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We propose the formulation of a second quantization of a bosonic theory by generalizing
the method of filling the Dirac negative energy sea for the case of fermions. We interpret
our results as implying that the correct vacuum for the bosonic theory is obtained by adding
minus one boson to each single particle negative energy state while the positive energy states
are empty. The boson states are divided into two sectors: the usual positive sector consisting
of states with a positive (or zero) number of bosons, and the negative sector,consisting of
states with a negative number of bosons. Once a state enters the negative sector, it cannot
return to the usual positive sector through an ordinary interaction, due to the presence of a
barrier.

To study this problem, a toy model, in which the filling of the empty fermion Dirac
sea and the removal of bosons from the negative energy states has not yet been performed,
has been proposed. We put forward such a naive vacuum world in the present paper. A
subsequent paper') will treat various properties: the analyticity of the wave functions, the
interaction and a CPT-like theorem in the naive vacuum world.

§1. Introduction

There is a well-known method, though not popular nowadays, to carry out the
second quantization of relativistic fermions by imagining that there is a priori a
so-called naive vacuum in which no fermions, neither positive energy nor negative
energy, are present. However, this vacuum is unstable, and for this reason, the
negative energy state becomes filled. In this way, the Dirac sea is formed.?)> ***) This
process by which an initially empty Dirac sea becomes filled seems to make sense only
for fermions, to which the Pauli principle applies. In this way the “correct vacuum”
is formed out of a “naive vacuum”, the former yielding the proper phen(imenology.
Formally, by filling the Dirac sea, we define the creation operators b™ (P, s,w) for
holes, which are equivalent to the destruction operators a(— P, —s, —w) for negative
energies —w and prossessing opposite quantum numbers. This formal rewriting can
also be used for bosons, but we have never heard of the filling of negative energy
states in this case.

The truly new content as well as the main motivation of the present paper

*) This paper is the first part of the revised version of Ref. 2).
**) Also, Okayama Institute for Quantum Physics, Okayama 700-0015, Japan.
***) Gee, for example, Ref. 4) for a historical account.
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is to present an idea about how the second quantized field theory in the boson
case is analogous to the fermion system before the Dirac sea is filled. However,
this bosonic theory analogous to the empty Dirac sea for fermions has the serious
drawbacks. First, it has an indefinite “Hilbert space” as its Fock space. Furthermore,
the spectrum of its Hamiltonian is bottomless. On the other hand, it has much
nicer features than the true vacuum theory, in which the negative energy states are
completely filled, namely, the existence of position eigenstates and a description in
terms of finite-dimensional wave functions.

At the very end, when the true vacuum for the case of bosons is realized according
to the method presented in this paper, we obtain a theory which is exactly the same
as the usual one. This leads us to conclude that our approach is valid, but the true
vacuum theory itself may not provide new results.

However, “the naively quantized theory”, which is an analog of the unfilled Dirac
sea for fermions, is theoretically appealing, because it turns out to be a world in which
the state of a few particles can be described by wave functions of the positions of
these few particles. Remarkably, in contrast to usual relativistic theories, there exist
position eigenstates of the particles in the “naive vaccum world”. These consist of
superpositions of positive and negative energy eigenstates.

The problem of the passage from the naive vacuum world to the usual theory
involves, as mentioned above, the addition of “minus one boson” to each negative
energy state. In §2, we explicitly formulate the idea of a negative number of bosons
mathematically by treating the harmonic oscillator, which is brought into correspon-
dence with a single particle state through the usual second quantization. We extend
the spectrum with excitation numbers n = 0,1,2,--- to that including all negative
integer values, n = —1, —2,---. This extension can be performed by requiring that
the wave function ¥ (x) be analytic in the entire complex x plane, except for an
essential singularity at x = co. This requirement replaces the usual condition on the
norm of the finite Hilbert space [*_|¢(x)|?dz < co. The conclusion of this study
is that the harmonic oscillator has the following two sectors: 1) the usual positive
sector consisting of those states with a non-negative number of particles, and 2) the
negative sector consisting of those states with a negative number of particles. The
latter sector has an indefinite Hilbert product.

We would like to stress that there is a barrier between the usual positive sector
and the negative sector. Due to the presence of this barrier, it is impossible to pass
from one sector to the other with usual polynomial interactions. This is due to the
existence of an effect that is in some sense an extrapolation of the well-known laser
effect. This effect makes it easy to fill an already highly filled single particle state
for bosons. This laser effect may vanish when an interaction causes a number of
particles to attempt to pass through the barrier. This may offer an explanation of
how the barrier prevents us from observing a negative number of bosons.

It may be possible to use as a toy model a formal world in which the usual
Dirac sea of fermions is not yet filled and the one boson removal from the negative
energy state has not yet been carried out. We study such a toy model, referred to
as the naive vacuum model. Specifically, we obtain a theorem analogous to the CPT
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theorem,*) since the naive vacuum is CPT invariant for neither fermions nor bosons.
At first, it might be thought that a strong reflection without the associated inversion
of operator order might be sufficient. However, it turns out that this yields the
unwanted feature that the sign of the interaction energy is unchanged. The change
of the sign is necessary, because under strong reflection, the signs of all energies
should be switched. To overcome this problem, we propose a CPT-like symmetry for
the naive vacuum world to include a certain analytic continuation. This symmetry is
constructed by applying a certain analytic continuation around branch points which
appear in the wave function for each pair of particles. It is assumed that we can
restrict our attention to a family of wave functions with sufficiently good physical
properties. An argument for the validity of this assumption and a proof of a CPT-like
theorem are deferred to a subsequent paper.!)

