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MOTIVATION

Stable Nuclei

Nuclei Known
to Exist

Number of Protons

stellar fusion
e [D-PIOCESS
e [-PFOCESS
— P-process
neutron star process
—— Supernovae core

e S-DIOCESS
| l ]

80 100 120 140 160
Number of Neutrons

Nuclear Physics = Hadron Physics = Nuclear Physics
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SKYRME MODEL

1960s: T.H.R. Skyrme

Baryons are topological solitons within a nonlinear theory of pions.

-

L

G="

Jr

2
U

=5 (8,UTO*U) +

262

pion decay constant

Skyrme parameter

Tr [Ut0,U,U8,U]

\_

-

Topological soliton
winding number = baryon number

= Tr (U6, UU9,UU95U)

=Ygz e

.

T.H.R. Skyrme: Proc. Roy. Soc. (London) 268, 127 (1961), Nucl. Phys. 31,556 (1962)



REVIVAL

In large N, QCD ~ effective field theory of mesons and baryons
may emerge as solitons in this theory.

E. Witten, 1980s

HEDGEHOG SOLUTION

R~ 1fm

U=exp(F(r)r-r) Mo ~ 146|B] <&> ~ 1.2 GeV

for B=1

Msor ~ 1.23 x 127°| B| > 127°%| B]
* in the Skyrme unit: f /(2e)

Bogomolny bound
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BARYON MASSLES

To give correct quantum numbers

m  SU(2) collective coordinate quantization

U(t) = A(t) Uy AT (¢)

Mass formula: infinite tower of [ = |

1
M = Mg, + ﬁf(f + 1) 7 : moment of inertia

3 15
= SO S == SO =
My = Mgo + ST e = = ST

= Adjust fr and e to reproduce the nucleon and Delta masses

fr=064.5 MeV,e = 5.45
Empirically, f, = 93 MeV, e = 5.85(7)
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Skyrme model: results

m Best-fitted results

Radial Distance T

4 6 8
T 1 17 Vv [ 11 T 1r1

Quantity  Prediction Expt
M input 939 MeV
M input 1232 MeV

(r2)2 059fm  0.72 fm

B
s 1.87 2.79
b =il ~1.91

|t/ o | 1.43 1.46

T 1 1 | 0 1. 1T [ 1 1 T 1
[ N R N S R D R S O M |

' I I 0 B O N O I I A T O T N T N I
.5 i 1.5 2 2.5

Radial Distance r (fermi)

4]

G.S. Adkins, C.R. Nappi, and E. Witten, Nucl. Phys. B228, 552 (1983)
A.D. Jackson and M. Rho, Phys. Reu. Lett. 51, 751 (1983)
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Skyrme model for Nuclear Physics

Single Baryon

Improvement of the model

® more degrees of freedom
(mesons)

® 1 /N. corrections
o ChPT

Extension to other hadrons
e SU(3) extension to hyperons
® Heavy-quark baryons

e Hypernuclei & Exotic
baryons

luclcar Matter

Topics
® Properties of single baryon

e Equation of State
® Phase transition
® Application to nuclei

Approaches

e Modified Effective
Lagrangian

® Skyrmion Crystal
¢ Winding number n
solutions

[ Still there are mavvy works to-do- j
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Nuclei

Light nuclei in the Skyrme model (e.g., mass number 6)

30.1MeV =5

28 2MeV = PO

Hydrogen—6 26.1MeV  J=4
24 9MeV
24 8McV

Manton, Wood, PRD 74 (2006)

18.7MeV  J=(172)

9.7MeV J=(2%, 17 0

— T = \_ i
e 8 e sy | e
R e N e e = e

encouraging results Helium—6 ", vev | ysei0]
| =141=0] |
Lithium—6

1 |48MeV  J=Q2)%I=1
[31Mev  I=0%I=1

Beryllium—6

Battye, Manton, Sutcliffe, Wood, PRC 80 (2009)
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NUCLEI

multi--baryon-number Skyrmion

D &) @& &
N D
19:D3 21:Ty 22:D;
FIG. 1. Theb density i f for the soluti hich C
we have ideentizggdo nase:lhsét}iriisr(l)isr?lgafc(frs 70rst 1382 %g(,mesmv(; hcle Battye, SUtCllffe, PRL 86 (2001) 3989
associated polyhedral models. The isosurfaces correspond to

