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Abstract

The investigation of the properties of baryons in low energy regions is an im-
portant issue in hadron physics. The Skyrme model provides a systematic way
to investigate baryon properties through meson dynamics. In low energy regions,
meson dynamics are well described by several effective theories, e.g., chiral per-
turbation theory (ChPT) and hidden local symmetry (HLS). The Lagrangian of
an original Skyrme model is a particular choice of ChPT. To construct a baryon
state from low energy constants, tho and omega mesons are also included within
the framework of HLS. However, the mass of a skyrmion obtained from HLS is
approximately 50% heavier than the lightest baryon. Later, it was observed that
including a dilaton-type scalar meson provides an attractive force, which drops
the mass of the skyrmion.

In this thesis, we study the effects of light scalar mesons on skyrmion proper-
ties. As an extension of HLS, we construct a mesonic model that includes two-
quark and four-quark scalar meson fields.

First, we switch off the four-quark scalar meson field. We then have two model
parameters: (i) the mass of the two-quark scalar meson field and (ii) the coupling
strength between the two-quark scalar and vector meson fields. On keeping the
coupling strength constant, we observe that the skyrmion mass decreases and the
skyrmion size increases when the mass of the scalar mason decreases. On keep-
ing the mass of the two-quark scalar meson field constant, we observe that the
skyrmion mass and baryon number density increase as the coupling strength in-
creases. Finally, we switch on the four-quark scalar meson field and investigate
the mixing of skyrmion properties between the two-quark and four-quark scalar
mesons. We observe that when the light scalar meson includes more of the two-
quark component, the skyrmion mass becomes lighter and its size becomes larger.
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Chapter 1

Introduction

Quantum chromodynamics (QCD) is a fundamental theory that describes the
dynamics of quarks and gluons. There are two important features of QCD: (i)
quark confinement and (ii) asymptotic freedom. These two features make it dif-
ficult to perform a perturbative calculation of QCD dynamics in a low energy
region. Therefore, instead of using QCD, many effective theories have been de-
veloped to probe meson and baryon dynamics in this region. For example, chiral
perturbation theory and hidden local symmetry are widely used to describe meson
dynamics, whereas the Skyrme model, the Massachusetts Institute of Technology
(MIT) bag model, and the chiral bag model are widely used to describe baryon
dynamics.

In the real world, some extreme conditions exist, e.g., high temperature and
high density. Figure 1.1 shows a phase diagram of a quark-gluon system in the
temperature-density plane (for review articles, see, e.g., ™). At zero density,
lattice QCD 1s a powerful method to investigate the QCD dynamics. For exam-
ple, lattice calculations>*®! show that as the temperature increases, there is a phase
transition between the hadronic phase and the quark-gluon-plasma phase. How-
ever, in the finite density region, lattice QCD is not an effective way to study QCD
properties because of the ‘sign’ problem. Therefore, great efforts have been made
to investigate the QCD dynamics in the dense region by using several effective
models .

In the very-high-density region, the baryons overlap each other; therefore, the
size effect of the baryon plays an important role when studying QCD dynamics.
There are several models that include the effect of baryon size, e.g., soliton mod-
els, the MIT bag model, and the chiral bag model. In this thesis, we focus on
soliton models, because they provide a systematic way to investigate the density
effect of QCD!%:!1,

In 1962, T. H. R. Skyrme proposed the idea that a baryon could be identified
as a soliton solution of the mesonic theory!!?). Because this idea was originally
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Figure 1.1: QCD phase diagram

proposed by Skyrme, soliton models are generally called Skyrme models, and the
soliton solution is called the skyrmion. Since then, this idea has been widely ap-
plied in condensed matter, nuclear, and particle physics!''®!. In the original Skyrme
model, where only the pion was considered, it was found that if we impose the
parameters from the pion properties, the Skyrme baryon is approximately twice
as heavy as the nucleon.

To reproduce the baryon properties consistently with the mesonic model, the
rho meson is introduced within the framework of HLS!!4-1¢! Inclusion of the vec-
tor meson generates a repulsive force, which stabilizes the soliton, and the baryon
mass and size become closer to the experimental values than those obtained in the
model including only the pion. Because the omega meson has a similar mass and
plays a similar role as the rho meson does, the omega meson is also introduced.
However, the repulsive force from the vector mesons is too strong, which makes
the skyrmion obtained from the HLS model approximately 50% heavier than the
nucleon!'”!8] The experimental values and model predictions of the mass and
radius of solitons from the m and 7mpw models are summarized in Table 1.1.

The scalar meson is expected to generate an attractive force, which balances
the repulsive force generated by vector mesons. As a result, the incorporation of
a scalar meson reduces the mass of a soliton. So far, in the Skyrme approach,
scalar mesons are introduced in two ways: (i) as the chiral partner of the pion,
i.e., a scalar meson made from two quarks!'®! and (ii) as the Nambu-Goldstone
(NG) boson of the scale symmetry, i.e., the dilaton?>-2], It is observed that scalar



Table 1.1: The mass and radius of skyrmions from the 7 and 7pw models

model soliton mass [MeV] | /(r?) 5 [fm]
il 1756.5 0.51
7 pw 20! 1469.0 0.49
Experiment | 939 0.72

mesons provide an attractive force and reduce skyrmion mass as shown in Ta-
ble 1.2.

Table 1.2: Mass and radius of the skyrmion from the 7o and 7mpwy models

model scalar type | soliton mass [MeV] \/ (r?2) g [fm]
ol 2 quark 1364.5 0.56
mpwx 2 | glueball 1408.3 0.51

Comparing Tables 1.2 and 1.1, we observe that the scalar mesons play im-
portant roles to reproduce the mass and radius of the light nucleons. However,
the scalar meson made from two quarks is a p-wave state in the quark model and
its mass 1s approximately 1.3 GeV. Instead, several studies suggest that the scalar
mesons made from two quarks mix with those from four quarks>*?71, Further-
more, the light glueball mass?®! is not consistent with Lattice predictions. Thus,
following!?”!, we consider light scalar mesons as mixing states of two-quark and
four-quark states.

In this thesis, we investigate the effect of scalar mesons on the mass and size of
a skyrmion. The model is constructed as a chiral effective model, which includes
the pion, rho, and omega mesons together with two-quark and four-quark scalar
mesons. In the present study, the parameters of the model are determined through
low energy experiment results.

Our findings are summarized as follows:

1. When we switch off the mixing between the two-quark and four-quark
scalar mesons, the four-quark component scalar state decouples from the
model; therefore, the scalar meson is a pure two-quark state. In such a case,
we find that:

(a) The skyrmion mass depends on the mass of the scalar meson; with
increasing scalar meson mass, the skyrmion mass and size decrease.

(b) The skyrmion mass depends on the coupling strength between the
scalar meson and the vector mesons. Thus, with an increasing cou-
pling strength, both the skyrmion mass and the charge radius of the
baryon number density increase.



2. When we switch on the mixing between the two-quark and four-quark scalar
mesons, the mixing strength affects skyrmion properties. When the two-
quark component of the lighter scalar meson is increased, the skyrmion
mass becomes smaller and its size larger.

This thesis is organized as follows. In Ch. 2, we introduce, briefly, the basics
of QCD, chiral symmetry, and chiral symmetry breaking. In Ch. 3, we briefly
review the effective theories of QCD in the low energy region, i.e., the fundamen-
tal concepts and properties of ChPT and HLS. In Ch. 4, we review the Skyrme
model including the pion, rho, and omega mesons. In Sec. 4.3, we include the
scalar meson in the theory and analyze, numerically, the effects of scalar mesons
on skyrmion properties. In Ch. 5, we give a brief summary. Some details of the
calculations are given in the Appendices.



Chapter 2

QCD and its properties

In hadron physics, the fundamental elements are quarks and gluons. The glu-
ons carry color charge and both quarks and gluons interact through the exchange
of gluons. The theory that describes this dynamics is QCD. The strong interac-
tion (color force) of the quarks and gluons make up hadrons (such as the proton,
neutron, and pion). QCD is an important part of the Standard Model of parti-
cle physics and experimental evidence for QCD has been gathered over several
decades.

2.1 Symmetry and Conserved Current

In this section, we describe the relation between the symmetry and the con-
served quantities.

In nature, a physical system has a symmetry when the physical laws of the sys-
tem remain unchanged after a transformation. Noether’s theorem states that when
the system has a continuous symmetry, there exists a corresponding conserved
quantity.

Table 2.1: Symmetry and corresponding conserved quantity

invariance conserved quantity
translation in time energy
translation in space | momentum

rotation in space angular momentum
coordinate inversion | spatial parity
time reversal time reversal

charge conjugation | charge parity

For example, when the system is invariant under time translation, the energy

5



of the system is conserved. The momentum of the system is conserved when the
system is invariant under a space translation. Table 2.1 shows some symmetries
and the corresponding conserved quantities.

In the low energy region, mesons play a more important role than free quarks
do. The bilinear representation of the Dirac spinor is introduced as

S(x) = _(x)¢(m) ) (2.1)

Vi) = 1%(37)7“1/1@) ; (2.2)

A(z) = Y(a)y" (), (2.3)

where (1 is the Lorentz index with 1 € (0,1,2,3), ¥(x) = 1'1°, and v* denotes

the gamma matrices, which are expressed as

0 1 0 - 0 7 5. 0 1
7:<O 1)77:<_7—_’ 0)a75:7 :ZVOVIVQV?):(H O)
(2.4)
Here 1 and o are the rank-2 unit matrix and Pauli matrices, respectively. The latter

are expressed as

1:(10)7:(0 1>T:<O—i)T:(1 0)

o1)’°° 1.0 /)Y 1 0 P 0o -1 /)°
(2.5)

Under the Lorentz transformation, S, V, and A transforms similarly as a

scalar, vector, and axial vector, respectively. The time component of Eq. (2.2)
is expressed as

V(@) = ()79 (2) = () (), (2.6)
which corresponds to the quark number density.
The left- and right-handed currents are

AL(a) = Bu)ybule) = L (VF + A). @
Al (x) = a0y a(e) = S(V* — 4¥). @8

The Lagrangian of the free Dirac particles is written as
(0", = m)y . (2.9)

Under the axial vector transformation, v transform as v dal, exp(if 5 AY5)0,
where 0, = (5 L — §R) is an isospin transformation parameter, and  is the group
generator corresponding to 0. The mass term of the Dirac fields transforms in
the manner

axial

mipy 25 gt exp(—it - Gavd)y° exp (it - Garys )t



= mapexp(2it - 0475)1) . (2.10)

If m # 0, we observe that the mass term is not invariant under the axial vector
transformation. Therefore, the non-vanishing mass of the Dirac particle breaks the
chiral symmetry. We will discuss more regarding the relation between the Dirac
mass and chiral symmetry later.

