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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 consic
one-loop backreaction of a massless scalar which couples to the Ricci scalar in an expanding space with constant deceleration. | will show
infrared divergences, which generically plague the one loop stress energy, can be removed by matching onto an earlier radiation e
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

G 8ap +Bap)=82GT, (8os+ B 5. W, +0W,)
i e

BACKEGD . T
— 2.5 %.: background gravitational fields & corresp. (quantum) fluctuations
— 9.8¢:  background matter fields & corresponding (quantum) fluctuations
a Classical Equations:
bo_ b b o_ b
G, =8GT,,. G, =G, (g.5)

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

o Quantum Einstein Equations:
5 4 _ 5 q : :
G G =BT +T ) ( |Q): physical state)

>GI, =(QIG,, -G, )Q): includes (conserved) contribution from graviton fluctuations
o il —{ \(T —T.)Q): includes (conserved) contribution from quantum matter fluct's
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein's Equations
0 b G
G, =8aG(T,, +T1,,),

—> 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 toco naive, because of secular (growing) terms generated by perts

HERE: | will discuss the simplest (17) possible TOY MODEL:
- a homaogeneous universe with constant deceleration parameter g=¢-1, e=-(dH/dt)/H?

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

% Quantum Einstein's Equations
G el & G
G, =82G(T,, +T,,),

—> va has to be determined by solving dynamical equations for matter and gravitan
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 (17) possible TOY MODEL:
- a homaogeneous 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?
v Einstein's Equations
(i gi% + E) - SﬂGTﬁy(g;; + 53@6#’? +oy.)
= 2o s backzﬁfjjid gravitational fields & corresp. (quantum) fluctuations

— y,.8w.:  background matter fields & corresponding (quantum) fluctuations

a Classical Equations:
5 5 B b
Gm, — SJEGTM, G,m' — va (gﬂﬁ)
are not correct in presence of strong backreaction from (quantum) fluctuations

o Quantum Einstein Equations:

5 2 b | _ |
e 0, =80T +T L) ( |Q): physical state)

> G, = "{Q \(GM = Gip} Q>i includes (conserved) contribution from graviton fluctuations
BT =(0 \(fm —T;)Q): includes (conserved) contribution from quantum matter fluct's
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THE PROBLEM(S) WITH BACKREACTION

% Quantum Einstein’'s Equations
I A b G
G, =8aG(T,, +T1,,),

—> T;, 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 homaogeneous universe with constant deceleration parameter g=¢-1, e=-(dH/dt)/H>

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

® Quantum Einstein's Equations
ZE b G
G, =82G(T,, +T,,),

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

- a massless dynamical scalar ¢ but gravity is non-dynamical
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A FEW WORDS ON THE CCP PROBLEM °

% 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 Veft Veff
¥V, =——=const. 74 |
882G cff
V:ﬂ'
a

d
/ \ @
31000000 Q: Can solving for Ves self consistently with the Friedmann equation stop

the Universe from collapsing into a negative energy ( anti-de Sifter’) 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 ~ -2.(¢"4)In(¢*/H?) would solve e 1357
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the CCP problem (the dynamics of ¢ would drive A—0). But, how to get it?



A FEW WORDS ON THE CCP PROBLEM

% 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
Veff Veff
= —vea const. chf
cif
d
/ ’

d-:-"-’f/#
$1000000 Q: Can solving for Ves self consistently with the Friedmann equation stop

the Universe from collapsing into a negative energy ( anti-de Sifter’) 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 ~ -2.(¢"4)In(¢*/H*) would solve
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” =—dt” +a ()di~ or g, = az(ﬂ)qw, 7, —diag(-11], )

D1

® FRIEDMANN (FLRW) EQUATIONS (\=0):

8xls :
H =—"=p. H=-42G(p, + p,)
—> £=— H :§(1+wb):cﬂnst'., w;ﬁ:&
¥ o >

e for power law expansion the scale factor reads:

ﬂ—[t] h=[—(1—E)H.ﬁT? H=Ha~
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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
Veff Veff
= e const. I/;{-‘f
I/cﬂ'
a

/ ’
$1000000 Q- Can solving for Ves self cansistently 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 Ver ~ -2.($"4)In(¢*/H*) would solve e 1667
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the CCP problem (the dynamics of ¢ would drive A—0). But, how to get it?



