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様々な物理状態
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自発的対称性の破れ
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スピン対称性

U(1)ゲージ対称性
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対称性

CC by-sa Cburnett

操作に対して形を変えない

対称性が高いほど物理の問題は解きやすい.

例えば,

単純 複雑

180度回転,x軸,y軸鏡影 y軸鏡影

https://en.wikipedia.org/wiki/File:Playing_card_diamond_9.svg


対称性の種類
内部対称性

時空対称性

ゲージ対称性

時間並進，空間並進, 回転, ブースト

アイソスピン

電磁気, 弱い力, 強い力 U(1)xSU(2)xSU(3)

陽子 中性子

原子のスピン

アップ ダウン



連続対称性と保存則

時間並進
空間並進
回転

対称性
ネーターの定理

保存則
エネルギー
運動量
角運動量
電荷U(1)位相変換

Noether 1915

保存則

保存電荷



対称性はしばしば破れる
宇宙

粒子反粒子
ゲージ対称性
カイラル対称性,...

身近では，
利き手 心臓交通 (左側通行 右側通行)



対称性の破れのパターン
陽な破れ

量子異常
カイラルアノマリー， ワイルアノマリー，

ゲージアノマリー，パリティアノマリー, ....

パリティ対称性の破れ, CP対称性の破れ, ...

自発的
磁性体

CC by-sa  Aney CC by-sa  Mai-Linh Doan

超伝導

CC by-sa  Didier Descouens

結晶

CC by-sa  Minutemen

液晶,   ....



自発的対称性の破れ:簡単な歴史(1900~)

Bloch (1930)スピン波の導入
Heisenberg (1928)Heisenberg模型

Bloch則

自発磁化

Ising模型
Ising (1925)

Magnetic domain理論 Weiss (1907)

Lenz (1920)

南部, Goldstone理論
BCS理論

超伝導とNGモード

Brout-Englert-Higgs 機構

Bardeen, Cooper, Schrieffer (’57)

超伝導発見 Onnes (1911)

Nambu(’60), Goldstone (61), 

Nambu, Jona-Lasinio (’61), 

Goldstone, Salam, Weinberg (’62).

Anderson(’62), Brout, Englert (’64), Higgs (’64),

Guralnik, Hagen, Kibble (’64), Migdal, Polyakov (’65)

(自発的対称性の破れ)

http://dx.doi.org/10.1007/BF01328601
http://dx.doi.org/10.1007%252FBF02980577
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


連続対称性の自発的破れの定義

⇢ = |⌦ih⌦|真空:

媒質中: ⇢ =

exp(��(H � µN))

tr exp(��(H � µN))

自発的対称性のやぶれは，ある電荷Qaについて

となる局所場Φiが少なくとも一つは存在することで定義
h[Qa,�i(x)]i ⌘ tr⇢ [Qa,�i(x)] 6= 0



何がうれしいか？
理論の詳細によらず様々な事が言える．

Bloch T3/2則，
分散関係，低エネルギー定理, ...

FER ROM A G NET ISM I N R ARE - EAR T H G R 0 U P V A AND V I A 1035 

obtained with solid ingots in the solid solution system 
Gd4(SbxBh_x)a are shown in Table L The resistivity 
vs temperature curves for Gd4Bia and Gd4Sba are 
shown in Fig. 3. At the high-temperature end one 
obtains values of the resistivity which are not too 
different from those measured in Gd metal (p= 130-
140 ,uQ cm) .6,6 The slope of the curves indicates a 
metallic conduction mechanism. Table I gives the 
slope of the curves above the Curie temperature that 
can be interpreted as the temperature dependence of 
the phonon part in the resistivity. The magnetic scat-
tering part pm has been determined in the usual way, 
by linear extrapolation of the high temperature part 
to T= OaK and subtracting the residual resistivity Pres. 

