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OPTIMAL METRIC REGULARITY IN GENERAL RELATIVITY
FOLLOWS FROM THE RT-EQUATIONS BY ELLIPTIC
REGULARITY THEORY IN L”-SPACES*

MORITZ REINTJEST AND BLAKE TEMPLE?

Abstract. Shock wave solutions of the Einstein equations have been constructed in coordinate
systems in which the gravitational metric is only Lipschitz continuous, but the connection I' and
curvature Riem(I") are both in L°°, the curvature being one derivative smoother than the curvature
of a general Lipschitz metric. At this low level of regularity, the physical meaning of such gravitational
metrics remains problematic. In fact, the Einstein equations naturally admit coordinates in which I"
has the same regularity as Riem(I") because the curvature transforms as a tensor, but the connection
does not. Here we address the mathematical problem as to whether the condition that Riem(T") has
the same regularity as I', or equivalently the exterior derivatives dI' have the same regularity as I,
is sufficient to allow for the existence of a coordinate transformation which perfectly cancels out
the jumps in the leading order derivatives of 6I', thereby raising the regularity of the connection
and the metric by one order—a subtle problem. We have now discovered, in a framework much
more general than GR shock waves, that the regularization of non-optimal connections is determined
by a nonlinear system of elliptic equations with matrix valued differential forms as unknowns, the
Regularity Transformation equations, or RT-equations. In this paper we establish the first existence
theory for the nonlinear RT-equations in the general case when I',Riem(I") € W™ P, m > 1, n <
p < oo, where I' is any affine connection on an n-dimensional manifold. From this we conclude that
for any such connection I'(x) € WP with Riem(I') € W™P m > 1, n < p < oo, given in -
coordinates, there always exists a coordinate transformation = — y such that I'(y) € W™TL.P, This
implies all discontinuities in m/th derivatives of 6" cancel out, the transformation z — y raises the
connection regularity by one order, and I' exhibits optimal regularity in y-coordinates. The problem
of optimal regularity for the hyperbolic Einstein equations is thus resolved by elliptic regularity theory
in LP-spaces applied to the RT-equations.
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1. Introduction. Existence theorems for the Einstein equations are established
in coordinate systems in which the equations take on a solvable form. In such coordi-
nates the metric may not exhibit its optimal regularity, that is, two degrees smoother
than its Riemann curvature tensor, or may lose its optimal regularity under time
evolution [9]. In this paper we give the first proof of existence of solutions to the
Regularity Transformation equations, (RT-equations), equations derived in [17] for
the Jacobian and transformed connection of the coordinate transformations that map
a gravitational metric in General Relativity (GR) to coordinates in which the metric
displays its optimal regularity.! This is a new approach to optimal metric regularity
in GR because, rather than imposing an apriori coordinate ansatz, (like harmonic
coordinates [6, 2] or Gaussian normal coordinates [11, 22]), and trying to establish
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regularity of solutions of the Einstein equations in those coordinates, our premise here
is that, in general, the coordinate systems of optimal regularity are too difficult to
guess apriori, or the Einstein equations too difficult to solve, and to find them, one
has to discover and solve equations for the coordinates themselves. In [17] the authors
accomplished their goal of deriving such a system of equations, the RT-equations. The
RT-equations are a system of elliptic PDE’s derived from a geometric principle, the
Riemann-flat condition, which the authors introduced in [16]. Authors’ motivation to
study optimal metric regularity in GR began by asking whether shock wave solutions
with Lipschitz continuous metric, proven to exist in Standard Schwarzschild coordi-
nates, might actually be one order smoother in other coordinate systems in which
the Einstein equations are too complicated to solve, [13, 14, 15, 16, 17]. This has led
us to a much more general theory of optimal regularity for solutions of the Einstein
equations based on the RT-equations. In Section 8 below we conjecture that without
resolving the problem of optimal regularity, the existence theory for the initial value
problem in GR is incomplete in each Sobolev Space, an issue at the foundation of the
initial value problem in General Relativity.

In this paper we apply elliptic regularity theory in L? spaces to give the first
proof of existence of solutions to the RT-equations. From this we deduce the following
theorem for geometry:

THEOREM 1.1. Let T be a connection and Riem(I") its curvature tensor given by
components F;k and R;‘kl in some coordinate system x defined in an open set 2 C R™.
Assume all components satisfy I‘;k, ;kl e W™P(Q) form>1,n<p<oo,n>2.
Then for each point q € Q) there exists a neighborhood Qy C Q containing q, and
a coordinate transformation x — y with J!' = g’g’; € WmtLr(Q,), such that, in
y-coordinates, the components of I' are bounded in W™H1P(Q,).

Theorem 1.1 applies to general connections, including metric connections of arbi-
trary metric signature, and is applicable to solutions of the Einstein equations with
arbitrary sources. The result does not rely on special properties of the Einstein equa-
tions. It establishes that no regularity singularities exist when the curvature is in
WP (c.f. [14]). Authors’ current research program is to extend this existence theory
for the RT-equations to Lipschitz continuous metrics, when I', Riem(I') € L*°, and
by this resolve the problem as to whether regularity singularities can be created by
shock wave interaction in General Relativity.?

Theorem 1.1 introduces a new point of view on solutions of the Einstein equations
of General Relativity: It tells us that it is sufficient to solve the Einstein equations in
coordinates in which the metric is only one order smoother than the curvature, allow-
ing for equations which are only first order in metric components. Then by Theorem
1.1 we know local coordinate transformations always exist which smooth the metric by
one order, to optimal regularity, two derivatives smoother than the curvature. Since
first order equations can be simpler than second order equations, Theorem 1.1 estab-
lishes that it is sufficient to solve the Einstein equations in coordinates in which the
equations are simpler, and the solutions are weaker, and conclude in general that once
the existence of weaker solutions is established, the stronger solutions with optimal
regularity are guaranteed. Indeed, the Einstein equations naturally allow for solutions
in which the metric regularity is only one level higher than that of its Riemann curva-
ture, and hence not optimal. For example, given a solution of the Einstein equations

2Since the writing of this paper, the L case has been resolved in [19] by extending the existence
theory for the RT-equations in this paper to the case of L°° connections.
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of optimal regularity, say with metric in W™*+2P and its curvature in W™P m > 0,
then applying a coordinate transformation with Jacobian in W™+LP  the resulting
metric is no longer optimal, being in W™*+LP with connection dropping to W™P,
and curvature remaining in WP, [17]. Theorem 1.1 establishes that this can always
be reversed in the case m > 1, n < p < oo, which is essentially one derivative above
the GR shock wave case Riem(I') € L>°. Theorem 1.1 guarantees that if in the time
evolution of any such GR solution of optimal smoothness, the regularity breaks down
by the metric losing one derivative relative to its curvature tensor, then this is only
a breakdown in the coordinate system, not in the geometry. This can be taken as a
new regularity principle for the numerical simulation of solutions in GR. In particu-
lar, excluding non-optimal solutions from the initial value problem when they exist
would lead to an incomplete picture of the solution space of the Einstein equations
in every regularity class, and hence an incomplete picture of the underlying physics,
(c.f. Section 8 below).

As an application, Theorem 1.1 resolves the problem of optimal regularity for
spherically symmetric solutions constructed in Standard Schwarzschild Coordinates
(SSC) in the case m > 1, n < p < oo (c.f. Section 8). Non-optimal shock wave
solutions constructed by the Glimm scheme in SSC, [9, 21], have T, Riem(T") € L,
and solving the RT-equations in this case of lower regularity remains an open problem.
The example of SSC tells us that the spacetime metric can be expressed in a simpler,
and more comprehensible form, within an atlas of coordinate systems in which the
gravitational metric is one order less regular than optimal. The RT-equations provide
an explicit algorithm, amenable to numerics, for constructing coordinate systems
which display the optimal regularity of such metrics. In the case of shock waves,
such transformations to coordinates of optimal regularity convert weak solutions of
G = kT, to strong solutions.

Theorem 1.1 resolves the problem of optimal metric regularity at the level of
connections and curvatures in WP m > 1, one order larger than the case L> (or
LP), applicable to shock wave theory in GR, [9, 13, 14, 15, 16, 17]. The case of L™
(or LP) curvature is the threshold between weak and strong solutions of the Einstein
equations, c.f. [14, 17]. However, even in the L°° case, the equivalence between
the existence of coordinate systems of optimal metric regularity and the existence of
solutions of the RT-equations still applies. There are two main obstacles to extending
Theorem 1.1 to the case of L*> curvature. First is the problem of Calderon-Zygmund
singularities, the central issue in the L case of elliptic regularity theory [17], and
second, the problem of handling nonlinear products in LP. Obstacles to solving the
RT-equations in the case of GR shock waves could lead to the discovery of new kinds
of regularity singularities in GR [14, 15]. The L case is the setting most intriguing to
the authors, and the problem of extending solutions of the RT-equations to the lower
regularity of L° (and L?) will be addressed in forthcoming publications. Theorem
1.1 demonstrates for the first time that determining optimal metric regularity by the
RT-equations works and the RT-equations bring elliptic regularity theory to bear on
the problem of optimal regularity in General Relativity.

The point of departure for this paper is Theorem 1.2 below, proven in [17], which
establishes the equivalence of the Riemann-flat condition with the solvability of the
RT-equations when I and dI' € W™P, for m > 1, n < p < 0o, (and hence Riem(I") €
WP by Morrey’s inequality (2.9) applied to the identity Riem(T') = dT' + T AT,
c.f. Section 2 below). By this we mean the components of I and dI" are functions in
W™P in some given, but otherwise arbitrary, coordinate system x. The Riemann-flat
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condition was derived in [16] as a condition on a given connection I' equivalent to the
existence of a local coordinate transformation which smooths the connection by one
order. The Riemann-flat condition states that there should exist a tensor I, one order
smoother than T', such that Riem(T" — f‘) = 0. It applies to connections down to the
lowest regularity I',dI" € L*°, and in this case the theorem in [16] states that there
exists a coordinate transformation with Jacobian .J which smooths the components
of T to C%! if and only if there exists a tensor I' € C%! such that Riem(I' —T) = 0.
It turns out that I’ agrees with the smoothed connections in the new coordinates.

The RT-equations, equations (1.1) - (1.4) below, were derived in [17]. The J and
' components of the RT-equations come from two equivalent forms of the Riemann-
flat condition, namely, Riem(I' —T') = 0 and dJ = J(I' = T"). In the derivation, these
two first order equations are converted into the RT-equations by use of the identity
A = dd + dd to re-express the first order equations as second order Poisson equations
in the Laplacian A of the Euclidean coordinate metric. These two equations are aug-
mented by a system of first order equations in auxiliary variables A to arrange for the
integrability condition Curl(J) = 9;J' — 9;J;' = 0, c.f. [17]. The resulting unknowns
in the RT-equations are then the matrix valued differential forms (T, .J, A) which have
the following meaning: J = J¥ is the Jacobian of the sought after coordinate trans-
formation which smooths the connection, viewed as a matrix valued O-form; I is the
unknown tensor one order smoother than I' such that Riem(I' — T') = 0, viewed as a
matrix valued 1-form, I = fﬁkdxk; and A = A% is an auxiliary matrix valued 0-form
introduced to impose Curl(J) = 0. Also, A= Al'dz® and J= J!'dz" are vector valued
1-forms, the vectorizations of A and J, introduced so that Curl(J) = d.J and the inte-
grability condition takes the form dJ = 0, which allows us to augment the above two
Riemann-flat conditions by an equation for A, resulting in the RT-equations, c.f. [17].
(Authors find the interplay between the interpretation of the Jacobian as a matrix
valued 0-form J, to re-express the Riemann-flat condition, and its interpretation as a
vector valued 1-form f, required to incorporate the integrability condition and close
the RT-equations at the correct regularity, very interesting.) The point of departure
for this paper is the following theorem, proven in [17].

THEOREM 1.2. Assume I' is defined in a fixed coordinate system x on §2, where
Q C R™ is a bounded open set with smooth boundary. Assume that T € W™P(Q) and
dl e W™P(Q) form > 1, n < p < oo. Then the following equivalence holds:

If there exists a coordinate transformation x — y with Jacobian J = % € Wmtlr(Q)
such that the components of I' in y-coordinates are in WmHLp(Q), then there eists
I e WmtLr(Q) and A € W™P(Q) such that (J,T', A) solve the elliptic system

AT = 6d(D — J~tdJ) +d(J 1 A), (1.1)
AJ =6(JT) — (dJ;T) — A, (1.2)
4 = dio(dJ AT) + di(J dT) — d({dJ;T)). (1.3)
6A =, (1.4)

with boundary data
dJ =0 on 0. (1.5)

Here v € Wm=LP(Q) is a vector valued 0-form free to be chosen.

Conversely, if there exists J € W™LP(Q) invertible, T € W™HLP(Q) and A €
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WmP(Q) which solve (1.1) - (1.5) in Q, then for each q € §, there exists a neighbor-
hood Q; C 2 of q such that J is the Jacobian of a coordinate transformation x — y
on Q, and the components of I' in y-coordinates are in W™T1P(Q,).

We call system (1.1) - (1.4) the Regularity Transformation equations, or RT-
equations. The principal parts are the Laplacian A = 831 + ... + 02, the exterior
derivative d, and the co-derivative 4, all taken with respect to the Fuclidean metric
in z-coordinates as an auxiliary Riemannian structure. By this, the RT-equations are
elliptic. The operations -, div and (- ,-) are introduced in [17] as special operations on
matrix valued differential forms, c.f. (2.1) - (2.5) below. Note that the vector valued
O-form v (which is free to be chosen) has been introduced in (1.4) so that (1.3)-(1.4)
takes the Cauchy-Riemann form dA = fs 6A = g. The consistency condition df = 0
is met in (1.3) because the derivation of the RT-equations shows the right hand side
is exact, (equation (1.3) is obtained by setting d of the “vectorized” right hand side
of (1.2) equal to zero, c.f. equation (3.40) in [17]), and dg = 0 holds in (1.4) because
ov = 0 is an identity for vector valued 0-forms v.

