(anadian Instinute for
CITA Theosetical Astrophysics
ICAT v #Z CIAR

Early & Late Universe Inflation

Dick Bond canadian Institute for Theoretical Astrophysics, University of Toronto

CMBology & XxCDM, x=/\+tilt: the cosmic standard model ns I=T/S Pde
Cosmic history: what is U made of? = Pdm/Pb =5.1= pm/Pde =.38
and Q.,=0.268 +£.012, Q,=0.736 +.012 =>(0.276 +.016, 0.724 +.016)

How Structure in the Universe Arose?: from nearly Gaussian early Inflation
vacuum fluctuations in curvature, isocurvature & Gravity Wave fields
Imorphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies

What is the fate of the U: dark energy properties driving late inflation

Cosmotician statistics of theory as well as data is now fundamental physics.

P(cosmic parametersiD,T), P(DIT) D=CMB,LSS,SN,..,T=baryon, dark matter,
vacuum mass-energy densities,...,early and late inflation,structure of manfolds
(extra compactifying 7 + 3+1), holes, branes, fibres, strings, vacua landscape,
physical coupling ‘constants’, development of complexity/life & anthropics

observables & constraints: acceleration paths for B-modes & dark energy;
the amplitude & structure of primordial non-Gaussianity

ns(k), GW r(k), nonG fn++, pae(t), my, strings, isocurvature, ...
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fluctuations in the early universe “vacuum” grow to all structure

evolve
from early
U vacuum
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fluctuations in the early universe “vacuum” grow to all structure

density

Gadget-3 %

SF+ SN gEaies
E+ 8

winds ST

+CRS ,‘
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all this can

evolve
from early
U vacuum
potential
and
vacuum
noise

in the
presence
of late U
vacuum
potential
aka dark
energy




pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

N cntangled
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fluctuations in the early universe “vacuum?” grow to all structure

Planck one-year all-sky suruey @esa (c) ESA, HFI and LFI consortia,
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primary anisotropies

elinear perturbations:
scalar/density, tensor/
gravity wave

* tightly-coupled
photon-baryon fluid:

oscillations 6y Vy Ty

* viscously damped

* polarization vy

e gravitational redshift
O SW ddD/g

anisotropies

enonlinear

secondar
evolution > |

sweak lensing

ethermal SZ
+kinetic SZ

Lsound/
Ksound

«d P/ /dt

*dusty/radio

galaxies, dGs b

reionization

z~10

A Ehihredshift 2z

13.7-10%Gyrs
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What is the Universe made of?

NOW: baryons + (cold-ish) dark matter + dark energy/inflaton + tiny curvature energy (+light
neutrinos+photons). ??a bit of strings/textures/PBHs?? web of galaxies/clusters

THEN: coherent inflaton /“vacuum” energy plus(zero-point fluctuations in all fields (=Gaussian RF))&
then preheat via mode coupling to incoherent cascade to thermal equilibrium aka quark-gluon plasma

& how was it, is it & will it be distributed?

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

string theory/landscape/higher dimensions
inflation cyclic baryogenesis dark matter BBN vdec dark energy

Vett (Winf) ! sl | o _ Vet (Winf) ?
Keft (Winf) ? Ll /| | e Kett (Winf) ?
/) s

g§ f \\j‘?
l i Q.\;““L‘(\M_‘J_-i s

cosmic mysteries o
nb/ny ,Odm/pb Zeq/Zrec Pcurv ,Ode/pdm pde~H2M2PIanck LPmy /pstars

Wednesday, February 9, 2011




Standard Parameters of Cosmic Structure Formation

nsr:At A,

°dn /dink|T
| +W0, Wa 0 ~ Cs—l @ ~ lnag

+ subdominant

isocurvature, cosmic string,
& fgnds, tSZ,kSZ, ...
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Standard Parameters of Cosmic Structure Formation

Quh Qanh QAR i Te | © sl = A/ A

°ldn g /dIink T
| +W0, Wa 0 ~ 83_1 @ ~ lnag

new parameters: trajectory probabilities for early-inflatons|& late-inflatons

artia blind cf. informed ‘“theory’ priors

8¢x2/3= 1+Wge(a)
= - dlnp(l)/dlna3

+ subdominant

isocurvature, cosmic string,
& fgnds, tSZ,kSZ, ...
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current acceiera |on rajecilories
(1+Wtot)- dInptotldIna =2/3& =-2/3dInH / dina

- (1+Wot)3/2 now
1.5 - ]
£ I
1 e-folyl
1 —
best-fit _
- 10 trajectories T
05 ~ ACDM best-fit —
| | | | I | |

0 0.5 1
informed = 3-parameter Wde (Z|V(WD),|C)
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current acceiera |on rajecilories

(1+Wiot) = - dlnptot / dina® =2/3 € =

- (14Wiof)3/2 now | E
1.5 —
&
1
best-fit
- 10 trajectories
05 ~ ACDM best-fit —
i | a
0 0.5 1

informed = 3-parameter Wde (Z|V(WD),|C)

-2/3dInH /dlna°{ ...

