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Abstract
We propose covariant and non-abelian generalizations of the magnetic helicity and Beltrami
equation. The gauge invariance, variational principle, conserved current, energy-momentum ten-
sor and choice of boundary conditions elucidate the subject. In particular, we prove that any
extremal of the Yang-Mills action functional % fQ tr F,, FHY d*z subject to the local constraint

ghveB tr | wlapg = 0 satisfies the covariant non-abelian Beltrami equation.
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I. INTRODUCTION

The introduction of the concept of magnetic helicity [1] revolutionized our understanding
of plasma physics phenomena, from dynamos [2] to the solar wind, to the operation of
controlled fusion devices [3-5], and it plays a central role when applied to a variety of
concepts such as the Beltrami equation and force-free fields in the form of Taylor states [6].
Helicity was introduced in a three-dimensional context, but we find it useful to covariantize it
[7, 8]. We propose and explore a covariantization of the Beltrami equation, and in particular
study its relation to helicity conservation. For instance, new terms can arise that vanish in
the non-relativistic case, but which can contribute when we have a multi-component helicity
system where the components are moving with relativistic velocities with respect to each
other. This could be the case for helicity in relativistic plasmas [9] ejected from astrophysical
objects colliding with another plasma clouds [10], but it can also apply in particle physics
to the hadronization process where relativistic flux tubes interact [11, 12] or to the early
universe as it cools through various epochs. Some of these examples are Yang-Mills systems

and they will need non-abelian generalization.

II. NON-COVARIANT CASE

We first briefly review the three-dimensional Beltrami equation and helicity.
Consider a region 2 C R? and let (z, V) be the Cartesian coordinates and the derivative

operator in €. A vector field B in € is called a Beltrami vector field if it satisfies
B x (V x B) =0, (1)

where x is the vector product in R3. Eq. (1) implies that the vectors V x B and B are

parallel, which leads to the Beltrami equation
V x B=\B, (2)

where )\ is a scalar function in €.
Eq. (2) shows that Beltrami fields are eigenfields of the curl operator. Eigenfields of the

curl operator can be related to more familiar functions by using the identity

VxVxB=V(V-B)—-AB, (3)



where - is the scalar product and A is the Laplace operator in R3. It follows that the square
of the curl operator, when restricted to the space of divergence-free vector fields, is the
negative of the Laplace operator —A. Thus, in some sense, the curl operator is the square
root of the operator —A (which itself is a positive operator).

The restriction to the space of divergence-free vector fields is not accidental, but is re-
quired by physical considerations of B being a magnetic field. In such a case, the divergence-

free condition V - B =0 for B in (2) implies
B-VA=0, (4)

so that A is constant along any field line of B. Eq. (4) is the consistency condition for (2).
According to the Beltrami equation (2), the Maxwell current J = V X B is parallel to the
magnetic field, J = AB. Note that the current conservation V - J = 0 also implies (4).

To learn more about a Beltrami field B, it is instructive to consider a vector potential
A such that B = V x A. Since a vector potential is defined only up to the gradient of
an arbitrary function, it will be important to ensure gauge invariance of various physical

quantities under a gauge transformation
A— A+ Vg, (5)

where ¢ is an arbitrary real-valued function in 2. The two simplest such gauge invariant

quantities are the energy W and helicity H of the field B in the region €2,
W= [ 3Bl ¢, ©)
)

H:/A-Bd%, (7)
Q

where || || is the scalar norm in R3.

Convergence of the integrals in (6) and (7) imposes certain restrictions on A and B.
We are concerned here with the case of a non-compact 2 and restrictions derived from the
required behavior of A and B for ||z|| — oo. In such a case, convergence of the integral in

(7) implies
A= O(l|l["), lz] = o0, p < —1. (8)

This leads to B = O(||z||P~1), ||z|| = oo, which means that allowed field configurations do

not include magnetic monopoles. It follows that the integral in (6) also converges for such

fields.



The gauge invariance of the energy is obvious, while the corresponding gauge transfor-

mation of the helicity is

Hw— H+ /mg(n - B)d?a, 9)

where 9Q is the boundary of €, n is the unit normal vector to 99, and d?c is the area

differential on 0f). Since we require gauge invariance of H, we set the boundary condition
(nB)|aQ :O, (10)

which means that the field lines do not cross the boundary. For a non-compact €2, the
asymptotic behavior B = O(||z]|P™"), ||z|| — oo ensures the gauge invariance of H as well
since the boundary integral in (9) vanishes.

