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ACDM model
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Qph? : baryon density
Q.h? : CDM density

: distance ratio to last
scattering surface

: scalar spectral index }

: amplitude of curvature fluctuation

. reionization optical depth



Cosmological observations

Cosmlc mlcrowave background | A Booummae oo de Barnardis et al. (’OO)
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Planck 2018

Parameter Planck alone
Quh? ... 0.02237 + 0.00015
Qh* ... 0.1200 + 0.0012
10060yic . ....... 1.04092 + 0.00031
2 0.0544 + 0.0073
In(10"°4) ... ... 3.044 £ 0.014
g oo eeee e 0.9649 + 0.0042
Hy ........... 67.36 + 0.54
Qr oo 0.6847 + 0.0073
(O 0.3153 +0.0073
Quh?. ... ... .. 0.1430 + 0.0011
Quh. ... 0.09633 + 0.00030
o S 0.8111 + 0.0060
03(Q,/0.3)02 0.832 +0.013
Do v vove e e 7.67+0.73
Age[Gyr] ...... 13.797 £ 0.023
rMpcl........ 144.43 + 0.26
1006, ......... 1.04110 + 0.00031
FaragIMpc] . ... .. 147.09 + 0.26
Zoqe v oo vnme oo 3402 + 26
keq[Mpc S P 0.010384 + 0.000081

* temperature
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Consistency with galaxy surveys

Distance measurements using Measurement of growth of structure
BAO as standard ruler from redshift-space distortions

0.8
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Planck 2018 VI.
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Tensions with Planck results

Weak lensing measurements and local measurement of Hubble
parameter report a large discrepancy with Planck ACDM

Sy = 6 (Q./0.3)° H,

B HSC Y1 DES Y1
B Planck TT-+lowP BN KiDbS450,CF

WAAPS neeeell  Planck T+E+lensing
—Planck
4

Hy = (73.48 £1.66) km s~ 'Mpc™'

Riess et al. (' 18)

Hy = (67.27 £ 0.60) ki s_lMpC_l‘

DES Y1 (Troxel et al. 2018)

KiDS—450 (Hildebrandt et al. 2017) ~350- tension

KiDS-450 (Kohlinger et al. 2017)
CFHTLenS re—analysis (Joudaki et al. 2017)

Hikage et al. (| 8)



ACDM model ~summary~
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CDM paradigm
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CDM paradigm
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Origin of cold dark matter

WIMP (Weakly Interacting Massive Particles)  mpy ~ GeV — TeV

RN FIEETTIVAIF EIFE A EHBEER U BRWRARIIRFEALT
X FERLF DY _7]1@&% .717‘.)\

https://home. cern/resources/|mage/accelerators/lhc -images- gallery



Variant of cold dark matter model

COMEB e LS MEEZRIBEYEETIL
* Self-interacting dark matter (SIDM)
* Warm dark matter (VWDM)
* Baryon-scattering dark matter (BSDM)
* Axion-like particles (ALP)
* Fuzzy dark matter (FDM)
* Primordial black holes (PBH)
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Structure formation with fuzzy DM

Schive, Chiueh & Broadhurst (’14)

Fuzzy DM CDM




Structure formation with fuzzy DM

Schive, Chiueh & Broadhurst (’14
INO—DEE
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Structure formation with fuzzy DM

Schive, Chiueh & Broadhurst (' 14
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Cold dark matter halo

Springel et al. ('08)

N-body simulation




Cold dark matter (CDM) halo
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Cold dark matter (CDM) halo

UHHZEEICEWTHEERFEENR S NS
| (I & RE)

*NIVFA KN — LS
BEDY v —T1I3F
(shell-crossing or caustic)

S R
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Filmore & Goldreich ('84)

Bertschinger ('85)
Lithwick & Dalal (I1)

Adhukari et al. (' 14)



Phase space structure of CDM halo

N-body simulation Diemand & Kuhlen ('08)

redshift 0.00

B R E
radial velocity [km/'s]




Phase-space structure of N-body halo
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Splashback radius

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

N&xalDEEBSICERT % &.
NFW 7O 7 7 1)l (Navarro etal. '97)
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Splashback radius: theoretical aspects

NIBERFEDEKFIER. /\A—EB=UNIC

BERFEXR|CE < KTFE (Diemer & Kravstov '14)
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Adhikari et al.’ |8



Detection of splashback signature

»SDSS DR8 AISEIRA A5 A0 L (hang et al. (18)
More et al. ("16), Baxter et al. (17) %0.6

N=1IEST, N — . o ) Galaxies
e DESY | ;ﬂ”jtﬁﬁ;ﬁj & Eij] l//x ' Lensing
Chang et al. ('I8)
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Zurcher & More (’18)



Going inside splashback radius
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Tracing multi-stream flow with particle
trajectories in N-body simulation

