZ) is
defined as the annular region around a star where liquid
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water can exist on a planet under sufficient atmospheric
pressure.

In modern lexicon, habitable zones are typically cate-
gorized into two broad types (Kasting et al. 1993; Under-
wood et al. 2003). The first is the conservative habitable
zone, which is defined by an inner boundary where the
intense radiant energy from the star may induce a run-
away greenhouse effect, resulting in the vaporization of
surface water. Its outer boundary is determined by the
distance from the central star at which a planet’s cloud-
free CO2 atmosphere can maintain a surface tempera-
ture of 273 K. In contrast, the second type, known as the
optimistic habitable zone (OHZ), encompasses regions
receiving radiation levels ranging between those experi-
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enced by Mars ~4 billion years ago and Venus around
1 billion year ago. (Kopparapu et al. 2013, 2014; Ware
et al. 2022).

In the galactic context, the conditions favourable for
life are also dependent on spatial and temporal location
of star-planet systems within the Milky Way (Gonzalez
et al. 2001; Lineweaver et al. 2004). Aspects of galac-
tic habitability include the radiation threat from high-
energy events like Supernovae (SNe), Gamma-ray bursts
(GRBs), presence of heavy elements that are crucial for
the formation of rocky planets, star-forming regions and
epoch of planet formation in the galaxy (Spitoni et al.
2017; Spinelli et al. 2021; Swastik et al. 2022; Spinelli &
Ghirlanda 2023; Swastik et al. 2024).

While the concept of HZ is vital in the search for hab-
itable worlds, the stellar environment of the planet also
plays an important role in determining longevity and
maintenance of habitability. In particular, a planet’s
habitability can be greatly influenced by the type and
distribution of stars surrounding the exoplanet hosting
star. Studies have shown that a high rate of catastrophic
events, such as supernovae and close stellar encounters
in regions of high stellar density, is not conducive to
the evolution of complex life forms and the maintenance
of habitability over long periods (Jiménez-Torres et al.
2013; Spitoni et al. 2017; Spinelli et al. 2021; Spinelli
& Ghirlanda 2023). Important as they are, these theo-
retical ideas have not been tested against the observed
ensemble of extrasolar planets.

The growing number of exoplanet discoveries has en-
abled researchers to gather robust statistics, warrant-
ing further investigation into their stellar environments
(Narang et al. 2018; Swastik et al. 2021; Unni et al.
2022; Narang et al. 2023; Banerjee et al. 2024). The lat-
est census of confirmed exoplanetary systems and their
astrophysical properties are available at various public
archives (Schneider et al. 2011; Akeson et al. 2013; Han
et al. 2014; NASA Exoplanet Science Institute 2020).
Out of the 55004 discovered exoplanets so far, 146 stars
are known to host 158 rocky and gaseous planets within
their HZ, as documented in the Catalog of Habitable
Zone Exoplanets (Kane & Gelino 2012; Hill et al. 2023).
Some of these systems are potential targets for detailed
atmospheric characterization and the detection of bio-
signatures in current and future missions (Stark et al.
2014; Tinetti et al. 2018; Redfield et al. 2024).

In this work, we focus on the local stellar environment
of stars hosting habitable zone exoplanets. More specif-
ically, we use Gaia DR3 archive to analyze the 10 pc
neighborhood (stars within a sphere of 10 pc radius)
surrounding the known habitable zone systems (HZS).
This involves extracting sources from the Gaia DR3

archive with measured parallaxes from w ~ 750 mas
to w ~ 4.5 mas which correspond to the nearest (Prox-
ima Centauri) and the farthest (Kepler-296) HZS. The
rationale for selecting a 10 pc region is based on stud-
ies indicating that if a star within this range evolves
into a Type-Ta/Ibc SNe, it would produce X-rays and
~-rays with sufficient fluence (total energy emitted by
a SNe per unit area) to significantly disrupt a planet’s
ozone layer (Spinelli & Ghirlanda 2023). Additionally,
the 10 pc neighborhood of the solar system, well-studied
using Gaia DR3 by Reylé et al. (2021), provides a valu-
able reference for exoplanet demographic comparison.
We further explore the likelihood of stellar encounters
and supernovae that could pose a threat to the habit-
ability of these systems. We also compare the 10 pc
neighborhood of these HZS with the 10 pc solar neigh-
borhood sample compiled by Reylé et al. (2021) and
Reylé et al. (2022).

We define the Solar Similarity Index (SSI) as a met-
ric for comparing the properties of the habitable zone
planet-hosting stars with those of the Sun. Similarly, the
Neighborhood Similarity Index (NSI) is a metric used
to compare the properties and distribution of objects
within their respective volumes of 10 pc radius. These
indices are then used to determine which habitable sys-
tems have the closest resemblance to our solar system
and its 10 pc environment. The closer the index is to
1, the more similar it is. The stellar and planetary data
(see Table 1) for this study are obtained from the Gaia
DR3 and the NASA Exoplanet Archive (NEA) (Gaia
Collaboration et al. 2023a; Akeson et al. 2013; NASA
Exoplanet Science Institute 2020).

From here on, the paper is organized as follows: In
Section 2, we describe our primary sample of HZS and
the construction of their 10 pc neighborhoods. In Sec-
tion 3, we discuss the influence of the stellar neighbor-
hoods on habitability and present our main results. In
Section 4, we address the incompleteness of Gaia data
and its implications for our findings. Finally, in Sec-
tion 5 we summarize and conclude this work.

2. SAMPLE SELECTION

In this section, we describe the process of our sample
selection which mainly consists of two parts. The first
part involves selecting 146 planet-hosting stars from the
Habitable Zone Gallery', which constitutes our primary
sample of HZS. For the second part, we used the Gaia
DRS3 catalog to select stars within the 10 pc neighbor-

L https:/ /hzgallery.org/
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Figure 1. Sky positions of exoplanet-hosting stars projected
on Molleweide map. HZS are denoted by yellow-green circles,
while the remaining population of exoplanets is represented
by gray circles. The studied sample of 84 HZS, located within
220 pc of the Sun, is represented by crossed yellow-green
circles. The three high-density HZS located near the galactic
plane are labeled 1, 2 and 3 in white. The colorbar represents
the stellar density, i.e., the number of stars having G > 15
within a radius of 5 arcmin.

hood of 144 HZ host stars®. The subset of stars in each
10 pc HZ neighborhood was curated from a larger 25 pc
dataset, as explained in Section 2.2.

2.1. Habitable Zone Gallery

The Habitable Zone Gallery is an online catalog of
known exoplanets and their orbital parameters (Kane &
Gelino 2012; Hill et al. 2023), constructed using infor-
mation from larger databases such as Exoplanet Data
Explorer? and the NEA*. The Gallery demarcates the
habitable zones of each planet-hosting star as defined
by Kopparapu et al. (2013, 2014). It also calculates
the fraction of time a planet spends in the habitable
zone, which can vary from 0% to 100% depending on the
planet’s eccentricity and orbital distance. This catalog
is regularly updated and it serves as a valuable resource
for researchers studying the habitability of exoplanets.