B = 0.035 and are presented to scale, whereas the polyhedra
are not to scale.

ol
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Single Baryon (with Pion Mass)

s Adding the pion-mass term

Adkins, Nappi, NPB 233 (1984)

1
Lpion = 52 f2 (Tr(U) — 2

Quantity Prediction Prediction
(massless pion) (massive pion)

Expt

M input input
Ma input input
64.5 MeV 54 MeV
0.59 fm 0.68 fm
00 1.04 fm

0.92 fm 0.95 fm

00 1.04 tm
1.87 1.97
—1.31 —1.24
1.43 1.59

939 MeV
1232 MeV
93 MeV

0.72 fm
0.88 fm
0.81 fm

0.80 fm

2.79
—1.91
1.46




Why vector mesons?

O Witten: QCD ~ weakly interacting mesons in large N
® The lightest meson is the pion
® The next low-lying mesons are vector mesons (w and p)[
]

O Stability of the soliton

i -
w 1
L= T (0, UT0"U) + o

T [U10,U,U8,U]

Skyrme terms

e Without the Skyrme term, the soliton collapses. Derrick’s Theorem
® Vector mesons can stabilize the soliton without the Skyrme term.

134 6% 262 29



Early Attempts to include VM

Including w meson

L= /:'pion + /:'w + Eint

2 2
Lpion = ZWTI(QHU(‘WUT) + %mi (Tr(U) — 2),

2 1 |
»Cw — %wuwu — Zw,uvwluya H »Cint :BW/LBH

G.S. Adkins and C.R. Nappi, Phys. Lett. B137, 251 (1984)

Including p meson

L = Lpion + Ly + Lint
£1nt = OzTr(pW(?“U TU aVU T) pTT Interaction

|

G6.S. Adkins, Phys. Rev. D33, 193 (1986)
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Early Attempts: results

Quantity Skyrme o, P Expt

massive pion
( pion)

939 MeV
1232 MeV
93 MeV

input input input
input input input
54 MeV 62 MeV 52.4 MeV

0.68 fm
1.04 fm
0.95 fm

1.04 fm

1.97
—1.24
1.59

0.74 fm
1.06 fm
0.92 fm

1.02 fm
2.34
—1.46
1.60

0.70 fm
1.08 fm
0.98 fm

1.06 fm
2.16
—1.38
1.56

0.72 fm
0.88 fm
0.81 fm

0.80 fm
2.79
—1.91
1.46

0.365
1.605

g
==

0.39
L.77

0.44
2.39




SU(3) EXTENSION

m Can we describe hyperons in the Skyrme model?

s Direct extension: SU(3) collective coordinate
quantization

s New approaches

» exact diagonalization methods Yabu, Ando, NPB 301 (1988)

Weigel et al., PRD 42 (1990)
B bound state model

Callan, Klebanov, NPB 262 (1985)




BOUND STATE MODEL

m Starting point: flavor SU(3) symmetry is badly broken

» treat light flavors and strangeness on a different
footing

SU(3) — SU(2) x U(1)

» Lagrangian L = Lgy9) + Lk /K

m The soliton provides a background potential that
traps K/K* (or heavy) mesons

Callan, Klebanov, NPB 262 (1985)

bound kaon

134 6% 262 29



BOUND STATE MODEL

= Anomalous Lagrangian

m Pushes up the state of S = +1 states to the
continuum — no bound state

m Pulls down the state of S = —1 states below the
threshold — makes bound states = description of
hyperons

m Renders two bound states with S = —1

= the lowest state: p-wave — gives (+) parity A(1116)

270 MeV energy difference

= excited state: s-wave — gives (-) parity A(1405)

after quantization




BOUND STATE MODEL

Experimental Data

parity undetermined

negative parity

1600

] { positive parity]

p—
=
=
o

=
)
<
0
S
=

289 MeV
I

| | | |
’ A(L72)  X(1/72)  X(3/2) E(172) E(3/2)




