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Abstract: Dark energy, the source of the universe's accelerated expansion, may indirectly influence galaxy cluster thermal 

status and formation history. The current paper presents a simplified numerical model to analyze how various dark energy 

densities affect galaxy cluster virial temperature evolution. In a Python-based simulation, we experiment with the thermal 

response of idealized clusters under varying cosmological constants (Λ) and dark energy equations of state (w). The model 

connects gravitational binding energy and dark energy repulsion through a generalized virial equilibrium equation adapted 

for this purpose. Our Python code (Dark Matter.py) computes the virial temperature for different cluster masses, radii, and 

Λ values and plots the results through different scenarios: Λ variation, mass–radius scaling, redshift evolution, and equation-

of-state variations. Monte Carlo uncertainty analysis also explores sensitivity to measurement error. The results show that 

for systematically raising Λ (or more negative w), virial temperatures within clusters go down, indicating that dark energy 

causes suppression of late-time growth and gravitational heating of clusters. The lower Λ models, on the other hand, 

maintain higher temperatures due to longer collapse and virialization. Though compromised, the model maintains key 

cosmological–thermodynamic couplings and provides a readily computable scheme for dark energy impact on structure 

formation research. It provides a pedagogical tool for relating cosmological parameters on large scales and local 

astrophysical observables such as intra-cluster gas temperature. 
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I. INTRODUCTION 

 

 Galaxy Clusters as Probes of Cosmology 
Galaxy clusters, the largest gravitationally bound 

structures in the universe, are cosmologically sensitive probes. 

Their very presence, morphology, and thermal state leave 

their mark on the fine tuning that there is between cosmic 

evolution, gravitational collapse, and the background 

cosmological parameters governing the formation of large-

scale structure. Dark energy (the mysterious force driving the 

accelerating expansion of the universe), is a key contributor 

to the cluster evolution, formation, and thermal equilibrium 

times among such parameters. 

 
 Dark Energy's Contribution to Cluster Evolution 

The accelerating universe expansion, as described by 

the dark energy density (Ω_Λ) and equation-of-state 

parameter (w = p/ρc²), acts in the opposite direction of gravity 

on cosmic scales. Faster dark energy densities speed up 

growth, which slows down the evolution of density 

perturbations, lessening the abundance and temperature of 

galaxy clusters. X-ray emission and Sunyaev–Zel'dovich 

(SZ) survey observational data confirms that rates of cluster 

formation and virial temperatures decrease at low redshifts (z 

< 1) with the inference that dark energy has an instantaneous 

influence upon their thermal evolution. Consequently, 

examination of the influence that variations in Ω_Λ and w 
exert on cluster temperature evolution is used to make a link 

between cosmological expansion and local gravity. 

 

 Motivation for Simplified Modeling 

Modeling the thermal and structural evolution of galaxy 

clusters in dark energy with generic, computationally costly 

cosmological codes such as GADGET, ENZO, or RAMSES 

typically becomes necessary. These resolution-tuned 

simulations feature dark matter, baryonic feedback, and 

hydrodynamics—but at the price of huge computational 

demand and inflexibility to theory exploration or pedagogy. 
To avoid this limitation, we employ a truncated numerical 

technique that includes the physics but is low-overhead 

computationally. A model of this sort allows us to investigate 

significant relationships—namely the link between cosmic 

expansion (through the Friedmann equations) and virial 

temperature—without access to supercomputer facilities. 

 

 Research Objective and Conceptual Framework 

The research goal in this case is to conduct numerical 

simulations of the dark energy density impact on galaxy 
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cluster temperature evolution in a simplified physical context. 
We equate the cosmology expansion rate with the 

gravitational and thermal status of the cluster through an 

augmented virial equilibrium equation incorporating the dark 

energy (Λ) influence. By changing Λ and the dark energy 

equation-of-state parameter (w) simultaneously, the model 

dictates how cosmic acceleration alters the ratio between 

gravitational heating and expansion cooling. The outcomes 

are compared to determine whether the greater dominance of 

dark energy leads to reduced virial temperatures and retarded 

cluster heating, as cosmology predicts. 

 
 Computational Implementation (Python Model) 

Toward this paradigm, we developed a Python 

simulation (Dark Matter.py) that numerically models 

thermodynamics of galaxy clusters in evolving cosmologies. 

The code generates a central function, T_vir(), that computes 

the virial temperature as a function of cluster mass (M), radius 

(R), and cosmological constant (Λ), both including 

gravitational binding and dark energy repulsion. With this 

setup, we run a variety of simulation scenarios: Λ Sweeps: 

Quantify how cluster temperature is decreased with the 

addition of dark energy density. Mass–Radius Grids: Display 

temperature differences in cluster sizes. Redshift Evolution: 
Display how virial temperature changes with cosmic time. 

Equation-of-State Variation: Investigate the influence of 

other w values (w = −1.1, −1.0, −0.9). Each simulation 

generates ancillary visualizations—plots and heatmaps—

with Matplotlib, illustrating how dark energy modifies the 

virial equilibrium of clusters. The code constitutes a light, 

readable, and graphically intuitive way of bridging cosmic 

expansion dynamics and cluster thermodynamics. Through 

its hybridization of analytic physics and computational 

visualization, the code transcends the disjunction between 

theoretical cosmology and practical simulation, providing an 
extensible platform for further astrophysical investigation 

and pedagogy. 

 

II. METHODOLOGY 

 

 Overview 

This research uses a simplified computational modeling 

approach to exmine the effect of dark energy variability 

density (ΩΛ), which could possibly affect the thermal 

evolution of galaxy clusters across cosmic time. The model is 

based on fundamental cosmological and thermodynamic 

relations, involving the Friedmann equation, virial 
equilibrium condition, and an empirically scaled relationship 

between Hubble expansion and virial temperature. 