The RT-equations apply to connections of arbitrary metric signature, and in par-
ticular to solutions of the Einstein equations with arbitrary sources. In this paper
we establish the first existence theory for the RT-equations by proving existence of
solutions when I',dl' € W™P m > 1, n < p < oo. The proof is based on a new
iteration scheme which applies the linear theory of elliptic PDE’s at each stage, to
obtain solutions of the nonlinear RT-equations in the limit. The iteration scheme
approximates the first two RT-equations (1.1) and (1.2) component-wise by Poisson
equations and the third and fourth RT-equations (1.3) - (1.4) as Cauchy-Riemann
type equations (of form dA = f and 6A = g) by replacing the unknowns on the right
hand side of the RT-equations by the previous iterates; linear elliptic PDE theory
applies to both equations and provided the estimates required to prove converegence,
c.f. Section 2 below. A key insight for the proof was to augment the RT-equations by
ancillary elliptic equations in order to convert the non-standard boundary condition
Curl(J) = 0, which is of neither Neumann nor Dirichlet type, into Dirichlet data for .J
at each stage of the iteration, c.f. Section 3. By this, each iterate can be constructed
by applying standard existence theorems and elliptic regularity in LP spaces for the
linear Poisson equation. Our main existence theorem is the following:

THEOREM 1.3. Assume the components of T',dl' € W™P(Q) form >1,n<p<
00, n > 2 in some coordinate system x. Then for each q € Q) there exists a solution
(T, J, A) of the RT-equations (1.1) - (1.5) defined in a neighborhood Q0 of q such that
L e Wnthe(Q,), J € Wmthr(Q,), A € W™P(5,).

Theorem 1.1 follows directly from Theorem 1.2 together with Theorem 1.3, and
requires no further proof. (Observe that dI' € W™P is equivalent to Riem(T") € W™,
whenm > 1, n < p < co by Morrey’s inequality (2.9) applied to Riem(I') = dI'+T'AT,
c.f. [17].) The proof of Theorem 1.3 is the subject of the remainder of this paper.
This is a new application of the theory of elliptic regularity in L? spaces developed by
Agmon, Nierenberg and others in the 50, at the time connecting the new theory of
distributions to solutions of PDE’s [1]. Interestingly, the analysis of the RT-equations
requires LP spaces, and this cannot be replaced by the simpler L? theory because of
non-linear products, nor by a Green’s function approach which would require higher
regularity. Most interesting to us is that one can address the problem of optimal
regularity of solutions of the hyperbolic Einstein equations by elliptic regularity theory
alone.
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The structure of this paper is as follows: In Section 2 we give preliminaries and
state the results we require from elliptic regularity theory in LP spaces. In Section 3
we show how to augment the RT-equations by ancillary equations in order to reduce
the boundary condition (1.5) to standard Dirichlet data. In Section 4 we set up the
iteration scheme and we introduce a small parameter € into the RT-equations to handle
the non-linearities. In Section 5 we outline the proof of convergence of our iteration
scheme for the € rescaled RT-equations. Section 6 contains the detailed proofs of
the technical lemmas stated in Section 5 from which the proof of convergence of the
iteration scheme is deduced. In Section 7 we complete the proof of Theorem 1.3, by
proving that the e rescaled RT-equations can always be obtained by restricting to small
neighborhoods. In Section 8 we discuss the initial value problem, and an application of
Theorem 1.1 to spherically symmetric solutions of the Einstein equations in Standard
Schwarzschild Coordinates.

2. Preliminaries. The point of departure for this paper is authors’ prior paper
[17], and we refer the reader to this for more details on notation, motivation, and
background. We now recall several definitions and identities from Section 2.1 in [17].
To begin, recall that we work in a fixed (but arbitrary) coordinate system = defined
on n-dimensional bounded open set 2 C R™ with smooth boundary. The unknowns in
the RT-equations are matrix valued differential forms. By a matrix valued differential
k-form A we mean an (n x n)-matrix whose components are k-forms, and we write

11 <...<i

for (n x m)-matrices A;,. ;. that are totally anti-symmetric in the indices i1, ..., i, €
{1,...,n}. We define the wedge product of a matrix valued k-form A with a matrix
valued I-form B = Bj, _jdz/* A ... Adz’! as

AAB= U—Z'Ailmik-Bﬁ,,,jl dzt A A dz A dadt A LA dat (2.2)
where the dot denotes standard matrix multiplication. Note the wedge product of a
matrix valued k-form with itself is non-zero unless the component matrices commute,
which is the main difference between matrix valued and scalar valued differential
forms. The exterior derivative d and its co-derivative ¢ are defined component-wise
on matrix-components, with respect to the Euclidean metric in z-coordinates, so all
properties of d and § on scalar forms carry over to matrix valued forms. In particular
the Laplacian A = dd+dd acts component-wise on matrix- and on k-form components
and, in fact, A is identical to the Laplacian of the Euclidean metric in z-coordinates,
A =092 + ...+ 02.. The exterior derivative satisfies the product rule

d(ANB)=dAAB+ (-1)"ANdB, (2.3)

where A € WHP(Q) is a matrix valued k-form and B € W1P(€) is a matrix valued
j-form, (c.f. Lemma 3.3 of [17]), which implies for a matrix valued 0-form J that

d(J7NdJ) =d(JYAdT =T dI AT (2.4)
Regarding the co-derivative §, we require the following product rule

O(Jw) = J-dw + (dJ;w) (2.5)
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where J € W2P(Q) is a matrix valued 0-form, w € W2P(Q) a matrix valued 1-form,
and where (- ;) is the matrix valued inner product defined on matrix valued k-forms
A and B by,

(A;B)y = Z Al;ilmikBgil...ik' (2.6)

i1 <...<ip

So (A ;B) converts two matrix valued k-forms into a matrix valued O-form. As
shown in [17], the Riemann curvature tensor is a matrix valued 2-form and is given
by Riem(I') = dI' + T AT in z-coordinates.

The two operations which convert matrix valued differential forms to vector valued
forms on the right hand side of (1.4) are vec and vec — divergence. First, vec converts
matrix valued O-forms into vector valued 1-forms by the operation, (c.f. (2.20) of

[17]),
Ar = Aldat, (2.7)

The opeﬂion vec — divergence converts matrix valued k-forms A into vector valued
k-forms div(A) by the operation

(ﬁ/(A)a = Z@l((Ala),;lmik)dzil Ao Adzt®.
=1

For a matrix valued 1-form w and a matrix valued O-form J, Lemma 2.4 of [17] gives
the important identity

d(5(Jw)) = div(dJ Aw) + div(J-dw), (2.8)

which is crucial for the regularity to close in the RT-equations, c.f. Section 1 in [17].

We denote by || - [lwm.»q) the standard W™ P-norm, defined as the sum of the
LP-norms of derivatives up to order m [7]. (We often write 9™ for such derivatives in
place of multi-index notation.) When applied to matrix valued differential forms w,
l|lw|[wm.» () denotes the sum of the W™ P-norm applied to all matrix- and differential
form-components of w. Theorems 1.2 and 1.3 apply to connections in the space W™ P
for m > 1, p > n, because for these parameter values, Sobolev’s theorem implies that
WLP(Q) is embedded in the space of Holder continuous functions C%(€2). Namely,
for p > n Morrey’s inequality gives

1o < CarllFllwroey, (2.9)

where o = 1— % and Cpy > 0 is a constant only depending on n, p and € [7]. Morrey’s
inequality (2.9) extends unchanged to components of matrix valued differential forms.

We finally summarize the estimate we use from elliptic theory. We assume
throughout that m > 1, 1 < p < co, n > 2 and that 2 C R" is a bounded domain,
simply connected and with smooth boundary. In fact, one could assume without loss
of essential generality that 2 is a ball in R™. Our estimates are based on the follow-
ing theorems, which extend to matrix valued and vector valued differential forms by
component-wise application.

THEOREM 2.1 (Elliptic Regularity). Form > 1,1 <p < oo, let f € Wm=1P(Q)
and ug € WmTLP(Q), which we both assume to be scalar functions. Assume u €
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WmHLP(Q) solves the Poisson equation Au = f with Dirichlet data ug in the sense
that uw — ugy € Wol’p(Q).?’ Then there exists a constant C > 0 depending only on €2,
m,n,p such that

lllws.ooy < C (I lwr-snqey + luollwrsoqe)- (2.10)

Equation (2.10) is the basic estimate of elliptic regularity theory in LP spaces, c.f.
Lemma 9.17 in [8] for a special case (m = 1, ug = 0) which we extend in Section A to
prove (2.10). Estimate (2.10) is required to prove convergence of our iteration scheme
introduced in Section 4.2 below. Our analysis of the iteration scheme also requires an
existence theory for Dirichlet problems for the Poisson-type equations (1.1) - (1.2),
which we apply component-wise. This is provided by the following existence theorem
by component-wise application to the equations for I' and J, c.f. Theorems 9.15 and
9.19 in [8].

THEOREM 2.2. Form > 1,1 <p < oo, let f € W™ LP(Q) and ug € WmTLP(Q)
both be scalar functions. Then there exists a unique solution u € W™TLP(Q) which
solves the Poisson equation

Ay = f in

with Dirichlet data uw =g on 9 in the sense that u — ug € Wy ().

The estimate corresponding to (2.10) for first order equations is given by Gaffney’s
inequality, (c.f. Theorem 5.21 in [5]), needed to address the first order equations (1.3)-
(1.4) in the proof of convergence of our iteration scheme.

THEOREM 2.3 (Gaffney Inequality). Let u € W™TLP(Q) be a scalar valued k-
form,m>0,1<k<n—1,n>21<p<oco. Then there exists a constant C > 0
depending only on 2, m,n,p, such that*

s @y < C (lldulwnniey + [ulwmniy + el e, ) (20)

Our analysis of an iteration scheme below requires an existence theory for the
first order Cauchy-Riemann type equations (1.3) and (1.4) of the RT-equations (1.1)
- (1.4), the case when A is a 1-form. For this we are free to impose whatever boundary
conditions are sufficient for a suitable existence theory. The following special case of
Theorem 7.4 in [5] provides the existence theorem required to address the first order
system, equations (1.3) - (1.4), in our iteration scheme.

THEOREM 2.4. (i) Let f € W™P(Q) be a 2-form with df =0, m >0, n > 2,
1 < p < oo. For simplicity, assume further that f = dv for some 1-formv € W™P ().
Then there exists a 1-form u = u; dz* € W™HLP(Q) which solves

du=f and Jdu=0 in  Q, (2.12)

3The space W(} "P(Q) denotes the closure of C§°(€2), the space of smooth functions with compact
support, with respect to the W1P-norm.
4Note that the boundary term in (2.11) can be further estimated by the trace theorem as

”u||W""+17%’p(BQ < Cllullyym+1,p (g, Providing an estimate closer in form to (2.10).
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together with the boundary condition
u-N=0 on 0f, (2.13)

where N is the unit normal on 09 and u-N = u; N*. Moreover, there exists a constant
C > 0 depending only on , m,n,p, such that

lullwmtro) < Cllfllwme)- (2.14)

(13) Let f € W™P(Q) be a 1-form with df = 0. Then there exists a 0-form u €
WmHLP(Q) such that du = f and u satisfies estimate (2.14).

Proof. Part (i) is a special case of Theorem 7.4 in [5] for 1-forms with zero
boundary conditions. Namely, our assumption df = 0 together with zero boundary
data, (wgp = 0, following notation in [5]), directly gives condition (C1) of [5, Thm
7.4]. The first equation of condition (C2) of [5, Thm 7.4] follows trivially from our
assumptions, (¢ = 0 and wp = 0 in the notation of [5]). The second equation in (C2),
that [,(f; ¥) = 0 for any harmonic form ¥ (i.e. §¥ = 0) with vanishing normal
components (i.e. N-¥ = 0) on the boundary (¥ € Hy in the notation of [5]), follows
by application of the integration by parts formula [5, Thm 3.28] for differential forms
to f = dv,

/Q<f§‘1’>L2:—/Q(v;é\IJ>L2+/m<v;N~\P>:O.

Theorem 7.4 in [5] now yields the existence of a solution u € W™+ LP(Q) to (2.12) -
(2.13) satisfying estimate (2.14).

Part (ii) of Theorem 2.4, can be thought of as a version of Theorem [5, Thm 7.4],
in the special case of 0-forms, which does not require condition (C2) by abandoning
boundary data. That is, we seek a 0-form u solving the gradient equation du = f
such that estimate (2.14) holds. (No boundary data is required for our purposes). To
begin the proof, observe that a solution u € W™T1P(Q) of du = f, in the case m > 1,
is given by the path integral

u(z) = /Tf -dF + ug (2.15)

along any differentiable curve connecting xg and x, where zy € ) is some point we
fix, and the constant ug is the value of w at xg, which is free to be chosen. Note, since
df = 0, the integral (2.15) is path independent, as can be shown by applying Stokes
Theorem to integration of df over the region enclosed by two curves connecting xq
and x. To prove the sought after estimate we choose u such that the average of u is
zero, then Poincaré’s inequality [8, Eqn. (7.45)] implies that [jul|zr0) < C|f]lzr()
for a suitable constant C' > 0. Thus, since ||dul|z»(q) = || f| Lr(q) follows directly from
du = f, we have

[ullwrr@) < CllfllLe - (2.16)

Estimate (2.14) follows by suitable differentiation of du = f and application of esti-
mate (2.16). Existence of a solution u to du = f in the case m = 0 follows again
from (2.15) by mollifying f, and using that this mollification is controlled by estimate
(2.16). This completes the proof of Theorem 2.4. O



208 M. REINTJES AND B. TEMPLE

3. Reduction to standard Dirichlet boundary data. To prove Theorem
1.3 we introduce an iteration scheme to construct approximate solutions of the RT-
equations (1.1)-(1.5), introduce a small parameter to handle the nonlinearities, and
apply standard results on elliptic regularity in LP spaces to obtain convergence to-
gether with the sought after levels of smoothness. One of the main technical issues is
how to handle the non-standard boundary condition (1.5), which is neither standard
Neumann nor Dirichlet data for the PDE (1.2) which determines J. We now intro-
duce a reformulation of the boundary condition (1.5) for the J equation (1.2), (the
only boundary condition specified by the RT-equations), as an equivalent implicit
boundary condition, which has the advantage that it reduces to standard Dirichlet
conditions for J at each level of our iteration scheme introduced in Section 4.2.