BACKGROUND SPACE TIME

® LINE ELEMENT (METRIC TENSOR):
ds” =—dt” +a ()di~ or g = az(r])?]m, 7, —diag(-111, )

D1

» FRIEDMANN (FLRW) EQUATIONS (.\=0):

S8xls :
HEZTP&., H=-A4=xG{p, + p,)
—2 E:—Hr_.zé(hrwb):cﬂnst.: w%:‘pb
H- 2 - 2.

e for power law expansion the scale factor reads:

a_[t] | :[_G_E}H}??Tl___-f: H=Ha~

irsa: 09120019 Page 17/97



BACKGROUND SPACE TIME

® LINE ELEMENT (METRIC TENSOR):
ds* =—df* + a*(OFE or g, =a’(mm,,. 1, =diag(-11L.)

D1

¥ FRIEDMANN (FLRW) EQUATIONS (1=0):
805

Hz:TPb: H:_'{lﬂG(pb+Pb)
e E:—E{_:E(]ﬁi—wb):{}ﬂﬂﬂt., w;,,:‘pb
g 2 R 1

e for power law expansion the scale factor reads:

o~ L) ~ba-omale, H-na
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BACKGROUND SPACE TIME

© LINE ELEMENT (METRIC TENSOR):

ds” =—dt +a ()di~ or g, = az(?])‘qm,, 7, —diag(-111, )
® FRIEDMANN (FLRW) EQUATIONS (1\=0):

D1

8xls :
HEZTPb= H=A4=G({p, + p.)
=2 Ez—ﬁizg(lerb):cﬂnst., w%:&
B 2 i

ot

2

e for power law expansion the scale factor reads:

a_{f} | :[_O_E)H;??rl___-f: H=Ha~
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BACKGROUND SPACE TIME

¢ LINE ELEMENT (METRIC TENSOR):

ds” =—dt” +a’ ()di~ or g, = al(?])?ym,, 7, —diag(—111, )

® FRIEDMANN (FLRW) EQUATIONS (\=0):

8xls :
HEZT‘%: H=-4zG(p, + p,)
— E=— H :§(1+wb):cﬂnst., w..ﬁ:&

H7 2 R >

e for power law expansion the scale factor reads:

o~ L) ~ba-omale, H-na
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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, = (Tﬂ:—é{l— 65) (Qle*(x)|Q)=—p,+3p,

IA(xx)

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

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

L. 1
Eﬁjq+_l'fﬂqz_fq_>pq* pq::{pq —|—Té]‘
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NB: This specifies pg and Pq up to a term that scales as radiation, «<1/a*4




SCALAR THEORY
s MASSLESS SCALAR FIELD ACTION (V—0, :R plays role of a* mass’)
S, :Igﬂxﬁ[_%gﬂv6#¢ap@—%§R¢z —V(;;D)} What is ¢7?

— SCALAR EOM

v v#q;—gaqy—pﬂ(@_i’a —(D— 9) a ER\@- V(g)=0, 8°=9""88, =—8.+8
ﬂ

M

+ Field quantisation (V—0):

A a7 ra)
509 = [ = lpme e +plme ™ ) ./0)=0
_l i Mg g 2 L (1 6EX2—¢€)
P =—\| L H (k) BHP k), v o=+ o
(x| —|B.I°=D

e PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂvﬂ_ _éRb _Vll(¢,b)}ﬁ(x= xl) — fé’ﬁ(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:

== —%{1— 65)0 (Qe*(x)|Q)=—p,+3p,
) IA(xx)

— IA(X;X): scalar propagator at coincidence TH (1)

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

| (i |
Eﬂq —l——|-3L**gf :—Tq —>/L7gq pq :Eiﬂg —|—Tq )
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NB: This specifies pg and Pq up to a term that scales as radiation, «<1/a*4










