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When exploring the potential for life in the Universe, a star system’s habitability depends on both its
internal structure, which sets up the building blocks for life, and its external environment, which allows
life to evolve and flourish. While most habitability research is focused on internal factors, such as the
Circumstellar Habitable Zone, our understanding of the external galactic hazards that could jeopardize
life is limited. The Galactic Habitable Zone (GHZ) is a relatively new concept that accounts for galactic
hazards such as radiation and gravitational perturbations. However, existing GHZ models are not
consistent with each other, most are based on either simulations or general trends, and none have fully
addressed the contribution of stellar kinematics. Thus, based on well-accepted constraints to habitable
galactic environments, this project formulates a model in terms of three probabilities: avoiding close
encounters with other stars that could perturb planetary orbits, avoiding close-range supernovae which
could wipe out all life, and sufficient stellar metallicity to form terrestrial planets. This model was applied
to stellar data from the Gaia satellite on over 6 million stars, including over 1,000 confirmed exoplanet
systems, by calculating each star’s path through the Milky Way and predicting its probability of
sustaining life at each point in space and time. This work predicts that there are habitable planets
located throughout the Galaxy and that most confirmed exoplanet systems have a hospitable external
environment that could sustain life, thus contributing to our understanding of the constraints on life in
the Milky Way.
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Introduction

Methods

Background about the search for life
From using the sky for navigation and time-keeping to sending
probes and telescopes into space, there is one question that has
always driven astronomers: Are we alone in the Universe?
When exploring the potential for life, a star system’s habitability
depends on both its internal structure, which sets up the building
blocks for life, and its external environment, which allows life
to evolve and flourish. While most habitability research is
focused on the internal factors, such as observing planetary
orbits, there is still much work to be done to understand the
external galactic hazards that could jeopardize life.

Milky Way Gravitational Potential & Orbit Integration
Each star’s 3-dimensional orbit over the last one billion years was determined using
its current position and velocity and the Milky Way’s gravitational potential, defined
as the sum of four parts representing the bulge, the disk, the dark matter halo, and the
spiral arms (see Figure 2). The orbits were calculated backwards in time using the
orbit integration function from the Python galpy package with a time resolution of
one million years (Robitaille et al., 2013; Bovy, 2014).

Gravitational perturbations
Using dynamical simulations
from Jiménez-Torres et al.
(2013), the expected rate of
encounters per Gyr was
calculated based on the regular
matter stellar density. Then, the
probability of avoiding any
stellar encounters was
determined using the Poisson
distribution.

TABLE 1. Comparison of selected GHZ models [Based on Gowanlock & Morrison
(2018)’s review].

Model

GHZ

Gonzalez et al. (2001)

Stellar density, star formation,
metallicity

Thin disk near the Sun

Lineweaver et al. (2004)

Stellar density, star formation,
supernovae, metallicity

7-9 kpc

Spitoni et al. (2014)

Stellar density, star formation,
supernovae, metallicity

Narrow ring around 8 kpc

Forgan et al. (2017)

N-body simulation of
kinematics, supernovae

2-13 kpc

FIGURE 2. Density
of the Milky Way
based on its calculated
gravitational potential.

GHZ Model
For each star at each point in space and time, the probabilities of avoiding gravitational perturbations, avoiding lethal supernovae,
and forming and maintaining a terrestrial planet were calculated and then integrated to find the probabilities per 4 Gyr. Then, the
overall probability of sustaining life over four billion years was calculated by multiplying the three probabilities together.

The Galactic Habitable Zone
The Galactic Habitable Zone (GHZ) is a relatively new concept
that investigates what regions of the Milky Way would be most
suitable for life based on factors such as metallicity, radiation,
and kinematics. However, current models for the GHZ have
several important limitations, such as being based on either
simulations or general trends, being inconsistent with each
other, not having been tested with large samples of stellar data,
and neglecting stellar kinematics (see Table 1).
Source

Discussion

Lethal supernovae
Using a kill-radius of 3.8 parsecs based on a
90% depletion of the ozone layer (Gehrels et
al., 2003; Sloan et al., 2017), the expected rate
of supernovae in the kill-zone per Gyr was
calculated based on the disk and spiral arms’
stellar density and the overall supernova rate
of 4.6 × 107 per Gyr (Adams et al., 2013).
Then, the probability of avoiding any lethal
supernovae was determined using the Poisson
distribution.

Metallicity
The probability of the formation of a
terrestrial planet based on stellar Fe/H
metallicity was modeled with a
constant probability for a star with a
metallicity of -0.60 to 0.40, a lower
cutoff at -1.00 due to insufficient
metallicity, and an upper cutoff of 0.80
due to the production of hot Jupiters
(Buchhave et al, 2012; Lineweaver et
al., 2004).

