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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 numbeps): 24.85+p, 11.30.Rd, 12.39.Ba, 12.40.Yx

Chiral symmetry is partially restored in a heat bath or indium is governed by the nucleon sigma commutatqr. For
dense matter. For instance, at normal nuclear matter densigy uniform medium with nucleon scalar densjty, the con-
the quark condensate, which is the order parameter of thdensate evolves, to first ordergg, according to the relation
spontaneous breaking of the symmetry, has decreased by _
about 35%. It is therefore legitimate to investigate whether (bp(ps)) . Znps
this large reduction is accompanied by precursor effects <$¢(p =0)) T @
which signal the approach to full restoration. These effects s o
should be linked to the symmetry itself. The realization ofThe question is then how much of the restoration arises from
chiral symmetry in the Wigner rather than in the Goldstoneihe pion cloud.
mode implies either a vanishing of all hadron masses or the |; tyrns out that our question concerning the role of the
existence of parity doublets, each state being degenerate Wiiony cloud in the restoration of chiral symmetry in dense
its chiral partner. The fact that neither of these situationgnatter cannot be given in a model independent way. For
occurs for free hadrons was the motivation to favor the Goldexample, as we explain later, within the cloudy bag model
stone realization. The signatures of the Wigner realizationghe nycleon sigma commutator separates into a pionic con-
make it natural to look for precursor effects of the full res- i ipution and a remaining piedd], S :
toration in the form of a decrease of the hadron masses or in
some effects which involve parity. The first road was taken m2 R R
by Brown and Rhd1] on the basis of scale invariance argu- EN:{J dx(N|p2(x)|N)+ 2. (2
ments. They suggested a reduction of hadron masses linked
to the condensate evolution. For tests of these ideas attenti ; ; 2
has focussed on theandw masses. On the other hand, Dey?ﬁ}?hlgt;?g# (;i;raefc(;)gsst?g ivmer?g(]ﬁez)c.]uantltw(ﬁ ), related
et al. [2] have shown that in a heat bath there will be some T '
mixing of axial and vector correlators. This mixing is in- R R
duced by the emission or absorption of &wave thermal <¢2>=psf dx({N| p2(x)|N). (3)
pion which produces a change in the parity. For soft pions,
i.e., in the chiral limit and at low temperatures, the amount o, symmetry restoration is produced by both pionic and

axial (vecton correlator introduced in the vectéaxial) one nonpionic terms on the right-hand sid®HS) of Eq. (2)
is governed by the condensate evolution. At the same timﬁccording to

the original correlator is depleted by the same amount.
A similar concept was introduced by Chanfrayal. [3]

— ) :
in dense matter. The pions in this case are the virtual ones of _<‘M’(Ps)> —1- (9% B PsEN . @
the nuclear pion cloud. Since they constitute an integral part (bih(ps=0)) 22 f2m?

of the nucleus there is no true correlator mixing. Neverthe-

less Chanfrayet al. extended the notion of mixing to the A similar expression holds for the evolution with tempera-
currents in such a way that they could build a coherent picture in the heat bath. However, in that case only the term in
ture from the nuclear pions. Similar to the case of the heat¢?) is present in the RHS of Eq4) [5].

bath, there occurs a depletion phenomenon in the form of a As a matter of fact the pions are responsible for the cor-
quenching of certain coupling constants from the nuclearelator mixing which signals chiral symmetry restoration.
pion loops. The quenching factor is related to the pion scalafhe question is whether they also affect the nucleon mass
density. One difference from the case of a heat bath is thand what is the restoration signal dueXf. The evolution

the relation between this quantity and the condensate is naif the hadron masses at finite temperature has been discussed
straightforward. The condensate evolution in a dense medy several author¢see, e.g., Ref46,7]). Here we concen-
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trate on the modification which is directly linked to the evo- to identify g with «, which would be unjustified. Our only
lution of the condensate, that is to the existence of a non zeroypothesis is that we can use this model to evalliate The
expectation value fof$?). This expectation value can arise Lagrangian density is

in either nuclear matter or a heat bath. In the latter ¢gge
goes likeT? in the chiral limit. Using the effective Lagrang-
ian of Lynn, in the tree approximatidi®,9], it is straightfor-
ward to derive the following expression for the change in the

i— .. _

nucleon massgconsistent with the results of Réf7]): _ E -
25(S)qU2(¢)Q+E(¢), (6)
AM® 3y (¢?) with
M M 22 ® .
" U(o)=expit ¢ys/2f ;) (7)

We have to specify the meaning of the indexn Eq.(5), and£(¢) the Lagrangian density for the pion field
which stands for soft. The pions which build the quantity