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,= (Tj}:—é{l— 650 {Qlo* ()| Q) =—p,+3p,

IA(xX)
— IA{X;X): scalar propagator at coincidence TH ()

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

E . 1
E.ﬁjq_k_l'f-}qz_zﬁq_}fgq“ pq::iﬁjﬁf_FT@}
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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:

e — <Tf>:—é{1— 62 <f_". mziﬁ:'lif_-_} =—p 5

TA(X.X)
— IA{X;X). scalar propagator at coincidence TH ()

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

1 . L
Eﬁﬁqju_l.quz—fq—}pqq pq:?pqﬂLTé}

Pirsa: 09120019 Page 32/97

NB: This specifies pg and Pq up to a term that scales as radiation, «<1/a*4




SCALAR 1 LOOP STRESS ENERGY

¢ CENTRAL Q: Under what conditions can the backreaction from the cne loop
fluctuations become so large to change evolution of the (background) Universe

o QUANTUM STRESS ENERGY TRACE:

T,= (Tf):—%{l— 65 {Qlo*(x)|Q)=—p,+3p,

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

— & conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

K L
EIL}Q_F_I-F-‘QE_I:{_}‘L)Q" Lﬂq::ﬁ{ﬁ)@ _|_T-f_&'}
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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,= (Tj):—%{l— 625) (Qo* ()| Q)=—p,+3p,

IA(x.X)
— IA(X;X): scalar propagator at coincidence TH (1)

— Z: conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

L . 1
iy Ty = h B, My B
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SCALAR THEORY
% MASSLESS SCALAR FIELD ACTION (V—0, R plays role of a * mass’)
3 :IJDIE[—%g”FB#@)BPQJ—%fR@E —V(gu)} What is ¢7?
— SCALAR EOM

Pi

- [ - a A 71 2 ¥ s
?F"‘ﬂ?—é’ﬁfi?—i"(ﬁ?ﬁﬂ—z[ 6‘—(13—23560—5&}@—1« (@ =0, 8" =798,8, =—0.+8
% 7

+ Field quantisation (V—0):

. a7k PR
509 = [ oo lome e +plme ™ ,-;)3 ./0)=0
_l — (Mg g (1 6EX2— =)
Pum)=— [T H (k) + BH (R} v o= S
(x| —|B.I°=D

e PROPAGATOR EQUATION
..... 09120019 [Vﬂvﬂ _gRE:' _Vll(¢,b)}.ﬁ(x= xl) :IC‘;E(}:_ x' )=
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BACKGROUND SPACE TIME

% LINE ELEMENT (METRIC TENSOR):
ds” =—dt” +a (H)di~ or . = az(rj)?]m, 7, —diag(-111, )

-1

% FRIEDMANN (FLRW) EQUATIONS (\=0):

8xls :
HEZT?M H=-4zG(p, + p,)
= £=— H ZE(I'wa)zcanst., w&:‘pi‘

H™ 2 B

e for power law expansion the scale factor reads:

a_{t} | - [_G_E}H;??Tl___-fr H=Ha~
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SCALAR THEORY
@ MASSLESS SCALAR FIELD ACTION (V—0, =R plays role of a * mass’)
0 oy
S = jamxﬁ[_% gﬂv6#¢6p@—%fﬁ¢‘ Vo) What is 67

— SCALAR EOM

‘??”4?—§R¢—?'(¢)—L’6—(D '?) 8, fﬁhv (@)=0, & =7"8,8 =8 +&
ﬂ

M

+ Field quantisation (V—0):

. d" 'k i -
509 = [ oo lome e +glme ™ ) ./0)=0
_l —z7 (g (2} (1 6L X2—e)
@) =\ T )+ BHI R}, v e =
(E{x’{|:_|ﬁk!2:1)

« PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂvﬂ_ _éREJ —V”(¢7Jb)}.—ﬁ(x; xl) - i§D(x—x'),
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Pi