Our primary sample of HZS, drawn from the Habit-
able Zone Gallery, comprises 146 systems hosting 158
planets whose orbits fully reside within the optimistic
habitable zone of their host stars. Of these 158 plan-
ets, 35 are presumably rocky planets (<2Rg), 122 are
gaseous planets, and 1 has an undetermined mass and
radius. While the giant planets themselves are inhos-
pitable, they may host rocky exomoons orbiting them
under favorable conditions for life (Heller 2012; Heller

2 Parallax measurements were not available for two of the systems,

Kepler-1652 and Kepler-1410.
3 http://exoplanets.org/table
4 https://exoplanetarchive.ipac.caltech.edu/

& Barnes 2013). Additionally, the moons of giant plan-
ets located at the outer edge of the habitable zone could
generate sufficient energy through tidal heating (Heller
& Barnes 2013; Heller & Armstrong 2014; Hill et al.
2018; Hill et al. 2023). The astrophysical parameters of
these systems were obtained from the NASA Exoplanet
Archive. Figure 1 shows the all-sky distribution of ex-
oplanet hosting stars in a Mollweide projection. The
nearest HZS to the Sun is Proxima Centauri, located at
a distance of 1.3 pc, while the farthest is Kepler-1636,
at a distance of 2.2 kpc.

2.2. Curating the 10 pc neighborhood

For studying the 10 pc environment of HZS using Gaia
DR3, we have to contend with two major issues:

e The ambiguity of stars belonging to the 10 pc re-
gion due to distance and magnitude dependent
parallax errors (see Appendix B), and

e The incompleteness of Gaia data, i.e., Gaia’s in-
ability to detect sources outside 21 < G < 3
magnitude range and additional cuts on vari-
ous astrophysical parameters, impacting its over-
all dataset (Reylé et al. 2021; Gaia Collaboration
et al. 2023a).

The relative parallax errors in Gaia data can signifi-
cantly affect distance estimates and introduce ambigu-
ity in defining the 10 pc boundary. This means that a
strict 10 pc neighborhood sample returned by a Gaia
query (see Figure 2) may include some stars with large
parallax errors that could, in reality, be outside the 10
pc sphere, or it may exclude stars that are truly within
the 10 pc boundary. Therefore, to address this issue, the
10 pc stellar environment for each HZ system was con-
structed from a superset of neighboring stars distributed
within a sphere of radius 25 pc. For this, we used a sim-
ple bootstrapping approach that alleviates the need to
define an exact 10 pc boundary and helps constrain the
uncertainties of astrophysical parameters of neighbor-
hood stars at the ensemble level, which we later use for
quantifying the similarity indices.

Apart from the stated ambiguity in the star count
within the 10 pc sample, Figure 2 shows a decline in
the number of neighborhood stars around HZS beyond
a distance of ~ 300 pc. This selection bias (under count)
arises due to the incompleteness of Gaia data, which is
discussed later in Section 4. Figure 3 shows how the rel-
ative parallax error of Gaia detected stars increases with
decreasing parallax (i.e., with increasing distance from
Sun). Since our goal is to study the 10 pc region around
HZ stars, if the distance error were to exceed 10 pc,
defining the neighborhood would become arbitrary. For
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Figure 2. The 10 pc neighborhood star count for 144 HZS
and their distance from the Sun. The colorbar represents the
effective temperature Tog (K) of HZ stars.

the Gaia detected stars shown in Figure 3, the relative
parallax error exceeds 5% beyond 220 pc (@ = 4.5 mas)
which corresponds to a distance error ~10 pc. Hence,
we only consider 84 HZS from our primary sample of
146 HZS, which are within a distance of 220 pc from
the Sun. By limiting our sample to 220 pc, we also en-
sure a nearly complete detection of objects within their
10 pc neighborhood, including the cool-dwarfs down to
spectral type M6, by Gaia (see Section 4).

To curate a 10 pc sample, we begin by issuing a stan-
dard ADQL query on the Gaia DR3 catalog to select
stars within 25 pc of a HZS. The query returns all stars
around a HZS with distances < 25 pc and their astro-
physical parameters (see Appendix A). Next, for each
HZS, we generate 100,000 random realizations of 10 pc
neighborhood stars from this superset by using the boot-
strapping method described in Appendix B. The astro-
physical parameters® and their associated uncertainties
are inferred from the sampling distribution of the boot-
strap. In Figure 4, we compare the average star count
obtained from the bootstrap method and the star count
obtained directly from Gaida’s 10 pc query for 84 HZS.
Apart from a few outliers, the differences are not signifi-
cant. However, the bootstrap method provides more re-
liable estimates of the astrophysical parameters of neigh-
borhood stars.

5 See Table 1 for the astrophysical parameters obtained from the
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Figure 3. Relative parallax errors of Gaia detected stars

binned at 10 pc intervals as a function of increasing distance
from the solar system.
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Figure 4. Comparison of number of stars returned by Gaia
ADQL Query. (x-axis) within 10 pc neighborhoods and the
10 pc mean count of stars (y-axis) obtained after 10° boot-
strap runs on a larger dataset of stars within 25 pc region.
The errorbars represent £10 uncertainly in the count of stars
after bootstrapping. For brevity, the plot is curtailed at
700 star count, excluding three sources with more than 2000
stars.
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Finally, the total star count within the 10 pc region
surrounding the 84 HZS is found to be ~ 36,000 stars.
This dataset does not include the brighter stars due to
the lower magnitude limit (G~3) of Gaia. Finding the
bright stars in the vicinity of HZS is crucial for assessing
the threat to habitability from supernovae. Therefore,
to further complement the 10 pc dataset we separately
searched the Hipparcos® Catalog (Perryman et al. 1997;
van Leeuwen 2007), for bright stars. We found 34 bright
stars with hip_mag <3 belonging to the 10 pc neighbor-
hood of different HZS. Only two of these 34 bright stars,
a-Carinae (around HD 48265) and a-Muscae (around
TOI-1227), are massive enough (> 8 Mg,) to pose a note-
worthy threat to the habitability (see Section 3.2).

3. RESULTS AND DISCUSSIONS

While numerous risks, such as activity-induced stellar
winds and superflares from a host star can compromise
a planet’s habitability (Airapetian et al. 2017; Garraffo
et al. 2017; Rodriguez-Mozos & Moya 2019), here, we
examine the possibility of any significant impact from
stellar encounters and supernova explosions in the sur-
rounding stellar environment of HZS. These events can
significantly alter the habitability of planets by displac-
ing them out of their HZ or by disrupting their atmo-
sphere. Studies have shown that the frequency and prox-
imity of such events has a critical role in the habitability
of exoplanets within our galaxy (Lineweaver et al. 2004;
Jiménez-Torres et al. 2013; Spitoni et al. 2017; Li et al.
2019, 2020; Spinelli et al. 2021; Rickman et al. 2022;
Spinelli & Ghirlanda 2023). These factors further de-
termine the long-term viability of habitable conditions
on an exoplanet.

3.1. Stellar Encounters

Stellar encounters can impact exoplanetary systems in
various ways (Horner et al. 2020; Davari et al. 2022). A
passing star’s gravitational influence can perturb distant
objects, such as those in the Oort Cloud, pushing them
into highly elliptical orbits that may lead to collisions
with inner planets. Closer encounter with neighboring
stars can directly destabilize planetary orbits, poten-
tially causing planets to migrate inward, outward, or
even escape the system entirely. Such disruptions can
also alter the eccentricity and inclination of planetary
orbits, reducing the time planets spend in the habit-
able zone (HZ) and threatening their habitability (Wang
et al. 2020; Rickman et al. 2023). In some cases, these
perturbations may trigger mechanisms like the Kozai-
Lidov effect, leading to oscillations in eccentricity, an-

6 Hipparcos Catalog 2007

gular momentum exchange, and changes in orbital incli-
nations (Naoz 2016; Cai et al. 2017). These orbital shifts
may result in variations in stellar insolation flux, which,
in turn, can affect a planet’s atmosphere, climate, and
potential habitability. Additionally, the destabilization
of an outer planet could trigger a cascading effect in-
ward, amplifying instability across planets in the inner
orbits. The overall impact of these encounters depends
on the mass and proximity of the passing star, as well
as the architecture of the planetary system.

