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"ATE-OF-THE-ART SURVEYS SUCH AS EUCLID IS
THE DARK UNIVERSE IN ORDER TO TEST MODELS

"0 PROBE THE TOTAL MATTER DENSITY IN THE
HICH IS DOMINATED BY DARK MATTER VIA WEAK
SALAXY CLUSTERING

/ ELL AS THEIR HOST DARK MATTER HALOES
ASED TRACERS OF THE UNDERLYING TOTAL MATTER

3) THE BISPECTRUM, FOURIER ANALOGUE TO 3-POINT CORRELATION
FUNCTION IS A USEFUL STATISTICAL PROBE INTO GALAXY/HALO BIAS

4) COSMOLOGICAL N-BODY SIMULATIONS ARE AN INVALUABLE TOOL FOR
TESTING MODELS OF STRUCTURE GROWTH, BIASING RELATIONS, ETC.

BeyonD MODEL-TESTING, THEY MAY HAVE MORE APPLICATION IN MODEL BUILDING.



GALAXY BIAS

k/h Mpc!
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e AMPLITUDE AND SHAPE OF _ Red and Blue Galaxies
POWER SPECTRUM OF :
DIFFERENT TRACER
POPULATIONS OF GALAXIES
VARIES WITH LUMINOSITY,
COLOR, AND MORPHOLOGY.
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e RED GALAXIES MORE
CLUSTERED THAN BLUE
GALAXIES AND THE LEVEL OF
CLUSTERING INCREASES WITH
PROGRESSION TO SMALLER
SCALES

e THUS, NOT ALL GALAXY
TYPES ARE UNBIASED
TRACERS OF THE MATTER

CoLEET AL. 2005
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3IAS TO HALO BIAS...
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RELATES TO THE
CLUSTERING OF THE
TOTAL DARK MATTER
DISTRIBUTION.
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INVESTIGATING BIAS WITH THE BISPECTRUM

FORMALLY, THE BISPECTRUM IS DEFINED AS:

(6(k1)d(ka)d(ks) ) = (27)°6° (k1 + ko + k3)B(ky, ko, k3)

BISPECTRUM IS REGARDED AS THE GO-TO STATISTIC
TO CONSTRAIN GALAXY/HALO BIAS

k,=0.05 h Mpc-!, k,= 2k,
W/ HY? BECAUSE THE BISPECTRUM CARRIES A SPECIFIC I5

TRIANGLE CONFIGURATION DEPENDENCE THAT CAN BE hnh

USED TO DISTINGUISH BETWEEN DIFFERENT MODELS OF b Brmm

BIAS SUCH AS LOCAL, LINEAR AND NON-LINEAR BIAS.

BISPECTRUM CAN BE MEASURED FOR
DIFFERENT SETS OF TRIANGLES WITH TWO
SIDE LENGTHS KEPT FIXED, AND THE ANGLE
BETWEEN THEM IS VARIED

B(k, k,.0,,)[Mpc/hle
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MODELING GALAXY /HALO BIAS

WHAT CAN THE GALAXY/HALO DENSITY FIELD DEPEND ONP

IT IS ASSUMED GALAXIES AND THEIR HOSTING DARK MATTER
HALOS ARE BIASED BECAUSE THEIR FORMATION OCCURS AT
THE HIGH PEAKS OF THE DENSITY FIELD FILTERED AT SMALL

SCALES.

sily)

= log(density} _ log(density , : lag{density)
-8.00 -667 -533° —4.00 -267 -1.33 0.00 -8.00 -6.67 -533° -4.00 -2.67 -133 000 B.00 -667 -553° -400 -267 -1.33 000

1) LOCAL AND DETERMINISTIC BIAS W e
(GALAXIES/HALOES CAN BE PAINTED ONTO THE ' & |
MASS DISTRIBUTION)

A) CLUSTERING OF HALOES AT A GIVEN LOCATION
ONLY DEPENDS ON THE CLUSTERING OF THE TOTAL
MATTER AT THE SAME LOCATION AND TIME WHEN THE
HALOES WERE IDENTIFIED (EULERIAN BIAS)

