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We study massive real scalar ¢* theory in the expanding Poincare patch of de Sitter space. We calculate
the leading two-loop infrared contribution to the two-point function in this theory. We do that for the
massive fields both from the principal and complementary series. As can be expected at this order, light
fields from the complementary series show stronger infrared effects than the heavy fields from the
principal one. For the principal series, unlike the complementary one, we can derive the kinetic equation
from the system of Dyson—Schwinger equation, which allows us to sum up the leading infrared
contributions from all loops. We find two peculiar solutions of the kinetic equation. One of them describes
the stationary Gibbons—Hawking-type distribution for the density per comoving volume. Another solution
shows explosive (square root of the pole in finite proper time) growth of the particle number density per
comoving volume. That signals the possibility of the destruction of the expanding Poincaré patch even by
the very massive fields. We conclude with the consideration of the infrared divergences in global de Sitter

space and in its contracting Poincaré patch.
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L. INTRODUCTION

There are large IR loop contributions even in the mas-
sive field theories in the Poincaré patch (PP) of de Sitter
(dS) space [1-3]. See also Refs. [4-8] for the situation in
the case of massless fields. In global dS space there are IR
divergences [1,9,10] (see also Ref. [11]), which lead to the
inevitable breaking of the dS isometry in the loops for any
initial state. They are specific to the quantum fields in dS
space and are absent, e.g., in anti-dS space [12].

For the alternative point of view on the IR properties of
the massive field theories in dS space, see Refs. [13,14].
However, these papers heavily rely on the analytical prop-
erties of the correlators as functions of the dS-invariant
distances. But such an approach does not work when one
wants to understand whether or not the dS-invariant state is
stable under small nonsymmetric perturbations above the
dS-invariant state because, in the presence of the noninvar-
iant initial density perturbations, even the tree-level two-
point correlation functions start to depend on each of their
arguments separately rather than on the dS-invariant dis-
tances between them. Please note that, in such a case, the
vacuum is still dS invariant. We just consider a finite initial
particle density over this vacuum. (The notion of the
particle is meaningful at least at the past infinity of ex-
panding PP.)

The reason we consider such density perturbations is
that we find it as physically inappropriate to consider the
stability of a system in such a state in which all its sym-
metries are preserved. It is probably worth mentioning here
that Minkowski space is stable under the comparatively
small noninvariant particle density perturbations over the
Poincaré-invariant vacuum. That is just a consequence of
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the energy conservation, which is not present in dS.
Moreover, in global dS, one does not even have to consider
initial density perturbations because dS isometry is broken
in the loops by the IR divergences.

In Refs. [1-3,9,10,15], the large IR contributions to the
two-point functions were calculated for the massive real
scalar field theory with the cubic, ¢>3, self-interaction. The
cubic potential has the runaway instability. To show that
those IR effects, which are observed in our previous pa-
pers, are universal, we consider here the scalar field theory
with ¢* self-interaction. Furthermore, in our pervious
papers, only massive fields from the principal series have
been considered. Here, we extend those considerations to
the complementary series.

We calculate loop corrections to the so-called Keldysh
propagator in the PP of dS space. In the ¢* theory, there are
not any large IR contributions in the first loop. However, at
the two-loop order, we find such contributions in the sunset
diagrams. In the case of the fields from the principal series,
the contribution is linear logarithmic in the physical mo-
mentum. For the complementary series, the contribution is
powerlike, i.e., it is stronger than for the principal series.

We are not yet able to perform the summation of the
higher-loop contributions for the case of the complemen-
tary series. But for the principal series, it is possible to do
such a summation. That is done via a suitable IR ansatz for
the solution of the system of Dyson—Schwinger (DS) equa-
tions. This ansatz allows one to reduce this system to a
generalization of the Boltzmann kinetic equation. The
latter one has a clear physical meaning and describes
various particle decay and creation processes in the dS
space (see also Refs. [11,16-19]). We solve this kinetic
equation in two cases. One corresponds to the very mild
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initial density perturbation over the initial Bunch—Davies
state. In such a case, the state of the theory relaxes to the
eventual Gibbons—Hawking-type stationary distribution
for the density per comoving volume. Another situation
corresponds to the strong enough initial density perturba-
tion, which, however, is still much smaller than the cos-
mological constant. In this case, the state of the theory
shows the explosive (square root of the pole in finite proper
time) growth of the particle density per comoving volume.

We conclude with the consideration of the contracting
PP of dS space and of the global dS and draw similar
conclusions to those that have been made in Ref. [10] for
the ¢> theory.

