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z=0.35

VValageas, [N, Taruya ‘13
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BASIC EQUATIONS FOR LARGE-SCALE STRUCTURE

Juszkiewicz ‘81, Vishnac ‘83, Goroff ‘86,
Suto, Sasaki ‘91, Makino, Sasaki, Suto ‘92

- Density and velocity kernel {Fn((ha .. ,qn), Gn((h, e 7qfn)}

continuity + Euler + egs.

Y 0(x) = 0—1
v % + %V (14 0)v] =0, (%)= px)/p
v ov 1 1o, O(x) =V - v(x)

E—FH’U—{-;(QNV)’U:—

v V20 = 471G pa’s.

~r x r e Cx'
ok, 7) = Z a™(7)d, (k). Ok.7) = —H(7) Z a™(7)8,(k)
n—1

n—1

Anik) — /{13(11 . /(l3qn Aplk — Qi n)Galar. - Qe ) {an) . - ()

Crocce & Scoccimarro 06



m_________

kK [h/Mpc]

A
E
a4
O
2
A
>
(a4
O
LLl
1m
-
V4
O
e
<
aa)]
(a4
)
o
(a4
LLl
o

Blas, Garny, Konstandin ‘14

(%)8)B6Bimoud /(%) d




__AV_________

kK [h/Mpc]

___L_____
1

1

(%)8)B6Bimoud /(%) d

A
E
a4
O
2
A
>
(a4
O
LLl
1m
-
V4
O
e
<
aa)]
(a4
)
o
(a4
LLl
o

Blas, Garny, Konstandin ‘14




PERTURBATION THEORY IS IN CRISIS
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PERTURBATION THEORY IS IN CRISIS

1.4

l |
éxt to Ieacl:I'

—
W

—
N

—
—A

x
Q@
o
D
=
ol
~
x
ol

—
o

Next to- next to- next to-

0.9 | - | - l I I — /L I Ipadlng qrdqu | | | - | - ]
0.00 005 010 015 020 025 0.30

Blas, Garny, Konstandin ‘14 kK [h/Mpc]




PERTURBATION THEORY IS IN CRISIS
z =0.375
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EFFECTIVE FIELD THEORY APPROACHES

continuity + Euler + Poisson egs.
o 1
| -V - {(1+0)v]| =0,
v 54V [(+6)] =0, =,
v Yo Vo= —tve —|— =
5 —I-H'v—l—a('v V)v aVcb
V20 = 4G pa?s.

===2-loop TTT, o]\ =053 tha /[2h Mpe 1))
PEEM 22033 (/126 Mpe PP cq = 3.5 (/120 Mpe 1P
21 =048 G /1240 Mpe T, e =0AT (/120 Mpe 'Y
2 =05t/ [25Mpe "1, ;= 1.9 ¢ /(2% Mpe 1Y

P
-mee wilhy P i =051 Gar/[2% Mpe™ 117, o3 =35 G /20 Mpe™' ]

(L 11 “]lll

. gean |
=it £

¢
lleep + ¢
[

- K LE)
==+ with Plf'luco * U

— withs Mo P2 = 065 G120 Mpe FR. oy = A8 G20 Mpe T2 ¢ = 13 (/120 My )
— with Pyoec” + Pliees + c1py = 061 b /128 Mpe™ 17, o3 ==2.4 G /120 Mpe™' 17, ¢ = 12 ¢t /123 Mpe=' )’
— with AN+ P22 068 /(2 Mpe [P, e = 16, G A2 Mpe 2L ey = 20 Gy /124 Mpe 1))

k (i Mpc™!]
Foreman, Perrier, Senatore’16

Baumann+'12, Carrasco, Herzberg, Senatore’12 ...

Neglecting the stress tensor
would be a reasonable
approximation for a CDM-
dominated universe at least
at early times

EFT estimates the functional
form for the corrections
from viscosity and
anisotropic stress in an
empirical manner

Introduce free parameters
and determine them by
simulations




SYSTEM-LEVEL RESPONSE FUNCTION

TN, Bernardeau, Taruya ‘16

K(k,q) = q

| want o stuc\\j +this wiode 3t sowe |ate tiwe ¢

what 1S the impact §vom wave mode q 3t the inwitidl time t,?



