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Abstract: The problem of the quantum backreaction in expanding spaces is an old, as yet unresolved, question. In this talk | will consider the
one-loop backreaction of a massless scalar which couples to the Ricci scalar in an expanding space with constant deceleration. | will show that the
infrared divergences, which generically plague the one loop stress energy, can be removed by matching onto an earlier radiation era An
insignificant backreaction occurs, unless the coupling to the Ricci scalar is negative. Similar results hold for the graviton backreaction.
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WHAT IS (QUANTUM) BACKREACTION?

% Einstein's Equations

Gl 8op +08,5)=82GT, (gop+ 080 W, +6W,)
e ged

BACKGD . S
— 2.5 %.: background gravitational fields & corresp. (quantum) fluctuations
— ¢.8w.:  background matter fields & corresponding (quantum) fluctuations
a Classical Equations:
b_ b B |l b
G.=8aGI.,. G =0G_(. ;]

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

o Quantum Einstein Equations:

b gj = b G _ :
GG =8I _ T} ( |Q): physical state)
>GZ, =(QG,, -G.)Q): includes (conserved) contribution from graviton fluctuations

I =0 \(T -

}: Includes (conserved) contribution from quantum matter fluct's
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein’'s Equations

b B
Gm, —SEG(TM +T£V)

-
-

—> va 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 (17) possible TOY MODEL:
- a homogeneous universe with constant deceleration parameter g=¢-1, e=-(dH/dt)/H>

- a massless dynamical scalar ¢ but gravity is non-dynamical
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WHAT IS (QUANTUM) BACKREACTION?

¢ Einstein's Equations

Gl 8op +08o5)=81GT, (8.5 + 0B 5. W, +OW,)
e —_—

BACKGD . SR
— 2.5 %.:° background gravitational fields & corresp. (quantum) fluctuations
— y.8w.:  background matter fields & corresponding (quantum) fluctuations
a Classical Equations:
b o_ b bo_ b
G, =82GT,,. G, =G, (2.4)
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b F ¥ e b q _ :
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>1 includes (conserved) contribution from graviton fluctuations
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% Quantum Einstein’'s Equations
B b G
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THE PROBLEM(S) WITH BACKREACTION

® Quantum Einstein's Equations

b b
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-
-
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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
A Veff Veff
b= - O V
8a2G cff
Vcﬂ'
o

o
/ \ @
$1000000 Q: Can solving for Ves self consistently with the Friedmann equation 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

NB: An effective potential of the form Ves ~ -i.(¢"4)In(¢*/H*) would solve
the CCP problem (the dynamics of ¢ would drive A—0). But, how to get it?
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A FEW WORDS ON THE CCP PROBLEM °
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8a2G cff
Veﬂ'
e

/ @
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BACKGROUND SPACE TIME

® LINE ELEMENT (METRIC TENSOR):
ds® =—dt’ +a’ ()di> or g, = a:(q)r]m,, 7, —diag(-11]1, )

-1

® FRIEDMANN (FLRW) EQUATIONS (\=0):

8xls :
H" =3 P H=-4zG(p, + p,)
= £—— H :§(1+wb):ccnst., w;ﬁ:&
- 4 -

e for power law expansion the scale factor reads:

o~ L) ~ba-omale, H-na
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A FEW WORDS ON THE CCP PROBLEM °

2 Quantum corrections in scalar QED, scalar theories (7.0"4) are positive

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

FERMIONS + YUKAWA SCALARS + VECTORS/GRAVITONS
A Veff Veff
M= - ol V
8a2G cff
Veff
a

/ :
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BACKGROUND SPACE TIME

®» LINE ELEMENT (METRIC TENSOR):
ds’=—dt’ +a’()dé* or g, = a:(?])r]m,, 7., —diag(-11],)

-1

®» FRIEDMANN (FLRW) EQUATIONS (A=0):

8xls :
HzZTPb? H=-4zG(p, + p,)
=2 E:—izi(brwb):const., w;ﬁ:&
¥z = 2 B 2.

e for power law expansion the scale factor reads:

a_{t] | - [_U—E)H:.??F—;ﬂ H=Ha"

irsa: 09120019 Page 17/97



BACKGROUND SPACE TIME
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BACKGROUND SPACE TIME
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© FRIEDMANN (FLRW) EQUATIONS (A=0):
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HEZTP&J H=-4zG(p, + p,)
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BACKGROUND SPACE TIME

