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Pion decay constants in dense skyrmion matter

Hee-Jung Lee®
Department of Physics Education, Chungbuk National University, Cheongju Chungbuk 361-763, Korea

Abstract. According to the QCD, the hadronic matter can have various phases with matter density and temper-
ature. In general, when there is phase transition in a matter, it is known that a symmetry in the matter changes. In
case of the hadronic matter, the chiral symmetry in the matter is expected to be restored when the matter density
(or temperature) increases. The actual order parameter with respect to the chiral symmetry in the hadronic matter
is known as the quark condensate from the QCD, but the pion decay constant, corresponding to the radius of the
chiral circle, plays the role of the order parameter in an effective field theoretical approach to the QCD. In this
paper, by using the skyrmion model which is an effective theory to the QCD, we construct the skyrmion matter
as a model of the hadronic matter (nuclear matter) and calculate the pion decay constant in the matter. Because of
presence of the matter, the pion decay constant is split into the two components, the temporal component and the
spatial component. We discuss the phase transition in the skyrmion matter and behavior of the two components
of the decay constant for massless pion with density of the skyrmion matter.
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Dense Matter In Heavy Ion Collisions and Astrophysics (DM2008)

Overview

Properties of Pion in free space :

Mass (m_) =139 MeV
Decay constant () = 93 MeV

GMOR Relation : f.m_=-m_(qq)

I
0 z'r

Properties of Pion in Nuclear

27 _
MERFOR Relation - f°m? =—-m_(qq),
Effective Mass (m>) = ? MeV
)

Decay Consatant (') = 7 MeV

T

1. Chiral Perturbation Theory
- H. Yabu et al, PRD 50 (1994) 3549.
- V. Thorsson et al, NPA 589 (1995) 633.
-T. S. Park et al, PLB 409 (1997) 26.
- U. Meissner et al, Ann.Phys297(2002)27.
: Fermi Gas & Mean Field Approx.
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2. Optical Potential Theory
- T. Waas et al, PLB 405 (1997)
- T. Yamazaki et al, PLB 418 (1998)
: S-wave pion- nucleon potential of the
deeply bound states in Pb nucleus
observed at GSI

*2 2
m-=m:+ 2a)Uopt(r)

Pion mass increases
- a 7% at the center Pb nucleus
- a 3% in symmetric nuclear matt.

SU(2) Skyrme Model Approach

- Baryons are appeared as static solitons of
the Skyrme Lagrangian.

- Skyrmion matter as a model of nuclear matter

- The pion-matter interactions are generated
from the same Skyrme Lagrangian as classical
potentials.

- The results contain higher orders in density.
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SU(2) Skyrme model
with the trace anomaly from QCD

= J. Ellis and J. Lanik, PLB150 (1985) 289

= G. E. Brown and M. Rho, PRL 66 (1991) 2720

9 2
1
L = fx (i) Tr(a.,,,UTB”U) + 32—2'13-([(173”(], UTBVU])Q
e

4\ fy
£2m2 (x\ :
+% (f_) rl'r(U—l—UT - 2) f, : VEV of y
‘ X
1 1 m?2 1 1
90y — ==X I 1 — )+ =,

The scalar field () with unity scale dim. and the potential energy
generate the trace anomaly in this effective Lagrangian :
- Furnstanhl, et al, PRC 52 (1995) 1368

Skyrmion Matter (SM) : Skyrmion Crystal
- |. Klevanov, NPB 262(1985) 133;
- M. Kugler et al, PRD 40 (1989) 3421.

* At low density : FCC (Face Centered Cubic)

Increasing matter density
Phase transition : chiral symm. restoration

* At high density :
Half Skyrmion CC (Cubic centered)
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» Energy per baryon

E/B = 1\ £

2,2 3 1
Frma (X0} g Ud — Uo) + = x0dix0 + V(x0)
1\ fy 2

2
1 2 1 2
; B { Iz (xo) Tr(8;UJ8:U0) + a5 1T [UgaiUo,Ugaon}

+

. Simplified Potential Energy for the scalar
field :
E/B(X,L) = X*(E»/B) + (E4/B)
+ X (En/B) + (2L7) (X*(nX — 1) + 1)

XO/fX =X

1600

1400

E/B(x)

1200 fooooe

1000 . .
0.4 1.0

Energy per single skyrmion as a function of the scalar field X for a given
lattice size with the parameter sets B.
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FCC
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Figure 3: Local baryon number densities at L = 3.5 and L = 2.0 with massive pions. For
L = 2.0 the system is (almost) a half-skyrmion in a CC crystal configuration.