[ V=V, [1+c0s(¢/0.6) ] a ]

| Q=027
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current DE equation of state trajectories NOW
(1+Wde) = - dInpde / dlna3 =2/3 &p & €=Qq)€q) +Qm€m & Em=3/2

current: CMB + WL + LSS 4+ SN + Lya

quintessence

current: CMB + WL + LSS + SN + Lya

quintessence

phantom

Wde(a)

D
0 01 02 03 04 05 06 07 08 09
a

phantom

Wde(a)

01 02 03 04 05 06 07 08 09 1

a

3-parameter Wqe (z|V(W),IC) paves even wild late-inflaton trajectories

semi-blind Wde (Z) in many z-bands determines only ~2 eigenvalues
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future DE equation of state trajecto
(1+Wde) = - dInpde / dIna® = 2/3 €y & E=C Y&y +

£m=3/2

1 ~0.5

ies NOW
mEm &

forecast: CMB + WL + BAO + SN 06 forecast: CMB + WL + BAO + SN

-0.7

quintessence quintessence

phantom phantom

Wde - Wde(a)

1.5 —1.5
0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1

future =[Planck2.5+ CHIVE}BOSS-BAO+”JDEM-SN+Euclid-WL”

3-parameter Wae (z|V(W),IC) paves even wild late-inflaton trajectories

semi-blind Wde (Z) in many z-bands determines only ~2 eigenvalues
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is the dark ener “vacuum potential energy” ?

3-parameter paves even wi lats:- cf. semi-blind mode expansion
inflaton Wde (z|V(w),IC) trajectories

I I I I I I |
1+Wde ]
1o trajectories -

all current data, 2010 1

SN+CMB+Lens‘

1

' I
best-fit

0.5

0.5 =.00 + .18 -.17 current
to =.005 +.031 -.025 future

el now
0 0.5 1

a

TEST: within errors, energy-density does not chan%e with
expansion =Einstein’s cosmological constant is best fit so far
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Standard Parameters of Cosmic Structure Formation

Tglr = At/As
n ‘14'9 dng/dink T

. A
| +w0, wa 0 ~ CS : N IHUS

primordial non-Gaussianity
D(x)= De(x)+ Far (P2(x)-<Dc2>)
local snidoth

+ subdominant

isocurvature, cosmic string,
& fgnds, tSZ,kSZ, ...
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Old view: Theory prior = delta function of THE correct one and only theory
New: Theory prior = probability distribution of late-flows on an energy LANDSCAPE

* 6/7 tiny extra =~ &
1980 Old Inflation ~
Chaotic inflation

dimensions
5 _New Inflation w K|

G Double Inflation Power-law inflation UGRA in@
87/03%Radical BS| inflation) cinning (nee variable Mp) inflalom> Extended inflatio

1990
MpNGB@ Rybrid inflation” S x

KLS94 preheating o
SUSY F-term @
inflation SUSY D-ter
inflation Brane inflation

2000 SUSY P-ter Super-natural
| Inflation
2003 KKLT N-flation ekpyrotic/
D3,D7 brane inflation > DBI inflation cyclic
moving brane : : arped Brane
separations CRacetrack inflation>_Tachyon inflation inflation
i - inflat ax
moduli fields $me inflation Kahler moduli/axio fibre inflatior
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standard inflation space: n, dn/dlnk r =T/S @k-pivots

WHAT IS PREDICTED?

