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x = x′ cos Ωt − y′ sin Ωt ,
y = x′ sin Ωt + y′ cos Ωt ,

z = z′.
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h�`c]��ref[�h�gIh�`0[5]_^u�
Ð d¨v9`czczjgL�&g�`c]�g�b_b_efd:^a^rh�i�d�h�g�^a¬-[�m�b�d:^atuep`c�_`c]��-g�m�eag�nod�h�i%gIh�no[
��d:^rv9`wh�i�g

h�eag�]_^az{gIh�`0[5]%g�z�g�tut�d:z0d:eagIh�`0[5]�[�m�`wh�^j[5ep`0�5`c]
O
efd:z{gIh�`w�5d¦ha[$h�i�dX`c]�d:eBh�`{g�z�m�eag�nod

vx(t) 6=
const

� � h?`c^rv|d:zcz9¬�]�[
v9]²Õ�è
Ù9h�i%gIh�^ak_t�i±g�tut�d:z0d:eagIh�`0[5]ßt:g�k_^pd:^$g�mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z
ef[�h�gIh�`0[5]�[�m�h�i�d=m�eag�nod5£*`©��d5�c£�gXt�i%g�]���d"`c]?h�i�d�g�]��5z0d

θx(t) = arcth
vx(t)

c
, (8)

`c]?h�i�d¦q_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]�q_z{g�]�d
XOT

v9`wh�i?h�i�d�g�]��5k_z{g�e|�5d:z0[*tu`wh's
dθx(t)

dt
=

1

1 − β2

1

c

dvx(t)

dt
, (9)

v9i�d:efd
β = vx/c

�
� hDmx[5zcz0[
v9^�h�i%gIhDh�i�dlh�eag�]_^az{gIh�`0[5]%g�z�g�tut�d:z0d:eagIh�`0[5]�[�m�g�]¦[5ep`0d:]5had:b¦q�[5`c]5hQ�M`©��d5�c£
g3��[*b*s

v9i�[5^pd6^a`c­ud9t:g�]r��dj`0�5]�[5efd:b�£�v9`wh�i$g�mx[5k_e'��b_`cnod:]_^a`0[5]%g�z*m�eag�nod9ep`0�5`cb_zwsozc`c]_¬�d:bXv9`wh�i/`wh
�Dt:g�]Ë[5]_zwsy��dG�5`w��d:]Xg�^fh�ep`ct�h�h�efd
gIh�nod:]5hVg�^V`wh�^Vef[�h�gIh�`0[5]X`c]yq_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]yq_z{g�]�d:^
`c]?h�i�d�^aq%g�t�d��§h�`cnod�[�m�ef[�h�gIh�`0[5]%g�zQefd:z{gIh�`w��`wh's5��ì3]_zc`c¬�d=h�i�d�]�[5]_zc`c]�d
g�e|h�eag�]_^fmx[5epn/gIh�`0[5]_^
[�m�t�[�[5epb_`c]%gIhad:^j`c]���d:]�d:eag�zDefd:z{gIh�`0��`wh®s�h�i�du[5eBs&£�ef[�h�gIh�`0[5]%g�z�h�eag�]_^aqH[5eBh�gIh�`0[5]_^�t:g�]�z0d
g�b
ha[r}�k%g�zc`wh�gIh�`w�5d:zws$]�[
�5d:z�efd:^ak_zwh�^�mx[5e�Ó
 ©g5¢\gËt�[5nË�_`c]%gIh�`0[5]r[�mQ��g�ep`0[5k_^�mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`0[5]_^|[�m�g�]$[5ep`0d:]�h�d:b/qH[5`c]�h

 xd5���%�c£:g3t�[5ny�_`c]%gIh�`0[5]�[�m�h�eag�]_^az{gIh�`0[5]%g�z&g�tut�d:z0d:eagIh�`0[5]"g�]_b�g�h�i_efdud��'b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`;�
[5]�¢�«
 ���¢�efd:z{gIh�`w��`c^fh�`ct6�5d:z0[*tu`wh�`0d:^�g�]_b�z{g�ef��d¦g�tut�d:z0dueagIh�`0[5]_^|[�m�q%g�eBh�`ctuz0d:^u�
¯�¶Ëíî·VÇ*»B·�Áï·l¾�ÈlÁð·VÀ_»B¹�Á|Ç*¹�¿ñÂ¦·l»fÁ|Ç±»fÁðÇ�Ã6¹ò¼�Â�ÈlÅM¹ó·l¾�ÈVô�¼�·lÉf½6Ç*¹

Â�È�À%ÈVÉBÉf¹QÉf»p¼*¸õ¶

ö



ê_k_]_b%g�nod:]5h�g�z�q_i5s�^a`ctu^�d��5[5zw�5d:^��5sËd�ª*had:]_b_`c]���h�i�d3q_ep`c]_tu`cq_z0d|[�mMefd:z{gIh�`w��`wh's5� � ]�Ö:à�ç�ç
�*i_`cq�[
��Õ�÷IÙ�z	g�`cb�b�[
v9]�h�i�d�q_ep`c]_tu`cq_z0d"[�m�k_]_`w�5d:ep^�g�zQefd:z{gIh�`w��`wh's5£*v9i_`ct�i�d:^fh�g��_zc`{^ai�d:^|h�i�d
efd:z{gIh�`w��`wh's$[�m�g�tut�d:z0d:eagIhad:b?ef[�h�gIh�`c]��Xm�eag�nod:^�[�m�efd�mxd:efd:]_t�d5�
�Gi�d3d�ª*had:]_^a`0[5]Ë[�mMefd:z{gIh�`w��`wh®syq_ep`c]_tu`cq_z0dGt:g�zcz0d:b�mx[5eVg�]Xd�ª*had:]_^a`0[5]Ë[�mHh�i�d9t�[5epefd:^aq�[5]��

b_`c]��Û^aq%g�t�d��§h�`cnod�� � ]�h�i�d/h�i�du[5eBs�[�m9q_i5s�^a`ct:g�zV��g�tuk_k_nðt�[5]_^fh�epk_t�had:b��5s��*i_`cq�[
�@[5]
h�i�d$mx[5k_]_b%gIh�`0[5]@[�m3h�i�d?q_ep`c]_tu`cq_z0d$[�m9k_]_`w�5d:ep^�g�z�epd:z{gIh�`w��`wh®sÞÕ�è
Ù®£Qh�i�d�^aq%g�t�d��§h�`cnod/`c^yg
had:]��'b_`cnod:]_^a`0[5]%g�zHn/g�]_`wmx[5zcb/t�[5]_^a`c^fh�`c]��y[�m�h�i�djmx[5k_e'�'b_`cnod:]_^a`0[5]%g�zMÍG`0d:n/g�]_]_`{g�]/^aq%g�t�d
[�m�v|[5epzcbyt�[*[5epb_`c]%gIhad:^�g�]_bËh�i�dG^a`;ª��'b_`cnod:]_^a`0[5]%g�z�n/g�]_`wmx[5z0b�[�m�]�[5]_i�[5z0[5]�[5nr`ct�g�]��5k_z{g�e
t�[�[5epb_`c]%gIhad:^u�
� ]8m©g�t�h:£lg�mx[5k_e'�Bb_`cnod:]_^a`w[5]%g�z\m�eag�nod�[�m=efd�mxd:efd:]_t�d?h�i%gIh$`c^oep`0�5`cb_zws-zc`c]_¬�d:b�ha[�g�]

[5ep`0d:]5had:b~q�[5`c]5h¦t:g�]~��drb�d:^atuep`c��d:bÛ�5s�mx[5k_e=t�[�[5epb_`c]%gIhad:^�[�m�h�i�dXm�eag�nod5��^6[5ep`0�5`c]<g�]_b
^a`;ª/t�[�[5epb_`c]%gIhad:^Vh�i%gIh�b�d:^atuep`c��d3h�i�d6[5ep`0d:]5h�gIh�`0[5]o[�m�h�i�d6[5ep`0�5`c]r`c]$g=mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z
^aq%g�t�d5Ó�h�i_efdud\g�]��5z0d:^Q[�m_^aq%gIh�`{g�z�[5ep`0d:]5h�gIh�`0[5]¦g�]_b=h�i_efdud�q_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]"g�]��5zcd:^Mh�i%gIh
b�d:^atuep`c��dlh�i�d�[5ep`0d:]5h�gIh�`0[5]"[�m_h�i�dlm�eag�nod�`c]"h�i_efdud\^aq%g�t�d��§h�`cnodlq_z{g�]�d:^u�
�Gi_`c^D^aq%g�t�d��§h�`cnod
t:g�]ymxd
gIh�k_efd6g¦ÍG`0d:n/gL]_]_`	gL]Xtuk_eB��gIh�k_efd6g�]_b/g���du[5nod�h�ep`ct�h�[5ep^a`0[5]ob_k�dGha[=h�i�djg�]��5k_z{g�e
t�[�[5epb_`c]%gIhad:^G��d:`{]��o]�[5]_i�[5z0[5]�[5nr`ct��
â�d:t:g�k_^pd�h�i�d�m�k_zcz;�'tuk_eB��gIh�k_efd�had:]_^p[5eo[�mjh�i%gIh?^aq%g�t�d��§h�`cnXd�`c^o­ud:ef[%£lg�]_bÜi�d:]_t�d�g

q%g�eag�zcz0d:z|h�eag�]_^az{gIh�`0[5]8[�m"g�]Üg�ep�_`wh�eag�eBs-�5d:t�ha[5eX[
�5d:erg<tuz0[5^pd:b8t�[5]5ha[5k_eo�_ep`c]��5^r`whoh�[
gÞq�[5^a`wh�`0[5]2q%g�eag�zcz0d:z"ha[Þh�i�d-`c]_`wh�`{g�z¦[5]�d5£3h�i_`c^Û^aq%g�t�d�`c^~gÜ��du[5nod�h�eBs�[�m$g��_^p[5zck*had
q%g�eag�zcz0d:zc`c^an��
�Gi�d9t�[5efdG[�mHh�i�d9^aq%g�t�d��§h�`cnod|[�mMq_i5s�^a`ct:g�z*��g�tuk_k_n²mxd
gIh�k_ep`c]��¦g�]rg��_^p[5zck*had��'q%g�eag�zcz0d��

zc`c^anø��du[5nod�h�eBs8`c^Xh�i�d¨¥%d:zcb8[�m"]�[5]_i�[5z0[5]�[5nr`ct?had�h�e�g�b_^/t�[5]_^a`c^fh�`c]���[�m�h�i�d�¥%d:zcbß[�m
t�[5]5h�eagu��g�ep`{g�]5h���d:t�h�[5ep^

ei
a

g�]_b<h�i�d/¥%d:zcb<[�m3t�[
��g�ep`{g�]5h¦��d:t�ha[5ep^
eb

j

efd:z{gIhad:b��5s<h�i�d
[5eBh�i�[���[5]%g�zc`wh's�t�[5]_b_`wh�`0[5]

ea
ie

i
b = δa

b,
ei

ae
a
j = δi

j,
(10)

g�]_b�b�d�had:epnr`c]_`c]��Ëh�i�d¦nod�h�ep`ct6had:]_^p[5e�[�m�h�i%gIh9^aq%g�t�d

gij = ηabe
a
ie

b
j, ηab = diag(1 − 1 − 1 − 1). (11)

� ]@ fÖ:Ø5¢�g�]_b@ fÖ�Ö
¢�£
i, j, k

g�efd=v|[5epzcb�`c]_b_`ct�d:^|h�i%gIh6epk_]�h�i_ef[5k��5i�h�i�d=��g�zck�d:^
0, 1, 2, 3

£
g�]_b

a, b, c
g�efd"z0[*t:g�z�`c]_b_`ct�d:^\h�i%gIh6g�efd=^a`cnrq_z0soh�i�d"]�k_ny��d:ep^|[�m�g�had�h�eag�b$�5d:t�ha[5e�� Ð d

v9`czczlgL�5efdudXh�i%gIh¦h�i�d/z0[*t:g�zV`c]_b_`ct�d:^jv9`cz{zVg�z{^p[�h�g�¬�do[5]<��g�zck�d:^
0, 1, 2, 3

£Q^p[�h�i%gIh:£Qmx[5e
`c]_^fh�g�]_t�d

e2
0

v9`czczVb�d:]�[�hadoh�i�d/t�[5nrq�[5]�d:]5h¦`c]~h�i�d$^pd:t�[5]_b<t�[�[5epb_`c]%gIhad/`c]~h�i�d/�%g�^a`ct
m�eag�nod¨[�m=h�i�dÛt�[5]5h�eagu��g�ep`{g�]�h$�5d:t�ha[5er[�m=h�i�d¨had�h�eag�bßù

0
�\�Gi�d�had�h�eag�b_^rh�i�d:nr^pd:zw�5d:^

ú



t:g�]$��djefdu�&g�epb�d:b?g�^|efd�mxd:efd:]_t�d3m�eag�nod:^�`c]rh�i�d�^aq%g�t�d��§h�`cnXd6k_]_b�d:e\t�[5]_^a`cb�d:eagIh�`0[5]oh�i%gIh
nodud�h|^p[5nodjt�[5]_b_`wh�`0[5]_^u� � h|mx[5zcz0[
v9^lm�ef[5n� fÖ�Ö
¢�h�i%gIh�h�i�d�^aq%g�t�d��§h�`cnod6`c]/h�i�d6h�i�du[5eBs/[�m
q_i5s�^a`ct:g�z*��g�tuk_k_nò`c^lg=^fh�eagIh�`w¥%d:bo^aq%g�t�d5£5g�z{gus5d:e���d:`c]��¦t�[5]_]�d:t�had:bËha[=h�i�d3�%g�^a`{t�^aq%g�t�d
[�m�v\[5epzcb�t�[*[5epb_`c]%gIhad:^

xi
�5s$h�i�d=had�h�eag�b_^

ei
a

Õ�è
Ù®�
� ]�m©g�t�h:£Vg�]5s���d:t�ha[5e

X
£�efd:q_efd:^pd:]5had:b-�5s�h�i�d�t�[�[5epb_`c]%gIhad:^ {X i} `c]�h�i�d��%g�^a`ct^aq%g�t�d5£_t:g�]���d¦b�d:t�[5nrq�[5^pd:b�g�z0[5]��Xh�i�d��5d:t�ha[5ep^

ea

[�m�h�i�d¦z0[*t:g�zM�%g�^a`c^

X = eaX
a, (12)

i�d:]_t�d3h�i�d�z0[*t:g�z
Xa

g�]_boh�i�d��%g�^a`ct
X i

t�[*[5epb_`c]%gIhad:^l[�m�h�i�d9�5d:t�ha[5e
X
g�efdjefd:z{gIhad:br�5s

Xa = ea
iX

i. (13)

