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Abstract: <p>Infrared sensitivity of the de Sitter decay rate due to particle creation requires that gravitational backreaction be taken into account on
the horizon scale. At lowest order, backreaction can be studied by Linear Response of the geometry to quantum matter perturbations around the
Bunch-Davies state. In Linear Response the scalar degree of freedom derived from the conformal anomaly gives rise to scalar gravitational waves
that grow without bound on the de Sitter horizon scale,& nbsp; which implies substantial non-linear quantum backreaction effects in cosmology.
Fluctuations in the conformalon scalar are potentially responsible for the primordia density fluctuations observed in the CMB anisotropy without an
inflaton, and can aso lead to dynamical, spacetime dependent dark energy. Possible observational tests of the conformal origin of primordial density
fluctuations is suggested by the prediction of equality of scalar and tensor weight spectral indices, and the bispectral shape function of non-Gaussian
correlations in the CMB predicted by conformal invariance.</p>
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Instability of de Sitter Space
(Expanding FRW)

Particle Creation & Backreaction
oH
or

Compare to ‘Cosmological Electric Field Problem’

oF

It

Maximally Symmetric BD State 1s | ¢ to

= —4nG; (/} == /)j)

‘Shorting” the vacuum :

Spontaneous Real Particle Creation in each case

Vacuum must be defined in Real Time by Stueckelberg-

Feynman-Schwinger-deWitt m#-i€ not Euclidean continuation

Once created, particles must be allowed to

nduce a particle

Backreaction, interactions necessary, non-trivial dynamics
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What happens in

Global De Sitter Spacetime ?

S? Hyperboloid Coordinates
R s i bt
W = H ' coshu cos x
X* = H™* coshu siny n*
p =11
= H~° [—(](12 + cosh® u (]SZ;:

dQ; = dx* + sin® y dQ°

L )
ds”

Cover Complete Manifold
Symmetry Group of $°at const. U is O(4)

Maximally Symmetric State is CTBD State
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Potential Scattering on de Sitter Hyperboloid

Solns. of Scalar Wave Eq. on Full Hyperboloid ® ~ y;.(u) Yy, (N)

d* ( o 5 o~
+ 3 tanh u - (k“ — 1)sech®u + (: Y )| yo =0

du? du
O(4,1) invariant CTBD state: Y = VUp~y = f';f «,(_”)

oy . \ A 41 0 \ . l : . l — 1 Sillll H‘
v (1) = Heps, (sechu) (1 — 2sinhu)™ F -+ 1Y, = —1y: k + 1; -

) | q ? ._)

Time Dependent Oscillator Modes Jkn = a2 Yp  Fpy = a2 Vg,
9.
as
du?

: ! 2 2
Negative Potential U (u) = - (f.'“ - 11) sech“u

Over the Barrier Scattering {

+ U, (u)w M=

Scattering Solutions fi, ~ e as |u| = 00 A \ Ty — 2

Vacuum defined by m?-i€ (Feynman/Schwinger not Euclidean)
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In/Out de Sitter Scattering Solns.

2 ] . i A
Solnaai e, ~ (coshu)z @ /“. > (2 sinh u)
' <0 2 i

YU

— lconst. e U — —0OC

't Soln. /;E“ )i e (coshu)z Q) l‘, . (zsinhu)
g > . '

1Yu

— const. e U — +0C

Bogoliubov Transf. [ [, A B o
0 CTBD  \ fiy(-) B

4%, 01 oult
T ( A B
of =) youl + {outl =
P B AR
. ot 171 =
In and Out Related by Time Reversal A" = A7

State is Time Symmetric - Halfway Between — Contains
Particles w.r.t. either the In or Vacua
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Particle Creation ‘Events’ in Real Time

Adiabatic (WKB) Frequency g A

Adiabatic Mode Fn. J

Time Dependent Je = W, exp ( —1 / du W, )
Bogolibov Transformation i =

(/L) = ((lg. jA)(:
i)~ \Bi aiJ\R

s
) sechu

o 1000
Now Two Distinct

Creation ‘Events’

)

) 4 i“.'\ _ ..? \

g o e — U};_' = eschs (oY)
M:lgnituclc indep. of k
But time of each event

depends on k
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Stress-Energy Grows Relativistically in
Contracting Phase