Smoothly broken scale invariance

oy nearly uniform braking (standard
of 80s/90s/00s) r~0.03-0.5

large field inflation (field moves > Planck mass)

or highly variable braking r tiny

(stringy cosmology) r<10-1° D
small field inflation (field moves <Planck mass = r<.007) \;

Bond, Kofman, Prokushkin,Vaudrevange 07, Roulette Inflation with Kahler Moduli and their Axions
Barnaby, Bond, Zhigi Huang, Kofman 09, Preheating after Modular Inflation

monodromy (V=cosine+linear) & fibre inflation give larger r~.03
current r constraints (95%CL) - prior sensitive

r <0.16 (no running, all data sets) . ; .
r <0.32 (no running, CMB-only data sets) inflation cons lstency

r < 0.27 (with running, all data sets) -Nn L ~T, / 8 zz & ( k
[ Tw.<1 typical of, 4~ 1 <s0 s pramci]| 1 -N1s =2&+dIng/dInHa
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large-field

small-field

0

forecast for r=0
S . J dF:11
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large-field

small-field

0

forecast for r=0
S . J dF:11
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0.3

T
Plonck, fsky=0.75
Spider, fsky=0.15

Spider +Plonck
0.2
o1 #
el
0.0
-0.5 0.0 prs,
n, |

Farhang, Bond, Dore, Netterfield 2011

Spider-24days+Planck-2.5yr
r-n¢ forecast

for r=0.12 input for m2g?
(including fgnds)

rto+0.02
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VIEW: eory prior = delta runction o correct one and only theory

New view: Theory prior = probablllty
distribution on an ener? y landscape
whose features are at best only gllmpsed

uge number of potential minima, inflation
he late stage flow in the low energy
structure toward these minima. Crifical
role of collective coordinates in the Iow
energy landscape:

moving brane/antibrane separations (D3,D7)
moduli fields, sizes and shapes of geometrical
structures such as holes in a dynamical extra-
imensional (6D) manifold approaching stabilization

theory prior ~ probability of trajectories given
potential parameters of the collective coordinates

X probability of the potential parameters X
probability of initial conditions
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Standard Parameters of Cosmic Structure Formation

Quh Qanh QAR i Te | © sl = A/ A

°ldn g /dIink T
| +W0, Wa 0 ~ 83_1 @ ~ lnag

new parameters: trajectory probabilities for early-inflatons|& late-inflatons

artially) blind cf. informed ‘“theory” priors

8¢x2/3= 1+Wge(a)
= - dlnp(l)/dlna3

+ subdominant

isocurvature, cosmic string,
& fgnds, tSZ,kSZ, ...
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current scalar power spectrum trajectories
SCdn InPs(Ink) At_ Pt(kPlVOtt) nt (kPlVOtt) (r_At/AS)

scanning In P, 7 knots, cubic spline E_‘ﬁ i ' scanning In P, 7 knots, cubic spline

InPs(ink) N InPs(ink)

current: CMB + WL + LSS + SN + Lya ’ ) g t: CMB + WL + LSS + SN + Lya

-8 -7 -6 -5 -4 -3 -2 -1 O —8 -7 -6 -5 -4 -3 -2 -1 0
In[k/Mpc ] In[k/Mpc ]

Bond, Contaldi, Huang, Kofman, Vaudrevange 2011
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current scalar power spectrum trajectories
Scan ns(lnl() InAs—InPs(kp,Vot, H(k:vott)

cons:stenc => reconlstruct & V(y)

. 10 knots, cubic spline . 10 knots, cubic spline

InPs(ink) . InPs(ink)
k~Ha R S

i i ]
current: CMB + WL + LSS + SN + Lya : cu lli' ¢+ CMB + WL + LSS + SN + Lya
-8 -7 -6 -5 -4 -3 -2 -1 0 -8 —7 —6 -5 -4 -3 -2 -1 0

In[k/Mpc™!] In[k/Mpc ™!

€y=E€ =-dInH / dIna ; V(y)=3M:2H(1-E/3) ; dy/ dIna = £\E

GW/S=r =16¢ r=0.1V /(10"6Gev)*
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compress data onto non-top-hat k-modes oo ..

T T T TTTTI
. . . . totCls, best—fit
partially-blind scalar In-power trajecteries & usual [ tgtmc:f 1b38t fl.t
- - enscCls, best—I1
r-nt tensor - no consistency relation. Nov09 data [ tensCls, 1 o
DATA: WMAP-5yr TT
100 i T T | T T T | T T T | T T T | T T T | T T | I 7 knots, cubic sp]ine
L 7 knots lo 2 i %4000 _
: cubic spline — best—fit #, : €
I lo 2, | <
I A¢* model P, —  best—fit P, | Z
""" A¢* model $, —  m?p? model P 2000 |
T m?@? model 2, i
- : |
o 1
o 0.1 i T T ||||||| T T ||||||| T T ||||;|;.;
S 10} - :
L \ . 0.08 |- totCls, best—fit .
R AT ~ . F totCls, 1 ¢
R Tt "g- - — : tensCls, best—fit
i = ] Soo0s b T tensCls, 1 o i
% & 7 knots, cubic spline
= 2 7 ~
I 2
| - el s { Foo04
L L I L L L I 1 1 L I L ] L i L 1 14 I 1 1 0 02 __ "..:::
-8 -6 -4 -2 0 L
In [k/ Mpc-t]
. 0 Y 04650 g
Bond, Contaldi, Huang, Kofman, Vaudrevange 2011 1o 100 1000
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compress data onto non-top-hat k-modes

