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Abstract

We construct a smooth Kéhler metric in the Fubini-Study class of CP'? whose Calabi flow
develops unbounded scalar curvature in finite time. This disproves Chen’s smooth long-time
existence conjecture, even in a class containing a constant-scalar-curvature metric.

1 Introduction

Let wg be a smooth Kahler form on a compact complex manifold M. We use the scalar-curvature
convention S(w) = tr,, Ric(w). The Calabi flow is

w(t) = wo + i09¢(t) > 0, #(0) =0, O = S(w(t)) — S, (1.1)

where S is the average scalar curvature, determined by the Kéhler class. Calabi introduced this flow
to seek canonical metrics within a Kéhler class [4]. Chen’s smooth long-time existence conjecture
asserts that the flow exists for all positive times from arbitrary smooth Kéhler initial data; see [12,
Conjecture 1.1]. We give a counterexample on projective space. Write wpg for the Fubini-Study
form whose potential on the standard affine chart is log(1 + |Z|?).

Theorem 1.1. There is a smooth U(10)-invariant Kihler form wy on CP, in the class [wrs],
whose mazimal smooth Calabi flow has existence interval [0,Ty) with 0 < Ty, < co. There are a
point p € CP° and a constant a > 0 such that

Sw(®)(p) ~a(Te =)~ ast 1T

The Fubini-Study metric has constant scalar curvature. Thus the example also answers
negatively the smooth global-existence question for classes containing a constant-scalar-curvature
Kéhler metric, emphasized by Chen and Cheng [6, p. 912, following Conjecture 1.3]. In particular,
no assertion of smooth global existence and subsequent smooth convergence modulo holomorphic
automorphisms can hold for arbitrary smooth initial metrics in such a class: the obstruction
already occurs at a finite time.

The same singularity persists on products with a stationary factor.

Corollary 1.2 (Products with stationary factors). Let w(t), Tk, p, and a be as in Theorem 1.1,
and let (Y,n) be a compact connected Kihler manifold with n of constant scalar curvature. With wx
and wy the projections from CP' x Y, the mazimal smooth Calabi flow from Qy = Txwo + Ty 18

Q) =mxw) +myn,  0<t<T.



For every y € Y, S(Qt)(p,y) ~ a(Ty —t)"Y2. In particular, finite-time smooth Calabi-flow
singularities occur in every complex dimension n > 10, on CP'® x CP" 10, in a class containing a
Kdhler—Finstein metric.

The corollary is proved after Theorem 1.1 in Section 6.

1.1 Background and significance

On compact Riemann surfaces, Chrusciel proved global forward existence and convergence to
a constant-curvature metric [8, Theorem 2.1]. Chen gave a different proof using decreasing
functionals and concentration compactness [5], and Struwe developed a unified treatment of Calabi
and normalized Ricci flows on closed surfaces [21]. In higher dimensions, Chen and He proved
local existence and uniqueness and established stability near a constant-scalar-curvature metric [7,
Theorems 1.2 and 3.2]. He and Zeng developed short-time theory for rougher initial metrics [12].
These higher-dimensional results concern either short times or restricted initial data.

Curvature estimates give continuation criteria for the smooth flow. Chen and He proved
extension under a uniform Ricci-curvature bound [7, Corollary 5.3], and Chen and Cheng established
extension under a uniform scalar-curvature bound [6, Theorem 1.8]. Li, Zhang and Zheng state
that a uniform spatial LP scalar-curvature bound, measured with respect to the evolving metric,
suffices when p > dim¢ M [18, Theorem 1.2]; Li and Zhang state a further criterion involving
spacetime scalar and scalar-Laplacian integrability [17, Theorem 1.1].

On a compact almost homogeneous manifold with two hypersurface ends, Guan proved
exponential smooth convergence of the modified Calabi flow for initial metrics invariant under a
maximal compact subgroup of the automorphism group [10, Theorem A]. The two special orbits
of the action used here are instead a point and the hyperplane at infinity. The point has complex
codimension ten, so the two-hypersurface hypothesis fails.

Streets constructed global weak Calabi flows by minimizing movements [20]. Berman, Darvas
and Lu identify these flows with trajectories in a space of finite-energy Kéhler potentials and
show that, when the class contains a constant-scalar-curvature metric, every weak trajectory
converges to a smooth constant-scalar-curvature potential in the d; distance, the extension of the
L' path-length distance on smooth Kéhler potentials [2, Section 6 and Theorem 1.11]. The weak
and classical flows agree for as long as the latter exists smoothly [2, Proposition 6.1]. Neither this
weak continuation nor the large-time d; convergence implies smooth continuation through every
finite time.

1.2 Structure of the construction

The construction first reduces the flow to a scalar equation, then builds an exact shrinking solution
of its flat limit, and finally corrects that solution on the compact manifold. The geometric
starting point is the radial ansatz of Calabi [3] and the momentum formulation of Hwang and
Singer [15]. Abreu’s toric scalar-curvature formula [1] is expressed in Guillemin’s symplectic-
potential framework [11]. For a radial potential ®(¢), where ¢ = log|Z|?, set * = ®'(¢) and
v=>®"(¢). We use x € (0,1) as the momentum coordinate and write

v=a(l-2)+2*1-)H.

Smoothness and positivity at both special orbits are encoded by H € C*°[0,1] and 1+x(1—z)H > 0.
Section 2 derives the scalar fourth-order equation for H, including the affine choice in the Legendre
potential needed to recover the Calabi flow with its prescribed normalization. It also realizes the



fixed spatial operator on an auxiliary sphere, where the endpoint conditions become ordinary
smooth invariance.
The singularity is detected by one value of H. At the fixed affine origin p, the scalar-curvature
identity is
S(t,p) =110(1 — H(t,0)).

We construct a smooth positive profile G, bounded above and away from zero, with G(0) = 1 and
G'(0) < 0, and set

F(t,z) = p~'h(z/p),  hly) = G(y;_l p=+—t, t<O.

Then F(t,0) = p~tG’(0). Our task is to find an exact compact solution H = F + V for which
positivity persists and
V(t,0) = O(p~119) for some § > 0.

The correction is therefore smaller than the leading term at the origin, preserving the desired
scalar-curvature divergence. A smooth interior time slice of this solution will be the initial metric;
no initial metric needs to be fixed before the construction.

Section 3 constructs G so that F' solves the scale-invariant flat equation exactly. The profile
is obtained by matching a two-parameter analytic solution at the origin to a half-line solution
approaching a positive constant. A finite exact-arithmetic calculation, with analytic enclosure and
nonlinear error bounds, certifies the matching inequalities. This uses the framework of validated
Taylor integration surveyed in [19]. The finite argument and its complete executable certificate
appear in the appendices. The resulting profile also has a differentiable expansion at infinity; this
expansion controls the compact error away from the shrinking core.

The correction begins with a right inverse for the flat linearized equation. Section 4 introduces
the weighted norms and local estimates, and Section 5 constructs this inverse on all negative
times. In similarity variables its time-one evolution is a compact perturbation of a damped
constant-coefficient evolution. A spectral split determines finitely many components from future
forcing. This choice is available because the initial metric is still free; it requires no stability or
nondegeneracy theorem for the profile. The compact-perturbation and spectral-projection tools are
classical [16]. After selecting a spectral weight, an outer annulus estimate upgrades the temporal
supremum bound to the full spatially weighted parabolic Holder estimate. The decisive input
there is a scale-invariant L? bound that is integrable up to the singular time.

Section 6 combines this ancient inverse near the core with a short-time forward solution outside
it. The outer forcing cancels the inner cutoff commutator exactly; the remaining operator errors
are small. For the nonlinear correction one further needs the compact residual to become small
after applying the inverse. This holds in a norm controlling all four spatial derivatives and their
temporal Holder seminorms, with the time derivative omitted. The outer estimate uses a strictly
higher Hélder exponent for the source, and the fixed-point equation then supplies the missing time
derivative. Positivity and the pointwise correction bound above give the geometric hypotheses
needed to finish Theorem 1.1.

2 The geometric reduction and the finite-time obstruction

We use scalar curvature in the convention S(w) = tr,, Ric(w). Let w, be the Fubini-Study form
on CP" with affine potential log(1 + |Z|?). The geometric identities below hold for every n > 1;
the construction will use n = 10. The radial and momentum descriptions follow the framework of



Calabi [3] and Hwang—Singer [15]; the Legendre-coordinate viewpoint is also central to the toric
formulas of Guillemin and Abreu [11, 1]. We give the identities directly to fix the scalar convention
and to verify smoothness at the point orbit as well as at the divisor. Set

¢= 127  f=logg, w(@)=s(l-g), w(x)=a"", (2.1)
For a radial potential ®(¢), its momentum coordinate and momentum profile are
= d'(0), v(z) = ®" ().

The Legendre transform u(x) = 2¢ — ®(¢) satisfies v’ = £ and u” = 1/v. The reference transform is

" -1

ui(z) = xloga + (1 — z)log(l —z), ) =wv,".
Primes on functions of  will denote differentiation in x.

Proposition 2.1 (Exact fixed-class reduction). Let I be an open time interval, and let H €
C>®(I x [0,1]) satisfy
b(t,z) :=1+v.(x)H(t,x) > 0. (2.2)

Define
v = v, +v2H = v,b, K(H) =w Y wvlH)", AH = [w (wo?H)"]". (2.3)

At each time these data, together with an affine choice in the Legendre potential, determine a
smooth U(n)-invariant Kihler form in [wy]. Its scalar curvature and average scalar curvature are

S(t,z) =n(n+1) — K(H)(t,z), S=n(n+1). (2.4)

If, in addition,
Hy + (1 +v.H)>AH = 0, (2.5)

then for any to € I and any initial affine choice there is a smooth family of these forms satisfying
the Calabi flow exactly. More precisely, its global potential relative to w(ty) satisfies

$(to) =0,  w(t) =w(to) +i006(t), ¢ =S(w(t)) - S. (2.6)

Proof. We first verify smoothness and positivity at both endpoints. Suppress time for this part of

the argument. Since

1 1 H
- 2.7
v Uk 1+v.H’ (2.7)

we can choose ¢ € C*|0, 1] with second derivative equal to the right-hand side, and put u = u, + 1.
The two integration constants are precisely its free affine part. Write a = ¢’. The function v’ is
strictly increasing from —oo to 400, so it has a smooth inverse on the open interval. In terms of
q = exp £, the inverse relation is

qg= expa(x). (2.8)

1—2
At z = 0 its right-hand side vanishes and has derivative expa(0) > 0. The inverse therefore
extends smoothly to ¢ = 0, with

z(q) = exp(—a(0))q + O(¢*).



Here and below a smooth remainder is meant: for example the last error is ¢® times a smooth
function of ¢. Since d®/dg = x(q)/q, integration shows that the Legendre dual extends smoothly
as a function of ¢, with expansion

®(log q) = Co + exp(—a(0))q + O(¢?). (2.9)

Division by ¢ here preserves smoothness because z(0) = 0, as is also clear from z(q)/q = fol 2'(sq) ds.
Its complex Hessian at Z = 0 is exp(—a(0)) times the Euclidean Hermitian form, and is positive.
At the other endpoint set 7 = ¢~! and b; = 1 — 2. The same inverse relation becomes

by

n= g P (—all=b)),  biln) = expa(lin +O0r).

If ¥(n) = ®(log q) — log g, then ¥ (n) = bi(n)/n. Consequently
U(n) = Cy + expa(l)n + On?) (2.10)

is smooth at n = 0. This expansion gives smoothness on the projective manifold, not merely along
radial rays. Indeed, on the projective chart meeting the divisor at infinity given by

Wo=1/Z;,  Wi=2/Z; (i#]), B=1+3 W[,
]
we have ¢ = B/|Wy|2. After removing the pluriharmonic term — log |[Wp|? from @, a local potential
is

[Wol?

logB+\I/<B> . (2.11)

On Wy = 0 its tangential complex Hessian is the Fubini—Study metric of the divisor, its normal
coefficient is expa(1)/B > 0, and its mixed coefficients vanish. This proves positivity there; for
n = 1 only the normal coefficient is present. On 0 < x < 1, direct differentiation gives the
tangential and radial eigenvalues x/q and v/q, respectively, so positivity holds everywhere.

The difference ®(log|Z|?) — log(1 + |Z|?) is a globally smooth function. At the origin this
follows from (2.9); in the chart at infinity it equals ¥(n) — log(1 + n), which is smooth by (2.10).
Thus its complex Hessian is a global exact form and the Kéahler class is [w]. All inversions and
integrations above depend smoothly on time on compact subintervals of I, by the positive endpoint
derivatives and the inverse function theorem with parameters.

We next compute scalar curvature. The eigenvalues already found give

det(g;5) = ¢ "z o = ¢ "wo.
For any radial function f, the complex Laplacian is

n

Ayf = % + ; 1fg = w o (wfy), (2.12)

where Jp = vd, in the last expression. For f = —logdet g, this yields

(wo)’

B ~n(n—1)
fﬁ—n—Ta S=——"

e | "
. w™ - (wv)".

Substituting v = v, 4+ v2H gives (2.4). The expression K (H) is smooth at zero: wvlH =
2"t (1 —2)2H, whose second derivative is divisible by 2"~ as a smooth function. It is also smooth
at one.



For completeness, the average can be read directly from this formula. The radial volume
density is a constant multiple of w(z)dz: the Euclidean polar factor ¢"~'dgq, multiplied by the
determinant, becomes wv df = w dx. Moreover,

1 p—
/ K(H)wdz = [(wfo)']iié =0,
0 =
because wv2H vanishes to order at least two at both endpoints. This proves the asserted average,

including when n = 1.
Finally, fix ty € I, choose u(tp) as above, and define at fixed momentum coordinate

t
u(t,z) = u(to,x) + | K(H)(s,z)ds. (2.13)
to
Equation (2.5) implies
2
H,
8 (1/v) = —”22 L~ AH = 92K (H) = oy

Their initial values agree, so u” = 1/v for all time. In particular the preceding metric construction
applies throughout I. Differentiating the Legendre dual ®(¢,¢) = x(t, )¢ — u(t,x(t,¢)) at fixed £
cancels the terms containing x;, and gives

by =-—u=-KH)=85-85. (2.14)

The difference between ®(¢) and P () is globally smooth by the endpoint argument and therefore
supplies ¢ in (2.6).

This also specifies the affine part of u during evolution. Replacing a fixed u by u + ax + 3
changes its dual to ®(¢ — «) — 3, corresponding to the projective dilation Z — exp(—«/2)Z and a
potential constant. An arbitrary time-dependent choice of these terms would affect (2.14); the
prescription (2.13) fixes them and establishes that equation without an additional affine term. [

2.1 A regular auxiliary sphere and its flat limit

The endpoints of the momentum interval can be handled by a smooth equation on a closed auxiliary
manifold. Set

m=2n+4, T=8S"TPCR™"xRS 2=z (2.15)
We identify functions of z with O(m) x O(6)-invariant functions on X.

Lemma 2.2 (The compact and flat operators). This identification is a bijection between C'*°|0, 1]
and the smooth invariant functions on X. The pushforward of spherical volume under x is a
positive constant multiple of wv? dx. With the nonpositive Laplacian convention, put L = %Ag.
On invariant functions,

L=2(1-2)0>+(n+2—(n+52)0:, A= (-L+n+3)(—L+2(n+2)). (2.16)

The right-hand expression defines a smooth elliptic operator of order four on all of 3.
In the core coordinates (z,0) + (z,1/1—|2[20), with § € S°, its Laplacian on functions
independent of 0 is

As = A, — Z ZiZjazizj — (m + 5) Zzﬁzl (2.17)
=1

ij=1



The flat momentum operator obtained by replacing v, by x in (2.3) satisfies
~ 1
AH = [ @ HY")" = (202 + (n +2)0,)°H = EA]%WH, z=z>.  (218)

Proof. The only regularity issue in the identification occurs at the two singular orbits. Here is an
elementary smoothness argument. If f(r) is smooth and even near zero, then the operator

/
Tf(r)= fr) = /1 1" (sr)ds
r 0
defines another smooth even function. Thus, for g(z) = f(y/z), each derivative on = > 0 has the
form ¢\ (z) = 279(T7 f)(/z), and extends continuously to z = 0. Induction gives smoothness up
to zero of g and all its derivatives. The same argument holds with smooth parameters. Restricting
a smooth invariant function on X to (rey,v1 — 72 6p) gives such an even f, and invariance makes
its value depend only on = = r2. Interchanging the two factors proves smoothness in 1 — z at the
other endpoint. Conversely a smooth function of x is smooth in these coordinates at both orbits,

as well as on their complement.
Write |z| = sin, with 0 < < 7/2. The spherical metric and volume density are

d9? + sin? 9 ggm—-1 + cos? ¥ gg5, sin™ 1 9 cos® ¥ A dwp,—1 dws.
Changing to = = sin® 1 gives density proportional to
M(z)daz := 2™ 11 — 2)? dz = wo? da.

The radial Laplacian computed from this metric gives the displayed formula for L, equivalently
L= M"10,(v.M0,).

