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Abstract: In recent years, the rapid development of exoplanet research has provided us with an
opportunity to better understand planetary systems in the universe and to search for signs of life. In
order to further investigate the prevalence of habitable exoplanets and to validate planetary formation
theories, as well as to comprehend planetary evolution, we have utilized confirmed exoplanet data
obtained from the NASA Exoplanet Archive database, including data released by telescopes such
as Kepler and TESS. By analyzing these data, we have selected a sample of planets around F, G, K,
and M-type stars within a radius range of 1 to 20 Rg, and with orbital periods ranging from 0.4 days
to 400 days. Using the IDEM method based on these data, we calculated the overall formation rate,
which is estimated to be 2.02%. Then, we use these data to analyze the relationship among planet
formation rates, stellar metallicity, and stellar gravitational acceleration (log g). We firstly find that
the formation rate of giant planets is higher around metal-rich stellars, but it inhibits the formation of
gas giants when log ¢ > 4.5, yet the stellar metallicity seems to have no effect on the formation rate of
smaller planets. Secondly, the host stellar gravitational acceleration affects the relationship between
planet formation rate and orbital period. Thirdly, there is a robust power-law relationship between
the orbital period of smaller planets and their formation rate. Finally, we find that, for a given orbital
period, there is a positive correlation between the planet formation rate and the log g.

Keywords: planet; transiting exoplanets; planet formation rate; planet classification; giant planets;
minor planets

1. Introduction

The discovery of thousands of transiting exoplanets via large-scale surveys, such as
Kepler [1], K2 [2], and TESS [3], has enabled us to explore not only individual planets
and systems but also planet populations. The current focal point of research in planetary
formation theory centers on the study of protoplanetary disks and planetary embryos,
as exemplified by contemporary concepts such as Pebble Accretion and Planetesimal Ac-
cretion. In traditional models of planetary formation, the growth of planetary embryos
predominantly depends on binary collisions and coalescence. However, Pebble Accretion
introduces a novel paradigm to our understanding. In circumstellar disks, planet formation
starts with small dust, which slowly grows into pebbles, then condenses into planetesimals,
and eventually forms larger planetary embryos through collisions [4-6]. When the mass
of the planet’s core is large enough, it will capture the gas from the accretion disk, and a
planet is formed [7]. Pebble accretion is considered particularly crucial in the formation
of terrestrial planet cores as well as the solid cores of giant planets. This mechanism also
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elucidates the reasons for giant planet formation and carries significant implications for
understanding the formation of giant planets and the early evolutionary dynamics of plane-
tary systems. Planetesimal accretion, on the other hand, refers to the collisional accretion of
planetesimals, which subsequently grow into planetary embryos, potentially culminating
in the formation of the solid cores of terrestrial planets or giant planets. This highlights the
complexity inherent in planetary formation. In this paper, we primarily investigate the ele-
ment of planetary formation rates. Recent studies have discovered that stars of stellar type
M are more conducive to the formation of Earth-like planets and super-Earths [8], while
giant planets are rare [9,10]; it is estimated that about 6.5 + 3.0% of M dwarfs have a giant
planet with a mass between 1 and 13 M;. In this work, we have found that planet formation
rates are higher for stars of types G and K. Aside from this factor, stellar gravitational accel-
eration is also one of the influences on the planet formation rate, where stellar gravitational
acceleration is related to stellar gravity. Protoplanetary disks, primarily composed of gases
and dust, are subject to the motion effects caused by a star’s gravity, which in turn impacts
the evolutionary process of the disk. If the stellar gravitational acceleration is too high, it
becomes challenging for the materials in the protoplanetary disk to coalesce, particularly
in the case of giant planet formation. Although the occurrence of giant planets has been
found to increase with stellar mass [11,12], the trend is the opposite for small planets. In
our analysis, we also introduce the parameter of stellar gravitational acceleration for our
focused investigation. Beyond these two factors, the metallicity of a star also affects the rate
of planet formation. In existing research, on one hand, a correlation between giant planets
and metallicity has been well established [13,14] and provides the key evidence for the core
accretion model of planet formation [15,16]. On the other hand, such a planet-metallicity
correlation is generally weaker and more complicated for small planets [17-20]. In this
study, we have also engaged in a corresponding discussion on this topic.

In this paper, we analyze the planetary spawn rate using confirmed exoplanet data
downloaded from NASA'’s exoplanet archive. A detailed introduction of the stars and
planets within the dataset was conducted, and the planets were categorized using existing
planetary classification models. Subsequently, we employed the inverse detection efficiency
method to estimate the overall sample. Finally, we focused our research discussion on
the impacts of the planetary orbital period, stellar metallicity, and stellar gravitational
acceleration on the formation rate. This work has provided profound insights into our
understanding of planetary formation and evolutionary theories and will aid future dis-
coveries and classifications of small and giant planet populations, enhancing our deep
comprehension of the mechanisms behind planet formation.

