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The dynamical symmetry breaking phenomena in the Nambu and Jona-Lasinio model are reexamined
in the framework of a self-consistent mean-field (SCMF) theory. First, we formulate the SCMF theory in
" a lucid manner based on a successful decomposition of the Lagrangian into semiclassical and residual .
interaction parts by imposing a condition that “the dangerous term” in' Bogoliubov’s sense should vanish.
Then, we show that the difference of the energy density between the super and normal phases, the correct
expression of which the original authors failed to give, can be readily obtained by applying the SCMF
theory. Furthermore, it is shown that the expression thus obtained is identical to that of the effective
potential (E. P.) given by the path-integral method with an auxiliary field up to the one loop order in the
loop expansion, then one finds a new and simple way to get the E. P. Some numerical results of the E. P.
and the dynamically generated mass of fermion are also shown. As another demonstration of the
powerfulness of the SCMF theory, we derive, in the Appendix, the energy density of the O(N )-#* model

including the higher order corrections in the sense of large N expansion.

§1. Introduction

The dynamical symmetry breaking (DSB) phenomena of the vacuum are essentially
due to nonperturbative effects of interaction, as phase transitions of matter are. For
example, one must include all order diagrams of some kind in the calculation of the so-
called the effective potential (E. P.),” the minimum point of which gives the true vacuum.
To calculate the E. P., the path-integral method has been adopted? so far. This method
is systematic and elegant but not so easy to have an insight into the nature of the E.P.
Moreover, actual calculations have been performed mainly up to the one-loop order in the
loop expansion.??®
show that is the case is one of the main subjects of this report.

Our method is based on a self-consistent mean-field (SCMF) theory, which has been
always a starting point to approach problems of phase transitions (at least of the second
kind) of matter; the magnetic phase transitions, the superfluidity, the superconductivity
and so on.” For instance, the BCS theory of the superconductivity turned out to be an
SCMF theory as was demonstrated by Bogoliubov, Valatin and Gorkov. In this paper, by
way of an SCMF approach, we examine the DSB in the Nambu and Jona-Lasinio (NJL)
model which is based on an analogy with the superconductivity. This model initiated the
physics of the DSB in the elementary particle physics, and has been a useful theoretical
laboratory in helping us to understand the DSB. Furthermore, the relevance of the NJL
model to QCD (the quantum chromodynamics) has been discussed in recent literature.®
Therefore, it is worthwhile to gain a deeper understanding of the model. It is certain that
Nambu and Jona-Lasinio also intended to develop an SCMF theory of their model,
however they failed in reducing the original Lagrangian to the proper one for the SCMF

There is another and simple way to calculate the vacuum energy; to
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theory. As a result, they could not give the correct energy of the vacuum, which was

given later by Suzuki” with the use of a variational method a 1a BCS, _In this paper, we
will give a correct formulation of the SCMF theory and discuss the vacuum of the NJL
model. - S

In § 2, we develop the SCMF theory of the NJL model.. In §3, we calculate the energy
density of the vacuum in this framework and show that the result is identical to that given
by Suzuki” and also the E.P. obtained by the path-integral method with an auxiliary field
up to the one-loop order; hence one finds a new and simple way to get the EP. It is also
shown that the self-consistency condition to determine the mass (the gap equation) is
nothing but the condition that the E.P. should take the extremum at the true vacuum. As
is well known, the E.P. for a composite operator can be interpreted as the energy density
of the vacuum only at its minimum point.? In Appendix B, we give the energy density of
the state with a given condensation <{¢¢> by introducing an external field coupled to the
composite field ¢7¢, for completeness. In §4, we give some numerical results of the E.P.

and the dynamically generated fermion mass. The final section is devoted to concluding
remarks, where it is indicated that the present approach is applicable to a wide range of .

the many-body systems. As one of the applications, the energy density of the vacuum of
the O(N)-¢* model®® is derived in Appendix C, where it is shown that the infinite series
of higher order corrections in the sense of large N expansion can be readily obtained.

