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Inflation

Consider single-field slow

| l
AS“ — / (/‘l_l' \/TU ( ;!j’l’}((‘)[i’(.-"‘I))((‘);;(,’JI)) o ‘/7(())>

[f we start with all modes ¢ in their ground state (Bunch-Davies
vacuum), fluctuations are generated at horizon crossing kA =~ alfd

At the end of inflation, we get an adiabatic curvature perturbation

with power-law spectrum 7 (k) o k"1

\I(r)'}

!

reheating
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Inflation

Single-field slow roll:
' 1
S = / drx /—g (— ;y’”'((‘)l,(,_s"‘))(('),,(,-“)) — \/((_.-")))

. . . » —
To an excellent approximation (fnz = O(10 7)), the curvature
perturbation ¢ at the end of inflation 1s Gaussian

This calculation assumes:
e Curvature perturbations are generated by the inflaton
e Standard kinetic term with minimal coupling to gravity
e No self-interactions of the inflaton, beyond those
included in the slow-roll potential V' (¢)

Deviations from these assumptions can generate non-Gaussian ¢
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A NG model: modulated reheating

Suppose that the decay rate 1" of the inflaton 1s not constant, but
controlled by an auxiliary field o :

- - - - 2

['(x) =T+ 11o0(x) +Ts0(x) + ---
This generates an adiabatic curvature fluctuation after the inflaton
decays (regions which decay later undergo more expansion):

C(x) = A(do(x)) + B(do(x))? + - - -

Suppose o 1s a Gaussian field (via the standard quantum
mechanical mechanism). After a change of variables:

~ - 3 ‘loc o~ 2
(‘(X) — (’(,'(X) —+ :)..‘.-!\«']1(.(-'(}()— —+ - .

) . - . - loc . .
where (¢; is a Gaussian field and fxA'7 is a free parameter.
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“J.ocal” NG: f~NIL.9NTI,TNL

J Nz model: signal is in the squeezed 3-point function
k3
A"_)

-

- - ‘% loc 2
C(x) = Ca(x) + 5./,&..-,1@(.-(:()- )

. . N O
(Ck1Ck2Cks) = ?)./;\*'I,l)q(;'7l)!)g(lﬁ;g) + 2 perm.

g~ L model: signal is in the squececzed 4-point function
k3
5 3
C(x) = GCa(x) + SognLia(x)
= ;lf')

H4

(Ck1 CkaCkulCky) = ﬁ_q‘..\.r,,fz(z.rl)11(;,73)11(/.-;;) + 4 perm.
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“J.ocal” NG: f~NIL.9NTI,TNL

. . ~ . . - - 3 -
3-point and 4-point functions in the model ¢ = Ca + £ fNvLCE:

. . . O .
(Ck1Ckalks) = ?)./'.»\’f,l’g(lﬁ] )FPr(k2) + 2 perm.

L 36 .,
(Cki1 Ck2CksCks) = ﬁ./ir;,/’g(/wfn)/’g(/wfz)/’c(lkl + k3|) + 12 perm.

CGieneralization: allow coefficient of 4-point function to be
an independent parameter 77,
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“J.ocal” NG: fNIL.9NTI,TNL

“7N 7, model’:
- . . O
(Ck1Ckulky) = ?)./'.»\’f,l’g(lﬁ] )FPr(k2) + 2 perm.
(Ck, Ck2CkulCky) = TNL FPe(ky)Pe(k2)Pe(|lky + ks|) + 12 perm.

36 2

“f~nr model” is the special case 71 = 52 fR L

Example showing that fx ., 7n 7 can generally be independent:
C = Ca + eCada ( Ccry @ independent Gaussian fields)

b

In this model, fn7r, = 0 and 77, = €

7N 7. signal i1s 1In

Pirsa: 13070001 Page 8/59



“J.ocal” NG: f~NIL.9NTI,TNL

“Tn 7 model’:

- . : O .
(Ck1Ck2Cks) = ?)./'.»\’1,/’@-(1‘71 )FPr(k2) + 2 perm.

<(:-klc:k._,c:-k:,_ck‘1> — "N I )Q(l\'l)])g(lm'z)])g(“{] +kg|) + 12 Perii.