2) NON_LOCAL BIAS EXTENSIONS (ACTUAL -0.4-0.2 050 0.2 04 -0.50.0 0.? 1.0 1520 -1 0 1 253 4 5 B

DYNAMICS INVOLVED
) PoLLACK, SMITH, § Porciani 2012
A) MODEL ENVIRONMENTAL EFFECTS LIKE TIDAL FIELDS

T GALAXY/HALO MERGERS

3) STOCHASTIC COMPONENT

A) STOCHASTIC EFFECTS INDUCED BY
ENVIRONMENTAL EFFECTS DURING FORMATION ﬁ'
EVOLUTION

B) GALAXY/HALO DISTRIBUTION IS A POINT
PROCESS GENERATES SHOT-NOISE IN STATISTICS



L oCcAL EULERIAN BIASING OVERVIEW

LET THE HALO DENSITY FIELD, SMOOTHED ON SCALE R/ BE A FUNCTION OF THE
LOCAL MATTER DENSITY IN THE FORM OF A | AYLOR SERIES EXPANSION ABOUT

0(R)=0 (FrY § GAzTANAGA 1993, CoLEs 1993)

b
Sh(x|M, R) =)

Jj=

- . Y _
SRy = |, [ dssW(x ] R)

T AKING THE FOURIER TRANSFORM

by(M) [ d3
Sk, ) = b (00 0) + 20 [ S s )~ aulR) +

WHERE,



| YPICAL APPLICATION OF LOCAL EULERIAN BIAS IN
HIGHER"ORDER STATISTICS

-I) EMPLOY STANDARD PERTURBATION THEORY (SPT) TO MODEL THE NON-LINEAR MATTER
DENSITY FIELD WHOSE EVOLUTION W AS INDUCED BY GRAVITATIONAL INSTABILITY.

SPT SOLVES FLUID EQUATIONS OF MOTION (E.G. CONTINUITY, EULER, POISSON) AND THEN
APPLIES A PERTURBATIVE EXPANSION ABOUT THE LINEAR SOLUTION, 8(k, ) =D1 <t>51(K)

NON-LINEAR P T

'd?'an 3¢Dy
/ 3 )3 (271)5 (k_QI_"'_QH)

D, (t =today) =1 4,)81(q)) - 81(q,) -

2) INSERT SPT EXPANSION OF d(k) (SMOOTHED) UP TO SOME ORDER (USUALLY SECOND-
ORDER) INTO MODEL FOR THE HALO DENSITY FIELD

o (M d3
Su(K|M, R) = by (M)[6, (k| R) + 6»(k|R)] + ) ‘h 51 1| R)6: (k— qi|R)

3) USING THIS APPROACH ONE FINDS A PERTURBATIVE EXPANSION OF HALO POWER- €T BI-SPECTRA

PY(M) + PP (M) + .

(0)

B, (M) + By, (M) +.




| YPICAL APPLICATION OF LOCAL EULERIAN BIAS IN
HIGHER"ORDER STATISTICS

4) CONSIDER LOWEST-ORDER NON-V ANISHING TERMS, SO CALLED TREE-LEVEL TERMS, WHICH ARE
OF THE FORM:

P (k| M, R) b3(M)P,

k|R)
kl’ ko IR) + bz(ﬂf)bz(ﬂf) mm A IR PIE]II)I Ale) + 2 cyc }

1111]:1 (

BY (ky,ks| M, R) b3 (M) B!

l'll lIl m (

5) SMOOTHING IS PROBLEMATIC. WE DO NOT SMOOTH THE HALO DENSITY FIELD APART FROM THE MASS
ASSIGNMENT SCHEME USED TO COMPUTE THE DENSITY FIELDS. AND, IN ACTUALITY FOR GALAXY DENSITY
FIELDS WE DO NOT KNOW A PRIORI WHAT THE SMOOTHING SCALE IS.

So, oNE WAY oUT IS To CONJECTURE: 'DE-SMoOTH’ (SMITHET AL 2007, 2008)

(0)
P (kIM,R

W2(kR)
(0) BY (ky, k, k3| M, R) IN LIMIT OF VERY LARGE
By (ks ko, kg [ M) W k. PYW (e BYW (e )
Wk R)W (ko R)W (k3 R) SCALES OR ARBITRARILY
SMALL SMOOTHING SCALES,
6) APPLYING DE-SMOOTHING ALMOST FIXES THINGS kR—0

( ) T{ 2 ‘ R) pLo)

i )
BO (ki ko|M) = BM)BO (ki ks) + b2(M)by(M)- ks )

IT T

k) PO (k2) + 2 cye |




| YPICAL APPLICATION OF LOCAL EULERIAN BIAS IN
HIGHER~"ORDER STATISTICS

7) LASTLYI AT THE THREE“POINT LEVEL, GALAXY BIAS HAS OFTEN BEEN MODELLED IN
TERMS OF THE LOWEST ORDER HIERARCHICAL AMPLITUDE (PREDICTED BY SPT), THE SO~
CALLED REDUCED BISPECTRUM, @,

