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Abstract: De Sitter space is a maximally symmetric space, and any (time dependent) backreaction necessarily breaks the symmetry. On t
hand, the backreaction in FLRW spaces (which, from the cosmological perspective, are more realistic spaces) respects the symmetrie
background space. One could therefore argue that it is more natural to study the backreaction on quasi-de Sitter spaces, and more gen
FLRW spaces. As examples, | will present our results on the one loop (Hubble) effective potential calculation, and the one loop stress
calculation. We find that the backreaction from infrared modes can be important if a massless scalar couples nonminimally to the Ricci
negative coupling, and if the Universe expands faster than exponentially.
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OUTLINE

® Hubble effective potential: the effective potential for cosmology
Miac. Janssen. Prokopec. Woodard 2009

¢ Sudden radiation-inflation matching as the infrared regulator

Miao. Janssen. Prokopec. Woodard 2009

» non-minimally coupled scalars
Janssen. Prokopec 2009

» gravitons (in a comoving box)

® Smooth radiation-inflation matching as the infrared regulator

Koivisto. Prokopec 2010

& FUTURE

» cosmological observable and Hubble effective potential

» include backreaction self-consistently, when large

Pirsa: 10100081 Page 5/82

» stochasticize gravitons
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HUBBLE EFFECTIVE POTENTIAL °

Janssen, Miao, Prokopec & Woodard, 0904.1131 [gr-gc] JCAP (2009)

» SCALAR : BACKGROUND + FLUCTUATIONS: @=@(x)+d(x)
» EFFECTIVE ACTION: @©(x) —» @o. I'esr = Verr[Do]

» IN COSMOLOGY: THE BACKGROUND IS EVOLVING!
— HUBBLE EFFECTIVE POTENTIAL: ®@(x)— @o H(t). ek — Viu[®,H]

» Classical equation of motion:

D+ 3HD + m’D + ZRD+ ; D’ =0

£

e in constant e=-(dH/dt)/H* (flat FLRW) spaces this becomes :

2e’ 3£+ 65(2—£)+ %mg —0 (m=0)

=P, =D (£,4)=const
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— ONE LOOP HUBBLE EFFECTIVE POTENTIAL: Vhu[D]



4
LOOP HUBBLE EFFECTIVE POTENTIAL

USE IR REGULATED PROPAGATOR (comoving box) FOR CONSTANT SPACES

Janssen, Miao, Prokopec, Woodard (2008)

; A b e F eyt . AE-176)| . | (F eV H =t . 5
M+£D.Hr:g6_zil—?a+ja H" D+ E+ e {hi 7 +@| —+v | |+ N+—+v | RD
= -2 p - |
| A I—e)y H 1 | S
b 111‘ 1 2 —M —+ ‘ + N+lty|l@
6 64z | 2 2
-l % 1 | L2y —a(2v —2n) (g2 p¥2 [ 2 1\ B O
" : __ — v — | H'®D+O(h
32t Sv—a—3/2| T+ D (v—n+1/2) o 4
where: =
7 i {E—1/6IR+ 4D/ 2 I;:}?l ;{_DE
ij T = 3 -1 ¥ '_'_. == 5. - -
e (1—cf H? " {1—eVa*H?

Q: What can we learn from this complicated potential?

e In the limit when ©>>H >0, it reproduces the Coleman-Weinberg eff. potential

« ih the de Sitter limit when -0, it reproduces the result from Bilandzic & TE72006)



EVOLUTION OF Vet WITH TIME:
SYMMETRY RESTAURATION

w:m : /
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— early times— — late times (13 efolds)—
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» if e=-(dH/dt)/H? is larger symmetry gets restored earlier

» here

£=0.1, sym restauration at 9 e-foldings after beginning
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SYMMETRY RESTAURATION
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» [here :=0] symmetry restauration happens earlier for larger =
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EVOLUTION OF Vet WITHTIME Il ’

time time
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» curvature of the effective potential around the origin: strengthens with time

» relevant for preheating: makes production of massive particles more efficient

-rsa Moocmdggest breakdown of perturbation theory at late times in infiation Page 11/62
(also an important — and recognized -- issue in Higgs inflation where =~-50000)



DEPENDENCE Vhue ON TIME & EPSILOI;]
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SUMMARY AND DISCUSSION, Part |

% Symmetry restauration in inflation can lead e g. to particle
production during inflation, if nonadiabatic
(fermions: TP+Garbrecht PRD [gr-qc/0602011]; scalars; photons?)

