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Introduction

Galaxy Clustering as a Cosmological Probe

m current and future dark energy surveys
= better precision and larger scales =
complementary to CMB

m galaxies as cosmological probes

m BAO k ~ 0.06 hMpc™*
m primordial non-Gaussianity
k ~ 0.001 hMpc~*

m Large Scale Structure Simulations

m 10.8 h'Gpc Horizon Run [Kim et
al. 2011]

m Coyote Universe Emulator [Heitmann
et al. 2008]

Blanton from SDSS
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Introduction

Why do we need to understand galaxy/halo bias?

Initial Conditions
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[Baldauf, Seljak & Senatore 2011]

Dark Energy/Gravity
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[Reyes et al. 2010]
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[Bird, Viel & Haehnelt 2011]

= Halo power spectrum is sensitive to fundamental physics
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Introduction

Bias Models on the Market

non-Perturbative models

m Kaiser thresholded regions § > 4
Eur(r) "= B2in(r)
m Peak formalism § > 6.,6’ =0,6” <0

&k(r) "= (by — bV2)%Ein(r)

-05

Perturbative models

m local Lagrangian Bias 10 ; n s 8

m local Eulerian Bias

O[Kaiser 1984,BBKS 1986,Fry & Gaztanaga 1993]
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Introduction

Local Eulerian Bias in Various Statistics

1
Sn(x) = b6 (x) + jng>5§1(><) T

Tobias Baldauf Institut fiir Theoretische Physik, Universitat Ziirich

Halo Clustering beyond the Local Bias Model



Introduction

Local Eulerian Bias in Various Statistics

1
Sn(x) = b6 (x) + jng>5§1(><) T

Auto Power Spectrum

1
Phh(k) = b%Pmm(k) + b1b2/12(k) + 5b§l22(k) +

1
n
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1
Phh(k) = b%Pmm(k) + b1b2/12(k) + 5b§l22(k) +

S =

Cross Power Spectrum
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Pam(k) = b1 Pmm(k) + §b2/12(k)

Tobias Baldauf

Institut fiir Theoretische Physik, Universitat Ziirich

Halo Clustering beyond the Local Bias Model



Introduction

Local Eulerian Bias in Various Statistics

1
Sn(x) = b6 (x) + jng>5§1(><) T

Auto Power Spectrum

1
Phh(k) = b%Pmm(k) + b1b2/12(k) + 5b§l22(k) +

S =

Cross Power Spectrum
1
Pam(k) = b1 Pmm(k) + Ebgllz(k)

Cross Bispectrum

Bmmh (k1, k2, k3) = b1 Brmm (K1, ko, k3) + b P( ki) P(k>)
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Introduction

Local Eulerian Bias in Various Statistics

1
Sn(x) = b{E 5 (x) + jng)af,,(x) T

Auto Power Spectrum

1 1
Phh(k) = b12Pmm(k) + blbzllg(k) + §b22/22(k) + =

Cross Power Spectrum

1
th(k) = blem(k) + Ebzllg(k)

Cross Bispectrum
Bmmh (k1, k2, k3) = b1 Bmmm (K1, ko, k3) + b P( ki) P(k>)

= Bias parameters should be consistent! (at least in low-k regime)

Tobias Baldauf
Halo Clustering beyond the Local Bias Model

Institut fiir Theoretische Physik, Universitat Ziirich




Introduction

Are the biases consistent?

Bias from Cross Power Bias from Auto Power
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Non-Local Bias

KB Non-Local Bias
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Non-Local Bias

The Local Bias Model and its Extensions

The original Local Model!
1
0n (x,1) = F [6(<', )] & bad(x,n) + 5;b20°(x,m) + ..

LFry & Gaztanaga 1993]
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Non-Local Bias

The Local Bias Model and its Extensions

The original Local Model!
1
0n (x,1) = F [6(<', )] & bad(x,n) + 5;b20°(x,m) + ..

