
PHYSICAL REVIEW C, VOLUME 61, 025202
Correlator mixing and mass reduction as signals of chiral symmetry restoration
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Chiral symmetry restoration in a dense medium is to some extent a consequence of the nuclear pion cloud.
These pions induce a mixing of the axial and vector current contributions in the axial and vector correlators.
We discuss their influence on hadron masses and investigate the signal produced by the remaining contribution
associated with chiral symmetry restoration. Using the quark-meson coupling model we find that the latter is
associated with the reduction of hadron masses.

PACS number~s!: 24.85.1p, 11.30.Rd, 12.39.Ba, 12.40.Yx
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Chiral symmetry is partially restored in a heat bath or
dense matter. For instance, at normal nuclear matter de
the quark condensate, which is the order parameter of
spontaneous breaking of the symmetry, has decrease
about 35%. It is therefore legitimate to investigate whet
this large reduction is accompanied by precursor effe
which signal the approach to full restoration. These effe
should be linked to the symmetry itself. The realization
chiral symmetry in the Wigner rather than in the Goldsto
mode implies either a vanishing of all hadron masses or
existence of parity doublets, each state being degenerate
its chiral partner. The fact that neither of these situatio
occurs for free hadrons was the motivation to favor the Go
stone realization. The signatures of the Wigner realizati
make it natural to look for precursor effects of the full re
toration in the form of a decrease of the hadron masses o
some effects which involve parity. The first road was tak
by Brown and Rho@1# on the basis of scale invariance arg
ments. They suggested a reduction of hadron masses li
to the condensate evolution. For tests of these ideas atte
has focussed on ther andv masses. On the other hand, D
et al. @2# have shown that in a heat bath there will be so
mixing of axial and vector correlators. This mixing is in
duced by the emission or absorption of ans-wave thermal
pion which produces a change in the parity. For soft pio
i.e., in the chiral limit and at low temperatures, the amoun
axial ~vector! correlator introduced in the vector~axial! one
is governed by the condensate evolution. At the same t
the original correlator is depleted by the same amount.

A similar concept was introduced by Chanfrayet al. @3#
in dense matter. The pions in this case are the virtual one
the nuclear pion cloud. Since they constitute an integral p
of the nucleus there is no true correlator mixing. Nevert
less Chanfrayet al. extended the notion of mixing to th
currents in such a way that they could build a coherent p
ture from the nuclear pions. Similar to the case of the h
bath, there occurs a depletion phenomenon in the form
quenching of certain coupling constants from the nucl
pion loops. The quenching factor is related to the pion sc
density. One difference from the case of a heat bath is
the relation between this quantity and the condensate is
straightforward. The condensate evolution in a dense
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dium is governed by the nucleon sigma commutatorSN . For
a uniform medium with nucleon scalar densityrs , the con-
densate evolves, to first order inrs , according to the relation

^c̄c~rs!&

^c̄c~rs50!&
512

SNrs

f p
2 mp

2
. ~1!

The question is then how much of the restoration arises fr
the pion cloud.

It turns out that our question concerning the role of t
pion cloud in the restoration of chiral symmetry in den
matter cannot be given in a model independent way.
example, as we explain later, within the cloudy bag mo
the nucleon sigma commutator separates into a pionic c
tribution and a remaining piece@4#, SN

r :

SN5
mp

2

2 E dxW ^Nuf2~xW !uN&1SN
r . ~2!

We introduce the~constant! average quantity,̂f2&, related
to the pion scalar densityrp

s 5mp^f2&:

^f2&5rsE dxW ^Nuf2~xW !uN&. ~3!

The symmetry restoration is produced by both pionic a
nonpionic terms on the right-hand side~RHS! of Eq. ~2!
according to

^c̄c~rs!&

^c̄c~rs50!&
512

^f2&

2 f p
2

2
rsSN

r

f p
2 mp

2
. ~4!

