Prologue

The subject of this monograph is the shock development problem in fluid mechan-
ics. This problem is formulated in the framework of the Eulerian equations of a
compressible perfect fluid as completed by the laws of thermodynamics. These
equations express the differential conservation laws of mass, momentum, and energy
and constitute a quasilinear hyperbolic 1st-order system for the physical variables,
that is, the fluid velocity and the two positive quantities corresponding to a local
thermodynamic equilibrium state. Smooth initial data for this system of equations
lead to the formation of a surface in spacetime where the derivatives of the physical
quantities with respect to the standard rectangular coordinates blow up. Now, there is
a mathematical notion of maximal development of initial data. As was first shown in
the monograph [Ch-S], this maximal development ends at a future boundary which
consists of a regular part C and a singular part 3 with a common past boundary 6_1B,
the surface just mentioned. A solution of the Eulerian equations in a given spacetime
domain defines a cone field on this domain, that is, a cone in the tangent space at
each point in the domain, the field of sound cones. This defines a causal structure
on the spacetime domain, equivalent to a conformal class of Lorentzian metrics,
the acoustical causal structure. Relative to this structure d_B is a spacelike surface,
while C is a null hypersurface. Also B is in this sense a null hypersurface; however,
being singular, while its intrinsic geometry is that of a null hypersurface, its extrinsic
geometry is that of a spacelike hypersurface, because the past null geodesic cone in
the spacetime manifold of a point on B does not intersect 3. The character of I3 and
the behavior of the solution at B were described in detail in [Ch-S] by means of the
introduction of a class of coordinates such that the rectangular coordinates as well
as the physical variables are smooth functions of the new coordinates up to 5, but
the Jacobian of the transformation to the new coordinates, while strictly negative in
the past of B, vanishes at B itself, a fact which characterizes 5. Now, the mathe-
matical notion of maximal development of initial data, while physically correct up to
C | d_B, is not physically correct up to 3. The problem of the physical continuation
of the solution is set up in the epilogue of [Ch-S] as the shock development problem.
In this problem, one is required to construct a hypersurface of discontinuity K, the
shock hypersurface, lying in the past of I3 but having the same past boundary as the
latter, namely d_ 3, and a solution of the Eulerian equations in the spacetime domain
bounded in the past by C |J K, agreeing on C with the data induced by the maximal
development, while having jumps across K relative to the data induced on K by
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the maximal development. These jumps satisfy the jump conditions which follow
from the integral form of the mass, momentum, and energy conservation laws, that
is, by requiring the corresponding differential laws to hold in the weak sense in a
full neighborhood of K. Moreover, K is required to be a spacelike hypersurface
relative to the acoustical structure corresponding to the prior solution and a timelike
hypersurface relative to the acoustical structure corresponding to the new solution
(see Sections 1.4, 1.5 and Figure 1.3). The 1st requirement implies that the prior
solution along K is given by the maximal development discussed above, while the
2nd requirement is what gives the problem the character of a free boundary problem,
the jump conditions at JC being just right to determine both the location of the shock
hypersurface in the underlying background spacetime, as well as the new solution.
Thus, the singular surface d_B is the cause generating the shock hypersurface .
In view of the acoustically spacelike nature of /X relative to the prior solution, the
shock hypersurface penetrates the interior of the domain of the maximal development
rendering unphysical the part of the maximal development lying to the future of .
We note that the results of the previous monograph [Ch-S] are to be used in order
to set up the initial data on C as well as for providing the data on the past side of
K. However, only the qualitative features of the prior maximal development will
be used and not any smallness conditions, as would follow from the assumption in
[Ch-S] that the initial data from which this maximal development arises correspond
to a small departure from those of a constant state.

The monograph [Ch-S] actually considered the extension of the Eulerian equations
to the framework of special relativity. In this framework the underlying geometric
structure of the spacetime manifold is that of the Minkowski spacetime of special
relativity. On the other hand, the underlying spacetime structure of the original
Eulerian equations, as of all of classical mechanics, is that of Galilei spacetime. The
monograph [Ch-Mi] treated the same topics as [Ch-S] reaching similar results in a
considerably simpler, self-contained manner. The relationship of the non-relativistic
to the relativistic theory, how results in the former are deduced as limits of results
in the latter, is discussed in detail in Sections 1.3—1.6. The Galilean structure has
a distinguished family of hyperplanes, those of absolute simultaneity, while the
Minkowski structure is that of a flat Lorentzian manifold; thus the latter, with its light
cone field, is in a sense more like that corresponding to the sound cone field defined
by a solution of the Eulerian equations. What we mean by rectangular coordinates in
the Minkowskian framework is the standard geometric notion and two such systems
of coordinates are related by a transformation belonging to the Poincaré group. On
the other hand, by rectangular coordinates in the Galilean framework we mean a
Galilei frame together with rectangular coordinates in Euclidean space and two such
systems of coordinates are related by the Galilei group, which extends the Euclidean
group. The simplest representative in the conformal class of Lorentzian metrics
corresponding to the sound cone field is the acoustical metric. This is given in the
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relativistic theory in terms of rectangular coordinates by
h = hydet @dx”,  hy = guy + (1 - nz)uﬂuv, Uy = gyt (P.1)

where g, are the components of the Minkowski metric, #* the components of the
spacetime fluid velocity u, a future-directed vectorfield which is timelike and of
unit magnitude with respect to the Minkowski metric, and 7 is the sound speed, a
thermodynamic function. In the non-relativistic theory the acoustical metric is given
in terms of rectangular coordinates by

h=-n*dt ® dt + (dx' — v'dt) ® (dx' —v'dt) = hydxtdx”, "=t (P2)

Here 7 is again the sound speed while v’ are the components of the spatial fluid
velocity, the spacetime fluid velocity u being given in the non-relativistic theory by
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(P.3)

In (P.1), (P.2), (P.3), as in the entire monograph, we follow the summation convention
according to which repeated indices are meant summed over their range.

From the mathematical point of view the shock development problem is a free
boundary problem, with nonlinear conditions at the free boundary /C, for a quasilinear
hyperbolic 1st-order system, with characteristic initial data on C which are singular,
in a prescribed manner, at d_B, the past boundary of C. It will be shown that the
singularity persists, not only as a discontinuity in the physical variables across X,
but also as a milder singularity propagating along C. While the physical variables
and their 1st derivatives extend continuously across C, the 1st derivatives are only
C%1/2 at C from the point of view of the future solution. Majda’s pioneering works
[Mal], [Ma2] solved the local shock continuation problem. This is the problem of
continuing locally in time a solution displaying a shock discontinuity initially. It is
a problem of the same kind, but without the singular initial conditions of the shock
development problem which signal that a shock is about to form. The spherically
symmetric barotropic case of the shock development problem was recently solved in
[Ch-Li].

What the present monograph solves is not the general shock development prob-
lem but what we call the restricted shock development problem. This problem is
formulated in Section 1.6 and results if we disregard the Hugoniot relation, one of
the jump conditions which constitutes a relation between thermodynamic quantities
on the two sides of KC (see (1.255) for the relativistic relation, (1.310) for the non-
relativistic relation). This relation expresses As, the jump in entropy, in terms of
Ap, the jump in pressure, giving As as proportional to (Ap)? to leading terms (see
(1.260) for the relativistic expression, (1.318) for the non-relativistic expression).
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Then disregarding the Hugoniot relation, we set As = 0 to obtain the restricted prob-
lem. Due to the fact that in terms of the coordinate T on /C, which is introduced in
Section 2.5 and which vanishes at d_3, Ap ~ 7, reinstating the Hugoniot relation
would give As ~ 73; consequently the restricted problem retains the main difficulty
of the general problem, namely the singular behavior as 7 — 0. The jump condi-
tions other than the Hugoniot relation are fully taken into account in the framework
of the restricted shock development problem. The corresponding restricted shock
continuation problem was solved by Majda and Thomann [Ma-Th]. As we shall see,
our solution of the restricted shock development problem relies on [Ma-Th], as we
obtain our solution via a regularization of the initial conditions and an application of
the method of continuity which naturally must rely on a local existence theorem for
regular initial conditions.

Our treatment is based on the 1-form 3, a general concept, given in the relativistic
theory (see Section 1.1) in terms of rectangular coordinates by

B = Budx", B, =—hu,, P.4)
where / is the relativistic enthalpy, a thermodynamic function. In the non-relativistic
theory (see Section 1.3), the 1-form 3 is given in terms of rectangular coordinates by

1 ..
B= (h + 5|v|2) dt —vidx" = B,dx", (P.5)

where / is the (non-relativistic) enthalpy. Associated to the 1-form g is the spacetime
vorticity 2-form w = —df, which satisfies, in both the relativistic and the non-
relativistic theories, the equation

iyw = 0ds, (P.6)

where u is again the spacetime fluid velocity and 6 is the temperature. This equation
is supplemented by the differential mass conservation law to obtain the full content of
the Eulerian equations. The differential mass conservation law takes, in rectangular
coordinates, the form

O(nut) _0o
OxH

in both the relativistic and the non-relativistic theories, n being the mass density, a
thermodynamic function. Note that the components 5, of 8 determine the compo-
nents u* of u as well as the enthalpy £, and vice versa. Taking the enthalpy 4 and
the entropy s as the basic thermodynamic variables, any thermodynamic function,
in particular the sound speed 7, is a known function of # and s (the equation of
state being given). Thus the g, together with s determine the components A,,, of the
acoustical metric in both the relativistic and the non-relativistic theories; in fact the
latter are known smooth functions of the former.

®.7)
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The jump conditions other than the Hugoniot relation consist of what we call the
linear jump condition and what we call the nonlinear jump condition. The linear
jump condition states that

B+ = B (P.8)

where we denote by subscript — the side of K corresponding to the prior solution,
which holds in the past of X', and by a subscript + the side of X corresponding to
the new solution, which holds in the future of . We then denote by 8. the 1-form
B induced on K from the two sides. The nonlinear jump condition follows from the
integral mass conservation law, that is, by requiring equation (P.7) to hold in the weak
sense in a full neighborhood of K. Denoting by w). the vorticity 2-form induced on
K from the two sides, (P.8) implies

W+ = W|-. P.9)

In the case that the prior solution is irrotational in a neighborhood of /C, as is the case
here, we have
w|+ = 0. (P.10)

Then w, reduces to its component w, 4+ a 1-form intrinsic to K, given according to

(P.6) restricted to K by

Wiy = 9—+d||s+, (P.11)

U+

where we denote by d| the differential of a function on KC. Also, u, . is the component
of u, along the interior unit normal to JC with respect to the Minkowski metric in
the relativistic theory, the instantaneous interior unit normal with respect to the
Euclidean metric in the non-relativistic theory (see Section 1.4). Here the prior
solution is isentropic, being irrotational (note that by irrotational we mean that the
spacetime vorticity vanishes, which by (P.6) implies that the entropy is constant),
hence in (P.11) we can replace ds, by d||As to obtain

-

dHAS. (P.12)

Wi+ =
Ui+
In the restricted problem the vanishing of As implies that also w, ; vanishes, hence
w4 = 0.
As a consequence of equation (P.6), w satisfies the transport equation

Ly,w =do A ds, (P.13)

where the right-hand side, like w itself, is of differential order 1, the physical variables
themselves being of differential order 0. The vectorfield u then defines in the general
problem a characteristic field complementing the sound cone field. The hypersurface
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generated by the integral curves of u initiating at _B divides the domain of the new
solution into two subdomains: one bounded by C and the hypersurface in question,
and one between the hypersurface and /C. In the former domain the solution coincides
with that of the restricted problem, which is irrotational, while in the latter domain
the spacetime vorticity 2-form w does not vanish, w,. being determined by As through
(P.12). There is then an additional higher-order discontinuity in w across the dividing
hypersurface.

