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Spontaneous symmetry breaking

What is important?
Independence of details of theory

Low-energy theorem

Ex.) Goldberger-Treiman relation




Spontaneous symmetry breaking

Heat capacity (chiral limit):
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Spontaneous symmetry breaking

Heat capacity (chiral limit):
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Holtzberg, McGuire, M'ethfessel, Suits, J. Appl. Phys. 35,1033 (1964)



Nambu Goldstone theorem

Nambu (’60), Goldstone (61), Nambu, Jona-Lasinio ('61), Goldstone, Salam, Weinberg ('62)

For Lorentz invariant vacuum
Spontaneous Symmetry Breaking

4

NnGg = NBs

# of NG modes # of broken symmetry

Dispersion relation:w = c|k|


http://%09http://link.aps.org/doi/10.1103/PhysRevLett.4.380
http://dx.doi.org/10.1007/BF02812722
http://prola.aps.org/abstract/PR/v122/i1/p345_1
http://%09http://link.aps.org/doi/10.1103/PhysRevLett.4.380

QCD in vacuum

Three NG modes: Pions
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QCD in vacuum

Three NG modes: Pions

=

SSB of approximate




“Abnormal Number of NG bosons”

Schafer, Son, Stephanov, Toublan, and Verbaarschot ('01), Miransky, Shovkovy ('02), Blaschke, Ebert, Klimenko,
Volkov, Yudichev ('04), Ebert, Klimenko, Yudichev ('05), He, Jin, Zhuang (’06) ,Buchel, Jia, Miransky (’07), ..

Nng # NBs



http://www.sciencedirect.com/science/article/pii/S0370269301012655
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.88.111601
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.014006
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.015201
http://journals.aps.org/pra/abstract/10.1103/PhysRevA.74.033604
http://www.sciencedirect.com/science/article/pii/S0370269307001979
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“Abnormal Number of NG bosons”

Schafer, Son, Stephanov, Toublan, and Verbaarschot ( 01) Miransky, Shovkovy ('02), Blaschke, Ebert, Klimenko,
Volkov, Yudichev ('04), Ebert, Klimenko, Yudichev ('05), He, Jin, Zhuang ('06) ,Buchel, Jia, Miransky (’07), ..

NnG # NBs

Kaon-Condensed CFL phase
SSB pattern: SU(2); x U(1)y — U(1) 1,4y

SU(2) x U(1) model with chemical potential

massive

one NG mode with w o< | k|

e mades and one NG mode with w o< |k|?

withw o< |k|


http://www.sciencedirect.com/science/article/pii/S0370269301012655
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.88.111601
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.014006
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.015201
http://journals.aps.org/pra/abstract/10.1103/PhysRevA.74.033604
http://www.sciencedirect.com/science/article/pii/S0370269307001979

Example of NG modes
In condensed matter Phys.

Superfluid phonon

broken of number
Broken generator

One phonon w ~ |k]

Magnon

Broken of rotation
Two broken generatorsSa;,S i i § ‘ ’ 7 ; j ; ‘

one magnon w ~ k?



General theory of
Spontaneous symmetry breaking
(internal symmetry)




Generalization of NG theorem

Nielsen - Chadha(’76)
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Generalization of NG theorem

Nielsen - Chadha(’76)
Ntype—l e 2]Vtype—II P NBS

Type-lI: w x k°" 1 Type-Il: w x k"

Schafer, Son, Stephanov, Toublan, and Verbaarschot

'01
<[2Qa7Qb _O» NNG_NB )
Nambu (’04)

([iQa, Qu]) # 0 mip

Watanabe - 1Brauner (’11)

NBs — Nng < §raﬂk<[iQa, Qb))

Qaa Qb)

canonlcal conjugate




Recent progress

Effective Lagrangian method Watanabe, Murayama ('12)
ori’s projection operator method yYH ('12)



http://prl.aps.org/abstract/PRL/v108/i25/e251602
http://arxiv.org/abs/arXiv:1203.1494
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Spontaneous symmetry breaking

For fields
Flg) Flg

; Degeneracy of ground states
For spins
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Elasticity

For crystal
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Elasticity

For crystal
R
Fo r sp
itk *WWWWI

Free energy:f' = —
# of elasticity = # of broken symm.



Intuitive example
for type-B NG modes

Pendulum with a spinning top

@ Rotation symmetry is explicitly
broken by a weak gravity

@ Rotation along with z axis is
unbroken.

@ Rotation along with x or y is
broken.

o The number of broken (
symmetry is two.