So assume (T, J, A) is a solution of the RT-equations, and write (1.1) - (1.4) using
the following compact notation:

(T ) (3.1)
AJ = F( : ) (3.2)
dA = dF(T,.J) (3.3)
6A =, (3.4)

where F(I', J) is the vectorized version of F(T',.J), so that dF(T', .J) is identical to the
right hand side of (1.3), c.f. the derivation leading to equation (3.40) in [17]. Now
(3.3) implies the consistency condition

_ /f) =0,

so that we can solve
d¥ = F(T,J) - A
(E.0)- 4 .
0¥ =0,
for a vector valued function ¥, (c.f. Theorem 7.4 in [5]). Let y then be any solution
of

Ay =1. (3.6)

Now we claim that in place of the Poisson equation (1.2) for J with the boundary
condition (1.5), it suffices to solve the boundary value problem®

AJ=F([,J)—A in Q,
J = dy on 0f.
To see this, observe that
Ady=dAy=d¥ =F —A=AJ, (3.9)

which uses that, after taking vec on both sides of the J-equation (3.7), the opera-
tion vec commutes with A on the left hand side (3.7) because the Laplacian acts
component-wise. Thus,

A(J—dy) =0 in €,
J—dy=0 on 09, (3.10)

5 Assigning J on 99 is the same as assigning J on 9 because both contain the same component
functions, and as in theorem 2.2 boundary data is assigned in the sense that J— dy € W P(Q).
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which implies by uniqueness of solutions of the Laplace equation that J = dy in Q.
Since second derivatives commute, we conclude that

=

dJ =Curl(JY=0 in Q, (3.11)

on solutions of (3.7) - (3.8), as claimed. The point of using (3.8) in place of (1.5)
is that dy can be determined at the k-th step of an iteration scheme in which the
(k + 1)-st iterate is determined by (3.7) - (3.8), c.f. Section 4. In this setting, (3.8) is
standard Dirchlet data for J. The equivalence between the boundary conditions (1.5)
and (3.8) is recorded in the following theorem.

PROPOSITION 3.1. Assume J € W™HLP(Q) is invertible, and assume J, T €
WmHLe(Q) and A € W™P(Q) solve (1.1) - (1.4), where m > 1, p > n. Then the
boundary condition (1.5) holds if and only if

J=dy on 09, (3.12)

for some y satisfying (3.6).

Proof. The argument between equations (3.1) and (3.11) proves that the boundary
data (3.12) implies that d.JJ' = 0 holds everywhere in Q. By Sobolev imbedding (for
p > n), d.J is Hélder continuous on the closure of ©, (c.f. (2.9) below), so that we
can restrict d.J to the boundary 0f2 which gives the sought after boundary condition

1.5).

( )To prove the inverse implication, assume that (J,f‘,A) solves the RT-equations
(1.1) - (1.4) with boundary data (1.5). Lemma 3.7 in [17] then implies that d.J = 0
in 2 so that one can integrate J to some coordinate function y, i.e. dy = J. Defining
U = Ay, it follows from J solving (3.7) that

AV = dAy = Ady = AT =AJ D F_ A

Thus ¥ satisfies (3.5), while (3.6) holds by the above definition of ¥. So restriction of

dy = J to 0 gives the sought after boundary data (3.12). This completes the proof
of Proposition 3.1. O

4. The iteration scheme. In this section we introduce our iteration scheme for
approximating solutions of the RT-equations. We begin by setting up our iteration
scheme in terms of the extended RT-equations (1.1) - (1.4) and (3.5) - (3.6) with
standard Dirichlet data (3.8) in a non-technical way. In Section 4.1, we introduce
a small parameter ¢ > 0 into the RT-equations, (by smallness of the coordinate
neighborhood), which allows us to estimate the non-linearities on the right hand side
of the RT-equations and prove convergence of the iterates for sufficiently small € > 0 in
Section 5. In Section 4.2, we introduce our iteration scheme in terms of the e-rescaled
RT-equations and prove its well-posedness. Throughout the remainder of this paper
we take

v=0

n (1.4), fixing the freedom to choose v € W™~1P(Q). We assume a given connection
T of suitable regularity, defined in a given coordinate system x in an open and bounded
set 2 C R™ with smooth boundary. To define the iteration by induction, it suffices to
start with given (T, Jo), show how to construct A;, T'; and J; from (g, Jy). This
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then tells us how to construct (Ak+17f‘k+17Jk+1) from (f‘k7Jk) for each kK > 1 by
recursion. R
So assume 'y, and Jj, are given for some k > 0. Define Ay, as the solution of
A1 = dF (T
dApr1 = dEF(Lk, Ji), (41)
5Ak’+1 = 07

for A1V = 0 on 052, where N is the unit normal vector of 9 which is multiplied to
the matrix Ag1. Our iteration does not require to assume Ay, since Ay is defined
in terms of T'y and J;, alone. Note, our choice of boundary data in (41)and v =0
was made so that Theorem 2.4 applies to give existence.

To introduce the Dirichlet data for J;1, we first define the auxiliary variables
Y41 and yg41, for which we again do not require the previous iterates ¢, and yi. So

use the identity d(F(Ly, Ji) — App1) = 0 of (4.1) to solve

o~ —_—
d\I/k+1 :F(Fk,Jk) 7Ak+1, (4 2)
§Wpi1 =0, '
and then solve
Aygy1 = Ppaa, (4.3)

where for (4.2) and (4.3) any convenient boundary condition can be implemented; we
only require the boundary data for the elliptic estimates (2.10) and (2.11).

Now, define Ji41 to be the solution of the following standard Dirichlet boundary
problem,

_ —
Adgsr = F(Tk, k) — Apg1, (4.4)

—
Je41 = dygy1 on 05,
and, to obtain fk+17 solve
ATjy1 = F(Tr, Ji, Apsr), (4.6)

where the boundary data for T'; 1 is free to be chosen.

The implicit boundary condition (3.12) reduced to (4.5), which is standard Dirich-
let data at each step of the iteration. As in Proposition 3.1, the iterates so defined
imply Curl(Jx41) = 0 for each k > 0, as proven below in Lemma 4.3 for the iterates of
the rescaled RT-equations. We defined here an iteration scheme for the RT-equations
in terms of solutions of the Dirichlet problem for the linear Poisson equation and
Cauchy-Riemann equations.

4.1. The rescaled equations. We now introduce a small parameter e > 0 and
derive an e-rescaled version of the RT-equations, which allows us to handle the non-
linearities. To introduce a small parameter €, assume the components of I" are given in
z-coordinates in an open and bounded set 2 C R™ with smooth boundary, and assume
I' and dI' are both bounded in W™P(Q). Let I'* be a connection in z-coordinates
satisfying

IT*[[wmr )y + AT lwm.r @) < Co, (4.7)
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for m > 1 and Cj a fixed constant. Now, we assume without loss of generality that '
scales with € > 0 according to the definition

I =l (4.8)

The assumptions (4.7) and (4.8) can be made without loss of generality regarding
the local problem of optimal metric regularity. Namely, given any connection IV €
WP (Q) with dI' bounded in W™?(Q), we define I'* as the restriction of I” to the ball
of radius € with its components transformed as scalars to the ball or radius 1 (which
we take to be Q), while I is taken to be the connection resulting from transforming I"/
as a connection under the same coordinate transformation, c.f. the proof of Theorem
1.3 in Section 7.
We further assume the scaling ansatz

J=T+eJ*, [=el, A =eA*. (4.9)

Since we only need to prove existence of a solution for our purposes, assumption 4.9
is again made without loss of generality for the problem of optimal metric regularity.
Now, to derive the RT-equations tuned to the e-scaling, substitute (4.8) and (4.9) into
the RT-equations (1.1) - (1.4) for v = 0 and divide by ¢, we then obtain an equivalent
set of equations as recorded in the following lemma.

LEMMA 4.1. Let u = <F

g+ ) and a = A*, and define

F.(u,a

)= ( §dI™* — 6d(J~1-dJ*) + d(Jta) ) (4.10)

O + € 6(J* %) — e (dJ*;T*) —a
ﬁ
Fa(u) = div(dU™) + ¢ dio(J*dU*) + e div(dJ* AT*) — ed((dJ5T5).  (4.11)

Then, substituting (4.8) and (4.9) into the RT-equations (1.1) - (1.4) for v =0 and
dividing by €, we obtain the equivalent set of equations

Au = F,(u,a), (4.12)
did = Fy(u)
{55 Y (4.13)

Proof. Substituting (4.8) and (4.9) into the RT-equations (1.1) - (1.4) with v = 0,
and dividing by e, we obtain

AT* = §dD™ — od(J~1-dJ*) + d(J1A"), (4.14)
AJ* = 6(JT*) — e (dJ*;T*) — A* (4.15)
e 57 * * TR * %, Tk
dA* = ediv(dJ* AT*) 4 div(J-dT™*) — e d({dJ*;T*)). (4.16)
SA* = 0. (4.17)
Now, equations (4.14) - (4.17) together with the definitions of u,a and (4.10) - (4.11)

imply the sought after equations (4.12) - (4.13). O

We often refer to (4.12) - (4.13) as the “rescaled RT-equations”. We further
introduce the following useful notation,

Fy(u,a) = 6dT™* + da — 6d(J~"dJ*) +d(J a)
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Fy(u) = 60* + € §(J* %) — e (dJ*;T*), (4.18)

so that Fy,(u,a) = (Fr(u,a), Fy(u)—a) and by equation (3.40) in [17] we have F,(u) =
dl?}. The rescaled RT-equations (4.12) - (4.13) can then be written equivalently as

Au = (Ff(“’ @) ) , (4.19)

Fy(u) —a
{da_ dm (4.20)
6a = 0.

We use the alternative form (4.19) - (4.20) to set up the iteration scheme below. As
proven in Section 7, Theorem 1.3 now follows from the following theorem, the proof
of which is the topic of Sections 4.2 - 6.

THEOREM 4.2. Let I, dI'™ € W™P(Q) satisfy (4.7) and let m > 1, p >n > 2.
Then there exists €, such that, if € < €., then there exists u € WW‘H”’(Q) and
a € W™P(Q) which solve the RT-equation (4.12) - (4.13) with boundary data (1.5).

In Section 5 we summarize the proof of Theorem 4.2 which is based on the iteration
scheme in Section 4.2. The details of the proof are postponed to Section 6.

4.2. The Iteration scheme for the rescaled equations. In this section we
define the iteration scheme (ug,ar), & > 0, for approximating solutions of (4.12)-
(4.13), and set up the framework for proving convergence of the scheme in the ap-
propriate Sobolev spaces for e sufficiently small. Define (ug41,ar+1) by induction as
follows. Start the induction by assuming

UO:CLOZO.

Then, given u;, € W™TLP(Q) and a, € W™P(Q) for k > 0, we define a1 € W™P(Q)
by solving

(ar+i) =0,
with Dirichlet boundary data
ap+1-N =0, (4.22)

where N is the unit normal on the boundary 0, and ajy; is a matrix valued 0-
form. (Our boundary data (4.22) and the equation d(axz;{) = 0 are chosen so that
the existence theory in [5] applies.) Next, in order to arrange for the non-standard
boundary condition (1.5), we introduce the vector valued 0-form 541 € W"P(2) as
a solution of

dp1 = Fyug) — apsi, (4.23)

which satisfies the estimate ||g 11 ||wm.» < C||Fy(ur)—ar11||ywm—1.» for some constant
C > 0 independent of k, c.f. estimate (2.14) of Theorem 2.4; no boundary data
is required.® In terms of vy, we next define the vector valued function i, €

6Recall that dFy(ug) = Fa(uy), as explained below (4.18), which is required for solvability as
explained in the proof of Lemma 4.4 below.
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Wm+2:2(Q) as the solution of

{Ayk—H = Yr41, (4.24)

Yk+1 |8Q =0.
The vector valued functions 1,41 and yi41 are auxiliary variables which we introduce

to assign standard Dirichlet data for the Poisson equation which defines uxy1 =
(54 1:Thy1). Namely, we define w41 € W HHP(Q) as the solution of

Augi1 = Fy(ug, agy1), (4.25)
with Dirichlet boundary data

[ =0 on 99, (4.26)

Jiy1 = dygy1  on 0N (4.27)

Equations (4.21) - (4.27) define the iteration scheme underlying our existence theory
for the RT-equations. The next lemma shows that the standard Dirichlet data (4.26)
- (4.27) suffices to impose the non-standard boundary condition (1.5) and obtain
integrability of the Jacobian at each step of the iteration.

