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Abstract In our recent paper, the electron spin torque is found to be counter-bal-
anced by the chiral electron density. In this paper, we shall show that the origin of the
chiral nature is manifest in the principle of equivalence in general relativity.
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1 Introduction

The dynamics of electron spin with the realization of spin-orbit coupling has recently
been of keen interest particularly in the field of spin torque transfer in spintronics; see
recent reviews [1-3] and references cited therein. We have shown that the spin torque
of the spin-1/2 Fermion is counter-balanced by the chiral electron density through
the zeta force [4]. We have also reported some preliminary numerical data of the spin
torque and zeta force for dimer of alkali atoms [5]. The special interest in this previous
paper was to the spin dynamics issues in Bose-Einstein condensation; see our previous
paper [5] and references cited therein. We shall show in this paper that the origin of the
chiral nature is manifest in the principle of equivalence in general relativity. We invoke
here the covariant formalism of general relativity equipped with vierbein (tetrad) field
on curved spacetime: see documents [6—8] and references cited therein.

We may first quickly review basic mathematics. The coordinate x with the con-
travariant components x* and the covariant components x, and the metric tensor
nuv = n*¥ of the Minkowski space, together with the inner product of two 4-vectors
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A and B written as A - B as well as the inner product of the Dirac gamma matrices
y* and a 4-vectors A written as the Feynman slash A are defined as follows:

wt = (x, x") = () = ey =D =D ()

Xu = Nux” = (xo, xx) = (x0, X1, X2, x3) = (ct, —x, —y, —z) = (ct, —1)

= (ct, %) @
1 0 0 0
Ny = g —01 _01 8 =" 0" = 8", = (1) Z;v) )
0 0 0 -1
A-B=n,,A"B" = AB" — AeB, AeB = A,B, + A B, + A,B, )
A=n,p" A" = Y040 — JeA, JeA =y A, +y2A, + 1A, 5)

where c denotes the speed of light in vacuum and the Greek letter runs from 0 to 3 and
the Latin from 1 to 3 and the Einstein summation convention is used. The Poincaré
transformation 7' (A, a) € PJI consists of proper orthochronous Lorentz transforma-

tionT (A,0) = A € L_TF and translation T (0, a), which acts on x as

X' =Ax+a, xM=AMx"+a", detA=1, A%>1 6
(Ail)ﬂ y =AM = UVKAK)J?ML ©
On the Minkowski space, the relativistic quantum mechanical motion of electron is
described by 4-spinor. According to the spinor representation of the Poincare group
Pi [9-11] we have the linear momentum generator P* and the angular momentum
generator J*V, which is composed of mutually commutable orbital L*" and spin S*”
parts with commutator [a, b] = ab — ba, as

Pl = pht Jm = LW 4 §* L, s%'] =0 (7)
d d d
LK — i (pk__ e—),LkOZihpO— 8)
apt opk opk
sm = hlyy'] ©)

where p” denotes the momentum and y* the Dirac gamma matrices:

yr = (J/O, y") = (VO, yhv2 V3) = (VO, )7) (10)
Vi = Nuv¥” = V0, Y6) = (Y0, V1, V2, ¥3) = (VO, -y =2 —V3) = (VO» —)7)
(11)

The spinor v (x) in the chiral representation Ychiral (x) is constructed by the undot-
ted spinor Y (x) = & A (x) with right-handed chirality and the dotted spinor v/, (x) =
1y (x) with left-handed chirality as [12,13]
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o (vr)_ (&
W = 1pchlral = (VfL) = (UU) (12)

1 .
(). w-(3)

The undotted and dotted capital Latin letters run from 1 to 2 and change position by
using the antisymmetric matrix & as

ta=EBepa, 0¥ =¢"ny (14)

et =eBeg g =n"eyy (15)
0 1 ey 0 1

£Ap = (_1 0) _ 8AB, UV — (_1 0) =&y (16)

where the Einstein summation convention is used. Using the two-dimensional irre-
ducible representation A = A (A) and the outer automorphism A — A = A’~! of
SL(2,C), the chiral spinor representation D (A) of the Poincaré group PJI is the direct
sum of A and its inequivalent complex conjugate irreducible representation A = A7~!
as [13]

W' =D 0Oy, deth =1 (17)