® Changes in the potential affect cosmological perturbations

» amplitude and spectral index of scalar and tensor perturbations
(e.g.: one has to reexamine madels such as Albrecht-Steinhardt new inflation)

® Preheating is more dramatic (recall dependence on¢)
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WHAT IS (QUANTUM) BACKREACTION?
¢ Einstein's Equations

G 8op +08.5)=87GT, (g5 + B os W, +6W,)
e gy

FLUCT

BACKED

— £.:%.:° background gravitational fields & corresp. (quantum) fluctuations
— .8y background matter fields & corresponding (quantum) fluctuations
o Classical Equations:
G =BiGT_. G _-G_ ()
are not correct in presence of strong backreaction from (quantum) fluctuations

o Quantum Einstein Equations:
G., +GZ, =8aG(T,, +T2), ( |@): physical state)

>GI, =(QG,, —G.)IQ): includes (conserved) contribution from graviton fluctuations
pI7 —(CO (fi,v ~T.,)Q): includes (conserved) contribution from quantum matter fluct's
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WHAT IS (QUANTUM) BACKREACTION?

¢ Einstein's Equations
Gl 8ap +08ap) =82GT (a5 + B op: ¥, +0Y.)
# W

FLUET

BACK:

— 2.5.%.:° background gravitational fields & corresp. (quantum) fluctuations
— ¢.8y . background matter fields & corresponding (quantum) fluctuations

a Classical Equations:

G, =8GT_. G_=G_(g,)

pv>
are not correct in presence of strong backreaction from (quantum) fluctuations

o Quantum Einstein Equations:
G, +G., =8aG(T_ +T.), ( |Q): physical state)
> G, =(Q@G,, —G2)Q): includes (conserved) contribution from graviton fluctuations

BT = e:f'Q-(fm -T2 Q}: includes (conserved) contribution from quantum matter fluct's
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WHAT IS (QUANTUM) BACKREACTION?

@ Einstein's Equations

Gl 8op +0Bop) =87GT,, (8os + B s W, +0,)
——

- FEUCT
BACEGD

— 2.5.%.:° background gravitational fields & corresp. (quantum) fluctuations
— @.8% . background matter fields & corresponding (quantum) fluctuations

o Classical Equations:
- 5 5
G, =8GT,, G, =G, (g.)
are naot correct in presence of strong backreaction from (quantum) fluctuations
o Quantum Einstein Equations:
G, +G%, =8aG(T,, +T2), ( |Q): physical state)

B Gﬁp = Q(Gﬂp —ij )

Q): includes (conserved) contribution from graviton fluctuations

>, = {Q(fw ~T.,)Q): includes (conserved) contribution from quantum matter fluct's
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A FEW WORDS ON THE CCP PROBLEM **

% Quantum corrections in scalar QED, scalar theories (1.0"4) are positive

® Quantum corrections from integrating fermions (QED, yukawa) are negative

FERMIONS + YUKAWA SCALARS + VECTORS/GRAVITONS

] =

; Ve Veff  RECALL: Shun-Pei M.
¥, =—=const .
- BaG

Ve

é
/ \ .
31000000 Q: Can solving for Ves self consistently with the Friedmann eguation stop
the Universe from collapsing into a negative energy ( anti-de Sitter’) universe?

JFK+TP. in progress

The Universe can also be stabilised by adding a sufficiently many vectors and scalars

riEinmn effective potential of the form Ves ~ -4(¢"4)In($*/H*) would solve page 17162
the CCP problem (the dynamics of ¢ would drive A—0). But how to get it?
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1
THE PROBLEM(S) WITH BACKREACTION

¢ Quantum Einstein's Equations

- b g s _lesler b ,
G, =8G(T,, +T,), >T7 =(QKT,, -T.)Q):

—> T; has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe sefting. Hopelessly hard!

o Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10"

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest ({1?) possible TOY MODEL.