II. SETUP OF THE PROBLEM

D-dimensional dS space-time is the hyperboloid, X3 —
X?=-1, i=1,...,D, inside (D + 1)-dimensional
Minkowski space-time, ds* = dX} — dX?. Throughout
this paper, we set its curvature to one and mostly consider
its half (e.g., Xy = Xp), which is referred to as the expand-
ing PP, ds®> = #(dn2 — dx?), where 1 € (+0,0). Note
that while n — +o0 is the past, 7 — 0 corresponds to the
future infinity. The action of the theory that we are going to
study is

S=jd0x\/|?|[%a#¢aﬂ¢—m2¢2—4—)‘!¢4]. )

Throughout this paper, we always assume that m > 0.
Corresponding free harmonics in the Fourier expansion

o, ) = [d""kn'T lagh(kn)e™™ + af h*(kn)e™],

k = |k| are defined via h(x), which is a solution of the

Bessel equation with the index i = iyfm? — (251)%. The

choice of such a solution specifies the dS-invariant vacuum
a;lvac) = 0. For example, the Bunch-Davies (BD) state

(or in vacuum in the PP) corresponds to h(pmn) =
\/T; eJ_zﬂHE,lL)(pn), where Hf/l) is the Hankel function of
the first kind. All other harmonics and vacua can be ob-
tained from those of BD via a one-parameter family of the
Bogolyubov rotations [20,21]. For example, the out vac-
uum corresponds to the so-called out Jost harmonics,

hipm) = ‘/me(pn), where J;,, is the Bessel func-

tion of the first kind. Conjugate harmonics in the latter case
are given by the Y’s—Bessel functions of the second kind.

In the nonstationary situation, every particle is described
by the matrix propagator (see, e.g., Ref. [22] for the
Feynman rules in the ¢ scalar field theory on dS space),
for which the entries are the Keldysh propagator, Gx =
1{¢ (), ¢(»)}), and the retarded and advanced prop-
agators,'G4 = F([$(x), p()DO(FAx,). The more de-

"Here, Axo = xo — Yo, {, } is the anticommutator, and [,] is the
commutator; #(n) is the Heaviside 6 function.
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tailed discussion of the physics in dS space, which is
relevant for the present paper, can be found in
Refs. [1,3,9,10,15]. It is instructive for the further discus-
sion to keep in mind that the result of the calculation with
the use of the nonstationary Keldysh—Schwinger diagram-
matic technique provides a solution to a sort of the Cauchy
problem.

Because the PP is spatially homogeneous and because
below we concentrate on the spatially homogeneous states,
we find it convenient to make the spatial Fourier transform
of the aforementioned propagators:

DK,R,A(nl’ N2, p) = de’lxeif’iGK'R’A(nl,f, 2, 0),

DX (1, ma, p) = (mm2)" 7 dX(pm1, pm2), )
Dy, m2, p) = FO(EAD) (1) T d~ (pmy, p1a),

where An = 5, — 15, p = |p| and

d~(pmy, pn2) = 2Im[A(pny)h*(pny)]
1
dX(pmy, pmo) = h(pm)h*(pnz)<§ + n,,)
+ h(pn)h(pm)k, + c.c. 3)

Here, we use the convenient notations n, = {a, a,) and
K, ={aya_,). In the nonstationary situation, n, and k,
can be zero only on the tree level, i.e., if the initial state is
chosen to be |vac).

It is worth stressing here that, in our paper, we always
study the two-point correlation function. According to
Egs. (2) and (3), the quantities n, = (a,fa,,} and k, =
(a,a_,) are just elements of this correlation function.
Hence, all our conclusions about their behavior have in-
variant physical meaning. Furthermore, in the situation in
which the anomalous quantum average k, vanishes, n,
acquires the clear physical meaning—it becomes the par-
ticle number density per comoving volume in the given
state of the theory. In fact, then free Hamiltonian of the
theory acquires the diagonal form. Moreover, then all
elements of the kinetic equation that is presented below
acquire the clear physical meaning.

Let us provide here a few more arguments favoring our
interpretation of n,, as the particle density. Various observ-
ers may indeed detect different particle fluxes. However,
one should separate the Unruh effect from what we would
like to call the real particle production. In Minkowski
space, both inertial and noninertial observers see the
same-state Minkowski (Poincaré-invariant) vacuum.
However, while the inertial observer sees it as the empty
space, the noninertial one sees it as the thermal state. That
is due to the specific correlation of the vacuum fluctuations
along its worldline [23]. Note that there is not any non-
trivial gravitational field in the circumstances under con-
sideration because the Riemanian tensor is exactly zero.
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The real particle creation is due to the change of the
“vacuum” state under the influence of the background
field. That is exactly what happens in the background
electric field in dS space and in the collapsing black hole
background.

Rephrasing, we would like to say here that, while in
Minkowski space there is one type of observers that does
not see any particle flux, in dS space, there is no such
observer that sees nothing. On general grounds, we expect
that the least particle flux is seen by inertial observers—
they do not see the extra Unruh type of flux, so to say. Our
calculations are actually done for the inertial observers
because the change from the proper time ¢ to the conformal
one, n = e ', is just the change of the clock’s rate rather
than a transition to some nontrivial motion. In any case, all
our formulas can be trivially rewritten in the proper time z.

Finally, the IR dynamics depends on the value of the
mass m and on the choice of h(x). Below, we separately
consider the following two cases: (DT_I)2 < m? (the princi-
pal series) and (251)> > m? (the complementary series).
The crucial physical difference between these two cases is
due to the fact that, while the harmonics of the principal
series oscillate at the future infinity, h(x) = A, x'* +
A_x"* x— 0, those of the complementary series do
not do that because, in the latter case, u is pure imaginary.