@ LINE ELEMENT (METRIC TENSOR):

ds” =—dt” +a (H)di~ or g, = a:(q)r]m,, 7, —diag(-11],)

® FRIEDMANN (FLRW) EQUATIONS (\=0):

8xls :
HEZTPb: H=-4zG(p, + p,)
= Ez—izi(brwb):const., Wa:&
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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,= (,T:‘> = —%{1— 6311 <D_. ‘Ul{ .T}l Q} =—p,+3p,

TA(XX)
— IA(X;X): scalar propagator at coincidence T (1)

— &: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

L. 1
qu SRS = et B
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NB: This specifies pg and Pq up to a term that scales as radiation, «<1/a*4




SCALAR THEORY

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

Pi

S, :IJDIE[—%gﬂFa#@ap@_%fR# —V(g?)] What is ¢7
— SCALAR EOM

{ ~l
V. Vig—LRp— V‘(tp)— L '63 (D— '3') 8, &thp Vigp=0, 8 =188, =—0,+8

» Field quantisation (V—>O):

] d"k i T
b= [ 5 lo.(me**a. ol (m)e™ +) 6./0)=0
_1 |==q W B (1 6EX2—¢)
pum)=— | L H (k) + BH (k) v o=+ .
(o P -1 8.=D

e PROPAGATOR EQUATION
..... 09120019 [v#v# _éRf] —V"(gﬁb)]zﬁ(x, xl) o I'5D(x—x'),
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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:

Tfi’ = (T##.>:_%{l_ 6:1[] <D L?E{.T}I f_'!} =—p, +3pq

IA(x.X)
— IA(X;X): scalar propagator at coincidence T (%)

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

| (. |
qunt—t,uqz—iﬁq—}pqq pq::ﬂ{ﬁq—l—f&;}
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NB: This specifies pg and Pq up to a term that scales as radiation, «<1/a*4
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SCALAR 1 LOOP STRESS ENERGY
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o QUANTUM STRESS ENERGY TRACE:

L, = (Tj>:_é{l_6:}ﬂ <Q 0 'ﬂl Q)= —P, T3P,

IA(X.Y)
— IA(X;X): scalar propagator at coincidence TH ()

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

B . L,
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SCALAR 1 LOOP STRESS ENERGY
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o QUANTUM STRESS ENERGY TRACE:

— (T##>:—%{l—6:}|:[ (Q Lﬁlir}| Q) = =2t 3P,

IA(x.x)
— IA(X;X): scalar propagator at coincidence TH ()

— &: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

| [ B
E;“’q—l——L;‘qE—rq—}ﬁqﬁ pq::ﬂifc"‘g—l—fq}
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SCALAR THEORY

% MASSLESS SCALAR FIELD ACTION (V—0, R plays role of a * mass’)
S, :Idﬂxﬁ[—%g’“’a#?ap?_%fﬂ# —V({p)j What is ¢7
— SCALAR EOM
1{

| 8°—(D— 2)%an —C_?R]q;—p”(q:) -0, 8 =988, =08 +8&

N

V. .Vig—SlRe- V(@)=

* Field quantisation (V—0):

~ dD_lk T A * - ~
§9= [ 5 rlpme i wplme i), &lo)=o0
_l — %7 (g (2f 2 :l (1-6£X2—¢&)
e e B L e R
(@ -| £ =D

e PROPAGATOR EQUATION
irsa: 09120019 [vﬂv# _éRf] _Vll(¢f§')}ﬁ(x= xl) o fst(x— xl )5
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BACKGROUND SPACE TIME

% LINE ELEMENT (METRIC TENSOR):
ds” =—dt” +a ()i~ or g, = az(?])r]m,, 7, —diag(-11], )

il

® FRIEDMANN (FLRW) EQUATIONS (\=0):

8xls :
HEZTPb: H=-4zG(p, + p,)
= Ez—izé(brwb):const., w&:&
H 2 £

e for power law expansion the scale factor reads:

a_[t] | :[_G_E)H:ﬂrl___-f: H=Ha"
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SCALAR THEORY

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

Pi

S, :J-d’f-’x [ g[_%gﬂvaﬁgrap@—%fﬂﬁ —V(qp)j What is ¢7?