LEMMA 4.3. Any solution ugyq = (J,’;H,fZH) € WmtLr(Q) of (4.25) with
boundary data (4.26) - (4.27) satisfies
—
dJgy 1 =Curl(Jg ) =0 (4.28)

in Q, which automatically implies the boundary condition (1.5). Then Jyi1 = I +
€Jp, 1 1s integrable and defines the Jacobian of the coordinate transformation x —
x4 eyps1(x), where ypy1 is defined in (4.24).

Proof. We compute that

4.24 4.23 4.25 "
Aldyis1) = d(Byesn) "2 dprys “Z Frup) — apyr 42V Adiiqs

which implies that
A(J,;"H — dka) =0. (4.29)

Now, since J;;,; — dyr41 vanishes on 9§ by (4.27), we conclude that J;, | = dyx41 in
). This implies (4.28), and since

d(x + eyps1) = I +eJi = Jrya,

we conclude that Jiy1 is the Jacobian of the coordinate transformation z — x +
€yg+1(x). This completes the proof. O

Our strategy for completing the proof of Theorem 4.2 is to first state the main
technical lemmas in Lemmas 4.4 - 5.2 together with Proposition 5.3 to follow, use
them to prove Theorem 4.2, and postpone the proofs of these lemmas to Sections 6.1
- 6.5. We end this section by stating the first technical lemma which addresses the
well-posedness of the iteration scheme (4.21) - (4.27).
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LEMMA 4.4. Assume uy € W™HLP(Q) is given, for m > 1, p > n > 2, and that
e > 0 satisfies

1

<elk)=z———7——,
<M = e Tl

(4.30)
where Cpr > 0 is the constant from Morrey’s inequality (2.9). Then there exists
ar+1 € W™P(Q) which solves (4.21) - (4.22), there exists the auzilliary iterates
VYpr1 € WP(Q) and yr1 € WMT2P(Q) which solve (4.23) - (4.24), and there exists
Ups1 € WTHLP(Q) which solves (4.25) with boundary data (4.26) - (4.27). Moreover,
these iterates satisfy the elliptic estimates

lakt1llwme @) < Ce [ Falur)|lwm—1.p0), (4.31)
[trtallwmre) < Ce [[Fu(tin; arsa)llwm—1.0(0), (4.32)

and the auxiliary iterates satisfy

[Vks1llwme ) < Ce || Fu(tr, arg1)llwm—1.p0) (4.33)
yk+1llwm+zp@) < Ce [[Fuluk, ag1)llwm-1p(0), (4.34)

for some constant C, > 0 depending only on m,n,p and ).

The proof of Lemma 4.4, given in Section 6.2, is based solely on the LP elliptic
estimate (2.10) and Gaffney’s inequality (2.11).

5. Convergence of Iterates and Proof of Theorem 4.2. In this section we
state the main lemmas and propositions required for the proof of Theorem 4.2, and
assuming these, give the proof of Theorem 4.2. Proofs of the supporting lemmas and
propositions are postponed until Section 6 below. The proof of Theorem 4.2 follows
directly from the existence result of Lemma 4.4 together with Proposition 5.3 alone,
the latter providing estimates for the differences between subsequent iterates. The
main steps in the proof of Proposition 5.3 are contained in Lemmas 5.1 and 5.2. To
outline the proof here we state these lemmas in this section, and their proofs are given
in Sections 6.3 - 6.4.

To begin, observe that Lemma 4.4 yields a sequence of iterates (uk,ak)ren. In
order to establish convergence of this sequence in W™ H1P(Q) x W™P(Q), we require
estimates on the differences

ap = ap — k-1,

_ (5.1)
k= Uk — Uk—1,
in terms of the corresponding differences of source terms,
Fa(uk) EFa(uk) _Fa(ukfl)a (52)

Fu(ug, ak1) = Fu(ug, apg1) — Fu(ug-1, ak).
The next technical lemma provides estimates of (5.1) in terms of (5.2). The proof of

Lemma 5.1 is given in Section 6.3.

LEMMA 5.1. Assume 0 < € < min (e(k),e(k — 1)), that is, € satisfies (4.30) in
terms of uy, and ug_1. Then

1P ars)llwnrr < Culk) (e [Tllwmsns + [astlwms)s  (5.3)

1o (un)[wm-rr < € Colk) [rllwmsrr, (5:4)



RT-EQUATIONS AND REGULARITY SINGULARITIES 215

where

Cu(k) = Cs (1 + lurllwm+re + ug—1llwm+re + llars1wme), (5.5)
Oa(k) = Cs(l + ||uk||wm+1,p + ||uk_1HWm+1,p),

where Cy is a constant that only depends on m,n,p, ) and the constant Cy of (4.7).

The next lemma establishes the induction step for our proof that the iteration
scheme converges in the appropriate spaces, by bounding C, and C|, independent of
k for € > 0 sufficiently small. Recall, Cj is the constant bounding I'* and dI'* in
(4.7) and C. is the constant introduced in Lemma 4.4. We assume from now on and
without loss of generality that C. > 1, which allows us to simplify the e-bound (5.8)
below. The proof of Lemma 5.2 is given in Section 6.4.

LEMMA 5.2. Assume the induction hypothesis
[ur |l w10y < 4CoCE, (5.7)

for some k € N and let C, > 1. If

— 1 1
€ < € =min (40305(1+2CSCO+40300)’ 1ecMcocg)’ (5.8)

then 0 < e; < e(k+1) for alll € N, (c.f. (4.30)), and the subsequent iterates satisfy
the bounds

llagsil|lwms <2CoCe,  VIEN, (5.9)
kil wmirr <4CoC2,  VIeEN. (5.10)

In Section 6.5, we prove the following proposition, which is based on combining
Lemmas 5.1 and 5.2 together with the elliptic estimates (4.31) - (4.32). This is the
main step needed to prove convergence of the iteration scheme.

PROPOSITION 5.3. Assume the induction hypothesis (5.7) and C. > 1. If 0 <
€ < €1, so € satisfies (5.8), then there exists a constant Cq > 0 such that

@z tllwns < € Ca [Tllwmsrs, (5.11)

[ tllwmere <€ Cal[ugllwmere, (5.12)

and Cyq > 0 depends only on m, n, p, Q and Cj.

At this stage of the argument it is important to note that the auxiliary iterates
and y; are not coupled to the equations for a; and uy, except through the boundary
data (4.27). The only purpose of the auxiliary variables ¢, and y is to impose that
the Jacobian Jj, = I + €J;; be curl free in each step of the iteration, and this only
requires that dy, as the boundary data to wj satisfies the estimated

k41 — Yrllwmr2p@) < CllFu(ur, apt1)|lwm-10(0),

where C' > 0 depends only on m, n, p, 2; which is established in the proof of Propo-
sition 5.3 below.”

7Convergence of dyy, would follow directly from the convergence of aj, and uy and could be proven
easily by our methods, but this is not needed for the proof of Theorem 4.2 and is therefore omitted.
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Assuming Lemmas 4.4 - 5.2 and Proposition 5.3, we now prove the following
theorem which gives convergence of the iteration scheme. This directly implies, and
hence completes, the proof of Theorem 4.2.

THEOREM 5.4. Let T*,dl'* € W™P(Q) satisfy (4.7) form > 1, p > n > 2.
Assume € > 0 satisfies

< in ( ! ) (5.13)
€< €y =min (€1, — .
2 1 Cd )

where €1 is defined in (5.8) and Cq > 0 is the constant in (5.11) - (5.12). Then the
sequence of iterates (uy,ar)ken defined by (4.21) - (4.27) converges in W™mThP(Q) x
W™P(Q), and the corresponding limits

u= lim u, € WmTHP(Q),
k—o00

a= lim a, € W™P(Q),
k— 00

solve the RT-equations (4.12) - (4.13) with boundary data (1.5).

Proof. Assume Lemma 4.4 and Proposition 5.3 hold. Then, given two iterates
ug,u; € WmHLP(Q) (k > 1), estimate (5.12) implies

k k

[|ug — willwm+rre < Z 1] wm+1e < Z (EC)j. (5.14)
j=l+1 j=l+1

By (5.13), the above geometric series converges as k — co. This implies that (ug)gen
is a Cauchy sequence in the Banach space W™1P(Q). Therefore, (uy)ren converges
to some w in W™TLP(Q). Similarly, (5.11) implies

k k
lax = arllwms < D l@glwms < Y (CY, (5.15)

j=l+1 j=l+1

which in light of (5.13) is also a convergent geometric series. This implies convergence
of (a)ren to some a in W™P(Q).

Now the limit (u,a) solves (4.12) and (4.13) because each term in the equations
(4.21) and (4.25) converge to the corresponding terms in (4.12) and (4.13) in the
LP-norm on . By Lemma 4.3, (u,a) satisfies the boundary condition (1.5), since
Curl(Jj) = 0 in Q for all £ € N, and this property is maintain under the limit.
Thus the limit satisfies Curl(J*) = 0 in © which implies the sought after boundary
condition (1.5) by restriction to the boundary. O

Theorem 5.4 is a refined restatement of Theorem 4.2, so this completes the proof
of Theorem 4.2. It remains to give the proofs of Lemmas 4.4 - 5.2 and Proposition
5.3, which is accomplished in Sections 6.1 - 6.3.

6. Proofs of technical Lemmas and Propositions.

6.1. Estimates on the non-linear sources. In this section we prove the basic
estimates for the non-linear sources on the right hand side of equations (4.13) - (4.12),
which are required for the proofs of Lemmas 4.4 and 5.2. Our main tool is Morrey’s
inequality (2.9), which allows us to bound the supremum norm of (scalar) functions
fewWhtr(Q,R) by

1fllo @) < Cumllfllwrea)s (6.1)
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when p > n. Below, we use (6.1) together with the boundedness of Q to estimate
LP-norms of products of functions f € W1?(Q,R) and g € LP(Q, R) by

1fgllLe) < If 2@ llgllrr @) < Cullfllwre@)llgllize .-
In fact, WP (Q) is closed under multiplication for p > n. That is,
If9llwre) < fglle + lgDflle + [ fDgllLe

< |fglle +IDfllLrllgllLe + (| DgllLellgll L
<3Cu | fllwrr@llgllwrr ),

where f,g € WHP(Q,R). Before we derive the basic source estimates in Lemma 6.2,
we establish bounds on the inverse Jacobian for € > 0 sufficiently small.

LEMMA 6.1.  Let J = I+ eJ* for some J* € W™TLP(Q), where m > 0 and
p >n. Assume € > 0 satisfies the bound
1
€< ;
2Cum || T* lwrmtr.r

(6.2)

where Cyy > 0 is the constant from Morrey’s inequality (6.1). Then J is invertible
and there exists a matriz valued 0-form J=* € W™TLP(Q) such that

Jl=T+eJ " (6.3)
and such that

1T lwmsiw < C [T lwmsio, (6.4)

where C_ > 0 is a constant depending only on m,n,p, and ).

Note that in our iteration scheme ¢ < e(k) always guarantees for (6.2), because
|‘Jg||wnz+l,p(ﬂ) < HukHWm+1.p(Q), c.f. (430)

Proof. The e-bound (6.2) implies that J = I + eJ* is invertible, since the
supremum-norm of the Hilbert Schmidt norm of J (taken point-wise) is bounded
below by

. . (6.1) . (6.2) 1
[z =11 + eS|z 2 [ ]|z = €l|l [z 2 1 =€ Cpl| S lwrw > 5,
keeping in mind that |||z~ = 1. Now, since J € W™1P(Q) for p > n, Morrey’s
inequality implies that .J is Hélder continuous, so J ! is Hélder continuous as well.
Substituting ansatz (6.3) into JJ~! = I and solving for J~*, we obtain that

J = —J (6.5)

which implies existence and continuity of J~*.

To prove estimate (6.4), that J=* € W™ LP(Q), we proceed by induction in
m > 0. To derive (6.4) in the case m = 0, we first use (6.3) to write (6.5) equivalently
as

Jr=—J —eJ TN,
We now apply Morrey’s inequality (6.1) and the e-bound (6.2) to estimate

[T e < ¥z + €T Lo |77 [ oo
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(6'1) * * — %
( < [T Mlzee + € CarllT* lwrw |77 o

2 * 1 — %
< NNz + 17 e

@

Subtraction of the last term gives

[T e < 20Tz < 2 CmllT e (6.6)

where we used Morrey’s inequality (6.1) in the last step. Since € is bounded, we
conclude with the estimate

(6.6)
T e < || || pevol(2) < 2Cxvol(Q) || T lwie, (6.7)

which proves (6.4) for the case m = 0 for C_ = 2vol(Q)Cyy.