partially-blind acceleration trajecteries obeying

tensor/scalar/s consistency relation. Nov09 data
100 —————F—————7

s 7 knots lo Py 7
- cubic spline — Dbest—fit P

| lo 2,
— Dbest-fit P,
m2¢? model Pg

m?3¢$? model 2, i

1o (2, 2]

10 -

In [k/ Mpc-1]

Bond, Contaldi, Huang, Kofman, Vaudrevange 2011

an(uk?)

1+ 1)C,/

20 (1K?)

C,

0.08 }

0.06 |

D.04 ¢

0.02 }

1k See-ds

ollls, 1 o

SernCls, been-f2 l
tennClx, | o t

DATA: WMAP S TT |
|
scanning 4 Ine/d Ink , |
y |
7 pvon
i
|
|
1
|
|
|

totCls, best-fit
totCls, 1 @
tensCls, best it
tensCls, | ¢
scanning d Ine/d Ink

7 pivols

BB
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acceleration trajectories: current data

0.1 (1#*Wtot) = - dinptot / dina® = 2/3 € =-2/3 dinH | dina

 bestfit 15 —— (1+Wiot)3/2 now
best fit 15 _ N )

€ | — lo trajs

:(1+Wtot)3lz then = '[

best-fit

e 0.05

10 trajectories SN -
ACDM best-fit NS

0

-5
GW/S=r(k) =16¢ ™ [kMpc"']  k-Ha
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acceleration & potential trajectories then
g%za = - dinH / dIna ; V(y)=3Ms2H%(1-E/3) ; dy/ dina = £VE

e 0.05

GW/S

best fit V reconstruction -
— lotrajs | from ¢

(1+*Wde)3/2 then = |

In (V/V

I — best fit

- —lotrajs

-5 k~Ha

0
=r~16e I [kMpe'1 T=0.1V /(10"8Gev)*
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other approaches to potential reconstruction

running around pivots

0.5 [

o)

wwwwwwwwwwwwwwwww

reconstruction os-

3 .
< =
= — best fit " —bestfit =
— lotrajs I — 1o trajs
-0.5 7 05
\\\\\\\\\\\\\\\ ) \ L L L L | L L L L | L L L L 1 L L L L
-2 -1 0 2 -2 -1 0 1

(q) - q)pivot )/Mp

(¢ - Ppivor)/ M,

directV small -

 field constraint

—_
I —bestfit
I —lotrajs
“““““““““““
-1 0 1

(¢ B q)pivot )/Mp
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future scalar power spectrum trajectories

SCan ns(lnl() InAs—InPs(kp,Vot
consistency == reconstruct £

ns, 10 knots, cubic spline

InPs (lnk)
k~Ha

™~

forecast: CMB + WL 4+ BAO + SN

-8 -7 -6 -5 -4 -3 -2 -1 0
In[k/Mpc ™!

10%10[1010P(k)]

M

lvot,t) >

V(y)

In Ps(ln I()

€y=E =-dInH | dIna ; V(p)=3M:2H(1-E/3) ; dy/ dIna = £\E

GW/S=r =16¢

r=0.1V /(10"6Gev)*
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current scalar power spectrum trajectories
Scan ns(lnl() InAs—InPs(kp,Vot, H(k:vott)

cons:stenc => reconlstruct & V(y)

. 10 knots, cubic spline . 10 knots, cubic spline

InPs(ink) . InPs(ink)
k~Ha R S

i i ]
current: CMB + WL + LSS + SN + Lya : cu lli' ¢+ CMB + WL + LSS + SN + Lya
-8 -7 -6 -5 -4 -3 -2 -1 0 -8 —7 —6 -5 -4 -3 -2 -1 0

In[k/Mpc™!] In[k/Mpc ™!

