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Abstract. We present various space-time regularity results for Maxwell’s equations.
The general results, valid for all Lipschitz domains, are optimal in the absence of
singularities. For singular domains that are invariant by translation or rotation, we
prove precise results by extending Grisvard’s singularity theory to Maxwell’s equations.

1 ‘Basic’ Results

Let 2 be a three-dimensional domain with a Lipschitz boundary I, n the unit
outgoing normal to I', X and Y the ‘natural’ spaces of electromagnetic fields

X =Hy(curl; 2) NnH(div; 2), Y =H(curl; 2)NHy(div;2).

1.1 The First-Order Formulation

Let ¢ and g¢ be the speed of light and the dielectric permittivity, ¢ and J the
charge and current densities. The Maxwell system consists of evolution equations

OE — c?curl B = —(1/g9) J, B+curlE=0 in2x]0,7T[, (1)
and constraint equations (divergence and boundary conditions)
divE = p/ep, divB =0in 2x]0,T[; Exn=0, B-n=0on I'x]0,T[. (2)
They are supplemented with initial conditions
E(0) = Ey, B(0) =By in {2, (3)
which, to be consistent, should satisfy the constraints, i.e.
div Eg = 0(0)/gg, divBy=0in 2; Eoxn=0, Bp-n=0onI. (4)
To have a well-posed problem, the charge conservation equation must hold:
divd + d0o=01in 2 x10,T7. (5)
Theorem 1. Assume J € C1(0,T;L%(2)) and (Eo,Bo) € Hop(curl;2) x

H(curl; 2). The problem (1,3) has a unique solution (E, B) € C°(0,T; Ho(curl; £2)x

H(curl; 2)) N CY(0,T; L2(2) x L2(2)). If, moreover, o € C°(0,T; L?(2))
satisfies (5) in the sense of D'(2 x 10,T[), and (Eo, Bo) satisfy (4), then the
constraints (2) are satisfied at any time and (E,B) € C°(0,T;X x Y).
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The proof is based on the semi-group theory [1] applied to the Maxwell evolution
operator associated to (1), whose domain is Hy(curl; £2) x H(curl ; 2) within
the pivot space L?(£2) x L2(£2).

1.2 The Second-Order Formulation
The two equations in (1) can be reformulated as:
OF = —(1/e0) 0yJ, OB = (1/eg)curld in 2x]0,T7, (6)

where (0 = 92 + c?curl curl . This model still needs the equations (2-5) plus the
extra initial condition:

WE|,_, = Ceurl By — (1/0) J(0), 8;B|,_, = —curl E; in 2. (7)
Theorem 2. Assume J € H'(0,T;L?(£2)) and (4-5) hold, with ¢ € C°(0,T; L?(£2)).
Then the problem (6,3,7) has a unique solution (E,B) € C°(0,T; X x Y) N
CH(0,T;L2(2) x L2(£2)). Moreover, it is equivalent to the first-order system.

The key argument is the Lions—Magenes theory [2], which is applied to a varia-
tional setting of (6,3,7) in the same spaces as in Theorem 1.

2 Decomposition into Regular and Singular Parts

It is well known [3] that, when the domain 2 is smooth or convex, the regularity
of the spaces X and Y is exactly H'. Thus the results of Theorems 1 and 2 are
optimal in terms of C*(0,T; H*({2)) regularity, for a, s > 0.

Now, when {2 is singular, i.e. neither smooth nor convex, X and Y are gen-
erally not included in H*(£2). The interesting point is that the regularised sub-
spaces Xg = X NHY(), Yr = Y N HY) are closed within the natural
spaces [4-6]. Thus we introduce direct-sum decompositions as follows

X=Xrp®Xs, Y=Yr®Yg,
and we split the fields (E(t), B(t)) onto them as
E(t) = Er(t) + Es(t), B(t) = Brg(t) + Bs(1). (8)
It stems from the smoothness of projections onto closed subspaces that:

Theorem 3. Under the hypotheses of Theorems 1 or 2, there holds:

(ER,BR) S OO(O,T;XR X YR) and (Es,Bs) S CO(O,T;XS X Ys)
This result is of little practical use for a general 3D domain, because the singular
spaces Xg, Yg lack so far a practical description, even though some interesting
characterisations of them are known [5,7].