REDUCED BISPECTRUM: Q(kl? ko, kB) _ p(f ()1;:1)(:2)3 is)

i (k1 Ko, K [M) | ba(M,

: (0) o mmm
TREE-LEVEL HALO REDUCED v (k1 ko, k3| M) =
BISPECTRUM:

n()B()

FAVORED STATISTIC SINCE IT'S ALMOST CLOSE TO UNITY AND AT TREE-LEVEL IT'S INSENSITIVE TO
TIME EVOLUTION AND COSMOLOGY
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/BOXZ2 PHOTO CREDIT OF ITP-UZH

125 QUAD OPTERON 852 NODES AND A TOTAL OF 580GB RAM
AND 65 TB OF DISK. THE NODES ARE CONNECTED WITH A HIGH SPEED
3D SCI NETWORK.

\-BobY SIMULATIONS

WE ANALYZE 200* cOSMOLOGICAL
DARK MATTER N-BODY SIMULATIONS ON
ZBOX-2 AND ZBOX-3 SUPERCOMPUTERS
AT THE UNIVERSITY OF ZURICH

ComMovING Box size: 1.5 Gpc/h
No. oF PArRTICLES=750"3

COSMOLOGICAL MODEL SIMULATED
GAUSSIAN INITIAL CONDITIONS SET AT
72=49 uUsING 2LPT (croccCE ET AL. 2006)
L AMBDA COLD DARK MATTER MODEL
(WMAP KOMATSU ET AL. 2009)
e () =0.75,0,=0.8,

n=1,h=0.7

DARK MATTER HALO CATALOGUES
FRIENDS‘OF‘FRIENDS HALOES
NUMBER oF HALOES = 1.26 x 10°

MiNMUM Mass = 1.711x 1018 M@/h

*RESULTS PRESENTED IN THIS TALK IS FOR A SUBSAMPLE OF 40 SIMULATIONS



PERFORMANCE OF THE TREE-LEVEL BIAS MODELS™ FOR
DIFFERENT SCALE RANGES FROM N~BODY SIMULATIONS

Neub

= Lb Z(bw b;) (b — b

k, = 0.03 h/Mpc
A 1 1 L J A i 1 L l L A 1 1 | L

2

*IN COMPARISON
WITH EFFECTIVE
BIAS FROM POWER
SPECTRUM RATIOS
TAKEN STRICTLY
FROM SIMULATIONS

PoLLACK, SMITH, Porcianl 2012



BEYOND TREE-LEVEL BIAS MODELS: BIASING BY HAND’

GOAL: ASSUME LOCAL BIAS MODEL AT SECOND-ORDER IS THE TRUE MODEL, DETERMINE HOW WELL THE TREE-
LEVEL THEORY CAN W ORK

‘BIAS-BY-HAND' - . oba
THE SMOOTHED MATTER on(x|R) = b1do(x|R) + 55 (x|R)

DENSITY

FROM N-BODY SIMULATIONS, by(M) [ dqy
MEASURE ENSEMBLE-AVERAGED on(k|M, R) = by (M)é(k|R) + 5 / (2W)35(q1|R)5(k —qi|R) + ...

e B

HHH/— HHM/ ™~ HMM

ba
mam bl Bmmm + Epél,m ;

b1 bs b2
B nhm — szmmm + _P m —l_ _273 m s
hh 1 3 4, 192 5, 3

b3b b1 b2 b3
19 27)4,111 + %P&m + gzpﬁ,m

AUTO- AND CROSS-BISPECTRA
ARE GIVEN EXACTLY BY SUMS OF
3-,4-, 5- 6-POINT FUNCTIONS

3
thh — blemm+

INVERSE SOLVE TO GET P, P, P,



BEYOND TREE-LEVEL BIAS MODELS: \BIASING BY HAND’
I: EXact model: Perfect recovery of b1=1.63 & b2=-0.53

PoLLAcCk, SMITH, Porciani 2012

lI: Exact Trispectrum:

11l Tree-level:

R[h~1Mpc]