SCALAR THEORY

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

\ |
S, =] “’DI«/—g[—%gﬁﬁwﬁp@—%fR@l —V(e;r?)J Whatlis ¢7
— SCALAR EOM

vV ggq;—p”(@_ 1{ 8 (D '?) a fﬁ\q; Vi(g)=0, 8°=9""88, =—8.+8

M

* Field quantisation (V—;»O):

- d"k s i
§09= [ 5 rlpmea ~gltme E) &:[0)=0
1 j—=n Wy S (1 6EX2—¢€)
P =—\| L H (k) BHI (km)}, v o=+ ey
(' | _|ﬁk D

e PROPAGATOR EQUATION
..... 09120019 [vﬂvﬂ_ —éRb —V”(¢b)}ﬁ(x, xl) :j(sﬂ(x—xl):
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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”v v, —ERliA(xx)=i8"(x—x)

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

b [ D—1 S 5 . y
u:l—gﬁHH"}_; 1"|__. 2 +1’9_|r1.._ 2 Vo

o AR P oad L . 1 B v o
A (X x") = Ay T jFl]. = Ve —ID.?.l—IJ. H=Hua
2
D-1-¢| (D-IND—Z&)& Mg =RH = . o HI
Vb= 2(1— &) | - (1—g) HEElE iy - R T|
> IN D=4 ! = geodesic distance in de Sitter space
/ p
. § 3-8 65(2—g) 1 (66—1)(2—¢)
V =] —— = = — =
 2(1-¢) {(l—-gfy 4 Q)
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» NB: v=1/2 for a conformally coupled scalar, &=1/6



SCALAR THEORY
o MASSLESS SCALAR FIELD ACTION (V—0, =R plays role of a* mass’)
'4 N .
S, =] G’DIEL—%g“wapqo—éﬁw ) What is ¢7

— SCALAR EOM
1 { 7 I \‘" 7 ¥ il
V.Vip-¢Rop-V'(@)=—| 6*—(9—2}%% ~¢R |p-V'(@)=0, 8°=1""8,8,=—8+8
F

H
LS

+ Field quantisation (V—0):

- d" 7k e )
509 = [ = lpme e +plme ™ ;-;)5 ./0)=0
1 j—=n My e (1 6E X2 &)
Pm)=— L H (k) + BH (R} v o=t -
(& —| B P=])

e PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂvﬂ —éRE] _Vll(¢f?)}.ﬁ(x= xl) - ;:"5D(x—x'),
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

¢ MMC SCALAR FIELD PROPAGATOR (V”=0, e=const) j::::::: ‘:ﬂ E{??g?g&iﬂi %gg;

» EOM [ glg”Vv,v, —¢R)ir(x ) =15"(x—x)

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

i CD—1 v D—1 !
-3 ]_"|.- = o |1_'|T_Tj:|

({(l1—sy HH") 2 D=1 -4

o e A : - ) v .
IA_(xix") = P O jFll > +V5. : —ID_?J—IL H=H.a
- .—‘-2 o i _ BT~ = | Beaiipo | i 25y
I»%: ‘?_l__'b _{D_]-HD_24‘-:."_- jr'!.xl..‘*'.'r_}z 1|Ir'? ‘7| u_).l"l—i|.}'.' = “ : _{J:-I-\Lﬂ2|%|
2l—¢&) | (1—&) iy -
» IN D=4 [ = geodesic distance in de Sitter space
‘/ 2
. [ 3-& 66(2—€) 1 (66—-1)(2-¢)
V :l _ = == =
\2(1-&) d—-=) A d-=)
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» NB: v=1/2 for a conformally coupled scalar, £=1/6



SCALAR THEORY
& MASSLESS SCALAR FIELD ACTION (V—0, R plays role of a * mass’)
g :J-Jaxﬁ[—%gﬂpé”#@?ap@—%fﬂ@l —V(:;u)]' What is ¢7?

