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Cosmology in Problem

e The Concordance LCDM: The Dark Age of Cosmology!

— Plenty of cosmological data: LSS, G-lensing, CMB, SN la, etc.
— Friedman Universe (DM+DE+GR+...)

— Some argue that nothing left but to narrow down the parameter
values below sub-% level accuracy. = precision cosmology

e But Mostly Unknown to Us!

— Unknown Matter & Energy contents
e About 96% of the Energy (DM+DE) are not known.

e Dark Matter: no positive evidence among the current probable models
(WIMP, Axion, etc...)

e Dark Energy: cosmological constant or not?
— Gravitational force
e General Relativity has only proved within the solar system.
e Could it be verified on the cosmological scales?
e Variant models include DGP, f(R), etc




The RoIe of Cosmologlcal Slmulatlon
“ between extragalames and Cosmology '
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™ e Why Slmulatlon is needed’-’ s ™
— To understand the phy5|cal processes in formation of Sy

gaIaX|es and the Large- -Scale Structures of the unlverse"f 3

— To test cosmologlcal models with extragalactic
observations

* To measure systematic effects (Shot noises, Survey area
effects) and cosmic variance.

— To perform the feasibility study for redshift surveys of
galaxies.

» To study target selection, # of sources, survey area, # of tiles,
fiber density, exposure time, etc..
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How To Build Mock.Ga‘Iaxies
from Simﬂation

e Methods ‘

— Halo Occupation Distribution (HOD)
— Abundance Matching (AM)

— Semi-Analytic Model (SAM)

. — Hydrodynamic Simulation (HSIM)
bk BE 7R W — Complexity: HOD<AM<SAM<HSIM

L3

Abundance matching (Kim+08, Hohg+16)

— Relate the subhalos and real galaxies by a rule
that the heavier the brighter.

— Primary tools: subHalo mass function and
* galaxy luminosity function (or stellar mass
function)

— Sometimes called one-to-one correspondence




A New AM MethOd(Hong, Park, & Kim, 2016)

1 Journar, 823:103 (10pp), 2016 June 1 G, Park, & K

e Extracts Most Bound Particles
(MBP) of just forming halos from N-

body simulation and trace them LN
until now. CEOES
— Merger tree of MBP k
e Assumes MBP’s as mock galaxies. | L
e Uses tidal disruption timescale e T e L e
(Jiang+08). =

— If survives, then it is satellite galaxy

— If not, then it is merged to the
central galaxy

e s highly flexible.

— Being extended to a hybrid (HOD+
simple SAM) method

tmerge . .f(ﬁ) (Mhost) to @
tdyn 111 {]— + Mhost /Msa.t}

sat




Galaxy Distributions
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Correlations of Galaxies (kim+16)

RSD’(Kaiser) effect
depending on’ cosmology

No peculiar motion Peculiar motion effect
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5(kys) = (b+ Fu2)d(k, ) = b(1 + Bu?)d(k, 7)

where f is growth rate, b is bias, p is the angle between the line of sight and
separation line, f = dIn D" /dIna, and D% is growth factor




Correlation of LRG Galaxies (kim+16)
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Non-Standard Cosmology

 We are right on time for study of non-standard models
because of ...

— Big extragalactic Data being accumulated in the near
future

e Data Size (eBOSS, DESI, DES, LSST, Euclid, etc.)= 100TB ~ 100PB

e Help us not only narrow down parameters but also probe the
non-standard cosmological models.

— Big simulation Data for non-standard cosmologies

* MultiVerse Simulation Set (Kim+18 in prep.) with seven 20483
simulations with L;=1024 Mpc/h, 112 TB data
— LCDM(3) + QDE(2) + CPL(2)
e Extracting model-dependent physical quantities.
— Two-dimensional correlations (Li, Park, Hong, Kim +) & P(k;s)=> fog

— Genus statistics (Appleby, Chingangbam, Hong, Kim, Park +) =
nonlinear gravity evolution = model parameters & fo,