Intuitive example
for type-B NG modes

Pendulum has two oscillation motions




Intuitive example

for type-B NG modes

It the top Is spinning,




Two types of excitations
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Two types of excitations

gravity ¢
1 /\
ARD.. 4

Type-A Type-B
Harmonic oscillation Precession motion

PN A VR [ IR O M W | W %
Type-| Type-ll




Classification

Watanabe, Murayama ('12), YH ('12)

NG modes associated with spontaneous breaking of
iInternal symmetry can be classified by two types:

val (b

Type-A Type-B
harmonic oscillation precession motion

|
Ntype—A = NBS o 2]\ftype—B Ntype—B = §rank<[iQa, Qb]>

® Nis — Nuc = prank((iQu, Qi)



http://prl.aps.org/abstract/PRL/v108/i25/e251602
http://arxiv.org/abs/arXiv:1203.1494

Effective Lagrangian approach

Leutwyler('94), Watanabe, Murayama ('12)

Write down all possible terms

Leutwyler('94)

: Oabi 1, ab
= ~PabT T - . (T O

+higher orders



http://%09http://link.aps.org/doi/10.1103/PhysRevD.49.3033
http://prl.aps.org/abstract/PRL/v108/i25/e251602
http://%09http://link.aps.org/doi/10.1103/PhysRevD.49.3033

Effective Lagrangian approach
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Write down all possible terms

Leutwyler('94)

Oabi 1, Jab

a
g T O T

+higher orders



http://%09http://link.aps.org/doi/10.1103/PhysRevD.49.3033
http://prl.aps.org/abstract/PRL/v108/i25/e251602
http://%09http://link.aps.org/doi/10.1103/PhysRevD.49.3033

Effective Lagrangian approach

Leutwyler('94), Watanabe, Murayama ('

Write down all possible terms

Leutwyler('94)

1 _a . . a
Lo 5,0&57?“7%[’ | gzbwawb 921)(’92-7?“ )

+higher orders

No Lorentz symmetry:
The first derivative term may appear.

Lagrangian is invariant under symmetry transtformation

up to surface term.
» Pab X _7/<[Qa7]l())(x)]>

Watanabe, Murayama ('12)



http://%09http://link.aps.org/doi/10.1103/PhysRevD.49.3033
http://prl.aps.org/abstract/PRL/v108/i25/e251602
http://%09http://link.aps.org/doi/10.1103/PhysRevD.49.3033

SSB with a small breaking term
H=Hy+ hV

Symmetric  small explicit breaking term

Pseudo NG modes

), Hayata, YH(14)

Type-A: w ~ Vh

EX) pions

Type-B: w ~ h
EX) magnon in an external magnetic field

No higher corrections if the explicit breaking term is a charge.

Nicolis, Piazza (’12), ('13)
Watanabe, Brauner, Murayama (’13)



Examples of Type-B NG modes

Nps

Ntype—A

Ntype—B

1

§faﬂk<[iQa, @s))

Ntype—A + 2]\[type—B

Spin wave in
ferromanget
SO(3) — SO(2)

2

0

1

2

NG modes
In Kaon
condensed CFL

SU(Q)[ X U(l)y o U(l)em

Kelvin waves in
vortex
TranslationR>? — R!

2

0

2

nonrelativistic
massive CP1 model

il B He

2

0

2

Ntype—A oF 2]Vtype—B T NBS

1

NBg — Nng = §rank<[iQa, Qb))




Topological soliton and

central extensions

Translation-translation

Ex.) 2+1D skyrmion, Kelvin waves
Watanabe, Murayama ('14) Kobayashi, Nitta ('12,'14)
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Yu, et al Nature 465, 901 (2010)

Ex.) domain wall in nonrelativistic massive CP’ model

Kobayashi, Nitta ('14)

ztrans U(1) charge topological number

Kobayashi, Nitta ('14)


http://arxiv.org/abs/arXiv:1402.6826
http://arxiv.org/abs/1401.8139
http://arxiv.org/abs/arXiv:1402.6826
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Summary

For SSB of internal symmetries,

classification is completed!

NBS o NNG = %rankqua; Qb]>

vaY (b

Type-A Type-B
harmonic oscillation precession motion

1 .
Ntype—A = NBS e 2]\ftype—B N’Gype-B o §rank<[7“Qa7 Qb]>

w = ak — ibk? w=dadk’—ib'k*




Spacetime breaking is more complicated
Ex) Liquid crystal (type-A)
Nematic phase:rotation O(3)—0(2)

Dispersion relation: w = ak? — ibk? tosino, Nakano(2)

Real and imaginary parts are the . ‘ ."
same order (damped oscillation) ~\ ' ‘

In casea = 0, (overdamping)

Ex) Caplllary wave (Type-B)

cf. Takeuchi, Kasamatsu ( Effective Lagrangian: Watanabe, Murayama ('14)

AP N)) £0 w ~ K



http://dx.doi.org/10.1143/PTP.68.388