— SCALAR EOM

‘ﬂ‘?*“qo—é’fa@—mo)—;ﬂ- -2, fﬂqm—}“(@ 0, 8°=7""8,8, =—8}+8"
W

* Field quantisation (V—0):
d 7k
(2m)™

_l — N Mg g (1 6EX2— &)
P =—\| L H (k) BHT k), v o=+ &

(| . |: —] ﬁkf:l)

lo.(me*a. + @E(ﬂ)e‘i’i"fégl a.|0)=0

LS

#(x)= |

e PROPAGATOR EQUATION
..... £ 09120019 [vﬂv# _ng] _Vll(¢f})}ﬁ(x= xl) e I'(S’D(x—x'),
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SCALAR THEORY
2 MASSLESS SCALAR FIELD ACTION (V—0, cR plays role of a " mass’)
S, =[d"x/-¢ [ 5 270,98, L R V(q;)] What is $?
— SCALAR EOM

Pi

V. Vi gﬂqy—pﬂ(qy)_i[ > —(D— 9) 8, cffﬂfp V(@) =0, 8°=9""8,8, =—8.+8

¢ Field quantisation (V—0):

: d 'k % ot 1
509 = [ = lome e +plme ™ k), .[0)=0
_1 == M¢_ @¢_ L 1-66)2—¢)
@) = [T )+ BHI ], v o e B
(e F-| B =D

e PROPAGATOR EQUATION
..... £ 09120019 [v#v# _ng] _Vll(¢f})}ﬁ(x= xl) - fCSD(I—xl),
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

o MMC SCALAR FIELD PROPAGATOR (V'’=0, e=const) j::]‘::: '-:;1 ;f;*éﬂgfgkiiﬂi ggg;

> EOM | g(g”V.v, - 2R)iA(xx)=i6"(x—x)

» IR unregulated (> SPACE) PROPAGATOR (s=const)

R D:LHD " B

—vp |
| (1—e)y HH") 2 2 2 D-1 D1 D v
_ixx)= ) , 5 . Jf{’ TVp. e | H=H,a"
(A7) r(D/2) L 2 2 2 4
i = 2 N e . B o o ik . P oy
iy D—1—&| (D-IND-12g)c o) (|g—m| =20y +Hlx—x | ‘ y=4sm2| Hi |
D 7 =
1—£) | (1—z&) i - J
! = geodesic distance in de Sitter space
» IN D=4 - ‘

vz_( g B 2_65(2—5)_1_(65—1)(2—5)
-\ 21-¢) - 4 (1—g)?
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» NB: v=1/2 for a conformally coupled scalar, c=1/6



SCALAR THEORY

o MASSLESS SCALAR FIELD ACTION (V—0, =R plays role of a * mass’)
S, :Id’ﬂxﬁ[_%gﬂvaﬁtpapq)—%.ﬁ{qf —V(g?)j What is ¢7?

— SCALAR EOM

£ . ] I
V.Vig-SRe-V'(p)= ;ﬂ[ & (8- 2)%{% —cfﬂq;—p”(@ =0, 8'=9¢"8,08, =—8, +8
. E

¢ Field quantisation (V—0):

) d" % P
509 = [ = lome e +plme ™ F), ./0)=0
_1 [—=n ¢ @ L A-66)2—¢)
@) = [ )+ BHE (), v o= =
(&>~ A=

e PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂv# _éRf] _Vll(¢f})}ﬁ(x= xl) o I’5’D(x—x'),
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

¢ MMC SCALAR FIELD PROPAGATOR (V’=0, e=const) Janssen & Prokopec 2003. 2007

Janssen. Miaoc & Prokopec 2008
> EOM . —glg”Vv v, —ERjiA(xx)=i8"(x—x)

» IR unregulated (> SPACE) PROPAGATOR (s=const)

RS e

. —vp |
— _ 1;{_1—5}2&75?'} 2 4 2, D A D D—1 D _ 3
A (xx)= P (D 2) jf{] 5 +Vp. 3 —1'D.?.l—i|. H=H,a
"ét:. e 2—13_1”5}_‘;15.'; jfi.x:x"r:_il"?_‘P?W_EJ*E‘FH-’?_EHE‘ yZ'Lszl Hl |
H1—£) (1—&) i z )
| = geodesic dis ce in de Sitter space
» IN D=4 geodesic distance in de Sitter spac
£ 2
ol 66(2—g) 1 (66—-1)(2-¢)
V :‘ - — = S o
\2(1—&) d-= 4 d-=cf
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» NB: v=1/2 for a conformally coupled scalar, £=1/6



SCALAR THEORY
& MASSLESS SCALAR FIELD ACTION (V—0, cR plays role of a * mass’)
S, :Idﬂxﬁ[_%gﬂaﬁoapqy—%fﬁﬁ —V(g?)} What s ¢7
— SCALAR EOM
1{ i