We verify the factorization by a polynomial argument that also checks the endpoint terms.
Both L and A preserve polynomial degree and are symmetric for the inner product with density
M. For A, twice integrating by parts gives

/1 a(Ab)M dz = /1 (Ma)T(Mb)” 4 (2.19)
0

0 w

There are no boundary terms: Ma and its first derivative vanish at each endpoint, and w=!(Mb)"

is smooth there. For L symmetry follows from its divergence expression, since v, M vanishes at
both ends. Orthogonalizing the monomials therefore gives common polynomial eigenfunctions. On
the polynomial of degree j, the leading coeflicients give respectively the eigenvalues

—j(j4+n+4), G+DG+2)G+n+2)(G+n+3).

Indeed a symmetric degree-preserving operator maps the degree-j orthogonal polynomial to a
multiple of itself, because its inner product with every lower-degree polynomial vanishes. Finally,

GG+n+4)+n+3)(G0+n+)+2m+2)=G+DG+n+3)G+2)(j+n+2).

This proves equality on every polynomial, hence equality of the differential expressions: at an
interior point polynomials realize arbitrary jets through order four. The sphere expression has
leading term A2E /16, proving the claimed ellipticity.



For (2.17), the inverse metric in the z coordinates is (d;; — 2;2;) and the volume density is
(1 — |z|*)? dzdws. Applying the divergence formula therefore gives

(1= 2) 720, (1 = [21*)% (055 — 2i2))0=,) = (6ij — 2i%)Dz,2, — (M + 5) 20z,

with repeated indices summed. This computation only requires independence of 6. Finally both
one-dimensional expressions for A in (2.18) expand to

22HW 1 2(n + 3)zH® + (n+ 2)(n + 3)H",

and the radial Euclidean identity %ARm =202 + 50, proves the last equality. O

2.2 The self-similar core

From now on set n = 10, so m = 24 and ¥ = $?°. In the flat model the equation for the coefficient
is
Fy+ (14 zF)?AF = 0. (2.20)

Let D = x0,. For the function g = 1 + xF, (2.18) gives
2 Az Y g—1)) =272P(D)(g—1), P(D)=(D-2)(D—-1)(D+9)(D+10).  (2.21)

Here P denotes a polynomial, as distinct from the evolution operator denoted by P later. One
can check (2.21) on g — 1 = 2J: both sides equal (j —2)(j — 1)(j + 9)(j + 10)27~2; equality of the
differential expressions follows as in Lemma 2.2. Consequently (2.20) is equivalent, for x > 0, to

gt = —g*x*P(D)(g — 1). (2.22)

Define the cubic polynomial operator Q(D) = (D — 1)(D + 9)(D + 10). Suppose that G is
smooth and positive on [0, 00), with G(0) = 1, and for some ¢ > 0 satisfies

2
Qa6 -1="%(5-1): 2.23)
Then set
b=V w=afp b= U Few =)y, 1< (22)

The value h(0) = G'(0) makes h smooth at zero, since h(y) = fol G'(sy) ds. Thus F is smooth for
t < 0 including at the flat origin. Applying D — 2, now with D = yd,, to (2.23) yields
_yzDG

2G?
On the other hand p; = —1/(2p), so ;G (z/p) = DG/(2p?). These identities prove (2.22), and
hence (2.20), first for z > 0 and then at zero by smoothness. The existence of the required
nonconstant positive G is the subject of Theorem 3.1.

The same expression F(¢,z) is smooth on the compact sphere for every ¢ < 0. Its compact
positivity multiplier obeys the useful identity

1+ vF=z+(1—-2)G(z/p). (2.25)

P(D)(G —1) =

In particular, if G is bounded above and below by positive constants, this multiplier has the same
property uniformly in t < 0 and 0 < 2 < 1. This is a bound in the momentum coordinate x, whose
relation to the fixed affine coordinate varies under the Legendre transform. It does not imply
uniform equivalence to the Fubini-Study metric.



2.3 Curvature at the concentrating point

The final geometric implication uses only one value of the correction. It is convenient to state it
before constructing that correction.

Lemma 2.3 (Finite-time obstruction). Let G € C*°[0,00) satisfy G(0) =1 and G'(0) # 0, and
define F' by (2.24). Suppose that for some T' > 0 and § > 0 there is a smooth invariant solution
H=F+YV of (2.5) on (=T,0) x ¥ such that 1 +v,H > 0 and

V(t,0)=0(p )  (t10). (2.26)

Then a smooth U(10)-invariant metric wo € [ws] has mazimal smooth Calabi-flow existence interval
[0,T%), where T, = T/2 < co. At the fized affine origin p, the scalar curvature of this flow satisfies

S(r,p) =a(Te — 1) V2401 + (T — 7)THO/2) 4= —110G7(0) # 0. (2.27)
In particular S(7,p) ~ a(T, — 7)~'/2, and a > 0 when G'(0) < 0.

Proof. By Lemma 2.2, H is smooth in x at both endpoints for each time. Proposition 2.1, with
to = —T'/2, gives a smooth family of Kéhler forms, and its slice wy = w(—T'/2) is a smooth positive
form in the Fubini-Study class. Put 7 = ¢ + T'/2. The corresponding global potential satisfies
exactly the normalization and evolution in (2.6) on 0 < 7 < T, =T/2.

At o = 0, the coefficient of z"*! in wv2H is H(t,0). Thus (2.4) gives the exact identity

S(t,p) =n(n+1)(1 — H(t,0)). (2.28)

This evaluates scalar curvature at the same point p at every time: (2.8) sends ¢ = 0 to x = 0 for

every affine choice. Since
H(t,0) = p~'G'(0) + O(p~ '),

Equation (2.28) proves (2.27) and the asserted divergence.

We recall why uniqueness applies to comparison with an unrestricted smooth flow; no symmetry
hypothesis is needed for this step. Smooth positive initial potentials have a unique local Calabi
flow by [7, Theorem 3.2]. The uniqueness mechanism can also be seen directly. For two smooth
solutions with the same initial potential, let x be their difference and interpolate their potentials by
s, 0 < s < 1. Their interpolated Kéhler forms remain positive, and variation of scalar curvature
gives

1 -~
Xt = —/0 (Aisx + Ricd, &-ajx) ds.

On a compact time interval where both solutions are smooth, the coefficients are smooth and
uniformly elliptic. Relative to a fixed smooth volume form, integration twice by parts and
interpolation give

d
3 Ixlze < —elixllze + Clixllzz < Clixllza-

For this estimate, the principal quadratic form is the integral of |A,, x|?%; differentiating the
smooth volume density introduces terms bounded by C/||x|| g1 || x|/ 2, and the Ricci term has the
same or lower order. The elliptic estimate for each uniformly elliptic Laplacian and || x|z <
ellxllz2 + Cellx||z2 absorb those terms. Gronwall’s inequality proves uniqueness.

It follows that any smooth flow from wg agrees with the one constructed above on their common
interval. Hence its maximal interval contains [0, T%). If it extended beyond T}, smooth positivity
on the compact manifold across that time would bound its scalar curvature, contradicting (2.27).
Its maximal smooth existence time is therefore exactly 7. O



The Fubini-Study class contains the constant-scalar-curvature form w,, so the hypotheses of
Lemma 2.3 suffice to refute the smooth global-existence assertion. Its requirement of smooth
existence at every finite time has already failed. In addition, ||S||z~ is unchanged by biholomorphic
pullback, so the curvature divergence itself is unaffected by allowing automorphisms.

3 A positive shrinking profile

We construct the profile used in the concentration argument. Its construction has two parts: a
finite shooting estimate, proved by rational enclosures in Appendix A, and an analytic construction
on a half-line. The finite calculation belongs to the established framework of validated Taylor
integration for ordinary differential equations [19]. Here the integer interval recurrences and
complex-disk remainder bounds are given explicitly. The half-line solution is constructed by a
contraction, whereas the final matching argument uses only continuity of the shooting map.

Theorem 3.1 (Shrinking profile). There exist a constant ¢ > 0 and a function G € C*°([0, 00))
such that

2

Qw)G-1=2(5-1). QD=@-DD+9D+10). G

The function G is bounded above and bounded away from zero, satisfies G(0) =1 and G'(0) < 0,
and is analytic near zero. There are real coefficients g;, j > 1, such that, for every J,£ > 0,

4 J
i (G@) oo Zgjy‘zj) =0 00 (32)
j=1

In particular, u — G(uil/z) extends smoothly to u = 0 from the right, with value c.
Set h(y) = (G(y) — 1) /y, with its smooth value at zero. For t < 0, the function

F(t,x) =p " h(z/p),  p=v—t, (3.3)

solves R R
Fi+ (4 2F)AF =0, A= (20?4 120,)°

3.1 Reduction and the analytic family at the origin

The calculation in Section 2.2 shows that (3.1) makes F in (3.3) an exact solution of the flat
equation. It remains to construct a positive G with the stated behavior at zero and infinity.
Put

c=(1+ d)_l7 s = (%) v (i)ws , G(y) = c(1+ p(s)). (3.4)

Since y0, = %388 and G — 1 =c¢(p —d), (3.1) becomes

30 B C D 751 1215
5 = n 7” 7/ J— 7d 720 Bzi 02*7 35
d(p) b +Sp +82p+53(p )+1+p 3 ) ( )
Primes in this section henceforth denote s-derivatives, except where another variable is explicitly
displayed. For example, the identity Q(D) = D3 + 18D? + 71D — 90 verifies all the coefficients in
(3.5).
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We will construct origin solutions p(s) = d + ks/% 4 O(s?), with two real parameters: d fixes
c=(1+d)~!, and k fixes G’(0). These parameters must be chosen to match p to a tail tending to
zero. The limiting linearized equation p”’ + p = 0 has roots —1 and (1 +iv/3)/2: one decaying
direction and two real growing directions.

The tail argument uses a constant-coefficient comparison equation with the same splitting.
After subtracting an explicit decaying approximation, we express the residual jet at Sy = 56 in
its eigenbasis. For each allowed d, a contraction constructs small bounded tails with one real
coordinate free and the other two determined. Choosing the free coordinate from the origin
solution leaves two real matching conditions to enforce by varying (k, d).

The affine square below makes the shot’s two remaining coordinates close to its parameter z,.
Together with the tail bound, the certified estimate yields a continuous self-map of the square;
Brouwer’s theorem supplies a matching point. All terminating decimals in this section denote
exact rational numbers. Define

R=5-10"19 Z={z, €R?: ||z||oo < R}, Sy = 56,

B\ _ (—094617116666041) | 5 (25190 —63731) (3.6)
d) ~ \ .400682721856639 721855 359157 ) %

Write kg, dy for the central values. The square implies
|k — ko| < 4.44605-107"%,  |d — do| < 5.40506 - 10~ < .011R. (3.7)

Lemma 3.2 (Origin family). For |k —ko| < .1 and |d — do| < .1 in C, there is a unique solution
germ of (3.5), analytic in r = s%/2, of the form

p:d—i-kr—kZairi, r=s%2. (3.8)
i>2

The series is jointly holomorphic in v, k,d for |r| < 3 and satisfies

3k 4+ las[3" < 8. (3.9)
1>2

FEach of p(1),p'(1),p" (1) has modulus at most 2 on this parameter polydisc. For the real parameters
in (36), 1+ p>00n0<s<1.

Proof. In the variable r = s%/2, (3.5) is equivalent to

QUo(p—d) = ¥ ((14p) 7~ 1),

Consequently the coefficients of an analytic solution must satisfy

[F2((1+p) 't —1) 4
QG-+ 9G+10y =% (3.10)

a; =

The constant and linear equations leave d, k free, and this recurrence determines every subsequent
coefficient uniquely.

For convergence, use the Banach algebra of power series with norm 3", |b;|3¢. On the closed
ball of series a with no constant or linear term and norm at most .2, one has

|kr +al| < .585+.2<.8,  |1+d| > 1.30.
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Thus inversion of 1 4+ d 4 kr + a is given by a convergent geometric series in that Banach algebra
and has norm at most 2. The map specified by (3.10) sends this ball into the ball of radius
9(2 +1)/440 < .062, since every denominator in that formula exceeds 440. Its Lipschitz constant
is at most 9 -22/440 < 1. Iteration therefore gives a unique fixed point, jointly holomorphic in the
parameters. The strict inequalities also hold on a neighborhood of the closed parameter polydisc.
Moreover

27
3JK| + lla]| < 3(.004617116666041 +.1) + = < 8,

which proves (3.9).

For 0 < r < 1, the nonconstant sum is at most .8 /3. In particular the real parameters in (3.6)
give 1 +p>1.4—.8/3>0. At s =1, a term a;5/? acquires factors 3i/2 and (3i/2)(3i/2 — 1)
under one and two derivatives. The elementary bounds

3i/ 1 (3¢/2)(3i/2—-1) 2

su — = —, su
S T ] 3

together with (3.9) and |d| < .501 give the stated jet bounds. Termwise differentiation is valid
since 1 < 3. O

3.2 The matching coordinates

Define the four-term approximation

4
pa(s;d) =Y djs™, a=d = Cd, b=dy = a® + 567a,
j=1 (3.11)

202
ds = 2ab — a’ + %b, dy = b? + 2ads — 3a%b + a* + %7613.

We choose the constant coefficients in Dy at the midpoints of the corresponding linearized tail
ranges on [Sy, 00), giving the uniform difference bounds used in Lemma 3.5. Let

15 B C
DoN) =X 4+ X2+ — A +1+ —
0(A) t 5 +2S§ + +255”
P — Da B (3.12)
V; = (17 Aia)\?)ta p/ _p/a, = qvo + fvl + f’UQ.

"o
P =) —s,

The roots are ordered so that Ag is real, A1 > 0, and Ao = A1. The exact real projection matrix
I takes a real jet to (g, RE, I€)!. Its rational approximation used in the finite certificate is

30756 —27384 33447
A=10"°| 34622 13692 —16724 . (3.13)
—2925 —34040 —28850

Lemma 3.3 (Root and convolution bounds). The roots in (3.12) are distinct and satisfy

—1.08659 < A\ < —1.08655,

3.14
40933 < R\ < 40938, 8671 < A < .86721. ( )
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Every entry of I' — A has modulus less than .001. The absolute row sums of I' are less than
.92, .68, .68, respectively. With

9 .
Al ’
M; = . 0<i<2, (3.15)
' 2; IR 1Dh(A)]
one has 1
My < 1.96, M; < 1.92, My < 1.88, — < .82.

R Dp (M)
Proof. Write a = 15/56, 8 = B/(2-56%) and Hy = 1+ C/(2-56%). The exact calculations
453 17566501197647

2
—-38=— Dy(—1. =—
" =30 25088 <0 0(~1.08659) 343000000000000000 =Y
187622583137
Dy(—1.08655) = >0
o ) 2744000000000000
show that Dy is strictly increasing on the real line and has exactly one real root in the indicated
interval. Write A\g = —rg and A\; = v + v with v > 0. Vieta’s identities give
— H H
=0 2= 2 2= 2 (3.16)
2 0 o

In particular, if u— = 114617/280000 and uy = 573113/1400000, then u_ < u < wuy, with
40933 < u— and u4 < .40938. The rational inequalities

Hy

H[) HO
86712 < —ul << —u? < 867213 < .959?
108659 =" = 108655 - " 1.08655
give the other root bounds and |A;| < .959.
For each root, the corresponding complex projection row is
Ak, =X — A, 1
Ay =) = A, 1) {i,j,k} = {0,1,2}. (3.17)

Dy(X) ’
Taking the real row for ¢ = 0 and the real and imaginary parts for i = 1 gives I'. Put E =
(ro 4+ u)? + v2. The three real rows are

w2402 —2u 1
E > E'E)’

(ro(ro+2u) u —1),

2F "E’2F
rolu(ro +u) —v?] —(v*+1r3 —u?) —(ro+u)
20F ’ 20F " wE '

Substituting ro € [1.08655,1.08659] and the intervals just obtained for u, v, v? gives the following
rational enclosures. For each entry, products are enclosed by the minimum and maximum of the
four endpoint products, and positive reciprocals by reversing the reciprocal endpoints.

First entry Second entry Third entry
q (.3074,.3078) (—.2740,—.2737) (.3344, .3346)
RE (.3461,.3464) (.1368,.1370) (—.1673,—.1672)

¢ (—.0294,—-.0291) (—.3406,—.3402) (—.2887,—.2883)

13



The entrywise error from A is therefore less than .001, and the row sums are less than
.9164, .6507, .6587, respectively.

Finally,

46876434629
E > (1. )P+ 86712 = ——————" > 9, 1.729°.
> (1.08655 + u_)* + .867 5630000000 9895 > 1.729

Since D)(—rp) = E and |D)(u + iv)| = 20VE, for i = 0,1, 2 one has

1.08659¢ .959¢

M; .
i< 1.08655 - 2.9895 * 40933 - .8671 - 1.729

These three rational expressions are less than 1.96,1.92,1.88, respectively, by multiplication by
their positive denominators. Similarly,

1 1 500000000000
y < = < .82.
RAL Dy (A1)  2-.40933 - .8671-1.729 613674044347

O]

The finite part of the construction is the following consequence of Proposition A.1. The origin
solution of Lemma 3.2, for every z, € Z, continues to s = Sy and satisfies

1 +p(5) >0 (0 <s< SO), ’C_Ishot(z*” < 25R7 H(%gshota ggshot) - Z*”oo < A3R. (318)

The proof in the Appendix includes the analytic interpretation of its rational Taylor enclosures,
the propagation of all rounding and truncation errors, and the uniform nonlinear continuation
estimate. In particular, (3.18) is a statement about the exact solutions. Their endpoint jets
depend continuously on z,: this follows first from Lemma 3.2 at s = 1, and then from ordinary
continuous dependence for (3.5) where s > 0 and 1+ p > 0. The estimates from this section used
in Appendix A are the origin family and the explicit root and tail-polynomial estimates; all are
independent of the matching step.

