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Abstract. We present a Bayesian analysis of cosmological parameter constraints from early- and late-universe observations,
focusing on the matter density parameter (Ωm) and the amplitude of matter fluctuations (σ8) within the ΛCDM framework. Using
data from the Planck 2018 satellite mission and the Dark Energy Survey (DES) Year 3, we compute theoretical predictions for
angular and matter power spectra via Boltzmann solvers and perform Markov Chain Monte Carlo (MCMC) sampling using the
emcee Python package. Our key contribution is a direct and quantitative comparison of DES and Planck constraints, assessing their
consistency using chi-squared analysis and Gaussian tension metrics. We find a statistically significant 6.46σ tension in Ωm and
a 2.68σ tension in σ8 between the two datasets. These results provide fresh evidence of persistent discrepancies in cosmological
parameter estimates and suggest that simple extensions to the ΛCDM model may be insufficient to fully reconcile early- and
late-time observations, motivating the need for more complex theoretical models or refined treatment of systematics.
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1. INTRODUCTION

One of the foundational goals of modern cosmology is
to understand the composition and evolution of the Uni-
verse. The ΛCDM (Lambda Cold Dark Matter) model has
emerged as the standard framework, suggesting that the
Universe is composed of approximately 68% dark energy,
27% dark matter, and only about 5% ordinary baryonic
matter. While this model successfully explains the ob-
served cosmic microwave background (CMB), the large-
scale structure of the Universe, and the accelerating ex-
pansion, the true nature of dark matter remains elusive
[14].

Two cosmological parameters are central to this frame-
work: the matter density parameter Ωm, and the amplitude
of matter clustering, σ8. These parameters play a criti-
cal role in shaping the growth of cosmic structures and
are constrained using both early- and late-universe obser-
vations [10]. Notably, recent studies have revealed sta-
tistical tensions between the values of these parameters

inferred from different observational probes, raising the
question of whether these inconsistencies are the result of
systematic errors, statistical fluctuations, or indications of
new physics beyond the standard model.

This work is motivated by the growing discrepancy be-
tween parameter constraints obtained from early-universe
CMB measurements and late-universe large-scale struc-
ture observations [8]. The Planck satellite has provided
the most precise measurements of the CMB, offering
early-universe constraints on Ωm and σ8, while the Dark
Energy Survey (DES), particularly its Year 3 data release,
provides robust constraints from the late Universe through
cosmic shear, galaxy clustering, and galaxy–galaxy lens-
ing [22]. The combination of these datasets provides a
powerful tool to test the consistency of the ΛCDM model
across different epochs.

In this study, we perform a detailed comparative analy-
sis of these two datasets. We use the Planck 2018 high-ℓ
temperature and polarization data and the DES Y3 cosmic
shear and galaxy clustering measurements to constrain the
parameters Ωm and σ8. The theoretical predictions for the
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angular and matter power spectra are computed using the
CAMB Boltzmann solver under the assumption of a flat
ΛCDM cosmology [9]. We adopt a likelihood-based sta-
tistical framework and apply Markov Chain Monte Carlo
(MCMC) sampling using the emcee Python package to
obtain the posterior distributions of the cosmological pa-
rameters.

To evaluate the agreement between the two datasets,
we employ chi-squared analysis and a Gaussian tension
metric. Our results indicate a best-fit Ωm = 0.357±0.006
and σ8 = 0.784±0.006 from DES, compared to Planck’s
best-fit values of Ωm = 0.311 and σ8 = 0.756 [28]. These
differences correspond to a 6.46σ tension in Ωm and a
2.68σ tension in σ8. Such discrepancies, particularly in
the derived parameter S8 = σ8

√
Ωm/0.3, challenge the

internal consistency of the ΛCDM model and may sug-
gest the need for model extensions or new physical mech-
anisms.