We shall now describe in brief the mathematical methods introduced in this
monograph, noting the essential points and where the corresponding material is
found in the monograph. What follows will serve as a guide for the reader. A central
role is played by the reformulation in Chapter 2 of the Eulerian equations in the
domain N of the new solution. First a homeomorphism is defined of this domain
onto

Rs.s = Rs.s x S"7 1, (P.14)

n being the spatial dimension and
Rss={wu)eR> :0<u<uc<s} (P.15)

being a domain in R?, which represents the range in \" of two functions u and u, the
level sets of which are transversal acoustically null hypersurfaces denoted by C,, and
C., respectively, with C;, = C. In this representation the shock hypersurface boundary
of NVis

K?={x7) :71el0d]}xs5"" (P.16)

and 0_B is
0_B =(0,0) x S"' = Sy0. (P.17)

We denote by S, , the surfaces
Suu=C, ﬂ Cu = (wu)x S". (P.18)

In the reformulation of the Eulerian equations the unknowns constitute a triplet
((x* :pu=0,...,n), b By : u=0,...,n)), where the (x* : u = 0,...,n) are
functions on Rs s X S"~! representing rectangular coordinates in the corresponding
domain in Galilean spacetime in the non-relativistic theory, in Minkowski spacetime
in the relativistic theory, with X0 = t, and the QB# :u=0,...,n) are also functions
on Rss X S"! and represent the rectangular components of the 1-form 8. The
unknown b is a mapping of Rs. s into the space of vectorfields on $"~!. The pair
((x* = u =0,...,n), b) satisfies the characteristic system, a fully nonlinear 1st-
order system of partial differential equations. The (8, : u = 0,...,n) satisfy the
wave system, a quasilinear 1st-order system of partial differential equations. The
characteristic system is coupled to the wave system through the (A, : p, v =0, ..., n),
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which represent the rectangular components of the acoustical metric, and depend
on the (B, : u = 0,...,n). More precisely, denoting by {f the differential of a
function f on the S, ,, the coupling is through the functions N* : pu = 0,...,n
and N* : u =0,...,n defined in terms of the dx* : u = 0,...,n pointwise by the
conditions

B NP I =0,  hyNENY =0, N°=1 (P.19)

and similarly for the N#. By reason of the quadratic nature of the 2nd of these
conditions, a unique pair (N* : u=0,...,n),(N* : u=0,...,n)) up to exchange is
pointwise defined by (A, : g1, v = 0,...,n)and (dx* : p =0,...,n). The vectorfields
N, N with rectangular components (N* : u=0,...,n), (N* : £ =0,...,n) are then
null normal fields, relative to the acoustical metric &, to the surfaces S, ,. The
exchange ambiguity is removed by requiring N to be tangential to the C,,, N to be
tangential to the C ,. The function

¢ =—%hu NFN” (P.20)

is then bounded from below by a positive constant. Defining

L=(%—b, £=%+b P.21)
and
p =1Lt p=Lt, (P.22)
the characteristic system is -
Lxt = pNH, Lx* = Bﬂ" cu=0,...,n (P.23)

With the vectorfields N, N and L, L as defined above, the characteristic system
simply expresses the condition that on the one hand L and N and on the other hand
L and N, are collinear. In view of the above definitions of N, N and of L, L, the
characteristic system implies that the hypersurfaces C, and C,, are null with respect
to the acoustical metric B

h = hyydx* ® dx”, (P24)

their generators being the integral curves of L and L respectively.

What is achieved by the reformulation just described is a regularization of the
problem. That is, we are now seeking smooth functions on Rs s X S"~! satisfying the
coupled system, the initial data themselves being represented by smooth functions
on C,,. The Jacobian of the transformation representing the mapping ((u, u), ) +—
(H((,u),®): u=0,...,n), 0 € " ! is of the form

a0 x!, ... x™) 3
O, u, 9, ... 91y

pgd, P.25)
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(94 : A=1,...,n— 1) being local coordinates on S"~!. Here p, p are non-negative
functions, defined by (P.22), the inverse temporal density of the foliation of spacetime
by the C,, as measured along the generators of the C,, the inverse temporal density
of the foliation of spacetime by the C,, as measured along the generators of the C w
respectively, and d is a function bounded from above by a negative constant (see
Section 2.2). As a consequence, the Jacobian (P.25) vanishes where and only where
one of p, p vanishes. The function p is given on C, by the initial data and while
positive on C; \ So,0, vanishes to 1st order at So, the last being a manifestation of
the singular nature of the surface d_B. The function p on C represents 1st derived
data on C, (see Chapter 5) and vanishes there to Oth order. It turns out that these are
the only places where p, p vanish in Rs s X sn-l,

A smooth solution of the coupled characteristic and wave systems once obtained
then represents a solution of the original Eulerian equations in standard rectangular
coordinates which is smooth in A/ \ C but singular at C with the transversal derivatives
of the 8, being only Holder continuous of exponent 1/2 atC and, in addition, a stronger
singularity at 0_B, namely the blow up of the derivatives of the 3, at d_B in the
direction tangential to C but transversal to d_I5. In particular, the new solution is
smooth at the shock hypersurface /C except at its past boundary d_B, as is the prior
solution which holds in the other side of K, the past side, K \ 0_B, lying in the interior
of the domain of the maximal development.

We remark that the roles which the two collinear pairs of null vectorfields (N, N)
and (L, L) play in the monograph is different. The vectorfields N and N, being
non-degenerate in terms of rectangular coordinates, are used to define a frame field,
and their rectangular components are smooth functions of the (u, u, ¢) coordinates.
On the other hand, the vectorfields L and L, which are smooth when expressed in
terms of (i, u, ) coordinates, are used in the role of differential operators.

The wave system consists of the equations

dx* AdB, =0, h™'(dx",dB,) =0 (P.26)
expressed in terms of the representation (P.14), that is,

(Lx")LB,, — (Lx*)LB, = 0,
(Lx")JB, — (dx*)LB, = 0,
(Lx")dB, — (dx*)LB, = 0,
dxt A dﬁy =0,

T{@x")LB, + (LX*)LB,} = a(dx™, dBu )y (P27)

where
h= hpvdxﬂ ® dx” (P.28)
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is the induced acoustical metric on the surfaces S, ,, a positive-definite metric, and
a=-3h(L,L) = cpp. (P.29)

Equations (P.26) are equations for the functions 5, : 4 = 0,...,n to be satisfied by
these together with the functions x* : u = 0, ..., n on the Lorentzian manifold (N, h)
independently of the choice of a local coordinate system. In A\ C the functions
xM* o u = 0,...,n themselves can be chosen as coordinates, in which case these
equations reduce to

0 u aﬂy 0 o
Bu _ 0By _ o v 9B _ P
oxY  OxH 0 ox¥ 0 (P.30)

which are the Eulerian equations in the irrotational case, the 2nd of these equations
representing the differential mass conservation law. Here, however, we are imposing
the form (P.27) of these equations, that is, using the representation (P.14) we are
considering the B, : 4 =0,...,n and the x* : u = 0,...,n as functions of (u, u, ).
In view of the fact that in equations (P.27) the 1st derivatives of the x* : u=0,...,n
as well as the 1st derivatives of the 8, : u =0, ..., n appear, the wave system couples
to the characteristic system to principal terms.

On C,,, ¥ is defined by the condition that it is constant along the generators of C,
together with the condition that the restriction of & to Sp,0 = 9B is a diffeomorphism
of 0_B onto §"~!. We then have

ble, = 0. (P31)

The initial data for the coupled characteristic and wave systems on C, = C for the
new solution then consist of the pair ((x* : u=0,...,n), (B, : u=0,...,n))onC,
which is that induced by the prior solution.

The characteristic system for the pair (x* : u =0,...,n), b), together with the
(hwy * pv = 0,...,n) which enter this system through the (N* : u = 0,...,n)
and the (N* : u = 0,...,n), manifest a new kind of differential geometric structure
which involves the interaction of two geometric structures on the same underlying
manifold, the Ist of these structures being the background Galilean structure in the
case of the non-relativistic theory, the background Minkowskian structure in the case
of the relativistic theory, and the other being the Lorentzian geometry deriving from
the acoustical metric. As for the (8, : 4 = 0,...,n) of the wave system, this is the
set of functions obtained by evaluating the 1-form g on the set of translation fields of
the background structure. Proposition 2.1 with a translation field substituted for X
plays a central role in our approach. The proposition asserts that if X is a vectorfield
generating isometries of the background structure then

07 B(X) = 0, (P.32)



10 Prologue

where 7 is a metric in the conformal class of the acoustical metric 4. This wave
equation, a differential consequence of the wave system, is the basis for the derivation
of the energy estimates on which our entire approach to control the solution is based.
The derivatives of (x* : u = 0,...,n), b) are controlled through the acoustical
structure equations, the subject of Chapter 3. These are differential consequences of
the characteristic system, bringing out more fully the interaction of the two geometric
structures. We have the induced metric /i on the surfaces S, ,, and the functions

A= cp, A=cp (P.33)

(see (P.20)) introduced already in Chapter 2. While /i refers only to the acoustical
structure, the functions A, 4, involve the interaction of the two geometric structures.
These are acoustical quantities of Oth order. The first variation equations (Propo-
sition 3.1) express £rft, £,/ in terms of y, y, the two 2nd fundamental forms of
Su,u- The torsion forms 7, 7 represent the connection in the normal bundle of Suu
in terms of the vectorfields L, L which along S, ,, constitute sections of this bundle.
The commutator

a0 0
[L,.L]=4rb, T=L+L=—+— (P.34)
= ~ Odu Odu

(see (P.21)) is expressed in terms of n, n. While the quantities y, y, n, n refer only
to the acoustical structure, the structure equations assume a non-singular form only
in terms of the quantities ¥, Y, 77, f# which involve both structures. The former are
related to the latter as follows: up to order 1, remainders depending only on the
dp, :pn=0,...,n, yisequal to py, x is equal to pj, 17 is equal to p7j, 17 is equal to
pii. In fact, the only order-1 quantities appearing in the 1st and 3rd remainders are
the LB, : u=0,...,n, and the only order-1 quantities appearing in the 2nd and 4th
remainders are the LS, : u = 0,...,n. Moreover, 7, 7, are expressed in terms of ¢A,
dA (see Section 3.2). Thus 4, 4, ¥, y are the primar_y acoustical quantities, the 1st
two being of Oth order, the 2nd two of Ist order.

