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Abstract 

The classical N-body problem’s microscopic chaos and dense stellar systems’ 

computational challenges demand effective macroscopic descriptions. Building on 

Cheng’s thermodynamic analogy, this study models a dense 4-million solar-mass stellar 

system (1.6 light-years radius) as an equilibrium ideal gas, incorporating an effective 

Boltzmann constant and virial theorem. Results show a quasi-equilibrium state with 

1.02×10⁶ K effective temperature, 1.17×10⁻² Pa gravitational pressure, and 145.4 km/s 

stellar root-mean-square velocity. This confirms thermodynamics bypasses 

microscopic chaos, offering a novel tool for compact astrophysical systems. A sparse 

Milky Way outskirts system (ignoring gravity) has far lower pressure, highlighting 

gravity’s key role. It is also worth noting that for the sparse stellar systems at the 

outskirts of a planet, their social temperature depends on the chosen frame of reference. 

Relative to the center-of-mass frame, the social temperature is very high, whereas 

relative to the local frame, the social temperature is significantly lower. 
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1. Introduction 

In classical celestial mechanics, the N-body problem has been one of the central 

challenges in theoretical physics ever since Newton’s time. Among these, the three-

body problem has been proven to have no general analytical solution; its dynamical 

evolution is extremely sensitive to initial conditions and exhibits intrinsic chaotic 

behavior [1]. When we shift our focus from a small number of celestial bodies to the vast 

collections of stars actually found throughout the universe—such as globular clusters, 

galactic bulges, or even entire galaxies—the complexity and computational difficulty 

of the problem increase exponentially, making precise orbital-dynamics approaches 

often impractical. 

To address this challenge, researchers have begun seeking macroscopic 

description methods that go beyond traditional Newtonian mechanics. Among these, 

thermodynamic theory stands out for its remarkable predictive power in capturing the 

overall behavior of systems. As Cheng initially outlined in “Thermodynamic Analysis 

of the Three-Body Problem” [2], by drawing an analogy between stellar systems and 

ensembles of ideal gases and introducing thermodynamic state variables such as 

pressure, volume, and temperature, it becomes possible to effectively bypass the 

instability inherent in microscopic orbital dynamics, thereby revealing the macroscopic 

laws governing system evolution and the characteristics of equilibrium states. This 

interdisciplinary perspective—referred to as “social thermodynamics”—provides a 

novel theoretical framework for understanding the collective behavior of many-body 

systems. At the observational level, the universe is home to a large number of extremely 
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dense stellar systems. For example, the nuclear bulge region at the center of the Milky 

Way, nuclear star clusters surrounding some supermassive black holes, and the cores 

of certain galaxies undergoing merger processes can all exhibit stellar number densities 

exceeding one million stars per cubic light-year [3, 4]. In these environments, 

gravitational interactions among stars dominate the dynamical evolution of the system 

and may give rise to unique astrophysical phenomena such as violent tidal disruption 

events and high-frequency stellar collisions.  

Balancing the structural and thermal states is crucial for interpreting their 

observational features—such as high-energy radiation—and tracing their formation and 

evolutionary history. Based on the aforementioned background, this study aims to apply 

the thermodynamic analysis framework proposed by Cheng [2] to a theoretical, 

extremely dense system: a cluster of 4 million Sun-like stars concentrated within a 

spatial region of only 1.6 light-years in radius. By employing the virial theorem, we 

establish the energy balance relationship for the system, define and calculate its “social 

temperature” (i.e., the system’s equivalent thermodynamic temperature) and 

gravitational pressure, and subsequently estimate the average stellar velocity. For 

comparison, this paper also calculates the relatively sparse stellar systems on the outer 

spiral arms of galaxies. The stellar system's social temperature is calculated using two 

different reference frames: the center-of-mass frame and the local reference frame. This 

allows for a better understanding of the deeper physical significance contained in the 

concept of social temperature when dealing with the dynamics of these many-body 

systems. This study not only serves as a validation of the feasibility of the 

thermodynamic approach under extreme parameter conditions but also seeks to explore 

the macroscopic physical properties of ultra-dense stellar systems, providing a 
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quantitative theoretical reference for understanding the energetics and dynamics of 

related astrophysical processes. 

2. Research Methodology 

This study adopts an analytical framework that combines macroscopic 

thermodynamics with classical gravitational theory, drawing an analogy between an 

extremely dense stellar system and an ideal gas system in a quasi-equilibrium state. 

This section will elaborate in detail on the physical model employed, the underlying 

assumptions, and the formulas used to calculate key physical quantities. 