36 2

“f~nr model” is the special case 7~ = 52 fR L

Example showing that fx ., 7n 7 can generally be independent:
C = Ca + eCada ( Cers @ independent Gaussian fields)

b

In this model, fnr, = 0 and 77, = €~

7~ . signal is in
[lapsed quadrilaterals”™
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‘“Non-local” NG: DBI inflation

String-motivated model of inflation
(Alishahiha, Silverstein & Tong) L

[D3 brane

L+ f(P)(DP)2 | M7
\/ /( )( ) —+ L/((,-"J)) \I"'- .': warped throat

()

anti—ID3 brane
at W=\,

After a suitable change of variables, the effective action can be
* interaction

approximated as a massless scalar with a o
1 ()(T 5 Do
- (/7‘(/ xa(T)? — (D;jo)° | + fa(T)
2 oT

e

small coupling constant
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‘“Non-local” NG: DBI inflation

String-motivated model of inflation |
(Alishahiha, Silverstein & Tong) Wl

D3 brane

. | L + f () (D)2 ‘ N7
L = — \/ / ( ’ )( ) —+ L’(({.f’)) ‘I"'-_ ;‘- warped throat
s S(P) |

anti—D3 brane
at W=\,

After a suitable change of variables, the effective action can be
* interaction

approximated as a massless scalar with a o
1 ()(T o Do
— (/7‘(/ xa(T)? — (OD;jo)° | + fa(T)
2 or

e

small coupling constant
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Non-local NG: DBI inflation

DBI example:

o\ . ) o
> / dr d?x a(T)? (i)’r) — (Do) | + fa(T) (i)’r)

To first order in f, non-Gaussianity shows up in the 3-point function

k.
kl 2 -0 T:‘(.(I-‘l FRho+kRz)T

kikaks

<Ck[ Ck__) Ck;;> o .f. /

(Do /OT)? > f

A'-;_)/n";;(l\?] + ko + A-';:,)’-g

Signal-to-noise comes from cquilateral triangles L
1
N e s . . - equilateral

Cosmologists’ terminology: [ = fx7
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Non-local NG: DBI inflation

DBI example:

= 2 ) o
> / dr d?x a(T)? (()7_) — (Do) | + fa(T) (i)’r)

To first order in f, non-Gaussianity shows up in the 3-point function

k.
kl 2 -0 Tli‘(.(l-‘l Fho ks )T

kikaks

(Gies GG > f

(Do /OT)? o f

A'-;_)/n";;(l\?] + ko + l\-';:,)’-g

k:;
Signal-to-noise comes from cquilateral triangles L
1
. . . . . equilateral
Cosmologists’ terminology: [ = fx'y
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EFT of inflation

T = Goldstone boson of spontancously broken time translations

1-1 correspondence between operators in S and fxn-like parameters
(Degree-N operator shows up in N-point CMB correlation function)

. . o =2 ‘),‘ 2
[ atev=g—rmz) | 5 - 200

/ 2 o). 2

A 7_[_:‘} . I Cs 7Tt (()-,77) Equilateral+orthogonal 3-point shapes
2 t (.'_,’ (!2 (Senatore, KMS & Zaldarriaga
S S '

2(009)

3 v 2 Higher-derivative 3-point shapes
+1))7T,!, + ('Tr”fﬂ-.i_jf.' + T (Behbahani, Mirbabavyi, Senatore & KMS to appear)
- 4 1 270 2 (9. 279 2 l-point shapes
+l)7T =T IDT‘_ ((),77) + l (()'7-‘_) (()Jﬂ_) + (Senatore & Zaldarriaga 2009)

)
l .2 l p 2 T 2 . " 3 Quasi single-field inflation
+;(T o 3(()’(7) o ] o + /)TF(T + ('(T (Chen & Wang 2009
- - - Baumann & Green 2011)
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Outline

Non-Gaussian models

CMB data analysis

3. Large-scale structure
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CMB data analysis

Degree-N operator @ (e.g. @ = 72 or @O = 71)

v

Curvature N-point function (Ck,Ck. - - Ckn )

v

CMB N-point function <N Crmm, Alormas * " Al .,\,3
CMB estimator
N

o -
o — E <”‘('l ey Alorne " ”‘('Nrn,\:> I I ag,;r, —+ -

€y t—1
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Computational difficulties

Example: 72 interaction

Computing the curvature 3-point function is straightforward....