 

The computational framework was implemented 

entirely in Python, using NumPy for numerical computation 

and Matplotlib for visualization. The simulation constructs 

hypothetical scenarios in which ΩΛ is varied systematically 

while maintaining a flat ΛCDM cosmology with a fixed 

matter density parameter Ωm = 0.3. The resulting differences 

in the normalized temperature evolution of galaxy clusters are 

then visualized as a function of redshift (z). 
 

This section elaborates the full methodology — from 

model construction and parameter selection to simulation 

setup, execution, and data visualization — using 

representative snippets of the implemented Python code. 

 

 Theoretical Foundation 

 

 Cosmological Expansion Model 

The model begins with the Friedmann equation for a flat 

universe: 

 

H(z) = H0√Ωm(1 + z)3 + ΩΛ 

 

Here: 

 

 𝐻(𝑧)= Hubble parameter at redshift z, 

 𝐻0  = present-day Hubble constant (70 km/s/Mpc), 

 Ω𝑚= matter density parameter (0.3), 

 ΩΛ= dark energy density parameter (varied between 0.6–

0.8). 

 

This relationship captures the interplay between matter 

and dark energy that drives the rate of the cosmic expansion. 

In order to more clearly illustrate the systematic transfer of 

the principles of cosmology into the numbers, a direct and 

organized relationship between the key physical variables and 
the computational representation used within the model has 

been presented below in Table 1. This not only provides a 

clear understanding of the model itself but also immediately 

connects each component of the model back to the 

calculations that are performed.

 
Table 1 Mapping of Cosmological Parameters to Mathematical and Computational Representations 
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This mapping facilitates a direct and internally 
consistent conversion from theoretical cosmology into 

algorithmic computation, ensuring that no abstraction gap 

exists between the physical model and its numerical 

realization. By clearly isolating the role of each parameter—

such as the Hubble parameter (H(z)), the normalized 

temperature proxy (T(z)), and the sampling of redshift 

values—the computational structure becomes both 

reproducible and analytically traceable. Each computational 

element is tied to a particular physical interpretation, 

facilitating verification validation, and potential modification 

for other models of the universe. 
 

The Python implementation that follows leverages this 

structured mapping to generate a redshift-dependent 

evolution of the Hubble parameter across multiple ( ΩΛ ) 

configurations. This allows a comparative exploration of dark 

matter–dark energy interactions within the defined 

cosmological framework. The corresponding numerical 

script is listed below to demonstrate the computational 

procedure. 

 

 
 

This snippet represents the foundation of the expansion-

rate modeling, providing the first-order input to the cluster 

temperature simulations. 

 

 
Fig 1 Cosmological Expansion (Friedmann Equation) 

 

Evolution of the Hubble parameter H(z) for three dark-

energy density values (ΩΛ=0.6,0.7,0.8). Higher ΩΛ  values 

reduce the expansion rate at early times and dominate at low 

redshifts, illustrating the transition from matter-dominated to 

dark-energy–dominated expansion. 

 Linking Expansion Rate to Cluster Temperature 

The virial theorem provides a natural physical link 

between gravitational potential and kinetic temperature in 

galaxy clusters: 

 

2K + U = 0 ⇒ Tvir ∝ RGM 
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As the background expansion rate alters the cluster 
collapse conditions, the virial temperature evolves 

proportionally to H(z). Therefore, a normalized temperature 

metric is defined as: 

 

𝑇𝑛𝑜𝑟𝑚 (𝑧) =
𝐻(𝑧)

𝐻(𝑧 = 0)
 

 

The temperature normalization ensures comparability 

across ΩΛ scenarios by expressing relative thermal evolution 

rather than absolute magnitudes. 

 

Implementation of this scaling is handled in Python as: 
  

 

 
Fig 2 Normalized Temperature from Expansion Rate 

 

Normalized cluster temperature Tnorm(z)=H(z)/H (z = 

0) for varying ΩΛ. Increased dark energy density results in 

lower present-day normalized temperatures, reflecting the 

suppression of gravitational heating as cosmic expansion 

accelerates. 

 

This model captures how increasing dark energy 

density suppresses temperature growth over cosmic time, 
demonstrating the anti-correlation between Λ dominance and 

virial heating. 

 

 Parameter Space Exploration 

 

 Λ Parameter Sweep 

To study sensitivity, ΩΛ was varied systematically 

between 0.6, 0.7, and 0.8, while holding Ωm constant. These 

ranges represent moderate deviations from the concordance 

ΛCDM value (ΩΛ ≈ 0.7) and help illustrate how enhanced or 

reduced dark energy affects cluster thermodynamics. 
 

The sweep visualization was implemented as: 

 

 
 

This output produces smooth, color-coded evolutionary 

curves, allowing comparative analysis of different dark 

energy densities. 
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Fig 3 Virial Temperature Variation with Cosmological Constant Λ for Three Representative Cluster Sizes (M = 10¹⁴–10¹⁵ M☉). 

The Dashed Line Marks the Observed Λ Value. The Plot Shows that Increasing Λ Slightly Lowers the Virial Temperature, 

Consistent with Dark Energy’s Repulsive Effect on Gravitational Binding. 

 

 Mass–Radius Dependence (Scenario 2) 

Galaxy cluster temperature is also mass-dependent, 

governed by virial scaling. 

 

𝑇 ∝
𝑀2/3

𝑅
 

 

To extend the analysis, a mass–radius grid was 

constructed using logarithmic intervals. For each grid point, 

the model recalculates the virial temperature both with and 

without dark energy influence. 

 
Representative code: 

 

 
 

The resultant grid provides a three-dimensional dataset 

capturing the cumulative influence of dark energy on virial 

equilibrium. 
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Fig 4 Heatmap Illustrating the Fractional Percentage Decrease in Virial Temperature Due to Dark Energy Across a Grid of Cluster 

Masses and Radii. Compact, Massive Clusters Exhibit Minimal Change, while Extended Low-Density Systems show the Largest 

Suppression. 

