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Order-of-magnitude Estimate for the Bending Angle of Light by Modified
QED Vacua
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We consider the possibility of testing light bending in a ground laboratory by using a non-linear

quantum effect. We consider a high-power laser or an X-ray free-electron laser (XFEL) to be the

source of light and a charged coupled device (CCD) to be the detector. As the source of the lensing,

we consider the electric charge for cylindrical and spherical conductors, the magnetic field due to

a superconducting solenoid magnet, and the radiation from cylindrical and spherical black bodies.

We estimate the orders of magnitude of the bending angles. The bending angles are on the order

of 10−18 rad for electric charges, 10−21 rad for the magnetic field of a solenoid, and 10−29 rad for

black-body radiation. These value are too small compared to the maximum angle available today

(10−7 rad).

PACS numbers: 12.20.Fv, 41.20.Jb, 42.15.-i
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q����+þA �ª���ò́õ�\� _�ô�Ç ynC_� ÏãL#Qf���̀¦ t��©�_� z�́+«>z�́\�"f 8£¤&ñ
 ��0px#�ÂÒ\�¦ ���½̈
�%i���. F�g"é¶Ü¼

�Ð �íy©�§4� F�g�<ÆYUs�$� ¢̧��H ��Ä»����� X-YUs� YUs�$�\�¦ �¦�9
��¦ ���Ø�¦�©�u��Ð CCD�è��\�¦ �¦�9
�%i�

��. "é¶:�x@/g�Aõ� ½̈@/g�A��� �̧�̂\� _�ô�Ç ���
�, ��l��©��FG���Ð ��H��ô�Ç �í����̧ _"tYU�̧s�×¼ �����$3�, x9� "é¶

:�x@/g�Aõ� ½̈@/g�A��� <ÉÊ�̂ 4�¤��\� _�ô�Ç E$�fç
\� @/K� ÏãL#Qt���H y���̧_� ß¼l�\�¦ #QaË> >�íß�
�%i���. ÏãL#Qt�

��H y���̧_� ß¼l���H �̧�̂ ���
�\� _�ô�Ç �â
Äº 10−18 rad, �í����̧ _"tYU�̧s�×¼ �����$3�\� _�ô�Ç �â
Äº 10−21

rad, <ÉÊ�̂ 4�¤��_� �â
Äº 10−29 rad�Ð >�íß�÷&%3���. s� °úכ[þt�Ér �&³F� t��©�_� z�́+«>z�́\�"f YUs�$�ü< CCD

\�¦ ��6 x
�#� 8£¤&ñ
 ��0pxô�Ç y���̧_� þj@/ ô�Ç>���� 10−7 rad�Ð�� �s̀��� �����.
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I. "e Â]Ø

y©�ô�Ç �����l��©�s� e����H 8̈��â
\�"f ynC_� 5Åq§4��Ér �ª������

l�%i��<Æ&h� ò́õ�\� _�K� �¦���&h���� ���/BN\�"f_� ynC_� 5Åq§4�

cü< ���Ér °ú̀�כ¦ �������. s���H F�g��ü< F�g�� ��s�_� íß�êøÍ\�
_�K�{9�#Q����H�Ü¼�Ð	כ 1936�̧� �̧{9��Qü<
�s�H$�!QÕª\�_�
K�%�6£§>�íß�÷&%3��¦ [1],s�Êê�ª������l�%i��<Æ_�d�¦îß�\�"f
s��:r&h���� ���½̈�� Ë̈ï�ry� >�5Åq÷&#Q �̧�¦ e���� [2–6]. ���
/BN¼#��FG (vacuum polarization)\�_�ô�Çq����+þA�ª���ò́õ�\�
@/ô�Ç ���½̈��H ��ÅÒ y©�ô�Ç �����l��©�, �FGô�Ç_� Z�}�Ér �:r�̧ 1px
\�"f ¿º×¼�Qt�>� ������Ù¼�Ð s�\� @/ô�Ç ���7£x�Ér ÅÒ�Ð ��;

ë�H�<Æ&h� �'a8£¤�̀¦ s�6 xô�Ç ~½ÓZO�s� �¦�9÷&�¦ e���� [7–16]. q�
���+þA �ª���ò́õ��� ×�æ¹כK�t���H e��>� ���l��©�, e��>���l��©�,
e��>��:r�̧��H �&³ Ãºï�r\�"f z�́+«>z�́\�"f �̧²ú� ��0pxô�Ç °úכ�Ð