160r---------------, 

o 0.1 02 0.3 0.4 0.5 0.6 0.7 
(T/Tc )3/2 

FIG. 4. Saturation magnetization of Gd metal and 
Gd4 (SbxBi1_x)s compounds compared with the Tl law (solid 
lines). For Gd metal u oo/2 has been plotted. 

All samples are ferromagnetic at low temperatures. 
Their magnetization approaches the saturation value 
Uoo,T (at T=const) as UH.T=uoo ,T(1-a/H) for field 
strength H between 5 and 25 kOe. The values of "a" 
are given in Table 1. As shown in Fig. 4, the saturation 
magnetization UcoT follows the simple spin-wave law 

to remarkably high temperatures, similar to Gd metal. 
The absolute saturation moments, no per Gd atom, 
are lower than the value 7.0,uB expected for the 8S7/2 

ground state, This deviation is probably due to the 
presence of second phase in the grain boundaries ob-
servable by micro metallurgical techniques. 

The ferromagnetic Curie temperatures Tc were de-
termined by three different methods: by the classical 
method of Weiss and Forrer (W.F.), by extrapolating 

5 R. V. Colvin, S, Legvold, and F. H. Spedding, Phys. Rev. 
120, 741 (1960). 

6 P. W. Bridgman, Am. Acad. Arts. Sci. 82,83 (1953). 
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Holtzberg, McGuire, M'ethfessel, Suits, J. Appl. Phys. 35,1033 (1964)

Debye T3則, ...
from Kittel and Kroemer (1980)固体アルゴン

連続対称性の自発的破れ



F [�]

�

F [�]

縮退を伴う
スピンの場合

ランダム

揃う

場の場合
連続対称性の自発的破れ



並進対称性が残っている場合弾性を伴う

⇡a

スピンの場合

格子の場合

自由エネルギー



ギャップレスな励起が現れる
= 南部-Goldstone(NG)モード

Nambu(’60), Goldstone(61), Nambu, Jona-Lasinio(’61),  

スピン波(マグノン)

格子振動(フォノン)

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


Goldstone, Salam, Weinberg(’62)
南部-Goldstoneの定理

Lorentz対称性を持った真空
大域的対称性の自発的破れ

破れた対称性の数=NGモード

分散関係

http://%09http://link.aps.org/doi/10.1103/PhysRevLett.4.380


NG モードの例: 相対論

�

F [�]

破れた対称性3つ:

量子色力学の(近似的)対称性
SU(2)L ⇥ SU(2)R ! SU(2)V

３つのNGモード:パイ中間子
⇡+,⇡�,⇡0

! =
p

k2 +m2
⇡

分散関係:



NG モードの例: 非相対論
超流動(フォノン)
粒子数保存則の破れ

スピン波(マグノン)

一つのスピン波

回転対称性の破れ
破れた２つの生成子:

数も分散も相対論的な場合と異なる.

１つのフォノン
He4 超流動

破れた１つの生成子:



 Nielsen - Chadha(’76)

Ntype-I + 2Ntype-II � NBS

Schafer,  Son, Stephanov, Toublan, and Verbaarschot

NNG = NBS

(’01)
h[Qa, Qb]i = 0

Watanabe - Brauner (’11)
NBS �NNG � 1

2
rank�[Qa, Qb]�

NG定理の一般化

Type-I: Type-II:! / k2n+1 ! / k2n



最近の進展

Ntype-I + 2Ntype-II = NBS

NBS �NNG =
1

2
rankh[Qa, Qb]i

Ntype-II =
1

2
rankh[Qa, Qb]i

Watanabe, Murayama (’12)

YH (’12)
有効ラグランジアンの方法
森の射影演算子法

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


最近の進展

NBS �NNG =
1

2
rankh[Qa, Qb]i

Watanabe, Murayama (’12)

