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A manifestly covariant, or geometric, field theory of relativistic classical particle-field systems is devel-
oped. The connection between the space-time symmetry and energy-momentum conservation laws of
the system is established geometrically without splitting the space and time coordinates; i.e., space-
time is treated as one entity without choosing a coordinate system. To achieve this goal, we need to
overcome two difficulties. The first difficulty arises from the fact that the particles and the field reside
on different manifolds. As a result, the geometric Lagrangian density of the system is a function of the
4-potential of the electromagnetic fields and also a functional of the particles’ world lines. The other
difficulty associated with the geometric setting results from the mass-shell constraint. The standard
Euler-Lagrange (EL) equation for a particle is generalized into the geometric EL equation when the
mass-shell constraint is imposed. For the particle-field system, the geometric EL equation is further
generalized into a weak geometric EL equation for particles. With the EL equation for the field and
the geometric weak EL equation for particles, the symmetries and conservation laws can be established
geometrically. A geometric expression for the particle energy-momentum tensor is derived for the first
time, which recovers the non-geometric form in the literature for a chosen coordinate system.
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0 (E? + B2 c
1 Introduction ot (8—7r) +V- (EE X B) =0, (2)
2 2
Energy-momentum conservation is a fundamental law of 2 —E B A E+B I— EE+BB =0, (3)
ot \ 4mc 8T 4

physics. It applies to both quantum systems and classi-

cal systems. From the field-theoretical viewpoint, energy- can be derived from the Euler-Lagrange (EL) equations,
momentum conservation is fundamentally due to the
a ,C F D 3£ F

space-time symmetry of the Lagrangian (or Lagrangian = _ = . =0, (4)
density) that the system admits [1-3]. For example, the dp Dz 0(Vy)
Lagrangian density of a pure electromagnetic field is OLp D OLp D OLp 0 (5)

1 10A 2 0A Dz OVA DtioA,

Lr=—|(-=Z==Vp) —(VxA)?|. (1) i

8T c Ot and the symmetry conditions,

The energy and momentum conservation laws of the sys- OLr OLr
— =0, ——=0. (6)

tem, ot ox

Here D/Dx and D/Dt denote the partial derivatives
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with respect to  and ¢, respectively, when they oper-
ate on a field defined on the space-time.

Geometrically, the spatial and temporal symmetries of
the Lagrangian density are components of the space-time
Symimetry,

OLr
OxH

=0, (p=0,1,2,3), (7)

where x* is an arbitrary world point in four-dimensional
Minkowski space-time; i.e., x* =t and x* = 2°. Further,
the Lagrangian density in Eq. (7) can be equivalently
written as

1
Lp= —Ea[ww A, (8)

where the 4-potential A, = (p,—A) is defined on the
space-time, and the symbol [u v] denotes the antisym-
metrization of the indexes of p and v [4]. In this paper, we
assume that the space-time is endowed with a Lorentzian
metric and the signature of the metric is (+———). Equa-
tion (7) is a manifestly covariant form of Eq. (6). In this
paper, the phrase “manifestly covariant” will be replaced
by “geometric” to indicate that covariance is the intrinsic
coordinate-independent property of the physical system
[5].
Similarly, the EL equations, (4) and (5), or the
Maxwell equations can be written in geometric form as

(9,CF7 D OLp —0
0A, Dx* [0(0,A.) e

9)

Here, the operator D/Dx" denotes the partial deriva-
tive with respect to x” for a fixed x*(u # v) when it is
operated on a field in space-time. The geometric energy-
momentum conservation law is

2, T =0, (pu,v=0,1,2,3), (10)
where TF” is the energy-momentum tensor of the elec-

tromagnetic fields and can be written in an explicit form
as

v 1 A nlZ 1 v o
TR = = (—F“ F; + En“ Fy ”) , (11)

where F' is the electromagnetic tensor, and n is the
Lorentzian metric. To briefly summarize, Eq. (8) is the
geometric form of Eq. (1), and Eq. (10) is that of Eqgs. (2)
and (3). Similarly, Eq. (9) is the geometric form of
Egs. (4) and (5), and Eq. (7) is that of Eq. (6). These,
of course, are well-known [6].