2.2 QCD Lagrangian

The QCD Lagrangian is written as
- 1
L = Y(iy, D' —m)p — 5 Tr G, G" , (2.11)

where 1) = (1),;) denote the quark fields, « is the flavor index with a € (u, d, s, ¢, b, t),
and ¢ is the color index with ¢ € (1,2, 3). Here, GG, denotes the gluon field tensor,
which is expressed as

G = Gl ta = (0,A% — A% + gfanc AL A (2.12)

where ¢ is a gauge coupling constant, AZ(m) are the gauge fields of the “gluon”,
t, is the generator of SU(N.,)., and N, is the number of colors. When N, = 3, a
satisfies a € (1,2,3...,8). m is the quark mass matrix, which is expressed as

m = diag(m.,, ma, ms, Me, My, My) . (2.13)

fave 18 the structure constant, which is expressed as

fape = —1 Tr ({% , %’} tc) . (2.14)

For the N. = 3 case, the non-vanishing f,,. are expressed as

f123:]-7

1
f147 = _f156 = f246 = f257 = f345 = _f367 = 5’

3
Jass = fers = \/; (2.15)

Note that v, is a 4-component Dirac spinor with the number of flavors Ny = 6
and the number of colors N, = 3.
The gauge-covariant derivative is expressed as

D, =0, —igA,(z), (2.16)



where .
Au(x) =)t Al (). (2.17)
a=1

The physics of the strong interaction of the quarks is invariant under the gauge

transformation, i.e.,
gauge

U(z) E5 4h(z) = U(x), (2.18)

where U = exp|—if,(x)t*] and ,(z) is a real function.
The infinitesimal gauge transformation for (2.18) is expressed as

U = exp[—ifa(x)t,] = 1 — i0,(2)t, + O(6?). (2.19)

Up to terms linear in ,(x), the transformation of the gauge field is

A () B A () = Ak(z) — éauea@) bl AR ). (220)

2.3 Chirality and Chiral Symmetry

If the quark mass is negligible, i.e., m, ~ 0, the Lagrangian (2.11) can be
rewritten as

L = (i, D" — %Tr GG . 2.21)

In this case, the left- and right-handed quark fields are decoupled as

1
L = (i, D")yY — 5 Tr G, G"
- - 1 »
= Yriv, D" +Ypivy, D' — 3 Tr G, G", (2.22)

where ¢/;, and 1r denote the left- and right-handed quarks, respectively. They are
defined as

1 5

b= — L, (2.23)
1— 5

Yr = 27 P (2.24)

The projector relations for 17, and ¢ are

v = YU, (2.25)
Yr = —7°Yg. (2.26)



The chiral transformations for ¢, and ¢ i are

chiral

b, S exp(if- L) vr , hr S exp(it - Or) g - (2.27)

Under the chiral transformation, the first term in Eq. (2.22),

&Li’YuDMwL

chiral

Wb exp(—it - gL)WOiWMD“ exp(it - 0y,
= YDy, (2.28)

is chiral invariant. Similarly, we can show that the second term in Eq. (2.22) is
also chiral invariant. Therefore, when m, ~ 0, the Lagrangian (2.11) is invariant
under a chiral transformation with separated left- and right-handed pieces. This is
called chiral symmetry.

2.4 Spontaneous Symmetry Breaking

When we look at the meson and baryon masses, we find that they are much
bigger than the current quark masses. For example, the nucleon mass is roughly
940 MeV, but the current masses are 2.3 and 4.8 MeV for the v and d quarks,
respectively. One possible origin of the mass generation is that the meson and
the baryon masses are dynamically generated from spontaneous chiral symmetry
breaking given as!?®!

SU(Ny)p x SU(Ng)r — SU(Ny)y , (2.29)

where the number of flavors Ny < 3. When the meson and baryon masses are
derived from the vacuum expectation value (VEV) of the scalar particle, like in the
Higgs mechanism, the shift of the vacuum value away from zero provides masses
for the meson and baryons. This non-vanishing value of VEV of the scalar particle
breaks the chiral symmetry and only the isospin symmetry remains in the vacuum.
In this scenario, we expect that the baryon and meson masses will vanish when we
approach the chiral restoration point. The restoration of the chiral symmetry and
the degeneration of the baryon and meson masses are discussed in many papers
[29-31]

The concept of spontaneous chiral symmetry breaking is discussed in the
Nambu-Jona-Lasinio (NJL) model®?. For a review of the NJL model, please
seel33. A lattice QCD calculation shows that chiral symmetry is spontaneously
broken in vacuum 4.

To estimate the mechanism of spontaneously symmetry breaking, we show
several types of potentials in Fig. 2.1. There are three patterns: (a) a stable vacuum
at the origin, (b) a stable vacuum on the circle around the origin, and (c) a stable
vacuum, which is located on the z-axis.
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Figure 2.1: The mechanism of spontaneously symmetry breaking

For QCD, there are two types of signatures that indicate that chiral symmetry
is spontaneously broken: (i) (gq) # 0 (sufficient but not necessary condition)
and (ii) f, # O (sufficient and necessary condition). Here, f, is the pion decay
constant, which is defined by

(0] AL (0)[ms(p)) = —ip" frbab - (2.30)

In the following sections, we will discuss the chiral-symmetry-breaking pat-
tern more explicitly.



Chapter 3

Effective Lagrangian for mesons in
the low energy region

3.1 Chiral perturbation theory

For a certain energy scale A, the heavy degrees of freedoms are integrated
out while the light degrees of freedoms remain. Below the scale of spontaneous
chiral symmetry breaking, ChPT is a powerful and well-accepted method *>-38,
ChPT is based on the fact that for energies below 1 GeV, the relevant degrees
of freedom of QCD are not the quarks and gluons, but the mesons. Because the
pion is the lightest pseudoscalar meson, it is treated as the dynamical field in the
ChPT approach. The meson fields that are heavier than the pion, e.g., the vector
and scalar mesons, are treated as external fields. In the following subsections, we
briefly introduce the concepts of ChPT following Refs.[?>41,

3.1.1 Lowest order effective Lagrangian

We start by constructing the lowest order effective Lagrangian for the lightest
meson state. We limit the number of quark flavors to Ny = 2, with the pion as the
corresponding NG boson. The pion field is written as

5 Ti 1 71'0 \/57'('Jr
wzi;«mgﬁ ( Sor 0 ) : (3.1)

where 71 = \%(7?1 — M), ™ = \%(m +imy), 7 = w3, and m; = Tr(7y7).

To reproduce the chiral-symmetry-breaking pattern, we introduce

U =i 3.2)

11
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where £ is the pion decay constant, which will be explained latter. U expands as

2r  (2m)?
=1 — = 3.3
U=1+ T 2F? (3.3)
Under a chiral transformation, U, 0,U, U t, and o0.U t transform as

U — gUgh, (3.4)

U — 8u(gLUgE) = gLangL, (3.5)

Ut — grU'gl, (3.6)

6?MUJr — 8M(gRUTgE) = gpﬁMUng. (3.7)

Therefore, at the lowest order in the derivatives, the general effective Lagrangian
that respects chiral symmetry reads

2

F,
LOPT TO Tr(0,U0"UT). (3.8)
The covariant derivative of U is

DU = 9,U—iL,U+iUR,
= 0,U —iL%°U +iURME, (3.9)

where £ and R are the external fields.
The covariant version of Eq. (3.8) reads

F2
LT = TO Tr(D,UD*UT) . (3.10)

From Eq. (3.10), we obtain the corresponding left and right currents as

agQChPT F2

Je “oc = —i70 Tr(r°UO*UT), (3.11)
anChPT FQ

woo_ 2 — i =0 T (20" UTU) . A2

I IR i r(T*oO*U'U) (3.12)

The vector and axial-vector currents are the combination of Egs. (3.11) and
(3.12), which are expressed as

Jr, + Ik Iy

Jb, = %:—ifﬂw[aaﬂm]), (3.13)
M 14 F2

Jh = WZ@'ZOTI(T“{U,Q“UT}). (3.14)
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The lowest order of the axial-vector current is obtained by inserting Eq. (3.3)
into (3.14), i.e.,

F2 OHara
Tha =12 Tr(r L4 i ;ZOT

+...}) = Foo'nttt 4+ ... (3.15)

Evaluating the axial-vector current between the vacuum and the NG boson state,
we get that

(017, (2)|my(p)) = Fode %60 + ... = —ip" Fobue ™" + ... (3.16)

Comparing (3.16) and (2.30), we identify Fj as the pion decay constant f;;.

3.1.2 Spontaneously symmetry breaking by the quark masses

As stated in Sec. 2.1, the chiral symmetry is broken when the quarks have
finite mass. In this subsection, we introduce the quark masses to the theory and
discuss the symmetry-breaking pattern.

Recall that the mass term in the QCD Lagrangian (2.9) could be expressed as

LD = P Mipp — DpMpy, | 3.17)
where M is the quark mass matrix. When Ny = 2, M is expressed as
m, 0O
M—( 0 md>. (3.18)

Under the chiral transform, 1y, p transform as v, p — g1, rY1 r. Therefore,
L, 18 chiral invariant only if M transforms as

M = gr Mgl . (3.19)

Thus, at the lowest order of M, the Lagrangian that contains the quark mass
term is expressed as

B
LEPT — F(?E Tr(MUT + UMY, (3.20)

which breaks chiral symmetry spontaneously.
In vacuum, the chiral symmetry is spontaneously broken as

SU(Ny)L x SU(N)g — SU(N;)y . (3.21)

Inserting Eq. (3.3) into (3.20), we get the mass term of the NG bosons as

B
LPT = FgETr(MUuUMT)
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Operator  Chiral transformation Charge conjugation  Parity

U gUgh g Ut
DU 91D, Ugh, (D, U)T (DU
X 9LXGh X7 X!
E,u gL‘C,ugz + igLaugz _,R’/j; Rr
R, gRR,LgL + igRﬁugL —Eg LH
Fru 9rFruwdh —F,, FrT
Fruw gLFLuvgz _FENV Flécw

Table 3.1: Transformation properties of the ChPT operators

B
= —B(my+mg)rtr — E(m“ +mag)m7’ +.... (3.22)

By comparing Eq. (3.22) to the kinetic term (3.10) we obtain that

m2 = 2B, (3.23)

™

where m, is the pion mass and m = m,, = my.
For convenience we introduce

X =2B(s +ip), (3.24)

where s and p are the scalar and pseudoscalar external fields, respectively. Ex-
cluding the pseudoscalar external fields, x is determined as

m, 0 w0 10
X:QB( 0 md>:23<0 m):mi(o 1), (3.25)

in vacuum.

3.1.3 General Lagrangian

From the previous subsections, 3.1.1 and 3.1.2, we observe that ChPT has two
kind of expansions: (i) in the small momenta and (ii) in the quark masses m,
around the chiral limit. The independent operators of chiral perturbation theory
are summarized in Table 3.1.

