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Abstract: Though the observed CMB is at very low energy, it encodes ultra high-energy physics in spatial variations of the photon temperature and
polarization fluctuations. This effect is believed to be dominated by the initial quantum state of the Universe. | will describe the first theoretical tools
by which to construct such a state from fundamental physics. There are three specific observational effects this initial state will produce: a ringing
signal in the power spectrum of quantum field fluctuations, an enfolded type of non-Gaussian fluctuations, and a calculable primordial gravitational
wave background. We may soon be able to compare these predictions against experiment, allowing one to rule out classes of quantum gravity
models. Now is the critical time to undertake such investigations, with a number of ongoing and planned experiments such as WMAP, Planck, and
CMBPol poised to collect awesalth of precision data.
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Inflation is phenomenologically successful, but...
Ideally it should be embedded in a quantum theory of
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Effective Actions (in Cosmology)

= To test high-energy theories at low energy
we rely upon Wilsonian effective actions:

Removing high-
energy modes

' D

= Unfortunately, standard techniques rely
upon energy conservation, which is absent
during cosmological expansion

= To put inflation on a fundamental basis, we
need to construct effective actions in a
cosmological background.
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Outline

= The Opportunity of Cosmology

= Modified Vacua

= Power Spectrum Oscillations

= Non-Gaussianity

= CMB Polarization and Tensor Modes
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The Opportunity of Cosmology:
Sensitivity to High Energies

Observed CMB fluctuations today ‘

have low energy, but this is due to = -«/
the cosmological redshifting.

They should be sensitive to high-
energy physics, possibly even the
Planck scale, as
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The Opportunity of Cosmology:
Sensitivity to High Energies

Observed CMB fluctuations today
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the cosmological redshifting.
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First Observable:
The Primordial Power Spectrum

= The power spectrum is simply the 2-pt correlation
function of inflaton field fluctuations:

) }'L_.": = = f .\ Mg k. 1—1
i) — Inn —= dop(t)do_x(t)) = A.k.) (L)

t—roc < =

WMAP7: A, =(2434011) x1077, ns=0.963:0.012

= (Naively) interpreting this as a propagator, we
expect that it encodes high-energy physics from e.g.
via virtual heavy )-exchange:

<OPOP>
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Inflaton Field Effective Action

= Consider the effective action for ¢:
Serslo] = /d*p o(p)o(—p){p° /2 + H?/2 + coH*(H*/M?) + erp”(H*/IM?) + ..

= The freezeout scale is p=H, thus the 2-pt function is
(HP)N—D)) p—ir = H” + coH*(H>/M?) + e, H*(H* /M?)

= Only even powers of p are allowed in S_,, so we have
an expansion in (H/M)-
Which is disastrous, since H/M ~ 0.01

(Brandenberger, Burgess, Cline, Danielsson, Easther,
Greene, Lemieux, Kaloper, Kinney, Kleban, Lawrence,
~usezf\fjgrtin, Schalm, Shenker, Shiu, v.d. Schaar, Susskind)



A Possible Solution:
Vacuum State Modification

= Fortunately, there appears to be a loophole
(Easther, Greene, Kinney, v.d. Schaar, Schalm, Shiu).

= Note that time-localized (‘boundary’) terms are one energy-
dimension lower, and thus would scale only as H/M:

i /d*.z' Vg m o°6(t —t.).

= This changes the boundary condition of the inflaton, much
like QM scattering from a 6-function potential:

Re(¢)

Bunch-Davies Excited state
bourdary conditions boundary condéions
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A Possible Solution:
Vacuum State Modification

= In the Hamiltonian description, the Bunch-Davies
vacuum is simply the familiar condition

ax|0) = 0.

which now becomes generalized to a squeezed
coherent state :

(”k 5 -}'lc”T_k) Ok) =0, 15x) = .\'i“‘:{[} L—._‘Iku_’“kr;;( 0).

= Such a modified state has a very characteristic
signature!



Effect of Vacuum Choice on
Power Spectrum

Ph"t" == Tl okl 0) o k(0] Tk

= ——{% {{_k'l_lruk ;+[';n.u.w;;i {{_—ki‘”’”—k'*{_:k"””__k-: 3
::EEDJ,-HI— h + 52) i =
:p'_BD_:;,-,,IT:, %) sin 6y ) . e = |G|

= These ‘wigg]es’ are a generic, model-independent feature of

quantum gravity*, with all new physics encoded in 8.

*And e.g. axion monodromy inflation by
P_(k) Silverstein and Westphal ‘08;
Flauger, McAllister, Pajer, Westphal, Xu 09

' Corrections |
Power-law of order I | Easther, Greene,
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Effect of Vacuum Choice on
Power Spectrum

P (k) = 55 (klPk(U)e—k(U)] O
= fk !'{_k-.lliuk —-—EEiliw;{J! {{__klfll'ti_k"—{_:k'_”irf__k: Tk
= PfDeﬁ;wl—— he + 3%)

= PEDEL"']-_'—E fk :"‘i]lHk]. j’k = 5]‘1’#"

= These ‘wiggies’ are a generic, model-independent feature of
quantum gravity®, with all new physics encoded in B.
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P_(k) Silverstein and Westphal ‘08;
Flauger, McAllister, Pajer, Westphal, Xu 09

Corrections |
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Parametrizing TP Physics

s Martin and Ringeval 06 searched for these
oscillations in the WMAP3 data using a template:
L_‘:EP*: = {1—2{[(1—1}&’1—('Ej—i:zf_-'i—f:jll_l_li

Y e E,

K
— 2|x|og {1 —2(C+1)e; — Cey — (26, +€3) In }

k.
2 k
X COS L}J (1 +6 +6ln fmlff) - _;}

2 k
— |rlogm (26 +e)sin | — |1 +6; +6 In +— o 2.
'r-‘
To ap M.
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Effect of Vacuum Choice on
Power Spectrum

P (k) = 55 (T |7k(0) o1 0) | T
— ; k ‘{_k!”hﬂk —T= {Fl;i“lfi';[:l |:{__k!”i”_k_-_[_:RI'”“E_—I{: -].'-k
~ PEP(k) (1 + 5+ 33)
:PEDEL'P"]_"‘E 'f'k '*HlHk}, _'jlrk: }'k f-’”k

= These ‘wiggles’ are a generic, model-independent feature of
quantum gravity*, with all new physics encoded in B.