D) = Mg 0 a=at1 (18)
“\o ) *7

g =058 =2y (19)

The Pauli matrix o with the contravariant components o and the covariant com-
ponents o,

ot = (O’O,Uk) = (00,01, 02,03) = (l,ox,oy, oz) =(1,0) (20)
U[L = n/tl)o'u - (GO’ Gk) - (007 01,02, 03) == (13 —O0x, _Uy, _GZ) == (1’ _8)

21

(note the use of 1 as the unit matrix throuout in this paper) are cast into the Misner-
Thorne-Wheeler (MTW) representation as [14]

@0 = (55 = ( ?)=0°
(O'])AU — (UI)VB = ((1) é) = Oy
. 22
AU _ 2y _ (0 =i _ @2)
(02) —(0 )VB_ ; 0 =oy
’ 1 0
(03)AU = (03)\'/3 =\o _1) =0z
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Then, the Lorentz transformation
X' =Ax, o' =xr0r", A=Ai(A)

leaves the determinant of the inner product x - o

AU _ ct+zx—1iy
(x-0) _(x+iyct—z)

invariant:

A

x? = det (x’ . O')AU = det (x . o’) U _ det (x - U)AU = x?

using

with

(0" = 24570 5 (0,)"" = A, (@)Y

(G/N-)AU _ )MAB)‘f*UV (UM)BV _ AV“ (O_U)AU
Also, the Dirac gamma matrices y* and the chiral matrix ys

ys = iy'yly?y?

(23)

(24)

(25)

(26)

27)
(28)

(29)

are given in the chiral representation using the MTW representation of the Pauli matri-

Ces as

() 8

(@) 5 = () " ="
(@)= () = o
(©2) 5= () =y
@) 5= () =0
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Using the MTW representation, the Clifford algebra of the Dirac gamma matrices
with anticommutator {a, b} = ab + ba should be

0\A 1
S (e L S i e

Likewise, the conjugate ¥, the Dirac conjugate ¥ = vy, and the Lorentz scalar

Y are

) )
= () ) (o8, ) (0 ) ) o)

(34)
=)' (0°),, 6"+ (57) 00 g (35)

2 Electron spin density

Electron spin density and torque for it have recently been studied by Vernes-Gyorffy-
Weinberger in terms of polarization density [2]. In our recent paper [4], we have
studied the electron spin density and torque for it in terms of the bilinear covariants
of the Lorentz transformation [15] using the approach of Ref. [9—11] described in the
previous section, which we shall briefly review in the following Sects. 2.1 and 2.2.

2.1 Bilinear covariants

Using Egs. (9) and (30), the chiral representation of the spin angular momentum
reduces to

SkE=Ln[yk vt = %hskemASm
- . 5 0 (36)
S = L0 —1lp ()" B )
FNYVYs 2 0 (a)UV
1 kA
SKO — Zinyky 0 = lh((" )" 5 2 V)— —iysSk (37
0 —("y

where ex¢,, denotes the Levi-Civita symbol.
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The spin density is then written in the bilinear covariant form as the axial vector
(pseudovector):

50 = 3h 0 77 @ =y 0 89 (0 = 286(0) (38)
§(x) = 6r(x) + 61 () (39)
510 = v 03Yr() = () 0 @) 5700
610 = v 5L = (ng) 0 @)y Ty (o) (40)

which is the spatial part of the 3rd rank antisymmetric tensor [12]. For discrete sym-
metry for the spin density s(x), we have charge conjugation C, parity P, time-reversal
T symmetry as follows:

Cs(x)C ' =5 41)
Ps (x)P~! =5 (Px) (42)
Ts (x) T~ = =5 (T'x) (43)
with
1 0 0 0
0 -1 0 0
-
Plv=1o0 o -1 o “4)
0 0 0 -1
-1 0 0 0
0 1 0 0
7
™=109 01 0 “5)
0 0 0 1

where s in the right hand side of Eq. (43) means /G be used in place of & in Eq. (40).