3.3 Construction on the half-line
Lemma 3.4 (Tail residual). Uniformly for the parameters in (3.6),

sup [£a(pa)(s)| < 3-107"2.
s>56

FEach derivative of this residual tends to zero at infinity. If Pa(d) = (pa,ph,pl)(56;d), then
| Pa(d) — Pa(do)l|eo < .01|d — dol. (3.19)

Proof. Put t = s73. For a monomial djs~%/, the differential part p”’ + 30s~!p” + Bs~2p' + Cs™3p
contributes L(—35)d;t/ ™!, where

Lv)=v(v—1)(r—2)+30w(r—1)+ Br+C.
Its first four relevant values are
L(-3) = =567, L(—6)=—2025/4, L(—9)= —567/2, L(—12)= —243/4.

Using p/(1 +p) = p — p?/(1 + p) shows that the coefficients through #* cancel exactly for (3.11).

14



The parameter interval (3.7) is contained in [.40068272185,.40068272187]. Substituting this
rational interval in (3.11) and its d-derivative gives

i |1 2 3 4
dj| < |122 54200 12500000 5100000000
|04d;| < | 304 100000 65000000 100000000000.

These interval bounds use just the endpoint operations described in Lemma 3.3; the coefficient
formulas are polynomials. The first row in particular implies

|d1]5673 < .00070, |d2]567% < 1.8-1075, |d3]567° < 8.1-107%, |d4|567 ' < 3.2-107 1. (3.20)

Here is a finite positive-coefficient way to check the residual bound. Let b = (.00070,1.8-1075,8.1-
1079,3.2- 107 and B.(z) = ?:1 bizt. If T, = 3. b;, the sums of the coefficients of degrees
greater than four in its second, third, and fourth powers are, respectively,

T2 — b2 — 2b1by — 2b1b3 — b3, T3 — b3 — 3b2by, T2 —b].
Substitution of the displayed four rational numbers gives

S EBu(2)? <8-107M, S []Bu(2)° <2-107M, Y [F]B.(2)* <3-107. (3.21)
>4 >4 >4
Since B, (1) < .001, all powers at least five contribute at most .001°/(1 — .001). The remaining
linear term contributes at most (243/4)(3.2 - 10711)/563. Thus the residual is bounded by
.001° (243/4)(3.2- 1071
1—-.001 563

8107 +2.107™ +3.1071% + <3-10718,

These bounds hold for all s > 56 because every remaining absolute monomial decreases there.
The residual is a rational function of s~3, analytic at zero with vanishing constant term, which
also proves the assertion about its derivatives. For the parameter estimate, the factors 3;/56 and
3j(3j + 1)/562 are at most one for 1 < j < 4. Thus the second row of the coefficient table gives

304 n 100000 n 65000000 n 100000000000
— 563 566 569 5612
The mean value theorem yields (3.19). O

< .001735 < .01.

Lemma 3.5 (Tail solutions). For each d arising in (3.6) and each real |q| < .26R, there is a
solution piaq of (3.5) on [56,00) such that

|Deait| < .001, Gtail = 4, |tail| < -25R.

Its first three jet entries tend to zero at infinity. The solution, as a bounded jet, and its initial
coordinates depend continuously on q,d.

Proof. Let b; = Dj(\;)~! and let j be a bounded continuous real function on [Sp, 00). Define a
vector V = (V, V', V")t by the convergent integrals

S

V(S) = qe)‘o(sfso)vo + bo’Uo/ e)‘o(sfu)j(u) du
S

N ’ (3.22)

2
- Z biv; / MW () du.
i=1
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Indeed this vector solves the companion system for Dg(0s)V = j: the identities > b; = > A\ib; =0
and 3" A?b; = 1 follow by partial fractions of 1/Dg. They show both the derivative relations
between its entries and the source in the last component. The vector is real by complex conjugation.
It is the unique bounded solution with the prescribed real-mode coordinate at Sy, since a bounded
homogeneous solution has no growing nonreal modes.

For 0 <i <2, Lemma 3.3 gives

VO lloe < Pol*lal + Milljlloo- (3.23)

In particular, on the closed ball ||j||c < .3R, the first entry satisfies [|V||co < (.26 +1.96 - .3)R =
.848R. Together with (3.20), this ensures |p, + V| < .001 throughout the half-line.
Write N(p) = p?/(1+p) and e, = E;(pa). Then p = p, + V solves (3.5) exactly when

1 B B
i=Taaii=—e= (-5 )V~ (5-35) V'
’ s Sy s 25§
o e (3.24)
- (ﬁ—m;)v‘*‘N(Pa-Fv)—N(pa)-

For |p| < .001,
IN'(p)] = 1 — (1+p)~?| < .0021.

The three coefficient differences in (3.24) have absolute bounds 15/Sy, B/(252) and |C|/(253) on
the entire half-line. It follows from (3.23) that the Lipschitz constant of 7, 4 on the ball is at most

15
—(1.88
56( )+ 2 - 562

(1.92) + (2 '(;’63 + .0021> (1.96) < .57. (3.25)

The corresponding coefficient of the homogeneous term is bounded by

€l

563

15 , B
(1. =)
= (1:08659)% + -— 5 (1.08659) + -

+.0021 < .36. (3.26)

Consequently

| Tq.adlloo < 3- 1071 +.36|q| + .57||7]loc < (.0006 + .36 -.26 + .57 - .3)R = .2652R < .3R.

The contraction theorem gives a unique fixed point in this ball. Equation (3.22) then gives a C®
solution, and (3.5) bootstraps it to a smooth solution for s > 0. Its nonreal initial coordinate
satisfies

Etail = —b1 / MW i) du,  |&an| < 82(.3R) = .246R < .25R.
So

All coefficients in (3.24) depend continuously on d in the relevant uniform norms, and the
homogeneous vector depends continuously on q. The common contraction constant therefore gives
continuous dependence of the fixed point, the bounded jet, and its initial coordinates. Finally,
exponential convolutions of continuous functions tending to zero again tend to zero. Thus (3.24)
preserves the closed subspace of such functions; the residual tends to zero and all its other
coefficients are bounded. Iteration from j = 0 shows that the fixed point belongs to this subspace.
Formula (3.22) proves p,p/,p"” — 0. O
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3.4 Matching the two solutions

For a parameter z, € Z, apply Lemma 3.5 using the value d(z.) and the coordinate gshot(2«)
supplied by the finite shot. This is allowed by |gshot| < .25R < .26 R. Define a map on the closed
square by

B(Z*) = Zx — (%(gshot - gtail)a %(Sshot - gtail))-

It is continuous by the continuous dependence established above and satisfies
1B(z4)]|loo < (134 .25)R = .38R < R.

Brouwer’s fixed point theorem gives z, € Z with &not = &tait- The real coordinate and the
parameter d already agree. The three jet entries in (3.12) therefore agree, and ordinary uniqueness
for (3.5) joins the shot and tail to one solution on [0, c0).

The finite shot has 1+ p > 0, and the tail has [p| < .001. Compactness of the finite interval
and the uniform tail bound imply that 1 + p is bounded and bounded away from zero globally.
Since 14 d > 0, the function G in (3.4) has the same properties. Near zero,

V27 V27
33/2*4761/7 G(y)zl—i—T

It is therefore analytic there, with G'(0) = kv/27/4 < 0 by (3.7). This proves all assertions of
Theorem 3.1 except for the differentiable expansion, which we now establish independently of the
finite shooting estimates.

ky + O(yz).

3.5 Differentiable asymptotics at every order

The distinction between a bounded remainder and a remainder in a prescribed polynomial weight
matters here. The following argument first proves uniqueness among bounded solutions and then
identifies the actual remainder with the weighted solution.

Lemma 3.6 (Weighted remainder). Let p be the matched solution above. There are uniquely
determined coefficients d;, extending (3.11), such that for every J,£ > 0,

at I _ _
ds? (p@)—Zdjs 3]) = O(s2H07), (3.27)
j=1

Proof. The limits p, p/, p” — 0 and (3.5) imply that every derivative of p is bounded on a sufficiently
late half-line. To see this without assuming any asymptotic expansion, solve (3.5) for p"’. Tts
right-hand side is bounded, since p is separated from —1. Successively differentiating this formula
proves the claim by induction: the coefficient functions s~ have bounded derivatives and all
derivatives of p — p/(1 + p) are bounded on the range in question.

Formal substitution of p = 3,5, d;t’, t = 573, in (3.5) determines the coefficients successively.
Indeed the coefficient of ¢/ contains the new coefficient d; with coefficient one from p/(1 + p);
every other term involves only previous coefficients. The source —Cd/s® determines d; = Cd. For
py = ijl djs_3j, including pg = 0, one consequently has

eri=Eps), eP(s)=0(N), N=3(J+1), £>0. (3.28)

3

This follows directly from analyticity of the finite expression in s™° near zero; no convergence of

the infinite formal series is asserted.
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Let W = p —p;. The exact divided-difference identity

P p; w
l+p 1+p; (A+p(A+ps)

gives the linear equation

W"+W = —ej — aaW" —ay W' — agW, (3.29)
where
30 B C . 1
az = —, a; = —, ap = —3 -
T P T8 1+ +p))

These are now treated as given coefficient functions. Their absolute sum tends to zero because
p,ps — 0, and all their derivatives are bounded on a sufficiently late half-line.

The polynomial A\* + 1 has roots —1 and (1 £ i1/3)/2. The analogue of (3.22) on [S, 00), with
these roots, writes the bounded solution of W 4+ W = j as a stable homogeneous vector plus a
convolution vector Kgj. Every root has modulus one and |(A3 + 1)/| = 3 at the roots. Hence

5

1 [(Cs)illo < 5l (330

It also acts in the Banach space with norm ||j||x = sup,>g s™|j(s)|. For § <u <,
(s/w)™ < exp(N(s —u)/5),

while for u > s this ratio is at most one. If S > 2NN, the forward kernel is therefore bounded by an
exponential with decay rate 1/2, and the two backward kernels already have decay rate 1/2. It
follows that
N . .
) < . .
2,5 s [(Ksj)i(s)] < 2[ljllv (3.31)
The stable homogeneous vector H(s) = gse~*=5) (1, —1,1)* belongs to both spaces. Here ¢g is
chosen to be the stable coordinate of the actual jet (W, W', W")(S).
Choose S > 2N so late that 2sup,sg(|ao| + [a1|+ |az|) < 1. The affine equation for the source,

2

j=—es— Y ai(H; + (Ksj)i), (3.32)
i=0

is a contraction both in the bounded norm and in the norm ||-|| 5, by (3.30)—(3.31). It has a unique
solution in each space. The weighted solution is bounded, so uniqueness in the bounded space
identifies the two solutions. On the other hand, the actual remainder has a bounded jet and
bounded source j = W +W. The growing-mode integrals from infinity are forced by boundedness,
so its jet has the representation H + Kgj with the chosen ¢g. It satisfies (3.32) and hence equals
the weighted solution. We have proved

W, W' W" =0(sN). (3.33)

Equation (3.29) gives W = O(s~"). Differentiating it repeatedly, using the bounded coeffi-
cient derivatives and (3.28), proves W = O(s~V) for every fixed £. To obtain the extra decay
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for each derivative in (3.27), fix J, ¢ and apply this last conclusion to the deeper truncation pg,
where K > J 4+ ¢. Then

K
p—p)) 0 =@—pr)O+ 3 di(s )0 = O(s73UFD),
j=J+1

The starting point S and constants may depend on the finite orders J, ¢, which is exactly what the
asserted asymptotic statement requires. O

Completion of the proof of Theorem 8.1. Finally s=2 = (16/27)c?*y =2, so (3.27) and the chain rule
give (3.2), with g; = cd;((16/27)c?)?. Repeated differentiation of u + G(u~'/2) expresses each
derivative as a finite sum of powers of y times derivatives of G. Subtracting sufficiently many terms
in (3.2) shows that these derivatives have their Taylor limits at u = 0. The resulting extension
is C'°°. The origin expansion gives the smooth extension of h, and the calculation in Section 2.2
proves the flat equation in Theorem 3.1, also at z = 0 by smoothness. 0

4 Parabolic norms and uniform local estimates

The correction to the profile must satisfy the lower-order bound in Lemma 2.3. To encode that
bound together with its spatial derivatives, put

p=+V—t, r=+z, UZ(T2+p)1/2, po = —2 + 26, 0<d<l1.

At the concentrating point, a bound |V| < g0 gives |V (t,0)| < ep~ 119, smaller than the profile’s

p~! term. On the sphere, v, < 72 < 02, so it also gives |v,V] < g0, Since o is bounded on
Y x[=T,0) for fixed T, a small weighted norm will preserve positivity of the multiplier 14v,(F+V).
Outside the shrinking core, 72 > p, the scale ¢ is comparable to r and the same weight records
spatial decay. The particular value of § will be chosen in Theorem 5.1.

The norms below measure four spatial derivatives and one time derivative in units (o, o). We
also need estimates for an outer forward problem with zero initial data, uniform as the elapsed
time tends to zero. For this purpose we distinguish the full parabolic norm from the norm that
omits the first time derivative.

4.1 Norms and scales
On a product D =U x I € R% x R, put
dp((2,1), (w,5)) = |z — w| + [t — s"/%.

e 9(P) — 4(Q)
g —9g
[9lasp = sup I
“ P#QeD dp(Pa Q)a
The joint seminorm is equivalent, with constants depending only on «, to the sum of the spatial «
and temporal /4 seminorms. We use the following explicit version of the fourth-order parabolic
norm:

19la;0 = |19l + [gla:D-

4 4
Na(u; D) = Z |Dlula;p + |ut]a;D, ./\/:;(u7 D) = Z | Dlu|a;p- (4.1)
=0 =0

Here and below norms of arrays mean sums of component norms. Thus N, still includes temporal
Holder seminorms of all four spatial derivatives.
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Definition 4.1 (Weighted local spaces). Let M be either R or the fixed sphere X, let I be a
time interval, and let s(P) > 0 be a scale on M x I. Fix a sufficiently small number ag > 0. In
Euclidean coordinates, or normal coordinates on X, centered at P = (2, tp), write sop = s(P) and
set

Up(y,0) = (exp,, (soy), to + s50), Dp = By, x ((—ag,a8) N sy *(I —to)).

In the Euclidean case the exponential map means translation. The one-sided endpoints belonging
to I are included. For a fixed weight p, define

ullx, ,(s) = Sl;p/\/a(sc?p“ oWp; Dp), (4.2)
lullxs, s = S%PNQ(SSPU oVUp; Dp), (4.3)
1l ¥ap(s) = sup 56 " f 0 Up|app- (4.4)

The derivatives in these formulas are derivatives of the displayed pullbacks. On the sphere s
is bounded above so that these charts, and their fixed enlargements used below, lie within the
injectivity radius. Restriction to radial functions on R™, or to invariant functions on X, gives
closed subspaces with these same norms.

Unless specified otherwise, X, X', Y mean the spaces (4.2)—(4.4) with s = o, p = pg, and the
fixed exponent 0 < a < 1. Subscripts ' indicate replacement of o by o/, with a < o/ < 1.

These are local weighted norms; no Holder quotient between distant boxes is imposed. Their
completeness follows by convergence of the functions and indicated derivatives on every compact
subset, followed by taking the supremum in the defining inequalities. The derivative relations pass
to the limit distributionally. In particular X and X’ are Banach spaces and X < X’ has norm at
most one.

The radius function r is Lipschitz on both spaces. The elementary inequalities for Euclidean
norms and fourth roots give

|o(2,t) = o (20, t0)| < |r(2) = 7(z0)] + [t — to] /™.

Consequently ¢ is comparable to its center value on every box in Definition 4.1, including boxes
truncated at ¢t = 0. Changing ag to another fixed sufficiently small radius gives equivalent norms:
cover the enlarged box by finitely many smaller comparable-scale boxes, and split a Holder quotient
whose points are not in a common small box using the supremum norm. The same argument
applies to s3 = max(f3, ), whose lack of smoothness at r = /3 is harmless: the scale is frozen at each
center, never differentiated. Products satisfy the usual local Hélder inequality |fgla < 2|f|al9a,
with their weights added.