III. TWO-LOOP CONTRIBUTION

In this section, we calculate loop corrections to the
Keldysh propagator, DX(n,, n,, p), with the initial dS
invariant vacuum state at the past infinity of the PP. In
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these settings, the tree-level DX(n,, n,, p) is given by
Eq. (3) with n, = 0 and «, = 0. It is straightforward to
show that the ¢* theory, unlike the ¢> one, dose not
possess any large IR contributions to any propagator at
the first-loop order (~ A). However, in the second-loop
order (~A?), there is a large IR contribution to DX, which
is of interest for us. We consider the IR limit in which
pymm2,— 0 and 7;/79, = const [3,10,15]. It corre-
sponds to the situation in which both time arguments of
the propagator are taken to the future infinity, while the
time distance between them is kept finite.

The reason we pay attention only to the Keldysh propa-
gator is that it defines the state of the theory, i.e., shows the
dependence of n,, and k, on time. Moreover, in the case of
the principal series, it is the only propagator that receives
large corrections of the order A? log (p./77;77,/ ) in the IR
limit in question. In fact, in Ref. [2], it was shown that the
retarded and advanced propagators of the ¢3 theory re-
ceive only finite corrections from the first loop—of the
order A%log(m;/m,). In the case of the ¢* theory, the
situation is similar in the second loop. Furthermore, it is
straightforward to show that, for the principal series, the
large IR contributions to the interaction vertex are also
suppressed by higher powers of A. For the complementary
series, the situation is more subtle, but we still would like
to start their study with the consideration of the loop
corrections to DX,

The large IR loop contribution to DX (if there is one)
at the order A? can be expressed in the form (2) and (3)
with

A2 _ _ _ n n _
np(n) = _W [dD 'q1dP " qpdP g5 fw dms [w dny(m3ms)P ™2
X 8PV(p + g1 + G2 + G3)h(pma)h(q1m3)h(q2n3)h(g3n3)h* (pna)h* (g1 ma)h* (qama)h* (g3 ms),
k ( ) ~ 202 dD—l 4aP-1 dD—l nd e d ( )D—Z
p\M 3Q27)20 D 91 q> q3 " 73 o N4(1374
X 8PV(p + gy + Go + G3)h*(pn3)h(qim3)h(gam3) k(g3 m3) R (pma)h* (g1 ma)h* (qama) ™ (g3 ma)- “4)

Here, p = |pl, 123 = 141231, and n,,(n) is real. Note that,
if one will take the flat space limit of these expressions, i.e.,
substitute 1 by ¢, \/Ig] by 1, and n®~V/2h(kn) by e'c®)",
then n,, and k, would vanish, when 1 — 0, as the conse-
quence of the energy conservation.

In deriving these expressions, we have used that A(pmn)
depends only on | p|, and, hence, we can safely change p —
— p. Also in the IR limit in question inside the leading loop
corrections, one can neglect the difference between 7, 1,,
and 7 = ,/7;7,. In such an approximation, we drop the
subleading, A>log (n,/7,), contributions from the expres-
sions for n,, and k,. The derivation of Eq. (4) is similar to
the one performed in Refs. [1-3,10,15], for the ¢>3 theory.

A. Principal series
We start with the case 251 < m and make the following

change of the integration variables in Eq. (4): g; to Z, =
g;ms and m, to v =%, i =1, 2, 3. Then, we expand
h(pmsa) = Ar(pnsa)™ +A_(pn3a) ™ as pm3a—0
under the integrals, where A, are some mass-dependent
complex constants. After that, we neglect® p in comparison
with g ;5 on the rhs of Eq. (4) and perform the integration

The justification of all the approximations listed here can be
found in Refs. [1-3,9,10,15]. In particular, the reason we neglect
p in comparison with g, 3 is that the largest IR contribution
comes from this region of integration over g ;3.
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over dn3. The largest IR contributions come from the integrals of the type Z /p %h( pn3)h*(pnsv) and
Z/p %h*(png,)h*(pmv), where h’s are Taylor expanded. The result is as follows:

A1 0 P o7 LT
~ _Aloglpn/p) / dvuIHde—lzldD—lz2dD—1135<D—1>(11 +1+ 1)

Npn 327201

X h*(1)h(Lv)h* (L) h(Lv)* () (V)AL Po# + |A_|Putir],

_2N%log(pn/p)
pn 3(2m)2P-1

X h*(l1)h(llU)h*(lz)h(lzv)h*(13)h(13U)A+A—[Um + v_iﬂ],

The lower limit of integration over n; we cut by u be-
cause, at pn > u the d°~'1;, dn;, and dv, integrals are
rapidly convergent due to the oscillations of 4(x), while we
care only about the leading IR contribution. It is worth
stressing here that such a convergence of the dv and d? !/,
integrals is true in the sense of the generalized functions.
The latter fact is related to the behavior of the modes with
high momenta, discussed below.