�Gi�d=t�[5nrno[�]$^fs�nrnXd�h�ep`0d:^�[�mQh�i�d=^aq%g�t�d��§h�`cnod6[�mDq_i5s�^a`ct:g�z���g�tuk_k_nûg�efd�b�d�had:epnr`w�
]�d:b�Ó
��¥�ep^fh:£��5s¦h�i�d|h�eag�]_^fmx[5epn/gIh�`0[5]_^�[�m�t�[�[5epb_`c]%gIhad:^�b�d:^atuep`c�_`c]��6h�i�dGefd:z{gIh�`w�5d�q�[5^a`wh�`0[5]_^

[�m�h�i�d=[5ea`0�5`c]_^�[�m�g�ep�_`wh�eag�eBs?m�eag�nod:^uÓ

ei′

a =
∂xi′

∂xi
ei

a, ‖∂xi′

∂xi
‖ ∈ T4, (14)

v9i�d:efd
T4
`c^�g|h�eag�]_^az{gIh�`0[5]=�5ef[5k_qr ©g|mx[5k_e'�'b_`cnod:]_^a`0[5]%g�zL�5ef[5k_q=[�m_t�[�[5epb_`c]%gIhad�h�eag�]_^fmx[5e'�

n/gIh�`0[5]_^�¢\`c]$h�i�d"^aq%g�t�d"[�mDv|[5epzcb�t�[�[5epb_`c]%gIhad:^" ��%g�^a`c^�¢�«
��^pd:t�[5]_b�£:�5s�h�eag�]_^fm�[5epn/gIh�`0[5]_^Q[�m�g�]��5k_z{g�e���g�ep`{g��_z0d:^�b�d:^atuep`c�_`c]��6t�i%g�]���d:^D`c]¦nyk*h�k��

g�zM[5ep`0d:]5h�gIh�`0[5]_^¦ �`©��d5�c£�ef[�h�gIh�`0[5]_^�¢\[�mVg�ep�_`wh�eag�eBs$m�eag�nod:^|[�m�efd�mxd:efd:]_t�d5Ó

ei
a′ = ei

aΛ
a
a′, Λa

a′ ∈ SO(1.3), (15)

v9i�d:efd
SO(1.3)

`c^ÛgÜq_^pd:k_b�[L�®[5eBh�i�[���[5]%g�z��5ef[5k_q³[�mref[�h�gIh�`0[5]_^�`c]²gÜn/g�]_`wmx[5zcb´[�m
g�]��5k_z{g�eGt�[�[5epb_`c]%gIhad:^" �z{gus5d:e�¢��
� ]og�ep�_`wh�e�g�eBs���d:t�ha[5e

X
t:g�]�h�i�k_^V��d|h�eag�]_^fmx[5epnod:byk_^a`c]��jh�i�d�v\[5epz{by`c]_b_`ct�d:^Dv9i�d:]

h�eag�]_^fmx[5epnod:b$ha[/g�]�[�h�i�d:e|m�eag�nod�[�m�efd�mxd:efd:]_t�d5Ó

X i′ =
∂xi′

∂xi
X i, ‖∂xi′

∂xi
‖ ∈ T4, (16)

g�]_bÞt:g�]Ü��d�h�eag�]_^fmx[5epnod:bßk_^a`c]���h�i�dÛz0[*t:g�z3`c]_b_`ct�d:^Xv9i�d:]ßh�i�d�epd�mxd:efd:]_t�d�m�eag�nod¨`c^
h�k_ep]�d:b@ �ef[�h�gIhad:b�¢�Ó

Xa′

= Λa′

aX
a, Λa′

a ∈ SO(1.3). (17)

ü



�Gi�d¦no[�h�`0[5]/[�mDh�i�d¦t�d:]�had:e|[�m�g�had:^fh3q%g�eBh�`ctuz0d=`c]�g�]�g��_^p[5zck*had��lq%g�eag�zcz0d:zc`c^anë^aq%g�t�d
`c^��5`w�5d:]��5s<Õ�è
Ù'Ó

d2xi

ds2
+ ∆i

jk

dxj

ds

dxk

ds
= 0, (18)

v9i�d:efd
∆i

jk = ei
ae

a
j,k (19)

`c^�h�i�d�t�[5]_]�d:t�h�d:b_]�d:^a^�[�m%h�i�dGg��_^p[5zck*had��'q%g�eag�zcz0d:zc`0^an³^aq%g�t�d5£:v9i_`ct�iËt:g�]���d�efd:q_efd:^pd:]5had:b
g�^

∆i
jk = Γi

jk + T i
jk. (20)

� ]² §á�Ø5¢�£
Γi

jk

g�efd�Z|i_ep`c^fha[�¯�d:zj^fs�nË�H[5zc^u£�g�]_b
T i

jk

g�efd�ÍG`ctutu`9ef[�h�gIh�`0[5]±t�[�d�ý/tu`0d:]5h�^u�
â�d:t:g�k_^pdrh�i�d$¥%d:zcb�[�m�ÍG`ctutu`�ef[�h�gIh�`0[5]�t�[�d�ý/tu`0du]5h�^Ë`c]�h�i�d?��d:]�d:eag�z\t:g�^pd$i%g�^Xg¨­ud:ef[
ha[5ep^a`0[5]

T i
jk − T i

kj 6= 0
£_`wh9`c^3efd�mxd:epefd:b$ha[/g�^9g�h�[5ep^a`0[5]$¥%d:zcb��

Ð i�d:]Ëh�i�d:efd9g�efd3]�[=d�ª*had:ep]%g�z�¥%d:zcb_^u£Ih�i�d3nod�h�ep`ct|`c^�ÌHgIh:£�g�]_bo`c]oZ�g�eBhad:^a`{g�]Xt�[�[5epb_`;�
]%gIhad:^

Γi
jk = 0

���Gi�d:efd�mx[5efd5£_`c]?h�i�dËg��_^pd:]_t�d=[�m�d�ª*had:ep]%g�z�¥%d:zcb_^3`c]�Z�g�eBhad:^a`{g�]�t�[�[5epb_`;�
]%gIhad:^�h�i�d"d:}�k%gIh�`0[5]_^�[�m�no[�h�`0[5]~ fÖ:ç5¢�t:g�]���d=v9ep`whphad:]�g�^uÓ

dui

ds0
+ T i

jku
juk = 0. (21)

Ð dËi%gu�5d�i�d:efd�`c]5h�ef[*b_k_t�d:b�h�i�d¦mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z��5d:z0[*tu`wh's?[�m�grq%g�eBh�`ctuz0d¦`c]�gX�5`w�5d:]
m�eag�nod

ui =
dxi

ds0
= γ0(1, Bx, By, Bz), Bα =

Vα

c
, (22)

v9i�d:efd
γ0 =

1√
1 − B2

, B2 = B2
x + B2

y + B2
z , (23)

`c^3gXefd:z{gIh�`w��`c^fh�`ct6m©g�t�ha[5e�£

ds0 =
√

ηijdxidxj =
cdt

γ0
, ηij = diag(1 − 1 − 1 − 1) (24)

`c^|h�i�d¦`c]5had:eB��g�zM[�mVgXq_z{gIh3^aq%g�t�d5�
«3¶Ð)ß»fÅ�ÅM»=À_·VÇ�È�Ç*»f·�ÁþÅM·G¹�ÿ�ÅM»B¹�Á\Ç�¼���Ç*·VÀ%¼�»f·�Á���¹QÉf¿��¨»fÁþÈlÁë»fÁ6¹�À�Ç*»pÈlÉ

¾�À%Èl¸º¹³·l¾$À_¹Q¾�¹�À_¹�ÁjÅM¹�¶

���



� ]Þg<^aq%g�t�d�v9`wh�i�[5k*h/d�ª*had:ep]%g�z�¥%d:zcb_^o`c]Üg�]ß`c]�d:eBh�`{g�z|m�eag�nod�[�m=efd�mxd:efd:]_t�d�g~m�efdud
q%g�eBh�`ctuz0d<no[
�5d:^/v9`wh�iÒg��5d:z0[*tu`wh'sßh�i%gIh¨`c^�t�[5]_^fh�g�]5h�`c]�n/gL�5]_`wh�k_b�d�g�]_b�b_`cepd:t�h�`0[5]
dui/ds0 = 0

� Ð d=h�i�k_^3i%gu�5d�h�i�d¦t�[5]_b_`wh�`0[5]

T i
jku

juk = 0. (25)

�Gi_`c^�g�no[5k_]5h�^Qha[9h�i�d\efd:}�k_`cefd:nod:]5hQh�i%gIhDh�i�dGÍG`ctutu`�ef[�h�gIh�`0[5]¦t�[�d�ý/tu`0d:]5h�^���d|g�]5h�`c^fs�ny�
nod�h�ep`ct�`c]?h'v\[/^ak_�_^atuep`cq*h�^uÓ

T i
jk = −T i

kj. (26)
ê_ef[5n�h�i�d6mx[5epnyk_z{g/ fÖ:à5¢l`c]�Z�g�eBhad:^a`{g�]/t�[*[5epb_`c]%gIhad:^lv|d6��d�h\h�i�d�t�[5]_b_`wh�`0[5]rmx[5elh�i�d

had�h�eag�b?�5d:t�ha[5ep^
ei

be
b
j,k = −ei

be
b
k,j. (27)

Ê k_zwh�`cq_zws�`c]��"�H[�h�io^a`cb�d:^�[�m�h�i�d3d:}�k%gIh�`0[5]X�5s
ea

i

g�]_bo^ak_nrnr`c]��=k_qX[
�5d:e
i
£�v|dG[5�*h�g�`{]

ea
j,k = −ea

k,j. (28)

�Gi�d=had�h�eag�b
ea

i

b�d�¥�]�d:^�h�i�d¦nod�h�ep`ct6had:]_^p[5e�[�mDh�i�d=ÌHgIh9^aq%g�t�d

gij = ηij = ea
i ηab eb

j, (29)

v9i�d:efd
ηij = ηab = diag(1 − 1 − 1 − 1). (30)

�Gi�d�t�[5]_b_`wh�`0[5]_^" ®á�ç5¢�g�]_b@ §á�à5¢|d:]%g��_z0d�h�i�d"had�h�eag�b
ea

i

`c]¨Z�g�eBhad:^a`{g�]�t�[�[5epb_`c]%gIhad:^
ha[r��d=mx[5k_]_b�g�^9gËh�ep`w��`{g�z�^p[5zck*h�`0[5]$ha[

ea
i = δa

i = diag(1 1 1 1),

ej
b = δj

b = diag(1 1 1 1).
(31)

� hlmx[5zcz0[
v9^�m�ef[5nóh�i_`c^�h�i%gIh|g�zcz*h�i�d�ÍG`ctutu`�ef[�h�gIh�`0[5]rt�[�d�ý/tu`0du]5h�^lg�]_brg�zcz�h�i�d9t�[5nrq�[L�
]�d:]5h�^�[�mQg�]�[5]_i�[5z0[5]�[5nr`ct|[5�	�Bd:t�hl`c]rZ�g�eBhad:^a`{g�]Xt�[�[5epb_`c]%gIhad:^V`c]og�]o`c]�d:eBh�`{g�z�efd�mxd:efd:]_t�d
m�eag�nod"g�efd"­ud:ef[%Ó

T i
jk = ei

ae
a
j,k = 0, (32)

Ω ..i
jk = ei

ae
a
[k,j] = 0. (33)

� ]�g�t�h�`w�5d¦g�]_b�q%g�^a^a`w�5d�h�eag�]_^fmx[5epn/gIh�`0[5]_^�[:�5d:e|h�i�d=v|[5epzcb�`c]_b_`ct�d:^
i, j, k

 �t�[5]_t�d:ep]�d:b
v9`wh�i±h�eag�]_^a`wh�`0[5]_^?ha[Üg�]�[�h�i�d:e�`c]�d:eBh�`{g�z6m�eag�nodÛ[5e$ha[Þg�]�[�h�i�d:e�t�[�[5epb_`c]%gIhad�^fs�^fhad:n�£
efd:^aq�d:t�h�`w�5d:zws%¢�£_h�i�dXÍG`ctutu`�ef[�h�gIh�`0[5]¨t�[*d�ý/tu`0du]5h�^

T i
jk

g�]_b�h�i�dË]�[5]_i�[5z0[5]�[5nr`ct"[5�	�Bd:t�h
�¡�



Ω..i
jk

��d:i%gu��d\zc`c¬�dVhad:]_^p[5ep^\Õ�è
Ù®�:�Gi_`c^D^ak�����d:^fh�^�h�i%gIh:Ó�

��������

��������

����������� �"!#
$��%�&�'(�
�*)������������,+-�.�
/�0#

�1�����324&5&6��/�

���7���.08��%��:9;

2*2*
<��&7���7��

&��12*&5��=>2*

�.����0#����/
��%��:2*&��@?A&����.�B��0C&��D� ��&���%�&��
&���&�� 

2E&6F(GH�.2I�;�6���KJ*����&

T i
jk = 0, (34)

