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Abstract
Objectives: Hot Jupiters, a special class of exoplanets always draw attention
due to their intriguing characteristics. Here we wish to establish the differenti-
ation of two planetary mass groups having orbital eccentricity discrimination.
Methods: A comprehensive statistical approach has been carried out to under-
stand the distribution of hot Jupiter population and the architecture of those
planetary. 312 hot Jupiters have been filtered out from 4285 different scien-
tifically recognized exoplanet databases and such a huge hot Jupiter sample
size has not been used to find out any intrinsic correlation before. Different
techniques to discover hot Jupiters have been studied here to segregate them.
Relation betweenorbital eccentricity andother planetary parameters likemass,
orbital periods have been investigated further to find any intrinsic character-
istics. Findings: We established that transit method has better chances to dis-
cover light and short period candidates. Their orbital eccentricity has been stud-
ied w.r.t. their calculated planetary mass and orbital period. We have found
eccentricity excitation and tidal circularisation due to low orbital period keeps
hot Jupiters at close proximity to their parent stars. Effectively smaller average
eccentricity of 0.050.5

0 ± 0.008 for intermediate and large hot Jupiters indicates
lack of influence of tidal interaction on larger masses. Probability distribution
of eccentricity supports the existence of a discontinuity in planetary mass dis-
tribution at ~4MJ . Low p value (~0.037) in KS test indicates the existence of
bimodal distribution of hot Jupiter populations having possibly different chan-
nel of formation.Novelty: Application of statistics on hot Jupiters is rare due to
their infrequent detection. Already reported planetary parametric features of
exoplanets are checked for trueness and new parameters have been studied.
Here we also discussed theoretical and empirical implications of these statis-
tical results for dynamical evolution. It opens up a new dimension to scientific
realm.
Keywords: Hot Jupiter; Exoplanet; Mass distribution; Eccentricity; Transit
method; Bimodal distribution

1 Introduction
An extra dimension has been appended to our space knowledgewith discovery of extra-
solar planets in early nineties (1,2). Exoplanet research is one of the most rapidly
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developing subjects in present astronomy (3,4). Despite having a large sample size in exoplanet catalogue, there are very few
attempts have been made to characterize them with help of statistical methods (3,5). Construction of such cross-platform bridge
has been attempted here. From countless stars around us few are having giant planets in their close proximity. The high
temperatures of the protoplanetary disc and low orbital period of those planets, namely hot Jupiters (HJs) make them prime
candidates for in situ planetary formation research.

In recent time substantial efforts have been dedicated to characterise a bunch of planetary parameters of hot Jupiter through
different observational methods (6,7). Current exoplanet discovery trend is piling up hot Jupiter numbers to make them suitable
for applying statistical techniques to other planetary parameters. Origin of hot Jupiter is still a speculation; disk migration and
high eccentricity migration are two recognized individual models for their formation and migration (8). Initial findings suggest
existence of different hot Jupiter populations but no concluding evidence has been delivered yet (4,9). Furthermore, a recent
observation portraying dependency of mass distribution on orbital period proposed in situ formation model and predicted a
correlation of giant planet migration to its orbital shape (10). It intrigues us to forward the study further to find any intrinsic
feature hidden in their orbital eccentricity distribution. Recent thermal emission observations of several hot Jupiters provide us
opportunity to look into their compositional diversity but due to lack of available data they cannot be grouped. Till more and
more hot Jupiters come under the surveillance this direct observational deficiency can be overcome through studying other
available parameters. Those detailed studies involving mass, metallicity, orbital characteristics etc. help us to disentangle the
intricate hot Jupiter population (11). In this paper we have tried to guide the exploration to accelerate the discovery rate of hot
Jupiter and, also checked the correctness of different existing hypothesis related to exoplanet paternity.

2 Methodology

2.1 Parametric influence on discovery techniques

Most of these exoplanets have been detected through planetary transit or radial velocity studies of the host star (3,12). Due to
large gravitational tug by host stars, their signature in the Doppler method of planet search is very strong (13). But this technique
is biased towards finding hot Jupiters around less massive stars. Again, wide-angle CCD cameras monitoring light from tens of
thousands of stars, are finding hot Jupiter transits much faster than the Doppler wobble method (14). A precise combination of
both the techniques can lead us to new achievement (15). Apart from them, few have been discovered by imagining or through
planet-lens signatures detected during gravitational lensing events (16), but population in this category are low as it is suitable
for planets reside at large separations from their host star. A small population of giant HJs, closely orbiting its host star has been
discovered through pulsar method (17).

