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INTRO TO NON-GAUSSIANITY

NON-GAUSSIANITY AS A PROBE OF NEWPHYSICS

Non-Gaussianity as a Probe of the Physics of the DA DOLO NONE

Primordial pmve_rse and the Astrophysics of the J———

Low Redshift Universe TECHNIQUES
PIXEL
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In the coming decade, non-Gaussianity will become an important probe of both the early and the late

Universe. Specifically, it will play a leading role in furthering our understanding of two fundamental
aspects of cosmology and astrophysics — NEW PHYSICS RELATED TO COSMOLOGY

@ The physics of the very early universe that created the primordial
seeds for large-scale structures

@ The subsequent growth of structures via gravitational instability
and gas physics at later times




INTRO TO NON-GAUSSIANITY

WHY IS NON-GAUSSIANITY IMPORTANT?

INTRO TO NON-
GAUSSIANITY
CANONICAL SLOW-ROLL INFLATION STATISTICAL
. q . TECHNIQUES
@ o free scalar field in ground state of Bunch-Davis vacuum oEL
@ R = —[H(6)/do]e primordial curvature pert. (linear order) STAIEIIES
@ If p(p) — Gaussian then p(R) — Gaussian FNCTONALS

HIGHLIGHTS

SLOW-ROLL INFLATION — BREAKING GAUSSIANITY

@ NG — Allow interactions between scalar fields
@ NG — Non-linear corrections to the relation R — ¢

BEYOND CANONICAL MODELS

@ Non-standard inflationary models (ex. — Sasaki 2008)
@ Alternative early-universe models (ex. — Brandenberger 2009)
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WHY NG NOW?

GAUSSIANITY CAUSSIANITY.
@ 1980-1989 — 153 titles, 1387 abstracts i;@ﬂﬂg‘é
@ 1990-1999 — 723 titles, 5835 abstracts PIXEL
i STATISTICS
@ 2000-2010 — 3466 titles, 14946 abstracts
MINKOWSKI
FUNCTIONALS
NON-GAUSSIANITY HIGHLIGHTS

@ 1980-1989 —; 0 titles, 0 abstracts
@ 1990-1999 — 31 papers titles, 85 abstracts
@ 2000-2010 — 495 titles, 1266 abstracts

“V IVE LA RESOLUTION” — BOUCHET S TALK
@ 1980-1989 — No powerful observational probes
@ 1990-1999 — COBE
@ 2000-2010 — WMAP, PLANCK
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DESCRIBINGNG: THE fy. OR gn. BUSINESS

INTRO TO NON-
GAUSSIANITY
((k1)D(k2)P(Ks)) = (27)%0° (k1 + ka + ka)F (K1, kz, k3) S ToanL
O = ¢ +fn (¢E - <¢E>)+9NL S PIXEL

STATISTICS
@ Single-Field Models — Break Slow-Roll MINKOWSKI
@ Multi-Field Models — Break Single-Field FUNCTIONALS
Source of density perturbation — second HIGHLIGHTS
light scalar field o F(ky, ko, k) = fsﬁull GAi(

+ ...
kyk2k3$ )

1 1 1 R " ; “aqti "
__clocal 5 A2 Amplitude of bispectrum of “equilateral
Flke, ko, ks) =T " 200 ( P < K3k w K3k ) configurations

- Preheating, field-dependent variable, ...
- Amplitude of bispectrum of “squeezed” @ Alternative Models

triangles - Ekpyrotic scenario

- String gas
- Curvaton scenario, variable decay width g.g .
- Cosmic strings

model, ...
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INFLATION MODELS — fy. AND gnL

INTRO TO NON-
| MODEL [ (ki ko) | | MODEL [ Lk ] GAUSSIANITY
Canonical inflation ~ 0.1 Ekpyrotic models —50 < fyp < 200 STATISTICAL
Curvaton 5/4r Generalized slow-roll fne >1 TECHNIQUES
Modulated reheating —5/4 — | Warm inflation typically ~ 0.1
Multi-field inflation Targe? Multi-DBI inflation PEEL
STATISTICS
MINKOWSKI
OTHER PROBES (95 % CL) FUNCTIONALS