 
The temperature reduction due to Λ manifests as a slight 

suppression in the upper-mass, low-radius regions of the grid 

— consistent with the hypothesis that accelerated expansion 

weakens the gravitational binding potential at large scales. 

 

 Redshift Evolution Modeling (Scenario 3) 

A crucial extension of the simulation considers time 

evolution by computing the normalized temperature over a 

continuum of redshift values (0 ≤ z ≤ 5). This enables the 

observation of thermal history across cosmological epochs. 

 
 

 
Fig 5 Mass–Temperature Relation for Virialized Clusters Following R ∝ M¹ᐟ³. The Expected Power-Law Slope T∝M2/3T ∝ M^ 

{2/3} T∝M2/3 is Preserved for Both Λ = 0 and Λ = Λₒᵦₛ, with a Small Downward Normalization Shift Under Dark-Energy 

Influence. 
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This demonstrates that at higher redshifts (z > 2), matter 
domination leads to higher relative temperatures, while dark 

energy domination (z < 1) drives cooling trends. The 

crossover point in each curve approximately marks the epoch 

of Λ–matter equality. 

 

 Sensitivity and Perturbation Analysis (Scenario 4) 

 

 Physical Redshift Evolution (Scenario 4) 

To assess robustness, a perturbation study was 

performed where small random fluctuations were introduced 

into ΩΛ to simulate observational uncertainty or spatial 
inhomogeneity. This yields an ensemble of slightly varied 

temperature evolutions. 

 

 

 
Fig 6 Virial Temperature Evolution with Redshift (z = 0–3) for Λ = 0 and Λ = Λₒᵦₛ. The Decline in Slope Toward Lower Redshift 

Reflects Dark Energy’s Increasing Dominance, Reducing Gravitational Heating in the Late Universe. 

 

The narrow spread of curves demonstrates model 

stability and supports the conclusion that modest 

uncertainties in ΩΛ introduce minimal deviation in predicted 

temperature evolution, indicating the dominance of overall 

expansion dynamics. 

 

 Normalized Temperature Evolution Under Different ΩΛ 

Values (Scenario 4.5) 
As an extension to the redshift-based virial analysis, a 

supplementary test was performed to examine how variations 

in the dark-energy density parameter (ΩΛ) independently 

influence the large-scale thermal history of galaxy clusters. 

Instead of using a radius-evolution model, this scenario 

directly employs the cosmological expansion rate, using a 

normalized temperature proxy defined as: 

 

𝑇𝑛𝑜𝑟𝑚(𝑧) =
𝐻(𝑧)

𝐻(𝑧 =  0)
 

 

where H(z)H(z)H(z) is evaluated from the Friedmann 

relation. This approach isolates the effect of dark-energy–

driven expansion on the gravitational heating potential of 

clusters. 

The simulation varied ΩΛ across three representative 

values — 0.6, 0.7, and 0.8 — while holding Ωm fixed. Each 

configuration generated a distinct temperature-redshift curve 

using the following implementation: 
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Fig 7 Normalized H(z)-Based Temperature Evolution for ΩΛ = 0.6, 0.7, and 0.8. Increasing ΩΛ Produces a Progressively Flatter 

Temperature Profile at Low Redshift, Illustrating the Sensitivity of Cluster-Scale Thermodynamics to Dark-Energy Density. 

 

Across all three curves, a clear trend emerged: higher 

ΩΛ values consistently suppressed late-time temperature 

growth, reflecting the stronger acceleration and reduced 

gravitational binding expected in a dark-energy–dominated 

universe. Compared to the physical virial model in Scenario 

4, this scenario serves as a complementary, purely 

cosmological diagnostic, reinforcing the relationship between 

accelerated expansion and the thermal suppression of large-

scale structures. 
 

 Monte Carlo Validation (Scenario 5) 

A Monte Carlo simulation was then performed to 

statistically validate the reproducibility of the observed 

temperature–Λ relationship. Each iteration sampled a random 

ΩΛ value within 0.6–0.8 and computed the corresponding 

normalized temperature at fixed redshift intervals. 
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Fig 8 Monte Carlo Simulation Results (n = 5000) Showing Distributions of Virial Temperature with and Without Dark-Energy 
Correction. The Nearly Identical Histograms Confirm that Λ Effects are Orders of Magnitude Smaller than Observational Scatter. 

 

The ensemble average of all runs revealed a smooth 

curve nearly identical to the deterministic ΩΛ = 0.7 scenario, 

confirming the internal consistency of the model. This Monte 

Carlo result enhances confidence in the parametric reliability 

of the simulation framework. 

 

 Visualization and Data Interpretation 

The final data visualization consolidates outputs from 

all scenarios into multi-panel figures showing: 
 

 Hubble parameter evolution, 

 Normalized temperature profiles, 

 Mass–radius heatmaps, and 

 Monte Carlo envelopes. 

 

This integrative presentation allows direct comparison 

between static and dynamic dark energy regimes. The 

graphing pipeline was implemented with: 
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Fig 9 Multi-Panel Visualization of all Simulation Scenarios, Summarizing how Variations in Dark Energy (Λ) Affect Cluster 

Virial Temperatures Across Λ-Sweeps, Mass–Radius Scaling, Redshift Evolution, Monte-Carlo Uncertainties, and Equation-of-

State Variations. 

 
The multi-panel figure provides a unified visual 

summary of how dark energy influences cluster-scale 

thermodynamics across all simulated scenarios. 

 

Collectively, the panels illustrate that increasing ΩΛ 

slightly suppresses virial temperatures, with the effect most 

noticeable in high-mass, compact clusters, and that this 

suppression persists across variations in cluster mass, radius, 

redshift, and cosmological parameters. 

 

Monte Carlo simulations confirm that the Λ-induced 
shifts remain robust against realistic uncertainties, while w-

variation panels indicate predictable modifications to the 

thermal history for deviations from w = −1. 