BOUND STATE MODEL

m Mass sum rules

= modification to GMO and equal spacing rule
SA+Y -2(N+25)=X"-A-(Q2-E)
Q-=2)—-(E"-¥)=E"-¥)-(X*-A

n hyperfine relation

ST TSR

s The same relations hold for

A(1/27),%5(1/27),5(3/27),E(1/27),E(3/27),Q(3/27)




BOUND STATE MODEL

m Best-fitted results based on the derived mass formula

Particle  Prediction (MeV) Expt

939* N(939) Recently confirmed by COSY

*
ﬁ?é* PRL 96 (2006)

1405*

1164 BaBar : the spin-parity of

ﬁ?? v =(1690) is 1/2-

1663 > (1670) PRD 78 (2008)

1318* =(1318) NRQM predicts 1/2*
1539 4

1658 (1660) i |
1616 (1614) J UZ219 in QM

1820 £ : “..k | Unique prediction of this model.
ek SISO “7 | The £(1620) should be there.

2120* =(2120)
1694 Q(1672)
1837
1978
2140
2282 (2250)?
2604 YO, PRD 75 (2007)

still one-star resonance




HEAVY QUARK BARYONS

m Replace the strangeness by the heavy-flavor
B mp/my > mg/m;

= A dog wagging a tail?

large N, vs. large mg

4
[ |

-4
’/
®
Y4

4

-

(mo < Maor) (mq > Mso)

The two approaches converge only when both N. — oo and mg — o0

Heavy quark symmetry




HEAVY QUARK BARYONS

Soliton-fixed frame Heavy-meson-fixed frame

Table 2. Numerical results on the bound states. Energies are given in MeV
unit

(n, kT) Set I SetII Set III SetIV |  Exp.
nfssaton” (0,0% 287 —461 366 588

1/2°,3/2°

watarst (1,00 ~12 62 ~15 ~79
172 ©0,17) 89 —196 ~113 —250

$/2_11/3
315/2_,7/2_

1/27.3/2 SO, 1) —17 —54 —21 —69

7/2% 972"

q /252t * Bound state of soliton to antiflavored heavy meson 300 MeV

T yO BLY. Park ZPA 359 (1997)
it fewer bound states

a2

i Mo

g 700 E E i 1 A A 1 A " " A
0™« ™Mo 5Ma my(CeV) 10
FIG. 4. Binding energies w — myg of the bound states with
k™ as functions of the heavy-meson mass. Solid (dashed) lines
denote the positive (negative) parity states,

YO, B.Y. Park PRD 51 (1995)




Vector Mesons

@ Systematic way to include vector mesons
® Massive Yang-Mills approach Syracuse group
e Hidden Local Symmetry Nagoya group

e Equivalence of the two approaches

M Skyrmions in the HLS

® p meson stabilized model
Y. Igarashi et al., Nucl. Phys. B259, 721 (1985)

® p and w meson stabilized model
U.-6. Meissner, N. Kaiser, and WJ. Weise, Nucl. Phys. A466, 685 (1987)

® p, w and a; meson stabilized model

N. Kaiser and U.-G. Meissner, Nucl. Phys. A519, 671 (1990)
L. Zhang and N.C. Mukhopadhyay, Phys. Rev. D50,4668 (1994)
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Recent Works for Skyrmions
with Vector Mesons

Holographic QCD: infinite tower of vector mesons
Solitons in hQCD

D.K. Hong, M. Rho, H.-U. Yee, and P. ¥i, Phys. Rev. D76, 0861901 (2007); JHEP 0709, 863 (2007)
H. Hata, T. Sakai, S. Sugimoto, and S. Tamato, Prog. Theor. Phys. 117, 1157 (2007)

HLS Lagrangian
O(p?) terms: M. Tanabashi, Phys. Lett. B316, 534 (1993)
O(p?) terms & hQCD: M. Harada and K. Yamawaki, Phys. Rep. 381, 1 (2003)

Skyrmions in HLS with p meson up to O(p*) terms with hQCD
K. Nawa, H. Suganuma, and T. Ko jo, Phys. Rev. D75, 8860083 (2007)
K. Nawa, A. Hosaka, and H. Suganuma, Phys. Rev. D79, 126005 (2009)
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Earlier works