A similar expression holds for the evolution with temper
ture in the heat bath. However, in that case only the term
^f2& is present in the RHS of Eq.~4! @5#.

As a matter of fact the pions are responsible for the c
relator mixing which signals chiral symmetry restoratio
The question is whether they also affect the nucleon m
and what is the restoration signal due toSN

r . The evolution
of the hadron masses at finite temperature has been discu
by several authors~see, e.g., Refs.@6,7#!. Here we concen-
©2000 The American Physical Society02-1
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trate on the modification which is directly linked to the ev
lution of the condensate, that is to the existence of a non z
expectation value for̂f2&. This expectation value can aris
in either nuclear matter or a heat bath. In the latter case^f2&
goes likeT2 in the chiral limit. Using the effective Lagrang
ian of Lynn, in the tree approximation@8,9#, it is straightfor-
ward to derive the following expression for the change in
nucleon mass~consistent with the results of Ref.@7#!:

DMs

M
52

SN

M

^f2&

2 f p
2

. ~5!

We have to specify the meaning of the indexs, in Eq. ~5!,
which stands for soft. The pions which build the quant
^f2& need not be soft, and indeed the virtual nuclear pio
are not, with their typical momentum being a few hundr
MeV/c. However, the term in̂f2& of Eq. ~4! is the only one
to survive in the soft limit. Practically, in theN-N interac-
tion, the two-pion exchange with a contacts-wave ppNN
coupling which leads to the mass modification of Eq.~5!
represents a minor contribution@9#. On the other hand, fo
nonsoft pions the derivative couplings introduce other ter
in the mass modification. The extra terms will be lump
into an effectives meson exchange as explained below.
expression similar to Eq.~5! holds for the other hadrons. B
comparison with the evolution of the condensate of pio
origin, Eq. ~4!, the mass evolution is thus attenuated by
factor SN /M which vanishes in the chiral limit as impose
by the soft pion theorems. Thus in this limit there is no ma
shift of orderT2, as we know on general grounds@6,10#, and
in the nuclear case no term of ordermp appears in the mas
change@11#.

Coming now to the restoration signal due toSN
r , in order

to be definite, we use the quark-meson coupling mo
~QMC! of Guichon@12,13# where the quarks interact locall
with s and v fields. This phenomenologicals exchange,
when taken between two-nucleon states, incorporates am
other things the excitation viap-wave pions of one or both
nucleons intoD resonances. Therefore it also includes, in
very phenomenological fashion, the influence of non-s
pions on the nucleon mass beyond the modification
scribed in Eq.~5!. This is sufficient for our purpose. Our aim
here is not a detailed quantitative description of the to
mass change. We want instead to understand what are
signatures of chiral symmetry restoration induced by its d
ferent components displayed in Eq.~4!.

Originally the QMC model was devised without any re
erence to chiral symmetry. The reason was that in the m
field approximation the pion field vanishes in nuclear mat
But in order to study chiral symmetry restoration one clea
needs a model in which the explicit breaking of chiral sy
metry vanishes with the current quark massmq . For this we
start from the cloudy bag model@14# which is the MIT bag
model where the confining surface term 1/2d(S)q̄q is made
chirally symmetric by a coupling to a pion fieldfW . We note
q the quark field of the model so as to avoid any confus
with the QCD quark fieldc. In the following we never need
02520
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to identify q with c, which would be unjustified. Our only
hypothesis is that we can use this model to evaluateSN . The
Lagrangian density is

L5Q~V!F i

2
q̄gm

•~]Wm2]Qm!q2mqq̄q2BG
2

1

2
d~S!q̄U2~f!q1L~f!, ~6!

with

U~f!5exp~ i tW•fW g5/2f p! ~7!

andL(f) the Lagrangian density for the pion field

L~f!5
1

2
DmfW DmfW 1

1

2
mp

2 f2. ~8!

The covariant derivative on the pion field is defined as

DmfW 5f̂]mf1 f p sin~f/ f p!]mf̂. ~9!