4.2 Interpolation without a lower bound for the time length

We first isolate the interpolation used in localization. For fixed nested balls By € By and any
interval I of length at most one, let

U= HUHOO;B2X17 M=U+ "D3u||OO;Ble + HutHOO;BQXI'
Then, for 0 < j < 3,

|D2tt| gy 1 < CULTUF/ApNGHO/4 < f 4 CLU. (4.5)
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All constants are independent of |I|. Spatial interpolation on nested balls gives the spatial
assertion, including the supremum. For the temporal assertion apply that same interpolation to
w =u(-,t) —u(-,s). With b= |t — s|,

|w|leo < min(2U,0M), || D*wl < 2M,
and hence A 4 '
| D?w||oe:3, < Cmin(2U,bM) =9/4 0374,

Divide by b*/* and split at b = U/M; both resulting bounds give (4.5). Restricting the available
values of b can only decrease their supremum. The spatial interpolation inequalities themselves
follow, for example, by subtracting a Taylor polynomial in a ball of radius ¢ and minimizing in g;
fixed-radius remainders account for the U term when the minimizer exceeds the gap between the
balls. The same argument at order four gives

1Dl o0:By x1 < €[D ] a:pyxr + C:U. (4.6)

Here it suffices to use the spatial part of the seminorm on the right. Indeed, convolution on each
spatial slice with a mollifier of radius g gives ||D%ul|p, < Cq®[D*u]a;p, + Cq~*U; choose ¢ below
the spatial gap and so that C'q® < e. Neither inequality uses a temporal seminorm of w;.

4.3 Local fourth-order estimates

Consider in a coordinate cylinder the real scalar operator

Lu = us + Z ay(z,t)D"u, Z ay(z, 1) > €| (4.7)

lv|<4 v|=4

Assume A > 0 and 37|, <4 [av]a < K. These assumptions are always imposed in the coordinates
and units of the estimate. On a fixed smooth manifold they include the coefficients arising from
the coordinate expression of the operator. The leading symbols used later are positive multiples of
squared positive definite quadratic forms, and satisfy (4.7).

Lemma 4.2 (Local Schauder estimates). Under these assumptions the following estimates hold.

(i) If Qr = Br x (—R*,0] and Lu = f on Qa, then
Na(w; Q1) < C(|flasz + lulloci@z)- (4.8)
(ii) If0<h <1, Lu= f on By x [0,h], and u(-,0) = 0, then

Na(u;Bl X [05 h]) < C(’f|a;BgX[0,h] + HUHOO;BQX[OJL])' (49)

Here C' depends only on d, o, \, K and the fized spatial gaps, and in (ii) is independent of h.

These are a priori estimates for classical solutions in the indicated spaces; smooth approximation
gives the same conclusions for limits of such solutions. The usual interior reqularity theorem also
applies: with smooth coefficients, distributional solutions in leoc and Hoélder sources are locally
in the space (4.1), and are smooth when the source is smooth. The estimates are from preceding

times and require mo terminal data.
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Proof. We give the kernel and localization argument, particularly its uniformity in (ii). For a
frozen homogeneous principal operator Ay, with symbol p(&) > A[¢|%, its heat kernel is

ky(2) = (27) / dEmOag b,
R

Fourier differentiation and scaling give, uniformly for the allowed symbols and every N, j, ¢,
| D30 ky(2)| < Cijgb™ EH/A=E1 4 |2|p= M4~ (4.10)

Moreover [k, = 1 and [ Dk, = 0 for j > 0. For u(t) = [j ki—s * f(s)ds and j = 4, subtract
f(s, z) inside the convolution. Writing F' = sup;[f(s)],.rd,

D%k, % f(3)||lso < CFb™Y T4 18,D*ky % f(5)||so < CFb~2F0/4, (4.11)

This proves ||[D*u(t)||oe < CFt*/*. For a spatial increment of size ¢, split the lag integral at ¢*.
The short-lag part is bounded by C'F féfl b—1te/4 dp. For the long-lag part use the mean value
theorem and || D%ky, * £(5)]|oo < CEFb@5/4, Tts bound is CFq quﬁ b(@=5)/4db. Both are at most
CFq®, with an empty integral omitted.

For a temporal increment e =t — s > 0, keep the source time unchanged:

D*u(t) — D*u(s) = tD4k:t,r x f(r)dr

+ [ (D% — D*ky_,) % f(r)dr.
0
The first integral and the part of the second where s — r < e are bounded by CFe®/*. On the
remaining part, (4.11) bounds the difference by CFe(s — r)~2t%/4 and

e / T p2a/d qp < Ce/t,

This proves the full parabolic o bound for D*u, down to the initial face, without any requirement
that f(0) vanish. The bounds for v and lower derivatives follow from the kernel integrals or (4.5);
finally u; = f — Aogu supplies the full parabolic norm of u;. We have proved the constant-coefficient
zero-data estimate on every slab of length at most one, with one constant.

Here are the localization details needed to preserve that constant. We apply the fourth-
derivative frozen estimate in the original local units before localization; its constant is independent
of the localization radius. In a spatial ball of radius ¢ and a time window of length at most ¢,
freeze the principal coefficients at one point. Use a spatial cutoff supported in that ball. For
windows meeting the initial face use no lower-time cutoff, so the localized function still has zero
initial value. For interior windows insert a time cutoff which vanishes at the bottom and equals one
on the smaller window; its derivatives are bounded by fixed powers of ¢~'. The constant-coefficient
estimate then applies in both cases. The localized forcing consists of the original source, terms of
spatial order at most three, a time-cutoff multiple of u, and (a’ — a,)D"u for |v| = 4. The last
terms obey

(a2 — a,)D"ulq < CKq®| Do + CK|| D00, (4.12)

with fixed cutoff factors understood. First make ¢ small enough to absorb the first coefficient.
Apply (4.6) to the second term. For the lower-order terms apply (4.5), and use the equation only
in the form

4
luelloo < N1flloo + K D 1D ul oo (4.13)
j=0
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Thus no unknown temporal Holder seminorm of w; is used to absorb a temporal seminorm of D*u.
For completeness, the resulting nested-domain absorption can be expressed as follows. Let
H(r) be the supremum and parabolic a norm of D*u on the spatial ball of radius 7, with the
given time interval in the initial case; in the interior case also increase the preceding-time window
with r. For 1 <r < R < 3/2, localization, interpolation, and covering give, for any fixed ¢ > 0,

H(r) < 0H(R) + Cy(R —7) 7" (| fla + [[ulls0)-

Here k is fixed; all losses are powers of spatial cutoff radii, and none is a power of h~!. For Holder
pairs not sharing a small localization window, the quotient is bounded by the corresponding
inverse power of that window’s radius times ||D%u||c, which is handled by (4.6). Iterate along
radii increasing geometrically to 3/2, choosing 9¥2F < 1. The last term tends to zero since the
solution norm is finite on that compact cylinder. This proves the estimate for D*u. Equations (4.5)
and (4.13) then give the lower derivatives, and the equation in full Holder norm gives |u¢|o. This
proves (i) and (ii).

For the distributional regularity assertion, extend the coefficients and a spatially localized source
from a compact coordinate cylinder to a flat torus, combining the principal symbol with |¢|* outside
the coordinate patch. This convex combination preserves positivity. The closed-manifold Cauchy
theorem [14, Theorem 2.4], with order r = 4 and zero data at an earlier time, provides a particular
solution w € C*T®1+e/4 near the smaller cylinder. There u — w is a homogeneous distributional
solution. To apply [13, Theorem 5.1], write the full symbol as p = it + a4(z, t,§) + a<z(z,t,§) and
set R =1+ |7| + |¢[*. On a compact coordinate set, ellipticity and lower-order absorption give
|p| > ¢R at large frequencies. Smoothness and polynomial degree then give

0740¢ 0l < Cap(L+ [ + 7))~V p|.

This verifies condition HE in [13, Equations (3.1)” and (3.2)] with d = 1/4 and M; = 1. Bounded
frequencies are covered by p = (> 4 |8£Tp|2)1/ 2> |0,;p| = 1. Thus u — w is smooth, proving local
Holder regularity. For smooth forcing the same theorem directly gives smoothness of u.

The fixed-cylinder Schauder estimate, including an L? input for the solution, can also be
taken directly from [9, Theorem 2.2(I)]. Its estimate for the top spatial derivatives is parabolic;
the full temporal norm of u; follows here from the equation and the assumed temporal Hoélder
regularity of the coefficients and source. This invocation concerns fixed interior cylinders; the
uniform initial-face assertion was proved above. ]

Lemma 4.3 (Interior estimate with an L? input). Let U; € Uy be fized bounded spatial domains
and by < by < b, with b— by bounded above. Suppose that the coefficient assumptions of Lemma 4.2
hold on Uy % (by,b) and that Lu = f there. Then

Na(w; Uy x [b1,0)) < C(|flasts x (bo,0) T+ 1l L2(02 x (b0,5))) - (4.14)

The constant depends on the spatial gap, by — by, the upper bound for b — by, and the coefficient
constants, but requires no terminal trace. The estimate is unchanged if the upper face is included
and the solution is defined there. In particular it holds on fixed nested annuli through an open
upper time endpoint.

Proof. We recall an interpolation proof of the replacement of the supremum term. On three nested
interior cylinders, with a gap of parabolic size a, the estimate already proved bounds || D,ul|~ and
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|ut]loo on the middle cylinder by Ca™*(||ullso:outer + | fla). Average u on a preceding cylinder of
radius ¢ < a/4 ending at the point being estimated. Its volume is a fixed multiple of ¢?**, so

[u(z, )| < Cq™ 2 ul| L2 outery + Cla + ¢*)a™ ([ullociouter + |Fla)-

Choose ¢ to be a sufficiently small fixed multiple of a suitable power of a. The last supremum
coefficient can be made any prescribed 9 > 0, at the cost of another fixed inverse power of a on the
other terms. Iteration over geometrically decreasing gaps, with ¢ smaller than the corresponding
geometric growth factor, bounds the inner supremum by C(||ul/;2 + |fla). Lemma 4.2 on one
further nested cylinder proves (4.14); finite covering handles U; and the time interval. All averaging
cylinders use preceding times. First carry this out up to any closed upper face o’ < b on which the
local norms are finite, then let ¥’ 1 b. The constants use only the fixed lower time buffer. Pairs of
points approaching b are included by this limiting argument. ]

4.4 The outer forward problem

The following formulation permits the localization scale to tend to zero. Fix a compact smooth
manifold without boundary and a time-independent positive Lipschitz scale s(z). Assume that
on balls of radius 4aps(z) the scale is comparable to its center value, with uniform comparison
constants and uniformly bounded coordinate changes in scaled units. We impose the coefficient
assumptions of (4.7) uniformly after scaling space by s(z) and time by s(z)%; an original coefficient
of spatial order j is thus multiplied by s(z)*~/. The ellipticity and Holder constants in these units
are denoted again by A, K. These hypotheses hold for s = sg in the later application.

Lemma 4.4 (Uniform zero-data forward estimate). Fiz p € R, 0 < o < 1, and the preceding scale
and coefficient constants. There exist ng > 0 and C' < oo, independent of inf s, with the following
property. If

0 < T < no(inf s)%, Lu=f on M x[0,T], u(-,0) =0,

then, with n = T/(inf 5)*,
Il ) < O lvaprs S0P 3() Pz 01 < Ol 61 (1.15)

Z,

For each fixed positive scale and smooth coefficients the zero-data Cauchy problem has a unique
solution with this regularity for f € Y, ,(s). The same estimates hold on every interval [0,T"),
T' < T, on which the coefficients and source obey the stated bounds.

Proof. Choose 19 < ag. Every defining box meets the initial face, and its full time interval has
length at most 7y in center-scale units. Apply (4.9) on a fixed spatial enlargement of each such
box, rescaling its fixed spatial radius if necessary. Scale comparability and the covering observation
after Definition 4.1 give

[ullxa p5) < Clflvap(s) +5), S =sups(z)lu(zt)].

z,t

The pointwise time-derivative bound in this norm and zero initial data imply
T
S< Sup WHUHXQ,,,(S) < nllullx,.,es)-

Decrease 19 so that Cng < 1/2, and absorb. This proves both estimates in (4.15) with constants
independent of the number or size of the spatial boxes.
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Fixed-scale existence and uniqueness follow from [14, Theorem 2.4], with the trivial real
line bundle, r = 4, exponent «, L; = —A(t), and zero initial data, where £ = 0, + A(t). Its
solution is C*t®1te/4 o the closed time slab, without requiring f(+,0) = 0; the equation gives
ut(+,0) = f(+,0). Constants in this fixed-scale existence argument need not be uniform in inf s;
uniformity of the asserted estimates has already been established locally. Truncation before an
open terminal face and passage to the limit prove the last statement. O

Lemma 4.5 (Small spatial derivatives on a short interval). Under the hypotheses of Lemma 4.4,
the local scaled parabolic C* norms of the spatial derivatives of order 0 < j < 3, with weight p — j,
satisfy

(4—j—a)/4
o SO f v, ) - (4.16)

s%p|D§(30_Pu o \I/p)’a;D

If the coefficient and source bounds also hold at an exponent o' € («, 1), then
lullx;, ,s) < cnle 7a)/4HfHYa/’p(s)' (4.17)

Constants may depend on o but remain independent of the scale and elapsed time.

Proof. On a fixed enlarged scaled box, (4.15) gives U < Cn||f|ly and M < C| f||y in the notation
of (4.5). That inequality proves (4.16). In particular, all derivatives entering a commutator of a
fourth-order spatial operator with a spatial cutoff have a common sufficient small factor n1=®/4,

For the second claim apply Lemma 4.4 at exponent o, decreasing 79 if necessary. Every
spatial derivative of v through order four has zero initial trace. Indeed the solution and these
derivatives are continuous to the initial face, and the trace function u(-,0) is identically zero. For
each g = Dg(sapu oWp), 0 < j <4, the temporal o’/4 seminorm and the elapsed scaled time
therefore give

lglloe < Cn* I fllv, 0 Il < Clfly,, o

On any metric space, splitting distances where the estimates |g(P) — ¢(Q)| < 2||¢||c and |g(P) —

9(Q)| < [glard(P, Q)" agree proves
[g]a < C”g”clm_a/a,[g]a//a,,

o

Apply this with the parabolic metric and take the supremum over boxes. It proves (4.17), including
temporal Holder quotients of D*u with one point at the initial face. O

Remark 4.6. The exponent gap and omission of u; in (4.17) are necessary. On a circle the exact
zero-data solution

un(z,t) = N470(1 — e N cos(Nz),  fn(z) = N %cos(Nz), Tny=N4

of uy + 0%u = fy has [02un]a of order N~ on [0, Tiy]. This need not tend to zero when a = a,
whereas a = o’ gives precisely the power in (4.17). Moreover u;(0) = fy. Thus the argument gives
smallness of the full spatial norm X', while making no smallness assertion for the time derivative.

5 An ancient inverse for the flat linearization

Fix the profile supplied by Theorem 3.1, and put

Gy —1 - m
pP=V -, T = |Z|27 h(y) = (Z/;’ F(Z,t) =p 1h(\z|2/p), z€R )

25



where m = 24 and h(0) = G’(0). Throughout this section the time domain is the entire interval
(—00,0). The flat linearization is

PV =Vit BEDA L By, A=GUP/p? B=2PC( /AR, A= oA
(5.1)

The spaces below are the radial versions of Definition 4.1, with scale o = (|z|? + p)/2.

Theorem 5.1 (Ancient flat right inverse). There is a number § € (0,1) such that, for every fized
a € (0,1), the operator (5.1) has a bounded real linear right inverse

D:Y—X, PDf=f  |Dflx <C|fly. po=—2+26.

Here' Y has weight pg —4 and parabolic exponent o, and X has weight py and includes the parabolic
a norms of all spatial derivatives through order four and of the first time derivative. The solution
is radial and classical on t < 0. Its initial values are selected by the construction. The constant
depends only on the fixed profile, 6, o, and the fized choices in the local norms.

5.1 Similarity coordinates and coefficient bounds

The flat equation for F' in Theorem 3.1 and the radial operator identity of Lemma 2.2 yield

G'(y)

Wa Yy = ‘C‘Qv Ft‘i‘G(’ZP/P)Q/TF:O‘ (5.2)

1
—AZ(n(|¢]?) = -
A1)

In particular, with

_ 2APGUCP) 5

16 ¢(n(¢?) = _yG'y)

G(y) ’

one has A(z,t) = Ay(z/\/p) and B(z,t) = p~2Bj(z//p). These coefficients are smooth at the
origin. Positivity and the differentiated asymptotic expansion in Theorem 3.1 imply

Ap(€) = G(Ic?)?, By(Q)

inf Ay >0, [9(Ap — )|+ [9¢By| < Cu(1+ [¢)~* . (5.3)

In particular all derivatives, including any fixed number of applications of ¢ - V, are bounded.
Set

r=—log(—t),  (=z/vp  Vin)=pw(C) G =0 F(VRGH).
Since d7/dt = p=2 and 9,¢ = (/(4p?), direct differentiation gives
V, = p3 (UT +1¢-vo+ %v) . AV =p Ak,
Thus (5.1) becomes the autonomous equation
vT+fécA2v+iC~Vv+(%+Bf)v:f#. (5.4)
We shall first solve it in E = Cp yaq(R™; C), with the supremum norm. This denotes continuous

radial functions tending to zero at spatial infinity; complex scalars are needed only for spectral
theory.
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5.2 Evolution on continuous functions vanishing at infinity

We give the evolution construction since the unbounded drift in (5.4) and the change in the
principal coefficient both matter. On a time interval beginning at 7y, put

u(n,s) =v(e*n, 70+ s), 0<s<1.

