Gaussian & non-G Random Fields in Early I CCIT A Pd'.’f @ @

Theoretical Astrophysics

Universe Cosmology: Then and Now JCAT iemse

dastrophysique theorique

What was the Universe made of & how was it distributed?

NOW: baryons/leptons + (cold-ish) dark matter + dark energy/inflaton + tiny curvature energy
(+photons+light neutrinos + gravity waves). ?7a bit of strings/textures/PBHs??
Are there primordial non-Gaussian components - subdominant inflation-induced, preheating -
induced or cosmic-string induced? nonlinear & non-G web of galaxies/clusters

HEN: coherent inflaton /“vacuum” energy +(zero-point fluctuations in all ,lelds (Gaussian RF))& then
preheat via mode coupling to incoherent cascade to thermal equilibrium soup

very early U early to middle to now U very late U

string theorv/landscape/hicher dimensions

inflation cyciicj baryogenesis dark matter BBN ydec dark energy
Veft (Winf) ! Vett (Yint) ?
Kett (Winf) ! Keft (Winf) !
trajectory -d/n,[)tot /dIna /2 tr ajectc_Jt_'y
probability )=¢ (k) =1+q, k~Ha probability
cosmic mysteries
nb/ny ,Udm/pb Zeq/Zrec Pcurv ,Ode/pdm pde~H2M2PIanck pmvlpstars




brief history of bond’s non-Gaussian exploration in inflation: THEN
early 80s: hot, warm & cold collisionless dark matter + inflation
=XCDM: 86 extra power dilemma = vary X: KHeq Kmn Kfeatures
87: X= s /H0/ A Openlis fis+ad/ h-c/ h+ b b | /\+b | Op+b /7

90s-00s: data settled on X= /\ +tilt = dark-energy +tilt

Linde & Kofman 87, cligﬁed PNGB (1-cos(y/f)) string issue single field Grinstein, Allen & Wise 87
SBB89: 0H, dm?j(moguls, waterfalls = plateau/mountain/valley )

(V=A@ latmgZp?i2+ A ia+my 2 2-vp?y?i2 + 3-led HYBRID; (nflaton + isocons)
trajectory bifurcation at msjs < (TACHYONIC = non-G)with & without 3-leg,
avoid late domain walls (=modify Viate time)

SB90/91: nonG technology: y(r,t) = ys(r,t) + yu(r,t) (+ y>n(r,t) ) full EE+¢/y eqs,
restricted to the nonlinear longitudinal gauge (NL-LG); fluctuation/background split
=(Langevin networK)yslinearized (fn of yu);  yb(r,t) super-"horizon” k < u Ha,

drift+stochastic kicks; reduced @amilton-Jacob)eqn; identify(nalxas the

nonlinear generalization of (pcom Or (
setup for(eternal alps)(semi-eternal inflation, nonG at UUULSS, but

nearly Gaussian over current horizon scales or baroque-ish V)

B91(full NL-LG nonG Langevin)network: Yui(I',1)€\@,115,x,11,,Ina,A | [=InAa;




brief history of bfhk09 non-Gaussian exploration in inflation: NOW

'80-90s: arena for BSI & non-G near EOI, new fields coupling in
expected k~Ha rule would apply. @re-heating surprisel)

{ Ina[Xi(X,t)] from “subgrid”’) <He™ lattice simulations of¢UHF Y UHF

like stochastic f-b split, with no dropping of gradient or nonlinear terms

Why Inafyi]? ingredient 1@haotlc zero modes)fill V arms, Lyapunov Iog Xi

spacing, overton ; ' off when m rises
S arply at(vigorous preheatln@onllnearltx onset)= EOS char?gg

P(x | xir)~exp[-(x-¥LF)? /20nr?] builds a usable(low-pass effective mean fielc

does it work? linear <y |yLF>~yLris sharp-k filter f-b split ss«sss, Bcek9o, BM96
fourier transform (Fni - < Fni [yLr™>) is small for k<k.rfor quadratic,
exponential & even(Gaussian spikes)(variance ~1% at kir 0.15 at kir/10)

' contrast W|th >h may be way out there in eternal inflation
<FnL |X b (X,1) T)>h> T€gIMES land, but noYm a prgheated e>1 patch