Results
a)

b)

This work develops a GHZ model addressing several of these
limitations by incorporating observed stellar kinematics with
well-accepted constraints on habitable galactic environments
(Gowanlock & Morrison, 2018):
▪ the probability of having zero close encounters with other
stars that would gravitationally perturb planetary orbits
▪ the probability of avoiding close-range supernovae which
could wipe out all life
▪ the probability for a star to form terrestrial planets

c)

FIGURE 3. The fraction of stars at
different probabilities for a)
avoiding gravitational encounters,
b) avoiding lethal supernovae, and
c) having sufficient stellar
metallicity for the formation of
terrestrial planets as a function of
radius from the galactic center
[solid lines = probabilities, dashed
yellow line = probability for the
Sun; dashed black line = expected
probability of habitability at each
radius].

Data
This project applies the model outlined above to a large sample
of stellar data distributed throughout the Galaxy (see Figure 1):
▪ The Gaia Early Data Release 3 data (Gaia Collaboration et
al., 2020; Anders et al., 2019) is a survey of over a billion
stars and their astrometric, photometric, and spectroscopic
characteristics. Positions and velocities were available for
6,174,359 stars.
▪ The NASA Confirmed Exoplanet Archive (NASA
Exoplanet Science Institute, 2021) contains the physical and
orbital parameters for every confirmed exoplanet and its
corresponding host star. Positions and velocities were
available for 1,471 star systems.

FIGURE 1. An artist’s rendition of the Gaia satellite on the left [Credit: ESA/ATG
medialab, ESO/S. Brunier] and a conceptual image of TESS on the right [Credit: MIT].

FIGURE 4. The fraction of stars at different overall probabilities of
habitability as a function of radius from the galactic center [solid lines =
probabilities, dashed yellow line = probability for the Sun; dashed black line
= expected probability of habitability at each radius].

FIGURE 5. A scatterplot of exoplanet systems’ overall probability of
habitability as a function of stellar metallicity [gray = exoplanets; green =
Super-Earth planets; blue = Earth-like planets; yellow = Sun].

Comparison to Previous Work
These results are not consistent with models that predict the
GHZ as a small ring (Lineweaver et al., 2004; Spitoni et al.,
2014), and are more consistent with wider models (Forgan et al.,
2017). Additionally, this model predicts a probability
distribution, rather than a strict cutoff.
Limitations
▪ There is uncertainty in the geometry of the Milky Way, which
also affects the Milky Way’s gravitational potential. For
example the size of bulge, the length of bar, and the exact
locations of spiral arms / star clusters are not precisely known.
Furthermore, the orbits of some stars may not be accurate due
to previous perturbations that this analysis is unable to
consider.
▪ More broadly, the main limiting factor in defining a
potentially habitable system is the sample size of known
habitable systems being equal to one, the Solar System.
▪ Finally, there are many unknown parameters that were
approximated using previous research, such as the exact
relationship between the probability of an encounter and
stellar density, the kill-zone of a supernova, and the stellar
metallicity cutoffs for terrestrial planet formation.

Conclusion
Thus, by using the largest stellar dataset to date to predict the
impact of kinematics, dynamics, and metallicity on a star
system’s habitability, this work predicts that there is the
potential for life-sustaining star systems throughout most of the
Milky Way. Additionally, many of the exoplanets we have
discovered may have a hospitable external environment that
could support life. Moreover, the Sun is fairly typical compared
to other stars that are the same distance from the galactic center,
and this work predicts that our region of the Milky Way is not
even the most hospitable for life. Overall, defining the lifethreatening risks external to planetary systems and outlining the
kinematic contributions to habitability are essential to our
understanding of the potential for life in the Milky Way.
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Discussion
Encounters:

Data extraction and selection:
The Gaia Early Data Release 3 data is a survey of over a billion stars and their astronometrical, photometrical, and
spectroscopic characteristics with the goal of making the largest, most precise three-dimensional map of our Galaxy (Gaia
Collaboration et al., 2020). From the Gaia@AIP database, all stars with non-null radial velocities, proper motion right
ascensions, and proper motion declinations were downloaded, resulting in 7,180,466 stars (see query below).
SELECT g.source_id, g.ra, g.ra_error, g.dec, g.dec_error, g.parallax, g.parallax_error, g.pmra, g.pmra_error, g.pmdec, g.pmdec_error, g.dr2_radial_velocity,
g.dr2_radial_velocity_error FROM gaiaedr3.gaia_source AS g WHERE g.dr2_radial_velocity IS NOT NULL AND g.pmra IS NOT NULL AND g.pmdec IS NOT NULL

Then, the Starhorse database, which combines data from Gaia Data Release 2 with other photometric catalogs (PanSTARRS1,
2MASS, and AllWISE) to derive more accurate distance and photometry estimates, was downloaded from the Gaia@AIP
database (Anders et al., 2019; Gaia Collaboration et al., 2018a). All stars with non-null radial velocities and proper motions that
passed quality checks set by Anders et al. (2019) concerning unreliable and imprecise data were downloaded, resulting in
6,350,087 stars (see query below).