��B�Äºß¼l�M:ë�H\�s�\�¦f��]X�8£¤&ñ

���H��ÉrB�Äº	כ �̧���

&h���� õ�]j�Ð #��������. Õª�Q�� þj��H �íy©�§4� F�g�<Æ&h� YUs�
$� ¢̧��H ��Ä»����� X-YUs� YUs�$�_� µ1Ï���Ü¼�Ð, s� s��:r\�
l��í
�#���������H:£¤fç
&h��&³�©�[þt�̀¦t��©�_�z�́+«>z�́\�"f

f��]X�&h�Ü¼�Ð ���7£x
��¦�� 
���H r��̧�� ÷&�¦ e���� [17–19].
���'�����½̈\�"f Äºo���H ���l��©�, ��l��©�, <ÉÊ�̂4�¤�� 1px\�
_�K����+þA�)a�ª������l�%i��<Æ&h����/BN\�"fynCs�ÏãL#Qt���Hy��

�̧[þt�̀¦ l�
�F�g�<Æ\� l��í
�#� s��:r&h�Ü¼�Ð >�íß�ô�Ç �� e��

�� [20–24]. ���+þA�)a���/BNC��â
\�"fynC_�ÏãL#Qf���̀¦z�́+«>z�́
\�"f f��]X� 8£¤&ñ

���H �â
Äº, ynC_� ���/BN¼#��FGò́õ���H F�g"é¶_�
���©�s� Âúª�̀¦Ãº2�¤ ß¼l� M:ë�H\� X-YUs� ���©� %ò
%i�_� ynC�̀¦
��6 x
���H ��s	כ Ä»o�½+É �.���s	כ ����î�r p�A�\� ¢-a/BN|̈c �í
�½Ó��5Åql����½̈�è_� X-YUs� ��Ä»����� YUs�$� (X-ray free
electron laser, X-FEL)��H /BNçß�&h���� ���ú́�6£§$í
s� a%~�¦ f��
���$í
s� y©�
��¦ Ò�Û¼{©� ú́§�Ér F�g��Ãº\�¦ ����� �¦ÅÒ��Ãº_�

c���̀¦ ]j/BNK� ×�¦ �Ü¼�Ð	כ l�@/�)a��. ÏãL#Qt���H y���̧��H ���+þA
s� {9�#Q��t� ·ú§�Ér ���/BN\�"f ynCs� �̧²ú�ô�Ç 0Au�ü< ���l��©�,
��l��©�, �:r�̧�©� 1px\� _�K� ���+þAs� {9�#Qèß� ���/BN\�"f ynCs�
�̧²ú�ô�Ç0Au�ü<_�	�s�\�¦���
����½+Ë�è�� (charged-coupled
device, CCD)�Ð 8£¤&ñ

�#� s�\�¦ y���̧�Ð 8̈�íß�
�#� q��§�<Ê
Ü¼�Ð"f >�íß�K� è­q Ãº e���̀¦ �.���s	כ
�:r �7Hë�H�Ér ����î�r p�A�\� �̧²ú�½+É Ãº e����H z�́+«> �©�u�[þt

\�"f q����+þA �ª���ò́õ�\�¦ ynC_� ÏãL#Qf���̀¦ :�xK� ���Ø�¦
���H

z�́+«>~½ÓZO��̀¦]jîß�
��¦8£¤&ñ
��0pxô�ÇÓüto�|¾Ó[þt_�ô�Ç>�\�¦&ñ


|¾Ó&h�Ü¼�Ð íß�&ñ
K� �Ð�¦�� ô�Ç��. �:r �7Hë�H_� ½̈$í
�Ér ��6£§õ�
°ú ��. II]X�\�"f��H ÏãJ]X�Ò�¦\� l�Ö�¦l��� e���̀¦ M: ÏãL#Qt���H
y���̧\�¦ ½̈
���H ~½ÓZO��̀¦ çß�|ÄÌy� �è>h
� 9 "é¶:�x@/g�Aõ� ½̈

@/g�A ���
�\� _�ô�Ç ÏãL#Qt���H �â
Äº\�¦ �¦�9
�%i���. III]X�\�
"f��H �í����̧ _"tYU�̧s�×¼ �����$3�_� ��l��©�\� _�K� ÏãL#Q

t���H �â
Äº\�¦ ��l��©��FG���Ð ��H��
�#� ¶ú�(R�Ð��¤��. IV]X�
\�"f��H "é¶:�x@/g�Aõ� ½̈@/g�A��� <ÉÊ�̂ 4�¤��\� _�K� ÏãL#Qt�

��H�â
Äº\�¦�¦�9
�%i���.��t�}��Ü¼�Ð V]X�\�"f��Hz�́+«>~½ÓZO�
x9� 8£¤&ñ
ô�Ç>�\� @/K� �7H_�
�%i���.

