arXiv:1304.7866v2 [hep-ph] 11 Jun 2013

Parity doubling structure of nucleon at non-zero density in the holographic mean field theory

Bing-Ran He^{∗1} and Masayasu Harada^{†1} 1 Department of Physics, Nagoya University, Nagoya 464-8602, Japan (Dated: June 12, 2013)

We develope the holographic mean field approach in a bottom-up holographic QCD model including baryons and scalar mesons in addition to vector mesons and pions. We study the effect of parity doubling structure of baryons at non-zero density to the equation of state between the chemical potential and the baryon number density. We first show that we can adjust the amount of nucleon mass coming from the chiral symmetry breaking by changing the boundary value of the five-dimensional baryon fields. Then, introducing the mean field for the baryon fields, we calculate the equation of state between the baryon number density and its corresponding chemical potential. Then, comparing the predicted equation of state with the one obtained in a Walecka type model, we extract the density dependence of the effective nucleon mass. The result shows that the effective mass decreases with increasing density, and that the rate of decreasing is more rapid for larger percentage of the mass from the chiral symmetry breaking.

PACS numbers: 21.65.-f, 11.25.Tq, 14.20.-c, 11.10.Kk

I. INTRODUCTION

The spontaneous chiral symmetry breaking (χSB) is one of the most important features in low-energy QCD. This is considered to be the origin of several hadron masses, such as the lightest nucleon mass. However, there is a possibility that only a part of the lightest nucleon mass is generated by the spontaneous χSB and the remaining part is the chiral invariant mass. This structure is nicely expressed in so called parity doublet models (see, e.g. Refs. [1–4]).

It is an interesting question to ask how much amount of the nucleon mass is generated by the spontaneous χSB, or to investigate the origin of nucleon mass. Studying dense baryonic matter would give some clues to understand the origin of our mass, since a partial restoration of chiral symmetry will occur at high density region. We expect that the mass generated by the spontaneous χSB will become small near the chiral phase transition point.

It is not so an easy task to study the dense baryonic matter from the first principle, namely starting from QCD itself: It may not be good to use the perturbative analysis, and the lattice QCD is not applicable due to the sign problem at this moment. Then, instead of the analysis from the first principle, it may be useful to make an analysis based on effective models, especially for qualitative understanding.

Holographic QCD (hQCD) models (see, for reviews, e.g. Refs. [5, 6] and references therein.) are constructed based on the AdS/CFT correspondence [7–9] and powerful tools to study the low-energy hadron physics. There exist several ways to apply hQCD models for dense baryonic matter (see e.g. Refs. [10–17]). Recently the

∗e-mail: he@hken.phys.nagoya-u.ac.jp †e-mail: harada@hken.phys.nagoya-u.ac.jp

holographic mean field theory approach was proposed to study dense baryonic matter in Ref. [18]. This approach allows us to predict the equation of state between the chemical potential and the baryon number density. In Ref. [18], this approach was applied to a top-down model of hQCD [19] including the baryon fields in the framework of the Sakai-Sugimoto (SS) model [20]. It is known [21] that the SS model provides the repulsive force mediated by iso-singlet mesons such as ω meson among nucleons, while the attractive force mediated by the scalar mesons are not generated. As a result Ref. [18] shows that the chemical potential increases monotonically with the baryon number density. On the other hand, when the attraction mediated by the scalar meson is appropriately included, the chemical potential is expect to decrease up until the normal nuclear matter density, and then turn to increase (see e.g. Ref. [21]). Thus, it is interesting to study whether the chemical potential decreases with increasing density when the scalar degree of freedom is included.

In this paper, for studying this, we adopt a bottom-up model given in Ref. [22] which includes five-dimensional baryon field included in the model proposed in Refs. [23, 24]. There the five dimensional scalar field X is explicitly included to express the chiral symmetry breaking by its vacuum expectation value (VEV).

Yet another interest appears in a hQCD model of Ref. [22]. Since there is no chirality in five dimension, the hQCD model includes two baryon fields; one transforms linearly under U(2)_R and another under U(2)_L. The existence of two baryon fields naturally generates the parity doublet structure mentioned above. In Ref. [22], the boundary condition is adopted in such a way that all of the nucleon mass is generated by the chiral symmetry breaking.

In the present analysis, we will show that we can adjust the amount of nucleon mass coming from the chiral symmetry breaking by changing the boundary value of the five-dimensional baryon fields: The percentages of the chiral invariant mass in the nucleon mass is controlled by changing the boundary value. We study how the equation of state in the dense baryonic matter depends on the percentage of the nucleon mass originated from the spontaneous χSB in the holographic mean field theory approach. Our result shows that, larger the percentage of the mass coming from the spontaneous χSB is, more rapidly the effective nucleon mass, which is extracted from the equation of state by comparing it with the one obtained in a Walecka type model given in Ref. [26], with increasing baryon number density.