Tidal Terms allowed by Symmetry?
0:0; 1 _k
syt = |~ 3057 ot

LFry & Gaztanaga 1993]
2[McDonald & Roy 2009]
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Non-Local Bias

The Local Bias Model and its Extensions

The original Local Model!
1
0n (x,1) = F [6(<', )] & bad(x,n) + 5;b20°(x,m) + ..

Tidal Terms allowed by Symmetry?
0:0; 1 _k
syt = |~ 3057 ot

1 )
Sn (x,1) = F[6(x'sm)] = br6(x, 1) + 5;b26(x, 1) + bz 55(x)s” (x) + . ..

s2(x)

LFry & Gaztanaga 1993]
2[McDonald & Roy 2009]
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Non-Local Bias

Coevolution of Haloes and Dark Matter

Assumptions

m initial bias is local 6,i(q) = b{”6mi(a) + bS-82 (a)

m haloes flow with the dark matter v, = v, (no velocity bias)
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Non-Local Bias

Coevolution of Haloes and Dark Matter

Assumptions

m initial bias is local 6,i(q) = b{”6mi(a) + bS-82 (a)

m haloes flow with the dark matter v, = v, (no velocity bias)

Coevolution3

m mapping from Lagrangian to Eulerian space x(q) = q + ¥(q)

n(x,m) = (1+ 67 (m)) (Va(x,m) + Po(x,m)

(b0 + 388700 ) O - 260)x),

3[Catelan et al. 2000]
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Non-Local Bias

Coevolution of Haloes and Dark Matter

Assumptions

m initial bias is local 6i(q) = b{”6mi(a) + b5-82 (q)

m haloes flow with the dark matter v, = v,, (no velocity bias)

Coevolution3

m mapping from Lagrangian to Eulerian space x(q) = q + ¥(q)

n(x,m) =52 (n) (Da(x,m) + Po(x,m))

1 € 2 L

557 )V () 2 (1) $* (),
N—_——

b2

s

+

3[Catelan et al. 2000]
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Non-Local Bias

Imprint on the Bispectrum*

Unsymmetrized Cross Bispectrum

BUM™) (k) ko, k) (271)36®) (kg + ka + k3) = (6(k1)5(k2)n(ks)) ,

mmh

4see also [Kwan, Scoccimarro & Sheth 2012]
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Non-Local Bias

Imprint on the Bispectrum*

Unsymmetrized Cross Bispectrum

BUM™) (k) ko, k) (271)36®) (kg + ka + k3) = (6(k1)5(k2)n(ks)) ,

mmh
2d order Bias + Tidal Terms

n m 1
B (k1 ky, k3)— by Bumm (K1, ko, ks) = 2P(ky ) P(k2) [b2+b52 (u2 f 3)]

4see also [Kwan, Scoccimarro & Sheth 2012]
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Non-Local Bias

Imprint on the Bispectrum*

Unsymmetrized Cross Bispectrum

BUM™) (k) ko, k) (271)36®) (kg + ka + k3) = (6(k1)5(k2)n(ks)) ,

mmh
2d order Bias + Tidal Terms
(unsym) . o 2 1
Bimn (k1, ko, k3)—b1 Bnmm(ki, ko, k3) = 2P(k1)P(ko) | ba+be: | 1 3|

Isolate Angular Dependence

M( ) _ B;un:iym)(k]" k27 k3) — blemm(kl, k2, k3)
8 2P (k1)P(k)

= boLo(pt) + bs2 Lo(pt).

