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Abstract: We study the effective field theory of inflation, i.e. the most general theory describing the fluctuations around a quasi de Sitter
background, in the case of single field models. The scalar mode can be eaten by the metric by going to unitary gauge. In this gauge, the most general
theory is built with the lowest dimension operators invariant under spatial diffeomorphisms, like g*{ 00} and K_{ mu nu}, the extrinsic curvature of
constant time surfaces. This approach allows us to characterize all the possible high energy corrections to simple slow-roll inflation, whose sizes are
constrained by experiments. Also, it describes in a common language all single field models, including those with a small speed of sound and Ghost
Inflation, and it makes explicit the implications of having a quasi de Sitter background. The non-linear realization of time diffeomorphisms forces
correlation among different observables, like areduced speed of sound and an enhanced level of non-Gaussianity.

Pirsa: 08050006 Page 1/61



The general 1dea

Usual approach to inflation:

I. Take a Lagrangian fora scalar L(o,d,0.0¢...)

2. Solve EOM of the scalar + FRW. Find an imflating solution a>0
3. Study perturbations around this solution to work out predictions

We want to focus directly on the theory of perturbations around the inflating solution
« Time diffeomorphisms are broken: t — f + £"(t. F) d6 — 0o + oo(t)€”
* In unitary gauge o(f.r) = og(f) the scalar mode is eaten by the graviton:

3 degrees of freedom. Like in a broken gauge theory.
» Using effective field theory approach. the most generic action in unitary gauge

+ 1)

. o . a2\ Ma(t)
S = f d'r v'q[%.’lfﬁlﬁﬁ-.'!fﬁtH!Im*—”fJ (3H~+H)+ 'f;!” (g™

Ms(t)* o0  ..3 _ Ma(t)?
+ 2 (g +1)"+. 5
» At short distance the scalar mode decouples: mixing with gravity can be neglected.
~ Equivalence theorem for gauge theories.
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Advantages of EFT approach

| e s 9 . . 2 4 s M" 2. . .
- /J‘; v—9 [.IIF-.,HqUH:r + 2M5 (.-':-’ Ei = ,-':—_,{U,.-rjn-) = §‘U":'in - () +..

y .- H'l

* Description of a system through lower dimensional operators

* General and Simple

» Explicit what comes from symmetry

» Operators as parametrization of corrections to standard slow-roll
inflation

* Knowing all possible operators, and their importance

» Unification of all models

* No field redefinitions

» 361 corrections and counter terms
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Outline

3

1 . A » . : I | 4 '
Sx = ‘/r[‘.r v—9 [.1I§|H|Up:}' - '.3_‘1.!3l (-- + 7 — 5__3{,-__,“.‘.]-’) k) i_”::&,i ..

a=

* Construction in unitary gauge and Goldstone boson

* The various limits of single field inflation, and their signatures
* Theorems: The consistency condition of the 3-point function

* Stable Violation of Null Energy Condition

e Conclusions
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Construction of the action in unitary gauge

[nflation. Quasi dS phase with a privileged /_\/
spatial shicing
Unitary gauge. This slicing coincides with time. /—\/
[=const

SO(F.t) = 0 /—\_/

Most generic Lagrangian built by metric operators invariant only under ! — ' 4 £'(¢, 7)
* Generic functions of time

« Upper 0 indices are ok. E.g. g™ R

* Geometric objects of the 3d spatial slices: e.g. extrinsic curvature /A ,,, and covariant derivatives

S = fd‘.w’—_y PR e, Vi)
* One can isolate linear terms from the others
= / d'z /=g [%M%.R +e(t)g™ — At) + %Mzttﬁ(g"“ +1)% + %M:«t)*‘(g““ +1)%4
2 M(t)?

_J‘Il(t)3 ;172(!’)263_# 2
2 2 g

with 6K,, = K., —a’Hh,,

(g% +1)0K*, — SK*,0K", + ] .
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Fixing the tadpoles

Background evolution fixes ¢(t) and A(t). Higher order terms only affect perturbations
[e(t) + A(t)]

Ffitthnan equations H* = 3 [-z
give. i -
S=H+H?

3-‘131 [2¢(t) — A(t)]

=

/ dir ﬁ[_l...ug,n + M3 HG™ — M3(3H? + H) + ;-i,tfz(:)*(y +172%+ %,U:;{t)"(gm +1)*-

3 2 2
”‘i” (9™ + 1)5K*,, — "’f) SK*,2 — ”3{” K" 5K", + .| .

y : 2
Simplest case: -[d".r vV—g [—éii}a)z - V{a)] — f‘f'-l‘ Vg [_gﬂ-(;” e Wﬂu{”)]
. [d-u V=3 P(é0(t)*¢*. &(t))

L = P(X. ). with X = ¢"9,060,0.
M2i(t) = oo(t)*0"P/OX™
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Construction of the action in unitary gauge

[nflation. Quasi dS phase with a privileged /\—/
spatial shicing
Unitary gauge. This slicing coincides with time. /—\_/

[=const
SO(F.t) = 0 /—\/

Most generic Lagrangian built by metric operators invariant only under 7! — ' 4 £'(¢, 7)
* Generic functions of time

« Upper 0 indices are ok. E.g. g™ R

* Geometric objects of the 3d spatial slices: e.g. extrinsic curvature /A ,,, and covariant derivatives

S = /:r'.r\/—_y PR s 8 > s Vs )
* One can 1solate linear terms from the others
y_ . 1
- / d*z /=g [5315112 +¢(t)g™ — A(t) + %le[t)“‘(gm +1)°% + gM;;(t)“(gm +1)3 1

ﬂ'ﬂ t 2 » | F, 4.1-. 2
) spn 2 132(” 5K“,6K”F+..,] .
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Fixing the tadpoles

Background evolution fixes ¢(t) and A(t). Higher order terms only affect perturbations

