Skyrmions in a magnetic field and 7' domain wall formation in dense nuclear matter

We elucidate magnetic effects in the S
e S _ rangements of
the confining pressure distribution. confirm an isospin-dependent baryon spectrum from the
-indu lon. 1en extend our scope to stacked Skyrme ( pal la to scrutinize
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SKkyrmion: Model

Lagrangian of £ € SU(2) (W/ N = 2, N, = 3):
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SU(2),,g currents, covariant derivative, charge matrix:
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Gauged Wess-Zumino-Witten term:
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SKyrmion: Setup

Magnetic field: homogeneous and downward

1
B=—-Bz (B>0), ie., Ag =0 and A = EBT X Z

Symmetry: axial component of SU(2)y X SU(2)0t
(B(r—00) = +1) B (re ) =98 (r) e7¢
Parametrization: ¥ = i(t 11 + 7,11% + 73I1°) + IT*

IT; =sinf sing cosp  TI3 =sin f cosg

IIo = sin f sing sin ¢ [I4 = cos f

lo be solved: f=f(r.0), g=gqg(r.0)



SKyrmion: EOM

Energy functional M = 2xt [~ dr [ d6r? sin6 T

2 -
700 _ f {‘VH + sin? )‘[\Vq\ + Y?sin’ r;}} (w/ T = 1 B .._1119)
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Static equation of motion (EOM): minimizing M

o o | . , _ B
OM/of =0 and 0M /og =0 (w / scaling: ¥ =rfra, B = 2,2 {?h‘.‘.)
fza

Boundary conditions: baryon number amounts to 1

f(oo,0)=0, f(0.6)=m, g(r,0) =0, g(r.m)=mn



SKkyrmion: Protfile

II4 = cos f. Il = sin fcosg, Il = sin fsingsin¢, 111 = sin f sin g cos ¢

FIG. 1. (Left) Graphical representation of w3(SU(2)) with
B = 3.00f2a*; II + I3 = 0.90 on the inner torus (orange)
and II3 + I3 = 0.90 on the outer torus (blue). (Right) g(r, )
with B = 3.00f2a°. (z, y, z and r are of unit f;'a™'.)



SKyrmion: Pion

Y =exp(iT-mw): 7 = fsingcoso, m° = fsingsing, 70 = fcosg
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Quantization: Nucleon

Lagrangian:
| o | 1. .
Y (1) = RN Q — = N[ — b + iff’kz

Hamiltonian:

: oL : 1 L2
b= —. =fa— L=\ — (B+d
da H oL [+2F( +®)

Quantum Numbers

2n — 1

Jys = —[3=03: [ = n ez

Nucleon eigenstates

Ground state: |[p |); First excitation: |n T)



Quantization: Spectrum

Nucleon Masses
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Skyrme Crystal: Background

Skyrme Crystal & ¥ domain wall B UN

l. R. Klebanov, Nucl. Phys. B 262, 133 (1985).

E(rl):TiZT(—IIJTI L= X,y
Y =Tyl (x4 )Ty
Klebanov’s: — 7.3 (y+ ) 7,
N (2 ) T. Brauner and N. Yamamoto,
a'If_.a(_-., {') T

JHEP 04, 132 (2017).
Ours: “twisted” periodicity & reflection for 2D crystal.
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Skyrme Crystal: EOM

Energy functional in Cartesian coordinates:
A 2
e [e ("upm + L 1D, < DI )

Covariant derivative notations:
1
DI, = VII; — All,. DII; = VI, + ATl;: A = 5 (yB,—xB,0)

Equation of Motion (with Langrange multiplier y):

M + A (anlﬂ = 0. (m £[+..]:(:1)

r‘JH




Skyrme Crystal: Boundary

Vanishing pion on upper ceiling:

My (z,y,00) =1
Requirement by Reflection symmetry:
I, (0.y.2) = Iy (2.0, 2) = O3 (2.4.0) = 0
Consistency between reflection and periodicity:
II71 (A, vy, z) sin (%)\By) — 15 (A y. z) cos (%/\By) =0

| _
I1; (x. A, z) sin (iAB.r) — IIs (2, A, 2) cos (%/\B.r) — 0



Skyrme Crystal: Winding

Baryon density in differential forms:

*xIB = ! {Tr(L/\L/\L')—gF/\Tr[iQ(L—R)]}
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/ Prjp = — / (dp — A) A (T1ydIl5 — TI5dTl,)
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Only winding around two edges:

o o1 __ 1 2 5 |
(0,0,0 = 00) : gno: (AA0—=00):gna [ =A"B =1
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Skyrme Crystal: Classes

Final boundary condition: unit baryon number
. 2 9 | |
Np = np + ny _:/‘\ B—-1)=1
Two classes of solutions, two types of crystal:
Normal: 1II,(0,0.0) = —1, II4,(A.A0)=1

Anomalous: I, (0,0,0) = —1, 4)\°B =27



Skyrme Crystal: Solution

Anomalous Crystal = 7% domain wall.
Then what about Normal Crystal?

|77%| at B=1.2[f,?a°] and A=36.0[f, 2a 2]

A =4)\% at 36f%a

|r¥| at B=1.2[f,2a%] and A=4.0[f;"2a"?]
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Skyrme Crystal: Crystallization

Unit-Cell (Single-Baryon) Energy
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Thermodynamics: Basics

Helmholtz free energy of normal crystal:
F(NA.N,B)= NE(B.A)
Transverse pressure and chemical potential:

) OF € o
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One less variable for anomalous crystal!
F*(B.N*)=N*&* (B)

Equilibrium between normal and anomalous phases:
£—&
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Thermodynamics: Phases
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woowsakws b s e (Figs from our arXiv: 2104.11482) ;



ArXiv: 2104.11482

. A Skyrmion is deformed into an ellipsoid
under an external magnetic field.

. The quantized Skyrmions as nucleons
feature mass split by magnetic field.

. Two classes of Skyrme Crystals exhibit
3 (S3) and w1 (S1) respectively.

. First order phase transition takes place
between the Normal Crystal and the 7°
domain wall.