This study contributes to the ongoing discussion sur-
rounding these cosmological tensions by providing a rig-
orous statistical comparison of two of the most influential
datasets in modern cosmology [32]. By quantifying the
degree of agreement and identifying where and how de-
viations arise, we aim to clarify whether these tensions
are symptoms of unknown systematics or hints toward a
deeper understanding of the Universe [20].

2. COMPUTATIONAL METHODS

In the standard cosmological model, ΛCDM (Lambda
Cold Dark Matter), the Universe consists primarily of
cold dark matter and dark energy represented by a cos-
mological constant Λ. Two fundamental parameters in
this model are the matter density parameter Ωm and the
amplitude of matter clustering σ8, both of which influence
the large-scale distribution of dark matter [25].

The clustering of matter is described by the matter
power spectrum P(k), which characterizes the amplitude
of density fluctuations at different scales. This spectrum
is predicted theoretically within the ΛCDM framework
and constrained observationally through the Cosmic Mi-
crowave Background (CMB) and large-scale structure
(LSS) surveys [39].

The CMB, a snapshot of the Universe at recombination
(z ∼ 1100), encodes information about primordial fluctu-
ations [1]. These temperature anisotropies are expanded
in spherical harmonics:

∆T (n̂) =
∞

∑
ℓ=0

ℓ

∑
m=−ℓ

aℓmYℓm(n̂) (1)

with the angular power spectrum Cℓ defined as:

⟨aℓma∗ℓ′m′⟩=Cℓδℓℓ′δmm′ .

Cℓ measures the variance of temperature fluctuations on
angular scales set by multipole ℓ.

Theoretical predictions Ctheory
ℓ are computed using

Boltzmann solvers like CAMB or CLASS, assuming a flat
ΛCDM cosmology with parameters such as Ωm (matter
density), Ωb (baryon density), H0 (Hubble constant), ns
(scalar spectral index), As (amplitude of primordial fluc-
tuations), and τ (optical depth to reionization). These
govern the peak structure, damping tail, and overall am-
plitude of the Cℓ spectrum.

The amplitude of late-time matter fluctuations, σ8, is
derived from the evolved matter power spectrum and con-
nects early-Universe parameters (e.g., As) with present-
day structure formation.

To constrain cosmological parameters, we use Planck
2018 high-ℓ TT, TE, and EE spectra along with low-ℓ po-
larization data. For late-time structures, we include Dark
Energy Survey Year 3 (DES Y3) observations, which
provide measurements of galaxy clustering, galaxy–shear
cross-correlations, and cosmic shear [40]. These are sen-
sitive to σ8 and Ωm, particularly through the parameter
combination:

S8 = σ8
√

Ωm/0.3,

which helps break degeneracies.
Combining Planck and DES data enables robust cross-

checks of cosmological predictions. Differences in in-
ferred values of S8 between datasets are assessed using
statistical tension metrics [2].

Parameter Estimation and MCMC
Sampling

To estimate the best-fit cosmological parameters, we
adopt a likelihood-based framework. We assume a flat
ΛCDM model with Ωm and σ8 as primary free param-
eters. The theoretical Ctheory

ℓ is generated using CAMB,
while P(k) predictions are compared against DES data
[11].

Assuming Gaussian observational uncertainties, the
likelihood is given by:

L (Ωm,σ8)∝ exp
(
−χ2

2

)
, χ

2 =∑
i

(
datai −modeli

σi

)2

(2)
We employ Markov Chain Monte Carlo (MCMC)

methods to sample the posterior distribution:

P(θ |data) ∝ L (data|θ)P(θ),

where θ denotes the cosmological parameters. We use
the emcee Python package, which implements an affine-
invariant ensemble sampler with multiple “walkers” that
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efficiently explore correlated and degenerate parameter
spaces [43].

Convergence is assessed via diagnostics such as trace
plots, autocorrelation times, and Gelman–Rubin statistics.
After discarding the burn-in phase, the chains are used to
compute marginalized distributions, confidence regions,
and parameter covariances [13].

