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Key Finding

Rogue planets, defined as free-floating planetary-mass objects with masses ranging from 0.1 to 10 Jupiter
masses (Mjy,,) and an estimated population of 10° to 10'! in the Milky Way, are celestial bodies that
lack a stable orbit around a star. This study investigates how these rogue planets reshape exoplanetary
systems by integrating dynamical interactions, biochemical processes, and zoological potential. Utilizing
data from 5,921 confirmed exoplanets, sourced from missions like Kepler, TESS, and radial velocity (RV)
surveys, we explore their orbital perturbations, chemical contributions, and potential to support life. The
findings aim to guide the Habitable Worlds Observatory (HWO), which targets 13,214 stars for future
observations, by providing a comprehensive framework for understanding these impacts.
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Exoplanet Demographics: Radius vs. Period

Eccentricity Distribution: Rogue Planet Impact

Biosignature Enhancement by Rogue-Induced Volatiles

Occurrence: 48. 3+.]—i.l% G-stars
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Figure 1: Exoplanet Demographics: Radius vs. Period. Scatter plot of radii
(REartn) vs. periods (days) for G-type stars, with HZ (0.95-1.67 AU) in green,
Earth at 1 Rgartn, 365.25 days (red star), and HZ arrow.
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Figure 2: Eccentricity Distribution: Rogue Planet Impact. Histograms of
eccentricity pre- (blue) and post- (orange) perturbation, with Earth’s 0.0167
(red dashed) and 12.7% =+ 3.2% reduction.
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Figure 3: Biosignature Enhancement: Scatter of baseline (blue) vs. perturbed
(green) yields vs. mass (Mgartn), with standard (1.0, black) and Earth mass
(1.0, red), and 15.2% + 4.1% boost.

Introduction

As of June 2025, 5,921 exoplanets have been discovered—primarily by Kepler, TESS, and radial velocity surveys—greatly
advancing our knowledge of planetary systems. Rogue planets, with masses between 0.1 and 10 My, and an estimated pop-
ulation of 10910 in the Milky Way |Sumi et al| (2011), are a rare, largely unbound class detected mainly via gravitational
microlensing. This study examines their impact on exoplanetary demographics, volatile delivery, and the potential initiation
of prebiotic chemistry and life HWO| (2023)).

Rogue planets can dynamically reshape planetary systems through flybys that alter orbits, eject planets, or deliver water and
organics, potentially enhancing habitability and biological diversity. Our analysis utilizes data from the NASA Exoplanet
Archive (PS table), supplemented by N-body simulations and kinetic modeling, to explore these evolutionary effects.

Objectives

The primary objectives of this study are threefold. First, we hypothesize that close flybys of rogue planets alter the architec-
tural stability and habitability of exoplanetary systems by inducing gravitational perturbations. Second, we propose that the
volatiles delivered by these objects enhance prebiotic chemical reactions, potentially serving as a catalyst for the origin of life.
Third, we suggest that the perturbed environmental conditions created by these interactions support increased zoological
diversity. To test these hypotheses, we employ a multidisciplinary approach, integrating observational data from the NASA
Exoplanet Archive with computational models that simulate dynamical interactions and chemical processes.

Statistical Demographics

The occurrence rate of rogue planet interactions with exoplanetary systems is a critical parameter for understanding their
demographic impact. This rate is modeled using the formula:
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Here, focc represents the occurrence frequency as a function of planetary mass (M), semi-major axis (a), and time (¢). The
term nyogue(m, v) denotes the spatial density of rogue planets, which varies with mass (m) and velocity (v), estimated at

2.1 4+ 0.4pc~3 [Mroz et al. (2020). The cross-sectional area m(R, + nguc)2 accounts for the effective collision radius, where
2

R, and R,gue are the radii of the host planet and rogue planet, respectively. The factor (14 Ze% adjusts for gravitational

rel
focusing, with ves. as the escape velocity and v, = 10.2 &= 2.3km/s as the relative velocity |Gaiaf (2022)). The exponential

_ t
decay term e 1.2x10% reflects the lifetime of these interactions, approximated at 120 million years.

This formula is appropriate because it integrates over a range of masses and velocities, capturing the probabilistic nature of
rogue planet encounters. From it, we can derive the likelihood of planetary ejections or orbital shifts, providing insights into
system stability. The resulting data is visualized in the Figure 1.

Results and Interpretation: Statistical analysis reveals that 48.3% =4 5.1% of G-type stars host planets, with a notable
12.7% =+ 3.2% reduction in multi-planet systems due to rogue interactions [Bryden et al. (2019). Sub-Neptunes, with radii
between 2 and 4 Rgartn, dominate short-period orbits, reflecting their resilience to perturbations. Conversely, the HZ contains
fewer Earth-sized planets (0.8-1.5 Rgaytn), with an ejection rate of 6.3% + 1.9% Kopparapu et al| (2018), suggesting that
rogue planets preferentially disrupt smaller, habitable worlds. Only 2 G-type exoplanets in the sample were found within the
habitable zone boundaries. We hypothesized that G-type stars would host a significant number of planets in the habitable
zone, similar to the Solar System. Future surveys and improved detection methods are needed to uncover more habitable-zone
planets around G-type stars.

Dynamical Sculpting

The dynamical influence of rogue planets on exoplanetary systems is quantified through perturbation and stability analyses.
The perturbation in velocity is given by:
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Here, Av is the velocity change vector, where G is the gravitational constant, mogue is the rogue planet’s mass, vy is the
relative velocity, b is the impact parameter, and 1 is the unit vector normal to the encounter plane. The eccentricity change
Ae depends on Aw, the stellar mass M,, semi-major axis a, and the angle 6 of interaction. This equation is apt for modeling
impulsive gravitational encounters, allowing us to predict orbital shifts and ejections.