2. Data

As of 10 August 2023, the total number of confirmed exoplanets detected and released
by various telescopes amounts to 5496 '. Among them, there are 4096 planetary systems
and a total of 1235 confirmed stellar spectra. Among the confirmed stellar spectra, there are
143 F-type stars, 329 G-type stars, 311 K-type stars, and 261 M-type stars. These data illus-
trate the ubiquitous existence of exoplanets in the universe and underscore the feasibility
of exoplanet detection projects.

2.1. The Host Star

Based on these data, we have created a graphical representation of the effective
temperatures (T,¢f) of the host star in relation to their gravitational (logg) acceleration
in order to visually discern the distribution of stellar types within the selected data set,
which are shown in Figure 1. From Figure 1, we find that there is a predominance of main
sequence stars, with some red giants present. The color of the data points is represented by
the Fe/H values, with darker colors indicating lower metal abundance in the main stars of
the sample.
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Figure 1. Distribution of host stars.

2.2. The Exoplanet

Having established the classification of stars within the dataset, we subsequently
conducted a statistical analysis of the planetary constituents contained therein. Given
that the search for suitable exoplanets cannot be constrained solely by stellar factors, we
expanded our scrutiny beyond the stellar classifications to encompass an examination of
the planets documented in our data set. G-type stars are also known as yellow dwarfs,
like the Sun, but if you are looking for exoplanets, we can not just consider this single
factor. We should also consider factors, such as the effect of the stellar radiant flux on the
planet, the radius of the planet, and the orbital period of the planet. We have depicted the
period distribution and radius distribution of transiting exoplanets around F, G, K, and
M-type host stars, which are shown in Figures 2 and 3, respectively, to roughly analyze
the orbital distributions of planets. From Figures 2 and 3, we find that the orbital period
is mainly concentrated in 4-10 days, while the number of 100-400 days is less, and only
the number of planets in this cycle range is higher under the K and G stellar types. As for
the planetary radius, in addition to the F-type, the planetary radius of the other three type
stars is concentrated in 1-4 Rg. There are more than 90 planets whose radii are 8-20 Rg,
and whose host stars are F-type and G-type.

As we know, the K-type stellars are more suitable candidates than G-type stellars. This
is because the boundaries of the habitable zone are not static in time and space, shifting
outward with the evolution of the stellar main sequence phase. K-type stellars evolve more
slowly along the main sequence, providing a relatively stable habitable zone for planets.
Therefore, we have listed some of the K-type stellar sample data (as shown in Table 1).
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Figure 2. Period distribution of exoplanets whose host stellar are F, G, K, and M spectral types.
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Figure 3. Radius distribution of exoplanets whose host stellars are F, G, K, and M spectral types.
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Table 1. Catalog of high planet formation rates.

Planet Name Period/d Planet Radius/Rg, Stellar Type
CoRoT-24 b 5.1134 3.7 K1v
EPIC 212737443 b 13.603 2.586 K3
EPIC 249893012 ¢ 15.624 3.67 G8
HD 106315 b 9.55237 244 F5V
HD 110082 b 10.18271 3.2 F8V
HD 152843 b 11.6264 3.41 GO
HD 15337 ¢ 17.1784 2.39 K1v
HD 15906 b 10.924709 2.24 KV
HD 15906 ¢ 21.583298 2.93 KV
HD 18599 b 41374354 2.6 K2V
HD 191939 b 8.8803256 3.41 GOV
HD 191939 ¢ 28.579743 3.195 GOV
HD 207496 b 6.441008 2.25 K25V
HD 207897 b 16.202159 2.501 KoV
HD 23472 b 17.667087 2 K4V
HD 235088 b 7.4341393 2.045 K2v
HD 28109 b 22.89104 2.199 F8/GOV
HD 5278 b 14.339156 2.45 FV
HD 73583 b 6.39805 2.49 K4V
HD 73583 ¢ 18.87974 2.39 K4V
HIP 94235 b 7.713057 3 GV
HIP 97166 b 10.28891 2.74 Kov
K2-16 b 7.6188 2.02 K3V
K2-16 ¢ 19.07863 2.54 K3V
K2-285 ¢ 7.138048 3.53 K2V
K2-285d 10.45582 2.48 K2V
Kepler-80 b 7.05246 2.67 K5
Kepler-80 c 9.52355 2.74 K5
TOI-1062 b 4.11296 2.265 GOV
TOI-1130 b 4.066499 3.65 K7
TOI-1246 b 4.30744 3.01 KV
TOI-1246 ¢ 5.904144 2.51 KV
TOI-1246 d 18.6559 3.51 KV
TOI-125 b 4.65382 2.726 KoV
TOI-125 ¢ 9.15059 2.759 KoV