From Table 3.1, we can construct the general Lagrangian that is invariant un-
der chiral transformation, charge conjugation, and parity. The most general La-
grangian for O(p?) is

2 2
pORPT % Tr(D,UDMUT) + = Te(xUT +XT0), (3.26)
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where f is the pion decay constant.
For O(p*), the general operators are

Py, = Te(D,UD,U'D*UD"U"), (3.27)
P = (Tx(D,U'DrU))?, (3.28)
P, = Tr(D,U'D,U)Te(D*U'D"U), (3.29)
Py = Te(D,U'D*UD,U'D"U), (3.30)
Py = Te(DU'D*U)Tr(x'U + U'y), (3.31)
P = Te(DUDU(XTU + UTy)), (3.32)
P = (Tr(x'U +xU))?, (3.33)
Pro= (Te(x'U = xU"))?, (3.34)
Py = Tr(x'UX'U +xUxU"), (3.35)
Py = —iTv(L,,D'UD'UY), (3.36)
Py = Tr(U'L,UR™), (3.37)
Q1 = Tr(L,L" +RuR"™), (3.38)
Qy = Tr(x'x). (3.39)

The previous O(p*) operators are dependent. For the N; = 2 case, we have the
following relations

P = —Py+P, (3.40)

P, = Py+ P, (3.41)
1

P = P (3.42)

Therefore, limiting the number of flavors to Ny = 2 and excluding the external
source fields, the Lagrangian of ChPT up to O(p*) is written as

2
C T
Lowrroen = 3 T(DUDUT)

+0, Te(D,UD, U DFUDYUY)
+1y, Tr(D,UTD*UD,UTD"U). (3.43)

The full Lagrangian up to O(p?) is given in Refs. 353042 A review article for
the ChPT Lagrangian up to O(p°) is given in Ref.*3,

The intrinsic parity of the Lagrangian shown in (3.43) is even. In QCD, there
are some processes that break parity, leading to a Lagrangian with an odd intrin-
sic parity part, i.e., the Wess-Zumino-Witten (WZW) term, given in Refs. #4401,
Following Ref.!*”), the WZW term is expressed as

FWZW = C/ tr ((1/5) — 502/ tr [;CO!S + RB?’}
M5 M4
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—5C | tw[(dLL+ LdL)a+ (dRR + RAR) B

M4
—5Ci / tr [dLAURU ™" — dRdU LU
M4
+5Ci / tr [RUT'LUB* — LURU ']
M4
C’z/ — (RB) } +5C'z'/ tr [[,304—1—7236]
M+ M4

+5C / tr [(dRR + RAR)U ' LU — (dLL + LIL)URU ]
M4

—502/ t{ U'LU — CPURU™ + = (URU 15)}
M4

+5Ci / tr [LURU ™' Lo+ RULURS] , (3.44)
M4
where
N,
— ¢ = H = H
= 24%2, L=L,da", R=R,dz",
a== (a U)U e, B=U"'al. (3.45)

3.2 Hidden local symmetry

In addition to the pion, the vector meson degrees of freedom are also included
in the theory to compare with low energy experiment*®!. In this section, we first
discuss HLS and then briefly review the procedure of how to construct the effec-
tive Lagrangian within the framework of HLS. Finally, we show that ChPT and
HLS have close connections, i.e., if we integrate out the vector meson contribu-
tion, we get the corresponding ChPT Lagrangian.

3.2.1 Gglobal X Hlocal symmetry

In this subsection, we briefly review HLS, following 4749511,

Instead of U, the basic quantities needed to reproduce the Ggiobal X Hiocal
symmetry are &, and &g, where

U=¢l¢q. (3.46)

Under the Giobal X Hiocal Symmetry, £, g transform as

{o.r(z) — h(flf)fL,R(I)QLR ; (3.47)
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where
h(ﬂf) € Hlocala JgrL,r € Gglobal- (348)

Generally, {;, i are parameterized as

ELr = P/ fp Fin/ fx 7 (3.49)
where 7 represents the NG bosons of the GG chiral symmetry, P the NG bosons of
the H hidden gauge, and f,; and fp are the relevant decay constants. In the unitary
gauge, i.e., P = 0, { g are written as

L =trn=¢=e"l. (3.50)

The covariant derivatives of {;, r are
D = 0.8 —iV,.& +i&L,, (3.51)
Dr = 0.8r —1V,,r +1&RrR,, (3.52)

where V), is the NG boson for the  hidden gauge, whereas £ and R are external
fields.
For the Ny = 2 case, V), is expressed as

g watp V2o )
v, =9 @ Pu o) 3.53

Instead of &y, g, it is convenient to define the Maurer-Cartan 1-forms as

ééJ.,u = (Duéjo:g - DM£L§Z)/(2Z> )

Q= (Duéréh + Duérél)/(20). (3.54)
In HLS, the adjoint representation of y is expressed as
X = xR (3.55)

The HLS gauge boson and external field are defined as
Vw = 0V, —0,V, —i[V,,V,],

~

1
V,m/ = é(fRR/u/é.L + §L£uufz) )

1
A, = 5(&%&—&@”&). (3.56)

The operators for HLS under charge conjugation, parity, and gauge transform
are summarized in Table 3.2.
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Operator Gx H Charge conjugation Parity
Qi h(z)ay,h(x)! al, —al
d”# h(flf)OzHuh,(iL")T dﬁl dﬁ

X h(z)xh(z)! X X'
YMV h(&: Yuuh(m)T _ij;/ Vi
Vo Ba)Vuh(o)f VL, e
A, h(z) A h(z)! Al — A"

Table 3.2: Transformation properties of HLS operators

3.2.2 General Lagrangian

Using the operators listed in Table 3.2, we construct the lowest order HLS
Lagrangian up to O(p?) as

L = [ Tr(G100) + ausf? Tr(d)uaf))
1 o1 A
37 Tr(V,, V™) + ij Tr(x + 1), (3.57)
where a5 is a real dimensionless parameter, g the gauge coupling constant of the
HLS, and f, = f- at tree level.
For even intrinsic parity parts, the order O(p*) HLS Lagrangian is given in
Refs.!4752!, The odd intrinsic parity terms of the Lagrangian L., are related to
the U(2);, x U(2)g chiral anomaly, which is given as™7:33:54

N 3
d* 2 Lonom =T - L 3.58
/ T WZW+167T2/M4;C (3.58)

where I'vwzw is given in Eq. (3.44), M* represents the four-dimensional Minkowski
space, and

£1 = 1e"??Tr (aLuaLuaLa'aRp - aRuaRV@RaaLp) s

Ly = "’ Tr (ap,0r0LeQRp)

Ly = e"PTr[Fyvu (arear, — apoar,)] ,

£4 = 9P Tr (Fgw, + FR“,,) (CYLaaRp - CkRUCKLp)] s (359)

in terms of the 1-form and 2-form notation. Here, o, = &) — a1, ag = & + &,
Fy=dV —iV2, Fpp = & pFrrél p o Fr = dL —if? and Fr = dR — iR,
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3.2.3 Relations between HLS and ChPT

Previously, we discussed the general formula of the HLS and ChPT Lagrangians.
These two types of Lagrangians are closely related if we integrate out the vector
meson contribution. This will be shown in this subsection.

Note that &, and V,,, can be rewritten as

R i
Gy, = —§§LDMU§;, (3.60)

and

~ o . 1
Viw = Vi +i[di, ap] + Eo(pll)

1 1 i i
_ gL(§URW + EEW 4+ ZDMUDVUT — ZDVUDMUT)SE

+Loph. (3.61)

2
mp

Insert Egs. (3.60) and (3.61) into Eq. (3.57). For the Ny = 2 case, we get that

2
f2Tr(a,,6)) = Z”Tr(DMUTD“U), (3.62)

ansf7 Te(qpudf) = O0°), (3.63)

1 1
v _ T vrrt
—2—92 TI'(VMVVM ) = FQQTI'(DHUDVU DFUDYU )

T Tv(D,UTD*UD,U'D"U)
g

. ]- 14 14
it Tr(L,, D*UD U + R, D*UTD"U)

—— Tr(L,, UR™UY)

-3 Tr(L,, LM + R RM™) (3.64)

1 2
Zfi Tr(x +x) = T Tr(xUT + x'U). (3.65)
By comparing the Lagrangians of HLS (O(p?)) and ChPT (O(p?)), we conclude

that they are consistent with each other when we integrate out the vector meson
contributions.



Chapter 4

Skyrme model

In this chapter, we consider the baryon as the soliton solution of mesonic mod-
els.

The original idea was proposed by Skyrme in 1962, and it has since been ex-
tended widely in several studies. The original idea was to identify the topological
solution of the nonlinear sigma model with the baryon. In the beginning the La-
grangian is a particular choice from ChPT up to O(p*). To construct a realistic
way to reproduce the meson and baryon properties, the p and w mesons are intro-
duced within the framework of HLS to build the baryon state.

However, the appearance of the w meson generates a strong repulsive force,
which raises the lightest baryon mass by approximately 50%. Introducing a dilaton-
type scalar meson shows that the attractive force made from the scalar meson
drops the baryon mass.

In this chapter, we review baryon properties in the skyrmion model. In Sec. 4.3,
based on our study in Ref.>*!, we discuss the baryon properties with scalar mesons.

4.1 Skyrme model with the pion

The original skyrmion model only contains the pion degrees of freedom, con-
structed within the framework of ChPT. We start the discussion from ChPT and
then consider the baryon properties for a single skyrmion.

4.1.1 The model

In 1962, Skyrme proposed a way to construct the baryon as the soliton of the
ion 121
pion"'~.

20



21

The action of the model is written as
= / d*z2.Z + Twzw , 4.1)

where I'wzw = [ d*x Lyzw is the WZW term (3.44), and the Lagrangian & is
a particular choice of the ChPT Lagrangian (3.43), as

Te([U'D,U,UD,U?). (4.2

2
1
¥ = ZTv(D,U DFU
16 TP )+3g§ky

Here gy 1s a dimensionless coupling constant.
The baryon number current of the model is obtained by a functional derivative
of the WZW term with Vg, i.e.,

8$WZW

. SLwaw 4.
jB a(VBM) |VBM—>O7 ( 3)

where Vg, is the external gauge field of the U(1)y baryon number.
To perform the calculation, Skyrme proposed the hedgehog ansatz to correlate
the spin and isospin as

U = &m0, (4.4)

The demonstration of the hedgehog ansatz is shown in Fig. 4.1.
The baryon number N is obtained as

Np = /d?’l’j%

= /dr (—Mﬂ%ﬁﬁ)
sin(F(r)) cos(F(r)) — F(r) ‘F(oo):(]

™ F(0)=nm

= n, 4.5)

where the boundary conditions F'(co) = 0 and F'(0) = nn are imposed. In the
following discussions, we consider the single baryon state with n = 1.

Inserting the ansatz equation (4.4) in the Lagrangian (4.2) and after performing

the scale transformation r — gak%r, we get the static mass for the skyrmion as
sky Jm

Mo — /dr 7 fr (r? (F7 (1?02, 4 8sin® F) + 2a3, sin® F) + 4sin* F) @6)

27n2askygsky
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Figure 4.1: Hedgehog ansatz

The equation of motion for F'(r) is

r? (a2, (sin(2F) — 2rF') — 4F?sin(2F)) + 8sin’(F) cos(F)

FII —
riad, + 8r2sin®*(F)

4.7)

The equation of motion shown in (4.7) is very complicated, but we can get the
solution of F'(r) numerically. It is shown in Fig. 4.2.