Finite Set of k Modes undergo particle

.l". -‘\'. o - ) . TP a "
ke, AN1k creation & contribute at Finite Times
K- (u)

s (o) sinh? o

=

P~

(1'1[_ ) a’(u)

Bl e Kt S

K-(u) \ ok sinh® u 4

4
Unbounded if started
at earliest times

'“.() s dad © @ Start Time u,=-5

Shows explicitly why de Sitter space 1s unstable to Particle Creation and

Subsequent Blueshifting to Ultra-Relativistic Energies over Long Times
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Bunch-Davies dS Invariant State in S> Sections

State of maximum () symmetry for massive fields

Green Fn. can be obtained b}' Fuclidean Continuation from

. . by o
Stress-Energy Tensor = —p0; = const.

Apparently “Nothing happens”
;\Ctu;llly there i1s fine tuned L'qu:t] and opposite time reversed
coherent annihilation &
creation in each k mode
Analog of a time
reversal invariant state
in constant £ field
Imag. Part of Eff. Action
| for such a state
Contains p:u‘ticlcs at any
time
Not ground state or vacuum
What happens if perturbed?
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Summary of Part I

De Sitter Space O(4,1) Bunch-Davies State 1s unstable to Pair Creation
In/Out States Fixed by m*-ic in Real Time, break | symmetry

Decay Rate for Massive Field — I’.xpanding Sections

33174 '
B .1;[ S B B
Analog of Schwinger Effect in Constant E£ Field
In contracting phase relativistic blueshifting of particles dominates
Adiabatic Particles created robust, remain, verified by turning off dS
But Sensitivity to Infrared Horizon at Late Times
Realistic cosmology requires massless fields/backreaction/interactions

Instrinsic Mechanism for Relaxing A.s; Exists

Question: What is the Relevant Effective Field Theory ?
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Answer: EFT Required by Conformal Anomaly

Assuming Equivalence Principle
Universal Coupling to Matter through Metric g,
Only two strictly relevant operators (R, A)
Einstein’s General Relativity is the (almost unique) EFT
But EFT = General Relativity + Quantum Corrections
Semi-classical Einstein Eqs. (m << k << M, )):
G,tAg,=8tG(T,)

Imply a2 quantum Trace or Conformal Anomaly:
(T.®)=bC2+b' (E-3OR) + b" OR
F C;;Ia¢-¢lc'lm(l (:_‘ E:RnhcdRubcd = 4R-..|)R“h + RZ

Massless Poles = New (marginally) relevant operator

in gravitational sector with n');wroscopiccffccts
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Conformal Anomaly EFT

Stress-Energy Tensor has Anomalous Trace

(il hE sth (1‘_' ’f{ ]/1’) b ER

(1

e E ( {N'! { f; f { ] 7
E Yl’,,;,t o b [1’,,;,( ,;11“ = 1[1’,,(,/1)“ F R
, B v lj '1! ( ’ / . { l ..?
F S o | Bt Robcaltan 2R R4 3 R

b (N T

360 1672

62N, )

F

Non-local Anmnaly Effective Action

b A ik (101 (BN AT
'_)/f Ly ."1/( I ¥} 5 2 ) ;l..r_.f

Made Local by Introducing a Scalar |
h’ | l [ \ 20 >
d x.\/q CYAVRE (1: % | | [i

2
; 0 | = 2 b 2
Aay __,(1, :‘;[]]1’~ ,j,( )
EFT Modifies GR in —Conformal Factor of Metric
Becomes Dynamical: A.ss can change

’L’rz TLOTI I.(j: ‘r:\]
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Anomaly & de Sitter Non-Invariance

e ¢ ab A — / ( \
Aq = 0% +2R*V.Vs — 2RO + 3(V°R)V,
In de Sitter Space
/ | ‘ 2 o l il I - e 1
Agpl,e=-0(-0+2H")p=3E-30R=12H">0
Soln. necessarily breaks O(4,1) de Sitter Invariance
Factorization of the Propagator
| . |
‘ 1 - ¢ 2 l
= . - 2H*C
5= gz [(CO) - (-0 + 2897
No de Sitter invariant inverse of | | or Al exists

General Spatially O(4) Invariant Soln. in Closed S? Sections
21(uw) = 21In(coshu) + ¢y + ¢ sin '(tanh u) + ¢ sech” u + ¢z tanh u sech u
l ("Huufun (} ‘,-: 1) |