Assessing Goodness-of-Fit and Tension
Between Datasets

To quantify consistency between Planck and DES, we
evaluate statistical metrics:

Chi-Squared Test: Assuming normally distributed
DES MCMC samples, the chi-squared statistic is:

χ
2 = ∑

i

(xi −µ)2

σ2 (3)

where xi are DES sample means, µ is the Planck best-
fit value, and σ is the DES standard deviation.

Gaussian Tension Metric: Tension in units of σ is ex-
pressed as:

T =
|µ1 −µ2|√

σ2
1 +σ2

2

, (4)

where µ1, µ2 are the means and σ1, σ2 the uncertainties
of the two datasets. For instance, T = 3 denotes a 3σ

discrepancy, considered statistically significant.

3. RESULTS

CMB Angular Power Spectra from Planck
Data

The angular power spectra of the Cosmic Microwave
Background (CMB) encapsulate statistical information
about temperature and polarization anisotropies as a func-
tion of angular scale, represented by the multipole mo-
ment ℓ. We extract the theoretical spectra from the latest
Planck satellite data release and transform them to the
form Dℓ = ℓ(ℓ+1)Cℓ/(2π) for improved interpretability,
where Cℓ denotes the angular power at multipole ℓ [12].

Figure 1 presents a comprehensive comparison of
the primary spectra: the temperature autocorrelation
(TT), the E-mode polarization autocorrelation (EE), the
temperature-E-mode cross-correlation (TE), and the B-
mode polarization (BB) [4]. The TT spectrum promi-
nently displays the acoustic peak structure, arising from
primordial plasma oscillations. The EE spectrum exhibits
similar but phase-shifted features, while the TE spectrum

reveals a correlated structure indicative of photon-baryon
coupling at recombination [4].

In addition, we analyze the relative strengths of the
TE and EE spectra normalized by the TT component to
highlight the scale-dependent correlation between tem-
perature and polarization modes [17]. The BB spectrum,
significantly weaker in amplitude, is primarily shaped by
lensing-induced polarization and potentially by primor-
dial gravitational waves.

A contour visualization of the log-scaled spectra (also
shown in Fig. 2) provides an intuitive summary of spectral
amplitudes across all modes. The TT and EE modes dom-
inate the signal, while BB remains subdominant across
the full multipole range [26].

DES vs. Planck Constraints on Ωm and σ8

We compare the cosmological parameter constraints on
the matter density Ωm and the amplitude of matter fluctu-
ations σ8 from the Dark Energy Survey (DES) and the
Planck satellite mission. Using the emcee Markov Chain
Monte Carlo (MCMC) sampler, we performed Bayesian
parameter estimation based on the DES likelihood, uti-
lizing 50 walkers and 5000 steps to yield well-converged
chains [33].

The best-fit values obtained from the DES posterior
distributions are:

Ω
DES
m = 0.357+0.006

−0.006,

σ
DES
8 = 0.784+0.006

−0.006.

These results reveal slight deviations from the Planck
best-fit values. Specifically, the absolute differences are:

|ΩDES
m −Ω

Planck
m |= 0.046,

|σDES
8 −σ

Planck
8 |= 0.028.

TABLE I: Comparison of DES and Planck best-fit
constraints on the matter density parameter (Ωm) and the
amplitude of matter fluctuations (σ8). The absolute
difference is calculated as the DES best-fit minus the
Planck best-fit.