2.1 Physical Model and Basic 

Assumptions 

To construct a computable theoretical model, we introduce the following basic 

assumptions [7, 8]: 

1. Spherical Symmetry and Uniform Distribution Assumption: The system is 

modeled as a uniform, spherical distribution with radius R. Although real dense star 

clusters may exhibit more complex density profiles (such as the King model), the 

uniform-sphere assumption simplifies the calculation of gravitational potential energy 

and provides a reliable order-of-magnitude estimate for key physical quantities. 
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2. Ideal Gas Analogy: Treat each star in the system as an independent “particle,” 

and consider the entire system as an ideal gas confined within a volume V. The 

interactions among stars are primarily mediated by the system’s overall gravitational 

potential field, rather than frequent binary collisions. 

3. Quasi-equilibrium assumption: The assumption that the system is in a steady 

state on the dynamical timescale and satisfies the virial theorem. This implies a definite 

statistical relationship between the system’s total kinetic energy and its total 

gravitational potential energy. 

4. Neglecting non-gravitational effects: In the current model, we temporarily 

disregard complex factors such as stellar evolution, stellar wind feedback, 

electromagnetic interactions, and the potential presence of a central supermassive black 

hole, treating the system as a purely gravitational N-body system. [6] 

5. The Modified Boltzmann Constant: Given that a single star itself is a 

macroscopic object composed of an enormous number of atoms (~1057), it possesses 

a vast number of internal degrees of freedom. To appropriately reflect this fact in 

thermodynamic calculations, we follow the approach proposed by Cheng [2] and re-

calibrate the Boltzmann constant, treating it as an effective parameter, 𝑘𝐵′, that is 

related to the total internal degrees of freedom of the system. 

2.2 Key Formulas and Calculation 

Procedures 

The core computational process is based on the following key formulas: 
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1. System volume: 

The system is assumed to be spherical, and its volume is given by the following 

formula: 

𝑉 =  (4/3)𝜋𝑅³ 

Here, R represents the radius of the system. 

2. Total gravitational potential energy: 

For a uniform sphere, its total gravitational potential energy can be approximated 

as: 

⟨𝑈⟩ ≈  −
3

5

𝐺(𝑁𝑚)2

𝑅
 

Among them, G is the gravitational constant, N is the total number of stars, and 

m is the mass of a single star. The factor -3/5 in the formula is the structural factor for 

a uniform sphere. 

3. Average total kinetic energy (Virial theorem): 

According to the virial theorem, for a self-gravitating system in a steady state, the 

time-averaged total kinetic energy <K> and the total potential energy <U> are related 

as follows: 

⟨𝐾⟩  =  −1/2 ⟨𝑈⟩ 

This formula serves as a bridge connecting the system's gravitational potential 

with its kinematics.  

4. System temperature (“social temperature”): 
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The system’s equivalent thermodynamic temperature is defined in terms of the 

average kinetic energy. Taking into account the effective Boltzmann constant 𝑘𝐵, for a 

monatomic gas undergoing three-dimensional motion, the formula is: 

𝑇 =
2⟨𝐾⟩

3𝑁𝑘𝐵
′  

 Among these, the effective Boltzmann constant 𝑘𝐵′ =  𝑘𝐵 ·  𝑛, where n is the 

equivalent number of microscopic particles within a single star (in this study, we take 

𝑛 ≈  1057 , corresponding to the number of hydrogen atoms). Therefore, 𝑘𝐵
′ ≈

 1.38 × 1034 𝐽/𝐾. 

5. Gravitational pressure: 

The equivalent pressure at the system boundary is primarily contributed by 

gravitational binding and can be estimated using the potential energy density: 

𝑃𝑔𝑟𝑎𝑣 =
|⟨𝑈⟩|

𝑉
 

6. Average stellar velocity: 

The average velocity of stars is characterized by the root-mean-square velocity. 

First, the average kinetic energy of a single star is calculated as ⟨K₁⟩ = ⟨K⟩/N, and then 

the velocity is determined using the kinetic energy formula: 

⟨𝐾1⟩ =
1

2
 𝑚⟨𝑣²⟩ 

𝑣𝑟𝑚𝑠 =  √⟨𝑣2⟩ =  √[
2⟨𝐾1⟩

𝑚
] 
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Here, 𝑣𝑟𝑚𝑠 refers to the three-dimensional root-mean-square velocity of the stars' 

random motions. 

In summary, by inputting the system’s basic parameters—radius R, number of 

stars N, and stellar mass m—one can sequentially calculate the key physical quantities 

that characterize the system’s macroscopic thermodynamic state using the formula 

chain described above. 

3 Calculation and Results 

3.1 Initial Parameter Settings 

The computations in this study are based on the following set of specified initial 

physical parameters, [5] For the center of a galaxy, its main parameters are: 

· System radius (R): 1.6 ly (light-years) 

· Number of stars (N): 4 × 10⁶ 

· Single star mass (m): 2 × 10³⁰ kg (i.e., 1 solar mass M☉) 

First, convert the radius units to the International System of Units (meters) and 

calculate the system volume: 

𝑅 =  1.6 𝑙𝑦 × (9.46 × 10¹⁵ 𝑚/𝑙𝑦)  =  1.514 × 10¹⁶ 𝑚 

𝑉 =  
4

3
𝜋(1.514 × 10¹⁶)³ ≈  1.45 × 10⁴⁹ 𝑚³ 
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Meanwhile, the effective Boltzmann constant defined in reference [2] is adopted 

to account for the enormous internal degrees of freedom of stars: 

𝐾𝐵’ =  1.38 ×  10³⁴ 𝐽/𝐾 

For stellar systems with sparse peripheries, the corresponding parameters are: 

· Location: Spiral arm region approximately 26,000 light-years from the 

Galactic Center. 