We may first examine the chiral charge, spin density and spin torque summarized in
Appendices A and B (see Appendices A and B) for free electron satisfying the Dirac
equation in this case as

(ihy" 0, —me) ¥ (x) =0, 9, =9/0x" (46)

where m is the mass of electron. The stationary state solution with the 3rd eigenvalue
¢ = :I:%h of spin §3 = See, using the unit vector ¢, along the 3rd axis is:

- iy, - 1
YO =u(p.)e P (p—moyu(p, ;) =0, §=i§h (47)
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where [15]
0
p’ +mc+ p;
(* lh) !t P+ +ipy (48)
u\p,zh) = ) = !
P3 2/ p0(p0 + mo) P’ +mc — p. P+ = Px T 1Dy
— P+
0 b=
| 1 + mc — .
M(P,——h)=? P _ Pz » P—=Dpx—ipy (49)
2 2/p°(pO +mey | TP
p’ +mc+ p;

In the rest frame attached to electron, the charge density, Eq. (A5), and the chiral spin
density, Eq. (40), are then

| 1
Nr(0, =R ) = =
2 2
| 1
Ny O,:tzh =§ (50)
I | 1.
UR(O, :I:Eh) = :i:zez
L o= 1 1.
O'L(O, :I:Eh) = :I:Eez (51)
In the inertial frame attached to observer, we have instead
N (5. 410) = L ( 04 )
R\ P> ) - 2p0 P Pz
Lo 1 1 0
N (B 250) = 55 (05 o) (52)
s > 1 mc 1+ pol—:-zmc -
or(p. £57) = imez + T P
Pz
. 1 me . VF o
GL(p. £3h) = +7 5 - %p (53)

where the spin-orbit coupling (polarization) appears in the chiral spin density. The
polarization may be combined to give

$(5.20n) = tha (poein) =i "o —— P2 ) s
S ps 2 —2 o p’ 2 - 2 pOeZ po(po—l-mc)p

which is the well-known formula, Eq. (3.147) of [16]. The spin torque does not of
course work in this case, but if electron is accelerated by the external electromagnetic
field, further spin-orbit coupling, the Thomas precession and therefore the spin torque
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emerge to bring about the resultant further polarization as shown in Appendix C (see
Appendix C).

It should be noted that chirality of a particle has nothing to do with helicity as an
observable but is right (or left)-handed if its spin transforms according to a two-dimen-
sional irreducible representation A (or its inequivalent complex conjugate irreducible
representation A = AT~1) of SL(2,C). Helicity of a particle is right (or left)-handed if its
spin is parallel (or antiparallel) to its linear momentum. For massive particles, helicity
is not conserved since the direction of linear momentum depends on the inertial frame
of observer. For massless particles, helicity is conserved keeping direct relationship
with chirality.

2.2 Spin torque
The equation of motion of electron spin is [4]
a - -
5»?(16) =1(x) +¢(x) (55)

for electron under the external electromagnetic field satisfying the Dirac equation with
the covariant derivative as

(ihy" Dy —me) ¥ (x) =0 (56)
. q
D, =09, + l%AM (x) &7
where g = —e is the charge of electron and A* (x) the Abelian gauge potential.

The right hand side of Eq. (55) is composed of two terms. First, the spin torque 7(x),
which is given by the antisymmetric part of the nonsymmetric (symmetry-polarized)

. <~
Hermitean stress tensor 7 (x):

*(x) = =gt (x) (58)
Tk () = % (I/_f(x)]/z (—ith) W(x) + h.c.) (59)
PN Py
T (x)=71 (%) (60)
ke (x) # Itk (x); nonsymmetric (symmetry-polarized) (61)

and the zeta force E(x), which is given by the gradient of the zeta potential ¢5(x)
proportional to the chiral charge density jg) (x) (see Appendix A) as follows:

cF(x) = — s (x) (62)

hoy he?
¢s(x) = 5~ Js (1) = —— (Nr(x) — NL(x)) (63)
q 2

For chiral spin-1/2 Fermion with the non-Abelian gauge potential, analogous equa-
tion of motion of spin has been found [4].
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Electron spin density 5(x) has rotational character as manifestly shown by the
vorticity rots (x):

- I, - L. -
rots (x) = > (¥ (x)7 (ihDo) ¥ (x) + h.c.) — IT (x) (64)
In Eq. (64) is shown the kinetic momentum density l:I(x) defined as

fi(x) = % (wT(x) (ihB(x)) W(x) + h.c.) (65)

This satisfies the equation of motion [4]

%ﬁ(x) = F(x) (66)
F(x)=L(x)+ 1) 67)

The force density F (x) is composed not only of the Lorentz force density Z(x) but
also of the tension density 7'!(x) which is the divergence of the symmetry-polarized

oIl
stress tensor T (x)given in Eq. (59):

) = div?n(x), Tk () = 9,7 TR (x) (68)

The stress tensor itself is not defined uniquely [17, 18] since mathematically any ten-

sor whose divergence is zero can be added to. Our stress tensor ?H (x) in Eq. (59)
is defined in such a way that it appears in the equation of motion of ﬁ(x) as in Egs.
(66)—(68).