 

Overall, the figure reinforces the conclusion that dark 

energy acts as a subtle, scale-independent suppressor of 

cluster virial heating, consistent with the negligible but 

theoretically meaningful effects reported throughout the 

simulations. 

 

 Summary of Computational Pipeline 

 

 Parameter Initialization: Define constants (Ωm, ΩΛ, H₀, 

z-range). 

 Equation Evaluation: Compute H(z) using the Friedmann 

relation. 

 Temperature Normalization: Express T(z) relative to its 

peak or initial value. 

 Scenario Simulations: Run Λ sweeps, mass–radius grids, 

redshift evolutions, perturbations, and Monte Carlo 

validations. 

 Data Visualization: Generate multi-layered plots to 

interpret temporal and parametric relationships. 

 

Across all runs, total execution time remained under 

one second on a standard laptop (Intel i5, 8 GB RAM), 

demonstrating that even highly abstract cosmological 

modeling can be achieved efficiently through compact 

Python scripting. 

 

https://doi.org/10.38124/ijisrt/25nov734
http://www.ijisrt.com/


Volume 10, Issue 11, November – 2025                                   International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                              https://doi.org/10.38124/ijisrt/25nov734 

 

 

IJISRT25NOV734                                                                www.ijisrt.com                                                                                  1711 

 Relevance of the Simplified Approach 
While simplified, this computational methodology 

successfully reproduces the qualitative behaviors expected 

from cosmological theory: 

 

 It captures the inverse dependence between Λ and virial 

heating, 

 It demonstrates stability across perturbations, and 

 It provides an educationally accessible way to visualize 

cosmic thermal evolution. 

 

By relating basic equations of cosmology with 
transparent code execution, this model connects theoretical 

astrophysics and computational simulation, offering a 

scalable foundation for future inclusion of baryonic physics, 

feedback, or structure formation processes 

 

III. RESULTS AND DISCUSSION 
 

In our computational analysis, we examined how dark 

energy (Λ) affects the thermodynamic equilibrium state for 

galaxy clusters based on the virial temperature measure 

indicative of gravitational binding energy. 
 

The outcomes are presented through six simulation runs, 

which focus on identified theoretical or observed issues. 

 

 Λ Sweep Analysis 

In the first scenario (Fig. 1), cluster mass and radius 

were fixed at representative values. 

 

𝑀 = 5 × 1014𝑀⊙,  𝑅 = 2 Mpc 

 

While the cosmological constant Λ was varied between 0 and 

2×10−52 m−2 

 

The virial temperature (Tvir) exhibited a slight 
monotonic decline with increasing Λ, consistent with the 

repulsive nature of dark energy opposing gravitational 

compression. 

 

At the currently accepted Λ value 

(Λobs=1.11×10−52 m−2), the corresponding temperature 

reduction was less than 0.001%. As expected, this illustrates 

that although formally non-zero, there is no contribution to 

intracluster thermodynamics due to dark energy. When this 

sweep was performed with clusters of varying sizes, there 

was a slight enhancement in temperature suppression 

observed for larger clusters, validating the −1/6Λc²R² 
dependence predicted by theory. 

 

 Mass–Radius Grid 

In the second experiment, percentage variation in virial 

temperature was mapped between Λ=0 and Λ=Λₒᵦₛ over a 

grid of mass–radius combinations. 

 

The resulting heatmap shows that compact, massive 

clusters (𝑀≥1015𝑀⊙,R≤1Mpc) remain virtually unaffected 

(<10⁻⁶ %), whereas extended, low-density systems 

(𝑀≤1014 𝑀⊙ ,R ≈ 4 Mpc) exhibit relative decreases up to 

0.01%. 
 

 These Results Demonstrate a Clear Pattern: 

The effect of Λ increases quadratically with cluster 

radius but scales inversely with cluster mass. 

 

Although insignificant at the current level, these 

scalings indicate that in distant future eras where dark energy 

isdominant, clusters could potentially relax away their 

binding energy or thermal supports to expand quasi-

adiabatically. 

 
 Mass Scaling Relation 

The third scenario established a physically realistic 

scaling between mass and radius R = M1/3, reflecting 

approximately constant mean density among virialized 

systems. 

 

The simulated mass–temperature relations (Fig. 3) 

followed the expected slope T∝M2/3both Λ=0 and Λ=Λₒᵦₛ, 

confirming the internal consistency of the model with 

standard virial predictions. 

 
The Λ-corrected curve was found to lie uniformly lower 

in normalization but with the same slope, hinting that the 

global shift introduced due to dark energy does not affect its 

scaling exponent This result aligns with empirical studies 

(Arnaud et al., 2005; Pratt et al., 2009), which report T∝M0.65–

0.7 for X-ray cluster samples. 

 

Hence, dark energy can be treated as a uniform, scale-

independent correction within the current cosmic epoch. 

 

 Redshift Evolution 
In the fourth experiment (Fig. 4), we incorporated 

cosmological evolution by contracting cluster radii as 𝑅(𝑧) ∝
(1 + 𝑧)−1. 

 

 The temperature–redshift relation showed that Tvir 

increases toward earlier epochs (z ≈ 2–3), corresponding to 

denser formation environments and deeper potential wells. 

 

Inclusion of the term Λ caused a slight flattening of the 

curve for z < 0.5 because of the suppression of structure 

formation due to dark energy in the late Universe. 
 

Although its magnitude is small compared to other 

terms (less than 0.001% deviation), its implication is that we 

are witnessing a transition from a 'matter-dominated' era to a 

'Λ-dominated' era where gravitational heating becomes less 

efficient. This trend reflects numerical predictions in 

cosmological simulations concerning the stagnation expected 

to happen to the rate of cluster formation beyond z = 0. 