LOW )>h Py Xb T+ I ¥v* subdominant linear, (much) less constrained f cf. fnL

MEDIUM ¥ >h encompass smoothed spikes, to be rare (forAT cold spot)potential well
anomalies or not to be rare (and suffer constraints) 3

LARGE ) >h encompass part of a smoothed spike, upside, downside, topside




Approaching the Planck Era in =1 month

status; impact of Planck on Planck era physics, early

inflation , GW: Tensor(k L, subdominant isocurvature,
cosmic strings, textures, OnGaUSSian FN +late inflation w(z)

Launch planned for
April 29, 2009 maybe
(~10:30am Eastern)
from Kourou, French
Guiana 4°N

Herschel in Kourou Feb 11

Planck in Kourou Feb 18

Launch window: 1 hour per day; 2
days on, 2 weeks off to refill Herschel
dewar

ESA /NASA /CSA Toronto HFI QLA/KST, TA, ... Barth & Dick, Marc-Antoine Miville-Deschenes,
Carrie MacTavish, Brendan Crill, Olivier Dore, Mike Nolta, Peter Martin UBC LFI Douglas Scott etal.
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nonG
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Dipole: "‘ of the earhthe CMB

\;7

COBE/DMR:
CMB + Galactic @7°

is this a
statistically
Isotropic
Gaussian
random

field, when
account is
taken of the
Milky Way
emissions &
extra-galactic
sources”?
yes! maybe?
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even the high resolution
Cosmic Background Imager

is ~ Gaussian, & so is
its CMB polarization signal

Method: Decompose data (with

extragalactic radio sources removed) _
into uncorrelated S/N eigenmodes TR

for each b|n, Ple out modes TT S/N Mode Histogram, Combined Bins
expected to have signal; Check
distribution for non-Gaussianity

* We kept 5500 modes for TT :
3800 for EE polarization

 all are consistent with Gaussian

-2 -1 0

¢ f| rSt Ch eCk Of E E pO I a ”Zat'On EE S/N Mode Histogram, Combined Bins




nonlinear Gas & Dark Matter Structure in the Cosmic Web the
cluster/gp web “now”, the galaxy/dwarf system “then”
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the quest for primordial non-Gaussianity within the primary CMB requires exquisite
foreground removal, whether inflation-induced or cosmic-string-induced, ...
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Planck's Journey

Trip to L2: ~ 30 days

. Decontamination & Cooldown ~ 45 days

. Detectors at 100mK at L2 around June 18

. CPV (Checkout & Performance Verification) thru end-Jul




NET requirement vs. NET measurement vs NET goal: very close to goal,
better than requirement in all channels: 100 GHz P 143 GHz P 143 GHz
217 GHz P 217 GHz 353 GHz P 545 GHz 857 GHz

@ Expected performances

HFi = wo (1) Noise Equivalent Temperature

1,E+05 4

a NET_CMB_Meas
-—=NET_CMB_Requ
‘NET_CMB_ Goal

1,E+04

thy {gﬁ cf. Boom03: ‘deep’ scan,

125 hours, fsky=0.28%

115sq deg, ~ Planck2yr
Planck=100%sky

3 higher res CMB
frequencies

foreground subtraction
with 9 frequencies +
WMAP9

1,E+03

NET_CMB (pK s”0,5)

1,E+02

1,E+01




Schedule

Launch: April 2009
.Cruise & CPV ends July
2009

. Two sky surveys finished
July 2010

. Early Release Compact
Source Catalog ~Dec 2010
. Four sky surveys

finished: July 2011

. Public release of 1yr

data, papers: July 2012




brief history of bond’s non-Gaussian exploration in inflation: THEN

early 80s: hot, warm & cold collisionless dark matter + inflation
=XCDM: 86 extra power dilemma = vary X: KHeq Kmn Kfeatures
7: X= s/H0/ A IOpenlis lis+ad/ h-c/ h+/ b/ b | A+b Op+b /7 (BSI /IBSI2

90s-00s: data settled on X= /\ +tilt = dark-energy +tilt




COSMIC PARAMETERS THEN
in XxCDM

... BBE1987 vary x

for xCDM, predict CMB (6deg, 5min); LSS
cluster-cluster, cluster-galaxy, bulk flows,

08: redshift of “galaxy formation”

