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ABSTRACT. We prove that every smooth Riemannian manifold of dimension n > 5
admits, near each point, a smooth isometric embedding into R™™*+1)/2 This extends
the local theorem of Janet and Cartan from real-analytic to arbitrary smooth metrics
in these dimensions, and attains the optimal universal ambient dimension without
any curvature or genericity assumption. The proof starts from a flat immersion whose
second fundamental form has full normal rank. The linearized metric equation then
reduces to a determined first-order system, whose characteristic variety is singular.
We do not invert this system on its singular set. Instead, the metric is corrected
by the quadratic interaction of characteristic waves: their phase-averaged quadratic
terms generate the directions missing from the image of the reduced symbol, while
the remaining oscillatory products and the residual linear errors are removed by para-
metrices on regular characteristic and elliptic patches. Exact Fourier localization of
the increments yields an iteration that converges in C'*° on a fixed neighborhood.
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1. INTRODUCTION

The local isometric embedding problem asks whether a Riemannian metric g defined
near a point of an n-dimensional manifold can be written, in local coordinates, as

(1.1) Gij :aiF'ajF7 1<4,5<n,

for a map F into a Euclidean space RY of prescribed dimension. Equation (1.1) is a
system of

n(n+1)
Sp = 5
first-order equations, one for each independent metric coefficient, so N = s, is the
smallest dimension in which one can expect solvability for every metric. For real-
analytic metrics, Janet [J26] and Cartan [C27] proved local solvability in exactly this
dimension. For general smooth metrics the classical local result, due to Greene [G70],
gives an isometric embedding into R*"*"; see also [G17, §3.7] for the perturbation and
scaling argument. In that construction one perturbs a free immersion, whose first and
second derivatives span s, + n dimensions; the linearized metric equation then has an
algebraic right inverse, as in Nash’s work [N56], and no differential equation has to be
solved. In dimension s, such a free reference does not exist, and the linearized problem
necessarily contains a genuine system of partial differential equations.

The main result of this paper is the following.

Theorem 1.1. Letn > 5, let p be a point of a smooth n-dimensional manifold, and let g
be a smooth Riemannian metric defined near p. Then there exist an open neighborhood
U of p and a smooth embedding

F:U — RYD/2
satisfying (1.1) on U.

For n = 5 the target is R, and for n = 6 it is R?!. In the terminology of [G17, §1.2],
Theorem 1.1 establishes the smooth local Schlafli assertion in all dimensions n > 5,
without analyticity or curvature hypotheses. The construction, the estimates and the
convergence argument are the same in every dimension n > 5; the restriction n > 5
enters through the explicit flat reference immersion of Section 4 (it uses the constant
¢n = (n—4)7%) and through the construction of the characteristic patches in Section 5.
We make no assertion for n = 4.

The dimension s, cannot be lowered if one asks for a target that works for every
metric.



LOCAL ISOMETRIC EMBEDDINGS 3

Remark 1.2 (Sharpness of the universal target dimension). Let M < s,,. We claim that
some real-analytic metric germ at 0 € R” admits no C*° isometric immersion into R
Fix £ > 0. Composing with a translation, we may consider maps F with F(0) = 0.
The k-jet at 0 of the induced metric (dF)TdF depends only on the (k + 1)-jet of F,
and it does so polynomially. The space of (k + 1)-jets of maps into RM vanishing at 0

has dimension at most M ("t’f“), while the space of k-jets of symmetric matrices has

dimension s, (”Zk) Since

nt+k+1\ n+k+1(n+k
n k41 n )’
the first dimension is strictly smaller than the second as soon as M (n+k+1) < s,(k+1),
that is,

(sn — M)(k+1) > Mn,

which holds for k£ large because s, — M > 1. For such k£ the image of the jet map is the
image of a smooth map from a space of smaller dimension, hence has Lebesgue measure
zero. It therefore misses a point of the nonempty open set of jets whose constant term
is positive definite. The Taylor polynomial of such a jet is a positive definite polynomial
metric on a neighborhood of 0, and an isometric immersion of it into R™ would realize
the omitted jet. This contradiction proves the claim. The bound is universal: an
individual metric may of course embed in lower dimension.

Background. The reduction of the linearized isometric embedding system and the
geometry of its characteristic variety were developed by Bryant, Griffiths and Yang
[BGY83]; the analytic theory is presented in [BCGGGI1]. A central difficulty is that
the characteristic variety of the linearized system need not be smooth. Han and Khuri
[HK12, Theorem 1.2 proved that, for n > 5 and under explicit generic conditions in a
suitable parameter regime, it is singular. The reference immersion used here also has
singular characteristics; they are classified in Proposition 4.6. Consequently one cannot
hope to invert the reduced system along its whole characteristic variety, and we never
do so.

For smooth metrics in low dimensions, Nakamura and Maeda [NM89] and Goodman
and Yang [GY88] obtained local isometric embeddings of three-dimensional metrics
into R® under the assumption that the Riemann curvature tensor does not vanish at
the base point. Their methods rely on the theory of operators of real principal type
of Duistermaat and Hormander [DH72]. The present work uses the same circle of
microlocal ideas, but only on regions of covectors where the reduced system is elliptic
or of simple real principal type. All estimates are proved on fixed domains, with losses
of derivatives that do not depend on the accuracy required at a given step.

The idea of the proof. We start from a flat immersion whose second fundamental
form spans the normal space at every point. For such an immersion the linearized
metric equation splits into an algebraic normal part and a determined n x n first-
order system for a tangential covector field. The principal symbol of this system is
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explicit for our reference, and its characteristic variety contains both simple and multiple
characteristics.

Instead of inverting the system, we use the quadratic term of the metric expansion.
A real high-frequency wave v2Re Z, with dZ = €lV A, satisfies

(d(V2Re 2)) d(V2Re Z) = Re(A"A) + Re(e*? A 4).

The first term is the average of the left side over the phase ¥; we call it the mean. If
7 is a characteristic wave, so that its linearized metric change vanishes to high order,
then A is approximately a rank-one matrix v ® &, with £ a characteristic covector, and
its mean is |v[2¢ ® €. A finite family of three-parameter patches of simple characteristic
covectors provides enough such tensors to generate, together with the image of the
reduced symbol, every direction of the reduced output space; this is the Gram inequality
(5.1). The corresponding normal operator is coercive, and its inverse determines how
the waves must be modulated. The remaining oscillatory products, whose phases are
sums and differences of distinct phases, have frequencies in regions where the reduced
system is elliptic or of simple real principal type; there they are cancelled by finite
Neumann series of parametrices. The resulting increment satisfies a metric estimate of
the form

(1.2)  |[y(F+U) = gleo < Co(dR9+6°R™),  if |y(F) = glleo <67,

where y(F) = (dF)TdF is the induced metric, R is a large frequency parameter, @ is
an arbitrary accuracy and the exponent B3 does not depend on (). Moreover, U has
exact Fourier support below a fixed power of R, with an L? bound involving a fixed
loss. These two properties allow () to increase slowly along the iteration, so that the
constants C are absorbed while the increments converge in every C" norm on one fixed
neighborhood. A detailed outline is given in Section 2.

Organization of the paper. Section 2 describes the proof step by step. Section 3
fixes notation, Fourier conventions and the domains used throughout. The geometric
part comes first: Section 4 derives the reduced metric equation, classifies the singular
characteristics of the model and constructs the flat reference immersion, and Section 5
constructs the characteristic patches, their phases and the Gram inequality. The an-
alytic tools follow: Section 6 contains elementary smoothing and derivative estimates,
and Section 7 the oscillatory integral estimates. Sections 8 and 9 construct paramet-
rices and finite corrections on regular patches. Section 10 constructs the corrected
characteristic waves, and Section 11 proves the sampling theorem. Section 12 studies
the continuous normal operator and constructs the positive transported mean, and Sec-
tion 13 corrects the mean. Section 14 cancels the oscillatory quadratic terms. The single
correction step is proved in Section 15, and the iteration and the proof of Theorem 1.1
are completed in Sections 16-18.

2. OUTLINE OF THE PROOF

In this section we describe the structure of the argument and the role of each in-
gredient. Precise statements are given in the sections indicated. Throughout, v(F') =
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(dF)TdF denotes the metric induced by a map F, and
DY = (dF)'dY + (dY)'dF
its linearization, so that

(2.1) Y(F+Y)=7(F)+ DypY + (dY)"dY.

Step 1: Normalization and the reference immersion. Choose coordinates with
g(0) = I. Let Fy be an explicit analytic flat immersion into R*» whose second fun-
damental form has full normal rank (Proposition 4.7); it is built by ¢ = n(n — 1)/2
successive circular bendings along the vectors £, = 1 — 2e, — 2¢;,. After a fixed
dilation, Gret(y) = p '[Fo(py) — Fu(0)] is uniformly close, in the sense needed be-
low, to the constant-coefficient model. The rescaled metrics ¢'®)(y) = g(spy) satisfy
19) — Y(Gre)||cr < Crs (Proposition 18.1). All geometric, analytic and frequency
constants are fixed first; only at the very end is s > 0 chosen so small that the initial
defect is below the first threshold of the iteration.

Step 2: The reduced equation. Let F' be an immersion near G, and write a
variation as Y = dF v(F) " 'u+w with u a covector field and w normal. Then DvyrY =
2sym Vu — 2(w,I1p) (equation (4.2)). Since the second fundamental form, viewed as
a map By : Sym?R" — Np, is onto, its kernel K has dimension n, and the normal
component w can absorb every tensor orthogonal to Kr. The equation DvypY = h
therefore reduces to a determined first-order system

Pru = %qF(h), Pru = (Qi(F) : sym Vu);_,

where Q1(F),...,Q,(F) is a frame of K (equation (4.4)); the full error of an approx-
imate solution is given exactly by (4.6). The principal symbol of Pr is iMp(z, ) with
Mp(z,€); = (Q:;(F)E)T. For the reference it is the pencil My(€) = diag(€) — ¢, (3, &) J,
whose determinant py has an explicit singular set (Proposition 4.6): two families of
codimension-three subspaces and ¢ lines. The system is neither elliptic nor of real
principal type, so it cannot be inverted directly.

Step 3: What the quadratic term can generate. Let £ be a simple characteristic
covector, pr(z,&) = 0. A wave whose tangent part is €*® times a kernel vector of
Mp(z,d¢), with pp(z,dp) = 0, has linearized metric change of lower order, and its
differential is, to leading order, the rank-one matrix e*? v ® d¢. By the identity in the
introduction, its phase average contributes |v|* d¢ ® d¢ to the metric, and gr maps this
to |v|?qr(dd @ d¢). The quadratic interaction of such a wave with a slow modulation of
itself has, to leading order, an output frequency tangent to the characteristic variety at
the base covector. Hence an output frequency k£ can be produced in this way only from
base covectors &, with k - Oepo(€a) = 0; we call these the incidence points of k. The key
algebraic fact is the Gram inequality (5.1):

|M0(]2)Tw|2+2|w'%(§a)\2 > clwl?, w € R",
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for every unit k, where the &, range over finitely many such incidence points. Thus the
quadratic tensors of characteristic waves produce exactly the directions missing from
the image of the reduced symbol, including at the singular output covectors. This is
proved in Proposition 5.1.

Step 4: Characteristic patches and their interactions. The waves are taken from
finitely many three-parameter patches of simple characteristic covectors (Section 5).
Their phases Sg(x, () solve the eikonal equation by the Hamilton—Jacobi method. Two
geometric properties are essential. First, for distinct parameters z # 2’ in one patch,
the direction of d,0(z, z) — d,O(x, 2') stays uniformly away from the singular set, and
|d.O(x, z)—d,O(x, 2')| > c|z—2'|; sums of phases behave in the same way. Second, after
multiplying the patches by fixed, widely separated radial factors, the same holds for
sums and differences of phases from different patches. Consequently every oscillatory
product of two waves has a frequency at which the reduced system is elliptic or of simple
real principal type (Proposition 5.4).

Step 5: Parametrices on regular patches. On a conic region where the reduced
system is elliptic, or has a simple real characteristic root 7 = h(x,n), we construct
a parametrix: a matrix symbol inverse in the elliptic case, and a retarded oscillatory
integral with a scalar Hamilton phase and transported amplitude, plus an algebraic
complement, in the characteristic case (Section 8). The residual gains one derivative,
and a finite Neumann series, with the microlocal flowout controlled along the Hamilton
flow, gives approximate solutions to any finite order for sources concentrated at a large
frequency p, provided their amplitudes vary on a scale L < p'=@ (Theorem 9.5).

Step 6: Corrected characteristic waves. For each patch we solve the transport
equation along the Hamilton flow, add the algebraic second term, and then remove
the remaining reduced residual by the finite Neumann series of Step 5. This yields a
family of waves W™ (F';z, (), linear in a prescribed positive initial amplitude, whose
linearized metric change is O(A™?) for any prescribed ¢, and whose leading amplitude
is the transported rank-one tensor (Corollary 10.8). Superposing over shifted covectors
¢ + 7€ against a finite Fourier measure m modulates the initial data without changing
the correction (Proposition 10.10); this is how the waves are adjusted to the defect.

Step 7: The continuous normal operator and a positive mean. Combining the
image of the reduced operator with the quadratic tensors of the waves gives an operator
A, and the Gram inequality yields coercivity of F = AA*+1— 2., (Proposition 12.5).
Its inverse produces a positive initial amplitude rr and a tangent field V},.s such that
the transported mean of the waves with density 7%, plus DyzViase, has zero component
in Kr (Proposition 12.7). This is what allows metric defects of either sign: the positive
mean of the unmodulated waves is cancelled in advance, and the defect itself is then
matched by small modulations.
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Step 8: Sampling. A continuous superposition over the patch parameters cannot
be used directly, since the oscillatory products must be separated in frequency. We
therefore replace it by M < CR'*¢ samples at mutual distance at least h/4, h = R™",
with positive weights p, of total mass O(1). A random construction with deletion and
an operator Bernstein inequality show that one sample approximates the continuous
normal operator in operator norm, on its full output space, provided both operators
carry the same cutoff at a fixed input frequency K., = R* (Theorem 11.4). The
comparison is between operators with the same input cutoff; the part of the continuous
operator above K. is treated separately in Step 9.

Step 9: Correction of the mean. With the sampled waves Z,,, the mean equation

DYV + Y Re((dZ,)'dZ,) = er/V? + O(R™9)

is solved for modulation measures m,, and a field V', where eg is a smoothing of the defect
e =g—7(F) at scale R~! and b = §R* is the wave amplitude. The modulations are
produced from a source r by the adjoint of the normal operator, and the Kp-component
of the equation becomes a quadratic equation g = Er+Q(r,r), with & = E5 E.'. Three
operators have to be distinguished here: the continuous normal operator Er without
input cutoff, which is inverted; the continuous operator Er x with the input frequencies
cut at K = K ax; and the sampled operator Ej.. Thus

[ - &= (Epr — Epg)Ex' + (Epx — E5)Er'.

The second term is O(R™) in operator norm on all of L?, by Step 8. The first term is
not small in operator norm; it is the part of the continuous operator above the input
band, and it is small only on sources with bounds ||r||z« < C,hRY=)+  where it is
O((R/ Kmax)?) for every q. Accordingly the equation is solved by a finite Picard iteration
in which every iterate is shown to belong to this class: the L? norms of successive
differences contract by R, up to the frequency tail, while the higher Sobolev norms
stay bounded (Proposition 13.7). After finitely many steps the residual is O(R~9), and
the normal component is completed algebraically (Proposition 13.9).

Step 10: Correction of the oscillatory products. The primary field
P = b\/ﬁzy\/u_,,Re Z, has quadratic term (dP)TdP = Hgy + Qog, where Hyyy
is the mean treated in Step 9 and Q. consists of products with phases 6; + 0, and
doubled phases. Their frequencies pj; satisfy cAh < p;, < CA, while their amplitudes
vary on the scale R < (Ah)!7?. By Step 4 they lie in regular regions, and Step 5 gives
a field S with DypS + Qg = O(b* M (Ah)™?) (Proposition 14.4).

Step 11: One step of the iteration. Put U = II(P +b*V + S), where II is a Fourier
multiplier cutting off frequencies above CA*¢. Substituting into (2.1) gives an exact
identity in which every term is small: the smoothing error e — eg, the linearized change
of the primary waves, the mean error, the product error, and the interaction terms
2sym((dP)TdWy) + (dWo)TdW, with Wy = bV + S. The last terms are of size §°RP3
because P = O(§) and W, = O(6?) up to fixed powers of R. This proves (1.2), together
with the exact Fourier support and the L? bound of U (Theorem 15.3).
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Step 12: Iteration and convergence. We use frequencies R; = jo with 1 <
v < 3/2 and defects 07 = Rj_zkj. Since 02R7* = R;MﬁBg < Rj_zv(kjﬂ) = Rj_ﬂkﬁl)
when (3 — 2v)k; is large, the error estimate of Step 11 reproduces the hypothesis at

the next step. The increments have Fourier support in [§] < C’R?* and L? norm

O(Rj_kj 50 s the Bernstein inequality makes them summable in every C" norm.

The same Fourier localization shows that the iterates satisfy derivative bounds || Fj||cr <

CrTj(T_T*)+ with T; = R;, t < 1, which are exactly the coefficient bounds required in
Steps 5-10; the accuracies ); = 2k; are increased slowly enough to absorb the constants
Cq, (Sections 16-18). The limit is an isometric immersion of the dilated metric on a
fixed ball; rescaling and the inverse function theorem give Theorem 1.1.

The scales. The exponents are chosen in Proposition 17.1. With T, = R!, A = R?,
h =R Knux = R and = (1+ €)/3, they satisfy

2<t<l<sy<l+e<l+f<a<b <v<i

The essential relations are: the coefficient scale Ty and the amplitude scale R lie below
the smallest product frequency Ah (so the parametrices of Step 5 apply to the products);
the input band K.« lies below the wave frequency A (so modulations do not destroy
the characteristic structure); and the sample size h =2 = R*¢ exceeds K ax by a positive
power (so the sampling theorem applies on the whole input band).

Logical dependence. The order of choices matters; it is listed completely in Sec-
tion 18.2. The dimension, the reference immersion, the characteristic patches, their
radial factors, the domains and cutoffs, and the parametrices of Sections 8-9 are fixed
first, using only low-order information on the immersions, together with one fixed bound
for finitely many higher derivatives. Then the exponents and a finite derivative order r,
are fixed; r, contains every finite order used in the geometric and analytic constructions.
At each step of the iteration, a finite accuracy () then determines the finite depths of
the Neumann series and of the Picard iteration; these depths affect only constants
and frequency thresholds, never the domains, the order r,, the Fourier supports or the
exponents. Finally, the dilation parameter s is chosen after all thresholds.

3. NOTATION, CONVENTIONS AND FIXED DOMAINS

The metric and normal-map conventions are introduced in Section 4. Every reduced
operator is used with the normalization displayed there, including the factor 1/2 in (4.4).
In this section we collect the conventions for norms, Fourier transforms and constants,
the list of parameters, and the fixed domains and cutoffs used in all later constructions.

3.1. Norms, adjoints and Fourier transforms.

Notation 3.1 (Norms and Fourier transforms). For a function f smooth up to the
boundary of a closed set D we put

[fllerpy = maxsup [0 f(x)],
lal<r zeD
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and similarly on other domains. Norms of vectors, matrices and tensors are taken
componentwise in fixed coordinates; a coefficient norm includes every matrix entry.
Fields with a fixed compact support inside a chart are extended by zero to R™. Unless
another domain is specified, Sobolev and L? norms are taken on R", whereas physical
C™ norms always carry their domain. Integer Sobolev norms are the L? norms of all
Cartesian derivatives through the stated order; on R™ this is equivalent to || f|g: =
(D) f|l2, where D = —id and (&) = (1 + [£]?)"/2. We also write ||ul|s = ||u|/z- and
H* = N0 H*.
In d variables we use the Fourier normalization

Fe =@ [ e f@)de, f@) = [ SR g,

so that ||f||2 = (2m)?|f||2. For the initial variables of a wave d = n — 1. A finite
complex measure m on R? is regarded as Fourier data: writing dm(¢) = f (&) A€ gives
fly) = [e¥sdm(€). Its size is the total variation ||m|ty. The Dirac mass at the origin
is denoted by dp; it represents the constant function 1.

For complex matrices, X” denotes the transpose and X* the conjugate transpose; real
parts are taken entrywise. Thus Re(X*X) is a real symmetric tensor, whereas a cross
term Re(X™*Y) has to be symmetrized when it occurs alone. Complex Hilbert inner
products are linear in the first argument, and adjoints are complex Hilbert adjoints,
restricted to real fields when the operator is real. Operator norms refer to the entire
stated spaces. A normal operator AA* acts on the output space of A; it should not be
confused with the normal map Br of the immersion.

3.2. Amplitudes and constants. For a complex wave Z = e¢*?z we call z its ampli-
tude. Estimates for z and for e7*?dZ are stated separately. A bound for the first does
not by itself give the second at the same scale, because

e MAZ =iz dd + dz.

This is why the estimates below distinguish the scale K on which the amplitude varies
from the frequency A. The leading amplitude of a characteristic wave is a scalar trans-
ported along the Hamilton flow times a null vector; its value at the initial time is called
the initial amplitude and is denoted by r, and r? is called the initial density. The mean
of a wave is linear in its initial density.

The letter M denotes the number of samples, while M,,, = 20(n+1) is a fixed order of
differentiability used in the oscillatory integral estimates. Three normal operators are
distinguished in Sections 12-13: the continuous operator Er, the continuous operator
Er i with input frequencies cut at K, and the sampled operator FEx.

Constants may depend on the dimension, the fixed charts and the fixed geometric
neighborhood. When a bound holds at every order r, the constant C. may depend on 7.
In estimates of the form C,L™8 we state explicitly when the exponent B is independent
of r and of the accuracy. At each finite order and accuracy, the constants involve only
finitely many derivative bounds of the data; they are uniform for immersions in a
fixed C™ neighborhood of the reference whose derivative bounds (see (10.23)) have
fixed constants. A requested accuracy determines finite iteration depths before the
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waves and the sample are formed, and constants may depend on these finite choices.
Domains, the order r,, Fourier supports and exponents do not. In the single-step
estimate this dependence is displayed as Cg, and the convergence argument absorbs it
in one threshold. Letters B with subscripts denote fixed loss exponents.

We often use derivative bounds of the form

(3.1) | fller < C TR+, r>0,

with 77> 1, R > 0 and =z, = max(z,0): the first R derivatives are bounded uni-
formly, and each further derivative costs a factor T'. They are preserved by products,
compositions, inverses and flows, with a fixed loss in R (Section 6).

3.3. Parameters. The main parameters and fields have the following roles.

a the immersion at the current step; all waves and correction
operators are constructed at F'

R the frequency parameter of the step; also the derivative scale
of the final modulated amplitudes

A= R® the frequency of the characteristic waves

h=R" the separation of the samples

K, Kpax = R/ the amplitude scale, and the fixed bound for the initial fre-
quencies of the modulations

Ty = R the derivative scale of the immersion F’

5, b=06RA 52 bounds the metric defect; b is the amplitude of the primary
waves

P,V S the primary wave sum, the mean correction field, and the

correction of the oscillatory products
Q,r the requested finite accuracy and a derivative order

The exponents are fixed in Proposition 17.1. In later sections we write T = Tj, and
Bcubic = BB-

Notation 3.2 (Scales at one step). We use the scales of Section 17,
A=R', h=R’? Lp=Ty=R' Kpux=R".

The unmodulated wave, with initial data ¢y, has amplitudes varying on the scale Ce,, Th.
Waves modulated by measures with Fourier support in {|{| < C' K.y} have amplitudes
varying on the scale C, K ,.x, and the waves obtained after the correction of the mean
have amplitudes varying on the scale C,R. The two inequalities in (17.5) place these
scales below the wave frequency and below the smallest product frequency, respectively.
All exponents and support constants are independent of the accuracy and of the deriv-
ative order.

3.4. Fixed domains and cutoffs. Fix a closed ball D of positive radius centered at
0 and a larger bounded open chart W C R™. The limit metric equation is imposed on
D. All measurements, sources of the product corrections and physical output cutoffs
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are supported in a fixed compact set D, @ W. For the sources of the primary waves
we choose cutoffs with

(3.2) Dipe € int{xs = 1}, SUPP Xsre € int{Xcore = 1} € W.

The identities for the linearized metric hold near every measurement support and every
source of the product corrections. We write Xpair for a fixed cutoff supported in D,
and equal to one near all product sources, in particular near D. The mean and the
product corrections may use different cutoffs, but all their supports lie, with positive
margins, inside the regions where the corresponding constructions are valid. The larger
cutoffs contain the corrections, which may extend beyond the supports of their sources.
All these domains are fixed before the frequency, the accuracy and the sample are
chosen; this keeps the limit neighborhood independent of the accuracy. The precise
arrangement is as follows.

Setup 3.3 (Fixed domains). Let W C R™ be a bounded open neighborhood of 0. All
inclusions below have positive margins, and all choices are made before the frequency,
the sample, the accuracy and the final dilation parameter.

(i) Primary waves. First fix the solution operators for the primary waves on the
whole characteristic patches (Setup 10.6), with a fixed cutoff xaac. The finitely
many regions on which their identities hold contain a common open set Upag on
which xo1aq = 1.

(ii) Measurement region and the ball D. Inside these regions choose a measurement
region Vieas, small enough for Proposition 12.5, then an open set Ugg and the
closed ball D, so that

(3.3) D € Upg € Vineas € int Diyg, SUPP Xmeas € Vineass

where Ymeas €quals one near Upg.
(iii) Source cutoffs of the primary waves. Choose

Dlag &S int{XlaLg;,src - 1}, SUPP Xlag,src S int{Xcore,LAG = 1}7

3.4
( ) SUPP Xcore,LAG & ULAG & Wv SUPP Xlag,src S {XQ,LAG = 1}

A larger chart in W on which the primary waves are defined contains Upag and
the supports of all these cutoffs.

(iv) Product corrections. Every measurement support, every source of the product
corrections and every physical output support lies in int Dy,,. The physical cutoft
Xphys and the source cutoft Xpairsre 0f the product corrections equal one near D;
the latter is supported in the region X,.; where the cutoff x2 . of the regu-
lar parametrices equals one. The amplitude cutoff xpa.ir satisfies supp Xpairsie €
int{ Xpair = 1} and supp Xpair € int Dig.

(v) Final cutoffs. The cutoffs of the mean correction and the common physical cutoff
of the final increment (the sum of the primary waves, the mean correction and
the product correction) are supported in an open set Uy, with D € Uy, € Ugg.

(vi) Cutoff for the sampling estimate. The estimate for the sampled operators at fixed
patch parameter uses a separate cutoff xgiice, €qual to one near supp Xmeas and



12 WENCHANG YANG AND YI WANG

supported in int Dj,e. It enters only this estimate; the fields themselves carry
their own physical cutoffs.

In Section 12, the sets Ueore and Upeas stand for Ugg and Vipeas. In Section 10, Ugyre and
the corresponding cutoff stand for Upac and Xcorerac. The other solution operators
have their own fixed domains of validity.

The linearized metric of the primary waves, the errors of their corrections and the
identities for the linearized metric at F' are estimated on Dy, which contains every
measurement, support and every source of the product corrections. The smallness of
the metric defect and the smoothing of the target are imposed only on D.

Remark 3.4. The primary waves and the product corrections use different solution
operators, each on its own regular patches. The continuous operator and its image
component are constructed in Section 12. All samples in one characteristic patch use the
same reduced solution operator and the same reconstruction map Vg, for every initial
datum, and the finite primary wave and its correction have the same phase. For each
construction the solution operator and its residual are fixed; a requested precision only
determines the number of compositions of the residual, and the resulting polynomial
in the residual is then applied to every datum in that patch. Over the finite list of
patches we take the minimum of the margins and the maximum of the derivative losses.
Constants may depend on the finite depths, but the depths do not change the losses.

4. THE REDUCED METRIC EQUATION AND A FLAT REFERENCE

In this section we reduce the linearized metric equation to a determined first-order
system, introduce the constant-coefficient model, classify its singular characteristics,
and construct the flat reference immersion.

4.1. The reduced metric equation. For an immersion F : W — RY write v(F) =
(dF)TdF and

DypY = (dF)'dY + (dY)TdF.
Since 7 is quadratic in F', the expansion
(4.1) Y(F+Y)=~(F)+ DyrY + (dY)"dY

is exact. Let N be the normal bundle and IIp the second fundamental form, IIp;; =
(0;0;,F)*. Put ¢ = N —n; in the case of interest N = s,, and ¢ = n(n—1)/2. We regard
the second fundamental form as the linear map
Bp: Sym’R” — Ny,  Bp(H) =>_ H"Ilp;,
i,J
where Sym? R" carries the Frobenius inner product H : K = > H Y K;;. Its adjoint is
Biw = ((w,11g;;))i ;. We say that F has full normal rank if Bp is onto at every point.
In that case B} is injective and the kernel
Kp = ker Bp = (im B})*

has dimension s,, — ¢ = n.
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Lemma 4.1. Let g = y(F), let V be its Levi-Civita connection, and write a variation
as Y = dF g 'u + w, where u is a covector field and w is a normal field. Then

(4.2) DvrY =2sym Vu — 2(w, ) = 2sym Vu — 2BLw,
where sym A = (A + AT) /2.
Proof. Put X* = g*ly;, so that the tangential part of Y is X*O,F, and write ['j;; =
O, F - 0;0,F for the Christoffel symbols of the first kind of g. Then

&-F . 8j (XkakF> = gikngk + Xkl_‘jk,i = 8jui — Xkajgz’k + X’“ijﬂ».
Since 0;¢i, = I'ji x+1'ji s, the right side equals @-ui—Xiji,k = 8jUi_F§iu1 = (V,u);. For
the normal part, differentiating 0;,F - w = 0 gives 0;F - O;w = —0;0; F - w = —(w, I p;;).
Adding the (7, 7) and (7,7) entries gives (4.2). O

Note that V is the connection of the induced metric v(F), not of the target metric;
the two agree only in the limit of the iteration.

Definition 4.2 (The reduced operator). Let F have full normal rank, and let
Q1(F),...,Qu(F) be a frame of Kp with Gram matrix Gp = (Q;(F) : Q;(F))i;
uniformly positive definite. (Later the frame is obtained by orthogonal projection of
fixed reference tensors, Q;(F) = Ik, Q") Define

qr(h) = (Qi(F) : h)iLy,  Pru= (Qi(F) : symVu),,
MF<x7£)l = (QZ(F>£)T7 pF<x7£) = det MF(:C7€>

Thus Mp(x,€) is an n X n matrix whose ith row is the covector Q;(F)¢. We also write

qr(1,§) = qr(§ ® ).

The operator P is a first-order system with principal symbol iMp(z, ) under 9; —
i¢;; its zero-order part is — (Zj,l Qi(F)jlffluk) . Applying gr to (4.2) and using Q;(F) €

%

Kp 1 im B}, the normal term disappears, and the equation DyrY = h implies the
reduced equation

(4.4) Pru = 3qp(h).

The factor 1/2 is kept in the same position in the equation for the mean. Conversely,
a solution of the reduced equation can be completed to a solution of the full equation.
Since Bp is onto, Bj maps Np isomorphically onto Ki. Put Np = (B})”HK# and,
for given u and h,

(4.5) w = Np (sym Vu — %h)

(4.3)

Lemma 4.3. For Y = dF y(F) 'u+ w with w given by (4.5),
(4.6) DyeY —h =2 Qi(F)(Gp); (PFU - %qF(h))j-
1,J

In particular, a solution of the reduced equation gives a solution of DyrY = h, and the
error of an approximate solution is the displayed tensor in Kp.
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Proof. By (4.2) and BpNp = I,
DypY — h = 2<sym Vu — %h) — QHK# (sym Vu — %h) = 2k, (sym Vu — lh).

For any frame of K the orthogonal projection is Ilx, X = ¥, ; Q:(F)(Gp )Z](Qj( |
X): the right side lies in K, and pairing it with Q;(F) gives ZZ](GF)h(GF )i (Q; -
X)=Qu: X. Since Q;(F) : (sym Vu—3h) = (Ppu—3qr(h));, the formula follows. [
For h = 0 we obtain the differential lift
VF( ) = dFv(F)_lu + NF sym Vu,

Its linearized metric change lies in Kpg and vanishes exactly when Pru = 0. The lift
Vr is used for the characteristic waves, and the normal components of the mean and
product corrections are obtained from (4.5).

4.2. The constant-coefficient model.

Definition 4.4 (The model tensors). Let n > 5 N =s, =n(n+1)/2,¢g=n(n—1)/2,
d=n—4and ¢, = d 2 Let E = Sym*R" carry the Frobenius pairing, and write
S, =Y,z forzeR* 1=(1,...,1) and J = 117 Set

(4.8) QY = eel — ¢, Ko =span{Q),...,Q"}, by =1—2e, —2¢, (a<b).
With the normalization of (4.3), the corresponding pencil, its determinant and its
quadratic map are

MO(&) = diag(gb cee 7511) - cnsfja pﬂ(g) = det MO(S)?
q00(§) = (£ QYE)i = Mo(€)¢.
Explicitly, qo(§); = & — ¢, S¢. Note that My(§) is symmetric and linear in &, and that
T Mo(k)r =k - qo(r).
By the matrix determinant lemma, det(diag(¢) — ¢,S¢117) = detdiag(¢) (1 —
cnSe1T diag(€)~'1) when all & ;é 0, and by continuity
(4.10) H & —caSe Y [[&
i jFi
Proposition 4.5 (A flat form of full rank). The Ri-valued symmetric form

Bo(u,v) = ((“gab SOICTS U>)a<b

is onto, its kernel, as a map E — R, is Ky, and it satisfies the Gauss equations of a

flat metric: (Bo(X, Z), Bo(Y,W)) — (Bo(X, W), Bo(Y, Z)) = 0.