2(.(?[-'1 FRho+ka)T
A'] A'-_)AT;;

«()
_ N _ ¢
<(,k] Cko C.l'C:',> X / dT

2
A-‘| AT-_g /\'-:;(A'l —+ /\'--_3 -+ AT:;):i
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Computational difficulties

...but subsequent steps look intractable in full generality:

CMB three-point function: 4D oscillatory integral for each (€;, ;)

(201 + 1)(2€02 + 1) (265 + 1) 2 O3 0 Ca Ul
1 () 1 1o IR

N

CMB transter function (computed numerically)

. " 2/..'._’
a / (f"’l/"l (//"'_’ ‘j".-"’: (1 .,.’ .}-l’(/'.:‘r.]Af,("'r)) {Lk,L‘kL,k,"

CMB estimator: number of terms in sum is O], )

Irlan’x

E <”‘( prrey loimo ”'(‘;a,.ru;»,> ApymyQlomo@lsrms + - -
€,rn
observed CMB multiples (appropriately filtered)
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Factorizability = computability
Suppose the curvature 3-point function is factorizable
(Ck, Ck2Cks) = f1(ky) f2(kz2) f3(ks) + 5 perm.

' 2/\72

dk
Ji(k)je(kr)
T

- (%)
Define (and precompute) ' (r) = /

CMB three-point function is fast to compute:

, \ /(- L)(26 + 1)(2¢645 + 1) (' € (s () ) (5
N oy Qs @l ) L7 0 () 0 1 e 1

. /(/1'!’2n::}(1')(1"%'()’)(1::?}(1') =5 perim.

CMB estimator 1s fast to evaluate:

) . 3
/ !'I_'(/l' / r‘{._'ll H ( zﬁ’l:’]r’fur'}-!nr(ll))

| 11t Komatsu, Spevegel & Wandelr 2003
Creminelli, Nicolis, Senartore, Tegemark & Zaldarriaga 2005

KMS & Zaldarriaga 2006
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Making shapes factorizable

Two possibilities for making shape factorizable
2
;!.l [1_3/1-:{(;\-[ + !!_2 + l\’jg):{

™ -; J - - * - . = J—
c.g. 77 shape: (Ck,Ck,Ck;) =

1. approximate by a factorizable shape (“‘template shape™)

_ Z’_ A,{ e Zi/-,f A,A‘;’ — 2A7| AT-JAT_-;
Af'lfl..'g/ﬁ;‘f

<C'kl.c'k‘_’gk.‘i> ~
equilateral template
2. perform an algebraic magic trick, e.g. find integral representation

0 (_fi.-, (,IA--_> (,H.',-;
e el Gl ) = t=dt
(Ck, CkuCky) / - C ( Jr ) ( foo ) ( Fos

KMS & Zaldarriaga 2006
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Factorizability + Feynman diagrams

Observation: for 72 shape, the integral representation is just
undoing the last step of the Feynman diagram calculation

k|
2, (k1 4k

kikoks

fha )T

- ()
_ _ N T
(Ck,; CksCky) X / dT

2
kikoks(ky + k2 + k3)?

Generalizes to any tree diagram, e.g. 4-point estimators:
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Factorizability + Feynman diagrams

Observation: for 72 shape, the integral representation is just
undoing the last step of the Feynman diagram calculation

k|
.._.)(.(J!-'l | ;.'-)

kikoks

fFha)T

- ()
_ N _ T
(Ck,; CksCky) X / dT

.
kikoks(k1 + ka2 + k3)?

Generalizes to any tree diagram, e.g. 4-point estimators:
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Example: “resonant” model

(e.og. Pajer & Flauger 2010)

Just an example to illustrate the power of this method in finding a
factorizable representation...

/ \ I . 0] hy 4 A
WGk Sk Sk / X /-"“'I'.'.";’/.':",‘: =110 / O 7

Hard to see how this could ever be made factorizable, but going
back to the physics gives the following factorizable representation!