Proposition 3.3, the propagation equations for 4 and 4, plays a central role. This
proposition expresses LA and LA in terms of lst-order quantities with vanishing
Ist-order acoustical part. Proposition 3.4, the second variation equations, also plays
a central role. This proposition likewise expresses £; ¥ and £ y in terms of 2nd-
order quantities with vanishing 2nd-order acoustical part. The acoustical structure
equations are completed by the Codazzi and Gauss equations of Propositions 3.6
and 3.7. Denoting by D the covariant derivative operator of (S,,., /), D¢, Py are 3-
covariant tensorfields on each S, ,, and the Codazzi equations express the 3-covariant
tensorfields obtained from Py, Py by antisymmetrizing with respect to the 1st two
entries in terms of 2nd-order quantities with vanishing 2nd-order acoustical part. The
Gauss equation likewise expresses the curvature of (S, i) in terms of a 2nd-order
quantity with vanishing 2nd-order acoustical part. The Codazzi and Gauss equations
trivialize in the case of n = 2 spatial dimensions.
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The boundary conditions on K are analyzed in Chapter 4. The jumps AB, : u =
0,...,n in the rectangular components of the 1-form S across K are subject to two
conditions, one of which is linear and the other nonlinear. The linear jump condition
decomposes into the two conditions

dx* AB, =0, THAB, =0. (P.35)

As a consequence of the 1st of (P.35), A5, can be expressed as a linear combination
of the components

€=N'AB,, €=N'AB,. (P.36)
We denote by r the ratio
r=-% (P.37)
€

In reference to the 2nd of (P.35), T# = Tx* are the rectangular components of the
vectorfield 7' and are given, in view of (P.23), (P.34), by

TH = pN* + pN*. (P.38)

Then in view of (P.33) the 2nd of (P.35) is equivalent to the following boundary
condition for A:
rd=21 : onk. (P.39)

We remark here that the propagation equations for A and for y are supplemented
by initial conditions on C,, while the propagation equations for A4 and for y are
supplemented by boundary conditions on K. The boundary condition for y is
first derived in Chapter 10 in the case of 2 spatial dimensions and afterwards, in
Chapter 11, in general. The derivation is by applying I to the 1st of (P.35). The
boundary condition for ¥ takes the form of a relation between ry and § on K
analogous to (P.39) (see (11.34)). The nonlinear jump condition takes the form of a
relation between € and € which, in the setting of the shock development problem, is
shown to be equivalent to

€ =—j(e)e’, hencer = j(e)e, (P.40)

where j is a smooth function (see Proposition 4.2).

The jump Ap, is a function on K, which at a given point on K represents the
difference of B, defined by the new solution which holds in the future of X, at the
point, from the corresponding quantity, which we denote by f3,,, for the prior solution
which holds in the past of /C, at the same point in the background spacetime, namely
the same point in Galilei spacetime in the non-relativistic theory, the same point in
Minkowski spacetime in the relativistic theory. From [Ch-Mi], [Ch-S], the ,B;l are
smooth functions of the coordinates (z, u’, #") where the level sets C/, are outgoing
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acoustically null hypersurfaces, and ', the range of which is $"~!, is constant along
each generator of each C;,, and the restriction of ¥} to each surface S, t’ w=2NC),is
a diffeomorphism onto S™~!. Here we denote by X, the level sets of ¢, the hyperplanes
of absolute simultaneity in the non-relativistic theory, parallel spacelike hyperplanes
in Minkowski spacetime in the relativistic theory. The spatial rectangular coordinates
are likewise smooth functions x”(¢, u’,9’) : i = 1,. .., non the domain of the maximal
development up to its boundary. Now according to our construction in Section 2.5,
for ¢ > 0, C,, the c-level set of u in V, is the extension across C = C, of C/, the
c-level set of u’ in the domain of the prior maximal development. At _B = Sy, u’
vanishes and ¢ = ©. On the other hand, on K \ S, #’ < 0. Therefore " and ¢’
induced on XC by the prior solution are of the form (see (P.16))

w' =w(n,d), ¥ =y(r,09) (P41)
and we have
w(0,9) =0, w(r,) <0 : fort>0, (0,3 =79. (P42)
We denote, in reference to the new solution,
fr,®) = (1,9, g9 =x(19 :i=1...,n (P43)

Then the point (7, 7,9) € K in terms of the coordinates (i, u, ) represents the same
point in the background spacetime as the point (¢, #’, 9’) in terms of the coordinates
(t,u’,9), if with (P41) and r = f(r, ), that is, the temporal rectangular coordinate
being the same, we have

X f(r, 9wy, ) =g (9 :i=1...,n, (P.44)

that is, also the spatial rectangular coordinates of the two points are the same. We
call w and y transformation functions and equations (P.44) identification equations.
Since they do not involve derivatives of (w, ¥), they are to determine (w, ) pointwise.

Note that our treatment of the shock development problem uses three coordinates
systems: the double acoustical (u,u,) coordinates which cover the domain A
of the new solution, the single acoustical (¢, u’, #’) covering the domain of the prior
solution, and of course the rectangular coordinates which cover the entire background
spacetime although the physical quantities are not everywhere smooth functions of
them. The (¢, u’, ¥’) coordinates enter through the jump conditions, which refer to the
prior solution along K. The transformation functions allow us to express quantities
along JC which refer to the prior solution in terms of the (7,) coordinates on K
which correspond to the (1, u, %) coordinates on N

Thinking of $"~! as the unit sphere in Euclidean n-dimensional space, and de-
noting by exp, the associated exponential map TyS" ! — §"! we can express the
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2nd of (P.41) in the form
? = expy(¢’) (P45)

for some ¢’ € TyS"~!, which is unique provided that the distance on S"~! of #’ from
¥ is less than 7, as will be the case in our problem. Then setting

Fi((r,9), (', ¢")) = x"(f(1,0), u', expy () = g'(. D) (P.46)
the identification equations read
Fl(r, 9w, ¢)=0 :i=1...,n (P47)

To arrive at a form of these equations to which the implicit function theorem can be
directly applied we set
u'=tv, ¢ = 7'3)/ (P.48)

and define F'((t, 9), (v, y)) by
Fi((r,9), (tv, 7)) = T F (1, 9), (v, ). (P.49)
The identification equations then take their regularized form
Fi(r,9),(v,y)=0 :i=1,...,n (P.50)

given explicitly by Proposition 4.5. The implicit function theorem then applies to
determine for each (7, 9) € K¢ the associated (v,y), v < 0,y € TypS" L.

By virtue of the equations of the characteristic and wave systems the transversal
derivatives on C,, of 1st order of ((x* : u =0,...,n),b,(By : p =0,...,n)), that
is, (Lx* : u=0,...,n), Lrb, (LB, : 1 =0,...,n)), are directly expressed in terms
of the initial data, with the exception of the pair (4, sy 1), which we call 1st derived
data. Here,

SNL = N#Lﬁll. (P.Sl)

According to Proposition 5.1, along the generators of C,, this pair satisfies a linear
homogeneous system of ordinary differential equations. The initial data for this
system are at Spo and vanish as shown in Chapter 4 by appealing to the boundary
condition (P.39) for A. It then follows that the pair (4, syz) vanishes everywhere
along C,,. Proceeding to the transversal derivatives on C,, of 2nd order, these are all
directly expressed in terms of the preceding with the exception of the pair (T4, Tsy ).
Along the generators of C), this pair satisfies a linear system of ordinary differential
equations, in principle inhomogeneous but with the same homogeneous part as that
in the case of the 1st derived data. Due to the vanishing of the 1st derived data
the inhomogeneous terms actually vanish. However, the initial data at Spo for the
pair (T4, Tsyr) do not vanish, 74 Soo being represented by a positive function on
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§"=1. It then follows that 72 has a positive minimum on Qg provided that ¢ is
suitably small depending on the initial data. Here we denote by Qg the part of C,
corresponding to u < §, that is, the part contained in R, s (see (P.14)). In general,
the transversal to C,, derivatives of order m+1 are all directly expressed in terms of
the preceding with the exception of the pair (77”4, T sy ). Along the generators of
C-this pair satisfies a linear inhomogeneous system of ordinary differential equations
with the same homogeneous part as that in the case of the 1st derived data and with
inhomogeneous part directly expressed in terms of the preceding. The initial data for
this system consist of the pair (T4, T"sn1) at So,0, determination of which requires
determining at the same time (7"~ 'v, T™~'y) at S0, which brings in the regularized
identification equations as well as the boundary condition (P.39) for A. The problem
is analyzed in Section 5.3. The determination of the derived data of arbitrarily high
order is required for the construction of a truncated power series approximation to
any desired order.

Chapter 6 introduces a new geometric concept, that of a variation field, which
plays a central role in the present work. Let X, Y be arbitrary vectorfields on . We
define the bi-variational stress associated to the 1-form g and to the pair X, Y, to be
the T]1 -type tensorfield

T=h'T, (P.52)
where T}, is the symmetric 2-covariant tensorfield
Ty = 5 (dB(X) ® dB(Y) + d(Y) ® dB(X) = (dB(X). dB(Y))nh). (P.53)

which depends only on the conformal class of A. Here B(X), B(Y) are the scalar
functions which result when we evaluate the 1-form S on the vectorfields X, Y, and
dB(X), dB(Y) are the 1-forms which are the differentials of these functions. We
remark that 7 depends (besides on 3 and (X,Y)) only on the Lorentzian manifold
(N, h), and not on any background structure. We have the identity

div; 7' = 1 (3;8(X)) dB(Y) +  (0;8(Y)) dB(X). (P54)
If, moreover, X, Y generate isometries of the background structure, then by (P.32),
div; 7 = 0. (P.55)

Setting X, Y to be the translation fields of the background structure, that is,of
Minkowski or Galilean spacetime according to whether we are in the relativistic
or the non-relativistic framework, namely the vectorfields

9 0
OxH’ T ox’

we have

B(X) = By BXY) =By
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and we denote the corresponding bi-variational stress by 7,,,. The identity (P.54)
takes in this case the form

div; T = 3@ BBy + 3(0;B,)dBy. (P.56)

The concept of bi-variational stress was introduced in [Ch-A] in the general context
of Lagrangian theories of mappings of a manifold M into another manifold N, as
discussed briefly in Section 6.1. This concept derives from a quadratic form associ-
ated to a variation of a solution of the corresponding Euler—Lagrange equations. This
quadratic form is the canonical stress associated to the Lagrangian of the correspond-
ing linearized theory. Polarization then gives a symmetric bilinear form associated to
a pair of variations: the bi-variational stress. Here, the isometries of the background
structure generate variations through solutions. The usefulness of the concept of
bi-variational stress in the context of a free boundary problem is in conjunction with
the concept of variation fields. A variation field is here simply a vectorfield V on
N which along K is tangential to K. Such a vectorfield defines on K a differential
operator interior to JC. The reason why variation fields play an essential role in the
context of a free boundary problem is that only differential operators interior to the
free boundary can be applied to a jump condition. A variation field can be expanded

in terms of the translation fields 8/dx* : u=0,...,n:
VvV =VH 9 (P.57)
S Oxm )
The coefficients V¥ : u = 0,...,n of the expansion are simply the rectangular

components of V. To the variation field V we associate the column of 1-forms

Wigh = qv* = u=0,...,n. (P.58)

Note that this depends on the background structure. To a variation field V and to the
row of functions (8, : 4 =0,...,n) we associate the 1-form

Vg = vrdp,,. (P.59)

To the variation field V is associated the Tl1 -type tensorfield

VIS = VRV T, . (P.60)
In view of (P.52), (P.53), (P.59), we have

Wisg=pt. Mg, (P.61)
where (V)S), is the symmetric 2-covariant tensorfield

Vis, = Mg Mg - L(Mg, Vg),p, (P.62)
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which depends only on the conformal class of 4. The identity (P.56) together with
definition (P.58) implies the identity

div; Vg = ( (V)f, (V)Q#)ﬁdﬁp —( (V)f, dB.); V) gu
+ (Mo, dp); Ve +vioB.) Ve, (P.63)