Under infinitesimalSU(2)3SU(2) transformations, with
parameters (eW ,eW5), the quark fieldq transforms as

q→S 11
i eW•tW

2
D q, ~10!

q→S 11 ig5

eW5•tW

2
D q, ~11!

while the corresponding transformations for the pion fie
are

fW →fW 2eW3fW , ~12!

and

cos~f/ f p!→cos~f/ f p!1eW5•f̂ sin~f/ f p!, ~13!

f̂ sin~f/ f p!→f̂ sin~f/ f p!2eW5 cos~f/ f p!, ~14!

where Eqs.~13! and~14! are for the axial transformations. I
is straightforward to establish that the Lagrangian density
Eq. ~6! is chirally invariant under these transformations, e
cept for the termmqq̄qQ(V)2mp

2 f2/2, which vanishes in
the chiral limit. Using the equations of motion it is straigh
forward to derive the expression for the double commuta

FQ5 ,
d

dt
Q5G5E dxW Fmqq̄qQ~V!1

1

2
mp

2 f2G , ~15!

which shows again that chiral symmetry is correctly imp
mented in the model. By taking the expectation value of E
~15! we identify the nonpionic contribution to the nucleo
sigma commutator:

SN
r 5mqE dxW ^NuQ~V!q̄q~xW !uN&. ~16!
2-2
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Despite successful phenomenological application of
model defined by Eq.~6!, it was soon realized that this for
mulation was not convenient. The reason is that theg5 cou-
pling of the pion at the surface produces a strong couplin
the negative energy quark states. Ignoring this coupling
allowed in some cases but in order to recover the low ene
theorems one has actually to sum over all those states.
admixture of negative energy quark states obscures
simple interpretation of the nucleon as a three valence qu
~in first approximation!. To remedy this problem one intro
duces a new quark fieldQ according to@15#

Q5U~f!q. ~17!

With this new field the surface coupling of the pion is shift
to a volume coupling and the Lagrangian density becom

L5Q~V!F i

2
Q̄gm

•~]Wm2]Qm!Q2mqQ̄U~f!†2Q2BG
2

1

2
d~S!Q̄Q1LpN1L~f!, ~18!

where the interaction term

LpN5Q~V!iQ̄gm@U~f!]mU†~f!#Q ~19!

generates all the soft pion theorems if one takes its expe
tion value between pion-nucleon states@15#. One then can
check that the coupling to the negative energy states is
pressed by powers of the pion field energy, which supp
the interpretation that the nucleon is approximately descri
by three valence quarks in the lowest energy mode of
field Q. In other words, as long as we consider nucleon m
trix elements, the fieldQ is approximately independent off.
More preciselyQ is not affected by the soft content off.

We are now in a position to introduce the coupling to t
s andv in a way consistent with chiral symmetry. Since t
combinationsQ̄Q and Q̄gmQ are obviously invariant unde
a chiral transformation, we can add toL the term

Lsv5Q~V!@2gs
QsQ̄Q1gv

QvmQ̄gmQ#1L sv
0 , ~20!

whereL sv
0 is the usual Lagrangian density for free sca

and vector fields. Thev field, which plays no role in the
following discussion, is mentioned here only for comple
ness. We stress that thes field just introduced has nothing t
do with the chiral partner of the pion field in the linear sigm
model, it is a chiral singlet and the interaction in Eq.~20! is
chirally invariant. From Eq.~20! we get the following equa-
tion for the sigma field:

S ]2

]t2
2¹21ms

2 D s~x!5gs
QQ̄Q~x!Q~V!, ~21!

where the RHS of Eq.~21! is the scalar source for a sing
bag located inside the volumeV. In a uniform nuclear me-
dium, and in the absence of a response of the bag, thes field
has the constant value
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s̄5
gs

Qrs

ms
2 E dxW ^NuQ~V!Q̄Q~xW !uN&5

gs
Nrs

ms
2

, ~22!

where the second equation defines thes-nucleon coupling
constantgs

N . To leading order, which is enough for our co
siderations, the sigma field governs the change in
nucleon mass according to

DM52gs
Ns̄. ~23!

