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General single field inflation

fd4x\/_

2
1
—R+P(X ¢)] with X=-2g"3,p0u¢

Originated from multi-field setup: light # and heavy &

9°(1.0) = 1+ 1)+ N (14 7) F e Trajectory along the lightest direction

e Effects of heavy physics in curved traj

0] .
N"{j, e Can we apply EFT to find universal
\ features of “heavy” physics?

background i
trajectory @ (1+7(1,))

© Write the action in terms of & (along traj) and & (off traj)
@ Integrate out F: e>l%| = [[DF]S% 7]

[: equiv to plugging linear sol: (-0 + M%) F = —29(([)0/H)9'2]
@ Effective single field action Seg[Z2]
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Effects of heavy physics as non-trivial ¢,

Effects of heavy physics in “speed of sound”

12

AN
. 40 . : .
;o=1+ vl (6 : angular velocity of traj) /\
eff

Single field theory with non-trivial ¢?: Footprint of heavy physics
(Achucarro et al. 2012a)

& borrows kinetic energy of Z — propagation speed c¢; reduced

e EFTinO/ Mgff: universal footprint of heavy physics
@ Many scalar fields in BSM, e.g. moduli

@ New observables poorly constrained — to be tested in next
decades
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Splitting canonical action

EFT = canonical (¢; = 1) + (occasional) departure from ¢; =1

R? (vgz)z
a2

S= fd4xa3€mpl c2

=Sy, “free” part

+83+ -

1 .
=8 canonical +]d4xa3em12,1 (? — 1) > +83+:--
N——— S

cs=1 part

=82 int

@ Well known, accurate Green’s function

(For example, JG & Stewart 2001, Choe, JG & Stewart 2004)
@ Interaction valid for a limited interval .. chen & Wang2010)

c.f. Using dy = ¢sdr = csdt/a, ¢* = a®elcs and v = v/2gZ (Baumann, Senatore & Zaldarriaga 2011)

sz_fd“x [(v’) (VV)+qlv2

But see later parts of this presentation
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Features in the power spectrum
Interaction Hamiltonian at quadratic order
in 1 7
H® (1) = fdsx( —ntgp- xl(jt)) :fd3xa3em12)1(c—% 71)922
Features in the power spectrum

@k(r)@q(r)):—if: a@ydr' (0| [Rxm)Rq(m, HE) () |0) = @) 6(3)(k+q)F2AJ’j
in

int

AP, o0 H? k
it/ :Kf dtu(t)sin(2xt) with Pgp = 72 t= L,K = —
Py 0 8m2mg e

Inverting this relation to write u in terms of observable A%/ %4,

2i [° dx APy ;
u(t):—lf ak j(f)emr
T Joo kK Pgp \2

Correlated bispectrum and power spectrum: Bg = [(--- AP/ Pg)
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Leading bispectrum for varying c;
Leading order action in terms of u(#)

3 2 22 2 _ G
Sg;fd4xu mg€ [3u@ R—(U+2) R(VR) ] (s= H—CS)

Assumption: H, € and n approximately constant (K = ky + kz + k3)
k (1) d%k (1)

T e %k (7) +2 perm

}

0
Bg(ky, ko, k3) = 2%{21@]61(0)%](2(0)%163(0 [36[ d‘l,' 5
—00 T

2

m +2
+e—z1 (Fy -k +2 perm)[ a2
—00

72

Ry, ORL, (OR; (1)

emta? 1APg ( K 1 A%,
e B (22 G b 1 o
(k1 kok3)3 | 2 K Pg \2ks dk |k 25 \2ke )|k
1 — (k1 k2 +2 perm) A@Jg( d 1A%;( k ) ‘
+= (ko +2 +kikok
ke perm){ K Doy \2kx )TV Gk [k 2y 2k |k
AD, > A
(k1k2+2perm] d Pz (L) ' +kiko ks L[ Pz (L)
dk | 25 2k )|k k2 | g \2ki |,