SYSTEM-LEVEL RESPONSE FUNCTION

TN, Bernardeau, Taruya ‘16

large scale structure gravitational evolution

L i)




SYSTEM-LEVEL RESPONSE FUNCTION

TN, Bernardeau, Taruya ‘16

large scale structure gravitational evolution

Input

G e 4

}%in(k)

To a very good approximation




SYSTEM-LEVEL RESPONSE FUNCTION

TN, Bernardeau, Taruya ‘16

large scale structure gravitational evolution




SYSTEM-LEVEL RESPONSE FUNCTION

TN, Bernardeau, Taruya ‘16

large scale structure gravitational evolution

+0 Ppin (k)




SYSTEM-LEVEL RESPONSE FUNCTION

TN, Bernardeau, Taruya ‘16

large scale structure gravitational evolution

+0 Ppin (k)




RESPONSE FUNCTION: SIM VS PT

TN, Bernardeau, Taruya ‘16

Rescaled quantity:

T(k,q) = [K(k,q) — K'"™(k, q)1/[qP"™ (k)]

—h
o

W LA WA —  un C W Uh — Lh WLh
LA} LI LAl LILLE LR B LALALE L LU L L L I B B B

| ' | |
PT 1-loop
z-indep.

PT 1-2-loop

Z— 2

. =
ra .O s |

e .
il @ — . —=Z =] -
A — — .z=035 ¢

S LOT

0.1

q [h Mpe™]
SPT (2-loop) >> N-body @ high q

* This is exactly where PT breaks

=

—
b

O .
o S

T/ [T]-]oop + Tz-loop]
-
~1]

L =

25 ® I 0.081 hMpe¢
down i 4 k=0.161 h Mpc’

: %k =0.323 h Mpc”
 What N-body tells us is: "

\ﬁ}\‘f\ A _
“Physics at strongly nonlinear regime - » ‘&T .
does not propagate to large scales”

initial wave mode [h/Mpc]




UV SENSITIVITY? Halle, Colombi, Taruya, TN, in prep

* 1D dynamics: Zel'dovich solution is the TN, Taruya, Colombi, Halle, in prep

exact solution before shell crossing 10% z=o.

« Exhibits too strong UV sensitivity 103§

« Smoothing out shell crossing regions helps 102%‘

» 3D LPT dynamics 10%)

» PINpointing Orbit Crossing Collapsed Hlerarhical 10

Objects (PINOCCHIO, Monaco+'02) works well  10-1}} |+

)
10: . 1
i,
O TR OO g e
1 _ N
10 : \‘X"MWH % S )

1034 F —I N-body—f— Zel
—1— PCPT

|K(k,q)| Po(q)

10! ;

.

/*w/ Adaptive smoothin

109 -

|K(k,c)| Polq)

---__--:;;_5..

\x

V% % 82 5T X Pinocchio
‘ ‘ %ﬁ?;, lf};i? Pinocchio (high res) |
: , , ' 10 1071 10
0.4 0.6 0.8 1.

0 qlhMpc™1]

0.2

g [1/Mpc]



PRACTICAL USAGE2 RECONSTRUCTION

e From the definition of a functional derivative TN, Bernardeau, Taruya ‘17

Pa(k;p1) %Pnl(k;poH/dlan(k,q)
X [Pin(g; P1) — Pin(4; Po)]

 Use this to predict P, for model p1 given P, for another model po

RESPRESSO (Rapid and Efficient SPectrum
calculation based on RESponSe functiOn)

python package

O
o

80

©
—t
—
~—~
O
Q.
=
—
=
A
—
—_
~

Ly PLIS -> WM3;
N b (@2=1.0)

ody/model

i

http://www-utap.phys.s.u-tokyo.ac.jp/~nishimichi/
public_codes/respresso

b
 °c = 1
O

o

0.6

N-




PT CHALLENGE

Osato, TN, Bernardeau, Taruya ‘18

mmmm RegPT (2-loop)
| === SPT (2-loop)
mmmm RegPT+ (2-loop)
mmmm |R-resummed EFT (2-loop)

R

+ 1 free param

h = .6719* 3007 As (%E,*%’”_’,)
BISDER | ns (BEBHRTEME)
(3 free params) _ Q.. (B DZRE)

Q= 0.31634] 057

RESPRESSO 11

J

= RegPT (2-00p) . j
s SPT (2-lotp) = 105 - %ﬂ
w—= RESPRESSO LL
mmmm RegPT+ (2-loop) 210 ]

N
= |R-resummed EFT (2-loop)

e Fishier

015 018 021 024 027 030 1.33 036

kmzm [h I\"Ipc— l]




k P,(k) [(h~*Mpc)?]
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Q
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k Py(k) [(h~*Mpc)?]