Then

us + a(n, S)A%u +b(n, s)u =1(n, s), a= 616

Ag(e!*n), b=3+ Bg(e*n).  (5.5)

The right side is the corresponding dilation of f#. By (5.3), a, b have bounded derivatives of every
order on this slab, and 0 < k < a < k! for a fixed k. The following construction also applies
without radial symmetry. It is the scalar whole-space version of the higher-order heat-kernel
parametrix; see also [12, Appendix A].
Let
ko(w) = (27)™ / GdUEtldt ge 9> 0.

m

Its integral is one. Scaling and integration by parts in the Fourier integral show that, uniformly

for k < a, < k1,

105, 0ty ka.q(w)] < Cnew g~ TV 4wl /g )TN, 0<g <1 (5.6)

Indeed after scaling &€ = ¢~/4¢’ the multipliers and all their derivatives form a bounded set of
Schwartz functions. No sign property of kg is used.
Freeze the principal coefficient at the source point and time:

KSJ”(nay) = ka(y,r)(sfr) (77 - y)7 r <s,

and also denote by K, the associated integral operator. Applying the left side of (5.5) at the
evaluation point gives the residual kernel

Js,r(na y) = (a(nv 3) - a(y, r))Agyka(y,r)(s—r) (77 - y) + 5(77: S)Ks,'r(nv y) (57)
The global Lipschitz bound for a and (5.6) give

IKsrllcosco <C, Isrlicoscy < C((s = 7)™ +1) < C'(s — 1)1, (5.8)

For the first residual term, the spatial difference | — y| contributes (s — )/* against a fourth

derivative of size (s — r)~!; the temporal difference contributes (s — 7). The kernel bounds first
show that both operators preserve Cy for compactly supported continuous inputs, by decay in 7,
and then for all Cjy inputs by uniform approximation.

These kernels give a strong approximate identity. To see this explicitly, replace a(y,r) by
a(n,r) in K,. The operator norm of the difference is O((s — r)'/4), by the parameter derivative
bound in (5.6). For the replacement kernel, its integral in y is one at each n; uniform continuity of
a Cy function, followed by the uniform kernel tail bound, proves convergence to that function in
supremum norm. Consequently

Kepd—d inCy ass—rl0, (5.9)
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uniformly in the initial time . This is strong convergence; only the difference between the two
frozen kernels was estimated in operator norm.

For d € Cy and I € C([0,1]; Cp) solve

i(s) + / Tori(r) dr = 1(s) — Jyod,

0 . (5.10)

u(s) = Ks’0d+/ K ,j(r)dr.
0

All integrals are Bochner integrals. The inverse of the first equation is its Volterra series. For
completeness, if H(s) = C's™3/%, its k-fold convolution on the positive half-line is
CFT(1/4)*
H*(s) = =L gh/A=1 (> 1),
This identity follows by the beta integral and induction. Since the right side of the first equation
in (5.10) is bounded by C's™%/4(||d||00 + lllle(o,1]:c0))> the same formula and the growth of the
gamma function prove convergence of the series and the estimates

1i($)lloo < Cs™*(lldlloo + lellco,11:6)): Sup [u(s)lloo < Cllldlloo + ltlc(oaricoy)-  (5:11)

The integral in the formula for u tends to zero as O(s'/*). Together with (5.9), this proves
u € C([0,1];Cp) and u(0) = d. Continuity at positive times follows by dominated convergence,
splitting off a short interval adjacent to the diagonal.

The kernel identity (5.7) proves that u solves (5.5) distributionally: apply the equation to the
second line of (5.10), obtaining Jsod + j(s) + [ Jsrj(r)dr = I(s). This calculation can be made
first with a positive separation from the diagonal and smooth compactly supported tests; the
diagonal term converges to j by (5.9), and (5.8) justifies the remaining integrals. Lemma 4.2 and
interior regularity then give smoothness for positive times in the homogeneous case, and classical
local regularity for locally parabolic Hélder sources.

We also record uniqueness in the class just constructed. If u is the difference of two such solutions,
it solves the homogeneous equation with zero Cj initial value. Let W (n) = exp(—+/1 + |n]?). Its
derivatives are bounded by constant multiples of W. For s > ¢ > 0, interior regularity supplies
globally bounded spatial derivatives of u. Integration by parts, first with compact spatial cutoffs,
gives

m/WmAau _ m/A(aWﬂ)Au > 2 Aulaqr) — Cllullar).
Here the mixed terms are absorbed using
IVullZzmry < el AullZaqmy + CellulZ2 -

This last inequality follows by integrating [ W|Vu|? once by parts and using [VW| < CW and
Young’s inequality. Exponential decay of W allows removal of the cutoffs. The bounded zeroth
order coefficient therefore gives

d
I Zw) < Clluls) 2w

Gronwall’s inequality, followed by ¢ | 0, proves u = 0, because the zero Cj initial trace implies
a zero weighted L? trace. This also proves uniqueness for the inhomogeneous construction by
subtraction.
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Undoing the dilation now gives a strongly continuous homogeneous semigroup S(s) on Cy(R™)
for (5.4); concatenation is justified by the uniqueness just proved. Dilation is strongly continuous
on Cp, and the equation is autonomous. On 0 < s < 1 one has [|S(s)| < C. Inhomogeneous
evolution for a continuous C source is

v(1o 4+ 8) = S(s)v(m) + /Os S(s —r)f# (0 + ) dr. (5.12)

The formula follows either from the distributional equation and uniqueness or by approximation
with smooth sources. Rotation and complex conjugation preserve the equation and the construction.
In particular S(s) preserves E and its real subspace.

5.3 Compactness at positive time

Write P = S(1)|g, reserving this symbol here for a bounded operator, and let P. be the corre-
sponding operator with Ay = c? and B ¢+ = 0. We prove

P—P.: E— E is compact. (5.13)

Both time-one evolutions map their unit balls to locally equicontinuous functions by the interior
estimates. It remains to prove uniform decay of their difference at spatial infinity.

Suppose this decay fails. There are d; € E with ||d;||- < 1, points ¢; with |(j| — oo, and
€0 > 0 such that |(P — P.)d;((;)| > €. In the moving coordinates (5.5), translate by n; = e~ /4¢;.
The two solutions, denoted by u; and u.; after translation, have the same initial value d;(n + n;)
and uniform supremum bounds. Their coefficients converge, smoothly on compact subsets of
R™ x [0,1], to
e s

16
This follows from (5.3); it also controls time derivatives in the moving coordinates.

After passing to a subsequence, the translated initial functions converge weakly star in L>°(R™)
to some dy. Sequential extraction is available because L!(R™) is separable. Interior estimates
and a diagonal extraction give smooth local limits us, U¢,00 for s > 0, including convergence of
their values at s = 1. Both limits are bounded on the whole slab. To identify their initial traces,
for 1p € C°(R™) integrate the translated equation:

CLC(S) = b. = %

[t = [asnamy| <Cs s (1A%as )l + Iy Crlin) < Cos. (5.14)
All four spatial derivatives have fallen on the coefficient times the test function. Uniform coefficient
bounds make the last constant independent of j. The identity extends down to s = 0 using the
individual Cj initial traces. The same estimate holds for u. ;. Passing to the limit proves that
both limits have distributional initial value d.

Here is the required whole-space uniqueness for these bounded limits; a Cy initial trace of the
limits is not needed. Their difference w solves

wg + ac(s)Azw + %w =0

and has zero distributional initial value. For a fixed ¢; € (0, 1] and ¢ € S(R™), use the backward
test function
¢(S) = e_(tl—s)/zkftl ac(r) dr * ¢, 0 S S S tl,

s
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with ¢(t1) = 9. It solves —¢s + a.(s)A%p + %qﬁ = 0, is continuous in the Schwartz topology, and
hence [ w(s)¢(s) is constant for s > 0. One may justify the pairing by compact cutoffs and then use
the Schwartz decay. Boundedness of w extends its zero initial trace from compactly supported tests
to every Schwartz test; ¢(s) — ¢(0) in L' also permits this changing test. The constant pairing is
therefore zero. Since 1) is arbitrary, w(¢1) = 0. This contradicts |teo(0,1) — te,00(0,1)]| > €.

We have proved uniform vanishing of the tails of (P — P,) on the unit ball. Together with local
equicontinuity, the Arzela—Ascoli criterion for Cy proves (5.13): restrict to a large ball, extract
there, and use the common small tails to obtain uniform convergence on the whole space. The
closed radial subspace is preserved.

5.4 A spectral weight and the two-sided recursion

For the constant coefficient equation, the moving-coordinate formula on an interval of length k is
explicit:

c2

(PEd)(Q) = e (ko xd)(e™/10),  Op=c(1—e™),  k>1 (5.15)
The L' norm of kg is independent of # > 0 by scaling. Thus ||P¥|| < Ce™*/2, and the Neumann
resolvent series converges for |\ > e~ /2,
We spell out the spectral consequence of (5.13). On the connected domain Q = {|\| > e~ 1/}
factor

M =P =|I-(P=P)A - P)!| (A= P),

The operator subtracted from the identity is compact and analytic in A. The analytic Fredholm
alternative implies that (A] — P)~! is meromorphic on €2, with finite rank principal parts, since
it is invertible for large |A|. One way to obtain this alternative is to approximate the compact
operator at any one parameter by a finite rank operator, invert the remaining operator of norm less
than one in a neighborhood, and reduce invertibility to a finite-dimensional analytic determinant.
The required approximation is available here: identify radial E with Cy([0, 00)), and use bounded
polygonal interpolation operators with compact support, which converge strongly to the identity
and hence uniformly on compact subsets of . The determinant either vanishes identically or
has isolated zeros; continuation through overlapping neighborhoods and invertibility at a large
parameter exclude the first alternative. The same reduction makes every coefficient of a pole
finite rank. It follows that the spectrum in €2 consists of isolated eigenvalues of finite algebraic
multiplicity, with no accumulation inside €2; these are the usual compact-operator and resolvent
arguments of [16, Chapter VII, Section 1.3, and the supplementary notes].
Choose

e V2 <q<1, {|A] = ¢} N'spec(P) = &, v=—logg € (0,3), d = 2. (5.16)

Such a circle exists by the discreteness just proved. There are only finitely many eigenvalues
outside it: they lie in a bounded closed annulus contained in 2. Let II, be their summed Riesz
projection, defined by resolvent integration around these eigenvalues, and put Il = I — II,,. The
resolvent identity gives commuting projections and the invariant decomposition

E=FE;®F,, E,=1I,E, E,=II,E, Py =Plg,, P,=P|g,.

The space F, is finite dimensional, P, is invertible, and the two restricted spectra lie strictly
inside and strictly outside the chosen circle, respectively. If E, = {0}, all terms involving it below
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are omitted. Compactness of the restricted spectra and the spectral radius formula give numbers
rs < q < T4 such that
IPS| < Crf, IR <ok k>0 (5.17)

For example choose ry strictly between r(Ps) and ¢, and r,, strictly between ¢ and the smallest
modulus of an eigenvalue of P,; the spectral radius formula controls all sufficiently large powers,
and their finitely many predecessors are absorbed in C. The projections commute with complex
conjugation because the enclosed spectral sets are invariant under conjugation.

Fix this §. If M = || f||y, the source weight gives the exact estimate

PG < MpP (L4 [¢P) 40 = Me T (14 [¢) . (5.18)

Indeed 02 = p(1 + |¢[?) and pPoPo=* = p°(1 + [¢|?)~3T9. This proves that f#(7) € E. It also
proves continuity with values in E: on any compact 7 interval its spatial tails are uniformly small
by (5.18), while on a fixed spatial ball local Holder continuity of f and smoothness of the change
of coordinates give uniform continuity in .

Let the one-step source increments be

1
zj:/o S(1— ) f#(j +s)ds, jeZ.

Then ||lj||g < CM¢’. Define
o0 oo
vj =Y PRIl = > Py Ml (5.19)
k=0 k=0
Both series converge absolutely for every integer j. More explicitly, their norms are at most
OM¢ |¢t ) (rs/a)* + 1yt D (a/ra)*| < C'M.
k=0 k=0

Shifting the summation indices proves vj;1 = Pv;j + ;. On [4,j + 1] define v by (5.12) with initial
value v;. The definitions agree at the endpoints and give

[o(T)||lg < CMe™ T, |V(z,t)] < CMp~ T, (5.20)

The continuous joining creates no distributional time-boundary term, so (5.4) holds across every
joined face. Interior regularity makes it a classical equation there. The construction is linear and
real on real sources. The second sum in (5.19) selects the outside spectral components using future
forcing; its use is permitted precisely because no initial values have been imposed.

5.5 The full weighted parabolic estimate

We finish by strengthening (5.20) to the X estimate. This step uses § > 0 as well as § < 1. For a
box centered at (zq,to) with 73 = |20|? < po, one has 62 < pg. On a fixed enlargement of this box,
chosen small in units (cg,0§), the time stays strictly negative, p < pg, and |z|?/p stays bounded.
In these units the coefficients A and o3 B have bounded derivatives of every fixed order, and the

principal coefficient has a uniform positive lower bound. The source has scaled C* norm at most
CM, after division by 0‘80_4. Also

V| < CMpy '+ < C'Mol’.
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Lemma 4.2, with the fixed preceding-time enlargement, therefore gives the required full X bound
on every such box.
For the remaining boxes a separate estimate restores the spatial weight. Fix a > 0 and write

z=ay, t=a's, Uly,s)=aV(ay,a's), gly,s)=a"""f(ay,a’s).

Use the fixed annuli
U={i<pl<2}, U={<y<3}

On U x (—4,0) the rescaled equation is

G(ly|?//—s)? B
Uat ("1/6)A12/U +0(y, U =g, b(y,s) = (=)' Br(y/(=9)"*). (5.21)
All coefficients are independent of a. Their smooth bounds remain uniform as s 1 0. To verify the

assertion for the zeroth order term explicitly, put Y = |y|?/v/—s and use

b(y,5) = —(—s)" L),

G(Y)
The expansion of G in powers of Y ™2 gives an expansion of —YG’/G starting at Y 2. Since
Y2 = (—s)/|y|*, division by —s leaves a smooth expansion in nonnegative integral powers of —s.
Differentiated remainders of arbitrarily high order show that both this coefficient and the principal
coefficient extend smoothly to s = 0 on the annulus. Away from s = 0 their bounds follow from
ordinary smoothness of G. The principal coefficient stays uniformly positive throughout.
Furthermore

4
o(ayc;a s) _ (|y|2 +\/_—8)1/2

is bounded above and below on the larger annular slab. A fixed covering by the local boxes
of Definition 4.1 therefore gives |g|lca@ix(—4,0)) < CM. Here and below the norm is parabolic;
pairs outside a common small box are controlled by the supremum bound and their fixed positive
separation.

The preliminary estimate becomes

U(y, s)| < OM(—s) 1972,

with no factor of a: indeed a0 (a%/—s)~11% = (—5)(=1+9/2 Consequently
2 2 Y it 21, 14
U1 sy < CMAU| [ a7 dg = M| < . (5.22)

The value of § has already been fixed, so the dependence on 1/ is harmless.
Apply Lemma 4.3 to (5.21) on nested annuli, with the preceding-time buffer from —4 to —2.

It gives
4

S DUl co@rs (-2,0)) + 1Usll o @rx (—2,0)) < CM. (5.23)
=0

One first applies the estimate with terminal time b < 0. On each such truncated slab U has finite
supremum norm by (5.20); the coefficient, source, and L? bounds above are independent of b.

Letting b 1 0 then proves (5.23), including Holder quotients between times arbitrarily close to zero.
The estimate uses preceding times and requires no terminal value at s = 0.
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Finally take an arbitrary remaining center with 2 > pg and choose a = rg. Its rescaled time
satisfies —1 < s9 < 0 and 1 < gg/a < v/2. The entire defining X box lies in 4’ x (—2,0) when the
fixed box radius ag is small: its spatial radius is at most v/2a¢ and its time radius at most 4aé. In
particular a box near the dividing time s = —1 has the required preceding-time buffer. Rescaling
(5.23) gives its weighted X norm at most C'M. The core and annular cases cover all centers. Thus
IVIx < C|lflly, completing the proof of Theorem 5.1.

6 A concentrating solution on the compact manifold

We now correct the flat solution on the auxiliary sphere. All functions and operators in this Section
are restricted to the O(m) x O(6) invariant subspace, where m = 24 and ¥ = §%° C R?* x R6. We
use the spaces of Definition 4.1, on ¥ x [—T,0), with

r=vz, p=v-t, o=0"+p"?  py=-2+2.

When necessary, a subscript specifies the Holder exponent or the scale: for example, X, (s) has
weight pg and scale s, and Y, (s) has weight py — 4. Without a specified scale, it is 0. The space
X!, includes the parabolic C® norm of every spatial derivative of order at most four; only the time
derivative is omitted.

Theorem 6.1 (Compact realization). Let G be the profile of Theorem 3.1, put

hy) = —=—,  F(t,z) =p 'h(z/p),

and fir 0 < a < &/ < 1. Choose § € (0,1) and the ancient right inverse supplied by Theorem 5.1.

