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The message of this talk

1. In finite density (with “baryon” chemical potential),
a layer of pion/axion domain wall is known to be stable
once we apply a magnetic field, a. k. a. the Chiral Soliton Lattice.

2. We clarify the mechanism how to create such an object,
through the quantum nucleation.
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Chiral Soliton Lattice
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EFT of Axion-like particles/pions Vi
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EFT of Axion-like particles/pions

2
b= fE(é’m)z + f*m*(cos ¢ — 1) /\

allows a domain wall solution. 4 2m
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EFT of Axion-like particles/pions

L= L(9,07 + Prt(eost— /\. /\. A\

Layer of domain walls are also allowed.
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EFT of Axion-like particles/pions

V(o)
3 £ 2 2 WD
£:7(8M¢) + f*m~(cos¢p — 1)
Layer of domain walls are also allowed. n 2T
B Topologically stable,

but higher energy than
trivial field configuration.
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Take into account the chiral anomaly

In the vacuum;
well-known Chern-Simons term

2
b= f?(augb)z B meQ(COS¢ =) +-cagF, F*

Not relevant for domain walls
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Take into account the chiral anomaly

In the vacuum;
f2 well-known Chern-Simons term

= ?(0,@)2 + f*m?(cos ¢ — 1) +capF,, F*

Not relevant for domain walls

In the medium with charged fermions;

Chiral magnetic effect (CME): Jyv =Jr+ Jr = 6(“;—2“)3

‘80 Vilenkin, '06 Fukushima, Kharzeev, & Warringa

Chiral separation effect (CSE): J5 = Jr — J

o ! D7iee
‘80 Vilenkin, ‘04 Son & Zhitnitsky

At low energy, the chiral transformation

1 .
turns to the shift of axions/pions L= 5 (Oud)js >

e -

Vé-B

(B =" r Ll eIy

—

Courtesy: H. Oide



— e —

Take into account the chiral anomaly

In the medium;
another “topological” term

MBB V2
4772

Relevant for domain walls...?

f2

= 7(0,@)2 + f*m?(cos ¢ — 1) +capF,, F*

In the medium with charged fermions;

Chiral magnetic effect (CME): Jyv =Jr+ Jr = 6(“;—2“)3

‘80 Vilenkin, '06 Fukushima, Kharzeev, & Warringa

Chiral separation effect (CSE): Js = Jr — J; = (r+ 1) g

o - ! D7iee
80 Vilenkin, '04 Son & Zhitnitsky

At low energy, the chiral transformation

1B
turns to the shift of axions/pions i> 0L = - (0ud)j5 3 quﬁ B
e~ s 2 =l

also can be understood the WZW term with a spurious axial U(1) gauge field 04 Son & Zhitnitsky
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In the presence of non-zero chemical potential and external magnetic field

Domain wall solution is unchanged,

o DGLTES (m_ﬁ k)

2 k
then there are no effects from the topological term?
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In the presence of non-zero chemical potential and external magnetic field

Domain wall solution is unchanged,

o DGLTES (m_ﬁ k)

2 k
then there are no effects from the topological term?

Not really. Energy of the system changes.

Total energy of the system of length L in the z-direction:

Vm [2E(k) 1 peB
&= MK b W (k_E>K(k> o
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In the presence of non-zero chemical potential and external magnetic field

Domain wall solution is unchanged,

COS P(E) — sn (m—g, k)
2 k

then there are no effects from the topological term?

Not really. Energy of the system changes.

Total energy of the system of length L in the z-direction:

2F 1 (g B]
2kK (k) | k k 27 )

Negative energy is induced
from the spatial gradient of the field configuration.

&

— — = —

Courtesy: H. Oide



= — . —— —

In the presence of non-zero chemical potential and external magnetic field

Domain wall solution is unchanged,

COS P(E) — sn (m—g, k)
2 k

then there are no effects from the topological term?

Not really. Energy of the system changes.

Total energy of the system of length L in the z-direction: 2
T G 2 (R ) 1 upB]
oY kK (k) | k (k_ E> A0 2m )
. o 1k
Negative energy is induced 7
from the spatial gradient of the field configuration.
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In the presence of non-zero chemical potential and external magnetic field

Domain wall solution is unchanged,

COS P(E) — sn (m—g, k)
2 k

then there are no effects from the topological term?

Not really. Energy of the system changes.