We now show that J=* € WHP(Q) and derive estimate (6.4) for m = 1. To begin,
let Dy, denote the difference quotient in x7-direction, (so that Dy (f) converges to 9; f
as h — 0 for f € W'P(Q)). Now, since

0 = Dy(J ' D)o = Dh(J Yo J(x+h)+ T z) - Dp(J)]s, (6.8)
we have
Dip(J Y] = =T @) - Du(J)|w - I~z + h). (6.9)
The right hand side of (6.9) converges to d;f in LP(Q) as h — 0, since
|77 (Dr(T) = 3, 7) I+ W)l < 1T 2 [ D1 () = 057 1,

converges to zero as h — 0 by LP-convergence of Dy,(J) to 9;J for J € WP(Q) and
by boundedness of ||J 71| ~ independent of h in light of (6.6). Thus the left hand
side of (6.9) converge in LP(2) and the limit function is indeed the weak derivative
of J~', which is given explicitly by

0, v =—J"t0;(J)- T (6.10)
This implies that J=! € WHP(Q) and, in light of (6.3), J—* € W1P(Q).
To derive estimate (6.4) for m = 1, substitute J~! = I + ¢J~* on the left hand
side of (6.10) and J = I + eJ* on the right hand side, which gives
€0;J F =eJrO;(J7) T,
so dividing by € and substituting J~! = I 4+ €J~* yields
0] * = 0,0  +eJFO;(J*) +e0;(J*) T+ T F0;(JF) T (6.11)
This leads to the estimate

HajJ_*HLv L+ e [Tl o) 11050 | o

/\

1+ 2C e 17w ) 2110577 | o
10" || Lo

(6.2)

(
(1+2€ 17| <) 1105 o
- (

<y



RT-EQUATIONS AND REGULARITY SINGULARITIES 219

which in combination with (6.7) implies the sought after estimate
[T wre < C- T lwr,

where C_ =4 + vol(2)Cyy. This proves (6.4) in the case m = 1.
To prove the general case, let k& > 1, and assume that J € W*TLr(Q), J=* €
WHP(Q) and that (6.4) holds for m =k — 1, i.e.,

17w < O 17 . (6.12)

For the induction step, we need to show that (6.4) holds for k + 1. For this, we take
k-th order derivatives of (6.11) and find that

LT ) = LT + e ak(J—*a(J*) + (T J—*)

+ (T o(T*) JF), (6.13)
where 0% denotes k — th order partial derivatives, not necessarily all in the same
direction. (Note that the right hand side of (6.11) contains no derivatives of J~* so
that we do not need to use difference quotients in (6.13).) From (6.13), it follows that

|08+ (J=*)||Lr is bounded by [|0¥T1(J*)||Ls, by terms linear in e which are of the
form

ello" (T )T ) e < ell0F (T Lo 0(T*) | oo

©12) § i

< CLel[(I)wrr 10(T) | Lo
2o e
eI

(6.1

N

)1
SO lwesrn,

or of the form
el T I e < el T e |05 ()| r
(
el T* || Lo 10 (T*) | o

6)

6.1

< e Ol (T lwrw 105 (T*) | o

(6.2) 1
2

= =
IN
=

IN

17 lwesr,

or the more regular terms containing mixed derivatives, and by e2-term in (6.13) which
can be bounded in a similar fashion. Namely, denoting with £ the LP-norm of terms
not containing the critical derivative 9¥J~*, the e>-term in (6.13) can be estimated
by

Ell0(T*0(T*) T || Lo
< 105 T L@ 10T ) Lo I [l L) + £

(6.1)
< ECH 10" T lo@ 10T ) lwro@ Il lwiwe) + £
(6.12) 22 *13

< U ey + £

(6.2)

< [ lwrr ) + £,
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while the term £ can be estimated similarly by using (6.1), (6.12) and (6.2). In
summary, we showed that

10T [Le < O T lwrssnge).s

from which we conclude that (6.4) holds for k + 1, taking C'_ as the largest constant
that appears in the above estimates (for m > 1 fixed). Recursion of the above
argument proves (6.4) in the general case m > 1. This completes the proof of Lemma
(6.1). 0

We now prove the basic estimates for the non-linear source terms on the right
hand side of equations (4.12) - (4.13), which are required for the proofs of Lemmas
4.4 and 5.2.

LEMMA 6.2. Let T dI'™* € W™P(Q) for m > 1 and p > n, bounded by Cy as
in (4.7), and assume u € W™TLP(Q) and a € W™P(Q). Then, if € > 0 satisfies the
bound (6.2), then there exists a constant Cs > 0 depending only on Cy, m, p and S,
such that

1Fu (1, @) w10 < € Ca(1+ [lallwms + [[ullyosse) |l wmr.s
+ Co + |la]|wm.e (6.14)

||Fa(u)HWm71.p S CO + € CS(]- + HU||W7n+l,p)||U||W7n+1,p. (615)

Proof. We focus on proving the lemma in the case m = 1, since higher derivative
estimates for m > 1 then follow by an analogous argument. Note that, because € > 0
is assumed to satisfy (6.2), Lemma 6.1 applies and yields the existence of the inverse
J™1 =T+ eJ™* together with the estimate (6.4) on J~*.

We first derive (6.14) in the case m = 1. From (4.10) we find that

£ (us a)l[Le < (10d07 [ Lo + (16T 2o + llall e + l|dal[Le + €[|6(TT7)]| e
+elld(T7a) || o + el (dT 5T | o + |0d(T~1dT*) | o, (6.16)

where we used that d(J~ta) = ed(J*a)+da by (6.3). We now estimate the right hand
side term by term. By our incoming assumption (4.7) on the spacetime connection
we have

1A | » + 90120 < A0 lwio + I lwir < Co, (6.17)
and clearly we have
lallzr + lldallLe < [lallwr. (6.18)
Applying the Leibniz-rule (2.3), we find that
§(J*T*) = (dJ*;T") + J-oT™,
which leads to the bound
16(J* L) [e < (ldT*[[Loe|IT*|[ o + (||| Loe |6T| Lo

(6.1)
< Ot (a7 w2 + 171w 197 120
< Ol wee | T [weze, (6.19)
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where the Holder continuity of J* € W2P(Q) allowed us to estimate the LP-norm of
products in terms of the L*-norm on dJ* and J*, which we further estimated using
Morrey’s inequality (6.1). Similarly, the Holder continuity of a € W?(Q) and of J—*
together with the bound (6.4) on J—* lead to

(T a)l[r < AT )|z=llallze + (1T | L[| dal 2o

(6.1) . .

< o llallws (14T lwrs + 177w )
(6.4) .

< C_ Cuy lallwre | T lwze- (6.20)
In a similar fashion, we obtain

1T ) e < [T 2o llE* [ < Car 17w [E i, (6:20)

where we applied again Morrey’s inequality (6.1). For the last term in (6.16), use the
Leibniz rule (2.4) together with d?> = 0 and formula (6.3) for J~!, to compute

d(JhdJ*) = edJ ™ NdJ, (6.22)
which leads to the estimate

[6d(J"dT*)||Le < €||6(dT ™ A dT*)|| e
< el[J 7 lwzelldI Lo + € l[d ™" [T [[w2n
< e2C_Cu | T [lw2r | T lw2w s (6.23)

where we applied Morrey’s inequality (6.1) together with the bound (6.4) on J~* in
the last step. Combing now the estimates (6.17) - (6.23) to bound the right hand side
in (6.16), we obtain the sought after estimate (6.14).

Estimate (6.14) for the general case m > 1 follows by a straightforward adaptation
of the argument (6.16) - (6.23) to the W™~ P-norm, using Holder continuity of m — 1-
derivatives of u, a, I'* or dI'* to estimate products in terms of products of the LP-norm
and the L*°-norm of such derivatives. For instance, estimate (6.23) extends as follows:

sd(Jt-dJ* ©22 S(dJ* AdJ*
llod( Miwm-rs < €|5(dT* AdT*) w1

()
<€ HdJ_*HWm,p C]\/[HdJ*HWm,p +e€ CM”dJ_*HW"'P ||dJ*||me

6.4)
S 620_CM ||J*||W’Hl+l,pHL]*||W’"L+1,[)7 (624)

—~

where in the first term in (x) results from applying Morrey’s inequality (6.1) to esti-
mate derivatives of order less than m — 1 of dJ* (which are Holder continuous), while
the second term in (x) results from applying (6.1) to derivatives of order less than
m—1 of dJ~*. Extending (6.16) - (6.21) analogously to (6.24) proves the sought after
estimate (6.14) for the general case m > 1.

We now prove (6.15) in the case m = 1. From our definition of F, in (4.11) we
find that

: * : * *
| Fo(u)|| e < [|div(dT*)| e + € [|div(J*-dD*) || o
3 -
+ e | div(dT* AT*) |l Lo + e [d((dT* 7)) | . (6.25)

We now estimate each term on the right hand side of (6.25) separately. Our incoming
assumption (4.7) immediately gives

1A (d*) ||z < [T [ywin < Co. (6.26)
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Applying Morrey’s inequality (6.1) to bound the supremum-norm of J* and dI'* leads
to

ﬁ * * * * * *

[div(J*-dT*) [[Le < (1Tl |0 | e + (||| Lo [T
(4.7)

< 2Cy Cy HJ*HWlp

< 2Cy Co ||7*[lw=»- (6.27)

Likewise, using (6.1) to bound the supremum-norm of dJ* and I'*, we obtain

T * * * * * *
[div(dT AT )[e < dT* [l [T Lo + [|dT || o [T |1

(6.1)
< Cu(ldT™ lwrr I llwrw + 1A lwre [T 1.0 )
(4.7)
< 2Cuy Co [T lw2e- (6.28)

Finally, we estimate the non-linear term by

%, Tk * ok * ok
[T D)) e < AT lwaw [T [ Loe + [[dT* || pos [T [

(6.1)
<
<

(=)

Cos (AT * [lwro [T lwre + [|dT* e [IT*[lwr o)
2 Cl|ullfyz, (6.29)

recalling that u = (J*,T*). Combing (6.26) - (6.29) to bound the right hand side in
(6.25) we obtain the sought after estimate (6.15) in the case m = 1.

Estimate (6.15) for the general case m > 1 follows by extending (6.25) - (6.29)
to the W™~ P_norm in a fashion similar to (6.24). Taking Cs > 0 as the maximum
over all constants in (6.17) - (6.29) and the constants arising from higher derivatives
estimates completes the proof. O

6.2. Well-posedness of iteration scheme - Proof of Lemma 4.4. We now
prove Lemma 4.4, which gives well-posedness of the iteration scheme and the basic
elliptic estimates (4.31) - (4.34). For this, assume u, € W™HLP(Q) is given, for
m > 1, p > n > 2, and assume ¢ satisfies (4.30), that is 0 < € < €(k). Lemma
4.4 states that there exists a1 € W P(§2) which solves (4.21) - (4.22), there exists
Ypr1 € WP(Q) and yx41 € W™T2P(Q) which solve (4.23) - (4.24), and there exists
U1 € WTHLP(Q) which solves (4.25) with boundary data (4.26) - (4.27), and these
solutions satisfy the elliptic estimates (4.31) - (4.34).

Proof of Lemma 4.4. First note that assumption (4.30), that 0 < ¢ < ¢(k) implies
that e satisfies the bound (6.2), so that the source estimates of Lemma 6.2 apply and
yield F,(ug) € Wm=LP(Q) and F, (ug, ary1) € Wm=LP(Q).

We begin the proof by proving existence of a solution apy; to the first order
system (4.21) - (4.22) by applying Theorem 2.4 (i). For this, first note that the
conditions of Theorem 2.4 (i) are met. In particular, the condition df = 0 of Theorem
2.4 (i) is satisfied by (4.21), since Fy,(uy,) is the exterior derivative d of a vector valued
differential form, namely,

—
Fo(u) = d(8(J-T)) — d((dJ;T)), (6.30)

c.f. equation (3.40) in [17]. This shows that (4.21) - (4.22) satisfies the assumption
of Theorem 2.4 (i). Regarding regularity, our incoming assumption u; € W™1P(Q)
together with the source estimates of Lemma 6.2 show that F,(uy) € W™= 1P(Q).
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We conclude that Theorem 2.4 applies to (4.21) - (4.22) and yields the existence of
a solution aj; € W"P(Q). Moreover, by Gaffney’s inequality (2.14), this solution
satisfies

larsillwmr ) < Ol Fa(ur) lwm-ro),

for some constant C' > 0 depending only on , m,n,p, which is the sought after
estimate (4.31); (note that the range of m in Theorem 2.4 starts at m = 0, while here
we assume m > 1).

To prove the existence of a g1 solving dgr1 = Fy(ug) — m, i.e., equation
(4.23), we first show the consistency condition that the exterior derivative on the right
hand side of (4.23), interpreted as a vector valued 1-form, vanishes. For this recall
from (4.18) that Fy(u) = dF_>'J, so that equation (4.21) for aj41 implies the sought
after consistency condition

4.21
d(Fy () — angl) = Fa(u) — dapsy "2V 0. (6.31)

Moreover, the source estimate (6.14) in combination with ay11 € WP () imply that
Fou(ug, aps1) = Fy(up) — anq € W™= LP(Q). Thus, Theorem 2.4 (i) yields existence
of a vector valued O-form 11 € W™P(Q) solving (4.23) such that estimate (4.33)
holds,

[rt1llwme@) < C |Fu(u, ars1)[wm-1.0(0),

keeping in mind that F,(ug, agp+1) = Fr(ur) — ap41.

The existence of a solution yj41 € W™ 2P(Q) to (4.24) follows from the existence
theorem for the Dirichlet problem of the Poisson equation with LP sources, Theorem
2.2, keeping in mind that F,(ug,ag+1) € Wm™HP(Q) by Lemma 6.2. We now prove
estimate (4.34). Applying the elliptic estimate (2.10) component-wise, Ayg+1 = k41
and yry+1 = 0 on 09, c.f. (4.24), we obtain

lyerillwmrze) < Cllrgillwmre )

(4.33)
< C||Fu(uks aptr)|[wm-10(0) (6.32)

where we absorbed the constant from the estimate on |[¢x11|/wm.» into the universal
constant C' > 0. This is the sought after estimate (4.34).

