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We discuss the problem of initial states for a system of coupled scalar fields out of equilibrium in the
one-loop approximation. The fields consist of classical background fields, taken constant in space, and
quantum fluctuations. If the initial state is the adiabatic vacuum, i.e., the ground state of a Fock space of
particle excitations that diagonalize the mass matrix, the energy-momentum tensor is infinite at t = 0, its

most singular part behaves as 1/¢. When the system is coupled to gravity this presents a problem that we

solve by a Bogoliubov transformation of the naive initial state. As a side result we also discuss the
canonical formalism and the adiabatic particle number for such a system. Most of the formalism is
presented for Minkowksi space. Embedding the system and its dynamics into a flat Friedmann-Robertson-
Walker universe is straightforward and we briefly address the essential modifications.
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I. INTRODUCTION

The question of initial states in nonequilibrium quantum
field theory has found considerable interest recently [1—
12], on various grounds. As a very practical aspect it was
realized, in numerical simulations of quantum fields in
cosmology [2,13,14], that the energy-momentum tensor
had initial time singularities if the initial state was taken
as the naive Fock-space vacuum. These had to be removed
when coupling the field to gravity, e.g., in a Friedmann
universe. A more speculative aspect that has attracted some
interest recently was the question whether the choice of
initial state can be expected to leave an imprint in the
cosmic microwave background spectrum. In any case it
is a question of principle, to what extent the choice of
initial state is constrained in an interacting theory of par-
ticles by consistency requirements.

As a general aspect of quantum field theory, the problem
of initial conditions was realized long ago. It ultimately can
traced back to the fact that one switches on the interaction
at some time ¢ = 0. In the case of nonequilibrium dynam-
ics we have to impose initial conditions for the background
fields. In most applications the initial state was taken to be
the adiabatic vacuum, which would be the ground state if
all background fields were held fixed forever. When one
starts to evolve the system dynamically at least the second
derivative of the fields will be discontinuous on account of
the second order differential equation, which for >0
determines their evolution. In cosmology it is already the
first derivative of the scale parameter which for > 0 is
determined by the Friedmann equation. Such singularities
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have been noted for the first time by Stiickelberg [15], they
are discussed briefly in the textbook of Bogoliubov and
Shirkov [16]. The phenomenon has been identified as a
kind of “Casimir effect” connected to the initial time
surface by Symanzik [17]. In the context of quantum field
theory out of equilibrium the presence of such singularities
has been noticed by various authors.

The solution proposed by Symanzik is the introduction
of surface counterterms in addition to the usual “bulk”
counterterms of perturbative quantum field theory. In the
context of nonequilibrium quantum field theory this line
has been pursued in Refs. [9,10].

The introduction of initial time surfaces singles out the
particular time at which one starts the evolution to the
extent that the surface counterterms become part of the
field theory for > 0. The approach of modifying the naive
initial vacuum state [2,8,18] seems to be more pragmatic;
the idea is to find the minimal requirements on an initial
state that could arise from a previous dynamical evolution.
The latter aspect is discussed in [19]. The technique used
for constructing such an initial state consists of finding a
Bogoliubov transformation of the naive adiabatic vacuum.
For the single-channel case and scalar fluctuations this has
been done in Ref. [2] and for fermion fluctuations in
Ref. [20]. These results were used in Refs. [14,21] in
formulating the renormalized equations in a flat
Friedmann-Robertson-Walker (FRW) universe.

Our approach is based on a mode function formalism
that has been introduced, for coupled channels, in
Ref. [22]. The formalism ensures the conservation of en-
ergy with one-loop or Hartree quantum backreaction and
has been renormalized along the lines of Ref. [23]. There
the initial state was chosen to be the adiabatic vacuum
based on a Fock space of particle excitations that diago-
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nalize the initial mass matrix. It is this initial state that we
will improve here. In Ref. [22] renormalization is based on
a perturbative expansion close to standard perturbation
theory, in the same way as in Ref. [23]. The same expan-
sion was used in Ref. [2] for analyzing the initial time
singularity. This analysis can be carried over in a straight-
forward way to the case of coupled fields. Most other
analyses of the singular early time behavior were based
on the eikonal expansion. An eikonal formalism for
coupled systems has been formulated recently [24]. We
are not aware, however, of an eikonal expansion for
coupled-channel systems.

The quantum expansion of the fluctuation fields is for-
mulated in such a way that the canonical commutation
relations hold for ¢+ = 0. It was not discussed in Ref. [22]
how they continue to hold for # > 0. Though this is to be
expected, it is not entirely obvious, and in fact leads some
nontrivial relations for the fluctuation modes which prove
to be useful for our formalism. This is discussed in
Appendix B. Another approach to the canonical formalism
for coupled-channel systems was introduced in Ref. [24],
and this is another reason for verifying that the scheme of
Ref. [22] works correctly.

Though our main subject here is the choice of the initial
state, with hindsight of coupling the system to gravity, we
take the occasion for discussing the concept of adiabatic
particle number within our formalism. This is suggested by
the fact that we have to discuss Bogoliubov transforma-
tions for coupled systems anyway and that particle num-
bers are usually defined by the coefficients of these
transformations.

The paper is organized as follows: in Sec. II we intro-
duce the model we want to consider, a system of two
coupled quantum fields with masses and a general fourth
order potential. We define the decomposition into classical
and fluctuation fields and the evolution of the fluctuations.
In Sec. III we discuss the behavior of the Green’s function
at early times and construct a Bogoliubov transformation
in order to reduce the leading singular behavior such that
the leading time derivatives become finite at the initial
time. In Sec. IV we present the expectation value of the
energy-momentum tensor in the Bogoliubov-transformed
initial state. In Sec. V we discuss the concept of adiabatic
particle number. Some more technical subjects are trans-
ferred to the appendixes: the Bogoliubov transformation
for coupled systems in Appendix A and some aspects of the
canonical formalism in Appendix B.