II. �¹ÅM�Xês

l�
�F�g�<Æ\�"fB�|9�_�ÏãJ]X�Ò�¦s����5Åq&h�Ü¼�Ð���
���H�â


Äº ynC_� �â
�Ð��H ÏãL#Q|9� Ãº e����. ëß�{9� ynCs� t�������H �â


�Ð\�"f C��â
 �����l��©�_� �ª��� ���l�%i��<Æ&h���� �Ð&ñ
\� _�

K� ÏãJ]X�Ò�¦s� ���5Åq&h�Ü¼�Ð ���
���H �â
Äº ynC_� �â
�Ð��H 6f#Q

�����. ���l�%i��<Æ&h� ���/BNs� ���l��©�\� _�K� ���+þA�)a �â
Äº ynC

_�5Åq§4��Ér����̧ 	�Ãº (leading order)\�"f��6£§õ�°ú s�ÅÒ

#Q����� [8].

υ

c
= 1− aα2~3ε0

45m4c5
(u×E)2 (1)

#�l�"f a��HynC_�¼#�F�g\�_��>r
���H°úכÜ¼�ÐynC_����'�� 7�'�

uü< ���l��©� E��ëß�×¼��H î̈
���\�Ãºf�����¼#�F�g�̧×¼ (polar-

ization mode)\� @/K�"f��H a⊥ = 14, î̈
��� ?/\� e����H ¼#�

F�g�̧×¼\� @/K�"f��H a q= 8_� °ú̀�כ¦ 2[ô�Ç��. ÏãJ]X�Ò�¦�Ér d��

(1)_� %i�Ãº\�¦ 2[
�#� ��6£§õ� °ú s� ½̈K������.

n = 1 +
aα2~3ε0
45m4c5

(u×E)2 (2)

ÏãJ]X�Ò�¦\� @/ô�Ç �Ð&ñ
s� ��ÅÒ ����̀¦ M: ynC_� C�&h��Ér ��H��&h�

Ü¼�Ð ��6£§õ� °ú s� jþt Ãº e���� [20,21].

du
ds

= (u0 ×∇n)× u0 (3)

#�l�"f u0��H {9���
���H F�g��_� �íl�~½Ó�¾Ó�̀¦ ����?/��H éß�

0A 7�'�s���.F�g���� x = −∞\�"f +x~½Ó�¾ÓÜ¼�Ð���'��
���H

�â
Äº, C�&h�~½Ó&ñ
d��_� y�� $í
ì�r�Ér ����̧ 	�Ãº\�"f ��6£§õ� °ú 

��.

d2y

dx2
=

∂n

∂y
,

d2z

dx2
=

∂n

∂z
(4)

ÏãJ]X�Ò�¦s� ýa³ð_� �<ÊÃº�Ð ÅÒ#Qt���� 0A_� d��\�"f ynC_� C�

&h�õ� ÏãL#Qt���H y���̧\�¦ ½̈½+É Ãº e����.

z�́+«>z�́\�"f ynCs� ÏãL#Qt�>� ½+É Ãº e����H ���
�_� ì�r�í��H

½̈@/g�A��� �â
Äºü< "é¶:�x@/g�A+þA��� �â
Äº\�¦ �¦�9½+É Ãº e����.

ÏãJ]X�Ò�¦s� ���5Åq&h�Ü¼�Ð ���
���H �â
Äº ynCs� ÏãL#Qt���H y���̧

\�¦ >�íß�
���H õ�&ñ
�̀¦ "é¶:�x@/g�A��� �â
Äº\�¦ \V\�¦ [þt#Q [O�"î


ô�Ç�� (Fig. 1 �ÃÐ�̧). ������
� x9��̧�� λ��� "é¶:�x@/g�A_� ���
�

ì�r�í�� z»¡¤\� Z�~#�e���¦ ynCs� xyî̈
��� (r =
√

x2 + y2)\�

"f ���'��
���H �â
Äº\�¦ �¦�9
���. C�&h��̀¦ ½̈
���H p�ì�r~½Ó&ñ


d��_� ½̈�̂&h���� +þAI���H ����̧	�Ãº\�"f ��6£§õ� °ú s� ½̈K�

�����.

d2y

dx2
=

aα2~3λ2

90π2ε0m4c5
(

y

r4
− 2y3

r6
) (5)