Proof. As a map on E, By(H) = ({1, Hlu)a<s, S0 By maps the basis vector indexed by
(a,b) to £yll,. The ¢ matrices (e, +e)(eq +e3)T, a < b, are linearly independent, since
only the one indexed by (a,b) has a nonzero (a, b) entry. Moreover

J J n
(411) Eab: _2(]_4>(6a+6b)7 det<1_4> = ]._Z %O,

(4.9)
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so the matrices f1, = 4L(eq + €)(eq + €)' LT, with L = I — J/4 invertible, are
independent as well. Hence B is injective and By is onto. Each QY annihilates these
matrices: every coordinate of ¢, is £1 and Sy, =n —4 =d, so

Q? : gabggb = (gab)? — Cnsézab =1- Cnd2 =0.

The @Y are independent: if 3°; a;Q% = diag(a) — ¢,(Ss)J = 0, an off-diagonal entry
gives S, = 0 and then a = 0. Since dimker By = s,, — ¢ = n and K, C ker By, we get
ker By = Ky. Finally, every component of By is a product of two linear forms, and for
such a component the Gauss expression is (¢ - X)(¢- Z)(£-Y)({- W) — (£- X)(£-W)(L-
Y)¢-Z)=0. OJ

4.3. The singular characteristic set.

Proposition 4.6 (Singular characteristics of the model). The singular characteristic
set M = {po =0, dpy = 0} \ {0} is the union, with the origin removed, of

(4.12) Liy={& =& =& =0}, Lijs = {& =& = S¢ = 0}, Rlap,

for distinct indices. The first two families consist of the covectors at which My has
corank at least two; they have codimension three. Fach line Rly, consists of covectors of
corank one with dpy = 0; every other zero of py of corank one is a simple characteristic.

The lines Rly, are also exactly the nonzero common zeros of the components of qo. We
write L for the finite family of the subspaces in (4.12), so that M = (Uree L) \ {0}.

Proof. The kernel of My(€). Put o = ¢, S¢; the kernel equation reads
(4.13) &, = aS, (1<i<n).

Let Z ={i: & =0}. If Z =10, then v; = aS, /& is determined by the scalar S,, so the
kernel has dimension at most one. If Z # () and « # 0, an index in Z gives S, = 0, so
v is supported in Z with S, = 0, and the kernel has dimension |Z]| — 1. If o = 0, the
kernel consists of the vectors supported in Z and has dimension |Z|. Thus the corank is
at least two exactly on {|Z] > 3} U{|Z]| > 2, S = 0}, which is the union of the spaces
Lij and L;jg; each is defined by three independent linear equations. At such points the
adjugate of M, vanishes, and since dpy(§)[n] = tr(adj My(&) My(n)), also dpe(§) = 0.

Corank one. If My(&) has corank one and v spans its kernel, then, M, being symmet-
ric, adj My(€) = avv® with a # 0. Hence

(4.14) dpo(&)[n] = av” My(n)v = an - q(v), that is dpo(§) = aqo(v).

So dpo(§) = 0 if and only if go(v) = 0.

Common zeros of qo. Let v # 0 with go(v) = 0, that is, v? = ¢,5? for all 7. If
S, = 0 then v = 0; hence S, # 0 and v; = ¢;5,/d with ¢; = £1. Summing over i
gives Y ,&; = d = n — 4, so exactly two signs are negative, and v € R/l . Conversely
qo(Lap) = 0, as computed in the proof of Proposition 4.5.

Conclusion. Let £ # 0 have corank one and dpy(§) = 0. Then its kernel is spanned by
some ¢ = ly,, and (4.13) gives &;l; = ¢, S¢d = S¢/d, that is, § = (S¢/d){;, since £; = £1.
Thus £ € Rl,,. Conversely, for £ = {,;, all coordinates are nonzero, so the corank is at
most one; My(£)l = qo(¢) = 0, so it equals one, and (4.14) gives dpo(¢) = 0. O



16 WENCHANG YANG AND YI WANG

4.4. An explicit analytic flat reference.

Proposition 4.7 (An explicit analytic flat reference). There is a real-analytic embed-
ding Fy : B, — RY of a small ball such that

Fy(0) =0, dFy(0) = (1,0), v(Fo) =1, Br,(0) = By,

where the normal space at 0 is identified with the last q coordinates. In particular Fy
has full normal rank near 0 and Kg,(0) = K.

Proof. For a unit vector v € R™ and Y € R™, put t = v - Y and define the circular
bending

Cu(Y) = (Y + {
Its derivative in a direction X is

de,(Y)X = (X + (cos(nt) — 1)(v - X) v, sin(nt)(v- X)).

sin(nt) t}v, 1 — cos(nt)

) c Rerl.
n

It maps X L v to (X,0) and v to the unit vector (cos(nt)v, sin(nt)), which is orthogonal
to (v+,0); hence dC,(Y) is a linear isometry. At Y = 0 it is the standard inclusion
X — (X,0). Differentiating once more and setting ¢t = 0,

C,(0)[X, 2] = (0, n(v- X)(v- 2)),

that is, the second derivative at 0 is nv ® v in the new coordinate direction.

Order the ¢ pairs a < b and put F© = Idg.. If F&=D : R* 5 B, — R**%~1 is defined,
let (a,b) be the kth pair, v = (£g//n,0) € R*™=1 (a unit vector, since [{y|> = n),
and F®) = C, o F(*=1)_ All these maps send 0 to 0 and have differential (7, 0) at 0, and
they are isometric because each dC, is an isometry. By the chain rule,

PF®(0)[X, 2] = dC,(0) [ FE D (0)[X, Z]] + d°C,(0)[dF 1 (0) X, dF*1(0)Z].

The first term is d> F*~Y(0)[X, Z] followed by a zero, and the second is (0, (£gp- X )(Lap -
Z)). By induction, d?F*)(0) has vanishing tangential part, and its components in the
coordinates n + 1,...,n + k are (£ - X)(£ - Z) for the first k pairs. For Fy = F@,
with values in R"*? = RY this says that the second fundamental form at 0 is By.
Proposition 4.5 shows that By is onto with kernel Kj; full normal rank is an open
condition and persists near 0. Finally, the projection of Fj onto the first n coordinates

has differential I at 0, so it is a local diffeomorphism, and Fj is an embedding after
shrinking the ball. O

Corollary 4.8 (Rescaled flat references). For all sufficiently small o > 0 define, on a
fixed ball,

Gy(z) =071 (Fo(ax) - Fo(())>.
Then v(G,) = I, the smallest singular value of Bg, is at least co, and the projected
frame Qi(G,) = g, QY converges to (Q7) in C™ for every fized m > 0 as o — 0.
Consequently, one fized sufficiently small p > 0 gives a reference immersion Gyt = G,
whose projected frame lies in any prescribed finite-order neighborhood of the constant
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frame. The metric, normal-rank and frame bounds persist on a fized finite-order neigh-
borhood of Grer. All geometric seminorms of Gret are finite; later constants may depend
on p.

Proof. Let Qi(y) = ier By (@7, which is smooth near 0 with Q;(0) = Q7. Since
dG,(z) = dFy(oz) and d*G,(x) = 0 d*Fy(ox), the tangent and normal spaces of G, at
x coincide with those of Fj at oz, and

Bg,(z) = 0Br,(0x),  Qi(Go)(z) = Qi(ox).

The second identity gives 9%(Q;(G,)](z) = o!*(0°Q;)(ox), which tends to 0 for |a| > 1,
while Q;(cx) — QY; this is the asserted convergence. The first identity and the full
normal rank of Fy near 0 give the singular-value bound, and flatness gives v(G,) = I.
The frame depends smoothly on the second jet of the immersion, so all these bounds
persist on a neighborhood in a topology with two more derivatives than the prescribed
frame topology. 0

After this fixed dilation, the projected frames of all immersions near G, are uniformly
close to (4.8), and all later operators use these variable coefficients.

5. CHARACTERISTIC PATCHES AND PHASES

We now construct the finite family of characteristic patches which provides the oscilla-
tions, first for the constant model and then for immersions near the reference, together
with their phases. The main results are the Gram inequality (Proposition 5.1), the
classification of all quadratic interactions as elliptic or of simple real principal type
(Propositions 5.4 and 5.9), and the properties of the phase differences needed for the
oscillatory integrals (Proposition 5.5). The construction of phases on common domains
uses the elementary estimates for flows and inverse charts of Section 6, which are inde-
pendent of the present section.

5.1. Heuristics. At a simple characteristic covector ¢ the matrix Mp(z, &) has a one-
dimensional kernel, which determines the leading tangential polarization of a wave
with phase gradient . After normal reconstruction by (4.7), the leading part of the
differential of such a wave is a rank-one matrix ¥®¢, and its Hermitian square is |v|?£ ®€.
Applying qr gives the vector |v|?qr (€ ® £). The waves are also slowly modulated; the
quadratic interaction between a wave with base covector &, and its modulation has, to
leading order, an output frequency k tangent to the characteristic variety at &,. For
the constant model these considerations lead to the following Gram inequality, which
states that the quadratic vectors complete the image of M, at every output direction:
for each unit k there are selected base covectors &, with

E ' aﬁp()(ga) = 07

(5:1) |Mo(k)Tw)? + 3w+ qo(&) > clw]*  (w € R™).

This holds even at singular output covectors. It is proved in Proposition 5.1, and the
corresponding lower bound for the continuous normal operator is proved in Section 12.
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The quadratic products of distinct waves leave the characteristic patch; their corrections
require that their frequencies lie in regions where the reduced system is elliptic or of
simple real principal type. This is the second main property of the construction.

5.2. Characteristic patches for the constant model.

Proposition 5.1 (A finite family of characteristic patches). Let n > 5 and use the
pencil of Definition 4.4. There are finitely many smooth maps

 a: Ly — R,

where each Z, is a closed convex cube in R3, and a finite open cover (V3) of the unit
sphere S*~1, with the following properties.

(i) Every &u(z) has all coordinates mnonzero, satisfies po(€a(2)) = 0 and
rank My(&.(2)) = n — 1, and its norm is bounded above and below. With
Tai = 1/&ui, the vector v, = qo(rs) is a nonzero multiple of dpy(&,). For every
Le L and all 2,2 € Z,,

(5.2) T (§al2) = &a(Z)) 2 clz =2, [&a(2) = &ul(2)] < Clz = 2.
The normalized directions of all nonzero differences and of all sums of two covec-
tors from the same patch lie at a uniform positive distance from 9.

(ii) For each Vj, there are a finite subcollection of patches and smooth incidence points
2,(k) in their interiors, k € Vi, such that, for one chosen first parameter z; on
each patch,

k- va(za(K)) =0, 102, (k- va(2))] = ¢

near the incidence points, and

(5.3) |Mo(k) s>+ |s - qo(a(za(k)))] > c|s], seR", ke,

(ili) For any fized finite grouping of the patches, positive radial factors R, can be fized
so that every sum or difference Ry€,(2) & Ry&y(2') of covectors from different
groups has normalized direction at a uniform positive distance from M. The
factors do not depend on the later sample spacing or accuracy.

Since dpy(€,) is proportional to v,, the incidence condition in (ii) is the first line of
(5.1), and (5.3) is its second line.

Proof. Step 1 (base covectors satisfying the Gram condition). Fix k # 0 with My(k)
singular and a nonzero s € ker My(k). Put o = ¢,Sx and

Q(r) =r"My(k)r =k - qo(r) = Z kir? — aS2.
]

We first find two indices 7 # j with s; +s; # 0 and a smooth zero of () in the subspace
{r; =r; =0} with S, # 0 and all other coordinates nonzero.

Case A: some coordinate of k vanishes. The kernel equation k;s; = a.S, shows that
s is supported on the zero coordinates of k, and if o # 0 also Sy = 0. If & = 0, choose
p,q with k, > 0 > k, (possible since S, = 0 and k # 0). If a # 0, choose p with
ak, > 0 and a zero coordinate g of k. In both cases s does not vanish identically
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on the remaining n — 2 > 3 indices: if « =0, s, = s, = 0; if « # 0, 5, = 0 and
s has at least two nonzero entries because S; = 0. Among three indices on which s
is not identically zero, two satisfy s; +s; # 0: if s; # 0 and s; +s; = s; + 557 = 0,
then s; + s = —2s; # 0. Fix such ¢,j. lf « =0, put r; = 1 for [ ¢ {i,7,p,q} and
choose 7,7, > 0 with kpri + qug = — Xi¢{ijp.q} K1, which is possible since k, > 0 > k.
Then Q(r) = 0, S, > 0, and 0,,Q = 2k,r, # 0. If a # 0, choose nonzero r; for
I ¢ {i,J,q} such that >, k;r? has the sign of «a (take r, large), and then choose r, with
S, = +(3, kir?/a)/?; of the two signs at least one gives r, # 0. Since k, = 0, Q(r) = 0,
Sy # 0, and 0, Q = —2a5, # 0.

Case B: all k; # 0. The kernel equation gives s; = aSs/k; with aSs # 0, and
summing, a3, k; ' = 1. Replacing k by —k (which changes My(k) to —My(k)) we may
assume « > 0. Let p and ¢ be the numbers of positive and negative coordinates of k.
The form @ is indefinite: each ¢, is a null vector because qy(¢y) = 0, these vectors
span R™ by (4.11), and a semidefinite form vanishes on its null vectors’ span, whereas
My(k) # 0. To compute the inertia, consider the bordered matrix

B_ (dlalgT(k) O41_1> ‘

Its Schur complement with respect to the entry o' is diag(k)—a117 = My(k), and with
respect to diag(k) it is ™t — 3, k; ' = 0. By the Haynsworth inertia additivity, In(B) =
(p,q,0) 4+ (0,0,1) = (1,0,0) + In My(k), so In My(k) = (p — 1, ¢,1). Indefiniteness gives
p>2and g > 1. If p > 3, let 7,5 be two positive coordinates; if p = 2, then
g = n—2 > 3, and let 7,j be two negative coordinates. In both cases s; + s; =
aSy(k; "+ k;') # 0. The restriction of @ to {r; = r; = 0} is diag(k') — o117, with &’
the remaining coordinates, and the same bordered matrix argument, now with Schur
complement o' — >0, ik V=gt kj_l # 0, shows that it is nonsingular with inertia
(p—2,¢,0) or (1,9 — 1,0), respectively. It is therefore a nonsingular indefinite form in
n — 2 > 3 variables, and its null cone is a smooth hypersurface of dimension n — 3 away
from the origin. No open subset of this cone lies in a hyperplane {A = 0}: otherwise
( would vanish on an open subset of the hyperplane, hence on the hyperplane, and
A would divide @), forcing rank () < 2. Hence we can choose a point of the cone with
S, # 0 and all remaining coordinates nonzero.

Ezxcluding further degeneracies. In both cases the zero set of ) in {r; = r; = 0} is,
near the chosen point, a smooth hypersurface of dimension n — 3, and ¢o(r); = qo(r); =
—,S? # 0. The conditions that two other components ¢o(7);, qo(7), vanish, or that
three components qo(7);, 9o(7)m, qo(7); are equal, read

r=¢eS./d, Tm=enS/d, or Ty =&y, Ty = Emlt,

with indices distinct and outside {7, j} and signs +1; each is a pair of independent linear
equations, hence defines a subspace of codimension two. (A coincidence involving go(7);
would force r; = 0 for some [ ¢ {i,7}, and go(r); never vanishes.) A hypersurface of
dimension n — 3 is not contained in finitely many subspaces of dimension n — 4, so
we may avoid all of them while keeping the strict conditions above. Now a vector

in Liiﬂ = span{e;, e;,e;} has at least n —3 > 2 zero components, and a vector in
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Lj;s = span{e;, e;,1} has at least n — 2 > 3 equal components. Hence go(r) ¢ L* for
every codimension-three L € L.

Passing to the base covector. At this point r has exactly two zero coordinates and
S, # 0, so by the proof of Proposition 4.6 the kernel of My(r) is R(e; — e;). By (4.14),
dpo(r) is a nonzero multiple of gy(e; — €;) = €; + €;, so dpy(r) - s # 0. On the other
hand dQ(r) = 2M,(k)r is nonzero and annihilates s, because r’ My(k)s = 0. Hence
dpo(r) and dQ(r) are independent, and {p, = 0, ¢ = 0} is a smooth submanifold
of codimension two near r (note po(r) = 0 since My(r) is singular). Its tangent space
contains e; —e;: indeed dpy(r)(e; —e;) = 0, and dQ(r)(e; —e;) = 2(kir; —aS,) —2(kjr; —
aS,) = 0. Moving along a curve in this submanifold with tangent e; — e; makes r; and
r; nonzero while preserving all the open conditions obtained so far. For such a point
put & = r; ', Since all 7, # 0, (4.10) gives po(r) = [T, 7 (1 — cnSpSe) = 0, 50 S,.5¢ = d?,
and by symmetry pg(§) = 0. The kernel of My(r) is spanned by (1/r;), = £ and the
kernel of My(&) by r, by (4.13); hence, by (4.14), dpo(r) || go(&) and dpo(€) || go(r). By
continuity s - qo(§) # 0, and qo(r) # 0; thus both covectors are simple characteristics,
and

koqo(r) =Q(r) =0, s-qo(¢) #0.
The first identity is the incidence condition k - dpg(§) = 0. The map & — (1/&); is
a diffeomorphism of the set of characteristic covectors with nonzero coordinates onto
itself, so it also preserves the transversality of the incidence condition, which at the
level of r is dQ(r) # 0 along {py = 0}.

Step 2 (three-parameter patches). Let ¢ be a base covector from Step 1 for the output
covector kg, put v = qo(c™!), which is normal to the characteristic variety at ¢, and let
T = vt be its tangent space. For a codimension-three L € £ the projection T — L* is
onto: its kernel TN L has dimension (n—1)+(n—3)—n = n—4, because v ¢ L+ means
L ¢ T. Foraline L = R/, the projection has rank at least n—2 > 3. We choose a linear
map FE3: R?* — T such that every 7. E3 has rank three and d(kq - v)Ese; # 0, where
d(ko-v) denotes the differential along the characteristic variety of & — kg-qo(¢71), which
is nonzero by Step 1. Each of these conditions is the nonvanishing of a polynomial in the
entries of F3 (a sum of squares of 3 x 3 minors, or a linear form), and each polynomial
is not identically zero by the rank statements just proved; hence their product is not
identically zero, and a suitable Ej exists.

Choose e with dpo(c)e # 0. By the implicit function theorem the characteristic
variety near c is parameterized as

£(2) = c+ E3z 4+ u(2)e, uw(0) =0, Du(0)=0, D)= Ej,

for z near 0 in R3 (fixing the remaining n — 4 tangent coordinates). Shrink to a convex
cube on which |7, (DE(2) — Es3)|| is at most half the smallest singular value o, of
L Es, for every L € L. For z, 2’ in the cube,

ms(6() ~ €)= mp Byl — &)+ [ m (DEG +0(: — 2)) = By) (= = =) o,

whose norm is at least o |z — 2’| /2. This proves (5.2); the upper bound is the Lipschitz
bound of £. Since the distance of a unit vector w from a subspace L equals |71 w/|, the
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two bounds give a uniform positive distance between the normalized differences and
every L € L. On a smaller cube all sums £(z) + £(2’) have directions close to that of
¢, which is a simple characteristic, hence lie at a positive distance from 991. Shrinking
once more keeps |0, (ko - v(2))| bounded below.

Step 3 (finite covers and radial factors). Let ko be a unit covector with My(ko)
singular. By Step 1, for every unit s € ker My(kg) there is a base covector with s-qo(€) #
0. By compactness of the unit sphere of ker My (kq) we select finitely many base covectors
with 3, |s - qo(&4)]? > c|s]? on ker My(ko). The quadratic form G(w) = | Mo (ko) w|? +
S |w - qo(&,)|? is then positive definite on R™: if G(w) = 0 then My(ko)w = 0 (recall
My is symmetric), so w € ker My(ko), and then w = 0. If My(ko) is invertible, no base
covector is needed. The incidence points are continued by the implicit function theorem
as 21 = z1(k), with zo = 23 = 0, for k near kg, and by continuity G stays positive definite
on a smaller neighborhood. Compactness of S"~! gives a finite subcover, and we take
the minimum of the finitely many positive constants.

All base covectors lie in a compact set of nonzero simple characteristics. We choose
the radial factors successively, with ratios so large that every sum or difference of
covectors from different groups has normalized direction as close as desired to + the
direction of the covector from the group with the larger factor; a finite ratio suffices
because the norms of base covectors are bounded above and below. Each base covector
and its negative lie at a positive distance from 9, so the same holds for these directions.
The factors are fixed independently of everything chosen later. The assertions for a
single patch were proved in Step 2. [l

5.3. Characteristic phases near the reference immersion. We now continue the
patches to immersions near the reference and construct their phases on common do-
mains.

Lemma 5.2 (A homogeneous characteristic phase). Let H(t,y,() be real and homo-
geneous of degree one in ( on fixed physical boxes and monzero conic boxes, with a
fized bound for its normalized C* norm. There are common smaller boxes and a phase
S(t,y, (), homogeneous of degree one in (, satisfying

(5.4) Sy = H(t,y,S,), S(0,y,0) =y-¢.

The point S¢(t,y, C) lies in one larger box of initial points, and Sy¢ is uniformly close to I.
If, for T > 1 and R, > 2, the normalized derivatives of H satisfy |H||cr < C, TR+
then the phase, the flow and the inverse of the map from initial points to points satisfy
bounds C,TT~B+D+  Normalized C™ ' convergence of H implies C™ convergence of
these phases on the same domains. The initial time may be any s in the same short
interval, and all estimates are joint in s.

Proof. Solve the Hamilton equations of 7 — H(¢,y, (), on a short interval of both signs,
Y =-H(t.Y.Z), Z=H,Y.Z), (Y. Z)lio=(u0).

By the low-order bounds and homogeneity, the base point and the normalized covector
stay inside their boxes, with |Z] =< |{|, and on a common shorter interval Y, is uniformly
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close to I. Lemma 6.4 gives the inverse u = U(t,y,() of u — Y (¢,u,() on common
domains.

By Euler’s identity Z - H, = H; differentiating in y and ¢ gives Z - H;, = H, and
Z - Hee = 0. Hence, for any variation § of the initial data (u, (),

i(ZﬁY) =H,0Y —Z-H,0Y —(Z-He)0Z =0,
s0 Z-0Y = (-du, its value at t = 0. Allowing ¢ to vary as well, Z-dY = Z-Y dt+(-du =
—H dt 4 ( - du, that is,

Z-dY + Hdt = (- du.
Put S(t,y,¢) = U(t,y,() - (. Substituting v = U(t,y,(), so that Y = y, we get
(-dU = Hdt + Z - dy, and therefore

dS=C-dU+U-dC=Hdt+ Z-dy+ U - dC.

Thus S, = Z, S, = H(t,y,Sy), Sc = U and S(0,y,() =y - (. Scaling ¢ by ¢ > 0 scales
Z and leaves Y unchanged (since H, is homogeneous of degree zero and H, of degree
one), so U is homogeneous of degree zero and S of degree one. Finally S¢, = U,, which
is close to 1.

The Hamilton vector field involves one derivative of H. The joint estimates for
flows and inverse charts in Lemma 6.5 therefore give the bound C,T"~f=+1+  which
is preserved by multiplication by the normalized (. The initial time enters as one
more parameter of the same equations. Subtracting the differentiated equations for
two Hamiltonians gives the finite-order continuity. O

Setup 5.3 (Immersions near the reference). Fix the patches, cover, incidence points
and radial factors of Proposition 5.1, and put M,, = 20(n +1). Let F: B; — RY be a
smooth immersion whose second fundamental form Br: E — Np is onto. Extend Bj
by zero on tangent vectors and put

Ptan,F - ng_l(dF)Ty AF - BFB;‘ + -Ptan,Fa
Np = Ay'Bp, g, =1— BrNp, Qi = Uk, Q).

We impose two kinds of conditions on F. They involve a normalization parameter
0 < o < 1, which measures the size of the second fundamental form; the constants Cj,
Kmets K, €g do not depend on o.

(5.5)

(Ly) Low-order conditions: |F|cs,) < Co, the induced metric satisfies g =
(dF )TdF > Kmetd, the smallest singular value of the normalized form o~ Bp is
at least £ > 0, and max; [|Q; — QY| cs(n,) < €o.

(H) A high-order bound: max; ||Qs||¢Manto(p,) < Chi, where Cy; is a constant fixed once
and for all in Remark 5.6.

On the orthogonal splitting of RY into tangent and normal spaces, Ap is the identity
on tangent vectors and BpBj > k%02 on normal vectors; hence it is invertible with
| AR < (ko)~2 (for ko < 1). The kernel K, the projection I, and the frame
are unchanged if By is replaced by o !Bp; they are therefore smooth functions of
(dF,07*d*F) with bounds depending only on the constants of (L), and not on o.
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Consequently N takes normal values and vanishes on K, BxNp = By(BrBj) ' Br
is the orthogonal projection onto im By = K3, and Ik, is the orthogonal projection
onto Kp; on K# the map Np inverts B, in agreement with the definition before (4.5).
For small ¢y the (); form a frame of Kr. All these are smooth functions of the second
jet of F', with the stated bounds for the inverses. Define Mg, pr and gr by (4.3) with
this frame.

We say that F' satisfies (L) if it satisfies (L,) for some 0 < ¢ < 1. The rescaled
references GG, of Corollary 4.8, whose second fundamental forms have size o, satisfy
(L,) with constants independent of o; in the proof of Theorem 1.1 the parameter is the
fixed value 0 = p of the reference. The conditions (L) determine every domain, box,
margin and lower bound below. Condition (H) enters only through upper bounds for
finitely many derivatives, and it is not a consequence of (L): a C® neighborhood of the
reference contains immersions whose frames have arbitrarily large CM=2+9 norm, and no
estimate below is claimed uniformly on such a neighborhood without (H). The phases
constructed below depend on F' only through the frame @);.

Proposition 5.4 (Characteristic phases and quadratic interactions). There are fized
balls By, € Bowy € By and a fized ¢y > 0 such that, for every F' satisfying the low-order
conditions (L) of Setup 5.3, each model patch has a jointly smooth real family of phases
Ou(x, 2) on Boy and its fized parameter cube, with

pr(z,d,0,) =0, rank Mp(z,d,0,) =n — 1.

The gradient d,©, is uniformly close to &,(z) in CLC?, and is uniformly Lipschitz in z.
For all L € L, all x and all z, 2" in one patch,

(5.6) |71 (deOy (2, 2) — dpOyu(z, 2'))| > |z — 2|

The normalized directions of all nonzero differences and all sums within one patch, and
of all signed sums of covectors from different groups multiplied by the fixed radial factors,
lie in one compact set I' at a positive distance from M. On T the (n—1)st singular value
of Mg is bounded below, and at every zero of pp in I' one has |depp| > c. Thus every
such direction is elliptic or a simple characteristic. The domains and constants depend
only on the model data, K, kme, Co and the C°® neighborhood, not on higher norms
or on the accuracy. If, in addition, ||F|cr < C.TT~F)+ on the fived construction
neighborhood, with T'> 1 and R, > 7, then

(5.7) |%p||lor < C.T0—RAE)+ Gp = (Sp,dO,), 1 >0,

where the norm is the mazimum over the finite family, taken jointly in the physical
variables, the normalized covectors and the parameters, on fived domains.

Proof. Step 1 (phases). On each slightly enlarged model patch choose adapted coordi-
nates z = (t,y), £ = (7,() with d.py > ¢ > 0. By the implicit function theorem there
is a unique homogeneous function Hp with

pr (2, (Hr(2,),¢)) =0

near the model root, depending smoothly on the coefficients. Euler’s identity & -O¢pp =
npr (recall pr is homogeneous of degree n) shows that ¢ # 0 on this set of zeros, since
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0.pr # 0. Lemma 5.2 gives a phase Sr on common domains, with Sy = tHy(() +y -
for the constant model, and its continuity statement gives C° closeness of the phases
from C® closeness of the coefficients.

Under the derivative bounds on F', the projected frame is a smooth function of the
second jet of F', so Lemma 6.2 gives

(5.8) max ||Q;|¢r < C, TRt

Implicit differentiation preserves this for Hr, and the phase lemma uses one more
derivative, giving ||Sr||cr < C,T~f+3+  None of this changes the domains or the
lower bounds.

Step 2 (sums and differences). Let (,(z) be the spatial part of the model patch and
put

Ou(z,2) = Sp(x,(4(2)).

For the model its gradient is &,(z), and the C° comparison gives C1CY closeness of
the gradients for F'. The characteristic equation holds exactly by construction, and a
nonzero minor of order n — 1 of the model persists. For every x and L, the projected
map z — 7m1d,O4(x,z) is C' close to the model one on the convex cube, so the
segment argument of Proposition 5.1 gives (5.6). Together with the upper Lipschitz
bound it gives a fixed angular distance from every L, including for arbitrarily short
nonzero differences. The distances for sums and for signed sums between groups persist
by continuity.

Let I'y be the closure of all normalized directions of these sums and differences,
including the limits of normalized difference quotients. It is compact and disjoint from
M. On I'y, the (n — 1)st singular value of My has a positive minimum (corank at least
two occurs only on 90), and by Proposition 4.6 dpy # 0 on 'y N {py = 0}, with a
positive minimum by compactness. On a slightly larger compact neighborhood I' of
[y, O closeness of My and pr to My and py preserves the singular value bound and
ensures |dgpp| > ¢ at every zero of pp. This proves the classification.

The phase estimate of Step 1 and one further derivative prove (5.7). O

For the oscillatory integrals of Sections 7 and 11 we need the differences of nearby
phases in a patch, divided by the shift, and their averaged gradients. Fix a patch,
an incidence point and the corresponding base output direction ky, = (wp,n) in the
adapted coordinates = = (t,y), & = (7,7n) of the patch. Write z = (s,v) with s = z
and v = (29, 23), and let v, be the value of v at the incidence point. For 0 < e < ¢, put

Sp(x,(,(2) + en) — Sr(x, Cu(z

€

(59) brla, 1) = Do [ ot cu) + ren) e,

the integral giving the value at e = 0, and let
1
Up(z, 2!, 5,0,0) = / dore(2/ +r(x —a'),5,0,0) dr
0

be the averaged x-gradient. For the model we put

G(s,0) = VHy((u(s,vp)) - 0, Uo(s,0) = (G(s,0),0).
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Proposition 5.5 (Phase differences and their averaged gradients). Let 61,6 > 0 be
given. There are convexr physical boxes inside Boy, convex product boxes Dy € D1 € D
in the variables (s,0), centered at (sy,ny) and with 0-factors in a fived annulus, a domain
of v around vy, a number €, > 0 and a bound €y > 0 for condition (L) of Setup 5.3, all
depending only on the model data and on 61,6, with the following properties.

(i) |0sG| > ¢ > 0 on D, and DV, differs on D from one constant invertible matric
Go by at most |Gyt ~1/4.
(ii) For every F satisfying (L) with this ey, uniformly in (x,2’',v) and 0 < € < ¢,,

(5.10) 1re = ollor o) < 01, [Wrey —0] <30l e<|Up] <C.

(iii) If F satisfies (L) and (H), then Vg, has joint CM>%2 bounds in (z,2’,s,v,0,¢),
and so has OV g, with constants depending only on the data of (L) and on C;.

(iv) Under the derivative bounds of Proposition 5.4, the maps V., their inverse charts
in (s,0) and in 0 at fixed time, and their first e-derivatives satisfy (5.7) jointly in
the physical, data and v variables and in €; we include them in Y.

Parts (i)—(iii) are exactly the hypotheses on the phase in Setup 7.3 below, with
M = M,,. The constants d;,0 are those required there and in Proposition 7.4; they
depend only on the model, so the boxes, ¢, and ¢y are fixed by low-order data alone,
before any other choice.

Proof. (i) For the model, po(7,{) = 0 near the patch is equivalent to 7 = Hy((), so
depo = 0-po (1, =V Hp). The incidence condition ky-depy = 0 gives wy = my- VHo(Ca(25)),
so m, # 0, and its transversality (Proposition 5.1(ii)) gives 0;G(sp,m) # 0. For the
model at € = 0 and v = v, we have Sy = tHy(¢) + vy - , so the phase is tG(s,0) +y -0
and its averaged gradient is the triangular map Wy. Its derivative at (s, 7,) is invertible,
and on a small convex box it stays within the stated distance of its value there.

(71) Let 01,9 be given. By (5.9), the map Vg, and its first (s, )-derivatives involve
the derivatives of Sg of order at most three on a compact set of shifted covectors. We
choose, in this order: first a domain of v around v, so small that the model map at
e = 0 is within d;/3 of Wy in C}4(D) for all such v; then €, so small that the model
maps for 0 < e < ¢, are within d;/3 of the map at e = 0, and the shifted covectors stay
in the domain of the phase; finally ¢, so small that, by the C° comparison of the phases
in Proposition 5.4, which uses only (L), the maps for F' are within d;/3 of the model
maps. This gives the first inequality. The y-component of ¥y is 6, so the same choices,
with ]0|/3 in place of d;/3, give the second inequality, and the third follows since |0]
is bounded above and below on the annulus.

(77i) The joint derivatives of order M,, +2 of ¥, and of 0.V, are bounded by the
derivatives of Sg of order at most M,, +5 in (z, () on the fixed compact set, multiplied
by derivatives of the fixed smooth map (,. The phase is obtained from the Hamiltonian
Hp by Lemma 5.2, whose proof (the induction of Lemma 6.5, stopped at a finite order)
bounds the C™ norm of Sy on the fixed domains by the C"™*! norm of Hp. In turn Hy
is obtained from pr = det My by the implicit function theorem with the lower bound
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of (L) for 0,pr, so its C™™! norm is bounded by the C™*! norm of the frame. With
m = M,, + 5 these orders are covered by (H), since M,, + 6 < M,, + 9.

(iv) By (5.7) for Sp, the two phase derivatives in W give the bound C, T~ F+5)+,
Joint inversion preserves it by Lemma 6.5, and one e-derivative changes the exponent
to (r — R, + 6);. The domains were fixed in (i) and (ii) using low-order data only. [

Remark 5.6 (Finite-order assumptions on the immersion). The frame @; depends
smoothly on the second jet of F', so a fixed C® neighborhood of the reference suffices for
the C% frame condition in (L). For the reference of Corollary 4.8 we have v(Giet) = I,
50 ||dF' — dGhyetl|co < 1/2 implies |dF(x)v| > |v|/2 and v(F') > I /4. This neighborhood
is chosen together with the neighborhoods for the normal rank and the kernel frame.