A basic requirement on the set of variation fields V is that they span the tangent
space to K at each point. The simplest way to achieve this is to choose one of the
variation fields, which we denote by Y, to be at each point of V' in the linear span of
N and N and along K collinear to 7', and to choose the other variation fields so that
at each point of V' they span the tangent space to the surface S, ,, through that point.
We thus set

Y=yN+7yN. (P.64)

In view of (P.39), the requirement that Y is along K collinear to T reduces to

y =ry : along K. (P.65)
The optimal choice is to set
y=1 (P.66)
in which case (P.65) reduces to
y =r: along K, (P.67)

and to extend y to V' by the requirement that it be constant along the integral curves
of L:
Ly =0. (P.68)

In 2 spatial dimensions there is an obvious choice of a variation field to complement Y,
namely E, the unit tangent field of the curves S, , (with counterclockwise orientation).
In higher dimensions, we complement ¥ with the (E,) : u = 0,...,n) which are
h-orthogonal projections to the surfaces S, , of the translation fields (0/9x* : yu =
0,...,n) of the background structure. These are given by (see (8.59))

Eqy = hy (4%, (P.69)

where, given ¢ € T;S,,, we denote = Iﬁ;l-é’ € T,Su,u, considering i, as an
isomorphism Jtg: T4Syu,u — T,Suu. The later part of Section 6.2 contains the
analysis of the structure forms of the variation fields. The smoothness of these
when expressed in the (i, u, ) coordinates is a consequence of the fact that the
rectangular components of N, N and of E or the E(,) are smooth functions of the
(u, u, ) coordinates. At the end of Section 6.2 it is shown that by virtue of the wave
system, control of the components of (V)¢ for all V in the chosen set of variation
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fields provides control of all the components of the df, : 4 =0,...,n, and this is so
pointwise, even though the variation fields only span a codimension-1 subspace of
the tangent space to V" at each point.

The fundamental energy identities are discussed in Section 6.3. Given a vector-
field X, which we call a multiplier field, we consider the vectorfield V)P associated
to X and to a given variation field V through ()S, defined by

Vp—_Mg.x (P.70)

We call V)P the energy current associated to X and to V. Let us denote by V)Q the
divergence of )P with respect to the conformal acoustical metric = Qh:

div; V'p= V. (P.71)
‘We have
Vg = Mo, + Vg, + Vg, (P.72)
where
Vg, = -3 Vsk. Oz, (P.73)
(V)Q2 =—( (V)g, (V)gﬂ)ﬁxﬁu +( (V)f, dﬁp)ﬁ (V)gp(X)
— (Ve dp,); Vex), (P.74)
V)05 = - MeX)VHD;B,. (P.75)

In (P.73), V)$% is the symmetric 2-contravariant tensorfield corresponding to V),
Vigh = Mg, p1, (P.76)

and
Xz = Lxh (P.77)

is the deformation tensor of X, the rate of change of the conformal acoustical metric
with respect to the flow generated by X. The concept of a multiplier field goes
back to the fundamental work of Noether [No] connecting symmetries to conserved
quantities.

Integrating (P.71) on a domain in R s of the form

Rupin = Rupun "= () Suw (P78)

(ﬂ’“)eRgl,m
where, with (u;,u1) € Rs s we denote

Rgl,ul = {(H’ M) ‘ue [ﬂ’ul]’ﬂ € [0”41]}9 (P.79)



18 Prologue

we obtain the fundamental energy identity corresponding to the variation field V and
to the multiplier field X:

Wgu, (uy) + (V)§u1(21)+ V) pu, _ (V)§u1(0) — (V)gzpul' (P.80)

Here, V)&% () and V)" (u,) are the energies,

Vgt () = / Q=12 V)g (X L),
L3}

uy

VIgi(y,) = / QD2 Vg, (x, L), (P81)
Cu)
and V) F1 is the flux,
V) Fuy — / QD2 Vg (X, M), (P.82)
j ot
where
M=L-L (P.83)

is a normal to C pointing to the interior of /. In (P.81) we denote by Cff the part
of Cy, corresponding to # < u, and by QZ‘I the part of Qul corresponding to u < uy.
The right-hand side of (P.80) is the error integral: -

Vg — / 2002 Vg, (P.84)
Ruyuy

The energies are positive semidefinite if the multiplier field X is acoustically timelike,
future directed. Because of the acoustically timelike nature of K (relative to N),
without the restriction imposed by a boundary condition at X the flux integrand is
an indefinite (of index 1) quadratic form in (¥)¢. In Chapter 7 the conditions on X
are investigated which make the flux coercive when )¢ satisfies on K the boundary
condition to be discussed presently.
Recall that a variation field V is along K tangential to /C and therefore defines on K
a differential operator interior to . Then applying V to the nonlinear jump condition
yields the boundary condition on K for (V)¢. This appears as Proposition 6.2 in the
form
Ve (A = Ve (A, (P:85)
where the subscripts + and — denote the future and past sides of K respectively and

A, are the vectorfields

A+:__K+. P.86
= + (P.86)
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Here I is the particle current
I = nu, (P.87)

where n is the rest mass density and u the spacetime fluid velocity (see (1.12) in
regard to the relativistic theory, (1.134) in regard to the non-relativistic theory). We
define ¢ to be the covectorfield along K such that at each p € K the null space of ¢,
is T,/C, £,(U) > 0 if the vector U points to the interior of \V, ¢ being normalized in
the relativistic theory to be of unit magnitude with respect to the Minkowski metric
and in the non-relativistic theory by the condition that Z, the restriction of ¢ to the
%, is of unit magnitude with respect to the Euclidean metric. The nonlinear jump
condition can then be stated in the form

-Al=0, (P.88)

that is, the vectorfield Al along K is tangential to /C, while the linear jump conditions
(P.35) take the form

AB = 6¢ (P.89)

for some function ¢ on K. This clarifies the meaning of the Ist term on the right
in (P.86). As for the 2nd term, K. is a normal, relative to the acoustical metric,
vectorfield along the future and past sides of /C respectively, given by

KY = Go(hi' V¢, (P.90)
where G is in the relativistic theory the thermodynamic function

G = A (P91)
and reduces to n in the non-relativistic theory. In Section 13.1 we revisit the proof
of Proposition 6.2, clarifying things further. Proposition 6.3 plays a central role in
the analysis of the coercivity of the flux integrand in Chapter 7. This proposition
states that the st term on the right in (P.86), a vectorfield along K tangential to
KC, is timelike, future directed with respect to the acoustical metric defined by the
future solution. The vectorfields A, are singular at Sg o. In the following we drop the
subscript + in reference to quantities defined on K by the future solution. To express
the boundary condition (P.85) in a form which is regular at Sp o we multiply A, A_ by
kG1, defining

B=«G'A, B_=«G'A, (P92)

where « is the positive function defined by

kK = 3GM, (P.93)
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noting that by (P.90), K is collinear and in the same sense as M (see (P.83)). The
boundary condition (P.85) is then equivalent to its regularized form:

MeB) = Ve (B) (P.94)
and we have
B:B||+BJ_, B_ :B||+B_J_, (P.95)
where B is tangential to /C,
B, = _%M (P.96)

is an exterior normal to /C relative to the acoustical metric defined by the future
solution, and B_, is a normal to K in the same sense relative to the acoustical metric
defined by the past solution. The forms of the vectorfields B, B_, in a neighborhood
of o0 in IC are analyzed in the last part of Section 6.4.

Section 7.1 determines the necessary and sufficient conditions on the multiplier
field X for the flux integrand (see (P.82)) to be coercive under the boundary condition
(P.90). This rests on the fundamental work of Gérding [Ga] who first showed in
connection with the initial-boundary value problem for the wave equation Og¢ = O on
a Lorentzian manifold (M, g) with timelike boundary /C that the boundary condition
of prescribing B¢ on I, where B is a vectorfield along K, is well posed if B is of
the form (P.95) with B tangential to K and timelike, future directed while B, is
an exterior normal to /C, for in this case an appropriate energy inequality can be
derived. Here, in Proposition 7.1 we give a simple geometric characterization of the
set of multiplier fields making the flux integrand coercive. This is briefly as follows.
In the tangent space to A at a point of K the acoustically timelike, future-directed
vectors constitute the interior of a positive cone (the future sound cone). The vectors
with a fixed positive B component constitute an acoustically spacelike hyperplane
intersecting this interior in an open ball. Then the set of multiplier vectors making the
flux integrand at the point in question coercive intersects the spacelike hyperplane in
the interior of a certain spheroid. The last is contained in the half ball corresponding
to the half space of vectors with positive B, component. (See Figures 7.1, 7.2, 7.3.)

We then show that a suitable choice for the multiplier field is

X=3L+L :onN. (P.97)

This corresponds in the limit 7 — 0 to the center of the spheroid. We confine
ourselves to this choice in the remainder of the monograph. Coercivity then means
that there is a constant C” such that

WVIFm = V) 4o / QD2 V)p)2 (P.98)
K1

is positive definite (see (9.337)). Here,
Wip = Mg (B.) = B*VB_, (P.99)
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(see (13.28)). Note that while this corresponds to the known prior solution, the
transformation functions, which are unknown, are also involved, a manifestation of
the free boundary nature of the problem. Adding the 2nd term on the right in (P.98)
to both sides of the energy identity (P.80), the last takes the form

WMEm (1) + (V)éun(zl)Jr W) pru,

= Wgu)+ Vguem 4o’ / Q=2 Vg2 (P.100)
& o

The error integral (P.84) decomposes into
WVigurm = Mgt - Vighet - (Vgert (P.101)

according to the decomposition (P.71) of M.

The deformation tensor X)7 of the multiplier field is analyzed in Section 7.2.
The error integral Mg%l’”‘ is then estimated. In estimates (7.122), (7.124) singular
integrals first appear. But, as we shall see below, this is only the tip of the iceberg. In
Section 7.3 the error integral <V>g§"”l is estimated using the results of Section 6.2
on the structure forms of the variation fields.

The commutation fields which are used to control the higher-order analogues of
the functions B, : 4 =0,...,n are defined in Section 7.1. Commutation fields were
first introduced by Klainerman in his derivation in [KI1] of the decay properties of
the solutions of the wave equation in Minkowski spacetime using the fact that this
equation is invariant under the Poincaré group, the isometry group of Minkowski
spacetime, the commutation fields being the vectorfields generating the group action.
The scope of commutation fields was substantially extended in [Ch-KI] where the
problem of the stability of the Minkowski metric in the context of the vacuum Einstein
equations of general relativity was solved. In that work, while the metric arising as
the development of general asymptotically flat initial data does not possess a non-
trivial isometry group, nevertheless a large enough subgroup of the scale extended
Poincaré group was found and an action of this subgroup which approximates that of
an isometry in the sense that the deformation tensors of the vectorfields generating
this action, the commutation fields, are appropriately bounded with decay. In the
present monograph, denoting (see (P.16)), for o € [0, 6],

Ko ={mo+1) :1el06-0l}pxs"! (P.102)

(note that ICg = K9), we require that at each point ¢ € N, g € IC{ST, the set of
commutation fields C spans T,KS. As the Ist of the commutation fields we take
the vectorfield 7. The remaining commutation fields are then required to span the
tangent space to the S, ,, at each point. In n = 2 spatial dimensions we choose E to
complement 7" as a commutation field. For n > 2 we choose the E,) : u=0,...,n
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(see (P.68)) to complement 7'. Thus E for n = 2 and the E{,, forn > 2 play a dual role,
being commutation fields as well as variation fields. However, what characterizes
the action of a variation field V is the corresponding structure form )6, and what
characterizes the action of a commutation field C is the corresponding deformation
tensor (©f = Lo h.