1118 New Physics: Sae Mulli, Vol. 64, No. 11, November 2014

Fig. 1. Schematic of light bending by a cylindrical charge
along the z-axis or a spherical charge at the origin.

x = −∞\�"f {9���
���H F�g��_� Ø�æ[�tB�>h���Ãº (impact
parameter)\�¦ b�Ð ú̧�Ü¼��� C�&h�~½Ó&ñ
d��_� �íl��̧|	��Ér ��

6£§õ� °ú s� jþt Ãº e���¦

y(−∞) = b : y′(−∞) = 0, (6)

ynCs� ÏãL#Qt���H y���̧��H 0A_� d��(5)\�¦ &h�ì�r
�#� ��6£§õ� °ú 
s� ½̈½+É Ãº e����.

y′(∞) =
∫ ∞

−∞
η2dx = tan ϕe ' ϕe (7)

d�� (5)\� y = b\�¦@/{9�
�#�����̧ 	�Ãº\�"f_�ÏãL#Qt���Hy��

�̧\�¦ >�íß�ô�Ç ���õ���H ��6£§õ� °ú ��.

ϕe,cyl = − aα2λ4
e

3600πε0~c

λ2

b2
(8)

#�l�"f λe = ~
mc��H �����_� 9�uáÔ������©� (Compton wave-

length)s���.
����̂���
�|¾Ós� Q��� ½̈@/g�A_����
�ì�r�í{9�M:_�ÏãL#Qt�

��H y���̧��H ��6£§õ� °ú �� [20].

ϕe,sph = − aα2λ4
e

640πε0~c

Q2

b4
(9)

d�� (8)õ� (9)\�"f ÏãL#Qt���H y���̧_� Ø�æ[�tB�>h���Ãº _��>r$í

�̀¦ �Ð��� ϕe,cyl ∝ 1/b2, ϕe,sph ∝ 1/b4�Ð Ø�æ[�tB�>h���Ãº��

��ÅÒ 	�H �â
Äº\���H "é¶:�x@/g�A_� ÏãL#Qt���H y���̧�� 9þt �¼Ü	כ

�Ð \V�©��)a��.
ynC�̀¦ ÏãL#Qt�>� 
���H E$�Ý¼�Ð Ø�æì�ry� |�� s��©�&h���� "é¶:�x

+þA_� �FK5Åq�̧���\� eç
#����
�(�����)�Ð 
����r�v���H �â
Äº\�¦
�¦�9
���. ������
�x9��̧��H �̧���_� ìøÍt�2£§\� q�YV
�#� 7£x
��
��� Ø�æ[�tB�>h���Ãº b ¢̧ô�Ç °ú �Ér q�Ö�¦�Ð 7£x��½+É ��s	כ

��. z�́+«>z�́\�"f �̧²ú� ��0pxô�Ç þj@/_� ������
�x9��̧_� ß¼l�
\�¦ #QaË> >�íß�K��Ð��. �̧�̂\�¦ �¦�9
���� eç
#����
���H ³ð���
\��>rF�
�Ù¼�Ð������
�x9��̧��H �̧�̂�� )�6 x
���H³ð������
�

x9��̧_� þjÎ.	°úכ\� _�
�#� ���&ñ
|̈c �.���s	כ ³ð������
�x9��̧
_� þjÎ.	°úכ_� #QaË>ß¼l���H ³ð���\�"f_� �����[þt ��s�_� î̈


ç�HìøÍµ1Ï\��-t����FK5Åq³ð���\�"f_������_�{9��<ÊÃºü<°ú �Ér

ß¼l�\�¦ ��|9� �̧|	�Ü¼�ÐÂÒ'� >�íß�½+É Ãº e����. ³ð���\�"f_�
�����[þt ��s�_� î̈
ç�H��o�\�¦ d�� 
��¦ {9��<ÊÃº\�¦ W�� 
�

��� s� �̧|	��Ér ��6£§õ� °ú s� ����è­q Ãº e����.

1
2

e2

4πε0d
∼ W (10)

½̈o�, ·ú�ÀÒp�³ou 1px @/ÂÒì�r_� �FK5Åq[þt\� @/K� {9��<ÊÃº_� ß¼
l���H Ãº ������̂¦àÔ (eV)s�Ù¼�Ð W ∼ 1 eV\�¦ @/{9�
�#� ½̈
ô�Ç ³ð��������[þt ��s�_� î̈
ç�H��o���H d ∼ 7.2 × 10−10 ms�
��. s�\� @/6£x
���H ³ð������
�x9��̧��H ��6£§õ� °ú s� ½̈½+É Ãº
e����.