Note that n,(7) and k,(») are functions of the physical
momentum, p7, rather than separately depending on
the momentum, p, and on the time, 7. That is natural
because of the spatial homogeneity and the invariance of
the PP dS metric under the simultaneous rescaling X — o’X,
n— on.

It was explained in Refs. [3,9,10,15], that such large log
contributions in DX appear due to the particle creation in
dS space (see also the discussion below). In the expanding
PP, the creation of particles with comoving momentum p
effectively starts after some moment of time 7., < u/p
because the modes with high momenta, pn > u,
do not feel the curvature of the space-time and behave as
if they are in flat space. As a result, n,, and k, are propor-
tional to the proper time, log (u/pn), elapsed from u/p to
7. The coefficient of the proportionality is just the particle
production rate. It is worth stressing here that the presence
of the large k,, which is comparable to n,, signals that
there is the strong backreaction on the initial state |vac)
[3,10,15].

For further reference, it is instructive to study also the IR
behavior of n,, and k, for the out Jost harmonics. Although
the UV behavior of the correlation functions for the out
Jost harmonics is different from the proper flat space type,
we are interested here in the IR limit, in which out Jost
harmonics may play a crucial role.® In fact, in condensed

*While the theory under consideration shows the proper UV
behavior in the BD state, it does not do that in any other « state.
The reason for that is as follows. While BD harmonics behave as
single waves e’" in the UV limit, pn — oo, the other «
harmonics behave as linear combinations of ¢’?" and e~ ?" in
the same limit.

1 > > >
f d‘UUD_2 de_llldD_llde_ll38(D_1)(ll + lz + l3)

lins = |71,2,3|' )

matter physics, it is the frequent situation that, in the IR
limit, one has to perform a Bogolyubov rotation to some
harmonics for which the UV properties may be different
from the proper ones; however, they properly describe the
IR physics. The seminal example is the BCS theory for
superconductivity.

In particular, we will see that the proper solution of the
IR limit of the system of DS equations is obtained via
the out Jost harmonics. The hint for that comes from the
following observation. For the out Jost harmonics, the
leading IR two-loop contribution has a crucial difference
with respect to that of BD harmonics or any other «
harmonics. In fact, the out Jost harmonics behave as
h(pms4) = A(pms4)'* in the future infinity, pn;4 — 0,
where A is some mass-dependent complex constant.
Then, it is straightforward to show that n, has the same
form as Eq. (5) with |A|?v* instead of [|A,|*v* +
|[A_|2v~#]. At the same time, k, does not receive any
large contributions in the IR limit in question; i.e., it is
negligible in comparison with n,. This is going to be an
important observation for the derivation of the kinetic
equation below.

It is worth stressing here that, for the out Jost harmonics,
the dv and dP~'l; integrals in the obtained expressions for
n, and k, are also convergent. In fact, the situation in the
¢* theory is even simpler than in the ¢ case [3].

B. Complementary series

We continue with the consideration of the complemen-
tary series, 251 > m, corresponding to the imaginary u,
i.e., to the real index of the solution of the Bessel equation
h(pmn). Below, we use the notation » = —iu. Then, for the
in harmonics, h = J, + iY,, where both Bessel functions
J, and Y, are real in the case of the real index v. Expanding
them near zero, we get Y,(x) =~ A_x"” + Bx ""? and
J,(x) = A, x”. Because of the possible differences be-
tween the behavior of 4 and /4™ near zero, we have to pay
attention separately to k, and k.

The contributions to n » and k,,, k;‘, can be expressed as
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ny(n) ~ —3(277)2@ 7 [ [ Frdaon (2ot = pulo] % - pn ]
k,(n) = W f:% f:%F[y]h*(uv)h*<%)0[uv — pn]ﬁ[% - uv], (6)

. 472 odu (0 dv u u
ky(n) = W ,[007 waF[v]h(uv)h(;)ﬂ[uv — pn]@[; - uv],

with the use of the following notations:

PHYSICAL REVIEW D 88, 024021 (2013)

3
F(n3, ) = [ [1‘[ dD*'qih(qmg)h%qin4>]<n3n4)0*25w*1>(ﬁ — G — G @) )

i=1
which, after the change of integration variables u = p./m314, vz\/%, can be expressed as F(73, m4) =

#&,”uz(D_z)F[v], where F[v] =

The leading correction to 1, and k), is given by Eq. (6), where from the Hankel functions, A(uv) and h(u/v), we
single out only ¥’s. Such a contribution gives for n,, and &, the inverse powerlike behavior in p7, which, however, cancels
out after the substitution into DX because Y is real. The next order is obtained as follows. One also has to express
h(pm,) through J, and Y, in the full propagator DX. Then, from one of the four h’s [h(pn;,) and h(uv), h(u/v)], we
have to single out J,, while from the other three we have to single out Y,’s. This expression does not cancel out and

F*[1/v] is some function of one variable v.

provides the leading IR contribution to DX:

8A2A3 A, nP!
DX(my, my, p) = ] fduu

3(2 )Z(D 1)

/ dvv'~ 2DF[U]{[—1 + (M )”]a[w - %]0[—[)77 + uv]

[1 = (%) ]e[ uv + U]e[—pn " %]} (8)

After the straightforward manipulations, the obtained expression can be reduced to

8A%A32 A P log (pm)

DK ’ ’ = -
(M1, M2, p) 3220 D ()

{ 1 dvv!™ 2DF[U]I:

# ()]

_ [0 1 dvvl_ZDF[v][%(v)_zV + vz”]}. ©)

The integral over v is convergent in the IR limit (as
v—00) if D>1+4p. In the UV limit (v — 0), it is
convergent in the sense of the generalized function.