The commutation fields generate higher-order analogues of the functions g, :
u=0,...,n Atorder m+I we have, forn = 2,

mbpg, = E'T™B,, (P.103)

and forn > 2,
(m,vl...w)ﬁ# =Ey,) ... E(vl)Tmﬁ/l' (P.104)

To these and to the variation field V there correspond higher-order analogues of the
1-form (V)f, namely, for n = 2,

(V;m,l)é_- — VHg (m’l)ﬂ;b (P.105)

and for n > 2,
(V;m,vl...vl)f = VHd (m,vl...vl)ﬁ'u. (P106)

The preceding identities (P.56), (P.63), (P.70)-(P.75), (P.80), (P.100)—(P.101) which
refer to 5, and to V)¢ all hold with these higher-order analogues in the role of 5,
and (V)¢ respectively, the boundary condition for V:")¢ (case n = 2) being of the

form
(V;m’l)f(B) — (V;m,l)b, P.107)

where (ViDp is analyzed in Section 13.1. Similarly, for n > 2, (Vi 1-)¢ js of
the form
(V;m,Vl...Vl)g(B) — (V;m,vl...vl)b' (PIOS)

By virtue of the wave system and its differential consequences, control of the set of
Vimbg (n = 2), Vimvi-v)g (n > 2) for m+1 up to a given positive integer k gives
us control on all derivatives of the §,, of order up to k+1, and this is so pointwise,
despite the fact that the commutation fields only span a codimension-1 subspace of
the tangent space to V" at each point.

While for the original 8, we have 0;,, = 0, hence the error term V05 (see
(P.75)) vanishes, this is no longer true for the higher-order analogues. Instead we
have

Qan; ™Og, = Mg, tcasen =2, (P.109)
Qan;, g = v g : for n > 2. (P.110)

The (’"’l)ﬁ,l, (mv1..vy ),5,,, which we call (rescaled) source functions, obey certain
recursion formulas, deduced in Section 8.2, which determine them for all m and [.
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These depend on up to the (m + [)th derivatives with respect to the commutation
fields of the deformation tensors of the commutation fields.

To summarize, three kinds of vectorfields are used in our energy estimates: the
multiplier field X given by (P.97), the variation fields V, and the commutation fields
C. The multiplier field X enters the error integrals <V;m’l>g$l’“' (case n = 2),

(Vimvi..vi >gﬂl’”‘ (case n > 2) through its deformation tensor X)7, no derivatives

of this being involved, the variation fields V enter the error integrals (V> ’)g” -

(case n = 2), (Vimvi.. "l)gu‘ - (case n > 2) through their structure forms (V)H/‘,
no derivatives of these bemg involved, while the commutation fields enter the error
integrals <V;m’l>g§1’”l (case n = 2), (V;m”’l""”)gf“ul (case n > 2) through their
deformation tensors ©)7 and their up to (m + [)th derivatives with respect to the
commutation fields themselves.

In the last section of Chapter 8, Section 8.4, the error terms at order m+[ are
discerned which contain the acoustical quantities of highest order, m+[/+1. These
are contained in the error integral (Vim, l>g“ o (case n = 2), (V;’"""""’I)Q?I’u' (case
n > 2), which by (P.84) and (P.75) are given by

(V;m’l)g?pul _ _/ Q=12 (V;m’l)f(X)V'“ (m’l)ﬁ,, (P.111)
Ruyuy
scasen =2,
(V;m,vl...vl)gSEpul _ _/ 2002 Vimviv g(x )y (m,w.--w)ﬁy (P.112)
Ruyuy
: forn > 2.

In the case n = 2 the leading terms in ") involving the acoustical quantities of
highest order are (see (8.149), (8.150))

for m = 0: p(LB.)E' ¥ + 3p(LBL)E' %, (P.113)
form > 1: p(LB)E'T" ' E*A + p(LB,)E'T™ ' E*A. (P.114)

(myvy...

In the case n > 2 the leading terms in v 5 involving the acoustical quantities

of highest order are (see (8.151), (8.152))
form = 0: 3p(LBu)E(v,) - - Ep) ¥ + 3p(LBu)EG,) - - - E) tr ¥ (P.115)
4 L '((417,3;1)tt (de(E(v,) Ep,y)tr ¥) + N*l(E,) - . . Ey) tri)),
form > 1: p(_ﬂM)E(yl)...E(yl)Tm YAA+ p(LB)Ey,) - . Ep)T™ ' 4. (P.116)

We now come to the main analytic method introduced in this monograph. To
motivate the introduction of this method, we need first to discuss the difficulties
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encountered. After this discussion it will become evident that the new analytic
method is a natural way to overcome these difficulties. In Chapters 1-8, which
we have just reviewed, we denote by n the spatial dimension, a notation which we
have followed in the above review. However, in the remainder of the monograph,
Chapters 9-14, which we shall review presently, we designate by n the top order of
the (m’l)/a’#, that is, m + [ = n, and we denote the spatial dimension by d. We shall
now follow the latter notation.

The difficulties arise in estimating the contribution of the terms involving the top-
order (order-(n + 1)) acoustical quantities, (P.113), (P.114) in the case d = 2, (P.115),
(P.116) for d > 2, to the error integral <V;m’l>g§1’”‘ , Vimyiyy >g§1’“1 . To understand
the origin of these difficulties it is advantageous to go directly to Chapter 11 where
the approach applicable to any d > 2 is laid out, an approach which simplifies in
the case d = 2 where the detailed estimates are deduced in Chapter 10. In regard to
(P.115) we must derive appropriate estimates for

ﬂ(E(,,l_])...E(Vl)tr/f/), d(E(Vl—])"‘E(Vl)tri) VL. vie1=0,...,d. (P117)
In regard to (P.116) we must derive appropriate estimates for
E(yl)...E(yl)Tm_lz)ﬁ/l, E(VI)...E(VI)Tm_IZ)ﬁi VL.V =0,...,d. (P.118)

Now, as mentioned above, Proposition 3.4, the second variation equations, express
L1 x and £ % in terms of 2nd-order quantities with vanishing 2nd-order acoustical
part. These imply expressions for Ltr y and Ltr ¥ again in terms of 2nd-order
quantities with vanishing 2nd-order acoustical part. To be able then to estimate tr y,
tr ¥ in terms of lst-order quantities, so that we can estimate (P.117) in terms of
quantities of the top order / + 1 = n + 1, we must express the principal (2nd-order)
part of the expressions for L tr y and Ltr  in the forms —L fand -L f respectively,

up to lower-order terms, with f and f being quantities of 1st order. That this is
possible follows from the fact that the quantities (see (11.14))

:%%W¢H‘L@Hﬂ 41=%@@¢H—£@H» (P.119)

with H a given smooth function of the 8, : u = 0,...,d, are actually Ist-order
quantities. This fact is a direct consequence of the equation O; 8, = 0. The functions
f, f each contain a singular term with coefficients 17!, 17! respectively. The

functions f = Af, f = A f are then regular, and transferring the corresponding terms
to the left-hand side, we obtain propagation equations for the quantities

G=Attg+f, §=Aug+f (P.120)

of the form
LO =R, L6O=R, (P.121)
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where R, R are again quantities of order 1, their 1st-order acoustical parts being given
by Proposition 11.1. The leading terms in R, R from the point of view of behavior
as we approach the singularity at u = 0O (that is, C,) and the stronger singularity at
u = 0 (that is, Sp,0) are the terms

20LA)tr g =221 (LA)O - f) :inR,

P.122
2Ly =22 (L@ - f) :inR. (122
To estimate (P.117) we introduce the quantities, of order / + 1 = n + 1,
1 100) = A(Eyyy - - Byt X) + d(Egyy - Eon )
1) _ (P.123)
g, = M(Ewm - B tf{) + ﬂ(EwH) . 'E<VI>J_C) :
These quantities then satisfy propagation equations of the form
Vievieg, = ievic) R
L : : (P.124)

¢£ (Vl---VI—l)Ql — (Vl---Vl—l)Bl’

where 01-Vi-1R), ("1""”-1)& are likewise also of order [ + 1 = n+1 and their leading
terms from the point of view of behavior as we approach the singularities are

2(LA)¢?(E(VI,1) . E(vl) try) = 2/1_1(L/1)((V]"'Vl'1)91 - d(E(,,lil) .. E(Vl)f)),

ORGP (P.125)
2ALDHE, ) - - Ewyytr ) =227 (LO(Y 7778, = d(Eqy,_y) - - - Ep f))-

As mentioned above, Proposition 3.3, the propagation equations for 4, A, express
LA and LA in terms of Ist-order quantities with vanishing 1st-order acoustical part.
These imply expressions for LA A and LA A in terms of 3rd-order quantities with
vanishing 3rd-order acoustical part. To be able then to estimate £ 4, £ 4 in terms
of 2nd-order quantities, so that we can estimate (P.118) in terms of quantities of the
top order m + [ + 1 = n + 1, we must express the principal (3rd-order) part of the
expressions for LA A and L4 A in the form L 7 and Q respectively, up to lower-order

terms, with j and 2 being quantities of 2nd order. That this is possible follows again
from the fact that the quantities M and M defined by (P.119) are actually 1st-order
quantities. The functions j, j each contain a singular term with coefficient 17!, 17!

respectively. The functions j = Aj, j = Ll} are then regular, and transferring the
corresponding terms to the left-hand side, we obtain propagation equations for the
quantities

Vv=AfA—-j, v=A4,A—-] (P.126)

of the form
Lv-1)=1 Lyv-71)=1 (P.127)
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where 7, T are quantities of order 1, while /, I are quantities of order 2, their 2nd-order
acoustical parts being given by Proposition 11.2. The leading terms in /, / from the
point of view of behavior as we approach the singularity at u = 0 (that is C,)) and the
stronger singularity at # = 0 (that is Sp o) are the terms

AL)AA =227 (LA)(v+j) 1inl,  2(LDAA =22 (LA)(v+j) :in L. (P.128)
To estimate (P.118) we introduce the quantities, of orderm +1+ 1 =n + 1,

(Vl"'vl)vm_l’l_,.] =AEq, ... E(Vl)Tm_] KA - Ey) ... E(Vl)Tm_lj,

v1-.v1) = 1E E Tm—l 1-E E Tm_1 . (P129)
Yinetiar* = AEwy) - Eo)T" 4 A= Ey) - Eo)T" .
These quantities then satisfy propagation equations of the form
L ( Vreevt)y ey — (V""V’)Tm—l,m) = e
(P.130)
é( (Vl“yl)zm—l,m - (Vlmvl)lm—l,m) - (Vlmw)!m—l,lu’
where (w---w).,-m_UH’ <"1""’l)zm_1 1+ are quantities of order m + [ = n, while

(Vl"‘vl)lm_l,lﬂ, ("1""”)1141_1,”1 are quantities of order m + [ + 1 = n + 1 and their

leading terms from the point of view of behavior as we approach the singularities are
2LOMEy,) - .. EppyT™ A1)
= Z/l_l(L/l) ( (Vl"'vl)vm,1,1+1 +Ey,) ... E(VI)Tm_lj) ,