The baryon mass (4.6) depends on the parameter g,. Therefore we adjust the
skyrmion mass by controlling the parameter gy .

4.1.2 Quantize the skyrmion

The original Skyrme model only contains the baryon number Nz. However,
the physical baryon state preserves spin and isospin. To introduce the spin and
isospin states, Adkins-Nappi-Witten proposed a systematic way to quantize the
skyrmion>®!, We review the properties of the quantized skyrmion by following
Ref.361,
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Figure 4.2: Profile function for F'(r)

The starting point is to introduce the time dependent rotation of U as
U=AUA®) = U(R(t)™'r), (4.8)
where A(t) and R(t) are SU(2) and SO(3) matrices, respectively. The isospin
rotation 7" and spin rotation € are

iW%AZ%EQ, (R'R)y; = eiul (4.9)

For the present purpose, and because spin and isospin are related to each other,
) and T" are dependent. For convenience, here we choose to consider only the T’
rotation for convenience.

Inserting (4.8) into (4.2) we get that

1
/Q%X::—M@+§A@H43+ﬁ), (4.10)
where
2 agey sin?(F) (a2 12 + 42 F"? — 2 cos(2F) + 2
A:/m =l (H“yg GO gy
3gsky fﬂ'
The isospin and spin angular moment are obtained as
0L
I =J, = =A\T;. 4.12
aT, (4.12)

Thus, the Hamiltonian up to O(N; ') can be expressed as
B+ I+ 13

- Mso
H 1+ I\

(4.13)
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The isospin and spin operators are expressed as

1 0 0 0

I, = —( 8_ak — A5 — Dag Eklmala)y (4.14)
1 0 0 0

Jo = §<ak8_a0 - Cloa—ak - €kzmaz%), (4.15)

where k € (1,2,3), ap = 5 Tr(A(t)), and ay, = § Tr(A(t) 7).
The normalized wave functions for some physical baryon states are given by

pt) = (al tiag), |pd) = %(ao —iay). (4.16)
n 1) = (ao tias), |nd) = —%ml ~iay), @.17)
AT s, = ;> = ?(al +iag)?, (4.18)
AT, s, = %) = —‘/75(@1 +ias)(1 — 3(aj + a3)). (4.19)
The mass of the skyrmion for a given state is obtained as
(X|H|X) = Moo + %I(I +1), (4.20)

where X represent the physical baryon state and / the corresponding isospin quan-
tum number.

For the nucleon and delta, the isospins are [ = % and [ = % respectively.
Thus, the masses of the nucleon and delta are obtained as
13
= M, 4.21
my 1+ o TV (4.21)
115
= Mg+ ——. 4.22
ma 1+ ox (4.22)

Treating the masses of the nucleon and delta as inputs, we determine the parameter
set: fr = 127MeV, agy = 1, and g, = 5.34. The inputs and predictions of the
quantized skyrmion are summarized in Table 4.1. From Table 4.1, we observe
that the prediction of the baryon properties are consistent with experiment results
within 1/N, ~ 30%.

4.2 Skyrme model with 7, p, and w mesons

In the last section, we briefly reviewed the original skyrmion, which only con-
tains pion fields. In addition to the pion, the vector meson are also introduced to
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Quantity  Prediction Experiment

my input 939 MeV
ma input 1232 MeV
fr 127 MeV  92.4 MeV

G2 059fm 0.72 fm
GHV2 0 0.92fm 0.81fm

Table 4.1: Inputs and predictions of the quantized skyrmion

construct the skyrmion model!'*!7:>71 " As shown in subsection 3.2.3, vector me-
son exchange plays a role similar to that of the O(p*) Lagrangian in the skyrmion
model (4.2). The benefit of including the vector meson is that, instead of the model

parameter gy, we can determine the parameters from the low energy constant of
HLS.

4.2.1 The model

Following Refs.!1*17, we start constructing the Skyrme model in the frame-
work of HLS.
The action of the model is written as

I = / d*z L + / d* 2L anom , (4.23)

where f d*x L anom is the anomaly term given in Eq. (3.58). Here, the Lagrangian
Z is the HLS Lagrangian (3.57), which reads

L = f2Tr(a1,8") + aws f7 Tr(a),40)

1 _
—2—g2 TI“(V/WV/W) — (VSB — VSB) y (424)
where
1 2 A A.i_
Vsp = —wa Tr(x +x")
1
= _ijmfr Te(U + UT). (4.25)

Here, Vg5 is the vacuum state of Vgp, which is expressed as

_ 1
Vop = —Zfﬁmfr Tr(1+1). (4.26)
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To study the properties of the skyrmion obtained from the Lagrangian (4.24),
we take the standard parameterizations for soliton configurations. Following Refs.
we take the ansatz for the 7, p, and w fields:

[12;58]

U = ¢ (4.27a)

p = G(r>(’f‘><7'), 4.27b)
qr

wy, = W(r)u- (4.27¢)

For the solutions with the baryon number N = n, the wave functions F'(r),
G(r), and W (r) satisfy the following boundary conditions:

F(0) = nm, F(o0) =0,
G0)= -1+ (-1, G(o0) =0,
W'(0) = 0, W (c0) = 0. (4.28)

In this study, we consider only the N = 1 case, withn = 1.

4.2.2 Collective quantization of the skyrmion

By rotating the ' = I + J spin of the skyrmion, we get the corresponding
masses of my and ma.
Following Ref.®8!, we introduce the collective quantization as

Ur,t) = AU(r)A'(t), (4.29)
2o P(rt) = ;A(t)F-[ffl(r)Jrff-ffg(r)]AT(t), (430)
S(r,t) = %fgir)fxf, 4.31)
7Fopi(rt) = A@)F-pANR), (4.32)
where |
AVA = %TaTa. (4.33)

Performing a procedure similar to that in Sec. 4.1.2, we quantize the skyrmion.
Following Ref.®8, we summarize the baryon properties of the model in Table 4.2.

From Table 4.2, we observe that the skyrmion mass my obtained from the
model is approximately 50% heavier than the experimental observation. This im-
plies that only considering the dynamics of the pion, tho, and omega mesons is
not enough to reproduce the physical baryon properties.
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Quantity  Prediction = Experiment

my 1575 MeV 939 MeV

ma —mpy 437 MeV 293 MeV

Jr input 92.4 MeV

g 5.85 (input)  5.80 + 0.91

Qhls 2 (input) 2.07+0.33

()2 0.98fm 0.86 % 0.01 fm
(r3)y? —0.25fm  —0.119 + 0.004 fm
GAYE 094fm 086+ 0.06 fm
)2 0.93 fm 0.88 + 0.07 fm

Table 4.2: Inputs and predictions of the collective quantized skyrmion when ay;s =
2

4.3 Skyrme model with light scalar mesons

From the previous section, we observe that the skyrmion mass obtained from
the model that contains the pion, rho, and omega mesons is approximately 50%
heavier than the mass of the lightest baryon!!7:*81 Later on, it was observed that
the attractive effect of the dilaton scalar drops the skyrmion mass by approxi-
mately 100 MeV 2", In this section, we study the effects of light scalar mesons
on the skyrmion following Ref. >,

4.3.1 The model

Instead of the dilaton!?!, we study the scalar meson within the framework of
the quark model™®. In the N; = 2 case, the two-quark state has 4 scalar (o,
ap) and 4 pseudoscalar (77, 1)) states. The four-quark state has 1 scalar ¢ and 1
pseudoscalar 7, state. For the present purpose, we only consider o, 7, and ¢.

We start by constructing a chiral effective model that includes two- and four-
quark scalar states. In the Ny = 2 case, we write the two-quark field My at the
quark level as

(M(2))ji ~ qriqLj - (4.34)

Here i, j are the flavor indices with 7, j € (1, 2).
At the hadron level, Eq. (4.34) is rewritten as

1
M(g) = 5 (O’ +a7 - 7?) , (4.35)

where 7 is the Pauli matrices, o is the isosinglet scalar field and 7 the isotriplet
pseudoscalar fields.
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The chiral transformation of the matrix M) is
M) — g1 Mgk , (4.36)
where gz r € SU(2)1 .
At the quark level, the four-quark field is written as
¢ ~ qridri€” qrdren - (4.37)

The two- and four-quark states are separated using the Z, symmetry, a remnant
of the U(1) 4 transformation. Under the Z, symmetry, ¢;, and g transforms as

. — —qr, (4.38)
dr — (R, (4.39)

respectively. Therefore, the hadron field My and ¢ transform as

b — & (4.41)

Combining the chiral and Z, symmetries, we construct the Lagrangian

1
L = T (0, Me@" My ) + 50,00"6
~ (Vo= Vo) — (Vi — Vo) | @42)

where V|, represents the potential term of the scalar mesons and Vsg is the explicit
chiral symmetry breaking term. In vacuum, the potentials V;, and Vsp sponta-
neously breaks. As a result, they have VEVs of V;, and Vg, respectively.

In the present analysis, following Ref.!?”!, we impose some limitations on the
potential V) and Vsg: (i) no derivative interactions appears, (ii) the number of
fields included in each vertex is less than or equal to four, and (iii) the number of
quarks appearing in each vertex is less than or equal to eight. Thus, the potential
take the form

1
Vo = ATr (M(Q)M(E)M(Q)M(TQ)) — mg Tr <M(2)M(TQ)> + §mi¢2

+ V24 (det (M) + det (M) ) 6, (4.43)
where A\, may, my, and A are model parameters. For the explicit chiral symmetry
breaking potential Vgp, recall that in the HLS case we have the formula given by

Eq. (4.25). For the present purpose, we adopt the potential Vsp in the simplest
form as

1
Ven = = 5faTr (XM + X' M) | (4.44)
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where Yy = 2BM, B a constant with dimension one, and M the quark mass
matrix. In the present analysis, we also impose isospin symmetry to simplify the
problem. Thus, we have M = diag(m, m), where m = (m, + mgy)/2. The
parameter B is determined from Eq. (3.23), so Vgp is expressed as

1
Ves = — 5 fam? Tr (M + M) . (4.45)

In this thesis, we also include the rho and omega mesons within the framework
of HLS¥?!1. For the present purpose, we take the polar decomposition of Mz
as M) = %5205 r, Where &, and £p are given in Eq. (3.49). Here, we consider
the unitary gauge of HLS, where £; and £j are expressed by the pion fields based
on Eq. (3.50).

Then, the Lagrangian (4.42) is rewritten as

1 1
Z = 5@08"0 + 0? Tr (G &l + 58,@8’%)
— (Vo = Vo) — (Veg — Vsg) + Ly, (4.46)

where &, is given in Eq. (3.54) and the newly introduced term %, represents the
Lagrangian for the vector meson component, which will be given explicitly later.
The potentials V[, and Vgp are rewritten as

1 1 1 1
Vo = g)\O’4 - 5771%0'2 + §mi¢2 + EAU%Z&’
1
VSB = - ngrfﬂa Tr (U + UT) s (447)

where U is given in Eq. (3.2).