For the out harmonics, the situation is a bit different. In
this case, h = J,, h* = Y,. The straightforward calcula-
tion shows that

1
n,(n) « AZA_A+log(p1,)f dvF[v]u? 172D,
0
0
kp(n) o« A2A2_(pn)—2vf dvF[v]vz”H_w, (10)
1

1
5 n) = % @ [LauFLolo 1 0

After the substitution into the Keldysh propagator, the
leading contribution comes from k), and is as follows:
DK ~ NAZAL 2" nP~! fl dvv= 212D Fly].
3v(2m)P~ (pm)*” 0
1D

Thus, for the complementary series, the loop contributions
are powerlike, i.e., stronger than for the case of the prin-
cipal series.

Because of the character of these IR contributions for the
light fields, we do not yet understand their physical mean-
ing and think that the kinetic equation obtained in the next
section is not applicable for the fields from the comple-
mentary series. In the case of the complementary series, we
do not yet know how to perform the summation of the
leading IR contributions from all loops. But on general
physical grounds and from the two-loop result, we expect
that complementary series will show stronger IR effects
than the heavy fields from the principal series, which is
under study below.

IV. KINETIC EQUATION

Although A? is small, the product A?log(w/pm) can
become large as pnp — 0. Hence, higher loops are not
suppressed in comparison with the tree-level contribution.
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Then, one has to perform the summation of the leading IR
contributions from all loops. This can be achieved via an
approximate IR solution of the system of DS equations in
the nonstationary diagrammatic technique. We can do that
only for the case of the principal series, m > (D — 1)/2, at
least because, in this case, harmonics oscillate in the IR
limit. As the result, there is a clear separation of scales
between the time dependence of the harmonics A(pn) and
that of n,, and k,,. This allows us to simplify DS equa-
tions in the limit under consideration and eventually to
solve them approximately. In the case of the complemen-
tary series, however, the character of the IR contributions
to DX and to the vertex does not allow us to have a clear
kinetic interpretation.

Putting it in other words, to move further, it is worth
observing that, above, we have calculated the loop correc-
tions to the Keldysh propagator under the assumption that
n, and k, retain their initial values throughout all the time
evolution. In fact, in the calculations of the previous sec-
tion, we have used tree-level propagators, i.e., their initial
values. To make the problem self-consistent, one has to
take into account the change of n,, and k, in time. As we
will see, this also allows us to reduce the problem to the
solution of the DS equations for the nonstationary diagram-
matic technique. The latter ones represent a system of
equations for the matrix propagators, self-energy, and

PHYSICAL REVIEW D 88, 024021 (2013)

vertex. In some circumstances, as we will see, this system
can be simplified and reduced to a single equation.

We assume that the evolution had started with some
density perturbation over the BD state at the past infinity
of the PP. Then, the UV behavior of the theory in question
is the same as in flat space, but the dS invariance is slightly
broken. We would like to trace the destiny of these density
perturbations in the future infinity, i.e., would like to see
whether the theory relaxes back to the dS-invariant state or
this density explodes, causing the modification of the
background geometry. The answer to the latter question
also can be obtained only after the solution of the IR limit
of the nonstationary DS equation.

Thus, we would like to sum up leading contributions,
which are powers of A?log(p./77,/1), and drop the
subleading terms, which are suppressed by higher powers
of A and/or powers of A?log (7,/7,). Having in mind that
retarded and advanced propagators and the vertex receive
only subleading IR contributions in the limit in question,*
we can assume that they take their classical (UV renor-
malized) values. At the same time, we assume that the
ansatz for the exact Keldysh propagator is given by
Egs. (2) and (3) with undefined n,(7n) and k,(7n), where
n=Jmmn2.