- a hamogeneous universe with constant deceleration parameter g=¢-1, e=-{dH/dt)/H*

(D

& biassiess dynamical scalar ¢ but gravity is non-dynamical Page 16/62
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% Quantum Einstein's Equations

S & g g _ eyl I i :
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—> Tﬁfp has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

o Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

+ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10"

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (I?) possible TOY MODEL:
- @ homogeneous universe with constant deceleration parameter g=¢-1, e=-(dH/dt)/H=

& biassiess dynamical scalar ¢ but gravity is non-dynamical Page 19162



1

1
THE PROBLEM(S) WITH BACKREACTION

@ Quantum Einstein's Equations

b b e b diall
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THE PROBLEM(S) WITH BACKREACTION

» Quantum Einstein's Equations

G_=3aG(T_+I>)  +rI:=(00, T.)

-

Q}:
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THE PROBLEM(S) WITH BACKREACTION

® Quantum Einstein's Equations

Gﬂp =8;zG(T; +12.)

>TZ =(Q[T,, —T2)Q):

kY
i

i

—> Tm, has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

a Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations ento the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10~

+ Maybe too naive, because of secular (growing) terms generated by perts
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- a homogeneous universe with constant deceleration parameter g=¢-1, e=-(dH/dt)/H=

& thassiess dynamical scalar ¢ but gravity is non-dynamical Page 22162
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein's Equations
- 5 7 ¢ _IOF _T°
Gﬁ? = g'n(}(TﬂV + Tﬂlf ):- > TA'I-' = {Q{Tgv ?;T )

Q} ;

—2 ij has to be determined by solving dynamical equations for matter and graviton

matter perturbations in the expanding Universe setting. Hopelessly hard!

a Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations ento the background space time

+ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10~"

+ Maybe too naive, because of secular (growing) terms generated by perts
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- a homogeneous universe with constant deceleration parameter g=¢-1, e=-(dH/dt)/H=
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THE PROBLEM(S) WITH BACKREACTION

& Quantum Einstein's Equations

s - & 1 g :!' . - = & ‘1.5.
G, =8aG(T, +1,).  PIL=(Q, -T.)Q)

—>» T;fv has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

a Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time
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+ Maybe too naive, because of secular (growing) terms generated by perts
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- @ homogeneous universe with constant deceleration parameter g=¢-1, e=-{(dH/dt)/H*
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THE PROBLEM(S) WITH BACKREACTION

¢ Quantum Einstein's Equations

& b f g - B % .
G, =83G(T, +T,), >T7 =(QKT, —T5)Q):

—> T;F has to be determined by solving dynamical equations for matter and graviton
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¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10~

+ Maybe toa naive, because of secular (growing) terms generated by perts
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THE PROBLEM(S) WITH BACKREACTION

» Quantum Einstein's Equations

B b 7 ¢ _ levler 5 )
G =38G({I_+1_) >T% =(QKT,, -T)Q):

—> T;, has to be determined by sclving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

o Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
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+ Maybe toa naive, because of secular (growing) terms generated by perts
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THE PROBLEM(S) WITH BACKREACTION

¢ Quantum Einstein's Equations

5 A o = = ke
G, =83G(T, +T,), BT =(QT,, -T.)Q):

—> Tﬁ;, has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

a Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10~

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (1?) passible TOY MODEL.
- @ homogeneous universe with constant deceleration parameter g=¢-1, e=-{(dH/dt)/H*

& biapsiess dynamical scalar ¢ but gravity Is non-dynamical Page 27162
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THE PROBLEM(S) WITH BACKREACTION

# Quantum Einstein's Equations

= A g : _lOyer )
G, =8aG(T,, +T,), >T7 =(QKT,, —T2)Q):

—> Tﬁfy has to be determined by solving dynamical equations for matter and graviton
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein's Equations

G =8aG{T_ +1_ ) >T% =(QKT,, -T2 )Q):

—> Tﬁf;. has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

o Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~107"

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (!?) possible TOY MODEL:

- a homogeneou

n

universe with constant deceleration parameter g=¢-1, e=-{dH/dt)/H*

& shassiess dynamical scalar ¢ but gravity is non-dynamical Page 20162
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THE PROBLEM(S) WITH BACKREACTION

$ Quantum Einstein's Equations

G, =8aG(T,, +T,), >TZ =(Q[T, —T2)Q):

—> Tfy has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

o Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10~

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (1?) possible TOY MODEL:
- a homaogeneous universe with constant deceleration parameter g=¢-1, e=-{(dH/dt)/H?