The number of encounters a star will experience depends on the stellar density of the region it is located in. Since density is the
Laplacian of the gravitational potential, the potential due to the regular matter components -- the bulge, disk, and spiral arms -was used to estimate the stellar density in different regions of the Milky Way, assuming an average stellar mass of one solar
mass.
Using dynamical simulations from Jiménez-Torres et al. (2013), the expected rate of encounters per Gyr (𝜔𝑒𝑛𝑐 ) based on the
regular matter density (𝜌𝑟𝑒𝑔 𝑚𝑎𝑡𝑡𝑒𝑟 [𝑚𝑠𝑜𝑙 /𝑝𝑐 3 ]) at a certain position (𝑣(𝑟))
Ԧ
was found to equal the following:
𝜔𝑒𝑛𝑐 𝑣Ԧ 𝑟

For each star, this value was calculated at each time step from the stellar density at that point, averaged over its one billion year
orbit, and multiplied by four to find the average rate of encounters over 4 Gyr (𝜆𝑒𝑛𝑐 ).
Given a certain rate of encounters (𝜆), the probability of k events happening can be calculated using a Poisson distribution,
where the probability mass function is defined as the following:

SELECT s.*, g.ra, g.ra_error, g.dec, g.dec_error, g.parallax, g.parallax_error, g.pmra, g.pmra_error, g.pmdec, g.pmdec_error, g.radial_velocity, g.radial_velocity_error, g.l, g.b
FROM gdr2.gaia_source AS g, gdr2_contrib.starhorse AS s WHERE g.source_id = s.source_id AND s.SH_OUTFLAG LIKE '00000' AND s.SH_GAIAFLAG LIKE '000' AND
g.radial_velocity IS NOT NULL AND g.pmra IS NOT NULL AND g.pmdec IS NOT NULL

The two databases were combined using the unique source ID assigned to each star, taking the more precise distances and
metallicities from the Starhorse database and the updated right ascensions, declinations, proper motions, and radial velocities
from the Gaia EDR3 data, resulting in 6,174,359 stars.
The NASA Confirmed Exoplanet Archive contains the physical and orbital parameters for every confirmed exoplanet and its
corresponding host star (NASA Exoplanet Science Institute, 2021). All confirmed exoplanets systems with host stars who have
non-null distances, proper motions, radial velocities, and metallicity were downloaded from the public database, resulting in
1,444 star systems. The columns downloaded were the host name (pl_hostname), planet name (pl_name), Gaia distance
(gaia_dist), Gaia proper motion right ascension (gaia_pmra), Gaia proper motion declination (gaia_pmdec), radial velocity
(st_radv), and stellar metallicity (st_metfe).

𝑃 𝑘, 𝜆𝑒𝑛𝑐

The positions, heliocentric distances, proper motions, and radial velocities for all the selected stars from Gaia Collaboration et
al. (2020) and NASA Exoplanet Science Institute (2021) were converted from International Celestial Reference System (ICRS)
coordinates to Galactocentric Cartesian coordinate positions and velocities (𝑥, 𝑦, 𝑧, 𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧 ) through the astropy coordinates
function (Robitaille et al., 2013). The values used for the solar radius [𝑅0 = 8.34 kpc], circular velocity at the solar radius [𝑣𝑠𝑢𝑛 =
240 km/s], and peculiar velocity of the Sun with respect to the Local Standard of Rest (LSR) [(𝑈0 , 𝑉0 , 𝑊0 ) = (11.1, 12.24, 7.5)
km/s] were the same as those used by Gaia Collaboration et al. (2018b) and are essential for setting up the Galactocentric
reference frame.

Milky Way Potential:
The Milky Way’s gravitational potential was defined the sum of four parts: the Power Spherical Potential, representing the
bulge (Binney & Tremaine, 2008), the Miyamoto Nagai Potential, representing the disk (Miyamoto & Nagai, 1975), the NFW
Potential, representing the dark matter halo (Navarro et al., 1997), and the Spiral arms potential, representing the spiral arms
(Cox & Gomez, 2002).
The first three potentials used the same parameters calculated by Bovy (2014) to fit the Milky Way. For spiral arms potential
parameters, the number of spiral arms (N = 4), pitch angle (𝜃0 = 13 deg), reference radius (𝑟𝑟𝑒𝑓 = 10.5), reference angle (𝜃𝑟𝑒𝑓 =
0), and rotation speed [𝑏 = 20 km / kpc s] were the same as those mapped by Vallée (2017).