For every sufficiently small € > 0, there are T > 0 and a real invariant function V € X, on
¥ x [=T,0) such that ||V||x; <e and H=F +V satisfies

H,+(1+v,H)?AH =0, ve = x(1 —x). (6.1)

The function H is smooth on ¥ x (=T,0), and there are constants 0 < ¢; < ca < 00, independent
of t, such that
c1 <1+4+v.H <co. (6.2)

In particular, H(t,-) is smooth as a function of x € [0, 1], and
V(t,0)=0(p""*)  (t10). (6.3)

We first establish the estimates and the right inverse needed in the proof. All constants
below may depend on the fixed profile, the exponents, the sphere, and the fixed box radius in
Definition 4.1. They do not depend on the localization radius 8 or on 7', subject to the restrictions
explicitly stated. Changing that fixed box radius to another sufficiently small fixed radius changes
the norms by uniform constants, by the covering property in Definition 4.1.

6.1 Background estimates and the compact error

Write

ge=14+v.F =2+ (1—2)G(z/p), A, = g2, B. = 2v.g.AF,
gf =1+2F =G(x/p), Af:g]zc, Bf:2ngﬁF.
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Here By is in the original flat variables, before the similarity change of variables in Section 5. Set
P=08+AA+B., P=0+AA+By,  E.=F+AAF (6.4)
The profile equation gives F; + A ffTF = 0. Moreover, if
p = min(1,inf G) > 0, M = max(1,sup G),

then
< ge < M. (6.5)

We make the meaning of all the scaled estimates explicit. In a box with center (zo,tp) and
center scale b = (2, to), Osc(b?) means that, for every pair of nonnegative integers j, k, the spatial
derivatives of order j and time derivatives of order k are bounded by Cj ;b?™ —4% on that box.
The scale b is held fixed when differentiating. These bounds also give the corresponding scaled
parabolic Holder bounds of any exponent less than one, on slightly smaller boxes. The notation
will only be used for smooth background quantities, not for arbitrary members of X or Y.

Lemma 6.2 (Scaled background and mismatch). For 0 < T <1, on the compact domain one has
F=04(b?), AF =040, A:=0x(l), Be=0sx ("),  v.=0(b). (6.6)

The analogous flat bounds hold in a fized neighborhood of r = 0. In the common coordinates there,
write R
P—P= > dzt)d.

v|<4

For each j,k > 0, the rescaled coefficients satisfy
pi- VIR 9i ok, | < C; b (6.7)

Finally, near r =0,

E. = O (b7%). (6.8)

Away from a fized neighborhood of r = 0, all these background quantities extend smoothly to t =0
with bounds of every finite order.

Proof. In the region r* < Cp, the formula for F', smoothness of & at zero, and the change z = \/p ¢
give | | |
‘agafF‘ < Cj’kp_1—1/2—2k < CJ/',kU_Z_]_%-

In the region 72 > p, use the differentiable expansion from Theorem 3.1. For arbitrary N it has

the form N
c—1 (—t)* )
+ g; o + remainder. (6.9)

F(t, r2) =3
The all-order remainder estimates allow N to be chosen larger than any prescribed number of dif-
ferentiations. Differentiating the displayed terms and the remainder gives |9J0FF| < Cj jr= 27774,
This proves the first bound and also proves the asserted smooth extension away from the core. In
particular it supplies time derivative bounds up to the open terminal face, which do not follow
from spatial decay alone.
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Near the core, write a point of the sphere as (z,/1 — [2[28), 8 € S°. Invariant functions are
independent of €, and on these functions

AZ = AZ — Z ZiZjaij —29 Z Zzaz (6.10)
i i

The product coordinates and ordinary sphere coordinates have uniformly controlled transition
maps on a fixed smaller neighborhood. Thus their scaled norms are uniformly equivalent for the
functions considered here. Lemma 2.2 gives
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A= 16

In A — A, the coefficients of orders four, three, and two have sizes O(r2), O(r), and O(1),
respectively; those of orders one and zero are smooth and bounded. After multiplication by b* and
rescaling space by b, every coefficient is Oy (b?). For example the first three sizes become O(r?),
O(br), and O(b?), and r < b. Differentiating these polynomial coefficients preserves the stated
scaled bound. The bounds for AF follow; away from this coordinate neighborhood they follow
from the smooth extension and the positive lower bound for o.

The function v, = x — 22 has size Og(b?), and v, — x = —2% = Og(b*). Hence

ge — gf = —2°F = Oxc(b?), A — Ap = Oy (b?).
Products give the remaining bounds in (6.6). For the zeroth-order mismatch, use
B. — By = 2(vage — 2g5) AF + 20.g.(A — A)F.

The two terms have size Oy (b~?), since v.g. — rgy = Osc(b*) and (A — /T)F = Og(b™%). Together
with the principal multiplier difference, this proves (6.7) in every derivative order. Finally,

E.= (Ac— Af)“Zl\F + Ac(A— /T)F = OSC(b_4)7
using the exact flat equation, as required. O

One consequence that we will use repeatedly is that the local Yy size of E., for either 1 = « or
9 = o/, is at most

CvS=2p=4 = op?=® (6.11)

near the core. The same statement holds with any fixed finite number of extra scaled derivatives.
Globally || E.|ly, < C. If it is multiplied by a smooth cutoff supported in r < Cyf and varying
only where 7 is comparable to 3, then, whenever T < (4,

[cutoff E.|ly, < Cp* 2. (6.12)

Indeed every box meeting this support has b < C'S; cutoff derivatives have bounded scaled size.
The strict inequality d < 1 is used here.
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6.2 Localization of the ancient inverse

Multiplying a flat correction by a spatial cutoff produces a commutator on the transition annulus.
This error is bounded but need not be small. We will include its negative in the forcing for the
outer forward problem, so it cancels in the combined equation. The errors that remain are the
geometric mismatch, made small by shrinking the core, and the outer cutoff commutator, made
small by shortening the time interval. The nested cutoffs below ensure that these cancellations are
exact.

Choose once and for all a smooth function x : [0, 00) — [0, 1], equal to one on [0, 1] and zero
on [2,00). All its compositions below are smooth at r = 0 because they are constant there. Take
B > 0 so small that r < 50 lies in the common coordinate neighborhood above, and assume 7' < 3.
Define

xi =x(r/B),  xe=x(/28), xo=1-x2r/B8), Kw=1-x(4r/p). (6.13)

Thus the inner input cutoff x; is supported in r < 2f3; the inner output cutoff x; is one there
and supported in r < 4. The outer output cutoff x, is zero for r < /2 and one for r > 3. The
coefficient cutoff x is already one for r > /2 and is zero for r < /4.

Figure 1 records these nested regions. In particular, the inner output cutoff is one on the
support of the inner input, and the modified outer coefficients agree with the compact coeficients
where the outer output cutoff can be nonzero. The cutoff commutators are supported on the
corresponding transition annuli.

o B/4 B2 B 2p 4p

Xi
Xb
Xo

mm identically 1zzzz may vary identically 0

Figure 1: The cutoff regions in (6.13). Distances are schematic. Solid bands indicate the value
one, blank bands the value zero, and hatched bands the intervals where a cutoff may vary in [0, 1];
no shape or monotonicity of the transition is assumed.

Lemma 6.3 (Extension of the inner source). There is a real linear extension &; : Yo — Yo (R™ X
(—00,0)), uniformly bounded for T < 3*, which equals x;f in flat coordinates for —T <t < 0, and
1s supported spatially in r < 20.

Proof. Put f; = x;f, view it in the flat coordinates, and extend it by zero beyond their neighbor-
hood. The spatial extension is bounded because the cutoff vanishes before the boundary of that
neighborhood. The Y, norm gives a spatial C* trace f;(—T,z) at the lower time face. Choose a
smooth 1 : [0,00) — [0, 1] equal to one near zero and zero for arguments at least one. For t < =T

set

Let by = (|2|?> + V/T)'/2. Wherever this expression is nonzero,
T<—t<T+by B <[P+ V—t<(1+V2)h
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The ancient scale is therefore comparable to by. The argument of ¢ has bounded derivatives
in spatial units by and temporal units bj on its transition region. The trace norm, Hélder
multiplication, and scale comparability prove the required estimate below —7'. Across that face
the values agree. Splitting a temporal increment at —7" bounds its «/4 Holder quotient by the sum
of the two one-sided bounds; a spatial increment is handled by the trace bound on comparable
boxes. This proves the full parabolic C* bound. No time derivative of the source is required.
The construction is real, linear, and radial. Its continuation below —7T is in fact supported in
—26834 < t < =T, though a temporal support restriction is unnecessary for the ancient inverse. [J

Apply Theorem 5.1 to obtain
Wf = ﬁnga VYZ = Xbe7

where V; is regarded as a function on the sphere and extended by zero. Invariant norm equivalence
and the cutoff bounds give [|V;||x, < C||f||y,. Define

Rif =(P=P)owWy),  Jif =[P, xs]Wy. (6.15)

Both expressions are taken in the common coordinates and extended by zero. Since 3 f; = fi, the
exact identity is
PVi=fi+Rif+ Jif. (6.16)

Lemma 6.2 and b < Cf on the relevant boxes give

IR:flva < CBf v I1ifllve < Cllfllvea- (6.17)

Here R;f is supported in r < 443, and J; f in 28 < r < 45. The commutator has order at most
three; on its support b is comparable to 3, so every derivative of x; is uniformly bounded in scale
units. The definition of R; includes the mismatch applied to the cutoff itself, and hence accounts
for all mixed cutoff and mismatch terms.

6.3 The outer Cauchy problem and the exact right inverse

Set
sp = max(S,r), n="T/p",

and use the nonsingular weighted spaces with scale sg. Equivalently one can use the smooth
comparable scale (8% + 7‘2)1/ 2. the norms and all following estimates are uniformly equivalent.
Define a modified operator on the entire sphere by

'Pg =0+ ABA + B/g, Aﬁ = KkA; + (1 - H), Bﬁ = kB.. (6.18)

Its principal multiplier is bounded above and below by positive constants, and Pg = P for r > (/2.
Lemma 6.2 shows, for every j, k, uniform bounds for the derivatives of Ag and S%Bﬁ in units
(58, s%), with the scale fixed at the center of each box. On the transition annulus r < 3 these are
exactly its scaled background bounds and the cutoff bounds. Inside r < [3/4 the coefficients are 1
and 0; outside the transition they are the original coefficients with o < s3. The sphere coefficients
of A also have uniform bounds in these units. These facts verify all coefficient and ellipticity
hypotheses of Lemma 4.4, uniformly for n < 1.
The outer source is

fo=Ff—fi—Jif. (6.19)
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It vanishes for r < 8 and has
1 follva(ss) < Cllfllva- (6.20)

Indeed sg =< o on its support and on every sufficiently small box meeting that support. The latter
assertion follows from the Lipschitz bound for r» and the box radius ago; it also handles boxes
crossing a support boundary. The same comparison holds for outputs supported in r > 3/2.

For each fixed 3, T, solve the closed-manifold Cauchy problem

PsZo = for  Zo(—T) =0, (6.21)

The modified coefficients extend smoothly to ¢ = 0 by (6.9), and f, extends Holder continuously
there: for fixed § its nonsingular weighted norm is an ordinary Holder bound on a compact cylinder.
Thus the solvability assertion in Lemma 4.4 applies, or one may solve on truncated cylinders and
use its uniform bounds. Uniqueness makes Z, invariant and the solution operator real linear.

Choose a fixed np > 0 small enough for Lemma 4.4 at both exponents a and /. That Lemma
gives, for 0 < n < g,

1ZollXa(s5) < Cllfollva(ss): (6.22)
sup 55| Zo| < Cnll follva(ss)- (6.23)

The constants are uniform in 8,7 by the coefficient and scale bounds verified above. The small
parameter in Lemma 4.4 is precisely n = T//3%, since inf sg = (. That lemma applies to zero
initial data even when f,(—7') is nonzero.

Put V, = x0Z,. On the support of this product the coefficients have already become those of
P, and x,f, = fo. Consequently

7D‘/o = fo + J0f7 Jof = [Pﬂv XO]ZO- (624)

This commutator is supported in 5/2 < r < § and involves spatial derivatives of Z, of order
at most three. For these derivatives, Lemma 4.5 and (6.22)(6.23) give the scaled parabolic C*
bound C’n(l_o‘)/4]\fo|]ya(sﬁ). Since sg < ¢ < 3 on the commutator annulus,

[ of Ive < C = £y, (6.25)
In particular, no fourth derivative needs to be made small for this commutator estimate.

Proposition 6.4 (Uniform compact right inverse). There are [y,n9,Cp > 0 such that, for
0<B<pPyand0 < T <nyBt, the operator P has a real invariant right inverse D : Y, — X, with
|D|| < Cp. No initial value is prescribed for D f.

Proof. Define
Dappf =Vi+ Vo, R =Ri+ Jo.

Equations (6.16), (6.19), and (6.24) give the exact operator identity
PDapp =1 + R, ”DappHYa—>Xa <G, [Rllyasva < C<52 + 77(17&)/4)- (6.26)

Choose [y and then 7y small enough that the last bound is at most 1/2 throughout the asserted
range, decreasing the earlier g if necessary. The convergent Neumann series defines

D = Dopp(I+R)7 (6.27)

It satisfies PD = I, is real and invariant, and has uniform norm at most twice the bound for Dpp.
This is a right inverse construction and requires no assertion of injectivity. O
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6.4 Smallness of the corrected error

The right inverse need not have small norm. What is needed for the nonlinear problem is its small
value on the particular error E. in the weaker space X,.

Lemma 6.5. For the right inverses of Proposition 6.4,
IDE||x; < C (822 4 nle'=)/t 4 pli=e/d), (6.23)

In particular this norm becomes arbitrarily small by choosing B and then n = T/B* sufficiently
small.

Proof. Use the inner output cutoff, rather than the inner input cutoff, to split

Ec:fc+fea fC:XbE67 fe:(l_Xb)Ec-

Equation (6.12) gives ||Df.||x, < CB%> 2°. The remaining source vanishes for 7 < 24, so xife =0

exactly. Its inner extension, flat correction, R;f., and J;f. all vanish. Thus Dqpp fe consists solely

of the outer zero-data solution for source f., followed by multiplication by x,, and Rf. = J, fe.
The extra regularity in Lemma 6.2 gives

HfGHYa/(sB) S C (629)

The constant is uniform in 3,7 in the transition annulus all cutoff derivatives have bounded
scaled size, and elsewhere this is (6.11) or the fixed exterior smooth bound. Apply Lemma 4.4 at
exponent o/ to the outer zero-data problem with source f.. The coefficient bounds hold at that
exponent, so its solution has uniformly bounded X,/ (sg) norm. Equation (4.17) of Lemma 4.5
gives an X/, (sg) bound of Cn(o‘/_a)/ 4. Multiplication by Y, is bounded in these scaled spaces, and
sg is comparable to o on the output support. This proves the first estimate below; the commutator
bound (6.25) proves the second:

1Dapp fellxy, < Cn' ™= | Rfelly, < Cnt=/%, (6.30)

The first estimate includes the temporal Hoélder seminorms of all spatial derivatives through order
four, as supplied by (4.17). It makes no claim that the first time derivative is small: the outer
zero-data solution has time derivative f, at the initial face.

Finally, (6.27) gives D(I + R) = Dapp, s0

Dfe = Dappfe - DRfe- (631)

The uniform bound for D and (6.30) prove the desired estimate for f.. Combining it with the
estimate for f. proves (6.28). O

6.5 The nonlinear correction and finite-time obstruction
Proof of Theorem 6.1. Expanding (6.1) at F' gives
PV +E.+N((V)=0, (6.32)

where
N(V) = 02V2AF + (20.9.V + v2V?) AV. (6.33)
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This expression contains only spatial derivatives of V', so is defined on X/,. For clarity, on a box of
scale b, a function with ||V'[|x, < e has scaled sizes

V=022 AV = O(eh™ 5%,

where these statements include the scaled parabolic C“ norms. By Lemma 6.2, the two quadratic
terms in (6.33) therefore have size Ce?b~6+49 and the cubic term has size Ce3b76+%. Relative
to the Y weight these gain %% and b*, respectively. Since b is bounded above on the compact
domain, Hélder multiplication and the factorization of differences of products give uniform bounds

IN(V)lly,, < Cn(e? +€%), (6.34)
IN(V) = N(W)lly, < Cn(e+e)V = Wx, (6.35)

on the closed ball of radius ¢ in X/,. The fixed sphere coefficients in A have bounded rescaled
norms, so these estimates apply on the whole sphere, including the other endpoint = = 1.

We specify the parameter choices to avoid a dependence on an inverse norm that is still being
chosen. First fix the profile, exponents, flat inverse, and the constants Sy, 19, Cp of Proposition 6.4.
The nonlinear constant C is uniform throughout this parameter range. Choose the requested
ball radius € > 0 so small that

CpCn(e+€%) < %, Cie < %M,

where C, bounds |v.V|/||V||x, uniformly. Such a C, exists because v,V has scaled size Ceb?
and b < v/2. Now take 3 < By sufficiently small, and next 1 < min(no, ag) sufficiently small, that
Lemma 6.5 gives | DEc||x; < e/2; put T = np*.
The map
T(V)=-DE.—DN(V)

takes the closed X/, ball of radius ¢ into itself by (6.34), and is a contraction by (6.35). The real
invariant subspace is closed, so the Banach fixed point theorem gives a real invariant fixed point
there. Its fixed point identity also shows that this same V' belongs to X, because E.+ N(V) € Y,
and D : Y, — X,. Applying PD = I therefore yields (6.32) in the classical Holder sense and
proves (6.1). This recovers the time derivative after the contraction has been performed.