Finally, we prove existence of a solution ugi; € W™FLP(Q) of (4.25) with
boundary data (4.26) - (4.27). Since F,(ug,ar+1) € Wm™1P(Q), existence of a solu-
tion up; € WmHLP(Q) of the Poisson equation (4.25) with the Dirichlet boundary
data (4.26) - (4.27) follows from Theorem 2.2. To prove estimate (4.32), we ap-
ply the basic elliptic estimate (2.10) to Augi1 = F,(uk,ar+1) with Dirichlet data
(f‘};+17 Jig —dykia) € WP (), and thereby obtain

k1w sy < C(IFulwns asn)llwn-ney + ldgesa lwmsroiy) . (6.33)
Using estimate (6.32) to bound ||dyx1|lwm+1.r(q) in (6.33), we finally obtain

[ts1llwmsroi@) < Ce [|Fu(ur, @) lwm-10(),

which is the sought after estimate (4.32), where we take C, as the maximum over all
constants in the above estimates. This completes the proof. O
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6.3. Estimates on Differences of Iterates - Proof of Lemma 5.1. We
introduce the notation

T*i ok Tk
Fk:l—‘ki k—1»
TE — 7* *
Ti=Jr =T,

SO Up = (JT:Z FZ) Let J,;l be the inverse of J, = I + €J}} and let ka_ll be the inverse
of Jy—1 = I + eJ};_;, and denote with J, * the matrix valued 0-form that satisfies
Jo' =T+ eJ.* and likewise J, ', = I + eJ,*,. We begin by deriving a bound on
Jr=J. = J 0.

LEMMA 6.3. Assume up,up_1 € W™TLP(Q) for m > 0, p > n, and assume
0 < e < min (e(k),e(k — 1)), so € satisfies (4.30) in terms of uy and ux—1. Then Jj,
and Jy—1 are invertible with J, ' = I+ eJ,,* € WnTLP(Q) and J,/ ', = + el " €
WmHLr(Q), and there exists a constant C'_ > 0 depending only on m, n, p, 2, such
that

1T wrmsie < C [T sy 1. (6.34)

Proof. To begin, note that the e-bound (4.30), 0 < € < ¢(k), implies that e satisfies
(6.2) for J* = J}, so that Lemma 6.1 implies that Jj, is invertible with J, ' = I +eJ, *
and J, ¥ € WmTLP(Q). Likewise, the e-bound (4.30) for uy_; implies that Ji_; is
invertible with J; ', = I 4+ eJ;*; € WmHLr(Q).

Now, substituting J, = I + €J; and J,;l =TI +eJ, " into the identity

0=Jud, " = JeaJi
and solving for ? =J, " - J, 7, we find after dividing by € that

I = =T = e (BT = T i)
=—Jp—e (i I i L), (6.35)

Thus, taking the LP norm of (6.35) and applying Morrey’s inequality (6.1), gives

1 e < TRl + € 57 N + € 1l
< HJ*HLPHHJ*HLPHJ Noe + el il
(c.
< Tz + € ot TN 1w+ € Conrl s o[ 757

Using for the last term that the e-bound (4.30) for u;_; implies that
. 1
€ Curll il < 1.

that

we find after subtraction of 5 ||J ||Lp

HJ < (1+6C'1v1||J;€_*||W1vP)||TI:HLP

(6.9 -
< (L+eC_Cullgllwre) || J7

[ (6.36)
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Now, using the e-bound (4.30) for wuy, we find that

1
eCurll il < 35,

which in light of (6.36) gives

1757 o < (2Car + €2

Ji

L (6.37)

To prove (6.34) for m = 1, we first differentiate (6.35) and find

0; " = =0;J; — 6(5J‘T£'Jz§* + i+ T 0 J;’iqajf)» (6.38)

which implies for the gradient d.J, * the estimate

Ty " Nee < NdTgllee + € 1T nee 1T lwe + € I TE s lwe 13" [l ee
el T w1 gl pee + € 1l [T wre,

where we bounded undifferentiated terms by their L°°-norm and differentiated terms
by their WP-norm. Applying Morrey’s inequality (6.1) we obtain the further esti-
mate

Ty e < 1T o + €200 (175 v T s + 12 e v ),

and applying the bound (6.4) on J,_ * and J, ", yields

Ty " e < ldT Nl e + 2€ Cas C |l JE lwro 1T [lwrne
+2e Cpr || Ti-sllwoe 1" lwre

so that the e-bound (4.30) for uy and uj_; implies

— - 1, 1, —
475 le < 1T e + 5O T lwro + 5175w (6.39)

Adding ||J, " z» to both sides of (6.39) and using estimate (6.37) to bound ||.J, || »
on the right hand side, we find

— T 1 —
1 e < 3(Crr + C— + DIl llwrr + 5195 T

So subtraction of the second term on the right hand side finally yields

17 lwee < 6(Cas + C— + D[ TE lwre,

which is the sought after bound (6.34) for m =1 and C” = 6(Cp + C_ + 1).
To derive (6.34) for m > 2, we proceed by induction. For this, assume (6.34)
holds for some 1 <[ < m, i.e.

1T e < CLITE o, (6.40)

and assume J, ' = T +eJ,* € WPHLP(Q) and J. ', = I+ eJ 5, € WmHLr(Q),
(c.f. Lemma 6.1). We need to show that (6.40) holds for [ + 1. For this, denote
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with 9"+ a combination of partial derivatives of [ + 1-st order (not necessarily in the
same direction), i.e. 9'*! denotes partial differentiation corresponding to a specific
multi-index. Now, taking 9'*! of (6.35), we obtain

5l+1?: 731+1T;7 al+1( . ) 8”1( Ty )’
which gives the estimate
10 T e < 10 T N + el 0 (T T ) e + €l (Ti_ T e (6.41)
The first term on the right hand side is bounded by the W!'*1P-norm of J;. Using

Morrey’s inequality (6.1) to estimate product terms and using (6.4) to bound the
WP norm of J, *, we estimate the second term on the right hand side of (6.41) by

_ (6.1) _
O (TF - TVl < Car (14 DT s | s

(6.4) _

< OnC— (L+ DU [Tl |7 s
(4.30) o

<L (4 D) [T e (6.42)

where the factor (I 4 1)! takes account for repeated lower derivative terms resulting
form the product rule on the left hand side and is non-optimal. Similarly, using in
addition the induction assumption (6.40), we obtain

el (Ti_y - T e

()
< eCnr (L4 DT lwesns [T " we + €l iy o 07 T 1o

(6.1)
< eOn (L+ DTE w1 wee + €Cnrl|Ti o lwre 1070, Lo

(4.30) o
< (DT ||W1p+f||8 Ji e

(6.40) / I+1 7=
< (L4110 ||J*||sz+f||8 I e (6.43)

where the second term in () results form the contribution of (I+1)-st order derivatives
on J, *. Now, estimating the right hand side in (6.41) by (6.42) and (6.43), we find

T e e 1 =%
10717 e < 1Tl + 262 (4 DT lwsss + 5107 o

so that subtraction of the last term yields

0 T g < 2T lwrens +4C- @+ D! [Tgllwres (6:44)

Repeating the argument (6.41) - (6.44) for each multi-index 9'*! gives a suitable
estimate on the LP-norm of all combinations of (I + 1)-st order derivatives. Adding
then the W'P-norm of J to both sides of that estimate, and applying the induction
assumption (6.40) to bound the W'P-norm of Jk on the resulting right hand side,
the sought after estimate (6.34) for [ + 1 follows. This completes the induction and
the proof of Lemma 6.3. 0
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Proof of Lemma 5.1. We now estimate the difference of the source functions and
thereby prove Lemma 5.1, which states that, if

0 < ¢ < min (e(k), e(k — 1)),

(that is, (4.30) holds), then there exists a constant Cs > 0 depending only on m, n, p, 2
and Cy > 0, such that (5.3) - (5.4) hold, i.e.

[Pl @) lwm-r0 < Culk) (€ [T llwensso + [am71llwes ),

K

a(u) lwm-10 < € Co(k) [ug|lwm+ip,
where

Cu(k) = Cs (1 + [Jugllwm+r.o + ug—1llwm+r.o + |ars1[wms),
Ca(k) = Cs (1 + ullwm+ro + lug—1llwm+is).

We only prove Lemma 5.1 for the critical case m = 1, since the cases m > 2
follow by an analogous reasoning, (see also (6.24) for an example of extending source
estimate to higher derivatives). Note that, because € > 0 is assumed to satisfy (4.30),
Lemma 6.3 applies and gives estimate (6.4) on J, ™.

We begin by proving (5.4). From the definition of F, in (4.11), using that the
source term dI'* cancels out in F,(uy), we obtain

| Fa(u)||,, < elldiv(dJiAT)|,, +el|div(J7-dT*)||,, +el|d((dJ;; D) || .- (6.45)

We estimate the linear terms using Morrey’s inequality (6.1) and resulting Holder
continuity, and obtain

T (T * e * T *
[div(dTg AT, < T w0 zoe + Tz 1T e
(6.1) _
< Oum [T llweo [T lwr

4,
< Cum Co ||[ugllwee (6.46)

39
~—

and
T (T T Tx * ¥ *
[ div (Jj-dr™) < N illwre ([T [ Loe + ([ T3 ][ Lo | {[wa.e
6.1) -
< Owm |5 lwae [T [[wro

4.7)
< COwm Co [[@elwze. (6.47)

(P
(

(

For the non-linear term we first compute

—
d((dJ;;: 1))

d((d(J5 = Ji_ )i Th) +d((dJi (T = T5-1)))
D e
=d((dJ5;T5)) +d((dJi_1;T3))
and then estimate
Dpe——— _ - _ -
(T T e < NdTEllwrr TRl Lo + AT Lo [Tkl lwre

©n oo —
< Cu [ITillwre [T llw2r,



228 M. REINTJES AND B. TEMPLE

= —_— —_—
ld((d T T e < NdTiyllwrn Tl + ATy [l [T llwe
(6.1 . J—
< Cum [ Je-allwze [Tillwr,

which combined yields

—
ld((dJs TN < Car (2C0 + ur—1llwes + lullwzs) [@xlwzs.  (6.48)

Combining (6.46) - (6.48) with (6.45) yields the sought after bound (5.4).
We now prove (5.3). From definition (4.10), using that the source terms ddI'* and
6T cancel and substituting d(.J, 'ay) = day, + ed(J;, *ay.), we find that
1Fu(un, ap1) e < ll@szllwre + € [6(TFT) e + € |d(J " argn)l| o
e (g Tilze + € 10d (T d g ) le,  (6.49)

where we used for the last term that d? = 0 gives

d(J;dJ;) = ed(J;*-dJy).
Now, for the linear term in (6.49) we obtain

10CTET e < Igllwre 1T lzos + Tl poe T flwee

(6.1) _ .
< COm 5 llwre [T lwre
(@)

For the first non-linear term we compute
Jo " appr = J, " ap + I Qs
so that
d(J, " - apyr) =d(J, ") - apgr + I - dagr +d(J ) @ + I - d(@rgq),

from which we obtain the estimate

d(Jy “art)lle <[|d(J ") - arsallee + (|7 - d(aks1) | e
+d(7 ) - @rrallee + 1967 - d(@) | e
<Nl d(J, e laktille + ([T, " Lo |d(ar+1) || e
+ (T2 ) e [akzl e + (7,2 2o ld(@es1) [z, (6.51)

so that Morrey’s inequality (6.1) and (6.34), (the bound on J; '), yield

- (6.1)
1d(JTy " ars) e < Onr (1 " lwro lawsa wre + 197w l[@Tllweo)

(6.34) o
< Cu (T llwrellagtillwre + C I T [lwre [@wTTllwer)

< Cu (larsillwre + Cllug—rllwre) (1T llwrs + [[@xsillnse)- (6.52)



RT-EQUATIONS AND REGULARITY SINGULARITIES 229

For the second non-linear term, similar to the argument leading to (6.48), we first
compute

(dJp ) = (dT5Th) + (dJi 3 T)
and then estimate

e —— (6‘1) - ~ ==
KT Tidle < Car (15w 1Tk lwrew + 15—y e [T e )
< Car (luellwrr + k- o) [ o (6.53)
For the last non-linear term we first compute

Tt dJf = 0 dTy T AT

so that the Leibniz rule (2.4) and d? = 0 yield

d(J*dJy) = dJ " AT} +dJ AdTy

From this, we obtain the (higher derivative) estimate

lod (T dTi) e < A" lwrslldgl| Lo + llddi " | oo |5 w0
+ld e lld g lwre + 1A lwr A o

(6.1) — . . —_—
< 20y (ldJ  lwes ld T lwre + 1A T lws AT Twer)
< 2Cu (17" Iwan | TE lwae + C T2 lwes || T llwzn )
(6.34) J—
< 20w C (1 o + 1T o) [ TE s
S 2CMC<||’LL]9||W2,I) + Hkalnwzp)HUiksz‘p. (654)

Combining (6.50) - (6.54) with (6.49) yields the sought after estimate (5.3). Taking
Cs > 0 as the maximum over all constants (6.45) - (6.54) and the constant in (6.15)
and (6.14), completes the proof of Lemma 5.1. O

6.4. Consistency of Induction Assumption - Proof of Lemma 5.2. We
now prove Lemma 5.2, which shows that the induction assumption (5.7) is maintained
in each step of the iteration. Lemma 5.2 states that, if

0<e<e,
i.e. (5.8) holds, and if the induction assumption (5.7) holds, namely
[urlwmsr.0() < 4CoCE,
then (5.9) - (5.10) holds, that is,

Hak_l,_l”Wm,p < 20006, (6.55)
||Uk+l||W7n+l,p S 40003, (656)

for all [ € N, and the induction assumption (5.7) holds for each subsequent iterate.

Proof. To begin observe that the e-bound (5.8), i.e.

_ : 1 1
0 <e<e =min (4cgc,g(1+20200+4ogco)’ 16(1MCOC§)’
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together with the induction assumption (5.7) imply

1 (5.7) 1
€< 5 <
4C)y - 40006 4CM||Uk||Wm+1,p(Q)

= e(k), (6.57)

which is the e bound (4.30) of Lemma 4.4, so that existence of iterates and the elliptic
estimates (4.31) - (4.32) hold. Moreover, since ||.J;;|lwm+1.0(0) < |[ug|lwmi1r@), (6.57)
implies that

1
e <elk) < ,
- ( ) - QCJV[HJ;HWerl,p(Q)

(6.58)

which is the e-bound (6.2) of Lemma 6.2 in terms of J* = J{. Thus the source
estimates (6.14) - (6.15) of Lemma 6.2 apply and yield that the right hand sides of
the elliptic estimates (4.31) - (4.32) are indeed finite.

