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Chiral Soliton Lattice (CSL)

« CSL = A periodic array of topological solitons

« Chiral magnet Togawa et al., PRL (2012); See also Kishine and Ovchinnikov (2015) for review

i
\\\\ e

The twisting spin structure is spatially localized = soliton
« Ferromagnetic interaction—Aligning neighboring spins.
« Zeeman effect—Spins align with the direction of the magnetic field

« Dzyaloshinskii - Moriya interaction—Twisting neighboring spins.



Universality of CSL

NG mode Explicitly breaking Surface term
Dzyaloshinskii-Mori
Chiral magnet [1] Magnon Magnetic Field £ydIOSTINS I_I oriyd
Interaction
QCD in magnetic field [2] Pion Quark mass Chiral anomaly
QCD under rotation [3] Pion Quark mass Chiral anomaly

These systems can be described by the sine-Gordon theory
with a total derivative term.

[1] Togawa et al., PRL (2012)
[2] Son and Stephanov, PRD (2008); Brauner and Yamamoto, JHEP (2017)
[3] Huang, Nishimura and Yamamoto, JHEP (2018); Nishimura and Yamamoto, JHEP (2020)



Motivation and summary

« Conventional CSL = a periodic array of the solitons with no internal d.o.f

» Qor B

« New CSL = A periodic array of the topological solitons with S2 moduli
- We consider QCD under rotation at finite us. Eto, KN and Nitta, JHEP (2022)

- What is the ground state?

o Excitations from this new state due to the new SSB = NEW!
Eto, KN and Nitta, JHEP (2024)



Chiral perturbation theory

. D.o.f in the case of two flavor = pions + n : U = ¢'?0% : Y — eli®aTa

2) 2
. Kineticterm: ... — ffgwtr(auza,,zf) + 7"9“”(%%@%

B
. Massterm: L, .. = Etr(MU + MUT)

- When masses of up and down quarks are equal, this term is invariant under SU(2)v.

2
- Topological term: L;,,, = %ﬂ - Voo
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- Effective Lagrangian is related to the chiral anomaly.

Son and Surowka, PRL (2008); Landsteiner, Megias and Pena-Benitez, PRL (2011);
Son and Yamamoto, PRL (2012); Stephanov and Yin, PRL (2012)
i . . UB
- This term is a rotational analog of — V- B
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Huang, Nishimura and Yamamoto, JHEP (2018); Nishimura and Yamamoto, JHEP (2020)
See also Son and Zhitnitsky, PRD (2004); Son and Stephanov, PRD 2008 for the magnetic field case



Dimensionless Hamiltonian

« We can diagonalize the matrix U in the two flavor symmetric case.
U = exp(igg + iT3¢3)

« Dimensionless effective Hamiltonian (C = 4mB ,Q =Q2)

H 1(%)2+1—€<d¢3>2_COS(¢0+¢3)+COS(¢0—(/53) deo
d¢ 2 d¢

C 2
Inhomogeneous configuration of ¢o is favored by this term!

2 d¢

« Dimensionless coordinates and parameters :

2 2
@Z, ezl—(fﬁ) : S = i

“ = f"'? fn 277_2ch77\/6

I
e The difference from the Hamiltonian describing the usual CSL : € 0

€hadron ~~ 0.17, ECFL 0.24

Donoghue, Golowich and Holstein (2022); Son and Stephanov, PRD (2000)



e =0, ¢3=0

. H 1 (deo\” d
« Hamiltonian and EOM : G =3 ((%) + (1 — cosgyg) — digo’ O2¢o = m2 sin ¢g
2r
. Sine-Gordon soliton: ¢y = 4tan"texpm, (z — 2)
- Energy: E :/ dzH = 8mif, — upQ)/(2x) € =
. Critical angular velocity : Q. = 87 f,m2/uz 0 \ \ \
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« A periodic array of the topological solitons is energetically more stable.

» Qor B

A value of ¢/ that minimizes the energy density per unit length— ¢ = ¢(ug, Q)
Huang, Nishimura and Yamamoto, JHEP (2018); Nishimura and Yamamoto, JHEP (2020)



e =0, ¢3+0

« Effective Hamiltonian in the case of € =0, ¢3+0:

2 2
Hl{l (ML) —F(l—cosquu)—S(Mi —I—1 {1 (d¢> —l—(l—cosgb_)—S%

C 212\ d¢ d¢ 212\ d¢ d¢
- Useful coordinates: ¢4 = ¢g & @3

®+ are completely decoupled, and each Hamiltonian is half of that of ¢o

« ¢+ and Qc¢ has the same values as that of ¢3=0 case.

« The ground state is the CSL of both ¢-.

@ + soliton = up soliton @- soliton = down soliton



d dependence

« How do the up and down solitons arrange?

. / is determined by minimization of the total energy density per unit length.

. d is a free parameter at € =0.

=1, d = lq

[ \ IR \

T l T l T l Deconfined phase ~ (d = £/2)
T l @ @ Dimer phase (d < £/2)
® ®




Mass term

« The solitons are field configurations connecting between two vacua.




Non-Abelian soliton
f (¢0,#3) = (7/2,7/2) \

(¢0, #3) = (0,0) / (b0, ¢3) = (m,7)

U=1, @S2 moduli 7 — 1,

> 2

N R

« The position zo can be chosen freely—zo is moduli from the translation.

i0'39

U = diag(e'+, 1) is invariant only when g = ¢
- U transforms under SU(2)v as gUg¢"

Moduli space : SU(2)/U(1) = §?
Nitta, Nucl. Phys.B (2015); Eto and Nitta, PRD (2015)



Interaction between @ +

: : doy do_
« The potential depending on both ¢+: V. = € doy do
4 d¢ d¢
: : : : d :
« For the solitonic configurations, O% has a peak the center of the kink.
Distance between
. Small Large
up and down solitons
>0 Positive ~0 Repulsive
e <0 Negative ~0 Attractive

« V¢ at €>0 leads to the repulsive interaction between up and down.

« Ve at £€<0 leads to the attractive interaction between up and down.



Phase gliagram
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Eto, KN and Nitta JHEP (2024)



Dispersion relation (1)

« Excitation from the non-Abelian CSL

. Fluctuations of the neutral part: 5@ s = ¢o.3 — ¢o.3
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Mn1) S Mp2) < -+

M(n,1) <NG mode (Phonon)!
M(n,2)
A "(n3)
A M(n,4)

Gapped

This NG mode is associated
with SSB of the translation.

# of the phonon =1
Eto, KN and Nitta JHEP (2024)



H(n,7)

Dispersion relation (2)

« Fluctuations of the charged part: d¢+ = d¢1 £ idps

« The EOMs of d¢+ has the mathematical same form.
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H(n,1) < H(n,2) < -

H(n,1) < NG mode!

* H(n,2) Gapped

This NG mode is associated
with SSB of SU(2)v — U(1).

# of the isospinon = 2

Eto, KN and Nitta JHEP (2024)



Summary and future
direction

« New type of CSL = A stack of the topological solitons with S2 moduli
« New NG mode from SSB of SU(2)v—U(1)

« Non-Abelian CSL in CFL phase

- ChPT like EFT can be applied to CFL phase.