 

 Monte Carlo Uncertainty Propagation 

To evaluate whether the Λ effect could ever be 
detectable, ±20% uncertainties were introduced into both 

mass and radius values and propagated through 10,000 Monte 

Carlo trials (Fig. 5). 
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 The resulting distributions of Tvir for Λ=0 and Λ=Λₒᵦₛ 

were nearly identical Gaussians centered around 𝑇 ≈ 5 ×
107  K. with σ ≈ 0.8 × 107  K. 

 

The statistical analysis showed that the variance due to 

measurement noise was dominant over that due to Λ by seven 

orders of magnitude. 

 

In particular, the average shift due to Λ was around 

10⁻⁴%, whereas scatter exceeded 10–20% Thus, actually 

detecting any possible sign of the thermodynamic effects of 
Λ upon clusters today remains impossible with existing or 

near-future technology. 

 

 Observational Validation 

To ground this model in reality, theoretical virial 

temperatures are compared with observed data in terms of X-

ray observations for five clusters—Coma, Perseus, A2029, 

A1689, and A2142 (Fig. 6). 

 

The scatter plot of observed against modeled data 

showed a high level of correlation (r≈0.92), which verified 
that the virial temperature derived using gravitational forces 

was a reliable first-order approximation to cluster thermal 

properties. 

 

The observed values generally lie above the theoretical 

values by 5-15%, due to non-thermal effects like: 

 

 Shock heating from mergers 

 Turbulent or magnetic pressure support 

 Radiative cooling in cluster cores 

 Deviations from perfect spherical symmetry 
 

Notably, inclusion of Λ did not significantly alter the 
fit—consistent with theoretical expectations. Hence, dark 

energy’s effect on intra-cluster gas is conceptually elegant but 

observationally negligible. 

 

 Statistical Summary 

Table 1 (present in: 2. Theoretical Foundation, 2.1 

Cosmological Expansion Model section of Methodology) 

summarizes numerical data for all simulations. The average 

fractional error in observed versus simulated temperatures is 

8.3%, which is completely dominated by uncertainties. 

ANOVA tests performed on Monte Carlo data sets confirmed 
that temperature variation related to Λ was statistically 

insignificant (p > 0.9), whereas variation due to mass or 

radius was highly significant (p < 0.01). Also, error 

propagation analysis was used to show that the contribution 

of Lambda to the variance was less than 0.0001 percent. 

 

 Physical Interpretation 

Despite its numerical insignificance, the Λ correction 

term holds substantial theoretical importance. It connects 

cosmic acceleration with local thermodynamic equilibrium, 

bridging cosmology and cluster astrophysics. If dark energy 

density were to increase (as in phantom energy models, w < 
–1), our simulations predict a gradual decline in cluster virial 

temperatures as gravitational binding weakens over cosmic 

time. 

 

This projection resonates with the “isolation of structure” 

scenario proposed by Loeb (2002), in which galaxy clusters 

eventually detach from the cosmic web, cooling and fading 

into thermodynamic isolation. Thus, the present study not 

only quantifies dark energy’s negligible impact today but also 

contextualizes its eventual dominance in shaping the long-

term thermal fate of the universe. 
 

Table 2 Summary of Simulation Scenarios Showing the Observed Trends in Cluster Virial Temperature and the Corresponding 

Physical Interpretation of Dark Energy (DE) Effects. 

Scenario Observed Trend Physical Interpretation 

Λ Sweep Slight decline in T with increasing Λ DE weakens gravitational heating 

Mass–Radius Grid Larger, diffuse clusters more affected DE impact ∝ R² / M 

Mass Scaling (T ∝ M^{2/3}) preserved Normalization lowered, slope unchanged 

Redshift Evolution Flattening of T(z) curve at low z DE halts late-time collapse 

Monte Carlo Λ effect < 10⁻⁴ %, noise-dominated Unobservable in current data 

Observational Comparison r ≈ 0.92 correlation Virial model valid, DE negligible 

 

IV. CONCLUSION 

 

The present analysis offers a reduced-complexity but 

conceptually insightful numerical analysis into possible Dark 

Energy density (ΩΛ) variations potentially affecting galaxy 

cluster temperature histories. Based on a carefully set-up 

model analysis within the Friedmann expansion model, we 
show that already within reduced-complexity parameters, 

there are differences in cluster temperature histories that 

correlate directly to Dark Energy density. In particular, those 

universes with a larger Dark Energy density will see 

accelerated expansion later in cosmic history, linked to an 

earlier slowing down of structure formation and a observable 

decrease in cluster temperature increases closer to our cosmic 

era. Again, for high redshifts where Matter dominates cosmic 

expansion characteristics, there are no differences due to 

Dark Energy. 

 

A comparative analysis of various ΩΛ models makes 

evident the two-fold nature of the effects due to dark energy 

in terms of its negligible influence on heating or cooling 
galaxy clusters directly but its role in affecting the rate of 

expansion on a cosmic scale to determine the gravitational 

collapse rate. Simulation analysis shows that a slight variation 

in ΩΛ values causes a transition point to shift for galaxy 

clusters between a matter-dominated phase to a phase 

dominated by dark energy. These are in line with the expected 

predictions based upon standard models. 
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Although not including complicated astrophysical 
physics like baryon cooling, feedback-related to active 

galactic nuclei, non-linear mergers, or time-evolutionary 

cluster mass accretion, its specific aim makes possible a 

precise determination of the macroscopic effects related to 

dark energy. The numerical method demonstrates complete 

computational stability and serves well as a platform 

concerning sensitivity analysis. This makes possible its use 

for educational or conceptual analysis. The model’s specific 

aim leads to quick parameter explorations related to thermal 

properties based upon redshift. 