(1l4+tA)]log(i+itA)+i A log A,

/ da eft+iA)a gk, )g(ks, x)g(ky, x)

|
|I /-'I /-:/.;' f 5 [2erin. ) “

. : [§
(Ck, Ck2Cky) X Re [
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Factorizability + Feynman diagrams

Ultimate generalization of KSW construction: “Estimator” Feynman
rules which go directly from the diagram to the CMB estimator

—_— external line = CMB + harmonic-space factor coe(7r,t)aem,
]
)\ vertex = / r=dr dt ( N-way real-space product )
internal line = harmonic-space factor Ay (r, t,r’', t")

ko

/ r2dr dt Z e(r,t)aemYen (n)

crn
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Factorizability + Feynman diagrams

Ultimate generalization of KSW construction: “Estimator’” Feynman
rules which go directly from the diagram to the CMB estimator

E—— external line = CMB + harmonic-space factor ce(r,t)ae,,
]
)\ vertex = / r=dr dt ( N-way real-space product )
internal line = harmonic-space factor Ay(r, t,r’, t")

ko

/ r2dr dt Z e(r, t)aemYem(n)

rn

Pirsa: 13070001 Page 25/59



Example: quasi single field inflation

M=

' A o 1 o
‘/ dr*x /—q (ﬂ)@ﬂﬁ)"—%‘)(dnj“-—

ko

ks - o
(Ck, CkoulCky ) X (;/):; (Cley e Qe Gy ) X .‘/df)l

Because 3-point function and 4-point function depend on
different combinations of parameters, either one can have larger
signal-to-noise in different parts of the QSFI parameter space
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PlancKk: current status

Blue = constraint reported in recent Planck papers
Recd = no constraint reported

3-point 4-point

'l(l(‘.‘ll T\[
local / N local e
CINE 9N L
~equil corthog _ _
SINL SN L Single-field shapes

. D >

nonlocal & Quasi-single field inflation nhonlocal (7w, 7#2(Om)2. (Om)Y)

i\ - /A
Higher-derivative shapes Quasi-single field inflation

In all cases, no deviation from Gaussian statistics 1s found (errors 1o)

‘local ‘ .eqquil . —_ orthog o ¢
. ‘.“;',(IJ‘ —_ .2.7 :t r).(“"% ‘/ ',\.' /{ — _1.2 :t (-) ./ ,'\ I. e _2') j: -g.)
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Planck: current status

The Planck non-Gaussianity constraints ““put pressure’ on certain
models, but it’s hard to rule out qualitative classes of models
without getting to fnz ~ 1

E.g. modulated reheating model or cyclic model are not
rlocal Sy~
ruled out by Planck measurement fx'7° = 2.7 £ 5.8

There are interesting exceptions, e¢.g. DBI

—r2 SN Z O(101) < (1 — nw)

. . . . . o~ I
is consistent with Planck constraints, but if we getto » ~ O(10 7)

without a detection, it would presumably be ruled out

Can we ever getto fnr ~ 1?2

Not in the CMB, but maybe 1n large-scale structure.
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Planck: current status

The Planck non-Gaussianity constraints “‘put pressure’ on certain
models, but it’s hard to rule out qualitative classes of models
without getting to fnz ~ 1

E.g. modulated reheating model or cyclic model are not
rlocal Sy o~
ruled out by Planck measurement fx'7° = 2.7 £ 5.8

There are interesting exceptions, e¢.g. DBI

_.,.2.1-};;1]'4'” = O(10Y) < (1 — ny)

. . . . . o~ 7 7‘3
is consistent with Planck constraints, but if we getto » ~ O(10 7)

without a detection, it would presumably be ruled out

Can we ever getto fnr ~ 1?2

Not in the CMB, but maybe 1n large-scale structure.
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Outline

Non-Gaussian models

CMB data analysis

[Large-scale structure
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L.arge-scale structure

In a Gaussian cosmology, halo number density i1s proportional to the
dark matter density on large scales: ‘5/# ~ blLlm b = ““halo bias”™

2 h 2

Matter-halo power spectrum /72,,;, and halo-halo power spectrum /7,
are proportional to matter power spectrum /£2,,,,,, (k)

P (k) L/
).fu/r(/‘-)
l)nun(l‘-)

10)
M \||1| I:l
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LLarge-scale structure

3 . 2
Local model: ((x) = (o (x) + - fnrCa(x)”
<)