Then, the relevant part of the system of DS equations has
the form

A2 B B B 0 dnsdn N N N
Dk(m,nz,p)ZDS((n],nz,p)—Wde 16]ldD ledD lf]3jf e 1)(17—611 — 4>~ q3)

(13m4)"

X [3D(’f (m1, 3, P)DX (03, M4, ¢1)DX (03, M4, 42) DY (03, M4, g3)DY (N4, M2, P)

4

1
— —DK(ny, 13, p)DY (03, M4, 41) D (03, M4 42)Dis (03, M4y g3)D (M4, M2, P)

3
- ZD{f(m, 13, P)DX(m3, 4, ¢1)DG (M3, M4y 42)D5 (03, M4y q3)D5 (M4, M2, P)

+ D§(my, 3, p)DX (03, n4, 1) DX (3, M4, 42)DX (M3, M4, 43) D (M4, M2, P)

3
— ZD§(m, 13, P)DX (03, 14, ¢1)DE(m3, M4, 42)DE (03, M4, 43)Diy (M4, M2, p)

1
- ZD{f(m, 13, p)D§ (03, 14, 1)DE (03, M4, 42)DE (03, M4, 43)DX (P14, p112)

+ 3D§ (1, m3, P)D§ (03, n4, 1) DX (13, M4, 2) DX (M3, M4, g3)DX (4, M2, p)], (12)

where p = |pl, 123 = |§1.23] and Dy** are the Fourier transforms of the initial values of the retarded, advanced, and
Keldysh propagators”; DX is the exact Keldysh propagator. This equation is covariant under the Bogolyubov rotations
between different harmonics, 4 (x). Because we are interested in its solution in the IR limit, we do not have to care about the
proper UV behavior and have to check the situation for all possible « harmonics.

“There are large IR contributions to D*® and to the vertex, which are coming from those in DX. But they are suppressed by the
higher powers of A because they appear in the higher loops. Actually all one-loop contributions to the vertex have similar structure to
the one shown in Eq. (4) with one momentum integration less. It is straightforward to see that, because of that, there is not any large IR

contribution to the vertex at the A% order.

Le., D(’f is also given by Egs. (2) and (3) with some initial values ng)) and kﬁf)).
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We would like to pick out the largest IR contribution from
the integral on the rhs of Eq. (12). The calculation is just a
straightforward generalization of the above two-loop one.
Similarly to Refs. [3,10,15], for all & harmonics, including
BD ones, we obtain that the ansatz (2) and (3) solves DS
equation in the IR limit in question. But k, is comparable
to n,,. This means that the backreaction on the background
state (specified by the choice of the harmonics) is big. The
only exception is given by the out Jost harmonics. For these
harmonics, k, remains zero if its initial value was zero.
Moreover, small perturbations of &, relax back to zero. For
the ¢> theory, this was shown in Ref. [15]. For the ¢*
theory, the situation is similar.

As the result, with the use of the out Jost harmonics, the
IR limit of the DS equation is solved by Eqgs. (2) and (3)

np(n) - np(n*) N dnp'q
log(n) —log(n.)  dlog(pn)
_/\2|A|2 delll dell2

PHYSICAL REVIEW D 88, 024021 (2013)

with k, = 0. We would like to convert the integral DS
equation (12) into the integrodifferential form, i.e., into the
form of the kinetic equation [24]. This is done via a kind of
the renormalization group procedure as follows [15]. In the
given settings, ng)) is the particle density at some moment
after . ~ u/p. In fact, as we have mentioned above and
will explain in the next section, before this moment, all the
kinetic processes, except maybe the irrelevant scattering

one, are suppressed. Hence, 7, (7) remains constant and is

(0)
p

equal to ny,”. Then, from Eq. (12), it is straightforward to

derive that the difference between n,,(n) and nﬁ,(” = n,(n.)
is proportional to the proper time elapsed from 7. to 7.
The coefficient of the proportionality is the collision
integral—the rhs of the kinetic equation is

— [ " duvP 23 Re[wmh* (1) (L)R(T, + LR v)hG)R* (T, + Blv)]

6 2m)P~1 24)P~1

XL+ npynyn, (U4 ny ) = (U ng )4+ n)ng 1+ 3Re[veh*(1)h()h(1T — Lh(lv)
X h* L)k (1T = Llv)] X [(1+ npy)n, (U4 n))(4+ ) = npy (U4 ) )]

+ Re[v™ " (1)R* ()R (1T + LA w)GAIL + Blv)] X [+ nyp)ngnyng )

= (14 m )+ )1+ nyg )]+ Re[vh() (L)AL + LA (L) ()h* (1 + blv)]

X [(1+ np)(1+ ny )1+ ny,)(1 + n|1~1+;2|) - ”pn”llnlzn|i,+72|]}' (13)

In the process of the derivation of this equation, we have
neglected p in comparison with g, 3 on its rhs, denoted
l123 = 1237, and assumed that, on the rhs of Eq. (12),
Ny, is a much slower function of time than h(kn). The
latter fact is true because of the above-mentioned separa-
tion of scales. As a result, we can safely take out all n’s
from the argument of the time integral on the rhs of
Eq. (12) and substitute DX by DX.

Note that one can reproduce 7, in Eq. (5) from Eq. (13)
if he will use Hankel functions in place of h(x), change
|A]2vi* to [|A4 [Pv'* + |A_|>v'#], and put all n’s to zero
on the rhs of Eq. (13). This fact explains the physical origin
of the large IR effects, which are under consideration in the
present article.