] ™
V.V RV (@)= 0 -(D- n26,-¢R |p-V(@)=0, 8'=7"8,8,=-8)+5
| J, '

* Field quantisation (V—0):

i d" 7k 3 ot )
§9= [ o orlpme e +glme ™ ) .[0)=0
_ 1 |-z v D¢ L 1-66)2—¢)
Pm)=— | L H (k) + BH () v o=t e
(' | _|ﬁk D

e PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂv# _éRf] _Vll(¢f})}ﬁ(x= x:) e I'5D(x—x'),
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

@ MMC SCALAR FIELD PROPAGATOR (V’=0, e=const) j:;‘:::: iﬂ ;r;*éﬂgf_;kiiﬂi ggg;

> EOM -glg”'V,v, —¢R)ir(xx)=i6"(x-x)

» IR unregulated (> SPACE) PROPAGATOR (s=const)

o D—1 D-1
3 = 1_,| +Vp |l"| —Vp |
IS = 7 O L 2 ' ({ D-1 D—1 D_ v .
IA_(X.Xx")= — _ JE{] +V 5, —I'D.—.]_——|. H=H,a
4 I'{D/Z) e 2 2 2 4
- : e s - —r 112 e
N, T s — Fey B o — P — | 2 f
:ﬁ: D=1} (D-I§D z_h )& o) — {(|g—m| <oy +H]|| x—x | ‘ y=-tsm2| Hl |
21—¢) | (1— &) iy )
[ = geodesic distance in de Sitter space
» IN D=4 : ‘

2 [ 3¢ "‘_65(2—5)_3_(55—1)(2—5)
| 20-¢) (1-g)> 4 (1—g)?
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SCALAR THEORY
@ MASSLESS SCALAR FIELD ACTION (V—0, R plays role of a * mass’)
S,=|d°x/-¢ [ = 5,90,0— L erg V(qp)] What is ¢?

— SCALAR EOM

e a " "
V.Vig—¢Re- V()= ;{ g —{8- Z)Ea” —fﬁwq;—p"(@ =0, 8'=9"8,08, =8, +8
P

* Field quantisation (V—0):
d 7k
(2m)”

_ 1 == De TuX. o (1 6&X2—¢)
Pum)=— | oL H (k) + BH (k) v o=+ e

e "B |=D

0)=0

|

lo.me™a, + lme "4 )5 5,

£a s

#(x)= |

e PROPAGATOR EQUATION
Pirsa: 09120019 [Vﬂv# _éRf] _Vll(¢f})}ﬁ(x= xl) o féD(x—xl),
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

» MMC SCALAR FIELD PROPAGATOR (V’=0, e=const) Janssen & Prokopec 2009. 2007

Janssen. Miao & Prokopec 2008
» EOM —glg” V.V, - ZR)iA(x x') = i5"(x—x)

» IR unregulated (» SPACE) PROPAGATOR (s=const)

L—;_z 1_|_ _D_]_ , D_]__ ,
; . e Xy 2 | - +Vp |l_1 - Vp | :
e et W= EY R L v 2 ' D—-1 D—1 D 1 .
IA_(X.X")= —= _ zf” +V 5. —1'D.—.1——|. H=H,a
(& ¥ i Ir{D/2) . 2 2 . 4
i - i R - —r (12 £
e EF — Fey i = Y . | i f
Lﬁ: D—1—&| (D-IND 2-., )& o) (|g—m| <oy +H|| x—x | ‘ je'=-lsm2| Hf |
2(1—¢) | (1— &) iy - J
[ = geodesic distance in de Sitter space
» IN D=4 : ‘

vz_( 3—¢ 2_6;(2—5)_3_(65—1)(2—5)
-\ 2(1-¢) d-cf¥ 2 (1-&)?

Pirsa: 09120019 Page 48/97

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






SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

% MMC SCALAR FIELD PROPAGATOR (V’=0, e=const) j::]‘:::: '-:*ﬂ ;T;*éﬂgfgkiiﬂf{; ggg;

> EOM | g(g”V.v, 2R)iA(xx)=i6"(x—x)

» IR unregulated (> SPACE) PROPAGATOR (s=const)

_ B9 ‘D1
{{I—EIEHH"}bf r|. > VD |r1___ 2 ¥

. - D—1 D—1 D '
Ij"mll;-T:-Tr}: ol " jF]_] +1’D' —]'D;__]__l|_ H:HD{T_E
(47)° I'(D/2) L 2 2 2 4
2
(D1 ¢ (D—IND—2&)&  —Alg—m| =P+ =X | CHI
= ~ e - e | 771 | I~ y=4sin®| —|
2(1—¢) | (1— &) iy - J
| = geodesic distance in de Sitter space
» IN D=4 : *

vz_( 3—¢ 2_65(2—5}_l_(6’g‘—1)(2—5)
212 (1-£)* 4 (1—g)?