X=

14 Gyr, Q1=0.8, HO=75, b~C,

50uK cf 30uK cobe, 08~0.72

s /HO / /A | Openl is lis+ad/ h-c/ h+/ b/ b |

PREDICTIONS FOR MODELS

+b ) op+b 1T{BSI /BSI2

(CDM +X), (CDM +X),
Parameter OBS CDM €40  VAC/C  OP/C  ISO/C  ISO/AD  HOT HC C+B B+C  BCV BCO  CDM+dec (k' =300) (k' =200)

QQ Hy.ooo.. 1,0.1,50 1,01,40 1,003,50 02,003,50 1,0.1,50 1,0.1,50 1,01,5 1,0.1,50 1,02,40 1,055 1,01,75 020175  1,1,50 1,0.1,40 1,0.1,50
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Ea(30) oo 0.72 0.03 007 085 085 025 0.11 020 024 020 061 14 L4 0.49 064 051
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6,/arcmin

Delta T over Tea Toronto May 1987 first dedicated CMB
conference, exptalists+theorists, primary+secondary ATIT

Primary Cosmic Microwave Background R’adiation ~ a statistically isotropic
all-sky GRF on the 2-sphere CL =<|AT(LM)[?> with target Cy shapes

A tentative list of toplcs organized according to angular scale, with theory and observation intertwined,

1s:
e very small angle anisotropies - VLA results, secondary fluctuations via the Sunyaev-Zeldovich
effect, primeval dust emission, and radio sources

e small angle anisotropies - current results, optimal measuring strategies, statistical methods for

small signals in larger noise, which universes can we rule out, the reheating issue, future detectors and
techniques.

3 map statisties, polarization

e intermediate and large angle anisotropies - 5% — 109 results, future experiments at ~ 1°, COBE
and other large angle analyses, theoretical C'(#)'s and their angular power spectra, Sachs-Wolfe effect in
open Universes, the isocurvature CDM and baryon stories, AT 71 from gravitational waves, the cosmic

string story. B o) omos d eep

300 300 % a8
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brief history of bond’s non-Gaussian exploration in inflation: THEN

Linde & Kofman 87, cligﬁed PNGB (1-cos(y/f)) string issue single field Grinstein, Allen & Wise 87
SBB89: 0H, dm?jmoguls, waterfalls = plateau/mountain/valley )

(V=A@ atmgZp?2tA  1a+m, 2 %r-vp?y?i2 + 3-led HYBRID; (inflaton + isocons)
trajectory bifurcation at msjs < (TACHYONIC = non-G)with & without 3-leg,
avoid late domain walls (=modify Viate time)




Old view: Theory prior = delta function of THE correct one and only theory

1980 Old Inflation
- Chaotic inflation

New Inflation
| y@le Inf@ Power-law inflation (UGRA in@
87103 ¥Radical BS! inflation Y variable My, inflation> < Extended inflatioi>

& non-Gaussianity
& baroqueness of V

Hybrid inflation atural pNGB inflatiop
resonant preheating @ end-of-inflation

2000

2003 KKLT

New: Theory prior = probability distribution of late-flows on an energy LANDSCAPE

moduli fields < Roulette inflation Kahler modulifaxion> Q




1987

: ) - SBB89: multi-field, the hybrid inflation prototype,
@ BSI '@ with curvature & isocurvature & Pg(k) with any
shape possible & Pi(k) almost any shape

(mountains & valleys of power), gorges, moguls,
waterfalls, m? 4 < 0, i.e., tachyonic, non-Gaussian,

baroqueness, radically broken by variable braking
€(k); SB90,91 Hamilton-Jacobi formalism to do

non-G (& Bardeen pix of non-G) €(k) - H(¢)

cf. gentle break by smooth brake in the slow roll limit.

than flat spectra give. Wc consider a wide variety of models based on the chaotic inflation paradigm Blind
and sketch the cffects that varying the expansion rate, structure of the potential surface, and the n
curvature coupling constants have on the guantum fluctuation spectra. We calculate in detail the power

quantum generation of fluctuation spectra by numerically solving the linearized perturbation equa- spectrum
tions for multiple scalar fields, the metric, and the radiation into which the scalars dissipate, follow- .