Jiménez-Torres et al. (2013) examined the effect of en-
counters on habitability in various stellar environments
of the Milky Way. They simulate different regions by es-
timating stellar densities and dispersion velocities, cre-
ating a model to approximate the number of close flyby
events that can potentially alter the orbital dynamics.
They showed that a 1 Mg star passing at a distance of
200 AU can perturb another stellar system with a radius
of 100 AU, which has an Oort-like cloud surrounding it.
This model is based on the neighborhood’s stellar den-
sity, dispersion velocity and evolution time. According
to Jiménez-Torres et al. (2013), the number of encoun-
ters, N is given by the following equation,

N, = 4mnvT, R (1)

where N, is the number of encounters, R is the radius of
the stellar system (b = 2R is the impact parameter”), n
is the stellar density in pc™3, v is the dispersion velocity
of the system and T, is the evolution time of the system.
Although, the evidence for Oort-like clouds around ex-
oplanetary systems is still lacking, it is not uncommon
to speculate about their existence (Jiménez-Torres et al.
2013; Baxter et al. 2018; Portegies Zwart et al. 2021).
The possibility of planetary bodies residing in Oort-like
regions, which can extend up to 100 AU from the host
star, has also been suggested (Raymond et al. 2023).
We apply the formalism of Equation (1) to real data
(i.e., our HZS sample) and estimate the frequency of
gravitational encounters from stars in the 10 pc region
of HZS. We used the proper motions and radial veloc-
ity of neighborhood stars to calculate the U, V and W
components using PyAstronomy® (Czesla et al. 2019;
Swastik et al. 2023). U denotes the velocity toward the
galactic center, V' denotes the velocity in the direction
of galactic rotation and W denotes the velocity toward
the north galactic pole. Then, we find the dispersion
velocity v from: v = (/o3 + i + 03, where o is the

dispersion of the respective components.

7 The distance of closest approach made by the flyby star to the

host star, denoted by b.
8 LSR= (8.5, 13.38, 6.49) (Coskunoglu et al. 2011)
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Figure 5. A log-log diagram of stellar density versus ve-
locity dispersion. Slanted lines indicate the locus of a single
encounter (N. = 1) in stellar density-dispersion parameter
space for time scales of 5, 10 and 15 Gyr and b = 150 AU.
Three high stellar density environment (> 0.4 pc™®) are
shown by red symbols while the remaining low-encounter HZ
systems are indicated by green symbols.

In these calculations, we used the median mass’ of
neighborhood stars to be 0.3 Mg, leading to an impact
parameter of b = 150 AU. This is inline with peak of the
stellar mass function (0.3-0.4 Mg ), which is consistent
with the general prevalence of low-mass M-type stars in
the Milky Way and the solar neighborhood (Reylé et al.
2021). The impact parameter b = 150 AU is determined
by calculating the distance at which a neighboring star
with a mass of 0.3 Mg exerts a gravitational force on
the exoplanetary Oort cloud that is equal to the force
exerted by a 1 Mg star at a distance of b = 200 AU.
Figure 5 shows a log-scaled plot of stellar density versus
dispersion velocity for our sample of 84 HZS. The slanted
lines in Figure 5 denote the single encounter thresholds
for time scales of 5, 10 and 15 Gyr. This means that for
any HZS to experience at least one encounter within a
certain time frame, it must lie on or above the slanted
line. Since the stellar density around most HZS shown
in Figure 5 is low (< 0.2 pc™3) they are positioned well
below the 15 Gyr line and face a negligible threat to
habitability from stellar encounters.

9 Masses have been estimated from the updated (2022) table for

spectral sequence based on Pecaut & Mamajaek 2013

sion ~49 kms™".
HD 165155 is expected to undergo at least one stellar
encounter within 5 Gyr. In contrast, the other two sys-
tems, HD 188015 and HD 159868, have a small likeli-
hood (N, < 1) of experiencing stellar encounters due to
their lower stellar density.

Among the 84 systems, three habitable zone stars,

namely HD 165155, HD 159868, and HD 188015, are
residing in a region with unusually high stellar density
(> 0.6 pc~?) environment compared to Sun and other
HZS. This is not surprising, given that these HZS are lo-
cated near the galactic plane (see Figure 1). However, to
rule out erroneous star counts from background contam-
ination and other spurious sources, a further assessment
of these three systems is provided in Appendix C.

Notably, HD 165155 is a G8V star with the planet

HD 165155 b in the habitable zone (Jenkins et al.
2017). This system has the highest stellar density
(n ~ 2.45 pc™?) in our dataset, with over 10235 +
67 stars within a 10 pc radius and velocity disper-

L. Given its high-density environment,

Studies on stellar encounters have discussed the evolu-

tion of planetary systems in highly dense environments
by simulating scenarios with 2000, 8000 and 32000 stars
within a virial radius'® of 1 pc over a span of 50 Myr (Cai
et al. 2017). They discuss the survival rates of planets in
such environments indicating a clear correlation between
survival rates and decreases in stellar density. The work
of Bojnordi Arbab & Rahvar (2021) highlighted that
the mass and velocity of the flyby stars are crucial in
determining the encounter dynamics. Some studies also
discuss the formation of HZ planets in clustered envi-
ronments and their lifetimes with respect to the stellar
mass and the stellar densities of their neighborhoods (de
Juan Ovelar et al. 2012).

For our HZS sample, the encounter rate was calcu-

lated for different n and v. Which means the dispersion
velocity v was determined for brighter stars, G < 15, for
which radial velocity data was available from Gaia DRS3
(see Section 4). Since RV data were not available for the
fainter stars, the dispersion velocity obtained is only the
lower-limit. However, due to the shallow slope of the sin-
gle encounter lines in Figure 5, the underestimation of
dispersion velocity does not affect the encounter rate in
any significant way.

3.2. Assessing Threat from SNe Explosions

High-energy particles and radiation arriving from dis-

tant regions of space can potentially damage the at-
mosphere of Earth-like planets or exomoons with an

10 The radius within which objects exist in a gravitationally bound
state.
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Earth-like atmosphere. Such radiation originate from
high-energy transient phenomena, such as «-ray bursts
and SNe, which involve a brief period of intense radia-
tion that diminishes over time. Our primary focus is to
investigate the effects of SNe on the atmospheres of ex-
oplanets or exomoons assuming their atmospheres to be
Earth-like (Thomas & Melott 2006; Melott & Thomas
2011; Perkins et al. 2024). The fluence F received by a
planet from a high-energy transient event is given by,

B
4mrr?

(2)

where (E) is the characteristic energy of the event and
r is the distance of SNe from the planet (Spinelli et al.
2021; Spinelli & Ghirlanda 2023). The severity of the
ozone depletion would depend on the fluence received
by the planet. A fluence > 10kJm ™2 would deplete the
ozone layer and make the planet vulnerable to harm-
ful radiation and might render the planet uninhabitable
(Thomas et al. 2005a,b; Melott & Thomas 2011; Hor-
vath & Galante 2012; Spinelli & Ghirlanda 2023). In our
study, we primarily focus on SNe-Ibc and SNe-II since
their occurrence is relatively higher than other sources
of X and v radiation such as GRBs and SNe-Ia (Li et al.
2011; Spinelli & Ghirlanda 2023).