Pirsa: 09120019 Page 50/97

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



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:

qu<Tf> —iil 62 D< -:JM}| }——p+pq
i IA(x.X)

— IA(X;X): scalar propagator at coincidence T (%)

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

| 1 N,
E;‘q—l——L;‘qE—TQ—}ﬁqﬁ pq:?qurTq}

Pirsa: 09120019 e 51/97

NB: This specifies pg and Pq up to a term that scales as radiation, oc1lak4




SCALAR THEORY
% MASSLESS SCALAR FIELD ACTION (V—0, =R plays role of a * mass’)
S, =|d°x/-¢ [ = 5, 90,0~ L erg V(go)} What is ¢7?

— SCALAR EOM
(. a 2 . -
e e S U SE s L e S S s =
s

N

* Field quantisation (V—0):

. dk L s )
509 [ o orlpme e +glme ™ ;;)= ./0)=0
R P ¢ (1 6EX2—¢&)
pm)=— | e H (k) + BHD (e} v o=+ .
(CAR A

e PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂv# _ng] _Vll(¢f})}ﬁ(x= xl) o .!'5D(x—x'),
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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)

RADIATION
5=

£ = constant

'
|

MATCHING
F=F. H:H{_?:‘r

Ina

e £ =3/22. MATTER

e ¢ = 3. KINATION

« ¢ = 1: CURVATURE
e £ << 1: INFLATION

Another regularisation:

the Universe in a finite

comoving box L>Ru

with periodic boundaries
Tsamis, Woodard. 1994

Janssen, Miao. Prokopec

» NB: s=const. space inherits a finite IR from radiation era Woodard. 200¢

>. NEB 2, e=const. space keeps memory of transition: a LOCAL function ¢f.time

- R RN SR oo oG e it I e I IR e e e

AT i B = ETHDAE SO e re e ey | EUNAEE S L 1 Rl e e Lo



IR SINGULARITY IN DE SITTER SPACE

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

sm(kAx) ol ||x e ,"
kAx

(0| @z, m@(z',m|0) = j—P (k,7)

H- ¥
B k)= e [1 (aH Y ] ln(P)

Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR ==

classical -kﬂ

cutoft scale

Pirsa: 09120019 IR s H L* .\’T Page §4/97
y Tn(k/a)



SCALAR THEORY: IR SINGULARITIES

% the IR singularity of a coincident propagator:

It 2 dk o1 2 o1 B 6O <
<0‘ x)?- 0 = Hﬂ{ ‘EI Fo-2v v’ |D=4:1+ i
k!m 2xy k;l; k (1—£)y

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

® When 2£0 the coincident propagator is IR singular in
the shaded regions:

irsa: 09120019 Page 55/97



SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

% MMC SCALAR FIELD PROPAGATOR (V=0, e=const) Janssen & Prokopec 2009. 2007

Janssen. Miac & Prokopec 2008
> EOM —glg”Vv v, —ER}iA(xx)=i8"(x—x)

» IR unregulated (> SPACE) PROPAGATOR (s=const)

PN N L e Y _
e s WI—EY TIHT) T - L o { D—1 D—1 D 1 .
A (X X')= == : zﬂl +V 5 —I'D.—.]_——|. H=H,a
(€ > I'{D/2) . 2 2 2 +
f = E | ks  anE - e A Tl - o e
L%: D—1—&| (DD 2_., o Aoy = (|p—m|=oy+||lx—x || ‘ y=-tsu12| HT£|
2(1—¢) | (1—&) iy = J
[ = geodesic distance in de Sitter space
» IN D=4 - e

vz_( - 2_65(2—5)_3_(55—1)(2—5)
W= (- A (1—g)?