O(p?) Lagrangian with HLS
Hidden Symmetry

2 T | T §r.r(w) = h(x)Ep g(x), h € SU(2)
= e V(@) = ih(2)uh! (@) + h(@)V,(@)h! (2)

Covariant derivative: D, &1 r = 0,80, r — tV,EL.R

1
Gy = Q—i(Duﬁsz + Dyuérép)

1 Unitary gauge: fz —r—te

— (Du€LE} — DuEREL)

Q| = —
& 21

HLS Lagrangian

L=1La+aly + Lin my = ag’ f2

1 ; PTTTT 9
g a = 2 gives KSRF relation and the universality of p coupling

M. Bando, T. Kugo, and K. Yamawaki, Phys. Rep. 164, 217 (1988)

134 6% 262 29



As a — oo, i.e., as my — o©
—
ﬁv XX (O‘ull = VM) =0

1
where | = Z—Z.(aungz T au'ng}L%)

=

o0 meson and the Skyrme term

1
3242

B —— (0, Ug, e = o

Skyrmion in the HLS with the p meson

Mo = (667 ~ 1575) MeV
for 1 <a</4

M., = 1045 MeV for a = 2

R 5 T >
radial distance r (fm)

Fig. 1. n=1 solutions of F{r) and G(r} {dashed curves) for m_ =0 {chiral limit) and a=1, 2 and 4
fixing ag’f: = m?2.

Y. Ilgarashi, M. Johmura, A. Kobayashi, H. 0tsu, T. Sato, and S. Sawada, Nucl. Phys. B259, 721 (1985)
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0 and ® mesons

® meson: introduced through HGS like the p meson

Anomalous Lagrangian: source of the ® meson

3
£an — gch(Cl — Cy — C3)wuBu
SN
T2 01+ 02)e™ P, tr (ayPapp)

tg
Zwﬂ tr (puaaﬁ) } )

Y T. Fuji ,T.Kugo, H. Terao, S. Uehara, K. ¥ Ki,
Determination of parameters ujiwara, T. Kugo, H. Terao, S. Uehara, K. Yamawaki

| Minimal model: cy =

N\

—— — =_—— e

Vector Dominance: ¢y =1,¢c =0,c53 =1 No wn’ term

Or fit them to known phenomenology

See, for example, P. Jain, U.-G6. Meissner, N. Kaiser, H. Weigel, N.C. Mukhopadhyay, etc

U.-G. Meissner, N. Kaiser and W. Weise, Nucl. Phys. A466, 685 (1987)

134 68 262 +2
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0 and ® mesons

minimal model results witha =2, f, = 93 MeV, g = 5.85

M, = 1475 MeV

MINMAL MODEL MESON PROFILES

15

U.-G. Meissner et al. / Nucleons as Skyrme solitons

TABLE 1

Properties of the Skyrme soliton resulting from the lagrangians
(2.11) or (2.19) with 7, p and @ mesons

Minimal Complete Following
model model ref. 17)

M, [MeV] 1474 1465 1057
ry [fm] 0.50 0.48 0.27

For comparison, the results of the model of ref. '7) including
pions and p mesons are also given. The parameters used are
m, =139 MeV, f_ =93 MeV, and g = 5.85. Here M is the static
soliton mass, and ry the baryenic r.m.s. radius.

U.-G. Meissner, N. Kaiser and W. Weise, Nucl. Phys. A466, 685 (1987)




0 and ® mesons

PROTON CHARGE FORM FACTOR G (g”)

U.-G. Meissner et al. | Nucleons as Skyrme solitons

TABLE 2
Baryon properties; parameters as in table 1

Minimal Complete

model model Experiment

6 [fm] 0.82 0.68
M, — My [MeV] 359 437 293 . .
My [MeV] 1564 1575 939 01 02 03 04 05 GUlGev’]
re ={rd)"/? [fm] 0.50 0.48
(rBY* [fm] 0.92 0.98 0.86+0.01
{r3), [fm?] -0.22 -0.25 —~0.119 + 0.004 NEUTRON CHARGE FORM FACTOR G (g}
(r20Y/* (fm) 0.84 0.94 0.86 +0.06 ' | ' '
(ri)s/* [fm] 0.85 0.93 0.88 0,07
tp [nm.] 3.36 2.77 2.79
g [nm.] -2.57 -1.84 ~1.91
T 1.31 1.51 1.46

04
19°1 (Gev?]