*And e.g. axion monodromy inflation by
P_(k) Silverstein and Westphal 08;
Flauger, McAllister, Pajer, Westphal, Xu 09

Corrections
Power-law of order Ifj Easther, Greene,
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Parametrizing TP Physics

m Martin and Ringeval 06 searched for these
oscillations in the WMAP3 data using a template:

: H- k
L= {1—2{('—1):—*1—C’r—’g—ﬁﬂel—ﬁgllu—

2 TE; m'ﬁ,l k.

— 2{J‘|O’U |:1 = 2':( = I}FI e (—'Fj = {.QEI 32 ) 111 _:l

3
2 k
X COS Lﬁj (l + 6 +6ln r:,]_U(.) — _;J

9 I
— |x|oom (26 +€)sin | — |1+ €6 + 6 In- + @} ¢,
oo ao M.
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Effect of Vacuum Choice on
Power Spectrum

S !E.'::I' .
Flk) = — el ol U)o (0] Ox
3 = = 3 ) = ===
= 2 h klDag + ( k-;{Imk! |:E klDa_,+ L _kl,llir':'_k; Tk
~ PPRY (1 + 5+ 5)
= PEDEI.'MI-—'E fk :iiuﬂki, _sz fk-rj'!"

= These ‘wiggles’ are a generic, model-independent feature of
quantum gravity*, with all new physics encoded in B.

*And e.g. axion monodromy inflation by
P_(k) Silverstein and Westphal ‘08;
Flauger, McAllister, Pajer, Westphal, Xu ‘09

 Corrections
Power-law of order If Easther, Greene,
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A Possible Solution:
Vacuum State Modification

= Fortunately, there appears to be a loophole
(Easther, Greene, Kinney, v.d. Schaar, Schalm, Shiu).

= Note that time-localized (‘boundary’) terms are one energy-
dimension lower, and thus would scale only as H/M:

— e oy _
i’]:...lu]-iurx- —_ /fﬁl’wy ”’?(}u{"“\f = f-r. ]

= This changes the boundary condition of the inflaton, much
like QM scattering from a 6-function potential:

Re(¢)

Bunch-Davies Excited state
bourdary conditions boundary condéions



Effect of Vacuum Choice on
Power Spectrum

: JL"-j
P;{A‘!- — — "'l,[.r?kﬁ!]!__" kil)u Tk

25

- E i ih_k-ljj,-!k ﬁ_—{*[;-:{lm;} |i{.__k_i“*ff_k—-—{_:k['llh;__k-; ; 3
~ ;EDJ;MI—— %+ O )
= P2P(k) (1 + 2|3/ sinfy) . e = |Gicle™™
= These ‘wiggles’ are a generic, model-independent feature of
quantum gravity*, with all new physics encoded in B.

*And e.g. axion monodromy inflation by
P_(k) Silverstein and Westphal 08;
Flauger, McAllister, Pajer, Westphal, Xu 09

Corrections
Power-law of order If Easther, Greene,
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Parametrizing TP Physics

m Martin and Ringeval 06 searched for these
oscillations in the WMAP3 data using a template:

H'_’

— 2

PP =

-

L;
{1 —2(C' + l)eg — C'(‘_‘l == {jE*i _Ejlhlf.‘_

L
— 2|x|og {1 —2C +1)e; —Cer — (261 +€5) In —]

k.
2 ok
0s | — i1+ 6 +€ + @
X CO !U_I] ( €1 €1 o J [c ) .1_.}

9 A
— |rlogm (26, +&)sin | — |1+ 6 + 6 In + ol 2.
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Parametrizing TP Physics

m Martin and Ringeval "06 searched for these
oscillations in the WMAP3 data using a template:

L

- 2

— :‘ J‘!ff{) |

Pp =~ {

L;

1-2(C+1)g —Ces — (2¢; + &) In —

k.

L
1 —2(C+1)eg — Cex — (261 + €2) lnr]

2
A COS II—
0

k
(1 5 6 In ”‘]J[c

)

-
R
¥

') -
— |#¥Mlaar (D€ 4+ e 1si — Xk 4 | A 1 o
| F|OpT | £€1 €2 | SIN €1 €1 11 s .
To ag M.

irsa: 11050

> TP physics controlled by these parameters |




Parametrizing TP Physics

- S — _— — == —_— — —_—

Resonant i :
frequencies 5 "b ‘

i 15 i
|
0 i3 = ﬂ ' " ,‘ |
01 il = ¥ P & [ —
i 1 | % o ey 1.hvl--"' S —
e i, - d
£ 1'_-§:| d"_‘_._,_._._\_,_,.-‘_'_'_'_ "! -
— 3 2 i =
N Sere S 2 TS poA -
i e S e e _ N i e
1 4
i i 1

= They found suggestions of such oscillations
= In the fortunate event of detection, what is the thegretical
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Effective Action Construction
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We (MGJ, Schalm “10) recently developed the procedure to
construct the effective action representing high-energy physics.

Begin with inflating system,

= B {1 e
.k_‘inf_r_'h_ — — /’t‘.ri.f'x q {;[{._h}’i“ — I{(_’Ji]

and add (for example) Yukawa interactions to a heavy field y :

. [ 1 - e : D 1 ——— { -
Snew[9.X] = —/tﬁr\y {;{d\ 2+ M2+ *”;—1]

=y

The power spectrum can then be computed using the in-in
formalism:

:L‘E i [t de"HE)

Po(k) = ,ﬁm_ " Oty ) € e s

e A=

Note that this can be interpreted as an in-out correlation using

Page 29/107
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Effective Action Construction

= This suggests we should transform into the new
‘Keldysh’ field basis given by
p = (g +9 )/2, ———p —g

(x+ +x_)/2, X =x+ —Xx-—

—

X
= In this basis the action is now
Sl &%, %) = _/ &'z /g [050® + TOX + M?%X

| 9y =2 (I):
+gxe® *E:\ (‘r’ T T)] -

= [he free field solutions are

Htexp |:—E f' r'f.-'\' k2 + gEI:._J]

H
= T (1 il —tka By =
[kll I — —1_1 f){!. } € Ik'ill } 1 _l_

F. - y — - >
_}f‘v“‘i \ 2 {L*J 1 E;}:{': } Page 30/107
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Effective Action Construction

Pirsa: 11050021

We (MGJ, Schalm “10) recently developed the procedure to
construct the effective action representing high-energy physics.

