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Does the divergence and curl uniquely determine the vector?

A problem posed in the ece1228 problem set was the following

Helmholtz theorem.  Prove the first Helmholtz’s theorem, i.e. if vector M is defined by its divergence
V- -M=s (1.1)

and its curl
VxM=C (1.2)

within a region and its normal component M;, over the boundary, then M is uniquely specified.

Solution.  This problem screams for an attempt using Geometric Algebra techniques, since the gra-
dient of this vector can be written as a single even grade multivector
VM=V -M+IV xM=s+IC. (1.3)

Observe that the Laplacian of M is vector valued
V2M = Vs+IVC. (1.4)

This means that V.C must be a bivector VC = V A C, or that C has zero divergence
VvV.C=0. (1.5)

This required constraint on C will show up in subsequent analysis. An equivalent problem to the
one posed is to show that the even grade multivector equation VM = s + IC has an inverse given the
constraint specified by eq. (1.5).

Inverting the gradient equation. —The Green’s function for the gradient can be found in [1], where it is
used to generalize the Cauchy integral equations to higher dimensions.
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The inversion equation is an application of the Fundamental Theorem of (Geometric) Calculus,
with the gradient operating bidirectionally on the Green’s function and the vector function
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The integrals are in terms of the primed coordinates so that the end result is a function of x. To
rearrange for M, let d°x’ = IdV’, and d*>x'f(x') = IdA’, then right multiply with the pseudoscalar I,
noting that in R3 the pseudoscalar commutes with any grades
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This can be decomposed into a vector and a trivector equation. Letr = x — x' = rt, and note that
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so this pair of equations can be written as
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Trivector grades. ~ Consider the last integral in the pseudoscalar equation above. Since we expect no
pseudoscalar components, this must be zero, or cancel perfectly. It’s not obvious that this is the case,
but a transformation to a surface integral shows the constraints required for that to be the case. To
do so note
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Using this and the chain rule we have
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The divergence of C above was killed by recalling the constraint eq. (1.5). This means that eq. (1.10b)
can be rewritten as entirely as surface integral and eventually reduced to a single triple product
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Final results. Assembling things back into a single multivector equation, the complete inversion
integral for M is
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This shows that vector M can be recovered uniquely from s, C when [M|/r? vanishes on an infinite
surface. If we restrict attention to a finite surface, we have to add to the fixed solution a specific
solution that depends on the value of M on that surface. The vector portion of that surface integrand
contains
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The constraints required by a zero triple product V' - (M(x') x fi(x')) are complicated on a such

a general finite surface. Consider instead, for simplicity, the case of a spherical surface, which can
be analyzed more easily. In that case the outward normal of the surface centred on the test charge
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point x is i = —#. The pseudoscalar integrand is not generally killed unless the divergence of its
tangential component on this surface is zero. One way that this can occur is for M x fi = 0, so that
—(#AM), = M = (M - A)A = M.

This gives
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or, in terms of potential functions, which is arguably tidier
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Commentary — Iattempted this problem in three different ways. My first approach (above) assembled
the divergence and curl relations above into a single (Geometric Algebra) multivector gradient equa-
tion and applied the vector valued Green’s function for the gradient to invert that equation. That
approach logically led from the differential equation for M to the solution for M in terms of s and
C. However, this strategy introduced some complexities that make me doubt the correctness of the
associated boundary analysis.

Even if the details of the boundary handling in my multivector approach is not correct, I thought
that approach was interesting enough to share.
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