The helicity is often conserved in physical systems involving magnetic fields, and this
restricts their dynamics. For example, suppose that B is a field in €2 satisfying the boundary
condition (10) which minimizes its energy W and conserves its helicity H. The resulting

variational problem is equivalent to finding B minimizing the functional
W—%AH:/QLd?’:c (11)
with the Lagrangian
L=4|BJ*~ A4 B (12)

(We have chosen the form of the Lagrange multiplier A which leads to the conventional form

of the Beltrami equation.) For an infinitesimal variation of the vector potential 0 A, we find
L= (VXxB—=AB) -0A+ V- [(—B+iXA) x §4], (13)
which leads to

(W —iXH) = /(v x B—AB)-5Ad*x +/ n-[(—=B+i)\A) x §4] 0. (14)
Q o0

We eliminate the boundary term in (14) by setting the boundary condition
5A]s0 = 0. (15)

The variation (14) vanishes for any dA satisfying (15) if and only if V x B = AB. Thus, a

Beltrami field with A = const is a stationary point of the energy functional W subject to
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the condition H = const. It can be further proved that such a field is a local minimum of
W with constant H.

Another aspect of the helicity relates to the conserved Noether current. Gauge transfor-
mations are the symmetry operations of the theory defined by the Lagrangian L. The proof
of the invariance of the theory requires showing (without using the equation of motion) that
L is changed only by the divergence term. (For the following derivation we assume A is

constant.) Indeed, for a gauge transformation (5) with 04 = Vg, (13) becomes

§L=V-T, (16)
I =—1\gB. (17)

On the other hand, using the equation of motion we find

oL
SL=V- <8VAk5Ak)' (18)

Equating (16) and (18), we arrive at the conserved Noether current (V - j = 0),

. oL
j=(=B+3i)MA) x Vg+ i\gB. (20)

Since the gauge function ¢ is arbitrary, we can define another conserved Noether current k

by
gk =7+ V x [(—B + %AA)g]. (21)
and find
k=-V x B+ \B. (22)

Now the Beltrami equation (2) gives k& = 0, so that the Noether current associated with
the helicity, AB, equals the Maxwell current J = V x B. As expected, there is only one
independent conserved current in the problem.

Computing the Noether energy-momentum tensor

. oL )
0 = —— V. A, — 5L
J 3(V¢Ak)vj k J

= (B, — INA)E"V ;A — 6% (3| B|* — $AA - B), (23)



we find that its divergence
Vi#'; = (=V x B+ AB)*V, A, (24)

vanishes for any solution of the Beltrami equation (2), which implies the conservation equa-
tion VZQZJ = 0.
We now derive the lower bound for the energy in terms of helicity and constant A [13].

We first integrate the Beltrami equation (2) once to obtain
V x A=AA+ Vo, (25)

where ¢ is an arbitrary scalar function in 2. We can now use the gauge transformation (5)

with ¢ = =X\ to replace (25) with
V x A=)\, (26)
which is of the same form as (2). Hence in this gauge B = AA, which gives
W =1)\H. (27)

Although (26) is not gauge invariant, its consequence, (27), is gauge invariant. We conclude
that the minimal value of the variational functional W — %)\H equals zero for any solution
of the Beltrami equation with constant A.

The field satisfying B = AA saturates the lower bound for the energy in terms of helicity
[13]. To derive this, we consider a non-local operator curl ™! acting on the space of divergence-

free vector fields. We use the Schwarz inequality

1/2 1/2
< {/||B||2d3$:| {/chrl_lBszg:B] (28)
Q Q

/ B-curl ' Bd®x
Q

and the Poincaré inequality

/chﬂ—lBde% < 0‘2/||B]|2d3x, (29)
Q Q

where C' > 0 is a certain constant depending on 2. Combination of the two inequalities

gives W > %C’ |H|. Finally, using the Rayleigh min-max theorem

B curl™ B < |l 1B, (30)

max



where

|lu|max = m3’X|/"La|? (3]‘)

curl ™' B, = 1B, (32)

we see that we can use C' = 2 || and find

max

W > Lt |H|. (33)

max

It is clear that the field satisfying B = AA saturates the bound (33) since in this case we
have |p| L = |\ and W = L || |H]|.

max

1
2
III. COVARIANT CASE

The proceeding non-covariant analysis is sufficient for the description of magnetic fields
in nonrelativistic plasmas. Generalizations to the electric case have been carried out [14]
and applied [15], but relativistic plasmas require a full covariant analysis. In particular, this
applies to Beltrami fields and helicity.