It is well established that a Type Ib,c or a Type-IT SNe
requires a progenitor star with a mass exceeding 8 M.
While SNe-Ia are formed from binary accreting systems
involving a degenerate star, SNe-Ibc and SNe-II are
formed from core-collapse (Spinelli & Ghirlanda 2023).
The typical characteristic energy of an SNe ranges from
a minimum of 1033 kJ (SNe-II) to a maximum of 10%7
kJ (SNe-I) (Spinelli et al. 2021; Spinelli & Ghirlanda
2023). Therefore, we focus on identifying stars with
mass > 8 Mg within 10 pc of each HZ system, as out-
lined by Spinelli & Ghirlanda (2023). Gaia’s Final Lu-
minosity Age Mass Estimator (FLAME) provides an es-
timate of stellar mass (Creevey, O. L. et al. 2023; Foues-
neau, M. et al. 2023; Gaia Collaboration et al. 2023b),
but it is not available for all the stars in our sample. We
use the mass-luminosity relationship described by Wang,
Jifei & Zhong, Zehao (2018) in Equation (3) to estimate
masses for stars in our dataset that lack FLAME-derived
mass estimates.

M L i 1 (Teff/Te)%—l
- _ (= Z 3
() () ®

Here, L is the luminosity, M is the mass and Teg
is the surface temperature of the star. We used Pog-
son’s formula in Equation (3) to calculate luminosity
from absolute magnitudes (Pogson 1856; Ibrahim et al.
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Figure 6. HR diagram of all GAIA detected stars in 10 pc
region of 84 HZS and the known exoplanet hosting stars.
The neighborhood stars are color-coded according to their
estimated mass.
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Figure 7. Fluence received from SNe explosions as a func-
tion of distance. The purple and green bands depict the
range of energy released from different SNe. The shaded
region to the right of the vertical line receives a fluence in
excess of 10 kJm ™2, which is considered harmful to habitabil-
ity. Locations of two high-mass stars (M > 8 Mg), which
are potential progenitors of supernovae, are also shown for
comparison.

2018) for stars without FLAME luminosity. In our anal-
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ysis of Gaia DR3 dataset we do not find any star with
M >6 Mg surrounding HZS.

Figure 6 is the Hertzsprung-Russell (HR) diagram of
our full Gaia dataset of neighborhood stars. To convert
from effective temperature to spectral type, we referred
to the updated spectral sequence'! based on Pecaut
& Mamajek (2013). The HR diagram shows that the
neighborhood stars in our sample range from LO to B8-
type. Since stars brighter than (G < 3) are absent in
the Gaia catalog, we searched the Hipparcos Catalog'?
(Perryman et al. 1997; van Leeuwen 2007) and found
2 HZS (TOI-1227 and HD 48265), having high-mass
stars (M > 8 Mg), namely a-Muscae and a-Carinae
respectively, within their 10 pc vicinity. These stars are
potential SNe progenitors. We consider the evolution
of these high-mass stars into SNe-Ibc as the worst case
scenario from the viewpoint of habitability of the cen-
tral HZS. The maximum characteristic energy, (E) that
a SNe-Ibc would produce is ~ 1037 kJ.

The variation of fluence received from SNe explo-
sions as a function of distance and characteristic en-
ergy released is illustrated in Figure 7. In the figure
we depict two high-mass stars that are located at a dis-
tance < 10 pc from HZS TOI-1227 and HD 48265. A
resulting stellar explosion (SNe-Ibc) releasing a maxi-
mum energy (F) = 10%” kJ would produce a lethal flu-
ence > 10 kJm~2 of X-rays/v-rays (Spinelli & Ghirlanda
2023) within 10 pc sphere. The planets in these two sys-
tems, namely TOI-1227 b (Mann et al. 2022) and HD
48265 b (Minniti et al. 2009) are gaseous. Although
these planets themselves cannot have habitable condi-
tions, they might host exomoons that could have Earth-
like atmospheres susceptible to these effects. For an
earth-like atmosphere this could deplete ~68% of the
ozone layer (Thomas & Melott 2006; Spinelli et al. 2021).

Note that y-ray bursts can emit immense energy, af-
fecting planets as far as ~ 1 kpc away (Spinelli et al.
2021; Spinelli & Ghirlanda 2023). However, due to
the unpredictability and rarity of ~-ray burst events,
we do not consider them within the scope of present
work. Similarly, predicting whether a main-sequence
white dwarf binary will undergo a Type Ia SNe is chal-
lenging, as it depends on factors like their proximity and
orbital dynamics of a compact binary system. In con-
trast, the likelihood of Type Ibc and Type II supernovae
is higher in stars with masses > 8M. In a worst-case
scenario, if a high-mass star is stripped of its hydrogen
envelope, it will evolve into a SNe-Ib. If both hydro-

1 Updated (2022) table for spectral sequence based on Pecaut &

Mamajaek 2013
12 Hipparcos Catalog 2007
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Figure 8. Similarity index based comparison of habitable
zone systems with solar system. The colorbar represents
the distance of HZS from Sun in pc. The blue and orange
semicircles centered on the Sun correspond to 0.75 and 0.50
similarity in NSI-SSI plane.

gen and helium are depleted, it will become a SNe-Ic.
However, it is rare for a high-mass star to evolve into
these categories by losing sufficient hydrogen from its
outer layers. In most cases, a high-mass star under-
goes core collapse, producing less energetic Type-II su-
pernovae (SNe-II), which indicates their impact is less
damaging beyond 5 pc (Melott et al. 2017). None of
our HZS have high-mass stars within a 5 pc region. Re-
cent studies also suggest that a SNe explosion occurring
even at distances up to 20 pc could be lethal to a planet’s
habitability (Thomas & Yelland 2023).

3.3. Similarity Indices

The discovery of numerous extrasolar planets has re-
vealed a diverse array of stellar and planetary character-
istics, making systematic comparisons crucial for eval-
uating habitability and assessing the potential for life
beyond our solar system. For example, Sun-like stars
are more likely to host stable habitable environments
for their planetary systems due to the moderate na-
ture of their stellar activity (Loeb et al. 2016; Lingam
& Loeb 2017a,b; Haqq-Misra et al. 2018). Addition-
ally, the overall stellar environment of the solar system
(e.g., location in the galaxy, neighborhood stellar spec-
tral types, density and dispersion velocity) appears con-
ducive to the long-term maintenance of habitable con-
ditions (Jiménez-Torres et al. 2013; Spitoni et al. 2017;
Spinelli et al. 2021; Spinelli & Ghirlanda 2023) and may
serve as a valuable reference for comparison (Reylé et al.
2021; Reylé et al. 2022). Furthermore, since the Sun has
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Column Name Unit Description Example Value
Host_Star - Name of host star HD 165155
designation - Gaia DR3 identifier Gaia DR3 4050...
ra degrees Right ascension 271.49

dec degrees Declination -29.92
parallax mas Parallax 15.78
pm_ra mas/yr RA proper motion 76.89
pm_dec mas/yr Dec proper motion -1.57
radial_velocity kms™* Radial velocity 15.3
phot_g_mean_mag G-mag Photometric G-band magnitude 9.22
s_teff K Surface temperature of host star from NEA 5426
s_logg log(cms™2)  Surface gravity of host star from NEA 4.49

s_mul - Number of stars in the system 1
absolute_mag G-mag Absolute magnitude in G-band 5.21

S.S.I - Solar similarity index 0.97
Dispersion_Velocity_log log(kmsfl) Log of dispersion velocity of neighborhood stars 1.690
Dispersion_Velocity_log_std log(kmsfl) Uncertainty in log of dispersion velocity of neighborhood stars 0.003
Object_Den_log log(pcfS) Log of object density of neighborhood stars 0.388
Object_Den_log_std log(pcfS) Uncertainty in log of object density of neighborhood stars 0.003
Number - Number of neighborhood stars 10235
Number_std - Uncertainty in number of neighborhood stars 67

D_Teff K Dispersion in Teg for neighborhood stars 671
M_Teff K Median of Teg for neighborhood stars 3324
D_logg log(cms™*) Dispersion in log g for neighborhood stars 0.27
M_logg log(cms™*) Median of log g for neighborhood stars 4.81
D_Ab_Mag G-mag Dispersion in absolute mag of neighborhood stars 1.05
M_Ab_Mag G-mag Median of absolute mag of neighborhood stars 15.49
N.S.I - Neighborhood similarity index 0.527
NSI_std - Uncertainty in neighborhood similarity index 0.001

Table 1. Description of the content of the table of 84 HZS (with HD 165155 as an example). ‘Neighborhood stars’ refers to
the stars present within the 10 pc environment of the respective HZS. The entire table is available in machine-readable format.

played a crucial role in the evolution and maintenance
of life on Earth, assessing the similarity of other planet-
hosting stars to the Sun is of paramount importance.