3. Planet Formation Rate (IDEM)

IDEM is a computationally efficient and effective method widely employed for the
rapid estimation of the planet formation rate. IDEM facilitates a better understanding of the
nature of planetary systems and allows for the estimation of the existence and properties
of as-yet undetected planets. In the case of IDEM, we first need to specify the region data.
Here, the data we use pertains to F, G, K, and M-type stars with radii ranging from 1 to
20 Rg and orbital periods ranging from 0.4 to 400 days. The planet formation rate within
each grid, denoted as 1., is treated as a function correlated with the radius and orbital
periods of the planets within the specified region. The number of planets is counted within
each region from the data of various telescopes confirming the existence of exoplanets, with
a subset of stellars selected based on the sufficient precision of observations. Within the
specified ranges of planetary radius and periods, n.,; is computed as:

N Ce
Meen = L0 "1/(Noj x p)) (1)

where N, . is the number of planetary samples within the specified region, p; is the
probability of planet j experiencing a transit event (1/p; = a;/R), a; represents the semi-
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major axis of the planet, and R, is the radius of the host stellar. All parameters in the
formula can be obtained from the available data.

Although IDEM, as mentioned above, offers a rapid computational speed, it has lim-
itations due to the lack of statistical theory support. Firstly, its estimations heavily rely
on accurate assessments of detection efficiency. Any errors or inaccuracies in estimating
the detection efficiency can consequently impact the results estimated by IDEM. Secondly;,
IDEM requires a substantial amount of observational data to obtain accurate estimations
of detection efficiency. However, the current known quantity of exoplanets is relatively
limited, leading to potential inaccuracies. Thirdly, IDEM typically necessitates assumptions
and selections of parameters for the inverse model, and these choices can influence the esti-
mation results. Inappropriate parameter assumptions may lead to inaccurate estimations.
In summary, the inverse detection efficiency method is a useful statistical tool. However,
to obtain more precise measurement results, it is advisable to incorporate the Bayesian
framework for calculations.

According to the IDEM method, the overall distribution of the planet formation rate
for E, G, K, and M-type stars is shown in Figure 4. For the selected range of planetary radii
from 1 to 20 Rg and orbital periods from 0.4 to 400 days, the estimated planet formation
rate around F, G, K, and M-type stars is 2.02%. The region with blank squares in Figure 4
represents a planet formation rate of 0. From Figure 4, we can visually observe that the
planet formation rate is high for planets with radii ranging from 2 to 4 Rg and orbital
periods ranging from 10 to 100 days, indicating a higher rate of formation for planets
located in the inner orbits. Conversely, the planet formation rate is lower for orbits farther
from the host star. These results are likely associated with the core accretion model and
disk instability model mentioned earlier.
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Figure 4. Distribution of overall formation rates estimated by IDEM around F, G, K, and M-type stars.

In addition, we listed the samples with the highest planet formation rate in the orbital
period of 4-30 days, and the radius of the planets in the range of 24Rg, and found that
their host stars are basically G and K type, which is shown in Table 1.

After investigating the planet formation rate within the comprehensive sample data,
we questioned whether the physical and chemical characteristics of different planetary
types exerted an influence on their rates of formation. Consequently, we categorized the
planetary samples in the dataset to facilitate further discussion on this matter.
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4. Planet Classification

Presently, the astronomical community has constructed a reasonable and reliable clas-
sification system for the classification of stars and galaxies, such as the Hertzsprung—Russell
diagram and the Hubble Tuning Forks. Planet classification is crucial for a profound un-
derstanding of celestial bodies. Planet classification can assist in a better understanding of
the diversity of planetary systems. Common classification criteria include the classification
based on orbital position, physical properties, mass, orbital characteristics, and chemi-
cal features, among others. However, to obtain accurate classification results, multiple
classification criteria should be considered simultaneously.