The potential V; and V' = V; + Vsp are similar to the patterns (ii) and (iii),
respectively, and are shown in Fig. 2.1. Therefore, the potential V' is broken spon-
taneously. The stationary conditions of the system are obtained by taking the first
derivative of the potential V' with respect to ¢ and ¢:

(z)_v = %)\03 —mio + V2406 — mif,, (4.48)
ag
o, 1,

From Eq. (4.48), we observe that, after a suitable choice of the model param-
eters A\, mo, my, and m,, o obtains a VEV o,,.. When A is a nonzero value, ¢
interacts with 0. From Eq. (4.49), we observe that ¢ acquires a VEV ¢,,..

The physical scalar meson fields are the fluctuations around the VEVs. Then
we have the relation that

o = f7r + 5‘7 (450)
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O = et O, (4.51)
Af2

o which is shown in Eq. (A.4).

The mass matrices for o and ¢ are obtained by taking the second-order deriva-
tive of the corresponding fields, i.e.,

méa mi - V2Af, m3 ' '

where ¢y, = —

The two- and four-quark states o and ¢ are related to the physical states f5yo and
f1370 through the rotation

500 cosf) —sinf o
( f1370 ) - ( sin 6 cos f ) ( QZB ) ’ (453)
where 6 is the mixing angle. Some relations among the parameters and the phys-
ical quantities are shown in Appendix A. From Eq. (4.53), one can observe that:
(i) when cos 8 — 0, the physical state f5o is almost a four-quark state and f137¢ is
almost a two-quark state and (ii) when cos @ — 1, f5q0 is dominantly a two-quark
state, but fi379 is dominantly a four-quark state.
Next, we describe the vector meson components of the Lagrangian. We use
the following form:

gV - D%Vo + ganom ) (454)

where Ly, is the Lagrangian with even intrinsic parity terms, whereas £, ,on, 1S the
Lagrangian with odd intrinsic parity terms, given in (3.58).
Explicitly, the even intrinsic parity Lagrangian Ly, is expressed as

EVO = CthS(S()O'2 + (1 — SQ)F2) TI"(OAéHMOAéﬂL)
1 v
— 2—92 TI'(VMVVM ) y (455)
where dﬂ‘ and V), are defined as (3.54) and (3.56), respectively. Here s is a real
dimensionless parameter, and F' is a constant of dimension one.
When we take VEV of ¢ as 0., = [, the mass term for the vector meson is
expressed as

my = ansg’(sof2 + (1 — s0)F?). (4.56)

Equation (4.56) has two parts, the first part, ap;gso f2, represents the vector me-
son mass obtained by spontaneous chiral symmetry breaking, whereas the sec-
ond part, ahlsg2(1 — sO)Fz, represents the chiral invariant mass. In this sense, sg
represents the magnitude of the vector meson mass related to spontaneous chiral
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symmetry breaking. In this thesis, we take ' = f,;. Therefore, the vector meson
mass 1s written as

m%/ = ah1s92f73 ) (4.57)

which is consistent with the standard form of the vector meson mass given in
HLS¥731 Note that we already have imposed the Z, symmetry. Therefore, the
term linear in the o field is excluded in Ly,. Additionally, sy can be both positive
and negative in the present analysis.

The low energy constants cy, c2, and c3 in the anomaly term (3.58) are usually
estimated from the experimental datal*’!. In this section, the focus is on the effect
of light scalar mesons on skyrmion properties. Therefore, we choose the set of
parameters ¢; = — c; = — 2/3 and ¢3 = 0, which provides w, B*8].

4.3.2 The ansatz

In the Skyrme approach, we need to specify the spin and isospin indices. The
ansatz for the pion, rho, and omega mesons is given in Eq. (4.27).

In the present analysis, we have two scalar meson fields o and ¢, which do
not contain spin and isospin indices but hold VEVs. Therefore, we parameterize
o and ¢ as

o = f-(1+5(r), (4.58a)
¢ = dvac (1+0(r)) (4.58b)

where & (r) and ¢(r) are dimensionless functions.

Substituting Eqgs. (4.27) and (4.58) into the Lagrangian (4.46), the equations
of motion for the profile functions F(r), G(r), W(r), (r), and ¢(r) are obtained.
Detailed expressions are given in Appendix B.

The boundary conditions for the pion, rho, and omega mesons are given in
(4.28). The boundary conditions for the scalar mesons are determined as follows:
(i) when r — oo, both &(7') and ¢(r) must vanish to reproduce VEVs of the scalar
meson fields, i.e.,

7(c0) =0, P(00) =0 (4.59)

and (ii) when r — 0, the second-order derivatives ” and ¢” should be nonsingu-
lar. The last term in each of Egs. (B.6) and (B.7) show that

a(0)=0, #'(0)=0. (4.60)

By taking a functional derivative of the total Lagrangian (4.46) with respect to
V,., we obtain the baryon number current. Here, V), represents the U(1) external
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gauge field corresponding to the baryon number. After an explicit calculation, we
obtain the time component of the baryon number density j, as
2

o= g { F2g*r am WV [506° + 2500 + 1]

—l—F’[aQ—2G’(—042+a3+a2cosF)+a20082F

— 29 cos F' + (g — a3) Gﬂ

sin? F
522 F', 4.61)

— 2a35in FG' + ay sin? FF/} _

where a4, aip, and a3 are combinations of ¢y, ¢, and c3 given in Eq. (B.2). The
baryon number density could be simplified using the equation of motion for W in
Eq. (B.5)

Jo =

1 d [(4azsin F(cosF —G—1) 2r*W’ N sin(2F) F
39 39 82 472

2 dr - ) , (4.62)

which is consistent with that obtained in Ref.!*”!. Note that by combining the
baryon number current (4.62) and the boundary condition (4.28), Ny is obtained
as

Np = / d*rjo(r)
0
_ 4 (4a3 sin F(cos ' =G —1)  2r*W' N sin(2F) F )

T—00

39 39 82 472 ) lr—0
— 1. (4.63)

This shows that the baryon number is correctly normalized to one.
In this analysis, the baryon current could be simplified by inserting ¢; +co = 0,
c1 — o = 3/4, and c3 = 0 into Eq. (4.61):
2

jo = — 3o fRa°ransW [s06° + 2505 + 1] . (4.64)

In this study, we also investigate the root-mean-square (RMS) radii of the
baryon number (<r2>113/2) and energy (<T2>]15/2) densities, which are defined as

Gy = \/ / " ()

2 = / B2 M(r) . (4.65)
Msol 0
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Quantity Values
fr 92.4 MeV
My 139.57 MeV
N, 3
c1 + Co 0
c1 — Co —4/3
C3 0
g 5.80 £0.91
Qhls 2.07+0.33

Table 4.3: Parameters of the model

where M, and .#.(r) are the skyrmion mass and the corresponding energy
density, respectively. They are given in Eq. (B.1).

In this study, the parameters are determined from low energy experiments. In
Table 4.3, we summarize the parameters of the model.

4.3.3 Effects of scalar mesons when A = (

In this subsection, we study the effects of scalar mesons on skyrmion proper-
ties when A = 0. From Eq. (4.47), we observe that when A = 0, ¢ only has a
trivial solution. Therefore, the scalar meson is a pure two-quark state. In this case,
the Lagrangian (4.46) is reduced to

1
L = 5@08“0 + 0 Tr(ay,af)
- (Vcr - VO’) - (vSB - VSB) + ‘CV ) (466)

where V, = £Ao* — Lm3o”. The parameters \ and m3 determine the masses of o
and 7 through

3
my = —m§+§)\fﬁ,
1
m2 = —m§+§Af3. (4.67)

Here, m, denotes the scalar meson mass. In the following discussions, we treat
m, and sy as free parameters of the model and study the effect of these two pa-
rameters on skyrmion properties.

Effects of the parameter m, on skyrmion properties

To study the effects of the parameter m,, we keep sy constant, sy = 0. In this
case, the vector meson part is the standard HLS Lagrangian (3.57). We plot the
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m, dependence of the skyrmion mass and radii in Fig. 4.3.
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Figure 4.3: m, dependence of the skyrmion mass and radii with A = sq = 0
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Figure 4.4: m, dependence of the profile functions with A = so = 0 for m, =
1GeV (green curve) and m, = 1.4 GeV (red dash-dotted line)

In Fig. 4.3 we show the m, dependence of the skyrmion mass ms, and the
RMS radii 1/ (r?)p and /(r?)g. In Fig. 4.4 we show the profile functions for
several values of m,.

As shown in Fig. 4.3, when the magnitude of m,, increases, the skyrmion mass
Mgl Increases. This tendency can be understood from the profile function of 7 in
Fig. 4.4: when the scalar meson mass m, is heavy, the magnitude of & decreases.
Because & < 0 as m,, increases, the magnitude of o = f,(1 4+ &) becomes large.
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Consequently, the contribution of o Tr(av; ,a/) ) to the skyrmion mass (4.46) be-
comes large. The physical explanation is that when the scalar meson mass m,, is
larger, the attractive force produced by the scalar meson is suppressed. Therefore,
the skyrmion mass is larger.

In addition, from Fig. 4.3, we observe that when m,, is large, the RMS radii
\/(r?)g and /(r?) g are both small. This tendency can be understood from the
profile functions in Fig. 4.4. When m, becomes heavy, the profile for & becomes
narrow. Physically, the scalar meson o provides an attractive force, whereas the
vector meson w provides a repulsive force. When o becomes narrow, the corre-
sponding w needs to be narrow to maintain the balance between the attractive and
repulsive forces. From the expression for the skyrmion mass, (B.1), we observe
that the shape of energy distribution is dominated by the shape of the ¢ and w.
Thus, the narrow o and w correspond to a small RMS radius /(r?) .

Next, we investigate the radius of baryon number density /(r?)g. From
Eq. (4.64), we observe that when sy = 0, the profile of the baryon number den-
sity is proportional to the profile of the omega meson W. Therefore, a narrow W
corresponds to a small radius /(r2) 5. Physically speaking, when m,, is large,
the effective ranges of the attractive and repulsive forces provide by ¢ and w,
respectively, are suppressed. As a result, the skyrmion size /(r2) g is small.

Effects of the parameter s, on skyrmion properties

From Eq. (4.56), we observe that the chiral invariant vector meson mass is
controlled by the parameter sy. Here, we investigate the effects of sy on skyrmion
properties by keeping the scalar meson mass at a typical value m, = 1.37 GeV.
We plot the sy dependence of the skyrmion mass and radii in Fig. 4.5.