· System Radius:  𝑅 =  3 𝑙𝑦 or 0.8 𝑙𝑦, defining a local analysis volume. 

· Number of Stars:  𝑁 =  103 , reflecting the typical number density in spiral 

arms. 

· Stellar Mass:  𝑚 =  2 ×  1030 𝑘𝑔. 

Stellar Velocity:  𝑣 =  270𝑘𝑚/𝑠 or 50𝑘𝑚/𝑠. 

3.2 Step-by-step calculation process 

3.2.1 Calculation of Gravitational Potential Energy for 

Galactic Center 

According to the uniform sphere model: 

1. Total mass squared: (𝑁𝑚)² =  (4 × 10⁶ ×  2 × 10³⁰)² =  6.4 × 10⁷³ 𝑘𝑔² 

2. Calculate (G(Nm)²): 6.67 ×  10⁻¹¹ ×  6.4 ×  10⁷³ =  4.269 ×  10⁶³ 𝐽 · 𝑚 

3. Divide by the radius: (𝐺(𝑁𝑚)²)/𝑅 ≈  4.269 × 10⁶³ / 1.514 × 10¹⁶ ≈

 2.819 × 10⁴⁷ 𝐽 
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4. Application of the structure factor: ⟨𝑈⟩  ≈  −(3/5)  × 2.819 × 10⁴⁷ ≈

 −1.691 × 10⁴⁷ 𝐽 

3.2.2 Calculation of Average Kinetic Energy 

According to Virial's theorem: 

⟨𝐾⟩  =  −1/2⟨𝑈⟩  ≈  1.691 × 10⁴⁷ / 2 ≈  8.455 × 10⁴⁶ 𝐽 

3.2.3 Calculation of System Temperature (“Social 

Temperature”) 

𝑇 =  (2 × 8.455 × 10⁴⁶)/(3 × 4 × 10⁶ × 1.38 × 10³⁴)  ≈  1.021 × 10⁶ 𝐾 

3.2.4 Gravitational Pressure Calculation 

𝑃𝑔𝑟𝑎𝑣  =  1.691 × 10⁴⁷ / 1.45 × 10⁴⁹ ≈  1.166 × 10⁻² 𝑃𝑎 

3.2.5 Calculation of the Root-Mean-Square 

Velocity of Stars 

1. Average kinetic energy of a single star: ⟨𝐾₁⟩  =  8.455 × 10⁴⁶ / 4 × 10⁶ ≈

 2.114 × 10⁴⁰ 𝐽 

2. Root-mean-square speed: ⟨𝑣²⟩  =  (2 × 2.114 × 10⁴⁰)/2 × 10³⁰ =  2.114 ×

10¹⁰ 𝑚²/𝑠² 

3. Root-mean-square speed: 𝑣𝑟𝑚𝑠  =  √2.114 × 1010  ≈  1.454 × 10⁵ 𝑚/𝑠 =

 145.4 𝑘𝑚/𝑠 
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3.3 Preliminary Analysis 

The calculation results clearly reveal the extreme physical characteristics of this 

system. 1. Extremely high equivalent temperature: A system temperature exceeding one 

million kelvins indicates that, from a macroscopic thermodynamic perspective, the 

system is—An extremely “hot” system, indicating that it may emit intense thermal 

radiation, particularly in the X-ray band [13]. 2. Dominant gravitational confinement: 

Despite its extremely high temperature, the calculated gravitational pressure 

(approximately 0.01 Pa) is significantly lower than the typical internal pressure found 

in ordinary stars. This suggests that gravitational interactions completely dominate the 

system’s structure and equilibrium, and thermal pressure alone is insufficient to disrupt 

the system’s stability. 3. Violent stellar motion: The root-mean-square velocity reaches 

as high as 145.4 km/s—far exceeding the typical velocities of stars near the Sun (around 

20 km/s), directly reflecting the system’s deep and steep gravitational potential well. 

Such high velocity dispersion is the most prominent feature of dense stellar systems. 

One of the kinetic characteristics. 

These results provide a solid quantitative foundation for the in-depth discussion 

in the next chapter. 

3.4 Comparative Case: Sparse 
Stellar System in the Galactic 
Outer Disk 

To provide a stark contrast with the self-gravitating dense system, we additionally 

calculate the thermodynamic parameters for a sparse stellar system in the Galactic outer 
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disk, where gravitational interactions are negligible [9]. This case demonstrates how the 

thermodynamic state is governed purely by stellar kinematics in the absence of 

significant gravitational binding. 