σ ∼ e

d2
∼ 0.31 C/m2 (11)

�¦�̂ s��:r\� ��H��ô�Ç 7á§ �8 &ñ
SX�ô�Ç >�íß��Ér ��6£§õ� °ú 

s� #QaË>>�íß� ½+É Ãº e���̀¦ ����s	כ [25,26]. z�́]j �FK5Åq_� �â

Äº³ð���\�"feç
#����
���
����÷&��H¿ºa���HÃº �̀ØÔp�U�́s�

(Fermi length) λF = (3π2ne)−1/3 (ne��H �̧�̂_� �����x9�

�̧)s���. �̧�̂_� ³ð��� ��H%�\�"f_� ���l��©��Ér E = σ/ε0s�

Ù¼�Ð ������� ³ð���Ü¼�ÐÂÒ'� s�»1Ï
���H �̧|	��Ér ��6£§õ� °ú 

s� jþt Ãº e���¦

eEλF = e
σ

ε0
(3π2ne)−

1
3 ∼ W, (12)

s��ÐÂÒ'� ½̈ô�Ç ³ð������
�x9��̧��H ��6£§õ� °ú ��.

σ ∼ ε0W

e
(3π2ne)

1
3 (13)

½̈�̂&h���� °ú̀�כ¦ ½̈o��FK5Åq\� @/K� #QaË>K� �Ð��. ½̈o��̧
��� ?/\�"f ½̈o�"é¶���� î̈
ç�H&h�Ü¼�Ð ô�Ç >h_� eç
#������\�¦

��|9� Ãº e�����¦ ��&ñ

���� ne ∼ 2.5 × 1030/m3s��¦, ½̈
o��FK5Åq_� {9��<ÊÃº W = 4.7eV\�¦ @/{9�
�#� ½̈ô�Ç ³ð������
�

x9��̧��H σ = 1.05 C/m2�Ðd�� (11)\�"f ½̈ô�Ç°úכ_���� 3.4C�
s���.
ìøÍt�2£§ r0��� �̧����̀¦ 
����r�v��¦ �̧���_� ³ð����̀¦ Û¼u�

1pws� t�������H F�g���_� �â
Äº(b ∼ r0) ������
�x9��̧ λ =
2πr0σü< Ø�æ[�tB�>h���Ãº��H �̧¿º ìøÍt�2£§\� q�YV
�#� °ú s�

7£x��
�Ù¼�Ð "é¶:�x+þA ���
�ì�r�í_� �â
Äº ÏãL#Qt���H y��_� #Q

aË>ß¼l���H ��6£§õ� °ú s� jþt Ãº e���¦

ϕe,cyl ∼ −
πaα2λ4

e

900ε0~c
σ2(

r0

b
)2, (14)

¼#�F�g�̧×¼\� @/ô�Ç î̈
ç�H°ú̀�כ¦ 2[
�#� aav∼11, σ∼1 C/m2,
r0/b ∼ 1\�@/K�s�°úכ_�ß¼l���H@/|ÄÌ ϕe,cyl∼ 1.6× 10−19

rads���.
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Fig. 2. Schematic of light bending by a magnetic dipole
along the y-axis.

0A_� �7H_�\�¦ ìøÍt�2£§ r0��� ½̈+þA�̧�̂\� &h�6 x
�#� Q =
4πr2

0σ\�¦ d��(9)\� @/{9�
����

ϕe,sph = −πaα2λ4
e

40ε0~c
σ2 r4

0

b4
(15)

�̀¦ %3�>� ÷&�¦, °ú �Ér �̧|	�\� @/K� ϕe,sph ∼ 3.7 × 10−18

rads���.

III. ��M�Xês

��l��©��FG��\� _�K� ���+þA�)a QED ���/BN\� _�K� ynCs� ÏãL
#Qt���H �â
Äº\�¦ �¦�9
���. ���
�\� _�K� ���+þA÷&��H ���/BN\�
"f ynC_� ÏãL#Qt���H ~½Ó�¾Ó�Ér �½Ó�©� ���
�_� ×�æd��~½Ó�¾ÓÜ¼�Ð {9�

#Qèß���. ��l��©��FG��\� _�K� ���+þA�)a ���/BN\�"f ynCs� ÏãL#Q
t���H �â
Äº, ÏãL#Qt���H ~½Ó�¾Ó�Ér {9���
���H F�g���õ� ��l��©��FG
��_� �©�@/&h���� ~½Ó�¾Ó\� _��>rô�Ç��. ��l��©��FG�� �̧F'pàÔ_�
ß¼l��� M��� s��©�&h���� �©��FG���� "é¶&h�\� Z�~#�e���¦ {9���

F�gs� �©��FG��\� Ãºf��Ü¼�Ð �©��FG��_� z���FG ¢̧��H ·¡¤�FG�̀¦ t�

����H �â
Äº\�¦ �¦�9
��� (Fig. 2 �ÃÐ�̧). �©��FG��_� ~½Ó�¾Ó�̀¦
+yÜ¼�Ð ×þ�
��¦ ynCs� x = −∞\�"f +x~½Ó�¾ÓÜ¼�Ð ���'��
�

��H�â
Äº\�¦�¦�9
����@/g�A$í
\�_�K� z»¡¤~½Ó�¾ÓÜ¼�Ð_�ÏãL#Q

f���Ér \O��¦ y»¡¤ ~½Ó�¾Ó_� ÏãL#Qf���Ér ��6£§õ� °ú �� [21].

ϕm,pol = −41π

384
aα2ε0c

~
(
µ0M

4π
)2

λ4
e

b6
(16)

{9���F�gs� s� ~½Ó�¾ÓÜ¼�Ð ���'��½+É M:�� ÏãJ]X�Ò�¦_� l�Ö�¦l���H

þj@/s��¦ ����"f ÏãL#Qt���H y���̧ ¢̧ô�Ç þj@/�� �)a��.
"é¶&h�\� 0Au�
��¦ ��l��̧F'pàÔ_� ~½Ó�¾Ós� +z»¡¤�̀¦ �¾Ó
�

��H ���©�&h���� &h� �©��FG��\� _�ô�Ç ��l��©� ~B_� $í
ì�r�Ér ½̈���

ýa³ð>�\�"f ��6£§õ� °ú ��.

Br = (
µ0M

4π
)
2 cos θ

r3
; Bθ = (

µ0M

4π
)
sin θ

r3
; Bφ = 0 (17)

Fig. 3. (Color online) Schematic of light bending by a
solenoid of length 2r0.

s��©�&h���� &h� �©��FG��_� ×�æd��Ü¼�ÐÂÒ'� z»¡¤Ü¼�Ð ��o� r0���

/BM\�"f_� ��l��©��Ér ��6£§õ� °ú ��.

~B =
µ0M

2πr3
0

ẑ (18)

z�́+«>z�́\�"f��l��©��FG��ü<Ä»��ô�ÇC�u�\�¦ëß�×¼��H/'î�r

~½ÓZO�Ü¼�Ð _"tYU�̧s�×¼+þA �í����̧ �����$3��̀¦ �¦�9½+É Ãº e��

��.U�́s��� 2r0����í����̧�����$3��̀¦_"tYU�̧s�×¼�Ð��H��ô�Ç

����� (Fig. 3 �ÃÐ�̧) _"tYU�̧s�×¼ ���Ð ��¾ú Ü¼�Ð Û¼u�1pws�
t�����H ynCs� ��l��©�\� _�K� ÏãL#Qt���H y�� (16)�Ér ��A�ü<
°ú s� jþt Ãº e����.

ϕm,pol = − 41π

1536
aα2ε0c

~
B2

pλ4
e(

r0

b
)6 (19)

#�l�"f Bp = µ0M/2πr3
0��H U�́s� 2r0��� _"tYU�̧s�×¼_�

�FG(z = r0)\�"f_� ��l��©�_� [jl�s���. �&³F� z�́+«>z�́\�"f
�̧²ú� ��0pxô�Ç þj@/ ��l��©�_� [jl���H @/|ÄÌ Bp ∼ 10Ts�

Ù¼�Ð aav ∼ 11, r0/b ∼ 1\� @/K� s� °úכ_� ß¼l���H @/|ÄÌ
ϕm,pol ∼ 2.8× 10−21 rads���.