Regarding the current progress in planet classification, it can be divided into single-
parameter classification, multi-parameter classification, and habitability classification. Single-
parameter classification involves categorizing planets based on their mass. In the classification
of mass, Michael” found values ranging from 1.90 x 10** kg to 1.90 x 10°° kg [21]. Multi-
parameter classification, building on mass differentiation, incorporates compositional
classification. Stern and Levison [22] classify planets by mass into sub-dwarfs, dwarfs,
sub-giants, giants, and supergiants. They further categorize planets based on composi-
tion, primarily focusing on rock, ice, and hydrogen. The final determination of a planet’s
type is based on its mass and composition. Habitability classification, such as the PHL's
habitability classification, not only considers whether a planet is habitable but also cate-
gorizes habitable planets into sub-Earth-sized, Earth-sized, and super-Earth-sized types.
Even within habitable terrestrial planets, further classification is necessary, particularly as
slight variations in the abundance of certain elements can significantly impact habitable
conditions [23]. For instance, concerning metallicity, stars with low metallicity have higher
luminosity and effective temperature compared to stars of the same mass but with high
metallicity [24], which subsequently affects the temperature of surrounding planets and
the range of the habitable zone. Based on the data of confirmed exoplanets released by the
NASA Exoplanet Archive, we conducted a simple planet classification according to a single
parameter, as shown in Figure 5. As can be seen from this, in the data we analyzed, the
number of super-Earths and giant planets is the largest, while the number of terrestrial
planets is very rare.
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Figure 5. Planetary classification based on a single parameter.

For planet classification, there remain several shortcomings. Firstly, primarily based
on physical features, most planet classifications are carried out through the physical char-
acteristics of the planets. However, such classifications overlook factors like the planet’s
chemical composition and atmospheric conditions, which can significantly impact the prop-
erties and habitability of a planet. Habitability requires consideration of many conditions,
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such as atmospheric composition, Earth similarity, and Earth temperature. Concerning
Earth’s temperature, the stellar radiation flux plays a vital role, and the distance between
the planet and the stellar, along with the stellar temperature, determines this factor. Ad-
ditionally, the stellar radiation flux is also related to a planet’s habitability, atmospheric
effects, and radiation type. Secondly, the lack of consideration for a planet’s evolutionary
history is crucial. The dynamic evolution of the galaxy and the evolution of planets are
both significant factors. Thirdly, a limited number of classification parameters make it
challenging to explain the diversity of planets in the universe. With so many unknown
celestial bodies in the universe, the survey results of exoplanets only represent a fraction
of what is out there. We cannot fully comprehend the various state models of planetary
systems. These uncertainties and unknown factors prevent the planet classification models
from reaching completeness.

Based on the above classification, for the convenience of our research, we can roughly
divide planets into two categories, namely, giant planets and minor planets.

4.1. Giant Planet
4.1.1. Stellar Metallicity and The Planet Formation Rate

Early studies on the formation rate of giant planets were primarily conducted through
radius velocity detection projects and the Kepler space telescope. The planet formation
rate of giant planets with orbital periods shorter than a few years around solar-like stars
is approximately 0.10, as Cumming et al. [25] suggested that the planet formation rate of
giant planets with masses in the range of 0.3-10 My, (M}, is a Jupiter mass) and orbital
periods ranging from 2 to 2000 days around solar-like stars is approximately 0.105. In the
exoplanet statistics from Kepler, the planet formation rate for planets with a radius between
1 and 20 Ry and orbital periods between 0.5 and 400 days around F, G, K, and M-type
stars is estimated to be 0.23 + 0.06 [26], while the formation rate for giant gas planets is
estimated to be 0.16 + 0.015 [27]. In the context of the core accretion theory, heavy elements
are essential for the formation of dust particles and minor planets that constitute the core
of a planet. Consequently, protoplanetary disks rich in metals exhibit a higher surface
density of solid materials, facilitating the more effective formation of rocky cores for gas
giant planets [28]. Extensive research indicates that metal-rich stars are more likely to
host neighboring giant planets, and the occurrence rate of such neighboring giant planets
increases with the enhancement of metallicity [29]. So we observe the correlation between
the metallicity and formation rate of giant planets but we did not find a conspicuous direct
proportionality between the two variables in this question. Therefore, we hypothesize
that there are other factors influencing the relationship between the two variables, leading
us to introduce stellar surface gravity as an additional factor. This raises an issue that
merits further discussion. According to the literature [14,19,20], the relevant formula for
neighboring giant planets is as follows:

f(Z)=A(Z/Zs)? )

where A is a normalization constant and A = 0.1369 [19], {(Z) is the giant planet formation
rate, and Z is stellar metallicity.