We present a physical picture that may be of value in developing an intuition
for the naive vacuum world. In fact, investigation of the naive vacuum world may
be very interesting, because the physics there consists of quantum mechanics of a
finite number of particles. Furthermore, the theory is piecewise free in the sense
that relativistic interactions become of infinitely short range. Thus, the support
for non-zero interactions is the null set, and may be said that the theory is free
almost everywhere. However, the very local interactions are communicated only
via boundary conditions where two or more particles meet. This makes the naive
vacuum world a theoretical toy model. However, it suffers from the following severe
drawbacks from the physical point of view:

e The Hamiltonian has no lowest energy state.

e There are states for which the norm-square is negative.

e There are pairs of particles with tachyon-like centers of mass.

e It is natural to work with “anti-bound states” rather than bound states in the
negative energy regime.

What we really want to present in the present article is a more dramatic for-
mulation of the relativistic second quantization of boson theory, and this may be
thought of as a quantization procedure. Below we formulate the shift of the vacuum
for bosons as a shift of boundary conditions in the wave functional formulation of
the second quantized theory.

Now, it is interesting to consider whether using the understanding of the second
quantization of particles that we describe it could get a better understanding of
how to realize a second quantization strings. This was the original motivation of
the present work. In the first attempt to construct string field theory by Kaku and
Kikkawa,® an infinite momentum frame was used. To us, this appears to be an
attempt to avoid the problem of the negative energy states. But this is the root of
the trouble to be resolved through the modification of the vacuum described above.
Thus our hope would be that by better understanding these Dirac sea problems in
our way, it might be possible to formulate new types of string field theories, in which
the infinite momentum frame is not necessary.

The present paper is organized as follows. Before presenting a description of how

*) The CPT theorem is explained well in Ref. 5).
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to quantize bosons in our formulation, we formally consider the harmonic oscillator
in §2. This is naturally extended to describe a single particle state that can also
have a negative number of particles. In §3, application to even spin particles is de-
scribed. There, the negative norm-square problems are resolved. In §4, we construct
a wave functional formulation of our method. There we explain the change of the
convergence and the finite norm conditions. In §5 we illustrate the main point of
the formulation of the wave functional by considering a double harmonic oscillator.
This is much like a 0 + 1 dimensional world, instead of the usual 3 + 1 dimensional
world. In §6, we study the naive vacuum world. Finally, in §7, we give conclusions.

§2. Analytic harmonic oscillator

In this section we consider as an exercise the formal problem of a harmonic
oscillator with the requirement of the analyticity of the wave function. This exercise
is crucial for formulating a method to treat bosons with a Dirac sea analogous to
that for fermions. In this exercise, the usual requirement that the wave function
1 (x) be square integrable,

/O:o () 2dz < oo, (21)

is replaced by the requirement that (x) be analytic in C, with an essential singu-
larity at = oo allowed. In fact, for this harmonic oscillator we prove the following
theorem:

Theorem

1) The eigenvalue spectrum FE for the equation

2m Ox? = 2
is given by
1
E = (n + 5) hw (neZ), (2-3)
for any integer n.
2) The wave functions for n =0,1,2,--- are the usual ones,
on(z) = Ape 20" H,(81). (2-4)
Here, 3% = e Ay = %f o and the functions H,,(8z) are the Hermite polyno-
w22nn!
mials in Sz . For n = —1,—2,-- - the eigenfunction is given by
_ ) — 3 (Bz)? ;
on(x) =p_p_1(iz) = A_,_1e2 H_,_1(ifx). (2:5)

3) The inner product is defined as the natural one, given by

(rlia) = [ vr(a) ale)da, (26)
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where the contour denoted by I is taken to be that along the real axis from x = —o0
to x = oo. This contour should be chosen so that the integrand approaches 0 as
xr — 00, but there remains some ambiguity in this choice of I'. However, if one
chooses the same I for all negative n states, the signs of the norm-squares of these
states are alternating. In fact, for the path I" along the imaginary axis from —ioo
to 100, we obtain

alom) = [ onlapulz)da

= (-1 (27)

The proof of this theorem is rather trivial. We may start with consideration of
the behavior of a solution to the eigenvalue equation for large . We assume a wave
function of the form

(@) = fe)e2 O, (2:8)
and we rewrite the eigenvalue equation (2-3) as
@) | 2f'@),  EFgwh .
e R T L 2

If we use the approximation that the term f”(x)/3?f(x) is dominated by the term

:I:Q/g];((z))ﬁx for large |z|, Eq. (2-9) reads

dlog f(z) FE+ Twh
dlogz wh

(2:10)

Here, the right-hand side is a constant n, which is yet to be shown to be an integer,
and we obtain as the large x behavior

flx) ~z™. (2-11)