PT CHALLENGE 2

data points are from arXiv:1607.03150

CMASS1 @ z=0.51

0.10 015
k[hMpc~1]

TN, Takada, Senatore, Zaldarriaga++ in prep
'2BAD) DT —%

* http://www-utap.phys.s.u-tokyo.ac.jp/
~nishimichi/data/PTchallenge/




WHERE TO GO FOR A THEORIST

LIMITATIONS OF SIMULATIONS / OUR KNOWLEDGE
large scale

smallscale . _yMmpc 10~100Mpc  100Mpc ~

< >

analytical  Bad Good(?) Very Good(?)

N-body ? Very Good  Good
Bad ? ?

Just a parameterization...

matter field

biased tracers analytical

halos e ? Very Good Good
subhalos N-body ?

galaxies N-body N/A
Hydro ?




WHERE TO GO FOR A THEORIST

LIMITATIONS OF SIMULATIONS / OUR KNOWLEDGE
large scale
~TMpc 10~100Mpc 100Mpc ~

< >

small scale

analytical  Bad Good(?) Very Good(?)
matter field

N-body ? Very Good  Good

: ?
biased tracers analytical Bad : . .?
Just a parameterization...

The Galaxy Power Spectrum and Bispectrum in Redshift Space

Vincent Desjacques, Donghui Jeong, Fabian Schmidt

(Submitted on 11 Jjun 2018)

We present the complete expression for the next-to-leading (1-loop) order galaxy power spectrum and the leading-order galaxy bispectrum in redshift
space in the general bias expansion, or equivalently the effective field theory of biased tracers. We consistently include all line-of-sight dependent

selection effects. These are degenerate with many, but not all, of the redshift-space distortion contributions, and have not been consistently derived
before. Moreover, we show that, in the framework of effective field theory, a consistent bias expansion in redshift space must include these selection
contributions. Physical arguments about the tracer sample considered and its observational selection have to be used to justify neglecting the selection
contributions. In summary, the next-to-leading order galaxy power spectrum and leading-order galaxy bispectrum in the general bias expansion are

described by 22 parameters, which reduces to 11 parameters if selection effects can be neglected. All contributions to the power spectrum can be written
in terms of 28 independent loop integrals.




WHERE TO GO FOR A THEORIST

LIMITATIONS OF SIMULATIONS / OUR KNOWLEDGE
large scale

smallscale . _yMmpc 10~100Mpc  100Mpc ~

< >

analytical  Bad Good(?) Very Good(?)

N-body ? Very Good  Good
Bad ? ?

Just a parameterization...

matter field

biased tracers analytical

halos e ? Very Good Good
subhalos N-body ?

galaxies N-body N/A
Hydro ?




Inverse
problem

L—> 3y s BWMES
* AR DODBEHREIFKE L)
« EINBEZEXTMLICFEDZDM?
« SRl —Y DEXRGERHEZREL
Ynsn ?
« BFHEZHHERE?

* PIEDHETEZ R

!

Forward
modeling

3 3’ -~
v ~//" 5000 ko

de Lapparent, Geller, Htichra+'86




IR I Ravanbakhsh, Oliva, Fromenteau+'17
Eiﬁ@{ﬁJ Mathuriya, Bard, Mendygral+'18

>7,000,000 parameters
Al —% 69.33 Gflop / mimi-batch (mini-batch size = 1)

y rek
"’
leaky rele

Averewe_sovlingdd 3

7eolu
axd
T3
3

oling3d_3

P 2. i

5
1
=
v
¥ 4

W

Ccavid_5 +izak/smedu
I 16 &'
Im.:\
racy e
Ny conr actid arogen + lorgy rod

o oA
A
ro b | el I l Fepwre |, Dl saaier Stribotion in theoe cubys poodacod g
Gelevenn 2t of parasncters. Each cube 5 doviind o

wrall wh

L FrTy

v + relu
Average_poo B
EE—— 1% Y
Convid 2+« leakvrau

Convdd 34 lexhy
Ceavid_a + Ik

Average_po
Fuly cowected 3 - dropout

Fully conngiled 2+ Jioxad +

CUNDS BOF FAMMAng 30 POOOKTR. WO TR JSROGEE CROVs I8
W

Ceamelilow mtacdk cpclogy erwaing the diffesurt retacek oners and dva ciaee a1 sach Lyger,