& fhassiess dynamical scalar & but gravity is non-dynamical Page 30162
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein's Equations
B £ F
Gﬁﬂ, —SﬂG(Tm +7_)

>IZ =(QUT, —T2)Q):

-
-

—> 7 ;V has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

a Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10"

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (1?) possible TOY MODEL:
- a homogeneous universe with constant deceleration parameter g=¢-1, e=-{(dH/dt)/H*

& thassiess dynamical scalar ¢ but gravity is non-dynamical Page 31/62
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein's Equations

G, =8a(T,, +T;)

-
o

>T% = (QT,, ~T2)Q):

—> ij has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

a Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10"

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (I?) possible TOY MODEL:
- a homogeneous universe with constant deceleration parameter g=¢-1, e=-{(dH/dt)/H=

a thassiess dynamical scalar ¢ but gravity is non-dynamical Page 32162
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THE PROBLEM(S) WITH BACKREACTION

» Quantum Einstein's Equations

& & g _ Ieyler & 4.
G =8({T_+1_) T =(QKT, -T.)Q):

—> 7 ;; has to be determined by solving dynamical equations for matter and graviton
matter perturbations in the expanding Universe setting. Hopelessly hard!

o Statements: Dark energy can be (perhaps) explained
by the backreaction of small scale gravitational + matter
perturbations onto the background space time

¢ Hard to (dis-)prove. Naive argument against: grav. potential is small: ¢~10"

+ Maybe too naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (1?) possible TOY MODEL:
- a homogeneous universe with constant deceleration parameter g=¢-1, e=-{(dH/dt)/H*

& thassiess dynamical scalar ¢ but gravity is non-dynamical Page 33162



A FEW WORDS ON THE CCP PROBLEM **

o Quantum corrections in scalar QED, scalar theories (1.0"4) are positive

© Quantum corrections from integrating fermions (QED, yukawa) are negative

FERMIONS + YUKAWA SCALARS + VECTORS/GRAVITONS
A Veff Veff RECALL: Shun-Pei M.
¥, = = I’r i
81G Va
chf

7 =

$1000000 Q: Can solving for Ves self consistently with the Friedmann equation stop
the Universe from callapsing into a negative energy ( anti-de Sitter’) universe?

The Universe can also be stabilised by adding a sufficiently many vectors and séalérs

PiSinmn effective potential of the form Ves ~ -2.(¢"4)In($*/H*) would solve Page 34162
the CCP problem (the dvnamics of ¢ would drive A—0). But how to get it?
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& Quantum corrections in scalar QED, scalar theories (1.0"4) are positive

© Quantum corrections from integrating fermions (QED, yukawa) are negative

FERMIONS + YUKAWA SCALARS + VECTORS/GRAVITONS
A Ve Veff RECALL: Shun-Pei M.
¥, =——=const. 74
82 cff

/

T

$1000000 Q: Can solving for Ves self consistently with the Friedmann eguation stop

the Universe from collapsing into a negative energy ( anti-de Sitter’) universe?
JFK+TP, in progress

The Universe can also be stabilised by adding a sufficiently many vectors and scalars

Fiiomdt effective potential of the form Ves ~ -2 (0" 4)In{$*/H*) would solve Page 35/62
the CCP problem (the dynamics of ¢ would drive A—0). But how to get it?
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BACKGROUND SPACE TIME

% LINE ELEMENT (METRIC TENSOR):
ds’ =—d* +&* O or g, =a(mm,,. 7, =diag-1L1L.)