Pirsa: 09120019 Page 56/97

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



IR SINGULARITY IN DE SITTER SPACE

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

sm(kAx) g ||x - ,"
kAx

(0| ¢z, Mm@, m)|0) = j—P (k,m)

H* { E
P (k.n)= - E})‘F (@HY) ] ln(P )
/
Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR ﬁical __kﬂ

cutoff scale

7 I — i
Pirsa: 09120019 4 | W PageH7/97



SCALAR THEORY: IR SINGULARITIES

® the IR singularity of a coincident propagator:

R djk E C& S ? | s
Olp(x)*|0) = _[ = . o J' ?;{E 1-2 . |D=4:i+c1 {GE)S £)
s ko

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:
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SCALAR THEORY: IR OF BD VACUUM

<
3
ol
5t
| R>0 (£<2) R=6(2-6)H2<0 (s>2)
LA
= | Ll | )
1 2 3 4
, . _#3&)
-1 T 6(2—¢)



SCALAR THEORY: IR SINGULARITIES

% the IR singularity of a coincident propagator:

k-

(2?3')3 . k 4 {1—&')3

Foe | i Al
<0 ‘@(JE)?-‘{]}E J‘ d'k @ P J‘ ﬁkﬂ—l—ZV Al 1, (1-65)2-2)

K min

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

% When 220 the coincident propagator is IR singular in
the shaded regions:
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SCALAR THEORY: IR OF BD VACUUM

&
3L
zl
1k
- R>0 (e<2) R=6(2-6)H<0 (£>2)
LS
O |y e — ‘; E
1 2 3 4
: . _=(3—2g)
-1y T 6(2—2)



QUANTUM & C

o SCALINGS:

- 5
B R

e oy S . S T e
Fb P Hq Pl

o SCALING:

o IF : Wg<Wh

= P~ pp@1, ~ f‘

a TYPICALLY: 1 >>1

cr

13

LASSICAL ENERGY SCALING

I:IE
NW!

Wt =B B

B=ptt)l p : , W,
. . E BHG pl::- q pq

Q: What is the self-consistent evolution for t>tcr, when pg>ps ?

irsa: 09120019

Page 62/97

Q2: Can pq play the role of dark energy ?



SCALAR THEORY: IR SINGULARITIES

% the IR singularity of a coincident propagator:

k-

d’k dk . - . . 1 (1-68)X2—¢)
0lp(x)*[0) = (@ P [ ZEPYY P
i IR kﬂ_.; (25‘?)3 k_;[ k {1 E)‘

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:

irsa: 09120019 Page 63/97



IR SINGULARITY IN DE SITTER SPACE

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

sm(kAx) 5 ||x 2 ."
kAx

(0] ¢z, m)@(E',m)|0) = j—P (k,m)

H’ E
P(kn)= 1+
ek 4?12[ (afT)’ ] lﬂ(P)
2
Source of scalar Q
cosmological perturbations =
IR log SINGULAR i | 5
v UV quadratically SINGULAR E;icai __kﬂ
,&K’:
M T -
Pirsa: 09120019 IR f’ H L \f

b ' “In(k/a)



MATCHING

‘We match radiation era (=2, v=1/2) onto a constant € hamogeneous FLRW Universe

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

(0= £ = 3: COVERS ALL KNOWN CASES IN THE HISTORY OF THE UNIVERSE)

RADIATION

e £ =3/22. MATTER
e ¢ = 3. KINATION
« ¢ = 1. CURVATURE

£ = constant
—, e ¢ << 1. INFLATION
Ina
Another regularisation:
T the Universe in a finite
comoving box L>RH
MATCHING with periodic boundaries

P r H :H{f.} Tsamis, 'ﬂ.mudard. 1994
» NB: s=const. space inherits a finite IR from radiation era taeSes ME;{;;;?;?DE&

>. NEB2, e=const. space keeps memory of transition: a LOCAL function ¢f.time

- R NN S s e e e i R s R s IR e e e

ARt W] W | MR Soelalelend e ey | SRRPCS LA i 1| cenin e i e



IR SINGULARITY IN DE SITTER SPACE

% Scalar field spectrum Py in de Sitter (v=3/2, £=0)

sm(kAx) _ ||x - ,"
kAx

(0| @z, m@(z',m|0) = j—P (k,7)

H- K
Pﬁﬂ(krf?):4ﬂz [1 (aHY ] ln(P)

Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR i =

classical -kﬂ

cutoff scale

; =
Pirsa: 09120019 IR ’ H L* .\’T Page$6/97
: Tn(k/a)



SCALAR THEORY: IR SINGULARITIES

» the IR singularity of a coincident propagator:

k-

| dk ik oy 1 (1-6&)}2—&)
Zla\ 2 D-1-2v e _
0lg(x)*[0) —J 27) @, | ‘I&_I =" il o2 e

