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Setup for the problem. Geometry and modes
Consider the geometry given by the line element

ds? = C(n)(dn? — dx?), 1)
where the conformal factor C(n) is given by:
C(n) = A+ Btanh(pn). ©)
Cn
A+B 7-’—‘_"9%"2

In region

Figure: n variable dependence of the conformal factor.
In the past and future asymptotic regions the Ricci scalar is exponentially damped:

8Bp?
R e, 3
(n) = (ALBR® ®3)
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Let us consider massive minimally coupled scalar field in the background (1):
1 m? A
_ 2, ——=[2 2 2 4
s= [ g [5 007 - Tt - 5 6%, @

Among the solutions of the free field EOMs one distinguishes the in-modes:

H il — R 1 _ T - 1 i 1 t
;(,,( ,X) ( A in)_ % ikx—iwym—i 5 log[2 cosh(pn)] r <1 1w ) 1w : 1Win . 32 (PW) > ,
(5)

where F(a, b; c; z) is the gaussian hypergeometric function and

win(k) = \/k* + m*(A— B),
wout (k) = 1/ k2 + m2(A+ B),

1
w4 = E(Wout + Win)~

(6)
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In the asymptotic regions the in-modes have the following behavior:

1 ikx—iwjpm _
e ", —
in _ ke in VATwin = >
Uk (7’],X) =€ 8k (77) ~ 1 ikx —iwoutn iwoutm (7)
T | ke e + Bye'Wout || as 1 — oo,
where
oy = M1 — iwin/p)T (—iwout/p) By = M1 — iwin/p)l (iwout/p) )
F(—iwr /)T (L — i /p) [+ fw—/p) (iw—/p)
Mode decomposition of the field operator is as follows:
01.%) = [ okl (1) + ol ()] ©)
—oo
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Alternatively, one may define out-modes as

U2 (n, x) = (47win)_%eikx—iw+n—i“7* |og[2cosh(pr])]F(1 " fw_ 7 iw_ 1y I'UJout; 1-— tanh(pn))7

P P P 2
(10)
which have the following asymptotic behavior:
1 ikx —iwipn iwipn _
. e e Win" 4§ e'%Win }, as —
u;()ut(n7x) _ e/kngut(n) ~ VAT Wout A |:’Yk k n (11)
ﬁrlu - e‘kx*’“’wt", as 1 — oo,
where
= M1 + iwout/p)T (iwin/p) 6 = M1 + iwout/ )T (—iwin/p) (12)
[(iws/p)I (1 +iwi/p) F(1+ iw—/p)(iw—/p)
Mode decomposition of the field operator in this case reads:
= b!
91.x) = [ dk[beug (n,x) + bLug"™ (n,)]. (13)
— 00
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Equating the two mode decompositions over in- and out-modes
o0 . . [eo]
0(n.20 = [ dilaufl(n) + afuf ()] = [ ak[beuf (.20 + bug" (nx)]. - (14)
— 00 — 00

one obtains the following relation between creation and annihilation operator for the in- and
out-modes:

by :akak+ﬁ:aJr_k, (15)
bl = ajal + Bra_x, (16)
with the Bogoliubov coefficients
wj sinh?(7w w;j sinh?(mw_
lay|> = = (rer/p) 1Bel? = — (ro— /) (17)

Wout sinh(mwj,/p) sinh(Twout/p)’ Wout sinh(mwj,/p) sinh(Twout/p)

Prokopii Anempodistov Loop corrections to a cosmological particle c MQFT 2022 7/19



One may define the Fock vacuum for the in-modes as:
|0, in) : ak|0,in) =0, Vk. (18)
Similarly, the vacuum for the out-modes is:
|0, out) : bk|0, out) =0, Vk. (19)

Then, one can obtain that

) .2
(0, out|af a0, out) = /dk|ﬁk\2 = /dk Win sinh”(mw_/p) (20)

Wout sinh(mwjn/p) sinh(Twout / p) ’

i.e. the occupation number of the in-modes in the distant future is a finite non-zero number.

Prokopii Anempodistov Loop corrections to a cosmological particle c MQFT 2022 8/19



Loop corrections

Example. Scalar field in the flat spacetime. Let us consider the scalar field with the quartic
self-interaction in the Minkowski spacetime, where the modes are

ug(t, x) = elwrt—ikx, (21)

From the Dyson-Schwinger equation for the propagators one may obtain the kinetic equation for
the occupation number:

On,  _0On,
ot + Voor / (14 np)(1 4 ngy )nga ngs — npngy (1 + ngy )(1+ ngs) | X
X 8(wp + wgy — we —was).  (22)
One can see that the thermal distribution
(23)

"= g

solves the kinetic equation.
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Loop corrections

Consider now the theory with \¢* self-interaction:

Sie =21 / dzwfg(dﬁ - ¢‘i) S / d*x/~g (4(¢d)3¢>q + ¢d(¢q)3)- (24)

41

Figure: Vertices for the quartic self-interaction.
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Tadpole diagrams

