Quasicrystal in QCD
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Low Energy Regime of QCD

Spontaneous Chiral Symmetry Breaking
U (1), x SU(Ng), x SU(Ny)p — U (1)) x SU(Ny),,
Nambu Goldstone (NG) boson
Yo=exp (i7" () [ fx) € SU (Ny)
Chiral Lagrangian (Kinetic & Mass Terms):
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Lopiral = %Tl (0FY0,Y) — gTr (M (X — 1) + h.c.]

N¢ = 2 case with approximately m,, = my

| m, 0
M = __ My & Mg =M
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Topology with Magnetic Field

B
Pions — Chiral Soliton Lattice (CSL) / ° domain wall (DW)

Idea by T. Brauner
and N. Yamamoto,
JHEP 04, 132
‘ ) PR ‘ - . 0
g2 = I.L*E H2|eB| (n+1/2) + m? — 2s¢eB B (2017) n

Transverse homogeneity

minimizes the Hamiltonian
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2 Winding = (U (1)) = Z
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Result from Triangle Anomaly

Coupling of two U(1) via triangle anomaly to NG boson ¢;

Hvaf B[ D. T. Son, M. A. Stephanov, and A. R.
LB Z CiOu®idy Fag  Zhimitsky, Phys. Rev. Lett. 86, 3955 (2001);

Setup of chemlcal potential u and magnetic field B = BZ
U(l)g: AP = (1,0). U 1)gy: Ay = (0,yB/2. —2B/2,0)

¢; be not only pions but also n mesons (also form DW)
3 uB D. T. Son and A. R. Zhitnitsky ,

3 = 7 . Lwzw = — 12 50-03 = CSL phys. Rev. D 70, 074018 (2004).
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ChPT of U(2) and Reduction

r decoupled, n with 7° remained: U = exp ¢gexp (it3¢3)

| KInetic , Agomaly
H =5 [m' (0, f.;.?53)2 + (0 &0 _)2} — )—P_ (E‘)E b3 + §€)Z o0

+sin B (1 — cos2¢q) + cos B (1 — cos ¢ cos p3) Mass

Redefine parameters to have dimensionless quantities

, 57 1/4
£2 a 1B {u + (4mb) }
a="5, [f=arctan —, 7= _
Ir 2mb 2T e

Boundary conditions for

(¢3, ®0) = (0,0),  (¢3,%0) — (pm,qm), L 5 - €2
z=0 z=d B




Mixed Soliton Lattice

Irrelevant y,, > yp .. Duel Is between y, and y;,.
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Ground State Alternation

Up to p+q=4, under « = 0.7 and g = i /16:
competitive configurations are (1,1), (2,0), and (3,1)
with critical y,,, = 6.5, Vn = 6.7 and y31 = 7.3.
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Strong Magnetic Field Limit

Conclusion: in y — oo limit, the ground state satisfies
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qg

Profiles: ¥y T, d {, ¢3¢0y = p(q)mz/d; (almost linear)
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The near Iihearity means mass () terms are negligible.
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Semi-analytical Derivation

Kinetic and WZW terms remain:

1 Y 1
H (v — 00) ~ . (@(,}3 n (,}Oz) I (qag + ?;5{]) = H.

2T
Simple trick of total square finds us the minimum:

H — — — | — 4+ =
(\/&(1}3 2 r.rr) T (1}0 67) 872 (r_} T 9)

‘2 - -
v /11
2 — -f ‘ (_ + _> = Emin-

872 \ « 9
Lattice period d; and ratio p/g minimizing the energy
72 27r° | 3
dr, = ?T'pa: Tr-Bg = E:—}
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Quasicrystal for irrational o

Grey dots: mixed soliton —
lattice of different p, Q. 4

Blue solid line (exemplary):2 -
pla=3f/f¢ (irrational) | °

0

Orange dots: adjacent 2
(p,q) to the blue line.

y

Beige band: candidate T T R
ground states with no *valid range:
defined period. pB < A%, Adnfr 4 < 5.6m7



Conclusion

= Depending on decay constants and effective masses,
the mixed soliton lattice of n and 7° could have lower
energy / critical magnetic field than separate ones.

= The ground state Is alternating among mixed soliton
lattices with different p and g when changing y.

= |n strong magnetic field / density limit, the ground
state ratio p/q approaches 3 fn2 /£ which is generally
Irrational and unreachable. The result is a mesonic
quasicrystal (perhaps the first in QCD context).
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