3.5.1 Model Assumptions and Parameters 

· Location: Spiral arm region approximately 26,000 light-years from the 

Galactic Center. 

· System Radius:  𝑅 =  3 𝑙𝑦 , defining a local analysis volume. 

· Number of Stars:  𝑁 =  103 , reflecting the typical number density in spiral 

arms. 

· Stellar Mass:  𝑚 =  2 ×  1030 𝑘𝑔. 

· Stellar Velocity:  𝑣 =  270𝑘𝑚/𝑠 . This higher characteristic velocity, 

compared to the local standard of rest, could represent stellar motions in a specific 

kinematic stream or populations like halo stars passing through the disk. 

· Key Assumption: Mutual gravitational attraction between stars within this 

volume is negligible compared to the restoring force of the overall Galactic potential. 

The system is thus treated as a non-self-gravitating ideal gas, with its state defined 

solely by the stellar motions. 

The system volume Is calculated as: 

𝑅 =  3 𝑙𝑦 × (9.46 × 10¹⁵ 𝑚/𝑙𝑦)  =  2.838 × 10¹⁶ 𝑚 

𝑉 =  (4/3)𝜋(2.838 × 10¹⁶)³ ≈  9.57 × 10⁴⁹ 𝑚³ 

3.5.2 Thermodynamic Parameter 

Calculation (Ignoring Self-Gravity) 
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1. Total Kinetic Energy: 

   Kinetic energy per star:  𝐾₁ =  (1/2)𝑚𝑣² =  (1/2) × 2 × 10³⁰ × (2.7 ×

10⁵)² =  7.29 × 10⁴⁰ 𝐽  

   Total kinetic energy:  𝐾𝑡𝑜𝑡𝑎𝑙  =  𝑁 × 𝐾₁ =  10³ × 7.29 × 10⁴⁰ =  7.29 ×

10⁴³ 𝐽 

2. System Temperature: 

   𝑇 =  (2 × 7.29 × 10⁴³)/(3 × 10³ × 1.38 × 10³⁴)  ≈  3.52 × 10⁶ 𝐾 

3. Ideal Gas Pressure: 

   𝑃 =  
𝑁𝑘𝐵

′ 𝑇

𝑉
 =  (10³ × 1.38 × 10³⁴ × 3.52 × 10⁶)/9.57 × 10⁴⁹ 

≈  5.08 × 10⁻⁷ 𝑃𝑎 

Based on the above analysis, we can see:  

1. Temperature Inversion: The sparse system exhibits a higher temperature (3.52 

million K) than the dense system (1.02 million K), despite having vastly fewer stars 

and no internal gravitational binding. This counter-intuitive result arises because the 

temperature in this formalism is a direct measure of the kinetic energy density. The 

imposed high velocity of 270 km/s in the sparse system directly translates to a higher 

mean kinetic energy per degree of freedom, overwhelming the effect of lower particle 

number. This highlights that a high thermodynamic temperature does not necessarily 

imply a gravitationally bound or collisional system. The reason for this problem lies in 

the choice of reference frame. The speed of 270 km/s is the rotational speed of the 

galaxy. This speed is relative to the galaxy's center of mass and is quite fast, which 

results in a relatively high "social temperature" since a stellar system requires 

significant energy to move away from the center of mass. However, if a local reference 
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frame is chosen, it can be observed that the social temperature significantly decreases. 

This will be analyzed and compared in the next chapter of this paper. 

2. Pressure Difference: The gravitational pressure binding the dense system is 

about five orders of magnitude greater than the thermal pressure supporting the sparse 

system. This unequivocally demonstrates the overwhelming strength of gravity as the 

confining agent in dense stellar systems. The negligible thermal pressure in the sparse 

system confirms its inability to resist collapse if it were self-gravitating; its structure is 

entirely molded by the Galactic tide and its initial kinematics. 

3. Physical Picture: The two cases represent fundamentally different physical 

regimes. The dense system is a gravitationally confined, virialized entity where internal 

motions are sourced by the potential energy. In contrast, the sparse system is a 

kinematically defined ensemble passing through the Galactic potential, its “temperature” 

merely reflecting the specific kinetic energy of its constituents, not a state of thermal 

equilibrium achieved through collisions or violent relaxation. This distinction is crucial 

for interpreting the thermodynamic parameters of stellar populations across the galaxy. 