From Fig. 4.5, we observe that a high value of sy corresponds to a heavy
mgo1 and a broad 1/ (r2) g. As shown in Eq. (4.56), ansg2 (f2(1 — sg) + soa®(r))
plays the role of the effective vector mesons mass inside the soliton. From the
profile functions shown in Fig. 4.6, we observe that —1 < (1) < 0, therefore
o(r) < fr. As aresult, the effective vector meson mass is smaller than the value
of the vector meson mass m,, = /ansg. f~ in vacuum. This causes two effects:
(i) For a large sq, the effective strength of the repulsive force supplied by the w
meson is strong. In the present analysis, the soliton energy is dominated by the
vector mesons, therefore a large sy corresponds to a large skyrmion mass. (ii)
For a large sg, the effective range of the repulsive force generated by w is long.
Because the w meson is the gauge boson of the U(1)y baryon number symmetry, a
large s, causes the RMS radius of the baryon number density 4/ (r2) s to be large.
There is an alternative explanation for the relation between sy and /(r?)p. As
shown in Eq. (4.64), the baryon number density is determined from both w and
o. When s 1s large, the magnitude of the w profile function is broad to maintain
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Figure 4.5: sy dependence of the skyrmion mass and radii for m, = 1.37 GeV

the conservation of baryon number (4.63). Consequently, the RMS radius of the
baryon number density \/(r?) g is large.

Next we investigate the sy dependence of the RMS radius of the energy density
v/ (r?) g. The numerical error for the present analysis is approximately 1-3%; thus,
from the third graph in Fig. 4.6 we conclude that the RMS radius +/(r2) g is not
sensitive to the changes in sy. This result implies that the contributions of w and
o cancel each other.

4.3.4 Effects of scalar mesons when A # 0

In this subsection, we investigate the scalar meson mixing effect on skyrmion
properties when A # 0. For the present purpose, we fixed two values of sy, i.e.,
so = 0 and sp = — 0.5, and treat the mixing angle ¢ as a free parameter to study
the mixing effect on the mass and radii of the skyrmion. The mixing angle 6 is
defined in Eq. (4.53).

In Figs. 4.7 and 4.8 we show the main numerical results.

From Figs. 4.7 and 4.8, we observe that the decreasing and increasing tenden-
cies of the mass and RMS radii are the same. From Eq. (4.53), we read that a
larger cos(f) corresponds to a lighter “effective mass” of the two-quark compo-
nent scalar meson and a larger magnitude of the two-quark component included
in f500. If we compare the “effective mass” of the two-quark component scalar
meson and the m, shown in Fig. 4.3, we conclude that their tendencies are the
same, i.e., the large cos 6 in Figs. 4.7 and 4.8 corresponds to the small mass m,, in
Fig. 4.3.
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From Figs. 4.7 and 4.8, we observe that the solution disappears in the regions
of cosf > 0.6 when sy = 0 and cosf > 0.25 when s; = — 0.5, i.e., the small
50 corresponds to a small maximal value of cos . We can understand this fact as
follows. From Eq. (4.53) we observe that a large value of cos  means that f5q
includes a large magnitude of the two-quark component, or equivalently a strong
attractive force provide by the scalar meson. In the present analysis, keeping sg
constant means that the total repulsive force does not change and adjusting cos ¢
means that we adjust the total attractive force. Because the soliton collapses when
the total attractive force is larger than the total repulsive force, the soliton survives
for a certain range of cosf. For the parameter sy, a small sy means that a weak
repulsive force is provided by the w meson, as we stated above. As a result, a
small sy corresponds to a narrow range of cos 6.
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Chapter 5

Discussion and Conclusion

In this thesis, we first reviewed the basic QCD properties and then two chiral
effective models to describe meson properties in the low energy region. Then
we investigated the baryon properties through meson dynamics in the Skyrme
approach.

We found that the skyrmion constructed in an effective meson model contain-
ing the pion, rho, and omega mesons has the critical problem that the mass of the
skyrmion is approximately 50% heavier than the lightest physical baryon state. To
solve this problem, we constructed an effective model that includes the pion, rho,
and omega mesons together with two- and four-quark scalar mesons.

First, we switched off the mixing between the two- and four-quark scalar
meson fields. In this case, the pure four-quark meson decouples from the other
mesons. We investigated the effect of the mass of the two-quark scalar meson on
skyrmion properties and found that when the mass of the scalar meson becomes
light the skyrmion mass becomes light, whereas the root-mean-square radii of the
baryon number density /(r2)p and the energy density +/(r?)p become large.
We then investigated the effect of coupling between scalar and vector mesons
on skyrmion properties. The result shows that when the coupling is large, the
skyrmion mass and radii are large. We finally switched on the mixing between the
two-quark and four-quark scalar mesons, and investigated skyrmion properties.
We found that when the lighter scalar meson contains a larger percentage of the
two-quark component, the skyrmion mass is smaller, and the RMS radii (1/(r2) 5
and +/(r?)p) are larger.

The results obtained from previous studies and our current findings are sum-
marized in Tables 5.1 and 5.2. From Table 5.1, we observe that the mass and
radius of the soliton depend on how the scalar meson is introduced. From Ta-
ble 5.2, we observe that at the leading order, the mass and radius of the soliton
obtained from the present analysis are closer to the experimental values.
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Table 5.1: The parameter dependence of mass and radius of the skyrmion (<>’s
denote the previous analysis and 4’s denote the present analysis.)

model scalar type | parameter | soliton mass [MeV] \/ (r?2) g [fm]
O | wo ) 2 quark my () Vs N,
O | mpwy Y glueball my () S N
¢ | Tpwo 2 quark mq () e N\
¢ | Tpwo> 2 quark so(,) Va Va
¢ | Tpwop | 2 + 4 quark | cosd( ) N\ S

Table 5.2: The mass and radius of the skyrmion from the leading order (<{>’s denote
the previous analysis and 4 denotes the present analysis)

model scalar type parameter soliton mass \/ (r’)p

Experiment - - 939 MeV | 0.72 fm
O | wld - - 1756.5 MeV | 0.51 fm
O | ol 2 quark | m, = 560 MeV | 1364.5 MeV | 0.56 fm
O | mpwd - - 1469.0 MeV | 0.49 fm
O | mpwy Y glueball | m, = 720 MeV | 1408.3 MeV | 0.51 fm
¢ | TpwodB | 2+ 4 quark | cosf = 0.6 | 1180 MeV | 0.72 fm

Table 5.3: The mass and radius of the skyrmion from the O(p?) terms of HLS

model scalar type parameter soliton mass \/ (r’yp
7 pw ! - - 1188.8 MeV | 0.43 fm
mpwx®! | glueball | m, =720 MeV | 1138.0 MeV | 0.43 fm

The present study shows that, even though both the two-quark and four-quark
scalar mesons are included, the skyrmion mass is still approximately 300 MeV
larger than the lightest nucleon mass. In Ref.[?!, it was shown that the O(p*)
terms of HLS also modify the mass and size of the skyrmion, as in Table 5.3.
Therefore, to reproduce the baryon and meson properties in a single model, we
need to extend the model by including, e.g., another scalar meson as a dilaton,
O(p*) terms of HLS for the vector mesons!?*), and so on. We leave these studies
as future projects.
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Appendix A

The mass mixing matrix for the
scalar meson

The masses of f5y0 and fi379 are expressed as

1
m?csoo = §<_\/2]?(4142—>\m3+)\m%)—|—fﬁ)\2+(mi_m%)2

+f3A+mi+m2r), (A1)

1
M., = 3 <\/2f7% (4A% — dmi + dm2) + fAN2 + (m] — m2)?2

N mfr) . (A.2)
The mixing angle 6 is obtained as
m2  — m?2 m2 — m2
0 = arctan 1;13#24 = arccos \/% ) (A.3)
My = Mg Mia70 — Ms00
From Eqgs. (4.48), (4.49), (A.1), and (A.2), one gets
2 2Y (2 2
A2 — (mf1370 B m4>(m4 B mfsoo)
2f2 ’
2 2 2 2
A M 500 + MMy 0rg — My — My
= Iz ’
Af?
¢vac = - Tr27
\/§m4
1 /m2% m?
m% _ 5 ( f500 2f1370 _ 3m72r> ’ (A.4)
my

- 2 2 2
withmy =~ <mj <mj. .
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Appendix B

Skyrmion mass and the equations of
motion for the profile functions

F(r),G(r),W(r),a(r), and ¢(r)

Substituting the ansatz Eqs. (4.27) and (4.58) into the Lagrangian (4.46), we
obtain the skyrmion mass as

M = 47?/ drr® Mo (1)
0
o 1
= — 471/ dr{gr2{4f$g230ahlsw25(6 +2) —4f2(5+1)° F”?
0

[2Wﬁ—mﬁﬁ0@mfﬂﬁﬂa+DW¢+D

+ 2

— 4
o (m?%oo + m?wm - m?l - mfr) (U + 1)

— 2
2 (misoom?‘mm B 3m421m2) (U + 1>

+ mi
m2 —m?2 m3 — m?2 5+1)°
+( 4 f500) ( 4 , f1370) <¢ ) + 877172T (5‘ + 1) COS(F)
my
2 (m2 — m2 m2 — m?2 2
+f7r (m3 f5oo)m(4 4 o) 9 —4f26"” + 412 g7 amW?
4

2 2 2 2,2
. Iz (mfsoomf1370 + 3m4m7r)

mj

+4wﬁ}

1

a
—2—92{8]”7?92@11156? sin? (§> (5052 + 2500 + 1)
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F
4f29202 <in ( 5 > ((Soahls — 1) COS(F) — S0Qnls — 1)

—8f2¢%G sin® (g) ((soanis — 1) cos(F') — spaps — 1)
+2f3g2&h15G2 (3062 + 2500 + 1)
+8f2 g apy, sin® (g) — f2g% cos(2F) + f2g* + 2G’2}
—ay (2@ (WE' — sin(F)W') + G*WF'

+25in(F) ((cos(F) — )W’ + WG'))
+aaWF'(— cos(F) 4+ G + 1)

. G?(G + 2)?
+ay W F' sin®(F) — %} : (B.1)
with
39N, N, N,
oy = 1%7_‘_2 (Cl - 2) , 09 = 196772 (Cl —+ CQ) , 03 = 5671-2 3. (B2)

The equations of motion for F(r), G(r), W (r),5(r), and ¢(r) are

F// — ]‘
f2r2(1+05)2
X {2G (fﬁsoahlﬁz sin F' + 2f7330ah136 sin F' + fgahls sin F'
—agcos FW' — azcos FW' + (g — a3) (WG + W)
— fﬁ& sin F' (4Soah1s cos F' — 4spaps — 4 cos F' — r2mfr)
—2f26% sin F (Sgaps cos F' — soaps — cos F) — f2ap, sin(2F)
—2f2r°F'5" — 2f2r6° F' — 2f2rG F' (r&’ + 2) + 2f2ap,sin F
—2f2rF' + f2m2r®sin F + f2sin(2F)
— 205W cos G + 203W cos FG’
1 1
— 5 cos(2F )W’ — 2ay cos FW' + 502 cos(2F)W'
— 2az cos FW' + 2 cos(2F)W' + 2, WG’
1 3
— 2043WG, + ((12 - 043) G2W/ + §OZ1W, + 50&2W’} s (B3)
G" = — f2gans (500 + 2500 + 1) (cos F — G — 1)
—azg® (WF'(cos F — G — 1) + 2sin FW')
G(G*+3G+2
+ g WEF' (cos F — G — 1) + GG +3G+2) , (B.4)

r2
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2w’
r

+ %{ — as (F' (2G(cos F + 1) + 2(cos F — cos(2F)) + G?) + 4sin FG')

ﬁQQCthsW (5052 + 2500 + 1) -

F
+ ayF'(—cos F + G +1)* + 20, F' sin® (5) (cos F' + 1)} , (B.5)

1

W{mi(Q& (_QZSoahlsw2 + m?soo + m?‘1370 +F”? - mi)
4

+ (m?%oo + m?c1370 o mZ o mfl’) 7°+3 (m?csoo + m?1370 B m?l - m?r) g
+2 [ = ¢*soansW? + F"> — mZ(cos F — 1)])
B (mi - m?%oo) (m?clsm - mi) (5 + 1) (Z_ﬁ}

(a4 (—8soams(Gsin® (£) +sin* (£)) — 2spansG* + cos(2F) — 1)

T2
2 ) (B.6)
r —
m; (é—a—(a+2))—%. (B.7)



References

[1]

(2]

[4]

[5]

[6]

[7]

G. E. Brown and Mannque Rho. Chiral restoration in hot and/or dense
matter. Phys. Rept., 269:333-380, 1996. arXiv:hep-ph/9504250,
doi:10.1016/0370-1573(95)00067-4.