II. THE MODEL

We consider a system of two coupled scalar quantum
fields with a Lagrangian density of the form

1 1 Aij
L =[56M¢iaﬂ¢i+§m%¢%]+7’¢% »oo@D

where the indices i, j take the values 1 and 2. The hybrid

PHYSICAL REVIEW D 81, 023509 (2010)
model of inflation [25-27] with

a

1 1 1
L=30,09"¢ +50,x0"x +5m*¢? + 2 (x* = v?)?

A
+ 5 X2 (2.2)
is of this form with A;; = 0, Ajp = A, Ay = @, m} = m?,
and m3 = —av?. Also some models involving supersym-

metric flat directions [28,29] are of this type. The general-
ization to a general mass matrix and a general fourth order
potential is possible, but we do not want do overburden the
formalism with a profusion of indices. Also, the limitation
to two fields is not essential.

We separate the fields ¢ into classical fields and fluctu-
ations via

b=+ (2.3)

The classical Lagrangian density then retains the form

1 1 A
£0 = [Joueire +ymiet |+ 2Loteh )
while the fluctuation Lagrangian, of second order in the

fluctuations, becomes
1 1
L® = I:E Opthiotyp; + Em%l//iz]

A
+71[€012¢J2' +20i0¢1] (2.5)

This can be written as

2

1 1
£ = S[Sa,patv+ 3 Mo, | 20

i=1
with

M3 = mi+ 301071 + Apes, M3, =200,

2.7

If the field is coupled to gravity in a flat FRW universe,
the fluctuation mass matrix takes a similar form. After
conformal rescaling of fields and momenta (see, e.g.,
Refs. [13,30]) one just has to replace

m? — I:ml2 + (gi — é)R]az.

Here a is the scale parameter, R the Ricci scalar, and the ¢;
are the conformal couplings.

In the following we restrict ourselves to homogeneous
background fields ¢;(), so the mass matrix depends on
time only. In the FRW universe the time parameter is
conformal time, and we have an additional time depen-
dence via a(7) and R(7).

We separate the fluctuation mass matrix into its initial
value and a “’potential” "V via

(2.9)
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M3 (1) = MEO) + V(). (2.10)
We diagonalize the initial mass matrix by
:M%j(O)f" = m>,f4. (2.11)

The eigenvectors f are chosen to be real, and normalized
to unity:

58]

> farh =%k,

=1

(2.12)

The Latin subscripts refer to the field components, as
before, and the Greek superscripts refer to the two inde-
pendent solutions of the eigenvalue equation. We now
define a set of mode functions f¢(k, ) for homogeneous
background field in the following way:

(1) their time evolution is determined by

F el )+ -2k 1) + MEOfF (k1) =

(2.13)
(i1) the initial conditions are specified as
fe(k, 0) = f4, (2.14)
F ik 0) = —iQ0f 5, (2.15)
where we have introduced the frequencies
Q,0k) = \/mio + k2. (2.16)

The functions f¢(k, 7) form a set of linearly independent
solutions of the system of mode equations.

The fields ¢ ,(x, r) are quantum fields. For a homoge-
neous background we can expand them as

ZOUEDY f o )mao [ (K)f2(k 1)

+ alb(=K) £ (k, 1)]e™., 2.17)

The canonical commutation relations are
[a,(k), af(k")] = 2m)*2Q04(k)8,563(k — K'). (2.18)

In the following we will need the two-point functions at the
coincidence limit, the “fluctuation integrals”

)= Ot 005,00
- Zf (277)320a0(k)f f(k Of (). (2.19)

Here the expectation value is taken in the vacuum state of a
Fock space, whose quanta have the initial masses m,(0).
This is the “adiabatic vacuum,” defined by

a,(k)0)=0 V ak. (2.20)
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Of course this is not the ground state of the system, and the
creation and annihilation operators a} (k) and a,, (k) do not
create free particles with the masses m;. We discuss some
aspects of the canonical formalism in Appendix Bj; in
particular, we establish that the fluctuation integral as
defined above is real and symmetric in i and j, though
this is not apparent on the right-hand side of Eq. (2.19).

III. THE INITTIAL TIME SINGULARITY OF THE
GREEN’S FUNCTION AND THE MODIFIED
INITIAL STATE

The quantum backreaction of the fluctuations onto the
classical fields can be derived using the closed-time-path
formalism [31,32]. For the quantum field theories that we
consider here, it has been formulated in several seminal
publications [18,33-36]. We do not repeat this here. If one
just considers the one-loop quantum backreaction the rele-
vant equations take a rather intuitive form. The equations
of motion for the classical fields become

@+ mio; + Ao} + Aol + 30,0, Fp

T Ane1Fn t2ApeF1, =0, 3.1
and an analogous equation for ¢,. As will be analyzed
below, the fluctuation integrals F; j(t) are singular at r = 0,
the time where we start the evolution. As 7\ O it behaves
as tInz. Though this represents a mathematical singularity,
it is finite and even zero at r = 0. So it will not prevent us
from starting a numerical simulation. The singular behav-
ior becomes a problem when we couple the field to gravity.
The dynamics of the FRW scale factor a is determined by
the energy-momentum tensor, which involves second time
derivatives of the two-point function. If one analyzes the
energy-momentum tensor, one indeed finds, near r = 0, a
time dependence of the form 1/7 in 7},. This then prevents
one from starting the dynamical evolution. Of course, even
in flat space this infinity is an undesirable and unphysical
feature of the energy-momentum tensor.

