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Abstract: In this work, we examined characteristics of the currently confirmed exoplanet population 

in order to characterize some of the crucial parameters for ocean formation. Two correlation 

heatmaps were created, one for the exoplanets in general, and one for exoplanets that can be found 

in the habitable zone by the calculations. Based on these, we found possible associations between 

planetary radius/mass, stellar metallicity, and multiple characteristics. We also proposed plans for 

further studies of possible proxies for exoplanetary ocean exploration. 

Keywords: exoplanets; planetology; oceanology; exoplanet habitability 

 

1. Introduction 

Surface habitability on exoplanets is a major question in extrasolar research. Oceans 

in general, and the interaction between landmasses and water were crucial driving forces 

during the biological evolution on Earth. As analogs to early Earth, “water worlds” out-

side our Solar System may also harbor life, which conjectures turned into the main triggers 

of the intensive search for exoplanets. In the last decades, multiple devices were used to 

search for exoplanets around stars ([1–3]), and this gathered information can be found in 

various databases, e.g., NASA’s Exoplanet Archive [4]. 

Before the recent successful exploration of the first exoplanets with high water con-

tent around Kepler-138 [5], multiple hypostases, with diverse focuses and approaches, 

were created on how to search for ocean planets [6], from the early conditions of star sys-

tems [7], through the diversity of ocean-planets around M-type dwarfs [8], to the planet 

surface-sea interaction and ocean dynamics on these planets [9]. Along with the theories, 

an index was created to describe the similarity of exoplanets compared to Earth [10]. This 

index is an alternative to the habitable zone parameters, which defines the domains 

around stars, where liquid water is possible to exist on the surface [11]. 

Our study aims to summarize and examine the currently available exoplanetary data 

and show trends and connections in planetary characteristics as potential proxies of the 

surface ocean in the exoplanetary environment. It may help to reveal potential factors in 

ocean forming and help to reveal candidate star systems for future surveys. 

2. Data and Methods 

The research was executed in the following steps: 

Step 1. To examine all the available exoplanets, NASA’s Exoplanet Archive was ac-

cessed [4]. The database consists of 5187 confirmed exoplanets, some of them in the same 

star system. During the first approach, unfiltered data was used. Secondly, the database 

was filtered to the planets, which are in the habitable zone (see below). 

Step 2. Calculation of the habitable zone (HZ) [12]: 
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𝑑 = (
𝐿/𝐿⨀

𝑆𝑒𝑓𝑓
)
0.5

𝐴𝑈  (1) 

where 𝑆𝑒𝑓𝑓  is the calculated insolation flux, reaching the planet’s upper atmosphere and 

L/L⨀ is the star’s luminosity compared to the Sun’s. 𝑆𝑒𝑓𝑓  can be calculated for different 

planet conditions, but generally, it is advised to calculate for the recent Venus and early 

Mars states, which are the most optimistic approaches considering habitability ([13,14]). 

This equation was originally used for F, G, K, and M-type stars (2600 K ≤ Teff ≤ 7200 K), 

but in this paper, the habitable zone limits of all stellar types were calculated by this for-

mula. This showed the zones which are perhaps optimal to allow the appearance of liquid 

water. Further studies will require a different approach for the few upper main-sequence 

stars and other stellar objects. 

Step 3. Searching for trends in the unfiltered and filtered data: to assess the connec-

tion between the parameters, the Pearson correlation coefficient (r) of the planetary and 

stellar characteristics was calculated. The correlation matrices and heatmaps were created 

in a Python environment. 

Step 4. The review of the connection between planetary characteristics to assess their 

influence on the possibility of a liquid water ocean on an exoplanet’s surface. 

3. Results and Discussion 

3.1. Heatmap Analysis of Various Parameters 

The heatmap analysis of the unfiltered data (Figure 1a) can be summarized as the 

following. Non-negligible (inverse) correlations can be found between the planetary ra-

dius and the planetary mass (r = 0.32), planetary radius and stellar mass (r = 0.29), plane-

tary radius and the number of planets in the system (r = −0.24), and planetary radius and 

orbital eccentricity (r = 0.42). The first correlation arises because more massive planets tend 

to be larger in radii, and the second correlation is likely the byproduct of the transit ob-

servational method since planets with larger radii are easier to find around more lumi-

nous stars than fainter ones. The last two (anti)correlations are also present with a stronger 

anticorrelation in the case of habitable zone planets (Figure 1b), so it might be a general 

trend in star systems, not necessarily connected to the occurrence of oceans/habitability 

zones, but we will mention them in the next subsections. 
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Figure 1. The correlation heatmap of possible ocean-forming factors, with all the confirmed exoplan-

ets (5186) (a); and the correlation heatmap of the possible ocean-forming factors, with all the ex-

oplanets, which can be found in the habitable zone by the calculation (230). (b) Abbreviations on the 

axes: a—semi-major axis (AU); e—orbital eccentricity. 