We now fix the constant C,; of (H). Let 0y < 1 be so small that the rescaled references
G, are defined on B; for 0 < o < ;. They satisfy Q;(G,)(z) = Q;(ox) (proof
of Corollary 4.8), where Q;(y) is the projected frame of Fy; hence ||Qi(Go)lcr(p,) <
1Qillc(B,,) for every k, uniformly in o, and similarly ||dGo||lcx(p,) + o~ d*Gollcrs,) <
Cr(Fyp), since 0 d*G,(z) = (d*Fy) (o).

The frame is a smooth function of (dF,c~'d?F) on the set defined by the lower
bounds of (L,) (Setup 5.3), but not of the unnormalized second jet uniformly in o: a
perturbation Y of G, enters the projection through ¢='d?Y. Therefore a perturbation
of fixed size in CMan*t1l does not give a bound independent of o. We use instead the
normalized neighborhood

(5.11) |d(F — GU)HCMMH)(BI) + O_lHd2(F — GU)HCMMW(BI) <1,

which holds in particular if [|[F" — Go|cMant11p,) < 0. On this set the arguments
(dF, 07 'd*F) are bounded in CM»%9 by C(F,) + 1, and the Faa di Bruno formula gives
a constant Cy;, depending only on Fy, n and the constants of (L), such that (H) holds
for every F' satisfying (L,) and (5.11) for some 0 < 0 < 0. We take Bj inside the chart
W of Setup 3.3, so that bounds on W imply bounds on B;.

In the proof of Theorem 1.1 the parameter is fixed, ¢ = p < gy, before the iteration.
All iterates lie in a C™ ball of radius €, < p around G, = G, with r, > M,, + 11
(Section 18.2), so (5.11) and hence (H) hold for all of them with this constant. Unifor-
mity as ¢ — 0 is needed only for the rescaled references G, themselves (Section 12),
for which it was shown above.

5.4. Indexing the quadratic interactions. The characteristic patches, and therefore
the sums and differences of their covectors, are fixed before the frequencies and the
sample.

Definition 5.7 (Groups of patches). Index the finite list of characteristic patches before
the frequencies and the sample are chosen. If a patch is used more than once, each
occurrence receives its own index and forms a separate group. Apply part (iii) of
Proposition 5.1 to this list, so that different groups have radially separated factors.
Within one group the deletion rule of Theorem 11.4 separates distinct samples by at
least h/4. All modulations attached to one sample are combined into a single Fourier
measure and a single wave.
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Remark 5.8 (Sums and differences of phases). For two distinct samples in the same
group, the chord estimate (5.6) keeps the direction of the phase difference away from
9 and gives it the frequency Az — 2/| > ¢Ah. The sum of two phases has frequency
comparable to A and the same angular separation. For different groups the radial
factors give both properties for both signs, even if the parameters or the unscaled
directions coincide. For a repeated index, the doubled phase is separated from 9N,
while the Hermitian square is treated as part of the mean. These cases exhaust the
real quadratic expansion of a sum of waves. Fourier modulations are included in the
amplitudes (Section 14). All group factors are fixed before the sample is drawn.

We summarize the properties of the patches used in the rest of the paper.

Proposition 5.9 (Characteristic patches). For n > 5 there is a finite family of three-
parameter patches of simple characteristic covectors of the constant model with the
following properties.

(i) For every unit output direction, the selected patches have transversal incidence
points in their interiors and satisfy the uniform Gram inequality (5.1).

(ii) For immersions in a fized neighborhood of the reference, on a fixved chart and after
fized radial factors are assigned to the patches, every doubled phase and every sum
or difference of distinct sampled phases has its gradient in a fixed compact conic
region where the reduced system is elliptic or of simple real principal type.

(iii) For samples separated by h, the frequency o of each such product satisfies cAh <
o< CA.

The Hermitian squares are treated by the equation for the mean and are excluded

from (ii).

Proof. Part (i) is part (ii) of Proposition 5.1. Part (ii) is Proposition 5.4, with the
grouping of Definition 5.7. Part (iii) follows from Remark 5.8: the frequency of a
difference is A times the length of a difference of gradients, which is between c|z —2'| and
Cl|z — 2| by (5.6), and sums and products between groups have frequency comparable
to . O

A convex three-parameter patch controls the limits of normalized differences as well
as the differences of separated samples; this is why three parameters are used. The
parametrices on the regions of (ii) also require control of their Hamilton trajectories.
This is proved in Theorem 9.3: each chart is inverted separately, the successive retarded
parts of the parametrix use the same time coordinate and together occupy one fixed
time interval, and the charts are chosen so that the forward flowout of each source chart
over this interval stays in a slightly larger chart of the same regular region.

6. SMOOTHING AND DERIVATIVE ESTIMATES

This section contains elementary estimates which do not depend on any phase,
solution operator or frequency. Lemma 6.1 is used to smooth the metric defect
(Lemma 15.1). The remaining results show that derivative bounds of the form (3.1) are
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preserved, with a fixed loss, by the algebraic operations, inverse charts and Hamilton
flows used in Section 5 and in Sections 8-12.

6.1. Smoothing on a ball.

Lemma 6.1 (Smoothing on a ball). Let Q = B,(c) C R" be a ball with Q C V, where
V' is open. For each integer m > 1 and all sufficiently large R there is a real linear

operator Sgm, 1 C(Q) — C*(V), with outputs supported in one fized compact subset
of V', such that for all integers r > 0

(6.1) 1Srmfllor + 1Srm Nl < Crm B[ flloo @),
(62) ||f - SR,mecO(ﬁ) S CmR_m”fHCm(ﬁ)‘

The operators act componentwise on vector- and tensor-valued functions and preserve

real fields.

Proof. After an affine change of variables we may assume €2 = Bj; this changes the
constants and the size of R only by fixed factors. Fix p € C®(By/4) with p > 0
and [p = 1. For R > 2m choose xp € C°(Bi41/ur)) With xg = 1 on B; and
| D"xR|loo < C.R". Put

(6.3) a; = (—1)J‘—1<

”7) (1<j<m), S a;it =60 (0<k<m).

J j=1

The identity holds because the mth finite difference annihilates polynomials of degree
less than m: Z;’;O(—l)j (T’)]k = 0 for 0 < k < m, and moving the term j7 = 0 (which
equals dxg) to the other side gives (6.3). Define

(6.4) S (0) = xa(e) a0 [ o) (1= 3/ R+ i/ Ryw) dy

for |z] <1+ 1/(2R), and Sg.mf = 0 elsewhere.
The formula is well defined. Let || <14+ 1/(2R), |y| < 1/4and 1 <j <m < R/2.
Then 1 —j/R > 0 and

. . J 1) J I3
1— < (1I—-% )1+ = Sl -5 <1
( J/R)x+(J/R)y!_( R)( tor) TR St Tar T ar =t

so every argument of f lies in By. Since xr vanishes outside Bjyy/4g), the extension
by zero is smooth, and for large R all outputs are supported in a fixed compact subset
of V.

Derivative bounds. In the jth term substitute w = (1 — j/R)x + (j/R)y:

/P(Z/)f((l —j/R)x + (j/R)y) dy = (f)n/p(f(w —(1 —j/R)x))f(w) dw.

All z-derivatives now fall on p, and each produces the factor —(R/j)(1 — j/R) =
—(R/j — 1), of absolute value at most R. Undoing the substitution,

o7 [ o) (1= /B + G/ Ry) dy| < R0 pll o,
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By the Leibniz rule and [[D"xglloc < CrR" we obtain [|Sgmfllcr < CrmB || fllcosy)-
Since the supports lie in a fixed bounded set, the same bound holds for the H" norm.

Approzimation. Let © € By, so that xg(z) = 1. For y € By/4 the segment from z to
y lies in By, and Taylor’s formula at x gives

fle+G/R)y—2) =Y D @)lly =)' + iz, y),
k=0 :
where |Ej(z,y)| < Cn(i/R)™|| fllems,). Multiplying by a;p(y), integrating in y and
summing over j, the term of order % is multiplied by >, a; j* = 60. Hence

Spf(z Zaj/p (z,y) dy,

whose absolute value is at most Cp, R™™|| f||cm(B,). This proves (6.2). The operator is
real and acts componentwise by construction. [l

6.2. Derivative bounds. The following elementary inequality is used repeatedly: if
R >0and ji,...,75 > 0, then

k

k
(6.5) > i~ B < (i - R)
i=1 i=1 +
Indeed, if all j; < R the left side vanishes; otherwise let I = {i : j; > R} # (). Then the
left side equals > ;c; i — [[|IR < Y5 — R

Lemma 6.2 (Derivative products). Let T'> 1 and R > 0, and suppose finitely many
arrays f; on fived charts satisfy || fil|cr < C.TT=®+ for all v > 0. Then

(6.6) IT1D% filleo < G, T2,

Let ® be a smooth function, all of whose derivatives are bounded on a fixed bounded
set containing the ranges of the f;. Then ®(fi,..., fr) satisfies the same bounds
1()ller < CTTB+. This applies in particular to matriz inversion on a set of
matrices with a fized lower bound for their smallest singular value. All coordinate and
parameter derivatives are counted jointly.

Proof. The product estimate follows from the hypothesis and (6.5). For the second
assertion, the Faa di Bruno formula expresses D"[®(f)], r > 1, as a finite sum of terms

(qu))(f){Dalfa"wDaqf}a 1§q§r7 ai217 Qp+ -ty =T,

with universal coefficients. The factor (D4®)(f) is bounded by assumption, and the
product of the remaining factors is bounded by CT"~®+ by (6.6). O

Corollary 6.3 (Derivative estimates for finite jets). Let T > 1 and suppose | F||ci <
A;TU=B+ for all j > 0. Let F;(JF) be a fived finite family of smooth functions of

the c;-jets of F', and assume that the values of these jets lie in fixed bounded sets on
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which the F; have bounded derivatives of all orders (this includes fixed lower bounds for
determinants to be inverted). If v > 0 and R > max; ¢; + v, then

(6.7) |Fi(J4F)||er < CTT+ 1 >0.
Additional parameter derivatives of fixed order are included in c;.

Proof. A derivative of order r of J%F' is a derivative of F' of order at most r + ¢;, so
|JéFllor < CTU+e=R+ < T+ since R — ¢; > v. Lemma 6.2, applied with v in
place of R, gives the claim. O

Lemma 6.4 (Common inverse domains). Let Dy € Dy € D be bounded convex bozes
in R? and let Fy be smooth near D. Suppose a constant invertible matriz G satisfies
supp |G"HDFy — G)|| < 1/4. Then for all F in a sufficiently small C' neighborhood
of Fy, the map F is injective on D, with |G™1(F(u) — F(v))| > |u — v|/2, and there is
one open set V with F(Dy) € V € F(Dy), with positive distances between these sets
that do not depend on F. The same holds uniformly for parameter families of maps in
this neighborhood.

Proof. Choose the C' neighborhood so small that sup, ||[[ — G™*DF|| < 1/2. For
u,v € D, convexity gives

1
G Y F(u)— F(v)) = (u—v) — /0 (I=G'DF(v+0(u—0)))(u—v)do,
and the integral has norm at most |u — v|/2; this proves the lower Lipschitz bound and
injectivity.

Choose r > 0 such that B,(ug) C D; for every uy € Dy, and let V be the open
(r/(4||GY|))-neighborhood of Fy(Dy). If |[F' — Fyllco < r/(4]|G7!]]), then every v € V
has a point ug € Dy with |G (v — F(ug))| < r/2. Consider

O(u) =u— G HF(u) —v), u € B,(ug).
Since D® = I — G~!DF has norm at most 1/2, ® is a 1/2-contraction, and
|®(u) — up| < |P(u) — P(ug)| + |P(ug) — uo| < 5|lu—up| + 5 <7

Thus ® maps B, (ug) into itself, and its fixed point u satisfies F'(u) = v. Hence V C
F(D;). Finally, F(Dy) lies within distance r/(4||G™!||) of Fy(Dy); after halving the
C" neighborhood once more we obtain F(Dy) € V with a fixed margin. All constants
depend only on r, G and the size of the neighborhood. O

Lemma 6.5 (Composition, inverse charts and flows). Work on fized coordinate do-
mains, which may include physical variables and external parameters, and let T > 1
and R > 1. Bounds of the form ||f||cr < C.T"~®+ are preserved, with the same index
R:
(i) by composition of maps satisfying such bounds;
(ii) by inverse and implicit function charts, whenever the charts exist on the given
domains and the relevant first derivative has a uniformly bounded inverse;
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(iii) by the flow of a vector field V (t, ) satisfying such bounds, on a fixed time interval
on which the trajectories stay in the working domains; the initial section may
satisfy the same bounds;

(iv) by the solutions U and U™ of U' = —CU, U(0) = I, when the matriz C satisfies
such bounds.

The constants depend only on the constants in the hypotheses and on the fized lower
bounds.

Proof. The basic inequality. Let ¢ > 1 and ay, ..., 0y > 1 with 37, a; = r. We claim

q
(6.8) (@=R)+ + ) (ai = R)y < (r— R);.

i=1
If ¢ > R, then (a; — R); < oy — 1 for every i (because a; > 1 and R > 1), so the left
side is at most (¢ — R) + > ;(a; — 1) = r — R. If ¢ < R, the first term vanishes and the
claim is (6.5).

Composition. By the Faa di Bruno formula, D"(f o g) is a sum of terms
(Df)(g)[D*g,...,D*g] with > «a; = r, oy > 1. The first factor is bounded by
CT @R+ and the others by CT~®+ 5o (6.8) gives the bound CT R+,

Inverse charts. Let X = F~'. The first derivative DX = DF(X)~! is bounded by
the hypothesis on the inverse. For r > 2, differentiating F' o X = Id r times gives

DF(X)D'X = =Y (D'F)(X)[D"X,..., D*X],

where the sum runs over ¢ > 2 and «; > 1 with > «; = r; in particular every «o; <
r. Assume inductively that |[DX || < C,T@ B+ for a < r. Since (DIF)(X) is
bounded by CT@ R+ (6.8) bounds the right side by CTU~f+  and multiplication
by DF(X)™! completes the induction. Implicit functions are obtained by inverting
(z,w) — (2, F(z,w)), with the parameters included in z. Existence of the charts on
common domains is a separate low-order matter, treated by Lemma 6.4.

Flows. Let 0,¥ = V (¢, V). Differentiating r times in the initial point gives

0D = D,V (t, %) D"V + Y (DIV)(t, ¥)[ DUV, ..., D],

q>2

where again a; < r. By induction the sum is bounded by CT" =%+ and the coeffi-
cient D,V is bounded; Gronwall’s inequality on the fixed time interval gives ||[D"V¥|| <
C, 7=+ Joint estimates in time and parameters follow by adjoining ¢ and the param-
eters as coordinates with { = 1 and vanishing derivative. A derivative in the elapsed
time is replaced by the equation, which costs no further derivative of W; a variable
initial section is handled by composition.

Linear matriz equations. Gronwall’s inequality bounds U and U~!, which solves
(U™YY = U~'C. The flow argument applied to these linear equations on the resulting
bounded ranges gives the derivative bounds. 0

Remark 6.6 (Homogeneous symbols). Symbols and phases which are homogeneous in
a covector variable are estimated through their restrictions to a fixed annulus. For
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a symbol a of order p and a phase S of degree one put a,(z,w) = pPa(z, pw) and
Su(r,w) = p1S(z, pw) for w in a fixed annulus. Then

020, = (200 a) (x, ),

and similarly for S with p = 1. Thus the usual symbol estimates for a are equivalent to
uniform bounds for the normalized functions a,, to which Lemmas 6.2 and 6.5 apply.
Amplitudes depending on two positions are treated in the same way, and different
frequency shells are normalized separately; their radial powers and volume factors are
kept outside the derivative bounds.

7. OSCILLATORY INTEGRAL ESTIMATES

This section contains L? bounds for oscillatory integral operators whose amplitudes
have finitely many derivatives, an exact formula for their normal operators, a compari-
son estimate, and an estimate for the Fourier tails of oscillatory functions. The phase
hypotheses below are those established for the phases of our construction in Proposi-
tion 5.5; otherwise each result uses only the displayed bounds. The results are applied
to the continuous normal operator (Section 12), the sampled operators (Section 11),
and the parametrices (Sections 8 and 9).

7.1. Normal operators.

Notation 7.1. We use the Fourier convention of Notation 3.1 and the norm || f||gs =
I{D)* f]l2 on R™ Outputs with compact support in a chart are extended by zero.
Derivative orders are total orders of multi-indices, and matrix sizes are fixed.

Lemma 7.2 (Multiplication of kernels by smooth amplitudes). Fiz compact sets in R¢,
d>1, and put { = |d/2] + 1.

(i) Let U be a measure space and let T: L?>(U) — L*(R%) be a bounded integral
operator with kernel K(x,u). For a function b(z,u) supported, in x, in the fized
compact set, let T[b] be the operator with kernel b(x,u)K (x,u). Then

(7.1) Tl < CIT | sup [Ib(-, w)l] e

(ii) Let b(z,y,&) be supported, in (x,y), in a fized compact set, and assume
sup [[0(-, -, §)|lc2e < A. Then the operator

Bf(x) = (2m) " [ ¢4 (a,y.)f(y) dy g

satisfies || B||r2_r2 < CA.

No derivatives in u or & are needed, and the frequency support may be unbounded. The
constants depend only on d and the compact sets; the same bounds hold for matriz-valued
amplitudes of fized size.
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Proof. (i) For a € R? define G(a,r) = T(b(a, )f) (x), so that T'[b]f(z) = G(z,x). Since
¢ > d/2, the Sobolev embedding in the variable a gives, for every fixed z,

Ga, ) < sup|Gla,0)? <€ Y [ 192G a,2) da,
¢ |aj<e
where we use the continuous representative in a; the support of b in its first variable
is a fixed compact set, so the integral is over a fixed bounded region. Integrating in x
and using Fubini’s theorem,

ITEsE < ¢ S [T (orete.00) | da < CTIF X [[ 10500, w) L) duda

|| <2 oo <2
= CHTHQ/U oG w)zzel f () du < CIIT sup [1b( ) [7ge | f1]2-

(ii) For a € R? let T, be the operator T,g(y) = (27)~% [ e¥*b(a,y, £)*g(£) dE from
L*(RE) to L*(RY), and put G(a,z) = (F~'T; f)(x), where F~! is the inverse Fourier
transform g — [ e*¢g(£)dE. Writing out T f(€) = (27)~ % [ e ¥b(a,y, &) f(y) dy, we
get Gla,z) = (2n)~ [[ @ WEb(a,y, &) f(y) dydE, and hence Bf(z) = G(x,z). As
in (i)

1Bl <C S [IF o flda<C Y [I100T da 1713
la<e la|<e
For each fixed a and «, the operator 92T, is, up to the constant (2)~% and the unitary
Fourier transform, the multiplication of the kernel of the inverse Fourier transform by
the amplitude 0%b(a,y,&)*. Part (i), applied in the variable y, bounds its norm by
C'supyg [|05b(a, -, &) || me < CA, because |a| < ¢ derivatives in @ and at most ¢ in y use
at most 2¢ derivatives. Since b has compact support in a, this proves ||B|| < C'A. For
unbounded frequency supports one first inserts a frequency cutoft, which multiplies 77 f,
and passes to the limit by dominated convergence in H}(LZ); the bound is unchanged.
The same argument works if 7" is replaced by any bounded operator L7 — L2, at the
cost of its norm. OJ

Setup 7.3 (Phases with conic structure). Write x = (t,y) € R x R"! and z = (s,v),
where v ranges over a fixed compact set of remaining parameters. On fixed physical
and covector boxes let S(x,() and ((z) be smooth and real, and put

S(l‘,C(Z) + 7'77) B S(l‘, g(Z

T

bl 2 = Do [N aeStac) 4 rmm) mdr, o=,

with the integral giving the value at 7 = 0. The physical boxes are convex. Fix convex
product boxes Dy € D; € D in the variables (s, 6), whose #-factors lie in one annulus
around (sp, ), M # 0, and a smooth map Vy(s,0) = (G(s,0),0) with |0;G| > ¢ > 0.
The boxes are chosen so that DWW, stays close to one constant invertible matrix, as in
Lemma 6.4. We assume that the averaged z-gradients

1
\Ij?nn(x’x/’ 577]79) = / dm¢€($/ + T(QZ - LEI), 8,1},(9) dr
0
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are uniformly close to ¥y in C1(s,0) on D, and have fixed joint C™ bounds in the
physical, data, v and € variables, where M = M,, = 20(n + 1) and 0 < € < ¢. The
closeness is measured relative to the fixed domains and their margins. For the phases
of our construction these hypotheses are parts (i)—(iii) of Proposition 5.5; the closeness
uses only the low-order conditions (L) of Setup 5.3, and the C™ bounds use the high-
order bound (H).

The amplitudes a.(z, z,n) have fixed compact physical and parameter supports, with
(s, |m|n) in a fixed compact subset of Dy. For |n| > 1/2 and 7|n| sufficiently small we
assume

DS Djar| < A7, Jal + (8] < M.

Finally, p, is a real multiplier whose square is smooth, supported in {1/2 < || < CA},
with | D] (p3)] < Cs|n|~17l; its lower cutoff does not depend on A.

Proposition 7.4 (Normal operators and fixed-parameter estimates). Assume Setup 7.3.

The averaged full and transverse gradients have inverse charts on common smaller do-
mains, with fived joint C™ bounds. For A > 1 and TA sufficiently small define

T f(w) = (2m) 2 [ ey py (n)ar (2, 2,m) (2, 1) d=

and let T’ , denote the operator obtained by fixing z, acting on functions of . On the
entire complex input and output spaces,

(7.2) ITI<CA TP SCAA, [Tl < CAPA™

Without the factor |n|'/? the norm of T, . is at most CA. The first bound is also
uniform when v is fized, and at T = 0 it holds without an upper frequency cutoff. On
an unchanged phase, an amplitude difference of size d (in the norms above) changes T
by at most Cd in norm and T . by at most CVAd.

The normal operator T, T* has an exact kernel of the form (7.7), with an amplitude
b, of order zero, and it depends continuously on the data in operator norm: if two
sets of data (phases and amplitudes) satisfy the hypotheses with the same constants and
differ by at most d in the joint C**2 norms of the normalized phases V™ and of the
normalized amplitudes a,(z,z,|njw), w in the unit sphere, with { = |n/2] + 1, then
the two mormal operators differ by at most Cd in norm, where C' depends only on the
constants in the hypotheses. No such continuity is asserted for T itself when the phase
changes: a phase difference of size d is multiplied by the unbounded covector n in e'®,
and Ty is in general not continuous in operator norm with respect to the phase. Only
the normal operators and the uniform bounds are used below.

Assume in addition that |DS D20,a.| < Aln|* 17! for |a] +|8] < M — 1. Then for
every fized smooth real weight m(s,v),

(7.3) | T,mTF — TomTy|| < CA*7A,
where C' depends on finitely many derivatives of m.

Proof. Step 1 (inverse charts). Lemma 6.4 gives inverse charts of (s,6) — W™ on
common domains. When ¢’ = ¢, the y-component of 2™ is the averaged transverse
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gradient, which is uniformly C! close to 6; the same lemma gives its inverse charts
at fixed time. Implicit differentiation (Lemma 6.5) gives the joint C™ bounds of the
inverses. We choose the closeness so that

(7.4 e — 0] < 3o,

with d small compared with the margins of the data boxes.
Step 2 (scaling). Let U, be the averaged z-gradient of ®,. Substituting n = pf in
the integral formula for @, gives ®.(z, 2, pf) = p ®,,(x, 2, 0), hence

(7.5) Vo (z,2', 5,0, p0) = p U (2,2, 5,0,0).

Suppose V. (s,n) = V. (s',7) at fixed (x,2’',v). By (7.4) and (7.5) the y-components
satisfy W, —n| < d|n|, so |[n—n'| <d(|n|+|7|), and |n|, || are comparable. Hence one
common p > 0 puts both n/p and 7 /p in the annular chart, with the same parameter 7p,
and injectivity of the annular map gives (s,n) = (s',1’). Thus (s,n) — ¥, is injective
on the whole cone; the same argument applies at fixed time. The support margins and
a small threshold for 7A keep (s,n/p) in Dy for the choice p = |k,|/|ns| made below,
which depends only on the output point k.

For fixed p, differentiating (7.5) in (s, ) shows that det D, ¥, = pdet D0V,
and the second determinant is bounded above and below. Since p =< |n],

(7.6) Jr = |det Dy V.| < |n), |det D,V | < 1.

By the same scaling, each derivative of the inverse map in the covector variable lowers
its order of homogeneity by one, while physical derivatives preserve it, uniformly on the
cone.

Step 3 (the kernel of the normal operator). The kernel of T, T is

(27r)_”/61(@T(I’Z’”)_¢’T(II’Z”7))|77\p?\(77)a7(3:, z,n)a (2, z,n)* dz dn.

By the fundamental theorem of calculus along the segment from z’ to x, the phase
equals (z — ') - W, (z,2', z,n) exactly. Changing variables (s,n) — k = U, (x,2/,s,v,7),
which is legitimate by Step 2, we obtain the kernel

(7.7)

2 / *
(27?)7”/ei(“’w')'ka(a:,x',k) dk, b, :/ Inl P aT(m’Z:]n)aT(x 2 dv.
T (sm)=07" (k)

The factor |n| cancels the Jacobian, so b, is bounded by CA2. Tts (z,z')-derivatives
are bounded by C' A% as well: a physical derivative falling on a, costs A, one falling on
the inverse point (s,7) produces a derivative of n of order ||, which is compensated by
the decay |n|~! of the n-derivative of a,, p3 or |n|/J.. The amplitude vanishes near the
boundary of the inverse charts, so its extension by zero is smooth.

Step 4 (the full bound). Part (i) of Lemma 7.2, with d = n and 2¢ < M, gives
|T.T#|| < CA?, that is, ||T;|| < CA. At 7 = 0 the amplitude bounds do not use the
upper cutoff, and the estimate without it follows by inserting a frequency cutoff and
letting it tend to one.
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Step 4 (continuity of the normal operator). Let primed quantities refer to a second set
of data. Both normal operators have kernels of the form (7.7) with the same exponential
el@=2)'k 50 by Lemma 7.2(ii) it suffices to show supy, ||b, — b.|| p . < Cd. By (7.5), the

inverse point (s,n) of k is (s, pf), where (s, 0) is the inverse of the normalized map W37"
at k/p and p = |k,|/|m| depends only on k. Implicit differentiation, with the common
lower bound for the Jacobian, shows that the normalized inverses of the two data sets
differ by O(d) in C?**'. Hence n — 1 = O(d|n|) at the two inverse points, together
with 2¢ physical derivatives. Each factor of the integrand of b,, namely a,, p3 and
In|/J, has n-derivative O(|n|™!), so it changes by O(d) when 7 is replaced by 1, and by
O(d) when the data are replaced at a fixed point. This proves the continuity assertion.
The argument concerns the kernel of 7,7 after the change of variables £ = ¥,; no
comparison of the operators T, with different phases is involved.

Step 5 (fived parameters). Fix z and t. The operator f + T, . f(t,-) acts from L?(dn)
to L?(dy). Its normal operator has the kernel (27)™" [ !®=¥)¥7u|p|p a,a dn, and the
change of variables n — x = W, whose Jacobian is comparable to one by (7.6),
brings it to the form of Lemma 7.2(ii) in dimension n — 1, with amplitude bounded
by CA?|n| < CA%A. Hence ||T,.f(t, )H%ZQI < CA%A|f||3, and integration over the fixed

t-interval gives ||T}..||> < CA%A. Without the factor |n|'/? the same argument gives
C A2, The Hilbert-Schmidt norm is the L? norm of the kernel:

IToclfis < 042 [l < 04

since n € R"~!. Amplitude differences are estimated by the same argument applied to
the difference divided by d > 0.

Step 6 (comparison). Insert the weight m(s,v) in the numerator of (7.7), and call the
resulting amplitude b*. At fixed k the inverse point is obtained from the annular inverse
at parameter 7p, with p =< |n| independent of 7. Hence 0,5 = O(|n|) and 9.1 = O(|n|?),
together with their physical derivatives. Consequently

Or|ar(z, 2,1(r)]| < |0,a:] + |9sa-][0r3] + |9pa-||0,m] < CApn],

and the same bound holds for p%, the weight m and |n|/J;, each of which loses one
power of |n| under an n-derivative. On the support, |k| < |n| < CA. The mean value
theorem in 7 therefore gives

sup | D2 . (b — by')| < CAPTA, la| <2(n+1),
k

and Lemma 7.2(ii), applied to the difference of amplitudes, proves (7.3). O

Corollary 7.5 (Real and imaginary parts of the input). Regard the complex input space
as a real Hilbert space with inner product Re(-,-), and put C = 2ReT. For real outputs
7/.7

(7.8) C*r =2T"r, CmC*r = 4Re(T'mT™r).

Thus the preceding bounds hold for the real operators, with fired numerical factors, when
both the real and the imaginary parts of the input are used.
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Proof. For real r and complex f, (2ReT'f,r) = 2Re(T f,r) = Re(f, 2T*r), which is the
first identity. Applying C' = 2ReT to 2mT™*r gives the second. U

7.2. Fourier localization of oscillatory functions.

Proposition 7.6 (Fourier tails of oscillatory functions). Fiz n > 1, a bounded box
X CR" acompact set K € X and 0 <c<C. Forp>2and L > 1 let ¢ be a smooth
real phase and a a smooth complex amplitude of fixed finite dimension, supported in K,
with

c<|dg| <C,  |Dpo| <C.L'7H (r>2),  |Djal <C,AL" (r > 0),
where A > 0. Put h, = €*%a. Let 11, = n(D/p), where 7 is a fived smooth radial
function equal to 1 on {c/2 < |£] < 2C} and supported in {c/4 < |£| < 4C}. Then for
all integers m > 0 and ¢ > m +n/2,
(7.9) (I =Tyl < g Ap™"*(L/ ).
More generally, the same estimate holds for any fized bounded rescaled Fourier cutoff,

provided that on the support of 1 —11, one has |pdyp(x) —&| > c1(p+1&|) for allz € K.

Proof. The Fourier transform is
h(€) = (2m) " / elPo@ =284 (1) da,
K

On the support of 1 —m(&/p) either €] < ¢p/2 or [£] > 2Cp. In the first case |pdp —¢&| >
cp/2 and p+ €] < (1 + ¢/2)p. In the second case |pdp — &| > || — Cp > [€]/2, and
1€]/2 > Cp > cp. In both cases, with ¢; = min{c/(2+ ¢),1/4,¢/2},

|pds () — €| = er(p+ [€]) (z € K).
Let w = pd,¢ — & and
w -0 : ,
T i[pp—x- i[pp—z-
Ve W’ Vee [op—a-&] _ cilpd—a-€]

Since a vanishes near 0K, integration by parts ¢ times gives

~

h,(€) = (QW)_"/ei[p¢_$'§](V§T)qa dz, Vng — 9, < w f)

ifwl?

The coefficient w/|w|? is bounded by C/(p + [¢]). Its jth derivative is a sum of terms
involving derivatives of w, that is pD**1¢, divided by powers of |w|; since p|D¥1g| <
CpLk < CL¥(p + |€]), an induction on j shows that the jth derivative is bounded by
C;L7 (p + |€])~". Each derivative of a costs a factor L. By induction on ¢, (V{)% is a
sum of terms bounded by C,ALY(p + |£])7, so

(1= 7(&/p))hy(€)] < CuAL (p+ €))7,
For ¢ > m + n/2 the substitution { = pw gives

L@ (o 1g)dg < CpP | (1 )M e < G g
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By Plancherel, ||(I — I1,)h,||3m < CnmgA?L?1p*™ 724 which is (7.9). For a general
mask the proof used only the lower bound for |pd¢ — | on its complement. 0

Remark 7.7. Proposition 7.6 is applied with p = A|z — 2’| to normalized phase differ-
ences A\[O(z, z) — O(x, 2')]/p of two waves in the same characteristic patch. The phase
difference is used exactly, not expanded in the patch parameter; the hypotheses of the
proposition are verified for it in Proposition 5.4.

8. A PARAMETRIX ON REGULAR PATCHES

In this section we construct a parametrix for a real first-order r X r system on a conic
region of covectors where the system is elliptic, or has one simple real characteristic root.
The construction is used in Section 9 to build finite corrections, which in turn correct
the characteristic waves (Section 10) and the oscillatory quadratic terms (Section 14).

8.1. The system and the main result. Consider the real system

(81> Pll = ZAJ(x)a% +B($)7 Ha(‘rag) = ZAj<I>£j7
j=1 j=1
whose coefficient array a = (A4, ..., A, B) of real r X r matrices is smooth near a point
ro € R™. Put
(8.2) po = det H,.

A real zero § # 0 of p,(z, ) is a simple characteristic if Oep,(x, £) # 0. On a characteris-
tic patch we use one retarded oscillatory integral with a scalar Hamilton phase and two
matrix amplitudes, together with an algebraic inverse on the complementary directions;
on an elliptic patch we invert the principal symbol.

Theorem 8.1 (A regular patch). Fiz a smooth reference coefficient array ag for (8.1)
and nested closed conic sets 'y, € int Uyyy. Assume that on a fized spatial neighborhood
of xo one of the following holds:

(1) Hyy(x,€) is invertible for € € Ty \ 0;

(i) in a coordinate system x = (t,y), & = (7,7n), the equation p,, = 0 has on Tyy
exactly one root T = ho(x,n), which is simple, with |n| < |£| and |0;pa,| bounded
below on unit covectors.