The similarity index is a numerical metric used to
quantify the likeness or resemblance between objects
or systems sharing specific properties. This concept
has been previously applied to assess the resemblance
of known extrasolar planets to Earth by comparing
their mass, radius, and surface temperature (Cha 2007;
Schulze-Makuch et al. 2011). In this study, we employ
the concept of similarity index to assess the resemblance
and dissimilarity between 84 habitable systems and their
stellar environments. Specifically, we utilize two distinct
similarity indices:

1. Solar Similarity Index (SSI): This index allows
for a comparison of the properties of our Solar Sys-
tem with those of corresponding HZS.

2. Neighborhood Similarity Index (INSI): This
index facilitates a comparison of the properties of
stars in the 10 pc volume around Solar System and
the neighborhood stars of the HZS.

We define each similarity index as:

1~ (P~ P\’
SSI,NSI=1- n;(ﬂﬂj@) (4)

where P; refers to the value of the i-th stellar parameter
chosen for comparison while P is the corresponding
value for the Sun or the solar system and n denotes the
number of parameters considered.

To calculate the SSI using Equation (4) we selected
four parameters, namely, stellar multiplicity, effective
temperature, surface gravity and absolute magnitude.
Likewise, to calculate the NSI for each HZS, we chose
eight parameters for the ensemble of stars within the
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10 pc region. These parameters include the dispersion
velocity of stars (o0,,), the median and standard deviation
of temperature ((Teg) and or,), the median and stan-
dard deviation of absolute magnitude ((mag) and opqq),
the median and standard deviation of log g ({log ¢g) and
Olog g)» and finally the neighborhood star count.

The SSI was calculated directly from Equation (4) for
each HZ star, using stellar parameters taken from NEA.
For the NSI of a stellar environment, we used the boot-
strap method to generate 100,000 neighborhood configu-
rations. We then derived the NSI value from the median
of this sampling distribution and its associated uncer-
tainties from the standard deviation (see Appendix B).

The plot of NSI versus SSI in Figure 8 shows the com-
parison of different HZS with solar system and stars in
their respective 10 pc neighborhood. The HZS within
the blue circle represent a similarity greater than 0.75
while those with more than 0.50 similarity fall within
the orange circle. Overall, we note that NSI is > 0.75
for most HZS implying a high degree of similarity be-
tween the stellar environment of the Sun and the HZ
stars. Also, the HZS nearer to the solar neighborhood
tend to have a higher NSI due to the presence of a sim-
ilar population of stars. The differences however, tend
to grow with an increase in distance as evident from the
vertical color gradient seen in Figure 8. On the other
hand, SSI values have a larger spread primarily due to
the different spectral types of stars in the HZ sample.

More specifically, in Figure 8 we note that HD 40307,
a K2.5V dwarf star with Teff ~ 5000 K, located 13 pc
from the Sun and hosting a 7.1 Mg habitable zone
planet HD 40307¢g (Mayor et al. 2009; Tuomi et al. 2013;
Brasser et al. 2014), has the highest overall similarity in-
dex among the 84 HZS. This system has an NSI of 0.94
and SSI of 0.92 and 5 planets discovered in its system.
The NSI of Proxima Centauri is highest because its 10 pc
volume significantly overlaps with the stars in the 10 pc
neighborhood of the Sun. However, Proxima Centauri
is a red-dwarf star (Teff ~ 3000 K) which is cooler and
smaller than the Sun, and it is also part of a multiple
star system. These differences contribute to its low SSI
seen in Figure 8. Conversely, HD 165155 is a G-type HZ
star with a high SSI but low NSI. This is largely due
to its densely populated surrounding, containing nearly
10,000 stars, in stark contrast to 315 stars in the 10 pc
solar neighborhood.

Exoplanet demographic studies have shown that the
solar system is somewhat uncommon in terms of both
its planetary properties such as mass, radius, orbital
period, eccentricity and distribution in the system, as
well as the stellar properties of the Sun (Martin & Livio
2015; Winn & Fabrycky 2015; Zhu & Dong 2021). Many

studies have tried to find stars that closely resemble the
Sun particularly in terms of fundamental stellar param-
eters, activity, rotation rate and elemental abundances
(Ramirez et al. 2009; Datson et al. 2015; Mahdi et al.
2016). Our current treatment of the SSI is somewhat
simplistic. It is not intended to capture all the nuances
and subtleties required to establish or refute the unique-
ness of the Sun or the solar system among the known ex-
oplanetary systems. Settling this question — one way or
another — would require more data and improved charac-
terization of host stars, which future ground-based and
space missions will hopefully provide.
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Figure 9. Distribution of GAIA-detected neighborhood
stars and HZS. The source count is a function of spectral
type and distance from the Sun. Eighty four out of 146 HZS
studied in this work lie within a distance of 220 pc (marked
by a vertical dotted line) from the Sun.

4. COMPLETENESS OF GAIA DATA

Instrument sensitivities limit the detection of stars,
as well as the measurement of stellar properties and
the quantities derived from them (Fouesneau, M. et al.
2023). Therefore, an instrument is capable of detect-
ing and characterize only a certain fraction of the true
number of objects (the ground-truth) — this fraction is
called completeness. The completeness of detections and
the measurement /estimation of stellar astrophysical pa-
rameters (e.g., radial velocity, Tes, etc) in Gaia DRS,
depends on various factors which include source crowd-
ing in the field of observation and scanning law (number
of visits Gaia made to that patch of the sky) (Cantat-
Gaudin, Tristan et al. 2023). This affects the accuracy
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Figure 10. The 95% completeness map of the Gaia-scanned region in Galactic coordinates (I and b), generated using the
gaiaunlimited package (Cantat-Gaudin, Tristan et al. 2023). The color scale indicates the faintest G magnitude at which the
95% completeness threshold is achieved. Our sample of 84 HZS (green circles) has been overlaid on the map to visually depict

the completeness of their respective neighborhoods.

of our results outlined in the previous section. In the fol-
lowing subsections, we discuss the completeness of our
sample and its impact on threat assessment from stellar
encounters and the interpretation of similarity indices.

4.1. Detection Completeness

Stellar encounters heavily depend on the density of the
stellar neighborhood; the number of stars is one of the
parameters required to calculate the NSI. Gaia is sensi-
tive to detect objects with apparent magnitudes ranging
from G ~ 3 to G ~ 21 (Evans et al. 2018). Based on the
simplified assumption that the solar neighborhood is a
good representative of the demographics of stars within
~ 250 pc, we can conclude that bright stars constitute
a small fraction of the population whereas low-mass M-
dwarfs and ultra-cool dwarfs constitute majority of the
population (Reylé et al. 2021). Figure 9 shows the de-
mographics of the Gaia detected 10 pc sample of neigh-
borhood stars as a function of spectral types and dis-
tance from the Sun. At closer distances, the detection
of most stars is nearly complete. The detection sensitiv-
ity begins to decline as the distance increases; however,
this decline is faster for late spectral-type stars than
for early spectral-type stars. Although T5 dwarfs have
been detected in our sample up to 20 pc and the faintest
source detected at 240 pc is an M8 dwarf, this doesn’t
guarantee a complete detection of similar sources. A
single detection may be attributed to Gaia’s large num-
ber of visits to the corresponding patch of sky or to a
relatively darker background (Cantat-Gaudin, Tristan
et al. 2023). In reality, there might be many more M-

dwarfs and brown dwarfs in a given region than the few
detections suggest.