Ω ..i
jk = 0. (35)

L ¶H%<Ã6¹³·VÀ_»B¹�Á|Ç�È�Ç*»f·\Á�¹(MG½jÈ�Ç*»B·�Áy¶
� h�v9`czcz���d<efd:t:g�zcz0d:bÜh�i%gIh�h�i�d<d:}�k%gIh�`0[5]±[�mËno[�h�`0[5]² fÖ:ç5¢rmx[5e�g-q%g�eBh�`ctuz0d~`c]´g�]

g��_^p[5zck*had��'q%g�eag�zcz0d:zc`c^pn�^aq%g�t�d"b�d:^atuep`c�Hd:^\h�i�d¦no[�h�`0[5]?[�m�h�i�d"[5ep`0�5`c]?[�m�h�i�d=m�eag�nodjh�i%gIh
`c^Gep`0�5`cb_zws/h�`0d:b?v9`wh�i?h�i�d"[5ep`0d:]5had:b�qH[5`c]�h:�
� m*mx[5epn/g�zczws�g�q_q_zc`0d:b�£u]�[5]_zc`c]�d
g�e�t�[�[5epb_`c]%gIhad�h�eag�]_^aqH[5eBh�gIh�`0[5]_^Q[�m���d:]�d:eag�z�efd:z{gIh�`w��`wh's5£

v9i_`ct�i"g�zcz0du��d:b_zws6t�[5epefd:^aq�[5]_b�ha[9g\h�eag�]_^a`wh�`0[5]jha[6g�t�[5]5�5d:]�h�`0[5]%g�z�]�[5]_`c]�d:eBh�`{g�z�efd�mxd:efd:]_t�d
m�eag�nod5£�efd:^ak_zwh3`{]$h�i�d=mx[5zcz0[
v9`c]��%Ó
��gL�&g�`c]_^fh=h�i�dr�%g�t�¬&�5ef[5k_]_b<[�mGg?ÌHgIh�^aq%g�t�d� �`c]~h�i�d/g��_^pd:]_t�do[�m|d�ª*had:ep]%g�z�¥%d:zcb_^�¢

^p[5nod<¥�t�h�`wh�`0[5k_^�mx[5ept�d:^�v9`czcz"d:nod:ef��d�£�v9i_`ct�i���g�eBs�v9`wh�i´h�i�d8Z|i_ep`c^fha[�¯�d:z¦^fs�ny��[5zc^
Γi′

j′k′uj′

uk′ £Mv9i�[5^pd/d�ª_q_efd:^a^a`0[5]_^"n/gus~��d$gIh¦��g�ep`{g�]_t�dov9`wh�i�tuz{g�^a^a`ct:g�z�nod:t�i%g�]_`ct�^rÕ ×�Ù
 Omx[5eGt�[�[5epb_`c]%gIhad=h�eag�]_^aq�[5eBh�gIh�`0[5]_^3t�[5epefd:^aqH[5]_b_`c]��yha[r]�[5]_t�[5nrnyk*h�`c]��Xef[�h�gIh�`0[5]_^�¢�«
�|mx[5ept�d:^3h�i%gIh"g�efdËq_ef[5q�[5eBh�`0[5]%g�z�ha[

T i′

j′k′

v9`czczD��dËd:}�k%g�zQha[$­ud:ef[%£H^a`c]_t�d¦h�i�doÍG`ctutu`
ef[�h�gIh�`0[5]$t�[�d�ý/tu`0d:]5h�^�k_]_b�d:e�g�]5s/t�[�[5epb_`c]%gIhad6h�eag�]_^aq�[5eBh�gIh�`0[5]_^\h�eag�]_^fmx[5epn�g�^�had:]_^p[5ep^

T i′

j′k′ =
∂xk

∂xk′

∂xj

∂xj′

∂xi′

∂xi
T i

jk = 0. (36)

Z\[5]_^pd:}�k�d:]5h�zws&£Ih�i�d3d:}�k%gIh�`0[5]y[�mMno[�h�`0[5]Ë[�m�g=q%g�eBh�`ctuz0dG`c]Ëv|[5epzcbot�[�[5epb_`c]%gIhad:^3 fÖ:ç5¢�£
^fh�ep`ct�h�zws?^aq�d
g�¬�`c]��%£_efd�mxd:ep^|ha[$g�]�`c]�d:eBh�`{g�zHm�eag�nod=[�m�efd�mxd:efd:]_t�d5�
�Gi�d:efd�mx[5efd5£3g-t�[5]5�5d:]5h�`0[5]%g�z�]�[5]_`c]�d:eBh�`{g�zjm�eag�nod~[�myefd�mxd:efd:]_t�d��$g�]Òg�tut�d:z0dueagIhad:b

ef[�h�gIh�`c]��@m�eag�nod?�Xt:g�]Ü��d�efd:q_efd:^pd:]5had:bÜ`c]8h�i�dÛno[5^fh/t�[5nrq_z0d�had�mx[5epn �5sß`0h�^omx[5k_e'�
b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`0[5]�`c]$h�i�d¦n/g�]_`wmx[5zcb$[�mVg�]��5k_z{g�e|��g�ep`{g��_z0d:^uÓ

ei
a′ = ei

aΛ
a
a′, Λa

a′ ∈ SO(1.3). (37)

�Gi�d"q_ep`cnod:b�z0[*t:g�zM`c]_b_`ct�d:^�`c]< ©å5ã�¢\efd�m�d:e�ha[Xh�i�d"]�[5]_`c]�d:eBh�`{g�z�m�eag�nodjh�i%gIh9q�d:eBmx[5epnr^Gg
mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`0[5]�g���[5k*hGh�i�d¦`c]_`wh�`{g�z�`c]�d:eBh�`{g�z�m�eag�nod�[�m�efd�m�d:efd:]_t�d5�
ÎMd�h�k_^D^ai�[
v@h�i%gIh�d:}�k%gIh�`0[5]/ fÖ:ç5¢Md�ª�d:eBh�^D]�[6`c]*Ì�k�d:]_t�dl[5]=h�i�d\`c]5h�ep`c]_^a`ctV[5ep`0d:]5h�gIh�`0[5]

[�m6g�h�eagu�5d:zc`c]���q%g�eBh�`ctuz0d5� � ]_^fhad
g�b@[�m¦ fÖ:ç5¢�v|d/v9`czcz�k_^pdrh�i�d$d:}�k_`w��g�z0d:]5h¦d:}�k%gIh�`0[5]@[�m
���



no[�h�`0[5]$mx[5eGgXq%g�eBh�`ctuz0d"`c]?v|[5epzcb�t�[�[5epb_`c]%gIhad:^uÓ

ui
,k + ∆i

jku
j = 0, (38)

v9i�d:efd
, k
`c^�h�i�d=q%g�eBh�`{g�z�b�d:ep`w��gIh�`w�5d6v9`wh�i?efd:^aq�d:t�h\ha[Ëh�i�d=t�[5]5h�eagu��g�ep`{g�]5hGt�[�[5epb_`c]%gIhad

xk
� � t�i%g�]���djha[oz{gus�d:e�t�[�[5epb_`c]%gIhad:^�`c]~ ©å�ç5¢�[*tutuk_ep^Gk_^a`c]��Ëh�i�d�had�h�eag�b

ea
i NPO�Q-O*RTS4UVIWXV4Y7Z�[�\ ea

i

ea
iu

i
,k + ea

i∆
i
jku

j = 0.
ÑGd:]_t�d�v|d"��d�h�h�i�d=mx[5zcz0[
v9`c]��Xd:}�k%gIh�`0[5]�Ó

(

ea
iu

i
)

,k
− ea

i,ku
i + ea

i∆
i
jku

j = 0. (39)

ê_ef[5n�h�i�d"b�d�¥�]_`wh�`0[5]�[�mDh�i�d¦t�[5]_]�d:t�had:b_]�d:^a^�[�m�g��_^p[5zck*had"q%g�eag�zcz0d:zc`c^an
∆i

jk = ei
ae

a
j,kv|d¦t:g�]?d
g�^a`czws$��d�h

ea
i,k = ea

l∆
l
ik. (40)

�*k_�_^fh�`wh�k*h�`c]��� x×&Ø5¢|`c]5ha[¨ ©å�à5¢\�5`w�5d:^

ua
,k − ea

l∆
l
iku

i + ea
i∆

i
jku

j = 0. (41)
Ð d¦]�[�had=h�i%gIhGh�i�d¦^pd:t�[5]_b�g�]_b?h�i_`cepb?had:epnr^G`c]?h�i%gIh3d:}�k%gIh�`0[5]�t:g�]_t�d:z�[5k*h3ha[Xs�`0d:zcb

ua
,k = 0. (42)

Ê k_zwh�`cq_zws�`c]��$��[�h�i¨^a`{b�d:^3[�mVd:}�k%gIh�`0[5]@ x×�á�¢3��s
uk = dxk/ds

g�]_b�^ak_nrnr`0]��o[
�5d:e
k
£

v|d�g�epep`w��d�gIh
dua

ds
= 0. (43)

Z\[5]_b_`wh�`0[5]� x×�á�¢D`c^Vgjb_`cefd:t�hVt�[5ef[5zcz{g�eBs¦[�m�h�i�dGd:}�k%gIh�`0[5]Ë[�m�no[�h�`0[5]¦mx[5eDh�i�d�[5ep`0d:]5had:b
q%g�eBh�`ctuz0d� fÖ:ç5¢�£�`whXvGg�^ob�d:ep`w��d:b�mx[5e�h�i�d���d:]�d:eag�z�t:g�^pd�[�m

Γi
jk 6= 0

� Ð d�i%gu�5d?h�i�k_^
^ai�[
v9]Ëh�i%gIhVh�i�dG��d:]�d:eag�z*d:}�k%gIh�`0[5]y[�mMno[�h�`0[5]Ëb�[*d:^�]�[�h\gI¯�d:t�h�h�i�dG[5ep`0d:]5h�gIh�`0[5]y[�mHh�i�d
[5ep`0d:]5had:b�q%g�eBh�`ctuz0d"`wh�^pd:zwmf£��_k*h6eagIh�i�d:eGb�d�¥�]�d:^Gd�ª_tuzck_^a`w�5d:z;s$`wh�^3no[�h�`0[5]�Ô�g�^3gËv9i�[5z0d5�	Ô
� tut�[5epb_`c]��5zws&£|g���[*b*sÜh�eagu��d:zc`{]��-g�z0[5]��8g�v|[5epzcb±zc`c]�dÛ`c]�g��_^p[5zck*had��oq%g�eag�zcz0d:zc`c^an

^aq%g�t�dlnyk_^fh���d�b�d:^atuep`c��d:b=�5s"gG^pd:q%g�eagIhadVd:}�k%gIh�`0[5]��u�Gi_`c^�^ak�����d:^fh�^�h�i%gIhQh�i_`c^Qd:}�k%gIh�`0[5]
nyk_^fh�g�t�h|`c]?g¦n/g�]_`wmx[5zcbo[�mDg�]��5k_z{g�el��g�ep`{g��_z0d:^|g�]_b$��dj`c]5��g�ep`{g�]5h|k_]_b�d:e�h�eag�]_^fmx[5epn/g
�
h�`0[5]_^�h�i%gIh9n/g�¬�d=k_q�h�i�d¦q_^pd:k_b�[L�®[5eBh�i�[���[5]%g�z��5ef[5k_q

SO(1.3)
�

]^2*����/�

/��7����&6��

�.�����7��

&����._�'��7��

&��12*���`FA�E��%��:�a&��
�
&	!#

��b>�._�'��7��

&��,c

u
a

,k − ∆
a

bk
u

b = 0. (44)

�aµ



Ð d"v9`czczQ]�[
v2^ai�[
v³h�i%gIh9h�i�d¦[5ep`0d:]5h�gIh�`0[5]�d:}�k%gIh�`0[5]@ x×�×�¢\mx[5zcz0[
v9^�m�ef[5nûh�i�dËno[5^fh
��d:]�d:eag�z�q_ef[5q�d:eBh�`0d:^?[�myg��_^p[5zck*had��'q%g�eag�zcz0d:zc`c^an ^aq%g�t�d5� � ]° x×�×�¢

∆a
bk = ea

i∆
i
jke

j
b ,v9i_`ct�i~��s�h�i�dob�d�¥�]_`wh�`0[5]�[�m�h�i�dot�[5]_]�d:t�had:b_]�d:^a^6[�m�g��_^p[5zck*hadXq%g�eag�zcz0d:zc`c^anñ fÖ:à5¢�£�t:g�]

��d=h�eag�]_^fmx[5epnod:b�g�^�mx[5zcz0[:v9^uÓ

∆a
bk = ea

l,ke
l
b = −ea

le
l
b,k. (45)

Ð d"nyk_zwh�`cq_zws$�H[�h�i�^a`cb�d:^�[�mG x×�è�¢|�5s
eb

m

g�]_b�^ak_nû[
�5d:e
b
ha[o��d�h

∆a
bke

b
m = ea

l,ke
l
be

b
m = ea

l,kδ
l
m. (46)

ÑGd:]_t�d
ea

m,k − ∆a
bke

b
m = 0. (47)

Ê k_zwh�`cq_zws�`c]���d
g�t�iÛhad:epn¤[�m|h�i�dod:}�k%gIh�`0[5]<�5sÛh�i�domx[5k_e'�'b_`cnod:]_^a`0[5]%g�zD�5d:z0[*tu`wh's
uk =

dxk/ds
g�]_b�^ak_nrnr`0]��y[
�5d:e

k
£*v|d¦i%g��5d

dea
m

ds
− ∆a

bke
b
muk = 0. (48)