Non-Gaussian contribution to halo bias on large scales:
{)1
as A — 0O (Dalal et al 2007)

()(A) =~ {)() + ./'1'\"' I (/{/(I‘/[).“)

10!
1o" ,hh(/") 1/“
’.ru/.' ( /" )

[)n.*h (A) ~ [)(A-')I)nnn (A)
l)narn([")

2

[)f.lh.(l“‘) ~ h(l‘)-)l nun(;‘f)

Constraints are ultimately
better than the CMB

Planck: o(f~nr) =
LSST: o(fnr) ~

5
|

Page 32/59
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NG halo bias: interpretation

Three equivalent descriptions of an fn i cosmology:

1. Correlation between long-wavelength mode and small-scale power

1

(Ckr.CksCks) X fNL m

1()('

3. Locally measured fluctuation amplitude o
depends on value of Newtonian potential P (x)

o = os(1 + 2f N P)

near a point x
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NG halo bias: interpretation

This picture naturally leads to ecnhanced large-scale clustering

+ 2f N P)

Oy, dlog ny, Op,, Dlogn; ooy

Ty, Q10 Prrn Pon Dlog og oy
S - h - —
" ¥
[)(; hl /_._’,

O P

bo + O fNnrP

/)'I!!

/.;’\"' 1. (S/)I.H
{ { -
( TN ka2 ) po
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NG halo bias: interpretation

This picture naturally leads to ecnhanced large-scale clustering

+ 2f N P)

Oy, dlog ny, Op,, dlogn,;, oos

.y, A1og pPrn Pon Dlogog oy
N - N —
" "
[)(; hl /_,3

O P

bo + O fNnrP

/)'I!!

f;’\"’ 1. (S/)I.H
{ { :
( TN ka2 ) po

Pirsa: 13070001 Page 35/59



NG halo bias: general calculation

Let’s try to generalize to an arbitrary NG model, parametrized by
its cumulants (Ck,Ck, - - Ck,, ) e

Model halos as follows (““barrier crossing model™)
e Start with linearly evolved density field o), (k, z) = o (k, 2)C(k
e Smooth on mass scale M to obtain field o,y
e Identify (halos of mass = AJ) < (points where o /() = 0.)

In this model, the halo field is a completely specified nonlinear
function of the initial curvature ¢ ; we can expand £2,,,;, (k), PP, (k)
in cumulants by a formal procedure (the Edgeworth expansion)

Baumann, Green, Ferraro & KMS 2013
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NG halo bias: general calculation

Let’s try to generalize to an arbitrary NG model, parametrized by

its cumulants (Ck,Ck, - - - Ck,, ) e

Model halos as follows (““barrier crossing model™)
e Start with linearly evolved density field o), (k, z) = o (k, 2)C(k
e Smooth on mass scale M to obtain field o,y
e [dentify (halos of mass > A/) < (points where o/ (x) = O.)

In this model, the halo field i1s a completely specified nonlinear
function of the initial curvature ¢ ; we can expand £2,,,;, (k), PP, (k)
in cumulants by a formal procedure (the Edgeworth expansion)

Baumann, Green, Ferraro & KMS 2013
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NG halo bias: general expression

1 . - (K1 . 1
Schematic form: (5 Mpc)

l)ruh (/".) —

./‘1‘\"(/‘7) . . KRN S i ~ (5 Mpc) !

““squeezed limit”

Pun(k) = (hﬁ -+ 2 E bobn fny2(k) + E ODarONGATr+1. N4 |(/~')) FPrm (k)
N — 1

N N

gn N (k) = | ’ Qi)

- (H Npco)

~ (O MNpc) .

Bawumann, Ferraro, Green & KMS 2012 “(.‘()]]ZII)HL‘Ll [ il]]ilﬂ
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NG halo bias: general expression

N - . ~ 1 y |
Schematic form: - (5 Mpe)

I)ruh ([".) - b() -+ E 1)‘.-\-' /\ '+—2(;‘7) I)run: (A)

N =1

SN (k) / (CkCk, ** " Ckn_ 1) _ < (5 Mpc)~!
J Kk, -

““squeezed limit”

l)hh(l‘.) — (hﬁ -+ 2 § {)il[).-"\-',/.;"\" }'.3(/‘7) -+ E hf\/b‘-"\;',{/f\/ —1,/N+ |([‘)) [)Ff?lfl(/‘.)
N 1

AN N

grun (k) = f (Cky " Ckar QK - Cry, )

- (H Npco) L

- (H NMpeo) . ~ (5 Mpc) !