® FRIEDMANN (FLRW) EQUATIONS (1\=0):

H- = P H=-A4zG{p, + p.)
=2 Ez—iziﬂ—wh_}:ﬂanst., w, =25
H- 2 ? -

e for power law expansion the scale factor reads:

—( W La-oHql=, H-Ha"

Pirsa: 10100081 Page 36/82



SCALAR 1 LOOP STRESS ENERGY

¢ CENTRAL Q: Under what conditions can the backreaction from the one loop

fluctuations become so large to change evolution of the (background) Universe

o QUANTUM STRESS ENERGY TRACE:

T = ’I: B - _éf-l_ 65)[] (Q “92{ ) ﬂ> =—pp 3P,

f*_\{_.";:;_’{i
— IA(X;X): scalar propagator at coincidence TH ()

— &: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

E. _ 1
gﬁ-;;_'l'fq:_rq_}pq‘ p___‘,—?.ﬁ;+z_qi

Pirsa: 10100081 Page 37/82

NEB: This specifies ps and Ps; up to a term that scales as radiation, ««1/a*4



SCALAR THEORY

® MASSLESS SCALAR FIELD ACTION (V—0, ZR plays role of a " mass’)

- i F 1 3 :
S =|d°x/-g| — g8 @8 @p——ERP —V What is ¢7?
,=[d°x, gL 5 & 9,90,9— (R¢ @?)J
— SCALAR EOM
22 | 2 a 3 2 T L | wad
V.V ?—53{??—5"(?):; 2 —iﬂ—z}gag—ﬁﬁﬁ?—V@?}:ﬂ; 6 =g 00 =06 +6
F

e Field quantisation (V—-0):

lk .

@(x) J.(Zﬂ.)u—l (@(’?) :?(T])E *), ﬂ+|ﬁ3—0

! —zy (1) (2 2 ¥ o
sv;:in)m!%”{fzﬂ;.»c—krnmﬂ;f—k;g;s}, s X0
(e "~ B =D

« PROPAGATOR EQUATION
..... [?"v’ﬁ—be _pﬂl(ﬁ,ﬁ)—kﬁ(x;x'):fégfx_xl)-:

Page 38/82



SCALAR PROPAGATOR IN FLRW =
SPACES in D dimensions

s MMC SCALAR FIELD PROPAGATOR (V”=0, s=const] Janssen & Prokopec 2009. 2007
Janssen. Miao & Prokopec 2008

> EOM —glg”v.V, - ¢R)ir(xx)=is"(x—x)

» IR unreguiated (> SPACE) PROPAGATOR (e=const)

: .~~2£:Hr-32_2 r L}:l:—t'; r D.'—i_T.D | ~a = = |
)= S — -~ F] s =V e AR S B v,
Ay D/ ) g 2 2 4 )
;3 [ D—l—&} (D—IKD—-2)& o = g—l=dV+l=—= 1 . s HI
£ _‘_:11—5: = e ngtis iy L ‘:_ermziTJ
» IN D=4 = geodesic distance in de Sitter space
¥ -
Vl_[ 3—¢ _65(2—&:}_ I (612 &)
= z = 2
-5), (A-&F 4 (1-#)
Pirsa: 10100081

Page 39/82

> NBE: v=1/2 for a conformallv coupled scalar, ==1/6
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MATCHING

We match radiation era (=2, v=1/2) onto a constant ¢ homogeneous FLRW Universe

— RECALL: observed inhomogeneities op/p~1/10000 @ cosmological scales
(0= £ = 3: COVERS ALL KNOWN CASES IN THE HISTORY OF THE UNIVERSE)

e =3/2. MATTER
o £ = 3. KINATION
e = 1: CURVATURE

FOEEEE | £ = constant
£=2 o £ << 1: INFLATION
Ina Anmhe’r regulflrisajficfn:
the Universe in a finite
. comoving box L>Rx
with periodic boundaries
MATCHING Tsamis. Woodard. 1994
F= .r Er = H(t) Janssen. Miao, Prokopec.
Woodard, 2009
a2 MB: e=const. space inherits a finite IR from radiation era Page 40182

— | W A . T e e et a e R o S e s e e S TR ] =il o= st e s e~ R e OB g e B B AR | P L
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

% MMC SCALAR FIELD PROPAGATOR (V"=0, e=const) j:ﬂ::z: ‘El rafj*;ﬂgfgkiﬁ ggg;

» EOM —glg”V Vv, - ZR)iAx x)=i5"(x—x)

» IR unreguiated (-» SPACE) PROPAGATOR (s=const)