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

// = SPARTA algorithm +
— P:Z

p=0 b= (Diemer’ | 7; Diemer et al. | 7)

Tiling phase-space
streams with p
Present

* L=316Mpc/h, N=5[2"3 11.000 halos
N-body simulation ’ 13
(Y. Rasera) * 60 snapshots at 0<z<I.43 (Magp > 10" M)

Time

Distance from halo center

* Einstein-de Sitter universe (Q,, = 1,04 = 0)



Multi-stream flow in CDM halo
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Comparing self-similar solution

Fillmore & Goldreich ('84)
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Comparing self-similar solution
Sugiura et al. (in prep.)
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Comparing self-similar solution
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.(\'z»(\\ _r :
¥ Statistical properties

S
Q( Sugiura et al. (in prep.)
* Massive halos tend to give a better fit to self-similar solution

* A large scatter between fitting parameter S and 1’5
(accretion rate parameters)
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Best-fit accretion rate in self-similar solution (M « a°)



5.2 Similarity Solutions for Spherical Collapse

5.2.1 Models with Radial Orbits

Consider an 1nitial (spherical) density perturbation with density
radius to the center at some fiducial time #;,. The 1nitial mass withi

M;(ri) :47T/0 pi(y)y” dy.

At a later time ¢ > t;, the radius of the mass shell with 1nitial radius
becomes r(ri,t), and the mass enclosed by it becomes M(r,t). As

mass shell have purely radial orbits, the equation of motion of the jis

d&*r  GM(nt)

a2 2
For simplicity we have assumed the cosmological constant to b
M(r,t) = M;i(r;) is a constant, and the solution of this equation is
§5.1. In general, the solution to the above equation has to be obta

the time evolution of all individual mass shells. For a special set ¢
proceeds 1n a self-similar way, simpler solutions can still be four

. .
Cambridge press*

Galaxy Formation

-

and Evolution

Houjun Mo, Frank van den Bosch
and Simon White

CAMMRIDGE

1984; Bertschinger, 1985). Before presenting these solutions, we caution that none of them are

viable models for real halos since all are subject to strong non-radial instabilities which cause

evolution from these 1nitial conditions to produce strongly prolate, rather than spherical, systems

(Carpintero & Muzzio, 1995; MacMillan et al., 2006). These similarity solutions nevertheless

give useful insight into how halos grow.




e fundamental treatment
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Development of 6D Vlasov code

b. 323 + two level dynamic adaptive refinement

DIRECT INTEGRATION OF THE COLLISIONLESS BOLTZMANN EQUATION Y
IN SIX-DIMENSIONAL PHASE SPACE: SELF-GRAVITATING SYSTEMS §
2013 646
KoHiT YOSHIKAWA !, NAOKI YOSHIDA??, AND MASAYUKI UMEMURA!
I Center for Computational Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577, Japan;

2 Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
3 Kavli Institute for the Physics and Mathematics of the Universe, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan

An adaptively refined phase-space element method for
cosmological simulations and collisionless dynamics

Oliver Hahn*! and Raul E. Angulot?

L Department of Physics, ETH Zurich, CH-8093 Ziirich, Switzerland 20 I 6
2Centro de Estudios de Fisica del Cosmos de Aragén, Plaza San Juan 1, Planta-2, 44001, Teruel, Spain.
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Thierry Sousbie®®¢*, Stéphane Colombi? 20 I 6

4Institut d’Astrophysique de Paris, CNRS UMR 7095 and UPMC, 98bis, bd Arago, F-75014 Paris, France
bDepartment of Physics, The University of Tokyo, Tokyo 113-0033, Japan
“Research Center for the Early Universe, School of Science, The University of Tokyo, Tokyo 113-0033, Japan
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projectedDensity
1.0e+05
3e+4

Sousbie & Colombi (' | 6)



Approaching first shell-crossing

Saga, AT & Colombi ('18)
Analytical.description'of formation of “first shell-crossing”

based on higher-order Lagrangian perturbation theory

Phase-space structure at shell-crossing

Zel’dovich
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Approaching first shell-crossing

Saga, AT & Colombi ('18)
Analytical.description'of formation of “first shell-crossing”

based on higher-order Lagrangian perturbation theory

Phase-space structure at shell-crossing
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Approaching first shell-crossing

Saga, AT & Colombi ('18)
Analytical.description'of formation of “first shell-crossing”

based on higher-order Lagrangian perturbation theory

Phase-space structure at shell-crossing

Zel’dovich

LPT 5th

LPT 10th
"] Extrapolation
simulation

5

2 Triaxial

symmetric




Beyond shell-crossing

, , AT & Colombi (‘17)
Analytic treatment of multi-stream flow
based on Lagrangian perturbative description
Only available in 1D
(at this moment) Simulation

Phase-space Zel’'dovich solution
a=0.10 . » , 2 Fa=0 Post-collape PT

L
»
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10n

0

Density
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Future prospects
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Summary
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