The analysis of the filtered database (contains only the planets which can be found in 

the habitable zone) indicated the following (Figure 1b). Multiple non-negligible correla-

tions and anticorrelations can be found, mainly along the same parameters as before, just 

with stronger correlation or inverse correlation. The main correlations can be found be-

tween the planet radius-semi major axis (r = 0.67), planetary mass-semi major axis (r = 

0.33), orbital eccentricity-semi major axis (r = 0.32), stellar mass-semi major axis (r = 0.84), 

orbital eccentricity-planetary radius (r = 0.49), stellar mass-planetary radius (r = 0.68), stel-

lar metallicity-planetary radius (r = 0.46) and the main anticorrelations were between stel-

lar mass-number of planets in the system (r = -0.31), and planetary radius-number of plan-

ets in the system (r = -0.28). The connection between the planetary characteristics (plane-

tary radius, planetary mass) and the semi-major axis (r = 0.67 and r = 0.33) in the habitable 

zone is quite peculiar since it is not similar to the Solar System. 

3.2. Evaluation of the Connection between Various Parameters 

The heatmap analysis showed that certain parameters statistically relate to a bigger 

number of other parameters. Hypothetically, it may indicate their significance e.g., in the 

formation of surface oceans. Such parameters are introduced below. 

3.2.1. The Planetary Radius 

On the heatmaps, the most apparent feature is the connection between the planetary 

radius and various other parameters, such as stellar mass, semi-major axis, orbital eccen-

tricity, stellar metallicity, and the number of planets in the system (Figure 1a,b). 

Radii (and masses) of celestial bodies separate them along distinct physical charac-

teristics. Bigger planetary bodies may host liquid water oceans if other habitability condi-

tions are given, and the planetary radius is generally a good first approach to determining 

an exoplanet’s main type, the more that it is possible to measure it with the transit search 

method. 

There is a moderate correlation (r = 0.67) between the planetary radius and planetary 

semi-major axis in the habitable zones (Figure 1b), but this correlation is almost zero (r = 

0.07) in the case of unfiltered data (Figure 1a). The latter low correlation can be explained 

by the high variety of stellar systems and planetary formations in the exoplanet popula-

tion: multiple hot Jupiters with small semi-major axis and high radius/mass (e.g., KELT-

9b) [15], and terrestrial planets with relatively higher semi-major axis and low mass (Kep-

ler-37b) are known. For planets in the habitable zone, the existing correlation is not con-

sistent with the Solar System’s habitable zone. In any case, our current understanding of 

planetary formation (planetesimals with greater semi-major axes can acquire more mate-

rial because they are further and further away from the ice-line of the star [16]) generally 

tends to support this correlation. Perhaps star systems, with less massive planets in the 

inner HZ and more massive planets in the outer HZ are more common. This would be 

helpful since a bigger planet can withhold a significantly denser atmosphere (hence a 

larger radius too), which can act as a countermeasure against the lower insolation and can 

help to preserve a liquid water ocean. 

The case of the correlation between the planetary radius and orbital eccentricity (r = 

0.49) is examined in the next subsection, from the viewpoint of mass. The stronger corre-

lation with the radius is mayhaps present due to the presence of gas planets in the HZ, 

with a heated and inflated atmosphere around M stars. 

The moderate correlation (r = 0.46) between stellar metallicity and planetary radius 

follows the expectations. Stars with various metallicities (the abundance of elements heav-

ier than hydrogen and helium) are categorized into Population I, II, and III, which shows 
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their metal abundances decreasing, and their age increasing with higher population num-

bers. Metallicity is thought to be an important parameter: since the uppermost layers of 

stars mix rarely with deeper layers, the observed metallicity gives away a hint about the 

primordial environment of the star system [17]. During planet formation, in older star 

systems with lower metallicities, it is much harder for a protoplanet to accumulate enough 

material to reach the sufficient mass for a Jupiter-like gas giant or even the mass of a super-

Earth ([18,19]). Earlier studies also showed that there is a correlation between higher stel-

lar metallicities and planet appearance frequency [20], but in our case, no significant cor-

relation was found. 