By (6.5) and the radius choice,

<140 (F+V) <M+ p,

which proves (6.2). On each compact time subinterval of (=7, 0), the weight is bounded above and
below, and the equation for H is a uniformly parabolic scalar equation with principal multiplier
(1 + v H)?. Tts current regularity is C*+®1+e/4 Interior spatial difference quotients in this
equation have the same principal operator; their sources are bounded in C'* because the coefficient
is a smooth function of x, H and H already has four spatial derivatives. The interior estimate of
Lemma 4.2, followed by passage to the difference-quotient limit on a smaller cylinder, gains one
spatial derivative. Repetition gains every spatial derivative. The equation then gives corresponding
spatial bounds for H;; differentiating the equation in time and repeating the interior estimates gives
all mixed derivatives. Thus H is smooth on ¥ x (—=7',0). Invariant smoothness gives smoothness
in z € [0,1] by Lemma 2.2. At 2 = 0, the X’ weight reads

V(£,0)] < eo(t,0)7>7 =gp™ ',

up to the fixed equivalent-norm constant. This proves (6.3) and finishes the construction. O
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Proof of Theorem 1.1. Apply Theorem 6.1 to the nonconstant profile of Theorem 3.1. Proposi-
tion 2.1 turns the smooth positive coefficient H into a Calabi flow in the Fubini—-Study class on
CP!Y. Choose its slice at t = —T/2 as the initial metric and translate time so that this slice has
time zero. It is a smooth Kéhler metric in a class containing the Fubini—Study metric. At the
distinguished point,

H(t,0) = p~tG"(0) + O(p~ '),  G'(0) <O0.

Lemma 2.3 shows that the maximal smooth existence time is exactly T, = T'/2 and that, in the

elapsed time 7,
Sw(n)(p) ~a(T — 7)™, a=-110G"(0) > 0.

The metric is U(10) invariant by the radial reconstruction. These are all the assertions of
Theorem 1.1. O

Proof of Corollary 1.2. For a product metric the determinant factors and the inverse is block
diagonal, so scalar curvatures add. The product volume form also shows that their averages add.
Writing ¢, = S(n), we obtain

S(Q(t)) = 1xS(w(t)) + ¢y, Sq = S, + ¢

Thus 7% ¢(t), initially zero, satisfies (1.1) for €p. Smooth local uniqueness [7, Theorem 3.2]
identifies this explicit solution with the unrestricted flow on [0, T}). The displayed scalar-curvature
identity gives the stated asymptotic. A smooth extension across T, would have bounded scalar
curvature on the compact product, so the maximal time is exactly 7.

For the final assertion put m = n — 10. When m > 0, choose Y = CP™ and n = ml—i'lwps’m. In
our normalization, Ric(wrs ;) = (j + 1)wrs, ;. Constant scaling leaves the Ricci form unchanged,
5o wrg,10 and 7 both have Einstein constant 11. Their product form is therefore Kahler-Einstein
and lies in [Qg]. For m = 0, use Theorem 1.1 itself, with the second factor a point. O

A Certification of the finite shooting calculation

This Appendix proves the finite part of the shooting argument. The calculation uses integer
interval arithmetic, Taylor expansion on complex disks, and a separate estimate for the nonlinear
dependence on the shooting parameters. Every terminating decimal in this Appendix denotes its
exact rational value.

Proposition A.1 (Finite shooting bounds). For every parameter z, € [—R, R)?, where R =
5-10710, let (k,d) be given by (3.6), and let p be the origin solution of (3.5) supplied by Lemma 3.2.
This solution extends to 0 < s < Sy = 56 and satisfies

1+p(s) > 0.
For the coordinates of its jet relative to p,, defined in (3.12), one has
lq| < .25R, |(RE, ) — 2|, < -13R. (A1)

The proof compares the entire family of shots with a sequence of reference trajectories at the
central parameter d = dy. The state is (p,p’,p”,d), with ' = 0. We divide [1,56] into finitely
many blocks. On each block, the reference trajectory is the exact solution starting from a rounded
three-component jet at its left endpoint. At the right endpoint, an interval enclosure supplies the
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rounded starting jet for the next block. Thus successive reference trajectories may have small
jumps at block boundaries; their size is included in the error estimate.

The interval calculation encloses the reference endpoint jets and the first-variation matrices of
the four-component state across each block. Products of these matrices give a linear prediction
for the effect of the two shooting parameters through all blocks. Rounding the reference jets and
variation matrices introduces separate errors. A perturbation estimate compares products of the
rounded variation matrices with the exact transfers and bounds the propagation of those errors.
The origin series supplies the initial central jet, its two parameter variations, and a bound for the
nonlinear parameter remainder.

It remains to compare these linear predictions with the actual solutions for every z, € [~ R, R]%.
The only nonlinear term in the state equation depends on p; its remainder after linearization is
quadratic in the difference from the reference value. A uniform bootstrap bounds this remainder
using the certified positive lower bounds for 1 + p along the reference trajectories and the transfer
estimates. It proves continuation and positivity for the whole shooting family and bounds its
endpoint error. Projecting the endpoint jets into the matching coordinates then gives (A.1).

We use the maximum norm on vectors and the induced maximum row-sum norm on matrices,
including rectangular matrices. For a 4 x 4 matrix, its superscript (3) denotes its leading 3 x 3
block. We first describe the interval arithmetic and the series recurrences, then justify their
analytic enclosures and the separate nonlinear comparison.

A.1 Integer intervals and the two series recurrences

Put Qine = 22°°. An integer pair (a, b) represents the closed interval [a/Qint, b/Qing]. All arithmetic
inverification/certificate.py is integer arithmetic. Addition and multiplication by an integer
are exact, with endpoint reversal for a negative multiplier. For multiplication, let m and M be
the minimum and maximum of the four products of integer endpoints. The output pair is

(g lal)

For a same-sign interval (a,b) excluding zero, the reciprocal pair is

([%]-F%])

These formulas are valid also for negative intervals. Division by a positive integer rounds each
endpoint outward in the same way. Python’s integer division is floor division, so the identity
[x] = —|—x] implements the required upper roundings. In particular, rat(a,b) encloses the
exact rational a/b. The function mag bounds absolute value; the function norm bounds the matrix
norm specified above.

The operation widen enlarges an interval at each end by the upper endpoint of a nonnegative
error allowance. The operation mid instead selects the grid point

Qint {“”J :

2

For an interval of real width w, its distance from every enclosed number is at most w/2 + Qi;%.

The origin and block estimates below explicitly charge this error; midpoint selection is never used
as an enclosure operation.
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Here are the coefficient identities underlying the computation. If z() = >Z,5¢ 20" and
b(0) =1/2(0) = > >0 b0, then

bo = Zo_l, bi = —Zo_l Zztbi_t (Z > 1). (A2)
t=1

Writing a dot for any one parameter variation gives, for i > 0,

b; = —20_1 (Z Ztbi—t + Z 2ti?z‘—t> . (A.3)
t=0 t=1

The second sum is empty at ¢ = 0. In the first sum the coefficient b; has already been computed by
(A.2). This is exactly the ordering in recip; it includes the variation of the constant coefficient zg.
At the origin, write r = s3/2 locally and

z:1+p=1+d+kr+2airi.
i>2
Equation (3.5) gives

bi—2 — L=}
= - . - ; 12> 2, A4
(27/8)(1 — 1)(i + 9)(i + 10) (A-4)
where now b; are the coefficients of the reciprocal series in r. The loop in origin computes
az, ..., apn, together with their two variations under the parameter map (3.6). The weights for

evaluation of p,p’,p” at s =1 are
s EELy
2 2 \ 2

The code subtracts the constant 1 from z only in the zeroth state entry, as required.
For an ordinary Taylor step, let £ = 1/h be the block length, s. the step’s initial point,
0 = h(s — s.), and v = hs. + 6. The equation for z =1+ p, with F =1+d, is

a;

! 327t 1), (A.5)

46209 + 120299 + T51vzg — 1215(z — E) = 5

This identity also gives the four tangent equations upon differentiation. For completeness, put
R = 8hs. and F; = b; — 1y, with negative-index coefficients zero. The scalar coefficient update
used in evolve is

o 4N aa
4G+ 1)(i +2)( + 3)R32,3 = 73 ZO R,

— (963 + 960)R%(i + 1) (i + 2)zi12

— 640R(i + 1)(12i(2 — 1) + 2400 + 751) zi41

—512(4i(i — 1)(i — 2) + 120i(i — 1) 4+ 751i — 1215) 2

—1215-512E1 ¢y, (co,c1,c2,c3) = (1,24,192,512). (A.6)
Indeed ¢, |32 are the coefficients of (R + 86)3. The initial three coefficients are zq, 29(0), 299(0) /2.
For a tangent column one differentiates every term of (A.6); the constant E has variation 0,0, 0,1
in the four columns. Thus the same update computes both state and tangent coefficients. The
values ¢ = 0, ...,43 produce coefficients through degree 46. Horner evaluation at § = 1/8, after
the appropriate one or two differentiations, evaluates the three state entries through degrees

46,45, 44, respectively. The analytic justification for their common remainder allowance is given in
Subsection A.3.
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A.2 The complete error at the origin

The parameter family of Lemma 3.2 is holomorphic on the complex polydisc

|kik0’§17 |did0‘ Slv
and its coefficients satisfy '
D lail3' <8, a1 =k (A7)
i>1

One can check the constants directly from (A.4): the nonfree denominators exceed 440, 3|k| < .585,
and |1+ d| > 1.30. The majorant improves itself because

9 1 11
585+ — (1 _ 8.
* 10 ( T 130 .8) 1100 =

The reciprocal remains nonsingular throughout this construction. In particular the real solutions
are positive up to s = 1. Also |d| < .501, and (A.7) gives

8 ) 3i/2 ; (3i/2)(3i/2 — 1)
. — . <. — <. <. -
[P <501+ <768, [p(1)] < 8max == < .4, [p"(1)] < .8max 5

< .534.

In particular the uniform bound 2 for every jet entry is available on the parameter polydisc.
Let
(3-61/2)2
361
The sequence (3i/2)%/3% decreases for i > 61. Consequently Egy bounds the omitted tail of each
of the three jet entries. Cauchy’s estimate in either parameter bounds the corresponding first
derivative of this tail at the center by 10Es. For the matrix in (3.6), the sum of the absolute
values of all four entries, including the factor 1078, is .01169933. Thus the row norm of the omitted
tail of the two z.-variation columns is at most .12Fjg.
FEach of the two original parameter displacements has absolute value at most .011R. The
multivariable Cauchy estimate, with ¢, = .11R, bounds the terms of total degree at least two in
the parameter expansion of any jet entry by

Epar =2> (G+ Dt =2((1—t,)? = 1-2t,) <1.816-10" . (A.9)
Jj=2

Ego = .8 < 5.267-10726. (A.8)

The factor j + 1 counts the monomials of total degree j in two parameters.

The width assertion in origin bounds every computed state or variation interval by 10720,
Let Uy € R? be the three selected state midpoints. Let Z have their two selected variation columns
in its first three rows, and in its fourth row the exact second row of the parameter map (3.6). The
code stores intervals containing that exact fourth row; its matrix estimates therefore apply to this
choice of Z. Combining the state midpoint error, the state and variation tails, the two variation
midpoint errors, and (A.9), gives

p(1)
/ 1 3
p,,( V- (W) - Zz| <5-1072' 4 Ego + Epar + 12EgoR + 107 2R + ——
p (1) dO int
d oo
<2.316-107% < 2-1071. (A.10)

The fourth component of the error is exactly zero. All uncertainty in the interval construction of
the central rational parameters is already included in the width assertion.
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A.3 Analytic continuation and Taylor remainder on a step

The 288 blocks run from s = 1 to s = 56, with the following lengths:

range ‘ l ‘ number of blocks

[1,2] | 1/32 32
2,4] | 1/16 32
4,8 | 1/8 32
8,56] | 1/4 192.

Each block consists of eight Taylor steps of length ¢/8. At every step start the interval assertions
imply, for the exact reference state,

—.76 < p(0) < 4, Ipe(0)| < .06, |pee(0)| < .01. (A.11)

Every entry in the first three rows of the four-column scaled variation matrix has modulus less
than 6; its fourth row is (0,0,0,1). The step schedule gives hs. > 32.

We now justify an analytic bound on the full complex disk |0| < 1/2, using only these starting
bounds. On a disk where [p(f) — p(0)| < .1, one has

K| >315, [1+p|>.14, |p|< .86, |p—do| < L3.

Let Hs be the supremum of |pgg| on any smaller concentric disk. Integrate the equation for pgy
along radial line segments and apply the integral Gronwall inequality. Since

30 B |C]|
Y < 954 < .190
31.5 ’ 31.52 ’ 31.53

and |pg| < .06 + H2/2, this gives

< .011, h™3 < .015625,

1 .
Hy < %42 [.01 +3 {.190(.06 + Hy/2) +.011-1.3 + .015625?2” . (A.12)

The coefficient of Hs on the right is less than one. Solving this linear inequality yields Hs <
123602 < .13. Therefore

p(6) — p(0)] < .06/2 + .13/8 = .04625 < .1. (A.13)

This strictly improves the bootstrap. On every disk of radius at most 1/2, the state and its first
two derivatives are bounded and both denominators v and 1 4 p stay uniformly away from zero.
The local holomorphic ODE theorem then continues the solution across any putative boundary of
its disk of existence. Uniqueness makes the continuations agree. Thus the solution is holomorphic
on a neighborhood of the closed disk of radius 1/2, with the displayed bounds.

In the scaled state (p, pg, pgg, d), the Jacobian is

0 1 0 0

0 o 1 0
TO=\_cp - w3/ +p2 B2 -30/c O (A.14)

0 o 0 0

On the complex disk its norm is bounded by the maximum of 1 and

30 751/4  1215/2  1/64

< 2.1.
31.5  31.52 31.53 142
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Each actual variation column, with initial norm at most 6, consequently has norm at most
6e21/2 < 17.146 < 32 throughout the disk. The state entries themselves also have modulus less
than 32. These estimates apply to the actual block variation already propagated from the block’s
initial identity matrix; a new identity is not assumed at each substep.

If a scalar holomorphic function is bounded by 32 on this disk, Cauchy’s coefficient estimate
gives a tail after degree 44, at § = 1/8, bounded by

1/8 128
32y < ) = 4715 < 48475, (A.15)
ANV

Every state entry and every tangent entry is approximated to at least degree 44. Hence the
allowance 48 4~% added by evolve encloses all their Taylor tails. The interval recurrences then
inductively enclose the exact reference solution and its exact first variation through all eight

substeps.
On a real substep, the sharper displacement bound is

Ip(6) — p(0)] <

Accordingly, the smallest lower starting endpoint for 1+ p, reduced by (| Qint/100| 4+ 1)/Qine > .01,
is a valid lower bound m; on the entire reference block. This is the variable mini divided by Qjut.

= 008515625 < .01. (A.16)

A.4 The finite inequalities and their exact interpretation

Write the block endpoints as sg = 1,...,sy = 56, N = 288. On block j, the reference solution
has initial physical jet U; and parameter dy; it is evolved exactly on that block. The rounded
jet selected for the next block is Ujyi. Let M; be the exact 4 x 4 transfer of the linearized
four-component physical state along this reference block.

The conversion from scaled derivatives to physical derivatives is essential. With

S; = diag(1,£;,£2,1),

a scaled transfer T' becomes S]-_ITSj. Thus its entry in row a, column b, for a,b € {0,1,2}, is
multiplied by h§/ hg’-; column 3 is multiplied by A{. The fourth row remains (0,0,0,1). The code
performs this conversion before asserting the widths. Consequently its assertions imply

[Uj1 = (Prefs Prot> Dhet) (8541) ||, < 107", (M — Mj)ap| < 1072, (A.17)

where Mj is the selected matrix of transfer midpoints. The state and transfer widths are,
respectively, less than 107 and 107'%; the stated looser midpoint bounds follow from the
midpoint estimate in Subsection A.1. All fourth-component errors in (A.17) are zero.

Define the products of these point matrices by

Tz‘,jZMz‘—l"']\jj (2> ), ﬁ,i:I4-

The exact integer comparisons in check give

mj > .23, | Z] < .02,
max |7, < 8500, max; |71, 11 < 570000,
maxz 3|| 8111 < 246000, max | T;0Z|| < 2.7. (A.18)
(]

]<z
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Here and below a maximum over endpoints includes endpoint 0; the assertion for it follows from
| Z]] < .02.

To explain the summation indices, for each endpoint ¢ the inner loop starts with the identity
and takes j =i —1,...,0. Immediately before multiplying by Mj, its current interval matrix
encloses ﬁ’j+1. The update T=mm(T,allm[j]) therefore produces the desired forward product in
the correct order. If 7; = Qiyym; and 9 is the integer interval bound for the leading 3 x 3 norm,

then ,

Oth — ﬁ 0

hj "”3') m? Qint
The expression used for K is its floor plus one, hence an upper bound even when the quotient is
integral. Thus the interval product arithmetic and the weighted sum both round in the required
direction.