The chiral partitionings of the working equations are summarized in Appendix B
(see Appendix B). Examples of the spin torque are found in Appendix C: the Volkow
wave function of the Dirac electron under the external time-dependent plane wave
electromagnetic field (see Appendix C) and Appendix D: the Landau wave function
of the Dirac electron under the influence of the external static uniform magnetic field
(see Appendix D).

2.3 Energy-momentum tensor

In this section, we derive the spin torque, zeta force and vorticity as a consequence of
the symmetry of energy-momentum tensor of gravitation. The gravitational action /g
is added to the system action /g and made stationary:

61 =0, I =1+ Is (69)
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under the variation §g/*V of the metric tensor g"":

1
IG — 2L/’R /—gd4x, 81G = 21/ (R;w — zg'uvR) SgMV /_gd4_x (70)
K K

1 1
Is = —/L\/—gd“x,cSIs = Z—/Twég“”«/—gd“x (71)
c c
The Einstein equation is then derived
Guv (x) =Yy (x) (72)
with the definition
1
G (%) = Ryy (X) = 580 (X) R (x) (73)
K
Y/LU (x) = _C_ZT/LU (x) (74)

Since the Einstein tensor G, (x) is symmetric, so is the energy-momentum tensor
Ty (x):
Gy (x) = Gy, (x) ; symmetric (75)
Ty (x) = T,y (x) ; symmetric (76)

Using the tetrad formalism equipped with the principle of equivalence, the metric
tensor in any general noninertial coordinate system is given as

guv (X) = €y (x) ey (x) Nap (77)

where e?;, (x) denotes the tetrad field and the Latin letters a, b, ¢ and so on runs from
0 to 3 in this and the subsequent Sects. 2.3 and 2.4. The tetrad field e i (x) is a coor-
dinate vector and a Lorentz vector for the Lorentz transformation x — x’ associated
with the vector representation A% (x) [8]:

Vv

ey (x) > € (x) = Py €4, (x) (78)
ey (x) = €9, (x) = A% (x) ey (x) (79)

and is parallely transported:
8\)611)L + {I()LU} eaK - VabvehA =0 (80)

In Eq. (80), we used the Levi-Civita affine connection

1
)= Eg/\p (3u&vo + 38up — Bpguv) = {v" 1} (8D
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and spin connection
b b
Ya = €av;ul ‘e’ (82)
where the covariant derivative is defined as

ea)h;u = eak,v + {KAV} eaK (83)

€ar;v = €ar,v — {AKV} Cax (84)
with the usual partial derivative denoted as
Ju=0uf (85)

In the tetrad formalism [7,8], the absolute parallelism of the tetrad field e?,, (x) is
found to be

D*yet = dye,” +T* e, =0 (86)
and the connection
b =) = e ven” (87)
is used to define the torsion tensor
T* 0 =T*% -T2, (88)
and contorsion tensor

K*Auv = (T*Mw - T*ukv - T*v)»p.) (89)

N =

In the tetrad formalism, the Dirac spinor field is a coordinate scalar and a Lorentz
spinor [8]:

Vo (¥) = Yo (x) = Yo () (90)
Vo () = ¥'a (x) = Dap (A (X)) Yp (x) €2y

Also, what is important, the covariant derivative D,, (g) is not only a coordinate scalar,
but also a Lorentz vector, as shown in Eqgs. (12.5.15)—(12.5.17) and (12.5.24) of [8]:

D,(g)=0,+Ty, (92)
T () = T/ () = D(A @) TuD™ (A () = (3D (A (x))) D' (A (x))
93)
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The Lagrangian density for the quantum electrodynamics (QED) system under
external gravity is then given as

L=Lgy+L, %94)
with the definition
1 Y 1 up ,Vo
Ly = _EFMVF = _EFquwg g%, Fuy =0,A, — A, (95)
| ’
L, = Em// (lhy e, Dy, (g) — mc) v+ h.c. (96)

The gravitational covariant derivative D, (g) in Eq. (96), which satisfies Egs. (92)—(93)
under the Lorentz transformation, is concretely written as

Dy (8) = Oy + ingVabuJ*? + i Ay = Dy + i 9 Vabu (97)

where the spin angular momentum J“?