(P.131)
2ALDME ) - - - E) T 4 2)
-2 (L) ( Gy 4 By .E(VI)T'"‘IZ) .
Now, in accordance with the discussion following (P.25), we have
A~u A~ (P.132)

where we denote by ~ the ratio being bounded above and below by positive constants.
The propagation equations for A, 4 of Proposition 3.3 then imply

LA=0(), LA=0(u). (P.133)
Then, integrating the 1st of (P.124) from C,,, the contribution of the term

20N LY)HKE W, - - Ewpf)
from the 1st of (P.125) to || *1-1-1)g, IL2(s,,,...) is bounded by

u
Cu? /0 I, ) - - Eon Pz, i du (P.134)
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Now from the expression for the function f of Proposition 11.1 we see that the term
1
—>BnLH

in f makes the leading contribution, and this contribution to (P.134) is bounded, up
to lower-order terms, by

u
Cu‘2/0 Z INHL (0,vl...vz-m)ﬁ,u||L2(5£’M)gdg (P.135)
Vi

(compare with (10.371)). From the 2nd of (P.81) and from (P.62) with ©Ov1-v)pg, .
Vi0vi--v) ¢ in the roles of Bu> V)¢, in view of (P.97), we have

(V;O,vl..,v1)§u1 (1) = / Qd-1/2 (( (V;O,V1..,v1)§L)2 + 34| (V;O,vl...w)ﬂz) (P.136)
Cu' B

(¢ is the 1-form V)¢ induced on the S, ,,). Now, the quantity
||M/J£ (O’Vl.“Vl)ﬂ/lHLQ(Su,”) (P137)
in the integrand in (P.135) can only be estimated through

i (Yiov"l'"V’){‘L“LZ(SM,M)'

(P.138)
Comparing with (P.64), in view of the fact that by (P.66)—(P.68) and (P.132) we have
Y ~ u, (P.139)

we conclude that (P.137) can only be bounded in terms of

Cu™ || COM-g |25, (P.140)
therefore (P.135) can only be bounded in terms of
u;
cu™y’ / | O g s,y (P.141)
Vi 0 B -

This bounds the leading contribution to || 1--0g;| L2(Sup) The corresponding

tribution to || ¢1-+-1)g uy, is then bounded b,
contribution to || 1||L2@£11)1s en bounded by

1/2
uy u, 5
Cz{/ (M_S/ | (Y;O’V""V’M)fLIILZ(sM)zdz) d"} . (P14Y)
oulll €472 0 u,
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To bound the integral in the square root we must use the Schwarz inequality to replace
it by (1/3 times)

uj u,
Z?/ w6 (/O I (Y;O,Vl..,Vl—lVl)é.‘L”iz(Su u)dz) du
u u,

1

u, uj
= uj /0 ( / u”| (Y;O’Vl“'v’IV’)§L||22(SM)du) du
3 A

1

u, )
Tl R
u)
< Cup? / Y0y g () dy, (P.143)
0
Then (P.142) is bounded by

u, 1/2
c Z El_3/2 {/O (Y;O,V1...VI—IVI)§“1 (Z)dﬂ} . (P.144)
Vi

In regard to (P.112) with m = 0, V =Y, the factor Y¥ (O’Vl'""l)ﬁ,l in the integrand
contains the term

Lp(YFLBEw,) ... Epytr ¥ (P.145)
contributed by the 1st term in (P.115). Here, by (P.64), (P.66),
YELB, = NFLB, +yN'LB, = Atr f+ysni, (P.146)
where
#=dx" ® dB,, hence trf= (dx*, dB. )y, (P.147)
and (see (P.51))
snL = NFLB,. (P.148)

Expression (P.145) contributes through (P.123) the term
LsNLEYAT Eyyy - 1108, (P.149)

In view of (P.132), (P.139), this term contributes to (Y;O’Vl'""l)g?"ul (see (P.112))
through the L component of X (see (P.97)) a term which can only be bounded in
terms of

C/ Zu_ll (Y;O,vl,...,vl)é;Ll |Evl . (vl...vl,l)gl|
R

upug

u -
<C /0 IO o | By - 0602y (P150)
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Substituting for || 0r-vi-Dg || L2 the leading contribution (P.144) we see that
(P.150) can in turn only be bounded in terms of

1/2
CZ E1(<Y;0n/1..»»z)<5‘b“(u))l/z ! Z(Y;O’Vl"'V””’)z‘f“‘(M')du’ ﬂ’ (P.151)
= Jo - - uJo o “

a singular integral.

However, this is the lesser of the difficulties one faces in regard to (P.112) with
m = (. The greater difficulty arises in estimating the contribution through the factor
yH O ""’l)ﬁ/, in the integrand of the terms

1 . a -
SPVILBE) .. B tr ¥ + Zhvl,KNKV"(ﬂﬂy)# M(Ey, - . Eytr ) (P152)

contributed by the terms involving tr ¥ in (P.115). This is because the 2nd of
(P.124) must be integrated from K where a boundary condition holds which equates
rd(Ey, ). .. Eyytry)to d(Ey, ). .. Ey,)tr ¥) to leading terms (see paragraph fol-
lowing (P.39)). In view of definitions (P.123) and (P.39) this takes the form of a
relation between r2 1--vi-1)9 ; and 01--v-1)g; on K. Integrating the 2nd of (P.124)
from /C, the contribution of the term

20" (LDME ) - - - Eon)S)

from the 2nd of (P.125) to || (V"""’*')Qllle(su’ul) is, in view of (P.132), (P.139),
bounded by B

uy
C/ MEy, - -- E(Vl)i)”LZ(SE,u)du (P.153)
u

(compare with (P.134)). This causes no difficulty. The difficulty arises from the
boundary term || ("1""”-‘)@1 L2, ) Taking account of the fact that r ~ 7 along K,

we multiply the inequality for || ("1"'”’-1)@1 | L2(Suuy) by u? and take the L? norm with
respect to u on [0, u, ] to seek a bound for || u® M""”*”Ql [| L2y The contribution of
u]

the boundary term to this is bounded by a constant multiple of ||r> ¢1--1-1)9 Me2gcanys
which by the above is bounded in terms of

10110y |2 g - ®154)

To estimate this we must revisit the argument leading from (P.141) to (P.144). Here we
are to set u; = u in (P.141) to obtain the leading contribution to || O-veDg || L2(s

u,u)'

The corresponding contribution to || ©1--1g, || r2(cwy is then bounded by

1/2
u, u 2
CZ W[ YO OE e udu| duy (P.155)
oyl R0 0 -
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The integral in the square root is now bounded by (1/3 times)

u, u
[ ([ v, )
0 0 =
= = =311 ¥V;0,vi..vi1vp) 2
- T R N
0 u =

u,
=31 YV;0,vi..vi—1vp) 2
< u du
A il || §£||L2@il) =

U
<C / u O ) gl () dy (P.156)
0
and (P.155) is bounded by
u, du 1/2
C Vo gt =1 P.157
Z{ / £ P157)

This is not only singular but, placing a lower cutoff € > 0 on u, blows up like

e as & — 0. Moreover, this only bounds ||u? (Vl""”*')Qllle(Cm) rather than
Ul

1 (Vl"‘vl*I)Ql|| L2y Nevertheless, from the point of view of scaling, the singu-
uy

lar bound (P.157) is similar to the bound (P.144). Also, in view of (P.132), (P.133),
the contribution to (P.152) of 1--vi-1) 0, is pointwise bounded by

Cu?| 1710 | (P.158)
as compared with (P.149) which is pointwise bounded by

Cuu™'| C1-v1=0g). (P.159)

As a consequence, the two contributions to ¥:0v1--v )93!]’"1 are similar from the
point of view of scaling, both being borderline.

Similar results are obtained in regard to the error integral (V;m"’l""”)gf"ul
for m > 1, with Ey,) ... EopT™ 44, Ey,) ... EoT™ ' £ 2 playing the roles of

HEw, ) - Eo)tt ), fEp,_,) - - - Ewy) tr ), respectively. (Compare (P.116) with
(P.115).) In fact, integrating the 1st of (P.130) from C,, the contribution of the term

207N LA)E,) . .. Ep,, T

from the 1st of (P.131) to || (Vl"'vl)Vm_l,l+1 ||L2(Su,,u) is bounded by

Uy
Cu_z/o‘ HE(VI) . E(Vl)Tm_lj“Lz(Sﬂ,u)ﬂ dz (P160)
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From the expression for the function j of Proposition 11.2 we see that the term
152 72
ZIBNL H

makes the leading contribution. More precisely, writing LZH = LTH — LLH the
leading contribution is that of
iBVLTH

and this contribution to (P.160) is bounded, up to lower-order terms, by
u
cu® [ L g, e du (P.161)
0 .
Using the fact that

(V;m,w---w)gul(u) _ / Qld-1/2 (( (V;m,Vl...Vl)éfL)2 + 3al (V;le---Vz)ﬂZ) , (P.162)
c U “ L

=u

we deduce, in analogy with (P.141), that we can bound the leading contribution to
I (V]"‘V’)Vm—1,1+1||L2(s£],,,) by

u
Cu3/ I (Y;m’vlmvl)‘fQHL%Su M)ﬂdﬂ' (P.163)
o u,

By an argument analogous to that leading from (P.141) to (P.144) we then deduce
that the leading contribution to || vy, Li+1l L2c") is bounded by
ug

u 1/2
i { / ! (Y;m,vl...méul@dz} ‘ (P.164)
0

Then in analogy with (P.151) the corresponding contribution to the error integral
¥im» ""’l)gf"ul is bounded in terms of the mildly singular integral

U 2 (1 fu . 12 4
c / (g w) {— / <Y’m”‘~-w>§“1<z'>dg'} = eies)
0 uJo u

On the other hand, the contribution through the factor V¥ (m"’"""l)ﬁﬂ in the
integrand in (P.112) for m > 1 of the term

P(VELB)Ew,) ... EppT™ ' 4 4, (P.166)

contributed by the term involving £ in (P.116), can only be bounded in terms
of a severely singular integral. This is because the 2nd of (P.130) must be inte-
grated from K where a boundary condition which equates rE,,) . . . E(W)T’”‘1 £Ato
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Ew,)---Eo)T™ 1A holds, a differential consequence of the boundary condition
(P.39). In view of definitions (P.129) and (P.39) this takes the form of a relation
between r2 (1---v1 )Zm—l, 141 and 01 )vm,l, 1+1 on IC. The contribution of the bound-

ary term to ”22 (Vl.,.vl)v

1l r2(cty is then bounded by a constant multiple of
£l ul

|2 O1-em )Z m—1.1+11lL2(kcur), which in view of this relation is bounded in terms of

| ¢y 11 |2y (P.167)

Proceeding as in the argument leading to (P.157) we conclude that the leading con-
tribution to (P.167) is only bounded in terms of the severely singular integral

“ du 2
C{/‘ 1 (Y,m,Vl--.Vl—IVl)é’Ml(Z)'_?} . (P.168)
0 u

Additional difficulties of the same kind as those discussed above arise indirectly
in estimating the contribution of the terms involving the top-order (order-(n + 1))
derivatives of the transformation functions to the integral which appears as the last
term on the right in (P.100) when )b is replaced by (V:Dp, (Vimvi--vi)p according
to (P.107), (P.108).