{¢?) need not be soft, and indeed the virtual nuclear pions L(d)= ED SD P+ lmz #2. ®)
are not, with their typical momentum being a few hundred 2°F 27

MeV/c. However, the term ik¢?) of Eq. (4) is the only one
to survive in the soft limit. Practically, in thBI-N interac-
tion, the two-pion exchange with a contaetvave w7wNN = - . -
coupling which leads to the mass modification of Eg) Du¢=¢d ¢+ imsin(¢lfr)i,é. ©)
represents a minor contributid®]. On the other hand, for ynger infinitesimal SU(2)x SU(2) transformations, with
nonsoft pions the derivative couplings introduce other terms 5 > i

in the mass modification. The extra terms will be |umpedparameter3e(, €s), the quark fieldg transforms as

The covariant derivative on the pion field is defined as

into an effectivec meson exchange as explained below. An ic. 7

expression similar to Eq5) holds for the other hadrons. By q—| 1+ _) a, (10)
comparison with the evolution of the condensate of pionic 2

origin, Eq.(4), the mass evolution is thus attenuated by the .o

factor % /M which vanishes in the chiral limit as imposed . 57

by the soft pion theorems. Thus in this limit there is no mass G—| 11 757) 9 (1)

shift of orderT?, as we know on general grounfB10], and
in the nuclear case no term of order. appears in the mass While the corresponding transformations for the pion field
changeg[11]. are

Coming now to the restoration signal dueX§, in order s .
to be definite, we use the quark-meson coupling model ¢—d—exe, (12
(QMC) of Guichon[12,13 where the quarks interact locally and
with o and o fields. This phenomenologicat exchange,
when taken between two-nucleon states, incorporates among
other things the excitation vip-wave pions of one or both
nucleons intcA resonances. Therefore it also includes, in a ~ ~ -
very phenomenological fashion, the influence of non-soft ¢sin(@lf)—psin(plf,)—escod plf,), (14

pions on the nucleon mass beyond the modification de- : :
scribed in Eq(5). This is sufficient for our purpose. Our aim where Eqs(13) and(14) are for the axial transformations. It

. ; o N js straightforward to establish that the Lagrangian density of
here is not a detailed quantitative description of the tota g grang y

; . (6) is chirally invariant under these transformations, ex-
mass change. We want instead to understand what are the! (6) s chirally invariant u 2,2 . . I : X
for the termm,qqO® (V) —m: ¢“/2, which vanishes in

signatures of chiral symmetry restoration induced by its dif-CEPt for the termm : -1 vall _
ferent components displayed in Ed). the chiral limit. Using the equations of motion it is straight-

Originally the QMC model was devised without any ref- forward to derive the expression for the double commutator
erence to chiral symmetry. The reason was that in the mean f
= | dx

field approximation the pion field vanishes in nuclear matter.

But in order to study chiral symmetry restoration one clearly
which shows again that chiral symmetry is correctly imple-
mented in the model. By taking the expectation value of Eq.

needs a model in which the explicit breaking of chiral sym-
metry vanishes with the current quark masg. For this we

(15 we identify the nonpionic contribution to the nucleon
sigma commutator:

cog ¢/ f ) —cog p/f )+ €5 sin(glf,), (13

Py 1 2 42
MeGa® (V) + 5m2g2),  (15)

d
QsaaQs

start from the cloudy bag modg14] which is the MIT bag
model where the confining surface term 4(3)qq is made

chirally symmetric by a coupling to a pion fiell. We note
g the quark field of the model so as to avoid any confusion P - — -
with the QCD quark fieldy. In the following we never need N=Mg [ dX(N|O(V)gq(x)|N). (16)
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Despite successful phenomenological application of the _ g% . gNp
model defined by Eq(6), it was soon realized that this for- = UZSJ dX(N|O(V)QQ(X)[N)==22, (22
mulation was not convenient. The reason is thattheou- me m,

pling of the pion at the surface produces a strong coupling to ) ] .
the negative energy quark states. Ignoring this coupling igvhere th?\l second equation defines th@ucleon coupling
allowed in some cases but in order to recover the low energ§onstanig,, . To leading order, which is enough for our con-
theorems one has actually to sum over all those states. Thidderations, the sigma field governs the change in the
admixture of negative energy quark states obscures theucleon mass according to
simple interpretation of the nucleon as a three valence quarks _
(in first approximatioh To remedy this problem one intro- AM=—glo. (23)
duces a new quark fiel@ according tq15]
Notice that, contrary to the field of the nonlinear sigma
Q=U(¢)q. (17 model which is constrained by the chiral circte (which as
. ) . . o . already mentioned is not related to the chiral partner of the
With this new field the surface coupling of the pion is shifted pion), can develop large values. For instance, in the QMC
to a volume coupling and the Lagrangian density becomes model the favored values of the coupling constants lead to a
i mass change for the nuclecAM ~—200 MeV, at normal
= —OvE- (9 —3 )0 —m.Ol 200 _ nuclear matter density13]. The corresponding number for
£=0MV)13Q07 (9, 9.)Q=mQU($) "Q-B the vector mesons is of order140 MeV[16].
1 We now wish to relate the change of the nucleon mass to
— 2 8(S)QQ+ L+ L( ), (18)  the condensate evolution governedXy as defined by Egs.
2 (4) and(16). From Eqgs(7) and(17), and for a homogeneous