The strongest anticorrelation (still only a weak association) can be found between the 

planetary radius and the number of planets in the system (r = −0.28; and r = −0.24, at the 

unfiltered data). From the database, some systems with the most confirmed exoplanets 

were examined to test this particular correlation: these are in order Kepler-90 (8 planets), 

TRAPPIST-1 (7), HD 10180 (6), and HD 219134 (6). Of these 27 planets, most of them (19) 

are Earth- or Neptune-sized planets (in the case of TRAPPIST-1, all of them), with just a 

small number of Jupiter-sized planets. Since exoplanets with larger radii are easier to find, 

this anticorrelation is surprising. Whether this anticorrelation is due to orbital, formation, 

or observational bias effects, is yet to be answered. 

Lastly, it is highly likely that the correlation between the stellar mass and planetary 

radius (0.68) is the byproduct of the transit detection method [21], since around more lu-

minous stars, it is easier to detect planets with larger radii because a transit of a small 

planet causes only a minor fluctuation in its star brightness. 

3.2.2. Semi-major Axis 

There is a weak association (r = 0.33) between the planetary mass and planetary semi-

major axis in the habitable zones (Figure 1b), but no association was recognized using the 

unfiltered data (see above; Figure 1a). 

Many extrasolar planets with relatively short orbital periods (20 days or less) and 

small semi-major axis, tend to have low eccentricities [22], and a weak correlation (r = 0.32 

in the case of planets in the HZ, Figure 1b) in the database also assures this. This is because 

of their proximity to their parent star, which causes tidal circularization on large time-

scales ([23,24]). Even though these lower eccentricities would be ideal to avoid the in-out 

movement from the habitable zone, the habitability of these planets is strongly ques-

tioned. The negative effect of the tidal locking scenario (which occurs in these closely 

packed systems [25]) would be immense temperature differences between the day and the 

night sides, which can cause the hypothetical ocean to boil on one side, and completely 

freeze on the other. The long-time stability of the atmospheres is also endangered in these 

cases ([26,27]). It is worth noting, that the stabilizing role of the atmospheres and the 

oceans were also examined earlier in these systems: in the presence of a dense CO2 atmos-

phere and a global ocean, temperature differences can be distributed on the surface [28]. 

In any case, low-mass stars (where tidal locking occurs frequently) are more prone to vi-

olent stellar outbursts in relatively short timescales, therefore disturbing the planet’s at-

mosphere and surface ocean dynamics [29]. For example, this can be the case in the TRAP-

PIST-1 system, which was originally a promising place to find habitable planets, with liq-

uid water oceans [30]. 

The strongest correlation on the matrices can be found between the stellar mass—

planetary semi-major axis pair (r = 0.84). This is an expected correlation originating from 

the definition of the habitable zone: since main-sequence stars with greater mass have a 

much larger luminosity (L ∝ M3), therefore the zone where a planet can orbit without 

being too hot, extends further away from the star, with a greater semi-major axis and vice 

versa. 

3.2.3. Number of Planets in the System 
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The inverse correlation between the stellar mass and the number of planets in the star 

system (r = −0.31) seems to support earlier studies [31]. Firstly, the more massive O, B, and 

A-type stars have short lifetimes (a few million years to a few hundred million years), 

which are shorter timespans than the evolution of the biosphere on Earth. Additionally, 

their HZ’s edges are advancing outwards much more quickly than the HZ of the lower-

main sequence stars, therefore it is hard to determine a stable environment around them. 

Also, their extreme solar wind is thought to be counter-effective for planet formation [32], 

since their protoplanetary disc evaporates more quickly. 

All in all, to explore the influence of additional planets in a star system on ocean 

formation, these systems should be examined on a one-by-one basis in further studies. 

4. Conclusions 

In this study, we mainly focused on the accessible statistical data of the currently 

confirmed exoplanets and their parent systems, and we created two heatmaps to visualize 

the connection between exoplanet properties in general, and inside the calculated habita-

ble zones. It can be seen, that the habitable zone definition strengthens the association 

between the different planetary parameters, and provides information about the connect-

ing features of exoplanetary systems. Also, there are possible associations between the 

planetary radius/mass and stellar metallicity and multiple characteristics. The such broad 

association suggests that the mentioned parameters can be possibly used as a proxy, to 

fine-tune the detection methods for star systems that are more likely to host terrestrial 

planets hopefully with a global ocean. 
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