YH (’12)
有効ラグランジアンの方法
森の射影演算子法

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


Type-A Type-B

2種類の励起

単振動 歳差運動
! ⇠ p

g ! ⇠ g

重力



Type-A→Type-B転移の古典模型

コマが付いた振り子

回転対称性は重力による陽な破れ

z軸の周りの回転は対称性がある

x, y軸に沿った対称性は破れている

破れた対称性の数は2つ



独立な２つの振り子の運動

コマが回っていない時

Type-A, Type-Bの古典模型



もしコマが回っていると

1方向の歳差運動
この時，{L

x

, L
y

}
P

= L
z

6= 0

Type-A, Type-Bの古典模型



最近の発展

Type-A Type-B
単振動 歳差運動

内部対称性の自発的破れに伴うNGモードは 
2つの振動のタイプに分類できる:

NBS �NNG =
1

2
rankh[Qa, Qb]i

Ntype-A = NBS � 2Ntype-B

Watanabe, Murayama (’12), YH (’12)

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


NGモードとは？
電荷密度は保存則により必ず遅い

媒質中
 拡散方程式

例)

電荷密度と弾性変数が正準共役
cf. Nambu (’04)

対称性が自発的に破れると



Type-A NG モード
電荷密度と弾性変数が正準共役

Type-A (B)は Type-I (II) NG モードか？

Type-A = Type-I
Hayata, YH, Hirono (14)

Hayata, YH, Hirono (14)

Type-B NG モード

Type-B = Type-II

電荷密度と電荷密度が正準共役
(有効ラグランジアンでは１階微分の項に対応 Watanabe, Murayama (’12)))



NBS Ntype-I Ntype-II
1

2
rankh[Qa, Qb]iNBS �NNG

Spin wave in 
ferromanget

O(3)→O(2)

2 0 1 1 2
NG modes 


in Kaon 
condensed CFL

SU(2)xSU(1)

3 1 1 1 3

Kelvin waves in 
vortex  

translation 2 0 1 1 2
nonrelativistic 

massive C
U(1)x 2 0 1 1 2

Type-B NGモードの例
NBS

1

2
rankh[Qa, Qb]i

NBS �NNG =
1

2
rankh[Qa, Qb]iNtype-A + 2Ntype-B = NBS

Ntype-A Ntype-B Ntype-A + 2Ntype-B



トポロジカルソリトンと中心拡大

並進と内部対称性

並進と並進

Kobayashi, Nitta 1402.6826

Watanabe, Murayama 1401.8139

例) domain wall in  nonrelativistic massive CP1 model

例) 2+1D skyrmion

[P
x

, P
y

] / N

z並進

topological number y並進

[Pz, Q] / N
topological number 

x並進

U(1)電荷

(several tens of nanometres) can be regarded as a magnetically 2D
system, in which the direction of q is confined within the plane
because the sample thickness is less than the helical wavelength;
therefore, various features should appear that are missing in bulk
samples. In the context of the skyrmion, the thin film has the advant-
age that the conical state is not stabilized when the magnetic field is
perpendicular to the plane23. Therefore, it is expected that the SkX can
be stabilized much more easily, and even at T 5 0, in a thin film of
helical magnet.

In this Letter, we report the real-space observation of the forma-
tion of the SkX in a thin film of B20-type Fe0.5Co0.5Si, the thickness of
which is less than the helical wavelength, using Lorentz TEM28 with a
high spatial resolution. The quantitative evaluation of the magnetic
components is achieved by combining the Lorentz TEM observation
with a magnetic transport-of-intensity equation (TIE) calculation
(Supplementary Information).