5 —1 D—1
. mgb o g
S - ¥ | ] 4 D. 2 ry T =
E_\.{T;ﬁf‘ﬁszl{l = EEFi i = — 15| = l+t-'n, = I—I'D.L—}.l—; . H=Hya
(4z¥ FD/2) = = > -
g Dt ~ (D-1ND -26)E ey S BPHEFE =
-l 2l-2) (I—5)° iy Z
S |N D=4 = geodesic disiance II e Siter space
\;2 ~ -
e = 3 = _65(2—5}21_(64,’—1)(2—8)
-} (0A-s&) 4 d—zc)
Pirsa: 10100081 Page 41/82

> NBE: v=1/2 for a conformallvy coupled scalar, ==1/6



P
on

SCALAR THEORY

» MASSLESS SCALAR FIELD ACTION (V—0, =R plays role of a * mass’)

; 3 -
[—%g“’&ﬁpﬁy@—%fﬂw‘ —¥ @?)J Whak 54

S, :Idﬂxﬁ—g
— SCALAR EOM

r . \ = e
V.Vie-SRe-V'(p= LL‘? —(D- 2}553 —éR @-V'(@=0, 8 =9¢"88,=10,+0
| a a ' '

¢ Field quantisation (V—0):

da_lk £ n = T -
20" (%(’7)9“ ‘a.+@.(n)e  a; ) a-

0)=0

g

@)= |

_1 4-65)2-¢)
4 (-e)f

(e - B."=D

o= [T O o)+ B ) v

« PROPAGATOR EQUATION
Vv v~ _ 2R 1 (A e XY =162 (x—x').

Page 42/82



SCALAR 1 LOOP STRESS ENERGY

¢ CENTRAL Q: Under what conditions can the backreaction from the one loop

fluctuations become so large to change evolution of the (background) Universe

o QUANTUM STRESS ENERGY TRACE:

f 1_ — j il ’
I, ={I7)=——{—65)f] Olo"(0|Q)=—p,+3p,

i’l{_.:*‘{;_'{'r
— IA(X;X): scalar propagator at coincidence THY ()

— & conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

- ) _5_|.-1 — 3 } — {7 +
'g_q ;_q z_;—},i_q zl; ?'1.;___; Tqb

Pirsa: 10100081 Page 43/82

NEB: This specifies D; and Ps up to a term that scales as radiation, ««1/a*4
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

@ MMC SCALAR FIELD PROPAGATOR (V7=0, e=const) j:;':::: %ﬂ :’a';?gfgkf;ﬁ ggg;

> EOM [/ g(g”v, v, —ZR)ir(xx)=i5"(x—x)

» IR unreguiated (- SPACE) PROPAGATOR (s=const)

n D— [ D—
i _I_ .—-2 Iﬁr -“2_2 Iﬂ = 1+]ff‘ rl I - l_IrD | f—} _L }"} }_ T]' L
IACE T = = — ; — = +F == Ve —— —I'D_'L_.]__l \ FFE—Ha
[ o0 IiD/2) £ 2 z z 4,
b2 = 0=t-& _13—1;@5—}5;;' ;M_j,_!:—wr;:—;;*!—g{ir*:—;g.f—,f'|| . ‘_____:“lﬂzii|
2(1—&) (1—ey iy A
'IND=4 - {c = Sid e i1 de Sltiie It
¥ o ,
vz—{ 3—¢ _6;(2—5)_1 (6 —IXZ—&2)
i Z & 2
M-y Q= 4 (1-£)
Pirsa: 10100081 Page 44/82

> NB: v=1/2 for a conformally coupled scalar, ==1/6



17

MATCHING

We match radiation era (¢=2, v=1/2) onto a constant ¢ homogeneous FLRW Universe

— RECALL: observed inhomogeneities 5p/p~1/10000 @ cosmological scales

(0< ¢ = 3. COVERS ALL KNOWN CASES IN THE HISTORY OF THE UNIVERSE)

e £ =3/2. MATTER

e £ = 3. KINATION

o £ = 1. CURVATURE

RADIATION v
=2 e £ << 1: INFLATION
Ina Anathe’r regul.:arisa*‘ci{_m:
the Universe in a finite
! comoving box L>Rx
with periodic boundaries
MAT'HHING Tsamis. Woodard. 1994
t=f H =H(r) Janssen. Miao. Prokopec.
Woodard, 2009
2 MB: e=const. space inherits a finite IR from radiation era page 45182