. - . 2 -
where the interaction term medium, in which({ ¢} is constant, we have to lowest order

in ($2)/f2
Ln=0(V)iQy“U(4)d,U%(¢)]1Q (19 ) o
: . . f dx(N[®(V)qa(x)|N)
generates all the soft pion theorems if one takes its expecta-
tion value between pion-nucleon stafd$]. One then can 5
check that the coupling to the negative energy states is sup- = ( 1— <¢_) j dx(N|©®(V)QQ(X)|N). (24)
pressed by powers of the pion field energy, which supports foT

the interpretation that the nucleon is approximately described

by three valence quarks in the lowest energy mode of thélere we emphasize that it {§ which is independent of.
field Q. In other words, as long as we consider nucleon maThe modification of the nucleon mass is thus

trix elements, the field is approximately independent df.

More preciselyQ is not affected by the soft content gf. j dx(Nlaa(x)IN
We are now in a position to introduce the coupling to the AM=— ngg Ps (Nlag(IN) o5
o andw in a way consistent with chiral symmetry. Since the m 1_<¢2>/(2f2) (25
combinationsQQ andQvy,Q are obviously invariant under
a chiral transformation, we can add fothe term Using Egs.(4) and (16) and the Gell-Mann—Oakes—Renner

. . relation, this can be written in terms of the condensate evo-
Lyo=0M[—-920QQ+920,Q¥*Q1+L%,, (200 lution, leading to

ow’?

where £, is the usual Lagrangian density for free scalar aNg@l  (Yi(ps)) —
and vector fields. The» field, which plays no role in the AM=— 2 | 1—(82)(2f%) —(yi(ps=0))|, (26)
following discussion, is mentioned here only for complete- o ¢ ”

ness. We stress that thefield just introduced has nothing to
do with the chiral partner of the pion field in the linear sigma
model, it is a chiral singlet and the interaction in E20) is
chirally invariant. From Eq(20) we get the following equa-
tion for the sigma field:

valid up to lowest order in¢2). In comparison with the
condensate evolution we have the additional term in denomi-
nator involving( ¢?). Its presence guarantees that the modi-
fication of the mass of the nucleon is independent of the
quantity( ¢?). It is quite remarkable that the mass evolution,

P in spite of the chiral invariant coupling of the sigma field,
— —V2+m? | o(x) = 99QQ(x) O (V), (21)  follows the condensate evolution, but only that piece of it
at? which is of nonpionic origin. We have derived this result

within the QMC model where the sigma field is coupled in a
where the RHS of Eq(21) is the scalar source for a single chiral invariant way to the quarks. It is likely to be more
bag located inside the volumé In a uniform nuclear me- general. The general arguments based on scale invaliihce
dium, and in the absence of a response of the bagrtidd  do not seem to distinguish between the different origins of
has the constant value the symmetry restoration as we do.
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Note that in the QMC model the proportionality constantPart of the restoration arises from the finite value of the
between the mass and the condensate is purely phenomeraverage squared pion fieldquivalently the scalar pion den-
logical. On the other hand, within the Nambu—Jona-Lasiniasity). The signature for that part is the depletion of the axial
(NJL) model in its simplest version, the nucleon mass isand vector correlators and the generalized mixing of these
taken as three times the effective quark mass. In the standat@rrelators in the sense defined in R&f]. The mass reduc-
treatment of the model, which amounts to the Hartree aption associated with the pion density is very small, being
proximation, the quark mass is obtained from a gap equatioaamped by factors of orden? as required by low energy
which does not incorpora‘ge meson Ioops. anq thus follows th eorems. On the other hang, another part of the restoration
condensate in the chiral limit. The question is how to exten s not linked to the pion density and does not induce any

the model in such a way that the pion density influences th%wixin We have shown, within the QMC model, that it is
mass in a negligible way while keeping a large role in the. 9. ' '

condensate—which amounts to preserving the soft pion the instead signalled by a decrease of the hadron masses propor-
. P ving Ot p Yonal to this part of the condensate evolution. In the nuclear
rems. The understanding of this point, following, for ex-

ample, the extension of the NJL model to meson loops der_’ned|um the two signatures are simultaneously present.
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