Craig D. Roberts and Sebastian M. Schmidt. Dyson-Schwinger equations:
Density, temperature and continuum strong QCD. Prog. Part. Nucl. Phys.,
45:S1-S103, 2000. arXiv:nucl-th/0005064,
doi:10.1016/S0146-6410(00)90011-5.

Mark G. Alford, Andreas Schmitt, Krishna Rajagopal, and Thomas Schifer.
Color superconductivity in dense quark matter. Rev. Mod. Phys.,
80:1455-1515,2008. arXiv:0709.4635,
doi:10.1103/RevModPhys.80.1455.

Kenji Fukushima and Tetsuo Hatsuda. The phase diagram of dense QCD.
Rept. Prog. Phys., 74:014001, 2011. arXiv:1005.4814,
doi:10.1088/0034-4885/74/1/014001.

Krishna Rajagopal and Frank Wilczek. Static and dynamic critical
phenomena at a second order QCD phase transition. Nucl. Phys.,
B399:395-425, 1993. arXiv:hep-ph/9210253,
doi:10.1016/0550-3213(93)90502-G.

F. Karsch. Lattice QCD at high temperature and density. Lect. Notes Phys.,
583:209-249, 2002. arXiv:hep—-1at/0106019,
doi:10.1007/3-540-45792-5_6.

C.R. Allton, S. Ejiri, S.J. Hands, O. Kaczmarek, F. Karsch, et al. The QCD
thermal phase transition in the presence of a small chemical potential. Phys.
Rev., D66:074507, 2002. arXiv:hep-1at/0204010,
doi:10.1103/PhysRevD.66.074507.

46


http://arxiv.org/abs/hep-ph/9504250
http://dx.doi.org/10.1016/0370-1573(95)00067-4
http://arxiv.org/abs/nucl-th/0005064
http://dx.doi.org/10.1016/S0146-6410(00)90011-5
http://arxiv.org/abs/0709.4635
http://dx.doi.org/10.1103/RevModPhys.80.1455
http://arxiv.org/abs/1005.4814
http://dx.doi.org/10.1088/0034-4885/74/1/014001
http://arxiv.org/abs/hep-ph/9210253
http://dx.doi.org/10.1016/0550-3213(93)90502-G
http://arxiv.org/abs/hep-lat/0106019
http://dx.doi.org/10.1007/3-540-45792-5_6
http://arxiv.org/abs/hep-lat/0204010
http://dx.doi.org/10.1103/PhysRevD.66.074507

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

47

Michael Buballa. NJL model analysis of quark matter at large density.
Phys. Rept., 407:205-376, 2005. arXiv:hep-ph/0402234,
doi:10.1016/j.physrep.2004.11.004.

Y. Aoki, Szabolcs Borsanyi, Stephan Durr, Zoltan Fodor, Sandor D. Katz,
et al. The QCD transition temperature: results with physical masses in the
continuum limit II. JHEP, 0906:088, 2009. arXiv:0903.4155,
doi:10.1088/1126-6708/2009/06/088.

Igor R. Klebanov. Nuclear Matter in the Skyrme Model. Nucl. Phys.,
B262:133, 1985. doi:10.1016/0550-3213(85) 90068-9.

Hee-Jung Lee, Byung-Yoon Park, Dong-Pil Min, Mannque Rho, and
Vicente Vento. A Unified approach to high density: Pion fluctuations in
skyrmion matter. Nucl. Phys., A723:427-446, 2003.
arXiv:hep-ph/0302019,
doi:10.1016/S0375-9474(03)01452-0.

T. H. R. Skyrme. A Unified Field Theory of Mesons and Baryons. Nucl.
Phys., 31:556-569, 1962. doi1:10.1016/0029-5582 (62)90775-7.

Gerald E. Brown and Mannque Rho. The Multifaceted Skyrmion. 2009.
arXiv:0907.1963.

T. Fujiwara, Y. Igarashi, A. Kobayashi, H. Otsu, T. Sato, and S. Sawada. An
Effective Lagrangian for Pions, p Mesons and Skyrmions. Prog. Theor.
Phys., 74:128, 1985. doi1:10.1143/PTP.74.128.

Y. Igarashi, M. Johmura, A. Kobayashi, H. Otsu, T. Sato, and S. Sawada.
Stabilization of Skyrmions via p Mesons. Nucl. Phys., B259:721-729,
1985. doi1:10.1016/0550-3213(85)90010-0.

U. G. Meissner and I. Zahed. Skyrmions in the Presence of Vector Mesons.
Phys. Rev. Lett., 56:1035, 1986.
doi:10.1103/PhysRevLett.56.1035.

UIf G. Meissner, Norbert Kaiser, Andreas Wirzba, and Wolfram Weise.
Skyrmions With p and w Mesons as Dynamical Gauge Bosons. Phys. Rev.
Lett., 57:1676, 1986. doi:10.1103/PhysRevLett.57.1676.

I. Zahed and G. E. Brown. The Skyrme Model. Phys. Rept., 142:1-102,
1986. doi1:10.1016/0370-1573(86)90142-0.


http://arxiv.org/abs/hep-ph/0402234
http://dx.doi.org/10.1016/j.physrep.2004.11.004
http://arxiv.org/abs/0903.4155
http://dx.doi.org/10.1088/1126-6708/2009/06/088
http://dx.doi.org/10.1016/0550-3213(85)90068-9
http://arxiv.org/abs/hep-ph/0302019
http://dx.doi.org/10.1016/S0375-9474(03)01452-0
http://dx.doi.org/10.1016/0029-5582(62)90775-7
http://arxiv.org/abs/0907.1963
http://dx.doi.org/10.1143/PTP.74.128
http://dx.doi.org/10.1016/0550-3213(85)90010-0
http://dx.doi.org/10.1103/PhysRevLett.56.1035
http://dx.doi.org/10.1103/PhysRevLett.57.1676
http://dx.doi.org/10.1016/0370-1573(86)90142-0

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

48

F. L. Braghin and I. P. Cavalcante. The Skyrmion model and the dynamical
breakdown of chiral symmetry. Phys. Rev., C67:065207, 2003.
arXiv:hep-ph/0304054,
doi:10.1103/PhysRevC.67.065207.

Byung-Yoon Park, Mannque Rho, and Vicente Vento. Vector mesons and
dense Skyrmion matter. Nucl. Phys., A736:129-145, 2004.
arXiv:hep-ph/0310087,
doi:10.1016/7j.nuclphysa.2004.01.131.

Ralf Rapp and Edward V. Shuryak. Thermal dilepton radiation at
intermediate masses at the CERN - SPS. Phys. Lett., B473:13-19, 2000.
arXiv:hep-ph/9909348,
doi:10.1016/S0370-2693(99)01367-2.

Hee-Jung Lee, Byung-Yoon Park, Mannque Rho, and Vicente Vento.
Sliding vacua in dense skyrmion matter. Nucl. Phys., A726:69-92, 2003.
arXiv:hep-ph/0304066,
doi:10.1016/S0375-9474(03)01626-9.

Byung-Yoon Park, Mannque Rho, and Vicente Vento. The Role of the
Dilaton in Dense Skyrmion Matter. Nucl. Phys., A807:28-37, 2008.
arXiv:0801.1374,
doi:10.1016/7j.nuclphysa.2008.03.015.

Byung-Yoon Park and Vicente Vento. Skyrmion approach to finite density
and temperature. 2009. arXiv:0906.3263.

Yong-Liang Ma, Masayasu Harada, Hyun Kyu Lee, Yongseok Oh,
Byung-Yoon Park, and Mannque Rho. Dense baryonic matter in
conformally-compensated hidden local symmetry: Vector manifestation
and chiral symmetry restoration. Phys. Rev., D90(3):034015, 2014.
arXiv:1308.6476,doi1:10.1103/PhysRevD.90.034015.

A. Chodos, R. L. Jaffe, K. Johnson, Charles B. Thorn, and V. F. Weisskopf.
A New Extended Model of Hadrons. Phys. Rev., D9:3471-3495, 1974.
doi:10.1103/PhysRevD.9.3471.

Amir H. Fariborz, Renata Jora, and Joseph Schechter. Global aspects of the
scalar meson puzzle. Phys. Rev., D79:074014, 2009.
arXiv:0902.2825,doi:10.1103/PhysRevD.79.074014.


http://arxiv.org/abs/hep-ph/0304054
http://dx.doi.org/10.1103/PhysRevC.67.065207
http://arxiv.org/abs/hep-ph/0310087
http://dx.doi.org/10.1016/j.nuclphysa.2004.01.131
http://arxiv.org/abs/hep-ph/9909348
http://dx.doi.org/10.1016/S0370-2693(99)01367-2
http://arxiv.org/abs/hep-ph/0304066
http://dx.doi.org/10.1016/S0375-9474(03)01626-9
http://arxiv.org/abs/0801.1374
http://dx.doi.org/10.1016/j.nuclphysa.2008.03.015
http://arxiv.org/abs/0906.3263
http://arxiv.org/abs/1308.6476
http://dx.doi.org/10.1103/PhysRevD.90.034015
http://dx.doi.org/10.1103/PhysRevD.9.3471
http://arxiv.org/abs/0902.2825
http://dx.doi.org/10.1103/PhysRevD.79.074014

49

[28] Daisuke Jido, Makoto Oka, and Atsushi Hosaka. Chiral symmetry of
baryons. Prog. Theor. Phys., 106:873-908, 2001.
arXiv:hep-ph/0110005,doi:10.1143/PTP.106.873.

[29] Mark G. Alford, Krishna Rajagopal, and Frank Wilczek. QCD at finite
baryon density: Nucleon droplets and color superconductivity. Phys. Lett.,
B422:247-256, 1998. arXiv:hep-ph/9711395,
doi:10.1016/50370-2693(98)00051-3.