We first discuss the two prototypical topological spin textures
observed for the (001) thin film of Fe0.5Co0.5Si. The Monte Carlo
simulation (Supplementary Information) for the discretized version
of the Hamiltonian in equation (1) predicts that the proper screw
(Fig. 1a) changes to the 2D skyrmion lattice (Fig. 1b) when a perpen-
dicular external magnetic field is applied at low temperature and when
the thickness of the thin film is reduced to close to or less than the
helical wavelength. The Lorentz TEM observation of the zero-field
state below the magnetic transition temperature (,40 K) clearly
reveals the stripy pattern (Fig. 1d) of the lateral component of the
magnetization, with a period of 90 nm, as previously reported18; this
indicates the proper-screw spin propagating in the [100] or [010]
direction. When a magnetic field (50 mT) was applied normal to the
plate, a 2D skyrmion lattice like that predicted by the simulation
(Fig. 1b) was observed as a real-space image (Fig. 1e) by means of
Lorentz TEM. The hexagonal lattice is a periodic array of swirling spin
textures (a magnified view is shown in Fig. 1f) and the lattice spacing is
of the same order as the stripe period, ,90 nm. Each skyrmion has the
Dzyaloshinskii–Moriya interaction energy gain, and the regions
between them have the magnetic field energy gain. Therefore, the
closest-packed hexagonal lattice of the skyrmion has both energy
gains, and forms at a magnetic field strength intermediate between
two critical values, each of which is of order a2/J in units of energy. We

note that the anticlockwise rotating spins in each spin structure reflect
the sign of the Dzyaloshinskii–Moriya interaction of this helical mag-
net. Although Lorentz TEM cannot specify the direction of the mag-
netization normal to the plate, the spins in the background (where the
black colouring indicates zero lateral component) should point
upwards and the spins in the black cores of the ‘particles’ should point
downwards; this is inferred from comparison with the simulation of
the skyrmion and is also in accord with there being a larger upward
component along the direction of the magnetic field. The situation is
similar to the magnetic flux in a superconductor29, in which the spins
are parallel to the magnetic field in the core of each vortex.

Keeping this transformation between the two distinct spin textures
(helical and skyrmion) in mind, let us go into detail about their field
and temperature dependences. First, we consider the isothermal vari-
ation of the spin texture as the magnetic field applied normal to the
(001) film is increased in intensity. The magnetic domain configura-
tion at zero field is shown in Fig. 2a. In analogy to Bragg reflections
observed in neutron scattering22, two peaks were found in the cor-
responding fast Fourier transform (FFT) pattern (Fig. 2e), confirm-
ing that the helical axis is along the [100] direction. In the real-space
image, however, knife-edge dislocations (such as that marked by an
arrowhead in Fig. 2a) are often seen in the helical spin state, as
pointed out in ref. 18. When a weak external magnetic field, of
20 mT, was applied normal to the thin film, the hexagonally arranged
skyrmions (marked by a hexagon in Fig. 2b) started to appear as the
spin stripes began to fragment. The coexistence of the stripe domain
and skyrmions is also seen in the corresponding FFT pattern (Fig. 2f);
the two main peaks rotate slightly away from the [100] axis, and two
other broad peaks and a weak halo appear. With further increase of
the magnetic field to 50 mT (Fig. 2c), stripe domains were completely
replaced by hexagonally ordered skyrmions. Such a 2D skyrmion
lattice structure develops over the whole region of the (001) sample,
except for the areas containing magnetic defects (Supplementary
Information). A lattice dislocation was also observed in the SkX, as
indicated by a white arrowhead in Fig. 2c. The corresponding FFT
(Fig. 2g) shows the six peaks associated with the hexagonal SkX
structure. The SkX structure changes to a ferromagnetic structure
at a higher magnetic field, for example 80 mT (Fig. 2d, h), rendering
no magnetic contrast in the lateral component.

d e f

90 nm 90 nm 30 nm

[010] [100]

a b c

Figure 1 | Topological spin textures in the helical magnet Fe0.5Co0.5Si.
a, b, Helical (a) and skyrmion (b) structures predicted by Monte Carlo
simulation. c, Schematic of the spin configuration in a skyrmion. d–f, The
experimentally observed real-space images of the spin texture, represented
by the lateral magnetization distribution as obtained by TIE analysis of the

Lorentz TEM data: helical structure at zero magnetic field (d), the skyrmion
crystal (SkX) structure for a weak magnetic field (50 mT) applied normal to
the thin plate (e) and a magnified view of e (f). The colour map and white
arrows represent the magnetization direction at each point.
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http://arxiv.org/abs/arXiv:1402.6826
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小さな陽な破れ
自発的対称対称性の破れ

+

擬NGモード
Type-A:
例)パイ中間子

保存量と結合した陽な破れの場合には，陽な破れの高次補正はない.

