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“ Expanding ) Flat Robertson-Walker metric ) _j, dt’

universe 2_ 2 2 —
dszzdtz—az(t)dyz; ds"=a (n>dsﬂat L
. =\ T C_:onformal
“Universe expands ;. _ @ (t) _a'(n) “Interacti_ng fluid. time
with rate a(t) ‘12<’7) Rate of interaction I
* Decoupling from a thermal bath === Free evolution
r<H B.aS|c physical plc.:ture: - Approximation:
oo 1 Interactive system (particle of fluid) Decounling is
pme 2 Interaction length smaller that inet ntpn 9
mean free-path. Divergence from instantaneous
Lo equmbrl_um _ Decoupllng
3 Interaction cease, “decoupling” t|me '
and free particles
P F )




One can calculate the energy
density and the pressure after
the decoupling:

Using
Kinetic
theory

f dk3\/k2+m2a2(t)f(k,t0)

Distribution

fdk

2 function at the
decoupling, can
> f(k,t,) be classic or
3y k2 +ma?(t)

quantum

m>0 | The pressure is

= — always positive
peca  &ocd and smaller than

p=0 the energy density




The Quantum field theory
approach



e &INEN Brenee 110 quantum problem: QFT in CST i Sop iy

To describe free- @ Define LTE using stat.mech (I.C)
streaming inafull ", \Vatter described by STEM . l;‘\i'/\\;\llrlnemc -
quantum theory @ Describe free evolution usinD of literature
Klein-Gordon eq.
Field described by stress-tensor homogeneity+isotrpy
1T . 1 5. T,,=(e+p)uu’=pg
T#V:V#q)vvd)—zgw(g V, 0V, 0—-m @) 2 5 H
o 2 e=(T P== . <T >
+¢(G,,+9,,9°V,V,-V,V,)® Too) P=3 241
After decopuling free-evolution Expansion in normal modes
1 3 A kX
“(Q“VVMVv+m2—€R)CI>:O | 0= (277" f dk <V_k61ke +C‘C)
a'' Equation A ‘_ Def. The
Ev"k+(k2+m2a2—(1—65) )Vk:O forl:he akCDO—O vacuum
— a —— modes




The field is not in the
vacuum!
At decoupling is in LTE

Calculated at the
decoupling. Independent

from time
l' State of LTE: 1 ~ 1 v
State that maximize ... MAX P= 7 eXp( i([) deT ﬁv)
entropy with S=—Tr(plnp) > )
constraint of fixed _ 3
energy density B,=u/T,. d(0)=a’(0)dxdydz
I Expectation value I Measure excitations induced by the thermal bath

(T,)=Tr(pT,,)

V(=0 T"0)=0| -~ T~

lim (T*)~(0,|T"|0,)=0 |~ Vacwmen :

Tdec -0




e e NN s Thie quantum problem: the choice of the vacuurn'™ ™ a0 S

To single out the excitations We must subtract
Produced by the thermal the vacuum term

bath

#* Energy is not conserved The choice of
In a general curved %* Less symmetric than :
J = y s the vacuum is

spacetime: Minkowski -
#* Different possible aroitrary
coorqllnat_e Systems Effective Hamiltonian
We choose the State that minimize the

CEEULIT “energy” at the — Ho)=| a&x’T..(0 %

decoupling J—L f 00( ’ )

1 —1 L
v, (0)= v' (0)=———+(1-6&)H,v,(0) || Choice fixI.C

‘ V2w, (0) ‘ 2v,(0) .

wk(n)=\/k2+m202(n)+6€(1—6€)af(n>
a’(n)




Plugging the field expansion
and calculating the )
expectation value we find:

Where:

__ 1
Kk(’?)—wkl(n)
Fk(’?): wk(’?) ((1_45”"

Energy density & pressure

e(n)=

(th fdk o, (n) K, (n)ny 0,k

)

Classical
results are
recovered
for:

a=>1

a'=a''=0

}(n)
w,(n)=k*+m’a’(n)+6&(1-6¢)

vi(n)=(128-1)k*+3(48—1)m’

<|v'k(n>|2+wi<n>|vk<n>|2—z<1—65>%'an
, Yvi(n)
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a*(n)
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The full quantum problem R —lg R=8nGTr(pT,,)
E c uv 2 uv uv

require to solve the following

coupled system (gﬂvvy Vv+m2—§R) D=0

!