Bawumann, Ferraro, Green & KMS 2012 hh(.‘()]]ill)HCLl [il]]ilﬂ

Pirsa: 13070001 Page 39/59



NG halo bias: general expression

1 - - . ~ T . 1
Schematic form: - (6 Mpe) ~ (5 Mpc)~!

l)ruh (/".) m— bl) -+ § 1)‘.-\,' /\ +—‘.3(;‘7) l)run: (A)

N=1]

./‘1‘\"(/‘7) = / <Cka| T Ck\ l> i ~ (5 Mpc) !
J Kk, '

“squeezed limit”

Ppp (k) = (”ﬁ + 2 5 bobn fny2(h) + E barONGNT 1. N |(/~')) Bonyn (1)
N=1

AN N

GM N (A) - | <Ckl T C:‘1(.-\.' Ck’, CT Q,k’\>

- (D

~ (O Npc) .

Bawumann, Ferraro, Green & KMS 2012 “C()]]ZII)HCLl [il]]ilﬂ
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Example 1: bias from squeezed 4-point function

gnN I model:
. . -3
C = Ca +9g~NLGey

Simple example of non-Gaussian model
whose 4-point function (Ck,; Ck.Ck:Ck, )
is large in the squeezed limit A1 — 0.

inLl‘ldLﬂLL of bias is

OC

as /‘\ 7. model

Mass and redshift dependence
are different, but hard In practice
to discriminate fr'$ and g~ L

6
5
a
3
2
1
0
1

0.02
e (1r Mpc

)

0

0.04

Smith, Ferraro & LoVerde 2011
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Example 2: stochastic bias from collapsed 4-pt

N L model:

. . . O .
(Ck1Ck2Cks) = :).f;‘\"],([)g'(/"'])I)Q(A-"_g) + 2 perm.)

(Grer Gres Grea Giea) = 27w 1 | Pe(F1) P (F2) Pe (ki + ka|) + 23 perm.|

: - - 3 g -2
In simple local model (¢ = G + £ f~nrLCE ) one has

6 r 2 . . .
T~ = (2f~NL)” butin general f~NL, T~NL can be independent
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Example 2: stochastic bias from collapsed 4-pt

Our general expression predicts the following:

fNL
l),” L k — s { : ) l)n.--.rn K
n (k) ()“+ )l(/‘:/(t.[[)— (F)

.)3-,

36 TN L

(k/aH)? Y(k/aH )

I)I.N'IH (A-)

P (k) = (b(—’; + 2bob, JSNL 4+ b2

Qualitative prediction of 7n 7 model: ““stochastic™ halo bias

Matter and halo fields are not proportional on large scales

Gives some scope for distinguishing fnrn, TN :
e Different bias values inferred from £°,,;,(k), ;5 (k)
e Different tracer populations are not 100% correlated

. . . . ) .
e Even with a single population, can separate & 2, &k~ 7 terms

Smith & LolVerde 2010
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Example 3: quasi-single field inflation

' — 1 o 1 o
/ dlx /—g ;((’)’fr)" + ;((’)(‘7)“ -

Squeezed/collapsed limits (where «v

;linl”<Ck,, CkoCkas) X gp” (
v I o

3= 1,34+ oy
/\‘l‘ /\-‘Hr

”<Ck[ Ckgdk:;Ck‘1> S, ¢ .(12/)‘1 (

|kl + k_‘z';:,.__z“. /‘Tf-—'_” Af;’{i-%—r\- )

Prediction: non-Gaussian bias has spectral index given by

3
gpr
b(Kk) = by + b ‘ i
(%) v l (k/aH)?— <~ <=——exponent sensitive to mass M

Prediction: bias is mostly stochastic (“7x 7,7 = ¢g2?p? is enhanced
relative to the square of “fxnr” = gp?)
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Example 3: quasi-single field inflation