— | W 8 T . T e e e e e e i P s T e M e Ly e | g W AL OB i aEe BB | SR | B i L



IR SINGULARITY IN DE SITTER SPACE

& Scalar field spectrum Pg in de Sitter (v=3/2, ¢=0)

= sm(k,ﬁx)
(0 —J—P(k 7) =z -z
kAx
H’ B ) i
.P_ k. T 1+
K1) Az’ [ (aH) J lﬂ(\P )
Source of scalar —:
cosmological perturbations =
IR log SINGULAR 3

\.

UV quadratically SINGULAR camical - K¢

Pirsa: 10100081 I R - o H L+ \,-" Page 46/82
s In{k/a)



SCALAR THEORY: IR SINGULARITIES

¢ the IR singularity of a coincident propagator:

0lp(x)*|0),_ = J' (j l;

1 (1-65)2—¢g)
4 (1—=Y

kullv |D4

\@{KI

e BD vacuum is IR singular (in D=4) for 0 < ¢ < 3/2, when =0
— large quantum backreaction expected

® When 220 the coincident propagator is IR singular in
the shaded regions:

Pirsa: 10100081 Page 47/82



SCALAR THEORY: IR OF BD VACUUM

3

(Y]

Pirsa: 10100081

o L
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QUANTUM & CLASSICAL ENERGY SCALING

o SCALINGS:

s 2
0 8 & -~ -~ — 2 | |35 p-:l
i 5 — A =nF) P~— M= w=0 "%
Fb ]""""""b q G_ 3 *‘ t“b( l“q Mpzl | 8?[6 b pb p
a SCALING
JLL ] H- 1W5—Wq.l
g My

o IF : Wg<Wh

| o
LW

2 [ H ™=
— Fe = Py @t ~t
\ M,

a TYPICALLY: 7, f

i g

Q: What is the self-consistent evolution for ©>tcr, when pa>pe ?

Pirsa: 10100081 Page 49/82

Oy rarn ~. tllavw #ha rala AfF darly anarcyvy 2
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¢+ AFTER ALOT OF WORK ..
we obtain pq & Pq , I.€. how they scale with scale factor a

¢ INTERMEDIATE RESULT: COINCIDENT SCALAR PROPAGATOR:

—

5.~ 1 o : 1

= -+l (11 425 - -lnf1-—

. @, | D4 \1—eVH? L &

ALY X )= : v —— | =
Lor 4 ;F' i 1 E=] . = :}ﬂw 3 5
—— Bikv— v L") EBlLv+—v+—C
| S5 ) 2 2 £ F+2 ' z 2
b I .
= LJ;‘“ ¢, =undefernuned constant
a

Pirsa: 101000 -

¢°¢an be expanded in _ (late times, accelerated space): 1/. (decelerated: =51}
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CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wqg vs wb for £=0

b ]
1.0+
0.5!

_1o0¥

NB: We expect that for £<1 the graviton undergoes the same scaling:
1

1_;__:—1:——,_—? (< £ | FiptA ) W = 3 Ve E §
;| P ;.
irsa: 10100081 Page 51/82

ofore>1weexpectthes=0scaling: .. _ ! *.. « a4 - .+ w _1o=ic =



SCALAR QUANTUM EOS PARAMETER : z>0

a QUANTUM ENERGY DENSITY & PRESSURE: £>0 (m.+>0)
i‘w,p_ Wey

2.6
1.5

1.9%

—1.0¥

irsa: 10100081 Page 52/82

NE: For small positive &: wa>wes Vs for large 521/6., wo<wis If e28>2



SCALAR QUANTUM EOS PARAMETER: £<0

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (meff>>0)

f |

irsa: 10100081 Page 53/82

NE: For negative = Wa<ws V&< g1 1<g:,<2



THE (£,£) REGIONS WHERE Wq<Whs

o QUANTUM ENERGY DENSITY & PRESSURE
<

IJ
VR .. N

Pirsa: 10100081 Page 54/82

SHADED REGIONS: wqo<we: after some time, pq will become dominant over ps




CAN QUANTUM FLUCTUATIONS Bl

DARK ENERGY?
a SIMPLE ESTIMATE: IMAGINE that quantum fluctuations generated
at matter-radiation equality (z~3200) are responsible for

Eo D8 w58

W

- ~—28

— Upsl It does not work! A much earlier transition is needed!