S
Friedman equations B - 3‘[-1 [e(t) + A#)]
give: ol .
— = = t) — A(t
-=H+H mg‘ [2e(2) — A(t)]
—_ L : . ; 1
f d'x v’-y[_—z—.-.'lfﬁtR + M3Hg™ — M3,(3H? + H) + Ei.ugm (g% + 1) + &Tu;,(t)*(ym +1)3-
My(t)? . ‘J:;{tlgdhf* K", +. }
p

1i 3
MG g 4 oK, - 5 —OK”, - —

2
S -[d".r\/—_y[—%(aolz—r{ﬂ)] - f mﬁ[—ﬁg —Hau(t}ft]

. [ d*z V=g P(oo(t)*g™. &(t))

L = P(X. ). with X = ¢"9,00,0.
Mi(t) = op(t)*"0"P/OX™
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All single field models are unified

f d*z \/—g u,,IR + M2,Hg"™ — MZ,(H? + H) + My(t)*(g™ + 1)% + My(t)* (g™ + 1

— M3 (g™ + 1)6K* — M25K"? + .. ]
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All single field models are unified
= [ r - [Mglm MEHG™ — ME(H? + H) + My()4g™ T 1) + My () g9

N g S o(t)? ,
« Slow Roll Inflation: f i [_E(”")' I (”)] Y / et [ng =g — Vian(t)
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All single field models are unified

7 f‘#’*’ V=9 [*'”315’ + M3 Hg"™ — MZ,(H? + H) + My(t)*(g* + 1)* + M;(t)*(¢" + 1

N P o(t)? ,
« Slow Roll Inflation: f e [_3{”‘”'_”‘9)] #/ i i [%L) ¢" = V(oolt),

e k-inflation. DBI inflation , _ 4 \/ 322 e
él
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All single field models are unified
[d“*;: \/_ 1f§13+ MR HG™ — M2(H? L H) + My(t)* (g™ + 1)* + M; (£ g™
—MHUGP+1KY — Mj6K:* + .. ]

N RO — | on(t)? .
»Slow Roll Inflation: jff*r V-9 [—;{UO)' ~V {o)] -~ fn'“'.r Y - [D"( 4% _ V(ut)
5 . - ; 2 Alishahiha. Silverstein and Tong.
* k-inflation, DBI inflation p _ ¢ \/ = AC‘% mm;";sﬁ ,ﬁ'ﬁg
Arkam-Hamed. Cremunelli. Mukohyvama and
* Ghost Inflation —(J¢)* + —(do)* + Zaldarriaga. y
II* JCAP 0404:001,2004
Leonardo Senatore

WRONG SIGN Phys. Rev. D71:043512,2005
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All single field models are unified
[ d'z /=g [MER + MEEF® — ME(H? LH + My(t)*(g” + 1)? + My(Yg™
— M} (g™ + 1)6 K% — MZsR*2T || ]

5 - l ‘ 2 - — O‘l](t = L
* Slow Roll Inflation: fff‘f V=9 [—5(00)' =4 iﬂ)] 5 fn"‘-r V=4 [ - g% — Vot
e k-inflation, DBI inflation , _ ¢ ‘/ o ,\Q; w.smﬁm o
Arkami-Hamed . Creminelli. Mukohyama and
* Ghost Inflation —(J¢)* + (00)4 Zaldarriaga. 5
M JCAP 0404:001,2004
WRONG SIGN %%Tmmm

* Something else
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A simplifying limit

= f d'z /=g | MBR + M3 Hg™ — M3 (H? + H) + Ma(t)*(9” + 1)* + Ma(t) (9™ + 1

—M3 (g™ + 1)6K* — MZ5K*? + .. ]

Spontaneously Broken Gauge Symmetry

Reintroduce the Goldstone boson

irsa: 08050006 Page 14/61



Reintroducing the Goldstone

At sufficiently high energy the Goldstone mode decouples.
= /d".r — ETI' FMF‘""" — %"l‘.‘-[-r .4F.—lp where :-lp == ;1:1-“.

Gauge transformation:

A, —-UAU + [d It =

5'—’ DU'. S= f d'z — %Tr g 51“&9 WUTDLU .
g9

2 g°

Gauge invariance is “restored” introducing the Goldstones: U = exp[iT*x*(t,T))

Under a gauge trans. A we impose: 6 A(t, Z) e ™ &)

Going to canonical normalization: 7, = m/g -7 Cutoff: 4wm/g
Mixing with transverse m* . . pop——
component: . ¥ A" = mA,F 7 Irrelevant for E ~> m

In the window: m <€ E < 4mm/g gﬂﬂgﬁc;:;me Gt:l::st:ues 1s perturbative and
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Doing the same for inflation

Consider for example: / d'z /=g [A(t) + B(t)g™(x)]
V(z) 0z

limediff: ¢—i=t+Q@).f=2=7 @) —7°@F ) = > o

=2 g (z)

s -~ t — &9 T Nt — T
Weger [ d'F V=5 [A(tv-s"(:m;_; + BE - @) et N X f;f"")”a""ff)]

To restore diff invariance we promote S to a field:  £'(#(7)) — —7(7F)

The action f.f'_-..- V—ola) [A(t St st T 1T('J"-ng“"(arr)]

D dxv
is invariant if t transforms non-linearly: 7(z) — 7 F(z)) = =(z) — (=)
Decoupling limit. Casmolﬂg:i:::l penurtéali{;lns probe the
At high energy. no mixing with gravity. ==
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The various limits of single field inflation:
Slow-roll inflation...
Set to zero all additional operators: My = My =My =My... =0

= /d“: Y Fﬁfﬁtﬂ ~ M, (33‘*-:: +7)+ H(t+ rr}) +
+MaH(t+ 7) (1 +7)%¢™ + 2(1 + 7)Omg™ + q'-"d,-a't}j:r)]