Unit of length (L) : 1 ~ 0.45fm

Phases of skyrmion matter
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Unit of density : 0.5 ~|po = 0.17 fm™?
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Pions and Scalar on Skyrmion Matter

 Fluctuations on top of the static skyrmion crystal :

U(x) = \/ Ufr(x)UO(-’E)'\J Ur(z), x(x) = xo() + x(x)

 Lagrangian for pions and the scalar field :

L(U,x) = Lm(Uo, x0) + Ly + Lato + Lot gy

|

Lagrangian for the static background skyrmion matter

. Lagrangian for pions on the matter :
1 3
Lrg = =Gapbatdy — ( r)0; 000 b — ( ) m2
Fx

QfQEGbC #qﬁa(be ()
. Lagrangian for the scalar field on the matter :
1 1 2 2
[,M,X = 58#)(5“)( — 5 {mi (?;_0) (1 + BIH(XO/J"X)) + foﬂ-T
X

A o)

« Lagrangian for the interaction between pions and
the scalar field on the matter :

o(Z) 2

(8;U 8;Up)

Lo = (LI R )00 + (SXOf“ ”T(%Tan))x¢“

f2 4 o2
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Pion decay constants
two components because of the matter

(QAY(0)|dy(q), Q) = id,q" f2 Temporal com.
(QA(0)|dp(q), Q) = idapq’ f2 Spatial com.

For actual calculation, introducing the external axial vector current A%

_ X_g QXDX ab ;= — abcﬁ o | gn
LA,A - (f% + fx fx) |:f?TG ( )8“(;7515 + AI‘J:H(Z‘) + € f.n. Vﬁf,,u('r):| Aa

with the axial vector current and vector current of SM

M= ”;?TT‘-”(( Rp)T° ): Var (%) = iﬁﬂ((LD +RD)TC)

Actual calculation

1
f=- lim  —(A%¢)|0a(q))matter,
(g°,q)—(m22,0) Q

f:_ = — lim <./41b (Q)|O (Q)>matter
(q°,3)—(m22,0) 4i

Relevant vertices for pion decay : from L4
(a) (b)

L \A 9 A
T CalU) e (qu,fn(pu,ﬂ
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Vertices from Ly, and Lo
(a) (b)
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Pion decay modes : (a) first order approx.
(b~g) second order approx.
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Pion decay constants

At the first order approx. :
& — ﬁ — haa 0
A A

At the second order approx. :

fr Saa( s
T = Goa ,
fx ©
}*—’f = \/Gaa(d)
Ly (f%éa-c@ém(—@ + Vi OVin (=0 | P 7)&”-(—5))
Gaa(ﬁ’) 7 2 0z 4 mi

Pion decay constants for the massless pion
as a function of density of SM

With parameters

iy =240MeV
e T20MeV

Unit of density : 0.5 ~ pp = 0.17 fm™
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Pion velocity

L = 5GD)upadpy + 5mEi0(E)atpa
+€abcai(|0a90b‘/ic(f)

Oth-order /'@) T t@’\. Pion-BG

propagator interaCtionS
Pa Pb L Gab 0¥ Pad V,:.:C
(pU?ff)
‘:an o O‘:Oa

Self energy of the pion and pion
propagator in SM
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r—Q

/

Pion propagator
in SM

: for massless

£ps — f2p?  pion

Pi locit
R v = £,

Pion velocity in medium

ratio

chiral phase
transition

xSB
phase pseudogap phase %S phase

S >

> ~0.004m; <> ~0.01m,

0.0 ! .
0 1 2 3 4 5

= t — s 2‘:_
Relation between two kinds fe=Jm fs \/H

of constants for the massless pion : 2

ve = fo/ fi= T3/ Ix
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Summary and .....

. Phase transition with respect to chiral symmetry

happens with density in skyrmion matter.
Decay constants of pion decrease
with density of skyrmion matter.

. Velocity of pion decreases to minimum and

returns the value in free space when chiral sym.

is restored.

Relation in two kinds of constants for massive pion?
This approach would be too simple to be a

real physical situation.

: need to quantize skyrmions in skyrmion matter.
Heating skyrmion matter, what happens?
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