As the energy-momentum tensor is a rather involved
expression, especially after renormalization, we first con-
sider the fluctuation integral and find a way to remove its
initial singularity, such that its first and second time de-
rivatives at t = 0 become finite. This requires less algebra
and, as we have seen previously [2], this is sufficient for
making the energy-momentum tensor finite near ¢ = 0.

The fluctuation integrals are ultraviolet divergent. The
divergences can be analyzed [23] by expanding with re-
spect to orders in 'V which is equivalent to expanding with
respect to the couplings A;;. This allows one to remove the
divergent parts and the dynamics is determined by the
remaining finite parts. A closer analysis shows that, on
the level of fluctuation integrals, the contributions of zeroth
and first order in 'V are ultraviolet divergent. One finds
[23], up to first order in "V,
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Fij= 2 )32 F@fe)

2/(;’77];3 {Zﬁo 0/ 50 +229 Qo fiof [ W(Vaﬁ(t) V o5 (0) cos[(Q 0 + Q go)t])

b Vg (0) sin[(Qgg + Qo] + m(vaﬁ

(QO+Q)2 (1) = Vo 5(0) cos[(Qug + Q)]
V51 cosl(Quo + o)t — r)]]} (3.2)

 —— dt/
(an + Qﬁo)3 —[

Several integrations by parts have been performed in order to separate the high momentum power behavior. The first term
in the integrand is quadratically divergent, and the one proportional to V(¢) is logarithmically divergent. In the process of
renormalization these terms are removed and included in the mass and coupling constant renormalizations. The
contribution proportional to V(0) vanishes as V(0) = 0 by definition, see Eq. (2.10). The terms proportional to V(f)
and V(¢) are finite at all times. The nonanalytic parts are those proportional to V(0) and V(0). Near ¢ = 0 we find that the
momentum integrals which multiply V(0) and V(0) behave as

&k 1 |
in[(Quo + Qgo)] > — — t1n[(m,, +
27 2Q40Q50(Qoo + Qgo)? sinl (a0 po)'] g2 nl(mq + mp)t)
dk 1 1
Q0+ Q ~
-/‘(277')3 20,00 50(Q oo + Qpo)? cosl(€heo po)t] 1672

So in general the first and second derivatives of the fluc- (ii) the definition of a new vacuum state |0) via
tuation integrals would be infinite at t = 0.

As we have mentioned previously there are two methods ~ P Y0 ey
for getting rid of this singular behavior: either one intro- aV(k)lO) Vo ¢

getung g a0

duces surface counterterms or one modifies the initial state. q
Ogr apprloach' is the secpqq one, and we have. formulated % [ a, (k) — ’ =7a0 Pap a;r; (— k)]lO} =0,
this modification of the initial state as a Bogoliubov trans- Qpo
formation. The singular behavior is obviously related to the (3.4)
large momentum behavior of the integrand. So the modi-
fication of the initial state will constrain only its ultraviolet where p = C7'S is a symmetric matrix;
behavior. We are still free to modify it at finite momenta, or (iii) the definition of a matrix M,z which is introduced
with contributions that vanish Sufﬁciently fast at large via the expectation value of aa(k)ag(k /) in the new

momenta, as e.g. a thermal initial state.

The Bogoliubov transformation and its consequences for vAcHi:
the fluctuation integral are presented in detail in (f)laa(k)a;g(k’)lf)) = (2m)383(k — K')2 ,anﬂﬁo
Appendix A. The general concept implies that we replace
our naive initial state, the vacuum state for quanta of X M p(k); (3.5)
masses m;, by a transformed vacuum state, annihilated and

by a superposition of annihilation operators a,(k) and
creation operators a(—k). The essential formulas are:
(1) the definition of the transformation

(iv) the relation between p and M

M—pMTpt =1, (3.6)

a which ensures that the commutator of d, (k) and &Tﬁ(k’ ) is
i, k)= Z an[C“BaB(k) — S“Ba};(—k)]; canonical. All matrices which we have introduced here
B B0 depend on k = |K|.
(3.3) As derived in Appendix A, the fluctuation integral, when
evaluated in the Bogoliubov-transformed vacuum, takes
the form
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j:ij(f) = <6|¢(X t) ¥ (x, f)|6>
Z e fF 0P M,

2 (277')3 B2 [Q 0Q g0
+ FEOFF OMap + FEOFF(0p™ pPAM
+ O (0 pY M ) (3.7)

We now have to determine p in such a way as to cancel
the initial singularities which are contained in the integral
over f#(r) fﬁ *(¢). As discussed below Eq. (3.2) the danger-
ous contributions are those involving 'VC,B(O) sin[(Q 4o +
Qgp)t] and VQB(O) cos[ 49 + Qgp)t]. They have to be
canceled by the terms proportional to p and p” generated
by the Bogoliubov transformation. If one considers
Egs. (3.6) and (3.7) one realizes that the determination of
p seems to be marred already by the nonlinear relation
between M and p. We have to realize, however, that there is
J

N Bk 1
Fi= ) {Z

fiof
82000 Qp

1
+ 15
Zznaoﬂ 0[(9 + Q)

X cos[(Quo + Qpo)t]) + m

The cancellation of the terms which would produce a
singularity at ¢ = 0 then requires

1 1 .
Im pef — V.50, (3.9
P T 20,000 Qg + Qg)? 2P
Re p@8 = Vop0).  (3.10)

20,0Qp0 Qo + Qpo)?