No condition is imposed outside I'oy. Then, after one spatial shrinking, there are fixed
balls U €@ W, a neighborhood of ay in a fized C* norm, and a scalar pseudodifferential
cutoff Ar, equal to the identity microlocally on I'y, at high frequency and with conic sup-
port in Uoyy, such that the following holds for every smooth real a in that neighborhood.
For h € C(W,C") there are complex linear operators Sar, Rar with smooth outputs,
satisfying

(83) PaSa’ph = Aph -+ Ra’ph on U,
and

(8.4) [Sarhllz2owy + | Rarhl[ oy < CllAll 2wy
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For every integer s > 0 the operators S,r : H*(W) — H*(W) and Rur
H™>G=1L0(WY —  H3(U) have norms bounded by polynomials in finitely many
coefficient seminorms. The residual R, is a finite sum of pseudodifferential operators
of order —1 and of operators containing one retarded oscillatory integral with an
amplitude of order —1; it includes all source and low-frequency terms. The domains,
the coefficient neighborhood, the derivative losses and the orders of the operators are
fized before s and before any later accuracy. All statements include fixed input and
output cutoffs.

The proof is given at the end of the section, after the necessary estimates.

8.2. Pseudodifferential estimates.

Setup 8.2 (Symbols on fixed boxes). All evaluations of coefficients and all Hamilton
trajectories lie in fixed relatively compact subdomains of W. Local symbols and ampli-
tudes are multiplied by their cutoffs before being extended by zero, so their seminorms
are controlled by the coefficient norms on W. Every homogeneous symbol is multiplied
by one fixed cutoff vanishing near £ = 0, and the complementary low-frequency part is
kept in the formulas. We write

Tif(x) = (2m)" [[ & 4b(a, 2, )£ (2) d= de.

and Op(b) = T, when b does not depend on z. For an amplitude of order p we use the
seminorms

bl,; = max su P99 b|.

| |P,J o184 <) p<£> | Yz |
Lemma 8.3 (Pseudodifferential bounds). An amplitude of order 0 defines a bounded
operator on L?, and an amplitude of order —1 defines an operator which, together with
its adjoint, maps L? to H'. For each integer s > 0 these operators map H™>(P0) ¢4
H®, where p € {0, —1} is the order. The bounds involve finitely many symbol seminorms,
a fized number of them beyond s, and depend polynomially on finitely many coefficient
SemInorms.

Proof. Lemma 7.2(ii) gives ||T}|lo—2 < Cblo2(n+1) (only 2- and z-derivatives are used).
For order —1, an output derivative gives D, Ty, = Ty Dajbs which has order zero, so
T, : L? — H*; the adjoint of Ty, is Ty with bf(x, 2,£) = b(z, z, £)*, an amplitude of the
same order. Integration by parts in z gives the exact identity

(0%
DITf = Z <6>TD5+ZbDa_5fv Do =Dy + D,,

BLa

from which the H* bounds follow by the L? estimate; for order —1 we first take one
output derivative and then argue at order s — 1. The symbols are fixed algebraic
expressions in the coefficients, which gives the polynomial dependence. O
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8.3. Retarded oscillatory integrals.

Lemma 8.4 (Bounds for retarded kernels). Let d = n — 1 and let V(t,s,y,n) be
homogeneous of degree one in n, with V(s,s,y,n) =y -n and Y, uniformly close to
I on fized boxes with interior margins. For a spatial amplitude b(t,s,y,n) of order

p € {0,—1} put
Uy(t, ) (y) = (2m) 7 [[ 0 Es0 =00t 5, y,1) (=) =y,

and
Ef(t) = /t Ui(ts)f(5) ds.

Assume that b has fized physical and conic margins, contains the fized low-frequency
cutoff, and vanishes for s near the initial time t_. Let B = (D, D) be a fized Fourier
multiplier of order zero supported in {|7| < C|n|}. Then &B : H™>+P0) 5 [s for
every integer s > 0, with bounds given by finite products of seminorms of the phase and
the amplitude.

Proof. Fized times. For fixed t, s, the operator Uy(t, s)Uy(t, s)* has the kernel
(2m) ¢ [ MWW Dy (g sy )b, 5,3, m)"

The phase difference equals (y — ') - ¥, where W = [1 U, (¢, 5,9 + 0(y — /), 1) df is ho-
mogeneous of degree one in 7 and, since W, is close to I, defines a homogeneous change
of variables n — U with Jacobian close to one. After this change of variables the kernel
has the form of Lemma 7.2(ii) with an amplitude of order zero, so ||Uy(t,s)||z2r2 < C
uniformly.

A fized-time representation. Put x = (t,y), £ = (1,m) and r = t — s. Since b vanishes
near s = t_, we may extend it by zero to s < t_, and on the fixed output support we
obtain

A
&B = / Updr,  O.(ty,7,n) = (t—r)T+ Ut t—ry,mn),
0

Uppf(x) = (2m)" / / O @O==pt ¢ — oy n)BE) f(2) dz dE,

with a fixed A > 0. Indeed, U, ,f(t,-) is Up(t,t — r) applied to (Bf)(t —r,-), whose
time Fourier variable produces the factor ¢/*=")7. By time translation and the fixed-
time bound, each U,; of order zero is bounded on L? uniformly in r. For amplitudes
depending on both positions we use the last assertion of Lemma 7.2, with outer operator
U, .F~! and fixed larger spatial and Fourier cutoffs equal to one on the support of the
amplitude.

Derivatives. On the support of § we have |r| < C|n|, so the amplitude has full
spacetime order p. An output derivative of the phase factor produces an order-zero
coefficient times &, and integration by parts in z transfers this factor to a derivative of
the input. For p = —1 one output derivative first makes the amplitude of order zero.
The full-amplitude bound then gives the H® estimates uniformly in 7, and integration
over [0, A] completes the proof. O

(8.5)
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8.4. A characteristic patch.

Lemma 8.5 (A characteristic parametrix). On a regular characteristic patch write
r = (t,y), &€ = (1,n), with |n| < [§] and |0;p.| bounded below. Choose a fized Fourier
cutoff B(T,m) supported in this cone, including the low-frequency cutoff, and a spatial
source cutoff o(x,n) whose forward Hamilton flowout over the time interval stays in the
patch. Put

B = 3(Dy, D), a=of, A = Op(a).

There is a fixed operator

1
S = vou <8WB - Op(b_loz)>,

where W = Wy + W1 is an amplitude with terms of orders 0 and —1 and b_; is a symbol
of order —1, such that P,S = A+ R on the inner physical box, with

(8.6) R = Op(AWi (£ 1)8) + Epyr B + f Op(Pu(b_10)).

Here Ay is the coefficient of 0y, Wi(t,t) denotes the amplitude at s =t, and P, applies
P, to the physical variable of a symbol. The construction uses a Hamilton phase and
scalar transport. If the coefficients satisfy ||al|ca < C, TR+ then the phase gradients,
flow maps and amplitudes satisfy the same normalized mized derivative bounds with R,
replaced by R, — c, for a fized loss c.

Proof. Write P = P,, H = H,, and let 7 = h(x,n) be the simple root.

Null vectors. Since the root is simple, d,p = tr(adj H-A;) #0at 7 = h,soadjH # 0
and H(x,h,n) has corank one. Using a fixed nonvanishing minor, choose smooth real
vectors k(z,n), [(x,n), homogeneous of degree zero, with

H(z,h,n)k =0, I"H(z, h,n) =0, TAk = 1.

The last normalization is possible because adj H(z, h,n) = c ki’ with ¢ # 0, so 0,p =
clT Ak # 0. Since H is linear in 7,
(8.7) I"H(z,7,m) = (1 — h)ITA,.

The algebraic inverse. For T near h, H(x,7,n) maps the hyperplane ker(IT 4;) into
ker (” by (8.7). At 7 = h this map is an isomorphism: its kernel is Rk Nker(IT A;) = 0,
and both spaces have dimension » — 1. Hence it remains an isomorphism on a fixed
conic neighborhood of the root, and we choose § supported in that neighborhood. Put

~1
(8.8) M= Akl",  boa(e,7n) = (H@ 7 m)leqraysierr) ([ —1I0).
Since 112 = II and IT(I — II) = 0, the matrix I — II takes values in ker!”, and by
construction

(8.9) H(z,7,n)b_q(x,7,m)=1—1L

The restricted matrix is homogeneous of degree one, so b_; is homogeneous of degree
—1. Its product with « is extended by zero outside the fixed conic neighborhood and
is a spacetime symbol of order —1.
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The phase. On a common short time interval, Lemma 5.2, with initial time s, gives
U, = h(t,y,¥,), U(s,s,y,m) =y -1, VU, uniformly close to I.

Below, k and [ are evaluated at (t,y, ¥,(t,s,y,m)). We choose o equal to one on the
inner source region, with its complete flowout inside the larger chart, and vanishing near
the initial time. Since |¥,| < ||, nested low-frequency cutoffs leave every homogeneous
formula unchanged near the transported support of o.

Transport. Let the row vector a(t, s,y,n) solve

(at - h‘77 ’ 8111)@ + lT(Pk) a = 07 CL(S, 5, Y, 77) = Z(S, Y, n)TU(Sa Y, 77)7
where h,, is evaluated at (t,y, V,) and Pk denotes P applied to the function (¢,y) —
k(t,y,¥,). Put Wy = ka. Differentiating H (z, h(z,n),n)k(x,n) = 0 in n; and multiply-
ing by 1" gives h,, + 1" A, k =0, where A, is the coefficient of d,,. Therefore
"PWo = 1" Ak 0pa + > 1" Ay k Oya+ 1" (Pk)a = (8, — hy - 9y)a+ 1" (Pk)a = 0.
J
Moreover, since ¥, = h(t,y, ¥,),

P(e™Wo) = €™ (iH (x, Uy, U)Wy + PWy) = ™ PW,.
Put Wy = ib_1(t,y, ¥;, ¥, )PW,. By (8.9) and " PW, = 0 (which gives [IPW, = 0),
we get HW, = i(1 — II) PW, = iPW,, and hence
P(e™Wy) = €Y (1HW, + PWy) = €™ (= PWy + PW)).
Adding, we obtain the exact cancellation
(8.10) P{Y (Wy + W)} = Y P,

No pseudodifferential operator acts on the phase. The transported support stays in the
patch, and all symbols are extended by zero only outside a fixed larger margin.
The residual. For W = W, 4+ W, differentiation of the retarded integral gives

t
Péwg(t) = Aw(t, 0)g(0) + [ PUw(t,)g(s)ds.
By (8.10), PUw(t,s) = Upw, (t,s), and since ¥(t,t,y,n) = y - 1, the operator Uy (t, 1)
is the spatial pseudodifferential operator Op, (W (t,t)). Because B is a Fourier multi-
plier and W (t,t) does not depend on 7, Op, (AW (t,t))B = Op(A;W(t,t)3) exactly.
Moreover A,Wy(t,t) = Ak 1T = 1lo, so
PEwB = Op(Ila) + Op(A W1 (t,1)5) + Epw, B.

For the algebraic term, P Op(c) = Op(iHc + P,.c), so by (8.9)
1 1
YP Op(b_1a) = Op(({ — M) + T Op(Px(b_loz)).

Adding these identities gives PS = A+ R with R as in (8.6), on the set where xou = 1;
there the commutator of P with .. vanishes. Both pseudodifferential terms in R have
spacetime order —1, because /3 restricts to |7| < C|n|, and the retarded term gains one
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derivative by Lemma 8.4. These are complete formulas, including low frequencies, and
a common input cutoff can be placed on the right of all terms.

Derivative bounds. Every division has a fixed lower bound. Lemma 6.5, applied to
the Hamilton flow, its inverse charts and the scalar transport equation, gives the stated
derivative bounds, and they pass to Wy, Wi, PW; and b_; through the explicit formulas
and the fixed cutoffs. One fixed loss in R, covers all these factors, independently of
later compositions. O

8.5. Elliptic patches and the proof of the main result. On an elliptic patch
choose a scalar source symbol «, equal to one on the inner region and containing the
fixed low-frequency cutoff, and put S = you Op(H, 'a)/i. As above, PS = Op(a) + R
where Yout = 1, with the residual R = Op(P,(H, '«))/i of order —1.

Proof of Theorem 8.1. In case (i) use the elliptic construction just described, and in
case (ii) the parametrix of Lemma 8.5; in both cases Ar = Op(«a) with « equal to one
on I'y, at high frequency and supported in I'yy. All hypotheses are open conditions
on a fixed finite jet of the coefficients, which gives the coefficient neighborhood. This
proves (8.3), with the residual of the stated form. The bounds (8.4) and the H* bounds
follow from Lemmas 8.3 and 8.4, whose constants are polynomial in finitely many
coefficient seminorms. All boxes, cutoffs, phases and amplitudes are fixed before any
later accuracy. 0

9. FINITE CORRECTION ON REGULAR PATCHES

We now cover a compact regular set of covectors by finitely many characteristic and
elliptic charts and show that a finite Neumann series of the parametrices of Section 8
solves the system to any prescribed finite order for oscillatory sources.

9.1. The choice of charts.

Notation 9.1. Compactly supported functions are extended by zero, and all cutoffs
have supports strictly inside the stated domains. Conic sectors are compact subsets of
the unit sphere together with their conic extensions; the source cover is taken symmetric
under ¢ — —¢. We write ¢f = f for complex conjugation. For a size A,, a tail of
arbitrary order means a term bounded by C,, 0A,p~ % in each fixed H™, for every Q.

Setup 9.2 (The local solution operators). We consider the system of Section 8 on a
compact set of nonzero covectors which are elliptic or simple characteristics. The finite
cover by charts and the source regions are chosen in Theorem 9.3. On each selected
chart we use Theorem 8.1, with an input cutoff equal to one near U. The residual has
the terms (8.6), or their elliptic counterparts, and satisfies R; : L*(W) — H'(U); order-
zero factors are bounded on L?, and every fixed Sobolev norm has a polynomial cost
in finitely many coefficient seminorms. Output cutoff derivatives vanish on U, and all
other cutoff terms are included. One finite order ky, of coefficient derivatives controls
the L? and L? — H' constants, and one fixed loss ¢y, covers the higher symbol, flow
and Fourier estimates. These choices are fixed before every later accuracy.
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9.2. Correction on each chart.

Theorem 9.3 (A common choice of charts). Let Vj be a compact conic set of reqular
covectors as in Setup 9.2. After one common shrinking of the physical domains there
are scalar source operators A? with

> (A7 +cAfc) = Ar,

j
where Ar is the identity microlocally near U x V. Each index j selects one member of
a pair of characteristic or elliptic charts symmetric under § — —&. There are larger
source cutoffs A; and fixed complex linear operators with

PaSj:ij—i‘Rj OTLU,
satisfying the bounds of Setup 9.2. On each characteristic chart put {; = 7 — h;(z,n).
The forward Hamilton flowout of {;, over the entire fized time interval, of every point

in the conic support of A? stays in a comparable annulus and in the region where A; is

the identity. The physical source region contains U.
Having fized these data, choose 0 < xo < 1 in CX(U), equal to one on a fized set
Ucore, and put

K; = x2R;, Tin= > (-K;".

0<v<N
For f = x2h and z; y = T; nf we have the exact identity
(91) PaSij7N =h + (Aj — ])ZjJV + (—1)N_1K]Nf on Ucore.

The set of normalized sums and differences of phase gradients of Proposition 5.4 admits
one such choice on a fixed neighborhood of the reference immersion. All flowouts lie in
one fired Wy € W, where the operators use the coefficients of the immersion F. These
choices precede the accuracy; only the finite depth N changes with it.

Proof. At a simple characteristic Euler’s identity gives & - Ocp = (degp)p = 0, so in
coordinates with 0.p # 0 we have  # 0, and the root is of the form required in
Theorem 8.1(ii). Cover V{ by finitely many root charts and elliptic charts, symmetric
under £ — —¢, and select one member of each symmetric pair. By compactness there
are nested conic sets I') € I'; € I'; inside larger charts, with uniform margins. Choose

A? with conic support in F? forming the stated partition, and A]- equal to one on I jl
and supported in FJZ, with fixed low-frequency and physical cutoffs.

On a characteristic chart, the Hamilton equations of ¢;, restricted to the unit sphere
in £, have bounded angular velocity, and || changes by a bounded logarithmic rate.
We choose the time interval so short that a trajectory starting in F? stays in F} and
in a comparable annulus. The same shrinking puts the transported support from I’ j2
and all its physical supports in a fixed W, € W inside the larger chart. Elliptic factors
involve only the identity relation. B

Apply Theorem 8.1 on each selected chart, with source symbol A; (equal to ¢;5; on
characteristic charts); this defines S; and R; with all cutoff errors. Then choose x;
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inside the common source region. On U,
PaSijyN = ﬁjzj,N + RijyN = Zj N + (g] — I)Z%N + RjZ%N,
and on Ucore, Where xo = 1, we have R;z; v = Kjz; n. The telescoping identity
(I+Kjzin= Y (=K)'f— > (K)'f=f+(D"KYf
0<v<N 1<v<N

and f = h on Ugpye give (9.1). The source f is supported in supp yz, and the fixed
Sobolev bounds compose with polynomial costs; we take the maximum of the finitely
many derivative losses once. The set of normalized sums and differences is compact
and lies at a positive distance from the singular set by Proposition 5.4, so the same
construction applies to all of them. The construction preserves the derivative bounds
of the coefficients, with a fixed loss. O

9.3. Finite powers and arbitrary accuracy.

Setup 9.4 (Coefficient estimates). We use the fixed chart operators of Theorem 9.3
and assume

(92) Ha‘ cr(w) S DTT(T?R*)-F? r 2 07 R* > Clin + 27
and put L = T > 1. By the derivative bounds of Lemma 8.5, the normalized flow

maps and their inverses have bounded derivatives of orders zero and one, and the phase
function G of each retarded factor satisfies

(9.3) ID'G| < C. L' (r>2).
Every symbol or amplitude of order p satisfies
(9.4) D DPb,| < Copl€)P2ILio13],

including both positions and all cutoffs; the covariable is n for spatial symbols, and
spacetime bounds are used only on their cones. At each fixed Sobolev order the operator
norms of the factors are at most C;L?s for some finite B. Since R, > cjn + 2, the L2
and L? — H'! bounds do not depend on L. For p > 2 and a fixed 0 < ¢ < 1 we assume

(9.5) 1<L<pe.
The index R,, the orders of the construction and all factors are fixed before the accuracy.

Theorem 9.5 (Approximate solutions to any finite order). Assume Setup 9.4. Choose
a compact conic set Vo € Vy and a fized smooth rescaled Fourier cutoff 11y ,, equal to
one on pVo N {|¢| =< p} and supported in pVy. Let h, be real and smooth, supported
where xo = 1, with

(9.6) k|2 < CH,
(9.7) (I = o)kl < CrngHop™ @ for all fized m, Q.
For each finite N > 1 define

Djn = S;Tinx245, Doy =Y (Djn + ¢Djne),

j
up,N = Da,nhy.
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Then D, n is complex linear and preserves real fields. For all fized m,Q) and every
integer N > m + Q,

(9:8) | Patto.n = Topllrm Ueore) < O Hop™
and for every fixed s
(9.9) [wp N[l < CnsHpp.

A higher accuracy changes only the finite depth N; the derivative losses, physical do-
mains, conic source cutoffs and orders of the kernels are fived. The constants and the
frequency threshold may depend on N, m, QQ and on the constants D, in (9.2), but not
on p or L within (9.5).

Proof. Step 1 (localization of one factor). Let f satisfy || f||ns < CsAp® for all s, and
suppose that, up to a tail of arbitrary order, its Fourier transform is concentrated in a
compact conic subset, with a margin, of one source chart, within a comparable annulus
{|¢] =< p}. We show that the image of f under each parametrix factor or residual
factor is, up to a tail of arbitrary order, concentrated in any prescribed open conic
neighborhood of the forward Hamilton flowout of this set (including the set itself),
within a comparable annulus. The constants depend on the chosen neighborhoods but
not on p.

For a retarded factor we use the representation (8.5). At a fixed elapsed time r, the
critical points of the phase O,.(x, §) — z - € relate the input point and the output covector
by

(s,2) = (t—r,V,), (Tout, Nout) = (T + Uy + Wy, V).

The Hamilton—-Jacobi identities ¥; = h(t,y, ¥,) and —V, = h(s,z,n) show that this
relation is the forward Hamilton flow of £ = 7 — h for the time r, at every value of
7. Pseudodifferential terms and fixed Fourier cutoffs have the identity relation, corre-
sponding to r = 0.

Compose a fixed-r factor with an input cutoff concentrated near the given conic set
and an output cutoff vanishing near its flowout (these cutoffs are used only in this
proof), and rescale comparable covectors by p. Away from the flowout, the combined
phase, as a function of the integration variables, has a gradient bounded below by cp,
uniformly in 0 < r < A. Each integration by parts, at fixed r, gains p~! and costs at
most a factor L by (9.3) and (9.4). Hence for all fixed m, ¢ the resulting operator is
bounded in the relevant Sobolev norms by

(9.10) Crngp™ (L) p)*.

The integrations include all amplitude positions and the source masks. Frequencies in
non-comparable annuli are separated from the output by a frequency gap in a physical
derivative of the phase; their dyadic sum converges after increasing ¢q. Fixed physical
supports, Schur’s test and the bounded r-interval give the Sobolev bounds. Since
L/p < p~@ by (9.5), increasing ¢ gives a tail of arbitrary order. By the choice of charts,
the short flow keeps the covectors in a comparable annulus.
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Step 2 (finite powers). Put X = supp xo, f; = XQA;)hp and vjq = Kffj. We show
that, for d < N +1, v; 4 is concentrated, up to a tail of arbitrary order, in a fixed conic
region where A; is the identity, and that

(9.11) vjallms < CasHp™%  (d,s>0).

On a characteristic chart we use its time coordinate ¢, which ranges over a fixed interval
[t_,t;], and the Hamilton flow ®" of ¢; = 7 — h;; along this flow t = 1. Let F? be the
conic support of A? and put

Aj={®"(p):pel], 0<r<t,—tp)}

By the choice of charts in Theorem 9.3, A; lies in the open conic region where flj is the
identity, and |{| varies on A; only within a fixed factor of its initial value.

(a) The total elapsed time. By Step 1, the relation of each factor of K;, and of S},
is contained in {(®"(p),p) : 0 < r < t, —t(p)}, the identity relation corresponding to
r = 0. Since ®" o @ = P"1 "2 and the time coordinate increases by r along ®", the
composition of any number of such relations is contained in the same set: the total
elapsed time is oy — tin < t4 —t_, independently of the number of factors. Hence A; is
invariant under the relation of every factor. In particular the frequency band reached
by the iterates is the fixed band of A;, determined by the bounded logarithmic rate of
change of || over the time ¢, — ¢_; it does not widen with d. On an elliptic chart all
relations are the identity and A; = I).

(b) Auxiliary sets depending on the depth. The relations are closed, and their restric-
tions to the unit cosphere bundle are compact. Hence for every open conic set O D A,
there is an open conic set O" with A; C O" whose closure is mapped by every relation
into O. Starting from an open conic set Ony1 D Aj, over a neighborhood of X, on
which ﬁj is the identity, we choose successively Oy, ...,0p with A; C O, Oy C Op41,
and with the closure of O mapped by every relation into Oy,;. These sets, and the
cutoffs of Step 1 equal to one near O, and vanishing outside Oy, depend on N but not
on p. They are used only in this proof and affect only the constants and the frequency
threshold.

(¢) Induction. The source f; is concentrated in Oy up to a tail of arbitrary order,
by the conic support of A? and (9.7). If v;4 is concentrated in Oy, Step 1 shows that
vja+1 = K;v;q and Sjv; q are concentrated in Ogyq, up to tails; at each step we increase
the order of the tail to absorb the polynomial Sobolev costs of the subsequent factors.
Elliptic factors have only the identity relation, and low-frequency pieces are separated
by the annular gap. Thus, for d < N + 1, all these functions are concentrated in Oy, 1,
where /Nlj is the identity. This proves the localization, including all source and cutoff
terms.

Fix j and write vg = v; 4, so that ||vg||s < CH,. For d > 1, since vy is concentrated
in an annulus of radius comparable to p up to a tail, and K; : L* — H' with a bound
independent of L,

lvall2 < Cp™*lvallzr + O(H,p™>) < Cp™"||vg-1l2 + O(Hpp™*).
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Induction gives ||vglla < CyH,p~¢. In the other direction, frequency localization gives
vl s < Csp®||valle + O(Hpp~*°), which proves (9.11).
Step 3 (the finite correction). Put z; y = T; v f;. By the localization just proved,

Each S; is bounded on L?, and by Step 1 every S; K 7 fj is concentrated in a comparable
annulus up to a tail; the same frequency localization and the finite sum give (9.9).

For real h, we have ch, = h,, so ¢D; nch, = Dj nh, and u, vy = 2Re>; S;z; n. Since
P, is real, applying (9.1) with f = f; (on Ueore, f; = A%h,) and taking real parts gives,
on UCOFQ?

Paup,N — ]’Lp == (AF - I)hp + QRQZ {(Izij - I)Zj,N + (_1)N_1K3ij] )

J

where we used 3; 2Re(Ah,) = 3;(AY +cAJc)h, = Arh,. The source tail (9.7) and the
choice of Ar make the first term a tail of arbitrary order, and the localization makes
the second one such a tail. The last term is bounded in H™ by Cy ., H,p™ " by (9.11),
which is at most C,, H,p~% when N > m + Q. O

10. CORRECTED CHARACTERISTIC WAVES

In this section we construct, for an immersion F' near the reference, families of com-
plex waves whose linearized metric change vanishes to any prescribed order on a fixed
domain, whose leading amplitude is an explicit rank-one tensor, and which depend lin-
early on Fourier data. The construction has three stages: a WKB approximation with
a Hamilton phase and a transported amplitude; a correction of the remaining residual
by a finite Neumann series of the parametrix of Section 8; and a superposition over
shifted covectors against a finite Fourier measure. The main result is Proposition 10.10
at the end of the section.

10.1. Normal reconstruction and conventions.

Notation 10.1. We use the dimensions, the tensors @Y and the Frobenius pairing of
Definition 4.4; all orthogonal complements and projections of tensors refer to this pair-
ing. Spatial and parameter supports have fixed larger margins. Constants may depend
on these supports, on the fixed neighborhood of the reference, on lower bounds for in-
verses and on finitely many constants in the derivative bounds, but not on frequencies
or the number of samples unless this is indicated. A statement that a datum has Fourier
support in a ball refers to the datum before any cutoff in the initial variables; such a
cutoff is kept in the amplitude of the wave, and if it is applied to the datum, its Fourier
tail is estimated separately. In particular, x(y) Pk f(y) is not regarded as band limited.

Definition 10.2 (Normal reconstruction). Let G be an immersion as in Setup 5.3, with
induced metric g, normal map Ng and projection Ik, as in (5.5), and projected frame
Q; = Ik, QY. We use the objects of Definition 4.2 and (4.7) for this frame, and write
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them out for later reference:
(10.1) Ve(u) = ZgijuiajG + Ng(sym VIu),
1,
Pou = Pgu = (Q; : sym Vu)i,
MG(xaé)io = (Ql(ﬂf)f)T, pG('TaS) = det MG(.Z',S)
The operator P includes the Christoffel terms of g. For a covector £ and a vector b we

write £ sym b = (€07 + bET)/2; note that Q; : (Esymb) = E7Q;b = (Mg(x, €)b);.

The patches and samples are indexed as in Definition 5.7, and their quadratic inter-
actions are listed in Remark 5.8.

(10.2)

Setup 10.3 (Oscillatory estimates for phase differences). We use Setup 7.3 with the full
and fixed-time charts of Proposition 5.5, x = (t,y), 2 = (s,v) and v € R?. Their lower
bounds, larger supports and margins are fixed with the order M = M,, = 20(n + 1),
and the immersions satisfy (L) and (H) of Setup 5.3, so that Proposition 7.4 applies
uniformly to the scalar and matrix amplitudes below, on the entire complex input
and output spaces. Both the real and the imaginary parts of the input are used; by
Corollary 7.5, on real outputs,

(10.3) (2ReT)(2ReT)* = 4Re(TT™).
10.2. Hamilton phases and transport amplitudes.

Theorem 10.4 (Transport amplitudes and normal reconstruction). Consider one of the
three-parameter characteristic patches, with its adapted coordinates x = (t,y), its map
2+ ((2) of base covectors and the larger charts for shifted covectors of Propositions 5.4
and 5.5. Use the projected frame Q;(G) = Mk, QY. Fiz lower bounds for the metric,
for the singular values of the second fundamental form, for the minors defining the null
vectors and for O.pq, and use full and fived-time inverse charts on the larger nested
convex source domains. One sufficiently small finite C™ neighborhood of the reference
gives all these bounds; the boxes and lower bounds do not depend on frequencies or on
the accuracy.

For a real initial amplitude r,(y) with fixed positive lower bound and fixzed C™ upper
bound, there are a real phase Sg and an amplitude bg = agka satisfying

pG(xa d;tSG) = 07 SG(O7y7 C) =Y- Ca aG|t:0 =Tz, lgPGbG = 07

where kg, lg are real nonzero right and left null vectors of Mg (x,d,Sg) and ag has a
positive lower bound. The reconstruction (10.1) satisfies

(10.4) DV Ve (u) = g, (sym Viu).
For any amplitude b put £ = d,Sq and
(10.5) vy = Ng(Esymb), Ag(b) = =1y €7,

Then, for T > 0,
(10.6) Vo (r2e59/7h) = €56/ (it + 72Va (b)),
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and e 56/Td Vg (12156/7h) = Ag(b) + O(1). For b = bg we have |vy|, [£| > ¢ > 0 and
Ao(b)* A (b) = |1p|2EET'; this transported tensor is linear in the initial density 7.

Suppose moreover that T > 1 and ||G||lcr + |7 |lor < C.TT=EI+ for all v. There is
one fized loss D such that, if R, > D, then for all >0

15c|lcr @) + 1baller@,z0) + 1Wsller @0

(10.7) .
+ Va0l er@,z0) + [Ao(d)||or@,z0) < O, T —Re+D)+

as joint norms in the physical variables and the normalized covectors, on the same larger
domains.

Proof. Phase and transport. The phase is given by Proposition 5.4 and Lemma 5.2; the
inverse metric, the normal map and the null vectors are smooth functions of a fixed
jet of G under the stated lower bounds. We use the real null vectors and the scalar
transport equation of Lemma 8.5, with initial time 0 and initial datum r,. As computed
there, the transport equation is equivalent to I}, Pg(agks) = 0, and since it is a linear
first-order equation along the projected Hamilton flow, its solution is

QG = Afow T2 (yfoot)a

where Y.t is the initial point of the trajectory through x and ag., > 0 is the exponential
of the integral of —I7(Pk) along it. Since age, does not depend on r,, ag is positive
and linear in r,, so o is linear in r2.

Reconstruction. By (4.2) with the normal field w = Ng(sym VIu),

DvaVe(u) = 2sym V9u — 2B¢Ng(sym VIu) = 2 g, (sym VIu),

which is (10.4). For u = 72¢'53/7h the tangential part of Vg (u) is 72¢°¢/7dG g~'b, and
sym VY (eisG/Tb) = ¢iSa/T <sym Vb + 71_ & sym b> )
Multiplying by 72 and applying Ng gives (10.6). Differentiating it,
e 564 (96 (irvy, + Ve (b)) = —1g” + 7(1du, + Va(b)E") + T dVa(b),

whose leading term is Ag(b). For real v, Ag(b)*Ao(b) = v péT = |1y |2EET.
Lower bounds. For b = bg the null relation gives ¢g(£symbg) = Mg(z,&)be = 0, so
Esymbg € K and Biy, = s (€symbg) = € sym bg. Moreover

[€symb|® = 10" +be"” = 1(I€7B” + (€ 0)*) > HEP bl

Hence |vp| > || B&|| 7 € sym bg| > ¢, using the lower bounds for |¢], ag and |kg|.
Derivative bounds. The phase, the algebraic formulas and the transport amplitudes
satisfy the derivative bounds with a fixed loss, by Lemmas 6.2, 6.5 and Proposition 5.4;
in ag = afow” (Yoot ), joint composition and multiplication are covered by Lemma 6.5.
The reconstruction uses finitely many further derivatives, so one common loss D proves
(10.7). OJ
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10.3. A two-term WKB approximation. One algebraic correction reduces the re-
duced residual by one more power of 7. With the phase and leading transport of
Theorem 10.4, put by = b and, using the symbol (8.8) of the system Pg,

(10.8) by =ib_1¢(x,dSq)Pebo.

For A\ = 77! define, on the fixed compact set of shifted covectors (',
(10.9) vy (2, (') = T2 (hy 4 7by).

It is linear in the initial amplitude.

Lemma 10.5.

(10.10) Pgu, = 136¥96/T Pob,.

Proof. Apply (8.10) with ¥ = Sg/7, Wy = 72by and Wi = 73b;. Its hypotheses
hold: W solves ¥, = h(t,y,¥,) because S¢ does and h is homogeneous of degree one;
1T PaWy = 72T Pgby = 0; and, since b_; is homogeneous of degree —1,

ib_l(x, d\II)PGWO = in_l(ZE, dSG) 7'2pgb0 = 73b1 = Wl.
Hence Pg(e(Wy + Wh)) = Y PaW, = 136156/ Pgby . O

The correction constructed in the next subsections removes this residual; the joint
amplitude bounds, including those of v,, are proved together in Corollary 10.8.

10.4. The solution operator.

Setup 10.6 (A common solution operator). We use the immersion G and the reduced
system of Definition 10.2. On a compact characteristic patch, the phase of the waves
and the characteristic parametrix use the same simple root 7 = hg(t,y,n), so that

(10.11) Orde = ha(t,y, 0ydc).

On one chart containing the whole compact set of shifted covectors, Lemma 8.5 gives
PeSy = A, + R, on the inner region, with

1

The conic cutoff o, and [, are chosen equal to one near all these phase gradients
throughout supp x2. By compactness, the finitely many patches have common source
and time margins, common lower bounds and one common ball on which the identities
hold. The larger physical and conic domains are convex and contain the source and
observation boxes, all short flowouts and all initial points. For finite powers of the
residual we use an observation domain containing supp x2 and the core cutoff. All
factors are fixed independently of the patch parameters and of the accuracy. Put

N-1

K = xR+, v = (=K)".

v=0
The source cutoff of the primary waves is Xgec = Xlag,sre, Supported inside the primary
chart and in int{ys = 1}; the source and observation supports are those of Setup 3.3,
and the region where the identities hold is Upag.
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The additional quantitative hypothesis is
(10.13) lac|lev + [|Gller < DLTO B+ v >0, T>1,

where a¢ consists of the principal and Christoffel coefficients of the reduced system. The
metric, normal and Gram lower bounds are positive, and the reconstruction, including
one derivative of Vg, is a smooth function of a fixed jet of G. The parametrix has the
fixed factors of Setup 9.2. The waves are complex; real fields are obtained by taking
real parts. We choose R, above the fixed geometric and analytic losses, so that every
finite composition has polynomial costs at each physical or parameter order.