# Expansion of the universe
modify energy density and Can be studied only
pressure _ numerically!!
#* Quantum effects modify the
scale factor Only field dynamic
o - S (12 2 a’\  _
0 weight the impact of quantum corrections: Y k+(k +m-a —(1—66)—)vk—0
® \We choose an expansion model: fix a 1 .
* We solve the mode equation _ vk(()): V' (O): 1
¢ \We study the behaviour of energy density and V2w, (0) & 2V, (0)
pressure




Solving the differential
equation



Differential  * 'k+(k2+m2 a>— ( 1-6 f) CI_) v, =0 Slow expansion
equation a Q'
2 QZ
> Qk(’?) k
We have mz_l_gé(a _4a )
studied: Decelerated a a' a
_ G/ O<o=1 expansion Pk:H 5 5 <1
a<t)_(_) ~Na I Accelerated (m2+k _1_65 Cl”)
0 o>1 expansion 2 az a
__ _H(t-t,) _ Accelerated
a(t)=e , H=conts.— goarson

® |f the expansion is decelerated

Quantum effects never

always lim P, =0
t>0

® |f the expansion is accelerated

is possible lim P.>1
t>o

survive at late times

D 4 ) )
Whenever expansion is
NOT slow Quantum

Quantum effects
dominate at late times

effects dominate!
T,./m H/m




er univer

De Sitter Universe:
Exponentially accelerated expansion

a (t):eH(t_t"), H =conts.

Two different
d*v <y> K2 miH*-2(1-6 regimes throughout
y) (K, 1=68)),, (y)=0 L -

the evolution:

dy2 H2 yZ

We can exactly solve the
equations. For example for

m>H

Fixed by initial
C,.,D, conditions and such |
that:

y=1-Hn,y(t,)=1, y(0)=0
)

m>H Or m<H

Def:
Z%\/4m2/H2+485—9:m/H

vk(y)ZC\/; _“”/2\/7H (g)+D\/; “”/2\/7H (H)

Gl =ID,[ =1




uantum fie
effects are
suppressed
Plotsarefor T, =m

dec —

ForT ,.>m

Classic
relativistic
gas

Only small effects
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tter universe,

Solution of the equation: vk(y)=Ck %\/;H(vz)(%)*'l)k\/%\/;Hszl)(%)u
t>00=y->0 1/2<v=<3/2

1/2foré=1/6

m/H <1
Wegot 2v—3
for every coupling: | P €9cd m— Y

3/2for{=0

At late times the pressure Is :
comparable with the energy === |lim,, p<O0
density even for the massive case

For the minimal case the
equation of state is the same ofa | Pp——¢
cosmological constant

mo]ltogﬁca]l spac 7
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@ Pressure goes

Classical |

. —_§=16 | H=1 —£=16
m =0.01 _§=0 m =0.01 _§=0
Quantum fleld — To=t0 9 Classical_ oosl =1L Classical |
effects dominate = 2 oo
and persist |
Plots are for T ;,.>m | /{ | |
) t
(b) Pressure
.Quantum effects:
@ Energy density g T e =1/6
enhanced (GPP) / — _&=o0

towards negative -

values

@ Asymptotic pressure -
IS negative




Possible effects at the 1
decoupling h= o >T ,..>m
t
True for every O .

At late times
classical
expressions
|
h=5 —_£=1/6 ol | P=5 — =16 |
m=1 . E =0 m=1 —_— f =0 |
001f = Classical 1 0 e Clagsjeal 1
: ...______’\_ =04+ \
0 5 ItO 15 20 0 5 ﬂto 15 20
(a) Energy density G — 2 (b) Pressure
The energy density is
enhanced by quantum
corrections

Quantum effects only near

decoupling



Is different from

v"k+(k2—(1—65)a"/a)vk20 m=0
' 2. Same equation of
For 621/6 — V k"'k Vk—OII flat space-time ‘NO clicils.

For the minimal Decelerated Expansion is always Accelerated expansion is always

case f: 0 adiabatic at late times, possible non-adaibatic at late times, quantum
effects at decoupling effects dominate
06 h=0;‘ : ‘—62 " ‘ 10 e \ : —z i/b‘ 08 hn:]; —gfglﬁ 08 ::g _§=;/6
M - 08 m=0 . —¢= ) —(=
Y et —§-0' Ty=t —§=0 w Pt Classical o — Classical
..... Classical 0 ... Classical
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Sumimary
Condition for Q.E Depends on:
Quantum field effects can , 2 Mass of the field
strongly modify the free- mp | a'_ mc- KgTyg, @ Decoupling Temperature
i i = 2 Rate of expansion
streaming propreties h ° h . .
a @ Acceleration/deceleration

% Energy density is enhanced

Open Question

Can this corrections alter the

# Pressure tends toward negative values

% Pressure and energy density are comparable
#* Field mimics cosmological constant

dynamic of the Universe?

> We only solved half of
the problem!




Outlook and current works



dissipative effects p=(1/7Z)exp [_ /2 ( )dZ“TWﬁV -+ /@ d@TWVWB,,]

Local equilibrium term

L | alto)H(to) L] / ’ dta3(t)d(t)’f(t)}

p= 7 exp T(to)  alto)T(to)

#* Fluid still coupled
# Non-reversible effects
Entropy production

V,s"=0

€q




Thank you for your
attention!
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