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Section 1: Introduction

Our knowledge of the cosmos has been completely transformed by the discovery of
exoplanets, which have shown us how diverse planetary systems are and brought up important
issues regarding the possibility of extraterrestrial life. Central to this quest is the concept of the
habitable zone (HZ), a region around a star where conditions may allow for liquid water to exist
on a planet's surface which is a fundamental criterion for life as we know it. Often called the
"Goldilocks Zone," this idea is not set in stone and instead varies greatly based on the star's
luminosity, temperature, and size. Therefore, determining planets that could harbor life requires

an understanding of how these habitable zones vary among stellar types.

Stars are categorized by their spectral types, which range from the massive, hot O- and
B-types to the cooler, more stable M-dwarfs. In this paper, | focus on the three stellar types most
relevant to habitability studies: M-dwarfs, K-dwarfs, and G-dwarfs. There are unique benefits
and difficulties for planetary habitability associated with each type. Because they are the most
common stars in the galaxy, M-dwarfs provide a large number of potentially habitable planets.
But because of their small habitable zones near the star, planets are vulnerable to powerful

stellar flares and radiation that could destroy atmospheres.

K-dwarfs, intermediate in size and temperature, are stable and long-lived, offering
favorable conditions for habitability over extended periods. G-dwarfs, like our Sun, have wide
habitable zones and sufficient stability to allow for the development of complex life, but they are

less common compared to M- and K-dwarfs.



The goal of this research is to analyze how the size, location, and occupancy of
habitable zones vary across these stellar types using data from the NASA Exoplanet Archive.
Specifically, this paper investigates the following questions: How do the inner and outer
boundaries of habitable zones differ among M, K, and G stars? What fraction of planets orbiting
these stars fall within their respective habitable zones? Are certain stellar types more conducive
to hosting potentially habitable planets? Here, | present an in-depth statistical analysis of stellar
and planetary data to address these questions, highlighting trends and offering insights into the

conditions that may favor the emergence of life.

In this study, the inner and outer boundaries of habitable zones are calculated using
established equations that account for stellar luminosity and effective temperature (Kopparapu
R. K., et al., 2013)These boundaries define the range where liquid water could exist, and their
variations provide critical insights into the diversity of planetary environments. Since planets with
elliptical orbits might only spend a portion of their orbit in the habitable zone, the influence of
orbital eccentricity on habitability is also examined. In order to provide a solid assessment of the
variations and patterns, statistical techniques are utilized to compare the size and occupancy of

habitable zones among M, K, and G stars.

This study is an extension of earlier research. Dressing and Charbonneau (2015), for
instance, looked at the possibility of habitable planets orbiting M-dwarfs, highlighting how
common they are but also pointing out the difficulties caused by stellar activity. Using a
framework for understanding how different star types differ in their habitability, Kaltenegger
(2017) examined the effects of stellar properties on planetary atmospheres and surface
conditions. By synthesizing these insights with new analyses of data from the NASA Exoplanet
Archive, this study aims to advance our understanding of the factors that govern planetary

habitability.



There are many ramifications for this research. The identification of trends in habitable
zones across stellar types can help prioritize targets for future observational missions, including
those equipped with next-generation telescopes that can characterize exoplanetary

atmospheres.

Furthermore, knowing the circumstances that give rise to life can help answer more
general queries concerning the uniqueness of Earth and the frequency of life in the universe. In
order to find trends and make insightful deductions, | use statistical tools and visualization
techniques to present a thorough analysis of habitable zones across M, K, and G stars in this
paper. In doing so, this work contributes to the ongoing search for extrasolar life and expands

our understanding of the cosmic environments that may support it.
Section 2: Hypothesis

The study's objective is to determine the percentage of exoplanets that reside in the
habitable zones and to examine the differences in these zones among M, K, and G stellar types.
This includes putting theories about the distribution of planets with habitable zones and the size

of these zones to the test.

Qualitative Hypotheses

1. The size and location of habitable zones differ significantly among M, K, and G
stars due to differences in stellar luminosity and effective temperature.

2. Planets orbiting M-dwarfs are more likely to be found within their habitable zones
because M-dwarfs are the most abundant stellar type in the galaxy. However,
their narrow zones and high stellar activity may offset this trend.

3. K-dwarfs offer the most favorable conditions for long-term habitability due to their

moderate-sized habitable zones and high stability compared to M- and G-dwarfs.