Ï�}�k%gIh�`0[5]_^j x×&ç5¢Vg�efdjg"^pd�h�[�mQ^a`;ªXd:}�k%gIh�`0[5]_^Vmx[5el^a`;ªr`c]_b�d:q�d:]_b�d:]5h\t�[5nrq�[5]�d:]5h�^V[�mMh�i�d
n/gIh�ep`;ª

ea
m

��Ý�]=h�i�d|[�h�i�d:eDi%g�]_b�£
d:}�k%gIh�`0[5]_^\ x×&ç5¢�t:g�]¦�Hd\efd�mxd:epefd:b"ha[�g�^�g9efd:z{gIh�`w��`c^fh�`ct
��d:]�d:eag�zc`0­
gIh�`0[5]$[�mDh�i�d�ê_efd:]�d�hGmx[5epnyk_z{g�^\mx[5e3g�]�g��_^p[5zck*had��'q%g�eag�zcz0d:zc`c^pn�^aq%g�t�d5�
�Gi�d:^pd¦d:}�k%gIh�`0[5]_^�h�g�¬�d"[5]¨go^a`cnrq_z0due|mx[5epnþ`c]�h�i�d�g�tut�[5nrq%g�]5s�`c]��ym�eag�nod=[�mVefd�mxd��

efd:]_t�d5£Lh�i�d9[5]�d9`c]yv9i_`ct�iyh�i�d6q%g�eBh�`ctuz0d3`c^�gIh\efd:^fh:£&g�]_bXh�i�dGmx[5k_e'�'b_`cnod:]_^a`0[5]%g�z��5d:z0[*tu`wh's
�5d:t�ha[5e�`c^

uk =









1
0
0
0









. (49)

ê�[�e�h�i�d�g�tut�[5nrq%g�]�s�`c]��Ëm�e�g�nod5£�d:}�k%gIh�`0[5]_^¦ x×&ç5¢|t:g�]?v\d=v9ep`whphad:]�g�^

dea
m

ds
− ∆a

b0e
b
m = 0. (50)

Ï�}�k%gIh�`0[5]? §è�Ø5¢Q`c^�gjê_efd:]�d�h�d:}�k%gIh�`0[5]"mx[5e�g�]yg��_^p[5zck*had��'q%g�eag�zcz0d:zc`0^anÒ^aq%g�t�d5£uv9i_`ct�i"v|d:efd
`c]_`wh�`{g�zczwsrmx[5epnyk_z{gIhad:b�`c]�g�]�g�tut�[5nrq%g�]5s�`c]��Ëm�eag�nod5�

� Ú



d [�had�h�i%gIh6h�i�dË[5ep`0d:]5h�gIh�`0[5]�d:}�k%gIh�`0[5]_^Ë x×�×�¢9g�efdXgr^pd�hj[�m�mx[5k_e9d:}�k%gIh�`0[5]_^3mx[5e3h�i�d
mx[5k_e?z0[*t:g�zjt�[5nrq�[5]�d:]5h�^/[�m¦h�i�dÛ�5d:z0[*tu`wh's

ua
���Gi�d~[5ep`0d:]5h�gIh�`0[5]Þd:}�k%gIh�`0[5]_^�t:g�]���d

[5�*h�g�`c]�d:b"m�ef[5n� x×�ã�¢Q�5s�^ak_�	�Bd:t�h�`c]��9h�i�d:nÒha[6h�i�dGg�b_b_`wh�`0[5]%g�z�t�[5]_b_`wh�`0[5]"h�i%gIh
ea

0 = ua

ua
,k − ∆a

bku
b = 0. (51)

�D[�q_ef[
�5doh�i�dr`c]5��g�ep`{g�]_t�dX[�m= x×�×�¢�k_]_b�d:e¦g��5ef[5k_q<[�m\h�eag�]_^fmx[5epn/gIh�`0[5]_^
SO(1.3)v|d�v9`czcz"b�d:ep`w�5d<h�i�d�z{guvð[�mËh�i�d�h�eag�]_^fmx[5ean/gIh�`0[5]

∆a′

b′k → ∆a′′

b′′k

k_]_b�d:e�g-mx[5k_e'�
b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`0[5]�[�mDh�i�d=m�eag�nod�[�m�efd�mxd:efd:]_t�do ©å5ã�¢��Hê�ef[5nð x×�è�¢�£*v|d"��d�h

∆a′′

b′′k = − ea′′

l el
b′′,k = − (Λa′′

a′ ea′

l) (el
b′ Λb′

b′′),k =

= Λa′′

a′ (−ea′

l e
l
b′,k) Λb′

b′′ − Λa′′

a′ ea′

l e
l
b′ Λb′

b′′,k =

= Λa′′

a′ ∆a′

b′k Λb′

b′′ − Λa′′

a′ Λa′

b′′,k,

(52)

v9i�d:efd
Λa′′

a′ ∈ SO(1.3)
g�efdoh�i�d/n/gIh�ep`ct�d:^�[�m|h�eag�]_^a`wh�`0[5]~m�ef[5n¤[5]�dref[�h�gIh�`c]���m�eag�nod

ha[@g�]�[�h�i�d:eXef[�h�gIh�`c]��<m�eag�nod5�VÏ�}�k%gIh�`0[5]Ò §è�á�¢y^ai�[
v9^yh�i%gIhoh�i�d�}�k%g�]5h�`wh's
∆a

bk

`c]ßg
z{gus5d:e�`c^�h�eag�]_^fmx[5epnod:b�]�[�h6g�^3t�[5]_]�d:t�had:b_]�d:^a^G`c]¨gË�5d:t�ha[5eG^aq%g�t�dr �`c]�h�i%gIh9t:g�^pd=h�i�d:efd
v|[5k_zcb$��d�g

+
^a`0�5]/`c]rh�i�djz{g�^fh|zc`c]�dj`c]� §è�á�¢p¢�£*�_k*h�`c]?g�]�[�h�i�d:e�n/g�]_]�d:e�� Ð d9v9`czczHb_k_�

`wh$Ô�q_^pd:k_b�[L�'t�[5]_]�d:t�had:b_]�d:^a^�[�m3g��_^p[5zck*hadrq%g�eag�zcz0d:zc`c^anõ`c]�g�z{gus5d:e:Ô���d:t:g�k_^pd
∆a

bk

��d�h�^
h�eag�]_^fmx[5epnod:b�`c]�gyqHd:tuk_zc`{g�e|n/g�]_]�d:e��
Ð d�v9`czcz%g�zc^p[=b�d:ea`w��d�h�i�dGh�eag�]_^fmx[5epn/gIh�`0[5]Xz{g�v

T a′

b′k → T a′′

b′′k

� � ]yh�i�dG��d:]�d:e�g�z�t:g�^pd5£
h�i�dË}�k%g�]5h�`wh�`0d:^

T a
bk

g�efd�d�ª_q_efd:^a^pd:b�`c]�had:epnr^3[�m�h�i�dËt�[5nrqH[5]�d:]�h�^3[�m�had�h�eag�b��5d:t�ha[5ep^
Õ�è
Ù®Ó

T a
bk =

(

∇k ea
j

)

ej
b,v9i�d:efd ∇k

`c^rg<t�[
��g�ep`{g�]5hrb�d:ep`w��gIh�`w�5d?v9`wh�ißefd:^aqHd:t�hXha[<h�i�d¨t�[5]_]�d:t�had:b_]�d:^a^y[�mjh�i�d
ÍG`0d:n/g�]_]_`{g�]?^aq%g�t�d

Γi
jk

�_�Gi�d:efd�mx[5efd5£

T a′′

b′′k =
(

∇k Λa′′

a′ ea′

j

)

ej
b′Λb′

b′′ =

=
[(

∇k Λa′′

a′

)

ea′

j + Λa′′

a′

(

∇k ea′

j

)]

ej
b′Λb′

b′′ =

=
(

∇k Λa′′

a′

)

Λa′

b′′ + Λa′′

a′ T a′

b′k Λb′

b′′.

(53)

Ð i�d:]~h�i�d:efd$g�efd/]�[¨d�ª*had:ep]%g�z�¥%d:zcb_^
Γi

jk = 0
£�mx[5epnËk_z{g< §è�å5¢=t:g�]���d/^a`cnrq_zc`w¥%dub�g�^

mx[5zcz0[
v9^uÓ
T a′′

b′′k = Λa′′

a′ T a′

b′k Λb′

b′′ + Λa′′

a′,k Λa′

b′′. (54)
d [�h�`c]��Xh�i%gIh

Λa′′

a′,k Λa′

b′′ = −Λa′′

a′ Λa′

b′′,k

£�v|d"t:g�]�g�zc^p[yv9ep`whad/ §èI×�¢�g�^

T a′′

b′′k = Λa′′

a′ T a′

b′k Λb′

b′′ − Λa′′

a′ Λa′

b′′,k. (55)

��ä



�Gi_`c^9efd:z{gIh�`0[5]_^ai_`cq�`c]_b_`ct:gIhad:^�h�i%gIhj`c]�h�i�dËg��_^pd:]_t�d¦[�m�d�ª*had:ep]%g�z�¥%d:zcb_^
T a

bk

g�]_b
∆a

bkg�efd=h�eag�]_^fmx[5epnod:b�^a`cnr`0z{g�epzws5£_g�]_b�i�d:]_t�d�h�i�d�s�t�[5`c]_tu`cb�d5�
ÎMd�hjk_^6^ai�[
v³h�i%gIh9h�i�d�[5ep`0d:]5h�gIh�`0[5]�d:}�k%gIh�`0[5]¨`c^9`c]_b�d:q�d:]_b�d:]5h6[�m�h�i�dËt�i�[5`ct�d"[�m�g

efd�mxd:efd:]_t�d�m�eag�nod5���D["h�i_`c^Vd:]_b�£�v\d3v9ep`whadGh�i�d9[5ep`0d:]5h�gIh�`0[5]Xd:}�k%gIh�`0[5]r`c]rg�]/g�ep�_`wh�eag�ep`czws
ef[�h�gIh�`c]��Xm�eag�nod

ub′′

,k − ∆b′′

a′′ku
a′′

= 0 (56)
g�]_b/^ai�[
vÜh�i%gIh|`c]/g�]�[�h�i�d:e�ef[�h�gIh�`c]��"mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z*m�eag�nod9`whlv9`czcz%i%gu�5d3h�i�d6^�g�nod
mx[5epn��
� m�v\d�]�[
v³^ak_�_^fh�`wh�k*had�`c]5ha[¨ §è�÷5¢\h�i�d"mx[5epnyk_z{g? §è�á�¢Gg�]_b�h�i�d�efd:z{gIh�`0[5]_^ai_`cq$mx[5e�h�i�d

z0[*t:g�z�t�[5nrqH[5]�d:]�h�^�[�m%h�i�d|mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z��5d:z0[*tu`wh's"[�mMg6q%g�eBh�`ctuz0d�`c]¦��g�ep`0[5k_^Dm�eag�nod:^
[�m�efd�mxd:efd:]_t�d

ub′′

= Λb′′

b′ub′

, Λb′′

b′ ∈ SO(1.3),
v|d=v9`czcz�[5�*h�g�`c]

Λb′′

b′,k ub′

+ Λb′′

b′ ub′

,kΛ
b′′

b′ ∆b′

a′k Λa′

a′′ Λa′′

c′ uc′

+ Λb′′

a′ Λa′

a′′,k Λa′′

c′ uc′

= 0. (57)

Ê k_zwh�`cq_zws�`c]��o�H[�h�i�^a`cb�d:^�[�mG §è�ã�¢|�5s
Λd′

b′′

g�]_b�^ak_nrno`c]��y[
�5d:e
b′′
£*v|d"��d�h

Λd′

b′′ Λb′′

b′,k ub′

+ ud′

,k − ∆d′

c′k uc′

+ Λd′

a′′,k Λa′′

c′ uc′

= 0. (58)

Ð d=]�[�hadjh�i%gIh�h�i�dj¥�ep^fh9g�]_b?z{g�^fh|had:epnr^\[�m| §è�ç5¢�t:g�]_t�d:z�[5k*h3b_k�djha[Ëh�i�d=efd:z{gIh�`0[5]_^ai_`cq

Λd′

b′′ Λb′′

b′,k + Λd′

a′′,k Λa′′

b′ = 0.