The completeness of Gaia DR3 was derived by
Cantat-Gaudin, Tristan et al. (2023) by comparing de-
tections of Gaia DR3 against that of DECaPS'? (Say-
djari et al. 2023). Gaia has a complex “scanning law”,
and its performance varies significantly between sparse
and densely populated regions of the sky. Therefore, the
number of useful visits, and hence the total integration
time of Gaia, is not the same throughout the sky. These
factors result in anisotropy of the median magnitude
of stars detected by Gaia in a particular patch of sky.
Cantat-Gaudin, Tristan et al. (2023) use the median
magnitude of stars!* (M) to account for the anisotropic
selection biases of Gaia while empirically modeling its
completeness. Figure 10 shows the sky distribution of
the faintest magnitude of stars in the Galactic reference
system, to which Gaia is at least 95% complete. This
map was generated using the gaiaunlimited package
developed by Cantat-Gaudin, Tristan et al. (2023). The
overlaid green points show the positions of 84 HZS that
we analyze. This figure provides a qualitative descrip-
tion of the sky distribution of the apparent magnitude
to which a particular HZS’s neighborhood (fixed M) is
95% complete.

13 Dark Energy Camera Plane Survey (DECaPS) was a ground-
based deep survey of the southern galactic plane.

14 Median magnitude of stars with useful visits (the Gaia parame-
ter, astrometric matched_transits) 2> 10, referred to in Cantat-
Gaudin, Tristan et al. (2023) as Mio. We refer to it as M here
for simplicity
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Figure 11. Gaia completeness of neighborhood stars as
a function of distance. Different colors represent different
spectral types. Each point corresponds to a HZ system.

DECaPS is a deep survey with a small footprint ( 6.5%
sky coverage). Also, it is not complete to the faintest
brown dwarfs and therefore, does not represent the
ground truth. Although it can provide a good reference
to estimate Gaia’s overall completeness, this method is
not entirely reliable for computing the true counts for
neighborhoods of individual HZS. We therefore, have
used a selection function'®; (see section 2.3 of Cantat-
Gaudin, Tristan et al. (2023)) to estimate the complete-
ness as a function of spectral type of stars in HZS neigh-
borhoods.

For a particular spectral type, (i.e., certain absolute
G magnitude) apparent magnitude increases with dis-
tance. For every HZ system, (different M: varying galac-
tic co-ordinates) we compute the completeness using the
selection function developed by Cantat-Gaudin, Tristan
et al. (2023). Figure 11 shows how the completeness
of neighborhood stars of different spectral types varies
with distance. Notably, the detection of all stars up to
the M-spectral type is nearly complete for HZS within
~80 pc from the Sun. The location of the farthest ex-
oplanetary system analyzed in our HZ sample, Kepler-
296, is marked by a vertical line drawn at 220 pc in Fig-
ure 11. We note that the stellar neighborhood of Kepler-
296 is almost complete for M5.5V type stars, ~ 70%
complete for M6V type, whereas ultra-cool dwarfs (later
than M6V types) have a significantly lower likelihood of
being detected.

4.2. Completeness of Astrophysical Parameters

15 Empirical model for Gaia completeness: a sigmoid function with

M and apparent magnitude as its parameters

The three main instruments onboard Gaia include
an astrometric instrument for precise stellar position
and parallax measurements, a broadband photometer
for measuring stellar brightness, and a radial velocity
spectrometer to determine the velocity of stars along
the line of sight. The radial velocity spectra (RVS) is
also used to estimate parameters like Tog and log g. The
photometric instrument provides the color information
along with apparent magnitude, Tog and logg. Recio-
Blanco et al. (2023); Creevey, O. L. et al. (2023) and
Fouesneau, M. et al. (2023) provide a detailed discus-
sion on Gaia’s estimates and accuracy of astrophysical
parameters. Generally, the stellar parameters obtained
using RVS are more accurate than those obtained using
photometry. Gaia uses three methods to estimate Teg
and log g: Generalized Stellar Parametrizer (GSP), Ex-
tended Stellar Parametrizer (ESP), and Multiple Star
Classifier (MSC). We obtained the stellar parameters
of neighborhood stars from Gaia by following the pri-
ority order (from highest to lowest): GSP-Spec, GSP-
Phot, ESP-HS, ESP-UCD, MSC-1, MSC-2'6. GSP-Spec
mainly operates on stars with G < 15, GSP-Phot on
G <19, MSCon G < 18.25, and ESP-HS and ESP-UCD
operate on hot stars and ultra-cool dwarfs, respectively
(Recio-Blanco et al. 2023; Creevey, O. L. et al. 2023;
Fouesneau, M. et al. 2023).

16 Spec: Spectroscopy, Phot: Photometry, HS: Hot Stars, UCD:

Ultra-cool Dwarfs
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Figure 12. Distribution of photometric mean G magnitude
for objects with available Teg, logg and radial velocity in
Gaia.

Figure 12 illustrates the completeness of various as-
trophysical parameters obtained from Gaia as a func-
tion of apparent G magnitude of stars. Notably, the
data for most parameters is complete up to G ~ 15. Be-
yond that the completeness differs for each parameter.
For example, the complete radial velocity data is only
available for stars with G < 15, whereas Tog and logg
data is available for the majority of stars detected up to
G < 17.5. These magnitude limits are further described
in Fouesneau, M. et al. (2023).

The foregoing discussions demonstrate that our 10 pc
neighborhood dataset is incomplete both in terms of
source detections and the availability of astrophysical
parameters from Gaia. This incompleteness directly im-
pacts the results presented in the section 3. For exam-
ple, a fraction of low-mass faint stars at larger distances
would remain undetected, leading to an underestima-
tion of stellar density in the 10 pc region. Consequently,
the estimated stellar encounter rates represent a lower
limit of the actual values. Likewise, the completeness of
astrophysical parameters is biased towards the brighter
stars. This indicates that the median values of stellar
parameters such as Teg, log g derived from their respec-
tive bootstrap distributions are overestimated, while the
neighborhood star count n, and absolute magnitude Mg
are underestimated. This introduces a completeness de-
pendent bias in the estimation of NSI. Although this
bias in NSI is minimized by restricting our analysis to

the 84 HZS closest to the Sun, it is not entirely elimi-
nated.

5. SUMMARY AND CONCLUSION

The quest to find habitable planets is a key area of
study in exoplanet research. More than 150 confirmed
detections of planets in the habitable zones of various
stars have been made. The origin and stability of hab-
itable conditions depend on the star-planet system’s lo-
cation in the Milky Way and are influenced by factors
such as high-energy radiation from supernovae, the pres-
ence of heavy elements, and the epoch of planet forma-
tion. High rates of catastrophic events in dense stellar
regions can hinder the long-term evolution and survival
of habitability. For a planet to remain habitable, it must
retain its atmosphere, be shielded from harmful radia-
tion, and maintain a stable orbit within its habitable
zone without being perturbed by other gravitational in-
fluences. The astrophysical impacts of stellar environ-
ment is a “low-probability, high-consequence” scenario
for the continuation of habitability of exoplanets. Even
a single disruptive event of this kind, though less likely,
could significantly impact the planet’s habitability.