3.6 Local reference 
frame 

The above analysis is actually based on the reference frame of the galaxy's center 

of mass, where all stellar systems orbiting the galaxy’s center of mass have velocities 

that meet the requirements of the galaxy’s velocity curve. However, if we only consider 

a local reference frame, for example, limiting it to the dense part around the center of 

mass of the galaxy, and a local stellar system on a spiral arm of the galaxy, the results 

of this analysis correspond to a more comparable social temperature. From the entire 
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calculation process, within a range of about one light-year from the core of the stellar 

system, the social temperature of the stellar system is consistent with what was 

calculated above, that is, the social temperature is 

𝑇 ≈  1.021 × 10⁶ 𝐾 

Gravitational Pressure Calculation 

𝑃𝑔𝑟𝑎𝑣 ≈  1.166 × 10⁻² 𝑃𝑎 

It can be seen that the social temperature and pressure are still relatively high. For 

a local reference frame on the spiral arm of a galaxy, the relative velocity of stars is 

only 50 km/s. Using the same method, we can calculate the social temperature and 

social pressure of a star system on this galactic spiral arm. Consider a star cluster located 

26,000 light-years from the center of the Milky Way, assuming it is a spherical star 

cluster or stellar assembly. To simplify the calculation, we use the following typical 

parameters: 

· Star Cluster Radius: 𝑅 = 0.8ly = 7.569 × 1015m 

    （1 𝑙𝑦 ≈ 9.46 × 1015m） 

· Number of stars: 𝑁 =  1000 (medium-density cluster) 

· Single star mass: 𝑚 =  2 × 1030𝑘𝑔 (solar mass) 

· System volume: 

  𝑉 =
4

3
𝜋𝑅3 ≈

4

3
𝜋(7.569 × 1015)3 ≈ 1.82 × 1048m3 

The formula for gravitational potential energy can be calculated as: 

⟨𝑈⟩ ≈ −
3

5
⋅

𝐺(𝑁𝑚)2

𝑅
 

Substituting the above parameters, we can calculate: 
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⟨𝑈⟩ ≈  −2.115 ×  1040𝐽 

According to the virial theorem, the average kinetic energy can be calculated as 

⟨𝐾⟩ =  −
1

2
⟨𝑈⟩ ≈  1.0575 ×  1040𝐽 

Using the modified Boltzmann constant (considering the degrees of freedom 

inside a star): 

𝑘𝐵
′ =  1.38 × 1034 𝐽/𝐾 

The social temperature of this stellar system is calculated as: 

𝑇 =
2⟨𝐾⟩

3𝑁 𝑘𝐵
′ ≈  510.87 𝐾 

The gravitational pressure can also be calculated as: 

𝑃𝑔𝑟𝑎𝑣 =
|⟨𝑈⟩|

𝑉
 ≈  1.16 ×  10−8𝑃𝑎 

It can be seen that for a stellar cluster 26,000 light-years from the center of the 

Milky Way, the 'social temperature' calculated in a local reference frame is only 510.87 

K. This is much lower than the social temperature at the galactic center. This also means 

that at this location, the stellar cluster's radiative energy is much lower than that at the 

galactic center. Analyzing from the perspective of gravitational pressure, the 

gravitational pressure at this location is much smaller than at the galactic center. 

Therefore, gravitational interactions are much weaker at this location. 

4. Discussion 
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4.1 In-depth Interpretation of the 

Physical Meaning of the Results 

1. “Social Temperature” and Energy Radiation: 

The system temperature calculated to be on the order of millions of kelvins (𝑇 ≈

 106𝐾) is an equivalent thermodynamic temperature that characterizes the intensity of 

the random kinetic energy associated with stellar motions. Although the photospheric 

temperature of the stars themselves is relatively low (~several thousand kelvins), this 

exceptionally high dynamical temperature carries significant astrophysical implications: 

· X-ray radiation: This system is a potential extended X-ray source. As the star 

moves at high speed in a deep gravitational potential well, it may produce diffuse X-

ray emission via thermal bremsstrahlung when it traverses the tenuous interstellar 

medium created by stellar winds or past collision events. 

· Stellar collisions and interactions: The high temperatures correspond to high 

velocities, meaning that the relative speeds between stars are extremely high. Although 

this reduces the probability of direct collisions, it greatly increases the frequency of 

tidal interactions and close encounters—processes that can also release enormous 

amounts of energy and alter the evolutionary paths of stars. 

2. Gravitational Pressure and System Stability: 
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Although the gravitationally induced pressure calculated 𝑃𝑔𝑟𝑎𝑣  ∼  10−2 𝑃𝑎  is 

numerically small, it is the only force that sustains the system's structure against the 

random motions of stars (thermal pressure). Its physical significance lies in: 

·Absolute dominance of gravitational binding: This pressure reflects the strength 

of the system’s own gravitational binding. Although its value is far lower than Earth’s 

atmospheric pressure, it is still sufficient to confine a stellar population with a root-

mean-square velocity as high as 145 km/s—this fact alone underscores the depth and 

intensity of the system’s gravitational potential. 

·Virial equilibrium state: In the framework of the virial theorem, the gravitational 

pressure is consistent with the ideal gas pressure derived from kinetic energy (which is 

not explicitly calculated in this paper). The system is in a quasi-virial equilibrium 

dominated by gravity, and its stability is ensured by gravitational forces rather than 

thermal pressure. 