Lemma 16.1 and Proposition 16.2 verify (10.13) along the iteration.
10.5. Oscillatory inputs depending on parameters.

Lemma 10.7 (Oscillatory inputs depending on parameters). Let A be one of the
retarded or pseudodifferential factors of the parametriz of Lemma 8.5, of order p €
{0,—1}. Let ¢(x;¢) solve (10.11) on the source flowout, with phase gradients in the
interior of the region where the source cutoff equals one, depending smoothly on param-
eters c. Let T < A\ for a fivred v > 0. There is a fived loss b such that the coefficient
and phase bounds with index R + b imply the following. If a. is supported in the fixed
source chart and

08 acle < ConATEHIRE o] < &y,
then, on the fixed observation support,
’ag (e—iAq&A(eiwaC))HHs < CsyaA)\pT(sHa\—R)Jr’ la| < ko.

If the amplitude of A vanishes near the phase gradients (a fized nonstationary gap), the
left side is O(AN=®) at each fized joint order, for every Q. The loss b does not depend
on s, ko or the length of a finite composition, and finite compositions satisfy the same
bounds with the product of the factors AP.

Proof. For bounded A the claim follows from the ordinary estimates, so let A be large.
Include the fixed input cutoff in a. and put u. = e*?a,.

Frequency localization. Choose a fixed spacetime annular multiplier Py, = w(D/))
with 7 = 1 near all phase gradients. By Sobolev embedding the hypothesis gives
|Dro%a.] < C.AT*T", so Proposition 7.6, with p = X\, L = T < A" and amplitude
constant AT Al < ANk (the factor Al comes from parameter derivatives of the
phase factor), gives (I — Py)u, = O(AXN=9) for every @Q, at every fixed joint order. The
powers of A produced by derivatives and by the ordinary bounds for A are absorbed
by increasing @); this uses higher physical derivatives of a., but does not change R or
the order ky. In (8.5) the multiplier Py enters the amplitude as the factor m(£/)\), so
all frequency integrals may be restricted to |{| < A; the multiplier 5, remains in the
amplitude.

Stationary structure. Fix r, write £ = A\d and remove the factor e**®). The amplitude
of order p contributes a factor A?, and the phase becomes \f,

f(x,62,0) = ©p(2,0) = z- 0+ ¢(z; ¢) — d(w; 0),
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with ©g = x - 0 for a pseudodifferential factor. The critical points in w = (z,0) are
given by 0 = d¢(z;¢) and z = 0y0,(x, ), that is, z is the initial point of the Hamil-
ton trajectory of time r ending at z, with initial covector d¢(z). Since ¢ solves the
eikonal equation, the Hamilton flow preserves the graph of d¢, and the projection of
the flow is close to the identity on the short interval; hence there is exactly one critical
point wy(z, ¢), and by the Hamilton—Jacobi identities of Lemma 5.2 the critical value
is f(wg) = 0. The Hessian in w is

—] (@T)gg(l', 9) ’

with ||¢..|| < C and (0,)y = diag(0,¥,,) = O(r). On a fixed short interval every
segment average of this Hessian has the same form and is uniformly invertible, and the
amplitude support and the critical point lie in one fixed convex product domain.

Derivatives in x and c. Let 0. be a derivative in an output variable or a parameter.
Since the critical value vanishes identically, 0. f(wy) = 0, and the identities

Vo = ([ Foutwo + 0w — ) 40) (0 = w),

O.f = (/01 Vw0e f (wo —l—@(w—wo))dQ) < (w — wp)
give 0.f = A, -V, f, with

1 -T 1
A= ([ Suulwo 00w~ w0))d6) [ V.0.f(wo + 0w — we)) o
Hence 9,(e™) = A, - Ve and one integration by parts in w = (z, ) gives
(10.14) 8e/ei)‘foz a.dw = /ei’\f [@a ac + @ 0ete — Vy - (Aer) a. — aAg - Vwac} dw,

where « is the amplitude of the factor, multiplied by the input cutoff, and d.a. = 0
unless e is a parameter. No power of A is produced: a derivative in ¢ is Ad¢, which
preserves the order of the amplitude in the annulus |[£| < A, and a,. depends on w only
through z. The new integrand has the same phase.

We now count derivatives. Let x be the fixed number of derivatives of the coefficients
of P needed to write down f,.,, V,0.f and the amplitude «; it consists of the losses of
the Hamilton—Jacobi phases and their inverse charts (Lemma 5.2 and Proposition 5.4),

of the null vectors and of the transport equation, plus the two derivatives in f,,, and
VuOef. With £ = [n/2] + 1 we take

b=r+20.

If the coefficients satisfy bounds with index R + b, then, by Lemmas 6.2 and 6.5 (the
averaged Hessian has a uniformly bounded inverse), every factor § among A, and «
satisfies

(10.15) 10°07 |00 < C,TNI=R+ 0] < 2¢,
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where v counts the derivatives produced by the integrations by parts and d the deriva-
tives used below for the L? bound. After ¢ derivatives 0., - - - 9., , repeated use of (10.14)
writes the derivative of the output as a finite sum of terms

[eMpororacdw,  j=hl+lal <a

in which f is a product of derivatives of the factors A, and « of total order ¢ — j: each
of the ¢ derivatives falls either on the input or on one of these factors. By (10.15) and
(6.5), the product [ satisfies (10.15) with |y| replaced by ¢ — j. Restoring the phase
factor, the term is e *?A[B](e**070% a.), where A[f] is the factor with its amplitude
multiplied by 8. The fixed-time bound in the proof of Lemma 8.4, in the form for
amplitudes depending on both positions (Lemma 7.2), uses at most 2¢ derivatives of
3 in the physical variables, so || A[f]||2z2 < CAPT@I=R+  The hypothesis gives
10702 a,||s < CATU=®+ when |ay| < ko. By (6.5),

CqA)\pT(q*j*R” TU-R)+ < CqA)\pT(q*R)Jr.

Integration over the fixed r-interval proves the assertion for a retarded factor, including
time derivatives.

The loss b is thus consumed entirely by the coefficient factors A, and «, each of which
is differentiated at most 2¢ times beyond its share . The input enters only through its
derivatives of total order j, at the same index R as in the hypothesis. This is why b
does not depend on s, on kg, or on the number of factors in a composition.

Nonstationary case and compositions. Fixed low-frequency pieces contribute only
tails. If the amplitude vanishes near the critical set, |V, f| is bounded below on its
support, and J integrations by parts give C, ;AN“1(T/\)” at joint order ¢; choosing
J > (Q + C,)/v gives O(AXN=9). For a finite composition A,, - - - A, the output a, =
e M A, (e"?a,), multiplied by the fixed cutoff in front of the next factor, satisfies by
the estimate just proved the hypothesis of the lemma with A replaced by C' AN, with
the same index R and the same ky. The coefficient index R + b required for the next
factor is the same as for the first one. Hence the estimate iterates, with the product
of the factors A\P* and constants depending on the number of factors, but without any
increase of the required derivative order. O

10.6. The corrected fields.

Corollary 10.8 (The corrected fields). Use the two-term approximation (10.9), with a
real initial amplitude, on the whole compact set of shifted covectors, and assume

lagller + |Gller + ||7:ller < DT R+ r>0, 1<T <N v>0.
Recall Mo, = 20(n + 1), and put 1pay = Man + 3 and ¢ = |n/2| + 1. Before the sample
and the later accuracy of the mean are chosen, fix
Reny > Moy + 0+2+ T'par) kO = Tpar-

There is a fived Bay such that R, > Ren + Bay covers the losses in the coefficients, in
Pgby, in the reconstruction and in the transfer to shifted covectors, including the finite
orders required by the iteration for the mean; the two derivatives of the reconstruction
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and the Sobolev embedding loss are included in Ren,. After Ren, is fized, prescribe
finitely many derivative orders for the linearized metric and an accuracy, and choose a
sufficiently large finite N. Suppressing N from the notation, define

Ur = S+TN(XSFCPGUT)7 yT == VG(“T)?

10.16 .
( ) W:ur _ VG<UT . uT)7 A(;_ur _ 6—ISG/TdW§ur'

Write ¢ = (z,('). On the full observation support, for k < ry., and uniformly over the
fixed radial factors,

(10.07)  ADLDHE Y, oo + DD (e 5/, e < Crgh T
)\HD;Df(e_iSG/TW;mr)HOO + HD;D];AS—MHOO < anT(r—Man)Jr,
(1018) ”D;Df(Aiur - AO)HOO S Cr,k)\ilT(TiMan)-’_a

where Ag = Ag(by) is the leading transported tensor. More precisely, for everyr > 0 and
k < ko the bounds for AS™, Ay and their difference hold with TT+k++2=Ren)+ 4 plgce
of Tr=Man)+ " the difference carrying the factor X™'. The linearized metric DygVVe™
is bounded by the prescribed accuracy on Di.g, where the source cutoff equals one and
the reduced identity holds. These are the joint bounds assumed in Theorem 11.4, which
therefore applies to this family. The construction is linear in the initial amplitude and
is fixed before the sample. Constants may depend on N; the lower bounds at the finitely
many orders used in the sampling theorem are uniform above a frequency threshold

depending on N, because the corrections carry a factor \=1.

Proof. Step 1 (the reduced residual). By (10.4), DygVa(v) = 2k, (sym V9v), whose
components in the frame are determined by Pgv through (4.7). Thus the normal
completion has no source, and it suffices to correct the reduced residual Pgv,. The finite
array bo, by, Pgbi, together with v, V(b;) and their first physical derivatives, j = 0, 1,
is given by the transport equation and fixed algebraic formulas, and satisfies the joint
derivative bounds with index R.,, after one fixed increase of B,;. Put h,; = Y Pov-.
By (10.10), h,; = €5¢/73 x4 Pgby, an oscillatory function with amplitude of size A~
and derivative bounds with index Ry, .

Step 2 (the correction u, ). Lemma 10.7 gives the same bounds for every K7h,, j < N,
and then for u, = S Tyh;; each new residual starts inside the original source region.
Hence

||8ca(e_iSG/TXCOI‘eU’T)| e < C«stjaA—ST(s+\a|—Renv)+.

Step 3 (amplitude bounds). The lift Vi and the differential use at most two deriva-
tives, and Sobolev embedding uses ¢ further orders. After r physical and k£ parameter
derivatives the exponent is at most (r+k 4240 — Reny )+ < (r—Man)+, because k < rp,,
and Reny > M + £+ 2 + 1. Bach derivative of the phase factor costs at most A, and
at most two such factors occur, which proves (10.17). For v, substitute b = by + 7b; in
(10.6) and differentiate once: the leading term of the demodulated derivative is Ag(bo),
and every other term carries a factor 7; the demodulated field itself carries a factor 7.
The same bounds for the finite array and the subtraction of Y, prove (10.18).
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Step 4 (the linearized metric). On the region where the reduced identity holds,
Po(vy —uy) = (1 = Xae)Pavy — (A — DTxh, — (=D)V 'KV,

by the telescoping identity of Theorem 9.3. The first term vanishes on Dj,,. Each term
of the residual (8.6) has one factor of order —1, so the preceding lemma, after restoring
the phase factor, gives

109K by || s < Clyg XTIV =3,

The conic complement A, — I vanishes near the phase gradients, so the nonstationary
case of the lemma makes the second term O(A~%). By (4.7) and the Gram formula,
with T" < A, increasing N gives the prescribed accuracy for the linearized metric. The
index R.,, and all factors are independent of N. O

10.7. Finite Fourier measures. The same correction applies to every Fourier modu-
lation of the initial scalar. We integrate the corrected fields over the fixed set of shifted
covectors; the source and observation cutoffs are those of Setup 3.3.

Proposition 10.9 (Bounds for Fourier measures). Apply Corollary 10.8 at the immer-
sion F', with coefficient scale T > 2 and phase Sp(x, (), and with its finite depth chosen
for a prescribed derivative order rons and accuracy Q. Let X\ =771 > 2, T < N\ for
a fived v > 0, and let m be a finite complex measure supported in By C R" L. Suppose
K > max(T, Cyoal\, 2) and that ¢ + 7By lies in the fized set of shifted covectors. Put

Im|| = [|m[lrv, ¢p = Sk(-,¢) and

(10.19) Z(m) = / We (B z, ¢ + 7€) dm(€).
Then for every s > 0

(10.20) [ Xcoree %" Z|
and on Dy,g, for 0 <1 < 1o,
(10.21) |76 Zller(prg) < CrllmlA~2.

Cs + ||Xcore€_i)\¢FdZ|

cs < Cs|[m|| K7,

The map m w— Z(m) is complez linear. The depth is chosen before m and the sample;
the geometry, the derivative losses and the domains do not depend on it. The fixed
radial factors affect only the constants.

Proof. Since the shifted covectors range over a compact set, we may differentiate under
the integral. Demodulating by the central phase,

€_i/\¢FW7C_ur<F; x, C + 7_5) _ ei\I/(a:,f) e—iSF(I,C+T§)/TW7C_ur(F; x, C + 7_5)’

where

_g 1
By the joint phase bounds of Proposition 5.4, |[DIW| < C;AT?"! for j > 1 and |¢| < A.
By the Leibniz and chain rules, D:(e¥w) is a sum of terms ¥ DI ... Dik¥ Digy
with j;1 + -4+ Jx +¢ = s and 5, > 1. The amplitude bounds of Corollary 10.8 give

(10.22) U(z,€) = Sl
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| D'w|| oo < CyT" for both demodulated amplitudes (the field with the factor A, and its
differential). Since >,(j, — 1) = s — ¢ — k, such a term is bounded by

CA*T* =7k || D'w|| oo < CAFT*™F < O K*,

using A < K and T' < K. Integrating against |m| proves (10.20). The linearized metric
of each field is bounded by the prescribed accuracy on Di,g, uniformly over the shifted
covectors and including all source terms, in every C" norm with r < rgs; integration

proves (10.21). O

10.8. The waves at one step. We now state the result in the form used at one step
of the iteration. Fix a finite order r, containing all geometric, analytic and density
derivative orders used below. The immersion F lies in a fixed C"™ neighborhood of Gt
and satisfies

(10.23) IFllcrny < CTS™, Ty > 2.

The estimates of Section 16 verify both conditions for every iterate. All constructions
use the same immersion F', at which the metric is linearized.

On a whole characteristic patch we use z = (t,) and ¢ € R""!, and the Hamilton
phase with

pF(x7dm¢F) :07 ¢F(07y7 C) :yC

For each prescribed integer g > 1, Corollary 10.8 gives a family W™ (F'; z,(): a trans-
ported characteristic wave corrected by a finite Neumann series applied to its reduced
residual. The correction preserves the phase and the leading transported tensor. The
family depends linearly on a prescribed real initial amplitude, with complex extension
for Fourier data; its depth may depend on ¢ but not on the frequency or the base
covector. The family is chosen on the entire compact set of shifted covectors before the
sample is drawn. For a sample v with A\, = 7, and central phase ¢, = ¢p(-,(,) we
define the complex linear map

(10.24) Z,(m) = / WS (Fy 2, G,y + 7,€) dm(€).

The Dirac mass m = J, gives the unmodulated wave; a finite Fourier measure changes
its initial data without changing the correction operator.

Proposition 10.10 (Corrected characteristic waves). Fiz ¢ > 1. Assume (10.23), the
fixed domains of Setup 3.3, and use the positive initial amplitude rg of Proposition 12.7,
whose derivative losses are included in r.. The family has the original phase and leading
transported tensor, and ||do,||cr < C.T5 on the full observation support. Let m have
finite total variation and support in By, and choose a fized vy > 0 with

(10.25) Cony max (T, A) < K < A0, A<\, <O

Then, for large A, the shifted covectors stay in the domain of the phase, and on the full
observation support

(10.26) Molxeoree™ % Zy(m)[|er + [ Xcoree™ ®dZ, (m)|lor < Cpllm|lrv K™
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The depth of the correction can be chosen so that
(10.27) [1DyrZy (M)l co(Diag) < CallmllovA™.
The domains, the order r, and the frequency exponents do not depend on q.

Proof. Apply Proposition 10.9 with T" = Ty, 7 = 7,, ( = (, and accuracy ) with
Q > g+ 1. Tts hypotheses hold: by (10.25), Ty < K < A7 < ON7%0 50 T < AL
for any fixed v < vy and large \; K > CeyA > ChodA after enlarging Ce,,; and
7,A < CA'K < CA ™, so the shifted covectors ¢, + 7, B, stay in the fixed domain
of the phase for large A. The coefficient bounds required in Corollary 10.8 follow from
(10.23) by Proposition 16.2 and the bounds for 7 in Proposition 12.7. Then (10.20) is
(10.26) (with A replaced by the comparable \,), and (10.21) with r = 0 gives (10.27).
The bound for d¢, is part of (5.7): no derivative loss is hidden in passing from a single
shifted covector to finite measures, because the phase quotient (10.22) varies on the
scale max(Ty, [£]) < K. O

11. SEPARATED SAMPLING

A continuous superposition of waves over the patch parameters is replaced by a finite
sum over sample points which are mutually separated, so that the products of distinct
waves oscillate at frequencies at least comparable to Ah. In this section we show that
such a sample reproduces the continuous normal operator in operator norm, uniformly
on the whole output space, and the continuous Hermitian mean in every Sobolev norm.

11.1. Separated finite-band sampling.

Construction 11.1 (The sampling procedure). Let finitely many patches with parame-
ters z = (s,v) in buffered three-dimensional charts be given, together with fixed smooth
nonnegative compactly supported weights 1,(z). In each chart and for 0 < h < hy con-
sider the cubes C, = h(q + [0,1)%), ¢ € Z3. Take all cubes meeting supp 1, together
with their neighbors, and draw independent uniformly distributed points U, € C; dif-
ferent charts use independent draws. Discard a point if another original point of the
same chart has (> distance less than h/4 from it. For z € C, put

=TI (1_ Cy N (= + [h—gh/zl, h/4] )|>;

q'#q

only the 26 neighboring cubes contribute. To each surviving point U, of a cube meeting
supp ¥, assign the weight

Hq = h3¢a(Uq)/pq<Uq)a

and omit zero weights. Number the resulting samples by j, with patch index a(j) and
parameter Z;. The fixed hg keeps all points inside the chart margins.

Lemma 11.2 (Separation and unbiasedness). For every realization there are at most
Ch=3 samples, the weights are at most Ch3, the total mass is bounded, and distinct
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samples in the same chart are separated by at least h/4. Moreover p, > 7/8, and for
every integrable family ® with values in a Banach space,

h?’%
El1 U, survives :l / wa
{ pa(Uy) Pq(Uq

Proof. Conditioned on U, = z, the pomt survives if and only if no other point Uy lies
in z+ (—h/4,h/4)3. These events are independent, and the probability that U, avoids
the box is 1 — |Cy N (2 + [—h/4, h/4]*)|/h? (the boundary has measure zero). Hence the
conditional survival probability is exactly p,(z). The box has volume (h/2)% = h3/8, so
the excluded volumes in the other cubes sum to at most 4?/8, and py(z) > 1 -3, x4 >
7/8, where z, are the factors subtracted from one. Since U, has density h™® on C,,

E 1survh:f€( } / W h%(“()) (2)dz = /C 00z

If two surviving points were at distance less than h/4, both would have been discarded,
which gives the separation. There is at most one sample per cube, and there are O(h~3)
cubes; the weights are at most 2h%(|¢), |, and the total mass is at most a constant. No
derivative of p, is used. O

We use the following form of the operator Bernstein inequality with intrinsic dimen-
sion; see [M17] and [T15, Theorem 7.3.1].

Lemma 11.3 (Operator Bernstein inequality). Let Y,...,Y,, be independent random
self-adjoint operators on a finite-dimensional Hilbert space with EY; =0 and ||Y,]| <R
almost surely. Let V' be a positive semidefinite operator with -, I[‘I,Yq2 <V, and put

d=1trV/|V||. Then foru > ||V||*/?>+R/3,
2/2
IP( Zu) §8dexp<—u/>.

V|| + Ru/3
Theorem 11.4 (Separated sampling). Use finitely many buffered three-parameter
charts with weights 1, as in Construction 11.1, and a smooth family of ambient waves
W, (z, z,(") with the phase Sg and the leading tensor Ag = Ao(bg) of Theorem 10.4.
Put A, = e /7AW, and assume, for one scale L > 1, every physical order r and
every joint order k < My, + 3 in the patch parameters and shifted covectors,

(1) D5 D% ¢ Aclloe + 7DD o (Ar = Ao oo < Cri

Assume also uniform joint CM=+2 bounds for the amplitudes and the inverse charts,
with an O(T) difference of amplitudes in that norm, including the e-derivatives of the
leading homotopy. No hypothesis on the linearized metric of the waves is needed. All
physical, parameter and conic cutoffs lie inside the larger charts, and frequencies below
one are omitted.

Fiz the band A > 2 before sampling, with A/ inside the phase margin. Each indezed
patch a has a fized positive radial factor Ry; put 7, = (R,\)"t. Fiz a smooth radial
cutoff 0 < v <1, equal to one on By and zero outside Bo, and put

(11.2) Pg(n) =9d(n/K),  K=1.
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The background uses the unshifted wave Wy, (x,z,((z)). With fired measurement and
frame cutoffs x, xin define, at each fived z,

(11.3) TuzFa) = [ =gl o, Py (n)ar, (2, 2,m) F () do,
114 o - Sal.(()+ T? — So(w,¢(=).
(11.5) ar = X (@ 1 Ar(, 2,C(2)) Ar(w, 2,C(2) + 7)),

the quotient being extended by its integral formula at T = 0. The input space is the
complex L*(dn) and the output space is H = L*(R™;C"). The cutoffs belong to these
operators; the ambient fields are not cut. The same random sample may serve finitely
many further operators of this type with the same lower bounds, or scalar operators with
amplitude 1 and any fized physical cutoff in the common larger phase chart. Define

(116) Esample = ZNjTa(j),ZjT:(j),ij Econt = Z/q/JaTa,zT;’Z dz.
j a

Then the following hold.

(i) The operators satisfy, on the whole spaces,
(117) HT‘a,z”2 S OA, ||Ta,z||12{s S CAnv HEcont;H S C, tI' Econt S OAn
(ii) For fized € > 0 and h™3 < AY with probability tending to one as A — oo,
(118) ||Esample - Econt“ S A_€/4-

The same holds for the real operators 2ReT', whose normal operators are 4 Re E,
with fixed constants.
(iii) Put, with a fized compact spatial cutoff,

Ho = Re[ A (2,2,C(2) Ary (5, 5,C(2))], Hoome = X [ Wz

If sup, , [|Ha:|lms < By for all integers s > 0, the event in (ii) can be chosen so
that, simultaneously for all s,

Z ,ujHa(j),Zj - Hcont
J

(11.9)

< C2°?hB,,
Hs

at the cost of an additional failure probability at most Ch. Moreover, with
Htransport,a,z = ’Vbo ‘2 dS(I’, C<Z>)®27

’ Hcont - Z / waHtransport,a,z dZ
a

iv) Let Firansport.band b€ the continuous normal operator with the same weights and
p b
cutoffs, but with ®,, replaced by ®¢ and A., by Ag(by). Then

(1110) ||Econt - Etransport,bandH S C)‘_IA‘

<o)X
L2
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In particular one separated sample approzimates the transported normal operator on the
whole output space within CA"*A+A~*, so that a lower bound for the latter on a given
class of outputs passes to the former. The wave family and the band are fized before the
sample; separation, count, weight and mass bounds hold for every realization.

Proof. Operator bounds. The joint amplitude bounds give the hypotheses of Setup 10.3,
and Proposition 7.4, with p3 = x{P%, gives the bounds for T, .. Since Fepy =
o Tath T with the full operators Ty, the full bound gives ||Econt|| < C, and tr Eeony =
S S Val|Tuz|ligdz < CA™. For several operator families we use the block-diagonal
normal operator on the finite direct sum of the output spaces.

Decomposition into independent classes. Let X, be the positive operator contributed
by the cube ¢, that is p 14,0, 1, 1, it U, survives and 0 otherwise, and put Y, = X,—-EX,.
By Lemma 11.2, 37 EX, = F.un. Each X, depends only on the draws in the cubes
q+ {—1,0,1}3. Partition the indices according to ¢ mod 3 € (Z/3)3; for two distinct
indices in the same class the sets ¢ + {—1,0,1}3 are disjoint, so within each of the 27
classes the operators X, are independent. Fix a class Z and put R = CAR®. Then
0 < X, <RI, so0[|Yy]] <R, and X7 < RX, gives

Y EY? <> EX)<R)Y EX, <REou.
qel qeL qel
Concentration. Let P, 1 I be finite-rank orthogonal projections, and let E; be a rank-

one projection with range in that of P,. Apply Lemma 11.3 to the compressions F,Y, P,
with V) = RPyEcont P + RE;. The variance condition holds, since (PY,P;)? < PngQPg
for self-adjoint Y,. The term RE; makes V, # 0, so that the intrinsic dimension is
defined even when the variance of the compressed sum vanishes. Then R < ||V;]| < CR
and trV; < R(CA™ + 1), so d < CA™. Take u = A=/*/27. Since h™3 < A, R < A,
and for large A we have u > (CR)Y2 + R/3 and

u2/2 —€/2 € €/2
CR+ Ruy3 = N T = A
Hence P(|| P Y yer Yo Pol| > u) < CA™ exp(—cA“/?), uniformly in ¢. The sum ¥ 7Y, is
a finite sum of trace class operators, hence compact, so its compressions converge to it
in norm; by Fatou’s lemma the same bound holds for || > c7 Yg[|. A union bound over
the 27 classes and the triangle inequality give (11.8) with failure probability at most
CA™ exp(—cA“/?). The assertion for the real operators follows from (10.3).
Background quadrature. The tensor contributed by one cube has H® norm at most
Ch3B,. Centering these vectors and summing within one class, independence and the
Hilbert space identity E| >, Z,||* = X, E[/Z,||* for independent centered Z, give a
bound Ch=3(Ch3B,)?> = Ch3B2, and the triangle inequality in L*(P; H*) over the 27

S
classes gives
2

E < Ch’B2.
HS

Z ,ujHa(j),Zj - Hcont
J

By Chebyshev’s inequality, the probability that the norm exceeds C'2°/?hB; is at most
C2~*h. Summing over s > 0 and intersecting with the event of (ii) proves (11.9). By
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(11.1), |A; — Ag] < C7 < CX7L, and AjAg = |vp, |2€€T by Theorem 10.4; this gives the
comparison with the transported tensor.

Comparison of normal operators. First replace the amplitudes by the leading ones
on the unchanged phase. Their difference is O(7,) in the relevant norm, so by Propo-
sition 7.4 the normal operator changes by at most C'7,. The leading amplitudes along
the homotopy in 7 have 7-derivatives of order |n|, so (7.3), applied with each weight 1,
and summed over the finitely many charts, bounds the change of phase by C't,A. Since
To < A71, this proves (11.10). O

Remark 11.5. For a fixed band the sampled normal operators are compact on the whole
output space. Their approximation in norm therefore transfers a lower bound only on a
class of outputs for which such a bound has already been established, as in Section 12.

12. THE CONTINUOUS NORMAL OPERATOR AND A POSITIVE MEAN

In this section we combine the image of the reduced operator with the quadratic
tensors of characteristic waves into one operator A, and show that £ = AA*+1—x2 ..
is coercive; this is the analytic form of the Gram inequality (5.1). We then estimate
the inverse of E in Sobolev spaces, and use it to construct a positive initial amplitude
rr and a tangent field Vj,. such that the transported mean of the unmodulated waves
with density 7%, together with DypVi.e, has zero component in Kp. This is what
permits metric defects of either sign. Finally we identify the continuous operator with
the leading part of the normal operator of the waves, which is approximated by the
sample in Section 11.

In summary, the input of this section is an immersion G in a fixed C"* neighborhood
of the reference, with derivative bounds of the form (3.1); the output consists of the
coercive operator Fg (Proposition 12.5), Sobolev bounds for its inverse with a fixed
loss (Proposition 12.6), and the positive initial amplitude r¢ with the base field Viage
(Proposition 12.7). In the proof of Theorem 1.1, E;" produces the modulations of the
waves in Section 13, and rg, Viase cancel the positive mean of the unmodulated waves.

We use the reference immersion and phase charts of Section 5, the transported fields
of Section 10 and the domains of Setup 3.3. All derivative orders used here are included
in r,.

12.1. Geometry and the associated operators.

Definition 12.1 (Second fundamental form and reduced operator). For an immersion
G near the reference we use the normal map Ng and the projected frame Qg ; = Tk, QY
of (5.5), and the reduced operator Py of (10.2). Put

9o = v(G), Yo = (Qa,i: Qaj)ii=1, qa(H) = Qg+ H)i=y,

and qg(z, &) = qe(§ ® £). The neighborhood of Setup 5.3 gives a lower bound for the
Gram matrix ¢;. These are smooth functions of the second jet of GG, so by Corollary 6.3
they satisfy the derivative bounds of G with a loss of two. Replacing Bg by Bg/o does
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not change the kernel projection; hence uniform normalized lower bounds and fixed-
order bounds for dG, Bg/o and the metric connection give uniform bounds for the
frame and the reduced operator. The identities (4.2) and (10.4) hold pointwise on W.

Definition 12.2 (Normalized reference and characteristic phases). We use the flat
family G, of Corollary 4.8, whose projected frames tend to the constant frame of Defi-
nition 4.4, and the finite cover of the sphere, the characteristic patches with parameters
z = (s,v) € R x R?, and the phase charts of Propositions 5.1-5.5. These constructions
hold on a fixed C"™ neighborhood, and for the normalized family they hold on common
boxes with normalized lower bounds down to o = 0.

For each such immersion GG we use the phase Sg, the transported amplitude bg, the
normal field v¢ and the tensor Ay = Ag(bg) of Theorem 10.4, with the projected frame
and a prescribed positive initial amplitude; their lower bounds and derivative bounds
are those of that theorem. In the adapted coordinates x = (¢,y) put

gG,a = deG(I, Ca(z))v YG,a = dCSG’(xvCa(z))v q)G,a(x?Z’n) = YG’,a(xvz) e

Thus ®¢ , is the phase @, of Setup 7.3 at 7 = 0, and Proposition 5.5 gives its normalized
full and fixed-time inverse charts, together with those of the exact difference quotients.
The parameter neighborhoods are taken large enough to contain every shifted covector
in Definition 12.9.

12.2. The limit ¢ — 0. The normalized family has a regular limit. Let S and b be
the phase and the transported amplitude for Fy with initial amplitude 1, and use the
initial amplitude o for G, .

Lemma 12.3. For x in the fized ball,
Bg,(x) = 0Bp,(ox), Ng,(x) = 0 'Ng,(o1),
(12.1) Sy(z,¢) = 07 18(0x, ¢), by (z,¢) = ob(ox, ),

o~

& (2, ¢) = &(ox, Q), Vo(,C) = D(ox, ().
Moreover
1 ~
So(@.Q) = [ @ d.5(602,) a0,

so the phases, and with them the normalized second fundamental form, its inverse, the
transported amplitudes and the normal fields, extend smoothly to o = 0 in all fixed
mized derivatives. At o =0 the tensors QY, & and vy do not depend on x, Yy is linear
in x, and vy # 0.

Proof. The first identity was proved in Corollary 4.8. The normal spaces of G, at
x and of Fy at ox coincide, so Kg, (x) = Kg (o), and since Ng vanishes on K¢
and inverts BE = 0By, on Kg, we get Ng_ (x) = 0~ 'Ng(ox). Since Q;(G,)(x) =
Qi(ox), the principal symbols satisfy Mg, (z,&) = Mg, (0x,§), and both metrics are
the Euclidean one, so there are no Christoffel terms. The function o~'S (ox,(¢) has
gradient (dxg )(oz, (), hence solves the eikonal equation for G,, and at ¢ = 0 it equals
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ooy - () = y-(; by uniqueness for the Hamilton—Jacobi problem it is S,, and
& (x) = &(ox). The null vectors of G, at x are those of Fy at oz, and

P, |ob(ox)] = (Qi(ox) : sym D, [ob(ow)]) = 0®(Pr,b)(ow),
SO 03(0:1:) solves the transport equation for GG, with initial amplitude o; by uniqueness
it equals b,. Then v, = Ng, (&, symb,) = a‘lNFo(ax)(f sym ab) (ocx) =v(ox).

Since S(0,¢) = 0, the fundamental theorem of calculus along the segment from
0 to oz gives the integral formula, which is smooth in ¢ including ¢ = 0, where
So(z,¢) = x - d,5(0,¢) is linear in 2. The remaining quantities are of the form f(ox)
and are smooth in (o, x). Finally, £, # 0 and the null vector ky # 0 give & sym ko # 0
(see the proof of Theorem 10.4); this tensor lies in K, and its preimage under the
injective map Bp,(0)* is a nonzero multiple of 1. Compact parameter supports give a
uniform positive lower bound for |v|. O

Only these normalized algebraic coefficients are used at o = 0; Gq itself is not an
immersion of full normal rank. All derivative losses are fixed before the observation
order and the accuracy.