ing the evolution from inside the horizon through reheating. We conclude that (1) useful extended anaIySIS cf.
nonflat power laws are very difficult to realize in inflation, (2) double inflation lecading to a mountain data, then
leveling off at a high-amplitude plateau at long wavelengths is generic, but to tune the cliff rising up & now

to the plateau to lie in an interesting wavelength range, a special choice of initial conditions and/or

scalar field potentials is required, and (3) small mountains (moguls) on the potential surface lead to measures
mountains of extra power in the fluctuations added on top of an underlying flat spectrum. For

quadratic and quartic couplings, the mountain fluctuations may obey Gaussian statistics but the matter
spectral form will be very sensitive to initial conditions as well as potential parameters; non- “th
Gaussian mountain fluctuations which depend upon potential parameters but not on initial field eory
conditions will be the more likely outcome. However, adding cubic couplings can give mountains prlor”
obeying Gaussian statistics independently of initial conditions. Since observations only probe a nar-

row patch of the potential surface, it is possible that it is littered with moguls, leading to arbitrarily informed
complex “mountain range” spectra that can only be determined phenomenologically. We also con- priors?

struct an inflation model which houses the chaotic inflation nicture within the grand unified theorv




1987

: ) - SBB89: multi-field, the hybrid inflation prototype,
@I BSI '@ with curvature & isocurvature & Pg(k) with any

than flat spectra give. We consider a wide variety of models based on the chaotic inflation paradigm
and sketch the cffects that varying the expansion rate, structure of the potential surface, and the
curvature coupling constants have on the guantum fluctuation spectra. We calculate in detail the
quantum generation of fluctuation spectra by numerically solving the linearized perturbation equa-
tions for multiple scalar fields, the metric, and the radiation into which the scalars dissipate, follow-
ing the evolution from inside the horizon through reheating. We conclude that (1) useful extended
nonflat power laws are very difficult to realize in inflation, (2) double inflation lecading to a mountain
leveling off at a high-amplitude plateau at long wavelengths is generic, but to tune the cliff rising up
to the plateau to lie in an interesting wavelength range, a special choice of initial conditions and/or
scalar field potentials is required, and (3) small mountains (moguls) on the potential surface lead to
mountains of extra power in the fluctuations added on top of an underlying flat spectrum. For
quadratic and quartic couplings, the mountain fluctuations may obey Gaussian statistics but the
spectral form will be very sensitive to initial conditions as well as potential parameters; non-
Gaussian mountain fluctuations which depend upon potential parameters but not on initial field
conditions will be the more likely outcome. However, adding cubic couplings can give mountains
obeying Gaussian statistics independently of initial conditions. Since observations only probe a nar-
row patch of the potential surface, it is possible that it is littered with moguls, leading to arbitrarily
complex “mountain range’ spectra that can only be determined phenomenologically. We also con-

struct an inflation model which houses the chaotic inflation nicture within the grand unified theorv

shape possible & Pi(k) almost any shape

(mountains & valleys of power), gorges, moguls,
waterfalls, m? 4 < 0, i.e., tachyonic, non-Gaussian,

baroqueness, radically broken by variable braking
€(k); SB90,91 Hamilton-Jacobi formalism to do

non-G (& Bardeen pix of non-G) €(k) - H(¢)

cf. gentle break by smooth brake in the slow roll limit.

Blind
power
spectrum
analysis cf.
data, then
& now

measures
matter

“theory
prior”

informed
priors?




he net result would be non-Gaussian fluctuations in ¢,. 'L' AL DL L B BN LU L
If the field ¢, does not enter into a prolonged m7{, >0
phase after the m?%, <0 phase, significant non-Gaussian
isocon fluctuations would survive. Thus the generic case
for moguls centered about a ¢,,(#,) ridge line which is
continuous with the incoming ¢,,.(¢,) trough line, as in
the v<0, ;=0 case of Sec. VIC, is a non-Gaussian
‘““mountain,” provided

(8 (x, ' 22 |p,— 14l - (6.13)

Mountain Fluctuation Spectra
from Chaotic Inflation

In this expression, the quantum fluctuations
((8¢,)*(x,1)) are assumed to have the short-distance rap-
idly oscillating k ' < (Ha) ' waves filtered out. Note

at starting from ¢, =0 with a symmetric mogul leads to
bifurcation of the field, which can lead to domain walls. -

ol Lo Lo Lo e Lo Lo v L )

