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OUTLINE

 Motivation: cosmological tensions

 The Interacting Dark Energy model

 Constraints from CMB and DESI datasets

 N-body simulations: method and results

 Conclusions
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Assuming a ΛCDM 
cosmological model:
H0 = 67.27 ± 0.60 
km/s/Mpc

Riess et al. ApJL 934 (2021)

S8 tension 𝑆8 = 𝜎8 Ω𝑚/0.3Hubble tension

SH0ES collaboration, directly 
measuring the distance ladder:
H0 = 73.04 ± 1.04 km/s/Mpc

DES Collaboration: T.M.C. Abbott et al. (2026) 

2.8𝜎 tension
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Gavela et al. J. Cosmol. Astropart. Phys. 07 (2009) 034

INTERACTING DARK ENERGY MODEL

 Energy-momentum conservation:

∇𝜇𝑇𝐷𝑀
𝜇

𝜐 = +
𝑄(𝑣𝐷𝑀)𝜐

𝑎

∇𝜇𝑇𝐷𝐸
𝜇

𝜐 = −
𝑄(𝑣𝐷𝑀)𝜐

𝑎
with energy density transfer rate:

𝑄 = 𝜉𝐻𝜌𝐷𝐸

 ξ < 0 corresponds to energy transfer:

           Dark matter         dark energy



CONSISTENT RESULTS FROM ACT + WMAP

Y Zhai et al. JCAP 07 (2023) 032

Credit: NASA / LAMBDA Archive Team

Credit: ACT Collaboration/Debra Kellner

A consistent view across all CMB probes
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CONSTRAINTS FROM DIFFERENT DATASETS

CMB 
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CMB+DESI

Y Zhai et al. JCAP 07 (2023) 032

W Giarè et al. Phys. Rev. Lett. 133, 251003Negative Bayes factor: IDE is preferred over ΛCDM



Move forward to non-linear scales
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DATA & METHOD

dark-matter
N-body 

simulation

initial 
conditions,

cosmological
parameters Preliminary 

runs (A)
Production 
runs (B)

Periodic box 2563(𝑀𝑝𝑐/ℎ)3 5123(𝑀𝑝𝑐/ℎ)3

Particles 2563 5123 

RAMSES N-body runs with two settings:

RAMSES: N-body simulation code 
github.com/ramses-organisation/ramses.git

 Developed based on its predecessor ART

 Tree-based Adaptive Mesh Refinement technique
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What can be simplified in the N-body simulation pipeline?

 Dark energy clustering can be safely neglected 
since:

𝛽(𝑘, 𝑧) ≡
𝜌𝐷𝐸
𝜌𝐷𝑀

𝛿𝐷𝐸
𝛿𝐷𝑀

≪ 1

 This allows us to treat DE as a smooth 
component and only simulate DM particles.

 We simulate the DM particles by rescaling 
mass of each particle at redshift z by:

𝑚𝑐(𝑧)
𝑚𝑐(𝑧 = 0)
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Y Zhai et al. arXiv: 2606.11368



initial
conditionsmodified

Boltzmann
code

modified
N-body 

simulation

Planck2018
DESI DR2

(SH0ES prior)

𝑃𝑘 at high 
redshift

(best-fit)
cosmological
parameters

IDE background evolution
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MATTER POWER SPECTRUM
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 The IDE matter power spectrum is enhanced 
on large scales (~10%) but suppressed on 
quasi-linear and non-linear scales (up to 
~50%);

 HMCode predictions deviate from N-body 
results, with the deviation growing toward 
small scales.

Y Zhai et al. arXiv: 2606.11368



DARK MATTER
DENSITY MAP

 With significantly lower Ω𝑚, 
IDE model forms the same 
filamentary structure but is less 
concentrated around dense 
regions;

 IDE predicts fewer halos at all 
resolved masses;

 ΛCDM peak density ~3.5 times 
larger than IDE peak density.
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Y Zhai et al. arXiv: 2606.11368
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HALO MASS FUNCTION
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 The suppression is much stronger at the high-
mass end;

 The suppression is consistent across the high-
mass range of halos (~40%);

 This is the result of the ~27% cumulative mass 
transfer from DM to DE.

Y Zhai et al. arXiv: 2606.11368



CONCLUSIONS

Thank you for your attentionY Zhai et al. arXiv: 2606.11368

 We performed N-body simulations for the IDE model with interaction rate   
𝑄 = 𝜉𝐻𝜌𝐷𝐸 , with best-fit parameters from Planck 2018, DESI DR2 and SH0ES 
prior.

 We adapted full IDE modifications to the pipeline from initial conditions to the 
RAMSES code.

 The large-scale matter clustering is enhanced in the IDE scenario but suppressed 
on quasi-linear and non-linear scales.

 The S8 constraints on IDE depend sensitively on the non-linear modelling. 
Model-consistent treatments are needed.



Initial
Conditions

modified
CLASS

modified
N-body 

simulation

Planck
2018

bestfit

Ωm
ΩΛ
Ω𝑏
𝐻0

𝜎8(𝑧ini = 49)

Ωm

𝐻(𝑎)

𝑃𝑘
(linear)
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COSMOLOGICAL SETTINGS FOR IDE AND ΛCDM RUNS

While reported for completeness, 𝜎8 is not directly used as an input 
parameter in the N-body simulations.
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