Fig 1. A scattered diagram to demonstrate the distribution of orbital eccentricities over hot Jupiter masses, specifying their discovery
history

Ever enriching exoplanet catalogues (18,19) unleashes the potential for statistical studies. Our observation based on available
data from those catalogues predicts transit method has better chances to discover lightweight hot Jupiters with lower eccentric
orbital (Figure 1). Lower orbital inclinations increase the possibility of capturing dimness of starlight by parallel monitored
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Fig 2. A scattered diagram to demonstrate the distribution of hot Jupiter masses over their orbital periods for different discovery
techniques. Inset displays distribution of lightweight population intricately

wide angle lenses during their transits in front of its parent star (20). Distributions of different discovery techniques in period-
mass diagram (Figure 2) also shows low-mass and short-period hot Jupiters are frequently discovered through transit method.
Hence, with different ongoing and upcoming space missions looking for starlight from never explored corners of universe has
opened the opportunity to discover smaller hot Jupiters closest to their parent star. Though both Figures 1 and 2 are not free
from observational bias and instrumental limitation, however they are keeping some valuable information about the process of
formation andmigration of those detected hot Jupiters. In particular, a cluster of HJs can be observed with mass less than 4MJ .
These low mass planets have a full range of eccentricities with average value of eccentricity. Beyond it lack of lower eccentric
HJs can be observed upto 8 MJ . This relative paucity of HJs with intermediate mass can be related to disk migration (9), and
can be referred as mini “period valley” (21). An average eccentricity of 0.050.5

0 ± 0.008 for intermediate and large hot Jupiters
indicates lack of influence of tidal interaction on larger masses. Previous study shows a highly eccentric giant planet usually
eject water-rich material from the planetary system rather than scattering inward (22,23) and circulating its orbit, which results
in fewer low eccentric giant hot Jupiters population (24). We present the evidence of this theory later in eccentricity distribution
analysis. In coming days, a larger catalogue of hot Jupiters will also help to establish how their abundance, mass, orbital period
and eccentricity depend on host star or disk environment.

3 Results and Discussion

3.1 Formation and migration depending on metallicity

Inflated size and close proximity to host star of hot Jupiters indicate in situ formation. We have already argued about rapid
formation of gaseous atmosphere around its rocky core before protoplanetary disk dissipates (25). Drive of hot Jupiters is a
complexmodel parameterised by several planetary arguments. For single child hot Jupiters, themigration speed to their current
orbit largely depends on parental metallicity. Existence of gas giants evolved through core accretion model is highly correlated
to disk metallicity and, it was elaborately discussed in our early report (25). In case of multiple planetary system, any type of
planetary scattering occurred due to perturbation create a field for tidal circularisationmodel. Here an excitation in eccentricity
due to any secular perturbation follows by migration (26). A recent study on host star metallicity of HJs suggested population of
HJs formed in a similar process to other gas giants, and may differ only in their migration histories (27). When we have dug it
further with a larger set of samples, no conclusive evidence has been inferred as already reported (28). It motivated us to cultivate
other planetary parameters viz. eccentricity or mass for any multimodal distribution.

3.2 Eccentricity distribution

Orbital eccentricities as influencing parameter in planetary migration draws attention to scientific community in recent times
and, high-eccentric migration models have been proposed based on misalignment between the stellar spin and orbital angular
momentum axes (29,30). Here we have revisited that hypothesis from their present scenario. Orbital eccentricity distribution
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Fig 3. Orbital eccentricity distribution with mean 0.058 and standard deviation 0.1. It is well fitted by exponential decay curve as
described in figure

Fig 4. A representation of orbital eccentricity as a function of semi major axis for hot Jupiters. Here we have considered hot Jupiters
with planetary mass up to 10 MJ. Colour map represents planetary mass in MJ unit

exhibits, most of the hot Jupiters prefer circular or near circular orbits, irrespective of their sizes (Figure 3).Whereas divergence
in eccentricity has been observed as planet goes far from its host star (Figure 4). Our study confirmsHJs having semi major axis
greater than 0.04 AU are less influenced by host star and more eccentric than closer ones, even massive HJs close to parent star
are trying to circularize their orbit under influence of tidal effect. It supports recent report on tidal disruption and accretion
of remnant planetary bodies theory around white dwarf (31). Hence, we can propose a bridge between close hot Jupiters and
circumstellar debris disks in the proximity of the white dwarf to exchange planetary formation theory. Higher eccentricity for
massive HJs having greater semi major axis indicates their inward migration. Eccentricity excitation and tidal circularization
due to low orbital period makes hot Jupiters to stay at close proximity (Figure 5). Their non-void eccentricity can be referred
as either by continuous attempt to drive them out from circular orbit, or they have migrated inwards from a greater orbit
where eccentricity generally high. Probability of first option decays with increasing mass of planets due to their greater inertial
resistance. Lightweight hot Jupiters may get into resonance trap and tied under circular orbit easily, though there is few “free
spirited” lightweight hot Jupiters still having high orbital eccentricity.They are mostly coming from single planetary system and
propagating through disk migration. A recent study only on transiting small planets also confirms single child planets are more
eccentric than multi-planet system (32).
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Fig 5. Dependency of orbital eccentricity with the orbital period. Only eccentricity uncertainties according to published data have been
shown here