Classical particle-field systems, where many charged
particles evolve under the electromagnetic field generated
self-consistently by the particles, are often encountered
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in astrophysics, accelerator physics, and plasma physics
[7-12]. For these systems, the relations between symme-
tries and conservation laws have been established only
recently by Qin et al. [13]. It was found that the stan-
dard EL equation for particles no longer holds, because
the dynamics of the particles and fields are defined on dif-
ferent manifolds having different dimensions. The elec-
tromagnetic fields are defined on the space-time domain,
whereas the particle trajectories as fields are defined only
on the time axis. For particles, a weak EL equation is
established to replace the standard EL equation. It was
discovered that the weak EL equation can also link sym-
metries with conservation laws as in standard field the-
ory. This field theory is non-relativistic, but it can easily
be extended to relativistic cases, which will be shown in
Section 2. However, this approach is based on the split
form of space and time. In other words, it is not geomet-
ric.

In this paper, we will geometrically reformulate the
field theory of classical particle-field systems established
in Ref. [13]. A geometric weak EL equation will be de-
rived, and the energy-momentum conservation will be
geometrically derived from the space-time symmetry. To
achieve this goal, we need to overcome two difficulties.
The first difficulty arises from the fact that the parti-
cles and the field reside on different manifolds, as noted
in Ref. [13]. In the geometric setting, this difference is
more prominent. The particles’ dynamics are character-
ized by world lines on the space-time. They are defined
on R! as a field valued in the space-time, and the do-
main of the particle fields can be the proper time or
any other parameterization of the world lines. The world
line of a particle is uniquely defined, regardless of how
it is parameterized. The electromagnetic fields, on the
other hand, are defined on the space-time. The geomet-
ric Lagrangian density of the system will be a function
of the 4-potential of the electromagnetic fields and also
a functional of the particles’ world lines. This is quali-
tatively different from the standard field theory, where
the Lagrangian density is a local function of the fields.
The other difficulty associated with the geometric set-
ting results from the mass-shell constraint, which exists
even for the geometric variational principle for a single
particle [14]. The standard EL equation will be general-
ized into a geometric EL equation when the mass-shell
constraint is imposed. For the particle-field system, the
geometric EL equation is further generalized into a weak
geometric EL equation.

We emphasize that it is of significant theoretical
and practical value to put the physical laws governing
the classical particle-field system into geometric forms.
The compact geometric forms, or manifestly Lorentz-
invariant forms, are especially suitable for analysis of
the statistical mechanics of relativistic plasmas [8, 15—
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23]. They also serve as the theoretical foundations for
developing Lorentz covariant algorithms [24] for numeri-
cal simulations. In quantum field theory, both geometric
and non-geometric forms are used. The path integral ap-
proach is based on the geometric form of the Lagrangian
density, whereas the canonical quantization method is
not manifestly covariant because the space and time di-
mensions are split. The path integral form of quantum
electrodynamics has been adopted recently to develop a
kinetic theory of magnetized plasmas when both quan-
tum and relativistic effects are important [25].

We note that energy-momentum conservation laws are
well-known results and can be found, for example, in
Ref. [6]. However, in the literature, these conservation
laws are not derived from the underpinning symmetries.
Often one can establish a conservation law without know-
ing the underpinning symmetry. As in the case studied
here, establishing the connection between a symmetry
and a conservation law can sometimes be a difficult but
rewarding task.

This paper is organized as follows. In Section 2, we
will discuss how to extend the work of Qin et al. to the
relativistic case in a non-geometric way. The geometric
Lagrangian of a single particle and the corresponding ge-
ometric EL equation are discussed in Section 3. In Sec-
tion 4, the geometric Lagrangian density of particle-field
systems and its properties are discussed. The geometric
weak EL equation and the link it provides between the
conservation laws and space-time symmetries are pre-
sented in Section 5.

2 Non-geometric field theory and weak
Euler-Lagrange equation of relativistic
particle-field systems

The classical relativistic particle-field system in flat space
is governed by the following Newton—-Maxwell equations:

d . 1.
a(’YspmsXsp) - qs (E + EXsp X B) ) (12)
V-E=4r) qd(@— X,), (13)
S,p
4 . 10F
VxB=— zp:qsxs,,&(x - X))+ o (14)
10B
E=--"—" 1
V x T (15)
V-B=0, (16)

where 75, = 1/4/1 — stp 2 is the relativistic factor of
the p-th particle of species s, m is the mass of any parti-
cle of species s, X, is the trajectory, « is a point in con-
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figuration space, and é(x — X,) is the Dirac delta func-
tion on the 3D configuration space. The basic Newton—
Maxwell equations, (12)—(14), can be equivalently writ-
ten as the Vlasov-Maxwell equations