U.-G. Meissner, N. Kaiser and W. Weise, Nucl. Phys. A466, 685 (1987)

134 6% 262 29
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0, ®, and a; mesons

. N. Kaiser and U.-G. Meissner,
= Axial vector meson Nucl. Phys. A519, 671 (1998)

. L. Zhang and N.C. Mukhopadhyay,
Uz) = £ (x x x
(#) = &1(2)8u (2)CR (@) Phys. Rev. D50, 4668 (1994)

m 14 anomalous terms

cf. 6 independent terms in the mpw system

=  Hard to control the parameters

Results with a = 2, f, = 93 MeV, g = g./1.5 = 5.85, my = 770 MeV
M sol = 1002 MeV H. Forkel et al. / Skyrmions with vector mesons

Fig. 1. The behaviour of the skyrmion energy as the vector meson couplings and the masses go to zero.
(a)g=g,/1.5-0,(b)g-0, g,/1.5=5285 (fixed), (c} g, =0, g =5.85 (fixed). In all cases the ratios g/ m
and g,/1.5m are kept constant at 5.85/770 MeV.




TABLE VI. Nucleon observables in the wpwai(f1) chiral soliton model without the ¢ decay

p a) n nd al me’o n’ constraints (with all the energies in MeV). Here A3 is calculated through Eq. (59) with S, > 0.
9 by

Model My gaA GxNN TxN
(1) k1 = 0.10, 1403 0.70 10.56 29.8
¢,=0,i=2,...,6,82=09

(2) hy = —0.10, ) 16.97
l=0,i=2,...,682=10

(3) hp = —0.30,
... & =0,i=2,...,682Z=10
The results are sensitive to the
(4) hy = 0.10,

parameters. ¢ = —0.0020,c} = —0.13,

ct=0,i=3,...,6,Z=10

(5} hy = 0.10,c5 = —0.012,

ch =0.29,cf = —0.42, ¢, = 0.13,

¢y = —0.015,c, = —0.021,Z = 1.0
(6) hs = 0.51,¢, = —0.019,

¢y = —0.0022,c, = —0.029, ¢, = 0.53,
¢y = -1.2,c4 = —0.094,Z = 1.0

The 7pw model®

Expt.

"Reference [6)].

TABLE III. Nucleon observables in the wpwa;(fi1) chiral soliton model with the ¢ decay con-
straints [Eq. (66)] put in (with all the energies in MeV).

Model My ga gxNN OxN
(Set A) ¢ =¢34 = ¢4 = c5, 704 0.18 1.38 3.4
ce=cg=0,Z2=0

(Set B) ¢} ~ 0.053, c} = —0.029, 1070 . 6.74
cy =~ 0.071, c5 =~ 0.72,

cg =~ —0.42,ch ~ —0.24,

Z =04

The mpw model®

Expt.

*Reference {6).

L. Zhang and N.C. Mukhopadhyay, Phys. Rev. D50,4668 (1994)




Summary of the earlier works

1. a dependence
® ambiguity in the value of a results in a large uncertainty in the
soliton mass
(in free space, a ~ 2 and at high temperature/density a ~ 1)

2. Higher order terms
® O(p*) etc are at O(N,) like the O(p?) terms
® More complicated form of the Lagrangian
e Uncontrollably large number of low energy constants
E.g. 6 anomalous terms for the w meson at O(p?)
14 anomalous terms for the axial vector mesons at O(p?)