From terms of the form: ~ M3, H#4¢™ mixing is relevantat E_, ~ €2 H

& 2 ('}iﬂ'}z
At E~H + leading order in slow-roll: Sp = /d".r\/ [ Mg\ R — M H ( tﬂ-.z )]
H? .
(me( By )me(kp)) = (27 )*8(ky + k2) ?A:‘ A free scalar in dS!
After horizon crossing one switch to =0 gi; = a*(t) [(1 + 2((t. T))d;; + i)
Standard results:
H? | ) d 2 S
(C(k1)C(R2)) = (27)%o(ky + Lﬂ-k ulél & e d log k log |H.,| 4H3 T
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Not evervthine in decoupline limit: e.e. 3-point function comes from mixine with eravity



The various limits of single field inflation:
Slow-roll inflation...
Set to zero all additional operators: My = My =My = My... =0

= /d-‘: v—9 [}1{313 ~ M3, (3H=‘-{r +7)+ H(t+ rr}) +
+MpH(t + =) ((1 + 7)™ + 2(1 + #)Img™ +guaﬂraﬂ-)]

From terms of the form: ~ M7, H#4¢™ mixing is relevantat E_, ~ €2 H

: e | [‘}iﬂ'}i
At E~H + leading order in slow-roll: Sy = /rf'.rq./ [ MR — My H ('T' 3 fn-.z )]
> - H? :
(melky )melka)) = (27)°8(ky + ka) 303 - A free scalar in dS!
After horizon crossing one switch to T =90 gi; = a*(t) [(1 + 2¢(t. ¥))&i; + ij]
Standard results:
e ) I ST K K
(C(k1)S(k2)) = (27)%5(ky + ""4; ME i3 o R e Y VAR TN
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Doing the same for inflation

Consider for example: / d*z /=g [A(t) + B(t)g™(z)]

o0x%(x) 97°%(x)

()

BeedilE ti=t+800)s—>3=3 " (z) — §"(F(x)) =

Ok

Weger [ d'F i) [A(?* O(a(®)) + Bl — (=@ 2t =1 e =T E""(-‘E)]

To restore diff invariance we promote & to a field:  £'(#(7)) — —7(F)

The action /d‘; V—oiz) [A(t+1r{.r))+B(t+ x(z ))3(t+r(:))ﬂ(t+r(x))g”,(x)]

dxh dxv
is invariant if xt transforms non-linearly: 7(z) — 7 F(z)) = =(z) — (=)
Decoupling limit. Cosmological perturbations probe the
At high energy. no mixing with gravity. theory atE ~H
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The various limits of single field inflation:
Slow-roll inflation...
Set to zero all additional operators: My = My =My = My... =0

- /d-ir » — [%M&,R — M, (3H¥t +7) + H(t+ 7)) +
+MEH(t + =) ((1 + 7)™ + 2(1 + #)Oimg™ +ﬂ”d.'ﬂ'0ﬁr)]

From terms of the form: ~ M3, H#4¢™ mixing is relevantat E_, ~ 2 H

" 2 (‘}iﬂ'}i
AtE-H + leading csder in slow-roll: - / e [ MER - ”HH( = )]
- - H? :
(me( Ky )melka)) = (27)°8(ky + Ka) 253 A free scalar in dS!
1
After horizon crossing one switch to C =0 gi; = a’(t) [(1 + 2¢(t. 7))d;; + ;]
Standard results:
H? 1 L e d H] —IH‘ H.
(C(kr1)S(ka)) = (2m)*6(ky + 51}4‘ M, i " dlog k log \H. H2  H._I.
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Doing the same for inflation

Consider for example: / d*z /=g [A(t) + B(t)g™ ()]

xr) I (x
() FO)

limediff: ¢ —f=t+&).F—r=7 Py P =2 T

- - : *_cﬂ T l *— T
We get: / d'7 V/—5(7) [rilt*E"(:{E)}}+B(t—~£°(-r{3r')}}d(t AL gﬂfﬂ,"‘rmrcﬂ]

To restore diff invariance we promote & to a field:  £(#(7)) — —7(F)

T'he action fd“.r Vv —g(x) [A(t+-.-r{.r)) + B(t + =(x ))a{t-}-‘r(r)) a(t+ﬂ£”g""(r)]

dxh dxv
is invariant if xt transforms non-linearly: 7(z) — 7 F(z)) = =(z) — £%(=)
Decoupling limit. Cosmological perturbations probe the
theory atE ~ H

At high energy. no mixing with gravity.
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Doing the same for inflation

Consider for example: / d*z /=g [A(t) + B(t)g™(z)]

7(x) 07%(x)

Timediff: ¢—fi=t+&).F—r=7 g*(x) — g" (-I«'(-r))- Dk Oxv

g (z)

Weger [ d'F V3@ [A{?* (@) + BE - €(a(@) 2= DN A ‘f;;‘""'”’?"'(f)]

To restore diff invariance we promote & to a field:  £'(#(7)) — —7(7)

T'he action ‘/.d".r Vv —g(x) [.4(1’ + m(x)) + B(t + m(x) )a(t St o' il ’W(I)]

Ot dxv
is invariant if xt transforms non-linearly: 7(z) — 7 F(z)) = =(z) — (=)
Decoupling limit. Cosmological perturbations probe the
theory at E~H

At high energy. no mixing with gravity.
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The various limits of single field inflation:
Slow-roll inflation...
Set to zero all additional operators: My = My =M, = Ms... =0

- /d": N [%AI,%,R — Mg, (3H“:r +7)+ H(t+ rr}) +
+MaH(t + =) (1 + 7)%2¢™ + 2(1 + 7)Omg™ +gi"'ﬂ,'1rﬂjﬂ')]

From terms of the form: ~ M3, H#4¢™ mixing is relevantat E_, ~ €2 H

2 .9 [‘jiﬂ']i
At E~H + leading order in slow-roll: / d'zy -J[ MR — M H (“" = )]
H'.E
(me( By )me(k2)) *{}r)a(£.+11}u3 . A free scalar in dS!
After horizon crossing one switch to =0 gi; = a’(t) [(1 + 2¢(t. 7))di; + ;]
Standard results:
” 3 L e e i H? 1 SRl NS H} L. H, H,
(C(k1)C(R2)) = (2=)%8(ky + k”"-k-ifii: x; T VAR TN
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Not evervthine in decoupline limit: e.e. 3-point function comes from mixine with eravity



..and 1ts high energy corrections

Additional operators cannot be really zero. At least radiatively generated

- -

o = ey Equivalent to an operator
5 . ~(@"+1)’H*logA e t Hooft, Veltman
R E = -‘:}-4-{00) log A\ Annales Poincare

Mg H g™ Mg, H g™ p1 Phys.Theor.A20:69-94,19

The speed of scalar perturbations will be: 1 — e, ~ M3}/(|H|MB,) ~ |H|/M3, > € -1071°
Not very interesting....