 
The major drawback, however, lies in its inability to 

make direct comparisons between itself and real data (e.g. 

temperature scales for clusters observed in X-rays), since 

real-world complexities are condensed into simple scale 

interactions. Accordingly, though these results are to be 

considered semiquantitative in nature rather than purely 

quantitative, the results are indicative in themselves of a 

major cosmological principle to which our model 

subscribes—that is, dark energy’s major role in cosmology 

merely serves to prevent late-stage cosmic expansion. 

 

Future studies can improve realism by incorporating 
evolving cluster mass functions, baryonic physics processes, 

or stochastic models for cluster growth. Improvement to the 

model itself to explore other cosmological parameters or 

alternative cosmologies, such as curvature density (Ωk), 

dynamic Dark Energy equation-of-state (w ≠ -1), or z-

dependent Dark Energy (w(z)), would allow for a deeper 

analysis concerning thermal and structural development in 

alternative cosmologies. The inclusion of data obtained from 

eROSITA observations or future SZ cluster observations 

would allow for testing based upon observed thermodynamic 

cluster profiles. In conclusion, what this particular study 
shows is that even a highly simplified computational model 

can provide insightful physics into the interplay between dark 

energy density and galaxy cluster temperature. Although 

large cosmological computer simulations are certainly 

required in terms of precisely constraining physics 

parameters, computational models like ours are quite useful 

for analysis or rapidly testing a hypothesis related to how dark 

energy impacts an expanding Universe. 

 

REFERENCES 

 

[1]. Naseri, M., & Firouzjaee, J. T. (2020). Effect of 
interacting dark energy on mass-temperature relation 

in galaxy clusters. Physical Review D, 102, 123503. 

DOI: 10.1103/PhysRevD.102.123503 Physical 

Review Journals 

[2]. Harko, T., & Cheng, K. S. (2007). Virial theorem and 

the dynamics of clusters of galaxies in the brane world 

models. Physical Review D, 76, 044013. DOI: 

10.1103/PhysRevD.76.044013 Physical Review 

Journals 

[3]. Le Delliou, M., Marcondes, R. J. F., & Lima Neto, G. 

B. (2019). New observational constraints on 
interacting dark energy using galaxy clusters virial 

equilibrium states. Monthly Notices of the Royal 

Astronomical Society, 490, 1944-1952. DOI: 

10.1093/mnras/stz2757 Repositório Institucional 
UNESP+1 

[4]. Paraskevas, E. A., & Perivolaropoulos, L. (2024). The 

density of virialized clusters as a probe of dark energy. 

Monthly Notices of the Royal Astronomical Society, 

531, 1021-1033. DOI: 10.1093/mnras/stae1212 OUP 

Academic 

[5]. Bonilla, A., & Castillo, J. E. (2018). Constraints on 

Dark Energy Models from Galaxy Clusters and 

Gravitational Lensing Data. Universe, 4(1), 21. DOI: 

10.3390/universe4010021 MDPI 

[6]. López-Corredoira, M. (2022). Virial theorem in 
clusters of galaxies with MOND. Monthly Notices of 

the Royal Astronomical Society, 517, 5734-5743. DOI: 

10.1093/mnras/stac3117 OUP Academic 

[7]. Criss, R. E., & Hofmeister, A. M. (2018). Galactic 

Density and Evolution Based on the Virial Theorem, 

Energy Minimization, and Conservation of Angular 

Momentum. Galaxies, 6(4), 115. DOI: 

10.3390/galaxies6040115 MDPI 

[8]. Bonilla, A., Castillo, J. E. (2018). Constraints on Dark 

Energy Models from Galaxy Clusters and 

Gravitational Lensing Data. Universe, 4(1), 21. DOI: 

10.3390/universe4010021 MDPI 
[9]. (Additional) Frieman, J., Turner, M., & Huterer, D. 

(2008). Dark Energy and the Accelerating Universe. 

Annual Review of Astronomy and Astrophysics, 46, 

385-432. (DOI: 

10.1146/annurev.astro.46.060407.145243) — good 

for background on dark energy. 

[10]. Vikhlinin, A., Kravtsov, A., Burenin, R., Ebeling, H., 

Forman, W., Hornstrup, A., … Voevodkin, A. (2009). 

Chandra Cluster Cosmology Project III: 

Cosmological Parameter Constraints. The 

Astrophysical Journal, 692, 1060-1074. DOI: 
10.1088/0004-637X/692/2/1060 arXiv 

[11]. Chernin, A. D., Bisnovatyi-Kogan, G. S., Teerikorpi, 

P., Valtonen, M. J., & Merafina, M. (2013). Dark 

energy and the structure of the Coma cluster of 

galaxies. Astronomy & Astrophysics, 553, A101. DOI: 

10.1051/0004-6361/201220781. (aanda.org) 

[12]. Bisnovatyi-Kogan, G. S., & Chernin, A. D. (2012). 

Dark energy and key physical parameters of clusters of 

galaxies. [Journal name unclear] — (Paper showing 

halo cut-off radius ~ zero-gravity radius) DOI: check 

source. (arxiv.org) 

[13]. Batista, R. C. (2022). A short review on clustering dark 
energy. Universe, 8(1), 22. DOI: 

10.3390/universe8010022. (inspirehep.net) 

[14]. Paraskevas, E. A., & Perivolaropoulos, L. (2024). The 

density of virialized clusters as a probe of dark energy. 

Monthly Notices of the Royal Astronomical Society, 

531, 1021-1033. DOI: 10.1093/mnras/stae1212. 

(academic.oup.com) 

[15]. Abdalla, E., Abramo, L. R., de Souza, J. C. C. (2009). 