§2. Formulation of the SCMF theory

We start with the following Lagrangian density,”

L=Lot+ L, (2-1a)

with
Lo=4¢lir-dle, (2-1b)
L1=g[(§p Y+ (girsp ), ' (2-1c)

where ¢ represents the Dirac field (quark) with N, colors. Flavours are ignored for
simplicity. The coupling constant g has dimensions of [mass]™2 and is assumed to be
positive so that the attractive force between quark and anti-quark is guaranteed. Since
this theory is not renormalizable, we must introduce a cutoff 4. We will regard that
masses or energies which will appear in the development of the theory have a physical
significance only when they are smaller than /. Here, we note that the Lagrangian is
invariant under the chiral transformation,

g- e g and Fo §eetrs0 2-2)

In the SCMF theory, it is assumed that the system is well described as an assembly of
the non-interacting particles moving in the mean-fields (MF) which are generated by the
particles self-consistently. In the present case, four types of MF arise; scalar, pseudo-
scalar, vector and axial-vector. Keeping this in mind, we first decompose the Lagrangian
density (2-1) into two parts by introducing c-number fields o, 7, V. and A,

£~=‘IMFA+£res , (2'33)
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where
, N

| Lyvra= ‘/7[27’ d— G(o(x)+in(x)ys+ Vulzx)r*/ \/_]\[—c+Aﬂ(x‘)7’57’”/ /N_c)]‘ﬁ

|
\

— 2] 2:[0%(x)+ 12 )+2 V2 (x)+24,2(x)], (2-3b)
Lres=gl( $¢+NZ/G-0(x))2+($i75¢+ﬂ2/G-7r(x))2] ’k
T GIYNZ- BVl )7+ Aulx sy Yo+ 22Vl + A1) (2-3c)
with | | ‘
(Gluy=2g .

Here, we have introduced a constant # with mass dimension to make the c-number fields
have the dimension of boson. G is a dimensionless constant. Note that this decomposi-

tion is merely an identity. The physics comes as follows: If one takes the interaction -

picture of Lres and imposes proper conditions on the c-number fields, .£ res becomes a
normal product of L) with respect to the vacuum of -Lwra. Let us show this in the
following. v : . :

The field equation of fermion in the interaction picture reads

ir-0¢(x)=Glo(x)+in(x)rs+ Vulx)7*/ V' Ne + Au(x)ysr*/ /N 19 (x). (2-4)
Then, ¢(x) can be decomposed as

gb(x):Zk}[akuk(x)+bk*vk(x')], (2-5)

where #: and v: are the classical solutions to Eq. (2-4), which become the positive and
negative energy solutions, respectively, when the MF are time-independent. The
“yvacuum” of Lura which we denote by |[o, 7, Vu, Ax] is naturally defined by

adlo, 7, Vi, AuD>=b4l0, 7, Va, Au>=0. . , (2:6)
In our interaction picture, using Wick’s theorem, -Lres can be expanded as
Ires=g[:(<ﬁ¢)?:+:(<5i75¢)2:]+Ro+R;, (2-7a)

Whére
Ro=5(x)+ IT(x)+-5-B(x)+ as*(x))  (2:7b)

and

R=23x): §p: +1T(x): Fivsd - )= Bu(x): §7*d . Faulx): drsy*d:)  (2:7c)

with

- ZZ0TSNBNY-0Z-u0 188Nnb Aq Z/¥6/81/28€1/9/) 2/e01ue/did/woo dnoolwspeaer//:sdpy woly papeojumoq



A Self-Consz'stént Mean-Field Approach to the Dynamical Symmetry Breaking 1335

"

[ 1
2(x) ! i7s ' | olz)
1| | . kN o | =)
)| =<0 T Ve Adlld (@) N #(x)l[o, 7, Vﬂ,Aﬂ1>»+ﬂ/G 2Vu(x)
au(x) | | %nw 2A,£;/)
(2:7d)

We note that the vector and axial- vector terms in (2-7b, ¢) come out from the Fock terms .

of Lres, which indicate that they are next to leading terms in the sense of large N.

expansion. Now we impose the condition that R. (the dangerous term in Bogoliubov’s
sense) should vanish,