Begin with inflating system,

— = 1 |— 2
hiﬂf _r"..r_ = —V/JJJ'\. g {;ﬁ{.)r'}]“ —1[ ﬂt_)l]

and add (for example) Yukawa interactions to a heavy field x :
*{—I;HE‘“_:‘::‘ ‘l._ — —/’r_'f_ll‘x E

The power specirum can then be computed using the in-in
formalism:

.""‘r"

Lo, i 2 g 5
5{(}\; *EJI\ — \]

5 i [ dt"H(t) 2 —
P (k) = lim —— Oty ) € g i (7 § 3 e

e A=

Note that this can be interpreted as an in-out correlation using
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Effective Action Construction

= This suggests we should transform into the new
‘Keldysh’ field basis given by

i \ /D .1;_?+_‘]_;__

I.. "r‘_l_ "r-'_ —

—

T

= In this basis the action is now
5(3.8.%.X] = _/ &'z./g [0p0% + 850X + M?X

o ¢ 9 2 (I):

= [he free field solutions are

Htexp [—ifrff- \ k2 + H“_I:,_j]

U(1T) = (2 skr)e V() = — e
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Feynman Rules in Keldysh Basis

= The correlations can now be evaluated using these:

C;Ef_l_._“j = i{or(T1)® k(™) Fk{:_]_.:_j: — (Ol71 )9 _k(72)
= 20(m1 — =)Im [U(n)UL(m)]. = R‘?__I*k Ti ;(*l:; 7-3:: :
- {k (TLIX (2

e
-3
|
|
[l
-
2
e
y P
"
|
iy
I

—20(11 — ) Im [Vie(71)Vic (2)]. = Re[Vi(71)Vi ()],




Feynman Rules in Keldysh Basis

= The correlations can now be evaluated using these:

L\ 72) Fk{TI.T-";I = :k‘:'_l :_k:T-Jf

Gft.—l.,—g = i{@k(11)® k(™ -
= —20(1; — n)Im [Ux(n1)Ug(m)], = Re[Ux(n )Ug(m2)].
Ok (11.72) = (g (7)) X (72) Fielm.m2) = (X (MIXTi(72)
= —20(1y — =) Im [Vi(71) Vi (12)]. = Re[Vi(m)V< ()].

= The interactions are given by:




Power Spectrum Corrections

= 2-pt correlation can then be computed using normal methods,
producing eight Feynman diagrams:

= '~: :: === ﬁ:
# '\_‘__.’*' P \_‘_—.’.- ‘\_____'/’
7 P2 =
" I/*—*-a_
— - - ‘1." ,. e
- \_/
= gy —
— == . . e

= Which are significant? We need some good approximations!
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Feynman Rules in Keldysh Basis

= The correlations can now be evaluated using these:

CE(ri.12) = i{g(n)®_ k(7 Fi(11.72) = (Zkl(1)9x(72)

= —20(7; — 2)Im [Us(71)Ux(72)]. = Re[Ux(1)Us(m2)].
+f — =— . ! = — ’ = = —— — Lt N T L)
Qk'l 1 = 'llk \._k _}‘_kl;l]_..l': —— \k 'rlkk_k'._azl

—20(71 — m2)Im [Vie(71)Vic (12)]. = Re[Vi(m1)Vi ()]




Power Spectrum Corrections

= 2-pt correlation can then be computed using normal methods,
producing eight Feynman diagrams:

N\
\'=_f’“\ > ‘ =\ N\ P
; | | = = % ; ===+ _:-
/

Vi =8 ;

= P
=T e
= P ~
=K G

= Which are significant? We need some good approximations!
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Power Spectrum Corrections

= Each vertex is an integral over the time of interaction, and has
the following form:

Ak . ka) = ] dr a”(7)Us, ;_:{-kj!-_"-_‘.k:_k:. =) k'f k1+k2
= ir (1 —iky7) (1 — ikaT)
“k:LhH g e Ay // T

< exp [_";"I"l _,_,l':v:.l-'—-—f./’ !]JTF\ k]_ _'_kj <+ é—:_;-_ﬁ

= This admits a stationary phase approximation near the
moment of energy-conservation,
H k: - ko
T_l —_ —— 2k:kol(1 — cos 8). oS — - —
= Jf\r 1 ._11 COSs COS ;"1;;2
= The vertex (to leading order in H/M) is then simply

Pirsa: 11050021 = y '1‘ [ Page 38/107 -, =
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Power Spectrum Corrections

= Of the eight, only two are found to be significant:

11111111



In Rules in Keldysh Basis ction

:lations can now be evaluated using these:

k(T1)P_x(m2) F(ri.m) = (gln)o_k(m)

(1 — 2)Im [Ux (71 )Ug(m2)].

0) ¢ \v(0) —c_ () (0)
LA _g\72) Skl T1-T2) = (X \T1)X g\ 72)
1 — 72 )Im [Vie(71) Vg (12)] -

RE‘:I_k!Ti ]’l_kg'. . ': :

tions are given by:

= Re [Uk(m1)Ug(72)]

the new




Effective Action Construction

= This suggests we should transform into the new
‘Keldysh field basis given by

£ -,_,_,_—-—,___l }. {_I_):

(x+ +x_)/2, XN=yv.—_

| "
i

= In this basis the action is nhow
S|o. P. {X / l’_li_x g rJ S0P + OyOX + M? Y X

(I):
vt + 3x (24 7) |

= [he free field solutions are

hiT)—
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rrections ectrum Corrections

f interaction, and has )nly two are found to be significant:

ki ki+k; \\\ /I \ N
—_— II. . v ;1 P = .r:-

kz/T

ation near the

 ki-ko
= L‘l L_‘r :
an simply
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Power Spectrum Corrections

= Of the eight, only two are found to be significant:
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Power Spectrum Corrections

= Each vertex is an integral over the time of interaction, and has
the following form:

RO = / dr @ (T)Us, (T (T)V (e, 1000y (T k1 k1+k2
= 1 / dr (1 —iky7) (1 — ika7) e
WHEH T (k- 22
: VE 2
< €xp I:_’I' ki + ka)7m +1 [ r'f,'r\ k; +ks|* + I‘}:'rj .

= This admits a stationary phase approximation near the
moment of energy-conservation,
H k; - ko
= —— /2kiko(1 — cos8). S — — —.
£ TR 2(1 — co ( i
= The vertex (1o leading order in H/M) is then simply

Pirsa: 11050021 E= F 3_1 [ : Page 44/107 i
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How do you impose an energy
cutoff with no energy conservation?

= Consider this diagram, with loop momentum g:

k (;\ k " d3q 1 E
_-'h"__ 1 ___E / (93 — fo 3 ] t;_ffri':fl 1 —cos@).
T l'c | i P =il )

m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H _ _ M | q
' = ——/2kq(1 —cos#). Q=gqlr| = :
M = s = H \ 2k(1 — cos )

= |nverting this allows us to transform the g-integral into (,Q):

Q X 5 M-
g— ——. — COS — — - -
- T = 2H207k
irsa; 11050021 JIQI']_ + €1 ) = Page 45/107
e d(1 — cosf)dgq ' = dQdr. =

H:(-}TEL‘ 'l B Famn | i B ... A 2%



Power Spectrum Corrections

= Of the eight, only two are found to be significant:
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How do you impose an energy
cutoff with no energy conservation?

m Consider this diagram, with loop momentum g:

w :
éf_@__é / ff-.;q —> : /ﬁ'fjﬂ'j"fl'l — cos ).
T & °
m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H = _] g
1 — . s =F= L
j = : 2 : 2 Q = H \ 2k(1 — cos @ ) }