OF OF

a Y ox

OF,
op

V-E= 47qus/FSd3p, (18)

+qs(E+%xB). 0, (17

4 10F
B=_"_ s | Food? = 1
V x Cz:q/ v p+c3t (19)

by defining the Klimontovich distribution function in
phase space as

F, = Z 5(33 - Xsp)5 (p - psp) . (20)

Here, psp = 7vspmsXsp is the relativistic momentum of
sp-particle. The electric field E(¢, ) and magnetic field
B(t, ) are functions of space and time. For this system,
the action A is

Alp, A, X, = / Lppdtdie, (21)
where
Lpp=— Z'ys_plmsc25 (x— X,p)
s,p

+qu ) XSP(S (T — Xsp) — ¢s06 (. — X5p)

(22)

is the Lagrangian density of this system [6]. The varia-
tion of A induced by 60X, dA, and dyp is

SA=>" / dté X, - / Ex, (Lpr)d®z
;P

+/E¢(£PF)530dtd3m
—i—/EA(ﬁPF)‘(SAdtd?’:m (23)
where
_0Lpr D OLpr
Pxnllrr) = 9%, " Dl ok, .
_0Lpr D OLprp
Bollrr) = =57~ Da ovg” (25)
oL D ocC D oL
Ea(Lpp) = 2E0F pr _ D OLpr o

dA Dz OVA Dt dA, "
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For A = 0, we have

/ Ex. (Cpr)d®z =0, (27)
Eo(Lpp) =0, (28)
Ea(Crr) =0 (29)

owing to the arbitrariness of 0X,,, dp, and 0A in
Eq. (23). Equation (27) will be called the submanifold
EL equation because it is defined only on the time axis
after integration over the spatial variable. Moreover,
substituting Eq. (22) into Eqs. (24)—(29), we will re-
cover Eqs. (12)-(16) by defining E = —0A/0t — Vo
and B =V x A.

For Eq. (27), in general, we expect that Ex,_ (Lpr) #
0, although the integral of this term vanishes. We can
derive an explicit expression for Ex_ (Lpr) as

_0Lpr D [0Lpr
e = 5t - 5 (55
0 . 0 .
= 373 ) (XspPSp)+a;(Hsp_Psp ’ Xsp)v
(30)
where
Hg, = (%pmsc2 + QS‘P) o(x — X5p)7 (31)
P, = (YomoXo + £ A) (2 - X.,). (32)

Equation (30) is called the weak EL equation [13], where
the qualifier “weak” indicates that only the spatial inte-
gral of Ex_ (Lpr) is zero [see Eq. (27)].

Next, we define the symmetry of the action
Alp, A, X,,] to be a group of transformation

(tvawaAvap) — ({,.’f},@,A,Xsp), (33)
OIS mab(a— X)Xy + 2B 1y
ot sp,ySpms * Sp/=TEp 4re "

Details of the derivation can be found in Ref. [13].
However, in relativistic cases, this split form of space and
time is not elegant. Space and time should be treated as
one entity in the most fundamental and geometric ap-
proach. In the following sections, we will explore a geo-
metric way to establish the relations between symmetries
and conservation laws.

Now, let us discuss the necessity of the weak EL equa-
tion introduced in this study. We note that one can con-
struct a velocity field v(x, t) on space-time using the par-
ticles’ trajectories X, (t) as v(x,t) = X5 pvgp(x, t)d(x —
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Z ’Yspms(S(w_Xsp)Xstsp +

such that

= / Lpr(t,&,¢, A, X,,)dtd*E. (34)

For our Lagrangian density [see Eq. (22)], if the group
transformation is the time translation

(t,&,¢,A X,p)=(t+ex,0,A,X,,), €€R, (35
condition (34) will be satisfied because
OLpF
=0. 36
5 (36)

Using the weak EL equation in (30) for particles, the EL

equations for fields [see Eqs. (25), (26), (28), and (29)],
we obtain the energy conservation law

E? + B?