This paper is organized as follows: In section II, we first review the model proposed in Ref. [22], and then show the parity doubling structure. We study the equation of state at non-zero baryon density in the model in section III. We also discuss the interpretation of our results in terms of a Walecka-type model. Finally, we give a summary and discussions in section IV. We summarize several intricate formulas needed in this paper in appendix A.

II. PARITY DOUBLING STRUCTURE OF THE MODEL

A. model

In this subsection we briefly review the holographic QCD model including baryons given in Ref. [22].

The fields relevant to the present analysis are the scalar meson field X and two baryon fields N_1 and N_2, as well as the 5-dimensional gauge fields R_A and L_A, which transform under the 5-dimensional chiral symmetry as

X → g_L X g^†_R , (2.1) N_1 → g_R N_1 , (2.2) N_2 → g_L N_2 , (2.3)

R_A → g_R R_A g_R† − i∂_Ag_R · g^†_R , (2.4)

L_A → g_L L_A g^†_L − i∂_Ag_L · g^†_L , (2.5)

where g_{R,L} ∈ U(2)_{R,L} denote the transformation matrix of chiral symmetry, and A = μ , z with μ = 0, 1, 2, 3. By using these fields, the bulk action is given as

S = S_{N1} + S_{N2} + S_{int} + S_X , (2.6)

where

S_{N1} = ∫ d^5x √ g { i 2 N̄_1e^M_A Γ^A∇_M N_1 − i 2 ( ∇^†_M N̄_1 ) e^M_A Γ^AN_1 − M_5N̄_1N_1 } , (2.7)

S_{N2} = ∫ d^5x √ g { i 2 N̄_2e^M_A Γ^A∇_M N_2 − i 2 ( ∇^†_M N̄_2 ) e^M_A Γ^AN_2 + M_5N̄_2N_2 } , (2.8)

S_{int} = − ∫ d^5x √ gG {¯ N_2XN_1 + N̄_1X^†N_2 } , (2.9)

S_X = = ∫ d^5x √ g Tr { |DX|^2 − m_5^2|X|^2 − 1 4g^2_5

(F^2_L + F^2_R) } , (2.10)

with M_5 = 5/2 and m^2_5 = −3 being the bulk masses for baryons and mesons, G the scalar-baryon coupling constant, g_5 the gauge coupling constant. The vielbein e^A_M appearing in Eqs. (2.7) and (2.8) satisfies

g_{MN} = e^A_M e^B_N η_{AB} = 1 z^2 diag(+ − − − −) , (2.11)

where M labels the general space-time coordinate and A labels the local Lorentz space-time, with A, M ∈ (0, 1, 2, 3, z). By fixing the gauge for the Lorentz transformation, we take the vielbein as

e^A_M = 1 z η^A_M = 1 z diag(+ − − − −) . (2.12)

The Dirac matrices Γ^A are defined as Γ^μ = γ^μ and Γ^z = −iγ^5 which satisfy the anti-commutation relation { Γ^A, Γ^B } = 2η^{AB} . (2.13)

The covariant derivatives for baryon and scalar meson are defined as

∇_M N_1 = (∂_M + i 4 ω^{AB}_M Γ_{AB} − i(A^a_L)_M t^a)N_1 ,(2.14)

∇_M N_2 = (∂_M + i 4 ω^{AB}_M Γ_{AB} − i(A^a_R)_M t^a)N_2 ,(2.15) D_M X = ∂_M X − iA_{LM} X + iXA_{RM} , (2.16) where Γ^{AB} = [Γ^A, Γ^B ]/(2i). ω^{AB}_M is the spin connection given by ω^{AB}_M = 1 z (η^A_Z η^B_M − η^A_M η^B_Z )η^{ZZ} . (2.17)

B. parity doubling structure

In this subsection, we study the parity doubling structure of baryons in the model described in the previous subsection. Note that the analysis in this subsection is done for zero chemical potential, so that only the scalar field X has a mean field part, or 4-dimensional vacuum expectation value (VEV), expressed by X_0. The equation of motion (EoM) for X_0 is read from the action S_X in Eq. (2.10) as 1 z^3

∂^2_z X_0 − 3 z^4

∂_zX_0 + 3 z^5

X_0 = 0 . (2.18)

The solution for this EoM is obtained as [23, 24]

X_0(z) = 1 2 Mz + 1 2 σz^3, (2.19)

where M is the current quark mass and σ is the quark condensate ⟨q̄q⟩. By using this vacuum solution, the EoMs for N_1 and N_2 are given by ( ie^M_A Γ^A∇_M − M_5 ) N_1 − GX_0N_2 = 0 , (2.20) ( ie^M_A Γ^A∇_M + M_5 ) N_2 − GX_0N_1 = 0 . (2.21)