We now derive the uniform bound (6.55). From the elliptic estimate (4.31) to-
gether with the source estimate (6.15), we find that

31)
lakillwme < CelFa(ug)|wm-1s
(6.15)
< Ce(Co+ e Cs (1 + [lugllwm+ro) ugllwm+1s),
so application of the induction assumption (5.7) gives
|aks1llwme < CeCo+ €4C2Cs(1 4 4C2Ch) CeCo. (6.59)
Now, by the e-bound (5.8), we have

1 1
< <
€= 4020,(1 + 2C.Co + 4C2Cy) — 4C2C,(1 +4C2C,)’

so that substituting the above e-bound into (6.59) yields
lakt1llwme < 2CoCe,

which is the sought after bound (6.55) for [ = 1.
We now derive (5.10). From the elliptic estimate (4.32) together with the source
estimate (6.14), we obtain that

4.32
[ustrllwmsre < Cell[Fuug, i) wm—re

(6.14)
< C.Cy+ Ce”ak-l—l”W’"’P

+ € CuCy(L+ laxsallwmn + urllwmss) faae iy

(.7)
< C.Cy+2C2Cy + € 4C2C, (1 + 2C.Co + 4C2Cy) C.Cy,  (6.60)

where we substituted ||agii|lwme < 2C.Cyp and the induction assumption
|lug||yms1.r < 4CoC? to obtain the last inequality. By (5.8), we have

1
<
€= 4C20,(1+ 2C.Co + 4C2Cy)
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so that applying the above bound to € in (6.60) gives
gl wmrte < 2C0C(1+ C.) < 4CoC2,

where the last inequality holds since we chose C, > 1 initially. This is the sought
after bound (6.56) for [ = 1.

The bound € < e(k + 1) for | € N together with (6.55) and (6.56) for [ € N follow
now recursively, which completes the proof of Lemma 5.2. O

6.5. Decay of the difference of iterates - Proof of Proposition 5.3. We
now prove Proposition 5.3, which completes the proof of Theorem 5.4. Proposition
5.3 states that, if 0 < € < €1, (i.e. (5.8) holds), then there exists a constant Cyq > 0
depending only on m, n, p, Q such that (5.11) and (5.12) hold, i.e.,

@zt llws < € Ca [Tlwmssr,
[@tlwm i < € Cal[ag wm -

Proof of Proposition 5.3. We first establish estimate (5.11) on |[arr1|[wm.». By

linearity of the Laplacian it is straightforward to extend the elliptic estimate (4.31)
to ary1 and obtain

@Ttllwons < CellFulun) lwm -1,

for the same constant C. > 0 as in (4.31). Applying the non-linear source estimate
(5.4), we further find that

[@T s < € CuCalk) [T wmsnor, (6.61)
where C, (k) is defined in (5.6) as
Ca(k) = Cs(1 + |lur|wm+1e + [[ug—1][wm+1). (6.62)
Applying the induction hypothesis (5.7) we bound C, (k) by
Ca(k) < Cs(1+8CoC2), (6.63)
which in combination with (6.61) implies the sought after estimate (5.11).

We now prove estimate (5.12) on ||[is1||ywm+1.». By linearity of the Laplacian,
the elliptic estimate (4.32) extends to Ugt1,

@l < Ce(1Fulun, ars)llwe-o + [disalwmsis ),
where we substituted the boundary conditions (4.26) - (4.27) for the second term

which we bound further by |[Jrr1|[yym+2.»; (all norms are taken over €2). The source
estimate (5.3) now implies

[Tl < Co(Culk) (e [T s + [@Twonr) + [TrTlwmsan ). (6.64)
where Cy, (k) is defined in (5.5) as

Cu(k) = Cs (L + [lukllwmsrs + k-1 wmsre + llanallwms).
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Using now induction assumption (5.7) together with ||ag+1|wm» < 2C,Cs, the bound
from Lemma 5.2, we obtain the uniform bound

Cu(k) < Cs(1+8CoC? +2CoCe). (6.65)
Substituting (6.65) together with estimate (5.11) on |[@g11||lwm.» in (6.64) gives us
[@rtllwmsre < eCllaglwmrir + Ce [[Grrtllwm+ar (o). (6.66)

It remains to estimate the second term in (6.66). For this, observe that by linearity
of the Laplacian, (4.24) implies that gg;1 solves

A = ,
Ukt1 = Yr41 (6.67)
Yk+1 ’39 = 0)
so that the elliptic estimate (2.10) yields
1Ter1llwmizr@) < Cellkt1llwmr - (6.68)

Since the elliptic estimate (4.33) extends to ¥11, we can bound the right hand side
in (6.68) and find

(4.33)
[Terillwmezro) < CEllFu(ur, arr1)llwm-10(0)

(5.3)

< 2 (e lamlwns + l@rilwns ). (6.69)

Substituting (6.69) back into (6.67), and bounding C,,(k) by (6.65) and | @rr1|lwm.»
by (5.11), we obtain

1Ter1llwmezr) < €C [[Tk|lwm+ir @), (6.70)

for some suitable constant C' > 0. Finally, using (6.70) to estimate the second term
in (6.66), we obtain for some suitable constant C; > 0 that

||m||wm+1,p(9) < € Cy |[ukllwm+1r (),

which is the sought after estimate (5.12). This completes the proof. O

7. Proof of Theorem 1.3. The proofs in Sections 6.1 - 6.5 complete the proof of
Theorem 5.4. We now prove our main theorem regarding existence of solutions of the
RT-equations (1.1) - (1.5), Theorem 1.3, which follows from Theorem 5.4 together
with a rescaling argument to arrange for the smallness assumption (4.8), that is,
I' = eI, and the uniform bound (4.7), i.e.

1T lwme@ + 1dT*|lwme@) < Co,

which are the incoming assumptions of Theorem 5.4. In more detail, given any con-
nection IV € W™P(Q) with dI'V bounded in W™P(Q), we define I'* as the restriction
of I to the ball of radius €, but with its components transformed as scalars to the ball
or radius 1 (which we take to be ), while T" is taken to be the connection resulting
from transforming T as a connection. The proof below shows that this construction
suffices to arrange for assumptions (4.7) and (4.8).
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Proof of Theorem 1.3. By Theorem 5.4, for any connection I' satisfying (4.8) for
€ < min(ey, €) together with the W P-bound (4.7), there exists (I'*, J*, A*) which
solve the rescaled RT-equations (4.12) - (4.13) with boundary data (1.5). Defining
(T, J, A) by (4.9) as

J=1+¢eJ*, [ =el¥, A=A,

Lemma 4.1 implies that (T, .J, A) solves the RT-equations (1.1) - (1.4) with boundary
data (1.5). It remains to show that, for any connection I' € W™P(Q) with dI' €
W™P(Q), one can arrange for the hypotheses of Theorem 4.2, that is, the scaling
I’ = eI together with the uniform bound (4.7) on I'* as well as the e-bounds (5.8)
and (5.13), i.e., € < min(eg, €2).

We now show that, given a connection I' € W™P(Q) with dI' € W™P(Q)), one
can first restrict I' to a small region and then scale the restriction of I' to a large
region (which we take to be ) such that the resulting I" satisfies the hypotheses of
Theorem 4.2. For this, we assume without loss of generality that 2 = B1(0) is the
ball of radius 1 and we denote with B.(0) the ball of radius ¢, for 0 < ¢ < 1. Under a
coordinate transformation  — y = ex, (which maps B;(0) in z-coordinates to B.(0)
in y-coordinates), a connection I'(y) given in y-coordinates transforms as [10, 25]

9z 1Oy dyP 0%y
o — - (7 F vy
@) =57 (axu 97t Was + 3x“8x’/)

which for the transformation x — y = ex reduces to the scaling

I(2)7, = eT(y)- (7.1)

We now arrange for conditions (4.7) and (4.8) on © = By(0) in z-coordinates
and we assume that the connection I" we start with is given in coordinates y on €.
For this, take I'(y) to be the restriction of T' to B.(0) in y-coordinate, and define
I'(z) = T'(y(z)). That is, T'* is the connection I'(y) in a-coordinates, defined on
Q = B1(0), but with the components of I'(y) transformed as scalar functions—not
as connection components. Moreover, the connection I'(z) that results from trans-
forming the restriction of I' to B.(0) in y-coordinate to x-coordinates according to
the connection transformation law (7.1) satisfies the sought after scaling (4.8). Thus,
taking I'(z) as the (initial) connection assumed in Theorem 5.4, we only need to show
that T'* satisfies the uniform W™P-bound (4.7) in order to verify the hypotheses of
Theorem 5.4.

To show that I'* satisfies (4.7) for the case m = 1, we now study the e-scaling
of the W' P-norm when the ball of radius € is scaled up to the unit ball. For this,
let u € WHP(B.(0)) be a scalar function, p > n. By Morrey’s inequality (2.9), u is
Hoélder continuous, so the LP-norm of u scales as

lull 2o (8. (0)) < llull L vol(Be(0))
< |Jull L vol(B1(0)) e = o(e?), (7.2)

while we have by assumption
| Dullzr(B.(0)) = o(1), (7.3)

i.e., bounded by a constant and tending to zero as € — 0. Now under the transfor-
mation y — x = ¥, (which maps the ball of radius € > 0 in y-coordinates to the unit
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ball in a-coordinate), we have

. (7.2)
lulle B0y =€ ? lullLes. o)) < vol(B1(0))[|ull e, (7.4)

and, since the scaling of first order derivatives cancels the scaling of the measure on
R™ within an error of order €*, for « =1 — % > 0, we further have

1

| Dull (B, (0)) = (/ |Dxu|pda:)p
B1(0)

= (/Bl(o) eP\DEIu(J;ﬂpe_"d(ex))%

=¢ 7 || Dyullpes.(0)
< |IDyull e (. (0)), (7.5)

for all 0 < € < 1, where D, denotes differentiation with respect to . Combining (7.4)
- (7.5) we obtain

HU”WLP(Bl(o)) < C(||U||L°° + HDyu”LF’(Be(O)))v (7.6)

where C' > 0 is a constant independent of e.
Applying now (7.6) to I'* component-wise, we find for I'*(x) = I'(y(z)), where
reN= Bl(O), that

T lwrr) = IT@WEDIwre s, ©0)
(7.6)
< C(IP@)llz> + 1D,T W)l e (5. (o))

where [|[T'(y)||L is the supremum of T" in y-coordinates over B((0), so that we can
bound the right hand side further by taking the supremum and LP-norm over €2,
namely,

T llwre@) < CUTGLe@ + 1Dy L) Lo @)
(6.1)
< QCCMHF(y)lep(Q), (77)

by Morrey’s inequality. Defining now Cj in terms of the initial connection in y-
coordinates as

Co = 2CCu (ITW)lwrr(e) + 1AL () lwrr @), (7.8)
which is independent of ¢, (7.7) implies that
1Tl ) < Co-
Likewise, applying (7.6) component-wise to dI'*, we obtain
[l w1 ) < 1Al fwae (o) < Co. (7.9)

Combining (7.7) with (7.9) gives the sought after bound (4.7) for m = 1.

The general case m > 1, follows similarly by applying (7.6) component-wise to
higher derivatives, 9'T"* and 9'(dI'*) for [ = 0,...,m — 1, (keeping in mind that these
terms are Holder continuous, where 9' shall be understood as standard multi-index
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notation), and defining Cy in (7.8) in terms of the W™ P-norm of I' and dI'. To
summarize, we proved that one can always arrange for the smallness assumption (4.8)
- (4.7) required in Theorem 5.4, by first restricting a given connection to a ball of
radius €, and taking the transformation of this connection to the ball of radius 1 as
the starting connection in Theorem 5.4, while taking for I'* the scalar transformed
components of the restricted connection.

Finally, observe that the e-bounds (5.8) and (5.13) depend only on the constants
Chur, Co, Cs and Cp, which in turn depend only on m,n,p and Q. Since Q = B;(0)
is kept fixed throughout the argument, we can first choose some € small enough to
satisfy the bounds (5.8) and (5.13), and then arrange for the scaling (4.8) for I" by
applying the argument (7.2) - (7.9). In summary, we proved that the hypotheses of
Theorem 5.4 are satisfied, which completes the proof of Theorem 1.3. O

8. Applications to the Initial Value Problem in General Relativity.

8.1. Optimal Regularity and the Initial Value Problem. The Einstein
equations G = kT of General Relativity are covariant tensorial equations defined
independent of coordinates. The unknowns in the equations are the metric tensor g,
and these are coupled to the variables which determine the sources in T'. For example,
in the case of a perfect fluid, the unknowns are g,;, p, p, u;, where [10, 4]

T = (p+ p)u'u? + pg'.

The existence of solutions of the Einstein equations are established by PDE methods
in coordinate systems in which the Einstein equations take on a solvable form. The
coordinate systems are typically specified by an ansatz for the metric, for example,
SSC coordinates for spherically symmetric spacetimes, or harmonic coordinates, wave-
gauge coordinates, etc., for the general initial value problem in four dimensions, [10, 4].
Since solutions typically only exist locally in GR, it is important to know whether
the breakdown is simply a breakdown of the coordinate system. This is important
both to the theory of the initial value problem in GR, and to numerical relativity.
The question we ask here is: how do we know the gravitational metric, which is the
solution of the equations in a given coordinate system, exhibits its optimal smoothness
in the coordinate system in which it is constructed?