To avoid a domain-wall density problem, we must sup- _4 3 o 0 1 > q

-1 ~
pose that either the mogul is localized in ¢, or another in- log[ k(Mpc™) ]

teraction is presenf at lower energies to destroy the walls

In either case, the large-scale non-Gaussian metric per-

turbations will survive intact.
addition of cubic interaction terms to the potential (6.3)
can also give m7, <0 over a short range. If they are sym-
metric about ¢,,,, the induced ¢, fluctuations would again
be non-Gaussian.

he nonlinear interaction of 8¢, with 8¢, generates
adiabatic perturbations whose primordial amplitude § is
quadratic in the Gaussian field 8¢, as evaluated at the
end of the m7, <0 period. The spectrum has a mountain
centered on the comoving wave number leaving the hor-
izon at the beginning of the m?, <0 period.




brief history of bond’s non-Gaussian exploration in inflation: THEN

SB90/91: nonG technology: y(r,t) = yx(r,t) + yu(r,t) (+ y>n(r,t) ) full EE+¢/y eqs, 1
restricted to the nonlinear longitudinal gauge (NL-LG); fluctuation/background split
=(Langevin network)yslinearized (fn of yb); ys(r,t) super-"horizon” k < u Ha,

drift+stochastic kicks; reduced(Hamilton-Jacob)eqn; identify(Ina|n- s the

nonlinear generalization of com Or
setup for@ternal alps)(semi-eternal inflation, nonG at UUULSS, but

nearly Gaussian over current horizon scales or baroque-ish V)

B91(full NL-LG nonG Langevin)network: Yui(I',1)€\@,115,x,11,,Ina,A | [=InAa;
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INFLATION

Inflaton Drifts &
stochastic kicks@k=Ha
= structure (x,t)

our Hubble patch: smooth
+ Gaussian fluctuations
observable scales are a
narrow window on
potential surface =

featureless (?) Pocom & Pew

non-Gaussian
“eternal alps”

averyVERYBIG U

mid 80s + ~ Chaotic inflation 1¢*, m4p<; 90s cos(¢p/f)
CeoseeT |
E T N & |-
Em \{
ALPC \’.
&b?\ \
o gl -
’O’; ] % N cvtr AREHEAT / REHEAT fe e & & cr e
§\’ Némgf\/mum”
§€3 A
}-’:Q \\ | Ksguwe ¥ kdamp,v
3 | e Ko
) ¢ s |
gk i ; "", RNL,
A ‘ 2
'0 ‘ \ ” CM& ls+ hNL)Jo\S
. ¢
3 /
ik
1 | Kot /
Vel { { 4,
. W : i
"Oosl 0l i lo®

WAUENUMBRs A



brief history of bond’s non-Gaussian exploration in inflation: THEN

NL-LG time is stochastic: Npdt = ft dInkn + f:qt AW (/NkKR)

resolution dimension ~ INKH ; Wiener increment AW(/NKH) obeys

<dW(/nkn1) dW(Inkn2)>= &(Inkn1 - Inknz) d/inkH
mean drift: d <Ypi> = <t Fpi> dInky

bgnd-fluctuations about mean: d®Yyni = O(ftFpi)d In kn + [Qi + fiFbiqt] d/nkn
e.g., Jy, 9y = U Hp/21

generally: n scalar fields at m spatial points = nm independent Wiener increments

N
JJ




brief history of bfhk09 non-Gaussian exploration in inflation: NOW

'80-90s: arena for BSI & non-G near EOI, new fields coupling in
expected k~Ha rule would apply.(pre-heating surprise)

(lna[Xi(X,t)] from “subgridacxHe'1 lattice simulations of ¢UHF Y UHF

" like stochastic f-b split, with no dropping of gradient or nonlinear terms




Standard & Parameters of Cosmic Structure Formation

nsT:At AS

., [dink T

1—1 2
| +wo0, wa HNC NIHUS

+ subdominant
isocurvature/ cosmic
string & fgnds, tSZ,kSZ, ...