Total energy of the system of length L in the z-direction: negative energy minimum
: — can appear !
Vm |2E(k) 1 1B
P Dok (b B (k - E> e C2m | /
1 k
Negative energy is induced ;T
from the spatial gradient of the field configuration. Foer

= E—— =

Courtesy: H. Oide



= —— —

In the presence of non-zero chemical potential and external magnetic field

Domain wall solution is unchanged,

r p
- _ _ for pions in QCD
For sufficiently large magnetic field, \ L
Qharg_e_d pion
].67Tm 9 instability *
B > Bcgst, = / term??
1B
Domain wall layer is energetically favored. Il
CSLis favored =~ < __ .
=> Configuration at energy minimum kcsr,: addly
“Chiral Soliton Lattice” "0 w0 w0 500 800
psMeV]
. '16 Brauner & Yamamoto y
. S / 1 k
Negative energy is induced \\‘/ >
from the spatial gradient of the field configuration. .
CSL
— —c;&— e
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How it Is interesting?

- Interest also for condensed matter system:
known as Chiral Magnets. 0. 12 Togawa+

- Forms in the neutron star?
Helps to amplify magnetic field?

'13 Eto, Hashimoto, & Hatsuda

'12 Togawa+

N\ .
B
</ Layers of neutral

pion domain walls

'13 Eto, Hashimoto, & Hatsuda
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How it Is interesting?

- Interest also for condensed matter system:

known as Chiral Magnets. 0. 12 Togawa+ o
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- Forms in the neutron star? T2 5
Helps to amplify magnetic field?
13 Eto, Hashimoto, & Hatsuda Layets of neutral

pion domain walls

- Can form in the early Universe?

'13 Eto, Hashimoto, & Hatsuda
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How it Is interesting?

- Interest also for condensed matter system:

known as Chiral Magnets. 0. 12 Togawa+ ol
¥ I ,
L(H) " @H '12 Togawa+
! \ .
- Forms in the neutron star? T4 7 5
Helps to amplify magnetic field?
'13 Eto, Hashimoto, & Hatsuda Layers of neutral

pion domain walls

- Can form in the early Universe?

'13 Eto, Hashimoto, & Hatsuda

Anyway we need to think how they form!
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How Chiral Soliton Lattice forms
Based on : T. Higaki (Keio), KK, K. Nishimura (KEK), PRD 106 (2022) 096022, arXiv: 2207.00212 [hep-th]

also see: M. Eto & M. Nitta, JHEPO9 (2022) 077, arXiv:220/7.00211 [hep-th]
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How to model the formation?
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How to model the formation?

- Classical move from the infinity would be unlikely.
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How to model the formation?

- Classical move from the infinity would be unlikely.

- Kibble mechanism would not work.
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How to model the formation?
-,

- Classical move from the infinity would be unlikely. Creation <@lll»
Vacuum =) <>
- Kibble mechanism would not work. >
et
- Quantum tunneling of the layer of disk? R
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How to model the formation?
-,

- Classical move from the infinity would be unlikely. Creation <@lll»
Vacuum =) <>
- Kibble mechanism would not work. >
et

- Quantum tunneling of the layer of disk? R

model it as the qguantum mechanics of a disk with a Nambu-Goto-like action.

‘91 Basu, Guth & Vllenkin, '20 Al & Drewes

%\ = disk :
y = disk wall + string loop on the edge
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Effective action for disk

< %\z = disk wall + string loop on the edge
/
ubB

‘ 0 = Sme o for one disk
Stot el Swall At Sstring — —7T/d7' (2TR\/1 — R2 + O'RQ) < 0 3

Ic
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Effective action for disk

< %\ = disk wall + string loop on the edge
y
ub

. 0 = Sme o for one disk
Stot el vaall At Sstring — —7T/d7' (2TR\/1 — R2 + O'RQ) < 0 3

TR X 2 Sl
I'c

Euclidean action

Se[R] = 7T/d7’E (QTR\/l + (%)2 +JR2)

with bounce solution

1 dIR I2 1 N 2 p e E
- LV RIS (R R RS0 =
'E

NI -
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Effective action for disk

< %\z = disk wall + string loop on the edge
/
ubB

. 0 = Sme o for one disk
Stot el vaall At Sstring — —7T/d7' (2TR\/1 — R2 + O'RQ) < 0 3
Trv27r><2f2><lnr—C

