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Planck 2015

Base ACDM parameters

Parameter [1] Planck TT+lowP

0.02222 + 0.00023
0.1197 + 0.0022
1.04085 = 0.00047
0.078 +£ 0.019

3.089 + 0.036
0.9655 + 0.0062
67.31 + 0.96 _
0.315 + 0.013 derived

0.829 + 0.014 ’ }
arameters \‘_’MW *
1.880 + 0.014 P i

—4

=

[+ B

1000 1500 2000
/




KA E IS

INU A VEEIREIICKD
?Eﬁ;ﬁﬁﬁﬁﬁﬁﬁﬁd), | E

[ SDSS MGS Planck WiggleZ

ACDM 7
-y

1 =

T

BOSS LOWZ

<
Q
c
8
Q.
—~
b0
[0
p -
O
~
~—
~
—~
b0
[0
p .
O
~—
N

Dy (z) =

BOSS CMASS

Al & DESE

RATRBZERBDNMAIC K B
% &Exwwm

SDSS MGS

BOSS LOWZ

Okaetal. (13)

VIPERS |

' Planck
Boss cmass  ACDM

01 02 03 04

IR CORIBRFEIFEWVWEETULZEL
SEIIKBREBEEDEAINTEL TS SRARIEHED

05 06 07 08 0.9

Z

Planck 2015 XIII.




ACDMEZ /L

KEOOFIEFHE + FHE (Y—7IX/ILF—)
MEBERDELTRY—INT— NUAVDH)
e (V7L =23V EEFPFRAPSE

(RFBIVT—ZARYT ~L)
« WS XTDHERFEIZ STV RAFEETICTHRED

» —HXEXTERICE & D < FEHDOKBHVEL
(FEHFR+EBEDS E)

» FHREMNKDIZID (FHIFRERIC—1R - FA)
Bt ldWA, INETIREZBHAERTHEA &

WP EGERNMEONLCIEIFHEICES ?



==
H

WMAPLL ET X 2 A E D fE .
NN Large-scale structure T
OD/_:E,\EEEE;E\IJ 7'_-)\ fd: 7':)\ D) 7.—(: g wavelength 7. = 2./ k (' M

South

O LCRS observed 12434 galaxies
3

Angular scale (deg)
90 2 0.5 . — LCRS fit convolvq 40,

T T
COBE |

TOCO
BOOMERanG
MAXIMA
DASI

CBl

-— ODM (=0.4,h=0.5b=1)convolved
- CDM1(2=1.0,h=0.5,b=1.5) convolved

Yi+1)C, /2m (uK?)

: . ]
>—0——4';
I \\HH‘
\

] Lin et al. ('96)

Lo wavenumber k (h Mpc™)
40 100 200 400

. Mul’ripole moment SDSS’ 2dF J,Xﬁ'ﬁ L:%j{%ﬁj‘%fi 5 7,_:
inshaw et al. (Ol) 2
Las Campanas 7R AR — XA




ZXETT)DEFEES

SCDM (Standard CDM)  (GRESGBE=0. /. ~ 0.5, o5 ~ 0.6)
OCDM (Open CDM)  (HFSEROREE /. ~ 0.8, 05 ~ 1.0)
ACDM (Lambda CDM) @R S085058 =02, / ~ 0.7, 05 ~ 1.0)

PRI | fiG i
R - S 3OD0FETILIE. D ED
| WL, AZElcb-oEb5S Ui

It ANCDMMOEEET T

|
10" 4 APM Clusters
= §

ICTEZD ZTcDOM?

B 75225565 No.3, p.169,2001%




SCDM(@Qm =1, Qx =0,058 = 0.59)
ACDM (Qm = 0.272, Q4 = 0.728, 05 = 0.81

(Qm = 0.45, Qp = 0, 05 = 0.80)
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BBKS fitting formula
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Timeline of the Universe

N

Weak lensing
survey with HSC

Galaxy redshift
survey with PFS ' I\

So— —
= ____—_—_“

380,000 yrs 13.8G yrs



VVord-wide competition

Multi-purpose ground- & space-based experiments

DES ( >|<) (2013~) HETDEX (K) (2015+)
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Cosmological Perturbation theor'y (PT)
(based on fluid approx.)

1.2

N-body simulation
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Perturbation theory (PT)

CDM + baryon = pressureless & irrotational fluid

Single-stream approx. of collisionless Boltzmann eq.

t s@EnsksE [ ('81),Vishniac ('83),
FERRIZ soroff et al. ('86), Suto & Sasaki ('91),
i akino, Sasaki & Suto (’92), ...

A EEREE

Standard PT (6, <« 1)
6§ =01+ 02+ 03+ -

/ /
/ /

BB O

or renomalized PT treatment

2-loop (next-to-next-
bde (RegPT) to leading order)

ssive V, modified gravity, halo bias,...)



Perturbation theory (PT)

CDM + baryon = pressureless & irrotational fluid

Single-stream approx. of collisionless Boltzmann eq.

do 1= ~

an T QV ' [(1 T 8>V]= 0 Juszkiewicz (’81),Vishniac (’83),
Goroff et al. ('86), Suto & Sasaki ('91),
Makino, Sasaki & Suto (°92), ...