' — 1 o 1 o
/ dlx /—g ;((’)’fr)" + ;((’)(‘7)“ —

Squeezed/collapsed limits (where o =

) i . . 3 l
;lllll(}((,k,,ck,,.ak,,-) X gp :
v g

3—cv 7.3-
/\7 8" /‘T‘H'-F(\

. ’ 1
- - - - - 2 4
N .”<L-kl Cuk'.: C,k_-;ﬁ.k\;) X g p ( |kl e k2|2%-—-2n- /.'.:I;“'_” Af;:%—r\- )

Prediction: non-Gaussian bias has spectral index given by

gp’
(k/aH)?— < <=——exponent sensitive to mass M

b(k) = by + b,

Prediction: bias is mostly stochastic (“7x 77 = ¢g2?p? is enhanced
relative to the square of “fxnr7 = gp?)
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LLSS: general picture

[Large-scale structure is not sensitive to all NG models, only
those which have large squeezed/collapsed limits

}‘.] /\7'

-‘-l

“Collapsed” (2+2)-point function

“Squeezed” 4-point function

Comment: there are theorems which say that all squeezed/collapsed
limits are unobservably small in single-ficld models of inflation
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Single-field consistency relations

Suppose inflation is single-ficld (¢ 1s sourced only by the inflaton)
Simplest consistency relation gives squeczed limit of 3-point function

!lil 11”<C/\ i C!\'_‘-{ CI\'_‘-" > — ( l T !" S ) [ )(.;- ( I"IJ ) 1 )(_;- (l“..s' )
o "
A'H

or equivalently -N/
VL
k

5
v = ﬁ(1 — ng) ~ 0.02 'S

Physical picture: in single-field inflation, the value of the inflaton
1s the only physical clock. After a long-wavelength inflaton
fluctuation exits the horizon, it is physically unobservable and only
changes the scaling between physical distances and coordinate

distances.
(Maldacena 2002; Creminelli & Zaldarriaga 2004)
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Single-field consistency relations
Suppose inflation is single-ficld (¢ 1s sourced only by the inflaton)
Simplest consistency relation gives squeczed limit of 3-point function

A.llilll-}”(C;.-,, ChsCrs) = (1 —ng ) Pe(kp)Pe(ks)
ks

or equivalently . ‘
: — W
A

N = 1'2(1 — ny) ~ 0.02 S

Physical picture: in single-field inflation, the value of the inflaton
1s the only physical clock. After a long-wavelength inflaton
fluctuation exits the horizon, it is physically unobservable and only
changes the scaling between physical distances and coordinate

distances.
(Maldacena 2002; Creminelli & Zaldarriaga 2004)
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Single-field consistency relations

This has been generalized by many authors to show that in
all single-ficld models, all squeezed/collapsed limits are
unobservably small.

Therefore, large-scale clustering 1s a very sensitive probe of
multifield inflation, but insensitive to single-field inflation
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More on squeezed/collapsed limits

[Large-scale structure constraints are best understood as precise tests

of statistical homogeneity of the universe on large scales

Non-Gaussian models with large squeezed limits can be interpreted
as large-scale inhomogeneity in statistics of small-scale modes, e¢.g:

~ (b Npco) ] . . .
large-scale correlation

between density and

small-scale skewness

~ (O Npco) 1

large-scale inhomogeneity
~ (5 Mpce) ! ~ (5 Mpe) ! . _
" in small-scale power,
. (5 Mpc) ] ~ (5 Mpc) ! uncorrelated to density
L0~ Mpe ™! (“‘stochastic™)
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An amusing side note

“Sugiyama-Yamaguchi inequality’:

}(\ — f-) lilll <Ckl Ck._’ C'-l'(:“,>
SN L 2 ky—0 [)g'-(/ufl)l)g(;ﬁ-_g)

lilll <Ck1Ckng:ng;>r'
|k +ko|—0 /l‘(/m'] )/)(;(/n';;)/)g(lk[ —~- k_3|)

T."\"- I .