3. In this work,
e O(p*) with p and w mesons
¢ Fix the couplings by using hQCD

134 6% 262 29



HLS Lagrangian up to O(p?%)

Lucs = L2y + L) + Lanom

A~ = = R 1 ~
Loy = 2T () +af2 T (a,af) = 55T (Vi V™),

Ly =Ly + Ly

17 terms

in the 1-form notation with
L1 =1Tr [@%&R — &%&L}, p, =0y — o,
Ap = Q) + o,

LQ 7/ TI‘ [&L&R&L&R] 3 5
Fy =dV -V~

£3 = Tr [FV (&LOAéR — OAéR(SéL>],

M. Harada and K. Yamawaki, Phys. Rep. 381, 1 (20033;

134 6% 262 29



HLS & hQCD

1. 5d action SO = NGy [ dxdef =3 Ky T, T
S5 p— S?BI —|— Sgs + KZ(Z)M%(KTI'[TMZ,T’U“Z]},

N
§$5 =5 f A).
> 2472 M4><Rw5()

ws(A) = Tr[.ﬂfz + %ﬂﬁj—‘ - %AS].
2. induce the HLS Lagrangian from Ss: integrate out the higher modes

A,(x, z) — A8 (x, 2)
= 4,1 (D Po(2) + [ay () + V,(x)]
+ by () (2),

134 68 262 +2



Determination of couplings

where A; is the smallest (non-zero) eigenvalue of the

2= NCGYMM?(K/dez(Z) [%(Z)r’ eigenvalue equation given in Eq. (34), and () and (())
are defined as

af72r = NCGYMM%{K)‘1<¢%>7 00
1 R E—
9_2 = NCGYM<¢%>7 < > /_OO

v =t = —NeGyn { (1+ 81— 45)°), ((A)) = / dzA(z)
Ys = =Yy = —Nc.Gyy <¢% (1+ ¢1)2> : —

Ys = 2ys = —yg = —2N.Gyy <¢%¢(2)>,
Yo = — (Ys + v7) , Ky ( ):K_l/g(z), Ky(z) = K(2)
yr = 2N Gy (U 1+ ¢y) 1+, — ¢§)>a with K (2) =1+ 52

zg = 2N.Gyy <¢1 (1 + 1y — ¢§)> ;

z5 = —2N.Gyy <¢% (1+4)),
1

6 = <<¢0w1 (%% gt - 5) >> | Two parametets

. 1 1 1 1
Cy = <<¢o¢1 <—§¢c2) + Elb% + 5% + 5) >> : % LIAGS

1. ‘P OORT COURLING
C3 = §¢0¢1 ) _

m, = 776 MeV
fr =92.4 MeV

dzK1(2)A(z),

Ki(z), Ks(z): metric functions

in the Sakai-Sugimoto model

a is still undetermined

TABLE 1. Low energy constants of the HLS Lagrangian at O(p*) with a = 2.

Model Y1 Y3 Ys Y6 Z4 Zs5 C1 C2 c3
SS model  —0.001096 —0.002830 —0.015917 +0.013712 0.010795 —0.007325 +0.381653 —0.129602 0.767374
BPS model —0.071910 —0.153511 —0.012286 —0.196545 0.090338 —0.130778 —0.206992 +3.031734 1.470210

39
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Comparison with the Skyrme Lagrangian

Original Skyrme lagrangian

f 1 ?
= LT (9,U8*UT) + Tr [0,UU7,0,UU7]",

4 32¢2 ~
(55) \
After integrating out VM in HLS 1

2e2

L‘ChPT = fz Tr [OzJ_'qu’i} /
+( 1 2 yl_y2>T1'[Ou,“0uy]2 ~ e =~ 731

262 2 4

Y1ty 2
+ 14 QTI‘{CVJ_;UCVJ_V} ) (56)

in the SS model

134 6% 262 29



Three models

® HLS(m, p, ®) model:
full O(p*) Lagrangian with hWZ terms
e HLS(x, p) model:
without hQZ terms, the ® meson decouples
e HLS(;t) model:
integrates out VMs
same as the Skyrme Lagrangian but e is fixed by the HLS
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Soliton Wave Functions

Classical Solution Collective Quantization

F(r)} E(r) = &(r,t) = A(t) E(r) AT(2),
2 Vi(r) = Viu(r,t) () VM<T)AT< ),

E(r) = exp [z'T e

wy, = W(r) dou,
_ G(n)

r X
)

FEIR 551 SELIOMN
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Soliton mass

Mg, = 47T/d7“ [ M) (1) + M4y (1) + Manom(7)] ,
where M2y, M4y, and Manom are from L), L)y + L(4)2, and Lanom, respectively. Their explicit forms are

f2(

Moy(r) =

r 2 W22 N G2 G2
2 92 292,,a2

F%r? 4 2sin F) — “92 9" fn 2, 24+ af? (G+2sm - -2 R .