— Merger tree (Lee, Kim, Hong, Park +) = star formation history in
Multiverse




Extension of GOTPM

 Implementation of the non-standard models into
our simulation code, GOTPM
— Non Gaussian initial conditions (fni, gni, # 0)
e ® =P, + fnL(PE— < P71 >) + N (P — < @] >) 4 - -
o &;: Gaussian potential & WMAP: fy1, < a few

— Quintessence Dark Energy (DE) Model
e Spatial-clustering DE & w # —1 where w = P/p

— CPL DE Model
e Time-varying DE & w = wg + w12/(1 + 2)

— Non-General Relativity Model, f(R) (in this Spring)
' S = f d*x\/—g {M} + S, where S is action and

167G
R is Riccei scalar

— DGP, etc...



MultiVerse Simulations

Three LCDM models:
(U, ) = (0.3,0.7), (0.2, 0.8), and (0.4, 0.6)
for each we set (wg,w1) = (-1,0)

Quintessence Dark Energy (DE) Model
(wo,w1) = (-1.5,0) and (-0.5,0) where w = P/p
for each we set (Q,,,Q24) = (0.3, 0.7)

CPL DE Model
(wo,w1) = (-1,-1) and (-1,1) where w = P/p
for each we set (2,,,24) = (0.3, 0.7)

Non-General Relativity Model
— f(R) will be included in this Spring



Observations .vs. Models

Observed B (0.35—0.5) 3
measured from RSD LY
effect are well within the
expected range of

MultiVerse simulations.

We will need bigger
observational data to
discriminate non-
standard models.
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Quintessence & CPL models

Py (a): Dark energy correction factor to gravitational force
Then, the Poission equation takes a form of

vz(b - gHsz(G)Pw(a) (1)
where Correction term applied to
B Fo(a) _ Matter (mass/density)
Pw(CL) — 1 —l_ (1 + w)Fm(a) (2)
— “15 3 D+ (a’) / /
FX(CL) = /(; |:§ — 5 o ] QX (G; )da (3)
5 a Cr (al
D = ZH2Q,.0H(a / — da’ 4
+(a) 910 ,0 ( ) . [a’H(a’)}?’ ( )
Cw(a) = 1+ (1+w)Qq(a)/Qn(a) (5)
In a flat universe,
2
(Hf;a)) = Qmo(1+2)° + (1 = Q)¢ o AA+HIHED) ()
0

CPL: Chevallier-Polarski-Linder



Previous Method on
Simulating f(R)-gravity

e Modified Gravity-Gadget (Puchwein+13)

— The Poisson equation by the modified gravity:

. Solve the second derivative in real
167

Vo=Tg s é‘m space and apply Newton-Gauss-
And the relation between the Ricci tensor R and matter density is Seidel I‘e|axation methOd in real
V2fn = 55 (6~ 87GA,) @  spac

aptive Mesh Refinement is used
to solve the equation hierarchically
and to lower error measurement
below %.

where ¢ is the speed of light, fr = df(R)/0R, and A, = p — p. The
background curvature field of fr = df(R)/dR is defined as

fr(a) = fro ( I?O))

and OR = R(a)(v/Ta(@)/fz - 1)-

— Tterative Solver with Multigrid Method

In order to solve this equation for ¥ on a grid, we need to discretize
: Ve, Wi his in the sa qay as in Qyaizu (2008), ie.
* Newton-Gauss-Seidel method: Update by rel ¢". We do this in the same way a3 in Oyaizn (2008), Le

o 1
(Ve" )i = 2 [b; SNFLENY + b WL

i+1 art ‘C’i - F 1
u =Uu — m (3) - (bl. Lik + b, E--“) u;,‘:,;J

where £ = VZe"+ R(a)(1—e~"/?)/3¢%fr(a) and u = In(fr/ fr)-

. . O o g b i1 e+ B 0] Hig,
* On a static uniform grid it is well known that the error can not (gt g ]
. o 1
be lowered below 10%. T PR ST
* But On a standard multi-grid, the error can be lowered signifi- :
cantly. - ("’"-f'-k S J‘-*“E)“"""*I' an
g - - c . g ‘here i, j, k are the cell indices in the x, y and z directions, respec-
* 7 0arse solve e . ) W & ) pe
Starting from a top coalse_gnd, solve equam.on (2). And, then, el s the phvelcal aide fongth of & 01 g
move to one step deeper grid and solve equation (2) for the finer