Additional operators may be much bigger They systematically encode the effect of new
with new physics below M, physics on slow-roll inflation

~ Physics beyond SM
Weinberg 0804.4291 (hep-th: % again 1 —¢, < e 107"
Experiments constrain the size of the operators

E.g. GW consistency relation L5 7o H? 1
(Y (k)Y (k2)) = (27)8(ky + k2)—= VA k’ ng = —2e.
T N, 3ei T H? 1 c¢qspoils prediction
(ky)C(k)) = (27)%a(ky + b M
<(ﬁ I} 2 { ( l -lf..lfﬁ ‘l.f fﬂl’ Gw tilt
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Rough verification of the relation would set a limit: M3 < M3|H|



The various limits of single field inflation:
Slow-roll inflation...
Set to zero all additional operators: My = My =M, =My... =0
- /d“: = [%M&,R — M, (3H3(t + =) + H(t +7)) +
+MaH(t+ ) (1 + 7)%¢™ + 2(1 + #)Oimg™ +,«;"Ja.=raﬁr)]

From terms of the form: ~ M3, H#4¢™ mixing is relevantat E_, ~¢e'2H

; 2 { }iﬂ']i
At E~H + leading order in slow-roll: Sy = /rf'.rq.f [ Mg\ R — M H ( 'uz )]
H? :
(me( Ky )me(ha)) = (27)*6(ky + 1.:} 5 A free scalar in dS!
ky
After horizon crossing one switch to =0 gi; = a”(t) [(1 + 2¢(t. 7))di; + 7ij]
which 1s (non-linearly) conserved t —t— x(t. D C(t. &) = —Hxl(t, ®)
Standard results:
HZ 1 I NS e S
(C(kr)C(k2)) = (27)%6(ky + m# ME i3 e VAR TN
Pirsa: 08050006 Page 29/61
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...and 1ts high energy corrections

Additional operators cannot be really zero. At least radiatively generated

- -

S = o Equivalent to an operator
2 ~. ~ (g™ +1)°H* log A B 't Hooft. Veltman
A AN, ",:}4-(00) log A Annales Poincare

M3, H g™ Mg, H g™ a2 Phys. Theor-A20:69-94.19

The speed of scalar perturbations will be: 1l — e, ~ M3 /(|HIMB,) ~ |H|/M3, > 2-1071°
Not very interesting....
Additional operators may be much bigger They systematically encode the effect of new
with new physics below M, physics on slow-roll inflation
~ Physics beyond SM

Weinberg 0804.4291 (hep-th:  R° again 1 —¢, <e 107"

Experiments constrain the size of the operators
E.g. GW consistency relation H2 1 _

~ k)~ (K _— ')'.T:j ke T _— ’
2y (Ra)) = (2R + Ka) 5

s ) LT NN H? 1 cqspoils prediction
ky)C(Rk2)) = (27)6(ky + ko gros=
(C(kr)C(k2)) = (2m) d(ky + -h..‘lfﬁ k¥ for GW tilt
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Rough verification of the relation would set a limit: M3 < M3 |H|
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Small speed of sound...

o -2
% = f o [%.—’LIE.,R— MEH (fr"- -) + 20 “"’;T ) 3 %.fu;;a--“- + ]
Fixed by background! /

Pathologies for H > 0 Not always... ;=1

2M3
M2 H
e Lorentz invarnance 1s broken and cg=1 1s not protected

* ¢g>1 not compatible with Lorentz mvariant UV theory
(Arkani-Hamed ctal hep-th/0602178)

— M =0

; )2 _ 2
L - /d";: v—e [- "%H (:ir" = {_3{3;) ) + M3 H (1 - %) (fr" s i{&‘f"’ ) = %M}&“--_]

Mixing ~ M;74¢™ can be neglected above £, ~ M7/ My
This requires g = A2/ My, e/ < 1

As we did in the simplest slow-roll case:

- o e ]
Kk )C (k) = (27)7d(ky + bez)— -

- -
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...and 1its high energy corrections

Additional operators cannot be really zero. At least radiatively generated

- -

o ot e Equivalent to an operator
s o ~(@"+1)°H%lgA R t Hooft. Veltman
R S, W(OO) log A Annales Poincare
M H g™ Mg, H g™ a2 Phys. Theor-A20:69-94.19
The speed of scalar perturbations will be: 1 — e, ~ M3}/(|H|MB,) ~ |H|/M3, > ¢ -1071°
Not very interesting....

Additional operators may be much bigger They systematically encode the effect of new

with new physics below M, physics on slow-roll inflation

~ Physics beyond SM
Weinberg 0804.4291 (hep-th: R% again 1 —¢, < ¢ 107"

Experiments constrain the size of the operators
E.g. GW consistency relation S L S ek e
(" (k)Y (k2)) = (27)°8(Ry + k2) 375 130w
o - far

i R 8 N H? 1 cqspoils prediction
L‘ L" = (2 u k k‘ ' . :
(C(kr)C(k2)) = (27) d(ky + .4,_,1;;;, k! for GW tilt
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Rough verification of the relation would set a limit: M3 < M3, |H]

Ng = — 2€.




Small speed of sound...