(27)3 (27)=

=
= |nverting this allows us to transform the g-integral into (t,Q):

« 1 9 -
g = ——. — COS == — = -
- T 2H?20Q7k
irsa: 11050021 M 2 (1 4+ &) Page 47/107
dll —cost)dg — ' = dQdT. g
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Power Spectrum Corrections

= Each vertex is an integral over the time of interaction, and has
the following form:

A (k. k) E] dr a* -_{‘k:f-_;{-k:‘-_'"-:-k;—kg )

- 1 / dr (1 —iky7)(1 — iksT)
2V2EH Jr 7 (Jky + ko2 + 22)
o= . AP
< eXp {—r'ﬂ‘l + ko )T+ 1 / ‘f*'\ k; +kof* + Hz-r_‘]‘

= This admits a stationary phase approximation near the
moment of energy-conservation,
H k: - ko
= — v/ 2kika(1 — cos ). os ¢ = : —
= J[\‘ 1){1_1_1 COs{ CC L‘IL'E
= The vertex (1o leading order in H/M) is then simply

irsa: 11050021 =~ e .3-1[ Page 48/107 —
.—llikl-kjl — i H [ (.le —){‘2—\! jk‘lﬁ_‘jll—{f'l_l:‘jH:)-l

_— e . | 1__11' A F TT



Power Spectrum Corrections

= Of the eight, only two are found to be s:gnlﬁcant

Pirsa: 11050021



How do you impose an energy
cutoff with no energy conservation?

s Consider this diagram, with loop momentum g:

T S j :'"’-13’ — pr— / r;_:fqtﬁ 1 —cosé@).
T T i A | &=4L )}

m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H - M ] q
T_l — v/ 2kag(1 — cos 8). =gl = / -
M v 9 T = - H \ 2k{1 — cos #)

= |nverting this allows us to transform the g-integral into (t,Q):

Q : = A=
g — —— — C0S —- — = -
- T | 2H?20Q7k
irsa: 11050021 M jf 1 4+ ) Page 50/107
dll —cosfldg — ' = dQdT. :

H:{-}._'?'I.' 'l 9 Fan | i . B .. €A%



Phase space of energy cutoff

M?

Qﬂliﬂ —

1—cos 6

A+xvVA2—M '3'

2kH,




Power Spectrum Corrections

=== e Produces a nearly scale-invariant shift in the
power spectrum.
Pe(k) g2A3 8e; AAH k
- SRS | R e = = + (6Ber ) =
Pro(k.)  24-MH. [1 = (261 + €)C — 461 In ( e ) (6€; +€2) In (L)]
; === The slight deviation from scale-invariance produces
/ an oscillating pattern in the power spectrum.
Pe(k) givTA €1 [ (3 A ) ] ( k )}
— i  — (O ta)C lal - +n +ex|ln| —
Po(k.)  8(27)2M2VH. — = E
M A k-
irsa: 11050021 5' 2 — 111 —— —_— Page 52/107
X L[l(-‘le* ( J-f)lnl;*)
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Phase space of energy cutoff

M=

Qmin =

1-cos 6

A+vVAZ2—-M '3'

2kH,




How do you impose an energy
cutoff with no energy conservation?

s Consider this diagram, with loop momentum g:

k (;\ k . rqu l =
—_— p—— ] v T v [r;_:f:;tfl 1 —cosf).
T T \Zw ) (2T )=

m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

o _ M | q
i 2kq(1 — cosf). Q=q7| = H \ 2k(1 —ic-ﬂa 8)

=
= |nverting this allows us to transform the g-integral into (t,Q):

Q = - M-
e — OO0S UV — — - .
- T | 2H?20Q7k
irsa: 11050021 M 2 1 +e) . . Page 54/107
d(1 — cos@)d i — { = r.'fQ{I = :

Hi{-}—EL rd % .10 | ™ E B Eamaas



Phase space of energy cutoff

M*

Qmin —

1—-cos ¢

A+ VA2 — M2

2kH,




Power Spectrum Corrections

== — Produces a nearly scale-invariant shift in the
power spectrum.
P.(k) a2A3 3 IAH k
8 = 91! . ﬂ — 7 4+ &9 = = 4 4 &9 —
Pl;:nljfi.lj 24xMAH. |:1 3 \ Z€7 E_}C —LELJ_IJ( e ) (6eg - E_)I_ﬂ(;‘t):l
¥=== The slight deviation from scale-invariance produces
/ an oscillating pattern in the power spectrum.

Pe(E) g VTA € [ (3 A ) } ( k )]
g 1 1 ‘e
— I - (% r T lat-—t e L e|In| —
Peolks) 8(27x)2M2VH, [ 2 i - 2 H,. - E;

M A k
irsa: 11050021 Sl € 2 — 1_[1 — 1ln — Page 56/107
g » = ( . H"‘ ( ‘1‘[) I“ar )
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Power Spectrum Corrections

P_(k)
' Interacting Theory
Free Theory

= This is the universal signature of a modified vacuum.
= Currently in collaboration with:

=z D. Meerburg. J. Martin, C. Ringeval, oscillation searches in
WMAP7 and Planck data

= |. van der Aalst. theoretical interpretation

irsa: 11050021 In kege 57/107
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Power Spectrum Corrections

= == Produces a nearly scale-invariant shift in the
power specirum.
Fe(k) g \° Sey _ 4AH. k
Poo(k.)  24xM°H, [1 == .. 4“L“( M2 ) e e (T)]
¥=== The slight deviation from scale-invariance produces
/ an oscillating pattern in the power spectrum.

P:(k) 92 viA €1 3 A k
< = 1 1 — (2+e)C —|la|=-+h +e|nf —
Pro(k.)  8(27)2M2/H. [ e Itz "H e

| M A k
irsa; 11050021 S] € L — hl — 1ln — Page 58/107
¢ - = ( - H"“ ( ‘1‘{ ) ;l‘ﬂ.r )
Ml C©CaAalbalerm 1 4%
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Power Spectrum Corrections

P.(k)
' Interacting Theory
Free Theory

= This is the universal signature of a modified vacuum.
m Currently in collaboration with:

a D. Meerburg. J. Martin, C. Ringeval. oscillation searches in
WMAP7 and Planck data

= . van der Aalst. theoretical interpretation

irsa: 11050021 . S —

IRl ©Cablralerm 140
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Power Spectrum Corrections

= == Produces a nearly scale-invariant shift in the
power spectrum.

PC“"} 2A°3 o~ ANH k
- yl‘ UEI : - — = = —— F —
Peoolks)  247M*H. [1 —— (2 +&)C —4¢n ( ) (61 +€2) In ( )}

3 e K
4

The slight deviation from scale-invariance produces
an oscillating pattern in the power spectrum.