WMAP7 (95 % CL)

o —10< <74
@ —151 < fo' < 253

HIGHLIGHTS

@ —29 < @ < 70 (Slosar et al. 2009)
@ —4 < fi% < 80 (Smith et al. 2009)
@ —36 < f¢@ < 58 (Smidt et al. 2010)

| MODEL [ onCkika) |

Slow-roll inflation O(e, m)

(including multiple fields) SDSS +N-BODY
Curvaton scenario [onL | >~ 10°

Inhomogeneous reheating (5/3)f§|_ + ... —35x% 105 < One < +8.2 x 105

- " = Z . o
BElfinfiation =0.1c (Desjacques & Seljak 2010)

Ekpyrotic models lonL| < 10
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NG: EVIDENCE? DETECTION?

. . . . q q INTRO TO NON-
Profound implications if non-Gaussianity detected GAUSSIANITY
STATISTICAL
TECHNIQUES
NON-GAUSSIANITY — PIXEL
EVIDENCE? DETECTION? STATISTICS
L % B 1 1 MINKOWSKI
@ One-point statistics Al FUNCTIONALS

(Jeong & Smoot 2007) L [ o HIGHLIGHTS

@ Bispectrum estimator
(Yadav & Wandelt 2008) -

ANOMALIES OF ANY KIND
@ “The mystery of the WMAP cold spot” (Naselsky et al. 2008)
@ “The CMB cold spot: texture, cluster or void?” (Cruz et al. 2008)

@ “CMB cold spot: a gate to extra dimensions?” (Cembranos et al.
2008)

@ Asymmetries, alignments (i.e. Kim & Naselsky 2010)
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NG IN THE CMB: METHODS AND PHILOSOPHY

INTRO TO NON-
GAUSSIANITY
@ Real-space methods MODUS OPERANDI STATISTICAL
(selection) @ Choose a priori the statistics MECRPTES
PIXEL
@ Pixel statistics @ Select type of primordial NG STATISTICS
@ Peak statistics A MINKOWSKI
5 METIE e @ Test statistics performance under NS
assumed NG
hotspots HIGHLIGHTS
@ Fractal analysis
o Minkoweki CONCEPTUAL POINTS
functionals @ Choice of statistics — a priori!
_ o . : :
@ Harmonic-space Type of primordial NG is unknown
methods (selection) @ A posteriori statistics — misleading
@ Bispectrum @ Concept of “optimal” — related to the
@ Trispectrum type of NG
o Wavelets @ Geometrical and topological tests
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NG IN THE CMB: STRATEGY

INTRO TO NON-

STRATEGY GAUSSIANITY

A A . STATISTICAL
(1) Theory (2) Simulations (3) Data Analysis TECHNIQUES

PIXEL
STATISTICS

MAP-MAKING PROCEDURE
MINKOWSKI
Method: FUNCTIONALS
AT(A) = amYem(h) HIGHLIGHTS
m

Rewrite asm as real space integral

am = /dr P2 om(r)Ag(r)

Sem(r) = Pon(r) + e ®im (r) + g Pim- (1)




PIXEL STATISTICS

TECHNIQUE, ASSUMPTIONS NOTATION
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MAIN TECHNIQUE GAUSSIANITY
Statistics of hot and cold pixels above threshold (excursion sets) i;@ﬂﬂ'}%‘\é
PIXEL
ASSUMPTIONS STATISTICS
MINKOWSKI
D=T—(T)=6T =s+n FUNCTIONALS

Signal: homogeneous, may have spatial correlations IRI(EIRILIETS

Noise: independent of signal, inhomogeneous, spatial
correlations

BASIC NOTATION
p(D): observed one-point distribution of D
G(s): distribution of s
p(on): rms noise distribution

g(n|on): distribution of the noise when its rms value is on
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ONE- AND TWO-POINT FUNCTIONS

