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Context

• Cold dark matter (CDM) → approx. 84 % of the total mass of the Universe

• Clustering of baryons delayed due to photon coupling

⟹ structure formation dominated by the clustering of CDM
… and more so at larger scales.

An illustrative 2D Nbody simulation of 
10242 CDM particles in a 3.5 Gpc box

• The hierarchy of structures in
CDM simulations:
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… and voids.

• Also called ‘cosmic web’ [Bond 1996]

• ΛCDM model works well on large 
scales → BAO, weak lensing data

• Small scale structure discrepancies →
missing satellites, cusp-core, etc



Introduction

Goal: To study dark matter halos and track their evolution
across every phase of dynamics.
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CDM, L = 12.5 pc/h, np = 1024^3, ng = 128^3

Dark matter only simulations

Type Initial Condition No. of particles

CDM

𝐿 = 12.5 ℎ−1 𝑝𝑐
𝑀 ~ 0.25 𝑀⊙

5123, 10243, 20483

𝐿 = 25 ℎ−1 𝑝𝑐
𝑀 ~ 2.0 𝑀⊙

5123, 10243

3SIN

Q1D: 𝜖 = Τ1 6 , Τ1 8 5123, 10243

ANI:  𝜖 = Τ3 4 , Τ1 2 5123, 10243

SYM:  𝜖 = 1 , 1 5123, 10243

Questions to be addressed:
• Prompt cusps
• Self-similarity

• Universal NFW profile

Measurements/data probed:
• Density profiles
• Velocity profiles

• Phase-space

3SIN, ANI, np = 1024^3, ng = 128^3



• Region 1: unresolved cores 𝜌 ∝ const.
np 10243, levelmax 14 ~ 10−3 𝑟𝑣𝑖𝑟𝑖𝑎𝑙
np 20483, levelmax 15 ~ 5 × 10−4 𝑟𝑣𝑖𝑟𝑖𝑎𝑙

Density profile

𝑟𝑐𝑢𝑠𝑝

𝜌 ∝ 𝑟−1.5

𝑟𝑣𝑖𝑟𝑖𝑎𝑙

• Region 2: cusps 𝜌 ∝ 𝑟−1.5

Cusp survives at constant slope – major 
change due to a merger at 𝑎 = 0.2

• Region 3: self-similar accretion 𝜌 ∝ 𝑟−2.25

Limited mass to accrete → running power-
law profile → NFW (Einasto) like

Region 1 Region 2 Region 3



Mean sq. radial velocity Anisotropy parameter profile
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Phase-space and self-similarity

• 2D sin-wave sims 20482:
ANI (left), SYM (right)

• Position-time (top)
Phase-space (bottom)
trajectories of a slice of 
particles at different 
times

• Characteristic scale →
turnaround.
Superposed with radially 
symmetric self-similar 
solutions.

• Striking superposition!
Parichha et al 2025

• But what about 
cosmological setups?



𝑣 𝛽

Phase-space and self-similarity

• 2D cosmological sims

• Colors → particle no.

• Left: early   Right: late

• Slice of particles along 
shell-crossing direction

• But what about 3D?

• 3D cosmological sims 
(5123 particles)

• Left: early   Right: late

• More complicated 
dynamics!

• Work in progress!

Sign 𝑟𝛽 log 1 + 1024 |𝑟𝛽| Sign 𝑟𝛽 log 1 + 1024 |𝑟𝛽|

𝑣 𝛽



Conclusions

• Goal → a qualitative description of the evolution of CDM halos, beginning 
from prompt cusps to Universal NFW profiles.

• How → simulating CDM microhalos and studying their phase-space, density 
and velocity profiles.

• Key questions → (i) Resolving prompt cusps
(ii) Self-similarity
(iii) Universal NFW(Einasto) profiles.

• Prompt cusps (inner region):

o Resolved density profile down to 10−3 𝑟𝑣𝑖𝑟𝑖𝑎𝑙

o Emergence of prompt cusps following relaxation 𝜌 ∝ 𝑟−1.5

o The cusp population survives, same slope in the face of accretion, mergers

• Self-similar accretion with limited infalling matter produces a running power-
law profile in the outer region. Inner density profile remains unaffected.

• Mergers, however, affect the inner region → abrupt changes in density profile 
slope and velocity distributions. Together, they lead to NFW(Einasto) profiles.



THANK YOU!

“As our island of knowledge grows, so does the 
shore of our ignorance...”

- J. A. Wheeler
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PM versus TSC: TSC is way better and allows high redshift start with Zel’dovich initial conditions

PM: requires low redshift start plus higher order PT initial conditions

Phase-space



Refinement and time delay

3 sine waves, anisotropic configuration



np=128 np=256

np=512 np=1024

Convergence to the 
mean fluid limit:
Quasi 1D slices for 
a=0.14



3 sine waves Q1D case: 
convergence to mean fluid 
limit

RAMSES runs
Coarse mesh ng=128

Number of particles np
3

np=128, 256, 512 and 1024

Refinement
Nref=8 (standard), 64, 512, 4096
Such that refinement zones look 
roughly the same for each 
simulation

Max refinement level corresponds 
to spatial resolution
𝜀 = 1/8192 except for the 10243

simulation, with 
𝜀 = 1/16384

Prompt cusp 𝜌 ∝ 𝑟−1.5