Jab — ﬁ I: u’ yb:l (98)
4
is added to the covariant derivative D, givenin Eq. (57) through the coupling with spin
connection Y, given in Eq. (82). The emergence of the spin connection is manifest
as the consequence of the principle of equivalence in general relativity.

It should be noted here that, after some manipulation we can rewrite Eq. (96) in a
very significant form as follows:

L, = CI/_f (ihy“ea“DM (g) — mc) v+ h.c.

- _ L 99)
cyr (1Fzyaea“8ﬂ — mc) v+ h.c — @auﬁl‘ — cAuj"

ST ST

Namely, which is hidden in Eq. (96), but in this Eq. (99), minimal couplings are mani-
festly shown, those not only of current j* (x)with photon vector potential A* (x) but
also of chiral current jsﬂ (x) (see Appendix A) with spin coupling vector a* (x) defined
as

1
@t = ST (100)

where T* . is the torsion tensor given in Eq. (88) and we have used the Levi-Civita
tensor:

1
ghvpo (Suvpo’ 50123 =1 (101)
v =8
Epvpo = _g(S;w,oa’ do123 = —1 (102)
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Using the Lagrangian given in Eq. (94), the variation principle with respect to the
spinor field

8
—Is=0 103
55 S (103)
leads to the field equation
(ihyaea“DM (g) — mc) Y =0 (104)

Second, the variation principle with respect to the tetrad field leads to the symmetric
energy-momentum tensor 7}, and the conservation law as follows [8]:

1 1
Slg = 8—/L«/—gd4x - —/TA“Seﬂ./—gd“x (105)

C C
Tyo/—8 = Nape”y ——L/—g (106)

dey*

1
T;w = _8H;Lv - Tn;w (&) — Egnguvaa — 8uv (Le +Lem)
= T,,; symmetric (107)
Ty =0 (108)

In Eq. (107), we have shown that the symmetric energy-momentum tensor 7},, com-
prises not only the symmetric tensors but also polarized geometrical tensor 8“,“)
defined as

el = %eka*pngp“@VKVSw (109)
+2((D5 4+ T ) Fu? + T* pou FP70 = 5T 00 F,7°)
with
Fve = %sd“”clﬁmysw (110)

and polarized stress tensor 1 wv (g) with the covariant derivative D, (g) given in
Eq. (97):

(@) == (Y (—ihDy (9)) ¥ + h.c.) (111)

[\ oY

Now that the energy-momentum tensor 7}, is symmetric, the antisymmetric com-
ponents should cancel with each other [6]:

e T (g) =0 (112)

where

@ Springer



682 J Math Chem (2012) 50:669-688

gllhy = g8y g gAny (113)
g5H = % (eTHv 4 gvir) (114)
gAY — % (v — gMviy (115)
and

T (g) = 5" (g) + T4V (g) (116)

1
TS (g) = 5 (" (g) + T (9)) (117)

1
A (g) = 3 (" (g) — e (g)) (118)

2.4 Weak gravitation limit
In the limit of weak gravitation field
eau_)aal“ Euv = Nupv (119)

the equation of motion of the Dirac spinor field ¥ (x) is reduced from Eq. (104)
to the Dirac Eq. (56) in due course. Moreover, the antisymmetry cancelling
condmon of Eq. (112) is reduced to 8ts()c) = 7(x) + ;(x) and rots (x) =

3 (1// (x) 7 (ihDg) ¥ (x) + h.c.) I (x). These equations are nothing but Egs. (55)
and (64) respectively.