2(x)=M(x)=Bu(x)=au(x)=0. ' (2:8)
Then, the residual interaction L res becomes a normal product of £,
Lres=gl: (¢4 +: (Jirsg):] o
=L, (292)
and

o, n, Vi, AullLresllo, 7, Vi, Aul>=0 S (2-9b)

is concluded. If one remembers that the state |[o, 7, Vi, Aux]> is defined in terms of the
fields 0, 7, Vi and A,, one can see that Eq. (2-7d) with (2-8) becomes a self-consistency

condition (SCC), which determines the c-number fields as the self-consistent mean fields _

generated by the fermions,

_ 1
olx) - , i7s .
16| T | <o, 7, Vi, AF) i | $@lo, 7, Vi, AuD. (2410)
2Aﬂ(x) - 1 | | | k
L _—‘/—]V—YSW

The SCC will be found to play an essential role in the SCMF theory: It turns-out to be

the gap equatlon (mass equation) for the ground state and reduces to the field equatlons
of the mean-fields for the excited states. 9

Now let us rewr;te the SCC in a convement form for evaluatlon If we define the
Green’s function by '

Se(x, y;lo, r, V#, Au)=—ilo, 7, Vi, AullT(4(x) ¢, 7, Vi, AuD>, (2-11)

the SCC becomes
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_ , 1
o(x) - i?’s

—12/G- r(z) =—7 lim Tr3 Ln *Se(x, v; [0, m, Vau, Axl)p . (2-12) |
ZV#(x) Y-+ /Nc o y Vs y M, ’ d .
244(x) | /—N'l"‘c_YSVﬂJ | . |

Equation (2-12) is highly non-linear equations for the MF and include nonperturbative
effects of the interaction. With the solution of (2-12), the state |[o, 7, Vi, AuD is
determined through Eq. (2:6); however some remarks ‘are needed for the ground state
(true vacuum), which is the subject of the next section.

Although our formalism is applicable both for the true vacuum and the excited states,
we will concentrate on the former in this article: The excited states will be treated in a
separate paper.?

§3. Determination of the vacuum

If the state |[o, 7, Vi, Aul> is the vacuum, on account of the symmetry properties of
the state, we can put

o(x)=constant=0o and r(x)= Va.(z)=A.(z)=0. (3-1)

In the following, we represent the vacuum state by |6o> for simplicity. The SCC in this
case reads :

—uzao/Gz—z'NcylirgTr Selx—y; M), (3-2a)
. d'p 1 ; - P
INSTY Jony 5l | - (2
- s M ,, | .

}IzMM, ‘ (§-2d)

/ 2
= —NCAS/'(ZT[Z)'I{W—.ZZIH‘—1_’_ i—i—x

‘where 2 is the volume of the system, M= Goo, Sr(x—y; M) denotes the Feynman
propagator with mass M, and A is a cutoff of the three-momentum. Equation (3-2) is
essentially identical to the mass equation obtained by NJL who used the ladder approx-
imation for the Bethe-Salpeter equation to derive it. As long as g >n%/(N.-A*)=g.,
Eq. (3-2d) has a nonvanlshmg solution for o, although always is there a trivial solution
00=0; there is no compelling reason to exclude one of the two. One can determme the
true oo only by comparing the energy of the states correspondlng to the two solutions; the
true vacuum has the lowest energy. Provided that oo satisfies the SCC Eq. (3-2), the
Hamiltonian H can be decomposed as follows in accordance with Eq. (2-3):

H:HMFA+Hres, ' (3’33)

where
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Hyes= [d*2[§(— iy 7 + M) b+ 1] 2- ] (33
and | ‘
Hres:_gfdsx[: (F9): +: (Fiysd P11, (3+3¢)
so that :
0ol Hres| 00> =0 . (3-3d)

Here Huyra and H:res correspond to Lmra and I res, respectlvely Note that the last term
in Hwra, by which a double countmg of the interaction is avoided has appeared naturally
in our formulation but was missed in the original paper: They included this term in the
residual 1nteract10n H:res in our notation, then their residual interaction has a nonvanish-
ing vacuum expectatlon value hence they falled in obtaining the correct expression for the
vacuum energy.