Fig 6.Dependency of orbital eccentricitywith the planetarymass. Error bars indicates theoreticalmeasurement uncertainties according
to different repute reports

The large eccentricities required to initiate circularization could be generated in a different way. Time dependent stellar
flux influences the eccentric hot Jupiter’s atmospheric dynamical regime, which in turn affect orbital motion (33). For lighter
planets tidal interaction with the parental disk is reduced significantly to initiate eccentric growth (Figure 6). Generally, planet-
planet scattering for multiple planetary system or orbital perturbation due to close encounter by massive objects can initiate
eccentricity excitation (34). So, it can be assumed that a fraction of massive ones is formed at large distance from host star and, as
theymigrated towards host star due either the chaotic interactions of a multi-planetary system or the long-term perturbation of
highly inclined system, which lead to the innermost giant planet passing close enough to the host star that tidal interactions strip
its angular momentum and circularize its orbit. Difficulty to circularize planets by host star is proportional to planetary mass
and function of orbital speed. To provide a consolidated view we need more data in hot Jupiter catalogue which incidentally is
on the way due to phenomenal progress in exoplanets research now days.
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3.3 Mass distribution

Previous studies suggested that the mass distribution (exclusively on lighter HJs) may have two different maxima, separated
by a valley (35). As per our analysis over different orbital and physical parameters, hot Jupiter population can be divided over
two mass regimes. Lightweight group having mass less than four times of Jupiter mass and, heavyweight group having rest of
the population. Proposed bimodal population has been assessed through different statistical techniques applied on planetary
parameters. To check the nature of distribution of orbital period and eccentricity of different hot Jupiters, we have performed
probability plot on each group (Figure 7). Blom scoring method was employed to mark and check their difference from normal
distribution reference line. All the different parametric distribution carried individual distinguishable remark. Analysis on
orbital periods does not conclude any significance on differentiability between two groups. Both of them are very much aligned
to their reference lines. Non-significant result arises because of our targeted small subgroup of hot Jupiters. If we remove our
constrain regarding hot Jupiter attributes and widen spectrum of orbital periods for whole exoplanet catalogue, a demarcation
could be obtained. It is beyond scope of this article. As most of the close orbiting HJs have been circularized their orbit so
eccentricity is not normally distributed for both the groups. In fact, Heavyweight group is far more aligned to reference line.
This shows randomness in eccentricity for heavier hot Jupiters. Lightweight planets having close orbital path to its host star
easily fall in resonance perturbation and circularize its orbit.

Fig 7. Different planetary parametric distributions for two groups of hot Jupiters. Left hand side exhibits orbital period and right side
shows eccentricity variations. Blue and orange colours describe HJs havingmass less and greater than 4MJ .Their probability of normal
distribution is also sketched with reference line to indicate presence of different populations

To verify our hypothesis in more detail, we have compared the planetary orbital eccentricity distributions of those two mass
regimes. We have employed two-sample Kolmogorov–Smirnov test for the statistical analysis. It shows two distributions have
a p value of 0.037 (STD=0.1). It is very low, suggesting a significant difference in two different mass regimes.

4 Conclusion
Significant progress made in search for exoplanets in last few years has produced an opportunity to look at them in different
perspectives. Till date different astronomical methods have been employed to discover exoplanets. Here we have investigated
properties of thosemethods using statistical framework. Overlooking rudimentary differences in those detectingmethods it has
been established that low-mass and short-period hot Jupiters are frequently discovered through transit method. As automated
transit search programme is currently occupying major parts of space search missions, so in coming days, population of less
dense hot Jupiters are going to be much heavier. It opens the possibility to study the properties of newly found HJs and, it will
certainly help researchers to conclude the formation and migration models predicted in several earlier reports.

As hot Jupiters is a small subgroup of exoplanet community and, many studies has been already performed on different
reported planetary parameters of several exoplanets, it inspired us to conduct similar tests on HJs. In this context, a detailed
analysis on orbital eccentricities and, its correlation with other orbital and planetary parameters has been performed here. It
has been observed that Hot Jupiters very close to parent star (<0.04 AU) are more eccentric, evenmassive hot Jupiters are trying
to circularize their orbit under influence of tidal effect. Most of the hot Jupiters prefer low orbital eccentricity and it carries
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their migration signature. Higher eccentricity for massive HJs with greater semi major axis indicates their inward migration.
Result presented above suggested hot Jupiters having masses above and below ~4MJ is coming from two different populations.
Presence of two different groups in mass distribution is supported by low p value in Kolmogorov–Smirnov test. The inference
is aligned to the nature of mass distribution of previously predicted exoplanet groups. Available cross-discipline references lack
robustness to expand these models for single and multiplanet systems. Here we have opened up the realm of opportunity to
endeavour the interdisciplinary research but further studies in near future, with larger sample size is required to pose more
constrains on those models.
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