3 Result and discussion

We have shown the electron spin torque, zeta force and vorticity as a consequence
of the symmetry of energy-momentum tensor of gravitation. We have invoked here
the covariant formalism of general relativity equipped with vierbein (tetrad) field on
curved spacetime [6-8]. The symmetry we use here is hence restricted in this sense
and not reflect supersymmetry. The development of the spin torque, zeta force and
vorticity in the context of supersymmetry should be very interesting, since then the
spin of Boson as well as Fermion can be treated in a unified manner, which is under
way and will be published elsewhere.

Acknowledgments This work is supported by Grants-in-Aid for Scientific Research on Priority Areas
from the Ministry of Education, Culture, Sports, Science and Technology, Japan.

Appendix A

The electron current is defined by
J* @) = eq¥ )y () (A1)
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Here we have a very interesting chiral decomposition of electron current j* (x) as

J%(x) = egN(x) = cq (NR(x) + NL(x)) (A2)
J(x) = ¢q (Gr(x) — G1.(x)) (A3)

where the charge density is decomposed into the chiral parts as

N =9 @ v () = Ne () + N @) (A4)
— ot — (eA) (p)ea

Ne@) = v’ @ v @) = (81) @@

N () =i () e (0 = (ng) " 0mg () (A3)

and og(x)and o (x) are given in Eq. (40). Namely, the spatial part of the current
density is given by the difference in the chiral parts of the spin density.

The chiral decomposition of j* (x) is also realized in a dual manner with the chiral
current j&'(x) defined as

JE ) = eqr (x)y"ysyr(x) (A6)

Here we have the chiral decomposition of js ¥ (x) dual to j* (x) as

Js2(x) = cq (Ng(x) — Np(x)) (A7)
Js(x) = ¢qo (x) = cq (Gr(x) + or.(x)) (A8)

where Eqs. (A7-AS8) are dual to Eqs. (A2-A3). Namely, the chiral charge density
j50(x)is given by the difference in the chiral parts of the charge density, and the
spatial part of the chiral current density ]'5 (x)is given by the spin density.

The charge is conserved but not the chiral charge since we have no continuity equa-
tion for the latter because of the nonzero mass of electron. Actually, using Eq. (56),
we have continuity equation for j* (x) as

O j" (x) =0 (A9)
while for js* (x) we have residual pseudoscalar as the 4th rank antisymmetric tensor

as

- 2mc

i (x) ys ¥ (x)
=i (—yg’ (X)WL(X)-i-l/fLT(x)l/fR(x))
e (-6

) @) @A g @) + (ng)" (@) (09) 5, 84 @)
(A10)

Loy st (x) =

which is not zero unless m is zero.
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Appendix B

The stress tensor is decomposed into the chiral parts as

T = TR - ) B1)
R (x) = % ((gf‘)T (x) (ae)A s (—ith) £8(x) +h.c.)
R () = % ()" 0 (a@)U Y (=inD*) ny @) + he.) (B2)

and therefore the torque as

1(x) = fr(x) — 17(x) (B3)
1R¥(x) = —eonmtr ™" (x)
X (x) = —epnr, M (x) (B4)
and also the zeta force as
L) = Cr(x) — £ () (B5)
LM (x) = —dpsr(x)
ek (x) = =i (x) (B6)
with the zeta potential
@5(x) = Psr(x) — P51, (x) (B7)

hic
Psp(x) = 7NR(X)

he
¢s5L(x) = TNL(X) (B3)
The chiral parts of the kinetic momentum follows

Mg (x) = Tg (x) + Mz (x) (B9)
fle) = ((sA)T (x) (ihi)(x)) £4(x) + h.c.)
2

-

i, (x) = % ((nl-])T (x) (ihf)(x)) N () + h.c.) (B10)

Thus, the chiral partitionings in Egs. (55) and (64) are

(B11)

N—

Do o
- GROO) +5L(0) = TR0 + Er() = (7L () + T ()
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rot Gg (x) + 52 (x)) + (ﬁR (x) + My (x))

1

.
=5 ((sA) () (3)" 5Dy (x) £” (x) +h.c.)