In response to the aforementioned hypothesis, we incorporated the variable of stellar
surface gravity, quantified as log g, and ultimately observed that log g exerts a certain
influence on the relationship between the two primary variables. Subsequently, we plotted
the trends of their relationship across different log ¢ ranges. For this purpose, we chose
the demarcation points for log g at 2 and 3.5, and then performed a fitting analysis on
the relationship between stellar metallicity and planet formation rate in each of the three
intervals as depicted in the right panel of Figure 6. Our findings indicate that for stars
with log ¢ < 2 and log g > 3.5, the trend lines appear relatively flat, differing in that the
former shows a positive trend while the latter exhibits a negative one. In the intermediate
range of 2 < log ¢ < 3.5, we observe a much steeper slope, suggesting a more pronounced
trend, and indicating that within this interval, log g significantly influences the relationship



Universe 2024, 10, 182

90f17

under consideration. This implies that in dwarf stars, the value of stellar metallicity has a
minimal impact on the planet formation rate. To account for the significant discrepancy in
the slopes, we propose the following speculations: Firstly, the mass of a star determines
the gravitational acceleration within the circumstellar planet-forming disk; an increase in
gravitational acceleration may enhance the density within the disk and the aggregation
of material, thereby promoting the formation of planetary cores and, subsequently, giant
planets. Secondly, if the stellar surface gravity is too strong, which is particularly evident
in the case of giant planets, they form through a process known as the “core accretion
model”, where a solid core forms first, and then starts to accrete surrounding gas through
its gravity. An excessively high gravitational acceleration in the surrounding environment
could inhibit the gas from converging towards this core, thus suppressing or delaying the
formation of giant planets. Thirdly, an excessively high stellar surface gravity may also lead
to material migrating too swiftly, thereby inhibiting the formation of planetary embryos.
The failure to form a stable protoplanetary disk could naturally result in a reduced planet
formation rate. This is also the reason why a negative trend is observed for log g > 3.5.
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Figure 6. The correlation between stellar metallicity and the formation rate of giant planets.

4.1.2. Orbital Period on the Formation Rates of Planets

According to the core accretion model, the formation process of planets necessitates the
accumulation of matter, after which the accretion of the surrounding gas occurs. If a planet
is located at a greater distance from its star, the lower density of matter can slow down the
accumulation process, hence prolonging the time required to form a planet. In contrast,
within the shorter-period inner regions, where matter is more concentrated, planets can
form more quickly [30,31]. This phenomenon is one of the reasons why the orbital period
affects the planet formation rate. To investigate this theory, we have conducted more
detailed research.

We generated a scatter plot correlating the orbital periods of giant planets first. How-
ever, we did not yield satisfactory results, prompting an investigation into the underlying
causes of this anomaly. Our initial hypothesis was that the spectral type of the host star
might be influencing the correlation, but subsequent graphical analysis discounted this
variable. Ultimately, we attributed the observed discrepancy to the gravitational (log g)
acceleration of the host star.

This may be due to the fact that the gravitational acceleration of the host star can
impact the distribution of matter density, temperature, and the dynamical processes within
the surrounding disk, thereby affecting the planet formation rate and the final positioning
of the formed planet. For instance, a greater gravitational acceleration might indicate that
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the protoplanetary disk is more tightly held together, leading to a faster accumulation of
material near the stellar body, which in turn accelerates the nucleation rate of the planets.
Moreover, the gravitational field of the star can also affect the temperature structure of the
protoplanetary disk, which in turn influences the growth rate of planetary embryos.
Therefore, we adjusted the color of the sample points to correspond with the mag-
nitude of variations in log g values to more distinctly observe the effect of log g on their
relationship. Following this, we generated a scatter plot incorporating two-dimensional
variables (in the left panel of Figure 7), which allowed us to preliminarily ascertain that
log g values indeed influence the relationship, as it is evident that different segments of
log g values are located in varying regions of the figure. Consequently, when performing a
linear fit, we introduced two-dimensional variables, namely the orbital period and log g.
We divided the fit into log g intervals, creating separate fitting lines for when log ¢ equals
1,2, 3, 4, and 5. From the figure, it is observable that the regression lines obtained for
different log g values have the same coefficients for both variables; the sole difference is
in the intercepts. The overall fitting formula derived (as indicated in the left panel of
Figure 7) is:
y = 0.68x1 + 0.52x, — 4.05 (©)]

where x7 is the period, and x; is log g.

y=0.68X1+0.52X>—4.05 y=0.52x—0.681g 500—4.05
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Figure 7. The relationship between the orbital periods of giant planets and the gravitational and
formation rates.

For the orbital period and planet formation rate, we discovered a slope of 0.68, which
is quite proximate to the planetary generation rate of 2 +- 3 observed in the solar system.
This similarity allows us to speculate whether the formation principles of these systems
mirror that of our own solar system. The implications of this resemblance are substantial
in our search for suitable habitable exoplanets. Furthermore, it prompts an inquiry into
whether there is a positive correlation between the stellar gravitational acceleration and the
planet formation rate for planets with identical periods.