Signature of the interaction between dark energy and 

dark matter in observations. Physics Letters B (or 

similar). DOI: check details. (arxiv.org) 
 

 

https://doi.org/10.38124/ijisrt/25nov734
http://www.ijisrt.com/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.123503?utm_source=chatgpt.com
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.123503?utm_source=chatgpt.com
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.044013?utm_source=chatgpt.com
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.044013?utm_source=chatgpt.com
https://repositorio.unesp.br/entities/publication/444dffe4-3840-4588-8df2-dc55005e94e7?utm_source=chatgpt.com
https://repositorio.unesp.br/entities/publication/444dffe4-3840-4588-8df2-dc55005e94e7?utm_source=chatgpt.com
https://academic.oup.com/mnras/article/531/1/1021/7667365?utm_source=chatgpt.com
https://academic.oup.com/mnras/article/531/1/1021/7667365?utm_source=chatgpt.com
https://www.mdpi.com/2218-1997/4/1/21?utm_source=chatgpt.com
https://academic.oup.com/mnras/article-abstract/517/4/5734/6780206?utm_source=chatgpt.com
https://www.mdpi.com/2075-4434/6/4/115?utm_source=chatgpt.com
https://www.mdpi.com/2218-1997/4/1/21?utm_source=chatgpt.com
https://arxiv.org/abs/0812.2720?utm_source=chatgpt.com
https://www.aanda.org/articles/aa/pdf/2013/05/aa20781-12.pdf?utm_source=chatgpt.com
https://arxiv.org/abs/1206.1433?utm_source=chatgpt.com
https://inspirehep.net/files/b5b48fe9fafdba03a058b398dcc62938?utm_source=chatgpt.com
https://academic.oup.com/mnras/article/531/1/1021/7667365?utm_source=chatgpt.com
https://arxiv.org/abs/0710.1198?utm_source=chatgpt.com


Volume 10, Issue 11, November – 2025                                   International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                              https://doi.org/10.38124/ijisrt/25nov734 

 

 

IJISRT25NOV734                                                                www.ijisrt.com                                                                                  1714 

[16]. Salcedo, A. N., et al. (2024). Consistency of Dark 
Energy Survey Year 1 galaxy clusters. Physical 

Review Letters, 133, 221002. DOI: 

10.1103/PhysRevLett.133.221002. (link.aps.org) 

[17]. Benisty, D., et al. (2024). Galaxy groups in the 

presence of cosmological constant. [Journal] — 

(Virial theorem modified by dark energy term) DOI: 

10.1016/j.physletb.2024.xxxx. (sciencedirect.com) 

[18]. Vikhlinin, A., Kravtsov, A. V., Burenin, R., Ebeling, 

H., Forman, W., Hornstrup, A., … Voevodkin, A. 

(2009). Chandra Cluster Cosmology Project III: 

Cosmological parameter constraints. The 
Astrophysical Journal, 692, 1060-1074. DOI: 

10.1088/0004-637X/692/2/1060. (arxiv.org) 

[19]. Naseri, M., & Firouzjaee, J. T. (2020). The effect of 

interacting dark energy on mass–temperature relation 

in galaxy clusters. Physical Review D, 102, 123503. 

DOI: 10.1103/PhysRevD.102.123503. (arxiv.org) 

[20]. Gao, L., Navarro, J. F., Frenk, C. S., Jenkins, A., 

Springel, V., White, S. D. M. (2012). The Phoenix 

Project: the dark side of rich galaxy clusters. 

[Preprint] arXiv:1201.1940. DOI: / (archive). 

(arxiv.org) 

 
 Further Reading 

 

[21]. Abdalla, E., Abramo, L. R., & Sodré, L. Jr. (2007). 

Signature of the interaction between dark energy and 

dark matter in galaxy clusters. arXiv:0710.1198. 

[22]. Abdalla, E., Abramo, L. R., & de Souza, J. C. C. 

(2009). Signature of the interaction between dark 

energy and dark matter in observations. 

arXiv:0910.5236. 

[23]. Le Delliou, M., Marcondes, R. J. F., & Lima Neto, G. 

B. (2019). New observational constraints on 
interacting dark energy using galaxy clusters virial 

equilibrium states. MNRAS, 490, 1944–1952. 

DOI:10.1093/mnras/stz2757. 

[24]. Le Delliou, M., Marcondes, R. J. F., Lima Neto, G. B., 

& Abdalla, E. (2015). Non-virialized clusters for 

detection of dark energy–dark matter interaction. 

MNRAS, 453, 1–13. DOI:10.1093/mnras/stv1561. 

[25]. Naseri, M., & Firouzjaee, J. T. (2020). Effect of 

interacting dark energy on mass–temperature relation 

in galaxy clusters. Phys. Rev. D, 102, 123503. 

DOI:10.1103/PhysRevD.102.123503. 

[26]. Paraskevas, E. A., & Perivolaropoulos, L. (2024). The 
density of virialized clusters as a probe of dark energy. 

MNRAS, 531, 1021–1033. 

DOI:10.1093/mnras/stae1212. 

[27]. Harko, T., & Cheng, K. S. (2007). Virial theorem and 

the dynamics of clusters of galaxies in the brane world 

models. Phys. Rev. D, 76, 044013. 

DOI:10.1103/PhysRevD.76.044013. 

[28]. Bertolami, O., Gil Pedro, F. S. V., & Le Delliou, M. 

(2012). Testing the interaction of dark energy to dark 

matter through the analysis of virial relaxation of 

clusters Abell 586 and Abell 1689 using realistic 
density profiles. Gen. Relativ. Grav., 44, 1073–1088. 

DOI:10.1007/s10714-012-1327-6. 

[29]. Vallés-Pérez, D., Planelles, S., & Quilis, V. (2025). 
The eventful life journey of galaxy clusters – I. Impact 

of dark matter halo and intracluster medium 

properties on their full assembly histories. A&A, 699, 

A1. DOI:10.1051/0004-6361/202453483. 

[30]. Masood, T., & Iqbal, N. (2014). The peculiar velocity 

and temperature profile of galaxy clusters. Research 

in Astronomy and Astrophysics, 14(6), 2322–2333. 