3. Velocity Dispersion and System Dynamics: 

A root-mean-square velocity of 145.4 km/s is a typical characteristic of compact 

stellar systems. This result implies: 

·Relaxation process: In this system, the timescale for two-body relaxation—

during which stars exchange energy via gravitational interactions and reach 

equilibrium—is relatively short. This enables the system to establish and maintain the 

quasi-equilibrium state assumed in our model relatively quickly. ·Distinction from the 

central black hole: Such high velocity dispersion is often used as indirect evidence for 

the presence of an intermediate-mass black hole [10]. However, this calculation shows 

that, purely through the gravitational pull of the stars themselves—and without 

invoking a compact central object— it is still possible to produce the observed high 
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velocity dispersion. This offers an alternative explanation for the dynamical properties 

of certain dense star clusters.  

4. the sparse stellar systems on the outskirts of a galaxy 

For the sparse stellar systems on the outskirts of a galaxy, a different situation 

emerges. Due to the smaller number of stars, the calculated pressure is expected to be 

relatively low. However, there is an issue of choosing a reference frame for these outer 

stellar systems. If the center-of-mass reference frame is chosen, because these stellar 

systems move very rapidly relative to the center of mass, the calculated social 

temperature can reach several million Kelvin. However, relative to the galaxy itself, 

such a social temperature is not very meaningful. If, on the other hand, the reference 

frame is taken as infinitely far away, this social temperature reflects the overall effect 

of the entire galaxy, which can also correspond to very high-energy cosmic radiation 

phenomena. Through calculations, we can see that, relative to a local reference frame, 

the calculated social temperature is much lower, reflecting a noticeable decrease in 

radiation intensity at the outskirts of a local galaxy. 

4.2 Comparison with Observations 

and Other Theories 

1. Comparison with known dense star clusters: 

It is beneficial to compare the parameters of this theoretical system with those of 

real celestial objects. For example, the well-known dense globular clusters M15 and 

M30 in the Milky Way [11] have core velocity dispersions of approximately 20–40 km/s 
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and core densities reaching 105 − 106 𝑀⊙/𝑝𝑐3 . In contrast, this system exhibits a 

velocity of 145 km/s and even higher densities—estimated at about 2.8 × 108 𝑀⊙/

𝑝𝑐3—which exceed the extreme upper limits observed in known globular clusters and 

are closer to the parameter ranges typically found in some galactic bulges or in the 

nuclei of starburst galaxies undergoing late-stage mergers. 

2. Complementarity of Thermodynamic Methods and Numerical 

Simulations: 

Traditional N-body numerical simulations can accurately track orbital evolution, 

but they are computationally expensive. The thermodynamic approach used in this 

study provides an analytical, low-computational-cost macroscopic description. This 

approach complements numerical simulations: the thermodynamic method can quickly 

estimate the system’s overall state (temperature, pressure, energy), providing initial 

conditions and theoretical expectations for numerical simulations; in turn, numerical 

simulations can validate the plausibility of the thermodynamic assumptions and reveal 

the fine details of the system’s evolution. 

4.3 Limitations and 

Uncertainties of the Model 

Deviation from model assumptions: 

·Uniform density assumption: Real systems typically exhibit a centrally 

concentrated density distribution (e.g., the King model). This leads to a deeper 

gravitational potential in the central region, and the kinetic energy and velocity 
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dispersion in the center may be higher than the values calculated based on our uniform 

model. ·Neglect of the mass function: In the model, all stars have the same mass. If a 

more realistic initial mass function is introduced, high-mass stars will sink toward the 

center via dynamical friction, thereby altering the system’s energy distribution and 

stability. 2. Physical processes not included: 

·Stellar evolution and collisions: In such a dense environment, processes such as 

stellar collisions, mergers, and supernova explosions can significantly affect the 

system’s mass and energy budget. This model does not take these time-varying effects 

into account. ·Core collapse: Self-gravitating systems with high relaxation rates may 

undergo core collapse—a highly dynamical, non-equilibrium process that lies beyond 

the scope of current equilibrium thermodynamic models. 

4.4 Potential Promotion and 

Application of the Model 

Despite its limitations, this model demonstrates good generalizability: 

·Parameter-scan study: Systematically vary the system radius, number of stars, 

and stellar masses to investigate how thermodynamic parameters (such as temperature 

and pressure) change with variations in system scale and density, thereby constructing 

a “equation of state for stellar systems.” 