As done in Ref. [22], we decompose the bulk fields N_1 and N_2 as

N_1 = N_{1L} + N_{1R} , N_2 = N_{2L} + N_{2R} , (2.22)

where

N_{1L} = iΓ^zN_{1L} , N_{1R} = −iΓ^zN_{1R} , N_{2L} = iΓ^zN_{2L} , N_{2R} = −iΓ^zN_{2R} . (2.23)

The mode expansions of N_{1L,R} and N_{2L,R} are performed as N_{1L,R}(x, z) = ∑ n ∫ d^4p (2π)^4 e^{−ipx}f^{(n)}_{1L,R}(z)ψ^{(n)}_{L,R}(p) , N_{2L,R}(x, z) = ∑ n ∫ d^4p (2π)^4 e^{−ipx}f^{(n)}_{2L,R}(z)ψ^{(n)}_{L,R}(p) . (2.24)

It is convenient to introduce f^{(n)}_+ and f^{(n)}_− as

f^{(n)}_{+1} = f^{(n)}_{1L} + f^{(n)}_{2R} , f^{(n)}_{+2} = f^{(n)}_{1R} − f^{(n)}_{2L} , f^{(n)}_{−1} = f^{(n)}_{1L} − f^{(n)}_{2R} , f^{(n)}_{−2} = f^{(n)}_{1R} + f^{(n)}_{2L} , (2.25)

which satisfy

∂_zf^{(n)}_{+1} =

2 + M_5 z f^{(n)}_{+1} − 1 2 Gσz^2f^{(n)}_{+2} − m^{(n)}_+ f^{(n)}_{+2} ,

∂_zf^{(n)}_{+2} =

2 − M_5 z f^{(n)}_{+2} − 1 2 Gσz^2f^{(n)}_{+1} + m^{(n)}_+ f^{(n)}_{+1} ,

(2.26) and ∂_z f^{(n)}_{−1} =

2 + M_5 z f^{(n)}_{−1} + 1 2 Gσz^2f^{(n)}_{−2} − m^{(n)}_− f^{(n)}_{−2} ,

∂_z f^{(n)}_{−2} =

2 − M_5 z f^{(n)}_{−2} + 1 2 Gσz^2f^{(n)}_{−1} + m^{(n)}_− f^{(n)}_{−1} , (2.27)

with m^{(n)}_± corresponding to mass eigenvalues.

It should be noticed that Eq. (2.27) is rewritten as

∂_zf^{(n)}_{−1} =^{2+M5}_z f^{(n)}_{−1} −^1_2 Gσz^2f^{(n)}_{−2} − (−m^{(n)}_− )(−f^{(n)}_{−2} ) , ∂_z(−f^{(n)}_{−2} ) =^{2−M5}_z (−f^{(n)}_{−2} )−^1_2 Gσz^2f^{(n)}_{−1} + (−m^{(n)}_− )f^{(n)}_{−1} , (2.28)

which is the same form as in Eq. (2.26). This implies that the solutions of Eq. (2.26) and those of Eq. (2.27) are not independent with each other. For example, a solution of Eq. (2.26) with negative energy eigenvalue is actually a solution of Eq. (2.27) with positive energy eigenvalue, which is the reflection of the charge conjugation invariance at zero density.

For solving Eq. (2.26) we need to fix the boundary conditions for f^{(n)}_{+1} and f^{(n)}_{+2} : At the UV boundary (z = 0), f^{(n)}_{+1} and f^{(n)}_{+2} should be zero required by the normalizability. The value of f_{+1} at the IR boundary can be set 1 without loss of generality since the coupled differential equations in Eq. (2.26) are homogeneous equations. In Ref. [22], the value of f_{+2} at the IR boundary was taken as 0 in such a way that all of the mass of ground state baryon is generated by the chiral symmetry breaking expressed by the VEV of X_0.

In the present analysis, we regard the IR value of f_{+2}, i.e. f_{+2}|_{z=zm} = c_1, as a parameter, which turns out to control the percentages of the chiral invariant mass included in the nucleon mass. We summarize the boundary condition in Table I for a convenience. In the remaining part of this subsection, we shall show the dependence of the percentage of the chiral invariant mass of the nucleon on the IR boundary value c_1, for fixed value of z_m = 1/0.3236 (GeV)^{−1} [23].

