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Spontaneous Symmetry Breaking and the Chiral Magnetic Effect
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In classical electrodynamics, the current density is proportional to the electric field. However,

when a quantum anomaly exists, the current density may sometimes be proportional to the magnetic

field. The magnetic field is a pseudovector, which means that the corresponding current should be

chiral. In this paper, we introduce a chiral fermion field and a Higgs-like scalar field in such a way

that the global U(1) symmetry of the scalar field is broken by the potential energy and the chiral

symmetry is broken by the anomaly. In this case, the chiral magnetic effect is shown to be possible.

The applied magnetic field and the resulting pseudo current are found to satisfy J5 = ωe
8π2 B, where

ω is the angular frequency of the Higgs-like field.
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���ÀÓx9��̧��H �¦���&h�Ü¼�Ð �̂¦ M: ���l��©�\� q�YV
�t�ëß� �ª����©��:r&h���� s��©�|¾Ós� e����H �â
Äº��H ��l��©�\�

q�YV
�l��̧ ô�Ç��. ��l��©��Ér Ä»�� 7�'�s�Ù¼�Ð s���� �&³�©�s� {9�#Q ±ú� Ãº e��Ü¼�9��� ���ÀÓ��H �<Ht�l� ���ÀÓ#�

�� ½+É �.���s	כ �:r �7Hë�H\�"f��H �<Ht�l� �̀ØÔp� {9����©�õ� jË²Û¼ °ú �Ér Û¼ºú����©��̀¦ �̧{9�
�#� U(1) �:r/BM >�

s�t� @/g�A$í
s� ��µ1Ï&h�Ü¼�Ð L:#Qt�>� ½+É M:, �̀ØÔp� {9���_� �<Ht�l� @/g�A$í
s� �ª����©��:r&h�Ü¼�Ð L:#Qt�

��� �<Ht�l� ��l� ò́õ��� Òqt$í
|̈c Ãº e��6£§�̀¦ SX����
�%i���. ���õ�&h��Ð �<Ht�l� ���ÀÓü< ��K���� ��l��©�õ���H

J5 = ωe
8π2 B����H �'a>��� e��6£§�̀¦ ·ú� Ãº e��%3���HX<, ω��H jË²Û¼°ú �Ér �©�_� \��-t�\�¦ ����?/��H y�����1lxÃºs�

��.
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I. "e Â]Ø

@/����̂\������l��©� ñ���6 xs���K�t�������ÀÓx9��̧��H�Ð

:�x ��K�ï�r ���l��©�\� q�YVô�Ç��. Õª�Q�� þj��H_� ���½̈\� _�
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���� @/���{9���\�¦ �ª����©��:r&h�Ü¼�Ð ��Ò�¦ �â
Äº, @/���{9���
_� �ª����©��:r&h���� ò́õ�\� _�K� âìØÔ��H ���ÀÓ��H ��K�ï�r ��

l��©�\� q�YV½+É Ãº e������H ��s	כ ·ú��9t�>� ÷&%3��� [1, 2].
�<Ht�l� ��l�ò́õ� (chiral magnetic effect, CME)�� Ô�¦o�
��H s��Qô�Ç ò́õ���H Q-ball Û�¦s�\�"f�̧ ���̀¦Ãº e���¦ [3,4],
chiral vortical ò́õ�\�"f�̧ ���̀¦ Ãº e���� [5].
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��l��©��ÉrÄ»�� 7�'�s�Ù¼�Ð���ÀÓ��s�XO�>���l��©�\�q�

YV
�l� 0AK�"f��H ���ÀÓ�̧ Ä»�� 7�'�s�#Q�� 
��¦, Õª�QÙ¼
�Ð ��l��©�\� q�YV
���H ���ÀÓ��H �<Ht�l� ���ÀÓ (chiral cur-
rent){9� �¦����s	כ \V8£¤½+É Ãº e����. ô�Ç¼#� �<Ht�l� ���ÀÓ��H
�ª����©��:r_� s��©�|¾Ó (anomaly)ü< �'aº��÷&#Q"f ���̀¦ Ãº e��
��HX<, �<Ht�l� �̀ØÔp� {9����©�s� e����H >�_� �â
Äº, U(1) �:r
/BM @/g�A$í
 (global symmetry)�̀¦ ��t���H Û¼ºú����©�s� ���
/BN l�@/u�\�¦ ��f��Ü¼�Ð+� @/g�A$í
s� L:#Q|9�M: �<Ht�l� ��

l� ò́õ��� µ1ÏÒqt
���Ht�\�¦ ·ú��� �Ð��H ��Ér	כ <Éªp�\�v��.
�:r �7Hë�H\�"f��H s��Qô�Ç Óüto��<Æ&h� �'ad��\� ���� �¦���&h�

Ü¼�Ð �:r/BM �<Ht�l� @/g�A$í
 (global chiral symmetry)�̀¦ ��
t���H �<Ht�l� �̀ØÔp� {9����©��̀¦ �̧{9�
��¦, ��Ö�¦�Q jË²Û¼�©�
õ� Ä»��ô�Ç Û¼ºú����©��̀¦ �̧{9�ô�Ç Êê U(1) @/g�A$í
�̀¦ ��µ1Ï&h�
Ü¼�Ð L:ä¼§4��̀¦ M: �ª���%i��<Æ&h� s��©�|¾Ó (anomaly)\� _�K�
Òqt$í
÷&��H�<Ht�l����ÀÓ��H��K������l��©�\�q�YVô�Ç����H�	כ

�̀¦ �Ðs��¦, ÕªA�"f s��Qô�Ç �â
Äº\� �<Ht�l� ��l�ò́õ��� ��
0px�<Ê�̀¦ �Ð%i���.

II. ��®�oXìÄ 6�ÈSËVRË BI#aÇkÈ;c 8ý�X¢ ÅXØU�M�
��M��ÇÊÝ

�<Ht�l� ��l�ò́õ��� {9�#Q±ú� Ãº e±	��H ��0px$í
�̀¦ �̧��K�

�Ðl� 0AK�"f Äº��� �¦���&h� �����l� s��:r\�"f ú̧� ·ú��9���

Ohm_� ZO�gË: J = σE�̀¦ ¶ú�(R �Ð��. s� ZO�gË:\� ��ØÔ��� �̧
�̂ ?/\�"f âìØÔ��H ���ÀÓ��H ��K���� ���l��©�\� q�YV
��¦, Õª
�QÙ¼�Ð���l��©�s����ÀÓ\�ô�Ç{9�Ò�¦�Ér E ·J,7£¤ E2\�q�YVô�Ç

��. ô�Ç¼#� î�r1lx\��-t� x9��̧ü< 0Au�\��-t�x9��̧_� 	�s����
��Õª|½Ót�����Ér �����l��©�_� �â
Äº − 1

4πFµνF
µν�Ð"f E2 −

B2\� q�YVô�Ç��. #�l�"f 'Í	���P: q�YV�½Ó��� E2
��H ���ÀÓ\�

���l��©�s� K� {9�õ� �'a>�e����. s�]j �<Ht�l� ��l�ò́õ��� e��
#Q"f ���ÀÓ�� ��l��©�\� q�YV
���H

J5 = τB (1)

��� �â
Äº\�¦ Òqty��K� �Ð��. #�l�"f ���ÀÓ\� e����H ��A�'����
5��H ��l��©�s� Ä»�� 7���(pseudo vector)s�l� M:ë�H\� K�{©�
÷&��H ���ÀÓ J5�̧ Õª�Q
�����H �¦̀�	כ y©��̧
�l� 0A�<Ês���. s�
�Qô�Ç�â
Äº���l��©�s����ÀÓ\����K�ï�r{9�Ò�¦ E ·J5��H E ·B\�
q�YV
��¦,s���Ér	כ ¢̧ô�Ç εαβγδFαβFγδ\�q�YVô�Ç��.Õª�QÙ¼
�Ð��Õª|½ÓÝ¼��� L5s� εαβγδFαβFγδ\�q�YV
�����<Ht�l���

l� ò́õ��� ��0pxK�t�o�����H �¦̀�	כ \V8£¤½+É Ãº e����.
#�l�"f ×�æ¹כô�Ç ��Ér	כ �<Ht�l� ��l�ò́õ��� e���̀¦ �â
Äº\�

��H ��	�"é¶ Ä»��J$�"f εαβγδ�� ����èß�����H �.���s	כ \V\�¦[þt
#Q uµ�� 5Åq�̧ W1$í
ì�r  7�'�{9� �â
Äº

ωα = 1/2 εαβγδuβ∂γuδ (2)

�� �>rF�
���� �è0A chiral vortex effect�� Òqt��"f ���ÀÓ��H
ωα\� q�YVô�Ç�� [5]. ���Ér \V�Ð��H �r���
���H Q-ball_� �â