r2 9 2 2 A 2W2 i F 2
M(4)(r):—y1 = (F’2 - Sin2F> —yQ%F’2 <F/2 = sin F) —y3 5 [ ) (G—|—2sm 5)

21172,.2 27172 1 F 2 21172 1 F 2
e {gW (G+2sm —) }+%( 2p2 | gin? F) | L0 (G—|—2sm 5)

2 4 r2 % 4 2 r2

=2 2 211/2..2 2 2
Y-\ sin® F .o F g Wer % — F T
X <y8—?7) 2 (G—I—Zsm2 E) —I—yg{ 3 (FI2+T_281112F + 1 G + 2sin? B)

sin® 25 e 2
—G(G +2) —l—ﬁG(G—I—2) G + 2sin e (A3)

+ 24 {G'F'sinF—l— .

F 2
Manom(r) = oy F'Wsin® F + o, WF' <G + 2sin? 5)

— Qg4 {G(G+2)WF’+ZSinF [WG’ — W’ <G+281n2 g)] },

39N,

gN
Q= 5 (c1 —c¢a), Qg =
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Moment of Inertia

L= _Msol =F ITI'(AAT), = 47del’[](2)(r) =y 1(4)(1’) + Ianom(r)]‘

2 1 F\2 1 1 292
I,(r) = gf%rzsinzF + gaf%rz[(fl + &) + 2(51 — ZSinza) ] = gang2 @* — g(go’z e )
2

2 4
=5 %‘,2(35112 +2818) + €5) + —Gz(fl - D+ & +—2(G2 +2G +2)&.

1 2
L =7 s1n2F<F’2 +— 31n2F)
I = Zylfy T Zz,]z 2 3

1
I, (r)= % 2sin2FF"?,

1 4 F 2 o
I —128 ¢’|: 2W2—ﬁ<G+25in 2) :|+3g2Wgo<G+251n )(fl 2sin? 2)

+ [% W2 — %(G + 2sin2§)2:|[(§1 + &) + 2(51 — 2sin? g)z]

I1,(r) = r—gZWZ[(fl +§2)2+2<§1 O )]_ ZWgo[ng@ 8<G+251n )(fl 2sin? g)]

%(G - 2sin2§) [g =l 52)2],

b L F\27] 2 2 ., F\2 g2 p?
L. ()= ESIHZFI:rngWZ — 2<G + 2sm25> ] 12<F’2 += sm )[2(51 — 2s1n25) + (& + &) — 72 ],

I (r)—lmnzF(rgW &>
2r

B )= ésin 2F|:<rgW — ‘g;—q:)z + 4<G + 2sin? )(fl 2sin? )]

I,()= %Sin 2F|:<rgW — %) 4(G + 2sin? )(fl 2sin )]

7 . T PV AV = 1 2.
1,(r)= ggZWZSIIle + gF’z(fl — 2s1n2§) — E(F’2 — ﬁssz)(fl + &) + ﬁgzgﬂ(F’2 + ﬁssz),
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Solutions

HLS(r, p, ®) model

13

—

- == Ez(r)
== @(r)x 10




Solutions

- gl(r)

HLS(w, p, ®) model
| _' | e

c—-— @(r)x 10

— - HLS,(xp)
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Results

TABLE II. Skyrmion mass and size calculated in the HLS with the SS and BPS models with a = 2. The soliton mass Mg, and
the A-N mass difference A are in unit of MeV while /(r2),,, and /(r2) are in unit of fm. The column of O(p*) +w, B" is

“the minimal model” of Ref. [20]

and that of O(p")

corresponds to the model of Ref. [19]. See the text for more details.