€y=E€ =-dInH / dIna ; V(y)=3M:2H(1-E/3) ; dy/ dIna = £\E

GW/S=r =16¢ r=0.1V /(10"6Gev)*
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Farhang, Bond, Dore, Netterfield 2011
0.3

Plonck,' fsky=0.75
Spider, fsky=0.15
Spider +Plonck

0.2

0.1}
e
1
0.0
-0.5 0.0 0.5
N

100 T

5ol Planck2.5 7 knot with |
@ | |nfla§|on corﬁlstency
|npt§ %for m2p?
r to + 0. 02
- In {1/ Mpe-1] T

compress data onto non-top-hat k-modes

Spider-24days + Planck-2.5 a/ . 7T knot InPs
+r1-ogt forecast for r= (+ fgnds)
E SPIDER + PLANCK + EUCLID + CHIME
: [/ﬂ(ncf cubic spline
10 = Té Té- —
—_ E E la Pq
& i best—fit P
& 1L Bond, Contaldi, Huang, bost'fit .
o Kofman, Vaudrevange 2011 :

0.1

r<0.02 95% CL

0.01 1 1 l 1 1 1
-4
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fluctuations in the early universe “vacuum” grow to all structure

patterns
In the
quantum
Jitter
evolve
under
gravity

(& gas
dynamics)

patch R & S
(~1cm) EESE S
> ViAo
A TO0G
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fluctuations in the early universe “vacuum” grow to all structure

patterns
In the
quantum
Jitter
evolve
under
gravity

current : - (& gas
Hubble Bs e, R R ' dynamics)
patch e T Py

10 Gpc

speed
limit
horizon
1000 Gpc




the quantum stochastic non-G landscape cf. the stringy landscape

Universe or

| i SB91: non-G
. Al on uniform Ha-
“RS ="\ hypersurfaces fron
a simple
exponential
potential Via
quantum kicks
> drift at high
{ e Hi"'mp
BERSE L S .\ UuuUULSS cf.
. observable nearly
- Gaussian at
low H~10"°m
asymptotic
flat eternal
inflation V ha
similar
behaviour

Starobinsky,

- Vilenkin,

JNIVERSE  Linde, ...,
stringy

Susskind

etal

IVERSE
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(|) inflaton

pre-
heating
patch
(~1cm)

Wednesday, February 9, 2011

f\
-

iIsocon

V(b,x)=1/4 N ¢*+ 1/2 g2 92 x> Parametric
' Resonance
g2 /h~1




end of inflation @¢-1
through preheating

(linear resonance, nonlinear backreaction O\/,0%)

to thermal equilibrium
ln(nk'1+1)=>k/T, pk~Ek(Nk+1/2)

from coherent “background” field with nearly-Gaussian linear fluctuations
to incoherent heat bath through a turbulence-like cascade: development of

complexity: information (multi-scale entropy) bond, braden & frolov 2011
=> no effect on k-observed? BUT
@ relics (e.g., strings, isocons), HF
k>H en d-1 gravity waves (kHz-GHz cf. 10"°Hz),
isocon modulation & non-Gaussianit
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Andrei Frolov, Defrost code  V(d,%)=1/4 A ¢4+ 1/2 g2 p2 %2
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information content as a function of scale in the lattice =multi-scale entropy
S(res-scale)= - [dv ps/E [In (ps/E)-C], with |dv ps/E

=1 P s energy density smoothed on a hierarchy of resolutions
(“Wilsonian renormalization group” block-smoothing

Differences in Scale Dependent Entropies

1 0.08

o dS/dln(res)

10.02
7 0.00

200

Time (mt)

“time (m" units)

-6
S) da -

logy

In(re

Lyox
0 bond, jonathan braden & frolov 2011
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View: eory prior = delta runction o correct one and only theory
: The ‘house’ plays roulette as well as dice with the world.

New view: Theory prior = probability
distribution on an ener?y landscape
whose features are at best only glimpsed,

uge number of potential minima, inflation
he late stage flow in the low energy
structure toward these minima. Critical
role of collective coordinates in the low
energy landscape:

moving brane/antibrane separations (D3,D7)
moduli fields, sizes and shapes of geometrical
structures such as holes in a dynamical extra-
imensional (6D) manifold approaching stabilization

Balasubramanian, Berlund, Conlon, Quevedo, - - -
Bond, Kofman, Prokushkin,Vaudrevange 2007, Roulette Inflation with Kahler Moduli and their Axions

Barnaby, Bond, Huang, Kofman, hep-th/0909.0503, Preheating after Modular Inflation

theory prior ~ probability of trajectories given
potential parameters of the collective coordinates

Roulette inflation
ahler moduli/axiqyp

X probability of the potential parameters X
probability of initial conditions
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View: eory prior = delta runction o correct one and only theory
: The ‘house’ plays roulette as well as dice with the world.