1 F . V.
-5 ((’70) @) @)y VihDo (x) 0y (x) + h.c.) (B12)

Appendix C

The Volkov solution of the Dirac electron under a plane-wave radiation field

A = A" (), ¢ =k-x =kct —keF, lim A (¢)=0 (C1)

_>¢inf

is given as [12,19]

1 i
=14+ -—"—Ta) er%y (C2)
2k -pc
" 1 1 2
q q 2
So=—x-p— —=p-A—— =) A°)d C3
0 e /(k~pcp 2k~p(c) )¢ €3
(Pinf
p—-—mca)u=0, d-u=0 (C4)
p? = (me)? (C5)

Let the asymptotic free boundary condition with the 3rd eigenvalue ¢ = j:%h of spin
$3=35 oé, be

1
lim ¢ =77 (C6)

¢2_)¢inf

then we have

| 1 1 1 2
Nia (p, izh) =cq—5 (p“—%A“+k“ k—%A P (z) Az)) (C7)

P
1 1 g ral

0> — 1

J5 (p, iih) =dcq | Tope 12k0 (AO%
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1
G0 ma) PePx
0Pz 1 Ta2 _ mc
jl(ﬁ :I:lh) teq | +o5 L 2 (€ = gt peked = k)
5 s LS = 2k- . > .
2 P\ P2k (A0 — S oA — A

2 >
1 q 2 0 Pz 1 n
— (759) 24% (L — o okeb — k)

o

(C9)
PO (0 +mo) Pz Py
0Pz _ 1 Ta7 _ mc
j2(l3 ilh) toq | 252 —24y (k 2~ G0 mg PkeP pokz)
5 s L3 - 2k- . -
2 -
1 2 0 Pz 1 il
(C10)
mc 1 2
PG g P
0Pz 1 P mc
.3(~ ilh) o [T (% — i ks — k)
J5\P>*~T5 = xcq 2k- ~ -
2 pc +2k, AO% — pO(pOl+mc) pzAep 5 Az
2 -
1 2 0Pz 1
— (759 24% (K2 — o peked — k)
(C11)

Assume then for simplicity, first, radiation field propagates along the 3rd axis asso-
ciated with the electric field along the 1st axis and the magnetic field in the 2nd axis:

A" = (0, Ay, 0,0) (C12)
K = (kO,O, 0, ko) (C13)
. 19A dA
E=—--—=(E.E,,E.)=(—k"—==%,0,0 Cl4
c ot (Ex. Ey, E) ( do ) €19
. _ 0dA;
B =rotA = (By, By, B:) = (0, —k i .0 (C15)

and, second, the electron propagates along the 3rd axis asymptotically:

pt = (po, 0.0, pz) (C16)

It follows that the charge density, the spin density and zeta potential are given as

1, 1 q\?2 2
N=—'"=14+—— (%) (A0 (C17)
cq 2p° (p° - p2) (C) )
R 1 1 gqg
Ss=+-h(—=A0,1—(N—1) (C18)
2 \plc
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s = i% (% — (N - 1)) (C19)

The spin torque and zeta force are calculated to be

- 1 KV dA,

= (tx, ty, lz) = :I:Eh (QFw, 0, O) (C20)
- 1 ck® g\2  dA,

¢ = (e by, &) = %50 (0, 0, ) (E) A ) (C21)

Consequently, we have nonnul spin dynamics, which should be so since the Volkov
state is not stationary:

S=71+C#0 (C22)

As a trivial limit of free electron in the stationary state, the torque and zeta force
are calculated to be zero:

i=0, ¢=0 (C23)
and hence the sum:
9 f+7=0 (C24)
—s = =
ot

which should be so since the state here is chosen stationary.

Appendix D

The Landau levels of the Dirac electron under a static uniform magnetic field along
the 3rd axis

at = (0.~ Ly, Lux o (D1)
= sy T A , 711X,
2702

is given in a textbook [16]. Using the Landau eigenfunctions Ry k.o (0) With p =

VX2 4+ y2, the torque and zeta force are calculated to be cancelled with each other,
which should be so since the state is stationary:

§5=14+.=0 (D2)

SR

But the vector components are nonzero in this case:
- 0 0
¢ = —gradgs = | ——¢s5, ———¢5,0 (D3)
ax ay
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with the zeta potential

) e ko ) (D4)
— mg.kz,o (0
M 4ome Q)2 TS

where n and m are the quantum numbers, k; is the wave number along the 3rd axis,
and where o is the sign of the 3rd eigenvalue ¢ = :I:%h of spin §3 = See,.
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