On the other hand, a much clearer picture appears when the Maxwell equa-
tions can be reduced to two-dimensional problems, i.e. in presence of an invari-
ance by translation or by rotation. Namely, under this condition:

e The singular spaces are finite-dimensional and explicit bases are known.
e There exists a simplified Hodge decomposition of the fields in X and Y.
e Precise regularity results are available for solutions to scalar wave equations.
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3 Case of a Cylindrical Domain: Cartesian Geometry

3.1 Dimension Reduction and Basic Results

We assume that: (i) 2 = w x R, with w a (curvilinear) polygon in the (z,y)
plane; (i) (o, J) and (Eg, Bg) are invariant by translation in the direction z.
This induces the invariance in z of the solution (E,B), which in turn allows
the decoupling of the system (1-2) into two first-order systems. The TE mode
links E| = (E,, Ey) and B,, and the TM mode links B, and E,. If we denote
I' =~ xR, and v, T the normal and tangent vectors to ~, we have:

TE: O,E, —ccurl B, = —J /ey, O:B.+10tE; =0inw x]0,T[, (9)
divE; =p/eoinw, E - -7=0o0nn~". (10)
TM: 0;B) +curlE, =0, O,E.—c*rot By = —J./eoinw x ]0,T[, (11)
divB, =0inw, B, -v=0and E,=0on 1. (12)

These TE and TM modes can be rewritten as fully decoupled second-order
systems similar to (6). X and Y are redefined as:

X = Hy(rot;w) NH(div;w), Y =H(rot;w)NHg(div;w).
With these modifications in the hypotheses of Theorems 1 and 2 there holds:

(E|,B.) € C°0,T;X x H'(w)/R)nC*(0,T; L?*(w) x L*(w)/R); (13)
(B.,E,) € C°0,T;Y x H}(w)) N CH0, T; L*(w) x L*(w)). (14)

We notice that the z-components are reqular in space. Now we focus on the
transversal components, for which the splitting (8) yields:

dim X g dimYg

E ()= Er(t)+ Y rf(D)as, Bi(t)=Bgrt)+ Y rZ1)ys. (15)
k=1 k=1

Here, the dimension of Xg and Yg is nc, the number of reentrant corners
in w; k, (resp. y%,) is the basis function of Xg (resp. Yg) associated to the
k-th reentrant corner. (See [4,7] for explicit expressions.) The space regularity
of the fields depends on that of %, and y%,. Indeed, if 7/, denotes the angle
at the k-th reentrant corner, and amnin, and amax the least and the greatest of
the ap, 1 < k < ne, then X € H*(w) and Y C H*(w) iff s < aumin. On the
other hand, the time regularity of E, B depends on those of the regular parts
Er, Bpr and of the singularity coefficients k.

3.2 Hodge Decomposition of the Electromagnetic Field

Independently of the splitting (8), we introduce the Hodge decomposition for E | :

E,(t) = —grad V(t) + curl W (). (16)
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It can be easily proven that, if E, (t) € X, V(¢) and W(t) are unique provided
they are chosen within the ‘natural’ spaces of potentials defined as

¢={¢€Hﬁwwﬂ¢€L%w}ﬂvz{weH%Wﬂ%AweL%w,&wu=0}
and that they satisfy, under the hypotheses of Theorems 1 and 2:
(V,W) € C°0,T;® x W)NCH0,T; Hy(w) x H'(w)/R). (17)

The regular subspaces are defined as ®r = ® N H%(w), W = WN H?(w); they
are closed, their codimension is equal to n¢o, and explicit bases (b’g*, 1/)’5* of the
singular complements are known [8]. Thus we have the splittings:

V(e)=Va(t) + 3 s ()¢5, W) =Wr(t)+ 3 s (5. (18)
Moreover, it is possible [7] to choose the various singular bases such as to have:
KE®) =r) () +r) (1), k=1,...,nc. (19)

Similar (and simpler) results hold for B, which has no gradient part.