4see also [Kwan, Scoccimarro & Sheth 2012]
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Non-Local Bias

Imprint on the Bispectrum
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Non-Local Bias

Imprint on the Bispectrum

k
7 "X Mk, ke, 1
M) = 232 AM? (ki kmu) Z ¢ AM?(ky, k2, 1)

0.0 4
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§  combined Kmax = 0.07 AMpc™!
105 =05 0.0 05 0

Tobias Baldauf




Non-Local Bias

Imprint on the Bispectrum
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Non-Local Bias

Imprint on the Bispectrum
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Non-Local Bias

Non-local Cubic Term

Quadratic Term - Influences Bispectrum

2 3 (L)
d qi b
(2)6h(k’ n) = H/ (2m)3 { ) 2(17) + ng)(U)F2(Q17Q2)
i=1

2
~ 27 S (ar, qz)}%(ql, ) 6(a e (k=D ay)
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Non-Local Bias

Non-local Cubic Term

Quadratic Term - Influences Bispectrum

(2)5h(k77l):ﬁ/ {M
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Non-Local Bias

Scale Dependence in the Power Spectrum
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Non-Local Bias

Scale Dependence in the Power Spectrum
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Non-Local Bias

Scale Dependence in the Power Spectrum

P [h™ Mpc?]
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Non-Local Bias

Scale Dependence in the Power Spectrum

Tobias Baldauf

APIP
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Noise Correctiol

Noise Corrections
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Noise Corrections

Motivation & Approach

Motivation

m sub-Poissonian shotnoise in
[Hamaus et al. 2009] o’

m discrepancies between by, and i
bhm [Okumura et al. 2012] _
8 o.q0F
m presence of large scale z
corrections in the perturbative S a0t 3
local bias model ©
(= = L 2 3
-1-10* . .
0 0.10
k [hMpc™]

[Hamaus et al. 2009]
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Noise Corrections

Motivation & Approach

Motivation

m sub-Poissonian shotnoise in
[Hamaus et al. 2009] o’

m discrepancies between by, and i

bhm [Okumura et al. 2012] _

8 o.q0F

m presence of large scale z

corrections in the perturbative S a0t 3

local bias model ©

oF = . E
-1-10* . .
ApproaCh 0.01 0.10
k [hMpc™]

m noise: all deviations from linear

bias power spectrum in the [Hamaus et . 2006]

k — 0 limit

m small scale correlation function
<> large scale power spectrum
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Noise Corrections

Phenomenology of the Small Scale Correlation Function

hh

r[h~*Mpc]

&hn = linear bias
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Noise Corrections

Phenomenology of the Small Scale Correlation Function

5
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r[h~*Mpc]
&nn = linear bias + non-linear bias
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Noise Corrections

Phenomenology of the Small Scale Correlation Function
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&nn = linear bias 4 non-linear bias—exclusion + shot noise
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Noise Corrections

Phenomenology of the Small Scale Correlation Function

hh
-
!
7/
/
/
/
/
!
1
!
|
/
P I I I

I
I

0 i
-1 E
_2 I I I I I I -
0 2 4 6 8 10 12 14
r [h"*Mpc]
Phn = linear bias+shot noise+non-linear bias correction—exclusion correction
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Noise Corrections

Power Spectrum of Discrete Tracers

Density Perturbation - real-space

59 (r) = "(;,r) -l= %Zé“’)(r —r)—1,

Density Perturbation - k-space

D(k) = /d rexp [ik - r]o(r) Zexp lik - ri] — V5k0).

Power Spectrum

1 vV . K
PEO) = = + 5 > (exp ik - (r; = 1)) — Vo(g
i#j
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Noise Corrections

Toy Model: Random Sample with Exclusion

Enn
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Noise Corrections

Toy Model: Random Sample with Exclusion
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Noise Corrections

Toy Model: Random Sample with Exclusion

25 . .
10" 10°

Kk [h MPc]

Pon(k) = 2 = —3
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Noise Corrections

Toy Model: Random Sample with Exclusion

@ Gy
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Noise Corrections

Toy Model: Random Sample with Exclusion

10"
45
——hh
— g

]

P(k)