V. SOLUTION OF THE KINETIC EQUATION

The kinetic equation (13) does not possess Planckian
distribution as its solution because of the violation of
energy conservation in the dS background gravitational
field. It can be mapped to the kinetic equation in flat space
via the substitution of the harmonics 7'®~1/2h(kn) by the
plane waves ¢’ in the collision integral. In the latter

case, one has 6 functions ensuring energy conservation on
the rhs of Eq. (13) instead of the integrals of /’s. That, in
particular, means that for high-energy modes, kn >> u, the
kinetics in dS space is the same as in the flat one: they can
scatter off each other but cannot be created in various
processes involving the dS background.

Thus, suppose we have started at past infinity of the PP
with some very mild density perturbation over the BD
state. After the Bogolyubov rotation to the out Jost har-
monics, one has some initial values of n,, and k,,. As can be
understood from the discussion in the previous paragraph,
for the given p, the density n, and the anomalous average
k, practically do not change before the moment 7. ~
u/p. After this moment they begin to evolve according
to the coupled system of kinetic equations for n, and k.
(To simplify the presentation, we do not show them here.
Similar equations for the ¢3 theory can be found in
Refs. [3,10].) If k,, is sufficiently small, it relaxes to zero
[15], and the problem is reduced to the solution of Eq. (13).

Now, if the initial value of n » after the rotation to the out
Jost harmonics is much smaller than one, we can use the
following approximations:
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(1 + np,,)n,n, (1 + n|71+i2|) — 1y, (L+n)(1 + nlz)n|71+[2| =~

(1 + np,)n, (1 +n,)(1 + nlflfle) — 1,1+ n,l)nlznliﬁl;l ~ n, "

(1+ ”nn)”h”lznli,+72| — (1 + 1)1+ n,)(1 + ”|7,+1°2|) ~ =Ny,

(1 + ny,)(1 + n, )(A + n,)(1 + nI71+f2I) = NNy N LT 1.

Because of the rapid oscillations of /(x) as x — oo, the integrals on the rhs of Eq. (13) are saturated at /; ~ w. At the same
time, pn < w. Furthermore, it is natural to assume that n; ., < n,, in the situation of the very small initial density
perturbation and the vanishing production of the high momentum modes. Hence, we can neglect the second term on the rhs
of Eq. (13) in comparison with the third and the fourth ones.

As a result, Eq. (13) is reduced to

dn
diog (p7) E’;n) ~Tn,,—T, where
r :)\2|A|2 arD—ll1 dD—ll2
6 JemP T ea)P !
[ = A2|A|2[ dD_lll dD—ll2
> 6 JemPTemPT

Here, I'; and I', are the particle decay and production rates,
correspondingly. Note that pn is reducing to zero in the
approach toward the future infinity.

The obtained equation (15) has the solution with the flat
stationary point distribution n,, = I';/T";, which corre-
sponds to the situation in which the production (gain) of
particles on the level pn is equilibrated by the particle
decay (loss) from the same level. Note that here we are
talking about the number density per comoving volume,
which would stay constant if there were no particle decay
and production processes.

The obtained solution is self-consistent for the large
enough u because then I',/T'; = ¢ 3"* <« 1. Note that
the equilibrium distribution is n =~ ¢ 37# and is not
quite a Gibbons—Hawking one. Apparently, it looks
like the thermal Boltzmann one, but the temperature
depends on the power of the self-interaction potential.

In fact, the stationary distribution in the ¢? theory is
~ p2Tu
n=e .

(I +np)n, n,(1+n,)—
(1 +n,,

1+ npn)nl] n,ny,

0 . -> -> -> S
[ dvvP2Re[v*h* (1) h* (L) h* (|1, + L)AL v)R(Lv)h(1; + Lv)],

[ " v Relv#h(1 h(L)A(T, + BIR 1 v)h o)k (], + v (15)

So the result of the summation of the large IR contribu-
tions may lead to the finite exact two-point functions. But
what if the evolution had started with some quite strong
density perturbation (which is, however, still smaller than
the cosmological constant) over the BD vacuum state?
Now, we are going to show that there is another very
peculiar solution of the kinetic equation under considera-
tion. See Refs. [3,10] for the similar discussion in the case
of the ¢ theory.

Suppose that, due to the particle creation by the back-
ground gravitational field and by the particle decays from
the other levels, the density per comoving volume on the
given level with pn < u became big in comparison with
one. Taking into account the flatness of the spectrum in
dS space, it is natural to expect that, for the harmonics
with the low physical momenta, the density very slowly
depends on its argument. Hence, we can assume that
n(pn) = n(qi3m) for pn K p and q;53m <K p.

Then, we can make the following approximations:

n,n(1+n, )(1+n,)n,~0
g, (1+n,)(A+n,)—n,,(1+n,)n,n, z211%,,7
=1, (L+n, )(1+n,)(1+n,)= —2n?,,7
(1 +n,,)d+n,)A+n,)(1+n,)—

(16)

A3
Ry 1y = 4005

and accept that, on the rhs of Eq. (13), the main contribution to the /; integrals comes form the region in which
l; < u because n(x) > n(y) if x < u and y > u. As a result, the kinetic equation reduces to
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dnp, —Tnl

it L/ BN , h
dlog(pn) pr VRS

=

3 (2m)P!

