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EXALTATIONS AND CURSES OF THE CDM COSMOLOGYΛ
• Excellent  agreements  with  observations  :

• The CMB temperature power spectra

• The matter density power spectra

• The SNIa temperature-distance relation

• and many more…


• Fundamental  problems :


• The smallness problem of 

• The fine-tuning problem

• effective but not fundamental …


• Observational  anomalies :


• The  and  tensions

• The DESI results

• and several more
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ADVENT of NON-STANDARD COSMOLOGIES
• Dynamical  dark  energy  models  :

• The cosmic acceleration is caused not 

by  but by some scalar fields with 
negative pressure with time-evolving 
equation of state.


• Modi fied gravity  models  : 

• The present cosmic acceleration can 

be explained without introducing anti-
gravitational dark energy by modifying 
Einstein’s general relativity.
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THE f(R) GRAVITY MODEL
• A modi fication  of  the  Einstein-Hilbert  action  of  the  form  (Starobinsky80): 


•  : an arbitrary function of the Ricci scalar, . 


• The scalaron, , quantifies the strength of the fifth force. 


• The Hu-Sawicki  model  of   gravity  (Hu-Sawicki07): 


•  : non-negative constant free parameters that specify the model.


• The current  observational  constraint  on the  cluster  scale :  
(Boubekeur et al. 2014)

f(R) R

! fR0 ! ≡ ! df/dR!0

f(R)

{c1, c2, n}

! fR0 ! ≲ 3.7 × 10−6

with m2 ≡ H2
0Ωm



CDM + f(R) GRAVITY COSMOLOGY!
• It is hard to distinguish between the CDM+  gravity and CDM cosmologies 

with the standard diagnostics since the effects of massive neutrinos cancel out 
those of  gravity: 

! f(R) Λ

f(R)
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ALIGNMENTS OF HALO SHAPES WITH FILAMENTS
• An analytic model for the intrinsic alignments 

between the halo shapes and the filament axes 
(directions of minimum matter compression): 

a cluster-size  halo⟨êiêj ! T̂⟩ =
1 + dt

3
− dtT̂ij



DUAL EFFECTS OF NEUTRINO MASS &  GRAVITYf(R)



NUMERICAL DATA AND ANALYSIS



NUMERICAL VS. ANALYTICAL

Rf = 3 h−1Mpc Rf = 5 h−1Mpc

excellent agreements regardless of the smoothing scales!
Lee et al. (2023)



BREAKING THE DEGENERACY WITH THE SHAPE-FILAMENT ALIGNMENTS

The cluster-filament alignments discriminate the CDM+  models 
from the CDM!

! f(R)
Λ



CLUSTER SHAPE-SHAPE ALIGNMENTS

• The spatial correlations of  create the shape-
shape alignments of cluster-size halos: 

(T̂ij)

≃

where
r





NUMERICAL VS. ANALYTICAL

excellent agreements regardless of the mass-cut



BREAKING THE DEGENERACY WITH THE SHAPE-SHAPE ALIGNMENTS

The cluster shape-shape alignments discriminate the CDM+  
models from the CDM. 

! f(R)
Λ



STATISTICAL SIGNIFICANCE

Lee et al. (2023)



CONTROLLING THE MASS AND AXIAL-RATIO DIFFERENCES

Lee et al. (2023)



NUMERICAL VS. ANALYTICAL FROM THE CONTROLLED SAMPLES

good agreements even when the controlled samples are used!



SIGNIFICANCE FROM THE CONTROLLED SAMPLES

Lee et al. (2023)



ALIGNMENTS OF GALAXY SHAPES ON VOID SURFACES
• The alignments between the shapes of the galaxies on void surfaces and the 

directions toward the void centers are also investigated. 

• The voids are identified from the IllustrisTNG300-1 simulations with the help of the 

Void-Finder algorithm.

• The galaxy shapes are determined from the stellar components of TNG subhalos.
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SUMMARY AND CONCLUSION
• The intrinsic alignments between the cluster halo shapes and principal axes of the 

large-scale tidal fields have been found to be in principle break the degeneracies 
between the CDM+  gravity and CDM cosmologies:


• not observationally feasible due to the difficulties in the measurements of 3D 
cluster shapes.


• The intrinsic alignments between the stellar shapes of void surface galaxies and the 
directions toward the void centers have been found to be significant: 


• observationally quite feasible.


• necessary to see whether or not it can also break the cosmological degeneracy.


• hydrodynamical simulations for non-standard cosmologies required. 

! f(R) Λ