9
ot K

Z’yspm3025(a: - Xp) +
5,p

+V-

E ’Yspmsczxspé(x - Xsp) + 4£E X B] =0.
/I
$,p

(37)

Equation (34) holds for spatial translation as well:
(£.8.6. 4, X)) = (L. + X, 0, A, Xy + X)), (38)

where € € R, because Lpp satisfies

0Lpr 0Lpr
oz pye 0Xsp

=0. (39)

Consequently, the momentum conservation law resulting
from this symmetry can be written as

E2+B21_EE+BB
8 4

(40)

T

X,p(t)). However, in the variation procedure, we cannot
treat the velocity field v(a, t) defined this way on space-
time as an independent field that can be varied freely
by an arbitrary dv(x,t). The quantities that can be in-
dependently varied in the variation procedure are the
4-potential A(x,t) and the particles’ trajectories X, (t).
Obviously, A(xz,t) and X,,(t) are defined on different
domains. Thus, we need to introduce the weak EL equa-
tion to overcome this difficulty.

That said, there is indeed an alternative approach, if
we insist on varying the velocity field v(x,t), instead of

Peifeng Fan, et al., Front. Phys. 13(4), 185203 (2018)
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X,p(t). In this case, the velocity field v(z,t) cannot be
varied arbitrarily. The variation dv(x,t) needs to sat-
isfy certain constraints. A systematic approach to this
type of constrained variation has been developed in the
context of Euler—Poincare reduction [26-28]. The dy-
namic equation resulting from the constrained variation
will be very different from the standard EL equation and
will complicate the symmetry analysis. In this study, we
will not pursue this route. Note that the standard EL
equation needs to be amended in either approach.

3 Geometric Lagrangian and geometric
Euler-Lagrange equation for a single
particle

For a classical particle, the action can be expressed as

ta
A= / L(z, i, 1)dt, (41)
t1
where L(x, &,t) is the Lagrangian. Applying the princi-
ple of least action yields

0=06A= /51;(:,;, &, t)dt

t219L d (0L oL t2

t1

Because 0x(t1) = dx(t2) = 0 and because of the arbi-
trariness of dx, we obtain the EL equation for the dy-
namics of the particle as

oL d [OL

—— — (=] =0 (43)

Oxr dt \ oz

For relativistic particles, the variational principle is
more complicated. In special relativity, the Lagrangian
should be Lorentz-invariant. For this reason, the integral

variable of the action should be the proper time 7, and
the action is

P2 __
A:/ L(x. ¥, 7)dr, (44)
P1

where x and x = dx/dr are the world line and 4-
velocity of the particle, respectively. The Lagrangian L is

J

manifestly covariant [14] and is called the geometric La-
grangian in this study. The integral in Eq. (44) is along
any possible world lines passing p; and p, in space-time.
If we parameterize the world line by the proper time 7,
then Eq. (44) can be written as

Az/ L(x v, r)dr, (45)

where 7y is the proper time at the beginning, and 75 is

the proper time at the end. We can choose the parameter
71 to be the same for any possible world line. However,

the parameter 75 is generally different because different
world lines passing the given space-time point py have
different lengths, which means that §(dr) # 0. This is
different from the non-relativistic case, which implicitly
assumes 0(dt) = 0. The Hamiltonian principle is

T2

L(x; x,7)d(dr),

1

0:5,4:/ 5f(x,>'<,7)d7+/

(46)
where
1 dx*dx 1 .
star) = 30 ( G) = ol
1 e 1 e
= gé(dx )X + =dx d(Xu)
1 . 1.,
= ;25(dx“)x# + ijué(Xu)dT~ (47)

Here, x* and x* (u = 0,1,2,3) are the components of
the world line and 4-velocity of the particle, respectively.
From the mass-shell constraint,

PrP, =mic® or X'x, = ¢, (48)

where P* = mgx* represents the components of the 4-
momentum, and mg is the rest mass, we have

0=05(c*) = 6(x"Xp) = 2X"6(Xn), (49)
which means that Eq. (47) can be reduced to
1.
5(dr) = (). (50)

The second term on the right-hand side of Eq. (46) is

1 (™. L™= d(ox") 1™ d 5. =~ ™
— L Yy = L _ — R L H L 1
2. Xud (dx*) e /. Xe =3, dr 2 ). ar { Xu} (x )d7+[ Xu (X )} .
1 (™ d r~
=—— — |Lx,| ox*dr. 1
¢ ), dr [ X“] x-aT (51)

The first term on the right-hand side of Eq. (46) is

Peifeng Fan, et al., Front. Phys. 13(4), 135208 (2018)
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™ (oL oL . ™ [ oL OL [d(0x*) 1 .,. d(6x)
— SvM — SvH — T SM el )
/T <3x“5x Fo™ )dT /f {ax“5X +<9>'<“{ ar e T Y

OL 1 9L ]d(éxﬂ)
a2 ll«

dr

oL d
ox* dr

oL 1 oL -

— - = —L])x.| =0 55
e 2 ( 6X )Xﬂ} (55)
owing to the arbitrariness of dx*. Equation (55) will
be called the geometric EL equation. We note that it

has been derived by Infeld using the Lagrange multiplier
method [14].