The energy density of the vacuum which we represent by E(0co) are defined as
v E(OO)E<GOIH|GO>/-Q:<GO|HMFA|00>/-Q , . (3‘43)
E0)=<0Hl>/2. - ; (3-4b)

They are easily evaluated as

E(60)=—2No/Q-3E, ™+ 42/ 222, (3-5a)
> » :
E(0)=-2N./Q-SE,”® » (3-5b)
p -
with
E,"=/p’+M*. . (3-6)

These expressions can be understood easily from the hole-theoretical point of view: E(0)
and the first term of E(0,) are the energy density of the Dirac sea composed of massless
and massive fermions, respectively, with the second term of E(oo), as is already stated, the
double counting.of the interaction energy is avoided. The energy density difference
V(a0) of the two vacua |oo> and 0> becomes

Y(oo)=—2Nc/2-2(/ p*+M?—|p|)+ 12/ 2- 662, (3-7a)

:—NCA‘*/(4n2)-{(1+£)m—1—x—41n‘”ﬁwl} #]2-0°  (3+7b)

with x=M/A. Tt is noteworthy that <V(oo) can be rewritten in an invariant form (see
Appendix A),

4 -

V(0y)=iN.Tr "%n(ﬁ M)+ 1) 2007 (370
(2r) ]

Although g, in the above equatlon is a solution of the SCC (3-2), if we vary oo freely and

regard V(o) as a function of g, V(o) is identical to the expression of the effective

potential up to the one- loop order obtained by the path-integral method with an auxiliary
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1338 . T. Kunihiro and T. Hatsuda

field. We note that the E.P. for composite field can be interpreted as the energy density
of the vacuum only at the minimum point.® The energy density with a given condensa-
tion <¢¢> can be obtained by introducing an external field coupled to the composite field
¢¢; see Appendix B. In the effective potential approach, the optimum value of g, is
determined by

dq}(o'o)

doo :0’ . (38)

which we call the energy extremum condition (EEC). For the E.P.- and SCMF approach
to be consistent, the EEC Eq. (3- 8) must coincide with the SCC Eq. (3-2); as can be easily
verified, that is the case.

Note that we must use the same cutoff scheme and cutoff A to calculate V(o) and
the r.hs. of Eq. (3+2), as is evident from the derivation. Inserting Eq. (3-2¢) into Eq.
(3-7a), we get the difference of the energy density between the normal and the true
vacuum,

. ‘ e ;o ,
Vlow)=—2No/ Q- SV o+ I~ ), 3-9
(om) / %’ pt+M 9 \/IW ) |pl ( )
where we define g as the value of ¢, at the true vacuum. This éxpression was first given
by Suzuki,” who used the reduced -Hamiltonian of the NJL model.
§$4. Numerical results

For a summarizing illustration, we evaluate the E.P. and give its approximate form
in the case where the symmetry breaking occurs. For this sake, let us rewrite “V(co)
(Eq. (3-7b)) and SCC (Eq. (3-2d)) by using a parameter C=g/g.=gN.- A?/x? (the ratio of
the original and critical coupling constant) and ¥ = Gou/A, :

2 ‘ 2 )
ch(ao)=x2—c{(1+x7)/1+x2—1—%1 1+vltz } | (4-1)
N H — ,b . . :
: f/sz(V 1+ 72— 7%n % ) ' : (4-2)

The nature of the vacuum is char-

orr \Zmin | acterized by C,
_the normal phase (ox=0)
051 for C<1,
5 the super phase (owx=*0)
03k for C>1.
L ; "This fact can be directly seen in Fig. 1
i where | ZTmnl (at which the E.P. has the
o c ‘minimum value) is plotted as a func-

_51017' T 1 7 1T - T 7 T T tion Of C We show in Flg 2 the
708 Q9 10 11 12 B % 15 16 shape of the E.P. for the two typical
_Fig: 1. {fwal at which the E.P. has the minimum values of C(C=0:85 and C:1:.25). In

lue is plotted functi f the couplin : . =
vaue Js plotted as a lunctign ot the: coupiing the case C>1 (DSB occurring case),
strength C=g/ge...
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C:O.SS 4 %'mo;)x 10 : %U(%MO ;
O.[f— O.A__ |
|
.z !
| Zmind =042 Exact
-—==-Approx. I'
02T
T B 4 ‘2':‘
-0b | l"‘\ A
02t -021
Q (o)

Fig. 2. The shape of the effective potentials (a) for C=0.85 and (b) for C =1.25. The solid lines are
for the exact formula (Eq. (4-1)) and the dashed line is for the approximate one (Eq. (4-3)).

we can expand Eq. (4-1) to the power-series of x?— 7%, which becomes up to the second
order, '

49/ V(a)=A+B(z*~ £°F, (4-3)
where :
A=C(1—V1+x*+x*/(2C)) and B=(C/V/1+x*~1)/ (2%?).