(Achucarro, ]G, Palma & Patil, to appear)
Correlation between spectra is manifest!
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Modeling curvilinear trajectory

A cosh turn in otherwise straight trajectory in 2-field system

2
¢ nL >0

/M—U 77J__0\4 ;bl

n =€= 71 ,max
YT H  cosh?[2(N— Ny)/AN]

(Equations of motion: see Achucarro et al. 2011)
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Features from smooth curvilinear trajectory
Nomax=5, AN=0.5, H*/M*=1/300 Noman=5, AN=0.5, H*/M?=1/300
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General slow-roll approximation

Z (1) = de Sitter piece + higher order corrections

No guarantee for the hierarchy between slow-roll parameters
Up to 1st order corrections in the standard SR known (chen etal. 2007
Consistent account in more general contexts

Mode equation: 2 =2a?mj e, y = V2kz9y, dx==—kcsdtl a, f = 2nxz/ k

dy 2 1 f"-3f , df A
— +(1-S5|y= S = - =[1+-]e¥
dx? ( xZ) x2 f Y (f dlogx) Yo(x) ( x)e
N——
de Sitter solution =g(logx)
N —

departure from dS

Green’s function solution ¢c &stewart 2001

;oo g
y(X) =yo(x) + % f ??g(log ) (5 W)yo (x) — y5 ()0 ()] y(w)
X

=yo(x) + Lx, u)y(u)
=y0 (X)) + L(x, u)yo (1) + L(x, u) L(w, ) yo (V) + -

Towards more precise estimates of the primordial bispectrum Jinn-Ouk Gong



Introduction Effects of non-trivial speed of sound Bispectrum in general slow-roll Running of fy, Summary
oo 00000 0®00 00 o

3rd order action reprocessed
%3 and %> % : cumbersome to compute with many derivatives

f%g f 0+L_)/0+Ly0+ ) ~®

Using partial int and linear eq to reduce the # of derivatives

SL| de(. [ & dfd A
o Ei{gz L +H]92——92}
1 & ae dt\| ¢ a?
N— —
=C=H(3+n-2s)
. . . 3 o
ng.Zg, :fA—3AC—2AC+2AC2 d (# J+...+ oL| & (A 24C 2 |
2 dt 3 6% |1 ade 2
-B+BC d (%3 5L| & B _,
fB?/BZQZ f ( )+~~~+ 5 Tg2
dt 3 0% || dde 2

Field redefinition with more terms involved g, schaim & shiu, to appean)

ms,
S3 :fdrd3x—” —

Cs

4
dr

e en o2\ 1d(n 23+ (hi
LSLIH(3S+ > +es+9us—2¢ ) 3 d‘r( ) (Jf )+(lngher SR terms)

&

I}
=
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1st order bispectrum in GSR

“Source” for the bispectrum

CsaH(35+?n+“+9”s 252]+%dljgr (n)l

7Q‘_,

1
gp(logT) = azmple 7 7

Window functions constructed from homogeneous solution

Yo (k1 T)yo (k2 T)yo (k3 1) = Wp(ky, kp, k3; T) + iXp(k1, k2, k3;T)
Yotk 1)yo (k1) yg (k3 7) = W(ky, ko, —k3;7) + iXp(ky, ko, — k3; 7) = Wps + iXp3

Bispectrum up to 1st correction [i.e. ©(g)] (. Adshead etal. 2011)

em* VPgk) VPg k) \/@@(kg) o dr
2 2

1 2

Bgp k1, ko, k3) =

gp(logT)

A
x{(d ]}]WB+ dT(XB+X33)f —g(logr)X(k31)+2perm

1

la!(X+X )fooﬁ (logT) 1+L +2 perm (d—
S50 (4B Ba,fggkgf Ic§’f3 p T =

(G, Schalm & Shiu, to appear)
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Example: Starobinsky model

Starobinsky model: linear V(¢) + sudden slope change starobinsky 1992)