Ð d=v9`czcz�h�i�k_^9g�epep`w�5d�gIhGh�i�d"d:}�k%gIh�`0[5]

ud′

,k − ∆d′

c′ku
c′

= 0, (59)

v9i_`ct�iÞ`c^/h�i�d�[5ep`0d:]5h�gIh�`0[5]Üd:}�k%gIh�`c[5]ßmx[5e?g�]Ü[5ep`0d:]5had:bÞqH[5`c]�h�`c]�g�]�[�h�i�d:erm�eag�nod¨[�m
efd�mxd:efd:]_t�d5� Ð dÛi%g��5d¨h�i�k_^$^ai�[
v9]ßh�i%gIh$h�i�d�mx[5epn [�m=h�i�d¨[5ep`0d:]5h�gIh�`0[5]Üd:}�k%gIh�`0[5]Ü`c^
`c]_b�d:q�d:]_b�d:]5hV[�mHh�i�d3t�i�[5`{t�d|[�m�g9mx[5k_e'�Db_`{nod:]_^a`w[5]%g�z*ef[�h�gIh�`c]���m�eag�nod5� � ]X[�h�i�d:e�v|[5epb_^u£
h�i�d¦[5ep`0d:]5h�gIh�`0[5]�d:}�k%gIh�`0[5]�`c^9`c]���g�ep`{g�]5h6k_]_b�d:e�h�i�d"h�eag�]_^fmx[5epn/gIh�`0[5]?�5ep[5k_q

SO(1.3)
�

� ]�gG^a`cnr`cz{gLe�n/g�]_]�d:e�£�v|d�t:g�]"q_ep[:�5dlh�i�d�`c]5��g�ep`{g�]_t�dlk_]_b�d:e�h�eag�]_^fmx[5epn/gIh�`0[5]_^
SO(1.3)[�m�h�i�d"n/gIh�ep`;ª$d:}�k%gIh�`0[5]_^¦ x×&ç5¢��

d [
v�^ai�[
v±h�i%gIh|h�i�d�q_ef[5q�[5^pd:b/d:}�k%gIh�`0[5]r[�m�[5ep`0d:]5h�gIh�`0[5]/b�[�d:^|]�[�h�t�[5]5h�g�`c]/b_`cefd:t�h
`c]*mx[5epn/gIh�`0[5]�g���[5k*h3h�i�d¦no[�h�`0[5]$[�mVgXq%g�eBh�`ctuz0drÔ�g�^9gËv9i�[5z0d�ÔL£_`©��d5�c£*`wh9b�[�d:^3]�[�h3d�ª�d:eBh

�aé



g�]5s<b_`cefd:t�h¦`c]*Ì�k�d:]_t�do[5]~h�i�d/no[�h�`0[5]~[�m|h�i�dr[5ep`0�5`c]~[�m\h�i�dom�eag�nod/g�^a^p[*tu`{gIhad:b�v9`wh�i
h�i�dj[5ep`0d:]5had:b/qH[5`c]�h
���D[�h�i_`c^\d:]_b�£�`c]rh�i�dj[5ep`0d:]5h�gIh�`0[5]/d:}�k%gIh�`0[5]ov|d6v9`czczHt�i%g�]���d6[
�5d:e
ha[Xh�i�d¦�%g�^a`c^Gt�[*[5epb_`c]%gIhad:^u�%�*k_�_^fh�`wh�k*h�`c]��/`c]5ha[¨ x×�×�¢�h�i�d¦efd:z{gIh�`0[5]_^ai_`cq_^

ub = eb
m um, ua

,k = ea
m,k um + ea

m um
,k,

g�]_b� x×�è�¢�£�s�`0d:zcb_^

ea
m,k um + ea

m um
,k + ea

m em
b,k eb

nu
n = 0. (60)

Ê k_zwh�`cq_zws�`c]��r��[�h�i�^a`cb�d:^G[�m� ©÷�Ø5¢|�5s
ep

a

g�]_b�^ak_nrno`c]��y[
�5d:e
a
£*v|d"��d�h

ep
a ea

m,k um + δp
m um

,k + ep
b,k eb

n un = 0.

�*`c]_t�d6h�i�d6¥�ep^fh3g�]_brh�i_`{epbrhad:epnr^�[�m�h�i�djd:}�k%gIh�`0[5]$t:g�]_t�d:z�[5k*h:£*�5sÛ x×�è�¢�£&v|d=g�epep`w�5d�gIh

up
,k = 0, (61)

v9i_`ct�i8��[�d:^Xha[@q_ef[
�5d�[5k_er^ak_q_q�[5^a`wh�`0[5]8h�i%gIhrh�i�d:efd¨`c^r]�[@b_`cefd:t�h/`c]*Ì�k�d:]_t�d�[�mjh�i�d
[5ep`0d:]5h�gIh�`0[5]?d:}�k%gIh�`0[5]�[�m�h�i�d¦no[�h�`0[5]$[�mVgyq%g�efh�`ctuz0drÔ�g�^9gËv9i�[5z0d�ÔL�
d d��5d:eBh�i�d:z0d:^a^u£�h�i�d=d:}�k%gIh�`0[5]?[�m�no[�h�`0[5]$[�mDh�i�d"q%g�eBh�`ctuz0do fÖ:ç5¢�g�]_b�`wh�^�[5ep`0d:]5h�gIh�`0[5]

d:}�k%gIh�`0[5]� x×�×�¢6g�efdy]�[�h�`c]_b�d:qHd:]_b�d:]�h�[�mld
g�t�i¨[�h�i�d:e����Gi�d�sÛg�efdyefd:z{gIhad:b���`{go��g�ep`0[5k_^
t�[5nrq�[5]�d:]5h�^�[�mDh�i�d¦t�[5nrnX[5]?}�k%g�]5h�`wh's

∆
Ó

∆i
jk e ∆a

bk

�
�Gi�d:efd�mx[5efd5£&h�i�d=no[�h�`0[5]/[�m�g�]$[5ep`0d:]5had:b$q�[5`c]5hG`c]�g�]�g��_^p[5zck*had��lq%g�eag�zcz0d:zc`c^an�^aq%g�t�d

t:g�]/[5]_zws/��d�b�d:^atuep`c��d:b$t�[5nrq_z0d�had:zwso�5s$^p[5zw��`c]��yg�^pd�h|[�mQhad:]/d:}�k%gIh�`0[5]_^l��[�mQh�i�djmx[5k_e
d:}�k%gIh�`0[5]_^�[�m�no[�h�`0[5]$[�mDh�i�d"q%g�eBh�`ctuz0d¦g�]_b?[�mDh�i�d¦^a`;ª$d:}�k%gIh�`0[5]_^|mx[5e|h�i�d"t�[5nrq�[5]�d:]5h
[�m�h�i�d"�Hd:]_t�i_n/g�ea¬

ea
m

dui

ds
+ ∆i

jk uj uk = 0,

dea
m

ds
− ∆a

bke
b
muk = 0.

(62)

�Gi�dG^pd�h�[�m�d:}�k%gIh�`0[5]_^� ©÷5á�¢Db�d�¥�]�d:^�h�i�d\mx[5k_eDv|[5epzcbyt�[�[5epb_`c]%gIhad:^�[�m�g6q%g�eBh�`ctuz0d
xi, i =

0, 1, 2, 3
g�]_b�h�i�dG^a`;ªË`c]_b�d:q�d:]_b�d:]5h�t�[5nrqH[5]�d:]�h�^D[�m�h�i�d�`c]5h�ep`c]_^a`ct|��d:]_t�i_n/g�ep¬�[�m%h�i�d

[5ep`0d:]5had:b�q%g�eBh�`ctuz0d
ea

i

£*h�i�k_^9k_]_`c}�k�d:zws�b�d�¥�]_`c]��Xh�i�d¦^a`;ª�g�]��5z0d:^�[�m�h�i�d"[5ep`0d:]5h�gIh�`0[5]�[�m
h�i�d¦q%g�eBh�`ctuz0d5�
�Gi�dyt�[5nrq_z0d�had�^pd�hj[�mld:}�k%gIh�`0[5]_^6[�mlno[�h�`0[5]�[�m\g/q%g�eBh�`ctuz0dË`c]Ûg�]Ûg��_^p[5zck*had��'q%g�e�g�z;�

z0d:zc`c^an�^aq%g�t�d"t:g�]���d=v9ep`whphad:]�`c]?had:epnr^�[�m�h�i�d¦t�[5nrq�[5]�d:]5h�^|[�m�h�i�d¦z0[*t:g�z���d:z0[�tu`wh®s$[�m
� ö



gXq%g�eBh�`ctuz0dr 
m
`c^|h�i�d¦q%g�eBh�`ctuzcd5��^�n/g�^a^�¢

m dui

ds
+ m ∆i

jk uj uk = 0,

m dua

ds
− m ∆a

bk ub uk = 0.

(63)

�Gi�d~^pd�h< ©÷�å5¢rt�[5]_^a`c^fh�^/[�m"h�i�d�mx[5k_e/d:}�k%gIh�`0[5]_^/[�m�no[�h�`0[5]Ü[�m�g�q%g�eBh�`ctuz0d~g�]_bÞh�i�d
mx[5k_e�d:}�k%gIh�`0[5]_^?mx[5e?h�i�d@z0[*t:g�z6�5d:z0[*tu`wh'só aÔ�[5ep`0d:]5h�gIh�`0[5]�d:}�k%gIh�`0[5]_^
Ôu¢/mx[5e$h�i�d�d:`0�5i5h
k_]_¬�]�[
v9]_^6�Gh�i�dËmx[5k_e6v|[5epzcb~t�[�[5epb_`c]%gIhad:^X x[5e9mx[5k_e�t�[5nrq�[5]�d:]5h�^6[�mlh�i�dy�5d:z0[*tu`wh's�[�m
h�i�d/q%g�eBh�`ctuz0dI¢�g�]_b<h�i�domx[5k_e¦t�[5nrq�[5]�d:]5h�^=[�m|h�i�d$z0[*t:g�z��5d:z0[*tu`wh'sÛ[�m|h�i�d/q%g�eBh�`ctuz0d5� � h
`c^�h�[¨��d/]�[�had:b~h�i%gIh¦h�i�d:^pdr}�k%g�]5h�`wh�`0d:^=v9`czczlg�zc^p[�t�[5nrq_z0d�had:z;sÛb�d�¥�]�doh�i�d/no[�h�`0[5]~[�m
h�i�d¨[5ep`0d:]5had:bÜq%g�eBh�`ctuz0d¨`c]Þg�]Þg��_^p[5zck*had��'q%g�eag�zcz0d:zc`c^pnî^aq%g�t�d5£V^a`c]_t�d�h�i�d¨h®v|[�nr`c^a^a`0]��
q%g�eag�nod�had:ep^� x[5k*hj[�m�had:]�¢3g�efdË^aqHd:tu`w¥%d:b��5s�h�i�d�v\d:zcz;�'¬�]�[
v9]¨t:g�zc`c�_eagIh�`0[5]�t�[5]_b_`wh�`0[5]_^
ea

0 = ua e ei
0 = ui

�{ ��Gi�do^pd:t�[5]_b~t:g�zc`c�_eagIh�`0[5]~t�[5]_b_`wh�`0[5]�vGg�^=k_^pd:bÛha[�b�d:ep`w�5dyh�i�d
d:}�k%gIh�`0[5]_^�[�m�no[�h�`0[5]< fÖ:ç5¢�Õ�è
Ùx¢��
� ]±h�i�d~¥�ep^fh�d:}�k%gIh�`0[5]±[�m¦h�i�d<^pd�h:£\h�i�d<d:}�k%gIh�`0[5]�[�mËno[�h�`0[5]Þmx[5e/h�i�d<[5ep`0d:]5had:b

q%g�eBh�`ctuz0d5£�v9i_`ct�i�£D^fh�ep`ct�h�zws�^aqHd
g�¬�`c]��%£�efd�mxd:ep^"ha[~g�]�`c]�d:eBh�`{g�z�m©eag�nodr[�m3efd�mxd:efd:]_t�d5£�h�i�d
n/g�`c]�g�t�h�`c[5]?[5]?h�i�d¦q%g�eBh�`ctuz0d"`c^�d�ª�d:eBhad:b��5s�g�]�d�ª*had:ep]%g�z�¥%d:zcb�£_^a`c]_t�d¦g�t�h�k%g�zczws

∆i
jk uj uk = Γi

jk uj uk. (64)

� ]rh�i�dj^pd:t�[5]_bod:}�k%gIh�`0[5]r[�m�h�i�dj^pd�h:£5h�i�d6d:}�k%gIh�`0[5]r[�mQ[5ep`0d:]5h�gIh�`0[5]o[�m�h�i�d6[5ep`0d:]5had:b
q�[5`c]5h:£
h�i�d|n/g�`c]�t�[5]5h�ep`c�_k*h�`0[5]�`{^�n/g�b�dlm�ef[5n³h�i�dGÍG`{tutu`5ef[�h�gIh�`0[5]Ët�[*d�ý/tu`wd:]5h�^D`c]Ëz{g�s5d:e
t�[�[5epb_`c]%gIhad:^u£_^a`c]_t�drÕ�ã
Ù

∆a
bc = T a

bc. (65)
� ]�had:epnr^3[�m�h�i�dËz{gus5d:ep^6t�[�[5epb_`c]%gIhad:^u£_h�i�d�mx[5ept�d�`c^9[5]_zws�b�d�had:epnr`c]�d:b��5s�h�i�d�ha[5ep^a`0[5]
q_ef[5q�d:eBh�`0d:^G[�m�g�]�g��_^p[5zck*had��'q%g�eag�zczcd:z0`c^anë��du[5nod�h�eBs&�
�Gi�djq_^pd:k_b�[L�'t�[5]_]�d:t�had:b_]�d:^a^l[�m�g��_^p[5zck*hadjq%g�eag�zcz0d:zc`c^an

∆a
bc

�Hd:`c]���q_efd:b�[5nr`c]%g�]5h�zws
`c]*Ì�k�d:]_t�d:b8�5s

T a
bc

£�v\d¨t:g�]�v9ep`whad�h�i�d�[5ea`0d:]�h�gIh�`0[5]-d:}�k%gIh�`0[5]´ �×�×�¢Ët�[5nrq_z0d�had:z;s�`c]
z{gus5d:e\��g�ep`{g��_z0d:^Gg�^�mx[5zcz0[
v9^uÓ

m
dua

ds
− m T a

bc ub uc = 0, (66)

g�]_b?v|d=v9`czcz�efd�mxd:e\ha[r`wh6g�^<��%��E��&6��0�

&��1�._�'��7��

&��,f
Ý�]�dy[�mlh�i�dX^p[5k_ept�d:^6[�mlh�i�dyha[5ep^a`0[5]¨¥%d:zcb

T a
bk

h�i%gIh"b�d�had:epnr`c]�d:^3h�i�dy[5ep`0d:]5h�gIh�`0[5]
q_ef[5q�d:eBh�`0d:^Ë[�m�g�]�[5ep`0d:]�had:b-q�[5`c]5hXt:g�]-��d$h�i�d?ha[5ep^a`0[5]-t�[5nrq�[5]�d:]5hË[�mjg�]�d�ª*had:ep]%g�z

�aú



¥%d:zcb�� � ]�m©g�t�h:£�g�]5s�d�ª*had:ep]%g�zQ¥%d:zcb¨`c^6t�i%g�eag�t�had:ep`0­ud:b��5s�g/^pd�h6[�m�t�[5nrq�[5]�d:]5h�^3[�mVh�i�d
Z|i_ep`c^fha[�¯�d:z�^fs�ny��[5zc^