+ primordial non-Gaussianity -9< fuL<111= -4< fni<80
P (x)= Pc(x)+ faL (PcA(X)-<Pc*>) WMAP5 (% 5-10 Planck1yr)
local smooth

cosmic/fundamental strings/
P(x)= Qa(x)+ FNL b+ >h '<FN|-> defects from end-of-inflation

resonant preheatin & preheating

DBTinflation: non- uadratlc Klnel'IC ener
new parameters: trajectory probabilities for early-inflatons & late-inflatons

artially) blind cf. informed “theory” priors



isocon power spectra are sensitive to g4/A

Ai(x,t) power

2k || H,

10" |
107 |
107 |

10 |




characteristic smoothing scales
YHF OHF ~ 7x10°7 ~50 e-folds
field smoothing over Y HF ~ P(y|yir)~exp[-(x-x1F)? /20ur’]
XLF sqri(O b2 +O >h2) SSS ~20 e-folds
LSS ¥b Ob~ 3x107 ~10 e-folds

super-horizon ¥>h O>h ~ sqrt(N>h)x10”’
~ N>h e-folds N>h ~100 to >104?
“observed” ¥ >h a random throw of the dice

dictates the nature of < FNL‘X b+ >h=>
P(X>h)"'eX|D[-X>h2 /2(5>h2]




brief history of bfhk09 non-Gaussian exploration in inflation: NOW

Why Inafyi]? ingredient 1@haotlc zero modes)fill V arms, Lyapunov Iog A

spacmgh overton ; i off when m rises
arply at(vigorous preheatlng nonlinearity onset)= EOS chanjgg




Bond, Andrei Frolov, Zhiqi Huang, }fofman 09: _
calculate how the expansion factor from the end of accelerated expansion

(end of inflation) through preheating (copious mode-mode-coupling aka

particle creation) to the onset of thermal equilibrium depends on Xi(X,t)

ON = 6lnah-| = curvature fluctuation

constant density

end-preheating
hypersurface
\ EOSw = 1/3

(" begin-preheating
hypersurface OEOS

\ W-va riation=0/na

linear chaotic billiards of
k=0 ,¥ modes = rare kicks

into Y-arms of V(Q,))

(Chypersortace’)  [f=-dinH/dIna=1




Bond, Andrei Frolov, Zhiqi Huang, }fofman 09: _
calculate how the expansion factor from the end of accelerated expansion

(end of inflation) through preheating (copious mode-mode-coupling aka

particle creation) to the onset of thermal equilibrium depends on Xi(X,t)

ON = 6lnah-| = curvature fluctuation

| ﬁﬂ | linear regime of
N zero-modes:

end-preheating ool ¢O(t+T) - ¢O(t)
) NI 1 Xo(t+T) =
g %pse\:: uzrff fg ] | Xo(t) exp[uoT]
=> spikes are
(" begin-preheating ]

hypersurface OEOS 1 log Xi spaced

\ W-va riation=0/na

k=0 (,¥ modes = rare kick
into Y-arms of V(Q,))

[ linear chaotic billiards of J N
S

1
5 10

(end-of-inflatio

hypersurfacen) €=D'd/nH/d/na= 1




In(agng/ares) * 10°

dN
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preheating in A¢*

density: @begin NL,
when V arms close




preheating in A¢*

density: @NL waves




preheating in A¢*

density: @NL waves




preheating in A¢p*

density:
@mode
cascade
approach to
equilibrium




density:

@mode

cascade
approach to
equilibrium




to develop the Ina(yi) response curve, we
perform > 104 Iattlce S|mulat|ons for each gzl)\

g?A=1.875

WMU ol




IN(@gng/aer) * 10°

dN

In(agng/arer) * 10°

dN
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brief history of bfhk09 non-Gaussian exploration in inflation: NOW

P(x | xiF)~exp[-(x-xLF)? /20nr?] builds a usable(low-pass effective mean field

does it work? linear <y |yLF>~yLris sharp-k filter f-b split ss«sss, Bcek9o, BM96
fourier transform (Fni - < Fni [yLr™>) is small for k<k.rfor quadratic,

exponential & evenCGaussian S

pikes)(variance ~1% at kir 0.15 at kie/10) |

<FnL [xb (X,t)+y>h> regimes contrast with O>h: ma

Y be way out there in eternal |nflat|on
land, but not in a preheated €>1 patch




FNLOYHF+ b+ >h) = FNL(Y b+ >h)

small for [ow k-Tilter

100 & T T
3 f(x) = exp(x)
F(x) = <f(g9)IS[gl=x>

} /2w°)/ {
02 nglx[é)l—xlv ey
Gaussmn ‘f|t to F(x ‘ )