AR

New view: Theory prior = probablllty
distribution on an ener? y landscape
whose features are at best only gllmpsed

uge number of potential minima, inflation
he late stage flow in the low energy
structure toward these minima. Crifical
role of collective coordinates in the Iow
energy landscape:

moving brane/antibrane separations (D3,D7) 1 \ st ot Btetn
moduli fields, sizes and shapes of geometrical | .,
structures such as holes in a dynamical extra- \ & o
imensional (6D) manifold approaching stabilization \< R "\ 3 /’

Balasubramanian, Berlund, Conlon, Quevedo, - ~— ; |
Bond, Kofman, Prokushkin,Vaudrevange 2007, Roulette Inflation with Kahler Moduli and theerXIons 2 2 \

Barnaby, Bond, Huang, Kofman, hep-th/0909.0503, Preheating after Modular Inflation :.:«"c :

theory prior ~ probability of trajectories given S\ | =
potential parameters of the collective coordinates| . /)
X probability of the potential parameters X N o ¢
probability of initial conditions .
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Barnaby, Bond, Huang, Kofman 2009

Preheating After Roulette Inflation HLattice code: arbitrary number of fields,

pre-heating patch (<1cm) hybrid symplectic, to ~ trillionth accuracy!
Huang 2011 added full metric back action

Preheating After

Roulette Inflation

A visualized 2D slice

in lattice simulation

www.voutube.com/watch?v=FW  su-W-ck&NR=1 ‘ ‘ © ' a
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http://www.youtube.com/watch?v=FW__su-W-ck&NR=1
http://www.youtube.com/watch?v=FW__su-W-ck&NR=1

Standard Parameters of Cosmic Structure Formation

Tglr = At/As
WA/ 7, Jedlnk Ty

. Y2
I+wo,wa O ~ L ' N Inog

primordial non-Gaussianity
D(x)= Dg(x)+ faL (Pc*(X)-<Ds?>)
local snidoth
DBI inflation: non-quadratic kinetic energy

cosmic/fundamental strings/defects
from end-of-inflation & preheating

isocurvature, cosmic string,
& fgnds, tSZ,kSZ, ...

®(x)= Do(x)+ FNL(p)-<Fni> J + subdominant

resonant preheating
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X(Xat): +
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curvature FNL(X(X,t))=6lna‘ H ()0)\

highly nonlinear function of a Gaussian random ‘isocon’ field

Y(X,)= +
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calculate 6’ na [Xi(X,t)] from €=1 (end of inflation) through preheat
(copious mode-mode-coupling aka particle creation) to thermal equilibrium
Bond, Andrei Frolov, Zhiqgi Huang, Kofman 09

linear regime of

zero-modes:
Go(t+T) = Po(1)
xo(t+T) =

xo(t) exp[uoT]
=» Spikes are

oo 4 log yi spaced

fime«=0.00
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Cosmic Chaotic Billiards: NonGaussianity from Parametric Resonance in Preheating
‘ Bond, Andrei E(qIO\/, Zhiqi Huang, Kofman 0

10) o 10

Gy “

- s

. . . 1 re 0 D] )
¢ B Preheating in model V" = Ao’ + 1 /2g 07\~ | E

non-spike IC ° !
| ' |

JdERREL NN
ap/ M,

47

www.youtube.com/watch?v=6Uczz-WBBjU
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curvature FNL(X(X,t))=6lna‘ H (XI)\

highly nonlinear function of a Gaussian random ‘isocon’ field

120

100 |- gzl)'\=1.'87‘5' o

80 |

1, T periodicity and its harmonics
.. - . a - - .

6.0 t-»

40

SN = h(amdla,d) * 105

20 -
00

20

L 1 1 i L i1 a1
01 1

X(Xat):
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to develop the Ina(yi) response curve, we
perform > 104 lattice simulations for each g4/A

curvature FNL(X(X,t))=6lna‘ H (XI)\

highly nonlinear function of a Gaussian random ‘isocon’ field

120 v . ———t - ‘
.9 80 +
5 city
& 60fe -
& 40
£
2 20 ’ ,
0.0 WJ‘JM | y |
-2_0 L 1 1 2 L L1 a1 1 1 L L 1 1 11 1 3 1 1 1 1 i1 3
0.1 1 10 1
(Linifmg) * 10;,;39\;2- . e
""f‘;t ' : :'.1 4
% ”7 = a
T P N >
X , 9 ; ?—;'-.‘-.n ,"~""Z-"
. : i }:f '
(e ¥
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to develop the Iha(yi) response curve, we
perform > 104 lattice simulations for each g4/A