If the fields were independent 'V, p would be diagonal and
we would obtain (omitting the indices of the diagonal
elements)

Imp V(0)
— =20 3.11
Rep ) GAD
and
V(0)?
2
lp| = 893 V(0)? + 07 (3.12)

for the separate Bogoliubov transformations of the two
fields. This agrees in the approximation of large momenta
with the results for the one-field case, Eqs. (51) and (52) of

aB(O) sin[(Qq0 + Qpo)t] +

f itV () cos[(Qu + Q)i — 1 )]]}
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no unique choice for p, anyway. All we need is a cancel-
lation of the dangerous terms at large momenta. These
contributions are divided, in the integrand, by combina-
tions of (), and () gy which asymptotically behave as k4
and k3, respectively. So these terms become small asymp-
totically, and to get the correct asymptotic behavior of the
matrix elements of p we can work in the linear approxi-
mation. In this approximation we have M,z = 6,43,
pPM,, = pP*, and M, ,p®<*pP* =~ 0. Furthermore, we
can approximate f{(¢) = f exp(—i) 4ot), whenever it ap-
pears multiplied by p. Corrections would be of order p *
V;as V is of order p this would be of order p?.

When rewriting the fluctuation integral in the
Bogoliubov-transformed vacuum j—"i ; we use the approx-
imations we have just mentioned. We further use the
expansion of f{(#)f¢"(¢) as it appears in Eq. (3.2), but we
remove the renormalization parts. We then obtain, to first
order in 'V and p

%[paﬁe_i(ﬂa0+9[§0)t + paﬁ*ei(0u0+ﬂﬁ0)t]

1

Qo + Qg0 (V) =

j./a B (O)

(3.8)

|
Ref. [2]. There it was possible to remove the contributions
proportional to V(0) and V(0) for all momenta. Here
these terms are canceled at large momenta only.

With Egs. (3.9) and (3.10) we have obtained a solution to
our problem of initial singularities. We have to stress that
there is an infinite manifold of such solutions, differing,
e.g., by a different choice of initial occupation numbers at
finite momenta. They all have to share the same large
momentum behavior, however.

Once we have p we now must determine M, using (3.6),
without any approximation, because otherwise our trans-
formation would not be canonical. Though p appears non-
linearly, Eq. (3.6) is simply a system of four linear
equations for the matrix elements of M. Finally, the fluc-
tuation integral (3.7) has to be computed using the exact
numerical solutions f¢(7) in all four terms of the integrand.

For the numerical computations it is preferable to imple-
ment the Bogoliubov transformation in a different way, by
redefining the mode functions. For this purpose we intro-

duce
Z‘IZQYO
« VQ’QaO

Fllk 1) = [f&(k N yy + fE5(k, )p*<* N, ],

(3.13)
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where the matrix N satisfies N X N = M." It can be de-
termined using the eigenvalues and eigenvectors of M. One
easily verifies that

~ A’k . e
Fu) =3 / G 0T kD 314

is identical to the previous definition, Eq. (3.7). As f{
and f¢* are solutions of the same equation of motion,
Eq. (2.13), so is f 17 It is sufficient, therefore, to determine
f7 as a solution to this equation with the initial conditions
implied by Eqgs. (3.13), (2.14), and (2.15).

Having presented the technical procedure we would like
to add some comments concerning the interpretation. In
order to do so we need to discuss the problem of initial
states in a more general way.

The adiabatic vacuum has often been used as an initial
state for preheating simulations, maybe on the grounds that
after inflation one ends up in a temperature zero state, i.e.
an “empty”’ vacuum. Indeed if this is the case, and if the
evolution of the classical fields is very slow (“‘adiabatic’),
this can be considered to be a reasonable guess for an initial
state. Another choice that may be reasonable, e.g., after
thermalization and in a period of adiabatic evolution, is a
thermal initial state. This is of course not a pure state. For a
thermal state the fluctuation integral would be replaced by

d*k x
Fij) = me(ZNa(k) + Dffk ) f§(k 1),

(3.15)
with

N (k) = [exp(Qu(k)/T) — 117", (3.16)

Here we have used the fact that the mass matrix and
therefore the fluctuation Hamiltonian is diagonal in the
basis f§ at ¢t = 0.

If one takes into account the real evolution of the system
before t+ = 0 then neither the adiabatic vacuum nor a
thermal initial state will be appropriate. If the system has
started, before r = 0, in a pure quantum state, it cannot
have ended up, at ¢+ = 0, in a thermal state or in any other
state described simply by particle numbers N, (k). The
quantum system can be interpreted as a system of inde-
pendent free particles only after ““decoherence,”” a concept
that has been addressed in the present context in
Refs. [37,38]. But even if the system has started, at an
earlier time, with a mixed state, the interaction with the
background field will have created a coherence in the

'N is not uniquely determined—all we need is one particular
matrix that satisfies this relation. As M is Hermitian, so is N.
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different components of such a state at + = 0, and a repre-
sentation in the form (3.15) will not be possible.

So, if one takes into account the evolution of the system
prior to ¢ = 0 then one would have to know the entire
prehistory or at least the prehistory of a long period in
order to describe the state at + = 0 with its full quantum
coherence. This is of course not possible unless one knows
how to start the system at an earlier time, facing then the
same problem. The best one can hope for is that after some
time the system will not remember much of its initial state.
This is presumably the case if the background fields pro-
duce large quantum fluctuations at later times.

The purpose of the Bogoliubov transformation is differ-
ent. If we know the evolution of the background fields near
t = 0 (and by continuity this means also shortly before t =
0), to the extent that we know V(0) and V(0), or, equiv-
alently, ¢(0) and ¢(0), then we have limited information
on the initial state. Constant background fields at # < 0 and
the adiabatic vacuum state as initial state would produce a
singularity of the first two derivatives of the Green’s func-
tion. The Bogoliubov transformation removes this singu-
larity or, more precisely, it reduces it to higher orders in the
derivatives. In this way it takes a minimal account of the
fact that the system is not static before t = 0. As we have
displayed above the transformation may be considered as a
modification of the state or of the mode functions. The new
state should not be considered as a vacuum state. The
adiabatic vacuum state remains the lowest energy state
for a given set of background fields. The analysis of the
high momentum behavior of the fluctuation integral simply
shows that the system will never arrive at this state if the
background fields keep changing with time. In reality, of
course, we would rather expect the quantum state of the
fluctuations to be an excited one, particularly at low mo-
mentum. Our simple requirement of continuity for the
Green’s function does not give us any information on this
excited state, except at high momenta.