Leads to Anomaly 1 ap e
3 . N =t 0g
Stress Tensor | wv D 3

s ! 1 =

6b H {, ;

Arbitrarily Sensitive to initial perturbation in Blueshifi (contracting phase)
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Anomaly Stress Tensor in de Sitter Space

Semi-Classical de Sitter with O(4,1) Invariant BD State
R
) / — )ﬂ__ Y T b . | ~T i
hub 7 7!}({1; 4 *'\.(]ub = OT (7 A\'< ab);; —r hﬂ.(’ N [(1[)['7”';;1)]
In spatially flat FRW coordinates

p 7 28T 152
S = —QqT" + . i i
4/ 1S dT° + ¢ da

Solve for Conformalon Scalar in de Sitter Space
o - v - 2 5 = 1‘:,;5 _— 1
v_\;\,,‘“f-—-q](—_]—%-.fll ) Ppp = — = 12H
Self-Consistent de Sitter Bunch-Davies State Soln.
V., = 2Ina = 2HT| (conformal to flat)

de Sitter Invariant Stress Tensor for BD State of QFT of any spin

: )
S B L '] : oa 1 7 f I
Iuh{\r'b’])J ey — T 'Sunrun [(] v ,-;;)“ 6b" H Yab

871G

Trace —R+4A =87G VE,, = H?= = S IEL
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Linearized Scalar Metric Perturbations

Scalar Conformalon Gravitational Wave in de Sitter Sp;lcc

1 g — f! . s
U ~ — exp ( k- T+ — ) Blueshift Divergenta — 0

Correspond 1o Metric Scalar Perturbations
_I/li/’ _(/!'/ // |",I' _Y'_ ()A(/I'l {) . Y ! It 1> -_:?_. (\ 1'

Non-trivial Soln of 77 and 71 constraints require

v v (s 2 y lon G : ey
{,‘;',f_. I(J..(:\ T 2 (‘l'] ; o A" T‘. ( ) T l],\ U

el 2

<72 \

r— - ' SN O T CEy Ve A
Souvvrced b Contforimmialon (via oY i Tlinearized Flinsredsry Foorw.
- T ’ 5 E iy o g 3 = T |
167G b
1) - Il -
3 Compare to
flat space

»
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Linearized Scalar Metric Perturbations

Scalar Conformalon Gravitational Wave in de Sitter Space
[-I\'

) Blueshift Divergent a = 0
(1

l -7, g |
v~ — explik-T L
a-

Correspond to Metric Scalar Perturbations
()_( e 2_1 - ; - ‘ ‘

"j" 0Gij ° 2a° (7:;C + 0;0;D)

Nor =T

For Gauge Invariant Scalars
YTas=A+0;(aB) — 9,(a“d, D)
Yo =C+ (0ra)B — a(0-a)(0-D)
Sourced by Conformalon (via v) in Linearized Einstein Eqs.

l(.ﬁ' r’.(!
A 2 e i

l-
-

3 Compare to

V2 (T_.; _ T(') _ l_(irr(l,'_\ Hb 0O ((121') flat space

‘)

a a? oT
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De Sitter Space is Also ‘Static’

Static Coordinates

T = H-1\/1 — H2r2 sinh(H¢t)
W = H '\/1 — H2r2 cosh(H?#)
D¢ rn' . i 2

Similar to Static Gauge of Constant Electric Field
Covers only the One Quarter Manifold with T + W >0, W >0

Horizon at r = 1/H breaks spatial homogeneity & translations
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De Sitter S_pace Carter-Penrose Diagram

Scalar Gravitational
Wave 5()1115' l)lvcrgc Duplicate Statuc
on Past Horizon Region

By Time Reversal ) aidt

there are also solns.

t/2<v<m/2

that diverge on the

Future Horizon

SGWs diverge here™

=1 = +0X

O<yx <m

|
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Scalar GWs in dS Static Coordinates

In Static Coordinates Infinite Blueshift at Horizon  — JJ !

9 . 2, f’_)
ds® : f dt® 4 %

Linear perturbations from general solution of
4x1[dﬁ'§aﬂfn LJ([—J 2[!2)‘;¢ﬂrn 0
Regularity at the origin selects only 2 of the 4 possible solns.