.
10" 10°
Kk [h MPc]

sin(kRg) 47 R3
1+ (N h — 1) g ) —
< & kRg 3

Wg(k)
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Noise Corrections

Small Scale Exclusion
Random Sample

d -1 r<R d 1
gigh)(r) = {0 F> R P;Eh)(k) ==~ Ve Wr(k)
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Noise Corrections

Small Scale Exclusion

Random Sample

d -1 r<R d 1
& (1) = {0 g P (k) = = = Ve Wr()

S

Correlated Sample

(d) . -1 r<Rr (d) . 1
hn (1) = {ff(];)(f) F>R P, (k) = i Vexa Wr(k)

FPO(K) = V[P + WR](K)

in(kR) — kR cos(kR
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Noise Corrections

Halo Power Spectra in the Local Bias Model®

Halo-Halo
P (k) =b2 £ Prioop(K)

+bieboe / (;7:)’3/:2((], k —a)Pin(q)Pin(lk — al)

3
+;b§£/(‘;7:’)3P|m(q)Pnn(k—q|)

Halo-Matter
P}(m‘r:rz(kv 77:') :bl,EP1—|00p(k)

3
b / (‘;W‘)’ﬁ(q,k—q)P“n(q)P.m<|k—q|)

5[McDonald 2006]
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Noise Corrections

Halo Power Spectra in the Local Bias Model®

Halo-Halo
P (k) =b2 | Pini(K)
d3q
+byLboL F lin,i(9) Piin,i(|k — ql)
1, dq
+§b2,|_/Wplin,i(Q)Plin,iﬂk - c||)
Igg(k)

Halo-Matter

Plgfn),i(k) =by, Pin,i( k)

3
+b2,L/ d'q F iin,i(9) Piin,i(|k — al)

5[McDonald 2006]
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Noise Corrections

Scale Dependence of the Terms

10

10* L

10" ¢

P [h3Mpc®]
.
OM
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10" F
o P
0°F LT 1,051 &% P(g) P(k-0) F,(ak-0)
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Noise Corrections

Halo Power Spectra Including Exclusion

Perturbation Theory 4 Exclusion
1 1
Péﬁ’)i(k) ==+ b2 Pini(k) + ibglzg(k)

1
_Vexcl WR(k) - b% Vech[PIin,i * WR](k) - Ebg Vexcl[l22 * WR](k)
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Noise Corrections

Halo Power Spectra Including Exclusion

Perturbation Theory 4 Exclusion
1 1
Péﬁ’)i(k) ==+ b2 Pini(k) + ibglzg(k)

1
— Vexcl WR(k) - b% Vech[PIin,i * WR](k) - Ebg Vexcl[l22 * WR](k)

k — 0 limit

1 1 o0 R
Péﬁ,)i(k —0) :%4'5[3%/,? d3r§ﬁn,i(r)_vexcl - b%/o d?rini(r)
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Noise Corrections

Correlation of Thresholded Regions®

1 VYmax VYmax 1 1 V2 + V2 — 211V, r 0'2
1+&u(r) = 7/ dVl/ dvy exp [—5 : 12 - 2504( )/ 0}
e Ju Vrmin (27)3,/1 — €3(r)/od —&(r)/og

‘min

Correlation Function Power Spectrum Correction

4000 1

2000F — 1

0 ——
~2000 1

—4000F ]

AP(K) [h*Mpc®]

—6000- ]

—go00 - ]

L L L L L 10000 I I I I I .
10 15 20 30 50 70 100 150 200 300 001 0.02 0.05 0.10 0.20 050

r (h™*Mpe] k[hMpc]

8[Kaiser 1984, Beltran & Durrer 2011]
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Noise Corrections

Correlation of Thresholded Regions®

APtr(k) = FT[gtl'](k) - b2PIin(k)

Correlation Function Power Spectrum Correction
o T T T T T T ]
200 1
— 0 s ~
n —
& —2000f ]
I :
S
~6000- 1
~8000 1
2 I . . . . L 10000 . . . . . .
10 15 20 30 50 70 100 150 200 300 001 002 005 010 020 050
k (hMpc]

r[h™*Mpc]