Äº, �<Ht�l� ��l�ò́õ��� e��6£§s� ·ú��94R e���� [3,4].
s�]j ψ(x, t)�Ð³ð�&³÷&#Qt���H�<Ht�l� �̀ØÔp�{9��������
��l�(�J$�[>� Aµ(x, t)ü<�©� ñ���6 x
���H>�\�¦Òqty��K��Ð��.
�ª���%i��<Æ&h� ¹1lx�Érכ B�Äº íß�ëß�ô�Ç ��+Ü¼�Ð	כ �̀ØÔp� {9���

_� ��1lx�<ÊÃº ψ�� e��_�_� z�́Ãº �©�Ãº θ\� @/K�"f

ψ → eiγ5θψ (3)

�Ð ���8̈�½+É M: q�2�¤ ���6 x|¾Ó S[ψ, ψ̄, A]��H Ô�¦���½+Ét����̧ �ª�
���©��:r&h���� ì�rC��<ÊÃº

Z =
1
N

∫
DψDψ̄ eiS[ψ,ψ̄,A]

��H Ô�¦���s� ��u�́ Ãº e����. s� �â
Äº �ª����©��:r&h���� s��©�

|¾Ó(anomaly)s�Òqtl���HX<, (3)Ü¼�Ð³ð�&³÷&��H���8̈�Ü¼�ÐÄ»
�̧÷&��H���ÀÓ Jµ5��HÄ»��J$�"f εαβγδ\�¦��6 x
�#���6£§õ�°ú 

�Ér d��Ü¼�Ð ����è­q Ãº e���� [6].

∂αJ
α
5 = − e2

32π2
εαβγδFαβFγδ. (4)

ô�Ç¼#� Fµν = ∂µAν −∂νAµ\�¦ ��6 x
���� (4)_� Û�¦s���H ��
6£§õ� °ú >� �)a��.

Jα5 = − e2

8π2
εαβγδAβ∂γAδ. (5)

s� d���Ér chiral vortical effect\�¦ ÅÒ��H (2)ü< Ä»��
��¦, Õª
�QÙ¼�Ð (5)�̧�<Ht�l���l�ò́õ�\�¦×�¦Ãºe���̀¦�s����¦\V	כ
8£¤½+É Ãº e����. s�\�¦ SX����
�l� 0AK� jË²Û¼�©�õ� q�5pwô�Ç Û¼
ºú����©� φ(x, t)\�¦ �̧{9�
���HX<,K�{©�÷&��H��Õª|½Ót�îß��Ér��
6£§õ� °ú ���¦ 
���.

Lscalar = |Dµφ|2 − V (φ). (6)

#�l�"f (�J$�[>� \��-t� �<ÊÃº��H

V (φ) = λ
∣∣|φ|2 − υ2

∣∣2 (7)

s���.
s� �â
Äº, /BNçß�_� &h���H&h� %ò
%i� |x| → ∞\�"f Û¼ºú����©�
�Ér Dµφ→ 0, <�Ê�Ér

∂µφ− ieAµφ→ 0 (8)

s� �)a��. s� d���Ér ~1�>� Û�¦�9"f ��6£§õ� °ú �Ér Û�¦s�

Aµ → − i
e
∂µ log φ. (9)

\�¦ ÅÒ��HX<, ���²DG φ_� &h���H&h���� g1J�̀¦ ·ú���� Aµ_� &h���H&h�

��� g1J�̀¦ ·ú� Ãº e����. ô�Ç¼#� (�J$�[>� \��-t� �<ÊÃº��H /BNçß�
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_� &h���H&h���� %ò
%i�\�"f þj�è°ú̀�כ¦ ��t�l� M:ë�H\� (7)\�"f
ÂÒ'� φ(x, t) → υeiδ(x,t)����H ��z�́�̧ ·ú� Ãº e����. #�l�"f
δ(x, t)��H φ(x, t)_� 0A�©��̀¦ ����?/��H z�́Ãº �<ÊÃºs���.
s�]j (10)\�@/ô�Çr�r�
�t�·ú§��HÛ�¦s�\�¦ ½̈
�l�0AK�"f

(ρ, ϕ, z)�Ð ³ð�&³÷&��H "é¶:�xýa³ð>�\�"f φ(x, t)�� ρ→∞���
&h���H&h�%ò
%i�\�"f φ→ υei(ωt+Nϕ)ü<°ú �Érg1J�̀¦ô�Ç���¦
�

��.#�l�"f N�Éry��6£§Ãº(winding number)��Ô�¦o���H&ñ
Ãº
s���. Õª�Q��� (9)\�"fÂÒ'� �����l� (�J$�[>�\� @/ô�Ç ��6£§õ�
°ú �Ér Û�¦s�\�¦ %3���H��.