1
grid. Biug e = 51 4en), (18)

1
Bisyju = @4 +etetin), (19)



Puchwein+13
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fr Test of
Point-Mass Case

Yukawa potential

Point mass satisfying equation (2) has a solution of Yukawa potential of

Afr=fr— fr=

2Gm

—r/Ae
362’)“8 / (1)

where A\, = (3¢ fr R)l/ 2 Therefore, given fr we may obtain the analytic solu-

tion of the nonlinear equation.



A New f(R)-
gravity Solver

According to f(R) model, one should modify the Poisson equation as
(12
V‘E(‘;) = 47((;Ap — EVZIH (1}

where fr = df(R)/dR, and fr could be obtained from

Fr(@)V2C + 'z("') (1 _ 1/\/5) + (&)2 (Q—“) 5,=0 | (2)

2 c a®
where
_ fr
c = () )
_ . c1(R/M?)" '
[(R) = —,\A'ZW (4)
-"MQ = H{% Q‘m .0 (5}

To solve the nonlinear equation (2), we are using the Fourier-space Relaxation
method.

Another type of relaxation method
different from the Newton-Gauss-
Seidel

FOURIER RELAXATION METHOD
In the Fourier space, equation (2) can be expressed as
Li(Ck) = I(a, \i)Ck, — J(a)vr — K(a)dr. =0 (6)

where

Il

I(a,\) = frla) (G—IQ) (i—z)z (7)

Frla) (h)z (E—;)z <0, ®

and A is the comoving wave length of the k£ mode. Also, vi, and §; are the
Fourier-space counterparts of (1 —1/+/C), and dp, respectively.

During the simulation run, we utilize the distribtuion of C' obtained in the
previous step, which can be used as an initial guess to the current step. Let us
adopt the iterative relaxation scheme based on the FFT . We may transform
equation (2) in Fourier space as

O — J(a)vi + K(a)bj
*“‘[ I{a, M) }

(9)

We utilize an iterative relaxation scheme similar to what is adopted by Chan &
Scoccimarro (2007) as

W old 1 {J(a)vk + K(a)&k} ’ (10)

Cllc“’ — C
k 14w * +1+'w I(a, \g)

where w is a weighting having a range of w > 0. This update can be further
simplified to
1

new  __ (wnld
J’k — Jk - l
+w

Li(CRM), (11)

where Ly = L /I(a, Ar) (see Eq. 6 for defintion of Li). In this equation, the
meaning of w is clearly seen. The term of 1/(1 + w) is multiplied to damp the
numerical oscillation around the solution. Or in real space

, 1
Cnew — Cold _ H—wﬁ(cold)_ (12)
- 1 L(Cnld)
jnew __ _old E
Y v 1+w J(a) ’ (13)

which should be calculated at each pixel. In the linear mode where I(a) < J(a)
and K (a) or Lx(CH™) — 0, this update is stable around the linear solution.



fr Test of Point-Mass Case
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Conclusion

Extension of GOTPM (Cosmological N-body Simulation
Code) to include simulations of various non-standard

cosmological models

— Currently we are working on f(R), and visit DGP model in
this spring.

MultVerse Simulation Set

— To include various and probable models to be falsifiable by
the near-future extragalactic observations

Any collaboration would be welcome.
— New non-standard model
— New method to split model degeneration












The Horizon Run
N-Body Simulations

(J. Kim et al. 2009; J. Kim et al. 2011;
http://astro.kias.re.kr/Horizon-Run23/ )

— 10815Mpc/
7200Mpc/h
6592Mpc/h h



http://astro.kias.re.kr/Horizon-Run23/

N

[HR1] Past light cone A
data for each observer ®e

( QD’QJHHS Stmg 3;5[) wozlloH

THE HORIZON RUN
Kim, Park, Gott & Dubinski (2009)
http://astro.kias.re.kr/Horizon_Run



[HR1] Halos in large
scale structures
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