UV IR f+1 0 1 f+2 0 c1

TABLE I: Boundary conditions for baryon fields

For a given value of c_1, we first adjust the coupling G to ensure that the lowest eigenvalue becomes the nucleon mass of 0.94 GeV. We show how the value of G changes depending on the value of c_1 in Fig. 1. It should be

FIG. 1: Value of G determined from c1 to make the lowest eigenvalue to be the nucleon mass of 0.94 GeV.

noted that the lowest eigenvalue is obtained by shooting 0.94 GeV through Eq. (2.26) or equivalently by shooting −0.94 GeV through Eq. (2.27). We can show that, the eigenvalues obtained from Eq. (2.26) with positive sign are the masses of the excited nucleons with positive parity, while the ones with negative sign are masses of negative-parity excited nucleons. For Eq. (2.27), the parity assignment is interchanged.

We give an intricate discussion of the parity assignment in appendix A.

We next calculate the masses of higher excited nucleons using the value of G determined above for fixed c_1. We show the c_1-dependence of several masses in Fig. 2. Here, N(+) denotes the states with positive parity while N(−) stands for negative parity. This figure shows that, for c_1 > c^∗_1 ≈ 0.12, the first excited state carries the negative parity and the second the positive parity, and so on. For c_1 < c^∗_1, on the other hand, the first excited state is the positive-parity excited nucleon, which seems consistent with the experimental data.

Finally in this subsection, we investigate the effect of dynamical chiral symmetry breaking on the nucleon mass. For quantifying this effect, we take σ = 0 and

FIG. 2: c1 dependence of excited nucleon masses.

calculate the mass eigenvalue by solving

∂_z f^{(n)}_{+1} =

2 + M_5 z f^{(n)}_{+1} − m^{(n)}_0 f^{(n)}_{+2} ,

∂_z f^{(n)}_{+2} =

2 − M_5 z f^{(n)}_{+2} + m^{(n)}_0 f^{(n)}_{+1} , (2.29)

for several choices of c_1. We consider the lowest eigenvalue m^{(1)}_0 , denoted as just m_0, as the chiral invariant mass of nucleon. In Fig. 3, we plot the c_1 dependence of the value of 1 − m_0/m_N ≡^{m(q̄q)}_{mN} which shows the percentage of the nucleon mass coming from the spontaneous chiral symmetry breaking. From Fig. 3 we conclude that,

FIG. 3: c1-dependence of m(q̄q) mN , which shows the percentage

of the nucleon mass coming from the spontaneous chiral symmetry breaking.

in the case of c_1 = 0, which is chosen in Ref. [22], all the nucleon mass comes from the spontaneous chiral symmetry breaking. On the other hand, when c_1 > 0.25, more than half of the nucleon mass is the chiral invariant mass.

III. EQUATION OF STATE IN THE HOLOGRAPHIC MEAN FIELD APPROACH TO THE MODEL

In this section, we study the finite density system using the holographic mean field theory proposed in Ref. [18]. In the holographic mean field theory, all the 5D fields are decomposed into the mean fields which depend only on the 5th coordinate z and the fluctuation fields. In the present analysis, we consider the 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. Then, in the mean field analysis, we make the following replacements: X(x, z) → X(z) I, V_M (x, z) → V_μ(z) 1 2 I, A_M (x, z) → 0 , N_1(x, z) → N_1(z) ( 1 1 ) ,

N_2(x, z) → N_2(z) ( 1 1 ) , (3.1)

where I is the 2 × 2 unit matrix in the flavor space, and the proton and the neutron have the same mean fields consistently with the symmetric nuclear matter. Note that both N_1(z) and N_2(z) are four-component spinors in the above expression.

N_1(z) =

N_{11}(z) N_{12}(z) N_{13}(z) N_{14}(z)

, N_2(z) =

N_{21}(z) N_{22}(z) N_{23}(z) N_{24}(z)

. (3.2)

The equations of motion for the mean fields, X(z), V_M (z), N_1(z), N_2(z) are given by

z^2∂^2_z X − 3z∂_zX − m^2_5X − G 2 (N̄_2N_1 + N̄_1N_2) = 0 ,

η^{μν} (z^3∂^2_z V_ν − z^2∂_zV_ν ) − g^2_5 (N̄_1Γ^μN_1 + N̄_2Γ^μN_2) = 0 , (ziΓ^z∂_z − 2iΓ^z + zΓ^μV_μ − M_5) N_1 − GXN_2 = 0 , (ziΓ^z∂_z − 2iΓ^z + zΓ^μV_μ + M_5) N_2 − GXN_1 = 0 . (3.3)

One can easily show that V_1 = V_2 = 0 together with N_{11} = N_{13} = N_{21} = N_{23} = 0 provides a solution for the above equations of motion. Furthermore, V_3 = 0 becomes a solution when the baryonic mean fields satisfy either of the following conditions:

N_{12} = − N_{24} , N_{14} = N_{22} , (3.4) or N_{12} = N_{24} , N_{14} = − N_{22} . (3.5)

Thus, in the following, we study the solution with V_1 = V_2 = V_3 = 0 and either of Eq. (3.4) or Eq. (3.5).