Γi
jk

g�]_bË[�m�h�i�dGt�[5nrq�[5]�d:]5h�^�[�m%h�i�d9ÍG`ctutu`*ef[�h�gIh�`0[5]yt�[�d�ý/tu`0du]5h�^
T a

bk

Õ�è
Ù®�5ÑGd:efd6g�q_k_efd:zwsËha[5ep^a`0[5]Xd�ª*had:ep]%g�z*¥%d:zcbX`c^Vq�[5^a^a`c�_z0d�h�i%gIh�efd�mxd:ep^�ha[=h�i�d9`c]�d:eBh�`{g�z
m�eag�nod�[�m�efd�mxd:efd:]_t�d

Γi
jk = 0,

T a
bk 6= 0,

(67)

v9i_`ct�i�gI¯�d:t�h�^|h�i�d=mx[5k_e'�'b_`cnod:]_^a`0[5]%g�zH[5ep`0d:]5h�gIh�`0[5]�[�mDh�i�d"[5ep`0d:]5had:b�q�[5`c]5h:�
Ð d|]�[�had�h�i%gIh�h�i�d|d:}�k%gIh�`0[5]¦[�m�no[�h�`0[5]�g�]_b¦h�i�d\[5ep`0d:]5h�gIh�`0[5]¦d:}�k%gIh�`0[5]�b�d�had:epnr`c]�d5£

��d:]�d:eag�zczws$^aq�d
g�¬�`c]��%£�h�i�d"t�[5nrq�[5]�d:]5h�^\[�m�[5]�d=}�k%g�]5h�`wh's/h�i%gIh9`c^�t�[5]_t�d:ep]�d:b/v9`wh�i?h�i�d
[5ep`0d:]5had:b<q�[5`c]5h:£Q]%g�nod:zws¨h�i�dov|[5epzcbß 

ui
¢=g�]_b�z0[*t:g�zG 

ua
¢�t�[5nrq�[5]�d:]5h�^�[�m\h�i�domx[5k_e'�

b_`cnod:]_^a`0[5]%g�z��5d:z0[*tu`0h®s&£�v9i_`ct�i�g�efd¦ep`0�5`cb_zws?zc`c]_¬�d:b$ha[o[5]�d�g�]�[�h�i�d:e

ui = ei
a ua,

ub = eb
j uj.

(68)

� h|`c^l]�[�h�ha[���d9d�ª_tuzck_b�d:byh�i%gIh�h�i�d3ha[5ep^a`0[5]rt�[5nrq�[5]�d:]5h�^V[�mQg�]od�ª*had:ep]%g�z_¥%d:zcb
T a

bkn/gus/�_ep`c]��og���[5k*hG^ak_t�i�gËt�i%g�]���d�`c]/h�i�d=z0[*t:g�z���d:z0[�tu`wh®sr[�m�h�i�d=q%g�eBh�`ctuz0d
ua
h�i%gIh�v9`czcz

d:]5h�g�`cz�g�t�i%g�]���do`c]�h�i�dXv|[5epzcb~t�[5nrq�[5]�d:]5h�^
ui
[�m�h�i�doq%g�eBh�`ctuz0dË�5d:z0[*tu`wh's&� � h=mx[5zcz0[
v9^

h�i%gIh�k_]_b�d:e"t�d:eBh�g�`c]<t�[5]_b_`wh�`0[5]_^g���.���h�a&6��2*�.0:2*���i�	� ����b��@��%��7���6���>&����j�k/�'��
��&@��%�����&6�l0X

&���2*&��@?A&����.�B�#&��m��%��:�*)������������,+-�.�
/,f
¤�¶H%ËÀ%ÈlÁj¼�»'Ç*»f·\ÁõÇ*·ëÈºÁ6·�Á6»fÁ6¹�À�Ç*»pÈlÉr¾�À%Èl¸º¹³·l¾?À_¹Q¾�¹�À_¹�ÁjÅM¹�¶
Ð d9v9`czczHb�d:no[5]_^fh�eagIhad9h�i%gIh3g�]�[�h�i�d:e\^p[5k_ept�dj[�mDg"ha[5ep^a`0[5]r¥%d:zcb$t:g�]$��d9h�i�d�^aq%g�t�d��

h�`cnod3`wh�^pd:zwmMefd:z{gIh�`w�5dGha[Ëgjm�eag�nod3`c]5�5[5zw�5d:bo`c]rg�mx[5k_e'��b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`0[5]�£�g�]_bXh�i%gIh
h�i�dËmx[5ept�d:^6d:]���d:]_b�d:efd:bÛ`c]¨h�i�dXq_ef[*t�d:^a^�t:g�]Û��dX`c]5had:epq_efd�had:b�[5]_zwsÛg�^�`c]�d:eBh�`{g�z�mx[5ept�d:^
h�i%gIhjg�efd�v|d:zcz�¬�]�[
v9]�`c]�tuz{g�^a^a`ct:g�z�nod:t�i%g�]_`ctu^��
Ð d�v9`czcz5t�[5]*¥�]�dV[5k_ep^pd:zw�5d:^Mha[Gh�i�d�t:g�^pdV[�m*h�i�d\g��_^pd:]_t�dV[�m�d�ª*had:ep]%g�z�¥%d:zcb_^

Γi
jk = 0

�
�*`c]_t�dyg�zcz�h�i�dËt�[5nrq�[5]�d:]5h�^3[�mVh�i�dXÍG`ctutu`�ef[�h�gIh�`0[5]�t�[�d�ý/tu`0d:]�h�^9`c]�g�]�`c]�d:eBh�`{g�z�m�eag�nod
[�m�efd�mxd:efd:]_t�dË`c]�h�i%gIh=t:g�^pd���g�]_`c^ai�£%h�i�d:]~g�zc^p[?^p[?b�[$h�i�doÍG`ctutu`Def[�h�gIh�`0[5]Ût�[�d�ý/tu`0du]5h�^
d�ª_q_efd:^a^pd:b�`c]?had:epnr^�[�mDh�i�d¦z{gus5d:e\��g�ep`{g��_z0d:^

T a
bk = 0. (69)

ê_k�efh�i�d:epno[5efd5£_`c]�efd:z{gIh�`0[5]$h�[Xh�i�d¦`c]�d:eBh�`{g�zHm�eag�nod5£�`c]?h�i�d�g��_^pd:]_t�d=[�m�d�ª*had:ep]%g�zM¥%d:zcb_^

∆a
bk = T a

bk = 0. (70)

�aü



�Gi�d:efd�mx[5efd5£Dh�i�d�^pd�hX[�m6d:}�k%gIh�`0[5]_^� §÷�å5¢�`c]8g�]8`c]�d:eBh�`{g�z�m�eag�nod/v9`wh�i�[5k*hod�ª*had:ep]%g�z
¥%d:zcb_^G�Hd:t�[5nodu^

mdui

ds
= 0,

mdua

ds
= 0.

(71)

� mlv|dËh�i�d:]Ûq%g�^a^j[:�5d:e9m�ef[5n�g�]Û`c]�d:eBh�`{g�z©£H`©��d5�c£H]�[5]_ef[�h�gIh�`c]��?m�eag�nod5£_ha[�g/ef[�h�gIh�`{]��
mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z�m�e�g�nod�[�m�efd�mxd:efd:]_t�d5£�mx[5epnyk_z{g? §è�á�¢�^a`cnrq_zc`;¥%d:^\ha[

∆a′

b′k = Λa′

a ∆a
bk Λb

b′ − Λa′

a Λa
b′,k = −Λa′

a Λa
b′,k. (72)

�Gi�d~[5ep`0d:]5h�gIh�`0[5]Þd:}�k%gIh�`0[5]Þmx[5e?g�q%g�eBh�`ctuz0d~efd:z{gIh�`w�5d¨ha[ßg@m�eag�nodÛ`c]5��[5zw�5d:b±`c]�g
mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z�ef[�h�gIh�`0[5]�t:g�]$h�i�k_^9��d�v9ep`whahad:]�g�^

m
dua′

ds
+ m Λa′

a Λa
b′,k ub′

uk = 0, (73)

v9i�d:efd
Λa′

a ∈ SO(1.3)
g�efd�n/gIh�ep`ct�d:^G[�m�h�eag�]_^a`wh�`0[5]�m�ef[5n g�]�`c]�d:eBh�`{g�z� �]�[5]_ef[�h�gIh�`c]���¢

m�eag�nod|ha[¦g�ef[�h�gIh�`c]���m�eag�nod�[�mMefd�mxd:efd:]_t�d5� Ð d3]�[�hadGh�i%gIh�`c]� §ã�å5¢�g�efd�h�i�d3t�[5nrq�[5]�d:]5h�^
[�mVg�mx[5k_e'�\b_`cnod:]_^a`0[5]%g�zH�5d:z0[*tu`wh's/[�mVgXq%g�eBh�`ctuz0d=`c]?h�i�d¦`c]_`wh�`{g�z�]�[5]_ef[�h�gIh�`c]��Xm�eag�nod5�
Z\[5]_^a`cb�d:e�g�]Ë`c]_`wh�`{g�z*`c]�d:eBh�`{g�z5m�eag�nod\[�mHefd�mxd:efd:]_t�d5£I^ak_t�i�h�i%gIhV`c]Ë`whlg6q%g�eBh�`ctuz0d\v\[5k_z{b

]�[�h9no[
�5d=efd:z{gIh�`w�5d�ha[r`wh6g�]_b?v|[5k_zcb�efd:^a`cb�d¦gIh9`wh�^�[5ep`0�5`c]��_�Gi�k_^u£

uk =









1
0
0
0









, (74)

g�]_b� §ã�å5¢|efd:b_k_t�d:^�ha[/gX^a`cnrq_z0due\d�ª_q_efd:^a^a`0[5]

m
dua′

ds
= −m Λa′

a Λa
b′,0 ub′

. (75)

�Gi_`c^yd:}�k%gIh�`0[5]�`c^�v9ep`whphad:]-`c]�h�i�d�z{gus5d:eËt�[�[5epb_`c]%gIhad:^Ë[�m3h�i�d?m�eag�nod?q�d:eBmx[5epnr`c]��
gXmx[5k_e'�'b_`cnod:]_^a`0[5]%g�zQef[�h�gIh�`0[5]¨`c]�h�i�dy`c]_`wh�`{g�z�`c]�d:eBh�`{g�z�m�eag�nod"[�mlefd�mxd:efd:]_t�d5�%�Gi�dyep`0�5i�h
^a`cb�dX[�m�h�i�dXd:}�k%gIh�`0[5]~t�[5]5h�g�`c]_^"g?t�[5k_]5had:epq%g�eBh"[�mlmx[5eat�dyd�ª_q_efd:^a^pd:bÛ`c]Ûhad:epnr^j[�m�h�i�d
z0[*t:g�z�z{gus�d:eGt�[�[5epb_`c]%gIhad:^

F a′

= −m Λa′

a Λa
b′,0 ub′

= m Λa′

a,0 Λa
b′ ub′

. (76)

�n�



�Gi_`c^3^ak�����d:^fh�^|h�i%gIh9^p[5zw��`c]��� §ã�è�¢�£*v|d=v3`{zcz�[5�*h�g�`c]?h�i�d"q%g�eBh�`ctuz0d=q%gIh�i�`c]?had:epnr^|[�m
h�i�djz0[*t:g�z�z{gus5d:elt�[*[5epb_`c]%gIhad:^u�&��[Ët�[5nrq%g�efd3v9`wh�ird�ª_qHd:ep`cnodu]5h�g�z%b%gIh�g"v|d9v9`czcz�i%gu�5d3h�[
q_ef[I�Bd:t�h"h�i_`c^¦q%gIh�i�[5]<h�i�do�5d:t�ha[5e"^aq%g�t�do[�m|h�i�drv|[5epzcb�t�[�[5epb_`c]%gIhad:^/ ��%g�^a`c^�¢�£�v9i�d:efd
h�eag�b_`wh�`0[5]%g�zczws=�5d:z0[*tu`wh�`wd:^�g�]_bXg�tut�d:z0dueagIh�`0[5]_^�[�mHq%g�eBh�`ctuz0d:^�g�efd�nod
g�^ak_efd:b�£Ig�]_b�ha[�^fh�k_b*s
h�i�d¦q_ef[I�Bd:t�h�`0[5]?[5�*h�g�`c]�d:b��
ÑG[
v|d��5d:e�£�mx[5e�^an/g�zcz%^aq�d:tu`w¥�t�mx[5ept�d:^

F a′

/m
d:]���d:]_b�d:efd:br`c]oh�i�d9mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z

ef[�h�gIh�`0[5]�[�mVgX]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�[�m�efd�mxd:efd:]_t�d

F a′

m
= Λa′

a,0 Λa
b′ ub′ � 1, (77)

v|dlt:g�]=n/g�¬�dVg�]¦g�^a^ak_nrq*h�`0[5]6h�i%gIhDb_eag�^fh�`ct:g�zczwsj^a`cnrq_zc`;¥%d:^�[5k_eQ`c]5�5d:^fh�`0�&gIh�`0[5]�� d g�nod:zws&£
`wm�h�i�dot�[5]_b_`wh�`0[5]_^o §ã�ã�¢�g�efdonod�h:£Hv|dyv9`czcz�g�^a^ak_nodËh�i%gIh=h�i�drq_ef[I�Bd:t�h�`0[5]Û[�m�h�i�dyh�epk�d
q%gIh�i�[�mXg�q%g�eBh�`ctuz0d~[5]5ha[-h�i�dÛv|[5epzcb�t�[�[5epb_`c]%gIhad<^aq%g�t�dÛv9`czczj]�[�h¨b_`w¯�d:e/m�ef[5n�h�i�d
q%g�eBh�`ctuz0d¦q%gIh�i¨b�d:ep`w�5d:b��5s�^p[5zw��`{]��Xh�i�d¦d:}�k%gIh�`0[5]�[�mVno[�h�`c[5]�[�mlgoq%g�eBh�`ctuz0d5£%`c]�v9i_`ct�i
h�i�d�ep`0�5i5hX^a`cb�d�t�[5]5h�g�`c]_^�h�i�d�q_ef[I�Bd:t�h�`0[5]�[�m9h�i�d$mx[5ept�d?[5]5ha[Ûh�i�d$v|[5epzcb-t�[�[5epb_`c]%gIhad
^aq%g�t�d

F i′ = ei′

a′ F a′

. (78)
�Gi�d=^p[5k��5i5hf�§mx[5e\d:}�k%gIh�`0[5]$[�m�no[�h�`0[5]/[�m�gËq%g�eBh�`ctuz0d�`c]�gË]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�`c]/had:epnr^
[�m�v\[5epzcb�t�[*[5epb_`c]%gIhad:^|v9`czcz�h�i�k_^3��d

m
dui′

ds
= F i′, (79)

v9i�d:efd
F i′ = ei′

a′ F a′

= ei′

a′ m Λa′

a,0 Λa
b′ ub′

=

= m ei′

a Λa
a′ Λa′

a,0 Λa
b′ Λb′

b eb
j′ uj′

=

= m ei′

a Λa
a′ Λa′

b,0 eb
j′ uj′

.