The reason that n must be an integer is that otherwise the function x™ will have a
cut. Thus, requiring that f(x) be analytic except at x = 0, we must have

FE = —%wh + nhw. (2-12)

For the upper sign, the replacement n — —n — 1 is made, and we can always write
E= %hw + nhw, (2-13)

where n can take not only the non-negative values n = 0,1,2,---, but also the

negative values n = —1,—-2--- .
Indeed, it is easily found that for a negative n, the wave function is

(:On(x) = W—n—l(ix) = A—n—leé(ﬁm)QH—n—l(iﬁx)' (2'14)
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Next, we consider the inner product defined by Eq. (2:6). If the integrand
P1(x*)*1pa(x) goes to zero as x — 00, the contour I' can be deformed as usual. But
when the integrand does not go to zero, we may have to define the inner product by
analytic continuation of the wave functions from the usual positive sector ones that
satisfy [ |1 (x)|*dz < oo. If we choose I' to be the path along the imaginary axis
from x = —ioco to & = 100, the inner product takes the form

alomd = [ on(a") om(a)da

i f Z oot (i (GE)")" 9 (i (i€)) d, (215)

where = along the imaginary axis is parameterized by xz = £, with real £&. From
Eq. (2-15), we obtain for negative n and m,

{(@nlpm) = —i(=1)"0nm, (2-16)

and we thus have

| on 7= —i(=1)". (2-17)
We note that the norm-square has an alternating sign as a function of n when the
contour I is kept fixed.
The reason why there is a factor of ¢ in Eq. (2-17) can be understood as follows.
When taking the complex conjugation in the definition of the inner product (2:-6),
the complex conjugate of the contour I' must be used:

(Wrle)” = [ a(a)a(@)'da. (2:18)
Thus, if I is described by = = z(€) as
F={a(@)-co<é<oo : EcR) (2:19)
then I'* is given by
= {o*¢)|—co<&<oo , £€R). (220)

Thus, we find

il = [ el @) e, e

which differs from (i2]1)1) by the factor dz(§)*/dx(§) in the integrand. In the case
x(§) = i€ ,we have dz(£)*/dx(§) = —1, and therefore

(P1]h2)" = —(talth1) (2-22)

for the eigenfunctions of the negative sector. From this relation, we set that the
norm-square is purely imaginary.
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The above-described convention for the inner product is somewhat unnatural,
and for this reason, it may be preferable to change the inner product Eq. (2-6) to a
new one defined by

(41 12)new =+ (W118), (223

so as to have the usual relation also in the negative sector,

<¢1|¢2>zcw = <¢2’¢1>new- (224)

§3. Treatment of the Dirac sea for bosons

In this section we make use of the extended harmonic oscillator described in
previous section to quantize bosons.

As is well known in the context of non-relativistic theory, a second quantized
system of bosons can be described by using an analogy to a system of harmonic
oscillators, one for each state in an orthonormal basis for a single particle. The
excitation number n of the harmonic oscillator is identified with the number of bosons
present in that state in the basis to which the oscillator corresponds. For instance,
if we have a system with NV bosons, its state is represented by the symmetrized wave
function

wal...aN (;1,"',$7V)7 (31)

where the indices aq,as -, an represent the intrinsic quantum numbers such as
N N

spin. In an energy and momentum eigenstate, k = (k,+) or k = (k,—), where the
signs + and — denote those of the energy, we may write

Kpos = {(E7+)| E} ) (32)
Kneg ={(k, -l k1 - (3-3)

Note that we have K = Kpos U Kpeg. We then expand ¥q,..ay (3?1, e ,x?v) in terms

of an orthonormal basis of single particle states, {¢.q (;)}, with £ € K. This
expansion reads

|¢> = woq...,aN (";\17 Tt 717\7)

1
- Z Ckl,...,k]\] ﬁ Z

" peSn

Pk,yon (xl)wkp<2)a2 (z2) - Pk, nyan (@n). (3-4)

The corresponding state of the system of harmonic oscillators is given by

W)= > Chyten I ) (3-5)

k1,..kn keK
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where |ng) represents the state of the k-th harmonic oscillator.

Next, the harmonic oscillator is extended so as to allow the possibility of neg-
ative values of the excitation number, ng. Such values correspond to the case in
which the number of bosons ng in the single particle states is negative. In the non-
relativistic case, one can introduce the creation and annihilation operators a; and
a;, respectively. In the harmonic oscillator formalism, these are the step operators

for the kth harmonic oscillator,

af Ing) = Vg +1 |ng + 1), (3-6)
ak\nk>:\/nk ]nk—l). 3-7

It is also possible to introduce creation and annihilation operators for arbitrary states

) as

at(¥) = > (erlv)af, (3-8)
keK

a(¥) = arlprl), (3-9)
keK

where the inner product is defined by [ d3zp*(x)i 9o Y (z). We then find

[a(y), a™ (¥)] =D (' |ow)aw, ar] (@rlt)

kK

= (Y'[), (3-10)

in which the right-hand side contains an indefinite Hilbert product. Thus, if we per-
form this naive second quantization, the possible negative norm-square is inherited
by the quantized states in the Fock space.