S. = [dev=a | MR - M2 (2 20 () --u
r = Iy —¢q 2.— pit — JMpy n - = aMs -5 o - 31’ -+
Fixed by background! /

Pathologies for H > () Not always. .. gt=1-

2M3
M2 H
» Lorentz invarniance 1s broken and ¢g=1 1s not protected

* ¢>1 not compatible with Lorentz invariant UV theory
(Arkani-Hamed etal hep-th/0602178)

— M} >0

| MZH (., .33 1\ (.5 .(&=x)* .
S,:]d"_.r:\f-g [- b (x-*-{-f‘ ;’) up.H(l-;) (rr" #02 )-—5.‘4;::'3-.-]

Mixing ~ M;74¢™ can be neglected above E,.. ~ M7/ My
This requires g . A2/ My, e/ < 1

As we did in the simplest slow-roll case:

s e H? 1 | H? H i é
: > = (2% o +— K2 - CE—— - - — 2t i it
(K{‘LI ]R{LI}} ( ) ‘S{kl I{J"&- | ..U|§| k:i]' = le : -
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.and large Non-Gaussianities

Cubic terms for the Goldstone: » Non-linear realization of diff forces relation
between ¢g and NG

12 F (l = i) (?;;; - ;(E}.-:r]lz) 4 Vst « Number of independent operators
. 2/ = a? e « Experimentally they give equilateral NG with

s

slightly different shape
_
s Liivs) H:"(:'T) H ., .
Level of non-Gaussianities: = S Ak f\L ﬂtﬂ: -y
. s 0 - % 1
Expenﬁmeuts e Explicit calculation gives: NL T 394 2
or equwalently on g (see Chen. Huang. Kachru and Shiu hep-th/0605045) :

WMAPS limits: —151 < fy™" < 253 at 95% C.L. — | s > 0.028
(technigue based on

' Cremunelli. A. Nicolis, L Senatore. M Zaldarmaga {barring cancellations with M3 operamr}
and M Tegmark JCAP 0604:004 2006 )

similarly for 4-point function. At leading order in slow-roll: (g"9+1)2, (g™+1)3. (g%+1)*

e biss - L— e G s (Huang. Shiu hep-th/061)235)
“onttibution linked to cg: C, H2zZ ~ & AS &



Small speed of sound...

a 12 )

S = / d*ry/—g [%ﬂ.f?.,ﬁ- Mp H (fr"- -) +2M3 > — .-*r(d‘f:’ ) - %Mg‘ﬁ-" - ]
- [F .

Fixed by background! / -

- 12

Pathologies for H > 0 Not always... - 2
M2 H

» Lorentz invarnance is broken and cg=1 1s not protected
» ¢g>1 not compatible with Lorentz mmvariant UV theory

(Arkani-Hamed etal hep-th/0602178) ME > 0
— | MZH )2 _ : )2
S, = /d‘l_r V=g [-% (f*’ - {"3{8:]:] ) + M3 H (1 - }E) (:‘r" - #{&;] ) - %.‘J;&“---]

Mixing ~ M;7d¢™ can be neglected above £, ~ M7/ My
e/ r'i < 1

This requires  f = A2/ My,

As we did in the simplest slow-roll case:
ol o e ) B 1 d H? H i é
ky )C(k2)) = (2=)d(ky + ko - — = . . . =
("&{ 1)< l}} ( ) ol ky 'Il"*_ k..‘fﬁ:‘ k_vi; ne d ];ugk |H_|,;—H_ 4H? H.H_ f_‘H.H
Page 35/61
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...and large Non-Gaussianities

Cubic terms for the Goldstone: * Non-linear realization of diff forces relation

2 ¢ 1 .3 . (Byx)*
12 e i “i —_ T
'IPIH (l ['3) (T' “2

E.

Level of non-Gaussianities:

Experiments set limits on M,
or equivalently on ¢

WMAPS limits:
(techmique based on

" Cremunelli. A. Nicolis, L Senatore. M Zaldamaga
and M Tegmark JCAP 0604:004 2006 )

between ¢g and NG

) 4 V=3 * Number of independent operators
» » Experimentally they give equilateral NG with

slightly different shape
_ )
Livx)? Hn :'T) H_ I f...qujl_ 1
C;, = H#R & & NL #(V=)2 2
el N5 1
Explicit calculation gives: NL T 354" 3

(see Chen. Huang. Kachru and Shiu hep-th/0605045)

—151 < feMl < 253 at 95% C.L. — | cs > 0.028

(barring cancellations with M; operator)

similarly for 4-point function. At leading order in slow-roll: (g99+1)2. (g™+1)3. (g%+1)*

“ontribution linked to cg:

o (;".5";#)ll N

E o~ H2 3 o~ - T~ —l[._; [Huﬂng. Shiu WIM%JQ%QSI
2 r g Cy l"



Cutoft, Naturalness, and the dS Iimit

For c¢<1 the x theory is not renormalizable. It becomes strongly coupled at A

i

-

4 160208 6o ~ 16~2 M2 1 E1 53
A" ~ 167 .iflm ~ 16m .‘r.{pllHFI —f"f
For cosmology we need: pg' « j[l':-:l | H 1,;:;’ Ce > P‘;” T~ 0.003 Not surprisingly
NG_‘;, NG_‘, = l
No large radiative corrections 5(;3 ~ f;'sﬂ'l/(lﬁﬂi .-"Uél) <c
Goldstone theory is natural: - No large radiative corrections L S
- Irrelevant operators M H (1 - r—l:) (—‘ - :'.-“f;} ) - %.1!;‘,’:‘:
- Approximate shift symmetry '
_2 203
v Jess o 12 f dS Iimat pathological? We have to consider higher derivative terms:
e

[ENCTE LR TP R A RS
il

- — -

Non-relativistic dispersion relation: w ox k2
We can impose a new symmeltry: _— ml(r.t) — =(x.t) + const.
ufie’i¥ariance of unitary gauge coefficients Page 37/61

Ghost condensation






Cutoff, Naturalness, and the dS limit

For c4<1 the x theory is not renormalizable. It becomes strongly coupled at A

1]