(80)

�*`c]_t�dÛ`c]±q%g�^a^a`c]���ha[8g�m©eag�nod�q�d:eBmx[5epnr`c]��-g�mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z9ef[�h�gIh�`0[5]² ©å5ã�¢/]�[
h�eag�]_^fmx[5epn/gIh�`0[5]X`c]yv|[5epzcbo`c]_b_`ct�d:^

i → i′
vGg�^lt:g�epep`0d:by[5k*h:£�h�i�dG�5d:t�ha[5ep^�[�m�h�i�dGhad�h�eag�b

ei′

a

efd:n/g�`c]�d:b?k_]_t�i%g�]���d:b�t�[5nrq%g�efd:b/v9`wh�i
ei

a

£_`©��d5�c£

ei′

a = δi′

a ,

eb
j′ = δb

j′,
(81)

g�]_b?h�i�d"d�ª_q_efd:^a^a`0[5]$mx[5e|h�i�d=mx[5ept�d
F i′

t:g�]���d�v9ep`whahad:]�g�^|mx[5zcz0[
v9^

F i′ = m P i′

j′ uj′

, P i′

j′ = δi′

a Λa
a′ Λa′

b,0 δb
j′. (82)

�J�



� ]� ©ç5á�¢�£
Λa′

a

g�efd?h�i�d�n/gIh�ep`ct�d:^�[�mjef[�h�gIh�`0[5]-`c]8gÛq_^pd:k_b�[L�fÏ�k_tuzc`cb_`{g�]�^aq%g�t�d5£Dv9i_`ct�i
t�[5epefd:^aq�[5]_b�ha[<g¨h�eag�]_^fmx[5epn/gIh�`0[5]�m�ef[5n g�]-`c]�d:eBh�`{g�zlm�e�g�nod$`c]�v9i_`ct�i�h�i�d?[5ep`0d:]5had:b
q�[5`c]5hV`{^�gIhlefd:^fh:£Iha["gj]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�q�d:eBmx[5epnr`c]��=g�]Xg�ep�_`wh�eag�eBs�mx[5k_e'�'b_`cnod:]_^a`0[5]%g�z
ef[�h�gIh�`0[5]��
�Gi�dÛno[5^fhr��d:]�d:eag�z3n/gIh�ep`;ª8[�m"^aq%gIh�`{g�z9ef[�h�gIh�`0[5]Þ`c]Þg�q_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]ß^aq%g�t�d

z0[�[5¬�^Gzc`c¬�d

R =









1 0 0 0
0 cos θxx cos θxy cos θxz

0 cos θyx cos θyy cos θyz

0 cos θzx cos θzy cos θzz









, (83)

v9i�d:efd
cos θαβ

g�efd"b_`cefd:t�h�`0[5]�t�[5^a`c]�d:^�[�m�h�i�d�g�]��5z0d:^=Õ�çIÙ®�
�Gi�d�no[5^fh���d:]�d:eag�z�n/gIh�ep`;ªj[�m�ef[�h�gIh�`0[5]"`c]"g�q_^pd:k_b�[L�MÏ�k_tuzc`cb�d
g�]=q_z{g�]�dV]�[�hDt�[5]_t�d:ep]�d:b

v9`wh�i�gX^aq%gIh�`{g�z�ef[�h�gIh�`0[5]�z0[*[5¬�^Gzc`c¬�doÕ�çIÙ®Ó

L =













γ −βxγ −βyγ −βzγ

−βxγ 1 + (γ−1)β2

x

β2

(γ−1)βxβy

β2

(γ−1)βxβz

β2

−βyγ
(γ−1)βxβy

β2 1 +
(γ−1)β2

y

β2

(γ−1)βyβz

β2

−βzγ
(γ−1)βxβz

β2

(γ−1)βyβz

β2 1 + (γ−1)β2

z

β2













, (84)

v9i�d:efd
βα = vα/c, vα

g�efd�h�i�dyt�[5nrqH[5]�d:]�h�^9[�mVh�i�dË�5d:z0[*tu`wh's�[�mVh�i�dy[5ep`0�5`c]¨[�mVh�i�d
h�eagu�5d:zc`c]��ym�eag�nod=`c]�efd:z{gIh�`0[5]$ha[Xh�i�d¦efd:^fh3[5]�d5£

γ =
1

√

1 − β2
, β2 = β2

x + β2
y + β2

z (85)

`c^3gXefd:z{gIh�`w��`c^fh�`ct6m©g�t�ha[5e��
� ]�h�i�d¦��d:]�d:eag�z�t:g�^pd5£_h�i�d¦m�eag�nod5��^|mx[5k_e'�Bb_`cnod:]_^a`w[5]%g�zQef[�h�gIh�`0[5]�h�i%gIhj�5`w��d:^9ep`c^pd"h�[

g�]�[5]_`c]�d:eBh�`{g�z�m�eag�nodot:g�]���drd�ª_q%g�]_b�d:b�`c]5ha[�h�i�d/ef[�h�gIh�`0[5]�`c]�g�q_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]
q_z{g�]�dog�]_b�h�i�dXq_k_efd:zws�^aq%gIh�`{g�z�ef[�h�gIh�`0[5]�� � h"`c^jt�[5nrno[�]�¬�]�[
v9z0d:b���d�h�i%gIhjh�i�dy¥�]_`whad
ef[�h�gIh�`0[5]_^

L
g�]_b

R
`c]/h�i�d���d:]�d:eag�zHt:g�^pd�b�[X]�[�hGt�[5nrnËk*had�g�]_b/h�i%gIh�h�i�d�q_ef[�b_k_t�h

Lg�]_b
R
`c^3b�d�had:epnr`c]�d:b?�5s$h�i�d:`ceG^pd:}�k�d:]_t�d5�

�Gi�d:efd�mx[5efd5£*h�i�d¦n/gIh�ep`;ª?[�mDmx[5k_eB�'b_`cnod:]_^a`w[5]%g�zMef[�h�gIh�`0[5]�t:g�]���d=v9ep`whphad:]�g�^

Λa′′

a = Ra′′

a′ La′

a, (86)
v9i�d:efd

Ra′′

a′

g�]_b
La′

a

g�efdoh�i�d/efd:^aq�d:t�h�`w�5dref[�h�gIh�`0[5]�n/gIh�ep`ct�d:^jv9`wh�i~h�`cnod��'b�d:q�d:]_b�d:]5h
q%g�eag�nod�had:ep^u£*[5e3g�^

Λa′′

a = La′′

a′ Ra′

a. (87)

���



Ð d�v9`czcz3g�^a^p[*tu`{gIhad�h�i�d�¥�ep^fh$t:g�^pd�v9`wh�i-h�i�d¨]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�[�mjh�i�d�¥�ep^fh$¬�`c]_b�«
g�]_b�h�i�do^pd:t�[5]_b�£Hha[¨g$]�[5]_`c]�d:eBh�`	g�zDm�eag�nodË[�m�h�i�do^pd:t�[5]_bÛ¬�`c]_b�� Ð dyv9`czcz�^ai�[
vóh�i%gIh
mx[5ept�d:^9g�t�h�`c]��o[5]¨gXq%g�eBh�`ctuz0d¦`c]?h�i�d=h'v|[om�eag�nod:^G`c]�}�k�d:^fh�`0[5]�g�efd¦b_`w¯�d:efd:]5h:£Hg�]_b�v9`czcz
`c]5had:epq_efd�hGh�i�d¦efd:^ak_zwh�^�[5�*h�g�`c]�d:b��
�*k_�_^fh�`wh�k*h�`c]��ß ©ç�÷5¢¦g�]_b� ©ç5ã�¢¦`c]5ha[- ©ç5á�¢�g�]_b�k_^a`c]��¨h�i�d$mx[5zcz0[
v9`c]���q_ef[5q�d:eBh�`0d:^�[�m

}�k%g�b_eagIh�`ct"n/gIh�ep`ct�d:^

(A B)−1 = B−1 A−1, A−1 A = I,

v|d�v9`czcz�b�d:ep`w�5d�mx[5epnyk_z{g�^�mx[5e
P i′

j′

mx[5e�h�i�dVh®v|[9t:g�^pd:^u£�d�ª_q_efd:^a^pd:b=`c]jhad:epnr^M[�m�q%g�eag�nod�had:ep^
[�m�q_k_efd:zws?^aq%gIh�`{g�zQef[�h�gIh�`0[5]�g�]_b�[�m�ef[�h�gIh�`0[5]�`c]�gXq_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]�q_z{g�]�d

P
i′ (RL)
j′ = ei′

a

(

Λa′′

a

)−1
Λa′′

b,0 eb
j′ =

= δi′

a

(

Ra′′

a′ La′

a

)−1 (

Ra′′

a′ La′

b

)

,0
δb
j′ =

= δi′

a

[

(

La′

a

)−1 (

Ra′′

a′

)−1
Ra′′

a′,0 La′

b +
(

La′

a

)−1
La′

b,0

]

δb
j′,

(88)

mx[5e3gX]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�[�m�h�i�d=¥�ep^fh9¬�`c]_b�£�g�]_b

P
i′ (LR)
j′ = δi′

a

[

(

Ra′

a

)−1 (

La′′

a′

)−1
La′′

a′,0 Ra′

b +
(

Ra′

a

)−1
Ra′

b,0

]

δb
j′, (89)

mx[5e3gX]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�[�m�h�i�d¦^pd:t�[5]_b�¬�`c]_b��
o ¶¶#´·�Á9À_¹QÉfÈVÇ*»qp3»p¼&Ç*»pÅ³ÈVÂjÂ6À_·(r9»f¸ëÈ�Ç*»B·\Áy¶
�Gi_`c^�^pd:t�h�`0[5]±g�b_b_efd:^a^pd:^/h�i�d<]�[5]_efd:z{gIh�`w��`c^fh�`ct�t:g�^pd5£lv9i�d:efd�h�i�dÛ��d:z0[�tu`wh®sß[�m¦h�i�d

[5ep`0�5`c]¦[�mHg9]�[5]_`c]�d:eBh�`{g�z5m�eag�nod�`c]�epd:z{gIh�`0[5]=ha[=g�]�`c]�d:eBh�`{g�z�m�eag�nod\`c^�^an/g�zcz&g�^�t�[5nrq%g�efd:b
v9`wh�i?h�i�d=�5d:z0[*tu`0h®s$[�m�zc`0�5i5h

β � 1.
Ð d=v3`{zcz�t�[5]*¥�]�d=[5k_ep^pd:zw�5d:^|ha[/gXt:g�^pd�v9i�d:efd=h�i�d

[5ep`0�5`c]�[�m�g6]�[5]_`c]�d:eBh�`{g�z&m�eag�nod\[�mHefd�mxd:efd:]_t�d|no[
��d:^�`c]�[5]�d�q_z{g�]�d
XOY (βz = β̇z =

0)
g�]_b?h�i�d�g
ª_`c^�[�m�^aq%gIh�`{g�z�ef[�h�gIh�`0[5]�[�m�h�i�d=m�eag�nod=`c^G]�[5epn/g�z�ha[Xh�i%gIh6q_z{g�]�d

Ω = (0, 0, Ω) = (0, 0,
dϕ

dt
). (90)

� ]?h�i%gIh6t:g�^pd5£�h�i�d¦n/gIh�ep`;ª?[�m�^aq%gIh�`{g�zQef[�h�gIh�`0[5]�`c^��5`w�5d:]��5sMÓ

R =









1 0 0 0
0 cos ϕ sin ϕ 0
0 − sin ϕ cos ϕ 0
0 0 0 1









, (91)

��µ



v9i�d:efd
ϕ = ϕ(t)

`c^�h�i�d�g�]��5z0d=[�m�ef[�h�gIh�`0[5]¨g���[5k*hGh�i�d
z
g
ª_`c^u�

�Gi�d�n/gIh�ep`;ª-[�m=q_^pd:k_b�[L�fÏ�k_tuzc`cb�d
g�]ßef[�h�gIh�`0[5]�£�ha[�v9`wh�i_`c]
o(β)

£l`c^od�ª_q_efd:^a^pd:bÜg�^
mx[5zcz0[
v9^uÓ

L =









1 −βxγ −βyγ 0
−βxγ 1 0 0
−βyγ 0 1 0

0 0 0 1









, (92)

v9i�d:efd
βx = βx(t), βy = βy(t), β2 = β2(t) = β2

x(t) + β2
y(t).Ð `wh�i�[5k*hGz0[5^a^�[�mQ��d:]�d:eag�zc`wh's&£�v|d9v9`czcz�g�^a^ak_nod3h�i%gIh3gIhGg"h�`cnod

t
h�i�dj[5ep`0�5`c]_^�[�m�h�i�d

]�[5]_`c]�d:eBh�`{g�zQg�]_b�`{]�d:eBh�`{g�zHm�eag�nod:^�t�[5`c]_tu`cb�d5�
s `cefd:t�h3t�[5nrq_k*h�gIh�`0[5]?[�m�h�i�d¦n/gIh�ep`;ª?d:z0d:nXd:]�h�^

P i′

j′

ha[ov3`0h�i_`c]
o(β)

�5`w�5d:^

P
i′ (RL)
j′ =

1

c











0 −β̇x − βyΩ −β̇y + βxΩ 0

−β̇x − βyΩ 0 Ω 0

−β̇y + βxΩ −Ω 0 0
0 0 0 0











, (93)

P
i′ (LR)
j′ =

1

c











0 −β̇x cos ϕ + β̇y sin ϕ −β̇y cos ϕ − β̇x sin ϕ 0

−β̇x cos ϕ + β̇y sin ϕ 0 Ω 0

−β̇y cos ϕ − β̇x sin ϕ −Ω 0 0
0 0 0 0











.