[30] R. Rapp, Thomas Schafer, Edward V. Shuryak, and M. Velkovsky. Diquark
Bose condensates in high density matter and instantons. Phys. Rev. Lett.,
81:53-56, 1998. arXiv:hep-ph/9711396,
doi:10.1103/PhysRevLett.81.53.

[31] Bing-Ran He and Masayasu Harada. Parity doubling structure of nucleon at
nonzero density in the holographic mean field theory. Phys. Rev.,
D88(9):095007, 2013. arxXiv:1304.7866,
doi:10.1103/PhysRevD.88.095007.

[32] Yoichiro Nambu and G. Jona-Lasinio. DYNAMICAL MODEL OF
ELEMENTARY PARTICLES BASED ON AN ANALOGY WITH
SUPERCONDUCTIVITY. II. Phys. Rev., 124:246-254, 1961.
doi:10.1103/PhysRev.124.246.

[33] Tetsuo Hatsuda and Teiji Kunihiro. QCD phenomenology based on a chiral
effective Lagrangian. Phys. Rept., 247:221-367, 1994.
arXiv:hep-ph/9401310,
doi:10.1016/0370-1573(94)90022-1.

[34] M. Cheng, N.H. Christ, S. Datta, J. van der Heide, C. Jung, et al. The QCD
equation of state with almost physical quark masses. Phys. Rev.,
D77:014511, 2008. arXiv:0710.0354,
doi:10.1103/PhysRevD.77.014511.

[35] J. Gasser and H. Leutwyler. Chiral Perturbation Theory to One Loop.
Annals Phys., 158:142, 1984.
doi:10.1016/0003-4916(84)90242-2.

[36] J. Gasser and H. Leutwyler. Chiral Perturbation Theory: Expansions in the
Mass of the Strange Quark. Nucl. Phys., B250:465, 1985.
doi:10.1016/0550-3213(85)90492-4.


http://arxiv.org/abs/hep-ph/0110005
http://dx.doi.org/10.1143/PTP.106.873
http://arxiv.org/abs/hep-ph/9711395
http://dx.doi.org/10.1016/S0370-2693(98)00051-3
http://arxiv.org/abs/hep-ph/9711396
http://dx.doi.org/10.1103/PhysRevLett.81.53
http://arxiv.org/abs/1304.7866
http://dx.doi.org/10.1103/PhysRevD.88.095007
http://dx.doi.org/10.1103/PhysRev.124.246
http://arxiv.org/abs/hep-ph/9401310
http://dx.doi.org/10.1016/0370-1573(94)90022-1
http://arxiv.org/abs/0710.0354
http://dx.doi.org/10.1103/PhysRevD.77.014511
http://dx.doi.org/10.1016/0003-4916(84)90242-2
http://dx.doi.org/10.1016/0550-3213(85)90492-4

50

[37] G. Ecker. Chiral perturbation theory. Prog. Part. Nucl. Phys., 35:1-80,
1995. arXiv:hep-ph/9501357,
doi1:10.1016/0146-6410(95)00041-G.

[38] G. Ecker, J. Gasser, A. Pich, and E. de Rafael. The Role of Resonances in
Chiral Perturbation Theory. Nucl. Phys., B321:311, 1989.
doi:10.1016/0550-3213(89)90346-5.

[39] Stefan Scherer. Introduction to chiral perturbation theory. Adv. Nucl.
Phys., 27:277,2003. arXiv:hep-ph/0210398.

[40] Stefan Scherer and Matthias R. Schindler. A Chiral perturbation theory
primer. 2005. arXiv:hep-ph/0505265.

[41] Stefan Scherer and Matthias R. Schindler. A Primer for Chiral Perturbation
Theory. Lect. Notes Phys., 830:pp.1-338, 2012.
doi:10.1007/978-3-642-19254-8.

[42] J. Gasser, M. E. Sainio, and A. Svarc. Nucleons with Chiral Loops. Nucl.
Phys., B307:779, 1988. do1:10.1016/0550-3213(88)90108-3.

[43] Johan Bijnens. Chiral perturbation theory beyond one loop. Prog. Part.
Nucl. Phys., 58:521-586, 2007. arXiv:hep-ph/0604043,
doi:10.1016/5.ppnp.2006.08.002.

[44] J. Wess and B. Zumino. Consequences of anomalous Ward identities. Phys.
Lett., B37:95, 1971. do1:10.1016/0370-2693(71) 90582-X.

[45] Edward Witten. Global Aspects of Current Algebra. Nucl. Phys.,
B223:422-432,1983. doi:10.1016/0550-3213(83) 90063-09.

[46] J. Bijnens. Chiral perturbation theory and anomalous processes. Int. J. Mod.
Phys., A8:3045-3105, 1993. doi1:10.1142/S0217751X93001235.

[47] Masayasu Harada and Koichi Yamawaki. Hidden local symmetry at loop:
A New perspective of composite gauge boson and chiral phase transition.
Phys. Rept., 381:1-233, 2003. arXiv:hep-ph/0302103,
doi:10.1016/S0370-1573(03)00139-X.

[48] John F. Donoghue, Carlos Ramirez, and German Valencia. The Spectrum
of QCD and Chiral Lagrangians of the Strong and Weak Interactions. Phys.
Rev., D39:1947, 1989. doi:10.1103/PhysRevD.39.1947.


http://arxiv.org/abs/hep-ph/9501357
http://dx.doi.org/10.1016/0146-6410(95)00041-G
http://dx.doi.org/10.1016/0550-3213(89)90346-5
http://arxiv.org/abs/hep-ph/0210398
http://arxiv.org/abs/hep-ph/0505265
http://dx.doi.org/10.1007/978-3-642-19254-8
http://dx.doi.org/10.1016/0550-3213(88)90108-3
http://arxiv.org/abs/hep-ph/0604043
http://dx.doi.org/10.1016/j.ppnp.2006.08.002
http://dx.doi.org/10.1016/0370-2693(71)90582-X
http://dx.doi.org/10.1016/0550-3213(83)90063-9
http://dx.doi.org/10.1142/S0217751X93001235
http://arxiv.org/abs/hep-ph/0302103
http://dx.doi.org/10.1016/S0370-1573(03)00139-X
http://dx.doi.org/10.1103/PhysRevD.39.1947

51

[49] M. Bando, T. Kugo, S. Uehara, K. Yamawaki, and T. Yanagida. Is rho
Meson a Dynamical Gauge Boson of Hidden Local Symmetry? Phys. Rev.
Lett., 54:1215, 1985. doi:10.1103/PhysRevLett.54.1215.

[50] Masako Bando, Taichiro Kugo, and Koichi Yamawaki. On the Vector
Mesons as Dynamical Gauge Bosons of Hidden Local Symmetries. Nucl.
Phys., B259:493, 1985. doi:10.1016/0550-3213(85) 90647-9.

[51] Masako Bando, Taichiro Kugo, and Koichi Yamawaki. Nonlinear
Realization and Hidden Local Symmetries. Phys. Rept., 164:217-314,
1988. doi1:10.1016/0370-1573(88)90019-1.

[52] Masaharu Tanabashi. Chiral perturbation to one loop including the rho
meson. Phys. Lett., B316:534-541, 1993. arXiv:hep-ph/9306237,
doi:10.1016/0370-2693(93)91040-T.

[53] O. Kaymakcalan, S. Rajeev, and J. Schechter. Nonabelian Anomaly and
Vector Meson Decays. Phys. Rev., D30:594, 1984.
doi:10.1103/PhysRevD.30.594.

[54] Takanori Fujiwara, Taichiro Kugo, Haruhiko Terao, Shozo Uehara, and
Koichi Yamawaki. Nonabelian Anomaly and Vector Mesons as Dynamical
Gauge Bosons of Hidden Local Symmetries. Prog. Theor. Phys., 73:926,
1985. doi:10.1143/PTP.73.926.

[55] Bing-Ran He, Yong-Liang Ma, and Masayasu Harada. Effects of scalar
mesons in a Skyrme model with hidden local symmetry. Phys. Rev.,
D92(7):076007, 2015. arxXiv:1507.00437,
doi:10.1103/PhysRevD.92.076007.

[56] Gregory S. Adkins, Chiara R. Nappi, and Edward Witten. Static Properties
of Nucleons in the Skyrme Model. Nucl. Phys., B228:552, 1983.
doi:10.1016/0550-3213(83)90559-X.

[57] Gregory S. Adkins and Chiara R. Nappi. Stabilization of Chiral Solitons
via Vector Mesons. Phys. Lett., B137:251, 1984.
doi:10.1016/0370-2693(84)90239-9.

[58] U. G. Meissner, Norbert Kaiser, and W. Weise. Nucleons as Skyrme
Solitons with Vector Mesons: Electromagnetic and Axial Properties. Nucl.
Phys., A466:685, 1987. doi:10.1016/0375-9474 (87) 90463-5.

[59] Ulf G. Meissner, Norbert Kaiser, H. Weigel, and J. Schechter. Realistic
Pseudoscalar - Vector Lagrangian. 2. Static and Dynamical Baryon


http://dx.doi.org/10.1103/PhysRevLett.54.1215
http://dx.doi.org/10.1016/0550-3213(85)90647-9
http://dx.doi.org/10.1016/0370-1573(88)90019-1
http://arxiv.org/abs/hep-ph/9306237
http://dx.doi.org/10.1016/0370-2693(93)91040-T
http://dx.doi.org/10.1103/PhysRevD.30.594
http://dx.doi.org/10.1143/PTP.73.926
http://arxiv.org/abs/1507.00437
http://dx.doi.org/10.1103/PhysRevD.92.076007
http://dx.doi.org/10.1016/0550-3213(83)90559-X
http://dx.doi.org/10.1016/0370-2693(84)90239-9
http://dx.doi.org/10.1016/0375-9474(87)90463-5

Properties. Phys. Rev., D39:1956-1972, 1989. [Erratum: Phys.
Rev.D40,262(1989)]. doi:10.1103/PhysRevD.39.1956.

52


http://dx.doi.org/10.1103/PhysRevD.39.1956

	Introduction
	QCD and its properties
	Symmetry and Conserved Current
	QCD Lagrangian
	Chirality and Chiral Symmetry
	Spontaneous Symmetry Breaking 

	Effective Lagrangian for mesons in the low energy region
	Chiral perturbation theory 
	Lowest order effective Lagrangian 
	Spontaneously symmetry breaking by the quark masses 
	General Lagrangian 

	Hidden local symmetry
	GglobalHlocal symmetry
	General Lagrangian 
	Relations between HLS and ChPT 


	Skyrme model
	Skyrme model with the pion
	The model
	Quantize the skyrmion

	Skyrme model with , , and  mesons
	The model
	Collective quantization of the skyrmion

	Skyrme model with light scalar mesons
	The model
	The ansatz
	Effects of scalar mesons when A = 0
	Effects of scalar mesons when A =0


	Discussion and Conclusion
	Acknowledgements
	The mass mixing matrix for the scalar meson
	Skyrmion mass and the equations of motion for the profile functions F(r), G(r), W(r), (r), and (r)