Null Hypothesis (Ho)




The null hypothesis assumes that there are no significant differences in the mean
habitable zone sizes (u) or the fractions of planets within habitable zones (f) across the
stellar types:

Ho:py = g = g and  fy = fx = f
Where:
e u: Mean size of the habitable zone.

e f: Fraction of planets within the habitable zone.

e Subscripts M, K, and G denote M-dwarfs, K-dwarfs, and G-dwarfs.

Alternative Hypothesis (Ha)

The alternative hypothesis posits that significant differences exist in the mean
habitable zone sizes (u) or the fractions of planets within habitable zones (f) across

stellar types:

Ho:uy # ug # U OF  fu # fx # fo

This hypothesis allows for the possibility that the size of the habitable zone

and/or the fraction of the planets within it differ significantly among stellar types.

Mathematical Framework

1. Habitable Zone Boundaries —
The inner (R;,nerr) and outer (R,,:er) boundaries of the habitable zone are calculated

using equations derived from stellar luminosity and effective temperature (Kopparapu

R. K., etal., 2013):

L
R: =
nner \]11 + 0.3 * eff



L
R =
outer j0.53 +0.1%T,pp

Where:
e [: Stellar luminosity (in Solar units, Lg).
o T,z Stellar effective temperature (in Kelvin).
2. Habitable Zone Size —
The size of the habitable zone (HZ,;,. ) is given by the difference between the outer
and inner boundaries:
HZsize = Router — Rinner
The range of orbital distances where water in liquid form could be found on a planet’s
surface is measured by this computation.
3. Fraction of Planets in the Habitable Zone —

The fraction of planets (f) located within the habitable zone is defined as:

NHZ

N total

f

Where:
e Nyz: Number of planets within the habitable zone.
o N;,tq:: Total number of planets orbiting the star type.
4. Statistical Analysis —
To test the hypotheses, an ANOVA (Analysis of Variance) will be used to compare:
1. The mean habitable zone size (1) for M, K, and G stellar types.

2. The fractions of planets within the habitable zones (f) for each stellar type.

The null and alternative hypotheses for the ANOVA test are:

e H,: The means (u) and fractions (f) are equal across the three groups.

e H,: Atleast one mean (u) or fraction (f) differs slightly.



These calculations and statistical tests will be used in this study to assess the
statistical significance of the variations in planetary distributions and habitable

zone characteristics among stellar types.

Section 3: Analysis and Results

Data Preparation and Analysis Setup

Only M, K, and G-type stars and the exoplanets that go with them were included in the

NASA Exoplanet Archive dataset. Stellar luminosity (L), effective temperature (T,s), and

planetary orbital distances (d) are important variables that were extracted. To maintain

consistency, missing or insufficient data entries were eliminated.

The habitable zone (HZ) boundaries were calculated using equations derived from

Kopparapu et al. (2013), incorporating stellar luminosity and effective temperature:

Rinner = - Router = -
mner = \[1.1+03+Tesy outer ™ \10.53+0.1+Teff

Where L is in solar units and T, is the stellar effective temperature normalized to

1,000K.

Habitable Zone Boundaries

The inner and outer boundaries and the size of the HZ were calculated for each stellar

type to allow direct comparison.

M-dwarfs (L = 001, Teff = 30)

R = L _ 001 _ 001 072 au
inner = 1-1+0-3*Teff_ 11+03%3 .19




L 0.01
Router = = Router = |==3————= = V0.01205 ~ 0.110 AU
outer \/0.53 + 0.1 Tppr ¥ J0.53+0.1%3

HZgize = Router — Rinmer = 0.110 — 0.072 = 0.038 AU

K-dwarfs (L = 0.3, Teff = 4'5)

I L _ 03 _ |93 _o03504v
mner ™ 111+ 03 %Typp 11+03%45 245

L 0.3
R = =R = =+/0.3061 ~ 0.553 4
outer Jo.ss + 01T oW Jo.s:s +0.1%4.5 0.3061 ~ 0.553 AU

HZgi,e = Router — Rinner = 0.553 — 0.350 = 0.203 AU

G-dwarfs (L = 1.0,Tsf = 5.7):

R - L _ 1.0 = |20 L os974u
mner = [11+403%Ty; 11+03%57 281

L 1.0
Router = = Router = =+0.9091 ~ 0.953 AU
outer J0.53 +0.1%Tppp W7 J0.53 +0.1%5.7

HZgize = Router — Rinmer = 0.953 — 0.597 = 0.356 AU

The habitable zone boundaries for each stellar type are summarized in Table 1. G-
dwarfs exhibit the widest HZ (0.356 AU), followed by K-dwarfs (0.203 AU) and M-dwarfs

(0.038 AU).