curvature FNL(X(X,t))=6lna‘ H (XI)\

highly nonlinear function of a Gaussian random ‘isocon’ field

120

ol gUN=1875

80 |

6_0 -y “ e e TR R B

40

]
0.0 \WJN,/M
7

3N = IN(@grg/areg) * 10°

20

0.1

yefi(X,t)= |

field smoothing over Y HF
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< FnL| XY >h>

field smoothing over XHF over ~J0) €-101dS of HF structure

(tindmg) * 107

51

120 - - —— - — —
——— broadened transfer function '

100 - — quadratic fit for small x values < |
o raw Monte-Carlo samples 3
T 80F i
; B 0] T e T o et e T R P A I |
B 4ol f 2 1
% ((b+X>h)
% 20 +- 1

00 F

-20 2 i 1 1 1 (e | 1 "

01 1 10 100
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field smoothing over XHF over ~() e-101dS of HF structure

< FnLYb+ s>~ B(x>h) Xb +(x>h) Hb* + ..

of. D(x)= Po(x)+ Fur Pc2(x)

120 v v S l
—  broadened transfer function
100 - quadratic fit for small x values <

o raw Monte-Carlo samples -

T 80F

SE 6'0 = LA | ® I COHL ® ML ) SN P . ® o u N R ® e

$ 40l f 2 1

: % ((b+X>h)

% 20 - ]
00 F 11 ] ;
20 il -

01 1 10 100

(tindmy) * 107

52
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field smoothing over XH F over ~50 e-folds of HF structure

< FnLYb+ s>~ B(x>h) Xb +(x>h) Hb* + ..

120

of. D(x)= Do (x)+ fnr Pc2(x)

100 -

«©
()

40 -
20 -

oN = In(aend/are,) * 105

6.0 o

v v Al v v v v v ]
—  broadened transfer function

quadratic fit for small x values
raw Monte-Carlo samples

R ((oXh?

T T T T T LA |
- E

00 F

20

o - B ® - - . » ‘.
o
-
—
' ' A 1 ' 'l

01

|
1

o |
10
(indmgy) * 10

fneeay =B2fy [Py/Pd]*(kpivor)
=> constrain fy3 X>h2 (Py/Po~2¢ =>relased limit)

100
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field smoothing over XH F over ~50 e-folds of HF structure

< FnLYb+ s>~ B(x>h) Xb +(x>h) Hb* + ..

120

100

6N= In(aend/are,) ~ 105

00 F

20

80

40 -
20 -

of. D(x)= Do(x)+ faur Pc(x)

6.0 o

—— broadened ransfer function
quadratic fit for small  values <

-

1 |
raw Monte-Carlo samples E

R ((oXh?

. - - ol . - - ® ‘e
-
-

—

01

P | 1 1 1 1 I PR S . |
1 10
(Xindmp) * 107

100

fNLeaUY =26y [Py/Pd]*(Kpivot) -4<fu<80 WMAP5 (£ 5 Planck)
=> constrain fy3 X>h2 (Py/Po~2€ =>relasted limit)
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medium Y >h regin

12.0
10.0

("2)

o

2 80

s§ 6.0

s 40

c

% 20
00
20

. ned' e} ;
| — quadratic fit for small x values - A
raw Monte-Carlo samples
1, T penodicity and its harmonics
b=t W a LN N I R ® rr e Binr B LR R a LR ) TR a . . © Bt - -
[ | 1
01 1 10 100

(Lindmg) * 107
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large-ish Y >h regime

120

quadratic+cold spot
“rare events”

100
80 |

40 |-

20

8N = In(@gng/atrer) * 10°

00 ==

. v ——— _ 1
— broadened transfer function
| ——— quadratic fit for small x values - -
raw Monte-Carlo samples
u,T periodicity and its harmonics
60’... @ "0 0n@uPten @ 0@ nB e - TN a ) o 5] L) X ® ' R . o-0lie " o
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20
01
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! 10 100

(Lindmpy) " 107
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large A >h regim

120 T " T
quadratic fit for small al |
L— X values -
o 100 =TT Carl : -
T 80} -
"i U penodicity and its harmonics
s 6_0-—0-0-- - TR N IER B » LR NN REN R » e ® - e . - e
9? 40 | 1
e
% 20 4
0.0 Fousmea e S Y T L —— 3 T T — T 2l B
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01 10 100
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CMB peaks (hot&cold) => the WMAP Cold Spot