P.(k) 92 vTA 5 3 A k
- = - 1—— (2 +6)C —|la|lz+h te|m|{ —
Pro(k.)  8(27)2M2/H. [ e e e e T BE gl T

M A k
irsa; 11050021 Si € 2 — hl — 1ln — Page 60/107
g s = ( . H"" ( J‘[) L“#’ )

MMACE ] ©Caablalerm 140




How do you impose an energy
cutoff with no energy conservation?

= Consider this diagram, with loop momentum g:

k (;\ k - | g
— = e / (2)3 == / q_-'f:i't.fl'l —cos ).
g T =g ) cascar,

m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H . M | q
5 — — S/ 7kell e} Q=glr| = :
M = = = H \ 2k(1 — cos )
= |nverting this allows us to transform the g-integral into (t,Q):
== @ — M-
o — _T l —costl = — 2H3{;};—A -
irsa: 11050021 J I 2 ]_ +—£&3 ) : Page 61/107
dl1l —cosf)dg — { = dQdr.

HJ{_}T-]L‘ Fld B F.. i B, _B.. .4 4%



Phase space of energy cutoff

M2

Qmin —

1-cos 6

A+xVAZ - M ‘3'

2kH,




How do you impose an energy
cutoff with no energy conservation?

= Consider this diagram, with loop momentum g:

k (;\ k % : -
—_— pe— / E__}_J__._; = =" / rg_ff{;ifll —cos ).
T T rangr | | =4l J

m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H = Jir [ q
— =/ 2kgfl —cuosl) Q=gqlt| = .
T == H \ 2k(1 — cosb)
= |nverting this allows us to transform the g-integral into (t,Q):
== =W = M=
= —? 1 — €S = — EHEf;}TL -
irsa: 11050021 Y ﬂ{ 1 +€7) Page 63/107
dil —cosfldg — ' - dQdr.
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Phase space of energy cutoff

M?

Qmin =

1—cos ¢

A+VAZ2—M '3.

2kH,




How do you impose an energy
cutoff with no energy conservation?

= Consider this diagram, with loop momentum g:

k (;\T k - ”r:?,q 1 I = _
—_— | — / e / g dgd(1 — cos@).
T .;-['l o | &=k ]

m k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H _ : M | q
T+ = —+/2kq(1 —cos#), Q=gl7| = -
M s = =t H \ 2k(1 — cos#8)
= |nverting this allows us to transform the g-integral into (t,Q):
- —4 == M*
q — —T — C0O& —_— ZHE{L)?—A =
irsa; 11050021 J. I 2{ I 4+ €1) Page 65/107

d(1 — cosf)dq dQdr.

Hif])r_'?'l.‘ r'd % FaTl i B .. P




Phase space of energy cutoff

A+ VA2 — M2

2kH,




Power Spectrum Corrections

— == Produces a nearly scale-invariant shift in the
power spectrum.
Fe(k) #A3 Sep INH k
= = = ) - i e ==
Puo(k.)  24zM*H. [1 F TACOE e ( M3 ) P (A )]
¥=== The slight deviation from scale-invariance produces
/ an oscillating pattern in the power spectrum.

P.(k) goVTA €1 [ (:3 A ) ] ( k )l
= = 1 (24+6)C —|lal=+h il
Po(k.) ~ 8(27)2M2y H[ e itz E

M A k
irsa: 11050021 x sin | €1 2 —In— s Page 67/107
- ( H—g .:1[ ;“* :
IR ] ©Calbalrm 140




Power Spectrum Corrections

P_(k)
| Interacting Theory
Free Theory

= This is the universal signature of a modified vacuum.
u Currently in collaboration with:

=z D. Meerburg. J. Martin, C. Ringeval, oscillation searches in
WMAP7 and Planck data

= . van der Aalst. theoretical interpretation

irsa: 11050021 In kage 68/107
IMACE ] CaAalralrm 4143




(Very) Preliminary Oscillation
Searches in WMAP7

likelihood

Pirsa: 11050021



Scale-Variance from a
Scale-Invariant Theory

—1fr
: 7~
" The NPH is at a uniform energy scale:
wm7:) —kjalti.) ——HEkr,. = M2
2 The period of interaction is also invariant
s /

dt s xf [/ae 1
Al =—N0Ng~ §— — e
dr ( H ) (\ H ﬁ-—) VHAM

1 I-I.




What about (H/M)"?

= The analysis of H/M vs (H/M)? assumed an
expansion in local operators, which works
fine in a static background:

2 5 | —tp-lx—V) Dy
ap € - ' 1 = _
o) = — [ AN 1L o (PN
" J (2n)t p2 — M2 M2 [ M2 g

= In an expanding background, the Green’s
function produces non-local operators,
which have very different scaling with

Pirsa: 11050021 en e
rgy...




Low-Energy Effective Interactions

= Performing the path integral over y gives the following
action:

d’® >
Sint. 4/ Sen s I I _q; (27)2 87 E q: Jdridraal(n ) af (p. E
(2m) :
i

Jl ?, T T R [ —_ - -_ = s
}(?[ qlﬂ-‘l”b _1E.-1}gq1_qq{; .12),}_,(13[_,2},1__([4[,2

|| h1

i I'v-'

_'_J;ql { T]_ II{I) 1 '_Fql_,_q,}g ]_ }“r'q; ?' I{bq_]“ T_} Id -

= Now Fourier expand the fields:

_I_ [iw‘]' -~ _i e
T Y= > & =
r R Ya..w; €
- al7) Y.y i
Pirsa: : 11050021

=
\
w /

e 72/107
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Low-Energy Effective Interactions

= This allows use of the stationary phase approximation,

T SRR, st
BT wy.wo.q) = f d7 a(7) e "“1r T2 Y tr)

Viz (1 +¢€)e—* (,{-‘H)—I ol
_— ) y.- [_-'—l 2 >

£ (¢~ + #) 7

= The effective action, to leading order in H/M, is then

dw;d>q; ——
Illl_ —L - /H ' ;_rl | }I}Iar}-:’;{z q;: )
i

9'1

&

—

]_I]] _‘B (O Wi.wW2.491 T 92 _FB‘ 0: Wa.WwW4q,q9q3 T Q4 ]_ 53 ‘-E—l

Pirsa: 11050021 Page 73/107
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Low-Energy Effective Interactions

= Performing the path integral over y gives the following

action:
"
Sint 4/ S 4 /H 1’ jq;d (27 13;‘!][2 q: Jdridmal( Ty al > )+
i
Jl — e ~R Ty, T \ r
? [quﬁ B | ]'(bq,} 73 1 K_—fql q'? 1%, '_J_.-qzl 1 }"1"‘-1-5{ 2 E "7—_-} }
T'ql_{ _I_IHI}q [ ]_I.Fql_._q,,[ﬂ = }-r-q:; }]:E’q !.f)l - s

e 74/107

= Now Fourier expand the fields:

T = (D e
F | . ' g ol
4 a(1) I T T
Pirsa: : 11050021

/
yof

. T¢

\‘(W



Low-Energy Effective Interactions

= This allows use of the stationary phase approximation,

i Y — sttt araYTr 3 5
Bi:‘_{;:q.."l-...'..'g.ql - [ dr al(7)°€ @y raiz) I;lfl

1*'!