S

-l dQ)? f(r)=1- H*r?*

Only 1 Soln. Projected by the Linearized Einstein Constraints

€3 L feder 0, f 9 O L4 ,
et 2l ) : (r'“ ) 1 P it
wlm |:f ((-){2 ot r2 or 2 YwtiH fm 7
B
Generically Diverges on the de Sitter Horizon 1 — H '
(£) (iwFH)t v (r l iw/Hf 1
v ( V-l 6o Q,

piidh Hry1 - H%r? Hr
- ¢ \ (o ™ b ¥ y g | ;' ¥ .
> Yem() €0 "{u e ST e\ '} r -+t — 4o

There is no soln. finite on both Future & Past Horizon
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Scalar GWs 1in dS Static Coordinates

Gauge Invariant Gravitational Potentials
(==
T o B e tl;'!zjn

Ta—Tc X PutiH,em

Diverge on Either Past or Future Horizon

: ] | + Hr
r — H1 r = 5H In ( ) » &X
Correspond to steady energy flux into/out of the static patch

No soln. finite on both horizons with no net energy flux
into/out of horizon =* Backreaction must occur on horizon scale

Static solns. are also all divcrgent on the horizon

C
(T:\ 7P T(')s!uh(' X —f]“‘ -

C2

Hrf

De Sitter Invariance necessarily broken by linear perturbations
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De Sitter Space is Also ‘Static’

Static Coordinates

T = H= /1 — H2r2 sinh(Hz)

SHehremc OShIER)

(/i‘-’,
a6

) "y

=

Similar to Static Gauge of Constant Electric Field
Covers only the

Manifold with /' + W >0 W >0

Horizon atr = 1/H breaks spatial homogeneity & translations
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C()smological Horizon Modes

o(T ) in de Sitter space contains state-dependent contributions from

S um OF conformalon scalar @ (coherent state variations)

This 1s a new relevant scalar degree of freedom in cosmology

The relevant linearized scalar modes satisfy 2 second order wave eq.
GR + QFT Anomaly: Dynamical SGWs of Metric—Not Inflaton
Grow unbounded close to the de Sitter horizon 1, = H

Static soln for Difference of Gauge Invariant Potentals

0NN 1 I — Hny [64)) .
Yo—-1T SrGH=l te || Sl A
25 2 {m “(1 + m) Hr '“JJ

Logarnithmic behavioras # — 7, indicates a weight w=0

conformalficld just as required for the seale invariane 17 Spectrum
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Conformal Invariance on dS Horizon
(dS/CFT)
Realization of Conformal Invariance in dS in Static Coordinates

o) 4 2 {h‘j 2 D \ 2
ds® = —f(r) dt” + m TS dOVa=rf(r) d"’um
fry=1- H?n?

showing the de Sitterhorizon at r. =r,, = H/, f(r) =0
ds<,, is called the ‘optical’ metric
On static r = const. slices in Poincare coordinates it is

1) ; ! | k A \
5 TR d“‘i;n’ = {“; = (rf‘,'" + dr® + rff;‘,)

My i

H ;-;f-__ Lobachewsky (Euclidean AdS;) Space
p g | - Conformal Behavior expected at the
el el Horizon Boundary = ()

S

A
o (¥ .J'”
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Conformal Symmetry: dS/CFT

de Sitter group SO (4,1) has 10 Killing vectors (isometries)

decomposing on the de Sitter horizon sphere into
+ 3 roranons

« 3 conformal trransformatons x 2 =6
- | nme translation

Xt : i ,
= %0 = TP IO sk on' = —v' +n'(v-n)

The subgroup SO(3,1) is the Lorentz group of null'rays; and

the conformal group of 5° of the horizon sphere
» 3 rotations

» 3 conformal mansformations (above)
Any 5O(4,1) de Sitter invariant Green’s fn. is SO(3,1)
conformally iny:

wriant on the de Sitter horizon (dS/CET) eg,

T In(l — 7+ 7') + ¢y x AT (72, 7/
(]

Dimension/conformal w eight 0 field correlator = log

arithm
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Conformal Invariance on Horizon Sphere

Invariant Distance on Lobachewsky Space is

-2+ (-7

2T )