To deriving the covariant forms of equations obtained in the preceding section, we con-
sider Lorentzian (R%3, Q, z, V), where RY3 has a constant pseudo-Riemannian metric with
signature (1,3). The magnetic field B is now a part of the gauge field strength tensor F'.
Using

B; = L& ", (34)

)

we first write (1), (2), (4) in the form

FVFFy, =0, (35)
VjFij = %)\Eiijjk, (36>
IRV = 0, (37)
then setting
E; = Fy, (38)
€0ijk = Eijk; (39)
Ao = A, (40)



we arrive at the covariant form of (35), (36), (37),

EMVYF,, =0, (41)
VYEL = Leas\ F7, (42)
eM P E 5V, A, = 0. (43)

Covariantization requires that we identify non-covariant A with the time component of a

4-vector A. Note that the left-hand side of (43) vanishes identically if we set
VA =V, A, =0, (44)

The requirement (44) will appear later in the variational formulation of the problem.

Similarly to (2) implying (4) and (4) not implying (2) for V - B = 0, we have (42)
implying (43) and (43) not implying (42). However, although (1) and (2) are equivalent,
their covariant counterparts (41) and (42) are not equivalent; in fact, none of the two implies
the other.

In terms of the E and B fields, the time and space components of (41) become

E-VoE—E-(VxB)=0, (45)
E(V-E)+ B x (VoE) — B x (V x B) =0, (46)

the time and space components of (42) become

—V-E=X\-B, (47)
—VoE+V X B=NB+\XE, (48)

and (43) becomes
—B-V)\Q—FB'V())\—FEX(VX)\):O. (49)

Note that the left-hand side of (49) vanishes identically if we set VAg — VoA = 0 and
V x A =0, which combine to give (44).
A consistency condition is required for compatibility of (41) and (42) for arbitrary A.

Indeed, combining these equations, we find

Fe s\ FP = 0. (50)



Considering the values v = 0 and v = i in (50), yields \°F - B = 0 and \'E' - B = 0,
respectively. This requires the same consistency condition £ - B = 0 for each values of 7,

which we write in the covariant form
e PE,, Fog = 0. (51)

We could have arrived at the consistency condition £ - B = 0 also by noting that it is an
appropriate covariant form of the three-dimensional constraint £ = 0.

The covariant analogue of the energy W is the negative of the Maxwell action
W:/gﬂﬁwfm
Q
= [ R+ 31817) ', (52)

(We have introduced the sign difference in the definition of W so that the non-covariant W

is a limiting case of the covariant W.) As a covariant form of the helicity H, we propose

H() = = [ 3 (V1) A Fog d'a
- / H(Vof)(A-B) — Ay(B-Vf) — Vf - (A x B)|d'x, (53)

where f is an arbitrary scalar function in Q. (It will become clear in what follows why in
(53) we use A\, =V, f instead of a general \,.)

For a non-compact €2, convergence of the integral in (53) implies
A=0(||z|PP), |lzll = o0, p < —1- 34, (54)
where we assumed
F=00z[, llz] = oo (55)

for a certain ¢. Since F' = O(]|z||P™!), ||z|| = oo, convergence of the integral in (52) now
implies p < —1.

Our definition (53) is motivated by the following limiting case of covariant helivity H (f).
Suppose Q = [t1,ts] x ©, where ' C R?, and f is a function of 2° = ¢ only. It follows that

H(f) = / CH(1)(0f 0t dt, (56)



where H'(t) is the non-covariant helicity of the vector potential A;(¢,z). In particular, for

the conserved non-covariant helicity H', we find

H(f) = [f(t2) — f(t)] H, (57)
More generally, for an arbitrary f, (53) implies
H() = ()~ [ 3" AF o, (58)
o0
Ij](f) = / iguuaﬁfFuuFaB d4$a (59)
Q

which means that H(f) is a boundary term when consistency condition (51) is satisfied.