Now, it is convenient to introduce

N_+ = N_{12} + N_{14} , N_− = N_{12} − N_{14} . (3.6)

Then, by using Eq. (3.4) with V_1 = V_2 = V_3 = 0, the equations of motion are rewritten as

∂^2_z X = 3 z ∂_z X + m^2_5 z^2 X + G 2z^2

(N^†_+N_+ − N^†_−N_−) ,

∂^2_z V_0 = 1 z ∂_z V_0 + g^2_5 z^3

(N^†_+N_+ + N^†_−N_−) ,

∂_zN_+ =

2 + M_5 z N_+ − 1 z GXN_− − V_0N_− , ∂_zN_− =

2 − M_5 z N_− − 1 z GXN_+ + V_0N_+ . (3.7)

The equations of motions corresponding to Eq. (3.5) are obtained by changing the sign in front of G. The situation is similar to the one for Eqs. (2.26) and (2.27): The solutions of Eq. (3.7) is connected to the one for Eq. (2.26), and the one corresponding to Eq. (3.5) is to the one for Eq. (2.27).

Let us consider the boundary condition to solve the equations of motion in Eq. (3.7). First of all, V_0 at UV boundary corresponds to the chemical potential μ:

V_0(z = 0) = μ . (3.8)

The derivative at IR boundary is taken to be zero: ∂_zV_0(z)|_{z=zm} = 0. In the present analysis we do not include the effect of current quark mass, so that the value of X at UV boundary is taken to be zero: X(z = 0) = 0. There is an ambiguity for the IR value of X. In this analysis, following Ref. [13], we fix it to be the value determined at vacuum: X(z = z_m) = σ_0z^3_m/2 with σ_0 = (318 MeV)^3. This is based on the assumption that the IR values are not affected much by the chemical potential introduced at the UV boundary. For the baryon fields, we take the UV values of N_+ and N_− to be zero following the holographic mean field theory [18]. The equations of motion for mean fields are not homogeneous equations, so that the normalization of the baryon fields become relevant. We change the IR values of N_+ and N_− to control the baryon number density, which is written in terms of the baryon fields as^1

ρ_b = ∫ dz 2z^4

(N^†_+N_+ + N^†_−N_−) = ∫ dz ρ(z) . (3.9)

It should be noted that the ratio of two baryon fields at IR boundary is left free as in the previous section. So, we use N_+(z = z_m) = c_2 and N_−(z = z_m) = c_2 × c_1, where c_2 determines the baryon number density while c_1 controls the percentage of the chiral invariant mass of nucleon. We summarize the boundary conditions in Table II.

UV IR X 0 σ0z^3_m/2 V0 μ - ∂zV0 - 0 N1 0 c2 N2 0 c2 ∗ c1 TABLE II: Boundary condition at finite density. The mark “-” indicates that the value is not fixed.

We solve the equations of motion in Eq. (3.7) for given values of c_1 and c_2, with regarding μ in Eq. (3.8) as an eigenvalue. Using the solutions for the baryonic mean fields N_+ and N_− we calculate the baryon number density from Eq. (3.9).

We first study the density dependence of the chiral condensate for checking the partial chiral restoration. Here we define the in-medium condensate through the holographic mean field X(z) as

σ = 2X(z) z^3 | | | |_{z=zUV} . (3.10)

We plot the density dependence of the σ normalized by the vacuum value σ_0 in Fig. 4. This shows that the quark

1 We checked that the baryon number density defined as in Eq.

(3.9) agrees with the one defined from the UV value of the gauge field as ∂_z V_0|_{z=0}.

FIG. 4: Density dependence of σ/σ0 for several choices of c1.

condensate σ decreases with the increasing number density, which can be regarded as a sign of the partial chiral symmetry restoration. When the value of c_1 is decreased, the corresponding value of G becomes larger (see Fig. 1) to reproduce the nucleon mass. Since the larger G implies the larger correction to the scalar from the nucleon matter, the smaller c_1 we choose, the more rapidly the condensate σ decreases. The degreasing property of the chiral condensate is similar to the one obtained in Ref. [13].

We next show the resultant equation of state, a relation between the chemical potential and the baryon number density in Fig. 5. This figure shows that the chemical

FIG. 5: Equation of state. The horizontal axis shows the baryon number density normalized by the normal nuclear matter density of ρ0 = 0.16 (fm)^{−3}, and the vertical axis does the chemical potential by the nucleon mass of 0.94 GeV. The dashed line shows the EoS for c1 = 0, the solid line for c1 = 0.1 and the dotted line for c1 = 0.3.

potential increases with the increasing baryon number density. This does not agree with the nature, in which the chemical potential decreases against the density in the low density region below the normal nuclear matter density. This decreasing property is achieved by the subtle cancellation between the repulsive and attractive forces. So this increasing property indicates that, in the present model, the repulsive force mediated by the U(1) gauge field is stronger than the attractive force mediated by the scalar degree included in X field.