Suppose that we choose the basis such that for some subset K¢ the norm square
is unity, i.e.,

<90k’90k> =1 for ke Kp057 (3'11)

while for the complement set Ky = K\ Kpos it is —1, i.e.,

(prlpr) = =1 for k € Kpeg. (3-12)

Thus, any component of a Fock space state must have a negative norm-square if it
has an odd number of particles in states of Keg.

We thus have the following signs of the norm-square in the naive second quan-
tization:
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for k € Kyeg, where ng and my, denote the usual nonzero levels. Using our extended
harmonic oscillators, we end up with a system whose values of the norm-squared are
as follows:

for k € Kpos,

<n1, no... ]ml, ma, .. )

(snkmk for Nk, Mg = 0,1,2,... ,
0 for n; and my, in different sectors,
and for k € Kyeg,
(n1, na...[m1, ma,...)
Onemy (=1)"*  for ng,my; =0,1,2, -+, (315)
= Zénkmk for Nk, M = —1,—2 ,
0 for n, and my, in different sectors.

We should bear in mind here that the trouble involving the negative norm-square
can be solved by putting minus one particle into each state with £ € Ky,ee. When
this is done, these states are restricted to negative numbers of particles. Thus, we
have to use the inner product (ng|my) = idp,m,, which makes the Fock space sector
a good positive definite Hilbert space, apart from the overall factor of .

We formulate our procedure in the following. The naive vacuum can be con-
structed from harmonic oscillators states as

| naive vac) = H 10) ko, (3:16)
kEK 0oSsC

where |0) 4, denotes the vacuum state of the kth harmonic oscillator. However, the
osc
correct vacuum is given by

| correct vac) = H 10) gen - H | = 1) en, (3-17)
keKpos o keKpeg os¢
where the states | — 1) in Kyeg are those with minus one particles.
We proceed to the case of relativistic integer spin particles, whose inner product
is indefinite by Lorentz invariance,

[o@novEne s (3.18)
For the simplest scalar field case, the energy of the naive vacuum is given by
1
Enaive vac = Z ka =0. (319)
keK

By adding minus one particle to each negative energy state, pr_, with k € Kjeg, the
second quantized system is brought into such a sector that it is in the ground state.
This state is the correct vacuum. Its energy is given by
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1 1
Ecorrect vac — Z §wk - Z §Wk (320)
keK keKneg
1
keK keKpos

It should be stressed that we obtain the ground state in this way only inside the
sector. In fact, with the single particle negative energies for bosons, the total Hamil-
tonian may have no lowest energy state. For this reason, if we do not add minus
one particle to each single particle negative energy state, there may exist a series of
states whose energies go to —oo. However, by adding minus one particle, we obtain
a state of the second quantized system in which there exists a barrier, due to the
laser effect. This barrier prevents the system from falling back to lower energies, as
long as the interaction is restricted to polynomials in a: and ay.
In the above calculation, for the relativistic case, we have

ECOI‘I‘CCt vac > Enaivo vac-* (322)

Thus, at first sight, the correct vacuum appears to be unstable. However, the ques-
tion of which vacuum has a lower energy is not important with regard to the stability
of a certain vacuum. Rather, the important thing is the range of allowed energies for
the sector of the vacuum under consideration. For this reason, we define the energy
range Erange of the vacuum by

Frangel[vac)) = {E}, (3:23)

where E denotes the energy in a state that can be reached from |vac) by some
operators that are polynomials in a™ and a. Thus, for the naive vacuum we have

Erange(|naive vac)) = (—o0, 00), (3-24)

while for the correct vacuum we have

1

Erange(|correct vac)) = {Z 5

’WKLOO} (3-25)

keK
Once the vacuum is brought into the correct vacuum state, it is no longer possible

to add particles to the state with Kee, due to the presence of the barrier. However,

it is possible to subtract particles. Thus a;, with k € Kpes can act on | — 1)y, an
OSC
arbitrary number of times as

(ar)"| — 1>§§2 =4/In]l | —1— n>§§‘é (3-26)

We can regard these subtractions as holes which correspond to the addition of an-
tiparticles.

It is natural to switch notation from that with a dagger to that without by
defining
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— —

bt (— k,anti) = a(k, ), (3-27)

and vice versa where k = (k,—) is a w < 0 state with the 3-momentum k. The

operator b (— k,anti) causes the creation of an antiparticle with momentum % and
positive energy —w > 0. This is exactly the usual method of treatment for the second
quantization of bosons. The commutator of these operators is given by

NN

[b(k,anti), bt (K, anti)] = 62; (3-28)
It should be noted that in the boson case, the antiparticles are also holes. Before
closing this section, we discuss two important issues. The first is that there are
potentially four possible vacua in our approach to the quantization.

We have argued that we can obtain the correct vacuum by modifying the naive
vacuum so that one fermion is added and one boson removed from each single particle
negative energy state. This presents the possibility of considering a naive vacuum
and the associated world of states in which there exist a few extra particles. The
naive vacuum should be considered a toy model for the study of the correct vacuum.
It should be mentioned that once we start with one of the vacua and proceed by
adding particles to the negative energy states or removing particles from them, we
may do the same for positive energy states. In this way, we can think of four different
vacua, which are illustrated symbolically as types (a)—(d) in Fig. 1.