— SCALAR EOM

1 '{ 9 H' h - 7 ¥ s
V.V'g—(Rp-V(@)=—| 8~ (D-DZ8,~¢R |p-V(@)=0. 8 =1"8,5, =5} +5
="

M
LS

» Field quantisation (V—0):

) 7k e i
#09= [ 5 rlpme™ i glme™ ) :/0) =0
_1 |-z Dy S (1 6EX2— &)
@) =\ [T T )+ BHI R}, v e =
(e~ B.P=D

e PROPAGATOR EQUATION
Pirsa: 09120019 [vﬂvﬂ _éRE:I —V”(¢b)}lﬁ(.¥, x:) . féD(I—Il),
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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, - ER)iA(x x) = i5"(x—x)

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

iy 1_, D—1 o Lof D—l_ ) ;
e K =¥ [ ————p | |
o s SRV R v & L =X [ D—1 D—1 F3. V .
(dx)y I\ ) e 2 2 2 4
= o s _ BT S | i i - 5
iﬁ: D—1—e¢ | (D-IUD = bo )= (lp—n|=ory+||lx—x| . ;u'=-L~:~'1'1f| Hﬁ! |
X1 =) | (1—e&) iy 3

/ = geodesic distance in de Sitter space

. deodesic
» IN D=4 =

vz_( 3—¢ 2_65(2—5)_£_(6§—1)(2—£)
A\ 21-¢) (1-g)> 4 (1—&)

o

Pirsa: 09120019 Page 46/97

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



SCALAR THEORY
@ MASSLESS SCALAR FIELD ACTION (V—0, cR plays role of a * mass’)
; 3 S
S, :J-a’DfoE[—%gJ‘*"E}#q?Eprp—%quof‘ —V(q;)J What is $7?
— SCALAR EOM

Pi

1{

al -‘*‘I i | Iy _'-':'
Vig— SR V(@)=—| 8"~ (D-D—08,~ (R g V'(@=0, 0'=7"0,0, =8+
A

("-_I_-

» Field quantisation (V—0):

] d" 7k IS SR
509 = [ zr o e gl ,r-,-), ./0)=0
_l —xn (Mg N (2)f (1 65)2— &)
p.m)=— [ L HY o)+ BHD (em v o=+ -
CAR A

« PROPAGATOR EQUATION
..... 09120019 [vﬂvﬂ_ _gRb ol Vl i (¢E})}ﬁ(x: x') == I§D (x = x' ):
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SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

» MMC SCALAR FIELD PROPAGATOR (V”=0, e=const) j::::::: '5:;1 ra?';ﬂgfgkiiﬂi gggg

» EOM -HQ(g‘wV#VP E c_‘,’R)iA(x;x'} —if(x—x)

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

e 5 | \  D—} 1.
N S A

. - -1 I—1 D ;
iA_(x:x) = = , LE| +vg. v B Ha
(A=) b/ > g 2 4
= - _
—1—¢ D — ey . —Klg=glEoy 7 Hi
I_’é = D 1 | _i_r;l ]_HD _ l' Jf!_x;xrj: ||'r;" J’?| R |I ~ || : _:..’:-I-;w'_-!]]_]_2| - |
A—&) (—=c) i =

I = geodesic distance in de Sitter space

> IND=4 -

g I 2_65(2—5) 1 (6&-1(2-¢5)
21— &) (1-g)> 4 (1-&)°

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






SCALAR PROPAGATOR IN FLRW
SPACES in D dimensions

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

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

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

sy (D—1 ) (D-1
=T =
e (Q=eFHEYE L 2 TEFL 2 T2 (D) D—1 D s
1A _(X.X")= a2 D 2) _;.F{g. 5 3 = —I'D;?;l—%|. H=H,a
2
g [ B=1-—) (B-I0-2c}E O | e/ o) i il _ yun? 2L
27 2a-g) | (1— &) s iy - A 2 |
> IN D=4 ] = geodesic distance in de Sitter space
% 2
. [ 3-& 66(2—€) 1 (66—-1)(2-¢)
V :‘ _ = == - =
\2(1—&) d—c) A =
Pirsa: 09120019 Page 50/97

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

T,= (Ij} = —éu— 65) (Qo* ()| Q) =—p,+3p,

TA(XY)
— IA(X;X): scalar propagator at coincidence TH (1)