Standard PT (6, <« 1)
6§ =01+ 02+ 03+ -

Recent developments

* Improving accuracy by Resummation or renomalized PT treatment

* Higher-order calculation & fast PT code (RegPT) _

* Incorporating other systematics (massive Vv, modified gravity, halo bias,...)
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Nature of nonlinear response

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

@ How does the mode-coupling structure look like in reality ?

Nonlinear response 5P

we will measure (k) = /dlan(kvq) Py(q)

s, How the small disturbance added in initial power spectrum
can contribute to each Fourier mode in final power spectrum

Initial

P(k) [(h-'Mpc)’]




Nature of nonlinear response

Nishimichi, Bernardeau & AT (arXiv:1411.2970)
@ How does the mode-coupling structure look like in reality ?
Nonlinear response 5P (k) = /dl
— nqk(k,q)oFR
we will measure (k) QM 0(9)

How the small disturbance added in initial power spectrum

can contribute to each Fourier mode in final power spectrum

Alternative definition (discretized) estimator

i _
(SPnl(k) | [? L. a:) P N\ — Pnl (k@) B Pnl (kl)
0Py (q) (R, 45) Polg;) = Aln Py Alng

K(k,q) =q

name | box particles zstart soft mass bins runs }dt’aak A lIl q = lIl qj 1] — 1I1 Qj
L9-N10| 512 1024®> 63 25 097 5 1 [ 10

[.O-N9 | 512 5127 31 50 7.74 15 4| 120 Run many simulations...
[O-NS | 512  256° 15 100 61.95 13 4 | 104
1

L10-N9[1024 5128 31 100 61.95 15 30 by T.Nishimishi




A . A A
Nonlinear response to a
ear TESPOnSE & 5 P (k)
small initial variation in P(k):

1000 £

100t

|K(k> q)| Phn(q)

0.01F

z=0,0.35,1,2,3,7
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10°° . '
0.1 1

q [h Mpc™]

= [ dlnqK(k,q)dP(q)
0‘: ‘.‘-

e
O
S

positive
v ° : hegative

FIG. 1: Response function measured from simulations. We
plot |K(k,q)|P"™(q) as a function of the linear mode ¢ for
a fixed nonlinear mode at k = 0.161 A Mpc~! indicated by
the vertical arrow. The filled (open) symbols show L9-N9
(L10-N9), the lines depict L9-N8, while the big hatched sym-
bols on small scales are L9-N10. Positive (negative) values
are indicated as the upward (downward) triangles or the solid
(dashed) lines.



Response function in simulations

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

R A LRI 2k solid © Standard PT I-loop

kernel (z-indept.)

Blue, , Orange, . 2-loop

SPT 1-loop [
z-indep. | §

SPT 14+2-loop

@ —-mmm-u-- z=72 &

ezl ; (particularly large at low-z)
A Z — V.

8 === msas Z:O

q<k . reproduce simulation well

g>k - discrepancy is manifest

UV contribution is suppressed

in N-body simulation!!



Response function in simulations

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

A Normalized Black solid - Standard PT |-loop

kernel (z-indept.)
Blue, , Orange, . 2-loop

q<k . reproduce simulation well

UV CONTripution IS suppressed
in N-body simulation!!



Characterizing UV suppression

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

ratio of measured
response function to
PT prediction

Fitting formula

Keg(k, q) go(z) = 0.3/D%(z) [hMpc™ ]

=100 =100 1
= [K1°°P(k, q) + K'1°°P(k, q)]

1+ (q/q0)?

g tloor - prl-loor . Seandard PT kernel

Some physical mechanism works,
and controls the mode transfer




EFT cures PT predictions !

UV suppression is definitely attributed to small-scale physics,
which cannot be described by current PT treatment

(formation & merging processes of dark matter halos, ...)

Phenomenologically introduce viscousity & anisotropic stress to
characterize deviations from pressureless & irrotational fluid

Baumann et al. (' 12), Carrasco,
Herzberg & Senatore ('12),
Carrasco et al. (‘| 3ab), Porto,
Senatore & Zaldarriaga ('14),

but need a calibration with N-body simulation



Testing EFT approach

Leading-order EFT corrections e.g., Herzberg ('14)

Does this really help PT prediction ?

At |-loop (next-to-leading) order,

corrections are approximately
described by single-parameter:

cs + f (chy + 650

k3/2P44(k) [(h~'Mpc)3/?]




Testing EFT approach

Leading-order EFT corrections e.g., Herzberg ('14)

Does this really help PT prediction ?

At |-loop (next-to-leading) order,

corrections are approximately
described by single-parameter:

cs + f (chy + 650

Allowing ¢s to be free, EFT |-loop
reproduce N-body results, but
resultant ¢s depends on redshift
and cosmology... furthermore,

k3/2P 55(k) [(h™'Mpc)3/?]