INTRO TO NON-
ONE-POINT FUNCTION GAUSSIANITY
STATISTICAL
TECHNIQUES
p(D) = /don p(on)/ds G(s) p(D — slow) e
MINKOWSKI
= /don p(on) p(Don) FUNCTIONALS

HIGHLIGHTS

TWO-POINT FUNCTION
p(DlaD2|0):/ dO'l/ dUZ p(01502|9) p(DlaD2|0170279)
0 0

@ Assume PDFs to be Gaussian or non-Gaussian

@ Measure p(on) and p(o1, 0,|0) from data
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NUMBER DENSITY AND CLUSTERING

INTRO TO NON-
— Merge the noise model into the two-point statistics formalism CAUSSIENING
— Obtain the two-point function above or below threshold STATISTICAL
. . . o F TECHNIQUES
— Provide analytic formulae in the weak non-Gaussian limit
PIXEL
STATISTICS
MINKOWSKI
MAIN GOALS — ND & CLUSTERING FUNCTIONALS
N HIGHLIGHTS
Number Density— npix() = Zx’tm - P, (1)
T
Clustering— 1+ &,(0) = P2/P%, )
Pr= [ p(D)D @®)

P2 :/ le/ dDz p(D17D27W) (4)
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EDGEWORTHEXPANSIONS

INTRO TO NON-
X GAUSSIANITY
@ Conceptually simple STATISTICAL
@ Use Edgeworth expansion around a Gaussian field JECLINORES
PIXEL
STATISTICS
paei = e 1L S e 6) R
27
HIGHLIGHTS
anX (V) = nplx(l’) + ng:‘xL (v) (6)
anL(V) o Npix,tot{ SO (1,2 . 1)6_”2/2} @
T An ley2r '
( W) itz ~ i expd _ AT HE— 2u1qu}
Pz, e, WG G2 = o T —we P 2(1—w?)

H30+H03) +)\(H21+H12

x [1+05( - - )]didi ®)
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MAIN MOTIVATION — WMAPS5 ANOMALIES
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@ Pixel covariance matrix is

diagonal . C
FIGURE: Joint distribution

9 o(p) = 70/ /Novs(P) p(o1,02|0) at four different
@ Noise is inhomogeneous angular distances
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MAIN MOTIVATION — WMAPS5 ANOMALIES

INTRO TO NON-
GAUSSIANITY

Rossi, Sheth, Park & Hernandez-Monteagudo (2009) STATISTICAL
TECHNIQUES

PIXEL
d STATISTICS

|l W1 coad DA, N = 512 ]| v=0.5 1 MINKOWSKI
' . FUNCTIONALS

side

HOT PIXELS HIGHLIGHTS
COLD PIXELS

£ (0)
¢ (6)

0.1

0.1 |
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T
L
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PIXEL STATISTICS

NON-GAUSSIAN SIMULATIONS: fy, MOCK MAPS

INTRO TO NON-
GAUSSIANITY
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TECHNIQUES

PIXEL
STATISTICS

MINKOWSKI
O & 100 « 100 FUNCTIONALS
efy =01 HIGHLIGHTS
e fy. =500
e =050

¢ FWHM=30"
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POWER SPECTRA AND TEMPERATURES
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PIXEL STATISTICS

PIXEL NUMBER DENSITY AND NG

_ . INTRO TO NON-
Rossi, Chingangbam & Park (2010) GAUSSIANITY
STATISTICAL
T TECHNIQUES
— ——
r ] No smoothing -
ol . A - ES PIXEL
Bl No smoothing ] r fa=100 1S STATISTICS
o - | r 1F ]
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g [ 18 1t 1a™ FUNCTIONALS
o L 4 QT
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Solid lines — Theory predictions using the Edgeworth expansion
(1) Regions where NG is maximized (2) Non-optimal v (3) fy. and ND
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NUMBER DENSITY AND NG — A NEW ESTIMATOR