4 Geometric Lagrangian density

For particle-field systems, we need to find the density of
the geometric Lagrangian. We start from Eq. (21), the
non—geometric form of the action of our system. It can
be written as |

=19L d (0L 1.,0L
_ 9 Ry 7 . (5 Md 52
/7'1 laxy <3Xp, 62X 8XUXN>] X dar, < )
where we used the following identity:
@ d (0x*) dr — Lxvdx*d (6x d(ox* 1 d (dx”
3 sy = 40X dr X dx Ox") _ (dx)__zxﬂxy (dx) (53)
g} (d7) T c T
=
A Substituting Egs. (51) and (52) into Eq. (46), we obtain
(i
(=] ~
s d | 0L 1 8L >\ .
0=0 —— == - L oxHtdr =0 54
~—
= ;
E which implies the world line of the p-th particle of species s, 7 is

the proper time, and the 4-potential A, and the field-
strength tensor F*” are functions on the Minkowski
space. The boundary of the domain is taken to be at
infinity.

Equation (56) can be easily translated into another
form,

‘A:Z/ msc——Aux()dT
5,p

1

4me

A9, A,dQ, (57)

by using the relations x* = dx*/dr and F,, = 0,4, —
0,A,. The action is manifestly covariant or geometric.
However, to obtain the Lagrangian density of particle-
field systems, we should change it into another form by
multiplying the first term in Eq. (57) by the equation

2 —
/ms dr Z/ = A, dxk, /5(X_Xsp)dQ: 1, (58)
~T6me / F, PP dS, (56)  where y is an arbitrary world point in Minkowski space,
and 0 (x — xsp) is the Dirac delta function. Then Eq.
where x%, (1 = 0,1,2,3) represents the components of (57) becomes

qs . 1 »
A= / [Z/ (=mec? = LA, (1) 0 (x ~ xop) dT] a0 - /a[uA 19, A, . (59)
s,p

The geometric Lagrangian density is easy to read from Eq. (59) as

135203-6
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Qs 4 - 1 ”
=% / (< = L 4,50, (1)) B — xXop)dr — 0410, 4,. (60)
The geometric Lagrangian above can be simplified as other hand, L£p can be regarded as a functional of the
world lines of the particles and a function of the space-
L=Lp+Lp= /[deT +Lp (61) time and the field A. Note that Lp in Eq. (64) differs
from L in Eq. (8) by a constant ¢. The reason is that in

the geometric form of the action given by Eq. (59), the

by defining "
volume form d2 has the dimension of [length]".
A ds .
L=y (~mc = LA0) 6 (0= xo) . (62)
o7 ) 5 Geometric weak Euler-Lagrange equation
Lp= / Lp (Xsps Xsps X5 A) dT, (63) and energy-momentum conservation
and Now we determine how the action given by Eq. (59) and
1 the geometric Lagrangian density vary in response to the
Lp=——0WA" Ay, (64)  variation of 0y, and §A. From Eqs. (59)-(64), the vari-
dme p
ation of the action of the particle-field system can be
Here, Lp is a function of y, Xsp» Xsp, and A. On the written as
0A = /(5 [/ Lp (Xsps Xsps X> A) dT:| dQ + /(5£FdQ+ /5 [/ Lp (Xsps Xsps X A) dT:| dQ, (65)
A Xsvasp

where the notation § U Lp (Xsps Xsps X> A) dT:| (v = A, Xsps Xsp) indicates that « is fixed.

