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Dark matter & structure formation

Dark matter (DM)

* Hypothetical invisible massive particles

*~30 % of the energy density of the Universe

Observational evidences: N

Flat rotation curves

"R (x 10001) oy

Weak lensing observations (e. g BuIIet clusters) RO

CMB & large-scale structure




Nature of dark matter

In structure formation,
of particular importance is COld nature of DM

velocity distribution was virtually null at an early
stage of structure formation

— Cold dark matter (CDM)

e.g., Peebles (’82), Blumenthal et al. ('82), Bond et al. ('82), ...

* Early growth of CDM fluctuations Baryon “catch up”

* Hierarchical clustering of structure formation
(cuspy halos / substructure)

Irrespective of microscopic origin,

Such a system is macroscopically described by Vlasov-Poisson
equation starting with cold initial condition



Cosmological Vlasov-Poisson system

Vlasov-Poisson system in a cosmological background:
Collisionless

Boltzmann eq.

a(t) : scale factor of
the Universe

= Large-N limit (N— o) of N-body simulation

Cold initial flow (or single-stream flow):  Dirac’s delta function

flx,p) =na’ {1+ du(x)} dp|p—mav(z)]

System at an early phase is reduced to pressureless fluid system

— foundation of (Eulerian) perturbation theory



Fate of cold initial condition

Phase space
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Single-stream Shell crossing ! Multi-stream flow

(= formation of dark halo)

Shell-crossing & multi-stream flows are natural outcome of nonlinear
structure formation in CDM cosmology — Test for CDM paradigm



Boundary of CDM halos

Diemer & Kravtsov (’14)
Adhikari et al. (' 14)

Outskirt of density profile is found to
significantly deviate from NFW profile:

(Navarro et al. "97)

This exactly happens at the boundary of
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Detection of splashback signature

Chang et al. 18
- SDSS DR8 phot-z gals B getal.(18)
More et al. (1 6), Baxter et al. (" 17) RSt Density
= profile
(Galaxies
* DESY| photo-z gals & weak lensing s Lensing

Chang et al. (’18)

Clusters identified with
redMaPPer algorithm

* Planck SZ clusters
+ Pan-STARRS photo-z galaxies

Zurcher & More (’18)

Detection is at high-stat. significance,

but the results are still controversial



Splashback radius: theoretical aspects

Dependence of outer environment is important

By accretion rate, 1.5 <v <2

: Alog(M,,
 Mass accretion rate: T = Og( Vlr)
Alog(a)

(Diemer & Kravstov '14) e S a\\\\Y /-

* Dark energy & modified gravity

GR lell +—+—

Sub-halos &t

dlog p/dlogr

Adhikari et al.’ |8



Beyond splashback radius

Splashback radius is just one of the rich CDM characteristics

Beyond splashback radius,

Multi-stream structure is supposed to be developed
‘ — Alternative probe of dark matter

0.00 0.25 0.50 0.75 1.00 [.25 1.50 1.75 2.00

1/ Rao0
How can we look at multi-stream ?



Tracing multi-stream flow with particle
trajectories in N-body simulation

H. Sugiura, AT,Yann & Nishimichi (in prep.)

Keeping track of apocenter passage(s) for particle trajectories,
number of apocenter passages, p, is stored for each particle

3

0 / | = SPARTA algorithm +

O | (Diemer’|7; Diemer et al’17)

£ p=0 p=1 [p=2\ =3

= :

% ' Tiling phase-space

= streams with p
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N-body simulation L=316Mpc/h, N=51273 11,000 halos

* 60 snapshots at 0<z<|[.43 (Maoo > 10" M)

by Y. Rasera

(Observatoire de Paris) ¢ Einstein-de Sitter universe (Q,, = 1,04 = 0)



Multi-stream flow in CDM halo

H. Sugiura, AT,Yann & Nishimichi (in prep.)
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Multi-stream flow in CDM halo

H. Sugiura, AT,Yann & Nishimichi (in prep.)
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Comparing self-similar solution

Fillmore & Goldreich ('84)
(see also Bertschinger ’85)

* Extension of top-hat spherical model

* Describe motion of collisionless dark
matter shell under stationary accretion

Radius (dimensionelss)

- Motion of shell
T (e=1s)

3 4

Time (dimensionless)

2 Rl i

6

Radial velocity (dimensionelss)

Size of shell

0.2 0.4 0.6 0.8

Radius (dimensionless)

* Mass acrretion rate - s

Mo < ta()}

* Scaling parameters of
velocity & radius

1.0




Comparison with self-similar solution

Sugiura et al. (in prep.)

Using particles with p=1~5 (# of apocenter passage) to fit:

A

An example

AN
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Comparison with self-similar solution

Sugiura et al. (in prep.)

Using particles with p=1~5 (# of apocenter passage) to fit:
C = 8.65+4‘52

—3.20
An example
to show a good agreement
U_099+0.20
_ l ' — Y-77.0.19
—— Self-similar — 2 4 - _
2.0 2.0 2.0
e 2.0 il
| 5- 151 151 3 S o
> ~ 1.6 1 AL ]
- i AL
1.0 1.0+—¢ 101 | = |51
0.5 0.5 0.5 sy > i s=4.50f{g§
— IO- 4 .
0.0- 00{ g 0.0 a2k _
L2 8 i . ..,.‘Z".’r . . :‘é?.. X
0.5 -0.51 0.5 -
— Y t/} 6- -
-1.5- 151 1.5 4 2'1 R 1 I
20 -_2.0 -I-z.o 5 10 15 20 25 08 12162024 2 4 6 8 10

00 05 10 15 20 00 05 10 15 20 00 O C/ 75 Ulvyg s




Comparison with self-similar solution

Density map Example of good fit
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Comparison with self-similar solution
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Comparison with self-similar solution

Density map
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Statistical properties

~40% of halos are found to be better fitted to self-similar solution
(W|th Sbest = I ~3)
* Massive halos tend to give a better fit to self-similar solution

* A large scatter between fitting parameter S and 'y
(Best-fit) (Measured)
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Summary

Dark matter halo as cosmological probe of dark matter

& fresh look at its phase-space properties

* Distinctive feature of cold dark matter in phase space

{r * Multi-stream structure

| *Sharp divergence in density (shell-crossing)

Outskirts of halo = Splashback radius
* Tracing multis-dream flow with particle trajectories

-+ comparison with self-similar solution

~40% of halos are better fitted to self-similar solution

Investigation of phase-space properties of dark matter are
fun, and would help clarifying the origin of dark matter