" 3

. . 2aZuss & ~ 162 re2 1E51__Cs
A" ~ 167 j‘!i-]m ~ 167 jIPIlH!I —r‘f
For cosmology we need: 7' « j[g”[-:( ;;f" Ce > P4 A 0.003 Not surprisingly
s ¢
NGJ, NG_;"’ l
No large radiative corrections 5{33 ~ p;EA“/(]ﬁgr?_-‘l[é‘) < Lf
Goldstone theory is natural: - No large radiative corrections S
- Irrelevant operators M H (1 - r—l:) (-J - :'r{d:;} ) -~ %M;;'fr
- Approximate shift symmetry '
2 2M3
& =1- ey dS Iimit pathological? We have to consider higher dervative terms:
P
v L(t)? . Is(t)* - A2 &
fdi‘rv“'—g (_.\f,z-if} SK»,2 - Jl'_;-:{'f,'l :’ih'"ytjﬁ'"ﬂ) e /;f‘.r v—g [_ .f _l“);z:_}l]
- - & a
Non-relativistic dispersion relation: w ox k?
We can impose a new symmetry: _ ml(r.t) — =(x.t) + const.
ufiie’anance of unitary gauge coefficients b

Ghost condensation



Modification of gravity and ghost inflation

Mixing with gravity: 0K;; O (0,0;7 + Oigoj) ——=  Epix >~ MM3/ME,
Nothing to do with

At E<E_,, gravity is modified. Ghost condensation background curvature'

( Arkami- Hamed etal 2003).

Modification of gravity: mixing relevant on scales smaller than curvature
In the decoupling limit: H>>E_

Goldstone action: f‘ﬁ"' [2-”2 e ;{a?f}g] x has dimension 1/4: 7 — 'z

This allows easy estimate of perturbations:

1/4 .
onc(H) ~ om (M) (%) ~ (H.-’lrfa)l“ (Clky)C(R2)) ~ (27) d(ky + @)WIHM"’)”ZE
(H/M)** ~10"°
- . Lawep M'Hz(HM)=* N g\ V4
High level of NG: = il - (ﬁ)

Here the 7 language 1s mandatory!
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Cutoff, Naturalness, and the dS limit

For c¢<1 the & theory is not renormalizable. It becomes strongly coupled at A

(=i

4~ 162 14 B ~ 162 A2 1 Er1_C3
A" =~ 16« .1!3@ ~ 167 JIP”HFI —f‘:f
For cosmology we need: g « M3, |H|c’ c. > PV ~0.003 Not surprisingly
s ¢
NG}, NG_‘ il l

No large radiative corrections J(i ~ (..‘;5114/[ 1672 _-1[51) < Lf
Goldstone theory is natural: - No large radiative corrections il

- Irrelevant operators M H (1 - ,L-) (-4 - fr{{f;'} ) - %M;:::—

- Approximate shift symmetry '

2 2M3
& =1- /2 ~— dS limit pathological? We have to consider higher derivative terms:
.

r 2 ¥ 2 ra
il

2 2

Non-relativistic dispersion relation: w x k*
We can impose a new symmetry: _ mlr.t) — =(Z.t) + const.
ufieCifanance of unitary gauge coefficients Page 41/61
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Modification of gravity and ghost inflation

Mixing with gravity: 0K O (B0j7 + Digoj) ——= Eu >~ MM3 /M2,
Nothing to do with

At E<E,,, gravity is modified. Ghost condensation background curvature'

( Arkami-Hamed ectal 2003).

Modification of gravity: mixing relevant on scales smaller than curvature

In the decoupling limit: H>> E,_

.9 M* 1

Goldstone action: /d”.r [2.11‘4“ —F — (= }E] A ©
This allows easy estimate of perturbations:

1/4 I
om.(H) ~ ém (M) (%) ~ (HM?)? (C(ky)C(R2)) ~ (2=)%d(ky + @)W{HM:;)UZFI

(H/M)*'* ~107°
3 - C‘i'ﬁu'r}: jf‘HT{Hﬂf}‘l'z N il M H 1/4

High level of NG: T (T:)

Here the x language 1s mandatory!
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Modification of gravity and ghost inflation

Mixing with gravity: 0K;; O (307 + Oigoj) ——= Enpix ~ MM3/ME,
Nothing to do with

At E<E,,, gravity is modified. Ghost condensation background curvature'

( Arkami-Hamed ectal 2003).

Modification of gravity: mixing relevant on scales smaller than curvature

In the decoupling limit: H>>E_

o =]

Goldstone action: /“4-" [2-”4“ 2 o _(')J'F] n has dimension 1/4: x — stz
This allows easy estimate of perturbations:

B 3y1/4 (CECER)) ~ (22)5(R, + Ba) T (EEMPY 2L
o7 (H) ~ Sm (M) (ﬁ) ~ (HM?) M k3

(H/M)** ~107°
_ . Lywxp MHx(HM)x®> = M e

High level of NG: =%  ACHIIADT _ /. _ 3 (‘_')

Here the 7 language 1s mandatory!
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dS Limit without the Ghost Condensate

¥ 9 _" 3 9 2
/d‘lr vV—g (—JI[H) (6™ + 1]61&*";‘) _— - .[J'.r\,’—_y I;H ((—)1;)

2 2 a
) 9 » .2 — H 1
itandard dispertion relation: w* = c k* =3I <
S CAea L
Generic Goldstone dS dispertion relation: W~ —k* + 5
M M
Li(vx)? 1 H\'4
High level of NG: ~—=Hmr~|—
- Lo c2 i (_\[ )
& & ) -}n _l.f_i__
Nothing beyond this: W~k n>3 — WT—S 2 2a7

irsa: 08050006 — ﬁ-( V?T )2 has M‘_‘almg dim. ( T —3n )/{ 2n ) ————puge 4§p2 strong



Modification of gravity and ghost inflation

Mixing with gravity: 0K O (3057 + digoj) ——= Eyu ~ MM3/M2,
Nothing to do with

At E<E,,, gravity is modified. Ghost condensation background curvature'

( Arkanmi-Hamed etal 2003).