To substantiate this theory, we selected the sample interval with the highest number
of samples, specifically from 300 d to 400 d, and then took the median value of 500 d to
conduct a fit using the fitting formula calculated in the left panel of Figure 7. We found
that the resulting fit perfectly matched the trend of the sample points within the chosen
sample interval, which indirectly corroborates the validity of the theory in question, that
is, for planets with identical periods, their formation rate is positively correlated with the
gravitational (log g) acceleration of their host star (as shown in the right panel of Figure 7).
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4.2. Minor Planets

Following the examination of the influence of giant planet characteristics on their
formation rates, we also discussed the impact of asteroid metallicities and orbital periods
on the planet formation rate.

4.2.1. Stellar Metallicity and the Planet Formation Rate

Minor planets are typically defined as planets with masses less than 100 Mg, and orbital
periods less than 100 days, such as Terrestrial Planets, Sub-Neptunes, and Warm Neptunes.
Research on detections suggests a remarkably high formation rate for asteroids. This finding
has propelled the emergence of new theories of planet formation, suggesting that low-mass
planets can form directly in their original orbits, rather than forming initially in distant
orbits and subsequently migrating to closer orbits. For minor planets, their formation rate
shows a relatively weak correlation with the metallicity of the host star [17,19,32]. Therefore,
we have also plotted the correlation scatter plot between the metallicity and formation
rate of minor planets (as shown in Figure 8). In this figure, we have employed the same
methodology as in Figure 6 to fit a scatter plot of the minor planets’ formation rate to the
metallicity of their host stars, incorporating the log ¢ parameter as a color code. However,
unlike the case with giant planets, we do not observe any apparent correlation between
the formation rate of minor planets and the metallicity of their host stars; alternatively,
the minor planets’ formation rate in correlation with the host star’s metallicity appears
to be more complex. Overall, the sample indicates a collective trend toward decline; in
other words, a generation rate distribution above 0.5 can be observed at lower metallicities,
while no sample points exhibit a generation rate exceeding 0.1 in metal-rich environments.
Under these circumstances, the generation rate of minor planets is seemingly reduced.
The distribution of the sample points is quite scattered, and the distribution of log g is
rather disordered. It is noteworthy, though, that the log ¢ values for minor planets are
comparatively higher than those for giant planets, predominantly above 4.2, with the
minimum reaching 3.4. In contrast, for giant planets, the lowest log g is around 1.5 with a
more substantial distribution. Can we consequently hypothesize that stars of the dwarf
class are more conducive to the formation of asteroids, whereas giant stars are more likely
to form giant planets? The specifics of this require further investigation with more detailed
parameters, considering that the formation of planets is a complex cosmic phenomenon
that is influenced by numerous factors.
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Figure 8. The correlation between stellar metallicity and the formation rate of minor planets.
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We have now concluded our discussion on the relationship between stellar metallicity
and planet formation rates. The rate of giant planet formation is regulated by the stellar
metallicity, which explains why the early population of temperate terrestrial planets is more
abundant than that of gas giants [29]. Overall, the planet formation rate not only depends
on stellar properties such as spectral type and metallicity but also, on a larger scale in the
Milky Way, these may not even be the primary factors influencing the planet formation
rate. The specific reasons are attributed to the stellar dynamical history, understanding
the stellar age and velocity, and its relationship with the distribution of planets. In a more
recent work [33], it was found that stars with lower iron content and higher total velocities
have a higher planet formation rate for near super-Earths and sub-Neptunes (with a radius
ranging from 1-4 Rg and orbital periods less than 100 days). Therefore, the process of
studying the planet formation rate remains long and challenging. Next, following the
same methodology employed in our discussion of giant planets, we conducted a related
research discussion on the relationship between the orbital period and formation rates of
minor planets.

4.2.2. Orbital Period on the Formation Rates of Planets

From the broad perspectives of cosmology and astrophysics, the orbital period of minor
planets and their formation rates are two independent concepts and are generally not closely
related. Observations made by plotting a minor planet’s orbital period against its formation
rate have revealed a fascinating phenomenon (as shown in Figure 9). The resulting image
diverges significantly from that of giant planets, with minor planets exhibiting a perfect
power-law relationship and the sample distribution being relatively clustered. This suggests
that these two variables are no longer independent; rather, they may be interconnected
under specific environmental or conditional circumstances. For instance, minor planet
orbits may be located in resonant regions, which are associated with the gravitational field
of the host star. The confirmation of this power-law relationship can provide a profound
understanding of the theories behind planetary formation and evolution. It also holds the
potential to predict the behavior of other minor planet groups that have yet to be observed.

y=0.67X1+0.51X,—3.95 y=0.51x—0.67Ig 5—3.69
1 — logg=4
—— logg=4.5
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L
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T
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Figure 9. The relationship between the orbital periods of minor planets and formation rates and the

relationship between the gravitational and their formation rates.

