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BAO

e Baryon Acoustic Oscillations (BAO)
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BAO ring

e In 2D, “BAO ring” is a double ruler

* H(z), Da(2): sensitive to the dark energy

T. Matsubara, ApJ, 615, 573 (2004)

Line of sight From: TM (2004)
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Primordial non-Gaussianity in LSS

 Primordial non-Gaussianity increases the power
spectrum of galaxies on VERY LARGE SCALES
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Constraining modified gravity
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Complexities in LSS

e Nonlinear evolutions
e analytically hard problem

e important even on large-scales (for precision
cosmology)

 Redshift-space distortions (RSD)

e peculiar velocities of galaxy displace the
position in redshift space

e Biasing

e galaxies are not unbiased tracers of matter
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Perturbation theory approach

e Nonlinear evolutions can be solved by the
perturbation theory (on large scales)

Tomita (1967), Juszkiewicz (1981), Vishniac (1983),
Goroff et al. (1986), Makino et al. (1992), ...
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Integrated perturbation theory
(iPT)

e Integration of Four “Non-’s”
 nonlinear perturbation theory
* nonlocal bias
 nonlinear redshift-space distortions

e non-Gaussianity of primordial density fields
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Bias between mass and objects

e Mass density # number density (in general)

e Densities of both mass and astronomical
objects are determined by initial density field

e There should be a relation

& ) = pn_l(x) et iat ekt px_(x) i

Pm Px
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Eulerian Local Bias model

e Local bias: a simple model usually adopted in
the nonlinear perturbation theory

e The number density is assumed to be locally
determined by (smoothed) mass density

0x(x) = Fx(0m(x))

e Apply a Taylor expansion

b
6x(X) = by + b1Sm(x) + T567,(x) + -+

e« PHENOMENOLOGICAL model, just for simplicity,
divergences in loop corrections
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Nonlocal bias

e “Functional” instead of function

Om = FmloL], Ox = FxloL]

 For a single streaming fluid (quasi-
nonlinear regime)

oL = Flllom]l = 0x = Fx[Fry [Oml]

e Taylor expansion of the functional

Ox(X) = fd3xlb1(x — X1)0m(x1)

1
..|__
2!
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Nonlocal bias

e Perturbative expansions in Fourier space:

e nonlocal bias:

1 d>k’
0x(k) = b1 (k)om(k) + T

* nonlinear dynamics

1 d>k’
om(k) = oL(k) + 5 (27[)3

Fy(k k- kK)oL(K)o(k—K') + -

e |tis straightforward to calculate observables,
such as power spectrum, bispectrum, etc.
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The problem with Eulerian bias

e Eulerian bias is not physically motivated

e Phenomenological & simple model

 Physical models of bias known so far is
provided in Lagrangian space

e e.g., Halo bias model, Peak bias model,...

e Relation between Eulerian bias and
Lagrangian bias?
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Eulerian & Lagrangian bias

Lagrangian
initial number bias initial mass
density field density field

nonlinear
evolution
& formation

nonlinear
evolution

final number |e«— — | final mass
density field Eulerian density field
bias

| Nonlinear dynamics is nonlocal, so is nonlinear bias |
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Eulerian & Lagrangian bias

e Eulerian and Lagrangian biases are
compatible in a nonlocal formalism

 The relations can be explicitly derived in
perturbation theory:

b (k) = br(k) + 1,
by(k1, ky) = by (ky, ky) — b-(ky + ky)Fy(ky, k)

ki -k ki -k
+(1+ o 2)bL(k2)+(1+ i z)bL(kl)
kl k2

etc.
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Lagrangian perturbation theory with
Lagrangian (nonlocal) bias