Modification of gravity: mixing relevant on scales smaller than curvature

In the decoupling limit: H>>E

M* 1
R ——— /(h [2'”" - Al }'z] « has dimension 1/4: 7 — s'/%x
This allows easy estimate of perturbations:
1/4
one(H) ~ dmc(M) (%) ~ (EM3)V? (C(ky)C(Rr)) ~ (27)*d(ky + kg)m{Hﬂfz}UZE
{H}‘{jf}ﬂf-l 2 {] 3
; . Liwep MHz(HM)=* M g\ V4
High level of NG: e T —Mr= ¢~ (T:)

Here the 7 language 1s mandatory!
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dS Limit without the Ghost Condensate

T (4)3 3 9. \2
]rflr v—g (—Jrl“) (g™ + l){ih’#p) e /Jl.rv”—_y . E)H ((2)_'7:')

2 a
itandard disperti lation: R C§=H<-::1
b pertion relation: W - M
Generic Goldstone dS dispertion relati ; Hk" K
neric tone S relation: W -
M A2
L‘::i‘ V)2 1 H 1/4
High level of NG: { ~—Hr ~ | —
= Lo 2 (_Ur )
= - . ‘)n —%—E—ﬂl”
Nothing beyond this: W~ >3 — TF—+S5 2" W3

irsa: 08050006 R fr( V?T)Q has hca]_mg dim. (T — 3n )X{QH) ———puge 4{/p2 strong






dS Limit without the Ghost Condensate

L )3 _1_13H (), 2
/(fl_r v—g (—Jrl(t) (g™ + l)&K‘"p) _— —/Eﬂqu : (-:r)

2 2 a
, : ) s 2 = 2RI C§=H<{1
tandard dispertion relation: w” =Gy M
Generic Goldstone dS dispertion relation: w® ~ —k* + 5
M M
Li(vx)? 1 H\Y*
High level of NG: ~—=Hm~|—
gh Lo c2 (]I )
= ~ 9 n _l+ql.--
Nothing beyond this: Wt~ >3 — T—+E =7

irsa: 08050006 S—— ﬁ'(v}".’)“z has scalmg dim. (T = 3”)/{2”) ——rege 44BL strong



Theorems on signatures:
The consistency condition of the 3-point function

of single field inflation
A with C. Cheung. A L. Fitzpatrick_ J. Kapls
JCAP 0802:021.2008.
- 5 dlog k3P
4 = e _——) 3:3 3 Og 3 ka
im, (G, GxCiy) = —(20)°6° () _ Ko) Py Pa— gy

(Cr.Ss,) = (2m)°8 (ks + k;) P, Makdacens JHEP 0305:013 2003
S Creminelli. Zaldarriaga JCAP 0410:006.20
ds® = —dt*> + a(t)*€**'*)dzx;dxr; Background mode acts as a rescaling of the coordinates

ro + T d
Lo ((K—B«ogufg - fm)

(€C) B(F2, F3) ~ ((C)o(|F2 — F3|) + ¢7(

0

-Explicit verification in all single field models using the Effective Field Theory
-Potentially ruling out of single field Inflation
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dS Limit without the Ghost Condensate

¥ 3 3 2
/rfl.r vV —g (—JII:;” (g™ + l}fiK"p) S— [tfl.rv —q 1I)H (—’; )

(l

' - -
tandard dispertion relation: w® =gk =3 <1
Generic Goldstone dS dispertion relati e = K
neric tone n relation: w —
Jl[ 4'1[2
‘Cﬂ\?:r}z 1 H\ V4
High level of NG: ~—=Hm~|—
- Lo 2 (_u)
i - )y -}“ —l+f’l
Nothing beyond this: W~k n>3 — T—S 2 2a7
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dS Limit without the Ghost Condensate

XT3 I3 9 \?
/J‘:v—y (—Mrlét) (g™ + l]‘stp) - _/‘ﬂfv'q JI,;H (91*)
a

" 2. - =
itandard dispertion relation: w® =csk* =37 <1
Generic Goldstone dS dispertion relati y HL2+ o
SR tone n relation: W~ -
11.[ 4"[2
Liwr)2 1 H\Y*
High level of NG: — ~—Hm ~ | —
- Lo c2 - (_Ur)
- . 2 '}n —l.{_l
Nothing beyond this: Wt B >3 — TS 2R

irsa: 08050006 — - ﬁ-( vﬂ')2 has M‘:a[mg dim. (T — 3n )X(QH) ————puge 5§p2 strong



Theorems on signatures:
The consistency condition of the 3-point function

of single field inflation
A with C. Cheung. A L. Fitzpatrick. J. Kapla
JCAP 0802:021.2008.
3.: - dlog k3 P
4 P R T 3:3 3 Og 3 kg
im, (G, GeaCiy) = —(2m)°6°(Q_ Ko) Py Pra— gy 5

(C;CE.) = (2“')353(5.' + Ej )P, Maldacena JHEP 0305:013 2003
ol Creminelli. Zaldarriaga JCAP 0410:006 .20
ds® = —dt*> + a(t)*€**'*)dzx;dxr; Background mode acts as a rescaling of the coordinates

r I d
IQ; — (‘K—B(COB(lfz - i":;l))

(€C) B(F2, F3) ~ ((C)o(|F2 — Fa|) + ¢5(

0

-Explicit verification in all single field models using the Effective Field Theory
-Potentially ruling out of single field Inflation
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Theorems on signatures:
The consistency condition of the 3-point function

of single field inflation
A with C. Cheung. A L Fitzpatrick. J. Kapla
JCAP 0802:021.2008.
I dlog k3P
3 <3 : og k
__(}{Ckl Ckzcka) _(271-) 0 (Z A‘i )P.h Pkg dl()gskg 2

«E‘-Cﬁ'j) = (2“)3‘53(’51' + k; ) Py, Maldacena JHEP 0305:013 2003
Creminelli. Zaldarriaga JCAP 0410:006.20
ds® = —dt* + a(t)?e**'"*)dx;dx; Background mode acts as a rescaling of the coordinates

Io + I3

5 ) (dc,g (€C) B(|72 — IJ|))