The dashed line in Fig. 2 is obtained by using this approximate expression. - As is seen
from the figure, this approximation is very good around x = ¥ and not so bad in the whole
range of x.

Of course, the shape of the E.P. depends on the cutoff scheme: For example, if an
~ invariant cutoff at po>+|pl*=/2 is adopted, resulting E.P. has the minimum at a finite x
only for 1< C=<1.21. -

§ 5. Concluding remarks

The present method to examine the DSB phenomena is applicable to bose systems, as
the superfluidity of He * can be treated by using the Bogoliubov transformation for
bosons.” The energy density of the vacuum for bose systems can be expressed by a sum
of the zero point energy, instead of the energy of the Dirac sea for fermi systems. This
change corresponds to the difference between the Fredholm determinants of bosons and
fermions in the path-integral method.’® To demonstrate the powerfulness of our method
and the applicability to bose systems, we derive the energy density of the O(N )-¢*
model®® i
N expansion can be readily obtained in our framework.

in Appendix C; we show that the higher order corrections in the sense of large ’
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1340 ‘ T. Kunihiro and T. Hatsuda

Our method is also applicable to the system with finite temperature and .chemical

potential. In this case, the sum of the energy of the Dirac sea is replaced by that of the’

occupied states multiplied by a distribution function.

Furthermore, we can treat not only the ground state (vacuum) properties but also the

collective modes (including the Nambu-Goldstone bosons) in the framework of the self-
consistent mean-field theory.”

Details of the above will be reported elsewhere.
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Appendix A
Hére, we show that Eq. (3-7c) can be derived starting from Eq. (3-7a) as follows:

f%&§(m7_|p;):—2ch%(W-lpl)

_ i 4o, i
=2N, z‘f(zﬁ)g A dm >

p>tm?
=2Nei- [ [t Lo
=N¢i- (g—:fyfonm gl;)["’l‘rﬁ
4=Nc°i-TrfT%/o-Mdmﬂ—_;lm
=Ne¢¢: Trf(g;py ln(‘g;M )

The last expression of the above equation is nothing but the first term of the r.h.s. of
Eq. (3-7c). . : ‘

Appendix B -

In this appendix, we give the energy density of the state with a given condensation .

<g¢>. To construct the state in which the condensation < g¢) develops, we introduce an
external field J coupled to ¢¢ and define ‘

LI=L+2g]- ¢, | - (B-1)

where L is the NJL Lagrangian density given in (2-1). - In the same way as in the text,
L7 can be decomposed into the semi-classical and quantum correction parts:
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A Self-Consistent Meaanz'eld Approach to the Dynamical Symmetry Breaking 1341

L= Lhpat+ Les, (B-2a)
where
Lhea= $liv.0— (M —29] )¢ — 1%/ 2+ 6> (B-2b)
and_ ) - ;
| Lo Jg[ (g):+: (¢275</J)2 I - ’ (B-2c)

with. M = Goo. - Here, if we represent the vacuum of Liwa by 60>, which is the stete having
a condensation <co| $¢|go>, the self-consistent mean-field o, satisfies the following SCC,

—1*/Ggo=Xaol¢looy, . (B-3a)
which can be explicitly evaluated as

2N02 M] » M]
s VMP+p? 29

—J | (B-3b)
with
M,=M—2g] . : (B-3c)

(B-3) gives the relation between M and J. The Hamiltonians corresponding to L7 and

L are given as
Hfzfdsx[sf(—i7-V+M;)¢+/l2/2'doz]—gfd3x[: (¢o): + : (dirs¢)*:]1, (B-4a)
H=H’+2gfd3x]- J . (B-4b)

Then, the energy den51ty of the state |60> with a condensation <co| ¢¢|co> becomes

V(Go)—'—<0'o|H|O'o> | c [ ‘ (B 53.)
:_ZNc/.Q'EVM]2+p2+/12/2'0'02“G]Go, (B'Sb)

p
=—2N/Q-Z/MP+p*+M7*/ (4g)—gJ?. (B-5¢)

p

In this expression, J is supposed to be written in terms of M or o, by the use of the SCC
(B-3b). The differences of V() from the EP. V() given in the text are i) M is
replaced by M;=M —2gJ and ii) the quadratic term of external field —gJ/? is added. In
the approach in this appendix, the optlmum value of oo is determined by an energy
extremum condition,

