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Stability of de Sitter

e The two-point function of a massless scalar

field in de Sitter 1s IR divergent
H2
<¢2($)> — V. = In(aH/L)
e The IR divergency has prompted many to
believe that de Sitter could by itself be

unstable

e Relaxation of the cosmological constant...?

[Polyakov, 1982, 2007; Tsamis and Woodard, 1993;...]



Growth of perturbations

e A decay of the cosmological constant 1s perhaps a too
optimistic hope?

e But the growth of perturbations in de Sitter 1s puzzling!
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Growth of perturbations

A decay of the cosmological constant 1s perhaps a too
optimistic hope?

But the growth of perturbations in de Sitter 1s puzzling!
Is there a physical effect?

Interesting parallels to black hole physics and info. paradox
where we expect similar growth of

perturbations [Giddings, 2007; Arkani-Hamed et al., 2007]

[Giddings & MSS, 2010, 2011]

Here we will discuss possible IR

relics imprinted as stat. anisotropy in

CMB or LSS [Giddings & Mss, 2011]




IR safe observables

e We want to define late time cosmological
observables independent of fluctuations on
scales larger than the observed region

e In particular local late time observables
should be independent of the IR cutoff (set
by the total inflated volume).

> IR safe observables

[Giddings & MSS; Byrnes, Gerstenlauer, Hebeck, Nurmi & Tasinito; Urakawa &
Tanaka;...]

[In the context of the measure problem, the same 1ssue has been studied by Hartle,
Hawking & Hertog; ...]



Semiclassical relations

> At horizon crossing, the spectrum is determined in
terms of the physical momentum, computed by
treating the longer-wavelength modes as providing
a background metric

e Itis convenient to define a scale-dependent metric
fluctuation at some scale ¢

7 d3k
Li(a,t) = [ 535 20(kit, @) + 355 (kit,)]
-1

* Such that we can define a scale-dependent metric,
including longer-wavelength fluctuations at scale g

hz’j (q; €L, t) — a’2 (t) [eXp{F(Q) x)}]w



Semiclassical relations

e In terms of the scale-dependent metric at scale g, we
can now also define a scale-dependent physical
momentum

fig,i(k, ) = [e7T@™/2],k;

> IR corrections are incorporated into the spectrum, P(k),
by writing the tree-level two-point function, Ry(k),
instead as a function of K,

P(k,z)d°k = Py(ki(k,z))d°k
( ’ ) O( k( ’ )) k [Giddings & MSS (2010),
(2011)]

[See also Hebecker et. al

(2010), (2011)]



Local interpretation

e Thinking of our observable universe as a small box of size 1/g,,
we can locally absorb constant long wavelength fluctuations in a

coordinate transformation

79 — [eF(q,w)/Z]

; ij L

making the metric locally flat on scales comparable to //g
e Thus the physical momentum in our small box 1s

po; = lexp{—T(qo, z0)/2}]ik;/a(to)

> The scale-dependent physical momentum 1n the small box becomes

2 271 .I'(qo,to,xo)—I'(aopo,tr,x
ki(k, z)? = aj[e! awtoro) T aopotr@)] ) py

e And we can compute the spectrum like before

: xg)—I'(a s 1/2]
P(po)d’po = Py {ao ([e! (0 toz0)=F a0 b)), g o ;) ] d° ki,



IR safety

Working in terms of the observer's local physical momentum pg |,
where wavelength longer than 1/¢y are scaled out, the observed
spectrum depends on

['o.45(aopo, to, ) = L'ij(agpo, tr, ) — 'ii(qo, to, Zo)

which is IR safe

= IR cutoff dependence is eliminated, and the observer's horizon

size 1/qo instead functions as an IR cutoft
|Giddings & MSS,
2011]