The state generated by the Bogoliubov transformation
applied to the adiabatic vacuum is a pure state. Therefore,
it cannot be described by a mixed state with suitable
particle numbers N, (k). If for some physical motivation
we want to start with a thermal state or some other state
specified by particle numbers we have to combine two
different concepts: a mixed state made up of different
excited Fock-space states and a pure state that ensures
the continuity of the Green’s function. For a thermal state
the particle numbers decrease exponentially as k — oo;
then the discontinuity of the Green’s function solely arises
from the vacuum contribution. Its Bogoliubov transforma-
tion is well-defined and compulsory at high momenta only.
There are then, among many others, two pragmatic ways of
defining a thermal initial state: (i) One defines the thermal
state using for all momenta the modified mode functions
f%(k, ). This is not quite a thermal state, though, as the
modified mode functions are not eigenfunctions of id/dz.
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(i1) One uses the integrand of Eq. (3.15) with the original
mode functions f&(k, t) for low momenta only, and the
integrand of Eq. (3.14) at high momenta.

IV. THE ENERGY-MOMENTUM TENSOR

The energy-momentum tensor for the fluctuations 7, =
(71ue) u» 1N @ homogeneous background field is diagonal
and has identical space-space components. It may be
specified by the two independent expectation values

tOO = €
% (X 0 di(x, 1) + th (x, t)th (x, 1)
+ M) i(x, 0 (x, 1)) (4.1)
and
th =€e—3p
— (=%, D%, ) + Viri(x, OV (%, 1)
+ 2 M) i(x, D) (x, 1)), 4.2)

€ is the energy density and p the pressure. 7, and 7}, can be
evaluated in the adiabatic vacuum and in the Bogoliubov-
transformed vacuum in the same way as the fluctuation
integrals. We just present the expectation values in the
Bogoliubov-transformed vacuum; the one in the adiabatic
vacuum is obtained by substituting p — 0 and M — I. For
foo We obtain

o= | G Z 49 R

+ M?,-ff’ff)] + [Mop + My pP< per]

X(FEFT A+ ST+ MELEfT 43)
For the trace we find
= d3k3 2 0., 49 {RelpP M, (= FEF7 + R F1F]
+2M}, f“fﬁ)] + [Mop + Mt p*]
X (—feff + R 2MEfe T @4

Both expressions can alternatively be rewritten in terms of
the modified mode functions of Eq. (3.13).

Using the equation of motion for the fluctuations we can
write

. ; , 1 & «
— JEFE R MEffT = =5 S
4.5)
a B 2 ra £B a B a B
= JRFT RS+ M SRS = 2dtsz (4.6)
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Therefore the trace can be expressed in terms of the
fluctuation integrals (3.7) as

~ 1 d&?
tﬁ: ———j:”-f-j\/l”f”

T 4.7)

Both the energy density and the trace contain second space
and time derivatives of the two-point function and this can
transform the mild singularities found in the fluctuation
integrals ]:ij into infinities at t = 0. In Ref. [2] it was
found that the energy density remains finite even in the
adiabatic vacuum. As the second derivatives only appear in
the kinetic terms which are diagonal this analysis remains
valid for the coupled-channel case. However, the trace of
the energy-momentum tensor #;, in the adiabatic vacuum
contains the second time derivative of the fluctuation in-
tegrals F;; and this behaves as d*(sInr)/dr* = 1/t as
t\.0. In the transformed fluctuation integrals F; ij we
have removed the dangerous terms, and so 7, has a finite
value at t = 0.

When the field is coupled to gravity [39] the expressions
(4.1) and (4.2) receive some further contributions that we
do not want to discuss here in detail. They can be written in
terms of the fluctuation integrals and their first derivatives.
The fluctuation integrals themselves are not infinite at t =
0. The most singular of the additional terms are propor-
tional to (&; — 1/6)HdF;;/dt and appear both in z, and
thy. They behave as Inz as 7\, 0; in the Bogoliubov-
transformed initial state F;; is replaced by F;; and then
the energy-momentum tensor remains finite at ¢t = 0.

V. THE ADIABATIC PARTICLE NUMBER

The adiabatic particle number is obtained by represent-
ing the fluctuation field at time ¢ in terms of the adiabatic
Fock space at time t. The fluctuation field is given by
Eq. (2.17). The adiabatic Fock space at time ¢ is defined
in terms of particle excitations which are eigenstates of the
mass matrix J\/l2 (r). We define the eigenvectors of the

mass matrix by
(t)fa = malfl[: (51)
we again choose them to be real and normalized via

Zf B = §aB, (5.2)

and define Q,, = vk*> + m2,. We further expand the fields
with respect to the new basis as

0 = 3 [ a7 + bRl

(5.3)
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3
bitx ) = ~iY [ o a0 — al (g,

(5.4)

where we have chosen the initial conditions for the modes

2(k, 1) in analogy to Eqgs. (2.14) and (2.15). Using the field
expansion the new annihilation operators a,,(k) can be
expressed as

aozl(k) = ‘[dsxeiikx[ﬂatlﬁi(xy t) + il]/i(x’ t)]fzoi (55)