Tracking Stellar Orbits:
For each star in both Gaia Collaboration et al. (2020) and NASA Exoplanet Science Institute (2021), the 3-dimensional orbit
over the last one billion years was determined using the Milky Way’s gravitational potential (determined above) and the star’s
current position and velocity. The orbits were calculated backwards in time using the orbit integration function from the Python
galpy package with a time resolution of one million years (Robitaille et al., 2013; Bovy, 2014).

𝜆𝑒𝑛𝑐 𝑘 𝑒 −𝜆𝑒𝑛𝑐
=
𝑘!

Thus, since even one encounter can render a world uninhabitable, the probability for each star of having no encounters (𝑘 = 0)
over four billion years given their average rate of encounters (𝜆𝑒𝑛𝑐 ) was calculated using the following equation:
𝑃 0 = 𝑒 −𝜆𝑒𝑛𝑐

Supernovae:
The number of supernovae that a star will experience depends on the density of young, luminous, massive stars in the region it
is located in. Similar to the encounters, the potential due to these components -- the disk and the spiral arms -- was used to
estimate the stellar density in different regions of the Milky Way (𝜌𝑠𝑛𝑒 𝑣Ԧ 𝑟 ).
The kill radius (𝑟𝑠𝑛𝑒 ), or the maximum distance a supernova could be without instantly killing all life on a planet, was set to 3.8
parsecs based on 90% depletion of the ozone layer (Gehrels et al., 2003; Sloan et al., 2017). Thus, the mass of the region around
a star that could contain a lethal supernova (𝑚𝑠𝑛𝑒 ) can be calculated using the following equation:
𝑚𝑠𝑛𝑒 𝑣Ԧ 𝑟

Data manipulation:

= 𝜌𝑟𝑒𝑔 𝑚𝑎𝑡𝑡𝑒𝑟 𝑣Ԧ 𝑟

0.2
∙ ( 0.25 )
10

4
= ( 𝜋 𝑟𝑠𝑛𝑒 3 ) ∙ 𝜌𝑠𝑛𝑒 𝑣Ԧ 𝑟
3

The overall galactic supernova rate was set to 4.6 × 107 supernovae per Gyr (Adams et al., 2013) and the total mass of the
matter in the disk and spiral arms (𝑚𝑡𝑜𝑡 ) was determined from their gravitational potential. Then, the expected rate of
supernovae in the kill-zone per Gyr was calculated using the following:
𝜔𝑠𝑛𝑒 𝑣Ԧ 𝑟

𝑚𝑠𝑛𝑒 (𝑣Ԧ 𝑟 )
= (4.6 × 10 ) ∙
𝑚𝑡𝑜𝑡
7

For each star, this value was calculated at each time step from the stellar density at that point, averaged over its one billion year
orbit, and multiplied by four to find the average rate of encounters over 4 Gyr (𝜆𝑠𝑛𝑒 ).
Similar to the encounters, the probability of having no supernovae occur over four billion years given the average rate of a
supernovae in the kill-zone (𝜆𝑠𝑛𝑒 ) was calculated using the following equation:
𝑃 0 = 𝑒 −𝜆𝑠𝑛𝑒

Metallicity:
The probability that a terrestrial planet will form depends on the stellar metallicity [Fe/H] of the host star. Recent studies
suggest that there is an equal chance of a terrestrial planet being formed for a star with 0.25 to 2.5 the sun’s metallicity (or -0.60
to 0.40 on a logarithmic scale) and the cut-off for the formation of a terrestrial planet is 0.1 of the sun’s metallicity (or -1 on a
logarithmic scale) (Buchhave et al, 2012; Johnson & Li, 2012). Additionally, high metallicities can result in the preferential
production of hot Jupiters that can perturb terrestrial planet orbits (Lineweaver et al., 2004).Thus, the following crude model
was created to determine the probability of a terrestrial planet forming given the logarithmic stellar metallicity [Fe/H]. From -1
to -0.60, the probability rises linearly from 0 to 1; from -0.6 to 0.4, the probability is constant at 1; and from 0.4 to 0.8, the
probability decreases linearly from 1 to 0. This model was applied to each star to find the probability of forming and
maintaining a terrestrial planet, P(terrestrial planet).
Finally, all three probabilities -- the probability of zero encounters, the probability of zero supernovae in the kill-zone, and the
probability of forming and maintaining a terrestrial planet -- were multiplied to find the overall probability of sustaining life
over four billion years given these external factors.
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