As an example, let us consider the type (c¢) vacuum. In this vacuum, the positive
energy states are modified by adding one fermion to the positive energy states and
removing one boson from them, while the negative energy states are not modified.
Therefore,the single particle energy spectrum has a top but no bottom. Experimen-
tally, it would not be possible to distinguish this and the reversed convention for the
energy as long as a free system is concerned. However, with the reversed convention,
we would have negative norm-squares for all bosons, and the interactions would act
in the opposite manner. We show in subsequent sections that there is a trick of
the analytic continuation of the wave function that can be used to circumvent this
inversion of the interaction.

The second issue regards the CPT operation on the four vacua. The CPT
operation on the naive vacuum denoted type (a) in Fig. 1 does not transform into
the same vacuum. The reason is that under the charge conjugation operator C,
all the holes in the negative energy states are, from the correct vacuum point of
view, replaced by the particles of the corresponding positive energy states. Thus,
acting with the CPT operator on the naive vacuum, it is transformed into the type
(¢) vacuum, because the positive energy states are modified, while the negative
ones remain the same. This implies that in the naive vacuum, CPT symmetry is
spontaneously broken. However, in the subsequent paper “Dirac sea for bosons.
11”,Y) we present another CPT-like theorem concerning a situation in which the
CPT-like symmetry is preserved in the naive vacuum but broken in the correct one.

Before closing this section, we mention some properties of the world around the
naive vacuum, where there are only a few particles. The term “the world around
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(a) Naive vacuum (b) True vacuum
(c) False vacuum (d) False vacuum

Fig. 1. Four types of vacua. There are four possible types of vacua for bosons as well as fermions.
Here, the vertical axis indicates the energy level. In (a) — (d), the shaded regions represent
states that are all filled by one particle for fermions and minus one particle for bosons. The
unshaded regions represent empty states.

a vacuum” is used for a Hilbert space with a superposition of such states that it
deviates from the vacuum in question by a finite number of particles and that bosons
do not cross the barrier. Because the naive vacuum contains no particles, we can add
a positive number of particles, each of which can have either a positive or negative
energy. The correct vacuum may similarly have a finite number of particles and
holes, in addition to the negative energy seas.

§4. Wave functional formulation
In this section we develop the wave functional formulation of field theory in the

naive vacuum world.
In the field theoretical formulation with the naive field quantization
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Z p 81gn) zthrip-x, (41)
p ,sign
Z — p sign) - (sign) = e~ WP T (4-2)
p ,sign

we have the wave functional ¥[p]. For each eigenmode wep- + i?T; , where v is the
3-spatial Fourier transform of ¢(z), and m is its conjugate momentum, we have an

extended harmonic oscillator described in §2. In order to see how to put the naive

vacuum world into a wave functional formulation, we investigate the Hamiltonian

and the boundary conditions for single particle states with a general norm-square.
Let us imagine that we employ the convention in which the n-particle state is

Aan(l‘), (4'3)
with H,, a Hermite polynomial. Thus we have
|ny = ApHy(x)]0). (4-4)

On the other hand, the nth excited state for the harmonic oscillator is given by

A, Hy, (:v)ﬂe*%(’gm)2 (4-5)
with 42 = . We can vary the normalization while maintaining the convention
(n|n) = 57%(00). (4-6)

We may consider 372 as the norm square of the single particle state corresponding
to the harmonic oscillator.

Now the Hamiltonian of the harmonic oscillator can be expressed in terms of w
and 372 as

w 2 1
0=~ eplpyae T ateplapier (@)

where |s.p.) denotes the single particle state, and thus

(s.p.|s.p.) = mw = 372, (4-8)

with A = 1. Therefore, we obtain the Hamiltonian

d2
H———BZ —+ ﬁ wi? (4-9)
Now, we remark that to make (s.p.|s.p.> negative for negative w,  must be

purely imaginary. Thus, e=3(00° blows up so that the wave functions become like
those in the extended negative sector discussed in the previous sections.
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In passing to the correct vacuum world by removing one particle from each
negative energy state, the boundary conditions for the wave functional are changed
so as to converge along the real axis for all the modes. It should be kept in mind here
that the boundary conditions are along the imaginary axis for the negative energy
modes in the naive vacuum.

From the fact that the form of the Hamiltonian in the wave functional formalism
must be the same as that for the correct vacuum, we can easily write down the
Hamiltonian. For instance, using the conjugate variable 7,

N )
) =)

, (4-10)
the free Hamiltonian becomes

Hivo= [ 5 {Im@F+170@P +mle@P} 7. (@1

This acts on the wave functional as

2 — —
Hieole = 5 [ {— o Ve +mzrso<w>|2} el

The inner product for the functional integral is given by

(@1102) = [ [(Rep)”, ()]
Us[Rep, Imp|DReyp - DImep,

where the independent functions are Re@(z) and Irmp(;). In order to describe the
wave functional theory of the naive vacuum world, we construct a formulation in
terms of the convergence condition along the real function space for Rey and Imep.
In fact, we use a representation in which ¥[Rey, Imn] is expressed in terms of ¢ and
.