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

¥ When z£0 the coincident propagator is IR singular in
the shaded regions:
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QUANTUM & C

o SCALINGS:

. B _ Pq
By — £ ¢ Pe = .
o SCALING:
J'L}g _ H- _}fWE,—Wq )
: 13
Pr  Mp
o IF : Wg<Wh
] l+w
2 4 T T
— p ~p @t r‘
.rL.:g My Ly __11-‘{1:‘3

o TYPICALLY: 1, ~>1

cr

L ASSICAL EN

13

ERGY SCALING

Q: What is the self-consistent evolution for t>tcr, when pg>ps ?

irsa: 09120019

Q2: Can pq play the role of dark energy ?

Page 68/97



¢+ AFTER ALOT OF WORK ..
we obtain pq & Pq , I.€. how they scale with scale factor a

age 69/97

14



15

CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wq vs Wb

{wg__ 11.'5}
1,0:

0.5

_1.0¥

NBE: We expect that for £<1 the graviton undergoes the same scaling:
4 1

W :—l+:¢—? (0<e< /), W, =— (L2Z<£e<1)
3 3
irsa: 09120019 ) 5 1 4 5 Page 70/97 ,
o for £>1 we expect the £=0 scaling: v, =t e A<e<D). W=l A2 (£>2)



SCALAR THEORY: IR OF BD VACUUM

S
31
ol
2|
| R>0 (e<2) R=6(2-6)H2<0 (s>2)
_Lj
e R | )
1 2 3 4
_ . _#3-2¢)
-1y 7T 6(2—¢)



15

CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wq vs Wb

{w@,__ 11.'5}
1,0_-

10K

NB: We expect that for £<1 the graviton undergoes the same scaling:
4 1

=—ja—e= WesolrZy w—— i<l
3 £ 3

Ll

v
e

irsa: 09120019 1 | 5, Page 72/97

o for £>1 we expect the £=0 scaling: v, =—+(e-D (Q<e<D. w, :1+§{5—2} (£ >2)

s |



SCALAR QUANTUM EOS PARAMETER : z>0

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (m.+>0)
W, ws}
|

2.0r
1.5+
1.0r

0.5]

_1.0H

irsa: 09120019 Page 73/97

NB: For small positive &: we>we Vg; for large £>1/6, wa<wn if £>&>2



SCALAR THEORY: IR OF BD VACUUM

<
3L
il
2|
| R>0 (s<2) R=6(2-6)H?<0 (£>2)
] l [
G e :
o -
1 2 3 4
. _o#3&)
-1 >7 6(2—¢)



SCALAR QUANTUM EOS PARAMETER : z>0

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (m-+>0)

{wg, wa)
[
2.0f

1.5}

1.0t

0.5

-0.5

|
|
|
|
|
|
%

1o

Pirsa: 09120019 Page 75/97

NB: For small positive &: wo>we V&; for large £>1/6, wa<wp if £>&>2



¢+ AFTER ALOT OF WORK ..
we obtain pq & Pq, I.€. how they scale with scale factor a

14



QUANTUM & C

o SCALINGS:

_ P _ Pq

g A B
Fb a3(1+whj 9 Hq GE(I‘FWq.’

o SCALING:

o IF : Wq<Whb

=N S (U F f‘

a TYPICALLY: 7, ~>1

cr

13

LASSICAL ENERGY SCALING

I:IE
NE!

Wt =B B

g=p(¥) P ! , W
: . { BHG pb q I‘jq

Q: What is the self-consistent evolution for t>tcr, when pg>ps ?

irsa: 09120019

Page 77/97

Q2: Can pq play the role of dark energy ?



SCALAR THEORY: IR OF BD VACUUM

&
3t
ol
2 |
: R>0 (£<2) R=6(2-¢)H<0 (£>2)
P l [
__'_____ ke .
1 > 3 4 €
. _=(3—2g)
-1 v 622



SCALAR QUANTUM

=0S PARAMET

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (m-+>0)

W, we)
1

2.0

-
L

e v
_ [~ S
i e B

irsa: 09120019

Page 79/97

NB: For small positive &: wo>we V&; for large £>1/6, wa<wp if £>&>2
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CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wq vs Wt
{wg__ u.'g._.}
1.0F