In this study, we focused on the 10 pc neighborhood
around known HZ systems to investigate the potential
threats to their habitability from nearby stellar encoun-
ters and supernovae. To accomplish these goals, we an-
alyzed the astrometric, photometric, and spectroscopic
data of these environments using Gaia DR3 and Hip-
parcos. We used a bootstrap approach to construct the
10 pc neighborhoods of HZ systems, discussed the in-
fluence of stellar environments on habitability and high-
lighted the limitations due to incomplete Gaia data. We
also developed two metrics, the Solar Similarity Index
and the Neighborhood Similarity Index, to compare the
properties of the 10 pc environments of HZ systems with
the 10 pc environment of our solar system.

Out of the 84 HZS studied, 3 systems have a stellar
density of > 0.4pc™3. Among these, only one system,
HD 165155, has an encounter rate of > 1 in 5 Gyr pe-
riod, increasing the likelihood of perturbation of plan-
etary orbits during the star’s main sequence evolution.
We found a high-mass star (>8 Mg) within the 10 pc
neighborhoods of each of the two HZS, namely TOI-
1227 and HD 48265. These high-mass stars are potential
progenitors for supernova explosions. Energy released
from these stellar explosions can deposit a high fluence
of harmful radiations on distant planets (or their ex-
omoons), stripping off their ozone layer and rendering
them uninhabitable. Upon comparing the 10 pc solar
and stellar neighborhoods, we find that the stellar envi-
ronments of the majority of HZS exhibit a high degree of
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similarity (NSI> 0.75) to the solar neighborhood. Due
to the diverse spectral types of HZ planet-hosting stars,
when we compare them with the Sun, we get a wide
range of SSI values.

Finally, we discussed the possible limitations of this
study due to the incompleteness of Gaia data. We find
that our sample of different HZ system’s neighborhood
stars is complete to early M-type stars. Incomplete-
ness starts to plague our sample for ultra-cool dwarfs
(later than M6V) at ~ 220 pc. We also show that in-
struments onboard Gaia are biased to brighter stars,
Gaia DR3 completely catalogs all astrophysical param-
eters only till G < 15. Therefore, by volume-limiting
our sample to 84 HZS within 220 pc, we partially mit-
igated the uncertainties injected into our analysis due
to Gaia’s completeness bias. Because of Gaia incom-
pleteness, computed stellar encounter probabilities are
lower limits and comparison between solar system and
the exo-HZS is not accurate. However, our analysis pro-
vides a preliminary basis for characterizing the stellar
environments of exoplanetary systems and warrants the
need for more complete surveys.

From the habitability perspective, investigating the lo-
cal stellar environments of planet-hosting stars is an in-
teresting and challenging problem that will benefit from
more complete and accurate data. The forthcoming
Gaia Data Release 4 (DR4) promises enhanced com-
pleteness and precision in estimating the astrophysical
parameters of stars, which will improve our capability to

fully characterize the 10 pc neighborhood of HZ stars.
Additionally, future deep-sky surveys will further en-
hance our ability to investigate the stellar neighborhoods
of planet-hosting stars at greater distances.
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APPENDIX

A. FUNCTION TO OBTAIN 25 PC SAMPLES

from astroquery.gaia import Gaia as ga

def nearby25(par,dec,ra):
query = "SELECT * \

FROM gaiadr3.gaia_source as g\
JOIN gaiadr3.astrophysical_parameters AS ap ON g.source_id = ap.source_id\
WHERE SQRT(POWER((1000/g.parallax)*COS(RADIANS (g.dec))*COS(RADIANS(g.ra))
- 1000/"+str (par)+"*COS(RADIANS ("+str(dec)+"))*COS(RADIANS("+str(ra)+")),2) +
POWER((1000/g.parallax)*COS(RADIANS (g.dec))*SIN(RADIANS(g.ra))
- 1000/"+str (par)+"*COS (RADIANS("+str(dec)+"))*SIN(RADIANS("+str(ra)+")),2) +
POWER((1000/g.parallax)*SIN(RADIANS(g.dec))
- 1000/"+str(par)+"*SIN(RADIANS ("+str(dec)+")),2)) <= 25 AND g.parallax > 0"

r = ga.launch_job_async(query)
res = r.get_results()

return res

The above code defines a function nearby25 that queries the Gaia DRS3 archive to find stars within a 25 pc radius
of a habitable zone system based on its parallax (mas), ra and dec. The Gaia parallax (w) is converted to the
radial distance from the Sun by simple inversion r = 1/w. The query also joins data from two GAIA DRS3 tables:
gaia_source and astrophysical_parameters, based on a common source_id.

The code converts the spherical polar coordinates (r, 0, ¢) to Cartesian coordinates (x,y, z). It makes the following
assumptions to do so:

e The z-axis extends from the origin O through the vernal equinox along the equatorial plane. This axis aligns
with 0° RA.

e The y-axis, orthogonal to the z-axis within the equatorial plane, points towards 90° RA.
e The z-axis, is perpendicular to the equatorial plane.

To be consistency with spherical geometry, we define, = RA (angle made with x-axis) and # = 90 — Dec (angle
made with z-axis). These spherical polar coordinates (r, 6, ¢) are then converted to Cartesian coordinates (x,y, z) via
the following transformation:

x = rsinfcos ¢
y =rsinfsin¢ (A1)
z=rcosf

The distance between the HZ star (z,y,z) and a neighboring star (2’,4’,2’) in 10 pc region is calculated using:
d=+(z—2)2+y—y)2+ (2 —2)2 In summary, for each HZ system, the three input parameters — parallax,
declination and right ascension define its spatial location. Gaia DRS3 is queried for the spatial locations of stars
detected within 25 pc of the HZS using the nearby25 function which is defined above. This 25 pc volume of stars
around a HZ system is then used to construct the 10 pc neighborhood of stars using the bootstrapping algorithm as
explained in the Appendix B.

B. CONSTRUCTING THE 10 PC STELLAR NEIGHBORHOOD USING BOOTSTRAP METHOD

Bootstrapping is a resampling technique employed in statistics to estimate the sampling distribution of a quantity
by creating multiple simulated datasets from an original sample. This process involves randomly selecting data points
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Figure 13. Top left: The initial dataset of stars with measured parallaxes (w) and 1o errors projected on a 2D plane. The
blue symbols are stars residing within a 10 pc radius denoted by blue circle and red symbols are stars in 25 pc radius denoted

by red circle. Top right panel and bottom row: Three randomly drawn samples from the original distribution showing some of
the stars crossing the 10 pc boundary.

from the original dataset with replacement, constructing new samples of the same size as the original (Davison et al.
2003; Ramachandran & Tsokos 2021). To construct the 10 pc neighborhood of each HZS, we applied the bootstrap
method to Gaia-detected stars within their 25 pc volume. This algorithm is shown as a flowchart in Figure 14.
For visualizing how the algorithm resamples to construct new configurations of neighborhoods in each iteration, we
consider a hypothetical dataset of n neighborhood stars (original 25 pc data from Gaia) with known parallaxes and
parallax errors as shown in the upper left panel of Figure 13. The blue and red circles represent the 10 pc and the 25 pc
neighborhood boundary, respectively. We assume the measured parallax of each star j follows the Gaussian distribution
Nj(wj,0%j), where w;j is the mean parallax and o, is the standard deviation. In bootstrap, we randomly draw n
stars from the original sample {N;(w;, 0w, };;1 and select those for which » = 1/@w < 10 pc. Applying this cutoff
cause some stars originally outside the 10 pc boundary to move inside, while some stars initially within the boundary
to move beyond the 10 pc limit. This creates a new sample of 10 pc neighborhood. Three random realizations of
bootstrap process are illustrated in top-right panel and the bottom row of Figure 13. The likelihood of a star crossing
the 10 pc boundary strongly depends on the original parallax w and the associated parallax error o,. This means
that, for each random draw, stars near the 10 pc boundary in the original sample are more likely to move in and out
of the 10 pc region compared to stars significantly closer to or farther from the center. For each iteration we count
the number of stars in 10 pc region and also keep track of their astrophysical parameters. After 10° bootstrap runs we
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get a sampling distribution of each parameter. The median and standard deviation of these distributions are taken as
parameters of interest (e.g., dispersion velocity, number density, etc).