.‘“; !1““1‘:1}4"_59 r“FH —k /23
= (¢ + AM* )L':'J‘ du?
H>:=

&

= The effective action, to leading order in H/M, is then

3
{ a.-.*;ff q: o 3 -3
SIIIE 4 ‘|I" / I I '.'}_ H_L l' 2:} H [ E q.! J

;1 = \
X — | 29, P20 (T1e — T2¢)

‘H

Im :B*‘-GJ wi.wa.q1 +q2)B(0: w3.ws.q3 + Qs 535‘4
Pirsa: 11050021

Page 75/107
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Low-Energy Effective Interactions

= This allows use of the stationary phase approximation,

oy _ = 1o Lo Yrvre :
B(Ti:wj.wa.q) = f gralr)ye TN Vo (7)

1 3

Vir ‘].-'-Flh-'_";ﬂ d2e\ " °
Hr (o*+ A2 )LJ‘ du?
H*r2

&

m The effective action, to leading order in H/M, is then

3
dw;d” q; 3 -3
{‘): = =
111{—17-- fll ()2 | £TT) ¢ [E q; )
f

; — >
X }—1 20, P20 (Tie — T2¢)

Im [B™ (O: Wi.w2.491 T 92 ;-‘Blf 0: Wy, W4.3 — Q4 ‘-: :3:_1_

Pirsa: 11050021 ) Page 76/107
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Low-Energy Effective Interactions

= Performing the path integral over y gives the following
action:

d’?
Sint 4|7, P II _q;ll"—jl‘!]l g q; Jdridma(m ) *a(m)?
(27) _
i

Jl - = T = = =
x?._! L‘ql{ ‘lﬂb‘:ht' "1igfh—q:{"1- "2_}1-"313[r2}‘:-'Q-L{:E

Pl
)
A

i/
\

v /S

e 77/107

_ﬁ_é‘;ﬁtll i?_l ](I?CIE_['T]_},?:;11:__c12 [ T-l - ?11 ;~;f(13',jfj ]iI?cl4: 7?2 }d -

= Now Fourier expand the fields:

— f -I- (i“"‘--" - — Tt T
2q:\T) = T
= al(7) y.r wii

Pirsa: 11050021
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What about (H/M)"?

= The analysis of H/M vs (H/M)? assumed an
expansion in local operators, which works
fine in a static background:

. -1 —ip-lr—uy) >
a'p e £ : 1 'S, =
Glz—17y) = —/ : — 2 — 1+O( ) 3z — ).
'- ] Gt 22 © M2 { M2 — 2

= In an expanding background, the Green’s
function produces non-local operators,
which have very different scaling with

Pirsa: 11050021 en e
rgy...




Low-Energy Effective Interactions

= Performing the path integral over y gives the following
action:

d’ :
Sint 4/ ¥+ ] / 114 ‘:—q;[ 27)° 8% 5 q; Jdridra(m -’4(!{?:!4
:

9

x?:lr [Pa: (T1)Pq, "quRaL—qﬂ[_ . T2)Pqs(72)Pqs (T2 \ 1[.1? . 72) /
47 rqlt‘l'{quf‘l’-?qlﬂg'-‘l-*'-;"q,x }ib ==\

= Now Fourier expand the fields: \ Fulm. 7 /

N
_l (iw-; - i
2 { T :! = — F_ —_ L
T. ] s - 'l'—.l ¥ -*' =
e a(T) 7
Pirsa: 11050021 e 79/107



Scale-Variance from a
Scale-Invariant Theory

—Rfr
” /
e The NPH is at a uniform energy scale:
i) —=kjats)——HEk. — M2
= The period of interaction is also invariant
’ /

dt = M1 1
At = —NAN7~ | — —re—
dr ( Hy ) (\ H *{-') v HM

ll.




m Corrections energy cutoff

N2 _ M2
nearly scale-invariant shift in the / TL. =— e . .
power spectrum. 2kH.
AAH. k
ﬂ-lflhl( J[j—-) 1 {ﬁEl*EgiLﬂ(K)] /
1 from scale-invariance produces Tfin
|\g pattern in the power spectrum. S \
Qma:c — —AlTl 3 _
H(7)
: k
!}C' —I:E]_ (é—'—h]if—x) —'—"-:2:|}_n(k_):l \

A k
6 LI;): 21 —_— Page 81/107
T?o) In = )
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Power Spectrum Corrections

= Each vertex is an integral over the time of interaction, and has
the following form:

=k

Ak k) = ] dr a* T W, (T Uk, (T)V ko L7 )
= j (1 —iky7) (1 —iksT)
B— g 2 \1/4
_‘1 1!{- H ]_"—k'-* _'_f_;if_'___]

: .
‘pxp {—f I.[—-—L; f / -‘.‘F._' \ kl*kj-—_Hj—’r—!}‘

= This admiis a stationary phase approximation near the
moment of energy-conservation,
H k; - ko
. = —+/2k1ka(1 — cos ), g — — —
= J[\‘ 1 _‘ 1 CO ( .L‘]_,I.'j
= The vertex (to leading order in H/M) is then simply

Pirsa: 11050021 - Page 82/107
- [ 2M o
| : — "l N F

e ) — \ (ky + ko + /2F ﬁ.ﬂl—(u-.ﬁi)




irsa: 11050021

ower Spectrum Corrections

= Produces a nearly scale-invariant shift in the
power spectrum.

_ @A3 8t . JAH.\ .. k
= — -+ €9 — + (bey + 6o l_[l =
247 M*H, [1 3 —arall J‘”L“( T Sl e T

====O The slight deviation from scale-invariance produces
an oscillating pattern in the power spectrum.

vy s s ’[l
g1V = € e e R i + In A Lt eabimiE
RS2 ARV [1 ‘ (261 + €2)C [51 (2 H,) E_] E.

1
>
M A k
. . — — Page 83/107
(a2 (o))

Cablymlr 440



Power Spectrum Corrections

== s Produces a nearly scale-invariant shift in the
power spectrum.

Fe(k) ZAS S ANH k
— = g1 u_fl . Tk E i 4+ &9 =
Po(k.)  24xMH. [1 =—> — (261 + €2)C - klln( ) (6e1 E_}Ln( )}

M2 ks
4

The slight deviation from scale-invariance produces
an oscillating pattern in the power spectrum.

P:(k) P2 VTA €1 [ (3 A ) ] ( k )}
S 1 =

= 1 — (26 +)C —|lal=—+n +es|ln| —
Peo(k.)  8(27)2M2VH. [ ge= ety ~%2 H. k.