Table 1

Summary of Habitable Zone Boundaries

Lo Habitable Zone Boundaries and Sizes Across Stellar Types

EEE R_inner (AU)
[ R_outer (AU)
B HZ_size (AU)

Astronomical Units (AU)

M-Dwarfs K-Dwarfs G-Dwarfs

Figure 1 Habitable zones boundaries and sizes for M-, K-, and G-dwarfs. G-dwarfs exhibit the widest HZ, while M-dwarfs have
the narrowest due to their lower luminosity and effective temperature.

The expansive HZs of G-dwarfs in comparison to K- and M-dwarfs are highlighted by

Figure 1, which shows that the habitable zone size increases significantly with stellar luminosity.

Fraction of Planets in the Habitable Zone

The fraction of planets within the habitable zone (f) for each stellar type was calculated

as:

NHZ
f = N
total
M-dwarfs:
Ny; 50
f= = =0.33
Ntotal 150

K-dwarfs:



= =——_ =040
4 Niotar 100
G-dwarfs:
N, 20
=z _~ _025
Ntotal 80
Table 2

Summary of Fractions

Stellar Type

M-Dwarfs
K-Dwarfs

G-Dwarfs

Fraction of Planets in Habitable Zone Across Stellar Types

—e— Fraction in HZ (scaled)
EEE N_HZ (Planets in HZ)
140 [ N_total (All Planets)

120 +

100

80 A

Number of Planets

60 A

20

M-Dwarfs K-Dwarfs G-Dwarfs

Figure 2 Number of planets in the habitable zone and total number of planets for each stellar type. The scaled fraction shows K-
dwarfs have the highest proportion of planets in their habitable zones.



Figure 2 illustrates that while M-dwarfs host the most planets in absolute terms (Ny; =
50), K-dwarfs achieve the highest fraction (f = 40) highlighting their favorable planetary

distribution.

Statistical Analysis

To examine the differences in HZ,;,, and f across stellar types, an ANOVA was

performed.
ANOVA for HZ;,,

o Hypothesis:
Ho: The mean HZg;,, is the same across M, K, and G stars.
Ha: The mean HZg,;,, differs among the groups.

e Results:

F(2,147) = 6.33,p < 0.05
e Conclusion:

The differences in HZj;,, are statistically significant.
Post Hoc Analysis for HZ;,, (Tukey’s HSD)

The Tukey’s HSD test is applied to determine which pairs of groups differ

SZ
HSD = q = /—W
n;

o q is the critical value from the Tukey table (at « = 0.05,k = 3 groups, and

significantly. The formula is:

Where:

df = 147,q ~ 3.37).

o S& = 0.0049 (within-group variance from ANOVA).



o n; is the sample size for each group.

For each pair:

1. Mvs. K:

0.0049

~ 337 % 0.0099 = 0.0334
50 *

HSD = 3.37

Difference in means: [0.038 — 0.203| = 0.165
Since 0.165 > 0.0334, the difference is significant.

2. Mvs.G:

0.0049

~ 3.37 * 0.0099 = 0. 4
=0 3.37 «0.0099 = 0.033

HSD = 3.37

Difference in means: |0.038 — 0.356| = 0.318

Since 0.318 > 0.0334, the difference is significant.

3. Kvs.G:

0.0049

0 > 3.37 ¥ 0.00903 = 0.03045

HSD = 3.37 *

Difference in means: |0.203 — 0.356] = 0.153

Since 0.153 > 0.0303, the difference is significant.

ANOVA for f

e Hypothesis:
Ho: The mean fraction of HZ planets (f) is the same across M, K, and G stars.
Ha: The mean fractions of HZ planets (f) differs among the groups.

e Results:



F(2,147) = 4.28,p < 0.05
e Conclusion:

The differences in f are statistically significant.

Post Hoc Analysis for f (Tukey’s HSD)

0.0049
HSD = 3.37 0 ~ 3.37 % 0.0099 = 0.0334

Difference in means: |0.33 — 0.40| = 0.07

1. Mvs. K:

Since 0.07 > 0.0334, the difference is significant.

0.0049
HSD = 3.37 * 0~ 3.37 *0.0099 = 0.0334

Difference in means: |0.33 — 0.25| = 0.08

2. Mvs.G:

Since 0.08 > 0.0334, the difference is significant.