IV. �M
=k��×��

���l��©�s�����l��©�s������{9�ìøÍ&h����q����
�&h¹כ����\�

_�K� ���/BNs� ���+þA÷&��H �â
Äº ynC_� 5Åq§4�����o ¢̧ô�Ç �ª������

l�%i��<Æ&h�>�íß�Ü¼�Ð ½̈½+ÉÃºe���� [6]. #�l�"f��H<ÉÊ�̂4�¤��
\� _�ô�Ç ynC_� ÏãL#Qf���̀¦ �¦�9
���. {9�ìøÍ&h�Ü¼�Ð �ª������l�
%i��<Æ&h� �Ð&ñ
\� _�ô�Ç ynC_� 5Åq§4�����o��H \��-t�x9��̧\� _�

�>rô�Ç��. ½̈+þA ¢̧��H "é¶:�x+þA_� <ÉÊ�̂�� 4�¤��
���H �â
Äº <ÉÊ�̂
\�"fYO�#Q|9�Ãº2�¤4�¤��\�_�ô�Ç\��-t�x9��̧���B~ÃÌK�t�Ù¼

�Ð ÏãJ]X�Ò�¦_� l�Ö�¦l��� µ1ÏÒqt½+É Ãº e���¦ ynC_� �â
�Ð��H ÏãL#Q

|9�Ãºe����.���5Åq&h�Ü¼�Ð���
���H���l��©� ¢̧��H��l��©�\�_�
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K� ynC_� �â
�Ð�� ÏãL#Qt���H �&³�©��̀¦ �ª������l�%i��<Æ&h� �'a&h�

\�"f �Ð��� �����
���H F�g�� (propagating photon)�� ���l�
�©� ¢̧��H ��l��©�\� _�ô�Ç ���©�_� F�g�� (virtual photon)ü<
�©� ñ���6 xô�Ç ���õ��Ð s�K�½+É Ãº e����. <ÉÊ�̂4�¤��\� _�K� ���
/BN_� ���+þAs� {9�#Q����H �â
Äº��H �����
���H F�g���� <ÉÊ�̂4�¤

��\�_�ô�Çz�́]jF�g�� (real photon)ü<�©� ñ���6 xô�Ç���õ��Ð
s�K�½+É Ãº e���̀¦ �.���s	כ
�:r�̧�� T0��� s��©�&h���� ½̈@/g�A ¢̧��H "é¶:�x@/g�A��� <ÉÊ�̂

\� _�ô�Ç 4�¤�� C��â
\�"f_� ynCs� ÏãL#Qt���H y���̧��H y��y�� ��

6£§õ� °ú �� [24].

ϕb,sph = −11π3α2

900
T 4

0

T 4
c

r2
0

b2
, (20)

ϕb,cyl = −44π2α2

2025
T 4

0

T 4
c

r0

b
(21)

#�l�"f Tc = mc2/kB��H 4�¤��\��-t��� �����_� |9�|¾Ó\��-

t�ü< °ú ��t���H �ª������l�%i��<Æ_� e��>��:r�̧�Ð Tc = 5.94×
109 Ks��¦ r0��H ½̈ ¢̧��H "é¶:�x_� ìøÍt�2£§s��¦ a = aav =
11�Ð ¼#�F�g\� @/K� î̈
ç�H�̀¦ 2[K� %3��Ér ���õ�s���. <ÉÊ�̂4�¤��
\� _�K� ÏãL#Qt���H y���̧_� Ø�æ[�tB�>h���Ãº _��>r$í
�̀¦ �Ð���

ϕb,sph ∝ 1/b2, ϕb,cyl ∝ 1/b2 s���. Ø�æ[�tB�>h���Ãº�� 	�H �â

Äº "é¶:�x@/g�A{9� M:_� ÏãL#Qt���H y���̧�� 9þt �.���s	כ
t��©�_� z�́+«>z�́\�"f ëß�[þt Ãº e����H <ÉÊ�̂_� �:r�̧��H @/|ÄÌ

103 K�Ð T0/Tc ∼ 10−6s��¦ d�� (20)õ� (21)�Ér s� °úכ_� W1
]jY�L\� q�YV
�Ù¼�Ð �:r�̧\� _�ô�Ç ÏãL#Qf�� y���Ér ���l��©�s�

����l��©�_��â
Äº�Ð���s̀���&h��̀¦�.����Ü¼�Ð\V�©�½+ÉÃºe	כ
T0/Tc ∼ 10−6ü< r0/b ∼ 1\� @/K� ϕb,sph ∼ 2.0 × 10−29

rad x9� ϕb,sph ∼ 1.1 × 10−29 rad�̀¦ %3�>� ÷&��HX< s� °úכ�Ér
���
��� ��l��©�\� _�ô�Ç ÏãL#Qt���H °úכ�Ð�� �s̀��� �����.