~

R O N O E I O O B

Figure: Different types of tadpole diagrams

In the IR limit "1;"2 = 1 > n1 — n2 the Dyson-Schwinger equation for the "exact" Keldysh

function: _)\

~ i S ~ ~

Gl =ty = [ dm s COm) (GGG + GGG ). (25)
0

Applying the differential operator (00 4+ m?) to the both sides of this equation, one obtains
A ~
<D +m? 4+ Ecﬁ) G =0, (26)
i.e. sum of the tadpole diagrams leads to the mass renormalization

A
m2, = m?+ §G1K1 (27)
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Tadpole diagrams

Due to the mass renormalization the modes change their behavior. For the in-modes asymptotics
one has

1 —iQinn _
) Tn::,‘,,e , as n— —oo 9)
& \n) = e .
e [ Ca(k) e~ #%e 4 Ca(k) e'ww"], as - +oo,
where
dk
&ﬁ,(k)zkz-l-(A—B)(mz-»—/ )
47rw,-,,
sinh?(rw + sinh?(mrw_
out(k)~k2 (A+B)(m +/ - ( +/P) : ( /p)) (29)
4rwout  sinh(mwjp/p) sinh(rwout /p)
Similarly, for the out-modes one has
1 [C (k) e=@in 4 Cq(k io'u,-nn] —
B _ 3(k)e + Ca(k) e R as N — —o0
g (n) ~ { Vaman | (30)
?e_“"oum, as n — +oo.
7\'“),',7
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Sunset diagrams
Two-loop sunset diagram contributions to the Keldysh propagator are:

)\2 oo oo
Gy (ms xalm2, x2) = sy dns dx3C(ns) | dna dxaC(na) [3G1’§,(G§)2G3/‘4Gf2+
o 7o

3
+ GI5(634)* G + 3G G (GGl +

1 3
+ Ol (GAI G + Seh(Ehasaa] (Y

g N
1
-—e ~— - -—e ~— -
RN N
AY A
*~— - $-—o ~— - —?—o
7’ 7’
- -
- -
7’ 7’
/ /
— ¢ - -—e ~—— - -—e
\ \
S S

Figure: Sunset diagram corrections to the Keldysh propagator

1
G3(635)7 G35 Gz + 5 G15(G3h) Gaa +
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Sunset diagrams

6 noxla' ) = [ e { (5 + (alau) ) [ty o o + e ) (1. 20]

+ <aka,k> uL"(n,x) ui_"k(n',x') + <aka k> , X) um ', x )}, (32)
In the IR limit

+
¥5n>>771*772, (33)

After evaluation of the integrals over 13 n 74 one obtains

dgdrdsd(p—q— r—s)
0 OB | ( 5 )
" ot | @l 2o (P) (@) (1) ()

><{j\/1(p7 q,r,s) [(1 + np)(1 4 ng)(1+ nr)(1 + ns) — npngnens |+
+Na(p,q,r,s) [(1 + np)(1+ ng)(1+ nr)ns — npngn (1 + ns)

|+
+N3(p,q,r,s) [(1 + np)ng(1 4 n,)(1+ ns) — np(1 4 ng n,ns] +
+Na(p,q,r,s) [(1 + np)ngn (1 + ns) — np(1 + ng)(1 + ny) ns] +

+Ns(p,q,r,s) [(1 + np)ngnens — np(1 + ng)(1 4+ ny)(1 + ns)] },
(34)
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Sunset diagrams

Analogously, one obtains for the anomalous quantum averages

@ X2(A+ B)2q dqdrds&(p—q—r—s)
Kp & — /
64m win(P)win(q)win(r)win(s)

X{Kl(p, q,r,s) [(1 + ng)(1 + n)(1 + ng) + nqn,ns] +
+K2(p,q,r,s [(1 + ng)(1+ ne)ns + ngnr(1 + ns)]
+K3(p,q,r,s [nq(l +n)(1+ns)+ (1 + I‘lq)nrns] +
+Ka(p, 4, 7, 8)(L +205)[(1 + ng)(L + n)(L + ns) — ngnens] +

+Ks(p, q,r,s)(1+2np) [(1 + ng)(1 + nr)ns — ngnr(1 + ns) } (35)
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Out-modes

As the out-modes correspond to the usual notion of a particle in the distant future, in the IR limit
(33) one obtains the same contribution as in the flat spacetime:

(wout (P)+wout(q) _Wout(r) _wout(s)

52 o A2(A+ B)?(n — )/ dqdrdsép qg—r—s)
P 64 m UJout wout(q)wout(r)wout(s)
X [(1+ fip)(1 + fig)firfis — fipfig(1 + fir)(1 + fis)],  (36)

with the anomalous quantum average not growing secularly.
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Stress-energy tensor

Regularizing the stress-energy tensor using Pauli-Villars method, one obtains in the distant past

(TH) ———0,
n——00

while in the distant future

(in| T#¥|in) = (in| T4 lin) + <in|T|‘;:p||n),
dk

oo L:)
(in| 7" lin) n—+00 / AT &out k“k”( ~O'Ut (|C1|2 * |C2|2) a 1>’
ou

(in| T2 [in) / kH kY | n
°op n—r+00 27rw,,,

where

Wout
A+ B’ A+B
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Discussion and outlook