Under a gauge transformation
A, A, + Vo9, (60)

where ¢ is an arbitrary real-valued function in €2, the gauge invariance of W is obvious,

while the corresponding gauge transformation of the helicity is

H(f) — H(f) + /a 4T, g Fas o, (61)

Since we require gauge invariance of H(f), we set
[P, (Vo f) Fag) 5o = 0, (62)
where n is the 4-vector normal to 0€2. Using now (42) with A\, =V, f, we find

(VY Fl) pq = 0, (63)

which a covariant version of the boundary condition (10). For a non-compact €2, the asymp-
totic behavior F' = O(]|z|[P~1), ||z|| — oo ensures the gauge invariance of H(f) as well since
the boundary integral in (61) vanishes.

In terms of the £ and B fields, the boundary condition (63) becomes
[=n0(Vf - B) + (Vof)(n - B) + 1 (Vf X E)lyq = 0. (64)
In particular, for time-like and space-like hypersurface 02 we have

(Vf - B)ag = 0 for time-like 092, (65)
[(Vof)(n-B)+n-(VfxE),, =0 for space-like 0. (66)

We further emphasize the choice of the definition (53) by the following theorem.
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Theorem 1. Any extremal of the action functional W = [, 1F,, F*d*z subject to the
constraint 5””O‘BFH,,FQB = 0 and the boundary condition §A|sq = 0 satisfies the covariant
Beltrami equation VVF,,, = %5,“,@5)\”170‘5 for A, = V,.f, where f = f(x) is an arbitrary

function.

Proof. Any extremal of (52) subject to the local constraint (51) must be an extremal of the
functional W — %I:I (f), where f(z) is a space-time dependent Lagrange multiplier [16]. For

an arbitrary variation of the gauge potential 0 A, we find

(W —LH(f)) = /Q [~ (V. F") + 1e08(V , f) Fop] 0A, d'x
+ /m(F’“’ — 1P fF.5)0A, &Poy,. (67)
Using the boundary condition
dA|ga =0, (68)
we arrive at (42) with A\, = V, f, which proves the theorem. O

Note that A\, = V,f derived in the proof implies (44), which we have already seen as a
sufficient condition for (43) to be satisfied identically.
We now consider the covariant version of the conserved Noether current [17]. Equations

(11), (12), (16), (19), (20), (22) become

W= () = [ L0, (69)
Q
L(f) =1F, F" — LemP fF, Fog, (70)
OL(f) =0, (71)
oL
) = S oA (72)
JA(P) = (B = 1m0 £F,5) Vg, (73)
BA(f) = —V, P 4 Lemed (T, ) Fy (74)

Now using the Beltrami equation (42), we find £*(f) = 0, so that the Noether current
associated with the helicity, %E’WQB (V. f)Fup, equals the negative of the Maxwell current

Jr ==V, ,F". Asexpected, there is only one independent conserved current in the problem.
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The Noether energy-momentum tensor is

OL(f)
9”1/ f = VVAO' - 6“1/[/ f 5
(£) d(V,A,) (/)
= (FM7 — 3 fe" 7P Fog)V, Ay — 8, (1 Fap P — 3 fF5F ) (75)

and the corresponding energy-momentum 4-vector is

RS = [ o (76)

%uvz—/KaWW+%ww%fx+/ n-(E+ [B)A &0, (77)

Q o/

P(f) = — / (Ex B)idz+ | n-(E+ fB)A; d%, (78)
! BQ/

where we assumed Q = [t1,t5] X , Q' C R?. We set the boundary condition
n-(E+ fB)lagr =0 (79)

and obtain the relation P,(f) = P,(0) which is consitent with L(f)—L(0) being a topological
term. Also note that although 0*,(f) is not gauge invariant, the resulting P,(f) is.
To prove conservation of 6#,(f), we need to use the Beltrami equation. Indeed, in the

expression
Vﬂ@“y(f) = ((VﬂFﬂU) - %guoaﬁ(vuf)Faﬁ)vqu + %5a575(vuf)FaﬁF'y5a (80>

the first term on the right-hand side vanishes for any solution of (42) and the second term
vanishes due to the constraint (51). Since (51) follows from (42), we conclude that the

conservation equation V,6*,(f) = 0 holds for any solution of the Beltrami equation.