Let Py(d) = (pa, P, ") (56), and put ¥ = (Tn0Z)top3. The final comparisons in check give

|IUN — Pa(do) o < -04R, [A(Un — Pa(do))|loo < -006R,
I(AY )1 lrow < -116, I(AY Jpostoma — I2|| < .001. (A.19)

The jet factors used for the term d,,,s~>™ are 1, —3m,3m(3m + 1), with denominators 56>,
563+ 563m+2 respectively. After multiplication by d,,, these give its value and first two
derivatives at s = 56. The index test in the last assertion subtracts the 2 x 2 identity from the
two nonreal-coordinate rows.

The listed comparisons are finite integer statements: the displayed source constructs their
operands and asserts them. Subsection A.8 gives the command for checking them with assertions
enabled. The preceding recurrence and disk arguments prove that these finite statements bound
the specified analytic trajectories and variations.

A.5 Transfer errors and estimates within a block

Let T;; = M;—1---M; be the exact products. By (A.17), ||M; — J\A/ZJH < 4-10715. Expand a
product of at most 288 factors, choosing the error factor at k positions. Each intervening, possibly
empty, product of approximate factors has norm at most 8500, by (A.18). Summing the bounds
for k > 1 gives

IT;5 = Tl < 8500 |(1+4- 10717 8500)% — 1] < .001. (A.20)
In particular ||7; ;|| < 8501. Since the lengths of all the blocks sum to 55, (A.18) implies
7% || < 580000 511® | < 250000 A21
mzaxz | i,j-i-lH > ) m?XZﬁH i,j—&-l” > ) (A.21)
j<i j<i %

using the elementary comparisons

-.001
570000 + 288 - .001 < 580000, 246000 + % < 250000.

Also
|Tio0Z|| <2.74.001-.02 < 2.72. (A.22)

We need two estimates for transfers between any two ordered points of one reference block,
including points in different Taylor substeps. The real scaled Jacobian (A.14) has norm at most
30 751/4  1215/2 . 1/64}

Freat = max {1’ 32 T 322 325 932
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An interval of at most one block unit therefore has scaled transfer norm at most ereal < 4.3. Let
®;(s,t) denote its physical transfer. Conjugation by S; does not increase either the first-row norm
or the maximum norm of the third column: in the first row the scaling factors are 1, /;, K?, 1, and
in the third column they are E?,Ej, 1,6?. Thus, with ez = (0,0, 1,0)¢,

(@5 (s, )1, llrow < 4.3, [[@5(s,t)esllo0 <43 (55 <t <5 < s541). (A.23)

Only these two parts of a physical transfer are needed. Its full norm need not satisfy the same
estimate.

All exponential comparisons just used, and the one in (A.12), can be checked by rational
arithmetic. For 0 < x < 82, let

80

x‘j
Bxo(w) =2 RN — /82
7=0

28! 1

The positive exponential tail has successive ratios at most x/82, so e* < Fgo(z). Substituting the
displayed rational values in this formula verifies all the strict numerical comparisons. The sup-
plementary verification/arithmetic_allowances.py performs these rational checks, including
(A.10), (A.20), and the remaining comparisons below.

A.6 Uniform nonlinear error and closure of the bootstrap

Fix z, € [-R, R]2. On each block compare its actual shot with the reference solution on that block,
and write dp = p — pres. For the only nonlinear term in the physical third-component equation,

p Dref op _ ( 5]3) §

_1—|-p 1+pref (1+pref)2 (1+pref)2(1+p).

It follows that the difference equation, beyond the reference linearization, has forcing e3 ', where

Spl?
W] = |6p]

= . A.24
|1+pref|2|1+p| ( )

The d-dependence is linear and is already included in the fourth variation component.
Temporarily assume |0p| < 14R throughout the portions of the blocks reached so far. Since
mj > .23 and m;/(m; — 14R) < 1.001, (A.24) implies

1.001(14R)?
V| < 7(3 ) )
m

J
The error accumulated by the end of block j, before multiplication by subsequent complete-block
transfers, has zero fourth component. Its norm is bounded by

1.001(14R)?

10719+ 4.3¢;

The first term is the reference jump (A.17); the second follows by variation of constants and the
third-column estimate in (A.23).
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Define the endpoint error e; by

p(si)

Vi) | _ (U o |

Ps) | (do FhoZzore
d

Its fourth component is zero. By (A.10), (A.21), and the preceding local error estimate,

lleillso < 580000 - 10710 48501 - (2- 1071%) + 4.3 - 250000 - 1.001(14R)?
= .1055747504R < .11R. (A.25)

For an interior point of a block, the first-row estimate in (A.23), (A.22), and the forcing estimate
give

1.001(14R)?
233
< 12.169035R < 14R. (A.26)

0p| < 4.3(2.72+ 11)R 4 4.3

Here replacing the remaining block length by 1 is a harmless overestimate. This improves the
bootstrap strictly both at block starts and in block interiors, including the reference jumps. At
s =1 it starts from ||Z|| < .02 and (A.10). Continuation over the finitely many blocks therefore
proves (A.25) at every block endpoint.

For clarity, existence is part of this continuation argument. As long as the bootstrap holds,
1+ p> .23 —14R > 0. On the finite interval 1 < s < 56, the equations for p’ and p” form a
linear system with bounded coefficients and bounded forcing once p stays in this range. Gronwall’s
inequality bounds these derivatives on every such interval. Thus no other finite-time escape can
interrupt continuation. Positivity before s = 1 was established in Subsection A.2. This proves the
existence and positivity statements of Proposition A.1.

A.7 Projection at the matching point

Let I' denote the exact real coordinate matrix of (3.12). Lemma 3.3 gives

|Fab — Aab| < .001, HFL'

TOW < .927 Hl—‘a,~||row < .68 (a — 27 3).
Thus ||[I" — A|| < .003. The polynomial P, also satisfies
| Pa(d) — Pa(do)|loo < .01|d —dp| <.01-.011R; (A.27)

this follows by differentiating the four explicit coefficients in (3.11), as detailed in the proof of
Lemma 3.4.
Set A, = Uy — P,(dp). The endpoint error and transfer error give

p
P | (56) — Pu(d) = Ay + Yz + 6 — (Pa(d) — Pa(do)),  llexlloo < (11 +.001-.02)R.

//

p

In fact e, is the sum of the top three entries of ey and ((Tn,o — TN,O)ZZ*)tOpg. Apply one row
of I'. The contribution of A,, using (A.19), is at most (.006 4 .003 - .04) R. For the first row the
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linear contribution is bounded by (.116 + .003 - 2.7)R. For row a = 2,3, after subtracting the
corresponding coordinate of z, it is bounded by (.001 + .003 - 2.7) R. The remaining contribution
is bounded by the row norm of I" times

(.11 +.001-.02+.01-.011)R.
Consequently, in units of R, the two required estimates are

lgl/R < .006 + .003 - .04 + .116 + .003 - 2.7 + .92(.11 + .001 - .02 + .01 - .011)
= 2315396 < .25,

|(RE, 3E) — 24| /R < .006 +.003 - .04 4 .001 4 .003 - 2.7 + .68(.11 +.001 - .02 + .01 - .011)
=.0901084 < .13.

These are exact rational comparisons and establish (A.1), completing the proof of Proposition A.1.

A.8 Executable source and reproducibility

The complete source printed in Appendix B is verification/certificate.py, comprising 6594
UTF-8 bytes. Its SHA-256 digest is

263389£d7217d84d0e5b66869797£c9£7998
309d524a95f7ad7d3d0£538ea742

where the line break is for typesetting only. It uses no imported libraries, floating-point operations,
external data, or platform-dependent numerical routines. From the paper directory, the verification
command is

python3 verification/certificate.py

with Python assertions enabled (no -0 or -00, and no PYTHONOPTIMIZE setting that disables
assertions). The program is silent when every assertion succeeds.
The supplementary rational check

python3 verification/arithmetic_allowances.py

verifies the analytic allowances used above by exact fraction arithmetic; its decimal report is
descriptive only. The optional script verification/tail-check.py checks the explicit root and
tail estimates in Section 3 by exact rational arithmetic. The finite integer assertions, the analytic
enclosure argument in Subsections A.2—-A.3, and the nonlinear argument in Subsections A.5-A.7
together prove the finite shooting proposition.

B The exact-arithmetic certificate

The following Python program is the certificate used in Appendix A. It uses only Python’s standard
library and integer arithmetic. Run it with assertions enabled. Successful termination means that
all its assertions hold; the analytic interpretation of those assertions is proved in Appendix A.

1| # interval recurrence

2 | scale=2%%*256

3 |def pt(a): return (axscale,a*scale)
4|0,I=pt(0),pt(1)
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35

def
def
def

def

def

def

def

def
def
def

def

def
#p

A’B!

neg(x) :return (-x[1],-x[0])

plus(x,y) :return (x[0]+y[0],x[1]+y[1])
timesn(x,n):

return (n*x[0],n*x[1]) if n>=0 else (n*x[1],n*x[0])
sums (L) :

a=b=0

for x,y in L:a+=x;b+=y

return (a,b)

mul (x,y):
p=x[01*y[0];q=x[1]*y[0] ;r=x[0]*y[1] ;s=x[1]*y[1]
return (min(p,q,r,s)//scale, -(min(-p,-q,-r,-s)//scale))
inv(x):

assert x[0]*x[1]1>0

return (scale*scale//x[1], -(-scale*scale//x[0]))
divn(x,n):

assert n>0

return (x[0]//n,-(-x[1]1//n))

rat(a,b): return divn(pt(a),b)

mag(x) :return max(x[1],-x[0])

mid(x):

a=(x[0]+x[1])//2

return (a,a)

widen(x,z):

a=z[1] # nonnegative

return (x[0]-a,x[1]+a)

width(x) :return x[1]-x[0]

and linear P

C=pt(30),rat(751,4) ,rat(-1215,4)

k=rat (-94617116666041,10%*15)

d=rat (400682721856639,10**15)
ks=[rat(25190,10%*8) ,rat (-63731,10%*8)]
ds=[rat(721855,10%%8) ,rat (359157, 10%*8)]

def

def

origin():
# z stores series for W=1+p; return p,p’,p’’ at s=1 and variation cols
z=[[plus(I,d)]+ds, [k]+ks]; b=[]
for i in range(59): # b_1 coeff reciprocal W

g=recip(z,b,i)

den=pt (27* (i+1)* (i+11)*(i+12))

z.append([mul (inv(den) ,timesn(plus(x,0 if j or i else pt(-1)),8)) for j,x in enumerate(
D
ans=[]
for a in range(3):

ans.append ([sums (divn(timesn(plus(v[j]l,0 if i or j else pt(-1)),(4,6%i,3*i*x(3*i-2)) [a])
,4) for i,v in enumerate(z))

for j in range(3)])

assert max(width(v) for t in ans for v in t)*10**20<scale
return [mid(x[0]) for x in ans], [[mid(y) for y in x[1:]] for x in ans]+[ds]

recip(z,b,i):

# z list 1+p and tangent cols; b reciprocal

jlen=len(z[0]) ;f=inv(z[0] [0])

first=neg(mul(f,sums(mul(z[t] [0],b[i-t][0]) for t in range(l,i+1)))) if i else f

g=[first]

g+= [neg(mul (f,sums([mul(z[t][j],(first if t==0 else b[i-t][0])) for t in range(i+1)]+
[mul(z[t] [0],b[i-t][j]) for t in range(1,i+1)]1))) for j in range(l,jlen

)]

b.append(q)
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return q

def horner(c):
# step=1/8
x=0
for y in reversed(c): x=plus(y,divn(x,8))
return x

degree=46
def evolve(V,T,R,h):
# h positive integer inverse block length ell=1/h; current s h=R/8; theta=(s-sc)*h, z_j=
coeff
# V p,p_theta,p_thetatheta; T corresponding variations, 4 cols (vs scaled and d)
assert all(x[0]>rat(-76,100) [1] and x[1]l<rat(4,10)[0] for x in V[:1]) and mag(V[1])*100<6%*
scale and mag(V[2])*1000<10*scale
assert max(mag(v) for t in T for v in t)<6%scale
z=[([plus(x,I) if i==0 else x]+T[i]) if i!=2 else [divn(y,2) for y in [x]+T[i]] for i,x in
enumerate (V)]
E=[plus(d4,I),0,0,0,I] # 2z wariable = p+1, term C(z-(1+d)), tangent
b=[]
# ratio s/ell = R/8 (could ezact integer); multiply equation by 4*(ratio+theta) "3:
# 4 13 2’77 +120 v 2 2z’ +751 r 2z’ -1215 (2-E) = 4/h"3 * r 3(b-1)
for i in range(degree-2):
recip(z,b,1i)

new=[]
for j in range(5):
def F(t):

return plus(b[t][j],pt(-1) if j==t==0 else 0) if t>=0 else O
# multiply equation terms by 873
x=divn(sums (timesn(F(i-p),4*(1,24,192,512) [p]*R**(3-p)) for p in range(4)),h**3)
# (R+8theta) 3, coefficients 3R**8; etc
x=sums ([x,
timesn(z[i+2] [j],-((4*i*24+120%8) *R**2* (i+1)*(i+2))),
timesn(z[i+1] [j],-((4*i*(i-1)*3+120%i*2+751)*64*R*x(i+1))),
timesn(z[i] [j],-512% (4*ix(i-1)*(i-2)+120*i*(i-1)+751%i-1215)),
timesn(E[j] if i==0 else 0,-1215%512)])
new.append (divn(x,4*(i+1)*(i+2)* (i+3)*R*x3))
z.append (new)
z[0] [0]=plus(z[0] [0],pt(-1))
# Cauchy remainder derived for all coefficients of STATE at degree degree-2 (differentiate
z twice)
# assert analytic sup all state <32 on radius .5; ratio=.25; err < 32%(4/3)*.25 (degree-1)
err=rat (48,4*x(degree-1))
res=[]
for a in range(3):
res.append([widen(horner ([timesn(z[i] [j],(1,1i,i*(i-1))[a]) for i in range(a,degree+1)])
,err) for j in range(5)])
return [x[0] for x in res], [x[1:] for x in res]

def makeflows():
U,Z=origin()
hlist=sum(([h]*32 for h in (32,16,8)), [])+[4]*(4*(56-8))
allm=[] ;mins=[]
for index,h in enumerate(hlist):
V=[divn(x,h**i) for i,x in enumerate(U)]
T=[[I if i==j else 0 for j in range(4)] for i in range(3)]
# scaled vartations vs scaled input
if index==0:s532=32
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121

122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

142
143
144

146

147

148

149

R=(s832%h)//4; assert R*4==532xh
mini=2*scale
for t in range(8):
mini=min(mini,V[0] [0]+scale-(scale//100+1)) # wariation across substep < .01
analytically
V,T=evolve(V,T,R+t,h)
V=[timesn(x,h**i) for i,x in enumerate(V)]
assert max(map(width,V))*10**19<scale
U=[mid(x) for x in V]
M=[[divn(timesn(x,h**i) ,h**j if j<3 else 1) for j,x in enumerate(row)] for i,row in
enumerate(T)]+[[0,0,0,I]]
assert max(width(x) for row in M for x in row)*10**15<scale
allm.append([[mid(x) for x in row] for row in M])
mins.append((h,mini)) ;s32+=32//h
return allm,mins,U,Z

def mm(x,y):
return [[sums(mul(w,z) for w,z in zip(t,c)) for c in zip(xy)] for t in x]
def norm(x):return max(sum(mag(z) for z in t) for t in x)

def check(allm,mins,U,Z):
assert norm(Z)<scale//50
for i in range(1,len(allm)+1):
T=[[I if m==n else 0 for n in range(4)] for m in range(4)]
D=K=0
for j in reversed(range(i)):
h,r=mins[j];assert r>scale*23//100
dT=norm([t[:3] for t in T[:3]])
D+=dT
K+=dT*scale**2//(h*r**3)+1 # rounds up to integer
T=mm(T,allm[j])
assert norm(T)<=8500%*scale
z=mm(T,Z)
assert norm(z)<=scale*27//10
assert D<=scalex570000 and K<=246000
d1=mul(C,d) ;d2=mul(dl,plus(pt(567),d1))
d3=sums ( [mul (rat(2025,4) ,d2) ,timesn(mul (d1,d2),2) ,neg(mul (mul(dl,d1),d1))]1)
d4=sums ([mul (rat (567,2),d3) ,timesn(mul (d1,d3),2) ,mul(d2,d2),timesn (mul (mul (d1,d1),d2),-3) ,mul(
mul(dl,d1),mul(d1,d1))])
pr=[[divn(timesn(x, (1,-3*m,3*m* (3*m+1)) [a]) ,56%*(3*m+a)) for a in range(3)] for m,x in
enumerate([d1,d2,d3,d4],1)]
res=[[plus(u,neg(sums(c)))] for u,c in zip(U,zip(*pr))]
1=[[rat(v,10%*x5) for v in row] for row in
[[30756,-27384,33447] , [34622,13692,-16724] , [-2925,-34040,-28850]1]
assert norm(res)<rat(1,5%10%%10) [0]
assert norm(mm(1l,res))<rat(3,10**x12) [0]
z=mm(1,z[:3])
assert norm(z[:1])*1000<116%*scale
assert norm([[plus(w,neg(I) if i==j else 0) for i,w in enumerate(t)] for j,t in enumerate(z
[1:1)1)*10%*3<scale

check (*makeflows())
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