— £ conformal coupling

o QUANTUM ENERGY DENSITY & PRESSURE

L |
qu Ao, =1, 2P Py :? Pytly)

Pirsa: 09120019 Page 51/97

NB: This specifies pg and Pq up to a term that scales as radiation, «<1/a




SCALAR THEORY
% MASSLESS SCALAR FIELD ACTION (V—0, R plays role of a* mass’)
S, =|d°x/-¢ [ ~ g8, 90,0 §R:p‘ V(@) J What is ¢?
— SCALAR EOM
1{,5 a 3 5 i =

v V’“*P—fﬁﬁ—i"(@:;i 6" —(D- 31560 —ER |-V (@) =0, &' =9"0,6,=0,+0
P

M
W

¢ Field quantisation (V—0):

i e %
§09= [ 5 orlpme™ i glime ) ./0)=0
_l — (D g (1 6EX2—e)
@) =\ [T T )+ BHI R}, v e
GCZ_S:|2_|IB,;¢[2:1>

« PROPAGATOR EQUATION
eV VA ER -1 (@) A x) =167 (x—x),
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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)

e £ =3/2. MATTER
e ¢ = 3. KINATION

RADIATION e £ = 1. CURVATURE

£ = constant
— s £ << 1. INFLATION
Ina o
Another regularisation:
. the Universe in a finite
| comoving box L>Ru
MATCHING with periodic boundaries
¥ 5 = Tsamis, Woodard. 1994
t=t. H=H(r) )
S : : . e g Janssen. Miao. Prokopec
» NB: s=const. space inherits a finite IR from radiation era Woodard. 200¢

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

g BRI L S e e S e ety e R e IR U s e et ot T G S G R ol e R e e ey e e e sk D il e s Ly



IR SINGULARITY IN DE SITTER SPACE

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

. " k
(0], mdEm|0)= [ TR tm L2, av=|i-x]

F k)=

H’ - o
Ag’ (e IH(P )

Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR e

classical -kﬂ

cutoff scale

Pirsa: 09120019 ’ | Y Page$4/97



SCALAR THEORY: IR SINGULARITIES

% the IR singularity of a coincident propagator:

Koy 3 F o
.- dk , dk . - 1 (1-6&5}2—¢g)
0leXx)*0) = e BT
h ‘ﬁ ) ‘ ¢ IR k_ﬁ{ﬂ (2?1')3 ‘ qa{ | k_;[ k 4 (I—E}d

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 PROPAGATOR IN FLRW
SPACES in D dimensions

% MMC SCALAR FIELD PROPAGATOR (V'’=0, e=const) j;ﬂ::ﬁ i‘ :a?';ﬂgfgkif;ﬂi %gg;

» EOM [ glg"V, v, - £R)ir(x x) = i6"(x—x)

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

papfDL,, VDol )
. (a=FEEYE L 2 2N 2 P) (D D-1 D. v .
A XX )= P (D 2) jﬂ'] 5 +¥ 5. 5 —I'D.?;l—Il. H=H,a
2
a [ D-1—€) (D-IND—2)& : O | /i ) B el it L)
27 a g | &y s niy - A 2 |
> IN D=4 ! = geodesic distance in de Sitter spacs
# 2
, [ 3-¢ 66(2—€) 1 (66—1X2—¢)
V :] —_— — —_—
\2(1—&) d—-= A4 =
Pirsa: 09120019 Page 56/97

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



IR SINGULARITY IN DE SITTER SPACE

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

o " kAx
(0l¢.mdm|0)= [ TR m T2, Av=|i-x]

2

i 3 | )

Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR s kﬂ

classical ~ K

F (k,m) =

cutoff scale

- ; = =
Pirsa: 09120019 . |V PageH7/97



SCALAR THEORY: IR SINGULARITIES

¢ the IR singularity of a coincident propagator:

d’k dk 2 1, a-65)2—g)
(0lgXx)*|0) = (@ o | —E° V5
= Jﬂ Q2x) Jﬂ k &=

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

g
3L
o]
1t |
: R>0 (£<2) R=6(2-¢)H*<0 (e>2)
L
B O = e . €
1 2 3 4
: - H3—Ze]
—1] 77 6(2—<)