IV. NON-ABELIAN CASE

So far we have worked with Maxwell’s electromagnetism, which is an abelian gauge the-
ory. We anticipate applications of generalized helicity and Beltrami equation to non-abelian
theories as well. For example, in high temperature QCD with free quarks and gluons,
conservation of chromomagnetic and chromoelectric helicity could affect the dynamics by
restricting the evolution of configurations as the system cools. This could apply to a range

of situations from the early Universe to high energy nucleus-nucleus collisions at the LHC.
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Furthermore, at lower energy per particle the hadronization process will involve chromo-
electric fields confined to flux tubes and bags, so chromoelectric helicity conservation should
play a role in determining decays and final states.

To proceed, we choose a non-abelian gauge group G, its algebraic generators {7}, and
the corresponding structure constants {eq.} satisfying the commutation relation [1,,7}] =
eael©. The anti-hermitian generators are normalized according to tr7T,7T, = —d,. The
gauge field A, = A}T, and the field strength F},, = F T, are elements of the algebra of G,

and are related according to
F.=V,A -V,A,+[A, A (81)
We also need the gauge covariant derivative of the field strength,
DaFuy = VaFu + [Aa, Fl). (82)
Under a gauge transformation
A, —UTAU+U 'V U, (83)
where U is an arbitrary G-valued function in €2, we have

F,—U'F,U, (84)
DaF,uu — U_I(DQF;LV)Uv (85>

To generalize the results of the previous section to a non-abelian group G, we need to
ensure that all equations transform properly under the above gauge transformations. Such
generalizations are straightforward in most cases; for example, equations (41), (42), (43) are

replaced with

E'DF,, =0, (86)
D"F,, = 1e,ap\"FP, (87)
el P F sV A, = 0. (88)

We need to be careful, however, when generalizing (51). To derive the corresponding

equation, we first note that (86) and (87) lead to
Fe a8\ FP = 0. (89)
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Proceeding as in the abelian case by considering the values v = 0 and v = ¢ separately, we

arrive at

NE B + e NEEF =0, (90)
N (E'B; — B;E") — \’€*B; By, + N'B;E? =0, (91)

where G-valued electric and magnetic fields are

Ei = F’iOa (92)

Due to non-commutativity of the F and B fields, we cannot conclude from (90) and (91)
that E;B' = 0. However, taking the trace of (90) and (91), we arrive at the non-abelian

consistency condition tr E;B* = 0, which we write in the covariant form generalizing (51),
e P tr F,, Fop = 0. (94)

Equations (52), (53), (58), (59) become

W= / Lt B, F*d's, (95)
Q
H(f)=— / Lem el (W, f)tr (A Fap — 24, A, Ap) d'z, (96)
Q
HF) = A(f) - / Lo oy (A, Fas — 24, AuAs) do, (97)
o0
H(f) = / temob fr F, Fag d'a, (98)
Q

where the gauge invariance of H(f) requires the appearance of the well-known term cubic
in A.

For a non-compact §2, convergence of the integral in (96) for ||z|| — oo implies
A=O(||z|P"), |zl = 00, p<—1—13q, p<—1-3q, (99)
where we assumed
f=0(lzl), [lz]l = oo (100)

for a certain ¢. Since F' = O(]|z||P™"), ||z|| = oo, convergence of the integral in (95) now

implies p < —1.
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Under the gauge transformation (83), the invariance of (95) is obvious, while the corre-

sponding transformation of (96) is

H(f) = H(f) - /m e ftr Vo ((V,U)UTLA,) dPog

- /8 0 tetm f o UV, DU (VU UHVLU) dPos. (101)

We note two significant differences between (101) and its abelian counterpart (61).
First, vanishing of the first integral in (101) leads to a more restrictive boundary condition
than the similar procedure for (61). To see this, we evaluate the first integral in (101) for

an infinitesimal transformation with the gauge function
U=exp(g), g—0 (102)
and find

/ Eaﬁ,uuf tr Va((VuU)U_lA,,) d30'ﬁ — / %gaﬂp’y(v“f) tI‘g(Fya - [Am Aa]) d30'5 + 0(92)
o0

B
(103)
For the O(g) term in (103) to vanish for any g, we need to impose the condition
(e ng(Vuf) (Foa — [Av, Aa))) 4 = 0. (104)

