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1. MOTIVATION

There are two typical conditions, under which quantum
fields are considerably influenced by an external, classical
gravitational field. First’!/, the existence of horizons
around black holes may lead to a thermal flux of radiation.

At second’/2-4/, the importance of quantum effects in the very
early universe has been worked out with special emphasis on
cosmological particle production. With regard to this process
estimates show’®/, that on the one hand the external field
approximation for the gravitational field breaks down for
times t <t pjapex = 107 4 5, On the other hand particle pro-
duction becomes ineffective for times t > tgompton = 107% s
(for electrons). In the standard cosmological model these
times correspond to energies in the range between 109 GeV ’
and lO 9 Gev and to our present knowledge, some kind of uni-
fied nonabelian gauge theory should be responsible for descri-
bing matter within this energy range. Thus, it seems to be '
sensible to study quantized nonabelian gauge theories under
the influence of a cosmological space-time. Besides, the
quantization of nonabelian gauge theories in curved space is
also of general interest, beyond its cosmological application.

In this paper we briefly describe a formalism, suitable
for the quantization of nonabelian gauge theories in an exter-—
nal gravitational field and some results of the 1st order
calculation of cosmological particle production within these
theories. .

2. CANONICAL QUANTIZATION'

Our model will be a SU(2) Yang-Mills-Higgs theory in the
unbroken phase, but the method should be applicable to more
intricate theories also. The Lagrangian is
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O, = !, voc Al g¥, (2)
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Lagrangian (1) is a curved-space generalization of the one,
proposed by Kugo and Ojima in Minkowski space ( /, cf.al-

so /7). The term —-gV:ER ¢iq{>l allows for a possible nonminimal

- coupling of the Higgs field to the gravitational field /!%/
Indeed, our whole auantlzatlon scheme essentially rests on
the flat-space formulation of /% and the real success is to
show that it also works in curved space. The essential points
in quantization are 1) that the field B! is treated as a La-
grange multiplier field, ) that the Faddeev-Popov-ghosts
c! and &1/ are taken to be Hermitean and are quantized by
anticommutators and 3) that all degrees of freedom, phys-—
sical as well as unphysical, are quantized on the same foo-
ting. This last procedure, of course, demands imposing a sub-
51d1a1y condition later.

On the basis of these ingredients we have calculated the
canonical momenta and have performed the Legendre transform
to find the Hamiltonian under proposition of an arbitrary
time-corthogonal metric.

Oa
g% =g, =0.
The commutation relations remain the same as in’'  with a sui-
table generalization of the &-function.

For calculating physical processes via S-matrix in the
interaction picture we do not need the full Hamiltonian, but
only the equations of motion without interaction and the
vertices in coordinate space. From the Heisenberg equations
of mction, applied to the non~interaction Hamiltonian, the
follcwing equations of motion can be obtained:

gl H fW? L ER) ¢t -0, (4)
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Pk Ly, (6)

g :
c ,'h=0. (7
One recovers, that the fields are "free" with respect to the
interaction (e =0, A=0), but not with respect to the gravi-
tational field, which is taken into account exactly. Note,
that the ghost fields c! and ¢i are massless, minimally
coupled scalar ficlds, which will be - an important proposi-
tion for the cancellation of unphysical degrees of freedom.
At second, from the interaction part of the Hamiltonian
we can read off the Feynman graphs. One finds, that they
can be obtained from the Minkowski-space Feynman-gauge graphs
in coordinate space by the following rules:
1) Write down the cdordinate-space vertex in MinKowski space.
2) Substitute g* gV | .
3) At each vertex attach an addltlonal factor v-¢ .
4) In the lines for AJ ¢', ¢! and ¢! substitute the corres-
ponding modes as solutions of (4)-(7).
For details of the interaction picture used, see /9.10,13/ gand
chpt. 9 in’% .

3. COSMOLOGICAL PARTICLE PRODUCTION

As an interesting application we have applied this theory
to the calculation of cosmological Higgs— and gauge boson
production in a spatially flat Friedman-Robertson-Walker
metrie

2-CR(n(dn? -ax?-ay® -dz®). (8)
From the calculation of Lotze 1% it is known, that the interac-
tion between electrons and photons does not only lead to an
additional production of electron-positron~pairs, but also
enables the production of photons, which vanishes to Oth or-
der because of conformal invariance. Thus, a similar effect
might occur also here.

As has been shown in/9/, starting at conformal time 5= -
with the in-vacuum state 1{0,in>, the number of particles nre-
sent at 7n=+o 1is for a scalar field
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operators, which appear in the development of é1(x) into mo-
des, which are pure positive frequent at 7= +o. Formula,
similar to (9), is also applied to the other degrees of free-
dom.