SCALAR THEORY: IR SINGULARITIES

% the IR singularity of a coincident propagator:

k’mﬂ 3 k—m&z
" | dk d . oy 1 Q-68)2—g)
2y = 2 D-1-2v 1
<10 ‘ﬁ%) ﬂffm o (2?.’.')3 ‘ g%r | o Jl ?k Vb= 4"‘ (I—E}E
Ko =

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

% When 20 the coincident propagator is IR singular in
the shaded regions:
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SCALAR THEORY: IR OF BD VACUUM

&
3
o]
2|
: R>0 (£<2) R=6(2-¢)H<0 (£>2)
— l i
_{_'___,-1-— e :
1 2 3 4 €
_ =3 7=
-1 cT 62— <)



13

QUANTUM & CLASSICAL ENERGY SCALING

o SCALINGS:

-~ 2
. pb o 'Jq ~ - -~ oz H
pb == ﬂ3(1+whj ’ pq 2= {33(1+qu3 ' l‘jb == [Jb(T )r I:’,_T

o SCALING:

sl
'} -
~ g i 3wy —w, )

—] ?
Py Mp
o IF : Wg<Wh
) I+w
.._ ?" H Wy =8,
= .L]cg' ~ (E rcr r‘__ A -{pg

a TYPICALLY: 7, -1

g

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—m.&.\ 3 -'g"rma:-:
; | d k | ﬂﬂf i 2 1 0_65)(2_5)
0leXx)2|0) = ( Foe [ =75 ==
b m: ) ¢ IR k!ﬁ (2 ﬂ}f} ‘ qe’v | k;[l E 4 (l—eYy

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:
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IR SINGULARITY IN DE SITTER SPACE

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

X " k
(0l mam|0)= [ TR m T2, av=|i-x]

H? k’ i
P (k.n)= 432[“( aﬂ)] In(E )

Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR |

classical -k0

cutoff scale

. _ -
Pirsa: 09120019 s | W Page$4/97



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
=2

£ = constant

s

[
MATCHING

t=t. H=H(r)

Ina

e £ =3/2: 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¢

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

- R R sl e e R e s nle it I e I e e e

sy oUW T ST SRR e e ] | SRS [ SR e ]



IR SINGULARITY IN DE SITTER SPACE

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

" " k
(0]¢.mam|0)= [ TR tm T2, Av=|i-x]

P (k)=

H’ - '3
Ax’ (aH ) IH(P )

Source of scalar
cosmological perturbations

v IR log SINGULAR \

v UV quadratically SINGULAR [

classical -k0

cutoff scale

L .
Pirsa: 09120019 * | ¥ Page$6/97
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SCALAR THEORY: IR SINGULARITIES

2 the IR singularity of a coincident propagator:

g0, - e [ K gor gyl 0osED

|D=4_
(2 ) sk ¢

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:

Pirsa: 09120019 Page 67/97
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QUANTUM & CLASSICAL ENERGY SCALING

o SCALINGS:

= 2
P _ Pq ~ 3 ~ _H 2 1 P _
Py = amys Pa = amey P =P(T) B My Wo T M

o SCALING:

P My

o IF : Wq<Whb

= Py~ Oy i, —~1 —

a TYPICALLY: 7, -7

cr

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

irsa: 09120019

Q2: Can pq play the role of dark energy ?
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¢+ AFTER ALOT OF WORK ..
we aobtain pq & Pq ., I.e. how they scale with scale factor a

14



15

CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wq vs Wk

(35, W)

1.0F

0.5

10K

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

4 . 1
w1+ Wse<li) w—— Hl<e<l)
3 ; 3

irsa: 09120019 1 4 ¥ Page 70/97

o for 1 we expectthe £=0 scaling: »w.=—+—-(c-D) -z w,=l+=i{s-2) (5-2)

¥ 3 -



SCALAR THEORY: IR OF BD VACUUM

&
3L
L
2 | -
| R>0 (e<2) R=6(2-6)H*<0 (>2)
- l I
1 2 3 4
_ =3 7g)
-1 v 6(2-¢9)