12.3. Coercivity of the continuous normal operator.

Definition 12.4 (The continuous operator). We first use the normalized family of
coefficients, including its limit at ¢ = 0, and then a small fixed C™ neighborhood of a
chosen positive Gt = G,. Fix domains Uggre € Upeas € W and a cutoff 0 < ypneas < 1
equal to one near Uy, and supported in Upeas; the measurement region is chosen small
below, and these cutoffs are fixed before ¢ and the neighborhood of G,,. For every patch
choose a smooth function p,(z,7) > 0, positive on fixed neighborhoods of the model
incidence points and of the corresponding directions 7}, and compactly supported in the
input charts. Let xpi(|n|) vanish for |n| < 1 and equal one for |n| > 2.
With a fixed Fourier normalization, define the complex operators

(12'2) Taf(x) = /eicpa’a(x’Z’n)Xmeasanhi(|77|)|77’1/2|Va(x7Z)PQG(x»ga(x?Z))f(zan) dZd?%

acting on the complex space L%(z,7), with values in L?*(R"; C"), and put C, = 2ReT,.
The operator

A = (e P{D) ™", (Ca) )

acts on the direct sum of L*(R"; R") (the image component) and the real Hilbert spaces
underlying the inputs of the T,, with values in L?(R";R"). Put

E=AA"+1— 2. ..

The image component corresponds to tangential corrections, whose linearized metric
is 2sym Vu, and the operators C, correspond to modulations of the waves: by The-
orem 10.4, changing the initial density of a wave by a real modulation changes its
transported mean by |v,|?¢, ® &, times the modulation evaluated at the initial point
Y .a, and g of this tensor is the amplitude in (12.2).
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Proposition 12.5 (Coercivity). Fiz a finite order kg, containing the derivatives used
in the operator norm estimates of Proposition 7.4. One sufficiently small measurement
region and fized cutoffs work for every 0 < o < og in the normalized family. All the
operators above are bounded, and

(12.3) E > col;

in particular E has a bounded self-adjoint inverse on L?. The same conclusions hold
on a small finite C™ neighborhood of each fized positive G, and after multiplying the

initial amplitude by \/1 + v,(2,y) with ||ve||creap sufficiently small.

Proof. Boundedness. Proposition 7.4, at 7 = 0 with p,, = xuni, applies to T,; with
J, as in (7.6), the change of variables k = W, shows that the kernel of 7,7} is
[ @) kb (x, 2" k) dk, where, at the inverse point (s,71) = u.(z, 2", v, k),

2.2
b, K) = (e 0) [ P2 0 ) a2

) qG(xv fa(l’, Z))QG(x/7 §a<x,7 Z))T dv.

(12.4)

This is an amplitude of order zero. Hence ||T,|| < C, uniformly on the coefficient
neighborhood, and by the continuity statement of Proposition 7.4 the normal operator
T.T; depends continuously in operator norm on finitely many normalized derivatives
of the data. By Corollary 7.5, C,C* = 4Re(T,T)) on real outputs, so the same holds
for C,C%. The image component is a product of coefficient multiplications, the Fourier
multipliers D;(D)~! and (D)~!, and the measurement cutoff; it is bounded and depends
continuously on the coefficients, and so does its normal operator. Since

E = XmeasPG<D>72pC*¥Xmeas + Z CaC; + I- Xr2neas7

the operator A is bounded uniformly on the neighborhood, and E depends continuously
on the coefficients in operator norm. We do not claim, and do not use, continuity of A
itself in operator norm: the phases ®¢ , enter T, through e'*¢:« with unbounded 7. All
later perturbation arguments are applied to E.

The limit o = 0. By Lemma 12.3 the coefficients are constant in x at o = 0, and the
phases are linear in x. The reduced operator is then Py = My(D) (up to the factor i),
and the kernels of T, T, apart from the measurement cutoffs, depend only on =z — 2.
Hence

AA* = X'meas eO(D) Xmeas

with a matrix-valued multiplier eg(k) > 0: the image component contributes
My (k)Mo(k)T(k)~2, and each wave component contributes the (realified) amplitude
(12.4), which is a positive semidefinite matrix; realification adds the nonnegative
contributions at k and —k. For |k| > 2 the multiplier is homogeneous of degree zero
up to the factor |k|?/(k)>.
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Suppose s € R™ and ey(k)s - s = 0 for some large |k|. Then My(k)'s = 0, and the
wave contributions give

2 2
J 2l s a2 do =0

at the inverse points of k. At an incidence point of k the map 7+ D¢d,Sp - 1 is onto

the tangent hyperplane of the characteristic variety, which contains E; hence there is

a unique nonzero n with d,®, = %, and the weight p, is positive there. Therefore

s qo(Ea(za(k))) = 0 for every selected patch, and the Gram inequality (5.3) gives s = 0.

Since e is continuous and asymptotically homogeneous, compactness of the sphere

gives eg(k) > c for |k| > Ry, with fixed Ry; we used xy; = 1 there and |k|?/(k)? > 1/2.
For © = Xmeasf We obtain, by Plancherel,

1A £115 = {eo(D)u, u) > clfull; - C/|k|<RO [a(k)[* dk = cllull; — Cllull5,

using [|i]|ec < Cllull;. By the Cauchy-Schwarz inequality ||u||? < |Supp Xmeas| ||u]|3,
hence

HA*ng > (C ~C SuPpXmeaSDHXmeasf“% > %HXmeasng
if the measurement support is small enough. Since || Xmeas/f||5+ (1 = X2eas) f> ) = I f113

(BF, ) = IIAFII3 + (1 = X2eas) £ £) > min(§, 1)1 £]13

Perturbation. With these cutoffs fixed, the continuity of F in operator norm, proved
above, gives g9 > 0 such that (12.3) holds for 0 < o < g with ¢g halved: by Lemma 12.3
the normalized data of G, converge in every fixed C"™ norm as ¢ — 0. Then a finite-
order neighborhood of each fixed positive G, gives the same bound with a common
constant. A bounded self-adjoint operator with E > ¢y is invertible, with ||E~!|| < ¢5*.

Change of the initial amplitude. The transported amplitude is linear in the initial
amplitude, and |v,|?* is quadratic in it. Multiplying the initial amplitude by /1 + v,
therefore multiplies the amplitude of the kernel of T,7 by [1 + v,(z, Y,(z, 2))][1 +
va(z, Ya(2', 2))], which changes the normal operator by at most C'max, ||va||ckgap 1N
operator norm. Small v therefore preserves coercivity with a smaller constant. (]

12.4. The inverse and its realization. We realize every image input by a tangential
field:

(12.5) Jch = 3dG gz (D)™ 'h.
By (4.2) with u = (D) "'h and w = 0,
DygJch = sym V9 ((D)~"h), geDyaJch = Po(D)™'h.

~1 50 the field and its linearized metric

The single derivative is compensated by (D)
have order at most zero.
The following elementary inequality is used repeatedly: for L > 1, ry > 0 and integers

0<1<s,
(12.6) LE770+ |q

it < e + LE0% ulla).
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If s—i—1rg <0 thisis ||ul]|lgi < |Ju|lgs. Otherwise split u in frequency at || = L:
the high part satisfies ||uw||z: < CL7™%||ul|gs and LS~ L=% < 1, while the low part
satisfies ||up || e < CL||ul|g and LS™770 [} = [57To.

Proposition 12.6 (Inverse estimates and realization). Work in the coefficient neigh-
borhood of Proposition 12.5, including its positive initial amplitudes r,, and write

A=Ag, = (Am,T), F =Am AL +1 -2 E=F+TT%

where Ay, is the image component and T collects the real wave components. Let X*°
be the direct sum of H* for the image input and of H:, for the wave inputs, the latter
measured in the initial variables after inverse Fourier transform in n. With the cutoff

Py of (11.2) define

Ex = F+TPRT",  Vaxle) = JeAE e,
Suppose that, for some L > 1,

IGllem + D" lIrallom < CuLt™ R, m > 0.

There is a fired B such that, whenever R, > ro+ B with ro > 0, for every integer s > 0,
|Eelli- + | A*E Vel x- + | FE e
< Cullellas + LET lella]

Hs + ||V;Lux(€)||HS W
(12.7) "

The constants depend on the constants in the hypothesis but not on L or K. The bound
for Vo includes its linearized metric and holds on R™ after a fized physical cutoff.
Before that cutoff, qaDVeVaux(€) = Po(D) 1AL E e, and on Ugpe, where Xmeas = 1,
this equals A, AL E~'e = FE 'e. The inverse preserves H®, and AA*E~'e = e on
Ucore- For every integer N > 0,

(12.8) I(E = Ex)E~'ells < CnKN[[lell v + LN el

For the normalized family G, with initial amplitude o, the lower bound and all constants
are uniform as o — 0, and the right side of (12.7) becomes Cs||e|

Hs -

Proof. Derivative losses. The algebraic formulas, fixed-time flows and inverse charts
preserve the derivative bounds by Lemma 6.5 and (6.6). We choose B to include their
fixed losses and all fixed amplitude tests below. Then an sth derivative of an operator
applied to a source, with ¢ of the derivatives falling on the source, carries the coefficient
factor L(~=70)+ and (12.6) converts all such terms into the right side of (12.7).

The inverse. Let U, f(x) = f(x+z) and E, = U,EU_,. Conjugation by translations
translates the coefficients; Fourier multipliers commute with translations. In the ampli-
tude of the wave component, a derivative in z acts as 0, + 0/, and the image component
and 1 — x2 .. are finite products of smooth coefficients and fixed multipliers. Taylor’s
formula and the amplitude bounds show that z — FE, is smooth in operator norm, with

||83E2||2—>2 < CaL(‘O‘|_T0)+'
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Since E., > ¢ for all z, the resolvent identity shows that z — E_! is smooth in operator
norm, and differentiating E,E_ ' = I gives

B =Y (- )"
summed over ordered decompositions o« = g + - -+ + «, with «; # 0. By (6.5),
102 B [lass < Co L1700+,

For smooth e, the identity U,(E~'e) = E;'U,e shows that z — U,(E~'e) is smooth
with values in L?, and its derivatives at z = 0 are the weak derivatives of E~'e

() = 3 (§) 000

BLla

|
ol E;l(a‘“Ez)E;1 L (8amEz)E;1,

arl - ay,!

Hence [|0°E~te|s < C Y5 LUP=+|le|| giai-ja1, and (12.6) gives (12.7) for E~'e. By
density the bound extends to all e € H*; in particular E~! preserves H>.

The adjoint. The image adjoint has order zero. For a phase ® = Y(x, z) - n with
B = D,Y invertible (rows indexed by the physical y variables), the exact identities

(12.9) d,® =By, n=B"'d,®  0.,%=V,-d® V,=B7T0.Y,

hold. Here Y = d:S¢, and the common charts make B uniformly close to /. Conse-
quently n;e™® = i(B719,);e7'® and 0,,e7'* = V, - 9,e7®, so every factor n and every
parameter derivative of the phase factor in 7 v can be transposed to a y-derivative
falling on v and on the amplitude. The compact measurement support removes bound-
ary terms. After s such operations, a term with ¢ derivatives on v has coefficient factor
LG==r0)+ - Tts amplitude still has the factor |n|'/2, and its normal operator has order
zero because of the degree-one Jacobian (7.6). The amplitude bounds, Plancherel and
(12.6) give

[ A™]

x < CJo]

and we insert v = E~'e. The transported amplitude equals the initial scalar r(z,Yg)
times a flow factor, so these estimates include variable initial amplitudes.

The remaining bounds. The image component A, has order zero, and (12.5) gives
the bounds for V,,« and its linearized metric; a fixed output cutoff adds only a lower-
order term. The identity AA*E~" =T — (1 — x2s) B gives AA*E~e = € on Uepre.
Every wave adjoint contains the factor xy;, and 1 — P% vanishes for |n| < K, so

Hs + L(S#O)*HU’&L

(1 = PT*E ey < KNIV T E"elly < Cy K~ [[lellgn + L&Y% [le]la]

by the adjoint estimate. Composing with the bounded operator T gives (12.8).

The normalized family. For G, Lemma 12.3 bounds every fixed derivative of the nor-
malized amplitudes and of the coefficients in (12.9) uniformly in o, and Proposition 12.5
gives a common lower bound. The proof above therefore has uniform constants, and
since all derivatives are bounded uniformly, the factor L(*~7)+ can be replaced by a
constant. 0



LOCAL ISOMETRIC EMBEDDINGS 69

12.5. The positive transported mean. The transported mean is affine in the initial

density. One correction of the density and one tangential field cancel its component in
Kg.

Proposition 12.7 (A positive mean at the reference and nearby immersions). Use
the normalized family of Definition 12.2. Choose smooth weights v, > 0, compactly
supported in the parameter charts and equal to one on a neighborhood of the projection
T, (supp pa). For o > 0 and an immersion G near G,, let A = Ag, and E = AA*+1—
X2ions b€ the operators with constant initial amplitude . For the leading normal field
V.00 With initial amplitude o, define the transported mean

(12.10) Helo?1+0)] =Y / ValV6.oa2[1 + Va(2, You) |€ea ® Eaadz.
Write H, = Hg,[0?], and let Hy be its constant limit. Fiz Xo(x) = —Hyz/2 and
Usn € Ucore, and define
RO = D7g(dGXO) + Hg[O'Q],
€= _XmeaSQG(RO)a h = A*Eilea
(12.11) Uo =2Re F,! [paxhi(\n|)]77|1/2ha],

where h = (him, (ha)a), the source is extended smoothly by zero to R™, and the inverse
Fourier transform in n is taken without a cutoff in the initial variables. Put

TGa =0V 1+ Va, Vbase =dG XO + thirn~

Then, for all sufficiently small o > 0, and on one sufficiently small fixed C™ neighbor-
hood of G, these fields are real and smooth, 1+ v, > 1/2, the scalar r¢ q is positive on
the supports of the cutoffs p,, and

(12.12) qG(Dv(;VLase + HG[TQG]) =0 on Ug,.

The normal operator for this positive scalar is coercive, and its inverse satisfies the
estimates of Proposition 12.6. For one fized B, if |G||cmwy < Cop LU B+ with L > 1,
ro > 0 and R, > 19+ B, then

(12.13) > re.al

Cs(Ugy) < O L0+,

Cs + Hvi)ase|

Cs(Ugn) + ||D7G‘/Ioase|

where the norm of the scalar is taken in all variables (z,y) on the fized patches. These
choices precede the accuracy and the final dilation, and fixed-order bounds are uniform
on smooth compact families. Along G = G,

(12.14) > lval

cs + ||Vi)ase - dGXQHCs(W) < Cyo,

the identity holds on Ueoe, and the coercivity and the fixed-order inverse bounds for the
corrected scalar are uniform as o — 0.
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Proof. The identity. The density v, has parameter support in {1, = 1}, 80 1,0, = v,
and the transport evaluates it at the initial point Yy ,. Writing out the inverse Fourier
transform,

va(2,Yga(2,2)) = 2Re/eiq’G@("”’Z’”)paxhi|n|1/2ha(z, n) dn.

Multiplying by Xmeasta |V 0.0l*dc(Eca @ €6.a), integrating in z and using Y,p, = pa, we
get, on the whole measurement support,

(12.15) XmeasqG(Hg[cr2(1 + )] — Hg[02]> =Y Cuhq.

The same identity holds for any fixed positive initial amplitude and the corresponding
operators. On Uere We have Xmeas = 1, 80, by (12.5),

qG (D%'Vbase + HG[T%;D = qcRo + Po(D) " him + > Coha = qcRo + Ah.

Since Ah = AA*E~'e = e = —qg Ry on Ueype, the right side vanishes.

Size at the reference. By Lemma 12.3, H,(z) = H(cx) with H smooth, so Hy = H (0)
is constant and H, — Hy = Og(0) in every C*. At G, the metric is I and the connection
is flat, so by (4.2)

Dve(dG Xo) = 2symd Xy = —H,,
and Ry = H, — Hy = O;(0). The density formula is a multiplier of order one half in y
with fixed smooth masks in z, so, before any spatial cutoff,

s < Cs||h|

Yy T

o] o

The uniform inverse and adjoint bounds for the normalized family, together with
Sobolev embedding, give h = O4(0), v = O4(0) and Vise — dG Xg = Og(0). At the
single output order kg, these estimates give ||v||gkgap < Cle|| gm for one fixed m, with a
constant depending only on the lower bound and finitely many normalized seminorms;
these input orders are included in r,. We choose o so small that this bound is below
the threshold of Proposition 12.5 with a fixed margin; then the corrected operator is
coercive, 14+v, > 1/2, and v = Og(0o) gives uniform bounds for the corrected coefficients
at every fixed order.

Nearby immersions. Now fix this positive o. On a small C"™ neighborhood of G, the
finite-jet and flow formulas preserve these bounds and keep ||e||gm small, so ||v]| kgap
stays small and the supports are unchanged.

Derivative bounds. Let ¢ include the losses of the density multiplier and of Sobolev
embedding. After increasing B once, the finite-jet and flow formulas give ||e||gs <
C L=+ Proposition 12.6, applied with ry + ¢ in place of 1y to the operator
with constant initial amplitude o, the density estimate and Sobolev embedding give
|vllcs + || Tehimllos < CsLE~0)+  also for the linearized metric of the field. The positive
square root and dG X, satisfy the same bounds by Lemma 6.2. This proves (12.13).
Continuity of the normal operator gives the lower bound for the corrected scalar, and
Proposition 12.6 applies to it. 0
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Definition 12.8 (The operators with the corrected scalar). We use the preceding
operators with the positive scalar r4 of Proposition 12.7, and write

A = (Aimc 1), Fo = Amcling +1— Xoes: FPo = Fa+ TeTE,

Egx = Fo + TaPRTE,
and V¢ _for the field V, of these operators. The inverse estimates and the tail estimate
of Proposition 12.6 apply to them.

12.6. Comparison with the sampled waves. The fixed weights identify the contin-
uous operator with the leading part of the normal operator of the waves.

Definition 12.9 (The associated family of waves). Use the positive scalar rg, of
Proposition 12.7, the measure 1, dz and the cutoff p,. In Theorem 11.4 take the phase
Sa, the frame ()¢ ;, the measurement cutoff xmeas and the cutoff p,. The wave family
has leading tensor Ag(bg) and satisfies the hypotheses of the sampling theorem by
Corollary 10.8. We use the fixed radial factors, 7, = (R,\)~!, and

(12.16) A/X < the fixed margin of the phase charts.

Every shifted covector stays in its common chart. We write Hg = Hg[rZ] for the
positive transported mean.

At 7 = 0, the amplitude in (11.3) iS Xmeasfa|Ve.a|*c (7, €6.a), because AjA, = [v2EET.
Since 1,p? = p?, summing the weighted real normal operators gives exactly T PiTg,
the factor 4 Re coming from real adjunction (Corollary 7.5). The image part Fg is
added unchanged.

13. CORRECTION OF THE MEAN

In this section we construct the part of the metric correction which is not oscillatory.
The primary field of the metric correction is a weighted sum of real parts of complex
characteristic waves Z,. If dZ = ¢ A with 9 real, then

o [ (a3 Re(e2)) /3 Re(e 2) db = Re(4° ),

since the remaining term Re(e?("+9) AT A) has mean zero in 6. We call the Hermitian
tensor Re(A*A) the mean of the wave; it is the average over the phase, not an average
over the spatial domain. The quadratic tensor of the primary field is the weighted sum
of these means plus oscillatory products; the latter are treated in Section 14. Here we
choose the initial data of the waves and a real ambient field V' so that the linearized
metric DvypV plus the weighted sum of the means equals the rescaled smoothed defect
up to an error O(R~9). The result is Proposition 13.9, which is stated and proved in
Section 13.8.
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13.1. Scales and the sample. Let R be large and put
(13.1) A= R°, h=R7", Koax = R*7, B=(1+¢€)/3,

where 0 < e < 1/8, 1 < s <l+eand 1+ < a < 3/2. Here X is the frequency
of the waves, h is the separation of the sample, and K., is a fixed upper bound for
the Fourier support of the initial data. The condition sy > 1 places K. above the
derivative scale R of the sources constructed below, while s; < 14-¢ places it below the
number A3 = R of samples, which is needed for the concentration of the sampled
normal operator. Section 17 verifies all required inequalities between these exponents
at once.

The positive initial amplitude and the sample. We use the positive initial amplitude rg
and the tangent field V¢ of Proposition 12.7, for which the leading transported mean
of the waves, together with Dy Vi.s, has zero projection onto K; this is what permits
target defects of either sign. We sample the unmodulated waves, that is, the waves
with initial data the Dirac mass dy and this initial amplitude, by Construction 11.1 on
the three-parameter characteristic patches. This produces M samples with weights p,
such that

(13.2) M < CRY™e, > 0, > <C,

separated by at least h/4 within each patch. One realization in the event of Theo-
rem 11.4 approximates the continuous normal operator with the input cutoff at K.,
on the whole output space, and the continuous mean with error O(h) in every Sobolev
norm.

13.2. The fixed operators and scales. In the rest of this section the symbol @) de-
notes the requested accuracy, @;(F') the projected frame, and Q the quadratic operator
defined below. Three normal operators occur: the continuous operator Er of Defini-
tion 12.8 at G = F', without input cutoff, which is inverted; the continuous operator
Er i with the input cutoff Pk; and the sampled operator Ex defined in (13.4) below,
which carries the same input cutoff.

Setup 13.1 (Operators and scales). We use Definitions 12.1 and 12.8 at the immersion
F', on the domains
D e Uﬁn < Ucore € Umeas ew

of Setup 3.3, with the same auxiliary spaces. Write C = Ymeasqr. For the positive initial
amplitude rp of Proposition 12.7 (with G = F'), set

Ap = (Aim,r, TF), Fr=AimrAinr+1— Xocas: Ep = Fp + T¢T},
Erx = Fr+ TrPRTh,

where Py is the initial-frequency cutoff (11.2). Let Hr = Hp[r%] be the positive
transported mean and Vi, the base field of Proposition 12.7, and let VX be the

auxiliary field of Proposition 12.6, together with the bounds for its linearized metric

DyrpVE and its fixed physical cutoff.

aux
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Let mg = [n/2] + 2, so = 2mg and A =mg + 1, as in (17.3), and assume

0<e<g, B=0+¢/3, 1<s;<l+e 1+f<a<3,

(13.3) 3 .
A=R* h=R7", T=R' 2/3<t<]l.

Before the sample is drawn we fix the input frequency bound
K = Kmax - Rsf;

all wave data below have Fourier support in this range. The immersion satisfies || F'||¢r <
C, T=)+ and its positive initial scalar, its phases and its corrected waves satisfy
derivative bounds of the same form, with fixed shifts of the index r.. We choose r,
so large that (12.13) gives rr the derivative bounds required below. The data in the
patch variables are fixed before the spatial source cutoffs and the cutoffs in the initial
variables are applied, and 1 — x2_.. = 0 on a neighborhood of Ug,, in particular on D.

The order of choices is the following. The patch labels and the coefficient neighbor-
hood are fixed first. The low derivative orders and the indices in the derivative bounds
depend only on n and on the fixed margins between exponents. The integer r, is chosen
above all required orders before the sample, the accuracy ¢ and the target dilation are
chosen.

13.3. The sampled operators and their corrections. The v-th sample has patch
label a(v), patch parameter z,, base covector ¢, = (,)(2,), weight u, and frequency
Ao =11 1 = (RyyA) ™. We write £, for the complex-linear map m +— Z,(m) of
(10.24).

Definition 13.2 (The sampled corrections). The number of terms of the finite correc-
tion in Corollary 10.8 is fixed before sampling, and the positive initial amplitude rg is
used in the resulting maps £, of Section 10. In this section constants may depend on
this number and on the finite number of iteration steps; the input frequency bound, r,,
Ry and the exponents do not. Set

1-9V - SF(LU, CV)/TV - /\uﬁbm BV - e_iﬂudﬁy(60)7

so that B, is the demodulated derivative of the unmodulated wave. A function f of
the initial variables is identified with the measure dm = f dn. On the real Hilbert
space underlying L?(dn) define B by Byv = In|'/2Pgv. These compactly supported
Fourier densities are integrable by the Cauchy—-Schwarz inequality, so Proposition 10.9
defines the corresponding waves for every L? input. Write p, = pa@)(2y,7) and, with
the high-pass multiplier yy; of Definition 12.4, put

BII,HK = puXniBr, G, xv = e*w”dﬁ,,(Bliva), A, kv = C[2sym Re(B; G, kv)].
Thus A, i is the linearization at dy of the reduced mean of the v-th wave. For any

family V = (V,), of derivative amplitudes, let Ax[V] be the operator from the direct
sum of the input spaces to the reduced output space given by

flK[V] (vy)y = Z Viw C12symRe(V) Gy kvy,)],
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and put
(13.4) Ax = Ag[(B.))),  Ex =Fr+ AgAyx = Fp+ > Ay kA .

The operator ﬁK[V] is an aggregated operator: it acts on the whole family of inputs
at once, and its norm is controlled by the sampling theorem, whereas each individual
operator G, x has norm of order K'/2 (Proposition 7.4). This distinction is used in
the proof of Proposition 13.6. For a real source r, define the initial data and the
demodulated derivatives

(135) fl/[r] = Biu?KA;KEf?lra Dl/r = e_wyd‘cl/(fu[r]) = GV,KA;KEE%“‘

If the initial data of the v-th wave are changed from dy to dy + ]?,,[7"] dn, the weighted
mean changes by >, 1, times the exact tensor increment

(13.6) 2symRe(B;D,r) + Re((D,r)" D,r).
Together with the auxiliary field V.E_(r), the linear part of this change equals E kEntr

aux
on Uy after application of ¢r; see Lemma 13.3. Both real quadratic forms are taken
with respect to the stated Hilbert space inner products. No inverse of a sample weight
occurs. The spatial cutoffs in the initial variables are applied after these data are formed,
and observation cutoffs are used in norms only. We use the domains of Setup 3.3; the set
Dy, contains the measurement supports, the product source supports and the physical
output supports. The maps £,, the unmodulated waves, the adjoints and the operator

Ay are the same throughout the iteration below.

13.4. The equation for the source. We now derive the equation that the source r
must satisfy. Put

(13.7) £ = ExE;', Q(u,v) =C»_ p,symRe((D,u)"D,v),
and
(13.8) ro = C[HF —> Re(B;BV)}, g =1+ Cleg/b?),

where eg = Srm(e|p) and b = SR are the smoothed defect and the amplitude
of Proposition 13.9. The operator Q is real bilinear and symmetric, because D, is
real linear and Re(X*Y)T = Re(Y*X) for complex matrices, so that sym Re(X*Y) =
$[Re(X*Y) + Re(Y*X)] is symmetric in X, Y. In particular

(13.9) Q(u,u) — Q(v,v) = Qu —v,u+v).

Lemma 13.3 (The reduced mean). Let r € H*(R";R") be real, let the v-th wave have
the initial data m, = 8o + f,[r] dn, and put

7—[ = Z :ul/ Re((dZ,,)*le,>, Zz/ = Eu(ml/>7 VE) = Vbase _'_ ‘{aix(r)‘
Then, on Ugy,
(13.10) ar(DYeVo +H) = Er+ Q(r,r) = ro.
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Proof. By linearity of £, and (13.5), e WvdZ, = B, + D,r. Since ¥, is real, the phase
factor cancels in (dZ,)*dZ,, and

Re((dZ,)"dZ,) = Re(B}B,) + 2sym Re(B}; D,r) + Re((D,r)" D, ),

which is (13.6). On Ug, we have Xpeas = 1, hence g = C there. By the definitions of
A,k and D,,

CY w2symRe(B;D,r) =Y w A,k A Ex'r = A AL Eptr,

and CY, u, Re((D,r)*D,r) = Q(r,r). By Proposition 12.6, applied to the operators
of Definition 12.8, ¢pDvrV,E (1) = FpEp'r on U (here, and in the lemma, V.E (r)
is the field before its fixed physical cutoff; this cutoff equals one near D, so nothing
changes on D). By (12.12), qpDVpViase = —qrHp on Ug,. Adding these identities

gives, on Ugy,
qr(DypVo +H) = —qrHp + qr ZMV Re(B;B,) + (Fr + /ZIKA*K)E‘Elr + Q(r, 1),

which is (13.10). O

By (13.10), the projection of the mean error onto Kp vanishes exactly when the
source solves the quadratic equation

(13.11) g=2E&r+Q(rr).

The component of the error orthogonal to K is then removed algebraically by a normal
field; see Section 13.7. We do not solve (13.11) exactly; a finite number of steps of a
Picard iteration suffices. The reasons are the following.

(i) The operator £ is close to the identity on the sources that occur, but not on all
of L2. Indeed ErE,' = I, s0

I —&=(Ep— Epg)Ex' + (Epx — Ex)ER".

The second term has norm O(R™*) on L? for a fixed w > 0, by the concentration
of the sampled normal operator and the comparison of phases in Theorem 11.4;
both operators carry the same input cutoff Px. The first term is the part of the
continuous operator above the input frequency K. It is not small in operator
norm, but by (12.8) it is O(h(R/K)?) in L? for every ¢, on sources u with
||u||Hq < thR(qst)jL.

(ii) The operator Q is quadratic and small: it satisfies || Q(u,v)|ls < Cl|ull2]|v]
and the source g has size O(h).

(iii) Consequently the map r — g + (I — &)r — Q(r,r), whose fixed points are the
solutions of (13.11), contracts differences of iterates in L? by a factor CR™, up
to the frequency tail, as long as the iterates stay in the class of (i). Each step
gains R, and J steps give an L? error O(h[R™*7 + (R/K)1)).

(iv) High Sobolev norms are not contracted, but they remain bounded: every iter-
ate satisfies ||r0)||gs < Cj RRE5)+ for all s, with constants depending on j.
Since only finitely many steps are taken, this suffices. An interpolation inequality
between L? and H®, sq > n, then turns the L? smallness into uniform smallness.

H50/2)
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The bounds in (i) and (ii), and their higher-order versions, are proved in Proposi-
tion 13.6; the iteration is carried out in Proposition 13.7.

13.5. Estimates for the sampled corrections. We first prove two elementary in-
equalities.

Lemma 13.4. Let so > 0, and let s,i,7 > 0 be real numbers withi+j < s and j < s/2.
Then
(s—i—J—50)++(i—50)++ (J—50/2)+ < (5—50)+-

Proof. Put x = s—j—s¢. We first show (z—1);+(i—s¢)+ < xy. If i < 50, the left side is
(x—i)y < xy,sincei > 0. Ifi > sgand x > i, the left sideisx —i+i—sy = x—s9 < x.
If © > sp and x < 1, the left side is i — sg, and 1 — sg < s — 7 — 59 = x because 1 4+ 7 < s.

It remains to show (s — 7 — so)+ + (J — 50/2)+ < (s — s0)+. If j < 50/2, this follows
from (s — 7 —s0)+ < (s —50)4+. If 7 > s50/2, then s > 2j > 5. When s — j — 59 > 0 the
leftsideiss—%sogs—so; when s —j — 59 <0itis j — % < 250 <5 — 5. O

Lemma 13.5. Let sg > n. There is a constant C' such that, for all f € H*(R"),
| flleo < CILAIL /1

Proof. We use || f|lgse = |[{(D)® f||2; integer Sobolev norms are equivalent. We may
assume f # 0. Put X = ||f||2 and Y = || f]|g=0, so that X < Y. With the Fourier
normalization of Section 3, f(z) = [€¢f(€)d¢ and || flls = (27) 2| f|l2; we show
below that f € L', so f has a continuous representative with ||f|lco < ||f]|z:. For
© > 0 we split the frequencies. By the Cauchy—Schwarz inequality,

/|§|<@ |f1d¢ < |Bo|"?|| ]2 < CO™2X,

1/2
HS0 -

and, since 2sy > n,

[ fde< ([ lemae) ([ 1epiae) < cormy

Choose © = (Y/X)'/™. The first bound becomes CX'/2Y"/2_ and the second becomes
C(y/X)l/Z—so/nY _ CXI/Qy1/2<X/Y)SO/n—1 < CX1/2Y1/2,
since so/n > 1and X <Y. O

Proposition 13.6 (Estimates for the sampled corrections). Put { = mo—1 = [n/2]+1.
There is a fived Bean such that, if

T« Z S0 + Bcanv Renv Z S0 + Bcan + g + 2 + Tpara

then the following bounds hold for every realization of the sample in the event of Theo-
rem 11.4.

(i) For all smooth sources u,v,

(13.12) 1Q(u, v)[l2 < Cllull2[|v]

Hso0/2-
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(ii) For all integers s > 0,

(13.13) I€ullzr < Culllullazs + T Julla].
(iil) If u,v satisfy |ullgs + ||Jv]|gs < CshRE=%0)+ for all s, then
(13.14) 19(u, v)|| s < CRERE0)+ 5 >0,

where Cy depends on the constants in the hypothesis.
(iv) For all integers s > 0,

e+ [ DypVn (u)]

sup [| Dyl s + ||V (w)] 1

(13.15)
< Cylllullgoss + TEFZ20 ).

(v) The measures f,[u]dy have support in {|n| < CK} and total variation at most
Cllulzmo.

The bounds hold on the fixed supports and are uniform in K. No reqularity with respect
to the sample index v is used.

Proof. Step 1 (Operator bounds). We use the scalar auxiliary operator of Theorem 11.4,
with a cutoff y, equal to one near every measurement support and near the supports
of the fixed-parameter operators. Its sampled operator Tx is bounded on the event of
that theorem. By positivity this bounds every operator with a smaller cutoff. For an
amplitude b(z, v,n) supported where x, = 1, let Tx[b] be the operator whose kernel is
multiplied by b. Lemma 7.2 gives

(13.16) IT[b]]| < CsVu%)Hb(-,v, )| e

Only physical derivatives of b occur; no derivatives in the initial frequency or in the
sample index are needed. In particular ||[Ag| = ||A%| < C, and ||ER'|| < C by
Proposition 12.5.