8 [Kaiser 1984, Beltran & Durrer 2011]
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Noise Corrections

Estimating Exclusion in Lagrangian Space

Why should the noise be the same in Lagrangian and Eulerian Space?

m Peebles: mass and momentum conservation — gravity can only
generate k? terms in J(k)

m low k-limit Py(k) oc k* and Pi3(k) o< k?P(k)

Methodology

m 10 equal number density mass bins

m trace back the particles that form halo at z = 0 to initital conditions
z, =50
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Noise Corrections

Correlation Function from Simulations

Local Lagrangian Bias
©(r) = p2 . lbz 2
hh (I’) - 1€mm,l|n(r) + 2 2£mm,|in(r) + ...

Initial Conditions - &u(r) Initial Conditions - r3&yn(r)

300

250

200

P& 0 Mpc)

10 10" ° *
rh™ Mpc]

Tobias Baldauf Institut fiir Theoretische Physik, Universitat Ziirich

Halo Clustering beyond the Local Bias Model



Noise Corrections

SN Matrix from Simulations

Shotnoise Matrix’

aij(k) = ((0; — b1,i0)(6; — b1,j5))
ZP,'J'(/() — bl’,'Pj(s(k) — bl’jP,'(s(k) + bl’;bl’ijm(k)

Initial Conditions z = 50 Final Distribution z = 0

35 35 T T T T

k fh Mpc™] K [h Mpc™

“[Hamaus et al. 2009]
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Noise Corrections

SN Matrix from Simulations

Shotnoise Matrix’

0’,‘,‘(/() = P,,(k) — 2b17,'P,'5(k) + bi,‘Pmm(k)

Initial Conditions z = 50 Final Distribution zz =0
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“[Hamaus et al. 2009]
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Noise Corrections

SN Matrix from Simulations and Theory
Shotnoise Matrix

oii(k) = Pii(k) — 2by iPis(k) + b} ; Pmm(k)

Initial Conditions - Simulation Initial Conditions - Model
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Noise Corrections

SN Matrix from Simulations and Theory

Shotnoise Matrix

oii(k) = Pii(k) — 2b1 iPis(k) + b3 ; Pmm(k)

Initial Conditions - Simulation Initial Conditions - Model

x 10 *
35 pry
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Noise Corrections

Effect on Bias and Redshift Dependence

Pun (k) —

S =

= A'th(k) + b%Pmm,lin(k) = B%,hhﬁmm

Error on by, Mass & Redshift Dependence
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Summary & Outlook

Summary & Outlook

Findings
m non-local terms in the late time halo bias at 2" and 3t order

m noise component is not white and different from 1/n

m amplitude of noise component is unaffected by evolution in k — 0
and k — oo limits
m qualitative explanation of the effects based on a model of &y,

m positive correction from non-linear clustering of haloes
m negative correction from exclusion
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Summary & Outlook

Summary & Outlook

Findings
m non-local terms in the late time halo bias at 2" and 3t order

m noise component is not white and different from 1/n

m amplitude of noise component is unaffected by evolution in k — 0
and k — oo limits

m qualitative explanation of the effects based on a model of &y,

m positive correction from non-linear clustering of haloes
m negative correction from exclusion

Open Questions

m non-Local bias in the ICs (peak bias, velocity bias, tidal terms)
m accurate model for small scale correlation function & exclusion

m combine with perturbation theory for late time full Py,
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Summary & Outlook

Coevolution: Coupling & Velocity Bias

Jn(x) = (1+ 6n(x))vn(x) -
Porhm = (0m(k)jiz(—k))
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Summary & Outlook

Coevolution: Coupling & Velocity Bias

<5, 8/<58>
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Summary & Outlook

Coevolution: Coupling & Velocity Bias
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