For studying the attractive force mediated by the scalar fields, we extract the density dependence of the effective nucleon mass using the Walecka type model (see e.g. Refs. [25, 26]), in which the chemical potential μ is expressed as μ = ∞∑ n=1 g^2_{ω(n)NN} m^2_{ω(n)} ρ_b + √ k^2_F + M^{∗2} , (3.11)

where ρ_b is the baryon number density, g_ω(n)_{NN} is the coupling for nth eigenstate of the omega mesons, m_ω(n) is its mass, k_F is the Fermi momentum, and M^∗ is the effective nucleon mass. Note that, in the free Fermi gas, k_F is related to ρ_b as ρ_b =^{2k3F}_{3π2} , which leads to

k_F = (_{3π2ρb} 2 )_{1/3} . In the present hQCD model, the

ω^{(n)}NN coupling is calculated in vacuum as g_ω(n)_{NN} = 15.5 ∼ 15.8, 8.9 ∼ 10.9 . . . depending on the value of c_1. Using these couplings together with the masses of m_ω(n) ∼ 780, 1794 . . . MeV, we convert the density dependence of μ obtained above into the one of the effective nucleon mass M^∗ through Eq. (3.11). We plot the density dependence of the effective mass M^∗ in Fig. 6. This

FIG. 6: Density dependence of the effective nucleon mass M^∗.

shows that the effective mass decreases with increasing density. The decreasing rate is larger than the one obtained in Ref. [13], which is the reflection of the iterative corrections included through the holographic mean field theory. It should be noted that the decreasing of M^∗ is more rapid for smaller value of c_1. In other word, the larger the percentage of the mass coming from the chiral symmetry breaking is, more rapidly the effective mass M^∗ decreases with density.

In Fig. 7, we plot the baryon charge distribution ρ(z) defined in Eq. (3.9) for ρ = 0.1 ρ_0, ρ_0 and 2 ρ_0 with c_1 = 0.1 fixed. This figure shows that the distribution

FIG. 7: Baryon charge distribution ρ(z)/ρ_b.

is broader for larger value of ρ. This indicates that the distribution becomes more important for larger density, as shown in Ref. [18].

IV. A SUMMARY AND DISCUSSIONS

We develope the holographic mean field approach in a bottom-up holographic QCD model proposed in Ref. [22] which includes five-dimensional baryon field in the model proposed in Refs. [23, 24]. We first study the mass spectrum of baryons with paying attention to the chiral invariant mass m_0, which were formulated in parity doublet models (see, e.g. Refs. [1–4]). We found the parameter (c_1), which is one boundary value of two baryon fields, controls the percentage of the chiral invariant mass: for c_1 = 0 all of the mass of the ground-state nucleon is generated by the spontaneous chiral symmetry breaking, while for c_1 > 0.25, more than half of the nucleon mass is actually the chiral invariant mass.

We studied the density dependence of the chiral condensate. Our result shows that the quark condensate σ decreases with the increasing number density, which is consistent with the analysis done in Ref. [13]. Furthermore, we found that the σ decreases more rapidly for smaller value of c_1. This is because the sigma coupling to the nucleon is larger for smaller c_1.

We next calculated the equation of state between the baryon chemical potential and the baryon number density using the holographic mean field approach proposed in Ref. [18]. The resultant equation of state shows that the chemical potential increases with the increasing baryon number density. This indicates that, in the present model, the repulsive force mediated by the U(1) gauge field is stronger than the attractive force mediated by the scalar degree included in X field. For studying the attractive force mediated by the scalar fields, we extract the density dependence of the effective nucleon mass using a Walecka type model. Our result shows that the effective mass decreases with increasing density. Furthermore, the decreasing rate is more rapid for smaller value of c_1. This is consistent with the fact that the percentage of the chiral invariant mass is larger for larger value of c_1. In other word, the larger the percentage of the mass coming from the spontaneous χSB is, more rapidly the effective nucleon mass decreases with increasing baryon number density.

We also studied the baryon number distribution in the holographic direction. Our results show that the distribution is concentrated near the IR boundary for smaller ρ. This indicates that the distribution becomes more important for larger density.

In the present analysis, we made an analysis only at the mean field level. So a natural extension is to consider the fluctuations on the top of the mean field obtained here. It is also interesting to study the relation between the isospin chemical potential and the isospin density based on the approach developed in this paper, since the relation has a relevance to the symmetry energy. We leave these works to the future project.