% h(lyw)h* L)k (1T, — 72|u)] - (A*)3Re[<

A2|A|? [|m<# aP-1, /’llz|<,u dD_llf [odva2{3|A|2AR6[(1;12|11 —lzl)m
(27T)D ! 00 ll

PHYSICAL REVIEW D 88, 024021 (2013)

v

ip - >
—) h(l ) h(Lw)h(], + lz|v)]
Ll + 1]

+ 243 Re[(vl, |1, + L)#h*(1v)h* (Lv)h* (|, + 72|u)]}. (17)

Note that ' is independent of p. This equation has the
solution

1
Nppy = ——————, (18)
vszOg(n/n*)
where n, = £ ¢~ and Cis the integration constant, which

depends on the initial conditions. The obtained solution is
valid if w/p = n. > n > 7.

Thus, we see that there is a singular solution of the
kinetic equation under consideration, which corresponds
to the explosion of the particle number density per comov-
ing volume within a finite proper time. Of course, such an
explosion wins against the expansion of the PP because
DX o« nP=1/\/log n/n,. Hence, the energy-momentum
tensor of the created particles becomes huge, and the back-
reaction has to be taken into account. As a result, the dS
space gets modified. But that is the problem for a separate
study. At this point, we just would like to stress that we see
catastrophic IR effects even for the massive fields. It is
natural to expect that, for the light fields, the situation will
be even more dramatic.

VI. COMMENTS ON THE CONTRACTING PP AND
GLOBAL DS (INSTEAD OF CONCLUSIONS)

Contracting the PP of dS space is interesting at least
because it is complementary to the expanding PP within
global dS space, and we find it quite dangerous to study
such a geodesically incomplete subspace as the PP alone.
Contracting the PP is represented by the same metric,
ds*> = %[dﬂq2 — dx?], as the expanding one, but now the
conformal time 7 flows in the proper direction—from zero,
at the past, to infinity, in the future.

From Eq. (13), one can straightforwardly obtain the
kinetic equation in the contracting PP, if one will consider
perfectly spatially homogeneous states. The latter situ-
ation, while being stable in the expanding PP, is unstable
in the contracting one under small inhomogeneous density
perturbations. However, it is still instructive to consider
such an ideal situation in the contracting PP In this

®Actually, it is not very hard to find the inhomogeneous
extension of the kinetic equation (13). In the case in which the
particle density starts to depend on the spatial position n, =
n,(x), one has to substitute nd/dn on the lhs of Eq. (13) by

nd, + 1*po,.

section, we restrict ourselves to the case of the principal
series.

To perform the map between the expanding and con-
tracting PPs, both in the few-loop calculations and in the
kinetic equation, one just has to flip the limits of dn
integrations and change i(x) and h*(x) because of the
exchange between positive and negative energy states
under the flip of time.

Then, it is straightforward to see that loop corrections to
DX have the explicit IR divergence because particle crea-
tion starts right at the moment 7,, when we switch on
self-interactions. The divergence reveals itself via the im-
possibility to move the 7 to the past infinity. Because of
the blueshifting of all modes, however, all the relevant
Kinetic processes stop after 7, ~ wu/p. As a result, the
two-loop divergence in question is proportional to
log (n/my), when pn < u, and to log (u/pmy), when
pm > u. The prefactors are easily derivable, in view of
the above discussion. Also, it is straightforward to show
that, for the in Jost harmonics (Bessel functions in place of
h’s) of the contracting PP, the k,, behaves similarly to that
of the out Jost harmonics of the expanding PP.

In conclusion, in the contracting PP, we can find similar
solutions of the kinetic equation to those that have been
found in the previous section. For example, Eq. (15) is
mapped to

__dn(n)

dlog (n/no)
which shows a very peculiar phenomenon that, despite that
in two loops my—the moment of switching on self-
interactions—cannot be taken to the past infinity, after
the summation of all loops, we may find the theory at the
stationary point state, n, = I',/T",, which allows one to
remove the IR cutoff, 7.

At the same time, the solution (18) is mapped to

1

y2T log (/)

where 7, = 19¢¢/?" < u/p. Of course, whether the field
theory state goes into Eq. (20) or to Eq. (19) depends on the
initial conditions.

The situation in the global dS space is even more inter-
esting. On the one hand, all sorts of contributions to the
collision integral in global dS space are sums of those in

~ —Iin(n) + 1, 19)

ny(n) = (20)
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expanding and contracting PPs.” But depending on the
choice of harmonics, we either have IR divergence in k,
or k, is divergent as the system advances toward the future
infinity. Or an even more generic situation for o vacua is
when k, has both types of such divergences simulta-
neously. As a result, there is no choice of harmonics in
which k, is negligible in comparison with n,, which
probably means that there is no stationary state in global

"For the case of the Euclidian vacuum, the relative signs of the
two contributions coming from the expanding and contracting
PPs can be different depending on whether D is even or odd [9].
But that does not conceptually affect our discussion.

PHYSICAL REVIEW D 88, 024021 (2013)

dS, and the backreaction on the background geometry is
strong with any initial conditions.
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