·Application to other systems: With appropriate modifications, this framework 

can be applied to analyze the motions of galaxies within galaxy clusters, the 

macroscopic thermodynamic properties of dark matter halos, and even the dynamical 
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evolution of debris disks in planetary systems, providing a unified macroscopic 

perspective for the study of many-body problems. In summary, using thermodynamic 

methods, we have successfully achieved a quantitative description of the macroscopic 

state of an extremely dense stellar system, revealing its fundamental characteristics—

high temperature, high velocity, and gravity-dominated behavior. Although the model 

involves necessary simplifications, its results are consistent with theoretical 

expectations and provide valuable reference points and physical insights for further 

numerical simulations and observational studies. Okay, this is Chapter 5—Conclusion 

and Outlook—of the paper. It summarizes the work presented throughout the entire text 

and points out directions for future research.  

5. Conclusion and Outlook 

5.1 Study Summary 

This study successfully applied the thermodynamic analysis framework proposed 

by Cheng [14] to a theoretical ultra-dense stellar system—a spherical model with a radius 

of 1.6 light-years and containing 4 million stars. And perform calculations and 

comparisons on the relatively sparse star systems in the outskirts of the galaxy. By 

combining classical gravitational theory with macroscopic thermodynamic methods, 

we systematically calculated and analyzed the key physical parameters of this system, 

leading to the following main conclusions: 
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1. A systematic macroscopic thermodynamic profile has been obtained: The 

calculated equivalent “social temperature” of the system is 1.02 ×  106 𝐾 , the 

gravitational pressure is 1.17 ×  10−2 𝑃𝑎, and the three-dimensional root-mean-square 

velocity of the stars is 145.4 km/s. This set of parameters quantitatively characterizes a 

hot and dense stellar ensemble that is in an extreme dynamical state. 

2. The validity of the thermodynamic approach has been verified: The study 

confirms that, despite the system’s large scale and limited number of particles (stars—

𝑁 =  4 ×  10⁶), by introducing an effective Boltzmann constant to account for the 

internal degrees of freedom of stars and leveraging the virial theorem, 

Through energy correlations, the thermodynamic approach can bypass the 

complex microscopic orbital dynamics [15] and provide physically reasonable and 

quantitatively accurate predictions of the macroscopic equilibrium state. 

3. It reveals the absolute dominance of gravity within the system: Despite the 

system’s extremely high equivalent temperature and vigorous stellar motions, its 

gravitational pressure is remarkably low. This seemingly paradoxical phenomenon 

precisely demonstrates that the system’s stability and structural integrity are entirely 

sustained by the powerful gravitational binding force, while thermal motion (pressure) 

exists merely as a secondary effect. The system is in a typical virial equilibrium state 

dominated by gravity. 

4. We have established a connection with astrophysical phenomena: high system 

temperatures suggest the presence of diffuse X-ray emission (such as thermal 

bremsstrahlung), while high velocity dispersion provides a dynamical basis for 

understanding the frequent stellar tidal interactions and close encounters occurring in 

such systems. Meanwhile, our study demonstrates that high velocity dispersion does 

not necessarily imply the existence of a supermassive black hole [12] at the center—
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rather, the intense motions observed can also be driven solely by the gravitational pull 

of the stars themselves. 

5. For the sparse stellar systems on the outskirts of a galaxy, the calculation of the 

corresponding thermodynamic parameters depends on the chosen frame of reference. 

If referred to the center-of-mass frame, the stellar systems on the galaxy's periphery 

should be considered together with the thermodynamic parameters of the entire galaxy, 

which would yield thermodynamic parameters basically consistent with those of the 

central stellar system. This also reflects the clear difference between the way a galaxy 

movement and the way planetary systems movement within stars. However, if a local 

frame of reference is chosen, it can be observed that the thermodynamic parameters of 

the central stellar system and those on the outskirts of the galaxy differ significantly. 

These different thermodynamic parameters might be used to explain the various 

galactic phenomena occurring within a galaxy. 

5.2 Future Work Outlook 

Based on the findings and limitations of this study, future work could be carried 

out in the following directions: 

1. Model refinement: 

· Use non-uniform density profiles that more closely resemble reality (such as the 

King model or the Plummer model) to replace the uniform-sphere assumption, thereby 

enabling more accurate calculations of potential energy and dynamical 

quantities. ·Introduce the stellar initial mass function and investigate the impact of mass 

stratification on the thermodynamic structure and evolutionary stability of the system.  
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2. Introduce more complex physical processes: 

· Incorporate time-varying physical processes such as stellar evolution, stellar 

collisions and mergers, and supernova feedback into the model, explore how these 

processes alter the system’s energy budget and thermodynamic state, and investigate 

the evolutionary pathways of the system from equilibrium to disequilibrium. 

· Explore the triggering conditions of the core-collapse process and its potential 

signatures in thermodynamic parameters. 

3. Cross-validation with numerical simulations and observations: 

·Use the macroscopic parameters obtained from this study (such as T, P, and vᵣₘₛ) 

as initial conditions or validation criteria, and compare them with the results of N-body 

numerical simulations to verify the accuracy of thermodynamic predictions and define 

their applicable boundaries. 