Acknowledgement

M.H. would like to thank useful discussions with Youngman Kim and Chang-Hwan Lee. We are also grateful to Yong-Liang Ma for helpful discussions. This work was supported in part by Grant-in-Aid for Scientific Research on Innovative Areas (No. 2104) “Quest on New Hadrons with Variety of Flavors” from MEXT, and by the JSPS Grant-in-Aid for Scientific Research (S) No. 22224003, (c) No. 24540266. BR.H. would like to thank the Nagoya University Program for Leading Graduate Schools “Leadership Development Program for Space Exploration and Research” for the financial support.

Appendix A: Parity transformation

In this appendix, we consider the parity transformation properties of the 5D fields. As in the 4-dimension, a parity transformation should flip the sign of normal three spatial coordinates. But the 5th coordinate z, as it is defined in the range z_{UV} < z < z_{IR}, does not participate in the parity transformation. x^{μ P}−→ x_μ , z^P−→ z , ∂_μ^P−→ ∂^μ , ∂_z^P−→ ∂_z . (A1) Using these conventions, we obtain the parity transformation of 5D fields as X(x, z)^P−→ X^†(x, z) , A_{Lμ}(x, z)^P−→ A^μ_R (x, z) , A_{Rμ}(x, z)^P−→ A^μ_L (x, z) , A_{Lz}(x, z)^P−→ A_{Rz}(x, z) , A_{Rz} (x, z)^P−→ A_{Lz}(x, z) . (A2) For the 5D spinors, their parity transformation properties are express as

N_{1L}(x, z)^P−→ η_1γ^0N_{2R}(x, z) ,

N_{1R}(x, z)^P−→ η_2γ^0N_{2L}(x, z) ,

N_{2L}(x, z)^P−→ η_2γ^0N_{1R}(x, z) ,

N_{2R}(x, z)^P−→ η_1γ^0N_{1L}(x, z) , (A3)

where η_1 and η_2 are arbitrary phases.

For explicitly illustrating the parity invariance we rewrite the 5D Lagrangian in Eqs. (2.7)-(2.9) in terms of chiral basis as

L_{N1} = N̄_1 ( izΓ^M ∂_M − 2iΓ^z + zΓ^M A^a_{LM} t^a − M_5 ) N_1

= N̄_{1L} ( izΓ^μ∂_μ + zΓ^μA^a_{Lμ}t^a ) N_{1L} + N̄_{1R} ( izΓ^μ∂_μ + zΓ^μA^a_{Lμ}t^a ) N_{1R} + N̄_{1L} (izΓ^z∂_z + zΓ^zA^a_{Lz}t^a − 2iΓ^z − M_5) N_{1R} + N̄_{1R} (izΓ^z∂_z + zΓ^zA^a_{Lz}t^a − 2iΓ^z − M_5) N_{1L} , (A4) L_{N2} = N̄_2 ( izΓ^M ∂_M − 2iΓ^z + zΓ^M A^a_{RM} t^a + M_5 ) N_2

= N̄_{2L} ( izΓ^μ∂_μ + zΓ^μA^a_{Rμ}t^a ) N_{2L} + N̄_{2R} ( izΓ^μ∂_μ + zΓ^μA^a_{Rμ}t^a ) N_{2R} + N̄_{2L} (izΓ^z∂_z + zΓ^zA^a_{Rz} t^a − 2iΓ^z + M_5) N_{2R} + N̄_{2R} (izΓ^z∂_z + zΓ^zA^a_{Rz} t^a − 2iΓ^z + M_5) N_{2L} , (A5) L_{int} = − G[N̄_2XN_1 + N̄_1X^†N_2] = − G[N̄_{2L}XN_{1R} + N̄_{2R}XN_{1L} + N̄_{1L}X^†N_{2R} + N̄_{1R}X^†N_{2L}] . (A6)

Under parity transformation, they transform as

L_{N1}^P−→ η_1^∗η_1N̄_{2R} ( izΓ^μ∂_μ + zΓ^μA^a_{Rμ}t^a ) N_{2R} +η_2^∗η_2N̄_{2L} ( izΓ^μ∂_μ + zΓ^μA^a_{Rμ}t^a ) N_{2L} −η_1^∗η_2N̄_{2R} (izΓ^z∂_z + zΓ^zA^a_{Rz} t^a − 2iΓ^z + M_5) N_{2L} −η_2^∗η_1N̄_{2L} (izΓ^z∂_z + zΓ^zA^a_{Rz} t^a − 2iΓ^z + M_5) N_{2R} , (A7)