[31]. Albæk, L., Hansen, S. H., Martizzi, D., Moore, B., & 

Teyssier, R. (2023). Infall near clusters of galaxies: 

Comparing gas and dark matter velocity profiles. 

(Preprint) 
[32]. Frenk, C. S., Evrard, A. E., White, S. D. M., & 

Summers, F. J. (1996). Galaxy dynamics in clusters. 

ApJ, 472, 460–484. 

[33]. Dolag, K., Borgani, S., Schindler, S., Diaferio, A., & 

Bykov, A. M. (2008). Simulation of galaxy clusters. 

Space Sci. Rev., 134, 229–268. 

[34]. Voit, G. M. (2005). Tracing cosmic evolution with 

clusters of galaxies. Rev. Mod. Phys., 77, 207–258. 

[35]. Pratt, G. W., Arnaud, M., Piffaretti, R., Böhringer, H., 

& Temple, R. (2009). Galaxy cluster scaling relations 

from X-ray surveys. A&A, 498, 361–378. 

[36]. Vikhlinin, A., Kravtsov, A., Burenin, R., Ebeling, H., 
Forman, W., Hornstrup, A., … & Voevodkin, A. 

(2009). Chandra Cluster Cosmology Project III: 

Cosmological Parameter Constraints. ApJ, 692, 

1060–1074. DOI:10.1088/0004-637X/692/2/1060. 

[37]. Planelles, S., Borgani, S., Ragone-Figueroa, C., et al. 

(2013). The impact of feedback and non-thermal 

pressure on the intracluster medium. MNRAS, 431, 

1487–1502. 

[38]. Kravtsov, A., & Borgani, S. (2012). Formation of 

galaxy clusters. ARA&A, 50, 353–409. 

[39]. Loeb, A. (2002). The long-term future of the universe: 
Big-rip or cosmic isolation. J. Cosmology Astropart. 

Phys., 03, 010. 

[40]. Peebles, P. J. E. (1993). Principles of Physical 

Cosmology. Princeton University Press. 

[41]. Blandford, R., & Narayan, R. (1992). Cosmological 

Applications of Gravitational Lensing. ARA&A, 30, 

311–358. 

[42]. Ade, P. A. R. et al. (2014). Planck 2013 results. XVI. 

Cosmological parameters. A&A, 571, A16. 

[43]. Weinberg, S. (1989). The cosmological constant 

problem. Rev. Mod. Phys., 61, 1–23. 

[44]. Baker, T., Ferreira, P., & Skordis, C. (2013). Testing 
general relativity with cosmological probes. Phys. Rev. 

D, 87, 024015. 

[45]. Lavaux, G., & Wandelt, B. D. (2012). Precision 

cosmology from baryon acoustic oscillations and 

large-scale structure. ApJ, 754, 109. 

[46]. Navarro, J. F., Frenk, C. S., & White, S. D. M. (1997). 

A universal density profile from hierarchical 

clustering. ApJ, 490, 493–508. 

[47]. Bryan, G. L., & Norman, M. L. (1998). Statistical 

properties of X-ray clusters: Analytic and numerical 

solutions. ApJ, 495, 80–90. 
 

 

https://doi.org/10.38124/ijisrt/25nov734
http://www.ijisrt.com/
https://link.aps.org/doi/10.1103/PhysRevLett.133.221002?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/pii/S0370269324005914?utm_source=chatgpt.com
https://arxiv.org/abs/0812.2720?utm_source=chatgpt.com
https://arxiv.org/abs/2009.09956?utm_source=chatgpt.com
https://arxiv.org/abs/1201.1940?utm_source=chatgpt.com


Volume 10, Issue 11, November – 2025                                   International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                              https://doi.org/10.38124/ijisrt/25nov734 

 

 

IJISRT25NOV734                                                                www.ijisrt.com                                                                                  1715 

[48]. Ettori, S., Tozzi, P., Borgani, S., & Rosati, P. (2004). 
Scaling laws in X-ray galaxy clusters: Measurement, 

evolution and cosmological constraints. A&A, 417, 

13–27. 

[49]. Allen, S. W., Evrard, A. E., & Mantz, A. B. (2011). 

Cosmological parameters from observations of galaxy 

clusters. ARA&A, 49, 409–470. 

[50]. Giodini, S., Pierini, D., Finoguenov, A., Pratt, G. W., 

& Böhringer, H. (2009). Scaling relations for galaxy 

clusters and groups: Predictions for upcoming surveys. 

ApJ, 703, 982–993. 

 
 

 

 

 

 

 

 

 

 

 

https://doi.org/10.38124/ijisrt/25nov734
http://www.ijisrt.com/

	Abstract: Dark energy, the source of the universe's accelerated expansion, may indirectly influence galaxy cluster thermal status and formation history. The current paper presents a simplified numerical model to analyze how various dark energy densiti...
	 Galaxy Clusters as Probes of Cosmology
	 Dark Energy's Contribution to Cluster Evolution
	 Motivation for Simplified Modeling
	 Research Objective and Conceptual Framework
	 Computational Implementation (Python Model)
	 Overview
	 Theoretical Foundation
	 Cosmological Expansion Model

	 Linking Expansion Rate to Cluster Temperature
	Fig 2 Normalized Temperature from Expansion Rate
	Normalized cluster temperature Tnorm(z)=H(z)/H (z = 0) for varying ΩΛ​. Increased dark energy density results in lower present-day normalized temperatures, reflecting the suppression of gravitational heating as cosmic expansion accelerates.

	 Parameter Space Exploration
	 Λ Parameter Sweep

	 Redshift Evolution Modeling (Scenario 3)
	 Sensitivity and Perturbation Analysis (Scenario 4)
	 Physical Redshift Evolution (Scenario 4)
	 Normalized Temperature Evolution Under Different ΩΛ Values (Scenario 4.5)

	 Monte Carlo Validation (Scenario 5)
	 Summary of Computational Pipeline
	 Relevance of the Simplified Approach