To ensure the rigor of our conclusions, we have reintroduced the log ¢ parameter (the
left of Figure 9), ultimately finding that its impact on the relationship between asteroid
orbital periods and formation rates is analogous to that observed for giant planets. As
with the scenarios presented in Figure 7, differing log ¢ values are distributed across
distinct regions. We have categorized these distributions into two intervals: 4 < log ¢ < 4.5
and 4.5 < log g < 5. Subsequently, in our curve-fitting process, we incorporated a two-
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dimensional variable, namely log ¢ and orbital period. The fitting formula that we derived
(also depicted on the left of Figure 9) is as follows:

y = 0.67x1 + 0.51x, — 3.95 (4)

where x7 is period, and x; is log g.

From the formula, it is observed that the slope of the relationship between the orbital
period and formation rate is 0.67, which is in complete agreement with that of our solar
system. This concurrence is of substantial significance for the advancement of planetary
formation theories.

Similarly, we have also generated a plot illustrating the relationship between log ¢ and
the formation rate at prime orbital periods (as shown in the right of Figure 9). We selected
the sample interval with the highest number of samples, specifically between 3 d and 7 d,
and then took the median value of 5 d. Utilizing the fitting formula calculated from the left
panel of Figure 9, we conducted a fit, and the results remain in perfect agreement, further
substantiating the positive correlation between the formation rates of asteroids and the
gravitational acceleration of their host stars (log g) at constant orbital periods.

4.2.3. The Mass and Radius

In the study of small planet data, we have also made an interesting discovery [34],
namely, that the mass of a minor planet is roughly proportional to the planet’s radius
(as shown in Figure 10). If the minor planet is treated as a spheroid and fits the density
formula, this finding indicates that the density of the minor planet tends to a certain
value, it also means that the planet is proportional to the radius squared. However, this
proportional relationship does not hold for giant planets. To draw more reliable conclusions,
we included asteroids within the solar system for reference. Unsurprisingly, asteroids in the
solar system also followed the trend of positive correlation, which is undoubtedly a good
result. However, due to the differences between the solar system and the planetary systems
in our selected samples as well as observational errors, the fitting line we obtained is not
very close to the solar system data. Nevertheless, it can still generally explain the trend.

y=0.63x

R(Re)

Ofl I1 1‘0 l(l)()
M(Me)
Figure 10. The correlation between the mass and radius of minor planets, the red plus sign indicates
taking the bin and the blue plus sign indicates planets within the solar system.