Step 2 (Moment estimates for the adjoint). The exact phase of the v-th operator is
®, =Y, -n, where

1
Yl/ = / dCSF(xa gu + tTl/T/) dtv
0

and its y-derivative is uniformly close to the identity. Hence the identities (12.9) hold,
with a matrix B,, uniformly invertible, such that d,®, = B,n. Consequently

mee P =13 (B ) Oy e
l

The adjoint Aj xw is an integral of e against an amplitude times C*w = Ymeas@ W,
which has compact support in the measurement region. Multiplying by 7, and inte-
grating by parts in y therefore produces no boundary terms and moves one derivative
onto B!, onto the amplitude, or onto w. Thus one factor of the input frequency is

exchanged for one physical derivative of the source or of the coefficients.
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For an integer ¢ > 0 we have |n|*? = 3, L, s0

Il fll2 < Cq 3 1 fll2,

la|=q

and it suffices to treat the monomials n®. After ¢ integrations by parts, a term with ¢
derivatives on w carries ¢ —1 derivatives on the coefficients. It is an operator of the same
form as ﬁ}{ with a modified amplitude, applied to a derivative of order i of w. We bound
it by (13.16), which costs ¢ further derivatives of the amplitude. The coefficients satisfy
derivative bounds of the form C,, 7 "=*+5)+ with fixed shifts B; including these shifts,
the amplitude test and the shifts of the inverse and of the corrected waves in B.,,, the
condition 7, > S+ Bean gives the coefficient factor Tla=i=s0)+  With w = E;lu and the
inverse estimate (12.7) (with L = T and ro = so), || Eptullg: < Cill|ul| gi +T0500+]|ul|2).
Since (¢ — i — So)+ + (i — s0)+ < (¢ — S0)+, We obtain

(13.17) 1A Eptulls < Cp Y- T 700+ |y
1=0

Hi-

For an individual adjoint Aj ;- we remove the weight In|*/? and use the bound for the
fixed-parameter operator without this weight in Proposition 7.4. The same argument
shows that the right side of (13.17) also bounds sup, |||n|?"/2 4}  Ep'ulls; we call this
the individual moment of order q.

Step 3 (Proof of (13.13)). A derivative of order s of the forward operator Ax produces
at most s factors of the input frequency, from derivatives of ¢/®; a term with k such
factors carries a coefficient factor T=F=%)+ By (13.16),

e < Cy 3 TR0 |[|g|F AL B ).
k=0

1Ak Ax Bptul

The products of the differentiated coefficients obey (6.6), so these operations use the
same Be,,. Inserting (13.17) and using (s —k — so)+ + (K —i—s0)+ < (s —i — s¢)4 for
0 <i <k < s, we obtain terms C,TC~50)+ |||z, 0 < i < s. By (12.6) with L =T
and 1y = 8o, each of them is at most Cy[||lugs + T¢~%0+||ulls]. The term FrEx'u
satisfies the same bound by (12.7). This proves (13.13).

Step 4 (Proof of (13.15) and of (v)). By (13.5), D,u = G,,7KA’;7KE;1U, and G,k is a
fixed-parameter operator with input weight |n|'/2. By the bound for the unweighted
fixed-parameter operator in Proposition 7.4, a term of an order-s derivative of D,u
with k frequency factors is bounded by C,T¢=k=s0)+|||[p[F+1/2 A%\ Ep |5, that is, by
the individual moment of order k 4+ 1. Step 2 and the endpoint inequality (12.6) at
order s + 1 give the bound for D,u in (13.15). The auxiliary field and its linearized
metric obey the same bound by Proposition 12.6.

For the measures, f,[u] = pl,xhi]nll/QPKA;KEglu vanishes for |n| < 1 and for |n| >
2K, which gives the support assertion. Since the initial variables lie in R"~! and
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2(mo — 1) =2|n/2| +2 > n — 1, the Cauchy—Schwarz inequality gives

[t < ([ w0 dn) it A el < ol
by the individual moment of order mqy and mg < sq.
Step 5 (Proof of (13.12)). By the definitions and the symmetry of Q,
Ag[(Dy0) ) A Br'u = 3~ p,Cl2sym Re((Dyv) Gy k A s B )]
= 2VQ(U,U) = 29(u,v).

The operator ZlK[(DVU)V] is obtained from the aggregated operator of Step 1 by multi-
plying its amplitude by (D,v)* and by coefficient factors with uniform C* bounds; the
input A}E}lu is the aggregated adjoint, which is bounded on L?, and no individual
operator G, i is estimated separately. By (13.16) and (13.15) with s = ¢,

1A [(Dyo) ]Il < Csup || Dyl e < Cllollzmo,

since £ + 1 = mg < s9. Together with ||A%|| < C and ||Ez!|| < C this proves (13.12),
because mg = s¢/2.

Step 6 (Proof of (13.14)). Fix s and a multi-index ¢ with |o| = s. By the Leibniz rule,
07 Q(u,v) is a finite sum of terms
(13.18)

(801C) Z,LLV Sy Re((@”Dyu)* 0‘73Dyv), Cc = |O'1|, r = |0'2|, t = |O’3|, ct+r+t = s.

Since Q is symmetric and the hypothesis is symmetric in u and v, we may assume t < r,
hence t < s/2.

The two factors are treated differently. The factor with r derivatives cannot be
estimated sample by sample: by Step 4, sup, ||D,u||g- is controlled only through the
individual moment of order r+1, that is, with one more derivative of u, and the resulting
bound h?R(+t17%0)+ ig not sufficient, since hR > 1. We therefore keep this factor inside
the aggregated operator of Step 1 and place the other factor in its amplitude.

The factor with r derivatives. Write w, = A;KEglu, so that D,u = G, gw,. Each
physical derivative of the phase factor €® in G,  produces one factor of the input
frequency n, multiplied by a coefficient with bounded physical derivatives, because
®, =Y, -n with Y, as in Step 2, so that d,®, = (D,Y,)"n. Hence

07 Dyu =" Gyl (1°wy),

|w|<r

where G, i [7] is the operator G, x with its amplitude multiplied by 7, and the coefficient
Vv, 18 a product of derivatives of the phase, of the amplitude of the wave and of the
cutoffs, of total order r — |k|. Including the shifts in By, its first ¢ physical derivatives
are bounded by CT~I%l=s0)+ uniformly in v and 7.
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_ The aggregated form. Substituting this into (13.18) and recalling the definition of
Ag[V] and A Extu = (\/f, w,),, the term with a given s, k = ||, equals

5 Awclbd] (1" A Bptu),

where Agx [b] denotes the operator AK[(O"SDVU),,] in which C is replaced by 97*C and
Gy ik by Gy x|V It differs from the aggregated operator of Step 1 only by an ampli-
tude factor b, (x, v, n), built from the coefficients of 9°*C, from 7, , and from (07D, v)*.
Thus the factor with ¢ derivatives, together with the differentiated coefficients, has
become part of the amplitude of the aggregated operator. By (13.16), which uses ¢
physical derivatives of the amplitude, and by Step 4 at order ¢ + ¢,

|Axlball| < CTE =504 sup | Dyl gese < CT 759 [0 iy + T390 o]

since { + 1 = mg. By the hypothesis on v, T' < R and sy = 2my, the bracket is at most
C,hR(tmo=s0)+ = C,pR=%0/2+  The input is controlled by the aggregated moment
estimate (13.17) and the hypothesis on wu:

Hnn ~}E;1u||2 < O, ZT(k—i—50)+||u| i < CkhZT(k_i—30)+R(i_50)+'

i<k i<k

The exponents. Using T' < R and (6.5) to combine (c+r—k—sg)++ (k—i—s0)+ <
(c+1 —1i—50)y, each term is bounded by C,h? R with

gi=(s—1—t—50)4+ (1 —50)++ (t —50/2)1,

because c+ 17 =s—t. Herei <k <r,soi+t<s, and t < s/2. Lemma 13.4, with
j =1, gives g; < (s — Ssg)+. Summing the finitely many terms proves (13.14).

The index s¢/2 in the last summand of ¢; is what makes this distribution of derivatives
possible: the factor carried in the amplitude loses my = so/2 derivatives (one for the
individual operator and ¢ for the amplitude test), and this loss is compensated by
t < s/2. Only source norms of order at most max(s, sg) occur, so the source regularity
required in the iteration is fixed. O

13.6. A finite iteration.

Proposition 13.7 (Finite correction of the mean). We work under Setup 13.1 and
Definition 13.2, with the positive initial amplitude r, the base field Viaee, the continuous
operator Ap and the inverse Ei', and we sample the unmodulated waves with the input
frequency bound K. Let £, Q, ro and g be as in (13.7)—(13.8). For every finite Q) and
all sufficiently large R, the finite iteration

(13.19) PO — 0, D = g (1= )l — Q(r), 4,

stopped after a suitable number J of steps, gives a real source r = ) whose residual
satisfies

(13.20) Trem = g — Er — Q(r, 1), |7rem || co < R€.
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The measures f,[r]dn have support in {|n| < CK} and total variation at most C. On
the fixed supports, for every s >0,

(13.21) sup [|Dyrlle + IV (M) [z + 1DV Vo (7)]

e < CioR°.

The input frequency bound, r, and Ren, do not depend on Q). The family of waves is
fixed before the sample is drawn, and the sample does not depend on the number J of
Picard steps; J, the constants and the threshold for R depend on Q).

Proof. Step 1 (The sample). We apply Theorem 11.4 with A = K = R°f. Then
h=3 = R = Ao with €qmp = (1 +€)/sp — 1 > 0, and A~Seme/4 = R=(Iemsp)/d,
We fix a realization of the sample in the event of that theorem; this event is nonempty
for large R, since its probability tends to one. The concentration bound (11.8), the
comparison of phases (11.10), and the identification of the continuous operator at 7 = 0
with T PET} (end of Section 12) give

l+e—s f
= 1 ’
where w is the exponent of (17.6); the second inequality uses a — sy > w, verified in
Section 17. The sample has at most C'R'™ points, bounded total mass, weights at most

CR™17¢ and separation ch within each patch. The orders sy + Bean and the shifts of
the primary waves and of the background are included in the fixed order r,.

(13.22)  ||Ex — Epg| < C[R™OFD)/A L R=¢F1] < CR™,  w

Step 2 (Bounds for the source). We take Reny > 5o+ Bean +{+ 2+ 1par in Corollary 10.8.
The quadrature estimate (11.9), valid on the same event at all orders, and the com-
parison of the corrected and the leading amplitudes (10.18), together with A=t < A,
give

(1323) ||7"0| s < CST(S—S())_'_‘

cs + ||C]

b SCHTO™ sup B

By (15.1) and b* = §2R?4, the rescaled defect satisfies ||eg/b?||gs < C,R*724, and

2A = sy + 1. By the Leibniz rule and (13.23), the zero extension of C(er/b?) satisfies
IC(er/b) || sny < Cs Y Tkt Rimso=l < O R0,

i<s

Since T' < R and R*™*0~! < R7IR(=s0)+ < pR(=0)+ (because f < 1), the complete
source obeys

(13.24) lgllzrs < CRRE™S0+ (s =0,1,...).

Step 3 (Bounds for the iterates). Fix a finite J. We claim that
(13.25) 7P| gs < CyhRE50)+ 0<j<J+1, s>0.

This holds for j = 0. If it holds for j, then (13.13) and T < R give ||Er0)||gs <
CohRE=50+ and (13.14) gives ||Q(r"), r0)||gs < C,h2RE=0+, With (13.24) and
(13.19) this gives the claim for j + 1. Each of the finitely many steps changes only the
constants. All iterates are real and belong to H*.




82 WENCHANG YANG AND YI WANG
Step 4 (The difference equation). Put d; = r0+) —r0). Since 7(©) = 0 and Q(0,0) = 0,
dy = vV = ¢. Subtracting two consecutive steps of (13.19) and using (13.9),
9 g g
(13.26) diy1 = (I —&)d; — Q(,,,(J'Jrl)’r(jﬂ)) + Q(r(j), T(i))
' = (I —&)d; — Q(d;, rI*Y) 4 D),

For the linear term we use EpE,' = I:

[ - (C/’ = (EF - ERK)EEl + (EF,K - EK)El;l

By (13.22) and the frequency tail estimate (12.8) with L = T and ry = so, for every
integer ¢ > 0,

0 = )yl < CRNd;ll + Gy [yl + T |,
< CR™||djlla + Cyqh(R/K)1,

where in the second line we used (13.25) for 70U+ and r%) and T < R. For the quadratic
term, (13.12) and (13.25) at order s¢/2 < s¢ give

1Q(d;, v + 7 D)y < Clldyl[2]|r I + r0)]

Hence, for j < J,

meorz2 < Crhl|djo.

[djsill2 < [CR™ 4 Cyhllldjl|2 + Crgh(R/K)*.

Since 8 > w, we have h < R™, and the bracket is at most C;R™ < 1 for large R.
Iterating from ||do||2 = ||g||]2 < C'h and absorbing the finite powers of C; into C, gives

(13.27) ldsllz < Cyoh[R™“7 + (R/K)1).

Step 5 (The residual and the choice of J and q). By (13.19), d; = v+ — () =
g—Er) —Q(r) 1)) so the residual is exactly 7rem = dy. By (13.25), ||ds||zs0 < Ch.
Since sg > n, Lemma 13.5 and (13.27) give

[7remllco < Clldylly*lldsll}m < Crgh[R™7 + (R/K)7Y2.

Now (R/K)? = R~%*s=Y_ We choose the number of steps J with w.J > 2@Q. The integer
q is not part of the construction; it is only the order of the tail estimate, and we choose
it with ¢(sf — 1) > 2Q). Then the right side is at most C(LqRiQin for some k > 0, and
after increasing the threshold for R it is at most R~%. This proves (13.20).

Step 6 (The fields and the measures). By (13.15) at order s+ ¢, the Sobolev embedding
Hstt — O° and (13.25),

o < ]|

Hetmo + T(s+m0—so)+||r||2] < CJ7ShR(S+mO_SO)+ < CS,QRS,

sup || D,r|

since £ + 1 = my and sy = 2my, so that (s +mg— so)+ = (s — mg)+ < s. The auxiliary
field and its linearized metric obey the same bounds in H*. By Proposition 13.6(v) the
total variation of the data is at most C||r||gmo < Csh, hence bounded, and the support
is still determined by the cutoff Px. This proves (13.21). O
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13.7. The normal component. Let r be the source of Proposition 13.7. Put m, =
do + fulr]dn, let H =3, 1, Re((dZ )*dZ,) be the Hermitian tensor of the waves 7, =
L,(m,), and write Vg = Viase + V.E (). On U, set

Ty = er/b* — DypVy — H,
and define
(13.28) V =V, — iNgTy,
where Ny is the normal map of (4.5).
Lemma 13.8 (The error of the mean). On Uy, in particular on D,

13.29 FT = Trem,
( qrT}

and the tensor Emean of (13.31) satisfies

(13.30) Erean = =g, Tf = — ZQZ )(GE)ij(rrem) ;-

Proof. On Uy, we have qp = C. By Lemma 13.3 and the definition of g,
arTy = qr(er/b®) — {57“ + Q(r, 1) — 7“0} =g—E&r—Q(r,1) = rrem.
Next, by the definitions of Eyean and T,
Emean = D’YF‘/O - %DVF(NFT]‘) + H — eR/bQ = —Tf + D’}/F<—%NFT]0>

The field w = —3 NpT} is normal, and by (4.2) with u = 0 its linearized metric is the
algebraic expression Dypw = —2(w,Ilp) = —2Bjw. Since Np = (B})AHK#, where
B} maps the normal space isomorphically onto K = im B,

Dryr(=4NpTy) = Bi(By) My Ty = T, Ty

Hence Eyean = =1 + HK#Tf = —IIg,Ty. (This is also (4.6) with v = 0 and h = T}.)
Finally, the Gram formula for the orthogonal projection onto the span of the frame

Q1(F),...,Qu(F) reads
e = ZQZ )(G)ij(Qi(F) : H),

since the right side lies in K and its pairing with each Qx(F') equals

D (Gr)ki(Gr)ii(Q;(F) : H) = Qu(F) : H

.3

With H = Ty and (Q;(F) : T¥); = qrTf = Trem, this proves (13.30). O
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13.8. Correction of the mean.

Proposition 13.9 (Correction of the mean). There is a positive initial amplitude g,
depending only on F', for which Proposition 10.10 applies and the following conclusions
hold. Let e = g —~(F), with ||e||copy < 6* and 0 < 6 < 1. Fiz a finite smoothing order
m > 1 and put

ER = SR,m(€|D)7 b = 5RA,

where Sk, s the operator of Lemma 15.1. Given a finite @), at the scales of Section 17
and for sufficiently large R, there are a family of measures m, and a real ambient field
V' with the following properties, where Z, is given by (10.24) with m = m,,.

(i) The tensor
(13.31) Evean = DYpV + 3 iy Re((dZ,)'dZ, ) — e /b’
satisfies || Emean| co(py < CoR™9.
(ii) The measures satisfy sup,, |m,|rv < C and
(13.32) suppm, C {[{| < CKpax}, Kax = R,

with a support constant independent of every accuracy choice.
(iii) On the whole product source support, the waves satisfy

(13.33) SUp || Xpaire " dZ,||cr < C,R".
(iv) After the fixed physical cutoff, equal to one near D, the field V' satisfies, for every
r >0,
(13.34) IV ||l < C,R".

The source order sy and the coefficient index r, are fixed before the accuracy. The
number of iteration steps may depend on @; the input frequency bound and the ex-
ponents in the derivative bounds do not. The constants C, may depend on m and

0.

Proof of Proposition 13.9. Step 1 (The initial amplitude and the waves). Let rp be the
positive initial amplitude of Proposition 12.7 with G = F’; it is determined by F' and
the fixed choices of Section 12. Its derivative bounds (12.13) are of the form required
in Proposition 10.10, whose joint coefficient shifts are included in r,. The measures
below have Fourier support in {|¢{| < CKyax}, and CyKpae < A7 by (17.5), so
Proposition 10.10 applies to the waves Z,,.

Step 2 (Choice of the data and of V). We work under Setup 13.1; its conditions (13.3)
are those of (13.1) together with T = Ty = R'. We apply Proposition 13.7 with accuracy
(), and obtain the sample with (13.2) and the source r. We put

my, = 6() + ﬁ[’l"] d777
and define V by (13.28). It is real, since 7, Viase, V.

aux’

er and H are real.
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Step 3 (The error). By Lemma 13.8, on D,
Emean = - Z QZ(F)(G;’1>U (rrem)j-
1,

The frame Q;(F) is bounded on D, and G' is bounded by the uniform Gram gap of
Definition 12.1. Hence, by (13.20),

HEmean”C’O(D) < CHrremHCO < CR_Q'

Thus the mean equation holds up to O(R~9): the iteration solves its projection onto
Kr up to the residual r.,, and the normal field —%N 7Ty removes the component
orthogonal to K exactly.

Step 4 (The measures). Since ||dp||Ty = 1, Proposition 13.7 gives ||m,||rv < 1+ C < C.
The Dirac mass is supported at the origin and f,[r| vanishes for |n| > 2K this proves
(13.32), with a support constant fixed by the cutoff Py.

Step 5 (The amplitudes). We have e" % dZ, = B, + D,r. The amplitude B, of the
unmodulated wave has derivative scale " < R by (13.23) (equivalently, by (10.26) with
m = 6 and K = CenTp), and (13.21) bounds D,r in C* by CsoR® on the fixed
supports, which contain supp Xpair- This proves (13.33). We remark that this bound
does not follow from (10.26) with the Fourier support of m,, which would give the
larger scale K., = R®f; it uses the fact that the data f,[r] are produced by the adjoint
from a source with bounds ||r||zs < CshRE=50)+,

Step 6 (The size of V' ). By Step 5, the Leibniz rule and >, u, < C,
[H]les <D Y Cl|By 4 Dyrllcil| B, + Dyrllcs-i < CsoR®

v 1<s

Ci

on the fixed supports. By (12.13), Viase and DypViase have C¥(Ug,) norms at most
C, T < C,R*; by (13.21), V.E (r) and DypV.E (r) have H® norms at most C,oR®;
and ||eg/V?||gs < CsR*72A. Hence T} is bounded by C,oR* in H*(Ug,), after the
fixed physical cutoff. The coefficients of the normal map Ng are smooth second-jet
expressions in F' with derivative bounds C,T° < CiR*® on Ug,. The Leibniz rule in H®
for a product with a smooth coefficient ¢, |[cu|lgs < Cs i<, |Ic||cs—illul| i, therefore
gives | NpTy|gs < CsoR® after the fixed physical cutoff, which is supported in Usgy,.

Together with the bounds for 1} this proves (13.34).

Step 7 (Order of choices). The input frequency bound Kyay, 7, Reny and the exponents
do not depend on (). The accuracy () enters only through the number J of iteration
steps in Proposition 13.7, the constants and the threshold for R; the depth of the
wave correction is fixed by the accuracy of Theorem 15.3 before the sample is drawn
(Section 18.2). O

14. CORRECTION OF THE OSCILLATORY QUADRATIC TERMS

In this section we construct a correction, linearized at the immersion F', which cancels
all oscillatory terms in the quadratic part (dP)TdP of the metric of F'+ P. The Hermit-
ian part of (dP)TdP is not treated here; it is the tensor corrected by Proposition 13.9.
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The input is the family of sampled waves of Proposition 13.9, whose amplitudes vary
on the scale R, and the output is a real field S, constructed at F', whose linearized met-
ric cancels all products of distinct phases and all doubled phases up to O(b>M (\h)™9)
(Proposition 14.4). The construction applies the finite corrections of Theorem 9.5 to
each product separately; this is possible because every product has its frequency in a
regular region (Proposition 5.9) and at least cAh, which exceeds the amplitude scale R
by a fixed power.

14.1. The average over the phase. The normalization of the primary field is already
visible for a single wave. Let Z be a complex ambient field with dZ = €'’ A, where ¥ is
a real phase and A is a complex N X n matrix. Then

(14.1) (d(V2Re 2))' d(V2Re Z) = Re(AA) + Re(¢™? AT A).

Indeed, d(Re Z) = Re(dZ) = L(e A + eV A), so

1
2
(d(v2Re Z))Td(\/§ ReZ) = (e ATA+ e W ATA+ ATA+ AT A).

Since ATA = A*A and ATA = A*A, the last two terms add up to 2Re(A*A), while
the first two are complex conjugate to each other and add up to 2 Re(e?? AT A). This
proves (14.1).

The first term on the right of (14.1) is the mean of the wave in the sense of Sec-
tion 13; the second oscillates with the doubled phase 2¢. For a sum of several waves
the quadratic tensor contains, in addition to the means and the doubled phases, the
sums and differences of distinct phases. All these oscillatory terms are cancelled by the
correction constructed in this section.

Let Z, be the waves and i, the weights of Proposition 13.9, and let b = §R“. Define
the real primary field

(14.2) P=0v/2> /i,ReZ,.

Its Hermitian tensor and the remaining quadratic tensor are

(14.3) Her = by Re((dZ,)7dZ,), Qo = (dP)"dP — Hy.

The tensor Hgr is the one appearing in the mean equation (13.31). The tensor Qog
contains all doubled phases and all signed products of distinct samples, including the
products between different patches; Lemma 14.2 below gives its exact expansion.

14.2. The quadratic sources. The geometric and linear results used below have been
proved in Sections 5 and 9.

Setup 14.1 (Geometry and amplitude bounds). We work with the geometry of Defi-
nition 12.1, the domains of Setup 3.3, and the finite regular corrections of Theorem 9.5
at the immersion F'.
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Coefficients. Assume
|F|lcr < DT+, Lp=T,

where the fixed index r, exceeds the derivative shifts of the coeflicients in Theo-
rem 9.5 and in the normal reconstruction. By Corollary 6.3, every reconstruction
coefficient cp (the inverse metric v(F)~!, the normal map Np, the frame Q;(F)
and Gz'), multiplied by any fixed cutoff, satisfies

| D" cplloo < CTT.

Phases and frequencies. We use the Hamilton phases Sr and the groups of patches
of Definition 5.7. The samples are indexed by j = 1,..., M, with base covectors
¢; and frequencies Tj_l satisfying cA < Tj_l < '\, and two distinct samples in the
same group have patch parameters at distance at least ch. For an ordered pair
(4, k) and a sign £ we write §; £ 0, = pjrp, where the frequency p = pj; is chosen
as follows:

distinct same-group differences p=Az—7|
sums, doubled phases, and either sign between groups p=A\

Here z, 2’ are the patch parameters of the two samples. The distinct radial labels
separate different groups even when their unscaled directions agree. The equal-
index differences ¢; — ; = 0 form the Hermitian diagonal, which is excluded. All
Fourier modulations at the same patch parameter are combined in one field. Thus
every oscillatory quadratic term has

2<cAh < pjp <CA

Phase bounds. The joint phase bounds of Proposition 5.4, with the fixed geometric
shifts included in r, > 8, give

|DLSE| + |DLD:Sp| + |DLD,Sp| < C,T" 1 (r>1).

The segment formula on each convex patch gives the same bound for the divided
differences of the phase in the patch parameter. Proposition 5.4 and Theorem 9.3
place every normalized covector dy of a sum or a difference in the fixed buffered
regular region. All source terms use the chart partition and the larger sets where
the cutoffs of that theorem equal one.

Cutoffs. The source cutoff is Xsrc = Xpairsre Of Setup 3.3; it is supported where
X2 = 1 and equals one near D. It lies compactly inside Dy, and is distinct from
the source cutoff of the primary waves in Section 10. All measurement and output
supports lie in the common charts of validity.

Amplitudes. Let W; be the complete complex fields, with

dW; =% A;, 6= Sp(x,G)/7;.
After a fixed cutoff equal to one on every quadratic source, assume

[4jllos < Cs K

env’

Lpair = maX(Kenva T) S p}k_aa Kenv 2 27 o>0.
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For the final measures of Proposition 13.9, (13.33) proves this amplitude bound with
Keny = CLR on the full source support; along the iteration the coefficient bounds are
verified in Proposition 16.2.

For ambient derivative matrices we write
B(A,B) = {(A"B + B" A).
This is a symmetric bilinear form with values in symmetric matrices, and B(A, B) =
B(4, B).

14.3. Quadratic expansion and its correction. The correction below is linear in
the coefficients of the quadratic expansion. The Hermitian diagonal term is handled by
the correction of the mean.

Lemma 14.2 (The quadratic expansion). Let b > 0, u; > 0, dW; = €% A; with real
phases 0;, and set

M
P = b\/iz \/ILL_]RQ Wj, Hself - bQZﬂj Re(A;kAJ)
j=1 J

For ordered pairs (j, k) put
G = Re(c@HB(A; Ay), gy = Re(c@"B(4;, 4p)).
Then

(14.8) Qo := (AP)"dP — Hy = b? [Z VHHE G+ D /I qﬁc} :
g,k

7k
The first sum includes the doubled phases j = k. The omitted diagonal of the differ-
ences s the complete Hermitian tensor, including every Fourier modulation and every
correction contained in the fields W;.

Proof. Let D, E be complex N x n matrices. Since Re D = %(D + D) and B is bilinear,
4B(Re D,Re E) =B(D,E)+B(D,FE)+B(D,E) +B(D, E).

The first two terms are complex conjugate, and so are the last two. Hence

(14.9) 2B(Re D,Re E) = ReB(D, E) + ReB(D, F).

Moreover,
B(D,D) = (D"D+D"D) = }(D"D + D*D) = Re(D*D).

Now put D; = dW; = €% A;. Then dP = bv/2Y; /5 Re Dj, and since the double sum

is symmetric in (j, k),

(dP)"dP =2b°>" /i, (Re D;)" Re Dy, = 20> /1t B(Re Dj, Re Dy,).
Jk Jk

By (14.9) and the reality of the phases,
2B(Re D;, Re Dy,) = Re(e®*%)B(A;, Ay)) + Re(e~%B(A;, Ar)) = gy + ;5.



LOCAL ISOMETRIC EMBEDDINGS 89

For j = k the second term is ¢;; = B(A;, 4;) = Re(A}A;). Summing over j with the

weights bzuj gives exactly Hgqr, and subtracting it proves (14.8). O
With W; = Z, and ¥ = §,, the case M =1, b\/ji1 = 1 of the lemma is (14.1), since

B(A, A) = ATA.

Proposition 14.3 (Correction of all oscillatory quadratic terms). We work under the

assumptions of Setup 14.1 and assume }°;u; < C,. Let Np and Vp = Vg be the

reconstruction maps of Definition 10.2. Given finite s and @), choose one depth N =

N(s,Q) in the real operator Dpn, that is, the operator D,y of Theorem 9.5 for the
coefficients of Pr, with all its fized cutoffs. Let Qog be the exact tensor (14.8), put

q= XSchoffv h”L = _%QZ(F) - q, U= DF,Nh'7
and define the real field

(14.10) Siag = Vi(u) + 3 Npg.
Wlth WAL — (Z] \/,u_j)2 S MC/u
(1411) ||D/7Fslag + Qoff| Hs(D) S Cs,QbQWM(Ah)_Qy

(14.12) | Stag || zrrwy < Cr pEPWLNT (r >0).

For a fixed physical cutoff xouwt, equal to one near D and supported in the observation
chart, the same size bound holds for XouSag on R™.

The depth N may depend on s and ); the additional power of A in (14.12) and all
derivative shifts are fixed. All doubled phases and all signed terms of distinct samples
are included, and the complete Hermitian diagonal tensor is excluded. The number
of samples enters only through W, < MC,,, which follows from the Cauchy-Schwarz

inequality (2, \/7i;)* < M 3 ;.

Proof. Step 1 (One signed source). Fix an ordered pair (j, k) and a sign, and apply the
construction in the statement to the single source ¢ = Xsrcqﬁ in place of xgcQog. Denote

the resulting reduced and ambient fields by ufk and U ]ik Write the complex product
defining qﬁ as e?a, with p = pji as in Setup 14.1, pp = 6; &+ 6y, and a = B(4;, Ax) or
a = B(A;, Ax). The reduced source is

h;tkz = —%Qz’<F) : Xsrcqﬁ = Re(eipcpajk,i)a Ajki = —%Xsm Qz(F) s a,
because @Q;(F) and xg. are real. By the Leibniz rule, (14.5) and (14.7),
we <Gy Y TTUKZP < CLS

env pair»’

lagrllos + llagel

S1+s2+s3=s
where the H* bound follows from the C'* bound and the fixed compact support. Only
the total derivative order enters.

Step 2 (Fourier localization). By Setup 14.1(iii), the normalized phase satisfies |D"¢| <
C’TL;;& for r > 2, and dp takes values in a fixed compact set of regular covectors, in
particular ¢ < |dp| < C. Choose a fixed compact annular Fourier mask containing a
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neighborhood of this compact set and of its antipodal set, and let Il , be the corre-
sponding rescaled multiplier of Theorem 9.5. On the complement of the rescaled mask,
lpdp —&| > c(p + |£]). The general form of Proposition 7.6, applied with amplitude
constant A = 1 and scale L = Ly, gives for every m > 0 and every integer k > m+n/2

H([ B H07P)(€ip¢a’jk)||Hm < Cm7kpm+n/2(Lpair/p)k < Om7kpm+n/2—ak7

where the last step uses Lyair < p'~7. Choosing k > (m +n/2 + Q') /o gives the decay
p~Q for any requested Q’. Conjugation gives the same estimate for the term with the
opposite phase. Hence hﬁ satisfies the hypotheses (9.6)-(9.7) of Theorem 9.5 with H,
equal to a fixed constant. The scale condition (9.5) holds because 1 < T < Ly < p'™°,
and the sources are supported where yo, = 1. The chart source sets and complete
flowouts are those of Setup 14.1.

Step 8 (Approzimate solution and normal reconstruction). By (4.6), applied to the
tensor —g, the field U = Vi (u) + 1 Npq = dF v(F) " u+ Np(sym Vu + 3q) satisfies the
exact identity
(14.13) DypU +q = 22 Qi(F)(GY)u (Ppu — h);, h; = —%Ql(F) 1 q.

il
Theorem 9.5, with a depth N > s+ @', gives HPFujiC — hﬁ\ Ho(Uere) < Cnsop™ @
Multiplication by the coefficients in (14.13), whose C® norms are at most Cs7° < Cyp°,

costs at most a factor Csp® in H*(D). Taking @' = @ + s and using D C Ucere and
Xsre = 1 near D, we obtain

(14.14) I DYrUsy + ¢

One such depth works for the compact sets of regular covectors and the finite list of
charts; it is independent of the frequency pjy.

1:(0) < Cs0Pj-

Step 4 (The exact weighted sum). The operator Dg y, the frame and the cutoffs are the
same for all pairs. By linearity, Sig is the sum of the fields Uﬁ with the coefficients
of (14.8), and DypSiag + Qo s, on D, the same combination of the left-hand sides of
(14.14). The total absolute coefficient is

2

v [Zw/rjuk +3 ,/—ujuk} < op? (Z \/,Tj) = 2BPW), < PMC,.
Jk J#k J

Since pjr > cAh for every oscillatory term, (14.14) gives (14.11), with ¢=9 absorbed in

the constant.

Step 5 (Size bounds). Put 2 = b2WM. Each derivative of e'*¥ costs at most C(p+Lpair) <
C), and each derivative of aj; costs at most CLp,, < CA. The Leibniz rule and the
coefficient sum of Step 4 therefore give

Nl s + [Pl < CAN°.

For each signed source, (9.9) gives ||u]ik||Hr < Cynpj,- Since pj, < CA, the same

coefficient sum gives |ul|gr < C, yAN". The field Vr(u) contains u and one derivative
of u, multiplied by coefficients whose derivatives of order i are bounded by C;T% < C;\;
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the Leibniz rule gives ||[Vp(u)|lgrory < CrnyAXN Similarly |[Neg||lgrovy < CAN.
This proves (14.12); multiplication by the fixed cutoff y.. changes only the constants.
The operators are real and uniform on the fixed family of charts. OJ

14.4. The product correction for the sampled waves. We now apply Proposi-
tion 14.3 to the waves constructed in Proposition 13.9.

Proposition 14.4 (Product correction). Let Z, and p, be the waves and weights of
Proposition 15.9, and let P, Qo be given by (14.2) and (14.3). Assume that, for a fized
o >0 and a fixred amplitude constant C.,

(14.15) C.R < (\h)'™°.

Then, for every finite ¢ > 1, there is a real correction S, constructed at F from the

exact signed products in Qog, such that, after its fized physical cutoff equal to one near
D,

(1416) HD’)/FS + QOHHCO(D) < Cqsz()\h)iq,
(14.17) S| e < CLBEMN! (r >0).

The finite depth of the construction depends on q; the same field satisfies the size bound
at every r, with the same additional power of \.