L=512Mpc/h, N=512A
12,632 simulations with COLA

e 150 as validation data, 50 as test data
8 x 128/ 3 voxels (101,056 sub-volumes)

Deep Convolutional Net

0. o

— Traz Un= — Troe Uns
1 x MosdBKRu.r ’ . % Vadel 2k F.r
¢ Modd lk ke - e ‘odel 2k Fa-

o225 03:C 0275 D380 0325 0330 2375 03t -89 0BS 0.90 095 0275 0[S0 0925 Q95D 0375 1000 1025
T vakw oz Valee Truw Vauy
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T DB He, Li, Feng+'18
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* Pairs of (Zel'dovich Approx.

Forward — full N-body simulation)
modeling

* ZA as the input

* N-body as the output

Perform 10,000 pairs of

narticle realizations
L = 128 Mpc/h, N = 323
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WHAT WE WANT TO (HAVE TO) DO

Hyper Suprime Cam (HSC) Sloan Digital Sky Survey

T

(F5e0 F§118m)

ol
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e Hyper Suprims-Carn
TiF2EA : :

(a3, WEHT =)

5 /1L > X: convergence k (Oguri+'17)

IRE RN
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SRR\ 7 AEE L —> Hikage+'18 INA 7R EFHABONRIZEIT DD ?

—> Miyatake, TN+ in prep




b b b b
= o o o
i & d L

(leﬁm)dna'dm

—
o
&

DARK EMULATOR: WHAT IT CAN DO

impaort darkemu

emu = darkemu.base_class()

initizlize cosmo_class

Initizlize xlin emulator

initiglize xnl 2mulator

Initizlize pklin emulator

initizlize propagator emulator
Initizlize sigma_d emula-or
initizlize cross-correlaticn emulator
initizlize aato-correlation emulator
Initichze himf emulato

Initizlize sigmaM emu ator

Halo mass function

0,=020
-~ Qm=0.25
- Q=030
—— Qm=0.35

10°
M[h=IM o]

| emu.get_nhalo(massbinslii],massbins[ii+1],1.,z)

TN+'18

OVERVIEW ~
(wba We, Qde-; ln(IOIOAs)a Mg, W)

1,3.094,0.9645,-1.])

cparam = np.array([0.02225,0.1198,0.58 44
emu.set_cosmology(cparam)

lemu.get_xicross_mass(rs,Mh,z)

emu.get_xiauto_mass(rs,Mh,Mh,z)

Halo-Matter Cross CF Halo-Halo Auto CF

z=0.5
M=5x10"“h""M,
5x 10 A~ IMg

. T — " ——— . W WV / *
- =

L
5

L
P Prves s e o e S Y TP} A TP — )

1 curve ~ 100 mili secs on a typical laptop computer




TN+'18

DARK EMULATOR: WHAT IT CAN DO

LARGE SCALES

Large-scale bias

 — 0,=020 —— n,,,_oss
iy | T ‘"-—.0.25 e Qn)-040

[| === 0, =0.30 — 110 /
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TN+'18

DARK EMULATOR: WHAT IT CAN DO
' SMALL SCALES

Halo exclusion effect
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SMALL-SCALE UNCERTAINTIES .+
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SMALL-SCALE UNCERTAINTIES .+
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DARK QUEST SIMULATIONS TN+18

DQ 1: to be made public after HSC
cosmology analyses (~early next year)

* Ensemble of N=2048/3 sims
» 2 base resolutions
 L=1Gpc/h and 2 Gpc/h
* 100+1 6D-wCDM models

0o
o » 28 HR (14 LR) fiducial runs

e .. O
0.02150.0220.02250.023 0.11 * 1 run at every 100 LHD sample
Wy

 density on 102473 grid points
Circles: 100 parameter sets to be covered
* Rockstar halos + postprocess

Centered at Planck 2015
* Subhalos excluded
wb = Qph2: 5%  In(1010 Ag): +20% * Spherical density profile (40 bins

wc = Qch2: £10%  ng: +5% from 10kpc/h to 5Mpc/h)
Qn: +20% W: +20%




LATIN HYPERCUBE DESIGN

* Curse of dimensionality

» Regular lattice is not
tractable in high dimensions

* Latin hypercube

 Definition: each sample
point is the only one both on
the row and the column

e Can tell if one input
parameter has the dominant
effect
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LATIN HYPERCUBE DESIGN
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* Curse of dimensionality | ,”mm‘ ml K}ﬁ ‘H}m ] m\\, '

* Regular lattice is not f
tractable in high dimensions | ?