F




if the k=0 mode is in a parametric resonance band then In a/ae is
modulated by yi(x,t) = ¥HF +Yb +)>h With k<Hea, treated as
~uniform over “subgrid” lattice sim determining yuHr & @uUHF

12.0

i i L T T
broadened transfer function

10.0 quadratic fit for small ¢ values

' raw Monte-Carlo samples

suonenjony |

8.0

6.0 -

0 g¥N=2

2.0

0.0 e

-2.0

broadened transfer function
quadratic fit for small ¢ values
raw Monte-Carlo samples

suoienjn]j|

g2/A=1.875




brief history of bfhk09 non-Gaussian exploration in inflation: NOW

' contrast W|th >h may be way out there in eternal |nflat|on
<FnL |Xb (X,1)+)>h> regimes land, but noYm a prgheated e>1 patch

LOW )>h Py Xb T+ I ¥v* subdominant linear, (much) less constrained f cf. fnL

MEDIUM ¥ >h encompass smoothed spikes, to be rare (forAT cold spot)potential well
anomalies or not to be rare (and suffer constraints) 52

LARGE ) >h encompass part of a smoothed spike, upside, downside, topside




if the k=0 mode is in a parametric resonance band then In a/ae is
modulated by yi(x,t) = ¥HF +Yb +)>h With k<Hea, treated as
~uniform over “subgrid” lattice sim determining yuHr & @uUHF

12.0 . —— T} — T 11Y=7
broadened transfer function UH FN7X 1 U

10.0 quadratic fit for small ¢ values
' raw Monte-Carlo samples

suonenjony |

8.0

6.0 -

4.0 O“bN3X10-7 G>hNN>h 1/2X10_7

2.0 |

1 10
(xjpi/Mp) * 10’

broadened transfer function
quadratic fit for small ¢ values
raw Monte-Carlo samples

g2\=1.875 -

suoienjn]j|

X>h +0b



<FNL | Xp+)¥oh> ~ £ Vp Ob symmetrized Gaussian smoothed-spikes

scale invariant FnL (scale invariant)

~AT[FnL (scale invariant)] *1deg  ~AT[FnL (scale invariant)] *1deg



smoothing: 0 deg cf. 4 deg fwhm 7,=3.5




smoothing: 0 deg cf. 4 deg fwhm 7,=4.5




Old view: Theory prior = delta function of THE correct one and only theory

6/7 tiny extra

1980 Old Inflation dimensions
Chaotic inflation \
New Inflation

< Youble Inlatio Power-law inflation @RA in@
87lt , Radical BSI inflation @e M inflation > Extended inflation >

1990 & non-Gaussianity
& baroqueness of V Hybrid inflation X Natural pNGB inflation

e

New: Theory prior = probability distribution of late-flows on an energy LANDSCAPE




Old view: Theory prior = delta function of THE correct one and only theory

6/7 tiny extra

1980 w COld Inflation) dimensions
Chaotic inflation \

New Inflatlon

< Double Inflatlo Power-law inflation {UGRAW@
Radical BSI inflation Cvariable My inflation > Extended inflation >

& non-Gaussianity

1
990 & baroqueness of V Hybrid inflation X Natural pNGB inflation

New: Theory prior = probability distribution of late-flows on an energy LANDSCAPE

USY F-term SUSY D-ter @ sted infl | D
inflation inflation : _
Brane inflation
2000 SUSY P-ter Super-natural
Inflation

2003 KKLT N flatlon ekpyro.tic

D3,D7 brane w@ DBI |nflat|on cyclic
moving brane Warped Brane
Tach flati
separations Racetrack |nflat|on ac yon inflation flation \H




6/7 tiny extra
dimensions

New: Theory prior = probability distribution of late-flows on an energy LANDSCAPE

USY F-term SUSY D-ter @ sted infl | D
inflation inflation : _
Brane inflation
2000 SUSY P-term Super-natural
Inflation
2003 KKLT N flatlon ekpyrotic.