Parameter DES Best-fit Planck Best-fit Absolute Difference

Ωm 0.357±0.006 0.311 0.046

σ8 0.784±0.006 0.756 0.028

The comparison between DES and Planck best-fit val-
ues is summarized in Table I. As shown in this table,
the DES best-fit values for Ωm and σ8 are slightly higher

54 M. Kunwar et al.



The Special Issue of JNPS, ANPA Conference 2025 Constraining Dark Matter Parameters

(a) TT spectrum (b) BB spectrum

(c) TE and EE spectra (d) TE/TT and EE/TT ratios

FIGURE 1: Planck CMB angular power spectra. TT displays temperature anisotropies, BB traces B-mode
polarization due to lensing or primordial gravitational waves, while TE and EE represent temperature–E-mode cross-
and auto-correlations. Ratios highlight the scale-dependent behavior of polarization relative to temperature
fluctuations.

than the corresponding Planck values, with absolute dif-
ferences of 0.046 and 0.028, respectively [34].

To further assess the level of consistency, we computed
the mean and standard deviation of the DES posterior dis-
tributions:

⟨Ωm⟩DES = 0.3574±0.0857,

⟨σ8⟩DES = 0.7843±0.1053.

The chi-squared values, assuming Gaussian uncertainties,
are calculated as follows:

χ
2
Ωm

= 0.290, χ
2
σ8

= 0.070, χ
2
total = 0.359.

These low χ2 values suggest strong statistical consis-
tency between the DES and Planck measurements in the
(Ωm,σ8) parameter space [16].

Figures 3 and 4 illustrate this comparison visually.
Figure 3 presents the DES MCMC posterior samples in

the Ωm–σ8 plane, with the best-fit values indicated by
dashed lines and the Planck best-fit point marked by a
red cross [3]. Figure 4 shows a corner plot that compares
the marginalized posterior distributions for both param-
eters. In this plot, the blue contours represent the DES
constraints, while the red histograms correspond to the
Planck results. The significant overlap between the two
datasets further reinforces the conclusion of their mutual
consistency [3].

Gaussian Tension

We computed the statistical tension between the Dark
Energy Survey (DES) and Planck best-fit values for the
matter density parameter Ωm and the amplitude of matter
fluctuations σ8 using a Gaussian tension metric [31].
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FIGURE 2: Log-scale contour map of Dℓ across TT, TE,
EE, and BB spectra. Multipole ℓ values span the x-axis,
and each spectrum is indexed on the y-axis [43]. Warmer
tones denote stronger spectral features, illustrating the
dominance of TT and the relative weakness of BB.

In our case, assuming a 1% uncertainty in the Planck
measurements, the tensions are computed as:

TΩm =
|ΩDES

m −ΩPlanck
m |√

σ2
Ωm

+(0.01 ·ΩPlanck
m )2

= 6.46 (5)

Tσ8 =
|σDES

8 −σPlanck
8 |√

σ2
σ8
+(0.01 ·σPlanck

8 )2
= 2.68 (6)

These results indicate a significant tension of 6.46σ in
Ωm and a moderate tension of 2.68σ in σ8 between DES
and Planck.

Figure 5 illustrates the Gaussian-modeled probabil-
ity density functions (PDFs) corresponding to DES and
Planck constraints for both parameters [19]. The left
panel shows the distributions for Ωm, while the right
panel displays those for σ8. In both panels, solid blue
curves represent the DES constraints, and dashed red
curves represent the Planck constraints. The respective
best-fit values are indicated by vertical dashed lines [7].
The visual separation between the distributions quanti-
fies the statistical tension, highlighting a notably higher
discrepancy in Ωm than in σ8 [27].

Interpretation and Implications

The quantitative comparison between Planck and DES
constraints reveals two distinct outcomes: a significant
6.46σ tension in the matter density parameter Ωm and

a moderate 2.68σ tension in the amplitude of matter
fluctuations σ8. Although these tensions emerge from
individual parameters, they culminate in a well-known
cosmological discrepancy in the derived quantity S8 =
σ8

√
Ωm/0.3—a parameter that is tightly constrained by

large-scale structure surveys and exhibits degeneracy-
breaking potential [43, 47].