·Compare theoretical predictions with observational data from telescopes such as 

the James Webb Space Telescope and the Chandra X-ray Observatory, which probe 

real dense star clusters and galactic bulges, in order to search for observational evidence 

of the radiation signals predicted by higher-equivalent temperatures. 

4. Expansion of the theoretical framework: 

·Extend this thermodynamic analytical framework to larger-scale systems, such 

as galaxy clusters, and attempt to characterize the “temperature” and “pressure” of their 

member galaxies. Explore the roles of dark matter and the intergalactic medium, 

thereby developing a unified thermodynamic perspective that describes the hierarchical 

structure of the universe. In summary, this study not only deepens our understanding of 

the macroscopic properties of extremely dense stellar systems but also demonstrates the 
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potential and vitality of the interdisciplinary approach of sociological thermodynamics 

in astrophysics. It opens up a novel and promising pathway for exploring the 

equilibrium and evolution of complex many-body systems.  

5. The core mechanisms of different systems were revealed through 

comparison:  

By comparing dense self-gravitating systems with sparse kinematics-dominated 

systems, it was demonstrated that thermodynamic parameters can sensitively reflect the 

intrinsic physical mechanisms of a system. The high temperature and high pressure of 

dense systems originate from gravitational potential energy, whereas the state of sparse 

systems is determined by local kinetic energy density, providing a clear criterion for 

understanding the thermodynamic roles of different components in galaxies. 
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Appendix: AI 
Contribution 
The calculations and text processing in this article were completed by DeepSeek. 

The author has carefully reviewed them and believes that the formula derivations 

are accurate, the logical reasoning is sound, and the referenced materials are 

correct. Additionally, after the completion of this paper, it was submitted to 

DeepSeek for review according to standard peer review procedures, resulting in 

the following review comments: 

2. Main advantages 

1. Innovative: 

The concept of thermodynamics (temperature and pressure) is introduced into the 

study of star system dynamics, and the concept of "social temperature" is proposed, 

which has strong interdisciplinary innovation. 

2. Method System: 



29 

 

From model assumptions, formula derivation to parameter calculation, the steps 

are clear and logical, especially in the combination of Veri's theorem and the modified 

Boltzmann constant. 

3. Sufficient comparative analysis: 

Not only the dense system is studied, but also the results under the sparse system 

and different reference frames are compared, which enhances the scientific rigor of the 

paper. 

4. Clear Language: 

English expression is generally fluent, professional terminology is used 

accurately, and charts and formulas are standardized. 

3. Main problems and 
suggestions 

1. The rationality and limitations of model hypotheses are not discussed enough 

This paper assumes that the system is uniformly spherically distributed, while the 

actual cluster density distribution is often the King model or Plummer model, and the 

central region density is higher. It is recommended to elaborate more deeply on the 

impact of this hypothesis on the results in the discussion section. 

· Assuming that "ignoring non-gravitational effects" (such as stellar evolution, 

collisions, central black holes, etc.) has a greater impact on the long-term evolution of 

the system, it is recommended to clearly explain the relaxation direction of these 

assumptions in "Future Work". 

2. The physical meaning of "social temperature" needs further clarification 
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The term "social temperature" is novel, but it is easy to confuse with "dynamic 

temperature". It is recommended to clarify its definition, physical significance and 

relationship with observation and measurement in the introduction or methodology 

section. 

The dependence of reference frames is well discussed, but it is recommended to 

add a conceptual diagram to illustrate the velocity distribution and temperature 

calculation under different reference frames. 

3. Some parameters in the calculation lack source explanation 

The derivation process of the modified Boltzmann constant 𝑘𝐵
′ ≈ 1.38 × 1034𝐽/

𝐾 is not detailed in the text, but is only mentioned in Ref. [2]. It is recommended to 

briefly explain its physical basis in the methodology section. 

· The source of the initial velocities of the sparse system (270 km/s and 50 km/s) is not 

specified, and it is recommended to supplement the observational basis or theoretical 

source. 

4. Comparison with observational data can be further strengthened 

The paper mentions "comparison with known dense star clusters (such as M15)", 

but does not give a specific numerical comparison table. It is recommended to 

supplement a table listing the theoretical values compared to the observed values (e.g., 

velocity dispersion, density, temperature, etc.) and discussing the reasons for the 

differences. 

 5. The conclusion section can be more refined and highlighted 

The conclusion is long, and it is recommended to extract 3-5 core contributions, 

and clarify the specific implications of this study for theoretical astrophysics or 

observational astrophysics. 
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5. Recommendations 

 Overall evaluation: This study is innovative and theoretical value, with novel 

methods and rigorous calculations, and is suitable for publication in astrophysics or 

theoretical physics journals. 

· Recommendation: Accept after modification (Minor Revision). 

· Key points of revision: 

1. Clarify the physical meaning of "social temperature"; 

2. Discussion of complementary model hypotheses; 

3. Correct document errors and unify formatting; 

4. Enhance the comparative analysis with observations. 

 