They annihilate the adiabatic vacuum defined at time ¢. The
relation to the original operators a,(k) is obtained by
inserting the field expansion (2.17) into Eq. (5.5). We find

au) = 3 [ TC agh) - s7Paly 1) (56)
B BO
with
ot = — L 1Q, P + ikl 5T)
Z,IQMQﬁO
59 = — L [Qu P k) + PR DI (58)

2[00

Using the relations (B8)-(B10) of Appendix B it is
straightforward to verify that this is a Bogoliubov trans-
form, i.e., that Eqs. (A23) and (A26) are satisfied. In terms
of the matrices C and S the adiabatic particle number
density is given by,’

1 t ay* Qa
nalk 1) = 56— Olaa(K)aq ()10) = gs e,
(5.9)
Inserting Eq. (5.8) we obtain
1 1 " -
ng(k 1) = >=— (ST + FIFT 1S
ZQa,Zy:ZQVO He S
(5.10)

This has a simple interpretation: one decomposes the en-
ergy density with respect to the fluctuations f§. Then
n,(k, 1) is obtained by dividing the part corresponding to
the fluctuations f7} by the frequency €, of these fluctua-
tions. This result is analogous to the one-channel case.
While the definition (5.9) is suggestive we would like to
add that this particle number does not imply a representa-
tion of the fluctuation integral in the form (3.15) in terms of
the mode functions f¢(k, 7). Indeed, if one wants to use the
representation (5.3) for calculating the fluctuation integral
one gets nontrivial contributions from the operators

*No summation over a. For simplicity of presentation we
assume the adiabatic vacuum as initial state.
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ay(K)ay, (K), al,(k)al,(k'), and al,(K)al, (k') as well,
see Egs. (A38)—(A40). These contributions to the fluctua-
tion integral are negligible for large particle numbers only,
i.e., if the matrix elements S* are much larger than the
c*Y,

VI. SUMMARY

We have addressed here two topics of the nonequilib-
rium dynamics of coupled fields in a one-loop approxima-
tion to quantum backreaction: the problem of the initial
time singularity in the energy-momentum tensor and the
definition of the adiabatic particle number for a system of
coupled scalar fields. Along with these topics we have
considered Bogoliubov transformations and some aspects
of the canonical formalism for such coupled systems.

Our main interest, as evident from the title, were the
initial time singularities. We have been able to define a
Bogoliubov transformation of the initial state that removes
the initial time singularities in such a way that the energy-
momentum tensor is finite in the limit 7\, 0. This is
important if one considers the evolution of such a system
of fields coupled to gravity. Clearly, this Bogoliubov trans-
formation is constrained only at large momenta. So mod-
ifications that are subleading at high momenta are still
acceptable. We had to include a discussion of the canonical
formalism for a coupled-channel system, as some of the
results were needed in the construction of the initial time
singularities: we had to ensure that the fluctuation integrals
are real and symmetric in the indices, as they should be on
account of their definition.

Both the discussion of the canonical formalism and of
Bogoliubov transformations for coupled-channel systems
are at the same time the basis for defining the adiabatic
particle number density. So we have derived an expression
for this density in terms of the coupled system mode
functions. It is analogous to the definition in the single-
channel case and has a simple intuitive interpretation.
Another formulation for the adiabatic particle number,
based in an eikonal formalism and the evolution of
Bogoliubov coefficients, has been presented recently
[24]. As both formalisms are canonical, the results should
be equivalent, though it may be difficult to verify this
analytically.
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APPENDIX A: THE BOGOLIUBOV
TRANSFORMATION FOR A COUPLED SYSTEM

We first recall some basic relations for the case of a
single quantum field; see, e.g., Ref. [40]. The Bogoliubov
transformation rotates creation into annihilation operators
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and vice versa, such as to preserve the canonical commu-
tation relations

[a(k), a(k')] =0,
[a(k), a’(k")] = 27208 (k — K’),
[at(k), af(k")] = 0.

(AD)

Furthermore the transformation has to be chosen in such a
way that the vacuum retains its total momentum zero and
remains isotropic. The most general form of such a trans-
formation is then induced by the operator

0=1 X [t at(—K)
2 ) 2n20 ™
— q"(k)a(k)a(—k)], (A2)
via
a(k) = exp(Q)a(k) exp(Q") = exp(Q)a(k) exp(—Q)
(A3)
and
10) = exp(Q)]0). (A4)

Here g(k) is a general complex function of k = |k|. We
have

[a(k), 0] = g(k)at(~k), (AS)
[a(=k), 0] = " (Ka(k). (A6)
We have in general
a(k) exp(— Q) — exp(— Q)Z( 1y
<[la(k), 0} Q1.1 0L, (A7)

where the n-th term in the sum contains n commutators.
The even commutators (n = 2I) yield

[[[[la(x), 0] Q]...] Ol = lg(&)*'a(k),
and the odd ones (n = 2/ + 1) yield

[[[[la(k), 01 Q]...] Ql+1 = lg(k)'q(k)a (—k).
(A9)

(A8)

Writing g(k) = y(k)e’® with real constants y and & we
find

a(k) exp(—Q) = exp(—Q)[cosh(y)a(k)
— sinh(y)e?at(—k)]
= exp(—Q)a(k).

With these preliminaries the generalization is straight-
forward. We have two sets of creation and annihilation
operators al(k) and a,(k), where a = 1, 2 labels the two
independent solutions f¢(k). We have the field expansion

(A10)
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pi(x, 1) = (2 )3 Z ZQ {aa (k) ff (k, 1)e™
+ ab(—K)f (K, e} (A11)
and the commutation relations
[a,(K), al(k)] = Q720,408,558 (k —K').  (Al2)
The operator Q now takes the form
- [ GED) :OQBO [ (k)a ()al (k)
- q“ﬁ*(k)aa(k)aﬁ(—k)]. (A13)

The normalization convention introduced by writing

‘/QQOQBO has the advantage of keeping the functions

g“P(k) symmetric in the indices. Indeed this symmetry is
the only restriction on these functions; as they are complex
we have six free parameters, which are functions of k. The
symmetry arises from the fact that the products
a®(k)a?(—k) and aP(k)a®(—k) are equivalent. On the
one hand the operators commute, and on the other hand the
arguments k and —k may be exchanged as the integration
is symmetric in the sign of k and the functions ¢*# only
depend on |k|. An asymmetric part of these functions
would simply be summed and integrated away. We again
have QT = —Q and the transformation matrix exp(Q) is
unitary.