The new analytic method is designed to overcome the difficulties due to the
appearance of the singular integrals. The starting point is the observation that, in
view of the fact that these integrals are borderline from the point of view of scaling,
they would become regular borderline integrals if the energies (V:"»1--1)Eu(y),
(Vimvi-.v) €4(y) had a growth from the singularities at u = 0 (Cy) and u = 0 (So,0)
like u?“mu?bm for some sufficiently large exponents a,, and b,,, and, moreover, the
flux (Vimvi-v) F/7 had a growth from the singularity at 7 = 0 (Sp,0) on K like
7%¢m where ¢,, = a, + bp,. That is, if we assume the stated growth properties
then these integrals would give contributions on the right-hand side of the energy
identities which would be bounded proportionally to u>*»4?*=  in consistency with
the assumption, and moreover with a coefficient which is small if a,, and b, are
accordingly large. This observation seems at first sight irrelevant since on the right-
hand side of the energy identities we also have the initial data terms (V:">¥1--71)£%(0)
which are independent of u (and do not have the assumed growth with u). In fact,
the growth assumptions for (Vimvi-vogu(y) Vimvivigu(y) and (Vimvi-vi) Fre
cannot possibly hold.

However, given that the initial data of the problem are expressed as smooth
functions of (u,#), as we have seen above in our review of Chapter 5, the derived
data, that is, the T-derivatives on C, of up to any desired order N of the unknowns
(x* :u=0,...,n), b, (By : u=0,...,n))in the characteristic and wave systems,
are determined as smooth functions of (&, 1). The T-derivatives of the transformation
functions (v,y) on Sp,o of up to order N—2 are also determined at the same time as
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smooth functions of ¢. Therefore we can define the Nth approximants ((x’]f] U=
0,...,n), by, (Bun : u=0,...,n))as the corresponding Nth degree polynomials in
7 = u with coeflicients which are known smooth functions of (o = u—u, ). Similarly
we can define the Nth approximants (v, yn) as the corresponding (N — 2)th degree
polynomials in 7 with coefficients which are known smooth functions of . If the
N approximants, so defined, are inserted into the equations of the characteristic and
wave systems, these equations fail to be satisfied by errors which are known smooth
functions of (u, u, ) and whose derivatives up to order n are bounded by a known
constant times 7V """k where & is a fixed integer depending on which equation we are
considering. Similarly, inserting the N approximants into the boundary conditions
and into the identification equations, these fail to be satisfied by errors which are
known smooth functions of (t,#) and whose derivatives up to order n are likewise
bounded by a known constant times 7V""*% where k is a fixed integer depending
on which equation we are considering. Moreover, in connection with the equation
08, = O satisfied by an actual solution, the corresponding Nth approximant quantity
0j, Bu N is @ known smooth function of (u, u, 9) and whose derivatives up to order
n are bounded by a known constant times 7V """k where k is a fixed integer.

As we shall presently outline, by considering the differences from the Nth ap-
proximants and the associated difference energy identities, the corresponding initial
data terms vanish and their role as the inhomogeneous terms in these identities is
now played by quantities involving the errors committed by the Nth approximation,
quantities which do have the required growth properties if N is chosen suitably large.

The construction of the truncated power series approximation and the analysis of
the errors committed at truncation order N are discussed in detail in Chapter 9, in the
case d = 2, the extension to the case d > 2 being straightforward. Note that in this
construction we have, in terms of (t = u, o = u — u, ) coordinates,

9 0
= — = Q = — =
ar 0 "N T a9

independently of the approximation. On the other hand, Ly, L), Ey depend on the
approximation, the 1st two through by, and the last through /i, where

Tn Q, (P.169)

hN= hﬂv,N(Qxﬁ,)(Qx}’v). (P.170)
We then define the difference quantities
(D, = E'T™ B, — ENT™ BN (P.171)
Vimhg = yrg mDg, . (P.172)
We also define V)8 as in (P.61), (P.62) with V"»0¢ in the role of V)¢, that is,

VimD§ _ 1. (V;m,l)gb, (P.173)
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where
Vimdg _ Vimdg g Vg _ Lovmng vimng) (P.174)
2 ’ ' )
Defining, moreover, in analogy with (P.70),
VimDp = _ (VimDg. x, (P.175)

we have, in analogy with (P.71)—(P.75),

div; VimDp = (VD (P.176)
where
(V;ml)QV _ (V;m,l)Ql + (V;m,l)QV2 + (V;mJ)QV3 P.177)
with
VimD ey, = _% VimD gt Xz (P-178)
VimD ) = _((VimDg (V)Qu)ﬁ x (m.0) B+ ( VimDE g (m,l)gﬂ)ﬁ VgH(x)
— (Wt q (m’l),éu)ﬁ (V:m’l)g(x)’ (P.179)
(V;m,l)QV3 - _ (V;m,l)g(x)vﬂmﬁ (m’l)lgvﬂ‘ (P.180)

We then deduce, in analogy with (P.100), the (m, [) difference energy identity

(V;m’l)éﬂl(u1)+ (V;m’l)éul(ﬂl)'i- (V;m,l)J,—‘:-/E1

_ (V;m,l)§”1(0)+ (Vim.D) G +2C’/ 91/2( (V;m,l)l;)2 (P.181)
KKCul

(here d = 2), where (see (P.81))

mwwwmzf Q!/2 Vimd3,(x L)
c4l

uy

_ /CMI 0l/? (3( VimDE V2 4 o (v;m,z)g)z)’

up

(P.182)
V.m,l) pU1 _ 1/2 (Vim,D) &
VimDg (1)) = '/Cul Q2 Vimh§ (x L)
=u
_ 1/2 VimDp2 o (VimD) & 2
[%Q (3a( Vg 4 (Vg )
are the (m, 1) difference energies. Also, in (P.181),
(V;ng)jﬁrﬂl — (V;m,l)ﬁy1 + 2C1/ Ql/2( (V;m,l)[))Z (P183)
fcu
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is positive definite (see (9.337)), (Vim.) Fu, being the (m, [) difference flux
Vime) Fuy = / Q! Vi (x, M), (P.184)
ot

and (V#Dp representing the boundary values on IC of V¥™D&(B) (see (13.1)).
Finally, in (P.181),

(Vim.) G ::/ 240312 Vimh g (P.185)
Rﬁlvul

is the (m, 1) difference error integral.

Now, from definition (P.171) and the preceding discussion it follows that for any
solution of the problem the functions (m’l),é# vanish with all their T-derivatives up
to order n on C,, if we choose N > n. We then have

YUl

VimDEM0)y=0 :Vm=0,...,n; (P.186)
therefore the (m, [) difference energy identity simplifies to
(V;m,l)(c/“g1 (Lt]) + (V;m,l)éul (Zl) + (V;m,l)‘/,—‘_’vﬂ1

= Vimhgu.m 4 o’ / Q2 VimDpy2, (P.187)
JCul

Expecting that the growth of V70 gu(y), Vimhg ! (u) is like u>@m u?Pm and that the
growth of (VD) F/7 jg like 72¢m | we define the weighted quantities

VDB, u) = sup  u Rmy2om VimDgn ) (P.188)
(u,u)€Ry | u|
VB )= sup w P VmOE @), (P189)
(E’M)ERﬂl,ul
and
VimD A(z)) = sup g 2am*bm) (VimD) Frr (P.190)
7€[0,71]

the exponents a,,, b, being non-negative real numbers which are non-increasing
with m. Of course the above definitions do not make sense unless we already
know that the quantities (V-DEu(y), VimDg ¢ (), V™D F'T have the appropriate
growth properties. Making this assumption would introduce a vicious circle into
the argument, so this is not what we do. What we actually do is presented in
Section 14.11. There we regularize the problem by giving initial data not on C,, but
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on €, for 79 > 0, but not exceeding a certain fixed positive number which is much
smaller than 6. The initial data on C_ ' is modeled after the restriction to C_ of the
Nth approximate solution, the difference being bounded by a fixed constant times
TN-1, Similarly considering the mth derived data on QTO, m=1,...,n+ 1 we show
that the difference from the corresponding Nth approximants on C_ is bounded by a

fixed constant times Té\’ ~1=m_The (m, I) difference energy identity now refers to the

domain Ry 7, in N which corresponds to the domain
Ry = {wu) : ueluml uelmnul} (P.191)
in R2, so the 1st term on the right in (P.181) is replaced by
VimDE" (o) < 7N, (P.192)

Moreover, in reference to (P.191), if u; — 79 is suitably small then given a solution de-
fined in Ry, uy,7, of the problem with initial data on C_ , the quantities VimDEY (),
(V;m’l)gﬁ(u), and VimD F for (u,u) € Ry, ,uy,7» are likewise bounded by a constant

times ‘rg (N=2=m) " Therefore replacing the supremum over Ry, ,, and the supremum
over [0, 71], by the supremum over Ry, 7, and the supremum over [1p, T1 ], respec-
tively, in definitions (P.188)—(P.190), and taking N > m + 2 + ¢, everything now
makes sense. In fact, we take N > m +2 5 + Cm, In which case the modifications in
the resulting estimates for the quantities (P.l89), (P.190) tend to 0 as 79 — 0. The
estimates in the preceding chapters, namely Chapters 10, 12, and 13, concluding with
the top-order energy estimates in Chapter 13, are thus derived with the foreknowledge
that such modifications involving a very small positive 7y will be made which will
tend to 0 as 79 — 0. We have chosen not to introduce such a small positive 7y
from the beginning, because that would have made the exposition more complicated,
lengthening the monograph unnecessarily.

The argument relies on the derivation of energy estimates of the top order m+1 = n
only. Since these are derived in Chapter 13 before the regularization of the problem
by the introduction of the small positive 79, they are to be thought of as a priori
estimates. In our exposition, at first we ignore all but the principal terms involved.
Thus in Chapters 10 and 11, the aim of which is to derive estimates for the top-order
acoustical difference quantities corresponding to (P.123), (P.129),

(Vl---Vl—l)él — (V1---Vl—1)gl _ (V1---Vz-1)91 N
(Vlv--Vl—l)él — (V1~~Vl—l)gl _ (Vlmvl—l)gl N
vi-.vi) vi-.v1)

Vm-LI1+1 = Vm—-1L1+1 —

V.. vy, —_ i) _ i)
Vo141 Yn-1,1+1 Ym-LI+1,N

(P.193)
v1--v) 3 YVm-1,I+1,N>»
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ford > 2,

O =0-0in. 0,=0,-0,y (P.194)

v

1\;m—l,l+1 = Vm-1LI+1 = Vm-LI+L,N> Yy 1141 = Y1041 ~ Yo—1141N

in the case d = 2, we ignore all but the top-order terms, namely those of order n+1.