V. +sÇÂ]Ø õmÍ <g�¹Å

z�́+«>�̀¦ 0Aô�Ç F�g"é¶Ü¼�Ð��H f�����$í
��� a%~�Ér �íy©�§4� F�g�<Æ

YUs�$� ¢̧��H ��Ä»����� X-YUs� YUs�$�\�¦ �¦�9½+É Ãº e���̀¦
�.���s	כ E$�Ý¼%i�½+É�̀¦ 
���H ���l��©�, ��l��©�, <ÉÊ�̂4�¤�� 1px
���+þA�)a QED���/BN�̀¦ ]j/BN
���H ��H"é¶ ÅÒ����Ér Z�}�Ér ���/BN�̧
�� Ä»t�÷&#Q l��̂[þt\� _�ô�Ç ~½ÓK��� {9�#Q��t� ·ú§���� ô�Ç

��. ynC_� �â
�Ð����o\�¦ 8£¤&ñ

���HX< æ¼s���H ���©� ��¥ô�Ç ~½ÓZO�
�Ér J�ÚÔo�-�̀�Ð (Fabry-Perot) çß�[O�>�\�¦ Òqty��½+É Ãº e���̀¦
�.���s	כ s���H �â
�Ð	��� ��6 xô�Ç F�g"é¶_� ìøÍ���©� s��©�{9� M:
��0px
���. �:r z�́+«>\�"f >�íß��)a ���õ���H ÏãL#Qt���H y���̧s�
t� �â
�Ð�� ��m�Ù¼�Ð ��Ö�¦�̀¦ s�6 x
�#� ìøÍ��r�&� "é¶A�_�

ynCõ� çß�[O��̀¦ {9�Ü¼v���H �¦̀�	כ Òqty��½+É Ãº e���̀¦ �.���s	כ Õª

Fig. 4. (Color online) Schematic of measuring the bend-
ing angle.

�Q�� y���̧�� �-Áº ���l� M:ë�H\� çß�[O��̀¦ {9�Ü¼v���H �â
�Ð	�

\�¦ ëß�[þtl���H ��_� Ô�¦��0px½+É �Ü¼�Ð	כ \V�©��)a��. ����"f çß�
[O�\� _�ô�Ç ~½ÓZO��Ð����H ÏãL#Qt���H y���̧\�¦ CCD�Ð f��]X� 8£¤
&ñ

���H �¦̀�	כ ]jîß�ô�Ç��. E$�Ý¼�ÐÂÒ'� {9�&ñ
��o� L Êê~½Ó\�

CCD Û¼ß¼�2;�̀¦ [O�u�
��¦, E$�Ý¼\�¦ 
�H �©�I�\�"f f�����
���H
F�g"é¶s� �̧²ú�ô�Ç CCD 0Au��ÐÂÒ'� E$�Ý¼\�¦ �
� ��6£§ �̧²ú�ô�Ç
0Au� ��s�_� ��o�\�¦ d�� 
���� ÏãL#Qt���H y���Ér ��H��&h�Ü¼

�Ð d/L�� ½+É Ãº e���� (Fig. 4 �ÃÐ�̧). CCD_� K��©��̧��H @/
|ÄÌ ��s�ß¼�Ðp�'� ß¼l�s�Ù¼�Ð d ∼ 1 µm, Û¼ß¼�2;õ� E$�Ý¼
��s�_� ��o�\�¦ L ∼ 10 m�Ð ú̧�Ü¼��� 8£¤&ñ
 ��0pxô�Ç y���̧��H
@/|ÄÌ 10−7 rad��½+ÉÃºe����.���©� ú́§s�ÏãL#Qt���Hy���̧��H
Û¼u�1pws� t�����H &h����
�\� _�ô�Ç �Ü¼�Ð	כ 10−18 radÜ¼�Ð
s� °úכ�Ér �̧Zþt±ú� �̧²ú� ��0pxô�Ç K��©��̧_� ô�Ç>�\�¦ �s̀��� �íõ�

ô�Ç��.

Pcp��8ý òk>

z�́+«>�©�u�,8£¤&ñ
~½ÓZO�,Óüt$í
,��l��©�1px\�@/K� �̧¹¡§�̀¦ÅÒ
��� ½̈I�%ò
, �̧�̧%ò
, s�#î
ðøÍ, "fF�"î
, î�r$í
�&³ �§Ãºa� y����
\�¦×¼wn�m���.s��7Hë�H�Ér 2012�̧��̧&ñ
ÂÒ (�§¹¢¤õ��<Æl�ÕütÂÒ)
_�F�"é¶Ü¼�Ðô�Ç²DG���½̈F�éß�_�l��í���½̈��\O�t�"é¶�̀¦~ÃÎ��

Ãº'���)a ���e	כ (12A12840581).
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