1-A(p— o) for ¢ < ¢y
Vip) = Vp x ]
1= (A+ AN @G- pp)|  for ¢> g
' , , - g
de Sitter approx: = = ¢ g§=-3—,83=~ (i) (Choe, JG & Stewart 2004)
o H v F\H
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(cf. Arroja & Sasaki 2012)
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Starobinsky model: linear V(¢) + sudden slope change sarobinsky 1992)

1-Alp—- fi
V) — Vo x ®-90)] or ¢<do
1-(A+AA@—o)|  for ¢>go
S ) o
de Sitter approx: f (P 7 g=- V—, g = ; (I;Pd)) (Choe, G & Stewart 2004)

kafky
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kafky
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(cf. Arroja & Sasaki 2012)
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Evolution of field fluctuations

Running of f,
@00

ANy

No N; Ny

@ N;: initial slice (flat) for the 6 N formalism, 0 (/)ﬁm =Q*
(2] Np: final slice (comoving) for the § N formalism
© Ny: horizon crossing of a mode k

Q%(Np) =Gaussian — Q%(N; = Ny + AN}) =non-Gaussian

a; (aH);
AN =1 — | =1
k og(%) 0g 2

— k-dependence
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Power spectrum and its running
Evolution equation of Q% on large scales iiston, seery & Tavakol 2012)

1 :
DNQE :wabe+ Z LU“I)CQbQL +oee
ic id
oo e, Betania %6 90 ( _ Va]
ab=Mab) T T3 g g " T 32
id e (bd

1 %0 %o 0
Wabe =Ugbe) + 5 R(u\delb;c) HEH _4Ra(bc)d?

3

QUN; =Ny +ANy) = Q“(N0)+ANk(Lu »Q° + peQPQ+- )
Power spectrum and the spectral index
(it Rg(1)) = 216 e+ g) %2%3 (k) = Na(t) Ny (e { Qe Q) )
( Qe Qi) = ( Qo) Qltto) ) + 22N e ( Qo) Q) )
<Q“Qq> sz ) (k+ g [Yab+€ab)

Dlog2? NN w?
ng—-1= Zo8%% =-2¢-2 % (Sasaki & Stewart 1996)
dlogk N¢N¢
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General formula for the running of fy.

<@k1 () Ry, (1) Ry (tf)> = 2m38® (k123) Bg (K1, ez, k)

. 1 .
a b C a b ¢ d
= NaNch<le ka Qk3 > + 3 {NachNd< [Q *Q }kl ka Qk3> +2 perm}

@ 1stterm: NL evolution between horizon crossing & initial slice

Na(e) Nyt Ne() { Qf, () Qf, () Q1)

H (1)

@ 2nd term: NL evolution between initial & final slices

= 2m)36® (ky23) Ny (1) Np () Ne(£7)

wbe (I(;'ANkl +2 perm)

lN(t'N'N' (¢ by, C (0% (¢
3 Nap i Ne(t)Na(e { [ @9 Q] G, (19 Qg 1)

HA
= @15 (k125 N 1) Nt Ng (19 5 (yy ™

bd bd
g T 2BN WOy 28N Y Cw )
172

N, NANY
(NcN©)?

NaNpNew?e . ab( NgNp  NacNpN° )”

1—-ANg |-
{ k Ny NANe NyN4 N, NANe

6
ngL =

N
(Byrnes & & 2012)
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Summary

General single field inflation

© From multi-field setup: by integrating out heavy field
© Non-trivial ¢;: footprint of heavy physics

Features in the power spectrum (S,in¢) and bispectrum (S3)

@ Heavy quanta extract kinetic energy
© Non-trivial, oscillatory, correlated features

General slow-roll scheme

@ Terms with more derivatives — field redefinition
© More complete 1st order bispectrum

Running of fr,

© Sensitive probe of early universe physics
© Non-trivial evolution after horizon crossing

Towards more precise estimates of the primordial bispectrum Jinn-Ouk Gong
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