INTRO TO NON-
REAL UNITS RMS UNITS GAUSSIANITY
STATISTICAL
TECHNIQUES
‘ T T T T T T T T T ‘ T T T T T T T T T
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Derived quantity which amplifies the fy. contribution




PIXEL STATISTICS

PIXEL CLUSTERING ANDNG

Rossi, Chingangbam & Park (2010)
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|v| = 2.00, fao. = 500 — cold pixel clustering enhanced around

0~ 75
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PIXEL STATISTICS

PIXEL CLUSTERING ANDNG

Rossi, Chingangbam & Park (2010)
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Gaussianity well-constrained? Sensitive test?
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THE CosMIC VARIANCE PROBLEM

Ross|, CHINGANGBAM & PARK (2010)

GAUSSIANITY

STATISTICAL
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' b b : ¢ ° ' f‘n.;um‘s@;m ¢ o ‘ § PIXEL
£y N R it 18 . STATISTICS
b} < =3 i e
i - Poieb -p- MINKOWSKI
Sy o $oEE Ty | g & FUNCTIONALS
: - ) 1 i 10
.y s T < o
“ 3t o= ‘ it £ L P %1:“0!‘;0? ‘ ‘ B HIGHLIGHTS
40 60 80100 200 40 60 80100 200 G‘ 40 60 80100 200 ? 40 60 80100 200
8/ arcmin 8/ aremin 8/ eremin 8/ aremin
Y T T . P T T 3 mana T
E rpes00 IR g g . oM snATINS -
A |||||||||||||\|\|u\|um S
<3 : I|||||||\|\|H\|\HH‘ 5 3 il g
g o 0 3
P o« £ h g
T |||||||||||||n||\|\|mm 3t Py g i ]
o oo I 5 3 III|||IIIHIIHHIHIWH1 7 e 2
- _— . e
B OED & oo = “—sgen = 1 Ja Do @
8/ arcmin 8/ aremin 8/ eremin 8/ aremin

Real case Idealized case




MINKOWSKI FUNCTIONALS

MINKOWSKI FUNCTIONALS: THEORY

GOTT ET AL (1990)

INTRO TO NON-
GAUSSIANITY
STATISTICAL
Threshold: v = %—T, o0 = /(ATAT). TECHNIQUES
’ PIXEL
1 STATISTICS
@ Area fraction above threshold ~ Vy(v)
MINKOWSKI
@ Contour length of iso-temperature contours ~ Vi (v) FUNCTIONAES

HIGHLIGHTS

@ Genus = number of hot spots - number of cold spots
~ Vo (v)

For Gaussian field:

(ox K 2
vk(y)cx(_l) exp 2 Ha(v), o1 = \/(V(AT)]2)

00




HIGHLIGHTS

SUMMARY
INTRO TO NON-
NON-GAUSSIANITY: NEW FRONTIER GAUSSIANITY
. . AR STATISTICAL
@ Reliable theoretical prediction of NG from models TECHNIQUES
» Extract information on non-Gaussianity from data PIXEL
. L ) ) STATISTICS
Characterization of non-Gaussian confusion effects V—
FUNCTIONALS
ACHIEVEMENTS. OBSERVATIONAL SIDE HIGHLIGHTS

@ New model for the effects of inhomogeneous noise
@ Anomalies detected and plausible explanations

ACHIEVEMENTS. THEORETICAL SIDE

@ Excursion set statistics extended to fy. models

@ Theoretical insights: optimal thresholds, Edgeworth
approximation

@ New statistical tests, in order to minimize cosmic variance
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WAITING FOR PLANCK ...

Constraining/detecting NG smoking-gun for
non-standard inflation models

@ Planck gains a factor of 2.5 in angular resolution and up to
10 in instantaneous sensitivity with respect to WMAP

@ Nearly photon noise limited in the CMB channels

@ Temperature PS limited by ability to remove foregrounds
@ 2 acoustic peaks above WMAP V band

@ Polarization, NG, SZ clusters

©® Most accurate microwave experiment to date in terms of
control, reduction and correction of systematic and
stochastic noise
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HIGHLIGHTS
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