@ Therefore, it has been shown that in the interacting theory initial occupation numbers and
anomalous quantum averages acquire secularly growing contributions. Moreover, it has been
shown that these secularly growing contribution are non-zero even if the initial state is the
Fock vacuum;

It is shown that the stress-energy tensor also acquires secularly growing contributions;

The analysis can be generalised to the arbitrary number of dimensions of spacetime.
Ultimately, all the results stay the same;

The next step is to sum all the secularly growing contributions in the leading order and to
find the "exact" propagators in this limit. With the "exact" propagator it is interesting to
calculate regularized stress-energy tensor and with the use of the semiclassical Einstein
equations estimate whether the quantum corrections should change the background
geometry.
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Thank you for your attention!
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Ni(p, q,r,5) = |C(p) Cu(q) Ca(r) Ca(s)* + | Ca(p) Ca(q) Cu(r) Cu(s) 2,
Na(p,q,r,s) = 2(lCl(P)Cl(q)Cz(r)Cl(S)l2 + |Cz(P)C2(q)C1(f)C2(S)|2),
Ni(p,q,r,5) = |C(p) C2(q) Ca(r) Ca(s)? + | Ca(p) Cula) Cu(r) Ca(s) 2,
Na(p,q,r,s) = 2(|C1(P)Cz(q)(-'l(f)cz(s)l2 + |C2(P)51(Q)C2(f)cl(5)|2),

Ns(p,q,r,5) = |C(p) Ca(q) Ca(r) Ca(s) | + | Ca(p) Cu(q) Ca(r) Ca(s) 2. (40)
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Ka(p.ar9) = (G (RICGHOG (VG (G ()0 ) Cals)

G ()G @G (NG (G (P) @) (r)Ca(5) ) 3w (p) + 0un () — woue(r) = un(5)),
Ka(p.ar.9) = 2( G (R)G (OC (NGEAG () AD GG (9)+

4G ()G @G (NC) G () Caa) (1) G 5) )3 (s () + un () — woue(r) = un(5)).
Ka(p.ar5) = (G () (0) G5 (1) G5 (5) G () G (@) o) o)+

G (RGO (NGOG P @IS ) (woun(p) + un(6) = oun(r) = ().
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Ka(p,q,r,s) =

_ i [ GG @G (NG (G)CE (P)Ca(a)Ca()Ca(s) =G5 (PG5 (9)Co (NG5 (5)Cq (P) C2(a) Ca(r) Ca(s)
37 wout (P)+wout (a)+wout (r)+wout (s)

+

13 C1 (P)C1 ()G (NC5 (5)C5 (P)Ca(a)Ca(r) C2(s) — €3 (P)C5 (9)C3 (1) C5 (5)C5 (P)C2(9) C2(r) Ca(s) I
wout (P)+wout (a)+wout (r) —wout (s)
13 1 (P (9)C3 (NG5 (NC3 (p)Ca(9)Ca(r) C2(s) — C3 (P)C5 (9)Cq (1) G5 ()1 (P)C2(9) Ca () Ca(s) n
wout (P)+wout (9) —wout () —wout (s)
+ C1 (P)C5(9)C3 (NG5 (5)C5 (P)C2(9) C2(r) C2(s) — C3 (P) G5 () 1 (N CF () G5 (P)Ca (9) Ca (1) Ca(s)
wout(P)—wout (9) —wout () —wout (s) ’
’CS(pa q,r, 5) =
_ i [ GG @G (NG (P)CL(9)Ca(n)Ca ()~ C5 (P)C (9)C5 (N C1(s) Gy (P)Ca(a) C2(1) C (5) 4
oo wout (P)+wout (9)+wout (r)+wout (s)

PG @G (NG (P Ca(a)Ca(nCT ()= C5 () C5 (9)C5 (N C2(5)CF () C2(9) C2(1) 5 (5)
wout (P)+wout (@) +wout (r) —wout (s)

12 C1 (P)C3 ()G (NC2(s)C3 (P)C2(a) Ca () C3 () — €3 (P)C1 (9)C3 (1) Ca(s)Cq (P)Ca (@) C2(r)CT ()
wout (P)—wout (@) +wout (N +wout (s)

12 S (PG (@ECS (NCL()C3 (P)Ca(9) C2(n)Cy ()~ C5 ()G (9)C1 () C2(s) G5 (P) C2(9) Ca (1) €3 (5)
wout (P)+wout (9) —wout (r) — wout (s)

+ C1 (P)C3 (9)C3 (N C2(s)C3 (P)C2(a) C2(r) €5 (5) — C3 ()1 (9) €5 () Ca(s)CT (P)Ca () Ca(r)CH ()
wout (P)—wout (4) — wout (N +wout ()

C1 (P)C3(9)C3 (N Ca(s)C3 (P)C2(9) C2(r) €T ()= C3 (P) Gy () C (N C2(5)Cy (P)Ca(9)Ca () C3 (5)
wout (P) —wout (a) —wout (r) — wout (s) :

+

+

+

+

+

+
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