We would like our formulation to be such that the boundary conditions for
the quantity we- + Z'T('; are convergent on the real axis for w > 0 and convergent

on the imaginary axis for w < 0. We can consider the real and imaginary parts of
(wp——+im—) separately. Then, the requirement of convergence in the correct vacuum

should be that for w < 0 the formal expressions

{(Retp); + (Rew)_;} - % {(Imw); + (Imm) A} (4-12)

Re(wgo; + iﬂ;) =

|

and

Im(uﬂp; + m;) = ; {(Imtp); + (Irmp)_;} + % {(Rew); + (Reﬂ)_;} (4-13)
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are purely imaginary along the integration path for which the convergence is required.
We can use the following parameterization in terms of the two real functions y1
and xa:

Rep = —(1+4)x1 — (1 = i)x2,
Imm = (1 —@)x1 + (1 +17)xe.

With this parameterization, the phases of wep- + iw; lie in the intervals

T T
] — Z s Z{ for w >0
and
]71 371'[
47 4
modulo 7. They provide the boundary conditions for the naive vacuum world when
convergence of the Dy1Dys integration is required.
In this way, we find the naive vacuum world with the usual wave functional
Hamiltonian operator. However, we do not require the usual convergence condition

for w <0,

/LP(Rego,Imcp)*&P(Regp,Imgo)DRegoDImgp < 00, (4-14)

but, instead,

(P|w) = /&P[(Regp)*, (Im7)**@[Reyp, Imyp|Dx1Dx2 < o0, (4-15)

where the left-hand side is defined along the path with y-parameterization. The
inner product corresponding to this functional contour is

(alte)= [ 1= = )i = (14 e, (1+ 0 + (L= i)xal’
Wo[—(1+i)x1 — (1 = i)x2, (1 = i)x1 + (1 + i)x2]Px1Dxa.  (4-16)

This quantity is not positive definite, and this is related to the fact that there are
many negative norm-square states in the Fock space in the naive vacuum world.

The method of filling the Dirac sea vacuum for fermions is now extended to the
case of bosons that in the naive vacuum we have the strange convergence condition
Eq. (4-14). We then transform to the correct vacuum by switching the boundary
conditions to those with convergence along the real axis, e.g., with Rep and Ims
real.

§5. Double harmonic oscillator
To illustrate how our functional formalism works, we consider as a simple ex-

ample a double harmonic oscillator. This example is relevant for the following three
reasons:



618 H. B. Nielsen and M. Ninomiya

1) Tt is a subsystem of a field theory that consists of two single particle states with
p = (P,w(P)) and —p* = (— P, —w(P)) for w(P) >0 .
2) It could correspond to a single 3-position field, where the gradient interaction
is ignored.
3) It is a 0 + 1- dimensional field theory model.
We start by describing the spectrum for the free case corresponding to a two-
state system in which the two states have opposite values of w’s. The boundary
conditions in the naive vacuum world are given by

/ W (Reg)* , (TmIT)*)" ¥ (Reg, TmIT) dy1 x2

= [U-Da -0+ +)a+-i)x)
(= (T+i)x1 — @ =d) x2, (L =9 x1+ (1+4) x2) dxadxz < oo, (51

which is similar to Eq. (4-16). However, in Eq. (5-1), the quantities y; and 3 are
not functions, but merely real variables. Here, we use a mixed representation in
terms of the position variables Rey and Imy and the conjugate momenta

d
Olmep’

(5-2)

Reﬂ' = —l@ s Imm = —1

The Hamiltonian is that of a rotationally symmetric two dimensional oscillator,
because the two values of w’s are opposite. Then, from Eq. (4:7), the coefficient of

2 .

Olmy
—w
; 53
2 <= (s.p.|s.p.) (5-3)
and that of (Imy)? is
1
—(s.p.|s.p)w, (5-4)

2

where |s.p.) denotes the single particle state. These coefficients are the same for both
oscillators, and thus the Hamiltonian reads

H——ll o0 9 _|_1| "
N 2w8<,08<,0* glwlP ¥
1 0? 0? 9
= ||| - - Ime? | .
2|w|< ORep?  Olmyp?  Rew” - Img

This is expressed in the mixed representation as

H—l\w| —8—2+Re2+1m2—a—2 (5-5)
2 ORey? ? " Ot )
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We can express H in terms of the real parameterization with x; and y2 by using the
relations

Rep=—(1+14)x1 — (1 —1)x2,
Imm = (1—14)x1 + (1 +17)xe.

It is convenient to define

X+ = V2(x2 £ x1), (5:6)

so that the Hamiltonian can be simply expressed as

1 0? 5 07 9
H—§|W’ <8X—2_—X_—ﬂ+><+ . (5:7)
The inner product takes the form
<¢ﬂ¢§>Zi/u@(—X47X+Yﬂ5(X—aX+)dX—dX+a (5-8)
where
Di(x—x=) = %i(—V2x+ +iV2x_, V2x4 +iV2x_). (5-9)

As expected, the Hamiltonian turns out to be that of two uncoupled harmonic
oscillators expressed in terms of y_and x. The x4 oscillator is the usual one, while
x— differs from the usual one in two ways. First, it has an overall negative sign.
Second, in the definition of the inner product, —x_ is used instead of x_ in the bra
wave function. This difference is equivalent to removing the parity transformation
X— — —X— from the inner product.