5. Conclusions

Exoplanets have always been a popular research area in astronomy. Since the first
discovery of exoplanets in the early 1990s, scientists have confirmed the existence of thou-
sands of exoplanets. The study of exoplanets is of significant importance for understanding
the formation and evolution of planetary systems, the search for habitable worlds, compre-
hending the context of the solar system, and exploring the diversity of life in the universe.
Similarly, it also presents new directions for planetary research.
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In this paper, we analyzed the data released by the NASA Exoplanet Archive and
conducted a statistical analysis of the period distribution and radius distribution of exo-
planets with host stars of spectral types F, G, K, and M. We found that the statistical analysis
was conducted on the types of stars and planets, revealing that the majority of stars are
dwarfs, specifically of G and K types. The number of exoplanets follows a roughly normal
distribution in the orbital period range of 0.4 to 400 days, while the radius distribution is
relatively irregular, with planets concentrating around 14 R and 8-20 Rg. We conducted
an estimation of the overall population of exoplanets ranging from 0.4 to 400 days in orbital
period and 1 to 20 Earth radii using the inverse detection efficiency method, resulting in
an estimated value of 2.02. After analyzing the overall planet formation rate, we delved
into a more detailed discussion of whether different types of stars exert the same influence
on their formation rates. Therefore, we classified the exoplanets in the dataset into broad
categories, following the existing planetary classification theoretical models, simplistically
categorizing the sample into two groups: minor planets and giant planets. We focused
on discussing the impact of host star metallicity and surface gravity, as well as planetary
orbital periods on the formation rates of these two categories. Ultimately, we found that
giant planets have a higher formation rate under rich metallicity conditions, while this
factor is even more complex for minor planets. In addition, stellar gravity (measured as log
g) modifies the relationship between giant planet formation rates and stellar metallicity,
with lower log g values correlating with consistently lower formation rates regardless of
metallicity, and higher log g values correlating with generally higher formation rates. Con-
sequently, we hypothesize that an excessively high gravitational acceleration of a star may
inhibit the formation of giant planets, while an excessively low acceleration may affect the
rate of giant planet formation, thereby influencing the speed at which their protoplanetary
disks are formed. Pertaining to orbital periods, small planets exhibit a distinct power-law
relationship with their formation rates, whereas the proportional relationship for giant
planets is less well-defined, which we identified as being influenced by stellar surface
gravity. Similarly, stellar surface gravity affects the relationship between orbital periods
and formation rates for small planets. This may be due to a wider distribution of metallicity
values in giant planets, with sample points spread across various intervals and nearly
equal distribution numbers, whereas metallicity values for stars hosting small planets
are more densely clustered, resulting in a better fit. Moreover, we made an interesting
observation about minor planets: their mass and radius display a power-law relationship,
suggesting that the density of small planets tends toward a constant value. In this paper,
we analyzed the data released by the NASA Exoplanet Archive and conducted a statistical
analysis of the period distribution and radius distribution of exoplanets with host stars
of spectral types F, G, K, and M. We found that the statistical analysis was conducted on
the types of stars and planets, revealing that the majority of stars are dwarfs, specifically
of G and K types. The number of exoplanets follows a roughly normal distribution in the
orbital period range of 0.4 to 400 days, while the radius distribution is relatively irregular,
with planets concentrating around 1-4 Ry and 8-20 Rg. We conducted an estimation of
the overall population of exoplanets ranging from 0.4 to 400 days in orbital period and
1 to 20 Earth radii using the inverse detection efficiency method, resulting in an estimated
value of 2.02%. After analyzing the overall planet formation rate, we delved into a more
detailed discussion of whether different types of stars exert the same influence on their
formation rates. Therefore, we classified the exoplanets in the dataset into broad categories,
following the existing planetary classification theoretical models, simplistically categorizing
the sample into two groups: minor planets and giant planets. We focused on discussing
the impact of host star metallicity and surface gravity, as well as planetary orbital periods
on the formation rates of these two categories. Ultimately, we found that giant planets
have a higher formation rate under rich metallicity conditions, while this factor is even
more complex for minor planets. In addition, stellar gravity (measured as log ¢) modifies
the relationship between giant planet formation rates and stellar metallicity, with lower
log g values correlating with consistently lower formation rates regardless of metallicity,
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and higher log g values correlating with generally higher formation rates. Consequently,
we hypothesize that an excessively high gravitational acceleration of a star may inhibit
the formation of giant planets, while an excessively low acceleration may affect the rate
of giant planet formation, thereby influencing the speed at which their protoplanetary
disks are formed. Pertaining to orbital periods, small planets exhibit a distinct power-law
relationship with their formation rates, whereas the proportional relationship for giant
planets is less well-defined, which we identified as being influenced by stellar surface
gravity. Similarly, stellar surface gravity affects the relationship between orbital periods
and formation rates for small planets. This may be due to a wider distribution of metallicity
values in giant planets, with sample points spread across various intervals and nearly equal
distribution numbers, whereas metallicity values for stars hosting small planets are more
densely clustered, resulting in a better fit. Moreover, we made an interesting observation
about minor planets: their mass and radius display a power-law relationship, suggesting
that the density of small planets tends toward a constant value.

In this paper, two points merit discussion. The first concerns the orbital period’s
coefficient value for both minor planets and giant planets, which is about 0.67, prompting
us to question whether the formation of the sampled planets is akin to the accretion disk
theory, as is supposed for our solar system. The second point is our observation that the
metallicity of stars hosting small planets is generally higher, with most values exceeding
4.2 and the lowest around 3.4. Conversely, the metallicity of stars hosting giant planets has
a minimum value of approximately 1.5, with a distribution of points that closely mirrors
that of higher values. This raises the question of whether it might be more feasible for small
planets to form around dwarf stars and giant planets around more massive stars. Further
analysis, incorporating more parameters, is required to explore these findings in detail.

The study of habitable exoplanets, one of the most critical scientific questions, has so
far only identified Earth as a habitable planet. In this paper, we focused more on analyzing
the data of planets around solar-like stars. Due to our limited understanding of the universe,
the determination of habitable zones can only be inferred based on the structure of the
solar system, which is undoubtedly still in its nascent stage. However, the advancement of
detection technology will expand our understanding of the universe, and various theories
will continue to advance. The TESS satellite has taken over the task of the Kepler satellite,
and future satellites with stronger observation capabilities and precision will be launched
into space. We will continue to discover new exoplanets, gradually broaden our cosmic
perspective, further refine planetary formation theories, and deepen our understanding
of life.
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