3.3 Reduction to Scalar Problems
Simple computations show that V' (¢) is solution to the elliptic problem
—AV(t) = o(t)/ep in w, V(t) =0 on ~, (20)

at any time ¢, while W (t) is a solution to the hyperbolic problem

OEW — AW =0, f inw x )0, T[, 0,W =0o0n~vx]0,T[, (2la)

W(0) =Wy, OW|,_o=W:inw. (21b)
where the right-hand side 0;f and the initial conditions Wy, W7 satisfy
curl f = —J | +0;gradV, curlWy = Ey, +gradV(0), W; = c*By.+ f(0).

Thanks to (17), W can be identified to the strong solution of (21a-21b) if 9, f €
LY(0,T; H'(w)). This is equivalent to J, € W1(0, T; L*(w)).

Theorem 4. Under the hypotheses J; € Wh1(0,T;L?(w)) and
o € O%t—amax=¢(0 T L?(w)), there holds for any e, € > 0:

E € OO moma=e(0, T; Homn = (w)?),  kf € O%1=oma=c(0, T;R).  (22)
PROOF: The solution W to the scalar wave equation satisfies [8, Thm 5.3.1]
Wy € QO ama—e((, T Fltomatd(y)) gV e COl-oma=c(0 T;R), Ve >4 > 0.

Moreover (20) implies V € CO1=@max=¢((, T'; ®), hence: Vi € C%1=max=¢((, T; dg),
Ky € CUl=amax=¢(0 T;R). So, by (19), (18) and (15) we have

K/kE c Co7l_amax_5(R)7 EJ_ c Coxl_amax_f(()’T; Hamin_e/ (w))

We recall that the space regularity Homin—¢' (w) is optimal. For the z-component,
there holds by interpolation: E, € C%1=aminte (T Homin=¢ (y)); hence (22).
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Similarly one can prove:

Theorem 5. IfJ, € L'(0,T; H}(2)), then B € COl=max—¢(0, T; Homin=¢ ()3)
and kP € CO1=omax=¢(0, T, R).

4 Case of an Axisymmetric Domain

Now we assume that (i) {2 is an axisymmetric domain generated by the rotation
of a polygon [6]; (ii) (o, J) and (Ey, By) are invariant by rotation in the direc-
tion #. This induces the invariance in 6 of the solution (E, B). The results of
Section 3 remain qualitatively valid [6,9]: the decoupling of components concerns
E,, = (E,, E.) and By on one hand, B,, and Ey on the other hand.

The dimension of Yg is n 4, the number of reentrant circular edges in §2; that
of Xg is na + np, where np is the number of sharp conical vertices, i.e. those
whose angle is greater than the value 7/3, defined by P /5(cosm/f,) = 0, where
P, denotes the Legendre function. For any sharp vertex one defines v as the
unique v € ]0,1/2[ such that P,(cosw/Br) = 0; then omin and opax are the
minimum and maximum of the set {ag, 1 <k <mna;vp+1/2, 1 <k<np}.

Theorem 6. IfJ,, € WH1(0,T; L%(£2)), then for a reentrant edge, resp. a sharp
vertez: kY € CO1=2=¢(0,T; R), resp. Kt € CO1/2=ve=¢(0,T; R), Ve > 0.
Moreover, if Jg € L?(0,T;H}(£2)) then k2 € C%'=2+=<(0,T; R). And the
electromagnetic field satisfies for any e, ¢’ > 0:

(E,B) € CO1=0max=¢((, T; Homin=¢ (2)) x COl=max—¢ (0, T; Homin=¢ (£2)).
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