Since the quantity (F,q — [A,, Aal)oq is not gauge invariant, we conclude that (104) requires
(Vif)oa = 0. (105)

Now the Beltrami equation (87) with A, = V,, f implies
(D"F)on = 0. (106)

Equations (105) and (106) are the boundary conditions needed for the invariance of H(f)
under transformations with the gauge function of the form (102). We see that the nonabelian
boundary conditions (105) and (106) are more restrictive than their abelian counterpart (63)

because (106) implies
("D"F) p0 = 0, (107)

which is the nonabelian generalization of (63), but (107) does not imply either (105) or
(106).
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Transformations with gauge functions that can be written in the exponential form (102)
(with g not necessarily small) are called small gauge transformations because they are homo-
topically equivalent to the identity transformation. Gauge functions for all other transfor-
mations, which are called large gauge transformations, cannot be written in the exponential
form (102) and are topologically nontrivial. This brings us to the second distinction of the
nonabelian case, namely, that the analog of the second integral in (101) does not appear in
(61). This term depends only on f and the gauge function U, and its independence from the
gauge field A is significant. Further note that the boundary condition (105) implies that f is
constant on the boundary 02, which leads to the second integral in (101) being a constant

times a topological invariant
n = / e ey U=V, U (V,U) U (VLU) dPogs. (108)
o9

The invariant n is the winding number of the mapping from 0f) into the gauge group G. If
00 ~ S? and G is compact, then n is an integer since the corresponding homotopy group of
maps 0Q — G is m3(G) ~ Z. However, if 982 is not topologically equivalent to S, than the
homotopy group might be different.

Even though the asymptotic behavior for A and f are fixed by (99) and (100), the integrals
in (101) can still diverge for a non-compact {2 unless we specify appropriate asymptotic

conditions for U. Without loss of generality, we assume
U==2I+0(x||"), ||z]] = oo, <0, (109)

where [ is the unit matrix. The plus-minus sign here corresponds to the two possible signs
of det U, which account for the cases of proper rotations versus rotations combined with
the inversion with respect to the origin. Vanishing of the first and second integral in (101)
implies 2p+qg+1r+2 < 0 and ¢+ 3r < 0, respectively. With the above conditions satisfied,
the helicity H(f) is invariant with respect to both small and large gauge transformations.

We can now prove the following analog of Theorem 1.

Theorem 2. Any extremal of the action functional W = [, 5 tr F,,, F*d*z subject to the
constraint e"*P tr FFas =0 and the boundary condition §Alsq = 0 satisfies the covariant
Beltrami equation D"F,, = 3,0\ F* for \, = V,.f, where f = f(z) is an arbitrary

function.
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Proof. Any extremal of (95) subject to the local constraint (94) must be an extremal of the
functional W — %I:I (f), where f(z) is a space-time dependent Lagrange multiplier [16]. For

an arbitrary variation of the gauge potential § A, we find

S(W — LE(f)) = /Q tr6A, (D, F* — 1c08(v, £ Fos) d'a
+ /8 ) tr 6 A, (—F* + 3" fFo3) d°a,,. (110)
Using the boundary condition
5Apq =0, (111)
we arrive at (87) with A\, =V, f, which proves the theorem. O

We now consider the nonabelian version of the conserved Noether current [17]. Equations

(69), (70), (71), (72), (73), (74) become

W —1LH(f) = / L(f) d*z, (112)
Q

L(f) = jtv Ey, (F* — 360 fFop), (113)

OL(f) =0, (114)

() = D) s, (115)

J*(f) = tr (F* = 1P fF,5)D,g, (116)

K'(f) = =Dy F™ + £e°P(V,, f) Fop. (117)

Similarly to the abelian case, using now the Beltrami equation (87), we find k*(f) = 0, so
that the Noether current associated with the helicity, %6‘“’0‘6 (V. f)F,zs, equals the negative of
the Yang-Mills current J* = —D, F*. As expected, there is only one independent conserved
current in the problem.