 The relation between Eulerian density fluctuations and
Lagrangian variables

1+ 6x(x) :deq[Hé%z(q)]é%[x—q—T(fm

T T B

Eulerian Biased field in displacement
density field Lagrangian space (& redshift distortions)

e Perturbative expansion in Fourier space
/Kernel of the Lagrangian bias

Sx (k) = Z 3 f é:)g (‘;ﬂk)”g (27)363 (ky.., — k)b= (K1, ..., k)0 (k1) - - 0L (k)

il(k) = Z i f éﬂl_{)g i (C;ﬂk)ng (27‘[)35%(](1” i k)LnT(kl ..... kn)dL(kl) s 5L(kn)

e e TN Kernel of the displacement field (& redshift distortions)
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Diagrams

Primordial Vertices in Vertices in
spectra Eulerian PT Lagrangian PT
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Vertex shrunk

e Shrunk vertices
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o o
Multi-point propagator
TM (1995); Crocce & Scoccimarro (2006), Bernardeau et al. (2008)

 Density sector of multi-point propagator
with nonlocal bias and RSD

5"5x (k)
<65L(k1) 61 (k)

(k... k,) =
ki
*@:: - =‘< + P Pt ;
K.
+ % + % + :% o

> — (21)37363 (k = kp..a)TS (K1, . .., Kn)
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Multi-point propagator

e Full evaluations of MP propagator are difficult

e Partial resummations in the Lagrangian PT

Lagrangian vertex resummation Lagrangian bias renormalization

(k) = <e—zk ‘P> y iy o 1 Bk’ 5o (k')
00 (_l)n <(k W)n> bn (kl ..... kn) a (2 ) f (271.)3 55L(k1) i 55L(kn) P
= €Xp | ' c D _ 3n d’K 6" 0% (k')
= all Sacillatik)=il2 f (2n)? <65L(k1)---65L(kn)>
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Renormalized bias functions

e Introduction of the “renormalized bias
functions” is essential in IPT

L i 3n d>k’ 5"6x (k')
bn (k19 SO kn) i (27[) f (27‘[)3 55L(k1) I () 01.=0
= Gk, k) = (27) f (27)? <65L<k1> 6L<kn>>

|

“Renormalized bias functions” Biased field in Lagrangian space

Y =1+ cr®)

: ky - k
r§g)(k1,kz>-—-Fz<k1,kz>+(1+ - ,")chkz)
1

ki -
k2

k-
+(1+ 2')Cf(k1)+cg(k1’k3) (eg.lowest-order)
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Halo clustering:
Lagrangian resummation & N-body
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Bias and primordial non-Gaussianity

 Primordial non-Gaussianity

A way to observationally discriminates theories of the early
universe

 Scale-dependent bias and the primordial non-Gaussianity

 Local-type non-Gaussianity (Dalal et al. 2008; Matarrese &
Verde 2008; Slosar et al. 2008)
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Desjacques, Seljak & lliev (2009)
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More general formulas

e There are several derivations for the scale-

dependent bias with arbitrary non-
Gaussianity

 Halo bias + peak-background split

« Dalal+ ’08; Slosar+ ’08; Schmidt & Kamionkowski
’10; Desjacques+ ’11, Scoccimarro+ ’11

e High-peaks limit of threshold regions

e Matarrese & Verde ’08; Verde & Matarrese ’09;
Jeong & Komatsu ’09; Desjacques+ ’11

 Local bias model
e McDonald ’08; Taruya+ 08
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Scale-dependent bias and IPT

g :OPT most accurately predicts scale-dep.
ias

Px(k) = [ (k)I*PL(k)

+ Iy (k) f L.} TPk — K)BL(k, K, |k — K'])
(2)

—0—@—0— + = » 0= + =0—&_0—
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General results

e dominant term on large scales:
1 Ak’

AP0~ oo J @y

cy (k' k — K)BL(k, k', k- k')

e scalings do not depend on details of bias

A o k—z,
AbA kO,
A bfol. oc k_l,
Ab™ o £

« amplitudes depend on details of bias
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Application to the Halo bias

e Global mass function (a simple model)