This is a quantitative way to statistically estimate the uncertainties introduced by parallax errors in constructing the
10 pc neighborhood of HZS. The bootstrapping algorithm described above provides us with the sampling distribution
of neighborhood astrophysical parameters used for our analysis. For example, the results for a system HD 165155 have
been shown in Figure 15. For more than 20000 realizations, the neighborhood is found to have 10200 stars, while on
none of the occasions do we find 10500 or more stars. The median and standard deviation have been obtained from these
sampling distributions for star count and astrophysical parameters such as (log g), (Tes), and (Absolute Magnitude).
We conclude from this analysis that HD 165155 has 10235 4 67 stars with a median Tog of 3324 4+ 28 K, median log
g of 4.81 + 0.01 and median absolute magnitude of 15.490 4+ 0.003. The astrophysical parameters of all 8 HZS and
their 10 pc neighborhood stars, estimated using bootstrap, are provided in the machine-readable table.

Gaia data of n stars in the
25 pc neighborhood of HZS

Draw random sample of n
stars from Normal distribution

{N(wj, 0, )}?:1

Select m stars with d < 10 to
construct a 10 pc neighborhood

Compute and store astrophys-
ical parameters for m stars

YES

i < 100,000

vo]

Analyze the sampling distribu-
tion of astrophysical parame-
ters of 10 pc regions around HZS

Figure 14. Schematic of the bootstrapping algorithm used for constructing a 10 pc neighborhood of HZ planet-hosting stars.

C. 10 PC NEIGHBORHOODS WITH HIGH DENSITIES

We have studied the 10 pc neighborhood of 84 HZS and identified three systems—-HD 165155, HD 159868, and
HD 188015-that stand out due to their unusually high star densities. HD 165155, located ~63 pc away, with ~10,000
stars in its 10 pc vicinity, has a local neighborhood star density 30 times larger than the Sun and the majority of
other HZS studied. HD 159868 and HD 188015, while showing lower densities, still contain ~3,400 and ~2,700 stars,
respectively, which is about 10 times greater than the local density of the Sun’s neighborhood. Given their positions at
or near the galactic plane, these high-density regions might initially seem unrealistic, raising the possibility of inclusion
of spurious sources or contamination of the sample by the background stars. Such artifacts can also arise from diffraction
spikes of bright stars, source confusion, faults in telescope behavior, or transiting solar system objects (Torra et al.
2021). We carefully analyzed these high-density regions to address the serious concern of sample contamination.
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Figure 15. Bootstrapped sampling distributions of neighborhood star count (top-left panel) and astrophysical parameters:
(log g) (top-right panel), (Tes) (bottom-left panel) and (Absolute Magnitude) (bottom-right panel) of the 10 pc environment of
HD 165155. Gray dotted lines represent the standard deviation and the black dashed lines represent the median.

We first confirmed that all three high-density HZS are indeed located near the galactic plane (see Figure 1), where
the background star density is particularly high. In addition to HD 165155, HD 159868, and HD 188015, there are
five other HZS located in the foreground of the high-density region of the galactic plane, though their 10 pc volume
does not differ significantly from that of the Sun. This dissimilarity implies that the neighborhood data compiled from
Gaia DR3 is highly accurate and reliable, even for HZS located near the galactic plane.

We also find that the distance between HD 165155 and HD 159868 is 16.5 pc, indicating that both systems are
embedded in a similar stellar environment. In contrast, HD 188015 is about 60 pc away from these systems and
roughly 50 pc from the Sun, which happens to be a relatively less dense environment.

Rybizki et al. (2022), developed a classifier for Gaia eDR3 sources to identify astrometric solutions as either good or
bad. They set the parallax over_error threshold >4.5 for high signal-to-noise ratio regimes. In our data ~99% of
the sources within the 10 pc neighborhood of these high-density regions fall in that regime. Moreover, their analysis
indicates that at a threshold of parallax over_error >10, the number of bad sources is <10%. This serves as a
strong constraint for good astrometric sources.

As an additional and independent test, we also employed Monte Carlo simulations to estimate the statistical likelihood
of observing high stellar density regions within the 100 pc solar neighborhood. To this end, a raw sample of ~ 570,000
stars was compiled by selecting all stellar sources with a Gaia-measured parallax of >10 mas. From this 100 pc sample,
we randomly selected points in RA [0,360], Dec [-90,90], and parallax [11.11,1000] mas, and for each point, we counted



22 TISYAGUPTA PYNE ET AL.

HD 165155

6000
2.
- HD 159868 L 5500
(ot |
o
) .
= F5000 3§
g‘ HD 1817204 0
o TOI-1227, %
= HD 188015 , - 4500 2
& —

[&]
3 L 4000 [—E
s 104 *
B
= x* . 3500
z ] * ol ¥
| * " TR R
w
3000
10! 102

Distance (pc)

Figure 16. The 25 pc neighborhood star count for 84 HZS and their distance from Sun. The colorbar represents the effective
temperature Teg (K) of HZ stars. The names of 5 HZS with highest star count are also labeled.
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Figure 17. Distribution of parallax_over_error for stars in 25 pc neighborhood around 6 HZS. The names of 3 HZS with the
highest star count in their 10 pc regions are indicated in the legend with red.
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the number of stars within its 10 pc neighborhood. This process was repeated one million times. We found that the
probability of obtaining >10,000 stars in 10 pc volume around random locations is 0.14% and that of obtaining >2000
is 1.7%. These results suggest that while the neighborhoods of the three HZS in question seem rare, occurrence of
dense regions of stars within 100 pc of Sun is not entirely improbable.

Finally, we plot the 25 pc neighborhood star count for the 84 HZS in Figure 16. Similar to the 10 pc region, the 25 pc
star count around HD 165155 remains highest (~77,000), followed by ~45,000 stars around HD 159868. However, the
15-fold increase in volume resulted in less than an 8-fold increase in star count, indicating a notable density drop in
going from 10 pc to 25 pc region. We would not expect such a drop if the background stars near the galactic plane
were contaminating the neighborhood sample.

Figure 17 represents the distribution of the parallax_over_error for sources within the 25 pc radius of 3 HZS that
have the highest population within their 10 pc radius and 3 HZS that have a lower population (<1000) in their 10 pc
neighborhood. This plot indicates that most environments have a majority of sources with high signal to noise ratio
(parallax_over_error>10) and hence have good astrometric solutions (Rybizki et al. 2022). The sharp decline on
the left slope also suggests the presence of a smaller number of high parallax error sources. A value >10 indicates that
the parallax error does not result in a distance error >10 pc for any source within 100 pc. The closer the object, the
lesser is the error in distance. In conclusion, although our neighborhood sample may not be entirely free from spurious
sources, the robust astrometric solutions from Gaia, combined with our bootstrap approach, provide a reliable method
for studying the neighborhood demographics of HZS.
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