D3,D7 brane @ DBI mflatlon cyclic

moving brane Warped Brane
Tachyon inflation ' ' _

separations e flation
moduli fields @e inflation Kahler m@ \




Roulette:

which minimum
for the rolling ball
depends upon the
throw; but which focus on “4-cycle Kahler moduli in large volume

o e . . s» Balasubramanian,
roulette wheel we it of IR M2 SnonpaStiies 005 surutiz 2005
play is chance too.

Real & imaginary parts are both important BKPV06

Ihe ‘house, {Number of Efolds:, 29, 211, 4, 12, 2, 285, 105, 8, 11, 18, 30, 53, 106, 0, 0, 0

does not just
play dice with
the world.

(il \\\\\\\\\\\\\\ =

SN

0.006 (4
/)

1016 V %
0.004|%

V-M4 P r (1-¢/3)3/2 iy
~ (1016 Gev)* r/0.1 (1-¢/3) °
~(few x1013 Gev)*4
ng~-dln ¢ /dlnk /(1-¢)

i.e., a finely-tuned potential shape Roulette inflation Kahler moduli/axiof




Trajectories in a Kahler

modulus potential V e AF
R ¥

T2 VS 02
Tor=t+i0>

Fixed tj Oj
ie., | £2
stabilized
preheating

02 settled in so

approach pre-h

inty trough

later nonlinear
0> Is excited. no
0lna but other
modes should
be important

in endgame

(stringy burst, SM
coupling , ...)

_ B(@Ax)c/Te 2T AWparAcTe %7 cos (a.6)

3 X /\ﬁ Vlr]"‘n

& modified kinetic energy

+ AV




brief history of bfhk09 non-Gaussian exploration in inflation: NOW

'80-90s: arena for BSI & non-G near EOI, new fields coupling in
expected k~Ha rule would apply. @re-heating surprisel)

{ Ina[Xi(X,t)] from “subgrid”’) <He™ lattice simulations of¢UHF Y UHF

like stochastic f-b split, with no dropping of gradient or nonlinear terms

Why Inafyi]? ingredient 1@haotlc zero modes)fill V arms, Lyapunov Iog Xi

spacing, overton ; ' off when m rises
S arply at(vigorous preheatln@onllnearltx onset)= EOS char?gg

P(x | xir)~exp[-(x-¥LF)? /20nr?] builds a usable(low-pass effective mean fielc

does it work? linear <y |yLF>~yLris sharp-k filter f-b split ss«sss, Bcek9o, BM96
fourier transform (Fni - < Fni [yLr™>) is small for k<k.rfor quadratic,
exponential & even(Gaussian spikes)(variance ~1% at kir 0.15 at kir/10)

' contrast W|th >h may be way out there in eternal inflation
<FnL |X b (X,1) T)>h> T€gIMES land, but noYm a prgheated e>1 patch

LOW )>h Py Xb T+ I ¥v* subdominant linear, (much) less constrained f cf. fnL

MEDIUM ¥ >h encompass smoothed spikes, to be rare (forAT cold spot)potential well
anomalies or not to be rare (and suffer constraints) 62

LARGE ) >h encompass part of a smoothed spike, upside, downside, topside




Observables and conclusions

— 2 2
P(X)= Pp(X)* fNL (Pg “(X)-<Py">)
local quadratic non-G constraint: -9< fnL<111 = -4< fne<80 WMS (* 5-10 Planck1yr)

= P(x)= Qp(x)* FNL((by>h)-<Fni>

resonant preheating form
modulated curvature fluctuations from preheating are superimposed on the usual
curvature fluctuations from the inflaton. need o¢

the peak values have dln a ~10~ = comparable to standard Gaussian

temperaure fluctuations, but spiky Fn. = non-Gaussian?

As long as g%/A< O(1) - SUSY-inspired is 2 - the ¥ field has very long
wavelength perturbations (similar to, but uncorrelated with, the inflaton field)

Large & Small Scale Structure statistics of spiky Fn. map: under investigation
Rich possibilities in theory space & on the sky

e.g, <OFNL|YLF> ~ linear+
e.g, FnL(y) ~ Zp Fp exp(-(xxxp)42yp?%) = quadratic regime; cold spot
regime: non-G ubiquitous