M A k
irsa: 11050021 S] € 2 = hl = ]_IJ — Page 84/107
| S ‘ﬂ( IH*( M) m)
Il ©Calbalerm 14Y%




How do you impose an energy
cutoff with no energy conservation?

s Consider this diagram, with loop momentum g:

k (;\ k > : -
— - — ] 23 (2002 ] g dgd(1l — cosé@).
T 4 T i [.q_,..Jl.'

= k and g will determine the time of interaction t via the

stationary phase approximation. Let us also define a
coordinate Q ~ E/H orthogonal to T,

H E JI / q
= 2kag(1 — cos ). O =qglr] = J :
- == e H \ 2k{1 — cos 8)

—
= [nverting this allows us to transform the g-integral into (t,Q):

« 1 g M*
qg=—": —cosf = —.
- T 2H=Q1k
irsa; 11050021 JIEIL + €1 ) i Page 85/107
= d(1l —cos@ }f.'fq — : . ff(:)rf_ .

H-:(-}.r_-:?'j\‘ Fld ¥ F T i B ... L.



Power Spectrum Corrections

= Each vertex is an integral over the time of interaction, and has
the following form:

Ak k) = / dr a*(7 [-k:~f._'-i-k:i,_?r:.k.;_k:. T)

—~ I /HffT ‘fI—?‘r{t'f_Tfil—!I.gq'j".
'_1\'. '.I;I.T'-L_:,Hr = T I; kl —-—k:j—-— M2 1/2

== )

— . M

= This admits a stationary phase approximation near the
moment of energy-conservation,

= H . k; - ko

e —r 2k1ks(1 — cos ). cosf = ;‘1*{-‘2 .

= The vertex (to leading order in H/M) is then simply

Pirsa: 11050021 F—— Frr 3‘1‘ [ Page 86/107 =
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Feynman Rules in Keldysh Basis

= The correlations can now be evaluated using these:

H{Ok(71 )P k() Fk[a_]_.a_z:

FklT1)9 Kkl T2)

""‘\.II
P
_‘l
| |
(-
-

— 2N Tp — T Im :{-.k'-l .‘f:'l;i.'ji-_. - Rt—‘ -_[*k: 71 :{};I,_j]? <

c2 . 7 S (0), ~{ [} - . g = (D B () P
ykl_.l__:,' — i \k | k_k-]' _Fk']l-a-"l.' — "‘k l]'_'\_k'l'_'i‘!'

—20(1; — ) Im [Vie (71 ) VS ()] . = Re[Vi(n1 )V ()]

= The interactions are given by:




Power Spectrum Corrections

= Each vertex is an integral over the time of interaction, and has
the following form:

uf )

Ak k) = / dT r{;-.-_{'k__i._’{'k_,i._!‘t-_':.k:_].;.:. ]

= I /’“:fr (1 — 2ky7) (1 — 2ko7)

=5}

H~<

i 2, M-
< eXp {—f fyl — .rI-.'d: T I,"/ dr \ kl —'—k'_‘-: = = H:_r_ﬁ} :

= This admiis a stationary phase approximation near the
moment of energy-conservation,
= H . k; - ko
= —37 Vv 2kika(1 — cos ). cos ! = :‘1’1-'2 :
= The vertex (to leading order in H/M) is then simply

Pirsa: 11050021 —— Fr= EJ [ Page 88/107 =
Ailki. k) = — oliz » [ (ﬂ“l + k2 + 4, 2!‘:‘1:{_‘311—{_':_::_4”1)-‘
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@ space of energv cutoff ons

2 _ M2
R N
2kH, wer spectrum.
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= -~ Ner spectrum.
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Power Spectrum Corrections

= = Produces a nearly scale-invariant shift in the
power spectrum.
Pe(k) g2A3 Se; AAH k
' - ) 1 € = = 1 e 4+ €9 —
P;_:ﬂ[ku} ‘24:_1!41{‘ |:1 3 | Z€3 f_}C —]:611]1( -1[2 ) [6!"'1 E_}Iﬂ(ﬁlt):[
¥=== The slight deviation from scale-invariance produces
/ an oscillating pattern in the power spectrum.

P(k) g/l €1 [ (3 A ) } ( k )}
- = i —(2¢; + )C — || =+ n L eo|ln| —
Peol(k.) 8(27)2 M2/ H. v (2 +e2) < 2 H, k.

=
M A k
irsa: 11050021 x sin | €1 2 —In— I Page 90/107
: ( ch J[ ft‘, :
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What about (H/M)"?

= The analysis of H/M vs (H/M)? assumed an
expansion in local operators, which works
fine in a static background:

] nr.-HIJ e P\ETY) 1 £ 5
Glx — — — == - =8 3 — ).
== / 2m)t P2P— M2~ M2 {1 = (u )] — 3

= In an expanding background, the Green’s
function produces non-local operators,
which have very different scaling with

Pirsa: 11050021 en e
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Low-Energy Effective Interactions

= This allows use of the stationary phase approximation,

\ , e TR N, o
Bl7g;wy,wa,q) = / dr al{17)° e "\“17%2) Iq|,—a
i

Vir (1+6)e—® [d20\ "
HT (2 + U )L'J‘ du=

o

m The effective action, to leading order in H/M, is then

lwsz q 3 _,_-3
IIll—ivr [H 43—|—L (27)°0 [E q: )
1

Im B (0:wyi.wa.q1 +q2)B(0: w3, wy, q3 +qe)| P39
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Low-Energy Effective Interactions

= The high-energy terms produce a time-localized potential for the inflaton

fluctuations:

E e . ;.
= L“'J:-:k‘- r_:} — i :f)r:J‘rrJ;H;k{ T)
aT '

= This produces a change in the fluctuation solution, corresponding to a
vacuum excitation:

2k(7) = Uk(T) Pr(7) = Uk(7) + Gl (7
- t
m This is the first time the vacuum rotation has been calculated from a
fundamental theory:
| 3 — & \'f‘\,} _ ¥ (2 mp)
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Scale-Variance from a
Scale-Invariant Theory

—1/7

The NPH is at a uniform energy scale:

) —kiali.)=——HEkm= M2

The period of interaction is also invariant

dt y M1 1
Nb=—Ng~ | — — . ——
rfT ( HT_,;- ) (\ H I-) M'HJ[

11




Low-Energy Effective Interactions

= The high-energy terms produce a time-localized potential for the inflaton

fluctuations: !
{ > _gp o ¥ = 4
!— [rr;k{r}] — o7 — :j)r;r*rrr;rh.'k{ T)
aT

= This produces a change in the fluctuation solution, corresponding to a
vacuum excitation:

fic(r) = Us(r) (1) = Unl(r) + BeUg(7

- i
m This is the first time the vacuum rotation has been calculated from a

fundamental theory:

- j‘k === - ' =y ) ) —€ : Z-
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Observability? (!)

irsa: 11050021

= We see that integrating out high energy physics

produces low energy interactions, but a cosmological
background induces boundary terms

These represent a modified vacuum, appearing in the
power spectrum as oscillations

But is this observable?