L_{N2}^P−→ η_2^∗η_2N̄_{1R} ( izΓ^μ∂_μ + zΓ^μA^a_{Lμ}t^a ) N_{1R} +η_1^∗η_1N̄_{1L} ( izΓ^μ∂_μ + zΓ^μA^a_{Lμ}t^a ) N_{1L} −η_2^∗η_1N̄_{1R} (izΓ^z∂_z + zΓ^zA^a_{Lz}t^a − 2iΓ^z − M_5) N_{1L} −η_1^∗η_2N̄_{1L} (izΓ^z∂_z + zΓ^zA^a_{Lz}t^a − 2iΓ^z − M_5) N_{1R} , (A8)

L_{int}^P−→ −G[η_2^∗η_2(N̄_{1R}X^†N_{2L} + N̄_{2L}XN_{1R}) +η_1^∗η_1(N̄_{1L}X^†N_{2R} + N̄_{2R}XN_{1L})] . (A9)

It is easy to see that these actions are parity invariant if η_1 and η_2 satisfy

η_1^∗η_1 = η_2^∗η_2 = 1 , η_1^∗η_2 = η_2^∗η_1 = −1 . (A10)

[1] C. E. Detar and T. Kunihiro, Phys. Rev. D 39, 2805 (1989).

[2] D. Jido, M. Oka and A. Hosaka, Prog. Theor. Phys. 106, 873 (2001) [hep-ph/0110005].

[3] C. Sasaki and I. Mishustin, Phys. Rev. C 82, 035204 (2010) [arXiv:1005.4811 [hep-ph]].

[4] W. -G. Paeng, H. K. Lee, M. Rho and C. Sasaki, Phys.

Rev. D 85, 054022 (2012) [arXiv:1109.5431 [hep-ph]]. [5] J. Erdmenger, N. Evans, I. Kirsch and E. Threlfall, Eur.

Phys. J. A 35, 81 (2008) [arXiv:0711.4467 [hep-th]]. [6] Y. Kim, I. J. Shin and T. Tsukioka, Prog. Part. Nucl.

Phys. 68, 55 (2013) [arXiv:1205.4852 [hep-ph]]. [7] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)].

[8] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys.

Lett. B 428, 105 (1998).

[9] E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998). [10] K. -Y. Kim, S. -J. Sin and I. Zahed, hep-th/0608046;

JHEP 0801, 002 (2008) [arXiv:0708.1469 [hep-th]]. [11] N. Horigome and Y. Tanii, JHEP 0701, 072 (2007) [hepth/0608198].

[12] S. Kobayashi, D. Mateos, S. Matsuura, R. C. Myers and R. M. Thomson, JHEP 0702, 016 (2007) [hepth/0611099].

[13] Y. Kim, C. -H. Lee and H. -U. Yee, Phys. Rev. D 77, 085030 (2008) [arXiv:0707.2637 [hep-ph]]; K-I. Kim, S. H. Lee and Y. Kim, in proceedings of Workshop on Hadron and Nuclear Physics, HNP09, Osaka, Japan,

2009 (World Scientific, Hackensack, 2010).

[14] O. Bergman, G. Lifschytz and M. Lippert, JHEP 0711, 056 (2007) [arXiv:0708.0326 [hep-th]].

[15] Y. Seo and S. -J. Sin, JHEP 0804, 010 (2008) [arXiv:0802.0568 [hep-th]].

[16] S. Nakamura, Y. Seo, S. -J. Sin and K. P. Yogendran, J. Korean Phys. Soc. 52, 1734 (2008) [hep-th/0611021]; Prog. Theor. Phys. 120, 51 (2008) [arXiv:0708.2818 [hepth]].

[17] M. Rozali, H. -H. Shieh, M. Van Raamsdon and J. Wu, JHEP 0801, 053 (2008) [arXiv:0708.1322 [hep-th]].

[18] M. Harada, S. Nakamura and S. Takemoto, Phys. Rev.

D 86, 021901 (2012) [arXiv:1112.2114 [hep-th]]. [19] D. K. Hong, M. Rho, H. -U. Yee and P. Yi, JHEP 0709, 063 (2007) [arXiv:0705.2632 [hep-th]].

[20] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005); Prog. Theor. Phys. 114, 1083 (2005).

[21] A. Dymarsky, D. Melnikov and J. Sonnenschein, JHEP 1106, 145 (2011) [arXiv:1012.1616 [hep-th]].

[22] D. K. Hong, T. Inami, and H.-U. Yee, Phys.Lett. B646, 165 (2007), hep-ph/0609270.

[23] J. Erlich, E. Katz, D. T. Son, and M. A. Stephanov, Phys.Rev.Lett. 95, 261602 (2005), hep-ph/0501128.

[24] L. Da Rold and A. Pomarol, Nucl.Phys. B721, 79 (2005), hep-ph/0501218.

[25] J. Walecka, Annals Phys. 83, 491 (1974). [26] T. Matsui, Nucl.Phys. A370, 365 (1981).