Cosmological RG equation

e Thinking of g as playing the role like a renormalization scale one can
differentiate the equation

kgi(k,z) = [e71@ m)/2]zyk3
> to find 5 | \
5@ = =5 () [ P0l2(ast, 06+ (it 2)) ros(@
with the right hand side giving an analogue of the beta functions

e Similarly, differentiating the spectrum

: [ xg)—I'(a x 1/2 5
P(po)ddpo — PO a’O ([eF(QO)th 0) F( 0P0str, )]z_ypO,po,J) :| d-jﬁk

gives an RG equation connecting /arge box and small box observables

0 0 1
q(?_qp = qaqrij(q,x)Po,ipo,jﬁ—pg + §q8qTrF(q,a:)] P

|Giddings & MSS, 2011]



Observing
the beginning of the end

This doesn't imply that there are no IR large effects

For sufficiently large hierarchy between the scale pg of the
observed fluctuation, and the horizon scale 40 , there can be
large effects

The size of the spectral distortion can be estimated by Taylor
expanding as usual

1 | 0P,
P((p(),.’L') — {PCO + !_Fo,ij<k7x) + §F0,il(kax)ro,lj(k,x) k'zk'] 8/:20

ag e—TTFo (aopo,z)/2

ok?

1 0\’
+ 5[1—‘0,7;]'(]{5, I)kzkj]z <—) PCO + -

N v
"

k=aqgpqo

The linear term 1s the largest, and will lead a new type of
statistical inhomogeneities/ anisotropies at short scales



Observing
the beginning of the end

® [n case of tensor corrections to the scaler
spectrum, the previous general expression
reduces to the expansion

<Ck1 Gk >ry e <Ck1 Cha >0

1 I
+ 5 (’)’z'jkz‘kj)2 (%) (Ch1 Cs)

1 0
Bl (‘%‘jkz’kj =+ E’YilVijikj) 52 (Ck1 Ckz) :

0

where the long wavelength tensor modes

now only get contributions from modes
smaller than the observable box

® Note, here we didn't yet average over the
observable box

-



Observing
the beginning of the end

The linear term

Jieselol
R () <1 + 5%‘;‘ 12 )

gives a quadrupole inhomogeneous statistical
anisotropy, which can be compared to a general
spherical expansion of the form

P(k) = Py(k) (1 ¥ ZgzMY2M<z%>>

Wl th [Pullen & Kamionkowski (2007)]

3

gopm ™~ 5%;’



Observing
the beginning of the end

e The statistical inhomogeneities/anisotropies arises from mode-
mode coupling at second order 1n perturbation theory

Small scale
fluctuation

e [f we measure the power of
short wavelength modes, it szijaif;’f
will vary from place to
place 1n the observable
universe, due to longer
wavelength modes

Obs. universe

e The linear effect vanishes on average, but it's size can be estimated
by computing the variance, which for tensor modes grows as

(1) ~ 2 (5) log[H () /po

2m [Giddings & MSS, 2011]
= A very late time observer will see the full inflated region which will

be very inhomogenous and the de Sitter background breaks down!



Observing
the beginning of the end

For an observer now, in single field slow-roll inflation the effect 1s
Ohder 10-°

Might be observable in measurement 21cm emissions, which are

naively predicted to probe homogenous stat. anisotropy down to 10~ "
level? [Pullen & Kamionkowski (2007)]

[See also Masui and Pen (2010)]
The effect can be larger in non-minimal scenarios.

This effect of tensor modes is imprinted on the scalar spectrum on
all scales, while the effect of primordial tensors on B-modes relies
on relatively large scales

Could be a new way to probe primordial tensor modes!?

Especially a bump in the tensor spectrum away from /~200 would
not be seen in B-modes, still leave an anisotropic imprint!?

Here we considered stat. anisotropy of the spectrum, but similarly
one could look at stat. anisotropy of the bispectrum as
Subsequenﬂy studied by [Byrnes, Nurmi, Gianmassimo, Wands (2011)]



New 1nsights/techniques

New techniques:

o We developed new semi-classical relations for studying IR
loop corrections 1n de Sitter

e Found an RG equation relating observers with different
survey volumes, integrating out IR modes

New insights:

e Better understanding of de Sitter geometry and its
perturbative breakdown

e Understanding of how to construct IR safe observables

e A conceptually new way of detecting primordial tensor
modes

e A relation between cosmological observables and
perturbative breakdown of de Sitter via the RG equation