First, we have to relate the out- operators to in= opera-
tors and at second we have to calculate the state |¥ (+ew),in>
from [0,in> via perturbation theory. The first step is usual-
ly done by the Bogoliuhov transformation 711/

- > - -
$10NW® = ha® ¢t M0+ LW T T, kPakt (10)
The same transformation law is valid for the longitudinal
and scalar gauge bosons as well as for the ghosts with the
only modification, that for them =0 and £=0 because of
masslessness and minimal coupling. On the other hand, the
Bogolubov transformation for the transversal gauge bosons
is trivial, a= 1, B= 0. Because the Bogolubov coefficients
at least for the simplest expansion laws in (8) are well-
known /%/, eq. (10) poses no further problems.

The main difficulty is the calculation of the state
¥ (+w),in>.Evaluating the S-matrix to first order leads to
the following expression (i+j >R®)

1 . Int = 4 1,1
-ﬁ!¢(+w),m>=(1—i [ K& a x)|0,in> + O (e'A?)

= k|0, in> +S T T> +HLTT>
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+H ¢ b> +|{SSL> +i|cec S> +H ¢ L
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Here, the notation is a symbolic one. |S L T > for instance
denotes a three-fold momentum integral over a coefficient
function, consisting of solutions of (4)-(7) times a three-
particle state with one scalar, one longitudinal and one
transversal gauge boson.
Now we enter the questlon of finding the physical subspa-
ce. Follow1ng this is done in two steps.
1) Find the subspace (phyBCZL which obeys the subsidiary con-
dition

fglphws>=0, (12)

where £, is the BRS-charge 715/ in the asymptotic region.

o

2) After imﬁosing‘condition (12), there remains a zero-norm
subspace Uy which must be shown not to give any contribu-
tion to expectation values of physical observablés.

Exploiting Poincare invariance in Minkowski space it has been

proved in’8/ that for a theory of the type considered here

the quotient space H,yq= phys/LO is indeed a Hilbert
space and that the S-matrix restricted to H hys is unitary.

Because of lack of Poincare-invariance this is far from being:

obvious here.

At first, we find that the third group of states does not
fulfill fBl > = 0, thus they must not be contained in |#+d) in>.
A careful inspection of the coefficient functions indeed
shows, that in all these cases, after a finite number of par-
tial integrations, their contributions to |¢(+=), in> va-
nish. Thus we can cancel them in (10). Evaluating the scalar
products of all residual states shows, that the zero-norm-
subspace CO is spanned by the second group of states. As ga
result, only the first group of states belongs to H , . .

Now, inserting (11) into (9) and the similar formu as for
the other degrees of freedom leads to the following results:
1) The combined number of longitudinal and scalar gauge bo-

sons plus both kinds of ghosts, produced by the gravita-

tional field is equal to zero. Nec net unphysical particles
are produced by the gravitational field.

2) Evaluating the number of transverse gauge bosons, as well
as the number of Higgs bosons produced one recovers that
indeed the three-particle states belonging to LO give no
contribution.,

3) Concerning the Higgs sector, the formulas given in/9/
for a pure ¢*%-theory are reproduced with modifications
by group factors of the order 3 to 8.

4) There is an additional contribution of Higgs production,
arising from the interaction with the gauge field and
which, contrary to the terms obtained already in’/%/, is
proportional to the gauge coupling squared.

5) The interaction with the Higgs field enables the produc-
tion of transverse gauge bosons also, which is absent to
Oth order because of conformal invariance in the gauge
sector. This contribution is found to be proportional to
the gauge coupling squared, too.

The full formula obtained together with details of the cal-

culation will be published elsewhere.

We should mention, that a complimentary investigation on
the production of massive gauge bosons in the broken phase,
neglecting interactions, has been carried out before 714/,
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KaHoHMYeCKOe KBAHTOBaHHEe M KOCMOJoI'HUYecKoe

‘pOXIeHWe dYacTul, B HeaBeJjieBhIX KanudGpPOBOUHBIX TEODHUAX

CoopMyTupOBaHa CXeMa KAHOHHYECKOI'0 KBAaHTOBAHHUA HeabGeje-—
BbIX KaluOPOBOUHHIX IIOJieli BO BHEmMHEM I'DaBHTALHUOHHOM IOIe.
oToM HA OCHOBe 3TOro dopMalHsMa HMCCIIEeIOBAHO KOCMOJIOTH-
Yyeckoe DpOXHOeHHe XHITCOBRX U KanmuGpoBOUHLIX GO3O0HOB.
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Canonical Quantization and Cosmological Particle
Production in Nonabelian Gauge Theories

A canonical quantization scheme for nonabelian gauge
fields in an external, classical gravitational field is
formulated and applied to the problem of cosmological
Higgs and gauge boson production. Via interaction, the
mass of the Higgs field not only leads to additional
Higgs production, but also enables the production of mass-
less gauge bosons.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.
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