Conformal Weight w Correlation En. on'S? Horizon Sphere

Glxz,xz5w) o< [(_[(.12 ,r’)] TR (L= nnd s

Conformal Weight w = () is a lo«nrithm

. (] \ } T fm
Crlre, s 0) o In(l — a0 ns ) 4 Cp X L 2 : ::: (ﬂ 4 g

(0 + l)(, — e g

—> Harrison-Zel'dovich Angular Power Spectrum
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Conformal Invariance on dS Horizon & CMB

l.]. ,.fvn,,n Fin - - a f
<').I.'{”) ).II. (n )> o <(_T = TYe) )Ty - T('~)(u")> x In(l —n-n')

has conformal weight @ = () scale invariant Harrison-Zel’dovich
Spectral Index

Tl ~ - 1 Visasa ban b

0+ Tye,
b

1= 10 e (a7

'
|

!

o

4

s

;
’
' y w
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3-pt. Bispectrum Correlator on Horizon Sphere

Conformal Ward Identties on Horizon Sphere determine
n = i
Ga(ny, Ny 0 w) = - - ‘( ) - - ~
[(L =7y« 2) (1 = fag - g ) (L — 7y - 7ag)] 2
Asw — 0 approprate for HZ scale invariance this becomes

Gy g, 32 0) = C [In(L = 7y - 7)) + (L = 79+ 7)) + In(1 = 7y - )|+ ¢
completely separable and'a different shape from
slow roll'inflation (not well parametrized by fy)
Lf this non-Gaussian Bispectrum G is observed in the CMB

itimplies the temperature fluctuations arise at or near the dS
horizon S2 related to dS/CIT conformal invariance

Non spatially homogencous & isot ropic cosmology possible

Need to consider peneric position within dS horizon sphere
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Tensor GW Spectral Index & Conformal Invariance

Conformal Invanance also determines the Tensor Correlator

G (&, Z) = (his (@) b (F)) ~ RS (&)=l

3= ap(d—=a") pl2) 4 TL. =3
~ / d’p et ) P{J’._{(ﬁ) |21
in terms of the spin-2 transyerse, traceless tensor projector

- (2 1 |

(2) ¢
P,.‘;\,r(.}n P J ((‘)Ik(ﬂ)j’ o (“):f(‘)Jk] - i(-)"J(.)“
. 5 Y

O,(p)=4d -

o2

Since 3D sealars and tensors are different parts of the sume 41

metric tensor perturbaton of dS space G = Gy + Iy,
their conformal weiphts must be cqual = and spectral indices pive
. - aprediction of dS/CET
nr=ns—1~0 & °!

Conformal Invariance
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Dynamical Vacuum Energy

Conformal part of the metric, g, = ¢°
constrained —frozen--by trace of Einstein’ s cq. R=4A
becomes dynamical andican fluctuate due to ¢ in EFT
of () ~26 describe a conformally invariant

phase of gravity in 4D

Sily

In this conformal phﬂsc A flows to zero fixed point

The Quantum Phase Transition to this phase characterized
by ‘melting’ of the scalar condensate A at horizon
Ay a dynamical state dependent condensate described by
d-form gauge potential & 4-form ficld strenpth coupled to
the anomaly scalar conformalon ¢ at the horizon

L Antopiadis, E. M., Phys, Reyv. D45 (1992) 2013;
[ Antoniadis, P. O. Mazur, E. M., Phys. Rev. D 55 (1997) 4756, 4770;
Phys. Rev. Lett. 79 (1997) 14; Phys. Letr. B444 (1998), 284: N. lour. Plive. 9. 11 (20073}
LTCAP 09:024 (2012)
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New Horizons in Cosmology
Einstein’s GR receives Quantum Corrections relevant at
macroscopic Distances & near Event Horizons
A new scalar degree of freedom in EFT of Gravity
required by the Conformal/Trace Anomaly
Scalar Gravitational Waves predicted in both flat and de Sitter
Linear response in de Sitter space confirms dS Instability &
Relevance of the Conformal Anomaly to Cosmology
A 18 not a constant but a dynamicallcondensate which can

chianpe due to scalar fluctuations which couple strongly at horizon
Can give rise to the CMB fluctuations (without an inflaton)

Tests of Conformal Hypothesis in CMB Non=-Gaussianity
& Tensor Primordial GW Spectrum

Observed dark energy of our Universe may be a residual

macroscopic finite size effect dcpcnding on
conditions at the cosmological horizon scale

bound:lry

Space/Time Dependent Dark Enerpy Cosmology Possible
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