In our analysis, the DES best-fit point in the Ωm–σ8
plane lies noticeably above the Planck best-fit values, sug-
gesting that DES favors a slightly denser and more clus-
tered universe than Planck. However, the low χ2 values
and the significant overlap of marginalized posterior con-
tours (Fig. 4) indicate that the datasets are not in com-
plete contradiction. Rather, they exhibit subtle but statis-
tically meaningful differences that mirror broader trends
reported in the literature, particularly the ongoing S8 ten-
sion.

The S8 tension, widely discussed in recent years, typ-
ically manifests as a 2–3σ discrepancy between CMB-
inferred and weak lensing–inferred cosmological con-
straints [44, 45, 46]. Our findings fall well within this
range, supporting the conclusion that DES observations
continue to favor a lower S8 value than Planck. While
the level of tension in σ8 alone (2.68σ ) does not consti-
tute a definitive challenge to the ΛCDM paradigm, the
combined deviation in Ωm and S8 strengthens the case for
either hidden systematics or new physics.

Importantly, our results do not unambiguously favor
one dataset over the other. Instead, they provide a sta-
tistically consistent but quantitatively divergent picture
that underscores the need for careful cross-validation
and combined analyses. Given that Planck probes the
early Universe (z ∼ 1100) and DES probes the late-time
large-scale structure (z ≲ 1), their apparent disagreement
could point toward redshift-evolving physics—such as
evolving dark energy, modified gravity, or neutrino mass
effects—that are not captured in the standard flat ΛCDM
model [4, 48].

Overall, our results reinforce the current consensus:
while ΛCDM remains a successful model, persistent low-
level tensions like those in S8 merit continued scrutiny
through higher-precision observations, improved model-
ing of systematics, and consideration of extensions to the
standard cosmological model.

4. DISCUSSION

In this study, we have investigated the cosmological pa-
rameter constraints on Ωm and σ8 from both the Dark En-
ergy Survey (DES) and the Planck satellite data. By em-
ploying the emcee Markov Chain Monte Carlo (MCMC)
sampler, we derived posterior distributions for these pa-
rameters, which showed minimal deviation between the
DES and Planck results. The best-fit values from DES,
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FIGURE 3: DES MCMC posterior samples in the Ωm–σ8 plane. The dashed green and purple lines denote DES
best-fit values. The red cross indicates the Planck best-fit point.

FIGURE 4: Corner plot comparing DES (blue contours) and Planck (red histograms) marginalized posteriors for Ωm
and σ8.
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FIGURE 5: Probability density distributions showing the tension between DES and Planck results in Ωm (left) and
σ8 (right). Solid curves represent DES results, and dashed curves represent Planck results. The vertical dashed lines
mark the respective best-fit values.

ΩDES
m = 0.357+0.006

−0.006 and σDES
8 = 0.784+0.006

−0.006, were found
to be in strong agreement with the Planck best-fit val-
ues [6]. This consistency was quantitatively supported by
low chi-squared values, indicating no significant statisti-
cal tension between the two datasets [24].

The overlap between the DES and Planck posterior dis-
tributions (illustrated in Figures 3 and 4) further confirms
the alignment of the two surveys within their respective
uncertainties. The visual separation observed between
DES and Planck in the (Ωm,σ8) plane, however, suggests
slight differences that merit further exploration. While
the chi-squared values for both Ωm and σ8 are low, indi-
cating minimal tension, the results highlight a subtle dis-
crepancy in the amplitude of matter fluctuations between
the two surveys. These results emphasize the importance
of precise statistical analyses in reconciling results from
different cosmological probes and surveys [30].

An interesting aspect of this research lies in the com-
parison of DES and Planck constraints with theoretical
predictions from various cosmological models, including
ΛCDM, wCDM, and massive neutrinos [36]. Figure 5
contrasts these model predictions against the MCMC re-
sults from DES. The ΛCDM model, which predicts S8 =
0.806, lies significantly above the DES posterior peak,
creating a tension of ∆S8 ≈ 0.185. Similarly, the wCDM
model with w = −0.9 and S8 = 0.828 increases the dis-
crepancy, while the massive neutrino model with ∑mν =
0.06 eV (resulting in S8 = 0.804) provides a slightly better
fit, though it still does not resolve the tension [21]. These
comparisons suggest that simple extensions like wCDM
and massive neutrinos do not adequately address the ob-
served discrepancy between DES and Planck [35].