: Ria.
a8 EF Wy =W
— But, from: 7, r‘ = !

we have learned that typically a large time delay I'
occurs between the transition and pPa~pb

y
o
3

e NE: It does not work for radiation =

Pirsa: 10100081

Q: What is the self-consistent evolution for tt.r, when pg>pe ?

Oy Tan ~. ntll=ayw #ha rala ~F darle anarciyvy 9

Page 55/82
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SUMMARY AND DISCUSSION. Part Il

¢ The quantum backreaction from massless scalars in c=const spaces
can become large at 1 loop, provided conformal coupling <0 (£<2).

PEN QUESTIONS:

& What about other IR regularisations: (scalar) mass, positive curvature, finite bax

s What about the backreaction from scalars/gravitons at higher loop
order, non-constant £ FLRW spaces, inhomogeneous spaces, .. ?

% The backreaction from fermions is large, and distabilises
the Universe, driving it to a negative energy Universe:
can thﬂ‘f bE’. STﬂb”lSEd‘) Koksma & Pfﬂkgpe(: 2009

» What is the effect of de/dt = O (mode mixing)?
Koivisto & Prokopec 2010

» is the backreaction gauge dependent (for gravitons)? (Exactgauge?)

Pirsa: 10100081 Page 56/82



SUMMARY AND DISCUSSION. Part Il

® The quantum backreaction from massless scalars in c=const spaces
can become large at 1 loop, provided conformal coupling 2<0 (£<2).

PEN QUESTIONS:

» What about other IR regularisations: (scalar) mass, positive curvature, finite bax

» What about the backreaction from scalars/gravitons at higher loop
order, non-constant ¢ FLRW spaces, inhomogeneous spaces, .. 7

» The backreaction from fermions is large, and distabilises
the Universe, driving it to a negative energy Universe:
can *hﬂ‘r be S*GbllfSEd‘) Koksma & Prokopec 2009

» What is the effect of de/dt = O (mode mixing)?
Koivisto & Prokopec 2010

» is the backreaction gauge dependent (for gravitons)? (Exactgauge?)
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SUMMARY AND DISCUSSION. Part Il

¢ The quanftum backreaction from massless scalars in s=const spaces
can become large at 1 loop, provided conformal coupling <0 (£<2).

PEN QUESTIONS:

& What about other IR regularisations: (scalar) mass, positive curvature, finite bax

& What about the backreaction from scalars/gravitons at higher loop
order, non-constant ¢ FLRW spaces, inhomogeneous spaces, .. ?

% The backreaction from fermions is large, and distabilises
the Universe, driving it to a negative energy Universe:
can that be S‘I‘ﬂblhsedj Koksma & Prokopec 2009

» What is the effect of de/dt = O (mode mixing)?
Koivisto & Prokopec 2010

» is the backreaction gauge dependent (for gravitons)? (Exactgauge?)
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SUMMARY AND DISCUSSION. Part Il

® The quantum backreaction from massless scalars in e=const spaces
can become large at 1 loop, provided conformal coupling 2<0 (£<2).

PEN QUESTIONS:

@ What about other IR regularisations: (scalar) mass, positive curvature, finite box

® What about the backreaction from scalars/gravitons at higher loop
order, non-constant ¢ FLRW spaces, inhomogeneous spaces, .. 7

® The backreaction from fermions is large, and distabilises
the Universe, driving it to a negative energy Universe:
can fhﬂ* be Sfﬁb”lSEd? Koksma & Prokopec 2009

» What is the effect of de/dt = O (mode mixing)?
Koivisto & Prokopec 2010

» is the backreaction gauge dependent (for gravitons)? (Exactgauge?)

Pirsa: 10100081 Page 59/82
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