We can see about four decades of comoving k in the

CMB,
’["miu < L,U}H S ]-“_L L‘Hli_ﬂ

If #/ 1\ . ~ 107~ then we should see about 10?2
oscillations, just at the threshold of Planck's sensitivity.
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Low-Energy Effective Interactions

= The high-energy terms produce a time-localized potential for the inflaton

fluctuations: f
{

dr

= This produces a change in the fluctuation solution, corresponding to a
vacuum excitation:

> ' - ) = J \
[f'I“T:Ll_ Tl} = O(T — T_,,)(IJ'J’H;ﬁ,:k{ E)

Zr(T) = Uk(7) ox(7) = Un(7) + GuUg(7

- t
m This is the first time the vacuum rotation has been calculated from a
fundamental theory:
5 — _ GIVTA (2w
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Observability? (!)

irsa: 11050021

= We see that integrating out high energy physics

produces low energy interactions, but a cosmological
background induces boundary terms

These represent a modified vacuum, appearing in the
power spectrum as oscillations

But is this observable?

We can see about four decades of comoving k in the

CMB,
Akmiu < ;"c_ahs i 1“4 ?{-km'ul

If /M. ~ 107- then we should see about 102
oscillations, just at the threshold of Planck's sensitivity.
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Second Observable:
Non-Gaussianity

= We may then consider the 3-pt correlation,

Ck; CkaCkz) = (27)° 0(ky + ko + k3) L F(ky. k2. k3) .

m A free field theory will produce a vanishing 3-pt

correlation, and so nG measures Iinteractions:

(Creminelli “03)
S= / d*zy—g 5-_1}-_11;-'.&* — Lvep —v(e) f — = T“ = :—_3 - Very small
Adding | vorvor > pea_ 35 ¢ Potentilly
M NL 108 M* very large

= The shape of the momenta triangle indicates when it
was produced (Babich, Creminelli, Zaldarriaga ‘04) and

=use  CaN serve to easily differentiate models (eg Khousg.and
Piazza ‘08)



Types of Non-Gaussianity

[_'ulllut'illg Secales

: - ; horizon re-entrv v e
A horizon exit NOTEADN re-ents Comovinge
/ H-.'I‘.';_f" L

Hot Bie Bane

:
!

Enfolded: modified
vacuum

. pgorthog 5005 QO £ :
WMAP7: Fo° — 902 +104 (68% CL). | whation

Equilateral:
derivative Squeezed:

interactions !ocal .
(e.g. DBI) interactions

-~

Pirsa: 1 1 = = 5 ) 2 Page 100/107
Tt — 26 + 140 (68% CL). flocal _ 39 1 97 (68% CL).




al Small-c_, Models

sider a more general class of small-c,

XPx

(O"

LR—2P(X.9)]. <

1 special case,

V1-—-2Xf(é)+ f(o)™

Pirsa: 11050021

e RAC: T "NOQ

ACH?

anity:
' Vacua

equivalent to
1y times:

Ht. =¥
A) =

-
. Cg ~

' Mixing of positive
- and negative
— frequency modes,
k=k,+k,-k., etc
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Extreme non-Gaussianity:
Small ¢, with Modified Vacua

= The nG will be multiplied, being equivalent to
particles interacting strongly since early times:

4 > () — = 1 . H*; 3
Cky ko Sk ) nBD = Tf' 27y oV 12 k: W (X r_- L 2)\) - & >
Modified initial state ==
: ( ff
= [Z e f a® kykoks ] Mixing of positive
i “ and negative
Cutoff time =

k=k,+k,-k., etc
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Extreme non-Gaussianity:
Small ¢, with Modified Vacua

= The nG will be multiplied, being equivalent to
particles interacﬁng strongly since early times:

H* .
Cky Ck2Cks ) nBD —‘ 27)70" ZJ‘ IR — : e 5
Modified initial state ===
| € r;
R!— [Z 3 L /J—r ” .i- ]_ﬁl !{. :| m]m Of pOS!thE
: = and negative
Cutoff time Hﬂ'equency modes,
= (27) Re]| | .fjf:’_;jf.ﬁi Z k;)- 3!{}! s | K=k kK, etc
BEEE
Huge enhancement, l ===
~ (1 1 2 (1)
- (03)3 |:Z;_l—-—}iﬂli o ) EI —-—1
J . Oscillating function
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Constraining Small-c, Models

= We must project our signal onto the
‘equilateral’, ‘orthogonal’, and ‘local
templates (Babich, Creminelli,
Zaldarriaga 04; Furgesson and
Shellard 08; Senatore “10)

= This lets us use the existing bounds
R B e -
this type of nG:

f‘l:.:’E“l e : —E cosd + EIJ_I sin & i == A & in=.
- 1765 \ 4 3 — _
= 5 1 e = 2
Int = 5 == L — 9 iipsma +0.04 | + -9 iipsmad — 001 ¥ |
E 5 1 2\ 9
o~ —cosd +5p !sind — —1+—1} |3p.
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Constraining Vacuum Modification

100~

Bl e = | ocal template projection:
i Power Spectrum 9% 102 /1 S S
* (Flauger et al ‘09) IS — (:—1—?) = \R=NpLy
S0+ 3 e

= Orthogonal template projection:

i | 3 x 107 ¢/ ;s %
= FLo I e

p=100.6 =0

= Coming soon: improved

Y ol templat_es incorporating
Ex | oscillations! (Meerburg, van der
- 1000.6 = 0 Schaar, Corasaniti)
o} 100,56 = w/2
i p — :ﬂ_}é; == ==
Pifs&050021 T 02 0.03 0.04 005 Page105107
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CMB Polarization and
High-Energy Signatures

Sourced by 3 A W4 Sourced by
scalar and tensor = ~ vector and tensor
perturbations = perturbations

Inflation Probe
=  Utility of CMBPol, a polarization-dedicated experiment, studied in
NASA/Fermilab Decadal Survey White Paper
(Baumann, MGJ 08; 57 contributors; 7 countries)

m  Conclusion: A detectably large tensor amplitude would demonstrate that
inflation occurred at a very high energy scale, comparable to GUTs,

implying that we should see high-energy effects in upcoming data
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Conclusion

= We are anticipating the deluge of upcoming
precision cosmological data in several ways:

1. Effective Field Theory in Inflation can now be
performed for fundamental theories

2. Non-Gaussianity templates including modified
vacuum-signatures to study interactions

3. CMB B-Polarization detection implies we will see
high-energy effects in e.g. Planck data
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