The inability of basic extensions such as wCDM and
light neutrino mass to reconcile DES with Planck points

to the possibility that more complex models—such as
evolving dark energy, modified gravity, or interacting
dark sectors—could be necessary to explain the differ-
ences between the two datasets. This is further supported
by the fact that the tension in S8 remains unresolved even
with these basic model extensions, indicating that more
nuanced theoretical frameworks might be needed to fully
reconcile the data.

Systematic effects, particularly those arising from
shear calibration or photometric redshift estimation in
DES, may also contribute to the observed discrepancy.
While such systematics are often difficult to quantify,
their potential impact cannot be discounted, particularly
as future surveys and improvements in measurement tech-
niques continue to refine cosmological constraints. The
observed tension could, in part, be a reflection of these
unresolved systematic uncertainties [15].

5. CONCLUSION

In this study, we performed a detailed Bayesian com-
parison of early-universe (Planck 2018) and late-universe
(DES Year 3) constraints on key cosmological parame-
ters, focusing on Ωm (matter density) and σ8 (amplitude
of matter fluctuations) within the standard ΛCDM frame-
work. Using theoretical predictions generated via the
CAMB Boltzmann solver and MCMC sampling with the
emcee Python package, we obtained marginalized poste-
rior distributions and best-fit values for both datasets.

Our results show that while the overall parameter es-
timates are broadly consistent—supported by low chi-
squared values (χ2

Ωm
= 0.290, χ2

σ8
= 0.070)—there exist
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significant statistical tensions. Specifically, we find a
6.46σ tension in Ωm and a 2.68σ tension in σ8 between
DES and Planck. This tension is even more evident in
the derived parameter S8 = σ8

√
Ωm/0.3, which exhibits

a discrepancy of ∆S8 ≈ 0.185 from the Planck best-fit
value. Such differences challenge the internal consis-
tency of the ΛCDM model across different cosmological
epochs.

These findings point toward possible limitations in the
standard cosmological model. While simple extensions
such as the wCDM model or massive neutrino models
show minor improvements, they fail to reconcile the ob-
served tensions fully. This suggests the need to explore
more complex or exotic physics, including evolving dark
energy, modifications to general relativity, or interactions
between dark matter and dark energy sectors [24, 48].

Limitations: Our analysis is subject to several limita-
tions. First, we assume Gaussian likelihoods and fixed
priors, which may overlook subtleties in the tail behavior
of the posterior distributions. Second, the analysis relies
on publicly available Planck and DES summary statis-
tics; a joint likelihood treatment or reanalysis of raw data
could yield more accurate tension assessments. Third, po-
tential systematics—such as photometric redshift errors,
shear calibration uncertainties, or modeling inaccuracies
in nonlinear clustering—were not explicitly modeled in
our comparison.

Future Work: To refine these results, future work
could incorporate full joint-likelihood analyses com-
bining Planck, DES, KiDS, HSC, and upcoming LSST
data. Extending the parameter space to include curvature,
evolving dark energy (w(z)), or modified gravity param-
eters may provide better fits to the combined datasets.
In addition, the development of robust tension metrics
and systematic error modeling will be crucial in under-
standing whether the observed discrepancies are genuine
signatures of new physics or artifacts of data processing.

In conclusion, our results highlight a growing need to
reconcile early- and late-universe observations within a
consistent cosmological framework. As upcoming sur-
veys like LSST, Euclid, and CMB-S4 deliver unprece-
dented data quality and quantity, they will play a critical
role in either resolving these tensions or uncovering the
first signs of physics beyond ΛCDM.
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