Aµ →
ω

e
∂µt+

N

e
∂µϕ. (10)

s� (�J$�[>�\� _�ô�Ç ��l��©�õ� �ª����©��:r&h���� s��©�|¾Ó\� _�

ô�Ç ���\�¦ "f�Ð q�YV
�#� �<Ht�l� ��l� ò́õ�\�¦ ÅÒ��HX<, s�
\�¦ SX����
�l� 0AK�"f s� (�J$�[>�s� ëß�×¼��H ��l��©�_� z »¡¤

\� @/ô�Ç ���5Åq�̀¦ ½̈K��Ð��� ��6£§õ� °ú s� �)a��.

Φm =
∮
Aµdx

µ → 2πN
e

(11)

s� d��\�"f ��l����5Åqs� ��l��©�s� t��� ����H ���_� ���&h�\�

Áº�'a
�����H ��Ér	כ ��l��©��Ér "é¶:�x ýa³ð>�_� z-»¡¤ ÅÒ���, 7£¤
&h���H&h�s�t� ·ú§�Ér /BM\� ����94R e������H �¦̀�	כ _�p�ô�Ç��.
ô�Ç¼#� ���ÀÓü< ��l��©� ��s�_� ��[jô�Ç �'a>�\�¦ ½̈
�l� 0A

K� (5)�Ð³ð�&³�)a���ÀÓ_�d��\�"f (10)_� Aµ\�¦@/{9�
������

6£§õ� °ú �Ér ���õ�\�¦ %3���H��.

J5 →
ωe

8π2
B (12)

s� d���Ér &h���H&h���� %ò
%i�\�"f $í
wn�
�t�ëß�, ��"é¶�� [j>�\�
"f �����̂¦ M: z�́+«>z�́õ� °ú �Ér ��r�&h��Ér %ò
%i��Ér ��_� &h���H

&h���� %ò
%i�\� 5Åq
��¦, Õª�QÙ¼�Ð z�́+«>z�́\�"f �Ð��� ���ÀÓ��H
��K�ï�r ��l��©�\� q�YVô�Ç����H �¦̀�	כ ·ú� Ãº e����. 7£¤ U(1)
@/g�A$í
s� ��µ1Ï&h�Ü¼�Ð L:#Qt���H �â
Äº, �<H��� �̀ØÔp� {9���
\� _�ô�Ç ���ÀÓ��H �<Ht�l� ��l� ò́õ�\�¦ ��f���̀¦ ·ú� Ãº e����.

III. +sÇ Â]Ø

�<Ht�l� �̀ØÔp� {9����� e����H �â
Äº, �ª����©��:r&h� ò́õ�&h�

��� ���6 x|¾Ó�Ér s��©�|¾Ó�̀¦ ��t� 9, s� �â
Äº �<Ht�l� ��l�ò́õ�

�� Òqt��"f ���ÀÓ�� ��l��©�\� q�YV½+É ��0px$í
s� e����. s�\�¦

SX����
�l� 0AK�"f �<Ht�l� �̀ØÔp� {9����©�õ� jË²Û¼ °ú �Ér Û¼

ºú����©��̀¦ �̧{9�ô�Ç Êê, U(1) �:r/BM >�s�t� @/g�A$í
s� ��µ1Ï&h�

Ü¼�Ð L:#Qt�>� 
�%i��8m� �̀ØÔp� {9���_� �<Ht�l� @/g�A$í


s� �ª����©��:r&h�Ü¼�Ð L:#Qt����"f �<Ht�l� ��l� ò́õ��� z�́

]j�Ð Òqt$í
H�d�̀¦ �Ð��¤��. s�M: �<Ht�l� ���ÀÓü< ��K���� ��l�

�©��Ér J5 = ωe
8π2 B����H �'a>��� e��6£§�̀¦ ·ú� Ãº e��%3���HX<, #�

l�"f ω��H jË²Û¼°ú �Ér �©�_� \��-t�\�¦ ����?/��H y�����1lxÃºs�

��.

Pcp��8ý òk>

s� �7Hë�H�Ér 2013�̧��̧ Ø�æ·¡¤@/�<Æ�§ �<ÆÕüt���½̈t�"é¶��\O�_�

���½̈q� t�"é¶\� _�
�#� ���½̈÷&%3�6£§.
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