Notice that, contrary to thes field of the nonlinear sigma
model which is constrained by the chiral circle,s̄ ~which as
already mentioned is not related to the chiral partner of
pion!, can develop large values. For instance, in the QM
model the favored values of the coupling constants lead
mass change for the nucleon,DM;2200 MeV, at normal
nuclear matter density@13#. The corresponding number fo
the vector mesons is of order2140 MeV @16#.

We now wish to relate the change of the nucleon mas
the condensate evolution governed bySN

r as defined by Eqs
~4! and~16!. From Eqs.~7! and~17!, and for a homogeneou
medium, in whicĥ f2& is constant, we have to lowest orde
in ^f2&/ f p

2

E dxW ^NuQ~V!q̄q~xW !uN&

5S 12
^f2&

2 f p
2 D E dxW ^NuQ~V!Q̄Q~xW !uN&. ~24!

Here we emphasize that it isQ which is independent off.
The modification of the nucleon mass is thus

DM52
gs

Ngs
Q

ms
2

rsE dxW ^Nuq̄q~xW !uN&

12^f2&/~2 f p
2 !

. ~25!

Using Eqs.~4! and ~16! and the Gell-Mann–Oakes–Renn
relation, this can be written in terms of the condensate e
lution, leading to

DM52
gs

Ngs
Q

ms
2 F ^c̄c~rs!&

12^f2&/~2 f p
2 !

2^c̄c~rs50!&G , ~26!

valid up to lowest order in̂ f2&. In comparison with the
condensate evolution we have the additional term in deno
nator involving^f2&. Its presence guarantees that the mo
fication of the mass of the nucleon is independent of
quantity^f2&. It is quite remarkable that the mass evolutio
in spite of the chiral invariant coupling of the sigma fiel
follows the condensate evolution, but only that piece o
which is of nonpionic origin. We have derived this resu
within the QMC model where the sigma field is coupled in
chiral invariant way to the quarks. It is likely to be mor
general. The general arguments based on scale invarianc@1#
do not seem to distinguish between the different origins
the symmetry restoration as we do.
2-3
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Note that in the QMC model the proportionality consta
between the mass and the condensate is purely phenom
logical. On the other hand, within the Nambu–Jona-Lasi
~NJL! model in its simplest version, the nucleon mass
taken as three times the effective quark mass. In the stan
treatment of the model, which amounts to the Hartree
proximation, the quark mass is obtained from a gap equa
which does not incorporate meson loops and thus follows
condensate in the chiral limit. The question is how to exte
the model in such a way that the pion density influences
mass in a negligible way while keeping a large role in t
condensate—which amounts to preserving the soft pion th
rems. The understanding of this point, following, for e
ample, the extension of the NJL model to meson loops
veloped in Ref.@17#, would provide in a QCD inspired
theory, the link between the mass and the condensate w
respects the constraints of chiral perturbation theory.

In conclusion, with the results obtained here we ha
achieved a satisfactory description of the signatures of
partial restoration of chiral symmetry in a dense mediu
J
n-

02520
t
no-
o
s
rd
-
n
e
d
e

o-

e-

ich

e
e
.

Part of the restoration arises from the finite value of t
average squared pion field~equivalently the scalar pion den
sity!. The signature for that part is the depletion of the ax
and vector correlators and the generalized mixing of th
correlators in the sense defined in Ref.@3#. The mass reduc-
tion associated with the pion density is very small, bei
damped by factors of ordermp

2 as required by low energy
theorems. On the other hand, another part of the restora
is not linked to the pion density and does not induce a
mixing. We have shown, within the QMC model, that it
instead signalled by a decrease of the hadron masses pr
tional to this part of the condensate evolution. In the nucl
medium the two signatures are simultaneously present.
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