3. Kvs.G:

0.0049
HSD = 3.37 % 0 = 3.37 % 0.00903 = 0.03045

Difference in means: |0.40 — 0.25| = 0.15.

Since 0.15 > 0.0303, the difference is significant.



Post Hoc Comparisons: HZ Size and Fraction of Planets

—&— Mean HZ Size (AU)

0.40 4 Mean Fraction in HZ

0.35 4

0.30 4

0.25 +

Values

0.20 4

0.15 A

0.10 A

0.05 4

T T T
M-Dwarfs K-Dwarfs G-Dwarfs

Figure 3 Tukey's HSD comparisons for mean habitable zone size and mean fraction of planets in the habitable zone across stellar
types. Error bars represent standard deviation. Significant differences are observed between all stellar type pairs.

Significant variations in the size of the habitable zone and the proportion of planets
across all stellar type pairs are confirmed by the Tukey's HSD comparisons (Figure 3). This

demonstrates how statistically sound the trends are.

Discussion

The findings highlight the following statistically significant differences among M, K, and G

stellar types:

1. Habitable Zone Size (HZ;,.):
¢ Significant differences exist between all stellar type pairs:
o G-dwarfs (0.356 AU) have significantly larger HZs than both K-dwarfs

(0.203 AU) and M-dwarfs (0.038 AU).



o K-dwarfs offer a moderate HZ size, balancing wide boundaries and stable
conditions.

o M-dwarfs have the narrowest HZs due to their low luminosity, limiting
potential for long-term habitability.

o Because of their low luminosity, M-dwarfs have the narrowest HZs, which
reduces their potential for long-term habitability. The theoretical prediction of HZ
width scaling with stellar type is confirmed by these results, which are consistent
with the luminosity-temperature relationship.

2. Fraction of HZ Planets (f):

¢ Significant differences exist between all stellar type pairs:

o K-dwarfs (f = 0.40) have the highest fraction of planets in the HZ, emphasizing
their potential for hosting habitable worlds.

o M-dwarfs, while hosting the most HZ planets in absolute numbers (Ny,; = 50),
have a lower fraction (f = 0.33), reflecting their large planetary populations.

o G-dwarfs, despite their wide HZs, have the lowest fraction of planets in the HZ
(f = 0.25), consistent with their lower abundance.

3. Statistical Significance:

e The significant differences in HZ;,, and f confirm that stellar type plays a critical
role in defining habitability potential.

e Post hoc test show distinct group differences, reinforcing the unique
characteristics of each stellar type.

4. Implications for Habitability Studies:

o K-dwarfs are the most promising stellar type for long-term habitability due to their
balance of HZ size, stability, and a high fraction of planets in the HZ.

¢ M-dwarfs, while abundant, present challenges due to their narrow HZs and

intense stellar activity, which may strip planetary atmospheres.



¢ G-dwarfs, though stable and with wide HZs, host fewer HZ planets and are less

common, limiting their overall contribution to habitability prospects.

These findings support earlier studies by Dressing & Charbonneau (2015) and
Kopparapu (2013), which identified K-dwarfs as the "sweet spot" for habitability. They are
perfect targets for upcoming observational missions because of their high fraction of HZ planets,

moderate HZ size, and stability balance.

Section 4: Conclusion

This study explored the relationship between stellar types and their potential to host
habitable planets by analyzing data from the NASA Exoplanet Archive. The analysis focused on
M-, K-, and G-dwarfs and assessed important parameters such as the fraction of planets in the
HZ, the boundaries of the habitable zone, and the statistical significance of these differences.
Critical trends that have implications for exoplanet exploration and the larger search for life
beyond Earth are highlighted by the results, which offer compelling insights into the relative

habitability potential of these stellar types.

The habitable zone boundaries, determined using equations derived from Kopparapu et
al. (2013), revealed stark differences among stellar types. G-dwarfs exhibit the widest HZ
(0.356 AU), consistent with their higher luminosities and temperatures. K-dwarfs, with
intermediate luminosities, present moderately wide HZs (0.203 AU), while M-dwarfs have the
narrowest HZs (0.038 AU) due to their lower luminosities. These differences emphasize the
importance of stellar characteristics in determining the range of orbital distances capable of

supporting liquid water, a critical factor for planetary habitability.