-0.102 N 0. 106
variable scale (SSG42) filtering sweep after pre-whitening sg
the CMB signal (optimally weighting the signal is similar)
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mean (1-pt) ___. — arlance (2 pt
‘\
Rd
. \
4
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& s&e&

the WMAP Cold Spot dominates skewness

(3-point) & kurtosis (4-point) maps
skewness (3-pt) kurtosis (4-pt)

SSG84 381 arcmin HWHM filter-band maps, on scales where the cold spot is
a maximum. the skewness & kurtosis are band-averages of the bispectrum &
trispectrum. implications of intermittency for fNL determinations TBD?
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the WMAP Cold Spot: Vielva, Martinez-Gonzalez, Barr, Sanz, Cayon 2004 wavelets
in WMAP1, ... Cruz etal 07 in WMAP3, & in WMAPS5: needlets, steerable wavelets:

~4.50, others ~30; Zhang & Huterer 09, not as significant with other filters 20%
Bond, Frolov, Huang, Nolta 11 o _
Kolmogorov deviation from Gaussian peak CDF

1.00
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' L | | |
0.00 (IS A7 fwﬁaﬁw S
-0.25 e ¥
-0.50 1
-0.75 F 5
1.00 T T T T T T T | ] i
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0.75 |- A d
-4.986 V4
! -3 r*ﬂ"
050 F - o {Q |
5 O &
"""""""""" - -4 o F. . .
025 k o) /*‘ SSG84 filter at 762 arcmin FWHM _
' 5 = Y. 152 peaks, coldest at (0.17-5.15)c
g significance 1:1731.9
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the WMAP Cold Spot: Vielva, Martinez-Gonzalez, Barr, Sanz, Cayon 2004 wavelets
in WMAP1, ... Cruz etal 07 in WMAP3, & in WMAPS5: needlets, steerable wavelets:
~4.50, others ~30; Zhang & Huterer 09, not as significant with other filters 20%

Bond, Frolov, Huang,

Nolta 11

Kolmogorov deviation from Gaussian peak CDF
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Standard Parameters of Cosmic Structure Formation

ns"":At A

°ldn g /dIink T
| +W0, Wa 0 ~ Cs_l @ ~ ang

new parameters: trajectory probabilities for early-inflatons|& late-inflatons

artially) blind cf. informed ‘‘theory” priors

primordial non-Gaussianity

D(x)= Da(x)+ Fr (Pc2(x)-<Dc2>) [ 2 InF
local snidoth 8 .
DBI inflation: non-quadratic kinetic energy € . x2/3=1+W
cosmic/fundamental strings/defects ¢ de(3 )
from end-of-inflation & preheating = - dlnp(l)/ dina
D (x)= Pc(x)+ FNL(Yp)-<FnL> + subdominant
, isocurvature, cosmic string,
resonant preheating & fends, tSZ,kSZ, ...
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end
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field smoothing over XH F OHE ~7x1 07 ~50 e-folds
POcbxr)y~expl-Geue)? 20m7] =< L ‘ Y b+H>h=

SSS Xb: Ob ~5x107~10 e-folds
LSS xb: Ob ~3x107~10 e-folds

120
— broadened transfer function
100 k- raw Monte-Carlo samples

80 -
6.0 -
40
20

8N = In(agngla,e) * 10°

T

o . . » te e -
—
-

00 F

2.0

aa Al

01

super-horizon X>h:

“observed” >h is a random throw of the dice P(x>h)~exp[-)zh* /20>n’]

A ' ' L A A A C—l | A A A A A A L A
1 10 100
.y 4
(Xindmgy) * 10

O>h ~N>h!?x1077 Ns>p~102-104
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local quadratic non-G constraint: -4< fne<80 WMAPS (* 5-10 Planck1yr)

maps into (considerably relaxed) < FNL‘Xb+X>h> constraint
small Y >h regime: P=2 ty Y>h f=fy

120

btaademd'transle'tlu"' e . . — -
100 - quadratic fit for small x values - -

o ’ raw Monte-Carlo samples

T 80 F -

\;E 60 e . '8 00 0o ® wonr®noss @ oorocse & ooeobocele —corabocle weonbledlle ! e di. UISIL.

; 2

s 40 f |
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% 20 - o
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_2-0 : O | [

0.1 1 10 100
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fnLeauv =B2fy [Py/Pd]*(Kpivot)

=> constrain fy3 X>h2 (Py/Po~2¢ =>relasted limit)
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