What does not work here, at least not in a general
parametrization ¢%#, is the explicit evaluation of the trans-
formation of the annihilation and creation operators. The
matrix ¢®”¢”P* which appears after every second step in
the evaluation of the multiple commutators, is given by

12 122 11,12+ 12,225\ a8
ay ype — [ la"'1F + 1g"] 997" +q°q )
a9 (qmqlz F g2 |22 + g2
(Al4)
It is Hermitian, in analogy to the reality of |g|*> in the
single-channel case. It is diagonal in two cases:
(i) ¢'> =0 and (i) ¢'' = ¢** =0. It is instructive to

evaluate the transformation of a, (k) in the two cases. In
the first case we find

a (k) = cosh(lg'')a; (k) — sinh(|g""])e’*e4al (—k),
(A15)

a (k) = cosh(|¢g?|)a,(k) — sinh(|g**|) e’ al (—k),
(A16)

i.e., a simple Bogoliubov transformation for each channel.
In the second case we have
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@ (k) = cosh(|g'?|)a; (k)

—smh(|6]12|)e’arg(‘112) Q—loa;r(—k), (A17)
20
a (k) = cosh(lg'?)a, (k)
— sinh(lg"2eie ™ [P0 (k) (AI8)
QIO

i.e., an annihilation operator in channel 1 is mixed with a
creation operator in channel 2.

In the general case the matrix g®¥¢”#* is not diagonal.
Still we can sum up the series formally, as a series of matrix
products. As the exponential series converges well this can
be done even numerically. We write

Q.0
i, (k) = Z o 1CPagk) = SPap(=K)].  (A19)
B0
In terms of the matrix ¢g*# we then have
=2 G (2 jrllag®) s, (A20)

where gg* is the matrix product ¢g®”¢?#* and the power
series is a series of powers of this matrix. Further, we have
1
S =3 )]0y VB, A21

§(2n+1)![(qq)] q (A21)
Instead of writing these matrices as power series in g*# we
can ask for the conditions on C and S that follow from the
requirement that the commutation rules should be con-
served. From

[aq(k), ag(k’)] =0 (A22)
one finds
D (CarsPY — sevChY) =, (A23)
Y
or
CST =58CT = (csH". (A24)

Multiplying from the left with C~! and from the right with

~ ' one finds
(chH! find
Cls=(Cc7'9)T, (A25)

i.e., this a symmetric matrix.
Considering the nonvanishing commutator we find

D (CHrCPY* — SaVSEYY) = § ., (A26)
Y
or, in matrix form,
cct —sst =1, (A27)

the obvious generalization of
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cosh?(y) — sinh?(y) = 1. (A28)

Instead of having to deal with two matrices it may be more
convenient to deal with just one: the condition that the
operators d, (k) annihilate the vacuum |0) reads

0000 =22 a,8) = 20 prtal-10) 0y =0
a0 ,80
(A29)
where we have defined the matrix
p=C'S. (A30)

From Eq. (A25) we see that p is a symmetric matrix.
Indeed we had found previously that we have six free
parameters for the most general transformation.

To begin with we compute the expectation value of
a,(K)al(k’) in the new vacuum. As vacua are homoge-
neous and isotropic we can write

(Olaq()ahk)]0) = 7)1 8% (k — k)24/Q 40 goM (k).
(A31)

This definition implies that M is a Hermitian matrix. Using
the commutation relations and (A29) we have

(Ola, (k)ak(k)|0) = 27)*2Q 8% (k — k')8,5
+ (Olaf,(k")a (k)I0)
= (27T)32,Qa083(k - k/)5aﬂ

N /anﬂﬁopakpm*
QKOQ/\O

X (Ola,(—k)ak(=Kk)I0).  (A32)

In terms of the matrix M we find
MaBVQQOQBO = aaﬁﬂao + ’\'QQOQBOPQK,DB/\*M/\K’
(A33)
or
M—pMTpt =1. (A34)

This can be solved explicitly for M. Using the symmetry of
p it easy to verify, e.g., using the series expansion in pp?1,
that

= —-pphH) L

Furthermore, using S = Cp it is easy to see, using
Eq. (A27), that

CCt=(U—-pph)y =M

(A35)

(A36)

This implies that knowing p the matrix C is not determined
uniquely. If one uses a basis in which p is diagonal, CC is
diagonal as well, and we have two free phases in the matrix
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C. A further useful identity is

Mp = pM". (A37)

It can easily be verified using again the expansion of M in
terms of ppT.

We next evaluate the expectation values of the other
products:

< < Q < ~
(Olag(k)ag (kD) = ,/Qﬁ‘;pﬁk<0|aa<k>az<—k'>lo>

= (277)383(1( + k/)z"’anﬂBO

X pP<M,,(k), (A38)

Olat a5 010) = 4297 Ola, (~K)ahk)10)

= (277)353(1( + k/)z‘\,QQOQBO

X p* M, 5(k), (A39)

Q00 Qpo
Q3000

X al(—k")|0)

= (277)383(1( - k/)z"lﬂaoﬂﬂo

X pe* pPAM ) (k).