15

CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wg vs Wb

{"Hr"a - Wp }

1.0¢

10K

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

w——l—& W<e<ll) w— {JiI<ex<l)
= ’ 3
irsa: 09120019 _ o 1 4 £ Page 72/97 _
o for £1 we expectthe £=0 scaling: w,=——+—(s-1) d-=-2. w,=1+=(s=2) (£-2)

¥ e |



SCALAR QUANTUM

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

W, wa)
|
2.0t
|
15"
10

—0S PARAMETER : z>0

—1.0H

irsa: 09120019

Page 73/97

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



SCALAR THEORY: IR OF BD VACUUM

:
3
o]
> | _
: R>0 (£<2) R=6(2-¢)H<0 (£>2)
e l i
_{_'___,-.-— e, : €
1 2 3 4
. €375
-1 > 62— <)



SCALAR QUANTUM EOS PARAMETER : z>0

o QUANTUM ENERGY DENSITY & PRESSURE: £>0 (me+>0)
fw@_%}

|
i

- M
Lh e
A - N

i
(=]

|

= =

Lh i .
I, AN SR | IR - ORI, | [

F -."-
[

=7 ol
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NB: For small positive &: wqo>wb Vg; for large £>1/6, wa<we if £>&>2



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

14
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QUANTUM & CLASSICAL ENERGY SCALING

o SCALINGS:

——Isb ) - B m —1(;) 3} ~
Py = TS I RS I Pe =Pl P

o SCALING:

o IF : Wq<Whb

=y ‘,L'»' S J{J' I === ‘
& b S - A I_q

=i

a TYPICALLY: 7, -7

i

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

i
3
o]
2 |
: R>0 (£<2) R=6(2-6)H<0 (£>2)
s l [
_{_'_____ i R :
1 > 3 1 €
. =3 Z=)
— 7T 6(2-9)



SCALAR QUANTUM EOS PARAMETER : z>0

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

200

g
1.5}

—0.5
T ,f'z - _.--"—

10K
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NEB: For small positive &: we>wb Yg; for large £>1/6, wa<we if £>&>2
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CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wg vs Wt

{wq__ 11;5}
1.0t
0.5
05
— 0.5
—1.0¥"
NB: We expect that for e<1 the graviton undergoes the same scaling:
W, :—1+;:5 (O<e<ll) 9w, :—% dZ<e<l)
3 .
irsa: 09120019 _ - 1 E & . Page 80/97 :
o for £>1 we expectthe £=0 scaling: w,=——+_(c-D d-e-<2. w,=l+—(e=2 (¢-2)
i =% ]



SCALAR QUANTUM EOS PARAMETER : z>0

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

[
20

1

Ly

i
i
L
|
|‘l

1.ﬂi
|

0.3

—0.5_}
—1.0F

irsa: 09120019

NEB: For small positive &: we>we Ve; for large £>1/6, wa<we If £>8>2

Page 81/97



SCALAR QUANTUM EOS PARAMET

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

=

irsa: 09120019

17

s<0

age 82/97

NB: For negative £: Wa<wb: VE<Eer; Ear=0 (0<c<1); Ecr=-{e=1)/[3(2- £)] (12e<2)
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CLASSICAL vs. QUANTUM DYNAMICS

o QUANTUM & CLASSICAL ENERGY DENSITY SCALING: wqg vs Wb

S

1.0}

0s 1L

10K

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

+ _ 1

w=—l+—& (O<e<li2) w =—— (li1<g<l)
= ~: -
b *

irsa: 09120019 1 4 B Page 83/97

o for £21 we expectthe £=0 scaling: w.=—+—-(c-1) d-=-2). w,=l+=(s-2) (£-2)

i 53 | = |



SCALAR QUAN

UM

—0S PARAME

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

irsa: 09120019

NB: For negative £: Wq<wb: VE<Ecr; £=0 (0<e<

tn |

); Er={e=1)I[3(2- £)] (1<£<2)
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