(€C) B(F2, F3) =~ (CC)o(|T2 — Ta|) + C5(

0

-Explicit verification in all single field models using the Effective Field Theory
-Potentially ruling out of single field Inflation
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Violation of Null Energy Condition

with P. Creminelli. M. Luty. A Nicolis.

i JHEP 0612:080 2006

Is H > (0 possible? ® ~ constant

Imagine: /

>
@

Low Energy Action: §_ — /d41? [ﬂfng(ap?T)z + M*'7%* — il—f(afﬂ')z]

, M2H .. M2
2 MplT, o
TTam T

Dispersion relation: o k3

H _ M(t)M(t)?
» Stable for — < (,‘)2() SH.
H = IPI with Creminelli JCAP 0711:010,2007
*Violation of NEC ——— New Ekprirotic Models  Buchbinder. Khoury. Ovrut PRD76: 123503 2007
Lehners. McFadden. Turok. Steinhardt PRD76:103501.2(

» Unique low energy prediction for today's w < —1

» StiidV eifects of perturbations: in progress i

B N e e e



Summary. Advantages of this approach

M?
2

Sz = /rf".r vV—g [.1I§1H(0#n*)2 + 2M3 (ﬁg Y - ?3’;!'1.—17(0;:1’)2) i %_U:Jﬁ.ii g ;Sff{"jf”]!

1. The systematic way of parametrizing high energy effects on simple slow-roll inflation.
Experiment sets limits on the additional operators (NG. GWs...).

2. What is forced by symmetries is made explicit. E.g.
» The spatial kinetic term is fixed by the background: —\fp, H(9,7)°
(relation NEC/mstabilities, discovery on how to violate NEC)
e (g"+1)" reduces ¢ and gives 3 and 4 pomnt functions

3. The number of relevant operators is explicit. E.g. the 3-point function can be changed by
(g9+1)% and (g%9+1)* (at leading order in derivatives)

4. All single field models are unified: DBI. ghost inflation. Prove Theorems on signal.
5. In ¢ language one can perform fieldredefinitions: o — o(o)

Pirsa: 08050006 (Eg. f(o }:'!{ o }2 — V(o) is equivalent to a minimal model) Page 57/61

While T civee a4 <tandard non-linear renre<entation of time diff



Summary. Advantages of this approach

6. In ¢ language it is not obvious how to assess importance of operators
E.g. All ()" may be comparable as some legs can be put on background
(in DBI for example). In ghost inflation the scaling 1s only clear in .

7. Loop corrections of cosmological perturbations. UV divergence are easy to reabsorb.
For ¢ one would have to consider infinite counterterms.

= 2 . : = . M2 e
Sz = /d”'-r V=9 [-\Iélﬂfc’?prrl“ +2M; (r‘rl +% — :‘:-ui._,{a,-zr)-) — %.u:;‘:;-* == u%wfn-)l +..

—
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Summary. Advantages of this approach

M2 1
Y E]

Sx = fd‘-r V=9 [.-U,‘;‘:,H(aﬁ)‘-* +2M; (* S :%alf_,-{aix)f) - %.\I:";':i*” - () +..

1. The systematic way of parametrizing high energy effects on simple slow-roll inflation.
Experiment sets limits on the additional operators (NG, GWs...).

2. What is forced by symmetries is made explicit. E.g.
» The spatial kinetic term is fixed by the background: —\fp, H(3,7)°
(relation NEC/mstabilities, discovery on how to violate NEC)
e (g"+])" reduces ¢ and gives 3 and 4 pomnt functions

3. The number of relevant operators is explicit. E.g. the 3-point function can be changed by
(g9+1)% and (g%9+1)* (at leading order in derivatives)

4. All single field models are unified: DBI. ghost inflation. Prove Theorems on signal.
5. In ¢ language one can perform fieldredefinitions: © — o(o)
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The various limits of single field inflation:
Slow-roll inflation...
Set to zero all additional operators: My =My =M, =My... =10

- /d": v—e [%M&.tﬂ — Mg, (3H‘3u +m) + H(t+ '.'r}) +
+MaZH(t + =) ((1 + 7)%9™ + 2(1 + 7)Omg™ + y‘Ja;.rraﬁr)]

From terms of the form: ~ M7, H#6¢™ mixing is relevantat E_, ~ €2 H

g 2 (Oimw)?
At E~H + leading order in slow-roll: S= =fff'-rv’ [ MR ~ ”PIH( = fug )]
H‘JI
( r{*[}'r{klj) = {2:-] d‘(‘;[ +*2}}A‘l‘ - ."\free Scalarin dS!
After horizon crossing one switch to T =0 gi; = a*(t) [(1 + 2¢(t. ¥))8i; + ij]
which 1s (non-linearly) conserved t — t —xft. D Ct. 5) = — Hx(t,
Standard results:
B ) e o B _43. H.
(C(ky)C(R2)) = (27)%8(ky + 52}4‘ ME R s “dlogk C|H. _ HZ H.A.
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Fixing the tadpoles

Background evolution fixes ¢(t) and A(t). Higher order terms only affect perturbations

H®* = #[c{t)-i-.\(t)]
e i |

1

Friedman equations
I, [2¢(t) — A(t)]

give: A
S=H+H® = -

=

. . ) > 1 1 >
T f 4 ,,;q[%..u,ﬁtﬂ + M3Hg™ — M3,(3H? + H) + E.’tfg{t}‘l(ym +1)2 + Ef,sl,f_-,;(:r}*‘(gr'“"]' +1)%-

My(t)?

SK* K" + | .

M(t)? Ma(t)? .
M‘;” (g™ + 1)6K*,, — "ﬂé " 5Km,2

1 2
Solt) oo _ V(au{t)}]

Simplf:st case: -[d.l.l‘ \/__y [_‘;{do)l = V{G):I 18 jd‘ll Vf__g [_ -

§— / d*z /=g P(éo(t)26™. 6(t))

L = P(X. o). with X = ¢"9,00,0.
Mi(t) = oo(t)*"0"P/OX™
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