The first term on the right-hand side of Eoél (65) can be treated by the procedure used in the derivation of
Eq. (55):

. _ B oLp D |dLp 1 [ ,0Lp . )
/5 {/ﬁP (Xsps Xsps X> A) dT]AdQ = //{8Xsp laXSP 2 ( sgoa A EP) Xsp#] }5XspdeQ

oLp D |8Lp 1 oL p .
e _ _ v
/5X dT/{3Xsp 8Xsp c? ( S”@ ” EP) Xspp }dQ. (66)
The second and third terms on the right-hand side of oLp D 8£p 1 L 0Lp .
Eq. (65) are actually Xsph = gl oxt, Dr |oxt, 2 \ Moy Xspp
69
/{aaf - DDV [a gﬁA HJA#dQ. (67) (69)
H X (0, Ay) and substitute Egs. (66)—(69) into Eq. (65), then
Hfwe define 0A E,, .dQ| oxt d EY6A,dQ 70
EH_BL’_D[&L] _/[/X“’“}X”’H/A”' (70
A7 04, Dy |0(0,A) Thus,
oL D oL
wo_ _
Ea=54, Dy [a(aVAM)] =0, (71)
oLp D |0Lp 1 [ ,0Lp 4 \. 3
[ Bnan= | { ok, D [W "z (XW - EP) Lo }dQ -° "
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by the arbitrariness of dx%, and §A,,.

Equation (71) is the EL equatlon of the 4-potential
of the electromagnetic field. Substituting Eq. (60) into
Eq. (71) gives the Maxwell equation,

47 .
= ? qs / Xsp,u,(s (X - Xsp) d87 (73)

$,p

0"F,,

where F,,, = 0,4,
world line; i.e.,

— 0,4, and s is the length of the

ds = cdr. (74)

The 4-current is
J = qu/Xspu X — Xsp) ds. (75)

Equation (72) will be called the geometric submanifold
EL equation because it is defined only on the world line
after integration over the space-time variable [13]. If x,
were a function of the entire space-time domain, then

D (10t
Dr 2 Xsp axz, Xspp | =

ds
- AVXSpXSp[L(SQ

AqustmL52 AvxstsmL Dr

E,,, would vanish everywhere, as in the case of the 4-
potential A. In general, we expect that E,  # 0.

We now derive an expression for E, by substituting
Eq. (62) into Eq. (69). For the first term in E,_,

S A N
o, = (e = L) T = G
D 2 ds .U
DX” [(msc + ?Avxsp) 52i| ) (76)
where 62 = 6 (X — Xsp). The second term of E,  is given
by
D (9Lp qs , Do qs , ., 062
oo\ o | = A = A5,
OX5sp Dt c P Oy
D 1gs , 0A
T Dy [ Aux SP‘SQ} Xspa v
(77)

The third and fourth terms come from the mass-shell
constraint and can be rewritten as

Dis

_4 D rq s ., 0Ay ., .
SAqustpu52 Aqustpu52+ Dx® ( sAqustpqup52) ;;Xspa_X(,-XstSPH(Sz
(78)
and
D L D qs . . v
(i) =~ [+ 54055 oty
s ., 0A;
+ 3Xsp XY Xstspu52 + msXspu52 + AaXstspu52 ‘|’ AUXstsp/,L(S (79)
Therefore,
D y (s . . . 4 ., (0A, 0A,
EXSP#:D_X” { [(msc +— Acr sp) N — (?A;L + mSXSp[L) Xsp] 52}+ |:msXsp;L - ?Xsp <8X” 8X da. (80)

Substituting Eq. (80) into the geometric submanifold EL equation, (72), we immediately obtain the equation of

motion of the particles:

8A aAH -V
SXSPP« (axﬂ 6XU> Xsp (81)
The right-hand term in Eq. (81) is the 4-Lorentzian force on the particles. Then, E,  is reduced to
g _0Le D |oLp 1( ,0Lp ).
Xspl — axg«p Dr 8Xgp c? Xsp 6X§p P | Xspu
D qs o v qs . >
" Dy { [(msc2 * ?AUXSP) (2 (?A“ + msXsp#) Xsp} 62} : (82)
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As expected, E,, # 0. We will refer to Eq. (82), which Another crucial step in systematically obtaining the
plays a significant role in subsequent analysis of the local conservation laws is to find the symmetries. A symme-
conservation laws, as the geometric weak EL equation try group of the action A is defined by a continuous
[13]. The qualifier “weak” indicates that only the space- transformation,

time integral of E,_ is zero. Unlike the non-relativistic L

case [see Eq. (30)], the geometric weak EL equation is (X [xspls [Xspls A, 0A) = (X, [Xspls [Xspls A, 0A),  (83)
written here as a differential equation about c p, instead

of the Lagrangian density. such that

/ £(x, [xop), [opl, A, 0A)AQ = / £ [Rop). [Bop), A, 5A)A0, (84)

where the indexes of the physical quantities have been omitted to simplify the notation. The symbol [8](8 =
Xsps> Xsps Xsp» Xsp) indicates that the geometric Lagrangian density £ is a functional of 3. For the following trans-
formation defined by

