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Parity doubling structure of nucleon at non-zero density in
the holographic mean field theory
Bing-Ran Hea and Masayasu Haradab
Nagoya University, Japan

Abstract. We summarize our recent work in which we develope the holographic mean
field approach to study the dense baryonic matter in a bottom-up holographic QCD model
including baryons and scalar mesons in addition to vector mesons. We first show that, at
zero density, the rate of the chiral invariant mass of nucleon is controlled by the ratio of
the infrared boundary values of two baryon fields included in the model. Then, at non-zero
density, we find that the chiral condensate decreases with the increasing density indicating
the partial restoration of the chiral symmetry. Our result shows that the more amount of the
proton mass comes from the chiral symmetry breaking, the faster the effective nucleon mass
decrease with density.

1. Introduction
Chiral symmetry and chiral symmetry breaking play very important roles in hadron physics. The study
of the origin of nucleon mass can help us to understand the mechanism of chiral symmetry breaking.
There is one possibility that the origin of nucleon mass could be divided into two parts, one is generated
by the spontaneous chiral symmetry breaking and another is the chiral invariant mass. Such kind of
nucleon mass generation mechanism is realized in the framework of parity doublet models well.
Holographic QCD (hQCD) models, based on the AdS/CFT correspondence which establishes a
duality between a gravity theory formulated in the AdSd+1 space-time and a strongly coupled gauge
theory in d dimensional space-time, provide a novel approach to strongly coupled gauge theories among
low energy. Some models introduced chiral symmetry breaking and describe mesons well [1]. Among
several ways to apply hQCD models for dense baryonic matter, we adopt the holographic mean field
(HMF) approach [2]. In Ref. [2] the Sakai-Sugimoto (SS) model was used to demonstrate the HMF
appoach. Since the SS model does not include the attractive force mediated by the scalar mesons, the
chemical potential keeps increasing with increasing density. This is contrasted to the expectation that
it should decrease up until the normal nuclear matter density. In the work done in Ref. [3], based on
a bottom-up model which contains a scalar meson in addition to the baryon, we atudied the density
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dependences of the chemical potential, the chiral condensate and the effective mass of the nucleon. In
this write-up, we summarize main points of the results obtained in Ref. [3].

2. Parity doubling structure of the model
In this section we briefly review the holographic QCD model which includes scalar, vector, axial-vector
mesons in addition to the baryon fields.

2.1 model
In the 5-dimensional theory, the fifth-dimensional gamma matrix is defined as z = −i5 , therefore,
there is no space to define the chiral projection operator. As a result, it is not possible to separate a
single 5D spinor into left- and right-handed components. So that, we need to introduce a pair of spinors
in 5D theory to discuss chiral dynamics. The fields relevant to the present analysis are the scalar meson
field X and two baryon fields N1 and N2 , as well as the 5-dimensional gauge fields RA and LA . The two
baryon fields N1 and N2 transform as (2, 1) and (1, 2) under SU (2)L × SU (2)R , respectively. The bulk
action is given as [4]
S = SN1 + SN2 + Sint + SX .

(1)

For each of N1 and N2 , there are infinite mass towers, the interaction term mixes this two towers, and
breaks their degeneracy.