* Latin hypercube

 Definition: each sample
point is the only one both on
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LATIN HYPERCUBE DESIGN o

Diagonal ;Optlmal " Te! e \9.“ ..mem @

2%0%0

MBAPPE GRIEZMANN MATUIDI

&

GIROUD

* LHD is not unique

MANDZUKIE

e Some look nicer, others bad. @ @

REBIC

2,

VRSALJKO

* One more to add: space filling property e Q Q
©

e It's all about how to cover your space ©

» The closest neighbor should be far (= P

maximin distance design) 23 423

Taken from FIFA webpage

° ° ° ;)
Minimize  s(Xy) = ( T
' NN

1,
| ;
¥ Zd“lx X].,) with some large r
Rz




DIMENSION REDUCTION

Mass function fitting

* Sheth-Tormen type functional form

* b and c from Tinker

* (A, a) at 21 redshifts = 42 component vector -> 6 PCs
Halo-matter cross correlation

e (r-bin, n-bin, z-bin) = (66, 13, 21)

* 18,018 components -> 5 PCs

Halo auto correlation

* (r-bin, n4-bin, ny-bin, z-bin) = (21, 8, 8, 21)

» 28,224 components -> 8 PCs

Propagator fitting G(k) = [co + cok? + c4k4] exp [—k2a§/2]
» 3 parameters at 21 redshifts = 63 components -> 3PCs




GAUSSIAN PROCESS

- Gaussian Process * works as a non-parametric

* is a prior in a function space regressor or classifier

- Specified by the mean function * Can be “trained” by tuning
and covariance function (kernel) the hyperparameters

Posterlor

A 1 O-_O 01 Aexp}—r’/?ﬂ’] -

~ Aexp[—rif20?]

A B 1, =4, o—1 '.

Aexpl—r’ 0'20 J+Bexpl l'sm’(nr/P)J:
0 8 10

X

tN i:N—I—l

tn+1| ] o2
tIN+1

Analytic expression for

1
P(tya1|ty) oxexp ~3 [tN tN_|_1] C]_VlJrl [
the posterior




GAUSSIAN PROCESS
Posterlor (before optimization) Posterior (after optimization)

[ == rug
| —— GP mean
$ data

Aexpl— r‘[.‘lo‘]+8exp[ rsm lnr/P)]

'0.4 0'6 0.8 1.0 0 02 04 0.6 08 1.0
X

We can estimate the uncertainty from GP

* But we cannot always trust it




ACCURACY: HALO MASS FUNCTION

Example plot at z = 0.55

Halo mass function sim / model 10

1.10|
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[
o
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o
1

0.80
1.10-

ALY | 1.00[—
WA .f' I A Y

[
o
b

dn/dInM[h3Mpc—3]

AL & - PCA | - slice 5: validation set
B L T L T T (/1 e T T
M[h—1Mg] M[h1Mg] M[h~1Mg]

pread in HMF among the 100 models Gaussian Process Regression

Upper: Model fitting w/ Sheth-Tormen Training set

type function (2 free parameters)

Lower: Compress the 42 (=2 x 21
redshifts) coefficients into 6 PCs

Validation set

Red shades: scatter of 28 fiducial runs




SUMMARY
- BFRERICEDCESZTDORE
« BEMNBZXTET:

« ¥Ial—Y3vE&D/\ALT )Y K: response function approach

NEYIal—Y3ary + BRFEE

» iEKDforward modeling + MCMCIC1V1 5 77 55

o 2 AMETl EDEFHRZED 9 AIgEE
o XEEXRETZATAT7ERBEIED. WAWBKRINEAMNHD S 3

« Emulator
o WMERPWRINTGASY YU VT + RITEIE + 0 R EE

o« HSCO T — Y BEMANFEHERFEIC