(%7 [%S:D]v [isp]? ga 374) = (X + GX» [XSP + EX]v [XSPL Av aA)v €€ R’ (85)

where X is a given constant 4-vector field, the condition Therefore,
n (84) is satisfied because

oLp oLp _
L= /Ep (Xsp> Xsps X, A)dT + Lp / [8X“ Z 8X5P] " )

:/ﬁp(X—i—eX,Xsp—i—eX,)'(Sp,A)dT—i—EF, (86) or

with A(Y) = A(x) = A(X — eX) and JA(Y) = dA(x) = a H Z / gﬁp = (90)
OA(X — €X) [13]. Equation (86) should be transformed X Xp

into a partial differential equation before we apply it to
derivation of the conservation laws. The symmetry con-
dition is

Owing to the integral, Eq. (90) indicates that the corre-

sponding vector field of this symmetry for particle-field

systems is infinite dimensional.

[%} 0 (87) Next, we establish the connection between the sym-
de 7 metry of the particle-field system, i.e., Eq. (90), and the

geometric conservation laws. The first term in Eq. (90)

which is equivalent to s

0_/dT d(x* +eX")  OLp 0L DL DA, L D(0,4,) 0L
N de 0 (x* +eXn) ox*  Dx*  Dy* 04, Dx*  0(0,4A,)
A D oL
x5p+eX“) OLp N V7 A . ) (91)
+ Z D (X5p +eXH) B ~ Dy 9 (9, A5)

. . where we used the EL equation, i.e., Eq. (71). For the
— Xh / ILp Z ILp dr. (88) second term in Eq. (90), we used the geometric weak EL
equation, (82), to obtain

g g {[ [l Eaci iz - (£t mi) ]}

A ~ P2
oLp 1 oLp ).
= (=S L | s . 2
" lax’;p @ (Xsp OXy P) * ”‘] .

P1
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The boundaries, i.e., p; and ps, of the integral in Eq. (92)

should be extended to infinity, which will make the last
term vanish because of the existence of the Dirac delta

function in Lp.
Substituting Eqgs. (91), (92), and (60) into Eq. (90),
we obtain

D 1 1 1
. ‘v o [v po] - o - op, v| _
Dy [Zl;m / XopnXepOads — 50 Ag0V ATl + - ALOTF] + 1 —Fop P11 | =0, (93)
where we used Maxwell’s equation, i.e., Eq. (73). Equation (93) is equivalent to
D v -V 1 1 v o o v 1 vo
Dy {Z Ms /XspuX3p52d7' + - <é—177“FUpF P —Fy Fo) e 0s (A F )]} =0 (94)
5P
with the identity
1 1 1 1
—— 9, A AT ¢ — A OFY = ——F,,F" — —3, (A, F"7).
271'8“ g + 4 w0 Fo dg ™ ¥ 47r8 (An ) (95)
The last term in Eq. (94) is zero because
D D D
—— 0y (A F"7) = —— (A, Fy =0 96
DXV ( M ) DX(V DXO—)( H ) ’ < )

where (v p) is the total symmetrization of the indexes of v and p [4].

Finally, we arrive at the geometric, or

manifestly covariant, energy-momentum conservation laws,

0
Ix
where we regard the field as defined on y, and 9/9x" =

D/Dx”. In terms of the energy-momentum tensor,
Eq. (97) is

8, T =0, (98)
where
T =Tp5" + T;ﬁ”, (99)
Tgv — st /)'(gp)'(ls’pchds, (100)
s,p
THY = i —FHIRY 4+ 177””F For ). (101)
F A a 4 ap

Here, T8H”, T}", and T are the energy-momentum ten-
sors of the particles, electromagnetic field, and particle-
field system, respectively, written in the geometric form,
and it is easy to check that all of these tensors are sym-
metric. The energy-momentum tensor Th" for the elec-
tromagnetic field described by Eq. (101) is well-known.

e L (L . o o
» [st/Xngp(s?dsJ’_E (177” FopF7P — F* Fa)
S,P

/5 (X - Xsp) g (Xsp) ds = /5 [X — Xsp (ssp)] g [Xsp (ssp)] dssp =0 [X — Xsp (ssp (tsp))] g [XS;D (SSp (tSp))]

= /dtsp5 [C (t - tsp)] o [:B - XSP (tSp)] g [XSP (tSp)]