The mechanism is the following. The correction solves the linearized equation along
the full characteristic segments of Proposition 5.9, using the complete amplitudes of the
corrected waves Z,, whose derivative scale is R > Ty. Each step of the finite Neumann
series in Theorem 9.5 gains a factor C,R/p, with ¢ > cAh, and the strict power in
(14.15) turns this into arbitrary finite decay.

Proof of Proposition 14.4. We apply Lemma 14.2 and Proposition 14.3 with the samples
j = v, the fields W, = Z,, the phases 6, = A\, ¢, = Sr(x,(,)/7,, and the amplitudes
A, = e %dZ,. Since 0, is real, (dZ,)*dZ, = A%A,, so the fields P, Hyyr and Qug of
(14.2)—(14.3) are those of Lemma 14.2. By (13.2), p, > 0 and >, p, < C =: C,,.

We verify the hypotheses of Setup 14.1. The coefficient bound (14.4) is (10.23) with
T =Ty = R'. The phases, groups and frequencies are those of the sampling in Propo-
sition 13.9; by Proposition 5.9(iii), every oscillatory term has frequency cA\h < o < CA,
and c\h > 2 for large R because a > /3. For the amplitudes, (13.33) gives ||Xpair Av|lcr <
C.R", where xpair €quals one on every quadratic source (Setup 3.3). Thus (14.7) holds
with Ko = CoR for any fixed Cy > 2. Since t < 1, we have Ty = R' < CyR, so
Lpair = max(Keny, Ty) = CoR. For every oscillatory term, (14.15) gives

pir® > (cAR)'™7 = "7(AR)'77 > ¢"7CLR > CoR = Ly,

provided the amplitude constant satisfies C, > ¢°~1Cj; this is how the constant C, in
(14.15) is understood. Hence all hypotheses of Setup 14.1 hold.

Apply Proposition 14.3 with s = [n/2| + 1 and @ = ¢, and put S = XoutSlg. Since
Xout = 1 near D and D~y is a first-order differential operator, DypS = DvpSiag on D.
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Since s > n/2 and D is a ball, the Sobolev embedding H*(D) C C°(D) and (14.11)
give

I1DyS + Qottl|lcopy < ClIDYrStag + Qo || 1120y < Cob®Wy(AR) ™1 < Cob* M (M),
which is (14.16). The bound (14.17) follows from the cut form of (14.12) and W, <

MC,. The depth N = N(s, q) depends only on ¢, so the constants C, may depend on
q. OJ

15. THE METRIC CORRECTION AT ONE STEP

In this section we combine the primary waves, the correction of the mean and the
correction of the products into one increment. The input is an immersion F with
derivative bounds (10.23), a metric defect of size % on D, a frequency R and an accuracy
Q. The output is a real increment U with exact Fourier support in {|¢| < CR*}, an
L? bound with a fixed loss, and new defect O(6R™? + §RP3) (Theorem 15.3). The
exponents b,, By, Bs and the support constant do not depend on @); this is what makes
the iteration of Sections 16-18 possible.

15.1. Smoothing the defect. The smoothing operator acts on the defect on D and
gives two separate bounds for the approximation error: one by the size of the defect,
and one by its derivatives.

Lemma 15.1. For each integer m > 1, let Sg,, be the real smoothing operator of
Lemma 6.1 for the ball Q) = D, with output supported in a fized compact subset of W.
Fix a smooth target tensor g on W. Suppose that T > 1, 0< 6§ <1, and

|dF|crowy < CTT, lg = Y(F)llcopy < 0%

Put e = g—~(F). For all sufficiently large R, the tensor egr = Sgm(€|p) is smooth and
satisfies, for every integer r > 0,

(15.1) lerller + llerllar < Crmd*R,
(15.2) le — erllcopy < Cmd?,
(15.3) lle — erllcopy < Con(T/R)™.

The constants depend on the constants C,. above and on finitely many seminorms of g.
If T < R" with 0 < t < 1, then for every finite Q the choice (1 —t)m > 2Q gives

(15.4) H@ — eRHCU(D) < CQ(SRiQ.
Proof. By (6.1) and ||e||co(py < 62,
lerller + llerllar < CrmR |lellcony < Crmd®R,

which is (15.1). Taking r = 0 and using the triangle inequality, |e — er|lcop) <
lellcopy + [lerllco < (1 + Com)d?, which is (15.2). For (15.3), the Leibniz rule applied
to Y(F) = (dF)TdF gives

1™y (F)llco) <, <i>||DldFHCo||Dm dF||co < CpT™,

=0
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and hence |le|cmipy < ||gllempy + CnT™ < CRT™, since T > 1. Now (6.2) gives
He — eRHC’O(D) <C,R~™1T™.

Finally, if 7' < RY, then the minimum of the two bounds (15.2) and (15.3) is at most
their geometric mean:

1/

le — erlloo) < (Cud” - CulT/RY™) " < CLu6 R0 < €, 6R€,

because (1 —t)m/2 > @Q and R > 1. O

In particular, since b*> = §2R?4, the normalized tensor eg/b? has C" and H" norms
at most C,.,,, R"~24. The factor § in (15.4) comes from combining the two bounds, not
from the high-order bound alone. The defect e may have either sign.

15.2. Two Fourier inequalities. We use two elementary consequences of the Fourier
inversion formula and the Cauchy—Schwarz inequality.

Lemma 15.2. Let mo = |n/2] + 2.

(i) For every f € H™(R™), || fllci@m) < C|l |l mmo- -
(i) (Bernstein inequality.) If f € L*(R"™) and supp f C {|¢] < A} with A > 1, then
for every integer r > 0

I fller@ny < CoA™ 2| f]| 2.

Proof. For a multi-index o, the inversion formula gives [0 f(z)| < [ |£]ll| f(€)] d€. For
(i) and |a| < 1, the Cauchy—Schwarz inequality bounds this by

1/2 R 1/2
([t@tmmag) " ( [iermeifrag) < Cllam,
since 2(mg — 1) = 2|n/2] + 2 > n. For (ii), with |a| <7,
(0% 0% 1/2 7 0% n
02 f ()| < ATIE] < AY T Fll = CARH2| ] o,
by the Plancherel identity || f]|2 = (27)"||f]|2. O

15.3. A single step. The preceding constructions give the following quantitative step.

Theorem 15.3 (Correction at one step). Fix the reference neighborhood, the domains,
and the correction operators constructed above. Let F be an immersion in this neigh-
borhood, and assume the hypotheses of Propositions 10.10, 153.9 and 14.4. Suppose that

g = Y(F)|lcomy < 6%, To = R,

with 0 <t <1 and 0 <6 <1, and that (10.23) and (14.15) hold. Put mo = |n/2| + 2
and

BOZ2A+1+€+6L, BngBo+2am0.
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For every finite Q and all sufficiently large R, there is one real global increment U = Ug
satisfying

(155)  |W(EF +U) = gllco) < Co(SR ™ +6°R™),

(15.6) |Ull1: < CoaR™,

(15.7) supp U C {|¢| < CR™}, b. =a(l+¢) < 3/2.
Consequently,

(15.8) [Ullor gy < CrgBRPH=r47/2),

The frequency exponents and the support constant C' in (15.7) are independent of Q.

The exponent By is the size at order zero of the quadratic correction: by (14.17),
(13.2) and b = 6 R4,

VPMN < C6?R** . R'¢. R* = C6*RPo.

The exponent By arises from the product of the C*' norms of the primary field and
of the quadratic correction, each estimated through Lemma 15.2(i) by §*RPoA™0 with
¢ =1,2; see Step 5 below. The first term in (15.5) comes from the finite depths of the
constructions and from Fourier tails; the second is the nonlinear interaction between
the primary field and the quadratic correction.

Proof. Step 1 (Choice of the finite accuracies). Fix ). Choose integers m, Qp, Qm, ¢
and k with

(1—t)m > 2Q, a@, > Q+ A+ Qm > Q + 2A,
(a—PB)g>Q+2A+1+c¢, aCk > @ + Bs.

These depend only on @) and the fixed exponents. We use m for the smoothing e =
Srm(elp), the depth @, in Proposition 10.10 (the wave families are chosen before
sampling), the accuracy @,, in Proposition 13.9, the accuracy ¢ in Proposition 14.4,
and k in Step 6. Then we choose the sample on the fixed input band, the measures
m,, and the field V' of Proposition 13.9, the primary field P of (14.2) and the field S
of Proposition 14.4. All these fields carry their fixed physical cutoffs, which equal one
near D. Put

(15.9)

Wo=0V+S5,  U=IP+W),
where IT is the Fourier multiplier with symbol o(£/A17¢), and 7 is a fixed smooth
real even function equal to one for [{| < Cy and to zero for || > (5. Note that
A+ = Re(+0 — Rb+ Since the symbol is real and even, II maps real fields to real
fields. Finally R is taken large enough for all propositions at these accuracies.

Step 2 (The exact identity). Put Y = P+ W,. Since the physical cutoffs equal one near
D and the metric involves only first derivatives, we may compute on D with the uncut
fields. By (4.1),

Y(F +Y) =~(F) + DypP + b>*DypV + DypS + (dY)aY,
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and

(dY)'dY = (dP)"dP + 2sym((dP)"dWy) + (dWa)"dWy.
By (14.3), (dP)YdP = Hg + Qoft, and by (13.31),
b* Bunean = 0°DypV + Her — g
Substituting these identities and v(F') — g = —e, we obtain on D the exact identity
Y(F+P+W,y)—g=(eg —e) + DypP + b*Epean
(15.10) + (DS + Qo) + 2sym ((dP)"dWy) + (dW2)" dWa.
Step 3 (The linear terms). We bound the first four terms of (15.10) by CodR~%. The
first is bounded by Lemma 15.1, applied with 7' = Ty = R'; its hypothesis ||dF||crwy) <

C, 1§ follows from (10.23), since (r + 1 — )4 < r for r, > 1.
For the second term, (13.2) and the Cauchy—Schwarz inequality give

1/2
S < (MY ) < ORI

Since Dvyp is real, DypP = bv/2 Y, /ity Re(DyrZ,). The measure bound ||m,, ||ty < C
of Proposition 13.9 and (10.27) with depth @, (recall D C Dy, and A = R?) give

(15.11) || DypPllcopy < Cod RATATI2N=Qr = 0o RATIFI/270Q0 < 0§ R™9,

by the choice of @, in (15.9).
For the third term, Proposition 13.9 at accuracy @, gives
b2||Emean||CO(D) S OQ52R2A_Qm S CQ(SR_Qa

since 02 < § and Q,, > Q + 2A.
For the fourth term, Proposition 14.4 at accuracy ¢, together with M < CR'*¢ and
Ah = R*P_ gives

|1 DYrS + Qot||co(py < Cod* R** R R~ A1 < CuoR™9,
since (a — )¢ > Q +2A+ 1 +e.
Step 4 (Sobolev bounds for P and W5 ). We show that
(15.12) | P < CLRPONT, |Wol|gr < CL62RPON™.

For P, put 2z, = Xeore€ % Z,. By (10.26), with an amplitude scale K < A7 < )\
we have ||z, ||cr < C,ATTK” < C.A™L Since ||do,||or < C.T5 and Ty < A, every term
in the expansion of a derivative of order j of e**¥” is a product of factors \, D¢, with
total order j, each bounded by CAT¢™! < CA'. Hence ||XcoreZy|lor < CoA™™1. The
physical cutoff of P is supported in Dj,e, where xcore = 1 by (3.2). Using the weight
sum of Step 3 and the fixed support,

|Plli- < Cob S i N4 < CL AR\ < CLoRPONT
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For Wy, (13.34) and R < X give V||V || gr < C.0?R2AR™ < C,.82RPo)" | and (14.17) gives
S| < CLOERPARTNT! = €, §2R*MATITera)r — ¢ §2RPo)T,
In all cases each derivative costs at most a factor A = R“.
Step 5 (The quadratic terms). By Lemma 15.2(i) and (15.12) with r = my,
| P||cr < CSRBoFamo, |[Wa||en < C§2RBoFamo,
Therefore, using 6 < 1,

HQ sym((dP)TdWQ)‘

Co(D) + ||(dW2)TdW2|ICO(D) < 0(53 + 54) R230+2am0 < CQ(S3RB3,

Together with Step 3, the identity (15.10) gives

(15.13) IV(F + P+ W) = gllcopy < Co(6R™ + 6°RP3).

Step 6 (The Fourier truncation). Since 1 — mo(&/AC) vanishes for [£] < CIAMS, we
have (£)™0 < (CYAMO)7F(€)moFF on its support. By Lemma 15.2(i), (15.12) and § < 1,

I(I = T)(P + Wa)lr < CI(I = T)(P + Wa)|[mmo < CRA™TFOR| P Wi g
< Ck(SRBO)\mﬂigk.

Thus Eew = U — (P + Wy) = —(I — II)(P + W) is small in C', with a factor §. Put
G =F + P+ W, By (4.1),

Y(F +U) =v(G) = DygEeus + (dBew) dEes,  DygE = (dG)"dE + (dE)TdG.
By Step 5’ HG”Cl(D) < C + C'§ RBo+amo < CQRBo-i-amo_ Hence

||’7(F + U) - /Y(G)HC’O(D) S OQRBO+amO X 6RB0+amo—aCk + OQ52R2B0+2am0—2aCk
< CoéRP3~k < CodR™€,
since aCk > @) + B3. Combined with (15.13), this proves (15.5).

Step 7 (The L?, band and C™ bounds). The multiplier IT has norm at most sup |my| = 1 on
L? (we take 0 < my < 1), so (15.12) at r = 0 gives ||U||2 < || P]|2 +||Wal|re < CodRP0,
which is (15.6). The symbol of I vanishes for [£] > CoA'T¢ = Cy R which gives (15.7);
and b, < 3/2 by (17.1). Lemma 15.2(ii) with A = Cy,R" gives

HUHCr(Rn) < CTRI’*(T"‘”/Q)HUHLQ < CT7Q5RBO—H)*(T+H/2),

which is (15.8). The field U is real because P, V and S are real and II preserves real
fields. O
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16. UNIFORM ESTIMATES ALONG THE ITERATION

The exact Fourier support of the increments gives the high-order bounds on the it-
erates which are required in the hypotheses of Theorem 15.3. We prove these bounds
(Lemma 16.1), transfer them to the coefficients of all constructions (Proposition 16.2),
and conclude that the single-step theorem applies at every iterate with uniform con-
stants (Proposition 16.3). The parameters are fixed in Section 17, and the iteration is
carried out in Section 18.

Lemma 16.1 (Estimates for sums of Fourier-localized increments). Fir an integer
r. > 1 and numbers 1 < b, < v < 3/2, and put t = b,/v. For Ry > 2 set R; = RY .
Suppose that real global increments U; satisfy, with integers k; > ko,

. —kj+Bo+1
(16.1) suppU; € {[€| < CRy}, IIUjllee < BT

Put Fj = Fii+X,<; U on W, Ty = RS and by = Bo+b.(r.+n/2). If p = ko—b;—1 >0,
then

(16.2) IEllorowy < CT T (r > 0),
and
(163) Z ||Uj||cr*(Rn) — 0 as RO — OQ.

J
Both assertions are uniform for a compact smooth family of initial maps Fip; .

Proof. By the Bernstein inequality, Lemma 15.2(ii), with A = CR}*, and by (16.1),
(16.4) Uil oo gy < CRE= T2 gkt Bott — o pobottitd,

The constant C' depends only on n, 7, and the support constant. Since k; > ko, the
exponent is at most —u, so ||Us]|cr. < CRy™". Bernoulli’s inequality v’ > 1+ i(v — 1)
and Ry > 1 give Rg" < Rg" (Ra“(v_l))i, and hence

CRy"
(16.5) > MUiller@n < ——— -
i>0 1 — R,
The right-hand side tends to zero as Ry — oo, which proves (16.3).
For r < r,, (16.5) gives ||Fj||lcrw) < ||Finit|lcrwy + C, uniformly in j. Let r > r,,
and put ¥; = >, U;. For i < j we have R < R?*_l = Rg*/v = T}, so supp \le -
{l¢] < CT}}. Fix x € C(R") equal to one on {|{| < C}, put

k(@) = @m)7" [ (€ g, ) = TPR(Tya).

With the normalization of Notation 3.1 the convolution theorem reads m = (27r)”f§,

and (&) = (2m)"x(¢/T}); hence /{ﬂj = X(/TJ)\TIJ = \ffj, that is, ¥; = k; * V;.
For |a| = r write a = 3+~ with |B] = r.; then 0°V; = (7k;) x 9°¥; and ||k, =
T7 " [|0"k| 1. Young’s inequality gives

1070l e < T

Vllore < CT77™.
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Since Finy, is smooth on W and T; > 1, also | Finit||crowy < Cr < C,T;~". This proves
(16.2). The initial map is used only on W, and all constants depend on finitely many
seminorms of Fi.;;, which gives the uniformity. O

The derivative bounds (16.2) for the iterates imply the coefficient bounds used in
Sections 9-14, uniformly along such sequences.

Proposition 16.2 (Coefficient estimates along the iteration). Choose a fized order 7y
above the orders used in the constructions and the source order sy, and choose r, above
ro by the fized shifts of the coefficients and of the reconstruction. For the sequences
of Lemma 16.1, the reduced coefficients a(F;) on W and the positive initial amplitudes
satisfy

(16.6) la(F))llerary + 3 7y aller, < CTV 70

Consequently the estimates for phases, symbols and waves apply with L = T;, and
these derivative bounds give the bounds for the source and for the coefficients used
in Proposition 13.7 for all fixed-parameter operators. The shifts are fixed before the
accuracy; the finite number of correction steps for the waves and the number of iteration
steps enter only the constants and the thresholds.

Proof. The inverse metric gp', the normal map Ny and the projected frame Q; =
[k, QY are smooth functions of the second jet of F on a set where the rank and Gram
gaps are bounded below. By Lemma 6.2, such functions transfer the derivative bounds
(16.2) of Fj, with a fixed shift of the index. The same holds for the positive initial
amplitudes by (12.13). This proves (16.6). The kernel estimates of Setup 9.4 and
Corollary 10.8 then give the conclusions for the phases and for the corrected waves
with initial data dy. No regularity with respect to the sample index is required. 0

Proposition 16.3 (Uniformity of the correction estimates). Choose r, larger than the
fixed derivative orders of Propositions 10.10, 13.9 and 14.4, including the source order
of Proposition 13.9. Consider a sequence satisfying the hypotheses of Lemma 16.1 whose
total displacement stays in the corresponding C™ neighborhood. Then these propositions
apply successively at F;, with Ty = T} and the scales of Section 17. At each fived
accuracy their constants are uniform over all such sequences. The same r, works for
EVery accuracy.

Proof. Equation (16.2) is (10.23) with Ty = T}, and (16.3) keeps F} in the fixed C"
neighborhood. This neighborhood preserves the low-order conditions (L) of Setup 5.3
and all lower bounds, and, since r, > M,, + 11, also the high-order bound (H), by
Remark 5.6. Proposition 16.2 transfers (16.2) to the coefficient bounds used by the
three propositions. These constants depend only on the constants in (16.2), which are
uniform by Lemma 16.1. U

Since t < 1, the coefficient scale T; = R; lies below the input frequency bound

Koo = R;f of the mean and below the smallest product frequency cAh. The next
section verifies both strict gaps.
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17. CHOICE OF PARAMETERS

The estimates require only an open set of exponents. The following choice verifies all
of them, before the accuracy or the target dilation is chosen.

Proposition 17.1 (Compatible scales). Choose

1

(17.1) O<e<sg, B= ;6, l<sy<l+4e 1+pf<a<b.<v<3.
Set

2 b, b
17.2 —<t=—x<1 =——-1>0
( ) 3 v 9 < a )
and
(17.3) mo = [n/2] + 2, So = 2my, A=my+ 3.
UeA=R* h=R? Ky.n= R and
(17.4) T, = R".

There are fized o,vy > 0 such that the conditions (10.25) of Proposition 10.10, (14.15)
of Proposition 14.4, and the conditions of Proposition 15.9 hold for all large R. The
fixed derivative orders are chosen before the accuracy and the target dilation.

Proof. Step 1 (The ordering). Since € < 1/8, we have § = (1+¢€)/3 < (9/8)/3 = 3/8, so
1+6 < 11/8 < 3/2 and the interval (143, 3/2) is nonempty; hence a, b,, v can be chosen.
Next, € < [ is equivalent to 3e < 1+ ¢, that is e < 1/2; thus sy < 1+e <1+ <a.
Since b, > a > 1 and v < 3/2, we get t = b,/v > 2/3, and t < 1 because b, < v; also
¢ > 0 because b, > a, and b, = a(1 + (). Altogether

2/3<t<l<sf<a<b,<v<3/2 a—p>1.

Step 2 (The strict gaps). Since a — > 1 and sy < a, we may choose 0,15 > 0 so
small that (1 —o)(a — 8) > 1 and s; < (1 — p)a. Then (k)77 = RI-9)@=A) and
Avo = RO=0)e are strictly larger powers of R than R and K., = R°/, respectively,
so every fixed constant is absorbed for large R:

(17.5) C.R < (Mh)'7°, CKmax < A7,

The first inequality is (14.15): the amplitude scale R of the mean lies below the product
frequencies. The second puts the input frequency bound below the wave frequency, as
required in (10.25) with A = CKyax and K = C, K pay; there also Cep Ty < K because
t <1< sy. Moreover cAh = cR*™ > 2 for large R.

Step 8 (The exponents of the mean). At the fixed input band the concentration exponent
is

(17.6) w=(1+e—s5)/4>0,

which is positive because sy < 14 €. The phase error is smaller: by Step 1,

1-2 1—-1/4 1
a—s> (148 (g =g-c= 251
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while w < €/4 < 1/32 because sy > 1. Hence w < a — sy. The source order satisfies
So = 2my 22(”7_1%—2) =n+3>n, and

2A—30:2m0—|—1—2m0:1>6.

By the remark after Lemma 15.1, the normalized target satisfies ||er/b?||gs0 <
CR»24 = (CR' < CR?, and the background error of the sampling is
O(h) = O(R™). Thus the background and the target together have size O(R~") in
the fixed Sobolev norm H?®°. The normal error and the quadratic estimate give a
small L? factor for successive differences of the iteration in Proposition 13.9; the tail
of the initial-frequency cutoff is controlled by the same derivative bounds at higher
orders. The amplitude scale R and the coefficient scale Ty lie below the fixed input
band K. = R°f, because t < 1 < sy; this permits arbitrary finite precision for this
sample. O

17.1. The accuracy as a function of the defect. We fix r, after these derivative
orders and after all geometric and analytic shifts. With by = By + b.(r. +n/2), choose
an integer k,;, such that

(17.7) (3 = 20)kmin > Bs +2v + 4,
(17.8) Fomin > by + 2.

These are two lower bounds for k;,, and they are compatible because 3 — 2v > 0, by
v < 3/2. We take the accuracy

(17.9) Qk) = 2k.

At defect size § = R, both terms in (15.5) are bounded by Cy, R—3k+5s:
5R—Q(k:) — R—Sk < R_3k+BS, 53RB3 — R_3k+B3.

For k > ki and R > 1, (17.7) gives

(1710) R73k+33 — R72v(k+1) R7(372v)k+33+2v < R*QU(kJrl) R74.

The strict gaps proved above permit all the internal accuracy choices of Theorem 15.3
without changing the domains, the derivative orders or the frequency exponents.

18. INITIALIZATION AND CONVERGENCE

18.1. A fixed reference and a small target. The iteration accepts metric defects
of either sign. We therefore initialize it by dilating the target metric toward the metric
of the flat reference.

Proposition 18.1 (Fixed reference initialization). Choose coordinates centered at p
with g(0) = I, and let Fy be the analytic flat reference of Section 4. There is a fizved
p > 0 such that the maps

(18.1) Gret(y) = p [Folpy) — Fo(0)],  ¢“(y) = g(spy)
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are defined on the fized chart W, and Gyes has uniform rank and normal-rank bounds
there. For 0 < s < s, and every fized r,

(18.2) 19 = ¥ (Grer)llcrwy < Chps.

The reference and its geometric bounds are independent of s. The same reference admits
the positive transported background and the inverse of the continuous normal operator
used in Section 12, on a fized smaller core containing the ball D and the support of the
output of the mean.

Proof. By Corollary 4.8, for every sufficiently small p > 0 the map G\t = G, lies in the
prescribed finite-order neighborhood of the constant frame, satisfies v(Ghet) = I, and
its least normal singular value is at least cp.

Since ¢ is smooth near 0 and W is bounded, ¢® is defined on W for 0 < s < s,
if s, is small. For a multi-index a with || > 1, 929" (y) = (sp)l*/(9°g)(spy), so
109991 < (sp)l*l]|gllcrar < Chps for s < s, < 1. For aw = 0, the fundamental theorem of
calculus and ¢(0) = I give [¢¥)(y) — I| < sply|||dgl|co < Cps on W. Since 7(Grer) = I,
this proves (18.2), uniformly at every fixed order.

For the background, Proposition 12.6 gives bounds and a coercivity gap which are
uniform for the normalized family G, as ¢ — 0, with fixed cutoffs chosen before p.
Proposition 12.7 constructs the density change v,, of size O(c) at every fixed order by
(12.14); for small o we have 1+ v, > 1/2, so the initial amplitude /1 + v, is positive
and the corresponding normal operator is coercive with a bounded inverse. Reducing
p = o once gives both properties for G¢ and for a fixed C™ neighborhood of it. We
also take p < oy, so that the constant Cy; of Remark 5.6 applies to the C™ ball of
radius p around G, by the normalized neighborhood (5.11) with ¢ = p. The later
target parameter s does not enter these choices. 0

After all geometric, analytic and frequency constants have been fixed, the parameter
s > 0 can therefore make the initial defect smaller than any prescribed threshold.

18.2. The order of choices. All constants of the proof are chosen in the following
order; each item depends only on the preceding ones.

(i) The dimension n > 5, the model, the characteristic patches, the cover of the
sphere, the radial factors and the groups of patches (Proposition 5.1, Defini-
tion 5.7).

(ii) The low-order data (L) of Setup 5.3, the constant Cy; of (H) (Remark 5.6), the
phase boxes (Proposition 5.5), the charts and parametrices on regular patches
(Theorems 8.1 and 9.3), the solution operators of the waves (Setup 10.6), the
measurement region and cutoffs (Proposition 12.5), and the domains D € --- €
W of Setup 3.3.

(iii) The dilation parameter p of the reference (Proposition 18.1).

(iv) The exponents of Proposition 17.1, and myg, so, A, By, Bs.

(v) The order r,: it is at least M,, + 11 and exceeds all fixed derivative orders and
losses of the constructions (Reny + Bat, So + Bean, 7o and the shifts of Proposi-
tion 16.2, kg, and the orders of Section 12). None of these depends on r,.
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(vi) The radius e, < p of a C™ (W) ball around Gy on which (L), (H) and all
geometric and analytic gaps hold.

(vii) The integer ki, of (17.7)-(17.8); it depends on r, through b;.

(viii) The threshold function $ below. Only here do the accuracies enter: at accuracy
@) = 2k they determine the smoothing order, the depths of the Neumann series
for the waves and for the products, the number of Picard steps, the constants Cyy,
and the threshold for R, and nothing else.

(ix) The initial frequency Ry > $)(Kkmin) and the schedule (R;, k;).
(x) The target dilation s.

Within one step of the iteration, at ' = M;, the accuracy ); = 2k; first fixes the finite

depths; then the wave families are formed, a realization of the sample is chosen in the

event of Theorem 11.4, and the Picard iteration and the corrections are computed. The
domains, r,, the Fourier supports and the exponents are the same at every step, so that

all iterates are defined on the fixed chart W and the equation is imposed on the fixed
ball D.

18.3. Admissible sequences and thresholds. The target family ¢, 0 < s < s,,
has uniformly bounded seminorms of every fixed order. Let e, < p be as in item (vi)
above, and fix 7, kni, and the exponents of Section 17. Every map in the C" (W) ball
of radius e, around G, satisfies (H), by Remark 5.6, since r, > M,, + 11 and ¢, < p,
so that (5.11) holds with o = p.

We call a finite sequence of real increments Uy, . .., U;_1 admissible if it satisfies (16.1)
with R; = RSZ and integers k; > kmin. By (17.8), it = Kuin — by — 1 > 1, so Lemma 16.1
applies to the maps M; = Grer + 3-,; Us, with constants independent of the sequence.

We now choose a finite nondecreasing threshold function k& — $(k), defined for
integers k > ki, and independent of s.

(i) First, $(kmw) is chosen so large that Ry > $(kuyy,) implies To = Rf > 2 and
(18.3) STCOR; et <o )2,

i>0
where C' is the constant of (16.4); this is possible by (16.5). Then, for every
admissible sequence, ||M; — Gret||cr(w) < €4/2, so all maps M; lie in the chosen
C™ neighborhood. Proposition 16.3, Proposition 17.1 and Lemma 15.1 then give
all hypotheses of Theorem 15.3 at F' = M;, R = R;, T; = R;, uniformly for
admissible sequences and for the compact target family.

(ii) For each k > kuyin, Theorem 15.3 at accuracy () = 2k involves finitely many
constants, uniform in the sense of (i). Let Cy; denote the largest of the constants
in (15.5) and (15.6). We enlarge $(k) so that R > $(k) implies that R exceeds
the threshold for "sufficiently large R" in Theorem 15.3 at accuracy 2k, and

Cor < R, 20y < R
Finally we replace $(k) by maxy,, <<k H(K’), which makes it nondecreasing.
Lemma 18.2 (One step of the iteration). Let Uy, ...,U;_; be admissible, let kj > ki

and R; > $(k;), and suppose that ||g'*) —~(M;)]|co(p) < Rj_%j. Let U; be the increment
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of Theorem 15.3 at F = M;, R = R;, § = R and Q = 2k;. Then Uy,...,U; is

J
admissible, and
(18.4) |v(M; +U;) — g(S)HCO(D) < 20y, R;Bkj+B3 < R;Qv(ijrl)'

Proof. By the choice of $), Theorem 15.3 applies. Its band condition (15.7) is the
first condition in (16.1), with a support constant independent of @), and (15.6) gives
U]z < C'2ijj_kj+B° < Rj_kj P gince Cor; < R;. Thus the extended sequence is
admissible. By (15.5) and the computation after (17.9), the defect of M; + U; is at
most 2Cgij;3kj+BS. By (17.10), which uses (17.7), and by 2C5;, < R;*, this is at most

R'—2u(kj+1)‘ 0

J

18.4. One schedule and one target dilation. Choose Ry > (ki) Set ko = kmin
and define recursively

(18.5) Kjvr = K+ LR, >0+ 1)
Thus the accuracy index increases by one exactly when the next scale reaches the
threshold of the next index. We claim that

Rj > ﬁ(k']) for all j, kj-i—l < k’j + 1, k’j — OQ.
The first assertion holds for j = 0. If k;11 = k; + 1, then R > 9(k; + 1) = (k1)
by (18.5); if kj+1 = kj, then Rj1 > R; > 9(k;) = $H(kj+1). The second assertion is
clear. For the third, the sequence k; is nondecreasing. If it were bounded, it would be
equal to some K for all j > jy. Since R; — oo and (K + 1) is finite, there is j > jo
with R;+1 > H(K + 1), and then k;4; = K + 1, a contradiction.

Put §; = Rj_kj and (); = 2k;. The schedule (R;, k;) is determined by Ry and $) alone.
Now choose a single s € (0, s,] with

(18.6) 19 — ¥(Gret) |l co(py < g,
which is possible by (18.2) with r = 0, for instance s = min(s,, d5/Cjy,). This choice is

made after all thresholds; since $ is independent of s, it does not affect them.

18.5. Convergence. Let M, = G, and, inductively, let U; be the increment of
Lemma 18.2 at M;, and M,y = M; + U;. We prove by induction that Uy, ...,U;_; is
admissible and

(18.7) 19 =~ (M) eony < 0.
For j = 0 this is (18.6). If it holds for j, then Lemma 18.2 applies, because R; > $(k;)
and (5]2. = Rj_%j. It shows that Uy,...,U; is admissible, and, since R = Rj,1, kj11 <

k'j + 1 and Rj+1 > 1,
s —2v(k;j+1 —2(k;+1 —2k;

Thus the construction continues on D for all j.
For every fixed r, the Bernstein inequality, Lemma 15.2(ii), and (16.1) give

(18.8) 1U;ller @y < Cer—kj-‘rBo-i—l—i-b*(T-I—n/Q).
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Here C, is the Fourier constant, independent of ();, because the constants of Theo-
rem 15.3 have been absorbed by R;. Since k; — oo, there is j, with k; > By+2+0b.(r+
n/2) for j > j,, and then ||Uj|cr < C,R;' = C,Ry", which is summable. The series
Gret + 2°; U; therefore converges in C™(W) for every r, to one smooth map M., on W.
Since M; — My, in C'(D), we have y(M;) — (M) uniformly on D, and (18.7) with
9; < Rj_l — 0 gives (M) = ¢ on D.

Proof of Theorem 1.1. In the coordinates of Proposition 18.1, p = 0. Let U = sp int D
and define

F(z) = sp My (x/(sp)), zeU.
Then dF(x) = dMy(x/(sp)), so

V(F)(x) = ¥(Mao) (/(sp)) = ¢ (w/(sp)) = g(x),

which is (1.1) on U, and F is smooth. Since (dF)'dF = g is positive definite, dF(z)
is injective, so rank dF'(0) = n. Choose n of the N = n(n + 1)/2 ambient coordinates
whose n x n minor of dF(0) is invertible, and let 7 be the projection onto them. By the
inverse function theorem, wo F' is a diffeomorphism from a smaller neighborhood U’ C U
of 0 onto an open set 2. On U’ the map F' is injective, and F'(U’) = {(z,¢(z)) : z € Q}
is the graph of the smooth map ¢ given by the other N —n components of Fo(moF)™!,
in the corresponding ordering of the coordinates. The inverse of F' : U — F(U’) is
(m o F)~! o7, which is continuous. Hence F|y is a smooth embedding into R7"+1)/2
satisfying (1.1). This single restriction does not depend on any derivative order, and
the same map F' is the C" limit, for every r, of the rescaled iterates. |
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