1
1
4

2011: conjectured to be general, proven in special cases

Intuitive interpretation of squeezed/collapsed limits makes general
proof essentially trivial: if we define a field o () which represents
“locally observed small-scale power near X’’, then the correlation
coefficient between o and ¢ on large scales i1s

9 ./ N L

s _1/2 sO S-Y inequality i1s just —1 < r» < 1

7_. T
N L. KMS, Loverde & Zaldarriaga 2011
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An amusing side note

“Sugiyama-Yamaguchi inequality’:

}(\ — f-) lilll <Ckl Ck._’ C'-l'(:',>
. 2 ky—0 [)g'-(/ufl)l)q(;ﬁ-_g)

lilll <Ck1Ckng:4Ck;>r'
|k +ko|—0 /l‘(/m'] )I)Q(/"3‘)])C(|kl —+- k__)_')

T."\"- I —

1
1
4

2011: conjectured to be general, proven in special cases

Intuitive interpretation of squeezed/collapsed limits makes general
proof essentially trivial: if we define a field o () which represents
“locally observed small-scale power near X’°, then the correlation
coefficient between o and ¢ on large scales is

9 ./ N L

5 _1/2 sO S-Y inequality i1s just —1 < »r» < 1

T«\.f 7/ , . i
4 - KMS, Loverde & Zaldarriaga 2011
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Summary

e There are many possibilities for the physics of inflation, leading
to many non-Gaussian observables (N-point ““shapes™) to look for
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Summary

e There are many possibilities for the physics of inflation, leading
to many non-Gaussian observables (N-point ““shapes’™) to look for

CMB data analysis:

e Can measure N-point correlation function (73,73, - - - 711 )
with full shape discrimination. ““One estimator per diagram”
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Summary

e There are many possibilities for the physics of inflation, leading
to many non-Gaussian observables (N-point ‘““shapes™) to look for

CMB data analysis:

e Can measure N-point correlation function (Zy, 7y, - - - 11, )
with full shape discrimination. “One estimator per diagram”

e SO far, Planck 1s consistent with Gaussian statistics, but not
all shapes have been analyzed
[Large-scale structure:

e Future constraints should eventually beat the CMB, but only
for models with large squeezed/collapsed limits (== multifield)
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e There are many possibilities for the physics of inflation, leading
to many non-Gaussian observables (N-point ““shapes™) to look for
CMB data analysis:
e Can measure N-point correlation function (Zy, 7y, - - - 11, )
with full shape discrimination. “One estimator per diagram”
e So far, Planck is consistent with Gaussian statistics, but not
all shapes have been analyzed
[Large-scale structure:
e Future constraints should eventually beat the CMB, but only
for models with large squeezed/collapsed limits (== multifield)

e Difficult to separate different N-point shapes (or different values
of N) but some scope for discriminating models based on

k-dependence of halo bias and stochastic vs non-stochastic bias
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Factorizability + Feynman diagrams

Ultimate generalization of KSW construction: “Estimator’” Feynman
rules which go directly from the diagram to the CMB estimator

—_— external line = CMB + harmonic-space factor (7, t)ae,
D
)\ vertex = / r=dr dt ( N-way real-space product )
. . . ~ ’
internal line = harmonic-space factor A, (r, t,r",t")

ko

/1'2(11'(11' E (1, t)aemYem(n)

rn
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Example: “resonant” model

(e.og. Pajer & Flauger 2010)

Just an example to illustrate the power of this method in finding a
factorizable representation...

Y I . 11 /"| b A
WSk Sk Gk / X 22 I'.'.L:’/.':";: =110 / O 7

Hard to see how this could ever be made factorizable, but going
back to the physics gives the following factorizable representation!

(14t A)log(i+etA)+i.A log A,

/ dax e(1HiA)a gk, e)g(ks, x)g(ky, x)

- D ln-t'nl.) “

. .‘ ¢
(Ck; Ck2Cky) X Re {
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L.arge-scale structure

3 . . >
Local model: ((x) = (o (x) + - fnrCa(x)”
<)

Non-Gaussian contribution to halo bias on large scales
(Dalal et al 2007)

{)1
as £k — 0O

()(A) — {)(l + ./'1'\"' I (l‘f/(i/[).“)

l)”"h(Ar) = [)(A-')I)”””(A_-) 10" ’f’/f ((/‘/)) l/’l
2 rrefi '
Phn (k) = b(k)?* P (k) " p (k)

rrrrre

Constraints are ultimately
better than the CMB

Planck: o(fNnr) =
LSST: o(f~nr) ~

53
] g 10 2
A (h .\I]ll'
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