_ o dP>5
n(MYMdM = 2p[Pss (M) — Pss (M + dM)| = —2p dM° dM

e Localized mass function

n(x, MYMdM = 2p{Oloy(x) — 6c] — Ol pr+am(x) — O]}
do
= —2p6p[6u(x) — 6] ;‘j\(f) dM

e Derived renormalized bias functions

ek, .. ., k,) =

n

(2n)3"< o'n(x =0, M) >

n(M) \66r(ky)---ooL(ky)

SR L (—i)niw@u SW(kiR) -~ Wk, R)
MMM\ 00.] OM ~socmrmsmonminsorsmn
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Renormalized bias functions

e As aresult,

b . 6br+1 9
cy(k1, ko) = by W(kiR)W(kxR) + 7 3lno [W(kiR)W(k2R)]
s M
6zby + 26.b7 + 1
= s W(kiR)W (k2R) bias nonlocality
6by+1 , 8  [WEkRW(kaR)
== oY
02 Olnoy | o
Sy i —1 [ Y — 32
* Inthe case of PS mass fn.: } - by ==
e Cancellation of b2 in c2 (v = /o m)
Scb* 0 |WkiR)W(kR)
ey (ki ko) = —- Wk RW(kaR) + — il
Oy nouy | Ty

13F1H25H<EH



Notable findings

* No need to introduce auxiliary Gaussian
field (c.t., issue of kernel choice in PBS)

e PBS results are reproduced when PS
mass function is assumed

1 01(k)

Ab(k) ~ .
( ) 281110—M

6T I (k) +

1
D

e (Exactly matches with the results of
esjacques+ ’11)

I(k)
o yp* PL(k)
1 ’K
om?*PL(k) J (2n)’

Ik =

~
~

WK R)By (k. K .|k — K')).
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New general formula

e When the mass function is arbitrary, we
have a new formula

Ab(k) ~ 48 (2 +26cb + 6.°b5) T (k)

2

20c°

dIk)

4 (1 i 6Cb%) Tnow|

e E.g., Sheth-Tormen mass function:

qo.by N 1 p(gv* +2p + 1)
2 v 1+ (qv3)P

q 1 p d1 (k)
+|= + = - :
2 V21+(qv¥)?|dlnoy

1(k)

Ab(k) =~ [
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folded
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Redshift-space distortions

 Redshift-space distortions are
straightforwardly included in IPT

s AL o
Apo(k) = 3+b1 Ox(k),  Ap2(k) = 3 »(k),

Apa(k), Ape(k) < Apo(k), Ap2(k),
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2f A2 3P (2. 4f 2/ D
BN, ¥ [l AP 08 A e S AR Wk b 1 Sk
2|35 + 3 - 35 +(7 . 51 B 5 )bl(A) Ry (k) E
| AW f ! :
b §+?+(l+§)b1(k)‘Ql(A) 100 et B b ++ b +
+|L +b1(k)‘Q3(k). (147) -
3 )
1 4f §f3 2 2f O%
Aps(k)=4f —+—+'—+(:+'—)b|(k) Ry(k) 8
. S 21 [ of 5
8.2 1P 18 AN . ~,
Tt A +(ﬁ+ 21 ,)b‘“)lR’“) o)
T S 2f iy
b kel s i x - e (O R y
+2f 3 + 7 + 3b|(1\)|Q1(K)+ 3 Q:(k), (148) "‘E
PICTURTOUN (LIS | W v
Aps(k) = 16f §§+77+ 1§b1(‘) Ry (k) L 1 o 1 SiEs gl SRS ST
42116 26f ¥ 10° 10 10! 102 10 107!
T 7+ T + by(k) Rg(k)+T§Ql(k). (149) k[h _1] k[h -l]
323 8/ 3
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Summary

e Integrated perturbation theory
e a consistent formulation of nonlinear
perturbation theory, generally including
nonlocal bias, RSD and nG

e vertex resummations and bias renormalizations

e The most general formula of the scale-
dependent bias from iPT

e Previous formulas are re-derived from the new
formula by taking appropriate limits
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