The energy spectrum is made up of all combinations of positive contributions
|w|(ny + 3) and negative contributions —|w|(n_ + %). Therefore we have

E = |w|(ny —n_). (5-10)

"-=1 which is equal

The norm-squares of these combinations of eigenstates are (—1)
to the parity under the x_ parity transformation y_ — —x_ .
If we consider a single particle state, the charge (i.e., the number of particles) is

given by

i i
Q:Z{WJFNP}—Z{(PJF:W}
1, 102 1, 10
R TR 511
32X+ T2 T2 T2 (5:11)

This is simply the sum of two harmonic oscillator Hamiltonians with the same unit
frequency. Thus, the eigenvalue @’ of @ can take only non-negative integer values.



620 H. B. Nielsen and M. Ninomiya
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3
° @ [ ] Q [ ] ° Q
[ ] [ ] 3
L]
[}
(a) Naive vacuum (b) True vacuum

Fig. 2. Charge vs energy in a two-state system. The energy E versus the charge @ (i.e., the number
of particles) in the two-state system described in the main text. This two state system actually
represents a massive boson theory in 1 time+0 space dimensions. Here, a dot alone indicates
that there is one Fock space state, while a dot within a circle indicates that there are two Fock
space states with quantum numbers F and @), and a dot with “3” indicates that there are three
states. The triangles of dots are to be understood as extending to infinity. The naive vacuum
is depicted in (a), while the true vacuum is depicted in (b).

For a given value @', which is the number of particles in either of the two states, the
energy can vary from F = —|w|Q’ to E = |w|Q’ in steps of 2|w|. Thus, we have

n_.=Q,Q -1,Q' -2,---,0 (5-12)

for the negative w states, while for the positive energy states, we have

ny=Q—n_. (5-13)
Therefore the energy given in Eq. (5-10) can be written as

E=w|(Q@—2n-), (5-14)

which is illustrated in Fig. 2(a). By charging to the convergence condition along the
real axis, we obtain the usual theory with correct vacuum [see Fig. 2(b)].
The wave function of the naive vacuum is given by

1 1
wnv = Nexp (_§X2 - ixi) ’ (515)

with normalization constant N. We can transform Eq. (5-14) in the mixed transfor-
mation back to the position representation by applying the Fourier transformation

Uy (Rep, Imp) = / etmilmey, (Rey, ImIT)dImIT
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=N / eiImH-ImapelmH-RogodImH
= N&(Imgp — iRep). (5-16)

Here, the §-function is regarded as a functional linear in test functions that are
analytic and decays faster than any power in real directions and no faster than a
certain exponential in imaginary directions. We call this function the distribution
class Z', following Gel’fand and Shilov.”) Thus our naive vacuum wave function is a
d-function that belongs to Z'.

By applying operators consisting of polynomials in creation and annihilation
operators to the naive vacuum state we obtain an expression of the form

Z anm(Rep — ilmp)"6™ (Regp 4 Imep). (5-17)

n,m=0,1,...

Thus, the wave functions of the double harmonic oscillator in the naive vacuum world
take the form of of Eq. (5-17).

As long as the charge @ is conserved, even with an interaction term such as an
anharmonic double oscillator with phase rotation symmetry, only states of the form
given in Eq. (5-17) can mix. For such a finite quantum number @, there is only a
finite number of these states of this form. Therefore, even solving the anharmonic
oscillator problem is reduced to a finite matrix diagonalization. In this sense, the
naive vacuum world is easier to treat than the correct vacuum world.

We can extend our result for the double harmonic oscillator for the naive vacuum
to higher dimensions. The naive vacuum world would then involve polynomials in
combinations that are not present in the J-functionals and their derivatives.

§6. Naive vacuum world

In this section, we list properties of the naive vacuum world. It is obvious that
this world has the following five inappropriate properties from the phenomenological
point of view:

1) There is no lowest energy state.

2) The “Hilbert space” is not a true Hilbert space, because it is not positive

definite. The states with an odd number of negative energy bosons acquire an
extra minus sign in the norm-square.
We can introduce boundary conditions to make the model complete. These
may be different for negative energy states. As shown in the subsequent paper
“Dirac Sea for Bosons. II”,!) in order to realize an elegant CPT-like symmetry,
we propose to employ boundary conditions for the negative energy states such
that bound state wave functions diverge.

3) We cannot incorporate particles that are their own antiparticles. Therefore, we
should consider all particles to possess some charges.

4) The naive vacuum world can be viewed as a quantum mechanical system rather
than a second quantized field theory. This is because we can think of a finite
number of particles, and the second quantized naive vacuum world consists of
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Table I. Spin-statistics theorem for the naive vacuum.

spin

13
=13 .. =0.1,---
statistics S=22 §=01,
Fermi-Dirac l---1*>0 Indefinite
Bose-Einstein l---1*>0 Indefinite

Table II. Spin-statistics theorem for the true vacuum.

spin 13
. S=z,3,---15=0,1,---
statistics 2722 T
Fermi-Dirac l---1*>0 Indefinite
Bose-Einstein Indefinite l---1F>0

a superposition of states with various finite numbers of particles.