(Olak(k)ag(k")|0) = P pPH(0la,(—k)

(A40)

In terms of the matrices p and M the fluctuation integral,
evaluated in the Bogoliubov-transformed vacuum takes the
form

j:ij(t) = (Oli(x, 1) ¥ i(x, l)|6>

Pk Z
Q)P %, /Q 20250
X O OpP Mo + FEOFF (DM g
+ fEO L (0 p pPAM

+ fE O (0pT M ]

(A41)

This is the basis for determining p; this is discussed in
Sec. III.

As we have performed a canonical transformation it is to
be expected that ff is real and symmetric in i and j, as it
holds for f]: The sum of the first and fourth terms in the
brackets can be shown to be real and symmetric in i and j
using the relation (A37), the symmetry of p and the
Hermiticity of M. The sum of the second and third terms
in the brackets can be rewritten, using Eq. (A34) and the
symmetry in the summation over « and f3, as
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Mg fef% + p® M pPe £ o
= SuplEfY + pAM P

S VL i (A42)

The first term on the right-hand side is the one that appears
in the fluctuation integrals ;. Its sum over @ = 8 with
prefactor 1/Q, is real and symmetric in i and j; see
Eq. (B8). The sum of the second and third terms on the
right-hand side is obviously symmetric in i and j. It can be
shown to be real as well.

The analogy of the various matrices we have defined
here with the coefficients obtained in the one-channel case
of Ref. [2] is given by C < coshy, S < sinhyexp(id),
p < tanhy exp(id), M < cosh?y, Mp —
sinh2y exp(i8)/2, and 2M — I < cosh2vy.

APPENDIX B: CANONICAL FORMALISM AT ¢ >0

In Sec. II we have defined the fluctuation integral

F o) = (gix, f)lﬁj(x, )
"2 f (27)329a0(k) Lk )5k 1))

The expression on the right-hand side does not appear to be
symmetric in the indices i and j, and does not appear to be
real. On the other hand the fields #,(x, 1) and # ;(x, 1)
should commute with each other. Furthermore, the com-
mutator between ¢,(x, ) and ¢ (y, 1) is given by the same
integral with the only modification that a factor exp[ ik (y —
x)] appears in the integrand. As these fields commute as
well for arbitrary x and y, the expression

[k 0 f(k, 1) (BI)

Z ZQaO(k)

should be real. This is not quite obvious.

To begin with we consider the commutators in x space.
If we calculate the time derivative of the equal time com-
mutator between the fields we get

%[wxx, 0, 9,3, 0] = [, 0, (3, )]
+ [lv.lli(x! t)’ l/fj(Y» t)]:

and this is zero if the canonical commutation relations
[ (x, 1), ll/j(y’ N]=i8;6(x —y) (B3)

hold at time . If we require that this relation continues to
hold we get the condition

(B2)

L0, (301 = [0, 03, )

+[i(x, 0), §y(y. )] = 0.

The second term can be expressed, using the equation of

(B4)
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motion
= A+ My =0

by the field commutators; the term vanishes if these com-
mutators take their canonical form at time 7. We have to
require that the first term vanishes:

[';bi(x’ t)r ¢/(y’ t)] = O

at time ¢. If this identity shall continue to hold we have to
make sure that

(BS)

(B6)

e, 0,501 = [0, (. 0]
+ [‘P:(X 1), t'ﬁj(y, n]=0.

Using again the equation of motion and the symmetry of
M,;(¢) this can be verified, if the nontrivial commutations
(B3) hold, whereupon the scheme closes.

This is of course the standard way for proving the time
independence of the canonical commutation relations. But
this analysis in X space shows us how to proceed in proving
the identity

(B7)

l * J—
Imgmf,- (k0ff* (k) =0 (BY)

that guarantees the reality and symmetry of the fluctuation
integrals. In order for the identity (B8) to hold at all times,
we have to require in addition that the identities

1 s
Im%mﬁ*(k Nk =25;  (BY)

and

(I -
Im%an(k)fi (k, )% (k, 1) = O (B10)
hold independent of time, and that they hold at t = 0.
There is no direct evidence for any of these relations; we
just can prove that they continue to hold if they hold at one
time. In the one-field case one just has to prove that the
canonical commutator is satisfied at all times and that
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follows from the conservation of the Wronskian. Here
the Wronskian of the fluctuations is given, with our initial
conditions, by

W(f, f0) = S FeFE = ) = 2i8apQa (BID)

where the summation is with respect to the lower indices,
while in the commutators we need summations over the
upper indices, weighted with 1/ 4.

The proof that the conditions Egs. (B8)—-(B10) hold
independent of time goes through in analogy to the proof
in x space given above, using this time the equations of
motion (2.13). The time derivative (on both sides) of
Eq. (B8) holds, if the relation (B9) holds. The time deriva-
tive of Eq. (B9) can be shown to hold by using the equa-
tions of motion for the fluctuations, and assuming that the
relations (B8) and (B10) hold. Using again the equations of
motion, the time derivative of the relation (B10) holds if
Eq. (B9) holds.

We still have to consider the initial time ¢ = 0. With the
initial conditions Eqs. (2.14) and (2.15) the relations (B8)
and (B10) hold trivially as we have chosen the f#(0) = f§
to be the real eigenvectors of the mass matrix. We could
still multiply the two eigenvectors with two different phase
factors exp(id,) without spoiling these conditions.
Equation (B9) at t = 0 reduces to

D fafh =8 (B12)

and this is the orthogonality relation dual to
afh =3 B13
Zfl() i0 aB- ( )

So at r = 0 all three relations are satisfied, and then will be
so for t > 0.

Aside from their importance for the formalism devel-
oped here the relations (B8)—(B10) represent useful checks
for numerical simulations, along with the time indepen-
dence of the Wronskian; we have verified this numerically.
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