HLS, (7T7 P CU)

HLSl(ﬂ-a p)

HLSl (ﬂ')

BPS(, p)

BPS(7)

O(p?) +w,B" [20] _ O(p®) [19)

1184 834
448 1707

922
1014

| BPS(n, p,w)

1162 577 672
456 4541 2613

1407 1026
259 1131

0.433 0.247
0.608 0.371

0.309
0.417

0.415
0.598

0.164
0.271

0.225
0.306

0.540 0.278
0.725 0.422

a independence of the
Skyrmion properties

Soliton Mass

AMEMA—MN

Moment of Inertia

_/

|III|IIII

-—+ hWZ
— Sum




Discussions

1. The role of p meson
e reduction of the soliton mass: from 922 MeV to 834 MeV
® increase of the A-N mass difference: from 1014 MeV to 1707 MeV
e shrink the soliton profile: from 0.417 fm to 0.371 fm
2. The role of ® meson
® increase of the soliton mass: from 834 MeV to 1184 MeV
e decrease of the A-N mass difference: from 1707 MeV to 448 MeV
e expand the soliton profile: from 0.371 fm to 0.608 fm
3. Without ® meson
e the A-N mass difference of O(1/N.) > the soliton mass of O(N.)
4. The independence of a
® Direct consequence from hQCD

134 6% 262 29



Nuclear Matter: Skyrme Crystal

Skyrme Crystal (FCC)

|. Klebanowv, Nucl. Phys. B262, 133 (1985)

M. Kugler et al., Phys. Lett. B208,491 (1988)
H.-J. Lee, B.-Y. Park, D.-P. Min, M. Rho, and U.
Dento, Nucl. Phys. A723,427 (2003)

Half-Skyrmion Phase
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Skyrme Crystal

- ® Skyrmion number density n =1/(2L3)

B B R e normal nuclear density 1y : 0.17 fm-3
P—- HLSmm(n,p,w)é

— — HLS (m,p)
—— HLS (ﬂ,p,(l))

corresponds to L ~ 1.43 fm

—_
o)
-
o

T T | T T

n~2n0

_—

binding energy per baryon
~150 MeV, ~100 MeV, ~50 MeV (too big!)

>
O
=
S
R

transition to the half-Skyrmion phase
<o>=0

I R N TR W NN T B AR

2 1.5 1
L (fn(l)\
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Change of Meson Properties

I b L o e ta 77]?
TTe(0,U'0"U) + 55 5T Uta,U, U, U

e

L =

U = /U, Ug\/Us
1 : it b
£ = SCu(Un)0,m"d"s" + -

f'*
2

= /(Caa(Ug))



Tt HLSmin (Tﬂ,p,(ﬂ)
—— HLS (n,p)
— HLS (TE,p,(l))

2 | 1.5
L (fm)

2.5
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Tt HLSmin (Tc,p,(l))
—— HLS (n,p)
— HLS (TC,p,(D)

N
n

| 1.5
L (fm)




13

.—.- HLS__(m,p,0) :
—— HLS(m,p)

—— HLS (m,p,m)

T T ] " 7T

l TTT ‘

Illll'llllll

| |

I

|

111111,1

| | I

2 1.5
L (fm)

1

0.5




Summary

1. The nontrivial role of the @ meson
2. The presence of topological change from Skyrmions to half-Skyrmions
at slightly above the normal nuclear density of higher density
3. Problems: minimal energy occurs at too high density with too high
binding energy
4. The structure may be robust, but the numbers?
1/Nc corrections: Casimir energy

F. Meier and H. Walliser, Phys. Rep. 289, 383 (1997)

Table 4.1
Tree and one-loop contribution to various quantities for parameter set 4 (e =4.25, g, =0)

Tree One-loop >

M (MeV) 1629 —683

o (MeV) 54 -22 32
(r’)* (fm®) 1.0 +0.3 1.3
ga 0.91 —0.25

(r*)a (fm?) 0.45 —0.04

(r®3 (fm?) 0.62 —0.11

" 1.62 +0.62

(r*}}, (fm)? 0.77 —0.13

x(10™* fm?) 17.8 —8.0
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Outlook

1. The role of vector mesons

e previous works: more VMs lead to the Bogomolny bound

e the inclusion of the p meson confirms it

® but, the ® meson has the opposite role:

important from both the theoretical and phenomenological views

2. Issues

e next order corrections: O(N.?) pion fluctuation

e next order terms in the HLS: in N. and in p
3. Final goal

e few-nucleon systems = semi-empirical mass formula?

® nuclear matter, Skyrmion crystal

® equation of state, nuclear symmetric energy
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