For example, assume that one were to construct a solution to the Einstein equa-
tions G = kT in a given coordinate system z in which the equations produce unique
solutions (locally) within a given smoothness class, starting from initial data. To
make the point, assume the equations produce solutions of optimal smoothness with
metric g € W™+2P connection I' € W™HLP and Riem (') € W™P. Then appli-
cation of a transformation x — y with Jacobian J € W™+1P will in general lower
the regularity of the whole solution space, lowering the regularity of the metric and
its connection I' by one order, but the transformation will preserve the regularity of
the curvature tensor Riem(I") € W™P because the connection involves derivatives of
the Jacobian of the coordinate transformation, but the metric and Riemann curva-
ture tensor, being tensors, involve only the undifferentiated Jacobian.® Therefore, if
one were to then express the Einstein equations in the transformed coordinates y in
which the metric is one order less smooth than optimal, the resulting existence the-
ory posed in y-coordinates, by construction, would produce the unique transformed

8 Alternatively, the anti-symmetric operator d applied to the symmetric leading order term in
the formula for the transformed connection, kills the highest order derivatives in the formula for the
transformed curvature tensor.
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solution g € W™+LP T € WP and Riem(T') € W™P. Therefore, and this is the
main point, if we were to construct our solutions in the y-coordinates in the first
place, then we would not know that our unique solution was one order below optimal
smoothness without knowing about the existence of the inverse transformation y — .
It is precisely the existence of this transformation from y back to x that is guaranteed
by Theorem 1.1, because its existence follows from existence for the RT-equations
forT'e W™P, dI' € W™P, m > 1, p > n. Theorem 1.1 tells us that it is sufficient
to solve the Einstein equations in a weaker sense than optimal, by stating that it is
sufficient to solve a version of the Einstein equations which only produce metrics and
connections one order less smooth than optimal. If I' and dI" are in L°°, then this is
the difference between weak and strong solutions in the true sense of the theory of
distributions, [14].

With this in mind, consider as an alternative to solving the RT-equations,
the problems one would encounter in trying to prove that a non-optimal metric is
smoothed by one order via application of hyperbolic PDE methods to the standard
3 + 1 framework for the initial value problem in GR; an approach we believe to be
too complicated in comparison to establishing optimal regularity via the (elliptic)
RT-equations.” The 3 + 1 framework is based on foliating spacetime into spatial
slices parameterized by a time variable. We now argue that the 3 + 1 framework
replaces the problem of smoothing non-optimal metrics in spacetime, to the problem
of smoothing the restrictions of the metric and second fundamental form by one or-
der on space-like hypersurfaces as a necessary condition. To make the point, recall
that in wave coordinates the spacetime metric evolves from initial data surfaces by
semi-linear wave equations and inherits its spacetime regularity from the regularity
of the initial data, c.f. [4, 23]. By this, the current 3 + 1 hyperbolic PDE methods
for the Einstein equations require the assumption that the induced metric be one
derivative more regular than the second fundamental form, and deduce from this that
the spacetime metric has the regularity of the induced metric on the Cauchy surface.
For this to yield optimal regularity, the second fundamental form must be in addition
one order more regular than the curvature as a necessary condition. Now the formula
for the second fundamental form accounts for the embedding of the induced metric,
and correspondingly its formula involves the connection coefficients from the ambient
spacetime, so the second fundamental form, in general, inherits the regularity of the
spacetime connection. Thus without a procedure for finding a gauge condition and a
Cauchy surface such that the induced metric and induced second fundamental form
both have one more order of regularity than they exhibited in the original non-optimal
spacetime coordinate system, the 3 + 1 framework will estimate a non-optimal solu-
tion as being one order less regular than it really is. Fixing this within the 3 + 1
framework appears to us to be a formidable problem. The difficulty is that although
the induced metric on a 3-surface is positive definite, and might be regularized using
harmonic coordinates for that metric as in [6],'Y the fact that the formula for the
second fundamental form involves the spacetime connection, means the problem of
regularizing the second fundamental form on a Cauchy hypersurface in a coordinate

9See [12] for another example where the hyperbolic approach appears not feasible, and con-
struction of an auxiliary Riemannian metric is central for extending results on the prescribed scalar
curvature problem to Semi-Riemannian smooth manifolds; the results and methods in [12] are not
further related to ours.

10Note that (positive definite) Riemannian metrics always exhibit optimal regularity in harmonic
coordinates [6], because the regularity for the Laplacian can be deduced from the source terms,
without requiring boundary data.
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gauge that also regularizes the metric on that surface is as formidable as the prob-
lem of regularizing non-optimal spacetime metrics in the first place. The main point
is this: Without a procedure for simultaneously regularizing the metric and second
fundamental form on Cauchy surfaces, or a proof demonstrating that this holds on a
Cauchy surface under the gauge condition assumed for a 3 + 1 analysis, the Cauchy
problem estimates non-optimal solutions as one order less regular than they really
are, and in this sense, the Cauchy problem is incomplete in each Sobolev space.

8.2. Application of the RT-equations in Spherically Symmetric Space-
times. We apply Theorem 1.1 to give a new theorem establishing the optimal smooth-
ness of spherically symmetric solutions generated by the Einstein equations G = kT’
in Standard Schwarzschild Coordinates (SSC) with arbitrary source terms 7T'. The is-
sues around optimal regularity addressed by the RT-equations are represented nicely
in SSC coordinates because three of the four Einstein equations G = kT are first
order in the metric, and thus metric solutions are only one order smoother than the
curvature tensor. We begin with a discussion of the central issue involved.

The fact that the Einstein equations admit coordinate systems in which the metric
is one degree less smooth than optimal, leads one to anticipate that the Einstein
equations might be easier to solve at this lower level of smoothness.'’ In certain
cases, the Einstein equations might actually take their simplest form in coordinate
systems which produce only one metric derivative above the curvature tensor—because
in coordinates where the metric is one order less smooth, the equations need impose
fewer constraints. We now show that this is precisely what happens in spherically
symmetric spacetimes in SSC, the example we now discuss in detail.

Consider then the case of time dependent spherically symmetric spacetimes in
which the gravitational metric takes the general form

dr?

2 — _B 2
ds (t,r)dt +A(t,r)

+ E(t,r)dtdt + O(t,r)dQ?, (8.1)

where
d0? = dh? + sin® 0d6?

is the standard line element on the unit sphere. Then generically, when C,. # 0, (the
most general case is not of interest here), there exists a coordinate transformation to
coordinates in which the metric takes the Standard Schwarzschild Coordinate form
[25]

2

2 _ 2
ds® = —B(t,r)dt +A(t,r)

+ r2d0?, (8.2)

and this represents the coordinates in which the Einstein equations (arguably) take
their simplest form.'? In SSC, the Einstein equations reduce to a “locally inertial”
formulation derived by Groah and Temple in [9] as follows.

Mndeed, for elliptic equations, the Lax-Milgram Theorem is an example in which it is easier to
establish the gain of one derivative in u over f in Au = f, but the second derivative gain requires
the development of elliptic regularity theory, [7].

12The authors invite the reader to put the metric ansatz into MAPLE to compute the Einstein
equations in general case (8.1), to see that the equations are significantly more complicated in general
coordinate systems than in SSC.
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According to [9], three of the four Einstein equations determined by G = kT
are first order in A and B, and one is second order. The first order equations are
equivalent to,™3

A 1—-A) KB 2 00,2
{ r }_ =7 AT (8.3)
A B B
—At = —”A T = k[ S TR (8.4)
B, 1-A _ 11,2 11,2
{TB - A} = T = g, (8:5)

and the the two conservation laws DivT = 0 are equivalent to

(18}0+ {VABIY | = -2 VABTY, (8.6)

1

{Th1}o + {\/@Tj}}’l = ;m{“m + (Zr_ Do 11y (87

2
2Ll - @) - )

where Tf;f is the Minkowski stress tensor defined by, (c.f. [9]),

TJ(\)/}) — BTOO, TOl — ¢§T01’ Tll — %Tll, TJ%} _ T22,

and we employ the standard notation

0 0
S = (o= 5 O ={hi={},

By the Bianchi identities, equations (8.3) - (8.7) follow from DivT = 0 which follows
as an identity from G = T. In [9] it was shown that the Einstein equations G = kT’
for metrics in SSC are equivalent to the system (8.3), (8.5), (8.6), (8.7), in the weak
sense when T' € L>°. In addition, the system closes when an equation of state p = p(p)
is imposed, and the first order equation (8.4) follows as an identity, (c.f. [9]).

The SSC equations (8.3), (8.5), (8.6), (8.7) were introduced in [9] to prove the first
existence theorem for shock wave solutions of the Einstein equations using the Glimm
scheme, (c.f.[22, 11, 14, 24, 3]). Groah and Temple remarked that the equations
could only be solved in coordinates in which the metric appeared to be singular
at shock waves, (in the sense that, although no delta function sources appear in
the L* curvature tensor, the metric is only Lipschitz continuous, and this is only
one derivative smoother than the curvature). It is still an open question whether
these C%! metric solutions of G = kT can always be smoothed one order to C1:! by
coordinate transformation, and based on this, authors in [14, 15], posed the problem
of Regularity Singularities.

131n [9], the SSC metric ansatz is taken to be ds? = A(t,r)dt? + B(t,r)dr? + r2dQ?, so to recover
the formulas from [9], make the substitutions A — %, B— A
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As an application of Theorem 1.1, note that if "€ WP m > 1, p > n =4, then
solutions of (8.3), (8.5), (8.6), (8.7), would in general have (4,B) € W™HLr T €
WP and since G = kT, also G € WP, Putting the full Riemann curvature tensor
into a computer algebra system (MAPLE or Mathematica) one sees by inspection that
the terms of lowest regularity in G match the terms of lowest regularity in Riem(T),
so in general, Riem(I') € W™P. For such solutions of the SSC equations, we have
that I’ and dI" have the same regularity WP, and the metric ¢ € W™+1P is only one
derivative more regular. Thus solutions of the SSC equations with T'e€ WP m > 1,
p > 4, is an example that fits the assumptions of Theorem 1.1. The result is a new
regularity result for solutions of the SSC equations which we record in the following
theorem:

THEOREM 8.1. Assume T € W™P m > 1, p > 4, and let g = (A, B) be a
solution of the SSC equations (8.3), (8.5), (8.6), (8.7) satisfying

geWmtLr T e WmP dI' € W™P,

in an open set Q). Then for each q € Q there exists a coordinate transformation x — y
defined in a neighborhood of q, such that, in y-coordinates, g € Wm+2P T ¢ fWm+tlp,
Riem(T") € W™P,

Appendix A. Proof of elliptic estimate (2.10). For completeness, we now
give a proof of estimate (2.10) of Theorem 2.1 stated in Section 2.

THEOREM 2.1 (Elliptic Regularity). Form > 1, 1 < p < oo, let f € Wm=1P(Q)
and ug € WmTLP(Q), which we assume to both be scalar functions. Assume u €
WmtLr(Q) solves the Poisson equation Au = f with Dirichlet data ug in the sense
that u — ug € I/Vol’p(Q).14 Then there exists a constant C' > 0 depending only on €,
m,n,p such that

lullwmt1p) < O(||f||vvmflvp(sz) + ||U0||Wm+1w(sz)>- (A1)

Proof. Assume that w € W™FLP(Q) N W, P(Q) solves Aw = f, Lemma 9.17 in
[8] then gives us the estimate

lwllw2r) < Cllflle@) (A.2)

for some constant C' > 0 depending only on Q, m, n, p. Estimate (A.2) directly extends
to higher derivatives by differentiation. Namely, using that D%w solves AD%w =
D f, where « is a muti-index and D¢ the corresponding derivative, we obtain

lwllwnor@ < Y. ID*wllw2re)

0<|a|<m—1

<C Z 1D fllLr ()

0<|al<m-1

= Clfllwm-rr ), (A.3)

which proves (A.1) in the special case ug = 0.

4 The space Wol’p(Q) denotes the closure of C§°(£2), the space of smooth functions with compact
support, with respect to the W1-P-norm.
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To extend this to general Dirichlet data, ug # 0, let v be the solution of the
Laplace equation with Dirichlet data ug, that is, v solves Av = 0 and v—ug € VVO1 Q)
and can be constructed via Green’s representation formula. By uniqueness of solutions
to the Poisson equation it follows that u = w + v, since Au = Aw = f together with
the correct Dirichlet data u —ug € VVO1 P(Q). Now, using the triangle inequality twice
gives us

l[ullwmerr < [lwllwmire + v = wollwmere + [luollwmsrr. (A4)

We can apply estimate (A.3) to the first two terms, since w and v — ug both vanish
on the boundary in the sense that w, v —uy € W1P(Q), which gives us

[wlwm+1e < Cllfllwm-100), (A.5)
and

v —uollwm+1pq) < Cll AW — o) |lwm-1.0()
< Clluollwm+1(a), (A.6)

where A(v—uo) = Aug and ||Augl|ym-1.p(0) < [[uollwm+1.0(q) imply the last inequal-
ity. Substitution of estimates (A.5) and (A.6) into (A.4) yields now the sought after
estimate (A.1) and completes the proof. O

Conclusions. Authors began the study of Regularity Singularities by asking
whether Lipschitz shock waves proven to exist in Standard Schwarzschild coordinates,
might actually be one order smoother in other coordinate systems in which the Ein-
stein equations are too complicated to solve. This has led us to a much more general
theory of non-optimal solutions of the Einstein equations, and the authors now con-
jecture that without resolving the problem of optimal regularity, the existence theory
for the initial value problem in GR is incomplete in each Sobolev Space. Although
fundamental to the theory of the Einstein equations, this appears to be a new point of
view on the initial value problem for the Einstein equations. Extending this theory to
the case of shock waves in which the gravitational metric is only Lipschitz continuous,
is the topic of authors current research.
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