135203-10

; (97)

However, to the best of our knowledge, the geometric
particle energy-momentum tensor given in Eq. (100) has
not been derived previously. Instead, the particle energy-

momentum tensor is typically written in the literature [6]
as

T = Y mai (e - X () 0350, (10)

where a Lorentzian coordinate system {¢,a} is chosen.
Obviously, Eq. (102) is not a geometric form of Eq. (100).
We can prove that Eq. (100) becomes Eq. (102) when a
coordinate system is chosen. For this purpose, we first
show that

/ 5(X— Xop) 9 (Xep) A5 =752 (15 (2 — X op(£)) g (xap (1)) -
(103)

where v 1 (t) = /1 — Xgp (t) /2, and g ()xsp) is an arbi-
trary field. The left-hand side of Eq. (103) is

dssp
—=dt,
dts,
cdrep (tsp)

104
> L), (104)
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where t;, is the time parameter for each world line, and
X, (tsp) is the space position of sp-particle at time tg,.
Because

dsp (tsp) -1
dtsp - Wsp (tSP) (105)
and
1
de(t—tsp)] = E(S(t—tsp), (106)
we have

\/5 (X - Xsp) g (Xsp) ds

= [ )8 = X (1) 3 [ (1) 8 (2~ )
= (O3 [ Xy (] by (0] (107)

which is Eq. (103). If we take g (xsp) = msXh, X4y, then
the geometric particle energy-momentum tensor is

Tgu = st /(S (X - Xsp) Xng:pdS
— M (16 [T — X (O] X (8) X5 (1)
=S mbfe — Xop (0] (08 () 220,
P (108)

This confirms that the geometric particle energy-
momentum tensor recovers the non-geometric form in
a chosen coordinate system.

6 Conclusions

In this study, we developed a manifestly covariant, or ge-
ometric, field theory of the relativistic classical particle-
field systems often encountered in plasma physics, ac-
celerator physics, and astrophysics. The connection be-
tween the space-time symmetry and energy-momentum
conservation laws was demonstrated geometrically. In
our theoretical formalism, space and time are placed on
an equal footing; i.e., space-time is treated as one entity
without choosing a coordinate system. This is different
from existing field theories, where it is necessary to split
the space and time coordinates at a certain stage, and
thus the manifestly covariant property is lost.

There are several unique features of the developed geo-
metric field theory. The first is the mass-shell constraint,
which produces two new terms in the geometric EL equa-
tion for particles, (55). The geometric Lagrangian den-
sity of particle-field systems is a functional of the parti-
cles” world lines [see Eq. (60)], and thus the symmetry
vector field of the systems lies on infinite dimensional

Peifeng Fan, et al., Front. Phys. 13(4), 135208 (2018)

space [see Eq. (92)]. Another feature of the theory is
that the particles and fields reside on different manifolds.
The domain of the particle field can be the proper time
or any other parameterization of the world lines; on the
other hand, the electromagnetic field is defined on the
space-time. To establish geometrically the connection
between the symmetries and energy-momentum conser-
vation laws, a geometric weak EL equation for particles,
(81), was derived. Combining the EL equation, (71),
for the field and the geometric weak EL equation, (81),
for the particles, the symmetries and conservation laws
can be established geometrically. Using the theory, we
derived for the first time a geometric expression for the
particle energy-momentum tensor in Eq. (100), which
recovers the non-geometric form in Ref. [6] when a coor-
dinate system is chosen.

In this study, we used proper time. We note that dif-
ferent particles have different proper times, which are not
synchronized in the laboratory frame. This causes diffi-
culties if one would like to use proper time for particle-
in-cell (PIC) simulations. However, proper time can be
useful in certain situations. For example, proper time has
been used to construct explicit symplectic integrators for
studying the relativistic dynamics of charged particles
[24, 29]. In fact, the geometric field theory of classical
particle-field systems in this study can be established
only with the help of proper time. Regarding the specific
application of proper time in PIC simulations, more in-
vestigation is needed. The facts that proper time can be
used to construct explicit symplectic integrators and that
it is essential in establishing the geometric field theory of
classical particle-field systems suggest that proper time
could play a role in developing advanced PIC algorithms
[30-32]. For example, we can investigate the possibil-
ity of using different proper time steps in the symplectic
integrators for different particles such that they are syn-
chronized in the laboratory frame. This topic will be
explored in a future study.
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