0.5-

10K

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

wo=—34-—pg (Dce<li2). w=—— [(LZ<ce<l)
3 g 3

irsa: 09120019 1 4 g, Page 80/97
o

e for £>1 we expect the £=0 scaling: w=—t_fe-l) Q<& 7). w,=l+=(e-2) (£-2)



SCALAR QUANTUM EOS PARAMETE

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (m.+>0)
hv.f,_ Waj

|
|
|
2.0f

|
|
[

1.5-
1.0t

0.5

irsa: 09120019

NB: For small positive &: we>we Ve; for large £>1/6, wa<wp if £>&>2



SCALAR QUAN

UM

E0S PARAME

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

{H-'g: Hr'b}

17

i <t

irsa: 09120019

NB: For negative &: wq<wb: VE<Eer; Ecr=0 (0<e<1);

£cr={e-1)/[3(2- £)] (12£<2)
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CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wqg vs Wb

(v, W5)
1-0:

0.5

_1.0¥

NB: We expect that for £<1 the graviton undergoes the same scaling:
4 1

w,=—l+—¢€ (0<e<li2), w,=— (UZze<l)
o 3
irsa: 09120019 ) 5 1 4  / Page 83/97 ‘
o for £>1 we expectthe £=0 scaling: w,=——+_(s-D d<e<2 w=l+2(s=2) (-

i ] |



SCALAR QUAN

UM

E0S PARAME

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

(10, W)

7 4

- £<0

irsa: 09120019

NB: For negative &: wq<wb: VE<Eer; =0 (0<e<1);

£ ={e-1)I[3(2- £)] (12c<2)



SCALAR QUANTUM EOS PARAMETER : z>0

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (m.+>0)
hv.f,_wb}

2.0
1.5}
1.0

0.5

-0.5"

o

irsa: 09120019 Page 85/97

NB: For small positive &: we>we Vg; for large £>1/6, wa<wp if £>&>2
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CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wq vs Wb

{wﬁ,__ 11.',3,}

1.0

_1.0¥

NB: We expect that for e<1 the graviton undergoes the same scaling:
4 1

e Jfu-— = Moo=l w = fhWilicE=<]l)
3 ? 3

1

irsa: 09120019 4 ¥ Page 86/97

o for 1 we expectthe £=0 scaling: w,=—+—-(z-D @-=-2). W, =i—|—§{£—2} (£ >2)

s
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THE (2,£) REGIONS WHERE Wq<Wb

o QUANTUM ENERGY DENSITY & PRESSURE
&

(R

()
!,JJ i
ol

Page 87/97

SHADED REGIONS: wq<ws: after some time, pq will become dominant over po
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CAN QUANTUM FLUCTUATIONS BE
DARK ENERGY?

o SIMPLE ESTIMATE: IMAGINE that quantum fluctuations generated
at matter-radiation equality (z~3200) are responsible for dark ene

£~-280, v~58 w,~—28

Ly

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

:11.'_._ ':ﬁ';...

2 |
1.'}_‘

0.5: gF e

L,

H
My

—» Bl o .= 5‘

we have learned that typically a large time delay
occurs between the transition and pg~pPe

e NB: |t does not work for radiation =2

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

Pirsa: 09120019 Page 88/97

Q2: Can pq play the role of dark enerqy ?
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SUMMARY AND DISCUSSION

® The quantum backreaction from massless scalars in e=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 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 StﬂbiliSEd? Koksma & Prokopec

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

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

irsa: 09120019 Page 89/97
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CAN QUANTUM FLUCTUATIONS BE
DARK ENERGY?

o SIMPLE ESTIMATE: IMAGINE that quantum fluctuations generated
at matter-radiation equality (z~3200) are responsible for dark energ

£~—280, v~58 w,~—28

g

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

I+

H
My

2

s But, from: 1, ~ 5‘

we have learned that typically a large time delay ’
occurs between the transition and pg~pe

e NB: It does not work for radiation =2

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

Pirsa: 09120019 Page 90/97

Q2: Can pq play the role of dark enerqy ?
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SUMMARY AND DISCUSSION

® The quantum backreaction from massless scalars in e=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 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 SfﬂbiliSEd? Koksma & Prokopec

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

» is the backreaction gauge dependent (for gravitons)? (Exact gauge?)
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SUMMARY AND DISCUSSION

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

PEN QUESTIONS:

2 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

o The backreaction from fermions is large, and distabilises
the Universe, driving it to a negative energy Universe:
can fhﬂ"' be SfﬂbiliSEd? Koksma & Prokopec

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

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