(94)ê_ef[5n� §ã�à5¢�£�v|d6v9`czcz�v9ep`whadjh�i�d�d:}�k%gIh�`0[5]/[�m�no[�h�`0[5]rmx[5e|gËq%g�eBh�`ctuz0d9��h�i�d�[5ep`0�5`c]�Ý
[�mVg�]�`c]�d:eBh�`{g�zHm�eag�nod=[�m�efd�mxd:efd:]_t�dj��`c]�gX]�[5]_`c]�d:eBh�`{g�z�m�eag�nod�[�m�efd�mxd:efd:]_t�d5Ó

γ′

c

dui′

dt
= P i′

j′ uj′

, (95)

[5eG`c]�n/gIh�ep`;ª$mx[5epn�Ó

γ′

c

d

dt









γ′

γ′B′
x

γ′B′
y

γ′B′
z









= P i′

j′









γ′

γ′B′
x

γ′B′
y

0









. (96)

� h�`c^�ha[¦��d3efd:nod:nË��d:efd:b�h�i%gIhVh�i�d��5d:z0[*tu`wh's
V

′ [�mMq�[5`c]5h@efd:z{gIh�`w�5d|ha[�g�]�[5]_`c]�d:eBh�`{g�z
m�eag�nodl[�m%efd�mxd:efd:]_t�d�`c^Qd:}�k%g�z&`c]¦n/gL�5]_`wh�k_b�d|g�]_b"[5q_q�[5^a`0had�`c]�b_`cefd:t�h�`0[5]�ha[9h�i�dl�5d:z0[*tu`wh's

� Ú



v
[�mDh�i�d"[5ep`0�5`c]�[�mDh�i�d¦]�[5]_`c]�d:eBh�`{g�z�m�eag�nod"efd:z{gIh�`w��d�ha[Xh�i�d¦`c]�d:eBh�`{g�z�m�eag�nod5Ó

V ′
α = −vα,

B′
α = V ′

α/c = −βα.
(97)

�Gi�d:efd�mx[5efd5£*h�i�d¦efd:z{gIh�`w��`c^fh�`ct6m©g�t�ha[5e|[�mVgXq%g�eBh�`ctuz0d
γ′ `c]�gX]�[5]_`c]�d:eBh�`{g�z�m�eag�nod"`c^

γ′ =
1

√

1 − B′2
=

1
√

1 − β2
= γ. (98)

©�¶¶#´·�Á6»fÁ6¹�À�Ç�»pÈVÉr¾�À�Èl¸º¹Ò·l¾?À_¹Q¾�¹�À_¹�ÁjÅM¹2·l¾$Ç�Ã6¹t�jÀ%¼&ÇvuG»fÁj¿y¶
ê_ef[5nø ©à�å5¢6g�]_b8 ©à�÷5¢3v|dXt:g�]Ûb�d:ep`w�5dËh�i�dËmx[5k_ejd:}�k%gIh�`0[5]_^j[�m\no[�h�`0[5]�mx[5e=g$��[*b*s

`c]og�]�[5]_`c]�d:eBh�`{g�z�m�eag�nod|[�mHh�i�d�¥�ep^fhl¬�`c]_bX`c]Ëh�i�d3]�[5]_efd:z{gIh�`w��`c^fh�`ct|t:g�^pd|ha[�v9`wh�i_`c]
o(β)

�

Ï�}�k%gIh�`0[5]�mx[5e
i′ = 0

Ó
dγ′

dt
= −β̇xB

′
x − β̇yB

′
y. (99)

Ê k_zwh�`cq_zws�`c]��Ë��[�h�i?^a`cb�d6[�m�h�i_`c^\d:}�k%gIh�`0[5]/�5s
mc2 g�]_b$t�[5]_^a`cb�d:ep`c]��¦h�i%gIh E = γ′mc2

`c^9h�i�dyt�[5nrq_z0d�had¦d:]�d:ef��s�[�mVh�i�dy��[*b*s&£�v|d�v9`czcz�[5�*h�g�`c]¨h�i�dËd:}�k%gIh�`0[5]�mx[5e3h�i�dXq�[
v\d:e
[�m�h�i�d"`{]�d:eBh�`{g�zHmx[5ept�d:^uÓ

dE

dt
= −mwxV

′
x − mwyV

′
y, (100)

v9i�d:efd
wα = β̇αc

`c^/h�i�d�g�tut�d:z0d:eagIh�`0[5]Ü[�m¦h�i�d~[5ep`0�5`c]Þ[�myg�]�[5]_`c]�d:eBh�`{g�z9m�eag�nod�[�m
efd�mxd:efd:]_t�d5� d [�had\h�i%gIh:£L�5s$ fÖ:Ø�Ø5¢�£:h�i�d\v|[5ep¬"`c^�b�[5]�d|�5s"mx[5ept�d:^�b_k�d\ha[6h�i�dGg�tut�d:z0dueagIh�`w[5]
[�m�h�i�d=[5ea`0�5`c]?[�m�gX]�[5]_`c]�d:eBh�`{g�z�m�eag�nod=[�m�efd�mxd:efd:]_t�d5�
Ï�}�k%gIh�`0[5]�mx[5e

i′ = 1
Ó

dB′
x

dt
= −β̇x − βyΩ + B′

yΩ = −β̇x + 2B′
yΩ. (101)

Ï�}�k%gIh�`0[5]�mx[5e
i′ = 2

Ó

dB′
y

dt
= −β̇y + βxΩ − B′

xΩ = −β̇y − 2B′
xΩ. (102)

Ï�}�k%gIh�`0[5]�mx[5e
i′ = 3

Ó
dB′

z

dt
= 0. (103)
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Ð d?i%gu�5d?k_^pd:b�i�d:efd
βα = −B′

α

� Ê k_zwh�`cq_zws�`c]��¨h�i�d?z0d�mOhyg�]_b�ep`0�5i5hy^a`cb�d:^¦[�mGh�i�d:^pd
d:}�k%gIh�`0[5]_^Q�5s

mc
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m�eag�nod�[�m�h�i�d=¥�ep^fh9¬�`c]_b�`c]?h�i�d¦]�[5]_efd:z{gIh�`w��`c^fh�`ct�t:g�^pd5Ó

m
dV ′

x

dt
= −mwx + 2mV ′

yΩ, (104)

m
dV ′

y

dt
= −mwy − 2mV ′

xΩ, (105)

m
dV ′

z

dt
= 0. (106)

� m�v|d"]�[
v´v9ep`whad/ fÖ:ØL×�¢§�� fÖ:Ø�÷5¢|`c]?�5d:t�ha[5e\mx[5epn

m
dV′

dt
= −mw + 2m[V′

Ω], (107)
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Ï�}�k%gIh�`0[5]�mx[5e
i′ = 0

Ó
dγ′

dt
= −β̇xB

′
x − β̇yB

′
y. (108)

Ï�}�k%gIh�`0[5]�mx[5e
i′ = 1

Ó

dB′
x

dt
= −β̇x + β̇yϕ + B′

yΩ = −β̇x + B′
yΩ. (109)

Ï�}�k%gIh�`0[5]�mx[5e
i′ = 2

Ó

dB′
y

dt
= −β̇y − β̇xϕ − B′

xΩ = −β̇y − B′
xΩ. (110)

Ï�}�k%gIh�`0[5]�mx[5e
i′ = 3

Ó
dB′

z

dt
= 0. (111)
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β̇αϕ
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i′ = 1, 2, 3
`c]?��d:t�ha[5e|mx[5epn

m
dV′

dt
= −mw + m[V′

Ω]. (112)

� ö



Ð d|^pdud�h�i%gIh�h�i�d|d�ª_q_efd:^a^a`0[5]"mx[5eQh�i�d\mx[5ept�d|b_k�d�ha[�`c]5h�ep`c]_^a`ct\ef[�h�gIh�`0[5]�[�mHg6]�[5]_`c]�d:e'�
h�`{g�z�efd�m�d:efd:]_t�d�m�eag�nod@[�moh�i�d-^pd:t�[5]_b2¬�`c]_b2b_`w¯�d:ep^¨m�ef[5n h�i�d�d�ª_q_efd:^a^a`0[5]Òmx[5e�h�i�d
tuz{g�^a^a`ct:g�z�Z\[5ep`0[5zc`c^|mx[5ept�d"�5s$h�i�d¦]�k_nod:ep`ct:g�zMt�[�d�ý/tu`0du]5h

1/2
�

z ¶B%<Ã6¹ Èl½9Ç�Ã6·VÀîÅM·�Áj¼�»f¿6¹�À%¼ï»'ÇñÈ Â6À_»{p3»BÉf¹5|�¹ ha[Þd�ª_q_efd:^a^¨i_`c^�b�dud:q
�5eagIh�`wh�k_b�d�ha[6g�t:g�b�d:nr`0tu`{gL]"�y� � �
�*i_`cq�[
�=g�]_b"q_ef[�mxd:^a^p[5e�ê�� d �
�*`cb�[5ef[
�6mx[5eMd:]_t�[5k_eagL�5`c]��
b_`c^atuk_^a^a`0[5]�[�m*h�i�dlv|[5ep¬�g�]_b=��g�zck%g��_z0dlt�[5nrnXd:]5h�^u«ug�]_b=ha[6g�t:g�b�d:nr`ct�`{g�] � �)Ï�� � ¬�`cno[
�
mx[5eGi_`c^3gIhphad:]5h�`0[5]?ha[Xh�i�d=v|[5ep¬H�
�Gi�d|g�k*h�i�[5eDg�zc^p[9g�t�¬�]�[
v9z0d:b���d:^Mh�i�d�^ak_q_q�[5eBhD[�m � �;Ýy�
Î�s�^a`c¬�i_`c]"b_k_ep`c]��Gh�i�dlv9ep`wh�`c]��

[�m�h�i�d�v|[5ep¬H�

)ß¹Q¾�¹�À_¹�ÁjÅM¹�¼
Ö���Ï�`c]_^fhad:`c]�£ � �c£6}�� Ê gIh�i��_k_]_b:w�i5s�^u�c£QÖ:à�Ö�×%£7~���£�á*Ö
è:�fá�á�è*�
á*�VÏ�`c]_^fhad:`c]�£ � �c£��Gi�d�nod
g�]_`c]���[�m6efd:z{gIh�`w��`wh's5��w�ep`c]_t�d�ha[5]8ì3]_`w�M��w�efd:^a^u��w�ep`c]_t�d�ha[5]�£
d � �X�c£�Ö:à5á*Ö��
å���ÎQg�]_b%g�k�£�Î�� s �c£%Î�`wm�^ai_`wha­5£�Ï�� Ê �c£_�Gi�du[5efd�h�`ct:g�z(w�i5s�^a`ctu^u£*�M� �p� £HêD`0d:zcb��Gi�du[5eBs&�
×%��ÎQg�]_b%g�k�£�Î�� s �c£%Î�`wm�^ai_`wha­5£�Ï�� Ê �c£_�Gi�du[5efd�h�`ct:g�z(w�i5s�^a`ctu^u£*�M� � £ Ê d:t�i%g�]_`ctu^��Gi�du[5eBs&�
è*���*i_`cqH[:�M£H�y� � �c£ � �Gi�du[5eBs�[�m�w�i5s�^a`ct:g�z�x\g�tuk_k_n�£ Ê [5^at�[
v¦£�Ö:à�à�ç��
÷����*i_`cq�[
�M£��y� � �c£Iw�ef[*t�dud:b_`c]��5^D[�m_h�i�d�x �a� � zcz;�fì3]_`0[5]yZ\[5]*mxd:efd:]_t�d�[5] Ê [*b�d:ep]¦h�i�du[5efd��
h�`ct:g�zQg�]_b�Ï�ª_q�d:ep`cnod:]5h�g�z(w�ef[5�_z0d:nr^�[�m�h�i�d��Gi�du[5eBs�[�mlÍ�d:z{gIh�`w��`wh's�g�]_b���eagu��`wh�gIh�`0[5]�£
 �`c]¨ÍGk_^a^a`{g�]�¢�£�Ï�efd���g�]�£QÖ:à�ç�ç�£_q_q��Há�å�å
�fá�å5è*�
ã*�M�*i_`cq�[
�M£M�y� � �c£Bw�ef[5�_z0d:nr^3[�m,w�i5s�^a`ctu^9[�m\Ï�z0d:nod:]�h�g�eBs � ]�had:eag�t�h�`0[5]_^u£� �`c]ÛÍGk_^a^a`{g�]�¢�£
Ê [5^at�[
v¦£�Ö:à5ã�à��
ç��L�Gi�dDw�i5s�^a`ctu^lÑ9g�]_b_��[�[5¬���soZ|i%g�epz0d:^�w��*w�[�[5z0d5£*Ö:à�à�çj�5s���[5i_] Ð `cz0d�sT����[5]_^u£ � ]_t��

��ú