5) If we accept the negative norm-square, there is no reason to quantize integer
spin particles as bosons and half integer spin particles as fermions. Indeed, we
find the various possibilities listed in Table I. In this table, we recognize that
the well-known spin-statistics theorem is valid only if we require the Hilbert
space to be positive definite. It should be noted that in the naive vacuum
world with integer spin states, negative norm-squares exist anyway, and thus
the spin-statistics theorem does not hold. When we employ the correct vacuum,
it becomes possible to avoid a negative norm-square. Then, the problem of an
indefinite Hilbert space can be avoided by choosing Bose or Fermi statistics,
according to the spin-statistics theorem. This is depicted in Table II.

§7. Conclusions

We have presented an attempt to extend the idea of the Dirac sea for fermions
to the case of bosons. We first considered one second quantization, called the naive
vacuum world, in which there exist a few positive and negative energy fermions and
bosons but yet no Dirac sea for fermions or bosons. This first picture of the naive
vacuum world model has the serious problems with regard to physical properties
because it has a bottomless energy spectrum. For bosons, this naive vacuum has
even more serious problems because, in addition to negative energies without a lower
bound, a state with an odd number of negative energy bosons has a negative norm-
square. Hence, there is no actual Hilbert space, but only an indefinite one. At this
first step in the boson formulation the inner product for the Fock space is not positive
definite. Thus, this first step is completely ruled out from the phenomenological point
of view for bosons as well as for fermions. For bosons, this is true for two major
reasons: unbounded negative energy and negative norm-square.

However, from the point of view of a theoretical study, this naive vacuum world
is very attractive, because the treatment for a few particles is quantum mechanical
rather than quantum field theoretical. Furthermore, by locality, the system of several
particles becomes free in the neighborhood of almost all configurations, except in the
case that some particles meet and interact. We propose the use of this theoretically
attractive first step as a theoretical “playground” to gain physical understanding of
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the real world, which is the second step.
In the present article, we studied the naive vacuum world as a first step. We
would like to stress the following major results:

1) In the naive vacuum, single particles can exist in position eigenstates, in contrast
to the case of particles in “true” relativistic theories.

2) The Fock space for bosons is indefinite.

3) The Hamiltonian has no lowest energy state. We made some detailed calcula-
tions concerning this point.

4) We determined the main feature of the wave functionals for bosons, namely, they
are derivatives of §-functionals of the complex field multiplied by polynomials
in the complex conjugate of the field. These singular wave functionals form a
closed class when acted on by operators consisting of polynomials in the creation
and annihilation operators. In particular, we worked through the case of one
pair consisting of single particle states with opposite momenta.

5) In the subsequent paper “Dirac Sea for Bosons. II”, we present a CPT-like
symmetry. A reduced form of strong reflection provides an extra transformation
that is an analytic continuation of the wave function onto another sheet among
the 23 VWV+D) gheets for the wave function of the N particle system. This sheet
structure exists because r;; is a square root, and therefore it has 2 sheets. For
each of the %N (N + 1) pairs of particles, there is a dichotomic choice of the

sheet, and hence there are 25 N(N+D) gheets.

The main point of our present work is to formulate the transition from the naive
vacuum of the first step to the correct vacuum of the next step. For fermions, it is
known that this can be accomplished by filling the negative energy states. This is
what is termed filling the Dirac sea. The corresponding procedure for the case of
bosons is that in which from each negative energy single particle state, one boson is
removed (that is, minus one boson is added). This removal cannot be carried out in
a manner that is as physically realistic as the adding of a fermion, because there is
a barrier to be crossed.

We studied this problem using a harmonic oscillator corresponding to a single
particle boson state. We replaced the usual Hilbert norm requirement of finiteness
by the requirement of the analyticity of the wave function in the entire complex
z-plane, except at x = £oo. The spectrum of this extended harmonic oscillator or
the harmonic oscillator with an analytic wave function has an additional series of
levels with negative energies, in addition to the usual one. The wave functions with
negative energies are of the form of Hermite polynomials multiplied by e3(80)?

We note that there is a barrier between the usual states and those with negative
excitation numbers, because annihilation and creation operators cannot cause the
crossing of the gap between these two sectors. The removal of one particle from an
empty negative energy state represents crossing the barrier. Although this cannot
be accomplished with a finite number of interactions expressed as a polynomial in
creation and annihilation operators, we can still consider such a process. Precisely
because of the barrier it is allowed to imagine the possibilities that negative particle
numbers could exist without contradicting with experiment.
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Once the barrier has been crossed to the negative single particle states from the
positive ones in a formal way, the model is locked in and those particles cannot return
to the positive states. Therefore, it is not a serious problem that the correct vacuum
for bosons realizes a higher energy than the states with a non-negative number of
particles in the negative energy states.

Finally, we mention our underlying motivation for studying in detail the already
established second quantization procedure from a different point of view. As men-
tioned in the introduction, when we consider the quantization of string theories, we
may face problems similar to those considered here even in the first quantization,
unless we use the light-cone gauge. This was pointed out long ago by Jackiw et
al. ® Furthermore, there does not seem to exist satisfactory string field theories ex-
cept for Kaku-Kikkawa’s light-cone string field theories. We believe that our bosonic
quantization procedure may clarify these problems in the context of string theories.
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