20
20
20
10
10
10
6.7
6.7
6.7

b1 £ oy,

1.62 £+ 0.07
1.62 £+ 0.10
1.63 £ 0.22
1.62 £+ 0.04
1.62 + 0.06
1.63 = 0.13
1.59 =+ 0.04
1.60 = 0.05
1.63 £+ 0.12

by £+ Opy

1.63 = 0.11
1.58 £ 0.17
1.37 = 0.33
1.49 £+ 0.03

1.48 £+ 0.04
1.46 £+ 0.09
1.36 = 0.02
1.36 = 0.03
1.32 £+ 0.07

ba £ oy,

-0.46 = 0.12
-0.49 = 0.19
-0.53 = 0.51
-0.42 £+ 0.04
-0.47 £ 0.07
-0.53 = 0.20
-0.35 = 0.02
-0.42 £+ 0.04
-0.53 = 0.12

by £ Thbs

-0.67 = 0.36
-0.45 £ 0.65
0.56 £ 1.19
-0.66 £+ 0.08
-0.69 = 0.13
-0.69 = 0.29
-0.74 = 0.06
-0.82 £ 0.09
-0.86 £+ 0.22

(13 DEGREES-OF-FREEDOM)



'MEASUREMENTS,

YOND STANDARD
ORY!

- ADDRESSES TWO ISSUES:

ATE MODELING OF NON-LINEARITIES

2) MODEL DEPENDENCE ON SMOOTHING



H TO MEASURING ACTUAL
(GALAXY) BIAS

H, Porciant 2012 (IN PREPARATION)

.'ATIONS TO MEASURE FULL NON-LINEAR MATTER
SIXTH-ORDER (OR ANY ORDER IN EXPANSION SERIES)

HED MATTER DENSITY METHOD

H REQUIRES SMOOTHING THE MATTER DENSITY FIELD IN ORDER TO
=S TO SECOND-ORDER.

TROUBLE WITH SMOOTHING: THE LOCAL BIAS MODEL ASSUMES THERE IS SOME FILTER SCALE
WHERE IT IS A VALID APPROXIMATION, BUT IN ACTUALITY WE DO NOT KNOW A PRIORI
WHAT THE SMOOTHING SCALE IS.

De-SMoOOTH BIAS PARAMETER “MARGINALIZE” OVER
ESTIMATION FOR EACH R R 1o GeT P(b, &)
VIA MAXIMUM LIKELIHOOD
TECHNIQUES PERFORMING

BUT, IT DOESN'T FULLY A SIMULTANEOUS FIT OF
UNDO SMOOTHING DATA WITH ENSEMBLE-
AVERAGED MODEL CONSIDER RANGE OF

R=2-18 Mpc/H IN
sTers AR=0.01 Mpc/H



For N>3 PN‘TERMSI SMOOTHING DEPENDENCE REMAINS EVEN AFTER APPLYING DE-SMOOTHING OPERATION

(CIC Grid)

K.=0.05 5" MPCc ) -
. o DIVERGING BEHAVIOR
AS R—0
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UNDERSTANDING DIVERGENCE

1012

1010

SIMULATIONS
o R=CIC Grid oR=8
oR=4 oR=10
ocR=6

T

0 | 3
6., [Rad]

12

DIVERGING BEHAVIOR
AS R—0

ATTRIBUTED TO
CONNECTED PART
OF POLY-SPECTRA

SPT

INTEGRAL OVER CONNECTED
AND UNCONNECTED TREE-LEVEL
TRISPECTRUM, T(g .k -q .k ,k )

SUM OF UNCONNECTED
PARTS OF TRISPECTRUM
(1.E. CcYCLICAL
PRODUCTS OF THE LINEAR
POWER SPECTRUM)



HALO BIAS RESULTS COMPARISONS
NEW APPROACH VS. OLD TREE-LEVEL APPROACH

BEFORE MARGINALIZATION:

Tree—level

“RUNNING OF THE BIAS™

MAXIMUM LIKELIHOOD
ESTIMATES OF 4 AND b FOR

1600 DE-SMOOTHED MODELS
EACH USING TREE-LEVEL AND
FULL NON-LINEAR TERMS

/508.01~ /536,85~
597.96 586.94
597.97
598.17

\.598.87/

D.O.F.=598

X EQUALLY GOOD, WHICH
MEANS WITHIN THIS RANGE
THERE IS NO PREFERRED MODEL



THERE'S AN EXPLANATION FOR THIS.