The Noether energy-momentum tensor is

OL(f)
0", (f) = ===~V A2 — 0" L(f),
= tr {(F" — L fePF,5)V, Ay — 0", (A Fap P — 1P fF 5F.5)} (118)
and the corresponding energy-momentum 4-vector is

RS = [ o (19)
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IR B e [ (B B (120
oY

Po(f) = _/
Pi(f)= —/,tr(E X B)id3x+/ tr{n-(E+ fB)A;} d*o. (121)

oY

where we assumed € = [t, 5] X €. We set the boundary condition

and, similarly to the abelian case, obtain the relation P,(f) = P,(0) which is consitent with
L(f)— L(0) being a topological term. Also note that although 6*,(f) is not gauge invariant,
the resulting P,(f) is

To prove conservation of 6#,(f), we need to use the Beltrami equation. Indeed, in the

expression
V0", (f) = tr { (D ") — 3e"°0(V , [) Fap) Vi Ay + 26°9°(V, f) FupFls } (123)

we see that the first term on the right-hand side vanishes for any solution of (87) and the
second term vanishes due to the constraint (94). Since (94) follows from (87), we conclude
that the conservation equation V,0%,(f) = 0 holds for any solution of the non-abelian

Beltrami equation.

V. CONCLUSIONS

We have generalized the magnetic helicity and Beltrami equation to relativistic and non-
abelian forms. In the process, we discussed various interconnected features associated with
these generalizations. In particular, we found that the helicity is related to the Chern-
Simons action and can also be viewed as a constraint requiring the vanishing of a generalized
instanton term.

Besides its theoretical appeal, the covariant formulation of the magnetic helicity and
Beltrami equation has an experimental advantage as well. It turns out that, for an ideal
nonrelativistic plasma, charges flow until the electric field are completely shorted out. In the
relativistic case, even for an ideal plasma, however, the current flow may not be able to keep
up, and so the electric fields do not necessarily always vanish. Some possible applications

of our results for the relativistic generalization of the Beltrami equation may be found for
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dynamos inside millisecond pulsars, pulsar and quasar atmospheres, collisions of plasma
shock waves with other shocks or gas clouds and nuclear fusion via laser confinement.

The generalization to the nonabelian case is straightforward but interesting since sev-
eral further features arise. We have already briefly mentioned a few systems where our
results could be useful. They may further apply to high energy QCD collisions ranging from
relativistic heavy ion collisions, where a liquid state has been suggested, to hadronization
processes in high energy elementary particle collisions. There may also be applications to
the prehadronic early universe. We hope to explore some of these topics in the future.

Explicit solutions of the covariant and non-abelian Beltrami equations are of particular

interest for applications, and we will address these elsewhere.

Appendix: Main results in terms of differential forms

It is well known that formulation of a gauge theory in terms of differential forms often adds
conceptual clarity and computational convenience. The generalized helicity and Beltrami
fields are no exception in this regard. Here we use differential forms to state our main
results for the non-abelian helicity and Beltrami fields. These should be sufficient for the
interested reader to easily fill out the remaining details and derive corresponding relations
for the abelian covariant and non-covariant cases.

Introducing the forms

A=A,dz", (A.1)
F=dA+ANA, (A.2)
F =1F,da" Adz, (A.3)
A=\, dzt (A.4)
we rewrite (86), (87), (88), (94) as
x FANDxF =0, (A.5)
DxF=\AF, (A.6)
FAd\N=0, (A7)
tr (FAF) =0. (A.8)
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Note that the left-hand side of (A.7) vanishes identically if we set dA = 0, which follows
from A = df found in the proof of Theorem 2.
The action (95) and helicity (96) become

W = / r (F A *F), (A.9)
H(f) /df/\tr(A/\F SANANA), (A.10)

while (97) and (98) become

H(f)=H(f) - mftr(A/\F—%A/\A/\A), (A.11)
:/thr(F/\F). (A.12)
Under a gauge transformation
A UTTAU + U U, (A.13)
F s UTLFU, (A.14)

the invariance of (A.9) is obvious and (101) becomes

H(f) — H(f) — . ftrd(dUU™" A A) — /m Lfte (dUUY AdUU™ AdUUTY). (AL15)

The boundary conditions (105), (106), (107) become

dfloa = 0, (A.16)
(D F)aa =0, (A.17)
(xn A D% F)agq =0, (A.18)

where n = n,dz*. For the Noether current (117) we have

k(f) = ku(f)dat, (A.19)
k(f)y=x(DxF —df \F). (A.20)

The Beltrami equation (A.6) now gives k(f) = 0.
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