2.2 parity doubling structure
The equation of motion for scalar field X has the following solution: [1, 5] X0 (z) = 12 Mz + 12 z 3 , where
M is the current quark mass and  is the quark condensate q̄q.
As for the baryon fields, we decompose the bulk fields N1 and N2 as N1 = N1L + N1R , N2 = N2L +
N2R , where N1L = iz N1L , N1R = −iz N1R , N2L = iz N2L , N2R = −iz N2R . The mode expansions
  d 4 p −ipx (n)
of N1L,R and N2L,R are performed as N1L,R (x, z) = n (2)
f1L,R (z)(n)
4e
L,R (p), N2L,R (x, z) =
  d 4 p −ipx (n)
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with m(n)
+ corresponding to mass eigenvalues. G is a parameter determined by requiring that the lowest
eigenvalue becomes the nucleon mass of 0.94 GeV. The IR boundary values of f+1 and f+2 are set to
be 1 and c1 , respectively. The UV boundary values are taken to be zero for normalizable modes.
To determiner the amount of the chiral invaritant mass of the nucleon, we turn off the effect of
dynamical chiral symmetry breaking by taking  = 0 and calculate the mass eigenvalue by solving
Eq. (2) for several choices of c1 . We identify the lowest eigenvalue as the chiral invariant mass denoted
which shows the
as just m0 , In Fig. 1, we plot the c1 dependence of the value of 1 − m0 /mN ≡ m(mq̄q)
N
percentage of the nucleon mass coming from the spontaneous chiral symmetry breaking. From Fig. 1 we
can see that, when c1 = 0, which is chosen in Ref. [4], all the nucleon mass comes from the spontaneous
chiral symmetry breaking. On the other hand, when c1 > 0.25, less than half of the nucleon mass comes
from the spontaneous chiral symmetry breaking.
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Figure 1. c1 -dependence of
chiral symmetry breaking.
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Figure 2. Density dependence of /0 and the effective nucleon mass M ∗ .

3. The holographic mean field approach
In this section, we study the finite density system using the holographic mean field theory proposed in
Ref. [2]. The main idea of mean field theory is to replace all interactions with an average or effective
interaction. This reduces a multi-body problem into an effective one-body problem. In the present
analysis, we consider the case of symmetric nuclear matter, so that the proton and the neutron have
the same mean fields. Furthermore, we assume that the mean fields for the vector and axial-vector
gauge fields except the U(1)V gauge field and the traceless part of the scalar field are zero. The IR
values of N+ and N− controls the baryon number density, which is written in terms of the baryon fields
 dz †

†
dz (z). The baryon chemical potential  is the value of V0 at the
as b = 2z
4 (N+ N+ + N− N− ) =
UV boundary.


.
The in-medium condensate is defined through the holographic mean field X(z) as  = 2X(z)
z3 
z=z UV

In Fig. 2a we plot the density dependence of the  normalized by the vacuum value 0 . The figure
shows that the quark condensate  decreases with the increasing number density, which indicates the
patial chiral restoration in dense matter. We note that the density dependense of the chiral condensate is
similar to the one obtained in Ref. [6].
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For studying the property of nucleon mass at high density region, we define the effective nucleon
mass though chemical potential  by 
the following relation obtained in the Walecka type model (see
∞ g2 (n) NN
e.g. Refs. [7]):  = n=1 m2 b + kF2 + M ∗ 2 , where b is the baryon number density, g(n) NN is
(n)

the coupling for nth eigenstate of the omega mesons, m(n) is its mass, and kF is the Fermi momentum.
We plot the density dependence of the effective mass M ∗ in Fig. 2b. The figure shows that the effective
mass decreases at high density region. The decreasing rate is larger than the one obtained in Ref. [6],
which considered as the reflection of the iterative corrections included through the holographic mean
field approach. While for different c1 , a smaller value of c1 causes more rapidly decreasing M ∗ . This
implies that the larger the percentage of the mass coming from the chiral symmetry breaking is, more
rapidly the effective mass M ∗ decreases with density.

4. A summary and discussions
Based on a bottom-up holographic QCD model which includes five-dimensional baryon field in the
model proposed in Refs. [1, 5], by applying holographic mean field approach we study the equation
of state, the chiral condensate and the effective nucleon mass at finite density. Our result shows that,
with the increasing number density, the quark condensate  decreases, which is consistent with the
analysis done in Ref. [6]. We found that the larger the percentage of the nucleon mass coming from
the spontaneous SB is, the more rapidly the effective nucleon mass decreases with increasing baryon
number density.
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