_dV(Uo)__.__ ’ . .
0—7300 =—GJ, (B-6)

or J=0. Inserting this into the SCC (B-3), we obtain the same SCC for oo as that given
in the text,
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®7)

Appendix C

In this appendix, we derive the energy density of the vacuum of the O(N )-¢* model
by using the SCMF theory. Infinite series of higher order corrections in the sense of large
N expansion can be easily obtained in our framework.

The Lagrangian density for the O(N_ )-¢* model is

L= 10ub)5"8%)— o8 7] —L0(g2- o, (S

where ¢ denotes the N component real scalar field. Although the Lagrangian density
has O(N) invariance, there is a possibility that spontaneous symmetry breaking occurs,
which was investigated in detail by some authors within the leading order of 1/N.*® In
the following, we concentrate on the case that the symmetry of the vacuum breaks down
to O(N —1) and two types of condensation appear,

{$%> and <¢°>=F*, - (C+2)

~ where ¢° is a shifted field (p%=¢%—<¢%>). If we choose {$%>=05g, for convenience,
F® becomes

So_ 0 X '
Fo=| (C-3)
O f 0 f '
as a result of the O(N —1) invariance of the vacaum. Thus we have only to concern with
the three independent condensation (@o, fo, i) or (@o, TrF, TrF?). :
Following the method explained in the text, we decompose the Lagrangian density

(C-1) into the semiclassical and quantum correction parts (L= Lura+ Lres) by introduc-
ing the c-number constant mean-fields M.s,

IMFA:%[(a/‘¢a)(a#¢a)_¢aMab¢b]+C - ' (C-4)
and
I :—-Lﬂ 2¢a,¢a_ /]0 (¢a,¢a)2+i aM bv__C - (CS)
res 9 0 8N ' 2¢ Y absP : ‘ :
with B |
7 0
Mab: "‘.. » . (C°6)
0 g, .
HN

where C denotes the c-number term which is determined by the requirement that vacuum
expectation value of Lres should vanish. After the expansion of Lres using Wick’s
theorem, C and Lres become
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C=- +2Tr F?]
+F@[%(Mab— LBt 2874 ]
p23< %> ) — ﬂ02<¢“><¢“> (C-7)
and
Lres=P: (9% 0%V : + Q% :9%": +R%:90%: +5%: p%%p":, - (C-8)
where |
P=—gs, | (C-9)
Qab=%(Mab—}zozaab)— A C><é0>3ab+2<¢a><¢b>+"rr F8aw+2Fa),  (C-10)
Re=—<¢"| o 5B Sar-+ Tt Foas+ 2| (C-11)
and |
R (C12)

The second term in L res is the dangerous term which must be already included in -Lura,
and the third term generates the tadpole diagrams. Therefore, the self-consistency
condition (SCC) in this model is nothing but the requirement @ =R =0, which becomes

2= - + %), | . (C13)

=+ +30,) - ‘ (C-14)
and

SDo—O or /lo +9o?)=0. (C-15)

The SCC.(C-13)~ (C- 15) includes the well-known solutions in the limit of large N; (£2=0,
#x*=(Ao/ N )9o®), which corresponds to the unstable vacuum first examined by Coleman,
Jackiw and Politzer,”” and (un®==4*=po*+(Ae/2)fo, $o=0), which corresponds to the
stable and symmetric vacuum discussed by Kobayashi and Kugo.®® Detailed discussion
. on the stability of various vacua is beyond the scope of this short note; we limit ourselves
to deriving the vacuum energy density in the case that both condensations occur (go¥0,
£*%0) and show that the result includes the infinite series of the higher corrections in the
1/N -expansion. The Hamiltonian of the system under consideration can be easily
derived as ‘