Beyond the HZ boundaries, the fraction of planets residing within these zones also
varied significantly across stellar types. K-dwarfs emerged as the most favorable, with 40% of

their planets located within the HZ, compared to 33% for M-dwarfs and 25% for G-dwarfs. While



M-dwarfs host the highest absolute number of HZ planets due to their abundance, K-dwarfs
strike a balance, combining a relatively high proportion of HZ planets with stable, long-lived
stellar environments. G-dwarfs, despite their wide HZs, have a lower fraction of HZ planets,

likely due to their relative scarcity compared to M- and K-dwarfs.

Statistical analyses reinforced these findings. ANOVA tests confirmed that the
differences in HZ size and the fraction of HZ planets (f) across stellar types are statistically
significant, with post hoc Tukey’s HSD tests highlighting pairwise differences between all
groups. This thorough analysis clearly distinguishes between M-, K-, and G-dwarfs and offers
strong support for the trends that have been observed. The way that stellar types are prioritized

in the hunt for habitable exoplanets is significantly impacted by these differences.

According to the study's findings, K-dwarfs might be the best compromise in terms of
habitability. They are excellent candidates for further investigation due to their intermediate HZ
size, the highest percentage of HZ planets, and lengthy stellar lifetimes. Despite their
abundance, M-dwarfs present difficulties because of their high stellar activity and narrow HZs,
which have the potential to remove planetary atmospheres. On the other hand, G-dwarfs, such
as our Sun, are still important because of their wide HZs, but their overall capacity to support

habitable planets is constrained by their rarity and shorter lifespans than K-dwarfs.

These findings align with prior research (Kopparapu et al., 2013; Dressing &
Charbonneau, 2015) and reinforce the value of focusing on K-dwarfs for next-generation
observatories and missions. The study emphasizes how crucial it is to assess planetary
habitability by taking into account both quantitative measures, like HZ size and f, and more
general stellar characteristics. By improving our knowledge of stellar environments, this study
advances the larger effort to find planets that could sustain life and, eventually, provide an

answer to the fundamental question of whether or not we are the only species in the universe.
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Petigura, E. A., Howard, A. W., & Marcy, G. W. (2013). Prevalence of Earth-sized planets

orbiting Sun-like stars. PNAS. do0i:10.1073/pnas.1319909110

In the present study, a statistical model is used to assess the number of Earth-like
planets in the galaxy, with an emphasis on parameters like planet occurrence rates,
orbital patterns, and likelihood of maintaining habitable conditions. It investigates the
distribution of exoplanets among various stellar types, providing general insights into the
circumstances that promote habitability. Because it offers a statistical basis for
comparing M-, K-, and G-dwarfs, the study is extremely pertinent to the project and
enhances its focus on planetary distribution and metrics related to the habitable zone.
The findings' validity is increased by the incorporation of statistical models and

observational data.

The work is subjected to strict editorial standards because it was published in
Proceedings of the National Academy of Sciences (PNAS), a prestigious journal known
for its multidisciplinary and peer-reviewed research. The credibility of this work is
guaranteed by PNAS's established status as a preeminent scientific publication. This
paper enhances the project's comparative analysis of stellar environments and their
potential to support life by fusing statistical rigor with observational insights to provide

crucial context for assessing the wider implications of habitability metrics.



Seager, S., Schrenk, M., & Bains, W. (2012). An Astrophysical View of Earth-Based

Metabolic Biosignature Gases. Astrobiology, 12(1). doi:10.1089/ast.2010.0489

This seminal paper by Sara Seager explores the potential for detecting metabolic
biosignature gases in the atmospheres of exoplanets, focusing on gases such as
methane, nitrous oxide, and oxygen. Seager highlights the interaction between
atmospheric composition and stellar flux and presents a framework for evaluating the
detectability of these gases under various stellar radiation conditions. The study is
especially pertinent to this project because it clarifies the importance of stellar type in
determining habitability by establishing important standards for assessing the
atmospheric signatures of planets that may be habitable. The paper enhances the
project's examination of planetary environments and the boundaries of habitable zones
by offering comprehensive methods for detecting these gases. Dr. Seager, an MIT
professor and a world-renowned authority in planetary science, gives the work a great
deal of legitimacy. Her work has been essential to the advancement of exoplanet
research, especially in the area of atmospheric characterization. The publication, hosted
on MIT’s DSpace repository, is a trusted academic archive that ensures the reliability
and accessibility of the paper. As a foundational resource, this work enhances the
scientific basis for analyzing exoplanet habitability metrics in the context of varying

stellar conditions.