An exception occurs in regard to the terms in the boundary estimates for v, .,

involving the transformation function differences f, ¥, ¥ (see Proposition 10.9),
where the terms of orders 2, 1, 3 lower must be kept because they enter the estimates
multiplied by correspondingly lower powers of 7. The only essential change when
passing from the case d = 2 to d > 2, is that in higher dimensions we must also
derive L2(S£,u) estimates for 1D ™1-=1) ¥ | A ("1"“’1-‘)}1 | in terms of LZ(SE,M)

estimates for *1--1)§;, (""""I*I)Ql respectively, where

(vu...wfl)/\x,l_l = ¢E(Vz_1)' .. ¢E(v1>)2 — ¢E(Vl-1>~N' .. ¢E(vl),N)?N’ (.195)
vi-.vi-1) ¥ — % ~ )
Vi-.Vi-1 &l—l = ,¢E(v1_l). .. ¢E(v1)£ - ‘¢E(vl_]),N e ¢E(Vl)-NiN'

The required estimates are derived using elliptic theory in connection with the Codazzi
equations on the S, ,,. We must also derive LZ(SE,M) estimates for 1) (V"""l)/lm_l,l,
AP (""""')Zm_l’l in terms of LZ(SE,M) estimates for (""""l)ﬁm_l,lﬂ, (""""’)Vm_l,lﬂ
respectively, where

) 1= Eyy - EoyT™ ' A= Egpn - - EoynT™ ' A,

vi--v1) _ m—1 el (P.196)
A1 = Eopy - EonT™ A= BN -+ Eo NTT Ay

The required estimates are derived using elliptic theory for the Laplacian on S, ,,.
The aim of Chapter 12 is to derive estimates for the derivatives of top order, n+1,

of the transformation function differences f , U, ¥, and at the same time more precise
estimates for the next-to-top-order acoustical differences =g =Dy . =n,and

D g, (’”J)E :m+ 1 = n, in terms of the top-order difference energies and fluxes.
Here, all terms of order up to n—1 are ignored and of the terms of order n only those
involving acoustical quantities of order n, namely the quantities being estimated, are
considered. The sharpest estimates for the transformation function differences are
needed to appropriately bound, in Chapter 13, the integral on K% involving VDp
which constitutes the 2nd term on the right in (P.187). These estimates require, and
are coupled to, the sharpest estimates for the next-to-top-order acoustical differences.
For this reason Chapter 12 is the longest chapter of the monograph.

In Chapter 13, which contains the derivation of the top-order energy estimates,
we again ignore all but the top-order terms.
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The estimates of Chapters 10-13 require taking the exponents a,,, by, cn, to
be suitably large. This is in accordance with our preceding heuristic discussion.
Moreover, the estimates of Chapters 12 and 13, in particular the top-order energy
estimates, require that ¢ does not exceed a positive constant which is independent of
m and n.

In the above, only the treatment of the principal terms is shown, and these are esti-
mated using only the fundamental bootstrap assumptions. The full treatment, which
includes all the lower-order terms, uses the complete set of bootstrap assumptions
stated in Section 14.2. In the same section it is shown how all the lower-order terms
are treated. We return to the treatment of the lower-order terms in Section 14.9 where
it is shown that the lower-order terms are treated in an optimal manner if we choose
all the exponents a,, equal and all the exponents b,, equal:

am=a, by,=b :m=0,...,n P.197)

and this optimal choice is taken from that point on. In Section 14.5, L*(S,,.)
estimates for the (m’l),éﬂ : m+1 = n are deduced. In Section 14.6, LZ(SE,M) estimates
for the (n—1)th-order acoustical differences are deduced. In Section 14.7, LZ(SE,M)
estimates for all nth-order derivatives of the ﬁvﬂ are deduced. In Section 14.10
pointwise estimates are deduced and the bootstrap assumptions are recovered as
strict inequalities. This recovery, however, requires a further smallness condition on
& which now depends on n. The derivation of pointwise estimates from L*(S,,,)
estimates of derivatives intrinsic to the S, requires ko derivatives, where k is the
smallest integer greater than (d — 1)/2, so in the case d = 2 we have kg = 1. Then,
first we set

n=ng :=2ko + 3. (P.198)

The smallness condition on ¢ needed to recover the bootstrap assumptions is then
that corresponding to n = ng. Then given any n > ng, the nonlinear argument having
closed at order ny, the bootstrap assumptions are no longer needed, therefore no new
smallness conditions on ¢ are required to proceed inductively to orders ng + 1, . . ., n.
‘We remark that ny can be lowered to

no = ko + 1 (P.199)

if our treatment of the lower-order terms, which uses only L*(S,,,) and LZ(SE,M)
estimates, is refined to make full use of the Sobolev inequalities on the S, .

In Section 14.11, first we regularize the problem by giving the initial dataon C_|
as discussed above. We then apply a continuity argument to establish the existence of
a solution to this regularized problem defined on the whole of R, s,7,. This argument
relies on the solution by Majda and Thomann [Ma-Th] of the restricted local shock
continuation problem. Our continuity argument relies on [Ma-Th] at two points:
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first, to construct a solution on R +s ry+e,7, for some & > 0, which could be very
small, even much smaller than 7y, and second, at the end of the continuity argument,
starting with a solution defined on a maximal Ry, 7, -, to extend a solution which
has previously been shown to be defined on Ry, 3, +¢ 7, to the domain corresponding
to the triangle

{(g, u) :ucluu+ed, u€ Uy, u+ e*]}

for some &, > 0, not exceeding . Since the union contains Ry, +¢. 7. +¢,,7, W€ then
arrive at a contradiction to the maximality of .., unless u, = ¢. This double use of a
local existence theorem is typical of continuity arguments.

After obtaining a solution on R s 1, satisfying the appropriate estimates, we take
Ty to be any member of a sequence (7o, : m =M, M + 1, M +2,...) converging to
0, and pass to the limit in a subsequence to obtain the solution to our problem.

We shall now state an abbreviated version of the theorem, the proof of which is
the aim of the present monograph. We denote by B¢ the background spacetime, that
is, (d + 1)-dimensional Minkowski, or Galilei, spacetime according to whether we
are in the relativistic, or the non-relativistic context.

Theorem. In any spatial dimension d > 2, given a prior maximal classical so-
lution there is a & > 0 and a unique solution of the restricted shock development
problem, defined on Rs s by the triplet (x*, b, B,,), where x* : u =0,...,d and
Bu i =0,...,d are smooth functions and b is a smooth mapping of Rs s into
the space of smooth vectorfields on S4~'. The smooth mapping Rss — B? by
(wu, ) — (Hw,u,9) : p=0,...,d) has negative Jacobian in Rs,s except on C,,
where the Jacobian vanishes. The boundaries gg and K° are mapped onto smooth
hypersurfaces in BY, an acoustically null hypersurface C and the shock hypersurface
respectively, the latter being acoustically timelike except along its past boundary
where it is acoustically null and transverse to the latter. The p,, expressed through
the inverse mapping in terms of rectangular coordinates in B¢ are smooth functions
on the image of Rs,s in B9 except on C, the image of Cy. The new solution B, so
expressed extends the prior solution ﬁ/’l in a C"''% manner across C.

The full statement of the theorem is found at the end of Section 14.1.

It is to be noted from the proof of the theorem that when only finite differen-
tiability of the data is assumed, the solution is shown to exist in a finite and lower
differentiability class. The question then arises of whether the solution possesses
the additional derivatives. Presumably it does, but these satisfy bounds weaker than
those shown to hold for the lower derivatives.

Another open question is the following. If we consider the least upper bound 6 of
the set of all & > 0 such that a smooth solution as above exists on R s, s, what happens

at Cg, the future boundary of Rg,g? Recall that we have not imposed any smallness
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conditions on the initial data. Presumably, if appropriate smallness conditions are
imposed the answer will be that somewhere on Cg there is a singularity signaling the
formation of another shock.

We conclude this prologue with a few historical remarks to acknowledge the fact
that the methods of the present monograph have their roots in the past and that at
best we simply develop things a little further in a particular direction. The method of
continuity, using a local existence theorem together with a priori bounds, derived on
the basis of bootstrap assumptions which are recovered in the course of the argument,
originated in the field of ordinary differential equations, in particular the classical
problem of the motion of N point masses under their mutual gravitational attraction
formulated by Newton in his Principia [Ne]. This corresponds to a Hamiltonian
system with Hamiltonian function H = K + V where

a=1

2
Pl
2M,
is the kinetic energy, p,, being the momentum of the mass labeled «, a vector in

Euclidean 3-dimensional space E? at the point x,, € E>, the position of the mass «,
and M, > 0 its mass. Also,

1 GM M,
V=-3 P
a# Tap

is the potential energy, r,g being the distance between the masses @ and 5 and G
being Newton’s gravitational constant. The potential energy is defined when the
Xq are distinct. If it is regularized by replacing r,g by Vriﬁ + &2, the simplest
application of the method of continuity, without bootstrap assumptions, shows that
for any initial condition we have a solution defined for all future time. For the actual
problem the same method gives a basic theorem due to Painlevé (see [Si-Mo]) stating
that for any initial condition either we have a solution defined for all future time,
or the maximal existence interval is [0, #.), in which case, with p = ming,g rop the
minimal mutual distance, we have p(t) — 0 ast — ¢,, so in a sense at time ¢, we have
a collision. To this day it is still not known whether in the 6/N-dimensional space
of initial conditions, the subset leading to a collision in the above sense, has zero
measure or positive measure. Incidentally, the Principia is the work where power
series were first introduced.

Another example of the method of continuity in conjunction with a local existence
theorem and a priori bounds is from the field of elliptic partial differential equations.
This is the non-parametric minimal hypersurface problem: given a domain in a
hyperplane in E"*! and a graph over the boundary, find an extension to a graph over
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the interior which is of minimal n-dimensional area. The graph is that of the height
function above the hyperplane. We can assume that the mean value of the height
function on the boundary vanishes. To apply the method of continuity we multiply
the boundary height function, the data of the problem, by # € [0, 1]. Then for ¢ = 0
we have the trivial solution where the graph coincides with the hyperplane domain.
For any #y € [0, 1] for which we have a regular solution, the implicit function theorem
plays the role of a local existence theorem giving us a solution for ¢ suitably close
to #9. The problem then reduces to that of deriving the appropriate a priori bounds.
Once these have been established, the method of continuity yields a solution for
all ¢+ € [0, 1], in particular for ¢+ = 1, which is the original problem. The required
a priori bounds were established in two steps. The 1st step was the derivation of
gradient bounds on the height function and was done by Bernstein in his fundamental
works [Bel], [Be2], [Be3]. The 2nd step was the derivation of Holder estimates for
the gradient. This step was done half a century later, independently by De Giorgi
[DG] and by Nash [Na]. While De Giorgi’s work was in the framework of minimal
surface theory, Nash’s motivation was actually a very different problem, the study
of the evolution of a viscous, heat conducting compressible fluid, which is why he
addressed an analogous problem for parabolic equations and deduced the result for
elliptic equations as a corollary in the time-independent case. The complete result for
the original problem, which is that mean convexity of the boundary of the domain is
both necessary and sufficient for the problem to be solvable for all data, was deduced
later by Jenkins and Serrin [Je-Se].

A last example of the method of continuity, which uses a local existence theorem
and a priori bounds which are derived on the basis of bootstrap assumptions recovered
in the course of the argument, is from the field of hyperbolic partial differential
equations, therefore closer to the topic of the present monograph. This is the work
[Ch-KI], mentioned above, on the problem of the stability of the Minkowski metric.
In this case the local existence theorem had been established in the basic work of
Foures-Bruhat [FB]. We then consider the least upper bound ¢, of the set of all
positive times #; for which we have a solution on the spacetime slab corresponding to
the time interval [0, ;] satisfying the bootstrap assumptions. So if #, is finite, while
the solution extends to the spacetime slab corresponding to [0, #.], the inequalities
corresponding to the bootstrap assumptions are saturated on that slab. The a priori
bounds are then derived through a construction on the slab in question which proceeds
from the future boundary of the slab, which corresponds to the time .. This is because
the derivation of the a priori bounds uses approximate symmetries, which a posteriori
are shown to become exact in the limit ., — oco. The a priori bounds show that the
inequalities corresponding to the bootstrap assumptions are in fact not saturated on
the slab in question. Then after another application of the local existence theorem
we arrive at a contradiction to the maximality of z..