CONSIDER FITTING THE HALO-MATTER-MATTER
BISPECTRA WITH THE FOLLOW!ING DE-
SMOOTHED MODEL:

ba

— blemm + 5

7')'—'1 ,m

RATIOS
SHOwsS P,
M

ROUGHLY
o B SCALES AS A
mmm LCIC Grid) { CONSTANT

ALL DE-SMOOTHED B
OVERLAP

-

AT VXTI T
I T T |

= e = DR s

Qo s O

CONFIDENCE
REGIONS FOR
R spAN
SLIGHTLY
DIFFERENT
PARAMETER
SPACE AS R
IS VARIED

Bt‘[‘u‘[‘tm{ l.'.IF [MF“ "'Illh ; ///

THERE IS A DEGENERACY BETWEEN NON-LINEAR BIAS TERM, bz AND FILTER SCALE R, WHICH CONTROLS
LEVEL OF NON-LINEARITY IN DENSITY FIELD.



HALO BIAS RESULTS COMPARISONS
NEW/ APPROACH VS. OLD TREE-LEVEL APPROACH

] log(P(b,bs))
—4.50—3.75 —3.00 —2.25 —1.50 —0.75 0.00

N-BoDY
DESMOOTHED

1.2 14 16 1.8 2.0
b,

CREDIBILITY INITERVALS FOR 68.3%,
95.4%, AND 99.7 3% ARE SHOWN IN LINES
OF DECREASING THICKNESS

MULTI-POINT SOLUTIONS LEAD TO WEDGE-
SHAPED FULL MARGINAL JOINT POSTERIOR
PDF.

As R—0, b BECOMES UNCERTAIN
AS R—00, b BECOMES UNCERTAIN

CLEAR OFFSET (OR BIAS) BETWEEN THE
RESULTS UTILIZING FULL NON-LINEAR MODEL
WITH DE-SMOOTHING DEPENDENCE VERSUS
RELIANCE ON TREE-LEVEL HALO BIAS
BISPECTRUM MODEL



HALO BIAS RESULTS COMPARISONS
NEW/ APPROACH VS. OLD TREE-LEVEL APPROACH

] log(P(b,bs))
—4.50—3.75 —3.00 —2.25 —1.50 —0.75 0.00

DE-SMOOTHED TREE-LEVEL RESULTS SUFFERS FROM

N-BODY OVERSMOOTHING.
DESMOOTHED
30' CONTOUR DUE TO GOOD FIT RESULTS AT LARGE

(fr 6 R>17 MPC/h , SO WE IGNORE IT.

-

TREE-LEVEL

1.2 14 16 1.8 2.0
b,




HALO BIAS RESULTS COMPARISONS
NEW APPROACH VS. OLD TREE-LEVEL APPROACH

|
TREE-LEVEL |

N-BODY

N-BoDY . DESMOOTHED

_ DESMOOTHED

hhh

NICE CONSTRAINT ON b BUT IS IT GOOD ENOUGH? CONSTRAINTS ON bz ARE WEAK.

THERE IS WEAK OVERLAP WITH
] 1
MAYBE, beg1 *b?



ARY § CONCLUSIONS

ASED ON STANDARD PERTURBATION THEORY GIVES A BIASED
(GALAXY) BIAS.

::OUR ‘BIAS-BY-HAND  APPROACH TO MEASURE NON-LINEAR
: THE SOLE USE OF N-BODY SIMULATIONS.

3 WE RELAX THIS DEPENDENCE BY DE-SMOOTHING (I.E.

'AND “MARGINALIZE” OUR JOINT POSTERIOR PROBABILITY

sl b 'CONSTRAINTS FOR THE JOINT PDF SEEM WEAK RESULTING FROM MULTI-POINT SOLUTIONS
THAT ARISE FROM A CORRELATION BETWEEN THE FILTER SCALE R AND THE NON-LINEAR BIAS TERM, b.

MARGINAL PROBABILITIES ON THE LINEAR BIAS TERM, b ARE FAVORABLE, WHILE THE CONSTRAINTS
ON b ARE WEAK.

|F INDEED beﬁzbil THEN THE RESULTS MAY POINT TOWARDS INACCURACIES IN THE LOCAL BIASING

SCHEME, WHICH MAY NEED TO ACCOUNT FOR NON-LOCAL EFFECTS SUCH AS TIDAL FIELDS, MERGERS
AND STOCHASTICITY. OTHER REMEDIES INCLUDE RENORMALIZING THE BIAS PARAMETERS.

NEVERTHELESS, OUR IMPLEMENTATION IS A NEW T IMPROVED APPLICATION OF THE LOCAL

EULERIAN HALO BIAS MODEL THAT IS FREE OF THE LIMITATIONS OF SPT AND CAN BE USED TO BETTER

TEST ADDITIONAL MODELS OF BIAS
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