Type-B:

小さな破れの項対称性を持った項

例)外部磁場中のスピン波

Nicolis, Piazza (’12), (’13)

Watanabe, Brauner, Murayama (’13)

! ⇠
p
h

! ⇠ h



時空対称性の自発的破れ
まだわからないことがたくさん



時空対称性の破れの例1
格子振動
並進(3つ)，回転(3つ)，ガリレイ(3つ)

回転とガリレイ変換に対応した
ギャップレスモードは？

９個破れている.
しかし, NGモードは並進の3つ.

ない



例: 弦

2つの破れ
回転:

NGモードは一つ

Low, and Manohar (’02)

並進:

P
x

Lzh�(x)i秩序変数 y

x

string

Low - Manoharの議論

h�(x)i

h[P
x

,�]i = i@
x

h�i 6= 0

h[L
z

,�]i = �iy@
x

h�i 6= 0

時空対称性の破れの例2

回転は並進を使って書けるので独立でない．

http://prl.aps.org/abstract/PRL/v88/i10/e101602


非自明な例: 液晶
ネマティック相
空間回転 O(3)→O(2)
２つの破れた生成子

２つの弾性変数

スメクティック-A 相
回転の破れ O(3)→O(2) 
並進の破れ
３つの破れた生成子

１つの弾性変数
残り回転は重たいモードに



Inverse Higgs mechanism

Inverse Higgs mechanism

⇠ = eix
µ
PµeiT

a
⇡

a(x)

Ivanov, Ogievetsky (’75), Low, Manohar (’02)

Maurer-Cartan 1形式
↵ = �i⇠

�1
d⇠ = �ie

�iTa⇡a

(d+ iPµdx
µ)eiT

a⇡a

= Pµdx
µ + [T a

⇡, iPµdx
µ + d] + · · ·

= Pµdx
µ + T

a(@µ⇡
a + f

ba
µ ⇡

b)dxµ + · · ·

Volkov (’73), Ogievetsky (’74)

独立な弾性変数

�

F [�]

平らな方向が破れた対称性の数に等しくない
Hayata, YH (’14)

Nicolis et al (’13)
Watanabe, Brauner (’14)Endlich, Nicolis, Penco (’13)

http://prl.aps.org/abstract/PRL/v88/i10/e101602
http://arxiv.org/abs/1306.1240
http://arxiv.org/abs/1401.5596
http://arxiv.org/abs/1311.6491


分散関係
例)液晶 (Type-A)

回転 O(3)→O(2)ネマティック相:

分散関係:
実部と虚部が同じオーダー(減衰振動)

                     の時, 過減衰

Li(x) = ✏ijkx
j
T

0k(x) i = 1, 2

a = 0

例) 表面張力波 (Type-B?)

Hosino, Nakano(’82)

! ⇠ k3/2

! = ak2 + ibk2

NBS = NEV = 2

1

V
h[Pz, N ]i 6= 0

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


まとめ
内部対称性に関して統一的な理解が得られた

独立な弾性変数の数は破れた対称性の数
NBS �NNG =

1

2
rankh[Qa, Qb]i

Type-A (Type-I):
Type-B (Type-II):

! = ak + ibk2

! = ak2 + ibk4

SSB パターン+ 　　　　の情報h[Qa, Qb]i

Ntype-A + 2Ntype-B = NBS

Ntype-B =
1

2
rankh[Qa, Qb]i



まとめ: 時空対称性の破れに関して
独立な弾性変数の数は破れた対称性に等しくない

(Inverse Higgs機構)

分散関係は系，理論のパラメータに依存． 
温度によって分散が変わる場合も．

分散に関して一般的なルールはあるか？