H = Hyra+ Hres ' (C'16)
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with
1 a a 1 a
HMFA:?;ZE'”[bk( )Tbk( )+—2‘:|a)k( )— [(Tr F)2+2Tr F2]+ 8N ¢04+ /120 2 (C‘].?)
and
H /1 ( )2 /10 c AN a, a.v ‘ (C'18)
res — 8N ¢ i 2N¢0-¢¢ [ v'

where 0f’=vp*+E* (1<a<N-1), of’=vuy*+k* and 2 denotes the volume of the
system. To get (C-17), we have used the SCC (C-13) and (C-14). Thus, the energy
density difference between the condensed and noncondensed vacua is '

Vo, fo,/1)= Q[<¢0, fo, filH|po, fo, fo— <0, 0, 0|H10, 0, 0] (C-19a)

:%;J—lkz(/ﬂ%kz —/ﬂ02+k2)+ﬁkz:(/mv2+kz —JIER)

A l(Tr F)+2 Tr F?]+-2o o ¢04+‘”2° P2, (C-19b)

where (4%, pn?) are related to (@o, fo, /1) through the SCC (C-13), (C-14), (C-15), Tr F
=(N—1)fo+ fiand Tr F?*=(N —1)f*+ £i>. Note that the first line in (C-19b) arises from
the zero point energy of the bose particles; this situation is obviously different from the
case of fermion (see Eq. (3:72a) in the text). In the covariant notation, V(g f, f1) reads

. 2
4+ ﬂ20 ¢021
(C-20)

8N¢0

Vign, for fi)=—47Tx [(§ Ban( bs) Ao [(TrF)2+2TrF2]+

where M is the diagonal matrix defined in (C-6).

Here we mention briefly the relation between (C+20) and the effective potential of the
O(N)-¢* model. (C-20) denotes the energy density of the true vacuum and (o, fo, /1) in
the expression must be the solution of the SCC (C-13), (C-14) and (C-15). However, if
we regard (@o, fo, f1) in (C-20) as free-parameters, (C-20) is nothing but the. effective
‘potential which does not have the meaning of the energy density of the vacuum except for
the stationary point in the case that there exists a condensation of a composite opera-
tor.¥ One can easily prove above facts, if one formulates the SCMF theory including
the external source, which is the straightforward generalization of the method ex-
plained above (in the case of NJL model; see Appendix B).

*. Let us show that V(g,, fo, 1) includes higher order corrections in the sense of large
N expansion. To simplify the argument, we restrict ourselves to the case of symmetric
vacuum (@o=0, fo= /1) and rewrite <V as a function of #?=y;

2

- PN 1 N,
V= _“Nf(Zn)‘*‘“(/i ) 2/N) 240 A #e ) (€:21)

Comparing (C 21) to the leadlng order results of large N expansion,® one can see that
(1+2/N )™ factor in (C-21) and y (C-13) obv1ously include the higher order corrections
in the sense of large N expansion.
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More about the vacuum structure, SCMF theory including the external source, and the
excited states of O(N )-¢* model will be reported elesewhere.

References

1) J. Goldstone, A. Salam and S. Weinberg, Phys. Rev. 127 (1962), 965.

2) S. Coleman and E. Weinberg, Phys. Rev. D7 (1973), 1888.

3) D.J. Gross and A. Neveu, Phys. Rev. D10 (1974), 3235.

4) A. L. Fetter and J. D. Walecka, Quantum Theory of Many-Fariicle Systems (McGraw- H111 New York,
1971) and references therein.

5) Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961), 345.

6) C. G. Callan, R. Dashen and D. J. Gross, Phys. Rev. D17 (1978), 2717; D19 (1979), 1826.

: T. Goldman and R. W. Haymaker, Phys. Rev. D24 (1981), 724.

7) M. Suzuki, Prog. Theor. Phys. 30 (1963), 138.

8a) . S. Coleman, R. Jackiw and H. D. Politzer, Phys. Rev. D10 (1974), 2491

b) M. Kobayashi and T. Kugo, Prog. Theor. Phys. 54 (1975), 1537.

9) T. Hatsuda and T. Kunihiro, Preprint KUNS 729 (1984).

10) R. F. Dashen, B. Hasslacher and A. Neveu, Phys. Rev. D10 (1974), 4130.

220z 18nbny oz uo1senb Aq ZLVéA8L/ZSQL/9/LL/GIO!Ue/dld/LUOO'an'O!uJQPEQE//ZSdJM wouy pspeojumoq