Testing EFT approach

Response . Nishimichi, Bernardeau & AT
function of P(k) ¥ (k) = / dIn g K (k. q)0F0(q) arXiv:1411.2970

100000 100000 —————————— standard PT I'IOOD
" N-body data: "

Nishimichi .

w/o EFT corrections
(cg — 10_702)
(2 =2x10""¢?)

—

o

o

o

T
—
o
o
o
T

K&.q) Po(q) / q
Kdk.q) Po(q)/ q

k=0.15 h/Mpc k=0.25 h/Mpc

1 1 1 1 1 1 1
0 005 01 015 02 025 03 035 04 045 05 055 0 005 01 015 02 025 03 035 04 045 05 0.55

q [hMpc] q [hMpc]

At |-loop, PT predictions with EFT do not so much differ from
the one w/o EFT, which does not perfectly match simulations




Testing EFT approach

Response o Nishimichi, Bernardeau & AT
function of P(k) ¥ (k) = / dIn g K (k. q)0F0(q) arXiv:1411.2970
N-body data: Nishimichi
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Simply adding standard PT 2-loop w/o EFT apparently looks better
(although it starts to fail at k>0.4 h/Mpc)




Vlasov-Poisson: back to the source

My personal viewpoint

*EFT is far more than complete treatment

* No more than the revival of the old ideas
(e.g.,Adhesion model by Gurvatov et al.’'89)

To understand what is going on,
we have to go back to a more fundamental description :

Viasov-Poisson
system




Vlasov-Poisson system

*N— o0 limit of self-gravitating N-body system (assuming that
particles are not correlated with each other)

* Can be reduced to a pressureless fluid system if we assume
single-stream flow:

f(x, v; t) — p(t) {1+ 0(x; ¢)} op (v — v(x; 1))

But, single-stream flow is violated at small scales

Example: I D collapse

Ap=0.01 t=0

—_

velocity

>N
R
O
O
()
>

velocity
|
velocity

—_

' development of
shell crossing “multi-valued resior ~ formation of hal

position position position

By S. Colombi




Post-collapse perturbation theory

Going beyond shell-crossing, a new analytical framework needs
to be developed:

POST.-CO”GPSE PT Colombi ('15), AT & Colombi (in prep.)

Lagrangian-based PT that can follow post-collapse dynamics

Qutline di
isplacement
* Work in Lagrangian space (q) : EAUERISEIICE) field

* Taylor-expand displacement around shell-crossing region (at qo):

Zeon(¢5 to0) = A(qo,t) — B(qo,t) (¢ — q0) + C(qo,t) (¢ — qo)° + - --

|. Force calculation at multi-valued region time-dependent 3rd-order
polynomial function of g

2. Corrections to velocity & position :

at' Av(g; ', t,)



Post-collapse perturbation theory

velocity

Going beyond shell-crossing, a new analytical framework needs

to be developed:

Post-collapse PT

velocity
o
o

position

©
o

velocity
|

Simulation L o

Colombi ('15), AT & Colombi (in prep.)

Lagrangian-based PT that can follow post-collapse dynamics

A performance in | D:

cold collapse

..... Zeldovich
_ Post—collapse PT

position

Note—. Zel'dovich solution is exact in | D before shell crossing

position




Performance in | D cosmology

0.004 E
0.002 f
0.000 {

Cosmological
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i X
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-3F | . . .
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& _ n i1 truncated power spectrum
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@) - 4
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' power spectrum . . 1 o . .
P £ P P Simulation by ] ¢ Einstein-de Sitter universe
- enaensitytie S. Colombi
—ol . v e
0 500 1000 1500 2000 2500 o
K AT & Colombi (in prep.)



Performance in |D cosmology

0.0
Cosmological :

initial condition

>

0.00 & ~
~0.01F

Post coIIapse PT

. .
. L
. .
s .
. L L .
. . @
. . q .
"
.

—0.02| phase space
e | | 3.36 3.38 340 342 3.44 346 3.48 350
i X
f Simulation-
-3 A '
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A [ :
o b Zel’dowch
o i
_4— —
- power spectrum , , :
P £ d P fald Simulation by -
_ O enS|ty IS S CO|OmbI
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0 500 1000 1500 2000 2500 o
Kk AT & Colombi (in prep.)



Toward practical method
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b. 323 + two level dynamic adaptive refinement

DIRECT INTEGRATION OF THE COLLISIONLESS BOLTZMANN EQUATION
2 O I 3 IN SIX-DIMENSIONAL PHASE SPACE: SELF-GRAVITATING SYSTEMS
KoHJT 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 Rw 1 Institute for the Physics and Mathematics of the Universe, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
64 é Received 2012 June 18; accepted 2012 November 23; published 2012 December 20
An adaptively refined phase-space element method for c. 5129 Nbody
cosmological simulations and collisionless dynamics SNy

Oliver Hahn*! and Raul E. Angulof?

L Department of Physics, ETH Zurich, CH-8093 Ziirich, Switzerland
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y - —— ColDICE: a parallel Vlasov-Poisson solver using moving adaptive simplicial
: tessellation
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