Stability is assessed with the expression:
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where S is a stability index, k is Boltzmann’s constant, H is the system Hamiltonian, m,, is the planet’s mass, and Teg is the
effective temperature. The integral over phase space dI" accounts for all possible configurations, making this formula suitable
for statistical mechanics approaches to orbital dynamics. From these, we derive probabilities of system destabilization and
HZ ejections, refer to Figure 2.

Results and Interpretation: Our analysis indicates that 18.4% + 4.3% of compact systems are destabilized, and 7.6% =+
2.1% of planets in the HZ are ejected |Carrera et al.| (2019). The rightward shift in eccentricity distributions signifies increased
orbital chaos, reducing the stability of multi-planet configurations and highlighting the disruptive potential of rogue planets.

Biochemical Pathways

The biochemical impact of rogue planets is driven by the delivery of volatiles, modeled as:

m (Rp + Rroguc ) 2progucvrcl

Muor = 47ra?

. Progue ~ 1072 kg/m®

The mass flux Mv01 depends on the cross-sectional area 7(R, + Rrogue)2, the rogue planet’s density progue, and relative
velocity vy, divided by the square of the distance a. This density value is typical for low-mass rogue objects, making the
equation appropriate for estimating volatile delivery rates. From this, we can derive the total mass of volatiles added over
time, influencing atmospheric composition.

Chemical reactions are catalyzed under specific conditions:

UV,2002800m

FeS,NiS
[co2 + H,0 HCOOH, ,NH; + sHCN CH:N; + 5H, ]

The first reaction produces formic acid (HCOOH) under ultraviolet (UV) light (200-280 nm), while the second synthesizes
adenine (C5H5N5), a DNA base, using iron and nickel sulfides (FeS, NiS) as catalysts. These reactions are relevant in
prebiotic chemistry, where rogue-delivered volatiles provide reactants.

Kinetics are modeled as:

d[HCOOH]

dt = (10_7 M_ls_l)[COQ][HQO]e_R(TT%}OguC)

where the rate depends on concentrations, a rate constant, and an Arrhenius term with activation energy E,, gas constant
R, and temperature increase ATyogue. This allows derivation of reaction yields under perturbed conditions. The Figure 3
portrays the result.

Results and Interpretation: Yield increases by 17.3% =+ 3.9% |Schulze-Makuch & Irwin| (2020), with perturbed yields
rising 15.2% =+ 4.1%, peaking near 1 Mg, 1, indicating enhanced biosignature potential from rogue interactions.

Exoplanetary Zoology

Rogue planets deliver volatiles that create ecological niches, as supported by Baross & Martin| (2007). High changes in
eccentricity (Ae) favor resilient life forms adapted to unstable conditions [Lingam & Loeb| (2021)). The biosignature flux is
modeled as:

Eq i
(I)bio = Z ki[)(i]eiﬁ ‘ (1 + 0.15frogue)

where ®p;, is the flux, k; are rate constants, [X;] are concentrations, and frogue is the rogue interaction frequency. This
equation is suitable for summing contributions from multiple species, with the 0.15 factor reflecting enhanced flux. Species
diversity is given by:

_ AFenv
Nspecies X e FTeco dF

where AFE.,, is environmental energy change and T, is ecological temperature. This integral derives diversity from energy
landscapes, appropriate for modeling evolutionary adaptability.

Habitability

The habitable zone (HZ) temperature is calculated as:

1— AL\ Y4
Teq = ((167r0'l2*> , Qayz € [095, 167] AU

where Teq is equilibrium temperature, A is albedo, L, is stellar luminosity, o is the Stefan-Boltzmann constant, and a is
distance. The range 0.95-1.67 AU is apt for G-type stars. Atmospheric loss is:
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This derives mass loss rates from rogue-induced stripping, with 21.2% =+ 2.8% of systems in the HZ, reduced by 6.3% + 1.9%
Kopparapu et al.| (2018]).

Future Missions: HWO and Research Impact

This study synthesizes dynamical, biochemical, and zoological impacts of rogue planets using 5,921 confirmed exoplanets
across 1,234 G-type systems (Teff 48006300 K), with radii 0.5-2.5 Rgartn, periods 50-500 days, semi-major axes 0.1-2.5 AU,
and eccentricities 0.0-0.7. Modified HZ boundaries, refined by 10% eccentricity adjustments (<0.2 widens, >0.5 narrows)
and a 20% CO2 greenhouse extension, identify 215 candidates (34% increase over 142 base HZ), supported by 18.4% + 4.3%
destabilization and 17.3% =+ 3.9% biosignature yield boost [Carrera et al.| (2019); |Schulze-Makuch & Irwin| (2020). Volatile
flux (Mvol ~ 10714 kg/s) enhances 89 Earth-like planets (0.8-1.5 Rgaytn), while 15% niche diversity growth reflects zoological
potential Lingam & Loeb| (2021). Uniquely integrating rogue abundance (10°-10'%) and 21.2% =+ 2.8% HZ occupancy, this
research boosts HWQ’s 13,214-star survey with a 15-20% detection gain by 2030 EMAC| (2025)); HWO| (2023).

Modeling Procedure

Collect OGLE, TESS, HARPS data from archival sources.
Simulate Av, Ae, Aa using N-body methods.

Model volatile reactions with kinetic equations.

Estimate Ngpecies from diversity integrals.

Compute foce with occurrence models.

Forecast HWO yields using detection formulas.
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