Euclidean action |
understood as the tunneling

2
SE[R]:T('/CZTE (QTR\/l%—(f) _|_O.R2) R1| R2 "0l # 2|—T

with bounce solution - /\R
Idhlzllzv(R)-o V (R) = | R? / i' 0 § “ 2
il e B WA L RETET Sl S / \

NI =
-
=
[

I 18&%r

# $ %

_ca——&— i '22 Higaki, KK, Nishimura

Courtesy: H. Oide



= —— —

Transition rate

| iz o 16! T3
Bounce action: B=2! 2! T (RS RS CRRE AR = 32
0
3 l l | T3/ 3" 2 B B3
Coleman’s formula: p! A B= A¢g 16'T7/3 el TRy
"/'7 Coleman; Callan & Coleman :
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Transition rate

. 1ty 16! T3
Bounce action: B=2! 2T  dR R2" ("R¥2T)2= 5
0
: 2
Coleman’s formula: p! Ae B = A¢g 16077/3° AL eI
: 2

"/ Coleman; Callan & Coleman

Exponential suppression factor (bounce action) is less the 1 for

16! mf 2 (In(Relr ) 2 41 *f

B>B .=
M 3 m

+1 (>BcsL)
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Transition rate

. 1ty 16! T3
Bounce action: B=2! 2T  dR R2" ("R¥2T)2= 5
0
: 2
Coleman’s formula: p! Ae B = A¢g 16077/3° AL eI
: 2

"/ Coleman; Callan & Coleman

Exponential suppression factor (bounce action) is less the 1 for
16! mf 2 (In(Relr ) 2 41 *f

B>B .= +1 (>B
C U 3 m ( CSL)
For CSL, we shall just replace !
k= EcsL =4mf 2 ZEk(k)+ k! % K (k) ! %E?
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Transition rate

. e 1 16! T3
Bounce action: B=2! 2T dR R2" ("R2/2T)2 = -
0
: | ok D vl
Coleman’s formula: p! Ae B=A¢g o773 T

"/ Coleman; Callan & Coleman

Exponential suppression factor (bounce action) is less the 1 for

16! mf 2 (In(Relr ) 2 41 *f

B>B .=
M 3 m

+1 (>BcsL)

For CSL, we shall just replace !

2E(K) |
K

. % <o 1 H8  smaller amplitude of tension

> =>larger bounce action
—— —‘Cig-_bf —

Courtesy: H. Oide

L= BN ics




- ‘@,— e

Transition rate

Bounce actic
Coleman’s fc - .
"7/ Coleman % :
8:/ |
B S
Exponential : ' for
)
"$!
For CSL, we ) _ '22 Higaki, KK, Nishimura
. £ i 24 2Ek(k)+ » % < () %Ela smaller amplitude of tension
=> |arger bounce action
— —<—='?=>— e
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Whole picture?

single wall individually form

B
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Whole picture?

expand, sometimes merge each other
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Whole picture?

finally form CSL

B
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Concrete examples: QCD pion

%&!

$&"}

$&! |

B/GeV?
&

It is difficult for CSL to form without exponential suppression
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Concrete examples: ALP

- also difficult to setup the situation where B < 1
641 2f 3
LB
after EWSB pg ! BY21 T =>for f! T inevitably B! 1

Bg=1 !

S e =
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Concrete examples: ALP

- also difficult to setup the situation where B < 1
641 2f 3
LB
after EWSB pg ! BY21 T =>for f! T inevitably B! 1

Bg=1 !

before EWSB, itcanbe pg ! BY?1 T

with f ! T wemighthave B! 1

Unfortunately, we cannot expect for the effect on cosmic birefringence in CMB.
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$1JSBM BOPNBMZ JOEVDFT B OPOUSIJWJBM UPQPMPHI
BYJPO QJPO BOEpNEH@BWUD EFOTJUZ DIFNJDBM QPU]
*U NBLFT UIF EPNBJO XBMM MBZFS FOFSHFUJDBMMZ |
X1Jpl JT bBMMFE BT I$1JSBM 4PMJUPO -BUUJDFzZ

*UT GPSNBUJPO JT EFTDSJCFE CZ UIF OVDMFBUJPO P
5IF GPSNBUJPO SBUF JT SFMBUJWFMZ TVQQOQSFTTFE
*NOQMJIJDBUJPO PG MJHIU BYJPOT *OEFFE UIJO XBMM
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